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Abstract. Andean volcanism occurs within the Andean Vol- disastrous outcome, however, together with responses to sub-
canic Arc (AVA), which is the product of subduction of the sequent hazardous eruptions in Chile, Colombia, Ecuador,
Nazca Plate and Antarctica Plates beneath the South Ameand Peru has spurred significant improvements in reducing
ica Plate. The AVA is Earth’s longest but discontinuous volcano risk in the Andean region. But much remains to be
continental-margin volcanic arc, which consists of four dis- done.
tinct segments: Northern Volcanic Zone, Central Volcanic
Zone, Southern Volcanic Zone, and Austral Volcanic Zone.
These segments are separated by volcanically inactive gapg |ntroduction
that are inferred to indicate regions where the dips of the
subducting plates are too shallow to favor the magma genThe Andes Cordillera de Los Andés- sometimes called the
eration needed to sustain volcanism. The Andes host moreectonic “backbone” of the South America (Fig. 1) — com-
volcanoes that have been active during the Holocene (pagirise one of Earth’s highest subaerial mountain ranges. The
10000 years) than any other volcanic region in the world, asAndean region also has been the principal locus of magma-
well as giant caldera systems that have produced 6 of the 4#ism and volcanism in the South American continent since
largest explosive eruptions (so-called “super eruptions”) recthe Late Triassic (e.g., Scheuber and Reutter, 1992; Gelcich
ognized worldwide that have occurred from the Ordovicianet al., 2005; Oliveros et al., 2006). A number of the volca-
to the Pleistocene. noes of the present-day Andean Volcanic Arc have erupted
The Andean region’s most powerful historical explosive one or more times in recorded history (i.e., since the arrival
eruption occurred in 1600 at Huaynaputina Volcano (Peru).of Spaniards in the 15th century). In the coming decades,
The impacts of this event, whose eruptive volume exceedeavith continuing population growth and expanding economic
11 kn®, were widespread, with distal ashfall reported at dis- development of the Andean countries, the risk posed by vol-
tances>1000 km away. Despite the huge size of the Huayna-canic hazards from future eruptions will inexorably increase.
putina eruption, human fatalities from hazardous processes This brief paper is adapted from a keynote address pre-
(pyroclastic flows, ashfalls, volcanogenic earthquakes, andented at the Fourth Alexander von Humboldt Conference in
lahars) were comparatively small owing to the low popula- Santiago, Chile, in November 2008 (Tilling, 2008b). This
tion density at the time. In contrast, lahars generated by aonference was primarily focused on the themes of glaciol-
much smaller eruption<0.05 kn?) in 1985 of Nevado del  ogy, climate change, and geodynamics. My presentation was
Ruiz (Colombia) killed about 25 000 people — the worst vol- aimed to provide a broad-brush overview of Andean volcan-
canic disaster in the Andean region as well as the seconésm and associated hazards — against a global and histori-
worst in the world in the 20th century. The Ruiz tragedy hascal background — in a manner readily understandable to the
been attributed largely to ineffective communications of haz-many non-volcanologists among the conference participants.
ards information and indecisiveness by government officialsfFor more detailed information about any specific aspect of
rather than any major deficiencies in scientific data. Ruiz'sthis paper, the interested reader is referred to the many origi-
nal papers cited herein. A good starting point is the excellent
review paper by Stern (2004), which is the most comprehen-
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Fig. 2. The Andean Volcanic Arc (AVA) has formed by the subduc-
tion of the Nazca and Antarctica Plates beneath the South America
Plate. The present-day AVA is well expressed by the string of An-
dean volcanoes that have been active since the Holocene, as delin-
eated by the solid and open red triangles on this portion of the world
plate tectonics map of Simkin et al. (2006). The circles (black,
white, and open) mark earthquakes of magnitude 5 or greater; the
segmented red lines show divergent plate boundaries.

down valleys draining the volcano; the largest lahars traveled
>300km to reach the Pacific Ocean (Mothes et al., 2004;
Kumagai et al., 2007; Hall and Mothes, 2008).

Fig. 1. The prominent mountainous belt making up the Andean It is beyond the scope of this paper to discuss the AVA
chain Cordillera de Los Andgsstretches approximately 8000km in detail. For a helpful introduction to Andean magmatism
north to south from Venezuela to Patagonian Chile along the westgnd associated volcanism, the interested reader should con-
ern margin of South American continent. The Andes — the “back-gy|t gvailable summary works and references cited therein

bone” of South America — are clearly seen in this Radar Shuttle To'(e.g. Barberi et al., 1988; &hdez Fajury, 1989; De Silva
pography image. (SRTM NASA/JPIhttp://photojournal.jpl.nasa. and I’:rancis 1991 ’Gofitez,-Feran 1995: étern ’2004_ Hall

goVt/PIAC3388.i. et al., 2008). The following two websites also provide useful
information about Holocene volcanoes in South America:
2 Andean Volcanic Arc (AVA) — http://www.volcano.si.edu/world/region.cfm?rnum=

The Andean range has formed by the subduction of the 15(\&}rpage=list-; and

Nazca and Antarctica Plates beneath the South America Plate _ http:/mineralsciences.si.edu/tdpmap

since at least the late Paleozoic (Fig. 2). Plate-tectonics

processes have also developed and sustainedimidean  As discussed in the sections to follow, dozens of Andean vol-
Volcanic Arc (AVA), which contains numerous volcanoes, canoes have erupted powerfully in the geologic past as well
including Earth’s highest volcano, Nevados Ojos del Sal-as during historical time.

ado (Chile), whose summit is 6887 ma.s.|. Moreover, the The AVA is Earth’s longest continental-margin volcanic
AVA hosts more large composite volcanoes (122) that havearc (>~8000km long), but it is not continuous along its
erupted during the Holocene than any other volcanic regioriength. Instead, it consists of four distinct segments (Fig. 3):
(Simkin and Siebert, 1994); many of these topographicallythe Northern Volcanic ZongNVZ), along Colombia and
high, steep-sided volcanoes have summits capped by ice arfeicuador; theCentral Volcanic ZonéCVZ), extending from
snow. At such volcanoes, there exists great potential for thesouthern Peru to northern Chile; tBeuthern Volcanic Zone
generation of far-travelling destructil@hars(volcanic mud-  (SVZ), encompassing central and southern Chile; and the
flows) during and following eruptions, thereby making them Austral Volcanic Zone(AVZ), stretching from the Chile
exceptionally hazardous. For example, during the 1877 erupTriple Junction to the Patagonian archipelago. The various
tion of Cotopaxi Volcano (Ecuador), devastating lahars sweptzones of the AVA are separated by volcanically inactive gaps
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Fig. 4. Histogram of Holocene eruptions for which VEIs (see text
for discussion) have been assigned; note the break in scale in the
vertical axis. The number of eruptions with assigned VE2(total

of 5349 events) is not plotted because of scale limitation. Numbers
highlighted in yellow give the number of eruptions of in each VEI
ranking, as compiled in the Volcano Database of the Smithsonian
Institution (Simkin and Siebert, 1994). A few selected historical
eruptions mentioned in this paper are given to provide illustrative
examples (Andean eruptions highlighted in blue).

vations of explosivity (e.g., “gentle,” “cataclysmic,” “colos-
Ssal ") also considered. A non-explosive eruption is assigned

@ VEI of 0 regardless of size, and an increase of 1 in the VEI
corresponds to an eruption roughly 10 times more “power-
ful.” In general, the longer the repose interval between erup-
tions, the more explosive (i.e., resulting in a higher VEI) is
hundreds of kilometers in length. There is no general agreethe next eruption (Simkin and Siebert, 1994). Figure 4 is
ment about the reason(s) for the segmentation of the Ana summary of explosive eruptions in the world during the
dean volcanic arc. However, a commonly invoked hypothe-Holocene ranked by VEI; note that no Holocene eruption is
sis (e.g., Stern, 2004) is that these gaps coincide with regionganked higher than VEI 7. The 1815 eruption of Tambora
where the dips of the subducting plates are too shatefdf Volcano (Indonesia) — the largest in the world in recorded
or less at depths 100 km) to favor generation of magma by history —is the only historical volcanic event to be assigned
partial melting in hot mantle that sustains volcanism. VEI 7 (Fig. 4).

Fig. 3. The Andean Volcanic Arc is not continuous and consists
of four segments, which are separated by volcanically inactive gap
hundreds of kilometers in length (see text). The black arrows mark
regions where the subduction angle is relatively flat.

3.2 Pre-Holocene Andean “super eruptions”

3 Andean eruptions over geologic time
To furnish context for Andean volcanism, geologic data

3.1 The Volcanic Explosivity Index (VEI) worldwide indicate that prehistoric eruptions can be much,
much larger than the largest eruption (Tambora, 1815) hu-
Before discussing eruptions in the Andean region, to providemankind has experienced in historical time. The largest of
global and historical context, it is useful to review briefly the prehistoric eruptions-(VEI 7) are all pre-Holocene — for-
the Volcanic Explosivity Index (VEI) devised by Newhall tunately having occurred before the dawn of civilization. In
and Self (1982). This semi-quantitative, logarithmic VEI a comprehensive compilation of the largest explosive erup-
scale has become the tool most widely used by volcanoltions in the past~490 million years (Ordovician — Pleis-
ogists to estimate the relative size or magnitude of an extocene), Mason et al. (2004) recognized 47 so-called “super
plosive eruption. The open-ended VEI scale applies only toeruptions” worldwide, 42 of which occurred during the past
explosive eruptions, with the VEI value determined primar- 36 million years. These authors define a “super eruption” as
ily by the volume of eruptive products, height of the erup- one having VE:7 or a “magnitude” equal to 8 or greater
tion cloud, and eruption duration, but with qualitative obser- (=M-8). Their “magnitude” scale of eruption size, based on
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Table 1. Quaternary Andean “super eruptions” from Table 2. Largest explosive eruptions in the Andean region during
caldera/ignimbrite systems in the Altiplano-Puna plateau of the 19th—21st centuries, with assigned Volcanic Explosivity Index
the central Andes. A “super eruption” is defined by Mason et (VEI) equal to or greater than 4 (see text for discussion). Data
al. (2004) as one erupting10®kg of ejecta; Ma=millions of years ~ sources: Simkin and Siebert (1994); GVPc (2009).

ago. (Data source: Mason et al., 2004, Table 2).

Year Eruption VEI
Caldera Eruptive deposit(s) Geologic -
(ignimbrites) age (Ma) 1877 Cotopaxi, Ecuador 4
- 1886 Tungurahua, Ecuador 4
Cerro Galan, Argentlna Cerro Galan 2.2 1893 Calbuco, Chile 4
La Pacana, Chile Atana ~4 .
Cerro Galan, Argentina Real Grande, Cueva Negra 4.2 1899  Dona Juana, Colombia 4
Unknown, central Andes Huaysillas 5 1918 Tungurahua, Ecuador 4
Cerro Panizos, central Andes  Panizos 6.1 1932  Quizapu (Cerro Azul), Chile 5+
Pastos Grandes, central Andes  Sifon 8.3 1955 Carran-Los Venados, Chile 4
1991 Cerro Hudson, Chile 5+
1993 Lascar, Chile 4
2002 Reventador, Ecuador 4
2008 Chaién, Chile 5?

eruptive mass, is proportionately comparable to the VEI scale
(based on eruptive volume) but differs by taking into account
the estimated bulk density of eruptive deposits. As defined by
Mason et al. (2004), a M-8 eruption has an eruptive mass of 80
>10'kg, or about 150 times more than was erupted during

the 1991 eruption of Mount Pinatubo (Newhall and Punong-

bayan, 1996), the second largest in the world in the 20th cen-
tury.

About a dozen giant caldera/ignimbrite systems are lo-
cated within the Altiplano-Puna plateau of the central Andes
(Allmendinger et al., 1997; Stern, 2004). Of the “super erup-
tions” recognized worldwide, 6 of them have occurred within
the central Andes during the period between 9 and 2 million
years (Table 1). Thus, the Andean region has had its fair
share of Earth’s “super eruptions” in the geologic past. Al-
though it's unlikely that super eruptions have stopped in the
Andean or any other volcanic region, fortunately they are in- _ , L )
frequent, and the odds of another in the near (foreseeable’g)'g_' 5. Histogram of historically active volcanoes grouped by coun-
future are small. Yet, it should be mentioned that volcanic.: the numbers in paremheses.mdlcate .the numbe.r of individual

- . N . volcanoes. The Andean countries combined (highlighted by red
unrest — involving seismicity and ground defprmatlon - hasoutlines) host 66 of the-550 historically active volcanoes world-
been documented for some caldera systems in the world (€.Qyide (primary data source: Simkin and Siebert, 1994).

Newhall and Dzurisin, 1988; Waite and Smith, 2002; Hill,
2006; Wicks et al., 2006; Troise et al., 2007). As an An-
dean example, caldera-scale ground deformation (involvinghe world's~550 historically active volcanoes, ranking third
an area~1100kn?) at the Lazufre volcanic center, docu- (after Indonesia and Japan) in having the most volcanoes that
mented by Interferometric Synthethic Radar (INSAR) stud-have erupted one or more times in recorded history (Fig. 5).
ies, has been inferred to represent inflation of a subsurfacSince the year 1800, Andean volcanoes have produced 11
magma reservoir (Froger et al., 2007; Ruch et al., 2008).  documented explosive eruptions (6 in Chile) ranked VEI 4
or higher (Table 2) — the same number as that for Japan,
3.3 Holocene and historical Andean volcanism which has more historically active volcanoes (Fig. 5). How-
ever, Chile and neighboring Argentina, which is downwind
The Andes host 204 of the approximately 1500 volca-and receives most of the ashfalls, have much lower popula-
noes active during the Holocene (past 10000 years) worldtion densities than that of Japan. Because of this fortunate
wide — more than any other volcanic region (Simkin and circumstance, large explosive eruptions in the Andes during

Siebert, 1994). According to the global volcano databasehe past 200 years have caused much less severe eruption-
of the Smithsonian Institution as compiled by Simkin and re|ated impacts.

Siebert (1994), Andean volcanoes have produced about
18 percent of the~500 Holocene eruptions that are ranked
VEI 4 or greater (Fig. 4). The Andean region contains 66 of
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Fig. 6. Sketch map showing the regional ashfall from the 1600 AD eruption of Huaynaputina Volcano (southern Peru), Central Volcanic
Zone of the Andean Volcanic Arc. The area within the 1 m isopach (dark grey) was devastated by pyroclastic flows and surges and heavy
ashfall; the solid black squares indicate villages buried by ash (from Thouret et al., 2002, Fig. 1).

3.4 Some powerful historical Andean eruptions size eruption would cause many more fatalities, major socio-
economic loss, and hardships for people in the Andean re-
The Andean region’s most powerful historical explosive gion.
eruption occurred on 19 February 1600 at Huaynaputina Vol- Following the 1600 Huaynaputina eruption, the two next
cano, Peru. This eruption is the only one in the Andes asdargest Andean eruptions took place in Chile: Quizapu
signed a VEI of 6 (Fig. 4). Even though the population in the (Cerro Azul) in 1932 and Cerro Hudson in 1991. The
affected region was relatively small at the time, the impactsQuizapu eruption, which ejected9.5 kn? of material (Hil-
of such a large eruption were still extremely destructive. Andreth and Drake, 1992), was the largest eruption of any
extensive area~950 kn?) immediately to the west of Huay- Andean volcano in the 20th century. This eruption pro-
naputina was devastated by pyroclastic flows and surges anduced heavy ashfalls that drifted downwind to the east
heavy ashfalls (Fig. 6). The city of Arequipa,75km NW (Fig. 7); distal ashfall was even reported in Rio Janeiro,
of the volcano, was severely damaged by eruption-associate@razil (Gonalez-Feran, 1995). Even though the volcano
earthquakes and ashfalls. Distal ashfalls were reported ds located in a remote part of Chile and ashfalls mostly
Lima, Peru, La Paz, Bolivia, and Arica, Chile, as well as affected sparsely populated parts of neighboring Argentina
on a ship 1000 km to the west of the Pacific coast. Eruption{Fig. 7), ashfalls locally killed livestock and caused mod-
triggered lahars traveled more than 100 km to enter the Paerate to severe damage to agricultural lands. Significantly,
cific Ocean (De Silva and Zielinski, 1998; Adams et al., the Quizapu eruption, though very powerful, produced no
2001; Thouret et al., 1999, 2002). In all, more than 1500eruption-related human fatalities.
people were killed by the pyroclastic flows, ashfalls, earth- The 1991 Cerro Hudson eruption, the second largest in the
quakes, and lahars. While controversial, some studies (e.gAndes in the 20th century, was somewhat smaller in eruptive
De Silva and Zielinski, 1998; Verosub and Lippmann, 2008; volume (8 km?) than that for Quizapu. It too caused heavy
Briffa et al., 1998) suggest that the eruption also may haveashfalls to the southeast (Fig. 8), and distal ashfall reached
affected global climate, with the winter of 1600-1601 being the Falkland Islands. This eruption was relatively rich in
the coldest in the Northern Hemisphere in the past 500 yearssulfur dioxide gas for an Andean volcano (see TOMS-VEG,
Now in the 21st century, with greatly increased populations2008), locally killing livestock and causing severe damage
of the Andean countries, the occurrence a Huaynaputinato property and agriculture (Bitschene, 1995). Table 3 com-
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B \ ) ) Table 3. The 1600 Huaynaputina eruption compared with the
S \/’K ~ largest explosive eruptions of the 19th and 20th centuries world-
Z Chile ﬁermna Paraguay Brosil wide. VEI=Volcanic Explosivity Index* Andean eruption. Note
the wide range of estimated bulk volumes for the Huaynaputina and
2 f)/ Tambora eruptions. (Various data sources, including: Naranjo et

4 al., 1993; Simkin and Siebert, 1994; De Silva and Zielinksi, 1998;
/ Hildreth and Drake, 1992; Thouret et al., 2002; Mason et al., 2004).

Year  Eruption VEI Bulk volume
(km3)
1600 Huaynaputina, Pefu 6 11-19
350 = 1815 Tambora, Indonesia 7 30-150
1883 Krakatau, Indonesia 6 ~18
1912 Novarupta, USA 6 ~15
1932  Quizapu (Cerro AzuB) Chile 5+ >9
aor — 1991 Mount Pinatubo, Philippines 6 ~10
1991 Cerro Hudson, Chite 5+ ~8

~45°S

_ _ population density, it ranks third9.5%) in terms of erup-
Fig. 7. Isopach map of the ashfall from the 1932 Quizapu (Cerro tion fatalities (Fig. 9). This apparent anomaly is readily ex-
Azul) eruption, Chile. The thin-line isopachs are for uncompacted plained by the disastrous outcome of a single Andean erup-

ash (from Larsson, 1937), and the heavy-line isopachs are thos&On in 1985 at Nevado del Ruiz, Colombia (discussed be-
measured by Hildreth and Drake (1992) during 1980-1991. TheI )

limit of reported ashfall is indicated by heavy red line, and the 1 cm

isopach by the red arrow (from Hildreth and Drake, 1992, Fig. 1). 41 Recent notable eruptions

pares the 1600 Huaynaputina eruption with the largest eX_Nevado del Ruiz, Colombia, 1985'ollowing'nearly ayear
plosive eruptions of the 19th and 20th centuries worldwide:Cf volcano unrest, which was being monitored by an in-

note that 3 of the 7 largest historical eruptions occurred in thg€mational scientific team, the 5321 m-high, glacier-capped
Andean Volcanic Arc. Ruiz Volcano erupted explosively on 13 November 1985

(Williams, 1990a, b; Voight, 1994). Its bulk eruptive volume

(<0.05kn?) was orders of magnitude smaller than those
4 Volcano hazards and disasters of many other historical Andean eruptions. Nonetheless,

hot pyroclastic ejecta melted the ice and snow around the
Eruptive processes and products associated with arc volcasolcano’s summit, and the resulting meltwater mixed with
noes, such as those in the Andes, can pose significant hazarttge volcanic and other unconsolidated debris to generate la-
if they impact populated regions, agricultural areas, trans-hars. These lahars then swept rapidly down several steep val-
portation and utility networks, and other societal infrastruc- leys draining the volcano, scouring and entraining material
tures. Inasmuch as the literature on volcano hazards, volcaneroded en route (“bulking up”), before inundating the popu-
monitoring, and reduction of volcano risk is vast, this brief lated and cultivated areas down valley. Deadly lahars obliter-
paper only will mention selected aspects germane to recerated everything in their paths and killed about 25 000 people,
Andean eruptions. For a comprehensive introduction to vol-nearly 23 000 in the city of Armero alone (Fig. 10). The dis-
cano hazards and monitoring studies, the interested readgroportionately high death toll from the 1985 Ruiz eruption
should consult summary works and references cited thereifVEI 3?) can be appreciated by comparing it with fatalities
(e.g., Blong, 1984; Tilling, 1989, 2005; Scarpa and Tilling, caused by other deadly historical eruptions worldwide, all of
1996; Chouet, 2004; Dzurisin, 2006). which were much larger in size (Fig. 11).

Globally, Indonesia has suffered the most eruption-related The 1985 Ruiz eruption and its tragic outcome resulted
deaths £61%) from historical eruptions (Fig. 9). This ob- in the worst volcanic disaster in the recorded history of
servation is not surprising given that Indonesia has the mosgouth America. Indeed, the Ruiz tragedy represents the
historically active volcanoes (Fig. 5) and the country’s high deadliest volcanic disaster in the world since the 1902 erup-
population density, especially the Island of Java. Yet, evertion of Mont Peée (Martinique) in the Caribbean, which
though South America has fewer historically active volca- killed ~30000 people by pyroclastic flows and surges. The
noes than Indonesia, much smaller population, and lowesmall, but lethal, Ruiz eruption and its disastrous aftermath
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ARGENTINA

Fig. 8. Isopach map of the ashfall from the 1991 Cerro Hudson eruption, Chile. The 1 cm and 5 cm isopachs are indicated by red labels (from

Scasso et al., 1994, Fig. 1).

have been documented in numerous post-1985 studies (e.dzeofisico-Escuela Polcnica Nacional), and Peru (Instituto
Williams, 1990a, b; Voight, 1994). With minor differencesin Geofisico del Peii and the Observatorio Volca@dica de
emphasis, these studies all basically conclude that the RuiArequipa). The 1985 Ruiz disaster served to energize the
tragedy happened because of: 1) ineffective communicationglobal volcanological community, and the response in the
among scientists, civil authorities, and the populations atU.S. was to develop the Volcano Disaster Assistance Pro-
risk; and 2) emergency-management officials failed to actgram (VDAP), discussed later (see Sect. 6).
in a timely fashion, despite having advance, though imper- Nevado del Huila, Colombia, 2007-preserice-capped
fect warnings given by scientists. The conclusion of Voight Nevado del Huila, located approximately 200 km to the south
(1996, p. 719) aptly conveys what went wrong at Ruiz: of Nevado del Ruiz, is the highest active volcano in Colombia
“Scientific studies foresaw the hazards — including the (summit 5364 ma.s.l.). Quiescent since the mid-16th cen-
recognition that several towns were in the “wrong place,” tury, this volcano began to erupted explosively in February
vulnerable to lahars generated by eruption-induced snowmeltnd again in April 2007, and activity has continued intermit-
— but were insufficiently precise to prompt reliable warn- tently, but more weakly, to the present (GVPa, 2009). Like
ing of the crucial event before the last possible mindtee  the 1985 Ruiz eruption, the 2007 Huila eruptions (VEI 2—
catastrophe was not caused by technological ineffectivenes3?) also produced destructive lahars, some of which trav-
or defectiveness, nor by an overwhelming eruption or an im-eled more 120 km down the valley ofiRPaez. However,
probable run of bad luck, but rather by cumulative human because the volcano had been monitored seismically since
error.” (italics added). 1993, INGEOMINAS scientists, assisted by a USGS-VDAP
The Ruiz tragedy shocked the world and spurred the govieam, seismic precursors of the eruption were recognized in
ernment of Colombia to greatly augment the monitoring of time (Cardona et al., 2007; Pulgarin et al., 2007) to forecast
its hazardous volcanoes. Since 1985, the country has edahars and to alert local emergency-management authorities
tablished three modern volcano observatories — located invho ordered timely evacuations of about 5000 people. Con-
Manizales, Pasto, and Pogay— operated by the Instituto sequently, even though the lahars destroyed houses, killed
Colombiano de Geoldg y Mineilia INGEOMINAS). More-  livestock, and damaged cultivated areas, no serious injuries
over, in the decades following the disastrous outcome of thevere incurred and no human lives were lost (Calvache, 2007;
Ruiz eruption, as well as the occurrence of subsequent volAgudelo and Calvache, 2007). The successful INGEOM-
canic crises, also prompted the establishment or the modiNAS/VDAP responses to the 2007 Huila eruptions mark a
ernization of volcano observatories in Chile (Observatoriocomplete reversal of the disastrous outcome of the 1985 Ruiz
Volcanobgico de los Andes del Sur), Ecuador (Instituto eruption~20 years earlier, even though these eruptions were
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Fig. 9. Histogram of eruption-related deaths worldwide300 000)

since 1600 AD grouped according to country or volcanic region. _. . . . . .
Numbers in parentheses give the percentages of worldwide death%'gl' IOBAerlzﬂ ob_l;que V'gw of ;N?a(; rsm;uni of f[_he Cllt)r/] of Armero,t d
for each region. South America ranks third in eruption fatalities, olombia, after it was devastated by destructive lahars generate

which overwhelmingly reflect a single event, the Ruiz volcanic dis- by the 13 November 1985 eruption at Nevado del Ruiz (see text).

aster in 1985 (see text) (primary data source: Simkin and SiebertThese lahars swept down the steep valley of tieltagunillas (up-

1994) per center of picture) (photograph by Richard Janda, USGS).

of comparable size and both involved lahar hazards. The 300,000
2007 Nevado del Huila case history is an illustrative example
of the substantial progress being made in the Andean coun-
tries in responding to volcanic crises.

Volcan Chaién, Chile, 2008-presentOn 2 May 2008,
Chaien Volcano erupted explosively after less than 36h

Ruiz 1985

Mont Pelée 1902
N

250,000 [

200,000 [~ Krakatau 1883
N

150,000 [~

ative Fatalities

L . Tambora 1815

of precursory seismicity (recorded by instrumest300 km :

. . 100,000 [- Huaynaputina ., . .9, -
distant) and produced an ash plume that rose 21km intos5 0 &
the atmosphere (Lara, 2009; Carn et al., 2009). This event € 5000 - Kol 1158A Laki 1783 —. 4
marks the first historical eruption of Chéit; its previous O p A
eruption occurred about 9400 years ago (Naranjo and Stern 0 AV T T T T
2004). Scientists of Chile’s Servicio Nacional de Ge@dog 0 1500 1600 1700 1800 1900 2000
y Mineria (SERNAGEOMIN) immediately worked with re- Year

gional and national government authorities to assess the po-, ) . . )

tential hazards and volcanic crisis (Lara, 2009; Moreno and19- 11. Plot of the cumulative fatalities from volcanic eruptions
Lara, 2008). During 4-5 May, emer en’c -ma}la ement of_Worldwide during the period 1500—-2000. Some of the worst his-
fiCiaI’S orderéd the ?mmediatglevacugtionyof abotg.llt 5000 in torical volcanic disasters are identified; note the relatively small

. . e . ‘number fatalities for the huge 1600 Huaynaputina eruption com-
habitants at risk (Lara, 2009). This timely and quickly €xe- hareq with that for the much smaller eruption 1985 Ruiz eruption

cuted action doubtless saved many lives, given that the Cit)(see text) (data sources: Tilling, 1989; Simkin and Siebert, 1994;
of Chaien was devastated by lahars and floods shortly thereTanguy et al., 1998).

after, on 12 May (Fig. 12a).
Between 2 May and 8 May, Chait produced three high
ash plumes that drifted downwind across neighboring Ar- Because of its location in a sparsely populated area
gentina (Fig. 12b). Heavy ashfalls from these plumes not..1200km south of Santiago) and of its long quiescence,
only blanketed settlements around Chaibut also adversely chaien was not considered a high volcanic threat and, hence,
affected extensive areas of neighboring Argentina downwindygt monitored before 2008 (Lara et al., 2006). The vol-
(e.g., Folch et al., 2008; Horwell et al., 2008; Martin et al., cano is now well monitored by instrumental networks estab-
2009; Watt et al., 2009). Explosive activity then subsided, |ished by SERNAGEOMIN with assistance of USGS-VDAP
and a new lava dome was observed within the crater on 2hersonnel. While the Chéin eruption caused substantial
May, even though dome extrusion probably began days earsgcio-economic lossNUS$ 50 millions estimated) in Chile
lier. As of this writing (August 2009), Chdih remains active  and Argentina, disruption of local and international air traf-
and the lava dome complex continues to grow, accompaniegc, and personal hardship for the evacuees, only one death
by small emissions of ash and steam (GVPb, 2009). occurred (of an elderly person stricken during the evacua-
tions). This fortunate outcome is remarkable given the lack
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Fig. 12b. Satellite view of the first ashcloud from the eruption
of Chai&n Volcano, southern Chile, drifting downwind across Ar-
gentina and dissipating over the Atlantic Ocean (MODIS/NASA

Fig. 12a. Satellite view showing the inundation of the town of

offshore (Lara, 2009, Fig. 4a, image courtesy of NA&#p:/
earthobservatory.nasa.gov

Chaign by lahars and floods as well as the suspended sedimerﬁ‘

image, 3 May 2008).

The basic strategy needed to reduce volcano risk in the

ndean region is straightforward and consists of the follow-
ing components, the specifics of which likely may vary from
country to country, reflecting differences in socio-economic,

political, and cultural factors:

of pre-eruption volcano monitoring, thereby allowing very
little time for scientists and officials to warn the populations
at risk. The successful response to the Graéruption rep-
resents another noteworthy example of the progress being
made in volcano-risk reduction in the Andean region.

Of volcanological significance, the Chait eruption has
involved the most voluminous expulsion of rhyolite magma
from any volcano since the 1912 eruption of Novarupta
(Alaska, USA). Moreover, this eruption is the first VEI 5
event in the 21st century.

5 How to reduce risk from Andean volcanoes?

With passage of time, risks posed by eruptions of Andean
volcanoes inevitably will increase — a situation that applies
to any volcanic region. This increase in risk likely will not
be caused by any possible escalation in the eruptive vigor of
the world’s volcanoes. The number of volcanoes active per
year in the world has varied little over centuries, averaging
between 50 and 70 in any given year (Simkin and Siebert,
1994). Heightened risk will result simply because of de-
mographic and societal pressures: 1) exponential growth in
world population in the 21st century; 2) continued increase in
air traffic (passenger and cargo); and 3) expansion of socio-
economic and agricultural development into more hazardous
volcanic regions (Tilling, 2008a, Fig. 1). So then, how to
reduce volcano risk in the Andean or any other volcanic re-
gion?

www.adv-geosci.net/22/125/2009/

— The conduct of basic studies (geologic, geochronologic,
geophysical, etc.) of many more active and potentially
active Andean volcanoes. Such studies are essential to
reconstruct any given volcano’s eruptive history —which
in turn is essential for determining eruption recurrence
intervals, long-term forecasts of possible future activity,
including eruption style and size. At present, only a
small number of Andean volcanoes have been studied
adequately (Stern, 2004).

Preparation of volcano-hazards assessments and haz-
ards and risk maps. An important step in this regard
was the recent completion of a modern volcanic-hazards
map for El Misti Volcano in Peru (Maifio et al., 2007).

The reactivation of this volcano would pose a major
threat to the city of Arequipa, the second largest city
in Peru ¢ one million population).

Initiation or expansion/modernization of volcano-
monitoring studies of high-risk volcanoes in the Andes.
In this regard, the notoriety of 1985 Ruiz eruption, to-
gether with subsequent hazardous Andean eruptions has
notably accelerated volcano-monitoring studies. As em-
phasized by Tilling (2008a, p. 4), “. . . data from volcano
monitoring constitute the only scientific basis &rort-
termforecasts (years to days) of a future eruption.”

Integral in developing any effective national program of
volcano monitoring is the systematic evaluation of the
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level of threat posed by each of the country’s volca- greatly reducing economic loss (Ewert et al., 1997). Other
noes (“relative threat rankings”) and the level of mon- examples of recent VDAP responses include: Rabaul (Papua
itoring capabilities needed at each volcano. RecentlyNew Guinea) in 1994; Popo&ietl (Mexico), 1994-present;
the US Geological Survey (USGS) undertook such anGuagua Pichincha and Tungurahua (Ecuador), 1999-present;
evaluation effort (Ewert et al., 2005) and proposed aNevado del Huila (Colombia), 2007-present; and Cirait
“National Volcanic Early Warning System” (NVEWS) (Chile), 2008-present.

to adjust for the difference between current monitoring Through the mid-1990s, efforts of the VDAP mostly con-
level and the required monitoring at each volcano (thesisted of the deployment of “mobile volcano observatories”
so-called “gap analysis”). To date, the US has yet toand rapid-response teams. However, over the past decade,
establish the proposed NVEWS pending the availabil-the program has evolved and become increasingly more con-
ity of financial resources. However, the government of cerned with pre-eruption infrastructure development and ca-
Chile, in response to the Chart eruption and contin- pacity building among the host-country institutions (many in
uing volcanic crisis, already has begun to implement athe Andean countries) responsible for monitoring studies. As
new national volcano-monitoring systeRgd Nacional — a consequence, the working philosophy of the VDAP now
de Vigilancia Volénica) similar to the NVEWS (Ewert  places higher priority on enhancing pre-crisis institutional
et al., 2008; Carn et al., 2009). capability — integrating basic geoscience studies, volcano-

The development and practi f effectiv mmuni monitoring networks, information technology, hazards com-
— “he development and practice of ENECtive communica- ., yications, etc. — rather than solely relying on rapid re-

tions among scientists, emergency managers, news m?s'ponse when a crisis strikes. Currently, the VDAP allocates

gﬁs ir;i E)h(fapc?:zﬂaiihi dntshi;oarehizsmll:rtleIysiﬁzzmlf uch more resources (monetary and personnel) to efforts in
' Pl ugn regularly UG trastructure building and technical training than to crisis

mee“T‘gs between civil authorities and. b_qs_lness Iead'responses (Jeffrey Marso, USGS-VDAP, written communi-
ers with emergency-response responsibilities together

with scientists monitoring the local volcanoes. Indeed, Couo™ July 2009).
Ith scientists monitoring the local voicanoes. Indeed, o approach of involving VDAP-style mutual scientific
without such effective communications, the scientific

e i ) assistance clearly has proven useful in reducing volcano risk.
knowledge and monitoring data gained in the OtherthreeHowever such an approach is hardly a panacea and must be

pomponer&t_s of mmgat:on s_tratggy are O:;“tﬂ? or nfo usle considered an interim, stopgap solution. The optimum ap-
n respolil 1Ing tc:ja vo CaT'C Crr'f's' dRs uction of vol- Iproach is for a country to develop self-sufficiency in vol-
;i;gnrsls relgja?crilees?smol??hn;él?:ntlii\//:m d éug;?xsrgfgigﬁ_canologic studies, preparation of hazards assessments and
tific /technical data hazard;—zonatlon maps, and a national volcano-m.omtor!ng
' capability matched to the relative threats posed by its active
and potentially active volcanoes. From the preceding discus-
6 Concluding remarks sion, we have seen that the frequency and size of Andean
eruptions are comparable to those of the more active regions
The disastrous outcome of the 1985 Ruiz eruption providecelsewhere in the world. Accordingly, the two major vol-
a sobering lesson for the global volcanological community: canic disasters in the Andean region — Huaynaputina in 1600
scientists, emergency managers, and the affected public muahd Ruiz in 1985 — should prompt the scientists and officials
be better prepared to respond to the next volcanic crisisto maintain the momentum to attain self-sufficiency in vol-
wherever it may strike. In direct response to the Ruiz canologic and volcano-monitoring studies that was spurred
tragedy, in 1986 the U.S. Geological Survey (USGS) imple-by the Ruiz tragedy. Given the population growth and eco-
mented the Volcanic Disaster Assistance Program (VDAP).nomic development in Peru and other Andean countries in
The program, which is jointly funded by the USGS and recent centuries, an Andean eruption comparable to the 1600
the Agency for International Development’s Office of For- Huaynaputina eruption would likely have catastrophic conse-
eign Disaster Assistance (OFDA), involves the deploymentquences. Even the relatively small 1985 Ruiz eruption pro-
of a rapid-response “mobile volcano observatory” (Murray vides a painful reminder that eruptions need not be large to
et al., 1996) in assisting scientists in foreign countries in re-produce disastrous consequences, if mitigative responses are
sponding to volcanic crises. As one example of many, innot taken in time. We should also not forget the harsh lesson
early 1991, a quickly dispatched VDAP-USGS team, work- from the deadly eruption in 1982 of a non-Andean volcano:
ing with scientists of the Philippine Institute of Volcanology EI Chichbn Volcano in southeastern Mexico. This eruption,
and Seismology (PHIVOLCS), contributed to the success-which killed 2000 people and caused the worst volcanic dis-
ful response to the climactic eruption of Mount Pinatubo aster in Mexico’s recorded history, came as a “surprise” to
on 15 June, the largest in the world since the 1912 No-scientists and officials alike, because early warning signals
varupta eruption. Acting on the forecast and recommen-of the precursory volcanic unrest went unheeded (Tilling,
dations of the PHIVOLCS-USGS scientists, authorities or-2009). Had adequate volcano-monitoring data been avail-
dered timely evacuations, saving many thousands of lives andble before 1982, and properly interpreted in consultation
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with knowledgeable specialists in Mexico and elsewhere, stracts Volume, Cities on Volcanoes 5, 19-23 November 2007,
this eruption would not have been a surprise. Shimabara, Japan, 153-154, 2007.

Following the 1985 Ruiz catastrophe, much progressCardona, C., Calvache, M., Pulgarin, B., Agudelo, Ad., Santa-
has been achieved in volcanologic studies and volcano- PTE Lo AR T e T e o del Huia
mqnltorlng networks for the Andean volcanoes (e.g., Kuma- Volcano (Colombia), February aFr)ld April 2007 [Abstract], Ab-
gai et al., 2007), as the recent successful responses to the

| . . do del i d A stracts Volume, Cities on Volcanoes 5, 19-23 November 2007,
recent volcanic crises at Nevado del Huila and Graam- Shimabara, Japan, 73-74, 2007.

ply attest. Yet, as noted by Stern (2004), at present fewegarn s A Pallister, J. S., Lara, L., Ewert, J. W., Prata, A. J.,

than 25 of the~200 Holocene (potentially active?) Andean  Thomas, R. J., and Villarosa, G.: The unexpected awakening of

volcanoes are continuously monitored. Adequate monitoring Chaién Volcano, Chile, Eos, Transactions American Geophysi-

of more Andean volcanoes will reduce the chances of sur- cal Union, 90(24), 205-212, 2009.

prise eruptions, thereby giving sufficient advance notice forChouet, B.: Volcano seismology, Pure Appl. Geophys., 160(3-4),

scientists and emergency managers to better plan responses?39-788, 2004.

to future volcanic crises. De Silva, S. L. and Zielinski, G. A.: Global influence of the AD1600
eruption of Huaynaputina, Peru, Nature, 393, 455-458, 1998.
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