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INTRODUCTIGN

On 23 June 2601 a major earthquake oceurred at 20:33 UTC
{3:33 pm local time) near the coast of southern Pestt, 175 km
west of Arequipa and 595 km southeast of Lima. The earth-
quake ruprared a portion of the plate boundary between the
Pacific and Nazca Plates and produced ground shaking that
was felt in much of southern Perd and northern Chile. It
kilied at least 37 people and destroyed or damaged more than
66,000 homes, aflecting mere than 223,000 people {UUSAID,
2001). The earthquake produced a tsunami thar lefr an addi-
tional 24 people dead and 62 missing in the Camand area
(INDEC, 2001). This report summarizes the results of the
first Internarional Tsunami Survey Team (ITST) that sur-
veyed the tsunami impacts two weeks after the earthquake
and discusses the seismological characeeristics of the earch-
quake thar perrains to the tsunami.

LOCATION, SIZE, AND FOCAL MECHANISM

The PDE location of the mainshock epicenter (USGS) is
16.26°8 73.64°W, abour 60 km northwest of Ocofia in the
Depariment of Arequipa, Perd; depeh is unconstrained and
fixed at 33 kon, Figure 1A shows the epicenter and the extent
of aftershocks over a 30-day window following the main-
125-km-wide rupture, extending southeast from the epicen-
ter to the vicinity of o, about 150 km north of the Chilean
border.
Conventional magnicudes were m, 6.7 and M 8.2: a
mantle magnitude M, 8.6 (Okal and Talandier, 1989) was

measured at Papeete (D Reymond, pers. comm.), corte-
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sponding to a seismic moment M, = 4 X 10* dyn-cm. Other
estimates of the selsmic moment, given in Figure 2, range
from 1.2 to 4.9 x10* dyn-cm. Harvard’s final solution
{4.67 % 10* dyn-cm) gives the event the largest moment in
the CMT caralog, making this the largest earthquake since
the 1965 Rat Island, Alaska earthquake. Most focal solutions
feature 2 dhrust mechanisim with a slight component of lefi-
lateral strike-slip on a shallowly dipping fault plane suiking
315° £ 10°, readily interpreted as representing the subduc-
tion of the Nazca Plate under South America. Only the
“Quick” Harvard solution departs significansdly from this
geometry, trading off depth for the vertical dip-slip compo-
nent of the moment tensor.

The dimension of the rupture can be estimared from the
offset of Harvard’s centroid location relative to the USGS epi-
center, which is 150 km o the east-southeast. This agrees
well with the aftershock distribution. In addition, Kikuchi
and Yamanaka’s (2001) tomographic slip distribution sug-
gests a strong concentration of slip release around 16.9°S
72.2°W (Figure 1A). This peint is only 60 km from the Har-
vard centroid, at the eastern end of 2 gap in the distribution
of aftershocks, suggesting the rupture of a principal asperity,
with a maximum stip of 4.5 m, at a locaton approximately
65 km east-southeast of Camand,

SLOWNESS AND DURATION OF SOURCE

A rather long source duration is documented both ia the
Harvard solution {86s) and in Kikuchi and Yamanaka’s
(2001) model (107 ), the lacter showing about a 40-second
delay between the small hypocentral rupture and that of the
main asperity. The slowness of the source was estimated using
Newman and Okal’s (1998) algorichm 1o compute an esti-
mated-energy-to-moment ratie, which yielded a slowness
parameter & = log,, E/Ad, = -5.48 = 0.3, on the basis of seven
telescismic stations. This number is intermediate between
that predicted by universal scaling laws (€ = -4.97) and the
deficient values (@ < -6} exhibited by the so-called “tsunami
carthquakes” that are characterized by slow ruptuse possibly
involving sedimentary material (Kanamori, 1972; Fukao,
1979; Polet and Kanamort, 2000), The intermediate slowness
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A Figure 1. (A) Map of the scuthem coast of Perd showing 1he epicenter of the manshock (star) and of he one-maonth aftershacks {red dols); the larger
svents (M > 5.2) are shown as green Iriangles. The projecion is an obligue Mercator, whase equalor nans through Camand at an azimeth of N125°E. The lire
of evenits running in the hinterland toward Lake Tilicaca probably regresents siress transfer into ths Andes and should not be inkerpreted as defining the faul
20re, Note the absenca of aftershock activity jusl seaward of Camand, suggesting inkense strain release at that location during the mainshock. The areas shaced
in gray show the results of Kikuchi and Yamarakas (2001) lomographic investigation of the source slip (maximum 4.5 m). Also shown is the fnal Harvard
CMT solution (rotabed to canfoera ta the arientaion of the progction). The bethymetric contours are at 1,000, 2,000, 4,000 and 6,000 m ard oulline the Nazca
Ridge at left. (B) Same projection as {A), showng the individual lccatiors surveyed by the ITST along the coast (green dots), with the principal communities
iaheled. The purple apen circles are the locations of ths tide gauges at Matarani and Arica. The red bars show the amplitude of the individual runup Measure

ments {se2 Table 1), plotied as a fusction of dstance Irom Camend along the equetor of the oblique Meicator projection. Rurup & measured retative 1o the
~0.35 m tide ai the time of the tsunami. The dashed line 2t 2 m 1s an estimate of the mazimum high-water line, below which the ISunam wis cbsanad only 35
a drawdown (vertical dashed lines). Purple bars show the 2ero-to-peak amplitudes measured on the fide gauges. (C) Ralerence map showing the location of
frames (A) and {B) (black bax) within South America
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HARVARD FINAL
Z0 km; 4.87 E28 dyn—em

Strike = 330 ; Dip = 18 Slip = 83

HARVARD QUICK UsGs
50 km; 1.23 E28 dyn—cm 8 kery 3.7 EZB dyn-em

Strike = 308 ; Dip = 51 ; Slip = 74 Sirike = 763 ; Dip = 6 ; Shp = 28

KHIKUCH! & YAMANAKA
30 kmy; 2.2 E28 dyn—om

TARITI PBEM
20 km; 4.9 E28 dyn—cm

Sirike = 324 ; Dip = 11 ; Sip = 67 Strike = 309 ; Dip = 21 ; Slip = 81

A Figure 2. Focal mechanism solutions proposed for the 2001 southern
Parit earthquake. The top beach ball is the final Harvard sclution, available
from  http://www.seismology. harvard.edu/CMTsearch.himl.  The
cther soiutions were obtained in quasireal time by, respectively, the QUICK
algorithm  at  Harvard, USGS  (http://neic.usgs.gov/neis/FM/
previous/0106.html), the Preiiminary Determination of Focal Mecha-
msm af Papeste, Tahitt (Reymond and Okal, 2000), and Kikuchi and
Yamarniaka (2001).

is further supported by an examination of 7" waves recorded
on the [RIS broadband seismometer at Rarotonga (RAR; Fig-
ure 3}. The ratio of T-phase energy flux to seismic moment is
intermediate beeween those of the other two recent large
Peruvian earthquakes, the tsunami earthquake at Chimbote
on 21 February 1996 (M 7.4} and the regular Nazca event of
12 November 1996 (M 7.7). The 2001 Southern Perti earth-
quake shows a significant trend toward slowness without
exhibiting the strong deficiency in high frequencies characrer-
istic of 2 full-blown, erudy slow “tsunami earthquake.”

This observation is supported by the generally low mac-
roseismic effects of the earthquake (Fierro and Wiss, 2001),
Intensity levels reached only MMI VI in Camand and along
the coast, and MMI VII in the hinterland near Arequipa and
Moquegua, where a lone strong-motion inscrument recorded
a peak accelerarion of 0.3 g. The only structures destroyed by
the earthquake in Camand, 65 km away from the locus of

strongest slip release, were poorly built adobe houses and
shacks. The higher intensities in the hinterland probably
express enhanced site response in the presence of weakly
cemented clays and conglomerates (Keefer, 2001). Both this
observation and the relative lack of major landsliding outside
the Arequipa-Moquegua region contrast reports following
other local earthguakes, including the much smaller event on
12 November 1996, which reached MM VIII at Nazca
{Keeter, 2001},

HISTORICAL BAGKGROUND

The 2001 Pertt earthquake and sunami affected a 700-km
stretch of the Peruvian coastline, extending from the Nazca
Ridge to the Arica Bight at an azimuth of N125°E. The his-
torical seismicity of this segment of the Nazca subducrion
zone was compiled by Dorbath er 2l (1990}, whose work is
updated to 2001 in Figure 4. In 1604 and 1868 the region
was the site of megathrust events that caused deseruction of
almost all structures over a 650-km-long area, with local tsu-
nami runup reaching at least 15 m and Pacific-wide tsunami
damage including in Japan. The 1604 and 1868 events are
usually considered repeat earthquakes (Dorbath ez af, 1990;
Swenson and Beck, 1996}, During the interseismic window
berween them, significant (but nmot gigantic) carthquakes
took place in 1687 and 1784. According to the reports com-
piled by Dorback ez af, both of these shocks featured higher
accelerations along the coast than those documented in 2001,
The 1784 tsunami was probably smalier than that in 2001;
there is no report of a tsunami for the earthquake of 21 Ocro-
ber 1687 (not t be confused with a larger event that
occurred farther north on the previous day and produced a
tsunami that caused major damage to Callae). In this respect,
and given its significanty slow character evidenced by little
seismic destruction but a relatively damaging rsunami, the
2001 earthquake appears w have no directly comparable pre-
decessor in the documented historical database. This illus-
trates the high variability in the patterns of earthquakes in a
given subduction zone. Major carthquakes are not necessarily
repetitive, as demonstrated for example by Ando {1975) in
the Nankai Trough of Japan,

THE TSUNAMI

The 23 June carthquake generated a destructive tsunami that
reached the southern Peruvian coase within ten o thirry min-
utes and was observed ar tide gauges throughout the Pacific.
[ncernational media reported significant tsunami impact
soon after the earthquake. Both Peruvian and international
field investigation teams were organized to study the nature
and extent of the tsunami in the impacted area.

Post-tsunami Field Surveys

A reconnaissance team from the Peruvian Navy’s Direccidn
de Hidrografla v Navegacién conducted a survey of tsunami
effects soon after the earthguake, noting evidence of inunda-
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CAMANA, 23 JUNE 2001

[T Energy Flux / My]=2.18 x 1072 m™

NAZCA, 1Z NOV., 1996

IT Energy Flux [ Mgl= 149 x 10720 ;=2

CHIMBOTE, 21 FEB. 1996 (Tsunami Earthquake )

[T Energy Flux { My]=0.70 x 10720 m™2

A Figure 3. Comparison of telesaismic Fwave racords for three large Peruvian earthquakes. Top; the 2007 southern Pert earthguake: cender: the 1996 Nazca
earthouake; bottom: the 1896 Chimbote tsunami earthquake. Al records are 1,000-second tima windows from the broadband vartical (BHZ) channel at the IRIS
station RAR (Rarotonga, Cook Istands) and are plotied on the same scale after applying a high-pass filter for /> 2 Hz. The T-phase snergy flux to moment ratio
is defined by Okal et &l (2002). Note ifs intermediate value for the 2001 wave train, the relatively long duration of the lafter, and the strongly deficient 7 waves

of the 1996 isunami earthquake.
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4 Figure 4. Spatiotemporai distribution of rupture along the centrat and southern segments of the Peruvian subduction zone. This figure is adapled from
Dorbath ef af’s {1990) Figure 8 and updated to 20071, The vertical bars indicale the extent of rupture involved in each of the major evenis. Note that because of
the variable azimuth of the shorsling, the vertical axis, scaled in latitude, does not directly exprass ruptuee iength.
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A Figure 5, Tsunami field data typical of the developed coastal area of Camana. Inundaifon is the horizontal extent of water penetration; runup is the vertical
etevation of the highest point on fand flocded. High-water marks can sometimes be measured when sand and debris are deposited en tha upper floors of build-
Ings of In trees or power lines. In some cases water elevation can be estimated by haight of damage such as biown-cul windows or roofs. Buildings, walls, and

frees may have one or more watermarks leit by stagnant water.

tion from Atico to Ilo and major damage in the vicinity of
Camand. When significant impact was confirmed, an Inter-
nationa! Tsunami Survey Team (ITST) was organized to doc-
ument the tsunami characteristics. The st ITST was in Perd
from 6 to 15 July, measuring tsunami inundation and collect-
ing eyewitness accounts along a 400-km scretch of coastline
from Chala to Ho. A second International Tsunami Survey
Team visited Perd in September and focused on sediments
deposited by the tsunami in the Camand area. The second
ITST also collected inundarion dara from a few sites thac the
first team was unable to reach. This report focuses on the
characteristics of inundadon and damage; a preliminary
report on the sediment characteristics is posted ac http://
walrus.wr.usgs.gov/peru2/.

Field Methods

The primary purpose of the first ITST was to document
inundation, the horizontal extent of water penetration, and
runup, the maximum vertical elevation of the land floaded,
and re coilecr information on the sunami effects. Evidence of
inundation and runup is ephemerat and may disappear soon
after the event. Teams use a combination of several methods:

1. Observing and recording water height and inundacion
indicarors such as debris and strand lines; water marks on
soil and buildings; elevation of damage such as broken
windows and stripped roofs; debris and sands deposited
on stairs, upper floors, and roofs (Figure 5). Care must be
used in interpreting watermarks, as they relate to epi-
sodes when the water was still enough to leave a mark
and are almost always less than the peak water height,

2. Interviewing eyewitnesses, It Is easy to misinterpret
debris and strand lines that may be caused by high tides
and storm waves unless corroborated as a tsunami
deposic by eyewitnesses. North of Ocofia and south of
Quilca, observers reported that the positive tsunami
waves did not extend as high as the high-tide mark.
Withour the witness observation, the didal or storm berm
could have been misinterpreted as the tsunami heighe.
Human perception during catastrophic events can be
skewed, however, There were several Instances where an

Seismological Ressarch Latlers

eyewitness reported wave heighus that were incompatible
with field evidence or other eyewitnesses. Many of the
early media and NGO (nongovernmental organization)
reports claimed water heights of 30 meters; the ITST
found no credible watermarks over 8.8 meters. When-
ever possible, ITST members spoke with several different
groups of people to ensure a consistenr story, and some
interviews were recorded on videotape for permanent
archiving at USC.

3. Surveying profiles. Lines were surveyed with opticaf or
faser survey equipment along the beach profile from the
breaking waves to the maximum inland extent of inun-
dation. Flevations were calibrated relative ro the ambient
tidal level at the time of the tsunami.

4. Interviewing government officials and aid workers and
collecting reports, maps, photographs, and other materi-
als pertinent to the tsunami.

Fieid Observations

Table 1 summarizes held survey data collected by the firse
I'TST. Distance is measured along the coast relative to the Rio
Camand delta at 16.64°S and 72.73°W, roughly the center of
the inundation zone. At most sites estimates of both inunda-
tion and runup were obtained. The highest runup measured
(8.8 m) was on the narrow beach at Playa Chira (see Figure
GA), where the coastal platform nasrows to less than
500 meters and eyewitnesses described splashing of the waves
against the cliffs. At several locations other indicators of high
water were measured; the highest was a 7.2-m sand deposie
and watermark on the third-foor stairs of the Tiranic Club
Playa Hotel (see Figure 7). The high-water values for the
ports of Ho and Arica are from tide gauges.

Table 1 also lists the setting of the locale where the data
were obtained. The southern Peruvian coast is extremely arid
and devoid of vegetation except in aliuvial valleys fed by
perennial streams and in developed and irrigated areas. Much
of the coastline is steep and terminated by cliffs that drop
abruptly to the water. Survey lines were restricted to the areas
of coastal access. Most of the lines were located at fishing vil-
fages sttuated near coves and harbors {¢), maize and onion
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TABLE 1
Tsunami Runup and Inundation Data

Distance Water Marks’® Runup®  Inundation Water
Location Lat(°S)  Lon (*W) {km) Setting’ (m) (m) (m) Stopped by*
Tanaka 15,71 74.50 ~215.5 u bb w
Chala 15.86 74.25 -183.5 C bly W
Punta Blanca 16.23 73.70 11256 c bb W
Atico 1 16.23 7561 —104.7 r 2.38 512 W
Atice 2 16.23 7361 ~-1040 U 3.03 54 W
Pescadores 1 16.44 73.24 -5H8.7 i 475 835
Pescadores 2 16.44 7324 ~B8.7 | 6765
Ceofia 16.45 7310 ~44 8 U 2.94 415 D
Camana 1 16.53 7290 -22.3 U 771 254 h
Camand 2 16,53 7290 217 u 877" 390 h
Camana 3 16.53 7288 =202 U 359 3.59 504 n
Camand 4 16.56 72.85 -15.8 f 4,45 725 D
Camand 5 16.57 72.82 124 | 514 1000 )
Camand 6 16.62 7278 ~6.1 f 52 13585 n
Camanad 7 16.54 7274 -1.3 f 3.95 2.78 10427 D
Camand 8 16.65 72.72 13 f 4351 33 750 D
Camand 9 16,65 7270 3.2 f 5.29 2.81 5368 )
Camand 10 16.65 7269 42 f 4.89 785 D
Camand 11 16.55 7269 51 ¢ 7.25
Camand 12 16.65 72.67 6.3 d 379 483 r
Camand 13 16.66 7265 8.8 ¢ 543 345 r
Camand 14 16.66 72.65 9.2 ¢ 467 4,67 287 h
Camand 15 16.66 7263 1.0 ¢ 478 249 h
Camand 16 16.60 72 61 130 d 439 130 h
i.a Bajada 16.68 72.56 19.0 u 467 160 D
Pampa Grande 16.69 72.50 253 u 3.56 202 D
Quilca 1 16.70 7247 28.2 L 3.25 10 D
Quilca 2 16.79 72.46 30.0 U 34 412 D
Quilea 3 16.71 7244 326 ¢ 318
Quilca 4 16.71 72.43 327 ¢ 262
Quilca b 16.71 7243 328 C 3.88 372 30
Quilca 6 16.72 72.42 339 £ 2.29 158
Puerto Matarani 17.00 7211 77.3 C 1.8
Matarani Beach 17033 7201 87.9 d — bb w
Mottendo North 17.05 71.89 91.2 d e bb W
Molendo South 17.05 7197 927 u 2.45 725 W
Mejia 17.08 7191 100.9 E bb W
flo 1783 71.34 183.6 g 258 49 W
Playa Bolivia Mar 17.74 71.26 198.5 u 2.33 72 W
Arica, Chile 18.47 70.33 326.4 c 13

1. ¢ cova or harbor; d: developed soastal piatform, - agricultural fisid; b lagoon; r: rocky beach; u: undeveloped coastal platform,
2. 1: tide gauge reading.

3. 5 watermark on oliff may represant splash; bb: batow tidat berm.

4 h: ¢l or hill; p: flat coastal platform; v elevated road had; w; wave slope.
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fields with extensive irrigation systems built on flat, low eleva-
tion coastal platforms near rivers (), and resort communities
developed along flat, wide beaches (d). Table 1 also notes the
nature of where the wazer stopped: whether the waves ran up
against an abrupt change in elevation such as a clift (&) or
road bed (1), dissipated on the relatively fat coastal platform
{p). or never made it over the tidal berm (w).

Measured runups are shown in Figure 1B, The sunami
was observed by eyewitnesses along more than 400 km of
coastline from Tanaka to Arica but produced wave heights
welt above high tide only from Arico to Quilcs, and damag-
ing waves along the 35 kilometers of coast straddling the Rio
Camand. Figure 8A preseats the distribution of runup
heights, h, as a function of distance zlong the coastline. This
data set fearures two main characteristics, First, the maximum
value of water height is 7.25 m, excluding the higher values

resulting from water splashing against the cliff at Playa Chira,
This amplitude is approximately 1.5 rimes cthe maximum slip
inferred from Kikuchi and Yamanakas {2001) source tomog-
raphy. This ratio is within the general range of systematic
simufation experiments involving a wide variety of seismic
sources obeying seismic scaling laws (Hoffman er 2/, 2002).

Second, the runup data shown in Figure 8 are best fit by
a function of the rype

P — (1)

2
G=al 4
a

where £ is related to the maximum value of the height 4 of
runup, 4 s related to its lateral spread with distance x along

Seismological Ressarch Letters  November/December 2002 Volume 73, Number 6 913



A Figure 7. Titanic Club Playa Hotel, La Purta. Sand and & water mark were observed on the third Hoor stairs at an elevation of 7 25 m above the sea leve
at the tima of the tsunami. The windows were broken and the foundation was partially undermined, but this reinforced concrete building only 20 maters from
the beach sustained liftle other structural damage.

the coast, and ¢ opsimizes the position of the central peak.
The optimal aspect ratio, bla = 4.2 % 107, is adequately pre-
dicted by the simulation experiments of Hoffman er af
(2002). This value falls in the range of aspect ratios observed
and compured in the near field for dislocation sources such as
the 1992 Nicaragua earthquake (Figure 8B). This is in con-
trast to the much larger aspect ratios observed for the 1998
Papua New Guinea sunami (Figure 8C), whose successful
modeling requires an underwater landslide as its source (Syn-
olaldis er al, 2002). Thus, the primary characreristics of the
field of water heights surveved after the 2001 Perd ssunami—
abselute amplitude and lateral extent—are compartibie with
the seismologically derived dislocation source and do not
require generation by an underwater fandslide or slump. Pre-
liminary modeling using a dislocation source appears
explain both far- and near-field tide gauge records of the tsu-
nami adequately (Koshimura and Titov, 2001).

TSUNAMI IMPACTS

The carthquake coincided with one of the lowest tides of the
year, ~0.35 meters below mean sea level (MSL}. QOutside of
the province of Camand, the rsunami had lictle direct impact.
All eyewitnesses felt the carthquake strongly. They described
a drawdown of the sex abour 10 to 25 minutes after the earth-
quake. The water retreated 1o a distance 50 to 100 meters off-
shore, corresponding to an elevation of roughiy 4 to 5 meters
below the ambient water level. The water remained fow for “a

fong time”, variously described as 15, 20, or more minutes. In
the fishing villages, residents were familiar with tsunami haz-
ards and many expected a significant positive wave to follow,
but the wave did not breach the high tide berm, at an cleva-
tion of about 2 meters above the sea at the time of the earth-
quake. Three or four more osciflations of the water were
observed, but none of the waves reached any farther. No
structures were teported damaged by the tsunami in these
areas. An indirect impact was that local fishermen, fearful of
anorher earthquake and a larger tsunami, were unwilling to
take their boats to sea. There were also reports of coastal resi-
dents temporarily relocating to the highlands. Eyewitness
descriptions of the tsunami north and south of Camand are
given in Borrero (2002).

Only one tide gauge was located within the area studied
by the ITST. An analog United States Coast and Geodetic
Survey flotation-type paper recorder is located at Puerto Mat-
arani, abour 125 km away from the epicenter and almost
directly above the rupture zone. The record shows the onset of
the tsunami as a small positive wave that beging abour 6 min-
utes after the origin time of the earthquake, with the first peak
{(0.75 m) at 11 minutes. The second peak (1.86 m} at 38 min-
utes after the carchquake is the largese positive wave. A woman
working in a souvenir shop 20 meters from the Matarani tide
gauge house was the only eyewitness interviewed who noted
the initial rise. She observed the boats in the harbor rise abous
one meter and then watched the water drain so that the boats
rested on the sea Hloor. The port authorities then ordered an

914 Ssismological Research Latters  Volume 73, Number 6 November/Decamber 2002
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A Figure 8. Distribution of runup values as a function of distance alcng he beach, plotied for e 2001 Peruvian earhquake (A}, the 1562 Nicaragua sunami
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tude smaller than sor the landslide-generated PNG tsunami
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TABLE 2
amages and Casualties in Camana Province
Struciures Population
Distriet Beaths Missing Injured Damaged Destroyed Affecied Commenis
Camand 4 0 16 300 200 2700 deaths, injuries all sunami
José Maria Quimper 0 0 0 0 200 1,200 out of inundation zones
Mariang Nicolds Valcarcel 0 0 0 0 754 1524 out of inundation zones
Mariscal Cdceres 3 2 0 30 15 780 deaths, missing ali tsunami
Nicolas de Pigrola 0 0 0 X 28 201 out of inundation zones
Ocofia 1 0 0 484 330 3432 mainly earthguake impasts
{luilca g 0 0 1 3 21 matnly earthguake impacts
Samuel Pastor 17 60 25 430 2,500 3,000 deaths, Injuries ail tsunami
TOTAL 25 82 4 1,258 3,730 12,858
Source: INBEC {2001).

evacuation of the harbor area, so she did not observe the larger
waves. Tide gauge records in northern Chile and at Callao,
Perti also show an initial positive wave. The first tsunami wave
along the southern Peruvian coast possibly was also positive,
but because of its relatively small amplitude and the extreme
low tide at the time of the carthquake, eyewitnesses did not
notice the tsunami untl the larger negarive pulse.

The impact was significant in Camand Province, where
runups averaged 5 meters and inundation penetrated more
than 1k inland. Figure 6 shows the inundatdon in the
Camand area based on I'TST survey points {circled numbers),
photographs, and eyewitness accounts. ‘The tsunami reached
at least 300 meters inland in all areas where the waves dissi-
pated on the flat coastal platform. The deepest penetration was
over the flat agriculuural fields near Playa Pucchin, where the
water extended nearly 1.4 km from the coast. The tsunami
also flooded the boundaries of the lagoon and extended at least
I km up the Rio Camand (Ocola, pers. comm.). To the north
and south of the river delta, the coastal platform narrows and
cliffs and the Pan American Highway stopped the sunami.

Eyewirnesses in Camand described an initial drawdown
that lasted 15 minures or more, similar to the accounts frem
the communities outside the damage zone described previ-
ously. Most agreed that the initial positive wave was small and
did not overtop the beachfront road enly 15m from the
water’s edge. The second and third waves were the most
destructive and of similar impact, flooding nearly the entire
inundation zone. Eyewitnesses described fast, turbulent flows
as the warer withdrew. Many survivors self-evacuared upon
observing the initial withdrawal of the sea or after being urged
by others to evacuate; no one responded to the ground shak-
ing even though all felr the carthquake strongly. There were
several reports of people going out to look at the exposed sea
platform when the water withdrew. The situation was differ-
ens for farm workers. The workday ends ar 4:00 pm on Satur-
days, and even when told by others to evacuate, some were

reluctant o leave before their shift was over. Many of the fields
were too far from the coast and/or behind a berm or irrigation
dike, and the inidal withdrawal could not be seen, Much of
the area remained partially flooded for several days after the
tsunami, restricting access and search/rescue operations.

The province of Camand (population 53,000) has eight
districts thar include coastal resort towns, farming regions,
and fishing villages. Table 2 summarizes the damage in the
province by district. Carnand District includes the city center
(out of the inundation zone}), the mixed resort/farming area of
El Chorro, and the farming community of La Dehesa.
Mariscal Céceres District extends along the coast west from
the lagoon and includes the farm communities of Pucchin
and Sanmta Moenica, which were within the inundatien zone,
and the inland areas west of the Camand City center, which
was outside of the zone of flooding. The majority of the
destroyed and damaged structures, all of the deaths, and most
of the lnjuries in these two districts are attribused to the tsu-
nami. Abous 2,500 hectares of farmland was #ooded, destroy-
ing 2li of the onion and maize crops and the irrigation control
and canal system. The districts of Nicelds de Piérala, Mariano
Nicolds Valcdreel, and José¢ Maria Quimper are located to the
north and northwese of Camand City center and are encirely
outside of the tsunami zone; all of the damage in thesc areas
was caused by the earthquake. Ocofia, a farming and fishing
town about 50 km northwest of Camand and the city closest
to the earthquake epicenter, suffered some damage to the har-
bor from the tsunami, bue the one death here and most of the
structeral damage are awribured to the earthguake. The
impact in Quilca, the small fishing village 30 km east of
Camand, was minor and caused by the ground shaking.

The district of Samuel Pastor was hardest hit. It includes
the resort communities of Punta Nueva, Punta Vieja, La
Punta, Cerrillos, Las Brisas, Cerrillos 11, and Las Cuevas and
the farmiands just west of Punta Nueva. The develaped part of
the district lies aimost entirely within the tsunami inundation
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zone. The 87 dead and missing, all of the injuries, and all
destroyed structures are attributed to the tsunami. Officials
estimared that only abour 15 of the 3,000 structures within the
inundation zone survived the tsunami wich no structural dam-
age. Fortunately these resort towns were almost uninhabited at
the time of the earthquake. Most of the hotels, restaurants, and
discotheques were closed, and only a few summer home care-
taker families were in residence. During the summer months
from December to March, more than 5,000 people live in the
area and hundreds of tourists occupy the beach hotels.

Of the documenred tsunami deaths, eight were children
and sixteen adults (INDEC, 2001). No demographic infor-
martion was available for the missing. Fifry-five percent of the
tsunami victims were male, in contrast to the victims in the
other provinces killed by ground shaking effects, of which
65% were female. Of the adults, half were aged berween 30
and 50 and none was over 70. Of the shaking-related deaths
in Moquegua, Arequipa, and the other inland areas, 40%
were over 70 and fewer than 30% of adults were in their
prime. A likely cause of the difference is that most of the wsu-
nami victims were adult field workers and house sitters,
whereas in the inland areas the elderly and the very young
were mote likely to be indoors on a Saturday afternoon and
were crushed when houses collapsed. Only about 40 people
were injured by the wsunami, less than half the number killed
or missing. This is typical of tsunamis where people caught in
the water are more likely to be killed than injured. In the
1998 Papua New Guinea tsunami, more than 2,100 people
were killed and fewer than 1,000 injured (Dengler and
Preuss, 2002). In contrast, ground shaking is much more
likely to injure than kiil. In the areas outside the inundation
zone, 51 people died and more than 2,700 were reported
infured from the Perd earthquake (INDEC, 2001).

Damage ro scrucrures in the inundation zone was nearly
total. Buildings in the coastal area are of three general types.
In the farming areas and fishing villages, weak adobe struc-
tures and shacks of bambooe and other lightweight marerials
predominate. In the resort area, the majority of structures
were less than ten years old and substantial. Most were built
on concrete slab foundations about 25-30 cm thick with
reinforced columns at the corners. Preformed brick blocks
were flled in between the columns ro make the walls. A num-
ber of hotels, some restaurants, and a few homes were built of
reinforced concrete with chicker foundations. No wood
structures were in the inundation zone. Eyewitnesses reported
that the vibrations caused damage to some of the shacks and
adobe structures and caused 2 few to collapse, but none of the
stronger buildings was affected by the ground shaking,

The weak adobe structures and bamboo shacks were
obliterated by the tsunami and no sign of them remained
afterward. The infilled wall structures also performed poorly;
walls perpendicular to the incoming wave direction were typ-
ically blown out (Figure 9). Scour was common at the corners
of structures, undermining the thinner slab foundations (Fig-
ure 10). Scour also was concentrated along the edges of roads
and near earthen berms separating fields. In conrtrast, there
was no evidence of scour on the smooth undeveloped coastal
plaform along Playa Chira. Reinforced concrete structures
with thicker foundations were most likely to survive, even
when located close to the beach (Figure 7). The degree of
structural damage did not correlate with distance from the
coast; buildings near the limit of inundation were as likely to
be destroyed as those closest ro the beach. The beachfront
structures were mainly rescauranss, horels, and discotheques
and appeared to be more substantially constructed than the
summer homes farther back from the coast.

A Figure 9. Damaged summer home, La Punia. Typical constrection consists of reinforcad columas on a 20-30-cm-thick concrete slab foundation with
unreinforcad brick-infitled walls. Walls perpendicular to the direction of the tsunami (black arrow) failed. Dashed line shows a stagrant water mark.
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A Figure 18. Scour around the southwest corner of 2 La Punia house. Scour was observed at the cormers of almost every struciurg in the inundation zone

and next io paved roads,
DISCUSSION

The 23 June earthquake generated a tsunami that preduced
waves large enough o cause significant damage afong 35 km
of coast and to be observed by eyewitnesses for more than
400 km. It was the most widely recorded tsunami in the
Pacific since the one caused by the 1994 (M, 8.2) Kuril
Istands earthquake. The size of the 23 June tsunami appears
te be consistent with a seismogenic source; the largest waves
averaged S meters, with some approaching 7 to 8 meters,
simifar in scale to the maximum slip on the fault. The aspect
ratio of the runup height to distance along the coast does not
reach the high values characteristic of a landslide source. The
setsmic characteristics (€, T phase, intensity) of the carth-
quake all suggest 2 rendency roward slowness, bur not values
characteristic of a true “sunami” earthquake.

While the amplitude of the tsunami scaled consistenty
with the size of its source, it was somewhat surprising thar,
outside of the municipality of Camand, the size of the posi-
tive waves may have been significantly fess than the draw-
down. The eyewitness accounts both north and south of
Camand consistently described a withdrawal of the water
with a vertical amplicude on the order of 5 meters. Many
expected the positive wave to be equally large, evacuated o
high ground, and were surprised that the waves did not over-
top the high tide line. The ride gauge recordings at Matarani
and Arica, Chile, the two closest stations, do not exhibit any
profound asymmetry but are both located in harbors, and the

waves are affected by local resonances. The asymumetry, if real,
might also resuit from a combination of the complex distri-
bution of slip on the fault and permanent uplift of the coast.
Kikuchi and Yamanakas (2001) slip model (Figure 1A)
implies a large uplift near the coast about 65 km east-south-
east of Camand that could explain an initial drawdown as the
water Howed away from the uplifted area toward offshore.
The same slip model suggests 0.5 to 1 m of coseismic upiift
of the coast berween Quilea and Chala, possibly making the
positive wave appear smaller in much of the area. It is also
possible thar the extreme low tide may have biased the eye-
witness observarions.

The wsunami cavsed major damage to the province of
Camand and was far more damaging than ground shaking in
this area. The largest waves produced by the June 2001 earth-
quake unfortunately occurred with the most developed beach
arena along the southern Peruvian coast. Tsunami waves pene-
trated more than I km inland and damaged or dessroyed
nearly all of the 3,000 structures in this zone. Damaged struc-
tures were built on ground below 5 meters in elevation above
sca level, reaffirming the hazards of development along
exposed coastal platforms at low elevation. Poorly built adobe
buildings were obliterated and almost all brick-infilled-wall
structures destroyed. The few strucrures that survived had
more reinfercement and thicker foundations.

While the extent of inundartion and the number of struc-
tures damaged or destroyed was significant, the number of
lives lost was much less than caused by other recent tsunamis.
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It was also lower than what might have been expected from
the scale of structural damage within the inundation zone.
Several reasons exist for the relatively fight loss of life:

i. Time of year. First and foremost, the earthquake and tsu-
nami occurred in winter. The summer resident popula-
tion of the Camand beach towns increases by 3,000
people plus an additonal influx of tourists. Had the
same carthquake occurred in the summer when the
beach discotheques, hotels, and cafés were full, casualties
would undoubtedly have been much higher.

2. Time of day. The earthquake and tsunami occurred dur-
ing daylight hours. Seeing the water retreat was the key
to self-evacuarion. Had the earthquake occurred at night,
it is likely that fewer people would have responded.

3. Ambient sea level. The tsunami coincided with a -35 cm
tide, one of the lowest ddes of the year. A high tide would
have added more than 1 meter to the final runup. The
seas were also relatively quiet the day of the earthquake.
Large winter storm swells would have further exacer-
bated the impact.

4. Initia! drawdown of water and period of wave. As dis-
cussed above, it is not clear whether the large drawdown
was preceded by a positive wave, in which case the latter
was of low amplitude. For the purpose of this discussion,
a key aspect of the tsunami strongly mitigating is impact
was that the first noziceable motion of water was a large
retreqt. Thig and the significantly long period of the phe-
nomenen {(at feast 15 minutes) alfowed even people
unfamiliar with tsunamis to react to the very unusual
state of the sea and tw seek higher ground.

5. A wsunami-aware coastal population. Many of the people
interviewed knew what tsunamis were, recognized the
water drawdown as a sign of danger, and self-evacuared.
This was true primarily among the traditional coastal
communities of fishermen, who “know the sea”, are edu-
cated about tsunami hazards, and had in many cases
experienced or heard about similar events in the past. By
contrast, the victims were farm workers and domestic
house sitters hired for the winter, many of whom came
from inland and were unaware of tsunami hazards.

6. Relatively low exposure. The 300-km-long coastdine
adjacent to the rupture is mostly steep and arid. Only
along the river deltas does it constitute habitable land ar
low elevation. Consequently, both the area available for
flooding and more importanty the population at risk
were minimized.

We note that the survivors generally used the drawdown of the
water, rather than the eartier ground shaking during the earth-
quake, as the trigger to self-evacuation. This behavior among
a well informed community at first surprised some of the
ITST members, since in principle the ground shaking would
have given them an addidonal 10 to 15 minuses” head start. It
must be borne in mind that the real-time human evaluation of
wsunami hazard based on shaking is next to impossible; even a
seasoned observer would do no berter than estimate intensity,
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which is a notoriously poor proxy for static moment, Strongly
felt earthquakes are common along the southern Peruvian
coast, and very few produce damaging sunamis. Perhaps for
this reason the ancestral wisdom passed down from previous
generations is that “when the water goes down the sea comes
back big”, and the fishing communities have adopted the
retreat of the sea as a tradidonal, and arguably rational, warn-
ing permitting a reduction in false alarms. But the next major
tsunami to hit the Peruvian coast might not begin with a sub-
stantial drawdown, or it may happen during the night when
the sea cannot be readily observed. Therefore, tsunami hazard
education programs need to encourage response to shaking,
even if it results in unnecessary evacuations.

The 2061 sunami does not represent the worst-case sce-
nario for the inhabitants of the southern Peruvian coast. The
1604 and 1868 events certainly produced waves thar were
twice as high and impacted a much larger parr of the coast.
Even the relatively distant 1877 Chilean earthquake pro-
duced tsunami waves of larger amplitude than in 2001 ac
many locations along the southern coast of Perd (Soloviey
and Go, 1984). While the 2001 ecarthquake may have
relieved part of the accumulated strain along the interface
boundary, a recurrence of a larger event is still possibie and
poses a significant risk. Education about the local tsunami
hazard is both the most economical and most effective way ro
reduce fatalities from furure evenrs. &4
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