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CRUSTAL DEFORMATION ASSOCIATED WITH THE 1960
EARTHQUAKE EVENTSIN THE SOUTH OF CHILE

Felipe Villalobos'

ABSTRACT

Large earthquakes can cause significant subsidandeuplifts of one or two meters. In the case of
subsidence, coastal and fluvial retaining structumay therefore no longer be useful, for instangajnst
flooding caused by a tsunami. However, tectonisgldnce caused by large earthquakes is normally not
considered in geotechnical designs. This paperitbescand analyses the 1960 earthquakes that edcurr
in the south of Chile, along almost 1000 km betw€encepcion and the Taitao peninsula. Attention is
paid to the 9.5 moment magnitude earthquake aftbrinahe city of Valdivia, where a tsunami occutre
followed by the overflow of the Rifiihue Lake. Valii and its surrounding meadows were flooded due to
a subsidence of approximately 2 m. The paper ptedgmpotheses which would explain why today the
city is not flooded anymore. Answers can be foumdhie crustal deformation process occurring as a
result of the subduction thrust. Various hypotheste®swy that the subduction mechanism in the south of
Chile is different from that in the north. It islleved that there is also an elastic short-terractfivhich
may explain an initial recovery and a viscoelaspicg-term effect which may explain later recovery.
Furthermore, measurements of crustal deformatigyest that a process of stress relaxation is still
occurring almost 50 years after the main seismanev
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INTRODUCTION

Tectonic subsidence or uplift is not consideredamy design of onshore or near shore structures. For
instance, tectonic subsidence can reduce drastittedl protection role of sea wall structures agains
tsunami. Even if the sea wall resists strong sha&tons and tsunami drag forces, it can be serousl
limited due to a partial or complete inundatiorny, bg a subsidence of 1 or 2 m.

In the case of the city of Valdivia, the inundatibas not been attributed only to tectonic subsidenc
Other reasons, such as soil compaction due to esesreking during the 1960 earthquakes have been
formulated. Furthermore, inundation by the overflofvimpounded water was caused by earthquake-
triggered landslides, which made difficult to sejtarthe inundation caused by the tectonic subs@enc
itself. Then the question is why Valdivia nowad#&ysot flooded? This article presents explanatims
answers to this question.

Despite the geological, geophysical and geotechrstadies carried out some years after the 1960
seismic events (Duke and Leeds, 1963; Weischet3)196ere are only few available publications
compared with the ones for the north area of Chrlesearch has been focused mostly on the Arauco
zone, rather than further south (Tichelaar and ,R1#91; Bhoret al., 2002; Krawczylet al., 2003; Lith

et al., 2003). The article describes the 1960 earthqualegnly in terms of land subsidence and uplift
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observed, then explains the subduction mechanismsfinally presents results of land displacements
obtained from GPS techniques by Kletzl. (2001).

GENERAL DESCRIPTION

The earthquake of 22May 1960 remains the largest seismic event eveorded by seismological
instruments. The main earthquake of moment magainfd9.5 Richter generated 20 minutes later a
devastating tsunami, which not only hit the Chilearast, but also reached countries as far as Japan,
Hawaii, Russia and New Zealand.

The interest for studying this seismic event afity years becomes even more relevant after tige 8.
moment magnitude Chilean earthquake of 27 Febr@@dy). Understanding the 1960 earthquakes can
ease answering questions arising from this neweb@nt. The 1960 earthquakes shook the planet earth,
changed some parts of the Chilean south geograglhpds disappeared and appeared, sea level changed
river mouths shifted, large landslides in the Asddammed rivers and volcanoes erupted. These
processes, which normally take time and severabfado develop, occurred suddenly and developed in
short time.

On early morning of May Z1at 4.03 (local time) an earthquake of 7.5 Richtagnitude was followed
by a series of aftershocks in Concepcién and Aralite four largest of these aftershocks occurred
during the next day and had magnitudes of 6.5,77&and 7.5, respectively. Later, at 15.11 (Idicae)

of May 27" the strongest earthquake ever recorded strucksabéh of Chile. Initially, a magnitude
Richter of 8.5 with the epicentre located at lat#&B8°S and longitude 73.5° was determined. Aftetsh
were recorded to propagate from the hypocenteouphiloé. According to Kanamori (1977) the main
shock was actually a sum of two event, which maulemn earthquake of moment magnitldg = 9.5.
This type of magnitude started to be used for laegethquakes, since local magnitudds, body
magnitudesMl, and surface wave magnitudbk, reach a limit. This limit is referred to as sation,
where M, and My, saturate around 6 and 7 ak{d around 8. The moment magnitude scale does not
saturate because is a function of parameters iadadlong the fault rupturee., material rupture strength
along the fault, rupture area and amount of slip.

Unfortunately, no acceleration records are avatlahbwever, Weischet (1963) mentioned estimations
about 0.25g and 0.3g according to a Mercalli intgref X. These values are obviously not accuraie a
hence arguable.

Area affected

The further north city seriously affected was Ghllwith around 20% of buildings severely damaged.
Figure 1 shows the area affected and main citiglsaaclose up to Valdivia. A description of struetur
damage in Talcahuano, Concepcion and Puerto Matitt,special attention in Valdivia can be found in
Steinbrugge and Flores (1963). A geotechnical detsmn of failures can be found in Duke and Leeds
(1963). Although the damages propagated from Canéeo Chiloé in the bottom south, the city most
drastically affected was Valdivia and for that mashis earthquake is called the Valdivia Earthguak
Figures 2a and 2b show almost the same place ofaluivia promenade before and after the earthquake
The river floods the promenade, which is equivatérdat least 2 m of subsidence. Figures 3a anch8tv s
pictures taken by Karl Steinbrugge orf"™1Bune 1960 further upstream, where it is cleartiseove the
promenade sinking of around 2 m due to subsidence.
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Figure 1: (a) View of the whole area affected (stapresent possible epicentre locations) andi¢w of
Valdivia city and surroundings

Figure 2: (a) Valdivia promenade before the eardkga and (b) after the earthquakes (Steinbrugge and
Flores, 1963)
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Figure 3: Road along the promenade showing conpatement distorted, broken and tilted towards the
river (a) under Pedro de Valdivia Bridge and (b¥giag the bridge upstream (Steinbrugge and Flores,
1963)

Geological and geomor phological changes

Weischet (1963) presented a geologic and geomarglwbktudy of the region, where he compared
similar features before and after the earthquakaudse he had collected data just before the eadtequ
Evidences of changes in the land level as welsasami effects were observed. Weischet (1963) pdint
out that from his observations the most significdatmage did not occurred close to the epicentre in
Arauco, but 200 km south, in the area of Valdivihis area is located in a tectonically depressesihba
with unfavourable geological and geotechnical ctbons$, from the civil engineering point of view. A
similar case occurred in the Mexico earthquakeegt@mber 1985, when the epicentre was located 350
km away from Mexico City, the most seriously danthgegion.

Valdivia lies on a low area without the rock basetnef the coastal mountains along Chile, but irgtea
on deep alluvial sedimentary deposits of aroundm#@hick, which overlay gravel deposits before
reaching the bedrock. In Valdivia there is alsdiffies soil material calleccancagua. This material was
responsible for diminishing the damage of structdioeinded on it.

During the first hours after the main earthquaketlands and low lands along streams between Iniperia
River and the south of Chiloé were flooded. Figdreshows the Haverbeck small island almost
disappeared under water, only top of houses areb tege possible to distinguish. Weischet (1963)
observed around 17:00 (local time) the Calle CRiler not only flowing upstream but also at a highe
rate than when it flows downstream (see Figure Sbjne days later, 30 km upstream of the river mouth
marine fish and salty water were found. It tookoagle of months to have freshwater again. The flood
covered 15000 hectares of sowing land only aroualdiVia (Figure 5a).

On one hand, land subsidence can be in part attdhio the compaction of sediments of approximately
40 m thickness in Valdivia. On the other hand,ah ®e attributed to movements of the earth crust or
actually to a combination of both. It has beenidift to evaluate separately both processes duketo
lack of fixed reference points and scarce geoldgica geotechnical information. However, Weischet
(1963) was one of the first in pointing out thetkarust deformation as the main cause of subselenc
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Figure 4: (a) View from the Valdivia River towarliraflores showing the Haverbek Iet under water
and (b) closer view of Haverbeck Islet from Mira#ls (Steinbrugge and Flores, 1963)

Figure 5: (a) Inundation of the country side aroMaddivia and (b) drifted boats flowing upstreanteaf
passing the Pedro de Valdivia Bridge half an hdterahe main earthquake (Steinbrugge and Flores,
1963)

The dynamic compression of soft and loose sedirdepbsits represents a local effect and counts only
for a few centimetres. In contrast, subsidencénefland between 1 and 1.5 m occurred along anddrea
600 km long by 30 km wide with an inclination towarthe sea. Evidence of subsidence was found on the
coast and inland along rivers such as Maullin, Bu&alle Calle and Cruces. It is important to mamti
that whilst subsidence occurred in the above aneassubsidence effects were found for example in
Puerto Montt. Moreover, in the Arauco Peninsula kind suffered 1.2 m uplift and in the south of
Chiloé, the Guafo Island uplifted between 1 and.3The small island Guafito was joined to the Guafo
Island by means of a new beach, which did not gieapeven with high tide. The bathymetry in thet por
of Corral and Valdivia River and in other navigapkths changed significantly. Sand banks which were
between 1 and 2 m high were afterwards below watel. This, added to the erosion of the stream
bottom due to stronger currents, allowed vesselsnter with less trouble into Valdivia because of a
increment of vessel keel.

Related to the tsunami, five waves were reportedigthet, 1963). The first wave reached the shore at
15:30 (Chilean time), the first destructive waveved at 16:20 and the last wave came at 21:30. The
wave height varies with the shape of the coashyatry and distance from the source. Determination
of absolute height of tsunami waves have givenealf 11.5 m south of Puerto Saavedra Bay, 8 m in
Mahuin and Corral, 7.5 m in Bahia Mansa and 5 Anicud.
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In addition to the earthquake and tsunami direchaiges, in the Andes mountains landslides were
detected. Large landslides blocked the beginninthefSan Pedro River just at the exit of the Ridihu
Lake. This lake is the end of a series of severddhkterconnected, draining into the San PedrorRive
which flows to the sea passing by different towefobe reaching Valdivia. A similar phenomenon had
occurred for the earthquake of 16 December 157®nvthe exit of the Rifiihue Lake was blocked too.
But in April 1576 the dam formed breached, flooddtigastrously a large area downstream (Davis and
Karzulovic, 1963). Fortunately, this situation didt occur again since a work force removed slowdy t
24 m height plug to allow the flow of millions ofibic meters without breaching. The lake water level
started to reduce after 23 days of hard work.

Questions

From the facts described and evidences given Barekers who witnessed and studied the phenomena
of subsidence and uplift caused by the 1960 eaatteLit is possible to raise some questions. Atipres

is about the causes of flooding in Valdivia. Tsuharaves, heavy rain and controlled overflow of the
Rifiihue Lake occurred after the entrance of seawat&/aldivia around half an hour after the main
quake, as can be seen in Figures 4a and 5b. Ther¢fi@ causes of this flooding can be attributed t
dynamic compaction of thick layers of sedimentagpasits and tectonic subsidence as pointed out by
Weischet (1963). But even accepting these explamatiemains the question about why Valdivia is yoda
after 50 years not flooded. Figure 6 shows a sempuehpictures of Valdivia before the 1960 earthmgja
immediately after the quake and today.

Figure 6: View of Valdivia from the Teja Island (@@fore the 1960 earthquake, (b) immediately after
(Steinbrugge and Flores, 1963) and (c) nowadays
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SUBDUCTION AND FAILURE MECHANISM S

The subduction mechanism is not the same alon@liilean trench. The decreasing altitude towards the
south of the coastal and Andes Mountains is antimeuform of perceiving this. Gutscher (2002) has
proposed a hypothesis about the subduction mechamistablishing for the north of Chile a flat slab
subduction and for the south a steep slab subdudtigure 7a shows the Wadati Benioff zone, where a
steep slab is associated to the south of Chileaaftet slab or plateau is associated to the ndr@hile
according to Gutscher (2002).

Geological evidences related to fault displacemsnth as orientation and sense of slip, have nen be
found (Alvarez, 1963). Additionally, the seismolcai information was limited and not complete enough
to determine accurately the focal region (Plafked &avage, 1970). When the first seismic waves from
the main quake arrived, waves from the previoughgaekes were still propagating. This wave
overlapping has affected the interpretation of megraphic data making difficult the fault plane
determination (Cifuentes, 1989). For the same reédwas been complicated to localised the hypaoeent
of the main earthquake. Figure 1a shows three stargsenting three locations of the epicentre. stae

on the left hand side is located 60 km west from Mocha Island (38.3°S, 74.3°W), representing the
epicentre according to information provided by tH& Coast and Geodetic Survey. The star in the middl
is the epicentre determined by Cifuentes (198Mgquthe master-event technique where the earthquake
sequence is relocated (38.05°S, 72.34°W and 38.X@°30°W for the two shocks assumed). The third
star corresponds to the epicentre proposed by Kagwat al. (2003) at 38°S and 73.08°W, who, for the
first time, presented the slab geometry of thisdra@sed on near-vertical seismic reflection tests.
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Figure 7: a) Wadati Benioff zone showing type dfdwction A: steep slab in the south of the Andes an
type of subduction B: flat slab in the north of thedes (Gutscher, 2002) and b) results from a seism
recording campaign, white circles are events ug@okm deep and black triangles are the recording
stations. A: epicentres, B: hypocentres projeatetthé longitudinal direction, C: hypocentres shayiine
Benioff zone and D: depth frequency distributiorttad seismic events (taken from Bobktal., 2002)

Figure 7b shows the Benioff zone delineated fraseiamic recording work carried out in the Bio Bfmla
Araucania Regions by Bohet al. (2002). Despite the dispersion, it is possibled&dine an initial
inclination of around 15° for the first 40 km faled by an inclination of around 36° for depths ai80



5th International Conference on Earthquake Geotechnical Engineering
January 2011, 10-13
Santiago, Chile
km. However, the subduction zone around Valdivid famther south are not yet sufficiently studiecheO
option is to assume the same subduction configurathown in Figure 7b for the Valdivia area. From
this and knowing the aftershocks depths Cifuent889%) estimated the width of the rupture zone i@ 14
km.

The rupture length of the main earthquake has kbidé&oult to determine due to the lack of recording
further south of Chiloé. Beniofft al. (1961) estimated a fault length between 960 ar@D In from
instrumental data. Cifuentes (1989) determinedi@80rom the distribution of the aftershocks durthg

first month. The furthest south vertical displacemmeasured was at 45.21°S (Aisén) by Plafker and
Savage (1970), however, uplift in the Taitao peulim$ias been reported (~47°S).

The co-seismic slip on the rupture zone have betémated in average between 20 and 40 m. Plafleer an
Savage (1970) and Plafker (1972) suggested angevdaalt slip of 20 m. Kanamori and Cipar (1974)
determined an average dislocation of 24 m frormseggaphic long-period analysis. Further studieagisi
surface deformation data in more than 300 pointe hiadicated several slip peaks of 40 m (Barrientos
and Ward, 1990). However, according to a convergeate of 7.5 cm/year and a recurrence period of
130 years a slip of no more than 10 m should be&eg.

RECENT DEFORMATION OF THE EARTH CRUST

The technology of Global Positioning System GPS drasnatically changed the way to study the earth
kinematics and dynamics. Since the middle of the & increasingly during the beginning of thé 21
century research groups have been using space tgeteghniques to analyse the deformation of the
Central Andes. These studies have focused mainRerf, Bolivia and the north of Chile (Norabueha
al., 1998; Bevist al., 1999). This satellite technology has allowedrti@asurement of accurate velocity
fields of the earth crust. However, as Besisal. (1999) have pointed out, using 12 geodetic station
around Arica (22°S), there are some difficultiesniterpreting the data. Klotat al. (2001) presented a
velocity field around Antofagasta (22°S and 26@8jich allowed the analysis after the 1995 Antofégas
earthquake.

The work of Klotzet al. (2001) included also the centre and part of thersof Chile, which allows the
analysis of the area affected by the 1960 earthepiakigure 8a shows a velocity field, by means of
velocity vectors, between the latitudes 22°S arf$ 4l the central area between Taltal and Conéapci
(26°S and 37°S), the velocity vectors magnitudehencoast are relatively larger than the other$ (~3
mm/year). These vectors tend to follow the direttid convergence of the Nazca and South American
plates. Looking at the top north and bottom soh#rea are only some vectors closer to the trencletwhi
follow the convergence direction, the others setnfisliow random directions.

These two observations might be explained by thgotinesis of a sequence of stages as part of a
deformation cycle generated by large earthquakbatther, 1986; Bourgeois, 2006). Bourgeois (2006)
suggests the existence of four stages relateditsidence and uplifts, which may explain deformation
on the land close to the shore. First a co-seisuisidence occurs due to a massive earthquakeathen
relatively fast and significant post-seismic uptétovers the land elevation followed by an in&issic
slower and less pronounced uplift. The fourth stameesponds to a pre-seismic subsidence, which doe
not have a proof yet (measurements of the 27 Fep@@10 earthquake gives the opportunity to vaédat
or discard this hypothesis). This sequence shdudohge inversely for the case of initial uplift foNled

by subsidence for the 1960 earthquake.
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The random orientation of the measured velocityamscn the north and south of Chile shown in Fegur
8a is a consequence of the previous large eartleguiakl995 and 1960 respectively. Figure 8b shows a
more regular orientation when elastic inter-seisweiocities are eliminated.
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Figure 8: a) Velocity map obtained from of the GiRSwork SAGA in 1994 and 1996 campaigns. Two
stars represent epicentres of the 1960 and 19%9bgeakes and dashed lines their rupture areas Jand b
resultant velocity fields obtained from removing tblastic part of the measured velocity vectorswsho

in a). Contour lines depict the Nazca plate deptkmi and 6 areas delineated by straight linesetwéen

the two rupture zones in Antofagasta and southratigo, represent an inactive zone. Cross sectitimeof
seismogenic zone showing with a bold dash linesimated average coupling depth (taken from Kébtz
al., 2001)

Klotz et al. (2001) estimated a resultant velocity field shovied=igure 8b, which is determined by
removing the elastic part of the displacement raibtained instrumentally. For details of elastic
dislocation models see Klott al. (2001) and Huet al. (2004). It can be observed in Figure 8b that the
majority of the resultant velocity vectors on thetrupture zones are oriented towards the treinehin
opposite direction of the Nazca plate convergendeese post-seismic movements are obviously
associated to the previous seismic events, cléarlthe more recent 1995 Antofagasta earthquakd,of

= 8.0 and incredibly for the 1960 Valdivia earthggafM,, = 9.5. Since the measurement campaign was
carried out in 1994 and 1996, it would be extremalluable to verify the current state of movement i
the south area.

A possible explanation for these post-seismic dispinents can be found in assuming further movement
of the overriding plate due to slips along the wptsurface. Another hypothesis is attributed twpsses

of viscoelastic relaxation taking place in the loweust and upper mantle. Klogt al. (2001) associate
the first hypothesis to a short-term effect, wheré¢lae second is associated to a long-term effect.
Separation of both effects from the total deforovatiate in terms of percentage of influence id atil
matter of study. It can be concluded that the aeédion rate in the north of Chile should repredbet
effect of slips occurring one year after the mdinck, whereas the deformation rate in the soutbhife
should be attributed to mostly viscoelastic releraeffects. It is worth realising that several ngeafter
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the 1960 earthquake the earth crust deforms alwmsiparatively with the recent 1995 earthquake.
However, accurate displacements measured by GR$idgees allow only analyses of horizontal
movements. Vertical displacements to account fdisislence and uplift are not yet accurate enough.
Measurement of vertical movements is still takethwispect to the sea for example, which also sarie
Other observation from Figure 8b is that the vejoeectors in the middle have a considerably reduce
magnitude and they seem not to have a preferredtin. This apparent inactivity is actually indiog
strain accumulation. This observation results ie 2V February 2010 earthquake. Therefore, GPS
technology can assist in identifying potential arediere a major seismic event might occur.

FINAL REMARKS

The earthquakes of 1960 has been described angsaddbcusing on subsidence and uplift phenomena.
The main shock on 22May affected strongly the city and surrounding®afdivia. Flooding of the area
as evidence of subsidence has been presentedatingj the question of why Valdivia is nowadays not
flooded any more. Explanation of different subdoctinechanisms along the Chilean trench gives ibhsigh
to answer this question.

Recently GPS techniques have allowed accurate mexasunts of horizontal displacement of the earth
surface. Results from the work carried out by Kletal. (2001) showed that the area affected by the
1960 earthquake is moving towards the trench asras high as 20 mm/year. Valdivia is not flooded
nowadays because the land has recovered from lis@dsnce. This can be explained by the relaxation o
stressesi,.e. the earth crust deforms in order to return tgitsvious level. The hypothesis of subsidence
and uplift sequences should be verified using #ilganced measurement technique. To this end GPS
techniques should allow accurate measurement dicakdisplacements. Nowadays measurements of
subsidence and uplift are made manually by comgdha level of body waters such as lakes and the se
This has the inconvenient of a reference that mewitsn certain ranges. Another important aspect of
GPS measurements is that areas with low resuliotity fields are likely to undergo an earthquake.
However, it is not possible yet to estimate exastten it will occur.
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