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Robert M. Thorson (Ph.D.) es profesor del Departamento de

Geología y Geofisica de la Universidad de Connecticut (USA). En

reconocimiento a sus méritos académicos y profesionales le fue

otorgada de parte de la Fundación Fulbright, la beca de pasantía

en Chile «Fulbright Research-Lecturing Award» para el año 1999.

El profesor Thorson ha mantenido contacto con la Universidad Técnica Federico Santa María desde

el mes de agosto de 1997, el cual se ha materializado con la incorporación durante el primer semestre

de 1999al Departamento de Obras Civiles como profesor e investigador visitante.

Robert Thorson de 47 años de edad se radicó con su señora e hijos en la ciudad de VIña del Mar y

durante su estadía en la zona su esposa Kristine, también profesora universitaria, se relacionó con la

UniversidadSanta María dictandoalgunas clasesde inglésenel Departamentode EstudiosHumanísticos.

El Dr. Thorson es un muy fructífero y particular profesional preocupado específicamente de asuntos o

problemasgeológicos aplicados a ingeniería civil. Durante su estadía en la zona el profesor Thorson

se documentóen forma minuciosa respecto la historia geológica, la historia geotécnica y geosísmica

de la región y recorrió extensa y detalladamente valles, quebradas y cerros observando con especial

atención detalles y/o señales histórico-geológicas que explicaran racionalmente la formación de las

ciudadesy también comportamientos peligrosos de algunas zonas específicas durante terremotos. A

modo de anécdota se puede contar que el Dr. Thorson caminó repetidas veces a pié por la vía del

ferrocarril desdeEl Salto hasta Quilpué, prestando especial atención a la geomorfologia tectónica y al

mecanismofuncionalde la fulladel «Marga-Matga»,la cual pudohaber sidouna de las causas principales

de amplificación local que se produjo en el terremoto del 03 de marzo del año 1985 y que dañó

severamentea algunos edificios de cuatro pisos en la población Canal Beagle, población ubicada en la

ladera de un cerro inmediatamentevecino a la traza de la falla geológica.

El profesor Thorson produjo numerosos informes relacionados con problemas geológicos y sismicos

locales,como lo es la falla geológica del «Marga-Marga», la macro-estratigrafia del plan de la ciudad

de Viña del Mar, la génesis, la historia y la evolución de las dunas de Reñaca y las inundaciones

producidas por el Río Aconcagua. El profesor Thorson además de su trabajo zonal, conferencias

periódicas y colaboración con profesores y memoristas de la Universidad Santa María, mantuvo

permanente contacto con el Servicio Nacional de Geología y Minería Y con el Departamento de
Geologíay Geofisica de la Universidad de Chile.



SUMMARY

La ciudad de VIfiadel Mar está expuesta a severos movimientos sísmicos. Solo a modo de ejemplo tres
grandesy biendocumentados terremotos sacudieron la ciudad en los años 1822, 1906 Y 1985, siendo los dos

primeros particularmente fuertes en la Población Vergara, donde inclusive casas de madera de la época
sufrieronfuertes daños. Es conocido que la concentración de daño sísmico en el plan de la ciudad de VIña

del Mar se debe a la existencia de un relleno sedimentario sobre la roca basal del valle. Sorprendentemente

y salvo el trabajo del profesor de la UTFSM Sr. Carlos Aguirre (1986) se ha prestado poca atención a
diferenciar este relleno sedimentario en microzonas, diferenciación la cual puede contribuir valiosamente
para planificaciónurbana.

El presente documento recomienda efectuar microzonificación del plan de VIfiadel Mar desde el punto de
vistageológico; resultados preliminares indicanpatrones sistemáticos del rellenosedimentaríoa tres distintas

profundidadestípicas: La textura y propiedadesgeotécnicasde los estratos de suelo cercanosa la superficiedel

terrenodependende su ubicacióno sector del plan de VIfia, en general se trata de grandes y masivos depósitos
u horizontes de arena de origen marino al borde Nor-Oeste del valle, con estratos intercalados de arenas

tambiénsedimentarias pero de origen fluvial en el borde Sur y arenas finas con arenas limosas en el borde

Nor-Este. A mayoFprofundidad y exceptuando la «barra» o sector cercano al mar, se encuentra enterrada

una antigua laguna. - Los depósitos de «laguna» se encuentran a partir de diez (10) metros de profundidad y

consistenen estratos alternados de arcilla plástica y fangos orgánicos, suelos sedimentarios blandos que
usualmenteproducen gran amplificación sísmica. A profundidad variable y mayor a treinta (30) metros

bajoel nivel del mar se encuentra el lecho rocoso del valle, lecho cuya forma, orientación y profundidad
tambiéntiene una gran influencia en la amplificación de la onda sísmica.

Una importante falla geológica «<Marga-Marga») documentada primeramente por Grinune y Alvarez (1964)

bisecta el plan de VIDaentre El Salto y el Muelle Vergara. Esta investigación confirma la existencia de esta

falla geológica y su actividad causante de daños sísmicos típicos. Daños severos en edificios altos durante el

terremoto de 1985 atribuidos a la ubicación de estructuras sobre un antiguo brazo del Estero de VIña del Mar,

pueden realmente haber sido causados por haber sido construidas sobre la falla geológica del Marga-Marga.

El patrón de comport'Wiento lineal de daños registrados durante el terremoto histórico del año 1906 indica

que la falla geológica puede haber causado una gran amplificación sísmica en sus vecindades aún sin estar

activa (lo que es usual en fallas) y/o que inclusive podría haberse activado.

Unaplanificación a largo plazo en VIfiadel Mar debiera tomar en cuenta la presencia de esta falla geológica

y la variación de la estratigrafia de los depósitos sedimentariosdel valle o plan de la ciudad. Por ejemplo la
destrucciónde la ciudad de Kobe en Japón durante el terremoto de 1995 se debió a amplificación dinámica de
sedimentosblandos situados sobre una falla geológica superficial del tipo «strike-slip», y la destrucción

localizadadurante los terremotos de Loma Prieta (California, USA, 1989) y de la ciudad de México (1985)
tambiénse debió a amplificación dinámica del sismo causada por estratos o depósitos de arcillas, Iodos y
fangos sedimentarios estuariales y lacustres.
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INTRODUCTION

The central sector of «Plan.de Viña,» historicaIly known as Poblacion Versara, was completely destroyed

during the 1906 earthquake, and was heavily damaged during the 1985 earthquake (Figures 1 and 2). In

contrast the adjacent uplands, which are underlain by granitic and metamorphic rocks, were relatively

undamaged. As earlyas 1915, Ballore (p. 16) recognized that the pOOlsoil performance ofPlan de Villa,
which included partialliquefaction, was due to the amplificationof seismicwaves by subsurface soils. «Los

effectos producidos en el terremoto fuemos solo la consequenciade la propagación del moviminen1osismico

en suelos aluviones sueltos e incoherentes, ya sea que se trate de greitas, de derrumbes a de craterlets con

eyecciónes de agua, barro y arena.» More recently, Saragoni et al (1986) Celebi (1986), and Aguirre et al.

(1896) haveanalyzedthe strongground motionassociatedwiththe 1985earthquakeand its aftershocksequence.
They demonstrate that, in addition 10material amplification inthe soils, the sedimentarybasin itself alters the

incoming seismic signal by amplifying ground accelerations, by extendingthe duration of shaking, and by

adding a long-period harmonic.

There is, however, a third problem associated with the earthquakehazard ofPlan de VIña,one first recognized

by Grirnmeand Alvarez in 1964. They mapped an active Quaternary fault in the lowercanyon of the Estero
Marga-Marga, called the «Falla Marga-Marga»one whose surface trace bisects Plan de VIDabetween El

Salto and the Muelle Versara. This study corroborates the existence of this recent fault, demonstrates that

damage is consistently concentrated above its trace, and explores the physical mechanisms -wave guide,

rupture, sedimentthickness, etc. - responsible for localizing the damage.

This study was part of a broader investigation funded by the Bilateral Fulbright Comission between the

Republic of Chile and the United States of America that was designed10explore how geologycan contribute

to engineeringpractice and to regional-municipal planning. The project was hosted by the ServicioNacional

de Geologiay Mineria in Santiago, but was physically located in, and financiallysupportedby, the Department

of Civil Engineering at the Universidad Tecnica Federico Santa Maria in Valparaíso. This report concerns

itself only with the engineering geology of «Plan de VIDa»the flat estuarine plain on which much of the
pQPulationofthe city lives and works. A bibliography and illustrations are grouped at the back ofthe reporto

Additional information related 10 the broader investigation is contained in afile held in the library at the
Universidad Tecnica Federico Santa Maria.

Geology in Chile has traditionally been associated with the mining industry. In the academic sector, it has
concentrated on fundamental tectonic processes associated with the AndeancontinentalmarginoThe geology

of unconsolidated materials has generaUy focussed on problems involving slope stability and groundwater
resources. And, of course, geological research in Chile has been overwhelminglyconcentrated in Santiago

where the faculty, governmentpositions, laboratory facilities, and referencematerials are located. It is hoped
that this report will illustrate the value of surticial geology in applied earthquake studies,and will enhance the
visibility of geology in the coastal zone of central Chile.I am grateful for the support of the faculty and
professional staff ofthe Universidad Tecnica Federico Santa Maria, especially to Prof. Migel Petersen, who
arranged my appoíntment, provided access 10unpublíshed materials, and helped focus my etforts where they
would be most useful. Importantly, Miguel withheld hisown conclusions about the soilsbelow Plan de Viña
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and the Marga-Marga fault until this project was completed, allowing us to reach the same conclusions
independent1y.Othet faculty at UTFSM, especially Carlos Aguirre, Patricio Bonelli, Raul Galindo, Gilberto

Leiva, Ludwig Stowas, and René Tobar also contributed their support and their ideas.

Faculty and professional stafffrom other Chileanuniversities algOshared their facilities and ideas, especially
at fue University of Chile (Francisco Munizaga, Francisco Hervé, Edgar Kausel, Emilio Lorea, and Rudolfo

Saragoni), University Pontifiea Catoliea de Santiago (Eduardo Palma), University Catoliea de Valparaíso
(Luis Alvarez, Manuel Cerda, María E.Portal M.), UniversityofValparaíso (AdrianPalacios), and University

Austral de Chile (Pedro ContreraS). 1 aro also grateful to the Servicio Nacional de Geología y Minería,
especially to Constantino Mpodozis, who supported my Fulbright applieation, to Arturo Hauser, my princi-
pal contact and advisor, and to Estanislaus Godoy,Mariela Ferrada C., and Lucía Cuitina who were especially

helpful. Support fromthe InstitutoHidraficode la Armada de Chile is gratefully acknowledged;Lt. Commander
Nunez, Juan Fiero, and Rienaldo Adulante helped provide access to tidal data and to the Molo de Abrigo.

Patrick Caldwell from the University ofHawaii helped with its analysis. Jorge Jimenez and Fanor Larrain,

from fue Fulbright Commission, provided indispensible logistica1and educational support. 1aro grateful to
the people of Chile, <dagente» for assisting me in my field research, most of which was carried out using
public transportation, and on prívate property. Luis Chirino helped me as a friend during my stay.
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SETTING

«Plan de Vúla,» fue tIat sector of fue Municipalidad de Viña del Mar, is a low, triangular-shaped alluvial

terrace at fue mouth afilie Estero VIDadel Mar in central Chile, (33.0008, 71035' W; Figures 1and 2). It is

bordered on fuenorthwest by fue beaches of fue Pacific Ocean, to fue northeast by fue upland communitiesof

Sausalita and Miraflores, and to the south by the communitiesof Mirimar and Chorrillos. This p1ainranges

in elevation between 6.5 m to 9.5 m, and is extremely flat over a distance ofthree kilometers. Owingto its

attractive setting, aerial extent, well-drainedsoils, and location adjacent to Chile's principal port (valparaíso),

Plan de VIfiais densely populatedand completelyurbaIúzed;nearly all of fuemunicipal, commercial,financial,

and service sectors afilie city are concentrated upon it. None afilie originalland surface remains; everywhere

the original soils are either removed, buried by less than a few meters of artificial fill, or covered by concrete

and buildings.

For most of its history since the 16thcentury,Plan de VIDawas an agricu1turalhacienda. The earliest detailed

government map, published in 1838 by Tessan shows onlya few buildings along what is now known as

Avenida Quillota. By 1877, however, VIDadel Mar was a residential and commerical community laid out

along the south side afilie Estero Marga MaIBain a series of square parcels (Figure 3; Pomar, 1877). At that

time, land to fue north of fue estero remained largely agricultural, generally clear of vegetation towards fue

northwest, where bead1esand duneswere present, and forested fuenorthwest, wherefuedrainage was inhibited

by loamy soils. Near fue tum of the 19th century, however, rapid development, particularly for houses or

«chalets»was taking place in Poblacion Vergara, north of fue estero, while the commercial sector south of the

6
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esterointensified. By 1910,fueesterobad beenartificia1lyconfinedto its present course, and urban development

proceeded rapidly to fuepresento What is presently called the Estero VIñadel Mar (Inst. Geog. Militar, 1996)

has traditionally been called fue Estero Marga-Marga. Both llames are used in this reportoAdditionaIly,fue

Inst. Geog. Militar uses the spelling «Margamarga.» This reports follows fue traditional, rather than fue new
spelling convention.

Previous investigations of fue geology of fue sedimentary fill of Vtfia del Mar are limited. BaIlore (1915)

deseribed fue aIluviaI soils of VIñain general terms, contrasting them with fue collivial (maieillo) soils around

fueedgeofthe basin (colluvium),and fue fundamental rocks ofthe upland. The definitivesource ofinformation

is a report by Grimme and Alvarez (1964), whieh eorrectly deseribed Plan de VIña as a sediment-filled
n~ n~

133°00'

Clear 01
Vegetation

Estero Viña del Mar
Base; VALPARAISO. E-47. 1a, 1996

Insto Oe09. Militar, Escala 1:50,000

33005' -1.0 krTi
Figura 3

The original soils and landscape of VIña prior to development, can be reconstucted using historie maps.

Tessan's map of 1838 and Kraus's map of 1903, and fue Chilean Army map of 1891, clearly show that fue

estero emptied into a lagoon up to 200 m wide and 500 m long that direetly below Cerro Castillo (Figure 4).

This lagoon was apparently kept open by episodes of wave and fluvial erosion during severostorms, but was

intermittently filled by spits of sand that drifted down from fue north in fue direction of prevailing long-shore

drift. The most ancient maps, dating to fue XVII century, show that the estero has been loeked in its present

position since Spanish colonization (Larrain, 1947). The present topography erVilla, as well as fue pattern
of veg~tion shown on historie maps, indicate the presence of a broad levee aIong fue northem bank of fue

estero, one whose importanee diminshedtowards fue sea. Dunes were restricted to fuenorthwest, immediately

behindfue beaches. Thesefeatures,as well as historieaccounts,indieatethat fue very recentgeological

history of Plan de VIñawas one of intermittent innundationby floods during temporals, and by fluctua-4<>nsinfue position ofthe coastline along Avenida Pero.
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estuary above a geological fault (Falla Marga-Marga) which extends at least 15 km from fue Estero Las

Palmas to Muelle Vergara; they algOreport evidencefor geologically recent movementon fue fault (Figure 5).

More recently, VIña del Mar was included on fue Valparaíso-Curacavi map sheet published by the Servicio

Nacional de Geología y Mineria (Gana et al., 1996, scale 1:100,000). This map, which was primarily

concemed with bedrock units, shows fue trace ofthe Marga-Marga fault as Iyingjust south ofthe estero, and

did not extrapolate its trace beneath Plan de Viña. Both of these govemment rnaps portray fue surface of Plan

de Viña as a single, equivalent geological unit, Qm, fue «sedimentosmarinos» of Gana et al. (1996) and Qp,

fue arena y grava de playa))of Grimme and Alvarez (1964). This report differentiatesthis estuarine unít near

fue surface into three subunits. More importantly, it subdivides fue estuarine fill into three different levels,

each with its own material properties.

Ballore (1915), Barrientos (1991), and Compre et al., (1986) have reviewed fue historical seismicity in fue

coastal zone near ValparaísoNIña del Mar (Figure 6). Locally intense earthquakes responsible for minar

damage occur approximately once every decade, with fue 1997, 1981, 1971, and 1965 earthquakes being

especially relevant in this reporto The complete sequence ofregionally damaging earthquakes (1575, 1647,

8
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1730, 1822, 1906, and 1985) yields an apparently regular return period of 82 +/- 6 years. Assuming this

recurrence period is valid, fue next destructive terremoto wiIl strike in fue year 2067. The apparent regularity

is highlyunusual for large subduction zoneearthquakes, especially in this case wherethe earthquakeftequency

appears unrelated to fue displacement. The rupture zones for the 1822, 1906,and 1985 earthquakesoverlap

in the vicinity ofValparaíso, whose ftequent damaging earthquakes are related to a fundamentalchange in the

subduction zone offshore (Barientos, 1987, VanHuene, 1977). During each ofthese events,the Nazca plate

(Figure 1) slips beneath the continental crust of South America by as much as 2 meters along a rupture

measuring hundreds of square kilometers; seismicwaves radiating away ftom fue ruptures are responsible for

nearly all of fue damage.

Abrupt coseismicuplifts algOoccuredduring fueseearthquakes. The 1822earthquake,historicallythe strongest,

produced nearly a meter of coseismic uplift at Valparaíso (Carlos Marquardt, personal cornmunication,

referencing Lavenu et al., in press). Ballore (1915) who examined the shoreline and interviewedresidents

shortly after the 1906 earthquake, reported a regional uplift reaching a maximum of approximately 60 em

between CoDeanand Valparaíso. During the 1985 earthquake, in contrast, there was not net vertical ehange

10
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afilie outer coast (Compte et al., 1986). Instead, the local tidal station on the Molo de Abrigo in Valparaíso

subsided by nearly 35 cm (Figure 7).

Although most of the plate convergente is taken up by thrust faults on the subduction lene, a significant

partofthe total seismic moment takes place by compressive deformation afilie continental crust (Dewey and

Lamb, 1992). Some oftbis stress accumulation is taking place in the coastal lene where a coherent network

of conjugate faults cutting strong granitic crust have been intermittently active for tens of millions of years

(Figure 5; Gana and Tosdal, 1996). Recent (Quaternary) movementsalong these faults may reflect the onsho-

re expression of the subducted Juan Femandez Ridge. Movement along fuese faults are characterized by

dextral and sinistral shears witb oblique offsets tbat vary in time and space, rather than being concentrated

along discrete ruptures with regular repeat times. Regardless of tbeir cause and seismicpotential, fuese faults

are responsiblefor prominent linearelementsinthe terrain. The Marga-Marga fault, one ofthe most prominent

of these linear elements, is responsible for fue straight narrow canyon of fue lower estero, which disappears at

El Salto (Figure 8). Furtherto fue northwest, fuevalley cut into the Marga-Marga fault is much broader, and

tbickly mantled by geologically recent sedirnents. Thus, Plan de VIña owes its origin and location to fue

Marga-Marga fault, which localized fue fluvial erosion responsible for fue valley.
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STRA TIGRAPHY

FundamentalControls

The sediment fill beneath Plan de VIñadeveloped in reponse to three principal factors: the rise in sea level in
response to global deglacation during the 1ast 18,000 years; the relatively steady tectonic uplift, and the

supply of sediments to the estuary from the Coastand the inland watershed (Figure 9). These controls were
not unique to VIñadel Mar or to the central chilean coast, but 'wereglobal in scope. Essentially,these factors

constrained how the sedimentary fin in Plan de VIña had to develop.

Global Sea level

Global sea level has risen approximately 120 meters since 18,000 years ago (18 ka). This post-glacial

transgression was caused by the melting of northem hemisphere, rnmid-latitude ice sheets, and the retum of

the meltwater to the global ocean. The history of sea level rige is locally variable. Globally, it is best

constrained in Barbados, an afea relatively free of complexitiesassociated with rapid sedimentation,tectonism
and age-dating (Fairbanks, 1989). Sea level reached its minimumelvation ofabout -120 meters aOOut18ka.

After an interval of slow transgression, sea level Toserapidly from about -100 to -15 meters between about 13
ka and 8 ka, as the bulk ofthe ice sheets melted. Global sea level has risen only slowly since that time, except

for a recent accleration associated with the present global warming.

12



..

o
... "'

20

40

Slage 5;
Modern
Tectonic
uplift and

intermittent
alluvial

innundacion-e"-
.e- 60

!
Slage 4; Deltaic

Rapid growth
of playas to west
and delta to east

80

100

120

Stage 3; Marine
Marine incursion

and rapid deposition
01 lagoon muds

Stage 2; Valley
Wldenlng

Lateral erosion
in response to

aggradation

Stage 1;
Canyon
Rock-cut

channel below

I~" paired terraces
+ '~

Age (kyr B.P.)

Figura9

Bathymetric features on the continental shelf just north of VIña del Mar indicate that this reconstruction
applies to fue central Chilean coast (Figure 10). In front ofthe Aconcagua River, the -100 meter contour line
is straightened and locally eroded in a manner consistent with beach erosion at that depth (Armada de Chile,
1965). The -50 meter contour line clearly shows the presence of an enonnous alluvial fan that was submerged
too rapidly to be signiticantly eroded (this was fue time of maximum rige of sea level about 10,000 yr BP).
The presence of a straight ragged coastline at tbe -20 m contour, a canyon below Concon near that elevation
(Caviedes, 1972), and the dUDesofRitoque all indicate that the postglacial transgression had slowed by fue
time sea level had reached this elevation.

Based on fuese relationships, Plan de VIñaat 18ka would have been the site of a deep valley cut into an older
sedimentary fill above fue Marga-Marga fault. The site would have been submerged as sea level Toserapidly,
then filled with sediment as the rate of sea level rige decellerated.

Tectonic Uplift
The Chilean coast has experienced uplift throughout its recent geological history. The cate of uplift variesin
space and time, and is only poorly dated. The most direct, but short-tenn constraint on the average uplift cate
is from fue tida! record on fue Molo de Abrigo in Valparaíso (Figure 7). During fue interval spanned by the
tidal record (1943-1998) global sea level has rigenapproximately 80 millimeters at a variable rate averaging

13



about 2 mrn/yr. Over fue same interval, however, fue tide at Valparaíso has rigenfrom a IDeanlevel oí about
800 mm, a rige oí approximately 40 mm, or approximately 1mmlyear. The discontinuousnature oí fue tidal
record, OResegmented by frequent co-seismic movements, precludes a more exact analysis. However, the
apparent 40 mm difference between fue global signal and fue Valparaíso record, is tectonic in origin, and
reflects fue integrated history oí specific co-seismic events. &sed on this estímate,fue coast ofValparaíso is
presently rising relative to fue sea by at arate less than 1 mm per year.

A comparable tectonic uplift rate (0.3 to 0.5 mmlyr) is indicated by radiocarbon-dated beach deposits near
Coquimbo (Isla, 1989; Ota and Paskoff, 1993). There, fue postglacial transgression apparently culminated
about 6 ka; since that time, beaches have prograded seaward as fue land has risen. A similar rate was
obtained at Caleta Michilla in northem Chile by Leonard and Wehmiller (1991), where fue transgression
peaked at about 6.2 ka, leaving behind a coastal terrace about 2 meters high. Plan de Vdia is algoan uplifted
marine terrace; away from fue estero, where the surface is only thinly covered by alluvium, fue its surface is
generally 8.5 to 9.5 m above sea level datum, several meters higher than fue highest storm berro. IíPlan de
Vdia algo emerged from fue sea beginning about 6-7 ka, then its anamously high elevation (+2-3 m) algO
would yield a short-term tectonic uplift cate oí <1 mmlyr, comparable to that oíthe tidal record.
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A longer-tenn constraint on the late of uplift can be achieved by assuming that the prominent low terrace in

the Vlña-Valparaiso area (Figure 11; Playa Ancha, U. Santa Maria, Recreo, Cerro Castillo, Sausalito, etc)

correlates to the prominent lowterrace foundto the north, where it is dated by aminoacid techniques (Leonard

and Wehmiller, 1991) and by correlation (Isla, 1989) to about 125 ka. This surface, which averages about

40-60 m above sea levelnear Viña, if of equivalent age, would yield an uplift late of 0.4 to 0.5 mmJyr. This

correlation and uplift late are supported by even longer-tenn (millions of years) studies of uplifted marine

terraces (paskoff, 1970; Grimme and Alvarez, 1964), sediment balance (Kiefer et al., 1997), and rock
exhumation (Kurtz et al., 1997).

Sediment Flux

The Mediterranean c1imate of central Chile is govemed principally by the annual variation in insolation

characteristic of mid latitudes, and by its geographic location relative to two largely stationary currents, one

in the ocean called the Humboldt Current, which brings cold, subantarctic waters to mid latitude, and one in

the atmosphere, calledthe Southwestem Pacific Anticyclone,which brings air northward for most ofthe year.

The persistentpattem of winds from the southwestensuresa prolongeddry summerand wave climate
dominatedby a persistentlittoralclimatewithof wavesdirectedtowardsthe north-northeast.

Early in tbe postglacial transgression, the shoreline lay significantly west of Viña del Mar. When the sea

penetrated far enough inland, however, the once-continuous beach was broken up into a series of «pocket))
beaches in which the sand was trapped between bordering headlands. Each headland created a zone of flow

separation in its northeastem quadrant and intensified wave refraction. Both effects are responsible for

creating a southwarddrift of sand north ofbedrock headlands. Historically,this countercurrent was responsible

for building sand spits across the estuary from the north, and is algo responsible for maintaining the present
bar at the mouth ofthe estero.

In the upland watershed of the Estero Marga-Marga there is enough annual moisture to thoroughly wet the

surfucesoils, leachingthe granitic bedrock,and producinga thick mande of maicillo. Perioddrought conditions,

however, ensure a sparse vegetation cover. Between major stonns, sand liberated by weathering collects in

stream beds through the processes of dry ravel, small debris flows, and small alluvial fans from quebradas

and gullies, in a process very similar to those operating in California USA (Muhs et al., 1987). During severe

storms, however, it is flushed toward the coast by traction in the stream bed. The Estero Marga Marga, which

flows all year between great extremes in flow, is particularly volatile owing to its relatively large size, steep
slopes, and short concentration time.

Wetter conditions during the peak ofthe last glacial maximum (16-24 ka; Portal, 1993; Veit, 1996) would

have been associated with both increased weathering as well as increased sediment retention by vegetation.

Thus, the postglacial transition was likely a time of increased sediment flux into the Estero Viña del Mar, as

its upland watershed experienced gradual dessication. The details of climate change and their influence on
the sediment flux are largely unknown.
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Observed Stratigraphy

The stratigraphy ofPlan de Viña isbased on tour separate sources ofinformation (Figure 12). Most important

is a series of eight boreholeup to 38m deep contined in Appendix 1 of Grimme and Alvarez (1964). Two deep

borehole logs were provided by Miguel Petersen, one ofwhich (MS-4) is the onIy core inland ofthe estuary.

A variety ofborehole IO8s,most ofwhich were shallower than 8 meters, were reported by Luengo (1986);

they help constrain fue stratigraphy near fue surface (Figure 13). Finally, a deep excavation centered at 14

Norte and 1 Oriente provided an opportunity to examine fue sediments directly, although onIy at a distance.

These data are summarize in Figure 14, which contains a schematic section of fue borehole logs drawn

parallel to fue estero. Depths below fue surface reported in fue borehole logs were converted to the altitude

above and below IDeansea levels using data from fue GIS system.

The northwestem and southeastem ends afilie depositional basin are illustrated by Cales A-13, and MV-4,

respectively. Cate A-13, located beneath Avenida San Martín at fue northwestem end of fue sedimentary

basin, is dominated by clean1y-washedsand (most of which is well sorted or poorIy graded). This core is

similar to MS-19, which contains a better description, and is also consistent with fue stratigraphy at locality

TH-I, in which accretionary strata of beach sand outcrop above unweathered, wave-erodedbedrock. LIuengo

(1986) also interprets these sediments as beach sands, which extend to a depth to at least -22 m.
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Beyondfue southeastem limit ofthe sedimentary basin is Cate MV-4, which is located in fue Canyon afilie

Marga-Marga. It shows three majar uníts. At fue top is about seven meters of maicillo-derived,micaceous,

sandy alluvium deposited by fue Estero, which contains minar amounts of silt and fine sand. TIrismodero

fluvial unít overliesa prominentinterbeddedsequencenearly 25 metersthick dominatedby sand and finegravel,

and in which silty woody horizons occur repeatedly at a spacing between 0.5 and 2.0 m. The origin afilie

woody horizons is not clear from fue descriptions, but fue regularity of fue sequence suggests that they

represent punctuated changes on fue surface of an aggrading delta. Since the postglacial transgression was

not punctuated by abrupt steps, the abrupt reversals from woody 10 non-woody horizons likely represent

discrete co-seismic events. This is weak, but direct, evidence that regular earthquakes and coseismic uplifts

of today are part of a long-tenn pattem. At fue base of fue cace is maicillo, which extends to an elevation of

about 21 m below sea level. Because this core was taken directly in fue center of fue valley, fue maicillo

probably represents the depth 10which the valley was cut during full-glacial time.
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The stratigraphy in the center oí the sedimentary basin is best illustrated by Cace A-28, wbich shows three
majar units. At the top is nearly 5 m oí silt, clayey silt, and fine sand in beds laid down during overbank flood
events afilie estero. These strata are clearly associated with the modero aIluvial surface because the contain
historic artifacts, and lie immediatelybelow the artificial fi11. This floodplain sedimentoverlie 12 meters oí
coarser, sandy fluvial deposits free oí organic material whose lithology indicates derivationfrom the Marga-
Marga. At greaíer depth, the coarse alluvial deposits overlie a minimumoí 16 meters oí dark gray to black,
sandy muds containing lenses and beds oí c1ay,silt, fango, vegetation fTagments,and the remains oí marine
mollusks. Theseíeatures indicatedepositionin a quiet-water,generallyanoxic,rnarineembaymentcharacterized
by high biological productivity and into which sediments accumulated rapidly. Fango is now accumuating in
closed depressions in the Mar de Chile in front oí VIñadel Mar (Kraus, 1903),but only at a depth below 30 m.

This lagoon deposit, defined by the presence oí marine shells and dark, sulfurous smell «<putrefacto») is
present in every core between GA-13 and MS-4, which mark the rnarine and terrestriallimits oí the lagoon,
respectively. Decomposition oí the organic remains in still undelWay,as indicated by the pervasive «marshy»
smell released during excavations. Importantly, the top oí the unit containing fango or concha shells is
consistently between -9 and -12 m below sea level, which is now approximately 16 m to 20 m below the
ground surface. Based on global sea curves, this depth corresponds approxirnately 10 a time oí about 6-8 ka,

a time when the transgression began its abrupt deceUeration.
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At this deptb, fue estuarine muds are bracketed between beach sediments to fue northwest and delta alluvium

to fue southeast. These bracketing depositional environment, fue properties of fue sediment (fango, clay,

marine fossils) and fue age, clea.rlyindicate deposition in a lagoon between a sand bar (spit) to fue northwest

and a freshwater-delta to the east. Eventually, fue lagoon sediments were buried by marine sands from fue

westandalluviumfromfuesoutheast.Thiscontactishighestinfuemiddleoffuebasin(A-28) an observation

consistent with a lagoon filling from both ends simultaneously as the rige in sea level slowed down.

The maximum depth of the lagoon sediments is poorIy constrained. To the east, core VM-4 terminated in

maicillo at a depth of about -22 m. This likely marks the bottom of fue bedrock valley at this site,

approximatelylO km inland from the coast. At coces GA-18 and GA-14, the marine muds overlie a hard,

dark, partly cemented later interpreted by Grirnme and Alvarez as a possible paleosol. The conformity in

elevation of fuese two deposits supports this interpretation that a former valley fiUwas downcut during fue

1astglaciation. In fue center afilie vaUey,fue lagoon sediments mayexceed 30-40 m in thickness.

Stratigraphic Model

The stratigraphy observed in Plan de VIña is consistent with fue external constraints involving global sea

leve!, tectonic uplift, and sedimentation mte. Five stages, can be recognized, and their ages correlated with

reference to sea level history (Figures 15 and 9). Stage boundaries represent thresholds during which fue

direction and/or cate of relative sea level changed dramatically.

Stage 1 -Canyon : There is no bathymetric evidencefor a deep submarine canyon or a broad alluvial fan on

fue continental shelf fronting VIña,which would have been about 11km wide. Additionally,this interval was

likely a time of increased sediment retention in the upper watershed. During fue fatI of sea level at least 100

ID, fue Estero VIñadel Mar would have entrenched its channel well below fue -22 m indicated by fue base of

fue deepest coreo The moderngradient afilie Estero Marga-Marga is relatively uniform at about 0.0026 (2.6

mIkm), and is govemed by fue slope required to transport its sandy bedload. Assuming the same gradient

across fue continental shelf, approximately 30 m of gradient would have been required simply to transport

similar maicillo-derived sand to fue edge of fue paleo-shelf. Using this constraint, and assuming a tectonic

uplift of 10 meters since this interval, the Estero Marga-Marga probably cut its bed no deeper than about 80

meters at the westem edge of Plan de VIña. A minimum depth for incision can be obtained using fue same

gradient, but projecting it downstream from fue maicillo encountered at a depth oí -21 m at MS-19. Using

this technique, the bed of fue Estero probably lies at a depth greater than -37 meters, about ten meters below

fue lowest cace (A-13). These estimates are poorly constmined. If downcutting took place in fue bedrock

along fue Marga-Marga fault, it is likely that fue topography below a depth of about 50 meters would be a

narrow notch, mther than a broad valley, one perhaps not unlike that afilie present estero east of El Salto.

Such a valley would be particularly well developedat the westem edge ofPlan de VIñawhere fue fault crosses
Avenida San Martin.

19



Distance Parallel to Estero Marga Marga (no scale)
VII VI XI

Beach over Fines nearlyto top
CI~n Sand Fang~ Concha / aboveFango
wlSlpnature Mud(-20-=27)
manne A-28

A-13 A14A-17 A-18

Elevation
+/- MSL(m)
+10

N
o

-10

-20

-30

o

rnbeach sanda alluvial sand

Ii alluvlal silt

III1lagoon mud

EJ interbdd. alluv

~ gravelly alluv.

XIII
Alluviumabove
pulsedsequencea

MS-4

Recent Alluvium

Pulsed
Aggradation

Valley
Facies

Lagoon
Facies

VIII
BeachSand .
over.2OM from AnclentSurface
-6.5to-110f fango
and clayclasts in
coarae sand. Figura14



Stage 2 -VaIIey Widening : The period from about 18 ka to about 13 ka would bave been a time when sea

levelrase graduallyrelativeto fueland. Underfueseconditions,sand-dominatedalluvialrivers suchas fue
Estero Marga-Marga aggrade their beds, especially ifthey are laterally confined. Under fuese circumstances
fue full-glacial valley, probably cut to bedrock, would bave started to fill with sandy-sediment under subaerial

conditions. The width of fue arroyo cannot be predicted because fueTeare no lateral constraints. The modero
estero between El Salto and Tunel Jardín Botanica may be a modero analog.

Stage 3 - Marine: The interval from about 13 ka to about 7 ka coincides with fue majar climatic,
oceanographic, and sea-levelchanges associated with deglaciation. Throughout the globe, sea level rosenearly
100 m in about 5,000 years, nearly ten times faster than today's rate of2 rnm/yr, flooding coastal estuaries.
At fue same time, fue climate shift from full glacial to interglacial conditions in central Chile would bave
likely releaseda great flux of sedimentinto fueEstero Marga Marga. Plan de VIñawas completelysubmeIged
as fue sea transgressed past Sporting Club. Sand from a delta at fue head afilie estuary and from fue coast
near Las Salinas, would bave poured into fue estuary, raising its bottom as sea level rige continued. Strata
composed of of plastic clay within fue marine sedintents suggest that fue embayment was deeper than fue
influence of waves and currents, and may represent brief reductions in fue supply of sand.

Stage 4 - Deltaic: The interval from sometimebetweenabout 8 ka to 5 ka would bave been one oftransition.
The transgression wouldbave decelleratedto approximately that of tectonic uplift, allowingtime for longshore
drift to create a conspicuous bar along the northwestero side of Plan de VIña, and for alluvial sediment
moving down the estero MaIga Marga to build a delta, which prograded westward, and which was probably
deflectedtowards fue south side of fue basin by the bar to the northwest (Figure 16). With sea levelno longer
rising quickly, sediment from fuese two sources would bave rapidly filled fue lagoon as fue marine spit and
terrestrial delta encroached opon each other, fmally coalescing. Deposition within fue lagoon ended near its
center.

Stage 5 -Modem:Plan de VIña eventually emeIged from fue sea. As uplift proceeded, the main channel
would bave become fixed permanently betweenfue head afilie basin (near Miriflores), and fue base ofCerro
Castillo, where it was locked into place by fue south-drifting sand. Accretion of beach sand between storms
would likely bave plugged fue mouth afilie estero, enhancing the deposition of overbank muds and sands on
the surface of fue alluvial plain, forming a broad levee on the north side of fue estero, and a backswamp
between the bar to the northwest and the valley wall to the northeast (Figure 17). A similar senario took place
in Renaca when a marine embayment was pinched off by south-drifting sand, forcing fue deposition of 50ft
soils below the northem edge of fue basin.

The contemporary shorelineat VIñadel Mar is algoa consequence oftectonic uplift. South ofCerro Castillo
and north of Punta Salinas, fue coast is punctuated by a raggedfringe of rack extending between 50-100 m
offshore from bold headlands. The top of this fringe is quite level,being approximately 1-2 meters above the
normallevel ofwaves, and sloping slightly towards the sea. This fringe is a rock-cut platform that has been
uplifted tectonically within the last several thousand years. Its width and height are consistent with the
combinedvertical uplifts afilie 1822and 1906 earthquakes, although earlier events are probably responsible
for it as well.
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SUBSURF ACE MATERIAL S

Microzonation studies ofViña del Mar performed after the earthquake of March 3, 1985clearly acknowledge
tbe fundamental difference in earthquake response betweentbe alluvial soilsoftbe lowland(plan de VIña)and
tbose of fue adjacent uplands. Differentiating soils within tbe sedimentary basin of Plan de Villa, however,
has proven more difficult owing to fue broad and erratic pattem of damage to houses and fue municipal
network (perez C., 1988), 10 the relative uniformity of near surface materials (Luengo N., 1986), 10 the

localizationoí severedamage10tall edificios (Calcagni, 1988),to fue difficultyinusinggeophysicaltechniques
(Verdurgo, 1995), and to fue possibile existence of an ancient course in fue estero Marga-Marga (Aguirre et
al., 1986). For example, Perez (1988, p. 16)reports that damage fromfue 1985earthquake,was concentrated
«... en los sectores de suelos blandos cercanos al lecho de estero marga-marga y tambien en algunos zonas
arenosas de la costa.» The most specific attempt thus far is by Luengo (1986) who subdivided the Plan de
VIDainto 15 homogenous blocks (Figure 13), each ofwhich was characterized by differentsurface materials.
The zones were arbitrarily bounded by the rectilinear pattem of streets; for example,AvenidaLibertad and 8

Norte are particularly important boundaries in this scheme, yet do not coincidewith changes in near-surface
materials.

A stratigraphic approach 10microzonation can, when properly implemented, provides an alternative 10existing

techniques. However, it requires that linkages between sedimentary environments (caUed facies) and

geotechnical properties be made, and that more data be acquired. Until such time, fue engineering performan-

ce of soils beneath Plan de VIDa can best be approached by considering three vertical zones, each of which is

laterally variable.

Surface Geology
Engineering soils in fue uppermost 15 (+/-) meters were created by the progressive vertical sedimentation of
a relatively stable depositional system. Deposition was most rapid early in fue process, when sea level was
rising more quicldy, and when Plan de Villa was topograhically lower, and thus able to flood more often.
There are three principal facies recognized (Figure 17): a beach facies 10fue north and northwest near tbe
coast, an alluvial channel facies 10fue south and soutbeast, and a floodplain facies 10fue northeast.

The beacb facies was controUedby tbe shoreline, which has been relatively stable during the last several
thousand years because it is in equilibriumwitbfue incidentpattem of waves reftacted aroundPunta Valparaíso,
whose action forees fue mouth of the Estero 10líe immediately below Cerro Castillo. Soils near beach are
dominated by subrounded, well-sorted (poorly graded) homogenous sands, whose generallygood foundation
performance and good drainage resuh from tbeir bulk uniformity and absence of fine-grainedmaterials. To
fue east and south tbe near-surface materials are alluvial channel facies, which is dominatedby subhorizontal
elongate sheets of traction-deposited sand and fine gravel. These deposits are especially complex north of the
estero, where overbank flooding led 10fue construction of a broad levee in fue vicinity of I Norte 103 Norte.
In the northeastem part of fue sedimentary basin, however, the surface materials are finer grained, and are
dominated by silts and fine sands which accumulated as a floodplain facies.Drainage is more poor here than
elsewhere in fue city because tbe arca líes in a topographic saddle betweenfue colluvium10tbe north, and fue
north levee of the Estero MaIga Marga 10 fue soutb. These three dominant facies, are gradational to one
another, interfingering at depth, especially at fue triple point where all three coincide. Foundation stability is
generally good.
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During the last several thousand years prior to fue historical periad, fue system seems to have stabilized, and
little sedimenthas accumulated.A slightwestward movementof fuecoastlinemar have taken place in response
to tectonic uplift; a thin mantle of eolian soils and coastal washover deposits developednear fue coast, and fue
surface of the alluvial plan has been intennittentIy innundated by severe tloods. Agricultural and urban
activities have since obliterated all of fue original surface morphology, and are now fue dominant landscape
agents.

Plan de Vúla is now a terrace (Figure 14),uplifted along with the wave-cut platform bordering it to fue north
and south. Any additional uplift of fue terrace will steepen the gradient of the 10wer Estero, helping to
mitigate the problems of tlooding and stagnant circultation by deepeningthe channel and enhancing sediment
transporto Raising of the rock-cut platform fronting Cerro Castillo mar lead to a westward progradation of
fue beach by strengthing fue refraction of waves behind it. A negative consequence of uplift is fue raising of
the salinity-tlocculated lagoon muds at depth into the freshwater aquifer, which mar reduce their foundation
strengtb.

Buried Lagoon
The deposits below a depth of about 15 meters followa different pattern, one dominated by rapid deposition

ofmuddy sand in a saline lagoon (Figure 16). At its maximum extent, fue lagoon extended over fue entire
surface ofPlan deVIñato El Salto. At its mínimumit was a probably a small depression above fuegeographic
center of fue lagoon (just north of Cace GA-17) which probably líes in fue block bounded by Libertad, 6
Norte, Quillota, and 2 Norte. The lagoon is well represented in fue subsurface stratigraphy extends parallel to

fue trend of fue valleyfrom fuejunctionof calle Limacheand Valparaíso,northwestto approximately3
Ponienteand7 Norte. It is generallynorthafilie Esteroand westofSportingClub.

The shear strength of this material is highIy variable. For example, many of fue cone penetration tests
extending below about 15 m show a reversal in strength, becoming weaker «30 blows per foot) at depth.
Others, perbaps because they are located on caliche-hardened paleosols, or because they are massive silt,
become stronger with depth. A representative example a core penetrating into fue lagoon sediments is Cace A-
55.2 in Luengo (1986), locatedjust north ofthe junction of 1 Norte and Libertad. At this location, fue shear

strength riges with depth to about 12m, but falls dramatically below -14 m depth, declining to fue base of the
core at 27 m depth. Sample 8, from 16.1-17.25 m depth (SM; silty sand), had a specific weight of onlyh 1.27
T/m3, and withnearly all (81%) afilie material finerthan 4.75 mm.

Eyewitness accounts of soil behavior during fue terremoto of 16 Agusto, 1906, indicate that fue soils above

fue lagoon, which coincideswith Poblacion Vergara, performed very poorly. For example, at the eastem end
of fue lagoon, El Mercurio de Valparaíso coverage reported that «La calle Valparaíso esta' in gran parte
tambien destruida.. .deun extremo a otro, se sufre una impresion de armago desconsuelo, pues, sin duda, en la
parte de Vúla de mar quemas ha sufrido.» Speaking more generally about fue soils to fue west, El Mercurio

reported «Poblacion Vergara oo. es en las mas lamentables condiciones. La poca salidez del suelo en esa parte
fue' causa de su destruccion Poblacion Ve¡gara esta completamientedestruida... Necesariamente babra in

fluido para esto la clase de terreno, que no ofrecía base salida para edificios de material.» The most striking
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and unequivocal report ofpoor soil performance is from Rozas and Cruzat (1906). «Uno de los hechos que
llamo' la atencio'n la noche del 16, fue' que en los momentos mismos en que se sucedi'an los temblores ma's
fuertes, en la calle de Limache, frente a' la Rfineria de Azu'car, se abrio' una profundagrieta por donde sali'a
el auga a' borbotones e' igual cosa sucedio' en varias partes de la poblacion Vergara, donde se formaron
verdaderas lagunas, sobre el nivel de las calles...(Rosaz and Cruzart, 1906). Descriptions of dewatering,
fissure formation, subsidence, and generalloss of strength were restricted to fue soils in Poblacion Vergara,

generally above fue buried lagoon, generally from near the head of fue estero, extendingwestward towards its
center.

PoblacionVergarawas algosingledout with respectto fueÚltensityof groundshaking,Úldependentof foundation
strength. For example, Rozas and Cruzat (1906, p. 248) reported that «Los construicionesde cal y ladrillo

derumbia'rose sin excepcion ninguna. Por el contrario, los de madera, aun en la poblacion Versara, se
mantuvieronen pie.)) Larrain (1946, p. 273) stated: «PoblacionVersara, se derrumbaroncasi sin excepcio'n.))

Ballore (1915, p. 16) was specific in attributing fue pOOlsoil performance to material amplification, the «..
propagacion del moviminento sismico en suelos aluviones sueltos e incoherentes..))

The mechanism by which seismic waves were responsible for fue upwelling of groundwater during 1906 can

be understood with reference to observations made elsewhere shortly after fue 1985 earthquake. For example,

Avecedo M. and Orozco S. (1986) reviewed ground failures in fue ports ofSan Antonio and Valparaíso after

the 1985 earthquake, where seismically induced compaction of artificial fill and late Quaternary sediments

caused vertical settlement oflarge structures; they algo pointed out that fue amount of setting was related to

the local earthquake intensity. Ortigosa de Pablo (1986) algOdemonstrated that fue pattern of subsidence was
related to the engineering strength ofthe artificial fill and natural sediments both north and south ofVúia del

Mar. Cyclic vibrations, especially when fue vertical accelerations are strong, allows sediment grains to move
into more stable arrangements under high overburden stress. Such settlement causes flexure and local extension

of the overlying materials, which, if rigid, lead to the the development of fissures, through which expelled
poTe-water can reach fue surface.

The historie reports of consolidation, dewatering, and rupture of soils above the buried lagoon are
circumstantially supported by fue presence of faint lineaments evident on aerial photographs taken prior to
the 1985 earthquake (Figure 18). Recognition of such lineaments is subjective, even impressionistic, and is
thus difficultto defendscientificallywithout object-recongitionand image-enltancementsoftware. The presence
of the linements was, however, weakly confinned by three individuals in «blind tests;)) They were able to
identifYone or more lineaments without being prompted to their locations. As mapped, the primary set of
lÚleamentsgenerally trend northwest, parallel the estero, although a second set, trending northeast, parallels
to the coast.

The origin of fue lineaments is not known. They probably represent the alignment of several different kinds
of features: perhaps slight changes in surface moisture, topographic relief at depth' constructionhistory. The
frequency of the linements, their distribution, and their orientation are consistent with the interpretation !hat
they were created by sediment compaction and flexing above the buried lagoon, perhaps during the 1906
earthquake, when such fissures were reported by eyewitnesses.
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Buried Valley

The estero Marga Marga cut into its bed during the last glaciation, forming a valley now buried by the
sediment fill (Figure 15). None afilie boreholes penetrate deeply enough to help constrain the shape afilie
valley. Seismic reftaction techniques have been successfully used to used to image sediments offshore from
Valparaíso (von Huene et al, 1997), but this technique is poorIy suited to Plan de VIña,where the sediments
are more coarse grained, and which is completelycoveredbeneathconcrete and artificial filI. Othergeophysical

techniques such as microvibration (perez, 1988), and ground-penetrating radar are algo poorIy suited to this
heavily urbanized condition.

At the present time, estimates fur the depth to bedrock beneath Plan de VIña are based on slight variations in

the force of gravity measured at discrete sampling points (VerdugoP., 1995). His study assumed a uniform

contrast between sedimentdensity (2.03 g/cc) and rack density (2.67 g/cc), and a regional gravity gradient of

0.75 mga1lkmdirectedN25E. Using these assumptions, he converted the differences in measured gravity into
differences in sedimentthickness, which he interpreted as being roughIy symmetrical around the center of the
sedimentary basin, reaching a thickness over 200 m.

Studies by Grimme and Alvarez (1964) and Gana et al. (1996), however, indicate that a variety of different
rack units extend below Plan de Viña (Figure 8). Ofparticu1ar concero is the metavolcanic unit «.Jlv»which
underlies the southwestem (Cerro Castilla) and northeastem (Sausalito) sectors ofthe sedimentary basin, and
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whoseclosestoutcropsare boundedby steep faults (Figure 19).A sampleof this unít, locallya gabbro,
yieldeda densityof2. 94 gIce, substantialIyhigherthan one fromthe localgranodiorite(2067g/cc). Additionally,
fue assumption of an northeast-trending linear decrease in fue regional gravity gradient is no longer valido
Recent work by Cañuta C., and Ziñiga R. (1998), portrays an east-sloping reginal gravity field, and clearly
shows fue influence of fue heavier rocks beneath fue basin. Variations in fue force of gravity are clearly

influenced by fue depth of fue sedimentary fin, but variations in rock density are probably equally important.

A refined gravity model is needed before depth to bedrock can be known.

Assuming that fue longitudinal gradient of fue estero was similar to that of the present, fue base of fue valley
lies between a depth of -40 m to -80 meters. Its width is constrained only bythe location ofreces A-14, and

A-18. Sand and gravel, if detected deeper than -80 ID,might not be related to fue last glacial cycle (Stage 1)0
It could be gravel from fue Tertiary Potrero Alto formation, which crops out on both sides of Plan de Viña
within one kilometer of the coast.
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MARGA MARGA FAULT

Fault Trace

Patchy remnants of the Potrero Alto deposits, of Pliocene-Quatemary age, are well preserved at high levels
(100-150 m altitude) on both sides afilie Estero Marga Marga in Quinta Vergara. Sausalita, and Miriflores
Alto (Figure 8). These outcrops demonstrate that the present course afilie Marga-Marga is quite ancient, and
that it was originally quite broad. Today,however,the Marga-Marga valley,especially between Vtfiadel Mar
and Quilpue, is essentially a straight, narrow canyon whose map trace is slightly concave to the northeast.
Above an altitude of about 80 meters the canyon is relatively broad and dissected by small quebradas. Below

200 meters, however, the gradient afilie valley spurs increase dramatical1y,forming a straight inner canyon
with valley wall slopes averaging about 25 degrees. A straight inner canyon with cascading tributaries is
considered diagnostic of a rapidly deepeningvalley (Keller and Pinter, 1999).

In contrast, the longitudinal gradient afilie Estero through its inner canyon is exceptionally low. The first (25
m) contour line crosses the river more than ten kilometers inland from the coast. The communityarEl Salto,

is located at the mouth of the inner canyon about 2 km inland from the coast. The llame «El Salto» translates
as «the jump» and indicates the historical presence of an abmpt change in gradient now complely obscured.
A pronounced lithologicweakness that is straight, weak, and nearIy verticall must lie beneath the valley, traits
used by Grimme and Alvarez (1964) to identify the Marga Marga fault. The straightness afilie fault ayer a
length often kilometers indicate that it is (or originally was) one with significant horizontal (strike-slip)
displacement.

Field evidencecollected during this study confinns the existence of a geologic fault below the Marga Marga.
Recent excavations through the maicillo between Chorrillos and El Salto, on the southwestem sirle of the
valley, reveal a brecciated fracture zone in pink granite ranging in thickness from O.1-1.2 m, striking exactly

parallel to the valley, and dippng 85 degrees to the southwest. Wrthin the brecciated roBe, individual fragments,

as well as the wall rock, are encmsted with a clay-rich, unweathered, greenish-gray fault gouge containing
en-echelon steps, but without conspicuous slickenmarks. The gouge had a sheen, indicating alligmnent of
microscopic particles. These features are diagnostic of frictional abrasion and shear in an environment of
high ambient lithostratic stress. At the same site, the fault zone extended continuously upward to an elevation
of about 60 meters to the contact between unweathered bedrock and fue overIying sandy gravel. Where the
contact intersected the fault, a lens of gravel thickcned abmptly from 1-3 m directly above the fault scarp,
indicating that the scarp was present during deposition.

Recent Displacement

Secoodary defonnation within the older Potrero Alto deposits exposed in the new roadcuts north of the tuonel

Jardin Botanical indicate sinistral (left-Iateral) strike slip motion on this fault in the recent geological past
(Figure 20). Near the middle oí the exposed section, the Potreo Alto deposits, which include what are
probably Quatemary soils, are cut by a thrust fault outcropping continuousIy fur more than 80 meters,
occurring on both sides of the road, and which propogated upward through the sedimentpite, terminatingjust
below the surface, which appear to be upwarped. Reconstmction oí the fault geometry yields a minimumoí
about 15 meters displacement, in which shortening took place on a fault striking 30 degrees to the northwest
and dipping approximately 40 degrees to the southwest.
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This fault indieates intense local compression, which is most easily explained as a secondaryconsequence of
horizontal (strike-slip) displacement between crustal blocks in the Canal Beagle area. More specifically,
localized compression leading 10small thrust faults and anticlines often take place in «stepovers» where the
displacement along one strand of a strike slip fault is transferred to another. The kinematicsof the blind thrust
at Canal Beagle require a sinistral (left-Iateral) component of motion, which is consistent with the pattem
mapped by Gana and others (1996) on the two nearest strike-slip faults.

Local compression associated with a stepover may algObe responsible for the unusually deep set of incised

meanders near the junction ofthe Esteros Marga Marga and Las Palmas (Figure 5), which form a conspicuous

anomaly in the othersise straight reaches guided by faults. There, both ofthe esteros are are deeply entrenched
below a broad strath terrace. Elsewhere, such incised meanders represent the path of a stream «frOzeID)into
its position by a pulse ofrapid uplift (e.g. Merrits and Ellis, 1994). Such a localized uplift may be due 10 a

stepover between fault traces in the Embalse Poza Azul and in the lower canyon ofthe Estero Marga-Marga.

Equallycompellingneotectonicfeatures are presentwitbinCasablanca Valley,and the EsteroLimache,adjacent
valleys to the south and north, repsectively. In Casablanca Valley,lateralIy offset valleys, gagponds, recent
scarps, and entrenched canyons form a coherent pattem of local displacements along a master fault which
parallels the one in the Estero Marga-Marga, and which is mapped as having dextral displacements. The
Estero-Limache, algOcontains cIear evidencefor fault motion; there, deformation leadingto incisedmenaders
is young enough 10have algo created scarps on the modero fIoodplain of the lower Estero Limache, and to
have infIuenced sedimentation in the channel of the Aconcagua River along a line that continues 10 Rocas
Concon.

Evidence for geologically recent, but prehistoric, displacement along the Marga-Marga and adjacent faults is
thus compelling. The subregional scale of these features, as well as their continuity in time and space,
indicate that they are deep-seated within a strong, ancient, granitic crust. In this context, there is no reason
whyany or all ofthese features are not capable rupturing during subduction zone events, contributing to the
seismic signal. The burden of proof should Testwith those who would interpret the faults as incapable of
surface rupture, rather than with those who interpret them as active.
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Earthquake of March 3, 1985

Tall apartment buildings aloO8Avenida San Martin sutIered extensive darnage during the 1985 earthquake
(Figure 18). Calcagni (1988) carried out a systematic study of damage to 45 buildings between 9 and 23
floors in height. Two sustained very serious damage (leveI3; Manga-Roaand Acapulco), five sustained level

2 damage, and seven were completely undamaged. With roe exeption, all of the heavily damaged buildings
(Level2 and 3) were located between 8 Norte and 10 Norte along Avenida San Martín. The most heavily

damaged and oldest ofthese buildings (Acapulco) sustained damage during all three ofthe recent earthquakes
(1965, 1971, and 1985; Monge et al, 1986).

This pattern oflocalized damage contrasts with the more widelydistributed and occasional damage to smaller
buildings, 809 ofwhich were examined by Perez (1988). A:ftereliminating other causes offailure, Calcagni

concluded that local failure to tall buildings along Avenida San Martín was caused by their «ubicados en los
suelos de la antigua desembocadura del Estero Marga-Marga.» He based bis interpretation of an ancient

river course on a map drawn in 1848 during pre-construction planniO8for fue ferrocarril, which showed a

single drainage line bisecting the estero Marga Marga in Poblacion Vergara. Aguirre et al (1986, p. E74) had
reached a similar conclusion on difIerent evidence; they related unusual soils in building foundation to an

ancient bed or course of fueMarga Marga. «En elgunos puntos hasta 300 metros del estero se han encontrado
bolsones de limo-arcilloso saturado, altamente organico, y muy plastico, a profundidades entre los 3 a los 6

metros, ipdicadores del antiguo lecho y/o CUí.'SOdel propio estero marga-marga. Estos bolsones de suelo
blando han obligado a mas de una edificacion en altura a ser estructurada con fundacaces sobre pilotes.»

The interpretation of an andent course of fue estero in this vicinity conflicts with fue available geological

evidence,which indicates that nearly aIl ofthe upper 5 m of sedimentwas deposited as ancient river sediment

(channel bars and levee-splay deposits). Without exception, fuese sediments are composed of cross-bedded
sands and sandy silts devoid of plastic clay and organic material. Additionally, fuese alluvial deposits do not

reach fue coast near Avenida San Martín, where fue sediments are exclusively marine in origino

Detailed maps ofthe shoreline published in 1838 and 1871, indicate tbat fue railroad map of 1848 used by
Calcagni was overgeneralized.Notably, two ofthe maps (Tessan, 1838;Kraus, 1903) c1earlyshow fuemouth
of the estero immediately below Cerro Castilla (then called Pte Callao), as well as fue growth of sand bars
(spits) propagating into a smalllagoon from the north, fue same direction from which fue a bar is now formed

each summer, and in which it sloped prior to urbanization (Pomar 1877). Similar features, notably a single
branch ofthe Estero Marga-Marga in Plan de VIña,are present on all fourteen ofthe historic maps examined.
A single branch (at least under equilibrium conditions) is algOrequired by fue Holocene geology and modero
wave climate.

The zoneof weak soil interpretedas an «ancientcourse of the Marga Marga» -large fragrnentsof soft,
plastic,saturated,organicclays-requiresan explanation. This descriptionresemblesthat of fueestuarine
muds and fangodeposits reportedonly greater depthsby Grimmeand Alvarez (1964). Throughoutfue
recentgeologicpast, the gradienton fueMargaMargahas beenverylow,and its floodplainhas beenrising,
ratherthanbeingdowncut.Thus, it wouldhavebeenextremelyunlikelythat an «aneientcourse»couldhave
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cut 10a depth (-15 m) required 10entrain the «fango» and move it 10within a fewmeters of the surface. If the
near-surface material is indeed derived from depth, then the only plausible mechanism for its upward

emplacementwould be during the upward flow of water along a coseismicfracture. Such an interpretation,
although not proveo, is factually consistent with the accounts of fissure formation, the upward flow
of water, and transient lagoons (Rozas and Cruzat, 1906). It is quite possible that a weak zone
formed coseismically could have been exploited by the Marga-Marga until it was later plugged by
south-drifting sand.

The concentration of damage to tall buildings coincides exactly with the projection of the Marga
Marga fault beneath Poblacion Vergara; onIy a 10% extension of the straight fault trace is required.
Perez (1988, po22) considered the presence ofthis fault as one ofmany possibleexplanations for the
localized damage. «Es obviamenteo..confactores como son el suelo la fundacion, la construcion
misma (calidad, tipologia, edad, materiases, etc.), la presence y posible activismo de la falla del
estero marga marga, la topografia, la direccion de las ondas seismicas, etc..o»He did not, however,
explain the mechanisim for this correlationo

Whatever explanation is invoked to explainthe damage, it must account for the fact that severe
damage during 1985 did not mirror the fault trace, but was instead was concentrated onIy at the
outer coast and near the head of the sedimentarybasin. It is possiblethat the damagewas concentrated
to the west because the beach sediments were less resistant to shaking. However, this is also the
place where the valleyofthe Marga-Marga must be deepesto The presence of a deep, sediment filled
canyon in this vicinity,one parallel to the fault trace, canoot be ruled out.

Earthquake of August 16, 1906
One of the challenges in seismicrisk assessment for Plan de VIñais to explainwhythe damage during
the 1985 earthquake was so different ITomthat of the 1906 earthquakeo The simplestexplanation is
that the hypocenterforthe 1906 (and 1822) events was c1oserthan forthe 1985event. Four historie
sources, however - the first-hand reporting of El Mercurio (1906), systematic descriptions by
Rozas and Cruzat (1906), the technical reconnaissance ofBallore (1915), and a review by Larrain
(1946) -suggest the possibility that the Marga-Marga fault was directly involved in contributing to
the damage.

FOUTlocalities in Viña del Mar were severely atfected (Figure 21). To the west was (1) Pobulacion
Vergara, where shaking was intense enough to destory wooden buildings and to cause subsidence.
(2) Near the intersection of Limache and Valparaíso streets, Rozas and Cruzat described a single
deep crevasse that opened at the moment of strong shaking, and ITomwhich gushed turbulent water.
El Mercurio algOreported «desconsuelo», in this afea, c1aimingthat «o..sin duda.. [es] la parte de
VIñade mar quemas ha sufTidooEl Salto, to the east, was decribed by Rojas and Cruzard (1906) as
the localitywhere terremoto was felt with the greatest intensity;apparently,the onset of shaking was
abrupt, with houses «cayer al suelo» at the «primer remesono» Finally,within a few days after the
earthquake, the railroad was functioning ITomEl Baron (Valparaíso) to El Salto, as well as ITom

32



,.,. '~"'T'~."~' -~"".'

uN!'/L.
FEDEF,,'~, ;~ : ,. j

q'"," , .,.., . . IL. ",' , ,; , .. .." I ("'" rr" '" '. - ~",', .' L . < , '" f l .

L~~~:~.~~,~~! ~'...~.~~~~J

Quilpe to the east. But the track between El Salto and Quilpuewas a complete ruin (4) It is here that
the tracks were described as having a «zig-gag» pattem by Ballore, in which the bolts were snapped
and the rails opened up in large gaps. This took place on terrain that was generally flat, suggesting
that the ground have have been sheared by horizontal surface rupture.
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These four Bifesare crudely aligned &om northwest to southeast, directly above the Marga Marga
Fault. Other Bifeswithin the sedimentary basin, but further &om the fault, were not as severely
affected. Three mechanismsby whichthe fault could localize the damage are suggested below. Wave
Guide: The fault zone within the rock {beinga low-velocity zone) may have captured, re&acted and
concentrated seismicenergymovingoutward &omthe subductionzone earthquake, sendingit upward.
This may have enhanced shaking locally, leading to the secondary effects associated with the
consolidation and dewatering of soils responsible for fissure formation and the «lagunas.» Fault
rupture and movement at depth could have contributed to the seismic signal, as weIIas the surface
ruptures in the sedimentary cover; according to this explanation the «lagunas» in Poblacion Vergara
could have developed above shear &actures(Reidel Shears) associated with horizontal displacement
at depth. A third possibility is that the linear pattem is indirectIy related to the fault through the
mechanismof sediment thickness. The valley is deepest, and therefore the sediment fin the thickest,
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along the fault trace; amplificationof seismicshakingmar have been a functionof sedimentthickness.
A fourth possibilityis that one or more pre-historic ruptures ofthe fault had taken place, and that the
sediments associated with the healed ruptures consituted a weak zone reactivated by the 1906 and
1985 events.

Evidence supporting the «wave-guide» hypothesis includethe absenceofhistoric accounts of surface
rupture, as well as the absence fault scarps elsewhere in the valley, especiallyin the canyon of the
Marga Marga. Evidence supporting the rupture hypothesis includes the opening of a single deep
fissure near the Sugar Refinery,exactly above the fault. Description of earlyand abrupt shaking at El
Salto is consistentwith both the wave guide and rupture hypotheses,and partiallyrefutes the sediment
thickness hypothesis.

Canal Beagle
The sector of Viña del Mar known as Canal Beagle líes at the apex of the Pleístocene sediroentary
basin, directly north of the Marga-Marga fault trace (Figure 8). This neighborhood received an
unusually high level of damage during the 1985 earthquake, especiallyon ridges where topographic
amplificationis thought to have played an important roleo (Celebi (1986).

Topographic amplificationofthe aftershock sequence froro the 1985 event is supported by the pair
ofrecordings situated on granite (Unit TItofGana et al., 1996), and Unit PZ granito ofGrimme and
Alvarez (1964); the station on the steepest part ofthe ridge had significantlyhigher amplifications.
The ridge effect alone, however, canoot explain why the maximum ground accelerations at Canal
Beagle during the aftershock sequence were recorded at station C, which is located on a much
broader ridge at comparable altitude. Also, accelerograms for stations within the sedimentaryrocks
beneath CanalBeagle afea (A, B, and C) had a spectral response qualitativelydifferentfrom those on
the granite (F and E); the incoming waves were delayed as much as 1.8 seconds and arrived much
more abruptly.

Unusually high peak accelerations at Station C and the differences in spectral behavior (delay,
abruptness) are probably due to changes in incoming seismicwaves within a relict sedimentarybasin
first recognized by Grirnmeand Alvarez (1964; depositas estuarales), remapped by Gana et al (1996;
Potrero Alto), and studied more completelyduring this investigation. The relative importance of the
roles of the sedimentary basin, the «ridge-effect» and the proximity to the Marga-Marga fault await
further investigation.
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DISCUSSION

Rupture of the Marga Marga fault during the 1906event is an unproven, but likely,hypothesis. Although the

cmst beneath central Chile appears 10be seismically quiet (Riddell and Villablanca, 1986), faults such as fue
Marga-Marga must be releasing some strain during subduction thmst events, and there is no geophysical

reason why such strain releasecould not take place seismically. The dearth of cmstal earthquakes detected in

the forearc cmst of Chile could be due, in part, 10the difficulty in locating earthquake foci, especially shallow

ones. It could also be due to fue fact that fue seismic signal from cmstal earthquakes is lost in fue «noise»of

fue larger subduction thmsts which trigger them. Alternatively,fueapparent absence of shallow cmstal events

may be real, but due 10the aseismic release of strain in fue upper plate (Nelson and Manley, 1992).

Weak, circumstantial evidence suggests that the shallow cmst is itself a local source of seismic waves. The
most direct evidence is the seismic analysis of the 1939 Chillan earthquake (Campos and Kausel, 1990),

which took place within the cmst, rather than on fue subduction zone. Second is fue apparent sequence of

events during fue 1906 earthquake in Valparaíso (Urmtia de Hazbun, and Lanza Lancano, 1993, p. 159) in
which the initial, prolongOOepisode of cyclic shaking was foUowOOnine minutes later by a much more abrupt,

but stronger evento The third line of possible support is the accelerograph data for fue earthquake of March

3, 1985 (Saragoni et al., 1986), in which two stations, LloUeo,(0.85 g) and MephiUa(0.59 g), had unusually
strong vertical accelerations. Both lie within a fault zone that has been active during late Quaternary time.
Bracketing stations to the north (Quintay; 0.13 g and Rapel; O.llg), had vertical accelerations typical ofthose

arremete gires. The vertical accelerograph for Llolleo is especially anomalous in its polarization, and may be
related 10the liquefaction in that vicinity (Ortigoso de Pablo, 1986).

Although much smaller than subduction zone earthquakes in terms of moment release, earthquakes within fue

cmst beneath heavily urbanized zones are responsible for most afilie damage and loss oflife, especialIy when

they are shallow. For example, fue 1995 earthquake in Kobe, Japan had a magnitude ML=6.9, significantly

smaller than the 1965 and 1971 events near Valparaíso, yet it 101100morethan5000peopleandcausedmore
than 200 billion dollars worth of damage (Yeatset al., 1996); this event was caused by dextral motion along

a small strike slip fault in the upper plate within a subduction margino The Marga-Marga fault is also a strike
slip fault in the upper plate of a subduction zone.

Amplification oí seismic wavesby the lagoon sedimentsbeneath Plan de VIñaposes a less dramatic, but more

threatening, earthquake hazard than actual mpture. Material amplification (Newmark and Rosenbluth, 1971)
of similar estuarine lagoon sediments was clearly responsible for the selective damage 10the San Francisco
Bay (USA) arca during the 1989Loma Prieta Earthquake (M 7.1), inwhich collapse afilie Nimitz Expressway

was restricted 10similar deposits. Material amplification was clearly responsible for the intense shaking of

Poblacion Vergara during the 1906 earthquake, which was strong enough to destroy wooden houses.

Amplification was apparently algo responsible for coseismic settlement of soft soils at depth, whic~ in tufO,
causOOsurface mptures, fluidization, and loss of foundation strength near the surface. There is no reason

why such a response could not occur in fue future. Buildings designed10withstand intense shaking, could be
damaged by the tilting of discrete blocks between mptures extending upward from the soft materials at depth,
or by fue localized loss of support above fluidized fissures.
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Proximity to the Ma¡ga-Marga fault appears to be important, regardless of what mechanisimsare involved.
Damage along Avenida San Martin during the 1965, 1971, and 1985 earthquakes took place only above the
fault in an area of otherwise homogenous soils and adequate bearing strength. Canal Beagle, algo heavily

damaged during 1985, líes immediately adjacent to the fault, where its older sediment fill magnified the
sbakingevenmore. Especiallystrongand abrupt shakingat El Saltoduringthe 1906earthquake,and destruction

of the railroad only in the canyon of the Matga-Matga suggests that proximity to the fault mattered then, as
well.

Although much latger in scale, the Mexico City earthquake of 1985provides a reasonable analog for potential
damage at Plan de VIña. 80th cities are built built on the flat surface of a sedimentary basin containing a
tbick stratum of fine-grained sediments at depth. In Mexico City, seismic waves, generated by a distant
subduction thrust were amplifiedby the geometry of the depositional basin, with the area of maximum damage
being localized directly above a buried stratum of fine-grained sediments. These combinedeffects also take

place in Plan de VIña, where the trace of the Marga-Matga fault adds a third, latgely unknown risk.. The
destruction of Poblacion Vergara during 1906 could be due to the fortuitously bad combination of all three

factors: basin amplification, material amplification, and fault displacement at depth.

CONCLUSIONS

1.- PoblacionVetgara in Viñadel Mar, whichwas almost completelydestroyed duringthe 1906earthquake,

is underlain by muddy Holocene lagoon sediments that amplified, seismic ground shaking, especially
during the 1906 earthquake. These lagoon sediments líe just beneath the elevation ( - 9 to 11 m)
reached by most geotechnical investigations.

2.- Geological faults are common in the coastal zone near VIña del Mar, some of which show compelling
evidencefor geologically recent displacement. The most topographically prominent ofthese faults -
the Matga-Matga fault - bisects Viña del Mar between El Salto and the Muelle Vergara. Earthquake
damage is concentrated above this fault, which may have ruptured historically.

3.- Numerical modeling ofthe amplication of seismic waves in the alluvial basin ofViña del Mar is limited

by the pool constraint on «depth-to-bedrock.» Estimates for the shape of the valley based on geophysical

techniques are suspect. An inductive geological approach suggests that the buried valley below Plan de

VIña is largely symmetrical, and has a depth of onIy -40 to -80 meters below sea leve!.

4.- Vertical co-seismic movements associated with strong historie earthquakes (1822 and 1906) are generally

upward, and are not likely to exceed one meter. Such uplífts, especially if large, will be generally

favorable to Plan de VIña because they wiIl help stabilize the beach, facilitate surface drainage, reduce

the exposure to flooding, and improve water eirculation in the estero.
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FIGURE CAPTIONS

Figure l.

Figure 2.

plain

Figure 3.

Figure 4.

Figure 5.

Location afilie studyarea. Map view (a) and cross-section (b) oftectonic setting after Yeats et
al., 1997. VIña del Mar líes landward of the accretionary wedge in the foreare above Mesozoic

intrnsive and metamorphie rocks. Study arca is centered near 33°S and 7lOW,just north afilie
arca glaciated during late Quaternary time (shaded).

Base map ofthe Estero Viña del Mar (also called Estero Marga-Marga) showing local place
names referred to in the texto Thick gray line, the +25 m contour, outlines the estuarine
«Plan de Viña» beneath the historie communities ofPoblacion Vergara (north afilie estero),
Viña del Mar (south ofestero), and Santa Ines. Selected roads (Avenida Libertad, 8 Norte,
Avenida Pero, and Sporting Club) are also sbown.

Early government map ofViña del Mar originally drawn at the scale of 1:20,000. This is the
only 19th century map showing the urban district and natural vegetarianoMuch of Plan de VIña
was clear of natural vegetation and presumably under cultivation. Patches of forest coincide

with floodplain facies, which accumulated in a levee backswamp.

Comparison of shoreline features between the modero base map of VIña del Mar and the most
detailed early map (Tessan, 1838). Note single channel afilie estero, fonner sand spits built
from the north into a lagoon, and open water to Plaza Vergara, features algo shown on other
mapsdescrnbedinreferences (16oo's, 1712, 1764, 1849, 1877, 1891,and 1903).Modemshoreline
conversions took place prior to 1910.

Geology ofthe study arca after Rivano et al. (1993) and Gana et al. (1996). Potrero Alto
deposits in the canyon afilie Estero Marga-Marga (unshaded, enclosed by heavy line) and the

modero alluvium in Valparaíso líe in Neogenehalf-grabens. Other unshaded afeas are underlain

by fundamental rocks. Note pattem of faults with displacements from Gana et al. (1996) and
this study. Especiallyprominentare faults inthe Esteros Casablanca, Marga-Marga, and Limache,
all of which show late Quaternary displacements.
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Figure6.

Figure7.

Figure 8.

Figure 9.

Seismic setting afilie Valparaíso arca after Compre et al (1986). Time-distance diagram (a)
shows rupture length for three well documented large earthquakes (1822, 1906, 1985). Map of
the coastline shows selectedseismic features and the location ofVúia del Mar within the overlap

zone for laIge eartbquakes.

Mean monthlytide at the Molo de Abrigo (Valparasío, top line) and a reference station at Calde
ra (300S, lower line), based on data from the Armada de Chile and the University ofHawaii Sea
Level Center. Significant earthquakes occured on March 28, 1965, July 8, 1971, October 16,
1981, and March 3, 1985. Record is discontinuous, and broken into segments A-E.

Geologic settingofVúia del Mar (after Gana et al., 1996)showing location of geological features
described in the text and location of accelerograph stations reported by Celebi (1986). Outcrop
of the PotreroAltodeposits north of the estero (Tqpa) líeswithina balf-grabendipping northward.
Other units include: QTt, marine terraces~ Pzmg, basement rocks~nv, metavolcanic Jurassic
rocks~Tn, marineNavidad formation. Most ofthe arca (white) underlain by Jurassic intrusive
rocks.

Sea level curve of Fairbanks (1989) based on U-series dates from Barbados coral. Tectonic

uplift rate for Vúia del Mar is estimate from several techniques (see text). Thresholds (arrows)
indicate fundamental changes in emergence and submergence which controlled the subsurface
geology in V1iiadel Mar.

Figure 10. Bathymetry of the continental shelf after the Armada de Chile (1965) and geologic features
descnDedintext (Andradeand Castro, 1987~Caviedes, 1972). Submarine features are consistent
with conventionalglobal sea level history (Fairbanks, 1989). Geologic fault in the lower estero
Limache extendsto Rocas Concon, which are interpreted as pressure ridges along a fault trace.

Figure 11. Measured elevations from the 1999 Geographic Information System data base for the Municipality
ofViña del Mar. Symbols «T» show spot elevations for prominent marine terraces. Heavy gray
line shows +25 m contour intervalo

Figure 12. Boreholerecordsused to reconstruct the stratigraphy below VIñadel Mar. Material descriptions
for boreholeslabeledGA from Grirnmeand Alvarez (1964). BoreholesMS from MiguelPetersen
at UTFSM. Excavation locates a visual sighting.

Figure 13. Zonification of soils beneath Plan de Viña after Luengo (1986). Descriptions indicated
by Roman numerals are based on materials in the upper 7-8 m. Note that zone boundaries
coincide with street network and make no provision for the Falla Marga-Marga.

Figure 14. Panel diagram ofborehole stratigraphy below Plan de VIña drawn parallel to the axis afilie
estero. Location of cores shown in Figure 12. Descriptions below Roman numeral s based on
reference coces used by Luengo (1986). Depths below the surface are converted to elevations
using moderoGIS data base. Salid gray lineat top is schematic representation afilie topography
and bathymetry from modero maps.
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Figure 15.

Figure 16.

Figure 17.

Figure 18.

Figure 19.

Figure 20.

Schematic diagrams showing inferred stratigraphy below the level ofknown borehole records,

based on sea-Ievel history and the hydrology ofthe Estero Vriiadel Mar. Sketch map (a) shows

location oflongitudinal profile (b) and transverse (c) profile. In transverse profile, CH (channel)
Facies and FP (floodplain) Facies are shown. At depth are estuarine facies (e), alluvial fill (a)

and colluvial (c?) materials. Marine interglacial (?) terrace indicated by letter «1.)

Subsurface geologic map of Plan de Viña during Stage 4 (Delta) of the present marine
transgression, which took place some time between about 5 ka and 8 ka. The materials shown

represent those occurring below -10 m elevation. Boundary ofthe lagoon (at its largest extent)
concides with finer-grained materials at depth, especially near its center. All boundaries are

schematic. The Falla Marga-Marga bisects the lagoon parallel to its long axis.

Generalized geologic map ofPlan de Viña showing materials above -10 m. AlI units are
interbedded and gradational. The geology at depth (Figure 16) is different from that near the

surface. Circle represents zone ofmaximum complexity,where all three facies interfingerabove
the center of the ancient lagoon.

Map showing air-photo lineaments ofunknown origin from frame 092 ofthe 1954 CAL.FL

aerial surveyand from 1996,as discussedintext, and the locationof edificiossufferingsubstantial
damage during 1985 (Calcagni, 1988). Quote from Perez (1988) surnmarizes damageto houses

in 1985. The lineamentsare concentrated above the center of the buried lagoon, and mar reflect
ground failures.

Geologic map ofVtña del Mar (see Figure 8 for unit descriptions) showing projection of
fault contacts (dashed lines) and features associated with the gravity model ofVerdugo (1995).

Note that the location ofthe gravity mínimum does not coincide with the deepest part ofthe
valley, which should occur at the coast. Two uniform gravity gradients (arrows) are oriented
directIyaway from high denisty rocks.

Schematic drawing of sirRia from the Potrero Alto formation exposed in a roadcut midway

between Puente Jardín Bootanical and tbe surnmitofCanal Beagle (Iocatedon Figure 8). Strata
are pervasively deformed by teRrores associated with a blind thrust fault, interpreted to be

associated with a stepover between strands ofthe Marga-Marga Fault.

Figure 21. Locations of tour phenomena associated with the earthquake of August 16, 1906 relative to the
trace ofthe Marga-Marga Fautt. Sources include reporting by the El Mercurio de Valparaiso
(1906), Rozas and Curzat (1906), Ballore (1915) and Larrain (1946).
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