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Kurzfassung I

Kurzfassung

Im kontinentalen Forearc Nord-Zentral Chiles (30°-31° S) ist eine hohe Konzentration von platten-

randparallelen Störungen zu beobachten. Neotektonische Felduntersuchungen zeigen, daß die Mehr-

zahl dieser Störungen Sedimente der Plio-Pleistozänen Schichtenfolgen verwerfen. Die Verwerfung

der Plio-Pleistozänen Ablagerungen deutet an, dass die kontinentale Kruste aktiven Deformations-

prozessen ausgesetzt ist. Die E-W Deformation des Forearc seit dem Plio-/Pleistozän kann auf der

Grundlage neotektonischer und bilanzierter Profile, sowie anhand von Dislokationsmodellen abge-

schätzt werden. Mit Hilfe satellitengestützter Messungen des horizontalen Deformationsfeldes auf

der Basis von GPS-Netzen (SAGA) wird versucht, die rezente Intraplattendeformation des Forearc

zu quantifizieren. Aufgrund periodisch wiederkehrender Starkbebenereignisse entlang der Platten-

grenze wird vermutet, dass die krustale Deformation entscheidend von den Deformationsprozessen

innerhalb der Subduktionszone beeinflusst wird.

Der kontinentale Forearc zwischen 30°-31° südlicher Breite setzt sich aus einer stark herausge-

hobenen Küstenkordillere im Westen und einem mit känozoischen Sedimenten gefüllten Becken im

Osten zusammen. Diese strukturellen Einheiten werden durch eine60 km lange und ca. 65° nach

Osten einfallende Störung, derPuerto Aldea Fault, voneinander getrennt. Darüber hinaus wird das

känozoische Becken intern durch zahlreiche N-S streichende und vorwiegend nach Osten einfallende

Störungen deformiert. Zahlreiche Geländebefunde und die Ergebnisse der elastischen Dislokations-

modellierung erklären die beschriebene Deformation entlang dieser Intraplattenstörungen mit Hilfe

koseismischer Relaxationsbewegungen in krustalen Tiefen von10− 20 km. Vertikale Versatzbeträge

von 2− 5m geben Hinweise auf quartäre Beben, die aufgrund ihrer Magnitude (Mw7) mit grosser

Wahrscheinlichkeit die Kruste durchschlagen haben. Eine Vielzahl geomorphologischer Aspekte, z.B.

gehobene marine Terrassen und Abrasionsplattformen, stark hervortretende Störungsmorphologien,

Hangrutsche, (Thermal-)Quellaustritte in unmittelbarer Umgebung von Störungsbahnen und ein in

weiten Teilen tektonisch kontrolliertes natürliches Drainagesystem lassen die Schlussfolgerung zu,

dass die beobachtete Intraplattendeformation im Arbeitsgebiet rezent aktiv ist. Seit dem Einsetzen

des jüngsten Deformationsregimes, zur Zeit des Plio-Pleistozäns, wanderte die Zone der grössten In-

traplattendeformation von Osten nach Westen und befindet sich heute ca.40− 45 km landeinwärts

der Küstenlinie. Geomorphologische Untersuchungen an jungen Verwerfungsabstürzen (fault scarps)

in diesem Gebiet ergeben jung- Pleistozäne-Holozäne Störungsalter (10− 84 kaBP).

Die Ergebnisse der Störungsflächenanalyse zeigen, dass während des Plio-/Pleistozäns das Ar-

beitsgebiet einer dominanten ENE-WSW gerichteten Extension und einer untergeordneten NNW-

SSE orientierten Kontraktion unterworfen war. Die Auswertung der kinematischen Daten mit Hil-

fe der Störungsflächenanalyse weist darauf hin, dass beide Deformationstypen gleichzeitig wirksam

waren. Die Grössenordnung der E-W Dehnung, abgeleitet aus der neotektonischen Analyse und

der krustalen Bilanzierung des25 km breiten Forearcs, liegt bei 0.6-3.3%, bezogen auf die letzten

1.2− 6.5Ma. Resultierende Deformationsraten variieren zwischen0.001− 0.028µ strain a−1. Aus

dem Residualfeld der GPS-Geschwindigkeiten können fast identische Extensionsrichtungen (ENE-

WSW) und Kontraktionsrichtungen (NNW-SSE) abgeleitet werden, wie aus der Störungsflächenana-

lyse. Die aus GPS-Messungen abgeleiteten E-W Dehnungsraten erreichen0.038± 0.018µ strain a−1.

Unter Berücksichtigung der geodätischen Dehnungsraten und der Annahme der Konservierung des
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geodätischen Moments entlang der Puerto Aldea Fault ergeben sich Wiederkehrperioden von 500-

1500 Jahren für Erdbeben der StärkeMw7 an dieser Störung.

Mit Hilfe eines einfachen Dislokationsmodells der Subduktionszone können vertikale und hori-

zontale Versatzbeträge, die aufgrund starker Subduktionsbeben im kontinentalen Forearc auftreten,

abgeschätzt werden. Am Beispiel des Illapel Bebens von 1943 (Mw8.2) wird gezeigt, dass die Kü-

stenkordillere um bis zu0.4 m herausgehoben wird, während der Bereich des känozoischen Beckens

eine geringere Heraushebung oder sogar Absenkung erfährt. Der horizontale Versatzbetrag erreicht in

den äussersten Küstenbereichen bis zu0.8m in wsw Bewegungsrichtung. Die durch Subduktionsbe-

ben auf den kontinentalen Forearc umgelagerte Deformation erzeugt, ähnlich den aus der neotektoni-

schen Strukturanalyse und den GPS-Residualgeschwindigkeiten abgeleiteten Dehnungshauptachsen,

E-W gerichtete Dehnung und N-S gerichtete Kontraktion im Arbeitsgebiet. Die zusätzliche Bean-

spruchung der Intraplattenstörungen durch die Umlagerung von Deformation und Spannung im Zu-

sammenhang mit starken Subduktionsbeben verringert die Wiederkehrperiode für Intraplattenbeben

der Stärke (Mw7) um40− 100 Jahre.

Die Ergebnisse dieser Studie zeigen, dass die im kontinentalen Forearc beobachtete Deformation

in engem Zusammenhang mit grundlegenden tektonischen Prozessen entlang der Plattengrenze steht.

Unter Hinzuziehung der Ergebnisse vorangegangener Autoren wird deutlich, dass die hier beschrie-

bene Intraplattendeformation über das Arbeitsgebiet hinaus an verschiedenen Schlüsselstellen mit

vergleichbarer struktureller Ausprägung (z.B. Mejillones, Caldera und Arauco Halbinseln) in ähnli-

cher Form zu beobachten ist. Die offensichtliche Gültigkeit der beschriebenen Forearc-Deformation

über sich ändernde plattentektonische Rahmenbedingungen hinweg gibt Anlass zu der Vermutung,

dass singuläre Prozesse, wie z.B. das Abtauchen ozeanischer Rücken oder die Verschluckung mächti-

ger Sedimentpakete als alleinige Ursache für die Hebungsprozesse entlang der chilenischen Küste in

Frage gestellt werden müssen. Stattdessen ist der Abstand der Küstenlinie zum Tiefseegraben, bzw.

die Lage des kontinentalen Forearc in Bezug auf die seismisch gekoppelten Bereiche der Subdukti-

onszone als entscheidendes Kriterium in diesem Zusammenhang heranzuziehen. Ein übergreifendes

Erklärungsmodell bietet das Zusammenspiel von grabenwärtiger Migration des südamerikanischen

Kontinents mit aufwärtsgerichteter Translation und basaler Erosion des kontinentalen Forearc ent-

lang der Plattengrenze. Eine Translation des Forearc könnte zu dessen Heraushebung und zur Aus-

bildung der nach Osten einfallenden Intraplattenstörungen führen, während die basale Erosion den

Kontinentalhang übersteilen und zu dessen Kollaps zwingen würde. Vorausgesetzt, diese Prozesse

stünden im Gleichgewicht zur grabenwärtigen Migration des südamerikanischen Kontinents, käme es

zur Herausbildung eines dynamischen Systems, das langfristig eine Konsumierung des kontinentalen

Forearc zur Folge hätte.
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Abstract

The continental forearc of North Central Chile (30°-31° S) is characterized by the overall abundance

of trench-parallel crustal faults. Neotectonic field studies show that most of these faults ruptured

the Plio-Pleistocene sedimentary cover. The displacement of Plio-Pleistocene sediments indicates

that the continental crust along this stretch of the Chilean coast is subject to active deformation pro-

cesses. The E-W deformation in the forearc during Plio-Pleistocene times is approximated based on

neotectonic and balanced profiles, and by simple dislocation models. By means of space-geodetic

measurements of the horizontal displacement field (SAGA-Network), I attempted to quantify the

present-day intraplate deformation rates within the forearc. As a result of periodically reoccurring

megathrust events along the plate interface, it is assumed that the observed crustal deformation is

largely controlled by deformation processes within the subduction zone.

The continental forearc between 30°-31° S latitude mainly consists of the Coastal Cordillera in

the west and a basin filled with Cenozoic deposits in the central and eastern part, separated by the

prominent Puerto Aldea Fault. In addition, the Cenozoic Basin is internally dissected by numerous

N-S striking, predominantly 65° E-dipping intraplate normal faults of up to60 km length. Abun-

dant field evidence and results from elastic dislocation modeling show that deformation along these

intraplate faults is associated with coseismic rupture at crustal depth (10− 20 km). Vertical offsets

within the Plio-Pleistocene sedimentary cover reach up to2− 5m, implying that earthquakes of

magnitudeMw7.0 ruptured the study area during the recent geologic past. Numerous geomorphic

aspects, i.e. uplifted marine terraces and abrasion platforms, pronounced range-front faults, the oc-

currence of fresh surface scarps, landslides, thermal springs in association with fault traces, and a

tectonically controlled drainage pattern together suggest that intraplate deformation is active through-

out the study area. Since the onset of the most recent deformation regime, at the earliest during

Plio-Pleistocene times, the intraplate deformation front shifted eastward, away from the coastline.

The most recent deformation of the land surface is observed40− 45 km inland from the coast. This

is supported through studies of degraded fault scarps in this part of the working area, which reveal

Late Pleistocene-Holocene faulting ages (10− 84 kaBP).

The fault-slip data analysis shows that the study area is subject to ENE-WSW extension and

NNW-SSE contraction. Cross-cutting relationships between fault-slip data and fault/Riedel-shear

plane relationships suggest that both deformations occurred simultaneously during Plio-Pleistocene

times. The amount of E-W extension as inferred from neotectonic analysis and crustal balancing of

the25 km wide forearc zone approximates 0.6-3.3% for the last1.2− 6.5Ma. Resulting strain rates

range between0.001− 0.028µ strain a−1. GPS residual velocities reveal almost identical extension

directions (ENE-WSW) and also indicate trench-parallel shortening (NNW-SSE), counterintuitively

to the plate-convergent setting. The GPS-derived E-W strain rates for North-Central Chile range

between0.038± 0.018µ strain a−1. Invoking conservation of the geodetic strain rates along the

Puerto Aldea Fault, recurrence times in the order of500− 1500 years for Mw7 intraplate earthquakes

are estimated for this fault.

Applying a simple dislocation model of the plate interface, the vertical and horizontal displace-

ment of the continental forearc due to large subduction earthquakes can be approximated. For the

1943 IllapelMw8.2 event, up to0.4m of uplift are obtained for the Coastal Cordillera, while the
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Cenozoic Basin is subject to less pronounced uplift or subsidence. The horizontal displacement

reaches up to0.8m of west-southwestward motion in the outermost portions of the continental fore-

arc. This produces E-W extensional and N-S contractional strains along the N-S striking intraplate

faults, which largely corresponds to principal strain directions that can be inferred from neotectonic

field investigations and GPS residual velocity fields. The redistribution of coseismic strains due to

interplate earthquakes causes additional loading of intraplate faults, which reduces the estimated re-

currence times forMw7 earthquakes by40− 100 years.
The results of this study strongly suggest that the deformation observed in the continental forearc

is closely associated with general tectonic processes active along the plate interface. Taking into

account the results of previous authors who studied forearc tectonics, it becomes very clear that the

deformation observed in the study area coincides well with that of several structurally similar regions

(Mejillones, Caldera, and Arauco peninsulas) in the Chilean forearc. Because the forearc deformation

described here seems to be universally valid regardless of the particular plate-tectonic setting, it has

to be reconsidered if individual processes such as oceanic ridge subduction or the subduction of large

sediment packages represent the only possible causes for strong uplift of marine terraces along the

Chilean coasts. Instead, the distance between the coastline and the trench or the position of the

continental forearc with respect to the coupled portions of the plate interface appear to be far more

important criteria. A unifying model for the understanding of the deformation processes along the

Nazca-South America plate boundary is provided bytrenchward migrationof the SA continent in

association withupdip translationandbasal erosionof the continental forearc. Updip translation

could result in the emergence of the continental forearc and the formation of E-dipping intraplate

faults, while the basal erosion would lead to an oversteepening of the continental slope and to its

subsequent collapse. Provided these processes equilibrate with the trenchward migration of the South

American continent, adynamic equilibriumwould eventually be established, which would in the long

term cause a consumption or tectonic erosion of the overriding plate.
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1 Introduction

The Andean forearc of Chile is frequently affected by large shallow subduction earthquakes. These

events occur along the interface between the subducting Nazca and the overriding South America

(SA) plates and are therefore referred to as interplate events. During earthquake faulting, seismic

energy is released by elastic waves inducing second order interplate as well as intraplate (within

the crust) deformation and loading or unloading of adjacent intraplate faults. Intraplate earthquakes

- though in general much smaller in magnitude than subduction earthquakes - may cause high de-

formation intensities due to their shallow focal depths (5− 15 km) and possible small distance to

housing and property [Ewing 1990]. In turn, Intraplate deformation rates are very small and there-

fore hardly detectable by terrestrial means like triangulation networks. The advent of modern space

geodetic techniques (GPS) made it possible to approximate these rather small intraplate deformations

with sufficient accuracy. However the GPS data need to be associated with existing geologic features

in order to validate the observations.

This study provides a detailed analysis of the long term geologic deformation record and corre-

lates these with the present day deformation rates inferred from GPS data in an area well known for

its rapidly deforming crusts - the Nazca-SA plate boundary. In order to quantify the long-term defor-

mation rates in the overriding continental crust a series of neotectonic field investigations was carried

out in the forearc of North Central Chile - "Norte Chico"- during 1999-2001. Roughly 240 geologic

outcrops and topographic features were studied in the field. Apparent fault traces were detected from

remote sensing data and ca. 1500 fault-slip data sets were collected along intraplate fault planes and

analyzed for their principal strain axes. Topographic profiles crossing potential surface ruptures or

fault scarps were measured in the field and applied to diffusion equations in order to estimate the age

of scarplike landforms. Fault planes within the Cenozoic sedimentary record were carefully examined

for proofs of instantaneous fault behavior and active deformation. Subsequently the geological results

were correlated with results from GPS residual velocities and results from elastic half space modeling

and possible recurrence intervals for intraplate earthquakes were estimated. The study area is located

in the Chilean forearc between 30°-31° S latitude. It is characterized by a strongly uplifted Paleozoic

basement complex in the west - the Coastal Cordillera - and a Cenozoic basin in the east [Bohnhorst

1967]. The Coastal Cordillera is deeply incised by extensive marine abrasion platforms on different

levels of elevation along its western shores [Paskoff 1970]. The Cenozoic basin is separated from

the Coastal Cordillera by a prominent E-dipping range-front fault, the Puerto Aldea Fault (PAF). The

northern part of the Cenozoic basin is covered by Mid-Miocene-Pleistocene marine terraces whereas

the central and southern parts are characterized by Plio-Pleistocene fluvial terraces and alluvial fan

1
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Figure 1.1:Geodynamic setting of North Central Chile and location of the study area (dashed frame).
White arrow delineates the present-day plate convergence direction [Angermann et al. 1996] and
convergence rate. Topographic relief from Smith & Sandwell [1997]. The line with white triangles
shows the trace of the Peru-Chile Trench. The black triangles represent Quaternary volcanoes. The
dashed contour lines show the depth of the Subducting Nazca plate under the SA continent in km
[Cahill and Isacks 1992; Creager et al. 1995].

deposits. Parallel to the PAF, the entire study area is dissected by numerous NS-striking intraplate

normal faults that clearly ruptured the sedimentary cover of the Cenozoic basin during the recent

geologic past.

1.1 Aims of study

The thesis presents results from geological field investigations conducted in North Central Chile

(“Norte Chico“), where abundant relics of intraplate normal faulting were detected. The objective

of this study is to characterize the recent forearc deformation, quantify deformation rates by means of

neotectonic field observations, elastic half space modeling and fault construction and restoration, and

compare these results to recent deformation rates obtained through space geodetic techniques (GPS).

Based on these data, recurrence intervals for large intraplate events within the Chilean forearc were

approximated. In addition, historical subduction related earthquake faulting is tested for its ability in
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reducing or enhancing deformation along the studied faults. Finally, the results obtained in the study

area are placed into the framework of the Central and Southern Andean plate convergent margin and

related to similar forearc settings as observed along the Chilean coast.

The key questions to be answered for a better understanding of the deformational processes in the

Chilean forearc are as follows:

1. What are the characteristic fault patterns and geometries of intraplate faults in the forearc be-

tween 30°-31° S?

2. What are the orientations of the principal deformation axes inferred from fault-slip data, how

do these change in space and time and of what type is the most recent deformation?

3. Is the observed deformation related to instantaneous fault behavior and is this type of deforma-

tion likely to have occurred during the Holocene and/or historical times?

4. Do principal strain rates and principal strain axes orientations inferred from fault-slip data and

elastic half space modeling match the results obtained from GPS residual velocities?

5. What are the possible causes for the massive uplift of the Coastal Cordillera observed in the

study area?

6. What are possible recurrence times for intraplate earthquakes and where does future intraplate

faulting most likely occur in the study area?

7. How is the study area structurally related to other regions along the Central and Southern An-

dean forearc and how representative is the deformation, observed in the study area, for the

Nazca-SA plate boundary as a whole?

1.2 Conceptual Framework

Within the framework of this thesis a multidisciplinary approach was chosen in order to address the

aforementioned questions. This study applies various results from the fields ofneotectonics, struc-

tural geology, elastic half-space modeling and geodesyin order to better constrain the geologically

derived deformation rates and to create a sufficient overview on the issue of intraplate deformation in

a plate convergent forearc setting. In the following the contributions of the particular approaches are

pointed out briefly:

• Neotectonics:Identification of active crustal faults and coseismic deformation by field obser-

vation (paleoseismology); Determination of principal strain directions (fault-slip data analysis);

Quantification of deformation rates (tectono-geomorphology)

• Structural Geology: Constraining fault parameters by fault construction and restoration on a

type example (balanced profile)

• Elastic Half-space Modeling:Setting further constraints to intraplate fault geometries at depth

(modeling fault related topographies); Approximating short-term crustal strain rates caused by

large interplate earthquakes (strain redistribution)
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• Geodesy:Approximating long-term intraplate deformation rates in the forearc (GPS residu-

als); Estimation of recurrence times for characteristicMw7 intraplate normal faulting events

(differential motion)

As part of the conceptual framework the area between Tongoy (30.25° S) and Quebrada Teniente

(31.00° S) was chosen because of its widespread prevalence of Cenozoic sedimentary rocks and the

abundance of crustal faults. In addition, the predominantly semi arid climate of North Central Chile

favors both, the creation and the preservation of neotectonic outcrops. General scarcity of precipita-

tion prevents the geologic units from significant physical and biochemical erosion, whereas sporadic

heavy rainfall and seasonal snowmelt runoff from the High Andes cause the rivers and creeks to incise

steeply into their beds, leaving excellent outcrop conditions.



2 Geodynamic and Neotectonic Setting

2.1 Nazca-South America Plate Convergence

The convergent plate boundary between the Nazca and South America (SA) plates stretches over

5000 km from Colombia to southern Chile (Fig. 1.1). Its southern boundary is outlined by an active

spreading center, the Chile Rise, which forms a triple junction at its intersection with the Nazca-SA

plate boundary near 46° S latitude. At the triple junction the oceanic lithosphere is very young (0-5

Ma) but increases in age gradually towards the north. Between 30°-31° S the presently subducted

oceanic crust has an age of43− 55Ma [Gutscher et al. 2000]. In North Central Chile, the Nazca

plate subducts beneath the SA continent at a present-day convergence rate of∼65mmyr−1 and an

azimuth of N77° E [Angermann et al. 1999]. This results in a present-day convergence obliquity of

∼20° (Fig. 2.1).

The oceanic plate begins to flex downward into the subduction zone about50 km west of the

trench axis, dissecting the oceanic crust into numerous horst and graben structures which trend

8° diagonal to the trench. The fault scarps separating the horsts and grabens are locally up to800m
high but generally do not exceed500m near the trench axis [von Huene et al. 1999]. The trench

of North-Central Chile is almost devoid of sediments in its northern parts but fills rapidly towards

the south after crossing the so calleddry diagonal, which separates the arid north of Chile from the

more humid south. The topographic expression of the downgoing slab is that of a sawtooth pattern

(Fig. 2.2) which is assumed to be responsible for subduction erosion processes taking place at the base

of the continental plate. Subduction erosion provides a mechanism which causes mass deficit due to

material transported downdip into thesubduction channel, destabilization, and gravitational collapse

of the slope. The continental slope itself is characterized by similar horst and graben structures as

in the oceanic crust, outlined by east- or west-dipping normal faults subparallel to the trench. The

estimated long-term continental slope retreat amounts to1− 2 km Ma−1 [von Huene et al. 1999].

The Andean subduction zone is also characterized by major along-strike variations related to

significant changes of the slab geometry. These changes are observed in the depth range between

100− 200 km (Fig. 1.1), where the oceanic crust continues as a subhorizontal slab under the Andean

orogen. This phenomenon was first identified asflat slab subductionby Barazangi and Isacks [1976].

The Central Chile flat slab segment is located between 28°- 33° S. It is inferred from earthquake loca-

tions and focal mechanism solutions of the geometry of the Wadati-Benioff zone. A sharp flexure in

the downgoing slab near 33° S latitude changes the subduction angle from nearly horizontal to almost

30° [Cahill and Isacks 1992]. The development of flat slab subduction is commonly attributed to in-

homogeneities in composition and bathymetry of the oceanic plate, such as aseismic ridges [Gutscher

5
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Figure 2.1:Mean convergence rate, azimuth and obliquity between the Nazca and SA plates at 30° S
for the last40Ma, modified after Somoza [1998]; A – Mean convergence rate; Star denotes present-
day convergence rate of6.5 cm a−1 according to Angermann [1999]; B – Solid line indicates Con-
vergence azimuth; Solid star indicates azimuth of N77° E as presented in Fig. 1.1; Dashed line shows
convergence obliquity for N5° E striking trenchline.

et al. 2000]. In North Central Chile the Juan Fernandez Ridge is presently subducted beneath the SA

continent [von Huene et al. 1997; Flueh et al. 1998; Yanez et al. 2001]. In addition, it has been noted

that the extinction of Quaternary volcanism is closely related to the development of flat slab segments

in space and time.

2.1.1 The Subduction Interface

According to bathymetric profiles by Schweller et al. [1981] the Peru-Chile Trench between 30°-

31° S latitude is located90 km offshore. The strike of the trench is approximately N-S. According

to the Andean Elastic Dislocation Model (AEDM) presented by Khazaradze et al. [1999], the plate

interface dips east with 16°- 23°. The subduction interface is subdivided into three zones [Oleskevich

et al. 1999]: (a) The aseismic zone above the 100°C isotherm or between2− 10 km depth, which

corresponds to the dehydration of stable sliding smectite clays to illite-chlorite. Further down-dip

follows the fully coupled zone (b) where stick-slip behavior prevails. Stick-slip is the overall respon-

sible mechanism for the generation of earthquakes in the subduction zone. The down-dip extension of

this zone is limited either by the 350°C isotherm [Hyndman and Wang 1993] or by the40 km depth

level (Fig. 2.2). The latter applies if temperatures of 350°C or higher are reached at depth greater

than40 km [Tichelaar and Ruff 1993]. The depth level of the 350°C isotherm roughly corresponds to

the intersection of the thrust interface with the continental forearc Moho at∼40 km depth (Fig. 2.2).

Around this point the transition zone(c) marks the change from stick-slip to thermally activated sta-

ble sliding behavior of crustal rocks [Oleskevich et al. 1999]. Within the transition zone, slip during

large subduction earthquakes gradually tapers out, which is described as a 50% coupling compared to

the fully coupled zone, where 100% coupling is assumed [Klotz et al. 2000]. In general, the horizon-

tal distance from the trench to the coastline is∼110 km (Fig. 2.2). In the study area (30°-31° S) the

horizontal distance between the Peru-Chile Trench and the coastline is only65− 70 km. The up-dip

edge of the seismogenic zone (100% coupling) begins∼20 km east of the trench and ends just below
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Figure 2.2:Generalized cross-section through the Nazca-SA plate margin, modified after Ruff and
Tichelaar [1996]. FCZ – Fully Coupled Zone; TZ – Transition Zone.

the present-day coastline. In general, the position of the down-dip edge of the transition zone roughly

falls in place with the coastline [Ruff and Tichelaar 1996]. According to the AEDM [Khazaradze et

al. 1999], in the study area the down-dip edge of the transition zone is located∼50 km landward

from the coastline. Given the 16-23° dip angle of the plate interface as stated above, the depth range

for the fully coupled parts of the interface is limited to8− 35 km depth, while the transition zone is

constraint to35− 48 km depth (Fig. 2.2).

2.1.2 Interaction between Interplate and Intraplate Deformation

The subduction interface between the oceanic slab and the continental crust is generally locked. Due

to the locking of the interface the plate convergence causes the accumulation of strains in the sub-

duction zone. In turn, the build-up of strains in the subduction zone causes the deformation of the

overriding continental crust. Assuming an elastic behavior of the continental crust [Okada 1985], a

great deal of the deformation is predestined to be reversed. The reversal of elastic deformation is

accomplished by periodically occurring large subduction earthquakes. These earthquakes predomi-

nantly occur when the locking forces (shear strength) of the plate interface are overcome by theshear

strains acting along the subduction zone. The alternation between strain accumulation and strain

release along the subduction interface is commonly referred to as theseismic cycle[Fedotov 1968].

The seismic cycle itself is subdivided into three stages - theinterseismicstrain accumulation

between two earthquakes, thecoseismicstrain release during the actual earthquake rupture process

and thepostseismicrelaxation phase, which gradually decays back to the interseismic state. For very
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large earthquakes (e.g. 1960 ValdiviaML9.5) this phase can last for several decades as observed from

GPS residual velocities between 38°-42° S [Khazaradze and Klotz 2002]. However, the same authors

report a much shorter postseismic phase for the 1995 AntofagastaMw8.0 event. Here the postseismic

effects were only detected for 2-3 years after the earthquake. Because the Chilean forearc is frequently

struck by large interplate earthquakes, coseismic energy is released by elastic waves, inducing second-

order interplate as well as intraplate deformation and loading or unloading of adjacent active faults in

the neighboring crusts. Eventually these loading processes lead to the activation of intraplate faults

in the continental crust. The reactivation of theSalar del Carmenfault during the 1995 Antofagasta

event provides convincing evidence for this phenomenon (Gonzalez, 2002 pers. comm.). Hence, the

interaction between the subducting and the overriding plates possibly provides the driving mechanism

for the deformation processes within the continental forearc of the South American continent [Klotz

et al. 2001].

2.2 Neotectonics in the Central and Southern Andes – State of Research

2.2.1 The Forearc

The first observations of crustal deformation along the Nazca-SA plate boundary to be published were

the cruise reports of Charles Darwin [1891], who attributed coastal uplift phenomena to the combined

effects of small coseismic episodes and episodes of "insensibly slow rise". Darwin witnessed the Con-

cepción earthquake of 1835 and later gave a detailed description of the geologic effects on Quiriquina

Island which was uplifted as a whole by roughly2.5m after the event.“The Palaeozoic basement

rocks of the island were shattered at the surface, large north-south fissures opened up and great

masses of rock broke away from the cliffs“[Lomnitz 1970].

Brief outlines of Quaternary tectonics along the continental margin of Chile were later presented

by Segerstrom [1964] and Paskoff [1977] who described the forearc as to be characterized by overall

extension along normal faults that limit uplifted, downwarped and tilted blocks. Katz [1971] stressed

the fact that counterintuitive to the overall compressive regime of plate convergence“the tectonic style

in the overriding crust is extensional rather than contractional, affecting an area of up to300 km

landward from the trench“. The Atacama Fault zone (AFZ) was one of the first crustal structures

in the Chilean forearc to be studied by means of neotectonics. An example of Quaternary surface

rupture along the AFZ was published by Brüggen [1950], who first described a scarp near Antofagasta

(23.5°S), a few meters high and several kilometers long, that cuts an alluvial fan built up during the

Pleistocene along the eastern limits of the Coastal Cordillera. Okada [1971] found a fault scarp at

the western limits of the Salar Grande (21°S) disrupting talus cones and Segerstrom [1965] reports a

40− 50m offset within early Quaternary strata on a NNE-striking, E-dipping normal fault crossing

the lower course of Río Copiapó (27.3°S). Geomorphological studies in theEl Salado Valleynear

Chañaral(26° S) strongly suggest that the AFZ accommodates at least part of the uplift of the Coastal

Cordillera by normal faulting along its major fault traces up to the present date [Riquelme et al. 2003].

Recent neotectonic studies focused on the inversion of principal stress/strain axes from fault-slip

data, the recording of crustal seismicity, the determination of average uplift rates of the coastal zones

and the study of coseismic effects related to large earthquakes in the subduction zone. The forearc of
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Figure 2.3:Neotectonic deformation patterns and crustal seismicity in the Central and Southern An-
dean forearc, compiled from various authors (A: [Lavenu et al. 1999], B: [Comte et al. 1992]; C:
[Beck et al. 1998]); A – Deformation inferred from fault-slip data; White arrows indicate zones of
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Seafloor and continental topography as in Fig. 1.1; B – Crustal seismicity< 30 km depth near Antofa-
gasta, Northern Chile; C – Focal mechanism and intensity map (MMI) for the 1939 ChillanMs7.8
crustal(?) event.
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northern Chile between 20°-24° S latitude is dominated by NS-striking normal faults displaying verti-

cal offsets of up to300m. In some parts the E-W extension rate reaches 1-1.5% or500− 1000m over

a width of70 km since the beginning of the Neogene [Pelz 2000]. Based on observations along N-S

striking crustal normal faults on Mejlliones Peninsula and near Antofagasta (23°-24° S) (Fig. 2.3 A)

Armijo and Thiele [1990], Delouis [1998] and Marquardt [2000] show that the predominant deforma-

tion regime in the forearc is E-W extension. Observed slip vectors and surface displacements along

these faults generally indicate normal and/or left-lateral strike slip. Further south near Caldera (27° S;

Fig. 2.3 A) a NNE-SSW trending normal fault scarp with a vertical offset of up to4m is observed.

The age of the displaced marine sediments is constrained to< 125 ka [Marquardt and Lavenu 1999].

Lavenu and Cembrano [1999] studied Quaternary brittle deformation in the forearc and intraarc zones

between 33°- 46° S latitude (Fig. 2.3 A). They found trench parallel (N-S to NNE-SSW) compression

(s1) in the forearc zone and transpressional deformation with s1 oriented NE-SW in the intraarc zone.

On Arauco peninsula, which is located in the outer forearc, E-W extension was observed. Eight years

after the great 1960 Valdivia earthquake (Mw = 9.5) Plafker and Savage [1970] resurveyed a triangu-

lation network set up in the 1950s by the Instituto Geographico Militar de Chile between 38°-41° S

latitude. Their data reveal significant E-W extensional strains (25− 50µ strain) and slightly lower

N-S compressional strains in the forearc. According to these authors the deformations have to be

attributed to the coseismic and postseismic effects of the Valdivia earthquake.

Crustal seismicity (< 30 km) was recorded in Northern Chile between 22.5°-24.5° S. Focal mech-

anisms show pure normal faulting or normal faulting with a left-lateral component along NE-SW

striking intraplate normal faults (Fig. 2.3 B). In addition, focal mechanisms inferred from two crustal

earthquakes located near the Cerro Moreno fault on Mejillones Peninsula show left-lateral strike-slip

motion along N-S striking fault planes [Comte et al. 1992]. In Central and Southern Chile, Fuenza-

lida [1993] showed that shallow earthquakes with hypocenters< 30 km are abundant and eventually

induce coseismic surface rupture (e.g.Ms6.8 on Sept. 4th, 1958). The majority of the earthquakes

occur at depths greater than10 km; however, related focal mechanisms are mainly inconsistent with

principal stress directions inferred from fault-slip data [Lavenu and Cembrano 1999, and ref. therein].

An exception forms the February 24th, 1989 event located in the intraarc zone southeast of Temuco

[Dziewonski et al. 1990], which shows NE-SW compression. Near La Serena (30°S), a moderate -

strong intraplate crustal earthquake was recorded in 1969 [ISC 2001]. The magnitudes reported for

this event range fromMs5.5 to 6.1. The earthquake was felt in the city of La Serena with an intensity

of IV (MMI), about 75 km north of the hypocenter location.

The most devastating earthquake during the 20th century in Chile occurred in 1939 near the city

of Chillan (Fig. 2.3 C). According to focal mechanism solutions [Beck et al. 1998], this earthquake

is termed an intraplate event that either occurred within the upper crust at∼ 10 km depth or within

the subducting slab at80− 100 km depth. However, the long duration of this event and the large

area of high intensities (MMI = VIII-IX, see Fig. 2.3) compared to its size (Ms7.8) suggests that

the earthquake might have occurred at shallow crustal depth rather than within the subducting slab.

In addition, the strike (N320°-350° E) and the dip (60°- 80° E) of the fault plane, as inferred from

waveform analysis [Beck et al. 1998], largely corresponds to the strikes and dips reported by many

authors for crustal faulting geometries in the Chilean forearc.
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2.2.2 The Backarc

Though not the subject of this thesis the general style of crustal deformation in theAndean backarc

shall be presented here briefly. The most important morphostructural units in the backarc adjacent

to the study area (27°-33.5° S) are theSubandean fold and thrust beltand theSierras Pampeanasin

NW Argentina. In contrast to the forearc deformation, as stated above, the backarc is governed by

ENE-WSW to NE-SW shortening, along NW-SE striking and northeast verging thrust planes in the

Subandean fold and thrust belt. The Frontal Cordillera of NW Argentina exhibits significantly higher

frequencies of crustal seismicity than the neighboring backarc segments, implying a higher ratio of

intraplate deformation. A possible cause for this increase of crustal seismicity is the existence of a

flat-slab segment in this part of the subduction zone [Cahill and Isacks 1992; Ramos et al. 1996;

Kley et al. 1999; Heredia et al. 2002]. Flat slab segments develop due to the buoyancy of thickened

oceanic crust of moderate to young age being subducted beneath the SA continent. Interestingly,

the present day location of the subducted Juan Fernandez Ridge as predicted by Yanez et al [2001]

is exactly beneath the Sierras Pampeanas. Gutscher [2000] finds a 3-5 times greater seismic energy

release above flat slab segments than above adjacent steep slab segments based on statistic analysis

of earthquakes at< 70 km depth and250− 800 km horizontal distance from the trench.

The geological setting of the Subandean fold and thrust belt between 30.5°-31.35° S is charac-

terized by polycyclic tectonics along east verging structures. The Palaeozoic basement shows char-

acteristic thin-skinned tectonics, while Mesozoic sediments from the Andean orogenic cycle indicate

remarkable amounts of extension followed by a Tertiary compressional tectonic regime [Heredia et

al. 2002]. Late Cenozoic deformation styles in the backarc of NW-Argentina (Qbd. del Toro) were

inferred from stratigraphical, chronological and fault kinematic data by Marrett and Strecker [2000].

They find a NW-SE compressional regime initiated in Late Miocene times and lasting for about1Ma.

Between Late Miocene and4.17 MaBP this regime was replaced by NE-SW directed contraction re-

sulting in NW-SE striking thrust faults. The NE-SW contraction continues to be the observed present-

day deformation style in NW Argentina. The fluctuations in the orientation of intraplate deformation

directions during the Late Cenozoic are explained with changes in the absolute motion of the SA plate

with respect to the hotspot reference frame. The geologically derived shortening in the Subandean

fold and thrust belt at 30° S latitude amounts to95 km during the last10− 50Ma [Allmendinger et al.

1990]. The resulting backarc shortening rate is0.63− 0.95 cma−1, which accounts for no more than

10-15% of the geodetically inferred Nazca-SA plate convergence rate of∼ 6.5 cm a−1 [Angermann

et al. 1999].

2.2.3 Coastal Uplift Phenomena

The Chilean forearc provinces are characterized by strongly uplifted marine terraces and abrasion

platforms. In addition, dune formation and sand-barred estuaries of major rivers indicate ongoing

coastal uplift along the Chilean coast. Quaternary uplift rates calculated by several authors [Hsu et

al. 1989; Atwater et al. 1992a; Leonard and Wehmiller 1992; Ota and Paskoff 1993; Ota et al. 1995;

Ortlieb et al. 1996b] vary between0.1− 0.8mka−1. The higher uplift rates (> 0.4m ka−1) usually

account for frontal forearc positions with greater proximity to the trenchline, e.g. the Altos de Talinay.
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Author Area Method Uplift rate
[mka−1]

Hsu (1989) Peru, Nazca Ridge Mollusk aminostratigraphy 0.1-0.5

Leonard (1992) Herradura Bay Mollusk aminostratigraphy 0.08-0.15

Coquimbo Bay

Ota (1993) Tongoy Bay Radiocarbon 0.1-0.3

Altos de Talinay Terrace correlation 0.4-0.5

Pelz (2000) North Chile Numerical modeling 0.084

Adam, Lohrmann erosive plate margin analogue sandbox modeling 0.47-0.75

(2002) (regional/localized uplift)

Table 2.1:Coastal uplift rates [mka−1] for determined by various authors for selected sites in Chile
and southern Peru. Values from Tongoy Bay and Altos de Talinay directly refer to the study area. Data
for Herradura and Coquimbo Bay were obtained 50 km north of the study area.

The lower uplift rates are typically observed in segments of the forearc that are more distant from the

trenchline. Occasionally, zones of faster and slower emergence are observed in immediate vicinity

to each other, as is the case for a number of peninsulas along the southern Peruvian and Chilean

coasts, e.g. Ica, Mejillones, Altos de Talinay, and Arauco (see Fig. 2.3 A). The Coastal Cordilleras of

these regions typically consist of strongly uplifted basement complexes, which in turn are bordered by

Cenozoic basins on their landward flanks. Despite the fact that both structural units show evidence of

substantial uplift, the uplift rates observed in the Coastal Cordillera are significantly higher than those

inferred for the marine terraces topping the Cenozoic basins. In addition, several authors [Leonard et

al. 1988; Hsu et al. 1989] found that periods of substantial uplift must have alternated with times of

subsidence and terrace reoccupation in the Cenozoic basins.

It is not yet understood what are the driving mechanisms for the uplift in the forearc. Coseismic

and postseismic uplift and or subsidence were frequently observed as an immediate response to the

rupture of the seismogenic interface during large subduction earthquakes [e.g. Darwin 1846; Ortlieb

et al. 1996a]. The subduction of aseismic ridges as proposed by Machare [1992] provides a possible

mechanism for rapid uplift. A third source for the elevation of coastal areas is the interaction between

tectonic erosion and subsequent underplating of basally eroded material in the subduction interface.

This process has been studied using analogue sandbox models [Adam and Kukowski 1999]. Uplift

rates inferred from analogue sandbox modeling range from0.47− 0.75m ka−1.
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2.3 Geological Setting of the Study Area

2.3.1 Morphostructural Units and Stratigraphy

The study area stretches over85 km in N-S direction betweenBahia TongoyandQuebrada del Te-

niente(30.25°-31° S) covering an E-W width of∼45 km between the shoreline and the Precordillera.

The dominant morphostructural units are theCoastal Cordillera(CC) in the west, namely theAltos

de Talinay, theCenozoic Basin(CB) in the north-central and central parts, and the mountain blocks in

the north-eastern and south-eastern parts, hereafter referred to as theCretaceous Arc(CAin Fig. 2.4).

The Coastal Cordillerais 300− 750m high with its highest peak, theCerro Talinay, located

10 km southeast of theRío Limarí estuary. Its western shores are dominated by2.5− 5 km wide

wave-cut platforms at elevations of100− 200m. Internally, the Coastal Cordillera is dissected by

N-S striking, east- or west-dipping normal faults. In many places the topography is characterized by

oversteepend hillslopes, indicating recent crustal faulting activity. The Cenozoic basin is separated

from the Coastal Cordillera by the NNW-SSE striking,60 km longPuerto Aldea Fault(PAF), an east

dipping normal fault named after a village in the southwestern corner of Tongoy Bay. Along the PAF

the same basement rocks that are forming the Coastal Cordillera are subdued to depths of600m b.s.l.
(see contour lines in Fig. 2.4).

TheCenozoic Basinis characterized by the formation of a broad marine terrace, theGreat Plain

[Paskoff 1970], which extends from the southern shores of Tongoy Bay deeply into the continental

forearc, covering an area of∼ 500 km2. The Great Plain gently (∼0.2°) dips towards the northwest.

It represents a single planation surface spanning various lithological units, i.e. marine sediments in

the north and fluvial deposits in the center and the south. Towards the center of the study area, the

marine deposits gradually interfinger with the fluvial sediments. Despite the lithological changes

within the terrace deposits, the planation surface continues unperturbed towards the south and the

east, indicating that both the marine and the continental successions were leveled subsequent to their

formation. The only perturbations within the Great Plain are formed by the numerous N-S striking

fault traces (see also Fig. 4.1), indicating that faulting activity occurred after the formation of the

Great Plain. The northern and central parts of the Great Plain is incised by broad,50− 100m deep,

U-shaped valleys hosting the major rivers of the study area. The largest river,Río Limarí, intersects

the Coastal Cordillera perpendicular to its strike, leaving a spectacular gorge of600m depth and

20 km length. The incision of the valley into the relatively resistant basement rocks of the Altos

de Talinay is likely to have occurred simultaneously to their uplift. This observation allows for the

interpretation of the Río Limarí gorge as anantecedent valley. Other examples for antecedent valleys

crossing the Coastal ranges are known from Northern Chile, e.g. the Quebrada Camarones at 19° S

[Paskoff 1996].

The Cretaceous Arcreaches elevations of up to1350m a.s.l.. The hillslopes are gently curved

and erode radially. In the central part the Limarí river eroded most of the Cretaceous Arc leaving a

gap which was refilled with fluvial deposits reaching up to200m in thickness (Fig. 2.6). No major

structural elements can be detected throughout its ranges apart from a N-S striking fault1 km east

of the city of Ovalle. However,65 km east of the study area a normal fault of regional scale was

mapped by several authors [Bohnhorst 1967; Paskoff 1970]. This fault separates the Precordillera
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from the High Andes over a length of> 300 km. The coastline of the Altos de Talinay region pro-

trudes significantly towards the west when compared to adjacent coastal areas. This westward shift is

in the order of20− 30 km and remarkably reduces the distance between the Coastal Cordillera and

the Peru-Chile Trench. Due to its protruding nature, the coastline is much stronger exposed to coastal

erosion processes. This exposure leads to the formation of typicallee shoresas can be observed at

its northern tip. Interestingly, similar observations with respect to the coastal morphology and struc-

tural geology can be made at Mejillones Peninsula (23°-23.5° S) and Caldera (27° S) in the north, and

Arauco Peninsula (37°-37.5° S) in the south. The positions of these regions along the Chilean forearc

are indicated in Fig. 2.3.

2.3.1.1 The Coastal Cordillera

The Coastal Cordillera predominantly consists of Precambrian to late Paleozoic metamorphic

rocks and Mesozoic plutons and dikes [Bohnhorst 1967]. NearPunta Lengua de Vacaand6 km south

of Ensenada Mar GruesaBohnhorst [1967] determined Lower Triassic ages (219± 20Ma BP &

223± 25Ma BP) for granodiorites and granites (Fig. 2.5). Granites nearPeña Blancarevealed Upper

Carboniferous-Lower Permian ages (276± 30Ma BP). The Jurassic granites and granodiorites are

relatively well constrained to134± 10Ma BP based on K/Ar ages [Gana 1991]. According to Irwin

[1988], the Coastal Cordillera between 30.85°-31°S is composed of highly metamorphosed ultra-

basic and basic extrusives, cherts, arkoses, and conglomerates which have been subject to polyphase

metamorphism. He distinguishes three deformation phases:

1. The first deformation phase took place between220− 200MaBP and produced compositional

layering and amphibolite-facies metamorphism. The metamorphism was accompanied by the

intrusion of an extensive igneous complex composed of fine-grained gabbro and monzogranite.

2. A second phase between163− 140Ma BP can be inferred from K/Ar and Rb/Sr ages. This

phase is characterized by the formation ofreverse faults and tight recumbent foldsand was

accompanied by the emplacement of large quartz diorite and gabbro plutons.

3. In a third stage between140− 126Ma BP upright, open to tight foldswith N-S striking and

steeply E-dipping axial planes developed.

In addition, three generations of dikes, from Jurassic to Mid-Cretaceous age can be distinguished.

The Jurassic dikes are near vertical and trend either N-S or E-W while the Cretaceous dikes are ori-

ented E-W, perpendicular to the Peru-Chile trench. The formation of dikes can also be subdivided

into three stages - (1) Diabasic dikes of Jurassic age or older. (2) Jurassic - Early Cretaceous al-

kaline - sub-alkaline dikes and (3) Mid-Cretaceousocoites. The intrusions of calc-alkaline dikes

fall within the period of160− 170Ma BP, while the alkaline and andesitic dikes intruded around

145− 120Ma BP, respectively. The intrusion of the Cretaceous dikes took place during the early

stages of the eastward shift of the magmatic arc during Mid-Jurassic to Cretaceous times [Farrar et

al. 1970].

The presence of alkaline magmas is commonly associated with intraarc or backarc extension

[Allen 1986]. This suggests that the study area might have shifted over time from a position much
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Figure 2.5:Geological map of the study area modified after Gana [1991] and Bohnhorst [1967]. Fault traces are compiled
from geological maps and field investigations. Numbers show locations of outcrops as presented in Figs. 4.13 A-C and in
Appx. A.1; PAF – Puerto Aldea Fault.
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farther inland from the coastline (i.e. backarc position) towards the present location in the forearc.

This shift of the position relative to the trenchline would agree with modern concepts of tectonic

erosion along the Nazca-SA plate boundary [von Huene et al. 1999]. However, the proposal of a

constant trenchward migration and erosion of the continent stated above is contrasted by Hervé [1974]

and Forsythe [1982] who consider the coastal region of Central Chile aPaleozoic forearc province

[Irwin et al. 1988]. This interpretation is based on the occurrence of Late Paleozoic blueschist

containing mélanges and high-grade metamorphic rocks along the coast of Central Chile [Irwin et al.

1988] and implies that the forearc remained stabile for hundreds of millions of years. Ramos [1988],

however, concluded that due to an important period of continental accretion the Paleozoic subduction

zone between 30°- 33° S shifted westward over a distance of∼ 300 km. This finding corresponds well

with the observations of blueschist metamorphic rocks of Late Paleozoic age along the present-day

coastline of the study area but opposes the idea of a long-term stable continental margin.

2.3.1.2 The Cenozoic Basin

The Cenozoic basin extends over the north-central and central parts of the study area (Fig. 2.4),

reaching a depth of600m just below the N-S striking valley ofQuebrada Pachingo[Paskoff 1970].

Along its western margin the Cenozoic basin borders on the Coastal Cordillera. The sharp lithological

contact is related to normal faulting activity along the range-front fault (PAF). In contrast to this, the

eastern border with the Cretaceous Arc forms a smooth embayment, which is related to erosion and

peneplain formation rather than faulting controlled behavior.

The dominating sedimentary sequence in the Cenozoic basin is the Mid-Miocene to Pleistocene

Coquimbo Formation, which was first described by Darwin [1846]. It occupies the entire sector be-

tween the shoreline of Tongoy Bay and the confluence ofQbd. Secawith Qbd. PachingoFig. 2.5.

Outside the study area it fringes the coastline as far north as La Serena. The Coquimbo Formation

consists of loosely consolidated calcareous sands and conglomerates, shelly limestones and strongly

cemented mussel beds [Paskoff 1970; Martinez 1979; Martinez and Perez 1980; Gana 1991]. De-

trital carbonates with sandy matrix and coarse, strongly cemented shell horizons represent shallow

marine conditions and beach-ridge environments. In some places, e.g. along the western flank of

Qbd. Pachingo or south ofEl Tangue, up to4m thick layers of diatomite occur. Martinez [1980]

analyzed assemblages of siliceous microfossils from these diatomites at the location ofEl Rincón.

He concludes that the Coquimbo Formation must be of Mid-Miocene age. The diatomites can be

correlated with lithological units found near Caldera (27° S) and Mejillones Peninsula (23°-23.5° S).

Based on investigations on foraminiferal assemblages from the same outcrop, Martinez [1979] dis-

covered a7− 8Ma lasting hiatus between the Coquimbo Formation and the overlying sediments of

the Plio-Pleistocene transgression. He distinguishes Miocene infralittoral warm water faunas (26°C)

out of the Coquimbo formation from cold water faunas out of the overlying Pleistocene rocks. The

lithological units are separated by an angular unconformity. Based on the analysis of foraminiferal

assemblages, the Miocene terraces of Tongoy and Puerto Aldea can further be synchronized with the

Navidad Formationon Arauco peninsula (37°-37.5° S).

South of 30.35° S latitude the Coquimbo Formation gradually interfingers with its continental

equivalent the Plio-PleistoceneLimarí Formation[Bohnhorst 1967; Gana 1991] (Fig. 2.5). The Li-

marí Formation predominantly consists of fluvial-alluvial deposits. The fluvial deposits are composed
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Figure 2.6:Stratigraphic section through the Cenozoic basin deposits and lateral correlation [Paskoff
1970] modified after [Gana 1991] ; 1 – Lower Pliocene continental gravel (Limarí Formation), 2 –
Mid-Miocene to Pleistocene marine deposits (Coquimbo Formation), 3 – Plio-Pleistocene lacustrine
sediments (Limarí Formation), 4 – Lower Quaternary continental deposits (?), 5 – (Plio)-Pleistocene
fluvial conglomerates (Limarí Formation), 6 – Lower Quaternary beach deposits (Serena I terrace),
Qbd. – Quebrada Profile of El Rincón with Stratigraphic information from Martinez and Paskoff.

of loosely cemented, coarse grained conglomerates with well-rounded components of cobble-boulder

size. The conglomerates are frequently intercalated with lenticular sandbodies of10− 50 m length.

The maximum thickness of the Limarí formation is found atPuente Limarí(Fig. 2.6), where the Li-

marí river intersects with the range front of the Coastal Cordillera. The southern limits of the Limarí

Formation are formed by a NW-SE trending line connecting the villages of Termas Socos, Chalinga

and the city of Punitaqui. In places the fluvial deposits are replaced by lacustrine sediments. The la-

custrine deposits are restricted to areas of10− 15 km2 and are typically localized on the downthrown

sides of eastward dipping intraplate normal faults. They consist of calcareous muds and fine sands

[Gana 1991]. Calcareous crusts are commonly found in these sediments. However, their occurrence

is also closely associated with the localization of major fault traces throughout the entire Cenozoic

basin.
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Near the coastline of Tongoy Bay a white calcareous rock calledlosa [Bohnhorst 1967] covers

the Coquimbo and partly the Limarí Formation. The losa deposits contain abundant fossils which

areundoubtedly of Pleistocene age[Bohnhorst 1967, and ref. therein]. They are attributed to the

Plio-Pleistocene transgression which formed an extensive, gently seaward dipping planation surface

(The Great Plain) spanning the northern and central parts of the study area. This surface remains

unperturbed by the intercalation of the Coquimbo and Limarí Formations and is only intersected by

U-shaped valleys and eventually offset by surface ruptures along N-S striking intraplate faults. The

losa deposits can easily be detected from aerial views and Landsat TM scenes (Fig. 2.7). They form

numerous concentric lineaments that run parallel to the present-day shoreline of Tongoy Bay, each

of which possibly represents an individual stage of the Post-Plio-Pleistocene regression. The same

losa deposits can be observed on Mejillones peninsula (Wilke, 2001 pers. comm.), where radiometric

datings of these fossils reveal ages of∼ 400 ka at elevations of∼ 150m a.s.l. [Gonzalez et al. 2002].

The Coquimbo and Limarí Formations are overlain by Pleistocene alluvial fans along their western

margins. The alluvial deposits consist of poorly sorted and moderately rounded rock debris which

is referred to asregolith by Gana [1991]. The occurence of hardgrounds within the alluvial fans,

suggests a periodical activation of debris flow along the range front, possibly due to climatic changes

and recurrent faulting of the PAF.

2.3.2 Marine Terraces and Wave-cut Platforms

Around Tongoy Bay and Coquimbo Bay area, a low marine terrace at less than7m above present

sea level was recognized as early as the middle of the 19th century [Darwin 1846; Domeyko 1848;

Brüggen 1929]. Already these authors attributed the formation of terraces to recent tectonic uplift of

the Chilean coast. Later, Herm & Paskoff [1967] presented a first classification for the marine sedi-

ments south of Tongoy Bay. They distinguished four stages of terrace formation. The highest terraces

are formed by theSerena I & II levels between40− 130m a.s.l.. The lower two terraces, named

Herradura I & II , fringe the modern coastline at elevations between5− 35ma.s.l. (Tab. 2.2). Below

the Herradura II level a Holocene terrace with several paleo beach ridges is developed. Radiocarbon

datings of mollusc shells from these beach deposits and Indian shell middens show Holocene ages

(2400− 6000 a BP) [Paskoff 1973; Ota and Paskoff 1993].

Ota [1995] studied the uplift of the Altos de Talinay region, which is characterized by6− 8 km
wide wave-cut or abrasion platforms on different levels of altitude. He subdivided the abrasion plat-

forms into four stages fromTalinay I-IV and tried to synchronize these with the terrace levels outlined

by Herm & Paskoff [1967]. According to this correlation, the Talinay I level corresponds to the high-

est marine terrace found in the Cenozoic basin (Serena I), while the Talinay IV level corresponds to

the lowermost marine terrace around Tongoy Bay (Herradura II) (see also Tab. 2.2). It is obvious that

the uplift rates for the Altos de Talinay region are significantly higher compared to the uplift rates for

the neighboring Cenozoic basin. In the Cenozoic basin the oldest terrace level (Serena I) reaches a

maximum elevation of80− 120m a.s.l. while the corresponding Talinay I terrace reaches elevations

of 200− 400m a.s.l. in the northern and southern part, and675m a.s.l. in the central part of the study

area.
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Classifications of Terraces and Abrasion Platforms in the Study Area

Herm (1967) HERRADURA II HERRADURA I SERENA II SERENA I

Height [m a.s.l.] 7-15 20-35 40-75 80-120

Ota (1995) TALINAY IV TALINAY III TALINAY II TALINAY I

Height [m a.s.l.] 20-30 35-50 100-140 200/675/400

Age [ka BP] 125 300 ≥330 À330

Table 2.2: Nomenclature and approximated ages for terraces and abrasion platforms in the study
area. Herm‘s [1967] nomenclature applies to terraces found in the Cenozoic basin south of Tongoy
Bay. Ota‘s [1995] classification validates for abrasion platforms in the Coastal Cordillera (Altos de
Talinay) between 30.25°-31.00° S. For TALINAY I heights are given as N/C/S with N = North; C =
Center & S = South.

Substantial dating of marine terraces was conducted by Radtke [1987]. He primarily applied

AMS-14C (Accelerated Mass Spectrometer) and ESR (Electron Spin Resonance) dating techniques

to mollusc shells. The samples collected along a NW-SE trending profile covering all four stages

of terrace formation, reveal ages between80− 472 kaBP for the terraces between sea level and

100− 120m elevation. There is no clear trend towards older ages away from the coast. This effect

is probably related to subsequent terrace reoccupation during sea level highstands, as was observed

by Hsu [1989], who used Amino acid enantiomeric ratio data from 200 molluscs collected along

the Peruvian and Chilean coasts. Hsu inferred typical uplift rates of0.1− 0.2m ka−1 for coastal

stretches which are associated with normal steep subduction but found uplift rates of up to0.5mka−1

for terraces that lie immediately above flat slab regions, e.g. the Central Andean flat slab caused by

the subduction of the aseismic Nazca Ridge. Leonard [1992] used aminostratigraphy from molluscs

for the determination of uplift rates at Coquimbo Bay, approximately50 km north of the study area.

The uplift rates range between less than0.1m ka−1 to no more than0.2m ka−1. He thinks that the

slow uplift rates are the major cause for the successive reoccupation of terraces. The inferred uplift

rates are not sufficient to isolate an earlier abrasion platform from subsequent glacioeustatic sea level

highstands [Leonard and Wehmiller 1992]. Based on eight radiocarbon dated shell samples, Ota

[1993] reports uplift rates ranging from0.2− 0.3m ka−1, in the region south of Tongoy Bay. For the

Altos de Talinay region he concludes that uplift rates have to be as fast as0.5mka−1.

Uplift rates similar to those obtain in and near the study area can be observed farther north and

south along the Chilean coast. Ortlieb [1996b] reveals uplift rates of0.24m ka−1 for the last330 ka,

in the Hornitos area (23° S) slightly north of Mejillones peninsula. Marquardt et al. [1999] calculates

0.2− 0.4m ka−1 vertical motion for marine terraces in the Caldera area (27° S). A net Late Holocene

emergence of maximum0.63− 0.67m ka−1, despite earthquake induced submergence, was observed

by [Atwater et al. 1992b] near Maullin and Carelmapu (41.6°-41.7° S). These rates were obtained

along coastal stretches that are located at similar distances from the Peru-Chile trench (100− 110 km)

as is the study area. In contrast, Mocha Island (38.5° S) which is located closer to the trenchline

(< 60 km), exhibits uplift rates in the order of6.3m ka−1 during the Holocene.
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Figure 2.8: Large historical subduction earthquakes between 26°-34° S latitude and present-day
crustal seismicity in between 30°-31° S. A – Rupture lengths for large historical subduction earth-
quakes from 17th-19th century [Beck et al. 1998]; B – rupture zones for large 20th century subduction
earthquakes [Kelleher 1972], dashed frame – study area. CFZ – Challenger Fracture Zone; C – Present-
day crustal seismicity; Hypocenter locations, depth (see scale) and magnitudes (Ms) for crustal events
during 1969 [ISC 2001] and 1990-2001 [NEIC 2001]; PAF – Puerto Aldea Fault.

2.3.3 Large Historical Subduction Earthquakes

According to historic earthquake catalogues [USGS 2001] large subduction events have struck the

segment of the subduction zone between 30°-32° S latitude repeatedly during the last 350 years

(Fig. 2.8). The main events occurred on May 13th, 1647 (Mw = 8.5), on July 8th, 1730 (Mw = 8.7),

August 15th, 1880 (Mw = 7.7), and April 6th, 1943 (Mw = 8.23) [Beck et al. 1998].

The most recent megathrust event within the latitudes of the study area was the April 6th, 1943

Illapel earthquake. It originated at 30.98°S/71.27°W, possibly rupturing the entire∼ 240 km long

segment of the subduction interface between 30°-32.2° S latitude. The northern boundary of the after-

shock zone roughly coincides with the intersection of the Challenger Fracture Zone (CFZ; Fig. 2.8 B)

with the overriding SA plate [Tichelaar and Ruff 1991]. The seismic moment released during the

1943 Illapel event was as high as6× 1020 − 25× 1020 Nm. The focal depth of the Illapel earth-
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quake was approximated at10− 35 km [Pacheco and Sykes 1992; Beck et al. 1998]. The May 13th,

1647 and the July 8th, 1730 megathrusts were assumed to be even larger. Presumably these earth-

quakes originated further southwest and propagated northward into the study area [Beck et al. 1998]

(Fig. 2.8 A). Based on these data recurrence intervals for large subduction earthquakes in this segment

of the Peru-Chile Trench were estimated to range between63− 150 years [Kelleher 1972].

2.3.4 Present-day Crustal Seismicity

In contrast to the aforementioned Interplate megathrust events, intraplate earthquakes, rupturing the

continental forearc, are scarcely recorded. However, a moderate - strong intraplate crustal event

occurred in 1969 [ISC 2001]. Its hypocenter is located near the fault trace of the PAF in the center

of the study area (Fig. 2.8 C). The magnitudes reported for this event range fromMs5.5-6.1. The

earthquake was felt with an intensity of IV (MMI) 75 km to the north in the town of La Serena. In

addition to this, 21 events with magnitudes ranging fromMs3.8-4.3 could be related to the upper crust

during the last decade [NEIC 2001]. A local seismic network, which was set up between November

1999 and March 2000, recorded 314 events with hypocenters falling within the study area. However,

only 7 out of these could be attributed to the continental crust. Their magnitudes are very low (Ms0.5-

1.5) so that they could easily refer to mine blasts in local gold mines rather than intraplate earthquakes

(Monfret, 2002 pers. comm.).

2.4 Climatic Evolution of North Central Chile

North Central Chile (27°-33° S) at present exhibits a semiarid climate. It represents the transition zone

between the hyperarid North and the humid South of Chile, which is commonly referred to as theDry

Diagonal. The amount of precipitation is controlled by atmospheric perturbations associated with the

belt of westerly wind circulation [Veit 1996]. Annual average rainfall ranges from15− 400mm a−1

[Veit 1993b]. However, climatic changes during the Late Quaternary were detected by several au-

thors based on geomorphological, palynological, and pedological studies [Veit 1993a; Veit 1993b;

Veit 1995; Veit 1996; Lamy et al. 1998; Lamy et al. 1999] and archeological investigations [Lynch

1990]. Cyclic variations between comparatively arid climates and more humid conditions with sea-

sonal precipitation repeatedly occurred through the Late Quaternary (10− 120 kaBP). The effect of

these climatic variations were found as far north as 27.5° S [Lamy et al. 1998], at the southern rim

of the present-day Atacama desert. The driving mechanism for periodic climate variations in North

Central Chile is the latitudinal shift of the southern westerlies [Veit 1996].

Veit [1993a] subdivides the climatic evolution of the Norte Chico since the Last Glacial Temper-

ature Minimum (LGTM;19, 000 a BP) into 5 phases (Tab. 2.3). The most important period of soil

formation took place during the Late Glacial period. The activation of alluvial fans during Upper

Pleistocene and Early to Mid-Holocene times provides a necessary time constraint throughout the

study area. The alluvial fans are commonly found along the eastern flank of the Coastal Cordillera

[Gana 1991] and represent the uppermost layers in several paleoseismological outcrops. In addition,

the late glacial soils are faulted by Late Quaternary surface ruptures at several outcrops in the study

area. The present semiarid conditions developed only 3000 years ago [Veit 1993a], which supported
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Phase Climate Morphologic & Pedologic Age
Characteristics

I dry-cold, heavy

rains

alluvial fan activity, cover sedi-

ments

Late Pleistocene to

LGTM

II wet-cold, dense

vegetation cover

soil formation (Luvisol) Late Glacial

III dry-warm, heavy

rains

alluvial fan activity, cover sedi-

ments, soil erosion

Early to Mid-Holocene

IV dry-warm dune accumulation near the

coast

Mid-Holocene

V semiarid-warm weak soil formation, increasing

human influence

Upper Holocene

Table 2.3:Main climatic, morphologic, and pedologic phases in the Andean forearc between 27°-
33°S latitude adopted from Veit [1993a]; LGTM – Last Glacial Temperature Minimum.

the formation of mediterranean-type red soils. Soil formation mainly takes place during the wet win-

ters through leaching of clays and carbonates and the release of iron which imparts a red colour to the

soil. Leaching is slight during the dry summers but evaporation is high, so there is often a build-up of

a carbonate horizons in the soil. Hence, calcrete formation or caliche horizons are frequently found

throughout the study area.
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3.1 Neotectonic Field Studies

Following the concept of correlating the kinematics of the most recent geologic past with GPS derived

present-day deformation rates in the continental forearc, the neotectonic field studies were conducted

under the premise of locating intraplate faults throughout the study area primarily within the youngest

lithological units.

3.1.1 Remote Sensing Analysis

The localization of fault traces in the field was aided by the geological map (1:100 000; [Gana 1991]),

remote sensing data such as aerial views (∼1:70 000; [IGM 1955]) and a Landsat 5 TM scene (path:

001; row: 081; acq.-date: 07.02.1987). Within the limits of the study area, the Landsat TM image

and the geological map were referenced to six topographic maps (1:50 000 [IGM 1968]) using proper

Geographic Information System software (ERDAS/Imagine, ARC/Info). A Digital Elevation Model

(DEM) was constructed selecting50 m contour intervals from the topographic maps. For the inter-

pretation of the aerial views a portable stereoscope was applied. All imagery data were scrutinized

carefully for indicators of faults or fault related structures as there are:

• Offset geologic features (i.e. magmatic dikes)

• Lithological contrasts (i.e. basement rocks vs. sediments)

• Topographic features (i.e. "flat irons")

• Deranged drainage patterns (i.e. offset drainages)

• Photolineaments

By these means numerous sites of interest all over the study area were determined. Where possible,

the selected locations were visited in the field and checked for presence of fault related features.

Based on the complementing information from the aforementioned sources (geological map, remote

sensing data and field observations) a very detailed fault network could be established for the study

area.

25
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Category Stratigraphy Feature Slip Surface

A Neogene-

Quaternary

fault plane thin clay gouge or fresh lithological con-

trast

B Paleozoic-

Cretaceous

fault plane thick clay gouge or remineralized gouge

material

C Paleozoic-

Cretaceous

shear plane

or cleavage

plain rock surface (no gouge material)

D Neogene-

Quaternary

topographic

escarpment

shear planes in adjacent units

Table 3.1:Classification of outcrops in the study area depending on approximate ages of lithologies
according to the geological map [Gana 1991], observed structural features and the type of considered
slip surface.

3.1.2 Macroscopic Fault Documentation

In first place the studied geologic outcrops were subdivided into four major groups (A-D) depending

on their lithological content. The differentiation was necessary in order to detect changes of the

deformation pattern in space and time. The basic criteria applied for the subdivision into groups are

listed in Tab. 3.1. For all outcrops that were attributed to groupA the macroscopic analysis focused

on the identification of indicators foractivedeformation andcoseismicrupture. In order to decide

whether a fault formed due to coseismic rupture rather thanaseismiccreep the outcrop was checked

for the following macroscopic indicators, all of which suggest instantaneous faulting:

• Crushed cobbles in the fault plane

• Colluvial wedges on the hanging wall

• Fault scarps on the surface

Vertical offsets of geologic units in outcrops of groupA or significant topographic features as in

groupD were determined using a simple25 m tape measure or a geodetic total station (Geodimeter).

If possible, each fault was checked for its continuation into the overlying rocks in order to better

constrain the timing of deformation. The presence of freshclay gougesexhibiting a low degree of

remineralization, and ofspringsin the immediate vicinity of the outcrop were taken as indicators for

recent, active faulting. In a last step the fault traces within the outcrop were laid open in order to

obtain fault-slip data as described in the following section.

3.2 Paleokinematic Analysis

Faulting is the brittle response of rocks to tectonic stresses. The geometrical properties of faults

and their movements are thought to be controlled by the nature of the active stresses [Orife et al.
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Plane Striation Sense of Slip Quality Comments
(dip azimuth/dip) (trend/plunge) (+/-) (1-5) (type/offset/relative age)

90/69 78/68 - 1 cm/> 4.2/a

59/60 52/60 - 3 tm/> 4.2/no

71/78 140/59 - 2 is/> 4.2/no

Table 3.2:Three exemplary fault-slip data sets as recorded during field studies. The quality signal
was modified to range from 1-5 as compared to the method described by Meschede [1994]; The most
frequent slickenside kinematic indicators recorded in the field according to Petit [1987] and Doblas
[1998] are: cm –crescentic markings; tm – trailed material; is – trains of inclined planar structures;
a-d – denote relative age from youngest (a) to oldest (d); no – no relative age constraint available.

2002]. Anderson [1951] and Angelier [1989; Angelier 1994] realized that if faults are governed by

stresses, the orientation information collected from faults in the field could be used to characterize the

paleostress tensor. This process has become known asstress inversion.

3.2.1 Data Acquisition

Within the framework of this study the fault-slip data were obtained according to the methods de-

scribed by Meschede [1994]. A single fault-slip data set consists of a slip surface/striation data pair,

information about the sense of slip (normal/reverse), and a quality signal. In addition to this, the type

of the observed kinematic indicator is specified according to the methods described by Petit [1987]

and Doblas [1998]. In case of multiple generations of slickenlines on the same fault plane, it was

attempted to assign relative ages to the different deformations based on cross-cutting relationships

between distinct lineations, where these are unambiguous. If present, offsets were measured and

added to the fault-slip data set. An example for a field record of three fault-slip data sets is presented

in Tab. 3.2.

3.2.2 Fault-slip Data Analysis

The reconstruction of paleo-kinematics is based on Bott‘s [1959] assumption that slip on a fault,

represented by slickenside kinematic indicators, also records the direction of maximum shear stress on

its surface. Following this concept, a strain tensor can be determined from homogeneous populations

of fault-slip data and, given the coaxiality of principal stresses and strains, the contraction (P) and

extension (T) axes [Marrett and Peacock 1999] of the strain tensor can be regarded as stress tensor

with P corresponding toσ1 and T corresponding toσ3 . The obtained P-T solutions only represent the

incremental deformation on a local scale (outcrop). For a regional kinematic solution, a homogeneous

(isotropic) rock mass, coaxial deformation and no mechanical interference of adjacent slip surfaces

must ideally be given [Marrett and Allmendinger 1990; Twiss and Unruh 1998].
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3.2.2.1 Fault-slip Data Separation

In order to obtain homogeneous populations of fault-slip data and to approximate their corre-

sponding P-T axes, the field records need to be properly separated. The handling of fault-slip data

is easily performed by a number of freely available software packages: CHECK, TURNER, NDA

[Sperner et al. 1993] and KINEMAT [Michel 1994]. Using these software packages the separation is

conducted as an iterative procedure involving three main steps (Fig. 3.1).

In a first step CHECK determines the acute angleα between the fault plane and the striae in

order to check if the measured striation lies within the fault plane. Forα ≤ 20° the striae are rotated

into the fault plane whereas data sets withα > 20° are discarded. In a next step the angle between

the fault plane andσ1 is determined. According to the Mohr Coulomb Fracture criterion this angle

is calledΘ. Experimentally derived values forΘ range between 17°-40° [Jaeger and Cook 1979].

KINEMAT evaluates the clustering characteristics forσ1 andσ3 in both, theconstrictionalcase (axial

contraction) and thetensionalcase (axial extension) on the basis of an eigenvalue analysis [Michel

1993; Michel 1994]. Data sets that strongly deviate from a tight clustering for the contraction and/or

extension axes either contain superimposed fault-plane populations or overemphasize one of the fault-

plane populations. In both casesΘ results in either very high (89°) or very low (1°) values. For

superimposed fault-plane populations this means that the data need to be further separated. This can

be done by visualization of the data in a stereo plot with the help of the program TURNER, applying

a randomly chosen value forΘ. For overemphasized fault-plane populations, the data set is strictly

speaking not applicable to this procedure. However, overemphasis of one fault-plane population

generally occurs where young lithological units were subject to brittle faulting near the surface. In

this case macroscopic observations like the clear offset of a marker horizon usually provide enough

information for the correct interpretation of fault-slip data instead.

Once a single or several clearly distinguishable fault-slip data populations were identified in one

outcrop, the determination of the principal stress/strain axes was accomplished in a third step. Here

the method of Turner [1953] is applied, which was initially designed to derive P- and T-axes of

shear planes in calcite e-twin lamellae [Sperner et al. 1993]. In its application for fault-slip data

analysis (see software TURNER & NDA) theoretical P- and T-axes are calculated for each data set.

The resulting contraction (P) and extension (T) axes are lying in a plane given by the shear plane

normal and the slickenline [Sperner et al. 1993]. In order to calculate the P-T axes orientations with

TURNER the angle of the contraction axis with the fault plane (Θ) has to be specified manually.

Principally it is possible to accept the angleΘ that results from the eigenvalue analysis (KINEMAT)

during the procedure of data separation. However, due to the fact that many outcrops show only

singular slip surfaces in unconsolidated sediments, overemphasis of individual fault-plane populations

is frequently observed and no realistic values forΘ can be obtained. For these data sets an angle

Θ = 30° was attributed, which is a well tested general estimate for newly formed fractures based

on experimental studies [Sperner and Ratschbacher 1996]. With givenΘ TURNER calculates the

orientations of theσ1 - andσ3 -axes for each fault-slip data pair. The vector mean for each axis is

calculated and plotted as P- and T-axis, respectively (Fig. 3.1). The intermediate B-axes is inferred as

being oriented perpendicular to both, the P- and T-axis. The resolving P-T-B-axes triples represent

the principle axes of the reduced stress tensor at each outcrop (see Appx. A.1-A.13 for solutions at

individual outcrops).
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Figure 3.1: Flow chart showing the order of data acquisition and separation. P – Contraction axis; T –
Extension axis; B – intermediate axis; F – Fluctuation; R – stress ratio or strain factor; n – Number of data sets.
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In order to double-check the results obtained from the above described method, the separated

fault-plane populations were subject to theNumerical Dynamic Analysis(NDA). This method is an

extension to the P-T-axis analysis based on Spang [1972]. The P-T-axes orientations are calculated for

each fault-slip data set equivalent to TURNER. A stress/strain tensor is determined for each fault-slip

data set assuming an arbitrary shear stress magnitude of 1 along each fault plane and a coincidence of

σ1 with P andσ3 with T. The summation of the stress tensors of each individual fault-slip data set and

the division by its number (n) yields the bulk stress tensor [Sperner et al. 1993]. The orientations and

relative values of the principal stresses are derived from eigenvector analysis of the bulk stress tensor.

This information is then used in order to calculate thestress ratioor strain factor R(3.1). According

to Etchecopar [1981]R is the ratio of magnitudes of the principal axes of the bulk stress tensor:

R =
(σ2 − σ3)
(σ1 − σ3)

(3.1)

Additionally thefluctuationF [°] is calculated for each fault-plane population. This value de-

scribes the mean angular deviation of the measured slip direction from the orientation of the cal-

culated maximum shear stress. Ideally F is close to zero but values of up to 25° are tolerable with

respect to comparability of these results with those obtained with TURNER. Only whenF is bigger

than 25° significant discrepancies between the principal axes orientations obtained by TURNER and

NDA are observed. For fault-plane populations that represent pure normal, thrust or strike-slip fault-

ing regimesR is close to 0.5. fault-slip data sets that exhibit a transpressive or transtensive component

trend towards values near 0.25 or 0.75 respectively. However, a thoroughly separated fault-slip data

set will never yield values forR significantly above or below 0.5. Consequently the fault-slip data

separation may result in the identification of multiple deformation regimes where only a transtensive

or transpressive regime is actually present. Therefore the separated fault-plane populations need to be

checked for possible correlations, e.g. if the P-axes of different populations gather on a great circle or

if the T-axes of these populations cluster in the same octants in an equal area, lower hemisphere stere-

ogram. If this is the case one could easily conclude that transtensions prevails rather than a sequence

of distinct normal and strike-slip faulting regimes.

In case of true multiple fault-slip data populations on one fault plane a further distinction based on

the relative age criterion (Tab. 3.2) is needed. Ideally the cross-cutting relationships between different

slickenlines as observed in the field serve as the main criterion. However, cross-cutting relationships

are extremely difficult to obtain and often reveal ambiguous results when the observations are repeated

on the same or adjacent slip surface in one outcrop. Therefore no weight is put on the relative age

constraints that were scarcely obtained in the field. Instead it is attempted to identify possible changes

in the deformation regime by classifying outcrops depending on their lithologic ages (Tab. 3.1).
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3.3 Tectonic Geomorphology

3.3.1 Range-front Geometry

On the basis of georeferenced imagery data and topographic maps therange-front sinuosityand the

valley depth/valley width ratiocan be determined. The range-front sinuosity is the length of the

mountain-piedmont junction (erosional curvature) divided by the straight length of the front (linear

distance of endpoints) [Bull 1984]. The valley depth/valley width ratio is the valley-floor width di-

vided by the mean height of the adjacent watershed divides. It is measured500m upstream from the

apparent mountain-piedmont junction. Combined with morphologic information about thepiedmont

andmountain-blocklandforms the uplift velocities can be estimated in an order of magnitude fash-

ion. Bull and McFadden [1977] and Bull [1984; 1987] use several quantitative measures in order to

describe range-front tectonic geomorphology and to define five classes in arid and semi-arid climates

given in Tab. 3.3.

For the study area the range-front sinuosity and the valley depth/valley width ratio is determined

on the basis of georeferenced topographic maps [1:50 000 IGM 1968]. In order to avoid smoothing

effects by averaging over long distances the range-front sinuosity is calculated for the full length or

fractions of the PAF. Valley depth/valley width ratios are determined along the same fault and plotted

along its strike for each individual measurement in order to detect relative changes in range-front

faulting activity (Fig. 4.14).

Classes of
relative
activity

Piedmont
landforms

Mountain-block
landforms

Range-front
sinuosity

Valley
depth/valley
width ratio

Inferred uplift
rate [m/ka]

1-Maximal Unentrenched
alluvial fan

V-shaped valley
in bedrock, U-
shaped valley in
alluvium or soft
bedrock

1.0-5.0

2-Rapid Entrenched al-
luvial fan

V-shaped valley 1.1–1.3 0.06-0.53 mean
(0.15)

0.5

3-Slow Entrenched al-
luvial fan

U-shaped valley 1.6–2.3 0.2-3.5 mean
(1.5)

0.05

4-Minimal Entrenched al-
luvial fan

Embayed moun-
tain front

≥2.5 0.4-3.8 mean
(1.7-2.5)

0.005

5-Inactive Dissected pedi-
ment

Pediment embay-
ment

2.6-4.0 0.9-39.4 mean
(7.4)

≤0.005

Table 3.3:Classification of relative tectonic activity of normal fault-block mountain fronts [adapted
from McCalpin 1996]. Uplift rates in semiarid climates only; in subhumid or humid areas rates may
be several times larger for each class.
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3.3.2 Drainage Network Analysis

The arrangement and organization of stream courses is generally referred to as thedrainage net-

work or drainage pattern. The drainage pattern is strongly influenced by the underlying geological

structures.Anastomoticdrainage shows a division of a river into several channels, and develops on

nearly horizontal, coarse sediments.Annular or radial drainage shows streams radiating out from

a center with the tributaries arranged along a series of nested arcs. Annular drainage develops on

domes, particularly where belts of resistant rock are separated by belts of weaker rock.Centripetal

drainage shows a movement into a center created by a crater or depression.Dendriticdrainage shows

a branching network similar to that of a tree, and is most commonly found on horizontally bedded or

crystalline rocks where the geology is uniform and unaffected by recent faulting.Parallel drainage

develops on slopes of moderate angle.Rectangulardrainage shows tributaries running at right angles

to each other and occurs on rocks which have intersecting, rectangular joints and faults.

The drainage network was digitized from six georeferenced topographic maps (1:50 000) using

Arc/Info. Each individual segment was assigned to one of three classes (full rivers, seasonal rivers,

dry stream valleys). Each class is given a class-number similar to Strahler‘s [1952]stream ordering.

Based on these data, a weighted analysis of the drainage network is conducted. The stream segments

are subdivided according to 72 arbitrarily chosen subareas of∼8× 8 km side length. For each indi-

vidual subarea the azimuths are calculated and grouped into 30° bins. The results are plotted as rose

diagrams showing the relative length of accumulated segments per bin and the absolute number of

applied segments per subarea (Fig. 4.17).

3.3.3 Fault-scarp Degradation

Displacement of the land surface along a fault during an earthquake produces a scarp with a steep face

(the free face) commonly sloping between 50° -90°. Debris spalling off the free face accumulates

on a sloping surface below at about the angle of repose (∼35°). Erosion and sedimentation begin

to produce a more gently sloping wedge of alluvium at the base of the scarp. Eventually the free

face disappears, rounding of the crest begins, and fluvial processes become dominant on the scarp.

Thus, the slope of the scarp is decreased, and the profile is further modified [Bucknam and Anderson

1979]. This is generally true for transport-limited slopes, where transport occurs more slowly than

weathering. The evolution of a transport-limited slope can be evaluated quantitatively by assuming

that sediment transport is a diffusion process [Pinter 1996]. In order to apply a diffusion equation,

the dominant erosional process must be creep, which is the slow movement of sediment as a result of

gravity. However, landslides, debris flows, or even bioturbated hillslope transport along slopes with

steep angles are not adequately modeled by the diffusion equation. In this study the morphology of

scarplike landforms was determined with a laser-optic theodolite (Geodimeter). At each site three

profiles were shot perpendicular to the strike of the scarp. Data were recorded with a horizontal and

vertical accuracy of0.1m.

For the case of small topographic scarps in non-dissecting, weakly consolidated materials, erosion

of the footwall crest can be taken to be the anti-symmetric equivalent of deposition on the hanging wall

side. The anti-symmetry criteria holds true for two physical assumptions: (a) the mass is conserved
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Figure 3.2:Geometry and terminology of a simple fault scarp. Profile constructed by the method
of Bucknam and Anderson [1979]; The fault geometry and sense of slip is indicated by arrows, The
lines connectingheadandcrestor baseandtoe respectively represent the far-field slope angle. Their
intersections with the the maximum slope angle define the upper and lower vertical limits (offset);a is
defined as half the vertical offset.

on a local scale and no channelized flow occurs (non-dissecting criteria), (b) the erosional diffusivity

is not too different from the depositional diffusivity (weakly consolidated criteria). This allows for

the assumption of a constant mass diffusivityκ [m2 ka−1] [Hanks 2000]. It is further assumed that

mass is transported downslope at a rate directly proportional to the local slope. If this rate and the

boundary conditions of the problem remain invariant with time, a one-dimensional homogeneous

diffusion equation can easily be applied to describe the process of scarp degradation.

∂u

∂t
− κ

∂2u

∂x2
= 0 (3.2)

Equation (3.2) states that the rate of change of elevation (∂u/∂t) is proportional to its curvature

(∂2u/∂x2). If the topography is concave down, as is the case with the crest of the scarplike landforms,

u will decrease with time (t). Since the base of a scarp is concave up,u will increase with time (t). In

order to describe a simple fault-scarp imposed upon a flat surface with a preexisting slope (b) evolving

morphologically over time, equation (3.3) delivers an elementary solution [Hanks 2000],

u(x, t) = a erf(
x

2
√

κt
) + bx (3.3)

wherea is half the vertical offset between the crest and the base of the scarp Fig. 3.2,b is the far field

slope angle andx is the cross-strike spatial dimension. Equation 3.3 is valid for an initially vertical

scarp face. Given a detailed topographic profile, and the far field slope angle from field observations

a best-fit model is calculated by varyingκt the morphologic age. The best-fit model is defined as

the one that yields the least root mean square error between the observation and the model. In a last

step the morphologic age (kt) of the best-fit model is divided by the mass diffusivity constant (k)

that is applicable for the specific region. Ideally the mass diffusivity constant is established on the

basis of local radiometric datings. In this study, due to the absence of dated fault-scarps, the mass

diffusivity constant was chosen based on similarities of materials and climatic aspects with other study
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Figure 3.3:Construction of fault geometry applying the inclined shear method described by White
et al. [1986]. Shear angle (75°) corresponds to dip of antithetic faults in the sediments of the hanging
wall block. The top of the basement is restored to the presumed paleotopography. Figure modified
after Pelz [2000].

areas (i.e. Western United States; [Hanks 1984; Arrowsmith et al. 1996]). The results represent age

estimates for the formation of the scarplike landforms, which have to bee seen asorder of magnitude

approaches rather than as absolute ages.

3.4 Fault Construction and Restoration

Geologic cross sections are commonly applied to estimate the shortening and/or extension over a

specific area. In this procedure the determination of the fault geometries and the conservation of the

area during restoration plays a vital role for the yield of realistic results. The theory ofbalancing ge-

ological cross-sections[Dahlstrom 1969; Hossack 1979] provides the necessary tools and algorithms

for theconstruction of faultsandrestoration of paleotopographiesunder conservation of area and/or

volume. The most common algorithm used to balance cross-sections that describe internally complex

structures of several kilometers width like half-grabens [Pelz 2000], is theinclined shearmethod de-

scribed by White et al. [1986]. The inclined shear algorithm is implemented in the software package

2D-Move (Midland Valley Exploration Ltd.).

If the geometry of a fault bend fold is known from geological and/or geophysical observations

(bedding slope, borehole logs, seismic records etc.), the fault geometry at depth can be constructed

from these data using the inclined shear module of 2D-Move. The basic assumption is that the geom-

etry of the fold in the hanging wall is directly and exclusively influenced by the geometry of the fault

and the movement along its plane. Consequently the warped units must represent fault-bend folds,

whose geometry can be inverted to obtain the geometry of the fault at depth. In order to do this, the

input data is converted to a simple 2D cross-section for which the best fault geometry is constructed

using the inclined shear module. Various shear angles are tested for their potential to create realistic
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fault geometries. The shear angle is representative for the internal deformation of the hanging wall

block [Pelz 2000]. It is commonly thought to be subparallel to antithetic minor faults in the deformed

hanging wall beds, if such features are abundant. The construction of fault geometries is repeated for

different elevations to which the deformed bed shall further be restored. The accuracy to which the

Top of Basementgeometry on the hanging wall side can be obtained plays a crucial part for the results

of the restoration process itself. In this study, the top of the basement was inferred from an isoline

plot (Fig. 4.21 A) based on reflection seismic data [Meinardus 1961; Rocroi 1964] as presented in

Paskoff [1970]. For simplicity, theregionalor paleotopography to which the top of the basement will

be restored is assumed to be horizontal. The hanging wall block is then restored using the constructed

fault geometry until its top matches the position of the regional on the undeformed footwall side. The

shear angle for the restoration process should be chosen in accordance with the angle used for the

construction of the fault geometry. Once the reconstruction is completed, the heave denotes the hori-

zontal displacement needed to balance the cross-section and provides a measure for the shortening or

extension along the profile.

3.5 Dislocation Modeling

In geosciences elastic dislocation modeling is, among other prospects of this method, commonly

applied to infer subsurface fault geometries from observed surface displacements. In its application

to study subsurface fault geometries, elastic dislocation theory considers the earth a homogeneous

isotropic elastic half-space with no stress applied to the free surface [Larsen et al. 1992].

3.5.1 Theory

The theory was first developed by Steketee [1958] and Chinnery [1961] but due to the rather complex

analytical solutions to the first formulations describing the displacement field of a dislocation source,

it was simplified for special cases of dislocation or fault geometry [Savage and Hastie 1966; Mansinha

and Smylie 1967]. General expressions of the displacement field for rectangular strike-slip and dip-

slip faults have been computed by Mansinha and Smylie [1971] and Okada [1985]. These expressions

support that arbitrary slip directions could be designed by the superposition of strike-slip and dip-

slip dislocations. The assumption of an isotropic homogeneous half-space represents the simplest

source configuration. This rather simple approach is mainly used for its usefulness as a first-order

approximation. Since the source model by itself isinherently nonuniquewith respect to the generated

displacement field, and the quality of crustal movement data is generally scarce, it is meaningless to

compare the field observations with the predictions of a too sophisticated earth model [Okada 1985].

The fact that an elastic half-space is applied as an earth model requires certain assumptions coming

along with the elastic theory.Elastic deformationis a temporary deformation, from which material

recovers, caused by an applied stress, such that on release of the stress the body reverts to its former,

unstrained condition (Fig. 3.4). In purely elastic materials such deformation is generally described

by a linear stress-strain relationship (τ ∼ ε). In rocks, ideal elastic strain is combined with viscous

components. Theelastic rebound theoryholds that accumulated potential energy, stored aselastic

strains, is released by faulting, i.e. during earthquake rupture processes. Zones adjacent to the fault



36 3. Methods

Figure 3.4: Strain accumulation and elastic rebound in elastic dislocation theory. Helical spring
represents elastic behavior;τ – Stress ;ε – Strain;F – Force;d – displacement;k – Spring constant.

planerebound elastically, leaving them relatively unstrained (Fig. 3.4). In the case of natural (locked)

fault planes this means that elastic strains are accumulating until the shear stresses acting on the fault

plane overcome the peak shear strength of the fault plane. The peak shear strength is the highest stress

sustainable just prior to complete failure of a rock under load. After this, stress cannot be maintained

and faulting usually occurs by displacement along a rupture plane.

3.5.2 Modeling Intraplate Fault Geometries

If the aforementioned rupture process becomes the size of a moderate to large crustal (intraplate)

earthquake it would commonly leave a topographic signal on the surface — a fault-scarp. The geom-

etry of the fault-scarp is directly related to the subsurface geometry of the rupture plane. Thus, model-

ing the surface displacement yields information about the faulting parameters at depth. The modeling

of surface deformations is strongly aided by the software package DISL [Larsen and Reilinger 1992;

Larsen et al. 1992]. The program calculates surface deformations based on a simple dislocation

source model in an elastic half-space (Fig. 3.5). The necessary input parameters are:fault type(strike

slip or dip slip),slip along the fault,length, down-dip width, location, andazimuthof the fault.

In this study the topographic signal of the Coastal Cordillera is interpreted as accumulated dis-

placement due to repeated crustal faulting. The topography is inverted for seismic slip along a fault

plane adjusting three parameters, thewidth of the fault, the amount ofslip, and the faultdip, until

a best-fit model between the topographic profile and the dislocation curve is obtained. Though the

best-fit model is nonunique within certain limits, the results provide a good approximation of the sub-

surface fault geometries. The dislocation model presented in this study does not account for erosional

processes and postseismic (viscoelastic) relaxation effects.
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Figure 3.5:Vertical displacement for a moderate sized (Mw= 6.5) crustal earthquake on a N-S striking
normal fault. The plot is centered over the top of the fault at depth. The fault depth ranges between
3− 9 km. The solid line represents the undisturbed surface previous to the rupture process. The
dashed line shows the warped surface subsequent to faulting. Faulting parameters:length 30 km,
width= 10 km, slip = 100 cm, dip = 65°, length= 30 km.

3.5.3 Modeling Strain Redistribution

Large interplate earthquakes originating at the lower boundary of the subduction zone have the po-

tential to impose additional strains on preexisting intraplate faults. In order to quantify the amount of

redistributed strains, a simple dislocation model is applied with the subduction interface as a source

zone. The slab geometry is approximated according to the best-fit solution of theAndean Elastic Dis-

location Model(AEDM) [Khazaradze et al. 1999]. Apparent trench azimuths are derived from the

global seafloor topography data set [Smith and Sandwell 1997]. The rupture width and the subsurface

rupture length are approximated by applying scaling laws [Kanamori and Anderson 1975; Wells and

Coppersmith 1994] to seismic catalogue data [NEIC 2001], taking advantage of the near identical re-

lationship between seismic moment (Mo), surface magnitude (Ms) and body wave magnitude (mb).

The downdip edge of the subduction interface is specified according to results from Tichelaar [1991].

The slip is partitioned into a dip-slip and a strike-slip component, taking into account the oblique

convergence direction, the trench azimuth, and the dip of the interface.

C = A× B; A =




cosα sinα 0
− sinα cosα 0

0 0 0


 ; B =




cosβ 0 − sinβ

0 1 0
sinβ 0 cosβ


 (3.4)

Redistributed strains are estimated using the software DISN [Larsen and Reilinger 1992; Larsen

et al. 1992] which applies dislocation theory to an elastic half-space. Results are given as a strain

tensor (Tij [µstrain]) in a cartesian coordinate system (x = east, y = north, z = positive up; Fig. 3.6).

In order to rotate the strain tensor from the cartesian coordinate system into the observed fault-plane

orientation, a 3×3 rotation matrixC (Eq. 3.4) is applied, withA representing the rotation around

the z-axis andB the rotation around the y-axis, respectively (Fig. 3.6). From the rotated strain tensor

the shear strain components parallel to the fault plane are determined. Given the fault dimensions
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Figure 3.6:Rotation of the strain tensor (Tij). In a first step (1) the z-axis is rotated around until y’ parallel
to the strike of the fault plane. In a second step (2) the y’-axis is rotated until x” parallels the dip of the fault
plane.

(length, width), the resulting shear strain components can be converted into strike slip and dip slip

along the fault, respectively. Finally, the relationship between strike slip and dip slip defines the re-

sulting (oblique) slip and the associated rake within the model fault plane. Using Kostrov‘s [1974]

formulation, whereµ = shear modulus (3× 1010 Pa), A = area, andu = slip, the amount of seis-

mic moment redistributed along intraplate faults during large subduction earthquakes can finally be

estimated:

Mo = µ A u (3.5)

Based on the applied intraplate fault geometries and the inferred rake theoretical fault-plane solutions

(focal mechanisms) can be constructed. The purpose of displaying the induced deformation rates

as focal mechanisms is to improve compatibility between the results from fault-slip data analysis

and dislocation modeling on a visual basis. The resolving focal mechanisms do not represent recent

seismicity or predictions for future earthquakes (Fig. 4.27).

3.6 GPS Residual Velocities

Within the framework of this thesis a set of space geodetic observations (GPS) is applied in order

to correlate present-day deformation rates with the results obtained from neotectonic field studies.

The GPS observations derive from a network comprising 230 sites in Chile and western Argentina,

which was established by the GeoForschungsZentrum Potsdam (GFZ Potsdam) in the context of the

SAGA (South American Geodynamic Activities) Project [Klotz et al. 1999]. Since 1993 the network

was re-observed in a two year cycle. Due to fixed monuments that enable an exact relocation of

the GPS-antennas during follow-up campaigns, an accuracy of2− 4 mma−1 for the determination

of horizontal displacements is achieved. The GPS observation data was processed using the EPOS

(Earth Parameter and Orbit System) software package [Angermann et al. 1997] and referenced to the

ITRF-97 reference frame [Khazaradze and Klotz 2002]. All site velocities were defined relative to
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Figure 3.7:Determination of GPS residual differential motion and resolving moment/moment rates
along intraplate normal faults. A – GPS residual velocity fields for Coastal and Precordilleran blocks
(dashed arrows), averaged block and resulting differential motions (black arrows); B – Conversion of
differential motion into strike-slip and dip-slip components.

stable South America by means of estimating a best-fitting Euler vector for the South America plate.

In order to properly interpret the tectonic significance of the observed velocities, a 3D model of the

seismogenic interface between the subducting Nazca and the overriding South America plates was

constructed. Based on this geometry an elastic dislocation model predicting the amount of interseis-

mic deformation at the given observation points was established. In the following, this model will be

referred to as theAndean Elastic Dislocation Model(AEDM) [Khazaradze and Klotz 2002]. Sub-

tracting the best-fit model solution from the GPS observation data resolves aresidual velocity field,

which is assumed to represent the intraplate deformation of the overriding South America plate. Due

to the fact that the GPS technology allows for the determination of absolute displacement vectors,

rigid body motions (rotations and translations) as well as internal deformations (strains) can be deter-

mined for the velocity fields. The basic theory for the calculation of strains and rigid body motions is

provided by Khazaradze [1999 and ref. therein].

3.6.1 Geodetic Strain Rates and Differential Motion

For the purpose of this study a subset containing 15 sites located in North Central Chile was selected

from the GPS network. The selected stations are aligned in two subparallel N-S trending rows repre-

senting the Coastal Block and in the Precordilleran Block, respectively (Fig. 3.7 A). Since this study

focuses on horizontal deformation rates, the vertical components are ignored. Thus only the north-
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ward (positive N) and eastward (positive E) velocities were taken from the residual velocity field in

order to approximate deformation rates for the study area. There are two ways to analyze the residual

velocity field:

1. Calculation of the two-dimensional strain tensor at the center of the considered area

2. Calculation of the differential motion between two rigid blocks

The principal horizontal strain rates (1) are calculated using the computer code “strain_m“ written by

Wang [1998]. The program is based on formulations presented in Khazaradze [1999]. The program

converts site positions into a geocentric (x,y,z) coordinate system, assuming a spherical earth. A local

two-dimensional coordinate system (x = east and y = north) is established in the plane perpendicular

to the center vector of the network, with the center of the network taken as its origin. The strain calcu-

lation is based on the assumption that the estimated velocity at each site remains constant throughout

the observation period of2− 3 years. The resulting strain rates represent an average strain field over

the entire net. The differential motion (2) between the Coastal and the Precordilleran Blocks is cal-

culated based on the assumption that both represent individual rigid blocks. If this is the case, the

N-S and E-W components for each block can be averaged individually and the differential motion is

resolved by subtracting the mean vectors from one another (Fig. 3.7 A).

In order to estimate the interseismic geodetic moment rate imposed on existing crustal faults

separating the Coastal and the Precordilleran Block, the differential motion is applied to a model

fault geometry which best represents the intraplate fault geometry observed in the field and modeled

with the help of simple dislocation models. Considering the strike and dip of the intraplate fault,

and the azimuth of the horizontal differential motion, a dip-slip and strike-slip component within

the fault plane is calculated (Fig. 3.7 B). Based on these slip components the length and the rake of

the resulting slip vector within the fault plane is obtained. Given the fault dimensions and the shear

modulus (3× 1010 Pa) the resulting slip rate can be applied to Kostrov‘s [1974] formulation (3.5) in

order to obtain the moment imposed on the considered intraplate fault geometry.
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4.1 Neotectonic Field Observations

This section presents the major findings resulting from neotectonic field studies and remote sensing

analysis. Proofs for intraplate faulting were collected from satellite imagery data (Landsat TM), aerial

views and through field observations. Later these were complemented with the information provided

by the geological map [Gana 1991]. A selection of excellent outcrops showing the most recent type

of deformation will be presented in greater detail.

4.1.1 Intraplate Deformation

The resultingintraplate fault patternis shown in Fig. 4.1. The predominant type of intraplate faults

detected from remote sensing data and observed in the field are N-S to NNW-SSE striking normal

faults. The most important intraplate feature is thePuerto Aldea Fault(PAF), which is easily mapped

as photolineament over a distance of∼ 60 km between the southern tip of Tongoy Bay and the vil-

lage of Peña Blanca. The majority of N-S striking faults dips towards the east, while only a few

faults within the Coastal Cordillera and the Cenozoic basin dip towards the west. According to the

geological map and field observations such as offset drainages (see Fig. 4.5), a left-lateral compo-

nent is observed along these faults. A number of micro-basins, filled with Plio-Pleistocene lacustrine

sediments or Quaternary alluvial deposits ("TI/b" or "Qal" in Fig. 4.1), are juxtaposed to the N-S

striking faults. The western borders of these micro-basins are rectilinear while the eastern margins

are strongly embayed. This indicates normal faulting activity along the western borders, with depres-

sions forming on the hanging wall side of the faults. In addition the traces of the N-S striking faults

frequently exhibitleft-stepping extensional jogs("L" in Fig. 4.1), which support the observation of

left-lateral strike slip along the PAF. In the south of the study area most of the prominent N-S strik-

ing intraplate faults gradually taper out. The satellite image shows that this part of the study area is

extremely fragmented, without any predominant structural lineation.

Figure 4.1:(See next page) Intraplate fault pattern compiled from remote sensing information (Land-
sat TM scene, aerial views), field observations and geological map [Gana 1991]. Boxed line – proper
intraplate normal faults; Line with triangles – reverse faults; Dashed line – apparent or hidden faults; L
– left-stepping jog; Polygons – Plio-Pleistocene lacustrine (TI/b) or Quaternary alluvial (Qal) micro-
basins [Gana 1991]; Stars – locations of Figs. 4.2-4.10.

41



42 4. Results

Qal

TI/b

Qal

TI/b

Qal

TI/b

Qal

11/00

16/00

31/00

100/00

62/00

13/01

17/01

20/01

-71.50 -71.25

-71.50 -71.25

-31.00

-30.75

-30.50

-30.25

-31.00

-30.75

-30.50

-30.25

10 0
Kilometers

L

L

L

L

L

17/01

31/00
13/01

16/00

11/00

62/00
20/01

100/00

Qbd. Seca

Q
b
d

.P
ac

h
in

g
o

P
A

F
P

A
F

P
A

F

Peña Blanca

Ovalle

Qbd. Teniente

Tongoy



4. Results 43

The Coastal Cordillera exhibits two clearly NE-SW striking SE-dipping normal faults. These

faults are truncated by the N-S trending range-front fault (PAF), suggesting that the latter postdates

the formation of the NE-SW trending features. In addition, two NW-SE striking lineaments cross

the Cenozoic basin. They appear as clear lineaments due to their strong topographic expression.

Oversteepened hillslopes and apparent topographic offsets mark their trace in the field, but very rarely

fault planes are exposed. These features are interpreted as hidden or proposed intraplate faults. It is

not clear whether these predate or postdate the N-S striking intraplate faults. However, the NW-SE

striking faults show two clear examples of multiply, right-laterally offset stream channels. The offset

streams are located near the junction of Qbd. Pachingo with Qbd. Seca and steeply incise a loosely

consolidated Plio-Pleistocene river terrace.

Only three examples for reverse faulting of marker horizons were found in the field. One outcrop

is located within the Plio-Quaternary sedimentary record (Fig. 4.10). It is located near the southern

margin of Tongoy Bay with a fault plane striking NE-SW and dipping towards the southeast. Another

NE-SW striking and SE-dipping thrust plane is found near the Río Limarí estuary within the Paleozoic

rocks of the Coastal Cordillera. One kilometer southeast of this point, the only reverse fault striking

perpendicular to the shortening direction of the plate convergence is found. However, the displaced

lithological units at this site are considerably older compared to the other locations and thus may not

represent the most recent type of deformation.

The careful interpretation of the fault pattern reveals an overall E-W oriented extensional charac-

ter of the study area. The E-W extension affects the most recent lithological units and leaves a strong

signal in the topography. The formation of micro-basins on top of the Cenozoic basin all over the

study area indicates ongoing tectonic activity. In addition, the left-lateral motion along the N-S strik-

ing faults and the right-lateral deformation along NW-SE striking faults complement each other in a

way that both indicate a paleostress regime with the principal compressional forces acting subparallel

to the trench.

Extensional and Strike-slip Faulting

In the following, seven outstanding examples of extensional and strike-slip faulting observed

throughout the study area are presented in greater detail in order to demonstrate the abundance of

paleoseismological features in this part of the Chilean forearc. Four outcrops were found along the

northern segment of the PAF (11/00, 31/00, 13/01 & 17/01). These four sites provide evidence for

crustal faulting activity of Plio-Pleistocene soft rocks along the present range front separating the

Coastal Cordillera from the Cenozoic basin.

About1 km south of the village of Puerto Aldea in the SW corner of Tongoy Bay the outcrop ofEl

Rincón; 11/00is located (Fig. 4.2). At this site a sequence of marine terraces from the Mid-Miocene

Coquimbo Formation[Martinez 1979; Martinez and Perez 1980; Gana 1991] are tilted towards the

west. The tilt of the marine terraces implies that a tectonic rollover structure is situated at depth.

The dip of the bedding planes averages 30° [Paskoff 1970]. Approximately1.3− 1.4 km east of El

Rincón the terraces come to rest again in subhorizontal position. Sediments of the Plio-Pleistocene

transgression discordantly overlay the tilted Mid-Miocene strata. The Plio-Pleistocene sediments

themselves are overlain by Quaternary alluvial deposits.
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Figure 4.2:Site 11/00. Tilted terraces of Middle-Upper Miocene Coquimbo Formation (TQc) with
secondary fault plane. Bedding planes dip with 30° towards the main fault trace of the Puerto Aldea
Fault located west outside the frame. Plio-Pleistocene transgression discordantly overlays Coquimbo
Formation; Qal – Quaternary alluvial; Thick line (continuous/dashed) - secondary fault plane.

Fault-slip data were collected along secondary fault planes within the sequence of tilted terraces

and from the contact between the Coquimbo Formation and the Paleozoic. The observed vertical

offsets range from0.1− 0.5m on the secondary fault planes. However the total inferred vertical

displacement amounts to570− 675m as suggested by the wavelength of the rollover structure and

from geophysical records [Meinardus 1961; Rocroi 1964]. The dominant dip direction of fault planes

in this outcrop is ENE. The dip angle is 60-65°. In total 33 fault-slip data sets from distinct oblique

dip-slip or strike-slip kinematic indicators were obtained. Together with the macroscopic inventory of

the outcrop and the geomorphology of the nearby range front, this suggests predominantly extensional

faulting with a left-lateral component. The extension axis resulting from the fault-slip data analysis

trends SW-NE (trend/plunge = 238°/7°; see 11/00 in Appx. A.4). The maximum shortening direction

for the strike-slip motion is oriented NNW-SSE. Fibre growth and the formation of riedel shear planes

is observed on fracture planes along the contact between the Paleozoic basement and the marine

terraces. The growth direction of the fibres as much as the riedel shear planes indicate dip-slip motion

at this site.

Following the strike of the Puerto Aldea fault∼ 5 km towards the south, a 75° E-dipping normal

fault offsetting Plio-Pleistocene alluvial and fluvial strata of the Limarí Formation is found Fig. 4.3.

The outcrop (31/00) is located in a steeply incised creek valley. A2m thick fluvial horizon consisting

of relatively well sorted and well rounded cobbles (diameter:1− 50 cm) is vertically offset by5.2m.

Where the fault plane intersects with the fluvial horizon numerouscrushed cobbleswere found. On

the splitting planes of the crushed cobbles kinematic indicators can be observed. Overlying the fluvial
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Figure 4.3: Site 31/00. Puerto Aldea fault4 km S of El Rincón. Vertical offset of5.2m within
Limarí Formation. Inset shows crushed cobbles in the fault plane. 1- Sand, 2 - Sand with up to
30% components of cm - dm size, 3 - Alluvial (silty sandy) with soil formation, 4 -Alluvial layer
(poorly rounded cobbles), 5 - Fluvial layer with crushed cobbles at intersection with fault plane (> 75%
well rounded cobbles), 6 - Alluvial (sandy-silty) with caliche formation, 7 - talus deposits, Thick line
(continuous/dashed) - fault plane.

horizon follow sandy-silty sediments, intercalated by several0.1− 0.5m thick alluvial debris layers

and paleosoils. Within the alluvial debris minor normal offsets in the order of0.5m were observed.

Near the surface a secondary thrust dipping towards the major fault plane produces a vertical offset of

0.25m. Despite the large displacement along the main fault-trace no fault-scarp was observed at the

surface. However, the silty-sandy caliche horizon on top of the outcrop displays a strong cleavage on

the hanging wall side, close to the projection of the major fault plane into the overlying beds. About

24 fault-slip data sets showing distinct dip-slip and strike-slip slickenside kinematic indicators were

obtained. The dip-slip lineations have an oblique component and the strike-slip indicators show sinis-

tral movement. The extension axes resulting from both, the normal faulting and strike-slip kinematic

indicators, are oriented SW-NE (237°/0°; see 31/00 in Appx. A.5). The shortening direction inferred

from the strike-slip kinematic indicators is oriented (NW-SE).

The next site (13/01) is located1 km farther south along the Puerto Aldea fault (Fig. 4.4). Here,

Plio-Pleistocene sediments (Limarí Formation) are offset by4.0− 4.7m vertically. The central se-

quence is a4− 5 m thick reddish-brown clayey silt which contains two0.1− 0.2m thick caliche

bearing marker horizons that are offset by the fault. The uppermost unit of this outcrop consists of

well to moderately rounded cobbles with diameters ranging from1− 25 cm in size. Its fluvial char-
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Figure 4.4:Site 13/01. Puerto Aldea fault5 km S of El Rincón. Plio-Pleistocene Limarí Formation
offset by4.0− 4.7m 1- Clayey silt with soil formation in the capping beds, 2 - Clayey silt with caliche
formation (white bands), 3 - Silty sand with up to 10% components of mm - cm size (moderately
rounded), 4 - Sand (fine-coarse grained,grey-green), 5 - Alluvial layer (poorly rounded cobbles), 6
- Fluvial layer with crushed cobbles at intersection with fault plane (> 75% well rounded cobbles),
Thick line (continuous/dashed) - known/presumed fault plane.

acter compares well to the main2m thick fluvial horizon in Fig. 4.3. The lower boundary of this

unit is offset along the fault by about4.7m vertically. In the fault plane severalcrushed cobbleswere

identified. Slickenside kinematic indicators for both, oblique normal and strike-slip deformation were

found on the gouge material of the fault plane or on crushed cobbles. The macroscopic structural in-

ventory and the obtained fault-slip data reveal significant WSW-ENE normal faulting activity at this

site (247°/1°; Appx. A.12). The strike-slip shortening direction is NW-SE.

All outcrops shown in Figs. 4.2-4.4 have in common that distinct normal and strike-slip kinematic

indicators are present on well developed clay gouges. Topographic fault-scarps, which are typically

linked with normal faulting near the surface, were not found. Most likely they have been eroded

over time. The strike-slip component however, leaves a strong signal in the topography (Fig. 4.5).

Numerous stream channels are left-laterally offset along the northernmost segment of the PAF. The

individual horizontal displacements measured in range from75− 250m. The topographic signal of

the strike-slip deformation is still present while potential fault-scarps connected to normal faulting

are already eroded. This suggests that the strike-slip activity postdates the dip-slip motion along

these faults. However, both types of deformation were inferred from slickenside kinematic indicators
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Figure 4.5: The Puerto Aldea Faultsouth of Tongoy Bay; A – Aerial view showing left-laterally
offset stream channels (white arrows) and locations of Figs. 4.2-4.4; B – Sketch map of the drainage
network inA; Dashed line – Puerto Aldea Fault and secondary strands; Arrows depict left-laterally
offset stream channels.

on fault planes truncating the Plio-Pleistocene Limarí Formation. Thus both deformations occurred

during the recent geologic past and have to be regarded as simultaneous rather than successive events.

The outcrop17/01(Fig. 4.6) is located∼ 3 km south of site 13/01. It is dominated by acolluvial

wedgethat reaches2.1m in thickness near the fault plane and rapidly tapers out to the east away from

the fault. It consists of a grey, sandy matrix and contains up to 50% components. The components are

badly - moderately rounded metamorphic rock fragments of0.01− 1 m in size, assembled in com-

plete disorder. The uppermost0.5m of this unit change towards brown colors and show ahardground

on top, suggesting exposure to subaerial conditions and a beginning soil formation. At the base of

the colluvial wedge follows a paleosoil which is truncated by the colluvium. There are no signs of

a fault-scarp at the surface. The alluvial horizon covering the outcrop remains unfaulted. It was not

possible to trace the fault plane into the subjacent beds but the lithological contrast between the pre-
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Figure 4.6:Site 17/01. Puerto Aldea fault8 km S of El Rincón.Colluvial wedgeof 2.1m thickness
leaning against footwall scarp. The colluvium consists of a grey sandy matrix with up 50% badly -
moderately rounded components of0.001− 1m size. 1 - Clayey silt (red-brown)< 10% components,
2 - Silty sand (red-brown)< 10% components with soil formation, 3 - Sandy matrix (dark red- black)
> 75% components of cm-dm size (badly-well rounded), 4 - Colluvium (grey-brown) with> 50%
components of cm - m scale (badly - moderately rounded); upper section represents hardground, 5 -
Alluvial (sandy-silty) with> 75% components of cm - dm size (badly-moderately rounded), caliche
coatings, Thick line - fault plane.

sumed footwall- and hanging wall sides indicates a fault contact. The vertical offset is2.1− 2.7m.

The bedding planes on both sides of the fault-trace are clearly tilted towards the west, suggesting

that larger scale deformation occurred further west along the nearby range-front fault. This interpre-

tation is strengthened by the finding of a spring in the river terrace only150m west of this point.

Fault-slip data at this site are scarce and resulting principal strain directions have to be treated with

care. From three fault-slip data sets a roughly WSW-ENE extension direction (246°/20°; see 17/01 in

Appx. A.12) can be inferred. Fault-slip data was mainly collected fromcrushed cobblesat the contact

between the colluvial wedge and the fault plane.

Site62/00is located in the very center of the study area near the village ofTermas Socos(Fig. 4.1),

a few hundred meters east of the Pan American Highway (PanAm). A near vertical fault plane trun-

cates the free face of the∼ 8m high outcrop into two halves (Fig. 4.7). A mega-conglomerate con-

taining boulders in the order of0.1− 1 m dominates the western side while coarse sands interbedded

with alluvial horizons prevail on the eastern side. The fault dips steeply (70°-80°) to the east and ex-

hibits a clay-gouge with clear subhorizontal striations.Crushed cobblesare found in the fault plane,
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Figure 4.7: Site 62/00. Terrace riser at Termas Socos near the Pan American Highway. Left lat-
eral strike-slip and E-W normal faulting on 70-80° E-dipping fault planes (Apparent W-dip in sketch
due to cross bearing effects of steep fault planes in the outcrop). Clay gouges with broad striations.
Lithological contrast approximately8m high. Normal faulting offset along secondary fault plane is
∼0.65m. Inset shows nearbylandslide; 1 – Gray medium - coarse sand with< 10% components
(0.1− 1 cm); 2 – Red-brown sandy silt; 3 – Alluvial horizon (mega-conglomerate) with> 50% badly
rounded components (0.1− 1m).

suggesting instantaneous fault rupture. An offset of (0.65m) along a secondary E-dipping fault plane

indicates normal faulting only2m east of the main fault-trace. About300m north of this site ather-

mal spring, presently exploited by a health resort, is located right on top of the prolongation of the

fault-trace. The water is∼28° hot and rich in iodine, bromine, magnesium and soda. In the south-

ern continuation a fresh landslide is observed (see inset of Fig. 4.7), suggesting recent strong ground

motion in this region, possibly related to activation of the nearby fault. In total 14 fault-slip data sets

were obtained, showing predominantly left-lateral strike slip along the fault. Only three dip-slip kine-

matic indicators were found on secondary fault planes. The resolving shortening direction is oriented

SE-NW, while the extension direction trends WSW-ENE. A composite solution of both, the strike-

slip and dip-slip motion would yield left-oblique transtensional deformation at this site (see 62/00 in

Appx. A.8).

The outcrop100/00is located in the southernmost section of the study area near Qbd. Teniente

(30.98° S; Fig. 4.8). Here, thanks to the reconstructions of the PanAm, a∼ 500 m long road-cut ex-

poses extensional and strike-slip faulting of Quaternary conglomerates and sands. The whole outcrop

is dissected into numeroushorst and grabenstructures which are flanked by two strike-slip faults

at the eastern and western ends, respectively. The strike-slip faults are easily recognizable through
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Figure 4.8: Site 100/00 near Qbd. Teniente (30.98° S). Horst and Grabenstructures in Plio-
Pleistocene Alluvial/Fluvial deposits. Inset showsCrushed Cobble; 1 – medium - coarse sand with
< 5% components. Components are0.5− 5 cm in size; 2 – Alluvial/Fluvial horizons with up to
75% components in same matrix as1. Components (1− 50 cm) are badly rounded, fluvial compo-
nents (0.5− 5 cm) are moderately - well rounded; 3 – Conglomerate in coarse sandy matrix with well
rounded, elongated cobbles (diameter:1− 50 cm).

lithological contacts that persist from the top to the bottom of the free face, covering a vertical dis-

tance of10− 30m. A representative fraction of the observed deformation is shown in Fig. 4.8. The

conglomerates consist of∼60% sandy matrix with well rounded slightly elongated cobbles of cm-dm

in size. They form a sharp contrast to the juxtaposed coarse sands that are interbedded with∼ 1m
thick alluvial and fluvial horizons (Fig. 4.8). These horizons are truncated in a horst and graben like

fashion and thus provide excellent markers for the deformation at this site. The measured vertical

offsets vary between0.5− 0.9m. The adjacent lithological contrast represents a strike-slip fault with

a dextral component. This fault can be traced over∼ 30m vertically and thus suggests the accom-

modation of much larger amounts of deformation as can be inferred from the offsets observed in the

fluvial/alluvial horizons (Fig. 4.8).

In addition, the occurrence of twoseasonal springsin the immediate vicinity of the fault-trace

indicates that the subsurface continuations of the major faults are open connected features. Numerous

crushed cobbleswere found in this outcrop (see inset in Fig. 4.8). Their splitting planes are neatly

aligned with the fault planes, suggesting instantaneous fault rupture rather than creep as the prevailing

deformation process. At the western border of this outcrop and to the south, inside the Qbd. Teniente,

the eastern range front of the Coastal Cordillera is well exposed forming an impressive 65° E-dipping
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Figure 4.9:Site 20/01. Road-cut near the village of Chalinga. Vertical displacements on 65-80° E-
dipping normal fault planes amount to2.2− 2.6m; 1 – Gray-white medium sand with> 50% com-
ponents (0.5− 10 cm). Crushed cobbles with striations in the fault plane; 2 – Caliche bearing clayey
silt, 3 – Layers of Silty fine - medium sands. Colors: red-brown (top), gray-(green) (middle), and
yellow-(brown) (bottom); 4 – Talus deposits; 5 – Vegetation.

plane extending from the river bed to approximately∼ 200m in altitude. While the range front

dips towards the east, the slip surfaces within the outcrop predominantly dip to the west, probably

representing antithetic secondary features related to the deformation along range-front fault itself.

Site20/01is a road-cut near the village of Chalinga (Fig. 4.9). A set of 65-80° E-dipping normal

faults is observed. Two offsets of1.1− 1.3m were measured using a caliche bearing layer as marker

horizon. The surrounding topography is characterized by numerous scarplike landforms that could

be related to the observed fault plane. The tilting of the bedding planes in combination with the

strong signal from the adjacent topography suggests that displacements with greater magnitudes are

hidden east of this point. A nearby rollover structure also indicates displacements in the order of tens

of meters. These observations from the eastern central part of the study area, show that significant

normal faulting is not restricted to the frontal edge of the continental forearc but remains the dominant

type of deformation at least as far as30 km landward from the coast. In addition, morphological

scarps are more frequently detected in the topography farther away from the actual coastline. This

suggests that intraplate faulting activity is more recent landward from the eastern range front of the

Coastal Cordillera. The apparent landward shift of crustal deformation imposes a higher seismic

hazard on the communities further inland (i.e. Ovalle) than the more frequent subduction earthquakes

do alone.
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Figure 4.10:Site 16/01. Road-cut near the village of El Tangue. The figure shows reverse faulting
in Plio-Pleistocene fluvial sediments (Limarí Formation). The vertical displacement is0.8− 1.2m.
Inset shows broadly developedriedel shear planesdipping towards the fault plane. 1 – Fluvial layer
with sandy matrix and> 50% well rounded and elongated components (1− 10 cm); 2 – Clayey silt,
finely laminated; 3 – Reddish-brown clayey-silty sand with∼20% moderately rounded components
(1− 25 cm); 4 – Sand.

Reverse Faulting

Reverse faulting is rarely observed all over the study area. Within the sediments of the Cenozoic

basin only one single outcrop with a low angle thrust fault was found in a road-cut nearEl Tangue

(Fig. 4.10). The observed vertical displacement at this site (16/00) is0.8− 1.2m on both sides of

the road. The slip surface consists of a well developed clay gouge that truncates a> 1m thick flu-

vial conglomerate. The conglomerate consists of a coarse sandy matrix with> 50% components.

The components are well rounded and elongated pebbles of1− 10 cm in size. The overlying finely

laminated clayey silt is partly smeared into the fault zone. In direct contact with the fault the clayey

material shows pronouncedriedel shearplanes (see inset Fig. 4.10). The orientations of the riedel

shear planes clearly suggest reverse faulting along the fault. Since the fault plane verges towards the

slope of the local topography it is possible that the offset represents a landslide rather than a crustal

faulting event. The shortening direction inferred from 4 fault-slip data sets is oriented SE-NW. A

lateral continuation of this fault is not clearly identified, neither as photolineament on aerial views

nor as geomorphic feature in the field.
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4.2 Fault-Slip Data Analysis

In order to investigate the paleokinematics of the study area ca. 1500 fault-slip data sets from 84

outcrops were collected in the field and analyzed according to the methods described in Chapter

3.2.2. Many fault planes exhibit two or more distinct slickenlines on the same slip surface. Fault

planes within the Paleozoic basement rocks display up to four cross cutting lineations, while fault

planes in the Cenozoic strata predominantly show no more than two superimposed sets of fault striae

on the same surface.

4.2.1 Fault Plane Distribution

The dip azimuths of 1000 individual fault planes derived from∼1500 fault-slip data sets are plotted

in Fig. 4.11. Approximately2/3 out of all fault planes dip towards ENE-NE directions. The average

dip angle is 63.8°±14.9°. The average dip azimuth of faults is 83.6°±5.1°. The preferred trend of dip

azimuths corresponds well with the intraplate fault pattern presented in Fig. 4.1. The aforementioned

recognition of multiple slickenlines on identical slip surfaces leads to a large discrepancy between the

total of fault-slip data sets (1513) and the number of fault planes (1000), as demonstrated in Fig. 4.11.

The misfit between these numbers simply shows that roughly1/3 of all fault planes underwent mul-

tiple stages of deformation. The strongest maximum in Fig. 4.11 B covers a range of 5°-25° between

azimuths 55° and 80°. The spread in the data corresponds to the field observation, that despite natu-

ral undulations of dip azimuths and minor measurement errors, many outcrops within the Cenozoic

Figure 4.11:Equal length rose diagrams showing dip angle (A) and dip azimuth (B) of 1000 fault
planes measured in the study area. Data is grouped in 5° bins. A – Dip-angles of fault striae separated
into E-dip and W-dip. Faults revealing azimuths between 0°-180° were interpreted as E-dipping planes,
faults revealing azimuths between 180°-360° were interpreted as W-dipping planes. Average dip angle
for E- and W-dipping planes is: 63.8°±14.9°; B – Fault-plane azimuths were treated as polar data in
order to emphasize preferred dip-directions, Highest peak for all data ranges from 70°-75° E, average
indicated by arrow: 83.6°±5.1°; (For discussion see text).
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Figure 4.12:Equal length rose diagrams showing plunges (A) and trends of slickenlines grouped as
normal, strike-slip or reverse faulting indicators (B-D). Data is grouped in 5° bins. A – Plunge of all
fault striae; B – Trend of normal faulting indicators, (48.0°±6.8°); C – Trend of strike-slip faulting
indicators, (157.7°±6.2°); D – Trend of reverse faulting indicators, (225.6°±17.9°).

Basin exhibit distinct cross-cutting relationships between fault planes. The cross-cutting relationship

is most frequently observed between NNE and NE striking slip surfaces and probably reflects a fault

plane/riedel-shear plane (R1) relationship. Synthetic riedel shear-planes commonly truncate the fault

plane at angles of 10°-15°, leaving an arcuate trace with the concave side pointing towards the slip

direction of the missing block [Petit 1987; Meschede 1994]. An extraordinarily well preserved exam-

ple of synthetic riedel shear-planes is given in Fig. 4.10. At map scale, the cross-cutting relationship

finds expression as left-lateral extensional jogs. The latter can be observed along several NNW-SSE

striking fault-traces (see Fig. 4.1).

4.2.2 Fault Slip Data Distribution

The spatial distribution of 1513 fault-slip data obtained in the study area is plotted in Fig. 4.12. A

clear distinction between the plunges of strike-slip (0°-20°) and dip-slip (40°-60°) kinematic indica-

tors on either side of the rose diagram can be observed in Fig. 4.12 A. The most prominent peak in

this diagram dips towards the east and plunges between 45°-60°. This shows that the predominant
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deformation in the study area occurs due to dip-slip motion along E-dipping fault planes. However,

the plunge of the lineations is slightly shallower than the average dip of the faults. This leaves a

discrepancy of 5°-20° between the average dip angle of fault planes (∼65°) and the preferred plunge

of the slickenlines (45°-60°) and indicates that oblique dip slip rather than pure dip slip dominates the

normal faulting process in the study area. This observation holds true for the westward dipping slick-

enlines as well and is strongly supported by field evidence. In total 834 slickenlines (> 50%) were

attributed to normal faulting activity. Fig. 4.12 B shows that most of the normal faulting slickenlines

trend towards the NE and SE quadrants of the rose diagram. Despite a significant scatter over the

NE and SE quadrants the data distribution has a preferred trend averaging at 48.0°±6.8° azimuth. In

correspondence with the aforementioned misfit between the dip angle of fault planes and the plunge

of lineations, a discrepancy of 10°-30° between the average dip azimuth of fault planes (∼65°) and

the preferred trend of the normal faulting lineations (48.0°±6.8° ) is observed. Due to the broad scat-

ter of lineations, the misfit is less pronounced but a clear tendency towards left-oblique dip slip is

still detectable for this group of data. Approximately1/3 of all slickenlines were attributed to strike-

slip deformations. Fig. 4.12 C shows the trend of 532 strike-slip lineations. Here, the average trend

azimuth of 157.7°±6.2° is flanked by two clear maxima at around 0°-355° and 325°-335° . The gap

between the two peaks covers a range of 20°-30°. This spread corresponds with the distribution of

fault-plane dip azimuths in Fig. 4.11 B and supports the observation of a fault plane/riedel shear-plane

relationship. Only 10% of all data were interpreted as reverse faulting kinematic indicators. Figure

4.12 D shows 112 data sets with a weakly pronounced maximum in the third quadrant. This shows

that the majority of reverse slips occurred on roughly SW-dipping fault planes. A minor peak is found

at 175° azimuth, which refers to the only two thrust faults found in the Cenozoic basin (site 16/00 in

Fig. 4.10 and site 39/99).

4.2.3 Fault Plane Solutions

For all outcrops that either bear sufficient fault-slip data or, if only few data sets are available, show

significant macroscopic evidence for the sense of slip, the principal strain axes were calculated fol-

lowing the routine described in Chapter 3.2.2. In Figs. 4.13 A-C the results of the fault-slip data

analysis are plotted ashypothetical focal mechanisms. The white sectors of the focal mechanisms

denote the extensive quadrants, whereas the black sectors indicate compressive quadrants according

to the convention of Aki and Richards [1980].

Figure 4.13: (See next page) Fault-plane solutions inferred from 1513 neotectonic fault-slip data
sets presented as focal mechanisms at individual outcrops. A – Extensional faulting; B – Strike-slip
faulting; C – Reverse faulting; White sectors – extensive quadrants; Black sectors – compressive
quadrants; Borderlines between quadrants show dip and azimuth of fault planes and auxiliary planes
in the lower half sphere. Filled circles and white crosses show individual P- and T-axes orientations
as derived from fault-slip data analysis at individual outcrops, respectively. Outcrop identifier above
focal mechanism corresponds to name given in Appx. 6). Stars – location of outcrops. Thick gray line
– Pan American Highway. Fault pattern as in Fig. 4.1; CA – Cretaceous Arc; CB – Cenozoic Basin;
CC – Coastal Cordillera.
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A total of 84 outcrops were analyzed within the framework of this thesis,67 out of which show

evidence of extensional deformation. In addition, strike-slip deformation was observed at56 sites.

Consequently∼60% of all outcrops experienced two deformations with at least two distinct senses

of slip. The normal faulting fault-plane solutions presented in Fig. 4.13 show that E-W to NE-SW

extension is the predominant type of deformation throughout the entire study area. Due to the discov-

ery of numerous extraordinarily well preserved faults (Figs. 4.2-4.6) within the Cenozoic sedimentary

record along the eastern flank of the Coastal Cordillera, the northern segment of the PAF can be traced

with great accuracy between sites 11/00 and 17/01 (Fig. 4.1). The fault-plane solutions along this seg-

ment of the PAF predominantly show ENE-WSW to NE-SW extension. Only three example for N-S

extension were found in the immediate study area. These outcrops have fresh fault-gouges in Plio-

Pleistocene and Mid-Miocene sediments with normal displacements ranging between0.8− 3 m. A

fourth outcrop showing N-S extension is located15 km east of the study area (see inset Fig. 4.13 A).

The highest concentration of outcrops found in the field is located in the central eastern parts of the

study area, where scarplike landforms are more frequently observed than elsewhere in the study area.

Based on these observations it is assumed that the highest present-day crustal faulting activity is lo-

cated in the eastern central sections of the Cenozoic basin. However, extensional deformation is not

restricted to the limits of the study area. Two outcrops, located∼50 km east of the PanAm show

significant amounts of normal faulting in young river terraces (33/00) and Cretaceous volcanic rocks

(67/00) (see inset Fig. 4.13 A).

The distribution of strike-slip deformations in the study area is shown in Fig. 4.13 B. Due to the

fact that many outcrops at the same time reveal strike-slip and normal faulting kinematic indicators, a

great number of sites is present in both, Figs. 4.13 A and 4.13 B. Throughout the study area the ratio

between left-lateral and right-lateral deformations remains roughly equal with a slight dominance of

sinistral shearing. However, the predominant orientation of P-axes is N-S to NW-SE, indicating a

shortening direction subperpendicular to the plate convergence vector (67° E). In addition, the T-axes

of the strike-slip events commonly exhibit azimuths and plunges similar to the T-axes obtained for the

normal faulting solutions in Fig. 4.13. The highest concentration of fault-plane solutions indicating

right-lateral movement is found in the southwest near Qbd. Teniente (56/00, 49/00 and 100/00). In

turn, the PAF can be traced as a left-lateral structural element from its northern tip near Tongoy Bay

(11/00) down to its southern termination near the PanAm (102/00). The highest concentration of

fault-plane solutions indicating left-lateral strike slip is found in the eastern central parts, where the

most recent and most frequent intraplate activity is assumed to be localized according to Fig. 4.13.

The distribution of focal mechanisms that indicate reverse faulting (Fig. 4.13 C) creates a quite

contrasting picture compared to the distribution for normal and/or strike-slip faulting Fig. 4.13 A &

B. Only 14 sites reveal compressional fault-plane solutions, most of which belong to outcrops with

up to three different types of kinematic indicators on older rock surfaces with average dip angles

of 65° . This angle is relatively uncommon for thrust planes and implies subsequent rotation of the

fault planes rather than high angle thrust faulting. The only two outcrops exhibiting shallow dipping

thrust-planes are located in Cenozoic soft rocks (39/99; 16/00 – see also Fig. 4.10). The P-axes

at these sites trend N-S to NW-SE, subperpendicular to the plate convergence direction. All other

reverse faulting solutions were exclusively found in basement-type rocks. Their data show a trend

towards NE-SW shortening directions, in line with the plate convergence. In addition most of these
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fault-plane solutions show slight rotations of the P-axes out of their horizontal position and a tilt of

the T-axes away from their vertical orientation, creating a number of oblique focal mechanism plots.

4.2.4 Deformation of the Cenozoic Basin

In order to reveal the most recent type of deformation in the forearc it was necessary to extract those

fault-plane solutions from the data, that were obtained along fault planes within the Cenozoic sed-

imentary record, hereafter termed as categoryA outcrops (for definition see Tab. 3.1). Category A

fault planes are predominantly made up of fresh clay-gouges with broad striations showing plunge

and azimuth of the fault slip. In addition to this, most of these outcrops exhibit displaced or tilted

marker horizons that allow for the determination of the sense of slip and the amount of displacement.

In Fig. 4.13 only fault-plane solutions derived from category A outcrops are plotted making sure that

the most recent deformation is displayed. The composite equal area, lower hemisphere plots show the

resulting P- and T-axis solutions for normal, strike-slip and reverse faulting events, respectively. For

each diagram aneigenvector analysiswas conducted in order to reveal the length and orientation of

the principal axes of the reduced stress tensor. For each of the six diagrams, the longest eigenvector

λ3 either represents the P- or T-axis. The resolving P-T-axes for 441 fault-slip data sets of normal

faulting character reveal ENE-WSW extension with a trend/plunge for P = 295°/83°±2.6° and T =

70°/3°±3.6°. The composite result for 222 strike-slip faulting solutions clearly shows NW-SE short-

ening with P = 318°/11°±9.4° and T = 227°/6°±8.1°. Astonishingly the T-axes orientations resolving

from both, the normal and strike-slip fault-plane solutions, predominantly fall into the NE quadrant

of the stereogram. The orientation of the principal planes as demonstrated in the stereographic pro-

jections (dashed lines in Fig. 4.13) is also similar. Only 11 data sets indicating reverse faulting were

obtained in the Cenozoic sediments. Here the composite P-axis orientation (P = 123°/0°±14.0°)

clearly reveals NW-SE shortening. The resolving T-axis in this case is oriented subvertical (T =

20°/78°±14.5°). Taking into account the principal planes of all three types of deformation as shown

in Fig. 4.13, the resulting P-axes are arranged on a NNW-SSE to NW-SE oriented great circle, with

the T-axis being arranged on a great circle perpendicular to this. The fact that these data were exclu-

sively obtained from the youngest geological units leaves a time span of no more than5Ma for the

observed deformations. Altogether this suggests, that the different deformation types can be attributed

to a single transtensional paleostress regime rather than distinct tectonic phases.

4.3 Tectonic Geomorphology

4.3.1 Range Front Geometry

According to Bull and McFadden [1977] the geometric inventory of a range front reflects its relative

tectonic activity. In the study area the Coastal Cordillera forms a prominent fault related range front

along its eastern margin, which borders on the Cenozoic Basin. In order to analyze the geometry

of this range front the piedmont and mountain-block landforms as well as the sinuosity and valley

depth/valley width ratio were studied according to Bull and McFadden [1977] and Bull [1984; 1987]

(see also Tab. 3.3). The range front largely falls in place with the trace of the PAF, which has been
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Figure 4.13:Equal area lower hemisphere plots showing composite P- and T-axis solutions for all nor-
mal, strike-slip and reverse deformations detected within the Cenozoic sedimentary record (outcrops
of categoryA as described in Tab. 3.1);N gives number of fault-slip data sets; Dashed lines indicate
principal planes; Intersections of principal planes denote orientations of eigenvectorsλ1−3, with λ3 as
the longest eigenvector revealing the P- or T-axis orientations, respectively; Contours delineate density
levels as calculated using a Gaussian bell-shaped weighting function. dark shading – higher densities.

studied intensively along its northern segment. The piedmont landforms on the hanging wall side are

characterized by strongly entrenched alluvial fans as seen in a number of outcrops (i.e. 31/00, 13/01

and 17/01). The mountain-block landforms on the footwall side are marked by V-shaped valleys

in the basement rock and triangular facets, so called"flat-irons", aligned with the trace of the range

front. The occurrence of V-shaped rather than U-shaped valleys indicates that the mountain-block was

not yet subject to long-lasting erosional processes. This is also expressed in the sinuosity (sinuous

length/straight length) of the range front. The longer a mountain-block is exposed to weathering

processes, the higher will be the curvature of the range front. This happens because of erosional

processes regressively carving into the mountain-block over time. The sinuosity resulting for the

range front between the Coastal Cordillera and the Cenozoic basin is 1.07-1.08. the results are stable

for its entire length (∼ 60 km) and subsegments of it (∼ 20 km). This shows that the real length of

the range front is only< 10% longer than its straight line length. Only recent and significant tectonic

uplift is capable of preserving a relatively straight fault-trace like this. If the uplift was very slow or
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Figure 4.14:North-South variation ofvalley depth/valley widthratio along strike of the PAF. Mea-
surements are based on topographic map (1:50 000). Width/Depth ratio is specified500m up-valley
from the range front. X-axis – numbering from north to south, no scale along strike.

inactive it would soon be outpaced by erosional processes and a strongly embayed mountain-front

would develop instead. Hence the uplift along the PAF must be considered active.

The valley depth/valley width ratio was calculated for 35 valleys along the PAF using georef-

erenced topographic maps (1:50 000). The individual ratios and the resulting trend are plotted in

Fig. 4.14. The average valley depth/valley width ratio is 0.16±0.04, with a slight increase from north

to south. The average valley depth/valley width ratio as much as the range-front sinuosity perfectly

match the values ascribed torapid tectonic upliftby Bull and McFadden [1977] and Bull [1984;

1987]. Since geomorphic aspects like V-shaped valleys within the mountain-block and entrenched

alluvial fans also match with the requirements for a rapid activity along the range front (Tab. 3.3), a

tectonic uplift rate in the order of0.5 m/ka can be deduced for the PAF.

4.3.2 Fault-scarp Degradation

The occurrence of fault-scarps is an important indicator for recent crustal faulting activity and the

release of seismic energy at the surface. The state of degradation of a surface scarp due to weathering

processes provides a measure for the age of faulting. As described in Chapter 3.3.3 a simple diffusion

model can be applied to reproduce the present-day curvature of a scarplike landform. The best-fit

model curve reveals a morphologic age (κ t), which consists of the diffusivity constant (κ) and the

time (t). Provided the diffusivity constant at the location of the scarp is well-known, the elapsed

time since the formation of the scarp can easily be determined. The diffusivity constant is strongly

dependent on two factors, the paleo-climatic conditions and the composition of sediments.

As shown in Figs. 4.1 and 4.13 the central and eastern parts of the study area bear the highest

concentration of surface scarps associated with crustal faulting. While along the PAF most of these

formerly existing scarps have already been degraded and vanished from the actual land surface, the

topography in the central eastern parts is dissected by numerous scarplike landforms. Three of these

scarps located in Plio-Pleistocene sediments of the Cenozoic Basin were studied in greater detail. The
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Figure 4.15:A – Aerial view of the scarp around location P1 (Fig. 4.16). Note the footwall side (light
gray) with drainage system subperpendicular to the fault trace opposed to the hanging wall side (dark
gray) with imprint of NNW oriented paleo-drainage network under heavily farmed area. Also note
left-steppingof the fault-trace along the northern segment; B – Sketch map of A, showing the trace
and dip direction of the scarp (boxed line); Polygons – Closed basins; Light gray lines – Roads; Stars
– Location of scarps detected in the field; C – Northern termination of scarplike landform. Note that
drainage network splays into ahorse-tailstructure.

scarps truncate the extremely flat terrace surface of the Great Plain, which extends up to35 km inland

from the coast. The scarps were first identified as N-S striking linear features on aerial views and

later verified during field investigation. The most striking example of the three scarps is presented

in Fig. 4.15. Along strike several closed basins are aligned with the trace of the photolineament. At

present these basins are used by the local farmers for irrigation purposes, however, they most probably

originate from natural depressions that were formed due to intraplate normal faulting events. This

interpretation is strengthened by a number of other observations, e.g. the presumed hanging wall
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Figure 4.16:Dating of three morphologic scarps using diffusion equation modeling; Diamonds –
Scarp morphology; Line – Diffusion model (large misfit between data points and model at the foot of
the scarp in P1.1-P1.3 due to irrigation conduit parallel to the scarp).κt [m2 ka−1] – Morphologic
age; Far-field slope-angle – 0.17°.

side shows imprints of a paleo braided-river drainage network, while the footwall side is almost free

from recent or paleo-drainages. Braided river-systems coalescing in a fault-parallel stream channel

commonly develop on the hanging wall sides of tilted fault blocks. Slickenside kinematic indicators

showing E-W extension were found on shear-planes at several sites along the trace of the scarp.

The southern prolongation of the scarp leads into an area where numerous outcrops proved large-

scale normal faulting activity. The magnitude of these displacements ranges between10− 40m,

suggesting the existence of prominent crustal faults of several kilometers length. The trace of the scarp

in Fig. 4.15 also shows typical left-stepping as observed along many intraplate faults in the study area

(Fig. 4.1). In addition, the northern termination of the scarp clearly resembles a fault-related feature,

with the drainage network splaying into a "horse-tail"structure (see Fig. 4.15 C). Fault-splays arranged

in a horse-tail fashion are commonly observed at the terminations of normal faults.

For location P1 (Fig. 4.15) and two similar sites (P2, P3), leveling profiles were mapped across the

apparent fault-scarps (Fig. 4.16). All scarps are located on top of terrace surfaces in the central eastern

part of the study area. According to the digital elevation model the far-field slope-angle of the terrace

averages at 0.17° . The observed vertical displacements of the scarps range between8.3− 9.0m for

P1 and3.3− 4.0 m for P2 and P3. Using a simple diffusion equation that assumes a vertical initial

scarp, the best-fit model curves for location P1 reveal morphologic ages (κt) between335− 370m2.

For P2 and P3 morphologic ages in the range of200− 370m2 were obtained. A robust value for

the mass diffusivity constant (κ) based on absolute age determinations (i.e. Radiocarbon datings) is

not available for the study area. However, morphologic dating of similar materials (fluvial/alluvial

gravels and sands) in other semiarid zones (i.e. Western United States) revealed mass diffusivity
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constants (κ) ranging between4.4− 20m2 ka−1 [Nash 1980; Hanks 1984; Nash 1984; Arrowsmith

1995; Arrowsmith et al. 1995]. Provided the applicability of these diffusivity constants to the scarps

observed in the study area, the age of faulting for P1 ranges from17− 84 kaBP. For P2 and P3

faulting ages of10− 84 kaBP have to be considered.

4.3.3 Drainage Network Analysis

In general continental drainage networks are highly sensitive towards crustal faulting activity. Due

to earthquake induced surface rupture and/or tilting of fault blocks, drainages eventually change their

course and adjust themselves to the newly formed relief. This causes the drainage network of a tec-

tonically highly active region to develop preferred trends in the orientation of stream channels. The

type of drainage pattern that will develop, largely depends on its position with respect to the fault-

trace. Along the northern segment of the of the Coastal Cordillera (footwall block,CC in Fig. 4.17 A)

the drainage system is predominantly oriented subperpendicular to the trace of the PAF. Along the

southern segment of the Coastal Cordillera the drainage network still exhibits a preferred E-W trend

but tends to become more dendritic, which itself is indicative for minor tectonic activity. Subparallel

to the northern segment of the PAF the Cenozoic Basin (hanging wall block) developed a relatively

linear drainage network. The corresponding rose diagrams in Fig. 4.17 B show a dominant N-S fault

parallel trend. The neighboring rose diagrams to the east show a NW-SE trend, indicating a composi-

tion out of fault parallel flow and gentle sloping towards the range front due to the westward tilt of the

hanging wall block. South of theRío Limarí the PAF rapidly tapers out into the Cretaceous arc and

the drainage network becomes more dendritic, though a number of tributaries still strike NNW-SSE.

The turning towards a more dendritic drainage system in this area, again indicates minor tectonic

activity. The same accounts for the zones covered by the Cretaceous arc in the NE parts of the study

area.

The Río Limarí is the only major river in the whole study area and it seems to be largely unim-

pressed by the apparent uplift of the Coastal Cordillera. It crosses the Coastal Cordillera subperpen-

dicular to its strike, deeply cutting into the basement rocks. However, the confluence of the Limarí

river with the Estero Punitaqui obviously falls in place with the easternmost range-front fault of the

Coastal Cordillera. At this point the rose diagrams in Fig. 4.17 B show a radial pattern, indicating con-

fluence into a local depression probably due to subsidence associated with recurrent faulting along

the PAF. The formation of the Limarí valley in the Coastal Cordillera most probably predates its

uplift, thus suggesting that river incision went on simultaneously with emergence of the basement,

creating a so calledantecedent valley. This is evidenced by apparently uplifted fluvial conglomerates

(∼200m a.s.l.) covering the flanks of the Limarí valley.

Figure 4.17:A – Drainage pattern adopted from topographic maps (1:50 000; [IGM 1968]); Dashed
lines – Dry stream channels; Continuous lines – Intermediary stream valleys (occasional river dis-
charge); Thick continuous lines – Major drainages (seasonal and/or year-round river discharge);B –
Drainage pattern analysis. Rose diagrams show azimuths of river segments, weighted for stream order
(seeStrahler‘s stream ordering; chapter 3.3.2); Boxes delineate subareas of∼8×8 km.
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Figure 4.18:Digital elevation model (DEM) of the study area showing the location of E-W-profiles
(P1-P3) as applied for the estimation of geological strain rates (Chapter 4.4.1); Contours – Depth of
basement in meters below sea level [m b.s.l.]

4.4 Geologic Strains/Strain Rates

4.4.1 E-W Neotectonic Cross-sections – Recent Topography

The observed intraplate faulting processes, as presented in the previous sections, provide a useful

basis for the calculation of geological strains/strain rates. The forearc deformation is closely linked to

uplift processes in the Coastal Cordillera. The crucial aspects for the estimation of strain rates are the

timing and the amount of deformation. The time span coming into consideration for the deformation

observed in the study area was contained on the basis of published data specifying uplift rates for ma-

rine terraces and abrasion platforms along the SA forearc. Uplift rates presented by several authors

range between0.1− 0.8m ka−1 (Tab. 2.1). For the study area uplift rates of0.2− 0.5m ka−1 are

stated [Ota and Paskoff 1993; Ota et al. 1995], which coincides with uplift rates determined in Chap-

ter 4.3.1. Maximum elevations of marine terraces in the study area and structurally similar regions

along the Chilean coast (e.g. Mejillones peninsula, Fig. 2.3) range between600− 700m a.s.l.. On

the other hand, geophysical records from the Cenozoic Basin and modeling results from North Chile

[Pelz 2000] show that the depth of the basement underlying the Cenozoic Basin is∼ 600m b.s.l..
The subsidence occurred along E-dipping normal faults (e.g. PAF) parallel to the range front of the

Coastal Cordillera. Consequently, a cumulative vertical displacements of600− 1300m has to be
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Table 4.1: Minimum and maximum time span neces-
sary to accomplish the observed uplifts, in dependence of
minimum/maximum coastal uplift rates and vertical dis-
placements, as obtained from Chapter 4.3.1 and previous
studies.

Uplift Uplift rate Time
[m] [mka−1] [Ma]

Min 600 0.5 1.2

Max 1300 0.2 6.5

considered for the range-front fault. Applying the above stated uplift rates to the maximum and min-

imum vertical displacements, the period necessary to accomplish the observed deformations reduces

to 1.2− 6.5Ma (Tab. 4.1).

In order to infer E-W strains/strain rates for the study area, three cross-sections (P1-P3) subper-

pendicular to the NNW-SSE striking fault-traces (Fig. 4.18) were selected. Along these cross-sections

the amount of vertical displacement at the particular intraplate faults was studied. Where traces of

known or presumed faults coincide with noticeable free faces in the DEM, the vertical displacement

was approximated geometrically, given a default dip angle of 65° as indicated by the fault-slip data

analysis. An example for the validity of this approach is given by Fig. 4.19. The scarp-height ap-

proximated from the DEM (∼ 40m) is roughly equal to that measured at the same location in the

field (35m) by previous authors [Ota et al. 1995]. The vertical offsets were converted into horizontal

displacements neglecting the fact that oblique dip slip may have occurred along the faults. All cross-

sections are roughly equal in length (∼25 km). The E-Wbaselinesof cross-sections P1-P3 roughly

equals the width of the fault zone as inferred from field and remote sensing data. The E-W-strains

were approximated dividing the cumulative horizontal displacement for each profile by the length

of the baseline. The resulting strains are presented as minimum and maximum values (Tab. 4.2) for

TJt
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Figure 4.19:Rollover structure in Plio-Pleistocene sediments of the Cenozoic Basin. Adopted from
Ota et al. [1995]; Qal/Qc – Quaternary alluvial/fan; TQc – Coquimbo Formation (Mid-Miocene-
Pleistocene); TI/a – Limarí Formation (Plio-Pleistocene); TJt – Talinay Unit (U. Triassic - L. Jurassic).
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Profile Horizontal Strain Time Strain rate
displacement [m] [Ma] [µstrain]

P1 369/435 0.015/0.0176.5/1.2 0.002/0.014

P2 140/411 0.006/0.0166.5/1.2 0.001/0.013

P3 386/487 0.015/0.0196.5/1.2 0.002/0.016

Table 4.2:Min/Max E-W horizontal displacements, strains and strain rates for cross-sections P1-P3 in
the study area Fig. 4.20). Note that for calculation of strain rates the minimum and maximum available
time span, as presented in Tab. 4.1, was taken into account. Average dip angle for all considered fault
planes is 65° . Baseline length of∼ 25 km) equal for all cross-sections (Fig. 4.20).

each cross-section. The maximum values include all displacements, also those purely inferred from

remote sensing analysis and topographic signals. The minimum values account for offsets exclusively

associated with faults mapped in the field.

All cross-sections in Fig. 4.20 (P1-P3) clearly show a prominent topographic scarp separating the

basement of the Coastal Cordillera in the west from the deposits of the Cenozoic basin in the east. Flat

topped units along the seaward portions of the Coastal Cordillera indicate uplifted abrasion platforms

(P3 in Fig. 4.20). The well developed planation surface shown in cross-section P1 marks the marine

transgression associated with the Last Interglacial Temperature Maximum (LGTM). The surface is

covered with the Pleistocenelosa deposits, that are attributed to Isotope stage 5e, corresponding to

∼ 125 kaBP (Fig. 2.7). The planation surface (Great Plain) is present in all cross-sections, gently

sloping towards the NW with altitudes increasing from∼ 25m at the coast to∼ 200m further inland.

From profile P1 to P3 the amount of internal deformation of the Cenozoic deposits increases signif-

icantly. Rollover structures tilting the Cenozoic deposits towards the west can be identified from the

DEM. For comparison, the location of the rollover structure in Fig. 4.19 is well represented in cross-

section P1 (indicated by dashed frame). The existence of rollover structures is supported by field

evidence and proves that significant faulting occurred subsequent to the formation of the Pleistocene

planation surface. The magnitude of subsurface offsets along the PAF ranges between145m in the

south to600m in the north. The subsurface displacements are either based on geophysical results

(P1 & P2) or inferred from the geometry of rollover structures (P3). It is quite contrasting that the

decrease of subsurface displacement towards the south is accompanied by an increase of internal de-

formation. This misfit mainly arises from the lack of geophysical data for the southern cross-section.

The resulting E-W strains and strain rates for each individual cross-section are presented in

Tab. 4.2. The cumulative lengthening of the25 km long profiles ranges from140− 487m, producing

an extension of 0.6-1.9% over the length of the baselines. The average resolving strain amounts to

0.014±0.0045 corresponding to 1.4±0.45% extension in the forearc. The calculation of strain rates

takes into account the minimum and maximum time spans as presented in Tab. 4.1. The resolving

strain rates range from0.001− 0.016µ strain a−1. The lower strain rate of (0.001µ strain a−1) is

obtained assuming that the minimum strain of 0.6% acted over the maximum time span of6.5 Ma.

The highest strain rate of0.016µ strain a−1 is based on the assumption that the maximum strain

of 1.9% is distributed over the last1.2Ma. Because of this wide range, the average strain rate
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Figure 4.20:E-W cross-sections showing vertical and associated horizontal displacements inferred
from field observations and topographic relief. Topographic relief (DEM) and location of cross-
sections see Fig. 4.18. Closed triangle – Known fault-trace; Open triangle – Presumed fault-trace;
PAF – Location of Puerto Aldea Fault.
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Figure 4.21:Depth of basement inferred from geophysical data [Meinardus 1961; Rocroi 1964] and
examples for balanced cross-sections. A – Isolines delineating depth of basement on the hanging
wall side along the northern segment of the PAF (see also Fig. 4.18); Circles, stars and triangles –
different cross-sections from which a composite E-W profile as input for the inclined shear method is
produced; B – balanced composite E-W cross-section applying the inclined shear method [White et al.
1986] using different shear angles and restoration levels; Shear angles – 75° and 90°. Original beds –
0ma.s.l. and600m a.s.l..

(0.008± 0.007µ strain a−1) shows an error in the same order as the mean value. Despite these

uncertainties an 0.5-2.0% extension during Plio-Pleistocene times has to be considered as a realistic

approximation for the deformation rate within this part of the continental forearc.

4.4.2 E-W Balanced Cross-section – Basement Geometry

With the help of a balanced cross-section parallel to P1 (Fig. 4.20) the depth of the detachment and the

amount of dilatation to be expected in the forearc can further be constrained. The initial shape of the

cross-section is inferred from reflection-seismic data [Meinardus 1961; Rocroi 1964], as presented in

Fig. 4.21 A, which shows the depth distribution for thetop of basement(TOB) on the hanging wall

side of the PAF. Provided the authors determined a velocity model for the Cenozoic Basin with an

accuracy of±0.2 km/s, a maximum vertical error for the depth of TOB is expected to be around
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Shear angle Original bed Detachment Heave Strain Time Strain rate
[°] [m a.s.l.] [m b.s.l.] [m] [Ma] [µ strain a−1]
75 0 7000 425 0.017 6.5/1.2 0.003/0.014

75 600 17500 825 0.033 6.5/1.2 0.005/0.028

90 0 11000 260 0.010 6.5/1.2 0.002/0.008

90 600 24500 525 0.021 6.5/1.2 0.003/0.018

Table 4.3:Fault plane geometries and E-W horizontal strains resulting from restorations of the base-
ment geometry to original beds on sea level and600m altitude, respectively. Results are tested for
shear angles of 75° and 90° as shown in Fig. 4.21.

80− 90 m. Since the isolines for the TOB are inhomogeneously distributed over a relatively small

area, a composite solution of three possible geometries was constructed in order to represent the

TOB in the initial E-W cross-section. This geometry was restored to two possible paleoelevations,

sea level and600m above sea level. The range in altitude roughly corresponds to the minimum

and maximum vertical displacement (600− 1200m) as shown in Tab. 4.1. For the actual restoration

process, theinclined shearmethod [White et al. 1986] was applied, as described in Chapter 3.4. After

the construction of the fault-plane geometries, two different shear angles (75° and 90° ) were tested for

their potential to reconstruct the assumed paleotopographies at sea level and600m a.s.l., respectively.

In order to reveal the E-W horizontal strains, the resulting heave for each restoration process was

related to a25 km long baseline. The length of the baseline was chosen in accordance with the width

of the fault zone and the length of the cross-sections in Fig. 4.20. The point of intersection between the

fault plane and the TOB was chosen to be two kilometers east of the apparent trace of the range-front

fault. This assumption is supported by the drainage network analysis, which shows that the major

drainage, the Quebrada Pachingo, turns into range front parallel flow2− 3 km east of the range-front

fault (Fig. 4.1). The center of strike-parallel flow at the surface probably indicates the position of the

present-day active fault at depth.

The resulting fault geometries and the associated detachment depths are strongly dependent on

the specified elevation to which the TOB on the hanging wall side is restored. Applying shear an-

gles of 75° and 90° for the restoration of the TOB to sea level reveals detachment depths ranging at

7 and 11 km, respectively (Tab. 4.3). The detachment depths inferred for the restorations of the TOB

to 600m a.s.l. range between17.5− 24.5 km, using shear angles of 75° and 90°, respectively. The

heave obtained for the different reconstructions varies between260− 825m. Related to the length

of the baseline (25 km), the heave indicates strains ranging from 0.010-0.033, which corresponds to

1.0-3.3% extension over the length of the chosen baseline. These results mostly agree with the strains

obtained from the neotectonic cross-sections in Chapter 4.4.1. According to the time span shown in

Tab. 4.1, the resolving strain rates range between0.002− 0.028µ strain a−1.
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Figure 4.22:Dislocation modeling of topographic cross-section P1 (Fig. 4.20) tested for different
model fault geometries; A – Effects of changing fault-dip angle; B – Effects of changing downdip ex-
tension of fault; C – Correlation between best-fit dislocation curve and basement geometry as inferred
from geophysical record [Meinardus 1961; Rocroi 1964]; PAF – Puerto Aldea Fault Stars, Circles and
Triangles denote three different solutions for the basement geometry as shown in Fig. 4.21; Black lines
– Location and dip of normal faults.

4.5 Elastic Half-Space Modeling

4.5.1 Intraplate Fault Geometries

The neotectonic analysis showed that the uplift of the Coastal Cordillera is closely associated with

crustal faulting along major NNW-SSE striking intraplate normal faults, e.g. the PAF. Consequently,

the deformation along these intraplate faults is assumed to be responsible for the build-up of the to-
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pography of the Coastal Cordillera. Dislocation modeling provides an excellent tool for the study

of interrelationships between fault geometries at depth and surface offsets. Assuming that the to-

pography of the Coastal Cordillera represents the surface expression of cumulative intraplate faulting

activity along the NNW-SSE striking normal faults, a simple dislocation model can be applied in order

to constrain the geometries of these faults as described in Chapter 3.5.2. In the following the results

for three best-fit models reproducing the topographies of the E-W neotectonic cross-sections P1-P3

(Fig. 4.20) are presented. The locations and orientations of faults introduced to the model correspond

to the observed and inferred fault-traces and -strikes as shown in Fig. 4.1. In a first step, dip angles

are tested for their applicability to sufficiently reconstruct the topography of the northern profile (P1).

The dip slip along the model equivalent of the range-front fault was set to∼1.5 km. This equals the

amount of slip necessary to accomplish a1350m vertical uplift of the hanging wall block along a

65° dipping fault plane. As shown in Fig. 4.22 A, a best-fit solution is obtained for 65° dipping model

faults. Shallower dips (45° or 25°) are insufficient to reconstruct the topographic heights accurately.

The best-fitting dip angle of 65° corresponds to the average fault dip resulting from the fault-slip data

analysis (Chapter 4.2).

Looking at the downdip extensions necessary to reproduce the topographic cross-sections shown

in Fig. 4.22 B, a fault depth of10 km provides thebest-fitdislocation curve for cross-section P1. Given

the same amount of dip slip and a 65° dip angle, faults extending down to20 km depth produce dislo-

cation curves that tend to over-represent the existing topography. In turn, fault depths of5 km produce

dislocation curves that are insufficient to explain the observed topographic heights. In Fig. 4.22 C, the

best-fit dislocation curve for P1 (dip: 65°, depth:10 km, dip slip: 1.5 km) is tested for its potential to

reproduce the geometry of the TOB as presented in Fig. 4.21 A. Between longitudes 71.6°- 71.55° W

a basic correspondence of both curves is observed. This shows that the dislocation model is capable

to reconstruct realistic geometries for both, the footwall and the hanging wall block. Consequently,

the uplift of the Coastal Cordillera and the tilting of the basement underlying the Cenozoic Basin is

likely to be caused by intraplate normal faulting along the range-front fault.

In a next step, the dislocation model is tested for its potential to match the topographies of cross-

sections P2 and P3 (Fig. 4.23). In the first case (Fig. 4.23 A) the topography is matched by introducing

a higher dip angle (75°-80°) to the model of the range-front fault (PAF). The amount of dip slip

on this fault necessary to reproduce the cross-section has to be increased by0.8− 1 km to about

2.3− 2.6 km. A dip slip of∼2.3− 2.6 km along a 75-80° dipping fault produces a∼ 1.6 km vertical

displacement in the dislocation model. For cross-section P3 the modeling results are presented in

Fig. 4.23 B. The amount of dip slip necessary to sufficiently model the topography, again has to be

increased by1.4− 1.7 km to almost4 km. In addition to this, the best-fit dip angle for the model

range-front fault has to be fixed to 80°. A ∼ 4 km dip slip along an 80° dipping fault produces almost

2 km vertical offset in the dislocation curve. Comparing this displacement with the vertical offsets

obtained for cross-sections P1 and P2, an increasing subsidence of the Cenozoic Basin towards the

south can be inferred. This result corresponds to neotectonic field observations, such as a higher

concentration of intraplate faulting in the eastern and central parts of the study area (Chapter 4.2.3).

The thickness of Plio-Pleistocene fluvial deposits in this area (Fig. 2.6) and the existence of a local

depression in the drainage network (Fig. 4.17) provide additional support to this interpretation.
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Figure 4.23:Dislocation modeling of topographic cross-section P2-P3 (Fig. 4.20); Thin solid line –
Topographic cross-sections; Thick solid line – Location, dip-angle and dip-direction of model faults;
Dashed line – Dislocation curve.

The E-W horizontal strains, calculated for all dislocation models on the basis of line length

changes of the25 km long baseline, fall within the same order of magnitude as the strains resulting

from the neotectonic and balanced cross-sections. Strains resulting from best-fit dislocation models

range from 0.014-0.017, which corresponds to 1.4-1.7% extension over the length of the considered

baseline or a strain rate of0.002− 0.015µ strain a−1.

Cross-section P3 exhibits significant mismatches between the dislocation curve and the topo-

graphic signal. However, where the dislocation curve apparently underestimates the topography, the

missing volume is usually filled with sedimentary deposits in nature. This indicates that the apparent

mismatches between the existing and the modeled topography do not represent inaccuracies of the

model, but reflect the present geological settings in the study area. Consequently, the results from

elastic dislocation modeling strongly correlate with both the field observations and the results from

the neotectonic analysis and thus support the interpretation of the Coastal Cordillera to have formed

due to repeated earthquakes along the range-front fault (PAF).

4.5.2 Forearc Deformation due to Large Subduction Earthquakes

Large subduction earthquakes, hereafter termed asinterplate events, periodically rupture segments

of the plate interface, which connects the subducting slab with the overriding crust along the Nazca-
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Figure 4.24:Model interface and faulting parameters for the 1943 IllapelMw8.2 interplate event.
Vectors show movement of the subducting slab, subdivided into dip-slip and strike-slip components.
Total seismic moment for all slip components (Ds1+Ss1+Ds2+Ss2) equals2.24× 1021 Nm.

SA plate boundary. During these earthquakes significant uplift or subsidence of coastal segments

and/or activation of crustal faults is observed. For instance, during the 1995 AntofagastaMw8.0

interplate event, coastal uplift in the order of0.1− 0.4m [Ortlieb et al. 1996a] and normal offset

along an intraplate fault bordering the Coastal Cordillera to the east were observed (Gonzalez, 2002

pers. comm.). This suggests a close interaction between the processes in the subduction zone and the

continental forearc. Thus, modeling the displacement field in the continental forearc generated due to

large interplate events provides a key for the understanding of the intraplate deformation observed in

the study area. The last significant interplate event (Mw8.2), rupturing the segment of the plate

interface adjacent to the study area, occurred on April6th, 1943. For this event the dislocation

model described in Fig. 4.24 was used to approximate coastal uplifts and horizontal displacements

in the continental forearc between latitudes 29°-32° S. According to the AEDM [Khazaradze et al.

1999], the applied model interface is subdivided into afully coupled zone(100% coupling) between

8− 35 km depth and a transition zone (50% coupling) between35− 48 km depth. The dip of the

fully coupled and the transition zone is 16° and 23°, respectively. This provides a width of92 km for

the updip zone of the interface, and a width of33 km for its downdip extension (Fig. 4.24). According

to scaling laws by Wells and Coppersmith [1994], the length of the model interface was set to253 km.

The slip for each zone was subdivided into dip-slip and strike-slip components under conservation of

Figure 4.25:(next page) Vertical (A) and horizontal (B) displacements predicted by dislocation model
for the 1943 IllapelMw8.2 earthquake. Faulting parameters are given in Fig. 4.24. Magnitude of
displacements given in [cm]. Inset in B shows principal strain axes orientations in the center of the
study area at0 km depth; straight dashed lines – projection of updip and/or downdip edges of the
model interface; fcz – fully coupled zone; tz – transition zone.



76 4. Results

-7
3˚

-7
2˚

-7
1˚

-7
0˚

-3
2˚

-3
1˚

-3
0˚

-2
9˚

-20

-20

-15

-15

-10

-10

-5

-5

-5

0

10

10

20

20

20

30

30

40

40

50

50

60

6070 70
70

06
.0

4.
19

43
 Il

la
pe

l M
w

=
8.

23

fc
z

tz

A

V
e

r
t

i
c

a
l

D
is

p
la

ce
m

en
t

-7
3˚

-7
2˚

-7
1˚

-7
0˚

-3
2˚

-3
1˚

-3
0˚

-2
9˚

10

20
30

30

30

40

40

40

50

50

50

60

60

70

70

80

80

90

-7
3˚

-7
2˚

-7
1˚

-7
0˚

-3
2˚

-3
1˚

-3
0˚

-2
9˚

fc
z

tz
B

H
o

r
i

z
o

n
t

a
l

D
is

p
la

ce
m

en
t



4. Results 77

the total seismic moment of2.24× 1021 Nm. In correspondence with the average nucleation depth of

large interplate earthquakes along the Chilean subduction zone [Tichelaar and Ruff 1991], the larger

amount of dip slip (220 cm) is accomplished between35− 48 km depth. Between8− 35 km depth

the amount of dip slip is smaller, but due to its larger area, the total seismic moment produced by

this portion of the model interface is twice as high as the seismic moment exerted by the downdip

transition zone.

The modeled coseismic uplift and horizontal displacement fields are plotted in Fig. 4.25. The

horizontal displacement field shows a WSW directed coseismic motion of the continental forearc in

the order of80− 90 cm. These results correspond well with the observations made for the 1995

AntofagastaMw8.0 interplate event, where up to90 cm horizontal displacement could be detected by

means of resurveying several GPS monuments shortly after the earthquake [Klotz et al. 1999]. For the

center of the study area the modeled coseismic displacement field predicts an E-W oriented maximum

extension direction, normal to the trench (see inset Fig. 4.25 B), and a maximum shortening direction

oriented N-S, parallel to the trench. These strain orientations largely coincide with the principal strain

axes orientations inferred from neotectonic fault-slip data. Hence, the model described above shows,

that the intraplate deformation observed in the continental forearc is most likely to be influenced, if

not even controlled, by large interplate earthquakes rupturing the subduction zone.

The hypocenter of the 1943 Illapel earthquake as specified by the South American historical

seismicity catalogue [USGS 2001] is located immediately beneath the continental forearc. According

to the model described above, uplift within the continental forearc occurs up to40 km landward

from the coast. The study area with its seaward-protruding coastline lies well within this zone of

coseismic uplift. Due to their greater distances to the trench, the adjacent coastal areas in the north

and in the south of the study area either lie outside the uplift zone or within zones of less pronounced

uplift. Within the study area, coseismic uplifts of up to35 cm are predicted by the dislocation model

(Fig. 4.25 A). These results compare well with the observations made for the 1995 Antofagasta event

in North Chile [Delouis et al. 1998]. The hinge line between uplift and subsidence roughly falls

in place with the downdip edge of the transition zone. This suggests that the commonly observed

uplift of Coastal Cordilleran blocks along the Nazca-SA plate boundary is closely associated with the

latitudinal position of the junction between the continental and oceanic crusts and theasthenospheric

wedge(Fig. 2.2). This is supported by Ruff and Tichelaar [1996] who reported a general correlation

between the location of the coastline and the downdip edge of the plate interface for the whole circum-

Pacific region. Thus, a possible cause for the strong uplift of coastal areas during large subduction

earthquakes is the updip translation of forearc slivers along the plate interface.

Figure 4.26:(See next page) Location of 339 interplate events withMs> 5 selected from NEIC catalogue
[2001]. Epicenter locations for selected events are shown as white circles. Considered time span covers
the last 350 years, starting with the 1647 megathrust [Beck et al. 1998]; A: Thin black lines – Outline of
the model plate interface; fcz: fully coupled zone tz: transition zone; Dashed frames – Exemplary rupture
areas for earthquakes of different magnitudes. B: E-W Cross-section with locations of selected earthquakes
(black dots) relative to the model plate interface. Selected events plot within +/- 20 km vertical distance to
the thrust interface. The horizontal alignment of hypocenters near33 km depth represents earthquakes that
were assigned the default depth in the NEIC catalogue [2001].
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4.5.3 Strain Redistribution due to Large Sub-
duction Earthquakes

In order to quantify the amount of strain redistri-

buted during large subduction earthquakes along

intraplate faults in the continental forearc, 339

events with magnitudes 5 (Ms) or higher were se-

lected from the NEIC [2001] or the USGS [2001]

seismic catalogues and modeled using a simple

dislocation model of the plate interface. The se-

lected interplate earthquakes occurred during the

last 350 years, starting with the 1647 megathrust

[Beck et al. 1998] near 33° S. The selected events

lie within ±20 km vertical distance to the model

plate interface as shown in Fig. 4.26 B. A high

concentration of earthquakes can be observed for

the area between 32°-34° S. At least three mega-

thrusts (1647, 1730 & 1906; see Chapter 2.3.3)

ruptured this segment of the plate interface, and

due to their size possibly propagated northward

into the study area [Beck et al. 1998]. The pos-

sible rupture area for the 1730 (Ms8.7) subduc-

tion earthquake and the average rupture areas of a

number of smaller interplate events are indicated

in Fig. 4.26 A. The rupture area for all 339 earth-

quakes were estimated using scaling laws pub-

lished by Wells and Coppersmith [1994]. The ge-

ometry of the applied model interface is nearly

identical to the geometry presented in Fig. 4.24,

apart from the strike of the interface, which was

chosen to be due N-S.

Fig. 4.27 shows estimates for cumulative strains

redistributed along major crustal faults due to 339

interplate earthquakes, which ruptured the north-

central Chilean segment during the last 350 years.

For three selected sites within in the study area

moment rates and hypothetical focal mechanisms

were calculated in order to quantify the coseis-

mic strain redistribution along major intraplate or

crustal fault planes.
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Figure 4.27:Strain rate inferred from dislocation modeling of 339 interplate events of magnitude
Mw5 or higher since 1647. Solid contour lines show positive (extensional), dashed lines show negative
(contractional) strain rates inµ strain a−1. A, B and C represent model intraplate faults of60 km
length,11 km width and 65° dip. Focal mechanisms depict movement along fault and moment rate
inferred from strain redistribution due to successive rupture of the subduction zone. Rake and slip
were calculated from strain components parallel to the strike and dip of the individual fault planes.
Inset shows focal mechanism and moment rate inferred from GPS-residuals.

The moment rates and focal mechanisms are calculated on the basis of two components of the

modeled strain tensor (Txx, Tyy), which is rotated into the planes of 65° E- or W-dipping model

intraplate faults (A-C in Fig. 4.27), as described in Chapter 3.5.3. The contour lines in Fig. 4.27 show

that the maximum E-W extensional strain rate at the surface falls in place with the major intraplate

fault zone as observed in the study area. The magnitude of these E-W horizontal strain rates range

between0.04µ strain a−1 in the center of the study area to0.08µ strain a−1 at its southern tip near

Qbd. Teniente (C in Fig. 4.27). The higher strain rates in the south refer to the higher concentration

of large subduction earthquakes between 32°- 35° S. Interestingly, the focal mechanisms inferred for

the model intraplate fault planes show both, left oblique extensional faulting (B in Fig. 4.27) and left-

lateral strike slip (A and C in Fig. 4.27). These results correlate with the focal mechanisms inferred

from neotectonic fault-slip data obtained in the field (Fig. 4.13).
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The moment rates obtained from strain redistribution modeling along major intraplate faults

range from2.5× 1015 Nma−1 to 1.4× 1016 Nm a−1, which is equivalent to moment magnitudes

of Mw4.2-4.7. The average magnitude of intraplate earthquakes (depth< 30 km) as provided by seis-

mic catalogues [ISC 2001; NEIC 2001; USGS 2001] falls in the same order of magnitude. According

to these catalogues, approximately one earthquake of magnitudeMw4.1 per year occurred in the study

area during the last decade. In contrast to this, the moment rate inferred from GPS residual velocities

(see inset in Fig. 4.27) is much higher, ranging from8.8× 1016 ± 4.1× 1016 Nma−1. The most

striking result of modeling the strain redistribution is that the model predictions largely correspond

to the observations made in the field. On the one hand this shows, that simple dislocation models

are capable to realistically image existing deformation processes, on the other hand it suggests that

interplate and intraplate deformation processes in the forearc are closely associated to one another.

This interpretation is strongly supported by eyewitnesses reporting the (re)activation of theSalar del

Carmen Faultduring the 1995 Antofagasta (Mw8.0) earthquake. The Salar del Carmen Fault, which

is located∼ 15 km inland from the coast, suffered a left-oblique normal faulting offset cutting an

agricultural fence line [Gonzalez et al. 2002].

4.6 Space Geodetic Observations

Based on observations from four GPS-campaigns conducted in 1994-1997 the contemporary crustal

deformation field along the central and southern Andes (17°-42° S) was analyzed [Khazaradze and

Klotz 2002]. For this study, GPS data from the continental forearc were selected between 28°-34° S,

in order to study the long-term intraplate deformation rates and to compare these with the field ob-

servations in the study area. As described in Chapter 3.6, the observed displacement vectors mainly

reflect the interseismic elastic strain accumulation due to the locking of the subduction interface.

The interseismic strain accumulation simply represents a dominant short-term signal which has to

be removed in order to picture the long-term intraplate deformation rates. This is accomplished by

estimating the interseismic deformation at the observation points using a three-dimensional elastic

dislocation model (AEDM) of the seismogenic interface [Klotz et al. 2001]. Subtracting the mod-

eled short-term deformation rates from the observed present-day deformation rates reveals a residual

displacement field which can be interpreted as the long-term intraplate deformation of the overriding

plate (Fig. 4.28).

4.6.1 GPS Strain Rates and Differential Motions

Observed and modeled velocities in the forearc of North-Central Chile are plotted in Fig. 4.28 A.

The observed velocity field is relatively homogeneous and oriented subparallel to the Nazca-SA plate

convergence direction [Angermann et al. 1999]. The length of the observed displacement vectors

ranges between24± 1.5mm a−1 at the coast and13± 2mm a−1 in the Precordillera. Thus, the

length of the displacement vectors generally decreases away from the Peru-Chile Trench leaving

a pattern which could easily be interpreted as forearc shortening. However, as stated above, the

observation data needs to be reduced by the dominant short-term signal. This is done by subtracting

the AEDM model vectors from the observed data. Along the coastline the model vectors best fit
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or even overcompensate the observed displacements. However, further inland the capability of the

AEDM to predict the observations decreases rapidly and the length of the residual vectors (observed

- modeled) increases substantially. Hence, the resolving residual velocity field presents a completely

different pattern compared to that generated by the observed velocities (Fig. 4.28 B). The residual

vectors along the coast are predominantly directed seaward while the residuals further inland indicate

east or northeast motion. In the center of the considered area residual velocities are close to zero

(stations: BSJL and LISL).

The horizontal strain rate at the center of the residual velocity field is determined according to

the method described in Chapter 3.6. Length and azimuth of the resulting maximum extensional and

contractional strains are shown by the black double arrow in Fig. 4.28 B. In correspondence with the

neotectonic field studies and the modeling results, the two-dimensional strain tensor inferred from

the residual velocity field resolves ENE-WSW oriented extension and NNW-SSE directed contrac-

tion. The maximum extensional strain rate is as large as0.044± 0.013µ strain a−1 trending ENE,

while the maximum contractional strain rate is by an order of magnitude smaller, ranging between

0.003± 0.01 µ strain a−1. Due to its large error, this component has to be considered insignificant.

In Fig. 4.28 C the E-W component of residual velocities between 70°-72° W is displayed in a cross-

sectional view. In the western half of the plot data points cluster around zero or slightly below which

indicates stagnation or seaward residual motion. In the eastern half of the diagram data clearly plot

above zero, indicating eastward residual motion. The internal strain for each cluster is expressed by

the regression lines in Fig. 4.28 C. However, strains of−0.013± 0.081µstrain a−1 (Block 1) and

−0.041± 0.043µstrain a−1 (Block 2) have to be considered insignificant due to their large errors.

This indicates that no internal deformation takes place in E-W direction, thus allowing for the inter-

pretation that each cluster represents a rigid, uniformly moving block. Based on this assumption, the

residual velocities between 28°S - 34° S can be used to approximate a differential motion between the

two blocks representing the Forearc (Block 1) and the Precordillera (Block 2), respectively. Residuals

from 5 stations were attributed to Block 1 while residuals from 7 stations could be attributed to Block

2. Two stations (BSJL;LISL) were omitted during the calculation because of their vicinity to the

block boundaries. The width of each block is∼100 km. Converting the residual velocity field into

a differential motion between the assumed blocks, a velocity of9.3± 4.7mm a−1 distributed over a

∼200 km distance is achieved. The E-W component of the differential motion is7.6± 3.6mm a−1,

while the N-S component amounts to5.5± 3.1mma−1. The azimuth and direction of the differen-

tial motion (N54° E) is roughly parallel to the orientation of the principal extensional strains inferred

from the majority of neotectonic fault-slip data (NE-SW to ENE-WSW).

Figure 4.28:(See next page) GPS data from SAGA network [Klotz et al. 2001] between 28°-34° S
latitude; A – Observed (white) andbest-fitmodel velocities (black) at selected stations. Slab geometry
is outlined by frames. Convergence rate is65mm a−1 [Angermann et al. 1999] oriented at N77° E
azimuth; B – White arrows show length and azimuth of GPS residual velocities and the corresponding
95% confidence limits. Black double arrow (strain cross) shows length and azimuth of maximum
extensional and compressional strain inferred from the residual velocities; C – E-W residual velocities
for Coastal block (Block 1) and Precordilleran block (Block 2); D – N-S residual velocities for Coastal
(circles) and Precordilleran (triangles) blocks. Error-bars delineate 95% confidence limits.
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GPS observed and residual velocities for North Central Chile (SAGA 1994-1997)
Station Longitude Latitude E-Observed N-Observed E-Residual N-Residual

name [°] [°] [mm/a] [mm/a] [mm/a] [mm/a]
MATA 288.12 -33.96 23.8 10 -1.9 -1.5

CART 288.37 -33.55 22.1 8.0 -4.2 -0.4

PTOM 288.43 -31.53 22.6 7.2 0.0 -1.2

TONG 288.50 -30.25 20.8 6.5 -7.4 -2.9

ZAPA 288.53 -32.55 21.4 8.3 -2.3 2.0

BSAR 288.59 -28.82 23.6 10.3 -6.2 -1.4

BSJL∗ 288.66 -30.69 19.7 5.0 0.3 4.0

LISL∗ 288.99 -31.06 18.0 3.8 -2.3 1.7

CCAL 289.18 -33.68 14.2 1.5 5.6 4.1

CMOR 289.20 -30.21 13.4 2.5 4.1 3.4

CCHA 289.31 -32.95 14.2 1.3 5.0 0.7

CONC 289.37 -31.89 15.1 2.1 3.0 4.7

CHAP 289.50 -29.85 10.3 1.6 5.5 8.0

LMOL 289.54 -30.74 11.3 2.1 0.3 3.2

ETRA 289.71 -28.87 9.6 0.7 3.9 7.8

Table 4.4:Selected GPS residual velocities for North Central Chile. Based on these velocities, geode-
tic strain rates and differential motion between the Coastal and Precordilleran blocks are approximated.
Upper section of the table, stations MATA-LISL, are attributed to the Forearc or Coastal block (Block
1 in Fig. 4.28); Lower section of the table, stations CCAL-ETRA, are attributed to the assumed Pre-
cordilleran block (Block 2);∗ – Stations not included into calculation of differential motion due to
their vicinity to the block boundaries.

The N-S residual velocities presented in Fig. 4.28 D show a clear trend within the data of Block 1,

indicating N-S extension. Together with the eastward component of this block a northeastward mo-

tion is resolved. The coastal block shows no N-S trend at all, thus a predominantly westward motion

results for this block. Provided the motions of Block 1 and 2 are indicative for the intraplate de-

formation in the continental forearc, a potential fault-plane solution would show left oblique normal

dip slip or left-lateral strike slip for N-S striking intraplate faults. A potential fault-plane solution

for the PAF is presented in Fig. 4.27. This fault-plane solution corresponds well to the fault-plane

solutions presented in Chapter 4.2.3, which were inferred from neotectonic fault-slip data. Since the

1943 IllapelMw8.23 interplate event, no large subduction earthquake ruptured the plate interface of

North Central Chile. Consequently, the observed GPS-signal represents a purely interseismic state of

deformation without any contributions from coseismic and/or postseismic effects, as reported for the

rupture areas of the 1995 Antofagasta and 1960 Valdivia events [Klotz et al. 1999; Klotz et al. 2001].

In the light of the overall correlation between principal strain axes inferred from neotectonic fault-slip

data, strain redistribution modeling, and GPS-residual field analysis, space geodetic techniques seem

to be applicable to correctly image intraplate deformation processes along the North Central Chilean

forearc.
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4.6.2 Recurrence Intervals for Intraplate Earthquakes

Recurrence intervals for intraplate normal faulting events are approximated on the basis of the differ-

ential motion estimates as presented in Chapter 4.6. In addition, the moment rates resolving from the

redistribution of strains during large subduction earthquakes (Chapter 4.5.3) are added to the GPS-

derived moment rates. The calculation of recurrence intervals was conducted according to two model

approaches:

1. acharacteristic earthquake model, assuming that 100% of the accumulated intraplate strains is

removed by characteristicMw7 crustal events

2. a truncated Gutenberg-Richter relationship, assuming that only∼30% characteristic earth-

quakes occur [Schwartz and Coppersmith 1984] while the remaining intraplate strains are re-

moved by numerous smaller crustal events

Both approaches are based on moment-rate estimates for a potential intraplate fault with the subsur-

face dimensions of the Puerto Aldea Fault (PAF) as shown in Chapter 4.5.1. The moment rates were

calculated applying the horizontal differential motion to the PAF as described in Chapter 3.6. The dif-

ferential motion inferred from GPS residual velocities (9.3± 4.7mm a−1) converts to a dip-slip rate

of 2.9± 1.4 mma−1 and a strike-slip rate of3.3± 1.6mm a−1 on the 65° E dipping and N170° E

striking fault (Tab. 4.5). Using Kostrov‘s formulation (3.5), and assuming a60 km long and11 km
wide fault plane (PAF), a moment rate of8.8× 1016 ± 4.1× 1016 Nma−1 is achieved. Compared to

this, the average moment rate of6.3× 1015 ± 4.8× 1015 Nma−1 redistributed along equivalent fault

geometries (Fig. 4.27) during large subduction earthquakes is by an order of magnitude smaller than

the moment rate derived from the GPS differential motion. Slip rates inferred from seismic moment

redistribution range between0.05± 0.02mm a−1 in dip-slip and0.30± 0.25mm a−1 in strike-slip

direction.

Scaling laws [Wells and Coppersmith 1994] show that the fault dimensions (length, width) of

the PAF and the average displacement observed at several outcrops along its trace (Figs. 4.3-4.6)

correspond toMw7 events. This suggests that the characteristic earthquake along the PAF has a

moment release of approximately3.55× 1019 Nm. Recurrence intervals for intraplate earthquakes

were approximated relating the moment rates as shown in Tab. 4.5 to the moment release of the char-

acteristic earthquake. For the purely characteristic approach conservation of the apparent geodetic

rates is invoked and the occurrence of smaller earthquakes was taken as insignificant for the release

of intraplate deformation. For the truncated Gutenberg-Richter distribution the b-value was set to

0.95 and the frequency-magnitude distribution was sharply bounded at theMw7 earthquake (cut-off

model). The purely characteristic approach results in a minimum recurrence time of480± 190 a
for characteristicMw7 earthquakes. Applying the truncated Gutenberg-Richter relationship resolves

a recurrence time of1185± 525 a (Tab. 4.5). Following these results, significant crustal faulting in-

duced by interseismic strain accumulation along the Chilean forearc is to be expected at500− 1500 a
intervals.
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GPS/Modeled slip rates & recurrence times/reduction forMw7 intraplate earthquakes
Type Dip-slip Strike-slip Moment rate 100% charact. 30% charact.

[mm/a] [mm/a] [Nm/a] time[a] time[a]
GPS 2.9±1.4 3.3±1.6 8.8×1016 ± 4.1× 1016 480±190 1185±525

DISL 0.05±0.02 0.30±0.25 6.3×1015 ± 4.8× 1015 -35±14 -85±38

Table 4.5:Intraplate fault-slip rates derived from GPS differential motion or elastic dislocation mod-
eling (DISL). Moment rates are estimated assuming a NNW-SSE striking 65° E dipping normal fault
(e.g. PAF). Recurrence times forMw7 intraplate earthquakes are given for GPS derived moment rates
applying 1.) apurely characteristicmodel and 2.) atruncated Gutenberg-Richter frequency rela-

tionshipassuming 30% characteristic earthquakes. DISL derived data gives reduction to GPS-derived
recurrence intervals; Seismic moment for characteristic earthquake =3.55× 1019 Nm; Applied fault
dimensions –60 km length,11 km width. Thickness of seismogenic zone set to3− 13 km.

Due to large subduction earthquakes, as shown in Fig. 4.27, an additional load caused by strain re-

distribution is imposed on intraplate faults. This additional load causes a reduction of the above stated

recurrence times in the order of20− 50 a for the purely characteristic approach, or40− 120 a for

the cut-off model (Tab. 4.5). Thus, compared to the interseismic strain accumulation as inferred from

GPS residual velocities, the seismic moment redistribution only contributes a subordinate amount

of strain accumulation to the intraplate faults. This result shows that the extensional crustal strains

required to produce the observed intraplate normal faults are predominantly accumulated during the

interseismic period, when the interface between the continental crust and the subducting slab is as-

sumed to be locked. Hence, strain accumulation during times of interseismic locking plays a much

more significant role with respect to crustal extension and the formation of intraplate normal faults,

than the redistribution of stresses and strains along intraplate faults during large subduction earth-

quakes. However, the redistribution of seismic moment along these faults may eventually lead to

their (re)activation at earlier stages in the (intraplate) seismic cycle due to a momentary exceedance

of the peak shear strength of the fault plane during large subduction earthquakes, which was possibly

the case along the Salar del Carmen Fault during the 1995 Antofagasta earthquake in Northern Chile.
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Within the framework of this study intraplate as well as interplate faulting processes were analyzed for

their potential to control the pattern of brittle deformation as observed in a fraction of the continental

forearc of Chile (30°-31° S). The analysis is based on three main approaches - (1)Neotectonic Field

Investigation, (2) Elastic Dislocation Modeling, and (3)Space Geodetic Observation. Since each ap-

proach provides a limited scope for further interpretations and bears significant sources of error, none

of these alone suffices to explain the observed deformation pattern. But altogether the individual re-

sults provide complementary information for the understanding of forearc deformation processes as a

whole. Their contributions as much as their limitations will be discussed in the following paragraphs.

5.1 Active Intraplate Faulting

The remote sensing analysis and the field investigations in the study area clearly showed that E-W to

ENE-WSW extension along N-S to NNW-SSE striking normal faults provides the ruling deformation

mechanism within the study area. According to previous authors, the extension is closely connected

to the uplift of the Coastal Cordillera, which is evidenced by the occurrence of widespread abrasion

platforms along its western margin [Herm et al. 1967; Paskoff 1970; Ota et al. 1995]. In addition,

ongoing uplift of the coastline is indicated by the present-day closing of the Río Limarí estuary

by laterally shifting coastal sand bars and the formation of longitudinal dunes, the latter of which

suggest exposure of beach ridges to subaerial conditions due to a relative rise of land. The recent

nature of uplift is also evidenced by the observation that Plio-Pleistocene alluvial/fluvial sediments

deposited by the Río Limarí are found as high as300m a.s.l. within the Coastal Cordillera opposed to

100− 200m a.s.l. in the Cenozoic basin. In addition to this, the drainage pattern analysis proves that

the present day river network is tectonically controlled in major parts of the Cenozoic basin, which

indicates ongoing intraplate faulting activity in the study area.

The occurrence of uplifted Pleistocenelosa deposits [Jordan 1929; Bohnhorst 1967] overlying

the Great Plain as much as radiocarbon datings at the southern beaches of Tongoy Bay [Ota and

Paskoff 1993] suggest that the Cenozoic Basin itself is currently uplifting as well. The satellite image

(Fig. 2.7) shows that the losa deposits cover the Great Plain between25− 125m a.s.l., fringing the

southern shores of Tongoy Bay in a semicircular fashion parallel to the coastline. They consist of

calcareous muds and shelly horizons, presumably representing regression cycles of the Pleistocene

transgression at∼ 125 kaBP (isotope stage 5e in Fig. 2.7). Similar observation on Pleistocene marine

shelly horizons are known from Mejillones Peninsula (Wilke, 2001 pers. comm.), roughly1000 km

86
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north of the study area. The Holocene uplift rate inferred from radiocarbon datings for the Cenozoic

Basin is0.2− 0.3 mka−1 [Ota and Paskoff 1993], opposed to0.4− 0.5m ka−1 for the Altos de

Talinay [Ota et al. 1995]. The uplift rate for the Talinay region is supported by the results of the range-

front analysis in Chapter 4.3.1, which reveals vertical displacement in the order of0.5m ka−1 between

the Coastal Cordillera and the Cenozoic Basin. Altogether this means that both morphostructural units

are currently uplifting, with the Coastal Cordillera rising at least0.1− 0.3m ka−1 faster than the

neighboring Cenozoic basin. Consequently, the apparent normal faulting activity as observed along

the range-front fault (PAF) in particular and in other parts of the study area, needs to be interpreted as

due todifferential upliftassociated with theextrusionof the SA forearc.

Brittle deformation as observed at numerous outcrops in the study area (e.g. Figs. 4.2-4.9) is

largely controlled bycrustal faultingevents rather thanaseismic slipalong the mapped fault planes.

This is strongly supported by the occurrence ofcrushed cobbleswithin the trace of fault planes and the

observation ofcolluvial wedges, fault-scarps, landslides, andtension gashes. Crushed cobbles within

the fault plane are unlikely to be produced by aseismic slip because of the stress shadows along the

free surfaces at the cobble margins. In order to overcome the stress shadow at the free surface, very

high strains need to be applied [Fisher et al. 1995; Becker and Gross 1996; Engelder and Fisher

1996]. The amount of energy necessary to build up very high strains is generally associated with

earthquake rupture. To avoid confusion with the effects of weathering processes which are capable of

creating fractures in rocks as well, the author specifically examined those cobbles that are obviously

truncated by the fault plane. Hence, the numerous examples of crushed cobbles provide evidence for

seismically induced crustal faulting.

The formation of colluvial wedges and fault-scarps is a strong indication for surface rupture due to

crustal faulting. In the study area three examples for the development of colluvial wedges were found

along the PAF (Sites 17/01-19/01; Appx. A.12). Site 17/01 (Fig. 4.6) exhibits a clear example for the

development of a colluvial wedge on the top of the hanging-wall block. It consists of an extremely

heterogeneous matrix, ranging from silts to coarse sand, and rests against the footwall block. Sites

18/01 and 19/01 show less well developed colluvial wedges but site 19/01 is associated with the outlet

of a spring at the contact between the footwall and the hanging wall. Despite the development of

colluvial wedges, which give a clear sign for surface rupture, fault-scarps are generally absent along

the PAF. Instead, the uppermost0.5m commonly consist of red, coarse-clastic alluvial fan deposits

showing weakly developed soil formation. The coarse-clastic character of the alluvial fan deposits

indicates that fault-scarp degradation was possibly increased due to mass flux from the nearby range

front during times of heavy rains. The limited amount of red soil formation in turn suggests that no

more than a few thousand years have passed since the activation of the alluvial fans. This corresponds

with thoughts on the climatic evolution of North Central Chile (Chapter 2.4), which was characterized

by heavy rains and the activation of alluvial fans during Late-Pleistocene to Mid-Holocene times

(Tab. 2.3). The present-day semiarid climate developed only some 3000 years ago. The occurrence of

heavy rains and the activation of alluvial fans as stated for the Early Holocene is closely related to the

northward shift of the Southern Westerlies [Veit 1996], which might have contributed significantly to

the degradation of fault-scarps. In addition to this, the relatively young age of the faulted sediments

(Plio-Pleistocene), their very low degree of cementation, and the fact that most of these faults almost

reach the surface (max0.5m below surface), shows that no significant amount of time has elapsed



88 5. Discussion

since the formation of these structures. Thus, faulting along the range-front fault must have occurred

during Late Pleistocene to Early Holocene times.

Looking at the central eastern parts of the Cenozoic Basin, the occurrence of fault-related topo-

graphic features and presumed fault scarps increases significantly compared to the western domains.

This observation is supported by the higher concentration of fault planes observed in this part of

the study area (Fig. 4.13). In addition, a number of seasonal springs in the Cenozoic Basin and the

hot-springat Termas Socos provide evidence for the existence of open connected fractures in close

association with the observed fault planes. Three scarps in the central eastern part of the study area

were mapped and analyzed morphologically in order to approximate the age of faulting. Assuming

semiarid conditions throughout the entire degradation process, the determined faulting ages fall well

within the Upper-Pleistocene period (10− 84 kaBP). The climatic evolution during this time, how-

ever, has changed towards more humid conditions repeatedly, suggesting higher diffusivity constants

than those applied to the diffusion equation (4.4− 20m2ka−1) in Chapter 3.3. Assuming higher

diffusivity constants (∼100m2ka−1) as stated for other semiarid climate zones in the world, e.g. the

Mediterranean [Fernandes and Dietrich 1997], the calculated faulting ages would decrease by a factor

of 5-20, or to0.5− 17 kaBP. Based on this assumption the occurrence of crustal earthquakes would

shift much closer towards historical times with respect to the human occupation of this part of SA.

5.2 Fault-Slip Data Analysis

The paleokinematic analysis largely confirms the results derived from the remote sensing studies and

the macroscopic findings along numerous fault planes. Since fault-slip data at individual outcrops do

not necessarily represent the regional deformation pattern [Marrett and Allmendinger 1990; Twiss and

Unruh 1998], a full coverage of the study area with observation sites and the collection of statistically

relevant amounts of fault-slip data were aspired in order to compensate for these limitations. The prin-

cipal strain directions inferred from the fault-slip data analysis show predominantly E-W to NE-SW

extension (T) and N-S to NW-SE shortening (P). In addition to this, the most striking examples for in-

traplate faulting (Figs. 4.2-4.6) found along the PAF, show left-lateral strike-slip deformation. These

findings contrast the overall plate tectonic situation in a way that crustal shortening occurs perpen-

dicular to the NNW-SSE directed plate convergence, instead of parallel to it. These observations are

confirmed by previous authors who studied neotectonics along the Chilean coasts (Fig. 2.3; [Armijo

and Thiele 1990; Delouis et al. 1998; Lavenu and Cembrano 1999; Marquardt and Lavenu 1999]). A

coexistence of margin normal extension and margin parallel shortening is also well known from the

Cascadia and Nankai subduction zones [Wang 2000]. Here, thestress–strain paradoxbetween the

maximum compressive stresses (margin normal plate convergence) and the maximum compressive

strain (margin parallel shortening) was inferred from P-T-axes distributions of recent crustal seismic-

ity in the continental forearc.

Taking into account the obliquity of the plate convergence, a dextral strike-slip regime has to

be expected for N-S striking faults in the continental forearc [Yu et al. 1993]. Based on modeling

results [Chemenda et al. 2000], this holds true for the case that the forearc is subject to long-term

compression. However, as observed for the study area, the forearc is predominantly under extension
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and consequently exhibits left-lateral deformation along N-S striking faults instead of dextral strike

slip. On the basis of geodetic triangulation data, Plafker and Savage [1970] also showed that coseis-

mic and postseismic deformations associated with the 1960 Valdivia earthquake cause sinistral strike

slip and E-W extension along N-S striking intraplate faults. The youngest deformation in the study

area is defined as brittle faulting located within the Mid-Miocene to Plio-Pleistocene sedimentary

record of the Cenozoic Basin. Looking at the distribution of P- and T-axes of the youngest normal

faulting events (Fig. 4.13), a relatively tight clustering of the P-axes and a fanning-out for the T-axes

can be observed. This is usually associated withradial extension[Meschede 1994] and commonly

termed as gravitational collapse. However, assuming that the active uplift of the Coastal Cordillera is

produced by a lag faulting process as stated above, this would also cause theσ1 -axes to be oriented

vertically. This setting would reveal a similar type of stereogram, with the P-axes vertical and the

T-axes horizontal, as obtained for the case of true gravitational collapse. Based on the assumption

that differential uplift rather than gravitational collapse is the driving force for intraplate faulting, the

P-T-axes distribution most likely represents the effects of forearcextrusiondue to the collision of the

subducting slab with the continent.

Along the northern segment of the PAF several offset drainages clearly indicate left-lateral strike

slip. Spatially, these offsets are closely connected to the occurrence of outstanding outcrops showing

dip-slip faulting (Fig. 4.5) along this segment of the PAF. From a geomorphological point of view, the

horizontal displacements seem to postdate the vertical offsets in this part of the study area. The strike-

slip deformation reveals P-axes striking roughly perpendicular to the plate convergence direction.

Plotting these together with the P-axes distribution for the normal faulting events, which itself is

slightly elongated in NNW-SSE (Fig. 4.13) direction, the total of all P-axes could be considered to

be lying on a NW-SE trending great circle, while the associated T-axes predominantly fall into the

NE and SW quadrants. This suggests that both, dip slip and strike slip along the fault planes can

be attributed to a single stress regime causingtranstensionaldeformation. A transtensional regime

is supported by the fact that even the youngest fault planes, truncating Plio-Pleistocene sediments,

exhibit two sets of cross-cutting kinematic indicators – oblique dip slip and strike-slip lineations

(Fig. 4.13). Since the age of the sediments does not allow for faulting ages older than2− 3Ma,

major changes within the plate convergent setting have to be excluded as the driving mechanism

for changes in the deformation regime. Neither theconvergence ratenor theconvergence obliquity

underwent significant changes during the last5Ma [Fig. 2.1 Somoza 1998]. Instead, recent crustal

seismicity from Nankai and Cascadia [Wang 2000] shows that the coexistence of dip-slip and strike-

slip faulting is quite common in the continental forearc of an active plate margin. At Nankai and

Cascadia the occurrence of thrust and strike-slip events in the forear is explained by changes of the

margin normal stresses due to an increase of locking in the subduction interface shortly before and

after large interplate earthquakes [Wang 2000]. The change of one component of the reduced stress

tensor may cause a swap of its principal axes, thus initiating a different deformation regime. The

switching between deformation regimes in conjunction with the seismic cycle of the subduction zone

could be the reason for a transtensional deformation pattern to be developed in the study area.
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In general fault-slip data taken at the near surface in relatively young sediments may not represent

the deformation regime at depth. Therefore not only outcrops within the Cenozoic sedimentary record

were studied, but also shear planes, cleavages and joints within the basement rocks of the Coastal

Cordillera (Fig. 4.13). Here, similar P-T-axes distributions were obtained as compared to the results

derived from fault-slip data analysis in the Cenozoic Basin. On shear planes and cleavages within

the basement rocks fibre growth commonly served as kinematic indicator for dip-slip normal faulting.

Fibre growth itself occurs at greater depth where abundant fluids and crack sealing mechanisms under

higher temperature and pressure conditions are active [Meschede 1994]. Since the same extensional

deformation regime as shown for the Plio-Pleistocene sedimentary cover can be resolved from these

fault planes it is most likely that both groups of fault-slip data (A & C in Tab. 3.1) reflect the type

of brittle deformation that governs the continental forearc at depth as much as at the surface. This

interpretation is supported by the observation that fresh fault gouges in sedimentary deposits parallel

shear planes and cleavages in basement rocks where both are juxtaposed to one another in the same

outcrop.

While the fault planes within the sedimentary cover usually do not show more than two differ-

ent types of lineations, the cleavages and shear planes within the basement rocks exhibit up to four

cross-cutting slickenside kinematic indicators. This shows that the study area has experienced mul-

tiple deformation, including reverse faulting throughout its geological history. In the southwestern

corner of the study area evidence for reverse faulting and folding of basement rocks is observed [Ir-

win et al. 1988]. These deformations took place during Upper-Jurassic to Lower Cretacious times

and prove that the study area once has been subject to the full compressive stresses exerted by the

plate convergence. The intrusion of alkaline - sub-alkaline dikes (Fig. 2.5) during this period [Irwin

1989] indicates that the study area might have been located within anintraarc or backarcextensional

environment [Allen 1986], far away from the present day coastline. This implies that the study area

must have shifted from a position much farther inland from the coast towards its present location in

the forearc. This shift of the position relative to the trenchline would agree with modern concepts

of tectonic erosion and eastward trench migration in the order of1− 2 kmMa−1 with respect to the

SA continent [von Huene et al. 1999]. This concept is generally supported by the observation of re-

verse faulting indicators on older rock surfaces. These indicators are usually rotated which shows that

they predate the normal and strike-slip deformation which are commonly found on the same surfaces.

However, the proposal of a constant trenchward migration and erosion of the continent stated above

is contrasted by Hervé [1974] and Forsythe [1982] who consider the coastal region of Central Chile a

Paleozoic forearc province. This interpretation is based on the occurrence of Late Paleozoic blueschist

containing mélanges and high grade metamorphic rocks along the coast of Central Chile [Irwin et al.

1988] and implies that the forearc remained stabil for hundreds of millions of years. Ramos [1988]

however, concluded that due to an important period of continental accretion the Paleozoic subduction

zone between 30°- 33° S shifted westward over a distance of∼300 km.
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5.3 Intraplate Fault Geometries and Plio-Pleistocene Strain Rates

The E-W extension in the continental forearc was quantified using three different approaches, a

neotectonic-geomorphologicanalysis based on field evidence in conjunction with a DEM of the study

area (Figs. 4.18-4.20), thebalancing of crustal profiles(Fig. 4.21), andelastic dislocation modeling

(Figs. 4.22-4.23). The neotectonic-geomorphologic analysis is based on the assumption that over-

steepened hillslopes, as inferred from the topographic profiles P1-P3 in Fig. 4.20, represent exhumed

fault planes. This rather simplistic approach reveals vertical offsets comparable to those observed

by previous authors in the field (Fig. 4.19). Free faces in the topography without any indication for

faulting from remote sensing data or field studies were not considered here. Subsurface information

about the depth of the basement (Fig. 2.4) were included to profiles P1 and P2. For profile P3 no

subsurface information is available. Profile P3 however shows the highest number of intraplate faults

and a strong fragmentation of the Great Plain into several horst and graben structures. The higher

density of intraplate faults and a local drainage pattern (Fig. 4.17) showing radial confluence, suggest

higher amounts of vertical offsets and the formation of a depression at depth along this part of the

range-front fault (PAF). This is supported by the results derived from dislocation modeling, which

indicate that increasing amounts of dip slip are required from north (P1) to south (P3) in order to

sufficiently reproduce the topography of the DEM.

Elastic dislocation modeling of profiles P1-P3 shows that model faults of∼ 10 km depth range

have to be assumed in order to reproduce the observed topographies and the basement geometry in

P1. These results were obtained without taking into account viscoelastic relaxation effects of the

crust. However, King et al. [1988] show that flexual rigidities or the apparent elastic thicknesses of

the crust provide the main control on the width of geological structures. Effective elastic thicknesses

of 2− 4 km are sufficient to produce structures of22− 30 km wavelength, respectively. An effective

elastic thicknesses of8 km, i.e. would require a structural wavelength of65 km, which is truly not the

case for the study area. The Coastal Cordillera and the Cenozoic Basin together exhibit a wavelength

of ∼25 km, indicating a very small effective elastic thickness in the order of2 km.

The loading due to erosion and deposition of sediment determines the ratio of uplift and subsi-

dence between the two sides of the fault [King et al. 1988]. Erosion would create an asymmetric struc-

ture, with the hanging wall side showing much greater subsidence than uplift could be observed on

the footwall side. However, the relatively well-balanced symmetry between subsidence (∼−600m)

and uplift (∼+400m) in the study area, as inferred from the geophysical record [Meinardus 1961;

Rocroi 1964] and the DEM respectively (Fig. 4.22), shows that erosion can also be neglected as a

major factor for the formation of the Basin and Range structure. In turn, assuming that the Coastal

Cordillera suffered higher erosion rates than the ones known from the climatic evolution of the study

area (Tab. 2.3), significantly deeper rooted intraplate faults would have to be introduced to the model.

As shown in Fig. 4.22 B, a20 km deep normal fault produces a dislocation curve that overestimates

the topographic profile, which in turn could be used to model the missing volume between the initial

and the weathered topography.

Balancing of a basement cross-section (Fig. 4.21) through the northern part of the study area

shows that the required fault geometry reaches down to7.0− 17.5 km depth for shear angles of

75°. Applying a vertical shear angle instead, produces detachment horizons between11.0− 24.5 km
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Figure 5.1:Schematic cross-section showing how a lithological weak layer (e.g. overpressured shale
or salt) may allow the extension in the sedimentary cover to be decoupled from the fault-bounded tilted
blocks in the basement below; adopted from Jackson and White [1989].

depth, which would fall in place with the lower-bound depth range commonly associated with crustal

faults. However, since a 75° shear angle is supported by the abundance of 65-80° W-dipping antithetic

fault planes within the Cenozoic Basin, detachment depths of7.0− 17.5 km are to be preferred. The

balancing of crustal profiles as performed in this study leaves room for two sources of error, the

accuracy to which the depth of the TOB was determined from reflection seismic data [Meinardus

1961; Rocroi 1964], and the fact that the actual line of tectonic transport is slightly out of the E-W

plane used for construction and restoration. For the latter source of error no major discrepancies

(>15%) are to be expected, as long as the deviation from the line of tectonic transport does not exceed

30° [Price 1981; Woodward et al. 1989]. Since this is truly not the case in the study area, where

the direction of tectonic transport (see average dip of the fault plane in Fig. 4.11) deviates only 10°-

15° from the E-W plane used for the balanced profile, the error arising from the obliquity factor can

be neglected here. Considering the error coming along with the depth migration of the reflection

seismic data, it has to be assumed that the authors [Meinardus 1961; Rocroi 1964], thanks to the

excellent outcrop conditions in the study area, were capable to determine a velocity model within an

accuracy of±0.2 km/s. This would leave a maximum vertical error of80− 90m or less than 30%

deviation from the approximated depth of the TOB at around600m. In addition to this, it has been

observed that tilted marine terraces along the northern segment of the PAF, dipping 30° towards the

west, come to rest in a subhorizontal position at a distance of about1.5 km perpendicular to the fault

trace. Applying simple trigonometric laws and assuming an average dip angle of 20° holding true for

the full wavelength, a vertical offset of∼550m is to be expected along the fault, which corresponds

well with the TOB depth predicted by reflection seismic data.

In contrast to this, the rollover structures that characterize the surface of the Cenozoic Basin in

the vicinity of the range-front fault would usually indicate a listric fault geometry with a detachment

horizon at3− 4 km depth for a shear angle of 75°. This result was derived from crustal balancing on

Mejillones Peninsula [Pelz 2000], where stratigraphically equivalent marine deposits [Martinez 1979;
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Neotectonic Balanced Elastic Half- GPS-Residuals
Profiles Cross-Sections Space Modeling Velocities

Strain

[%] 0.6-1.9 1.0-3.3 1.4-1.7 –

Strain rate

[µ strain a−1] 0.001-0.016 0.002-0.028 0.002-0.015 0.038±0.018

Table 5.1: E-W strain rates approximated using geologic (Neotectonic profiles, Balanced cross-
sections) and geodetic (Elastic half-space modeling, GPS-residual velocities) techniques.

Martinez and Perez 1980] and near identical tectonic settings as in the study area prevail. Hence,

similar fault geometries are to be expected for the rollover structures in the Altos de Talinay region,

which contrasts the above stated results obtained from crustal balancing. In turn, shallow crustal

depths like these do not allow for the generation of intraplate earthquakes [Maggi et al. 2000], which

according to the field investigations frequently occurred in the study area. This contradiction can only

be solved by a mechanical decoupling between a lithologically weak layer (e.g. overpressured shale

or salt) at the base of the Cenozoic Basin from the underlying basement rocks [Fig. 5.1 Jackson and

White 1989].

The amount of E-W extension in the forearc, as inferred from neotectonic profiles, crustal balanc-

ing and elastic dislocation modeling ranges between 0.6-3.3% for Plio-Pleistocene times (Tab. 5.1).

All three approaches focus on the E-W extension, neglecting the obliqueness of the dip-slip com-

ponent as much as the N-S displacements, both of which are relatively small and therefore only

interpretable in a qualitative manner. Strains derived from elastic dislocation modeling were calcu-

lated by relating the modeled E-W displacement of the end points of the25 km long baseline to its

initial length. Therefore the modeling results do not represent infinitesimal strains, but line-length

changes due to horizontal displacements and thus provide a proper means to further constrain the

geologically derived deformation. For the25 km wide forearc, strain rates resolving from all three

approaches vary between0.001− 0.028µ strain a−1 (Tab. 5.1). The wide range between minimum

and maximum strain rates mainly refers to the weakly constrained timing of the deformation in the

forearc (1.2− 6.5Ma). To set further constraints on this issue, future investigations involving abso-

lute dating techniques are required.

In order to compare the geologic and modeled E-W strain rates with those derived from the

GPS residual velocity field, the differential motion between the coastal and the precordilleran blocks

(Fig. 4.28) has to be calculated. Relating the E-W component of the differential motion as shown in

Chapter 4.6 (7.6± 3.6mm a−1) to the roughly200 km long baseline between the stations, reveals an

E-W strain rate of (0.038± 0.018µ strain a−1). Due to the mode of calculation, the obtained strain

rates do not reflect infinitesimal strains, and thus can be compared to those derived by the geologic

and modeling approaches. The comparison shows that the geodetic strain rates tend to exceed the

mean geologic/modeled strain rates by a factor of 1.5-3. A possible cause for this discrepancy could

be related to the fact that the residual velocities still reflect a certain amount of elastic deformation

[Liu et al. 2000], which has not been accounted for by the AEDM yet [Khazaradze et al. 1999],

as shown in the following paragraph. A more common assumption is that the geological record is

incomplete and thereby underestimates the amount of deformation.
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The residual velocities are calculated subtracting the modeled GPS vectors from the observed

displacement vectors. The resolving residual field is thought to represent the intraplate deformation,

because of the elastic part of the deformation having been subtracted by the model velocities. The

AEDM itself only is an approximation of the real plate interface and therefore bears a significant

source of error. However, the fact that the model already reflects the upper limits of the relatively

well known geometry of the plate interface and accounts for 100% of the plate convergence rate, the

residual velocity field represents a maximum approach. A smaller plate interface or the introduction

of aseismic slip would increase the length of the residual vectors without changing much of their

relative motions, thus revealing results almost similar as those discussed above within the relevant

center of the investigation area. The introduction of a time-dependent rheology and a viscoelastic

layer below the elastic layer is expected to alter the surface results to a certain degree [King et al.

1988 among others]. This has not been further investigated herein

Further potential for the overestimation of long-term strain rates inferred from GPS residual ve-

locities is provided by coseismic and or postseismic deformations which have occurred shortly before

or after the deployment of the network. However, only subduction earthquakes of magnitudesMs> 7

are capable to produce detectable variations in the GPS displacement field. In addition to this, even

larger events like the 1995 AntofagastaMw8.2 earthquake, do not influence the displacement vec-

tors for more than 2-3 years [Khazaradze and Klotz 2002]. For the immediate study area no major

underthrust events (Ms> 7) were recorded during the last 50 years. Based on this fact, the GPS

data obtained for this stretch of the forearc are considered to be free of coseismic and/or postseismic

effects and therefore most likely represent purelyinterseismic deformation, unlike it is the case for

southern Chile, where up to the present date deformations associated with the very large (ML> 9)

1960 Valdivia earthquake influence the space geodetic observations [Khazaradze and Klotz 2002].

Interactions of Interplate and Intraplate Deformation

Forearc deformation due to large subduction earthquakes has been studied using a simplified dis-

location model for the subduction interface as inferred from the AEDM ([Khazaradze et al. 1999]).

Modeling the surface deformation due to the 1943 IllapelMw8.2 earthquake, the last significant inter-

plate event in this segment of the Nazca-SA plate boundary, resolves a coseismic displacement field

which nicely coincides with the results obtained from the fault-slip data analysis. Both approaches

not only show that extension is the predominant type of forearc deformation but also reveal almost

identical azimuths for the orientation of the principal strain axes. This is supported by a resurvey

of the GPS network in Northern Chile a few months after the 1995 AntofagastaMw8.2 earthquake,

which revealed displacement vectors [Klotz et al. 1999] almost identical to those inferred from dislo-

cation modeling [Delouis et al. 1998]. Together, this allows the interpretation that intraplate faulting

is, within certain limits, controlled by deformation processes in the plate interface.

Dislocation modeling of large interplate events also shows significant amounts of coseismic uplift

(30− 40 cm) of the onshore forearc. Coseismic uplift is a well known phenomenon along the Chilean

plate margin and has already been observed as early as the middle of the 19th century [Darwin 1846].

Since then, various techniques have been applied to quantify coastal uplift associated with subduction
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Figure 5.2:Schematic cross-section showing possible interaction between updip translation of the
continental forearc, uplift of the coastal block, and normal faulting along predominantly E-dipping
faults on the eastern range front of the Coastal Cordillera; modified after Dewey and Lamb [1992].

earthquakes [e.g. Ortlieb et al. 1996a], which coincide well with the amount of uplift predicted by

dislocation modeling. However, significant uplift seems to be restricted to coastal areas that protrude

westward from the present-day coastline, as was shown for both the 1995 Antofagasta and the 1960

Valdivia earthquakes. During these events, uplift was predominantly observed on the Mejillones and

Arauco peninsulas, respectively [Delouis et al. 1998], whereas most of the coastal areas adjacent to

the peninsulas remained relatively stable or underwent up to2m of subsidence as was the case during

the 1960 Valdivia event [Plafker and Savage 1970]. This is due to the fact that for both earthquakes the

hinge line between uplift and subsidence in the dislocation field matches the trace of the coastlines,

leaving only westward-protruding coastal areas within the zone of coseismic uplift. For the study

area, an almost identical vertical displacement field is suggested, with the Talinay peninsula being

exposed to significant coseismic uplift while the coastlines to the north and south largely coincide

with the hinge line between uplift and subsidence. In addition, significant interaction of interplate and

intraplate deformation is suggested by the observation that a lateral correlation between the downdip

edge of the subduction zone and the coastline exists in the entire circum-Pacific region.

Despite the fact that elastic dislocation theory seems to be applicable to model coseismic coastal

uplift phenomena, it simply describes the exact reversal of stresses and strains which have accumu-

lated due to interseismic loading processes prior to subduction earthquakes (Fig. 3.4). This means that

elastic rebound alone cannot explain permanent uplift as observed along the coast of the study area

and structurally similar regions (e.g. Mejillones, Caldera, Arauco). However, if the elastic rebound

is related toupdip translation[Dewey and Lamb 1992] along the plate interface due to shortening

of the distance between the SA continent and the trench, a sustained uplift of the forearc block and

normal faulting along its eastern border can be achieved (Fig. 5.2). Updip translation as a driving

mechanism for the rapid uplift in the forearc is strongly supported by 3D density modeling of the

Central Andean gravity field, which reveals an overallmass surplus(relatively high densities in the

upper lithosphere; crustρ = 2.7Mg m−3, mantleρ = 3.3Mg m−3) along the Coastal Cordillera with

respect to normal isostatic conditions [Kirchner et al. 1996]. Assuming10 mma−1 of shortening

and taking partial isostatic compensation into account, Dewey [1992] calculates an uplift rate of
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Figure 5.3:Structural interpretation of E-W seismic profile (CINCA Experiment) showing the Nazca-
SA plate boundary from the trench to the coastline at 21° S latitude [Pelz 2000]. Heavy lines - Fault
blocks, Thin lines - Sedimentary structure.

1m ka−1 for a 20° dipping plate interface. Considering the long-term continental slope retreat rate

of 1− 2 km Ma−1 presented by von Huene et al. [1999], and using a purely geometric approach,

similar uplift rates (0.25− 0.95m ka−1) would result for the study area with its 15-25° dipping plate

interface. In turn, these uplift rates coincide well with those stated by numerous authors [Radtke

1987; Leonard et al. 1988; Hsu et al. 1989; Leonard and Wehmiller 1992; Nelson and Manley

1992; Ota and Paskoff 1993; Leonard et al. 1994; Ota et al. 1995] who studied the emergence of

marine terraces along the Chilean coasts, applying different dating techniques such as Radiocarbon,

Aminostratigraphy, and Electron Spin Resonance.

Updip translation as the controlling process for uplift along the coast agrees well with the results

from neotectonic field studies and the fault-slip data analysis, both of which suggest that the fore-

arc is actively uplifted and extruded. This assumption is based on the observation that the apparent

normal faulting pattern on the landward side of the Coastal Cordillera is most likely to be caused by

differential upliftalong the PAF. Differential uplift between the Coastal Cordillera and the Cenozoic

Basin has to be assumed because both blocks are currently emerging. This phenomenon has been

observed by means of lateral terrace correlations in the study are [Ota et al. 1995] and on Mejillones

peninsula (Gonzalez 2002, pers. comm.). Due to updip translation of the forearc block and simultane-

ous tectonic erosion at its base the continental slope constantly oversteepens, forming acritical taper

geometry [Davis et al. 1983; Dahlen et al. 1984]. A critical taper geometry infers destabilization of

the continental slope and extension in the forearc wedge. Indeed, the offshore forearc of Northern

and southern Chile is predominantly under extension, due to which the middle slope of the offshore

forearc is partitioned into basement blocks separated by shallow listric normal faults as shown from

seismic records near Antofagasta (Fig. 5.3). The listric, shallowly rooted geometry of the normal

faults in the lower slope suggests that extension in this part is largely controlled by gravitational

forces. Thrust planes are virtually absent within the continental slope, and only occur superficially in

trench-fill sediments off Southern Chile, e.g. 36°- 40° S (Reichert 2002, pers. comm.).

In order to quantify the amount of deformation exerted on the continental forearc during large sub-

duction earthquakes, 339 historical and teleseismically recorded earthquakes of magnitudesMs> 5

were applied to a dislocation model. Based on this model the strain redistribution along intraplate nor-

mal faults was approximated. For the study area, the maximum E-W extensional strains are centered
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over the observed intraplate fault (Fig. 4.27), whereas north of 30° S the zero trace of the E-W strains

roughly falls in place with the coastline and therefore probably with the downdip edge of the plate

interface [Ruff and Tichelaar 1996]. Since the strain rates are averaged over 350 years they can be con-

sidered to represent the long-term deformation caused by the interplate-intraplate interaction. If this

is the case, it appears that all coastal areas with a maximum distance to the trench of70− 80 km, ex-

perience long-lasting extension and uplift. In the long run the straining of these westward-protruding

segments of the forearc will cause their collapse until the regular distance (100− 110 km) between

the trench and the coastline is restored. Once the distance between the trench and the coast is set back

to its regular range, it seems that little or no E-W straining occurs, leaving the coastline in a relatively

stable position.

The resolving moment rates along intraplate normal faults range in the order ofMw4.2-4.7 which

roughly corresponds to the average size and recurrence of crustal seismicity in the study area inferred

from seismic catalogues of the last decade [NEIC 2001]. The focal mechanisms that can be in-

ferred from the strain tensors rotated into the model fault planes largely correspond to the fault-plane

solutions obtained from the paleokinematic analysis (Fig. 4.13). The prediction of normal and/or left-

lateral strike-slip faulting events in the overriding plate as inferred from modeling results and field

investigations is strongly supported by observations of crustal seismicity in the continental forearc

near Antofagasta (23.60° S; Fig. 2.3) and Copiapó (27.35° S) [Comte et al. 1992; Comte et al. 2002].

Focal mechanisms of crustal seismicity in these areas reveal predominantly normal faulting along N-S

striking and E-dipping fault planes. In addition, eyewitness accounts from the 1995 Antofagasta in-

terplate event state that intraplate normal faulting occurred along the Salar del Carmen fault,∼ 20 km
east of Antofagasta (Gonzalez, 2002 pers. comm.).

5.4 Recurrence Times for Significant Intraplate Earthquakes

The potential for intraplate earthquakes is of great importance for the hazard assessment along the

Chilean coast. Due to their shallow focal depth, even moderate size earthquakes (ML5.0-5.9) are

capable of causing severe damage to housing and property. In contrast to this, large subduction

earthquakes like the 1995 AntofagastaMw8.2 event do not necessarily cause significant destruction

within the overriding plate. The most damaging earthquake in south Central Chile during the 20th

century, the 1939 ChillanMs7.8 event, which caused 28 000 deaths was caused by intraplate normal

faulting, either in the subducting slab or within the continental crust [Beck et al. 1998]. Though

Beck et al. [1998] favor a hypocenter location at80− 100 km, their results do also suggest a possible

rupture plane at10 km depth. The long duration of this event, the unclear first arrivals of P-waves, and

the large extend of the area which suffered intensities of MMI = 9 (Fig. 2.3) suggest shallow crustal

depths for the hypocenter location rather than a position at greater depth within the subducting plate.

In addition to this, the strike (N320°-350° E), the dip angle (60°-80°) and the dip azimuth (N90°-

130° E) of the focal plane coincide well with the fault-plane geometries as inferred from fault-slip data

analysis and dislocation modeling between 30°-31° S. Present-day recordings of crustal seismicity

also support the existence of intraplate normal faulting [Comte et al. 1992; Comte et al. 2002].

For the study area, the approximation of recurrence times of intraplate earthquakes relies on

two major results, the detailed study of Plio-Pleistocene displacements and fault geometries, and
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the geodetic strain rates. Using geodetic data for the approximation of recurrence times requires

the assumption that the inferred strain rates are conserved along intraplate faults, such that strain

accumulates linearly along their planes with time. For this study we assumed that the full strain rate

is accommodated along one intraplate fault plane with a geometry corresponding to field evidence

and modeling results. For the reason that significant amounts of elastic deformation haven‘t been

accounted for yet, the GPS derived residual velocities might overestimate the long-term strain rates

in the study area. Taking into account a reduction of the strain rate to 1/10th of its size, would result

in ten times higher recurrence intervals. Consequently, the recurrence times within the study area

for characteristic earthquakes (Mw7) would increase from500− 1500 years to 5000− 15000 years.
Despite this increase of the recurrence interval, significant intraplate faulting would still have to be

considered active during Late-Quaternary times, thus leaving a high potential for intraplate faulting

up to the present date. This interpretation is strongly supported by numerous field evidence from

faulted Plio-Pleistocene sediments and the results from diffusion equation modeling.

Previous authors considered the range-front fault (PAF) to be active until Late Pliocene - Early

Pleistocene times and attribute later changes in elevation of the Coastal Cordillera and the Cenozoic

Basin to regional updoming [Ota et al. 1995]. The fact that colluvial wedges along the trace of the

PAF are already eroded and partly overlain by unfaulted Quaternary alluvial fans supports this inter-

pretation. However, a few kilometers east of the range front, the Cenozoic Basin is strongly affected

by recent intraplate faulting, with numerous faults-scarps and landslides forming the landscape. This

indicates that deformation is still active but that the actual deformation front probably moved further

inland from the coast. The present-day deformation front seems to be centered over the down-dip

edge of the plate interface (Fig. 4.25). Thus its present location is much closer to highly populated

areas like the city of Ovalle than during the geologic past. This is supported by the epicenter location

of the 1997 PunitaquiMw7.1 intraslabevent [Pardo et al. 2002] which occurred40− 45 km inland

from the coast. Despite its focal depth (68 km) the earthquake caused severe damage to the cities of

Punitaqui and Ovalle.

5.5 Implications for the Nazca-SA Plate Boundary

The applicability of the results towards the SA plate convergent margin as a whole, as discussed in

the preceding sections of this thesis, is suggested by the observation that the study area by no means

represents an exceptional case with respect to forearc deformation, but fits well within a row of struc-

turally and geomorphologically similar regions found along the Chilean coast, i.e. Mejillones, Caldera

and Arauco peninsulas. The most obvious similarities between all peninsulas refer to geomorpholog-

ical aspects, such as the presence of broad abrasion platforms deeply cut into the basement rocks of

the Coastal Cordillera, and the shape of the coastline, showing forms oflee erosion, thus indicating

an exposition of these areas towards the open sea. The seaward protruding nature of these coastal

stretches puts them closer towards the trench. In turn, the closer the forearc moves towards the trench

the more likely updip translation along the plate interface comes into play (Fig. 5.2).

The structural content of the study area, with the Cenozoic Basin on the eastern side of the Coastal

Cordillera being truncated by prominent N-S striking, E-dipping normal faults, is very similar to its
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northern [Mejillones and Caldera: Armijo et al. 1993; Delouis et al. 1998; Marquardt and Lavenu

1999; Marquardt et al. 1999; Marquardt 2000] and southern [Arauco: Lavenu and Cembrano 1999]

analogies. Additionally, the Cenozoic Basins of all four peninsulas exhibit almost identical strati-

graphic records, which can be correlated on the basis of foraminiferous and diatomitic deposits

of Mid-Miocene age [Martinez 1979; Martinez and Perez 1980]. Martinez [1980] even correlates

diatomites from the Pisco and Zapayal formations in Peru with those exposed in the study area.

On Arauco peninsula subbituminous coals of Eocene-Miocene age from Lebu [Concepción-Arauco

basin: Helle et al. 2000] provide further evidence for the presence of a Cenozoic Basin east of the

Coastal Cordillera. Finally, Mejillones peninsula (Gonzalez, 2002 pers. comm.) and the study area

[Ota and Paskoff 1993] both have in common that at the same time the Coastal Cordillera and the

Cenozoic Basin are uplifting, but with different velocities, suggesting that this rather uncommon situ-

ation is more frequently to be found along the Chilean coasts. In addition to this, the offshore forearc

of northern [von Huene et al. 1999; Pelz 2000; von Huene and Ranero 2002] and southern (Reichert,

2002 pers. comm.) Chile exhibits the same extensional deformation pattern with horst and graben

structures between its upper and middle slope as observed for the aforementioned peninsulas. This

suggests that the considered peninsulas merely represent onshore relics of a forearc, which has else-

where already collapsed due to basal erosion at its lower slope and the effects of repeated seismic

loading and unloading processes along the Nazca-SA plate interface.

The consistency of the geomorphological, structural and stratigraphical aspects of Mejillones,

Caldera, Talinay, and Arauco peninsulas, which are hundreds of kilometers apart from each other,

suggests that all of them are subject to identical deformation processes associated with the plate

convergence as a whole. Selective processes like the subduction of aseismic ridges [Machare and

Ortlieb 1992; Hartley and Jolley 1995] or the underplating of large amounts of sediments are unlikely

to be responsible for the uplift of all four considered regions. Aseismic ridge subduction is currently

acting on none of the Chilean areas under consideration and can at present only be associated with the

uplift of the Ica peninsula in southern Peru, where the Nazca Ridge subducts beneath the SA continent

[Machare and Ortlieb 1992]. Between 30°-31° S, the subduction of the aseismic Juan-Fernandez-

Ridge occurred during5− 7MaBP [Yanez et al. 2001] and therefore cannot be made responsible for

most of the deformations in the study area which clearly postdate this process. Tectonic underplating

of thick sedimentary packages is unlikely to happen in areas of no or limited trench fill, thus, apart

from Arauco the uplift of Mejillones, Caldera and Talinay peninsulas cannot be explained by this

model, because of the general absence of sediments in the trench. In turn, updip translation of the

forearc along the plate interface, pinpointed as shortening of the distance between the trench and the

coastline, provides an overall active process along the SA plate margin, and reveals uplift rates for

the forearc that are consistent with uplift rates inferred from fossil records of marine terraces. Updip

translation as a possible mechanism for the uplift of the continental forearc is strongly supported by

the fact that the Chilean Coastal Cordillera north of 39°S exhibits a mass surplus with respect to

normal isostatic conditions [Kirchner et al. 1996].



6 Conclusions

The structural characteristics of the continental forearc between 30°-31° S and its potential to repre-

sent the forearc deformation along the SA plate convergent margin as a whole can be comprised as

follows:

• Since Plio-Pleistocene times, the forearc between 30°-31° S is dissected by numerous N-S to

NNW-SSE striking, predominantly 65-80° E-dipping intraplate normal faults of up to60 km
length.

• The fault-slip data analysis indicates that, in contrast to the overall plate-convergent setting, the

continental forearc is dominated by E-W to NE-SW extension (trench-normal), and to a limited

extend, by N-S to NW-SE contraction (trench-parallel).

• Long-term geologic deformation rates derived from the analysis of neotectonic cross-sections,

the balancing of crustal profiles, and the elastic half-space modeling of intraplate normal faults

all show that the continental forearc underwent 0.6-3.3% E-W extension during Plio-Pleistocene

times, revealing E-W strain rates of0.001− 0.028µ strain a−1.

• The orientations of the maximum extension and the maximum shortening directions, as inferred

from GPS-residual velocities, convincingly match the principal strain directions inferred from

the fault-slip data analysis. The geodetic E-W strain rates (0.038± 0.018µ strain a−1) exceed

the mean geologic deformation rates by a factor of 1.5-3.

• It is apparent from paleoseismological observations and elastic dislocation modeling of to-

pographic cross-sections that extension in the forearc is generally associated with seismogenic

ruptures along prominent, deeply rooted (10− 20 km) intraplate normal faults. The inferred in-

traplate fault dimensions and observed offsets suggest that characteristic intraplate earthquakes

with magnitudes as large asMw=7 have occurred in the recent geologic past.

• Based on complementary information deduced from geologic, geodetic, and modeling results,

intraplate faulting has to be considered active up to the present, leaving a high potential for the

occurrence of large intraplate earthquakes in the near future.

• Elastic dislocation modeling of large subduction earthquakes shows that the tectonic setting of

the continental forearc is strongly influenced by deformation processes within the plate inter-

face, depending on the position of the coastline with respect to the trench.
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• Evidence for thrusting and folding of Paleozoic and Mesozoic rocks, as documented by previ-

ous authors, and the current position of the intraplate deformation front at about40− 50 km
inland from the coast, as inferred from topographic signals, suggest that the present forearc has

shifted through time from an intraarc/backarc environment into its present location and will in

the future be consumed by the subduction process.

• The shift of the deformation front is accompanied by extrusion and differential uplift of the

forearc block. Extrusion itself is produced by updip translation of the continental forearc along

the plate interface.

• The correlation of specific coastal morphologies and tectonic settings with significantly uplifted

marine terraces and abrasion platforms requires the existence of an overall deformation mech-

anism independent from topographic features within the subducting slab (aseismic ridges) or

from the thickness of the trench fill. Updip translation of the forearc in association with tec-

tonic erosion at the base of the forearc wedge not only provides an independent deformation

mechanism but also fits the concept of continental slope retreat followed by its gravitational

collapse due to oversteepening.
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No. Name Geology Deformation Fault Slip Data Stress Tensor Comments

1

2

3

4

5

6

7

8

9

1 _ 9 9 X ; P a n A m -

Puen te Camarones

71.411°W / 30.317°S

Mid-Miocene - Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset ca. 3 m; crushed

cobbles!

σ1 = 120/81

σ2 = 254/6

σ3 = 345/6

n = 26; R = 0.48; F = 15˚

0˚

2 _ 9 9 X ; P a n A m -

Puen te Camarones

71.416°W / 30.326°S

Mid-Miocene - Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset 0.8 m

σ1 = 128/88

σ2 = 297/2

σ3 = 28/5

n = 9; R = 0.44; F = 21˚

0˚

2 _ 9 9 Y ; P a n A m -

Puen te Camarones

71.416°W / 30.326°S

Mid-Miocene - Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A – fault gouge; Strike_slip

faulting

σ1 = 98/14

σ2 = 251/74

σ3 = 6/7

n = 3; R = 0.47; F = 8˚

0˚

4 _ 9 9 A Y ; P a n A m -

Puente Limarí 71.528°

W / 30.661°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands &

Mid-Jurassic Monzodiorites

(TI/a & JPo)

A – fault gouge; Strike-slip

faulting

σ1 = 320/18

σ2 = 190/63

σ3 = 58/18

n = 15; R = 0.39; F = 16˚

0˚

1 1 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  Q b d .

Arrayán 71.640°W /

30.540°S

Mid-Jurassic monzodiorites

(JPo)

B – fault gouge; Normal faulting σ1 = 97/73

σ2 = 190/1

σ3 = 281/18

n = 13; R = 0.57; F = 13˚

0˚

1 3 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  Q b d .

Arrayán 71.663°W /

30.523°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

B – fault gouge; Normal faulting σ1 = 11/79

σ2 = 203/11

σ3 = 112/2

n = 3; R = 0.50; F = 3˚

0˚

1 3 _ 9 9 Y R ; C o a s t a l

C o r d i l l e r a -  Q b d .

Arrayán 71.663°W /

30.523°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 232/23

σ2 = 89/61

σ3 = 325/17

n = 7; R = 0.58; F = 16˚

0˚

1 6 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  C t a s .

Tomatiaco 71.684°W /

30.456°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

B – fault gouge; Normal faulting σ1 = 1/81

σ2 = 166/9

σ3 = 256/3

n = 5; R = 0.52; F = 10˚

0˚

2 2 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  L o s

Morillos 71.683°W /

30.500°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 208/81

σ2 = 333/5

σ3 = 64/7

n = 9; R = 0.50; F = 10˚

0˚

2 2 _ 9 9 Y ; C o a s t a l

C o r d i l l e r a -  L o s

Morillos 71.683°W /

30.500°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 304/17

σ2 = 80/67

σ3 = 208/15

n = 4; R = 0.41; F = 12˚

0˚

2 9 _ 9 9 B X ; C o a s t a l

C o r d i l l e r a -  L o s

Hornitos 71.572°W /

30.630°S

Mid-Jurassic monzodiorites

(JPo)

B – fault gouge; Normal faulting σ1 = 207/80

σ2 = 18/10

σ3 = 109/1

n = 3; R = 0.45; F = 12˚

0˚

2 9 _ 9 9 Y ; C o a s t a l

C o r d i l l e r a -  L o s

Hornitos 71.572°W /

30.630°S

Mid-Jurassic monzodiorites

(JPo)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 152/8

σ2 = 273/75

σ3 = 61/13

n = 3; R = 0.49; F = 6˚

0˚

3 0 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  L o s

Hornitos 71.566°W /

30.631°S

Mid-Jurassic monzodiorites

(JPo)

B – fault gouge; Normal faulting σ1 = 336/84

σ2 = 138/6

σ3 = 228/1

n = 8; R = 0.43; F = 16˚

0˚

Appx. A.1: Data 1999 (+ – T-axes;• – P-axes).
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No. Name Geology Deformation Fault Slip Data Stress Tensor Comments

10

11

12

13

14

15

3 3 _ 9 9 X ; C o a s t a l

C o r d i l l e r a -  C e r r o

Tal inay 71.616°W /

30.858°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 64/82

σ2 = 307/3

σ3 = 217/7

n = 5; R = 0.49; F = 5˚

0˚

3 3 _ 9 9 Y ; C o a s t a l

C o r d i l l e r a -  C e r r o

Tal inay 71.616°W /

30.858°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 332/9

σ2 = 220/66

σ3 = 66/22

n = 3; R = 0.52; F = 1˚

0˚

34_99AX ; Coas ta l

Cordillera - Pta.  Limarí

Sur 71.688°W / 30.728°

S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 261/66

σ2 = 123/18

σ3 = 30/9

n = 8; R = 0.56; F = 20˚

0˚

34_99AY ; Coas ta l

Cordillera - Pta.  Limarí

Sur 71.688°W / 30.728°

S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 338/2

σ2 = 72/66

σ3 = 248/24

n = 4; R = 0.51; F = 3˚

0˚

3 4 _ 9 9 B X ; C o a s t a l

Cordillera - Pta.  Limarí

Sur 71.688°W / 30.728°

S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 91/67

σ2 = 190/4

σ3 = 282/17

n = 3; R = 0.50; F = 22˚

0˚

3 4 _ 9 9 B Y ; C o a s t a l

Cordillera - Pta.  Limarí

Sur 71.688°W / 30.728°

S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 40/8

σ2 = 284/73

σ3 = 119/16

n = 8; R = 0.62; F = 31˚

0˚

3 6 _ 9 9 Y ; C o a s t a l

Cordillera - Qbd. de la

L e ñ a 7 1 . 6 4 9° W  /

30.744°S

Mid-Jurassic monzodiorites

(JPo)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 128/23

σ2 = 259/57

σ3 = 28/22

n = 4; R = 0.58; F = 14˚

0˚

3 6 _ 9 9 Y Z ; C o a s t a l

Cordillera - Qbd. de la

L e ñ a 7 1 . 6 4 9° W  /

30.744°S

Mid-Jurassic monzodiorites

(JPo)

B  – f au l t gouge ; Reve rse

faulting

σ1 = 153/14

σ2 = 60/14

σ3 = 288/69

n = 3; R = 0.53; F = 11˚

0˚

3 8 _ 9 9 X ; P a n A m -

Es te ro Monumento

71.505°W / 30.722°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A  – f a u l t  g o u g e ; N o r m a l

faulting; crushed cobbles!

σ1 = 239/59

σ2 = 87/28

σ3 = 350/12

n = 3; R = 0.49; F = 9˚

0˚

3 8 _ 9 9 Y ; P a n A m -

Es te ro Monumento

71.505°W / 30.722°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A – fault gouge; Strike-slip

faulting; crushed cobbles!

σ1 = 126/9

σ2 = 343/78

σ3 = 214/7

n = 3; R = 0.50; F = 14˚

0˚

3 9 _ 9 9 Z ; P a n A m -

Es te ro Monumento

71.510°W / 30.726°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

B  – f au l t gouge ; Reve rse

faulting; offset: 3.5 m

σ1 = 36/17

σ2 = 306/0

σ3 = 215/72

n = 6; R = 0.50; F = 4˚

0˚

39_99ZZ; PanAm -

Es te ro Monumento

71.510°W / 30.726°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A  – f au l t gouge ; Reve rse

faulting

σ1 = 312/0

σ2 = 221/11

σ3 = 36/79

n = 7; R = 0.44; F = 9˚

0˚

40_99X; PanAm - Qbd.

Tal inay 71.607°W /

30.884°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 81/87

σ2 = 185/1

σ3 = 275/2

n = 23; R = 0.46; F = 16˚

0˚

Appx. A.2: Data 1999 (continued).
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16

17

18

19

20

40_99Y; PanAm - Qbd.

Tal inay 71.607°W /

30.884°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 6/9

σ2 = 255/67

σ3 = 96/22

n = 15; R = 0.61; F = 16˚

0˚

42_99X; PanAm - Qbd.

de los Ciénagos 71.591

°W / 30.834°S

Cretacious Lamprophyric dyke C  – shear p lane/c leavage;

Normal faulting

σ1 = 56/67

σ2 = 172/10

σ3 = 265/18

n = 12; R = 0.53; F = 12˚

0˚

42_99Y; PanAm - Qbd.

de los Ciénagos 71.591

°W / 30.834°S

Cretacious Lamprophyric dyke C  – shear p lane/c leavage;

Strike_slip faulting

σ1 = 19/10

σ2 = 241/76

σ3 = 110/9

n = 7; R = 0.51; F = 11˚

0˚

43_99X; Puente Limarí

- Qbd. de los Chiripes

71.490°W / 30.625°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 1 m

σ1 = 255/71

σ2 = 132/11

σ3 = 39/13

n = 7; R = 0.52; F = 14˚

0˚

43_99Y; Puente Limarí

- Qbd. de los Chiripes

71.490°W / 30.625°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A – fault gouge; Strike-slip

faulting

σ1 = 144/19

σ2 = 354/68

σ3 = 237/10

n = 4; R = 0.49; F = 14˚

0˚

A 9 9 1 0 J ; C o a s t a l

Cordil lera - Qbd. de

T a l c a 7 1 . 6 5 5° W  /

30.902°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 267/74

σ2 = 152/7

σ3 = 60/14

n = 8; R = 0.18; F = 12˚

0˚

A 9 9 6 Y ;  C o a s t a l

Cordi l lera -  Parque

Nacional ”Frey Jorge”

71.672°W / 30.647°S

Lower Paleozoic ortho- and

paragneisses (Pzt)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 187/28

σ2 = 5/62

σ3 = 97/1

n = 14; R = 0.50; F = 14˚

0˚

M11_99X; Coas ta l

C o r d i l l e r a -  C e r r o

Tal inay 71.609°W /

30.863°S

Mid-Jurassic monzodiorites

(JPo)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 294/62

σ2 = 147/24

σ3 = 50/15

n = 10; R = 0.48; F = 12˚

0˚

Appx. A.3: Data 1999 (continued).
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1

2

3

4

5

6

7

4 _ 0 0 X ;  T o n g o y  -

chalk-pit 71.443°W /

30.238°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 0.9 m

σ1 = 315/80

σ2 = 68/4

σ3 = 158/6

n = 6; R = 0.51; F = 14˚

0˚

4 _ 0 0 Y ;  T o n g o y  -

chalk-pit 71.443°W /

30.238°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  – fault gouge; Strike-slip

faulting

σ1 = 98/4

σ2 = 261/85

σ3 = 8/1

n = 6; R = 0.56; F = 15˚

0˚

11_00X; Tongoy Bay -

El Rincon 71.604°W /

30.299°S

Mid-Miocene -  Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: ca. 600 m

σ1 = 279/83

σ2 = 145/5

σ3 = 235/0

n = 23; R = 0.58; F = 21˚

0˚

11_00Y; Tongoy Bay -

El Rincon 71.604°W /

30.299°S

Mid-Miocene -  Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  – fault gouge; Strike-slip

faulting

σ1 = 305/3

σ2 = 41/64

σ3 = 212/25

n = 12; R = 0.51; F = 7˚

0˚

16_00Z; Tongoy Bay -

Qbd.  Los Litres 71.534

°W / 30.321°S

Mid-Miocene -  Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  –  f a u l t  g o u g e ;  R e v e r s e

faulting; offset: 0.9 m

σ1 = 106/3

σ2 = 197/14

σ3 = 2/76

n = 4; R = 0.56; F = 15˚

0˚

20_00X; Tongoy Bay -

El Rincon 71.597°W /

30.303°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 1.5 m

σ1 = 38/61

σ2 = 207/29

σ3 = 299/4

n = 13; R = 0.47; F = 9˚

0˚

20_00Y; Tongoy Bay -

El Rincon 71.597°W /

30.303°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  – fault gouge; Strike-slip

faulting

σ1 = 3/20

σ2 = 131/59

σ3 = 266/23

n = 4; R = 0.55; F = 10˚

0˚

21_00X; Tongoy Bay -

Qbd.  Los Litres 71.532

°W / 30.297°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 0.5 m

σ1 = 45/71

σ2 = 181/14

σ3 = 275/13

n = 3; R = 0.51; F = 3˚

0˚

21_00Y; Tongoy Bay -

Qbd.  Los Litres 71.532

°W / 30.297°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  – fault gouge; Strike-slip

faulting

σ1 = 147/7

σ2 = 263/74

σ3 = 57/15

n = 3; R = 0.55; F = 10˚

0˚

201_00X; Tongoy Bay

- El Rincon 71.596°W /

30.305°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 0.3m

σ1 = 68/76

σ2 = 175/4

σ3 = 266/13

n = 1; R = 0.50; F = 0˚

0˚

2 3 _ 0 0 X ;  C o a s t a l

C o r d i l l e r a  -  C t a .

T o t o r a l  ( R e c i n t o

Militar)  71.676°W /

30.355°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  –  shea r  p lane /c leavage ;

Normal faulting

σ1 = 198/83

σ2 = 350/7

σ3 = 81/9

n = 10; R = 0.59; F = 19˚

0˚

2 3 _ 0 0 Y ;  C o a s t a l

C o r d i l l e r a  -  C t a .

T o t o r a l  ( R e c i n t o

Militar)  71.676°W /

30.355°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  –  shea r  p lane /c leavage ;

Strike-slip faulting

σ1 = 181/4

σ2 = 78/73

σ3 = 271/16

n = 6; R = 0.50; F = 10˚

0˚

2 3 _ 0 0 Z ;  C o a s t a l

C o r d i l l e r a  -  C t a .

T o t o r a l  ( R e c i n t o

Militar)  71.676°W /

30.355°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  –  shea r  p lane /c leavage ;

Reverse faulting

σ1 = 23/33

σ2 = 139/34

σ3 = 262/39

n = 4; R = 0.52; F = 3˚

0˚

Appx. A.4: Data 2000 (+ – T-axes;• – P-axes).
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8

9

10

11

12

13

14

15

27_00X; Qbd.  Seca -

Los Molles 71.521°W /

30.494°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 0.8 m

σ1 = 297/81

σ2 = 194/2

σ3 = 103/11

n = 7; R = 0.48; F = 15˚

0˚

27_00Y; Qbd.  Seca -

Los Molles 71.521°W /

30.494°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  – fault gouge; Strike-slip

faulting

σ1 = 46/18

σ2 = 293/51

σ3 = 143/35

n = 10; R = 0.59; F = 16˚

0˚

2 8 _ 0 0 Y ;  Q b d .

Seca/Qbd.  Pachingo

71.532°W / 30.481°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal)

D – topographic feature & shear

plane; Strike-slip faulting; offset

drainage (3*10 m)

σ1 = 95/12

σ2 = 209/63

σ3 = 357/23

n = 9; R = 0.54; F = 12˚

0˚

29_00Y; Tongoy bay -

El Rincon 71.594°W /

30.314°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal)

D – topographic feature & shear

plane; Strike-slip faulting; offset

drainage (2*25 m)

σ1 = 290/4

σ2 = 191/64

σ3 = 22/26

n = 5; R = 0.52; F = 4˚

0˚

31_00X; Propiedad El

Tangue - Qbd.  Estero

S e c o  7 1 . 5 9 8 ° W  /

30.349°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset 5.2 m; crushed

cobbles!

σ1 = 253/79

σ2 = 158/1

σ3 = 68/11

n = 7; R = 0.47; F = 10˚

0˚

31_00Y; Propiedad El

Tangue - Qbd.  Estero

S e c o  7 1 . 5 9 8 ° W  /

30.349°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal)

A  – fault gouge; Strike-slip

faulting; crushed cobbles!

σ1 = 310/15

σ2 = 117/75

σ3 = 220/3

n = 17; R = 0.53; F = 11˚

0˚

32_00Y; Propiedad El

Tangue - Qbd.  Estero

S e c o  7 1 . 5 9 8 ° W  /

30.352°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  –  shea r  p lane /c leavage ;

Strike-slip faulting

σ1 = 234/14

σ2 = 26/74

σ3 = 142/7

n = 12; R = 0.49; F = 10˚

0˚

33_00X; Precordillera -

Road  to  Samo Al to

70.984°W / 30.432°S

Fluvial terraces A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset > 10 m

σ1 = 262/77

σ2 = 3/3

σ3 = 93/4

n = 11; R = 0.60; F = 30˚

0˚

35_00X;  Propiedad

H u a y a n a y  -  Q b d .

Pachingo 71.546°W /

30.423°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 2 m

σ1 = 315/85

σ2 = 173/4

σ3 = 83/4

n = 13; R = 0.48; F = 18˚

0˚

35_00Y;  Propiedad

H u a y a n a y  -  Q b d .

Pachingo 71.546°W /

30.423°S

Mid-Miocene -  Pleistocene

marine terraces (TQc)

A  – fault gouge; Strike-slip

faulting

σ1 = 153/13

σ2 = 265/58

σ3 = 56/29

n = 7; R = 0.49; F = 8˚

0˚

40_00XY; Propiedad

Buenos Aires - Qbd.

B a r o a  7 1 . 5 9 3 ° W  /

30.488°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary regolith (TI/a - Qr)

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset: 2.9 m

σ1 = 319/69

σ2 = 151/20

σ3 = 60/1

n = 2; R = 0.44; F = 18˚

0˚

40_00YY; Propiedad

Buenos Aires - Qbd.

B a r o a  7 1 . 5 9 3 ° W  /

30.488°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary regolith (TI/a - Qr)

A  – fault gouge; Strike-slip

faulting

σ1 = 315/5

σ2 = 57/67

σ3 = 223/22

n = 3; R = 0.46; F = 11˚

0˚

40_00XO; Propiedad

Buenos Aires - Qbd.

B a r o a  7 1 . 5 9 3 ° W  /

30.488°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  –  shea r  p lane /c leavage ;

Normal faulting

σ1 = 57/83

σ2 = 325/0

σ3 = 235/11

n = 23; R = 0.50; F = 17˚

0˚

Appx. A.5: Data 2000 (continued).
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16

17

18

19

20

21

22

40_00YO; Propiedad

Buenos Aires - Qbd.

B a r o a 7 1 . 5 9 3° W  /

30.488°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 155/30

σ2 = 23/49

σ3 = 261/25

n = 4; R = 0.50; F = 6˚

0˚

41_00X; Propiedad

Buenos Aires - Qbd.

La Punta 71.581°W /

30.522°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 262/82

σ2 = 154/3

σ3 = 64/5

n = 18; R = 0.54; F = 17˚

0˚

41_00Y; Propiedad

Buenos Aires - Qbd.

La Punta 71.581°W /

30.522°S

Upper Triassic - Lower Jurassic

Monzogranites (TJt)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 307/7

σ2 = 51/63

σ3 = 213/26

n = 6; R = 0.51; F = 6˚

0˚

4 2 _ 0 0 X ; Q b d .

Pachingo/Qbd.  Seca

71.536°W / 30.473°S

Mid-Miocene - Pleistocene

marine terraces (TQc)

D – topographic feature &  shear

plane; Normal faulting

σ1 = 167/78

σ2 = 325/11

σ3 = 56/5

n = 16; R = 0.52; F = 11˚

0˚

4 2 _ 0 0 Y ; Q b d .

Pachingo/Qbd.  Seca

71.536°W / 30.473°S

Mid-Miocene - Pleistocene

marine terraces (TQc)

D – topographic feature &  shear

plane; Strike-slip faulting

σ1 = 168/4

σ2 = 56/79

σ3 = 259/10

n = 9; R = 0.48; F = 20˚

0˚

4 3 _ 0 0 X ; Q b d .

Seca/Qbd.  Socotoco

71.492°W / 30.511°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 0.3 m

σ1 = 266/70

σ2 = 154/8

σ3 = 62/15

n = 4; R = 0.55; F = 18˚

0˚

44_00X; PaAm/Qbd.

S e c a 7 1 . 4 8 5° W  /

30.512°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

D – topographic feature &  shear

p l a n e ; N o r m a l f a u l t i n g ;

topographic offset: 12.2 m

σ1 = 157/84

σ2 = 4/5

σ3 = 274/9

n = 16; R = 0.59; F = 22˚

0˚

44_00Y; PanAm/Qbd.

S e c a 7 1 . 4 8 5° W  /

30.512°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

D – topographic feature &  shear

plane; Strike-slip faulting

σ1 = 199/29

σ2 = 65/52

σ3 = 301/23

n = 7; R = 0.53; F = 9˚

0˚

4 5 _ 0 0 X ; Q b d .

Seca/Qbd.  Churaue

71.469°W / 30.510°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

D – topographic feature &  shear

p l a n e ; N o r m a l f a u l t i n g ;

topographic offset: max. 25 m

σ1 = 198/87

σ2 = 2/3

σ3 = 272/4

n = 8; R = 0.58; F = 21˚

0˚

4 5 _ 0 0 Y ; Q b d .

Seca/Qbd.  Churaue

71.469°W / 30.510°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

D – topographic feature &  shear

plane; Strike-slip faulting

σ1 = 205/18

σ2 = 82/60

σ3 = 302/24

n = 4; R = 0.53; F = 10˚

0˚

4 7 _ 0 0 X ;  R i o

Limarí/Estero Punitaqui

(Salala)) 71.515°W /

30.670°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: ca. 2 m

σ1 = 351/63

σ2 = 207/22

σ3 = 111/14

n = 5; R = 0.50; F = 5˚

0˚

4 7 _ 0 0 Y R ; R i o

Limarí/Estero Punitaqui

(Salala)) 71.515°W /

30.670°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A – fault gouge; Strike-slip

faulting

σ1 = 45/2

σ2 = 313/42

σ3 = 138/48

n = 5; R = 0.53; F = 10˚

0˚

48_00X; In Salala -

ford through Estero

Punitaqui 71.516°W /

30.683°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 354/63

σ2 = 129/20

σ3 = 226/20

n = 10; R = 0.53; F = 12˚

0˚

Appx. A.6: Data 2000 (continued).
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23

24

25

26

27

48_00Y; In Salala -

ford through Estero

Punitaqui 71.516°W /

30.683°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 165/31

σ2 = 42/42

σ3 = 276/33

n = 8; R = 0.52; F = 11˚

0˚

48_00Z; In Salala - ford

t h r o u g h E s t e r o

Punitaqui 71.516°W /

30.683°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Reverse faulting

σ1 = 6/36

σ2 = 273/4

σ3 = 178/54

n = 4; R = 0.50; F = 6˚

0˚

49_00X; PanAm - Qbd.

Teniente 71.633°W /

30.986°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 29 m; crushed

cobbles!

σ1 = 256/85

σ2 = 5/2

σ3 = 95/7

n = 82; R = 0.49; F = 21˚

0˚

49_00Y; PanAm - Qbd.

Teniente 71.633°W /

30.986°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A – fault gouge; Strike-slip

faulting; crushed cobbles!

σ1 = 31/0

σ2 = 300/70

σ3 = 122/20

n = 17; R = 0.47; F = 14˚

0˚

5 1 _ 0 0 Y 1 ; C o a s t a l

Cordillera - Pta.  Limarí

N o r t e 7 1 . 6 9 8° W  /

30.723°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 293/7

σ2 = 157/80

σ3 = 24/7

n = 3; R = 0.51; F = 4˚

0˚

5 1 _ 0 0 Y 2 ; C o a s t a l

Cordillera - Pta.  Limarí

N o r t e 7 1 . 6 9 8° W  /

30.723°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 232/12

σ2 = 118/62

σ3 = 329/24

n = 7; R = 0.55; F = 10˚

0˚

52_00AY ; Coas ta l

C o r d i l l e r a -  R i o

Limarí/Qbd.  Las Vacas

71.635°W / 30.726°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 174/24

σ2 = 29/61

σ3 = 269/16

n = 10; R = 0.45; F = 17˚

0˚

5 2 _ 0 0 X ; C o a s t a l

C o r d i l l e r a -  R i o

Limarí/Qbd.  Las Vacas

71.635°W / 30.726°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 265/80

σ2 = 146/5

σ3 = 56/4

n = 22; R = 0.55; F = 20˚

0˚

5 2 _ 0 0 Y ; C o a s t a l

C o r d i l l e r a -  R i o

Limarí/Qbd.  Las Vacas

71.635°W / 30.726°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 299/17

σ2 = 62/61

σ3 = 202/23

n = 6; R = 0.45; F = 11˚

0˚

53_00X; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 9° W  /

30.352°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 2 m

σ1 = 59/70

σ2 = 155/2

σ3 = 246/21

n = 15; R = 0.52; F = 11˚

0˚

53_00Y; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 9° W  /

30.352°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A – fault gouge; Strike-slip

faulting

σ1 = 332/31

σ2 = 108/50

σ3 = 227/23

n = 3; R = 0.48; F = 6˚

0˚

5 5 _ 0 0 X ; Q b d .

Teniente -  La Loma

71.633°W / 31.001°S

Lower Paleozoic metabasites

and gneisses (Pzch/a)

C  – shear p lane/c leavage;

Normal faulting

σ1 = 340/67

σ2 = 134/21

σ3 = 228/9

n = 5; R = 0.49; F = 7˚

0˚

5 5 _ 0 0 Y ; Q b d .

Teniente -  La Loma

71.633°W / 31.001°S

Lower Paleozoic metabasites

and gneisses (Pzch/a)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 173/20

σ2 = 55/51

σ3 = 276/32

n = 9; R = 0.51; F = 5˚

0˚

Appx. A.7: Data 2000 (continued).
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28

29

30

31

32

33

34

56_00Y; PanAm - exit

La Cebada 71.641°W /

30.966°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal))

A – fault gouge; Strike-slip

faulting; offset: 1.1 m

σ1 = 223/9

σ2 = 354/77

σ3 = 135/10

n = 2; R = 0.48; F = 6˚

0˚

57_00Y; Rio Limarí -

Loma de los Lo ros

71.668°W / 30.727°S

Mid-Jurassic Monzodiorites

(JPo)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 353/23

σ2 = 124/58

σ3 = 253/22

n = 11; R = 0.51; F = 7˚

0˚

57_00Z; Rio Limarí -

Loma de los Lo ros

71.668°W / 30.727°S

Mid-Jurassic Monzodiorites

(JPo)

B  – f au l t gouge ; Reve rse

faulting

σ1 = 160/17

σ2 = 62/23

σ3 = 283/61

n = 6; R = 0.51; F = 4˚

0˚

58_00Y; Rio Limarí -

Loma de los Lo ros

71.683°W / 30.726°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 119/27

σ2 = 250/52

σ3 = 18/26

n = 4; R = 0.51; F = 14˚

0˚

58_00Z; Rio Limarí -

Loma de los Lo ros

71.683°W / 30.726°S

Mid-Jurassic Monzodiorites

(JPo)

C  – shear p lane/c leavage;

Reverse faulting

σ1 = 245/11

σ2 = 155/0

σ3 = 64/83

n = 8; R = 0.52; F = 11˚

0˚

59_00Y; Rio Limarí -

Loma de los Lo ros

71.657°W / 30.733°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 29/1

σ2 = 252/89

σ3 = 113/1

n = 14; R = 0.43; F = 20˚

0˚

6 0 _ 0 0 X ; C o a s t a l

Cordillera - Qbd. de los

L o r o s 7 1 . 6 5 4° W  /

30.787°S

Lower Paleozioc paragneisses

(Pzt)

C  – shear p lane/c leavage;

(cataclastic zone) Strike-slip

faulting

σ1 = 79/82

σ2 = 301/6

σ3 = 211/2

n = 6; R = 0.52; F = 16˚

0˚

6 0 _ 0 0 Z ; C o a s t a l

Cordillera - Qbd. de los

L o r o s 7 1 . 6 5 4° W  /

30.787°S

Lower Paleozioc paragneisses

(Pzt)

C  – shear p lane/c leavage;

(catac last ic zone) Reverse

faulting

σ1 = 311/17

σ2 = 46/17

σ3 = 178/65

n = 4; R = 0.52; F = 8˚

0˚

62_00X; Baños de l

Soco -  Estero Soco

71.489°W / 30.732°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 8 m; Thermal

spring connected to fault!

σ1 = 187/59

σ2 = 344/29

σ3 = 79/9

n = 3; R = 0.52; F = 11˚

0˚

62_00Y; Baños de l

Soco -  Estero Soco

71.489°W / 30.732°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

A – fault gouge; Strike-slip

f a u l t i n g ; T h e r m a l s p r i n g

connected to fault!

σ1 = 308/38

σ2 = 142/51

σ3 = 45/5

n = 11; R = 0.45; F = 14˚

0˚

63_00AY; Baños del

S o c o -  Q b d . d e l

Gigante 71.479°W /

30.751°S

Cretacious monzodiorites and

granodiorites & Plio-Pleistocene

fluvial conglomerates and sands

(kg3 & TI/a)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 291/6

σ2 = 65/82

σ3 = 207/7

n = 15; R = 0.60; F = 22˚

0˚

63_00BY; Baños del

S o c o -  Q b d . d e l

Gigante 71.479°W /

30.751°S

Cretacious monzodiorites and

granodiorites & Plio-Pleistocene

fluvial conglomerates and sands

(kg3 & TI/a)

C  – shear p lane/c leavage;

Strike-slip faulting

σ1 = 23/27

σ2 = 217/63

σ3 = 116/6

n = 3; R = 0.53; F = 11˚

0˚

63_00X; Baños de l

S o c o -  Q b d . d e l

Gigante 71.479°W /

30.751°S

Cretacious monzodiorites and

granodiorites & Plio-Pleistocene

fluvial conglomerates and sands

(kg3 & TI/a)

A  – f a u l t  g o u g e ; N o r m a l

f a u l t i n g ;  o f f s e t  i n

Plio-Pleistocene strata: 0.7 m

σ1 = 227/81

σ2 = 337/3

σ3 = 68/7

n = 11; R = 0.45; F = 17˚

0˚

Appx. A.8: Data 2000 (continued).
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35

36

37

38

39

64_00XR; Loma Uvilla

- Qbd.  Gigante 71.461°

W / 30.763°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal))

A  –  f a u l t  g o u g e ;  N o r m a l

faulting; offset > 15 m

σ1 = 285/78

σ2 = 132/11

σ3 = 41/5

n = 3; R = 0.50; F = 2˚

0˚

64_00YR; Loma Uvilla

- Qbd.  Gigante 71.461°

W / 30.763°S

P l i o - P l e i s t o c e n e  f l u v i a l

conglomerates  and sands  -

Quaternary alluvial (TI/a - Qal))

A  – fault gouge; Strike-slip

faulting

σ1 = 296/29

σ2 = 89/59

σ3 = 198/11

n = 3; R = 0.51; F = 3˚

0˚

6 5 _ 0 0 X ;  P a n A m  -

Cerro Pachingo 71.462°

W / 30.462°S

Cretacious monzonites  and

tonalites (kg2)

C  –  shea r  p lane /c leavage ;

Normal faulting

σ1 = 338/82

σ2 = 160/8

σ3 = 250/3

n = 13; R = 0.53; F = 15˚

0˚

6 5 _ 0 0 Z ;  P a n A m  -

Cerro Pachingo 71.462°

W / 30.462°S

Cretacious monzonites  and

tonalites (kg2)

C  –  shea r  p lane /c leavage ;

Reverse faulting

σ1 = 100/22

σ2 = 4/15

σ3 = 243/62

n = 8; R = 0.51; F = 10˚

0˚

66_00X; Embalse La

P a l o m a  -  r o a d  c u t

71.012°W / 30.699°S

Lower Cretaciuos grantites ?

(Kg?)

B – fault gouge; Normal faulting σ1 = 324/60

σ2 = 149/30

σ3 = 57/2

n = 15; R = 0.50; F = 14˚

0˚

66_00Z; Embalse La

P a l o m a  -  r o a d  c u t

71.012°W / 30.699°S

Lower Cretaciuos grantites ?

(Kg?)

B  –  f a u l t  g o u g e ;  R e v e r s e

faulting

σ1 = 245/12

σ2 = 339/19

σ3 = 129/68

n = 5; R = 0.39; F = 10˚

0˚

67_00X; Ovalle - Mina

El Dorado 71.224°W /

30.555°S

Lower Cretaciuos grantites ?

(Kg?)

C  –  shea r  p lane /c leavage ;

Normal faulting

σ1 = 253/77

σ2 = 81/13

σ3 = 351/2

n = 11; R = 0.53; F = 11˚

0˚

67_00Y; Ovalle - Mina

El Dorado 71.224°W /

30.555°S

Lower Cretaciuos grantites ?

(Kg?)

C  –  shea r  p lane /c leavage ;

Strike-slip faulting

σ1 = 246/9

σ2 = 6/72

σ3 = 154/16

n = 12; R = 0.53; F = 13˚

0˚

74_00X1; Alcones -

Qbd.  Angostura 71.559

°W / 30.756°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B – fault gouge; Normal faulting σ1 = 273/78

σ2 = 138/9

σ3 = 47/2

n = 5; R = 0.44; F = 15˚

0˚

74_00X2; Alcones -

Qbd.  Angostura 71.559

°W / 30.756°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B – fault gouge; Normal faulting σ1 = 84/74

σ2 = 216/11

σ3 = 309/14

n = 6; R = 0.53; F = 22˚

0˚

74_00Y1; Alcones -

Qbd.  Angostura 71.559

°W / 30.756°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B  – fault gouge; Strike-slip

faulting

σ1 = 297/6

σ2 = 34/50

σ3 = 202/40

n = 6; R = 0.46; F = 11˚

0˚

74_00Y2; Alcones -

Qbd.  Angostura 71.559

°W / 30.756°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B  – fault gouge; Strike-slip

faulting

σ1 = 210/31

σ2 = 348/51

σ3 = 104/20

n = 3; R = 0.56; F = 7˚

0˚

7 4 _ 0 0 Z ;  A l c o n e s  -

Qbd.  Angostura 71.559

°W / 30.756°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B  –  f a u l t  g o u g e ;  R e v e r s e

faulting

σ1 = 224/36

σ2 = 120/17

σ3 = 12/45

n = 6; R = 0.46; F = 21˚

0˚

Appx. A.9: Data 2000 (continued).
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40

41

42

43

44

45

46

47

75_00X; A lcones -

Qbd.  Angostura 71.562

°W / 30.751°S

Quaternary alluvial (Qal) A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 0.25 m

σ1 = 286/57

σ2 = 123/31

σ3 = 28/8

n = 4; R = 0.50; F = 4˚

0˚

78_00X; A lcones -

Qbd.  Rancho Grande

71.567°W / 30.736°S

Quaternary alluvial (Qal)) A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 1.5 m

σ1 = 340/62

σ2 = 161/28

σ3 = 71/0

n = 4; R = 0.49; F = 5˚

0˚

7 9 _ 0 0 X ; P a n A m -

Lomas del Soco 71.513

°W / 30.729°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (JPo &

TI/a)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 4.2 m; crushed

cobbles!

σ1 = 285/87

σ2 = 158/2

σ3 = 248/0

n = 44; R = 0.45; F = 17˚

0˚

7 9 _ 0 0 Y ; P a n A m -

Lomas del Soco 71.513

°W / 30.729°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (JPo &

TI/a)

A – fault gouge; Strike-slip

faulting; crushed cobbles!

σ1 = 315/7

σ2 = 129/83

σ3 = 222/0

n = 12; R = 0.56; F = 18˚

0˚

80_00AX; Fray Jorge -

Qbd.  Las Minas 71.590

°W / 30.673°S

Mid-Jurassic Monzodiorites &

Pl io-Pleistocene lacustr ine

deposits (JPo & TI/b)

B – fault gouge; Normal faulting σ1 = 356/66

σ2 = 168/24

σ3 = 259/1

n = 3; R = 0.50; F = 5˚

0˚

80_00X; Fray Jorge -

Qbd.  Las Minas 71.590

°W / 30.673°S

Mid-Jurassic Monzodiorites &

Pl io-Pleistocene lacustr ine

deposits (JPo & TI/b)

B – fault gouge; Normal faulting σ1 = 209/67

σ2 = 51/21

σ3 = 318/8

n = 8; R = 0.50; F = 9˚

0˚

80_00Y; Fray Jorge -

Qbd.  Las Minas 71.590

°W / 30.673°S

Mid-Jurassic Monzodiorites &

Pl io-Pleistocene lacustr ine

deposits (JPo & TI/b)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 18/31

σ2 = 148/47

σ3 = 270/26

n = 4; R = 0.49; F = 5˚

0˚

8 4 _ 0 0 X ; C o a s t a l

C o r d i l l e r a -  Q b d .

Tal inay 71.674°W /

30.877°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

B – fault gouge; Normal faulting σ1 = 265/85

σ2 = 167/1

σ3 = 77/5

n = 2; R = 0.53; F = 7˚

0˚

8 4 _ 0 0 Y ; C o a s t a l

C o r d i l l e r a -  Q b d .

Tal inay 71.674°W /

30.877°S

Upper Triassic - Lower Jurassic

monzodior i tes and gabbros

(TJtm)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 198/13

σ2 = 63/71

σ3 = 290/13

n = 5; R = 0.51; F = 7˚

0˚

85_00X; Puente Limarí

-  Qbd .  E l  Romero

71.536°W / 30.637°S

Mid-Jurassic Monzodiorites &

Quaternary alluvial (JPo & Qal)

B – fault gouge; Normal faulting σ1 = 57/85

σ2 = 306/2

σ3 = 215/3

n = 5; R = 0.52; F = 13˚

0˚

86_00X; Puente Limarí

-  Qbd.  Aqua de los

Pajarítos 71.523°W /

30.629°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 1.8 m

σ1 = 344/61

σ2 = 135/26

σ3 = 232/13

n = 2; R = 0.52; F = 6˚

0˚

8 8 _ 0 0 A X ; L o m a

Monumento - Qbd.  La

P o z a 7 1 . 5 1 9° W  /

30.716°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates (JPo & TI/a)

B – fault gouge; Normal faulting σ1 = 175/73

σ2 = 12/16

σ3 = 281/3

n = 2; R = 0.43; F = 9˚

0˚

8 8 _ 0 0 A Z ; L o m a

Monumento - Qbd.  La

P o z a 7 1 . 5 1 9° W  /

30.716°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates (JPo & TI/a)

B  – f au l t gouge ; Reve rse

faulting

σ1 = 47/19

σ2 = 152/37

σ3 = 294/46

n = 4; R = 0.52; F = 14˚

0˚

Appx. A.10: Data 2000 (continued).
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48

49

50

51

52

53

8 8 _ 0 0 B Y ; L o m a

Monumento - Qbd.  La

P o z a 7 1 . 5 1 9° W  /

30.716°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates (JPo & TI/a)

A – fault gouge; Strike-slip

faulting; offset > 0.25 m

σ1 = 142/9

σ2 = 39/55

σ3 = 239/33

n = 5; R = 0.49; F = 6˚

0˚

8 9 _ 0 0 X ; P a n A m -

Puente Limarí 71.529°

W / 30.663°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (JPo &

TI/a)

A – fault gouge; Normal faulting

subsequently rotated or reverse

faulting (backthrust) ; offset: 15;

crushed cobbles!

σ1 = 253/65

σ2 = 139/11

σ3 = 44/23

n = 46; R = 0.44; F = 16˚

0˚

8 9 _ 0 0 Y ; P a n A m -

Puente Limarí 71.529°

W / 30.663°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (JPo &

TI/a)

A – fault gouge; Strike-slip

faulting; crushed cobbles!

σ1 = 192/31

σ2 = 356/58

σ3 = 97/7

n = 5; R = 0.45; F = 12˚

0˚

90_00X; Barrazza -

Qbd.  La Peña 71.522°

W / 30.707°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates (JPo & TI/a)

A – fault gouge; Normal faulting σ1 = 180/59

σ2 = 351/30

σ3 = 84/4

n = 3; R = 0.50; F = 7˚

0˚

90_00YR; Barrazza -

Qbd.  La Peña 71.522°

W / 30.707°S

Mid-Jurassic Monzodiorites &

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates (JPo & TI/b)

A – fault gouge; Strike-slip

faulting

σ1 = 312/19

σ2 = 86/63

σ3 = 214/17

n = 7; R = 0.52; F = 5˚

0˚

9 2 _ 0 0 X ; E s t e r o

Punitaqui - El Durazno

71.429°W / 30.704°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands (TI/a)

D – topographic feature &  shear

plane; Normal faulting; offset:

ca. 50 m

σ1 = 41/76

σ2 = 145/3

σ3 = 236/15

n = 3; R = 0.53; F = 10˚

0˚

95_00X; Termas Socos

- Qbd.  Aguita de los

Bur ros 71 .454°W /

30.733°S

Plio-Pleistocene lacustr ine

deposits (TI/b)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 2 m

σ1 = 339/59

σ2 = 135/29

σ3 = 231/11

n = 9; R = 0.51; F = 6˚

0˚

100_00Y; PanAm -

Qbd.  Teniente 71.631°

W / 30.986°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sand (TI/a)

A – fault gouge; Strike-slip

faulting; spring 5 m E of fault

trace!; crushed cobbles!

σ1 = 0/39

σ2 = 206/48

σ3 = 101/13

n = 8; R = 0.51; F = 9˚

0˚

1 0 2 _ 0 0 Y ; Q b d .

A lcones /Qbd .  Las

Torcazas 71.533°W /

30.808°S

Mid-Jurassic Monzodiorites

(JPo)

B  – fault gouge; Strike-sl ip

faulting

σ1 = 99/9

σ2 = 345/70

σ3 = 192/18

n = 8; R = 0.51; F = 6˚

0˚

Appx. A.11: Data 2000 (continued).
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No. Name Geology Deformation Fault Slip Data Stress Tensor Comments

1

2

3

4

5

6

7

8

9

10

2 _ 0 1 X ; L o m a s d e l

Soco -  Estero Soco

71.496°W / 30.745°S

Cretacious monzogranites and

granodiorites (kg3)

C  – shear p lane/c leavage;

Normal faulting; spring 300 m N

of outcrop - in prolongation of

major fault!

σ1 = 71/66

σ2 = 164/1

σ3 = 254/18

n = 16; R = 0.64; F = 27˚

0˚

2 _ 0 1 Y ; L o m a s d e l

Soco -  Estero Soco

71.496°W / 30.745°S

Cretacious monzonites and

tonalites (kg2)

C  – shear p lane/c leavage;

Strike-slip faulting; spring 300

m N of outcrop - in prolongation

of major fault!

σ1 = 217/15

σ2 = 61/73

σ3 = 309/6

n = 3; R = 0.51; F = 8˚

0˚

2_01Z; Lomas del Soco

- Estero Soco 71.496°

W / 30.745°S

Cretacious monzonites and

tonalites (kg2)

C  – shear p lane/c leavage;

Reverse faulting; spring 300 m

N of outcrop - in prolongation of

major fault!

σ1 = 202/12

σ2 = 106/26

σ3 = 315/60

n = 3; R = 0.50; F = 2˚

0˚

5_01X; Baños del Soco

- Estero Soco 71.491°

W / 30.741°S

Cretacious monzonites and

tonalites &  Plio-Pleistocene

fluvial conglomerates and sands

(kg2 & TI/a)

A – fault gouge; Normal faulting σ1 = 303/80

σ2 = 153/9

σ3 = 243/2

n = 6; R = 0.61; F = 22˚

0˚

10_01Y; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 5° W  /

30.359°S

Mid-Miocene - Pleistocene

marine terraces - Quart. alluvial

fan (TQc-Qal)

A  –  f a u l t  g o u g e ;

Strike-slip/reverse faulting;

offset: 0.85 m

σ1 = 21/9

σ2 = 124/56

σ3 = 286/33

n = 5; R = 0.52; F = 9˚

0˚

13_01X; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 5° W  /

30.358°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 4.5 m; crushed

cobbles!

σ1 = 284/74

σ2 = 157/10

σ3 = 66/6

n = 6; R = 0.61; F = 21˚

0˚

13_01Y; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 5° W  /

30.358°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A – fault gouge; Strike-slip

faulting

σ1 = 324/27

σ2 = 120/60

σ3 = 228/10

n = 5; R = 0.52; F = 8˚

0˚

15_01X; Propiedad El

Tangue - Qbd.  Estero

S e c o 7 1 . 5 9 9° W  /

30.374°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

B  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 0.9 m; fault

gouge cemented with carbonate

(caliche)

σ1 = 192/69

σ2 = 11/21

σ3 = 281/1

n = 7; R = 0.52; F = 12˚

0˚

17_01X; Propiedad El

Tangue - Ramadi l la

71.598°W / 30.387°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: > 2 m; Colluvial

wedge! Spring at 200 m W of

fault!

σ1 = 359/50

σ2 = 142/34

σ3 = 246/20

n = 3; R = 0.54; F = 8˚

0˚

18_01X; Propiedad

Pachingo - Ramadilla

71.572°W / 30.462°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

(A  – fault gouge;?) Normal

faulting; colluvial wedge?

σ1 = 349/53

σ2 = 139/33

σ3 = 239/15

n = 3; R = 0.52; F = 10˚

0˚

19_01X; Propiedad

Pachingo - Ramadilla

71.585°W / 30.468°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

(A  – fault gouge;?) Normal

fault ing; col luvial wedge?;

spring 0.5 m from possible fault

trace

σ1 = 142/67

σ2 = 7/17

σ3 = 272/17

n = 6; R = 0.47; F = 11˚

0˚

20_01X; Chal inga -

Estero Punitaqui 71.397

°W / 30.740°S

P l i o - P l e i s t o c e n e f l u v i a l

conglomerates and sands -

Quaternary alluvial (TI/a - Qal)

A  – f a u l t  g o u g e ; N o r m a l

faulting; offset: 3.5 m

σ1 = 308/45

σ2 = 122/45

σ3 = 214/2

n = 14; R = 0.47; F = 7˚

0˚

2 5 _ 0 1 X ; E s t e r o

Punitaqui - El Durazno

71.447°W / 30.704°S

Cretacious monzogranites and

granodiorites & Plio-Pleistocene

fluvial conglomerates and sands

(kg3 - TI/a)

A  – f a u l t  g o u g e ; N o r m a l

f a u l t i n g ;  o f f s e t  i n

Plio-Pleistocene sands: 0.1m

σ1 = 5/70

σ2 = 137/14

σ3 = 231/14

n = 7; R = 0.49; F = 7˚

0˚

Appx. A.12: Data 2001 (+ – T-axes;• – P-axes).
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No. Name Geology Deformation Fault Slip Data Stress Tensor Comments

11 26_01X; Peña Blanca -

Qbd . de la Aguada

71.570°W / 30.905°S

Lower Paleozoic metabasites

and gneisses (Pzch/a)

C  – shear p lane/c leavage;

(ca tac las t ic zone) Normal

faulting

σ1 = 185/64

σ2 = 357/25

σ3 = 88/2

n = 4; R = 0.49; F = 7˚

0˚

26_01Y; Peña Blanca -

Qbd . de la Aguada

71.570°W / 30.905°S

Lower Paleozoic metabasites

and gneisses (Pzch/a)

C  – shear p lane/c leavage;

(cataclastic zone) Strike-slip

faulting

σ1 = 134/42

σ2 = 301/47

σ3 = 38/6

n = 8; R = 0.48; F = 10˚

0˚

Appx. A.13: Data 2001 (continued).
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