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Abstract

The characterisation of the internal architecture of large-scale fault zones is usually restricted to the
outcrop-based investigation of fault-related structural damage on the Earth’s surface. A method to
obtain information on the downward continuation of a fault is to image the subsurface electrical
conductivity structure.

This work deals with such a combined investigation of a segment of the West Fault, which itself
is a part of the more than 2000 km long trench-linked Precordilleran Fault System in the northern
Chilean Andes. Activity on the fault system lasted from Eocene to Quaternary times. In the working
area (2204’ S, 6853'W), the West Fault exhibits a clearly defined surface trace with a constant strike
over many tens of kilometers. Outcrop condition and morphology of the study area allow ideally
for a combination of structural geology investigation and magnetotelluric (MT) / geomagnetic depth
sounding (GDS) experiments. The aim was to achieve an understanding of the correlation of the two
methods and to obtain a comprehensive view of the West Fault’s internal architecture.

Fault-related brittle damage elements (minor faults and slip-surfaces with or without striation)
record prevalent strike-slip deformation on subvertically oriented shear planes. Dextral and sinistral
slip events occurred within the fault zone and indicate reactivation of the fault system. Youngest de-
formation increments mapped in the working area are extensional and the findings suggest a different
orientation of the extension axes on either side of the fault. Damage element density increases with
approach to the fault trace and marks an approximately 1000 m wide damage zone around the fault.
A region of profound alteration and comminution of rocks, about 400 m wide, is centered in the dam-
age zone. Damage elements in this central part are predominantly dipping steeply towards the east
(70-80).

Within the same study area, the electrical conductivity image of the subsurface was measured
along a 4km long MT/GDS profile. This main profile trends perpendicular to the West Fault trace.
The MT stations of the central 2 km were 100 m apart from each other. A second profile with 300 m
site spacing and 9 recording sites crosses the fault a few kilometers away from the main study area.
Data were recorded in the frequency range from 1000 Hz to 0.001 Hz with four real time instruments
S.P.A.M. MKIII.

The GDS data reveal the fault zone for both profiles at frequencies above 1 Hz. Induction arrows
indicate a zone of enhanced conductivity several hundred meters wide, that aligns along the WF strike
and lies mainly on the eastern side of the surface trace. A dimensionality analysis of the MT data
justifies a two dimensional model approximation of the data for the frequency range from 1000 Hz to
0.1 Hz. For this frequency range a regional geoelectric strike parallel to the West Fault trace could be
recovered. The data subset allows for a resolution of the conductivity structure of the uppermost crust
down to at least 5 km.

Modelling of the MT data is based on an inversion algorithm develop¢d by Mackid et al] (1997).
The features of the resulting resistivity models are tested for their robustness using empirical sensi-
tivity studies. This involves variation of the properties (geometry, conductivity) of the anomalies, the
subsequent calculation of forward or constrained inversion models and check for consistency of the
obtained model results with the data. A fault zone conductor is resolved on both MT profiles. The
zones of enhanced conductivity are located to the east of the West Fault surface trace. On the dense




MT profile, the conductive zone is confined to a width of about 300 m and the anomaly exhibits a
steep dip towards the east (about)Modelling implies that the conductivity increase reaches to a
depth of at least 1100 m and indicates a depth extent of less than 2000 m. Further conductive features
are imaged but their geometry is less well constrained.

The fault zone conductors of both MT profiles coincide in position with the alteration zone. For
the dense profile, the dip of the conductive anomaly and the dip of the damage elements of the central
part of the fault zone correlate. This suggests that the electrical conductivity enhancement is causally
related to a mesh of minor faults and fractures, which is a likely pathway for fluids. The intercon-
nected rock-porosity that is necessary to explain the observed conductivity enhancement by means
of fluids is estimated on the basis of the salinity of several ground water samples (Archie’s Law).
The deeper the source of the water sample, the more saline it is due to longer exposure to fluid-rock
interaction and the lower is the fluid’s resistivity. A rock porosity in the range of 0.8-4 % would
be required at a depth of 200 m. That indicates that fluids penetrating the damaged fault zone from
close to the surface are sufficient to explain the conductivity anomalies. This is as well supported
by the preserved geochemical signature of rock samples in the alteration zone. Late stage alteration
processes were active in a low temperature regime {€9&nd the involvement of ascending brines
from greater depth is not indicated. The limited depth extent of the fault zone conductors is a likely
result of sealing and cementation of the fault fracture mesh due to dissolution and precipitation of
minerals at greater depth and increased temperature.

Comparison of the results of the apparently inactive West Fault with published studies on the
electrical conductivity structure of the currently active San Andreas Fault, suggests that the depth
extent and conductivity of the fault zone conductor may be correlated to fault activity. Ongoing
deformation will keep the fault/fracture mesh permeable for fluids and impede cementation and
sealing of fluid pathways.



Kurzfassung

Untersuchungen zur internen Architektur von grof3en Stérungszonen beschrénken sich ublicherweise
auf die, an der Erdoberflache aufgeschlossene, stérungsbezogene Deformation. Eine Methode, die es
ermoglicht Informationen Gber die Tiefenfortsetzung einer Stérung zu erhalten, ist die Abbildung der
elektrischen Leitfahigkeit des Untergrundes.

Die vorliegende Arbeit beschéaftigt sich mit der kombinierten strukturgeologischen und mag-
netotellurischen Untersuchung eines Segmentes der 'West Fault’-Stérung in den nordchilenischen
Anden. Die West Fault ist ein Abschnitt des ber 2000 km langen Prakordilleren-Stérungssystem,
welches im Zusammenhang mit der Subduktion vor der siidamerikanischen Westkiiste entstanden ist.
Die Aktivitat dieses Storungssystems reichte vom Eozan bis in das Quartar. Der Verlauf der West
Fault ist im Untersuchungsgebiet (22’ S, 6853'W) an der Oberflache klar definiert und weist
Uber viele zehner Kilometer eine konstante Streichrichtung auf. Die Aufschlussbedingungen und die
Morphologie des Arbeitsgebietes sind ideal fir kombinierte Untersuchungen der stérungsbezogenen
Deformation und der elektrischen Leitfahigkeit des Untergrundes mit Hilfe magnetotellurischer Ex-
perimente (MT) und der erdmagnetischen Tiefensondierung (GDS). Ziel der Untersuchungen war es,
eine mogliche Korrelation der beiden MeBmethoden herauszuarbeiten, und die interne Storungsar-
chitektur der West Fault umfassend zu beschreiben.

Die Interpretation von Sprodbruch-Strukturen (kleinmaf3stabliche Stérungen sowie Stérungsflach-
en mit/ ohne Bewegungslineationen) im Untersuchungsgebiet weist auf iberwiegend seitenverschie-
bende Deformation entlang von subvertikal orientierten Scherflachen hin. Dextrale und sinistrale Be-
wegungsrichtungen kénnen innerhalb der Stérungszone bestatigt werden, was auf Reaktivierungen
des Stdrungssystems schliessen laRt. Die jingsten Deformationen im Arbeitsgebiet haben dehnen-
den Charakter, wobei die kinematische Analyse eine unterschiedliche Orientierung der Extensions-
richtung beiderseits der Stérung andeutet. Die Bruchflachendichte nimmt mit Anndherung an die
Stérung zu und zeichnet einen etwa 1000 m breiten Bereich erhdhter Deformationsintensitat um die
Stérungsspur aus (damage zone). Im Zentrum dieser Zone weist das Gestein eine intensive Alte-
ration und Brekzierung auf, die sich Uber eine Breite von etwa 400 m erstreckt. Kleine Stérungen
und Scherflachen in diesem zentralen Abschnitt der Storung fallen Uberwiegend steil nach Osten ein
(70-80).

Innerhalb desselben Arbeitsgebietes wurde ein 4 km langes MT/GDS Profil vermessen, welches
senkrecht zum Streichen der West Fault verlauft. Fir die zentralen 2 km dieses Hauptprofils betragt
der Abstand der Mel3stationen jeweils 100m. Ein weiteres Profil, bestehend aus 9 Stationen mit
einem Abstand von 300 m zueinander, quert die Stérung einige Kilometer entfernt vom eigentlichen
Arbeitsgebiet. Die Aufzeichnung der Daten erfolgte mit vier S.P.A.M MklIIl Apparaturen in einem
Frequenzbereich von 1000 Hz bis 0.001 Hz.

In den GDS Daten beider Profile ist die Stérung fur Frequenzen > 1 Hz deutlich abgebildet: Die
Induktionspfeile kennzeichnen eine mehrere hundert Meter breite Zone erhéhter Leitfahigkeit, welche
sich entlang der West Fault erstreckt. Die Dimensionalititsanalyse der MT Daten rechtfertigt die
Anpassung der gemessenen Daten mit einem zwei-dimensionalen Modell fir einen Frequenzbereich
von 1000 Hz bis 0.1 Hz. In diesem Frequenzbereich, der eine Auflosung der Leitfahigkeitsstruktur
bis mindestens 5 km Tiefe ermdglicht, 1a3t sich eine regionale geoelektrische Streichrichtung parallel
zum Verlauf der West Fault nachweisen.



Die Modellierung der MT Daten beruht auf einem Inversionsalgorithmug von Macki§ etal] (1997).
Leitfahigkeitsanomalien, die sich aus der Inversions-Modellierung ergeben, werden anhand von em-
pirischen Sensitivitatsstudien auf ihre Robustheit Gberprift. Dabei werden die Eigenschaften (Geo-
metrie, Leitfahigkeit) der Strukturen systematisch variiert und sowohl Vorwérts- als auch Inversions-
rechnungen der modifizierten Modelle durchgefuhrt. Die jeweiligen Modellergebnisse werden auf
ihre Konsistenz mit dem Ausgangsdatensatz Uberpruft. Entlang beider MT Profile wird ein guter
elektrischer Leiter im zentralen Abschnitt der West Fault aufgeldst, wobei die Bereiche erhohter Leit-
fahigkeit dstlich der Stérungsspur liegen. Fir das dicht vermessene MT Profil ergibt sich eine Breite
des Storungsleiters von etwa 300 m sowie ein steiles Einfallen der Anomalie nach O$ierD@0
Storungsleiter reicht bis in eine Tiefe von mindestens 1100 m, wahrend die Modellierungsstudien auf
eine maximale Tiefenerstreckung <2000 m hinweisen. Das Profil zeigt weitere leitfahige Anomalien,
deren Geometrie aber weniger genau aufgeldst ist.

Die Storungsleiter der beiden MT Profile stimmen in ihrer Position mit der Alterationszone
Uberein. Im zentralen Bereich des Hauptprofils korreliert dartiber hinaus das Einfallen der Sprédbruch-
Strukturen und der Leitfahigkeitsanomalie. Dies weist darauf hin, dal3 die Erhéhung der Leitfahigkeit
im Zusammenhang mit einem Netzwerk von Bruchstrukturen steht, welches mégliche Wegsamkeiten
fur Fluide bietet. Der miteinander in Verbindung stehende Gesteins-Porenraum, der benétigt wird,
um die gemessene Erhdhung der Leitfahigkeit durch Fluide im Gestein zu erklaren, kann anhand
der Salinitéat einiger Grundwasserproben abgeschatzt werden (Archies Gesetz). Wasserproben aus
groRerer Tiefe, weisen aufgrund intensiverer Fluid-Gesteins-Wechselwirkung eine hdhere Salinitat,
und damit eine verbesserte Leitfahigkeit, auf. Fur eine Probe aus einer Tiefe von 200 m ergibt sich
demnach eine bendtigte Porositat im Bereich von 0.8-4%. Dies legt nahe, dal3 Wasser, die von der
Oberflache in die Bruchzone der Stérung eindringen, ausreichen, um die beobachtete Leitfahigkeits-
erhéhung zu erklaren. Diese Deutung wird von der geochemischen Signatur von Gesteinsproben
aus dem Alterationsbereich bestétigt, wonach die Alteration in einem Regime niedriger Temperatur
(<95°C) stattfand. Der Einfluf3 von aufsteigenden Tiefenwassern wurde hier nicht nachgewiesen. Die
geringe Tiefenerstreckung des Stdrungsleiters geht wahrscheinlich auf Verheilungs- und Zementa-
tionsprozesse der Bruchstrukturen zuriick, die aufgrund der Losung und Fallung von Mineralen in
groRerer Tiefe, und damit bei erhéhter Temperatur, aktiv sind.

Der Vergleich der Untersuchungsergebnisse der zur Zeit seismisch inaktiven West Fault mit verof-
fentlichten Studien zur elektrischen Leitfahigkeitsstruktur der aktiven San Andreas Stdrung, deutet
darauf hin, dal3 die Tiefenerstreckung und die Leitfahigkeit von Stdrungsleitern eine Funktion der
Storungsaktivitat ist. Befindet sich eine Stérung in einem Stadium der Deformation, so bleibt das
Bruchnetzwerk fur Fluide permeabel und verhindert die Versiegelung desselben.
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Introduction

Large scale strike-slip faults cut the continental crust in many regions of the world and contribute to
the earthquake hazard. The most well known strike-slip faults are the San Andreas Fault in California
and the North Anatolian Fault System in Turkey. The San Andreas Fault is a plate bounding transform
fault, that cuts the lithosphere, while the North Anatolian Fault results from indenting continental
blocks (indent-linked strike-slip fault) and is believed to be confined to the ¢rust (Syljfeste}, 1988).
A third type of large scale strike-slip faults is connected to oblique convergence in subduction zones
and is classified as 'trench-linked strike-slip faul{s™ (Woodcfpck, 1986). These faults are thought to
accommodate the margin parallel component of convergence within the forearc or arc region of the

overriding plate [(Fiichl 7972Z; McCaffré, 1996). Probably the clearest example is the Semangko
Fault on Sumatrd (Yu et d[., T993; McCaffijey, 1p92). Due to the fact that these faults can generally
be traced for several hundreds or even thousands of kilometers it is believed that they extend through
the lithosphere[ (Sylvestir, 1988).

Within the framework of the collaborative research program 267 'Deformation Processes in the
Andesﬂ the work onhand deals with the investigation of such a trench-linked strike-slip fault, located
in the Central Andes. Two large scale margin-parallel shear zones have formed in the course of
convergence of the Nazca (Farallon) and South America tectonic plates in the north Chilean Andean
orogen: the Atacama Fault Zone and the Precordilleran Fault System (PFS). A segment of the latter
is the focus of this study.

The PFS is located in the Andean Precordillera of north Chile and is traceable for more than
2000 km parallel to the N-S trending continental plate margin or subduction trench (Cindsay et al.,
[1998). Although apparently inactive, this fault system appears as a region of enhanced electrical
conductivity at greater depth between 10 and > 100[km (Echternachi[et all [T997; Echigrnag¢ht, 1998;
[Schwalenberyj, 2000; Lezaéfia, 2P01). Scientific and economic interest in this fault system is due to
the fact that many economically important copper mines align along its northern segment, the West
Fault Zone (WFZ) and its master fault, the West Fault (WF), which is roughly located betweé&8g 24.5
and 20.8S.[Ossandon et . (2001) describe this fault zone as »a major, long-lived, and very dynamic
regional fault zone, which focused hydrothermal activity at least intermittently over millions of years«
and which is »almost surely the major reason why (the Chuquicamata Copper-) deposit became such a
huge concentration of metal and sulfur«. We chose this fault zone as a natural laboratory to investigate
aspects concerning the geometry, mechanics and evolution of a mayor strike-slip fault system that cuts
at least the brittle part of the crust. The following paragraphs outline some fault zone characteristics.

The SFB (®nderfrschungsBreich) 267 is a joint program of the Free University of Berlin, the Technical University
of Berlin, the University of Potsdam and the GeoForschungsZentrum Potsdam.
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fault

damage zone damage zone

fault core: locus of displacement
cataclasite (clay gouge, breccia), geochemical alteration

damage zone: fault related deformation
small faults, fractures, veins, cleavage,

main \ \ 4 subsidiary structures
fault zone \\ host rock: undeformed host rock (protolith)
a) ‘background deformation’

Fig. 1: Conceptual model of a fault zone with its structural units. A scale is omitted on purpose, in
order to account for the supposed scale invariance of fault geometries.

Upper-crustal fault zones are structurally complex and lithologically heterogeneous zones of brit-
tle deformation. They control subsurface fluid flow (melts, brines, meteoric waters) either by localis-
ing flow in the fault zone or by impeding cross fault fluid mobilify (Caine e}ffal., 1996). Fault zones
may form vertical-flow conduitd (Rid¢, 1992) or control groundwater flow along the fault's strike
(Gudmundssoli, 20D0). A fault zone’s behaviour as conduit or barrier is not a permanent character-
istic but is a function of space and tinfe (Evans ef[al., 1997). The presence of high-pressure fluids
within faults, furthermore, is hold liable for often observed inherent weakness of crustal scale faults
(Faulkner & Ruttef, 20Q{; Chester etjal., TPP3; Hickman df al.,]1995). Bjferle€] ({993), Blanpiéd et al.
[(1992) of Sleep & Blanpidd (19P2), among others, relate the time varying permeability structure of
faults to the earthquake cycle. Knowledge about fluid movement through fault zones and its govern-
ing principles has implications in many different fields: the role fluids have in the earthquake cycle,
geothermal energy production, leakage of buried waste disposal close to fault zones, presence of cor-
rosive brines and, of course, the development of economical important mineral deposits (McCaig,
[989).

In the past decades, we have achieved a better understanding of the internal structure of brittle
fault zones and discrete fractures from field work in many different settingg (e.g. Jansséin et hl., 2002;
[Rawling et all[ 2004, Schulz & Evaljs, 2000, 1pP8; Cello €f al., P000; {fello,] 000; Unsworth et al.,
[I997]Caine et a]., T9%p; Chester ef[al., 1993). Combined with results from laboratory fracture experi-
ments and numerical models, we have learned, that faults grow through complex breakdown processes
at the faults tip[{Chester & Chesigr, 19P8; Siblon, 1986). Throughgoing shears form by coalescence
and linkage of isolated cracks or fractures, and a characteristical fault architecture remains.

Commonly, three architectural elements are discriminated for brittle fault zones in low-porosity
rocks (e.g.[Rawling et [, 20p[L; Caine ef]fl., 7996, [Hig. 1): (i) the host rock (country rock) or
protolith, which is the unfaulted rock volume bounding the fault related structures; (ii) the damage
zone, which comprises minor faults, fractures, fracture networks, veins, cleavages or other subsidiary
structures all related to the main fault growth processes; (iii) the fault core, where most of the fault
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displacement is localised. The fault core is rarely developed as a discrete slip surface, but commonly
found to be composed of cataclastic rocks like breccias, clay rich gouges of variable degree of in-
duration/ consolidation or geochemically altered zones. The transition from the damage zone to the
undeformed host rock is gradual. Therefore, the width of a damage zone is mostly structurally defined
as the regions that bound the fault core and in which fracture density is above a certain threshold value
(Cello et al][ 2000, Janssen et]fl., 2002). A fourth structural element, which plays a significant role
in describing the growth processes of a single discrete fracture is the 'process zone’. Following the
definition off Vermilye & Scholff (1998) the process zone comprises those features that result directly
from propagation of the fault tip. It is an element which can only be clearly distinguished from the
fault core in small scale natural fault studies with relatively simple displacement historj/ (e.g.]Vermi-
[[ye & Scholz[T99B) or in laboratory fracture experiments (€.g. Zang [t al.] PO00; Reches & Lockner,
[1994). Regional scale, long-lived fault zones, on the other hand, have a complex displacement history
comprising accumulation of many slip events and reactivation of preexistent sheafs (e.g. Kim et al.,
[2001[Mitra & Ismai[ 2001L).

Interestingly, the results of field studies and experimental fracture work imply that fault growth
processes might be self-similar or scale-invariant, i.e. that they obey the same laws over a broad
range of scales (s¢e Bonnet eflfal., 2001 for a comprehensive review). Some important scaling laws
being investigated are the cumulative fault displacement to fault length ratio, the dependency of fault
width to fault length and the fault size to frequency distribution (similar to the Gutenberg-Richter
(1954) distribution of earthquake magnitude to occurrence frequency). Understanding these scaling
properties is helpful for evaluating seismic hazard, since the earthquake energy release is related
to the dimensions of the rupture plane and the slip magnifude (Scholz & (buptd,[2000; Stholz &
[Cowie][I99P). It further allows to »extrapolate the commonly two-dimensional view of faults into
the third dimensiong, i.e. to extrapolate the fault appearance on the Earth’s surface to the depth
(Cowie & Schol7[ 199a). However, predictions obtained from theoretical fault growth models need
to be tested against investigated properties of natural fault zones. The record of such natural fault
investigations is increasing considerably in the last view years, nevertheless, large-scale fault systems
remain underrepresentdd (Schultz & Fodgen, P002; Schiischdfet al., 1996).

Structural geology studies of fault zones are usually restricted to the surface signature a fault
produces. Little is known about the subsurface continuation of the mapped fault. To overcome this
problem we designed this project to include imaging of the subsurface electrical conductivity structure
along profiles crossing the fault zone. The conductivity parameter is sensed with the magnetotelluric
method (MT), which utilizes naturally occurring electromagnetic fields that induce currents into the
Earth. The penetration depth of the currents into the Earth depends on the frequency content of the
inducing electromagnetic fields and the electrical conductivity of the subsurface. Sensors installed on
the Earth’s surface record a superposition of the time varying primary and secondary fields. The ratio
of electric to magnetic fields yields the information to derive resisﬂﬂ@rsus depth models.

The conductivity of a rock is significantly depending on the percentage, connectivity and contents
of the pore volume between the minerals, while the rock matrix is usually very res[stive (Haak &
[Hutton][T986[ Jones et dl., 1992). Little amounts of an interconnected fluid phase, for example, can

The electrical resistivity [2m] is the reciprocal of the conductivity [S/m]. Using the resistivity notation has the
advantage of dealing with smaller numerical values.
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Host rock Resistivity range{tm)
Crystalline Rocks ~1000-16

Young Sediments (porous, brine saturatedy- 1-100

Old Sediments (less porous) ~10-1000

Limestones ~100-10

Clays ~1-100

Conductive Constituent Resistivity 2m)  Min. Vol. Fraction for 1002m
Silicate Melt (~ 1500°C) ~ 100 ~1
Seawater ~0.3 ~0.003
Brine ~0.01 ~10*
Sulfides ~10°-10° ~10°-107
Magnetite ~10* ~10°
Carbon ~10*-10° ~10°-107

Tab. 1: Compilation of the electrical resistivity of some earth materials and conductive constituents
(Haak & Hutton|[ 1980 Jondfs, 1992; Telford ef]@l., 71990). Their minimum volume fraction needed to
obtain resistivities of 10@m is calculated after Archie’s law (e[g. Glover ef]@l., 2000) on the assump-
tion of perfect interconnection of the conductive phase in the host rock material[{after Dubh et al.,
[2003). Note the log-scale range of resistivity values that can be encountered in a field experiment.

increase the conductivity of a material by several orders of magnitude. Hence, the MT method is
sensitive to the structural state of a rock (matrix discontinuities/fractures, porosity / permeability,
etc.) compared to the rock mass itself. This makes the method valuable in resolving the structural
damage related to a brittle fault zone. To illustrate the broad range of rock resistivitigs, Tab. 1 gives
values for some rocks as well as for conductive constituents that could enhance conductivity.

Thus, faults can alter the subsurface electric conductivity in many different ways: (i) by juxta-
posing two geologic units with differing electrical conductivities via lateral or vertical displacement;
(i) by creating permeable pathways for saline fluids within fractured parts of the fault zone; (iii) by
developing a clayeous fault zone material (e.g. a clay gouge), which itself is conductive; (iv) or by
precipitation or concentration of an electronic conductive phase (graphite, sulfides, ores) that forms
an interconnected network or filfy (Elekib Grdfip, 7I997; Jdnes,]1998, gives some examples for these
cases). The last three of these scenarios are the most likely to observe.

Several published results demonstrate the successful application of the method for imaging fault
related structures and their geometry at depth [e.g. Unsworth|et al],[199Y[ 1999, 2000; Mackie et al.,
[997;[Hoffmann-Rothe et 3., 20(1; Eberhari-Phillips ejfal., 1995). Particularly, the work presented
by Martyn Unsworth and colleagues on the conductivity structure of a segment of the San Andreas
Fault in California, USA, has had a major impact. In their studies, the fault clearly correlates with a
zone of enhanced conductivity.

To sum up, this project is a strong interdisciplinary approach to get a comprehensive view of a
segment of the West Fault Zone. The overall aim is to learn how fault zones evolve, especially within
the near surface crustal segment. Particularly, the following questions are addressed:

e What is the internal architecture of the West Fault and what are its geometric parameters (width,
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depth extent)? How do they compare with the common view of fault zones and the prediction
from fault scaling laws?

e How well is the correlation of fault related deformation as observed on the surface with the
electrical conductivity structure of the subsurface?

o Are fluids a relevant constituent to enhance conductivity or do we have to account for the effect
of mineralized networks? If present, what is the origin of fluids in the fault zone?

¢ Does fluid mobility along structural elements of the fault (fault planes, damage zone, fault core)
reflect in changes of electrical conductivity?

¢ Is deformation intensity and fluid activity interrelated to the magnitude of a probable conduc-
tivity anomaly?

e What can be inferred about the recent fluid activity? Is the fault in a state of healing and
cementation, which could be expressed by zones of reduced conductivity?

e How does the investigated segment of the WFZ compare with other segments of the same fault
zone?

e How do the findings compare with results of the very well investigated San Andreas Fault
(California, USA)?

Structure of the thesis

The following chapters give a brief explanation of the magnetotelluric and geomagnetic depth sound-

ing methods, a geological overview of the northern Central Andes and its large strike-slip systems,

followed by the presentation of the study area. The geological investigations and the geophysical ex-
periment will be described independently of each other in self-contained chpter{ (4 and 5) that com-
prise discussions of the findings as far as the respective method is concerned. To avoid repetitions,
the subsequent chapt@f (6) combines the correlation of the results of both methods with discussing
their implications concerning the questions posed above.



1 The magnetotelluric sounding method

The theoretical background of the magnetotelluric (MT) and geomagnetic depth sounding (GDS)
methods are briefly presented in this chapter. | will confine myself to describing those aspects that are
essential for the understanding of the method and its usefulness and limits in regard to the scientific
objective of this work. Detailed descriptions of the MT method are given in pzoff (1991) or Kalifman

& Keller]{1981).

The first ideas about a geophysical prospecting method that 'passively’ uses natural electromag-
netic source fields go back[to Tikhorfov (1950) fnd Cagipiard (1953). The method is founded on time
varying electromagnetic (EM) fields that penetrate into the Earth, where they induce ‘telluric’ cur-
rents. The latter depend on the specific conductivity of the subsurface as well as on the frequency of
the EM field. The electri® and magneti® field variation of the superimposed primary (external)
and secondary (internal) electromagnetic field is measured at the Earth surface. Transfer functions
relate theE andB fields and contain the information about the electrical properties of the Earth’s
interior. MT uses the horizontal field components of bBtlandB, while GDS uses horizontal and
vertical magnetic field components. The variations of the electric field are measured in [mV/km],
those of the magnetic field in [nT].

Time varying natural electromagnetic fields that are of importance for MT and GDS mostly arise
in two source regiong (Vozoff, I9P1). (1) In the frequency range above a few Hz, lightning discharges
associated with thunderstorms emit broad band electromagnetic signals (called 'spherics’). Spher-
ics with great energy can circle around the Earth within the insulating atmosphere for several times.
Because lightning discharges occur constantly on Earth they provide a constant source of electromag-
netic energy. A recording time of several hours usually ensures good quality data in this frequency
range. (2) Electromagnetic fields with frequencies below 1 Hz, on the other hand, originate from time
varying current systems in the Earth’'s magnetosphere. The interaction of the Earth’s magnetic field
with the plasma flow of the sun (solar wind) is a very important source for micropulsations in the
energy spectrum of the magnetic fieJd (Kaufman & Kelfer, 1981). lonized gases in the ionosphere
that are set in motion by tidal forces and the diurnal periodicity in the degree of ionisation, are further
sources for variations of the magnetic field. The recording of a sufficient amount of oscillations for a
statistical data analysis in the low frequency range can last from several days to weeks.

Most electrical power consuming devices radiate electromagnetic fields, too. In densely inhabited
or industrially utilized areas such artificial, man-made signal can be responsible for noise in the data
if the requirements for the application of the MT method (see below) are not{met (Jungg, 1996).
Monochromatic signals, as the common 50 Hz signal caused by electric power lines for instance, can
usually be eliminated with notch filters that are part of the recording instruments. In electromagnetic
noisy areas a longer time of data registration is necessary to improve the signal to noise ratio.

6
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1.1 The skin depth

The propagation of electromagnetic fields in the conductive Earth is governed by the Maxwell equa-
tions. Some approximations are made to the set of equations when applying it to the MT/GDS method.
The incident electromagnetic field is assumed to be a plane wave that propagates as a function of depth
only and penetrates vertically into the subspil (Kaufman & Kéfler, 1981). The plane-wave prerequi-
site of the incident field is met for the ionospheric source redion (Cagpfiard] [953; Yozofl, 1991),
while spherics must have their origin in sufficient distance to the measurement site. A distance of
seven skin depths (see below) is usually accepted as a rule of thumb (Telfor{fl et gl., 1990). Further-
more, free charges in the Earth are neglected, i.e. the Earth’s EM field is assumed to be source-free.
Formulating the Maxwell equations in quasi-stationary approximation (thus without consideration of
displacement currents) and assuming that the time variation of the electromagnetic field is harmonic
(E, B ~ ¢?), allows rearrangement into two Helmholtz equations for the electric and magnetic field,

of the form

V?F = k°F with k2 = iwpgo. (1.1)

F denotesB andE, respectivelyk is the complex wave numbeig is the magnetic permeability of
free spacey the angular frequency andthe conductivity. The equation shows that the electromag-
netic fields in the Earth propagate according to the laws of diffusion. A solution of the equation is
F(w,z) = Foe™'=%* with z > 0. The terme~** describes the decay of the fields with depthA

skin depth\, that determines the depth at which the field is attenuatégddof the surface value, can

be calculated from the real part bf

_ 27

S, p=— [om] . (1.2)

w g

A= 0.5/pT [km] with T

The skin depth\ allows to estimate the penetration depth of the electromagnetic wave as a function
of its periodT” and the specific resistivity of a homogeneous subsurface. The penetration depth and
consequently the sounding delﬂtbf the MT/GDS method is thus greatest for low periods and low
conductivities. Penetration depth 5f100 km can be easily reached with long period measurements.

In order to resolve upper crustal structures at a depth of several kilometers, as sought in this work,
one has to use the higher frequency range. Investigations using frequeriditsare also referred

to as audio-magnetotellurics (AMT).

1.2 The MT impedance tensor

The ratio of the components of the measured horizddtahdB fields defines an impedance tensor
7, which does not depend on the intensity of the primary field (Cagfliard) 1953; Kaufman & [Keller,

[L981):

Zyz(w) Zyy(w)
Zyo (W) Zyy(w)

E(w) = Z(w)-Blw) <= Bx(w; ] . @3

By(w

LIt is more accurate to say 'sounding hemisphere’ because the EM field propagates in form of a half sphere into the
subsurface.
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This equation is based on a cartesian coordinate systenxvdémoting magnetic north, magnetic
east and: being positive downwards. The complex transfer funcifonas the unit [m/sEl

The form of the impedanc# reflects the dimensionality of the subsurface conductivity structure:

¢ In the simple case of homogeneous half spacaith uniform conductivitys, only B and
E fields, that are perpendicular to each other, are correlated. This means that the diagonal
elementsZ,, andZ,, of Z are zero and the off-diagonal elemesits, and Z,,. differ only in
sign and are independent of frequency.

¢ In the case of @ne dimensionallayered half space the conductivity depends on depzhd
thus on frequency due to the skin effect. The off-diagonal elements again differ in sign, so that
Zoy = —Zya-

¢ In thetwo dimensionalcase the conductivity varies with depth and one haorizontal direction.
The diagonal elements still remain zero but the transfer functions relatirtig B, and £, to
B,, respectively, now have different values,,, # —Z7,,.

e In thethree dimensionalcase all elements & are non-zero. The exclusive dependency of
mutually perpendicular orientdd andB fields does not hold anymore.

The impedance tensét is commonly represented as sounding curves of apparent resistivity
pq(w) and phase(w) against a logarithmig-axis of frequencyf or periodT' (= 1/f). The phase
is the phase difference & andB.

paii(@) = 21 Ziy(w) P (1.4)
¢ij(w) = arctan (%) (1.5)

The suffixegj denote the respective tensor elements of the impedance tensor. For a homogeneous
half spacep, is equal to the absolute specific resistivitpf the subsurface and the phasés 45°.

In settings that are predominantly one or two dimensional commonly only the sounding curves of
the off-diagonal element&,, and Z,, are shown. In these cases the pha&e) varies between

0° < ¢(w) < 90°E[ A decrease in the resistivity values over period correlates with phases greater
45° and vice versd (Fischer et fl., 1992).

Ideally, MT measurements should always be subjected to three dimensional interpretation. How-
ever, three dimensional modelling is very demanding on computing resources and present-day soft-
ware does not allow to investigate conductivity structures of great complexity. The huge amount
of free parameters makes it difficult to distinguish important from subordinate features. Proper 3D
modelling of the data requires a data set that is measured accordingly, i.e. along several parallel and
perpendicular profiles. Many MT surveys show that the measured conductivity anomaly is dominated
by two dimensional structures, in which case it is attempted to approximate the fit to the data with

!More correctly, the impedance should be formulated as the rafidarid the magnetic field vect#, instead of the
magnetic induction vectdB (Hobbs| 199R)Z would than have the unif?] as expected for an impedance value. However,
B is the quantity actually measured in the field.

2Strictly speaking the phase &, varies between-180° < ¢(w) < —90° but for better comparison of the compo-
nents the phases will all be represented within the first quadrant.
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a) TE-mode (E-polarisation) b) TM-mode (B-polarisation)

Fig. 1.1: TE- and TM-mode polarisation & andB fields for a two dimensional conductivity struc-
ture. Apparent resistivity, and phase sounding curves for virtual profiles along thxis, crossing
the lateral conductivity contrast, are also showns are the resistivities of the half-blockjsdenotes
current densityE andB are electric and magnetic fields, respectively.

a two dimensional model (e.g. Brasse ef[al., 2002; Hoffmann-Rothe]gt al), [2001; Unsworth et al.,
[2000). It has to be carefully investigated that this is allowed for the recorded data or a subgroup of
the data (chaptfrg.4). For this work it is reasonable to assume the predominance of a 2D structure,
since the examined fault represents a more or less uniform shear plane cutting through the area of
investigation.

The behaviour of electric and magnetic fields in the 2D case is demonstratedin Fig. 1.1. A lateral
conductivity contrast separates two materials of different resistivitgnd p» and strikes parallel to
thez-axis, i.e.o is a function ofy. As stated above, the Maxwell equations in the 2D case decouple
in two polarisation modes witlk andB fields in the ground oriented parallel and perpendicular to
the strike of the conductivity anomaly. In the TE-modangentialelectric mode or E-polarisation;
Fig.[I.]a) the electric current flow is oriented parallel to the strike. According to Ohm'’s law the
current densitie§ (= oE) in the two materials are different, illustrated by the different diameter of
the current lines in Fi§. T} 1a. The closer a measurement site is positioned to the conductivity interface,
the greater is the influence of the conductivity value on the other side on the recorded data. Because
of that, impedance${ and¢$) measured along a profile across the interface will vary as a continuous
curve, as shown in the diagrams of I@l.la.

In the TM-mode {angentiamagnetic or B-polarisation), the magnetic fi@ds polarized tangen-
tial to the conductivity contrast (Fig- 3.1b). Currents resulting fromytitemponent of th&-field at
a given frequency are bound closer to the surface on the side of higher conductivity as a consequence
of the skin effect. This is depicted in Ffg.].1b with the help of electric field-lines. Since the field
has to be continuous across the interface the field lines are deflected in its vicinity. This deflection
of the electric field causes the behaviour of the impedance values in the vicinity of the conductivity



10 1. The magnetotelluric sounding method

contrast as shown in the diagram of [Fig]1.1b. The curves do not vary smoothly across the contrast
but abruptly change their values.

From all this, it follows that both polarisations image the lateral conductivity contrast although
the behaviour and the actual valuepgfande differ close to the contradt. Berdichevsky ef al. (1998)
reason, that deep structures are better resolved by the TE mode, while the TM mode is more sensitive
to near surface structures. The resolution of deep sub-vertical fault structures might be better resolved
in the TM mode. However, all available information are only taken into account if both polarisations
are interpreted. If the subsurface complies with a predominantly 2D situation, both, TE and TM mode
data have to be satisfyingly approximated by the 2D model.

1.3 Magnetic transfer functions (GDS)

The complex magnetic transfer functiofis andT), relate the vertical magnetic field.-component
with the two horizontal components,, B,:

B, (w) = Ty (w) Bz (w) + Ty (w) By (w). (1.6)

A vertical magnetic component does only exist in the presence of a lateral conductivity contrast. As
shown in Fig[ 1.Jla the tangential polarid@dield causes currents with different magnitude in the two
media. Across the conductivity contrast the accompanying magnetic fields of two adjacent conductors
do not cancel out each other and it remains a vertiBa) Ccomponent. In the pure 2D case and if the
correct coordinate system is chosen, one magnetic transfer function is zefB,(e=d) in Fig.[1.] a).

An illustrative way to present the information about the conductivity structure of the subsurface
contained in7}, and T, is to use induction arrows. The real and imaginary induction vectors are
defined aq (Schmuckigr, 1970):

IPre = RET,)z + ReT))

P = IM(Ty)z + Im(T,)y, (1.7)

with = andy denoting unit vectors in the respective coordinate direction. Real part induction arrows
are oriented perpendicular to the conductivity contrast and point towards the direction of greatest
resistivity increase (or away from the good conductor) according tp the \Viese] (1962) convention.
The length of the arrow is a measure of the gradient of the resistivity contrast. In the two dimensional
case the induction arrows of the real and imaginary parts are parallel or anti-parallel to each other.
They can enclose any angle in 3D-cases.



2 Geological overview

The Andes are an outstanding example of an ocean-continent collision zone: Convergence of the
oceanic plate system of the Pacific and the South American continental lithosphere formed a cordiller-
an-type mountain belt that stretches for more than 6000 km along the west coast of South America.
It reaches a maximum width of about 800 km in its central part. This section gives a short character-
isation of the North Chilean Central Andes and the Precordilleran Fault System (PFS), the northern
segment of which, the West Fault Zone (WFZ), is the actual study object of this work.

2.1 The Central Andes of northern Chile

The modern central Andean orogen is the result of mountain building due to eastward subduction of
the oceanic Nazca (Farallon) plate beneath the South American continental margin since late Pale-
ogene/early Neogene times (efg.: Scheuber ¢t al.,| 1994; Semperk et 3I[, 7990f Tsa¢ks, 1988; Jordan
[&Alonso][198T). The orogen exhibits a characteristic tectonic subdivision into forearc, magmatic
arc and backarc. Being exposed to continual compression the forearc region segmented into several
differentially uplifted morphostructural units (Hartley et]al., 2P00) which are well recognisable on a
topographic representation of the area (Fig. 2.1 a and b). These units are from west to east: the exten-
sional Coastal Cordillera, the Longitudinal Valley (an extensional/ transtensional forearc basin), the
morphological high of the transpressional to compressional Precordillera and the Pre-Andine depres-
sion as a further forearc basin adjacent to the present magmatic arc.

Fig. 2.1: On following page. a) Morphostructural units of northern Clile (Scheuber]ét al], 1994;
[Hartley et all[ 2000) and faults/lineaments according To Reutteret al.](1994). CC: Coastal Cordillera
(Jurassic-early Cretaceous arc: 200-120 Ma), LV: Longitudinal Valley (Mid Cretaceous arc: 110-
80 Ma), PC: Precordillera (late Cretaceous-Paleogene arc: 72-35Ma), PD: Pre-Andine depression,
WC: Western Cordillera (Miocene-present magmatic arc: <23 Ma). Triangles indicate recent volca-
noes[(DeSilva & Francif, 19p1). Convergence vector calculated[from Angermarip et a). (1999). AFZ:
Atacama Fault Zone, PFS: Precordilleran Fault System. The study area of this work is indicated (Go-
rila region). The locations of the Guatacondo and Limon Verde studies of the WFZ, published in
Panssen et Y. (20p2), are shown, too.

b) Shaded relief map of 30-arc-seconds topograjity://edcedac/usgs.gov/gtopo30/gtopo30.html)
Dashed lines denote depth of Wadati-Benioff zgne (Cahill & Is§cks,]1992). The transects of two large
scale magnetotelluric studies [by Brasse ¢t al. (R002) are indicated with the dotted lines. Asterisks give
the positions of major copper mines. ACF: Argomeda Calama Fault, LVF: Limon Verde Fault, WFZ:
West Fault Zone.
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2. Geological overview 13

Since the beginning of the Andean Cycle in the late Jurdssic (Coiralfet al], 1982) continuous con-
vergence led to the formation of four distinguishable magmatic arcs along the Chilean continental
margin [Scheuber et dl., 7994). The magmatic arcs correspond in position with the morpho-tectonic
units (see Fid.2]1 a) with the oldest arc located in the Coastal Cordillera. Subduction erosion pro-
cesses, as indicated by the absence of a marked accretionary prism, shifted the magmatic arc consec-
utively towards the east into its present position in the Western Cordiflera (von Huend et gl., 1999).
The active magmatic arc, with its volcanic peaks reaching heights of almost 7000 m, is now situated
in a distance ofv 200 km from the trench angt 100 km above the Wadati-Benioff zorje (ANCORP
[Working Groug[ 79999f Cahill & TsacK$, 1992). A recent space-geodetic estimation of plate con-
vergence yields an orientation of N’ with rate of 63 mm/a for 225 latitude [[Angermann et 4l.,
1999

The parameters of plate convergence, i.e. obliqueness, rate and dip of the subducting slab, varied
throughout the Andean Cycle (Somdza, 7998; Pardo-Casas & MpInal, 1997; Fig. 2.2). This gave rise
to different deformation phases and associated stress regimes within the continental margin. In par-
ticular, phases of pronounced oblique convergence can lead to deformation partitioning and varying
trench normal and trench parallel components of §lip (Bleck, [1983; Belgk Jr], 1991). Scheuber et al.
[(1999) argue that this may have caused the formation of two large trench parallel strike-slip fault
systems of the fore-arc region, namely the Atacama Fault Zone (AFZ) in the Coastal Cordillera and
the Precordilleran Fault System (PFS) of the Precordillera[(Fip. 2.1a).
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Fig. 2.2: Compilation of convergence rate (a) and obliqueness of convergence (b) for the Pacific plate
system (Nazca/Farallon/Aluk) and South America. The square marker in a) gives NUVEL-1A con-
vergence rate (DeMeis et HI., 1994), the circle a recent GPS determined estimate calculated from
[Angermann et g[. (19%9). Obliqueness of convergence (b) is the angle between the trench normal and
the convergence vector (here: counter-clockwise positive). The solid lines refer to dafa fromSomoza
[(1999), calculated for Z5. The dashed lines are based on Scheubel[et al.](199f) and Pardo-ICasas &
[Molnai[{T98Y) and estimate values af 35 The obliqueness of the Aluk-South America convergence

for ages > 70 Ma (dotted) is schematically represented[after Zonenshayp et g]. (1984).

The more than 1000 km long AFZ developed in the early Cretaceod26 Ma) as a sinistral
strike-slip fault in the course of oblique subduction of Aluk (Phoenix) oceanic plate in SE direction
(Scheuber & Andriessgp, I990; Scheuber e}{al., 1P95; Scheuber &]Gies¢, 1999,|Fig.2.2b). The
deformation was focused in the Jurassic - early Cretaceous magmatic arc, where heating and fluid

The global plate motion model NUVEL-1A gives a convergence rate of 79 mim/a (DeMetglet al., 1994). This might
indicate a significant decrease in convergence rate over the last 3 million[years (Norabuepa efal., 1999).
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infiltration reduced crustal strength. In the late Cretaceous the sense of relative motion along the AFZ
has changed to dextral according to the reorganisation of the subduction system. Throughout the
Neogene, the AFZ was reactivated several times with a decreasingly less significant lateral (strike-
slip) component compared to the mostly eastward directed dip-slip component. The sense of younger
movements is not uniform along the AFZ as indications for dextral 2000) and sinistral (e.g.
[Delouis T99B) displacement can be found.

The Precordilleran Fault system was initiated, similarly to the AFZ, within in the Eocene-Oligo-
cene magmatic ar¢ (Reutter et]al., 7996). Accordinlg To Scheubetfet al] (1994) the increase of con-
vergence rate in the Eocene let to enhanced coupling of the two plates. In conjunction with high
convergence obliqueness this caused the formation of a transpressive regime ('Incaic Phase’) in the
overriding plate (Fid.Z2]2a and b). Arc normal shortening and arc-parallel dextral strike-slip along
the forming PFS was the consequence. Mineral enrichment and alteration processes were structurally
facilitated along the PFS and led to the formation of the economically important porphyry copper de-
posits of the Precordillera (Fig-2.1b). The complex evolution of the PFS is discussed in more detail
in the following section.

It is controversial whether the variations in the parameters of plate convergence since the Oligo-
cene are related to deformational phases and the sense of displacement along the strike-slip systems.
[Scheuber et 3. (1994) apd Buddin e}fal. (11993) argue in favour of a strong correlation of these pro-
cesses: Episodes of high convergence rate between plates (leading to increased plate coupling) are
responsible for tectonic phases of shortening (eg. the late Eocene 'Incaic’ and late Miocene 'Quechua’
phases) and wrench tectonics. Crustal extension occurs during interphases with reduced convergence
rate. On the other hanf, Hartley ef[al. (2D00) argue, based on an analysis of a chronostratigraphic
cross section across the forearc, that changes in the rate and angle of convergence are not related to
the amount and style of deformation. Instead, the authors conclude that extension, strike-slip and
compressional tectonics have been synchronous processes in different areas of the forearc, which is
subject to continuous compression since the Oligocene.

The main phase of Andean orogen growth is commonly attributed to the significant increase in
plate convergence since around 25 Ma (Fig. 2.2 a). The Andean crust is exceptionally thick, reaching
up to 70 km beneath the Precordillera as deduced from seismic and gravimetric expefimehts (AN-
[CORP Working Grouji, T999; Giese et]al., TP99; Beck, 1996). In the backarc, a plateau formed with
an average height of 4000 m. The processes leading to these conditions are not fully understood. Tec-
tonic shortening of the crust due to the convergence of the forearc and the South American foreland is

of great importancg (Kley & Monaldi, T9PB; Tsadks, 1p88) but contributions from other processes like
magmatic additior] (Lamb & HokE, 19P7), underplating of tectonically eroded material of the forearc

(Schmitz 799}; Pellr, 20D0; Victpr, 2q00) or hydration of the mantle wddge (Giesd] et a]., 1999) must

be taken into account to explain the full extent of crustal thickening and plateau uplift. However, con-
traction is focused on the backarc regions, while the forearc was only very little shortened in Neogene

time (KTey & Monaldij[T998).
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Tab. 2.1: Compilation of displacement history of the West Fault Zone (WFZ) in the Precordillera.
The last column gives discrete compressional deformation phases identified for the Central Andean
arc/backarc. Cu-mines: RT-Radomiro Tomic, Cc-Chuquicamata. Sou]r)dBﬂles et aII g199|7),
2fomlinson & Blancl] (1997b)®’[Mcinnes et alf (1999)" [romlinson & Blanclf (1997a)) [Reutte}

let all[(1996),9|Yafez et a)| (1994)7 [Mpodozis et al[ (1993)% |Mpodozis & Tomlinsof{ (1998),
9[Reynolds et d[. (1998)[Sillitoe & McKed[(1996),'V[isack{] (198B)!»[Ossandén et 4. (20p1),

13)[Hartley et al[ (20000)!4) Victor[(2000).

2.2 The Precordilleran Fault System and the West Fault Zone

The Precordilleran Fault System (PFS; likewise referred to as Domeyko Fault System) has a length of
more than 2000 knj (Lindsay et dl., 1995). It is a broad shear system that is build up of many, individ-
ual branches, which can be recognized for hundreds of kilometers in the field, on aerial photographs
or on satellite images (see Hig.R.1b). The northern part of the PFS betwe8rag8 20 S will be

referred to as West Fault Zone (WFZ), adopting the terminolodly of Tomlinson & B[anco (1997a). Its
main branch (master fault) is the West Fault (WF; also: West Fissure/Falla Oeste). It is very well
exposed in the Chuquicamata open pit copper mine and can be traced along 170 km almost continu-
ously from Calama to Quebrada Blanfa (Dilles ejfal., 1997{Fig. 2.1)[ Tdb. 2.1 presents a compilation
of published work about the fault systems history, which will be chronologically described in the
following.

The Precordillera is composed of early Paleozoic rocks overlain by Triassic to Eocene strata of
sedimentary and volcanic rocks (Reutter efal., 1996). Volcanism associated with the late Cretaceous-
Paleogene magmatic arc ceased within the Incaic deformational phase around 38 Ma ago. Orogen
normal shortening segmented the Precordillera into roughly N-S oriented anticlinal structures (base-
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ment ridges), accompanied by reverse faulting and folding of the cover ffjocks (Reuttdf et dl., 1996;
[Fartley et al][ 2000)[ Reutier et]al. (1991, 1P96) ascribe the onset of dextral strike-slip faulting to
this episode of transpressive tectonic setting. A through-going main fault was maost certainly not de-
veloped in late Eocene/early Oligocene tifie (Tomlinson & BIdhco, 1997a; Dilles|Et al], 1997) but
dextral displacements on individual branches ranging betwe2km and 5 km can be derived from
aerial photography analysis (Reutter ef|[al., 1996), en echelon fault arrays, vertical fplding {Reutter
[etalJ[T99]) and stratigraphic discontinuities (Tomlinson & Blghco, 7]997a).

Several studies demonstrated sinistral movements along the early PFS south°&
inson & Blanca|[ 19974; Yanez et dl., 1994; Mpodozis e}fal., 1993). This contradicts with the ex-
pected displacement direction in a setting of dextrally convergent plate mdrgins. Tomlinson & Blanco
[(19973) attribute contemporaneous dextral and sinistral movements on N-S directed faults to dextral
transpressional forces working against a rigid buttress caused by the oroclinal Arica bend Fig. 2.3)
and thickened crust. This hinders northward translation of the forearc sliver soutA&f2e au-
thors therefore suggest that sinistral transpression is the result of basal shear driven by asthenospheric
corner flow with a NW-ward directed return flow at the base of the lithosphere. The north component
of the corner flow results from the convergence obliquity.

The emplacement of shallow silicic plutons, to which the porphyry copper deposits are genetically
related, took place in late Eocene/early Oligocene time. Several of these plutons are N-S elongated
and aligned along the present trace of the West Hault (Tomlinson & B]Janco,]1997a), especially in the
Chuquicamata-El Abra region. This suggests that the fault controlled at least locally the emplacement
of intrusives as demonstrated[by Ossandon et al. {2001) for the Chuquicamata porphyry complex.

!
I
0 100
km
%,
_ K ) Fig. 2.3: Structural model of the central Andes for the late
- W Oligocene to early Miocene sinistral strike-slip episode
; 6 ,' H on the West Fault (slightly mod. frofn_Tomlinson &
.g \; [Blanco}[I997b). A N-S shortening gradient leads to
g ,'\‘ M Vi _ clockwise rotation accommodated on crustal blocks that
Lt - Y are separated by sinistral strike-slip faults. The known
Yy 7 rgentina . .. . .
| anagest ,m?ﬁhmnmg ’ length of the faults in southern Bolivia (solid lines) are
40y i 89-” L & less than depicted in the figure.

The major movements along the WFZ in Oligocene to early Miocene time have been sinistral
with a displacement between 35 to 37 km. These values result from the reconstruction of matching
geologic units east and west of the fault (see Tomlinson & Bldnco, 1997b; Dilleget all, 1997). In this
time span, rapid ascent and exhumation of the plutons and the formation of sedimentary basins hint
to arc-normal extension, probably caused by the collapse of the previously thickenel crust](Reutter
[etal][I99p). Several authors explain the sinistral strike-slip movements with a model of '"domino-
style’ rotation of large, N-S elongated crustal blocks as a consequence to differential shortening of
the central Andes (Fifj. 4.8; Tomlinson & Blan§o, 19P[’b; Sonjpza,]1998; Mpodozis & TomJinson,
[1998). An important phase of shortening in the Eastern Cordillera of the Bolivian bend area started
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~ 27 Ma [Sempere et g[., 1990), about 10 Ma earlier than a62atitude, where the onset of short-
ening is dated between 20 to 16 Ma. The resulting shortening gradient produced an E-W directed
dextral shear couple with N-S trending sinistral faults accomodating slip between crustal blocks of
the clockwise rotating bend area (Fig.]2.3). The beginning of shortening at the southern end of the
bend area correlates with the upper limit of sinistral movement on the West Fissufle (Jrab. 2.1). There
is no unequivocal correlation to either reduced plate convergence velocity or obliquity for this period
of sinistral shear along the WFZ (cf. Fig.P.2).

Hypogene enrichment processes (i.e. mineralisation due to ascending hydrothermal solutions),
which led to the formation of porphyry copper deposits, succeeded the plutonic intrjsions (Reynolds
[et al][199B[ Sillitoe & McKed], 1996) and were largely controlled by the PFS/WFZ. The fracture
permeability of the WFZ also imposed a structural control on the mineralisation and alteration of the
deposits in the important supergene stage (oxidation and enrichment due to descending ground water
after exnumation of the depodit; Lindsay €ef|al., 71996, 1995). Supergene alteration took place in the
early to middle Miocene untilv 14 Ma [Sillitoe & McKeg] 199), when accelerated Andean uplift
caused desertification in northern Chile.

The vertical component of movement along the WF seems to be subordinate to the strike-slip
component (see Tgb.2.1). Tomlinson & Blajjco (1997b) suggest, based on structural indications,
about 500 m of down on the west dip-slip between the Chuquicamata and El Abra copper mines and
600+ m between Chuquicamata and Limon Verde with the same sense. This contradicts findings
from the comparison of isotopic markers in the Chuquicamata mine, which imply a maximum of
700 m down on the east dip-slip movemdnt (Mclnnes df al.,]1999). Only minor vertical movements
are reported for the late Miocene dextral strike-slip episode of thef WF (Dilles]et al],[1997; Tormlinson
& Blanco][1997b).

2.2.1 The PFS as seen with large scale magnetotelluric surveys

Two large scale magnetotelluric profiles run across the north Chilean Andes from the coast into the
Western Cordillera: The PI¢}profile crosses the PFS at a latitude of 2@5while the ANCORH
profile is located along 21S (Fig[2.4, cf. Fid.2]1b for location of profiles). Inversion results of
both profiles image a highly conductive region beneath the surface expression of the PFS at a depth
of approximately 15km[(Brasse et HI., 2002). An anomaly related to the West Fault Zone in the
Precordillera was already proposed for the PICA profile on the basis of forward modelling results
(Echternacht et [, 19P[/; Echternaltht, 1998). Although the conductive structure imaged along these
profiles is a robust feature, its position in depth is insecfire. Echternachjf[et al] (1997) model the
conductive zone almost from the surface to a depth of > 120 km with a region of reduced conductivity
between 35 and 100 km. Interpretation of magnetic transfer function data of the ANCORP profile,
shifts the anomaly closer to the surface in a depth range of 10 to Fkm (Soyer & Brasg¢, 2001; Soyer,
[003).

In order to explain the strong electric current channeling effects that partly distorted the MT and
GDS data of both profile§, Lezajfta (2p01) derived a three dimensional model. A main structure of

!Named after the village Pica in the Atacama desert.
2Andean Catinental Research Bbgram.
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this model are approximately N-S striking, highly conductive (2B), vertical dike-like structures
that extend from 2 km to a depth ef 10 km in position of the PFS. The upper crustal conductive
zones beneath the Precordillera are generally attributed to saline fluids circulating in the PFS/WFZ
fault-fracture system at relatively low temperatures below80@ccording to thermal modelling by
[Springef (199P) the 30C isotherm is located in a depth between 20-30 km beneath the Precordillera,
which might imply a relatively deep brittle-ductile transition.

Lezaeta’s (2001) 3D model requires a further conductive block at a depth between 10 and 35 km,
that's conductivity decreases from north {30~ <50m) to south (21S: 15-100m). Fluids liber-
ated in mid-crustal metamorphic reactions and accumulating in the fractures of the PFS are suggested
to cause the enhanced conductivity. Dehydration reactions in the subducted oceanic plate (at a depth
of 70-80km) may be a further source of conductive fluids, provided a pathway exists to feed the
fault system and fluids do not induce partial melting. The N-S decrease of conductivity is assumed
to be related to the different times of volcanic activity in the north (> 25 Ma) compared to the south
(<10Ma). This may have led to higher production of fluids in the north or alternatively to more
intensely fractured crust, due to a cooler and more brittle redime (Lefzaetd, 2001).



3 The study area

A suitable location along the West Fault for a joint investigation of fault-related surface deformation
and electrical conductivity structure of the subsurface has to satisfy certain requirements:

1. Outcrops with more or less continuous exposure of rock surfaces for several 100 meters per-
pendicular to the fault strike are needed to map variations of deformation style versus distance
from the fault.

2. A flat morphology is sought to avoid topographic effects that might influence the magnetotel-
luric measurements.

3. The area should be remote from sources of artificial electromagnetic signals which do not carry
information of the subsurface.

The morphology and geology of the chosen study area is shown i Hig. 3.1 (an enlarged map is
enclosed in AppX. A4). Situated north of Chuquicamata, in an unpopulated area between the copper
districts of Radomiro Tomic (28’ S) and El Abra (2154’S), the region represents a west-ward
inclined plain of Quaternary alluvial deposits at an average altitude of 3600 m above sea level. The
underlying rock sequence crops out in the hills to the south (Cerros Guachos) and east (Cerros de
Paqui) and in E-W trending drainage valleys, which are less than 30 m deep. Topography, thus, does
not constitute a problem for the MT measurements. The valleys enable detailed investigation of fault-
related deformation in an area of 2% km (outlined in Fig. 3]L; AppX.A]J4). The study area will
subsequently be called 'Gorila region’ in reference to the Cerro Gorila (Gorila hill) as the regions
highest rise. A service road to the El Abra mine facilitates access to the area.

3.1 Local geology

The Precordillera in the area under investigation is composed of a Paleozoic basement consisting of
early Paleozoic crystalline / metamorphic rocks and upper Carboniferous to lower Triassic volcanics
(Collahuasi Formation), as shown on Fig]3.1 (cf. Appx]A.4). The basement is overlain by a thin se-
guence of Triassic/ Jurassic mainly marine sediments (Quehuita Fm.), Cretaceous andesitic volcanics
(Empexa Fm.) and a thick continental succession of conglomerates and sandstones (Tolar Fm.). The
middle Eocene saw eruptions of intermediate volcanic rocks including lavas, lahars and tuffs (Icanche
Fm.). Plutons intruded into shallow crustal levels in middle to late Eocene times (46-37 Ma] Dilles
[etal 199V Reutter et 4., 1996). In the Gorila region, the WF separates a quartziferous monzodiorite
of the Eocene from Triassic andesites and dacites of the Collahuasi Formation. Rocks adjacent to
the fault show intense alteration classified to the quartz-sericite suite of nearby porphyry copper de-
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Fig. 3.1: Geology and morphology of the study area (Vertical exaggeration: 4). The geology is simpli-
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region of the structural geology investigations, subsequently called 'Gorila region’. An enlarged map

of the Gorila region as well as an overview map is enclosed in Appk. A.4.
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posits (but they do not necessarily exhibit the associated mineralisation; A. Tomlinson, 2001, written
com.). The alteration is ascribed to the hypogene and/or supergene mineralisation processes reported
for the adjacent copper deposits (Ossandon ¢t al.,|2001). The monzodiorites on the western side of
the fault differ in composition from those on the eastern side and are attributed to different plutonic
events[(Pardp, T99p; Maksaev efllal., 71999). The Mesozoic to late Eocene sedimentary succession to
the west of the fault trace is steeply inclined; the bedding planes of the Jurassic marine sequence dip
towards WSW. Structurally, the rocks are part of the eastern limb of a syncline with a northwest-ward
trending axis (see FifJ.3.1). This syncline is flanking the great anticline of the Sierra de Lorenzo in
the SW. On approach to the West Fault, this NW trending anticline bends into a N-S direction, which

is interpreted by Reutter etfal. (1996) in the context of the early dextral drag along the WFZ.

Laminated terraces of calcareous sinter deposits (travertine) of 10-20 m thickness crop out just
north of the shown map. That might imply hydrothermal spring activity on fracture and fault zones in
late Miocene to Pliocene timg (Parflo, TPP5; Maksaev ¢t al.]1999). Hot springs are not existent in the
surroundings today, but a cold spring is located almost in the center of the Gorila region and directly
on the trace of the WF (see Appx.A.4).

The youngest deposits are three distinguishable generations of mostly unconsolidated, polymict,
alluvial sediments. Middle Miocene to Pliocene proximal piedmont deposits that are partly cemented
by salts (gypsum) are dominating. Intercalated ash layers have been dated to B-3Ma (Makshev et al.,
[1999). No unequivocal indication of fault displacement of the gravels have been found in the inves-
tigated region, except for those in the El Abra region describdd by Tomlinson & BJfanco,]1997b and
[Dilles et al][ T99y.

Structural geology and magnetotelluric measurements

The Gorila region, marked in Fig. 3.1 and shown in detail in Appx] A.4, was studied for fault related

deformation structures. The investigation and its implications are described in the following chapter.
Two magnetotelluric (and GDS) profiles have been measured as shown[in Fig. 3.1. The Main profile
trends perpendicular to the fault within the Gorila region, the second (South) profile lies several kilo-
meters further to the south. Chagter 5 deals with the magnetotelluric experiment and its implications.



4  Structural geology

This chapter comprises the characterisation of fault related damage in the Gorila region as it was
observed on mesoscopic, i.e. outcrop scale. The underlying kinematics/dynamics of the investigated
structures are analysed, both as composite data set for the whole study area and outcrop by outcrop.
The results of geochemical analysis of rock samples are briefly summarized as far as they are relevant
for this work. A map is included in appendix A.4 which records outcrop locations, rock (and water)
sampling sites, the locations of MT stations and results of the structural investigation among other
details.

4.1 Mesoscopic structural inventory

Outcrops in the study area are concentrated in little canyons that are cut into the gravels by drainage
from the Cerros de Paqui mountains to the east (cf.[Fip. 3.1). Some of the E-W trending drainage
valleys close to the WF trace exhibit bending into the strike direction of the fault (locations are marked
with little arrows on the map in Appk.Al4). Recent displacement of the WF was neither proofed in
the field nor is mentioned in the literature, so these drainage orientations are believed to result from
erosional exploit of zones of less cohesive material related to the fault.

Outcrop faces of the sporadically exposed bed rock sequence are rough and differently oriented.
This provides good coverage of the variety of orientation of damage elements but makes a quantitative
investigation of their density distribution difficult. Furthermore, projection of outcrop data from the
whole Gorila region is necessary to fill gaps where no data could be obtained, which results in a form
of spatial averaging. The most continuous exposures are immediately to the west of the WF trace.
The following describes the fault related damage elements, that were mapped in the Gorila region.

Slip surfaces

The greatest part of the data set are orientation data of fault related rock surfaces (Photos 1 and
2; all photographs in Appk.A}3). Mapping of planes on the outcrop wall faces was limited to an
approximately two meter vertical range to allow a qualitative comparison of the amount of damage
elements with position to the surface fault trace. Planes considered have an exposed surface of at least
din A5 size (the size of the field book) except for surfaces having a very clear striation on it. Slicken
lines were identified on most of the surfaces indicating that slip occurred on them (Photo 1). However,
most surfaces were barren of mineral coatings, which would have simplified the identification of slip
sense. In the following, the information on the orientation of the slip surface and the striation plus the
sense of slip is collectively called a 'fault slip datufn” (Marrett & Allmendinfjer, 1990). Rock surfaces
showing no indication of slip on them are addressed as extensional fractures. Overall, mineral filled
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veins are not abundant in the Gorila region. For the kinematic interpretation, the larger exposures
have been subdivided into approximately 5-10 m wide segments (as exposures permitted).

Minor faults

Minor (subsidiary) faults cut the entire face of an exposure and mostly exhibit subvertical dip
(Photos 3,4). Some of these faults formed up to approximately 1 cm wide white gouges, implying
significant slip localisation. The gouge material is composed of quartz and feldspar as main con-
stituents (x-ray diffraction analysis by G. Nover, Bonn, pers.comm). Two gouges are dominated by
calcite and laumontite (a zeolithic material), respectively. The latter may be indicative for low tem-
perature and pressure fault-fluid conditigns (Prry, 1998). Erosion processes often widen minor faults
to little gullies in which sense of slip indicators are not preserved (Photo 4).

Fault core and alteration zone

A fault core of the type visible in the copper pit mine of Chuquicamata, with a black argillitic fault
gouge up to 2.5 m thick (Reutter etfal., 1p96), is not exposed (or preserved) in the Gorilfr&gion
a fault core might be superposed or destroyed by the processes forming the colored alteration zone to
the east of the WF trace (see map in appejndix A.4; Photos 5, 6). The alteration zone is visually dis-
cernible for~ 400 m with granular and unconsolidated material, at least at the surface (Photo 8). The
rock material progressively consolidates towards the eastern edge of the alteration zone. In contrast to
that, the western margin of the alteration zone is marked by an abrupt change in cohesiveness of the
rocks (Photo 5). This is very likely influenced by the lithological transition from volcanic (andesites)
to plutonic rocks (monzodiorites). Some less altered blocks of rock within the alteration zone show
brittle deformation with brecciated to cataclastic fabric. Within the cataclasite, mimicked 'ductile’
features such as boudinages bounded by SC-like shears can be observed and hint towards cataclastic
rowE|. Mylonitic features have been described by Reutter [t al. (1996) for fault rocks of the Chuquica-
mata mine, that generally are of 'low-T cataclastic natjre™ (Tomlinson & BIgnco, 1997b). This may
suggest some fault activity in the semi-brittle regime.

The alteration zone material exhibits subvertical bands of red, yellow or brownish color (pho-
tos 6, 7). Some of these are narrow10-20 cm), consolidated but irregularly bounded ribs or sheets
that parallel the WF trace for several meters. Such ’ribs’ show strong enrichment in iron oxides
(hematite; G. Nover, Bonn, pers. comm). Enrichment processes along faults or fault/fracture systems
during active stages of faulting and mineralization are hold liable for the formation of this banding.

4.2 Damage element characteristics

4.2.1 Faulttype

Ideal strike slip faulting results in fault planes dipping vertically and their associated slicken-lines
trending horizontally. The WF segment in the Gorila region predominantly exhibits this characteris-
tic, as summarized in Fi@.l, which underlines the subordinate involvement of vertical displacement
on the WF system (see s¢ct]2.2). The poles (normals) to slip surfaces are plotted in a lower hemi-

1The width of the fault gouge in the Chuquicamata mine changes drastically over very short distance and can reach a
width of 5m [Ussanaon et QI., 2q01) and even up to 8 m (D. Lindsay, CODELCO, pers.comm.).
ZCataclastic flow’ in the sense of brittle-frictional deformation of a granular aggregate (§cholz, 1990).
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Fig. 4.1. Overview of deformation characteristics in the Gorila region. Contoured plots are equal area,
lower hemisphere projections. Density contours are based on smoothed 1 %-area counting on a sphere;
the contour intervals are in multiples of standard deviatipnrélative to the uniform population. Points

of maximum density and the eigenvalue distribution of the data (clustering charactepigtisnotes the
directional maximum) are specified. Arrows in half-circular histograms (showing dip or plunge) denote
orientation means with arrow length indicating mean resultant length (radius=1). a) Orientation of slip
surfaces: poles (normals) to planes (mean values included as great circles), dip direction histogram and
W-E component of dip. The mean pole to bedding planes from the sedimentary succession is included;
note that bedding planes are sub-parallel, i.e. poles define a clear unimodal cluster. b) Orientation of
associated slicken-lines. c) OrientationpsieudeB axes, i.e. lines that are orthogonal to the slip direction

and lie within the shear plane. The preferred verticality indicates dominance of strike-slip kinematics.
d) Orientation of minor faults and colored bands (alteration zone). See text for details.
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sphere, equal area projecﬁ)(’Fig.a) and show a concentration close to the circumference, thus
indicating steeply dipping planes. The planes are not collectively dipping towards one direction but
exhibit almost even distribution if, for example, the west- and east-components of dip are considered
(Fig.[43a, right). Bedding plane normals mapped in the tilted Jurassic formation, form a very distinct
cluster (black dot gives mean pole, fig]4.1a) and have apparently not functioned as preferential ori-
entation for the formation of slip surfaces. Most of the subvertical slip surfaces are striated, with the
majority of slicken-lines plunging sub-horizontally (Hig.}4.1b), as expected for strike-slip faulting.
The prevalence of strike-slip displacement is emphasised by the preferential vertical orientation of
pseudeB-axes (Fig. 4JLc) PseudeB-axes are normals to the slicken-lines that lie within the shear
plane and give an estimate of the orientation of the intermediate axes of a synoptic kinematic tensor.
Their location approximately within the principal fault plane suggests further that the multitude of
slip surfaces is related to slip on the WF system (Chester & L{jgan] 1987).

The above described fault characteristics are as well evident for the larger scale deformation
elements: Figuife4.1d shows the orientation of minor faults and colored bands, the latter of which
are interpreted as 'lithified’ minor faults or fracture systems within the alteration zone, as reasoned
in sectioff4.]JL. Most faults dip steeply and strike within an angular range ofv@tich is bisected
by the orientation of the West Fault (master fault or principle fault). The colored bands are oriented
very similar to the WF and their mean dip is about atimost exclusively towards the east. As minor
faults and enrichment sheets are believed to belong to the same deformational regime, they are shown
together in Fig. 4]1d. In view of the totality of data, the investigated WF segment is best described as
an oblique slip fault with a predominating strike-slip component.

4.2.2 Density profile of damage elements

A means to define the width of a fault zone and to differentiate between the damage zone and the fault
core proper is to regard the distribution of damage elemnts (Caing etal., 1996). Accofding td Chester
[& Togar{[(1986) the fault zone is marked by an increased deformation intensity compared to the
surrounding host rock. Figure 4.2a shows a histogram of damage element frequency with 50 m classes
for the Gorila region. The relatively large class-width is necessary to average across areas without
outcrops. The data are projected onto a scan-line perpendicular to the West Fault trace (and thus
parallel to the main MT-profile), as shown in Hig.}4.2b. Following the profile in the diagram from west

to east, an increase of damage elements with approach to the WF trace is evident and the maximum
damage element density is reached within 100 m of the fault trace. After crossing the WF trace,
almost no damage elements can be identified within the alteration zone due to the intense material
comminution. Only few patches, where larger blocks are less affected by alteration, contribute to the
data. East of the alteration zone, the amount of damage elements increases again. Their frequency
distribution between 500-800 m east of the fault trace in[Fig. 4.2a may on the one hand belong to a
decrease of damage element density belonging to the West Fault proper (schematically outlined with
the dashed curve). In this case, deformation either culminated in the central part and let to exhaustive
comminution of rocks or brittle structures are simply destroyed by later stage alteration processes.

The stereographic equal arBahmidtprojection in a lower hemisphere representation is used for all stereonet figures
in this work.
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On the other hand the pattern may indicate an individual damage element distribution belonging to a
further fault branch (denoted with dotted curve). We could not identify a distinct larger fault in this
position, which makes the previous interpretation more likely.

Pursuing this interpretation, the West Fault is characterised by an approximately 1000 m wide
structural damage zone (Hig.}4.2a), for which the deformation element intensity is increased. The
fluid alteration zone is about 400 m wide. Its position is certainly influenced to a great part by the
lithological contrast between andesites (west) to granodiorites (east). However, the constituents driv-
ing alteration need pathways and surfaces to react on, so it can be concluded that the altered part was
most likely intensely fractured, too. The Gorila region (and surrounding area) does not exhibit a dis-
tinct fault core that is composed of a wide clay-gouge like that exposed in the Chuquicamata copper
mine, so such a gouge was either not developed or is not preserved in the alteration zone.

Figurd4.Pa resembles studies of other fault systems on different scales, which emphasises the
scale independence of such fault related deformational patterns. Cellf et al. (2001), for example,
mapped a sharp increase of fractures along a 5m scanline with approach to a cataclastic fault zone,
which is bounded by a gouge with a marked decrease in deformation elements (hifTfig. 4). Jchulz &
[Evani{ (T99B) show how microscopic fracturing on a mm-scale increases in the vicinity of the fault
core for a branch of the San Andreas Fault.
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WEF strike
3 Minor faults around WF trace
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Fig. 4.3: a) Orientation of minor faults and colored bands (’ribs’) in the immediate vicinity of the WF trace
(within 400 m around the trace; see indicated corridor in[Fig. 4.2b). Cluster and eigenvalue distribution,
with corresponding great circles of mean planes are shown. b) W-E component of dip (arrow: mean dip and
mean resultant length). Minor faults almost uniformly dip to the east wi#b° from the horizontal.

In the previous section | stated, that slip surfaces and minor faults of the entire study area dip sub-
vertical while west- and eastward dip is almost evenly distributed (Figs. 4.1a, d). In contrast to that
the dip of minor faults in close vicinity to the WF trace defines a clear cluster and is very uniformly
oriented towards the east. This is shown in Figl 4.3a and b for all data within a strip reaching from
150 m west of the WF trace (so that data defining the two bars of maximum density element frequen-
cies in Fig[4.Pa are considered) to 250 m to the east of the WF trace and well into the alteration zone
(the considered area is indicated in [Fig] 4.2b). The corresponding great circles that show the resulting
mean fault plane orientation, fit perfectly to the strike of the WF trace and indicate a steeply dipping
(~ 75°) central part of the West Fault.

Several arguments presented so far suggest that the deformation elements mapped in the Gorila
region are related to slip on the West Fault: (i) The predominance of sub-vertieatioB axes that
cluster within the WF plane (Fif-4.1c), especially if the above inferred dip of the fault is considered.
(i) The orientations of minor (subsidiary) faults that lies within°45 the west or east from the
principle fault. (iii) The deformation elements themselves that occur within and define the damage
zone [[Chester & Logaf, 1987).

4.3 Kinematic interpretation

Having shown that the majority of data fits into a deformational pattern controlled by approximately
N-S oriented displacement, it is now attempted to relate deformation to distinct episodes. Firstly, a
synoptic interpretation of the data is presented and the limitations of this approach are demonstrated.
Secondly, a kinematic analysis of fault slip data outcrop by outcrop is carried out to investigate pos-
sible spatial reorganisation of the strain (rate) field in the vicinity of the West Fault.

4.3.1 Synoptic analysis - multiple deformation events

The 'dynamic’ history of the PFS and the West Fault segment, with its reversals of the sense of
displacement, was described in secfior] 2.2 and[Tap. 2.1. This complex history leaves the geologist
with a record of faulting and kinematic markers, representing the multitude of accumulated defor-
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Multiple slip
events !

Strain
compatible
conjugate slip
surfaces ?

% (P1,P2) = 27°

Slip surfaces Reactivation of
slip surfaces ?

Fig. 4.4: Example for the kinematic heterogeneity within the Gorila region. The encircled cluster of
slip surfaces in a) is shown as great circles with associated slicken-lines in b). The variable orientation
of striae (dots on the great circles) on similarly oriented slip surfaces is a sign for reactivation of
existing shear planes. This is corroborated by slip surfaces exhibiting several slip events (i.e. sets of
slicken-lines) as in c). Conjugate sets of shear planes theoretically have slip orientation in common.
Candidates that may be conjugate planes to the set of slip surfaces having striae within the encircled
cluster in b) are separated from all data and shown in d). The mean poles P1 and P2 of the slip surfaces
in b) and d) only span an angle of 2&vhich deviates strongly from the theoretically expected value

of 60° for conjugate fault sets in pure or simple sh¢ar (Sclfjolz,11990). Likewise, strain compatibility
could not be proofed for most sets of slip surfaces that have similar slip orientations.

Basement \ N =153
i Minor Faults

Fig. 4.5: Theoretical simple shear fracture geometry in a dextral system (mod[ frorji Pefjt, €987).

is the angle between maximum horizontal stresand the master fault. Angles commonly observed

range between 15-4D (Logan etfpl., 7992; Spdfner,]1996) but can have great variability in natural rocks.

R, R’: synthetic, antithetiRRiedelshears; M: master fault. b) Sketch Rfedetshear development in

the overburden above a simple sheared basement (based on sandbox experinfents, sed[SyMester, 1988
andMandl[ T993 for references). c) Superposition of minor fault strikes and the simple shear fracture
geometry of a). DEX refers to dextral, SIN to sinistral shear systems. The preferred subsidiary fault
orientations fit tdRiedelshear geometry of a fault zone on which displacement reversals have occurred.
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mation episodes. Figure4.4 exemplifies the resulting kinematic heterogeneity in the Gorila region.
Similarly oriented slip surfaces exhibit a wide variety of associated slip orientation§ (Ffig. 4.4b) and
even multiple slip events on single shear planes [Fig. 4.4c). Both indicates that reactivation of pre-
existing damage elements must have played a significant role in the deformation history of the WF
(Marrett & Allmendinget] 199|CE| Strain compatible sets of conjugate faults are not prevailing the
data (Figl 4.]4d). This may be expected because conjugate faults are typically neoformed, i.e. develop
where fault surfaces did not exist prior to the tectonic eJent (AnggTlier,]1989).

Major orogen-parallel strike-slip faults develop in domains of simple shear (non-coaxial defor-
mation;[Sylvestelf, T988). Natural fault studies as well as laboratory experiments show that simple
shearing leaves a characteristic assemblage of subsidiary faults and fractures in the vicinity of the
fault (e.g[Riede], 1939), which maintains self-similarity from the microscopic to outcrop and proba-
bly greater scales (eJg. Tchalerjko, 1i970; Logan éf al.,]1992; Twiss & UJnruf, 1998). The theoretical
geometry of such fault sets is presented for dextral shear ifi Fjg. 4.5a. The coalesc®iedebf
shears (R) plays a major role in the development of a through-going strike-slip fault, as illustrated by
the sketch in Fig.4]5b. Such setsRiedelsare often recognized in field surveys (¢.g. Reutter ¢t al.,
[1991 for the PF$; Cello et 4., 209T; Wojjal, 2p01). The mean NE-strike of slip surfaces in the Gorila
region (great circles in Fifj. 4.1a) may suggest a predominance of dextral simple shear in analogy to
the R-shear orientation in F[g.4.5b. This, of course, would imply that all NE-SW striking shear sur-
faces have right-lateral slip direction. In contrast to that, the slip direction of many shear planes was
identified to be left-lateral. The data can thus not be explained with dextral simple shear alone.

In Fig.[4.3c¢ the orientations of minor faults is compared to the theoretical assemblage of faults
for simple shear (Fi§.4]5a). The master fault’s strike (M) can be identified as a preferred orientation.
Two further strike concentrations are symmetrically oriented to M, forming acute angles with the
latter. These preferred strikes may be attributeRiexlelshears (R) of a dextral respectively sinistral
simple shear domain, again suggesting slip reversals along the WF. AntRiedielshears (R’) seem
to be less frequently developed. This lack of antith&iedelshears (R’) in dextral shear systems
has also been observed[by Reutter éf al. (JJp971,]1996) in the PFS structural pattern of the Sierra San
Moreno (west to the WF) and the WF segment in the Chuquicamata copper mine.

Reactivation of shear planes and simple shear fracture geometry with two opposing senses of
displacement are in agreement with other studies on the PFS and the West F&ult (e.g. |Glnther, 2001,
[Reutter et al[, 7996, Dilles et ., 1997). For exaniple, GUJither {2001) defin@8 &m wide 'central
structural domain’ north of Calama, bounded to the east by the WF system. The author points out
that the kinematic data collected in this domain show conspicuous signs of fault slip reversals both in
a synoptic as well as local interpretation of the data. An outcrop scale interpretation of the kinematic
data of the Gorila region follows in the next section.

4.3.2 Outcrop by outcrop analysis - paleo-strain/ stress reconstruction

The above described heterogeneity of the structural data makes it necessary to deduce the kinematic
properties, i.e. the principal strain (-rate) axes — or stress axes — from a smaller scale analysis. A

In this context, the oblique slip component of the damage element characteristicsFig. 4ct.4.2.1) may be

regarded as resulting from fault reactivation (g.g. Angdflier, ].984).
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regional kinematic solution could only be obtained if the prerequisites of a homogeneous (isotropic)
rock mass, coaxial deformation and no mechanical interference of adjacent slip surfaces are matched
(Twiss & Unruh][199B[ Marrett & Allmendingéf, 19P0). Since this is certainly not the case in a
fault zone with overall non-coaxial deformation, the following analysis concentrates on incremental
deformation on the local outcrop scale and consequently dediocaisstrain/stress orientations. It

was therefore attempted to separate the data into homogeneous populations for which a strain tensor
with principal extension (T) and shortening (P) axes can be iderﬁjfiétie main assumption that
governs the kinematic interpretation is that the slip direction on a shear surface is parallel to the
maximum resolved shear rate on this surface. A step further, the kinematic tensor can be regarded as
stress tensor with P correspondingstoand T toos (coaxiality of principal stress and strain axes) if

Bott’s (1959) assumption is followed that the fault’s slip also records the direction of maximum shear
stress on its surface.

We attempted to identify the slip sense for each slip surface/ striation data pair (fault slip datum)
by looking for slip indicators where displaced markers were not obvious (according to methods de-
scribed in e.g[ Dobld§, T9P8 pr Péfit, I1p87). However, the sense of slip, especially in a multiply
deformed region, is seldomly unambiguous and its definition is often based on the clarity or domi-
nance of indicators in favour of one direction. The slip-sense determination is thus a potential source
of error, which contrasts its importance as constraint for the kinematic interpretation. Unfortunately,
the time sequence of different deformation episodes remains vague due to the lack of clear cross cut-
ting relations of differently oriented striae on a single plane. The reconstruction of paleo-kinematics
must therefore be regarded with much care and treated as a qualitative description of the deformation
within the study area. Quantitative estimates of strain based on fault slip data are not obtained since
the amount of slip on shear surfaces is unknown. Consequently, the fault-slip data were treated with
identical weights.

Separation of data

The separation of data of an outcrop into severddlomogeneous populations is an iterative process
involving three main steps. This procedure is demonstrated below with the help pf Fig. 4.6 for a
rather complex data set (outcrop A19, cf. Agpx.JA.4). The stereoplot of the data in step 1 facilitates
the recognition of fault geometries, such as conjudriegletshears, for example. For outcrop A19

it is evident, that faults are not homogeneously distributed, but that NE- and NW-ward striking faults
dominate. With the aid of several plotting methods (step 2,[Fig. 4.6) it is now attempted to recog-
nise fault-slip data, that may belong to common kinematic systems. In the tangent-lineation plot the
slicken-line orientation is projected onto the fault's pgle (Hoeppfgner]1955). Arrows belonging to the
same deformation event point towards a common shortening axes or away from a common extension
axis. Additionally, kinematic shortening (P) and extension (T) axes are plotted for each fault-slip da-
tum, according td (Marrett & Allmendingér, 1990). By assigning the afgbetween the shortening

!p and T are terms often used in kinematic analysis, although they abbreviate ‘pressure’ and tension’, which are
strictly speaking describing stresses. Throughout this work P, B (as intermediate) and T will be used, according to common
practice, for strain field description and, o2 andos for principal stresses. The terminology and the interplay of kinematics
(deformation) and dynamics (stresses) is a matter of much discussidn (see Tikoff & |[Vojtdl] 1999;|Polldrf, 2000} Peacock
[& Marrett][2000[ Gapais et g[., 20P0; and references therein).
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3 Separated homogeneous populations

NDA: 177/5, 72/71, 269/18, F=11°, R=0.5
Turner: 177/5, 71/72, 269/17
Invers: 181/15, 57/56, 277/20, F=10°, R=0.3

3a Recombination

Qutcrop: A19

2 Aids for data

A NDA: 170/8, 59/68, 263/20, F=12°, R=0.5
separation

Turner: 170/8, 57/70, 263/18
Invers: 180/22, 45/61, 278/19, F=9°, R=0.5

NDA: 146/12, 26/66, 241/20, F=7°, R=0.5
Turner: 146/12, 26/67, 241/20
Invers: failed

NDA: 235/8, 12/79, 144/8, F=15°, R=0.6
Turner: 234/10, 39/80, 144/3
Invers: failed

Tangent-lineation
stereonet

NDA: 101/23, 342/49, 206/32, F=7°, R=0.5
Turner: 100/23, 340/45, 206/31
Invers: failed

P-T- Axes stereonet
¢ P: Shortening 3b

o T: Extension
©®=30° (angle P/fault plane)

Field notes

Method: trend / plunge of (3 shortening P, intermediate, <?> extension T, fluctuation F, stress ratio R

Fig. 4.6: Demonstration of data separation iithomogeneous populations for outcrop A19 (cf. Afpx]A.4).

The separation is mainly a three step, iterative process: 1) Fault-slip data. 2) Preliminary grouping of compat-
ible fault populations with the help of different data plots and the incorporation of field notes. 3) Calculation
of reduced stress tensors with several methods and verification of kinematic consistency, followed by regroup-
ing of fault-slip data if necessary. The text will guide through this example in detail. Appik. A.1 outlines the
applied stress analysis methods.



32 4. Structural geology

(P) axes and the fault plane, interpretation enters the data separation procedure. It is nonetheless a
valuable aid to identify faults belonging to the same kinematic system, because their respective P and
T-axes poles plot close to each other©Aangle of 30 is as a realistic estimate based on experience
from laboratory and field studies on faultifg (Sperfer, 1996). The separation of data is further sup-
ported by incorporating information gathered in the field. It needs to be considered whether data are
from a single rock mass compared to homogeneous distribution across the outcrop, whether several
lineations are observed on a single surface or how the quality of the slip-sense indicators is rated.

Having achieved a preliminary grouping of the data into populations, the orientations of the kine-
matic axes and their relative magnitudes are calculated in step B (fig. 4.6). Different methods from the
fault-striae analysis program packageg by Spéfrner (1996) are applied. The principles and assumptions
behind the respective methods (P-B-axes method or TURNER, numerical dynamic analysis (NDA)
and a direct inversion method) are described in more detail in Appk. A.1. The results of these methods
show, whether the grouped data can be interpreted as belonging to a single kinematic system. The an-
gular deviation of measured orientation of the striation and predicted slip orientation corresponding to
the derived bulk stress tensor can be checked for each fault-slip datum individually (the mean value is
called fluctuation?’). In this way inconsistent fault-slip data can be removed from respective popula-
tions and reassigned to a different population. This process is aided by the program KINEMAT, which
evaluates the clustering characteristics of shortening and extension axes on the basis of an eigenvalue
analysis[(Miche][ 1993, 1994, see Appx.]A.1). For a homogeneous population a vauéafle
between P-axis and fault plane) should exist, which most tightly clusters the individual shortening (or
extension) axes. Fault-slip data that strongly deviate from a common shortening (or extension) axes
are not consistent with a homogeneous population. In the whole procedure it is attempted to assign
as many fault slip data as possible to different homogeneous populations.

Finally, we result with several separated populations, all defining a different kinematic system:
For outcrop A19, these are populations A-D in Fig] 4.6. It should be noted, however, that data separa-
tion never results in a uniquénal solution. The principal stress axes orientations, that are obtained
for the shown populations from the different methods are listed i Fip. 4.6 (grey boxes); the NDA
result is plotted in the stereonets. NDA- and TURNER methods require the an@easfinput
parameter. Where it could be obtained, the angle that produces the most dense P-axes cluster, as
calculated with KINEMAT, is used. Otherwige is set to 358, taking into account that angles are
greater in domains of slip surface reactivation. The angles that result in best clustered P- (or T-) axes
distribution, are stated for each population in Fig] 4.6 (upper right corner of stereonets).

Separated populations are recombined if their kinematic axes are similar. This is the case for
populations A and B in Fif. 4]6 (step 3a). The population A+B describes a strike-slip kinematic
system with subhorizontal shortening and extension axes and a subvertical intermediate principal
axes. For such solutions, both shortenamgl extension axes define a dense cluster (hetg 3his
is in accordance with a stress rafioclose to 0.5 (ratio of magnitudes of the principle stress axes; cf.
Appx[Ad). On the N1@E striking West Fault the stress field resolved with population A+B causes
sinistral slip.

Population C as well resolves a strike-slip kinematic system. Here, the stress orientation would
cause dextral slip on the West Fault. Population D describes an oblique-slip system with a predomi-
nating strike-slip component. The slip surfaces of this population are confined to a distinct block in
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A19 (PopA+B)  A19 (Pop C)

Fig. 4.7: Representation of kinematic analysis re-
sults as pseudo-focal mechanisms for some exam-
ples. The orientation of shortening (1, black dots)
and elongation (3, white squares) are used to con-
struct two mutually perpendicular nodal planes
that delimit quadrants of compression (white) and
dilation (black). The intersection of the nodal
sinistral doxtral normal planes is equivalent to the intermediate kinematic
strike-slip strike-slip faulting axes (B oroy).

the outcrop and record a deformation event which is different from populations A+B and C. Finally,
there remains a number of nine fault-slip data (Fig. 4.6 step 3b), that do not fit in any of the above
populations. The P-T-axes distribution of five of these data (for one datum the slip sense has been
reversed) indicate a P-axes cluster with a mean plunge“cB@ distributed extension axes that are
close to the circumference of the stereoplot. This records extensional deformation.

Paleo-kinematic results

The incremental kinematic tensors are visualised with the help of (pseudo-) focal mechanisms (or
'beachballs’) in which the shortening and extension axes define compressional and extensional quad-
rant§] (see Fig.4]7). The entire set of results is shown on the map in appenflix A.4. A beachball
representation facilitates discrimination between different types of deformatiofi (fig. 4.7). For exam-
ple, strike-slip kinematics with subhorizontal shorteniag)(@nd extensionds) axes and an almost
vertical intermediate axis clearly predominate the Gorila region (first two rows and most of third row
beachballs on mdpA.4). A second set of normal faulting kinematics with subvertieald more or

less horizontal extensiom; is evenly distributed throughout the study area (fourth row on[map A.4).
Below, the resulting paleo-kinematics will be first described. Interpretation and comparison of the
results with published data of regional studies along the PFS north of Calama follows in the next
section.

The distribution of shortening axes for the strike slip systems is shown in a composite stereo-
gram in Fig[4.B. Quadrants in which axes result in right-lateral (dex) or left-lateral (sin) dis-
placement on a vertically dipping master fault (WF) are labelled accordingly. Note that the identified
clusters of shortening axes must be regarded as a spatial and temporal average for the Gorila region.
The enumeration with roman digits helps to discriminate the various deformation regimes.

|. SW-NE shortening: The clearest cluster in Fig. 4.8 forms for axes having approximately SW-
NE horizontal orientation. This indicates right lateral displacement on the WF System, either
belonging to the Late Eocene or the Miocene-Pliocene episode of dextral shear (§e€ Tab. 2.1).
The correspondin@-angle between the fault plane and the horizontal principal shortening axes
T1h,dex SPANS 49. O is often used to judge a fault’s resistance to shearing (se. 4.3.3).

The results will be treated as local palasteessindicators, keeping in mind that the analysis itself actually deals with
strain.



34

4. Structural geology

N | WF strike

Population | 617, ge.): SW-NE shortening
Population Il 615, sin): SE-NW shortening

Population Il g1, z—w): E-W shortening

Fig. 4.8: Orientational distribution of all shortening (compressigr), axes of strike-slip kinematic

results in an equal area, lower hemisphere stereogram with density contours (5 Fig. 4.1). The quad-
rants for whichdexral or sinistral slip would result on faults striking parallel to the West Fault are
indicated. A reasonable angt of 49° between averaged; and the fault results for the dextral
solution, suggesting slight weakness of the fault. The angle ofarlthe sinistral solutions would

signify considerable fault zone weakening. Arrows on the circumference denote maximum horizontal
shortening orientatiors( h) for the respective deformation regimes (often abbreviated #jjtm the
literature).

SE-NW shortening: A second set of shortening axes in ffig]4.8 falls into sinistral quadrants
and exhibits approximately SE-NW horizontal orientation (with emphasised E-W component;
o1nsin)- The timing of left-lateral displacement is constrained to Late-Eocene to Oligocene
(Miocene?) time (see T@.l). A-angle of 72 for oy, 4, results.

E-W shortening: A fair amount ofc-axes in Fig. 48 has an E-W oriented horizontal compo-
nent, indicated by blank arrows in Fig.}.8.f, z-w). This orientation ofr; is mechanically
unsuitable to produce slip in either direction on the principle fault since it results in very low
amplitude shear-components on the fault plane.

Normal faulting: The remaining kinematic systems of the Gorila region all exhibit extensional
deformation. Figurg4]9b shows the spatial distribution of normal faulting tensors in the Gorila
region (see as well Appk. A.4). Normal faulting is evenly distributed throughout the study area
and certainly represents the youngest deformation event according to the good quality and state of
preservation of the slicken-lines. Interestingly, the prevailing orientation of the horizontal com-
ponent of extension axesy) changes across the fault: E-W to NW-SE extension predominates
west of the WF and N-S extension east of the fault.

4.3.3 Discussion of results with reference to published studies

SW-NE shortening: Several regional studies of the PFS and the WF system have identified kine-

matic tensors with SW-NE shortening axes, too, and attributed these to the dextral deformation
events of the WF systerfi (GUntREr, 2PPT; Reutter éf al.,]1996; Tomlinson & Blanco][1997a,b;
[Dilles et al][ 199)7)[ Reutter et |{I. (1996), for example, report dextral displacement on the WF

several kilometers north of Chuquicamata and suggest that it is connected to the younger slip
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Fig. 4.9: Results of the kinematic analysis shown as pseudo focal mechanisms with white quadrants
containing ther;-axis (compression). a) Strike-slip solutions withplunging less than 45 grouped

into dextral (black) and sinistral(grey) systems in relation to the strike of the West Fault. Two different
ranges of® (£ betweers, ;. and fault plane) are encoded with size of focal mechanism (see text).
Dextral systems outnumber sinistral sense of shear. b) Normal fault solutioms fptunging steeper

than 55. N-S extension is predominantly recorded east of the fault trace.
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Assumed WFZ strike
in late Oligocene -
Pliocene time.

a) Divergent Convergent b) \/
(Transtensive) (Transpressive)

~
o
|

= O1h,sin ,

(0]

5 60—

g \ B < 900
:.T—i G1h,E-W far-field
5

2 o~70°

3

near-field

B, far-field angle [°]

Fig. 4.10: Possible relation between far-field and near-field horizontal direction of maximum shorten-
ing for the late Oligocene-Pliocene sinistral deformation regime at the WFZ. a) Model of horizontal
maximum stress rotation in vicinity of a large fault, assuming that fault strength is weaker than sur-
rounding crustal strength (reproduced frbm Ben-Avraham & Zolfack,]1992). Curves depict different
ratios of frictional strength of the fautt; and max. shear stress in adjacent crusb) Application to

the West Fault Zone under the assumption that it had approximately the same orientation in the past as
today. Assigning the orientations @f;, g.iw ando, 4, to the far- and near-field, respectively, would
make a high angle between the fault ang ,;, possible, if compared with the model prediction for a
convergent system in a).

reversal from sinistral to dextral in analogy to the crosscutting relations they observed in the
Chuquicamata copper mine.

The ©-angle often 49 between the fault plane and the horizontal principal shortening axes
T1h,de dOES NOt indicate marked fault weakening averaged oveElIime

II. SE-NW shortening: This approximate orientation of shortening is as well resolved in the above
cited studies. Yet, the horizontal-component can exhibit quite some orientational variability
among different investigated areas {cf. GUniper, 2001).

A ©-angle of 72 for 014 4, Would indicate substantial fault zone weakening. However, under
the assumption that the resolved dextral system is younger, this high angle can as well result from
rotation of the older slip surfaces.

ll. E-W shortening: In larger scale regional studies, E-W shortening is often obsefved. Gjinther
[(2001) attributes this regime to be the regional kinematic field’ at distance from the West Fault,
due to its consistency with large scale NW and NE trending lineaments in the central Andean
forearc.[Victo (Z00P) limits E-W oriented horizontal shortening along the western flank of the

The laboratory determined coefficient of frictipn ranges from 0.5 to 1 with hydrostatic pore pressure and frictional
strength of the crust assumed to be isotropic_(Bydflee, [1978). These values have been observed in nature for a wide
variety of rocks (Byerlee’s law). According to classical faulting theory this implies that the éhggween the maximum
compressive stress direction and the fault strike should be inclined at an angle of 26-39 45° — 0.5 arctan yy).

Higher angles are attributed to low frictional strength in the fault zone, for example resulting from reduced strength of the
fault material or from elevated pore pressures (€.g. JRice,]1992). Accordingly, where slip is induced on active (preexisting)
faults,© may have higher values of 30-2§Ruiter et al]f 2001). The classic example for a potentially weak fault is the San

Andreas Fault, wher® spatially exceeds 80JHickman{ 19911).
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Altiplano plateau to the time period of plateau uplift from late Oligocen8@ Ma) until Pliocene

(~5 Maﬂ. Within this time span left-lateral slip prevailed on the West Fault System (cfb. 2.1),
which is resolved by population II. They;, .;,-axes of population Il exhibit a relatively obtuse
angle to the fault strike (see above). This may be explained with an E-W oriented transpressive
far-field, assuming that the West Fault system was trending similarly at the time of sinistral
displacement and that it was weak compared to the surrounding crugt (F|d. 4.10; Ben-Avraham
[&Zoback][199P). On the other hand, a reorientation of a transpressive stress field in the vicinity
of a fault is mostly accompanied by thrust faulting with subparallel strike to the principle fault
(e.g. along the San Andreas Fa{ilt (Miller, Ip98); Fig.}.10a). Thrust faulting, however, was
not evident in the Gorila region and was not reporte by Gljjther {2001) (2000)

reports E-W shortening with orogen parallel thrusts, which in conjunction with the N-S trending
PFS, may hint towards this type of strain partitioning on a much larger scale. However, the
interpretation of E-W shortening in the direct vicinity of the WF in the Gorila region remains
speculative due to insufficient constraints on the timing of deformational events.

The spatial distribution of strike-slip kinematic systems, which are in accordance with displacement
on the West Fault in either direction, is summarised in E.4.9a. Black pseudo focal mechanisms
signify dextral slip, grey solutions sinistral slip. The two sizes of the mechanisms denote in which
angular range falls with respect to the WF plane (and parallel systems). Large beachball®have
angles, which are common for fault studies (e.g. Spdrner]1996). The small beachbalisrhagang
between 5% and 80, that indicate substantial fault weakening, as it is, for example, postulated for
the the San Andreas FaJlt (Rife, IP92). Reasonable right-lateral solutions (large beachballs) are five
times more often than left-lateral beachballs. Most of the small beachballs have to be attributed to the
almost fault normal regional deformation field (population I1I). It is impossible to infer a systematic
reorientation of strain/stress tensor with proximity to the West Fault trace, which would certainly
overrate the kinematic interpretation, too. Consequently, a strain partitioning between simple shear in
the fault core and fault normal contraction (pure shear) in the damage zone and surrounding host rock
as suggested jy Chester effal. (1993)[and Schulz & Hvans](2000) for branches of the San Andreas
fault, is not resolved.

It is widely believed that reactivation of faults in the brittle regime is controlled by the relative
contrast of fracture strength of the fault zone material and the wall rock. Reactivation of fault move-
ment along the same strand may thus classify the West Fault as a 'type-2 fault’ in the Mitra &
[smaj[(200]L). Type-2 faults are softened due to progressive deformation and alteration. Succeeding
deformation episodes use this weakness and form parallel or obliquely oriented fault zones which
ultimately enlargens the fault damage zone.

IV. Normal faulting: [Victor[(200Q) shows that the entire western edge of the Altiplano plateau is
governed by NW-SE oriented transtension since the beginning of the Quaternary and probably
lasting until today. The extension direction results from a superposition of the convergence vector
and the westward oriented gravitational collapse of the plateau (see fig.[6.2 in]Victo}, 2000).

[GUnthel (Z001L) has as well reported NW-SE orientation0f, within the Precordillera north
of Calama. In summary the extensional deformation regime west of the WF in the Gorila region

!, Victor's research area lies betweeri 8@nd 22S ).
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fits well into the regional pattern. NW-SE oriented transtension might as well explain some
younger dextral slip on the West Fault (see I. further above).

How to explain the N-S oriented extension that seems to dominate the Gorila region east of the
WF trace? According tp Tomlinson & Blanfo (1997b) dnd Dilles €f al. (1.997), the youngest
dextral shear movements along the WF, which may coincide with the period of extension, only
amount to a displacement of Gt50.5 km. It is therefore implausible to assume that the juxta-
position of two domains with differently oriented extension regimes is due to the displacement
along the WF.

The only other account of N-S oriented extensional structures in the vicinity of the WFZ is de-
scribed for the Chuquicamata copper mining arda in Reutteffet al.](1996): the authors infer »N-S
stretching of the eastern block of Chuquicamata because, in the eastern block of Chuquicamata,
very late extension is indicated by a few small normal faults roughly dipping towards the south«.
These structures are seen in conjunction with gravitational collapse towards the Rio Loa depres-
sion to the south (cf. Fi§. 3.1). Assuming that such gravitational collapse towards lower altitude
regions is responsible for local extensional structures, then the restriction of these movements to
the eastern blocks indicates, that the West Fault may still act as a plane of mechanical decoupling.

4.4 The late stage alteration process

The wide alteration zone that accompanies the West Fault over kilometers and locally contains the
large copper deposits, is a reminiscent of hypogene hydrothermal alteration and later stage (Mio-
Pliocene) supergene overprintifg (Dilles efllal., 1997; Ossandon]et al],[2001; Cuadra & Rojhs, 2001;
see secf.2]2). Geochemical analysis of rock samples collected in the alteration zone of the Gorila
region provides constraints on the conditions (temperature, fluid source, fluid migration) under which
late-stage alteration was active (see Janssen et al., submitted). A thorough discussion of the analysis of
fluid-rock interaction goes beyond the scope of this work. However, some findings that are important
in the context of this work are briefly described.

The analysed rock samples are all from the same rock unit (monzodiorites) and provide a half-
profile trending perpendicularly from the WF trace towards the undeformed host rock in the east (cf.
map in appendi4). Comparison of constituent variation is thus possible. Stable isatbji@s (
and éD) most clearly indicate the alteration conditions of the fluid-rock interaction. The isotopic
composition of the less altered rocks is close to what is expected for primary magmatiq water] (Hoefs,
). Samples from the alteration zone, in contrast, show enrichm&$randsD with proximity
to the WF trace with values in the range of those typical for kaolinite weathering cond[tions](Shep-
[pard & Gilg][199%). This indicates terrestric low-temperature alteration conditions with alteration
temperatures in the range of3® 95°C.

Furthermore, the altered rocks are depleted in alkaline earth elements while leaving the SiO
content almost unchanged compared to the undamaged host rock. This is atypical for fault zones
that developed in high temperature reginfes (Gray 4 al.,]1999, e.g). The less than expected solubil-
ity of quartz, while feldspar is dissolved and phyllosilicates precipitate, is again indicative for low
temperature conditiong (Fournier & Pofifer, 1982).
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Finally, the isotopic composition of water from a cold spring located on the WF trace (see map
[A-4) was analysed and compared to river (Rio Loa) and rain water composition from the surrounding
area (Aravena et al., 1999). River, raind spring water have 4'%0 to dD ratio characteristic for
meteoric water, except for a positiié®O shift of the spring water due to slight water-rock interac-
tions. This implies that the storage period of the 'Gorila water’ must have been relatively short and
mixing with juvenile magmatic fluids did not occur.

From all this, it follows that the latest alteration processes are governed by low T conditions and
that the infiltration of waters is of meteoric origin. Nothing indicates the involvement of brines as-
cending from greater depth (or generated by metamorphic reactions). However, laminated travertines
that are exposed a few kilometers further north of the Gorila region may suggest involvement of brines
in late Miocene-Pliocene timg (Parffio, IPP5; Maksaev dit al.,]1999).

4.5 Summary

The following summarises the observed structural characteristics of the Gorila region:

e The majority of deformation elements (slip surfaces with slicken-lines and minor faults) de-
scribe prevalent strike-slip deformation on subvertically oriented shear plangs (Fig. 4.1).

¢ Increasing deformation intensity with approach to the WF trace is evident from the damage
element density profile (Fig.4.2). Faulting and fracturing is not preserved within the alteration
zone. The structural damage zone amounts ickm on the outcrop scale of investigation and
the alteration zone is' 400 m wide.

e Damage elements of the fault core region dip steeply%°) towards the east and strike parallel
to the WF surface trace (F[g. 4.2 and Photos 2, 7 in AppX. A.3). Pseudo B-axes inferred from
fault-slip data are subvertical and lie within the mean West Fault plane (pole: 281/12).

= The above three points give evidence that the majority of structural damage preserved in the
Gorila region is related to deformation along the approximately’&1€riking West Fault.

e The deformation pattern shows slip reversals. Right lateral displacement (SW-NE oriented
shortening axes) predominates over left lateral shpSE-NW oriented shortening axes;
Figs[4.3 an{l 4]9a).

e The change of orientation of the extensional (hormal faulting) pattern may suggests that the
fault acted or acts as a zone of mechanical decoupling in recent timefs (FFig. 4.9b).

e The preserved geochemical signature of rock samples from the alteration zone show that late
stage alteration processes were active in a low temperature regifio(35C) and indicate
the involvement of fluids of meteoric origin only.

The overall picture shows that we have here the type-locality for vhat Mitra & Jemat](2001)
describe aspRepeated reactivation along the same fault may give rise to a thick zone of cataclastic
rock, which is easily weathered and within which it would be difficult to find well-preserved evidence
for distinguishing successive generations of structures at outcrop scale.«




5 The magnetotelluric experiment

The previous chapter on the geological investigation showed how damage structures and alteration
processes are related to deformation along the West Fault. It may be expected that these features also
influence the subsurface electric current flow. This chapter therefore covers aspects of the magne-
totelluric (MT) and geomagnetic depth sounding (GDS) experiments: from the actual measurements
(sect[5.]1), processing of the data (deci. 5.2), presentation of the GDS resulfs {sect. 5.3) and MT di-
mensionality analysis (seft.b.4) to the modelling and discussion of the obtained resulfs {sect. 5.5).

5.1 The magnetotelluric profiles

The MT and GDS data were measured in October 2000. The Main profile is 4 km long, consists of
26 recording sites and trends NTH) hence perpendicular to the strike of the West Fault (refer to
Fig[3:1 and the map in Appix. A.4). The 20 sites at the center of the profile are 100 m apart of each
other, while the site spacing of the remaining stations increases towards both ends of the profile. Two
additional sites are situated on both sides of an electric power line in westward prolongation of the
profile, to test if it has an effect on the experiment. A second profile, subsequently called 'South
profile’, is located roughly three kilometers further to the south and follows a valley that cuts the
Cerros Guachos. The South profile is 2.5 km long with 9 recording sites and a site spacing of 300 m.
The principle site layout is shown in F[g.b.1. Data were recorded in the frequency range from
1000 Hz to 0.001 Hz (1000 s) with four real time instruments S.P.A.M. MKITT (Rftter, [1995). The time-

XA : Analogue signal
[ U preconditioning: A/D-
V filter (LP, HP, notch) Converter,

om ( U signal amplification

A— CPU
: 3 7 Time (GPS)- (digital filter,
[] y synchronisation frequency domain
stacking)

- / \ Display Q

E-field sensors: ]
nonpolarizing B-field sensors:

Ag-AgCl electrodes Induction coils Data storage

Fig. 5.1: Schematic layout of a MT/GDS measurement site and flow diagram of the data logging
and real-time processing equipment. Electric and magnetic field sensors are either oriented paral-
lel/perpendicular to the fault strike (Main profile) or according to magnetic north and east (South
profile). LP: low pass, HP: high pass.

40
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variations of the magnetic field are recorded with three induction coil sensors MFS05 (METRONIX),
that are buried orthogonal to each other in the soil. Electric field variations are acquired as time-
varying potential differences between two non-polarizing Ag-AgCl electrodes. The electrode spreads
are oriented in the same way as the horizontal induction coils. To reduce the transition resistance
of electrodes with the dry soil, the electrodes where swathed in wet bentonite clay. The instruments
were usually left in the field for two days for continuous recording. A recording time of at least 24
hours was sought for every site and at least two sites were recording simultaneously. All systems
were synchronised with the time signal from the Global Positioning System (GPS). The preliminary
real-time processing of the data allows for immediate control of a sites quality and the functionality
of the recording system.

The sensors along the Main profile are oriented parallel and perpendicular to the West Fault strike
of N10°E. Thus, with electrode spreads of 100 m, the potential difference perpendicular to the fault
trace is recorded for the entire length of the central part of the profile (in segments of 100 m). Such
a configuration allows special treatment (spatial filtering) of small scaled near surface anomalies that
might distort the electric field and cause frequency independent 'static shift’. Unfortunately, this
method could not yet be applied to the data presented here. Along the South profile, with its greater
site spacing, the field sensors where oriented with regard to magnetic north and east.

5.2 The data processing

The recorded time series were processed with the program collection EMERALD (Rittdf et g., 1998).
In a first step, noise resulting from the electric power line (the 50 Hz signal and its multiples) is
extracted from the time series with digital notch filters. The time series are then segmented and
fourier transformed into the frequency domain. Cross- and auto-spectra are calculated for specific
target frequencies around which the spectra are averaged and which are chosen to be equidistant on a
logarithmic scale. The magnetotelluric and magnetic response functions are calculated subsequent to
stacking of the cross- and auto-spectra, using an iterative robust algdrithm {Jundé¢, 1994; Ritter et al.,
[[998).

The processed MT data, as they were used for the subsequent modelling, are presented in the
form of apparent resistivity,- and phase- curves in Fig_ Al in App{. AR. The overall data quality
is high, as shown by smoothly varying curves over pefioand consistent trend @f, and¢ curves.
Around a periodl” of 10s, however, the data quality decreases owing to the reduced source field
energy in the transition range of atmospheric and magnetospheric originated fields (often referred
to as 'dead band[; Vozoff, T99[; Campbell ef]pl., 1992). This effect is more pronounced in the XY
component (TE-mode) than in the YX component (TM-mode) as shown ifi Fjg.5.2. Furthermore,
the data quality is limited at period§>100s, where the recording time is too short to achieve a
high signal to noise ratio. The data have therefore been subjected to a frequency domain editing of
noisy frequency ranges/time spans prior to the robust processing, using the code EMSEL/SEL4ROB
written by[Weckmanh (1999). Three criteria for the event selection were found to enhance the data
quality and were applied solitary or in combination with each other:

1. Rejection of events that represent outliers with irregularly high or low signal energy.

2. Acceptance of those events only that exceed a fixed threshold value of the bivariate coherency
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Fig. 5.2: Apparent resistivity, and phase for site 2. The original data (left) are clearly improved
(right) after selection of events in 'noisy’ frequency bands such as the 'dead band’ &'st6d or the

long period data. The YX-component (TM-mode) generally yields better results. The event selection
is preferentially aimed at enhancing the quality of the phase data, because subsequent modelling is
emphasised o compared t, (sect{5.p). Note, that notch filters have eliminated the disturbed
signal at 50 Hz.

between one horizontal E-field component and the two B-field comphents

3. In a predominantly 2D subsurface conductivity structure the phaketween the magnetic
and the electric field according to equa 1.5 falls into a specific quﬂirﬁﬂents with
phases outside the target quadrant are rejected (‘phase criterion’). To apply this criterion the
2D character of the recorded data has to be verified first (cf[S€lct. 5.4).

Since two sites are usually recorded simultaneously, the 'remote reference method’ could be ap-
plied additionally [[Vozof[ T991f Gamble et #I., 1979). With this method, downward bias of the
transfer functions caused by noise in the magnetic field components is reduced by the inclusion of
magnetic fields of a distant reference site for the processing. Noise in the magnetic fields at the
measurement and reference sites that is not correlated can thereby be eliminated. Application of this
method improved data quality at a few stations where a distant reference site was available.

5.3 Geomagnetic depth sounding results

Before continuing with the analysis of the magnetotelluric data, some properties of the measured GDS
data are presented. Although their interpretation is not the main target of this work, they provide im-
portant information and constraints for the MT interpretation. Maps with induction arrows visualise
the distribution of lateral conductivity contrasts that separate regions of enhanced or reduced conduc-
tivity. The maps of Fid. 5]3 illustrate the measured GDS data for different frequencies (i.e. different
penetration radii). As stated in sect[on]1.3 the real arrows point away from conductive regions, while
the length of the arrows is indicative for the magnitude of the conductivity contrast. The observations
are now described separately for the high and low frequency range.

'For example, the bivariate coherency for #ig output signal is-2 = Zm”<Bw]3<’fE?I+E§“§y<ByBy> , with (AA*) denoting

autospectra. A cohereney of 1 signifies that the E-field can be completely explained from the B-fields.

2In that case, théZ,, electric field component depends predominantly onBhemagnetic field component compared
to B, and the phasé falls betweerD® < ¢ < 90° (1st quadrant). In the case &f, depending onB, phasey falls
between—180° < ¢ < —90° (3rd quadrant, cf. pa@ 8).
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High frequency range: f > 1 Hz

In the frequency range above 1 Hz the induction arrows of the Main and South profiles mirror
a conductive region that is most likely related to the West Fault. Fidur¢s 5.3a gnd 5.3b give two
examples. The subdivision of the maps into zones that trend parallel to the WF helps to explain the
induction arrow characteristics.

Figurg5.Ba shows induction arrows for a frequency of 64 Hz. According to the skin depth esti-
mation of sectiof T]1 (efy. 3.2) this frequency corresponds to a penetration radius in the order of 0.6 to
2 km, depending on the bulk subsurface resistivity. The latter can be estimated from the MT apparent
resistivity curves that generally trend between 100 and 1D0Gcf. appendikA.R or Fig. 5.13 in sec-
tion[5.5.2). Looking at zone 2 first, the real arrows do all have a pronounced westward component, i.e.
indicate a conductive region located to their east. The largest contrast, denoted by the longest arrow,
is imaged at a site just west of the WF trace. In zone 4 the two real arrows closest to the boundary have
large amplitudes and an east component. Thus, arrows in zone 2 and zone 4 indicate transitions to a
region of higher conductivity that is approximately located in zone 3. These transitions are, of course,
gradual and not distinct as implied by the zone boundary lines. In zone 3, the real arrows are very
small, indicating a region of relatively homogeneous conductivity. Along the South profile (lower
panel of Fig[5.Ba) it is possible to distinguish between three different zones. A region of enhanced
conductivity (zone 2) is explicitly imaged by the large westward and eastward pointing real arrows of
zones 1 and 3, respectively.

The induction arrows at 11 Hz, equivalent to a approximate penetration radius of 1.5 to 5km,
show a similar result (Fi§. 5.3b). In zones 2 and 4 of the Main profile, the arrows indicate the good
conducting region of zone 3 more pronounced than in the 64 Hz image. With increasing distance from
the conductive zone 3 the real arrows of zone 4 become smaller, as expected. In zone 3 the real arrows
change their orientation from pointing to the west to an eastward orientation, while the arrows are
small again. The central arrows point towards the south and are almost parallel to each other. This
could result from a lamellated conductivity structure oriented parallel to the WF: In synthetic models
such real arrow behaviour is observed for a structure consisting of parallel lamellae of alternating
good and poor conductivity (U. Weckmann, GFZ, pers. corpm.; Pek & Viirner] 1997).

The image for the South profile at 11 Hz is most striking. A conductive region (zone 2) can be
clearly distinguished. The smallest arrow is located in the center. In addition, the westward and
eastward pointing real arrows are oriented almost perfectly perpendicular to the WF trace, as it would
be expected for a two dimensional conductive structure that trends along the fault. The almost parallel
or anti-parallel alignment of the real arrows to their imaginary parts is as well indicative for a two
dimensional geometry (cf. sefct.]L.3).

A conductive zone of the type described for the two examples above is observed in the frequency
range from about 700 Hz to 4 Hz. The principal part of the region of enhanced conductivity is always
located to the east of the WF trace at both profiles.

A conspicuous feature of the Main profile are the three SW oriented real arrows of zone 1 in
figure[5.Ba anfi §.3b. This type of arrows is characteristic over a broad frequency range (500 Hz -
5Hz). However, the geologic map gives no hint to what may be responsible for this effect. It remains
speculative whether a plio-pleistocene to recent drainage system that is located to the north of the
three sites could be the cause (cf. map in Appx] A.4).
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Fig. 5.3: Induction Arrows for the Main and South profiles at four different frequencies (figure con-
tinues on the following page). Real arrows point away from conductive regions (converition of| Wiese,
[I9863), the length (amplitude) is a measure of the conductivity contrast. Real parts are marked in black,
imaginary parts in grey with empty arrow heads. Error ellipses are drawn on real arrows. The pen-
etration radius of the electromagnetic fields at a specific frequency is estimated from the skin depth
equation (eq.I]2) for two subsurface resistivity values. The subdivision into zones in figures a) and b)
is used for explaining the behaviour of the induction arrows in relation to the West Fault Zone. The
words 'poor’ and 'good’ denote the sense of the transition from a relatively poor to a relatively good
conducting region. The background shows geologic units (cf. tf mgp A.4). See text for discussion.
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Fig. 5.3: Continued from previous page.

Long periodrange: T > 1s

The induction space exceeds the lateral extent of the two profiles in the period range above 1s.
Therefore, the imaged effects can not be (solely) attributed to the local West Fault structure. However,
two characteristic induction arrow geometries of the long period range are also shortly presented.

In the range from 0.5 to 6 s the induction arrows uniformly indicate a conductive feature located to
the northwest of the profiles. Figyrep.3c gives an example for the period of 2 s (penetration radius in
the order of 7 to 22 km). The cause for this effect is not clear. The electric power line, trendifif N45
and located around 4.5 km from the western end of the Main profile can not produce the observed
effects. It may be possible that this behaviour results from the superposition of local effects seen in
the high frequency range and a broad regional anomaly located at great depth (>50km). The latter
structure may be responsible for the induction arrows presented jn Hig. 5.3d. Starting at periods of
32 s the real induction arrows uniformly point southwards on both profiles. Such southward pointing
arrows have been systematically observed in other GDS campaigns in the North Chilean Precordillera
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(e.g.[Schwarz & Krliggf, 199[; Echiternaffht, 7]998; Schwalernberg] PO00; Janssgn et hl., 2002). So far,
an explanation for this induction arrow behaviour in the long period range has not been found. It s,
however, assumed that a large scale anisotropic structure oriented parallel to the Precordillera may
contribute to the observed characteristics.

Summary

The important result of the GDS data is their sensitivity to a region of enhanced conductivity for
frequencies above 1 Hz. The induction arrows indicate a conductive structure with a strike parallel
to the West Fault Zone. A two dimensional geometry of this structure is suggested, especially from
the properties of the induction arrows along the South profile. The resolved region of enhanced
conductivity lies to the east of the WF surface trace and extends over a width of >500m.

5.4 Dimensionality and directionality of MT data

Under the assumption that deformation processes along the West Fault Zone are responsible for, or
have influence on, the subsurface conductivity it is reasonable to expect that a two dimensional sub-
surface conductivity structure predominates at the relatively small scale of the MT/GDS experiment.
In view of the surface expression of the West Fault in the Gorila region, this fault can be thought of
as a two dimensional structure trending in REQirection. This is furthermore suggested by the
induction arrow properties in the frequency range above 1 Hz, as demonstrated in the previous sec-
tion. Consequently, the impedance tensor properties should as well reflect the fault zone orientation.
That means, we ideally expect to find a rotation angle for the impedance tensor for which its elements
exhibit 2D case characteristics and decouple into TE- and TM-mode (cf.[S¢ct. 1.2). This rotation
angle is equivalent to the geoelectric strike of the subsurface current flow. It is therefore necessary
to verify the dimensionality of the subsurface conductivity structure and to find the orientation of the
electric current system prior to modelling the data. Because of the importance of this analysis for
the interpretation of the data, various methods of determining dimensionality and directionality have
been applied.

Dimensionality

A simple analytical measure of the dimensionality of the impedance tensgr {eq. 1.3) is the ratio
of the diagonal elements,.., Z,, to the off-diagonal elements,,, Z,,. In the pure 2D case, which
is in general not realised in nature, the former are zgro. wift {1967) introduced the rotationally
invariant tensor skewg,,; ;-
| Zow + Zy,y|

. (5.1)
| Zay — Zyo

Sswift =

Sswift €quals zero in a 1D and 2D case, while non-zero values generally indicate the presence of
3D structures. Experience has shown that subsurface structures can be well approximated with a
2D interpretation if the skew has a low value. According o 3fvift (3967) this holds for values of
Sswift < 0.3. Fig.@a shows a plot of the Swift skew values for each frequency of all measured
sites (Main and South profile). The skew values are well below 0.3'fer 10 s and rise to higher
values with increasing period. This suggests that a more complex conductivity structure is imaged
with increasing penetration depth of the EM signal.
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Fig. 5.4: Swift (a) and Bahr (b) skew values for all sites. The Swift skew values are well below 0.3 for
1073 < T < 10s. They systematically rise to higher values Tor- 10s. Bahr skew values behave
similar, although on a little higher level up o= 10s.

More modern methods analyse dimensionality and directionality of the impedance tensor by as-
suming that it results from a superposition of regional and local conductivity anomalie§ (e.g. Bahr,
[I988). Local structures are defined as being much smaller compared to the penetration depth of the
EM signal for a specific frequency. The conventional Swift skew- (and electric strike-) determina-
tion is sensitive to the local or a combination of local and regional structures. Several decomposition
methods have been developed to separate local, near-surface inhomogeneities from the underlying
regional conductivity structure, which is normally the target of a MT study [(See Jpmith](1995) for
a comprehensive review). The Bahr skew vahyg,;,, shown in Fig[5.}b, is based on a phase-
sensitive formulation to evaluate the three-dimensionality of the regional conductivity distribution
(Bahr][I98B). Again, values g, above 0.3 cannot be explained by 2D or 1D models (Bahr,
@). The behaviour a$ g, resembles thes,,; ¢, value distribution, although the values are a
little larger. Increasing Swift and Bahr skew values Tor> 10s, however, indicate a complex 3D
regional conductivity structure that is sensed with longer period EM signals. We therefore restrict the
two dimensional interpretation of the data to the period rang&®of < 7' < 10s.

Directionality

We now have to check, whether we can assign a geoelectric strike to the subsurface current flow
(i.e. to allocate TE- and TM-modes) for the above derived period range in which the subsurface
conductivity structure may be approximated with a two dimensional geometry. This geoelectric strike
is equivalent to the angkeabout which the impedance tengbhas to be rotated to minimise the sum

of its diagonal elementf (Swift, I967; cf. s¢ct]1.2, jdge 8):
|Z2z (0) [ + | Zyy (9) |? = min. (5.2)

Again, local distortions produced by small scale inhomogeneities can be taken into account by fitting
a decomposition moddl (Baliir, 1988). In all methods, the resulting strike gle a 90 ambiguity.
To constitute the correct strike value additional information is needed that can be obtained from the
geology or from the induction arrow constraints on the spatial distribution of lateral conductivity
contrasts (cf. sedt. §.3).

Fig.[5.3 presents results of the geoelectric strike determination. The magnetic declination of ap-
proximately -2.3 at the time of the experiment is taken into account in all calculations. Each of the
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Fig. 5.5: Circular histograms of conventional strike (§-€; Svift, 1967) and phase sensitive Bahr strike
(f-j; Bahr][I988) for various frequency ranges. m) shows the multi frequency strikes of complete sites
according to[(Smitl{, T995). In all histograms, except for m), a circle represents 10 data points. The
black bars plot in the azimuth range between N&Gand N60C E which is the quadrant containing the
West Fault’s strike (indicated by black arrows). The white bars represents thentifiguity of the

strike angle. The directional information of the induction arrows (in the conventipn of Jfiesd, 1962)
is shown in k) and I). Here, black bars denote the real induction arrows and white bars the imaginary
parts. Note that induction arrows are oriented perpendicular to the conductivity contrast. See text for
discussion.

circular histograms in the upper two rows of the figure gives the distribution of the strike angles for all
frequencies within the respective band at all sites. THee@0biguity is displayed by drawing the two
possible orientations in black and white. Black bars plot into the azimuth range betwe@WN30
N6C°E and S60W - S60'W. These are the quadrants centered at the West Fault’s strike (marked by
little arrows). The first row (Fig.5]5a, b, c) shows the Swift strike. Although the spectrum of calcu-
lated strike exhibits some variation, a great amount of angles is noticeably close to the WF strike. The
scattering of the orientations is significantly reduced after applying the Bahr decomposition to the
data (second row, Fif.§.5f, g, h) and the 'regional’ strike values are relatively uniform. In the higher
frequency bands (f, g) the angles are in good accordance with the WF orientation, while in the band
between 10-1000s (h), the geoelectric strike slightly deviates towards the west compared with the
WEF strike. As an independent check of the underlying regional conductivity geometrj Flgs. 5.5k and
[5-31 show the orientation of the induction arrows (here: black - real part, white - imaginary part). In the
frequency range between 1000-0.1 Hz the eastward directed real arrows indicAli¥ & oriented
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conductivity contrast. This is in good agreement with the impedance strike results for this frequency
band. Contrary to that, the real part arrows between 10 - 1000 s point to a southerly direction, hinting
to a feature with an E-W oriented lateral conductivity contrast. In the long period range, i.e. for
great penetration radius of the EM fields, the electric strike as displayed {n Rig. 5.5h can thus not be
unequivocally attributed to th& NNE trending WF structure. Most likely, a larger scale feature is
sensed that causes electric currents to flow in an E-W direction.

Instead of treating every frequency individually, as in the above demonstrated strike angle deter-
mination, it is attempted to derive a best fitting 'regional multi-frequency strike’ for eaclj site (Bmith,
[1998). The resultant strike value distribution is shown in[Fid. 5.5m. Clearly, a majority of sites display
a geoelectric strike equivalent to the WF orientation.

In a final test of directionality inherent in the data, the most appropriate geoelectric strike is cal-
culated for a set of sites within predefined frequency ranges. This multisite, multifrequency approach
by[McNeice & JondF (2001) is an extension to[the Groom & Biley ({1989) decomposition. [Fidure 5.6
shows the strike determination with a band width of half a decade for the 20 central sites of the Main
profile. From 1000 Hz te- 5 Hz geoelectric strike again matches the West Fault's strike. For fre-
guencies in the range of 5 to 0.1 Hz, the determined angles range betweand 23, which is
consistent with the Bahr-strike in F[g.$.5g. The low frequency spectrum fvith0.1 Hz (I">10's)
does not yield a stable strike. In addition to the determined strike two further parameters are shown
in Fig.[5.8. As part of the decomposition of the impedance tensor, the twist and shear parameters can
be used to assess the quality of the derived regional strike angle. These values should ideally not vary
over frequency if a pure 2D regional structure is inherent in the Jata (Echternachft et dI[, 7997 Groom
[etal][I99B). While the parameters exhibit some smooth trend with frequency for the range between
1000-0.1 Hz, they strongly scatter for lower frequencies. This is in agreement with the scatter of the
strike angles and the increase of skew values [Fig. 5.4) and accentuates the above stated insufficiency
of a 2D model to explain the complexity of the regional subsurface conductivity structure for the
period range greater 10s.

To summarize the determination of the geoelectric strike angle, the Swift- and Bahr strikes of all
sites are collectively plotted for the frequency range from 1000 - 0.1 Hz, for which the various methods
exhibit a uniform behaviour (Figs.§.5d,i). In the same way [Fig$. 5.5e, j show circular histograms of
the central 20 sites of the Main profile. From all four diagrams, the close relation of the geoelectric
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strike to the orientation of the West Fault is evident. This implies, together with the constraints from
the induction arrows, that electric currents in the subsurface are most likely 'guided’ by structures
related to the West Fault.

Conclusion

The dimensionality / directionality analysis results in a relatively uniform pattern for the frequency
range between 1000 Hz to 0.1 Hz. Skew values are low (<0.3) and geoelectric strike reflects the West
Fault orientation. A two dimensional model approximation of the data is well justified. In the middle
frequency band (10-0.1 Hz) the strike values range abcuR0%5 which somewhat deviates from the

West Fault strike of N1TE. Nevertheless, the geoelectric strike is chosen in accordance to the high
frequency range, since the main topic of this research is to investigate the fault/damage zone contin-
uation from the surface downward. The most relevant information is resolved by higher frequency
data where agreement with the WF strike is very good. Furthermore, rotation of the impedance tensor
by 10 or 2C° in the middle frequency range does not show a significant difference in the trend of
the apparent resistivity and phase curves. Dimensionality and strike for the period rahige 0f,
however, suggest some 3D influence. Data analysis above periods of 10 s will therefore not be further
considered for the 2D modelling.

The coordinate system in which to interpret the impedance data is thus defined by the West Fault
strike of N1OE. In this coordinate system the electric and magnetic fields are polarised either per-
pendicular or parallel to the West Fault trace. It follows, that the recorded XY-component is equal
to the TE mode, i.e. currents are flowing along theoordinate axis (parallel to the faults strike; cf.
Fig[1.3). The YX-component equals the TM mode with the magnetic field being polarised tangential
to the fault’s strike. Rotation of impedance tensors for the sites of the Main profile is not necessary,
since the data were recorded in this coordinate system from the start. The impedance tensors for sites
of the South profile are rotated byl be in a coordinate system aligned with the fault trace.
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5.5 Inversion and forward modelling of MT data

In the previous section we found that the recorded MT data resolve a dominantly two dimensional
structure related to the West Fault in the frequency range@ - 0.1 Hz. An electric strike angle

of 10° E results from the directionality analysis and TE and TM modes are defined by rotating the
data into the respective coordinate system. The TE- and TM-mode data are now subjected to joint
inversion modelling using the WinGLiE}software package. It incorporates a 2D inversion module
based on the code pf Mackie eflfal. (1p97) and Rodi & Makkie (R001). This finite-difference code
starts from an a priori model, commonly chosen as homogeneous half-space, and calculates a forward
response, which is 'compared’ to the measured data. The algorithm seeks a 'minimum structure’
model that minimises the least squares-misfit between observed and modelled data for each iteration.
A regularisation parameter controls the compromise between fitting the data and considering the
model constraint, i.e. the model solution of the previous iteration. The larger the valueshef
'smoother’ is the model result at the expense of a worse dafa fit (Mackie]fet al], 1997). A thorough
discussion of the role of the regularising term in the inversion algorithm is givgn by Schwalenberg
(2000).

The result of an inversion depends on several parameters such asvéhee, the half-space
resistivity of the subsurface or the assignment of error bounds to the data to be inverted. These
parameters have to be carefully chosen. In the following section the inversion models regarded as
best solution are presented, preceded by the determination of the impontahte. The data fit
and the influence of static-shift effects are evaluated. The model parameter and empirical sensitivity
studies follow in section5.9.2.

5.5.1 The inversion result

In order to find ar-value that guarantees a good fit to the data while resulting in a smooth (minimum
structure) model, several inversions with different smoothness parametegse calculated. The
data errors are set to 10 % for apparent resistivitigg ) and 2 for phasesd¢). Therebyp, is down-
weighted with respect tg, which accounts for the proneness of apparent resistivities to static shift
effects (see below) and the partly less well determimgdalues compared to the phases (e.g. within
the dead band, cf. Fig.§.2). A homogeneous half space with a resistivity 6frh@0rms the starting
model. The inversions run for a maximum of 100 iterations (to confine computational time), but in
the majority of cases the misfit has converged to a constant level before reaching this iteration limit.
Figurg5.T shows the behaviour of the root mean square (rms) misfit with respect to the variation of
for the Main and South profile. The smallest rms-misfits within the iteration limit result-f@lues
equal to one or three, respectively. For both profiles the inversion converges witgual to three.

Fig.[5.8 shows the resulting models for the Main profile witet to 1, 10 and 100. The increasing
roughness of the models with decreasinig evident. Forr = 100 a lot of information inherent in
the data, especially at a depth of less than 1000 m (the high frequency range), is lost in favour of
a smooth model. The model’s fit to the data is expectedly bad[(Fjg.5.7a)7 Fhd andr = 10
models resolve the same bulk features. However, rougher models result in a better fit to the data in the
high frequency range (i.e. close to the surface). The best value in terms of rms-misfit, resolution of

IWinGLink® Software provided by Geosystelnttp://www.geosystem.net/
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Fig. 5.7: Development of the rms error for inversions with differing smoothness paramietethe

Main profile (a) and the South profile (b). Filled circles denote inversion runs where the rms misfit of
the final model converged to a plateau within 100 iterations. Rms errors vary littlé for 7 > 1

with smallest values for = 1/7 = 3 and converging inversions far= 3 at both profiles.
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shallow structures, smoothness of the model and computational time expense is achieved Wjth
for which the inversion results are shown in fig]5.9.

Model description

Fig.[5.9 presents the inversion results of the Main and South magnetotelluric profiles. The resis-
tivities encountered range from 0.5 to 73@@H We first look at the Main profile, starting from its
central part. Directly to the east of the West Fault surface trace (marked by the arrow[in]JFig. 5.9)
lies a conductive structuré)) that extends to about 1300 m and dips steeply towards the east. It is
flanked by a small focal point of higher conductiviti€®)( Separated from the central conducior
by resistive structur@ lies a further conductive regio@). The geometry of this feature strongly
depends on site 8 above it, as will be described later. The eastern edge of the model is composed
of a resistive block®) that becomes less resistive at 1000 m depth. To the west of the WF trace
and directly bordering the central conduc®rfollows a broad and deeply reaching resistive struc-

The resistivity color scheme is chosen so as to differentiate between structures of increased conductivity (red) and
decreased conductivity (blue) compared to the mean apparent resistivity of all recorded $iT€@$m; cf. Fig@).
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Fig. 5.9: Inversion models of the Main and South profiles. Black arrows mark the position of the West
Fault surface trace. Numbers denote features referred to in the text. No vertical exaggeration.
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Fig. 5.10: Rms error (a) and static shift factors (b) for each site of the models shown[in Fig. 5.9 (error
floors: p = 10%, ¢ = 2°). Shift factors greater one denote that the recorded data are linearly shifted
to higher resistivities and vice versa. The data to model fit is shown in apffendlix A.2.
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ture®. In the shallow part this block is disrupted by a U-shaped conductive anom@glthat can

be attributed to a small canyon (and its sedimentary filling), which the profile crosses in this position.
The conductive anomal® at the western boundary of the model seems to indicate a westward in-
clined structure. However, its geometry is less well resolved due to the increased site spacing and the
anomaly’s position at the edge of the model space.

The South model exhibits less complexity. Again, a conductive ano@aly resolved in the
immediate vicinity of the WF with highest conductivities encountered east of the surface trace. The
anomaly reaches to a depth of approximately 1500 m, but its dip is not resolved due to the increased
site spacing. A resistive block, comparable3oof the Main profile, is missing, as well as a further
conductive structure (comparable@) in the eastern part of the profile. The resistive bl@tlof the
Main profile can be paralleled to anomaly

Data fit

The model solutions presented in [fig]5.9 provide a very satisfying fit to the data, given in detail
in appendiXA-R. Fid.5.J0a shows the rms-errors for each site of the two profiles. What is the reason
for the remaining misfit error? Most of the error is due to the reduced fitting quality at very high
frequencies between 1000 Hz and 100 Hz, where features within the uppermost tens of meters are
imaged (se@,- andg-curves Figl Al in the appendix). The TE modes of sites 30 and 29 show some
discrepancy among the phase and apparent resistivity behaviour in the dead band range between 1
and 0.1 Hz (Fid-AlL), which could not be eliminated during the data processing. This deviation of
the modelled from the measured phases is mainly responsible for the higher misfits[in Fig. 5.10a,
although the fit quality of TM-mode phases for frequencies <10Hz is reduced, too. Increased rms
values at sites 56 and 57 seem to result from a TE-mode apparent resistivity curve for frequencies
below 10 Hz at site 57, which strongly differs from the curves at neighbouring sites (s¢eFig. Al in
the appendix). This curve results in a strong constraint for fitting the data at site 56, thus reducing its
fit quality. Site 58, on the other hand, is located at the eastern boundary of the model where no further
data constraints follow, so that determination of a conductivity structure is possible that very well fits
the data of site @ Site 50, being of bad data quality, is mainly used in the inversion to enlarge the
model space to the west and only contains a few data points (cf. Hig. A3 in the appendix).

Static shift effects

Static shift is the result of electric charges accumulating along boundaries of conductivity anoma-
lies very close to the surface (Voz{fff, I991). These charges can produce a non-inductive galvanic
distortion leading to a frequency independent parallel shift of the apparent resistivity curves while
leaving the phase data unaffectfd (Jdpes, J1J988; Wzoff,] {997, Fischeiet a].[ 199Z;]Bpitder, 2001).
Static shift effects commonly pose a problem which is difficult to address quantitatively in MT data
interpretation. The decomposition methods used in s€cfipn 5.4 do not remove these shifts. Inversions
are therefore emphasised on the less affected phases by assigning higher error boungg detghe
In addition, the used inversion code allows to automatically compute a constant shiffogf¢heves
between the resulting, model response and the previous iteration. Prior to computing the next it-
eration the obtained shift factor is applied to the data. The shift factors between the initial data and

LIt is an inherent problem of such 2D inversion studies that they have increased degrees of freedom to fit the model’s
bounding sites. This reduces the reliability of the obtained conductivity structure at the model's edges.
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Fig. 5.11: a) Inversion model for the Main profile without consideration of static shift effects.
b) Inversion model with automatic computation of static shifts (same af Fg. 5.9).

the model response after completion of the inversion are presented[in F]g. 5.10b. Sites without shifts
in the p,-curve have a factor of one. Static shift coefficients are greater one if the original data are
shifted to higher resistivities and vice versa.

Static shifting does not cause a severe problem along the investigated profiles. Shiftaref

very well handled in the inversion of the Main profile, as can be seen from the low rms errors even
at the sites exhibiting larger shifts (e.g. sites 26, 6, 8 and 18). The correspondence of increased shift
factors and high rms-misfits at sites 56 and 57 of the South profile i Fig. 5.10b may imply that static
shifts are not successfully removed. To test, whether information about the subsurface conductivity
structure inherent in the data is wrongly attributed to static shifts during the inversion’s automatic shift
factor estimation (cf. Brasse et fal., 2002), a model without consideration of static shifts was computed.
However, there is no substantial difference in the resolution of conductive / non-conductive features
and their geometries for the model without automatic consideration of static shifts (Fig. 5.11, left) and
the model with their computation (F[g.5]11, right).

5.5.2 Model parameter and sensitivity studies: alternative models

It is important to achieve an understanding of the robustness and resolution of the features described
in the previous section. The model results presented ifi Fig. 5.9 therefore serve as basis for evaluating
model parameters (error bounds and starting model) and for empirically testing the sensitivity of the
resolved features. The following studies concentrate on the densely surveyed Main profile.

Error bounds

The data were given uniform error bounds prior to modelling {0%/ ¢: 2°) even though the
sounding curves shown in F[g. A1 predominantly exhibit smaller errors. As stated before, assigning
error bounds on the one hand serves to down-weight apparent resistivities with respect to phases in
order to reduce the influence of possible static shifts and the less well deterpgidath within the
dead band. On the other hand it facilitates assessment of data-to-model misfit because the misfit of
sounding curves with increased error level is not governed by irregularities at individual frequencies.
To test, whether this assignment of error bounds entails a loss of information, an inversion with the
actual data errors has been computed. The result, shown [n Fip. 5.12b resolves the same features as
the reference model (Fig. 5]12a, identical with Fig] 5.9). The central cond@ctrtends to greater
depth of~ 1700 m, while anomalg) resides closer to the surface.
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Fig. 5.12: Model parameter and sensitivity studies for the Main profile. Based on the reference model
of Fig.[5.9 (reproduced in a) to facilitate comparison) specific parameters are changed (see text for
details). The rms misfit for each inversion is given. Models shown without vertical exaggeration.

Half-space resistivity influence

The resistivity structure of the starting model of an inversion can be freely chosen. Commonly,
the starting model is a homogeneous half-space, although more complex structures are possible, too.
The effect of varied half-space resistivities of the starting model is inspected in this paragraph.

The inversions presented so far, started with a homogeneous half-space resistivity(amh.100
This value is well justified since the bulk apparent resistivity of the sounding curves of all sites av-
erages at 16@m within the inverted frequency range, as shown in[Fig.]J5.13a[ Fig. 5.12 shows two
inversion results with different half-space resistivities for the starting model, namélyni@) and
1000©2m (d). Usually, a change of the subsurface resistivity implies regridding of the inversion mesh.
Here, the mesh of the 10@m-model was chosen dense enough, so that regridding for the model
variations is not necessary. This allows better comparability of the alternative models. How can the
observed differences of models (a), (c) and (d) in[Fig.]5.12 be explained? The parameter sensed with
electromagnetic sounding is, strictly speaking, the conductance, i.e. the product of conductivity and
'thickness’ of a structure. In this context a highly conductive anomaly with small depth extent pro-
duces the same signal as a somewhat less conductive anomaly with greater depth extent. Starting the
inversion with a conductive environment forces the algorithm to include resistive structures to model
the data and the conductive anomalies will remain having smaller dimensions (Ef.Fjg. 5.12c). In con-
trast, a resistive starting model where conductive anomalies need to be included, results in deeper
reaching conductors (cf. Fig.-5]12d). It is therefore of importance to chose a starting half-space resis-
tivity representing the bulk resistivity of the subsurface. A plot of rms misfit against the half-space

resistivities of the different models (F[g.5]13b) shows better fits for the more resistive variations,
although the differences are not distinct.
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Fig. 5.13: a) Accumulative plot of all recordeg -sounding curves of all sites. The mean (bulk)
apparent resistivity is 162m (TE-mode: 144)m, TM-mode: 1922m; static shifts not taken into
account). b) Development of the rms error for inversions with different half-space resistivities of the a
priori model.

It is interesting to note that the imaged anomalies east of the central con@uete not repro-
duced as reliable as the other structures. In particular the position of fe@igeand® shift to the
east in the 12000m model (Fig[ 5.IRd). The resolution of such individual features will be addressed
in the following sections.

The eastern anomalies®® @)

While modelling, it became evident that the geometry of some features, like the conductive
anomaly®, is not very well constrained. Featum® for example shifts to the east between sites
10 and 17 if site 8 is omitted from the inversion (see Fig.p.14c). The data obviously require a con-
ductive region although its exact position is variable. A possible explanation for this behaviour may
be a deviation of the individual electric strike angle of site 8 from the value W £8tablished for the
entire data-set in sectipn’b.4. In particular site 8 causes problems with the electric strike angle deter-
mination and yields an angle of about’8when decomposed individually. However, rotating site 8
accordingly causes severe inconsistency of the sounding curves with neighbouring sites, which in turn
leads to high rms misfits of the inversion response to the data for the rotated sife. Hig. 5.14b shows the
inversion result with sites that exhibit strong electric strike deviations being rotated to their respective
coordinate system. In comparison to the reference model[(Fig. 5.14a) it must be concluded that as-
signing different electric strike angles for some sites does not alter the inversion response markedly.
This can be attributed to the dense site spacing and the associated redundancy of the data.

The 10002m-model of Fig[5.Ipd implies that a model solution exists with a resistive structure
(®) beneath site 8 and the conductorshifted further to the east beneath sites 10 and 17. This is
similar to the model of Fig.5.]14c where sites 8 and 9 are left out from the inversion. Whereas the
number and sequence of resisti@) @nd conductive® @) anomalies is never changed, their exact
localisation remains unclear. Using a starting model with higher conductivity of the subsurface, as for
the model in Fid. 5.12c, leads to a conductive biGrkthat spans the entire range beneath sites 6 to
17. Induction arrows indicate a good conductor located west of site 17 for the high frequency range
(see Figg.5]3a, b), which is consistent with all of the MT model results. A further lateral contrast is
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Fig. 5.14: Sensitivity studies for the Main profile. The reference model[(Fip.5.9) is again shown for
comparison in a). See F[g.5]12 for explanations.

not clearly indicated from the GDS data up to site 2, where the westward component and amplitude of
the induction arrows increases. That means, that the range from site 2 to site 10 (zone @i Fig. 5.3a)
exhibits increased conductivity, which is in better agreement with a broad strgturwever, it
has to be stated that the position and geometry of cond@ttoan not be finally resolved.

The conductive anomal® being located beneath sites 2 and 3 may be reflected by the induction
arrows in Figa. Its defined position is also supported by the fact, that an@ndisappears in a
model, in which the central sites are left out from the inversion [Fig]5.14d).

The western conductive region®

It was already mentioned in the model description (fect.J5.5.1) that the resolution of the conductive
region®), located between sites 39 and 30, is problematic due to the increased site spacing and the
anomaly’s position at the edge of the model space. Yet it seems to be inclined towards the west. This
is still the case, if sites 38 and 31 are not included in the inversion[(Fid. 5.14c). The data of site 39
(and 38 if included in the inversion) require a shallow resistive region down to approximately 500 m
which is not necessary for site 31. It remains open, whether the conductive regions beneath sites 39
to 30 are really connected to form an inclined conductive zone. However, interpretation of anomaly
® should not be overdone, regarding its position at the model's edge and as well the increased error
of misfit of the involved sites (cf. Fif.5.]0a).

The central conductor(®

The central good conduct@ is a very robust feature in all of the alternative models discussed
so far. The necessity of this structure for fitting the data of several central sites of the Main profile
is obvious from the#=100-model (Figi5Bc). As mentioned above, the highialue leads to an
inversion model which only contains the most dominant structures at the expense of not fitting small-
scaled features resolved in the data. In addition, the South profile images a similar struct{ire](Fig. 5.9).
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The central conductor extends to a depth greater than one kilometer at both profiles. On this scale the
induction-ranges of the closely spaced measurement sites overlap, implying that the central conductor
should be imaged by more sites than the ones located directly above it. This is evident from the
inversion result shown in Fif. 5.JL4d that was computed without the central four sites above anomaly
@. The central conductor is nevertheless clearly resolved, but now the information on the dip of the
structure is almost lost.

Subsequently, several questions concerning the geometric properties of the central c@pductor
of the densely surveyed Main profile will be raised and discussed:

e |s the eastward dip of the central conductor a robust feature”None of the shown inversion
results, for which a complete set of sites has been used, deviates from a steeply eastward dipping
anomaly®. To test the robustness of this characteristic, the conductivity structure of the reference
model (Fig[5.Ipa) was modified to represent a vertically trending anomaly with a straight boundary
to the resistive block®) between sites 23 and 22, as shown in [Fig.J5.15b. A possibility to evaluate
whether such a non-dipping anomaly is consistent with the data (i.e. represents a solution in the
model space) is to start an inversion that uses the conductivity structure pf Fig.5.15b as a priori
starting model (i.e. instead of a homogeneous half-space). To increase the degrees of freedom in
the inversion the western and eastern conductive anomalies have been removed and homogenised
with the surrounding resistivity values. The inversion model 1 in[Fig]5.15c shows the result of an
unconstrained inversion. This model, as should be expected, is very similar to the reference model
in Fig.[5.1%a: The central conductor beneath sites 22 and 21 is reduced in its depth extent compared
to the a priori model. Beneath sites 1 to 4 a conductive region is added, that extends the shallow
conductive part beneath sites 22 and 21 with an eastward dip towards greater depth. In a second
inversion run, again starting from the a priori model in Fig.p.15b, the inversion algorithm is forced
to find a smooth solution close to the a priori model that again minimizes the rms errdr._Fjg. 5.15d
shows the result after the iterative inversion has converged: The highly condyctive2m) core
beneath sites 22 and 21 is again reduced to shallower def®dd m), while the conductivity beneath
sites 1 and 2 at a depth between 300-800 m is increased. Although the straight boundaries that limit
the conductive centép are not as clearly removed as in the model of5.15c, an eastward inclined
highly conductive core is again formed. A dipping characteristic of the central anomaly is thus more
in line with the data, than a homogeneously straight anomaly.

Due to the broader site spacing along the South profile a dip of conductive aEIg.) is
not resolved with the used set of inversion parameters. Only if smoothing is almost restricted during
the inversion £ setto 0.1) a steep dip to the east vaguely emerges.

¢ What minimum depth extent of the central conductor do the data require?A disadvantage
of the magnetotelluric method is that it is not sensitive to resolving the lower boundary of a conductive
structure [(Jond§, 19PP; Weidglt, 1985). To achieve an empirical estimate of the minimally required
depth extent of the central anomalya series of forward models is calculated. Based on the reference
model (Fig[5.p) the depth extent of the dipping central conductor is modified in each of the forward
models, while leaving the surrounding conductivity structures unchangeq. Fip. 5.16 plots the result-
ing rms misfits of each forward solution against the depth in which the central conductor exceeds a
resistivity of 1500m (i.e. exceeds the bulk apparent resistivity of all measured datg; Fiy. 5.13). The
curve demonstrates that beginning frera1100 m the rms error increases drastically with decreasing




60 5. The magnetotelluric experiment

Depth [m]

MAIN

1200 1600 2000 2400 2800 3200 3600 4000

Depth [m]

-1000
-1200
-1400
-1600
1800
-2000

VERTICAL CONDUCTOR (a priori)

800 1200 1600 2000 2400 2800 3200 3600 4000

rms: 1.83 0 400
Position [m] Position [m]
c) w i E d w E
SRWNELI Y5~ o vvoreo olom) olam)
0 [
3000 3000
-200 1996 -200 1996
-400 ‘gii -400 1328
-600 588 -600 566
E - 391 —
E 800 260 E 800 22&
£ oo 1‘72 £ 1000 173
& 1200 77 8 -1200 ‘;3
1400 gl 1400 51
-1600 23 -1600 %
% VERTICAL CONDUCTOR (inversion 1 o 1000 inversi s
10
200 | VERTICAL CONDUCTOR (inversion 1) o | VERTICAL CONDUCTOR (inversion 2) i
0 400 800 1200 1600 2000 2400 2800 G200 3600 4000  rms:1.83 0 400 800 1200 1600 2000 2400 2800 3200 3600 4000  rms: 1.77
Position [m] Position [m]
e) w { E ) w 1 E
SRRRERT AT - o vooreo2 & 2 2 om 3 8 5 SRVRELINNG-covworoe2 k2 2 o
0 0
- 3000 . 3000
-200 1996 200 7 ‘ - » 1996
-400 1328 400 1328
884 884
-600 588 -600 588
800 301 800 4 391
260 260
1000 173 -1000 | 173
115 115
g 20 > T 120 ] >
= 400 51 = 1400 - 51
B -1600 g; 2 -te00 2§
Q 1800 13 QO 1800 :g
2000 -2000
-2200 -2200 rms: 1.76
2400 2400
2600 2600 -]
2800 - 2800 | ¢ f
"o NDEEP CONDUCTOR (a priori) = "0 LLDEEP CONDUCTOR (inversion)

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000

Position [m]

0 400 800 1200 1600 2000 2400 2800 3200 3600 4000

Position [m]

Fig. 5.15: Inversion modelling studies to evaluate the sensitivity of geometrical properties of the central
conductive anomalyd) of the Main profile. a) shows the reference model for comparison. b) is
the a priori model, which is used as starting model for inversion studies. c) shows the result of an
unconstrained inversion, while the inversion result shown in d) is obtained by forcing the inversion
algorithm to solve for a smooth variation close to the a priori model in b). e) The depth extent of the
inclined conductor is tested using an a priori model with an elongated angthafgain this model

is used as starting model for subsequent inversion shown in f).

depth extent of anomaly. This value thus equals the minimal required depth extent of the anomaly
in order to satisfyingly fit the data. A deeper reaching central conductor, on the other hand, does not
seem to contradict with the measured data. The depth/rms value of the reference inversion result is
included in the figure for comparison. Due to the modifications made in the resistivity grid, the rms
errors of the forward models are on a higher level than the misfit of the reference inversion model.
Since a deep reaching anomaly can not be excluded from the model solution space, an inversion
with a deep anomaly as a priori starting model is computed to check the compatibility of such a model
with the data (see above). The starting model is shown iff Figl 5.15e and exhibits a central conductor
reaching to a depth of 3000m. The western and eastern conductive anomalies have again been
removed and homogenised with the surrounding resistivity values and the inversion algorithm is set
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to solve for a smooth variation away from the a priori model. Figure]5.15f shows the converged
inversion result: Anomalg) remains a conductive feature down to greater depth, but its conductivity

is reduced in the lower half of the model. The overall rms misfit is of the order of the reference model
misfit. In conclusion, regarding both profiles in Hig]5.9, a depth extend of about 1500 m remains a
satisfying estimate, although the conductor may reach deeper. It should be noted, that in order to
resolve structures at depth greater 3km with similar detail as for the shallow depth range, a much
longer profile would be needed with a equally dense site spacing. On a broader scale, however,
the individual sounding curves in F[g. Al of Appx.A.2 do not indicate a change to a layer/zone of
increased conductivity down to at least 15 km (i.e. a pefianf 10 s).

e How wide is the central conductive anomaly?Finally, the width resolution of anomaly)
shall be discussed. The lateral resolution of the MT survey is limited by the site spacing as well as
the electrode spacing perpendicular to the fault trace, which are both 100 m for the central part of the
Main profile. Electric fields are deduced from the potential difference between the electrodes, whereas
the inversion treats electric fields as point information (see Poll éf al.| 1989; [Jone}, 1988). That
means, lateral resolution can not be better than the distance between the electrodes. This limitation
is acceptable for two reasons: (i) averaging electric fields over that distance also averages small scale
inhomogeneities causing static shift; (ii) the regularisation parameéteelf causes a blur on lateral
resolution.

Constituting a fixed width is not sensible because the imaged conductivity increase is gradual and
not distinct. Using the bulk apparent resistivity of all recorded sites[(Fig} 5.13) as a value to bound the
anomalies, then the width of the central conductor in the Main profile amounts to around 300 m at a
depth of 300 m where the conductivity is highest (cf. Fig.p.17, the dashed line indicates the bounding
value of~ 17002m). On the South profile, the central conduaBrexhibits a width of about 800 m.

This value most likely overestimates the true width due to the broader site spacing along the South
profile. The conductive structure does not necessarily have to be a homogeneous structure of uni-
form conductivity across its width. For example, a 300 m wide region of densely spaced conductive
sheets (lamellae) trending roughly perpendicular to the profile can not be distinguished from a ’solid’
conductive block[(Pek & Verndfr, T9P7). In sectjon5.3 it was suggested that such a lamellea-like con-
ductor may be responsible for the fault parallel orientation of induction arrows within the conductive

zone 3 of Fig 5 3b.
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Fig. 5.17: Summary of the magnetotelluric modelling and parameter/ sensitivity studies. The models
are aligned at the West Fault surface trace (little black arrows) and shown without vertical exaggeration.
The long dashed line marks the boundary of the central conductive anomalies (fault zone conductors).
The averaged resistivity value for all grid cells 00 m) within this region amounts to T8m.

5.6 Summary

The main results of the GDS and MT experiments and the modelling of the latter are summarised in
the following list (see also Fifj. 5.]L7). In anticipation of the subsequent chapter some correlation with
the geological record at the surface is included.
e The dimensionality and directionality analysis justifies an interpretation of the MT data with
a two dimensional modelling approximation. Within a frequency range of 1000 Hz to 0.1 Hz
the determined electric strike angle is parallel to the strike of deformation structures related to
the West Fault. This is supported by the orientation of induction arrows for frequencies below
1Hz.

e The most robust feature of 2D inversion of the Main and South MT profiles is a conductive
structure that lies to the east of the WF surface tr&ea0d®©). A mean resistivity value
of 79Qm results for these structures, calculated within the region marked by the long-dashed
lines in Fig[5.I]. This line boundsvalues <167Xm (the average apparent resistivity of all
sites; Fig[ 5.18). Anomalg is ~ 300 m wide and dips steeply(70°) towards the east on the
Main profile. Anomaly® at the South profile is 800 m wide, but note the greater site spacing.
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A depth extent of the central conductor ©f1500 m is most plausible on both profiles. The
conductivity enhancements directly to the east of the WF fault trace are as well resolved with
the GDS method. These conductive zones have relatively broad lateral extent (maximum width
on the Main profile: 950 m, South profile: 650 m). Due to the close correlation of the central
conductors with the fault trace, these anomalies are subsequently called 'fault zone conductor’
(FZC).

e The central conducta@D is bounded to the west by a resistive blo@) (vhich can most likely
be attributed to lithologically different material west of the WF trace (electrically resistive
Jurassic limestones and calcareous pelites / sandstones). This resistive block is interrupted by a
shallow U-shaped conduct@ compatible with a little canyon in this position.

e Further to the west the subsurface conductivity increases a@ainThe exact geometry is
guestionable but a westward descending structure may be indicated.

e East of the central conductor follows a series of resistive and conductive blocks. A relatively
broad region of enhanced conductivity (broader than struéiréeneath sites 6 to 17 is in
agreement with the conductive zones resolved with the high frequency GDS data. Lateral
conductivity contrasts are thus probably not as distinct as imaged in the reference MT model,
since the GDS result does not exhibit large amplitude geomagnetic effects. A diffuse region of
enhanced conductivity is more likely.

e The eastern edges of both profiles exhibit increased resistivities at shallow @g@thd(10)
and have a very similar appearance. Both profile segments reside in the same geologic unit
(Cretaceous andesites and lavas).



6 Correlation and discussion

In this chapter, | will pursue the question of whether and to what extent the subsurface electrical
conductivity structure obtained from the magnetotelluric experiment (Ehap.5) is correlated to the
fault related structural damage at the surface (¢Hap. 4). The correlation and discussion is especially
focused on the most robustly imaged electrical conductivity feature, namely the central conductivity
anomaly (fault zone conductor: FZC) aligned along the West Fault trace. The cause for this conductor
is assessed and implications of the presented studies for the internal architecture of the West Fault
segment and the involvement of fluids in the evolution of the fault are presented. The final sections
deal with a comparison of the WF studies to similar investigations along the San Andreas Fault system
and the predictions on geometric fault properties obtained from fault scaling laws.

6.1 Correlation of structural damage and conductivity anomaly

The following sections do not deal with stand-alone topics but are merely intended to subdivide the
train of thoughts in the discussion.

Spatial and geometric correspondencies

The block diagram on the following page (Hig.]J6.1) comprises the local geology of the greater Gorila
region with the inversion models for the Main and South magnetotelluric profiles together with the
results of the structural investigation along the Main profile. The latter are schematically drawn on
the front face of the block diagram and represent a downward continuation of the surface deformation
(a vertical axes is omitted on purpose).

The central zones of enhanced conductivity on both MT profiles most obviously coincide spatially
with the mapped trace of the West F@JMore specifically, the conductive region lies directly to the
east of the fault trace and matches the extend of the heavily altered fluid alteration zone, as can be
clearly observed for the Main MT profile in F{g. §.2. Also for the South profile, the highest imaged
conductivities result to the east of the WF trace (see[Fig]5.17). Along the Main profile the West
Fault surface trace itself seems to correspond to a plane of significant change of conductivity. Highest
resistivities are imaged west of the trace beneath the Early Triassic andesitic and Jurassic calcareous
series. On the South profile, where the Jurassic and Triassic formations are not exposed, a similarly
resistive block is not resolved, accordingly.

1The West Fault trace is mapped from aerial photographs and is not necessarily always identical with the plane of
maximum strike slip displacement. In the Gorila region it is the transition from brittle deformed, though intact andesites to
heavily and colorful altered granitoid rocks that produces the most distinct visual contrast across the fault.

64
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Fig. 6.1: Block diagram with geology (cf. map in Appx. .4 for legend) summarizing the magnetotel-
luric inversion models of both profiles and the results of the structural investigation along the Main
profile. The latter are schematically drawn on the front panel of the block diagram and extrapolated
to greater depth. Magnetotelluric inversion models are not vertically exaggerated. The morphology is
exaggerated by factor 2.

The resistive block beneath the Jurassic formation on the Main profile is disrupted by a shal-
low conductive u-shaped structure (sites 28-25), which is clearly correlated to a little valley and its
sediments (see sect. 55.1; sites 26 and 27 are located in the valley). Looking at the correlation of de-
formation element density (cf. se¢t. 4.1) and conductivity image i Fip. 6.2 it seems as if the eastern
rise of densities correlates with a resistive region. It shall be noted, however, that the position of the
resistive block beneath sites 4-7 is not as reliably resolved by MT as the fault zone conductor (see

sect[5.5.p).

The dip of minor faults and coloured bands in the alteration zone and its immediate boundaries of
the Gorila region is conspicuously similar to the dip of the central conductor at the Main profile, both
ranging between 70and 80 (Figs[6.] anfl 6]2, cf. Photos 7 and 8 in Afpx.]A.3). This suggests that
the electrical conductivity enhancement is causally related to a mesh of faults and fractures. Such a



66 6. Correlation and discussion

996)

~400m

Fluid
Alteration
Zone

4l Damage ~1000m Fig. 6.2: Correlation of fault related damage
and subsurface conductivity structure along
the Main MT profile. a) Deformation ele-
mml ment density profile and alteration zone (see
o m M= 7H“ o Fig.[4.2a). b) Central part of the inversion re-
4000 750 500 250 [0 250 l 500 750 1000 sult of the Main profile (see Fif.5.]L7a). Solid

2

v

Structu

=

(4]
I

WF surface trace
T

Deformation element frequency (of n

2

lines mark a dip range from 70to 80°. c)
Dip of minor faults and alteration bands in the
vicinity of the WF trace (see Fif.4.3).
The fluid alteration zone correlates spatially
with the dipping zone of enhanced conductiv-
ity. The dip of the conductor coincides with
the inferred dip of 70-80 towards the east
of minor faults surrounding the WF trace (cf.
Photo 2 in Appq_AB). Furthermore, the fig-
ures suggest a correlation of brittle deformed
(fractured and faulted) rocks outside the in-

b) -1000 -750 -500 -250 0 250 500 750 1000 . . .

Distance from WF trace [m] tense alteration zone with regions of reduced

Depth [m]

f T T T T T T T H -
511250 511500 511750 512000 512250 512500 512750 513000 513250 electrical conductivity.
UTM Position [m]

mesh may serve as pathway for fluid migratipn (Sidfon, 1996). The investigated damage elements
in the Gorila region that may contribute to fluid migration are shear fractures and faults, reactivated
existing shear planes and to a minor degree pure macroscopic extension fractures (since most of the
planes exhibit slicken-lines). In a predominant strike-slip regime, as for the WF (cf[_seqt. 4.2.1), all
of these elements interlink parallel to the subvertically oriented intermediate stressﬁzeisd by

adding a 'tubular component’ this enhances vertical permedb{@ipsori[ 1996).

In such a fault-fracture mesh a saline fluid may be responsible for elevated electrical conductivity
due to electrolytic conduction (and/or surface conduction effects). Fluids may as well transport so-
lutes that precipitate on the mesh surfaces as electronically conductive phase, such as metallic oxide or
sulfide ores. Finally, minor (subsidiary) faults often form a gouge as response to shear comminution
and geochemical alteration driven by the fluid phase. If such a gouge is composed of or contains clay
minerals it may have low electrical resistivity, while generally being impermeable for fluid flow. Is it
possible to further delimit the cause for the conductivity enhancement of the West Fault conductor?

The more shear reactivation on existing surfaces governs the deformation, the;musg deviate from strict vertical
orientation.

2In fact, numerical models of fluid flow in different styles of fault zone architecture by Caine & Hprster] (1999) have
shown that flow in the fault plane and perpendicular to the slip vector (i.e. vertical for strike-slip faults) is slightly higher
than flow parallel to the slip vector. However, this anisotropy is relatively small compared to the permeability contrast
between undeformed protolith and damage zone.
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The conductive constituent

Ores: Metallic mineral oxides or sulfides (all of which are conceivable in copper mining districts)
only affect the conductive properties of a rock mass by electronic conduction, if they form an in-
terconnected network or mesh. Dissipated ores are not effective. In that regard, ore coated fracture
meshes can very well contribute to increase bulk conductivity. However, ore coatings on slip sur-
faces were not observed in the Gorila region. Furthermore, XRD analysed samples of fault rocks
and alteration zone material did not yield a metallic ore phase in any significant amount (Janssen et
al., submitted). This is as well true for the eastward dipping coloured bands in the alteration zone
that may represent ancient pathways of fluid flow. A little prospect site for copper ores close to MT
station 56 on the South profile (the third from the east in[Fig. 6.1) exhibited some accumulation of
copper ores. However, except for the usual high conductivity close to the surface, the MT image
does not reveal a particular conductivity anomaly in that position. Finally, an interconnected mesh
of an electronically conductive phase is difficult to conceive regarding the degree of comminution
in the unconsolidated alteration zone, where the most prominent conductivity increase is observed.
Electronic conduction is therefore an unlikely candidate for the observed conductivity features.

Fault gouges:The resistivity of a clay-rich gouge typically ranges between S:0{Palackyj[ 1937;
[Eberhart-Phillips et a][, 7995). In order to produce the observed fault zone conductor, clayey
fault gouges need to be densely distributed within the zone of enhanced conductivity. However,
the field record contains no intact gouges within the alteration zone. Minor faults having gouges
are very abundant in the Triassic andesites just west of the fault trace (contributing to the high
deformation element density in Fjg. p.2) but here, resistivity is high. The fault gouge material that
was analysed proofed to be dominated by quartz/feldspar or calcite minerals. Although clay-gouge
networks can be excluded from causing the observed conductivity structures, even distributed clay
can significantly increase the materials conductivity in conjunction with fluids (see below).

Fluids: This leaves fluid involvement as the most likely candidate to explain the observed conductiv-
ity enhancement. Again a fault and fracture mesh (or the materials pores themselves) needs to be
interconnected to allow for electric current flow by ionic conduction. The fluid contained in the
rock mass must be sufficiently saline to provide the electrolyte. Besides the fluid-internal conduc-
tion, the electrochemical interaction of the fluid with the solid material along surfaces of pores or
cracks also contributes to conductivity (Schogper, 1982; Wildenschild]et al.] 2000). Particularly,
water rich alteration products (e.g. clay minerals), which coat deformational surfaces have a sig-
nificant influence. The involvement of fluids of primary meteoric origin in the alteration zone was
outlined in sectiof4]4 and the spring on the West Fault trace (plus personal experience!) proves
that surface water is abundant. In the following, salinity, fluid conductivity and the percentage
of permeable (interconnected) porosity shall be estimated to see whether fluids are a reasonable
cause for the observed electrical conductivity signature.

Porosity estimation with Archie’s Law

If we know the electrical conductivity of the fluids in the rock material, then the materials porosity can
be semi-quantitatively estimated with the help of Archie’s empirical law (see below). The primary
sampling source for surface water in the Gorila region is the cold spring located on the West Fault
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Sample water source

Radomiro Tomic explor.

shaft (200 m b.s.l)

Radomiro T. open pit
(beneath water table)

Gorila surface spring

cI- 7170 1680 60.4
g  so <0.5 <0.25 179

25 cat 647 465 102.2
=E  Mg*t 57.5 42 122
= Na 128 69 39.1
K+ 4880 1910 10

Equiv. B [mequ/l] 184.83 62.95 6.58
Fluid res.p; [©2m] 0.6* 1.7t 16.7°

With bulk rock resistivityp, = 79 dm and porosityd™ = p¢/p, (Archie’s law)

 [%] for m =1 0.8 2.2 21
®[%] form = 1.5 3.9 7.7 35
D [%] for m = 2 8.7 14.7 46

! for CI~ dominated waterp; = 1/123 - B°-9388
2 for1<B<10:p; = 1/B(95.5 — 5.54 - log B)

Tab. 6.1: Specific fluid resistivityp(;) calculation for several ground water samples from different depth
below surface level (b.s.l.). The determinant ion constituents for the physical properties of the water are
chosen according fo Berkid[ld (I382}.is the equivalent concentration of electrolyte. Fluid resistivities

py are calculated from empirical relations describgd in Berftold ([L982). Data for Radomiro Tomic copper
mine are taken froh Cuadra & Rojjas (2001), the spring water was analysed by G. Schettler (GFZ). The
average rock resistivity,. of the central conductors of the Main and South MT profiles iS2i#D(see

Fig [5.1I7). An interconnected porosidy— filled with fluids of resistivityp; — that is minimally needed

to explain the bulk resistivity,. exclusively from the fluid contents can be calculated from Archie’s law
(e.g.[Schoppdf, T982)n is an empirical exponent, which is usually set to one for porosity estimation of
fractured rocks. See text for details.

(see map, Appk.A]4). A water sample was analysed for its ionic content (G. Schettler, GFZ), from
which the equivalent concentratidh[mequ/l] of the electroly@and, eventually, the fluid resistivity
py is calculated (see T@.l). A resistivity of 16.7Qm results for the spring water.

[Cuadra & Rojad (20Q1) published several water sample analyses from the copper deposit of
Radomiro Tomic that lies approximately 15 km to the south of the Gorila region and directly to the
east of the West Fault. While prospecting the site, an underground water sample was taken from
the ground water level at a depth of 200 m beneath the surface. Further samples were taken, after
operation of the open pit mine began, from water draining into the pit.[ Tgb. 6.1 lists the calculated
fluid resistivities. Taking these samples to be representative for regional ground waters in the alter-
ation zones, we thus achieve a qualitative salinity-, respectively conductivity - depth profile, with the

!Because anion and cation concentrations differ, the average of both has been take(Bfenktold|[198]). For
comparison: sea water with 30%. salinity has an equivalent concenti@tafn~ 500 mequ/l and a resistivity of 0.22m.
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underground water sample representing longest exposure to fluid-rock interactions. Fluid resistivity
for this sample is as low as XBn. The open pit mine water sample has shorter storage period be-
cause the drainage of water into the open pit essentially 'flushes’ the groundwater through the rocks.
However, the water nevertheless drains from deep subsurface levels (pit depth > 200 m), causing the
high ion content and low fluid resistivity of 1{Tm. The spring water is the most juvenile and close

to a characteristic meteoric stable isotope signature, as stated ifi Chap. 4.4.

Archie’s law, now, relates the measured bulk rock resistigjtyo the resistivity of the fluigh
and the porosityp assuming that only the electrolytic fluid conductivity contributes to the bulk rock
conductivity: p, = py®~". This empirically derived law has proofed to be extremely useful for
rocks at shallow depth and under low temperature conditjons (Glover]gt al], 2000). The exponent
m, typically ranging between 1s < 2.5, can not be directly measured in nature.is related to
electrical tortuosity that represents all »deviations of the true current path from a straight path with
constant current densityk (Schopjfer, 1982). In other words related to the connectivity of the
pore space containing the conductive flJid (Glover e}fal., P000). A value of 1 implies full
connectivity, while form > 1 the connectivity and thus conductivity of the porous medium decreases.
Accordingly, experiments show that rises with increasing compaction and cementation of the rock
mass|[(Schoppédlr, 7984). Unsworth ejfal. (1997) suggest that using the lower bounasilts in
more reasonable porosity estimations for fault zones with open crack textures.

Tab[6.] summarises the calculated porogityeeded to explain the averaged bulk rock resistivity
pr of 79Qm (see sedt. 516 and Fjg.5]17) for different valuesrofthe lower bound porosities are
highlighted. The inferred interconnected porosity is small for the relatively saline waters at depth of
the groundwater level. Values range between 0.8 and 7.7 depending on salinity anexipenent.

For comparison, a porosity determination on granitic rock samples from the fault core of the Limon
Verde branch of the West Fault Zone south of Calama[(see Janssef et gl., 2002) range between 7-8%
compared to the protolith with 0.8-1.5%. For the rather low-saline spring water, with least fluid-rock
interaction and direct exposure to precipitation, porosities would need to be higdwitbund 21-

35%. However, the unconsolidated alteration zone material at the surface certainly exhibits very high
porosities. Nevertheless, the porosity estimation has to be interpreted with care, where pore space
is not saturated with wa@r On the other hand, in the above estimations only the fluid intrinsic
electrolytic conduction is considered and surface and interface conduction due to electrochemical
interaction effects are ignored. Especially the abundance of clay minerals contributes significantly to
lowering the bulk resistivity of the material. This is true even for a dispersed clay content of several
percent (which might be expected in the alteration zone material), as laboratory experiments of sand-
clay mixtures by Wildenschild et §I. (20000) have shown. Taking this into consideration, a little amount
of clay minerals may decrease the amount of porosity (fluid, salinity) required to explain the observed
conductivity structures.

In summary, neither the salinity/conductivity of the waters nor the inferred porosity of the rock
mass results in constraints that exclude fluid involvement as candidate for enhancing bulk electrical
conductivity. On the contrary, the deeper we probe the more saline the fluid and the less porosity is
needed, so inherently compensating for rock compaction due to increasing lithostatic pressure. Fluids

wetting (not saturating!) the unconsolidated, granular alteration zone material increases its bulk conductivity by up to
4 orders of magnitude (G. Nover, Bonn, pers.comm.).
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of meteoric origin that penetrate(d) the intensely damaged and fractured part of the fault zone are
sufficient to explain the conductivity enhancement (Fig. 6.3).

Sealing and cementation of the fault-fracture mesh

A depth extent of the WF's fault zone conductors of around 1500 m was shown to be most plausible
for the two MT profiles (sectidn5.3.2). This would be in agreement with healing and cementation
processes that plug the fault-fracture mesh. For the mesh to be effective as permeable conduit for
fluids at greater depth it needs to be deformed (seismically or aseismically) to keep the cracks open
(e.g[Sibsol, T996). Otherwise, solutes carried in the fluid precipitate in the mesh and may eventually
seal fluid pathwaﬂ The deposited seal depends mainly on the rock composition, which controls the
solute in the fluid phase, and the temperature conditions[(e.g- JParry, 1998). Quartz sealed structures
are typical at greater depth since the kinetics of dissolution and precipitation of silica is only effi-
cient at temperatures >7090°C. Carbonate precipitation occurs at low temperatures83€°C and
consequently shallow depth (efg. Renard df al., J000; Labaumd] et al., 2001). Additionally, calcite sol-
ubility decreases with depth due to increasing pressure (sef alsd Pariy,[1998). Labagjme e al. (2001)
have observed such vertical sealing patterns for natural cataclastic fault zones in sandstones, where
guartz sealing of the faults was effective at depth greater 3 km, while the faults at shallow depth have
remained open and allowed for lateral fluid flow. The geochemical analysis of surface alteration zone
samples of the Gorila region, outlined in secfiorj 4.4, also indicates low temperature conditions (35
95°C) and no SiQ dissolution, suggesting that the fault-fracture mesh is/was not sealed at shallow
depth. Surface water can penetrate the shallow parts of the fault zone, but permeability reduction due
to quartz seals is likely to prevent further vertical flow to greater depth (cf[ Fig. 6.3).

The WF conductor is confined to a depth range smaller than 3 km, which may be attributed to an
anomalous geothermal gradient that causes $@ctions to be effective at lesser depth. However,
there is no indication for a geothermal gradient elevated abo¥€/Bt in the vicinity of the study
area[(Springer & Forstdr, 1998). More likely, that the long inactivity of the WF segment has provided
enough time for plugging the permeability even at shallower depth accompanied by progressive ex-
humation of the fault system .

Particularly the calcareous Jurassic series in the Gorila region are prone to calcite precipitation.
This, together with the generally lower bulk porosity of limestones, may explain the low resistivities
observed west of the fault trace at the Main profile. Itis thus an illustrative example for the case where
not only the textural change of the fault zone material but the juxtaposition of country rocks of differ-
ent composition and permeability properties are influencing fluid migration. Such a ’juxtaposition’
seal probably prevents westward fluid flow across the fault (cf[Fip. 6.3).

[Renard et dl. (2000) modelled compaction and sealing rates of fault gouge and fracture systems
for rocks of either quartz or calcite composition for a depth range between 2 and 9 km. The assumed
processes are intergranular pressure solution of fine grained gouge and pressure solution along stylo-
lites in the fault damage zone (no further solutes are transported into the system). These experiments

YIn cyclical fault evolution models, episodic permeability reduction and pore-fluid pressure increase in the fault zone
controls the stress needed for Mohr-Coulomb failure and thus the earthquake cydle (e.g. |Byerlde, T3P0, IP93; Rice, 1992
among many others).
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Fig. 6.3: Conceptual sketch showing
water inflow into the alteration zone
and possible larger subsidiary faults.
Electrically conductive anomalies re-
sult where permeability in the fault-
fracture mesh remains at shallow un-
sealed depth. Horizontal fluid flow
across the fault may be barred by an
uapositon R additional seal resulting from the juxta-
| i _\\__ A\l _\_ notsealed (conductive) __ | position of rocks with different perme-
quartz-sealed (non conductive) ability and healing properties. Waters
are forced back to the surface and form
springs within the alteration zone.

prominent electrical
conductivity anomalies

show that fine grained gouges compact fast within several tens of years compared to open veins and
fractures (several hundred to million years; the deeper the higher the sealing rate). For the inactive
West Fault segment fine grained gouges should thus not contribute to permeability at all.

On the basis of their experimental resUlts, Renard gt al. {2000) suggest that a 'layer’ in the crust
exists at intermediate depth (4-7 km) for which the characteristics of quartz and calcite sealing cause
slower rates of porosity and permeability reduction. For active fault zones it may be possible to
image this zone as an anomaly of enhanced electrical conductivity. Such an anomaly, capped by
a resistive block, is not published to date. However, conductivity enhancement by this effect may
contribute to the deeply reaching conductive anomalies imaged at segments of the San Andreas Fault

(e.g[Unsworth et aJf, 7997, 1999, 2000).

Lateral fluid migration

The similarity of the conductivity enhancement at the West Fault for the Main and South profile
(Fig[6.1) may suggest that water migration (groundwater flow) is directed parallel to the fault (and
the fault slip vector). Additionally, increased electrical conductivity was imaged almost along the
entire West Fault segment north of the Radomiro Tomic copper mine in the course of electromag-
netic prospecting of the greater Gorila region done by CODEEI(ID Behn, Santiago de Chile, per.
comm.). It is difficult to assess whether a horizontal component of flow exists for the West Fault
segment. However, considering the morphology of the greater Gorila region, gravity driven pene-
tration of surface waters into the fault zone probably suffices to explain the observed fault parallel
electrical conductivity anomaly (cf. Fig.§.3). In the greater Gorila region water drains (surface and
subsurface flow) from the mountain range of the Cerros de Paqui, located to the east, and flows west-
ward towards the fault, following the inclined topography. Reaching the fault, water penetrates into
the damage-alteration zone and keeps confined to it. Permeability contrasts and possible seals, e.g.
caused by juxtaposition of different rock series (the Jurassic limestones in this special case) restrict
further westward flow and may even force the water to flow out in little cold springs located on the
fault trace.

The Cmperacion Nacional deCabre (Santiago de Chile, Calama) operates the copper mines of Chuquicamata and
Radomiro Tomic.
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Evolution of West Fault Zone as fluid conduit

The following description of the West Fault Zone evolution as fluid conduit is based on the data
from the well studied copper mines of Chuquicamata, Radomiro Tomic and El Abra in conjunction
with the results of this work. First major fluid involvement evidenced for the West Fault system
are high-temperature, late magmatic fluids connected with the emplacement of granitoid intrusions
around 36-33 Ma (e.§. Ossand6n ef|al., 2001; Camus & Tjfilles | 2001; compare also[Tab. 2.1). These
intrusions were controlled by preexisting weaknesses along the Precordilleran Fault System and the
West Fault System in particular and were emplaced at relatively shallow depth (between 2 km and less
than 4 km for Chuquicamata according to Reutter gf al., 1996 and McInne et a]., 1999, respectively).
Subsequent hydrothermal mineralisation events, focused in the fractured and brecciated fault zones
of high permeability, occurred in several distinguishable pulses (Ossandon[ et a].] 2001; Penberton,
[I997). The last major event in the Chuquicamata complex is dated3tbMa [Ossandon et 4l.,
[2001). The authors report that fractures have been opened and mineralized more than once, indicating
that hydrothermal alteration was operating intermittently, probably in connection with deformational
episodes of the fault system.

Later stage supergene enrichment processes result from the exhumation of the fault system and
comprise oxidation and leaching of the hydrothermally mineralized parts within the alternating ground
water table and the exposure to surface weathering. Supergene alteration processes only affect the up-
permost several hundred meters. For example, at Radomiro Tomic, alteration reaches 200 m into the
bedrock, which is overlaid by around 100 m of gravéls (Cuadra & Rpjas,|2001). Supergene activ-
ity ceased at around 14 Ma because climatic change as a consequence of the tectonic uplift caused
increasingly arid conditiong (Sillitoe & McKdg, 1996). The mining districts clearly show that su-
pergene mineralisation by circulation of ground waters has been structurally controlled by fracture

permeability of the West Fault Systep (Lindsay ef[al., 1995, I996; Cuadra & JRojas, 2001).

It is worth mentioning here that the copper ore bodies of the Chuquicamata-, Radomiro Tomic-
as well as El Abra-deposits are all located to the east of the West Fault trace. At Chuquicamata
the copper bearing porphyries are clearly cut off by the fault and there is an economical interest in
finding the corresponding western parts. However, where the West Fault dips towards the east, as
evidenced for the Gorila region, and supposing an equivalent dip during the hydrothermal and late
stage alteration episodes, then circulating fluids likely percolate into the fault-fracture mesh of the
hanging wall (i.e. the eastern side). The alteration zones and with them the enriched copper deposits
might thus be genetically confined to the eastern side.

The West Fault was still deforming, while supergene alteration was aftive. Lindsay et a]. (1996)
even suppose that the large scale sinistral displacement might postdate the supergene mineralisation.
Additionally, the exposed late Miocene - Pliocene travertines to the north of the Gorila region might
imply another episode of hydrothermal activify (Pajido, 1995; Maksaev & Tomlifison] 1995). How-
ever, no displacement has been evidenced for the greater Gorila region in Quaternary times.

Although typical supergene alteration products comprise large amounts of clay minerals, like
kaolinite and montmorillonite in the case of Radomiro Torfic (Cuadra & Rpjas,]2001), the shallow
depth extent of such mineralisation makes it impossible to exclusively cause the rather deep fault
zone conductors in the Gorila region. The present nature and interplay of fluid regime and electrical
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conductivity anomaly is best summarised as follows: Meteoric water driven into the fault zone due
to topographic control is the most plausible explanation for the observed conductivity anomalies (see
Fig.[6.3). This implies that a fair amount of interconnected porosity must have remained within the
alteration zone even after apparent cessation of faulting activity in the Quaternary. The alteration
zone presented the locus of fault related deformation and made an increased surface area available
for intense alteration processes to be effective. The involvement of the fault-fracture mesh as fluid
pathway within the alteration zone, is suggested by the identical dip of deformation elements in the
fault’s central part and the dip of the fault zone conductor (Fig. 6.2a and b). Infiltration of water is
restricted to the upper two kilometers due to likely sealing of the preserved fault-fracture mesh and
grain scale porosity at higher temperatures where quartz dissolution and precipitation processes are
likely effective. The fault zone conductors, that are imaged along the MT profiles, thus mirror present
day fluid penetration into the structurally damaged fault zone and are not directly related to the ore
mineralisation processes along the West Fault.

The large scale magnetotelluric profiles that cross the Precordillera and its fault system at latitudes
of 20.5° S and 2% S image conductivity enhancements at greater depth of approximately 10-30 km
(see Fig. Z.4f Brasse et HI., 2002; Lezdta, P001). Processes described above are not applicable for
enhancing the conductivity in that depth range, although fluid involvement is as well seen as cause
for the conductive anomaliels (Lezaffta, Jq01; Schwaledberg] P000; Echtdrnacht, 1998). The reasons
for the absence of a continuous conductor are speculative. It may be argued, that an impermeable
cap at intermediate crustal depth separates shallow from deep fluid circulation systems, both having
different sources of fluid, as schematically outlined by Torgdrsen {199Q) and Etheriddle et dl. (1983).
In times of active tectonic or magmatic activity or by hydraulic fracturing due to fluid pressure buildup
this cap may break and allow metamorphic fluids to reach the upper crust. Subsequent precipitation
of minerals reseals the cap.

Internal architecture of the West Fault segment

The internal architecture of the West Fault segment with its alteration zone differs from the conven-
tional view of brittle fault systems in low porosity rocks. In common models a rather narrow (meter
to tens of meter scale) fault core consisting of fault breccia, (ultra-) cataclasite or gouge is surrounded
by a wider damage zone with secondary fault related structfures (Caing{ et a).] 1996, Caine & Forster,
[1999). Porosity and permeability reduction processes in the core typically define it as barrier for
fluid flow, while the damage zone exhibits increased fluid permeability compared to fault core and
undeformed protolith.

The damage elements of the Gorila region comprise mainly small (subsidiary) faults and slip
surfaces (fractures), while mineral filled veins are rare. The frequency distribution of these damage
elements (Fig. 4]2 and Fig. §.2) is rather typical, showing an increasing number with proximity to the
fault trace. The difference, now, is that a wide zone up to 400 m with hardly any faults and frac-
tures is not defined by typical fault core material, such as cataclasites, gouge or a series of gouge
bands (as in the conceptual mode[ of Faulkner & Riitter, P00] and Falflknef, 2001), but by intense
alteration of the granitoid rocks. The material is strongly comminuted and brecciated and former
deformation structures are preserved as coloured bands. Small gouges or cataclasites may be over-
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printed by the alteration and thus not preserved. This central part of the fault is electrically conductive
for it is sufficiently permeable to allow water entering to a depth of about 1500 m (cf_Hig. 6.3). In
[Caine et aJf (1996) arfd Caine & Forsfier (1p99) classification of architectural styles and permeability
structures this segment of the West Fault is best described as a 'distributed deformation zone’, which
is characterized by 'well-developed discrete slip surfaces and associated fracture networks’, while a
well-developed fault core cataclasite is missing. The internal architecture of the WF is the result of
long lasting discontinuous activity and multiple reactivation of the fault system with alternating slip
sense and the interplay with hydrothermal and surface controlled alteration.

As exemplified by the fault segment exposed in the Chuquicamata copper pit, where a thick
gouge of >5m and a 400 m wide zone of braided shears with montmorillonitic gouge (related
to the sinistral displacement episode) is expofed (Ossandénet all, 2001), the characteristics of the
fault core change along strike of the fault. However, the Chuquicamata gouge is exposed at a deeper
structural level below the surface-600 m) and it may be possible that similar braided shear/gouge
systems are maintained at greater depth for the Gorila region, too.

6.2 Comparison with other WFZ segments and San Andreas Fault,
California

Many authors have emphasized that structural and fluid flow properties of an evolving large fault
system not only vary with time but also in space, in particular along the length of a strike-slip fault
(e.g[Evans etd]., 1997, Caine effal., 71996). For the West Fault Zone this is evident from comparison of
the studies in the Gorila region with structural and magnetotelluric investigations along two profiles
crossing the West Fault Zone at latitudes of 36’S (Guatacondo Valley) and 220’S (Limon

Verde; cf[Taubef, 2002), published[by Janssen]etal. {2002) (s¢e Fig. 2.1a for location of the profiles).
Along these fault segments the WFZ is not as clearly confined to an individual branch as in the
Gorila region (cf. Fig- 2]1). At both profiles, an alteration zone comparable to the Gorila region is not
developed. The fault core is distinguished by an increase in subsidiary fault density above regional
levels and the abundance of small-scale cataclastic zones. The analysis of fault patterns on aerial
photographs additionally enabled to identify large-scale damage zones from the frequency distribution
of faults. On this scale in the order of several tens of meters, damage zone widt##)00 m and

~ 7000 m result for the Guatacondo and Limon Verde profiles, respectjvely (Jansse}j et al., 2002).
The large value of the Limon Verde profile is supposed to result from the superposition of damage
zones of the West Fault proper and the off-branching Limon Verde Fault. The structural analysis
was accompanied with magnetotelluric investigations crossing the zones of highest subsidiary fault
density at each profile, with different experimental layouts regarding site spacing and profile length.
Electrically conductive zones have been imaged in position of the fault traces, but the depth extent
is limited to maximally 200 m (see T4b. $.2). Sealing and cementation of the fault-fracture mesh and
associated permeability has progressed much further on these segments than in the Gorila region.

Tab[6.2 summarizes the geometric properties of FZC’s of the West Fault system together with
published data from the San Andreas Fault (SAF), which represents an actively deforming strike-
slip fault. Several magnetotelluric investigations with similar experimental layout to the Gorila re-



6. Correlation and discussion 75

West Fault System San Andreas Fault
Property Gorilaregioh Guatacond® Limon Verd€ = Carizo Plaif Parkfield Hollister®
Recent activity inactive inactive inactive  locked since small earthq.,,  creeping
1857 creeping

Width of FZC 300-400m <100m - <300m 600m -
Depth of FZC ~1500m 50m 200m ~3000m <4000m ~8000m
Conductance ~5S - <5S ~20S ~250S ~600S
Porosity estim. ~1-14% - - >10-30% ~ 10-30% ~ 10-35%
Cause of lowp Surface penetration of meteoric fluids Saline fluids of meteoric origin

! This study.” Panssen et 4. (20p2){Unsworth et af (1999)! [Unsworth et af (1997, 1999, 2000).
*|Bedrosian et g. (2001, AGU Fall Meeting abstract).

Tab. 6.2: Comparison of high resolution MT studies across the West Fault System and the San Andreas
Fault (published data). Recent activity denotes the current state of deformation at the fault segments. The
width and depth values of the fault zone conductors (FZC'’s) are best fitting estimates from the respective
modelling studies. The horizontal conductance [S] is the product of width and average conductivity
(= 1/p) of FZC's. Porosities are estimated with Archie’s Law using fluid conductivities of water samples
(drill hole and spring data) that have been collected in the vicinity of the respective fault segments. The
porosity range corresponds to calculations witkexponents of one and two. Limits and assumptions

of such porosity estimations are outlined in the text. Note that this application of Archie’s Law does not
account for the electrical conductivity enhancing effects of clays that are likely abundant in fault zones.
Porosities should thus be considered as upper bounds. See text for discussion.

gion studies were realised across different segments of the[SAF (Unswortlj et dl[, 7997, 19p9, 2000;
[Bedrosian et al[, 2001). The Carizo Plain segment is believed to be locked with minimal seismicity
since the last 1857 earthquake. Seismic evenf&/of 6 happen on average every 22 years on the
Parkfield segment and microseismicity is extensive. The Hollister segment is in a state of active creep.
For all these segments a conductive anomaly is imaged in the position of the fault zone, with average
resistivities as low as @m (Parkfield segmenit; Unsworth et}al., 1P97). The geometric properties of
the fault zone conductors listed in TRb.]6.2 should not be regarded as ultimate values but they represent
the most plausible and reliable estimates inferred from modelling the data (see respective publications
for details).

For all of the SAF segments hydrogeologic interpretations of the FZC’s are favoured. This is
supported by seismic tomography studies (Holligter; Chental.] 1996) and the detection of fault zone
guided waves (Parkfieldl; Li et @[, T997), both evidencing low seismic velocities due to the likely
presence of fluids. Th&'80 andsD isotopic signature of waters sampled from thermal/ cold springs
and wells along the SAF indicate predominantly meteoric fluid origin (Kharakalgt al.] 1999). Circu-
lation depth of these waters reaches up to 6 km. The depth in which the fluids enter the San Andreas
fault zone on the imaged segments is not manifested to[date (Unswortl et al., 1999). Comparison of
the properties of the different fault zone conductors listed in[Tap. 6.2 suggests that the activity of the
fault system is correlated to the observed conductivity enhancement, here expressed as the horizontal
conductance (product of conductivity and width in [S]). That means, the greater the activity of a fault
segment, the more pronounced is the conductivity enhancement. This fits well in the concept of a
fault-fracture mesh only being permeable for conductive fluids while it is deforfned (§[bsorn, 1996).
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Sealing and cementation of this mesh reduces permeability after cessation of faulting activity (seismi-
cal or aseismical): Compared to the presently deforming Parkfield and Hollister segments, the Carizo
Plain segment exhibits a conductance an order of magnitude smaller. The conductance of the West
Fault segment in the Gorila region, without evident sign of activity in the past million years, is again
an order of magnitude smaller. Such comparison is of course limited, since the regional lithologies
and their potential fluid dispense is not taken into account. However, the amplitude of the conductive
effect of the West Fault in the Gorila region is surprising regarding the historic inactivity of the fault

in comparison with the locked Carizo Plain segment.

6.3 Fault scaling relationships

Fault width to length ratio

[Scholz et a]l (1993) argued that fault growth is a self-similar process and they predicted several fault
scaling relationships based on an elastic-plastic fracture mechanics model. The primary and most
intensely studied scaling law relates displaceménafd length §) of a fault.[Schlische et dI. (19P6)
have summarized a log-log plot showidg ratio for a fault length range dfo—2 to 10° m and argue
that the fault parameters across the entire observed range are most consistently related via a linear
scaling laff] Based on the mechanical modéland! can be related to width and length of fault
process zones or the width of the cataclastic/gouge fault fore (Schol3f et al., 1993). Here, | will first
consider thew/! ratio, since the fault width estimate for the Gorila WF segment is a result of the
presented work. In the next section, the displacement along the segment is included in the discussion.

Similarly to the diagram by Schlische et]pl. (1996), Vermilye & Scljolz (1998) have summa-
rized fault width (v) and length i) data pairs from fault studies spanning seven orders of magnitude.
This diagram is reproduced in Fjg. .4 with the following data from this and other published studies
added: (i) The West Fault segment presented in this study appears as a single fault branch on aerial
photographs compared to the more complex fault zone pattern of the Guatacondo and Limon Verde
segments] (Janssen et]fl., 2002). Fault length and width estimates for the West Fault zone used in
diagranj 6.J+ are therefore derived from the Gorila region sfudy. Dilleg[et al.](1997) reports of 170 km
of 'well exposed West Fault'. On landsat satellite images the trace of the WF can be followed for
roughly 100 km from Chuquicamata up to 22%without interruption except for stretches where the
fault is covered with alluvial debris. The data point is located at an intermediate fault length. (ii) A
further large scale fault added to the diagram is the well defined Punchbowl! Fault, a parallel branch of
the SAF, with a width estimate taken from (Schulz & Eviins, 2000). (iii) For the small scale range of
the diagram, the laboratory data of fracture process zone width in granites, publighed by Zgng et al.
), are included. The resulting/! ratio of 0.02 is similar to the value of 0.016 published by
[Vermilye & Scholj (199B) and lies within the lower bound of the predicted range of 0.0[-0.1 (5cholz
[ETar[T99B).

Despite some scatter, the trend of the data shown if Filg. 6.4 may suggest that uniform scaling
relations exist over the entire range of observable scales. However, the simplifications of such a rep-

1d = cI™ with d - displacement] - length,c is a constant related to rock properties. For the global data set the best fit
curve results ire = 0.03 andn = 1.06, according t¢ Schlische etfal. (1996). The most recent compilatialilefiata is
published iff Schultz & Fossfen (2402).
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Fig. 6.4: Double-logarithmic plot of fault width versus fault length over a large range of scales. Data
are from this study (stars) and additional published research. The lin@aatio is calculated without
consideration of the West Fault conductive width value. Also shown for reference are linear curves
with w/[ ratios of 1 (upper limit) and 0.001, as well as a curve with exponeantjdlrelationship
(dashed, exponent of 2).

resentation must be carefully considered: up to date most of the data on geometric properties of faults
are from laboratory experiments and small scale (meter-range) natural fault analysis. On the small
scale, fault properties such as damage and core zone width, length of the fault and displacement, are
relatively well defined and measurable. Additionally, faults can be chosen for investigation that prop-
agated in a more or less isotropic medium. Non of these prerequisites are satisfyingly met for large
scale faults greater than several kilometers, in particular the fault or respective fault segment length is
difficult to pinpoint. Furthermore, in laboratory experiments the measured fault width is the result of
the propagation of the fault tip (fracture process zone[ e.g. Vermilye & S{fholz] 1998) and the scaling
law predicted by Scholz et Hl. (1993) strictly speaking relates this process zone width to the length
of the fault at the time of its tip propagating past the measurement point. For natural faults such a
process zone can mostly not be distinguished from the damage zone, that records the entire and accu-
mulated history of slip events, which may comprise reactivation of faults after healing (with probable
slip direction reversal), coalescence of fault segments or the interaction of propagating faults. Fault
growth models have been modified to account for segmented rupture on a fault and spatial healing and
reloading (e.d. Cowie & Shiptdp, T998; Cowie & Schiplz, T992b), but the genetic relation of process
zone and damage zone of large scale natural faults is not yet estabfished|. Litile (1995) describes an
example, where process and damage zone for a > 100 km long strike-slip fault (Awatere fault in New
Zealand) may be discriminated. He relates a broad zone of increased fracturgn(wide) that
surrounds a fault damage zone~060 m to the finite length and finite displacement (< 1.5 km) on the
fault. The broad zone was formed during the initial growth of the fault, while softening processes on
the evolving or mature fault lead to partitioning of slip and the localisation of displacment in the fault
core (see aldo Wojtdl, T994). Lockner effal. (]991) have evidenced a similar process in the laboratory
(using acoustic emission data): The development of a shear fracture evolved from initial distributed
brittle deformation to final localisation on the failure plane with accumulating strain.
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known parameter(s) displ./length scaling width / displ. scaling
schlische96 scholz93 scholz93
d = 0.0374:% d=0.011 w/d=0.1-10
a) WF segment length)(
max. 170km d=10.5km d=1.7km
min. 60 km d = 3.5km d = 0.6 km
b) w=1km,d = 35km I = 529km 1 = 3500 km w/d ~ 0.03
c) w=1km d=0.1-10km

schlische9§: Schlische etfal. (1996), schol{93: ScholzlEt al. k1993).

Tab. 6.3: Application of fault scaling laws involving displacement to the geometric fault zone properties

of the West Fault segment in the Gorila region. Different geometric parameters are assumed to be known
(cases a-c) and the corresponding parameter is calculated using the respective scaling law. Two laws are
used for the displd)/length () ratio: the best fit estimate for published fault zone§ by Schiische] et al.
[(1998) and the observed value [by Scholz éf al. (]1993). Fault widih displacement is the inferred

range published if 'Scholz ef|al. (1993). See text for explanation.

As[Schulz & Evanf (1998, 20D0) pointed out, »the width of a fault zone is a function of the type
of measurement that is used to define it«. This is well demonstrated for the investigations of the West

Fault Zone. Where very large scale investigation of faulting pattern is possible, e.g. with the help
of aerial photographs (s¢e Janssen df al., ]2002), rather broad fault related damage zones of several
kilometers width are distinguishable (e.g. about 4 km for the Guatacondo segment). The study on
the mesoscopic outcrop scale in the Gorila region revealed increased damage element density for
approximately 1000 m across the fault. The width of the fault derived from electromagnetic imaging,
again, results in values of less than <500 m (denoted as grey star |n Fig. 6.4). It may be possible,
that the width estimates of the electrically conductive fault zone anomalies are closer related to the
latest deformation events, which have caused the fault-fracture mesh to be permeable for conductive
fluids. Fractures further away from the fault may be sealed and thus restrict fluid flow and associated
electrical conductivity effects. Fault and fracture lineations on aerial photographs, beyond that, are
still visible when the fault has long ago ceased activity and fractures are sealed and ineffective as fluid
and electric current conduit. From this point of view, the different scale investigation methods (aerial
— outcrop— electrical conductivity) also sample over different time scales, with the remote sensing
method averaging over the longest time span of the faults’ evolution.

Fault displacement scaling

In the above discussion of the fault//-ratio, the displacement of the West Fault segment has
not been considered. Tomlinson & Blafico (1997b) and Dilles Ht al. {1997) desci@akm of
sinistral displacement since the Eocene and anothet 0.5 km of dextral displacement since late
Miocene/Pliocene times (¢f.2.1). These estimates are inferred from correlation of tectonic units along
the ~ 60 km long West Fault segment between the copper mines of Chuquicamata and El Abra. A
minimum length of the WF segment is therefore 60 km, the maximum traceable length according to
[Dilles et al (199} ) is 170 km. These two values are taken as bounds for the investigated WF segment
and, together with the other geometric properties of the West Fault, are compared with the predictions
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from common scaling laws. The results are shown in[Tab. 6.3 for three cases (a-c) in which different
parameters are assumed to be known. The used scaling laws are taken from Schiidche e} al. (1996, see
above) an@ Scholz etfal. (1993). The predictions from Scholz]et al.}(1993) are based on their fracture
model. Note that the rather broad range of the widtht6 displacementd) ratio inherits the problem

of distinguishing process zone from damage zone for large faults, as described in the previous section.
Furthermore, the above outlined complications concerning fault length to width ratios are the same
for scaling laws involving the fault displacement.

For case (a) in Tap.g.3 the length of the West Fault segment is given and displacements are
calculated from the respective scaling laws. The resultimgnges between 10.5-0.6 km, which
can not be brought to agreement with the mapped 35 km of displacement. Using displad¢erment
constraint (case b) a fault length between 500 and 3500 km results which is on the scale of the entire
>2000 km long Precordilleran Fault System. On the other handy tieatio of ~ 0.03 for case (b) is
an order of magnitude smaller than the lower bound of the range of 0.1-10 published by Schplz et al.
[(1993). A greater damage zone width would be expected according to this range. A displacement in
the range of 100m to 10 km would be in agreement with the damage zone width of 1 km (case c).
This displacement is of the order of the young dextral movements af 0.5 km on the West Fault.

The discrepancy between fault width/length and displacement on the WF segment may have two
possible implications: (i) A considerable amount of displacement must be partitioned to parallel fault
segments, which all have developed an individual damage zone. According to field mapping this is
very unlikely for the region between the Chuquicamata and El Abra copper mines. (ii) Displacement
is episodical and fault growth can not be approximated with an equivalence-model where displace-
ment results from a quasi-continuous event along the entire fault Igngth (Cowie & Hcholz] 1992c).
The latter is, of course, plausible and modified models consider healing and reloading of the fault
(e.g[Cowie & Shiptof, 7998; Cowjg, 1998). The fault widthin these modified models relates to
the largest slip event on the fault. This eventually implies a smaller displacement estimate for case b)
in Tab and consequently.®/d ratio closer to the inferred range [of Scholz eff al. (1993). Addi-
tionally, fault healing might not restore the initial strength of the fault but allow for processes of strain
softening which leads to localisation of process zones of later slip stages on the fault's central parts,
as delineated in the previous section. The overprinting of process/damage zones can ultimately lead
to the formation of a cataclastic fault cofe (Scholz ejfal., 1P93; Vermilye & S¢gholz] 1998). If these
processes are generally applicable to large-scale and long-lived fault zones, it may be expected, that
fault width to length scaling reaches a plateau for the upper scale end pfFig. 6.4.




80

6. Correlation and discussion

6.4 Conclusion

Surface and subsurface characteristics of a segment of the West Fault have been studied in this thesis
using two different methods of investigation: outcrop based structural geology studies and magne-
totelluric surveying. The findings of the respective methods show strong correlation. Several points,
regarding the posed questions in the introduction, shall be emphasised below.

e The fault-related brittle damage elements of the West Fault segment in the studied Gorila region

record prevalent strike-slip deformation on subvertically oriented shear planes. Reactivation of
the fault is evident. Dextral and sinistral slip events within the fault zone can be confirmed,
whereupon dextral kinematics apparently dominate.

Damage element density is increased around the fault over a width of about 2000 m. A zone of
profound alteration and comminution of rocks forms the central part of about 400 m width.

The dimensionality analysis of the MT data justifies a two dimensional modelling approxima-
tion of the data in the frequency range from 1000 Hz to 0.01 Hz. A regional geoelectric strike
approximately parallel to the West Fault strike of NEQs indicated for this frequency range.

A fault zone conductor is imaged on both MT profiles. Induction arrows (GDS) indicate its
expansion parallel to the West Fault. The zones of enhanced conductivity are located to the east
of the fault’s surface trace and coincide in position with the alteration zone.

The fault zone conductor and the damage elements of the fault’s central part both exhibit steep
eastward dip (70-80. This suggests, together with the spatial correlation of the fault zone con-
ductor and the alteration zone, that the electrical conductivity enhancement is causally related
to a mesh of minor faults and fractures. This mesh is a likely pathway for fluids.

The (interconnected) rock-porosity that is necessary to explain the observed conductivity en-
hancement by means of fluids, is estimated using the salinity of several ground water samples
(Archie’s Law). The results indicate that fluids penetrating the damaged fault zone from the
surface are sufficient to explain the conductivity anomalies. This is supported by the preserved
geochemical signature of rock samples from the alteration zone. The analysis reveals that late
stage alteration processes were active in a low temperature regimedx&ad does not indi-

cate the involvement of fluids from deeply rooted sources.

The modelling of the MT data results in a depth extent of the fault zone conductor of at least
1100 m and indicates less than 2000 m vertical extent. Dissolution and precipitation of minerals
at greater depth and increased temperature may lead to sealing of the fault/fracture mesh,
assuming a conventional geothermal gradient and the kinetics of crack-sealing of silica.

Comparison of the results of the West Fault with published studies on the electrical conductiv-
ity structure of the actively deforming San Andreas Fault, suggests that the depth extent and
conductivity of a fault zone conductor may be correlated to the recent fault activity. Ongoing
deformation will keep the fault/fracture mesh permeable for fluids and impede cementation
and sealing of fluid-pathways.

The width estimate of the damage zone around the West Fault depends on the method applied:
a) imaging of the 'conductive width’~ 300 m), b) investigation of damage element density
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on outcrop scale~ 1000 m) and c) investigation of fault lineation density on regional scale
(remote sensing of Guatacondo segment of W=Z000m). The scale increases, on which
fault related damage is sampled, with each method listed. Also, the time interval of fault
evolution, that is preserved on the respective scales, increases. Due to the complexity of large,
long-lived fault zones and the difficulties in assigning unique values to either fault length or
fault width, the application of fault scaling laws to large-scale faults must be treated with care.

Investigations of the kind presented here always represent case studies for a specific geodynamic
environment. More examples of large-scale fault systems need to be studied and compared among
each other to work out common characteristics and fundamental differences. As this work shows, a
complex displacement history of a fault makes it difficult to relate deformational events to distinct
episodes of fault evolution. Faults to be investigated should therefore ideally have a simple dis-
placement history. The magnetotelluric method for investigating upper crustal electrical anomalies
connected to fault zones proved to be very suitable. To achieve an increased resolution of the depth
extent of the conductivity anomalies, longer but similarly dense MT profiles are needed. This will
likely lead to an increased dimensional complexity of the resolved features and would make the ap-
plication of 3D modelling techniques necessary. Since the electrical conductivity structure of a fault
zone is likely connected to its recent activity, monitoring of electrical properties of fault zone conduc-
tors of active faults may be promising to understand the relation between conductivity enhancement
or reduction and fault activity.



Appendix

A.1 Methods applied for paleo-strain/ stress reconstruction

The methods applied for fault striae analysis are primarily based on a program package written by
Sperner et al. (1993; see also Sperner & Raischbi{cher] 1994; Fpernér, 1996). The principles and
assumptions underlying each of these methods are briefly described in the paragraphs below. Pros
and cons of the different methods are thoroughly discussed in the above listed publications.

P-T axes calculation (TURNER)

This method for determining shortening (P) and extension (T) axes was originally developed by
[Turnel[(T95B) for stress analysis from calcite lamellae. In its application for fault striae analysis
theoretical P- and T-axes are calculated for each fault-slip datum. It is assumed that the P- and T-
axes lie within the plane that contains the fault plane normal and the slicken-line. The sense of slip
is crucial for this method, since it defines the position of the P-axes (and T-axes) in relation to the
fault plane. The angl® between the shortening axes and the fault plane (or lineation) is a matter of
interpretation:© is a material property and related to the coefficient of frictignby the equation:

© = 45° — 0.5arctan iy. A good general estimate f& is 30°, based on experimental studies
(Spernet[ 1996). Natural fault observations, however, imply great variability of this value. For the
P-T method, a constam-value is applied for the entire set of fault slip cﬁtﬁ’rincipal shortening

and extension axes are then derived from density contouring the individual P- and T-axes or from cal-
culation of vector means. Concentrations of P- and T-axes, finally, are interpreted as the orientations
of o1 andos.

The individual poles of P- and T-axes corresponding to each fault-slip datum are plotted inJFig. 4.6
to demonstrate their distribution around the calculated vector means. Vector means, of course, are
only reasonable if P- and T-axes are distributed in clusters and not in girdles along a great circle. For
the strike slip kinematics observed in the Gorila region clustering of both P- and T-axes is most often
obtained.

Theoretically, the P-T method is only valid for newly formed slip surfaces for which the assump-
tion that P- and T-axes lie in the normal plane to the fault containing the lineation is met. The pre-

LIf the angle® is set to 45, the method is essentially equivalent to the construction of a fault plane solution as familiar
to seismologists. The derived P- and T-axes bisect the orthogonal nodal planes, one of which is the fault plane. This
defines compressional and dilational quadrgnts. Marrett & Allmend[nger}(1990) emphasise that this is simply a different
representation of data and does not involve interpretation. Superposing the compressional and dilational quadrants of all
individual fault-slip data in a stereonet may define the orientation of the bulk P- and T-axes (right dihedra method’ by
[Angelier & Mechlef 197F).

82
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existence of slip surfaces can alter this assumption. However, results obtained with the P-T method
from larger populations are usually very well comparable with other methods.

The angleO, that is needed for the P-T method can be constrained using the additional program
KINEMAT by Michell[1993[199}). This program determines a valu®dhat most tightly clusters
the orientation of all of the P-axes (or T-axes) that correspond to each individual fault-slip datum. The
obtained value can subsequently be used in the P-T axes analysis described above or for the NDA
method (see below). In the case of plane strain strike-slip kinematics the clustering characteristics
of both shortening and extension axes can be optimized. Contrary, in a case of radial extension, for
example, only the P-axes define a cluster. The clustering statistics also help to separate data into
populations exhibiting a common P- or/and T-axes orientation.

Numerical dynamic analysis (NDA)

This method is an extension to the P-T-axes analysis baded on|[Spanp (1972). A reduced stress tensor
with shortening P = o1), extension{ = o3) and intermediateR = o) axes is calculated for each
fault-slip datum: The orientation of the principal axes is derived equivalently to the Turner method
described above, while their relative magnitudes are based on arbitrarily setting the shear stress on
each plane to one. Summation of all individual tensors and division by the number of fault-slip data
results in a bulk stress tensor. The principal axes of this tensor are obtained from an eigenvalue
analysis. Additionally, we obtain the stress ratio or strain fagtowhich is the ratio of magnitudes

of the principal axes of the reduced stress tengo#: gf%gg (IEtchecopar et aI 19{31). Together with

the orientation of the principle axes, the stress ratio denotes the stress regime. If faults are formed
in pure normal, thrust or strike-slip regimésis close to 0.5. It deviates from 0.5 the greater the
transpressive or transtensive component is.

The measured displacement direction for each fault can be checked for consistency with the slip
sense resulting from the calculated bulk tensor. Using Bott's (1959) equation we can calculate the
predicted direction of maximum shear stress on a given fault plane that corresponds to the bulk tensor
and the respective stress rafid This predicted orientation is then compared to the measured slip
orientation. The mean angular deviation of the measured slip direction of each fault from the orienta-
tion of the calculated maximum shear stress is expressed as fluctéatiomwhich ideally should be
zero. The values oR and F" are given in Fid. 4)6.

Direct inversion (INVERS)

The above mentioned Bott-equation for determination of the direction of maximum shear stress on
a givenfault plane within a defined stress field, is the basis for direct inversion of fault slip data.
The pre-existence of weaknesses (fractures, that might develop during the tectonic event; preexisting
slip-surfaces; bedding planes) is an implicit requirement for this method. The direct inversion applied
in this work (INVERS) is based on an algorithm py Angelier & Gofjuel (1979). A reduced stress
tensor is calculated by minimizing the least square misfit between the calculated orientation of the
maximum shear stress and the measured direction of the striation for all data. The eigenvectors and
eigenvalues of the tensor define the principal stress directions and the stress ratipectively. The
angle® and the sense of slip is not required. Again, the slip sense is subsequently tested against the
predictions from the obtained stress tensor and the fit is expressed with the fluctuatioR'value
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Since the determination of a reduced stress tensor requires to solve for 4 unkagwns {3,
R) a homogeneously distributed fault slip data set (of at least four data) is required. The method fails
for sets with a marked dominance of one fault orientation or for sets of conjugate faults. The presence
of extreme data outliers ('data discrepant with respect to the majority of the measurements’;|Sperner
[I998) can as well lead to unreasonable results.

Conclusion

The analysed fault slip data of the Gorila region exhibit strong dominance of certain fault orienta-
tions (cf. Fig[4.]), which is expected if the West Fault system experienced several reversals of slip
direction. That makes the NDA and P-T axes method in most cases more suitable than the INVERS
method. Although the NDA and TURNER methods are theoretically restricted to newly formed
faults, the averaging over larger populations accounts for deviations from the prerequisite, that the
shortening and extension axes lie in a plane that contains the striation and the fault plane normal.
In contrast to that, the direct inversion is theoretically not applicable if more than one deformational
phase is involved in the dafa (Eichecopar eff al., 1981). By choosing andgiethat exceed a value

of 30 it can be accounted for fault weakness due to preexisting slip surfaces. The NDA method
additionally allows to check whether the resultant bulk (reduced) stress tensor is reasonable for each
of the faults in the analysed population. Thus, most of the kinematic results of this work are based on
the NDA method.
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A.2 Magnetotelluric data and model response

Impedance curves

The following three pages (Fig- A1) show the measured apparent resigtivamd phase) curves
versus period’(= 1/ f) for all sites, starting with the Main profile and followed by the South profile.
Sites are enlisted from west to east, little maps give the relative site locations. Circles denote TE
mode data and triangles TM mode data. 'ss’ signifies single site processing, 'rr’ remote reference
processing for certain frequency ranges with the specified site(s).

The inversion model response of the models shown iFij. 5.9 of sgctjon 5.5 are superposed as
solid lines. Note, that only the period range fronT#8 to 10 s was subjected to inversion.

Pseudo-sections

Pseudo-sections represent apparent resistiitgr phasep data for the complete profile versus a
vertical periodT’ axis. Resistivity or phase values are interpolated between sites for each period.
Lowest period (highest frequency) data are equivalent to small penetration depth of the electromag-
netic signal. Fid. AR shows pseudo-sections for the Main profile[ Fip. A3 presents pseudo-sections
for the South profile. In each figure, the left diagrams represent original data; the model response is
shown on the right. The upper two rows show TE mode pseudo-sections, the bottom two rows TM
mode. Black dots denote the individual frequencies that have been used for the inversion at the cor-
responding site. The white stripes in the sections result from marginal sites having greater distance
from each other than the chosen width for interpolating the data.
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Fig. Al: Station by station representation of apparent resistivity- and phase data fit. See explanatory
text at beginning of section.
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Fig. Al: Continued from previous page.
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Fig. Al: Continued from previous page. Site 50 has bad quality and only few frequencies were used
to give some resistivity constraint on the western boundary of the inversion models.
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Fig. A2: Apparent resistivity and phase pseudosections for the Main profile. The upper two rows are TE mode,
the lower two rows TM mode sections. The left hand side shows data, the right hand side model response.
Little black dots mark the frequencies used for modelling.
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A.3 Photo plates(Locations of photographs indicated on map, Appx]A.4)

Slip surfaces and slicken-lines

Photo 1: Slip surface with slicken-lines in Triassic andesites. This slip surface is coated with remains of a fine
grained fault breccia on which the striation is preserved.

Photo 2: Outcrop close to the fault trace (Triassic andesites). Slip surfaces and several minor faults show
consistent dip of about 7lowards the east.

Minor faults

W

Y

-5 P --"
e /5,1 * f
gouge(1cm) iﬁ

Photo 3: Vertical minor fault with 1 cm wide white gouge in strongly fractured and faulted Triassic andesites.
Photo 4: Vertical minor fault with brownish gouge of 0.5 cm width in Triassic andesites. Erosion formed a little
gully.
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The alteration zone E

Triassic andesites

A Triassic andesites

Photo 5: Contact of colored alteration zone in monzodiorites (left) to brittle deformed Triassic andesites (right).
The inlet gives an overview. Photos 2 and 3 were taken at the western edge of the shown Triassic outcrop. The
outcrop faces in this picture are typical for the exposures in this main drainage valley.

Photo 6: Central region of the alteration zone.

Photo 7: Close up of some colored bands in the
fluid alteration zone. The dip is representative for
most bands.

Photo 8: Unconsolidated alteration zone material.
Mineral and ore (mainly Fe-) enrichment processes
cause the coloration.
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A.4 Map of the Gorila region

The map shows a slightly simplified representation of the geologic mlap of Maksady et al. (1999). A
small map gives the geology of the surrounding area and the position of the South MT profile. Please
refer to Fig[ 3.]L in chaptfi 3 for a representation of the topography. Information included in the map
are:

e The drainage valley system as extracted from aerial photography and field mapping.
Branches that trend parallel to the West Fault strike, due to erosional exploit of less
cohesive material, are marked with grey arrows.

e Midpoint positions of locations, where structural geology information were obtained
(black dots).

e Rock sample sites for geochemical analysis (red points).

¢ Position of magnetotelluric stations. The orientation of the electrode layout (and, accord-
ingly, the induction magnetometer coils) for each site of the Main profile is indicated with
black crosses.

e Averaged bedding orientations of the Jurassic calcareous series.
¢ Position of the cold surface spring.
e Photography locations for the pictures shown in Appx] A.3.

e Results of the kinematic analysis: The results of the kinematic analysis, as outlined
in sectiof4.3 P, are represented as pseudo-focal mechanisms. The orientation of short-
ening (P oroq axes, black dots) and elongation (T @y axes, white squares) are used
to construct two mutually perpendicular nodal planes that delimit quadrants of compres-
sion (white) and dilation (black). The intersection of the nodal planes is equivalent to the
intermediate kinematic axes (B o). See Fig.4]7 for examples. This representation
facilitates to distinguish between different deformation mechanisms, such as strike-slip
(upper two rows on the map) and normal faulting (fourth row). Dextral and sinistral sys-
tems are separated according to their shortening axes orientation relative to the strike of
the West Fault. The row entitledther shows additional results at a given outcrop (e.g.
kinematic solutions that result from a distinct block). Outcrop A19 serves as example for
the kinematic analysis in sectipn4.J3.2. In three cases the orientation of the elongation
axes did not cluster (radial extension), therefore only the orientation of the shortening
axes is shown.
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magnetic permeability of free spacerd- 10~7 Vs/Am]
current density [A/M]

impedance tensor [m/s]

elements of impedance tengbr

absolute and apparent specific resistivityi]
specific electric conductivity [S/m]

phase of impedancé [ °]

magnetic transfer functions

Conventional (Swift) and phase sensitive (Bahr) tensor skewness
Swift/Bahr angle {]

regularisation (smoothness) parameter
principle stress axes

principle strain axes (shortening, intermediate, extension)
coefficient of friction

£ betweenr; or P and fault plane®]

stress ratio (shape factor) with< R < 1
Fluctuation []

specific resistivity of fluid or rock(Pm]

porosity [%0]

Archie’s Law exponent

equivalent concentration [mequ/l]

fault (segment) length [m]

damage zone (process zone) width [m]

fault displacement [m]
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