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ABSTRACT 

A total o f 178 sites have been collected for palaeomagnetic analysis from 

within two strike-slip fauh systems in northern Chile (25.4°S - 26.4°S); the Atacama 

Fault System in the Coastal Cordillera, and the Domeyko Fault System in the 

Andean pre-Cordillera. In the Coastal Cordillera, analysis o f Middle Jurassic lavas 

(La Negra Formation) and Middle Jurassic to Early Cretaceous dyke swarms reveal 

a consistent clockwise rotation o f approximately 42°. The remanence from the La 

Negra Formation passes both fold and reversal tests and is interpreted as a pre-

folding remanence. Four o f the five dyke swarms have mixed polarity, suggesting 

that they too carry a primary or very early remanence. The clockwise rotation o f the 

area is interpreted as occurring due to a domino-type mechanism where the blocks 

are bounded by sinistral faults operating in a crustal scale strike-slip duplex 

structure. The rotation is the result o f sinistral transpression during the middle 

Cretaceous as a result o f the Peruvian Orogeny leading to abandonment o f the 

Jurassic-Early Cretaceous magmatic arc in the Coastal Cordillera and its subsequent 

eastward migration. 



The Domeyko Fault System (DFS) comprises the Domeyko Fault Zone 

(DFZ), and a series o f subsidiary faults to the east which define two distinct but 

slightly overiapping domains: a fold-and-thrust belt in the north and a domain o f 

sinistral strike-slip faults in the south. Samples were collected from the volcanic 

rocks o f the Sierra Fraga Formation (Middle Jurassic) west o f the DFZ, and from the 

lavas o f the Quebrada Vicunita Formation (Late Jurassic) and Cerro Valiente 

Formation (Palaeocene) from both domains o f the DFS. Also sampled in the 

southern domain, and in a small area between the two domains were sandstones o f 

the Quebrada Monardes Formation (Early Cretaceous). A l l o f the volcanic units 

have been remagnetised and no tectonic interpretation is made from them. The 

sandstones in the southern domain record a clockwise rotation o f approximately 24° . 

This is interpreted as being due to compression across the DFS causing the sinistral 

strike-slip faults, and the blocks between them to rotate clockwise towards the major 

tectonic structure, the DFS. The sandstones in the central area between the two 

domains record an anticlockwise rotation o f approximately 28°. This is explained 

by small-scale rotation o f thrust sheets or slip on minor dextral strike-slip faults. 

The deformation and rotation in the pre-Cordillera occurred in response to the Incaic 

Orogeny during the Miocene-Oligocene. 
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Chapter 1 
INTRODUCTION 

Explicit in the plate tectonic model is the concept that the Earth's surface is 

composed of mobile rigid plates which, for most of their area, undergo slow rates of 

deformation. The boundaries of the plates, however, undergo rapid and intense 

deformation to accommodate large amounts of stress. At convergent margins this stress is 

usually accommodated in a narrow band of deformation. A typical feature often associated 

with deformation zones in overriding continental plates are crustal-scale strike-slip faults. 

Motion on these faults causes differential uplift and rotation of cnistal blocks. While it is 

not possible to quantify the stress state in the overriding continental crust from geological 

observations (Jarrard, 1986; Apperson, 1991). lithologies and structures preserved in the 

plate give an indication of ancient stress regimes and subduction processes at the margin. 

For almost 200 Ma, the Andean margin of South America (Figure 1.1) has been 

characterised by continuous subduction of normal oceanic lithosphere beneath a continental 

margin (Dalziel and Forsythe, 1985). The margin has the highest plate convergence rate in 

the world (Jarrard. 1986) and displays a variety of subduction features, including ridge 

subduction in southern Chile, variable slab dip and segmentation of the downgoing slab 

(Figure 1.2). Although little is known about the tectonics of the margin prior to this, it is 

known that the margin has faced an ocean basin since at least the latest Proterozoic (Dalziel, 

1986). 

Since the onset of orogenesis in the Late Triassic-Early Jurassic, a variety of 

subduction deformation related structures have developed. In northern Chile, Miocene-

Recent rapid uplift combined with erosion associated with the arid environment, have 

exposed these structures particularly well. This neotectonic activity also means that there is 
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Figure 1.1. Map of South America showing the location of the Arica Deflection. 
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good exposure of a variety of lithologies across the Andean margin. Palaeomagnetic 
studies carried out along the length of the Andean margin indicate the presence of crustal 
rotations. The problem, however, with many of the previous palaeomagnetic studies of 
crustal rotations is that they have been limited by poor age constraints, restricted areal 
coverage, and most importantly the rotations have not been related to known fault systems 
using structural information. 

Previous studies from the margin suggested that a palaeomagnetic study in northern 

Chile may identify rotations, and that this area is an ideal location to study rotations in 

relation to the well defined fault systems. Previous geological studies indicate that there 

are many lithologies suitable for palaeomagnetic investigation and that these are exposed 

over large areas. A study to identify, quantify and explain rotations thought to be 

associated with large scale strike-slip fault systems in the northern Chilean section of the 

Andean margin was therefore undertaken. The basic aims of this research can thus be 

summarised as follows: 

1. To identify a stable characteristic palaeomagnetic remanence direction in sites sampled 

from Mesozoic units in the Coastal Cordillera and Mesozoic to early Cenozoic units in 

the Andean pre-Cordillera. 

2. To identify and quantify any tectonic rotations by comparing characteristic remanence 

directions with those from stable South America. 

3. To integrate the palaeomagnetic interpretation with the geology of the sampling areas. 

4. To suggest tectonic models to account for both the observed rotations and the observed 

fault patterns in the study area. 

5. To consider the rotation models with respect to other rotations identified in the Andean 

margin and the large-scale tectonic processes operating in the margin. 
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In this thesis, new palaeomagnetic data are presented and interpreted from a study in 

northem Chile. Chapters two, three and four give an introduction to the ideas and 

techniques used in this thesis. Chapter two is an introduction to the concepts behind the 

geomagnetic field and the basic principles of the palaeomagnetic methods used in this work. 

Chapter three contains a critical review of the available apparent polar wander paths for 

South America, as the lack of well constrained reference poles has been a major problem in 

recognising and quantifying rotation in the Andean margin. Chapter four discusses models 

which have been published to explain rotations in the Andean margin and other tectonically 

rotated areas. Chapters five, six and seven present the new palaeomagnetic data from 

northem Chile and models for the rotation are presented. 

1.1 Selection of sampling regions 

In nonhem Chile, two of the most important tectonic features are the Atacama Fault 

System (APS) in the Coastal Cordillera, and the Domeyko Fault System (DPS) in the 

Andean pre-Cordillera. The major component of each of these fault systems is a margin 

parallel large-scale strike-slip fault, these are called the Aiacama Fault Zone (AFZ) and the 

Domeyko Fault Zone (DFZ) respectively (Figure 1.1 and 1.3). Sampling of rocks for 

palaeomagnetic analysis was carried out from lithologies which outcrop within the two fault 

systems to identify the presence of any vertical axis rotation. It was intended that by 

sampling rocks of known age, the amount and timing of any rotation could be elucidated. 

In the body of this thesis, the sampling areas from the AFS in the Coastal Cordillera and the 

DFS in the pre-Cordillera are treated as separate and independent sampling regions. 
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Figure 1.3. Generalised geological map showing the major tectonic features of the 
study area in northern Chile. The Atacama Fault System comprises the curved 
Atacama Fault Zone and the NW-SE trending faults to the west. The Domeyko Fault 
Zone is here marked the La Ternera Fault System. To the east of this are the NE 
fold-and-thrust belt domain in the north, and the NW trending faults in the southern 
domain. Together with the Domeyko Fault Zone this comprises the Domeyko Fault 
System. The sampling localities are dominantly to the west of the Atacama Fault 
Zone and east of the Domeyko fault Zone (taken from Dallmeyer etaL, 1996. 
figure 1). 
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1.1.1 The Coastal Cordillera 

The major structural feature in the Coastal Cordillera of northern Chile is the AFZ. 

The fault zone is defined by a series of sinistral ductile and brittle, sub-parallel and en-

echelon north-south faults. The fault zone has been identified over a length of 1100 km, 

extending from near Iquique (20°S) to La Serena (30°S) and is divided into three seaward 

concave curvilinear fault segments. From south to north these are the El Salado, Paposo 

and Salar de Carmen segments (Naranjo, 1987). The sampling region for this study lies in 

the northern end of the El Salado segment and lies to the east of the coastal town of 

Chanaral (Figure 1.3). The AFS is a sinistral strike-slip fault system which comprises the 

AFZ together with a set of subsidiary faults. 

This sampling locality was chosen as it had already been studied extensively, and 

work was ongoing (Berg and Breitkreuz, 1983; Herve, 1987; Scheuber and Andriessen, 

1990; Brown ei al., 1993; Grocott ei ai, 1994; Dallmeyer et aL, 1996). These previous 

studies included geochronological work and detailed lithological and structural mapping. 

Together these studies indicated a variety of dated lithologies suitable for palaeomagnetic 

analysis, within a well defined and dated structural setting. Samples for palaeomagnetic 

analysis were collected from a large area within the fault system dominantly to the west, 

but also to the east of the main strands of the AFZ. The aim of the study was to identify 

any rotation in the area and to try and relate this to the fault systems observed in the 

Coastal Cordillera. The detailed sampling localities and results from this study region are 

discussed in Chapter 5. 

1.1.2 Thepre-Cordillera 

To the east of the Coastal Cordillera, across the Central Valley, is the Andean pre-

Cordillera. In this part of northern Chile, the main structural feature is the DFZ, a large 

north-south orientated strike-slip fault zone. The fault zone comprises several large faults 
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including the West Fissure to the north, and in the sampling region, the Sierra-Castillo 
Fault, the Agua Amarga Thrust and the La Temera Fault (all marked La Temera Fault 
System on Figure 1.3). The sampling locality is SE of the major mining district of El 
Salvador (Figure 1.3). To the east of the DFZ in this area are two domains of subsidiary 
faults, these faults form a fold-and-thrust belt in the north and a set of sinistral strike-slip 
faults in the south. The two subsidiary domains, together with the DFZ define the DFS. 

This area of northern Chile has recently been re-mapped by the Service Nacional de 

Geologia y Mineria (SERNAGEOMTN), the Chilean Geological Survey, and a regional 

guide is available (Comejo et al.,-1993). The area was targeted for re-mapping to better 

constrain the distribution and age control on the large number of copper porphyry deposits 

in the region. The mapping has allowed good kinematic and geochronological controls on 

the timing of motion on the faults. Similarly, the lithologies have been better defined in 

terms of their descriptions and ages. This region therefore offers a range of well dated 

lithologies suitable for palaeomagnetic study. Samples for palaeomagnetic study were 

collected from units in both of the subsidiary fault domains that lie to the east of the DFZ, 

and also from one unit to the west. The aim was to test whether there is any difference in 

the amount or sense of rotation within the subsidiary fault system which could then be 

related to the overall fault motion. Details of the sampling and results from this study 

locality are given in Chapter 6. 

Palaeomagnetic sampling for this project took place over two field seasons in 1992 

and 1993. During the first season, sites were collected fi'om the Coastal Cordillera only. 

During the second season, additional samples were collected from targeted units in the 

Coastal Cordillera based on results obtained from the 1992 samples. Most of the second 

season was spent sampling in the pre-Cordillera. Logistical support for the fieldwork was 

provided by SERNAGEOMTN, and the fieldwork in the pre-Cordillera was carried out in 
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collaboration with geologists from the survey. Access to sampling sites was often limited 
due to the mountainous terrane and the large scree slopes at the base of many of the 
outcrops. Sampling was carried out by a petrol powered drill or block sampling. There 
were several problems v^th using the drill. Firstly, the aridity of the area meant that water 
for cooling was in short supply, and, secondly there were several mechanical problems 
with the drill. In the pre-Cordillera these were related to the altitude. The problems of 
access to the sampling sites and the difficulties with the drill, meant that most sites in both 
the Coastal Cordillera and the pre-Cordillera were collected as orientated hand samples. 

1.2 The wider context of this work 

The work from both fault systems forms part of a larger ongoing studies into the 

geology and tectonics of northern Chile and the Andean margin as a whole. The work in 

the Coastal Cordillera is related to structural and fault kinematic studies, and associated . 

petrogenic and dating work. Combining the palaeomagnetic study with these data allow 

development of an integrated model for the behaviour of the Jurassic-Cretaceous magmatic 

arc in this part of the Andean margin and its mid-Cretaceous deformation. This integrated 

approach gives information about types, times and duration of deformation and how stress 

is accommodated within the overriding continental crust. The overall aims are to gain a 

better understanding of the nature of the magmatic arc in the Coastal Cordillera of northern 

Chile and hopefrilly, magmatic arcs in other parts of the world. 

The palaeomagnetic data from the DFS in the pre-Cordillera should give more 

information about the style of deformation and stress accommodation within the fault 

system. As many of the copper porphyry deposits are associated with, or intruded along the 

major faults east of the DFZ, understanding and quantifying the rotation and motion on the 

faults offers potentially valuable geological information with respect to mining prospects in 
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the region. Overall the SERNAGEOMIN project aims to improve understanding of the 
geology and structure of this part of northern Chile, particularly with reference to locating 
and assessing the commercial viability of ore deposits. 

It can be seen from this introduction that integrating data from different branches of 

geology is the only way to solve large-scale tectonic problems. Crucial to these integrated 

studies of magmatic arcs, crustal-scale fault systems and deformation is the contribution of 

palaeomagnetism. 

1.3 Geological background to South America 

This section begins with a brief overview of the tectonic and geological 

development of the South America margin. The first section deals with some of the large-

scale tectonic history of the western margin of South America. In the second section, 

greater discussion is given to the study area in northern Chile and its development during 

the Andean Orogeny. One of the most controversial features in the Andean margin, in 

terms of its origin and signifrcance, is the change in coastline orientation and geological 

strike at approximately 19°S latitude, the Arica Deflection or Bend. As this feature has 

been important to many of the models of vertical axis rotation in the Andean margin, some 

details about these structures are discussed in the final part of this section. 
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1.3.1 The Andean margin 

As stated earlier, the western South American margin has a long history of 

continuous active subduction (Dalziel and Forsythe, 1985). The most recent subduction 

phase is the Mesozoic-Recent Andean erogenic cycle which has lasted approximately 200 

Ma. This orogeny is the second to affect the margin (Coira et ai, 1982) and is discussed 

further with respect to northern Chile in Section 1.3.2. The margin also underwent an 

earlier distinct orogenic cycle, termed the Palaeozoic Hercynic cycle (Coira et ai, 1982). 

The geology and tectonics of the Hercynic cycle are not well understood but it was 

characterised by alternating periods of sedimentary and/or volcanic events separated by 

short phases of deformation. At least two major regional orogenic phases are known; the 

late Ordovician Ocloyic phase, and the late Devonian Chanic phase. After this time the 

geology and structure became variable and more localised, the post Devonian development 

of northern Chile is therefore discussed further in Section 1.3.2. 

During the Palaeozoic, prior to the break up of the Gondwana supercontinent, the 

western continental margin of South America was increased in width by accretion of exotic 

terranes (Dalziel and Forsythe, 1985). Although a major allochthonous terrane has been 

recognised in the Central Andes (Ramos et al., 1986; Mpodozis and Ramos, 1989), the 

majority recognised so far are located in the south of the continent (Dalziel and Forsythe, 

1985; Rapalini et aL, 1985). Along most of the length of the Andean margin, terrane 

accretion appears to have ceased during the Triassic, the exception to this is Ecuador, 

where accretion of exotic terranes continued until at least the Palaeocene (Daly, 1989). 

A major change in the tectonics of the Andean margin began in the early Mesozoic 

with the onset of the Andean orogenic cycle. At this time, Gondwana began to fragment 

and South America drifted westwards. This plate reorganisation led to the initiation of the 

development of the Andean Cordillera. The onset of magmatism in the overriding 

continental plate was diachronous (Dalziel, 1986) and developed from the north (Middle-
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Late Triassic) to the south (N4iddle-Late Jurassic). This diachroneity was probably related 
to a north-south change in the motion and direction of the subducting plate (Scheuber and 
Reutter, 1992). A feature of the Mesozoic evolution of the Andean margin is the variation 
and tectonic segmentation observed along the length of the margin (Mpodozis and Ramos, 
1989). There are changes in structural style and differences in the development of both the 
magmatic arcs and back-arcs within each of the segments. As this study is based in 
northern Chile, only the geology of this section of the margin is discussed in detail. 

1.3.2 The geology of northern Chile 

In northern Chile, after the major tectonic phases of the Hercynic cycle ended in the 

Late Devonian, Carboniferous to Lower Permian sediments were deposited in a shallow 

marine environment (Bell, 1987). These were subsequently deformed and metamorphosed 

by the Early-Middle Permian Saalian phase (Coira et ai, 1982). These meta-sedimentary 

rocks were then intruded by a broad belt of genetically related Middle Permian to Early 

Triassic granitic plutons (Brown, 1991), possibly part of a magmatic arc (Coira et a/., 

1982). This intrusion marked the end of the Hercynic cycle in the South American margin 

(Coira et al, 1982). Collectively, the meta-sediments and plutons form the Palaeozoic 

basement into which the magmatic arc rocks of the Andean cycle were intruded. 

In northern Chile, the Andean cycle was characterised by the development of a 

series of magmatic arcs which are parallel to the margin. The oldest of these arcs is the 

Jurassic to Early Cretaceous arc, called the La Negra arc, in the Coastal Cordillera. In the 

mid-Cretaceous the Peruvian Orogeny (also called Mirano phase, e.g., Dalziel, 1986) 

resulted in a change from dominantly extensional, to contractional arc tectonics in northern 

Chile (Scheuber and Reutter, 1992). The orogeny caused the magmatic arc to migrate 

eastwards and establish a new mid-Cretaceous arc. This orogeny occurred in response to 

an increase in sea floor spreading rates as a result of the early stages of South Atlantic 
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rifting (Dalziel, 1986). Since this time, continued growth of the South Atlantic, and 
shallowing of the subducting Nazca plate has meant that the magmatic arc has continued 
to migrate eastwards (Dalziel and Forsythe, 1985; Scheuber and Reutter, 1992) to its 
present position in Argentina (AJlmendinger e/ a/., 1983). This eastward migration has 
preserved four magmatic arcs in northern Chile (Scheuber and Reutter, 1992). The arcs 
are defined by their age of activity and are sub-divided by Scheuber and Reutter (1992) 
into; Jurassic to Early Cretaceous, mid-Cretaceous, Late Cretaceous to Palaeogene and 
Miocene to Recent (Figure 1.4). The mid-Cretaceous arc is pooriy defined and in some 
parts of northern Chile almost absent, becoming indistinct from the Late Cretaceous to 
Palaeogene arc. Instead, the Jurassic to Early Cretaceous and Late Cretaceous to 
Palaeogene magmatic arcs are separated by the Central Valley (Dalziel, 1986), also called 
it\c Longitudinal Valley (Scheuber and Reutter, 1992) and the Central Depression (Buddin 
ei a/., 1993). This is a north- south trending basin approximately 80 km wide which has 
undergone much less deformation than the arcs to the east and west of it. 

Since the Peruvian Orogeny there have been three other major phases of 

deformation in the Andean margin, all in the Cenozoic. Two of these, the mid-Eocene 

Incaic phase, and the mid-Miocene Quechua phase (Coira el ai, 1982) correlate well with 

periods of rapid plate convergence (Pardo-Casas and Mobiar, 1987). The late Pliocene 

Diaguita phase (Jordan and Alonso, 1987) is less well defined, and may be a localised late 

stage part of the Quechua phase (Pardo-Casas and Molnar, 1987). 

For this study, samples were collected from the Jurassic to Early Cretaceous arc in 

the Coastal Cordillera, and from the Late Cretaceous to Palaeogene arc in the pre-

Cordillera. A fuller description of the geology, including lithologies and structure for 

these two sampling localities is given in Chapters 5 and 6. 
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Figure 1.4. Map showing the four magmatic arcs identified in northern Chile 
(taken from Scheuberand Reutter, 1992. figure 1). 
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1.3.3 The Arica Deflection 

One of the major tectonic and topographic features of the South America margin is 

the -50°-60° change in the direction of the geological strike, the coastline and the Andean 

mountain chain near to Arica at the Chile-Peru border (-19°S). This has been variously 

called the Arica Deflection, Arica Bend or Bolivian Orocline (Figure 1.1). It is not known 

whether this deflection is a primary feature of the shape of the continental crust unrelated 

to subduction, or is the result of subduction processes bending an originally straight or near 

straight continental margin. If the bend is an original feature of the margin, the change in 

strike orientation at the Arica Deflection may be due to changes in the angle of obliquity of 

the subducting plate along the margin causing different structural responses around the 

bend. I f the bend is not a primary feature, this suggests that an originally straight or near 

straight margin was bent or modified by a strain impressed by subduction processes. 

Many studies have tried to establish whether the Arica Deflection is primary or 

secondary in origin. Some workers have interpreted the change in palaeomagnetic 

rotations from anticlockv^ase north of the bend to clockwise south of the bend as evidence 

that the structure is secondary, models have then been presented to explain the rotation. 

Other studies have interpreted the Arica Deflection as a primary feature and a number of 

mechanisms have been presented to explain the palaeomagnetic rotations as occurring in 

situ, on both local and regional scales. These models, and the applicability of the data 

obtained in this study are discussed ftuther in Chapter 7. 
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Chapter 2 

T H E GEOMAGNETIC HELD, SAMPLING TECHNIQUES 

AND PALAEOMAGNETIC METHODS 

2.1 Introduction 

This chapter begins with a brief discussion of the nature of the Earth's magnetic field 

and its variability, followed by a discussion of the main assumptions of the palaeomagnetic 

method, as these influence the interpretation of results. The main part of the chapter deals 

with the specific palaeomagnetic methods, equipment and analytical methods used in this 

study. 

2.2 The geomagnetic fleld and acquisition of magnetisation 

Central to the palaeomagnetic method is the geocentric axial dipole model (GAD). 

This states that the position of the geomagnetic pole averaged over periods greater than a 

few millions of years is approximated by the field produced by a single magnetic dipole at 

the centre of the Earth aligned with the Earth's rotation axis. Mathematical modelling of 

the geomagnetic field, based on continuous measurements of the magnetic field direction 

made from fixed observation stations suggests that the GAD model is valid. Over shorter 

periods of time (milliseconds to a few million years) the geomagnetic field and the position 

of the geomagnetic poles changes. The present-day geomagnetic field is better described by 

an inclined geocentric dipole model where the dipole is inclined at -11.5° to the rotation 

axis. This provides the best-fit that can be achieved by a single dipole model, and can 

account for -90% of the observed field. This is referred to as the dipole field. In addition, 
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there is a non-dipole field, which is calculated by removing the dipole field from the 

observed geomagnetic field. 

The rapid changes in the geomagnetic field, typically regarded as less than 1 year 

(Merrill and McElhinny, 1983), are dominantly caused by external sources, while those vAth 

periodicities of years to millions of years are considered to be of internal origin. These 

slower changes are referred to as geomagnetic secular variation, or palaeosecular variation 

(PSV) when dealing with rocks containing a record of the past geomagnetic field. Secular 

variation is generated by changes in both the dipole and non-dipole field, the non-dipole 

changes generally having a much shorter periodicity. The fluctuations in the non-dipole 

field are thought to be related to the growth, decay and motion of the fluid eddies that 

generate this part of the field. 

Over longer time periods than are applicable for secular variation, the geomagnetic 

field direction appears to change polarity through 180°; this is termed a magnetic reversal. 

The present field configuration is referred to as normal polarity, the opposite as reversed 

polarity. I f the field direction is >45° away from either its normal or reversed positions, it is 

said to have intermediate polarity. Reversals are world-wide effects and occur at all points 

on the Earth's surface. 

Palaeomagnetic studies also indicate that the pole may undergo large directional 

departures (>45°) fi-om the GAD model that are not associated vnih polarity reversals. The 

pole position is said to undergo a geomagnetic excursion before returning to the original 

polarity. Like reversals, these phenomenon are world-wide in effect, and may represent 

aborted reversals. 

The geomagnetic field direction at the Earth's surface can be described in terms of 

declination and inclination (Figure 2.1). Declination is the angle between the field direction 

and geographic north measured in the horizontal plane, while inclination is the angle 
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Figure 2.1. Description of the Earth's magnetic field direction. The total field vector 
H can be divided into a horizontal and vertical component. Declination, D. is the 
azimuthal angle between the horizontal component of H and geographic north. 
Inclination, I, is the vertical angle between the horizontal and H. Redrawn from 
Butler (1992). 



41 

measured in the vertical plane between the field direction and the horizontal. For the GAD 

model, the declination (D) will be 0° at all points on the Earth's surface, while the 

inclination (I) is related to latitude (k) by: 

tan I = 2 tan ^ 

2.2.1 Acquisition of magnetisation 

Ideally the magnetisation recorded in a rock will have been acquired at the time of 

rock formation and be in the same direction as the prevailing geomagnetic field which is 

representative of the GAD. The magnetisation acquired at the time of rock formation is the 

primary component of magnetisation. In igneous rocks, this will normally be a thermal 

remanent magnetisation (TRM). This is acquired when the magnetic minerals cool below a 

temperature at which the magnetisation is fixed, this process is discussed further in section 

2.5.1. In sedimentary rocks, the remanence is usually acquired initially as a detrital 

remanent magnetisation (DRM), DRM can be affected by two sedimentary processes; 

depositional DRM and postdepositional DRM (pDRM), Depositional DRM considers the 

aligning force of the magnetic field on a magnetic grain at the sediment-water interface. It is 

assumed that the magnetisation of the grain will be aligned with the prevailing field 

direction. Physical processes which act on the grain after deposition but before 

consolidation are pDRM's. These processes take place in the upper levels of the sediment 

where high water content allows re-orientation of the grains. The third major type of 

remanence acquisition is chemical remanent magnetisation (CRM). In this type of 

magnetisation the magnetic grains are formed at low temperatures by either alteration of a 

pre-existing grain, or precipitation of a magnetic grain from solution. This type of 

magnetisation is most common in sediments. 
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There are three main reasons why the magnetisation in a rock may not be that 
predicted fi-om the GAD model. Firstly, i f magnetisation is acquired during a geomagnetic 
excursion, or at the intermediate stage of a polarity reversal, the direction of the 
magnetisation will not be related to the GAD field. Additionally, i f sites are collected fi-om 
rocks representing a very short time period, PSV may not be averaged out and the mean 
direction will be biased away from that expected from the GAD model. The effects of 
geomagnetic variation can usually be eradicated by sampling multiple sites. The sampled 
sites should cover a time period long enough to average out PSV. This should also identify 
sites with magnetisations acquired during excursions or reversals as the directions will lie 
away from the mean direction. 

The second problem is that the rock may be anisotropic and therefore not acquire its 

magnetisation parallel to the geomagnetic field direction. Although all magnetic minerals 

are anisotropic and will try to acquire their magnetisations along preferentially easy 

directions, the minerals are normally assumed to be randomly orientated in igneous and 

sedimentary rocks. This means that the overall rock behaves as if it were isotropic. I f the 

rock is itself strongly anisotropic the orientation of the magnetisation may be affected. 

Measurement of the magnetic anisotropy of the rock should make this problem evident. 

Sampling over wide geographical areas may also reduce this problem as significant 

anisotropy in igneous and sedimentary rocks tends to be localised. 

The third problem is that the magnetisation may not have been acquired at the time 

of rock formation. Commonly, in addition to the primary components of magnetisation a 

rock will also contain secondary components of magnetisation. These are acquired after 

formation and result from partial remagnetisation of the rock. Remagnetisation may occur 

due to heating, lightning strikes, fluid or chemical alteration, or by influence of the 

geomagnetic field in a different direction to that of the primary magnetisation. Most rocks 
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are multi-component, with the natural remanent magnetisation (NRM) consisting of a 

primary component and a mix of secondary components. In laboratory analyses the initial 

measurement made is of the total NRM. In most palaeomagnetic studies, the aim is to 

identify each component of the NRM and, ideally, to recover the primary magnetisation. 

The common characteristic magnetic direction recovered from the majority of samples in a 

rock unit is termed the characteristic remanent magnetisation (ChRM). The ChRM may not 

necessarily represent the primary magnetisation because it is possible that a rock will be 

completely remagnetised with hd trace of its original primary magnetisation remaining. 

Wherever possible, field tests are applied to determine whether the ChRM is a secondary 

component, or was acquired during, or soon after rock formation. 

2.3 Sample collection and preparation 

In the field, the plunge and azimuth of the sample, and the tectonic orientation of the 

sampled unit or bed must be recorded. This is so that the sample's demagnetisation 

trajectory can be corrected for its field orientation and any tectonic tilting. 

In this study, sites were collected as either field-drilled cores or orientated blocks. 

Block sampling was favoured due to both equipment failure and the logistical problems of 

aridity and accessibility of exposures. When field drilling, six to eight cores were typically 

taken at each site. These were oriented using both sun and magnetic compasses. The 

difference between corrected sun and magnetic compass bearings was always less than S*'. 

When block sampling, two or three magnetically orientated blocks were collected at each 

sites. Each was marked with horizontal strike lines and an independent north arrow. A 

minimum of three 25 mm diameter cores were drilled in each block, which were then re-
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orientated to their field position and the cores extracted. Specimens of 22 mm length were 
cut from the cores. 

2.4 Specimen measurement 

NRM measurements were carried out using fluxgate magnetometers (Collinson, 

1983) which work by slowly spinning a specimen inside a coil detector. The specimen 

induces a current in the coil, and the direction of magnetisation can be determined from the 

phase difference between the waveform produced and a reference waveform, while the 

amplitude is proportional to the intensity of magnetisation. For this study, most specimens 

were measured using a Molspin MS2 magnetometer which uses a fluxgaie coil detector 

inside a three layer passive shield. The shielding reduces the residual magnetic field inside 

the shield to approximately 12 nT. Aldiough the MS2 spinner has sensitivity and noise 

levels quoted at --0.03 mAm"\ specimens with NRM intensities of less than 10 mAm * were 

measured on a Geofyzica JR4 magnetometer. This magnetometer is more sensitive than the 

MS2, having a sensitivity quoted as 0.004 mAm *. This is achieved by using longer 

measurement times at more sensitive ranges to reduce the effects of noise. The residual 

magnetisation of the specimen holder is measured during calibration and is compensated for 

during measurement. In practice, the weakest specimen intensities that could be repeatably 

measured with the JR4 were found to be -0.01 mAm"'. 

2.5 Demagnetisation 

To recover the ChRM from the total NRM, specimens are progressively 

demagnetised to remove secondary components of magnetisation. The most commonly 
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used techniques are thermal and altemaiing field (AF) demagnetisation. For this study, all 
specimens were fully and progressively demagnetised in a stepwise manner. The choice of 
demagnetisation method for the bulk of the specimens was based on the behaviour of at 
least two pilot specimens from each site. 

2.5.1 Thermal demagnetisation 

All magnetic grains have two parameters which are controlled by mineralogy and 

grain size. Above the Curie temperature, saturation magnetisation becomes zero and the 

grains behave in a superparamagnetic manner. Below the blocking temperature, the 

magnetisation is stable. Between these temperanires the grain behaves in a paramagnetic 

manner, it can acquire a magnetisation, but this will quickly decay to zero and the grain is 

said to have a short relaxation time. At temperatures below the blocking temperature, the 

relaxation time increases rapidly with decreasing temperature and the remanent 

magnetisation becomes increasingly stable. To hold a stable primary magnetisation the 

magnetic grains must have relaxation times in excess of the age of the rock. Secondary 

components of magnetisation which exist in addition to the primary magnetisation will tend 

to be held by the grains with shorter relaxation times and lower blocking temperatures. A 

specimen can therefore be demagnetised by heating to progressively higher temperatures 

and cooling in zero magnetic field between measurement steps. All grains with unblocking 

temperatures below the maximum applied temperature at each demagnetisation step will 

have their contribution to the specimen NRM removed. 

Most specimens were demagnetised using a Magnetic Measurements MMTDl oven 

which has a maximum temperamre of 800°C and is encased in a four layer active magnetic 

shield. Alternatively, a Pyrox oven with a maximum temperature of 720°C and a three layer 

passive magnetic shield was used. Typically 12 specimens were demagnetised at a rime, and 
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each had a 2 cm gap from its neighbour to reduce magnetic interference between the 

specimens. The shielding on both of the ovens reduces the residual magnetic field to less 

than 20 nT. 

The length of time that a specimen needed to be held at each temperature setting in 

the MMTDI oven was tested experimentally. A typical andesite dyke specimen had a 3 mm 

by 10 mm hole drilled in it, an iron constanton thermocouple placed inside, and the hole then 

filled v^th fire clay. The specimen was placed in the centre of the oven and heated. Once 

the oven had reached its set temperature, the temperature indicated by the thermocouple in 

the specimen was recorded every 5 minutes until it stabilised. Figure 2.2 shows a graph of 

the specimen temperature versus hold time. The experiment showed that 20 minutes was a 

sufficient hold time for the temperature in the specimen to stabilise for oven temperatures up 

to 560°C, above this specimens were held for 30 minutes. An unexpected result of this 

experiment was that the specimen did not seem to reach the temperature set for the oven 

(Figure 2.2). To check the accuracy of the oven temperature settings, the thermocouple was 

again put inside the specimen and placed at the centre of the oven. The oven was then 

heated to increasing temperatures and the temperature recorded by the thermocouple allowed 

to stabilise. Figure 2.3 shows the temperature recorded by the thermocouple versus the oven 

temperature setting, for comparison, the thermocouples expected response, including its 

tolerances (12 mV up to 100°C, 2% above), is also shovwi. The results indicate that the 

heating chamber may be failing to reach the set temperature of 700°C by up to 40°C, 

although the problem of heat affecting the resistance of the wires connecting the 

thermocouple to the voltmeter is unquantified. This experiment suggests that some 

compensation must be made when interpreting specimen demagnetisation temperatures. 



47 

600 Temperature setting 
in oven (°C) 

5 10 15 20 25 
Hold time at set oven temperature (minutes) 

30 

Figure 2.2. Graph showing the amount of time that a typical andesitic dyke sample 
needs to be held at a specific temperature in order for the temperature to stabilise 
at its centre. 
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Figure 2.3. Temperature inside the MMTD1 oven measured by an Iron constanton 
thermocouple. Comparison with the expected response for the thermocouple at the 
temperatures set shows that the oven is failing to reach the set temperatures. 
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2.5.2 Alternating field demagnetisation 

One of the magnetic parameters of a grain is its microscopic coercive force, a 

measure of the grain's resistance to re-alignment of its magnetisation by an applied field. 

This force is controlled by shape anisotropy of the grain as well as mineralogy and grain 

size. If a specimen is put into a magnetic alternating field (AF), all grains with a coercive 

force less than the peak applied field will be aligned with the applied field. To demagnetise 

the specimen, the amplitude of the AF is reduced by a small amount during each alternating 

cycle, such that the field decays to zero linearly with time. This leaves all grains with 

coercivities less than the peak applied AF remagnetised along the axis of the demagnetiser 

coil, with half of the grains aligned with the positive AF and half aligned with the negative 

AF directions. Thus the magnetic moments of these grains will approximately cancel out 

leaving a net zero magnetisation. Application of tiie field along three orthogonal axes of the 

sample in turn results in effective demagnetisation of all grains with coercivities less than the 

peak applied field. More commonly, the specimen is rotated or 'tumbled' around two axes 

during the AF decay to present all axes of the sample to the demagnetiser coil, thereby 

allowing demagnetisation in a single operation. This also reduces the risk of introducing 

spurious laboratory-induced remanences during demagnetisation. Specimens can be 

progressively demagnetised by applying AFs of increasing amplitude between measurement 

steps. 

The AF demagnetiser used in this study was a two-axis tumbling type, with a 

maximum applied field intensity of 100 mT adjustable in 0.1 mT units. The specimen is 

demagnetised inside a three layer passive shield surrounded by two pairs of Helmholtz coils, 

the residual field inside the shielding being <15 nT. The decay of the AF can be set at 4, 8, 

16 or 32 ̂ iT/cycle. 
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2.6 Magnetic mineralogy studio 

2.6.1 Identification of magnetic minerals 

Magnetic mineralogy was investigated by observing the behaviour of specimens 

during demagnetisation, and by conducting rock magnetic experiments. The magnetic 

mineralogy of representative specimens was identified by acquisition and subsequent 

thermal demagnetisation of isothermal remanent magnetisation (IRM). Before the IRM 

acquisition experiments were carried out, the specimen was AF demagnetised to 100 mT to 

remove the effects of the NRM on the IRM. Progressively increasing fields were applied 

along the z axis of the specimen, up to a maximum field of 800 mT (the maximum that can 

be applied in the Plymouth laboratory), and the intensity of IRM measured after each 

application. The results are presented as shown in Figure 2.4a and b. The line graph shows 

normalised IRM intensity, while the bar chart shows normalised rate of change in IRM. If 

the sample is dominated by low coercivity minerals, the graph will have the shape shown in 

Figure 2.4a; a rapid rise in IRM saturating in the 800 mT applied magnetic field. If the 

sample is dominated by minerals with coerciviries higher than 800 mT, the graph shows a 

slower rate of IRM acquisition which does not saturate in the 800 mT applied magnetic 

field (Figure 2.4b). 

Lowrie (1990) suggested that demagnetising IRMs of differing magnitudes applied 

along three orthogonal axes in the specimen gives more information Uian demagnetising an 

IRM acquired along a single axis. In this method a large field is applied along one axis of 

the specimen. An intermediate field is then applied orthogonal to the first. This will 

remagnetise the magnetic fraction with coercivities lower than the intermediate field. A 

third, low field is then applied orthogonal to the first two. Although a large field is desirable 

for this technique (ideaUy >2 T), 800 mT is the maximum field that can be applied in the 
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Figure 2.4. a and b) IRM acquisition diagram showing normalised IRM and 
rate of change of IRM. c) Demagnetisation of three orthogonal IRMs. 
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Plymouth laboratory. The intermediate value of 300 mT was used to discriminate between 
magnetite and pyrrhotite. Pyrrhotite has a maximum coercivity of 500-1000 mT, and is 
therefore less likely to saturate in a 300 mT field. A 50 mT field was the last applied to 
identify low coercivity multi-domain magnetite which is common in many of the specimens. 
After acquisition of IRMs, the specimens were stepwise thermally demagnetised and the 
intensity of the IRM along each axis recorded at each step. The results are presented as 
shown in Figure 2.4c. The demagnerisation behaviour of the three components gives an 
indication of the magnetic mineralogy by relating coercivities and blocking temperatures. 

When a specimen is exposed to a direct field, all grains capable of being magnetised 

will be magnetised in the same direction, although some of these grains may not have 

carried a natural remanence. IRM experiments therefore identify potential carriers of 

magnetisation, not all of which need contribute to the NRM. In addition, different 

components of NRM may have been carried by different minerals, or those with different 

grain sizes. After acquisition of an IRM in a high applied field, all grains become 

magnetised in the same direction. For these reasons potential carriers identified by IRM 

experiments may not be fully representative of the original carriers of natural remanence. 

Comparison of IRM demagnetisation data with that of the NRM therefore gives more 

information than using IRM data alone. 

2.6.2 Grain size determination 

Potter and Stephenson (1986) suggested that the average size of magnetic grains 

can be investigated using a combination of rotational remanent magnetisation (RRM) and 

anhysteric remanent magnetisation (ARM). These experiments were carried out at the 

University of Newcastle upon Tyne. To generate the RRM, the specimen is exposed to an 

AF while being rotated at 95 Hz around its z axis. The AF has a frequency of 50 Hz and a 
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peak amplitude of 80 mT. Two measurements of RRM are obtained, first by spinning the 

specimen clockwise and then anticlockwise. The two spins average out inhomogeneity in 

the specimen or in the applied field and also show the presence of any stray direct field. The 

ARM is produced by rotating the sample anticlockwise again but this time in the presence of 

a 70 |iT direct field as well as the AF. The RRM/ARM ratio can be used as an estimate of 

the grain size of the magnetic fraction of a specimen. This technique only works well i f tiie 

carrier is magnetite because haematite does not acquire RRM, but does acquire ARM. The 

influence of minor proportions of haematite in magnetite-heamatite assemblages is small due 

to the much larger magnetic susceptibility of magnetite. 

2.6.3 Measurements of the decay of viscous remanent magnetisation 

Some studies of the decay of viscous remanent magnetisation (VRM) were also 

made during this work, again at the University of Newcastle upon Tyne. This was carried 

out by applying a 5 mT direct field along the z axis of the specimen. The intensity of the 

magnetisation along the z axis was then measured over a period of 10 s-1000 s witiiout 

removing the specimen fi-om the shielding of the magnetometer. A plot of intensity versus 

time shows the decay of the VRM component present in the sample. This technique offers 

a quick method of establishing the presence of VRM in specimens. In all cases this 

technique was applied to the sample after AF demagnetisation only, and after thermal 

demagnetisation to 700°C. This method gives no information about a samples ability to 

acquire a VRM. However, the technique allows comparison of viscous decay behaviour 

both before and after heating, indicating possible changes in VRM presence after thermal 

demagnetisation. 
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2.6.4 Anisotropy of magnetic susceptibility 

Bulk susceptibility, the ease with which a specimen can be magnetised due to all 

minerals present, and anisotropy of magnetic susceptibility (AMS) measurements were 

carried out on both igneous and sedimentary rocks. AMS reflects the alignment of elongate 

or platy minerals within a specimen. This alignment may be due to tectonic foliation, 

bedding or flow orientations. In this study, AMS was used as a check to see if there was 

significant anisotropy in any of the specimens as this could potentially influence the 

palaeomagnetic direction recorded in the rocks. Measurements were made using Molspin 

Minisep equipment and all AMS experiments were carried out before any demagnetisation 

of the samples. 

2.7 Data interpretation and statistics 

The palaeomagnetic remanence directions were analysed using the integrated 

software of Randy Enkin. These packages allow visual analysis of results as Zijderveld 

diagrams (Zijderveld, 1967), stereonets and intensity plots. Directions were selected by 

considering all plots in both field corrected and, where applicable, tilt corrected co-ordinates. 

The best fit direction was calculated using principal component analysis (Kirschvink, 1980). 

In most cases stable components of magnetisation were isolated from the specimens. In 

some sites this was not possible due to the presence of magnetic components with 

overlapping unblocking temperature or coercivity spectra, or differential demagnetisation of 

separate components of magnetisation. Where this occurred, great circle analyses was used 

following the method of McFadden and McElhinny (1988). Typically, the great circle 

analyses were combined with independent stable end points to calculate the mean direction. 

Components with coercivities and unblocking temperatures lower than those of the ChRM 
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are here referred to as low and intermediate components. The acceptance criteria for these 

components is that they are defined by a minimum of two points. The ChRM was selected 

by its identification in the majority of samples fi-om a site. Specimen ChRM directions from 

within individual sites were combined to give site mean directions using Fisherian statistics 

(Fisher, 1953). Site mean directions were then combined to give formation mean directions 

for each geological unit. 

Two statistical errors are calculated on the mean direction. The precision parameter, 

k, is a measure of the concentration of the individual data points around the mean direction 

and is given by 

k = (N-l)/(N-R) 

where N is the number of individual unit vectors and R is the length of the resultant vector. 

The value of k ranges from 0 where the points are distributed uniformly over the sphere, and 

approaches co as the directions concentrate to a point. The second statistical parameter is the 

confidence limit on the mean direction. This is the semi-angle of the cone of confidence 

surrounding the calculated mean direction. This confidence limit is given a probability 

level, typically 95 per cent, and is referred to as agy This confidence limit is given by 

N-R 

where a probability level,/?, of 0.95 is usually accepted in palaeomagnetic studies; N is the 

number of individual unit vectors and R is the length of the resultant vector. This statistical 

parameter suggests that 95 per cent of the time, the true mean direction will lie within cone 

of confidence calculated around the calculated mean direction. 

To identify and quantify any vertical axis rotation, formation mean directions were 

compared with a reference direction. This is the mean direction of magnetisation calculated 
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from the results of a compilation of palaeomagnetic studies which are assumed to have 

undergone no vertical axis rotation. It is important that the selected reference direction is 

well defined and that the age of the sample's magnetisation is well estabUshed so the correct 

reference direction is used. More discussion of reference directions is given in Chapter 3. 

2.7.1 Calculation of rotation, flattening and associated errors 

The amount of rotation at a site was calculated using the method of Beck (1980). 

The difference between the mean palaeomagnetic vector observed at a particular sampling 

site, or from an individual formation, and the mean expected direction for the site calculated 

from appropriate reference poles is described in terms of rotation and flattening. The 

difference in declination is rotation (R). This is measured by comparing the observed site 

mean direction (DQ) with the expected reference direction ( D J such that 

R = Do-D, 

By convention this is described as being positive for clockwise and negative for 

anticlockwise rotation. The difference in inclination is flattening (F). This is measured by 

comparing the observed inclination at the site ( I ^ ) with the expected inclination ( I J such that 

F = I . - I o 

By convention this is described as being positive for northward and negative for southward 

latitudinal shift. 

As both the observed and expected directions have associated confidence limits, so 

doRandF. These 95% confidence limits are AD and AF respectively. Beck (1980) 

suggests that these confidence limits are of the form 

AR = V A D O ^ + A D ^ ^ 

for the rotation error and 

A F = V A I . ^ + A L ^ 
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for the flattening error. Demarest (1983) carried out a statistical analysis of these proposed 

confidence limits of A D and AF and concluded that they over estimated the errors. The over 

estimation varies with the number of samples but lies in the range 20% to 25%. Demarest 

(1983) notes that in most cases, where the magnetic inclination is not close to 90° and 095 is 

small, ideally less than ten degrees, a standard correction factor can be applied. I f the 

number of palaeomagnetic samples lies between 6 and infinity, as is typical in this study, the 

correction factor varies between 0.78 and 0.8. In this study a correction factor of 0.8 has 

been applied to all calculations of confidence limits on R and F as this gives the most liberal 

estimate of the confidence limit. The formulae for the errors AR and AF on R and F 

respectively are therefore 

AR = 0.8 V A D O ^ + AD^^ 

AF = 0.8 V A I O ^ + AI^^ 

For the rotation or flattening to be considered statistically discordant, the observed direction 

must deviate fi-om the expected direction such that R > AR and/or F > AF. I f R or F lie 

within their associated confidence limits they are considered concordant and are not 

significantly different statistically. 
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Chapter 3 

PALAEOMAGNETIC R E F E R E N C E P O L E S 

AND R E F E R E N C E DIRECTIONS 

3.1 Introduction 

One of the major problems with palaeomagnetic studies of tectonic rotations in 

South America has been the lack of well constrained reference data from the stable craton, 

as this prevents reliable determination of the amount of any tectonic rotation. Many of the 

published palaeopoles from South America are poorly constrained and may therefore be 

unreliable. Problems with the studies include poor age control, insufficient sampling to 

account for palaeosecular variation, poor laboratory techniques, particulariy 

demagnetisation, and the possible effects of undetected rotation (Beck, 1988). Rotations 

calculated with respect to these reference poles may therefore be suspect, particulariy if 

they record only a small amount of rotation. 

This chapter discusses some of the methods for selecting and using reference poles, 

and applies this to the data from cratonic South America. A set of mean reference 

directions is then calculated for use as comparison in this thesis. 

A reference palaeopole is taken to represent the direction of the magnetic field at a 

specific time period. Typically several poles with small discrete time periods will be 

available from the stable cratonic part of an individual plate. Ideally, with the effects of all 

geomagnetic variations and local controls removed, the differences in the directions will 

represent motion of the plate. These poles are therefore said to be recording apparent 

polar wander (APW). Commonly, a study thought to demonstrate rotation will be from a 

time period between two fixed reference poles. To allow comparison of the direction or 



58 

pole with the reference the most common way of representing and using reference poles is 
by construction of an apparent polar wander path (APWP). This path represents the 
sequential position of the palaeopoles from a particular continent Before constructing an 
APWP, the available palaeopoles from a continent are first evaluated for their reliability 
using some form of acceptance criteria (Section 3.2). To construct the APWP a best fit 
path is fitted through the data points, normally by applying a 'sliding-time-window' to the 
data (Harrison and Lindh, 1982; Irving and Irving, 1982). or by a least-squares core fitting 
algorithm (Thompson and Clark, 1981; Jupp and Kent, 1987). These techniques have the 
advantage of averaging out random errors, or oudiers in the data, but v̂ dll also smooth the 
data resulting in the suppression of fine detail revealed by the original poles (May and 
Butler, 1986). 

Another method for construction of APWPs is palaeomagnetic Euler pole (PEP) 

analysis (Gordon et a/., 1984). In this technique a series of best fit small circle paths, and 

resulting Euler poles are calculated for an APW track. Assuming a constant angular 

displacement about the calculated Euler pole allows a series of time incremented reference 

poles to be calculated whose geometry and age range is constrained by the original 

palaeomagnetic data set. The main problem with this technique is that it forces the 

palaeomagnetic data to fit a plate tectonic model which may itself contain inherent 

inaccuracies (May and Butler, 1986). 

An alternative approach is to define reference poles based on a calculated mean pole 

for a fixed geological period. Although similar in concept to a sliding-time-window, the 

windows will be of unequal length defined by the length of the individual geological period. 

This means that the APWP cannot be used to calculate rates of geological processes such as 

sea floor spreading (May and Buder, 1986). Additionally, the chronostratigraphic 

boundaries are treated as cut-offs and the data is not averaged across the boundary. This 
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method of calculating mean poles results in a large amount of data smoothing and tiie loss of 
any fine detail. The technique is most suited to instances where there are only a few poles 
from which to calculate the mean, or there is very little variation in the directional data. The 
well constramed poles published for South America show that APW of the plate has been 
slight since at least die Late Triassic (Beck, 1988; Riley et al, 1993), with most of tiie plate 
motion occurring along lines of latitude. For this reason, Beck (1988) calculated mean 
directions fi-om the South American data for fixed geological periods. Beck (1988) 
calculated discrete directions for the Jurassic and Cretaceous. 

3.2 Reliability criteria 

While selecting reference palaeopoles for a continent it is usual to subject each pole 

to a set of minimum reliability criteria to decide whether or not it is to be included in the 

mean calculations. There is no standard set of criteria as different authors require different 

qualities fi-om their compilation, the only apparently agreed rejection criterion is that 

undemagnetised results should not be included. Ideally the reliability criteria applied should 

be objective, but in many cases the selection of the criteria is itself subjective and is in part 

controlled by the size and quality of the initial pole data base. The application of reliability 

criteria is crucial to the development of APW paths, as choice of a data base is the major 

factor in producing variation in APW paths (Harrison and Lindh, 1982). 

Application of any reliability criteria to a data set requires a trade off between the 

number of poles included and the quality and reliability of each individual pole. Lenient 

reliability criteria will increase the number of pole determinations that are included in the 

mean, but may include some unreliable or pooriy determined pole positions and these 

spurious poles may influence the shape of the APW path. Conversely, suingent reliability 

criteria may reduce the data set to only a few poles leaving the APWP ill defined and 
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possibly removing or over smoothing important features. When using reliability criteria 
the aim is to remove 'bad' poles and retain 'good' ones while noting that the exclusion of a 
pole does not necessarily make it incorrect, merely poorly constrained in terms of the 
criteria used. In short, although reliability criteria are essential to evaluate a set of poles, 
consideration of the reliability criteria used is also important when constructing or 
comparing APWPs. 

When constructing APWPs, includmg those from South America, different authors 

used different reliability criteria. In most compilations of South American poles the 

criteria has been lenient, possibly due to the lack of available poles. In this section 

examples of the criteria previously used for South American poles and those from other 

continents are discussed. The effects of the application of more lenient and more stringent 

reliability criteria on the South American pole data base are reviewed. 

Beck (1988) applied reliability criteria to the South America pole data base but the 

paucity of poles for the Mesozoic, and in particular the Jiuassic, meant that the reliability 

criteria were quite lenient. Beck (1988) defmed a set of reliability criteria as; 

1. Mean directions are based on a minimum three determinations of the geomagnetic 

field, three samples per site and three sites per mean pole. 

2. Directions are based on laboratory demagnetised directions, either AF or thermal. 

3. Directions have 95% confidence intervals of < 20°. 

Accepting that the criteria were lenient, Beck (1988) suggests that these are the minimum 

acceptable criteria tiiat should be used to evaluate the reliability of a reference pole. Beck's 

(1988) criteria are also been used by Ernesto et al. (1990) and Raposo and Ernesto (1995) 

when producing an APW path for the Mesozoic, although Raposo and Ernesto (1995) note 

that for rapidly extruded lavas a minimum ten determinations of the ancient geomagnetic 

field should be used rather than three. 
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Besse and Courtillot (1991) constructed an APWP by combining data from Europe, 
North America, Africa and India. The data from the four continents were rotated into 
African co-ordinates and used to construct a single APWP. This is referred to as the African 
Master Curve. Using combined data gave Besse and Courtillot (1991) access to a much 
larger pole data base than was available to Beck (1988) from South America, and this 
enabled a much more stringent set of reliability criteria to be used (Besse and Courtillot, 
1988; 1991). In considering the data for the African Master Curve, Besse and Courtillot 
(1991) suggest that four criteria need to be met by an individual pole for it to pass the 
reliability criteria. The criteria are defined as; 

1. Mean directions are based on a minimum of 6 sites and 36 samples. 

2. Directions have a 95% confidence interval of < 10° for the Cenozoic, <15° for the 

Mesozoic. 

3. Direction are based on successful AF or thermal demagnetisation 

4. Localities have a maximum dating imcertainty of ±15 Ma. 

Besse and Courtillot (1988; 1991) also include some poles which just fail this criterion, this 

underlines the subjectivity in data pole selection. 

Due to the extensive amount of palaeomagnetic work that has been carried out in the 

western Cordillera of North America, much attention has been given to establishing a good 

North American reference pole data base, particularly for the Early and Middle Jurassic. 

This meant that May and Butler (1986) could use very stringent reliability criteria when 

evaluating this pole data base. May and Butler (1986) define six criteria that must be passed 

as; 

1. Demonstration that a stable, primary component of magnetisation is isolated through 

AF or thermal demagnetisation (preferably both). 
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2. Mean directions are based on > 10 sites or independent geomagnetic field readings, 
preferably based on multiple samples. 

3. Fisher precision associated with VGP dispersion, 20 < k < 150. 

4. Direction have a 95% confidence interval of < 15°. 

5. The age of the localities is known to within ± 10 Ma. 

6. The study contains sufficient discussion of geological setting to demonstrate an 

appropriate understanding of necessary structural corrections. 

May and Butler (1986) comment that the selection of 20 and 150 as limits for k are 

arbitrary, and a site should not be rejected on this one criteria alone. 

Briden and Duff (1981) and Van der Voo (1993) take a different approach to 

reliability criteria, instead of just accepting or rejecting a pole, each one is graded on seven 

criteria. The system of Van der Voo (1993) uses a quality or Q rating for each pole 

depending on how many of the criteria the individual pole passes, with a suggestion that 

poles with a Q > 3 should be included. The Q ratings can then be used to produce a 

weighted average APWP vinth better constrained poles being given most weight. The 

seven criteria specified by Van der Voo (1993) are; 

1. Well-determined rock age and a presumption that magnetisation is the same age. 

2. Sufficient number of samples (n > 24), k > 10 and 0195 < 16°. 

3. Adequate demagnetisation that demonstrably includes vector subtraction. 

4. Field tests that constrain the age of magnetisation. 

5. Structural control, and tectonic coherence with craton or block involved. 

6. The presence of reversals. 

7. No resemblance to palaeopoles of a younger age (by at least a period). 
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Van der Voo (1993) also excludes any poles not based on demagnetisation of all samples, 
unpublished or poles presented in abstract form only, and any palaeopoles based on 
remagnetisations. 

The pole data base for South America is given in Table 3.1, including as much age, 

demagnetisation and geological data as are available. Whenever possible data have been 

taken from the original publication, however three of the studies are currently unavailable. 

The direction from the Mafic Dykes in Brazil (Raposo, In press) is taken from an abstract, 

the Central Alkaline Province direction from Paraguay is published, but a copy is not yet 

available, and the data from the Ceara Mirim Dykes and associated intrusions in Brazil 

(Ernesto ei aL, In prep) is referenced in Montes-Lauar et al. (1994). Also shown in Table 

3.1 is whether the poles pass each of the reliability criteria outlined above, and the Q rating 

of Van der Voo (1993). The lenient criteria of Beck (1988) means that 34 of the 36 

available poles are accepted and while this gives a large number of poles from which to 

compile an APW path, many of the poles are poorly constrained, particularly in terms of 

either age or statistical parameters. 

The more rigorous data selection criteria proposed by Besse and Courtillot (1988; 

1991) and May and Butler (1986) excludes more poles from the South American list, 24 

and 13 poles are accepted respectively (it is not known whether the unavailable poles 

would pass the criteria of May and Butler (1986) so they are not included). Most of the 

poles which fail the criteria do so because they have an insufficient number of sites or 

samples per site. The requirement for evidence of structural corrections in the criteria of 

May and Butler (1986) means that several of the studies in the South American data base 

fail the criteria. This is because most of the South American poles are based on studies of 

volcanic or intrusive rocks and this means that structural control is difficult and defining 

what qualifies as 'demonstrating an appropriate understanding' is somewhat arbitrary. For 

this reason poles can only be rejected on this criteria i f there is no discussion of structural 



\jxa\itv Age 

Strati graphic/ 

Age Range 

No. of 

sites 

For site at Ut . 26.3*'S. Long. 290.1°!: 

Dec. Inc. k 095 l>nnag Nor/re\' 

Field / other 

tests Ref. Notes B BC M Q 

L A T E C R E T A C E O U S 

Andacollo tuiTs, Argentina 69 69±4 13 348.0 -27.0 - - AF - ? Tilt 1 Remagnctised rocks F r F F 
Passa Qualro/Italiaia inlnisivcs, Bra/il 70 -70 18 348.7 -48.5 - 5.7 AF/T 16/2 Rm 2 p p P 4 
Patagonian Basalts 72 79-64 18 347.9 -49.1 31.6 6.3 AF/T 6/12 R+,Rm 3 p p P 4 
Pocos dc Caldos intrusivcs, Brazil 75 -75 6 359.9 -51.1 23.6 14.1 AF 1/5 Rm 4 R. 29 p p F 4 
Cciritos Negro Volcanics, Argentine 76 85±5-66±5 12 348.5 -62.6 13.6 12.2 AF 9/3 None 5 < 6 specimens/site p F 1- 3 
Las Curticmbrcs Fm., S'sl., basalt, Argentina 77 77±1 5 358.5 -40.9 23.7 16.0 AF/T 5/0 None 6 p ir F 3 
Sao Sabastiao slocks, Brazil 81 80.8±3.1 11 350.3 -54.7 - 7.0 AF/T 11/0 Rm 2 P P P 3 
Pocos dc Caldos ininisivcs, Brazil 88 -88 47 356.0 -51.5 64.1 2.6 AF/T 3/44 Rm 2 P P P 4 

MID-CRETACEOUS 

Mafic d>'kcs, Brazil 105 M. Cret 65 359.0 -45.0 47.3 2.6 7 P P 
Rio los Molinas Djkcs, Argentina 106 146-65 7 346.6 -45.7 51 8.0 AF 2/5 None 8 Altered rocks P F F 3 
Cabo dc Sonlo Agostinho, inlrusivcs, Brazil 106 -85-99 9 358.8 -47.3 127 4.5 AF 9/0 None 9 P P F 3 

Yescra Fm, S'st., cong., basoll, Argentina 106 -106 4 21.1 -55.9 59.1 12.0 AF/T 4/0 None 6 P F F 2 
Merida Andes, Sediments, Venezuela 111 L.Jur-L.Cret 9 357.4 -47.9 85 5.6 AF/T 6/3 R+.F+,Rm 22 V. poor age F I- 4 
Moronhao Basin Basalt, Brazil 118 118±6 18 356.7 -37.1 289 2.0 AF 18/0 None 10 R. 29 P |: F 3 
Cerro Barcino sedimcnls, Argentina 118 Aptian 11 5.2 -42.4 66.0 5.6 AF/T II/O F+ 11 P p P 5 
Vulcanites Cerro Colorado, Argentina 120 -120 7 343.9 -46.0 - 12.3 AFyT 0/7 None 12 R. this work P P F 3 
Vulcanites Cerro Colorado, Argentina 120 -120 6 357.1 -38.8 139.0 5.7 AF 6/0 None 13 R. this work P P F 2 
Vulcanites Ceno Colorado, Argentina 123 123±4 10 334.2 -41.3 17.5 11.9 AF 3/7 None 14 R. 29 P F F 3 

Ccrro Colorodo Mean 121 23 350.5 -42.8 35.8 7.0 AF/T 9/14 None 12& 13 R. this work 
Sao Sabasliao d>'kcs, Brazil 122 122.2±2.8 7 353.4 -51.2 - 8.4 AF/T 7/0 Rm 2 P P F 3 
Central Alkaline Province, Paraguay 125 130-120 75 356.3 -40.6 29.0 3.1 AF/T 15 P P 

Table 3.1 Continued. 

2 



Locality Age 

Slratigraphic/ 

Age Range 

No, of 

sites 

For site at Ut . 26.3°S, Long. 290. H ; 

Dec. Inc. k Dcmag Nor/rev 

Field / other 

tests Rcf. Notes B BC M" 9* 

115 351.8 -42.6 42.0 2.0 AF/T 79/36 R+, Psv 17 1' l> P 4 
197 359.6 -36.5 45.0 1.5 AF/T - - 18 R. 17 P P I' 4 

106 355.4 -39.1 38.0 2.3 AF/T 222/117 Rm. Psv 18 R. 17 P P P 4 
36 356.1 -36.9 29.0 4.5 AF/T - - 18 R. 17 P P P 4 
29 357.8 -37.0 2.0 16 P P 

22 354.7 -39.9 14.0 4.8 AF/T 21/1 None 19 P P P 4 
14 359.7 -39.7 43.1 6.1 AF/T 14/0 None 20 R. 29 P P P 3 
14 4.3 -36.9 - 15.0 AF/T 8/6 None 21 R. from 27 & 28 P P 1- 4 
39 7.7 -46.6 4.0 AF/T 16 P P 

15 2.5 -49.6 31.8 6.9 AF 15/0 None lOd. 17 P P P 3 

27 349.7 -68.0 4.0 AF/T 16 P P 

1 0.6 -47.3 22.9 10.9 AF 1/0 Rm 23 F F 2 

5 354.5 -64.0 41.2 12.1 AF 5/0 Rm 23 < 6 spccimens/silc P F F 3 
15 21.5 -62.2 102.8 3.8 AF/T 15/0 Rm 24 P P P 3 
5 21.3 -60.4 38.9 8.4 AF 5/0 Rm 23 < 6 specimens/site P F F 3 

5 8.5 -59.8 - 13 AF/T 4/1 None 25 d. 26 < 6 spccimcns/sitc P F 2 

E A R L Y C R E T A C E O U S 

Ponui GrossQ D>'kcs, Bm/il 

Souih Parana Basin, Brazil 

Central Parana Basin, Brazil 

North Partino Basin, Brazil 

Ceara Mirim dykes (I. V) and Sordhina 

intrusions (MCI), Brazil 

M I D D L E J U R A S S I C 

Chon Aike Fm., Argentina, Pucnto Descardo 

Chon Aike Fm., Argentina, La Reconquista 

Marifil Fm., Argentina, dj'kes/la^ns 

Ceara Mirim dykes (III, IV) and Mosquito 

flows (MC2), Brazil 

Porto Franco Volcanics, Bra/il 

E A R L Y J U R A S S I C 

Ceara Mirim dykes 01. RN2), Brazil 

Pescadcro rhyolite porph)!)'. Venezuela 

Chiacamayas Volcanics, Venezuela 

Anari and Tapirapua basall flows. Brazil 

Boli\'ar P>'kes, Venezuela 

Las Cabras l^\'as, Argentina 

131 
133 
133 
135 
135 

161 
164 
169 
168 

175 

193 
194 
195 
197 
198 
204 

-135-127 
133 

133-132 
137-132 
145-125 
130-120 

160.7±7 
164 

174- 164 
175- 160 
200-170 

175 

E. Jur 
193±6 

195±3.9 
196.6±0.4 

198±4 
204±3 

Table 3.1. Palaeomagnetic reference directions from the South American plate. Dec. and Inc. are declination and inclination of remanence direction; 
k and ags are Fisher (1953) statistical parameters; demag. is type of demagnetisation used, T is thermal, A f is alternating field; Nor/Rev is number of 
normally and reversally magnetised samples; Field/other tests are labelled as, R+, reversal; F+, Fold; PSV, Palaeosecular variation; Rm, rock magnetic. 
References are coded to Table 3.4, d. means age is from another reference. In notes R. means recalculated. Selection criteria are labelled as P, pass 
and F, Fail with respect to B, Beck (1988); BC, Besse and Courtillot (1988; 1991); M, May and Butler, (1986); Q, rating from Van der Voo (1993). 
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corrections or the original authors stated that there may be a problem with geological 
setting and palaeohorizontal control. 

Most of the South American poles, 26 of 36, pass the criteria of Van der Voo 

(1993), but many have a Q = 3 rating, indicating that they are poorly constrained (again it 

is not known which of the criteria the unavailable poles would pass, so they are not 

included). The two main problems which prevent a higher rating are, firstly, the problem 

of structural control in intrusive and volcanic rocks and secondly, as APW of the South 

American craton has been slight since the Triassic (Riley et al, 1993) any palaeopole may 

well be similar to younger poles, even by more than a period. An additional problem is 

that poles can achieve a Q rating of greater than three whilst being very poorly constrained 

in terms of one or more of the criteria. An example of this is shown by the mid-Cretaceous 

Rio los Molinas Dyke pole of Linares and Valencio (1975). Although the pole has a Q 

rating of three, it has a very poorly defined age. The individual constraints on poles with 

the same Q rating may therefore be extremely different, and this will inevitably lead to 

inconsistencies in the quality of the data selected, 

3.3 Review of previous APWPs and reference directions 

A review of the previous APWPs for South America, and those from other 

continents which could be used as a reference for the South American data are discussed. 

As the rocks in this current study are Mesozoic or Tertiary in age, only APWPs covering 

this time period are considered. Comparison of APWPs allows a check on the consistency 

of the data, and the effects of different reliabiHty criteria and construction methods. 
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An APW path for South America was compiled by Irving and Irving (1982) who 

averaged individual pole positions using 30 Ma windows to determine a mean pole every 10 

Ma. Irving and Irving (1982) do not state their reliability criteria but many of the poles used 

to calculate this path are poorly constrained. This led Beck (1988) to apply reliability 

criteria, and publish a new compilation of South America reference directions, calculating 

two mean reference poles, one for the whole of the Jurassic, the other for the Cretaceous. 

Since the compilation of Beck (1988), additional poles, particularly for the Cretaceous have 

been published. Considering this larger data set, Butler et al. (1991) suggest that 

calculating a single mean pole for the whole of the Cretaceous is inappropriate as 

distinctions can be made between poles of Early and Late Cretaceous age. 

Like the South America pole data base, the North American pole list also suffers 

from a lack of data for the late Middle to Late Jurassic. Van der Voo (1992) suggests a 

different approach to constructing APWPs which could provide data for this gap. Van der 

Voo (1992) suggests that poles from Atlantic bordering countries in areas that are likely to 

have been affected by vertical axis rotations could be used to define a pole for the Middle to 

Late Jurassic. I f a particular site has suffered vertical axis rotation, but no latitudinal shift, 

the declination will have been rotated and the corresponding pole will lie on a small circle 

path which would include the true unrotaied pole. By compiling enough pole positions 

from each continent a small circle path is defined. When the Atlantic is closed and the 

different areas are reconstructed to their original locations, the small circle paths for each 

continent will cross at the position of the true pole at this time. The small circle path for the 

South American data lies at approximately 90° to the European data and is therefore vital in 

defining the true pole position. Despite this. Van der Voo (1992) constructs the South 

American reference small circle on only four poles, all of which are clustered in an arc on 

one part of the small circle. Therefore, while this small circle technique is valid for pole 
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reconstruction, there may be a problem with the South American contribution and the true 
pole may not be well defined. 

As discussed earlier, Besse and Courtillot (1991) generated a synthetic APWP, the 

African Master Curve, by taking the best constrained poles from Africa, North America, 

Europe and India. This APWP is constructed by rotating all poles that pass their reliability 

criteria into African co-ordinates. The APWP is synthetic as it relies on data from more 

than one continent rotated using plate reconstruction models. This synthetic APWP can be 

used for reference on any continent by rotating the path into the correct co-ordinates for the 

continent as defined by plate reconstruction parameters. Roperch and Carlier (1992) 

rotated poles from the African Master Curve of Besse and Courtillot (1991) for the period 

10 Ma-200 Ma by partial and progressive closure of the Atlantic Ocean. The individual 

calculated poles are separated by 10-30 Ma gaps. The rotated poles from the African 

Master Curve therefore provide an alternative set of reference directions for South 

American palaeomagnetic data. 

One of the most studied areas for South America reference poles has been the 

intracratonic basalts of Brazil, particularly from the Serra Geral Formation in the Parana 

Basin (Piccirillo and Melfi , 1988, Ernesto et ai, 1990). Many of the poles were poorly 

dated and this made comparison of poles and construction of an APW path difficult 

(Raposo and Ernesto, 1995). Recently, many of the sites in the basin have been more 

accurately dated and the area has been divided into three distinct geochemical regions. In 

addition to publishing data from a new part of the Parand Basin, Raposo and Ernesto 

(1995) calculate new mean directions for the three parts already identified. These new 

poles are then used in association with other published poles from South America to 

construct mean poles for the Middle Jurassic to the Late Cretaceous. 

Poles from the studies of Irving and Irving (1982), Beck (1988), Raposo and 

Ernesto (1995) and Roperch and Carlier (1992) have been converted into direction space 
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using a site at 26.3°S, 290.1 °E. The mean direction paths from these studies are shown in 
Figure 3.1. With the exception of the Early Jurassic, the reference poles all show 
consistent directions and trends in the data. The rotated African Master Curve shows a 
good correlation with the South America data. As there are no South America data 
included in the master curve this provides independent evidence that the South America 
data is an accurate recorder of ancient APW. 

It can be seen from Figure 3.1 that APW of the South American plate has been 

slight since the Jurassic, and the choice of selection criteria and method of APWP 

construction makes only slight differences to the APWP. 

3.4 Calculating a new reference direction 

For tiiis thesis rocks have been sampled with ages ranging from Early Jurassic to 

mid-Cretaceous in the Coastal Cordillera, and from Early Jurassic to Early Cenozoic 

(Palaeocene-Eocene) in the Pre-Cordillera. It is therefore necessary to construct an APW 

path or a set of mean pole positions for this period. Although Butler et al. (1991) suggest 

that the reference pole probably did not align with the present axial dipole position imtil 

after 10 Ma, given the sparsity of data available for the mid-Late Cenozoic the present 

axial dipole is used for time periods younger than Eocene in this study. In this thesis the 

ages of the reference palaeopoles have all been referred to the timescale of Harland et al. 

(1989). 

Since the compilation of Beck (1988) more poles have been published and many 

older poles have been better constrained by radiometric dating. For this reason a more 
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Irving and 
Irving (1982) 

O Beck (1988) 
© Raposo and Ernesto (1995) 

E. Cret 

L. Cret 

Roperch and Cariier (1992) 

Figure 3.1. Equal area stereographic plots of previously published APWPs 
and mean palaeomagnetic reference poles converted to direction space for 
a site at 26.3'S. 290, T E . All points plot on the upper hemisphere. 
Confidence limits are for â s; numbers are Ma. before present. 
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stringent set of reliability criteria can be used to grade the available poles fipom South 
America. Of the reliability criteria discussed in Section 3.2 the 'information' system of 
rating poles (Van der Voo, 1993) results in a poor Q rating for many of the poles because 
of the problems with structural corrections. Additionally, as discussed previously, the 
criteria mean that poles can be very poorly constrained in terms of one or more of the 
criteria and still gain a Q rating of three or higher. The criteria of May and Butler (1986) 
significantly reduce the number of poles available to calculate the mean direction, and leave 
some time periods very poorly defined. The criteria of Besse and Courtillot (1988; 1991) 
seem to form a sensible middle ground between the criteria of Beck (1988) and May and 
Butler (1986). For this reason the criteria of Besse and Counillot (1988; 1991) are used to 
assess the reliability of palaeopoles in this study. 

The South America data set is given in Table 3.1 and those which pass the reliability 

criteria are indicated in the right-hand column. To supplement the South America data set 

and increase the number of poles available to calculate the mean direction, African data 

which passes the selection criteria (Table 3.2) will also be included in the mean calculations. 

The African poles from the Jurassic to Eocene have been rotated into a South American 

framework using plate reconstruction parameters given by Cande et al. (1986) and Roperch 

and earlier (1992), and the final fit from Lawver and Scotese (1987). In some cases it can 

be seen that there have been multiple studies of the same formation. Where this has 

occurred, a formation mean has been calculated by averaging all of the site mean virtual 

geomagnetic poles which pass the selection criteria. This aims to reduce the effect of any 

bias which may be introduced by including many studies from a single locality. The 

exception to this is the data from the Serra Geral Formation in the Parand Basin of Brazil. 

The poles published by Ernesto et al. (1990) include the reworking of many of the older site 

localities, and the well constrained results obtained supersede those of the older studies. 



Pole Africa Rotation Afr./S. Am. 
Stniiigniphic/ 

Pole S. Am. Reference direction 
for 26.3°S. 290. r e 

Local it>' Age Age Range U l . N Long. E U t . N Long. E Angle U i . S Long. E Dec. Inc. On Reference 

E A R L Y CENOZOIC 

Snuill circles intersection 50 E. Tert. 73 194 58.5' -31.5 -19.1 77 323 351 -56 4 30 
Wadi Abut Tcircifi)!!, Rg>pi 50 E. Ten. 69 189 58.5 -31.5 -19.1 72 325 347 -60 5 31 

L A T E CRETACEOUS 

Small circles intersection 68 L.Cret. 67 223 63.0 -33.5 -25.6 77 357 346 -50 4 30 
Fucrtevcniiini 70 L.Cret. 69 221 63.0 -33.5 -26,6 78 350 348 -51 4 32 
Madagascar 70 70±7 63 243 63.0 -33.5 -26.6 75 215 17 -48 11 33 
Madagascar 73 73±7 66 218 63.0 -33.5 -27.9 75 348 345 -53 7 33 
Madagascar 74 74±6 60 212 63.0 -33.5 -27.9 69 348 334 -55 4 33 
Wadi Notosh Volcanics, Eg>pt 85 104-63 65 249 61.8 -34.0 -33.5 81 216 10 -47 11 34 
Madagascar 88 92-84 70 248 61.8 -34.0 -33,5 86 208 15 -45 11 33 

MlD-CRETACEOUS 

Madagascar 89 90-88 70 244 61.8 -34.0 -33.5 85 192 5 -44 9 33 
Wadi Natnsh Volcanics, Egypt 90 111-82 69 258 53.7^ -33.1 -41.5 87 196 4 -44 6 35 
Kimberlites (upper age), S. Africo 90 100-81 64 226 53.7 -33.1 -41.5 78 306 356 -57 5 36 
Madagascar 92 94-90 65 230 53.7 -33.1 -41.5 80 304 357 -55 6 33 
Kuoko Volcanics, SW. Africa 122 131-113 48 267 53.7 -33.1 -41.5 71 248 7 -59 3 37 
Mlonje Massif Lupala Volcanics 122 128-116 61 261 53.7 -33.1 -41.5 84 257 357 -38 6 38&39 
Kimbcrlites (Lou-cr age), S. Africa 130 145-113 48 270 45.5^ -32.2 -58.2 83 293 357 -53 10 36 

L A T E JURASSIC 

Karoo Dolerite Lovos, Mozambique 157 165-150 65 255 45.5 -32.2 -58.2 75 223 16 -51 12 40 
E A R L Y JURASSIC 

Liberia Diabases 182 192-173 69 242 45.5 -32.2 -58.2 69 234 21 -56 5 41 
Droa Valley Sills, Morocco 183 186-180 66 230 45.5 -32.2 -58.2 68 249 19 -60 4 42 
Zimbabwe Malckc/Manmgudzi 186 186 60 270 45.5 -32.2 -58.2 79 189 12 -41 8 43 &44 
Mauritanio S. Dolcrites 187 187±5 71 240 45.5 -32.2 -58.2 67 233 24 -56 6 45 
Mauriumio N. Dolcrile 187 187±5 69 232 45.5 •32.2 -58.2 67 241 23 -59 4 45 

Table 3.2. Palaeomagnetic reference poles/directions from Africa. Euler rotation parameters from; 'Cande etal.{\986); ^Roperch and 
earlier (1992); \awver and Scotese (1987). Dec. and Inc. are declination and inclination of remanence vector; a95 is according 
to Fisher (1953). References are coded to Table 3.4. 
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In this thesis all of the palaeomagnetic data are considered in direction space rather 
than pole space, this is because variations and patterns in the data are more apparent when 
considered in direction space. This approach requires the calculation of reference 
directions from the poles relative to the geographic position of the study area. To calculate 
the reference directions from the published reference palaeopoles all directions have been 
referred to a sampling locality of 26.3°S, 290.1°E, approximately mid-way between the 
study areas of the Coastal Cordillera and the Pre-Cordillera. The two study areas are 
sufficiently close so as to make it unnecessary to calculate separate reference directions for 
each. 

The full set of reference directions, both from South America and Africa, which 

pass the selection criteria are given in Table 3.3. It is obvious from Table 3.3 that, for the 

most part, there is very little variation in the directions within each Epoch. For this reason 

mean reference direction are calculated for each Epoch identified in Table 3.3 rather than 

constructing an APWP. 

3.4.1 Jurassic reference directions 

i) Early Jurassic (208-178 Ma) 

There are seven reference directions available for the Early Jurassic, dominantly 

from the rotated African data set. The directions are fairly consistent and lie east of north. 

The direction from the Ceara-Mirim dykes lies away from the main group approximately 

30° anticlockwise. The direction from these dykes also has the steepest inclination, 

possibly indicating a problem with undetected and uncorrected structural deformation of 

the sampling region. Although the reason for this directional outlier is unknown, M . 

Ernesto (Pers. comm.) notes that there is a problem with correlating the Ar*'^-Ar''° age of 
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For site at Lat . 26.3"S, U n g . 290.1*^ 

Localit>' Age Age Elange Dec. Inc. Ct95 Ref. 

E A R L Y C E N O Z O I C 

SninlJ circles intersection 50 E . T e n . 351 -56 4 30 

Wadi Abut Teircifiya, Egypt 50 ETert. 347 -60 5 31 

L A T E C R E T A C E O U S 
Small circles intersection 68 L.Cret. 346 -50 4 30 
Passa QuainVItaiiaia intrusK-es, Brazil 70 -70 349 -49 6 2 
Fuenex'entuni 70 L.Crel . 348 -51 4 32 
Mnrtngavar 70 70±7 17 ^8 11 33 
pQtagonian Basalts 72 79-64 348 -49 6 3 

73 73±7 345 -53 7 33 
74 74±6 338 -55 4 33 

Pocos de Coldos intrusiv'es, BruTdl 75 -75 0 -51 14 4 

Sao Sabastioo stocks, Bmzil 81 80.8±3.1 350 -55 7 2 
Wodi Natosh Volcanics, Eg>pt 85 104-63 10 -47 11 34 
Madagascar 88 92-84 15 -45 11 33 

Pocos de Coldos intnisi\'e3, Brazil 88 -88 356 -52 3 2 
M I D - C R E T A C E O U S 

Madagascar 89 90-88 5 -44 9 33 
Wadi Naiash Volcanics. Egypt 90 111-82 4 -44 6 35 
Kimbcrlites (upper ogc), S. A&ica 90 100-81 356 -57 5 36 
Madagascar 92 94-90 357 -55 6 33 
Mafic d>'kcs, Brazil 105 M. Crct 359 -45 3 7 

Cabo dc Santo Agostinho, intnisi\'cs, Brazil 106 -85-99 359 -47 5 9 
Cam Barcino sediments, Argentina 118 Apt! an 5 -42 6 11 
CcTTO Colorado Mean 121 123-120 351 -43 7 12& 13 
Sao Sobostiao dykes, Brazil 122 122.2±2.8 353 -51 8 2 
Kooko Volcanics, SW. Africa 122 131-113 7 -59 3 37 

Mlonjc Massif Lupata Volcanics 122 128-116 357 -38 6 38&39 
Central Alkaline Prmincc, Paraguay 125 130-120 356 -41 3 15 
Kimbcrlites (I-ower age), S. Africa 130 145-113 357 -53 10 36 

E A R L Y C R E T A C E O U S 
Ponta Grossa D>'kes, Brazil 131 -135-127 352 -43 2 17 
South Parana Basin, Brazil 133 133 0 -37 2 18 

Central Porana Basin, Brazil 133 133-132 355 -39 2 18 
North Parana Ba^n, Brazil 135 137-132 356 -37 5 18 
Ceara Mirim d>'kes (1, V) and Sordhina 135 145-125 358 -37 2 16 

intrusions (MCI), Brazil 130-120 - - - -
L A T E J U R A S S I C 

Karoo Doleritc La\'as, Mozambique 157 165-150 16 -51 12 40 

M I D D L E JURASSIC 
Chon Aike Fm., Argentina, Pucnto Dcscardo 161 I60.7±7 355 -40 5 19 
Ctaon Aikc Fm., Argentina, La Reconquista 164 164 0 -40 6 20 
Mari/Il Fm., Argentina, dykcs/Ia\'as 169 174-164 4 -37 15 21 
Ceara Mirim dykes (HI, [V) and Mosquito 168 175-160 8 -47 4 16 

nows (MC2), Brazil 200-170 - - - -
Porto Franco Volcanics, Brazil 175 175 3 -50 7 10 

E A R L Y JimASSIC 
Liberia Diabases 182 192-173 21 -56 5 41 
Draa Valley Sills, Morocco 183 186-180 19 -60 4 42 
Zimbabvre Mateke / Marongiulzi 186 186 12 -41 8 43&44 

Maurilania S. Dolerites 187 I87±5 24 -56 6 45 

Mauritania N. Dolerite 187 187±5 23 -59 4 45 
Ceara Mirim dykes (0, RN2), Brazil* 193 E . Jur 350 -68 4 16 
Anari and Topirapua basalt flop's, Brazil 197 196.6±0.4 22 -62 4 24 

Table 3.3. PaJaeomagnetic reference directions from South America and Africa (in South 

American co-ordinates) which pass the selection criteria of Besse and Courtillot (1988; 1991). 

Column headings as in Table 3.2. The ages quoted are either the specific age quoted by 

the original author, or the mid-point if an age range or chronostratigraphic stage is given. 

* indicates that the direction is not included in the calculation. 
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1. Vilas and Valencio (1978) 23. MacDonald and Opdyke (1974) 

2. Montes-Lauar et al. (1995) 24. Montes-Lauar et al. (1994) 

3. Butler et a/. (1991) 25. Valencio (1969) 

4. Opdyke and MacDonald (1973) 26. Valencio and Vilas (1972) 

5. Valencio e/ al. (1983a) 27. Mena(l990) 

6. Valencio et al. (1977) 28. Rapalini and Vilas (1991) 

7. Raposo (In press) 29. Beck (1988) 

8. Linares and Valencio (1975) 30. Besse and Courtillot (1991) 

9. Schult and Guerrieiro (1980) 31. Gouda-Hussein et al. (1979) 

10. Schult and Guerrieiro (1979) 32. Storedveldt et al. (1979) 

11. Somoza(l994) 33. Andiamirado (1971) 

12. Valencio (1972) 34. Ressetar et o/. (1981) 

13. Vilas (1976) 35. Schuhet a/. (1981) 

14. Mendia(1978) 36. Margraves (1989) 

15. Ernesto et al. (1995) 37. Gidskehaug et al. (1975) 

16. Ernesto et al. (In Prep.) 38. Gough and Opdyke (1963) 

17. Raposo and Ernesto (1995) 39. Briden(1967) 

18. Ernesto et al. (1990) 40. McElhinny and Jones (1965) 

19. Valencio and Vilas (1970) 41. Dalrymple et al. (1975) 

20. Vilas (1974) 42. Hailwood and Mitchell (1971) 

21. Rapalini et a/. (1993) 43. Gough and Brock (1964) 

22. Castillo et a/. (1991) 44. Brock (1981) 

45. Sichler et a/. (1980) 

Table 3.4. References for data quoted in Tables 3.1 to 3.3. 
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the Early Jurassic sites with the palaeomagnetic direction. For these reasons the direction 
is considered to be unreliable and is excluded from the mean calculation. 

Al l of the calculated reference directions, except that from Zimbabwe, have 

inclinations that are steeper than would be expected at the current site latitude, yielding 

palaeolatitudes in the range 37°-5rS. This suggests a more southeriy location for the 

South American plate during this time period, consistent with plate tectonic reconstructions 

for the Late Triassic-Early Jurassic (Smith and Briden, 1977; Scotese, 1990). The mean 

direction is calculated from six studies, excluding the Ceara-Mirim dyke direction, lies at 

dec= 20°, inc= -56°, 095= 7°. 

ii) MiddleJurassic(178.157.1 Ma) 

The Middle Jurassic is represented by five directions, all from South America 

which yield a mean direction at dec= 2°, inc= -43°, 095= 6°. This direction is substantially 

different to the Early Jurassic direction, the declination lies much closer to north being 

approximately 15° anticlockwise of the Early Jurassic mean direction, and the inclination is 

also shallower. The difference between the inclinations suggests -14° of northward 

latitudinal transport. Given the short time gap between the mean directions from the Early 

and Middle Jurassic, the directions must be indicating a period of rapid motion of the 

South American Plate. 

iii) Late Jurassic (157.1-145.6 Ma) 

Only one direction of Late Jurassic age passes the reliability criteria, that of the 

Karoo Lavas at dec= 16°, inc= -51°, a95= 12°. Both the declination and inclination appear 

anomalous when compared to the directions from the Middle Jurassic and Early 

Cretaceous. This study was carried out some time ago (McElhinny and Jones, 1965) and 
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the analytical procedures used may not have been as rigorous as those currently in use. As 
a consequence this direction may not be accurate and is treated with some scepticism. For 
this reason no reliable Late Jurassic mean direction is recognised. 

3.4.2 Cretaceous reference directions 

i) Early Cretaceous (145.6-131.8) 

The five studies which comprise the Early Cretaceous results are all from South 

America, four of them (excluding the Ceara-Mirim dykes) are from the Parana Basin of 

Brazil. Although the age of the Parana Basin volcanic province as a whole is poorly 

constrained (Rocha-Campos et al., 1988) the palaeomagnetic sampling localities have been 

well dated and subdivided into distinct geochemical regions (Ernesto et al., 1990; Raposo 

and Ernesto, 1995). 

Considering the extensive sampling and rigorous analytical procedures involved in 

these five studies, the directions must be regarded as very well constrained. The mean 

direction calculated from the five studies lies at dec= 356°, inc= -39°, 0 ^ 5 = 3°. 

ii) mid-Cretaceous (131.8-88.5) 

Directions from 13 studies are available for the mid-Cretaceous, 6 of which are 

from South America. The data are spread throughout the time period and the directions are 

fairly consistent, both in declination and inclination. In most cases the directions 

calculated from the African data have steeper inclinations than the South American 

directions for the corresponding age. The Euler rotation pole used to rotate the African 

data into South American co-ordinates for the majority of this time period was the 100 Ma 

pole of Roperch and Carlier (1992). The position of this Euler pole was calculated as lying 

between the earliest fracture zone Euler pole at 84 Ma (Cande et al., 1988) and the final-fit 
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pole of Lawver and Scotese (1987). The calculation assumed that the position of the Euler 
rotation pole followed a linear track with constant velocity between these two times. I f the 
motion of the Euler pole between these times was more complicated, the position of 100 
Ma pole may be inaccurate, this may have resulted in the steeper inclinations displayed by 
the directions from the African data set after rotation into South American co-ordinates 
around this pole. 

The mean direction calculated from the 13 studies lies at dec= 359°, inc= -48°, 095= 

4°, close to the direction from the Early Cretaceous. 

iii) Late Cretaceous (88.5-65) 

There are a total of 12 directions for the Late Cretaceous, five of these are from the 

South American data set. Al l of the data have inclinations steeper than would be expected 

for the current site latitude, the mean inclination gives a palaeolatitude of 32°S. In 

addition, the data show a 25° spread of directions, much greater than is observed for any 

other time period. Beck (1988) commented on the elongate or 'streaked' distribution of the 

Cretaceous South American data set and discussed possible explanations. Valencio et al., 

(1983b) and Oviedo et ai, (1991) suggest that the distribution represents true APW, but 

this seems unlikely as the South Atlantic fracture zones show no evidence of backward-

and-forward motion, or *fish-tailing', during this time period (Beck, 1988; Cande ei al., 

1988). Beck (1988) also considered the possibility that geomagnetic effects caused the 

variation, again this is unlikely as the same streaked pattern is not seen in the Cretaceous 

data from North America (Beck, 1988, based on data from Irving and Irving, 1982). The 

possibility that intracratonic block rotations may have caused the elongation of the data 

seems unlikely given the range of localities from which the data comes. This explanation 

was rejected by Beck (1988) for the South America data. Beck (1988) explained the 
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outliers by a series of problems specific to each study, but notes that these were highly 
speculative and tenuous. 

The African data also show a large spread of directions and these tend to lie at the 

extremities of the data spread, particularly the directions from Madagascar. The Euler 

rotation parameters are very well constrained for the Late Cretaceous (Cande et al., 1988) 

so it is unlikely that this is an additional source of error in the rotated African data. So, 

while the variation in the directions for the Late Cretaceous is acknowledged, no definitive 

interpretation can be given as to its origin. 

As there is no explanation for the variation in the Late Cretaceous data none of the 

directions are excluded and the mean has been calculated from all 12 directions. The mean 

direction for the Late Cretaceous lies at dec= 356°, inc= -51°, a95= 5°. 

3.4.3 Cenozoic reference direction 

i) The early Cenozoic (Palaeogene) 

The Palaeogene is very poorly constrained in terms of the number of available 

palaeomagnetic reference directions. For previous studies authors have variously used 

North American poles rotated to South American co-ordinates (Riley et al, 1993), the Late 

Cretaceous pole (Hartley et ai, 1992a), the average present day pole (Hartley et al., 1992a) 

or, most commonly, the time averaged present day field direction with no associated error 

(e.g., Heki etal., 1983, 1984, 1985; Kono e/a/., 1985; MacFadden e/a/., 1990, 1995). 

Butler et a/. (1991) suggest that using the time averaged present day direction is 

inappropriate as South America underwent significant APW between 70 and 10 Ma. 

Calculation of a new Palaeogene direction is hampered by there being no South 

American poles specifically dated as early Cenozoic. Butler et al. (1991) argue that their 

Patagonian Basalt pole, data at 79-64 Ma should also be used for at least the Palaeocene as 
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it is in good agreement with both the North American and African Palaeocene poles when 
they are rotated into South American co-ordinates. However, none of the African 
Palaeocene poles passed the reliability criteria of Besse and Courtillot (1988; 1991). There 
are though two Eocene directions in the African data base with direction close to that of 
Butler et ai (1991). As the Early Cenozoic rocks considered in this study are dated as 
Palaeocene-Eocene, and the data appears to be consistent, it seems logical to calculate an 
Early Cenozoic direction based on the combined Late Cretaceous-Palaeocene and the 
Eocene data. The mean direction for this time period lies at dec= 349°, inc= -55°, 095= 9°. 

ii) The late Cenozoic (Neogene) 

After a review of the available South American reference pole data for the late 

Cenozoic, Somoza et al (1996) conclude that the mean direction was indistinguishable 

from the time-averaged GAD position. This can therefore be used as a reference direction 

for direction of Neogene age. For this study, the direction for the GAD is given an 095 of 

zero, as was also done by Heki et al., (1983, 1984, 1985); Kono et al, (1985); MacFadden 

e/a/., (1990, 1995). 

3.5 Conclusions 

The mean reference directions calculated are given in Table 3.5, along with the 

position of the present axial dipole direction. Figure 3.2 shows an equal area plot of the 

directions. It is apparent that the amount of APW of the South America plate has been 

fairly small, recording a general westward drift due to clockwise rotation of the entire 

South American plate since the Jurassic. The similarity of the directions, at least since the 
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Figure 3.2. Equal area plot of reference directions calculated for this thesis, cones of confidence 
are shown. Open symbols denote upper hemisphere projections. 

00 
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Middle Jurassic, means that if.significant local vertical axis rotation (>20°) has occurred 
since the acquisition of the remanence, this will be evident no matter which reference 
direction is used. This means that rotation can still be recognised v^th reasonable security 
even i f the palaeomagnetic remanence was acquired some time after fomiation of the rock. 

Time period No. Declination (^) Inclination (**) 095 O 
Present Day - 0 -45 0 
Early Cenozoic 3 349 -55 9 
Late Cretaceous 12 356 -51 5 
mid-Cretaceous 13 359 -48 4 
Early Cretaceous 5 356 -39 3 
Late Jurassic 1 16 -51 12 
Middle Jurassic 5 2 -43 6 
Early Jurassic 6 20 -56 7 

Table 3.5. Reference directions calculated in this Chapter, and present day direction 

assuming a dipolar field. No. is number of studies included in the mean. 
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Chapter 4 

C A U S E S O F V E R T I C A L A X I S R O T A T I O N 

4.1 Introduction 

Studies from tectonic zones around the world have demonstrated that crusial 

rotations around vertical axes are a common component of crxistal deformation. These 

rotations may be recognised from discrepancies between observed and expected 

palaeomagnetic declinations (e.g.» Luyendyk et a/., 1980; Ron et al., 1984,1986; Beck, 

1976, 1988; Forsythe and Chisholm, 1994; Sonder et al., 1994) or from fault geometries 

(e.g., Sanderson et al., 1991; Jackson and Sanderson, 1992). The scale and distribution of 

rotations varies in every different deformation zone and the models proposed to account for 

the vertical axis rotations are therefore often case specific. 

This chapter reviews the major tectonic models that have been suggested to explain 

vertical axis rotations, both from the South American margin and from deformation zones in 

continental margins around the world. The rotation models, particularly those proposed for 

the South America margin, can be broadly divided into three categories differentiated by the 

scale at which the rotation mechanisms operate. In the first category, it is suggested Uiat 

rigid bending of an originally near-straight continental margin accounts for both 

palaeomagnetically identified rotations and the presence of the Arica Deflection; in the 

second category, the rotations occur in situ and at a much smaller scale in response to 

motion on strike-slip faults; and in the third category the rotation occurs in situ but in 

response to large-scale tectonic processes. 
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4.2 Rigid bending of the continental margin 

4.2.1 Oroclinal bending 

Carey (1958) suggested that bending of an originally straight continental margin 

could be achieved by impressing a strain in to the continental crust, this process being 

termed oroclinal bending. Rotation is by large-scale, essentially rigid bending of the 

continental margin around a fixed point which then becomes the hinge zone of the bend 

(Figure 4.1). The bending therefore causes different senses of rotation on either side of the 

hinge which should be reflected in the palaeomagnetic directions from the two limbs. Not 

only can this type of rigid rotation be used to account for palaeomagnetically identified 

rotations but also, in the case of South America, the rotation could account for the marked 

change in geological strike at the Arica Deflection. 

Carey (1958) does not define a kinematic mechanism for the model, and no attempt 

is made to relate the rotations to the fault systems in the deforming zone. Orochnal bending 

only effects the leading edge of the deforming margin and not the stable cratonic area 

behind. Bending should therefore cause triangular shaped extensional zones to develop 

between the rotating margin and the stable craton block (Figure 4.1). These extensional 

zones should be preserved in the geological record either by pluionic or sedimentary 

infilling. Extensional zones such as this are not obvious in the Andean margin and this led 

Isacks (1988) to suggest a modification of the model based on differential shortening rather 

than rigid rotation and extension. 
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a) Subduction below 
straight margin 

b) Oroclinal 
bending 
of margin 

Extensional 
voids 

Figure 4.1. The oroclinal bending model of Carey (1958). An originally straight 
continental margin (a) is bent by subduction (b). The bend results from passive 
rotation of both limbs around a fixed hinge point. The rotation causes tnangular 
voids to develop behind the deformation zone. 

a) 

Trench 

Narrow 
forearc 
strip 

Deforming 
moblie zone 

b) Region of 
maximum 
shortening 

X o 
3 

Region of 
minimum 
shortening 

Figure 4.2. The differential shortening model of Isacks (1988). a) Original 
bend in the Andean margin, b) Differential shortening along the margm causes 
enhancement of the bend and rotation of the forearc. The surface area of the 
thermally weakened zone (light shading) is reduced in size to accommodate the 
rotation. 
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4.2.2 Differential shortening 

Isacks (1988) suggests a kinematic model to explain the Arica Deflection in which 

an original bend in the Andean margin close to Arica is enhanced by differential shortening 

along the length of the margin (Figure 4.2). The orocline develops by bending a narrow 

forearc strip and the space loss behind the forearc is accommodated by differential 

shortening, crustal thickening and uplift of a mobile belt between the forearc and the 

cratonic foreland. The variation in the amount of shortening accommodated along the 

margin of the overriding continental crust is controlled by the width of the thermally 

weakened zone (Figure 4.3). This weak zone results from magmatic and convective 

processes in the asthenospheric wedge between the colliding plates. Changes in the dip of 

the subducting oceanic plate along the margin cause differences in the width of the 

weakened zone and therefore, differential shortening along the margin. Maximum 

shonening occurs near Arica and decreases both north and south away from the bend. This 

causes the Andean mountain chain to be both higher and wider closer to the bend (Figure 

4.3, topographic plots). As with the oroclinal bending model, rotation of the limbs should 

be recorded in the palaeomagnetic directions. Isacks (1988) envisaged all of die rotation as 

occurring during the Neogene (dominantiy 23 to 5 Ma), and selected palaeomagnetic data 

of varying ages from Peru, Bolivia and Chile to support the model. 

Although the kinematics of the shortening are well documented for the model, 

Isacks (1988) makes no explanation of how the shortening is accommodated mechanically, 

either within or behind the forearc. The shortening should produce obvious strucuiral 

features which become more dominant closer to Arica, due to the increasing deformation, 

but Isacks (1988) does not discuss how the shortening relates to the geology or die 

observed fault patterns in Chile and Peru. 
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43 Mechanisms and models for small-scale in situ vertical axis rotations 

An alternative to the large-scale bending models are those which consider the 

rotation to occur in situ and at much smaller scales. In terms of their applicability to the 

Andean margin, these models do not attempt to explain the origins of the Arica Deflection. 

This is presumed to be a primary feature of the margin pre-daiing rotation. In these types of 

models the in situ vertical axis rotation occurs in response to strike-slip fault movement in 

the overriding continental plate. These models are often referred to as vertical axis rotation 

models (Nelson and Jones, 1987; Sonder et ai, 1994) or fault block rotation models (Ron 

et aL, 1984, 1986; Garfunkel, 1989). It is noted however, that although the models 

consider the rotation to be occurring around a vertical axis, in many strike-slip shear zones 

the orientations of the faults will be such that the rotation occurs around an axis inclined to 

the vertical. The size of the rotating bodies may range from the rotation of individual 

grains to terrane and micro-plate rotations, but between these two end members are the 1-

100 km crustal block scale rotations normally considered in models of continental plate 

deformation. Before discussing the in situ vertical axis rotation models, the role of suike-

slip faulting in the overriding plate is considered. 

4.3.1 The role of strike-slip faults in in situ vertical axis rotation 

The ideal stress conditions for strike-slip faulting are when Gi (the maximum 

principle compressive stress) and 02 (the minimum principle compressive stress) are 

horizontal, and 02 (the intermediate principle compressive stress) is vertical (Anderson, 

1951). According to the Coulomb failure criteria, this stress regime will generate two sets 

of sub-vertical faults which are conjugate. I f there is no volume loss during fault motion 

(Odonne and Massonnat, 1992), the two fault sets must either operate in sequence and 
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Figure 4.4. Geometrical model of conjugate faults which operate in sequence from 
an initial undeformed block (a) to sets of displaced faults (e). The faults do not 
rotate, but displace each other. From Freund (1974, figure 17). 

a) 
CONJUGATE TRANSCURRENT 

FAULTS 
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^ groben| 

Wopmay Fmili Zone 

b) 
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1 

Figure 4.5. Faults avoid transecting by forming domains, a) An example from 
Wopmay orogen, Canada. The domain containing the NE trending dextral faults 
dominates over the domain of NW trending sinistral faults (taken from Sylvester. 
1988, figure 11). b) Theoretical models of two domain systems undergoing three 
modes of defonnation; 1. boundary-parallel stretching; 2. boundary-parallel shearing; 
3. across-boundary shearing. It is noted that faults do rotate in domain systems, 
the faults in each domain will rotate away from each other towards the extension 
direction (taken from Cobbold and Gapais, 1986, figure 3). 
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displace one another (Figure 4.4), or the faults must avoid transecting by forming domains 

(Figure 4.5). In domains the displacement is achieved by setting up uneven sized domains 

with only one set of faults in each (Freund, 1974). Over time one domain becomes 

dominant and takes up most of the stress (Tchalenko, 1970; Cobbold and Gapais, 1986). 

Strike-slip fault zones are usually much more complicated than predicted by the 

Coulomb failure criteria (e.g., Aydin and Page, 1984). More commonly, at crustal scales, 

the deformation will be influenced by the end effects at fault terminations, and interaction 

between the faults, regions of extension or contraction at step-overs between fault segments 

(Wilcox et al, 1973; Segall and Pollard, 1980; Peacock, 1991). The overall nature of the 

fault system is also complicated by horizontal extension or contraction across the deforming 

zone. This is because Uie effect of the pure shear component is to accommodate some 

stress applied to the overriding crust by the development of extensional or contractional 

structures. This will reduce the amount of stress within the overriding plate in the simple 

shear orientation and therefore the amount of displacement that is required on the strike-slip 

faults. The combination of pure and simple shear will lead to either a transpressive stress 

regime, where Uiere is horizontal shortening and vertical lengthening along die shear plane 

(Sanderson and Marchini, 1984) or to transtension, where there is extension in die 

horizontal plane. The pure shear will effect the development and orientation of secondary 

features within die fault system (Figure 4.6). 

The secondary faults and the effects of pure shear will normally define a more 

complicated fault system, rather than a simple margin-parallel strike-slip fault As a result, a 

common deformation panem is a diffuse zone in which fault-bound blocks experience 

rotation around a vertical axis and differential uplift (Jarrard. 1986). Indeed any 

displacement on the fault, other than pure strike-slip motion parallel to the simple shear 

direction, must generate vertical axis rotations or the fault domain wil l become distorted 

and will no longer be in contact with the boundary of the deformation zone (Ron et al.. 
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Figure 4.6. The orientations of fractures in shear zones (from Sanderson and 
Marchlni. 1984. figure 5). a) Dextral transpression. b) Simple shear, c) Transtension. 
C=compression direction; E=extension direction; N=nonnal faults; T= thrust faults; 
R, R'=:shears in Riedel orientation; V=extension fractures; F=fold axes. 
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1984). When vertical axis rotation occurs associated with discrete faults, the faults 
bounding the rotating blocks must also rotate to preserve the area. It is possible for strike-
slip motion to occur along parallel shear planes resulting in no vertical axis rotations (Figure 
4.7b). An example of this may be parts of the North Anatolian Fault in Turkey (Platzman et 
ai, 1995). where palaeomagnetic studies across the fault zone suggest that no rotation has 
occurred. 

Large scale strike-slip faults near active plate margins can be divided into four major 

types (Woodcock. 1986), as shown in Figure 4.8. In belts of regional simple shear in 

continental margins, strike-slip faults often cut both crust and lithosphere. These are 

referred to as trench-linked strike-slip faults (Woodcock. 1986). A trench-linked strike-slip 

fault defines a forearc sliver, which is a margin-parallel strip of the overriding crust 

decoupled from the main plate and allowed to move independently of the plate. The forearc 

sliver is bounded by the trench-linked strike-slip fault and the trench. Trench-linked strike-

slip faults develop in response to even slighdy oblique subduction, a common feature of 

most subduction margins (Jarrard, 1986; Woodcock. 1986). The faults are usually located 

within the magmatic arc (Jarrard, 1986) as this is the weakest region of the crust. Here, 

high geoihermal gradients cause a thinned lithosphere and the volcanic arc generates a 

*thermaUy softened' crust (Beck, 1980). 

4.3.2 Definitions of models 

The kinematics of small crustal scale in situ vertical axis rotations are controversial 

(Ron et al., 1984; Lamb. 1987; Nelson and Jones. 1987; King et al. 1994; Sonder et al. 

1994). Models pubhshed to account for the distribution of vertical axis rotations in 

continental lithosphere can be divided into two end members (King et al, 1994); continuum 

models, are where the deformation is distributed over a wide area (Figure 4.7c-d), and 

discrete or non-continuum models are where undeformed blocks are bound by faults 
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a) 

UL 

b) 

Figure 4.7. General models for accommodating strike-slip defonnation (from 
Nelson and Jones, 1987, figure 6). Dashed lines show declination of unrelated 
palaeomagnetic directions within each region, and solid arrows show rotated direction, 
a) Undefonned block, b) Defomnation accommodated on parallel faults, with no 
rotation of palaeomagnetic direction, c) Pervasive continuum defomiation, the 
amount of rotation increases with proximity to the main fault, d) Small-block model. 
The amount of rotation generally increases with proximity to the deforming zone, 
e) In situ rigid block rotation model. Rotations are driven by motion on bounding 
faults. Rotation is constant within the deforming blocks and within the domain. 
Stippled area shows affect of rotation on a marker horizon. 
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Figure 4.8. The major classes of strike-slip faults in their plate tectonic setting 
(from Woodcock, 1986, figure 6). 
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(Figure 4.7e). In reality, these two end members are theoretical ideals and most cnistal 

deformation is the result of a combination of the two (King ei a/., 1994). The most 

important difference between the mechanisms in term of classifying the models is the driving 

force for the rotations (see section 4.3.3). In continuum models the rotation of passive, 

'floating' blocks occurs in response to deformation in an underlying medium, but in discrete 

models the rotation is driven by fault motion at the edges of die blocks (Nelson and Jones. 

1987). 

In continuum rotation models (Nelson and Jones, 1987; King et a/., 1994; Sonder et 

al„ 1994), the rotating blocks are significantly smaller tiian the size of the defonming zone 

and shear is distributed across tiie shear zone with no major through-going faults (Figure 

4.7c). The most extreme model of this type is pervasive continuum deformation, in which 

the defomiation is accommodated by crystalline plasticity and diffusive mass transfer, 

usually developing myloninc fabrics. As stated above, in continuum models, the rotation 

occurs passively in response to motion of an underlying medium which may itself be 

continuous (McKenzie and Jackson, 1983) or britUe (King et a/., 1994). Pervasive 

continuous deformation can only occur if there is sufficient heat source for the processes of 

crystalline plasticity and diffusive mass transfer to occur. In continuous deformation 

models, palaeomagnetic vectors will be rotated and the amount of rotation will decrease 

away from the main fault 

In discrete models the deformation is taken up on rigid crustal blocks, the length of 

which is comparable to the width of the deforming zone (Figure 4.7e). The rotation and 

deformation occurs in response to shear applied along the edges of the blocks by strike-slip 

faults. All blocks and block-bounding faults within the same fault domain will rotate by the 

same amount and in the same direction, although if the strike-slip faults form two domains, 

the sense of rotation will be opposite within each domain (Ron et al., 1984). The 

terminology used in previously published models has been inconsistent and Figure 4.9 
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Figure 4.9. a) Anticlockwise rotation generated in a sinistral shear zone with dextral 
block-bounding faults. The blocks are 'pinned' to the outside of the defonmation 
zone, b) Clockwise rotation generated by sinistral shear on discrete system-bounding 
faults with sinistral block-bounding faults. The blocks are 'pinned' to the inside of the 
deforming and therefore the faults. Opposite senses of rotation can therefore be 
explained in terms of the detailed behaviour of apparently identical faults. The 
terminology used in these diagrams is that used in the rest of this thesis in reference 
to small-scale in situ rotation models. 
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shows the terminology used in the rest of this thesis. An area of rotating rock is here 

referred to as a block, equivalent to the slat of McKenzie and Jackson (1986), and the 

domino of Ron et al. (1984) and Forsythe and Chisholm (1994). The faults between the 

blocks are block-bounding faults, equivalent to the cross faults of McKenzie and Jackson 

(1986) and the system-bounding faults are the large-scale margin parallel strike-slip faults 

that define the deforming zone. In this environment, the system-bounding faults are likely 

to be crustal scale strike-slip faults. 

A common assumption in many published rotation models is that rotation will be 

clockwise in regions of net dextral shear and anticlockwise in net sinistral shear (Nelson and 

Jones, 1987; Scanlan and Turner, 1992; Riley et al., 1993; Sonder et al., 1994). But as is 

demonstrated in Figure 4.9, this is not necessarily the case. The sense of fault motion on 

the block-bounding faults, and therefore controlling the rotation need not necessarily be the 

same as the motion sense on the system-bounding faults (Mandl, 1987). The controlling 

factors are; the initial orientation of the block-bounding faults with respect to the system-

bounding faults, and whether the system-bounding faults are acting as the margins of a wide 

shear zone (Figure 4.9a) or discrete faults either side of the rotating blocks (Figure 4.9b). 

If the block-bounding faults have the same sense of motion to discrete system-bounding 

faults (Figure 4.9b), the blocks can rotate in the direction opposite to that suggested by the 

bulk shear of the deformation zone. Sinistral block-bounding faults can therefore cause 

clockwise rotations even in zones of apparendy bulk sinistral shear (Figure 4.9b; also Ron et 

a/., 1984; Shreurs, 1994). 

Another class of model which lies between these two end members is the small 

block model (McKenzie and Jackson, 1983; Lamb, 1987; Nelson and Jones, 1987), a 

mixture of both continuum and discrete rotations (Figure 4.7d). This rotation model has 

been developed from experimental studies attempting to replicate behaviour of a deforming 

crust over large areas. In these experiments, the upper crust is regarded as being broken 
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into small rigid blocks that are much smaller than the width of the deforming zone. These 
are considered to be * floating' in a highly viscous fluid which represents the intensely 
deformed continuum material below. Lamb (1987) showed that in this model the pattern of 
rotations produced can be very complex and rotations with variable rates and directions were 
observed between adjacent blocks. In addition, some blocks can rotate in the opposite 
direction to that applied by the bulk shear. Lamb (1987) also notes that it is difiFicult to 
define and quantify all of the variables involved in the rotation, although the interactions 
between the blocks and changes in their aspect ratios had a major effect on the pattern 
produced. Although developed as an experimental model, this type of deformation rotation 
has been suggested for some strike-slip fault systems in the Western Cordillera of the U S A 
(Nelson and Jones, 1987; Sonder et al, 1994). 

4.3.3 Continuum versus discrete deformation 

The division of models into continuum or discrete is based on the driving mechanism 

for the rotation rather than the type of deformation produced, this is because there has been 

disagreement in the literature about what constitutes continuous deformation (King et al., 

1994). The main cause of disagreement and confusion has been the scale of observation. At 

the smallest scale, crystals can deform by crystalline plasticity or diffusive mass transfer 

which are ductile (Garfimkel, 1989). At larger scales, all deformation is discrete and brittle 

but rotations may be too small to detect and the deformation appears continuous (Cobbold 

and Gapais, 1986; Rutter, 1986). This problem has led to the upper limit of continuous 

deformation being defined as the continuous approximation, where the number of faults 

increases indefinitely and their spacing tends towards zero (Garfimkel, 1989). If the rock is 

considered to be deforming as a ductile medium, there must be no tendency for the strain to 

be localised into bands and form discrete faults (Rutter, 1986). I f this is the case, the 

deformation is truly pervasive and there are no blocks as the rock will be mylonitic. 
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At the largest scale, when averaged over long time periods, the Earth's surface can 
be treated as if it where a thin viscous sheet which deforms in a continuous manner 
(England and McKenzie, 1982; McKenzie and Jackson. 1983; Sender and England, 1986). 
When viewed in more detail, the number of britde structiu^s observed increases, but it is 
possible that the britUe structures will be below the threshold of field observation, so the 
deformation is considered as continuous in terms of crustal scale tectonic models (Nelson 
and Jones, 1987). In the past it was considered that for continuous deformation to occur, 
the rock must be heated to a state where it can behave in a ductile way (Nelson and Jones, 
1987), but this is not necessarily the case. For example, cataclastic flow is ductile and can 
occur at low temperatures, hence depth and temperature of deformation are not necessarily 
controls on whether deformation is continuous or discrete and may not be as important as 
the scale of observation employed. 

4.3.4 Discrete models of in situ vertical axis rotation 

All of the in situ vertical axis rotation models that have previously been applied to 

the Andean margin are discrete. The presence of obvious fault systems in the margin 

suggests that if rotations are present and the result of in situ vertical axis rotation, then a 

discrete model in more applicable than continuous deformation one. In this section discrete 

models which have been applied to the Andean margin, or which may be applicable, are 

discussed. 

Ball-bearing rotation. Beck (1976) proposed a model for the North American 

Coastal Cordillera where circular blocks (hence the name ball-bearing model) are translated 

and rotated by motion on parallel strike-slip faults (Figure 4.10a). Beck (1988) modified 

this model in applying it to South America by removing the component of latitudinal block 

translation, allowing the blocks to rotate in situ. The sense of rotation is controlled by the 

plate convergence direction which comprises a trench-normal component, responsible for 
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Figure 4.10 a) Ball-bearing model (from Beck, 1976, figure 4). Circular blocks rotate 
clockwise in response to dextral shear. Heavy lines represent strike-slip faults, 
b) In South America, oblique NE directed plate convergence is decomposed into 
a trench normal component, responsible for pure shear^ and a trench parallel 
component which causes dextral shear in Chile and sinistral shear in Peru. 
(Modified from Beck, 1988, figure 7). 
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pure shear, and a trench-parallel component which drives the rotations (Figure 4.10b). 
Motion is controlled by the margin-parallel strike-slip faults only, and the blocks do not 
have bounding faults, therefore the block size is not defined within the fault system. To 
generate the clockwise rotations reported by Beck (1988) in the Chilean part of the Andean 
margin, die model requires a northward directed trench-parallel component in northern 
Chile to generate distributed dextral shear and clockwise rotations. The model is simplistic 
in that it regards the margin-parallel faults as planar features with only simple shear motion, 
the model cannot therefore account for the extensional and compressional structures which 
are commonly seen in strike-slip fault systems. 

Slat, domino and bookshelf models. Most of the discrete models take the form 

shown in Figure 4.9, a set of parallel block-bounding faults between two system-bounding 

faults. When the rotation occurs, all of the blocks rotate together in the horizontal plane, 

hence there is no dip-slip motion on the block-bounding faults and the deformation zone 

extends parallel to the system-bounding faults. The rigid rotating blocks therefore resemble 

a set of rotating dominoes (e.g., Forsythe and Chisholm, 1994) or slats (e.g., McKenzie and 

Jackson, 1983; 1986). This type of rotation has also been called the bookshelf rotation 

model (Mandl, 1987) and has been demonstrated in both geological examples (e.g., 

Nicholson et al., 1986; Luyendyk, 1989; Vickery and Lamb, 1995) and in experimental 

models (Shreurs, 1994). The model of Forsythe and Chisholm (1994) is based on work 

carried out in the Atacama Fault System in northem Chile, approximately 3° of latitude 

north of the study area covered in this thesis. This model is therefore discussed in more 

detail in Chapter 7. 

McKenzie and Jackson (1983; 1986) propose a model which is similar to the 

domino model, but differs in that there is no movement of material and therefore no 

extension or contraction parallel to the system-bounding faults. Instead, the surface area is 

only affected by motion across the deformation zone accommodated on the block-bounding 
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faults (Figure 4.11). The slip on the block-bounding faults is therefore oblique and 
approximately nonnal to the system-bounding faults. The model as presented was for a 
transtensional regime, in which there is a component of extensional dip-slip motion on the 
block-bounding faults to preserve the block shape and avoid sphenochasms. The blocks 
therefore rotate around both vertical and horizontal axis. The rotation of the blocks is 
driven by the relative movement of the system-bounding faults, with the blocks and their 
bounding faults rotating passively during deformation. In this model, the deformation zone 
is treated as a shear zone and block-bounding faults have the opposite sense of displacement 
to the shear zone, dextral shear therefore generates sinisffal block-bounding faults and 
clockwise rotation. 

Domain rotation. Theoretical models of block rotation within fault domains have 

been developed by Ron et al. (1984) and Garfunkel (1989). These models consider rotation 

of faults within domains in an overall strike-slip fault system, but the system-bounding faults 

are not considered. One domain has faults with sinistral displacement and clockwise 

rotation, while the other domain has dextral faults and anticlockwise rotation (Figure 4.12). 

All of the deformation within both domains is by simple shear, and as there is no dip-slip 

motion on the block-bounding faults, the domain dimensions change during rotation to 

preserve area. Ron et al. (1984) carried out detailed structural studies as well as 

palaeomagnetic sampling and show that, in ideal circumstances, the amount of rotation 

recorded by the palaeomagnetic technique can be predicted from knowing the amount of 

displacement on the block-bounding faults and the size of the rotating blocks. The main 

criticism of this model is the lack of consideration of the system-bounding faults and hence 

does not explain the driving force for the rotation within the domain. In addition, the model 

implies that the region has pre-formed fault domains before the rotation, while in reality it is 

more likely that the fault development and rotation will be synchronous. 
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P l a n 1 

D » f o r - I « 0 

Figure 4.11. The slat model (from McKenzie and Jackson, 1989, figure 3). a) Plan 
view, b) In section. The large white arrow shows the relative motion across the 
deforming zone. The model requires the zone to take up some normal motion, 
which is achieved by oblique slip on the block bounding faults in the direction of the 
black arrow. The blocks will therefore rotate around both vertical and horizontal 
axes. 

a) b) 

Figure 4.12. The two domain model (from Ron eXal, 1984, figure 1). (a) The 
initial fault geometry, (b) After defomiation. Blocks bounded by sinistral faults 
rotate clockwise, those bounded by dextral faults rotate anticlockwise. 
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Problems with discrete models. All of the discrete models discussed in this section 
treat the rotating blocks as rigid or hard, indeed, the rotation calculations of Ron et at. 
(1984) require that the deforming blocks are rigid. Rotating rigid blocks causes a space 
problem as the blocks will form triangular 'holes' or *sphenochasms* between the block and 
the system-bounding fault or the domain boundaries (Figure 4.12; Sylvester, 1988). If the 
blocks are indeed rigid, these holes may become sedimentary basins which will fill and 
subside with increased rotation (Luyendyk et al., 1980). Alternatively the spaces may be 
filled by igneous plutons. again increasing in size as rotation occurs (Tikoff and Teyssier, 
1992). 

An alternative approach which is more geologically plausible is to consider the 

rotating block as being deformable, or softy instead of rigid. In this case, the block-

bounding faults will die out as they approach the system-bounding fault (Dibblee, 1977) and 

the block will deform internally as it rotates (Figure 4.13). This internal deformation may 

be achieved by a number of methods (Figure 4.14), the first mechanism works by having 

deformable edges to the block, in this case most of the deformation is concentrated into 

small areas at the comers of the block. The stress in the comers can be accommodated by 

zones of extension and contraction (Figure 4.14a) or by small conjugate strike-slip fault sets 

at the contacts between the blocks and the system-bounding faults or domain boundaries 

(Figure 4.14b). The second mechanism is to treat the block as completely deformable, in 

this case the deformation will be distributed throughout the block accommodated on minor 

faults or cleavage (Figure 4.14c, d). Dip-slip motion on the block-bounding faults 

themselves provides another mechanism for block deformation, in this case dip-slip motion 

allows the block to fill the gaps as it rotates (McKenzie and Jackson, 1986; Shreurs, 1994). 

It is likely that any deformation of the blocks or the associated faults will be a combination 

of the above mechanism and these will, in part, be controlled by variations in lithology and 

pre-existing structures. 
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Figure 4.13. The 'soft' block model, redrawn from Dibblee (1977). The blocks 
deform and the faults die out towards the system-bounding faults. This means 
that there is no space problem at the block edges. 
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Figure 4.14. Solving the space problem caused by rigid blocks, a) By allowing the edges of the block to deform 
by formation of extensional and compressional structures, b) Developing strike-slip faults in the corners of 
the blocks allowing them to deform, c) and d) Pervasive deformation throughout the whole block accommodated 
on cleavage, small faults etc. (Modified from Peacock ef a/., in prep.) 
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4.3.5 /rt j / m rotation on tiuiist sheets 

Another mechanism by which in situ rotation can occur is on thrust sheets 

(MacDonald, 1980; Hartley et al., 1992a; Vickery and Lamb, 1995). As shortening 

increases across a deforming zone, the thrust sheets will be initiated and propagate. If the 

amount of slip is variable along the thrust plane, or if the fault becomes fixed (pinned) at 

one end, the sheet will rotate. Hartley et al. (1992a) suggest that this type of model may 

explain some of the rotations they identified in northem Chile, where palaeomagnetic 

rotations can be linked to thrust sheets operating in a tiiin-skinned tectonic setting. 

4.4 Mechanisms and models for large-scale in situ vertical axis rotation 

In contrast to the oroclinal bending/differential shortening models which require 

bending of the Andean margin, and the small-scale in situ block rotation models in which 

rotation is related to motion on strike-slip faults, some models have been presented which 

relate in situ rotation with large-scale tectonic processes. 

Hartley et al (1988) suggest tiiat rotation can be caused by extension in the forearc 

as a result of a retreating subduction boundary (Royden, 1993). The extension is a result 

of transtension generated by a combination of oblique convergence and a reduction in plate 

convergence rate (Figure 4.15). The reduced plate convergence rate causes subduction 

roll-back. This roll-back imparts exiensional stresses in the over-riding continental crust so 

the forearc extends. In the model, the forearc extends and rotates away from a trench-

linked strike-slip fault. The main problem with the model of Hartley et al. (1988) is that the 

model can only account for rotations within the forearc and not inboard of the trench-linked 

strike-slip fault. 
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Figure 4.15. Transtension model (from Hartley etai., 1988, figure 5b) for the Andean 
forearc in northern Chile. The extension of the South American plate is oblique to 
its direction of absolute nnotion. This causes rotation of the forearc. 
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Figure 4.16. a) The plate convergence vector is oblique to the forearc both north 
and south of the deflection. Although both are detached and free to move they are 
restricted by a buttress at Arica. b) Overcoming the buttress by extension across 
the sliver, a. Sliver is pushed northward by a force F, by oblique subduction, V, but is 
prevented from moving by a buttress. This results in conjugate fractures (dotted lines) 
in the forearc, which is bounded by the trench and a major strike-slip fault (dashed 
line), b. Half-lens shaped blocks develop in the forearc. c. Blocks move northwards 
by rotating and overtapping and the sliver widens. Dotted pattem and wiggle 
pattem indicate areas of extension and contraction respectively. (Taken from Beck 
ef a/., 1993, figure 8). 
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Beck (1986) and Beck et al. (1993) propose that large-scale rotation could be the 

result of restricting margin parallel motion of the forearc sliver by buttressing. Beck et al. 

(1993) used the Liquine-Ofqui fault zone in southern Chile as an example of this type of 

rotation. Although Beck et al. (1993) do not suggest that this model can explain the 

rotations around the Arica Deflection, they use the deflection as an example of a major 

tectonic buttress. If the model were to be applied to the Arica Deflection, this would 

require N E directed plate motion along the edge of the Chilean margin to develop a crustal 

scale dextral strike-slip fault and a detached forearc sliver (Figure 4.16a). The northward 

directed simple shear component will then drive the forearc sliver northwards along the 

strike-slip fault (Figure 4.16a). The opposite direction of movement will occur on a sinistral 

strike-slip fault in Peru. The movement will be restricted by a buttressing effect at the Arica 

Bend due to collision of the two forearcs. To continue strike-slip motion, and overcome 

the buttress, there must be either thickening of the crust, or extension of the forearc normal 

to the slip direction. This extension, suggest Beck et al. (1993), is achieved by breaking the 

forearc into arcuate blocks which overiap and rotate (Figure 4.16b). Beck et al. (1993) 

suggest that arcuate fault systems, as are often observed in continental settings, may be due 

to this type of rotation. 

This buttressing model is very simplistic in its approach to the behaviour of fault 

zones and crustal blocks. The model suggests that the rotation of curved blocks bounded 

by faults would lead to the development of curved fault systems, this is not really the case. 

As is demonstrated by their own model, the major fault zone (dotted line, Figure 4.16b) still 

has a straight N-S orientation, and the block-bounding faults behave as subsidiary faults 

within a wider fault system. The major fault zone is not therefore curved. As with the 

model of Hartley et al. (1988). this model cannot explain rotation inboard of the trench-

linked strike-slip fault. 



110 

4^ Conclusions 

In this chapter a number of models operating at a variety of scales and with a variety 

of rotation mechanisms have been discussed. The diversity of the models demonstrates the 

complex way in which fault systems and other tectonic processes operate. In the next two 

chapters results from this suidy are presented. The applicability of the models discussed 

here to both the new data in this thesis and the general panem of rotation in the Andean 

margin is considered in Chapter 7. 
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Chapter 5 
T H E COASTAL CORDILLERA AND 

THE ATACAMA FAULT SYSTEM 

5.1 Introduction 

The fust sampling region is in the Coastal Cordillera of northern Chile between 

25°S-27°S, and principally to the west of the Atacama Fault Zone (AFZ) at approximately 

70°W (Figure 5.1). This area lies within the Coastal Cordillera and the Jurassic-Early 

Cretaceous arc. as discussed in Chapter 1. The major structures are the (AFZ) and a set of 

subsidiary faults dominandy to the west of the AFZ. The aim of the study was to identify 

and quantify any rotation in this part of the Coastal Cordillera and to try and relate this to 

the fault pattern observed. To this end. units were targeted across the area, between the 

coast and the Atacama Fault Zone, and also from the east of the fault zone, hopefully to 

constrain the rotation should the AFZ prove to be the bounding fault to the system. 

Samples were collected from the La Negra Formation which had been shown previously to 

provide reliable palaeomagnetic results elsewhere (Hartley et a/., 1988), and a series of dyke 

swarms which intrude the magmaric arc plutons. The dykes were collected from the 

Vetado, Flamenco. Las Animas, Las Tazas plutons west of the AFZ. and the Remolino 

pluton just to the east of the main strands of the AFZ. As will be discussed, the dyke 

swarms are spatially and temporally restricted to their host pluton. They are therefore 

considered separately in the palaeomagnetic analysis. 
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Figure 5.1. Geological map of the study area in the Coastal Cordillera. 
(Map prepared by Stella Bignold. Kingston University). 
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5.2 The geology of the Coastal Cordillera and the Atacama Fault System 

5.2.1 Geology and petrology 

A simplified geological map of the area is shown in Figure 5.1. The oldest lithology 

exposed in this part of the Coastal Cordillera is the late Palaeozoic basement comprising 

Carboniferous meta-sediments intruded by the Permian to early Triassic magmatic arc 

plutons. Intruded into, and lying stratigraphically above this basement are the rocks of what 

is usually termed the Jurassic-Early Cretaceous magmatic arc. The oldest sediments in this 

part of the Coastal Cordillera are, however, Late Triassic in age and are inieipreied as 

having been deposited in an active rift basin. This suggests that the first stages of arc 

development began prior to the earlier Jurassic in this area. The stratigraphy and the ages 

of fault motions for the area are shown in Figure 5.2. 

In the northern part of the study area, the Palaeozoic basement is overlain by 

sedimentary and volcanic sequences (Naranjo, 1978; Naranjo and r*uig, 1984; Brown et a/., 

1993; Grocott et a/., 1994; Dallmeyer et a/., 1996). At the base of the sequence, and 

separated from the basement by a major extensional fault system, are sediments of Triassic 

age. These Triassic rocks are known to outcrop in several places in northern Chile (Bell 

and Sudrez, 1991) and the dominant unit in the Coastal Cordillera is the Cifuncho 

Formation (Bell and Sulrez, 1991; Sudrez and Bell, 1994). This formation is characterised 

by laterally variable conglomerates, sandstones and mudstones with some intercalated 

shallow marine limestones. Bell and Suirez (1991) suggest that the formation was 

deposited in a coastal environment, possible in a rift basin setting controlled by an 

extensional fault at the base of the formation. Lying comformably above the Cifuncho 

Formation is the Early Jurassic (Hettangian-Sinemurian) limestone sequence of the Pan de 

Azucar Formation (Naranjo, 1978). These are highly fossiliferous shallow marine 

limestones with minor intercalated fine sandstones. In the north of the sampling region the 
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Figure 5.2. The timing of Jurassic and Cretaceous events in the Coastal 
Cordillera of northern Chile (taken from Dallnneyer ef a/., 1996, figure 9). 
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Pan de Azucar Formation is overlain by the coarse conglomerate of the Posada de los 

Hidalgo Formation, also dated as Sinemurian (Naranjo and Puig, 1984). In the study area 

however, the Posada de los Hidalgo Formation is absent and the Pan de Azucar Formation 

is apparently conformably overlain by the La Negra Formation (Garcia, 1967), the main 

volcanic sequence exposed in the region. 

The La Negra Formation is dated as Early Sinemurian to Kimmeridgian on 

palaeontological evidence (Garcia, 1967; Naranjo, 1978). The formation comprises a 

sequence of dominantly basaltic-andesitic lavas with minor intercalated volcaniclastic 

sediments and breccias. Thin section analysis (Appendix 1) has also identified rhyolitic 

lavas and devitrified ignimbrites within the sequence. The depositional setting for the 

formation is marginal or shallow marine in the west to subaeriel in the east (Naranjo, 

1978), however, as the formation dips mainly eastward this may be a temporal change due 

to younging representing emergence, rather than a strictly spatial change. The thickness of 
• I 

the formation is estimated to be 10 km (Garcia, 1967), however, the formation has been 

affected by extensional faulting and this may have exaggerated the thickness. 

Based on the chemical composition of the rocks, Rogers and Hawkesworth (1989) 

suggested that the La Negra Formation represented ensialic back-arc basin deposits. 

Lucassen and Franz (1994) note however that sediments comprise only a small part of what 

is otherwise a totally subaerially deposited volcanic succession, this indicates that 

deposition of the lavas and subsidence of the crust were well balanced. This led Lucassen 

and Franz (1994) to suggest that there was insufficient extension to develop a back-arc 

basin. 

As suggested above, the La Negra and underlying formations have been tilted by 

east-side-down fault bound blocks. In addition, evidence from the north-west of the 

sampling region suggests that these formations are also defomied by NW-SE trending, low 
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amplitude, very shallowly plunging open folds. Although not identified within the 
sampling region, the more widespread presence of these folds is suspected. 

Lying to the east of the La Negra Formation and the Atacama Fault Zone is another 

sequence of intercalated volcanic and sedimentary rocks. This sequence has previously 

been sub-divided into three formations, the Bandurrias Formation (Mercado, 1978), the 

Los Cerros Florida Formation (Segerstrom, 1960; Naranjo, 1978), apart of the same 

volcanic sequence, but tiiey are poorly dated and correlation between them is uncertain. 

The sequence is differentiated from the La Negra Formation by the presence of 

conspicuous shallow marine limestones, although the spatial and stratigraphic relations of 

the sequence to the La Negra Formation are uncertain. Fossils from these limestones 

suggests tiiat the imits may have been deposited over a long time period, possibly Middle 

Jurassic to Early Cretaceous (Naranjo, 1978). The depositional setting of the sequence is 

subaerial (dominantly) to shallow marine, there is also evidence of syn-sedimentary growth 

faulting. The sequence has been deformed and folded and vertical isoclinal fold have been 

identified to the east of the sampling region (Naranjo, 1978). 

In the southern part of the sampling area, the sediments and volcanic rocks are absent 

and the Mesozoic magmatic arc is defined by Late Triassic to Early Cretaceous plutons 

which may have shared a common mantle source (e.g.. Berg and Breitkreuz, 1983; Brovm, 

1988; Lucassen and Franz, 1994). These Mesozoic arc plutons are separated from the 

Palaeozoic basement by a large extensional fault (Taylor et ai, in prep.). Some of the 

plutons have been dated using a number of methods (Berg and Breitkreuz, 1983; Dallmeyer 

et al,. 1996) and, in most cases, these yield identical ages within error limits. Table 5.1 

gives a summary of the ages obtained for the plutons within the sampling area, and those 

immediately to the east. The plutons, their associated mylonitic wall rocks, brittle fault 

systems and the sedimentary and volcanic sequences all show a systematic eastward 
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Pluton Dating method Age (Ma) Reference 

Flamenco 

Las Animas 

Las Tazas 

Remolino 

Salado 
La Borracha 

Las Tazas 

Remolino 

Early Jurassic 
U-Pb (Zircon) 
Rb-Sr (Biotite) 
Rb-Sr (Whole rock) 
'W^Ar (Hornblende) 

Late Jurassic 
U-Pb (Zircon) 
Rb-Sr (Biotite) 
"^^Ait^^Ai (Hornblende) 
^ (Muscovite) 

Early Cretaceous 
U-Pb (Zircon) 
Rb-Sr (Biotite) 
'W^Ar (Hornblende) 
U-Pb 
Rb-Sr (Biotite) 
'W^Ar (Hornblende) 
Rb-Sr (Whole rock) 
Rb-Sr (Whole rock) 
"V/̂ V (Hornblende) 

Mylonite wall-rocks 
^ % / ^ % (Hornblende) 

^ % / ^ % (Hornblende) 

190.1±1.9 
186.3±3.3 

202±4 
188.7±0.7 
198.2±0.6 

159.7±1.6 
157.6db2.6 
153.0±0.8 

-157 

130.3±1.3 
128.7±2.0 
126.9±0.9 
126.8±1.3 
123.7±2.7 
126.8±0.5 

126±2 
103±2 

106.3±0.7 

130.2±0.6 
132.2±0.7 
125.7±0.6 

Table 5,1. Reported geochronological ages for plutons in the Mesozoic arc of the Coastal 
Cordillera, 1 = Berg and Breiticreuz (1983); 2 = Brook et al (1986), referenced in 
Dallmeyer et al (1996); 3 = Dallmeyer et al. (1996). 
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younging within the arc (Figure 5.2; Table 5.1; Naranjo. 1978; Grocon etai, 1994; 

Dallmeyer a/.. 1996). 

The Middle Jurassic to Early Cretaceous plutons within the sampling area, namely 

Las Animas, Las Tazas and Remolino, are notably elongate in shape with their long axes 

parallel to the magmatic arc and the subduction margin. Geobarometry using the Al-in-

homblende method indicates shallow emplacement depths for the plutons. This, combined 

with the consistency of the different dating techniques, indicates that these plutons were 

emplaced at high crustal levels and cooled rapidly (Dallmeyer et aL, 1996). The Jurassic to 

Early Cretaceous plutons were emplaced at jogs within a developing exiensional fault 

system linked to the Atacama Fault Zone (Grocott et a/., 1994). The consistency in the 

ages of the Las Tazas and Remolino plutons with the mylonites from their respective wall-

rocks indicates coeval fault motion and intrusion. It is likely that the plutons were providing 

heat for the development of the mylonites at shallow crustal levels. 

Each of the Late Triassic to Early Cretaceous plutons is intruded by a dense dyke 

swarm (Plate 5.1) which does not appear to extend far into the basement, or neighbouring 

plutons (Mercado, 1978). Dykes in four plutons were dated using the '*°Ar/*'Ar technique 

on whole rock samples (Dalhneyer et a/., 1996). The spatial and temporal relationships of 

the dykes with their host pluton suggest that they represent a final phase of emplacement of 

the pluton itself (Dallmeyer et a/., 1996). For example, dykes which intrude the Las Animas 

pluton have ages of c.154 Ma, close to the age of the Las Animas pluion. One dyke from 

the Las Tazas pluton yields an age of c.129 Ma, again within the 132-127 Ma spread of 

dates obtained from the host pluton (Table 5.1). The dykes in the Flamenco are dated as c. 

154 Ma and, aldiough they do not extend into the Las Animas pluton, were probably 

emplaced during the same intrusive phase. The dyke swarm in the Vetado pluton is 

truncated and structurally distinct from the Las Animas pluton, its age is therefore bracketed 

between pre-Late Jurassic (the age of the Las Animas pluton) and Late Triassic (the age of 



Plate 5.1. Cross-cutting basalt-andesite dykes intruding the Vetado pluton 
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intrusion of the Vetado pluton). It is possible that these dykes were feeders for the volcanic 

rocks of the La Negra Formation during the Middle Jurassic. Although there are no dates 

from dykes in the Remolino pluton, there is no reason to suggest that they too were not 

intruded soon after emplacement 

The petrology of the dykes from all of the swarms is very similar. Thin section 

analysis of 14 samples from dykes in Vetado, Las Animas, Las Tazas and Remolino plutons 

shows that they are dominantly fine-medium grained and of basic-intermediate composition 

(Appendix 1). Two dykes with dacitic composition were also identified, one in the Las 

Tazas and the other in the Remolino pluton. All of the dykes appear to have been emplaced 

with a near vertical attitude and they cross-cut at high angles. There seems to be no 

relationship between orientation and age defined by simple cross-cutting relationships. 

Structural analysis was also undertaken to assess whether the dykes have undergone any 

post-emplacement tilting, the results are discussed in Section 5.3. 

All of the rock units studied for palaeomagnetic analysis from the Coastal Cordillera 

show varying degrees of low temperature alteration, particularly in proximity to faults. This 

alteration is characterised by epidote pseudomorph replacement of ferromagnesian minerals, 

sericitisation of feldspars and, in some cases, oxidation resulting in secondary haematization 

(Plate 5.2 and 5.3; see also Appendix 1). The cause of this alteration is not clear, as at least 

three contributing factors may be responsible. Firstly, deuieric alteration, as a result of slow 

cooling in the presence of water, especially in the case of the volcanic rocks of the La Negra 

Formation, where the intercalated marine sedimentary horizons would have retained fluids 

and the subsequent extrusion of further lavas would have provided heat for the alteration. 

Deuteric alteration may also have affected the dykes, particularly if the host plutons were 

still warm during dyke emplacement. The second type of alteration affecting some of these 

rocks may be the result of action by low temperature hydrothermal fluids, the presence of 

which is evidenced by the large amount of mineralisation observed in the region (e.g.. 
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^ ^ V •» ^ 

Plate 5.2. Thin section photograph of an altered porphyritic lava from the La 
Negra Formation. Phenocrysts of pyroxene and plagioclase can be seen in 
a fine groundmass. Alteration of the plagioclase to sericite can be seen. 
Secondary epidote is present in the groundmass. Field of view 3.3 mm, 
crossed polars. 

Plate 5.3. Thin section photograph of a dyke sample from the Vetado pluton. 
Plagioclase dominates and all of the ferromagnesian minerals are altered to 
epidote. Field of view is 3.3 mm, crossed polars. 
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Palacios et a/.. 1992; Comejo et a/., 1993; Skewes and Stem, 1994). These hydrothermal 
fluids are normally associated with the fault systems or in some cases with the plutons. 
Wherever possible sampling was conducted in areas which were not obviously affected by 
such mineralisation. Thirdly, the area may have been subjected to low grade 
metamorphism. Lucassen and Franz (1994) recognise a pervasive greenschist facies 
metamorphic mineral assemblage from the La Negra Formation to the north of this sampling 
area. Additionally, Aguirre et al. (1989) identified low temperature sub-greenschist facies 
metamorphism from comparable volcanic suites to the south of this study area. This 
metamorphism is thought to be the result of burial, probably occurring rapidly after 
extrusion or emplacement. Lucassen and Franz (1994) note that the pervasive alteration 
only affects the volcanic rocks, the plutons only showing alteration around joints and faults. 

Overall, die tectonic setting for the emplacement of the Jurassic-Early Cretaceous 

magmatic arc is one of a retreating subduction margin (Royden. 1993). This means that 

tiie overall rate of convergence is lower than the rate of subduction, the deformation in the 

overriding plate is therefore characterised by extension at this time. 

5.2.2 Structural geology and the Atacama Fault System 

In the Coastal Cordillera, a series of major fault systems were active throughout the 

Mesozoic and in part conu-olled sedimentation (Bell and Sulrez, 1991) and pluton 

emplacement within the arc (Grocott et al., 1994). Like the plutonic complexes and the 

sediments, the fault systems also young sequentially eastwards (Dallmeyer et al., 1996), the 

oldest being the extensional fault separating the Palaeozoic basement from the units of the 

Mesozoic arc (Taylor et ai, in prep.). This fault was succeeded to the east by the Atacama 

Fault Zone (AFZ), the major tectonic feature in this area (Figure 5.3). 

As stated in Chapter 1, the sampling area is located in the northern part of the El 

Salado segment of die AFZ (Naranjo, 1987). Here the fault zone is defined by a series of 



123 

Talial 

10 s 

20 S 
Pacific 
Ocoan 

30 S 

Bolivia 

:hllo/ ^ 

Argentina 

Q F - Quebrada Flamenco 
Q S - Quebrada Salado 
QPA - Quebrada Pan de Azucar 

25'30'S 

Chanarat 

Manto 
Verde 

Salado 

26'30'S 
Puerto 
Ramenco 

Figure 5.3. Map of the Atacama Fault Zone and the NW trending faults to the 
west. Taken from Taylor etaL (in prep). 
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ductile and brittle, sub-parallel and en-echelon north-south curvilinear faults. The AFZ may 
have been initiated in the Triassic as part of an extensional fault system (Grocott et al., 
1994; Dalhneyer et al., 1996; Taylor et a/., in prep.). Subsequently, a series of margin 
parallel extensional faults developed which reached a low angle detachment at shallow 
depth, and these faults controlled emplacement of the Late Jurassic to Early Cretaceous 
plutons (Grocott et al, 1994). The major phase of motion of the AFZ was as a sinistral 
strike-slip fault, at least for the El Salado and Paposo segments (Herv€, 1987; Scheuber and 
Andriessen, 1990; Grocoit et al., 1994). The principal ductile sinistral movements in the El 
Salado segment of the fault are dated as Early Cretaceous in age (c. 132-126 Ma; Dallmeyer 
et al., 1996), this was then succeeded by a phase of brittle cataclastic sinistral strike-slip 
motion. The mylonitic and cataclastic motions were part of a single deformational event, 
with the heat for the mylonite formation being provided by the granitic plutons (Brown et 
al., 1993; Grocott et al., 1994). At this time, this part of the AFZ was a trench-linked 
strike-slip fault, and part of a much larger fault system which defined the forearc sliver from 
La Serena (30°S) to at least Taltal (26°S) during the Mesozoic. 

A major feature of the region is a series of NW-SE trending, steeply dipping, 

oblique-slip sinistral strike-slip faults most clearly recognised to the west of the AFZ 

(Figures 5.1 and 5.3). The NW trending faults were initiated as a result of the strike-slip 

displacement on the AFZ, but later, with increased shortening across the arc, some of the 

larger of these faults continued to propagate eastwards and cut through the AFZ 

reactivating and displacing it (Figure 5.4). These faults have offset the AFZ by up to 70 km 

(Brown et al., 1993). The faults which cut the A I ^ can be traced to the eastern margin of 

the Coastal Cordillera (Arevalo, 1994; 1995) where they sole out into the Central Valley 

Shear Zone (CVSZ), a major N-S trending fault system which separates the Coastal 

Cordillera from the Central Valley (Taylor et al., in prep.). The CVSZ and the NW 

trending faults together form the Atacama Fault System (AFS). 
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The youngest plutons in the study area are dated as 106-103 Ma (Table 5.1) and 
represent the final phase of magmatic activity in the region. At about this time (c. 100 Ma) 
the locus of magmatic activity migrated eastward to form the mid-Cretaceous magmatic 
arc east of the Central Valley Shear Zone (Scheuber and Reutter, 1992). In the Copiapo 
area, the NW trending faults of the AFS are post-dated by the Aptian to Albian Cerillos 
Formation (Arevalo, 1995), this suggests a minimum age constraint for the fault activity 
and is contemporaneous with the age of arc abandonment suggested by the intrusions. The 
eastward migration and abandonment of the Jurassic to Early Cretaceous arc in the Coastal 
Cordillera correlates with the first major phase of Andean compressional deformation, the 
Peruvian Orogeny (Coira et ai, 1982). In the Coastal Cordillera this deformation phase is 
expressed as a change from transtensional strike-slip tectonics on the AFZ to 
transpressional strike-slip tectonics on the AFS (Taylor et aL, in prep.). This marked 
change in tectonic and magmatic activity is interpreted as the consequence of the margin 
becoming an advancing type of subduction boundary (Royden, 1993), where the overall 
convergence rate is greater than the rate of subduction and deformation in the overriding 
plate is characterised by contraction. 

Subsequent to the mid-Cretaceous deformation phase the Coastal Cordillera has 

not played a significant role in the tectonics of the northern Chile. During the Miocene the 

Coastal Cordillera was uplifted and the AFS and AFZ were reactivated and underwent 

minor extensional, east side down, and dextral strike-slip movement (St. Amand and 

Allen, 1960; Arabasz, 1971; Herve, 1987). These motions have generated a number of 

neotectonic features, particularly fault scarps. The fault system is still active and known to 

offset and disrupt drainage systems (Buddin et ai, 1993). 
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5.3 Structural and palaeostress analysis of the dykes 

One of the problems with using dykes for palaeomagnetic analysis is that any post-

emplacement tilting is difficult to identify. I f the dykes are part of a sheeted dyke intrusion 

it is usually assumed that they were near vertical when emplaced, and it is normal practice 

to correct the remanence directions from dyke samples to a palaeo-vertical. I f the dykes do 

not form a sheeted intrusion identifying tilting is more difficult. As dykes were used for 

palaeomagnetic analysis in this study, an investigation of the structural relations and 

palaeostress orientations was made from dykes in three of the plutons, Vetado, Las Animas 

and Las Tazas. Dykes in these three plutons were chosen as they have the best three-

dimensional outcrop, thus allowing structural measurements. It is generally accepted that 

most dyke swarms are intruded with a near vertical attitude, indicating that the stress field 

was close to horizontal during emplacement. Therefore if the plunge of the extension 

direction does not lie close to horizontal this may indicate post-emplacement tilting of the 

dykes. 

5.3.1 Dyke emplacement and orientation 

Dykes are rapidly intruded sheet-like structures of magma which cut across bedding 

or older foliations at high angles (Jaeger, 1959; Delaney and Pollard, 1982; Spence and 

Turcotte, 1985; Emerman and Marrett, 1990). If there is no regional lateral extension, 

emplacement is into hydraulic fractures generated by magma pressure. In this case magma 

pressure exceeds the compressive stress across the dyke plane and a magma-driven fracture 

develops ahead of the dyke tip (Spence and Turcotte, 1985; Delaney et ai, 1986; Renshaw 

and Pollard, 1994). The maximum volume of dyke material that can be injected in this 

way is less than 1% of the country rock (Price and Cosgrove, 1990), therefore i f a dyke 
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swarm has a larger volume than this it indicates that there was a regional tensile stress 
during emplacement. 

It is more common for dyke swarms to be emplaced under conditions of regional 

tensile stress, in this case a dyke can be emplaced into either newly developed hydraulic 

fractures, or into pre-existing fractures already present in the host rock. In an unfractured, 

isotropic medium under regional tensile stress all dykes will have a similar orientation as 

they form by propagation of hydraulic fractures normal to o^, the least principal stress 

direction (Pollard et al, 1982; Spence and Turcotte, 1985; Emerman and Marrett, 1990). 

Any cross-cutting dykes which result from hydraulic hybrid fracturization must have 

interfracture angles less than 45°, in addition, these dykes will tend to be inclined, or form 

en echelon sets (Price and Cosgrove, 1990). I f the magma follows along pre-existing 

fractures in the host rock, the dyke orientations will be the same as the fractures, so 

horizontal stress may also give rise to inclined dykes. Whether a particular pre-existing 

fracture can dilate is controlled by the stress ratio (defined from magma pressure and 

stress orientation) and the orientation of the fracture with respect to CT3 (Delaney et ai, 

1986). Above a certain stress ratio, fractures of any orientation can be dilated, this allows 

dykes of identical age to cross-cut and have large interfi*acture angles controlled only by 

the orientations of the pre-existing fractures. 

As stated in section 5.2.1, the dyke swarms which cut the Vetado, Las Animas and 

Las Tazas plutons are structurally distinct and predominantly confined to the pluton. 

Within each swarm there is a range of orientations and there is no simple relationship 

between orientation and cross-cutting hierarchy, indicating that within each swarm, the 

dykes of all orientations are the same age. Angles larger than 45° are seen between cross-

cutting dykes (Plate 5.1) and this has led previous workers to call the dykes 'conjugate' 

(Grocott et ai, 1994), implying that the dykes were intruded into conjugate fractures 
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developing by hydraulic fracturing as a result of extension. This term is inappropriate as 

extension cannot occur in two directions in the horizontal plane during a single extensional 

event, therefore conjugate fractures cannot develop. It seems more likely therefore that the 

dominant control on dyke emplacement and orientation is pre-existing fractures in the host 

plutons. 

5.3.2 Palaeostress analysis 

When extension occurs across a region with pre-existing fractures in a range of 

orientations some will be orientated obliquely to the direction of extension. The dykes 

observed in the plutons of the Coastal Cordillera display many features related to their 

opening, some controlled by the orientations of the original fractures and others as a result 

of hydraulic fracturing (Figure 5.5a). Dykes which follow fractures opening obliquely to 

the tensile direction will side-step causing the dyke trend to offset, or bridges to develop 

(Figure 5.5b). Bussell (1989) and Kretz (1991) showed that these offsets can be used to 

find the true dilation direction of the dyke swarm. 

For analysis of the dykes in this study, the graphical method of Bussell (1989) was 

employed. The features of a side-stepping dyke are shown in Figure 5.6a; these are the 

dyke wall, the offset plane and the apparent dilation direction. In the field, the orientation 

of the offset edge is measured, or this can be constructed from measurements of the dyke 

wall and offset plane orientations. Also measured is the apparent dilation direction, this is 

the orientation of a line which joins matching comers of the offset. The dilation plane for 

the offset is found by stereographic construction of a plane which contains the apparent 

dilation direction and the orientation of the offset edge (Figure 5.6b). This dilation plane 

must contain the true dilation direction, and measurement of enough dilation planes in a 

range of orientations allows a best fit dilation direction to be obtained for the dyke swarm. 
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Figure 5.5. Examples of features seen within dykes which intrude a) the 
Vetado and b) the Las Animas plutons. 
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Figure 5.6. a) Diagram showing the features of a side-stepping dyke, b) The 
construction of the dilation plane following the method of Bussell (1989). 
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A total of 125 measurements were taken of dyke segment orientations in addition to 

132 offset orientations from dykes which intrude the Vetado, Las Animas and Las Tazas 

plutons. The orientations of the dyke segments, the dilation planes and directions, and 

density plots of the data are shown in Figure 5.7. Dykes in the Vetado pluton are generally 

close to vertical and, although they have a wide range of strike directions, they show a 

dominant approximately N-S trend. The dykes in the Las Animas pluton have a wider 

range of dips, although again, in most cases, this is within 20° of vertical. The strikes of 

the dykes are better grouped than those in the Vetado pluton and show an approximately 

NW-SE trend. In the Las Tazas pluton the dyke orientations are much better grouped and 

all of the measured dyke segments dip steeply towards the SW. 

The dilation directions demonstrate variation between the three swarms. As 

suggested by the dyke segment orientations, the dykes in the Vetado pluton show a dilation 

direction close to E-W, the finite direction is at 6°, 249°. In the Las Animas pluton the 

dilation direction is at 1°, 232°, and in the Las Tazas pluton at T, 205°. The data show a 

general clockwise rotation of the dilation direction with increasing dyke age. In all cases 

the plunge of the dilation is low indicating that a presumed near horizontal stress field 

existed during emplacement. 

5.3.3 Discussion of the palaeostress analysis results 

The differences in the range of dyke strikes within each of the plutons may be due 

to a number of reasons. Firstly, as the Vetado pluton is older it may have had a greater 

range of pre-existing fracture orientations which could be dilated during extension. A 

second possibility is the dykes in the Las Animas or Las Tazas plutons may have been 

emplaced under a lower stress ratio (Delaney et al, 1986).. This would have restricted the 

range of fracture orientations that could be dilated during the extension. Thirdly, the ages 



Vetado n = 37 

Figure 5.7. Equal area projection of a) poles to dyke orientations; b) Best fit dilation plane 
and direction from the dyke offsets in the plutons. DD is the plunge and trend of the dilation 
direction, b) Density plots of dilation data. Divisions are at 10. 40 and 70 %. 



Las Animas n = 66 

Figure 5.7. Continued. 



Las Tazas n = 29 

Figure 5.7. Continued. 
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of the dyke swarms in the younger plutons suggest that they were emplaced soon after the 
plutons themselves, and probably while the plutons were still hot. The dykes in the Vetado 
pluton may, however, be significantly younger that the age of the pluton and would have 
been intruded into cold, britde rock. Although Spence and Turcotte (1985) demonstrated 
that fracture resistance could be neglected when considering a magma driven crack in an 
elastic medium, intrusion into a warmer, and presumably weaker host rock may have aided 
propagation of dykes normal to a3, and therefore in a smaller range of orientations. The 
grouping of dyke orientations in the Las Tazas pluton may indicate that a smaller range of 
fractures were present or capable of being dilated in the host rock. The consistent NE dip 
of the dykes may indicate a consistent original dip to the fractures, or possibly a component 
of vertical shear during dyke emplacement. 

The near vertical field attitude of the dykes and the palaeostress analysis indicates 

that the extension direction was close to horizontal during emplacement of all three of the 

dyke swarms. It is likely that when considering an extending margin on a regional scale, 

the stress conditions under which the dykes were emplaced was close to horizontal, i f this 

is the case, then the data indicate that the dykes have undergone no significant post-

emplacement tilting. Any inclined dykes that are sampled are probably in their original 

orientation and their palaeomagnetic remanence directions do not need to be corrected back 

to vertical. 

The declinations of the best fit dilation directions seem to show that the stress field 

was rotating from WSW-ENE, in the Early Jurassic when the Vetado dykes were intruded 

to more SSW-NNE in the Early Cretaceous. These directions do not take into account any 

vertical axis rotation of the dyke swarms since emplacement. 
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5.4 Palaeomagnetic results 

5.4.1 La Negra Formation 

i) Palaeomagnetic sampling localities 

Sites for palaeomagnetic analysis were collected along two W-E transects. Twelve 

sites, AT69-AT80, were collected in 1992 along the more southerly transect and a further 9 

sites, AT81-AT89 were collected in 1993. All sites were collected as oriented hand samples. 

Figure 5.8 shows the sampling locations along the transects. Structural data for 

palaeohorizontal control was taken from igneous features and where possible, from the rare 

sedimentary horizons within the formation. In some places it was difiScult to establish the 

palaeohorizx)ntal and several measurements were taken to obtain a mean for the outcrop. 

ii) Magnetic mineralogy 

Samples from eight sites were subjected to IRM acquisition and three-axis 

demagnetisation as described in section 2.6.1. Samples were selected v4iich reflected the 

range of demagnetisation behaviour observed. Results from four of the samples are shown 

in Figure 5.9a-d. Sample AT87-2-2b (Figure 5.9a) acquires IRM rapidly up to -300 mT and 

then saturates. Demagnetisation of the IRMs is completed at 550°C-580°C and show a 

dominance of the lowest coercivity component, only a small amount of the IRM is carried 

by grains v^th high coercivities. NRM demagnetisation shows a rapid reduction with AF 

and a steady decrease in intensity with thermal demagnetisation up to a maximum of 60 mT 

and 580°C respectively. These experiments indicate a magnetite and/or titanomagnetite 

carrier for both the NRM and IRM, probably with a range of grain sizes present. The 

dominance of the low coercivity component suggests a significant multi-domain component. 

Sample AT76-4-3 (Figure 5.9b) again shows a dominance of low and intermediate 

coercivity carriers for the IRM. The low and intermediate coercivity IRMs do not 
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Figure 5.9 a, b. Rock magnetic experiments from samples of the La Negra Formation. Graphs 
show acqusition of IRM, demagnetisation of 3-axis IRMs and demagnetisation of remanence. 
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completely demagnetise until 630°C, while the NRM was demagnetised at -540°C. This 
discrepancy may be due to a problem with the oven failing to attain its true temperature setting 
during the IRM demagnetisation experiments rather than being a true measure of unblocking 
temperature. Noticeably different to sample AT87-2-2b is the drop in the IRM of the low 
coercivity component at ~300°C-400°C. This may be due to the presence of some maghemite in 
the sample. Maghemite has a saturation magnetisation comparable to that of magnetite and 
would show similar IRM acquisition characteristics. Maghemite however changes to haematite 
at approximately 300°C-350°C and this would result in a fall of intensity in the low coercivity 
IRM component. However, the same intensity drop is not observed in the NRM, suggesting that 
if maghemite is present, it may not have been a contributor to the NRM. This sample is 
interpreted as being dominated by a mixture of magnetite and titanomagnetite, again probably in 
a range of grain sizes. In addition, there may also be some maghemite present. These two types 
of rock magnetic behaviour are representative of most of the samples from the La Negra 
Formation. 

The IRM acquisition of sample AT71-2-R, shown in Figure 5.9c, indicates the presence 

of a high coercivity component in addition to a more significant contribution from low coercivity 

grains. This is confirmed by demagnetisation of the IRMs which show that the low coercivity 

component is demagnetised by 580°C while the high coercivity component remains stable up to 

670°C, this indicates a mix of haematite and magnetite or titanomagnetite. The demagnetisation 

of the NRM is complete at 570°C or 30 mT, this suggests that while haematite is present in the 

sample it is not a significant carrier of NRM. As in sample AT71-2-R, there is a significant drop 

in the IRM of the low coercivity component at approximately 300°C-350°C, although in this 

sample the drop is also observed in the demagnetisation of NRM. Following the discussion 

above, this may indicate the presence of maghemite in this sample. Sample AT70-I-4, shown in 

Figure 5.9d, has an IRM and NRM carried by high coercivity grains unaffected by AF 
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demagnetisation, which have an unblocking temperature of 670°C. In this sample the only 

carrier was haematite. 

Thin section studies of samples collected for palaeomagnetic analysis recognised a 

large amount of opaque minerals within the formation, some specifically associated with 

secondary veins and infilling of vesicles. Petrological studies by Lucassen and Franz 

(1994) on the La Negra Formation near to Antofagasta (approximately 250 km north of this 

sampling region) recognised a dominance of titanomagnetite and titanomaghemite in their 

samples, with minor ilmenite. They interpreted the presence of the titanomagnetite as 

evidence for low temperature hydrothermal alteration. Hartley et al. (1988) sampled the 

formation from near to Antofagasta for palaeomagnetic study. They identified discrete 

magnetite and haematite in their samples, as well a large amount of secondary haematite 

associated with veins. The petrological evidence from this study and those from fiirther 

north suggests that there may be several phases of magnetic mineral growth within these 
' I 

rocks, some of which may be localised in secondary features. Overall, the petrological and 

rock magnetic data indicate a complex range of carriers in the La Negra Formation which 

may have been acquired over a significant time period. 

iii) Anisotropy of magnetic susceptibility 

The anisotropy of magnetic susceptibility (AMS) of samples from the sites in the 

northern transect was measured (sites AT81-AT89), and results are given in Table 5.2. 

Figure 5.10 shows the variation in shape parameter, T, with corrected anisotropy degree, 

Pj. The parameter T is given by 

0 
~[ ln{ki/k}) 



Sample Maximum Intermediate Minimum Susceptibility 
(AT) Dec. Inc. Dec. Inc. Dec. Inc. kl k2 k3 kgeom PJ T 

81-M 112.7 38.2 312.7 50.0 210.7 9.9 4114.3 4104.4 4088.5 4102.4 1.0064 0.2341 
8I-1-2A 121.1 19.8 329.6 67.8 214.7 9.8 4167.9 4157.3 4138.9 4154.7 1.0071 0.2706 
8I-I-2B 117.7 29.4 295.1 60.6 27.1 1.0 4326.7 4318.5 4296.5 4313.9 1.0073 0.4583 
81-2-1 81.3 9.8 33.5 60.4 176.5 27.6 19914.4 19861.7 19789.0 19854.9 1.0064 0.1609 
81-2-2 189.7 30.2 81.9 27.7 317.9 46.8 18918.4 18842.4 18785.3 18848.6 1.0071 -0.1405 
81-2-3 232.4 67.9 69.4 21.3 337.1 5.9 25170.6 25025.4 24986.1 25060.5 1.0078 -0.5727 
82-1-1 319.7 6.2 64.2 66.7 227.2 22.5 24115.3 33717.9 33368.8 33732.6 1.0224 -0.0593 
82-1-2 321.7 11.0 66.5 52.7 223.8 35.1 32853.0 32473.3 32259.8 32527.7 1.0186 -0.2759 
82-1-3 317.8 8.8 65.0 62.3 223.6 26.0 34894.4 34471.4 34197.2 34519.8 1.0205 -0.2086 
82-2-1 34.0 31.7 152.7 37.9 227.2 36.0 38534.3 38283.7 38010.1 38275.3 1.0138 0.0475 
82-2-2 35.0 29.3 153.1 40.0 280.9 36.1 31891.2 31572.4 31333.5 31598.1 1.0179 -0.1389 
82-2-3 35.5 29.8 163.9 47.3 288.1 27.5 33918.2 33646.2 33328.5 33630.0 1.0177 0.0820 
83-1-1 4.0 8.9 101.2 38.4 263.1 50.2 32079.0 31818.5 31642.5 31846.1 1.0139 -0.1903 
83-1-2 10.8 20.0 118.7 40.3 261.0 43.0 33513.9 33335.9 32829.9 33225.2 1.0216 0.4833 
83-1-3 5.2 20.0 107.4 30.2 246.9 52.5 36567.8 36258.7 35973.3 36265.7 1.0165 -0.0356 
83-2-1 322.0 23.5 212.8 37.2 76.5 43,7 35640.6 35319.2 35100.7 35352.7 1.0155 -0.1870 
83-2-2 337.6 21.5 223.1 46.5 84.0 35,6 38021.1 37633.7 37493.8 37715.4 1.0146 -0.4667 
83-2-3 336.2 31.5 244.8 2.2 151.2 58.4 35375.8 35020.7 34897.4 35097.3 1.0142 -0.4819 
84-1-1 166.0 68.6 10.0 19.7 277.1 8.0 684.3 679.7 677.7 680.6 1.0100 -0.3919 
84-1-2 27.0 60.4 193.8 28.9 287.0 5.7 694.9 693.6 690.4 693.0 1.0067 0.4237 
84-1-3 57.9 74.8 187.4 9.8 279.9 11.5 686,2 684.9 678.6 683.2 1.0120 0.6595 
84-2-1 36.1 39.8 188.2 46.7 293.9 14.2 763.7 761.5 756.4 760.5 1.0099 0.3993 
84-2-2 31.1 43.0 185.6 43,2 298.2 13.1 771.7 769.7 764.6 768.7 1.0096 0.4386 
84-2-3 36.7 60.1 202.4 29.2 295.9 6.2 788.3 783.8 780.0 784.0 1.0107 -0.0816 
85-1-1 237.8 23.5 212.5 53.1 80.5 26.7 21899.9 20902.5 20811.2 21198.8 1.0582 -0.8283 
85-1-2 340.5 23.0 227.0 43.3 89.7 37.9 18096.7 17272.3 17189.4 17514.7 1.0585 -0.8129 
85-1-3 341.0 23.1 220.2 50.2 85.5 30.4 20110.2 19186.1 19097.8 19459.3 1.0588 -0.8214 
85-1-4 338.6 30.3 200.4 52.1 81.3 20.7 18060.8 17220.0 17099.0 17454.7 1.0613 -0.7423 
85-2-1 138.8 12.7 145.5 13.7 9.9 71.1 44624.8 43682.6 43214.0 43836.4 1.0332 -0.3286 
85-2-2 229.6 8.2 138.3 8.7 2.3 78.1 47069.4 46100.1 45001.5 46049.1 1.0460 0.0737 

Table 5.2 Continued. 
4^ 



Sample 
(AT) 

Maximum 
Dec. Inc. 

Intermediate 
Dec. Inc. 

Minimum 
Dec. Inc. kl 

Susceptibility 
k2 k3 kgeom PJ T 

86-1-3 267.8 56.9 175.8 1.3 85.0 33.1 9060.5 8915.1 8783.4 8918.9 1.0316 -0.0417 
86-2-1 280.0 72.3 135.5 14.5 43.0 9.8 17785.1 17435.5 17091.3 17434.9 1.0406 0.0022 
86-2-2 223.6 76.6 317.4 0.9 47.6 13.4 16439.5 16164.3 15864.4 16154.3 1.0363 0.0518 
86-2-3 246.4 77.8 146.1 2.2 55.6 11.9 16617.2 16317.7 16001.0 16310.0 1.0385 0.0373 
87-1-IA 100.2 66.6 231.6 16.1 326.6 16.6 51352.0 51320.5 50765.9 51145.3 1.0130 0.8929 
87 .MB 210.2 57.6 46.2 31.4 311.7 7.2 53827.7 53467.6 53098.4 53463.6 1.0137 0.0161 
87-2-1 310.4 27.9 179.3 50.9 54.6 24.8 50625.2 50236.8 50082.1 50314.1 1.0112 -0.4282 
87-2-2 305.9 27.9 157.5 58.1 43.5 14.2 57223.2 56404.5 56351.5 56658.2 1.0174 -0.8775 
87-2-3A 301.3 27.9 191.0 33.1 62.0 44.0 60056.4 59580.9 59353.1 59662.6 1.0121 -0.3495 
87-2-3B 305.1 24.5 202.1 26.2 71.8 52.6 51480.7 51022.9 50839.3 51113.5 1.0130 -0.4249 
88-1-1 123.0 38.9 30.6 2.9 297.0 50.9 10658.3 10488.3 10412.4 10519.1 1.0242 -0.3777 
88-1-2 122.5 44.5 230.2 17.2 335.3 40.5 10247.8 10065.8 10033.1 10115.1 1.0231 -0.6926 
88-1-3 111.3 37,4 343.9 38.4 227.2 29.6 10020.3 9858.2 9826.9 9901.4 1.0211 -0.6736 
88-2-1 203.3 43.1 69.4 36.6 319.2 24.9 1966.2 1938.4 1915.8 1940.0 1.0263 -0.0967 
88-2-2 206.4 34.6 64,3 48.8 310.5 19.5 2002.5 1975.3 1950.7 1976.1 1.0266 -0.0437 
88-2-3 209.0 37.0 58.7 49.1 310.7 15.1 1892.9 1865.5 1844.9 1867.7 1.0261 -0.1354 
89-1-IA 169.0 29.6 3.1 59.7 262.5 6.1 20632.6 20342.7 20132.2 20368.1 1.0250 -0.1527 
89-1-lB 83.9 6.3 286.6 83.1 174.2 2.6 29062.0 28597.7 28484.8 28713,7 1.0215 -0.6057 
89-1-2 166.3 33.7 347.6 56.3 256.7 0.6 21928.3 21715.8 21473.3 21704.9 1.0212 0.0711 
89-1-3 167.9 26.8 7.4 61.8 262.0 8.1 22964.7 22678.2 22437.6 22692.4 1.0235 -0.0813 
89-2-1 77.8 0.2 347.1 74.6 167.9 15.5 29902.9 29578.9 29332.1 29603.6 1.0195 -0.1305 
89-2-2 74.7 5.0 329.6 71.4 166.3 17.9 30613.9 30290.2 30025.5 30308.8 1.0196 -0.0995 

Table 5.2. Anisotropy data from the northern transect through the La Negra Formation. Dec. and inc. are tilt corrected 
declination and inclination of susceptibility axes; kl , k2 and k3 are the maximun, intermediate and minor axis 
susceptibilities; kgeom is the geometric average susceptibility; PJ is corrected anisotropy degree; T is the shape 
parameter (Jelinek, 1981). 
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where is the maximum susceptibility, is the intermediate susceptibility and kj is the 

minimum susceptibility. The corrected anisotropy degree, Pj, is given by 

i'^ = expJ 2(TII-TI„) + ( T i 2 - i i . . y + ( T i 3 - T i " y 

where t|, = hi TI2 = hi A:̂  TI3 = hi 

and T|fl) = ^ T | i x r | 2 

The results indicate that most samples have less than 4% corrected anisotropy degree. For 

most samples the shape parameter (T) is close to 0, indicating the presence of triaxial AMS 

ellipsoids. Only four of samples display significant AMS, these are from site AT85 and 

are prolate with Pj approximately 6%. 
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Figure 5.10. Shape parameters of anisotropy, La 
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Figure 5.11 shows the directions of the principle susceptibility axes. For most sites 
there is no pattern and the axes are either widely scattered, or grouped within each hand 
sample block. At sites AT83 and AT86 the maximum axes are well-grouped while the 
intermediate and minimum axes form poorly defined great circle distributions. Site AT84 
has well-grouped minimum axes with the maximum and intermediate axes forming a great 
circle girdle, indicating a near vertical oblate fabric. At sites AT87 and AT89 some of the 
maximum and minimum axes of different samples have the same orientation. This may 
result fipom the presence of a mixture of multi- and single domain magnetite grains in the 
samples. h\ the samples dominated by single domain grains the maximum susceptibility lies 
perpendicular to the easy axis of the grain, while in multi-domain grains, the maximum 
susceptibility axis Ues along the easy direction. This is because with low field susceptibility 
there is insufficient energy to re-ahgn the susceptibility of single domain grains, while the 
domain structure of multi-domain grains allows re-alignment of the maximum susceptibility 

along the easy axis of the fabric (Stephenson et al.y 1986). 

The AMS results show that in most cases samples from the northern transect of the 

La Negra Formation have low anisotropy. The AMS present is likely to be due to flow 

within the lava, with variations due to the samples being collected from different position 

within the flows. Samples from close to the sides of a flow are more Ukely to have oblate 

ellipses as a result of flow by layer shearing, while those from within the lava flow will have 

prolate ellipses related to faster magma flow. The data from the La Negra Formation 

indicates that the amount of AMS measured in these samples is unlikely to affect the 

direction of palaeomagnetic remanence in any of the sites. 
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%• Site 84 

Figure 5.11. Equal area stereographic projections of principle susceptibility axes. 
Squares are k^,; triangles are /c,„; circles k^n-
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iv) Palaeomagnetic remanence measurements 

A total of 21 sites were collected from the La Negra Formation from a number of 

lilhologies (Table 5.3). Many of the samples exhibit multi-component behaviour which was 

found to be extremely variable, even within each site. For this reason, a range of 

demagnetisation levels at which the characteristic remanent magnetisation (ChRM) was 

recovered for is recorded for some sites. The directions of palaeomagnetic remanence are 

given in Table 5.4. Although the demagnetisation was complex, most sites yielded a stable 

remanence direction and the ChRM was isolated at the highest demagnetisation level in 20 

of 21 sites. 

A stereographic projection of the low coercivity or unblocking temperature 

components is shown in Figure 5.12. Most sites exhibited a single low coercivity or 

unblocking temperature component which was removed by 25 mT or 250°C. Some sites 

also contained an intermediate component, typically in the 200-450°C or 20-35 mT range, 

although they are less well defined during AF demagnetisation. It is obvious from Figure 

5.12 that in most cases the directions do not form a well defined group, even within site. 

After applying a tilt correction the pattern is not significantly different. The low 

components from some sites do show diffuse grouping or linear trends, for example sites 

AT74. AT79 and AT86. The samples from site AT78 are notably different as they do form 

a coherent group at approximately 30° clockwise of north with a -30** inclination. The 

demagnetisation plots from two samples from this site are shown in Figure 5.13, on the 

stereographic projections the directions plot as a great circle path suggesting that there two 

components of magnetisation, in this case probably the ChRM and a time averaged present-

day component. The poor within site grouping of the low and intermediate coercivity and 

unblocking temperature components indicates that the majority were most likely acquired 

after the samples were removed from the host rock, and therefore represent viscous 

remanences acquired as sampling or laboratory induced components. 



Sampling site Tilt ChRM isolation mT 
Site Long. W Lat. S Lithology correction Min. Max. 1 Min Max. 

*AT69 70°28'00" 26°08'30" Ignimbrite 254/21 480 570 10 100 
AT70 70°27'30" 26^08 M 5" Basaltic/andesitic lava 224/40 510 670 None 
AT71 70°26'00" 26°08'30" Andesitic lava 324/36 150 630 3^5 100 

*AT72 70°25'37" 26°08'20" Basaltic/andesitic lava 338/24 450 550 3 100 
AT74 70°23*15" 26°08'15" Andesitic lava 155/10 200 600 7.5 80 

*Ar75 70^23'03" 26°08'40" Andesitic lava 358/32 510 600 3->20 100 
*AT76 70°2r45" 26°07'30" RhyoUte lava 206/52 480 570 25 100 

AT77 70°2r45" 26°07'30" Basaltic/andesitic lava 233/13 400 570 3^15 100 
*AT78 70°2ri8" 26°07'30" Basaltic lava 251/16 100- 540 3 25 
* AT79 70°24'00" 26̂ 10*20" Andesitic lava 220/09 300 600 5^20 100 
*AT80 70°23'30" 26°10'30" Basaltic lava 192/23 NRM->400 600 5^15 35->60 

ATS I 70°37'00" 25°44*00" Brecciated lava 332/60 100->300 600 10 35 
*AT82 70°36'00" 25°45'00" Andesitic lava 352/30 NRM 480 3 20^45 
*AT83 70°35'00" 25°44'00" Andesitic lava 320/30 100->300 600 3 45 
*AT84 70°35'00" 25^45'00" Andesitic lava 356/44 NRM 650 NRM 100 
*AT85 70̂ 35 *00" 25^45'00" Andesitic lava 017/57 400 630 3 20 
*AT86 70°35*00" 25°43'50" Basaltic/andesitic lava 328/42 200 450 15 70 

AT87 70°36*00" 25°47'00" Basaltic/andesitic lava 350/17 NRM 580 10 100 
*AT88 70°36*00" 25°47'00" Andesitic lava 358/28 400 680 10 100 
*AT89 70°36'00" 25^47*00" Andesitic lava 356/22 150 540 20 100 

Table 5.3. Sampling and demagnetisation data from sites in the La Negra Formation. Till correction is given in right-hand-rule format. 
ChRM isolation is demagnetisation level at which ChRM is isolated in the site, a range with an arrow indicates a within site variation. 

4^ 



Site n/No 
Uncorrected 
Dec. Inc. Dec. 

Corrected 
Inc. k «95 

AT69 11/11 26.0 -41.7 44.8 -55.1 70.6 5.5 
AT70 6/8 152.6 63.6 294.9 69.3 73.9 7.8 
AT71 6/9 291.1 -4.9 293.8 14.4 188.4 4.9 
AT72 8/9 234.4 7.1 227.7 30.6 40.0 8.9 
AT74 9/11 171.1 7.5 169.6 10.2 171.9 3.9 

* AT75 5/9 40.6 9.6 40.1 -12.2 13.3 21.8 
He AT76 9/18 2.2 -48.3 60.9 -42.2 17.0 12.9 

AT77 5/7 277.1 -48.0 265.6 -57.8 77.4 8.8 
AT78 12/19 33.4 -37.2 45.5 -45.6 38.0 7.1 

* AT79 19/19 211.4 43.2 221.2 43.3 74.7 3.9 
* AT80 8/11 54.1 -42.2 31.6 -54.3 38.8 9.0 

AT81 in 24.4 -60.0 270.9 -50.9 32.6 10.7 
* AT82 8/9 241.1 1.5 237.9 29.3 43.9 8.6 

AT83 7/9 225.5 18.8 223.5 48.7 22.3 13.6 
* AT84 en 25.9 -5.0 15.0 -24.0 17.2 16.9 

AT85 7/7 231.7 -23.6 236.4 12.7 85.2 6.7 
* AT86 4/6 25.6 16.5 25.3 -18.8 59.1 23.2 

AT87 7/7 286.7 15.4 290.2 30.3 133 5.3 
* AT88 in 50.7 4.3 48.2 -18.1 34.6 10.4 
* AT89 7/7 43.4 -38.2 25.8 -52.2 76.2 7.3 

Mean 14/20 40.2 -17.0 
42.0 -35.5 

8.1 
17.9 

14.9 
9.6 

Table 5.4. Remanence data from the La Negra Formation. n/No. is number of samples included in site mean/ 
number of samples demagnetised; dec. and inc. are decUnation and inclination of remanence vector, k is Fisherian 
precision parameter, ttgs is size of 95% cone of confidence. Sites marked * are included in formation mean. o 
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Figure 5.12. Equal area stereographic projection of low and intermediate 
coercivity and unblocking temperature components from the La Negra 
Formation, a) Components up to 25 mT and 250 °C. b) Intermediate 
components greater than 25 mT and 250 °C. but not ChRM. Directions 
are /n situ, numbers are site numbers. Open (filled) points on the stereonet 
are upper (lower) hemisphere projections. 
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Figure 5.13. Ziiderveld and equal area stereographic projections of two samples 
from site AT78 in the La Negra Formation. All plots are in s//u coordinates, this is 
because the secondary component is likely to be post-folding. In addition, the 
tilt correction for this site is small, and causes only a small change in the direction 
of magnetisation. 



153 

After tectonic correction the ChRM from 14 sites give results with close agreement 

(Table 5.4, Figure 5.14). Of the six sites rejected five are from lava flows (AT70, AT71, 

AT74, AT77, AT87) and gave site mean directions unrelated to the formation mean, some 

of these also have small 095 confidence limits. Site AT70 is also unusual in that it has an 

exclusively haematite magnetic carrier. Site AT81 is from a brecciated lava and although its 

tilt corrected ChRM direction lies away from the main group its in situ direction is close to 

the till corrected formation mean direction. 

The demagnetisation behaviour of the 14 sites included in the mean is variable and 

many have two or more components of magnetisation, which in some cases are overlapping. 

Examples of the demagnetisation are shown in Figure 5.15a-h. Three sites have single 

component demagnetisation similar to Figures 5.15 a and b. The majority of sites have two 

or more components of magnetisation and some sites have components with overlapping 

coercivities or unblocking temperatures. Examples of these are shown in Figures 5.15 c-h. 

In some sites the ChRM is only defined by high temperature/coercivity end points or 

remagnetisation circles. 

The formation mean direction is given in Table 5.4 and shown in Figure 5.14 along 

with the site mean directions. Five of the sites have reversed pwlarity and there is no 

correlation between reversed sites and lithology or type of demagnetisation behaviour. The 

improvement in the precision parameter k on tilt correction (ki/k2 = 2.21, is greater than the 

statistically significant value of 1.94 at 95 % confidence level) passes the fold test of 

McElhinny (1964). The tilt corrected directions pass the reversal test of McFadden and 

McElhinny (1990) with a C classification at 95% confidence. 
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N 

La Negra 
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Figure 5.14. Stereographic projection of site mean 
directions from the La Negra Formation (circles) and 
the formation mean directions (square). Errors are 0 ^ 
cones of confidence. Open (closed) symbols are upper 
(lower) hemispere projections. 
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v) Discussion of results 

The mineralogical and rock magnetic studies indicate a complex mineralogy for the 

La Negra Formation, with the possibility of several types and generations of magnetic 

carriers. The formation has suffered alteration by hydrothermal fluids and/or low grade 

metamorphism and this has given rise to complex magnetisations in many of the samples. A 

ChRM can however, be extracted from the majority of samples. One of the excluded sites, 

AT81 has a tih corrected ChRM direction which lies away from the main group, although 

its in situ direction is close to the tilt corrected fomiation mean direction. This would 

suggest a post-folding remagnetisation for this site. This is inconsistent with the positive 

fold test from the other sites in the formation. Site AT81 was collected from brecciated 

lava, and it is possible that the site has been preferentially remagnetised due to its higher 

permeability. 

The presence of reversed sites and a positive reversal and fold test suggests that the 

ChRM is primary or certainly pre-folding in origin. Although the fold test is positive it is 

only just so. As stated in section 5.2.1 the La Negra Formation may have been folded as 

well as being tilted around horizontal axes on fault blocks. The low ki/k2 value may 

indicate a problem with simply tilt correcting the palaeomagnetic vectors by restoring the 

dips around a line of strike in this region. The restoration of the site mean vectors to the 

palaeohorizontal does, however, change the formation mean inclination from -17.0° to -

35.5°, which is much closer to the inclination that would be expected at this site for any 

time since the Jurassic (see Chapter 3). This again indicates that the remanences are pre-

tilting in origin. 

The complex magnetisations and evidence for secondary magnetic minerals led 

Hartley et al, (1988) to suggest that the La Negra Formation had been remagnetised. They 

suggest that the remanence may be as young as Early Cretaceous, but is unlikely to be more 

recent. As the timing of the folding and tilting is not known this cannot be disproved 



159 

unequivocally by the positive fold test in this study area. The data presented here would, 
however, suggest that the remanence was acquired soon after deposition or extrusion. The 
formation mean direction is therefore compared with the Middle Jurassic reference 
direction and this indicates that the La Negra Formation has undergone a clockwise 
rotation of 40.0±11.5°, with a latitudinal displacement of 7.5±9.1° northwards. This is a 
larger rotation than was recorded by Hartley et al. (1988) from the La Negra Formation 
near Antofagasta at approximately 24°S. Their rotation was 27.3±14.8°, when compared to 
the Middle Jurassic reference direction from Chapter 3. 

5.4.2 Magnetic mineralogy of dyke samples 

Although the magnetic mineralogy of the dyke samples is variable, they display 

common groups of behaviour. For this reason the magnetic mineralogy of all of the dyke 

swarms are considered together. A total of 20 representative samples, four from each 

swarm, have been submitted to IRM acquisition and demagnetisation. The behaviour 

generally falls into one of six groups represented by samples shown in Figure 5.16a-f 

Sample AT20-1-1 (Figure 5.16a) shows a rapid rise in IRM but identifying saturation is 

difficult due to noise in the measurements. This noise is only observed with samples of 

very high intensity where the fluxgate magnetometer is set to its least sensitive setting and 

therefore appears to be due to instrument error rather that sample instability. The IRM 

demagnetisation of sample AT20-1-1 shows a dominance of the low and intermediate 

coercivity components with unblocking temperatures in the range 100-540°C. 

Demagnetisation of the NRM is completed at 90 mT and 400°C with AF and thermal 

treatment respectively, although the remanence is much more stable to AF 

demagnetisation. The fairly rapid fall of both IRM and NRM during demagnetisation may 

be due to either a range of magnetite grain sizes being present, or a combined magnetite 
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and titanomagnetite carrier. Typically, i f a range of magnetite grain sizes is present, the 

demagnetisation trends in the IRM and NRM will be different, this is because the large 

multi-domain magnetite grains will carry an IRM but often not a significant component of 

NRM. As the demagnetisation of the IRM and NRM is similar in this sample, a mix of 

magnetite and titanomagnetite is most likely to be the carrier. 

Most of the dykes fall into one of two categories, represented by samples AT4-1-3 

and AT67-2-3 (Figures 5.16b, c). IRM acquisition rises rapidly and saturates at 

approximately 300 mT; again there are problems with instrument instability at high 

intensities in sample AT4-1-3. The IRM demagnetisation is dominated by the low and 

intermediate coercivity components, and both the IRM and NRM have unblocking 

temperatures in the range I00-580°C. This indicates a magnetite carrier for both the NRM 

and IRM. Comparisons of the IRM and NRM demagnetisation suggests that there may be 

a range of grain sizes and the presence of titanomagnetite in these samples. 

During IRM acquisition, sample AT29-I-I (Figure 5.16d) does not saturate in the 

800 mT applied field. Although dominated by the intermediate coercivity IRM component 

there is also a significant high coercivity component present. The low and intermediate 

coercivity components are demagnetised in the range 100-580°C, dominantly 500-580°C 

while the high coercivity component is stable to 670°C. This suggests a mixture of both 

magnetite and/or titanomagnetite, and haematite are present in the sample. The 

demagnetisation of the NRM is incomplete, despite the sample being demagnetised to high 

levels. At high demagnetisation levels the magnetisation direction became unstable 

without a significant loss in intensity. This is most likely to be due to a significant viscous 

component in the sample. 

Examples AT61-I-3 and AT46-1-3 showed more unusual behaviour which is 

difficult to explain. The NRM of sample AT61-1-3 (Figure 5.16e) is rapidly reduced by 
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thermal demagnetisation to "-400°C whilst being unaffected by AF treatment. IRM 

acquisition rises fairly slowly and seems to plateau at --300 mT, although it is noisy. The 

three IRMs are dominated by the intermediate and high coercivity components which show 

large intensity drops at 100-350°C and 500-670°C. The inability to AF demagnetise the 

NRM, and the demagnetisation of.IRM suggests a dominant high coercivity carrier, 

however, the IRM acquisition appears to indicate a significant low coercivity component. 

The cause of this behaviour is uncertain, but may be indicating the presence of maghemite 

or pyrrhotite (maximum coercivity 0.5-1 T, unblocking temperature 320°C). The IRM 

demagnetisation certainly indicates haematite, although this was not apparent in the NRM 

and the reason why the IRM acquisition seems to saturate at 300 mT cannot be explained. 

The IRM acquisition of sample AT64-1-3 (Figure 5.l6f) shows a fairly rapid rise in 

intensity which does not saturate in the 800 mT applied field. The demagnetisation 

behaviours of the IRM and NRM are extremely different. The IRM is dominated by the 

low and intermediate coercivity components which show significant intensity drops at 

350°C, 500-570°C and fi i l l demagnetisation at 670°C, This may indicate a combination of 

possible pyrrhotite, maghemite, magnetite and haematite in this sample. The thermal and 

AF demagnetisation of the NRM was carried out on two sub-samples from the same core, 

in one sub-sample the NRM is rapidly reduced to the noise level by AF treatment to 45 

mT, typical of multi-domain magnetite, while the thermally demagnetised sub-sample 

loses only 50 % of its initial intensity up to 580°C before behaving erratically, suggesting 

that there may be a significant unstable haematite carrier in this sample. These NRM and 

IRM results may indicate complex magnetic mineralogy in these samples with large 

variations even within the same core. 

The magnetic mineralogy experiments and demagnetisation of NRMs indicates a 

varied range of magnetic carriers, and probably a range of grain sizes in the dyke samples. 
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All of the dyke swamis show variation, and it is not possible to differentiate between the 
swarms on magnetic mineralogy. In most cases, a magnetite/titanomagnetite mix seems to 
dominate the samples, and samples also exhibit behaviour consistent with a range of grain 
sizes being present. This assemblage may be primary or a result of later secondary mineral 
growth. Evidence for secondary mineral growth is found in thin section where large 
opaque minerals are seen associated with small veins. AJthough the experiments suggest 
that pynhotite, haematite and maghemite are present, they rarely contribute significantly to 
the NRM. These minerals may also be secondary, possibly related to the hydrothermal 
activity and alteration in the rocks. Lucassen and Franz (1994) recognised low grade 
metamorphic assemblages from dykes which intrude plutons north of this sampling region, 
they note however that the metamorphism is not penetrative and is confined to areas 
around joints or faults. 

5.4.3 Low and intermediate coercivity/unblocking temperature components in the dyke 

samples 

In addition to the ChRM, samples from most sites collected from the dykes exhibit 

low and intermediate coercivity and unblocking temperature components. Although the 

directions of these components vary within both individual sites and the swarms overall, 

they generally fall into two categories. Firstly, some sites show within site scattering of the 

low components, indicating that that they were gained after extraction from the host block 

and therefore represent a laboratory induced viscous remanence. Secondly, some sites 

have well grouped component directions which have negative inclination and lie in the 

northern part of the stereoplot. These most probably represent a VRM acquired in the 

present-day field direction prior to sampling. In some sites both of these components are 

observed in addition to the ChRM. 
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5.4.4 Dykes in the Vetado pluton 

i) Palaeomagnetic sampling localities 

A total of 16 sites were collected from dykes in the Vetado pluton (Figure 5.17). 

Most sites were collected from exposures in the area around the junction between the Pan 

American Highway and Quebrada del Salado and two sites (AT 15 and AT 16) were 

collected from further north at Portezuelo Blanco. Sites are numbered ATI-AT16 and all 

but the first three sites were collected as magnetically orientated hand samples. Sites A T l -

AT3 were collected by drill core and orientated by magnetic compass. 

ii) Palaeomagnetic remanence measurements 

Of the 16 sites collected, ten have been demagnetised, all using the thermal 

technique. Details of sampling localities and remanence data are given in Table 5.5. Al l 

sites have low NRM intensities and show multi-component, often complex behaviour with 

the ChRM only being isolated in a narrow demagnetisation range (Table 5.5). Despite 

this, nine of the ten sites demagnetised have a stable remanence direction, site AT2 being 

excluded due to its high 095 

A stereographic projection of the low unblocking temperature components is 

shown in Figure 5.18. Many of the sites appear to have both low and intermediate 

unblocking temperature components, however, in some cases the intermediate component 

is an artefact resulting from demagnetisation of two components with overlapping 

blocking spectra. 

Of the nine sites which yield a stable direction, six have been used to calculate the 

formation mean (Table 5.5, Figure 5.19). The three rejected sites ( A T I , AT5 and AT6) all 

have declinations >20° less than the formation mean, additionally, two of these are also 

characterised with high within site dispersion while the other has a very small ags. The 
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Sampling site ChRM isolation °C 
Site Long. W Lat. S n/No. Dec. Inc. k a95 Minimum Maximum 

ATI 70°29'30" 26°22'30" 4/6 18.0 -34.7 24.2 19.0 100 450->510 
AT2 70°29'30" 26°22'30" 4/6 56.5 -45.8 11.7 29.6 200 400 

or 510 570 
AT3 70°29'40" 26°2r35" 5/6 58.0 -52.8 69.0 9.3 -200 400 

* AT4 70°29'45" 26°2r45" 6/6 42.4 -31.3 12.7 20.8 300 500 
ATS 70°29'45" 26°2r45" 4/6 12.4 -58.2 834.4 3.4 150 630 
AT6 70°30'00" 26°2r50" 6/6 18.2 -41.2 13.6 18.8 300 350->500 
AT? 70°30'00" 26°2r50" 5/6 247.6 60.6 585.6 4.6 100 350 

or 350 510 
AT8 70°30'00" 26°2r50" 6/6 54.8 -49.9 37.0 12.4 150 400 

Hi ATIO 70°29'00" 26°2r45" 6/6 26.5 -60.2 37.4 11.9 400 570 
ATl l 70°29'00" 26°2r45" 6/6 226.4 39.0 32.9 12.3 100^400 540 

Mean 6/10 48.9 -49.6 31.9 12.1 

Table 5.5. Sampling and demagnetisation data from dykes in the Vetado pluton. n/No. is number of samples included in 
site mean/number of samples demagnetised; dec. and inc. are declination and inclination of remanence vector, k is Fisherian 
precision parameter, a95 is semi-angle of 95% cone of confidence. ChRM isolation is demagnetisation level at which the 
ChRM is isolated in the site, a range with an arrow indicates a within site variation. Sites marked * are included in formation 
mean. 
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Figure 5.18. Equal area stereographic projection of low unblocking 
temperature components from dykes in the Vetado pluton. Open 
(closed) points are upper (lower) hemisphere projections. Directions 
are in situ and there are no tilt corrections for the dykes. Numbers are 
site numbers. 



70 

Figure 5.19. Equal area stereographic projection of site 
mean directions from dykes in the vetado pluton (circles) 
and the formation mean directions (square). Error ellipses 
are 95% confidence. Open (closed) symbols are upper 
(lower) hemisphere projections 
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demagnetisation behaviour of these sites is generally single component and therefore less 
complicated than the other sites demagnetised from these dykes. 

Examples of the demagnetisation behaviour observed in the six sites included in 

the mean are shown in Figure 5.20a-d. Most of the samples exhibit multiple component 

magnetisations (e.g.. Figures 5.20a, b, d), and in some cases the ChRM is defined by end 

points and remagnetisation circles. Samples from some sites seem to have both normal 

and reversed polarity within the same sample. I f present, the reversed component is only 

characterised by a great circle track of the last two or three data points (Figure 5.20d). 

The formation mean direction is given in Table 5.5 and shown in Figure 5.19, along 

with the site mean directions. Two sites (AT7 and ATI 1) have reversed polarity, although 

some samples from these sites have both polarities present. I f the reversed component is 

observed, it is always the highest unblocking temperature component 

iii) Discussion of results 

The poor within site grouping of the low unblocking temperature components 

suggests that laboratory induced viscous remanences are present in these samples. The 

low unblocking temperature components from sites A T I , A T I 1 and some from AT5 

probably represent a present-day directed VRM. 

The results show that although the magnetisation of the samples is complex, a 

stable ChRM is obtained from the majority of sites. Three sites are rejected due to there 

anomalously low declination. These sites lie close to a fault (Figure 5.17) and also close to 

a large, cross-cutting dyke which is not typical of the others in this part of the pluton, it is 

brown, and has an anomalous NW trend. These sites may have therefore been 

remagnetised by fluid flow during fault motion, or later dyke emplacement. The reason 

why other sites from the same area do not show the remagnetisation is unknown, but it 
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may be related to the samples mineralogy, or the dykes may have been more jointed, 
aiding more pervasive remagnetisation. The presence of reversed samples is evidence that 
extensive and rapid remagnetisation of the dyke swarm as a whole is unlikely, and that the 
ChRM is an ancient remanence. The samples which exhibit antiparaliel components seem 
to be characterised by magnetite or titanomagnetite carriers and the change in direction 
occurs in the range ~-480-570°C. Given the mineralogy and the temperature range, self 
reversal, particularly as a result of a pyrrhotite magnetic carrier seems unlikely. The data 
are consistent with the samples having cooled through a reversing magnetic field and this 
is further evidence that the remanence is ancient, and probably primary. 

As discussed in Section 5.2.1, the dykes in the Vetado pluton are probably Early 

Jurassic in age. Comparison of the mean direction with the reference direction indicates a 

clockwise rotation of 46.9±16.5° with southward translation of 6.6±10.8°. 

5.4.5 Dykes from the Flamenco pluton 

i) Palaeomagnetic sampling localities 

Eight sites were collected from dykes within a small area of the Flamenco pluton, 

just south of Quebrada Flamenco as shown in Figure 5.21. All of the sites were collected 

as orientated hand samples. Site AT62 was collected from a dyke which had been dated as 

155.5±0.6 Ma Dallmeyer et ai, 1996). 

ii) Palaeomagnetic remanence measurements 

Six sites of the eight collected have been demagnetised and the data are given in 

Table 5.6. Although all samples exhibit multi-component behaviour, the demagnetisation 

plots are generally less complex than those observed from the other plutons. All of the 

sites yielded a stable mean direction. 
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Sampling site ChRM isolation mT 
Site Long. W Lat. S n/No. Dec. Inc. k a95 Min. Max. 1 Min. Max. 

*AT61 70°39'10" 26°33'50'* 7/7 233.6 39.1 35.9 10.2 270 370^570 None 
*AT62 70039'10" 26°33'50" 7/7 232.5 47.9 23.9 12.7 420 570 60 100 

AT63 70°39'45" 26°34M0" 7/7 350.4 -67.8 39.5 9.8 100 540->600 10 25 
*AT64 70°39'45" 26°34'15" 7/7 233.9 35.9 30.4 11.1 250 600 40 90 
*AT66 70°39'00" 26^34'10" 7/7 29.0 -50.6 68.4 7.4 300 580 15 100 
*AT67 70°38'45" 26''34'05" 7/7 46.8 -40.2 67.6 7.4 100->400 500 NRM 70 

Mean 5/6 45.6 -43.0 76.3 8.8 

Table 5.6. Sampling and demagnetisation data from dykes in the Flamenco pluton. n/No. is number of samples included in 
site mean/number of samples demagnetised; dec. and inc. are declination and inclination of remanence vector, k is Fisherian 
precision parameter, 0 9 5 is semi-angle of 95% cone of confidence. ChRM isolation is demagnetisation level at which the ChRM 
is isolated in the site, a range with an arrow indicates a within site variation. Sites marked * are included in formation mean. 
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A plot of the low unblocking temperature and low coercivity components is shown 
in Figure 5.22, many demonstrate reasonable within site grouping. Some samples have 
low and intermediate components which are antipodal which, where present, are both 
removed by demagnetisation to 400°C or 40 mT. 

Five of the six sites are used to calculate the formation mean (Table 5.6, Figure 

5.23). The rejected site, AT63, is characterised by a single component of magnetisation, 

the mean having an anomalously steep inclination, while its declination lies away from the 

formation mean and closer to the present-day field direction. It may therefore represent a 

present-day overprint. Examples of the demagnetisation behaviour observed from the five 

sites included in the mean are shown in Figures 5.24a-d. Many sites have two components 

of magnetisation with an abrupt change in direction at 260°C-300°C or 25mT. In some 

cases the two components are antipodal (Figure 5.24a and d). Two sites, AT64 and AT66 

have both normally and reversely magnetised samples, and in some of the sites the 

components of magnetisation appear to be overiapping. The change in direction beUveen 

the two components is typically in the range 450°C-520°C or between the NRM and 

20mT. An example of this behaviour is given in Figure 5.24c. 

The formation mean direction is given in Table 5.6 and shown in Figure 5.23. It 

can be seen that three of the sites have reversed polarity, in most cases both polarities are 

present in these sites, but the reversed component dominates. 

iii) Discussion of results 

The low coercivity and unblocking temperature components in these sites represent 

present-day VRMs. The presence of the reversed samples, and particularly those which 

show within sample reversal may be evidence that the remanence was acquired soon after 

emplacement of the dyke. The magnetic mineralogy of the dykes from the Flamenco 
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Figure 5.22. Equal area stereographic projection of low coercivity and 
unblocking temperature components from dykes in the Flamenco pluton. 
Open (closed) symbols are upper (lower) hemisphere projections. 
Directions are in situ, numbers are site numbers. 
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Figure 5.23. Equal area stereographic projection of site 
mean directions from dykes in the Flamenco pluton (circles) 
and the formation mean directions (square), trror ellipses 
are a95 cone of confidence. Open (closed) symbols are 
upper (lower) hemisphere projections. 
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Figure 5.24a» b. Examples of demagnetisation behaviour in dyke samples from 
the Flamenco pluton. 
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pluton is dominantiy magnetite or titanomagnetite, although haematite is more common 
than in any of the other dyke swarms. As shown by IRM experiments (Section 5.4.2) 
pyrrhotite may also be present in these dyke samples, and this could lead to self reversal of 
samples. If this were occurring, the reversal of the sample's direction should occur at 
about 320°C. The change in polarity in these samples tends to occur either in a range 
250*'C-300°C or above 450°C. This is interpreted as being more likely the result of the 
sample having cooled through a reversal of the Earth's magnetic field rather by self 
reversal of pyrrhotite. 

The age date available for the dykes in the Flamenco pluton suggest that they are 

Late Jurassic in age. As no reliable reference direction is available for this period (see 

discussion in Chapter 3.4.1 iii), the Middle Jurassic reference is used. Comparison of the 

mean direction from the five sites with the reference indicates a clockwise rotation of 

43.6±11.7°, with no latitudinal transport, 0.0±8.5°. 

5.4.6 Dykes from the Las Animas pluton 

i) Palaeomagnetic sampling localities 

Ten sites were collected from dykes in the Las Animas plulon as shown in Figure 

5.25. Six of the sites (AT17-AT22) are from the northern part of the outcrop near the Pan 

American highway, the others were from the southern part of the same part of the pluton 

near Quebrada del Salado. All sites were collected as orientated hand samples. 

ii) Palaeomagnetic remanence measurements 

Of the ten sites collected six, those from the northern part of the exposure, have 

been demagnetised. A summary of the data from these sites is given in Table 5.7. All of 

the sites show multi-component behaviour and there is often substantial within site 
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Figure 5.25. Sampling sites from dykes in the Las Animas pluton 
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Sampling site ChRM isolation mT 
Site Long. W Lat. S n/No. Dec. Inc. k a95 Min. Max. Min. Max. 

AT17 70°25'50" 26° 19*50" 3/9 229.6 38.0 29.3 23.2 150 500 5 35 
*AT18 70°25'50" 26^19*50" 4/4 237.9 40.9 130.6 8.6 500 530 20 45 
*AT19 70°26'00" 26°20'00" 7/9 57.1 -41.7 25.4 12.2 470 580 Unstable 
*AT20 70°26'00" 26°20*35" 7/7 21.8 -55.1 22.1 13.3 300 400 30 70 
*AT21 70°25'50" 26**2r00" 7/7 36.3 -50.8 9.5 20.7 350 400-^500 50 60 
*AT22 70°26'00" 26°2r i0" 7/8 39.4 -50.6 11.5 18.7 350 470 20 60 

Mean 5/6 44.0 -48.6 47.2 11.2 

Table 5.7. Sampling and demagnetisation data from dykes in the Las Animas pluion. n/No. is number of samples included in site mean/ 
number of samples demagnetised; dec. and inc. are declination and inclination of remanence vector, k is Fisherian precision parameter, 
a95 is semi-angle of 95% cone of confidence. ChRM isolation is demagnetisation level at which the ChRM is isolated in the site, a range 
with an arrow indicates a within site variation. Sites marked * are included in formation mean. 

00 
4^ 
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variation. NRM intensity values, sometimes within sites, are variable and range between 
0.3 mAm'' and 300 mAm'V Some samples were unstable to demagnetisation, with the 
NRM intensity rapidly reduced by both thermal and AF treatment. In all sites the ChRM is 
isolated at lower demagnetisation levels than any of the other dyke sets, typically around 
350-500°C or 20-60 mT. Despite this the ChRM was isolated from all sites, although only 
five are used to calculate the formation mean (Table 5.7 and Figure 5.26). Site ATI 7 was 
rejected as it displayed extreme within site variability and its site mean direction is poorly 
constrained. 

Figure 5.27 shows the low coercivity and unblocking temperature components from 

the samples. In most of the sites (excluding ATI 7) some of the low coercivity and 

unblocking temperature components are well grouped, dominantly in a northeriy direction 

with moderate negative inclination. 

The demagnetisation behaviour of the Las Animas samples is extremely variable, 

examples are shown in Figure 5.28a-d. In all cases the NRM comprises at least two 

components of magnetisation which are often overlapping. The ChRM is usually only 

recognised at the highest demagnetisation levels before the sample becomes unstable. 

Often the ChRM is identified by combining remagnetisation circles and stable end point 

vectors. 

The formation mean direction is given in Table 5.7 and shown in Figure 5.26, along 

with the site mean directions. Site AT 18 has reversed polarity, site AT 19 contains samples 

with both polarities, but normal polarity dominates. 

iii) Discussion of results 

The low temperature and AF demagnetisation fields suggests that multi-domain 

magnetite, or titanomagnetite is the main remanence carrier in these rocks. The variation 
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Figure 5.26. Equal area stereographic projection of site 
mean directions from dykes in the Las Animas pluton (circles) 
and the formation mean directions (square). En-or ellipses 
are 95% confidence. Open (closed) symbols are upper (lower) 
hemisphere projections. 
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Figure 5.27. Equal area stereographic projection of low coercivity and 
unblocking temperature components from dykes in the Las Animas pluton. 
Open (closed) symbols are upper (lower) hemisphere projections. 
Directions are in situ, numbers are site numbers. 
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in within site stability, particularly in the low coercivity and unblocking temperatxire 

components may be a result of variations in grain size or magnetic mineralogy. This may 

also cause the variation in NRM intensities observed in the sites. 

Although the magnetisation in these samples is complicated and several 

components are present, a stable ChRM is identifiable in all of the sites. The ChRM is 

only recognised at the highest demagnetisation levels before the sample becomes unstable, 

although the ChRM isolation levels tend to be much lower than in any of the other dyke 

swarms. This is likely to be a result of multi-domain magnetite and/or titanomagnetite in 

these samples. The presence of samples with reversed polarity may be indicative of a 

primary or early remanence in these samples. 

The dyke swarm in the Las Animas pluton is dated as Late Jurassic, however, as 

there is no well defined Late Jurassic reference direction (see discussion in Chapter 

3.4.1 ii i) , the mean is compared to the Middle Jurassic reference. The mean direction 

indicates a clockwise rotation o f 42.0±I5.2° with a southward latitudinal translation of 

5.6±10.2. 

5.4.7 Dykes ft-om the Las Tazas pluton 

i) Palaeomagnetic sampling localities 

A total of 12 sites were collected from dykes throughout the Las Tazas pluton as 

shown in Figure 5.29. Four sites (AT27-AT30) were collected near the northern end of the 

pluton just north of the Quebrada del Salado road. Four more sites (AT31-AT34) were 

collected from a small area south of Quebrada de Las Animas, a further two (AT35 and 

AT36) were collected on the south side of this area of exposure near to Quebrada de 

Guamanga. The last two sites are ft-om the southernmost exposure of the pluton, site AT38 
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is from the south-east portion close to the Alacama Fault Zone, while AT37 is from a dyke 
close to the southern margin of the intrusion. Al l sites were collected as hand samples. 

ii) Palaeomagnetic remanence measurements 

Ten of the twelve sites collected have been demagnetised and their remanence 

measured. The results from these ten sites are given in Table 5.8. All sites show multi-

component behaviour and in most cases the ChRM is only recognised from the last few 

points before the sample becomes unstable, or from remagnetisation circles. There is 

often a range of behaviour and NRM intensities within sites, sometimes not all of the 

samples in a site display the ChRM direction identified at the highest demagnetisation 

levels in the site. In some samples after demagnetisation to high levels, there remains a 

significant remanence intensity although the direction becomes unstable. For this reason it 

is not certain whether the ChRM has truly been isolated, therefore some of the ChRM 

isolation levels quoted in Table 5.8 are questionable and are marked as such. 

It was possible to isolate the ChRM in nine of the ten sites, excluding AT31 (Table 

5.8 and Figure 5.30). Although the mean direction from site AT31 seems to be well 

constrained, a few of the samples seem to show a second component at the highest 

demagnetisation levels, but this component could not be reliably extracted. For this reason 

it seems that the site mean direction is that of a stable secondary overprint and the site is 

excluded. Two other sites (AT27 and AT37) are also excluded from the formation mean 

calculation. Site AT27 is unusual in having a single, very stable component of 

magnetisation, the direction of which is significantly different from the ChRM in the 

majority of samples. Site AT37 has two components with overlapping blocking spectra. 

The ChRM of the site is well defined in terms of angular error, but typically based on only 



Sampling site ChRM isolation mT 
Site Long. W Lat. S n/No. Dec. Inc. k 095 Min. Max. Min. Max. 

AT27 70°2r30" 26°24'00" in 193.0 4.7 279.3 3.6 100 570 3 45->60 
*AT28 70°2r30" 26°24'00" 6/8 43.9 -43.8 18.4 16.6 150 400->440 ChRM not isolated 
*AT29 70°2ri0" 26°23'30" in 39.8 -46.5 75.5 7.0 100->300 440 4 40 
*AT30 70°2r00" 26*̂ 23'10" 5/7 43.0 -15.8 51.7 11.5 400 540 ChRM not isolated 

AT31 70°2r35" 26̂ 30*45" 6/6 154.8 28.5 21.9 10.5 ChRM not isolated Not done 
*AT32 70°2r35" 26°30'45" 6/8 20.4 -47.0 155.9 6.0 400 510 35 60 
*AT33 70°2r30" 26°3r00" 6/6 220.9 62.1 17.3 17.7 -400 510 Not done 
*AT34 70021'30" 26°3r00" 6/6 212.7 32.5 17.8 19.2 --450 570 Not done 

AT37 70°23*40" 26°39'00" 6/6 155.8 44.7 333.7 3.7 570? Not done 
*AT38 70°2rOO" 26°35'00" 5/6 48.9 -40.2 34.5 13.6 400? Not done 

Mean 7/10 38.7 -41.5 26.4 12.0 

Table 5.8. Sampling and demagnetisation data from dykes in the Las Tazas pluton. n/No. is number of samples included in site mean/ 
number of samples demagnetised; dec. and inc. are declination and inclination of remanence vector, k is Fisherian precision parameter, 
a95 is semi-angle of 95% cone of confidence. ChRM isolation is demagnetisation level at which the ChRM is isolated in the site, a range 
with an arrow indicates a within site variation. Sites marked * are included in formation mean. 
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Figure 5.30. Equal area stereographic projection of site 
mean directions from dykes in the Las Tazas pluton (circles) 
and the formation mean directions (square). En-or ellipses 
are 95% confidence. Open (closed) symbols are upper 
(lower) hemisphere projections. 
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a single end point. Its direction is also significantly different fi-om that of the formation 
mean and for these reasons it is not included in the formation mean calculation. 

Figure 5.31 shows the low unblocking temperature and coercivity components seen 

in the samples. In many of the sites the low components are fairly well grouped, at least 

within individual sampling blocks. Notably absent, compared with low coercivity and 

unblocking temperature components from the other dyke swarms, is any grouping close to 

the position of the present-day field, or a group antipodal to the formation mean. Instead 

the low coercivity and unblocking temperature components in the Las Tazas pluton are 

dominated by directions with low to moderate inclinations grouj)ed towards the south and 

north-north-west of the stereoplot. The cause of these directions is unclear. 

As with the other dyke swarms from the Coastal Cordillera the demagnetisation 

behaviour of samples fi-om the Las Tazas pluton is extremely variable, even within site. 

Examples of the demagnetisation are shown in Figure 5.32a-d. It can be seen that in most 

cases the ChRM is only identified at the highest demagnetisation levels after removal of at 

least one secondary component. In some of the samples the demagnetisation plots show a 

curved trace, interpreted as overiapping unblocking or coercivity spectra. 

The formation mean direction is given in Table 5.8 and shown on Figure 5.30 along 

with the included site mean directions. Two sites, AT33 and AT34, have reversed polarity. 

Both sites with reversed polarity have large otgs confidence limits, this is because they are 

based on remagnetisation circles only, and they may not be entirely free of the influence of 

secondary components. 

iii) Discussion of results 

The most striking feature of the Las Tazas dyke samples is the variability of the 

demagnetisation behaviour, particularly within individual sites. The low coercivity and 
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unolocking temperature components from dykes in the Las Tazas pluton, 
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Directions are in situ, numbers are site numbers. 
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unblocking temperature components do, however, form reasonably coherent groups. This 

variability may be indicating more intense, but localised alteration and overprinting of the 

magnetisation than has been observed in the dyke swarms from the other plutons. This 

may be due to the proximity of the sampling sites to the APZ. Hydrothermal fluids have 

been preferentially concentrated close to the AFZ and its immediate subsidiary faults. The 

dykes in the Las Tazas pluton may have therefore been affected by several generations of 

mild heating and fluid flow to cause alteration. Thin section analysis (Appendix 1) 

indicates that samples from these dykes have undergone extensive alteration, including the 

possible introduction of later magnetic minerals. 

Considering the amount of alteration seen in these samples, identifying the ChRM 

as primary is difTicult. The two sites which show reversed directions are poorly defined; 

recognised by remagnetisation circles only. The best evidence that the remanence is at 

least ancient, i f not primary, is that the formation mean direction is consistent with those 

from the other adjacent dyke swarms. 

Dated samples from dykes in the Las Tazas pluton suggest a middle Cretaceous 

age. Comparison of the mean direction with the middle Cretaceous reference direction 

indicates a clockwise rotation of 39.7±13.8°, with a northward latitudinal shif^ of 

6.5±10.1°. 

5.4.8 Dykes from the Remolino pluton 

i) Palaeomagnetic sampling localities 

Twenty-two sites were collected as oriented hand samples from two areas within 

the Remolino pluton to the east of the AFZ. Figure 5.33 shows the location of the 

sampling sites. Eight sites (AT53-AT60) were collected from the northeriy sampling 

locality at approximately 26°33'S. The other fourteen sites, AT39-AT52, were collected 
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from the more southern locality at approximately 26°45'S near Quebrada Flamenco. Six 
of these sites AT39-AT44 were collected from San Juan, souUi of Quebrada Flamenco. 
Although most of the Remolino pluton is granodioritic, San Juan is marked on the map of 
Mercado (1978) as tonalite. This tonalite is regarded as being of similar age to the rest of 
the Remolino pluton and as such is part of the same plutonic complex. For this reason the 
outcrop south of Quebrada Flamenco is marked in the same colour as the Remolino pluton 
in Figure 5.33. The dykes from this outcrop are therefore regarded as being the same age 
as those in the rest of the Remolino pluton and are not considered separately. 

ii) Palaeomagnetic remanence measurements 

Seventeen sites, twelve from the southem sampling area and five from the northern 

have been demagnetised, the results are given in Table 5.9 and shown in Figure 5.34. Most 

sites demonstrate multi-component NfRMs although a ChRM is recognised in most sites 

either from end points or remagnetisation circles. Some sites (five) display a stable ChRM 

component identified from several demagnetisation points. The demagnetisation 

behaviour can be variable within site, even within a single core sample. An example of 

this within core variation is show in Figure 5.35 where three specimens from core AT45-2-

3 have different intensities and demagnetisation behaviour. Some sites, or occasionally 

one hand sample from a site, are also characterised by very high NRM intensities, in some 

cases up to 20 Am'' . These components are easily demagnetised by AF treatment, and 

often record directions unrelated to the ChRM identified from the rest of the samples in 

the site. As a result, such samples have been excluded from the site means and this results 

in a small number of samples included in some of the calculations (Table 5.9). 

Figure 5.36 shows the low and intermediate unblocking temperature and coercivity 

components isolated. The low components are typically removed by demagnetisation to 



Sampling site ChRM isolation mT 
Site Long. W Lat. S n/No. Dec. Inc. k 095 Min. Max. Min. Max. 

*AT39 70°18*00" 26°47'30" 4/7 4.9 -18.5 57.8 12.2 500 570 35 100 
*AT40 70° 18*00" 26°47'30" 6/7 30.0 -23.3 17.8 16.3 540 585 90 100? 
*AT41 70° 17'50" 26°47'30" in 36.3 -25.5 17.9 14.7 500->540 585 90 100? 
*AT42 70°17*50" 26°47'30" 6/7 59.5 -49.6 40.6 10.6 400 570 10 100 
*AT43 70° 17'45" 26°47'30" in 29.8 -51.5 347.5 3.2 450->540 585 10 100 

AT44 70°16'00" 26°47'32" 4/7 260.0 -28.1 999.9 1.8 300 585* 45 100 
*AT45 70°17'30" 26°44'45" 8/18 33.7 -30.6 17.2 14.0 540 570 12 50? 
*AT46 70°17'30" 26°44'45" 9/17 34.5 -36.0 8.2 19.2 --410 540 ChRM not isolated 
*AT47 70°17'30" 26°44'45" 10/10 47.3 -57.3 268.2 3.0 410 540 10^40 85 
*AT48 70°17'30" 26°44'45" 15/17 42.3 -41.6 9.0 13.5 200^410 510 15 20 
*AT49 70°17'30" 26°44'45" 14/14 6.2 -64.0 26.5 7.9 100 510 55 90 

AT50 70°17'30" 26°44'45" 15/15 119.2 27.8 107.9 3.7 150 570 5 50 
*AT53 70° 16'10" 26°35'45" 5/7 86.8 -32.6 49.1 11.0 -350 500 ChRM not isolated 

AT54 70°16'10" 26°35'45" 7/7 232.3 -22.8 49.0 8.7 200->350 570 4 100 
*AT55 70° 16'10" 26°35'45" 3/7 31.5 -18.3 88.2 13.2 -200 450 ChRM not isolated 
*AT56 70°15'50" 26°3r40" 4/6 43.4 -47.8 45.2 13.8 540 585 20 80 

AT57 70°15'50" 26°3r40" 3/7 48.3 -30.0 23.7 25.7 150 300? 65 85? 

Mean 13/17 37.2 -39.3 13.8 11.6 

Table 5.9. Sampling and demagnetisation data from dykes in the Remolino pluton. n/No. is number of samples included in site mean/number of 
samples demagnetised; dec. and inc. are declination and inclination of remanence vector; k is Fisherian precision parameien (X95 is semi-angle of 95% 
cone of confidence. ChRM isolation is demagnetisation level at which the ChRM is isolated in the site, a range with an arrow indicates a within site 
variation. Sites marked * are included in formation mean. 

* May not be isolating the ChRM, some samples may have a higher temperature component but it is indistinct. 
o 
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Figure 5.34. Equal area stereographic projection of site 
mean directions from dykes in tfie Remolino pluton (circles) 
and the formation mean directions (square). Error ellipses 
are 95% confidence. Open (closed) symbols are upper 
(lower) hemisphere projections. 
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Figure 5.36. Equal area stereographic projection of low coercivity and 
unblocking temperature components from dykes in the Remolino pluton. 
a) Unblocking temperatures or coercivity below 100°C/10 mT, 
b) Unblockina temperatures above 100'C/10 mT, but below ChRlvl. 
Open (closed) symbols are upper (lower) hemisphere projections. 
Directions are in situ, numbers are site numbers. 
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IOO*̂ C or 10 mT, while the inlermediale components are recovered between \00°C/\Q mT 
and the lowest level at which the ChRM is isolated. The lowest components tend not to 
form groups in most sites, but there is a grouping of several samples with eastward 
directed low to moderate inclinations. 

A stable ChRM was isolated from all sites except AT57, where the site mean 

direction is poorly constrained and based on data from only three samples. Three other 

sites (AT44, AT50 and AT54) were also excluded from the formation mean calculation as 

they have directions apparently unrelated to the ChRM. Al l three sites have very high total 

NRM intensities, site AT44 has a multi-component NRM with overlapping components of 

magnetisation, while sites AT50 and AT54 have a single component of magnetisation. 

These sites are probably recording a post-emplacement overprint, and the most likely 

source for the high intensity is an IRM as a result of a lightening strike. 

Examples of the demagnetisation behaviour of the remaining 13 sites are shown in 

Figure 5.37a-f There is much within site variation, and in some cases the ChRM is not 

recovered from all of the samples in the site. In these cases, the ChRM is usually 

identified from stable end points (Figure 5.37a) or remagnetisation circles (Figure 5.37b). 

AF demagnetisation rapidly reduces the NRM intensity and samples become directionally 

unstable at approximately 20 mT, the ChRM is not usually recovered by this treatment. 

Other sites do display stable vector components of magnetisation. Figures 5.37c and d 

show examples of two component demagnetisation where the ChRM is recovered at 

^400°C-580°C or up to 100 mT. The softer component is typically the intermediate 

component discussed previously which represents a present-day overprint. Two sites are 

characterised by a single component remanence, examples of which are shown in Figure 

5.37eandf 
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The formation mean direction is given in Table 5.9 and shown in Figure 5.34, all 
sites have normal polarity, although samples in some sites do seem to contain a reversed 
polarity component at lower demagnetisation levels than those of the accepted ChRM. 
iii) Discussion of Results 

One of the most obvious features of the samples from the dykes in the Remolino 

pluton is the down core variation in intensity and direction of magnetic vectors. There 

may be several reasons for this, although none can be established unequivocally as the 

cause. It is possible that the variation may be due to changes in the magnetic mineralogy 

through the hand sample. This may be a result of sampling through a chilled margin, or a 

result of variations in the amount of secondary alteration through the block. Lucassen and 

Franz (1994) noted that the alteration in intrusive rocks to the north of the study area 

tended to be concentrated along the joints and fractures, the weathered surface may 

therefore have been more affected by fluid alteration. The high intensities observed in 

some samples are probably the result of IRMs induced by lightening strikes, this may also 

cause variation in the intensities and direction down an individual core. 

The lowest unblocking temperature and low coercivity components represent 

laboratory induced VRMs, while the more stable intermediate components represent 

present-day VRMs. 

The demagnetisation behaviour and IRM experiments suggest that magnetite, 

dominantly multi-domain, is probably the main remanence carrier of the NRM. This NRM 

is fairiy unstable and rapidly demagnetised by AP treatment. Thin section analysis shows 

coarse grained opaque minerals as a common accessory phase typically in late stage veins. 

These secondary minerals may be carrying the later, soft remanence whereas the ChRM is 

carried by more stable, primary magnetic grains. 
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Although some individual samples seem to contain a reversed polarity component, 
sites all have normal polarity. This therefore offers no evidence as to whether the 
remanence is of a primary origin, but could be seen to be consistent with the dykes having 
acquired their remanence during the mid-Cretaceous long normal polarity period (i.e., post 
--117 Ma). 

Although there is no date for the dykes in the Remolino pluton there is no reason to 

indicate that they do not have a similar age to the host pluton, as observed in the Las 

Animas and Las Tazas plutons. The dykes are therefore likely to be mid-Cretaceous in age 

and the formation mean direction is compared to this reference direction. The mean 

direction indicates a clockwise rotation of 38.2±13.0°, with southward latitudinal 

displacement of 8.7±9.8°. 

5.5 Discussion and conclusions 

The palaeostress analysis from dykes in three of the plutons indicates that the dykes 

have undergone no significant post-emplacement tilting. The dilation direction from the 

dykes suggest that the stress field rotated, from WSW-ENE to SSW-NNE, during the 

period Early Jurassic to Early Cretaceous. These directions do not take account of any 

vertical axis rotations which have occurred since dyke emplacement. 

Demagnetisation behaviour and rock magnetic studies show that the magnetic 

mineralogy of the samples is variable. Some samples probably contain several phases of 

magnetic mineral growth and as a result several components of magnetic remanence. This 

has lead to complex NRMs in most of the samples demagnetised, both in the La Negra 

Formation and the five dyke sets. Despite this a ChRM has been identified in each of the 
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formations which is regarded as being primary or at least acquired soon after deposition or 
intrusion. The evidence for this is: 

• positive fold and reversal tests in the La Negra Formation, 

• the presence of reversed sites in four of the five dykes swarms, 

• consistency of the ChRM directions obtained from the six sampled formations across a 

wide sampling area suggests that the direction is stable and representative of the region, 

• the ChRM does not correspond with any younger reference direction (see Chapter 3). 

The formation mean directions, and the amount of rotation and flattening are 

shown in Table 5.10. With the exclusion of the direction from the La Negra Formation, 

the results suggest a possible east-west variation in the amount of rotation. This may be 

related to the spatial or temporal distribution of the sampling sites. The errors on the 

rotations do, however overlap, and it is not possible to differentiate beUveen the amounts 

of rotation in the different sampling units. The results are therefore interpreted as 

indicating a consistent clockwise rotation of the whole region by approximately 42°. The 

latitudinal displacement displayed by the formations in inconsistent and all are within their 

associated errors. This suggest that latitudinal translation has not occurred in the Coastal 

Cordillera and the rotation has occurred in situ. 



Formation name Age of Formation and presumed Formation mean Reference used Rotation Flattening 
age of magnetisation Dec. Inc. a95 ±error terror (°) 

La Negra Formation Middle Jurassic 42.0° -35.5° 9.6° Middle Jurassic 40.0±11.5° -7.519.1 
Vetado dykes ? Middle Jurassic 48,9° -49.6° 12.1° Middle Jurassic 46.9±16.5° 6.6±10.8 
Flamenco dykes c. 154 Ma 45.6° -43.0° 8.8° Middle Jurassic 43.6±11.7° 0.018.5 
Las Animas dykes c. 154 Ma 44.0° -48.6° 11.2° Middle Jurassic 42.0±15.2° 5.6110.2 
Las Tazas dykes c. 127 Ma 38.7° -41.5° 12.0° mid-Cretaceous 39.7±13.8° -6.5110.1 
Remolino dykes < 127 Ma 37.2° -39.3° 11.6° mid-Cretaceous 38.2±13.0° -8.719.8 

Table 5.10. Amount of rotation and flattening indicated by comparison of formation mean directions with stable reference directions. Rotation and 
flattening and associated errors calculated as described in section 2.7.1. Dec. and Inc. are, respectively, the declination and inclination of the formation 
palaeomagnetic mean direction; a95 is the semi-angle of the 95% confidence limit. In the rotation column, a negative (positive) value indicates 
anticlockwise (clockwise) rotation. In the flattening column, a negative (positive) value indicates northward (southward) latiuidinal transport. 

to 
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Chapter 6 
T H E PRE-CORDILLERA AND THE 

DoMEYKO FAULT SYSTEM 

6.1 Introduction 

The eastern of the two sampling areas lies between 26°S and 27°S, and 60°15' and 

69°40'W, east of the major mining district of El Salvador in the in the Cordillera de 

Domeyko. This region is part of the Andean pre-Cordillera and lies to the west of the 

active volcanic zone of the central Andes. The area has not, however, undergone any 

volcanic activity since the Quaternary (Baker et a/., 1987). This part of northern Chile has 

recently been re-mapped and extensive petrographic analyses have been carried by the 

Servicio Nacional de Geologia y Mineri*a. The report written to accompany the maps 

(Comejo et al., 1993) is the most detailed account of the geology and structure of this area. 

Much of the geology section is therefore based on information contained in this report 

Sampling was carried out after extensive reconnaissance in the area with P. Comejo and A. 

Tomlinson from SERNAGEOMIN. 

The pre-Cordillera was the location of the Late Cretaceous to Palaeogene magmatic 

arc (Figure 1.4). The major structures are the Domeyko Fault Zone (DFZ) and a set of 

subsidiary faults to the east of the DFZ (Figure 6.1). Together the subsidiary faults and 

DFZ define the Domeyko Fault System (DFS). The subsidiary faults to the east form two 

distinct, but slightly overiapping domains; a fold-and-thrust belt in the north, and a zone of 

NW trending sinistral strike-slip faults in the south. The aim of the study was to identify 

and quantify rotations within the subsidiary fault domains. Samples were collected from 

Late Jurassic and Palaeocene volcanic rocks and Early Cretaceous sandstones from east of 

the DFZ. The sandstones, the Quebrada Monardes Formation, had previously been shown 
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Figure 6.1 (over page). Simplified geological map of the study 
area in the Cordillera de Domeyko. This map was compiled from 
the preliminary 1:50 000 maps of the Servicio Nacional de 
Geologia y Mineria. 
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to carry a stable magnetic remanence (Riley et al., 1993). Sites were also collected from 

the Sierra Fraga Formation west of the DFZ, above the Agua Amarga Thrust. 

6.2 The geology and structure of the Cordillera de Domeyko and the Domeyko Fault 

System 

The rocks in this part of the pre-Cordillera are the result of two distinct phases of 

volcanic and tectonic activity in the Chilean margin. During the Late Triassic to Early 

Cretaceous the magmatic arc (the La Negra arc) was in the Coastal Cordillera (Figure 1.4). 

At this time the pre-CordiUera was part of an extensive back-arc basin system known as the 

Tarapacd Basin (Mpodozis and Ramos, 1989). Deposited in the basin were a series of 

limestones, sandstones and volcanic rocks, all of which are exposed in the study area. 

In the middle Cretaceous, a major tectonic reorganisation occurred throughout the 

region resulting in cessation of volcanic activity in the La Negra arc. Uplift and tectonic 

inversion of the Tarapaca Basin generated a topographic high and ended sedimentation. 

The area then became the source rock for the Purilactis Sandstone Formation to the east of 

the study area (Mpodozis and Ramos, 1989; Hartley et a/., 1992a), 

After abandonment of the La Negra arc and regional uplift, the active volcanic 

centre migrated eastwards. The pre-Cordillera then became part of the Late C r̂etaceous to 

Palaeogene magmatic arc (Hammerschmidt et a/., 1992; Scheuber and Reutter, 1992). This 

active arc is represented by a series of volcanic and intrusive rocks. After the Palaeogene 

the locus of magmatic activity migrated to its present position in the Andean Cordillera. 
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6.2.1 Geology and petrology of lithologies in the study area 

The major tectonic feature of the area is the north-south trending Domeyko Fault 

Zone (DFZ), which divides the region into two geologically distinct regions. A simplified 

geological map of the study area is shown in Figure 6.1. while the stratigraphy on either side 

of the fault zone is shown in Figure 6.2. 

To the western side of the DFZ are a sequence of Jurassic-Cretaceous volcanic 

rocks dominated by the Jurassic-Early Cretaceous Sierra Fraga Formation (Sepulveda and 

Naranjo. 1982). Although the base of this formation was not seen in the field, it is known 

to lie unconformably on Triassic sediments to the south of this area. This formation is a 

-3000 m thick sequence of mainly lavas intercalated with limestones, terrigenous 

sandstones, volcaniclastic sandstones and breccias (Mpodozis and Allmendinger. 1992). 

Thin section analysis of two lava samples shows that they are vesicular and basalt-andesite 

in composition (Appendix 1). Both samples are porphyritic containing phenocrysis of 

plagioclase feldspar, some of which contain early opaque minerals, and clino-pyroxene in a 

fine, sometimes glassy, groundmass which also contains opaque minerals. The rocks have 

been pervasively altered, probably by hydrothenmal fluids and there is a large amount of 

epidote, sericite and chlorite present. 

During the course of this work, the Sienra Fraga Formation was sampled in the 

south-west of the study area, just above the Agua Amarga Thrust. At the base of the 

outcrop is an intercalated limestone bed containing fossils of Bajocian age. The volcanic 

rocks sampled from this locality are therefore probably Middle or Late Jurassic in age. 

Deposited upon the Sierra Fraga Formation is the Llanta Formation. The contact 

between the formations is a 50-60° westward dipping, angular unconformity, the cause of 

which is uncertain as no major pre-middle Cretaceous deformation events are recognised 

elsewhere in this part of the margin. The Llanta Formation is poorly dated and loosely 

referred to as Early Cretaceous in the literamre. The formation comprises a series of 
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andesitic lavas and breccias intercalated with grey and green sandstones and conglomerates 
which may be laterally equivalent to the Cerillos Formation farther west. 

At the top of the sequence, west of the DFZ, is the Sierra Mantos Gruesos Sequence. 

This series of andesitic-basaltic lavas with associated sandstones and pyroclastic flow 

deposits form outcrop only in the NW comer of the study area. A contact with the Llanta 

Formation is difficult to identify and the sequence may be a localised temporal variation in 

the Llanta Formation. 

The geology east of the DFZ is characterised by a sequence of Mesozoic to Pliocene 

sediments and volcanic rocks. At the base of the sequence are the Early-Middle Jurassic 

limestones of the Montand6n and Asientos Formations (Plate 6.1a) (Harrington, 1961). The 

Montandon formation has a basal conglomerate and is in unconformable contact with the 

Palaeozoic granitic basement, elsewhere the formation is knovm to lie conformably on 

Triassic clastic sediments. The Montand6n formation comprises a combination of 

intercalated marine limestones and sandstones, while the Asientos Formation is 

characterised by marine calc-arenites and green volcanic sandstone horizons. 

Pfilaeontological evidence indicates that there may have been an hiatus in deposition 

between the two limestone units, although its length has not been established. 

A period of volcanism in the Late Jurassic resulted in deposition of the Quebrada 

Vicunita Formation (Plate 6.1a and b). The formation is dominated by a series of green 

andesitic lavas intercalated with thin horizons of limestones and calc-arenites. Thin sections 

of lava samples show that they are basaltic in composition (Appendix 1). All three lavas 

analysed were vesicular and porphyritic, containing phenocrysts of plagioclase feldspar and 

clino-pyroxene in a fine groundmass of feldspar, pyroxene and opaque minerals. Plate 6.2 

shows the typical composition of the lavas. Like the Sierra Fraga Formation these samples 

show the effects of pervasive alteration, characterised by sericitisation of feldspars and the 



Plate 6.1a. The major Jurassic units in Asientos Gulch. In the background are the l imestone 
units of the Montandon and Asientos Formations, in the foreground are the lavas of the 
Quebrada Vicunita Formation. 

( J t J 



Plate 6.1b. Asientos Gulch. The Quebrada Vicunita Formation at the base of the valley side, overlain 
by the limestones of the Pedernales Formation. 
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presence of quartz (often with fluid inclusions), epidote, chlorite and calcite. Vesicles are 
often filled with epidote and chlorite. The groundmass also contains secondary haematite. 
Plate 6.3 shows two cross-cutting veins which demonstrate the order of secondary 
mineralisation; epidote-chlorite-quartz-calcite. The age, composition and alteration of the 
formation suggests that it may be laterally equivalent to the Sierra Fraga Formation. 

At the end of the Jurassic, sedimentation was resumed and continued through the 

Early Cretaceous. Stratigraphically above the Quebrada Vicunita Formation are a series of 

Late Jurassic shallow marine limestones with intercalated green volcanic horizons which 

constitute the Pedemales Formation (Plate 6.1b) (Harrington, 1961). The limestones are 

succeeded by the Quebrada Monardes Formation (Bell, 1991), also known as the Agua 

Helada Formation (Garcia, 1967). This is a sequence of aeolian and fluvial red arkosic 

sandstones with minor evaporite horizons which were deposited in a sabkha type 

environment as the result of marine regression in the Early Cretaceous (Sudrez and Bell. 

1985). This marine regression is linked to the early stages of uplift of the Coastal Cordillera 

and the La Negra arc. which became the source area for the Quebrada Monardes 

Formation. The major phase of uplift in northern Chile was middle Cretaceous in age. when 

the magmatic arc migrated eastwards from the Coastal Cordillera. This resulted in uplift 

and the cessation of deposition in the pre-Cordillera. Thin section analysis of samples from 

the C^ebrada Monardes Formation shows the petrology to be dominantiy fine to medium 

sand sized grains of altered feldspar (Plate 6.4). Also present in decreasing abundance are 

igneous lithic fragments, quartz, polycrystalline quartz and mica. The non-poly crystal line 

quartz often contains fluid inclusions indicative of a hydrothermal origin. The petrology of 

the liihic clasts indicate an igneous or low grade metamorphic source for the clasts, 

consistent with derivation from the magmatic arc to the west. 
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Plate 6.2. Thin section photograph of a lava from the Quebrada Vicunita 
Formation. Phenocrysts of clino-pyroxene and altered feldspar can be seen 
in a fine groundmass. Horizontal field of view 3.3 mm, crossed polars. 

Plate 6.3. Thin section photograph of two cross-cutting viens from the Quebrada 
Vicunita Formation. The order of secondary minerilastion is epidote, chlorite and 
quartz in the N-S vein, cut by a later E-W calcite filled vein. Horizontal field of view 
1.29 mm, crossed polars. 
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Plate 6.4. Thin section photograph of grains in the Quebrada Monardes 
Formation. Plagioclase dominates, but quartz and lithic fragments can 
also be seen. Horizontal field of view 1.29 mm, crossed polars. 

Plate 6.5. Thin section photograph of a Cerro Valiente lava. Plagioclase 
and olivine phenocrysts in a fine groundmass of opaque minerals and 
possibly glass. Secondary haematite is present. Horizontal field of 
view 3.3 mm, plane polarised light. 
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Although magmatic arc rocks of Late Cretaceous to Pliocene age outcrop in the 
pre-Condillera, only the Palaeocene-Eocene rocks of the Cerro Valienie Sequence are 
exposed in the study area where they rest unconformably on the Mesozoic sediments. The 
petrology of this unit is highly variable and it is subdivided into three main sub-units. The 
basal unit comprises trachy-andesitic lavas and breccias, with minor rhyolitic flows; the 
middle unit is dominated by rhyolitic lavas with ignimbrites and trachy-andesitic lavas; and 
the upper unit is composed of both basaltic and rhyolitic flows. Al l three sub-units occur in 
the study area, with the basal unit being well exposed. Two thin sections have been studied 
from samples of the upper unit in the northern part of the study area. The rocks are highly 
altered poiphyritic basalt lavas, having phenocrysis of both plagioclase feldspar and olivine. 
Some of the feldspars contain early formed opaque minerals. The groundmass is composed 
of opaque minerals and feldspar with some glassy patches (Plate 6.5). There is also a large 
amount of secondary haematite in the groundmass, particularly associated with veins. 

6.2.2 Structural geology and the Domeyko Fault System 

The major tectonic feature in the suidy area is the sub-vertical north-south trending 

Domeyko Fault Zone (DFZ) which forms the western boundary to the Cordillera de 

Domeyko. In the sampling region this fault zone is defined by the Sierra Castillo-Agua 

Amarga Fault System and the La Temera Fault (Figure 6.3), although the DFZ also includes 

the West Fissure Fault to the north (Tomlinson et aL, 1993). The fault zone appears to 

have had a long history of activity, the distribution of rocks either side of the DFZ indicating 

that it affected volcanism in the Jurassic and was therefore active from this time. The main 

phase of fault motion was associated with the Late Cretaceous-Palaeogene magmaric arc, 

when the fault became a trench-linked strike-slip fault (Mpodozis and Ramos, 1989). 
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In the north, the Sierra Castillo Fault is a near vertical fault and displays a consistent 
sinistral strike-slip shear sense. The fault has also undergone a component of reverse, up to 
the east slip (Tomlinson et a/., 1993). The Sierra Castillo fault apparentiy changes into the 
Agua Amarga Thrust in the south, but the Agua Amarga Thrust may be an eastward 
directed thrust flap, a thin thrust sheet pushed over the top of the main strike-slip fault 
during transpression (Tomlinson et a/., 1993). The La Temera Fault, a sinistral strike-slip 
fault in the hanging-wall of the Agua Amarga Thrust (Figure 6.3), may be the true 
southward continuation of the Sierra-Castillo Fault. I f the Agua Amarga Thrust is a thrust 
flap its timing of emplacement over the Sierra Castillo-La Temera strike-slip fault zone is 
uncertain. The La Temera Fault is, however, less well defined than the Sierra Castillo Fault 
and does not show the same amount of displacement This would imply that i f the Agua 
Amarga Thrust is a thrust flap, it was emplaced after the major phase of strike-slip motion 
on the La Temera Fault. This may indicate that the Agua Amarga Thrust was emplaced 
towards the end of the period of major tectonics, probably in the Eocene-Oligocene. 

To the east of the DFZ are a series of subsidiary faults which can be divided into 

two distinct but slighdy overlapping structural domains. In the north is a fold-and-thrust 

belt, and in the south a set of sinistral strike-slip faults (Figure 6.3). The stmctures in these 

domains do not extend westward beyond the DFZ indicating that the DFZ is a regional 

structural break. When considered with the DFZ the two domains define a wide 

deformation zone here called the Domeyko Fault System (DFS). 

The fold-and-thrust belt, the northern domain, is approximately 14 km wide and has 

accommodated a minimum of 50% east-west shortening. The fold-and-thrust belt can itself 

be sub-divided into two smaller areas based on the structural style of the deformation. The 

eastern area is characterised by thin-skinned ramp-flat style folding and thmsring, while the 

western sub-division displays thick-skinned deformation involving thrusting of the 
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Palaeozoic basement. Copper porphyry deposits cut by the fold-and-thnist belt indicate that 
the deformation occurred during the Eocene-Oligocene (Olson, 1989). 

The southern domain is dominated by NW trending sinistral strike-slip faults, 

although there are some high angle reverse faults with a NNE orientation. As in the fold-

and-thrust belt there is an east-west variation in the deformation style. The major western 

set of strike-slip faults have a spacing of 2-3 km and a relatively large amount of 

displacement, while in the east the strike-slip faults are more closely spaced, typically 0.5-1 

km, and show smaller displacements. Syntectonic Eocene intrusions (42-38 Ma) emplaced 

along the faults at an angle to the general trend of the magmatic arc indicate that the faults 

were active at this time. It is likely therefore that the major phase of activity on the strike-

slip faults coincided with the Eocene-Oligocene development of the fold-and-ihrust belt. In 

the eastern strike-slip fault set Oligocene to early Miocene (24-22 Ma) volcanic rocks in 

some places cover, and in other places are cut by the faults, indicating that these strike-slip 

faults also underwent a period of motion at this time. 

The area to the west of the DFZ, the El Salvador Block, is not described in detail 

here as the area covered during this study only extends as far as the syncline in the hanging-

wall of the Agua Amarga Thrust. Comejo et at., (1993) report that large scale folds and 

several faults sets have been identified within the block, most of which are associated with 

the development of the Las Amarillos-El Salvador caldera complex. Two sets of post-

caldera faults have also been recognised, but these faults do not seem to form a distinct 

structural domain as is seen to the east in the DFS. Their relationship to the DFS is 

therefore not clear. 
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63 Palaeomagnetic results 

6.3.1 Sierra Fraga Formarion (Middle-Late Jurassic) 

i) Palaeomagnetic sampling localities 

Sites from the Sierra Fraga Formation were collected in the southern pan of the 

study area only (Figure 6.4). Sites were collected from both limbs of an overturned syncline 

in the hangingwall of the Agua Amarga Thrust Ten sites. ESP32-41, were sampled. Four 

sites. ESP32-34 and ESP40. were collected as drill cores, all other sites were collected as 

orientated hand samples. At this location the formation is composed of intercalated lavas 

and volcaniclastic sediments which could be used for good structural control. 

ii) Magnetic mineralogy 

IRM data for two of four investigated samples is shown in Figure 6.5. IRM 

acquisition is indicative of combined low and high coercivity carriers, dominated by the low 

coercivity fraction. This is confirmed by the demagnetisation of IRM which shows 

dominant intermediate and low coercivity components removed steadily up to 570-600°C. 

The highest coercivity component is demagnetised at 680°C. Demagnetisation of the NRM 

is completed at 80 mT in ESP37-2-3, and at 1(X) mT or 6(X)°C in ESP40-3. Although some 

remanence remains in these samples above these demagnetisation levels, no consistent end 

point direction was obtained. This indicates that the haematite component does not hold a 

stable magnetic remanence in the NRM. The IRM and NRM data indicate a combined 

magnetite/titanomagnetite and haematite carrier, dominated in both cases by the low 

coercivity component. 
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Figure 6.5a, b. Rock magnetic experiments from samples of the Sierra Fraga Formation. Graphs 
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iii) Palaeomagnetic remanence measurements 

Al l ten sites from the Sierra Fraga Formation have been demagnetised and the 

results are given in Tables 6.1 and 6.2. Samples display a large amount of within site 

variation. For this reason some of the site mean directions are based on only a few samples, 

additionally, the Ct95 confidence limits for many of the site mean directions are large. Table 

6.1 shows that the characteristic direction within a site is often isolated across a range of 

demagnetisation levels, this is due to variation in the blocking temperature of the multiple 

components within the sites. 

A plot of the low coercivity and unblocking temperature directions is shown in 

Figure 6.6. Generally the directions are scattered and the grouping does not improve on tilt 

correction. Notably absent is a present day field direction. In many of the sites collected as 

hand samples, low component directions tend to be well grouped within each block, 

samples drilled in the field do not form a coherent group. These results suggest that the low 

coercivity/unblocking temperature components were acquired after the cores or blocks were 

collected, and therefore represent a laboratory induced component. 

Site mean directions are extremely variable, both in situ and after tilt correction, and 

identifying a formation ChRM is not possible. Demagnetisation behaviour is also variable 

both within and between sites. Figures 6.7a-d show examples of demagnetisation plots from 

the formation. Figure 6.7a shows a single component of magnetisation carried by both 

magnetite and haematite, some of the other samples from this site (ESP34) are less stable 

and show more complex demagnetisation trajectories. The demagnetisation plots shown in 

Figure 6.7b-d indicate multiple magnetisation components some with overlapping blocking 

and coercivity spectra. This type of demagnetisation is characteristic of most samples 

studied, although there is significant variation in the directions of the components. 



Sampling site Tilt °C ChRM isolation mT 
Site Long. W Lat. S correction Min. Max. 1 Min. Max. 

ESP32 59033. 26^50' 180/50 NRM->450 610 20 80 
ESP33 69°33' 26**50' 180/50 300 600 NRM^30 90 
ESP34 69°33' 26°50' 180/50 NRM->400 680 10^30 90 
ESP35 69^34' 26^50' 005/64 Not done 20 60->100 
ESP36 69^34' 26^50' 005/62 Upto 630 10 100 
ESP37 69°34' 26°50' 005/62 Not done NRM->20 50->80 
ESP38 69^34' 26°50* 190/56 500 590->700 10 100 
ESP39 69°34' 26°50' 192/54 Upto 630->700 10-^40 100 
ESP40 69°33' 26°49' 182/46 400 680 10 100 
ESP41 69033. 26°49' 181/46 250 550 NRM^60 100 

Table 6.1. Sampling and demagnetisation data from sites in the Sierra Fraga Formation. Tilt correction is given in right-hand-rule 
format, ChRM isolation is demagnetisation level at which ChRM is isolated in the site, a range with an arrow indicates a within site 
variation. 

to 



a) Uncorrected Corrected 
Site n/No Dec. Inc. Dec. Inc. k ex.. 

Agua Amarga Region 
abc ESP32 7/7 177.9 71.5 246.2 38.2 27.2 11.8 

ESP33 Unstable no site mean direction 
c ESP34 4/6 175.3 30.9 202.1 22.6 115.9 8.6 

abc ESP35 6/6 137.1 47.3 122.3 -7.5 60.9 8.6 
abc ESP36 6/6 75.6 55.6 84.2 -4.8 12.0 20.9 
abc ESP37 5/6 299.1 -24.8 301.0 32.3 16.0 20.3 
abc ESP38 5/6 104.5 79.2 278.8 44.8 13.2 24.6 
ac ESP39 3/6 314.0 51.5 301.2 2.1 62.7 15.7 

ESP40 6/6 232.2 3.4 224.0 -30.7 24.7 13.8 
ESP41 7/7 53.9 -10.1 49.4 26.2 10.9 19.3 

Visually identified groupings No. sites Dec. Inc. k a95 
a Best Mean In situ 6/10 292.8 18.3 1.4 106.1 

Tilt corrected 283.7 23.0 8.3 24.7 
b Best Mean In situ 5/10 120.2 59.4 8.7 27.5 

Tilt corrected 133.4 20.2 1.2 180.0 
c Best fit great circle pole In situ 7/10 229.6 3.1 0 36.9 

Tilt corrected 52.8 56.5 0 29.4 

b) 

Table 6.2. a) Remanence data from the Sierra Fraga Formation. n/No. is number of samples included in site mean/number of samples 
demagnetised; dec. and inc. are declination and inclination of remanence vector, k is Fisherian precision parameter, a95 is semi-angle of 
95% cone of confidence, a b c in the first column indicates inclusion of the site within a formation mean calculation, b) Formation mean 
calculations for three visually identified groupings. Data are given in situ and tilt corrected although the groupings were identified in Uie 
co-ordinate system marked in bold. 
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Figure 6.6. Equal area stereographic projection of low 
coercivity and unblocking temperature components from 
sites in tne Sierra Fraga Formation. Open (closed) symbols 
are upper (lower) hemisphere projections. Directions are 
in situ numbers are site numbers. 
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Figure 6.7a. b. Examples of demagnetisation behaviour in samples from 
the Sierra Fraga Formation. All plots are tilt corrected. 
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Figure 6.7c, d. Examples of demagnetisation behaviour in samples from 
the Sierra Fraga Formation. All plots are tilt corrected. 
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Three possible distributions of mean directions have been analysed based on visual 

assessment of the distribution of the data both in situ and after tilt correction (Table 6.2b; 

Figure 6.8). These distributions are all poorly constrained with large confidence limits. The 

three groupings are: 

a) a tilt corrected mean direction based on six sites, four with reversed polarity. The 

improvement in k on tilt correction (ki/kz = 4.3, greater than the statistically significant 

value of 2.98 at die 95 % confidence level) passes die fold test of McElhinny (1964). The 

inclination of the mean direction is too shallow for die sampling locality if it is to represent a 

geologically meaningful direction. 

b) an in situ grouping based on five sites, four of which have reversed polarity. The 

increase in precision parameter, k, on tilt correction fails the fold test of McElhinny (1964) 

as ki/kz = 0.14 which is less than the 95 % statistically significant value of 3.44. 

c) a great circle path defined by seven sites after tilt correction. The positions of 

the sites before and after tilt correction are shown in Figure 6.9. Although a fold test 

cannot be performed on a great circle distribution, the a95 confidence limit on the mean is 

smaller when the data are considered in tilt corrected co-ordinates. Five of the site mean 

directions which are included in the great circle distribution also compose the in situ mean 

direction. 

iv) Discussion of results 

The three mean distributions identified from the site mean directions are very poorly 

constrained. The semi-angle of their confidence limits means that none of these mean 

groupings is statistically significant, as accepted in this work (i.e., a95 <24°). In addition, 

the groupings do not have directions consistent widi those interpreted from other units in 
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Figure 6.8. Equal area stereographic projection of site mean directions 
from the Sierra Fraga Formation (circles) from the Agua Amarga region. 
The three identified formation mean directions are also shown (squares). 
Error ellipses are 95% confidence. Open (closed) symbols are upper 
(lower) hemishere projections. 
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Great 
mean 

Figure 6.9. Equal area stereographic projection of site mean directions 
from the Sierra Fraga Formation used in calculation of the best fit great 
circle. G indicates the sites in situ position, and S its tilt corrected position, 
Open (closed) symbols are upper (lower) hemisphere projections. 
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the pre-Cordillera from this study, and therefore do not make geological sense. None of the 
three groupings are therefore considered further. 

6.3.2 Quebrada Vicunita Formation (Late Jurassic) 

i) Palaeomagnetic sampling localities 

The Quebrada Vicunita Formarion was sampled in both the northern and southem 

structural domains (Figures 6.10 and 6.11). A total of 28 sites were collected, 17 in the 

north (ESP43-59), and 11 in the south (ESFM1). The northern sites were sampled 

through two NE-SW trending synclines, most were collected in Quebrada Asientos, a large 

E-W trending valley. Al l sites except ESP55 were collected as orientated hand samples. 

Figures 6.12 and 6.13 show cross-sections through the synclines where samples were taken. 

Structural control could be obtained from the limestone beds intercalated with or lying 

directly below the lavas. 

Sites in the southem domain were collected as orientated hand samples from the 

core of a shallowly SW plunging syncline. Individual site dips were measured from primary 

lava flow surfaces and limestones of the Pedemales formation which lie above the lavas. 

The dips were variable due to minor folding on the limbs of the major structure. 

ii) Magnetic mineralogy 

Figure 6.14 shows the results of IRM experiments on two samples from the 

formation. Both samples show rather noisy IRM acquisition curves, due to instrument 

instability of the magnetometer when measuring very high intensities. The general trend of 

the graphs would seem to indicate a significant high coercivity component This is not, 

however, supported by the IRM demagnetisation which shows only a small contribution of 

the high coercivity component to the IRM. This is particularly the case in ESP3-1-2 (Figure 
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Figure 6.10. Sampling localities for the Quebrada Vicunita 
Formation in the northern region of the study area. 
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Legend is same as Figure 6.1 

Figure 6.11. Sampling localities for the Quebrada Vicunita 
Formation in the southern region of the study area. 
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Figure 6.12. Positions of sampling sites for the Quebrada Vicunita Formation in the 
northern fold-and-thrust belt. Cross-section of the westernmost syncline in Quebrada 
Asientos. 
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Figure 6.13. Positions of sampling sites for the Quebrada Vicunita Formation in the 
northern fold-and-thrust belt. Cross-section of the eastern syncline in Quebrada Asientos. 
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6.14a) where there is virtually no high coercivity component. A low coercivity carrier 
dominates and all three IRMs are fiilly demagnetised at 570°C, indicative of magnetite. The 
NRM in this sample is rapidly reduced by AF demagnetisation which is normally indicative 
of multi-domain magnetite. 

ESP9-1-2 (Figure 6.14b) is dominated by the intermediate IRM coercivity 

component and demagnetisation is completed at 570^C, indicating magnetite as the 

dominant carrier. Near complete demagnetisation of the NRM at 90 mT is consistent with 

magnetite as the dominant carrier of the NRM. There is also an intensity drop in the 

intermediate IRM coercivity component at '-'300-400°C, this may be the result of some 

pyrrhotite in the sample (pyrrhotite has a maximum unblocking temperature 320'̂ C, 

maximum coercivity 0.5-1 T; Lowrie, 1990). The NRM remaining after 90 mT is easily 

demagnetised by thermal treatment to 600°C, consistent with the presence of a small 

component carried by pyrrhotite. The failure of the IRM acquisition to saturate in the 800 

mT field may also be due to pyrrhoiite. 

Grain size analysis using RRM and ARM (Section 2.6.2) on two samples from the 

formation shows that the average grain size is variable but dominandy multi-domain or 

pseudo-single domain (Table 6.3). 

VRM decay in samples ESP3-1-2 and ESP9-1-2 was examined as described in 

Section 2.6.3. The results show that VRMs are more prevalent after thermal 

demagnetisation, and ESP3-1-2 is particularly susceptibly to shon term application of 

magnetic fields (Table 6.4 and Figure 6.15). This most probably indicates significant 

chemical alteration of these samples on heating. The data indicate therefore that AF 

demagnetisation may be a better demagnetisation technique than thermal for these samples. 
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RRM ARM Effective field (Bg) Particle size (d) 
Sample mAm*' mAjn"' mT 

ESP3-1-2 586.6 5201.1 7.9 12.7 
ESP55-3 1015.8 4441.5 16.0 6.2 

Table 6.3. Magnetic grain size analysis in the Quebrada Vicunita Formation using RRM 
and ARM acquisition as described in section 2.6.2. 

iii) Palaeomagnetic remanence measurements 

Sixteen of the 28 sites collected from the Quebrada Vicunita Formation have been 

demagnetised, ten in the northern domain, and six in the southern domain. The 

demagnetisation and remanence data are given in Tables 6.5 and 6.6. Samples from all 

sites carry a stable magnetic remanence, the directions of which are well grouped with each 

site. In many sites, the mean directions from individual hand samples within a site are 

different. Where this is the case, the directions of both the individual sampling blocks and, 
-I 

where appropriate, the site means are given in Table 6.6. 

The low coercivity and unblocking temperature component in situ directions are 

shown in Figure 6.16 and the directions become more scattered after tilt correction. For 

most sites in both the northern and southern sampling areas the low components are fairly 

well grouped, at least within each sampling block i f not within site. Although there is 

some variability in the directions shown in both plots, the dominant direction is northward 

directed with an intermediate inclination. These low coercivity/unblocking temperature 

components are most likely to be a recent present-day secondary overprint. 

Site mean directions, and indeed some hand sample mean directions, are extremely 

variable, particularly when viewed after tilt correction. Grouping of the site mean 

directions, and identification of the ChRM is best when directions are viewed in situ. The 

components of magnetisation identified in the samples are similar in all of the sites. Figure 
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Decay time (s) 
AF demagnetisation pnly 

IRM (mA/m) Normalised % 
After thermal demag. to 700°C 
IRM (mA/m) Normalised % 

3-1-2 

7 23030 100.0 21453 100.0 
20 22920 99.5 20770 96.8 
30 22880 99.3 20551 95.8 
40 22850 99.2 20374 95.0 
50 22810 99.0 20236 94.3 
60 22790 99.0 20122 93.8 
80 22740 98.7 19930 92.9 
100 22700 98.6 19816 92.4 
120 22670 98.4 19704 91.8 
240 22490 97.7 19241 89.7 
480 22250 96.6 18727 87.3 
720 22080 95.9 18366 85.6 
1000 21940 95.3 18067 84.2 

9-1-2 

7 51673 100.0 28902 100.0 
20 51656 100.0 28477 98.5 
30 51599 99.9 28345 98.1 
40 51539 99.7 28267 97.8 
50 51544 99.8 28185 97.5 
60 51459 99.6 28121 97.3 
80 51501 99.7 28043 97.0 
100 51459 99.6 27957 96.7 
120 51427 99.5 27904 96.5 
240 51286 99.3 27588 95.5 
480 51298 99.3 27178 94.0 
720 51310 99.3 26853 92.9 
1000 51447 99.6 26563 91.9 

Table 6.4. Data for VRM experiments. Each sample was exposed to a 5 mT field to 
induce an IRM. The intensity of the IRM was measured at regular intervals over a 
period of 1000 s. Data is given as absolute measurement and normalised percentage of 
maximum intensity. 
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Figure 6.15. Graphs illustrating the presence of VRM in samples 
of theQuebrada Vicunita Formation. Graphs show the decay of IRM 
after exposure to a 5 mT field. 
Percentages are amount of intensity lost during decay time. 



Sampling site Tilt ChRM isolation mT 
Site Long. W Lat. S correction Min. Max. 

Northern Region 
* ESP44 69°27' 26^2 r 031/64 20 100 
* ESP45 69027» 26^21' 031/64 10 70 
* ESP46 69^28' 26°23' 325/81 10 80 

ESP48 69°28' 25023. 151/22 10 50 
* ESP50 67^28' 26°23' 151/22 10 80 

ESP53 69°24' 26^24* 232y73 10 60 
ESP55 69°24' 26°24' 186/40 50 (400°C) 80 (540°C) 

* ESP56 59023. 26°24' 205/28 NRM 50 
* ESP57 69°23' 26°24' 205/28 20 60 

ESP58 69^25* 26°20* 197/23 NRM^30 90 

Southern region 
ESPl 69°26' 26°48' 165/16 30 70 
ESP3 69°26' 26°48' 165/16 10 60 

* ESP5 69°24* 26^47' 075/25 20 100 
* ESP6 69°24' 26°47' 169/9 NRM->10 90 
* ESP9 69^23' 26°46* 131/16 10 90 
* ESPIO 69^24' 26°49' 147/20 10 50->90 

Table 6.5. Sampling and demagnetisation data from sites in the Quebrada Vicunita lavas. Tilt correction is 
given in right-hand-rule format, ChRM isolation is demagnetisation level at which ChRM is isolated in the 
site, a range with an arrow indicates a within site variation. 

1-n 



Uncorrected Corrected 
Site n/No Dec. Inc. Dec. Inc. k 

Northern Region 
ESP44(1) 3/3 168.0 35.2 159.1 -14.4 526.2 5.4 
ESP44 (2) 3/3 217.5 62.8 151.3 25.9 634.4 4.9 

* ESP44 (Both) 3/6 185.3 51.5 155.4 5.7 12.9 19.4 
* ESP45 6/6 355.0 -35.7 342.9 9.9 31.1 12.2 

ESP46 (2) 3/3 21.2 0.9 339.6 -54.9 66.5 15.2 
* ESP46 (3) 3/3 335.6 -47.9 274.6 -28.8 293.6 7.2 

ESP48 4/6 343.4 84.4 256.1 68.5 28.4 17.5 
* ESP50 6/6 355.2 -36.7 6.9 -25.5 95.0 6.9 

ESP53(1) 3/3 296.6 -43.5 175.7 -55.9 1200.6 3.6 
ESP53 (2) 3/3 237.1 -55.9 177.7 -16.8 76.7 14.2 
ESP53 (Both) 6/6 271.2 -53.5 177.0 -36.5 13.4 19.0 
ESP55 6/6 124.5 -10.7 126.1 22.2 20.4 17.8 

* ESP56 6/6 358.2 -50.0 35.2 -54.3 48.9 9.7 
* ESP57 6/6 348.3 -47.8 24.3 -57.4 175.6 5.1 

ESP58(1) 3/3 277.3 -41.0 270.5 -63.5 66.4 15.3 
ESP58 (2) 3/3 167.0 -3.5 167.8 7.9 127.7 11.0 

Mean 6/10 356.5 -45.0 
346.5 -32.7 

105.9 
3.6 

6.5 
41.0 

Table 6.6a. Remanence data from the Quebrada Vicunita lavas in the northern domain. Numbers in brackets after site 
number indicate the hand sample number and are given where the directions from the individual blocks are significanUy 
different; n/No. is number of samples included in site mean/number of samples demagnetised; dec. and inc. are declination 
and inclination of remanence vector, k is Fisherian precision parameter, a95 is semi-angle of 95% cone of confidence. 
Sites marked * are included in formation mean. 



U ncorrected Correc led 
Site n/No Dec. Inc. Dec. Inc. k a95 

Southern Region 
ESPl (1 only) 3/6 250.8 76.5 253.0 60.6 95.7 12.7 

ESP3 6/6 69.5 62.1 62.5 78.0 49.0 10.4 
* ESP5 6/6 327.4 -48.2 332.3 -24.0 474.3 3.1 
* ESP6 6/6 1.1 -49.9 10.9 -47.3 177.9 5.0 
* ESP9 6/6 347.8 -24.4 352.2 -14.4 277.1 4.0 

ESPIO 6/6 354.8 -54.3 13.0 -42.1 46.3 10.0 

Mean 4/6 347.5 -44.9 
355.3 -33.0 

23.6 
13.6 

19.3 
25.9 

Table 6.6 b. Remanence data from the Quebrada Vicunita lavas in the southern domain. Numbers in brackets after site 
number indicate the hand sample number and are given where the directions from the individual blocks are significantly 
different; n/No. is number of samples included in site mean/number of samples demagnetised; dec. and inc. are declination 
and inclination of remanence vector, k is Fisherian precision parameter, a95 is semi-angle of 95% cone of confidence. 
Sites marked * are included in formation mean. 

to 
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Figure 6.16. Equal area stereographic projection of low 
coercivity and unblocking temperature components from 
sites in the Quebrada Vicunita lavas, a) From the northem 
region b) From the southern region. Open ^closed) symbols 
are upper (lower) hemisphere projections. Directions are 
in situ numbers are site numbers. 
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6.17a-d shows the range of demagnetisation behaviour seen in the sites. Samples from 
seven of the sites demagnetised exhibit similar behaviour to that of sample ESP44-1-3A 
(Figure 6.17a), a low coercivity component removed by 10 mT, and a higher coercivity, 
well defined component of magnetisation to the origin. The demagnetisation behaviour of 
samples ESPlO-2-1 A and ESP48-1-2A (Figures 6.17b and c) was also observed in seven 
sites. These are characterised by a low coercivity component which dominates much of the 
total NRM intensity, this component is removed by 20-30 mT. At higher demagnetisation 
levels a poorly defined higher coercivity component is isolated. In sites ESP55 and ESP56 
(Figure 6.17d) a great circle distribution of directions on the stereographic plot indicates the 
presence of two or more components which are not being isolated. In site ESP56 only the 
lowest coercivity component recorded a stable direction of magnetisation, but in ESP55 the 
higher coercivity direction could be isolated as a linear segment between 50 and 80 mT. 

Mean directions for sites in the northern domain are shown in Table 6.6a and Figure 

6.18. one site, ESP44, has reversed polarity. Four sites (ESP48, 53, 55, 58) have been 

excluded from the formation mean calculation as they have directions apparently unrelated 

to the mean. The cause of these directions is unknown, but samples from sites ESP53 and 

ESP58 have very high NRM intensities, up to 145 Am * in ESP58. In ESP58 this high 

intensity may be due to a lightening strike induced IRM, as this site was collected from an 

exposed ridge. The cause of the high intensity in site ESP53 is unknown, a lightening strike 

IRM seems unlikely as the samples were collected in a valley bottom. 

The formation mean direction for the sites in the northern domain is shown in Table 

6.6b and Figure 6.18. The site mean directions are best grouped in situ, and the increase in 

k after tilt correction fails the fold test (ki/k2 = 0.16, less than the statistically significant 

value of 2.98 at 95% confidence; McElhinny. 1964). 



256 

a) 

N.N 

.100 mT ESP44-1-3A 

50 mT 

NRM 
NRM 

b) 

N.N 
ESP10-2-1A 

•40 mT 
gQ r- 600 mA/m 
m" E. UP 

• Horizontal projection 
• Vertical projection 

o Upper hemisphere projection 
• Lower hemisphere projection 

Figure 6.17a, b. Examples of demagnetisation behaviour in samples from 
the Quebrada Vicunita lavas. All plots are tilt corrected. 
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Figure 6.17c, d. Examples of demagnetisation behaviour in samples from 
the Quebrada Vicunita lavas. All plots are tilt corrected. 
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Figure 6.18. Stereographic projection of site mean directions 
from the Quebrada Vicunita lavas (circles) and the Fomiation 
mean directions (square) from the northern region. Error 
ellipses are 95% confidence'. Open (closed) symbols are upper 
(lower) hemisphere projections. 
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Four of the six sites in the southern domain have been used to calculate the 
formation mean (Table 6.6b and Figure 6.19). The two excluded sites both have NRM 
intensities which are rapidly demagnetised by the AF technique, and the high coercivity 
components are not well isolated. Site ESPl also has a high NRM intensity, possibly 
indicating the presence of a lightening strike induced IRM. As with sites in the northem 
domain, the site mean directions are best grouped in situ, and application of tilt correction 
results in an increase in k great enough to fail the fold test of McElhinny (1964); ki/k2 = 
0.58 is less than 4.28, the statistically significant value at 95 % confidence. 

iv) Discussion of results 

The failure of the fold test for both the northem and southern mean directions 

indicates that the remanence was acquired after folding. In addition, the inclinations of the 

mean directions are closer to those expected for a South American locality before tilt 

correction. The timing of motion on both the fold-and-thrusi belt in the northem domain, 

and the NW trending strike-slip faults in the southem domain is dated as Eocene-Oligocene. 

If the folding in the southem domain is synchronous with the fault motion, as may 

reasonably be expected, the age of remanence in the rocks from the Quebrada Vicunita 

Formation must be younger than Oligocene. The timing and origin of the remagnetisation 

in unknown, but the pervasive alteration of minerals identified in thin section indicates that 

low temperature hydrothermal alteration has been widespread. This hydrothermal action 

may be related to the emplacement of copper porphyry deposits in this region during the 

late Oligocene-early Miocene (Comejo et a/., 1993), and the magnetisation recorded in 

these rocks may be of this age. The presence of a reversed sample in the data set from the 

northem domain may indicate that the remagnetisation occurred over a long time period, or 

altematively that the rocks have undergone several phases of less pervasive remagnetisation 
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Figure 6.19. Stereographic projection of site mean directions 
from the Quebrada Vicunita lavas (circles) and the Formation 
mean directions (square) from the southern region. Error 
ellipses are 95% confidence. Open (closed) symbols are upper 
(lower) hemisphere projections 
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during their history. As discussed in Chapter 3, the time averaged field direction can be 
used as reference for comparison with remanences younger that Palaeocene. This direction 
is therefore used as reference for both mean directions from the Quebrada Vicunita 
Formation. 

When considered in situ, the mean direction for the sites in the northern domain has 

a small a^s confidence limit, suggesting that secular variation may not be fully averaged by 

the data. Despite this the formation mean is close to the position of the time averaged 

present-day field, showing only a 3.5±5.4° anticlockwise rotation with 0.0±5.2° of 

latitudinal transport. Comparison of the southern domain mean direction with the reference 

direction indicates an anticlockwise rotation of 12.5±22.3° with 0.1 ±15.4° of northward 

displacement 

The amounts of rotation and latitudinal transport from both mean directions are 

within their associated errors and are therefore not statistically significant. These rotations 

are not considered further. 

6.3.3 Quebrada Monardes Formation (Early Cretaceous) 

i) Palaeomagnetic sampling localities 

The Quebrada Monardes Sandstone Formation was sampled at a total of 25 sites in 

three localities, all in the southern and central parts of the study area (Figure 6.20). Sites 

ESP22-30 were collected from around a gendy SW plunging open anticline in the 

southernmost part of the area. Sites ESP80-89 were collected funher north, but still in the 

domain of NW trending strike-slip faults. The major structure at this locality is a NW-SE 

trending anticline, but there is also minor folding. Sites ESP74-79 come from a constantly 

dipping 20 m thick section at Mina Vieja near Portrerillos. This sampling locality lies in the 

area of overlap between the southern domain of strike-slip faults, and the northern fold-and-
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Figure 6.20. Sampling localities for the Quebrada Monardes Formation 
in the southern and central region of the study area. MV is Mina Vieja. 
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thrust belt domain. The area between the two domains has complex faulting and several 
small thrusts are seen. At all three collecting localities the sandstones are well bedded and 
good structural control could be obtained at each site. Sites ESP80-89 were collected as 
hand samples, all others were collected as drilled cores. 

ii) Magnetic mineralogy 

Visual inspection of samples from the Quebrada Monardes Formation shows a range 

of red colouring, indicating a variation in the amount of iron oxide present Samples from 

four sites, selected to represent the colour range present, were used in IRM experiments 

following the method described in section 2.6.1. The results are shown in Figure 6.21a-d. 

Acquisition of IRM in sample ESP31-1 (Figure 6.21a) indicates both low and high 

coercivity carriers. The acquisition curves for samples ESP22-4, ESP24-4 and ESP76-3 

(Figure 6.21b-d) also show a mix of carriers with an increasing dominance of the high 

coercivity component. Demagnetisation of IRM in this sample series is also consistent with 

an increasingly dominant high coercivity carrier which is demagnetised by 670°C. In all 

cases, demagnetisation of NRM was carried out by thermal treatment only. This showed a 

steady decay in intensity, sometimes with a large drop at 100-300°C and complete 

demagnetisation at 640-670°C. The data are therefore consistent with a haematite 

dominated magnetite and haematite mix of carriers for both the IRM and NRM. The rapid 

fall in NRM intensity between 100°C and 300°C may indicate that the magnetite is multi-

domain or is a titanium rich titanomagnetite. 

iii) Palaeomagneric remanence measurements 

Of the 25 sites collected from tiie Quebrada Monardes Sandstone Formation, 14 

have been demagnetised. Demagnetisation of eight of the nine sites (not ESP23) from the 
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southernmost sampling area, and all sites from the central region (ESP74-79) has been 
completed. The demagnetisation and remanence data from all sites is given in Tables 6.7 
and 6.8. Al l of the sites display within site variability of demagnetisation components, but a 
stable, consistent mean direction of magnetisation is recovered from most sites. 

The directions of the low unblocking temperature components for the two sampling 

areas are shown in Figure 6.22. Both plots are shown in situ, and the directions become 

slighUy more scattered after tilt correction. For most sites, in both the southern and central 

sampling areas, the low components are not well grouped either within, or between sites, 

although there is a loose grouping of directions close to the present-day field direction in 

samples from the central region. The scattering of directions indicates that most of the low 

unblocking temperature components were acquired after the cores were removed from the 

host rock, and are therefore laboratory induced remanences. 

Examples of demagnetisation behaviour from the Quebrada Monardes Formation 

are shown in Figure 6.23a-f. Although there are variations in magnetic intensities between 

sites, most have total NRM intensities of less than 3 mAm '. Demagnetisation behaviour is 

extremely variable, even within individual sites, for example Figure 6.23a and 6.23f are both 

from site ESP22. Commonly, the NRM is composed of several components which are 

often overiapping. As a result, the ChRM is only recognised as a linear segment in one or 

two samples from the site, the others require the use of remagnetisation circles. The 

demagnetisation plots shown in Figure 6.23 are representative of sites from both the 

southern and central sampling areas. 

Al l eight sites from the southern sampling locality have a consistent direction, 

directed upwards in the NE quadrant or its anripode (Table 6.8 and Figure 6.24). The sites 

group belter after tilt correction although the improvement in precision parameter, k, on tilt 

correction is not sufficient to pass the fold test of McElhinny (1964), k\/k2 = 1.18, less than 



Sampling site Tilt ChRM isolation °C 
Site Long. W Lat. S correction Min. Max. 

Southern Region 
* ESP22 69°2r 26°52' 090/10 510 640 

ESP24 69°25* 26°52' 085/8 200 640 
He ESP25 69°25' 26^52' 121/12 200 580 

ESP26 59027' 26^50' 125/8 100->480 680 
ESP27 eriT 26°50' 155/12 450^610 640 

He ESP29 69°28' 26°48' 172/17 300 640 
* ESP30 69^26* 26°46' 230/26 400 680 
Ik ESP31 69°27' 26°46' 202/20 200->500 580 

Central region 
* ESP74 69°26' 26°26' 181/34 NRM^300 610 
* ESP75 69°26* 26°26' 180/39 400 610 

ESP76 69°26' 26°26' 160/31 NRM->400 610 
ESP77 69^26' 26°26' 158/31 Not isolated 
ESP78 69°26' 26°26' 159/36 NRM^560 680 

* ESP79 69°26' 26°26' 182/28 NRM^450 610 

Table 6.7. Sampling and demagnetisation data from sites in the Quebrada Monardes Formation. Tilt correction is 
given in right-hand-rule, ChRM isolation is demagnetisation level at which ChRM is isolated in the site, a range with 
an arrow indicates a within site variation. 

OS 



Uncorrected Corrected 
Site n/No Dec. Inc. Dec. Inc. k 

Southern Region 
ESP22 5/7 52,5 -34.5 47.8 -27.9 32.9 13.9 
ESP24 5/6 174.6 60.2 174.7 52.2 58.7 10.1 

* ESP25 6/6 0.5 -45.7 5.4 -35.1 23.9 14.0 
* ESP26 6/7 8.0 -50.1 9.8 -46.1 37.7 11.2 
* ESP27 6/7 3.1 -60.4 11.9 -56.7 36.9 12.0 

ESP29 4/6 29.6 -52.7 37.0 -46.7 38.0 15.1 
* ESP30 4/5 351.4 -32.2 6.6 -52.7 38.5 15.0 
* ESP31 7/7 194.9 41.4 212.5 40.8 17.8 14.9 

Mean 8/8 12.6 -48.9 20.6 12.5 
19.7 -46.2 24.3 11,5 

Central Region 
ESP74 4/4 310.1 -15.2 323.1 -39.5 14.5 24.9 
ESP75 3/6 320.5 -24.7 345.2 -43.5 44.1 18.8 
ESP76 3/4 309,7 -29.0 330.3 -40.0 13.3 35.3 
ESP77 Unstable, no within site direction 
ESP78 5/6 303.2 -23.6 324.3 -39.8 43.4 11.7 
ESP79 3/4 317,3 -5.6 323.0 -24.6 67.3 15.1 

Mean 4/6 312.8 -17.4 50.1 13.1 
328.4 -37.2 46.9 13.6 

Table 6.8. Remanence data from the Quebrada Monardes Formation. n/No, is number of samples included in site 
mean/number of samples demagnetised; dec. and inc. are declination and inclination of remanence vector, k is 
Fisherian precision parameter, ot95 is semi-angle of 95% cone of confidence. Sites marked * are included in formation mean. 

oo 
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Figure 6.22. Equal area stereographic projection of low 
unblocking temperature components from sites in the 
Quebrada Monardes Sandstone, a) From the southern 
region b) From the central region. Open (closed) symbols 
are upper (lower) hemisphere projections. Directions are 
in situ numbers are site numbers. 
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Figure 6.23a, b. Examples of demagnetisation behaviour in samples from 
the Quebrada Monardes Formation. All plots are tilt corrected. 
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Figure 6.23c, d. Examples of demagnetisation behaviour in samples from 
the Quebrada Monardes Formation. All plots are tilt corrected. 
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Figure 6.23e, f. Examples of demagnetisation behaviour in samples from 
the Quebrada Monardes Formation. All plots are tilt corrected. 
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Figure 6.24. Stereographic projection of site mean directions 
from the Quebrada Monardes Formation (circles) and the 
Formation mean directions (square) from the southern region. 
Error ellipses are 95% confidence. Open (closed) symbols are 
upper (lower) hemisphere projections. 
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the statistically significant value of 2.47 at the 95 % confidence level. Removing the 
effects of the plunge on the fold does not increase the precision parameter on the tilt 
corrected mean enough to pass the test of McElhinny (1964). 

Four of the six sites in the central area carry a consistent remanence direction, 

directed upwards in the NW quadrant (Table 6.8 and Figure 6.25). Al l of the sites included 

in the mean have normal polarity. The two sites excluded from the formation mean failed 

to yield a consistent or statistically acceptable site mean direction. As the tilt corrections 

are similar for all sites no fold test can be performed, but tilt correction steepens the 

formation mean inclination from -17.4° to -37.2°. 

iv) Discussion of results 

The demagnetisation of samples is both complex and variable, although a stable 

consistent direction can be obtained from both sampling localities. Although the directions 

from the southern sampling sites do not pass the fold test, k does improve on tilt correction. 

It is possible that the failure to pass the fold test is due to the dips on most of the tilt 

corrections being shallow, less than 20°, and because there are only two sites from the 

northern limb of the fold. More sites collected in a greater range of orientations may better 

constrain the mean direction and the precision parameter. Tilt correction does however 

improve the inclination in the central sites to one more consistent with the latitude 

expected for the sampling locality. Together these data suggests that the remanence in the 

Quebrada Monardes Formation is pre-folding, but more sites are required to confirm this. 

Assuming that the remanence is pre-folding, and most likely primary or early 

diagenetic, the formation mean directions are compared against the Early Cretaceous 

reference direction. Comparison of the formation mean direction from the southern 

sampling sites with the reference direction yields a clockwise rotation of 23.7±13.7°, with a 
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Figure 6.25. Stereographic projection of site mean directions 
from the Quebrada Monardes Formation (circles) and the 
formation mean directions (square) from tne central region. 
En-or ellipses are 95% confidence. Open (closed) symbols are 
upper (lower) hemisphere projections. 
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latitudinal displacement of 7.2±9.5° southward. This magnitude of rotation is consistent 
with the results obtained by Riley et al. (1993) from the Quebrada Monardes Formation 
approximately 120 Km to the south of this study area. Their data indicate a clockwise 
rotation of 27.7±22.3°, with 1.9±16.6° of southward latitudinal displacement, when 
compared with the Early Cretaceous direction from Chapter 3. 

When the formation mean from the sites in the central area is compared to the 

reference direction an anticlockwise rotation of 27.6±14.1° with a northward latitudinal 

displacement of 1.8± 11. T is indicated. Although the 095 confidence limit on the formation 

mean direction is well constrained, the confidence limits on a number of the sites are much 

larger. This is in part due to some of the sites having only three samples, and suggests that 

better constrained results could be obtained by sampling more sites. 

Overall the data from the Quebrada Monardes Formation indicates that although its 

magnetisation is complex, it probably carries a primary remanence. It may therefore be a 

suitable target for future palaeomagnetic work in the pre-Cordillera. 

6.3.4 Cerro Valiente Sequence (Palaeocene) 

i) Palaeomagnetic sampling localities 

A total of 24 sites were collected from the Cerro Valiente lava sequence, 14 from 

the northern structural domain (ESP60-73), and 10 from the southern structural domain 

(ESP12-21). Al l sites were collected as hand samples except ESP73 which was drilled and 

orientated by both solar and magnetic compasses. 

The northern sampling area is shown in Figure 6.26, Sites were collected from 

around an open syncline orientated roughly NE-SW. Palaeohorizontal control was 

obtained from boundaries between lava flows. 
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Figure 6.26 Sampling localities for the Cerro Valiente Formation 
in the northern region of the study area. 
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Sampling sites firom the southern region are shown in Figure 6.27 . Here the lavas 
have a fairly consistent dip and palaeohorizontal control can be measured from limestone 
beds which are intercalated with the lavas. 

ii) Magnetic mineralogy 

IRM experiments (see section 2.6.1) were carried out on four samples, results from 

two are shown in Figure 6.28. Sample ESP20-1-3 (Figure 6.28a) shows an initial rapid rise 

in IRM, indicative of a dominant low coercivity carrier, but then a decrease. Repetition of 

the IRM acquisition by AF demagnetising die sample and re-applying the IRM showed that 

this intensity drop was a repeatable phenomenon, although the intensity of the IRM 

produced varied. After the decrease there is an unsteady rise in IRM which fails to saturate 

in the 800 mT applied field, this indicates a significant high coercivity component. IRM 

demagnetisation shows a dominant low coerciviiy component which is removed at -580°C. 

but also present is a high coercivity component which remains until '-640°C. There is also a 

small fall in die low coercivity IRM component at 300-350°C, this may indicate the 

presence of some maghemite in the sample. These data are consistent with the sample 

having both magnetite and haematite carriers, possibly with some maghemiie. The 

demagnetisation shows that the high coercivity component is only a minor constituent of the 

IRM, this appears to be inconsistent with the acquisition data which indicates a significant 

high coercivity contribution to the total IRM. AF demagnetisation of the NRM removes 

only 50% of the original intensity, indicating that both die magnetite and haematite were 

carriers of NRM. Attempts to isolate the higher coercivity component by thermal treatment 

failed, the demagnetisation directions became unstable and did not maintain a consistent 

direction. 
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Sample ESP68-1-3 (Figure 6.28b) has an IRM acquisition curve consistent with a 
dominant high coercivity cairier. This is confirmed by the IRM demagnetisation where high 
and iniemiediate coercivities, demagnetised at --TOO^C dominate. These data are consistent 
with a haematite dominated haematite/magnetite mix of carriers. Demagnetisation of the 
NRM was carried out by AF only and the sample became unstable by 50 mT. At this stage 
-'IS % of the samples NRM intensity remains, significantly less than the 50 % remaining in 
ESP20-1-3. This suggests that in sample ESP68-1-3. haematite may not have been as 
important in cairying an NRM as it is an IRM. 

The reasons for the erratic IRM acquisition and thermal demagnetisation behaviour 

in sample ESP20-1-3 are unclear. Experiments to ascertain the grain size of the magnetic 

fraction (section 2.6.2) were carried out on samples from the finest and coarsest lavas 

sampled from the Cerro Valiente Formation. The results are shown in Table 6.9 and 

suggest that the average particle size is in the pseudo-single domain size range and similar in 

both samples. In must be noted however, the presence of haematite in these samples causes 

a slight overestimate of the grain size (D. K. Potter, pers. comm., 1995). The results 

suggest that the samples should be capable of holding a stable remanence. 

RRM ARM Effective field (Bg) Particle size (d) 
Sample mAm* mAm* jim 

ESPl 5-2-1 401.5 1138.0 24.7 4.0 
ESP60-2-3 337.4 1189.5 19.9 5.0 

Table 6.9. Magnetic grain size analysis in the Cerro Valiente lavas using RRM and ARM 
acquisition as described in section 2.6.2. 

Results of VRM experiments (section 2.6.3) carried out on samples ESP20-1-3 and 

ESP68-1-3 are shown in Table 6.10 and Figure 6.29. Both samples show more viscous 

behaviour after heating to 700°C and, in addition, samples are unable to acquire the same 
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Decay time (s) 

AF demagnetisation only 

IRM (mA/m) Nomialised % 

After thermal demag. to 7QQ°C 

IRM (mA/m) Normalised % 

20-1-3 

7 16675 100.0 6744 100.0 
20 16633 99.7 6686 99.1 
30 16612 99.6 6656 98.7 
40 16575 99.4 6635 98.4 
50 16607 99.6 6630 98.3 
60 16624 99.7 6635 98.4 
80 16592 99.5 6614 98.1 
100 16555 99.3 6626 98.3 
120 16575 99.4 6600 97.9 
240 16524 99.1 6547 97.1 
480 16445 98.6 6484 96.1 
720 16419 98.5 6414 95.1 
1000 16368 98.2 6334 93.9 

68-1-3 
7 77.5 100.0 20.5 88.9 
20 74.2 95.7 19.5 84.6 
30 73.3 94.6 19.7 85.4 
40 72.2 93.2 19.8 85.8 
50 71.8 92.6 20.1 86.8 
60 71.8 92.6 20.1 86.9 
80 71.0 91.6 20.0 86.5 
100 70.3 90.7 20.1 87.0 
120 71.8 92.6 20.6 89.0 
240 71.2 91.9 21.7 94.0 
480 70.4 90.8 23.1 100.0 
720 70.7 91.2 22.0 95.4 
1000 70.1 90.5 20.3 88.0 

Table 6.10. Data for VRM experiments. Each sample was exposed to a 5 mT field to 
induce an IRM. The intensity of the IRM was measured at intervals up to 1000 s. 
Data is given as absolute measurement and normalised percentage of maximum 
intensity. 
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IRM intensity. This inability to acquire the same IRM after heating is interpreted as being 
due to mineralogical changes in the sample, probably oxidising magnetite to haematite. The 
decay of viscous remanence in sample ESP68-1-3 was unstable, this experiment was 
repeated widi similar results, possibly indicating that the sample can rapidly acquire stray 
magnetic fields. During measurement however, the samples were not removed from the 
magnetometer, so the source of any stray field is unknown. Another possible source of 
error is due to instrument drift, although calibration before and after measurement 
suggested that this was minor. In conclusion therefore, the cause of the intensity rise in 
sample ESP68-1-3 is unknown. The results from both samples suggest that these rocks can 
undergo significant changes in magnetic mineralogy during heating. AF demagnetisation 
may therefore be better at isolating magnetic components than thermal treatment in samples 
from this formation. 

The rock magnetic experiments suggest a dominant magnetite carrier for the NRM 

which has a grain size suitable for carrying a primary remanence. Although samples can 

behave in a viscous manner after heating, the loss of remanence due to VRMs is not 

significant in unheated samples. 

iii) Palaeomagnetic remanence measurements 

Of the 24 sites collected 11 have been demagnetised, six from the northern domain 

and five from the southem domain. All sites demagnetised carry a stable remanence 

direction within the site, sampling and demagnetisation data are given in Tables 6.11 and 

6.12. 

Low coercivity and unblocking temperature components from the measured sites are 

shown in Figure 6.30. Directions from sites in the northern domain (Figure 6.30a) do not 

have a consistent direction and there is no improvement in grouping after tilt correction. 



Sampling site Tilt ChRM isolation mT (°C) 
Site Long. W Lat. S correction Min. Max. 

Northern Region 
* ESP60 69°23' 25029. 210/43 10->30 100 
* ESP64 69°23' 26029' 260/30 30 100 
* ESP65 69°23' 26°29* 320/35 30 100 
* ESP67 59023. 26°28' 208/61 NRM->10 100 

ESP68 69^23' 26^27' 090/77 10->30 60 
* ESP73 67°24' 26*'28' 330/8 10 100 

Southern Region 
* ESP14 69°3r 26^53' 202/31 20 90 (up to 670) 
* ESP15 69°32' 26°55' 198/36 20 100 
* ESP16 69°32' 26°56' 196/36 50 (510) 100 (670) 
* ESP19 69°30' 26°52' 180/27 20->30 100 (up to 670) 
* ESP20 69°30' 26°5r 195/28 30 90 (up to 670) 

Table 6.11. Sampling and demagnetisation data from sites in the Cerro Valiente Formation. Tilt correction is 
given in right-hand-rule. ChRM isolation is demagnetisation level at which ChRM is isolated in the site, a range 
with an arrow indicates a within site variation. 

00 



Uncorrected Corrected 
Site n/No Dec. Inc. Dec. Inc. k 

Northern Region 
ESP60 5/6 232.9 64.4 271.7 33.1 18.6 19.5 

* ESP64 6/6 183.0 43.2 201.0 71.4 347.0 3.6 
* ESP65 6/6 194.5 51.6 134.5 68.8 72.1 8.5 

ESP67 (1) 3/3 213.4 15.8 224.4 3.0 163.6 9.7 
ESP67 (2) 3/3 47.0 11.6 26.6 22.1 45.7 18.5 

ESP68 6/6 301.4 56.1 212.6 28.0 50.6 10.2 
ESP73 3/8 8.1 -22.3 23.3 -19.9 75.5 14.3 
Mean 5/7 199.9 40.6 11.1 24.0 

220.0 45.8 3.8 45.7 

Southern Region 
* ESP14 6/6 288.3 -44.2 281.7 -75.1 53.5 9.2 
* ESP15 6/6 335.4 -56.6 43.0 -63.4 272.1 4.1 
* ESP16 6/6 277.1 -37.9 261.6 -72.7 181.0 5.0 
* ESP19 6/6 262.8 -79.5 94.5 -73.3 393.6 3.4 
* ESP20 6/6 304.2 -53.1 342.7 -76.5 226.5 4.5 

Mean 5/5 295.6 -56.2 14.7 20.6 
357.5 -83.5 17.8 18.6 

Table 6.12. Remanence data from the Cerro Valiente Formation. Numbers in brackets after site numbers indicate 
the hand sample number and are given where the directions from the individual blocks are significantly different; 
n/No. is number of samples included in site mean/number of samples demagnetised; dec. and inc. are declination 
and inclination of remanence vector, k is Fisherian precision parameter, a9s is semi-angle of 95% cone of confidence. 
Sites marked * are included in formation mean. 

00 
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6 5 ^ 

Figure 6.30. Equal area stereographic projection of low 
coercivity and unblocking temperature components from 
sites in tne Cerro Valiente lavas, a) From the northern 
region b) From the southern region. Open (closed) symbols 
are upper (lower) hemisphere projections. Directions are 
in situ numbers are site numbers. 
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The components do, however, tend to group well within site, or at least within sample 
block. The samples from site ESP73, which was drilled in the field, are scattered. This 
would indicate that these components were acquired after the blocks and field drilled cores 
were collected, but before the cores were removed from the blocks in the laboratory. These 
low coercivity and unblocking temperature directions therefore seem to be the result of a 
laboratory or collection induced component 

The directions from sites in the southern domain are much better grouped overall, 

although directions from the individual sites are, in some cases, less well defined than from 

sites in the northern domain (Figure 6.30b). 

Although the directions of magnetic components present vary between sites, the 

demagnetisation behaviour, in terms of the number and demagnetisation level of 

components, is similar. Sites have either a single component of magnetisation, the ChRM, 

or a major stable high coercivity/unblocking temperature ChRM component and a low 

coercivity/unblocking temperature component removed by 20 mT. In many cases the 

spectra of the low coercivity/unblocking temperature component overlaps with the sites 

ChRM. In sites from the northern domain, the ChRM is directed downwards toward the 

SW or its antipode. In the southern domain, the ChRM has a WNW direction with a 

moderate upwards directed inclination. Figure 6.31a-d are representative of the types of 

behaviour seen during demagnetisation. Five of the sites in the northern region have 

demagnetisation plots like Figure 6.31a or 6.31b, characterised by rapid demagnetisation 

during AF treatment, and ChRM isolation above -30 mT. In site ESP68 (Figure 6.31c) the 

demagnetisation vector is much better defined, with the ChRM held between 20 and 60 mT. 

Site ESP68 is also different from others in the northern domain in that its NRM intensity is 

at least a factor of 100 less than all of the other sites. Al l of the sites collected in the 

southern domain display demagnetisation directions and plots similar to that shown in 
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a) 

N.N 

100 mT 

E S P 6 0 - 1 - 1 A 

E, UP 
300 mA/m 

N.N 

4000 mA/m 
20 mT 

10 mT 

E S P 6 4 - 1 - 1 A 

E. UP 

• Horizontal projection 
• Vertical projection 

o Upper hemisphere projection 
• Lower hemisphere projection 

Figure 6.31a, b. Examples of demagnetisation behaviour in samples from 
the Cerro Valiente lavas. All plots are tilt corrected. 
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c) 
E S P 6 8 - 1 - 2 A 

N. UP 

50 mT 

NRM 

10 mT 
6 mA/m 

E, E 

d) 
N.N 

E S P 1 5 - 1 - 2 A 

30 mT 

670'^ 100 mT 400 mA/m 
E. UP 

• Horizontal projection 
• Vertical projection 

o Upper hemisphere projection 
• Lower hemisphere projection 

Figure 6.31c, d. Examples of demagnetisation behaviour in samples from 
the Cerro Valiente lavas. All plots are tilt corrected. 
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Figure 6.3Id. A low coercivity/unblocking temperature component is removed by 10 mT. 
The ChRM is recovered at demagnetisation levels between 10 and 100 mT. In all sites 
some remanence remains after AF demagnetisation to 100 mT. but thermal demagnetisation 
caused significant and random increases in intensity as well as directional changes. 

The site mean directions within the two domains are best grouped before tilt 

correction. Site mean directions for sites in the northern domain are shown in Figure 6.32. 

Site ESP68 is excluded from the mean calculation as it has a direction apparently unrelated 

to the formation mean direction. The site also displays different demagnetisation behaviour 

to the other sites, as described above. The site mean directions are better grouped when 

viewed in situ and the formation mean (Table 6.12 and Figure 6.32) is based on their in situ 

distribution. Four of the site mean directions are reversed. The decrease in precision 

parameter k on tilt correction (ki/k2 = 0.53 is less than the statistically significant value of 

3.44 at 95% confidence) fails the fold test of McElhinny (1964). 

Site mean directions from all five sites in the southem domain are shown in Figure 

6.33, the formation mean is also shown and is given in Table 6.12. One of the most 

noticeable features in the data are the small 0 9 5 confidence limits on the site means. 

Because of the consistency of the tilt corrections on the sites mean directions a meaningful 

fold test cannot be performed, but the precision parameter, k, does show slight 

improvement after tilt correction. 

iv) Discussion of results 

The failure of the fold test for the sites in the northern domain indicates a post-

folding remanence. As with the Quebrada Vicunita Formation, the timing of 

remagnetisation in these rocks in uncertain. Again the pervasive hydrothenmal alteration 

seen in thin section may be related to the later stages of the tectonic activity in the area. 
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Cerro Valiente lavas 
Northern region 
in situ 

Cerro Valiente lavas 
Northern Region 
tilt corrected 

Figure 6.32, Stereographic projection of site mean directions 
from the Cerro Valiente lavas (circles) and the Formation 
mean directions (square) from the northern region. Error 
ellipses are 95% confidence. Open (closed) symbols are 
upper (lower) hemisphere projections. 
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Cerro Valiente lavas 
Southern region 
in situ 

Cerro Valiente lavas 
Southern Region 
tilt corrected 

Figure 6.33. Stereographic projection of site mean directions 
from the Cerro Valiente lavas (circles) and the Formation 
mean directions (square) from the southern region. Error 
ellipses are 95% confidence. Open (closed) symbols are 
upper (lower) hemisphere projections. 
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dated as laie Oligocene-early Miocene. The remanence carried by the Cerro Valiente 
Formation must be younger than this. The inclusion of four sites with reversed polarity in 
the formation mean direction for the northern domain, but with none in the southern domain 
may suggest that the remagnetisation of the formation occurred at different limes. As 
discussed in Chapter 3, the time averaged field direction is an appropriate reference 
direction for remanences younger than Palaeocene and is used for reference. 

The site mean directions from sites in the northern domain are best grouped in situ. 

This formation mean direction is poorly defined, having an a95 = 24° in situ and a95 = 45.7° 

after tilt correction, any interpretation made from the data must therefore be regarded as 

tentative. Comparison of the northern mean direction with the reference direction gives a 

clockwise rotation of 19.9±25.9° with a flattening of 4.4±19.2° for these sites. As the 

amount of rotation is within its associated error, it is not statistically significant. 

As the structural corrections for the sites collected in the southern domain are 

constant, no meaningful fold test can be performed to determine the age of remanence 

relative to the deformation. When tilt corrected, the formation mean inclination increases 

from -56.2° to -83.5°, this is much too steep to be a true direction at this locality and 

suggests that the remanence is post-folding in age. The demagnetisation behaviour in these 

sites is. however, essentially single component and therefore much simpler than that 

observed in sites from any other formation. In addition, four of the sites have very small ass 

confidence limits, suggesting that secular variation may not have been averaged within these 

sites. This is not consistent with the idea of complex remagnetisation over a long time 

period. Another possibility therefore is that the remanence is primary, and the sleep 

inclination is the result of the remanence having been acquired rapidly during a geomagnetic 

excursion. It is. however, difficult to reconcile this witii the pervasive alteration of the 

rocks, and the remagnetisation of the volcanic units in the rest of the sampling area. It is 
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more likely that the directions represent complete remagnetisation over a short time period, 
possibly as a result of a pulses of hydroihermal fluid associated with a porphyry deposit 

The in situ mean direction is therefore likely to be a result of a remanence younger 

than Oligocene and is compared with the time averaged field direction. This yields an 

anticlockwise rotation of 64.4±31,4°, with a flattening of 11.2±16.5°. This rotation is 

statistically significant, although poorly constrained in terms of its timing and confidence 

limit 

6.4 Discussion and Conclusions 

Of the four formations and lithologies sampled in this area, it seems only the 

Quebrada Monardes Sandstone Formation may be carrying a pre-folding remanence. The 

volcanic units have all undergone significant remagnetisation since the age of folding, 

probably during the late Eocene to Miocene. The presence of both normal and reversely 

magnetised site mean directions in the Sierra Fraga, Quebrada Vicunita and Cerro Valiente 

Formations suggests that either the remagnetisation event occurred over a significant time 

period, or was the culmination of several phases of remagnetisation, some of which 

occurred during periods of reversed polarity. 

Most of the units sampled in the volcanic rocks display statistically insignificant 

amounts of rotation or latitudinal displacement. Two of the formations in the volcanic 

units, the Sierra Fraga Formation and the southern Cerro Valiente Formation, have 

rotations which exceed their associated confidence limits and may therefore be recording 

post-folding rotations. As discussed in Section 6.3.1, the confidence limit of the in situ 

Sierra Fraga direction is extremely large and no geological interpretation is made from i t 

Although the confidence limits on the Cerro Valiente mean directions are better than that on 



296 

the Sierra Fraga direction, the rotation must be considered to be poorly constrained. Table 
6.13 shows a summary of the rotations from this study, and those which are considered to 
be statistically significant and well constrained. As a result of the remagnetisation there 
are no statistically significant results from the northern domain, the fold-and-thrust belt. 

Only four sites from the complex zone of deformation between the northern fold-

and-thrust belt domain, and the southern domain of NW trending strike-slip faults record a 

stable magnetisation. Despite this the sites from the Quebrada Monardes Sandstone 

Formation define a fairly well constrained mean direction. The result from this small area 

indicates that a -2T anticlockwise rotation has occurred. 

The results from the southern strike-slip fault domain are conflicting; the result 

from the Quebrada Monardes Fomiation indicates a -24° clockwise rotation since the 

Early Cretaceous, while the Cerro Valiente lavas indicate anticlockwise rotation of --64° 

probably since the Oligocene or Miocene. It is difficult to envisage a situation where an 

anticlockwise rotation of -64° could occur since this time, particularly as this time period 

post-dates the major tectonic activity in the region. This direction does not seem to be 

geologically sensible and the better constrained -24° clockwise rotation recognised from 

the Quebrada Monardes Formations is taken as being representative of the rotation in the 

southern strike-slip fault domain. The reason for the Cerro Valiente direction lying so far 

from the reference direction is unknown, but it is possible that these sites may have been 

remagnetised over a short time period during a reversal or geomagnetic excursion. 

In conclusion, the pervasive remagnetisation seen in the rocks in this area have 

made interpretation of any tectonic rotation difficult. Only the rotations from the Quebrada 

Monardes Sandstone Formation can really be regarded as well constrained, both 

statistically and in terms of age control. The rotations suggested by all of the volcanic 

units are either not statistically significant, or are difficult to explain geologically. 



Formation name Age of Formation Age of Remanence Rotationierror (°) Flatteningierror (°) 

Quebrada VicufLita 
Cerro Valiente 

Quebrada Monardes' 

Quebrada Vicufiita 
Quebrada Monardes* 
Cerro Valiente* 

Sierra Fraga 

L. Jurassic 
Palaeocene 

E. Cretaceous 

L. Jurassic 
E. Cretaceous 
Palaeocene 

? M . Jurassic 

Northern Domain 

Oligocene or younger 
Oligocene or younger 

Central area between two domains 

? E. Cretaceous 

Southern domain 

Oligocene or younger 
? E. Cretaceous 

Oligocene or younger 

Above Agua Amarga Thrust 

? Oligocene or younger 

-3.5±7.4 
19.9±25.9 

-27.6±14.1 

-12.5±22.3 
23.7±13.7 
-64.4±31.4 

•59.8±52.1 

0.0±5.2 
•4.4±19.2 

1.8±ll.l 

-0.1±15.4 
7.2±9.5 

I1.2±16.5 

14.4±22.0 

Table 6.13. Amount of rotation and flattening indicated by comparison of formation mean directions with stable reference 
directions. Rotation and flattening and associated errors calculated as described in section 2.7.1. In the rotation column, 
a negative value indicates anticlockwise and a positive clockwise rotation. In the flattening column, a negative value 
indicates northward and a positive southward latitudinal transport. • indicates that result is statistically significant and well 
constrained. 

N3 
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Chapter 7 

M O D E L S FOR R O T A T I O N IN T H E ATACAMA 

AND D O M E Y K O F A U L T S Y S T E M S 

7.1 Introduction 

As discussed previously, no consensus has been reached as to the mechanism 

responsible for the rotations observed in the Andean margin of South America (see Chapter 

4). The palaeomagnetic data for studies carried out in Cenozoic and Mesozoic rocks in the 

margin between ^5°S and 35^S latitude are given in Table 7.1 . To calculate the rotations 

the mean directions have been compared against the reference directions in Chapter 3. 

Although rotations have been recognised from palaeomagnetic studies outside this latitude 

range, they are not thought to be related to the tectonic processes operating around the 

Arica Deflection. For example, rotations further north are usually attributed to 

development of the Huancamba Deflection (e.g., Laj et al. 1989), and those ftom further 

south are thought to be localised and the result of motion on the Liquine-Ofqui fault zone 

(e.g., Cembrano et a/., 1992). 

The distribution and pattern of rotations are shown in Figure 7.1 and listed in Table 

7.1. In this chapter the applicability of both the large-scale rigid rotation, and large and 

small-scale in situ rotation models are discussed with reference to the palaeomagnetic data. 

Particular attention is given to the applicability of the models to the new data presented in 

this study. The possible relationship between palaeomagnetically identified rotations, and 

the Arica Deflection is discussed. Finally, new models are presented to explain the rotations 

observed in the two study areas covered during the course of this work. 



Locality Lat. Long. Age (Ma) Ref Dec. (°) Inc.(°) a95n Rotation (°) Reference 

Cenozoic data 

North ofArica Deflection C<77°5; 
Cajamarca 6-7 79 E. Oligocene ECn 333.4 -20.6 5.7 -15.6113.6 Mitouardeffl/. (1990) 
Volcanics 11-15 76-77 Eocene-Miocene ECn 341.4 -27.3 4.7 -7.6±13.4 Macedo-Sanchezerfl/. (1992a) 
Volcanics 11-13 76-78 Eocene ECn 343.5 -29,0 8.6 -5.5±14.9 Macedo-Sanchez etal. (1992b) 
Ocros 13.0 74.0 8.5 PD 345.8 -31,8 5.3 -14.2±5.0 Heki era/. (1983; 1985) 
Sediments and volcanics 14.7 76.1 Miocene-PUocene PD 354.6 -22.9 6.7 -5.4±5.8 Tsunakawa et at. (1987) 
Laguna Umayo 15.8 70.1 -60 ECn 139,2 24 10.4 -40.819.1 BuUerera/. (1995) 
Pto. Japones-Chama 16-17 68.5 Oligo-Miocene PD 346.0 -34.0 10.0 -14.019.7 Roperchetal, (1993) 

Within hinge zone (ll^-WS) 
SaUa 17.0 67.0 28-24 ECn 353.4 -37.4 5.4 4.4113.8 MacFadden etaL (1990) 
Micana 17.5 67.0 7.5-6.5 PD 355.2 -25.8 5.9 -4.815.2 MacFaddenetal. (1990) 
Tiupampa 18.0 65.5 60-58 ECn 167.2 38.1 7.9 -1.8115,0 Butler era/. (1995) 
Sucusuma 18.1 65.8 61-59 ECn 144.6 47.3 4.7 -24.4113.8 Butler era/. (1995) 

South ofArica Deflection (>J9°S) 
Inchasi 19.7 65.3 4 PD 355.1 -30.1 8.5 -4.914.3 MacFadden etal. (1993) 
Quehua 20.0 67.0 13-7 PD 15.3 -37.9 9.3 15.319.5 MacFadden er a/. (1995) 
Cerdas 21.0 66.0 16.5-15.5 PD 10.1 -39.1 7.0 10.117.2 MacFadden er a/. (1995) 
Lipez 22.0 65.0 20 PD 39.0 -38.0 11.0 39.0111.2 Roperch etal. (1993) 
Quebrada Honda 22.0 65.0 13-12 PD 17.8 -40.7 3.9 17.814.1 MacFadden er a/, (1990) 
Lipiyoc 22.5 67.0 9 PD 357.6 -34.3 7.9 -2.417.7 Somoza era/.(1996) 
Paciencia group 22.6 68.3 -28 ECn 20.0 -27.0 13.5 31.0117.5 Hartley era/. (1992a) 
Cifuncho Fm. 25.6 70.6 ? E. Cenozoic ECn 40.3 -53.8 15.1 51.3124.5 Forsytheera/. (1987) 
Quebrada Vicunita Fm. 26.3 69.4 ? Oligo-Miocene PD 356.5 -45.0 6.5 -3.517.4 This study 
Cerro Valienie Fm. 26.4 69.3 ? Oligo-Miocene PD 19.9 -40.6 24.0 19.9125.9 This study 
Quebrada Vicuniia Fm. 26.8 69.4 ? OUgo-Miocene PD 347.5 -44.9 19.3 -12.5122.3 This study 
Cerro Valiente Fm. 26.9 69.5 ? Ohgo-Miocene PD 295.6 -56.2 20.6 -64.4131.4 This study 

Table 7.1 Continued. N 



Locality Lat. Long. Age (Ma) Ref. Dec. (°) Inc. (°) a95n Rotation (°) Reference 

Cordillera de Domeyko 27.5 70.1 ? Cenozoic ECn 26.1 -59.7 13.0 37.1 ±24.7 Riley era/. (1993) 
Elquinos Fm. 29.5 70.5 ? E. Cenozoic ECn 356.0 -41.5 12.1 7.0±18.1 Palmer era/. (1980b) 
Angualasto 30.0 69.5 10 PD 351.9 -48.4 9.7 -8.1±11.8 R6 and Barredo(1993) 
Huaco 30.1 68.4 3 PD 8.6 -45.3 6.0 8.6±6.8 Johnson etal, (1986) 
Rfo Azul sediments 30.6 68.9 --12.5-9.2 PD 5.3 -41.9 5.4 5.315.8 Jordan etai (1990) 

Mesozoic data 
North of Arica Deflection C<77°5; 

Yumagual Fm. 5.9 78.2 Cenomanian mC 339.4 -32.5 5.1 -19.6±6.8 Konoera/. (1985) 
Pariatambo Fm. 7.1 78.3 Albian mC 307.5 -21.1 5.4 -53.5±6.7 Konoera/. (1985) 
Chulec Fm. 7.1 78.3 Albian mC 321.7 -22.7 10.2 -37.3±10.9 Kono era/. (1985) 
Puente Piedra Fm. 11.9 77.1 -90 mC 343.2 -28.6 3.4 -15.8±5.7 May and Buder(1985) 
SedimenisA'olcanics 12.0 76.9 -112-78 mC 334.9 -28.4 5.3 -24.1 ±6.8 Macedo-Sanchezera/. (1992b) 
Chala 15.8 74.3 -170 MJ 290.5 -31.1 16.0 -71.5±16.4 Roperch and Carlier (1992) 
Chala 15.8 74.3 -80 LC 324.9 -25.1 4.4 -31.1 ±7.5 Roperch and Carlier (1992) 
Arequipa 16.5 71.8 -100 mC 299.5 -47.0 15.4 -59.5±18.9 Roperch and Carlier (1992) 

Within hinge zone (17°-I9°S) 
Ilo 17.5 71.4 -80 LC 330.9 -39.9 8.5 -25.1±10.9 Roperch and Carlier (1992) 
La Yarada 18.1 70.7 -80 LC 330.6 -38.1 6.0 -25.4±8.8 Roperch and Carlier (1992) 
Camaraca Fm. 18.5 70.3 M. Jurassic MJ 352.1 -37.6 2.8 -9.9±7.2 Kono era/. (1985) 
Camaraca Fm. 18.6 70.3 -157 MJ 339.4 -37.1 5.9 -22.6±8.8 Palmer era/. (1980a) 
Arica Dykes 18.6 70.3 E. Cretaceous EC 345.1 -25.6 4.1 -10.9±4.8 Heki era/. (1985) 
Atajafia Dyke swarm 18.8 70.3 Cretaceous mC 345.1 -25.6 4.1 -13.9±6.0 Kono er a/. (1985) 

South of Arica Deflection (>]9°S) 
Camaraca/Cuya Dykes 19.2 70.3 M . Jur.-E. Cret. MJ* 351.3 -39.8 6.7 -10.7±9.6 Scanlan and Turner (1992) 
Cuya Dyke swarm 19.2 70.2 M . Jurassic MJ 345.9 -21.1 7.8 -16.1 ±9.4 Kono era/. (1985) 
LaPalca 19.5 65.9 71-60 LC 212.9 42.1 4.4 36.9±7.9 BuUerera/. (1995) 

Table 7.1 Continued.. o o 



Locality Lat. Long. Age (Ma) Ref. Dec. C) Inc. n a95 n Rotation Reference 

Purilacris Fm. 22.8 68.4 L. Cret.-E. Cen. LC 41.0 -36.0 8.9 45.0±10.9 Hartley era/. (1992a) 
Coloso Fm. 23.0 71.0 E. Cretaceous EC 26.2 -34.3 7.9 30.2±8.3 Turner etaL (1984) 
Coloso and El Way Fm. 24.0 70.4 E. Cretaceous EC 9.1 -25.3 6.4 13.1 ±6.5 Tanaka eff l / . (1988) 
Coastal Cordillera 24.0 70.0 M . Jur.-E. Cret. MJ 27.3 -29.2 7.7 25.3±9.6 Hartley era/. (1988) 
Cordillera de Domeyko 24.5 69.0 Triassic Tr^ - - - 0.0±5.7 Jesinkey etal. (1987) 
Coastal Cordillera 24.5 70.5 Jur.-Crei. LC 27.8 -33.8 10.8 31.8±12.2 Forsythe and Chisholm (1994) 
La Negra Fm. 25.8 70.4 M . Jurassic MJ 42.0 -35.5 9.6 40.0±11.5 This study 
Vetado Pluton Dykes 26.3 70.3 M. Jurassic MJ 48,9 -49.6 12.1 46.9±16.5 This study 
Flamenco Pluton Dykes 26.4 70.4 ? 155 MJ 45.6 -43.0 8.8 43.6±11.7 This study 
Animas Pluton Dykes 26.3 70.2 154 MJ 44.0 -48.6 11.2 42.0±15.2 This study 
Las Tazas Pluton Dykes 26.5 70.2 129 mC 38.7 -41.5 12.0 39.7±13.8 This study 
Quebrada Monardes Fm. 26.5 69.4 E. Cretaceous EC 328.4 -37.2 13.6 -27.6114.1 This study 
Remolino Pluton Dykes 26.7 70.1 < 126 mC 37.2 -39.3 11.6 38.2±13.0 This study 
Quebrada Monardes Fm. 26.8 69.4 E. Cretaceous EC 19.7 -46.2 11.5 23.7±13.7 This study 
Cordillera de Domeyko 27.6 69.5 E. Cretaceous EC 23.7 -40.9 20.5 27.7±22.3 Riley era/. (1993) 
Volcanics 29.5 70.5 E.-m. Cretacous mC 9.4 -53.0 4.5 10.417.7 Palmer era/. (1980b) 
Coastal Cordillera 33.0 71.5 Jurassic MJ 2.0 -49.2 11.9 0.0116.1 Irwin era/. (1987) 
Coastal Cordillera 33.0 71.5 E. Cretaceous EC 11.4 -54.3 9.5 15.4113.5 Irwin era/. (1987) 
Central Valley 34.0 70.7 L. Cretaceous LC 16.8 -50.2 6.0 20.819.9 Beck era/. (1986) 

Table 7.1. Mesozoic and Tertiary palaeomagnetic data from around the Arica Deflection. Lat. and Long, are latitude (°S) and longitude (°E) of 
palaeomagnetic sampling sites; age is as quoted from original source, a question mark denotes uncertainty, usually with age of an over-print; Ref. denotes 
which age reference direction (from Chapter 3) is used for comparison, EJ, MJ, U are Early, Middle and Late Jurassic, EC, mC, LC are Early, mid and Late 
Cretaceous, ECn is Early Cenozoic, PD is present day; Dec., Inc. and 095 are declination, inclination and 95% cone of confidence for mean direction; rotation 
and associated error is calculated as described in Section 2.7.1. Notes: * due to age range the Late Jurassic reference direction may be most appropriate, but 
the Middle Jurassic reference is used due to uncertainty about the accuracy of the Late Jurassic reference; ^ as no Triassic reference direction is calculated in 
this thesis, the original quoted rotation is given. 
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Figure 7.1. Maps showing rotations recorded around the Arica Deflection by previous workers 
and in this study. Data taken from Table 7.1. a) Cenozoic data, b) Mesozoic data. Errors 

cone of confidence. On the Mesozoic map. directions from the Coastal Cordillera 
are plotted as one direction to reduce cluttering. This direction was calculated by taking a 
mean of the six formation rotations to give a rotation of 41.6±5.4^ 
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72 Rigid bending of the Andean margin 

The OTDclinal bending model of Carey (1958) considered that the Arica Deflection 

was the result of complementary and coeval rotation of two rigid limbs around a hinge 

zone. This rotation would lead to anticlockwise rotation in Peru and clockwise rotation in 

Chile, near to the hinge zone, approximately 17-19'*S, there should be no rotation. As the 

limbs rotate in a single rigid motion, Uie amount of rotation should be consistent along the 

length of the limb. The change in geological strike and shoreline near to Arica is -50-60° 

(Beck, 1988), this should also be reflected by the difference in palaeomagnetic rotations 

between the two limbs. This model has subsequently been supported by palaeomagnetic 

studies interpreted as showing opposite senses of rotation of approximately the correct 

magnitude on either side of the Arica Deflection (e.g.. Palmer et al., 1980a; Held et a/., 

1983; Kono et aL, 1985). Roperch and Carlier (1992) and Beck et al. (1994) also note that 

the general pattern of rotations around the Arica Deflection is broadly consistent with 

oroclinal bending, as shown by both the Cenozoic and Mesozoic directions of Table 7.1 and 

Figure 7.1 

The data do not however, record a simple change in rotation either side of the hinge. 

Firstly, the amount of rotation is inconsistent within the limbs and some studies which are 

distant from the hinge zone indicate that no rotation has occurred (Irwin et al., 1987; 

Jesinkey et a/.. 1987), this is inconsistent with a rigid body rotation. Secondly, the 

Mesozoic data indicate that the change in sense of rotation does not coincide with the 

change in orientation of the coasdine, but lies between 19.5°S and 22.5°S where there are 

no available data (Figure 7.2). Isacks (1988) notes however that the hinge in the Andean 

mountain chain and die forearc does not coincide exacdy with the change in coastline 

orientation. When the studies from south of the coastal deflection are compared with the 
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hinge in the mountain chain they lie in the northern limb and would be expected to show 
anticlockwise rotation, consistent with the model. Thirdly, at the same latitude as the 
anticlockwise rotations in the Camaraca Formation and Cuya Dykes (Pahner et a/., 1980a; 
Kono et ai, 1985; Scanlan and Turner, 1992), the La Palca direction of Butler et al (1995) 
shows a significant clockwise rotation. This indicates the possibility a spatial east-west 
change in the rotations which cannot be accommodated by a rigid rotation model. Finally, 
although the average amount of rotation within each limb is difficult to quantify due to the 
variation observed, several studies indicate rotation which exceeds the 60° maximum 
deflection suggested by the change in geological strike. 

The rotations identified during this study are inconsistent with the oroclinal bending 

model. The amounts of rotation identified in the Coastal Cordillera and the pre-Cordillera 

are different and anticlockwise rotation has been recorded by the Quebrada Monardes 

Formation in the central region of the pre-Cordillera. Although Carey (1958) did not 

specify the amount of rotation in each limb, the amount of rotation identified in the Coastal 

Cordillera (-^2°) is probably more than would be expected on one limb. 

Although similar in concept, the differential shortening model (Isacks, 1988) is 

better constrained than the oroclinal bending model in that both the amount of rotation 

expected in the limbs, and the timing of their rotation is identified. Isacks (1988) suggests 

that an original bend in the Andean mountain chain was enhanced by differential 

shortening during the Miocene (23-5 Ma). The amount of rotation accommodated in the 

model is up to 10° on the southern limb and 15-22° on the northern limb (Figure 7.3). 

Other workers have suggested that differential shortening could account for more rotation, 

but do not detail the reasons or mechanisms for the this (e.g.. Watts et al, 1995). As v^th 

the oroclinal bending model, the amount of rotation should be consistent along the length 

of both limbs. Isacks (1988) selected palaeomagnetic data fi-om along the Andean margin 



a 20 

9. 10 a -
PALEOMAGNE-nC 

DETERMINATIONS OF 
FORARC ROTATION 

DISTANCE ALONG STRIKE. D E G R E E S 

35 30 25 20 15 

306 

10 Latitude's 

Figure 7.3. Maximum rotation predicted by differential shortening models. Solid 
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solid line represents Isacks' preferred model. 
Note that the latitude scale is not linear. This is because Isacks constructed the 
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stress direction rather than latitude. Circles show the location with respect to latitude 
and the amount of rotation recorded by the palaeomagnetic studies selected by 
Isacks to support the model, a, Palmer etal. (1980b); b, d. g, Kono etai (1985); 
c, Turner eta/. (1984); e. h. Heki etal (1985); f. Heki etal (1983) and Palmer etal 
(1980a); i, May and Butler (1985). Modified from Isacks (1988), figure 6. 
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to support the model (Figure 7.3) and some recent reviews of the Cenozoic database have 
also been interpreted as supporting both the mechanism and timing of the rotation (Butler 
et al, 1995; MacFadden et al, 1995). 

Many of the problems with the oroclinal bending model also apply to the 

differential shortening model, particularly that the amount of rotation is inconsistent v^thin 

the limbs and there are unrotated areas. An additional problem is that rotations much 

larger than those predicted by the model have been identified (Figure 7.4), this is 

particularly the case in the Chilean margin. This observation led Beck et al. (1994) and 

Butler et al. (1995) to suggest that rocks older than the Neogene may have undergone an 

additional component of in situ rotation as a result of another independent tectonic process. 

Based on a review of the available Neogene directions, Somoza et al. (1996) 

suggest that i f rigid body rotation operated as a mechanism, this process must have been 

completed prior to the middle Miocene as the younger poles from Peru are unrotated. 

However, rotations which also show a pattem of anticlockwise rotations north of and 

clockwise rotations south of Arica, have been interpretted from post-middle Miocene rocks 

in Chile, Bolivia and Argentina. The differential shortening model cannot therefore 

explain these rotations. This led Somoza et al. (1996) to conclude that rigid body rotation 

models do not explain the spatial and temporal variations in the rotations observed in the 

Andean margin. 

The data from this study are inconsistent with the rotation predicted by the 

differential shortening model of Isacks (1988). Al l of the units in the Coastal Cordillera, 

and the Quebrada Monardes Formation in the pre-Cordillera display rotation in excess of 

the 10° maximum for the southem limb. Additionally, the anticlockwise rotation identified 

in this study from the Quebrada Monardes Formation cannot be explained by the model. 
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The data indicate therefore that rigid rotation is unlikely to be the major component to the 
rotation. 

In conclusion, the magnitude and variability of the rotations recorded both in this 

study and in the Andean margin as a whole indicate that rigid body rotation cannot be a 

single process responsible for all rotations observed in the Andean margin. It is more likely 

that either all of the rotations are due to another mechanism, or that rotations, particularly 

those in the Chilean margin, are compound and the result of a small amount of rigid rotation 

operating after a more significant primary rotation mechanism. As there is no well dated 

unrotated unit in the studied areas a component of rigid body rotation cannot be excluded 

completely. 

73 Large-scale in situ rotation models 

The models of Hartley et al. (1988) and Beck et al, (1993) interpret the rotation of 

palaeomagnetic vectors as being due to in situ rotation as a consequence of large-scale 

tectonic processes operating in response to E-W extension of the forearc. In both of these 

models the Arica Deflection is presumed to be a primary feature pre-dating rotation. 

In the model of Hartley et al. (1988) transiensional stress in the forearc resulting 

firom recreating subduction generate rotation through subduction roll-back. The rotation is 

accommodated in rigid blocks, the size of which is confined by the trench and a crustal-

scale, trench-linked, strike-slip fault (Figure 7.5). In the model, the block-bounding faults 

are sinistral and drive clockwise rotation as the forearc extends. Hartley et al. (1988) 

envisage the rotation as occurring in response to a phase of slow oblique convergence 

during the Late Cretaceous-early Tertiary. Hartley et ai (1988) acknowledge that rotation 

of this type would be localised and may only be applicable to small areas of the forearc. 
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Figure 7.6. Proposed rotation of arcuate blocks in the model of Beck eX al. (1993). 
The fault zone extends E-W due to dextral shear and anticlockwise rotation. 
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They note several problems with applying the model to the data set from the Andean 
margin. Firstly, the model cannot explain rotations identified inland from the forearc and 
secondly, the model has difficulty explaining the extent of rotation within the forearc. The 
third problem is that the model cannot resolve the anticlockwise rotations identified in the 
Peruvian margin. 

In the current study area, the major structural feature in the Coastal Cordillera is the 

AFS which comprises a set of NW-SE directed sinistral faults block-bounding faults within 

a sinistral strike-slip fault system. This geometry is therefore incompatible with the 

transiensional model of Hartley et al, (1988). Additionally, SE directed subduction would 

have been required to generate sinistral shear and clockwise rotation, this is incompatible 

with the known plate configuration form the Late Cretaceous-early Tertiary. Also, the La 

Negra arc in the Coastal Cordillera was abandoned in the middle Cretaceous, and the AFS 

did not undergo significant strike-slip motion after this time, again this appears to be 

inconsistent with the transtensional model. As stated previously, the model cannot explain 

rotation inland of the trench-linked strike-slip fault, and cannot therefore explain the 

rotations in the pre-Cordillera as they lie to the east of the Domeyko fault Zone. 

In conclusion, this transtensional model may be useful for explaining localised 

rotations under certain tectonic conditions within the Coastal Cordillera. The model cannot, 

however, be applied to explain the rotations identified in this study. 

Beck et al. (1993) proposed that large blocks could be rotated in situ by restricting 

margin parallel motion of the forearc sliver by buttressing. The buttress can be overcome 

by extending the forearc normal to the slip direction on the margin parallel strike-slip faults. 

Beck et al. (1993) suggest this process operated in southern Chile and propose that the 

extension is achieved by rotating large arcuate blocks along a crustal scale strike-slip fault 
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In the example given, NE directed subduction generates dextral shear and anticlockwise 
rotations (Figure 7.6). 

The buttressing model is not, however, applicable to the rotations observed in 

northern Chile. The model relies on the buttressing effect of the Altiplano to generate the 

rotations and therefore requires NE directed subduction and dexffal shear. As in southern 

Chile this would generate anticlockwise rotations, opposite to the general pattern observed. 

Additionally, the major strike-slip faults in northern Chile are dominantiy sinistral, 

apparentiy implying southward directed subduction, this means that buttressing and 

subsequent forearc extension would not occur. The buttressing model is therefore 

incompatible with the palaeomagnetic data and geology of northern Chile and cannot 

explain the rotations observed either in this study, or in the margin as a whole. 

7.4 Small-scale in situ rotation models 

The observed palaeomagneric rotations may be occurring as a result of blocks 

rotating in situ in response to motion on strike-slip faults in the overriding continental plate. 

These models are the vertical axis, domino and fault block rotation models discussed in 

Chapter 4. In these models the Arica Deflection is regarded as being a primary feature of 

the margin pre-dating the rotation, it origins are not therefore related to the 

palaeomagnetically identified rotations. The rotation pattern observed may. however, be 

controlled by the bend due to the different orientation of the margin either side of the bend 

with respect to the subducting plate (Figure 7.7; see also Beck, 1988). The presence of 

large-scale fault systems throughout the Andean margin suggests that discrete models of 

rotation are probably more appropriate than continuum models (see Section 4.3.2). 

Discrete in situ rotation models would not necessarily generate a coherent pattern of 



312 

Coastline 

Trench 

Dominant compression 
less significant strike-slip 

Arbitrarily 
selected 

convergence 
direction Dominant strike-slip 

less significant 
compression 

General 
pattern of 
rotations 

Figure 7.7. The deflection in the Andean margin causes a difference in the 
dominant stress regime in the margin due to the angle of plate convergence. 



313 

rotations in the Andean margin as the rotations occurring within each fault system will be 
localised. 

In the ball-bearing rotation model of Beck (1988) circular blocks rotate due to 

distributed shear in the Andean margin driven by motion on trench parallel strike-slip faults. 

In the model as presented, NE directed subduction generates a northward trench-parallel 

shear component in the Chilean margin, resulting in presumed dextral faults, and a 

southward directed shear with sinistral strike-slip faults in Peru. Motion on the dextral 

faults in Chile would cause clockwise rotation and anticlockwise rotation in Peru on the 

sinistral faults. This means that the change in sense of rotation at the Arica Deflection is 

due to the pre-existence of the bend and is not a consequence of the formation of the bend 

itself. 

This ball-bearing model fits the general pattern of rotations in the Andean margin, 

i.e., anticlockwise rotation in Peru and clockwise in Chile, but does have several problems. 

Firsdy the model requires that the change in coastiine orientation at Arica is fixed and is 

responsible for the change in sense of rotation. It cannot therefore account for the 

anticlockwise rotations found south of Arica. Secondly, the model impUes that rotation is 

accommodated across the margin by progressive development of new strike-shp faults 

inland of the last. This implies that the amount of rotation between any two margin parallel 

faults should be consistent. 

The data from this study do not support a ball-bearing type model. Although the 

palaeomagnetic rotations identified in the Coastal Cordillera are clockwise, the dominant 

fault systems are sinistral. According to Beck (1988), motion on these sinistral faults would 

generate anticlockwise rotation in the Chilean margin, opposite in sense to that observed. 

The anticlockwise rotation in the pre-Cordillera is also inconsistent with the model. 
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The variation in the amounts, and the spatial distribution of rotations observed in 
Andean margin as a whole do not support this model. Although the model accounts for the 
general pattern of rotations observed, its requirement for dextral fault systems in Chile is 
inconsistent with the geological evidence. Overall tiie model is too simplistic and in reality, 
the shapes of the blocks and interactions within the fault systems on a continent long scale 
will define a much more variable set of rotations than can be described by this model. 

As stated in Chapter 4, most discrete models take the form of a set of parallel block-

bounding faults between two system-bounding faults. Rotation results from motion on the 

system-bounding faults and is therefore localised and controlled by motion within the 

individual fault systems. These are termed block rotation models. Rotation occurs in the 

horizontal plane and the deformation zone extends parallel to the system-bounding faults. 

The exception to this are the slat models of McKenzie and Jackson (1983; 1986), where the 

deformation zone does not extend parallel to the system-bounding faults. Instead, there is 

dip-slip on the block-bounding faults to maintain the surface area. Another mechanism for 

generating in situ small-scale vertical axis rotation is by rotation on thrust sheets. I f thrust 

sheets become pinned, or the amount of slip is variable along the length of the thrust, 

shortening across the deforming zone can cause differential migration and rotation of the 

thrust sheet. This mechanism has been reported from northern Chile where palaeomagnetic 

rotations can be linked to thrust sheets operating in a thin-skinned tectonic setting (Hartley 

et al.y 1992a). Small-scale in situ rotation models are specific to the tectonics of the 

sampling sites and can therefore explain the specific variations in the palaeomagnetic 

database from the Andean margin as being due to local controls. 

Although several authors have suggested that in situ block rotation may be the 

dominant cause of rotations in the Coastal Cordillera of Chile (e.g., Riley et aLy 1993; 

Somoza, 1994. Somoza et ai, 1996), only one block rotation model has been published 
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which makes specific reference to the fault systems present. Forsythe and Chisholm (1994) 
suggest a model to explain clockwise rotations in the Paposo segment of the AFZ in 
northern Chile. They propose that clockwise rotation of blocks occurs in response to 
sinistral strike-slip motion in a NW-SE orientated secondary fault system to the west of the 
AFZ, which is also undergoing sinistral motion (Figure 7.8). In tiie model, tiie AFZ is kept 
in a fixed orientation and forms a buttress against which the rotation occurs. Although the 
subsidiary fault system and its relations to the AFZ are pooriy defined, Forsylhe and 
Chisholm (1994) support the model by showing that the amount of rotation predicted fi-om 
the fault displacements is consistent with that observed from the palaeomagnetic study 
(Figure 7.8). 

At first sight this model seems to fit the geology and the palaeomagnetic results 

obtained in the Coastal Cordillera during this study; sinistral motion on the AFZ with a set 

of sinistral NW-SE trending subsidiary faults to the west, and clockwise rotation. 

However, assuming that the AFZ as a buttress against which the subsidiary faults terminate 

and the rotation occurs is inconsistent with the geological evidence from the study area 

considered in this thesis as the subsidiary faults are known to cut and displace the AFZ. 

Additionally, clockwise rotations have been identified to the east of the AFZ (from the 

Remolino pluton dykes), suggesting that the AFZ cannot be the eastward boundary to the 

rotation. Forsythe and Chisholm (1994) also sampled units to the east of the AFZ and 

recorded clockwise rotations, but they ignore this in their model. 

7.5 Proposed models for rotation in the Atacama and Domeyko Fault Systems 

The rotations observed in the Coastal Cordillera and the pre-Cordillera can be best 

explained by models of in situ rotation. As was discussed in section 7.2, however, the 

effects of a component of rigid body rotation cannot be ruled out completely. The 
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Figure 7.8. The in situ rotation model of Forsythe and Chisholm (1994). 
a) Clockwise rotation results from sinistral motion on NW-SE trending 
subsidiary faults to the west of the AFZ (Atacama Fault Zone, here termed 
the Salar de Carmen Fault), b) An analogue model of the rotation using 
the AFZ as a buttress against which the rotation occurs, c) The restored 
model using average fault spacing, slip and angle to AFZ along with the 
rotation angle from the palaeomagnetic study. The black arrows on 
diagrams a and b show the palaeomagnetic vector, on c, this is restored 
along with the faults. From Forsythe and Chisholm (1994), Figure 14. 
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following sections present models for rotation in the Coastal Cordillera as a result of motion 
on the Atacama Fault System, and in the pre-Cordillera as a result of motion on the 
Domeyko Fault System. In both models, the rotation is accounted for by in situ rotation 
alone, ignoring any contribution from possible rigid rotation. I f any rigid body rotation has 
affected the sampling regions the magninide of its contribution cannot be easily quantified. 

7.5.1 The Atacama Fauh System 

As discussed in Chapter 5, all of the sampled units in the Coastal Cordillera show a 

consistent clockwise rotation of --42°. Figure 7.9 shows two possible models to explain 

clockwise rotation in the Coastal Cordillera as a result of sinistral motion on the AFS. In 

model A (Figure 7.9a), the AFZ is regarded as being a large-scale fault in which the NW 

trending sinistral faults are synthetic and the NE trending dextral faults are antithetic. This 

type of model is known from theoretical and observed examples (Naylor et al., 1986) and 

could lead to the fracture pattern observed in the Coastal Cordillera. In this model, the 

displacements on the NW faults, and the magnitude of the rotations increase toward the 

principal fault. This is opposite to the pattern observed where the displacement on the NW 

trending faults increases away from the AFZ and the plutons closest to the fault (i.e., the 

Las Tazas and Remolino plutons) show the least amount of rotation. Additionally, as 

discussed in section 5.2.2, the AFZ is cut and displaced by some of the NW trending faults, 

indicating that movement on these faults, at least in part, post-dated the principal phase of 

motion on the AFZ. Given the timing of motion on the AFZ most of the rotation would 

have to have been Early Cretaceous in age, almost synchronous with emplacement of the 

Remolino pluton. It is therefore difficult to resolve rotation of the dykes in the Remolino 

pluton with motion on the AFZ. This model does not therefore fit the geology, the timing 

of events, or palaeomagnetic data from the Coastal Cordillera. 
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Model B (Figure 7.9b) is mechanically identical to that of Forsythe and Chisholm 
(1994) discussed above. The difference in this model is that during the major phase of 
rotation the AFZ is not considered to be the eastern system-bounding fault to the rotating 
blocks. Instead, it is suggested that the NW trending strike-slip faults, originally initiated by 
the AFZ, were reactivated and extended, hence they cut and displace the AFZ. The 
subsidiary faults extended eastwards and soled out into the Central Valley Shear Zone, 
(CVSZ) and define the AFS. Thus the AFS defines a large, crustal-scale duplex structure 
which is part of a much broader forearc sliver than was previously defined by the AFZ. The 
CVSZ formed the eastern system-bounding fault, and the block-bounding faults are the NW 
trending strike-slip faults. The complementary system-bounding fault to the west is 
unidentified, but may lie close to the trench, consistent with the rotation being 
accommodated across the whole of the forearc sliver. The blocks are rotated in the same 
manner as suggested by Forsyihe and Chisholm (1994), where sinistral transpression across 
the shear zone drives clockwise rotations. As the AFZ is rotated passively, the timing of the 
rotation in this model is not constrained by the geochronological data from the AFZ, there is 
unfortunately also no upper age limit for die rotations defined by younger unrotated rocks. 
The only control on the timing of rotation therefore is that it is certainly younger than 126 
Ma, the age of intrusion of the Remolino pluion, and probably post-dates the intrusion of 
the La Barrocha pluton at 106 Ma. The likely timing of the rotation is in the mid-Late 
Cretaceous, coincident with the abandonment of the Middle Jurassic to Early Cretaceous 
magmatic arc and its eastward migration. This change in the magmatic and tectonic 
configuration of the Andean margin coincided with a major compressional event, the 
Peruvian or 'Subhercynian' Orogeny (Coira et a/., 1982). This orogeny is recognised along 
the length of the Andean margin and marked the onset of the Andean orogenic cycle. This 
tectonic period is contemporaneous with increased spreading rates in the South Atlantic at 
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about 100 Ma (Larson and Pitman, 1972). 

Model B fits the geology and palaeomagnetic data from the Coastal Cordillera much 

better than model A. In particular, model B can account for the clockwise rotations found 

on both sides of the AFZ, the offsets in the AFZ by NW trending strike-slip faults (up to 70 

km. Brown et al., 1993), and the clockwise rotation of offset segments of the AFZ (e.g., at 

2TS segments of the AFZ trend at -050. Arevalo, 1995). 

As discussed in section 4.4.3. one of the problems with rotating rigid blocks is the 

development of triangular sphenochasms as the blocks rotate away from the major system-

bounding fault, this is demonstrated by the cartoon of the model in Figure 7.9b. It is 

suggested that in the Coastal Cordillera, the problem of sphenochasms may be overcome in 

several ways. Firstly, the outcrop pattern of Early-mid Cretaceous sedimentary rocks in the 

east of the Coastal Cordillera suggests that these may be preserved in extensional zones 

created by the blocks rotating away from the CVSZ (Taylor et a/., in prep.). Secondly, the 

major NW trending faults have a small component of NE side down dip-slip displacement in 

addition to the sinistral strike-slip motion. This dip-slip displacement may be 

accommodating some change of block shape during rotation and extension of the shear 

zone due to E-W shortening. Thirdly, the blocks themselves deform during rotation, this 

manifests itself as minor folds and thrusts within the blocks and pervasive NW-SE minor 

faults with small displacements. 

This model of block rotation, and the dominance of sinistral strike-slip faults parallel 

to the margin implies that the bulk shear during the mid-Late Cretaceous was driven by S-

SE directed subduction beneath the Andean margin. There is no direct evidence to support 

this subduction direction, but plate reconstructions suggest that subduction may have been 



321 

E to SE at this time (Larson and Pitman, 1972; Duncan and Margraves, 1984; Pardo-Casas 
and Molnar. 1987; Thiele and Pincheira. 1987). 

In conclusion, the clockwise rotations in the Coastal Cordillera can be explained by 

a model which invokes sinistral transpression across the AFS, bounded to the east by the 

CVSZ. The rotation occurs in a domino fashion with the blocks bounded by NW trending 

sinistral strike-slip faults. It is suggested that this rotation occurred in response to the 

Peruvian or *Subhercynian' Orogeny during the mid-Late Cretaceous. 

7.5.2 The Domeyko Fault System 

Constructing a model for the rotations observed in the pre-Cordillera is complicated 

by the problems of remagnetisarion identified in the lavas and volcanic rocks. For this 

reason it is not possible to suggest a model for rotations in the fold-and-ihrust belt of tiie 

northern domain. The only rotations which are considered well constrained and 

geologically sensible are those fipom the Quebrada Monardes Sandstone Formation which 

appear to carry a primary or early remanence. Samples from this unit show a clockwise 

rotation of -24° in the southern domain, the NW trending strike-slip faults, and an 

anticlockwise rotation of --28° in the area of overlap between the two domains. A 

simplified fault map of the DFS, and a possible model to explain the rotation observed in the 

southern domain, is shown in Figure 7.10. 

In this model, the clockwise rotation in the southern domain is due to block rotation 

as a result of sinistral motion on the NW trending strike-slip faults (Figure 7.10). As the 

NW trending subsidiary faults do not cut the DFZ, this seems to be a tectonic buttress 

against which this rotation is occurring, and is therefore the system-bounding fault. There 

does not appear to be a second complementary system-bounding fault to the deformation 

zone. The rotation is occurring in response to compression across the DFS and the 
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subsidiary faults are rotating clockwise towards the major structure, as would be predicted 
from Coulomb failure criteria (Anderson, 1951). The rotation can therefore be due to 
compression alone with no requirement for strike-slip morion on the DFZ, although this is 
not precluded by the model. This would, however, require the NW trending strike-slip 
faults to be present prior to the rotation and main compressional phase of deformation. 
Between the major NW trending faults, folds and smaller strike-slip and reverse faults are 
observed (Comejo et a/., 1993). These structures may be the result of block deformation 
during rotation to avoid the development of sphenochasms. 

The samples from the Quebrada Monardes Formation which show an anticlockwise 

rotation are from an area of complicated deformation between the overlapping domains. An 

enlarged map of the central area and the location of the sampling sites is shown in Figure 

7.11. Only the major structures are shown on the map so constructing a specific model for 

samples collected over a small area is difficult. The map shows a dominance of E-W 

directed dextral strike-slip faults around the sampling sites as well as several small thrusts. 

It is possible that the rotation identified in this area is locally controlled by block rotation as 

a result of motion on these small-scale structures. Al l of the samples collected from the 

Quebrada Monardes Formation were from a small -20 m section. If more samples were 

taken from across this zone of complex deformation, rotations of different magnitudes and 

directions may have been found 

The timing of the rotation and deformation in the two structural domains east of the 

DFZ is well constrained as the faults displace dated porphyry deposits. As discussed in 

Section 6.2.2, the timing of deformation on the DFZ itself is not well constrained as the 

fault was probably active for a much longer time period. The major phase of deformation 

both in the fold-and-thrust belt and the domain of NW trending strike-slip faults is dated as 

mid-Eocene-Oligocene, It is likely that the rotations were contemporaneous with this 
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figure 44). 
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defomiation. The timing of the deformation correlates with the Incaic Orogeny, recognised 
widely in northern Chile and Peru (Coira et al., 1982). This compressional phase is 
coincident with a period of rapid convergence between the Nazca and South American 
plates (Pardo-Casas and Molnar, 1987). 

The dominance of sinistral strike-slip motion on the DFZ is inconsistent with the 

suggested direction of bulk shear during the Tertiary (Pardo-Casas and Molnar, 1987). 

From the early Eocene, subduction has been directed NE-E which might be expected to 

produce dextral shear in the Chilean margin. The reason for the DFZ recording the 

opposite sense of motion is unclear. It is possible that ancient basement structures have, in 

part, controlled the development of tiie DFZ, and. to some extent its shear sense. There is 

however no evidence to support this hypothesis. A second possibility is that most of the 

sinistral motion on the DFZ could have occurred prior to the compressional phase which 

caused the rotation. During the Eocene-Oligocene development of the DFS. the DFZ may 

have not have undergone a substantial amount of strike-slip motion but merely acted as a 

buttress against which the deformation could be accommodated in the DFS. As the NW 

trending faults are rotating towards the DFZ as a result of compression across the 

deformation zone, there is no requirement for strike-slip motion on the major structure. 

In conclusion, the rotations observed in the southern strike-slip fault domain can be 

explained by a model of compression across the DFS with the subsidiary structures rotating 

towards the major tectonic structure. The anticlockwise rotation in the area between the 

two domains may be explained in terms of localised tectonic rotation. It is suggested that 

the rotations are occurring in response to the Incaic Orogeny in the late Miocene-

Oligocene. 
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7,6 Conclusions 

The models of rotation previously presented for the Chilean segment of the South 

American margin have been discussed with respect to Uie data from the margin as a whole 

and the data presented in this study. Although the general panem of rotations in the 

Andean margin is obvious, the models presented to account for this, namely oroclinal 

bending and differential shortening, suffer from a number of problems and are therefore 

regarded with some scepticism. It is believed that the rotations observed in the study areas 

covered in this work can be best explained in terms of discrete block rotations controlled by 

major fault systems within the margin. The deformational events causing these rotations 

correlate with regional compressional phases identified within the Andean margin. 
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Chapter 8 
SUMMARY AND CONCLUSIONS 

8.1 Introduction 

In this study, samples for palaeomagnetic analysis have been collected from a 

variety of lithologies within two fault systems, both associated with major strike-slip fault 

zones in northern Chile. The tectonics of this part of the Andean margin is dominated by 

the Atacama Fault Zone and the Central Valley Shear Zone in the Coastal Cordillera, and 

the Domeyko Fault Zone in the pre-Cordillera. Two of these faults, the Atacama and 

Domeyko Fault Zones are interpreted as having been major trench-linked strike-slip faults 

during their main deformation phase. Although the Central Valley Shear Zone may also 

have been a trench-linked strike-slip fault, there is insufficient evidence to be certain of 

this. The aim of this project was to identify and quantify any vertical axis rotation, to try 

and relate this to the observed fault pattern and to the tectonics of the Andean margin as a 

whole. This chapter gives a brief summary of the results and conclusions from this work, 

and suggests some recommendations for future work in this part of northern Chile. 

8.2 The Coastal Cordillera 

The Coastal Cordillera formed the Jurassic to middle Cretaceous magmatic arc (the 

La Negra arc) in this part of northern Chile. The Coastal Cordillera is characterised a by 

basement of Palaeozoic rocks meta-sedimentary intruded by a suite of Permian to Triassic 

granitic rocks. The magmatic arc is represented by Late Triassic to middle Cretaceous 

plutons in the southern part of the study area, and a sequence of Triassic to ? Late 
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Cretaceous sedimentary and volcanic rocks covering the basement in the north and east. 

The major tectonic feature in this part of Chile is the Atacama Fault Zone (AFZ), and a set 

of NW-SE trending strike-slip subsidiary faults. Some clearly cut and displace the AFZ 

and sole out into the Central Valley Shear Zone (CVSZ) fartiier to the east. Together the 

CVSZ and the NW tending subsidiary faults defme the Atacama Fault System (AFS). To 

identify and quantify any rotation associated with the AFS, samples for palaeomagnetic 

analysis were collected from the volcanic rocks of the La Negra Formation (Early-Late 

Jurassic) and a series of five dyke swarms which are intruded into a set of west to east 

younging granitic plutons. The dyke swarms are dated as probably Early-Middle Jurassic 

through to middle Cretaceous (<126 Ma). The main conclusions from this work can be 

summarised as: 

• Thin section analysis of all of the litiiologies sampled show evidence of low temperature 

hydrothermal alteration. Rock magnetic studies demonstrate that in the majority of 

samples, the magnetisation is carried by magnetite/titanomagnetite or haematite, or a 

combination of these. 

• Structural analysis of dilation directions indicates that the dykes have undergone no 

significant post-emplacement tilting. 

• Sites collected from the Early-Late Jurassic La Negra Formation pass both fold and 

reversal tests suggesting that they carry a primary or early remanence. 

• Both normally and reversely magnetised sites are present in four of the five dyke 

swarms. The evidence suggests that all dyke swarms carry a primary or early 

remanence. 

• Palaeomagnetic analysis of all units reveals a consistent clockwise rotation of --42°. 

• The rotation can be explained by a model of in situ block rotation where the CVSZ is 

tiie eastern system-bounding fault and the NW trending strike-slip faults are the block-
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bounding faults. The rotation occurred in response to sinistral iranspression across the 
fault system. 

• The rotation occurred during the mid-Cretaceous and was a result of the Peruvian or 

Subhercynian Orogeny. Contemporaneously the magmatic arc in the Coastal Cordillera 

was abandoned and the locus of magmatism migrated eastwards. 

8^ The pre-Cordillera 

During the Late Triassic to Early Cretaceous, the pre-Cordillera formed the back-

arc basin to the La Negra arc. The geology of the back-arc basin is characterised by 

sediments and volcanic rocks of Jurassic to Early Cretaceous age lying unconformably on a 

Palaeozoic igneous basement. During abandonment of the La Negra arc in the mid-

Cretaceous the pre-Cordillera underwent a period of uplift and erosion, the area then 

became the Late Cretaceous-Palaeocene magmatic arc. The major tectonic structures of 

this part of the pre-Cordillera are the Domeyko Fault Zone (DFZ), comprising the Sierra 

Castillo Fault, the Agua Amarga Thrust and, possibly, the La Temera Fault and a set of 

subsidiary faults to the east. The subsidiary faults define two distinct but slighUy 

overiapping structural domains; a fold-and-thrust belt in the north, and a set of NW-SE 

trending sinistral strike-slip faults in the south. Together the DFZ and the subsidiary faults 

define the Domeyko Fault System (DFS). To identify and quantify any rotation associated 

with motion on the fault system, samples were taken from both structural domains to the 

east of the DFS, and one set of samples were taken from the west of the DFZ. Samples 

from the Sierra Fraga Formation (Jurassic) were collected from the west of the AFZ above 

the Agua Amarga Thrust. East of the DFZ, Early Cretaceous sandstones from the 

Quebrada Monardes Formation were collected from the southern domain, and die area of 
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overlap between the two domains. Samples were collected from the volcanic rocks of the 
Quebrada Vicuiiita (Jurassic) and Cerro Valiente (Palaeocene) Formation. These volcanic 
rocks were collected from both structural domains east of the DFZ. The main conclusions 
from this work are summarised as: 

• Thin section analysis showed evidence of low temperature metamorphism/hydrothermal 

alteration in all of the volcanic units. Rock magnetic studies indicate a variety of 

magnetic carriers, dominated by a combination of magnetite/titanomagnetite or haematite 

in all units. 

• The directions from sites in the Sierra Fraga Formation are scattered and do not record a 

coherent and geologically sensible mean direction. 

• Al l sites from the volcanic rocks of the Quebrada Vicunita Formation east of the DFZ 

fail a fold test and appear to carry a post-folding remanence. The rotations suggested by 

the data are not statistically significant 

• The sites from the Quebrada Monardes Formation in the southern domain probably 

record a pre-folding remanence. The direction indicates a clockwise rotation o f - 2 4 ° . 

• Sites from the Quebrada Monardes Formation in a small central area between the two 

domains indicate an anticlockwise rotation o f - 2 8 ° . 

• The sites from the Cerro Valiente Formation appear to have been remagnetised. The 

small rotation identified in the northern domain is not statistically significant The data 

from the southern domain suggest a statistically significant anticlockwise rotation of 

-64° . This rotation is, however, difficult to reconcile with the more statistically 

constrained clockwise rotation indicated by the Quebrada Monardes Formation. 

• The rotation in the southern domain recognised from the Quebrada Monardes Formation 

can be explained by a model of in situ block rotation. In the model, the blocks are 
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bounded by the NW trending sinistral strike-slip faults and are rotating clockwise in 

response to compression/sinistral transpression across the deformation zone, 

o The anticlockwise rotation recognised from the Quebrada Monardes Formation in the 

central region can be explained by invoking a model of small-scale localised rotation 

resulting from motion on thrust sheets or dextral strike-sUp faults, 

o The deformation and rotation in the pre-Cordillera are the result of tiie Incaic Orogeny in 

the late Miocene-Oligocene. This is a synchronous deformation event recognised along 

the length of the Andean margin. 

8.4 The Andean margin 

The pattern of palaeomagneric rotations from around the Arica Deflection has 

previously been used to support the hypothesis of rigid body rotation. However, as has 

been demonstrated by this and other previous studies, rotation can also be explained by a 

number of other mechanisms unrelated to rigid body rotation. It is possible that rotations 

from studies interpreted as supporting the oroclinal bending theory could also be the result 

of locally controlled in situ rotation, but this may have not been recognised due to limited 

investigations of the tectonic controls in these sampling areas. If all rotations are the result 

of small-scale in situ rotation, the reason for the change in rotation sense around the Arica 

Deflection remains uncertain. There are three possible explanations for the change in sense 

of the rotations. Firstly, differential shortening along the length the margin may cause 

bending of the forearc and opposite senses of rotation. Secondly, rigid cratonic blocks 

behind the forearc may act as a buttress or backstop against which the younger more mobile 

forearc and magmatic arc bend and rotate. The third possibility is that the difference in the 



332 

orientation of the margin and deformation zone with respect to the subducting plate due to 

a primary bend may be a control. 

Another problem v^th using studies in the Andean margin to support any 

generalised model are the poorly defined and constrained reference directions. Despite 

improvement and the addition of several new poles over the last few years, many parts of 

the South American APWP remain poorly defmed, of particular note is the Late Jurassic to 

earliest Cretaceous, As many of the rotations identified from the Andean margin are quite 

small, variations in the choice of reference direction can make large differences to the 

interpretation. 

8.5 Recommendations for future work 

In the Coastal Cordillera, the rotation is fairiy well constrained and consistent 

within the study area. The crucial test for the in situ rotation model presented for the 

Coastal Cordillera is to sample rocks up to and from the other side of the CVSZ. I f the 

CVSZ is the eastern system-boiuiding fault, and the rotation is occurring in a block rotation 

type mechanism, there should be constant rotation up to the CVSZ, and a different 

magnitude of rotation on the other side of it. There are several units between the AFZ and 

the CVSZ which could be sampled to test the model. 

In the DFS, remagnetisations rendered many of the lithologies sampled unsuitable 

for palaeomagnetic study. To get a comparison of the rotations in both of the structural 

domains it is ideal to have the same units sampled both in the north and south of the area. 

There is a small area of Quebrada Monardes Formation in the northern domain, close to 

Salar de Pedemales. Sampling-this unit here may give more information about rotation in 

the northern domain, but, unfortunately, the only outcrop is on an isolated thrust sheet, so 
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there may be a problem with local thrust sheet rotation. Another possibility is to sample the 
Jurassic limestones, namely the Montand6n, Asientos and Pedenales Formations. Although 
these are likely to be permeable and will have been exposed to the same remagnetisation 
fluids as the volcanic rocks, it is possible that their remanence may be earned by different 
minerals which may be more stable. 

In terms of studying the Andean margin as a whole, attention needs to be given to 

constraining the South American APWP. Reassessment of many of the previous studies 

with better defined reference directions may lead to changes in the pattern and magnimde of 

rotations. Only then can palaeomagnetic data covering a wide temporal and geographic 

span be used to constrain the large-scale variations in the tectonic processes operating along 

the Andean margin. 
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Appendix 1 

T H I N SECTION DESCRIPTIONS 

Site Number. AT69 

General Description: Brown colour, very fine grained, glass shards present. 

Alteration', Intense alteration, rock looks haematized. 

Rock Type: Devitrified ignimbrite 

Site Number: AT70 

General Description: Purple-grey colour. Flag, and orth. phenocrysts (20%), including 

zoned phenocrysts. Feldspar often have reaction rims. Opaque minerals present, most 

appear secondary. Some may be primary as they appear to be associated with feld, laths. 

Alteration: Feld. altered to sericite. Preferential alteration of high temp. Ca rich plag. 

fraction in zoned phenocrysts, low temp. Na rich parts are less altered. Range of secondary 

opq. present, inc. haematite and possible ilmenite. 

Rock Type: Basic/andesitic 

Site Number: AT74 

General Description: Original feld. can still be identified and makes up 20%, also qtz. 10%. 

Ferromag. minerals present and opq. 5%. 

Alteration: Feld. altered to sericite/epidote. Ferromag. minerals altered to chlorite. Lots of 

epidote present. Rock has been haematized, often seen as a ring on epidote alteration areas. 

Rock Type: Basalt/andesite 
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Site Number: AT76 
General Description: Alkali feld phenocrysts 5%, 20% disequilibrium qtz. phenocrysts, 
some contain remnants of other material now altered to epidote/chlorite. Also present is 
plag. 10%. Groundmass is de-vitrified glass, therefore pyroclastic rock. 
Alteration: Feld. highly altered. Epidote pseudomorphs other minerals in groundmass, no 
evidence of the original mineral. Evidence of a lot of water/hydrothermal alteration. 
Rock Type: Rhyolite (glassy) 

Site Number: ATn 

General Description: Equigranular feld. and qtz. dominate 70%, pyx.?. 

Alteration: Calcite is dominant secondary mineral 40%. In places heavily chloritized, also 

epidote present. 

Rock Type: Basalt/andesite 

Site Number: AT79 

General Description: Equi-granular, very fine grained. Plag. 50%, opq. 30% and altered 

ferromag. minerals. 

Alteration: Highly altered, difficult to identify due to grain size, probably epidote/chlorite. 

Rock Type: Basalt/andesite (lava higher temp.?) 

Site Number: AT80 

General Description: Plag. phenocrysts 60%, +reaction rims. Ortho-Pyx. 20%, opq. 10%. 

Alteration: Plag. to sericite. Chloritization of possibly biotite? in groundmass, v. diff. to see. 

Haematization seen. 

Rock Type: Basaltic 
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Site Number: AT81 
General Description: Large plag. phenocrysts, many with reaction rims. Many aJso broken 
and cracked, appears to be post-solidification of plag. xtals, but syn- or pre-solidification of 
groundmass. Intraformational rock fragments present. Flow fabric can be seen in the 
groundmass. Groundmass is very fine, glassy; plag., opq. (including haematite) and qtz. 
Alteration: Feld. are altered, lots of carbonate, possibly calcite present. 
Rock Type: Basalt (brecciated) 

Site Number: AT82 

General Description: Large plag. phenocrysts 5%. Very few large opq. 1-2%, but seem to 

be associated with the phenocrysts and patches of secondary epidote, Groundmass is very 

fine; opq. 20%, plag. 50%, epidote 20%? and others too fine to see. Glass originally? 

Alteration: Feld. altered, as is groundmass, mostly to epidote. 

Rock Type: Andesite/basalt 

Site Number: AT83 

General Description: V. similar to AT82. Plag. phenocrysts, also large masses of plag. 

with associated opq. and epidote, as in AT82. Groundmass as AT82. 

Alteration: Intense alteration of plag. Lots of epidote 70%? in groundmass. 

Rock Type: Andesite^asalt 

Site Number: AT86 

General Description: Altered plag. phenocrysts, fine groundmass epidote 60%, opq. 20%, 

chlorite 10%. 

Alteration: Chlorite 20% and large calcite xtals + associated chlorite/epidote in vesicles. 

Rock Type: Basalt/andesite 
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Site Number: AT88 
General Description: Equi-granular essentially, but some larger altered plag. Groimdmass 
40% opq. and 40% plag. laths. 

Alteration: Chlorite/epidote affects groundmass, lots of small qtz. veins. 

Rock Type: Basait/andesite 

Vetado Pluton Dvkes 

Site Number: A T I 

General Description: Grey-black colour. One large megacryst of plag. (labradorite). 

Hornblende (actinolitic?) 40% dominates. 30% phenocrysts of plag./orlh., some of the plag. 

has a perthitic texture. 10% opq. 

Alteration: Plag. and amphibole? altered to sericite. Secondary biotite, epidote and sphene. 

Sphene is reacting from elongate opq. minerals, possibly ilmenite? 

Rock Type: Micro-gabbro 

Site Number: AT3 

General Description: As 1, but coarser. Good zoning seen in plag. 

Alteration: Amphibole altered to brown mineral, chlorite? More sphenes, again associated 

with elongate opaque, likely to be ilmenite. Same proportion of opq. as A T I . 

Rock Type: Micro-gabbro (more intermediate than 1) 

Site Number: ATS 

General Description: As 1. Opq. 15%, plag. 60%, proportionally less amphibole 20%. 

Alteration: More altered, especially chlorite. Less sphene and biotite. 

Rock Type: Micro-gabbro - micro-diorite 
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Site Number: AT6 

General Description: Porphyritic, zoned plag. phenocrysts 40%. One large phenocryst of 
hornblende also associated with clino-pyx. Groundmass is very fine inc. plag. 50%, opq. 
20%, hornblende? 30% 

Alteration: Fresher than previous samples, especially feld. Lots of chlorite. 

Rock Type: Micro-gabbro - micro-diorite 

De Las Animas Pluton Dvkes 

Site Number: AT 17 

General Description: Porphyritic. Dominant clino-pyx. 50%, some zoned. Definitely 

hyperthene, possible ortho-pyx. High extinction angle -38°. Plag. 40%, possibly olivine. 

Talc like texture seen in places, may be chlorite/sphene/calcite combination. 

Alteration: Chlorite from pyx. and possibly olivine. In groundmass low proportions of 

epidote and qtz. are present. 

Rock Type: Basalt/andesite 

Site Number: AT 18 

General Description: Equi-granular. Lots of amphibole 40%, plag. 30%, calcite 10% 

(?secondary). More opq., get patches up to 30%, may be magnetite or pyrrhotite. 

Alteration: Lots of secondary chlorite, cannot identify original minerals. Epidote replaces 

plag. Late stage opaque minerals, including possible magnetite, particularly with veins. 

Rock Type: Micro-diorite 

Site Number: A T I 9 

General Description: Amphibole dom. 40%Pyx. 10%. Zoned plag. 20%. Opq. 10%. 
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Alteration: Highly altered. Amphibole altered to epidote and chlorite, plag. to sericite. 
Secondary calcite and opq., particularly in vesicles. 
Rock Type: Micro-diorite 

Site Number: AT22 

General Description: Very plag. rich, 60%. 30% amphibole. Opq, coarser than previous 

samples from pluton up to 1mm. Xtals of haematite identified. 

Alteration: Highly altered. Lots of chlorite and carbonate affects 70% of rock, less epidote 

10%. There is some secondary qtz. associated with veins. 

Rock Type: Basalt 

T^za^ PlMtQH Pykes 

Site Number: AT27 

General Description: 40% plag. dom. Pyx. phenocrysts 20%. Often zoned, possibly 

azurine-augite. 30% amphibole. Opq. 10%. Groundmass is very fine, 5% muscovite 

(secondary?). Dom. amphibole 40% and plag. 40%. 

Alteration: Epidote, carbonate and possibly muscovite. 

Rock Type: Basalt/andesite 

Site Number: AT29 

General Description: Porphyritic amphibole dom. 50%, opq. 5-10%, also plag. 

Groundmass is qtz., amphibole and opq., less than 27. 

Alteration: Plag. highly altered to sericite. Epidote, chlorite and haematite also present. 

Rock Type: Dacite 
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Remolino Pluton Dvkes 
Site Number: AT45 

General Description: Plag. phenocrysts 60%. Concentrations of phenocrysts with 

associated opq., pyx. and amphibole. 20% opq. Groundmass amphibole 40%, plag. 40%. 

Alteration: Highly altered. Chlorite replaces much of the plag. and pyx. Secondary opq. 

Rock Type: Basalt 

Site Number: AT46 

General Description: Altered plag. phenocrysts 10%. Groundmass is fine grained 20% opq. 

Also plag. 40%, qtz. 40% and possibly hornblende. 

Alteration: Highly altered, pseudomorphic replacement of plag., opq. and amphiboles? by 

chlorite. In a vein are coarser opq., evidence that secondary fluids deposited opq. 

Rock Type: Dacite 

Site Number: AT48 

General Description: Phenocrysts originally amphibole 10%. Xenolith present, plag. and 

hornblende but no opq. Groundmass is opq. 10%, hornblende 50% and plag. 30%. 

Alteration: Phenocryst have been completely replaced by chlorite. Epidote present. 

Rock Type: Basalt/andesite 

Site Number: AT49 

General Description: Dom. plag. phenocrysts 30%, most are zoned, common reaction rims. 

Pyx. phenocrysts 20% also present. Opq. 10%, include magnetite/pyrrhotite? Groundmass 

is opq. 20%, plag., hornblende?, epidote? V. fme, diff. to estimate. 

Alteration: Pyx. phenocrysts altered to chlorite, sometimes whole mineral is replaced, but 

often there is just an alteration rim. Groundmass is altered in patches. 
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Rock Type: Micro-gabbro - micro-diorite 

Ouebrada Monardes Sandstone 

Site Number: ESP22 

General Description: Poorly sorted F-M sand, dominated by qtz 70%, often with fluid 

inclusion tracks, also poly crystalline qtz. Plag. feld. 15%, lithic clasts 5%, containing feld., 

qtz., opq. Also minor opq., dom, haematite, and mica. 

Alteration: Secondary haematite, particularly as rims on qtz. grains. 

Rock Type: Sub-litharenite 

Site Number: ESP29 

General Description: Well sorted fine sand. Compositionally similar to ESP22, but with 

more mica. Occasionally large clasts of feld./lithic fragments. 

Alteration: Secondary haematite, particularly as rims on qtz. grains. 

Rock Type: Sub-litharenite 

Sierra Fraga Formation 

Site Number: ESP32 

General Description: Porphyritic, feld. phenocrysts (anorlhite) sometime zoned 30%. 

Lesser clino-pyx 20%. Groundmass originally of plag. 60%, opq. 30%, ?mica. 

Alteration: Feld. to sericite. Groundmass contains lots of epidote, and secondary opq. 

Rock Type: Basaltic lava 

Site Number: ESP36 

General Description: Equigranular, fine grained altered. Plag. 50%, qtz. 10% with 

undulose extinction, ? glass shards. Groundmass v. fine ?glass. 
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Alteration: Highly altered. Feld. to sericite, lots of secondary calcite present. 
Rock Type: TTufFignimbrite 

Site Number: ESP40 

General Description: Porphyritic, 30% plag. phenocrysts which contain earlier opq. Also 

porphyritic clino-pyx 20%. Groundmass is fine, plag. 60%, opq. 30%, ?glass. 

Alteration: Highly altered, feld. to sericite, some original inclusions in the feld. are altered 

to chlorite. Vesicle infilled with chlorite and later epidote. Also a large amount of epidote 

present in the groundmass. 

Rock Type: Basaltic lava 

Ouebrada Vicinita Formation 

Site Number: ESP50 

General Description: Porphyritic, plag. 10% and smaller clino-pyx phenocrysts 10%. 

Origmal groundmass probably of feld. 50%, pyx. 10%, opq. 10%. 

Alteration: Feld. to sericite, epidote approx. 50% of the groundmass. 

Rock Type: Basaltic lava. 

Site Number: ESP53 

General Description: Porphyritic, plag. (?andesine) 20% with 10% associated clino-pyx. 

Large dark patches, may be haematite. Groundmass, glassy, brown. Also some plag. xtals. 

Alteration: Feld. to sericite. Vesicle filled by, in order, chlorite, qtz. (drusy texture), calcite. 

Sample, and vesicle fill, cut by veins. Filled with dom. calcite. In places secondary epidote 

with associated amphibole (?actinolite) fills vesicles. 

Rock Type: Basaltic lava 
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Site Number: ESP58 

General Description: Porphyritic, 40% plag. phenocrysts which contain small opq. and 
clino-pyx. Olivine also present 5%. Groundmass plag. 50% and opq. 20%, inc. haematite. 
Alteration: Epidote replaces some large xtals., original mineral cannot be identified. 
Epidote also abundant in the groundmass along with calcite. 
Rock Type: Basalt lava 

Cerro Valiente Sequence 

Site Number: ESP62 

General Description: ? porphyritic, difficult to tell altered xtals from infilled vesicles. 

?Feld, present, Groundmass glassy, with some identifiable feld., opq. 

Alteration: A l l xtals highly altered, haematite and epidote. Vesicle filled v^ith qtz./calcite. 

Rock Type: ?Basaltic Lava 

Site Number: ESP64 

General Description: Porphyritic, plag. 20% phenocrysts which show reaction rims. Inside 

felds. are opq. Also olivine present. Groundmass originally dom. feld. 60% and opq, 30%. 

Alteration: Feld. virtually replaced by sericite and epidote, Groundmass altered to chlorite 

and epidote. 

Rock Type: Basalt lava 
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Appendix 2 

PALAEOiMAGNETIC DATA 

All of the palaeomagnetic data reported in this thesis is stored on computer disk at the 

Department of Geological Sciences, University of Plymouth, Drake Circus, Plymouth, 

Devon, PL4 8AA, UK. 
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