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Summary

In the Rio Tinguiririca valley in the Main Cordillera of the Andes of central Chile,

35 ◦ south, parts of a stratigraphic section ranging from the late Jurassic to the

Quaternary are exposed. Fission track analysis was carried out on samples from

all the stratigraphic units exposed in the area in order to gain information on the

low–grade metamorphic history of the Central Andes and to test older models for

the metamorphic and tectonic evolution of the area. The sequence exposed in the

Rio Tinguiririca valley is characterised by several distinctive features not found in

other localities in the Central Andes; the deposits of the middle Cretaceous (Ap-

tian – Albian) Colimapu Formation and of the middle to late Micoene Farellones

Formation are completely missing in the study area. Instead, a volcanic tuff layer,

the White Tuff, and a unit consisting of fan deposits and alluvial plane deposits,

the Brownish–Red Clastic Unit, unconformably overlie the Late Jurassic deposits

of the Baños del Flaco Formation. The fission track data give some indications

on the style and timing of metamorphic events in the study area, enable more

accurate constraint of the age of the Brownish–Red Clastic Unit and allow some

statements on the tectonic evolution of the study area from the Late Jurassic to

present. Burial metamorphism has been proposed by various authors as the main

mechanism to produce large suites of rocks altered at low grades in the Central

Andes. The results of this study indicate that, on the contrary, hydrothermal

alteration connected to magmatic and/or volcanic activity was the main cause

of alteration of the rocks and that burial metamorphism played at most a very

minor role. Pulses of hydrothermal activity appear to have occurred from Creta-

ceous to almost recent times and led to alteration of the rocks at slightly varying

metamorphic conditions at different times in different parts of the study area. A

new model is proposed for the tectonic evolution of the study area. Fission track

analysis of detrital zircons from the Brownish–Red Clastic Unit shows that the
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unit must have been deposited during the latest Cretaceous (Maastrichtian) and

that it is certainly younger than the White Tuff. Thermal modelling shows that

considerable exhumation of the lower part of the Rio Damas Formation occurred

during the Late Cretaceous to Early Tertiary. This exhumation is thought to be

connected to tilting and erosion of the Mesozoic units in the area prior to the

formation of an extensional basin in the Late Eocene. Data from the Eocene to

Miocene Coya Machali Formation imply that sedimentation within the Tertiary

basin continued somewhat longer than hitherto supposed.
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4.20 Radial plot of an AFT sample from the Coya Machli Fm. . . . . . . 107

4.21 Thermal modelling of a sample from the Coya Machali Fm. . . . . . 108

4.22 Paleostress axes plotted for 11 outcrops in the study area . . . . . . 112

4.23 Zones of thermal overprint . . . . . . . . . . . . . . . . . . . . . . . 117

4.24 Tectonic model part 1 . . . . . . . . . . . . . . . . . . . . . . . . . 118

4.25 Tectonic model part 2 . . . . . . . . . . . . . . . . . . . . . . . . . 119

xi



xii



Chapter 1

Introduction

The Andes have long been a focus of metamorphic petrologists on account of the

widespread occurrence of large suites of low–grade metamorphic rocks, especially

in the central part of the orogen. Metamorphic grade ranges from diagenetic to

lower greenschist facies conditions and the rocks are often more or less undeformed.

Various studies (Levi (1970); Offler et al. (1980); Levi et al. (1982); Aguirre et al.

(1987, 1989); Levi et al. (1982); Vergara et al. (1993, 1994)) have attributed the

alteration at low temperatures and pressures to burial metamorphism in subsiding

basins, ocean floor metamorphism, hydrothermal activity or contact metamor-

phism. Belmar (2000) studied the low–grade metamorphism in the Rio Tinguirir-

ica valley in the Andes of central Chile at about 35 ◦ south. He found an increase

in metamorphic grade from West to East in the study area, that is from strati-

graphically young to old rocks. No breaks in metamorphic grade occur over major

stratigraphic unconformities or fault zones in the area. Belmar (2000) proposed a

long–lasting burial event that affected the whole stratigraphic sequence and led to

alteration in the rocks ranging from diagenetic to prehnite–pumpellyite facies con-

ditions. However, the pattern of metamorphism is often disturbed by local effects

such as contact metamorphism near intrusions and the rocks are thought to have a

polymetamorphic history with several periods of alteration at subgreenschist facies

conditions.

The aim of the present study is to refine the model of Belmar (2000) and gain

information on the age and style of metamorphic events in the same area. Fission

track analysis of zircon and apatite was chosen as the ideal method to complement

the results of the study on low–grade metamorphism because the fission track
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method provides information on low–temperature thermal evolution of samples

between about 300 ◦C (upper temperature limit of the zircon partial annealing

zone, Tagami and Shimada (1996); Tagami et al. (1996, 1998); Timar-Geng et al.

(2004)) and 60 ◦C (lower temperature limit of the apatite partial annealing zone,

Green et al. (1986, 1989); Laslett et al. (1987); Duddy et al. (1988)). A burial event,

as proposed by Belmar (2000), with associated alteration at sub–greenschist facies

conditions would cause annealing of fission tracks in apatites and maybe also in

zircon and a characteristic pattern of ages would be expected. Modelling of tem-

perature–time paths of individual samples should give information on exhumation

and maybe allow determination of exhumation rates. Additionally, fission track

analysis could possibly provide better constraint on the tectonic evolution of the

study area.

1.1 Structure of the thesis

In this thesis, results of a study are presented that was originally initiated with

the aim of dating the low–grade metamorphism in an area in the Chilean Andes

and, if possible, of modelling the low temperature history of the area. The project

is a follow–up of the project of M. Belmar (2000), who studied the low–grade

metamorphism in the same area. The thesis is structured as follows:

Chapter 1: Introduction An overview of the geological setting is given and the

stratigraphic units found in the study area are described. Key issues are presented

based on earlier studies. A short overview is given of the concepts and methods

of fission track dating, which was the main analytical method used in this study.

Metamorphism in the study area is discussed based on earlier results of the study

of Belmar (2000) and own results are presented. The findings of this study are

in agreement with those of Belmar (2000). Results of both studies on low–grade

metamorphism (the present study and Belmar (2000)) will be published as one

of two papers on low–grade metamorphism and fission track dating in the study

area.

Chapter 2: Fission track dating and low grade metamorphism in the

Termas del Flaco area Results from fission track analysis are presented and

2



Chapter 1

their implications for timing and style of metamorphism in the area are discussed.

The contents of this chapter form the base of the second paper on low–grade

metamorphism and fission track dating. For this reason, another short overview

of the geological setting of the area is given.

Chapter 3: Constraining the age of the Brownish–Red Clastic Unit

The implications of the fission track data on the stratigraphic position and age

of the hitherto undated Brownish–Red Clastic Unit are presented and discussed.

These data will be integrated into a comprehensive paper on the Brownish–Red

Clastic Unit that will be mainly based on work by Prof. R. Charrier, Universidad

de Chile, Santiago, Chile, and others.

Chapter 4: New insights into the tectonic development of the Rio Tin-

guiririca valley area, in the main Cordillera of the Andes, 35 South,

from fission track dating In this chapter, a geological overview and the re-

sults from fission track dating are again presented and the implications for the

tectonic evolution of the area are discussed. The data allow constraints of several

events in the tectonic evolution of the area as well as giving information on the

style and timing of metamorphism as discussed in chapter 2 and on the strati-

graphic positions and ages of some of the units as discussed in chapter 3. Finally,

a model for the Late Jurassic to present evolution of the study area is proposed

based on earlier studies by other authors (Charrier et al. (1996, 2002)) and the

results of the present study.

Chapter 5: Conclusions The main conclusions from chapters 2, 3 and 4 are

summarised.

Appendix: The Appendix contains microprobe analyses of secondary miner-

als from samples in the study area, X–ray diffraction analyses, paleostress data

(fault–slip sets) measured in the study area and details of zeta calibration for fis-

sion track dating. A geological map of the study area and a schematic crossection

are also enclosed.
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1.2 Study area

The study area is located in the main Cordillera of the Andes of central Chile at

about 35 ◦ south. Here, the Tinguiririca river valley cuts rocks ranging in age from

the late Jurassic to early Miocene (see Fig. 1.1. A suite of Quaternary volcanic

deposits lies unconformably on top of the older units. Field work consisted of

mapping and sampling an east west transect that runs from the border between

Chile and Argentina in the east to the confluence of the Tinguiririca and Azufre

rivers in the west. The village of Termas del Flaco lies in the study area and is

known for the Termas (= hot springs) where water of about 50 ◦C reaches the

surface. The river valley runs more or less northwest southeast and therefore

roughly perpendicular to the strike of the units and major structures in the area.

Figure 1.1 shows the setting of the study area, which lies east of the town of San

Fernando in the VI. Region of Chile.
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1.2.1 Tectonic overview

Figure 1.1 shows the setting of the study area in the Andes of central Chile. For

an overview of the development of the Andes of Chile see Mpodozis and Ramos

(1989). Along the west coast of South America, subduction of oceanic crust has

been occurring since the Palaeozoic. In the Early Palaeozoic several terranes (i.e.

the Precordillera terrane and Chilenia) were accreted to the western margin of the

continent. In the late Palaeozoic (Gondwana tectonic cycle) an active magmatic

arc formed to the east of the subduction zone in the area of the present–day Coastal

Cordillera in Chile. In the Jurassic a series of backarc basins formed behind the

magmatic arc. The Mesozoic development differs from north to south along the

Andes and five segments with distinctive characteristics can be recognised. The

study area is at the transition between segments B and C sensu Mpodozis and

Ramos (1989). The northern segment (B sensu Mpodozis and Ramos (1989)) is

characterised by the following features: A sedimentary platform (the Aconcagua

platform) developed in the backarc during the Jurassic. In the Early Cretaceous

an aborted marginal basin developed West of the platform and thick sequences

of basalts and andesites were erupted. In the middle Cretaceous a change in the

tectonic regime occurred and a compressional period in the backarc area led to the

formation of a fold and thrust belt (Aconcagua fold and thrust belt). The mag-

matic arc migrated to the West during the Late Cretaceous and Early Tertiary.

The southern segment (C sensu Mpodozis and Ramos (1989)) has the following

characteristics: A large backarc basin (the Neuquen basin) developed in the Early

Jurassic and was active until the Early Cretaceous. Conditions in the basin varied

and three phases of sedimentation in the Neuqen basin have been described; one

in the Early Jurassic one in the middle to Late Jurassic and one in the Tithonian

to Neocomian. In this segment, there was also a change from extensional to com-

pressional tectonics in the middle Cretaceous and a fold and thrust belt formed

in the Neuquen basin. The magmatic arc remained more or less stationary in this

part of the Andes from the Jurassic up to the Quaternary. Volcanic and intrusive

rocks of Mesozoic age are concentrated in the arc and backarc area and there is a

scarcity of such rocks in the coastal range.

The Andean orogenic cycle began in the Tertiary and three major compres-

sional phases have so far been distinguished: the Incaic phase starting about 42

Ma ago, the Quechua phase that started about 10 Ma ago and the Diaguitic phase,
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which began 2 Ma ago (Ramos (1988)). In the late Eocene a period of extension

within the arc led to the development of another large basin or series of intercon-

nected basins in the Central Andes West of the Neuquen backarc basin. They were

filled with lavas, volcaniclastic material and fluvial and lacustrine sediments (the

Coya Machali or Abanico Formation, see Charrier et al. (2002)) and were later

inverted during a compressive phase in the middle Miocene. The deposits were

folded and thrusted before another period of sedimentation occurred in the late

Miocene (Farellones Formation).

Figure 1.2 shows a geological map of the study area near the village of Termas

del Flaco in the Rio Tinguiririca valley. The study area lies at the north–western

edge of the Neuquen basin, on the contact between the deposits of the Neuquen

basin and those of the Tertiary intra–arc basin and its development corresponds

mainly to segment C sensu Mpodozis and Ramos (1989) (see figure 1.1). Meso-

zoic deposits in the area belong to the middle to Late and latest Jurassic cycles

of sedimentation in the Neuquen basin. These deposits are tilted to the west

probably due to a major thrust fault located further to the east but are other-

wise internally more or less undeformed. Formation of a fold and thrust belt in

the middle Cretaceous was concentrated further to the west in Argentina. The

Mesozoic units outcropping in the study area were deposited along the western

edge of the Neuquen backarc basin and are unconformably overlain by sedimen-

tary rocks deposited in a Tertiary intra–arc basin that formed to the west of the

Neuquen basin. A major stratigraphic unconformity exists between the Mesozoic

and Cenozoic deposits in the study area. Tertiary deposits belong to the infill of

the extensional intra–arc basin that opened in the Eocene. These deposits were

deformed during basin inversion in the Early Miocene (end of the Incaic phase,

Ramos (1988)) and are folded and thrusted. To the north of the study area a thick

sequence of Miocene lavas and pyroclastics was deposited but these deposits are

not present neither in the study area nor south of it (see Charrier et al. (2002)).

1.2.2 Stratigraphic units in the Tinguiririca valley

Rio Damas Formation

The Rio Damas Formation consists of a 3700 m thick sequence of continental

sediments and volcanic deposits (figures 1.3, 1.2). It is the oldest unit exposed in
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the study area. To the east in Argentina, where the base of the unit is exposed,

it conformably overlies the marine deposits of the Nacientes del Teno Formation

(Charrier et al. (1996)). It is dated as Kimmeridgian based on the well constrained

ages of the bracketing marine units (Nacientes del Teno Formation, Oxfordian,

and Baños del Flaco Formation, Tithonian) but no biostratigraphically significant

fossils have been found in the deposits to allow direct dating. The Rio Damas

Formation is the equivalent of the Tordillo Formation in Argentina.

Baños del Flaco Formation (= Lo Valdes Formation)

The Baños del Flaco Formation consists of marine limestones and sandstones with

abundant fossils. It conformably overlies the Rio Damas Formation and is dated

as Tithonian in the study area based on several stratigraphically significant am-

monite species found in the unit. In the study area, the Baños del Flaco Formation

is only about 400 m thick and the upper part has been eroded. In other localities

in the Central Andes, the formation has a thickness of up to 2000 m and deposi-

tion is known to have continued up to the Neocomian. The deposits represent a

transgressive regressive cycle from platform to deep shelf sediments and back to

platform.

In the study area the middle Cretaceous Colimapu Formation is missing. In

other localities to the north and south, the Colimapu Formation conformably

overlies the deposits of the Baños del Flaco Formation and consist of a 2000 to

3000 m thick sequence of continental sandstones and volcanic deposits (Charrier

et al. (1996)) It is unknown whether the Colimapu Formation was deposited in

the study area and later eroded or if it was never deposited.

White Tuff

A white volcanic tuff layer lies unconformably on the eroded surface of the Baños

del Flaco Formation on the south side of the Rio Tinguiririca valley. The layer

is 3 – 4 m thick. This tuff has been dated at 104 ± 0.5 Ma with Ar–Ar dating

(Wyss et al. (1994); Charrier et al. (1996)) and therefore is neither part of the

Baños del Flaco Formation nor of the overlying Coya Machali Formation. No

other volcanic deposits of similar age have been found in the area and the exact

tectonostratigraphic meaning of the White Tuff is still a matter of debate.
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Brownish–Red Clastic Unit (BRCU)

The BRCU is about 250 m thick and consists of a series of fan deposits and alluvial

plane deposits that lie unconformably but with no angular unconformity on top

of the eroded surface of the Baños del Flaco Formation. The BRCU has so far

only been found in the Tinguiririca valley and wedges out both to the North and

South. Non–avian dinosaur bones found near the top of the unit constrain it

to the Cretaceous (Charrier et al. (1996)). The BRCU was formerly mapped as

the middle Cretaceous Colimapu Formation but Charrier et al. (1996) defined it

as a separate member that is probably younger than the Colimapu Formation.

However, no fossils have been found that allow precise dating of the unit and, so

far, no reliable radiometric age data exist. The exact age of the BRCU remains

a matter of debate. The White Tuff is exposed to the South of where the BRCU

wedges out but there is no direct contact between these two units. Therefore, their

stratigraphic relations are not clear.

Coya Machali Formation (=Abanico Formation)

The Coya Machali Formation is about 1600 m thick in the study area (Charrier

et al. (1996)) and consists of continental sediments and abundant volcanic de-

posits. It unconformably overlies the BRCU, the White Tuff and the Baños del

Flaco Formation with a slight angular unconformity. Previously, the Coya Machali

Formation was mapped as the Cretaceous Colimapu Formation until the finding

of mammal fossils (Wyss et al. (1990)) near the base of the unit showed it to be

Tertiary (Charrier et al. (1996)). Since then, K–Ar and Ar–Ar age dating have

confirmed a late Eocene to early Oligocene onset of deposition of the unit in this

and other areas (see Charrier et al. (2002)) and sedimentation probably continued

until the Early Miocene.

Quaternary volcanic rocks

All the Mesozoic and Tertiary units are unconformably overlain by a layer of

Quaternary basalts and tuffs attributed to the Tinguiririca Volcanic Group. The

Tinguiririca volcanics have been dated at about 1 Ma (Arcos et al. (1988); Charrier

et al. (1996)). These deposits lie almost horizontally on top of the west–dipping

Mesozoic and Cenozoic units.
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Intrusive bodies, sills and dykes of various sizes and compositions are found all

over the area and within all stratigraphic units. Most of these are Tertiary in age.
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1.3 Key issues

1.3.1 Age and style of metamorphism

Many studies have addressed the mechanisms for alteration of large suites of sedi-

mentary and volcanic or volcaniclastic rocks at low–grade metamorphic conditions

in the Andes (Levi (1970); Offler et al. (1980); Levi et al. (1982); Aguirre et al.

(1987, 1989); Levi et al. (1982); Vergara et al. (1993, 1994)). Levi (1970) proposed

burial metamorphism as the main process and developed a model of cyclic burial

metamorphism in subsiding basins for a transect east of Santiago de Chile. There,

three conformable sequences of rocks are separated by stratigraphic unconformi-

ties. A continuous increase in metamorphic grade from young to old units in each

sequence was observed and was considered as the main indication for burial meta-

morphism in subsiding basins. Inversion and uplift of the basins led to stacking of

sediments belonging to different cycles, separated by stratigraphic unconformities.

Sharp breaks in metamorphic grade were found over major stratigraphic unconfor-

mities and sometimes rocks altered at higher metamorphic conditions were found

unconformably overlying older rocks altered at lower grades. Levi (1970) extended

the model to other localities in the Central Andes. Belmar (2000) studied the

low–grade metamorphism in the Rio Tinguiririca valley. He found no break in

metamorphic grade over a major stratigraphic unconformity in the area but, in-

stead, an apparently continuous increase in metamorphic grade from diagenetic to

zeolites facies conditions in Tertiary units to prehnite–pumpellyite facies conditions

in the Mesozoic units. Belmar (2000) proposed a long–lasting burial metamorphic

event involving Cenozoic and Mesozoic rocks to account for the observed pattern

of metamorphism. This is in contrast to the model proposed by Levi (1970). Also,

Belmar (2000) noted that many of the rocks have a poly metamorphic history and

that his model of a single burial event is not sufficient to explain all the observed

alterations in the rocks.

1.3.2 Stratigraphy

Charrier et al. (1996) combined paleontological data, petrographic observations

and paleomagnetic data with detailed mapping and Ar–Ar age determinations to

reinterpret the stratigraphic sequence in the area. This reveals several character-
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istic features not found in other localities that were previously misinterpreted or

overlooked:

1. The Baños del Flaco Formation has been eroded in the study area and only

the oldest (Tithonian) deposits are preserved. The unit that reaches a thick-

ness of up to 2 km in other areas is only about 400 m thick in the Tinguiririca

valley.

2. A white tuff layer is found lying unconformably on top of the Baños del Flaco

Formation. An age of 104 Ma was determined by Ar–Ar dating and shows

that the tuff neither belongs to the Baños del Flaco Formation nor to the

Tertiary Coya Machali Formation.

3. Also lying unconformably on top of the Baños del Flaco Formation is the

so–called Brownish–Red Clastic unit (BRCU), which has so far only been

described in the Rio Tinguiririca valley.

4. Deposits lying unconformably and with a slight angular unconformity on

top of the Baños del Flaco Formation, the White Tuff and the BRCU were

found to contain mammal fossils (Wyss et al. (1990); Charrier et al. (1996))

constraining the unit to the Tertiary and thus showing it to belong to the

Coya Machali or Abanico Formation and not, as previously thought, to the

mid Cretaceous Colimapu Formation.

The ages and relative positions of the White Tuff layer and the Brownish–Red

Clastic unit are still a matter of debate. Zircon fission track dating on these

deposits was expected to provide information on the cooling age of the White Tuff

and of volcanic material in the BRCU and therefore allow for a better constraint

of their ages. Charrier et al. (1996) first described the White Tuff and the BRCU

and proposed 4 possible scenarios for the setting of the White Tuff and their

implications for the statigraphy of the area:

1. The White Tuff could be a part of the Baños del Flaco Formation that was

exposed during erosion. This scenario implies a stratigraphic unconformity

above the White Tuff.

2. The White Tuff was deposited after erosion of the Baños del Flaco Forma-

tion but before deposition of the BRCU. Stratigraphic unconformities exist
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between the Baños del Flaco Formation and the White Tuff, the White Tuff

and the BRCU and the BRCU and the Coya Machali Formation.

3. The White Tuff was deposited after the BRCU but before the Coya Machali

Formation. Stratigraphic unconformities would then exist between the Baños

del Flaco Formation and the BRCU, the BRCU and the White Tuff and the

White Tuff and the Coya Machali Formation.

4. The White Tuff forms the base of the Coya Machali Formation.

An Ar–Ar age of 104 Ma was determined for the White Tuff by Wyss et al.

(1994). This is interpreted as a formation age of the tuff. Based on this, scenarios

1 and 4 can be excluded because the age does not fit either the Baños del Flaco

or the Coya Machali Formation. Of the remaining two scenarios, 2 was preferred

before 3 by Charrier et al. (1996) but could not be conclusively proven.

1.3.3 Tectonic history of the area

The main Cordillera of the Andes at about 35 ◦ south is characterised by west–dipping

Mesozoic units unconformably overlain by folded and thrusted Tertiary deposits.

The Mesozoic units are hardly deformed and deformation is mainly concentrated in

brittle fault zones. The angular unconformity between the Mesozoic and Tertiary

units indicates that tilting of the older deposits must have begun before deposition

of the younger unit. Charrier et al. (2002) collected biostratigraphic and radiomet-

ric age data from the Coya Machali Formation at different locations in the Andes

in central Chile and constrained the formation of an extensional basin or series of

basins to the late Eocene. Deposition in these intra–arc basins continued at least

until the early Miocene.
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1.4 Methods: fission track analysis

In the following a short overview of the concepts of fission track analysis and the

methods used in this study is given, adapted from M. Steinmann (Steinmann et al.

(1999)). For a comprehensive description of the concepts of fission track analysis

see Wagner and Van den Haute (1992); Gallagher et al. (1998).

1.4.1 Fission track analysis

Fission track (FT) analysis is based on natural, spontaneous fission of the more

abundant isotope of uranium (238U), which is present in trace amounts in certain

minerals, especially apatite, zircon and titanite. Fission of the uranium nucleus

is an explosive process, in which two highly charged, approximately equal–sized

fission fragments fly apart at 180 ◦ to each other, stripping electrons from atoms

lying in their path. The result is a linear damage trail in the enclosing atomic

lattice. These so–called fission tracks accumulate within the crystal over time

and, under suitable conditions, may be revealed, usually by preferential chemical

etching of the weakened fission trail on an internal polished surface. The number

of tracks per unit area may be counted using a high powered optical microscope

and depends on:

1. the rate at which fission occurs

2. the length of time during which tracks have been accumulating

3. the uranium content of the crystal.

The uranium content is estimated by irradiating the sample with low–energy (ther-

mal) neutrons which induce a proportion of 235U to fission, creating a second, in-

duced track population. The ratio of spontaneous to induced tracks provides the

ratio of uranium atoms which have fissioned naturally to the total uranium con-

tent. This ratio together with the spontaneous fission decay rate, gives the time

during which tracks have been accumulating (the FT apparent age) for each indi-

vidual crystal. In reality, uncertainty about the absolute value for the spontaneous

fission decay constant and the complexities of absolute neutron fluence measure-

ment have resulted in international calibration of the FT system against a series

of I.U.G.S.agreed age standards. This was carried out by using a proportionality
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constant zeta (Hurford and Green (1983); Hurford (1990)), which is determined

by each operator as a personal value.

Age determinations on apatites

23 apatite samples were analysed. However, the external detector method could

only be applied for 6 samples containing enough grains with sufficient spontaneous

fission tracks. For each of these 6 samples at least 20 grains were analysed and the

ages are given as central ages (Galbraith and Laslett (1993)). For the remaining

samples a modified population age method (see Wagner and Van den Haute (1992))

was applied: the samples were prepared after the external detector method and

Ns and Ni were determined for each grain. All the Ns and Ni values were added

together (within a sample) and pooled ages were then calculated for the total

Ns/Ni ratio of all counted grains. The number of grains counted ranges from 19

to 60. Because of the lack of spontaneous tracks and the relatively low U content

of most of these samples, the calculated ages have large σ errors.

The apatite PAZ is generally accepted to range from about 60 to 120 ◦C (Green

et al. (1986, 1989); Laslett et al. (1987); Duddy et al. (1988)). Most of the ages

determined for the samples from the Tinguiririca Valley are significantly younger

than the stratigraphic ages of the units in question, indicating that partial or

complete annealing of apatites occurred in many of the samples after deposition.

Track length measurements were carried out on 4 apatite samples and thermal

modelling with the software AFTSolve (Ketcham et al. (2000)) was carried out on

two of these samples using the annealing model of Laslett et al. (1987) for Durango

apatite (Cl–apatite). Because no chemical analyses were carried out on apatites,

the model results are interpreted in terms of general shape of the temperature–time

path only.

Age determinations on zircons

All stratigraphic units in the study area were sampled, including the Quaternary

volcanic deposits. 27 zircon samples were analysed. Four of these samples yielded

less than 10 single grain ages and the central ages for these samples are given in

brackets in all figures. The zircon PAZ is much less well constrained than that

of apatite. Temperatures between about 180 ◦C and 320 ◦C have been derived in
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various studies (Tagami and Shimada (1996); Tagami et al. (1996, 1998); Timar-

Geng et al. (2004); Rahn et al. (2004)).

1.4.2 Method

Rock samples were crushed and sieved using conventional methods and the heavy

mineral fraction was extracted by heavy liquid separation. In a last step methylene

iodide (density 3.3 g/cm3) was used to separate zircons from apatites. To avoid

any artificial partial annealing of the apatites, working temperatures were never

allowed to exceed 50 ◦C during preparation. Zircon and apatite grains were then

hand–picked and mounted, apatite samples in epoxy resin and zircon samples in

PFA Teflon. The samples were then cut and polished. Apatite mounts were etched

in 6.5% HNO3 for 40 seconds at room temperature. Zircon mounts were etched

in a eutectic melt of KOH–NaOH (23 : 16) at 240 ◦C (Gleadow et al. (1976)).

Etching times for zircon varied between 4 and 24 hours. The muscovites, which

were used as solid state track detectors, were etched for 45 minutes in 40% HF

at room temperature. All etchings were stopped by running water. The external

detector method (EDM) was used for all samples (Gleadow (1981)). The samples

were irradiated at the ANSTO reactor, Lucas Heights, Australia, with a nominal

total integrated flux of 1x1015n cm–2 for zircons and 1x1016n cm–2 for apatites. In

this study, no chemical compositions were analysed.

1.4.3 Microscope analysis

Counting and confined track length measurements were carried out with a Zeiss

optical microscope fitted with a digitizing tablet and mobile stage and the soft-

ware FTStage by T. Dumitru. Zircons were counted at 1600x magnification

(10x100x1.6/dry), the apatites and dosimeter muscovites with a 1000x magnifi-

cation (10x100x1.0/dry). The track length measurements in apatites were carried

out with the support of a digitising tablet, which was calibrated to 1 µm. Age

calculations were carried out using the software Trackkey 4.1 by Istvan Dunkl

(Dunkl (2002)). The following dosimeter glasses and age standards were used

during irradiation:

CN1 (J. Schreuers, Corning) 39.8 ppm U

Fish Canyon Tuff (FCT), Colorado (zircon), 27.8 ± 0.4 Ma (2 σ) (Hurford and
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Hammerschmidt (1985))Mc Dowell et al. (2005)

CN5 (J. Schreuers, Corning) 12.19 ppm U

Durango (DUR), Cerro de Mercado, Mexico (apatite), 31.4 ± 1.2 Ma (2 σ)

(Mc Dowell and Keizer (1977) 1

1.4.4 Age calculation

As in all radiometric dating methods, the age equation provides the base for fission

track age determinations (1.1), except that, instead of a daughter product, the

linear defects formed during fission are counted.

ND = NP ∗ eλ∗t–1 (1.1)

where

ND is the number of daughter atoms

NP is the number of parent atoms

λ is the decay constant

t is time.

All fission tracks are assumed to be the result of spontaneous fission of 238U.

The fission products of other isotopes such as 235U, 232Th, 244Pu as well as α –recoil

tracks are considered to have a negligible effect, either because of their low abun-

dance (235U, 244Pu) or their long half–life (232Th ) (Fleischer et al. (1975)). The

tracks can be counted under a normal optical microscope after chemical etching

treatment (Price and Walker (1962)). The age equation is completed by entering

the density of spontaneous tracks (ρs) for Nd and the density of induced tracks

(ρi) for Np. Problems arise from variation in etching and counting techniques,

the poorly calibrated spontaneous fission decay constant lambda f and the diffi-

culty to accurately determine the thermal neutron fluence phi. To overcome these

problems Fleischer and Hart (1972); Hurford and Green (1982, 1983) introduced

a personal calibration factor zeta, which is different for every counter and every

standard. To obtain this factor, ages standards and glass monitors were analysed

1Although newer data on the ages of the standards exist (Durango apatite: Mc Dowell et al.
(2005), FCT zircon: Schmitz and Bowring (2001)), the references given here are the ones used
by the software Trackkey 4.1 for age calculation
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for zircons and apatites. The resulting calibration factor zeta can also be entered

in the age equation 1.2.

t =
1

λd

∗ ln

(
λd ∗ ρratio ∗ ρd ∗ ζ ∗ g + 1

)
(1.2)

where t is the age of the sample, λ is the half–life value of the fission process, ζ

is the personal calibration factor of the analyst (after Hurford and Green (1983)),

g is the geometry factor (0.5 for the external detector method), ρd is the standard

density of fission tracks and ρratio is the ratio of densities of spontaneous and

induced fission tracks in the sample.

1.4.5 Zeta–calibration

A mean zeta value of 339.23 ± 12.75 (CN 5) was established for apatite and a mean

zeta value of 143.44 ± 8.49 (CN1) was determined for zircon. Zeta–calibration was

carried out on Durango apatites and Fish Canyon Tuff zircons (see section 1.4.3).

Pooled zeta–values were calculated for each standard analysed, using the software

’ZETAFACTOR’ by M. Brandon and weighted means were then calculated for all

analysed standards using the software ’ZETAMEAN’ by M. Brandon (Brandon

(1992, 1996)).

Age determinations are based on equation 1.2 and reported as central ages

(Galbraith and Laslett (1993)) unless otherwise indicated. To test whether more

than one population was present a χ2 –test was used. If the probability of passing

the χ2 –test was less than 5%, the sample was interpreted to contain more than

one grain population. Radial plots (Galbraith (1990)) were used to graphically

display single crystal ages of each sample.

1.5 Metamorphism in the study area

The rocks outcropping in the Rio Tinguiririca valley are mainly volcanic and vol-

caniclastic rocks and continental sediments. All the rocks have been altered at

low temperatures and pressures but the pattern of metamorphism in the area is

very complex and indicates a polymetamorphic history. The regional pattern is

often disturbed by local effects such as contact metamorphism near intrusions.

Alteration is often concentrated in areas with high permeability such as tectonised
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rocks in brittle fault zones, porous sediments and vesicular volcanic rocks.

1.5.1 Previous work

Levi (1970) suggested a model of cyclic burial metamorphism in backarc or in-

tra–arc basins in the Central Andes. A transect was studied East of Santiago de

Chile that consisted of three sequences of rocks that show alteration at increasing

metamorphic conditions with stratigraphic depth. The individual sequences of

rocks are separated by major stratigraphic unconformities. Burial metamorphism

was thought to be the most likely type of metamorphism because metamorphic

grade increases continuously with stratigraphic age in the practically undeformed

rocks. The model suggested cycles of basin formation and infill, leading to burial

metamorphism at diagenetic to lower greenschist facies conditions. The basins

were later inverted during periods of compression in the arc or backarc and with

only very little associated deformation. During metamorphic alteration pore space

in the rocks was filled with secondary minerals and the rocks were effectively sealed

against fluid flow. For this reason, they were practically unaffected by later meta-

morphic events and the sharp breaks in metamorphic grade between the rocks of

two different cycles were preserved. Levi et al. (1989) expanded the model to other

parts of the Central Andes, where similar observations were made. Several later

studies confirmed the model of Levi (1970); Levi et al. (1989) and higher grade

metamorphic rocks were even found to overlie lower grade rocks in several different

locations in the Central Andes.

In recent years, however, new insights into stratigraphic and tectonic settings

of the Mesozoic and Cenozoic rocks in the Central Andes and detailed studies of

metamorphic conditions across unconformities have cast doubt on the validity of

such a model in some parts of the Chilean Andes (Charrier et al. (1996); Belmar

(2000); Charrier et al. (2002); Bevins et al. (2003)).

Bevins et al. (2003) examined a transect East of Santiago de Chile and found

continuous changes in metamorphic grade at a small scale across two stratigraphic

unconformities. Their interpretation was that more refined methods would be

necessary to prove a break in metamorphic grade and that some of the changes in

mineral zones found by earlier authors could also be attributed to changes in whole

rock chemistry. They concluded that the evidence from the available methods was

not sufficient to confirm the model of Levi et al. (1989).
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Belmar (2000) studied the low–grade metamorphic rocks in the Rio Tinguirir-

ica valley. The aim of his work was to conduct a detailed study of the low–grade

metamorphic rocks in that area and test the model of Levi (1970) and Levi et al.

(1989). The rocks outcropping in the Rio Tinguiririca valley belong to two dif-

ferent basin infills, a Mesozoic sequence and a Tertiary sequence, separated by

a major stratigraphic unconformity. There is a slight angular unconformity be-

tween the two sequences and the rocks of the Mesozoic sequence are very weakly

deformed, whereas the rocks of the Tertiary sequence have been folded. Belmar

(2000) sampled the area very densely and combined polarised light microscopy,

electron microprobe analysis, fluid inclusion microthermometry, illite crystallinity

and vitrinite reflectance in order to establish a pattern of metamorphic grade. He

found that no visible break in metamorphic conditions occurs over stratigraphic

unconformities or across major structural features such as thrust faults. Meta-

morphic grade appears to increase continuously from the youngest to the oldest

stratigraphic units. However, the pattern is often disturbed by local effects such as

contact metamorphism. Belmar (2000) proposed a polymetamorphic history for

the area with an overall pattern dominated by a long–lasting burial event. This is

in contrast to the models of Levi (1970) and Levi et al. (1989).

1.5.2 Secondary minerals found in the present study

Calcic zeolites

Calcic zeolite minerals mainly occur in the Coya Machali Formation. Here, they

are concentrated in brittle fault zones, along fault planes, in tectonised rocks or

in vesicular volcanic rocks. Identification of zeolites in thin section is often not

possible but microprobe analyses of zeolites in 9 samples from the Coya Machali

Formation allowed to identify at least 4 different zeolite minerals present (see fig-

ure 1.4): laumontite, stilbite, mordenite and cowlesite or scolecite. Some chabazite

may also be present. Stilbite and scolecite are both described by Gottardi and Galli

(1985) as quite common zeolites that are probably formed during hydrothermal

activity. A hydrothermal genesis is also common for mordenite and chabazite ac-

cording to the same authors but a so–called sedimentary genesis by alteration of

volcanic glass is also possible. Laumontite has a wider range of possible settings

from weathering to diagenetic or metamorphic formation to hydrothermal gene-
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sis. All of these zeolites are typical of low–grade conditions. Kristmannsdottir

and Tomasson (1978) described a series of zones with increasing temperature in

geothermal areas in Iceland: Chabazite ––¿ scolecite ––¿ stilbite ––¿ laumontite

Laumontite as the highest temperature indicator in the series can still be formed

at temperatures of less than 100 ◦C (Gottardi and Galli (1985)). In a series of

samples taken near and in an intrusion in the Coya Machali Formation (figure 1.5

a. and b.) stilbite and scolecite were found in the inner part of the intrusion and

laumontite towards the edge indicating increasing temperatures towards the rim

of the intrusion. In view of this observation it appears likely that alteration in the

intrusion was connected to hydrothermal activity in the surrounding rocks and

that the amount of alteration decreases from the outside in. Isolated occurrences

of zeolite minerals were found in the Rio Damas Formation that is in general char-

acterised by minerals typical of higher metamorphic conditions. In these samples

zeolites cannot be identified in thin section and their presence was shown by X–ray

diffraction analysis of the clay fraction (<2 µm) (see Appendix A).
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Figure 1.4: Microprobe analyses of zeolites in samples from the Coya Machali Fm. Analyses
are recalculated for 48 O pfu. and plot along the Si+(Na,K) vs. Al+Ca exchange vector. At
least 4 different zeolite minerals were analysed: mordenite, stilbite, laumontite and scolecite
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Figure 1.5: a. Samples taken in the contact zone between an intrusive body and the surrounding
sediments of the Coya Machali Fm. b. Microprobe analyses of zeolites plotted as in figure 1.4.
It can clearly be seen that at least 3 different zeolite minerals are present in the samples. c.
Microprobe analyses of chlorites from the same samples show a trend of increasing Fe2+ values
towards the inner part of the intrusion.
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Celadonite

Celadonite can be recognised in hand specimens and in thin section by its intense

green bluegreen colour. It is not an index mineral for metamorphic conditions but

is generally considered to form at zeolite to prehnite–pumpellyite facies conditions.

Celadonite is most commonly found in igneous rocks (mainly basalts) in vesicles

or as a breakdown product of olivine or hypersthene (Odom (1984)). A hydrother-

mal genesis can be assumed to be common for this mineral. In the study area,

celadonite occurs in great abundance in rocks of the upper Rio Damas Formation

but has also been found in the Coya Machali Formation. It may sometimes be

intergrown with chlorite and microprobe analyses of celadonites and chlorites in

various samples indicate that a complete transition between pure chlorite and pure

celadonite can be found (figure 1.6).

Chlorite

Chlorite is a very common mineral that can be formed over a wide range of temper-

atures and pressures by various mechanisms including breakdown of other minerals

such as feldspars, amphiboles and pyroxenes and hydrothermal activity. Chlorite

was found in almost all the samples from the study area and occurs as an infill

in vesicles, cracks and other small cavities in the rocks and as an alteration prod-

uct, mainly in feldspar minerals. Microprobe analyses of chlorites from various

samples indicate that it is often intimately intergrown with celadonite and maybe

also fine–grained zeolite minerals. Appreciable amounts of Ca were often found

in chemical analyses. According to (Bettison and Schiffman (1988), Ca contents

of more than 0.10 cations per 28 oxygen ions indicate the presence of smectite

and chlorite smectite interlayers. A difference can be seen between chlorites from

the Rio Damas and Coya Machali Formations (figure 1.7). The chlorites from the

Rio Damas Formation have higher XMg values than those from the Coya Machali

Formation. In a series of samples taken in an intrusion and the surrounding sedi-

ments, the XMg values increase inwards into the intrusion with increasing distance

from the contact with the surrounding rocks (figure 1.5 a. and c.). The meaning

of this slight change in chlorite composition is unclear but may be connected to

temperature. It can be assumed that the chlorites in the Rio Damas Formation, in

general, formed at higher temperatures than those in the Coya Machali Formation.
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This may appear to be in contrast to the observation in the sample series in the

intrusion in the Coya Machali Formation but here, the assumption is supported

by the observation that zeolites analysed in these samples also imply decreasing

temperatures towards the inner part of the intrusion.
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Figure 1.6: Microprobe analyses of phyllosilicates recalculated for 22 O pfu. Pure celadonite
was found and also a wide range of celadonitic micas plotting along the cel–ms exchange vector.
Clinochlore was found in great abundance and the analyses show a spread between about 2 and
4 Altot. Analyses plotting between the chlorite and mica exchange vectors indicate (probably)
mixed analyses. These may represent physical intergrowth of the 2 minerals.

Epidote

Epidote occurs in samples from all over the study area. It is often present as slick-

ofibres along brittle fault planes in the Rio Damas and Coya Machali Formations

but also as an infill in cracks and vugs in the rocks mainly in the Rio Damas

Formation or as a replacement of feldspar or other primary minerals. Epidote is

not an index mineral for any specific metamorphic conditions but, like chlorite, can

exist over a fairly large temperature range. The combined occurrence of epidote

and pumpellyite, however, appears in rocks of a wide range of compositions to be

diagnostic of temperatures between about 240 and 290 ◦C (Potel et al. (2002)).
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Figure 1.7: Microprobe analyses of chlorites from the Rio Damas and Coya Machali Formations
recalculated for 28 O pfu. Chlorites from the Coya Machali Formation, in general, contain slightly
more Fe than samples from the Rio Damas Formation.

Epidote is only found in direct contact with pumpellyite in the lower Rio Damas

Formation.

Pumpellyite

Pumpellyite was found mainly in the rocks of the Rio Damas Formation. Here,

it occurs in great abundance in vesicles and cracks and together with chlorite and

sometimes epidote as a replacement of feldspar. Belmar (2000) reported isolated

occurrences of pumpellyite in the Coya Machali Formation near intrusions. He

interpreted these occurrences to be due to contact metamorphism near the intru-

sions. In general, the occurrence of pumpellyite can be taken as an indication of

prehnite–pumpellyite facies conditions. In this study, pumpellyite was not found

together with prehnite although occurrences of prehnite in the Rio Damas Forma-

tion were reported by Belmar (2000). As mentioned above, pumpellyite sometimes

occurs with epidote. This assemblage is restricted to a fairly narrow temperature

range. No actinolite was found in any of the samples and thus it can be assumed

that pumpellyite–actinolite or even greenschist facies conditions were not reached

in the area.
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1.5.3 Metamorphic conditions in the study area

Rio Damas Formation

Metamorphic grade increases in the Rio Damas from the top toward the bottom

of the formation. Near the top, celadonite is the dominant secondary mineral.

Celadonite is thought to represent zeolite facies to prehnite–pumpellyite facies

conditions. Slightly lower down in the formation, pumpellyite becomes the main

index mineral indicating prehnite–pumpellyite facies conditions. In the lowest

samples from the Rio Damas Formation, pumpellyite is found together with epi-

dote, indicating temperatures above about 240 ◦C (Potel et al. (2002)). However,

zeolite minerals have been identified in a sample from near the top and in a sample

from the lowest part of the Rio Damas Formation. Also, zonation within filled vesi-

cles in the rocks sometimes indicates decreasing temperatures instead of increasing

metamorphic conditions (Belmar (2000)). Such effects cannot be attributed to con-

tact metamorphism but rather appear to document later hydrothermal activity at

slightly lower temperatures.

Baños del Flaco Formation

The Baños del Flaco Formation mainly consists of limestones and sands. Chlorite,

quartz and calcite are mainly found as secondary minerals but do not give any

constraints on metamorphic grade in the unit. Belmar (2000) found a temperature

of 222 ◦C from fluid inclusions in the Baños del Flaco Formation and proposed late

diagenetic conditions in this unit.

BRCU

In the BRCU also no index minerals were identified. Chlorite and quartz are

widely found but give little indication of metamorphic grade. Again, Belmar (2000)

proposed late diagenetic conditions for the unit based on vitrinite reflectance data.

Coya Machali Formation

In the Coya Machali Formation, the main index minerals are zeolites. 4 or 5 dif-

ferent zeolites were identified in various samples by electron microprobe analysis

in thin sections. Chlorite, quartz, calcite, epidote and celadonite were also widely
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found in the rocks of the Coya Machali Formation. Zeolite minerals are especially

concentrated in areas where the rocks underwent brittle deformation. They occur

as slickofibres on fault planes and in cracks and other cavities in the rocks. In

extreme cases, zeolite minerals occur as a kind of cement that holds together tec-

tonic breccias. Zeolite facies conditions appear to have been prevalent in the Coya

Machali Formation but there are indications of several phases of mineralization

(see figure 2.5). Amygdales are often filled with several generations of secondary

minerals, such as chlorite, calcite and zeolite minerals, or are later offset by younger

cracks that have since been filled with secondary minerals. Zeolite minerals and

celadonite are typical of hydrothermal alteration at fairly low (<100 ◦C) tempera-

tures. Probably, very low grade burial metamorphism occurred in the unit but has

since been overprinted by several more localised events, such as circulation of hot

fluids in brittle fault zones. No such clear evidence of an increase of metamorphic

grade with stratigraphic age can be seen in the unit because the Coya Machali

Formation has been folded and thrusted. However, no sharp breaks in metamor-

phic grade have found either. This indicates that pulses of hydrothermal activity

have occurred during and after deformation.
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1.5.4 Pattern of metamorphism

Figure 1.8: As described by Belmar (2000) there appears to be an increase in metamorphic
grade from west to east in the study area. Here, 4 different zones with major occurences of
different minerals or mineral assemblages have been distinguished. However, the overall pattern
is often disturbed by minor inconsistencies.

The pattern of metamorphism in the Rio Tinguiririca valley is very complex.

The rocks were altered at very low–grade conditions and differences in metamor-

phic facies are not very large. In general, an increase in metamorphic conditions

with stratigraphic depth from zeolite facies conditions in the Coya Machali Forma-

tion to prehnite–pumpellyite or even pumpellyite–epidote facies conditions in the

lower part of the Rio Damas Formation can be observed. The increase in meta-

morphic grade is most pronounced within the Rio Damas Formation where there

is a definite increase in temperature from the top to the bottom of the unit. An

Ar–Ar age of 101.3 ± 2.9 Ma was determined by Belmar (2000) 2000 in a sample
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from near the top of the Rio Damas Formation. The age was interpreted to be

a formation age of celadonite. This indicates that metamorphism in this part of

the Rio Damas Formation occurred well before deposition of the Coya Machali

Formation and probably also of the BRCU. Accordingly, at least two metamor-

phic events must be distinguished in the area; an older one in the Rio Damas

and possibly Baños del Flaco Formations and a much younger one in the Coya

Machali Formation and the BRCU that may also have affected the older units to

some extent. Figure 1.8 shows zones of different predominant index minerals or

diagnostic assemblages.

Metamorphic zone 1 encompasses the Coya Machali Formation and probably

the BRCU and Baños del Flaco Formation. It is characterised by metamorphic

conditions corresponding to the zeolite facies and zeolite minerals are the main in-

dex minerals present in this zone (figure 1.10). However, there are indications that

several episodes of zeolite facies metamorphism occurred (figure 2.5) at different

times since older structures are sometimes overprinted by younger mineralizations.

Figure 1.9: Photomicrograph of an amygdale in a sample from the Coya Machali Fm. under
crossed Nicols. The amygdale is filled with chlorite. The rock was cracked after mineralisation
in the amygdale and the crack was later filled with zeolite minerals.

Metamorphic zone 2 is in the upper part of the Rio Damas Formation. The

main index mineral in this zone is celadonite (figure 1.10), which occurs in very

large quantities and is easily recognisable by its vivid green to bluish–green colour.

Celadonite forms at zeolite to prehnite–pumpellyite facies conditions and does not

give any clear constraints on metamorphic grade. Belmar (2000) interpreted the
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preferred occurrence of celadonite rather than zeolite minerals to be an effect of a

change in rock chemistry rather than an increase in metamorphic conditions. Since

the formation of celadonite apparently predates the formation of zeolite minerals

in the younger rocks, both metamorphic conditions and whole rock chemistry may

have had an effect.

Metamorphic zone 3 is characterised by the occurrence of pumpellyite (figure

1.10). Occurrences of prehnite from the same area were documented by Belmar

(2000) but no prehnite was found in this study.

Metamorphic zone 4 shows the highest metamorphic conditions and is char-

acterised by the occurrence of pumpellyite together with epidote (figure 1.10).

This mineral association has only been found in the lower part of the Rio Damas

Formation.
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Figure 1.10: Photomicrographs of metamorphic minerals found in various samples from the
Tinguiririca river valley. (a), (c), (e), (g) were taken with plane parallel light, (b), (d), (f), (h)
with crossed Nicols. (a) and (b) show zeolite minerals (laumontite) in a sample from the Coya
Machali Fm., (c) and (d) show celadonite in a sample from the Coya Machali Fm. This mineral
is easily recognised by its vivid green colour. (e) and (f) show pumpellyite (and quartz) filling a
crack in a sample from the Rio Damas Fm. (g) and (h) show epidote and pumpellyite in close
contact in a sample from the Rio Damas Fm.
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Fission track analysis and

low–grade metamorphism in the

Rio Tinguiririca valley in the

central Chilean Andes

2.1 Abstract

Fission track analysis on zircons and apatites from the Rio Tinguiririca valley in

the Andes of central Chile has shown that the apparent increase in metamorphic

grade in the rocks from West to East, which has hitherto been interpreted as a

pattern caused by a long–lasting burial metamorphic event is in fact the result

of several heating events at different times. Burial metamorphism may have oc-

curred in subsiding basins but has since been overprinted by local thermal events

that caused considerable heating of the rocks even quite close to the surface. The

different stratigraphic units in the study area underwent different thermal histo-

ries and no regional metamorphic event affecting all units leading to a regional

gradient could be demonstrated. Metamorphic grade in the area ranges from dia-

genetic to subgreenschist facies (prehnite–pumpellyite facies) conditions. Previous

studies on the low–grade metamorphism have shown that maximum temperatures

during metamorphism must have been around 300 ◦C in the eastern part of the

study area. These temperature estimates are confirmed by fission track analysis

since fission tracks in zircon from the eastern part of the study area were sub-
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stantially, although not fully annealed sometime during the Cretaceous. In the

stratigraphically younger units (the BRCU and the Coya Machali Formation) al-

most no annealing of zircon fission tracks has occurred. Temperatures in excess of

200 ◦C were probably only reached for very short times due to contact metamor-

phism near intrusions.

2.2 Introduction

Based on the detailed mapping of Zapatta Nicolis (1995), Belmar (2000) carried

out a metamorphic study of the rocks in the Rio Tinguiririca valley in the main

Cordillera of the Andes of central Chile (about 35 ◦ South). Based on the min-

eral assemblages, illite crystallinity, fluid inclusion microthermometry and mineral

chemistry in the area, Belmar (2000) found increasing metamorphic conditions

from west to east, that is from stratigraphically younger to older units in the

study area. In the western part of the area, zeolite minerals are abundant and

temperature estimates from various methods indicate diagenetic to zeolite facies

conditions. In the eastern part of the transect prehnite and pumpellyite were found

and temperature estimates confirmed upper subgreenschist facies conditions. Bel-

mar (2000) proposed a long–lasting burial event in the late Tertiary as a mechanism

to produce this metamorphic pattern because there are no abrupt changes in meta-

morphic grade either across stratigraphic or tectonic boundaries. This model con-

trasts with earlier models for low–grade metamorphism in the Andes (Aguirre et al.

(1987, 1989); Levi (1970); Levi et al. (1989); Offler et al. (1980)). Levi (1970) first

proposed a model of cyclic burial metamorphism in subsiding basins. Subsequent

inversion and uplift of these basins led to stacking of sediments belonging to differ-

ent cycles separated by stratigraphic unconformities. Sharp breaks in metamorphic

grade were found over stratigraphic unconformities, whereas within the individual

sequences of sediments a continuous increase in metamorphic grade from younger

to older rocks was observed. In later studies (e.g. Aguirre et al. (1987); Levi et al.

(1989)) it was shown that porous rocks that underwent low–grade metamorphism

are often sealed by the formation of secondary minerals. During later metamor-

phic cycles, such rocks are no longer permeable and fluids cannot circulate. Only

little formation of new minerals takes place and the rocks show only minor traces

of the later event. The observation of Belmar (2000) of an apparently continuous
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increase in metamorphic grade within sediments belonging to two separate cycles

of infill of extensional basins is thus in sharp contrast to the previous models. The

aim of the present study was to test the model of a single burial event proposed by

Belmar (2000) using fission track analysis on apatites and zircons from the same

study area and complementing the data set with further petrological studies, such

as additional data on mineral chemistry from electron microprobe analysis and

identification of phyllosilicates with X–ray diffraction analysis. The Rio Tinguirir-

ica Valley was chosen for this study because its geology and stratigraphy have

already been described in detail by Charrier et al. (1996); Zapatta Nicolis (1995)

and the metamorphic conditions are known from the study of Belmar (2000). Also,

the area was found to be relatively little disturbed by intrusive activity compared

to areas to the North and South in the main Cordillera of the Chilean Andes.

2.2.1 Geological setting

The study area is located in the main Cordillera of the Andes in central Chile

at about 35 ◦ South (see figure 2.1). A 25 km transect in the Rio Tinguiririca

valley from near the Argentinean border in the East to the confluence of the Rio

Tinguiririca and the Rio Azufre in the West was investigated.

Figure 2.1 shows a geological overview of the setting of the study area near

the village of Termas del Flaco. It is at the western edge of the Neuquen back

arc basin in the Main Cordillera of the Andes. The area is at the transition of

two segments of the Andes that have distinctly different Mesozoic histories. To the

North a sedimentary platform (the Aconcagua platform) developed in the back arc

during the Jurassic. In the Early Cretaceous an aborted marginal basin developed

West of the platform and large volumes of basalts and andesites were erupted.

In the middle Cretaceous a fold and thrust belt was formed in the back arc area

(Aconcagua fold and thrust belt) and the magmatic arc migrated to the West

during the Late Cretaceous and Early Tertiary. To the South a large ensialic back

arc basin (Neuquen basin, see figure 2.1) developed in the Early Jurassic and was

active until the Early Cretaceous. In the Cretaceous a fold and thrust belt also

formed in the back arc area. The magmatic arc remained more or less stationary

up to the present and active volcanism continued until recent times (see Mpodozis

and Ramos (1989)).

The Mesozoic units outcropping in the study area were deposited along the
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Figure 2.1: Location of the study area (black box) in the Main Cordillera of the Andes at about
35 ◦ south. The study area lies at the transition between the deposits of the Neuquen backarc
basin to the east and the Mesozoic to Tertiary volcanic deposits in the Main Cordillera of the
Andes.

western edge of the Neuquen back arc basin and are unconformably overlain by

deposits from a Tertiary intra–arc basin that formed to the west of the Neuquen

basin. This second basin was active from the Late Eocene to Late Oligocene

or Early Miocene and was then deformed during a period of compression in the

Miocene.

Figure 2.2 shows a geological map of the study area near the village of Termas

del Flaco. The middle Jurassic to Early Cretaceous stratigraphic sequence in the

Neuquen back arc basin consists of two transgression–regression cycles with marine

and continental clastic sediments. The oldest deposits of the series, the Nacientes

del Teno Formation (Oxfordian), are not exposed in the study area. They consist
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Figure 2.2: Geological map of the study area near the village of Termas del Flaco in the Rio
Tinguiririca valley showing the stratigraphic units discussed in the text and major structural
features.

of an 800–1000 m thick sequence of marine sandstones and limestones capped by

a gypsum upper member (Charrier et al. (1996)). The Kimmeridgian Rio Damas

Formation is the oldest unit exposed in the study area (figure 2.2) and consists

of a 3700 m thick sequence of continental sandstones and conglomerates with a

high percentage of volcanic material and of lavas. The Baños del Flaco Formation

conformably overlies the continental deposits of the Rio Damas Formation and

consists mainly of marine sandstones and limestones showing a transgression from

platform to shelf sediments. Deposition of this unit was from the Tithonian to the

Neocomian (Early Cretaceous) and the unit reaches thicknesses of up to 2000 m,

but in the study area only the Tithonian deposits (about 400 m thick) are preserved

and the upper part of the formation has been eroded (Charrier et al. (1996)). At

other localities, the Aptian to Albian Colimapu Formation conformably overlies
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known. Fig. modified after Charrier et al. (1996).
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the Baños del Flaco Formation. However, it is completely missing in the study

area (figure 2.3). It is not known whether the unit was deposited and later eroded

or if local erosion began earlier and deposition did not take place. Instead, a

unit consisting of well–bedded brown and red continental clastic sediments, the

so–called Brownish–Red Clastic Unit (BRCU), lies without angular unconformity

on top of the erosional surface of the Baños del Flaco Formation. This unit has

no continuation to the North and South and has not hitherto been described in

any other locality in the Central Andes. The exact stratigraphic position and age

of the BRCU are still a matter of debate (see Charrier et al. (1996)).

The deposits of the Tertiary intra–arc basin are represented in the study area

by the Coya Machali Formation, a thick (about 1500 m) sequence of continental

sediments and volcanic and volcaniclastic rocks. The age of these deposits is given

as late Eocene to early Miocene based on fossils and radiometric age data (Charrier

et al. (1996); Wyss et al. (1990)). Charrier et al. (2002) showed that the oldest

ages for the Coya Machali Formation appear to differ laterally and that the onset

of sedimentation was probably not at the same time in all parts of the basin. The

deposits of the Coya Machali Formation were later folded and thrusted in the

Miocene.

A suite of Quaternary volcanics, radiometrically dated at 1.1 Ma (Charrier

et al. (1996); Arcos et al. (1988)) lies discordantly on top of all the deformed

Mesozoic and Tertiary units. These consist mainly of basalts and pyroclastic flows

and belong to the Tinguiririca Volcanic Group.

The Mesozoic units in the study area are all tilted to the West with dip angles

of about 50 ◦. Although there is a major stratigraphic unconformity between the

Baños del Flaco Formation and the BRCU, there is no significant angular unconfor-

mity between the units. Tilting must have occurred after deposition of the BRCU

and prior to deposition of the Coya Machali Formation, however, because there is

an angular unconformity of 15 to 20 ◦ between the Baños del Flaco Formation and

the overlying Coya Machali Formation. Another sharp angular unconformity sep-

arates Mesozoic and Tertiary units and the Quaternary volcanics, which lie almost

horizontally on top of all the other units. Folding is only observed in the deposits

of the Coya Machali Formation. The pre–Tertiary, deformation is documented by

the steeply inclined strata and rarely observed thrusts, while no major folds could

be observed at the investigated scale. The most prominent structure in the study
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area is the Falla el Fierro fault (see figure 2.2) that cuts the BRCU and the Baños

del Flaco Formation. Although offset along this fault is not very large (in the

range of meters or tens of meters) it can be traced in other localities to the North

and South of the study area. Charrier et al. (2002) suggested that the Falla el

Fierro thrust is a reactivated normal fault that formed during basin formation in

the Late Eocene.

One of the most enigmatic units in the study area is a 3–4 m thick layer of

white tuff found directly on top of the Baños del Flaco Formation on the South

side of the valley (figures 2.2, 2.3). This tuff layer has been dated with Ar–Ar

chronometry at 104 Ma (see Charrier et al. (1996); Wyss et al. (1994)). The

age was interpreted as a formation age of the tuff and shows that the layer can

neither belong to the Baños del Flaco Formation (Tithonian to Neocomian, see

figure 2.3) nor the overlying Coya Machali Formation (Eocene to Miocene, see

figure 2.3). Stratigraphically, the white tuff layer takes the same position as the

BRCU between the Baños del Flaco Formation and the overlying Coya Machali

Formation. Yet field evidence does not allow constraint of the relative ages of the

White Tuff and the BRCU.

2.2.2 Distribution of metamorphic minerals and facies as-

semblages

The pattern of metamorphism in the study area was described in detail by Belmar

(2000). Only a brief summary of the most important results from this study will

be given in the following. A more detailed discussion is given in chapter 1.

Belmar (2000) observed an increasing gradient in metamorphic conditions from

diagenetic to zeolite facies in the West (Coya Machali Formation) to prehnite–pumpellyite

facies in the East (Rio Damas Formation). However, locally individual occurrences

of minerals did not fit with the overall pattern. Pumpellyite was sometimes found

in the Coya Machali Formation and was thought to be an indicator of contact

metamorphism near large intrusions.

The rocks in the study area were metamorphosed at fairly low temperatures

and pressures (subgreenschist facies). The area can be roughly divided into four

zones with different typical index minerals or mineral assemblages (see figure 2.4).

From West to East the metamorphic zones are:
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1. zeolite

2. celadonite

3. pumpellyite as the dominant secondary phase

4. pumpellyite and epidote occur together indicating the highest metamorphic

conditions found in the study area.

Figure 2.4: As described by Belmar (2000) there appears to be an increase in metamorphic
grade from west to east in the study area. Here, 4 different zones with major occurences of
different minerals or mineral assemblages have been distinguished (see section 1.5.4 for a more
detailed description). However, the overall pattern is often disturbed by minor inconsistencies.
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Metamorphic zone 1 (Coya Machali Formation and BRCU, see figure 2.4)

Samples from this zone often contain zeolite minerals in cracks and vesicles

and concentrated along fault planes. Belmar (2000) identified at least 6 differ-

ent zeolite minerals in the study area, including laumontite, stilbite, mordenite,

chabazite and scolecite. Of these, mordenite and scolecite are especially indica-

tive of hydrothermal alteration at low temperatures (Gottardi and Galli (1985)).

Chlorite, calcite, quartz, epidote and celadonite have also been found in rocks from

this part of the study area. In some of the samples zeolite can clearly be seen to

be a ’late’ formation as it occurs in cracks that offset earlier mineralization, i.e.

chlorite and quartz. Figure 2.5 shows a micrograph of an amygdale filled with

chlorite that is cut by a crack, which in turn has been filled with zeolite minerals.

Several phases of alteration at similar temperature conditions probably occurred

in this part of the study area.

Metamorphic zone 2 (upper Rio Damas Formation and possibly Baños del

Flaco Formation, see figure 2.4) Celadonite is the dominant secondary mineral in

the rocks of the upper Rio Damas Formation. It occurs in very large amounts

and is easily recognised by its intense green to blue–green colour. Celadonite

is not an index mineral for specific temperature and pressure conditions but is

mostly associated with conditions of the zeolite to prehnite–pumpellyite facies.

The occurrence of celadonite is more specifically linked to whole rock chemistry

(Odom (1984)) and is typically found in basalts or other igneous rocks or as a

breakdown product of olivine. Samples from the Baños del Flaco Formation are

mostly carbonates and do not contain celadonite. However, a similar metamorphic

history can be assumed for these rocks to that of the upper Rio Damas Formation

because no large difference in age, stratigraphic depth or structure exists between

the rocks of the upper Rio Damas and lower Baños del Flaco Formation.

Metamorphic zone 3 (middle part of the Rio Damas Formation, see figure 2.4)

In this zone pumpellyite is the main secondary mineral. Occurrences of prehnite

in the same zone were described by Belmar (2000) but prehnite was not found in

the present study. Metamorphic grade must have reached prehnite–pumpellyite

conditions in this part of the study area and temperature estimates made by

Belmar (2000) using fluid inclusion microthermometry and illite crystallinity in

this area confirm temperatures of roughly 200 to 250 ◦C. Chlorite often occurs

with pumpellyite but is not as abundant as in samples from the other zones.
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Figure 2.5: Photomicrograph of an amygdale in a sample from the Coya Machali Fm. under
crossed Nicols. The amygdale is filled with chlorite. The rock was cracked after mineralisation
in the amygdale and the crack was later filled with zeolite minerals.

Quartz is often present in vesicles and cracks and calcite is sometimes found as a

secondary mineral.

Metamorphic zone 4 (lower Rio Damas Formation) In the lower part of the se-

quence, pumpellyite often occurs together with epidote, either in cracks and vugs

or as alteration products in feldspars. The occurrence of epidote together with

pumpellyite in basic rocks has been shown by Potel et al. 2002 to be confined

to a fairly narrow temperature range between about 220 and 290 ◦C for appro-

priate whole–rock compositions. This mineral assemblage documents the highest

metamorphic conditions so far found in the study area.

On a large scale, the metamorphic grade appears to increase from West to

East in the study area. Yet a closer look reveals that many of the rocks ap-

parently underwent polymetamorphism (i.e. figure 2.5) and local effects such as

contact metamorphism near intrusions often overprint the overall pattern. Belmar

(2000) reported occurrences of pumpellyite in the Coya Machali Formation that

he interpreted to represent the effects of contact metamorphism near intrusions.

Mineralisation of zeolite and epidote along brittle fault planes indicates preferred

circulation of metamorphic fluids in fault zones and associated mineralization.

2.3 Results from fission track analysis

The methods used for fission track analysis are described in chapter 1. 31 samples

were prepared for fission track analysis (tabs 2.1 and 2.2). 19 samples yielded

enough zircon and apatite for study, while in the remaining samples only one of
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the two minerals could be analysed. All stratigraphic units in the study area were

sampled, including the Quaternary volcanic deposits. Samples were analysed with

the external detector method (see Wagner and Van den Haute (1992)). Ages were

calculated with the software Trackkey 4.1 by Dunkl (2002) and are given as central

ages (Galbraith and Laslett (1993)) with 1–σ errors for all zircon samples and

for several apatite samples (kw1–12, kw2–13, kw2–20, kw2–22, kw2–32, kw2–35).

Ages shown in brackets and italics are based on fewer than 10 single grain ages.

For the remaining apatite samples ages were calculated and are shown as pooled

ages because single grain age dating was not possible (see section 1.4.1). Pooled

ages are also given with 1–σ errors. Radial plots in figs. 2.7, 2.10, 2.11, 2.13, 2.15,

2.17 show single grain ages with σ errors on the left vertical, relative errors of the

single grain ages on the horizontal and age in Ma on the right part of the plot.

The oldest and youngest single grain ages of each sample are indicated (right).

The plots are arranged in stratigraphic order with the stratigraphically highest

plot at the top. Grey bars or areas in the plots mark deposition ages of the units

in question.

2.3.1 Zircon fission track data

27 zircon samples were prepared and irradiated for fission track analysis. Four of

these samples yielded less than 10 single grain ages and the central ages for these

samples are given in brackets in figures 2.6, 2.7, 2.15. Results are summarised in

table 2.1. Figure 2.6 shows the distribution of zircon fission track central ages in

the study area together with their position in the stratigraphic column and in a

position altitude plot along a NW–SE transect (shown in Appendix A).
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Figure 2.6: Central ages determined for zircon fission track samples from the Tinguiririca river
valley, top: in map view, bottom: in an age vs. position plot along the transect shown in
Appendix A and in a schematic stratigraphic column. Ages in brackets and italics are based on
less than 10 single grain ages (see tab. 2.1).
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Figure 2.7: Radial plots of samples

from the Rio Damas Fm.

Rio Damas Formation

9 samples from the Rio Damas Formation were

analysed (see table 2.1, figures 2.6, 2.7, 2.8). They

cover a range from close to the top of the unit to

the lower part (the base is not exposed in the

study area) and the difference in stratigraphic

depth between the highest and lowest samples is

about 3500 m. The relatively consistent central

ages range between 106.3 and 136.2 Ma with no

trend of increasing or decreasing age either with

stratigraphic depth or with sample–elevation (ta-

ble 2.1, figure 2.6). Radial plots of the individual

samples are shown in figure 2.7. Central ages de-

termined in the Rio Damas Formation are all sig-

nificantly younger than the inferred stratigraphic

age (Kimmeridgian, 156–150 Ma) of the unit. Sin-

gle grain age spreads in the individual samples are

all similar and grains preserving ages older than

the stratigraphic age of the unit are still found

in most samples (figure 2.7). Figure 2.8 shows

a histogram of all single grain ages of samples

from the Rio Damas Formation. The maximum

in the distribution is at about 100 Ma and thus

clearly younger than the stratigraphic age. This,

together with the fact that numerous grains older

than the deposition age are still preserved, is in-

dicative of partial annealing. The 100 Ma maxi-

mum is tentatively interpreted as roughly approx-

imating the time of metamorphic overprint.
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Figure 2.8: Bar chart showing all ZFT single grain ages measured in samples from the Rio
Damas Fm. The distribution shows a maximum at about 100 Ma, which is significantly younger
than the stratigraphic age of the unit. Youngest single grain ages are at about 50 to 55 Ma.
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Figure 2.9: Radial plots of two

ZFT samples from the Baños del

Flaco Fm. The horizontal grey bar

marks the approximate deposition

age of the unit. The samples are

shown in stratigraphic order with

the stratigraphically highest sample

at the top.

Baños del Flaco Formation

Two samples from the Baños del Flaco Formation

(kw2–2 and kw2–32) yielded central ages of 124.1

Ma and 170.5 Ma respectively (table 2.1, figure

2.6, 2.10). Kw 2–2 is from near the base of the

unit on the North side of the valley and shows sim-

ilar characteristics to samples from the Rio Damas

Formation. The central age is younger than the

stratigraphic age of the unit (Tithonian, 150–144)

indicating at least partial annealing. The spread

of single grain ages is also similar to those of sam-

ples from the Rio Damas Formation and grains

with ages older than the stratigraphic age of the

unit show that no total annealing of the sam-

ple occurred. Kw2–32 is from close to the top-

most preserved part of the Baños del Flaco For-

mation in the vicinity of the unconformably over-

lying White Tuff. Although the difference in strati-

graphic depth between these two samples is not

very large (about 300 m), kw2–32 has a signifi-

cantly older central age than any of the other samples from the Rio Damas or

Baños del Flaco Formations. The central age (170.5 Ma) is much older than the

stratigraphic age of the unit. However, the single grain age distribution of the sam-
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ple (figure 2.10 b.) shows that the sample also contains individual grains younger

than the stratigraphic age, thus indicating that partial annealing occurred in this

sample as well.

Baños del Flaco formation
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stratigraphic age
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un
ts

Figure 2.10: Bar chart showing all single grain ages measured in samples from the Baños del
Flaco Fm.
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Figure 2.11: Radial plot of the

ZFT sample from the White Tuff.

White Tuff

The White Tuff layer (kw3–09, see table 2.1),

which lies directly on top of the erosional surface

of the Baños del Flaco Formation, has a zircon

fission track central age of 86.4 ± 7.7 Ma. The

sample passes the χ2 –test and the age is inter-

preted as a cooling age. Figure 2.11 shows the

single grain age distribution of the White Tuff.

Ar-Ar age
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Figure 2.12: Bar chart showing the single grain ages measured in the sample from the White
Tuff.
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Figure 2.13: Radial plots of 6 sam-

ples from the BRCU. The grey area

shows the time–span (Cretaceous)

in which the unit was supposedly

deposited (see chap. 1). The sam-

ples are shown in stratigraphic or-

der with the stratigraphically high-

est sample at the top.

Brownish–Red Clastic Unit

6 samples from the BRCU were analysed (table

2.1, figures 2.6, 2.13). 2 samples are from the

footwall of the Falla el Fierro thrust (kw1–6 and

kw3–02, see figure 2.6) and 4 from the hanging

wall. The samples are all sediments containing

volcanic material but some of the zircons from

these samples are rounded indicating that they

were reworked and transported before deposition.

The 5 stratigraphically lower samples (figure 2.6)

yielded central ages ranging between 62.8 and 73.6

Ma. An older age of 90.5 Ma was determined

for the uppermost sample from the highest strati-

graphic level, near the top of the unit. Because

there is no independent indication that heating

and annealing of fission tracks in zircon occurred

after deposition, these ages are thought to rep-

resent detrital ages grains from the source areas.

However, a histogram of the single grain ages from

all six samples (see figure 2.13 a.) shows that most

of the individual grains have late Cretaceous ages.

The central ages are surprisingly similar and the

sediments deposited in the BRCU appear to have

come from a restricted source area where active

volcanism occurred in the late Cretaceous.
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Figure 2.14: Bar chart showing all ZFT single grain ages measured in the 6 samples from the
BRCU.
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Figure 2.15: Radial plots of 8 ZFT

samples from the Coya Machali Fm.

Coya Machali Formation

8 samples from the Coya Machali Fm were anal-

ysed (tab. 2.1 figs 2.6, 2.15,2.16). Central ages

range from 14.2 ± 1.6 Ma to 76.3 ± 17.1 Ma.

Fig. 2.16 shows a histogram of all single grain

ages from the Coya Machali Fm. There is a pro-

nounced peak at about 20 Ma but also a signifi-

cant number of grains with ages much older than

the stratigraphic age of the Coya Machali Fm.

Fig. 2.15 shows radial plots of the individual sam-

ples from the Coya Machali Fm. Samples kw2–34

and kw2–33 are from the lower levels of the Coya

Machali Fm. and central ages of 35.4 and 23 Ma

were determined for these two samples. Samples

kw2–36 and kw2–45 have ages of 19.8 and 19.5 Ma

respectively. All these ages fit with the period of

active extension and sedimentation in the basin,

from the Late Eocene to Early Miocene. Kw2–31

has a central age of 42.6 Ma and clearly contains

at least two different grain populations (see fig.

2.15). The age is therefore interpreted as a mixed

age of detrital grains transported into the basin

from outside and grains formed during volcanism

associated with basin formation. Kw2–54 also

contains detrital grains with ages much older than

the deposition of the Coya Machali Fm. (tab. 2.1,

fig. 2.15). The remaining two samples, kw2–35

and kw2–57 both show ages that are younger than

the generally accepted stratigraphic age of the

Coya Machali Fm. Since there is no indication

of substantial post–depositional heating, the sam-

ples possibly show that the stratigraphic range of

the Coya Machali Fm has to be extended towards

the middle Miocene.
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Figure 2.16: Bar chart showing all ZFT single grain ages measured in samples from the Coya
Machali Fm. The grey bar marks the time–span of deposition of the unit (Eocene to early
Miocene). There is a maximum in the distribution at about 20 Ma (early Miocene) but a
number of grains show ages significantly older than the given deposition age of the unit.

Tinguiririca Volcanic Group

One sample (kw3–19) from a tuff layer in the Quaternary volcanic rocks was dated

to 0.7 ± 0.1 Ma (table 2.1, figures 2.6, 2.17), well in agreement with other radio-

metric data (see Charrier et al. (1996)).
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Figure 2.17: Radial plot of a ZFT sample from the Quaternary volcanics.

2.3.2 Apatite ages

23 apatite samples were analysed (see tab. 2.2, fig. 2.18). However, single grain

age dating could only be applied to 6 samples containing enough grains with

sufficient spontaneous fission tracks. For each of these 6 samples at least 20 grains

were analysed and the ages are given as central ages (tab. 2.2). For the remaining

samples a modified population age method (see section 1.4.1, Wagner and Van den

Haute (1992)) was applied: all grains with good surfaces were counted, including

55



Chapter 2

Figure 2.18: Apatite fission track data in the Tinguiririca river valley. Ages are given as central
ages or pooled ages (see tab. 2.2). top: map view, bottom: position (rel. position along the
transect shown in Appendix A) vs. altitude plot and in a schematic stratigraphic column.
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those grains with no spontaneous tracks. Pooled ages were then calculated for

the total Ns/Ni ratio of all counted grains. The number of counted grains ranges

from 19 to 60. Because of the lack of spontaneous tracks and the relatively low

U content of most of these samples, the calculated ages have large relative errors

(see tab. 2.2).
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Samples analysed with the external detector method

Four samples from the Rio Damas Formation, one sample from the Baños del Flaco

Formation and one sample from the Coya Machali Formation could be analysed

with the external detector method (see figs 2.19, 2.21, 2.22).
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Figure 2.19: Radial plots of 4 AFT samples from the Rio Damas Fm. Ages are given as central
ages in Ma with 1–σ errors. The plots are in stratigraphic order with the stratigraphically highest
sample at the top. Track length data was measured in three of the samples (see tab. 2.2) and
track length distributions are plotted next to the radial plots. MTL: mean track length, S.D.:
standard deviation of MTL, n: number of horizontal trakcs measured. In all three samples,
tracks >15µm were scarce or absent.

The four samples from the lower part of the Rio Damas Formation, yielded

central ages between 25.7 and 53 Ma and all pass the χ2 –test (tab. 2.2, fig-

ures 2.18, 2.19). Radial plots of the samples are shown in figure 2.19. Track

length distributions of confined horizontal tracks were measured in three sam-
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ples (kw1–12, kw2–20 and kw2–22, see figs 2.19, 2.20) and thermal modelling of

temperature–time–paths was carried out using the software AFTSolve (Ketcham

et al. (2000)). Fig. 2.20 shows a model run and track length distribution of sam-

ple kw2–22. Interestingly, in all three samples long fission tracks (>15 µm) are

completely missing. Mean track lengths are between 9 and 10 µm. Modelling of

temperature time paths (figure 2.20) shows rapid cooling of the samples in the

late Cretaceous. The samples cooled below the apatite PAZ in the Early Tertiary.

After a slight T–increase, possibly due to burial, the samples were heated in very

recent times to temperatures within the apatite PAZ. Reheating is immediately

followed by rapid cooling to surface temperatures. Based on the modelling results,

the Eocene central ages of the samples are interpreted to be meaningless and the

samples underwent a two–stage cooling history with late Cretaceous cooling fol-

lowed by slight Tertiary reheating and a final late Tertiary/Quaternary heating

pulse.

Time (Ma)

020406080100120

Te
m

pe
ra

tu
re

 (°
C

)

0

50

100

150

200
10000 runs

Acceptable fits

Good fits

MTL: 9.9 µm

Age: 41.4 Ma

Model:

S.D.: 2.1 µm

0 2 4 6 8 10 12 14 16 18

co
un

ts

0

2

4

6

8

10

12

14

16

18

n=58

track length (µm)

0 4 8 12 16
0

10

20

n=109

MTL: 10.1 µm

Data:
MTL: 9.9 µm

Age: 49.9 ± 5.0 Ma
S.D.: 1.5 µm

S.D.: 1.8 µm

Figure 2.20: left: Temperature time path modelled for sample kw2–22 with the software
AFTSolve (Ketcham et al. (2000)). Constraints were set as follows: Temperature within the
zircon PAZ at 95 Ma (>180 ◦C), temperature less than 80 ◦C at 60 Ma (cooling of the sample),
temperature between 25 ◦C and 120 ◦C at 3 Ma. 10000 model runs were calculated using a
Monte Carlo modelling scheme and the apatite annealing model of Laslett et al. (1987) (Durango
apatite). The light grey area shows acceptable solutions, the dark grey area marks good fits,
the black line is the best fit found in this run. right: Track lengths measured in sample kw2–22.
There are no tracks longer than 15 µm. MTL: mean track length, S.D.: standard deviation of
MTL, n: number of horizontal trakcs measured. inset: Track lengths measured in three samples
(kw1–12, kw2–20, kw2–22) from the lower Rio Damas Formation.

Sample kw2–32 from the Baños del Flaco Formation, just below the eroded

surface of the unit, yielded a central age of 112.9 Ma. The sample fails the χ2
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Figure 2.21: Radial plot of an AFT sample from the Baños del Flaco Fm. The age is given as
a central ages in Ma with a 1–σ error.

–test and shows a very large spread in single grain ages (see fig. 2.21). No track

length measurements were possible in this sample. However, a single very young

grain could possibly indicate that this sample also underwent late reheating.
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Figure 2.22: Radial plot of an AFT sample from the Coya Machali Fm. The age is given as a
central ages in Ma with a 1–σ error. The track length distribution was measured and is plotted
beside the radial plot. MTL: mean track length, S.D.: standard deviation of MTL, n: number
of horizontal trakcs measured.

Sample kw2–35 from the Coya Machali Formation (table 2.2, figure 2.22) has

a central age of 16.3 Ma. Fig. 2.23 b. shows a confined track length–histogram for

this sample. In contrast to the samples from the Rio Damas Formation, long tracks

are present. Modelling of this sample with AFTSolve (figure 2.23 a.) shows cooling

of the sample in the middle Miocene followed almost immediately by reheating

to temperatures within the apatite PAZ and then slow cooling during the late

Miocene. Final cooling below the apatite PAZ could have been between about 7

and 3 Ma ago. Following the interpretation of the zircon fission track data, the

rapid cooling is probably related to synsedimentary volcanic activity in the source

area of the sediments. Detrital grains were then rapidly deposited in the Coya

Machali Formation. Because there are no independent constraints on cooling or

heating events for this sample, the results from modelling can only be considered
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as one possible solution.
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Figure 2.23: left: Temperature time path modelled for sample kw2–35 with the software AFT-
Solve (Ketcham et al. (2000)). Constraints were set as follows: Temperature within the zircon
PAZ at 17 Ma (>180 ◦C), temperature less than 60 ◦C at 15 Ma (cooling of the sample), temper-
atures between 20 and 120 ◦C at 8 Ma. 10000 model runs were calculated using a Monte Carlo
modelling scheme and the apatite annealing model of Laslett et al. (1987) (Durango apatite).
The light grey area shows acceptable solutions, the dark grey area marks good fits, the black line
is the best fit found in this run. right: Track lengths measured in sample kw2–35. MTL: mean
track length, S.D.: standard deviation of MTL, n: number of horizontal trakcs measured.

Apatite samples counted with the modified population method

17 apatite samples contained a large number of grains with no spontaneous tracks

(see tab. 2.2). All grains with suitable surfaces were counted and pooled ages were

calculated for the samples. 1 σ errors on the ages calculated by this method are

larger than on ages determined by single grain age dating.

In the central part of the study area, near the village of Termas del Flaco

and the hot springs and near the Quaternary volcanics very young ages (<2 Ma)

were determined in apatites from all the stratigraphic units. With increasing dis-

tance from this area, apatite ages increase to Eocene to Cretaceous ages. This

pattern most likely evidences the decreasing effect of a local heat–source due to

hydrothermal activity that occurred in the Quaternary and affected apatite crys-

tals to different degrees depending on their distance from the heat–source. Since

the degree of thermal overprint cannot be constrained for the individual samples,

no information about possible earlier events in the area can be gained from the

samples.
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2.4 Discussion

The rocks outcropping in the study area represent parts of a stratigraphic sequence

ranging from the Late Jurassic to Quaternary. Different thermal histories must be

assumed for the different stratigraphic units. The Rio Damas and Baños del Flaco

Formations were deposited in a subsiding basin in the Late Jurassic. The White

Tuff and BRCU were both deposited unconformably on top of the Jurassic units

and probably did not experience any significant burial. The Coya Machali was

deposited unconformably on top of the already tilted Mesozoic units. According

to Charrier et al. (2002) the older units probably formed a scarp along the Eastern

edge of the Tertiary extensional basin and no renewed burial of the older units

occurred. The Quaternary volcanics were deposited unconformably on top of all

the other units.

2.4.1 Constraints on the thermal history of the units de-

rived from the fission track data

Rio Damas and Baños del Flaco Formations

Partial annealing of zircon fission tracks occurred in the deposits of the Rio Damas

and Baños del Flaco Formations in the middle Cretaceous. This is inferred from the

distribution of single grain ages from these two units, which shows a maximum

at about 100 Ma (see figure 2.7). The zircon PAZ is generally accepted to lie

between about 180 and 320 ◦C (Tagami and Shimada (1996); Tagami et al. (1996,

1998); Timar-Geng et al. (2004)). Temperatures within this range correspond

to conditions within the prehnite–pumpellyite metamorphic facies and minerals

typical of these conditions are in fact found in the Rio Damas Formation (see figure

2.4). Belmar (2000) determined an Ar–Ar age of 101.3 ± 2.9 Ma on a celadonite

from the upper Rio Damas Formation, which he interpreted as a formation age

of the celadonite. The timing of this crystallisation fits very well with the middle

Cretaceous timing of peak metamorphism inferred from the fission track data.

Apatite samples from the lower part of the Rio Damas Formation have Early to

Late Eocene cooling ages (figure 2.18). Thermal modelling (see figure 2.20) shows

rapid cooling of these samples during the Late Cretaceous to Early Tertiary and a

short, late heating event in the Pleistocene or Quaternary. Thus, it can be inferred
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that cooling and denudation of the rocks, possibly associated with the beginning

of tilting of the units, occurred in the Late Cretaceous to Early Tertiary following

the metamorphic event in the middle Cretaceous. Heating then occurred again

in the latest Tertiary to Quaternary. It is thought that this heating event is due

to a local heat–source in the Tinguiririca valley associated with the geothermal

system that is evidenced by the present–day hot springs and possibly connected

to Quaternary volcanism.

Sample kw2–32 from near the eroded surface of the Baños del Flaco Formation

preserves a Cretaceous apatite fission track age. This implies that the sample

probably was at near surface depths in the middle to late Cretaceous and since

then was never reheated to temperatures above the apatite PAZ either by renewed

burial or hydrothermal activity.

BRCU and the white tuff layer

There is no indication of annealing of fission tracks in zircon either in the White

Tuff layer or in the BRCU. The ZFT age of the White Tuff layer is thought to

represent the final cooling below the zircon partial annealing zone and the ages

from the BRCU are probably mixed ages of detrital grains that were reworked and

deposited in the basin. There is a disagreement between the Ar–Ar age of 104 Ma

determined for the White Tuff (Wyss et al. (1994)) and the zircon fission track

cooling age of 86.4 Ma. Either one of the ages is inaccurate or active volcanism

continued for at least 20 Ma and the two ages represent samples from different

levels in the tuff. In any case, the Tuff was deposited on top of the already eroded

Baños del Flaco Formation and indicates that erosion was already ongoing or even

completed by 100 Ma the time when peak temperatures were reached in the

underlying units. If no annealing of fission tracks in zircon occurred in the BRCU,

then temperatures remained below the zircon PAZ after deposition of this unit.

This is in accordance with the metamorphic minerals found in the unit; chlorite,

calcite and quartz occur as secondary minerals but do not indicate any distinctive

temperature or pressure conditions. The absence of secondary minerals such as

prehnite and pumpellyite in the unit supports the assumption that temperatures

did not exceed 180 ◦C in this unit. Apatites were dated in five samples from the

BRCU. Three of these were completely reset during Quaternary reheating, the

other two can be assumed, because of their proximity to the heat–source, to have
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been at least partially reset during the same event and the AFT ages therefore

do not give any direct information on the thermal history of the unit between the

Cretaceous and Late Tertiary. However, total annealing of apatites in the unit

indicates that temperatures above the apatite PAZ must have been reached. The

apatite PAZ is generally accepted to be between about 60 and 120 ◦C (Green et al.

(1986, 1989); Laslett et al. (1987); Duddy et al. (1988)). Temperatures between

120 ◦C (upper limit of the apatite PAZ) and 180 ◦C (lower limit of the zircon PAZ)

thus were reached during the Quaternary. No apatites were counted in the sample

from the White Tuff layer.

Coya Machali Formation

In most of the zircon fission track samples from the Coya Machali Formation,

no indication of annealing of fission tracks can be seen. Two samples contain

detrital grains that preserve ages much older than the deposition of the Coya

Machali Formation and 4 others have central ages that probably are connected

to active volcanism associated with basin formation. The remaining two samples

have ZFT ages that are younger than deposition of the Coya Machali Formation.

Either partial annealing of fission tracks occurred locally in these samples, e.g.

due to contact metamorphism near intrusions or sedimentation continued on into

the middle Miocene. No secondary minerals indicating exceptionally high tem-

peratures have been found in either sample and based on this it is impossible to

tell if local heating occurred or not. Sample kw2–35 was taken fairly close to a

large intrusion and has a ZFT age of 15.5 Ma. However, another sample, kw2–36,

was taken even closer to the same intrusion and has a ZFT age of 19.8 Ma and

shows no sign of partial annealing. From the zircon fission track data it is evident

that temperatures above 180 ◦C were not reached in the Coya Machali Formation

except, maybe, locally. Thermal modelling of an apatite sample from the Coya

Machali Formation showed rapid cooling in the middle Miocene to temperatures

just within the apatite PAZ, a change to very slow cooling at just after 15 Ma

and final cooling below the apatite PAZ between about 8 and 4 Ma. However,

because independent information on the thermal history of the unit is very scarce,

the results of the model are very vague and can only be treated as one possible

scenario. With the exception of kw2–35, where the AFT and ZFT ages are almost

the same indicating very rapid cooling of this sample in the middle Miocene (see
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figure 2.23 and tables 2.1, 2.2), apatite fission track ages in the samples from the

Coya Machali Formation are significantly younger than zircon ages. This shows

that temperatures above the apatite PAZ must have been reached at some stage.

The influence of the Quaternary heating event on the individual samples cannot

be estimated but from the pattern of ages, this does not appear to be the only

event that led to annealing of fission track in apatite. However, the dataset is not

good enough to allow for a more accurate estimate of the timing of heating but the

results from thermal modelling imply that temperatures within the apatite PAZ

persisted during much of the middle Miocene. There is no trend in the apatite

fission track ages that implies a regional metamorphic event such as burial meta-

morphism or large–scale hydrothermal heating in the Coya Machali Formation.

On the contrary, the impression of a number of local effects at different times and

with overlapping areas of influence on the rocks is supported. It is proposed that

hydrothermal activity within the subsiding basin and also during later compres-

sion and basin inversion led to a number of local heating events and associated

formation of minerals such as zeolites in the rocks.

2.4.2 Type of metamorphism: Burial or no burial?

Burial metamorphism in subsiding basins has generally been accepted to be the

main mechanism to produce large volumes of rocks altered at low grades in the

Central Andes (Levi (1970); Levi et al. (1989); Aguirre et al. (1987)). In the study

area, Belmar (2000) found a continuous increase in metamorphic grade from west

to east, that is from younger to older deposits. He proposed burial metamor-

phism as a likely mechanism for such a pattern but observed that the rocks in the

area have a polymetamorphic history and that the overall pattern is disturbed by

local events such as contact metamorphism near intrusions. However, based on

the fission track data and on geological observations, the idea of a single burial

metamorphic event in the study area has to be abandoned. The units outcrop-

ping in the study area belong to two separate cycles of basin formation and infill

and there are major stratigraphic unconformities and also an angular unconfor-

mity between older and younger deposits. The concept of a single vertical stack

of sediments does not fit with geological evidence in the field. In the Jurassic Rio

Damas and Baños del Flaco Formations, metamorphism took place long before

the Coya Machali Formation was deposited. This is implied by the evidence of
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partially reset fission tracks in zircon as well as by the formation age of 101.3 ±
2.9 Ma determined by Belmar (2000) in a celadonite from the upper Rio Damas

Formation. Furthermore, this metamorphic event cannot be only attributed to

burial of these sediments. The samples from the Rio Damas and Baños del Flaco

Formation were heated to temperatures within the zircon partial annealing zone in

the middle Cretaceous and deposition of the White Tuff layer on top of the already

eroded Baños del Flaco Formation took place at more or less the same time that

peak temperatures were apparently reached. Burial, therefore, is not a possible

explanation for the heating. Much more likely is that heating at quite shallow

levels occurred due to geothermal activity associated, maybe, with the volcanism

that erupted the White Tuff layer. The fact that there is no clear trend in the

ZFT ages in the Rio Damas Formation with increasing depth is also an indica-

tion that heating in these rocks occurred within the same timespan but was not

consistent over the whole area. Some samples were less affected or cooled earlier

than others. Thermal modelling of samples from the lower part of the Rio Damas

Formation indicates rapid cooling after the Cretaceous metamorphic event and no

later heating until the Quaternary. Burial metamorphism due to deposition of the

Coya Machali Formation can therefore be excluded. Samples from the Cretaceous

White Tuff layer and the BRCU show no indication of annealing of fission tracks

in zircon. Fission tracks in apatite were partially or completely annealed during

the Quaternary (figure 2.24).

In the Coya Machali Formation there is also no evidence of annealing of fission

tracks in zircon. The Coya Machali Formation (up to 2000 m) is not thick enough

to account for heating to temperatures within the zircon PAZ, even under high

geothermal gradients. Thermal modelling of an apatite sample from the Coya

Machali Formation implies that reheating occurred after deposition and that tem-

peratures did not drop below the partial annealing zone of apatite till later than

10 Ma. The elevated temperatures may be partially due to burial in the basin but

it is also likely that pulses of hydrothermal activity took place at various times

and at various localities in the basin. There is no trend in the apatite ages of

samples from the Coya Machali Formation to indicate a pattern of classical burial

and exhumation.

67



Chapter 2

Figure 2.24: Zones of thermal overprint of AFT samples during Quaternary heating. In zone 1,
fission tracks in apatite were almost completely annealed, in zone 2 fission tracks were substan-
tially annealed. Thermal overprinting also occurred outside these zones as evidenced by thermal
modelling (see fig. 2.20 but to a lesser extent.
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2.5 Conclusions

A new model is proposed for the low–grade metamorphism in the Tinguiririca val-

ley. At least 2 cycles of metamorphism in subsiding basins have taken place. In the

Rio Damas and Baños del Flaco Formations a major heating event occurred during

the middle Cretaceous. Temperatures above 200 ◦C were reached as was shown by

Belmar (2000) using fluid inclusion microthermometry and also confirmed by the

observed partial annealing of fission tracks in zircon. Peak temperatures during

this event were reached at about 100 Ma. The heating cannot have been due to

burial alone because the presence of the White Tuff layer with a middle Cretaceous

formation age shows that erosion of the Baños del Flaco Formation was already

ongoing or completed during peak temperatures conditions. A very high geother-

mal gradient due to magmatic and hydrothermal activity is proposed as the most

likely cause of heating at shallow depths and also accounts for the irregular pattern

of ZFT ages in the Rio Damas and Baños del Flaco Formations as heating would

not have been uniform over a large area. Hydrothermal activity may have been

associated with the active volcanism that erupted the White Tuff layer. Cooling

to temperatures below the apatite PAZ in the Late Cretaceous to Early Tertiary

was then followed by a long period of little thermal activity in the Rio Damas and

Baños del Flaco Formations. Little information was gained on the thermal history

of the Cretaceous deposits, the White Tuff formation and the BRCU. No indication

of annealing of fission tracks in zircon can be seen in either unit. Apatite samples

from the BRCU were reset during a Quaternary heating event. The deposits of

the Coya Machali Formation were not pervasively heated to temperatures within

the zircon PAZ, although contact metamorphism may have caused high temper-

atures locally. This assumption is supported by the secondary minerals found in

the rocks of the Coya Machali Formation: zeolite minerals, indicating alteration at

low temperatures, chlorite, quartz and calcite are commonly found in samples from

the Coya Machali Formation but minerals indicating higher temperatures such as

prehnite or pumpellyite are only rarely found near large intrusions. Heating to

temperatures within or even above the partial annealing zone of apatite certainly

occurred. Sadly, the pattern of apatite ages and the unknown effect of overprint-

ing during the Quaternary heating event do not allow for any detailed model on

the timing of the heating event. Burial metamorphism in the Tertiary extensional
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basin may have occurred but the pattern of apatite ages is not typical of a classi-

cal burial and exhumation. Instead, hydrothermal activity, probably concentrated

in brittle fault zones or along other conduits, has imposed a very complex pat-

tern of overlapping localised heating events and associated formation of secondary

minerals on the rocks of the Coya Machali Formation. Localised heating during

the Quaternary, close to the present–day hot springs of Termas del Flaco caused

complete annealing of fission tracks in apatite near the village and the Falla el

Fierro thrust fault. Samples further away from the heat source were only partially

reset but the effects of the heating can be seen even in samples from the lower

part of the Rio Damas Formation as can be shown by thermal modelling. The

amount of resetting in the individual apatite samples cannot be quantified. The

Quaternary heat–source was located almost exactly at the transition between the

Mesozoic and Tertiary deposits in the study area. The two sets of rocks with two

separate thermal histories were both overprinted by the same event. The difference

in metamorphic grade between the older rocks (prehnite–pumpellyite facies) and

the younger deposits (zeolite facies) was probably considerably blurred by this late

heating and isolated occurrences of zeolite minerals in the rocks of the Rio Damas

Formation can probably also be attributed to this event.

Finally, it is worth noting that in the Rio Tinguiririca valley, hydrothermal ac-

tivity in the middle Cretaceous, during the Miocene and in the Quaternary appears

to be mainly responsible for the low–grade alteration of the rocks. Burial meta-

morphism, that has often been termed the main mechanism for such alteration,

appears to have played only a very minor role in this area.
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Constraining the age of the

Brownish–Red Clastic Unit: new

evidence from fission track dating

3.1 Introduction

In their paper Charrier et al. (1996) described a new unit, the so–called Brown-

ish–Red Clastic Unit (BRCU), in the Rio Tinguiririca valley in the main Cordillera

of the Andes of central Chile. Stratigraphically this unit lies between the late

Jurassic Baños del Flaco Formation and the Tertiary Coya Machali Formation

and is only exposed over a distance of about 4 to 5 km before it wedges out both

to the North and South. No biostratigraphically significant fossils have been found

in the deposits of the BRCU that enable an exact dating of the unit. However,

non–avian dinosaur bones found in the upper part of the unit (Charrier et al.

(1996)) constrain it to the Cretaceous.

3.1.1 Geological setting

In the Rio Tinguiririca valley in the main Cordillera of the Andes at 35 ◦ South

a discontinuous stratigraphic sequence from the Late Jurassic to the Miocene can

be found. An overview of the stratigraphic sequence in the Tinguiririca valley is

given in figure 3.1.

The oldest unit in the area is the Rio Damas Formation. It consists of conti-
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nental sandstones and conglomerates and lavas and is 3700 m thick in the study

area (Charrier et al. (1996)). The age of the Rio Damas Formation is known

to be Kimmeridgian based on the well defined ages of its bracketing units. The

marine deposits of the Baños del Flaco Formation lie conformably on top of the

Rio Damas Formation. They consist mainly of marine sandstones and limestones

and contain abundant fossils. The Baños del Flaco Formation has been dated

as Tithonian based on stratigraphically significant ammonite species found in the

unit. In the study area, the Baños del Flaco Formation is about 400 m thick and

the top was eroded. To the north and south, the Baños del Flaco Formation is

up to 2000 m thick and deposition is known to have continued to the Neocomian

(Early Cretaceous). The BRCU unconformably overlies the deposits of the Baños

del Flaco Formation. It consists of fan deposits and alluvial plane deposits and

reaches a maximum thickness of about 250 m. The Tertiary Coya Machali Forma-

tion lies unconformably on top of the BRCU and the Baños del Flaco Formation

with a slight angular offset. It consists mainly of continental sediments, lavas and

pyroclastics and is about 1600 m thick.

South of where the BRCU wedges out, a white tuff layer is exposed along the

contact between the Baños del Flaco Formation and the Coya Machali Formation.

This tuff layer is absent along the contact between the Baños del Flaco Formation

and the BRCU and the relative stratigraphic positions of the tuff layer and the

BRCU cannot be established from field evidence. An isotopic age for this white tuff

is given as 104 ± 0.5 Ma (Wyss et al. (1994); Charrier et al. (1996)) and the tuff

can therefore neither be a part of the Baños del Flaco Formation (Tithonian) nor of

the Coya Machali Formation (Eocene to Early Miocene) but was deposited on top

of the already eroded Baños del Flaco Formation. The Coya Machali Formation

lies with a slight angular unconformity on top of the BRCU, the white tuff and

the Baños del Flaco Formation. Mammal fossils found near the base of this unit

(Wyss et al. (1994)) confirm an Eocene age for this unit. Deposition continued to

the late Oligocene or early Miocene (Charrier et al. (2002)) and the unit was then

folded during a Miocene phase of compression in the area.

Charrier et al. (1996) suggested 4 possible scenarios for the position of the

BRCU and the White Tuff based on field evidence:

1. The White Tuff is an intercalation within the Baños del Flaco Formation that

was exposed when the overlying members were eroded in the Cretaceous.
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2. The White Tuff was deposited after local erosion on top of the Baños del

Flaco Formation and before the deposition of the BRCU. This would imply

an unconformity between the Baños del Flaco Formation and the White Tuff

and another between the White Tuff and the BRCU.

3. The White Tuff was deposited after the deposition and local erosion of the

BRCU but before deposition of the Coya Machali Formation. This scenario

would also imply two unconformities, one between the BRCU and the White

Tuff and another between the White Tuff and the Coya Machali Formation.

4. The White Tuff is the lowest part of the Coya Machali Formation.

Scenarios 1 and 4 were termed unlikely by the authors on account of the fairly

exact age brackets given for the Baños del Flaco and Coya Machali Formations.

Neither of these fits with the 104 Ma age determined for the White Tuff and

it is unlikely that this deposit is a member of either the overlying or underlying

formation. Of the other two possibilities, scenario 2 was preferred to scenario 3 but

could not be conclusively proven to be true based on the available field evidence.
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3.2 Discussion

Tab. 3.1 gives an overview of the zircon fission track (ZFT) data for samples from

the White Tuff and the BRCU.

The zircon fission track central age for the White Tuff is 86.4 ± 7.7 Ma and

passes the chi square–test. Thus it can be treated as a cooling age. This age is

younger by about 20 Ma than the age of 104 Ma determined by Ar–Ar chronometry.

Since the tuff is only about 3–4 m thick, cooling would normally be expected to

have been fairly fast and the ZFT age should not be much younger than the Ar–Ar

age. Several possible explanations exist:

1. The ZFT age is inaccurate.

2. The Ar–Ar age is inaccurate.

3. The Tuff layer was originally much thicker and possibly covered with more

deposits that were later eroded. Cooling in this thick pile of volcanic deposits

took more than 10 Ma.

4. The formation age of 104 Ma is correct and a later heating event occurred

that caused partial or complete annealing of fission tracks in zircon and reset

the sample to a younger age.

5. Both age determinations are accurate and reflect a long–lasting volcanic

activity with only small amounts of volcalcanoclastics deposited.

The zircon sample was prepared, etched and irradiated according to the meth-

ods described in chapter 1. There is no obvious reason why the ZFT age for the

white tuff should be less accurate than the ages of any of the other samples. The

grains contain enough Uranium to give reasonable count statistics, 20 individual

grains were dated and the sample passes the chi square test. The only possible

issue is that the grains are rather small and accordingly only fairly small areas

were counted on each grain. However, this should not have a large impact on the

central age and the σ–error for the age is on the scale of 10%, which is acceptable

and was found in most of the other zircon samples analysed.
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Figure 3.2: Radial plots of 6 sam-

ples from the BRCU. The grey area

shows the time–span (Cretaceous)

in which the unit was supposedly

deposited (see chap. 1). The sam-

ples are shown in stratigraphic or-

der with the stratigraphically high-

est sample at the top.

According to Charrier et al. (1996), there are

no other major volcanic deposits of mid Creta-

ceous age reported from the Andes in central

Chile. The White Tuff is only found locally and

is only 3 – 4 m thick. There is no indication that

it was once thick enough to explain such a slow

cooling as would be necessary to neatly explain

the difference between Ar–Ar and ZFT ages of

about 20 Ma.

The partial annealing zone for zircon is gen-

erally accepted to be between about 180 and

320 ◦C (Tagami and Shimada (1996); Tagami

et al. (1996, 1998); Timar-Geng et al. (2004)).

Such temperatures cannot easily be expected

close to the surface. Thus a significant amount

of burial would have to be expected in order to

allow for temperatures in the range between 180

and 320 ◦C to cause annealing of fission tracks in

zircon. Possible mechanisms for generating such

high geothermal gradients include contact meta-

morphism near an intruding pluton and/or hy-

drothermal activity. Again, there is no indica-

tion that the Tuff was buried to any great ex-

tent before deposition of the Coya Machali For-

mation. Also, a sample from near the erosive sur-

face of the Baños del Flaco Formation, close to

the White Tuff, has an apatite age of 112.9 Ma.

If the Tuff layer had been heated to temperatures

within the zircon partial annealing zone (about

180 to 320 ◦C, see Tagami and Shimada (1996);

Tagami et al. (1996, 1998); Timar-Geng et al.

(2004)) any time after 100 Ma, this apatite sample

would have been affected also and fission tracks in

apatite would have been annealed if temperatures
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within the apatite PAZ, about 60 to 120 ◦C, were

reached (Green et al. (1986, 1989); Laslett et al.

(1987); Duddy et al. (1988)).

Analysed samples from the BRCU are all sed-

iments. Fission track central ages for detrital zir-

cons from these sediments range from 62.8 to 90.5

Ma. With one exception these samples do not

pass the chi square test. The spread in single

grain ages is not very large in most of the samples

but individual grains show considerably older or

younger ages than the bulk of the grains (see fig-

ure 3.2). There is no direct indication that heat-

ing and annealing of fission tracks in zircon oc-

curred in the BRCU. Firstly, most of the samples

do not pass the chi square test and thus possibly

reflect the cooling of the detrital source area. Sec-

ondly, there is no indication of a heating event in

the late Cretaceous neither in the Baños del Flaco

Formation nor in the White Tuff layer discussed

above. The BRCU is only about 250 m thick.

If temperatures of over 200 ◦C had been reached,

one would expect to find evidence in the underlying units also.

Brownish Red Clastic Unit

0 250100

 7 

single grain age (Ma)

n=106

150 20050

co
un

ts

Figure 3.4: Bar chart showing all ZFT single grain ages measured in the 6 samples from the
BRCU. The grey bar marks the supposed time–span in which the unit was deposited (Creta-
ceous). The maximum of the distribution is at about 60 to 70 Ma, in the late Cretaceous.
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Figure 3.5: Bar chart showing the single grain ages measured in the sample from the White
Tuff.
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Figure 3.3: Radial plot of the ZFT

sample from the White Tuff. The

sample passes the χ2–test (see tab.

2.1) and the central age is therefore

thought to represent cooling of the

tuff directly after deposition.

Most of the grains from the BRCU are be-

tween about 60 and 80 Ma old. Since the samples

are all sediments and no heating and annealing of

the samples is assumed after deposition, detrital

grain ages must be older than the age of deposi-

tion. Most of the grains are not much rounded

and corroded and therefore were probably not

transported very far. Erosion and deposition of

most of the detrital grains in the BRCU is sug-

gested to have occurred fairly soon after initial

deposition of the volcanic source material.

Thus the late Cretaceous zircon fission track ages are suggested to quite ac-

curately date the deposition of the BRCU as late Cretaceous, in good agreement

with the Cretaceous fossils found in the upper part of the unit.

Figure 3.6 shows enveloping curves for single grain ages from all analysed units

in the area. The grains from the Rio Damas and Baños del Flaco Formations have

a maximum frequency at about 100 Ma, those from the White Tuff at about 80

Ma and the grains from the BRCU have a maximum at about 60 Ma. Grains from

the Coya Machali Formation are, with the exception of several detrital grains,

much younger and have a marked maximum at about 20 Ma. This sequence prob-

ably represents the relative positions of the units with the White Tuff deposited

sometime before the BRCU (figure 3.7).
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Figure 3.6: Enveloping curves of the single grain age distributions of 1. the Rio Damas and
Baños del Flaco Fms, 2. the White Tuff layer, 3. the BRCU and 4. the Coya Machali Fm. The
grey bars mark a. the deposition age of the Coya Machali Formation, b. and c. the possible
deposition ages of the White Tuff (see text) and d. the deposition of the Baños del Flaco and
Rio Damas Fms.

3.3 Conclusions

The White Tuff was deposited in the mid to late Cretaceous on to the eroded top

of the Baños del Flaco Formation. The available age data, taken as accurately

dating formation and fast cooling of volcanic deposits respectively, constrain the

time of volcanic activity to 104 to 86 Ma. The White Tuff was clearly deposited

before the BRCU.

Central ages for samples from the BRCU are mainly late Cretaceous. These

detrital ages do not directly date the age of deposition of the BRCU because the

samples are sediments and the ages of the zircon grains date the time of cooling in

volcanic deposits that were later eroded and redeposited in the BRCU. Thus, the

inferred upper limit for the age of the BRCU is the late Cretaceous. Therefore, a

late Cretaceous age has to be assumed for the BRCU. This was obviously deposited

before tilting of the older units because there is no angular unconformity between

the BRCU and the Baños del Flaco Formation.

The results support the hypothesis of Charrier et al. (1996), who proposed that

the BRCU was deposited in the late Cretaceous and, accordingly, that there is an

unconformity between the Baños del Flaco Formation and the White Tuff, another

between the White Tuff and the BRCU and another between the BRCU and the

Coya Machali Formation.
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Figure 3.7: Compilation of data from previous publications (see section 3.1, ZFT and AFT
allows more accurate constraints on the ages and relative positions of some of the units in the
Tinguiririca river valley. The BRCU can be set in the late Cretaceous and is younger than the
White Tuff (see fig. 3.6), deposition of the Coya Machali Fm. probably continued to the middle
Miocene. The exact age of the White Tuff remains uncertain but a middle to late Cretaceous
age is supported by evidence from FT analysis.
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New insights into the tectonic

development of the Rio

Tinguiririca valley area, in the

main Cordillera of the Andes, 35 ◦

south, from fission track dating

4.1 Abstract

Fission track analysis was carried out on zircon and apatite mineral separates

from the stratigraphic units outcropping in the Rio Tinguiririca valley in the main

Cordillera of the Andes of central Chile. The data allow more accurate constraints

of the tectonic and metamorphic history of the area. A model for the Mesozoic to

Quaternary tectonic evolution of the area is proposed, based on the fission track

data from this study and earlier work by Charrier et al. (1996) and Charrier et al.

(2002). Metamorphic alteration of rocks in the Rio Tinguiririca valley appears to

be mainly due to hydrothermal activity associated with active magmatism and/or

volcanism. Burial metamorphism did not play a major role.
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4.2 Introduction

In the Rio Tinguiririca valley in the main Cordillera of the Andes of central Chile

parts of a stratigraphic sequence ranging from the late Jurassic to the Quaternary

are exposed. Originally, the units were thought to represent a more or less contin-

uous sequence from the late Jurassic to late Cretaceous. However, the discovery of

Tertiary mammal fossils in a unit previously mapped as Cretaceous (Wyss et al.

(1990)) and further work by Charrier et al. (1996) led to a reinterpretation of the

stratigraphic sequence in the area. The relationships are more complex than orig-

inally thought and the Rio Tinguiririca valley has several distinctive features that

do not occur in other locations (see section 4.3.

4.2.1 Geological setting

An overview of the tectonic setting of the study area is given in chapter 1. It is

located in the main Cordillera of the Andes in central Chile at about 35 ◦ South

(see figure 4.1). A 25 km transect in the Rio Tinguiririca valley from near the

Argentinean border in the East to the confluence of the Rio Tinguiririca and the

Rio Azufre in the West was investigated.

Figure 4.1 shows a geological overview of the setting of the study area. It

is at the western edge of the Neuquen back arc basin in the Main Cordillera

of the Andes. The area is at the transition of two segments of the Andes that

have distinctly different Mesozoic histories. To the North a sedimentary platform

developed in the back arc during the Jurassic. In the Early Cretaceous an aborted

marginal basin developed west of the platform and large amounts of basalts and

andesites were erupted. In the middle Cretaceous a fold and thrust belt was

formed in the back arc area and the magmatic arc migrated to the West during

the Late Cretaceous and Early Tertiary. To the South a large ensialic back arc

basin (Neuquen basin, see figure 4.1) developed in the Early Jurassic and was active

until the Early Cretaceous. In the Cretaceous a fold and thrust belt also formed

in the back arc area. The magmatic arc remained more or less stationary up to

the present and active volcanism continued until recent times (see Mpodozis and

Ramos (1989)). The Mesozoic units outcropping in the study area were deposited

along the western edge of the Neuquen back arc basin and are unconformably

overlain by deposits from a Tertiary intra–arc basin that formed to the west of

84



Chapter 4

Figure 4.1: Location of the study area (black box) in the Main Cordillera of the Andes at about
35 ◦ south. The study area lies at the transition between the deposits of the Neuquen backarc
basin to the east and the Mesozoic to Tertiary volcanic deposits in the Main Cordillera of the
Andes.
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the Neuquen basin. This second basin was active from the Late Eocene to Late

Oligocene or Early Miocene and was then deformed during a period of compression

in the Miocene.

Figure 4.2: Geological map of the study area near the village of Termas del Flaco in the Rio
Tinguiririca valley showing the stratigraphic units discussed in the text and major structural
features.

Figure 4.2 shows a geological map of the study area near the village of Termas

del Flaco. The middle Jurassic to Early Cretaceous stratigraphic sequence in the

Neuquen back arc basin consists of two transgression–regression cycles with marine

and continental clastic sediments. The oldest deposits of the series, the Nacientes

del Teno Formation (Oxfordian), are not exposed in the study area. They consist

of an 800–1000 m thick sequence of marine sandstones and limestones capped by

a gypsum upper member (Charrier et al. (1996)). The Kimmeridgian Rio Damas

Formation is the oldest unit exposed in the study area (figure 4.2) and consists
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Figure 4.3: Stratigraphic column showing the ages of the units outcropping in the study area.
The second column shows a simplified column of units found in other parts of the Central Andes.
The BRCU has hitherto only been found in the Tinguiririca river valley and its exact age is not
known. Fig. modified after Charrier et al. (1996).
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of a 3700 m thick sequence of continental sandstones and conglomerates with a

high percentage of volcanic material and of lavas. The Baños del Flaco Formation

conformably overlies the continental deposits of the Rio Damas Formation and

consists mainly of marine sandstones and limestones showing a transgression from

platform to shelf sediments. Deposition of this unit was from the Tithonian to the

Neocomian (Early Cretaceous) and the unit reaches thicknesses of up to 2000 m,

but in the study area only the Tithonian deposits (about 400 m thick) are preserved

and the upper part of the formation has been eroded (Charrier et al. (1996)). At

other localities, the Aptian to Albian Colimapu Formation conformably overlies

the Baños del Flaco Formation but it is completely missing in the study area

(figure 2.3). It is not known whether the unit was deposited and later eroded

or if local erosion began earlier and deposition did not take place. Instead, a

unit consisting of well–bedded brown and red continental clastic sediments, the

so–called Brownish–Red Clastic Unit (BRCU), lies without angular unconformity

on top of the erosional surface of the Baños del Flaco Formation. This unit has

no continuation to the North and South and has not hitherto been described in

any other locality in the Central Andes. The exact stratigraphic position and age

of the BRCU are still a matter of debate (see Charrier et al. (1996)).

The deposits of the Tertiary intra–arc basin are represented in the study area

by the Coya Machali Formation, a thick (about 1500 m) sequence of continental

sediments and volcanic and volcaniclastic rocks. The age of these deposits is given

as late Eocene to early Miocene based on fossils and radiometric age data (Charrier

et al. (1996)). Charrier et al. (2002) showed that the oldest ages for the Coya

Machali Formation appear to differ laterally and that the onset of sedimentation

was probably not at the same time in all parts of the basin. The deposits of the

Coya Machali Formation were later folded and thrusted in the Miocene.

A suite of Quaternary volcanics radiometrically dated at 1.1 Ma (Arcos et al.

(1988); Charrier et al. (1996)) lies discordantly on top of all the deformed Mesozoic

and Tertiary units. These consist mainly of basalts and pyroclastic flows and

belong to the Tinguiririca Volcanic Group.

The Mesozoic units in the study area are all tilted to the West with dip angles

of about 50 ◦. Although there is a major stratigraphic unconformity between the

Baños del Flaco Formation and the BRCU, there is no significant angular unconfor-

mity between the units. Tilting must have occurred after deposition of the BRCU
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and prior to deposition of the Coya Machali Formation, however, because there is

an angular unconformity of 15 to 20 ◦ between the Baños del Flaco Formation and

the overlying Coya Machali Formation. Another sharp angular unconformity sep-

arates Mesozoic and Tertiary units and the Quaternary volcanics, which lie almost

horizontally on top of all the other units. Folding is only observed in the deposits

of the Coya Machali Formation. The pre–Tertiary, deformation is documented by

the steeply inclined strata and rarely observed thrusts, while no major folds could

be observed at the investigated scale. The most prominent structure in the study

area is the Falla el Fierro fault (see figure 4.2) that cuts the BRCU and the Baños

del Flaco Formation. Although offset along this fault is not very large (in the

range of meters or tens of meters) it can be traced in other localities to the North

and South of the study area. Charrier et al. (2002) suggested that the Falla el

Fierro thrust is a reactivated normal fault that formed during basin formation in

the Late Eocene.

One of the most enigmatic units in the study area is a 3–4 m thick layer of

white tuff found directly on top of the Baños del Flaco Formation on the South

side of the valley (figures 4.2, 4.3). This tuff layer has been dated with Ar–Ar

chronometry at 104 Ma (see Wyss et al. (1994); Charrier et al. (1996)). The

age was interpreted as a formation age of the tuff and shows that the layer can

neither belong to the Baños del Flaco Formation (Tithonian to Neocomian, see

figure 4.3) nor the overlying Coya Machali Formation (Eocene to Miocene, see

figure 4.3). Stratigraphically, the white tuff layer takes the same position as the

BRCU between the Baños del Flaco Formation and the overlying Coya Machali

Formation. Yet field evidence does not allow constraining the relative ages of the

White Tuff and the BRCU.

4.3 Previous work

Charrier et al. (1996) used a combination of mapping and analysis of structures,

biostratigraphic and radiometric age data, petrographic, sedimentologic and pale-

omagnetic data to reinterpret the stratigraphic sequence in the area. They found

several characteristics in the area that have not been described from other areas.

The most important results of the study were:

1. The Baños del Flaco Formation is eroded in this area and only the oldest
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(Tithonian) deposits are preserved.

2. The Colimapu Formation, that is found conformably overlying the Baños del

Flaco Formation in other locations, is missing in the Rio Tinguiririca valley.

3. The BRCU, which has not hitherto been described in any other area, uncon-

formably overlies the Baños del Flaco Formation but wedges out both to the

north and south.

4. Above where the BRCU wedges out on the southern flank of the valley,

a white tuff layer is found exposed directly on top of the Baños del Flaco

Formation. It is unclear from field evidence, whether this tuff layer lies above

or below the BRCU. An Ar–Ar age of 104 Ma was determined for this tuff

(Wyss et al. 1994). No large–scale volcanic deposits of similar age are known

from other locations in the Central Andes.

5. A new South American Land Mammal Association (SALMA) was found in

the Coya Machali Formation (Wyss et al. 1990). This unit had previously

been mapped as the mid Cretaceous Colimapu Formation. However, the new

fossils found near the base of the unit showed it to be Tertiary.

Charrier et al. (1996) suggested 4 possible scenarios for the position of the BRCU

and the White Tuff based on field evidence: The White Tuff is an intercalation

within the Baños del Flaco Formation that was exposed when the overlying mem-

bers were eroded in the Cretaceous. The White Tuff was deposited after local

erosion on top of the Baños del Flaco Formation and before the deposition of the

BRCU. This would imply an unconformity between the Baños del Flaco Forma-

tion and the White Tuff and another between the White Tuff and the BRCU. The

White Tuff was deposited after the deposition and local erosion of the BRCU but

before deposition of the Coya Machali Formation. This scenario would also im-

ply two unconformities, one between the BRCU and the White Tuff and another

between the White Tuff and the Coya Machali Formation. The White Tuff is the

lowest part of the Coya Machali Formation.

Scenarios 1 and 4 were termed unlikely by the authors on account of the fairly

exact age brackets given for the Baños del Flaco and Coya Machali Formations.

Neither of these fits with the 104 Ma age determined for the White Tuff and

it is unlikely that this deposit is a member of either the overlying or underlying
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formation. Of the other two possibilities, scenario 2 was preferred to scenario 3 but

could not be conclusively proven to be true based on the available field evidence.

Belmar (2000)studied the low–grade metamorphism in the area. He found an

apparently continuous increase in metamorphic grade from diagenetic conditions in

the west (Coya Machali Formation) to prehnite–pumpellyite facies in the east (Rio

Damas Formation). These findings were in contrast to earlier models for low–grade

metamorphism in the Central Andes (Aguirre et al. (1987, 1989); Levi (1970); Levi

et al. (1982); Offler et al. (1980); Vergara et al. (1993)), which predicted sharp

breaks in metamorphic grade over major stratigraphic unconformities. Belmar

(2000) originally proposed long–lasting regional burial metamorphism affecting

Mesozoic and Tertiary units as a likely mechanism to produce the observed pattern

in metamorphic grade. However, Charrier et al. (2002) presented evidence that the

Tertiary Coya Machali Formation was deposited in an extensional basin or series

of basins that developed during the mid to late Eocene and were inverted and

deformed during the Miocene. The authors found evidence for an eastern scarp

near the basal unconformity of the Coya Machali Formation in the Rio Tinguiririca

valley. In view of these results a single burial metamorphic event appears unlikely.

The onset and end of deposition in the basin and the following compressive phase

did not take place at the same time all along the north south extent of the basin

or series of basins. In the Rio Tinguiririca valley, deposition apparently began

in the late Eocene (at about 35 Ma) and is thought to have continued to the

early Miocene (about 20 Ma). Compression then occurred and the Coya Machali

Formation was folded and thrusted. Charrier et al. (2002) dated this compressional

phase at about 20 to 15 Ma.

4.4 Results

The methods used for fission track analysis are described in chapter 1. 31 samples

were prepared for fission track analysis (tables 4.1 and 4.2). 19 samples yielded

enough zircon and apatite for dating, in the remaining samples only one of the

two minerals could be analysed. All stratigraphic units in the study area were

sampled, including the Quaternary volcanic deposits. Samples were analysed with

the external detector method (see Wagner and Van den Haute (1992)). Ages were

calculated with the software Trackkey 4.1 by Dunkl (2002) and are given as central
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ages (Galbraith and Laslett (1993)) with 1–σ errors for all zircon samples and

for several apatite samples (kw1–12, kw2–13, kw2–20, kw2–22, kw2–32, kw2–35).

Ages shown in brackets and italics are based on fewer than 10 single grain ages.

For the remaining apatite samples ages were calculated and are shown as pooled

ages because single grain age dating was not possible (see section 1.4.1). Pooled

ages are also given with 1–σ errors. Radial plots in figs. 4.5, 4.7, 4.9, 4.11, 4.13,

4.15 show single grain ages with σ errors on the left vertical, relative errors of the

single grain ages on the horizontal and age in Ma on the right part of the plot.

The oldest and youngest single grain ages of each sample are indicated (right).

The plots are arranged in stratigraphic order with the stratigraphically highest

plot at the top. Grey bars or areas in the plots mark deposition ages of the units

in question.

4.4.1 Zircon fission track data

27 zircon samples were prepared and irradiated for fission track analysis. Four of

these samples yielded less than 10 single grain ages and the central ages for these

samples are given in brackets in figures 4.4, 4.5, 4.13. Results are summarised in

table 4.1. Figure 4.4 shows the distribution of zircon fission track central ages in

the study area together with their position in the stratigraphic column and in a

position altitude plot along a NW–SE transect (shown in Appendix A).
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Figure 4.4: Central ages determined for zircon fission track samples from the Tinguiririca river
valley, top: in map view, bottom: in an age vs. position plot along the transect shown in
Appendix A and in a schematic stratigraphic column. Ages in brackets and italics are based on
less than 10 single grain ages (see tab. 2.1).
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Figure 4.5: Radial plots of samples

from the Rio Damas Fm.

Rio Damas Formation

9 samples from the Rio Damas Formation were

analysed (see table 4.1, figures 4.4, 4.5). They

cover a range from close to the top of the unit to

the lower part (the base is not exposed in the

study area) and the difference in stratigraphic

depth between the highest and lowest samples is

about 3500 m. The relatively consistent central

ages range between 106.3 and 136.2 Ma with no

trend of increasing or decreasing age neither with

stratigraphic depth nor with sample–elevation (ta-

ble 4.1, figure 4.4). Radial plots of the individ-

ual samples are shown in figure 4.5 b. Central

ages determined in the Rio Damas Formation are

all significantly younger than the inferred strati-

graphic age (Kimmeridgian, 156–150 Ma) of the

unit. Single grain age spreads in the individual

samples are all similar and grains preserving ages

older than the stratigraphic age of the unit are

still found in most samples (figure 4.5 b.). Figure

4.5 a. shows a histogram of all single grain ages

of samples from the Rio Damas Formation. The

maximum in the distribution is at about 100 Ma

and thus clearly younger than the stratigraphic

age. This, together with the fact that numer-

ous grains older than the deposition age are still

preserved, is indicative of partial annealing. The

100 Ma maximum is tentatively interpreted as

roughly approximating the time of metamorphic

overprint.
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Rio Damas formation
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Figure 4.6: Bar chart showing all ZFT single grain ages measured in samples from the Rio
Damas Fm. The distribution shows a maximum at about 100 Ma, which is significantly younger
than the stratigraphic age of the unit. Youngest single grain ages are at about 50 to 55 Ma.
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Figure 4.7: Radial plots of two

ZFT samples from the Baños del

Flaco Fm. The horizontal grey bar

marks the approximate deposition

age of the unit. The samples are

shown in stratigraphic order with

the stratigraphically highest sample

at the top.

Baños del Flaco Formation

Two samples from the Baños del Flaco Formation

(kw2–2 and kw2–32) yielded central ages of 124.1

Ma and 170.5 Ma respectively (table 4.1, figures

4.4, 4.7). Kw 2–2 is from near the base of the unit

on the North side of the valley and shows simi-

lar characteristics to samples from the Rio Damas

Formation. The central age is younger than the

stratigraphic age of the unit (Tithonian, 150–144)

indicating at least partial annealing. The spread

of single grain ages is also similar to those of sam-

ples from the Rio Damas Formation and grains

with ages older than the stratigraphic age of the

unit show that no total annealing of the sample

occurred. Kw2–32 is from close to the topmost

preserved part of the Baños del Flaco Formation

in the vicinity or the unconformably overlying

White Tuff. Although the difference in strati-

graphic depth between these two samples is not

very large (about 300 m), kw2–32 has a signifi-

cantly older central age than any of the other samples from the Rio Damas or

Baños del Flaco Formations. The central age (170.5 Ma) is much older than the

stratigraphic age of the unit. However, the single grain age distribution of the sam-
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ple (figure 4.7 b.) shows that the sample also contains individual grains younger

than the stratigraphic age, thus indicating that partial annealing occurred in this

sample as well.

Baños del Flaco formation

0 500250

 3 n=34

single grain age (Ma)

stratigraphic age
co

un
ts

Figure 4.8: Bar chart showing all single grain ages measured in samples from the Baños del
Flaco Fm.
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Figure 4.9: Radial plot of the ZFT

sample from the White Tuff.

White Tuff

The White Tuff layer (kw3–09, see table 4.1),

which lies directly on top of the erosional surface

of the Baños del Flaco Formation, has a zircon fis-

sion track central age of 86.4 ± 7.7 Ma. The sam-

ple passes the χ2–test and the age is interpreted

as a cooling age. Figure 4.9 shows the single grain

age distribution of the White Tuff.

Ar-Ar age

0 250100 150 20050
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.
Figure 4.10: Bar chart showing the single grain ages measured in the sample from the White
Tuff.
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Figure 4.11: Radial plots of 6 sam-

ples from the BRCU. The grey area

shows the time–span (Cretaceous)

in which the unit was supposedly

deposited (see chap. 1). The sam-

ples are shown in stratigraphic or-

der with the stratigraphically high-

est sample at the top.

Brownish–Red Clastic Unit

6 samples from the BRCU were analysed (table

4.1, figures 4.4, 4.11). 2 samples are from the

footwall of the Falla el Fierro thrust (kw1–6 and

kw3–02, see figure 4.4) and 4 from the hanging

wall. The samples are all sediments containing

volcanic material and some of the zircons from

these samples are rounded indicating that they

were reworked and transported before deposition.

The 5 stratigraphically lower samples (figure 4.4)

yielded central ages ranging between 62.8 and 73.6

Ma. An older age of 90.5 Ma was determined

for the uppermost sample from the highest strati-

graphic level, near the top of the unit. Because

there is no independent indication that heating

and annealing of fission tracks in zircon occurred

after deposition, these ages are thought to rep-

resent detrital ages grains from the source areas.

However, a histogram of the single grain ages from

all six samples (see figure 4.11 a.) shows that most

of the individual grains have late Cretaceous ages.

The central ages are surprisingly similar and the

sediments deposited in the BRCU appear to have

come from a restricted source area where active

volcanism occurred in the late Cretaceous.
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Brownish Red Clastic Unit
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Figure 4.12: Bar chart showing all ZFT single grain ages measured in the 6 samples from the
BRCU. The grey bar marks the supposed time–span in which the unit was deposited (Creta-
ceous). The maximum of the distribution is at about 60 to 70 Ma, in the late Cretaceous.
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Figure 4.13: Radial plots of 8 ZFT

samples from the Coya Machali Fm.

Coya Machali Formation

8 samples from the Coya Machali Form were anal-

ysed (tab. 4.1, figs 4.4, 4.13). Central ages range

from 14.2 ± 1.6 Ma to 76.3 ± 17.1 Ma. Fig. 4.14

shows a histogram of all single grain ages from

the Coya Machali Fm. There is a pronounced

peak at about 20 Ma but also a significant num-

ber of grains with ages much older than the strati-

graphic age of the Coya Machali Fm are present.

Fig. 4.13 shows radial plots of the individual sam-

ples from the Coya Machali Fm. Samples kw2–34

and kw2–33 are from the lower levels of the Coya

Machali Fm and central ages of 35.4 and 23 Ma

were determined for these two samples. Samples

kw2–36 and kw2–45 have ages of 19.8 and 19.5 Ma

respectively. All these ages fit with the period of

active extension and sedimentation in the basin,

from the Late Eocene to Early Miocene. Kw2–31

has a central age of 42.6 Ma and clearly contains

at least two different grain populations (see figure

4.13). The age is therefore interpreted as a mixed

age of detrital grains transported into the basin

from outside and grains formed during volcanism

associated with basin formation. Kw2–54 also

contains detrital grains with ages much older than

the deposition of the Coya Machali Fm (tab. 4.1,

fig. 4.13). The remaining two samples, kw2–35

and kw2–57 both show ages that are younger than

the generally accepted stratigraphic age of the

Coya Machali Fm. Since there is no indication

of substantial post–depositional heating, the sam-

ples possibly indicate that the stratigraphic range

of the Coya Machali Fm has to be extended to-

wards the middle Miocene.
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Coya Machali formation
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Figure 4.14: Bar chart showing all ZFT single grain ages measured in samples from the Coya
Machali Fm. The grey bar marks the time–span of deposition of the unit (Eocene to early
Miocene). There is a maximum in the distribution at about 20 Ma (early Miocene) but a
number of grains show ages significantly older than the given deposition age of the unit.

Tinguiririca Volcanic Group

One sample (kw3–19) from a tuff layer in the Quaternary volcanic rocks was dated

to 0.7 ± 0.1 Ma (table 4.1, figures 4.4, 4.15), well in agreement with other radio-

metric data (see Charrier et al. (1996)).

0.7
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Figure 4.15: Radial plot of a ZFT sample from the Quaternary volcanics.

4.4.2 Apatite ages

23 apatite samples were analysed (see tab. 4.2, figure 4.16). However, single

grain age dating could only be applied to 6 samples containing enough grains with

sufficient spontaneous fission tracks. For each of these 6 samples at least 20 grains

were analysed and the ages are given as central ages (tab. 4.2). For the remaining

samples a modified population age method (see section 1.4.1, Wagner and Van den

Haute (1992)) was applied: all grains with good surfaces were counted, including
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Figure 4.16: Apatite fission track data in the Tinguiririca river valley. Ages are given as central
ages or pooled ages (see tab. 2.2). top: map view, bottom: position (relative position along the
transect in Appendix A) vs. altitude plot and in a schematic stratigraphic column.
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those grains with no spontaneous tracks. Pooled ages were then calculated for

the total Ns/Ni ratio of all counted grains. The number of counted grains ranges

from 19 to 60. Because of the lack of spontaneous tracks and the relatively low

U content of most of these samples, the calculated ages have large relative errors

(see table 4.2).
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Samples analysed with the external detector method

Four samples from the Rio Damas Formation, one sample from the Baños del Flaco

Formation and one sample from the Coya Machali Formation could be analysed

with the external detector method (see tab. 4.2, figs 4.17, 4.19, 4.20).
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Figure 4.17: Radial plots of 4 AFT samples from the Rio Damas Fm. Ages are given as central
ages in Ma with 1–σ errors. The plots are in stratigraphic order with the stratigraphically highest
sample at the top. Track length data was measured in three of the samples (see tab. 4.2) and
track length distributions are plotted next to the radial plots. MTL: mean track length, S.D.:
standard deviation of MTL, n: number of horizontal trakcs measured. In all three samples,
tracks >15µm were scarce or absent.

The four samples are from the lower part of the Rio Damas Formation. They

yielded central ages between 25.7 and 53 Ma and all pass the χ2–test (tab. 4.2, figs

4.16, 4.5, 4.7, 4.13). Radial plots of the samples are shown in figs 4.5, 4.7, 4.13.

Track length distributions of confined horizontal tracks were measured in three
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samples (kw1–12, kw2–20 and kw2–22, see figure 4.18) and thermal modelling of

temperature–time–paths was carried out using the software AFTSolve (Ketcham

et al. (2000)). Figure 4.18 shows a model run and track length distribution of

sample kw2–22. Interestingly, in all three samples long fission tracks (>15 µm)

are completely missing. Mean track lengths are between 9 and 10 µm. Modelling

of temperature time paths (figure 4.18) shows rapid cooling of the samples in the

late Cretaceous. The samples cooled below the apatite PAZ in the Early Tertiary.

After a slight T–increase, possibly due to burial, the samples were heated in very

recent times to temperatures within the apatite PAZ. Reheating is immediately

followed by rapid cooling to surface temperatures. Based on the modelling results,

the Eocene central ages of the samples are interpreted to be meaningless and

the samples underwent a two–stage cooling history with late Cretaceous cooling

followed by slight Tertiary reheating and a final late Tertiary/Quaternary heating

pulse.
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Figure 4.18: left: Temperature time path modelled for sample kw2–22 with the software
AFTSolve (Ketcham et al. (2000)). Constraints were set as follows: Temperature within the
zircon PAZ at 95 Ma (>180 ◦C), temperature less than 80 ◦C at 60 Ma (cooling of the sample),
temperature between 25 ◦C and 120 ◦C at 3 Ma. 10000 model runs were calculated using a
Monte Carlo modelling scheme and the apatite annealing model of Laslett et al. (1987) (Durango
apatite). The light grey area shows acceptable solutions, the dark grey area marks good fits,
the black line is the best fit found in this run. right: Track lengths measured in sample kw2–22.
There are no tracks longer than 15 µm. MTL: mean track length, S.D.: standard deviation of
MTL, n: number of horizontal trakcs measured. inset: Track lengths measured in three samples
(kw1–12, kw2–20, kw2–22) from the lower Rio Damas Formation.

Sample kw2–32 from the Baños del Flaco Formation, just below the eroded

surface of the unit, yielded a central age of 112.9 Ma. The sample fails the χ2–test
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Figure 4.19: Radial plot of an AFT sample from the Baños del Flaco Fm. The age is given as
a central ages in Ma with a 1–σ error.

and shows a very large spread in single grain ages (see figure 4.7). No track length

measurements were possible in this sample. However, a single very young grain

could possibly indicate that this sample also underwent late reheating.
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Figure 4.20: Radial plot of an AFT sample from the Coya Machali Fm. The age is given as a
central ages in Ma with a 1–σ error. The track length distribution was measured and is plotted
beside the radial plot. MTL: mean track length, S.D.: standard deviation of MTL, n: number
of horizontal trakcs measured.

Sample kw2–35 from the Coya Machali Formation (tab. 4.2, fig. 4.13) has a

central age of 16.3 Ma. Fig. 4.21 shows a confined track length–histogram for

this sample (right). In contrast to the samples from the Rio Damas Formation,

long tracks are present. Modelling of this sample with AFTSolve (fig. 4.21) shows

cooling of the sample in the middle Miocene and, almost immediately, reheating

to temperatures within the apatite PAZ. Slow cooling occurred during the late

Miocene. Final cooling below the apatite PAZ could have been between about

7 and 3 Ma ago. Following the interpretation of the zircon fission track data,

the rapid cooling is probably related to syn–sedimentary volcanic activity in the

source area of the sediments. Detrital grains were then rapidly deposited in the

Coya Machali Formation. Because there are no independent constraints on cooling

or heating events for this sample, the results from modelling can only be considered
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as one possible solution.
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Figure 4.21: left: Temperature time path modelled for sample kw2–35 with the software AFT-
Solve (Ketcham et al. (2000)). Constraints were set as follows: Temperature within the zircon
PAZ at 17 Ma (>180 ◦C), temperature less than 60 ◦C at 15 Ma (cooling of the sample), temper-
atures between 20 and 120 ◦C at 8 Ma. 10000 model runs were calculated using a Monte Carlo
modelling scheme and the apatite annealing model of Laslett et al. (1987) (Durango apatite).
The light grey area shows acceptable solutions, the dark grey area marks good fits, the black line
is the best fit found in this run. right: Track lengths measured in sample kw2–35. MTL: mean
track length, S.D.: standard deviation of MTL, n: number of horizontal trakcs measured.

Apatite samples counted with the modified population method

17 apatite samples contained a large number of grains with no spontaneous tracks

(see table 4.2). All grains with suitable surfaces were counted and pooled ages

were calculated for the samples. 1 sigma errors on the ages calculated by this

method are larger than on ages determined by single grain age dating.

In the central part of the study area, near the village of Termas del Flaco

and the hot springs and near the Quaternary volcanics very young ages (<2 Ma)

were determined in apatites from all the stratigraphic units. With increasing dis-

tance from this area, apatite ages increase to Eocene to Cretaceous ages. This

pattern most likely evidences the decreasing effect of a local heat–source due to

hydrothermal activity that occurred in the Quaternary and affected apatite crys-

tals to different degrees depending on their distance from the heat–source. Since

the degree of thermal overprint cannot be constrained for the individual samples,

no information about possible earlier events in the area can be gained from the

samples.
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4.4.3 Paleostress analysis

Methods

Kinematic axes (principal shortening and extension directions) were derived from

mesoscale structures in order to analyse the regional tectonic history. For this pur-

pose fault–slip sets (orientation of fault plane, sense and direction of movement)

were analysed. The direction of movement being given by a lineation (mechanical

striation or slicko–fibre orientation), sense of movement was determined mainly by

slicko–fibre growth direction or offset of marker horizons. Inhomogeneous fault set

data were separated into homogenous subsets based on field observations, and sup-

ported by analysis of kinematic compatibility using principal axes of incremental

strain (Marret and Allmendinger (1990)). Paleostress was assessed with the right

dihedron method described by Angelier and Mechler (1977). This simple graphi-

cal method is applicable to newly formed fractures, as well as to the reactivation

of pre–fractured media, allowing the evaluation of the coherence of the data and

reflecting the bulk finite strain state (Pfiffner and Burkhard (1987)). Eigenvectors

and eigenvalues (Bingham (1964)) have been used to determine mean axes of com-

pression and extension. For the calculation of kinematic axes and the visualisation

of the fault sets we used the program TectonicsFP (Franz Reiter and Peter Acs

©1996–2000).

Results

An overview of the data is given in table 4.3 and the deformation axes are plotted

in figure 4.22. Two different senses of movement could be determined: An older

phase of SW NE compression with some evidence of associated strike–slip. This

compressive regime is evidenced by brittle thrust faults, i.e. the Falla el Fierro

thrust (see figure 4.2). A later phase of NW SE extension with very minor

strike–slip movements is evidenced by a series of small–scale brittle normal faults.

The relative timing of the two phases is deduced from field evidence, i.e. outcrops

where two different striations were found on the same fault plane. The older

compressive phase is thought to represent the inversion of the Eocene basin and

folding and faulting of the Coya Machali Formation. Brittle thrust faults and fold

axis planes strike more or less perpendicular to the calculated sigma 1 direction

(see figure 4.22). The extensive phase occurred after compression and evidence in
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the form of brittle normal faults can be seen in all stratigraphic units in the area

except the Quaternary volcanics. The timing of the extension is therefore thought

to be late Miocene but no definite age constraints have been found.
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.
Figure 4.22: Brittle deformation at various localities in the study area calculated from analysis
of striations measured on brittle fault planes. The calculated σ–1, 2 and 3 directions are given in
tab. 4.3. At least two different phases can be distinguished: 1. a phase of ENEWSW compression
with associated strike–slip activity, 2. a phase of NWSE extension.

4.5 Discussion

4.5.1 Age of the White Tuff

The two ages acquired for the White Tuff layer with different methods differ sig-

nificantly. The Ar–Ar age determined by Wyss et al. (1994) is 104 ± 0.5 Ma while

the ZFT cooling age from this study is 86.4 ± 7.7 Ma. This difference has an

influence on interpretation of the situation during heating in the Rio Damas and

Baños del Flaco Formations during the Cretaceous. If the formation age of 104
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Ma is accurate, then erosion of the Baños del Flaco Formation had already taken

place and the tuff was deposited more or less at the time of maximum heating in

the lower units as discussed in chapters 2, 3. This would mean that temperatures

within the zircon PAZ were reached at only 300 to 400 m below the surface. The

Baños del Flaco Formation is only about 350 m thick in the study area and sam-

ples from the base of the Baños del Flaco Formation and from the top of the Rio

Damas Formation all show evidence of partial annealing. The sample from the top

of the Baños del Flaco Formation cooled somewhat earlier and has an AFT age of

112.9 ± 7.6 Ma. If the ZFT cooling age of 86 Ma is accurate and cooling in the

thin tuff layer can be assumed to more or less correspond to the time of deposition,

then erosion of the Baños del Flaco Formation could have continued until after

90 Ma and cooling in the Rio Damas and Baños del Flaco Formations could have

taken place during erosion and exhumation. However, burial alone cannot have

been the trigger for heating during the mid Cretaceous. Even if the Baños del

Flaco Formation was originally 2000 m thick and sediments of the Colimapu For-

mation had also been deposited in the area, assuming high geothermal gradients

of 30 ◦C/km, the top of the zircon PAZ would have been at least 6 km deep in

the lower part of the Rio Damas Formation. Additional heating from an unknown

source must have occurred in order to cause partial annealing of fission tracks in

zircon at the base of the Baños del Flaco Formation and even, to a minor extent,

near the present–day top of this unit.

4.5.2 Age of the BRCU

Charrier et al. (1996) suggested several different scenarios for the relative positions

of the White Tuff and the BRCU and for associated stratigraphic unconformi-

ties. In their preferred model, the White Tuff is older than the BRCU and there

are stratigraphic unconformities between the Baños del Flaco Formation and the

White Tuff, the White Tuff and the BRCU and between the BRCU and the Coya

Machali Formation. Our data support this hypothesis. Zircon fission track ages of

samples from the BRCU are consistently late Cretaceous and, with one exception

from the top of the unit, younger than the cooling age determined for the White

Tuff layer. The samples from the BRCU are all sediments and therefore the ZFT

ages cannot be interpreted as in situ cooling ages but, instead, represent detri-

tal ages from the source areas of the sediments. The sediments in the BRCU are
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mainly reworked volcanic deposits and continental sediments and the zircon grains

found in these rocks can be assumed to have formed during volcanic activity and to

have later been eroded and redeposited in the BRCU. Because the BRCU is known

from non–avian dinosaur bones found therein to be Cretaceous and the ZFT ages

are mainly late Cretaceous, erosion and renewed deposition of the sediments must

have occurred fairly soon after initial deposition of the volcanic material. Since

most of the zircon grains are not much rounded, transport cannot have been very

far.

4.5.3 Tilting of the Mesozoic units

The mechanism that led to tilting of the Mesozoic units is not known. Possibly,

compression led to thrusting along a steep fault when the basin was inverted.

However, time constraints can be given for the tilting. The BRCU lies on top of

the Baños del Flaco Formation with no apparent angular unconformity and tilting

cannot have taken place until after deposition of the BRCU. The fission track

data, as shown above, imply a late Cretaceous age for the BRCU. Early Eocene

ages preserved in partially annealed apatite fission track samples from the lower

part of the Rio Damas Formation indicate exhumation of these samples to depths

above the apatite PAZ during the early Tertiary. Track length measurements

and modeling of temperature–time paths for these samples suggest rapid cooling

through the apatite PAZ. The samples were taken at stratigraphic levels about

3500 to 3700 m below uppermost preserved part of the Baños del Flaco Formation

and thus were certainly within or even below the apatite PAZ as long as the units

were still in a horizontal position. The samples were affected by a late heating

event in the central part of the study area and partial annealing occurred. This

can be implied from the complete absence of long tracks in the samples. Thus, the

ages derived for these samples have to be treated as minimum ages the absolute

effect of the annealing cannot be quantified without more detailed information on

the chemical composition of the apatites. Thermal modelling of track length data

on samples from the lower Rio Damas Formation shows cooling of the samples in

the Late Cretaceous to Early Tertiary (figure 4.18). This was most likely related

to tilting and erosion. For an assumed geothermal gradient of 30 ◦C/km the lower

part of the Rio Damas Formation must have been exhumed to less than 2 km

below the surface.
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4.5.4 Deposition of the Coya Machali Formation and in-

version of the extensional basin

The Coya Machali Formation was deposited unconformably on to the tilted and

eroded Mesozoic strata. According to Charrier et al. (2002) this occurred in an

extensional intra–arc basin setting during the late Eocene to early Miocene. De-

position was followed by compression and inversion of the basin in the early to mid

Miocene. The ZFT age data confirm their model. The samples from the lower

part of the Coya Machali Formation have late Eocene to early Miocene ages (35 to

20 Ma) and decrease toward higher stratigraphic levels. These ages are thought to

represent either in situ cooling ages in volcanic deposits or similar to the BRCU

grains that were formed during volcanic activity in or near the basin and then

reworked. Further to the west two samples containing detrital zircon grains with

significantly older ages were found. These samples come from higher levels in the

Coya Machali Formation and mark a transition from mainly pyroclastic flows and

lavas in the lower part of the unit to fluvial and lacustrine deposits with volcanic

intercalations (see Charrier et al. (1996)). According to Charrier et al. (2002) de-

position of the Coya Machali Formation ended at about 20 Ma. The same authors

report a single Ar–Ar age of 16.1 Ma measured in the Las Leñas river area to

the North of the Rio Tinguiririca valley. They attributed this to syntectonic sed-

imentation during compression and basin inversion. However, two samples from

the Coya Machali Formation have ages of 16 and 14 Ma respectively and one of

the samples containing detrital grains also contains a population of younger grains

with an age of 16 Ma. From their stratigraphic positions (see figure 4.4) it appears

unlikely that these samples represent syntectonic deposits during basin inversion.

On the other hand, the deposits of the Coya Machali Formation are only about

2000 m thick and there is no evidence for exceptionally high temperatures in this

unit that would account for partial annealing of fission tracks in zircon. Local

effects such as contact metamorphism near intrusions may have had an influence

on individual samples but, nonetheless, there appears to be some indication that

sedimentation continued somewhat longer in this area than previously thought.
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4.5.5 Extensional phase after basin inversion

Evidence from paleostress analysis and the presence of small–scale brittle normal

faults indicate an extensional phase sometime after compression and inversion of

the basin. No evidence was found for the timing and duration of this phase. The

extension direction derived from fault plane analysis is oriented NW SE and fits

well with the observed strike of the brittle normal faults, which is NE SW.

4.5.6 Late heating near Termas del Flaco

The somewhat peculiar pattern of apatite fission track ages (see figure 4.16) points

to a local heat–source, which led to almost complete annealing of fission tracks in

apatite. From the available apatite fission track data the area of intense thermal

overprint can be extended along the Falla el Fierro fault and further eastward

along the valley bottom (figure 4.23). Possibly hydrothermal activity along active

fault zones such as the Falla el Fierro thrust generated temperatures sufficient

to cause this annealing of fission tracks. The hot springs at Termas del Flaco

show that some geothermal activity is ongoing even at present. The effect of the

heating event decreases with increasing distance from the heat–source and samples

in the middle and lower part of the Rio Damas Formation were only partly reset.

Samples from fairly high elevations on the south side of the valley seem more or

less unaffectedS. It is difficult to jugde without track length analysis and modeling

of temperature time paths how much each individual sample was affected.

4.6 Model for the evolution of the study area

from the mid Jurassic to the present

Based on the data presented here and on earlier work by Charrier et al. (1996) and

Charrier et al. (2002) a model for the development of the study area from the mid

Jurassic to the present is proposed. The individual phases are summarised below

and illustrated in figures 4.24, 4.25.
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Figure 4.23: Zones of thermal overprint of AFT samples during Quaternary heating. In zone 1,
fission tracks in apatite were almost completely annealed, in zone 2 fission tracks were substan-
tially annealed. Thermal overprinting also occurred outside these zones as evidenced by thermal
modelling (see fig. 2.20 but to a lesser extent.
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Jurassic:
formation of a deep backarc basin, the Neuquen basin. Later, 
a basin also opened within the arc (intra-arc basin).

Oxfordian:
deposition of the marine Nacientes del Teno formation, mainly 
marine sands and limestones in the Neuquen basin. Total 
thickness of the unit is about 1000 m.

Kimmeridgian: 
deposition of the Rio Damas formation, a thick pile of continen-
tal sandstones and conglomerates interspersed with lavas. It is 
about 3000 - 4000 m thick.

Tithonian to Neocomian: 
deposition of the Baños del Flaco formation. This unit is up to 
2000 m thick and consists of marine sandstones and 
carbonates with abundant fossils.

Early to mid Cretaceous:
deposition of the continental Colimapu formation  (~2000 m) 
consisting of clastic sediments and lavas. In the study area, the 
younger part of the Baños del Flaco formation was eroded. 

Mid Cretaceous (at around 100 Ma):
deposition of a thin (~3-4 m) white tuff layer on the eroded 
surface of the Baños del Flaco formation.
Partially annealed fission tracks in zircon indicate a 
heating event in the Baños del Flaco and Rio Damas 
formations with a temperature maximum at about 100 Ma.

Late Cretaceous:
deposition of the so-called Brownish-Red Clastic Unit 
(BRCU), consisting of fan deposits and alluvial plane 
deposits. There is no angular unconformity between the 
BRCU and the Baños del Flaco formation. A latest 
Cretaceous to early Tertiary (Paleocene) deposition age is 
inferred for this unit from ZFT data.

Late Cretaceous to early Tertiary:
thermal modelling of samples from the lower part of the Rio 
Damas formation indicates cooling to temperatures below 
the apatite PAZ. A fold and thrust-belt formed to the east of 
the study area. In the study area the Mesozoic units were 
tilted.
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ZFT: 86.4 Ma
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Figure 4.24: Jurassic to late Cretaceous evolution of the study area. Detailed discussion of the
individual points in the text.
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Eocene to early Miocene:
extension and formation of a new intra-arc 
basin. Deposition of the Coya Machali formation 
on top of the already tilted Mesozoic units. The 
Coya Machali formation is about 2000 m thick 
and consists of continental sandstones and 
lavas.

Early to mid Miocene:
compression (dated by Charrier et al. (2002) at 
about 20 to 15 Ma). Basin inversion and folding 
of the Coya Machali formation. Shortening along 
brittle thrust faults and further tilting of the 
Mesozoic units. Some syntectonic 
sedimentation. 

Late Miocene (?):
NW - SE extension along brittle normal faults in 
all the units in the study area. In general, offset 
along these faults is in the range of cm to m. 
There is evidence that older brittle thrust faults 
were also reactivated.

Quaternary:
deposition of the Tinguiririca volcanic group 
unconformably on top of all the other units. 
Hydrothermal activity, probably along pre-
existing faults, led to partial or total annealing of 
apatite fission tracks within the last 2 Ma.
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Coya Machali formation
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Baños del Flaco formation
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Figure 4.25: Early Tertiary to present development of the study area. Detailed discussion of
the individual points in the text.
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4.6.1 Mid to late Jurassic

In the mid to late Jurassic a backarc basin, Neuquen backarc basin, was formed

and filled with sediment (Charrier et al. (1996), Charrier et al. (2002), Mpodozis

and Ramos (1989)) (fig. 4.24 a.). During the Oxfordian the basin was flooded and

a sequence of marine carbonates and sands was deposited. The Nacientes del Teno

Formation is about 1000 m thick and is capped by a thick gypsum upper member

indicating changing conditions in the basin. This unit is not exposed in the study

area but further to the East in Argentina (fig. 4.24 b.). The Rio Damas Formation

lies conformably above the Nacientes del Teno Formation and consists mainly of

continental sandstones, conglomerates and lavas. The deposits are thought to be

Kimmeridgian. No biostratigraphically significant fossils have been found in this

unit and the age is based on the well constrained ages of the bracketing units

(fig. 4.24 c.). In the Thitonian to Neocomian the basin was again flooded and a

thick sequence of marine carbonates and sands was deposited the Baños del Flaco

Formation. This unit is up to 2000 m thick and contains several ammonite species

that allow biostratigraphical dating of the formation. The deposits represent 2

transgression regression cycles (fig. 4.24 d.).

4.6.2 Early to mid Cretaceous

To the North of the study area, the mid Cretaceous Colimapu Formation lies

conformably on top of the Baños del Flaco Formation. It consists of continental

sandstones and lavas and is about 2000 3000 m thick. In the study area, however,

the Colimapu Formation is not present and the upper part of the Baños del Flaco

Formation has been eroded leaving only the Tithonian deposits. Presumably, local

uplift in the basin must have led to this change in facies but there is no evidence

in the study area to explain this local phenomenon such as a large pluton or a

salt dome or similar (fig. 4.24 e.). In the mid Cretaceous a white tuff layer was

deposited on top of the eroded surface of the Baños del Flaco Formation. At the

time of deposition, erosion of the Baños del Flaco Formation had already taken

place. At more or less the same time, heating to temperatures within the zircon

PAZ occurred in the Rio Damas and Baños del Flaco Formations. Temperatures

were too high to be accounted for by burial alone but the cause of heating is

unknown (fig. 4.24 f.).
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4.6.3 Late Cretaceous

Late Cretaceous ZFT ages in sediments from the BRCU indicate a late Cretaceous

age for the unit. It lies unconformably on top of the Baños del Flaco Formation

but without any apparent angular unconformity and it is thought, therefore, that

tilting of the older units had not begun at that time. The BRCU consists of fan

and alluvial plane deposits and was probably deposited near a retrograding basin

margin (Charrier et al. (1996)). The high content of volcanoclastic material in the

deposits suggests a predominantly volcanic source for the sediments (fig. 4.24 g.).

4.6.4 Late Cretaceous to early Tertiary

Apatite fission track samples from the lower part of the Rio Damas Formation

have early Eocene cooling ages. These samples have since been partially annealed

and the original ccentral ages were probably slightly older. The samples are from a

stratigraphic depth of about 3500 to 3700 m below the uppermost preserved part

of the Baños del Flaco Formation and therefore, even at fairly low geothermal

gradients, must have been within the apatite PAZ as long as the units were in

a horizontal position. Cooling of these samples below the PAZ of apatite during

the early Tertiary (probably Paleocene to early Eocene) implies that tilting and

exhumation of the samples to depths above the apatite PAZ occurred during that

time (fig. 4.24 h.).

4.6.5 Eocene to early Miocene

The Coya Machali Formation was deposited during the late Eocene to early Miocene

in an extensional intra–arc basin (Charrier et al. (2002)). Deposition in the study

area began at about 35 Ma. ZFT age data indicate that sedimentation may have

continued somewhat longer than hitherto thought ages of 14 to 16 Ma have been

determined for samples from the middle part of the Coya Machali Formation (fig.

4.25 a.). Basin inversion is thought by Charrier et al. (2002) to have occurred

during the early to mid Miocene and to have taken place in pulses. According

to the same authors, compressional deformation caused formation of new brittle

normal faults and folding of the Coya Machali Formation. Paleostress analysis in

the Termas del Flaco area confirms a phase of SW–NE to W–E compression. Fault

axis planes and thrust fault traces in the Coya Machali Formation strike more or
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less perpendicular to the compression axis calculated from the paleostress data

(fig. 4.25 b.). Compression was followed by a further extensional phase, evidenced

by numerous newly–formed small–scale brittle normal faults and probably reacti-

vation of some pre–existing faults. The former affect all the Mesozoic and Tertiary

units in the area. The relative timing of this extensive phase is implied from field

evidence (i.e. superposition of two lineaments on the same fault plane) and from

the fact that normal faults can be found even to offset young intrusives in the

Coya Machali Formation. Offset along these brittle normal faults is generally on

the scale of cm to meters and the extension axis can be inferred from paleostress

analysis to have been NW–SE and is more or less perpendicular to the strike of

the newly formed normal faults (fig. 4.25 c.).

4.6.6 Quaternary

In the Quaternary the basalts and tuffs of the Tinguiririca volcanic group were

deposited unconformably on top of the folded and tilted older units. The volcanic

deposits have been dated at 1.1 Ma (Arcos et al. (1988); Charrier et al. (1996))

and a zircon fission track cooling age of 0.7 Ma was determined for a tuff from

this group. Most likely in the Quaternary, a local heat–source led to substantial

annealing of fission tracks in apatite near the heat–source (fig. 4.25 d.). The

pattern of apatite ages is very irregular in the study area and directly reflects this

thermal overprint. Track lengths measured in apatites show that the samples from

the lower part of the Rio Damas Formation in the southeastern part of the section

were affected slightly by this heating and shortening of the fission tracks occurred

at a very late stage.

4.7 Conclusions

Tectonic development in the Rio Tinguiririca valley is characterised by several

features not known from other areas. The mid Cretaceous Colimapu Formation

and the late Miocene Farellones Formation are completely missing in the area

and the Baños del Flaco Formation has been largely eroded; only the Tithonian

deposits of this unit are preserved (see figure 4.3). A mid Cretaceous tuff layer

(White Tuff) and a sequence of late Cretaceous fan and alluvial plane deposits,

the Brownish–Red Clastic Unit, lie unconformably on top of the Baños del Flaco
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Formation but with no angular unconformity. Comparable deposits of this age

have not yet been described in any other location in the Central Andes. Fission

track dating on zircons and apatites from the Rio Tinguiririca show the following:

1. Heating to temperatures of at least 180 ◦C occurred in the Rio Damas and

Baños del Flaco Formations during the mid Cretaceous. The cause of this

heating is unknown but burial alone – assuming normal geothermal gradients

– cannot have been the only factor.

2. The White Tuff is older than the BRCU. The cooling age for the tuff deter-

mined in this study is significantly younger than the Ar–Ar age published

by Wyss et al. (1994). This difference in age has an influence on the inter-

pretation of the relative timing of heating in the Jurassic units and erosion

of the Baños del Flaco Formation.

3. Tilting of the Mesozoic units began in the late Cretaceous (after deposition

of the BRCU) or early Tertiary (Palaeocene). By the early Eocene samples

in the lower part of the Rio Damas Formation had already cooled to tem-

peratures below the apatite PAZ and, therefore were probably at a depth of

less than 2000 m.

4. Zircon fission track data from the Coya Machali Formation indicate that

sedimentation may have continued for longer than hitherto assumed. The

youngest ages determined for samples in this unit (14 to 16 Ma) are con-

siderably younger than 20 Ma, which is given as the approximate end of

deposition by Charrier et al. (2002).

5. A local heating event occurred in the Quaternary and caused almost complete

annealing of samples near the heat source. Most of the samples in the study

area appear to have been affected to a greater or lesser extent by this heating

event. The cause of heating is unknown but hydrothermal activity, possibly

along brittle fault zones, is suggested as a possible mechanism and is also

directly evidenced by the hot springs at Termas del Flaco.

Evidence for a phase of extension sometime in the mid to late Miocene was found.

Extension appears to have been NW SE and this orientation, calculated from

paleostress analysis, is more or less perpendicular to the observed strike of brittle

normal faults that affected all the Mesozoic and Tertiary units in the study area.
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Uncertainties remain as to the mechanisms leading to heating in the Rio Damas

and Baños del Flaco Formations both during the Cretaceous and during the Qua-

ternary. The age of the White Tuff layer is a key point in interpreting the relative

timing of heating in the Jurassic units and erosion of the Baños del Flaco For-

mation but the cooling age determined in this study differs from an Ar–Ar age

published by Wyss et al. (1994) and no conclusive evidence exists as to which age

is more accurate.
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Conclusions

Zircon and apatite fission track dating has helped to gain insights into the style

and timing of metamorphism in the area, to resolve the stratigraphic positions and

relations of the White Tuff layer and the Brownish–Red Clastic unit and to better

constrain the timing of several events in the tectonic development of the area.

5.1 Metamorphism

The model suggested by Belmar (2000) of a single long–lasting burial metamor-

phism in the study area must be abandoned based on the fission track data from

this study. Two distinct cycles of heating and alteration of the rocks can be

distinguished in the study area. In the middle Cretaceous, heating occurred in

the Rio Damas and Baños del Flaco Formations to temperatures between about

200 and 300 ◦C. This is evidenced by partial annealing of fission tracks in zircon

and by occurrences of metamorphic minerals and mineral assemblages indicating

prehnite–pumpellyite to pumpellyite–epidote facies conditions. The heating was

not caused by burial of the units but, instead, was possibly connected to a pe-

riod of active volcanism and/or magmatism in the area that lasted from about

104 Ma to 86 Ma. Thermal modelling of apatite samples from the lower part of

the Rio Damas Formation indicates that cooling of the units occurred in the Late

Cretaceous to Early Tertiary and was followed by a period of very minor thermal

activity in Eocene to Miocene times. An extensional basin was opened in the Late

Eocene and filled with about 1500 m of volcanic and sedimentary deposits (Coya

Machali Formation). Within this basin, very low–grade burial metamorphism may
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have occurred. However, the pattern of apatite fission track data in samples from

the Coya Machali Formation is very irregular. Thermal modelling on an apatite

sample from the Coya Machali Formation indicates rapid cooling prior to deposi-

tion and then slow heating of the sample to temperatures within the apatite PAZ

during the middle to Late Miocene and subsequent cooling. The irregular pattern

of apatite fission track ages in the Coya Machali Formation is thought to be caused

by a series of pulses of hydrothermal activity in the basin that caused local ther-

mal overprinting of the rocks at different times. This hypothesis is supported by

the observation of secondary minerals, such as zeolites, in the samples that typi-

cally indicate hydrothermal activity. In the Late Tertiary or Quaternary, a local

heat–source led to thermal overprinting of the rocks in parts of the study area.

The heat–source was probably located close to the hot springs of Termas del Flaco

and the Falla el Fierro fault zone. The degree of thermal overprinting decreases

with increasing distance from the heat–source. Hydrothermal activity is the most

likely cause of heating of the rocks. The Quaternary heat–source was located al-

most exactly at the transition between the Mesozoic and Tertiary deposits in the

study area. The two sets of rocks with two separate thermal histories were both

overprinted by the same event. The difference in metamorphic grade between the

older rocks (prehnite–pumpellyite facies) and the younger deposits (zeolite facies)

was probably considerably blurred by this late heating and isolated occurrences

of zeolite minerals in the rocks of the Rio Damas Formation can probably also be

attributed to this event.

The results of this study do not support the models of Levi (1970); Levi et al.

(1989). In those studies, burial metamorphism was thought to be the main mech-

anism of alteration at low grades in the rocks of the Central Andes. In the Rio

Tinguiririca valley, burial metamorphism played only a subordinate role and alter-

ation was mainly caused by pulses of hydrothermal activity in the basins. Indica-

tions for hydrothermal activity during the middle to Late Cretaceous, the Tertiary

and possibly the Quaternary are found in the study area.

5.2 Stratigraphy

The fission track data support the scenario favoured by Charrier et al. (1996) for

the setting and relative positions of the White Tuff and the BRCU. Additionally
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to the Ar–Ar age of 104 Ma for the White Tuff (Wyss et al. (1994)) a ZFT cooling

age of 86.4 Ma was determined. In general, a middle Cretaceous age for the White

Tuff was thereby confirmed. ZFT age data from the BRCU are mostly significantly

younger than both ages determined for the White Tuff and the BRCU can thus

be shown to have been deposited after the White Tuff. The difference between

the Ar–Ar age of 104 Ma and the ZFT cooling age of 86 Ma for the White Tuff

may, if both ages are accurate, indicate a period of active volcanism during the

middle Cretaceous. Although the age of the BRCU cannot be exactly determined

based on the detrital ZFT central ages, deposition can nonetheless be constrained

to the Late Cretaceous as proposed by Charrier et al. (1996). A Maastrichtian age

is proposed for this unit.

5.3 Tectonic evolution of the area

Tectonic evolution in the Rio Tinguiririca valley is characterised by several features

not known from other areas. The mid Cretaceous Colimapu Formation and the late

Miocene Farellones Formation are completely missing in the area and the Baños

del Flaco Formation has been largely eroded; only the Tithonian deposits of this

unit are preserved. A mid Cretaceous tuff layer (White Tuff) and a sequence of

late Cretaceous fan and alluvial plane deposits, the Brownish–Red Clastic Unit,

lie unconformably on top of the Baños del Flaco Formation but with no angular

unconformity. Comparable deposits of this age have not been described in other

localities in the Central Andes. Fission track dating on zircons and apatites from

the Rio Tinguiririca shows the following:

1. Heating to temperatures of at least 180 ◦C occurred in the Rio Damas and

Baños del Flaco Formations during the mid Cretaceous. The cause of this

heating is thought to be hydrothermal activity, possibly associated with ac-

tive volcanism and/or magmatism.

2. The White Tuff was deposited in the middle Cretaceous and bears witness

to volcanic activity at that time.

3. The BRCU was deposited in the Late Cretaceous (probably Maastrichtian).

4. Tilting of the Mesozoic units began in the late Cretaceous (after deposition

of the BRCU) or early Tertiary. Thermal modelling on apatite samples
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from the lower Rio Damas Formation indicates rapid cooling during the

Late Cretaceous to Early Tertiary, which is interpreted to be associated

with tilting and erosion of the Mesozoic units.

5. Zircon fission track data from the Coya Machali Formation indicate that

sedimentation may have continued for longer than hitherto assumed. The

youngest ages determined for samples in this unit (14 to 16 Ma) are consider-

ably younger than 20 Ma, which is given as the approximate end of deposition

by Charrier et al. (2002). Sedimentation in the Tertiary extensional basin

may thus have continued to the middle Miocene.

6. A local heat–source in the Latest Tertiary or Quaternary caused substantial

annealing of fission tracks in apatite in parts of the study area. The cause

of heating is unknown but hydrothermal activity, possibly along brittle fault

zones, is suggested as a possible mechanism and is also directly evidenced by

the hot springs at Termas del Flaco.

There is evidence that extension occurred during the middle to Late Miocene.

Extension appears to have been NW SE and this orientation, calculated from

paleostress analysis, is more or less perpendicular to the observed strike of brittle

normal faults that affected all the Mesozoic and Tertiary units in the study area.

Based on earlier work by Charrier et al. (1996)and Charrier et al. (2002) and

the results of this study, the tectonic development of the area can be described as

follows (see figures 4.24, 4.25): Mesozoic units in the study area represent deposits

of the Neuquen backarc basin. In the Early to middle Cretaceous a period of local

uplift and erosion occurred in the basin and the deposits of the Baños del Flaco

Formation were eroded. Elsewhere, the Baños del Flaco Formation is completely

preserved. Heating took place in the Rio Damas and Baños del Flaco Formations

during the Cretaceous and was either at its peak or just past it when the White Tuff

was deposited unconformably on top of the Baños del Flaco Formation. Again,

this seems to be a local occurrence since no volcanic deposits of similar ages are

known from other locations in the Central Andes. During the late Cretaceous,

the BRCU was deposited on top of the Baños del Flaco Formation. The fact

that there is no angular unconformity between the Baños del Flaco Formation and

the BRCU shows that tilting of the Mesozoic units cannot have begun until the

early Tertiary. Late Cretaceous to Early Tertiary cooling of samples in the lower
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part of the Rio Damas Formation is indicated by thermal modelling of apatite

samples and is interpreted to show tilting and erosion of the Mesozoic units. The

angular unconformity between the Coya Machali Formation and the older units

as well as the setting of the Coya Machlali Formation, which was not deposited

directly on top of the other units but in an extensional basin to the west of the

Neuquen backarc basin, indicate that some tilting of the Mesozoic units must

have taken place before onset of deposition of the Coya Machali Formation in the

late Eocene (at about 35 Ma). ZFT from the Coya Machal Formation indicate

that deposition in the Termas del Flaco area continued for somewhat longer than

originally thought. Ages range from 35 to 14 Ma. According to Charrier et al.

(2002), deposition in the basin ended at about 20 Ma and basin inversion and

associated deformation lasted from about 20 to 15 Ma. Based on the ZFT ages,

continuation of sedimentation until the middle Miocene (about 14 Ma) is proposed.

Inversion of the basin took place during west east to SW NE oriented compression.

Shortening was accomodated through thrusting along brittle faults and folding of

the Coya Machali Formation. Fold axis planes and fault planes strike NW SE

or north south and fit the direction of compression calculated from paleostress

analysis (NE SW). Basin inversion was followed by a period of gentle extension. A

series of small–scale normal faults was formed in all the Tertiary and Mesozoic units

in the area. Offset along these faults is minor and is on the scale of centimeters

to several meters. In the Quaternary, the young volcanic rocks of the Tinguiririca

Volcanic Group were deposited unconformably on top of the Mesozoic and Tertiary

units. At more or less the same time, local heating near the village of Termas del

Flaco and along the Falla el Fierro thrust fault led to substantial annealing of

fission tracks in apatite in parts of the study area.
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Appendix A

Map and schematic crossection

A geological map of the study area and a schematic crossection can be found on

the next pages.

Data appendices (electron microprobe analyses, XRD diffractograms, pale-

ostress data, zeta calibration) are on the enclosed CD.
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