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Thesis summary
Escarpments are first order topographical features, which characterise the morphology

of high elevation passive margins. Their erosional nature and correlation with

continental breakup are well established, but the timing of formation and evolution of
the escarpments are still poorly constrained. The unique sensitivity of apatite fission
track and apatite (U-Th)/He thermochronometers to temperatures between 120 and

40°C make them ideal techniques to study the cooling history of rock in the shallow

crust (less than 5 km).

In this project apatite fission track and (U-Th)/He thermochronometers are used to
determine the cooling history of rocks from the coastal (south eastern New South
Wales) and the interior (Bathurst area) regions of the eastern Australia high elevation
passive margin. Two traverses across the coastal lowlands, escarpment and plateau top
are used to determine the tempo and styles of response of the landscape to the
continental breakup and sea-floor spreading of the Tasman Sea (85 Ma). The three
prevailing models of escarpment evolution, namely retreat into a downwarped nft
shoulder, escarpment retreat and excavation in place on a high elevation rift shoulder

with flexural rebound are described and tested using a previously untested combination

of apatite fission track and (U-Th)/He data. The thermochronological data indicate that
the coast was affected by a denudational pulse that peaked around 120-100 Ma and that
was extinguished by the time of sea-floor spreading. The rapid denudational event
caused the removal of 3-4.5 km (depending on the geothermal gradient) of crust at the

coast and of approximately 2 km at the present base of the escarpment. The
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thermochronological data are inconsistent with the downwarped rift shoulder model and

the apatite (U-Th)/He data indicate that, while the coast was denuded very rapidly, the
coastal lowlands were excavated in place at a much lower pace, and the escarpment
reached its present position no later than 60 Ma. This suggests that during continental
extension and breakup, rates of denudation at the coast were approximately 80-
30m/Myr (depending on the geothermal gradient), whereas at the base of the present

escarpment they were about 10-5 m/Myr. The period after sea-floor spreading was
characterised by stability and low rates of erosion. The pre-breakup topography,
reconstructed using the backstacking technique, is characterised by a considerable relief

in the area of the present escarpment. This result confirms the hypothesis that the

escarpment evolved pinned to its present position.

On the plateau apatite fission track and (U-Th)/He ages are in excess of 200 Ma, either

side of the Drainage Divide, suggesting that the area inland of the escarpment was not

affected by the continental breakup. However, at the Bathurst area, across the
Continental Drainage Divide, ~100 Ma He ages are found. Combined with the existing
apatite fission track record, the He data suggest that the Bathurst region has been
tectonically active in the Late Mesozoic and possibly in more recent times. However,
such tectonic activity may have been a local feature that did not affect the first order,

long wavelength topography of the Continental Drainage Divide.



Viil

Table of contents

1 Introduction 1
1.1 Introduction 1
1.2 The high elevation passive margin 4
1.3 The south eastern Australian passive margin 8

2 Low temperature thermochronology: theory and applications 16
2.1 Introduction * 16
2.2 Apatite fission track thermochronology 17

2.2.1 Formation of fission tracks 17

2.2.2 Thermal annealing of the fission tracks 18

2.2.3 Apatite Fission track ages 20

2.2.4 Fission track length distribution 23

2.2.5 Interpretation of apatite fission track data 25

2.2.6 Forward and inverse modelling of fission track data 27

2.3 (}-Th)/He geochronology 28

2.3.1 Apatite (U-Th)/He thermochronology 30

2.3.2 Diffusion of helium in apatite 35

2.3.3. Recoil of ‘He 38

2.3.4 Sample preparation 41
2.3.4.1 The use of thin section and the cathode-luminescence

microscope 41

2.3.4.2 Mineral separation 4]

2.3.4.3 Handpicking the apatite crystals 42

2.3.5 The “He analysis 43

2.3.5.1 Extraction and clean-up system 43

2.3.5.2 The *He mass-spectrometer 44

2.3.5.3 Isotope dilution and calibration 45

2.3.5.4 Blanks for *He analysis 45

2.3.6 U and Th analysis 46



1X

2.3.6.1 Apatite dissolution and isotopic dissolution 46

2.3.6.2 ICPMS analysis 47

2.3.7 Precision and accuracy of the measurements 48

2.3.8 He extraction using a CO; laser 51

3 Apatite fission track data in south eastern Australia 65
3.1 Introduction 65
3.2 Evolution of the Tasman Sea 67
3.3 Geology of south eastern Australia 68
3.4 Models of high elevation passive margins evolution 70
3.41. Introduction 70

3.4.2 Escarpment retreat across a downwarped rift shoulder model 71

3.4.3 Escarpment retreat across a high elevation rift shoulder 71

3.4.4 Excavation in place of a high elevation rift shoulder 73

3.5 Testing escarpment evolution models using fission track data 75
3.6 Apatite fission track data in eastern Australia 77
3.6.1 Apatite fisston track results 78

3.6.1.1 Brown Mt. traverse 79

3.6.1.2 Towamba River traverse 81

3.6.2 Thermal modelling 82

3.6.2.1 Introduction 82

3.6.2.2. Brown Mt. traverse thermal histories 83

3.6.2.3 Towamba River traverse thermal histories 84

3.7 Summary and conclusions 835

4

4. Combining apatite fission track and (U-Th)/He thermochronometers to

constrain landscape evolution in south eastern Australia 104
4.1 Introduction 104

4.2 Samples and analytical procedure 105

4.3 Results 106

4.4 Discussion 110

4.4.1 Combining apatite fission track and (U-Th)/He data 114

4.4.1.1 Brown Mt. traverse 115



4.4.1.2 Towamba River traverse 117

4.5 Interpretation 119

4.5.1 Denudation across the coastal plain 119

4.5.1.1 Pre-nift topography 122

4.5.2 Chronology of escarpment evolution 123

4.6 Conclusions 127
Chapter S Apatite (U-Th)/He ages of the Bathurst\Batholith 140
5.1 Introduction 140

5.2 Geographical and geological setting of the area 141

5.3 Apatite fission track results and interpretation 143

5.4 Apatite (U-Th)/He ages 144

5.5 Evolutionary scenarios 147

5.6 Conclusions 151
Chapter 6 Summary and conclusions 158
6.1 Introduction 158

6.2 Linking denudation with tectonism 160

6.3 Mechanisms and tempo of escarpment evolution 162

6.3 The continental versus local scale issue: the Bathurst example 165

6.4 Comparison with other high elevation passive margins: toward a global scale

model? . 167
References 169
Appendix 1 Al.l

Appendix 2 A2.1



List of figures

Chapter 1: Introduction

1.1 High elevation passive margins around the world

1.2 Map of eastern Australia

1.3 Topographic profiles of some high elevation passive margins

1.4 Rates of denudation and river incision in eastern Australia

Chapter 2: Low temperature thermochronology: theory and applications

2.1 Etched fission tracks in an apatite crystal
2.2 Apatite fission track data to define thermal histories

2.3 Relationship between length reduction and track density reduction
2.4 Variation of fission track data with depth along a borehole

2.5 Arrenhius plot of helium diffusion in apatite

2.6 The closure temperature of Durango apatite

2.7 The Partial Retention Zone

2.8 Modelled apatite He ages as a function of the crystal size

2.9 a-recoil in apatite crystals

2.10 The effect of a-recoil in an apatite crystal
2.11 Sketch of the extraction line used for He analysis
2.12: Error propagation of the He, U and Th data

2.13 Variation of U content between un-heated and heated-with-laser apatite

samples
2.14 Variation of the ratio Th/U in heated-with-laser Durango apatites
2.15 Variation of ATh/ANd and AU/ANA in heated-with-laser Durango apatites

Chapter 3: Apatite fission track data from south eastern Australia
3.1 Simplified tectonic map of eastern Australia

3.2 Location of sites cited in the text

3.3 Schematic representation of the three models of escarpment evolution

3.4 Variations in topography, denudation and rates of denudation for the plateau

degradation and escarpment retreat models

X1

12
13
14

15

D
56

57
57
58
58

59
60

60
601
61
62

63
64

64
88
89

89

90



Xii

3.5 Predicted apatite fission track ages pattern across a passive margin 90
3.6 Apatite fission track ages across some passive margins 91
3.7 Boomerang plot for some passive margins 92
3.8 “Map” of apatite fission track ages in eastern Australia 93
3.9 Boomerang plot for the eastern Australia apatite fission track data 04
3.10 Sample location 95
3.11 Cross section across Brown Mt. and Towamba River traverses 96

3.12 Thermal histories fitting the apatite fission track data at Brown Mt. traverse 97
3.13 Thermal histories fitting the apatite fission track data at Towamba River

traverse 08

Chapter 4. Combining apatite fission track and (U-Th)/He thermochronometers to

constrain landscape evolution in south eastern Australia

4.1 Apatite (U-Th)/He ages in Ma for (A) the Brown Mt. traverse and (B) the Towamba
River 129

Figure 4.2 Apatite (U-Th)/He versus apatite fission track ages across the eastern
Australian margin for the (A) Brown Mt. and (B) the Towamba River traverse 130
Figure 4.3 Apatite (U-Th)/He versus elevation and distance from the coast from the two

traverses 131
Figure 4.4 He-AFTT-derived thermal histories 132
Figure 4.5 Variation of the cooling rates through time 134
Figure 4.6 Apatite (U-Th)/He ages predicted by PECUBE 135
Figure 4.7 Amounts of denudation at different time intervals 136
Figure 4.8 Palacotopography 137
Figure 4.9: Predicted versus measured apatite (U-Th)/He ages 138
Chapter S Apatite (U-Th)/He ages of the Bathurst Batholith

Figure 5.1 Simplified geological map of Bathurst 154
Figure 5.2 AFT ages versus elevation at Bathurst 155
Figure 5.3 Apatite (U-Th)/He ages at Bathurst 155
Figure 5.4 Corrected He age profile 156
Figure 5.5 AFT-derived thermal histories | 156

Figure 5.6 AFT-derived thermal histories 157



X111

List of Tables

Table 2.1 ICPMS analysis of Durango gem quality crystals 31
Table 2.2 ICPMS acquisition parameters 48
Table 2.3 Durango data 50
Table 2.4 Contents of U, Th and REE of Durango and other two samples 54
Table 3.1 AFT data | 80
Table 4.1 Apatite (U-Th)/He data 107
Table 5.1 AFT data for the Bathurst area 152

Table 5.2 Apatite (U-Th)/He ages at Bathurst 153



Cristina Persano Chapter 1

CHAPTER ONE

INTRODUCTION

How many years can a mountain exist

Before it's washed to the sea?

Yes, ‘n’ how many years can some people exist
Before they're allowed to be free?

Yes, ‘n’ how many times can a man turn his head,
Pretending he just doesn’t see?

The answer, my friend, is blowin’ in the wind,

the answer is blowin’ in the wind.

(Bob Dylan, 1963)
1.1 Introduction

Geomorphology is a historical science, which studies in the origin and evolution of
landforms. Attention is focused on causes, effects and time over which the processes
that control the landscape act. The interest in geomorphology of the Earth’s surface
goes back to the “natural philosophers” like Leonardo da Vinci (possibly the first to

deny the theory of the Genesis Flood) and Charles Darwin, amongst others. Hutton
(1726-1797) argued that currently active surface processes, i.e. denudation, were
responsible for shaping the Earth's surface throughout geological time. He found no
reason to invoke catastrophes (rapid, large, or unusual events) to explain what he
observed in the rock record. This interpretation required that Earth history must have

been "Immense with no vestige of a beginning and no prospect of an end" (Hutton,

1788; p.212). Lyell (1797-1875) fleshed out an extreme version of Hutton's views
)

known as uniformitarianism, according to which most geological processes act slowly
and constantly over long time scales (Lyell, 1830). The issue of time became

fundamental. The suggestion of Darwin that the Earth was at least 300 Myr old
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particularly captivated these “geomorphologists”, although they had to face the severe
criticisms of physicists like Lord Kelvin, who, having based their theories upon

mathematical calculations, were perceived as more credible (Darwin, 1859; Kelwvin,

1862).

With the discovery of radioactivity at the beginning of the 20" century and the

subsequent development of radiometric dating methods (see Chapter 2), the
disagreement about the age of the Earth, which had characterised the previous fifty
years, was soon replaced by the consensus that exists today. However, although
g>ological processes now had all the time they needed to shape the Earth’s surface,
there was little agreement about how the landscape had evolved.\\then in the 1960s the
theory of plate tectonic was first proposed, “it seemed to have all the answers” (Ollier,
1985 , p.2). Plate tectonics could account for the formation of the primary topographic
features of the Earth’s surface, such as the division between continents and oceans, the
locations of mountain belts and ocean ridges (Seyfert & Sirkit, 1973). With the
maturing of the concept of plate tectonics, attention turned to the mesoscale features and
to 1ssues such as the detailed tectonic and geomorphic evolution of plate boundaries and

the feedback effects of denudation and sedimentation on the primary tectonic processes

at these boundaries (e.g. England & Molnar, 1990). A special publication on tectonics

and topography of the Journal of Geophysical Research (1994) distilled thirty years of
studies in this field and represents the base upon which long term landscape evolution
studies have been built. The development and incorporation of new tools, such as 3-D

numerical process models (e.g. van der Beek et al., 2002), sensitive low temperature

thermochronology (e.g. Kohn et al., 2002; Persano et al., 2002) and cosmogenic isotope
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studies (e.g. Cockburn et al., 2000) is now providing the possibility of constraining

landform evolution at a regional to continental scale.

The study presented here aims to generate new, empirical data with which to test the
new ideas resulting from modelling studies of passive margins evolution, and ultimately
to provide a better understanding of tempos and styles of landscape evolution (e.g. Kool
& Beaumont, 1994; Beaumont et al., 2000, van der Beek et al., 2002). In particular,
this research is focused on reconstructing the syn- and post-breakup history of high
elevation passive margins, taking eastern Australia as a case study. A combination of
apatite fission track and apatite (U-Th)/He thermochronometers is used to quantify the
denudation of the margin and, in particular, to determine the evolution of first order
topographical features such as the escarpments that typify high elevation passive
margins. The sensitivity of these two radiometric systems to low temperatures (<120°C

and <80°C, respectively; Chapter 2) provides the ability to constrain the small amounts

and rates of denudation that are characteristic of passive margins and to test predictions

made by numerical models.

The rest of this chapter (i) describes the geomorphological characteristics of high
elevation passive margins and describes the role of plate tectonics in their generation;

(11) describes the existing models of landscape development at passive margins and

outlines the difficulties experienced in integrating the classical theories of landscape
evolution with empirical data, especially in eastern Australia (e.g. Bishop, 1988); (iii)

introduces the study area and the observations used to constrain the chronology of

denudation in the region.
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The analytical aspects of apatite fission track and (U-Th)/He thermochronology are
described in Chapter 2, along with an explanation of how low temperature
thermochronological data are applied and interpreted. Chapters 3 and 4 describe and
interpret new apatite fission track (Chapter 3) and (U-Th)/He (Chapter 4) data from the
south eastern Australian continental margin. The results are compared with numerical
models to identify the syn- and post-breakup evolution of the landscape and, in
particular, to determine the rates and modes of escarpment development. Chapter S1sa
detailed study of the Bathurst region, in the interior of the eastern Australian highlands,
in order to determine the evolutionary history of this part of the plateau. The key aim of
Chapter 5 is to investigate the role of local scale geological and geomorphological
features to constrain the evolution of long-wavelength, first order topography. In
Chapter 6 the relationship between the various tectonic and geomorphic processes that

have contributed to forming the present eastern Australia landscape is discussed and

some speculations on a general scenario of landscape evolution common to all high

elevation passive margins are presented.

1.2 The high elevation passive margins

Passive margins are first order structures that develop during continental breakup,

rifting and ocean basin formation. The breakup of Pangea generated many of the high
elevation oceanic margins observed today (Figure 1.1) and the palacomagnetic record
from the ocean floor has constrained the timing of most of these riftings (McElhinny,
1973). Passive margins exhibit a wide range of morphologies, but they can be broadly
distinguished as either high elevation or low elevation margins (Gilchnst &

Summerfield, 1990). High elevation passive margins are characterised by the presence
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of an escarpment, a macro-geomorphological feature that abruptly divides a low relief
upland plateau from low altitude coastal plain. Well-studied examples include eastern
Brazil (Gallagher et al., 1995), the Red Sea (Steckler & Omar, 1994), southern Africa
(King, 1950), western India (Gunnell & Fleitout, 1998) and eastern Australia (Ollier,
1982). The escarpments are characteristically over 1 km in elevation and are commonly

between 60 and 200 km inland of the continent-ocean boundary. The erosional nature
of these escarpments and their correlation with continental breakup are now well
established (King, 1950; Ollier, 1982), but the interaction between tectonic and
denudational processes and the feedback effects that the two processes can cause are

poorly constrained (Gilchrist & Summerfield, 1990; Gilchrist & Summerfield, 1994,

Pazzaglia & Gardner, 1994; Ollier & Pain, 1994; Seidl et al., 1996; Ollier & Pain,
1997).

Conceptual models of passive margins evolution date back to the early 20™ century
when Suess (1904) identified the escarpment of southern Africa as a denudational
feature, unrelated to faulting. King (1950) embraced the theory of continental drift and
was the first to suggest an origin for the series of scarps he observed across the southern
African margin, as escarpment retreat coupled with denudational isostatic rebound to
account for the evolution of the coastal plain (King, 1955; Pugh, 1955). Ollier (1982)
proposed that the escarpment in eastern Australia was related to continental breakup,
suggesting that it retreated inland from the new continental edge. Although these

models are historically very important, they are all qualitative, as they lacked a way to
quantify the processes responsible for escarpment formation and evolution. Apatite
fission track analysis was the first low temperature thermochronometer to provide

quantitative constraints on amount and rates of denudation. In the early 1980s, the first
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studies in eastern Australia (Morley et al., 1981) and the Red Sea (Kohn & Eyal, 1981)
showed that apatite fission track ages along the present coastline are usually the same
as, or younger than, the age of the onset of sea-floor spreading. These studies also
demonstrated that the ages become progressively older inland toward the escarpment

and onto the high elevation plateau. The fission track ages indicate several km of post-

breakup denudation at the present coastline, whereas the plateau was essentially
unaffected by the opening of the new ocean. This continental-scale pattern has been
confirmed in all high elevation passive margins (Moore et al., 1986; Brown et al., 1990;

Gallagher et al., 1995; Gunnell & Fleitout, 1998; Abbate et al., 2002). Locally,

however, fission track studies have shown that plateau regions can have undergone
significant amounts of syn-rift denudation (e.g. Dumitru et al., 1991; O’Sullivan et al.,
1995; Kohn et al., 2002), whereas the coastal plain may have endured little denudation
(Moore et al., 1986). Fission tracks in apatite record the time and amount of cooling
(e.g. Brown et al., 1994), but the extent to which this cooling is a reflection of uphfi-

driven denudation remains a matter of debate and the notion that increased denudaﬁon
N\

may occur without significant uplift is now being considered (van der Beek, 2002).

Despite the abundant literature discussed above about high elevation passive margins,

key aspects of their evolution remain poorly constrained and several fundamental

questions about origin and development of the escarpment are still open (Koo1 &

Beaumont, 1994).

For instance, the kilometric-scale denudation suggested by the fission track data 1s

inconsistent with passive margin formation by the downwarped rift shoulder model (e.g.

Ollier & Pain, 1997). This model predicts minimum erosion at the present coastline (up

to 500 m) and constant escarpment retreat rates of the order of 1-2 km/Myr (Ollier,
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1982; Seidl et al., 1996). The processes responsible for the erosion, and inparticular,

the escarpment evolution still remain to be clarified. Numerical models have suggested
that the pre-rift topography exerts a fundamental control on the evolution of the margin.
“If the initial topography is a horizontal plateau, the margins evolve through escapment
retreat; 1f the pre-rift topography included an inland drainage divide, the initial plateau
seaward of this divide will be rapidly degraded and a new escarpment develops at the
location of the initial divide” (van der Beek, 2002; p.7). 3-D numerical models predict
that the two mechanisms, usually referred as escarpment retreat and excavation in
place, produce different rates of denudation across the newly formed coastal plain (van
der Beek et al., 2002). In the case of escarpment retreat, rates of denudation will exceed
1 km/Myr in the first 10 Myr after breakup and then rapidly decrease by at least an
order of magnitude, as the wave of denudation migrates toward the interior of the
continent. Conversely, in the excavation-in-place scenario, syn-rift rates of denudation
may only exceed a few hundreds metres per Myr and then rapidly decay to the present

low values (10-5 m/Myr) soon after breakup (van der Beek et al., 2002).

These numerical models highlight the importance of precisely constraining @amounts and
rates of denudation taking in consideration their spatial and temporal variations and, as

it will be shown for the south eastern Australian passive margin, this task can be

achieved by combining apatite fission track and (U-Th)/He data.

This project aims to address two fundamental issues:
(1) constraining the amount and rate of syn- and post-breakup erosion at 2 tYPical

high elevation passive margin, with the ultimate aim of determining the {€Ctonic

mechanisms driving denudation, and
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(ii) determining the styles of escarpment formation and evolution.

1.3 The south eastern Australian passive margin

The east Australian high elevation passive margin is over 3000 km long (Figure 1.2)
and in the southern part is characterised by an undulating upland plateau surface — the

South Eastern Highlands — that is separated from a low relief lowland coastal zone by a
steep escarpment or, in places, a broad escarpment zone (Ollier, 1982). The Highlands
take two general forms: north of approximately 18°S and south of 26°S they consist of a

broad asymmetrical arch that rises gradually from the inland sedimentary basins in the

west to the area of the Continental Drainage Divide (CDD; Bishop, 1988). The
highlands in the intervening parts are more symmetrical, their crest is up to 400 km

from the continental margin and the continental shelf is wider. The elevation of the

highlands either side of the CDD is generally less than 1 km in Queensland and less

than 2 km elsewhere, except in the New South Wales and Victorian Alps. The contours
of Figure 1.2 highlight the fact the highlands are not a topographic continuum but are

characterised by alternating higher regions separated by lower saddles (Bishop, 1988).
In New South Wales, the greatest elevations are on areas of Palacozoic rocks, whereas
the Permian-Triassic Sydney Basin constitutes an area of generally low altitude, with

the exception of the Blue Mountains region.

The greatest relief always corresponds to the escarpment. Its abrupt edge is obvious on
a topographic map and, at first order approximation, it can be followed along the entire
margin from the contour maps (Figure 1.2). At a more local scale the escarpment has

gaps in areas where the scarp cannot be drawn with confidence such as in the region
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inland of Sydney (Ollier, 1982), (Figure 1.2). The escarpment always lies seaward of
the CDD; in some places they are separated by hundreds of kilometres, elsewhere by
only 15 km (Ollier, 1982). This contrasts with all other high elevation passive margins
(eastern Brazil, south Africa, the Red Sea and western India) where the escarpment

corresponds to the CDD (Figure 1.3). For this reason the eastern Australian margin 1s

often not incorporated into the numerical models of passive margin formation and

escarpment evolution (e.g. Koot & Beaumont, 1994).

The eastern Australian margin formed during Cretaceous continental extension, nfting
and formation of the Tasman Sea (sea-floor spreading 85-62 Ma; Weissel & Hayes,
1977). According to one hypothesis, espressed by Ollier & Pain (1997), “the
continental margin is basically a former land surface - the palaeoplain — which has been
warped, producing the basal unconformity offshore where is it down-warped, and the
marginal swell where it is upwarped” (p.2). High altitude (up to 500 m) surfaces that
are present across the coastal plain are considered to be remnants of the palacoplain
(e.g. Seidl et al., 1996). The presence of palacosols dating from Late Mesozoic times

(Bird & Chivas, 1993) is also taken as evidence that the coastal plain experienced little

syn- and post-breakup denudation (Ollier & Pain, 1994). The issue of the downwarped

palacoplain is considered again in Chapter 3 and 4.

The minimum age of the escarpment in south eastern Australia can be established
locally by its relationship with basalts found above, below or on the escarpment. In
southern New South Wales, Oligocene basalts on the coastal plain near Ulladulla
(Figure 3.2) are considered to be an indication that, at least at that locality, escarpment

erosion predated lava extrusion (Young & McDougall, 1985). These basalts constrain
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maximum Neogene escarpment retreat rates to 150 m/Myr (Nott et al., 1996), an order

of magnitude lower than the escarpment retreat rates calculated from the age of breakup

and the distance of the major escarpment-forming knickpoints inland of the continental

edge (2 km/Myr, Seidl ef al., 1996; 1km/Myr, Weissel & Seidl, 1998).

The minimum amount of erosion of the coastal plain predicted by the downwarped nift

shoulder model contrasts with the interpretation of the apatite fission track data (Kohn
et al., 2002). The youngest fission track ages on the south eastern Australian margin are
between 70 and 100 Ma and usually occur no more than a few km inland of the present
coastline (e.g. Moore et al., 1986). These late Mesozoic ages and their long mean track
lengths are consistent with the removal of 3-4 km (depending on the palacogeothermal

gradient) of crustal section during breakup (Dimitru et al., 1991).

The obvious controversy between the erosional history defined by the fission track data
and the downwarped rift shoulder scenario may be resolvable using new information.
For example, a combination of apatite fission track and cosmogenic 1sotope exposure
chronology study of the Namibian sector of the southwest African margin has
demonstrated that post-breakup denudation rates have been temporally variable
(Cockburn et al., 2000). Fission track data reveal an initial phase of rapid denudation
rates of the order of 40 m/Myr, with escarpment retreat rates of about 1 km/Myr,
between 130 and 36 Ma. Cosmogenic isotope analyses indicate that recent erosion rates
have been only about 5 m/Myr and the retreat rates about 10m/Myr. Consequently the

simple model of constant escarpment retreat across the coastal plain can be ruled out. A

compilation of denudation rates of the eastern Australian margin using different

methods is presented in Figure 1.4. The different methods span different time scales
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and their results are difficult to integrate. The combination of apatite fission track and
cosmogenic isotopes techniques used in southern Africa presents a similar problem, as
the two methods are sensitive to different time scales (10°-10° Myr versus <5 Myr) and
crustal depths (2-5 km versus 1-2 m). Apatite (U-Th)/He thermochronology is effective
at the same time scale as fission track and is sensitive to 80 to 40°C (crustal depths of 1-
3 km). This thermal range partly overlaps the range at which fission tracks are annealed
In apatite (section 2.2) and consequently combining the two techniques has the potential
to provide better quantitative constraints on the processes that determine the formation

and evolution of major topographical features.
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Figure 1.1: High elevation passive margins around the world. Escarpments are shown

running parallel to the margin defining a narrow coastal plain (from Summerfield, 1990)



Cristina Persano Chapter 1 13

12°

16° -
* e o ( Continental
*drainage divide

\-\Grml SACAPMEnt

. Tasmantid guyot

28°

0 o
32."'_qu (-
v %4&
X
s %,
3 e
36° //
- SEA
.\\
40°
- ol ”

Figure 1.2: Map of eastern Australia showing the Continental Drainage Divide (thick
dashed line) and the escarpment (thick line) (from Ollier, 1982). The sea-floor spreading

ridges and transform faults are also shown, along with four guyots in the Tasman Sea (from
Bishop & Goldnick, 2000).
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Figure 1.3: Topographic profiles across some of the high elevation passive margins (from
Gilchrist & Summerfield, 1994; Gunnell & Fleitout, 2000). In eastern Australia the
escarpment does not coincide with the Continental Drainage Divide, as happens in all the

other case (see text for discussion).
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Figure 1.4: Rates of denudation and river incision in eastern Australia. A, B, C,DandE
represent Cenozoic rates of river incision derived from the ages of basalt lava flows. F, G
and H represent rates of denudation derived from basin sedimentation. I, J, K, L and M

represent rates of denudation derived from apatite fission track analyses (from Bishop &
Goldrick, 2000).
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CHAPTER TWO -
LOW TEMPERATURE THERMOCHRONOLOGY:

THEORY AND APPLICATIONS

Indeed, it appears probable that it [the He system] will
prove one of the most reliable methods of determining the

age of the various geological formations

(Rutherford, 1906)

2.1 Introduction

In 1969 Clarke and Jager published the first attempt to reconstruct rates of denudation
using geochronological data (Clarke & Jager, 1969). These estimates were derived by
correlating the closure temperatures of several radiometric dating schemes (Dodson,

1973) to specific crustal depths, using an estimatedﬁpalaeogeothennal gradient (Clarke

& Jager, 1969). The closure temperature common for most mineral geochronometers 1s
v

greater than 200°C, thereby restricting the usefulness of these methods to orogenic

 settings characterised by high rates of denudation that have brought rock to the surface
from significant depth (usually greater than 5 km). Apatite fission track and apatite (U-

Th)/He are sensitive to temperatures of less than 120°C and they have the potential for

estimating rates and amount of rock denudation to many geomorphological problems.
In the next sections the theoretical and technical aspects that are important for their

application to the evolution of rifted margins are introduced.
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2.2 Apatite fission track thermochronology

Although the fisston track method has been applied widely 1n the last three decades (e.g.
Wagner, 1968; Naeser, 1979; Gleadow, 1981; Green et al. 1989), Baumhauer first
identified anomalous etched pits on apatite crystals in 1894 (Baumhauer, 1894). The

difficulty of observing the pits on the surface of crystals remained until the chemical
etching method was implemented (Young, 1958). Fleischer et al. (1975) described the
detection, observation and interpretation of nuclear tracks in solids. Since then, the
fission track technique has been applied as a dating tool in many fields including
archaeology, nuclear physics, extraterrestrial physics and biology (e.g. Bellot-Gurlet ef
-al., 1999; Ciubotariu, 2001; Li et al., 2001; Perelygin et al., 2003; for a review of earlier

works: Wagner & van der Haute, 1992). The sensitivity of track annealing in apatite to
60° to 120°C has resulted in the development of apatite fission track thermochronology

(AFTT), which is widely used in geomorphology to constrain the cooling history of

rock masses in the shallow crust (less than 5 km).

2.2.1 Formation of fission tracks

Spontaneous fission of **°U produces two positively charged nuclei of approximately
equal massb,\which are propelled in opposite directions away from the site of fission. As

they move through the mineral, the two nuclei damage the crystal structure, removing
electrons from within the mineral atoms that become positively charged, repelling cach

other. A disrupted track is formed in the cr)}stal (Fleischer et al., 1975). When

chemically etched, the fission tracks appear as randomly oriented tubes, about 0.5 um

wide and 16-17 um long in apatite (Figure 2.1). Although FTT considers only the
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fission tracks left by the fission of “*°U, other elements such as 2357 and ** Th may be

present in at least ppb levels and produce similar effects in the mineral lattice. For
instance, ©°U, which always represents approximately 0.7% of the total natural uranium
in apatite, may be artificially induced to fission by bombardment with thermal neutrons

(Hurford & Green, 1982). However, fission of 2*2Th and “°U is not induced by thermal

neutrons and this characteristic is exploited to obtain the quantity of U present in the

sample in order to calculate its fission track age (see below). The contribution of 22Th
to the spontaneous fission tracks observed in a crystal is negligible as the decay constant

is ~2 x 10% y! (Wieler & Eikenberg, 1998), approximately four order of magnitude
lower than the 2°U (Hurford & Green, 1983).

In summary, the number of fission tracks in a mineral is proportional to the U

concentration, the rate at which the atoms of U undergo fission and the time since
mineral cooled below the temperature at which fission tracks are preserved. Fission

track are annealed (repaired) with increasing temperature (Fleischer et al., 1965). The

probability that a randomly oriented fission track intersects a randomly cut crystal
surface on which the tracks are counted is dependent on the length of the etchable
portion of the fission track. The temperature controlled shortening of fission tracks in

mineral 1s exploited as a chronometer of the thermal history of rock masses (Wagner,

1972)

2.2.2 Thermal annealing of the fission tracks

Fission tracks in a mineral lattice are gradually annealed with time, according to a rate

that primarily depends on the temperature and the chemical composition of the mineral.
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Laboratory experiments (e.g. Laslett et al., 1987; Donelick et al., 1990; Crowley et al.,

1991) and data from boreholes where temperature had been independently measured
(e.g. Gleadow & Duddy, 1981; Hammerschmidt ef al., 1984) have been used to

understand the kinetics of the annealing process. These studies show that over
geological time scales fission track annealing at temperatures greater than 120°C 1s so
efficient that fission tracks are repaired as soon as they are formed. Track annealing

occur by track shortening and becomes measurable outside the uncertainties of the

method above approximately 60°C for a holding time of 10°-10° years (Donelick et al.,
1990). The temperature range over which annealing occurs is called the Partial
Annealing Zone (PAZ) (Gleadow & Fitzgerald, 1987). The rate of annealing does not
vary linearly with temperature and holding time, and complex mathematical models
have been developed to predict fission track annealing rates for different time-
temperatures paths (Laslett et al., 1987, Crowley et al., 1991; Ketcham et al., 1999).
Differences amongst these models include the procedure used to etch the crystals and
the rate at which annealing is considered to occur at a given temperature range, but

perhaps the major factor influencing rates of annealing, is the apatite chemical

composition. Laboratory experiments have demonstrated that Fluorine-rich apatites are
characterised by higher rates of annealing than Chlorine-rich apatites (Brown et al.,

1994). Many annealing models (e.g. Laslett et al., 1987; Crowley et al., 1991) assume

that apatites have a composition similar to Durango apatite (a F-rich apatite, chosen as a
standard mineral (Young et al., 1969). As F-rich apatites are compositionally the most
abundant in magmatic and many metamorphic rocks, the simplification introduced by
these models produces results that are qualitatively acceptable. However, Ketcham et

al. (1999) have proposed a formulation that takes account of the compositional control
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on annealing behaviour using constraints from laboratory experiments and boreholes

samples (Green ef al., 1989). The dependence of the annealing process upon chemical
composition 1s complex, with parameters such as cation substitution of Ca for rare earth
elements (REE), abundance of U and Th and radiation damage being possible controls
of the kinetics of annealing (Ketcham et al., 1999). The effect of all these parameters

on the annealing process is considered by measuring the maximum diameter of the etch
pits parallel to the crystallographic c-axis — the Dpar - on the polished surface of the
sample (Donelick, 1993). Laboratory experiments and data from geological samples

suggest that when etching conditions are tightly controlled the Dpar is a reliable

indicator of the annealing process in apatites (Ketcham et al., 1999).

2.2.3 Apatite fission track ages

The total production of spontaneous fission tracks (F,) per unit of volume is:

Fs =Aﬁ3““ B(e -1) 2.1

where A is the total decay constant (1.552 x 10" y"': Hurford & Green, 1983), Agssion 1S

the fission decay constant (about 7 x 10" y'; Hurford & Green, 1983) and ¢ is the age.

After polishing and etching a surface of the apatite sample (see Appendix 2), a
proportion (q) of the total tracks is visible at the surface. Therefore, the counted

spontancous fission track density (o) is:

p,=qF. =_)_“_j_i_z__ign_233U(eu _1) 79
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ps can be directly counted on the mineral section and the amount of 2817 can be deduced

using the “external detector method” (Hurford & Green, 1982). In this technique a mica
with no (or bnly ppb levels) of U concentration is placed over the apatite grain mount

(see Appendix 2) and subjected to irradiation with thermal neutrons. Fission tracks are

induced throughout the apatite crystals and those within 12 pum of the surface may leave

—

the crystal and penetrate the mica. After irradiation, the mica is etched and the induced

fission tracks (p;) are counted. The amount of U in the apatite is calculated as

follows:
p, =q>Udo 2.3

where ¢ is the thermal neutron flux per unit volume and ois the cross-section of °U

for induced fission. Equations 2.2 and 2.3 can be combined:

p, Agolg

A
£e _ Dhssion (02 1 2.4

where I is the 2°U/*%U (1/137.8), g 1s a geometry factor that takes into account the fact
that the spontaneous tracks were also produced by **U atoms that were in the apatite

crystal that had been polished away, whereas the induced tracks are only produced by

the U atoms in the section of the apatite crystal left after polishing. Equation 2.4 can

be rearranged to calculate ¢ (Price & Walker, 1963):

{ = 2 In(1 + 209%8P: 2.5
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¢ and o can be calibrated using metal activation monitors of Au, Co or Cu. These

types of flux monitors, however, can react differently to geological materials and
therefore, a standard material, usually a silicate glass with a known U concentration, is

placed in the reactor alongside the sample (Hurford & Green, 1982). After irradiation,
the tracks induced by fission on a mica attached to the glass standard are counted (pp).

Using a standard glass, the amount of **°U of the sample can be calculated as follows

(e.g. Duddy & Kelly, 1999):

__ glass
sample = 2 . 6

Using 2.6, equation 2.5 can be rearranged to solve for ¢:

t = _Lln(l + ;ngDps) 2.7
)“ pllﬁ.sﬂau

However, the uncertainty of the Aion value remains (Bigazzi, 1981). To eliminate the
fission decay constant term, Hurford and Green (1981, 1982, 1983) suggested including
a standard mineral in the same irradiation and, by comparing directly the track ratio of
the standard and the unknown sample, removing the uncertainty of Aggsion. They

introduced the “zeta calibration method”, where:

M Gl 2.8

Hence, equation 2.7 can be rewritten:



Cristina Persano Chapter 2 23

t =1/ M1+ 440,/ p,)gPs] 2.9

¢ depends on the glass and the reactor used and is derived from the calculation of ages

of standard samples, usually Durango, Fish Canyon Tuff and Mt. Dromedary apatites

™ |

(see Appendix 1). The term £ also takes into account systematic errors in counting

tracks by operators.

2.2.4 Fission track length distribution

Fission track lengths must be measured in tracks that are parallel to the polished surface
and completely confined within the host mineral. If possible, about 100 confined,
horizontal tracks are recorded for each sample. They become etched by the acid
penetrating through an intersecting crack (Track-IN-CLEavage) or track (Track-IN-
Track) that crosses the polished surface. Identifying fission tracks as either TINCLE or

TINT may be important, as TINT may be underetched and their full length not revealed
(Laslett et al., 1982).

Although biased against measuring short tracks (Laslett et al., 1982), the track length
distribution provides a powerful method of identifying a sample’s thermal history.

Confined track length distributions for three different thermal histories are shown in

Figure 2.2. Rocks that have experienced rapid cooling and have not been reheated
(thermal history (a)) show a unimodal track length distribution, clustered toward long

track lengths that approximate the original length of tracks. The small discrepancy

between the mean length of tracks induced in the laboratory (16.3 £ 0.9 um) and the

mean track length in rapidly cooled rocks (14-15 £ 1 um) is not completely understood
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and it may be due to a different behaviour between spontaneous and induced tracks

(Wagner & van der Haute, 1992) or to partial annealing occurring over geological times

at surface temperatures (e.g. Donelick et al., 1990). Usually it is considered that over
geological times track shortening occurs between 120 and 60°C and only tracks formed

after the sample has cooled below 60°C are not affected by annealing. Slowly cooled

samples are characterised by a wide, negative skewed track length distribution with a
significant number of shorter track lengths (especially if the sample has left the PAZ
quite recently) and a larger standard deviation on the mean (thermal history (c)). If the
rock has experienced a more complex thermal history, the track length distribution 1s

also more complex. In case (b), the sample has experienced two phases of rapid

cooling; thus, the track length distribution is bimodal with the shorter tracks

representing the time spent in the PAZ, before the last cooling episode (Brown, 1991).

In addition to temperature, time and chemical composition, the rate of annealing (and
hence track length distribution) is also affected by track orientation to the c-axis (Green
et al., 1986; Crowley et al., 1991). Although tracks parallel to the c-axis are longef than
tracks oriented at high angles, especially at high rates of annealing, the probability of
seeing a confined track is greatest when the track is oriented about 65-75° from the ¢°
axis (Carlson et al., 1999). This bias seems to be due to the anisotropic etching
characteristic of the apatite which gives rise to narrow widths of etched tracks at verY

low and very high angles to the c-axis and a consequent lack of fully etched fission

tracks 1n those orientations (Donelick et al., 1999).

In order to account for anisotropic crystallographic effects, only those horizontal

confined fission tracks parallel to the c-axis (+ 10°) are generally measured. Donelick ot
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al. (1999) have suggested a method to convert the length of a track with a random

orientation into an equivalent track length parallel to the c-axis, increasing the number
of usable track length measurements. Although simple, this correction requires the
determination of the angle between a specific track and the c-axis, a capability thatis
not yet routinely available for most fission track microscopes. For this work, only
fission tracks that looked parallel or sub-parallel to the c-axis were measured, at the

expenses of a larger number of data.

As the rate of annealing increases, the probability of a single track intersecting the

polished surface of the host mineral decreases. Therefore, a relationship between mean
track length reduction (I/1y) and track density reduction (p/po) is expected. Green (1988)
found that in apatites with similar chemical composition the relationship between o

and p/po is linear and one-to-one for 1/1o> 0.65, but that for more strongly annealed

grains, Ulyis greater than p/po (Figure 2.3). An apatite crystal that has experienced track
shortening has a fission track age that is younger than a hypothetical sample that had

entered the PAZ at the same time, but has been rapidly cooled. By dividing the fission

track age by the track length reduction (I/ly), an indication of when the sample entered

the PAZ is obtained (Green, 1988).

2.2.5 Interpretation of apatite fission track data

The limited stability of fission tracks in apatite when exposed to temperatures
characteristic of the upper few kilometres of the crust results in a systematic variation of
rate of annealing and hence track length distribution and fission track age with depth-

The form of such depth profiles reflects the distribution of temperature with depth inthe
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shallow crust, providing crucial information to constrain the thermal history

experienced by the crustal section in that particular area. Figure 2.4 shows a typical
fission track data profile derived from a borehole in a tectonically stable area (Brown,

1991). The form of the profile is controlled by the increase of temperature with depth,

so that mean track length and apparent ages are progressively reduced with depth. The

concave-up section of the fission track age-depth profile defines the PAZ (Figure 2.4).
Below this zone apparent ages approach zero, as all fission tracks are rapidly annealed

at temperatures greater than 120°C. Above the PAZ, the ages are constant, suggesting

that the rate of annealing is very low.

The shape of the apparent age profile is sensitive to the rate of denudation. Brown et al.
(1994) demonstrated that the initial concave-up profile is smoothed to an almost straight
line for denudation rates greater than 30 m/Myr, sustained over a period of at least 100
Myr (the required holding time is shorter for higher rates of denudation). In this case,
the gradient of the linear apparent age profiles approaches the rate of denudation, with

the age of single samples approximating the time at which they cooled below about

100°C.

More complicated cooling histories produce more complex fission track age profiles.
If, for example, a tectonically stable region is successively rapidly denuded, the base of
the (fossil) PAZ will be shifted upwards toward the new surface. Samples that before

the rapid cooling event were at more than 120°C and, therefore, had a zero fission track

age, start to accumulate fission tracks as denudation commences. A new apparent age
profile 1s developed below the earlier one and the transition between the two will be

marked by a pronounced inflection, usually referred to as a “break in slope” (e.g.




Cristina Persano J Chapter 2 21

Brown, 1991). In a borehole or vertical profile showing this particular trend the fission

track ages corresponding to the break in slope indicate the time when the rapid

denudational event occurred.

2.2.6 Forward and inverse modelling of fission track data

Annealing models produced in the last eight years or so are able to predict fisston track
ages and track length distributions for given time — temperature paths (forward model).
These models also provide possible time-temperature paths for given fission track data
(inverse model) (Gallagher, 1995; Ketcham et al., 2000). The nature of fission track
annealing 1n apatite is such that all the predictive models are non-linear with
temperature, and so conventional inverse methods, such as least squares, are not
appropnate (Gallagher, 1995). Models have been developed to incorporate geological
information and to produce numerous time-temperature paths, as uncertainties in the
fission track data preclude the possibility of identifying a unique thermal history.
Gallagher (1995) proposed a Monte Carlo-based genetic algorithm (Monte Trax) that is
able to(ﬂdeﬁne, on an initial stochastic search, the region of good-fit solutions, and a
subsequent refinement stage to find the best solution. However, the annealing models
Incorporated by Monte Trax assume a Durango composition, and, so far, the software
does not allow the chemical composition and/or the track orientations to be
incorporated. AFTSolve (Ketcham et al., 1999) allows the operator to use the annealing
models contained in Monte Trax, but also to take in account the kinetic variability

among different chemical apatite compositions by including the measurements of the
Dpar. AFTSolve 1s also able to incorporate information about the orientation of the

confined tracks with respect to the c-axis, variation in initial track length, and the
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biasing effect of using **’Cf irradiation to increase the number of confined fission tracks

in young samples (Donelick et al., 1999). The program can be used as a forward or as

an inverse model and the thermal histories that best fit the data (the value of the x* test

can be changed by the operator) are saved in an “Excel” worksheet where they can be

easily plotted or used for other softwares (like DECOMP, see below).

2.3 (U-Th)/He geochronology

The discovery that the o particles produced by the radioactive decay of Th and U
isotopes are nuclei of helium (‘He) marked the beginning of geochrononology
(Rutherford, 1904). As Rutherford s@ted in 1906, “if the rate of production of helium
from known weights of the different radioelements were experimentally known, it
should be possible to determine the interval required for the production of the amount of
helium observed in radioactive minerals, or, in other words, to determine the age of the
mineral” (p. 191). Although the (U-Th)/He system was the first radiometric scheme
ever applied to dating rock crystallisation, it was soon clear that only very dense and
compact radioactive minerals are able to retain a large portion of helium trapped in their

structure (Rutherford, 1906). Rutherford himself stated that helium will escape from

the mineral lattice and the “helium age” will be younger than the actual age of the rock.

Keevil (1941) subsequently found an average helium retentivity of 25% in granitic
rocks and 44% in basic igneous rocks. Hurley (1950) claimed that the low retentivity of
helium 1s due to its superficial location in a rock sample and so helium is easily lost.

Hurley (1950) demonstrated that magnetite retains helium, and later experiments
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showed that non-metamict zircons have (U-Th)/He ages similar to their U/Pb age

(Damon and Green, 1963). The search for dense minerals that could trap helium led to
the investigation of the potential applications of the radiometric system to aragonitic

fossils. Fanale and Schaeffer (1965) and Bender (1973) demonstrated that the U/He

system provides ages on fossils and corals in agreement with independent age estimates.

Bender (1973) was the first to consider a correction for the a-particles ejected outside

the mineral lattice during decay (a-recoil correction).

Zeitler et al. (1987) refreshed interest in the technique by demonstrating that (U-Th)/He

ages of gem-quality apatites provided an age of cooling through about 100°C. They
also demonstrated that loss of helium through the mineral lattice was consistent with

volume diffusion from a spherical mineral grain. Their results were confirmed by
Lippolt et al. (1994) who analysed samples from different geological environments and
obtained helium ages younger than those computed with other radiometric systems, but
similar to the fission track ages, confirming a closure temperature of around 100°C.
These studies are of fundamental importance as they demonst;ate that helium 1s

sensitive to low temperatures. In the 1990s, a series of experimental determinations of

helium diffusion in apatites, notably by Prof Ken Farley’s research group at California

Institute of Technology, demonstrated that the He diffusion in F-rich apatite grains
occurs by volume diffusion and is consistent with a closure temperature of 75+7°C (for

\}cooling rate of 10°C/Myr), (Farley et al., 1996; Wolf et al., 1996a; Warnock et al.,

1997; House et al., 1999; Farley, 2002). The procedure used to obtain (U-Th)/He ages

varies slightly between laboratories but, in all variants of the technique, parent and

daughter elements are measured on the same apatite crystals, as individual apatite
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crystals from the same rock often have highly variable U and Th concentration, as well
as heterogeneous distribution (Meester and Dunai, 2002b). In the following sections an
overview of the (U-Th)/He thermochronological method is provided, along with a
description of the technique used to prepare samples (section 2.4). The analytical
equipment for He, U and Th analysis are then described, along with estimates of the

precision and accuracy of the measurements (sections 2.4, 2.5 and 2.6). The analytical

procedure is described in Appendix 2.

2.3.1 Apatite (U-Th)/He thermochronology

*He nuclei (o particles) are produced by the radioactive decay of heavy nuclei that have

an unstable proton to neutron ratio. The helium present in nature is almost completely

produced by the decay of 230U, #U, 22Th and "'Sm, following:

23817 = 2°Pb + 8*He + 68+ Q Aazs = 1.552x 1071 y* 2.10
DU ph + 7 He + 48+ QA5 =9.848x 107y 2.11
B2Th = 28ph + 6'He + 8+ Q  Axpz=4.947x 10y 2.12
“TSm = "Nd + I *He + Q Ay =6.538x 107y 2.13

where Q is the sum of the decay energies (MeV) for the entire series and A 1s the decay
constant for each element. Equation 2.13 shows that the decay constant of Sm 1s two
orders of magnitude lower than the decay constant of U. For a typical Durango

composition (Table 2.1), where the concentration of Sm is about 14 times higher than
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that of U and 0.8 times lower than Th, the contribution of “He from the decay of Sm is

100 times less than the amount of He produced by the decay of U and Th. Thus, only U

and Th are considered as parent elements for the production of ‘He.

Durango samples (1 mg)

Element Average 1o (%)

ilﬂiI‘-I
-'
il i
i il
N i i )
N G A

Table 2.1: Six samples from the same Durango gem quality crystal were analysed at SUERC to determine

their contents of U, Th and other trace elements (the analytical uncertainty is 1%; 1o in the Table

represents the stardard deviation of the mean). Each aliquot weights 1 mg and consists of pure apatite

fragments (100-300 um). The samples were dissolved in 10 ml 5% nitric acid and analysed by ICP-MS,

The Helium production in a mineral is defined by the following equation:

‘He =82 Ulgt" 1|17l ~1)6 lei’ 1] 2.14

¢

where *He, #*U, 2°U and **Th are the present-day concentrations expressed 1n
numbers of atoms and ¢ is the accumulation time or the He age. This equation cannot be

solved directly for the time 7 and it must be solved using an iterative method. As the
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235/%U ratio is constant and equal to 1/137.88, there is no need to measure 23U, and

so equation 2.5 can be written as follows:

4He=233U[[8(e""" - 1)%”3(1(&”‘ - 1)] +62327‘h(e1m‘ -1) 2.15

Using this equation to determine (U-Th)/He ages requires the following assumptions to

be met:

) Secular equilibrium between all the daughter decay elements. Secular equilibrium 1s

reached when the decay rate of each daughter nuclide in the chain is equal to that of the

parent, i.e.:
/10"0 = ﬂ'lnl - l‘znz - A‘n; 2. 16

where A is the decay constant and ny is the number of atoms of the original parent

element, A; and n, are the decay constant and the number of atoms of the first daughter,
and so on. Regardless of initial conditions, secular equilibrium is reached within
approximately 5 half-lives of the longest-lived intermediate nuclide experiencing
fractionation, in this case “**U, which has a half-life of 2.4 x 10’ years. Therefore, the
necessity of reaching secular equilibrium limits the application of (U-Th)/He
geochronology to samples older than one million years (Farley et al., 2002). Attempts
at using helium to date volcanic samples 350,000 yrs old revealed the complexity of

making a correction as secular equilibrium is not reached and the number of daughter

elements atoms should be known a priori (Farley et al., 2002).
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ii) No significant *He is present in the crystal initially. Atmospheric *“He contamination

is insignificant as the concentration of “He in the atmosphere is 5 ppm. However fluid
inclusions may carry crustal or mantle *He, which, when extracted along with the
radiogenic ‘“He from the crystal lattice, leads to spuriously old He ages. (U-Th)/He ages
older than the crystallisation age of the rock have been considered to be due to the

presence of such inclusions (Stockli et al., 2000; Persano et al., 2002). Fluid inclusions
are usually only a few microns in size and are often difficult to identify when the apatite

crystals are selected for analysis (see below). Such fluid inclusions may represent a first

order source of errors.

The quantity of cosmogenic and fluid inclusion *He is negligible with respect to the

amount of *He spike introduced in the extraction line with each sample (see section

2.3.5.4).

iii) “He is produced only by the U and Th present in the mineral lattice. This
assumption 1is particularly important in the case of apatite. Apatite usually contains
between 10 and 100 ppm of U whereas zircons and monazite, for example, can contain
up to 1000 ppm of U (Wedepehl, 1978). Small zircon and monazite inclusions are very
common in apatite. The “He extracted from the apatite can include “He produced by
radiogenic decay in the zircon. However, only the U and Th hosted in the apatite are
typically analysed. The helium released by the zircon inclusion is parentless and

produces a spuriously old (U-Th)/He age. Many authors have stressed the necessity of
analysing apatite crystals that are completely free of inclusions if reasonable He ages

are to be produced (House et al., 1997; House et al., 1999; Crowley et al., 2002;

Persano et al., 2002). During this project, attempts have been made in the SUERC
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laboratory to dissolve the inclusions along with the apatites, but non-reproducible data

were obtained. However, these are preliminary results and further work 1s needed to

assess the experimental procedure and the treatment of the data.

‘He atoms can also be implanted in a crystal from a neighbour host mineral. o particles

can travel across the mineral lattice for a distance that depends on the host mineral
(about 15 um in zircon and 20 um in apatite). However, this effect is in most cases

insignificant as a large number of atoms of He must be implanted in the crystal to affect

its (U-Th)/He age.

iv) There has been no loss and/or addition of U and Th since the formation of the
crystal. U and Th can diffuse out of the mineral lattice at high temperatures. In the case
of apatite, a loss of U and Th has been detected during melting of the crystals by laser
heating (see section 2.3.8). For this reason, as the (U-Th)/He data presented here were
the first to be produced at SUERC, a series of experiments were carried out before
routine analyses were performed, in order to determine the correct holding time and

temperature range to extract all the helium in apatite crystals without causing loss of U

and Th (see section 2.3.5.1). Loss of U and Th can also occur through alpha recoil of
the parent elements. When an o particle is produced, the parent element is recoiled by

30-100 nm (stopping distance in flogopite) and if it is close to the of the crystal edge it

may be ejected outside the grain (Gégen & Wagner , 2000). This is most likely to affect

(U-Th)/He ages only if the parent elements are concentrated in the outermost part of the

crystal.
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v) There has been no loss of He after the sample has cooled below the closure

temperature. Hellum loss may occur through cracks present in the mineral, especially
for apatite rather than zircon, given the latter’s brittleness. For this reason, apatite

crystals with fractures are not used for (U-Th)/He analysis.

Two transport processes operate simultaneously to affect the retention of radiogenic

helium produced in the mineral lattice: diffusion and recoil. In the following sections

(2.3.2 and 2.3.3) the two processes are described, focusing on the case of apatite.

2.3.2 Diffusion of helium in apatite

Diffusion describes the process of atomic migration. The rate of diffusion of a particle
in a solid depends primarily on the temperature, but also on the lattice geometry,
vibrational frequency of the atoms and the activation energy necessary to be overcome
for the process to occur (e.g. Dodson, 1973; Crank, 1975). Isothermal heating of
Durango apatite for increasing periods of time shows that the He loss follows a linear
relationship with the square root of time, suggesting that He is lost by volume diffusion
through the mineral lattice (Zeitler at al., 1987; Farley, 2002). The data fit best if
spherical or cylindrical mineral geometries are assumed. Experiments with slabs of

Durango apatite cut parallel and perpendicular to the c-axis suggest weak preferential

He diffusion along the ¢ axis (Warnock et al., 1997). Thus, the most appropriate

)

geometry for modelling He diffusion from apatite is an infinite cylinder, rather than a

sphere (Farley, 2002).

Step heating extraction of He from Durango apatite (Zeitler et al., 1987; Farley, 2002)

and other apatite samples (Lippolt e al., 1994; Wolf et al., 1996; Warnock et al., 1997)
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have demonstrated that diffusion of He is often linear on an Arrhenius plot (Figure 2.5).
In this diagram, He loss is represented by D/a’ wlglere D 1s the diffusion rate at
temperature T (K) and a (um) is the half width of the apatite prism. For a given grain

size, diffusion rates increase exponentially with temperature. At a given temperature,
diffusive loss of He decreases with grain size, which is indicative of a single domain

diffusion, 1.e. that the crystal fragment is the domain size for He diffusion.

The slope of the linear trend (Figure 2.5) for temperatures lower than ~400°C represents

the activation energy (E,) and the intersection with the y-axis is the diffusion coefficient
at infinite temperature (Dy). These values can be used to compute the closure
temperature (T¢) of He in apatite (Dodson, 1973). As the diffusion domain should be

the whole grain, the closure temperature depends on grain size. By definition, T, is the
temperature at which adynamic equilibrium between daughter isotope production by
radioactive decay and retention By the crystal is achieved (Dodson, 1973). The time
when T, is achieved is the apparent age. Durango apatite fragments of 100 um radii

have a closure temperature of 68°C (for a cooling rate of 10°C/Myr) and, varying the

radius from 50 to 150 pm changes T, by + 5°C (Figure 2.6).

The diffusion process does not stop after cooling below the closure temperature.
Experiments using the *°Ar/*’Ar technique have demonstrated that a maximum of 42%

of the daughter element is retained by the crystal at closure temperature (Lee, 2000). To

Investigate the temperature range at which He is retained by the apatite crystal, Wolf et
al. (1998) have solved the production-diffusion equation of He for apatites kept at

constant temperature for different durations. They demonstrated that He starts to

accumulate in the apatite crystal at approximately 80°C and stops diffusing out of the



