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FROM THE SERIES EDITOR 

This volume, Low-Temperature Thermochronology: Techniques, Interpretations, and 
Applications, was prepared in advance of a short course of the same title, sponsored by MSA 
and presented at Snowbird, Utah, October 13-15, 2005 prior to the fall GSA meeting in Salt 
Lake City, Utah. The editors, Peter Reiners (Yale University) and Todd Ehlers (University 
of Michigan), carefully selected a diverse group of authors in order to produce this volume 
that assesses the current state-of-the-art in low-temperature thermochronology and provides a 
convienent context for evaluating advances in analytical and interpretation techniques, future 
potential, and outstanding issues in the field that have emerged in recent years. The editors 
and contributing authors have done an excellent job in generating this volume that should 
find broad use by researchers seeking to incorporate low-temperature thermochronologic 
constraints in their research. 

Readers are encouraged to visit the MSA website (http://www.minsocam.org/MSA/RIM/) 
in order to access the computer programs outlined in Chapter 22. Errata (if any) can be found 
at the MSA website www.minsocam.org. 

Todi T. P-osso, Series Editor 
West Richland, Washington 

August 2005 

PREFACE 

The publication of this volume occurs at the one-hundredth anniversary of 1905, which 
has been called the annus mirabilus because it was the year of a number of enormous scientific 
advances. Among them are four papers by Albert Einstein explaining (among other things) 
Brownian motion, the photoelectric effect, the special theory of relativity, and the equation 
E = mc2. Also of significance in 1905 was the first application of another major advance in 
physics, which dramatically changed the fields of Earth and planetary science. In March of 
1905 (and published the following year), Ernest Rutherford presented the following in the 
Silliman Lectures at Yale: 

"The helium observed in the radioactive minerals is almost certainly due to its 
production from the radium and other radioactive substances contained therein. If 
the rate ofproduction of helium from known weights of the different radioelements 
were experimentally known, it should thus 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. " 

RutherfordE (1906) Radioactive Transformations. Charles Scriber's Sons, NY 

Thus radioisotopic geochronology was born, almost immediately shattering centuries 
of speculative conjectures and estimates and laying the foundation for establishment of the 
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geologic timescale, the age of the Earth and meteorites, and a quantitative understanding of the 
rates of processes ranging from nebular condensation to Quaternary glaciations. 

There is an important subplot to the historical development of radioisotopic dating over 
the last hundred years, which, ironically, arises directly from the subsequent history of the U-
He dating method Rutherford described in 1905. Almost as soon as radioisotopic dating was 
invented, it was recognized that the U-He [or later the (U-Th)/He method], provided ages that 
were often far younger than those allowed by stratigraphic correlations or other techniques 
such as U/Pb dating. Clearly, as R.J. Strutt noted in 1910, He ages only provided "minimum 
values, because helium leaks out from the mineral, to what extent it is impossible to say" 
(Strutt, 1910, Proc Roy Soc Lond, Ser A 84:379-388). For several decades most attention was 
diverted to U/Pb and other techniques better suited to measurement of crystallization ages and 
establishment of the geologic timescale. 

Gradually it became clear that other radioisotopic systems such as K/Ar and later fission-
track also provided ages that were clearly younger than formation ages. In 1910 it may have 
been impossible to say the extent to which He (or most other elements) leaked out of minerals, 
but eventually a growing understanding of thermally-activated diffusion and annealing began 
to shed light on the significance of such ages. The recognition that some systems can provide 
cooling, rather than formation, ages, was gradual and diachronous across radioisotopic 
systems. Most of the heavy lifting in this regard was accomplished by researchers working on 
the interpretation of K/Ar and fission-track ages. 

Ironically, Rutherford's He-based radioisotopic system was one of the last to be 
quantitatively interpreted as a thermochronometer, and has been added to K/Ar (including 
40Ar/39Ar) and fission-track methods as important for constraining the medium- to low-
temperature thermal histories of rocks and minerals. 

Thermochronology has had a slow and sometimes fitful maturation from what were once 
troubling age discrepancies and poorly-understood open-system behaviors, into a powerful 
branch of geochronology applied by Earth scientists from diverse fields. Cooling ages, 
coupled with quantitative understanding of crystal-scale kinetic phenomena and crustal- or 
landscape-scale interpretational models now provide an enormous range of insights into 
tectonics, geomorphology, and subjects of other fields. At the same time, blossoming of lower 
temperature thermochronometric approaches has inspired new perspectives into the detailed 
behavior of higher temperature systems that previously may have been primarily used for 
establishing formation ages. Increased recognition of the importance of thermal histories, 
combined with improved analytical precision, has motivated progress in understanding the 
thermochronologic behavior of U/Pb, Sm/Nd, Lu/Hf, and other systems in a wide range of 
minerals, filling out the temperature range accessible by thermochronologic approaches. 
Thus the maturation of low- and medium-temperature thermochronology has led to a fuller 
understanding of the significance of radioisotopic ages in general, and to one degree or another 
has permeated most of geochronology. 

Except in rare cases, the goal of thermochronology is not thermal histories themselves, 
but rather the geologic processes responsible for them. Thermochronometers are now routinely 
used for quantifying exhumation histories (tectonic or erosional), magmatism, or landscape 
evolution. As thermochronology has matured, so have model and interpretational approaches 
used to convert thermal histories into these more useful geologic histories. Low-temperature 
thermochronology has been especially important in this regard, as knowledge of thermal 
processes in the uppermost few kilometers of the crust require consideration of coupled 
interactions of tectonic, geodynamic, and surface processes. Exciting new developments 
in these fields in turn drive improved thermochronologic methods and innovative sampling 
approaches. 

vi 
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The chapters 
This volume presents 22 chapters covering many of the important modern aspects 

of thermochronology. The coverage of the chapters ranges widely, including historical 
perspective, analytical techniques, kinetics and calibrations, modeling approaches, and 
interpretational methods. In general, the chapters focus on intermediate- to low-temperature 
thermochronometry, though some chapters cover higher temperature methods such as 
monazite U/Pb closure profiles, and the same theory and approaches used in low-temperature 
thermochronometry are generally applicable to higher temperature systems. The widely used 
low- to medium-temperature thermochronometric systems are reviewed in detail in these 
chapters, but while there are numerous chapters reviewing various aspects of the apatite (U-
Th)/He system, there is no chapter singularly devoted to it, partly because of several previous 
reviews recently published on this topic. 

Chapter 1 by Reiners, Ehlers, and Zeitler provides a perspective on the history of 
thermochronology, comments on modern work in this field and general lessons on the 
potential for noise to be turned into signal. This chapter also provides a summary of the current 
challenges, unresolved issues, and most exciting prospects in the field. 

Much of the modern understanding of kinetic controls on apparent ages, thermal histories, 
and sampling approaches comes from decades of progress in fission-track dating, a method 
that remains as essential as ever, partly because of the power of track-length measurements 
and the depth of (at least empirical) understanding of the kinetics of track annealing. Tagami, 
Donelick and O'Sullivan review the fundamentals of modern fission-track dating (Chapter 2). 
Two of the most commonly dated, well-understood, and powerful minerals dated by fission-
track methods are apatite and zircon, and the specifics of modern methods for these systems 
and their kinetics are reviewed by Donelick, O'Sullivan, and Ketcham (Chapter 3), and 
Tagami (Chapter 4). 

Although 40Ar/39Ar and (U-Th)/He dating methods followed somewhat different paths to 
their modern thermochronologic incarnations, they have many features in common, especially 
in the kinetics of diffusion and closure. Zeitler and Harrison review the concepts underlying 
both 40Ar/39Ar and (U-Th)/He methods (Chapter 5). Zircon was one of the first minerals dated 
by the (U-Th)/He method, but has only just begun to be used for thermochronometry of both 
bedrock and detrital samples, as reviewed by Reiners (Chapter 6). Continuous time-temperature 
paths from intracrystalline variations of radiogenic Ar proven perhaps the most powerful of 
all thermochronologic approaches, and an innovative analogous approach in He dating (4He/ 
3He thermochronometry) is revealing remarkably powerful constraints on the extreme low 
temperature end of thermal histories, as reviewed by Shuster and Farley (Chapter 7). 

Thermochronology of detrital minerals provides unique constraints on the long-term 
evolution of orogens, sediment provenance, and depositional age constraints, to name a few. 
Bernet and Garver (Chapter 8) review the essentials of detrital zircon fission-track dating, 
one of the most venerable and robust of detrital thermochronometers, and in Chapter 9, 
Hodges, Ruhl, Wobus, and Pringle review the use of 40Ar/39Ar dating of detrital minerals, 
demonstrating the power of detrital muscovite ages in illuminating variations in exhumation 
rates in catchments over broad landscapes. 

(U-Th)/He thermochronometry presents several unique interpretational challenges besides 
new kinetics and low temperature sensitivity. One of these is long-alpha stopping distances, 
and its coupling with diffusion and U-Th zonation in age corrections. Dunai reviews modeling 
approaches to deal with these issues in interpreting low-temperature thermal histories (Chapter 
10). Ketcham (Chapter 11) reviews the theory and calibration of both forward and inverse 
models of thermal histories from fission-track and (U-Th)/He data, and makes some important 
points about the interpretations of such models. 
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Translating thermal histories into exhumational histories and their tectonic or geomorphic 
significance across a landscape requires quantitative understanding of the thermal structure 
of the crust and how it is perturbed, a review of which is presented by Ehlers (Chapter 12). 
Braun (Chapter 13) illustrates the power of low-temperature thermochronometry to constrain 
topographic evolution of landscapes over time, using PECUBE. Gallagher, Stephenson, 
Brown, Holmes, and Ballester present a novel method of inverse modeling of fission-track 
and (U-Th)/He data for thermal histories over landscapes (Chapter 14). 

Continuous time-temperature paths from closure profiles or their step-heating-derived 
equivalents are, to some degree, the holy grail of thermochronology. Harrison, Zeitler, Grove, 
and Lovera (Chapter 15) provide a review of the theory, measurement, and interpretation of 
continuous thermal histories at both intermediate and high temperatures, derived from both 
K-feldspar 40Ar/39Ar and monazite U/Pb dating. 

Extensional orogens provide a special challenge and opportunity for thermochronometry 
because tectonic exhumation by footwall unroofing often outstrips erosional exhumation, and 
often occurs at high rates. As Stockli shows (Chapter 16) thermochronology in these setting 
provides opportunities to measure rates of a number of important processes, as well as obtain 
a snapshot of crustal thermal structure and its imprint on thermochronometers with varying 
closure temperatures. Spotila (Chapter 17) reviews the use of thermochronology applied to 
tectonic geomorphology in a wide range of orogenic settings, introducing the concept of 
denudational maturity. 

Thermochronology has found great utility in economic geology, and newly developed 
approaches pose great potential in this area, and shown by Mclnnes, Evans, Fu, and Garwin 
in their review of the use and modeling of thermochronology of hydrothermal ore deposits 
(Chapter 18). The thermal histories of sedimentary basins are also critical to understanding 
thermal maturation of hydrocarbons, but are also critical for understanding basin formation, 
erosional histories of source regions, fluid flow, and climate change and other temporal signals 
preserved in sedimentary rocks. Armstrong (Chapter 19) reviews these issues and the use of 
thermochronology in deducing the thermal histories of sedimentary basins. Drawing on large 
datasets of bedrock apatite fission-track dates, Kohn, Gleadow, Brown, Gallagher, Lorencak, 
and Noble demonstrate the power of modeling, and, importantly, effectively visualizing, 
integrated thermotectonic and denudational histories over large regions (Chapter 20). 

Thermal histories of meteorites provide constraints on a wide range of fundamentally 
important processes, including nebular condensation and early solar-system metamorphic 
histories, and the dynamics of interplanetary collisions and shock metamorphism. Min 
reviews thermochronologic approaches to understanding meteorite thermal histories (Chapter 
21), including new methods and approaches. 

Finally, the importance of robust models with which to interpret thermochronologic 
data is underscored by the review of the Software for Interpretation and Analysis of 
Thermochronologic Data (Chapter 22), summarized and compiled by Ehlers, for programs 
associated with the work of authors in this volume and others. The programs outlined 
in this chapter are available for download through the RiMG Series website: http:// 
www.minsocam. org/MSA/RIM/. 
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INTRODUCTION 

In one form or another, geochronologists have been practicing thermochronology1, the 
use of radioisotopic dating to constrain thermal histories of rocks and minerals, for over 40 
years. Building from lessons learned over these four decades, thermochronology continues 
to evolve due to technical developments, increasingly sophisticated theoretical models, and 
an expanding range of applications in geologic and planetary science. Most recently, interest 
in earth-surface processes and interactions between tectonics, erosion, and climate has 
drawn attention to techniques that can address the timing and rates of processes operating at 
temperatures below about 300 °C. 

The purpose of this RiMG volume is to assess the current state of thermochronology, as 
of circa 2005, which is, coincidentally, the 100th anniversary of the first radioisotopic date 
(Rutherford 1905; 1906). Excellent review papers and books on specific topics within this 
field have been published, but no single volume has yet provided a comprehensive review 
of current practices, basic theory, and illustrative examples. The motivation for this volume 
stems from these considerations. Knowing that in a fast-developing field a book like this can 

1 Several nomenclative conventions have evolved around variations of the term "thermochronology." 
We consider the following most appropriate: 1) Thermochronometer: a radioisotopic system consisting of 
radioactive parent, radiogenic daughter or crystallographic feature, and the mineral in which they are found. 
2) Thermochronometry: the analysis, practice, or application of a thermochronometer to understand thermal 
histories of rocks or minerals. 3) Thermochronology. The thermal history of a rock, mineral, or geologic terrane. 
In practice, however, thermochronology is often also used to denote the study of thermochronologies, in which 
case it is synomymous with thermochronometry. The use of the term thermochronology in the latter sense is 
too common and deeply ingrained in the community (and parallel with conventional usage of geochronology), 
to attempt any corrective usage recommendation (e.g., the title of this book is Thermochronology, referring to 
the study of, not specific, thermochronologies). 

1529-6466/05/0058-0001 $05.00 DOI: 10.2138/rmg.2005.58.1 
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quickly become dated, we tried to include sufficient review of fundamentals and the literature 
to offer students and new users a useful introduction to thermochronology that may have some 
staying power. 

In this chapter, we first review the salient points of thermochronology's history before 
assessing our current capabilities and challenges and then taking the risk of suggesting where 
the field is headed. We do not provide a comprehensive history of the method that does full 
justice to the work of the large and growing cohort of thermochronologists. In this short space, 
we instead opted to give our perspectives on where the intellectual and technological roots of 
the discipline lie, which run deeper and go back farther than is sometimes appreciated. 

Geochronology vs. thermochronology 

Given that all radioisotopic systems are subject to disturbance and resetting at 
sufficiently high temperatures, it might be surmised that all radioisotopic dating is essentially 
thermochronology. Distinctions between geo- and thermochronology are indeed often fuzzy, 
but thermochronology is largely different in several ways. Some phases form or are stable only 
at temperatures much lower than the closure temperature for the isotopic system of interest (see 
Harrison and Zeitler 2005), effectively disqualifying them as thermochronometers. Zircon can 
form or dissolve in felsic magmas at temperatures where Pb diffusion rates are negligibly slow, 
for example, and in such cases it provides no useful thermal history information. Authigenic 
phosphates in supergene deposits provide an analogous example at low temperatures. 

The nature of thermochronologic and geochronologic questions are also often 
fundamentally different. The formation age of minerals is typically irrelevant in 
thermochronology, whereas rates of processes are often of paramount interest. The numerical 
values of thermochronologic ages across an orogen, for example, may have little to no 
geologic significance aside from their inverted value in estimating steady-state cooling (and 
inferred exhumation) rates and their spatial variations. Geochronologic applications, on 
the other hand, aim exclusively to determine a singular absolute stratigraphic or magmatic 
formation age, with little direct concern for durations or rates of processes. There are 
exceptions to these generalizations. Thermochronology can estimate the absolute timing of 
events, such as bolide impacts or magmatic processes that may only reset low-temperature 
systems, and geochronology may estimate rates of processes such as evolutionary change or 
landscape fluvial incision by bracketing formation ages around paleontologic or geomorphic 
features. Despite this overlap, the bottom line is that thermochronology is distinguished 
from geochronology by its ability to resolve both temporal and thermal aspects of geologic 
processes, and thus both timing and rates of processes. 

HISTORY 

1950s and 1960s - development of fundamentals 

The field of radioisotopic geochronology is now a century old (e.g., Rutherford 1905, 
1906), and the understanding that diffusion is a means of resetting or perturbing ages is 
not a new idea either (e.g., Hurley 1954 and references therein). In the scientific boom 
years following the second world war, many ages were measured by an expanding range 
of techniques. One immediate observation was that many of the ages obtained by different 
techniques on the same samples did not agree and many were too young to represent formation 
ages. In general, geochronologists and petrologists were acutely aware that the measurements 
they were making might be dating processes other than rock formation, with diffusion and 
thermal resetting being major suspects, although radiation damage was also considered a 
potential culprit. This can be seen in the work of Patrick Hurley and his interpretations of 
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previous studies of He retention in a wide variety of minerals (Hurley 1954), in the work 
of Paul Damon and colleagues on He retentivity in zircon (Damon and Kulp 1957), in 
examinations of Ar diffusion in various rock-forming minerals (Evernden et al. 1960; Fechtig 
and Kalbitzer 1966; Musset 1969), and in Richard Armstrong's notion of a "metamorphic 
veil" (Armstrong 1966). Thermal resetting was also directly or indirectly invoked in a number 
of early field studies including Mason (1961) and Hurley et al. (1965) on mineral ages near 
the Alpine Fault, Hart (1964) and Hanson and Gast (1967) in examining suites of mineral ages 
near contact aureoles, and Westcott (1966), Harper (1967), Jäger et al. (1967), and Dewey and 
Pankhurst (1970) in interpreting regional suites of mineral ages from orogens. 

Although thermal effects on radioisotopic ages were generally recognized, they 
received little quantitative attention in the early part of the 20th century and throughout the 
1950s, as technological developments allowed both the U-Pb and K-Ar method to develop 
through advances in chemical methods and static gas mass spectrometry. In hindsight, given 
geochronologists' focus at that time in determining reliable formation ages rather than thermal 
histories, and given what we now know to be the greater retentivity of minerals for Pb and 
Ar compared to He, it is clear why these methods became dominant at a time when U-He 
workers were struggling with ages that were often too young. In any event, this period saw the 
rapid development of U-Pb and K-Ar dating and the abandonment of the U-He method. Other 
important technical developments towards the end of this period include the development 
of fission-track dating of geological materials by Chuck Naeser and Gunther Wagner (e.g., 
Naeser 1967; Wagner 1968; Naeser and Faul 1969), development of the Ar-Ar method [see 
McDougall and Harrison (1999) for a full account], and the impetus given to geochemistry by 
the lunar program. 

By the late 1960s, all of the basic techniques that we use today were in fact in existence 
and most were under active development, with the exception of (U-Th)/He dating, which was 
seeing only sporadic use. Geochronologists were aware that high temperatures and diffusion 
could reset ages, they were conducting laboratory and field studies to study this phenomenon, 
and they were beginning to use mineral ages to constrain orogenic processes. The stage was 
clearly set for the development of modern thermochronology. 

1970s - a decade of closure 

Three developments in the 1970s were to prove essential to the birth of modern 
thermochronology. First, E. Jager and colleagues including Gunther Wagner, having 
accumulated considerable numbers of mineral ages from the Alps, concluded that they were 
recording the thermal history of the region, and published papers in support of this conclusion 
(e.g., Purdy and Jäger 1976; Wagner et al. 1977). Further, they used petrological data and 
petrogenetic grids to assign temperature values to specific isotopic systems. This directly 
leads to the notion of dating suites of minerals to establish thermal histories. Over the same 
interval, Chuck Naeser and colleagues were applying the fission-track method to a variety 
of geological settings of known thermal history such as boreholes and contact aureoles and 
relating their results to laboratory annealing experiments (Calk and Naeser 1973; Naser 
and Forbes 1976), and Berger (1975) and Hanson et al. (1975) revisited the studies of Hart 
(1964) and Hanson and Gast (1965) for K-Ar and Ar-Ar data. Finally and most significantly, 
in 1973, Martin Dodson published his landmark paper introducing the concept of closure 
temperature (defined as the temperature of a system at the time given by its apparent age), 
thereby providing a clear theoretical basis for understanding many mineral ages as cooling 
ages owing to the interplay between the kinetics of diffusion (or annealing) and accumulation 
rates in cooling radioisotopic systems (Dodson 1973, 1979; see discussion in Harrison and 
Zeitler 2005). 
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1980s - modern thermochronology is born 

The first literature use of the word "thermochronology" appears in a paper by Berger 
and York (1981). By modern thermochronology, we mean the explicit use of kinetic data 
to interpret suites of isotopic ages in terms of thermal histories. During this period, Andy 
Gleadow and the Melbourne group pursued improvements in the interpretation of fission-track 
data, incorporating the use of confined track length data into their kinetic models for apatite 
data, and developing the notion of the partial annealing zone (PAZ) (Gleadow et al. 1993), 
which has been adapted to the diffusive context with the notion of the partial retention zone 
(PRZ) (Baldwin and Lister 1998; Wolf et al. 1998). Concurrently Mark Harrison put Ar-Ar 
thermochronology on a firm theoretical footing in a series of papers starting with a precocious 
undergraduate thesis devoted to the cooling history of the Quottoon pluton and extending 
through a series of contributions spanning his PhD work with Ian McDougall at the Australian 
National University (e.g., Harrison and Clarke 1979; Harrison et al. 1979, 1985; Harrison and 
McDougall 1980a,b, 1981, 1982). Martin Dodson extended his ideas about closure to include 
the notion of closure profiles (Dodson 1986). The end of the decade saw publication of papers 
which set the stage for the development of the multidomain model for K-feldspar age spectra 
(Gillespie et al. 1982; Zeitler 1987; Lovera et al. 1989, 1991; Richter et al. 1991), and also a 
paper on He diffusion in, and (U-Th)/He dating of, apatite (Zeitler et al. 1987) that engendered 
an appreciation for the potential utility of the method in many geologic applications. Finally, 
the interval spanning the 1980's some of the first applications of "detrital thermochronology" 
were attempted (Wagner et al. 1979; Zeitler et al. 1986, Cerveny et al. 1988). 

During the 1980s some backlash and confusion developed over the significance of ages 
from thermally sensitive systems. Dodsonian closure temperatures, which are strictly only 
relevant for samples that have cooled montonically from high temperature and that have 
known kinetic properties and diffusion length scales, were often portrayed more like magnetic 
blocking temperatures; in fact many people at the time (and some still do) used "blocking 
temperature" to refer to isotopic closure. While the original choice of terms might have been 
arbitrary, at this point it is important to distinguish between systems with such high activation 
energies that in effect have a single "off-on" blocking temperature (like remagnetization 
of single-domain magnetite), and isotopic systems with more modest activation energies 
which allow both time and temperature to play significant roles in daughter isotope 
retention or fission-track annealing. The term closure properly serves to remind us that the 
conceptualization only applies to systems that have closed due to cooling; closure temperature 
has little to no relevance to interpretations of samples whose ages primarily reflect thermal 
histories involving reheating or prolonged isothermal stagnation. 

Finally, the 1980s saw an increasing number of applied papers using mineral ages to 
constrain and solve tectonic problems. Most applications focused on quantifying the timing 
of geologic events such as when faults became active within an orogen, or the timing of 
exhumation. Many studies also usedthermochronometers to estimate rates oftectonic processes 
(e.g., rates of exhumation) by assuming steady-state ID thermal gradients and a closure 
temperatures. The later third of this volume discusses applications of thermochronometers to 
different settings and summarizes work by many different groups over the last 2 decades. 

1990s and 2000s 

One of the most important developments in the 1990s was the theoretical maturation of 
the multidomain model for K-feldspar 40Ar/39Ar age spectra, largely by the group at UCLA, 
and its application in a large number of regional studies (Harrison et al. 1991, 1993; Fitzgerald 
and Harrison 1993; Lovera et al. 1993, 1997, 2002). Time-temperature models provided by 
K-feldspar 40Ar/39Ar methods are in some sense the holy grail of thermochronology in that 
they provide continuous histories, approximations to which are often the focus of laborious 
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efforts of multiple thermochronometers providing single ages corresponding (theoretically) 
to a single temperature. K-feldspar 40Ar/39Ar dating continues to attract wide use, as well as 
occasional theoretical criticism (e.g., Villa 1994; Parsons et al. 1999), the merits of which are 
debated. Provided certain sample and analytical criteria are met (Lovera et al. 2002), there is 
as yet no convincing empirical evidence suggesting problems with the theory or application of 
multidomain K-feldspar 40Ar/39Ar thermochronometry (Harrison et al. 2005). 

The 1990s also saw the pioneering work of Ken Farley and coworkers in bringing (U-Th)/ 
He geochronology of apatite and other minerals to become routine measurements capable of 
exciting new applications (e.g., Farley et al. 1996; Wolf et al. 1996,1998). Over the same time 
period, widespread adoption of laser heating for gas extraction (e.g., Kelley et al. 1994; House 
et al. 2000) and automation in noble-gas laboratories greatly reduced the effort required to 
obtain data, providing increased throughput, greater quality control, and lower system blanks. 
From a phenomenological standpoint, it is not clear whether lasers have increased insight into 
the workings of thermochronometers, as the nature of diffusion boundaries within mineral 
grains remains cryptic and often smaller and more complex than can be internally sampled 
using a laser on a routine basis (although there are exceptions in which crystal and domain 
sizes scale similarly and can be used to model thermal histories; Hess et al. 1993; Hawkins and 
Bowring 1999; Reiners and Farley 2001). Nevertheless, this area remains a frontier in which 
there is a great deal of interest and ongoing work. 

A potentially promising development in radiogenic He chronometry is reminiscent of 
the shift from K/Ar to Ar/Ar dating in the 1960s and 70s: the bombardment of samples by 
high-energy protons to form abundant and homogeneously distributed 3He provides the 
opportunity to simultaneously degas 3He and 4He and examine, with high precision, the 
internal distribution of 4He within crystals (Shuster et al. 2003; Shuster and Farley 2003, 
2005). Modeling intradomainal 4He profiles allows detailed constraints on subtle but critical 
features of cooling in temperature ranges near and significantly below those of the closure 
temperature of the system of interest. The method has also been used to date formation of 
weathering horizons (Shuster et al. 2005). 

Another development in this period has been the building of more complex numerical 
models used for interpretation of thermochronometer data. For example, forward and inverse 
models of thermochronologic data became available and widely used (e.g., Laslett et al. 1987; 
Gallagher 1995; Ketcham 1999, 2005; Willett 1997). Furthermore, forward modeling of crustal 
thermal fields to aid in interpretation of thermochronometer data also became more common. It 
is worth noting that the influence of topography, erosion, and faulting has long been appreciated 
in the geothermics community, going back to early publications by Lees (1910), Bullard (1938) 
and Benfield (1949). Unfortunately, much of the geothermics literature has been under utilized 
by thermochronologists until work by Parrish (1985) provided a fairly complete analysis of the 
implications of erosion on geotherms and thermochronometer interpretation. 

In the last decade modeling approaches have moved beyond ID applications to consider 
the influence of 2D and 3D heat transfer on thermochronometer age interpretation. Recognition 
in the thermochronology community that thermal gradients in the upper 1-5 km are spatially 
variable within orogens due to topography, faulting, and other processes has sparked interest 
in using thermochronometer data to quantify the rates of tectonics and erosional processes. 
As a results of this interest, thermochronometer data are now increasingly used to constrain 
thermal-kinematic and geodynamic models of tectonic (e.g., Rahn and Grasemann 1999; Batt 
et al. 2001; Beaumont et al. 2001; Ehlers 2005), topographic, and erosional processes (e.g., 
Stuwe et al. 1994; Mancktelow and Grasemann 1997; Ehlers and Farley 2003; Braun 2005). A 
more thorough discussion and overview of modeling procedures for thermochronometer grain 
scale and crustal processes are presented in this volume. 



6 Reiners, Ehlers, Zeitler 

CURRENT PRACTICE 

At present, by far the most commonly used thermochronometers are 40Ar/39Ar in micas 
and amphiboles (e.g., McDougall and Harrison 1999; Kelley 2002), and in K-feldspar 
(Harrison et al. 2005), fission-tracks in apatite (e.g., Donelick et al. 2005) and zircon (e.g., 
Tagami et al. 2005), and (U-Th)/He in apatite (e.g., Farley 2002) and zircon (e.g., Reiners 
2005). These techniques have typical closure temperatures ranging from as high as 400-600 
°C to as low as 60-70 °C (Table 1). Other thermochronometers used less commonly include 
fission-tracks in titanite (e.g., Coyle and Wagner 1998), (U-Th)/He in titanite (Reiners and 
Farley 1999; Stockli and Farley 2004), and monazite (Farley and Stockli 2002), and U/Pb or 
Th/Pb in monazite (Harrison et al. 2005), apatite (Chamberlain and Bowring 2001), titanite 
(Schmitz and Bowring 2003), and other phases. Thermochronologic constraints from U/Pb 
and Th/Pb work on accessory phases is seeing increasing use owing to the greater number 
of ion probes now available for radioisotopic dating, as well as advances in understanding 
of Pb diffusion (e.g., Cherniak 1993; Cherniak and Watson 2001) and closure profiles within 
minerals (Harrison et al. 2005). 

Although not a focus of this volume, it is worth noting that the Rb/Sr (e.g., Jenkin et 
al. 2001), Sm/Nd, and Lu/Hf systems have also seen increasing use as thermochronometers, 
with the latter two finding increasing use in garnet (Scherer et al. 2001; Ducea et al. 2003) 
and apatite (Barfod et al. 2002). In general, the Sm/Nd, Lu/Hf, and (U-Th)/Pb systems 
provide relatively high temperature thermochronologic constraints (>450 °C). Their utility 
as thermochronometers has been facilitated in part by increased temporal resolution of high-
temperature portions of time-temperature paths that have come from both increased precision 
and numbers of phases dated in the same rocks. The recognition that distinct systems provide 
ages that are consistently resolvable has helped extend the reach of thermochronology to 
higher temperatures (e.g., Hawkins and Bowring 1999). 

In practice, given the sorts of minerals that yield consistent results and their fairly low 
closure temperatures, almost all thermochronological studies have been directed at the more 
felsic rocks of the continental crust. Minerals suitable for dating are also found in meteorites 
(e.g., Min 2005) and, perhaps more commonly than realized, in oceanic crust (e.g., John et al. 
2004), and thermochronometry poses potential for understanding a range of processes in these 
settings as well. 

The various papers in this volume discuss the systematics and kinetics of different mineral 
systems in more detail, but to provide an overview, Table 1 summarizes the approximate 
temperature ranges and time-temperature responses ofthermochronometer systems commonly 
used today [also see Hodges (2003) for a more complete summary]. 

It is beyond the scope of this chapter to explore how well various thermochronometers 
perform when compared. There has been little if any community effort devoted to controlled 
comparisons of diffusion measurements or in developing standards to facilitate this. 
Although laboratories tend to use similar technologies, this is not universally the case, and 
most thermochronologists know of the pitfalls that can afflict, for example, the accuracy of 
temperature measurements made using thermocouples or pyrometers. Fortunately, the results 
from the numerous applied studies that have now been done suggest that to at least first 
order, we know the relative performance of mineral systems fairly well, as expressed by the 
closure temperatures listed in Table 1. It is extremely important to understand that the closure 
temperatures listed in this table serve as a useful shorthand for representing the "retentivity" 
of a system, but that in the actual case of reheating, these temperatures have little to no 
significance, the response of the system being a function of both the duration and magnitude 
of the heating event. 
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At the simplest level, thermochronometric data are used to determine the time-temperature 
history of a sample (e.g., Ketcham et al. 2005). After a thermal history is determined, 
numerical or analytical thermal models or simply geologic constraints can be used to interpret 
the processes responsible. Thermal models can be used to simulate the exhumation, and/or 
burial, history of the thermochronometric record as a function of geologic processes that are 
free parameters in the model. In practice, the range of geologic processes simulated in this type 
of model can be large and encompass geomorphic, faulting, magmatic, thermo-physical (e.g., 
basal heat flow) and basin evolution processes. Model thermal histories can be compared to 
observed thermal histories to determine the combinations of model parameters that provide a 
good fit to the data. 

Unfortunately, interpretations of thermochronometric data are seldom unique because 
different combinations of model parameters (e.g., basal heat flow and erosion rate) can produce 
an equally good fit to the data. Thus, a rigorous interpretation of a data set usually results in the 
identification of the range of solutions that satisfy the observation rather than a single solution. 
Unfortunately, all too often studies that attempt to quantify, for example, the kinematic history 
of a fault fail to report the range of solutions that satisfy a thermochronometric data set. 

Most recently, attempts have been made to couple crustal scale thermal models with 
increasingly complex process based models to better understand rates of landscape evolution, 
or the dynamics of orogenesis. The coupling of thermal and landform evolution and/or 
geodynamics models with thermochronometry pushes the utility of thermochronometric 
data to its limit. Coupled models introduce many more free parameters and require a careful 
evaluation of these parameters as well as large, carefully sampled data sets to ascertain 
meaningful results. The next decade will undoubtedly reveal the limit of thermochronometric 
data to quantify processes such as the evolution of drainage basins and/or couplings between 
climate and tectonics. 

PROSPECTS 

Existing and emerging techniques and approaches 

It is likely that the recent trend towards highly automated sample processing and smaller 
sample sizes will increase sample throughput from laboratories, and this will be aided by lower 
costs, (e.g., if inexpensive quadrupole mass spectrometers can be shown to serve adequately 
for Ar-Ar as well as He work), because if the capital cost of new laboratories were lessened 
more facilities could be established. Should it reach a sufficient threshold, higher throughput 
opens the possibility of constructing synoptic data sets for critical portions of orogens, or even 
of whole orogens themselves. In addition, as interest in detrital thermochronology grows, 
there will be a great need for increased throughput in order to meet demand. 

Work on laser microsampling in 40Ar/39Ar dating has revealed the potential of 
intracrystalline 40Ar profiles to reveal details of cooling histories and other powerful 
constraints (e.g., Kelley and Wartho 2000). The prospect of measuring in-situ 4He diffusion 
profiles by laser ablation may also be realized (Hodges and Boyce 2003), though several 
additional complications will need to overcome including complications posed by combined 
effects of U-Th heterogeneity and long alpha-stopping distances, as well as attaining sufficient 
resolution relative to the features in minerals that serve as diffusion pathways. If these 
hurdles can be overcome, continuous time-temperature histories at the low temperatures 
accessible by closure profiles in the (U-Th)/He system will be a particularly valuable tool 
for understanding near-surface processes. Laser profiling in single crystals has also found 
application in characterization of parent distributions, which can be vital for accurate alpha-
ejection corrections in zoned crystals (Hourigan et al. 2005). 
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The application of standard radioisotopic decay schemes to "new" phases has been a 
standard source of progress in thermochronometry for some time and may continue to be in 
the future, because of the unique thermal sensitivity and natural occurrence patterns of each 
mineral. Specific systems that have shown particular promise recently include 40Ar/39Ar and 
4He/3He thermochronometry of supergene weathering deposits (Vasconcelos 1999; Shuster et 
al. 2005). Development of thermochronometers with temperature sensitivities lower than that 
of apatite (U-Th)/He may prove powerful in some circumstances such as subsurface weathering 
profiles and submarine samples, but such sensitivities may also make the systems susceptible 
to diurnal heating or other surficial temperature fluctuations, restricting their application to 
certain settings. On the other hand, the sensitivity of low-temperature thermochronometers, 
and especially the contrasting kinetic responses of different systems, to surficial (or very 
nearly surficial) thermal processes, may prove valuable in understanding such phenomena if 
strategically applied (Mitchell and Reiners 2003; Shuster et al. 2005). 

Combining multiple thermochronometers in the same samples to increase the temperature 
range of thermal histories is fairly common, but few examples exist of combinations of 
thermochronometers with electron-spin-resonance, thermoluminescence, or cosmogenic 
nuclide analyses that constrain rates and timing of exposure. Comparisons of erosion rates from 
steady-state interpretations of bedrock thermochronometric ages and both in situ and basin-
scale (stream sediment sample) cosmogenic nuclide abundances have been made in several 
cases, often with intriguingly different erosion rate estimates over the contrasting timescales 
of each system (e.g., Kirchner et al. 2001; Vance et al. 2003; Stock et al. 2004). But another 
approach that may hold potential for understanding surface processes is measuring cosmogenic 
and radiogenic (and in some cases nucleogenic) abundances in the same crystals. Possible 
examples include 4He, 3He, andNe isotopes in detrital zircons or supergene weathering deposits, 
to determine relationships between formation, thermochronologic, and exposure ages. 

Thermochronology of detrital minerals has been used since the mid-late 1980s to constrain 
provenance and thermal histories of source terrains (e.g., Cerveny et al. 1988; Brandon and 
Vance 1992; Garver and Brandon 1994). Several new approaches have emerged recently that 
hold promise. One is modeling of observed probability density functions of many detrital 40Ar/ 
39Ar grains ages from alluvium from a drainage basin, using predictions of various tectonic 
models combined with the basin's hypsometry (Hodges et al. 2005). While this or similar 
approaches have been used with zircon fission-track dating for some time, its application in 
detrital 40Ar/39Ar methods has been one of the fruits of vast improvements in automation and 
sample throughput, and once again demonstrates that in as is often the case in thermochronology, 
quantity has a quality all its own. Another advance in detrital thermochronology is measurement 
of both formation (U/Pb) and cooling ages [(U-Th)/He and/or FT] in single zircons, providing 
improved resolution of provenance, depositional ages, and long-term orogenic histories of 
source terrains (e.g., Rahl et al. 2003; Reiners et al. 2005). 

Kinetics, partitioning, and other fundamentals 

There are still many important unresolved issues associated with the fundamental 
kinetics and systematics of diffusion and annealing that to some degree limit the robustness 
of interpretations from thermochronology. Fission-track annealing models remain vigorously 
debated, especially how realistically various models capture the dynamics of long-time, low-
temperature annealing that is characteristic of many slowly-cooled terrains (e.g., Ketcham et 
al. 1999). The precise causes of annealing kinetic variations caused by composition, radiation 
damage, and other effects is still somewhat primitive. The potential effects of pressure on 
track stability have also been recently debated (Wendt et al. 2001; Kohn et al. 2002; Vidal et 
al. 2002). With some exceptions, fission-track annealing is generally regarded as sufficiently 
complex that calibrations are largely empirical and do not seek quantitative modeling of the 
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mechanistic atomic scale processes that lead to annealing. Better understanding of the atomic-
scale processes controlling annealing may be an area of fruitful progress. 

Helium diffusion in commonly dated phases also bears several poorly understood and 
enigmatic phenomenon such as the >280 °C "rollover" in apatite diffusion experiments 
(Farley 2000, 2002), and the anomalously high (compared with later stages) rates of He 
diffusion observed in early stages of step heating experiments in zircon (Reiners et al. 2004), 
titanite (Reiners and Farley 1999), and possibly other minerals (Stockli and Farley 2002). 
Changes in He diffusion properties at high temperature are generally considered irrelevant to 
retention during cooling through lower temperatures where ages actually evolve (Farley 2000), 
and the anomalously high He diffusivity observed at small gas fractions during experiments 
can be modeled as minor amounts of gas residing in low-retentivity domains which do not 
significantly affect the bulk crystal's thermochronometric properties (e.g., Reiners et al. 2004). 
Nevertheless, it is possible that these and other poorly understood non-Arrhenius phenomena 
may turn out to be more important than currently realized. 

Other potentially important but as yet poorly understood aspects of He diffusion that may 
have broader implications are crystallographic anisotropy in diffusion characteristics (Farley 
2000), and the fact that 3He and 4He appear to diffuse from apatite at essentially the same rate 
(Shuster et al. 2003), rather than with the inverse-root-mass dependence expected from kinetic 
theory. Shuster et al. (2003) suggested that a possible reason may be that movement of He is 
actually limited by diffusion of crystallographic defects, not the intrinsic diffusion properties 
of He atoms. If this is true, it raises questions about what other features of noble gas diffusion 
phenomena may actually be proxies for migration of crystallographic or impurity defects in 
minerals and how this may affect thermochronologic interpretations. 

Radiation damage has long been recognized as affecting diffusion and annealing properties 
that control thermochronometric systems. The effects of radiation damage on annealing and 
diffusion are generally most evident in zircon (e.g., Hurley 1954; Nasdala et al. 2004; Rahn et 
al. 2004; Reiners et al. 2004; Garver et al. 2005), partly because of the high activation barrier 
to annealing and high U-Th concentrations. Although quantitative understanding of these 
effects is relatively primitive, there is potential that in certain cases, the effects of radiation 
damage could be used to an advantage, by essentially providing a range of thermal sensitivities 
similar to multi-domain behavior in a single sample (Garver et al. 2005). 

Finally, there is growing recognition of the potential importance of equilibrium partitioning 
of noble gases into minerals, and the relationship between this and assumptions of zero-
concentration boundaries and infinite reservoirs surrounding minerals of thermochronologic 
interest. Baxter (2003) has reformulated some of the basic theoretical constructs of noble 
gas chronometers to effectively explore the relationships between "excess" Ar or He, and 
the efficiency with which these gases can be transported away from minerals in which they 
were produced during cooling and closure. Examples in recent literature of 40Ar/39Ar ages that 
make little to no sense in terms of closure temperatures and classic Dodsonian theory (Kelley 
and Wartho 2000; Baxter et al. 2002), show that "excess" Ar can be quantitatively interpreted 
to provide important insights into Ar mobility, partitioning, and geologic processes. A firmer 
understanding of the significance and potential utility of "excess" Ar or He awaits clever 
experimentation, theoretical investigations, and natural examples consistent with predictions. 

Quantitative interpretations of data with numerical models 

In the last decade significant advances have been made in coupling thermochronometric 
data with numerical models to interpret topographic, erosional, and tectonic histories of 
orogens. The future will likely follow this trend as computing power continues to be faster, 
better, and cheaper and the source code for simulating different geologic processes matures. 
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The development and dissemination of more powerful computer models will most likely require 
larger data sets and carefully planned sampling strategies to optimize the signal of interest. 

A variety of computer programs are currently available for quantifying different aspects 
of the thermochronometric record of exhumation processes. For example, forward and inverse 
programs for predicting apatite fission track ages and track lengths and (U-Th)/He ages a 
function of temperature histories are freely available (e.g., Ehlers et al. 2003; Ketcham 2005; 
Dunai 2005). 2D and 3D thermal-kinematic, and 2D dynamic models of orogenesis have 
been successfully used to interpret thermochronometer data (e.g., Batt and Braun 1997; Batt 
et al. 2001; Beaumont et al. 2001; Ehlers et al. 2003; Braun 2005; Braun and Robert 2005). 
Several different landform evolution models are also in use to study long-term landscape 
evolution as a function of hillslope and fluvial processes (e.g., Braun and Sambridge 1997; 
Ellis et al. 1999). However, with the exception of recent work by Braun (2005), few attempts 
have been made so far to couple all of the previous types of models into one comprehensive 
tool for thermochronometric analysis. Future prospects for model intensive interpretations of 
thermochronometric data clearly include the development and dissemination of refined coupled 
landform evolution and thermal models, as well as creative applications of these models to 
multiple thermochronometric systems. The development of more complex numerical models 
will also allow additional rigor in data analysis because non-uniqueness in interpretations and 
more complete propagation of uncertainties can be more easily explored. 

Inevitably, the increased complexity of numerical and geodynamic models for predicting 
and interpreting thermochronometric datasets make their routine application somewhat 
difficult. Historically, thermal and geodynamic modeling have often been fields of study to 
themselves because of the extensive time and training required to learn and practice modeling 
that is both geologically useful and sufficiently sophisticated to advance the field. Similarly, 
collection of thermochronometric data requires unique skills and time investments as well. 
Much of the future in creative applications of thermochronology will likely rely on either the 
training of students with interdisciplinary skills (e.g., data collection and programming and 
modeling) and/or expansion of symbiotic collaborations between modelers and analysts. 

General comments on the future of thermochronology 

There are challenges facing thermochronology, some of which will undoubtedly lead in 
surprising directions. But we suggest that many if not most of these apparent unresolved issues 
or outstanding problems will eventually bear fruits that expand and strengthen the field. In some 
ways, thermochronology is the inevitable outgrowth of the empirical and theoretical maturation 
of geochronology in general, as it also dealt with challenging issues. As datasets from vari-
ous radioisotopic systems grew in quality and quantity, complications that once confounded 
explanation (such as intra- and inter-method age discrepancies or inconsistent experimental 
diffusion results) have, through hard-won quantitative understanding of kinetic properties, been 
transformed into powerful tools for piecing together detailed thermal histories. It is in this lem-
ons-to-lemonade context that we mention several challenges we see facing thermochronology 
today, which could be important in the next forty years of the fields' evolution. 

In general one of the greatest needs in thermochronology is better quantitative 
understanding of the kinetics of diffusion (and annealing), especially from experimental 
approaches. There are many important limitations to our understanding of Ar and He diffusion 
in many phases, and not nearly as many attempts to resolve these issues by direct experiments 
as there are applications with heuristic assumptions and attempted empirical "calibrations". 
Particularly important in this regard would be development of routine ways of measuring 
kinetic data directly on unknowns, rather than assuming all samples are the same, as is done 
for many types of minerals. Kinetic variations among specimens of the same mineral and 
strategic exploitation of these properties in sampling and analyses may in fact lead to great 
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advances in understanding kinetic mechanisms and controls in general, not to mention more 
detailed and accurate thermal histories. A related challenge that is more specific to (U-Th)/He 
dating is the need for agreed-upon, cost-effective, and reliable protocols for treating alpha-
ejection and U-Th zonation on grain-by-grain bases. 

Much thermochronologic interpretation assumes that daughter nuclides diffuse simply 
across zero-concentration grain boundaries into an infinite-sinkreservoir. Whereas this idealized 
model has allowed a great deal of progress in interpreting noble gas thermochronometry, there 
are some natural examples that could be interpreted as evidence for violations of this behavior. 
Better theoretical and experimental understanding of the phenomena of excess Ar and He like 
those of Baxter (2003) may improve the robustness of thermochronologic interpretations in 
some cases. A better quantitative understanding of these issues may in fact provide important 
thermochronologic interpretations in unexpected areas (e.g., Kelley and Wartho 2001). 

Another issue is the inherent uncertainty involved in inferring exhumational histories 
from thermal histories. One of the reasons for increasing interest in thermochronology in 
the last decade is the prospect of bringing radioisotopic dating techniques to bear on near-
surface crustal processes, especially those constraining erosional exhumation. Even if the 
thermal histories themselves bore no uncertainty, inferring exhumation histories from them 
requires assumptions about geothermal gradients and their variations in space and time. These 
assumptions and their uncertainty range widely in complexity depending on the problem being 
addressed, but often involve spatial and temporal transients in exhumation rates, topography, 
fluid circulation, and deep-derived (basal) heat flow. Some of the currently most exciting 
issues such as evolution ofpaleotopography and erosion rates on 105-106 yr scales may rely on 
assumptions that are difficult to test or require extensive integration of other data sets such as 
heat flow or hydrologic data to constrain models. In many cases, convincing arguments can be 
made that the essential aspects of interpretations are insensitive to some of these assumptions. 
But in others, uncertainties such as how groundwater circulation patterns affect the thermal 
field at depths less than 2-3 km (especially in regions of high topographic relief, e.g., Ehlers 
2005), or how magmatic events that may produce little surface expression affect thermal fields 
to greater depths, are difficult to constrain. At least some of these issues may be addressed 
by focused high-density sampling of currently active orogens, structures, or topographic 
features. If groundwater flow significantly deflects isotherms in the uppermost 2-3 km of high 
relief areas, for example, a careful heat-flow, hydrologic, and thermochronologic study could 
illuminate the details. Non-uniqueness in interpretations is not new to the Earth sciences, and 
thermochronologists and modelers can address uncertainties in interpretations by reporting 
the range of processes and solutions that satisfy a set of observations rather than looking for 
a single solution. 

A general issue facing thermochronology is the problem of nonmonotonic thermal 
histories. It is generally acknowledged that while most datasets do not uniquely constrain model 
thermal histories, when data from enough different systems or high-quality multi-domain or 
closure profile data are available, a range of thermal histories emerges that is commonly 
sufficiently small to be geologically useful. It may be generally underappreciated, however, 
that many models often focus on solutions assuming monotonic cooling. When nonmonotonic 
cooling histories are allowed, it is often more difficult to find a family of thermal histories with a 
restricted enough range to be useful (e.g., Quidelleur et al. 1997; McDougall and Harrison 1999; 
Lovera et al. 2002). This is explicitly recognized in most formal inversions of fission-track age 
and length data, as well as multi-domain ^Ar/^Ar K-feldspar cooling models, but many casual 
users fail to recognize the importance or limitations of this assumption. Thermal histories from 
multiple thermochronometers with certain shapes (e.g., concave down, followed by concave 
up) may be consistent with simplified expectations of reheating, but they are not diagnostic 
(e.g., Harrison et al. 1979). In this respect, fission-track dating bears a distinct advantage 



Past, Present & Future of Thermochronology 13 

over noble gas methods, because track-length analysis allows resolution of distinct thermal 
histories for tracks for different ages. Nonetheless, realistic modeling of age and track-length 
data for thermal histories involving reheating is often subject to considerable uncertainty (e.g., 
Ketcham 2003, 2005). Ultimately, geologic considerations may provide critically important 
information in considering non-monotonic thermal histories, but development of techniques for 
diagnosing reheating from thermochronologic data alone may be an important goal for future 
studies. One potential tack may be to use contrasting responses of thermochronometers with 
strongly varying activation energies. Extremely short duration (1-100 yr) and relatively high 
temperature reheating events, for example, can produce diagnostic age inversions in fission-
track and (U-Th)/He ages in the same minerals, because of their distinct kinetics. 

Finally, compared with some disciplines in geophysics and geodesy (e.g., IRIS or 
UNAVCO), the thermochronological community is not particularly cohesive at the moment 
and there has been little formal effort to improve shared resources or improve the access to 
thermochronological data. There are considerable historical reasons for the current culture 
of each thermochronologist having their own facility and their own protocols. However, we 
suggest that the time may have come to consider development of a community-wide vision for 
sharing facilities to help support and encourage comprehensive regional studies. As we outlined 
earlier and as is discussed elsewhere in this volume (e.g., Ehlers 2005), the demand for large 
datasets will increase, given intellectual developments driven by modeling, the growing focus 
on low-temperature systems much affected by complex high-frequency boundary conditions 
(Braun 2005), intense interest in detrital thermochronology, and analytical demands stemming 
from community initiatives like Earthscope's USArrray and the Plate Boundary Observatory. 
These sorts of demands may completely overwhelm the capabilities of a single laboratory, 
and both cooperative work among laboratories and development of new high-throughput 
facilities will be required. We suggest that thermochronologists might benefit from pursuing 
a grander vision. There are important problems in geodynamics that could be solvable given 
high-enough sampling densities that, while a far stretch for current analytical capacity, are not 
economically out of reach, even today—investigators are often successful in procuring funds 
for seismic lines costing millions of dollars, a sum that could support tens of thousands of 
mineral ages, even using current systems not optimized for analytical throughput. 

The future of thermochronology is bright. Intense interest in understanding near-surface 
processes and links between tectonics, erosion, and climate will continue to motivate advances 
in a number of areas that should increase the resolution and accuracy of thermochronologic 
models. New thermochronometeric systems are being developed that will expand accessible 
temperature ranges, better models of crystal-scale kinetic processes are clarifying age and 
thermal history interpretations, and analytical innovations will likely soon permit generation 
of large datasets that can invert for thermal histories of entire drainage basins or orogens, 
or provide routine closure profiles in single crystals. Improved geodynamic and surface 
process models will also undoubtedly allow increasingly sophisticated interpretations of 
tectonogeomorphic evolution. Motivated by exciting problems linking geologic processes such 
as tectonics, erosion, and climate, the next few decades will undoubtedly witness ingenious 
innovations and development of powerful analytical, interpretational, and modeling approaches 
that rival the progress and changes in radioisotopic dating in the last hundred years. 
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INTRODUCTION 

Fission-track (FT) analysis has developed into one of the most useful techniques used 
throughout the geologic community to reconstruct the low-temperature thermal history of 
rocks over geological time. The FT method is based on the accumulation of narrow damage 
trails (i.e., fission tracks) in uranium-rich mineral grains (e.g., apatite, zircon, titanite) and 
natural glasses, which form as a result of spontaneous nuclear fission decay of 238U in nature 
(Price and Walker 1963; Fleischer et al. 1975). The time elapsed since fission tracks began 
to accumulate is estimated by determining the density of accumulated tracks in a particular 
material in relation to the uranium content of that material. Chemical etching can be used 
to enlarge fission tracks that have formed within a mineral in order to make them readily 
observable under an ordinary optical microscope (Price and Walker 1962). 

If a host rock is subjected to elevated temperatures, fission tracks that have formed up to 
that point in time are shortened progressively and eventually erased by the thermal recovery 
(i.e., annealing) of the damage (Fleischer et al. 1975). Because thermal diffusion basically 
governs the annealing process, the reduction in FT length is a function of heating time and 
temperature. Importantly, fission tracks are partially annealed over different temperature 
intervals within different minerals. This characteristic allows for the construction of time-
temperature paths of many different rock types by (a) plotting FT (and other isotopic) ages 
from different minerals versus their closure temperatures, which is applicable in the case of 
a monotonous cooling history (e.g., Wagner et al. 1977; Zeilter et al. 1982), and/or by (b) the 
inverse modeling of observed FT age and confined track length data (e.g., Corrigan 1991; Lutz 
and Omar 1991; Gallagher 1995; Ketcham et al. 2000; see also Ketcham 2005). 

Fleischer et al. (1975) summarized the early studies of the solid-state nuclear track 
detection and its geological applications. Subsequently, a comprehensive overview of FT 
dating and thermochronology was provided by Wagner and Van den haute (1992), followed 
by more recent advances of the FT method in a number of review articles by Ravenhurst and 
Donelick (1992), Gallagher et al. (1998), Dumitru (2000), and Gleadow et al. (2002). 

The aim of this particular chapter is to present a simplified and historical overview of some 
of the basic fundamentals of FT thermochronology, and is not written in an attempt to supersede 
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all or any of the detailed review articles. This overview is designed to assist a reader of this 
volume in gaining a better understanding of some of the fundamentals of FT thermochronology 
prior to reading in-depth discussions of the apatite fission track (AFT) and zircon fission track 
(ZFT) methods, which are the focus of the following two chapters. Furthermore, there is 
bound to be some overlap between the content presented within this chapter and that within 
the following chapters discussing the AFT and ZFT methods. The authors have attempted to 
minimize this overlap wherever possible, however, readers should once again view this chapter 
as a historical overview of FT fundamentals, whereas the following chapters discuss some of 
the same fundamental ideas, but in much greater detail applicable to a particular technique. 

FORMATION AND REGISTRATION OF NUCLEAR FISSION TRACKS 

Spontaneous and induced nuclear fission decay 

Nuclear fission is a process during which a heavy, unstable nucleus splits into a pair of 
fragments of similar size. This reaction takes place both spontaneously in nature and artificially 
during bombardment by neutrons and other high-energy particles or y-rays. Each reaction is 
accompanied by the release of a few neutrons and-210 MeV of energy, of which the majority 
(-170 MeV on average) is the kinetic energy of the fission fragments. As a result of this ener-
getic disintegration, the fission fragments with massive positive charges are propelled from the 
reaction site in opposite directions. If the nucleus is located within a dielectric solid, the reaction 
will create a damage trail, called a fission track, along the trajectories of the two fragments. 

Spontaneous fission occurs in very heavy nuclides that belong to the actinide series of 
elements. Of those nuclides, 232Th and three U isotopes (234U, 235U and 238U) are the typical 
candidates that produce a significant number of spontaneous fission tracks in solids. However, 
in regards to the relative abundances and spontaneous fission half-lives, 238U is the only source 
of spontaneous tracks in terrestrial materials including natural apatite and zircon, except for 
those anomalously enriched in Th (Wagner and Van den haute 1992). Note that 238U also 
decays through a chain comprised of eight a (4He) and six emissions. This decay, which 
occurs 2 x 106 times more frequently than the spontaneous fission events, needs to be taken 
into account in calculating an FT age. This will be discussed in more detail later. 

Track formation process in solids 

When a heavy ionized particle travels at a high velocity through a solid, it interacts 
with the host lattice, gradually loses its kinetic energy and slows down until it eventually 
stops. During this process, a couple of interactions are predominantly responsible for the 
deceleration of the particle: (1) electric interaction, more effective at high velocities, in which 
the particle surrenders its energy by stripping electrons from target atoms, by having its own 
electrons stripped away, and by raising the excitation level of the lattice electrons; and (2) 
nuclear interaction, more important as the particle slows down, in which the particle loses its 
energy by elastic collisions with lattice atoms. In addition, the energy is also partitioned to 
radiation (e.g., Chadderton 2003). 

Although there is good agreement on the deceleration process of the charged particle and 
induced interactions, the debate has raged as to which mechanism causes the resultant motion 
of the lattice atoms that forms and registers the damage trails (e.g. Fleischer et al. 1975; Durrani 
and Bull 1987; Wagner and Van den haute 1992; Gleadow et al. 2002; Chadderton 2003). One 
of the widely accepted theories is the "ion explosion spike" model (Fleischer et al. 1965a, 1975) 
that treats electrostatic displacements as the primary process. In this model, track formation 
occurs during three stages (Fig. 1): (1) the rapidly moving positively-charged particle strips 
lattice electrons along its trajectory, leaving an array of positively-ionized lattice atoms; (2) the 
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resulting clusters of positive ions are displaced 
from their original lattice sites as a result of 
Coulomb repulsion, creating interstitials and 
vacancies; and (3) the stressed region relaxes 
elastically, strainingthe surrounding undamaged 
lattice. The creation of the long-ranged strains 
in the third stage makes possible the direct 
observation of unetched (or latent) tracks by 
transmission electron microscopy (TEM). This 
model explains the primary observation that 
particle tracks are observed only in dielectric 
solids having electric resistivity >2000 Qm 
(Fleischer et al. 1975). 

An alternative is the "thermal spike" 
model (Seitz 1949; Bonfiglioli et al. 1961; 
Chadderton and Montagu-Pollock 1963), in 
which the passage of an energetic particle is 
assumed to produce instantaneous, intense 
heating of the lattice along the trajectory. 
The track core is rapidly heated to a high 
temperature and subsequently quenched by 
thermal conduction into the surrounding 
lattice. As a result, lattice defects are created 
by the thermal activation and the track core is 
left disordered. Chadderton (2003) argued that 
both ion explosion and thermal spikes could be 
present to different degrees for track formation 
and registration in a variety of solids. 

Structure of the latent track 

Knowledge on the structure of fission 
tracks in their latent state is critical not only to 
unravel their formation process but also to serve 
as a physical basis for their thermal annealing 
behaviors, which have conventionally been 
observed and quantified after chemical etching. 
Since the pioneering work by Silk and Barnes 
(1959), the atomic-scale characterization of 
latent tracks has been conducted using TEM 
and other analytical techniques on apatite 
(Paul and Fitzgerald 1992; Paul 1993), zircon 
(Yada et al. 1981, 1987; Bursill and Braunshausen 1990), muscovite mica (Thibaudau et al. 
1991; Vetter et al. 1998) and other dielectric materials (see overviews by Fleischer et al. 1975; 
Wagner and Van den haute 1992; Neumann 2000; Chadderton 2003) (Fig. 2). In general, latent 
tracks represent a cylindrical shape of amorphous material in a crystalline matrix, with a sharp 
amorphous-crystalline transition. The elastic strain field around the disordered core extends a 
short distance into the matrix, likely with l/R2 dependence (Bursill and Braunshausen 1990; 
R, radial distance), with no evidence for structural defects in its vicinity. The cross section of 
the track has a nearly circular shape with widths of 6-10 nm in apatite (Paul 1993), ~8 nm in 
zircon (Bursill and Braunshausen 1990) and ~4-10 nm in muscovite mica, depending on the ion 
energy loss (Vetter et al. 1998). The track is a linear, continuous feature and has approximately 

O 
O 

e 

/ o IJ J O O o 
Figure 1. Formation and registration process of 
charged particle tracks in a dielectric solid by the 
ion explosion spike model (Fleischer et al. 1965a), 
which involves three stages: (A) the rapidly 
moving positively-charged particle strips lattice 
electrons along its trajectory, leaving an array of 
positively-ionized lattice atoms; (B) the resulting 
clusters of positive ions are displaced from their 
original lattice sites as a result of Coulomb 
repulsion, creating interstitials and vacancies; 
and (C) the stressed region relaxes elastically, 
straining the surrounding undamaged lattice. 
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(A) 

V 
I 

Figure 2. Atomic-scale images of latent (unetched) tracks: (A) an induced track in Durango fluorapatite 
observed subparallel to its length by transmission electron microscopy (Paul and Fitzgerald 1992) and (B) 
intersections of Pb ion tracks in muscovite mica imaged by 400 kV high-resolution transmission electron 
microscopy (Vetter et al. 1998). 

a uniform diameter along most of its length. For its entire range, however, the track is a cylinder 
over a certain length and has a tapering-down in diameter near its end (Dunlap et al. 1997; 
Chadderton 2003), which may be the case of both terminals of a fission track (Carlson 1990). 

The axial variation in damage density is deduced from a theoretical consideration on the 
rate of kinetic energy loss along a trajectory of nuclear fission fragments (Green et al. 1988; 
Wagner and Van den haute 1992). Since the kinetic energies of a pair of fission fragments are 
both below the Bragg peak in the energy loss curve, both fragments are most intensely ionizing, 
and therefore create most intensive damages, in the early part of their passage through the 
crystal lattice, i.e., around the site of the nuclear fission. As they slow down and lose energy, 
the damage intensity falls off away from this point, with the result that the damage density 
along the track peaks around the center and falls to zero at each end (Green et al. 1988). 

CHEMICAL ETCHING AND OPTICAL MICROSCOPE OBSERVATION 

Latent fission tracks can be viewed only by TEM and other high-resolution microscopic 
techniques because of their limited widths of only several nm. They, however, are conveniently 
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scanned only when samples have very high track densities (i.e., > 1010cnr2), which is generally 
not the case of terrestrial minerals such as apatite and zircon. Another potential problem with 
viewing latent fission tracks is that the entire range of each track cannot be observed at such a 
high magnification, despite the necessity to analyze track lengths for the modern FT thermo-
chronometry method (Paul 1993). In this regard, a technique is needed to enlarge fission tracks 
in order to be visible at a lower magnification under an optical microscope. Of the visualization 
techniques available, by far the most general and widely used has been chemical etching, which 
utilizes the preferential chemical attack along the entire length of the fission tracks. 

Basic process of track etching 

Fission tracks can be enlarged by chemical etching because the disordered region of the 
track core is more rapidly dissolved than the surrounding undamaged bulk material, due to its 
lowered binding energy. Chemical etching is conducted by immersing a dielectric material 
into a particular reagent under strictly controlled temperature and time conditions. Thus, only 
tracks that intersect the material's surface are etched and enlarged for observation. The reagent 
and etching conditions are selected on an empirical basis and have been established for a 
variety of minerals and other dielectric solids (Fleischer et al. 1975; Durrani and Bull 1987; 
Wagner and Van den haute 1992). 

The geometry of an etched track is controlled by the simultaneous action of two etching 
processes: chemical dissolution along the track at a rate VT and general attack on the etched 
surface and on the internal surface of the etched track at a lesser rate VG (Fleischer and Price 
1963a,b) (Fig. 3). Under given etching conditions, VTm. general increases with ionization rate 
and thus varies along a track, whereas VG is generally constant for a given material but can 
depend on crystallographic orientations. In natural glasses, which are typically amorphous, 
VT is only a few times higher than VG and hence the etched tracks appear as rounded cones. 
In crystals, however, VT is generally much higher than VG by more than a factor of 10 and 
this results in a needle-like track shape (Fig. 4). In the course of such etching, dissolution 
and removal of the latent track core is completed before the track is sufficiently enlarged and 
becomes visible under the optical microscope. Therefore, the visible enlargement process is 
predominantly governed by the progressive widening of the track channel to ~1 |im at a rate 
VG. See previous literature for more details (Fleischer et al. 1975; Durrani and Bull 1987; 
Wagner and Van den haute 1992). 

(A) (B) (C) 

Figure 3. (A) The geometry of an etched track is controlled by two etching processes, i.e., chemical 
dissolution along the track at a rate VT and general attack on the etched surface and on the internal surface 
of the etched track at a lesser rate Va (Fleischer and Price 1963a,b): (B) Tracks inclined at relatively low 
angles to a surface (i.e., less than the critical angle, &c) are not etched to be observable under optical 
microscope: (C) New tracks that began and ended beneath the original surface are revealed by progressive 
removal of the surface itself. Here VG/VT is given as 1/3 throughout. 
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Figure 4. Photographs of etched fission tracks viewed under optical microscope. (A) Spontaneous tracks 
revealed on a polished internal surface of ~27.8 Ma Fish Canyon Tuff zircon. The crystallographic c-axis 
lies approximately vertical. (B) Induced tracks implanted on a muscovite detector (Brazilian Ruby clear) 
that were derived from the region of the photograph (A). (Photos by TT) (C) Spontaneous tracks on a 
polished internal surface of ~33 Ma apatite crystal. The c-axis lies approximately horizontal. (Photo by 
POS) Scale bars are 10 |jm. 

Etching efficiency and prolonged-etching factor 

Because the surface of the mineral grain or glass is attacked and progressively removed 
during etching, tracks inclined at relatively low angles to the original surface are etched away. 
Such low-angle tracks are therefore not observable under the optical microscope (Fig. 3), which 
results in the number of latent tracks intersecting a given surface no longer being equal to that 
of etched ones on the surface. The minimum angle to the surface above which tracks are etched 
is called the critical angle S c , which is equal to arcsine {VcJVT) (Fleischer and Price 1964; 
Fleischer et al. 1975). An etching efficiency r| is defined by the fraction of tracks intersecting 
a surface that are etched on the surface, and is given by cos2Sc for the case of internal "thick" 
sources, where particle tracks originate throughout the volume of the detector itself. Thus: 

P £ = P I COS2 =pL 

vr
2 

1 - ^ 
lT VT

2 (1) 

where p£ and p£ are the areal density of etched and latent tracks, respectively. can be 
experimentally determined by the etch-test of particle tracks that are implanted by the 
bombardment of collimated heavy ions at a certain angle to the sample's surface. Such 
experiments yielded values of ~25-35° for natural glasses and < 10° for crystals (Khan 
and Durrani 1972). 
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When tracks originating from the internal source are etched, new tracks that began and 
ended beneath the original surface are revealed by progressive removal of the surface itself 
(Fig. 3). As a result, the total number of tracks will increase monotonically as etching proceeds 
because the tracks etched at an early stage continue to be visible even after long etch times, 
although they grow and become less distinct. This effect is called the "prolonged-etching 
factor" (Kahn and Durrani 1972) and is quantified by: 

Ap = NFh (1 - sin ) (2) 

where Ap is the areal density of new tracks added, NF is a number of tracks per unit volume 
and h is the thickness of the layer removed. Because p£ = gNFRL, where g is a geometry factor 
of the detector (0.5 and 1 for external and internal surfaces, respectively) and RL is an etchable 
range (i.e., length) of the latent track, thus: 

h{\-sin$r) 
Ap = p £ - r — L i = P £ -

gRL '°gRL{ l + s ind c 

Since h = VGt, where t is a time duration of etching: 

Ap = p£-

(3) 

(4) 

The total observed density of etched tracks p 0 is thus given by: 

P O = P £ + A P = PI 1 —kr + VGt Vf 
(5) 

Etching criteria and their influences on the observed track density and length 

For reliable track density determination, the observed track density pG needs to be as 
close to the latent track density p£ as possible. It is therefore desirable to analyze material 
that has lower Va, so that p£ and Ap come close to p£ and 0, respectively. Because Va is 
anisotropic in crystals, it is necessary to employ a crystal surface having the lowest VG- This 
is particularly important with highly anisotropic minerals, such as zircon and sphene (Fig. 
5). A conventional way to identify surfaces of low Va is to check whether the etched surface 
has clear and sharp polishing scratches that indicate relatively low VGt (Naeser et al. 1980; 

(B) 

Figure 5. (A) Shape of etched tracks in minerals having highly anisotropic V0 (i.e., a big contrast between 
V0i a n d T G )̂. (B) Top view of the etched mineral surface, on which track revelation is also highly anisotropic. 
After Gleadow (1981). 
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Gleadow 1981). Secondly, etch time t needs to be as short as possible to minimize Ap. Thus, 
in theory, etching should be stopped when all tracks that intersect the original surface become 
clearly visible under the optical microscope. Because VG changes between individual samples, 
particularly zircon and sphene, the optimum etch time must be determined by the step-etch and 
observation procedure (Gleadow 1981; Hasebe et al. 1994). 

Care should be taken when etching minerals having highly anisotropic VG, on which 
track revelation is also anisotropic. That is, tracks lying subparallel to a certain crystallographic 
orientation (e.g., c-axis in case of zircon) are more slowly enlarged than others because they 
have lower rates of widening of the track channel due to lower VG perpendicular to the track 
orientation (Gleadow 1981). For such samples, track etching should be continued until the 
tracks that are etched most slowly and weakly become visible under the microscope, so 
that the number of etched tracks is approximately equal for all crystallographic orientations 
(Gleadow 1981; Sumii et al. 1987). Otherwise, p 0 will be grossly underestimated relative to 
p£. Further complexity and difficulty is due to the fact that the VG anisotropy is not constant 
between samples but shows a systematic decrease as a result of accumulation of radiation 
damages. Hence, special care is needed 
to etch young zircons and sphenes 
because they have higher anisotropy due 
to the low level of radiation damage and 
because for such samples, p£ is in general 
so low that it is often difficult to judge the 
optimum etching condition using a small 
number of tracks therein (Gleadow 1980; 
Watanabe 1988). 

The observed range (i.e., length) of 
etched track, RE, is also different from RL, 
the etchable range of the latent track, due 
primarily to the outer growth of the track 
channel as the etching proceeds (Fig. 6). 
As the overestimation of the range, AR, 
is approximately given by AR = 2 VGt 
(Laslett et al. 1984), thus: 

(A) Underetched 

Fully etched 

Overetched 

D 

RE = RL + bR=RL + 2V<f (6) 

If VG is isotropic and VT » VG, the width 
of etched track, WE, is approximately 
equal to 2VGt and is accordingly a good 
measure of AR. In the case of crystals, 
however, VG is generally anisotropic and 
WE merely offers a rough estimate of 
AR. For an ordinary etching condition, 
AR ~ WE = ~ 1 |im and therefore is not 
negligible for confined track length 
analysis that will be mentioned later. 
Since AR is a function of t and increases 
as the etching proceeds, standardization 
of etching condition is required for 
reliable track length measurement as 
well as for inter-laboratory comparison 
of length data. 

5 10 15 20 25 30 

ETCHING TIME (sec) 

Figure 6. (A) Three stages of track revelation and 
associated errors (A) of the observed track length in 
apatite. The dot line represents an unetched (latent) 
track. (B) Observed track length vs. total etching time. 
Note the steady increase in the observed length after 
being fully etched, due primarily to the outer growth 
of the track channel as the etching proceeds. After 
Laslett etal. (1984). 
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DERIVATION OF AGE CALCULATION EQUATION 

In principle, a radiometric age is given by three parameters, i.e., the numbers of parent 
and daughter nuclides in a material, and the decay constant for the parent nuclide. In the 
FT method, they are respectively the number of 238U per unit volume, 23SN, the number of 
spontaneous fission tracks per unit volume, Ns, and the decay constant for spontaneous nuclear 
fission, XF. Because 238U also decays by a-emission with a much greater decay constant 
(1.55125 x 10_10y_1), XD, the basic formula for a FT age, t, is given by: 

Nx = V 238 
# { e x p ( V ) " l } (7) 

To measure 23SN, the nuclear fission reaction of 235U that is artificially induced by thermal 
neutron irradiation is utilized. The number of induced fission tracks per unit volume, Nh is 
given by: 

N,= 23iNvF O (8) 

where 235N is the number of 235U per unit volume, g> is the cross section for induced nuclear 
fission of 235U by thermal neutrons (580.2 x 10~24cm2), and ® is the thermal neutron fluence. 
From these equations, 

? = — l n - ! l + 
Xn 

^N.
 A 

N, 
/ o F ® (9) 

where / is the isotopic abundance of U, 235N/23SN (7.2527 x 10 3). Only tracks intersecting the 
etched surface are observable under an optical microscope and thus: 

t = — ln-jl + 
Xn 

XD 
/ \ 

Pi 
XF 1 , p / , 

QGIGFO (10) 

where is the surface density of etched spontaneous fission tracks, p/ is the surface density of 
etched induced fission tracks, Q is the integrated factor of registration and observation efficiency 
of fission tracks, and G is the integrated geometry factor of etched surface. In this equation, XF is 
not well determined (Bigazzi 1981; Van den haute et al. 1998), whereas Q and ® are generally 
difficult to measure accurately (Van den haute et al. 1998). Although, in principle, it is possible 
to determine these constants and values individually and calculate t absolutely (Wagner and 
Van den haute 1992; Van den haute et al. 1998), the empirical zeta calibration based on the 
analysis of age standards (Hurford and Green 1982, 1983; see also Fleischer et al. 1975) was 
recommended by the IUGS subcommission on Geochronology (Hurford 1990) and has since 
been used universally. ® is conventionally measured by the induced fission-track density on a 
U-doped standard glass, pD, irradiated together with the sample, and is thus given by: 

® = BpD (11) 

where B is a calibration constant empirically determined. Thus, the zeta age calibration factor, 
is defined accordingly by: 

^BI?JL (12) 

Hence, 

t = - l n j l + À,DÇpz 

/ \ 
Pi 
Pi 

QG (13) 
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C, is determined empirically by analyzing a set of standard materials of known ages (Hurford 
1990). Q is the same between the age standards and age-unknown samples as long as they 
are analyzed using identical experimental procedures and criteria. In the routine analysis, 
therefore, Q is ignorable and C„ is given by inputting the measured data of standard (i.e., pD, p s 

and p/) and the reference age t into the equation above. 

STABILITY AND FADING OF TRACKS 

Basic process of track fading 

Knowledge of the stability and fading of fission tracks is critically important in order to 
decode the geological history recorded by the host mineral. Of several possible environmental 
effects that could alter fission tracks, the most pervasive and recognized one is thermal annealing 
(Fleischer et al. 1975). The thermal annealing of fission tracks at increased temperature (or 
time) is a process during which the amorphous, disordered core is gradually restored to the 
ordered structure of crystalline matrix, as confirmed by TEM observation (Paul and Fitzgerald 
1992; Paul 1993) (Fig. 7). The process is characterized by (1) the development of irregular 
morphology at the track-matrix boundary, (2) segmentation of the track, i.e., appearance of 
gaps, (3 ) an increase in the spacing between segments, the shape of which approaches a sphere, 
and (4) instantaneous healing of spheres, with an observable minimum diameter of ~3 nm 
(Paul 1993). The annealing likely occurs through the diffusion of interstitial atoms and lattice 
vacancies to recombine as a result of their thermal activation due to heating. 

Figure 7. (A) - (D): Radiolytic-thermal annealing processes of induced tracks in Durango fluorapatite 
(after Paul and Fitzgerald 1992). The annealing proceeds from (A) to (D), as a consequence of electron-
beam exposure and heating on the sample. 
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The thermal annealing behavior of fission tracks has been characterized and quantified 
using etched tracks, upon which routine thermochronologic studies are based. At the optical-
microscopic scale, fission tracks progressively shrink from each end during early stages of 
annealing, as suggested by confined track-length analyses on apatite (Green et al. 1986; 
Donelick 1991; Donelick et al. 1999) and on zircon (Yamada et al. 1995a) (Fig. 8). At later 
stages of annealing, fission tracks continue to shrink, and appear to become broken into 
separate segments, with a result of a gross increase in standard deviation of track lengths for a 
specific crystallographic orientation (Green et al. 1986; Hejl 1995; Yamada et al. 1995a). 

Track annealing at geological timescales: procedures and findings 

Understanding the long-term annealing behaviors of the FT system over geological 
timescales is essential to unravel thermal histories of terrestrial and planetary materials. The 
conventional approach towards this is to: (1) make a systematic, quantitative description of 
FT annealing behaviors in laboratory under well-controlled conditions of temperature, time, 
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Figure 8. Polar coordinate plots of the induced fission-track lengths measured for Durango apatite at various 
degrees of annealing (Donelick et al. 1999). At relatively low degrees of annealing (a-c), fission-track lengths 
are approximately uniformly distributed about an ellipse with respect to track angle to the crystallographic c-
axis. At higher degrees of annealing (d-f), the ellipse collapses, with fission tracks at relatively high angles to 
the crystallographic c-axis experiencing systematic, accelerated length reduction. As the degree of annealing 
increases, the initiation of the collapse of the ellipses rotates toward the c-axis. 
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pressure, etc., (2) predict FT annealing under plausible geological conditions by extrapolating 
a numerical annealing model constructed using the laboratory annealing data, (3) test the 
prediction by analyzing fission tracks in natural materials for which the thermal history and 
other environmental conditions are known or inferred with some confidence, and (4) modify 
and recalibrate the numerical annealing model, if necessary. 

The long-term annealing characteristics of the FT system have been studied at a variety of 
natural settings; such as deep boreholes (e.g., Naeser and Forbes 1976; Gleadow and Duddy 
1981; Green et al. 1989a; Corrigan 1993; Wagner et al. 1994; Tagami et al. 1996; Coyle and 
Wagner 1998; Hasebe et al. 2003) (Fig. 9), exposure of deeply buried sections (e.g., Zaun and 
Wagner 1985; Stockli et al. 2002), contact metamorphic aureoles (e.g., Naser and Faul 1969; 
Calk and Naeser 1973; Tagami and Shimada 1996), regional diagenetic and metamorphic zones 
(e.g., Green et al. 1996; Brix et al. 2002), monotonous cooling of plutonic and metamorphic 
rocks (e.g., Harrison et al. 1979; Hurford 1986), etc. 

Some important results discussed in the aforementioned natural annealing studies are 
briefly summarized below (details will be discussed in following chapters): 

• In geologic studies, even those involving thermally undisturbed volcanic rocks, 
the measured lengths of spontaneous tracks are not always equal to the measured 
lengths of induced tracks. Of note: length measurements are made on "confined" 
tracks (Laslett et al. 1982); i.e., tracks that are located within a crystal and are etched 
through a host track or cleavage, so that they exhibit their entire lengths (Fig. 10). 
For instance, confined track length data from apatite indicate that spontaneous tracks 
are always shorter than induced tracks (Wagner and Storzer 1970; Bertel et al. 1977; 
Green 1980; Gleadow et al. 1986), whereas this is not the case for zircon (Hasebe et 
al. 1994) and sphene (Gleadow 1978). 

• FT annealing is indistinguishable between laboratory and nature in terms of the 
appearance and patterns of track shortening (Green et al. 1989a; Tagami and 
Shimada 1996), implying that the same physical processes consistently govern track 
annealing. This is also supported by the fact that the existence of fossil and modern 
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Figure 9. Long-term natural annealing of fission tracks in apatite observed in borehole samples from the 
Otway Basin, Australia, for which the geological evolution was well constrained (after Green et al. 1989a). 
Both fission-track age (A) and length (B) are reduced progressively down to zero in the temperature range 
of ~60-120 °C due to the increase in geothermal temperature with depth. Error bars are ± 2a. 
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Figure 10. (A) A schematic illustration of an etched mineral that reveals confined tracks of different 
dimensions, i.e., tracks-in-cleavage (TINCLEs) or tracks-in-track (TINTs). (B) A top-view photograph of 
etched spontaneous tracks on a polished internal surface of apatite crystal (after Gleadow et al. 1986). Most 
of the visible tracks are surface-intersecting spontaneous tracks, which are used for age determination. 
Arrows point to four individual confined tracks (revealed as TINCLEs) exhibiting original entire track 
lengths, which are useful for estimating the true length distribution. 

partial annealing zones (PAZ's; e.g., Fitzgerald and Gleadow 1990) was confirmed 
within a variety of geological settings (e.g., Calk and Naeser 1973; Naeser and 
Forbes 1976; Gleadow andDuddy 1981; Zaun and Wagner 1985; Green et al. 1989a; 
Corrigan 1993; Wagner et al. 1994; Tagami and Shimada 1996; Coyle and Wagner 
1998; Stockli et al. 2002). 

• Thermal sensitivities of fission tracks and other thermochronometers at geological 
timescales were inferred by relative positions of the PAZs (or partial retention zones), 
showing a reasonable consistency with the sensitivities observed in the laboratory 
(Calk and Naeser 1973; Coyle and Wagner 1998; Stockli et al. 2002; Reiners 2003; 
Tagami et al. 2003). 

• The FT annealing behaviors predicted by extrapolating numerical annealing models 
have been tested on apatite (Green et al. 1989b; Corrigan 1993; Ketcham et al. 1999) 
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and on zircon (Tagami et al. 1998), with a result that the predictions are generally 
consistent with observations. However, at least in the case of apatite, this really only 
holds true when the mineral species being modeled is identical in composition to the 
mineral species for which the model was generated. This accordingly requires the 
use of a "multi-kinetic" model that theoretically incorporates both compositional and 
crystallographic effects (e.g., Ketcham et al. 1999). 

Laboratory heating experiments: procedures and findings 

Where laboratory-heating experiments are conducted on pieces of a material containing 
fission tracks at a series of temperatures (7), the time (f) to produce a given degree of annealing 
of the fission tracks was classically described by: 

where k is Boltzmann's constant, A is a constant and EA is the activation energy (e.g., Naeser 
and Faul 1969; Fleischer et al. 1975). The degree of annealing is represented by iso-density 
or iso-length contours, when the data are displayed on a variation of an Arrhenius plot, i.e., 
the "l/T vs. log f" diagram (Fig. 11). In earlier studies, the rate equation that describes FT 
annealing was given by first-order kinetics (e.g., Mark et al. 1973, 1981; Zimmermann and 
Gaines 1978; Bertagnolli et al. 1981; Huntsberger and Lerche 1987), in forms equivalent to: 

where r is the degree of annealing, which is measured by the reduced FT density (or length) 
normalized to the unannealed value, and a 0 is a constant. This formulation is valid if the 
annealing results from diffusion of lattice defects having a unique EA. 

Later studies demonstrated, however, that the first-order kinetics gave a poor description of 
track annealing of minerals, such as apatite and zircon (e.g., Green et al. 1988; Green and Duddy 
1989). Higher-order processes using a rate equation gave the more preferred description: 

where n is approximately - 3 to - 4 for the Durango apatite (Laslett et al. 1987). Green et 
al. (1988) argued that, whereas the diffusive motion of individual disordered atoms may 
fundamentally be controlled by first-order kinetics, the annealing actually observed on etched 
fission tracks is a result of a number of complicated processes: i.e., the reduction in r is a 
manifestation of the reduction in atomic disorder that consists of a number of defects in an 
anisotropic, multi-component mineral. 

Originally, laboratory heating experiments were aimed at determining the reduction in 
etched track density, upon which the FT dating method was based (e.g., Wagner 1968; Naeser 
and Faul 1969; Nagpaul et al. 1974; Bertel and Mark 1983). More recent studies, however, 
focused primarily on: 1) the reduction in length of etched tracks with which FT annealing is 
more precisely quantified, and 2) the distribution of etched confined track lengths, the shape 
ofwhich is indicative of arock's thermal history (e.g., Green et al. 1986; Carlson et al. 1989; 
Crowley et al. 1991; Donelick 1991; Yamada et al. 1995ab; Donelick et al. 1999; Barbarand 
et al. 2003ab). Here it is noted that the observed mean confined track length of spontaneous 
fission tracks in apatite and zircon grains separated from rapidly cooled and thermally 
undisturbed volcanic rocks is approximately constant (-14.5-15.0 |im for apatite; Gleadow et 
al. 1986; -10.5 |im for zircon; Hasebe et al. 1994). Thus, these values offer good controls to 
measure length reduction of unknown samples. 

„ E A t = A exp — (14) 

(15) 

(16) 
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Figure 11. Arrhenius plot showing the design points of the laboratory annealing experiments of spontaneous 
fission tracks in zircon as well as contour lines for the fitted fanning model extrapolated to geological time 
scale (Yamada et al. 1995b; Tagami et al. 1998; model after Galbraith and Laslett 1997). Also shown are 
data points of four deep borehole samples subjected to long-term natural annealing, which were used to test 
the extrapolation of the annealing model (Tagami et al. 1998; Hasebe et al. 2003), and a box that indicates 
the time-temperature condition estimated for the higher temperature limit of the zircon PAZ on Crete (Brix 
et al. 2002). Three temperature zones can be defined as first-order approximation of fission-track annealing: 
the total stability zone (TSZ) where tracks are thermally stable and hence accumulated as time elapsed; 
the partial annealing zone (PAZ) where tracks are partially stable and slowly annealed and shortened; and 
the total annealing zone (TAZ) where tracks are unstable and faded soon after their formation. Note that 
the zircon PAZ is defined here as a zone having mean lengths of ~4 to 10.5 |jm (Yamada et al. 1995b) and 
shown as a white region intervened by the TSZ and TAZ. 

Heating experiments have typically been conducted under muffle-type or other electric 
furnaces, with samples being heated to varying temperatures under dry conditions, and pressures 
equal to one atmosphere. However, to assess the influence of various geological environmental 
factors, such as pressure, deformation, etc., a variety of heating systems and settings were 
employed during some tests, including the belt apparatus for dry and high-pressure conditions 
(Fleischer et al. 1965b), and the hydrothermal synthetic apparatus to synthesize hydrothermal-
pressurized conditions (Wendt et al. 2002; Yamada et al. 2003). These experiments were usually 
carried out isochronally, i.e., at a set temperature with a variable time duration, or isothermally, 
for a controlled time duration with variable temperature. Once etched, fission tracks are no 
longer useful for further annealing runs because the chemical etching completely dissolves the 
damage core of latent tracks thus permanently preserving the etched track length. Therefore, 
each aliquot of a sample is annealed and analyzed for each step of heating experiments. 

The results from numerous annealing experiments have previously been summarized 
by Fleischer et al. (1975), Durrani and Bull (1987), and Wagner and Van den haute (1992), 
and a similar scale of summarization is beyond the scope of this chapter. However, some 
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of the important results reported from these experiments, other than those mentioned in the 
last section, are briefly summarized below (some details will be discussed in the following 
chapters): 

• The track annealing rate, dr/dt, depends upon the crystallographic orientation of the 
tracks. For instance, fission tracks parallel to the c-axis anneal at a slower rate than do 
those perpendicular to it for both apatite (Green et al. 1986; Donelick 1991; Donelick 
et al. 1999), and zircon (Tagami et al. 1990). 

• The annealing rate also depends upon the chemical composition of a mineral, e.g., 
fission tracks in Cl-rich apatites anneal more slowly than do those in OH- and F-rich 
apatites (Green et al. 1986; Crowley et al. 1991; Carlson et al. 1999; Barbarand et al. 
2003 a). 

• The annealing rate may depend upon the accumulation of radiation damage in 
crystals, such as zircon and sphene. Experimental data suggest that spontaneous 
fission tracks in older zircons (i.e., having greater damage accumulation) anneal 
slower than do those in young zircons (Kasuya and Naeser 1988; Carter 1990; 
Yamada et al. 1998; Rahn et al. 2004). 

• The annealing rate possibly depends to some degree on pressure. While three studies 
using different experimental systems show no such dependence on the annealing rate 
in zircon (Fleischer et al. 1965b; Brix et al. 2002; Yamada et al. 2003), similar studies 
report conflicting results in terms of a pressure influence on apatite annealing (Wendt 
et al. 2002; Kohn et al. 2003; Donelick et al. 2003). See Donelick et al. (2005) for 
further discussion of this topic as it pertains to apatite. 

• The use of different etchants can give rise to different track annealing rates: an 
example is HC1 vs. NaOH etchants for sphene (Fleischer et al. 1975). 

• Fission tracks in some materials undergo slow annealing at low ambient temperatures. 
For instance, extremely fresh fission tracks induced by thermal neutron bombardment 
in apatite show appreciable reduction in etchable length at temperatures < 23 °C 
(Donelick et al. 1990). This is consistent with the observation that unannealed 
spontaneous fission tracks are always shorter than unannealed induced fission tracks 
in apatite (Gleadow et al. 1986). 

• The effects of various experimental biases are assessed in track length measurement 
of both unannealed and annealed fission tracks, which is indispensable for reliable 
interpretation of FT data (Green 1988; Galbraith et al. 1990; Yamada et al. 1995a; 
Donelick et al. 1999; Barbarand et al. 2003b). 

• Numerical FT annealing models (i.e., kinetics) have been investigated and improved 
on apatite (Laslett et al. 1987; Carlson 1990; Crowley et al. 1991; Laslett and 
Galbraith 1996; Ketcham et al. 1999) and on zircon (Yamada et al. 1995b; Galbraith 
and Laslett 1997; Tagami et al. 1998), opening a way to the inverse modeling of 
geological thermal history (Crowley 1985, 1993; Green et al. 1989; Corrigan 1991; 
Lutz and Omar 1991; Gallagher 1995; Issler 1996; Willet 1997; Ketcham et al. 
2000). See following chapters for more details (Donelick et al. 2005 on apatite 
kinetics; Tagami 2005 on zircon kinetics; Ketcham 2005 for inverse modeling). 

EXPERIMENTAL PROCEDURES 

Brief descriptions of individual experimental steps are given in this section, with a particu-
lar focus on the external detector method (EDM), the most widely accepted method of dating 
mineral grains at this time (Fig. 12). See previous discussions by Naeser (1976), Gleadow 
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Figure 12. Schematic illustration of the experimental steps involved in the external detector method. The 
technique is by far the most popular dating procedure for mineral samples collected from a variety of 
geologic settings. p s = surface density of etched spontaneous fission tracks; p¡ = surface density of etched 
induced fission tracks. 

(1984), Tagami et al. (1988), Ravenhurst and Donelick (1992), Wagner and Van den haute 
(1992) and Dumitru (2000) for further details as well as for other procedures and materials. See 
Donelick et al. (2005) for further discussion and suggestions of proposed experimental proce-
dures as they pertain to apatite. 

Methods of analysis 

The FT age determination of an unknown sample is based upon the measurement of three 
different track densities, i.e., ps, pI and pD. The first two densities are measured directly from 
the sample. At one time or another, a variety of experimental procedures have been employed 
in order to make these measurements, depending to some extent on the nature of the material 
to date (i.e., Naeser 1979; Gleadow 1981; Hurford and Green 1982; Ravenhurst and Donelick 
1992; Wagner and Van den haute 1992). 
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Originally, the "population method" was the most popular for FT analysis of many 
different minerals, but is now recommended only for dating of glasses. In this procedure, p s 
and pi are both measured on the internal mineral surface using separate aliquots of the same 
sample. Induced fission tracks are etched and revealed on surfaces of mineral grains from 
which spontaneous fission tracks were removed by laboratory heating prior to the neutron 
irradiation. This procedure has the advantage that ps and p/ are measured on surfaces of the 
same material that have identical track registration efficiencies. However, the disadvantage of 
this procedure is that FT ages cannot be measured on individual mineral grains. In addition, 
this procedure assumes that the two aliquots possess equal uranium concentrations and no 
zoning within individual grains, assumptions that need careful statistical and experimental 
assessments for individual samples. 

At the time of publication of this chapter, by far the most widely used procedure is the 
external detector method (EDM) (Fig. 12). In this procedure, spontaneous fission tracks (ps) are 
etched and revealed on an internal polished surface of a mineral grain, whereas induced fission 
tracks (p7) are recorded on an external detector (e.g., thin sheet of a low-U muscovite mica) 
that is firmly attached onto the etched grain surface during neutron irradiation. Thus, ps and p7 
are measured respectively on the internal mineral surface and on the external detector surface. 
The advantage of this procedure is that FT ages can be determined on individual mineral 
grains, which is particularly important when attempting to date grains with varying ages and 
compositions within individual samples. Previous studies of both sedimentary rocks (e.g., Green 
et al. 1989a; Hurford and Carter 1991; Burtner et al. 1994; Barbarand et al. 2003a) as well as 
some basement rocks (O'Sullivan and Parrish 1995), have shown that significant variations in 
grain ages can occur within individual samples, and thus having the ability to date individual 
grains instead of simply determining a bulk sample age is imperative. The disadvantage is that 
because ps and p7 are measured on different materials (i.e., original grain vs. mica detector), 
great care is needed to standardize etching conditions for each, particularly in the case of zircon 
and sphene that have variable and anisotropic etching characteristics (Gleadow 1978, 1981; 
Sumii et al. 1987). It is also noted that the sensitivity for track etching can be different between 
the mineral and external detector, as experimentally shown for apatite and zircon and muscovite 
detector (Iwano et al. 1992, 1993; Iwano and Danhara 1998). These points should be taken 
into account when applying an absolute age calibration (Wagner and Van den haute 1992; Van 
den haute et al. 1998), or when comparing observed zeta factors between different minerals or 
laboratories (Green 1985; Tagami 1987; Iwano and Danhara 1998). 

Of special note, new procedure that utilizes a laser ablation ICP-MS to measure uranium 
values from individual grains, has recently been proposed (e.g., Cox et al. 2000; Hasebe et 
al. 2002, 2004; Svojtka and Kosler 2002; Kosler and Sylvester 2003), and may soon develop 
into the most widely recommended and utilized method. See Donelick et al. (2005) for further 
discussion on the use of laser ablation ICP-MS in FT age calculation and analysis of apatite. 

Sample preparation and track etching 

Minerals suitable for FT dating, such as apatite, zircon and sphene, are concentrated 
and separated from their host rock samples by conventional mineral separation techniques. 
The mineral grains are mounted into grain-holding materials, such as epoxy resin or a Teflon 
sheet (Gleadow et al. 1976; Naeser 1976; Ravenhurst and Donelick 1992). The sample mount 
is ground and polished to expose internal mineral surfaces (which should have at least R/2 
distance to the original mineral surface for having 4n geometry). Spontaneous fission tracks 
that intersect the polished surface are revealed by placing the sample mount into an appropriate 
chemical reagent, such as acid or eutectic alkali (e.g., Fleischer et al. 1975), under particular 
time and temperature conditions. After etching, the sample is rinsed thoroughly to remove the 
reagent from the sample. 
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Neutron irradiation 

An external detector, such as a thin low-uranium (<5 ppb) muscovite mica sheet, is firmly 
attached to each etched mineral mount. Individual sample-detector pairs are stacked between 
standard glass dosimeters, such as NIST-SRM 612 (or 962a) or Corning CN1 through CN6, on 
each of which the detector is also attached. The sample-standard stacks are then bombarded by 
neutrons at a well-thermalized irradiation facility in a nuclear reactor. Note that a substantial 
error is introduced in the age calculation if the sample is irradiated at a poorly-thermalized 
facility because induced fission tracks of the same size are also formed by epithermal- and 
fast-neutron induced fissions of 235U as well as by fast-neutron induced fissions of 238U and 
232Th (Crowley 1985; Tagami and Nishimura 1989, 1992). After irradiation and radioactive 
cooling, the muscovite detectors are detached from the samples, and are then etched to reveal 
tracks that were induced into the mica following decay of uranium within mineral grains 
during irradiation. See Green and Hurford (1984) and Wagner and Van den haute (1992) for 
more details of the neutron irradiation issue. 

Track density determination 

To determine ps, p7 and pD, the number of etched tracks that intersect the surface within a 
known area are counted using an optical microscope at magnifications of at least ~1000x. The 
following points need to be taken into account for reliable track density determination (e.g., 
Green 1981): 

(1) Only mineral grains (or areas in individual grains) that satisfy the following criteria 
should be measured to determine 
(a) Grains should be tree of spurious, non-track features, such as dislocations or tiny 

inclusions, and grains having many non-track features are best avoided. In many 
cases, however, non-track features are readily distinguishable from spontaneous 
fission tracks, which are straight, of limited length and randomly oriented. 

(b) Fission tracks on the grain surface should be well etched and clearly visible. This 
is particularly critical to dating zircon and sphene as they have, as mentioned 
above, variable and anisotropic etching characteristics (Gleadow 1978, 1981; 
Sumii et al. 1987). 

(c) Uranium distribution should be approximately homogeneous within the grain. 
This can generally be judged by variation in p^ on the grain surface. For samples 
of low ps, variation in p: on the muscovite detector will help. 

(2) When using the EDM, ps is counted on the etched internal surface of each mineral 
grain, whereas p7 is counted on the external detector surface within the corresponding 
area. Thus, for precise FT dating a reliable correlation is needed in order to move 
between the two areas. 

Track length measurement 

Analysis of horizontal confined tracks. As defined earlier, and shown in Figure 10, 
confined tracks are those contained entirely within the boundaries of the crystal being 
analyzed. For the purpose of measurement, these are etched to be observable with help of two 
primary types of host features having different geometries, known as Track-in-Track (TINT) 
and Track-in-Cleavage (TINCLE) (Lai et al. 1969). Laslett et al. (1982) documented that, of 
various length parameters, the greatest information about the true length distribution can be 
obtained from the measurement of "horizontal" confined tracks. This technique is by far the 
most popular approach to estimate the true length distribution of spontaneous fission tracks 
in minerals that is indispensable for quantitative modeling of rocks' thermal histories as well 
as for determining FT thermal annealing kinetics. The following points need to be taken into 
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account for reliable determination of confined track lengths (for further details, see Donelick 
et al. 2005 and Tagami 2005): 

(1) Not only the length but also the crystallographic orientation should be measured 
for individual fission tracks because the track-annealing rate depends upon the 
crystallographic orientation. 

(2) Only tracks having appropriate etched width should be measured because, as 
mentioned above, the observed FT length is a function of t and increases significantly 
as the etching proceeds. This is particularly enhanced when we analyze partially 
annealed samples that contain segmented tracks because the observed length of 
such tracks is very sensitive to the degree of etching (Green et al. 1986; Hejl 1995; 
Yamadaetal. 1995a). 

(3) While many FT analysts still measure TINCLE's in apatite in order to boost the 
number of confined track lengths measured for individual samples, it should be noted 
that natural etching of tracks does occur along pre-existing cracks or cleavage planes; 
thus, measuring TINCLE's can result in length distributions that are unrepresentative 
of the sample's true thermal history (Jonckheere and Wagner 2000). 

Techniques to increase the number of measurable confined tracks. It is often difficult 
to measure sufficient number of confined tracks for reliable estimation of track length 
distributions when analyzing samples with low spontaneous track densities. To resolve this, 
three techniques have been developed to artificially increase the number of host tracks or 
cleavages that raises the probability of observing more confined tracks: 1) irradiation of 
nuclear fission fragments using the 252Cf source (Donelick and Miller 1991), 2) irradiation 
of heavy nuclides using the accelerator (Watanabe et al. 1991) and 3) artificial fracturing 
using a well-controlled grinding machine (Yoshioka et al. 1994). See Yamada et al. (1998) for 
comparison of the three techniques in analyzing young zircons. See Donelick et al. (2005) for 
details and procedures for using a 252Cf source for apatite and Tagami (2005) for procedures 
of artificial fracturing for zircon. 

DATA ANALYSIS AND GRAPHICAL DISPLAYS 

An analytical scheme for single-grain (or grain-by-grain) data obtained by the EDM 
is briefly presented below. See Wagner and Van den haute (1992) for data analysis of the 
population method. See Donelick et al. (2005) for a discussion of data analysis using the laser 
ablation ICP-MS. 

Statistical test of single-grain data and error calculation of sample mean age 

Routinely 10-30 single-grain ages are determined for a single FT analysis. If the grains 
within the sample have a common age, the variation in single grain ages is governed only by 
the Poissonian statistics concerned with the determination of p_s-, p/ and pD. In this case, p_s- and 
Pz are obtained from: 

5 X - 2 X 
< 7 ) 

where NSj- is the number of spontaneous fission tracks in area A,- of the 7th crystal and Ny is 
the number of induced fission tracks in the same area of the corresponding grain print on the 
muscovite detector (e.g., Green 1981). Then, the uncertainty in the mean age t is given by the 
formula: 
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where Ns, Nj and ND are the total numbers of counted tracks for ps, p7 and pD, respectively. 
In reality, however, the assumption mentioned above is not necessarily valid for a number of 
factors (see Green 1981) and thus a statistical procedure, called %2-test (Galbraith 1981; see 
also Green 1981), was developed to assess the validity. It was shown that results from the 
conventional formula give the best estimate of (ps/p/) and o(ps/p/), as long as the observed 
track counts are acceptable under a x2-criterion: 

where PSj = N^N^+N^KNg+Ni)-, Pv = N^Nsj+N^/iNs+N]). Here the x2-value is tested at a 
desirable critical level, say 5%, with («-1) degree of freedom where n is the number of grains 
counted. 

If the x2-value is unacceptable, it suggests that the data suffer from extra- Poissonian 
variation(s) due to a variety of experimental and geological factors (Burchart 1981; Green 
1981), such as: 

(a) incomplete revelation of spontaneous fission tracks, particularly in the case of zircon 
and sphene, which have more complex etching characteristics as mentioned above, 

(b) imprecise track counting, particularly in the case of samples having high track 
densities or those having a great proportion of non-track features, 

(c) incomplete contact between crystals and muscovite detectors, 

(d) inhomogeneity of uranium within the measured grain, 

(e) spatial variation of the thermal neutron flux on a scale of the areal distance of 
mounted grains (i.e., ~0.1 to 10 mm), 

(f) inherent variability of single-grain ages in the sample dated, such as the case 
of reworked volcanic ash beds, sedimentary rocks having multiple detrital age 
components, and partially annealed samples with a significant variation in the thermal 
sensitivities among grains dated (e.g., apatites with a spread of CI contents). 

In the above cases, usage of conventional formula for the sample mean age and its uncertainty is 
no longer valid. Where the values of log (ps/p/) can be approximated by a Normal distribution, 
the central age and age dispersion will yield a better approximation of the population ages 
(Galbraith and Laslett 1993). 

Graphical displays of single-grain age distribution 

If the extra-Poissonian variation(s) are statistically detected in the single-grain age 
data, the structure of the spread in measured single-grain ages should be assessed in order to 
constrain the source of errors. For this, graphical methods have been employed using (a) the 
one-dimensional plot, or histogram, (b) the interval plot using, e.g., 95% confidence intervals 
(Seward and Rhoades 1986), (c) the age spectra, or weighted histogram (Hurford et al. 1984), 
and (d) the radial plot (Galbraith 1988, 1990)(Fig. 13). Of these, the most widely used today is 
the radial plot, in which the uncertainty in a single age estimate is isolated so that it is easier to 
judge the variation in ages between crystals. When multiple age populations are deduced in the 
radial plot of the sample data, statistical models can be applied to estimate the component ages, 
particularly the youngest age population (Galbraith and Green 1990; Brandon 1992; Galbraith 

(19) 
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and Laslett 1993 ) (Fig. 13 ). This technique is critical to the study of provenance ages using the 
detrital FT thermochronology (see Hurtbrd and Carter 1991; Carter and Moss 1999; Garver 
et al. 1999; Ruiz et al. 2004) as well as to identify and extract the "essential age" in dating 
volcanic ash layers (e.g., Naeser et al. 1973; Gleadow 1980; Kowallis et al. 1986; Kohn et al. 
1992; Andriessen et al. 1993; O'Sullivan et al. 2001), and even granitic rocks containing apatite 
grains with varying compositions (O'Sullivan and Parrish 1995). 

Graphical displays of track length distribution 

Approximately 50-100 confined tracks are routinely measured for each sample, even 
though even this number should be considered an absolute minimum. The distribution of 
track lengths is classically shown using a histogram with 1 |im bins since the general overall 
uncertainty of measured lengths is around 0.5 [an, due primarily to the outer growth of etched 
track channels as mentioned above. Because the track annealing is anisotropic, the angular 
distribution diagram is also used widely to rigorously judge the degree of partial annealing 
of tracks (Green et al. 1986; Donelick 1991; Ravenhurst and Donelick 1992; Yamada et al. 
1995ab; Donelick et al. 1999; Barbarand et al. 2003b) (Fig. 8). In the case of apatite, mean 
track lengths either parallel or perpendicular to the oaxis can be used, instead of the usual 
mean track length, as fitted parameters of track annealing models (Carlson et al. 1999; 
Donelick et al. 1999; Ketcham et al. 1999). Mean track lengths for zircon are calculated using 
tracks >60° to oaxis so that the effects of anisotropic annealing and etching are minimized 
(Yamada et al. 1993, 1995ab). 

The key issue in interpreting the observed length distribution is that longer tracks tend 
to be over-represented because they have a greater probability of being etched and observed 
as TINTs or TINCLEs than shorter tracks (Laslett et al. 1982) (Fig. 10). This sampling bias 
needs to be appropriately corrected to obtain the real length distribution, which is necessary 
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for the quantitative thermal history modeling of the observed FT data. In theory, the bias is 
proportional to the track length (Laslett et al. 1982) and this was empirically confirmed by 
the "two-component mixtures" experiment (Galbraith et al. 1990). In practice, however, other 
geometrical complexities will further be introduced into the track length analysis; i.e., the aniso-
tropy in track etching and annealing for TINTs as well as the effective thickness of host fractures 
for TINCLEs (Galbraith et al. 1990). Furthermore, these factors can vary according to different 
experimental and analytical conditions/criteria used between laboratories as well as between 
observers (Barbarand et al. 2003; see also Yamada et al. 1995a). A proposed methodology to 
overcome much of this bias is described in further detail by Donelick et al. (2005). 

CONCLUDING REMARKS 

More than four decades have passed since Price and Walker (1963) first documented the 
possibility of FT dating, and more than two decades since the introduction of quantitative 
modeling of a rock's thermal history based upon the confined track length analysis of apatite 
(e.g., Laslett et al. 1982; Green et al. 1989a). Fission track thermochronology is now considered 
a mature method. Even so, it has recently been the subject of calibration and tuning towards 
more reliable reconstruction of thermal histories, as represented by the "multi-kinetic" thermal 
modeling (Carlson et al. 1999; Donelick et al. 1999; Ketcham et al. 1999). Furthermore, new 
lines of research are now emerging to potentially refine the technique further: (a) FT analysis 
of monazite (Gleadow et al. 2002, 2004; Fayon 2004), (b) FT analysis using laser ablation 
ICP-MS, with which one can potentially obtain both fission track and U/Pb ages on the same 
single crystal (Cox et al. 2000; Hasebe et al. 2002, 2004; Svojtka and Kosler 2002; Kosler and 
Sylvester 2003; Donelick et al. 2005), and (c) experimental characterization of very short-term 
track annealing using the graphite furnace, which simulates frictional heating of fault motions 
and thus may offer an innovative tool in the geo- and thermochronology of fault systems 
(Murakami et al. 2002; Murakami and Tagami 2004; Tagami 2005). 
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