4. Thermochronology — Techniques and Methods

4.1 Introduction to thermochronology

Thermochronology is the study of dating the cooling of rocks through exhumation. Inits
simplest form, thermochronology can be considered to date the moment when a mineral
passes through a specific closure temperature (T) (Dodson, 1973). Minerals have different
closure temperatures and so by using a suite of thermochronometers on asingle sample, its
cooling path through the crust can be reconstructed. The minerals and closure temperatures
available for use areillustrated in figure 4.1. The highest temperature chronometers have
closure temperaturesin excess of 750°C (U-Pbin zircon). These higher temperature
chronometers such as the U-Pb system in zircon are used to date, for example, Archean
gneissterrains, due to the unlikely nature of them having been reset, with depths required for
reset at ~30 km (assuming a 25°Ckm™* geothermal gradient). This study focuses on the low
temperature thermochronometers which may allow the geomorphic signature of the
landscape to become etched into the thermochronometric record. Two principal low
temperature thermochronometers are used in this study, apatite fission track analysis (AFT)
and apatite (U-Th)/He analysis (AHe). These are the lowest temperature chronometers that
are known about in sufficient detail and calibrated well enough to make them usable.

The low temperature thermochronometers may be used in avariety of ways, but one of their
principal uses and that used in this study is to determine the temperature-time history of
samples. Asan extension to this they may also be used to determine exhumation rates by
making some assumptions and for the higher temperature chronometers, to date the timing of

formation of the rock/mineral in question.

This chapter discusses the principles behind the AFT and AHe, two low temperature
thermochronometers, the devel opment of sampling strategies and the important
considerations to be aware of regarding their use in regions of high relief, i.e. the

deformation of isotherms by topography.
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4.2 (U-Th)/He thermochronometry

The decay of uranium and thorium to produce helium has been recognised since the
discovery of radiation and the subsequent birth of geochronology. By measuring
concentrations of uranium and helium, ages were calculated giving rise to the devel opment
of an absolute geological time scale (e.g. Rutherford, 1905; Strutt, 1905). Following these
initial studies it was realised that measuring helium concentrations often led to unreasonably
young ages (Hurley, 1954). The probable cause of these young ages was recognised early
(Rutherford, 1905) and attributed to helium loss, implying that these He ages only provided a
minimum estimate of the time elapsed since their formation (Reiners, 2002). Later
developmentsin K-Ar and other geochronological techniques led to (U-Th)/He dating being
regarded as suspect and relegated it to obscurity (Zeitler et al., 1987). Renewed interest was
developed when Zeitler et a. (1987) proposed that for apatite, helium ages could be
interpreted as those cooling through very low temperatures, with a closure temperature of
~100°C. It was shown that rapidly cooled apatites from the Durango fluorapatite (Cerro de
Mercado, Mexico) (Young et al., 1969) had helium ages that matched those derived by other
techniques (K-Ar and apatite fission track analysis, Zeitler et a., 1987). From this point
onwards, an interest was rekindled in the use of (U-Th)/He dating of apatite as a potential
low temperature thermochronometer, with alower temperature sensitivity than that of the
already established apatite fission track analysis. Subseguent studies have confirmed this
low closure temperature (Lippolt et al., 1994; Wolf et d., 1996; Warnock et al., 1997) and
step wise heating diffusion experiments show that montonically cooled samples record the
time when a sampl e passed through ~68 5°C (Farley, 2000). Natural cdibration studies
(e.g. House et d., 1999; Warnock, et d., 1997; Wolf et a., 1996) and laboratory studies (e.g.
Farley, 2000) have confirmed the sensitivity of the apatite system to these low temperatures.
This has provided a powerful tool for investigating, for example, the interactions between
topography and exhumation (e.g. House et al., 1998) by allowing the movement of samples
in the upper few kilometres of crust to be documented. This brief history has described the
use of (U-Th)/He dating in apatites as a rel ative dating technique, recording the time when a
sample has passed through a particular closure temperature. However, its use as an absolute
dating technique has been applied in Quaternary volcanic rocks (Farley et a., 2002). This
section discusses the background and the principles behind the use of (U-Th)/He dating of

apatites as low temperature thermochronometers.
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Nuclei of *He ( particles) are produced during the radioactive series decay of **U, **U and
#2Th (Farley, 2002), that ultimately resultsin the production of stable **Pb, ’Pb and **®Pb.
Thisforms the basis for U/Pb and Th/Pb dating. A generally insignificant amount is also
produced by the decay of **'Sm to ***Nd (Reiners, 2002). The fundamental ingrowth
eguation for thissystemis:

“He =87°U [exp(/ ,5et) - 1 +77°U[exp(/ ,st) - 1] +672Thlexp(/ ,3,t) - 1 @

where “He, 22U, U and **Th are the present day atoms, s aretheir relevant decay
constants and t is the accumulation time or helium age (Farley, 2002; Reiners, 2002). The
coefficients preceding the uranium and thorium abundances account for the multiple
particles emitted within each decay series (i.e. for U, 8 particles are gected, for *°U, 7
particles are gected etc.) (Farley, 2002). This equation assumes that no initial “He is present
in the sample, which is generally avalid assumption. In K/Ar or Ar/Ar dating atmospheric
argon may frequently account for a substantial fraction of Ar being measured, but the
concentration of Hein the atmosphere is so low (5 ppm vs. 1% for “°Ar) that atmospheric
helium is unlikely to be important (Farley, 2002). Fluid or mineral inclusions hosting “Heiin
crystas may invalidate this assumption and crystals containing these should not be selected
during the picking/screening stage (section 4.2.3).

a

A complication that exists with the use of (U-Th)/He dating is that, during radioactive decay,
the particles produced by the decay of U and Th are emitted with sufficient kinetic energy
to travel many microns through solid matter before coming to rest (Farley et al., 1996). A
consequence of thisisthat a spatial segregation between parent and daughter is introduced,
which on awhole rock scaleis negligible, yet in small crystals may be substantial (Farley et
a., 1996). Thiscan lead to areas of crystals displaying ages that are too old or too young. It
is obvious that the distribution of parent isotopesis one of the strong controls on where the a
particles will end up, and so zoning within crystals may exert an important control on helium
digtribution. Every decay within the U and Th series has a characteristic energy and hence
a characterigtic stopping distance (Ziegler, 1977), within a specific material. Thisvaries
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from aminimum of ~11 mto amaximum of ~34 m (Farley et a., 1996). The mean
stopping distance is shortest for the U decay chain followed by ?°U and #*Th. Density of
materia isthe strongest control onthe stopping distance for agiven energy. So for the
common datable minerals, as the density increases, apatite (3.2 gcm®), to titanite (3.6 gcm®)
to zircon (4.4 gcm®), the average  stopping distance in the U chain drop from 19.7 to
17.8t016.6 m respectively (Farley et a., 1996). For apatites the approximate stopping
distance istaken as~20 m. Asaconsequence of thisan particle will come to rest on the
surface of a sphere of radius 20 m centred around the site of the parent nucleus (Farley,
2002). Figure 4.2aillustrates this effect and displays the three possible outcomes that can
occur. If aparent nucleusisin aposition, greater than the stopping distance in from the edge
of the crystal, then no matter what vector the particle takes away from the parent it will
aways be retained within the crystal. If aparent nucleus lies within one stopping distance of
the crystal edge, then thereis a possibility that the particle may be gjected from the crystal.
Thisrisesto a 50% probability when the parent nuclide is found on the crystal edge
assuming that all vectors have a similar chance of use. The third outcome isthat a parent
nucleus may lie outside the crystal and may therefore potentially add  particlesto the
crysta through implantation (Farley, 2002).

Thethird of these possible outcomes is often ignored related to the fact the spacing between
parent-rich accessory crystalsislarge in most rocks and so can be discounted (Farley et al.,
1996). However this may be violated in very U-Th poor apatites (Farley, 2002) or in rocks
with large quantities of monazite present (Farley, 2003). If thislast outcome is disregarded
then the distribution of  particles within acrystal is given in figure 4.2b, where full
retention is recorded in the core of the crystal, decreasing to 50% retention at the edge of the
crysta. This observation suggests that in apatite only the outer 20 m of acrystal is affected.
From this a simple solution to the problem can be proposed, the dissolution of the outer
surface of crystalsto be dated (Farley et d., 1996; Farley, 2002). However in some minerals
(specifically apatite) the grain itself provides the helium diffusion domain (Farley, 2000),
and asthe crystal edgeisthe site of diffusiona helium loss then it will have alower
concentration of helium than the grain interior (Farley, 2002). Removal of this outer skin
will therefore bias the crystal towards erroneoudly high values as the magnitude of the
gradient in helium concentration in the crystal is a sensitive function of the crystals thermal
history (Reiners and Farley, 1999; Farley, 2002). Thisremoval may be appropriate for
rapidly cooled crystals, but will in general, result in erroneous ages where the diffusion and

a gection boundaries coincide (Farley, 2002). Similarly if acrystal shows strong zoning in

Chapter 4 — Thermochronology — Techniques and Methods 141



parent isotopes, then removal of the outer skin, may again lead to erroneous ages (Farley et
al., 1996).

Therefore a correction factor must be calculated in order to account for the effects of
gection. A guantitative model aong these lines has been developed by Farley et a., (1996)
to correct helium ages for effects of long  stopping distances, based on measured grain
geometries and sizes. One of the important assumptions associated with the correction is
that the distribution of U and Th is not zoned and is assumed to be homogeneous. Thisis
considered in greater detail in section 4.2.4.

The Fr parameter, the factor by which a measured age must be divided by to obtain an
corrected age, is based on the surface to volumeratio ( ) of the crystal, and the  stopping
distance of the crystal in question. Consequently, the larger the crystal the smaller  will be
and the smaller the correction required. In contrast, asmall crystal with alarge will have a
greater surface area affected by  gjection and so will require alarger correction. As
discussed above, each parent isotope has a different stopping distance for a particular
medium, but cal culating the mean F; separately for each parent does not differ substantially
from using a single mean stopping distance for each parent (Farley et a., 1996).

In order to calculate a F+ correction for each sample, the width and length of an apatite
crysta must be measured. The shapes of the terminations are a so noted (flat/pardlel, good
pyramidal or irregular). The crystals are then treated as prisms due to arelative insensitivity
of Frtoorigina length (Farley et d., 1996). Assingle crysta samples are not routinely
analysed, abulk Fr correction is then calculated based on taking an average of al of the
measured crystals weighted by their mass contribution to the fraction (Farley et a., 1996).
Each aliquot contains crystals of a homogeneous size. If crystals of different sizes are used,
that unknowingly have different U-Th contents, then the weighting will be incorrect as the
weighting implicitly implies that grains contribute helium in proportion to their mass (Farley,
2002).

Figure 4.3 illustrates a graph showing the variation of Fr with crystal size, showing the fact
that the smaller the crystal the larger the required correction.

F; correction is dso known as recoil correction or  correction.
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One of the single greatest problemg/difficulties that existsin the (U-Th)/He dating of apatite
is the presence of uranium- and thorium-rich inclusions within the crystals to be dated
(Farley, 2002). Theseinclusions tend to be composed of zircon, monazite, xenotime or fluid
inclusions (Ehlers and Farley, 2003). If theseinclusions are small (<15 m) then all

particles are g ected into the host apatite. However, zircon is often not dissolved by the
standard dissolution techniques used on apatite. Consequently parentless or excess helium
may be measured as the parental uranium and thorium is not measured, |eading to
erroneously old ages. Therefore, when selecting crystals for analysis, effort must be made to
ensure that they are inclusion free. Crystals are picked for analysis using a binocular
microscope at magnifications up to ~150x. They are selected on the basis of good crystal
morphology (nhecessary for Fr correction) and on being inclusion free. The mgjority of
inclusions may be seen using a normal binocular microscope, showing up as bright areas
under cross polars. Unfortunately, if quantities of monazite are present then they may escape
detection, due to their small size and acicular habit. All efforts are made to ensure crystals
are inclusion free and a double checking system is used, with another experienced person

checking crystals before loading for analysis.

Crystals used in each individual aliquot are of a homogeneous size, and prior to loading are
measured for use with the F; correction using a calibrated graticule in the binocular
microscope. A minimum grain size of 50 m diameter is used as smaller than thisthe errors
associated with measuring and subsequent Fr corrections increase dramatically. Crystals are
loaded into asmall, degassed stainless steel capsule and then wrapped in degassed copper
foil ready for analysis. The amount of uranium and thorium in a crystal and its age will
determine the amount of materia required, that isthe number of crystals. Prior to loading,
photographs of the grains are taken as an extra step to note morphol ogies before analysis.

Examples of such grains are shown in figure 4.4.
If grains with inclusions do get through the picking screening, then if they contain excess

helium, then thiswill be discovered during the re-heat (section 4.2.9) or by poor age
reproducibility.
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Zoning of U and Th in apatite crystals can have a major influence on the final corrected age
of asample. One of the key assumptions of the Fr correction technique is that uranium and
thorium are uniformly distributed in the host grain, yet thisis not aways the case. It can be
that the distribution of U and Th is zoned, usually either by rim or core enrichment, which
will have strong implicationsfor  gection. Examples of zoned crystals are given by
Meesters and Dunai, (2002b), where strong zoning is shown by the distribution of fission
tracks, both spontaneous and induced. The consequence of such zoning is that the technique
of using F to correct for g ection could be incorrect for zoned samples. For example, core
enriched samples with >20 m of crystal around the core will not require an Fr correction as
al helium will be retained within the crystal, while rim enriched crystals will require a
different correction to a standard F; correction. Theresult of thisis that some
characterisation of crystal zoning is required in order to decide whether astandard F+
correction should be applied or not. The effects of heterogeneity can be accounted for using
numerical solutions provided through modelling in the program DECOMP (section 4.8.4)
(Meesters and Dunai, 2002b).

One of the bounding principles in geochronology as awhole is the requirement to be
measuring a closed system, where no parent or daughter has been gained or lost since the
time of formation (Reiners, 2002). Thisis often violated to some degree, particularly with
(U-Th)/He dating, where the transition from loss to retention occurs over arange of
temperatures. Thistransitional region is known asthe Partial Retention Zone or PRZ and
can be defined as the range of temperatures where the ages fall between 90% to 10% of the
holding time, i.e. the temperature range where the helium age changes most rapidly with
temperature (Wolf et a., 1998). The measured age will reflect a balance between production
of radiogenic “He and its diffusion out of the crystal. In the case of apatite at high
temperatures (~265-300°C), no helium is retained within the lattice of the mineral and all is
diffused out over geological timescales (Wolf et a., 1996; Farley, 2000). In order to use a
dating technique such as (U-Th)/He, the diffusion behaviour of helium must be understood
in order to establish the temperature ranges over which it is sensitive. The ssimplest case for
loss of helium from an apatite crystal isthat it islost viaasingle, thermally-activated process

(Farley, 2000). Under these conditions the temperature dependence of diffusivity is defined
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by the activation energy (E,) and the diffusivity at infinite temperature (Do) giving the
following relationship:

D/a’ = D,/a’ exp(- E,/RT) ()

where R isthe gas constant, T is the temperature and ais the diffusion domain radius, the
characteristic length scale over which diffusion occurs (Farley, 2000). Results from this
relationship will yield aline on an Arrhenius plot with the slope proportional to the
activation energy (E,) and ay intercept of In(Dy/a). The diffusion domain in for heliumin
apatite is suggested as being the grain itself (Farley, 2000). Laboratory experiments
involving the Durango fluorapatite show that an extremely linear Arrhenius plot is produced,
with an activation energy of ~33 kcalmol™ (Farley, 2000). The closure temperature of a
system may be cal culated from the above results (Dodson, 1973) and for a crystal of ~90 m
radius of Durango fluorapatite is 68°C (assuming a cooling rate of 10°CMyr™Y). This varies
by 5°C with varying grain radius (50-150 m) (Farley, 2000). These experiments also
established the approximate boundaries of the helium PRZ in Durango fluorapatite to be 45-
75°C (Wolf et al., 1998; Farley, 2000). The laboratory measurements involving stepwise
degassing of Durango fluorapatite, set a basis for testing the system in amore geologically
realistic setting and applying the theory. Calibration studies were performed, for examplein
the Otway Basin, Australia using borehole samples (House et a., 1999) and in the White
Mountains, California (Stockli et al., 2000). In borehole samples it was successfully shown,
that at low temperatures, helium is retained within the crystal lattice, whilst at high
temperatures, >100°C, little is retained (House et al., 1999). Borehole studies make possible
the detection of the modern PRZ, whilst surface sampling enables the identification of a

pal aeo-PRZ that has been exhumed (Stockli et a., 2000). Here asimilar pattern in the
apatite ages is observed over the exhumed rock column, with older ages near the top of the
rock column and younger ages near the base. These studies have helped confirm and define
the temperature range over which the (U-Th)/He system is sensitive in apatite and so how it
may be applied to geological problems. They aso note the importance of crystd size on the

capacity of diffusion in apatites as the foll owing section discusses.
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One of the controls on the diffusive loss of heliumiscrystal size. Thisisduein part to the
effect of sizeon gection and dso asthe grain isitself the diffusion domain (ain equation 2
and section 4.2.5), such that larger crystals retain alarger fraction of helium than smaller
crystas (Reiners and Farley, 2001). This effect is most apparent when crystals have spent
long periods of residence in the PRZ (>10"years). In the Bighorn Mountains (Wyoming), it
has been shown that in crystals varying in size from 30-90 m radii, ages vary from ~100-350
Ma (Reiners and Farley, 2001). These samples have spent time at temperatures less than 70-
90°C for long periods (possibly as early as the Precambrian) at very low geothermal
gradients. The effects of crystal size will aso influence al chronometers to some degree

particularly where the grain itself is the diffusion domain.

# $

Fresh rocks are the best to sample for use in (U-Th)/He dating, but they may not always
provide apatites suitable for use. Although the rock may be fresh and have undergone little
weathering, it is not known until it has been separated whether the apatites are inclusion free.
This cannot be seen whilst collecting samples and so consequently poor samples are

sometimes collected having either poor yields of apatites or inclusion rich apatites.

Proximity to faults and other potential fluid pathways can affect the measured AHe ages by
providing excess helium from outside the apatite crystal or |ate stage heating resetting ages

and as such should be avoided when sampling.

It has also been suggested (Mitchell and Reiners, 2003) that samples that have been subject
to wildfires may lead to 10-90% loss of helium in apatite in the upper few centimetres of
exposed bedrock. Thisisof concern if sampling in regions where wildfires are relatively
common, but can be avoided by removing the outer few centimetres of rock before

performing separation. Thisisnot considered to be amajor concern in the Pyrenees.

% & OF

Minerals other than apatite have been developed for use as (U-Th)/He thermochronometers.

Zircon (Reinerset al., 2002b) has a closure temperature of around 200°C, whilst titanite
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(sphene) has a closure temperature in the range of 191-218°C (Reiners and Farley, 1999).
The addition of further minerals suitable for useis still growing with others (e.g. haematite)
aso partially calibrated for use (Farley, 2002). Asaresult an entire suite of chronometers
may be used to track the path a sample took to get to the surface today just by using the (U-
Th)/He system.

/

AHe ages were measured at the Scottish Universities Environmental Research Centre
(SUERC), East Kilbride.

After sdection of crystals described in section 4.2.3 and loading in a stainless steel capsule
wrapped in degassed copper foil, atwo stage processisfollowed. Thefirst stage involves
measuring the helium concentration in the sample. The loaded capsuleis heated in adouble
walled resistance furnace at 950°C for 35 minutes. The liberated gasisthen purified on hot
and cold TiZr getters and aliquid nitrogen cooled charcoal trap for 10 minutes after heating.
“He abundance is then measured relative to a 99.9% pure *He spike in a quadrupole mass
spectrometer (Hiden HAL 3F) equipped with a Faraday detector. Following measurement
the sampleisre-heated for a further 35 minutes to ensure complete extraction of helium.
Helium blank levels throughout the period of analysis are kept at less than 0.1% of the total
“He released by the sample. If the blank exceeds this value, another reheat is performed until
thisvalueis achieved. The reproducibility of the *He spike is determined from twice daily

measurements against an accurately known standard “He (Persano et al., 2002).

The second stage involves measuring the uranium and thorium in the apatites. Following
retrieval of the capsule from the furnace, the samples are dissolved in 5% nitric acid and
spiked with approximately 3 ng 2°Th and 1.3 ng #°U. Uranium and thorium were then
purified using conventiona cation exchange chemistry. Uranium and thorium
concentrations are then measured by VG PlasmaQuad 2 ICP-MS.

An uncorrected AHe age can then be calculated on the basis of the relative amounts of

helium versus uranium and thorium. Analytical errors by thistechnique are 8% dueto

measuring uncertainties devel oped on both mass spectrometers.
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Repeated analysis by the above technique of Durango fluorapatite at SUERC typically gives
anageof 32.1 1.4 Ma (Persano et al., 2002) which isin good agreement with that measured
at the California Institute of Technology laboratory of 32.0 1.0 Ma (Farley, 2002).

012

Examples of the use of (U-Th)/He dating have been given throughout this section, but some
additional studies require highlighting. Due to the low closure temperatures of the (U-
Th)/He system in apatite, in regions of high relief, some deformation of the isotherms will
take place (section 4.7). This effect has been used as atool for palacogeomorphology in the
Sierra Nevada where the 60-80 Ma antiquity of valleys and ridges was demonstrated (House
et a., 1998). Other palaeo-geomorphic studies have been performed such as in the Cascade
Mountains (Washington State, NW USA), where attempts have been made to show the
coupling of orographic precipitation with erosion rates again making use of the low
temperature nature of this system (Reiners et a., 2002a; 2003a). Other pal aeo-geomorphic
studies (House et d., 2001; Pik et al., 2003; Spotilaet a., 2004) have highlighted the use of
such athermochronometer for use in geomorphology. (U-Th)/He dating has aso been used
in amore traditional way with studies such as Reiners et a. (2003b) in the Dabie Shan,
eastern China, using the (U-Th)/He system in apatite and zircon amongst other chronometers

to document the cooling paths of samplesto the surface.

4.3 Apatite fission track thermochronology

Like (U-Th)/He thermochronology, apatite fission track analysis (AFT) isarelative, not an
absolute dating technique (Gleadow et al., 1986). It records the time at which arock passed
through a closure temperature of roughly 110°C (Wagner, 1968; Wagner and Reimer, 1972;
Haack, 1977; Gleadow and Lovering, 1978; Gunnell, 2000). It isoften used in conjunction
with other radiometric systems to define the cooling path that a sample has undertaken
(Gallagher, 1995). It has been used predominantly with higher temperature systems but with
the advent of the lower temperature (U-Th)/He system it has been utilised as an upper
boundary constraint on the exhumation of rocks in the top few kilometres of the Earth’s
crust. Fission track ages do not generally represent discrete events in the cooling of arock

and one of the advantages of fission track analysis is that information other than cooling age
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is contained within the data (Wagner and Storzer, 1972; Gallagher, 1995). This additional

information is based on how afission track age is obtai ned.

The principal of fission track dating isthe presence of tracks within acrystal. Fissionis
defined as the process by which a heavy nucleus breaks down into two daughter nuclides of
roughly similar size. Thismay occur by theimpact of a neutron from an external source
such as a nuclear reactor or spontaneously because of inherent nuclear instability. When
fission occurs by either of the above processesit is accompanied by the emission of neutrons
and gammaradiation. When fission occurs within a crystal lattice (e.g. the breakdown of
8 in apatites) this emission of neutrons and energy resultsin adamage track appearing in
it asthe energy is dissipated (Wagner, 1968). The size and length of the tracks produced are
dependent on the material properties of the crystal host, but are usually 10-20 mlong and
10 nmwide. They occur principally ininorganic isolating materials such as crystals, glasses
and plastics (Green et a., 1986). In any given mineral all newly formed tracks have
approximately the same etchable lengths. The lengths of these tracks are dependent on
temperature, with the etchable length decreasing as temperature increases (Green et al.,
1986; Ladett et a., 1987; Duddy et al., 1988; Green et al., 1989; Gallagher, 1995). This
shortening of track length is known as annealing. In apatites at temperatures below ~80°C
al tracks formed will be retained and are not appreciably annealed over geological time
periods (Wagner, 1968; Naeser and Faul, 1969; Naeser, 1981; Burbank and Anderson,
2001). Similarly above ~110°C all newly formed tracks are rapidly annealed and will
disappear, with the crystal effectively healing the damage tracks. Between ~80-110°C a
continuum exists with comparatively more annealing taking place closer to 110°C than 80°C.
This zone of variable annealing is termed the Partial Annealing Zone or PAZ (Gleadow and
Fitzgerald, 1987). Thesetemperatures are for the apatite system, but fission track analysisis
also performed on other minerals such as zircon with closure temperatures of 250 25°C
(Yamedaet d., 1995).

The principal technique by which fission track ages are calculated is known as the * Externad
Detector Method' (Gleadow, 1981; Hurford and Green, 1982; 1983; Green, 1985; Gleadow
et a., 1986; Hurford, 1990). Natural fission tracks observed in apatites are formed as a
result of spontaneous fission of ?®U. The fission track age is calculated using the ratio of
fission tracks present in a sample to the amount of ?**U present in acrystal. It isdifficult to
measure the amount of *®U in asmall crystal (<150 m diameter), but comparatively easy to

measure the amount of **U using thermal-neutron activation analysis. Once this has been
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measured the 22U concentration may be cal culated using the constant 22U/%*°U ratio of
137.88 observed in natural systems (Donelick, 2004). Thermal-neutron activation analysis
relies on the fact that U rarely undergoes spontaneous fission and therefore requires that
fission be induced viairradiation in a nuclear reactor. In this process, sasmples are irradiated
and bombarded with neutrons which induce fission tracks that can be measured. In order to
produce a surface to observe the induced fission tracks, each grain mount (technique for
creation of mounts described in section 4.3.3) is covered by athin, low-uranium muscovite
mica sheet placed in intimate contact with the polished and etched apatite crystals.
Following irradiation and subsequent cooling down, the mica sheets are etched to reveal the
induced tracks resulting from the induced fission of the **U in the sample. For
standardisation a similar mica sheet is also placed in contact with asmall chip of U doped
glass. Thisisdealt with similarly and the results from the induced track densities for the
apatite grains and the doped glass allow the **U concentration in the apatite grain to be
calculated (Donelick, 2004).

Thefission track age for each crystal isthen calculated using a modified form of the

radioactive decay equation

FTAge»/iIn 1+/Dz£rd 3
r.

D i

where pisthetotal decay constant for U, is the spontaneous track density in the
sample, ;istheinduced track density within the sample, 4istheinduced track density of
the doped glassand isacalibration factor personal to each anayst (Hurford and Green,
1982; 1983). The calibration factor is also dependent on the doped glass used, its position
in and the reactor used. If any of these differsit should be re-measured.

The calculated age assumes that al crystals are from a single age population and thus all
their track density counts can be pooled, the Pooled Fission Track Age. However, in certain
scenarios thisinterpretation isinvalid and a better estimate to useisthe central age, whichis
effectively the mean of the log distribution of single grain ages, weighted by individual
measurement precision (Galbraith and Lad ett, 1993; Gallagher, 1995). The type of samples
dictates which of these agesit is better to use considering whether they are rapidly exhumed
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samples or that they are detrital samples from a sedimentary basin, where each grain may

have undergone a different exhumational history.

3)

Thetota etched length of anatura fission track provides a strong indicator of the thermal
history it has experienced (K etcham et a., 2000; Donelick, 2004). The distribution of fission
track lengths therefore provides information on the cooling history subsequent to the time of
peak temperature. When track lengths are discussed, the tracks described are confined as
opposed to projected (Ladett et al., 1982; Gleadow et d., 1986). Confined tracks are those
that are found entirely within the crystal and do not intersect the surface, allowing the entire
track to be accurately measured. Projected tracks are those that do intersect the surface of
the polished grain mount, only showing part of the original track and consequently their
lengths cannot be accurately determined (Gleadow et al., 1986). Only horizontal tracks with
clearly visible ends that are confined within the crystal are measured, whenthe grainis
mounted approximately parallel to the ¢ crystallographic axis. Thisis related to the strong
anisotropy of annealing in apatite, where tracks perpendicular to the c-axis are shortened
more rapidly than those parallel to it (Gleadow et al., 1986). The length and crystallographic
orientation of each fission track is determined at high magnification and using adigitising
tablet. Measurement precision is approximately 0.20 m, with the precision of each track
angle to the c-axis approximately 2 degrees (Donelick, 2004). In order to enhance the
measurability of the natural fission-track length distributions a duplicate grain mount is
irradiated with ~10” tracks/cm? fission fragments froma50 Ci *Cf source in avacuum
chamber (Donelick, 2004). Thisisused in order to yield a greater number (20x) of fission-

tracks available for length measurement (Donelick and Miller, 1991).

4.3.1.1 Track-length distributions

The amount of annealing and the distribution of track-length data can yield important
information about the thermal history a sample has experienced. Examples of different
confined track-length distributions are given in figure 4.5. The undisturbed volcanic

distributions are what is observed if rapid cooling through the PAZ has taken place, with no
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prolonged residence at these temperatures (~110-80°C), and have subsequently not been
appreciably heated (Gleadow et a., 1986). Thisdistribution may also be found in rocks of a
non-volcanic origin and is diagnostic of arapid cooling, following by residence at lower
temperatures (Gleadow et a., 1986; Green, 1986). Mean track length indicative of this
history would be between 14.5 to 15 nm with a standard deviation of 1.0 nm. Induced *°U
tracks show a similar distribution related to instantaneous formation and no annealing with a
longer mean track length of the order of ~16.3 m and a standard deviation of 0.9 nm. The
undisturbed basement distribution with shorter track lengths and larger standard deviations
would suggest a monaotonic cooling from high temperatures, where tracks are not retained, to
surface temperatures where tracks are retained (Gleadow et al., 1986; Hurford, 1986). This
digtribution has shorter mean track lengths than that of undisturbed volcanic rocks due to the
duration spent in the PAZ, with a mean track length of 12-13 mm and a standard deviation of
1.2-2 mm. Thethird type of distribution is that of mixed track lengths, where bimodal isa
special case of thisdistribution. It is produced in samples that have undergone at least atwo
stage thermal history, where some tracks have been partially thermally annealed, whilst
others have formed subsequent to the later cooling. The shorter track lengths represent those
tracks from the first cooling event that have been subsequently returned to the PAZ and
partialy annealed, whilst the longer tracks represent those that have formed after later
cooling to lower temperatures. Mean track lengths tend to be less than ~11.5 nm, with high
standard deviations of greater than ~2.0 mm. The bimodal distribution isa special case of the
mixed distribution, where both new and old tracks can be distinctly resolved (Gleadow et dl.,
1986; Moore et al., 1986). In summary, if samples have short mean track lengths and have
large standard deviations then the samples have spent prolonged periods of time within the
PAZ, either by monotonic cooling or by later reburial and consequent exposure to higher

temperatures.
By modelling the resultant track length distributions in software such as AFT Solve (section

4.8.3), or other software potential thermal histories may be derived (Gallagher, 1995; Willett,
1997; Ketcham et al., 2000).
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The chemical composition of the measured apatite grains is an important factor governing
the kinetics of fission track annealing behaviour (Gleadow and Duddy, 1981; Burtner et al.,
1994). The apatite can accommodate a variety of anionsin its crystalline structure, with
fluorine (F), chlorine (Cl) or ahydroxyl (OH) anion present in varying quantities (Deer et dl.,
1992). The magjority of apatite grains are dominant in fluorine as opposed to chlorine. An
increase in Cl content relative to F is accompanied by an increasing resistance to fission-
track annealing (Green et a., 1985). Thisalso has an effect on the closure temperature, such
that Cl rich grains have closure temperatures up to 150°C (Burtner et al., 1994). However it
is aless simple relationship between Cl content and resistance to annealing, with Mn- or Sr-
bearing fluorapatites showing a similar annealing behaviour to that of chlorapatite (Burtner
eta., 1994). In order to quantify this effect a parameter known as Dpar isused. Dpar refers
to the maximum diameter of fission-track etch pits parald to the crystallographic c-axis at
their intersection with the polished and etched apatite surface (Donelick, 2004). Dparsless
than 2.0 m are considered to be relatively fluorine rich, whilst those greater than 2.0 mare
considered more relatively less fluorine rich and more chlorine rich (Burtner et al., 1994).
For example, for apatite from Durango, Mexico (F = 3.33 wt%; Cl = 0.43 wt%), has a Dpar
=1.83 m; whilefor apatite from Bamble, Norway (F = 0.08 wt%; Cl = 6.37 wt%), hasa
Dpar =4.99 m (Donelick, 2004). Thistechnique appears to be more robust than smply
using chlorine wt % if Mn or rare earth element concentrations are anomal ous, but fails if
significant amounts of hydroxy! ions are present in an apatite (Burtner et a., 1994). Dpar is
a patented measurement (US Patent Number 5,267,274, Australian Patent Number 658,800
to Dondick, R.A).

Some measurement of the kinetics of apatite grainsis required in order to consider the

effects of apatite grain chemistry on the fission-track age and susceptibility to annealing.

$ / 5*

Apatites are separated from the host rock as described in section 4.5. Following separation
of approximately pure apatite, two or more grain mounts per sample are prepared by
immersing a quantity of apatite grainsin epoxy resin and curing on a hotplate. Following

curing, each mount is polished to a glass like finish to expose the internal surfaces of the
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apatite grains within it. Then the grain mount is then immersed in concentrated (5M) nitric
acid (HNO;) for about 20 0.5 secondsat 21 1°C to reveal the natural spontaneously
produced fission tracks that intersect the polished apatite grain surfaces (Donelick, 2004).

4.4 Overlap between FT and (U-Th)/He dating in apatite

The reative positions of both the Partial Annealing Zone (PAZ) and the Partial Retention
Zone (PRZ) in apatite vary with a number of factors. In AFT, the temperatures of annealing
vary with respect to the kinetics of the grains being measured such that the amount of
chlorine or high REE concentrations can lead to higher temperatures at which annealing can
take place (Burtner et al., 1994). In (U-Th)/He dating of apatites, factors such asgrain size
and also chemistry can have effects on closure temperatures and the position of the PRZ
(Farley, 2002). Different authors tend to place the boundaries of these zones at different
temperatures, with some proposing that the PAZ extends down to temperature of 60-70°C
(Gleadow and Fitzgerald, 1987; Stockli et al., 2000). These temperature variations suggest
that the PAZ and PRZ may overlap, abut or have a gap between each another. This
observation allows for amore detailed position of asample at different pointsin time to be
calculated. Such that a sample may have cleared the top of the PAZ and record an AFT age
with a specific track length history and then may pass through the PRZ later whilst still
retaining the previous record of its history in the fission tracks. These features and the
presence of kinksin PAZs and PRZs allow for pulses of exhumation to be picked out in the

history of arock column (section 4.6).

4.5 Mineral separation

In order to perform the thermochronometric procedures described, separates of
approximately pure apatite are required. The first steps of this procedure required crushing
of the rock samples to sand-sized grains (<355 m) using both coarse and fine jaw crushers
using facilities at the Scottish Universities Environmental Research Centre (SUERC) in East
Kilbride and at the Department of Geology at the University of Glasgow. These separates
were then washed to remove dust/clay-sized particles and dried at room temperature. At this
point the treatment of different samplesvaried. A vertical transect was initialy sampled

(section 4.6) and the samples prepared to this stage. At this point it was considered that a
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froth flotation mechanism would be the best technique to get maximum rapid apatite yields
from the sample. The agent used was Sodium Oleate (CigHssNaO,) Thisor avery similar
compound is used in the mining industry to separate apatite on alarge scale in phosphate
mines. It works by preferentially clinging/coating the apatite grains related to their calcium
contents. It causes these grainsto float and so in theory relatively pure apatites may then be
skimmed off the surface, after agitating the liquid to generate afroth. Initial viewing of
these separates under the picking microscope revealed that the required yields of apatites
were not being achieved and further refining of the separates was required. In order to do
this, samples were passed through the Franz isodynamic magnetic separator to remove many
mafic grains, particularly micas, that appeared to float in the oleate mixture. Then heavy
liquid separation was used to separate the apatites from the remaining minerals (LST —
lithium heteropolytungstates, with density of 2.95 g/ml at 25°C). However following these
separations it was found that poor separates were still being obtained. The problem was that
following the use of the oleate, it was very difficult to clean al of the oleate off the grains.
As a conseguence, the heavy liquids did not perform to maximum efficiency and yields of
heavy minerals were poor. Intensive attempts to clean the separates followed, using repeated
rinsing in water, acetone and detergents such as Decon, whilst agitating the grainsin an
ultrasonic bath. Some progress was made using Decon, but many grains still floated in pure
water leading to density contrasts used in heavy liquid separation to be impossible. An
additional problem with using oleate was that sinceit is a hydrocarbon, it must be fully
cleaned off the grains before analysis, as the noble gas mass spectrometer is sensitive to any

hydrocarbons present on the grains to be analysed.

As a conseguence of the failure of the oleate method, the entire vertical transect was
abandoned and a new set of samples collected from the Pyrenees. The subsequent samples
were separated by more conventional means and due to time pressures and the requirement
to create some fission track slides the separation was undertaken by Apatite to Zircon, Inc. in
Idaho, USA. Here, separation was performed in the standard way as described above, except
omitting the ol eate steps (Donelick, 2004). The result of separation was a small separate of
roughly pure apatite (and zircon and sphene) suitable for picking for (U-Th)/He

thermochronology.
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4.6 Sampling strategies for low temperature thermochronology

When sampling rocks for use with low temperature thermochronology, certain factors must
be considered. In order to abtain a section through the crust a vertical or pseudo-vertica
sampling section must be taken. This may be simply achieved through a borehole, giving a
perfectly vertical section. However as distance down the borehole increases, so
correspondingly does the temperature. At certain depths (chronometer specific) the sensitive
temperatures may be reached and so possibly, if the borehole goes deep enough, showing the
reset of ages down to zero (House et al., 1999). If acheaper strategy is used by using the
natural relief of the landscape sampling up the side of avalley or mountain, a corresponding
amount of vertical section may be obtained. That will allow a pseudo-vertica profile
through the crust to be devel oped assuming that the closure temperature isotherm is flat with
respect to the geoid (section 4.7). This enables a vertical section of crust to be analysed,
which alows determination of the exhumation rate using differences between valley and
ridgetop samples (e.g. Fitzgerald and Gleadow, 1988; Mancktelow and Grasemann, 1997,
Safran, 2003) and the presence of any kinks in the age el evation relationship profiles,
permits the interpretation of periods of stasis/stop-starting of exhumation in the crust (e.g.
Fitzgerald et ., 1999). Kinks or breaksin slope in age-elevation relationships imply that
the rock column has remained at a constant depth with respect to the surface, long enough to
allow aPAZ or PRZ to develop. Thisperiod isthen followed by relatively rapid exhumation
which preservesthis pattern of ages, allowing interpretation of changing rates and timing of
exhumation. This pattern has been observed and interpreted in many different tectonic
regions around the world (e.g. Fitzgerald et a., 1995; Stockli et a., 2000).

It should aso be noted that vertical profiles from boreholes and those using natural relief will
complement one ancther, each providing a different section of the rock column, with the
borehole providing a thermochronologically younger section of crust compared to that at the

surface.
The prerequisites therefore for sampling the relief of alandscape for thermochronology are

to achieve the maximum amount of relief over as short a horizontal distance aspossiblein

order to maintain a close to vertical profile.
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4.7 Topography and isotherms

Topography and relief structure play an important part in the use of thermochronology as a
means of deducing amounts, timings and rates of denudation. Without the presence of relief,
more costly sampling strategies such as by drilling and coring boreholes are required to
achieve vertical or pseudo-vertical transects. Relief permits the sampling of surface exposed
bedrock from elevations up avalley or mountain side to obtain a pseudo-vertical transect.
The resultant suite of data allows a different, thermochronologicaly older section of rock to
be observed compared to a thermochronologically younger one from a borehole. Using data
from avariety of elevations gives the potential to calcul ate features such as exhumation rate
and the identification of palaco-PAZs and -PRZs.

Assumptions on the interpretation of thermochronologic data are made, often ignoring the
effects of topography/relief that made the sampling possible in the first place. Many of the
assumptions were initially used for AFT analysis and then presumed valid for lower
temperature chronometers such as the (U-Th)/He system. Here, the common assumptions
for thermochronometry are examined and then discussed in the context of topographic relief
considering whether they require revision in the light of isotherm deformation and the effects
of heat advection.

#

Several assumptions are made in the interpretation of thermochronometric data when
calculating factors such as exhumation rate by techniques such as the mineral pair method
(e.g. Zeitler et d., 1982) or by the elevation dependence method (e.g. Fitzgerald and
Gleadow, 1988; Mancktelow and Grasemann, 1997; Safran, 2003). One of the key
assumptions made, particularly by the mineral pair method, is that the palaeo-geothermal
gradient must be known or at least a value assumed during cooling (Mancktelow and
Grasemann, 1997; Safran, 2003). By using a uniform, unchanging geothermal gradient the
effects of heat advection are then neglected, assuming that i sotherms remain at a constant
depth with respect to the surface (Brown and Summerfield, 1997; Moore and England,
2001).
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Another common assumption isthat the closure temperature isotherms of the systemin
guestion are flat with respect to the surface and consegquently undeformed by the topography
(Parrish, 1983; Stiwe et al., 1994; Brown and Summerfield, 1997).

When sampling up a mountain side, the resultant data suite is plotted on an age elevation
diagram and from this plot interpretations are made. This presumes that the horizontal
locations of the sample sites can be ignored and that the profile may be approximated to that

of avertical borehole.

A final assumption is that the surface does not change in amount of relief, e.g. more deeply

incising valleys or lowering of ridgelines (Parrish, 1983; Braun, 2002; Safran, 2003).

The following discussion considers each of these assumptions and how they are required to

be refined in the treatment and interpretation of thermochronometric data.

# 6

One of the required assumptions of using the mineral pair method for cal culating exhumation
rate is that the average geothermal gradient between the two closure temperatures of the
systems of interest is known and remains constant throughout exhumation (Safran, 2003).
The calculation of the palaeo-geothermal gradient is achallenge in itself (Brown and
Summerfield, 1997; Howard and Foster, 1996; Bray et al., 1992), and large uncertainties
may exist, which can be passed on and often magnified by possible future uses of the data.
Calculating modern geothermal gradients over regionsis often difficult because of anomalies
in heat flow measurements as aresult of local fluid flow and heterogeneous heat production
(Pollack et al., 1993; Morris, 1999). This may be hard to reconcile so asto achieve a
meaningful average geothermal gradient for aregion. All of these potential errors occur
without even considering the effects of heat advection during exhumation and consequently
whether geothermal gradients remain constant at al. If heat advection is neglected during
exhumation, then cooling curves will simply follow straight linesin T-t space (figure 4.6a)
assuming constant continuous exhumation (Mancktelow and Grasemann, 1997). Inasimilar
scenario allowing for heat advection, cooling curvesin T-t space begin to become curved
(figure 4.6b and 4.6¢). These curves have slower cooling initially becoming faster towards
the end related to an el evated geothermal gradient near the surface (Mancktelow and

Grasemann, 1997; Moore and England, 2001), with the isotherms migrating towards the
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surface during periods of exhumation (Brown and Summerfield, 1997). Both of these model
runs (figure 4.6b and 4.6¢) start with a constant geothermal gradient and are later modified if
heat advection occurs. Figure 4.6 illustrates how the cooling curves may be modified by
alowing for heat advection, whilst also demonstrating that one of the principal controls on
this process is the magnitude of the exhumation rate. The faster the exhumation rate the
greater the effect of heat advection plays on the higher temperature isotherms (figures 4.6c¢,
4.6d). Thismigration of isotherms towards the surface has implications not only for
calculating exhumation rates but also for the actual age a thermochronometer records. With
the effects of heat advection, if asampleisforced to cross a particular isotherm at a
shallower depth than it would have done if the isotherms had remained static, a younger age
isrecorded. Consequently if heat advection isignored, the depth of any critical isotherm will
always be overestimated leading to an overestimation in the magnitude of the exhumation
rate (Brown and Summerfield, 1997).

A further complication isintroduced if there has not been constant continuous exhumation
through time. If exhumation is pulsed or has continually varied through time then the
thermal relaxation of the isotherms must be considered. The relaxation of isothermsto
resume to a steady state configuration may take along time particularly at depths greater
than 20 km (Mancktelow and Grasemann, 1997). This effect is particularly important in
many mountain systems where an initially rapid exhumation rate that dies off exponentially
is considered more realistic than a stop-starting of exhumation (Mancktelow and Grasemann,
1997).

This discussion has demonstrated that the effects of heat advection and subsequent relaxation
have strong implications for the common assumptions made relating to geothermal gradients

during exhumation.

# *

The previous section has shown the importance of heat advection during exhumation
assuming aflat upper boundary surface. This effect may be true if sampling took place by
borehole (e.g. House et al., 1999; Cederbom et al., 2004), but what are the consegquences of

introducing relief onto the upper surface of such scenarios?
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At crustal depths greater than 20 km, isotherms are considered to approximate aflat surface
whatever the surface topography may be (Stiwe et d., 1994; Mancktelow and Grasemann,
1997). Thisassumes that there are no local additional heating sources such as magma
chambers creating temperature heterogeneities. For simplicity, at the surface isotherms can
be considered to approximate the topography, assuming that the effects of lapse rates are
ignored. In mountainous regions, if alapse rate such as the SALR isfollowed thenin
regions with 2 km of relief there may be atemperature difference of 13°C between valleys
and mountain summits (section 3.2). The magnitude of this effect is minimal and servesto
intensify the relationship described later between ridges and valleys. Thus from flat
isotherms at depth to curved isotherms foll owing the topographic relief at the surface, some
continuum must exist. The critical questions are what is the magnitude of this continuum
and how are the critical isotherms such as the 110, 80, 75 and 45°C affected? The
perturbation of these low temperature isothermsisintrinsically linked to the exhumation rate
and consequently the effects of heat advection. When considering aflat upper boundary, this
surface would be cooled equally at all points by diffusion, but when considering an
undulating upper boundary a different effect occurs. Ridges are more efficiently cooled by
diffusion than valleys leading to isotherms becoming more compressed beneath valleys than
ridges (Stiwe et a., 1994; Braun, 2002; Safran, 2003). Therefore, for isotherms above a
critical depth, which varies with exhumation rate, a difference in spacing will exist between
valleys and ridges (figure 4.7) (Stiwe et a., 1994).

This effect of topography on the distribution of isothermsisrelated to a number of factors.
The magnitude of the exhumation rate will affect the degree of perturbation, but the
wavelength and amplitude of the topography also play an important role. For short
wavelength, low amplitude topography the effects are minimal, with increasing perturbations
for larger wavelengths and amplitudes (Stiwe et a., 1994). To afirst order approximation,
the magnitude of the perturbation at depth will be directly proportional to the amplitude of
the topography, whilst the wavel ength and exhumation rate will determine the depth of
penetration of the topographic effects (Mancktelow and Grasemann, 1997). At low erosion
rates (<0.5 kmMyr™) the degree of perturbation of isotherms is minimal (100s of m), but for
higher rates (>0.5-1 kmMyr™), this may be of the order of kilometres for wavelengths larger
than 20 km (Stiwe et a., 1994). These rates are based on deformations of the 110°C
isotherm (Stiwe et al., 1994) with arate of only 0.3 kmMyr™ required to deform the 75°C
isotherm (Braun, 2002). Therefore, when considering the effects for lower temperature

isotherms such as 45°C, temperature perturbations may be highly significant.
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The deformation of the isotherms with respect to topography aso plays an important role
when considering whether topographic sampling profiles (i.e. up the side of a
valley/mountain) can truly be considered as proxies for vertical profiles (i.e. like aborehole).
If the closure temperature isotherm of athermochronometric system cannot be assumed to be
flat then this assumption falls apart. If the closure temperature isotherms are significantly
curved then the samples from the high points will appear relatively younger, due the elevated
depth of the critical isotherms beneath ridges (Stiwe et al., 1994). This has consequences
for estimating exhumations rates particularly by the elevation dependence method where the
spacing between the closure temperature isotherms remains constant in time (problem
relating to effects of heat advection) and space (difference between valleys and ridges)
(Safran, 2003). This leads to an overestimation of the exhumation rate (Stiiwe et a., 1994,
Manktelow and Grasemann, 1997; Braun, 2002) and if interpreted on an age elevation plot it
will lead to a steepening in the age el evation relationship (AER) (Braun, 2002).

These observations suggest caution in the description/interpretation of AERS, with the data
distribution potentialy being non-linear, merely being a function of the dampened shape of
the critical isotherm with respect to the topography (Stiwe et al., 1994).

# 1

Previous model s considering the deformation of isotherms by topography have used a
constant topographic surface, i.e. no changesin altitude or surface shape through time (e.g.
Stiwe et a., 1994). However more recent work has considered the effects of changing the
form of the topographic surface through time (Braun, 2002; Safran, 2003). The effects of

both increasing and decreasing relief are considered.

4.7.4.1 Increasing relief

For local relief to increase, valeys must erode more rapidly than ridges, so it would be
expected that ridge and valley cooling ages would diverge through time as isotherms are
advected closer to the surface beneath valleys than ridges (Safran, 2003). Additionally for a
set wavelength, diffusive cooling will become more effective and the depth of agiven low

temperature isotherm will increase beneath ridges (Mancktelow and Grasemann, 1997;
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Safran, 2003). The effect of thisis demonstrated in figure 4.8, with older ages observed on
the ridges and younger agesin the valleys. With a greater age divergence than in the constant
relief case (Braun, 2002). Thiswill still, however, overestimate the imposed exhumation
rate. The behaviour for thermochronometers of differing temperaturesis not identical with
higher temperature chronometers such asthe AFT system taking longer to respond to the
effects of increasing relief. Thisis due to its depth and therefore being less susceptible to
near-surface cooling effects than lower temperature systems such as the (U-Th)/He system
(Safran, 2003).

4.7.4.2 Decreasing relief

For local relief to decrease, ridges must erode more rapidly than valleys. Closure
temperature isotherms are advected more rapidly towards the surface beneath ridge tops than
beneath valley bottoms, which causes ridge cooling ages to become younger. In contrast
valley ages may become older compared to constant relief scenarios (Safran, 2003), as
closure temperature depth increases beneath valeys. The effect of thisin an endmember
caseisto produce an inverted age-€l evation relationship with a negative slope (figure 4.8)
(Braun, 2002). The results of these relief changes and temperature and topographic effects

are summarised in figure 4.9.

As can be noted from the variability that increasing and decreasing relief may have on the
AER, traditional methods for determining exhumation rates such as mineral pairsor

€l evation-dependence (slope of AER) fail in such scenarios for low temperature
thermochronometers. Thisfailureis usually characterised by overestimating exhumation
rates (e.g. Stiwe et al., 1994; Braun, 2002; Safran, 2003) and in extreme scenarios of
decreasing relief, they produce a negative answer (Braun, 2002)!

# 0%

This summary has discussed the common assumptions that are used in some
thermochronometry studies and shown that many are oversimplifications. In particular if

AERs are used to calculate exhumation rates then these will always be a maximum rate and
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consequently always provide an overestimation in regions with relief for low temperature
thermochronometric systems. As a conseguence, any interpretation of thermochronometric
data from these systems, usually less than 200°C except in very high wavelength and high
exhumation rate terrains, requires that the topographic effects be taken into account. The
result of thisisthat some degree of thermal modelling is required for interpretations of
thermochronol ogic datain any region where significant relief exists. The challenge for
interpreting thermochronology data is the ability to convert the variations of temperature

with time to the variations of depth with time (Brown and Summerfield, 1997).

A final assumption that is sometimes made with regard to thermochronometers is that the
recorded age represents the time at which a sample passed through its closure temperature.
With rapid exhumation, this may be valid, but if slow exhumation occurs and significant
periods are spent in either the PAZ for AFT or the PRZ for AHe then thisis no longer the
case. The potential cooling paths require consideration, along with observing the track
length distributions for AFT analysis for evidence of extensive annealing. So potential
cooling histories need to be considered before conclusions are drawn about the thermal

histories.

4.8 Thermal modelling

In order to interpret the thermochronometric results for the Pyreneesin light of timings of
exhumation and to give rough estimates on rates, a variety of techniques were used to
simulate the exhumation of rocks in the study area. In the discussion of topography and
isotherms, it was shown that isotherms can be strongly perturbed by the topography and
large variations can occur relating to increasing or decreasing relief. The purpose of
modelling the data was to test if:

a) Topography was important to the interpretations imposed on the data
b) Increasing or decreasing relief played an important role in modifying the interpretations

c) To observe how different tectonic scenariosfit the data and to find a preferred solution

for the independent data sets.
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In order to perform these tests the Pecube code was used (Braun, 2002; 2003). Pecubeisa
finite element code that solves the transient heat equation in three dimensions (Braun, 2003)
in acrustal block undergoing uplift and denudation. Major benefits of this code over

previous attempts are that:

a) It worksin three dimensions allowing the genera shape of the topography to play arole

and not simply two dimensional sections

b) Itincludesthe effect of atime-varying surface topography — so increasing and

decreasing relief scenarios may be modelled (Braun, 2003)

¢) Itallowsfor heat transport by conduction and advection and also allows for heat
production, often ignored in other models (Mancktelow and Grasemann, 1997; Safran,
2003).

Topographic datato be modelled may be inputted from a DEM in GRID or TIN format such
as output from the CASCADE landscape evolution model. This topography can be specified
at various time steps throughout the model to allow for changes in relief and exhumation
rate.

Output from the model isin the form of individual time-temperature-depth paths for
individual nodes and some short additional code was written to extract specific nodes from
thisdata. Thisalowsfor the locations where a sample was taken to be analysed for a
particular set of parameters e.g. changing timing of relief development or amounts and
timings of exhumation and from these a thermochronometric age may be calculated for the
sample site. These ages were calculated by using thermochronometer specific software such
as AFTSolvefor AFT analysis (Ketcham et ., 2000) and DECOMP for AHe (Meesters and
Dunai, 2002a; 2002b; Dunai et al., 2003).

%

The simplest way to approach this problem is to use a fixed closure temperature for each
thermochronometer with the time at which the sample crosses this isotherm as the
thermochronometric age of the sample. Thistechniqueisfast and effective at achieving

ballpark figures for rapidly exhuming samples asfigure 4.10 illustrates. However if a
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sample remainsin the PAZ or PRZ for a significant period of time then this quick method
becomes erroneous with younger ages fixed in the sample (figure 4.10). If varied
exhumational histories are to be explored then the effects of annealing of fission tracks and
diffusion of helium need to be accounted for. In order to achieve this thermochronometer

specific software was employed.

4.8.2.1 Calculating apatite fission track ages

AFTSolve is acomputer program for deriving thermal histories from AFT data (Ketcham et
a., 2000) (figure4.11a). It implements avariety of fission track annealing models that take
into account the known kinetic variability among different apatite species. This aspect of the
code is useful for inverse modelling i.e. deriving a T-t history from an AFT age and track
length distribution. However, it aso allows for forward modelling, by inputting a T-t history
and deriving an AFT age and its respective track length distribution. This aspect of the code
was used in the Pecube modelling to derive synthetic ages and track length distributions that
could then be compared with the real data. Asit incorporates annealing models it makes it
ideal for use particularly with T-t histories that may have had a prolonged residence in the
apatite PAZ.

4.8.2.2 Calculating AHe ages

DECOMP is acomputer program that allows for synthetic AHe ages to be cal culated based
on aparticular T-t history (Meesters and Dunai, 2002a, 2002b, Dunai et a., 2003) (figure
4.11b). It approximates the apatite crystal as a sphere whose size/volume/surface area can be
easily converted to ared crystal. By alowing the size of the diffusion domain to be varied
along with the distribution of U and Th it allowsfor the different crystal sizesused in the
analysisto be accounted for. The results generated are uncorrected for recoil and therefore
require correction before use (Farley et a., 1996; Farley, 2000). DECOMP provides a
forward modelling package but its ability to account for periods in the PRZ create a powerful

tool for use in accounting for slower periods of exhumation close to the Earth’s surface.
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4.9 Summary

This chapter has explained the techniques and principals behind low temperature
thermochronology. The following chapter considers the results from these

thermochronometers and topographic considerations to the central Pyrenees.
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Figure 4.1 - Closure temperatures of the different thermochronometers
(adapted after: http://su-thermochronology.syr.edu/)
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Figure 4.2 - The effects of a-ejection on helium retention.

(A) shows the three possibilities within a schematic crystal, a-retention, possible a-ejection
from crystal and possible a-implantation.

(B) shows how a-retention changes from core to rim along A-A’

After Farley (2002).
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Figure 4.3 - Variation of F; correction with crystal diameter
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Figure 4.4 - Apatite crystals with good morphologies and inclusion free shown prior to loading
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Figure 4.5 - Possible confined track length distributions and their associated thermal histories.
Values in red on track length distribution graph are example mean track lengths and

associated standard deviations.
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Figure 4.6 - Calculated cooling curves for two rock samples, A and B initially at 12 km and 10
km depth respectively. Initial constant isotherm of 25°Ckm™ is assumed (no internal heat
production). (A) shows effect of no heat advection whilst (B-D) allow heat advection with
different applied exhumation rates. After Mancktelow and Grasemann (1997).
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Figure 4.7 - Cartoon illustrating the distribution of isotherms beneath valleys and ridges for
the AHe PRZ.

Chapter 4 — Thermochronology — Techniques and Methods 173



Chapter 4 — Thermochronology — Techniques and Methods 174



Chapter 4 — Thermochronology — Techniques and Methods 175



Chapter 4 — Thermochronology — Techniques and Methods 176



Chapter 4 — Thermochronology — Techniques and Methods 177



