
 

 

CHAPTER 3 – 

(U-Th)/He and Fission Track dating techniques 
 
Due to the developments of new techniques and sophisticated theorical models over these 
fours last decades, thermochrononology is continuously expanding in many range of 
applications in geologic and planetary sciences. Various thermochronometers are applied in 
order to reconstruct geological thermal history of regions as intraplate mountains ranges. 
Fundamental principle of those thermochronometers is based on the concept that certain 
minerals retain products of radioactive decay of parent elements when they pass trough a 
specific temperature cooling referred to as the “closure temperature” (Dodson, 1973, 1986) 
(Fig. 3.1). 

 
Figure 3.1 - Hourglass analogies to open- and closed-system behaviors. In a closed system (left), 
the daughter product accumulated by nuclear decay of a parent isotope is completely retained within 
the host mineral; an isotopic age builds up linearly with time. In an open system, the daughter product 
is removed effectively immediately upon its production; no isotopic age is built up within the system. 
After Braun et al. (2006). 
 
A wide range of thermochronometers covering a large range of temperatures (from 800°C 
to surface temperature) have been studied and applied successfully (Fig. 3.2). High to 
intermediate temperature (~800 to ~200°C) thermochronometers such as the zircon U-Pb, 
the feldspar 40Ar/39Ar methods or the recently developed titanite (U-Th)/He method (Fig. 
3.2) date the cooling of the deeper parts of the Earth crust (e.g. Cliff, 1985; Mc Dougall and 
Harrison, 1988; Reiners and Farley, 1999), while zircon fission track is sensitive to 
intermediate temperatures of ~240 to ~175°C (Brandon and Vance, 1992; Brandon et al., 
1998). 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 temperature below about 200°C, as the apatite fission-track (AFT: 
~ 110-60°C; e.g. Wagner, 1968; Laslett et al., 1987; Carlson et al., 1999) and the (U-
Th)/He (AHe: ~80-40°C; Zeitler et al., 1987; Wolf et al., 1996; Wolf et al., 1997) on the 
same mineral. The combination of the two independent techniques is a powerful tool to 
derive the cooling histories (Dodson, 1979) in the upper few kilometers of the Earth crust 
(Reiners et al., 2005). 
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Chapter 3 is structured in three main parts. In the two first sections (3.1 and 3.2) the 
theoretical backgrounds, methodology and application of the (U-Th)/He and fission track 
techniques will be discussed. The main source of information on the application and 
underlying principles are reviews by Ehlers and Farley (2003), Farley (2002), Reiners et al. 
(2002 b), Foeken (2004), Braun et al. (2006) for the apatite (U-Th)/He dating and by 
Wagner and Van Den Haute (1992), Hendriks (2003), Murrell (2003), Fitzgerald et al. 
(2006), Braun et al. (2006) for fission track method. 
The last part of chapter 3 (section 3.3) discusses about the combination of the two 
independent low-thermal geochronometers and the possible misfit. 
 

 
Figure 3.2- Diagram showing the mineral closure temperatures currently used in order to 
constrain thermal history of rocks or/and regions from the crystallization to the surface 
exposure ages. 
 

3.1. (U-Th)/He Thermochronometry 
 
The production of 4He (α particles) from uranium (U) and thorium (Th) series decay in 
rocks and minerals was the first geochronological dating method to be proposed early in the 
twentieth century (Rutherford, 1907; Soddy, 1911-1914). However, at that time 
geoscientists were pursuing only “absolute” or formation ages of rocks, notably in the quest 
to constrain the age of the Earth (Holmes, 1913). Since He diffuses easily out of the mineral 
lattice as in apatite for instance (a phenomenon that was not understood at the time), ages 
determined using U-, Th- and He-measurements were consistently much younger than 
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those calculated using the U-Pb couple. The use of the He as a geochronometer 
consequently came to be considered unreliable and was abandoned (Hurley et al., 1956). 
Interest in the technique has been revived since Zeitler et al. (1987) proposed that the 
diffusive loss of He could be quantified and that He ages could be used to constrain cooling 
through very low temperatures. Subsequent diffusion experiments (Wolf et al., 1996; Wolf 
et al., 1998; Farley, 2000) have demonstrated that the apatite (U-Th)/He 
thermochronometer is sensitive to temperatures as low as 40°C, with effective closure 
occurring around 70°C, depending on the cooling rate and mineral grain-size. The 
laboratory derived temperature range was later confirmed by analysis of borehole samples 
as well as geological settings on exhumed crustal blocks (e.g. House et al., 1997; Wolf et 
al., 1997; House et al., 1999; Stockli et al., 2000). Comparisons of apatite (U-Th)/He and 
fission-track ages (Warnock et al., 1997; House et al., 1999; Farley, 2000) have confirmed 
this range of relative temperature sensitivity on geological timescales (see Fig. 3.2). 
  

 

Figure 3.3 - Nominal closure temperature of various thermochronometers showing how He 
systems (black circle) complement existing techniques (black square: Ar; white triangle: fission 
track) (Farley, 2002 and reference therein). Systems are simply ordered by closure temperature 
on the Y-axis. 
Greater interest in (U-Th)/He dating arises from the fact that He ages of various minerals 
can be used to delineate the cooling history of the rocks through a temperature range that is 
only partially accessed by existing dating techniques. There is a large family of minerals 
potentially suitable for the He thermochronometry, only a few of which have been 
explored. Figure 3.3 presents an overview of the estimated He closure temperatures of 
severals minerals compared with the closure temperatures of other thermochronometric 
methods.  
The low closure temperatures of the (U-Th)/He system, especially in apatite, make it 
particularly sensitive to near-surface cooling and thermal perturbations. This increased 
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resolving power towards the lower end of the temperature spectrum able to be constrained 
by thermochronology increased the interest of the Earth-science community considerably 
over the last few years.  

 
Figure 3.4- Decay chains of the U and Th to Pb. In boldface are naturally occurring U, Th and 
Pb isotopes at the beginning and end of the chain; in italics are isotopes with half-lives so short 
that they cannot be normally be measured (Braun et al., 2006). 

3.1.1. He ingrowth 
 

4He nuclei is produced (as α particles) in a cascade of reactions by radioactive decay of U 
and Th , and their intermediate daughter products to Pb (Fig. 3.4), and, to a lesser extent, by 
decay of Sm to Nd. The most used He ingrowth equations are (3.1) and (3.1’) depending if 
the 147Sm is considered or not: 
 

238 235 232
4 238 235 232He = 8 x U( -1) + 7 x U( -1) + 6 x Th( -1)t te e 

238 235 232
4 238 235 232 14He = 8 x U( -1) + 7 x U( -1) + 6 x Th( -1) +t te e e 

te

te

 (3.1) 

(3.1’) 
 

137
7Sm( -1)t

 

Where 4He, 238U, 232Th and 147Sm are the measured present-day abundances of these 
isotopes, t is the He age and λs are the decay constants. The constants preceding the U, Th 
and Sm abundances account for multiple α-particles emitted for each decay series and the 
factor 137.88 is the present-day 238U/235U ratio. Natural abundances and decay constants of 
the parent isotopes are given in the table 3.1. 
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Isotope                      Abundance (%)                                λ (yr-1) 
 

238 U                               99.2745                              1.55 x 10-10  
235U                                0.7204                               9.85 x 10-10   
234U                                0.0055                               2.83 x 10-6  
232Th                             100                                     4.95 x 10-11 
147Sm                             14.99                                 6.54 x 10-12  
 

 
Table 3.1 - Natural abundances and decay constants of U and Th isotopes. 
 
The equation (3.1) assumes secular equilibrium among all the daughters in the decay chain, 
a condition guaranteed for the crystals formed more than ~350 kyr prior to the onset of He 
accumulation. For most applications this assumption is valid, but in certain cases the effects 
of secular disequilibrium must be considered.  
Equation (3.1) assumes the absence of initial 4He in the crystal being dated, and this is in 
general a valid assumption (Farley, 2002). For example the concentration of He in the 
atmosphere (3He/4He = 1.4 x 10-6) is so low (5ppm), that trapped atmospheric He is 
unlikely to contribute significantly (Kelley, 2002). In some cases fluid inclusions may carry 
crustal or mantle helium, but for U-, Th- minerals like apatite, the He concentration of such 
fluids and/or the inclusion density would have to be high to affect He ages except when the 
U-Th concentrations of the dated aliquot are very low. Nevertheless many workers have 
noticed the presence of He-rich content in the apatite explained occasionally by solid or 
fluid inclusions (Lippolt et al., 1994; Stockli et al., 2000). Since a couple of years increased 
attention was payed to focus on the multitude of factors which could play a role on this still 
poorly understood source of He. A potential source of excess He is solution from 
surrounding fluids into grain interiors (analogous problem assumed in Ar geochronology, 
see Kelley (2002). The continuously increasing available data in the literature will probably 
offer possibility to determine, quantify and evaluate the significance of the source (Farley, 
2002).  

3.1.2. He Diffusion 
 
Knowledge of the He-retention characteristics of the phase being dated is critical for correct 
interpretation of the (U-Th)/He data. In the case of rapidly cooled rocks at the Earth’s 
surface (e.g., volcanics) it was convincingly demonstrated that He is quantitative retain at ~ 
25°C and can be successfully applied for dating. However, thermochronology of slow 
cooling rocks requires precise knowledge of diffusivity scales with temperature (Farley, 
2002).  
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Figure 3.5 - Results of the step-heating experiments on He extraction from apatite: (a) measured 
D(T)/a² as a function of reciprocal temperature. The data show the occurrence of good Arrhenius 
behavior for temperatures <600K. (b) The dependence on the grain size: results for aliquots of various 
grain sizes indicated by key. After Farley (2000).  
 
In order to establish the diffusion behavior of He, laboratory experiments (Zeitler et al., 
1987; Wolf et al., 1996; Farley, 2000) were realized on fragments of Durango fluorapatite 
(Young et al., 1969) to constrain the parameters of the Arrhenius relationship:   
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where D is the diffusivity, D0 the diffusivity at infinite temperature, Ea the activation 
energy, R the gas constant, T the Kelvin temperature and a the diffusion domain radius 
(Fechtig and Kalbitzer, 1966). If this relation is obeyed, then measurements of lnD/a² as a 
function of reciprocal temperature will plot on a straight line with intercept lnD0/a² and 

 40 



Chapter 3, (U-Th)/He and Fission Track dating techniques 

slope –Ea/R (Farley, 2002). From these quantities the closure temperature (Tc) can be 
derived.   
Laboratory diffusion experiments on Durango apatites (Wolf et al., 1996; Warnock et al., 
1997; Farley, 2000; Shuster and Farley, 2003) adopted as common standard apatite (Young 
et al., 1969), shown that the He diffusion obeys an Arrhenius relationship (cf. Fig. 3.5), 
suggesting that He diffusion from apatite is a single-mechanism thermally activated volume 
diffusion process, at least at temperature < 300°C. Above this temperature those authors 
estimated that a structural or chemical transformation of the crystal or the result of multiple 
diffusion sites within the apatite (Wolf et al., 1996) disturb the linear Arrhenius relationship 
between He diffusion and temperature. Repeated diffusion experiments by Dunai (2000) on 
similar Durango apatites however, showed no deviation from the Arrhenius up to 450°C. 
Dunai (2000) suggested that deviation curve observed by Wolf et al. (1996) was an artifact 
of the assumed grain geometry rather than an actual physical transformation of the apatite 
grain.  
In the Durango apatites experienced, Farley (2000) noticed that the quantity D/a² varies 
with the grain size suggesting that the diffusion domain is the grain itself. Then the closure 
temperature (Tc) depends on the grain size (a) (Farley, 2000; Reiners and Farley, 2001).  
Meesters and Dunai (2002 a) noted that the shape of the diffusion domain (assuming a 
sphere, a rectangular block, finite cylinder or infinite cylinder geometry of the apatite grain) 
is important, given that they have different surface to volume (S/V) ratios at a given 
smallest dimension. Especially for apatite grains that have spent significant time close to 
the He closure temperature (Tc), diffusion differs greatly (Meesters and Dunai, 2002 a). For 
geometries having similar S/V ratios these effects are small (Meesters and Dunai, 2002 b). 
However, Shuster (2005) showed that as long the domain geometry and diffusion 
coefficients are self-consistently applied, the profiles obtained by inversion or forward 
model matching can be used to constrain a sample’s low-temperature cooling trajectory in 
nature even if the sample is not spherical. 
 
It is important to note that such laboratory measurements for He diffusion may not apply 
under natural conditions. Several studies (Warnock et al., 1997; Wolf et al., 1998; House et 
al., 1999) attempted to verify the expected diffusivity behavior in a natural setting. The 
most obvious method for verification is to examine the He age distribution in boreholes in 
which temperature is known as function of the depth/temperature (Wolf et al., 1998; Farley, 
2002).  Wolf et al.  (1998) found that the He ages decrease rapidly over a fairly narrow 
increasing temperature range. By analogy to fission track thermochronometry, they named 
the temperature domain where 5 to 95% of the He is retained in the crystal, Helium Partial 
Retention Zone (HePRZ) (cf. Fig. 3.6). For example an 60µm apatite grain radius (at a 
cooling rate of 10°C/Ma), the HePRZ is located between ~80-40°C (Wolf et al., 1998). 
Assuming a geothermal of 30°C/km and a surface temperature of 20°C (Moroccan 
condition for the AHe dating in this study), it follows than the HePRZ resides between 2.7 
and 1.3 km of depth.  
Studies on rapidly exhumed crustal blocks have shown that HePRZ is apparent in nature 
(Wolf et al., 1997; Stockli et al., 2000; Stockli et al., 2002). Other natural studies on deep 

 41 



Chapter 3 

borehole samples (House et al., 1999), confirmed that the AHe ages decrease with 
increasing depth, but demonstrated that HePRZ is not always clearly observable.   
 

 
Figure 3.6 - Vertical profile of AHe and AFT ages in the N White Mountains of California. After 
Stockli et al. (2000).  

3.1.3. The well-know factors of correction 
 
Two factors are well-known to bias the measured He age strongly: α-ejection and (U-Th)-
rich inclusions. The first is related to the fact that α particles produced by nuclear decay 
have a kinetic energy that allows them to travel up to 20µm through the crystal lattice 
(Farley, 2002), and potentially to be ejected from the mineral. The second potential 
problem is related to fact that many apatite contain minute inclusions of actinide-rich 
minerals such zircon and monazite that contribute to yield old ages (Farley, 2002), because 
the produced He in the inclusions is being measured, whereas the U- and Th- contents are 
not considering the dissolution procedure used in this thesis. 
 
3.1.3.1. The α-ejection/emission correction 
 
During U and Th series decay, α-particles are emitted with a high kinetic energy in a 
random, radial direction and require tens of microns before they come to rest within solid 
matter. This travel distance of the particle is known as the stopping distance (Ziegler, 
1977). An excellent resource for this work through the years has been the SRIM (Stopping 
and Range of Ions in Matter) project and web site (http://www.srim.org; Ziegler, 2008). 
Typical decay energies for U and Th are in order of 4 to 8 MeV (Farley, 2002). Stopping 
distances for the various U and Th decay range between 11 and 34µm (Ziegler, 1977), 
whereby the series averaged mean stopping distance for 238U, 235U and 232Th are firstly 
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estimated to be 19.68µm, 22.83µm and 22.46µm respectively (Farley et al., 1996). The 
stopping distance factor is mineral lattice dependant.  
Because of their indirect derivation, stopping distances for minerals are prone to revision as 
progress is made on various theoretical fronts (Ketcham, 2009).  An early indication of this 
was the revision of alpha stopping distances for apatite: the 19.68 µm value provided as the 
mean stopping distance for alpha particles in the 238U decay chain (for example) by Farley 
et al. (1996) was reduced to 19.3 µm by Farley and Stockli (2002), based largely on 
updated SRIM values. The SRIM database was updated again in 2003, including a new set 
of stopping powers, resulting in substantially different stopping distances that will have a 
small but systematic effect on age corrections.  In general, estimated stopping distances are 
now even shorter than previously thought, with the upshot that age corrections made using 
previous values are likely to overcompensate (Ketcham, 2009). 

 

Table 3.2 - Mean alpha-stopping distances for various (U-Th)/He minerals (Ketcham. 2009). 
 
A new table of alpha stopping distances for minerals of interest compiled using the latest 
SRIM values is provided by Ketcham (2009).  The stopping distances are in some cases 
more than 1.5 µm shorter than the original numbers provided by Farley et al. (1996).  The 
overall difference in age correction (FT) is on the order of 1-1.5%: small compared to the 
uncertainties in both age and dimension determination, but unidirectional and substantial 
enough to be worth taking into account.  Also included in the table 3.2 are stopping 
distances for 147Sm with a value of 5.9 µm, for apatite, so they can be included in 
calculations when appropriate (Ketcham, 2009). 
An additional difference worth noting is that Farley et al. (1996) summarized the mean 
stopping distance for a decay chain as the stopping distance for an alpha particle with the 
mean energy of all particles in the chain.  Because stopping distance is a non-linear 
function of energy (Fig. 3.7), this is not an optimal approximation.  A more accurate result 
is obtained by taking the mean stopping distance of all of the individual particles based on 
their respective energies, and weighted by their relative abundances (Ketcham, 2009).  The 
result is to slightly increase the mean stopping distance by 0.2-0.5 µm, diminishing some of 
the discrepancy with previously published values.  This procedure was used for the values 
in Table 3.2. 
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Figure 3.7 - Alpha stopping distance versus energy for various minerals used for (U-Th)/He 
thermochronology (Ketcham, 2009). 

 
Figure 3.8 - A schematic representation of the α-ejection in apatite. Of the three α particles 
shown, one will be retained in the crystal, one can be ejected, and one can recoil into the crystal from 
its surroundings. The latter situation is considered as rare (Farley, 2000; Farley and Clark, 2006) due 
to the low concentrations of U and Th in phases other than the minerals. 
 
As result, an α-particle will come to rest in the mineral dependant to the position of parent 
nucleus and the radius of the crystal lattice. This dependence to the position of the parent 
nucleus implies limit conditions as described in the Figure 3.8. If the parent nucleus is 
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located at a distance further away from the edge of the mineral, then that α particle will be 
retained within the crystal regardless of the trajectory the particle takes. For a parent 
nucleus lying within one stopping distance of the crystal boundary there is a certain 
probability that the α-particle will be ejected. The ejection probability rises to a maximum 
of about 50% when parent nucleuses are situated close to the grain edge. 
 
The result of the loss of α-particle is that the He concentration within the mineral will be 
lower than the He amount produced for a given parent element concentration (Farley, 
2002). Consequently, the measured (U-Th)/He age (or AHe age) needs to be corrected for 
this α loss (Farley et al., 1996) to avoid a “too young” date.  
Farley et al. (1996) and Farley (2002) proposed a model to correct for the He loss resulting 
from the α-ejection. The model assumes a homogeneous distribution of U and Th and either 
spherical or hexagonal prism geometry for the apatite crystal. The total of amount of a 
particles retained in the apatite crystal is called Ft. For a spherical geometry, the Ft factor is 
calculated as follows:  

3
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Where S is the stopping distance and R is the sphere radius. 
For hexagonal prism geometry (model used for all the data presented in this thesis), the Ft is 
calculated by: 
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Where a1 and a2 are fitting parameters incorporating the stopping distance and the density 
of the stopping medium (for the 238U series: a1=5.13 and a2=6.78, for the 232Th series: 
a1=5.9 and a2=8.99; cf. Farley, 2002) and the β the surface to volume ratio for a hexagonal 
geometry. R and L are the diameter and the length of the prism respectively. To calculate 
the mean Ft, a weighting factor (a238) for the Ft values for U and Th are derived as 
follow (Farley, 2002):  
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The α-corrected He age is the given by:             
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F
  (3.6) 

 

In order to determine L and R values, each of the apatite crystal used for dating is 
photographed under a microscope. In order to reduce the error, each apatite picture is 
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digitalized and monitored. Surface and shape of each crystal are calculated using a ‘home-
made’ mathlab program in order to determine most precisely the L and R mean values. By 
doing so, the error obtained from Ft calculations is in order of less than 2%.  
Meesters and Dunai (2002 a; b) have proposed a finite-difference solution for realistic 
(finite) grain geometries and inhomogeneous U distributions. In case that the diffusion is 
important (when sample spend significant time close to the He closure temperature), 
applying “Farley” correction, will generally yield an overcorrection of the He age (Meesters 
and Dunai, 2002 b). On the other hand, if diffusion is less important (in case of rapid 
cooling), the “Farley” correction can be used as a safe approximation for correction He ages 
(Meesters and Dunai, 2002 b). Although the age inaccuracy associated with the simplified 
geometries used in current bulk retentivity models (Farley, 2002), the assuption of U-Th 
homogeneity in the mineral lattice can result in errors of up to ~30% (in rare cases, higher) 
for ejection-corrected ages for typical grain sizes and realistic zonation (Hourigan et al., 
2005). This error was estimated using a spherical model for the grain (Farley et al., 1996; 
Farley, 2002). Better result is obtained with a bias that can exceed 10% or more, if using a 
tetragonal prism model (Hourigan et al., 2005). 
 
Using a systematically “Farley” correction leads to many other assumption. For example 
the equations (3.4) and (3.5) do not consider the possibility of He is being implanted in the 
host mineral apatite coming from a neighboring He-rich mineral. Obviously, such influence 
of the surrounding mineral on the studied apatite is extremely difficult to quantify. 
However, we will see further in this study (§ 3.3) that this assumption as some other could 
be a source of significant errors in the AHe interpretation. 
One of these error sources is the approximation of the equation (3.6). This approximation is 
appropriate when ages are young, but as time increases the nonlinearity of the decay 
equation grows more important (Ketcham, 2009). To account for this, Min et al. (2003) 
proposed the improvement of correcting the total amount of helium instead, 
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and using the revised He content in the age equation.  However, in very old ages even this 
approximation is not a complete solution, due to the changing proportions of the isotopes: 
as one goes deeper into the past, 235U becomes progressively more abundant with respect to 
238U, which has a ~15% shorter mean alpha stopping distance.  To fully account for this 
detail an Ft should be calculated for each isotope (Ft,238, etc.) and applied separately in the 
age equation (Ketcham, 2009).  

In effect, each Ft directly corrects the concentration of its associated parent isotope, rather 
than the age or total He.  This corresponds exactly to the underlying problem that the 
Ftcorrection is intended to solve: some fraction of daughters produced by each parent are 
immediately ejected from the mineral grain, and thus cannot contribute to the daughter 
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concentration measured for the age calculation.  This equation is no more difficult than the 
standard (U-Th)/He age equation without alpha correction (Ketcham, 2009).  

This is the alpha calculation option that has long been given in HeFTy (Ketcham, 2005) as 
"Ketcham in prep".  It gives results that are equivalent to the Farley et al. (1996) equation 
for young ages, but gives a ~0.75% larger correction (and ~0.75% lower corrected age) 
after 500 million years, ~1.5% after one billion years, and over 11% after four billion years, 
each assuming a 60-µm grain.  The distinction is thus only important when measuring or 
modeling very old ages, such as from meteorites, but at the same time there is no penalty 
for using it in all cases (Ketcham, 2009). 
 
3.1.3.2 Fluid or actinide-rich mineral inclusions 
 
One of the biggest difficulties in the apatite (U-Th)/He dating is the presence of U-and Th-
rich solid or fluid inclusion in the mineral (Lippolt et al., 1994; House et al., 1997; Ehlers 
and Farley, 2003). Most common minerals inclusions found are zircon and monazite 
(Farley, 2002). Size of the inclusion varies from few microns to the size of the host 
mineral. Anyway meticulous hand picking helps to avoid those “bad candidate” for the 
dating. But the problem rises for small size inclusions, difficult to detect.  However since 
recent work of Vermeesch et al. (2007), effects of the inclusion-bearing apatite in the (U-
Th)/He dating seem more quantifyable. 
Inclusions cause several different problems for the (U-Th)/He dating mainly in case of 
single-grain analysis (Vermeesch et al., 2007). Although some effect might be expected 
from differing He closure temperatures of host and inclusion, for inclusion smaller than 
~15µm diameter, essentially αs will be ejected into the host mineral, so only the He 
diffusion characteristics of the host is important (Farley et al., 1996). However, the 
localization of U and Th may bias the α-ejection effect and may also modify the diffusion 
behavior by changing the He concentration gradient. More importantly, many inclusion 
phases, especially zircon and monazite (Farley and Sotckli, 2002), survive to the 
dissolution technique using not enough aggressive acid. Hence inclusions will contribute 
He to the analysis, but no U and Th. As a result, some of the He will be “parentless”, and 
anomalously old ages will result. The anomalously old ages will tend to be irreproducible 
because the inclusions are not in equal abundance in the analyzed aliquots. Remarks in the 
literature about “too old” and irreproducible AHe ages can be discerned to the presence of 
fluid inclusions, which can contain trapped 4He having meteoritic of mantle source 
(Simmons et al., 1986; Stuart et al., 1995). 
Then to be sure, a supplementary step of observation was realized under high magnification 
microscope using transmitted light and crossed-polarizer (Farley, 2002). Microscopic solid 
and fluid inclusions yield a higher birefringence than the host mineral (during the 
extinction) making them easily detectable. But still some inclusions remain extremely 
difficult to identify (Farley and Stockli, 2002; Ehlers and Farley, 2003). Re-extraction test 
(see protocol of He extraction) and age irreproducibility are sufficient to identify previously 
undetected inclusions in the measured aliquots. It is also acknowledged that duplication of 
the analysis is helpful to determine with more accuracy the AHe age. In this study at least 
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three aliquots per samples were analyzed. Most of the rocks sampled for this work are 
igneous rocks containing apatites having the same origin and they are considered to be 
more reliable for AHe dating than detrital apatites. In complement to that if fluid inclusions 
were suspected during the He extraction or microscope observation then a more aggressive 
acids such as hot HF (Carter et al., 2004; Vermeesch et al., 2007) was used during the 
dissolution phase of the grains (see U-Th protocol, §3.1.5.2).  
 
3.1.3.3. Factors responsible of intra-sample variation in single crystal AHe 
ages 
 
In this section, we enumerate factors that may be responsible for the intra-sample variation 
in single crystal ages in this study which clearly exceeds the analytical error. These factors 
are: the presence of inclusions or fluid inclusions (Lippolt et al., 1994), variation in crystal 
size (Reiners and Farley, 2001), any effects due to α-particle correction (Farley et al., 
1996), grain boundary not being a zero-concentration boundary (Belton et al., 2004 a), 
factors that impede diffusion of He from a crystal (Spencer et al., 2004), and the 
contribution of radiogenic helium from 147Sm (Belton et al., 2004 b) (Table 3.3) that can 
lead to age-overestimations of up to 25% (Glotzbach et al., 2008). The effect of cooling 
rate on the variation of single crystal ages must also be considered as it is apparent that the 
lower the cooling rate or the longer time period a sample has resided in a HePRZ, the 
greater the variation in single crystal (U–Th)/He apatite ages (Meesters and Dunai, 2002 b). 
Small variations in helium diffusivity can lead to large differences in predicted age (House 
et al., 1999). While Wolf et al. (1996) noted a variation in activation energy of 30–39 
kcal/mol in the apatite samples they studied; it was unclear whether this variation was real 
or due to analytical error (Farley, 2000). Diffusion experiments by Farley (2000) were only 
on Durango apatite, determining an activation energy of 33±0.5 kcal/mol and log(D0) = 
1.5±0.6 cm2/s. However, recent work has shown that activation energy and therefore 
closure temperature vary as a function of apatite composition (Shuster and Farley, 2009). 
 
The experimental data to determine how diffusivity varies with apatite chemical 
composition started to be explored by Shuster et al. (2006) and restudied and described by 
Flowers et al. (2007), Shuster and Farley (2009) and Flowers et al. (2009). However, from 
these recent studies it has been shown that natural radiation damage increases the activation 
energy (Ea) and the frequency factor (Do/a2) of diffusion and yielded a higher He closure 
temperature (Tc) than the starting material. Such results were yielded on samples irradiated 
during 100 hours in the reactor mimicing the damage produced by U and Th decay in 
natural apatites and documenting an increase of the He closure temperature by as much as 
36°C (Schuster and Farley, 2009). 
Conclusion is that understanding of the diffusion propriety of an apatite is still in progress 
and is probably function of factors still not fully constrain. 
In order to avoid the oversimplification actually considered in the Ft factor and to better 
interpret AHe results from apatite minerals having a more complex past stories than the 
Durango standards used, it seems necessary to develop in a next years a series of standards 
which could be applied for different rocks issues from variety of natural source ranges.  
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Table 3.3 - Factors than may contribute to variations in intra-sample apatite (U-Th)/He ages. 
After Fitzgerald et al. (2006). 
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3.1.4. Analytical procedure 
 
3.1.4.1. Sample separation and mineral treatment  
 
All samples of this PhD study were separated following the standart mineral separation 
procedure. However, a sample from the Zaer Massif was used to verify the setting of the 
new mineral separation system called SelFrag. Thus, in order to verify if the SelFrag 
system does not damage apatite crystals during the High Voltage-discharges (short-pulse 
used to disaggregate solids), a comparative study of selFrag Lab versus conventional 
preparation (crusher and mills) was conducted  on the Zaer sample to examine the 
applicability of HV pulsed power disaggregation for (U-Th)/He analysis of apatite (Stuart 
et al., 2008)  
 
3.1.4.1.1. Standard mineral separation procedure  
 

 Rock splitting 
 

In order to separate apatite grains from the rock, the samples were processed according to 
standard mineral separation procedures at the mineral separation lab at the VU (Fig. 3.9). 
After splitting the sample into small pieces using a large hydraulic press, rocks pieces were 
in three steps crushed with a jaw crusher, reducing the pieces to ~1 mm in size. Between 
every step, the sample was sieved over 250 μm to obtain a first order separation to avoid 
damaging apatite grains already released from the host rock. The > 250 μm pieces were 
then processed through a bico disk mill. In two steps, the size of the pieces was reduced 
from 0.6 mm to 0.4 mm. Again, after each step the sample was sieved over 250 μm. The 
entire <250 μm fraction was then washed in the hydro-cyclone to remove the fraction <30 
μm. The 250-30 μm was dried in the oven held at 50°C. The rest of the fraction >250 μm 
was stored for future work. 
 

 Mineral separation 
 

The 250-30 μm fraction was further treated by heavy liquid separation and an overflow 
centrifuge (Ijlst, 1973), using the density characteristics of apatite (average ρ = 3.19 g/cm3). 
The bulk of the sample was removed using inorganic (Na-polytungstane) solution, liquid 
having a density ρ = 2.8 g/cm3. The fraction with a ρ = 3.19 g/cm3 was then treated in two 
steps using organic solution (diiodmethane) with densities of ρ = 3.12 g/cm3 and ρ = 3.33 
g/cm3. 
The 3.12< ρ < 3.33 g/cm3 was finally separated in magnetic and non-magnetic mineral 
fractions (containing the apatite) employing the Frantz magnet. The Frantz Isodynamic 
magnetic separator is useful to split the heavy mineral fractions according to magnetic 
susceptibility set a slope of 15° and a tilt of 10 to 0°. Almost pure apatite was obtained after 
all those steps. In case of Ca-rich sampled rocks,  
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Figure 3.9 - Flow chart describing the steps followed during the mineral separation. 
http://www.falw.vu.nl/Opdrachtgevers/index.cfm/home_file.cfm/fileid/B3BCFAB2-EFB7-0182-
78960C02DE675388/subsectionid/B3B06CE4-0C21-8C1F-BF43F211EB15B7C6 
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only organic-based fluids are used for the heavy liquid separation to avoid high viscosities 
and high reactivities to rock as assumed with the inorganic-based fluid. 
Since for the He dating almost gem quality, inclusion free apatites should be used, each 
sample was carefully handpicked. During the hand picking the apatite grains were selected 
in two steps based on the morphology, inclusions and crystal damage like fractures. The 
first step was a rough separation whereby apatites were selected on first order 
morphological characteristics. The handpicked apatites were separated in a following step 
in the alcohol.  This second handpicking is needed to inspect under polarized light to detect 
the best possible grains. Each of the handpicked samples was photographed for grain size 
measurements for the α-ejection correction (Farley et al., 1996; Farley, 2002). Following 
this final step, the apatite samples were ready for He extraction. 
 
3.1.4.1.2. Mineral separation with the SelFrag system 
 
SelFrag Lab is excellently suited for the selective fragmentation of mineralogical and 
geological samples as well as composite materials in the range of a few kilograms. It offers 
the possibility of selectively liberating target specimens while minimizing the by-
production of fines. 
The Selfrag system is a technique based on high voltage (HV) pulsed power technology 
which was started to be develop some 30–40 years ago. Russian scientists were the first to 
conduct systematic research in this field. In 1995, the German Karlsruhe Research Centre 
(Forschungszentrum Karlsruhe, FZK) embarked on a far-reaching R&D program to explore 
possible industrial applications for selective fragmentation. 

 

Figure 3.10 - Principle of the Selfrag technique showing the breakdown strength of various 
materials as a function of the Pulse rise time. http://www.selfrag.com 
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 Rock splitting 

In the course of only a few microseconds, a HV discharge (of 0 to 400 kV, with an energy 
of 10 – 300 J per cm) is deposited in the discharge plasma channel, which initially measures 
only a few µm. Pressures of up to 1010 Pa are generated in the process. They have an effect 
similar to chemical explosives (such as TNT) ignited in a borehole. As a result of the 
discharge, high-pressure shock waves propagate through the solids causing them to be 
destroyed due to mechanical stress. Reflections from acoustic inhomogeneities induce 
tensile stress in the areas of grain boundaries, inclusions or composite interfaces, causing 
the material to break predominantly at these inhomogenities. Consequently, composite 
materials are fragmented into their components with a high degree of selectivity. In all 
applications, the solids must be submerged in a dielectric liquid such as water, oil or other 
organic liquids. For practical reasons, selFrag uses water as the liquid of choice. Materials 
exposed to electric voltage exhibit variable breakdown strengths as a function of the pulse 
rise time, i.e. the time it takes for the high voltage to reach its peak. An HV discharge 
occurs first in the material with the lowest breakdown strengths. For example, when the 
pulse rise time is less than 500 ns, the breakdown strength of water exceeds that of most 
classical nonconducting solids such as ceramics, glass, and many minerals, so the discharge 
occurs in the solids first (Fig. 3.10).  

 Mineral separation 

Heavy minerals for isotope analysis can be selectively liberated with high yield and very 
good quality, yet at relatively low cost and without cross-contamination. Selective 
fragmentation can be carried out very gently, so that even very fragile minerals such as 
apatite, baddeleyite and micro-fossils can be liberated largely without breakage. PGM and 
gold minerals that often occur in difficult, very finely intergrown rock can be selectively 
liberated. The quality of the liberated minerals significantly reduces outlay on the 
downstream concentration process. Selective liberation of clay minerals from composite 
rocks is also very effective and relatively low in cost. 

3.1.4.2. Preparation for the He extraction  
 
In order to obtain 4He content from an apatite mineral, He is extracted from the sample by 
heating under vacuum in a furnace or laser cell at temperatures well below those of the 
grain melting or physical break down. As the measurements have been done using the He 
extraction line of the VU (furnace) and the SUERC (laser cell), two techniques of grain 
loading were used. For all those measures, only single-aliquot has been used. 
The set of apatite crystals extracted with the furnace technique were loaded in a set of 
Inconell cups of 9mm in diameter and 8 mm high. The cups are held tightly in a half-
cylinder that fits exactly in the Inconell tubes of the He furnace extraction line. The cups 
are equipped with a seal that can manually be screwed onto the half-cylinder (Fig. 3.11). 
This avoids the lost of grain during the extraction.  
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The set of apatite crystals extracted with the laser cell technique were previously bundled in 
Pt-foil etched in 1N HNO3 during 48 hours. The manually folded tubes were ~2cm long 
and ~2.5mm in diameter and were closed by squeezing the tube at both ends.  

 
Figure 3.11 - Photograph of Inconell –cups used to load apatite grains. This set up is currently the 
standard equipment used for the He extraction at the Vrije Universiteit. After Foeken (2004). 
 
After the He extraction, all the samples from the both lines were unloaded and put in a 
small Teflon beaker filled with MilliQwater. At this step of the measurements the crystals 
measured in the Suerc line are still in their Pt-foil. 

3.1.5. Mass Spectrometry 
 
3.1.5.1. He Mass Spectrometry  
 
Two He extraction technique have been used to measure the amount of He in the apatite 
crystal selected. The Jebilet, Rehamna, Zaer, Ourika and Zenaga series samples were 
measured at the SUERC (Fig. 3.12 A-D). The Northern Subatlas, Axial zone and Siroua 
series samples were measured at the VU (Fig.3.13). The crystals measured at the VU, were 
placed in a 5 finger extraction unit built in-house –Inconell tubes- (multiplexer), were 
heated by an external oven. The Inconell tubes (Fig. 3.11) were heated during 35 mn at 
950°C (Foeken, 2004).  
The crystals measured at the SUERC were loaded in a Cu-planchet (Fig. 3.12 C) which was 
placed in the laser chamber (Foeken et al., 2006).  The samples measured with the laser cell 
were heated during a maximum of 2 min at roughly 800°C (see SUERC laser manual v4.0). 
In both He lines following the first extraction, the crystal were re-heated and measured 
again. If during the second extraction, a sample yielded more than 1% of He extracted the 
first time, it is likely that the He originating from inclusions, then the samples is discarded. 
However, the absence of He during re-extraction is no guarantee that the apatites did not 
have inclusions.  
The Hiden PIC/F3 Quadrupole is equipped with a multiplier which is operated in ion-
counting mode in the VU and in pressure-volume mode at the SUERC. Following He 
extraction, the sample gas is expanded in the He preparation line for a two-step clean up 
procedure different in the two Noble Gas Labs. 
At the VU, the gas is exposed first for 10 minutes to SAES getter material at room 
temperature and subsequent, for 10 more minutes to a liquid nitrogen cooled 3 zeolites 
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finger to remove the heavy noble gas. At the SUERC, the gas is cooled down during 5 min 
(including the extraction time) and expanded in all the line to remove the heavy noble gas 
by using a same system of liquid nitrogen trap.  
 

 

Figure 3.12 – (A) & (B): SUERC Helium extraction line. (C): Cu-planchet. (D): Laser Diode box 
were the Cu-planchet is loaded. http://www.gla.ac.uk/surrc/isogeosci/noblegas/helab.html 
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Figure 3.13 - VU Noble Gas Line (Helium extraction). Apatite crystals are loaded in alloy 
inconell capsule (Fig. 3.11) and insered in inconell tube (multiplexer). The tube is insered in the 
oven (white boxe) for heating during 35min at 900 °C. http://www.falw.vu/~noblegaslab/ 
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Following the two-steps cleaning procedure, the gas is expanded into the mass-
spectrometer. After an inlet period of 1minute, the mass spectrometer was isolated and 
helium data is collected statically in 100 cycles. He abundances in counts per second or 
Torr were converted to ccSTP using an internal standard (pure 4He; reproducibility of the 
internal standard is 2%).  
 
3.1.5.2. U and Th ICP-MS  
 

 Clean Lab procedures 
 

After the He extraction, U-and T-concentration measurement for all the samples were 
measured at the VU. The samples were unloaded and put in a 7ml Teflon beaker filled with 
MilliQwater. At this step of the treatment the crystals measured in the SUERC line are still 
in their Pt-foil. All the procedural cleaning is described in the VU Clean Lab Protocol in 
agreement with the general preparation methods described in the literature (House et al., 
1997; House et al., 2000; Reiners et al., 2000).  
All the samples were first carefully cleaned, spiked with a calibrated 229Th and 233U 
solution (233U/229Th=0.96), and dissolved. The dissolution of the crystal measured at the 
VU consists to add 10 drop of HNO3 and 10 drops of concentrated HF, repeated several 
time to be sure of the total dissolution. Apatites measured at the SUERC line were 
dissolved in situ from Pt tubes in ~5% HNO3 in Teflon vials. All the beakers were placed 
on a hotplate at 120°C for 48 hours. For the final preparation for U and Th analysis the 
solution is transferred in an ICPMS tube. A 5% HNO3 solution has been prepared during 
the dissolution for the ICPMS blank (ICP-MS instrument blanks before each sample). 
 

 U and Th ICP-MS measurements 
 

U and Th concentrations were measured at the Vrije Universiteit Amsterdam on a Thermo 
Electron Co. X series II Inductively Coupled Plasma mass spectrometer (ICP-MS) with a 
Teflon microflow nebulizer and double-pass spray chamber. Accuracy for the U and Th 
analysis carried out on this machine have been reported to be generally less than are less 
than 5% (see Thermo Electron Co.). In order to obtain the highest precision, the ICP-MS 
sensitivity is tuned using a referenced solution.  
To avoid all problems of the dilution factor and uncertainty induced by using different 
values, at the VU Amsterdam all the samples measured were spiked using a reference 
solution of U/Th=0.96. 
Procedural U and Th blanks by this method based on more than 450 analyses are 1 ± 0.5pg 
and 2 ± 1pg, respectively. Routine in-run precisions and long-term reproducibilities of 
standard 232Th/229Th and 238U/233U are 0,1-0,4%, and estimated to be 1-2% (2σ).  
Procedural U and Th blanks by this method are 1 ± 0,5 pg and 2 ± 1pg, respectively. 
Routine in-run precisions and long-term reproducibilities of standard 232Th/229Th and 
238U/233U are 0,1-0,4%, and estimated to be 1-2% (2σ).  

3.1.6. Blank and standard corrections 
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 Procedural measurement of the blank corrections 
 

Each sample batch was prepared with a series of procedural blanks to determine the 
analytical error for the data. 
The AHe extractions on the noble gas lines have been realized with a series of blanks and 
reheat measurements. Blank and re-heat values reported in this work never exceed 2% of 
the total He measured during the first heat. As well as the variation of the internal standard 
reproducibility used three times a day between the sample measures never exceed 2% idem.  
In order to quantify also the errors on the chemical procedures realized during the 
dissolution phase of the apatite crystal, series of blank including Pt-Foil have been analyzed 
following the same protocol used for the sample ICPMS measurements. Those blanks were 
set up to determine the purity of the MilliQwater, the acids used the dissolution, the 
cleaning of the Teflon beakers. Another series of measures were made on the 
reproducibility of the (U/Th) spike used for the samples. Total of errors determined on the 
chemical blank values does not vary more than 8%. 

 Blank correction applied for each measurement phases 
 

4He blank correction: He blank correction has been applied by subtracting the average of 
the relevant blank group from the sample measurement (Appendix I, total number of groups 
= 6). The blank correction is <2% for the majority of the samples. 
U-Th blank correction: Three different types of blanks for the U-Th analyses: 1) ICP-MS 
instrument blanks, 2) full procedure blanks, and 3) Pt-tube blanks. The Pt-tube blanks 
automatically incorporate the other two types of blanks (and are thus higher), so we have 
corrected the U-Th analyses with the Pt-tube blanks only. An average value of the Pt-tube 
blanks has been applied for all samples. 
Pt-tube blank corrections for the majority of the samples corrected are <15% of the total 
value. 
Due to the fact that some aliquots were measured without Pt-foil (VU noble gas line) a 
blank correction adding ICP-MS instrument blanks and full procedural blanks had been 
applied of all the concerned samples. But no significant change in value is notified. 
 

 Durango’s standard measurement and correction 
Prior to He analysis, VU Durango’s apatite were weighted with 10-6g precision. Replicate 
analyses of Durango’s apatite during the period of analyses yielded a mean age of 32.6±1.2 
Ma (2σ)(Fig. 3.14).  
The VU Durango’s standard had been measured in the full procedure analysis with the 
apatite samples. 8 Durango’s were extracted using the He VU Noble Gas line and 14 were 
measured using the SUERC one. Blank VU Durango’s corrections have been applied in the 
same way that the associated batch of samples.  
All the Durango’s apatite analyzed on both Noble Gas labs range within error between 31.3 
and 33.7 Ma. The mean age of 32.6 Ma with a standard deviation of the population of 1.2 
Ma, is in excellent agreement with the accepted age of this apatite (31.6±1Ma; Jonckheere 
et al., 1993; McDowell et al., 2005) and Durango ‘s ages measured at the VU (32.1±2Ma; 
Foeken, 2004) and at the SUERC (31.6±1Ma; Foeken et al., 2006).  
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a 

 

b 

 
Figure 3.14 - Frequency (a) and Th/U plot (b) of VU Durango’s apatite ages measured in this 
study on both Noble Gas labs (at the SUERC of Glasgow and the VU Amsterdam). Although the 
(U-Th)/He technique is calibrated against first principles, we analyze well-characterized primary and 
secondary age standards to ensure data quality, machine performance and inter-laboratory 
consistency. The SUERC and VU (U-Th)/He laboratories regularly analyze a variety of recognized, 
inter-laboratory, and intra-laboratory standards, such as Durango apatite (~32.5±1Ma; Young et al., 
1969; McDowell and Keizer, 1977, Farley, 2000), Fish Canyon Tuff apatite and titanite 
(~27.9±0.8Ma; see summary in Villeneuve et al., 2000). 

 
On the basis of the reproducibility of this standard measures, we estimate an analytical 
uncertainty of 6-7% (2σ) which is added to an overestimated crystal size uncertainty of 3-
4%. Then the total error for apatite age determinations in this study is less than 12%. 
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3.2. Fission Track (FT) Thermochronometry 

3.2.1. Introduction 
 
Uranium decays not only by α and β emission; a small proportion of 238U decays by 
splitting of the atom, or fission (Fig. 3.15-16). Upon fission, positively charged high-energy 
and approximately equal mass nuclei are created that are propelled away from each other 
(due to their equal charge) by electrostatic displacement, creating a single linear trail of 
ionization damage in the atomic lattice referred to as a fission track. This model is called 
the ion spike explosion model (Fleischer et al., 1975) and is currently preferred basic 
model for track formation.  
Fission-track thermochronology uses these damage zones, which can be revealed by 
chemical etching and counted under an optical microscope: each track represents a fission-
decay event. Over the past 20 years, fission-track thermochronology has become 
established as a widely used technique for constraining the low-temperature thermal 
histories of rocks. Excellent reviews of technique have been provided by Brown et al. 
(1994), Gallagher et al. (1998), Gleadow and Brown (2000), Hurford (1991) and 
Ravenhurst and Donelick (1992), while in-depth discussions of the theory can be found in 
Fleicher et al. (1975) and Wagner and Van den Haute (1992). 
 

Figure 3.15 - Schematic illustration 
showing the ion spike explosion model 
for the formation of a fission track 
(Fleischer et al., 1975). A. Trace 
amounts of 238U are present in the 
crystal lattice (black dot). B. 
Spontaneous fission of 238U produces 
two highly charged particles that repel 
each other. Passage of the charged 
particles causes damage to the crystal 
lattice through ionisation or electron 
stripping. C. After the particles come to 
rest, they leave a damage trail, or fission 
track. Tracks cannot be observed 
optically unless chemically etched. 
Figure modified after Gallagher et al. 
(1998) and Hendriks (2003). 
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Fission tracks are originally 10-20µm long and only 25-50Ǻ wide, their length depending 
on the density of the crystal lattice (~16µm in apatite). Owing to their narrow width, fission 
tracks in their natural state (“latent” tracks) are visible only using transmission electron 
microscopy (Paul and Fitzgerald, 1992). They can be “revealed”, that is, treated to become 
visible under an optical microscope with >500x magnification, by polishing and chemically 
etching an internal surface of the crystal (Fig. 3.16). 
The most commonly used minerals for fission-track dating are apatite, zircon and sphene. 
In this study, only the mineral apatite has been used.  
 

 

Figure 3.16 - Photomicrographs (a) & (b) of polished and etched section through an apatite 
crystal. (a) Etched fission-tracks intersecting the surface are clearly visible as cones. (b) Arrows point 
to horizontal confined tracks (TINT and TINCLE) and Dpar. 

3.2.2. Track annealing 
 
The damage zone comprising a fission track in the crystal lattice is not stable and will tend 
to be repaired by solid-state diffusion processes. This occurs by a diffuse process called 
annealing, during which atoms and electrons move through the crystal lattice towards the 
ionized track. As for all diffuse processes, fission-track annealing is time and temperature 
dependant (Fleischer et al., 1975) while chemical composition, crystal structure and 
ambient pressure play role in the annealing control, but in a minor way (Green et al., 1986; 
Carlson, 1990; Wendt et al., 2002; Barbarand et al., 2003 a). The nature of this 
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annealing/temperature relationship has been investigated at laboratory timescales (Green et 
al., 1986; Laslett et al., 1987; Duddy et al., 1988; Green et al., 1989 a; Green et al., 1989 
b; Crowley et al., 1991; Carlson et al., 1999).  
As a result of annealing, the etchable length of a track, which is initially similar for all 
tracks in a given mineral structure, will be progressively shortened (Green et al., 1986; 
Carlson, 1990). Because the mean length of the tracks in a sample determines the 
probability that they intersect an internal surface, the track density (and thus the apparent 
fission-track age) is also reduced during annealing (Green, 1988). 
Annealing under geological conditions has been studied in apatites recovered from drill-
cores in basins with independently determined temperature histories (Corrigan, 1993; 
Gleadow and Duddy, 1981; Gleadow et al., 1986; Naeser, 1979; Naeser et al., 1991; 
Wagner, 1968; Wagner and Reimer, 1972). These studies have shown that the temperature 
of total annealing is 120±10°C for apatite. Above these temperatures, annealing takes place 
at a faster rate than track production, so the effective apatite fission-track age remains 
perpetually zero (Fig. 3.17). Below ~60°C annealing rates are very slow and the tracks are 
considered stable. Between roughly 60 and 120°C, the amount of annealing increases 
rapidly but non-linearly with temperature. This temperature range is referred to as the 
Partial Annealing Zone (PAZ) (Naeser, 1979; Wagner et al., 1979; Gleadow and 
Fitzgerald, 1987) (cf. Figs. 3.6 and 3.17).  
However, spontaneous tracks, measured in natural samples that are considered to have 
rapidly cooled through the PAZ and have remained at near the surface temperatures since 
their formation (e.g. volcanic ash), have a mean track length of 14-15µm, which is ~ 1-
1.5µm shorter than freshly induced tracks (e.g., Gallagher et al., 1998). This difference in 
length is thought to be the result of natural annealing taking place at low temperature and 
long time period of millions of years (e.g. Vrolijk et al., 1992). Because of the difficulty in 
quantifying the amount of annealing that occurs at such temperatures over geological 
timescales, it is still a matter of debate (Gallagher et al., 1998). 
Other parameters add to the complexity to understand the thermal annealing, such as the 
tracks orientation with respect to the crystallographic c-axis and chemical composition. For 
example tracks at high angles to the c-axis are known to anneal faster than tracks at low 
angles (e.g. Crowley, 1985; Green et al., 1986; Donelick, 1991). The chemical composition 
of the apatite crystal has been shown to exert significant influence on the annealing 
kinematics (Crowley, 1985; Green et al., 1986; Laslett et al., 1987; Carlson et al., 1999). 
This has direct implication on the temperature boundaries of the PAZ (Carlson et al., 1999; 
Murrell, 2003) (cf. Fig. 3.17). For extreme compositions, the upper boundary of the PAZ 
(where total annealing takes place) may be as low as 90°C or as high as 200°C (e.g. 
Ketcham et al., 1999; Murrell, 2003). However, despite the large number of studies, the 
role played by the chemical composition on annealing is still poorly understood (e.g. 
Crowley, 1985; Green et al., 1986; Laslett et al., 1987; Carlson et al., 1999) as the 
majorities of apatite in the nature are F- or Cl-rich and intermediate F-Cl contents. Cl-
content is the most commonly considered indicator of annealing variability with high Cl-
rich apatites being more resistant than F-rich apatites (e.g. Green et al., 1986; Green, 1988) 
and then anneal at higher temperatures. Other indicators for annealing behavior proposed 
have been ionic porosity (Carlson, 1990) or etch pit diameter Dpar (Donelick, 1991) (Fig. 
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3.16 b). Recently, the measure of etch pits intersecting a polished and etched surface (Dpar) 
is claimed as the best parameter to incorporate the effect of chemical composition (Ketcham 
et al., 1999), considering that each apatite grain is counted for AFT age and characterized 
by its own Dpar factor. As chemical composition on apatite is determined by microprobe 
technique which is a destructive method and because Dpar measures are realized in-situ in 
the dated mineral, it is for why Dpar measurement was preferred to a mean Cl-content for 
the quantification of degree of annealing in this study.  

 
Figure 3.17 - Plot showing how the Partial Annealing Zone (PAZ) changes according to the 
applied value of Dpar as kinetic parameter. After Murrell (2003). 
 

The basic tenet of similarity in length measurement by different analyst started to be tested 
since June 2008 by 45 FT laboratories (Huford and Ketcham, 2008). In attempt to establish 
a first-order baseline, the variation in FT length and etch pit size which results from 
differences in measuring and revelation techniques could be only accommodated by 
referring to published MTL and Dpar values on common apatite mineral. One of the only 
shared samples is the Durango apatite. All values of Dpar measured in this PhD thesis were 
accompanied by series of Dpar measurements on Durango apatite as reported in the figure 
3.18. 

Figure 3.18 - Plot of mean track 
length and etch pit size (Dpar) 
measured for Durango apatite 
aliquot. Red circles are value 
measured by Barbarand et al. 
(2003a) reported here as Dpar 
value reference and black squares 
are the Durango etch pite size 
values measured at the same time 
than the rest of the Dpar samples. 
Error bars denote two standard 
errors of the mean.  
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3.2.3. Age calculation 
 
Since each spontaneous fission event creates one fission track, the track density is a 
function of the rate of fission decay and the concentration 238U. The fission-track age (t) 
equation can be written:       
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   (3.7) 

 

where λD is the total decay constant for 238U, λf is the spontaneous-fission decay constant 
for 238U, NS is the number of spontaneous-fission tracks present in the sample and 238U is 
the number of 238U atoms in the sample. The half-life for spontaneous fission of 238U lies 
between 8.5 x 1015 and 9.9 x 1015 year (Fleischer et al., 1975; Wagner and Van den haute, 
1992), which is more than six orders of magnitude higher than that for the α-decay of 238U 
(4.5 x 109 year). The total decay constant for 238U is therefore very close to that for α–
decay.  
A simple and accurate way to determine the uranium concentration is to irradiate the 
sample with thermal neutrons in a nuclear reactor. This causes a proportion of the isotope 
235U present to undergo fission, inducing a new set of tracks. The 235U/238U isotope ratio is 
constant (cf. Table 3.1), so the 238U abundance can be calculated from the induced track 
density. The fission-track age equation then becomes: 
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in which c is a geometry factor (c=2π/(4π) for the external-detector method, see below); I = 
235U/238U is the isotope abundance ratio (7.253 x 10-3), Ф is the thermal-neutron flux (in 
cm-2s-1), ρS is the spontaneous track density and ρI is the induced track density in the 
sample (Hurford, 1990). The thermal-neutron fluence received by the sample during the 
irradiation is constrained by irradiating a dosimeter glass with known U content at the same 
time as the sample and determining the track density in the dosimeter, ρd. The relationship 
between neutron fluence and neutron-induced track density in the dosimeter is linear: Ф=B 
x ρd , where B is a proportionality constant.  

3.2.4. Zeta calibration (ζ) 
 
The most commonly used fission-track dating technique is the external-detector method 
(Hurford and Green, 1983), in which the sample first is polished and etched to reveal 
spontaneous tracks, after which an external detector (usually a thin sheet of low-U mica) is 
attached to the sample and the package is sent off for radiation. After irradiation, the 
detector is etched to reveal the induced tracks after which a mount is made, that includes 
the sample and its image revealed in the external detector (Fig. 3.19-3.20). This approach 
has the advantage that inter-grain variability in track densities is revealed, so statistical tests 
of the significance of the fission-track age can be performed.  
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Figure 3.19 - A schematic representation of the external-detector method. After 
Gallagher et al. (1998). 
 

 
Figure 3.20- Photomicrograph of a grain-mica pair, using technique of the external detector. 
 
There are parameters in the fission-track age equation (3.8) that are either poorly known (λf) 
or difficult to determine accurately (Ф). This problem is circumvented if a ζ–calibration 
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approach (Hurford and Green, 1983) is adopted. The constants in the equation are then 
taken together in a ζ factor: 

f d

I


 


  (3.9) 

 

ζ is calibrated against accepted standard samples of a known and well-characterized age tstd 

that are irradiated with the sample (Hurford, 1990):                  
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The age equation using the ζ–calibration approach then becomes 
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In this study, the FT age determinations were calculated using a ζ-value for all the samples, 
of 332±10. The CN-5 dosimeter glass was used to monitor the neutron fluence, with the 
Fish Canyon tuff and Durango apatites as standard (Fig. 3.21). 
  

Figure 3.21 - ζ-values 
determined during this 
work on Fish Canyon 
and Durango apatites 
monitored on CN-5 
dosimeter.  

 

 

3.2.5. Mean, pooled and central FT ages 
 
In the external-detector method, an age is calculated for each grain analyzed. In this study 
between 20 and 55 apatite grains have been measured for each sample. These can then be 
combined to give a sample age in different ways: the mean age is simply the mean of the 
individual grain ages, whereas the pooled age is calculated by pooling the spontaneous and 
induced fission-track counts in the individual grains (Green, 1981). The latter is meaningful 
only if the individual grain ages form a single population, which is not necessarily the case: 
single-grain ages can be dispersed in sediments if the grains come from different sources 
and record different cooling histories or in slowly cooled samples where grains with 
slightly different chemical compositions have been annealed to different degrees. To test 
whether the single-grain ages form a unique population, a statistical χ² -test is usually 
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performed (Green, 1981). The most widely used approach in recent studies is to calculate a 
central age from the logarithmic mean of the single-grain ages and the associated age 
dispersion, which is the relative standard error of the single-grain ages (Galbraith and 
Laslett, 1993). The generally quoted (1σ or 2σ) error on the sample age is propagated from 
the number of tracks counted in the sample, the external detector and the dosimeter. 

3.2.6. Annealing of confined track length distributions 
 
The effect of annealing can be quantified by measuring the lengths of horizontal confined 
tracks (Gleadow et al., 1986), i.e. tracks parallel to the polished face of the grain that do not 
cut the surface but have been etched because they intersect cracks or other tracks allowing 
access to the etchant. Because tracks are formed continuously, each track experiences a 
different portion of the integral thermal history. Thus, the track-length distribution, which is 
obtained by measuring the lengths of a sufficient number of confined tracks (preferably 
>100), contains information on the thermal history experienced by the sample. The track-
length distribution therefore provides the critical constraints on the interpretation of the 
fission-track ages for samples that have experienced prolonged or complex thermal 
histories. Track-length measurements are at the present standard practice in apatite fission-
track thermochronology whenever the sample character and track density make this 
feasible.  

3.2.7. Annealing Models 
 
The kinetics of fission-track annealing in apatite have been evaluated empirically by 
laboratory experiments (Green et al., 1986; Crowley et al., 1991; Carlson et al., 1999), 
enabling a quantitative determination of the relationship between thermal history and track-
length distribution (Laslett et al., 1987; Green et al., 1989 b; Crowley et al., 1991; 
Gallagher et al., 1995; Ketcham et al., 1999). 
The annealing of fission tracks is a temperature-dependent diffusive process to which the 
Arrhenius law can be applied. However, in contrast to the diffusion models for isotopic 
methods, there is no accepted physical model of fission-track annealing processes at the 
atomic level, although Carlson (1990) attempted to derive one. The reason for this is that 
the process of fission-track annealing is much more complicated than the diffusion of a 
single atomic species out of a mineral lattice. Fission tracks are made up of multiple 
defects, each with their own activation energy for elimination (Green, 1988; Wagner and 
Van den haute, 1992; Ketcham et al., 1999). Moreover, what are observed under the optical 
microscope are revealed tracks, so the interaction between the mineral defects and the 
chemical etching agent also plays a role. Qualitatively, fission tracks anneal at first by tip 
shortening before they become segmented by the development of unetchable gaps between 
the segments (Green et al., 1986; Carlson, 1990). For this reason, models of fission-track 
annealing have been developed using an empirical approach, looking at what form of the 
annealing relationship best fits the data statistically, rather than an ab initio physical 
approach. The most general form of an empirical annealing model can be written as : 
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( ; , ) ( , ; )
i

g r a b f t T C  (3.12) 
 

where r indicates the degree of annealing (usually quantified as the track-length reduction 
l/l0, where l is the measured mean track length and l0 the initial track length), t is time, T is 
temperature and a, b and Ci are fitting parameters. 
The empirical nature of the annealing models produces a degree of ambiguity in the 
interpretation of the laboratory data. Thus, several functional forms for the model have been 
proposed. For the right-hand side, a ‘parallel Arrhenius’ model can be derived, for which 
contours of equal annealing r form parallel lines in an Arrhenius plot: 
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This equation is a specific form of the general Arrhenius relationship. 
A subtle but statistically significant improvement in the fit to the laboratory annealing data 
is obtained by using a ‘fanning Arrhenius’ model, in which contours of equal r fan out from 
a single point (Laslett et al., 1987; Crowley et al., 1991; Ketcham et al., 1999):        
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Ketcham et al. (1999) required their model to fit both their laboratory annealing data and 
two ‘benchmarks’ for annealing on geological timescales and suggested that the best fit was 
obtained with a ‘curvilinear Arrhenius’ model in which contours of equal annealing are 
slightly curved (Fig. 3.22):       
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As shown in Figure 3.18, although the fits of these different functional forms of the 
annealing model to the laboratory data are nearly indistinguishable, once they are 
extrapolated over many orders of magnitude to geological timescales, the model predictions 
differ significantly, the ‘fanning Arrhenius’ model predicting more rapid annealing on 
geological timescales than the other models. The models do, however, provide acceptable 
fits to ages obtained from samples with well-constrained thermal histories (e.g., Corrigan, 
1993) (Fig. 3.6). 
For the left-hand side of Equation (3.12), most authors (Laslett et al., 1987; Crowley et al., 
1991; Ketcham et al., 1999) have used a Box–Cox transform: 

(1 ) 1
( ; , , )

abr b
g r a b

a

 

     (3.16) 

 

A simpler form was proposed by Laslett and Galbraith (1996): 
( ) ln(1 )g r   r  (3.17) 

 

Laboratory parameterisations of the model have been published by Laslett et al. (1987) for 
Durango apatite ([Cl]/[Cl+F] = 0.2), Crowley et al. (1991) for Durango apatite and fluor-
apatite ([Cl]/[Cl+F] = 0.2) and Ketcham et al. (1999) for a range of apatite compositions. 
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Values for the parameters in Equations (3.14)–(3.16) fitted to these experimental data are 
given in Table 3.4. 
In the multi-compositional model of Ketcham et al. (1999), the actual track-length 
shortening for any apatite composition is related to that of the most resistant apatite in their 
study by: 
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  (3.18) 

 

where rlr and rmr are the reduced lengths of the less-resistant and more resistant apatites, 
respectively, and rmr0 is the reduced length of the most resistant apatite at the point where 
the less-resistant apatite becomes totally annealed. Ketcham et al. (1999) provided a 
calibration of the fitting parameters rmr0 and k with some of the most common measures of 
apatite composition, such as Cl− content and etch-pit width. 
 

 
Table 3.4 - Parameters for commonly used annealing models. For the apatite models, parameters 
refer to Equations (3.16) and (3.14) except for the curvilinear fit of Ketcham et al. (1999), which 
refers to Equation (3.15). After Braun et al. (2006). 
 
Fewer experiments have been conducted on zircon, due to the much longer time required to 
produce equivalent degrees of annealing in this mineral (see Rahn et al., 2004 for a review); 
models of the form (3.13) and (3.14) have been fitted to these data (Yamada et al., 1995; 
Galbraith and Laslett, 1997; Tagami et al., 1998; Rahn et al., 2004). In Table 3.4 we 
reproduce the parameter fits from the last two of these studies, for damaged and zero-
damage zircons, respectively. 

0 1 2
ln(1 ) lnr C C T t C T     (3.19) 
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Figure 3.22 - Fission-track annealing data for apatite and their extrapolation to geological time 
scales. In (a) and (b) are shown the laboratory annealing data of Carlson et al. (1999) for end-member 
fluor-apatite; the relative track-length reduction r in the different experiments is plotted as a function 
of the logarithm of time and inverse temperature. Lines of equal track-length reduction r are plotted 
for fanning Arrhenius model (Equation (3.14) fit of Ketcham et al. (1999) in (a) and fanning 
curvilinear (Equation (3.15) fit in (b). In (c) and (d) are shown comparisons between model 
predictions and two geological ‘benchmarks’: the black star indicates a strongly annealed high-
temperature sample (the deepest sample recovered from Flaxman’s well in Otway Basin (Gleadow 
and Duddy, 1981); the open hexagon indicates a practically unannealed low-temperature sample 
(recovered from drill-core collected during Ocean Drilling Program leg 129 (Vrolijk et al., 1992). 
Shaded lines indicate the T-t conditions predicted for the amount of track-length reduction r recorded 
in these samples; the difference in r-values between the plots stems from the fact that in (c) the raw 
track-length data are plotted whereas in (d) these are projected onto the C-axis. After Braun et al. 
(2006) modified from Ketcham et al. (1999).   

3.2.8. Laboratory procedure 
 
Apatite mineral separation technique is described previously in the analytical procedure of 
the (U-Th)/He technique in this chapter (§3.1.4). After selection of the apatite AHe 
extraction, the rest of the mineral were used for the fission-track preparation. The apatite 
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crystals were mounted in epoxy with 6 zircon minerals aligned along a diagonal and ground 
and polished. The grinding and polishing process revealed an internal surface parallel to the 
c-axis, which was then exposed to an etchant (acid). The samples were etched under 
controlled temperature and time conditions following Naeser (1979) and Naeser et al. 
(1981). These samples were etched in 5.5M HNO3 for 20 seconds at 21°C. An external 
detector (a slide mica) was then placed on the polished surface (External Detector Method 
or EDM (see Gleadow and Duddy, 1981) and the samples were irradiated at the low flux 
reactor of the ECN at Petten, The Netherlands. Neutron irradiation induces fissioning of 
235U atoms in the crystal lattice and subsequent track formation. Some of these fission 
products pass out of the apatite and into the mica detector. The neutron flux is monitored by 
two dosimeter glasses of known uranium content. Dosimeter glasses commonly used are 
SRM 610-617, NBS 961-964 and the CN1-6 (Hurford and Green, 1982; Hurford and 
Green, 1983; Wagner and Van den haute, 1992). CN5 is used for all samples in this study. 
After irradiation the micas were removed from the apatite mounts and the dosimeter 
glasses. The micas from the glasses were etched in 48% HF for 30 minutes at the room 
temperature (~21°C) to make the induced tracks visible under an optical microscope, while 
the micas from the samples were etched for 12 minutes. Then the apatite mount and the 
associated mica were glued on the glass thin section respecting a symmetrical y-axis. 
Tracks were counted under 1000x magnification with a 100x dry objective using the 
Autoscan system (Fig. 3.23). The number of induced tracks in the apatite mounts is 
proportional to the concentration of 235U in the crystal lattice and by calculating the neutron 
flux (the number of induced tracks from the dosimeter glasses), this concentration can be 
determined. Since the 235U/238U ratio is known and constant, the concentration of 238U can 
be derived and comparison of this with the number of spontaneous tracks present allows 
calculation of a fission-track age.  
 

 

Figure 3.23 - Autoscan system for fission-track counting. http://www.autoscan.com/ 

3.3. Assessment of the combination of independent 
thermochronometers 
 
The two thermochronometers presented previously in this chapter are commonly used 
simultaneously in order to document the cooling history of rocks from ~120°C to 40°C. 

 71 

http://www.autoscan.com/


Chapter 3 

Despite the fact that it is well admitted that the (U-Th)/He and AFT cover respectively the 
temperature range of 75-40°C and 120-60°C; no precise setting exists to directly compare 
both independent techniques based either on α-particles production from the U- and Th-
decays or by the creation of series of linear trails of ionization damage in the atomic lattice 
due to the split of an U-atom; excepted tests realized on well-constrained geological 
settings.    
As no physical intercalibration is possible it is then not surprising to observe between these 
two techniques a panel of sensibility in natural conditions which often yield more complex 
thermal histories than those predicted in laboratories. Since few years, many studies 
(Persano et al., 2002; Hendriks, 2003; Crowhurst et al., 2004; Spotilla et al., 2004; 
Hendriks and Redfield, 2005; Söderlund et al., 2005) combining those techniques 
document dating results with equal or older AHe ages than AFT pairs and contradict the 
apparently simple picture admitted between these thermochronometers (Hendriks and 
Redfield, 2005; Green et al., 2006). Also, (U-Th)/He ages that are ‘too old’ (Crowhurst et 
al., 2004) with respect to AFT ages or AFT thermal models from a same samples have 
commonly been discarded by invoking the spectre of non-radiogenic helium or by 
implantation of α-particles from the surrounding matrix (Hendriks, 2003; Lorenzack, 2003; 
Belton et al., 2004 a), even though many of these old AHe ages are repeatable at the 2σ 
confidence level. 
In order to understand the observed ‘misfit’ with the admitted sensitivities of the two 
techniques, many studies revisited (i) the radiation versus thermal annealing parameters 
responsible for ‘too young’ AFT ages as discussed by Hendriks and Redfield (2005) or; (ii) 
evolution of the He-retention property caused damage radiation in the U-and Th-rich 
mineral lattice leading to ‘thickness variation’ of the HePRZ (Shuster et al., 2006), 
explaining therefore the ‘anomalously old’ AHe ages argued by Green et al. (2006). 
Beyond the radiation damage other factor could play a role in the observed misfit. Position 
of apatite inside the host rocks surrounded by high U-and Th-rich mineral (such zircon) 
could also be evoked. Those apatite crystals can be subject to phenomenon of He-
implantation (Spencer et al., 2004) which could explain an excess of the He-budget by 
diffusion process only possible in or near to the HePRZ depth when the system is still open 
(Fig. 3.1 and 3.6). Then correlation between high He-content inside the crystal lattice and 
the lithology of the host rock merit to be developed.  

3.3.1. Damage radiation in the apatite mineral 
 
α-damage is mainly the result of the decay of 238U and to a minor extend of 232Th and 235U. 
(Rahn et al., 2004) demonstrated that the fission-track annealing in zircon is a function of 
accumulated α-damage. However, the effect of α-particle emission on annealing in zircon is 
different from those annealing in apatite: α-emission may lead to crystalline-to-amorphous 
transformation in zircon (Weber et al., 1997), but studies related to nuclear waste disposal 
have shown it can induce defect recovery (annealing) in apatite (Ewing et al., 1995; Ritter 
and Märk, 1995; Meldrum et al., 1997; Ouchani et al., 1997; Soulet et al., 2001; Chaumont 
et al., 2002; Ewing and Wang, 2002; Boujrhal et al., 2004; Miro et al., 2005). 
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3.3.1.1. Radiation-enhanced lattice defect recovery in apatite fission-track 
dating 
 
The radiation-enhanced annealing effect has however not been detected in AFT annealing 
experiments. This is probably because these experiments are normally conducted on 
apatites that are totally annealed to remove pre-existing damage not conserved above 
~150°C (Shuster et al., 2006) and then irradiated with thermal neutrons to create new, 
induced tracks (Green et al., 1986; Carlson et al., 1999; Barbarand et al., 2003 a). The 
duration of the annealing experiments is likely insufficient for the effects of radiation-
enhanced lattice defect recovery to be detectable in measurements of the induced tracks 
(Hendriks and Redfield, 2005). Consequently, this process has not been incorporated in 
AFT annealing models.  
Ouchani et al. (1997), Soulet et al. (2001) and Chaumont et al. (2002) demonstrated that 
recovery of apatite lattice defects can result from α-annealing with an efficiency depending 
on dose and time. This effect, together with thermal annealing, explains how natural apatite 
crystals containing long-lived actinide isotopes can remain in the crystalline state (e.g. 
Ewing and Wang, 2002). Apatite also has a strong tendency to recover crystal defects under 
electron irradiation (β-decay; Meldrum et al., 1997), which can reduce the stability of the 
apatite fission-tracks as well. However, on the geological time scale α-decay will be the 
dominant source of radiation (Ewing et al., 1995). Ouchani et al. (1997) and Chaumont et 
al. (2002) simulated α-particle emission by He-ion irradiation and found that it induced 
crystal defect recovery in fluorapatite pre-damaged by Pb-ions. For α-emitter actinides (e.g. 
uranium and thorium) a similar effect should be expected (Chaumont et al., 2002). Miro et 
al. (2005) confirmed this defect healing behavior of apatite upon α-irradiation specifically 
for damage induced by fission fragments.  
Although at the elevated temperatures (>60°C) α-annealing acts simultaneously with 
thermal annealing, α-annealing is the dominant process recovery in fluorapatite at lower 
temperatures (Chaumont et al., 2002). At the near-surface, thermal annealing is probably 
negligible compared to α-annealing except under very low α-decay rates (i.e. low 
concentrations of α-emitter actinides). 
α-particles emission apparently can induce recovery of various types of damage that can 
exist in the apatite crystal structure (e.g., Chaumont et al., 2002; Miro et al., 2005). What is 
still lacking are studies where spontaneous and induced fission track densities are measured 
before and after He-ion irradiation in natural apatites, such as the Durango and Fish Canyon 
standards (Hendriks and Redfield, 2005). Even so, the work by Miro et al. (2005) shows 
that α-particle emission will cause annealing of fission-track in natural apatite. The 
correlation between higher concentrations of α-emitter actinides and increased lattice defect 
recovery predicted by Chaumont et al. (2002) plus the data and observations resumed by 
Hendriks and Redfield (2005) point towards the same conclusion: over geological time 
(perhaps >200-300Ma), fission tracks in natural apatite can be strongly affected by α-
annealing.  
 
3.3.1.2. Effect of the damage radiation on the He-diffusion in apatite AHe 
dating 
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Previous work has recognized a role for radiation damage in controlling 4He diffusion from 
minerals. For example, measured (U-Th)/He ages of very old zircon (Hurley, 1954; 
Nasdala et al., 2004; Reiners et al., 2005) and titanite crystals (Hurley, 1954) indicate that 
the 4He loss is greatly accelerated at high degrees of radiation damage. Presumably the 
transformation of the crystalline matrix into an amorphous phase reduces impediments to 
helium mobility. In contrast, recent experiments demonstrate that synthetic radiation 
damage introduced by proton irradiation can impede helium diffusion in quartz (Shuster 
and Farley, 2005). Recent applications of percolation theory to study the radiation-induced 
transition of a crystal into an aperiodic state may provide insight to this apparent threshold 
behavior, where the overlapping of damaged regions occurs at the first percolation point 
(Shuster et al., 2006 and refence therein, Rios et al., 2000; Trachenko et al., 2002).  
Until the advent of 4He/3He thermochronometry (Shuster and Farley, 2005), diffusion 
experiments relied on natural radiogenic 4He in a sample. However, a first main 
investigation on the relation of the He diffusion kinetics to radiation damage has been 
addressed by Shuster et al (2006) and futher developped by Flowers et al. (2007), Shuster 
and Farley (2009) and Flowers et al. (2009). 

 
Figure 3.24 - Helium closure temperature (Tc) versus the log of the 4He concentration 
(log10([

4He]). Values of Tc were calculated for a cooling rate of 10 °C/Myr using the formulation of 
Dodson (1973) for diffusion kinetics determined from stepwise release fractions of proton-induced 
3He (grey points) and natural radiogenic 4He (black points). Shuster et al. (2006) estimated error bars 
on Tc (1σ; shown are vertical lines) solely from the linear regression statistics from the Arrhenius 
plots. The dotted line is the result of a multiple linear regression model of D/a2 against both 1/T and 
log10([

4He]) using the entire dataset. The solid curve is the calibrated “trapping” model for best fit 
parameters: Ea=120 kJ/mol, Et=29 kJ/mol, Do /a2=1.58×104s−1, and ψ =1.26×10-4 gm/nmol. After 
Shuster et al. (2006). Potential explanation of the original Tc versus (log10([

4He]) correlation may 
reveal the possible control of the diffusity by the 4He itself (Flowers et al, 2009). 
 
The experiments by Shuster et al. (2006) were done on samples from many localities. 
Artificial 3He was created and distributed homogenously by irradiating the samples with a 
220MeV proton beam (Shuster et al., 2004; Shuster et al., 2005). Diffusion kinetics of 3He 
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and 4He were calculated using the equation (3.2) of Arrhenius relationship and seem nearly 
equivalent. Through the obtained results, Shuster et al. (2006) found as already argued by 
Lippolt et al. (1994) a significantly larger variance in Tc (from 44±4°C to 116±18°C), than 
previously recognized for helium in apatite (Wolf et al., 1996; Warnock et al., 1997; 
Farley, 2000; Shuster and Farley, 2005). No correlation between F/Cl ratio and Tc as 
observed in the AFT thermochronometer (Gleadow and Duddy, 1981; Green et al., 1986; 
Donelick, 1991; O'Sullivan and Parrish, 1995) seems obvious regarding results of Shuster 
et al. (2006) contradicting then Warnock et al. (1997).  
Nevertheless the results (Fig. 3.24) show a significant linear correlation of closure 
temperature versus 4He concentration suggesting that exposure to intense natural radiation 
flux caused samples to become more 4He-retentive (Shuster et al., 2006). The authors 
conclude that this is relative to the almost inescapable correlation between the 4He 
concentration and U-Th decay-induced radiation damage to the apatite structure. A role of 
radiation damage in controlling helium diffusion was previously proposed to explain the 
apparent decrease in diffusivity at temperatures above ~265°C observed in early 
experiments (Farley, 2000). However the radiation damages are accumulated above a 
temperature (Trda) of ~150°C (Weber et al., 1997) higher than the temperature of the 
preservation of the fission-track (~110±20°C) which is a bit higher than TC.   
 
 

Figure 3.25 - The effects of reheating 
on (U–Th)/He ages using the trapping 
model as a function of eU and peak 
temperature achieved, compared with 
ages calculated assuming conventional 
Durango kinetics and apatite fission 
track ages computed from two 
annealing models in “HeFTy” 
program (Ehlers et al., 2005; Ketcham, 
2005). The model assumes samples are 
held at 0 °C from 300 to 200 Myr, 
followed by monotonic heating to peak 
temperature (Tpk) at 100 Myr, followed 
by monotonic cooling to 0 °C at 0 Myr 
(schematic cooling path shown in inset). 
Open symbols are computed points for 
various eU values (4, 15, 28, 60, 100, 
and 150 ppm from left to right on the 
figure). After Shuster et al. (2006). 

 
 
The model He-diffusion developed by Shuster et al. (2006) or He-based trapping model 
(HeTM) predicts: (i) that the effective 4He closure temperature of apatite will vary with the 
cooling rate and effective U concentration ( 0.235eU U xTh  ) and may differ from 
70°C by up to ±15°C, (ii) the depth of the 4He partial retention zone will depend on 
accumulation time and on eU, and (iii) samples subjected to reheating after accumulation of 
substantial radiation damage will be more retentive (Fig. 3.25). Then 4He is an indirect but 
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only approximate indicator of the volume fraction of radiation damage. However, new 
laboratory diffusion and annealing experiments realized by Shuster and Farley (2009) 
which confirm that the addition of radiation damage increases an apatite’s closure 
temperature, show also that thermal annealing of the damage above 290°C (>1 h) reverse 
this effect (Flowers et al., 2009). 
 
3.3.1.3. Relationship between He-closure temperature and fission-track 

Experiments conducted by Flowers et al. (2009) showed that He diffusivity in apatite 
responds to the annealing of radiation damage as predicted by the kinetics of a fission-track 
annealing model of Shuster and Farley (2009) (Fig. 3.26). 

A first observation of the figure 3.26 shows an original correlation between He closure 
temperature and effective fission-track. This may suggest that fission-tracks are the damage 
controlling the He diffusion (Shuster and Farley, 2009; Flowers et al., 2009). However in 
absence of strong clue that may prove the previous point, an alternative and equal valid 
explanation provided by Flowers et al (2009) is that α decay damage from parent recoil 
and/or the α particle itself anneals with the same kinetics as fission damage. Concordantly 
to that, Flowers et al. (2009) argue that α decay (with eU as important variable) rather than 
fission is the major factor controlling the He diffusion in the apatite. Refinement on the 
relationship between He retention and fission track provided by these experimentations 
allowed the setting of two proxies for radiation damage. One correlates fission-track lenth 
reduction with the decrease of He retention (Shuster and Farley, 2009) but was judged as 
not enough robust fror a general application beacause the track lengths alone do not 
accurately document volume fraction of radiation damage (Flowers et al., 2009), and the 
second one of Flowers et al. (2009) used effective spontaneous fission track density (eρs) 
for a new radiation damage accumulation and annealing model (RDAAM).  

By incorporating the RDAAM into the HeFTy computer program, the authors explored its 
implications for apatite (U-Th)/He thermochronometry. Use of the RDAAM seems 
particularly important and efficient for accurate interpretation of (U-Th)/He data for 
apatites suites that experienced moderate to slow monotonic cooling (1-0.1°C/Ma), 
prolonged residence in the helium partial retention zone, or a duration at temperatures 
appropriate for radiation accumulation followed by reheating and partial helium loss 
(Flowers et al., 2009), a scenario that might especially apply to a cratonic region 
experiencing aperiod of burial followed by erosional unroofing. In contrast to the Durango 
diffusion model in which the apatite He diffusion kinetics are constant through the time and 
therefore useless to explain AHe ages of some datasets, the RDAAM using geologically 
reasonable thermal stories seems able to explain complex geological settings and to 
reconcile enigmatic apatite (U-Th)/He datasets consistently to their independent fission-
track pairs. Under common circunstances the RDAAM predicts (U-Th)/He dates that are 
older, sometimes much older, than corresponding fission-track dates (Flowers et al., 2009). 
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Figure 3.26 - Relationship between He closure temperature and effective fission-track density 
(Flowers et al., 2009). For more detailed information on the symbols are reported in Table EA1 (see 
Flowers et al., 2009). Only 4He was used for the Durango annealing experiments. Vertical black bars 
indicate bin average targets for fitting. Gray curves indicate predictions for various parameter aets 
that reasonably match the data in this figure. Black curves are those which bound the range of 
acceptable fits.  

3.3.2. Consequences of He-implantation and U-Th zonation on 
the AHe ages 
 
As well-described previously in the (U-Th)/He dating technique, U and Th produce a 
daughter element by decay. In order to correct the possible ejection of α-particle out of the 
crystal when the parent elements are less than 20µm far from the edge of apatite crystal, 
Farley et al. (1996) developed a quantitative model for correcting He ages based on the size 
and geometry of the crystal. Two main assumptions are inherent in this correction factor 
(Ft): (i) implantation from the surrounding matrix is insignificant, so only α-ejection need 
be considered, and in most cases, the contrast between U-Th concentration in the mineral 
being dated and the matrix, was considered so large that implantation was trivial (Farley, 
2000). (ii) the distribution of U and Th in the crystal should be specified, but as the 
distribution is generally not known, a uniform concentration of U and Th is universally 
assumed when making the correction. 
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3.3.2.1. He-implantation from surrounding mineral 
 
If the assumption (i) above is not strictly correct and the apatite grain lies adjacent to 
mineral phases with high [U,Th] that implants 4He into the apatite grain (Spencer et al., 
2004) the result will be a too old (U-Th)/He age because the implanted 4He is “parentless” 
(i.e., parent U and Th lie outside the grain). If the apatite grain is in contact with mineral 
phase that inhibits the ejection or diffusion of 4He out of the grain (Belton et al., 2004 a), 
the effect will be that less 4He is ejected or diffuses from the grain that expected and the FT 
correction will be an over-estimate and the resulting corrected age “too old”. Spencer et al. 
(2004) examined AHe ages (>100Ma) from “slowly cooled” continental interiors and 
compared problematic samples (AHe ages>AFT ages) to samples that appeared non-
problematic (AFT ages> AHe ages). Problematic samples came from granitic and gneissic 
lithologies where the apatite grains had contact with phases such as zircon, titanite and 
epidote with high [U,Th]. In contrast, non-problematic samples came from more mafic 
lithologies with phases such as feldspar, hornblende, biotites, and Fe-oxides that contained 
negligible [U,Th] adjacent to apatite grains. The implication from the Spencer et al. (2004) 
study is that the problematic samples are too old due to implantation of parentless 4He into 
the apatite grains.  
 
3.3.2.2. U-and Th-distribution through the mineral 
 
The second assumption in the Ft equation is that U- and Th- concentrations are typically 
assumed uniform throughout the grain. However, if the distribution of U and Th is non-
uniform then the Ft correction will give an “erroneous age”.  

(i) If the grain has a higher [U,Th] core, especially if the majority of U and Th 
atoms are ≥1 stopping distance from the grain boundary, then the number of 
α-particles retained are greater than assumed and the Ft corrected age will be 
greater than the “true age” (i.e., over-corrected) (Farley et al., 1996; Farley, 
2002; Meesters and Dunai, 2002 b) (Fig. 3.27). 

(ii) If the grain has a high [U,Th] rim (Fig. 3.27), especially if the majority of U 
and Th are ≤ 1 stopping distance from the grain boundary, then the number of 
α-particles retained are less than assumed and Ft corrected age will be less 
than the true age (i.e., under-corrected).  

 
Distribution of [U] from a large population of grains can be determined quantitatively by 
exhumation of spontaneous and induced fission-track density (238U and 235U, respectively). 
A correlation exists between spontaneous and induced fission-track densities, as explained 
previously in the § 3.2.3. However, the zonation of Th and U (parents of the 4He daughter 
product) in the grain may induce a possible spatial zonation of 4He. Therefore the 
distribution of U and Th within apatite grains would require investigation in order to know 
if zonation of the parents, of which only U has been imaged by fission-tracks, can be 
responsible for zonation of 4He.  
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Figure 3.27 - He retention as a function of long stopping distance and variable distribution of U 
and Th for a rapidly cooled crystal in which α-particle ejection is important but loss of He due 
to diffusion is not. Schematic diagram is modified after Fig. 5 of Farley (2002). Stopping distance is 
taken as 20 µm (Wolf et al., 1996). U and Th distribution is shown in the upper part of the figure 
showing three scenarios: (a) uniform distribution, (b) all the U and Th in the outer part of the 
crystal<stopping distance of the rim, and (c) all the U and Th >one stopping distance from the rim. 
The lower part of the figure shows: (1) the a-particle retention profile (solid black line) that is 
independent of U and Th zonation, and (2) the resulting concentration profile (shaded area) for a-
particle accumulation that is dependant on both U and Th zonation and the aparticle retention profile. 
From this figure, one can observe how different zonation patterns of U and Th may result in quite 
different ages purely due to the effect of a-particle emission. Assuming the same U and Th 
concentration in each crystal, (a) uniform distribution will give an intermediate age, (b) rim-rich will 
give the youngest age, and (c) core-rich will give the oldest age. The effects that diffusion (due to 
slow cooling through, or residence in the HePRZ) has on the concentration gradient of α-particles for 
crystals with different zoning patterns and crystal geometries will magnify the age variation. After 
Fitzgerald et al. (2006). 
 

3.3.3. Discussion on the thermal sensibility of both techniques 
 
The combination of the (U-Th)/He and AFT dating reveal in natural conditions more 
complicate interpretations than previously exposed in laboratories experiments. For 
instance, almost no geological context is known a priori with sufficient precision to 
rigorously validate the low-temperature extrapolations of laboratory-based diffusion 
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kinetics. An alternative approach is to identify the chemical or physical variables which 
influence diffusion to ultimately develop a complete kinetic model of diffusion process 
(Shuster et al., 2006) to determine the accumulated radiation damage based on proxies 
using either fission-track lengths (Shuster and Farley, 2009) or effective spontaneous 
fission-track density (Flowers et al, 2009). Despite advances in quantifying thermal and 
damage annealing and diffusion kinetics with high precision, many aspects in low-thermal 
dating remain under progress. Then a combination of at least two independent low-thermal 
chronometers seems fully justified to verify the accurcy of the obtained results that will 
further provide a thermal story (Green and Duddy, 2006; Green et al., 2006; Fitzgerald et 
al., 2006).  
But as documented by many works available in the literature, the relationship of the 
thermochronometer pairs used in this study shown some misfits that can be accounted for 
by anomalous fission-track annealing or/and by variation of the He-retention propriety of 
the mineral lattice as suggested respectively by Hendriks and Redfield (2005) and Green et 
al.(2006). Both explanations have in common the accumulation of radiation damage within 
the apatite which started recently to be efficiently quantified (Shuster and Farley, 2009; 
Flowers et al, 2009). 
 
Another important point is that all AHe data use systematically the published He diffusion 
value (constant through the time) determined on Durango apatite (Farley, 2000). 
Considering the simple thermal history of this universal standard which describes a rapid 
monotonic cooling (with identical AHe and AFT ages) and its homogeneous U and Th 
distribution, only apatites having experienced a similar cooling and getting a relatively 
same homogeneous U-Th distribution can be corrected with the well-established Ft factor, 
without the risk of ‘over’ or ‘under’ estimation with respect to the ‘true’ AHe age.  
As a general guide, for a “typical” basement apatite with uranium and thorium contents 
around 10 and ~30 ppm respectively, only AHe ages of samples with fission-track ages less 
than ~ 100Ma will be valid, while practical experience in published studies suggests an 
upper limit of 50 Ma is more realistic (Green and Duddy, 2006). Even for such young 
apatite (U-Th)/He ages, a refinement of the Ft factor is needed (Ketcham, 2009). To fully 
account an Ft factor should be calculated for each isotope (FT238, FT232, FT147,…) and 
applied separately in the AHe age equation.  
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