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3   |   Low-temperature thermochronology1 

 

3.1 Introduction 

The timing, amounts, and rates of vertical movements 

associated with tectonic processes acting during the evolution of the 

NE Dinarides have been determined by means of low-temperature 

thermochronology, including zircon fission-track (ZFT), apatite 

fission-track (AFT) and apatite U–Th/He dating (AHe). Multiple age 

pairs on the same samples increase the confidence in interpretation of 

the obtained data and allow for reconstruction of time-temperature 

histories of the region when geologic evidence is used. Samples were 

collected during two fieldwork campaigns. During the first campaign 

in 2009 samples of the intrusive and metamorphic basement rock 

units of the Cer, Bukulja, and Fruška Gora Mountains were collected. 

                                                      
1 This chapter is partly based on previously published work: Merten, S., 2012. 

Thermo-tectonic evolution of a convergent orogen with low topographic build-up: 

Exhumation and kinematic patterns in the Romanian Carpathians derived from 

thermochronology. Ph.D. Thesis, VU University, Amsterdam, 202 pp; Necea, D., 

2010. High-resolution morpho-tectonic profiling across an orogeny: tectonic-

controlled geomorphology and multiple dating approach in the SE Carpathians. 

Ph.D. Thesis, VU University, Amsterdam, 147 pp. 
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These samples were subsequently analyzed in order to investigate 

the exhumation history of the basements. A few samples were 

collected of Triassic conglomerates, Cretaceous flysch-turbidites, 

Eocene volcanics, and Neogene syn-kinematic sediments, in order to 

test the feasibility of applying detrital thermochronometry in this 

region. The preliminary results were very interesting and sampling 

during the second fieldwork in 2010 was directed in collecting at 

crucial sites rocks of the Cretaceous flysch-turbidites and Neogene 

syn- and post-kinematic sediments. The results of the detrital 

geochronometry study are used to understand the long-term 

dynamic evolution of the NE Dinarides. More basement rocks were 

collected to complement and refine the results of the previous 

basement exhumation study. An average of ~4 kg of rock was 

collected per sampling location. Apatite and zircon mineral 

separation, including crushing, sieving, heavy liquid and magnetic 

separation, followed standard procedures at VU Amsterdam (e.g., 

Foeken, 2004). While it was aimed to generate multiple age pairs 

(AHe, AFT and ZFT) for each sample this was not always possible, 

owing to the insufficient yield or poor quality of the apatite and 

zircon grains.  

 

3.2 Apatite (U-Th)/He thermochronology 

AHe dating method is based on ingrowth of α-particles or 
4He nuclei produced by U and Th series decay (Ehlers and Farley, 
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2003). The amount of helium produced in a mineral within time 

period t is given by the equation: 

4He = 8 .  238U (eλ238t  − 1) + 7 .  (238U/137.88) (eλ235t  − 1) + 6 .  232Th (eλ232t  − 1) 

where 4He, 238U, and 232Th indicate the present-day measured 

abundances of these isotopes, t is the accumulation of time or He age, 

λ is a radioactive decay constant (λ238 = 1.55125 x 10-10 yr-1, λ235 = 9.849 

x 10-10 yr-1 , λ232 = 4.948 x 10-11 yr-1), and (1/137.88) is the present day 
235U/238U ratio.  

Helium concentrations were determined on the HELIOS 

noble gas line at the VU University Amsterdam. Following a major 

technical upgrade of the HELIOS system, apatite grains were heated 

using a 1064 nm Nd:YAG laser. Single crystal apatite aliquots were 

loaded in 10 mm deep × 3 mm diameter Mo crucibles, placed in a 15 

cm diameter stainless steel laser cell (holding a maximum of five Mo 

crucibles at the time). Two 10 cm diameter sapphire viewports, one at 

the bottom and one at the top, are used to minimize diffusion of 

atmospheric He. The viewport-laser cell configuration is placed on 

an automated motorized microscope stage having a 20 cm diameter 

aperture. Movement (in x–y direction) of the stage to position the 

crucibles over the laser beam is controlled by an in-house developed, 

Lab view controlled software application. An Cutting Edge 

Optronics Nd:YAG RD50-1C2 laser (continuous wave, infra-red 1064 

nm, max 140 W), positioned below the microscope stage, emits a 

laser beam (~2 mm diameter) that is focused and guided through a 

set of lenses and mirrors to hit (and thus heat) the base of each of the 
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Mo crucibles. Each Mo crucible is covered by a stainless steel, 3 mm 

diameter × 0.1 mm thin ring. Each cover ring has a 0.5 mm opening 

through which the temperature at the base of the Mo crucible is 

monitored by a Micro-Epsilon infra red thermometer directly 

hanging above the laser cell. Temperature readout is controlled 

through in-house developed, Labview based software application. 

The whole Nd:YAG laser – microscope stage – laser chamber and 

infra red thermometer configuration is enclosed in a 75×40×30 cm 

box. The laser cell is connected to the gas clean-up and analyses 

system through a flexible steel tube, and the system is pumped to 

<1e-8 mbar through a combination of turbo molecular and ion 

pumps. Prior to He extraction, the laser chamber and flexible tube are 

heated overnight to ~120 °C in order to remove background species 

H2, CO2 and CH4. During sample gas extraction, the Mo crucibles are 

heated to ~900 °C for 3 to 5 min. Liberated gases are simultaneously 

cleaned using a hot SAE TiZr getter. Following heating, Mo crucibles 

are cooled down for 5 min prior to exposing the sample gas for 5 min 

to a charcoal trap held at the boiling point of liquid nitrogen. 4He 

abundances, together with H2 (mass 2) and CH4 (mass 16) are 

measured on an electron multiplier in a Hiden 3F quadrupole mass 

spectrometer operated in ion counting mode. Absolute 4He 

concentrations are determined by peak height comparison against a 

calibrated standard. The VU 4He standard bottle is calibrated against 

the 4He standard bottle at SUERC, East Kilbride, UK. Laser heating of 

the Mo crucibles yield 4He concentrations comparable to blank levels.  
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Following complete He outgassing, the apatite crystals were 

retrieved and transferred to Teflon (PFA) beakers for U and Th 

dissolution. The apatites were dissolved in 5% HNO3, spiked with a 

calibrated 229Th/233U solution, and held on a hot plate at ~120 °C for 

48 hours. U and Th concentrations were determined on a 

ThermoFischer X-series 2 inductively coupled plasma mass 

spectrometer (ICP-MS) at VU University Amsterdam.  

Durango fluorapatites were used as reference age standards 

for verifying the reproducibility of analytical procedures used for (U-

Th)/He dating (Young et al., 1969). Four single crystal aliquots were 

heated using an external furnace, and six aliquots were heated using 

a 1064 nm Nd:YAG laser. The obtained Durango apatite ages range 

between 27.9±2.7 Ma and 33.3±3.2 Ma, yielding a mean age of 30.0 

Ma with a standard deviation of 1.6 Ma (n=10, Table 3.1). These ages 

are well within ranges previously reported for this mineral (e.g., 

Foeken et al., 2006).  

Several factors, such as presence of mineral/fluid inclusions, 

U and Th parent zonations, and ejection of α-particles, can bias 

measured He ages (Farley, 2002). The presence of fluid inclusions, 

carrying significant amounts of inherited 4He, will disrupt the 

assumption that there is no residual 4He in the apatite crystal being 

dated. Mineral inclusions, especially zircon and monazite, contain 

high U and Th concentrations. In both cases the bias in 

measurements of the obtained apatite He ages may occur. Therefore, 

apatite grains dated in this study were initially carefully examined 



 Chapter 3 

 52 

under the microscope in order to eliminate the problem of inclusions. 

Very good age reproducibility in majority of dated samples 

demonstrates high quality of the obtained apatite He ages.  

Radioactive decay of uranium and thorium emits α-particles 

that travel certain distances (on average ~20 μm) through apatite 

grain, which can result in their ejection from crystal edges or 

injection from surrounding grains (Farley et al., 1996). Surface-to-

volume crystal ratio and the distribution of parent atoms relative to 

the surface, control the magnitude of α-ejection. Since the transport 

of α-particles can cause errors of up to tens percents in apatite He 

ages, the α-ejection correction is applied. Ft factor determines the 

total amount of alphas retained in crystals of various dimensions. 

The α-ejection correction is computed from measuring physical 

dimensions, i.e. length L and radius R of crystal to be dated. 

Therefore, apatite crystals selected for dating were photographed 

and their physical dimensions were measured. Majority of grains 

dated contained hexagonal prism geometry, for which the fraction of 

particles retained in apatite crystal (Ft) is given by (Farley et al., 1996): 

Ft = 1 + α1β + α2β 2   with β =  (2.31𝐿+2𝑅)
𝑅𝐿

 

where α1 and α2 are fitting parameters incorporating the stopping 

distance and the density of stopping medium (for the 238U series α1 

and α2 are (-5.13) and (6.78); for the 232Th series α1 and α2 are (-5.9) 

and (8.99), β is surface to volume ratio of the crystal, and R and L are 

radius and length of the analyzed crystal.  
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To accommodate higher α-retentivity for 238U when compared to 
232Th, a mean Ft value is computed (Farley, 2002): 

MeanFt = α238 .  238U Ft + (1 −α238) .  232Th Ft   with weighting factor 

𝛼238 = 1
1.04 + 0.245𝑇ℎ/𝑈 

  

where Th/U represents measured Th/U ratio.  

The α-corrected apatite He age is thus given by: 

Corrected age =
Measured age

Mean 𝐹𝑡
 

 

3.3 Apatite and Zircon fission-track thermochronology 

The fission-track dating method is based on the spontaneous 

decay of 238U which causes defects exposed as linear damage trails in 

the zircon and apatite crystal lattice (Tagami and O’Sullivan, 2005). 

However, the damage trails in the crystal lattice are not stable and for 

instance at temperatures above ~250 °C (zircon fission-track closure 

temperature; Tagami, 2005) these trails or spontaneous fission tracks 

anneal after their formation while at temperatures below ~250 °C 

they are retained. In the case of apatite, fission tracks anneal after 

their formation above ~110 °C, and retain in apatite crystal lattice 

below that temperature (Gleadow and Duddy, 1981). 

Fission tracks in their natural state are only a few angstrom 

wide and between 10 to 20 μm long. Latent fission track are visible 
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under an electron microprobe. Fission tracks are made optically 

visible by chemical etching, therefore apatite grains extracted from 

basement samples collected in 2009 were mounted in epoxy resin, 

and grinded and polished mounts with an exposed internal surface 

of the minerals were etched with 1.5 N HNO3 at 21 °C for 35 s. For 

achieving revelation of fossil tracks zircon grain mounts belonging to 

the same batch of samples were also etched after the crystals in the 

mounts were grinded and polished but in a eutectic mixture of KOH 

and NaOH at 220 °C for 10 to 30 h (Gleadow et al., 1976). In order to 

determine their total U-content (238U parent distribution), the mounts 

with the crystals are irradiated by thermal neutrons, which induces 

the fission of 235U. The irradiation of sample batches of 2009 was 

conducted at the low flux nuclear reactor of the ECN (Petten, NL). 

Apatite and zircon grain mounts were dated by the external detector 

method (EDM; Gleadow and Duddy, 1981). The number of 

spontaneous tracks is counted directly on a polished and etched 

surface of grains. The induced tracks are monitored and counted on a 

thermally annealed U-free piece of mica detector, which is attached 

to the polished and etched surface of the grain mount during 

irradiation. In this way, the same area is used for determining the 

density of spontaneous and induced tracks, which allows the age 

determination of single zircon and apatite grains. After irradiation, 

chemical etching with 48% HF for 12 minutes revealed the induced 

tracks on mica detectors.  

Fission track age represents the time which has passed since 

the sample cooled below the closure temperature of given 
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thermochronometer. This time is calculated from the total U-content 

within the grain (238U parent distribution) and the spontaneous 

fission track density accumulated in the grain as the daughter 

products of 238U spontaneous decay. Since the 235U/238U ratio is 

constant in nature, the 238U parent distribution can be determined 

from the induced tracks density which is indicative for the amount of 
235U atoms present. The fission track age equation is thus given by 

(Price and Walker, 1963; Naeser, 1979): 

       Age = 1
𝜆𝑑

 ln (1 + 𝜆𝑑
𝜆𝑓

𝜌𝑠
𝜌𝑖

 I σF Φg) 

where λd is the total decay constant of 238U, which is very close to that 

for α-decay [1.55125 × 10−10 yr−1; Steiger and Jäger, 1977], λf  is the 

decay constant for spontaneous fission of 238U [between 7.03 × 10−17 

yr−1 to 8.46 × 10−17 yr−1; Wagner and Van den Haute, 1992], ρs is the 

spontaneous track density from 238U (tracks/cm2), ρi is the neutron-

induced track density from 235U (tracks/cm2), I is the isotopic ratio 
235U/238U (7.252 × 10−3), σF is the cross-section for thermal neutron-

induced fission of 235U (584.25 × 10−24 cm2), Φ is the thermal neutron 

fluence (neutrons/cm2) and g is the geometry factor [0.5 for EDM; 

Wagner and Van den Haute, 1992]. 

Hurford and Green (1982, 1983) demonstrate that the absolute values 

of the decay constant λf and of the thermal neutron fluence are 

difficult to exactly determine. Therefore, the ζ (‘Zeta’) calibration 

method has been adopted for overcoming this problem. In this 

method fission track age of a sample is calibrated against one or 
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more mineral standards (Fleischer et al., 1975). Thermal neutron 

fluence Φ can be determined by measuring the induced track density 

on a U-bearing standard glass monitor (ρd) irradiated together with 

the samples, and it is given by: 

       Φ = B . ρd  

where B represents empirically determined calibration constant. 

The ζ factor is then given by: 

ζ =  𝐷𝑓𝐹𝐼𝐵
𝜆𝑓

 

and the fission track age equation can be written as: 

Age = 1
𝜆𝑑

ln (1+ λd ζ 𝜌𝑠
𝜌𝑖

 ρd g) 

The value of ζ factor varies for different minerals and different fission 

track researchers, hence standards with a calibrated age are 

irradiated with standard dosimeter glasses and analyzed repeatedly 

to obtain a personal ζ calibration factor for a specific dosimeter 

(Hurford and Green, 1983). 

The ζ value can, thus, be calculated re-writing the previous equation: 

ζ = 𝑒𝜆𝑑 𝑡𝑠𝑡𝑑−1

𝜆𝑑 �𝜌𝑠
𝜌𝑖�𝑠𝑡𝑑 𝜌𝑑 𝑔

 

where tstd is the reference age of the mineral standard and (ρs/ρi)std is 

the ratio between the spontaneous and the induced track densities 

measured on the standard. 
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Apatite fission track ages obtained on samples collected in 

2009 were calculated using a ζ value of 334±22 (with dosimeter glass 

CN5, analyst Paul Andriessen). Zircon fission track ages obtained on 

same batch of samples were calculated using a ζ value of 107±2 (with 

dosimeter glass CN1, analyst Paul Andriessen). The Chi-square (χ2) 

test was used to determine the age population homogeneity of 

analyzed samples (Gleadow et al., 1986; Galbraith and Laslett, 1993). It 

represents the method for assessing if the distribution is “over-

dispersed” relative to the expectation for count statistics for fission 

processes. The χ2 test compares the observed variance within the 

population of grain ages with the variance predicted for the 

radioactive decay process alone. The test returns P(χ2), the 

probability that the difference between observed and predicted 

variances could be due to random chance alone. P(χ2) is calculated 

using the TrackKey software (Dunkl, 2002). The age population is 

considered to be homogeneous when P(χ2) >5%. In this case, the age 

of the grains is represented by a pooled age, which is simply 

determined by the sum of all the spontaneous track counts divided 

by the sum of all the induced track counts. This procedure is akin to 

calculating a weighted mean. If the χ2 test is failed, then a mean age 

is used, which is calculated as the unweighted arithmetic average of 

the individual ratios of spontaneous to induced tracks. Furthermore, 

the central age can be calculated, which is the mean of the 

logarithmic normal distribution of single grain ages weighted by the 

precision of the individual measurements (Galbraith and Laslett, 1993). 

The age dispersion can also be assessed using relative standard 
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deviation of the population age (Galbraith and Laslett, 1993). 

Dispersions under 10% suggest minor variations between grain ages, 

whereas values over 40% indicate considerable heterogeneity. 

Fission-tracks in apatites are formed continuously through 

time with an approximately uniform initial mean length of ~16.3 μm 

(Gleadow et al. 1986). Upon heating, tracks gradually anneal and 

shorten to a length that is a function of the time and maximum 

temperature to which the apatites were exposed. Hence, relating the 

apatite track lengths to temperature and time provides thermal 

history information of a sample. Since the proportion of tracks 

intersecting the surface of a grain is directly related to the track 

length, the progressive length reduction will also cause a decrease in 

fission track density (Green, 1988). Therefore, the measured fission 

track age directly depends on the underlying track length 

distribution. The orientation of the tracks with respect to the 

crystallographic c-axis represents another factor that determines the 

annealing rate of fission tracks. Tracks at high angles to the apatites 

crystallographic c-axis are known to anneal faster than tracks at low 

angles (Green et al., 1986; Donelick et al., 1999). Due to this anisotropy, 

track lengths should be measured on polished surfaces parallel to the 

c-axis of the apatite crystal and on horizontal tracks that are 

completely contained within the host mineral, i.e., the so-called 

confined tracks (Gleadow et al., 1986). These confined tracks are etched 

from the intersection with another track (track-in-track, i.e. TINT) or 

a cleavage (track-in-cleavage, i.e. TINCLE). The track length 

distribution is, thus, characterized by certain number of confined 
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horizontal fission track length measurements. This is reported as the 

mean track length (MTL) and standard deviation of the distribution. 

Chemical composition of the apatite crystal can also have a 

significant influence on the annealing properties. Chlorine content is 

interpreted to play dominant role in chlorine rich apatites, in sense 

that they appear to be more resistant to track annealing than fluorine-

rich apatites (Gleadow and Duddy, 1981). Apatite chemical 

composition determines the value of measurable Dpar parameter, 

which is the c-axis parallel etch pit diameter of a revealed track 

intersecting a polished and etched apatite surface (Donelick, 1993; 

Carlson et al., 1999; Ketcham et al., 1999). The Dpar is positively 

correlated with Cl wt% and OH wt% and negatively correlated with 

F wt%, in that small Dpar values (<2 μm) are typical for fluorine-rich 

apatites, whereas larger values (>2 μm) are characteristic for 

chlorine-rich apatites (Burtner et al., 1994).  

Separate apatite mounts from 2009 batch of samples had to be 

prepared for length measurements, since the apatite age mounts 

provided low spontaneous fission track densities. Therefore, track-in-

track (TINT) densities in length mounts were enhanced using 252Cf-

derived fission fragment tracks (Donelick and Miller, 1991). 

Subsequently, length mounts were etched with 1.5 N HNO3 at 21 °C 

for 35 s, taken care that the same etching conditions were applied as 

those of the mounts used for age determinations. Lengths of 

horizontal confined tracks and the angle between the track and c-axis 

of the crystal were measured with a magnification of 1000×. In order 

to increase the consistency of the measurements and to compensate 
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for Cf-irradiation and observer bias, the C-axis projection model 

(Donelick et al., 1999) was used in confined track lengths 

normalization for the track angle. Etch pit diameters (Dpar) were also 

measured on apatite length mounts for constraining the kinetic 

characteristics of apatite grains (Donelick, 1993; Ketcham et al., 1999).  

Low temperature detrital thermochronology or single grain 

dating of sedimentary rocks may yield significant information for 

identifying potential sources of the sediments, enabling to unravel, 

the long-term record of the evolution of orogen. Moreover they 

reveal information on the exhumation processes at upper crustal 

levels (Bernet and Spiegel, 2004), very relevant to understand the 

evolution of the topography, erosion and sediment yields. Zircon and 

apatite fission track cooling ages in the sediment samples tend to 

cluster into age groups which correspond to their specific 

provenance(s) in the hinterland (Brandon, 1996). Thus, with limited 

number of samples it becomes possible to reveal sediment 

provenance and reconstruct the thermal history and exhumation of 

sediment source areas on both local and regional scale (Bernet and 

Spiegel, 2004). Constraints on the rates of the relevant geodynamic 

processes, exhumation and erosion, can be obtained. The two main 

factors that influence precision of single grain fission track dating are 

uranium concentration and age, which both affect the number of 

countable tracks. With the fact that apatite grains usually contain 

much lower uranium concentrations comparing to zircons, precision 

for apatite FT grain ages is much lower than for the zircon FT ages 

(Garver et al., 1999). Furthermore, the relatively low total annealing 
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temperature of apatite allows for thermal overprint of the apatite 

provenance ages while the zircons, with their closure temperature of 

~250 °C, retain provenance age during burial in most sedimentary 

settings. In addition, zircon grains are resistant to mechanical 

destruction and chemical alterations and can remain preserved 

through several cycles of re-deposition (Spiegel et al., 2004). On the 

other hand, detrital zircons display significant intergrain variation in 

radiation damage. The main source of radiation damage is the 

production of α-particles associated with the decay series for 238U, 

235U, and 232Th (Garver et al., 1999). According to Garver and Kamp 

(2002) density of spontaneous tracks in zircon give good proxy for its 

α-damage. The etching response of zircon is related to radiation 

damage in the grain. As a result of intergrain variation in radiation 

damage, short-time etching will reveal tracks in grains with high 

radiation damage (generally older grains), while longer etching 

reveals tracks in grains with low radiation damage (generally 

younger grains). Since the α-damage has not been proven to have 

significant influence on annealing kinetics of apatite grains, in cases 

when there was no significant post-depositional thermal overprint, 

detrital apatite samples will have advantage in preserving broader 

range of age populations. Therefore, combined apatite and zircon 

fission-track dating of the same sediment sample provides good 

balance between the number of grain age populations and precision 

of the obtained ages. 

Irradiation of zircon and apatite mounts prepared using the 

detrital samples collected in 2010 was performed at FRMII Garching 
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(Technische Universität München, Germany). Zircon mounts were 

irradiated together with zircon age standards (Fish Canyon Tuff 

27.9±0.7 Ma, Tardree Rhyolite 58.7±1.1, and Mt. Dromedary Banatite 

98.7±0.6 Ma; Garver, 2003) and reference glass dosimeters CN-1 and 

CN-2. Glass dosimeters are used for monitoring the neutron flux 

during the irradiation since their U-content is known. Apatites were 

irradiated along with apatite age standards (Fish Canyon Tuff 

27.9±0.7 Ma, Durango 31.4±0.5 Ma, and Mt. Dromedary Banatite 

98.7±0.6 Ma; Green, 1985) and reference glass dosimeters CN-2 and 

CN-5. Prior to the irradiation apatite grain mounts were etched with 

1.5 N HNO3 at 21 °C for 35 s. Zircons grain mounts were etched in a 

eutectic mixture of KOH and NaOH at 225 °C for 16 to 52 h. Due to 

α-damage effect etching of fission tracks in zircon represents the 

greatest analytical challenge of detrital zircon fission-track analysis in 

provenance and exhumation studies. Since the main goal of present 

zircon fission track detrital study was to isolate and measure the 

youngest age populations in grains containing mixed age 

distributions, the long etching of samples was applied (up to 50 

hours). After irradiation, the external mica detectors and reference 

glass dosimeters were etched in 48% HF at 21 °C for 12 and 25 

minutes in order to reveal the induced tracks. 

Densities of spontaneous and induced tracks in zircon and 

apatite grains which belong to the 2010 batch of detrital samples 

were determined using a Olympus BX51 microscope with a 

magnification of 1000× equipped with computer controlled 

Autoscan® System (Autoscan System Ply. Ltd. 2002). Apatite and 
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zircon grain mounts were dated by the external detector method 

(EDM; Gleadow and Duddy, 1981). Fission track ages are reported with 

statistical uncertainties quoted at the ± 1σ level, using zeta factor of 

349±15 (apatite, CN5 glass) and 134±5 (zircon, CN1 glass)(Figures 3.1, 

3.2, analyst Uros Stojadinovic). The number of dated crystals per 

sample for this study is less than the number of grains suggested for 

detrital zircon thermochronology studies (e.g. Spiegel at al., 2004). 

However, average of 25 to 30 grains counted, containing well-etched 

fission tracks, enabled reliable determination of the youngest 

population in zircon fission track age spectrum. The most important 

factors in detrital zircon fission-track measurements are spontaneous 

track density, fission-track cooling age, and uranium content, which 

together define a “window of countability” for detrital zircon (Bernet 

et al., 2004). Under-etched or over-etched grains, grains with very 

high spontaneous track densities, strong zonation, or very small 

counting areas of less than 500 μm2, were not included. Detrital 

apatite, when not exposed to increased temperatures, can retain a 

significant component of fission tracks formed prior to deposition. 

Therefore, in cases when apatite fission-track ages were older than 

the stratigraphic ages of measured samples, we conducted apatite 

length measurements (confined horizontal tracks and long axes of 

etch pits). Considering tracks found in the detrital apatite grains as 

provenance-related tracks, that were formed and annealed during 

the pre-depositional cooling, the attempt was made to link the track 

length data to individual age components. 



 Chapter 3 

 64 

Detrital single-grain age populations reveal important 

geological information. When more than one age components is 

present in the total population the youngest single age component 

deserves special attention. The youngest single grain age component 

may mark the maximum age of deposition, assuming that heating 

during the burial can be excluded. A special and very interesting case 

is when boulder or pebbles are sampled and fission track age 

populations are obtained of both zircons and apatites. In that case it 

will be feasible to extract information on timing and rates, perhaps 

even the style, of exhumation processes active in the hinterland, 

sourcing the conglomerates. 

To decompose statistically a population into components 

several methods have been developed. For this study the χ2 age 

method (Brandon, 1992) was used to isolate the youngest fraction in 

zircon fission track single grain age population and, thus, determine 

the maximum age of deposition for the samples. Grains were first 

sorted in order of increasing age. With each grain age, a sum age and 

the χ2 probability, P(χ2) were calculated. The sum age represents the 

pooled age for all grain ages equal to or younger than the current 

grain age. P(χ2) indicates the probability that the variability in age 

within the current fraction of young grain ages is compatible with 

that expected for grain ages from a single-age source. P(χ2) is 

calculated using the TrackKey software (Dunkl, 2002). We defined the 

χ2 age as the pooled age of the largest group of young grains that still 

retains P(χ2) greater than 5 percent. The χ2 age method is 

particularly useful for estimating the pooled age of the youngest 
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fraction of FT grain ages and thus providing a maximum limit for the 

depositional age. However, it is not suitable for estimating the age, 

relative standard deviation, and size of various component grain-age 

populations in a sample distribution. Therefore, decomposition of 

samples containing mixed grain age distributions was conducted 

using the BinomFit software (Brandon, 2002). From the attained age 

distributions, single age populations are derived by fitting to a set of 

Gaussian distribution functions (Gaussian peak-fitting method; 

Brandon, 1992). Using the peak age distributions with BinomFit is 

based on assumption that the main peak contains majority of grains, 

that it becomes younger with time, and that the apatite peaks are 

younger than the zircon peaks for a particular source (Brandon, 2002). 

Since peak widths vary according to age and uranium concentration, 

apatite peaks are usually more poorly resolved than the zircon peaks 

(Garver et al., 1999). 

 

3.4 Modeling of the time-Temperature histories 

Low-temperature thermochronology is widely used for 

determining the subsurface crustal depth at which rocks resided at a 

given time. Relating cooling ages to subsurface temperatures is 

achieved following the concept of an effective closure temperature Tc 

(Dodson, 1973). Every thermochronological dating method is sensitive 

to a specific closure temperature. Thermochronometers cover a wide 

temperature range (Figure 3.3) from ~900 °C for the zircon (U-

Th)/Pb method (Cherniak and Watson, 2001) to ~110 °C for apatite 
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fission track (Gleadow and Duddy, 1981) and ~75 °C for the apatite (U-

Th)/He method (Wolf et al., 1996). The idea of a closure temperature 

implies that at a particular temperature the mineral behaves as a 

closed system for the parent and daughter. However it is better to 

consider the temperature zone at which the mineral becomes a closed 

system. For the latter two geochronometers the temperature zones at 

which the mineral becomes a closed system are well known. 

Apatite (U–Th)/He thermochronology documents latest 

stages of cooling of rocks as they pass the uppermost levels of the 

crust, corresponding to the temperatures of ~75 °C (closure 

temperature Tc of AHe system, Wolf et al., 1996). Therefore, He 

accumulation in apatite occurs only at the temperatures below ~75 

°C. At temperatures higher than ~75 °C, diffusion of He removes it 

from the apatite grain as fast as it is produced by decay (Wolf et al., 

1996). The temperature dependence of He diffusivity can be defined 

using the Arrhenius relationship: 

𝐷
 𝑎2  =

𝐷𝑜
𝑎2  .  𝑒−𝐸𝑎/𝑅𝑇     

where D is the diffusivity, D0 is the diffusivity at infinite 

temperature, Ea is the activation energy, R is the gas constant, T is 

the temperature in Kelvin and α is the diffusion domain radius. If 

this relation is obeyed, then measurements of ln(D/a2) as a function 

of reciprocal temperature (1/T) will plot on a straight line with 

intercept ln(D0/a2) and slope -Ea/R (e.g. Farley, 2002). From these two 

values closure temperature Tc can be computed (Dodson, 1973). 
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Closure temperature of 75±5 °C was derived for the AHe 

system using the diffusion experiments (Wolf et al., 1996).2 Modeling 

of He production and diffusion in apatites without initial He showed 

that AHe ages differ with temperature (i.e. depth) for different 

isothermal holding times (e.g. apatites held isothermally at 75 °C for 

1 and 10 Ma would yield AHe ages of ~0.5 and ~2 Ma, respectively) 

(Wolf et al., 1998). Assuming no initial 4He in the apatite crystal, Wolf 

et al. (1998) showed that AHe ages decrease rapidly over a narrow 

increasing temperature range. The temperature domain where 5 to 

95% of the 4He is retained in the crystal is named the Helium Partial 

Retention Zone (HePRZ). The HePRZ extends from about ~40 °C to 

~85 °C for apatite (Wolf et al., 1998) (Figure 3.4). At temperatures >85 

°C, He is typically lost from the system by rapid diffusion. At 

temperatures ~40 °C, diffusion becomes slow enough so that He is 

quantitatively retained in apatite and starts to accumulate (Wolf et al., 

1998). Although the AHe system is described as an open system, i.e.  

                                                      
Figure 3.3 (following page up): Diagram showing the mineral closure temperatures 

of isotopic methods used to reveal thermal histories of minerals and rocks (after 

http://suthermochronology.syr.edu). 

Figure 3.4 (following page down): Apatite fission track Partial Annealing Zone 

(APAZ) and apatite Helium Partial Retention Zone (HePRZ), calculated assuming 

100 Ma of isothermal holding at the temperatures indicated on the y-axis. The right-

hand axis scales temperature into sub-crustal depth assuming a geothermal gradient 

of 20 °C/km and a mean surface temperature of 10 °C (modified after Farley, 2002; 

Foeken, 2004). 

http://suthermochronology.syr.edu/
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4He is never 100% retained, variations of ambient temperatures seem 

to have no marked effect on AHe ages (Wolf et al., 1998). Several 

studies attempted to verify the expected diffusion behavior in natural 

settings (e.g. Warnock et al., 1997; Wolf et al., 1997; House et al., 1999; 

Stockli et al., 2000). Analysis of samples from deep boreholes in which 

temperature is known as a function of depth confirmed a decrease of 

AHe ages with increasing depth, but demonstrated that a clear 

HePRZ is not always present (House et al., 1999). Studies on rapidly 

exhumed crustal blocks showed that the HePRZ is apparent in 

natural settings (Wolf et al., 1997; Stockli et al., 2000). Comparisons of 

AHe and AFT ages have confirmed the range of relative temperature 

sensitivity on geological timescales (Warnock et al., 1997; House et al., 

1999; Farley, 2000). 

The rate at which helium diffuses from the apatite grain can 

be influenced by factors such as grain dimensions, the α-ejection, 

presence of inclusions, and zonation in U and Th. For example, from 

50 to 150 μm in minimum grain dimension, closure temperature 

increases by ~10 °C (Farley, 2000). Inclusions in apatites may modify 

the diffusion behavior because of the potential difference between 

the closure temperatures for the host mineral and the inclusion 

(Farley, 2002). Since α-ejection reduces helium concentration gradient 

at the rim of the grain, the He loss rate will be slower than in absence 

of ejection (Meesters and Dunai, 2002). This will again, result in 

increase of Tc of few °C. Furthermore, apatite grains with 

heterogeneous concentrations of U and Th will have variable rates of 

helium lose, which can result in bias in measured He ages. For 
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example, apatites with high concentration of U and Th near the rim 

will lose more He by diffusion than a homogeneous apatite would, 

and hence yield a younger He age and vice versa. In general, the 

slower the cooling rate of the sample, the greater the sensitivity of a 

He age to factors controlling helium lose, such as zonation, the α-

ejection, or the grain size. In tectonic settings characterized by rapid 

and monotonic cooling through the temperature sensitivity window, 

which is the dominant case in present study, the above mentioned 

factors are not considered to have significant influence. 

Extrapolation of laboratory annealing data to geological time 

indicates that temperature and time are the main factors controlling 

annealing behavior of fission tracks in apatite (Fleischer et al., 1965; 

1975; Naeser and Faul, 1969; Wagner, 1968). The same annealing 

behavior of fission tracks at increased temperatures over geological 

time was detected in the deep borehole data (Gleadow and Duddy, 

1981; Wagner et al., 1994). Fission tracks in apatite completely anneal 

at temperatures >110 ± 10 °C (Gleadow and Duddy, 1981; Green et al., 

1986; Wagner, 1968). Annealing of tracks occurs at decreasing rates 

over geological time in the temperature range of ~120–60 °C, which 

defines the apatite partial annealing zone or APAZ (Figure 3.4, 

Gleadow and Duddy, 1981; Laslett et al., 1987). Below ~60 °C, annealing 

rates are very low and the tracks are generally considered stable. 

Several empirical equations calibrated through laboratory 

experiments (Carlson, 1990; Crowley et al., 1991; Ketcham et al., 1999; 

2007; Laslett et al., 1987; Laslett and Galbraith, 1996) have been used to 

estimate the rates at which fission tracks are annealed. The 
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predictions of the most commonly used annealing models were 

evaluated by Ketcham et al. (1999) against a high- and low-

temperature benchmark, provided by AFT temperature data from 

drill cores from the Otway Basin (Gleadow and Duddy, 1981; Green et 

al., 1985; 1989; Green, 1995) and AFT track length data from seafloor 

sediments from the East Mariana Basin (Vrolijk et al., 1992). Fanning 

curvilinear model of Ketcham et al. (1999), based on c-axis projected 

lengths (Donelick et al., 1999) of the Carlson et al. (1999) data set, is in 

good agreement with the available geological benchmarks. In this 

multi-kinetic annealing model, the actual track length shortening for 

any apatite with a specific resistance to annealing is related to that of 

the most resistant apatite. The fission track annealing properties 

among analyzed natural apatite grains can be assessed by the 

commonly used kinetic parameters Dpar, Cl-, and OH-content. 

Correcting for the angle between the fission track and the 

crystallographic c-axis compensates for the difference in annealing 

behavior for tracks parallel and perpendicular to the c-axis and the 

related observer bias (e.g. Barbarand et al., 2003a; Donelick et al., 1999; 

Ketcham et al., 1999; 2009; Ketcham, 2005). The Ketcham et al. (2007) 

model provides an improved annealing model that matches both the 

Carlson et al. (1999) data set and the extensive laboratory annealing 

data set acquired by Barbarand et al. (2003b). 

While effective closure temperatures for AFT and AHe 

thermochronometers are well constrained, big discrepancies exist in 

determining the closure temperature of the zircon fission-track 

system, since thermal stability of zircon decreases with increasing α- 
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damage. Therefore, a wide range of temperature bounds have been 

published. Field-based studies provide ZFT closure temperatures in 

range of 210-240 °C depending on cooling rate, whereas laboratory 

studies suggest much higher ZFT closure temperatures of up to 390 

°C (Brandon et al., 1998). Experiments of Yamada et al. (1995) imply 

anomalously high thermal stability for fission tracks in zircon, 

expanding the predicted partial-annealing zone and closure 

temperatures of zircon to ~390–170 °C. Furthermore, Tagami and 

Dumitru (1996) and Tagami et al. (1998) suggest temperature ranges of 

~310–230 °C. In his overview on the zircon fission-track dating 

method, Tagami (2005) reported temperature ranges for the zircon 

closure temperature of ~300–200 °C. Accordingly, a value of 250 ± 50 

°C for the closure temperature and a zircon partial annealing zone 

ZPAZ of 300–200 °C has been adopted in the present study.  

Time-Temperature (t-T) histories of rock samples analyzed in 

the present study were modeled using HeFty programme (Ketcham et 

al., 2003). Integrated apatite fission track (AFT) age data, track length 

distributions, and etch pit diameters (Dpar) were used as input 

parameters. The annealing model of Ketcham et al., (1999, 2007) was 

used for modeling of the AFT data using Dpar as kinetic indicator. An 

inverse Monte Carlo algorithm was used to generate the time-

temperature paths (Ketcham, 2005). The algorithm generates a large 

number of time-temperature paths, which are tested with respect to 

the input data. The t-T paths are forced to pass through the time-

temperature boxes (constraints). The fitting of the measured input 

data and modeled output data is statistically evaluated and 
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characterized by the value of ‘goodness of fit‘ (GOF). A ‘good‘ result 

corresponds to values >0.5 whereas a value of 0.05 or higher is 

considered as an ‘acceptable‘ fit between modeled and measured 

data. When available, ZFT central ages, AHe single grain ages, as 

well as geological information provided additional input constrains 

for the model. Therefore, the modeled t-T paths were often extended 

into the zircon partial annealing zone (ZPAZ; Brandon et al., 1998; 

Tagami, 2005) and helium partial retention zone (HePRZ; Wolf et al., 

1998). 

ZFT, AFT, and AHe ages, as well as the modeled t-T histories, 

were used for estimating the average exhumation rates based on 

difference in the closure temperatures between these 

thermochronometers. The so called ‘lag time’ (δt) is defined to 

integrate between the time of cooling to the closure temperature for 

the given thermochronometer and the time of deposition of deep 

seated crustal rocks to the surface. Lag time between the closure 

temperature of the fission track systems and the surface temperatures 

is much shorter when compared to other higher temperature isotopic 

systems. As a consequence, fission track ages will better reflect 

cooling processes in the shallow crustal levels. When cooling is 

related to tectonically induced uplift, which is predominant case in 

the present study, the above mentioned lag time can be further 

shortened. Rates of cooling Θ (°C/Ma) can be, thus, calculated as: 

 Θ = 𝛿𝑇
𝛿𝑡
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where δT is difference in effective closure temperatures for the given 

thermochronometers and δt defines the lag time between different 

thermochronometers. 

Available regional heat flow data were used for calculating a (paleo)-

geothermal gradient in order to convert rates of cooling into the 

estimated average rates of exhumation. Rates of exhumation 

(km/Ma) are then calculated using the equation: 

 ε = 𝛩
𝐺

 

where ε is a model exhumation rate and G is estimated (paleo)-

geothermal gradient. 
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