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5. Thermochronology Results 

This chapter documents the results from, and modelling of a low temperature 

thermochronological study of the Axial Zone of the Pyrenees.  It considers previous work on 

apatite fission track (AFT) data (Yelland, 1990; Morris et al., 1998; Fitzgerald et al., 1999) 

in addition to further AFT data and apatite (U-Th)/He analysis (AHe) performed during this 

study and also in a prior PhD thesis undertaken at the University of Edinburgh (Gibson, 

2005).   

 

5.1 History of low temperature thermochronology in the Central 

Pyrenees 

The application of low temperature thermochronology to the Pyrenees shows the 

development of this branch of geology.  Initially, when the technique was in its infancy and 

less was understood about the implications of topography on isotherms, single sample 

thermochronology was used extensively throughout the Pyrenees (Yelland, 1990).  This 

approach enabled large swaths of terrain to be covered with a small number of samples, 

giving a rough picture of the regional exhumation.  Modelling of this dataset enabled thermal 

histories to be calculated for different samples (Morris et al., 1998).  However, due to the 

large spatial distribution of the samples, a large number of possible histories could be fitted 

to each sample, thus providing only a poorly constrained record of the exhumation of a 

region.  As the limitations of these studies became clearer, research began focussing on the 

sampling of vertical profiles up the sides of valleys.  This work emerged from 

thermochronological research in Antarctica and the Alaskan Ranges (Fitzgerald and 

Gleadow, 1988; Fitzgerald et al., 1995).  Vertical thermochronological sampling profiles 

were first applied in the Axial Zone of the Pyrenees in three massifs (Fitzgerald et al., 1999).  

This approach has been applied subsequently in many thermochronological studies so that 

more accurate thermochronological histories may be derived (e.g. Reiners et al., 2002a).  

However, one further refinement can be made to the style of study employed by Fitzgerald et 

al. (1999).  Their sampling strategy was to achieve as much vertical distance as possible and 

did not consider the effects of horizontal distance to be as important.  As outlined in chapter 

4, large horizontal distances between samples mean that the topography may have a different 

effect on the isotherms (section 4.7).  The effect of topography on the technique is dependent 
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on the topographic wavelength and amplitude.  Large horizontal distances may therefore 

potentially invalidate interpretations made on the assumption of a true vertical profile.  The 

spread of elevations in Fitzgerald et al.’s (1999) samples could not have come from a single 

profile up the side of a valley due to the amount of relief included in the study.  Additional 

information (Muñoz, J.A. pers. coms.) has suggested that their ‘Maladeta’ profile is partly 

from the Maladeta massif in the Alta Ribagorçana (around Besiberri) and partly from the 

Barruera Massif.  The implications of this effect are discussed later (section 5.2.1), but at the 

time of this study the effects of topography on isotherms was only beginning to be 

understood.   

The thermochronology presented in this study uses vertical profiles displaying only the 

minimum amount of horizontal displacement possible and the effect of topography on the 

isotherms has been carefully considered.  In this study, and that of Gibson (2005), both AFT 

analysis and (U-Th)/He thermochronology were used.  The addition of (U-Th)/He provides a 

lower temperature tool, enabling the more recent thermal history of the samples to be 

determined.  As discussed in chapter 4, (U-Th)/He is a relatively recently developed 

thermochronometer and as such certain factors and errors only come to light as the tool is 

being used.  One such error came to light in January/February 2005 when it was realised that 

an incorrect Uranium Spike had been used prior to measuring in the ICP-MS and so all ages 

calculated before this date required a correction to be made.  Up to this point detailed 

thermal modelling and interpretations had been made on the data which was subsequently 

shown to be incorrect due to the new age data.  Some of these old results are shown in the 

context of topography and isotherms.  However, remodelling of the new data was required in 

order to understand how the present ages relate to the topography.   

This chapter first describes the AFT datasets, followed by the corrected values for the apatite 

(U-Th)/He data.  The old data is used later in discussions on the effects of topography on 

isotherms as similar effects are evident no matter what the exhumational history, which has 

implications for the use and development of sampling strategies in mountainous terrain.  

New revised modelling is also presented with its implications for both the exhumational 

histories of the samples and amounts and timings of exhumation.   
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5.2 Pyrenean Fission Track Data 

This study utilises a variety of fission track data from within the Pyrenean Axial Zone.  The 

section first considers previous AFT studies in the Pyrenees before discussing the new data 

associated with this study and that of Gibson (2005).   
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As mentioned in section 5.1, one of the earliest studies in the Pyrenees collected single 

samples over the entire mountain range for apatite fission track analysis (Yelland, 1990).  

The scatter of the samples and the variety of elevations allowed a rough indication of the 

timings and relative rates of exhumation within the orogen.  In the north, high mean track 

lengths (13.3-14.6 �m) and low standard deviations (0.9-1.7 �m) implied short residence 

times within the PAZ and relatively rapid exhumation.  Whilst in the south, lower mean 

tracks lengths (11.9-13.9 �m) and higher standard deviations (1.3-3.2 �m) implied a more 

protracted cooling than in the north (Yelland, 1990).  Subsequent remodelling of this dataset 

by Morris et al. (1998), allowed maps of denudation at different times to be generated 

illustrating areas and timing of rapid uplift.  Using a modern day geothermal gradient, Morris 

et al. (1998) calculated exhumation rates ranging from 0.034 to 0.061 kmMyr-1 for intervals 

from 40 to 10 Ma, with rapid exhumation taking place earlier in the north and later spreading 

southwards.  The single sample approach is a limited technique, particularly if a variety of 

different elevations are used in comparison to one another.  In contrast, vertical profiles 

allow detailed comparisons to be made between regions, showing the effects of exhumation 

on an entire column of rock as opposed to a single sample.  By using a vertical profile, trends 

in the exhumational history may be seen in addition to quantities and changes in rate.  This 

approach has been used in the Pyrenees (Fitzgerald et al., 1999), comparing three transects in 

the central Pyrenees at various latitudes within the Axial Zone and northern thrust belt 

(figure 5.1).  Exhumation is evidenced from about 50 Ma in the northern thrust sheets 

(Lacourt Profile), although interpretations of the timing of initiation of exhumation are based 

only on one sample (figure 5.2).  Continued exhumation is documented further south on the 

margins of the Axial Zone at the Riberot massif which records constant exhumation from 45-

35 Ma.  In the Maladeta massif, in the central Pyrenees, considerable, rapid exhumation is 

documented at around 30 Ma.  As commented on in section 5.1, the lowest samples in the 
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Maladeta profile cannot have come from the same vertical profile.  If the remaining data is 

considered after removing the lower samples (figure 5.2), then a steep age-elevation 

relationship is recorded, with only a possible kink near the base.  As it is not known exactly 

where the samples were collected it is difficult to delineate the base of the profile.  As such it 

is believed that this kink is simply an artefact of stitching two profiles from two structurally 

distinct blocks together and that Maladeta simply records rapid exhumation at around 30 Ma.  

This observation that the kink found by Fitzgerald et al., (1999) is incorrect has implications 

on the prior interpretations of this data.  Previous interpretations required a late stage 

exhumational pulse in the late Miocene, in order to explain the kink in the age-elevation 

relationship (Fitzgerald et al., 1999), however, given this additional information, such a pulse 

of exhumation may be unnecessary to explain the pattern of ages.   
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The data used in this study takes the form of a series of vertical profiles sampled up the sides 

of mountains and valleys on both the northern and southern flanks of the chain.  The 

Maladeta, Mari Maña and Barruera profiles are from a previous PhD undertaken at the 

University of Edinburgh (Gibson, 2005), whilst the Arties profile is a new dataset presented 

in this thesis.   

The geographical locations of these profiles are given in figure 5.3 and table 5.1.  The 

profiles are located on opposite sides of the main drainage divide, with two profiles presently 

draining northward and two southward.  The sampling localities were chosen to a) determine 

if any difference can be seen across the drainage divide and b) to sample as much relief, i.e. 

vertical distance as possible in order to attempt to achieve as complete an exhumational 

history as possible for these rock samples.  All sampling, with one exception (sampled in 

Palaeozoic meta-sediments) took place within the Hercynian Crystalline Massifs within 

lithologies of broadly granodioritic composition.  Sampling profiles are therefore named 

after the crystalline massifs in question.   

Results from the fission track study are given in table 5.2 and are plotted as age-elevation 

profiles in figures 5.4-5.7.  The majority of this data is of fission tracks in apatite, yet some 

zircon fission track analyses were also performed on a limited number of samples (table 5.3).   
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5.2.2.1 Arties Profile 

The Arties profile is located in the Val d’Aran and reaches down to low elevations (1315m) 

in the northern Pyrenees.  The valley from which the samples came is itself a tributary of the 

Garonne river, which reaches the Atlantic Ocean in the Bay of Biscay.  The profile extends 

from 1315m to 2164m, from valley floor to ridge top spanning a vertical range of 849m.  

The four apatite fission track ages and their respective track length distributions are given in 

figure 5.4.  All of these samples are in general agreement with one another and suggest that 

rapid exhumation was occurring at around 30 Ma.  The relatively long mean track lengths 

(14.21-14.81 �m) and low standard deviations (0.10-0.16 �m) also support a period of rapid 

exhumation at around 30 Ma.  The low Dpar values (<2.00 µm) suggest a composition close 

to that of fluorapatite (confirmed by Scanning Electron Microscope (SEM) backscatter 

electron analysis, see section 5.3.1.3).    

 

5.2.2.2 Mari Maña Profile 

The Mari Maña profile lies on the modern principal drainage divide covering a vertical range 

of 605m, from 2030m to 2635m.  The modern drainage system from the Mari Maña profile 

drains northward.  One zircon fission track (ZFT) measurement at the top of the profile at 

2635m, gives an age of roughly 50 Ma (49.7±3.1 Ma).  The apatite fission track data is not 

as definitive as that of the Arties profile with slight spread present among the ages (figure 

5.5).  The general trend is however one of rapid exhumation at around 30 Ma or just before, 

also with relatively long mean track length measurements (14.19-14.32 �m) and low 

standard deviations (0.07-0.14 �m).  The ZFT evidence combined with that of AFT suggests 

significant exhumation has taken place since 50 Ma.  Dpar measurements and SEM 

backscatter electron analysis (Gibson, 2005) again suggest a fluorapatite composition.   

 

5.2.2.3 Maladeta Profile 

The Maladeta profile lies at the head of the Flamisell valley, draining southward into the 

Ebro basin.  The main profile runs from 1750m to 2870m, spanning an elevation range of 
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1120m within the Maladeta granodiorite with an additional sample at an elevation of 1425m 

sampled from Palaeozoic metasediments (figure 5.6).  A zircon fission track measurement 

from 1750m gives an age of around 50 Ma (49.3±2.6 Ma), similar to that seen at the top of 

the Mari Maña profile.  Excluding the 1425m sample the AFT data show a rapid exhumation 

pulse at around 30 Ma, similar to that seen in the northern samples from the Arties and the 

Mari Maña massifs.  Track length distributions show variation down the profile, with 

relatively long mean track lengths at the top of the profile (14.27 �m) and slightly shorter 

track lengths towards the bottom (13.73 �m).  Dpar measurements and SEM backscatter 

electron analysis (Gibson, 2005) suggest a fluorapatite composition.  The sample at 1425m 

yields an age (33.3±4.6 Ma) that is difficult to reconcile with the ages of higher elevation 

samples.  This is principally due to its failure to follow the trend defined by the upper 

samples.  As a result of the lithology from where it was sampled, the number of apatite 

crystals extracted was low and few tracks were available for counting (10 tracks).  These 

limitations suggest that this age should be regarded with caution.   

 

5.2.2.4 Barruera Profile 

The Barruera profile is located to the west of the Maladeta profile in a southward draining 

system, closer to the southern bounding structures of the Axial Zone than the other profiles.  

Its vertical extent of 630m, ranges from 1150m to 1780m.  It has a very different AFT age 

distribution compared to the other profiles, with rapid exhumation recorded around 20 Ma 

(figure 5.7).  Zircon fission track measurements at 1150m give an age of 104±7 Ma, which is 

considerably older than that recorded in the central Axial Zone.  Track length measurements 

on the apatite grains give relatively long mean track lengths (13.18-14.17 �m), but with 

much larger standard deviations (0.15-0.29 �m) to those recorded in the central Axial Zone.  

Dpar measurements and SEM backscatter electron analysis (Gibson, 2005) again suggest 

fluorapatite compositions.  The upper samples in this profile are at a similar elevation to that 

of the base of the Maladeta profile, yet give much younger ages.  This difference suggests 

that some structure must exist between the Maladeta and Barruera profiles, that must have 

been active between 30 and 20 Ma.   
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5.2.2.5 Summary 

The patterns observed in the AFT data are consistent with observations made in previous 

studies, that the northern samples have longer mean track lengths and lower standard 

deviations than the southern samples (Yelland, 1990).   

It also suggests that Fitzgerald et al.’s (1999) Maladeta profile (henceforth known as 

Besiberri) records the same thermal history as the other vertical profiles, with rapid 

exhumation at 30 Ma if the kink in the age-elevation relationship (AER) is disregarded.  A 

possible decrease in exhumation rate is evidenced at the bottom of this profile by the sample 

from 1500m (figure 5.2).  However, this may be incorrect as the geographical location of the 

profile is in doubt and therefore it is prudent to treat this with caution.   
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Inverse modelling of the AFT data can generate Temperature-time (T-t) histories that satisfy 

the constraints of the grain age data and their respective track length distributions.  The 

software AFTSolve (Ketcham et al., 2000) provides a mechanism by which to generate such 

histories.  It defines potential cooling pathways in T-t space that fit both the measured AFT 

ages and track length distributions.  The degree of fit of these histories is also given with 

zones showing statistically different levels of agreement with the data.  A green envelope 

indicates an acceptable fit and a pink envelope a good fit (e.g. in figure 5.8).  The boundaries 

for level of fit are variable between samples, with some samples requiring lower statistical 

boundaries in order to get a fit at all.  In addition to grain age data and track length 

distributions, a starting time and temperature must be given, following which the software 

iterates through a large number of possible histories (usually 10,000) to find a good fit to the 

data.  The initiating time and temperature may either be a higher temperature 

thermochronometer, e.g. zircon fission track  (ZFT), or, if this is unavailable, a time greater 

than 50% of the AFT age and at a temperature greater than 200oC.  This ensures that no 

fission tracks are already present prior to exhumation of the sample (Ketcham et al., 2000).   

AFT data from the Arties, Mari Maña, Maladeta and Barruera profiles were modelled in 

order to achieve an overview of what T-t histories are applicable to the Pyrenean orogen.  

The purpose of this modelling is two-fold: firstly to observe what thermal histories are 
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applicable and secondly to observe what AHe ages are produced for these histories.  The 

latter purpose allows an envelope in time-elevation space to be derived in which possible 

AHe ages will be found.  This allows a check on available AHe data as to its reliability and 

can also eliminate certain T-t histories that fit the AFT data but fail to match the AHe data.  

AHe ages were calculated using DECOMP (Meesters and Dunai, 2002a; 2002b) for the 

range of crystal sizes used in analysis.   

In the central Axial Zone of the Pyrenees, ZFT data gives ages of around 50 Ma (Gibson, 

2005).  This was used to provide the starting points for the inverse models of 50 Ma at 

around 250oC.  The present day surface temperature was used as between 0oC and 10oC was 

used.  AFT data was all derived from measurements made at Apatite to Zircon inc., Idaho.  

As a result all data in addition to simply track length measurements also has the tracks 

inclination to the c-crystallographic axis and Dpar values.  This allows for more accurate 

thermal models to be generated by accounting for different kinetic populations.   

Results from AFTSolve are shown in figures 5.8-5.11in the form of screendumps, with their 

respective model parameters given in table 5.4.  The individual T-t histories are given in 

appendix 5 along with their associated predicted AHe ages.   

It is important to recognise that each model represents only the data from that particular 

elevation and therefore does not account for the profile as a whole.  So whilst some histories 

may give a valid result for a particular elevation, this may not be consistent with the results 

from its neighbouring elevations and so therefore a balanced, elevation averaged, view is 

required.  An approach such as this will almost certainly discount certain 

thermochronological data points which on their own give viable histories, yet in the context 

of the entire transect give erroneous ages.   

The AFTSolve software is primarily designed for use with AFT data and as such is most 

sensitive and accurate at these temperatures.  Consequently, higher and lower temperatures 

than the AFT sensitivity range are less accurately known and so cooling paths in these 

regions are less well constrained.  However, despite these limitations, as yet no alternative 

software exists that encompasses the required functions, although there are some in 

development (Gallagher et al., 2004).  Therefore AFTSolve provides a good approximation, 

although its limitations should be understood.   
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5.2.3.1 Arties Profile 

As the data in figure 5.4 showed, the Arties AFT data is internally very consistent within the 

profile as a whole, with rapid exhumation evidenced at 30 Ma.  The T-t histories derived 

from the age and track length data support this with rapid exhumation at around 30 Ma 

through the PAZ and down to temperatures of ~40oC at this time (figure 5.8a-d).  It should 

be noted that the high temperature and very low temperature histories are subject to error 

with little data available in AFT measurements to constrain these parts of the history.  The T-

t paths that provide a good fit to the AFT data define an envelope in age-elevation space 

where possible AHe ages may be found (figure 5.12).  The pink envelope defines a region a 

little younger than that of the AFT envelope.  Based on the AFT T-t histories it is expected 

that AHe ages will lie close in age to that of the AFT data due to the predicted extremely 

rapid exhumation at around 30 Ma.  The record of post-30 Ma exhumation therefore appears 

to be minimal.    

 

5.2.3.2 Mari Maña Profile 

The age distribution of the Mari Maña profile also suggests rapid exhumation at around 30 

Ma or a little earlier (figure 5.5).  The good fit T-t histories suggest a period of rapid 

exhumation occurring at some point between 40 and 30 Ma, with the majority of the T-t 

histories indicating that this rapid exhumation was preceded by continuous steady 

exhumation.  For some of the lower samples (2030m) it proved difficult to get a good T-t 

history to fit the data and as such the statistical requirements for a good fit were lowered.  

This had the result of generating a larger spread of histories that fit the data (figure 5.9).  As 

a consequence the predicted AHe age envelope is much wider than for the higher samples 

(figure 5.13) and, in common with the Arties profile, suggests AHe ages close in age to that 

of the AFT age.  As with the Arties profile, the late stage low temperature evolution of these 

samples is poorly constrained with little information on this part of the temperature 

evolution.   
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5.2.3.3 Maladeta Profile 

The top and bottom samples of the Maladeta profile exhibit slightly different T-t histories 

based on mean track lengths (figure 5.6).  The top samples (figure 5.10e) suggest a similar 

history to that seen in the north with rapid cooling at around 30 Ma or earlier with the 

samples brought up to temperatures of ~40oC at this time.  This was preceded, as seen in the 

northern samples, by continuous steady exhumation.  However, in the lower samples, a 

slightly different history emerges.  It is in the late stage evolution of these samples where the 

variations take place, with cooling of the samples to temperatures of only 50-60oC at ~30 

Ma.  These differences have limited impact on the apatite fission track ages with the top of 

the PAZ having been cleared and therefore the age fixed, with only a slight shortening of 

mean track lengths and larger standard deviations produced.  However, this effect can be 

evidenced in the predicted location of the AHe data.  Figure 5.14 defines the envelope of 

predicted AHe ages with respect to the AFT ages.  The pink squares within the envelope 

represent the ages calculated for particular histories.  At the top of the envelope a narrow 

zone is defined with possible ages scattered throughout the envelope.  At the bottom, 

however, possible AHe ages cluster to either the older or younger side of the envelope.  This 

is a crystal size effect related to time spent in the PRZ.  When crystals pass through the PRZ 

rapidly then there will be little difference in age between large and small crystals.  However, 

if a sample spends prolonged periods of time within the PRZ then large differences become 

evident between large and small crystals.  A different view of the AHe envelope of figure 

5.14 is given in figure 5.15a where the predicted ages are differentiated on the basis of 

crystal size.  It can be seen that for the bottom sample, the difference between large and 

small crystals is greater than in the upper samples, suggesting a longer time spent in the PRZ 

by the lower samples.   

This implies that the Maladeta profile has experienced a slightly different history to that 

documented by the northern samples with more exhumation after 30 Ma to the south of the 

main drainage divide than to the north.  Following the cooling of these lower samples in the 

PRZ, steady exhumation is apparent from the T-t histories.  However, this is poorly 

constrained by the AFT data alone and requires use of a lower temperature 

thermochronometer for confirmation.  The suspect data point at 1425m suggests a similar 

history of prolonged residence in the PRZ but with much earlier exhumation (figure 5.10a).  

Due to the older AFT age and the lack of an AHe age, this sample is ignored when 

considering a possible AHe envelope.   
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5.2.3.4 Barruera Profile 

The Barruera profile exhibits a very different exhumational history from that of the Maladeta 

profile as noted in section 5.2.2.4 (figure 5.7).  Inverse modelling of the data suggests a rapid 

period of exhumation at or prior to 20 Ma.  Slightly different histories are given by the top 

and bottom samples in this profile with more gradual exhumation apparent from the lowest 

sample, compared to the top two samples (figure 5.11).  Whichever history is considered, the 

rapid exhumation slows after 20 Ma and after it has cleared the PAZ, leaving samples within 

the PRZ exhuming at a lower rate.  This effect implies that the envelope of predicted AHe 

ages is much younger than that of the AFT ages particularly at the base of the profile (figure 

5.16).  Due to residence in the PRZ variations with crystal size are also evident in all 

samples, particularly the lowermost sample (figure 5.15b).  Following exhumation through 

40-50oC, the T-t histories are poorly constrained by the AFT data after about 10 Ma.   

 

5.2.3.5 Summary 

Inverse modelling of the AFT data from these four profiles has defined a selection of T-t 

histories that fit with the AFT ages and track length distributions.  The T-t histories that 

provide good fits to the data suggest that different exhumation histories took place in 

different regions of the Pyrenees, both across the main drainage divide and across structures 

within the Axial Zone.   

It has also defined a series of regions in age-elevation space where AHe ages may be located 

based on these T-t histories and which may be tested with AHe data from the Pyrenees.   

 

5.3 Apatite (U-Th)/He thermochronology data 

The apatite (U-Th)/He (AHe) dataset in this study is partly derived from a previous PhD 

thesis at the University of Edinburgh (Gibson, 2005) complemented by the new results 

presented in this thesis.  The same profiles which show AFT data were also analysed for 
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AHe: the Arties, Mari Maña, Maladeta and Barruera profiles.  The new dataset from the 

Arties Massif is considered first. 
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The Arties profile lies to the north of the principal drainage divide (figure 5.3) in a tributary 

valley to the Garonne river.  Samples were collected up the side of the valley from exposed 

bedrock at locations given in table 5.1.  The profile runs from 1315m in the valley floor to 

2164m at the ridge top.  This vertical profile was collected as part of this study to 

complement and expand upon the work done to the south of the divide (Gibson, 2005).   

The AFT data from this profile (section 5.2.2.1) suggested a period of rapid exhumation 

taking place around 30 Ma based on the AFT ages and confined track length distributions.  

Modelling of this data with AFTSolve (section 5.2.3.1) confirmed this interpretation of an 

exhumational event around 30 Ma, which took the samples from high temperatures (>110oC) 

to low temperatures (<40oC).  This modelling suggests that both the AFT and AHe ages 

should have been set during this period of rapid exhumation and so the AHe ages should be 

close in age (although slightly younger) to those of the AFT ages (figure 5.12).  This result 

provides a good inference of what we should expect from the AHe data.   

 

5.3.1.1 Data 

Ages were derived according to the procedures described in section 4.2, with at least one 

replicate analysed for all but one of the samples documented in table 5.5.  The samples were 

difficult to pick, relating to the large crystals being full of inclusions, making them 

unsuitable for analysis.  As a consequence, only relatively small crystals (~50-60µm 

diameter) were suitable for use, being characterised by both good morphologies and being 

inclusion free.   

The raw ages prior to FT correction are given in figure 5.17 alongside the AFT data, with the 

corrected ages together with an 8% analytical uncertainty in figure 5.18.   
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Preliminary interpretation of the raw data in figure 5.17, shows that the majority of ages 

cluster around the age of the AFT data, with the exception of two data points.  These ages 

(61.7 and 292.9 Ma) are considerably older than the AFT data and so may be considered as 

erroneous data, probably the result of inclusions that were missed during the picking and 

checking phases.  Even following correction of these erroneous ages (table 5.5) the youngest 

age is then 113.1 Ma, considerably older than the ZFT of Mari Maña and consequently these 

two data points are ignored in later consideration of the data.   

Data was then corrected for recoil by the procedures described in section 4.2.2 and is shown 

in figure 5.18 with standard 8% analytical errors.  It is apparent that the majority of ages are 

older than the AFT data, despite good apparent replication at these older ages (e.g. samples 

at 1315m and 2090m).  The only data consistent with the AFT is found near the bottom of 

the profile at 1480m with an age younger than the AFT, however this is not replicated.  

Lower down at 1415m ages replicate at slightly older than the AFT age (34.5±2.8 Ma).   

Standard procedure for interpreting AHe ages is to reject all ages that are older than the AFT 

age due to their being set at lower temperatures and so must therefore record younger ages.  

This would discount all data except that at 1480m and possibly 1415m.  However, the good 

replication achieved at 1315m, 1415m and 2090m at ages older than the AFT is difficult to 

achieve requiring similar amounts of inclusions or different measuring errors between 

samples.  There are several factors that can commonly and adversely affect the 

reproducibility of an AHe age (House et al., 1997; Meesters and Dunai, 2002a; Farley, 2002; 

Ehlers and Farley, 2003; Foeken et al., 2003; Spotila et al., 2004).  Variations in helium loss, 

such as grain size variations, undetected parent zonation, variability in kinetic parameters or 

the presence of sub-microscopic uranium or thorium mineral or fluid inclusions, may all 

affect AHe ages in the same sample (Ehlers and Farley, 2003).   

Given the well constrained history from AFT modelling and the good quality of the AFT 

data, possible errors with the AHe data are considered both in the measuring procedure and 

other possible mechanisms taking place within the rock.   
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5.3.1.2 Age uncertainties 

The FT correction applied to the samples to correct for the effects of α-ejection (section 

4.2.2) is sensitive to crystal diameter.  At larger crystal diameters this becomes much less 

significant and a measuring error of ± 5µm will have little effect.  However at smaller crystal 

diameters a 5µm measuring error can have large implications.  FT is largely insensitive to 

original crystal length (Farley et al., 1996) and so only crystal diameters are considered here.  

Figure 4.3 illustrates the variation of FT with crystal diameter with little change in FT with 

large grain diameters and large changes in FT for small grain diameters.  For a crystal of 

50µm diameter and an ejection distance of 20µm, there is a 10µm wide zone in the centre of 

the crystal from where all alphas ejected are retained within the crystal.  Outside this zone, 

the chances of alphas being retained begins to decrease to a minimum of 50% on the grain 

boundary.  This central zone of complete retention decreases to zero at a crystal diameter of 

40µm.  So with small crystals the FT correction is more important at smaller crystal sizes.  So 

at small crystal sizes it is important to measure accurately the grain size to account correctly 

for the ejection effects.   

The smallest division of the eyepiece graticule upon which the grains were measured at the 

highest magnification is 5µm.  At this magnification (~150x) it is difficult to have the entire 

crystal in focus due to its three-dimensionality with either the edges or the surface in focus at 

any one time.  The crystals were measured as accurately as possible to the nearest 5µm.  The 

consequences of this ±5µm measuring are given in table 5.6 for different crystal diameters.  

These include the 8% analytical errors.  Two possibilities exist: a) under-measuring a crystal 

diameter, i.e. too large an FT is applied or b) over-measuring on the crystal diameter, i.e. too 

small an FT is applied.  These uncertainties were applied to the dataset (figure 5.19) for the 

appropriate crystal sizes (highlighted in table 5.6) and it can be seen that the increased age 

uncertainty, mean that the samples at 1415m are possibly of a similar age to the AFT data 

and predicted AHe data (figure 5.19).  This is also true even if the second AFT data point 

(1555m) is ignored (dark purple zone on figure 5.19) to give a uniform vertical trend to the 

predicted AHe data.   

A further complication exists with regards to measuring.  Ideally all crystals analysed should 

be of good morphology which implies an approximately perfect hexagonal cross-section 

(figure 5.20a).  In this case, no matter which section of hexagonal diameter is measured, the 

result should be the same if the crystal is rotated or turned.  Figure 5.20a illustrates this 
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point, and although length A is not identical to length B, only length A is likely to be 

measured as the crystal will sit lying on one of its edges, not balanced on one of its points.  

During picking of the crystals it was noted that a number of crystals had an imperfect form 

that was often unnoticed during initial examination.  This was one of a squashed or flattened 

hexagon, which superficially looked of good morphology, yet on turning was revealed to be 

an imperfect hexagon.  Figure 5.20b illustrates an end member case with length C equivalent 

to length A in figure 5.20a.  If only length C was measured, then the same FT correction as 

for A would be applied.  This would give an erroneous age for 5.20b which would be too 

young.  The converse is true if length D was measured with too large a FT correction applied 

for the crystal size, giving an old age.  In this end member example it is unlikely that length 

D could be measured as the crystal could not be balanced in a position to measure it without 

realising the poor morphology of the crystal.  Therefore in end member cases a too small FT 

correction is likely to be applied.  It is hoped that no end member crystals such as these were 

picked, however, an intermediate crystal may have slipped through.  An intermediate crystal 

form would be such that it could balance on any of its edges to allow it to be measured.  This 

could allow either a too large or too small FT correction to be applied.  When measuring the 

crystal, rotating it allows all sides to be measured.  This is however a delicate procedure and 

if the crystal diameters are not noticeably different (±5µm), it is difficult to observe and 

therefore account for.  This additional uncertainty is difficult to quantify and, it is likely to be 

small and accounted for in table 5.6.   

 

5.3.1.3 Mineral inclusions 

The presence of mineral and fluid inclusions within apatite crystals have been noted to give 

erroneous AHe ages during measurement.  Zircon, monazite and fluid inclusions have been 

observed in crystals that give such erroneous ages (Lippolt et al., 1994; House et al., 1997).  

The presence of such phases often leads to additional helium being measured, and as zircons 

in particular are resistant to standard dissolution procedures performed on apatites for U-Th 

determinations, then often parentless helium is measured (Farley, 2002).  For inclusions that 

are less than 15µm in their maximum dimension, essentially all helium is implanted into the 

host apatite. As the inclusions often survive the dissolution procedures they contribute only 

helium, not uranium or thorium leading to anomalously old ages.  However these old ages 



 

Chapter 5 – Thermochronology Results   193 

tend to be irreproducible as the inclusions are not in equal abundance within the analysed 

aliquots (Farley, 2002).   

The rigid selection procedures performed during picking and loading, in theory should 

eliminate grains with large inclusions.  If the inclusions are sub-microscopic, then they will 

not be observed, and if present in sufficient quantity may influence the measured ages.  In 

order to assess the number, size and composition of mineral inclusions, polished grain 

mounts were prepared and analysed using the Backscatter Electron Detector method on a 

Scanning Electron Microscope at the University of Edinburgh.  This was performed at 20 kV 

and at a 10mm working distance using a PGT Spirit X-ray analysis system (Energy 

Dispersive Spectrometry).  This allowed the inclusions to be characterised and also the 

composition of the host apatite to be determined.  Representative ‘clean’ apatites were 

analysed as well as those containing inclusions for a series of samples from the vertical 

profile (Sample numbers: 1315, 1415, 1480 and 2090).  It is important to note that the grains 

analysed using this technique are not the same grains measured for (U-Th)/He as these are 

destroyed during the analytical process.  Instead grains from the same sample are used to 

characterise the nature of the inclusions.    

All apatite grains analysed were fluorapatite (Ca5(PO4)3F) in composition, confirming the 

observations from the measured Dpar values for the grains from fission track measurements 

(figures 5.21-5.25).  Inclusions from within the grains were largely monazite 

((Ce,La,Th)PO4) or zircon (ZrSiO4) (figures 5.21, 5.22 and 5.25).  In order to determine 

whether there were any sub-microscopic inclusions in the apatites, an area within an apatite 

was measured to see if there was any small monazite or zircon present in quantities large 

enough to be measured.  This was performed on crystals that would have been picked for 

analysis, being inclusion free at least in the slice of the polished section.  These analyses 

detected fluorapatite with no measurable zirconium, silicon, cerium, lanthanum or thorium 

present (figures 5.23 and 5.24) and therefore no detectable sub-microscopic mineral 

inclusions to provide parentless helium.  The presence of large inclusions of zircon and 

monazite are to be expected, but are visible under a standard optical microscope and hence 

grains containing them would not have been selected for analysis.  Therefore if mineral 

inclusions are the cause of the problems with the Arties samples, then the only mechanism 

by which the old ages in Arties could be explained is by poor screening of the samples 

during picking.  This is possible, but the rigorous checking performed seems to make this 

unlikely.   
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5.3.1.4 Zonation 

Fission track research has documented zonation in parent isotopes of uranium within apatite 

crystals in some populations (e.g. Meesters and Dunai, 2002b).  Both enriched cores and 

rims have been observed, based upon the distribution of fission tracks within the crystals.  

Zoning in U and Th has implications for the FT correction.  If all of the U and Th are within 

the core of the crystal, and the outer 20µm of the crystal is free, then no FT correction needs 

to be applied as all alpha particles that are ejected are retained within the crystal.  However, 

if the crystal has U and Th enriched rims then there will be considerably greater loss of 

helium and a more complex FT correction would be required.  Core enrichment leads to an 

overestimation of ages using the standard correction procedures, whilst rim enrichment leads 

to an underestimation of ages.  In order to determine if this was an important factor in the 

Arties profile apatites, polished sections of apatite grains were observed after etching in 5M 

nitric acid for 45 seconds.  Ideally the original fission track slides would have been used, as 

both spontaneous and induced tracks could be observed, however, these sections were 

destroyed when the Apatite to Zircon Inc. fission track laboratory gave up its radiation 

licence.   

The etched polished sections were observed at high power (x400) on a transmitted light 

microscope.  Spontaneous fission tracks were observed in the majority of grains.  The 

distribution of these tracks was entirely random, with no enrichment visible in either core or 

rim.  These observations suggest that zonation did not play a major role in affecting the AHe 

ages from the Arties massif.   

 

5.3.1.5 Implantation 

It has been suggested that abnormally old AHe ages may be the result of helium implantation 

from neighbouring crystals into apatite (Farley, 2003).  Helium implantation will yield 

younger cores and older rims without any zoning in uranium or thorium.  If this hypothesis is 

correct then in samples that this has occurred it may be impossible to yield meaningful AHe 

ages (Farley, 2003).   



 

Chapter 5 – Thermochronology Results   195 

In order to assess the effect of this on the Arties profile apatites, thin sections from the 

lowermost sample (1315m) were studied.  Apatites were generally observed to be isolated 

from other accessory minerals surrounded by hosts of quartz, feldspar and biotite (figure 

5.26).  The implications of being close to other accessory minerals is seen in figure 5.26b 

with substantial radiation damage around such minerals visible in biotite hosts (dark 

pleochroic halos).  The majority of apatites are found isolated (all but one example, figure 

5.26a), however some grouping of accessory minerals are found with apatites surrounded by 

small zircons, monazites and other small apatites (figure 5.26a).   

The general isolated nature of the apatites in these sections suggests that external 

implantation is unlikely to be a significant factor in giving old AHe ages to these samples.   

 

5.3.1.6 Summary 

The apatite (U-Th)/He ages from the Arties vertical profile gives results that are not possible 

within the geological context of the region.  Ages near the bottom of the profile give results 

which are consistent with the AFT data, with ages at or around 30 Ma as the AFTSolve 

modelling predicts.  However, the rest of the data is considerably older and although it 

replicates well, it is older than the fission tracks and has no consistency in age between the 

neighbouring samples.  The standard reasons for older ages such as inclusions and 

implantation of helium from neighbouring crystals has been investigated and shown to have 

a negligible effect, providing inclusion free crystals were picked.  Zonation in parent 

isotopes was also shown not to be present, negating any such effect on the correction 

procedure.  The use of small crystals (diameter ~50µm) was shown to generate greater 

uncertainties than by using larger crystals, due to the sensitivity of the correction procedure 

to crystal diameter.  However, these uncertainties were not sufficient to bring the ages to the 

same age or younger than the fission track ages and do not explain why the ages are old.   

All of the above possible sources of error have been shown to have limited impact on 

affecting the measured ages.  Consequently, with the possible exception of part of the lower 

portion of the profile, the rest of the data is uninformative regarding cooling.  This study has 

used almost exclusively small crystals due to unsuitability of larger grains and it appears 

from the results that such small grains are unsuitable for the technique.  An exact reason for 
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the old ages has not been determined.  The most likely reason of those explored is that the 

older ages are related to inclusions that slipped through the checking during picking.  

However, it is unlikely that two replicates would give the same old age to the sample as 

inclusions are very variable in both amount of parent isotope and size.  As such it may be 

possible to use small crystals, but requiring significantly more replicates for each sample.   

However, due to the higher uncertainties associated with smaller crystals, replication of these 

ages is consequently easier and provides less constraint on the geological history of a region.   

The only data that is younger or the same approximate age as the AFT data and is consistent 

or on the margins of the AFTSolve model predictions is that at 1415m and 1480m as shown 

in figure 5.27.  This data must however be treated with caution as the suitability of the 

samples appeared identical to those replicating at older ages, but the fit with the modelled 

age data from AFTSolve suggests that ages should be found around this time.  This suggests 

a period of rapid exhumation at around 30 Ma that passed the samples through both the PAZ 

and PRZ.  This observation is explored in greater detail in section 5.4.2.1.   
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Figure 5.28 illustrates the predicted AHe envelope discussed in section 5.2.3.2 with the 

measured recoil corrected AHe ages.  A relatively poor fit exists between the measured AHe 

and the ages predicted from the AFT histories.  The upper AHe ages are older than the 

fission track ages, with the uppermost sample (2635m) having AHe ages almost overlapping 

with ZFT ages for the same sample.  A good fit is achieved at the bottom of the profile, 

particularly if the 2200m AFT sample is ignored (additional purple region on graph).  

However these ages, with the exception of the lower sample (2030m) do not replicate well.  

The closeness in age of these lowermost AHe samples to the AFT age suggests, similar to 

Arties, that very rapid exhumation took place at around 30 Ma or slightly earlier, producing 

similar AHe and AFT ages.   
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The Maladeta AHe dataset (figure 5.29) shows large scatter in its age distribution.  Good 

replication is achieved at the top and bottom of the profile, with poor reproducibility in the 
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middle elevations.  The predicted envelope of AHe ages is in good agreement with the lower 

samples and upper samples with some isolated samples in the middle fitting well.  Many 

samples however in the middle elevations fit poorly to this envelope being considerably 

older than and often as old as the AFT ages, which suggest that they should be rejected on 

this basis.  Near the top of the profile, two samples give very young ages, possibly implying 

helium loss at some stage in their evolution or processing.  The general trend is however one 

of fitting to the predicted envelope suggesting that the lowermost samples have spent longer 

in a PRZ than those near the top of the profile.   
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The Barruera AHe data (figure 5.30) fits well to the predicted envelope derived from the 

AFT data.  Two older outliers at ages older than 20 Ma can be rejected on the basis of being 

older than the AFT data.  The remaining data fits well to the predicted envelope, suggesting 

continued exhumation until at least 10 Ma with a relatively slow journey through the PRZ.   
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AHe data in the Central Pyrenees fits well with the predicted histories derived from the AFT 

data.  However, each of these AFT histories fits just a single sample and the histories that fit 

for one sample, may not be appropriate for the entire vertical section.  A technique is 

therefore required to derive thermal histories that can model the whole profile at once and 

see if a particular thermal history can fit the entire profile.  This will also pick out 

discontinuities such as 2200m sample at Mari Maña which do not fit with the overall trend of 

the profile.  Also the influence of topography needs to be considered (section 4.8), due to the 

effect of relief on low temperature isotherms and the resultant age-elevation relationships.   

This can be undertaken by modelling the region using Pecube (Braun, 2002; 2003).  As 

discussed in section 4.8, Pecube is a finite element code for modelling the time-temperature 

evolution of a landscape with the possibility of extracting individual thermal histories for 

various locations.  Within the model, topography may be varied through time, with 

consideration of different scenarios of constant, increasing and decreasing relief.   
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5.4 Pecube thermal modelling  

The basic setup of the model parameters is required so that the correct thermal and crustal 

conditions are modelled to be as accurate as possible to the known topographic and thermal 

characteristics of the region in question.   
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5.4.1.1 Topography  

The region of study for modelling purposes incorporates all of the thermochronometric 

transects previously discussed and the surrounding topographic features, including the major 

valleys and peaks (figure 5.31).  This model area is 44 by 44 km square (1936 km2) and was 

modelled with the nodes at 1km resolution.  The contrasting resolution images in figure 5.32 

illustrate the preservation of major features, such as principal valleys and ridges at the lower 

resolution.  This lower resolution provides sufficient detail for considering the deformation 

of isotherms by topography, as topographic fluctuations on the scale of 100-200m are 

unlikely to affect the pattern of isotherms at depth.   

 

5.4.1.2 Thermal Parameters 

The depth and temperature of the crust/lithosphere in the model is difficult to predict, 

particularly the conditions in the past e.g. at 50 Ma.  Consequently the present crustal depth 

was used, as estimated by Zeyen and Fernàndez, (1994) who derived a thermal structure for 

the Pyrenean orogen based on a variety of geophysical techniques and surface heat flow 

measurements.  Their results give a value of ~30 km for the depth of the lower crust at a 

temperature of ~600oC (figure 5.33a,b).  Surface temperature is set at 0oC and a lapse rate is 

not enforced.  This is done for reasons of simplicity, but if enforced, would only serve to 

increase the divergence between valley and ridge samples.  The thermal diffusivity used is 

31.536 km2Myr-1 (Turcotte and Schubert, 2002) and heat production set at 15.768 oCMyr-1.  

These values are based on lithology, crustal thickness and temperature at the base of the 

crust.  These values have a direct influence on the geothermal gradients produced in the 
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modelling, the magnitudes of which are later modified by the advection of isotherms during 

exhumation.   

 

5.4.1.3 Data Extraction  

Data was obtained from the model for individual nodes (1 km2 blocks) for which a T-t path 

was extracted.  By using this technique it is possible to extract data from within 1 km of 

where a sample was taken.  This allows the locations of the vertical profiles and the 

respective influences of the topography to be modelled (figure 5.32).   

Following extraction of these T-t Paths, thermochronometer specific software was then used 

to calculate predicted thermochronological ages.  AFTSolve was used to calculate synthetic 

AFT ages (Ketcham et al., 2000), whilst DECOMP provided a way to calculate synthetic 

AHe ages (Meesters and Dunai, 2002a,b; Dunai et al., 2003) with a subsequent correction 

applied for alpha-ejection (Farley et al., 1996).   
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The AFTSolve model runs and the agreement of the predicted AHe envelopes with the AHe 

data provide a basis for which to base scenarios for running in Pecube.  The profiles from the 

northern Pyrenees are considered first.   

 

5.4.2.1 Northern profiles – Arties and Mari Maña 

The similarity in the histories of Arties and Mari Maña suggest that the same history may fit 

both of these profiles.  An upper constraint can be placed on these two profiles due to the 

presence of ZFT measurements at the top of the Mari Maña profile at an age of 50 Ma.  This 

implies that at about this time the top of the profile must have passed through ~200-250oC.  

The AFTSolve model runs for these profiles suggest that rapid exhumation took place at 

around 30 Ma or earlier with exhumation of the samples to <50oC so that both AFT and AHe 
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ages are set at this time.  These constraints allow a variety of possible histories between these 

points: the history between 50 and 30 Ma could take one of two forms: a) no exhumation 

until just before 30 Ma and then very rapid exhumation or b) slow steady exhumation since 

50 Ma and then rapid exhumation at 30 Ma.  Using the fission track data only from these two 

profiles, it is difficult to distinguish between these two alternatives.  However on the basis of 

evidence from the Lacourt and Riberot profiles (Fitzgerald et al., 1999) continuous steady 

exhumation has been taking place since about 45-50 Ma in the north, suggesting that 

scenario (b) is a more realistic explanation.   

This is illustrated diagrammatically at the top of figure 5.34, showing the path of the column 

of rock to the surface.  The model was initiated at 50 Ma with 5 Myr of no exhumation in 

order to allow the model to adapt to the input parameters.  At around 45 Ma, slow constant 

exhumation starts, followed by a pulse of rapid exhumation at 30 Ma which brings the 

samples out of the PRZ.  Following this, little constraint is possible on the exhumation path 

of the sample and so constant exhumation is applied to the surface is assumed.  Various 

exhumation rates were experimented with and iterated to give the best visual fit to the data 

with the final parameters shown in table 5.7.  The evolution of the topography was also 

incorporated into the model.  Relief was carved out at different times in the evolution of the 

rock column.  In addition scenarios were considered with increasing and decreasing relief.   

In any mountain system, the production or destruction of relief can take place, with 

topography rising above a particular base level, promoting agents of erosion, such as rivers 

or glaciers to incise into a landscape.  This can lead to both relief production (deepening of 

valleys), or destruction (lowering of ridgelines) or simply the relief of a system may remain 

constant in a form of topographic steady state (Willett and Brandon, 2002).  The influence of 

these factors on the low temperature thermochronometric ages was discussed in section 4.8 

and therefore it is important to consider here.  Within the Pyrenees, the magnitude and 

variation of the relief over the last 50 Ma is unknown and so all possibilities must be 

considered when interpreting the data.   
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5.4.2.1.1 Results 

Figures 5.34 and 5.35 illustrate the results of the alternative scenarios for Mari Maña and 

Arties with the central column showing AHe results and the right hand column showing AFT 

results.  The two lines on the AHe results plot represent the upper and lower limit of crystal 

sizes used (Mari Maña 54µm and 118µm diameter, Arties, 50µm and 66µm diameter) whilst 

the line on the AFT plot represents a grain of Dpar 1.82µm (average for central Pyrenean 

samples).  Between 45 to 31 Ma an exhumation rate of 0.3 kmMyr-1 was applied, followed 

by a rate of 1.5 kmMyr-1 from 31 to 29 Ma.  Exhumation decreased to 0.034 kmMyr-1 from 

29 to 0 Ma.   

Scenario (i) shows the case for constant relief, i.e. the topography was formed during the 45 

to 31 Ma time interval.  For the Mari Maña profile the AHe data provides a good fit to the 

lowermost samples, but a poor fit to upper samples, yet still lying within the predicted AHe 

envelope from AFTSolve modelling.  The AFT model output shows only a relatively good 

fit to the general trend of the data.  It illustrates that fitting the general trend of the data is 

more appropriate than trying to fit every data point (e.g. at 2200m).  For the Arties profile, as 

the AHe data was poor and the AFT data good and consistent within the profile, the 

predicted AHe ages derived from the AFT data are used along with the few plausible AHe 

ages, which concur with these predicted ages.  For the Arties profile, the model data fit the 

predicted AHe ages and the few plausible ages at the bottom of the profile and roughly fit the 

trend of the AFT data, although on the old side.   

Scenario (ii) shows the case for increasing relief, i.e. forming the topography/relief of the 

landscape at the same time as rapidly exhuming the rocks at around 30 Ma.  The effect of 

this is that, although a fixed exhumation rate is set across the model, the samples in the 

valleys experience more exhumation than those on the ridges. According to theory this 

should make the divergence between ridge and valley samples greater through time (section 

4.7.4), i.e. the gradient of the lines should decrease.  It is clear looking at the results for AHe 

for both Mari Maña and Arties that little effect is seen by altering the relief between constant 

(i) and increasing (ii) relief scenarios (figures 5.34 and 5.35).  However, more impact is 

predicted from the AFT results.  For both the Mari Maña and Arties profiles the model AFT 

ages form a steeper age-elevation relationship (AER) and are younger than for the constant 

relief scenario and, particularly for Arties, are a better fit to the data.  Before discussing a 

possible explanation for this steepening the third scenario of decreasing relief is considered.   
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The effect of decreasing relief is illustrated in scenario (iii), where high relief topography is 

decreased during rapid exhumation at around 30 Ma.  In this scenario more exhumation takes 

place on ridge tops than in valleys.  This is the opposite of the increasing relief scenario, 

where theory would suggest a steepening of the AER (section 4.7.4).  Little difference is 

noted in the AHe age distribution in both Mari Maña and Arties between the constant and 

increasing relief scenarios (figures 5.34 and 5.35) with relatively good fits to the data and 

predicted envelopes.  Again, the AFT model ages show the most pronounced differences 

with a steepening in the AER compared to the constant relief scenario, whilst in the samples 

at the valley bottom (1315m, Arties), there is no difference in age between the constant and 

decreasing relief scenarios.   

 

5.4.2.1.2 Effects of Topography 

The results from the decreasing relief scenario provide the best fit to the theoretical 

predictions of AERs.  They show a steeper AER than the constant relief scenario, with the 

valley sample age having experienced approximately the same isotherm distribution in both 

cases which remains the same in both scenarios.  More exhumation of the ridges forces the 

ages to become younger and generates a steeper AER.   

However, the increasing relief scenario does not seem to obey the accepted theory (section 

4.7.4) as it shows a steeper AER than in the constant relief scenario and younger ages on 

both ridges and in valleys.  This is due to the large amount of exhumation taking place at the 

time of increasing relief.  Over the entire model exhumation is set at a fixed rate and if relief 

is increasing then valleys will experience greater exhumation.  For example, if a ridge 

sample experiences 3 km, then a valley sample will experience 3 km plus the relief of the 

system (1.3 km), giving a total exhumation for the valley sample of 4.3 km compared to just 

3 km for the ridge sample.  These amounts of exhumation, particularly over a short 

timescale, will therefore lead to very rapid exhumation and therefore a steeper AER and 

younger ages as they pass through the Tc later than if they were exhuming more slowly 

(figure 5.34 and 5.35).  If less exhumation takes place during this interval (i.e. background 

rate is less), then a shallowing effect of the AER slope is observed when compared to a 

constant relief scenario.  This is due to a larger exhumation difference between valleys and 

ridges and results in a divergence between valley and ridge ages.  A high background 
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exhumation will therefore make this difference smaller and, in this case, insignificant with 

simply very rapid exhumation recorded.   

Interestingly, it is the AHe ages that would be predicted to show these effects in most detail, 

but no evidence is noticed between the different scenarios.  This is due to the AHe being 

fixed at the end or slightly after the rapid exhumation time interval.  At this time the 

topography is roughly of the same form and following the end of rapid exhumation the 

isotherms are relaxing, i.e. they lower with respect to the surface, and so finishing off setting 

the AHe ages at this point, which is true in all three scenarios.   

 

5.4.2.1.3 Summary and Implications 

Aside from the topographic implications of varying relief, the scenarios described above 

provide a good fit to the available thermochronological data whilst fulfilling the required 

constraints.  The ZFT constraint implies that greater than 8 km of exhumation has taken 

place since 50 Ma on ridges, with possibly greater exhumation in the valleys.  In order to 

generate the AHe and AFT ages 3 km of exhumation at around 30 Ma is required to move 

the samples from below the PAZ to above the PRZ, again with possibly more exhumation in 

the valleys than on the ridges.  Following 30 Ma, only ~1km of exhumation can have taken 

place on the northern flank of the Pyrenees.  As a result of this exhumation at 30 Ma and 

later, some 4 km of exhumation must have taken place prior to 30 Ma, the timing of which is 

relatively poorly constrained.   

It is possible that the Mari Maña AFT and AHe data could be fit a slightly earlier period of 

rapid exhumation.  The combined approach however, shows that within error a similar 

history fits both profiles, with possibly a slightly earlier period of exhumation or a middle 

member between constant and increasing relief required to achieve a better fit with the Mari 

Maña profile.   

Consideration of the different topographic scenarios gives a best fit to the data provided by 

the increasing relief scenario, i.e. significant relief is formed during the exhumation at 

around 30 Ma.  In the crustal reconstructions of Beaumont et al., (2000b), the first significant 

topography is developed in the late Eocene (~38 Ma), that marks the start of sustained 
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antiformal stack growth with exhumation of the lower thrust sheets at around 30 Ma 

(Fitzgerald et al., 1999).  This observation suggests that the formation of topography and 

relief occurred around this period of antiformal stack growth.  However, no firm conclusion 

can be drawn as any of the topographic scenarios can be made to fit the data.  By varying the 

start and finish of the period of rapid exhumation by ±0.5 Myrs, all of the three scenarios can 

be made to fit the data equally well.  Therefore on the basis of the thermochronology data 

alone, it is not possible to determine which is correct.  The suggestion (Fitzgerald et al., 1999 

& Beaumont et al., 2000b) that topography began to develop during this period of rapid 

exhumation would suggest that the increasing relief scenario is the most likely based on 

independent geological evidence.   

In summary, the northern Pyrenean thermochronological profiles can be best explained by 

rapid exhumation at around 30 Ma with actively increasing relief forming at around the same 

time.   

 

5.4.2.2 Southern profiles – Maladeta 

A similar ZFT constraint applies to the Maladeta profile, although it is measured in a sample 

at the base of the profile, at around 1750m.  It also has an age of ~50 Ma, implying that by 

this time the rocks at the base of the profile must have passed through ~200-250oC.  The 

similarity between northern and southern ZFT ages indicates it is appropriate to investigate 

the suitability of the model runs that satisfied the AFT and AHe ages from the northern 

profiles on the southern profiles.  Figure 5.36 shows the results of these model runs.  The 

two lines on the AHe graph represent crystal diameters of 54µm (grey) and 118µm (black), 

whilst on the AFT graph a Dpar of 1.82µm.  It is clear that for all the scenarios the AHe ages 

are too old at the bottom of the profile and the AFT ages generally too old, particularly in the 

middle of the profile.  It is clear therefore that an asymmetry does exist between north and 

south and that the north and south have experienced slightly different exhumational histories.   

The AFTSolve modelling suggested that rapid exhumation took place at around 30 Ma in the 

southern Pyrenees similar to the north (section 5.2.3.3).  Yet this did not exhume the rocks as 

close to the surface as in the north, with the lower part of the profile remaining within the 

PRZ.  This suggests that more exhumation must have taken place after 30 Ma in the south 
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than in the north.  The simplest way to first consider this exhumation is by constant slow 

exhumation after 30 Ma.  As a consequence of these observations, model runs were set up 

(table 5.7).  Prior to 30 Ma exhumation was set to be similar to that in the north, as little 

constraint is available on timing of exhumation for the reasons described in section 5.4.2.1.  

From 31-29 Ma rapid exhumation took place, followed by a deceleration and steady 

exhumation from 29 to 0 Ma.  This history is the same as in the north, yet different rates 

were applied to the last exhumational phase.  Instead of having ~1 km of exhumation post 30 

Ma, ~2.5 km was applied at a constant steady rate of 0.086 kmMyr-1 as opposed to 0.034 

kmMyr-1 in the north.  As with the northern samples different topographic scenarios were 

applied to the model run.   

 

5.4.2.2.1 Results 

In scenario (i), with constant relief a good fit is made with both the AHe and AFT data 

(figure 5.37).  The AHe data AER is noticeably a gentler gradient than that seen in figure 

5.36 for the northern exhumational history, with a larger divergence between crystal sizes at 

the bottom, compared to the top of the profile.  This is due to more time spent in the PRZ by 

the bottom of the profile as compared to the top.  A slight zigzag is visible in the AERs for 

both AHe and to a lesser degree in the AFT.  This is explained in more detail in section 

5.4.3, which considers the effects of topography on the profile location.   

It is noticeable when considering scenarios (ii) and (iii) (figure 5.37) that little difference 

exists between the three scenarios.  Topographic change in (ii) and (iii) takes place during 

the rapid exhumation at 30 Ma.  Slight changes are visible in the AFT AERs and are the 

result of a similar effect to that seen in the north and discussed in section 5.4.2.1.2.   

These three scenarios are modelled using a rate of 1 kmMyr-1 for 2 Myrs around 30 Ma.  

However, a similar result is obtained with a faster exhumation rate of 1.5 kmMyr-1 at this 

time (figure 5.38), with a corresponding increase in steepness in the AER for the AFT ages.   

If the northern samples are considered for these histories then it can be seen (figures 5.39, 

5.40 and 5.41) that although the AFT ages provide a tolerable fit, the predicted AHe ages are 

younger than the measured ages and therefore do not provide a good match to the data.   
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5.4.2.2.2 Besiberri 

The model data for the Besiberri profile is taken from the probable location of the Fitzgerald 

et al., (1999) samples.  Only AFT data is available for this profile and insufficent data on 

track lengths and ages was available to model in AFTSolve.  Ages were extracted both from 

the northern (Arties and Mari Maña) model histories and that for Maladeta to see which 

history provided a best fit to this profile.  Figures 5.42a and 5.42b show these AER with 

respect to the data.  All data appears to fit the profile relatively well, with the southern 

Maladeta histories fitting the top and bottoms of the profiles best, with some slight mismatch 

in the central region.  The northern histories fit the central samples better, but show a poor fit 

at low elevations.  An exact match is not achieved with either history, although this data set 

confirms rapid exhumation at around 30 Ma.   

 

5.4.2.2.3 Barruera 

As was discussed in section 5.3.4, the Barruera profile gives very different AHe, AFT and 

ZFT ages at the same elevations compared to the Maladeta profile.  This implies that it must 

have undergone a different exhumational history to the central Axial Zone.  ZFT give an age 

of 104 Ma, compared to 50 Ma from the more northerly profiles.  AFTSolve modelling 

suggested a period of rapid exhumation at, or prior, to 20 Ma (section 5.2.3.4), with 

gradually decreasing exhumation after this time.  Discrepancies exist between the upper and 

lower AFT samples with the lower AFT suggesting a more gradual exhumational history 

than the upper two samples.  Therefore it is expected to be difficult to produce a good fit to 

all data points.  Prior to 21 Ma, very slow exhumation was allowed followed by rapid 

exhumation at 21-19 Ma (1 kmMyr-1).  Following this pulse of exhumation a slower rate was 

then imposed for 10 Myrs (0.22 kmMyr-1), followed by an even slower rate for the final 9 

Myrs (0.1 kmMyr-1) (table 5.7).   

This approach was used on a scenario of constant relief with results shown in figure 5.43.  

The fit to the AHe data and envelope of predicted ages is good.  This is consistent with 

samples having spent a long time passing through a PRZ (grey line 54µm diameter crystal, 

black line 70µm diameter crystal).  No divergence is seen between the lines as in Maladeta, 

as the samples have spent equal amounts of time in the PRZ.  The AFT AER is a good fit to 
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the upper AFT samples but is a little young compared to the bottom sample.  Using this 

history the bottom sample is difficult to fit compared to the other ages, as if a more 

continuous or gradual exhumation is used then much older ages are derived for the upper 

AFT samples.  As such the imposed history is a compromise and more AFT data from the 

middle reaches of this profile would give further constraints.  Other scenarios of increasing 

and decreasing relief give similar results to those presented above and are not shown.   

 

5.4.2.2.4 Summary and implications 

The southern thermochronological profiles require different exhumational histories in order 

to account for their ages than the equivalent northern profiles.  The Maladeta profile requires 

~2.5 km of exhumation after 30 Ma compared to less than 1 km in the north.  Similar rates 

and amounts of exhumation at around 30 Ma (2-3km) are possible in both the north and the 

south, with similar amounts of exhumation since 50 Ma, 8-9 km in both north and south.   

The Besiberri profile confirms the rapid exhumation at 30 Ma that affected both northern and 

southern profiles documenting a minimum of 2-3 km of exhumation, with little constraints 

on its earlier or later history.   

Barruera has a different history to that of both north and south of the central Axial Zone.  

This region underwent rapid exhumation at around 20 Ma.  This is very different to that of 

the Maladeta profile and a ZFT age of over 100 Ma implies a very different history to that of 

the rest of the Axial Zone.  Rapid exhumation at 20 Ma and continued relatively rapid 

exhumation to less than 10 Ma implies that some structure must have been active between 

the Maladeta and Barruera massifs until the late Miocene.  This is later than had previously 

been interpreted (Fitzgerald et al., 1999; Sinclair et al., in press).   
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Section 5.4.2.1.2 discussed the effects of varying the relief of the landscape and the 

consequences of this on thermochronometric ages.  Here, the effects on thermochronometric 

ages are considered in light of the detailed topography of a particular catchment.  This 
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analysis is shown on the data that were generated using the old pre-Uranium spike error 

correction, however the same effects of topography are present within the new dataset.  The 

Maladeta dataset is used as a case study for this discussion.   

 

5.4.3.1 Old dataset 

The old Maladeta dataset (figure 5.44), was interpreted as representing stasis near the bottom 

of a PRZ followed by a period of rapid exhumation at around 10 Ma.  This scenario was 

modelled in Pecube, along with one of continuous exhumation since 30 Ma, the AFT data, 

remaining unchanged. These two scenarios and their results are given in figure 5.45.  It can 

be seen that since 30 Ma, a pulsed exhumation provides a good fit to the data simulating a 

period of stasis within the PRZ followed by rapid later exhumation, whilst slow continuous 

exhumation (which fits the new corrected dataset) does not provide a good match.   

In these predicted AERs, for both pulsed and continuous exhumation a zigzag is visible in 

the lower elevations of the profiles.  This results in an initial increase in age with elevation, 

followed by a brief decrease in age with elevation followed by an increase in age again with 

elevation.  This pattern is also present in the modelling on the new dataset as seen in figure 

5.37.   

 

5.4.3.2 Pecube modelling 

In order to understand the processes controlling the observed zigzag feature, nodes for the 

entire catchment (upper Flamisell) in which the Maladeta profile lies in were extracted and 

AFT and AHe ages calculated.  The outline for this data extraction is given in figure 5.32.  

The model run used is that shown in figure 5.45a, for a pulsed exhumation history after 30 

Ma.  Predicted AFT ages are shown in blue on figure 5.46a, with the actual nodes following 

the profile given in red.  It can be seen that even at the elevated temperatures at which AFT 

ages are set, the zigzag pattern is still present, but the general trend of the data tends to 

obscure the feature, with slight scatter at similar elevations.  Predicted AHe ages are shown 

in blue on figure 5.46b, again with the actual nodes following the profile given in red.  A 
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similar scatter is visible at comparable elevations to that in the AFT AER, with a visible 

zigzag in the predicted AER for the actual profile.  Again, if the dataset is taken as a whole 

then the general trend obscures these features.   

A 3D elevation plot, coloured according to predicted AHe age, illustrates the general 

distribution of age with elevation (figure 5.47).  The pattern is one of increasing age with 

elevation as would be expected in such a system.  The general topographic features of the 

catchment are a deep glacial corrie carved into the side of the mountain belt, widening as it 

coalesces with tributary valleys.  The actual nodes sampled for thermochronology are shown 

in black, increasing in elevation into the corrie.  A detailed look at the zigzag in the AHe 

profile shows that the nodes displaying the inverse trend are those that lie near the corrie 

floor with little elevation increase between them (figure 5.48).   

To explain this pattern it is necessary to consider how isotherms are deformed by different 

wavelengths of topography.   

 

5.4.3.2.1 Short-wavelength topography 

A cross-section parallel to the orogen, orientated approximately west-east, would yield a 

short-wavelength topography, being parallel to the main drainage divide and sampling the 

small fluctuations of the north-south trending valleys.  This topography would have little 

influence on deforming the critical Tc isotherms relevant to AFT or AHe and as a 

consequence the standard increase in age with elevation is preserved (figure 5.49).   

 

5.4.3.2.2 Long-wavelength topography 

In contrast, a cross-section perpendicular to the orogen orientated approximately north-south, 

would yield a long-wavelength topography.  This topography would have an influence in 

deforming the critical Tc isotherms relevant to AFT or AHe.  Figure 5.50a illustrates the 

paths taken by three samples at different elevations at the surface.  The long wavelength 

topography has deformed the critical Tc isotherms to become lower amplitude equivalents of 
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the surface.  The upper elevation sample will pass through the Tc isotherm first, followed by 

the middle and then lower elevation samples.  For simplicity it is assumed that passing 

through the Tc isotherm fixes the thermochronometric age and that exhumation rate is 

uniform.  This example again gives a standard increase in age with elevation.  However, if a 

glacial corrie is imposed on the surface landscape, a small incut into the surface topography 

will have little effect on the distribution of the isotherms at depth.  Figure 5.50b considers 

this scenario with the same spatial distribution of samples as in figure 5.50a.  In this case the 

upper elevation sample passes through the Tc isotherm as in the short-wavelength case, 

followed by the lower elevation sample.  This is followed by the middle elevation sample 

resulting in an inversion of the AER across the corrie floor, only becoming positive again 

above the corrie headwall.   

These effects may be applied directly to the Maladeta example, with a small corrie altering 

the surface, but not on a scale large enough to affect the isotherms at depth.  These 

observations provide an alternative explanation to the development of negative AERs 

compared to that proposed by Braun (2002) where they may be produced by declining relief.  

However, this effect is only apparent on small spatial scales and significantly larger corries 

or valleys may begin to deform the isotherms.  This effect is noted on top of scenarios of 

changing relief (figure 5.37), being present in all endmember examples.   

 

5.4.3.3 Applicability to AHe datasets 

Little evidence of this zigzag is seen in the Maladeta dataset, partly because the model nodes 

extend to slightly lower elevations than in reality (due to grid sampling in a lower resolution 

DEM).  However, when analytical errors are factored into the data of around 8%, would such 

a pattern actually be resolvable by the technique?  Given the range of ages measured for each 

elevation e.g. 1750m ~5 Myr, it seems unlikely that such a trend visible on a scale of less 

than a million years could be picked out.  Significant numbers of replicate analysis or a 

decrease in analytical errors may possibly start to pick up the trend, but this combined with 

the small elevation window make it unlikely to pick up such variations.   
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5.4.3.4 Sampling strategies 

Given these effects it would be prudent to consider the effects of these results on sampling 

strategies.  As sections 4.6, 5.1 and 5.2.1 discussed, sampling strategies have varied 

considerably over recent years, varying from single samples to vertical profiles.  These 

results add an extra element to sampling vertical profiles in that sampling through a corrie on 

the flanks of a mountain chain, may have the same effect of having a tunnel through the 

mountain, at least where there is little elevation difference over significant horizontal 

distance.  Such effects should be taken into consideration when deciding where to sample to 

achieve a good vertical profile for a region. The results illustrate that corries may not perturb 

the isotherms and allow deeper and therefore younger depths to be reached for a lower cost 

than by borehole, whilst still achieving a steeper, longer vertical profile.   

 

5.5 Summary and conclusions 

This chapter has reviewed both previous low temperature thermochronological work on the 

Pyrenees and has presented new data unique to this study.  Use of two thermochronometers, 

AFT and AHe and the corresponding modelling work, has allowed constraints to be placed 

upon the exhumational history of the central Pyrenees.   

AHe work performed in this study on the Arties massif has shown the limitations of the 

method and the many inherent pitfalls and assumptions the technique encompasses.  The 

poor data quality achieved in this study suggest that small apatite crystals (diameters of 

~50µm) are often unsuitable for analysis, often giving ages older than the measured AFT age 

and consequently giving information other than the cooling age of the rock.  The results from 

this study suggest that larger crystals should be used in preference and that use of small 

crystals will be costly in terms of time spent picking and poor or meaningless results 

obtained.   

Observations and modelling of the thermochronological results have shown that a north-

south asymmetry exists within the Pyrenees.  Northerly draining profiles display rapid 

exhumation at around 30 Ma and show less than 1 km of exhumation after this time.  In 

contrast, samples in the central Axial Zone to the south of the principal drainage divide, 
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show rapid exhumation at around 30 Ma but considerably more exhumation after this time 

(~2.5 km) than the northern profiles.  Samples at the southern margins of the Axial Zone 

show rapid exhumation at around 20 Ma, with gradually decreasing exhumation after this 

time.  This suggests that structures between the centre and margins of the Axial Zone have 

been active beyond 20 Ma.  This is earlier than previously documented.   

Modelling has also shown the influence of topography on thermochronometric ages and the 

associated influence of small scale topographic features.  These features, such as glacial 

corries, have little effect on the distortion of isotherms but allow insights into rocks that 

would normally require a borehole to sample.   
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