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Thermochronology of the future 
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Geoff Laslett began a highly productive association with the Melbourne Thermochronology 
Group at the start of the 1980s, around the time of the first International Conference on 
Fission Track Dating in Pisa, at a time when an understanding of fission track annealing in 
various geological environments was just beginning to emerge. His close, day to day, 
association with the research group led to the recognition of a host of new problems that 
needed statistical resolution to which he became a major contributor. That early work, and his 
remarkable long-term collaboration with Rex Galbraith that began shortly afterwards, has 
constrained the entire field of fission track thermochronology within a theoretical statistical 
framework and provided an analytical rigour that was previously lacking.  The influence of 
the resulting statistical approaches has spread more widely into other fields also, including U-
Pb ion microprobe analysis and optically stimulated luminescence dating.   
 
Ernest Rutherford and his collaborators laid the earliest foundations for what we now call 
thermochronology, 110 years ago this year, but thermochronology as a recognised discipline 
really emerged during the 1980s especially through developments in fission track analysis, 
40Ar/39Ar step heating experiments, and the recognition that the early recognised problem of 
‘helium leakage’ was a diffusional process that could be understood and quantified.  Today 
we see a trend towards convergence of at least some aspects of these methods, and 
increasingly their joint use in multi-system applications, especially when it comes to thermal 
history modelling.  There are also some areas where the different systems are interconnected 
with each other such as through the role of accumulated radiation damage, including fission 
tracks, in the helium retention properties of uranium bearing minerals. There is a great 
opportunity to increase the combined application of the constituent methods of 
thermochronology through developing a much deeper understanding of the fundamental 
processes involved. 
 
We have made enormous advances and enjoyed many successes in the field of fission track 
thermochronology over the last 30 years, but still there remains much that we do not 
understand about the behaviour of fission tracks in minerals.  The remarkable achievement of 
a widely agreed and reasonably uniform approach to data collection, interpretation and 
modelling, has perhaps left us in danger of forgetting, or overlooking, some of the 
fundamental issues that we do not understand at all well.  I believe we need to recognise that 
our current largely pragmatic and empirical approach has little direct relationship to the 
fundamental atomic processes occurring at the nano-scale. For example our current methods 
take almost no account of what is currently known in solid state physics about latent track 
structure, nor of how this changes during thermal annealing, nor even how these changes 
translate into etched track behaviour. There is a challenge for the fission track 
thermochronology community to utilise this information in what we do and ideally to develop 
some predictive capability for fission track annealing behaviour. 
 
There are many other basic questions about the behaviour of fission tracks in minerals that 
have been largely ignored for years, but would repay much closer attention. For example the 
broad relationship observed many years ago by Udo Haack (1972) between lattice energy and 
annealing properties in various minerals has remained dormant ever since, despite its potential 
for predicting annealing properties. Alternatively, might it be possible to develop a diffusion-



 

 

based model of track annealing that would explain the observed differences in annealing 
properties between minerals and with known compositional variation within a mineral group, 
such as apatite?  Despite years of research, we still have almost no knowledge of the effect of 
compositional variation on track annealing in zircon or titanite.  And in zircon there is 
growing empirical evidence that accumulating radiation damage from alpha decay affects 
both fission track annealing and the retention of helium, but we have only a vague idea of 
how this occurs. In apatite by contrast fission track annealing does not appear to vary with 
normally encountered levels of radiation damage, although effects are again observed on the 
helium retentivity. Could this contrast in behaviour be related to the apparent differences in 
latent tracks structure recently observed between apatite and zircon by Li et al. (2011 EPSL).  
The time is ripe for many of these fundamental questions to re-emerge as important questions 
for concerted study, making use of the remarkable range of technologies now at our disposal 
for this purpose, many of which did not exist 30 years ago. 
 
In a different direction, current developments in fission track analytical procedures are 
changing the way data are collected and have the potential to significantly improve both the 
quantity and the quality of data that are available for interpretation and modelling. These 
include the development of autonomous digital microscopy and automated image analysis 
methods for track counting and measurement, as well as the increasing adoption of laser-
ablation ICP-MS techniques for direct measurement of 238U, rather than via 235U as a proxy. 
Unlike neutron irradiation methods, laser-ablation is semi-destructive on a microscopic grain 
scale so there are particular advantages in combining this method with an image-based 
approach that provides a permanent record of the fission track information. Adoption of new 
analytical procedures also raises the question of whether it is timely to revisit an absolute age 
calibration via known (or in principle knowable) constants as compared to the current relative 
dating using an empirical calibration against a set of agreed age standards.  
 
Much richer sets of measurements are also made possible by image analysis procedures that 
would be unthinkable with manual methods including different modes of track length and 
diameter measurements that can be related to annealing properties.  Of course the classic 
fission track annealing experiments upon which our thermal history models are based will 
need to be remeasured using these new tools, but with the important advantage that the 
captured image sets could be made available to all workers in the field. Our present practice 
of utilising annealing measurements made in one laboratory to model differently collected 
data in another is fraught with problems, that at present are largely uncontrolled. 
 
The current state of fission track thermochronology is the result of a relatively stable approach 
to procedures and interpretive strategies that have been widely adopted over the past few 
decades. New approaches now emerging, however, as well as ongoing developments in 
fundamental track structure, and opportunities for new research to achieve a deeper 
understanding of fission tracks and their behaviour, mean that we may be entering a new 
period of rapid advances not seen for several decades. These developments towards an 
improved theoretical as well as practical framework will lead to a more comprehensive 
system of fission track analysis in the future that can be more closely integrated with other 
systems to provide a much more powerful thermochronology than we have today. 
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MDDI: A Thermochronometric Odyssey 
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Fifty years ago, geochronologists recognized that most mineral dates did not reflect rock 
forming ages due to the mobilization of the daughter product at high temperatures. What at 
first was viewed as a shortcoming to some geo-chronological methods, became a great 
advantage in revealing terrestrial thermal histories with the advent of the Dodson’s closure 
theory (1973), setting the foundation of isotope-based thermochronology. Application of the 
closure theory requires however an empirical diffusion model, thus the geo-chronologic 
40Ar/39Ar step heating method appears ideal yielding in a single experiment both diffusion and 
age information. Early studies just plotted closure temperatures vs total ages of coexisting K-
feldspar samples having quite different diffusion properties to linearly extrapolating an 
estimation of the cooling history. 
 
By 1987, Frank Richter and I got first involved after recognizing that the information 
contained in the age spectrum could provide a self-consistent test of the 40Ar/39Ar 
thermochronologic method. Although the test failed to validate the method, one more time as 
many years ago, this apparent shortcoming led to the transcendental breakthrough that was the 
Multi-Diffusion Domain Idea (MDDI). The MDD theory would simultaneously exploit the 
full thermochronological signal available within intracrystalline variations and provide 
samplespecific kinetic parameters. A self-consistent test of the MDD approach arises from the 
observed correlations between age and Arrhenius spectra showing that Ar diffusion occurs by 
the same mechanisms in nature as in the laboratory. Under certain conditions, these data 
permit the recovery of a unique cooling history. I will summarize the fundamental steps that 
led to the development and consolidation of the 40Ar/39Ar K-feldspar MDD thermochronology 
method, mainly as a recognition to all the people that contributed and supported me along this 
quest. 
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Ultraviolet Laser (U-Th)/He Research 
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Ultraviolet lasers permit high spatial-resolution analysis of helium in subgrain domains within 
accessory minerals for a variety of geologic applications ranging from diffusion experiments 
to detrital mineral dating. While this technique has tremendous promise to reduce or retire 
some of the more vexing problems associated with bulk noble gas diffusion studies and bulk, 
single-crystal (U-Th)/He dating studies, it remains very much a work in progress and has its 
own fair share of analytical challenges. Here we present a progress report on past and current 
efforts to develop and mature these techniques. 
  
Laser ablation depth profiling using an ArF excimer (193 nm-wavelength) enables the 
measurement of laboratory-induced diffusion profiles. Our first work in this realm was 
prompted by nuclear reaction analysis experiments on 3He diffusion in Durango fluorapatite 
apatite1 that seemed to be at odds with earlier volumetric (‘bulk’) diffusion measurements2. 
Large crystals of Durango fluorapatite were sectioned with specific crystallographic 
orientations and the sections were heated in vacuuo for different time-temperature 
combinations. The laser was then used to raster a pit of a certain depth into each section 
(typically a few microns) and 4He was measured in the liberated gas using a magnetic sector 
noble gas mass spectrometer. This process was repeated multiple times to resolve the 
geometry of the induced diffusion profile and diffusivity for the specific experimental 
temperature. The array of data produced for all crystallographic orientations were collinear on 
an Arrhenius plot (confirming diffusional isotropy) and the calculated diffusion coefficients 
were in excellent agreement with those from volumetric diffusion results3. We are now 
applying the method to zircon standards and are finding in preliminary results that 4He 
diffusion in this mineral is decidedly anisotropic in accordance with the findings of Cherniak 
et al.1. 
 
The first proof-of-concept studies for laser microprobe (U-Th)/He dating were done on 
monazite because its sufficiently high U and Th concentrations enabled the use of an electron 
microprobe for their measurement. The method involved: 1) preparation of polished grain 
mounts; 2) characterization of mineral zoning in these mounts using backscattered electron 
imaging; 3) in vacuuo ablation of pits in the polished grains and quadrupole mass 
spectrometric analysis of 4He abundance in the ablated material; 4) interferometric 
measurement of the ablation pits to enable the conversion of measured quantities of 4He to 
concentrations; 5) x-ray dispersive electron microprobe measurements of U and Th 
concentrations; and 6) apparent age determinations from the resulting data. Boyce et al. 4 
demonstrated the basic technique first using large, gem quality Brazilian monazites, obtaining 
(U-Th)/He dates (455.3 ± 3.7 Ma) comparable to bulk sample results (449.6 ± 9.8 Ma). (All 
uncertainties are reported here as 2σ analytical imprecision.) In a subsequent study, Boyce et 
al. 5 published laser microprobe (U-Th)/He data for a Pleistocene granite from Nanga Parbat 



in the Pakistan Himalaya showing how the technique could be used to date small, extremely 
young, high-(U+Th) crystals of monazite. 
 
Current work by our group and others aims to modify the technique to include other, more 
familiar (U-Th)/He thermochronometers. We have maintained the concentration based 
approach but we have switched to the use of a magnetic sector instrument for helium isotopic 
measurements, and have tried both secondary ionization mass spectrometry (SIMS) and laser 
ablation inductively coupled mass spectrometry (LAICPMS) for parent element 
measurements. Tripathy-Lang et al. 6 demonstrated how the magnetic sector mass 
spectrometric measurements of 4He and SIMS measurements of U and Th could be used to 
characterize (U-Th)/He apparent age distributions in detrital zircon suites. We now make 
parent element measurements by LA-ICPMS with a quadrupole mass spectrometer. Some of 
our most exciting work involves simultaneous measurement of Pb with U, Th, and Sm, 
thereby enabling U-Pb and (U-Th)/He double dating of zircons. Preliminary work on Fish 
Canyon tuff zircons samples has yielded ZrnHe dates of 28.34 ± 0.85 Ma (comparable to 
single-crystal ages of 28.3 ± 3.1 Ma; 7) and Zrn(206Pb/238U) dates of 28.15 ± 0.37 Ma 
(comparable to thermal ionization mass spectrometric ages ranging from 28.642 ± 0.025 to 
28.196 ± 0.038 Ma; 8). We are currently experimenting with applications of the laser 
microprobe double-dating technique to detrital titanite and rutile. The high spatial resolution 
of the laser microprobe makes this technique potentially valuable for (U-Th)/He thermal 
history studies of accessory minerals in rare specimens ranging from meteorites to samples 
returned from missions to the Moon, Mars, and near-earth asteroids. Work on samples from 
the Apollo archive is currently in progress. 
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U-Pb apatite dating by LA-ICPMS 
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U-Pb dating of accessory minerals has been revolutionised in the last decade by substantial 
improvements in the LA-ICPMS technique that have facilitated progressively smaller spot sizes and 
shorter analysis times with a precision approaching that of SIMS analysis. This presentation 
investigates the application of LA-ICPMS U-Pb geochronology to U-bearing accessory minerals 
that contain common Pb, with particular focus on apatite.   
 
Petrus and Kamber (2012) developed VizualAge1 as a tool for reducing and visualising, in real 
time, U-Pb geochronology data obtained by LA-ICP-MS as an add-on for the freely available U-Pb 
geochronology data reduction scheme2 of Paton et al. (2010) in Iolite. The most important feature of 
VizualAge is its ability to display a live concordia diagram, allowing users to inspect the data of a 
signal on a concordia diagram as the integration area it is being adjusted, thus providing immediate 
visual feedback regarding discordance, uncertainty, and common lead for different regions of the 
signal. It can also be used to construct histograms and probability distributions, standard and Tera-
Wasserburg style concordia diagrams, as well as 3D U-Th-Pb and total U-Pb concordia diagrams. 
 
More recently, Chew et al. (2014) presented a new data reduction scheme 
(VizualAge_UcomPbine)3 with much improved common Pb correction functionality. Common Pb 
is a problem for many U-bearing accessory minerals and an under-appreciated difficulty is the 
potential presence of (possibly unevenly distributed) common Pb in calibration standards, 
introducing systematic inaccuracy into entire datasets. One key feature of the new method is that it 
can correct for variable amounts of common Pb in any U–Pb accessory mineral standard as long as 
the standard is concordant in the U/Pb (and Th/Pb) systems after common Pb correction. Common 
Pb correction can be undertaken using either the 204Pb, 207Pb or 208Pb(no Th) methods. After 
common Pb correction to the user-selected age standard integrations, the scheme fits session-wide 
model U–Pb fractionation curves to the time-resolved U–Pb standard data. This down hole 
fractionation model is next applied to the unknowns and sample-standard bracketing (using a user 
specified interpolation method) is used to calculate final isotopic ratios and ages. 204Pb- and 
208Pb(no Th)-corrected concordia diagrams and 204Pb-, 207Pb- and 208Pb(no Th)-corrected age 
channels can be calculated for user-specified initial Pb ratio(s). All other conventional common Pb 
correction methods (e.g. intercept or isochron methods on co-genetic analyses) can be performed 
offline. 
 
Example applications of U-Pb dating of apatite by LA-ICPMS will be presented.  These include i) 
integrated apatite fission track and U–Pb dating4 combined with trace element measurements 
(including chlorine5), ii) U-Pb apatite detrital geochronology and iii) in situ LA-ICPMS age profiles 
for U-Pb apatite thermochronology6. 
 
The use of LA–ICP–MS to calculate U concentrations in fission track dating dramatically increases 
the speed of analysis and sample throughput compared to the conventional external detector 
method, as well as avoiding the need for neutron irradiation.   A zeta-based approach is presented 
here4.  Simultaneous Cl concentration measurements5 can be integrated with apatite fission track 



dating, U-Pb age information and trace element concentration measurements to yield a very 
powerful LA-ICP-MS analytical protocol that combines high and low temperature cooling age data 
with information on apatite annealing kinetics. 
 
Detrital U-Pb apatite dating offers some advantages compared to zircon in sedimentary provenance 
studies as it is more likely to represent first-cycle detritus and is also a nearly ubiquitous accessory 
phase in igneous rocks of both felsic and mafic composition (compared to zircon which is generally 
restricted to igneous rocks of felsic composition).  A common Pb correction can be made in detrital 
samples using Pb evolution models using a starting estimate for the age of the apatite and adopting 
an iterative approach7,8. Additionally, unlike zircon, the trace-element chemistry of detrital apatite 
also yields information on the parent igneous-rock type9. 
 
U–Pb dating of apatite is employed in high-temperature thermochronology studies, with empirical 
and experimental closure temperatures of ca. 425–550 °C calculated for apatite10.  We present here 
intra-grain apatite U–Pb dates from Akilia Island, SW Greenland. These apatites host 13C-depleted 
graphite inclusions that were interpreted as biogenic in origin and proposed to represent the oldest 
indications of life on Earth11.  Intra-grain U–Pb LA-ICPMS apatite age profiles yield ages as old as 
c. 2050 Ma in the cores and as young as c. 1650 Ma on the rims, which are characteristic of a 
sample that has undergone thermally activated diffusive loss of a radiogenic isotope during slow 
exhumation through its respective closure temperature window. Similar Fickian diffusion profiles 
have been documented for Pb in apatite based on a combination of U-Pb apatite TIMS and in situ 
LA-CIPMS age profiles6.The scatter and poor precision of the earlier U–Pb age determinations of 
Akilia Island apatite12 can be attributed to combining spot analyses from multiple grains of variable 
size and hence variable closure ages (mixtures of analyses of variable grain size and/or variable 
positions within individual grains). 
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 Quadrapole mass spectrometry allows rapid data collection over a wide range of ion masses. 
Combined with laser ablation, the following parameters may be measured for a depth profile of an 
apatite crystal:  a) relative uranium, thorium, and samarium concentrations, b) 206Pb/238U, 
207Pb/235U, 207Pb/206Pb, and c) relative concentrations of many other elements of interest (1-5 for 
relevant background). 
 
 We have long observed that accumulated alpha-damage in zircon correlates with LA-ICP-
MS-derived Pb/U calibration factors for the U-Pb system6  (Pb/U calibration factors vary with laser-
ablation pit depth; the ablation rate is higher for zircon containing greater alpha damage). Extending 
this experience to apatite, we prefer isotopic composition standards that are closely matrix-matched 
to the apatite crystals we are studying. 
 
 For zeta calibration of the apatite U-FT system, we have manufactured and are testing 
several matrix-matched U-FT standards: a) ApFCTN: Fish Canyon Tuff (Naeser locality), South 
Fork, Colorado, U.S.A.; ~28 Ma U-Pb age; narrow range of Dpar values; moderate range of relative 
uranium concentrations; Cl concentration assumed 0.82 weight percent in each crystal, and b) 
ApMTr: Triassic-aged Moenkopi Formation from Castle Valley, Utah, U.S.A.; Mesozoic to 
Precambrian U-Pb ages; Dpar = 1.5-3.2 µm; uranium concentration = 0->100 ppm; Cl concentration 
= 0->1.5 weight percent. Unlike ApFCTN, ApMTr allows zeta to be calibrated as a function of 
Dpar and uranium concentration. Different combinations of Dpar and uranium concentration 
present to the laser beam different effective target matrices: an ApMTr crystal with large Dpar and 
high uranium concentration will have more of its target volume removed due to fission track 
etching than an ApMTr crystal with smaller Dpar (same uranium concentration), lesser uranium 
concentration (same Dpar), or both smaller Dpar and lesser uranium concentration.      
 
 Mean confined length of unannealed fission tracks (initial fission track length) parallel to the 
crystallographic c-axis is strongly correlated with Dpar; initial fission track length perpendicular to 
the c-axis is strongly correlated with Dper. U-FT standard ApMTr exhibits a wide range of Dpar, 
Dper, and Dpar/Dper values among its apatite crystals. As such, we are testing ApFCTN as an 
initial fission track length standard. 
 
 We have prepared a pair of standards containing only natural fission tracks: a) ApMTr-
natural: the natural equivalent of U-FT standard ApMTr, and b) ApLaSal-natural: ~28Ma U-Pb age; 
narrow range of Dpar values; moderate range of relative uranium concentrations. Our unpublished 
data indicate the following general geological histories of these samples: a) ApMTr-natural was 
deposited at ~245 Ma; fast annealing small Dpar apatite grains were totally reset and slow 
annealing large Dpar grains were partially reset by the ~28 Ma shallow intrusive event that formed 
ApLaSal; removal of >1 km cover occurred since 10 Ma due to Colorado River canyon formation, 
and b) ApLaSal was intruded at ~28 Ma and has remained cool and near the surface since 28 Ma 
above the nearest Colorado River canyon rim. This combination of standards offers the analyst the 
ability to test: a) Dpar, Dper, chemical composition, U-Pb, and fission track parameter calibrations, 
and b) the geological history interpretation/modeling scheme used by the analyst.  
 



 Data collection for the U-FT system includes the visual study of images of various features 
including etch figures, fission semi-tracks, confined fission tracks (CFTs), and mineral and other 
inclusions (especially if a grain is to be dated by (U-Th-Sm)/He). In theory, the visual study of any 
of these features may be aided by computer analysis of digital images of these features. Computer 
analysis that includes machine learning is possible but requires Big Data sets of these features. 
Pattern matching may be applied in the machine learning algorithms. As such, we are building a 
public repository of digital images of these various features and software tools to process, view, and 
analyze the images. For example, the CFT digital image library may ultimately contain reflected 
light+transmitted light pairs of three-dimensional image stacks of >100,000 CFTs; this vetted set of 
standard images may be used to extract patterns for pattern matching and for training a machine 
learning algorithm to better aid the analyst in finding and characterizing new CFTs. 
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Studies focused on scientific questions related to tectonics and/or topographic development at 
Earth’s surface often use thermochronometry to provide valuable information on low-temperature 
exhumation at fixed points in space. For example, 40Ar/39Ar thermochronometry of individual K-
feldspars via multi-diffusion domain modeling1 can constrain continuous cooling paths between 
~200-350°C, whereas 4He/3He thermochronometry of a single apatite crystal can resolve thermal 
paths2 between ~30-90°C. Such information can then be related to the geologic processes(s) that 
brought a given rock to the surface. However, an obvious gap exists between these two methods; 
here we propose 4He/3He thermochronometry of zircon as a new method to fill this gap in 
continuous tT space. We assess the temperature sensitivity of zircon 4He/3He thermochronometry 
and present 4He/3He data and an associated (U-Th) concentration map from Fish Canyon Tuff 
zircon as proof-of-concept. We also discuss assumptions and limitations as well as ongoing 
refinements of this technique.  
 
To determine the temperature sensitivity of the 4He/3He thermochronometer in zircon, we calculate 
the opening and resetting temperatures (To and Tr)3. For a radius of 60 µm, a cooling rate of 
10°C/Ma, and zircon diffusivity parameters from Reiners et al.4, To is 118°C and Tr is 215°C. A 
zircon 4He/3He step-wise degassing experiment will thus yield data that are sensitive to 
temperatures bounded by both To and Tr. The temperature sensitivity for different cooling rates and 
grain radii ranges from slightly less than 100°C to slightly greater than 250°C, with a typical grain 
providing information over a ~100 degree span within that range. Outside To and Tr, 4He in zircon 
will either be quantitatively retained or completely lost by diffusion, and therefore constrains 
neither hotter nor cooler parts of a tT path.  

 
Figure 1. A.  4He/3He step-wise degassing experiment of a single Fish Canyon Tuff zircon crystal 
(grey boxes). Dashed curve is a model spectrum generated using the known tT path of FCT, but 
assuming a uniform spatial distribution of U and Th in the crystal. Solid curve is calculated using 
the same parameters and the eU zonation profile obtained from the eU concentration map. B. eU 
concentration map of the same crystal, which demonstrates a relatively low eU core and higher eU 
rim. In this case, the integrated complexity in eU zonation appears to have little effect on 4He 
accumulation and diffusion. Color bar is eU concentration in ppm; eU = [U] + 0.235[Th], defined 
by Flowers et al.7  



 
We initially focus on Fish Canyon Tuff (FCT) zircon for several reasons. First, FCT is a commonly 
used standard for other thermochronometers, including the bulk zircon (U-Th)/He method. 
Furthermore, it has a known thermal history; its eruptive age is 28.305 ± 0.03 Ma5. In Figure 1a, we 
present the results of a 4He/3He stepwise degassing experiment of a single FCT zircon. 
Qualitatively, the profile appears to be consistent with an alpha-ejection dominated profile with 
some diffusive rounding. The slight concave down pattern between release fractions 0.4-0.85 
implies that the rim is higher in U and/or Th concentration relative to the core, based on forward 
modeling of theoretical zoned zircons. The spatial distribution of U and Th measured in the same 
crystal using laser ablation ICPMS6 [Figure 1b; presented as effective Uranium (eU)7] corroborates 
this prediction.   
 
Superimposed on the laboratory-derived spectrum in Figure 1a are two model spectra calculated by 
forward modeling of the known cooling history of FCT; one assumes no eU zonation, the other, the 
zonation shown in Figure 1b. Although the differences between these models are small, the model 
spectrum that incorporates zonation more closely resembles the measured ratio evolution diagram, 
particularly in the first half of the spectrum. Both models are unable to reproduce some complexity 
in the final tenth of the laboratory-derived spectrum. This may be due to additional complexity in 
the zoning profile that is not resolved by the LA-ICPMS method for (U-Th) concentration 
measurement. Alternatively, this might indicate that collapsing the 2D LA-ICPMS-derived U-Th 
concentration maps onto a single radial coordinate6 is not appropriate for this zircon. Further, these 
initial calculations assume 4He diffusion kinetics of Reiners et al.4 and do not yet incorporate the 
possible effects of spatially variable 4He diffusivity that may be related to radiation damage 
accumulation8. 
 
To further develop this technique, we seek to better understand the complexity in profiles such as 
Figure 1a. We have generated combined 4He/3He degassing data and U and Th concentration maps 
from zircons with very different thermal histories than FCT. Our preliminary data indicate that 
despite complexity in U and Th zonation, zircon appears amenable to 4He/3He thermochronometry.  
This method should provide insight into the continuous cooling paths of rocks in a temperature 
range previously inaccessible from individual crystals.  
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The (U-Th)/He thermochronometry technique has revolutionised our ability to investigate low 
temperature processes within the shallow crust1. It is now standard practice to analyse single grains 
rather than multigrain aliquots for a variety of reasons, and in most natural samples the vast 
majority of apatite grains are fragments of initially larger crystals. The grains have typically been 
broken along the distinct basal cleavage in apatite during the mineral separation process. In many 
instances the single grain ages from a given sample are severely dispersed, and often poorly or 
uncorrelated with either grain size (typically expressed as spherical equivalent radius) or U or Th 
content. This suggests that there must be another common cause of dispersion other than absolute 
grain size or differences in 4He diffusivity caused by radiation damage accumulation. 
 
Using a numerical model and a finite cylinder geometry to approximate 4He diffusion in apatite we 
show that much of the range of this ‘over dispersion’ is explained when broken grains are treated 
explicitly as fragments of larger grains2-3. This situation is clearly indicated by the common 
occurrence of only 1 or no clear crystal terminations present on separated apatite grains and cleanly 
broken surfaces as indicated in SEM images of these grains.  
 
The modelling also demonstrates that the shape of the 4He distribution within an individual crystal 
is indeed inherent in the pattern of dispersion of individual fragment ages for a given sample. We 
describe and demonstrate a new inversion approach that exploits this information by modelling the 
single grain ages explicitly as fragments of larger grains to obtain robust constraints on a sample’s 
thermal history. Our new approach yields similar thermal history constraints to those obtained from 
the single 4He/3He technique4, with the added advantage that it does not require the analysis to be 
performed on whole crystals. The practicality of the approach is demonstrated using a series of 
hypothetical thermal history styles representing a range of geologically plausible and variable 
thermal histories and using a real example from the Bushveld Igneous Complex in South Africa. 
 
The advantage this new approach is that it can explicitly accommodate the effects of temporally 
variable diffusivity (e.g. radiation damage accumulation and annealing models), zonation of U and 
Th and arbitrary grain size variations, and it will work equally effectively for whole or broken 
crystals, or indeed the more likely situation where there is a mixture of both. Our experiments also 
indicate that when broken crystals with 1 and no terminations are analysed it is unreasonable to 
expect these analyses to replicate and to produce a single, discrete sample age. If broken grains with 
no terminations are analysed then these crystal ages may replicate, but would produce an 
erroneously ‘old’ sample age. We suggest that for routine single grain (U-Th)/He analyses on 
samples where whole grains are rare, or unavailable, then 15-20 single grain analyses are required 
to fully characterise the range and pattern of dispersion that is likely, and that a single ‘sample age’ 
has little physical meaning or use in these cases. The experiments also suggest that picking very 
short crystal fragments as well as long fragments, or even deliberately breaking long crystals to 
maximise the age dispersion arising from this cause, would ensure the best constraints on the 
thermal history models. 
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The number of fission tracks is counted under an optical microscope after etching. However, as fission track density per 
unit area rises, it becomes difficult to count the number of tracks because tracks overlap one another and are unable to 
be readily distinguished. The atomic force microscope (AFM) has a potential to observe fission tracks with high density 
after a short time etching1-2.� This research reports the several findings in observation of natural zircons by the AFM. 
 
When zircon with high track density (e.g., > 30 tracks/10-6 cm2) was observed, many small pits with the depth less than 
20 nm were found together with fission tracks (Figure 1).  Fission tracks show deeper depths of ~50nm when the 
sample was readily etched and can be reasonably distinguished from other topographic lows.   However, when etching 
time is too short (e.g., 1 hours at 230°C), depth difference is not perfectly obvious and the number of counted tracks 
were more than those expected based on U-Pb age, probably due to difficulties in recognising the fission tracks among 
structures other than fission tracks.  
 
In the observation of young zircons collected from modern volcanic product, dynamic range of surface topography is 
less than 5 nm after the etching of 10 hrs (Figure 1).  Many surface shallow etch pits with the depth of ~20 nm found 
in old zircons do not exit.   Occasionally a hole with the depth of ca. 10 nm was found on the smooth surface. Because 
these zircons are from modern volcano and existence of a fission track is less plausible, these countable holes may be 
alpha recoil tracks.  The depth of these holes is concordant with the shallow pits found in old zircon.  Therefore, these 
shallow pits may also be alpha recoil tracks.   
 
To see the behavior of shallow pits in old zircon, zircon was annealed at 600°C or 1000°C and observed. The surface 
topography have not changed much and 10~15nm pits were still preserved in the sample after 600°C annealing. After 
1000°C annealing, the surface topography become a little flat, and as smooth as modern zircon.  Fission tracks were 
not recognised after 1000°C annealing and this observation fits the previous annealing experiment to measure track 
length and density under the optical microscope. If shallow pits are assumed to be alpha recoil tracks, they are as 
resistant as fission tracks against heating.        
 

 
Figure 1. AFM images of zircons and depth profile along the dotted line. 
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Laser ablation mass spectrometry (LA-ICP-MS) in combination with recent developments in 
digital microscopy, image analysis and computer software has allowed the implementation of a 
new automated counting approach for apatite fission-track (AFT) analysis1. We refer to this 
approach as the ‘automated counting-LA-ICP-MS’ method (ACLA). A major advantage of this 
methodology over conventional external detector method2,3 (EDM) is that since the uranium 
content of the apatite grains is determined by LA-ICP-MS neutron irradiation is not required and 
that a permanent digital imaging record for the analyzed grains is preserved. Two major 
components comprise the ACLA method; a) the ‘automated counting’ of spontaneous tracks 
performed on high-resolution images captured from apatite grains, and; b) the measurement of 
238U content in apatite by LA-ICP-MS, which has been tested previously as a viable approach4. 
More details on the ACLA method using a calibration employing the zeta approach3,4 can be 
found in Lugo-Zazueta (2013)5. 

In order to define the viability of the ACLA method and the reliability of results, we carried out a 
detailed study on apatite standards as well as on non-standard samples. This study involved data 
generation and analyses from 165 Fish Canyon Tuff apatite crystals and 40 Durango apatite 
crystals. Additionally, a comparative study between the EDM and the ACLA methods was 
performed on a set of thirteen granitoid samples from northwestern Mexico5 and four granitic 
samples from the eastern Dharwar craton (EDC), India6. For comparison at least 20 grains were 
analyzed per sample. Laser ablation of apatites was carried out using 25 µm laser beam diameter, 
with laser output energy of 70 mJ (5Hz) creating an ablation pit of ~9µm depth. For each apatite 
grain, single laser ablation measurements were carried out. Analyses on Fish Canyon Tuff 
crystals yielded an AFT age of 28.1±0.6 Ma (1σ), and 28.8±1.1 (1σ) Ma for Durango Apatite. 
These pooled-U AFT ages are in good agreement with the ages reported using other 
geochronology techniques3. Calculated AFT pooled-U ages from northwestern Mexico ranged 
from 13.4±0.9 Ma to 42.0±3.6 Ma, while AFT ages from the EDC ranged from 140±3.1 Ma to 
218.4±12.1 Ma. The AFT ages determined by the ACLA method for these samples were in good 
agreement with the AFT ages previously determined by the conventional EDM method on the 
same samples5,6. 

Overall the results from the apatite standards and the comparative study were found to be very 
encouraging. We recommend further studies and assessments for development of a robust 
protocol for LA-ICP-MS to determine the uranium content, as well as assessing the viability of 
implementing a calibration factor for the ACLA method. 
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The purpose of this project is to implement automated feature detection in microscope images 
of apatite crystals. One of our goals is to automatically detect etch figures within apatite 
crystal images captured at different focal depths. Previously, we performed automated etch 
figure detection using algorithms designed to identify specific features of etch figures within 
an image. We are now taking a new approach to etch figure detection based on template 
matching techniques. Our method consists of finding locations in the image that closely 
match our etch figure template images from a large library of etch figure samples. Our 
algorithm searches not only within a single image but also within a stack of images at 
different focal depths, effectively searching for etch figures in three dimensions. Furthermore, 
our software uses a library of multi-layer template images that contain 3D data about etch 
figures.  

 
In addition to detecting etch figures, another goal of our project is to automatically detect 
fission tracks in apatite crystal images. Our approach involves detecting tracks based on 
contrast differences between the center and edges of each potential track. For every position 
at each angle between 0 and 180 degrees, all potential tracks along the corresponding line are 
scored based on a combination of length and how closely they conformed to the expected 
traits of a fission track. The best track from each line is stored, and this library of tracks is 
periodically culled, removing tracks that are similar enough to be considered duplicates and 
then keeping only the best of the remaining tracks. The final track library is exported as a 
CSV file, which is read by our LabVIEW interface and presented for the user's judgment.  

 
Finally, we also created a user interface to these command line analysis tools. For this, we use 
LabVIEW as it supports an easily customizable, module-based workflow. Since our feature 
analysis system is not perfect, it needs human input as well as the systems input. We are using 
LabVIEW so that the user can verify the output of the system as well as add any potential 
tracks that the system misses. We use the IMAQ functionality of LabVIEW, an image 
function that allows overlays to be added to the image. The system takes in a folder of images 
and uses the track finding module to calculate a rough estimate of track positions. The 
LabVIEW system draws lines based on these positions, at which point the user is able to 
categorize each line as accurate or inaccurate. If the track finding module missed any tracks, 
the user can also draw new track lines in LabVIEW.  
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Recent advances in the use of LA-ICP-MS for fission track dating allow a new approach to apatite fission track analysis 
that obtains and utilizes LA-ICP-MS-derived UPb ages and chemical composition data for both age and length grains1.  
ApUFT (apatite uranium fission track) provides additional information during the analysis to facilitate a better 
understanding and interpretation of apatite fission track data.  We present two examples that highlight how these 
additional data were useful when interpreting results. 
 
Example 1 – recognizing and removing contaminant grains.  We received a sample with the following constraints: 
1. subsurface cuttings, 2. stratigraphic age ~120 Ma, 3. present-day temperature ~60°C, 4. required uplift and erosion of 
~1-1.5 km within last 5 m.y.).  ApUFT data from this sample (age ~107 Ma, M.L. ~14 µm) were inconsistent with the 
geologic history of the region, which required that ~1-1.5 km of section had been removed from the surface since 5 Ma.  
All attempts to model the original data set failed due to the presence of abnormally old fission track grains that should 
not have been present in the sample, since it had recently cooled from significantly higher temperatures.  After 
verification that contamination during processing was not an issue, it was ultimately determined that caving during the 
drilling process was the likely cause for the presence of the old fission track grains.  Subsequently, by using the ApUFT 
results from the sample (Fig. 1A and 1B), which showed that the abnormally old fission track grains also had 
significantly older UPb ages, we were able to remove all fission track age and length data contributed by the older 
grains and successfully model the fission track results collected from only the younger fission track grain population. 
 

 
      (A)      (B) 

 
      (C)      (D) 
 
Figure 1. Example plots from the two samples discussed. 1A and 1B present the ApUFT age and track length data for 
Example 1 plotted against each grain’s UPb age. Using this information, one can easily separate out both age and 
track length data from any of the different populations shown.  1C presents the REE (chemical composition) data for 
the ApUFT age grains discussed in Example 2. 1D presents ApUFT age data for Example 2 plotted against each 
grain’s ApUPb age. The young ApUPb age population shown in 1D is the same population shown in green in 1C, with 
lower normalized C1 chondrite values. 
 
Example 2 – recognizing and modeling individual detrital populations within a mixture.  We received a sample with the 
following constraints: 1. subsurface cuttings, 2. stratigraphic age ~150 Ma, 3. present-day temperature ~75°C, 4. 



geologic history that required significant burial within the last 5 m.y.).  ApUFT data from this sample (age ~165 Ma, 
M.L. ~13.5 µm) were consistent with an interpretation that the sample had not yet equilibrated to prevailing present-day 
temperatures and, therefore, provided provenance information only.  By using both the REE and UPb results from the 
sample (Fig. 1C and 1D), which showed there were at least two distinct populations of grains represented within the 
sample, we were able to split out the ApUFT age and length data contributed by each of the apparent grain populations 
and model their ApUFT results separately.  A similar approach would also be applicable to detrital fission track studies, 
and could potentially greatly expand the amount of information gained from such studies.  
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Advances in Ar mass spectrometry – removing the H35Cl interference 
John Saxton 

Nu Instruments Ltd, 74 Clywedog Road South, Wrexham, LL13 9XS, UK 
 
Recent development of the Nu Instruments Noblesse noble gas mass spectrometer has resulted in 
increased mass resolving power (MRP), and much improved ability to deal with isobaric 
interferences. The source design also allows the MRP to be adjusted without the complexity of a 
movable source slit. We demonstrate this improved performance by considering the HCl and C3 
interferences at mass 36. These are particularly important in Ar-Ar dating as 36Ar is used for 
correction of the trapped atmospheric component.  
  
Data were obtained on an instrument which was – intentionally – only lightly baked and therefore 
had high levels of interferences.  
 
 

  
 
 
Figure 1. peak shapes at masses 40 and 36.  
 
Instrument performance was assessed by admitting different sized air samples, and measuring the 
36Ar/40Ar ratio. This was done for both larger samples (40Ar measured on the Faraday, 36Ar from 11 
to 90 kcps) and smaller samples (40Ar measured on an ion counter, 36Ar from 300 to 2400 cps).  
 
Data were plotted in the format 36Ar/40Ar vs. 1/40Ar. This is suitable for a mixture of fixed blank and 
variable amounts of sample (=air), and is very useful for assessing instrument performance: the data 
should lie on straight line (assuming linear response); the slope gives the amount of interference; 
the intercept gives the ratio in the absence of interference; and dispersion can be assessed.  
 



Several datasets have now been obtained. These indicate that up to 99% of the HCl is removed, 
depending on the exact 36Ar mass setting. Furthermore, the reproducibility of the data is not 
significantly worsened by measuring 36Ar alone in comparison to 36Ar+HCl combined. In one 
example, one of the small sample datasets (comprising 54 measurements of 36Ar/40Ar, 300 – 2400 
cps of 36Ar in the presence of 600 cps of HCl and 6000 cps of C3) gave dispersions follows: 36Ar 
alone, rms from mean 1.1%; 36Ar alone, rms from line 0.7%; 36Ar+HCl combined, rms from line 
1.5%. The data will be described more fully at the conference.  
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In-situ U-Th-Sm-He Thermochronology 
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The AuScope AGOS GeoHistory Facility at Curtin University houses the prototype 
RESOchron instrument suite designed to conduct rapid, automated in-situ U-Th-Sm-Pb-He 
(and trace element) analysis of multiple mineral grains. This novel capability permits a 
detailed interrogation of the time-temperature history of rock types containing apatite, zircon, 
rutile, titanite and other accessory phases. In addition to providing a conventional zircon U-Pb 
geochronology capability, the system provides thermochronometry data via in situ (U-Th-
Sm)-He dating. The benefits of in-situ (U-Th-Sm)-He thermochronology relative to 
conventional standard single crystal analysis include: 
 

• Increased research productivity (10-20 fold); 
• Eliminate the need to use hazardous HF; 
• Eliminate the need for Ft corrections; 
• The ability to avoid mineral/gas inclusions and other sources of contamination; 
• A new capability for He mapping and depth profiling. 

 
The analytical system integrates three commercially available components: 

 
(1) A 193 nm excimer laser based on the Resonetics RESOlutionTM M-50-LR design, 
(2) A helium mass spectrometry module based on the Australian Scientific Instruments 

ALPHAchronTM design, 
(3) Two swappable analytical chambers built by Laurin Technic: 

• M50 flow-through cell for trace element analysis, and 
• An ultra-high vacuum (UHV) cell for helium analysis. 

 
An ICP-MS instrument is required for analysis of parent isotopes, Pb and trace elements. 
Development work has begun with polished zircon grains, helium extracted in the UHV cell 
using the following optimised excimer laser ablation settings; 30s ablation, 33µm beam width, 
3Hz frequency, 12% attenuation, 80-100mJ energy and 2.3J/cm2 fluence. Pits are typically <8 
µm deep and pit volumes are measured using confocal laser microscopy. U, Th and Sm are 
subsequently analysed in a laser pit ablated over the original helium pit using traditional 
ELA-ICP-MS methods1. (U-Th)/He ages are calculated using standard radiometric decay 
equations. 
 
Using the RESOchron instrument, 4He can be reliably measured in pits as small as 10 µm x 
10 µm (diameter x depth) with a precision ±1.2% on larger volumes. The 4He extraction 
process has no discernable impact on the U and Th content of the residual sample material 
indicating an apparent preservation of parent-daughter relationships. Sri Lanka zircons B188 
and RB140 are prospective in-situ double dating standards with RESOchron in-situ ages 



falling within 5% of known (U-Th)/He ages (Table 1). A zircon from Cambodia with 
homogeneous U, Th and He distribution is another potential standard candidate. 
 

 
 
Table 1. Traditional and In situ (U-Th)/He ages of potential zircon standards 

Potential in situ 
(U-Th)/He Zircon 

Standard 

U (ppm)* Th (ppm) In situ (U-Th)/He Age 
(Ma) 

Traditional2 
(U-Th)/He age 

(Ma) 
B188 578 ± 18 58 ± 2 420 ± 13 435 ± 15 

RB 140 318 ± 12 126 ± 5 415 ± 15 433 ± 20 
Cambodia 102 ± 3 41 ± 1 319 ± 9 In progress 

*Determined using ELA-ICP-MS; NIST 610 as primary standard and 28Si as internal standard element 
 
Continued technique development will focus on improving the accuracy and precision of age 
determinations, including: 

• Optimizing instrument and sample preparation protocols for laser extraction and 
microanalysis of U, Th, Pb, Sm and He from a variety of minerals; 

• Development of synthetic and natural mineral standards for in-situ U-Th-Pb-He 
dating; 

• Optimise techniques for quantitative He measurement by testing various methods of 
laser pit volume measurement (and/or proxy isotope analysis). 
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Optimizing (U-Th)/He thermochronology by full chemical 
characterization in apatites  
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Interpretation of the low-temperature thermochronometer apatite (U-Th)/He (AHe) data is based on 
our ability to describe the entire processes influencing the He system. Recent studies1-2 show that 
He retention in the apatite crystal lattice is not constant but is a function of the level of α-recoil 
damage created by U-Th decay. Models3-4 have been developed to explain He retentivity behavior 
in relation to alpha damage but not compositional effects. A recent study5 proposed that the recoil 
damage annealing is strongly dependent on the grain chemistry similar to what has been observed 
on apatite fission tracks6. A quantum investigation of the He diffusion also defined the influence of 
the chemistry on the He diffusion process7 and therefore we stress the importance of taking apatite 
composition into account when determining U-Th ages. To make this practical we have developed 
new analytical protocols in order to have: (i) an easy-to-use and straightforward chemistry protocol 
for sample preparation and full elemental analysis by ICP-MS; (ii) the use of La-ICP-MS and 
electronic microprobe complementary techniques for element cross-calibration and data validation. 
We also applied the protocol to a geological case study for validation.  
 
The protocol was applied to samples of the Durango and Limberg tuff apatite standards and detrital 
apatite grains from Triassic sandstone, Paris Basin5. After grain picking and He degassing, 
associated apatites were dissolved and the major elements (including F, Cl), minor and trace 
elements were analysed by solution ICP-MS. Analytically, the protocol proved a promising tool for 
a complete chemistry investigation in terms of sensitivity (negligible background contribution for 
all elements), accuracy (13 to 15 repeated analysis runs for one sample), precision (relative 
precision < 4%) and time-consuming efficiency (high analysis rates). Preliminary in situ analyses 
on larger apatite grains by La-ICP-MS and electronic microprobe techniques also proved helpful for 
consistent U-Th content cross-calibration and achieving good reproducibility of the AHe ages. 
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An empirical test of the fragmentation effect and age dispersion in 
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Over the last decade or so major progress has been made in developing both the theoretical 
and practical aspects of apatite (U-Th)/He thermochronology1,2. However, a persistent 
problem of excessive age dispersion, especially from samples from slowly cooled terranes 
such as cratons, has not yet been satisfactorily explained3. This often undermines the routine 
application of the methodology. 
 
The aim of this study was to carry out an empirical test of a novel new approach to (U-Th)/He 
thermochronology4,5 that recognises that a significant component of the natural dispersion 
commonly seen for single crystal (U-Th)/He (AHe) age measurements (i.e. the dispersion that 
exceeds that expected statistically from the analytical precision of measurements alone) arises 
because single grains are often fragments of larger grains. The individual prismatic crystals of 
apatite that are routinely analysed are often broken parallel to the weak cleavage direction 
perpendicular to the prismatic c-axis during rock crushing and mineral separation. This is 
indicated by the common occurrence of only 1 or no crystal terminations in separated apatite 
grains1,6. 
 
The experiment was conducted using a vertical sequence of 12 samples from the Ballachulish 
Complex in Scotland. The samples are from elevations between sea level and 1001m and 
yield excellent quality euhedral apatite crystals. Persano et al.7 report AHe ages on a sub-set 
of these samples (using multi-grain aliquots) of 77 ± 8 to 265 ± 26 Ma (±2σ) and AFT of 186 
± 6 to 257 ± 12 Ma (elevation range 195 – 1001m). 
 
In this study we aim to use the spectrum of ages as a function of elevation to examine the 
actual pattern of age dispersion with the theoretical pattern expected from populations of 
grain fragments4. We will report new single grain AHe age data from the Ballachulish profile 
to document the range and pattern of single grain age dispersion, both within samples and 
between samples, coupled with thermal history modeling tests performed using the Helfrag 
approach described by Beucher et al.5. 
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(U+Th)/Ne dating of secondary Pb mineralization from Leadhills-
Wanlockhead, southwest Scotland, supports an origin during the onset 

of northern hemisphere glaciation. 
 

Finlay M. Stuart 
Isotope Geosciences Unit, Scottish Universities Environmental Research Centre, East  

Kilbride G75 0QF, UK 
 
 
The weathering of base metal deposits gives rise to the development of assemblages of exotic low 
temperature mineral species that provide a record of the interaction between primary mineralization, 
groundwater and atmosphere.  As well are tracing subtle changes in hydrology, these processes are 
often responsible for the enrichment of rare metals to economic grades.  The timing of secondary 
mineral formation is, consequently, of importance for palaeo-environmental reconstruction and 
mineral exploration.  
 
The secondary mineralization at Leadhills-Wanlockhead in SW Scotland is a globally-exceptional 
mineral assemblage that includes over 100 mineral species1 that reflects unusual conditions of 
formation and/or circumstances of subsequent preservation.  They are certainly pre-glacial - 
oxidised asemblages are scarcely developed on glacially exposed Pb deposits elsewhere in northern 
Europe, but are widely developed in less glaciated and unglaciated areas e.g. Cornwall. Belgian 
calamine deposits are known to be pre-late Cretaceous, and it seems likely that other oxidised ore 
bodies also retain Mesozoic atmospheric and water table information.  The Leadhills-Wanlockhead 
secondary mineral assemblages contain a high-resolution record of protracted weathering.  In an 
effort to develop a genetic model of secondary Pb mineralization we are determining the 
paragenetic sequence and the fluid compositions and physical conditions of the secondary 
mineralization. 
 
The age of the secondary mineralization is difficult to measure.  There are no Pb-free or K-bearing 
minerals that would allow conventional U/Pb or Ar/Ar age determinations.  We have identified that 
several mineral species contain significant U levels (10-20 ppm), and sub-ppm Th. We have 
initiated a programme of (U+Th)/He and (U+Th)/Ne dating of vanadinite (Pb4(VO4)3Cl) in an effort 
to constrain the timing and duration of secondary mineralization.  Despite relatively high U 
concentrations, the extremely low He concentrations are indicative of complete diffusional loss.  
However, significant concentrations of 21Ne in excess of atmosphere have been measured in all 
samples (n=6).  Using the average U (and Th) content measured in multiple aliquots of vanadinite 
from the same sample, yields (U+Th)/Ne ages of 3-4 Ma for all samples.  This coincides with the 
onset of northern hemisphere glaciation, and it is tempting to draw conclusions regarding the 
environmental conditions necessary to precipitate and preserve such an exceptional secondary 
mineral assemblage.  Ongoing work is aimed at assessing the extent of diffusional loss of 21Ne from 
vanadinite, and improving the precision of Ne isotope determinations. 
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Zircon is an extremely durable mineral, which is commonly found in siliciclastic rocks and is 
rich in U and Th. These properties make zircon uniquely well suited for sedimentary 
provenance studies. Using micro-analytical methods such as LA-ICP-MS or SIMS, it has 
become routine practice to determine the probability distribution of ~100 detrital zircons (DZ) 
as a characteristic fingerprint to trace the flow of sand through modern and ancient sediment 
routing systems. Literally dozens of papers employing this method are published each year. 
The power of such provenance studies would greatly increase if it were possible to routinely 
double-date DZs with the U-Pb and U-Th-He methods. Several research groups around the 
world are currently pursuing this goal using a variety of approaches. Boyce et al.1 and 
Tripathy-Lang et al.2 use a 'first principles' approach, in which the absolute concentrations 
(e.g., in units of fmol/µm3) of U, Th and He are measured by laser ablation. Vermeesch et al.3 
proposed an alternative approach, in which the raw mass spectrometric measurements are 
normalised to a standard of known 208Pb/206Pb and U-Th-He ages. The advantage of the latter 
approach is that it greatly reduces the influence of matrix effects and differences in ablation 
rate. We here present the compositional analysis of a commercially sourced megacrystic Sri 
Lanka zircon suitable as an in-situ U-Th-He dating age standard.  

 
'SL-1' is of uniform pale-yellowish color. This large grain (1.2×0.8×0.8 cm) is rounded, with 
no original crystalline facets preserved, suggesting it has probably experienced long-distance 
fluvial transport. Cathodoluminescence (CL) imaging analyses of about 50 shards of SL-1 
shows no visible internal texture variations, even though fine-tunings of signal intensity and 
brightness were implemented. This suggests that the zircon SL-1 is texturally homogeneous. 
The spatial uniform distributions of U and/or Th are demonstrated by two methods: 
spontaneous fission-track mapping by optical microscopy and elemental mapping by scanning 
electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS). Quantitative U 
and Th measurements were performed by Laser Ablation Inductively Coupled Plasma Mass 
Spectrometer (LA-ICP-MS). A general survey of 20 randomly selected shards and transect 
analyses along six profiles by LA-ICP-MS reveals no U and Th zoning, and determines the 
238U and 232Th concentrations, at 358 ± 10 ppm and 736 ± 18 ppm respectively. Preliminary 
conventional U-Th-He age analyses on small fragments yield consistent ages of ~475 Ma. 
Since the parent nuclides are uniform in SL1, the consistent U-Th-He ages imply He is 
uniform within SL-1 as well. These primary results will be refined by more on-going 
analyses.  
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The (U-Th)/He thermochronology of accessory minerals like apatite and zircon provides excellent 
constraints on low temperature thermal histories. The majority of low-T thermochronological 
studies, however, is limited to the occurrence of these two minerals. Veins and hydrothermal 
deposits are major archives of localized fluid flow and short-lived thermal anomalies of the 
uppermost crust but in these deposits these usually dated minerals are typically lacking. 
Thermochronology beyond apatite and zircon is a key for understanding the age and the timing of 
such processes. The importance of fluorite as possible geo-thermometer is due to its common 
occurrence in ore deposits and carbonate host rocks and its sensitivity to thermal overprints below 
200 °C1,2. 
 
The need to constrain the age of ore deposits led to the development of isotopic techniques for 
fluorite geochronology using Sm/Nd3,4 and U-Th-Pb5 techniques. Furthermore, fluorite low-
temperature (U-Th)/He thermochronology (FHe) was introduced by Evans et al.1 and applied by Pi 
et al.2 and Siebel et al.6.  
Fluorite commonly occurs in high- to low-temperature hydrothermal veins, as accessory mineral in 
granite, pegmatite, alkaline intrusives, carbonatite, and stratabound deposits, and as cement in 
sandstones. The diffusion parameters of helium in fluorite are still under debate and estimated 
closure temperature range from 90°C to 200°C1,2. These estimates, however, are based on very few 
diffusion experiments only, not taking into account the huge chemical variability of fluorite.  
 
To further evaluate fluorite (U-Th)/He methodology we followed a twofold strategy. First, the 
method is applied in a regional case study and the results are integrated in a multi-method 
thermochronological history together with already established thermochronological methods like 
AFT and AHe. The Erzgebirge is well suited for a field study because (i) it is well known for its 
various fluorite occurrences, and (ii) the possibility to apply additional low temperature 
thermochronometers. Once the exhumation and thermal history of the Erzgebirge is well 
constrained by other methods, the obtained fluorite (U-Th)/He ages can be included in the time-
temperature path and information on the closure temperature range can be extracted (Fig. 1). 
 

 
Figure 1. Time-temperature plot illustrating our twofold approach to determine the closure 
temperature for He diffusion in fluorite based on (i) diffusion experiments (left side) and (ii) a 
regional case study (right side). 
 



Second, the resulting closure temperature of FHe is compared to the theoretical diffusion behavior 
of helium in fluorite. Bulk diffusion experiments on natural fluorite are performed to infer the 
activation energy Ea and the diffusivity Do/a2. Variations in crystal chemistry and structure due to 
substitution for Ca by rare earth elements and Yttrium (REE+Y), and other cation are monitored by 
ICP-MS measurements.  
 
The analysis of 180 fluorites has yield concentrations between zero and 74 ppm U, zero and 245 
ppm Th, and zero and 165 ppm Sm. Mean concentrations are approx. 0.9 ppm U, 4.4 ppm Th, and 
8.7 ppm Sm. The apparent fluorite (U-Th)/He ages are all Cretaceous in the entire Erzgebirge. 
 
In a mining district of the German-Czech Ore Mountains (Horni Krupka) a fluorite sample of 300 ± 
12 Ma (U-Th)/He age yields a closure temperature of ~170 °C, while the minerals with 
considerably younger Late Cretaceous cooling ages yield considerably lower closure temperature 
(~60 °C). This variation in closure temperature is correlated to the REE content. The high closure 
temperature variety of fluorite could keep quantitatively the helium since the formation of the 
fluorite-bearing ores in Carboniferous time7 in spite of the Mesozoic burial and hydrothermal 
heating of the area. On the contrary the low closure temperature variety of fluorite yields ages close 
to AFT cooling ages benchmarking the Late Cretaceous exhumation period in the region8. 
 
Our study on fluorite (U-Th)/He thermochronology demonstrates the feasibility of dating the 
thermal history of hydrothermal deposits by fluorite chronometry, however, the highly variable 
closure temperature calls for detailed mineralogical and chemical characterisation of the dated 
fluorites. 
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The timing of cooling and exhumation of HP-LT metamorphic terranes has traditionally been 
constrained by a combination of white-mica 40Ar/39Ar and lower temperature (U-Th)/He techniques 
(e.g. apatite and zircon). However, the interpretation of 40Ar/39Ar data from phengite is often 
clouded by complex multi-stage growth histories and extraneous Ar contamination1.  This leaves a 
significant   ‘gap’   between 200-400°C for which there are no well-characterized 
thermochronometers.  In the depressed geothermal gradient which characterizes subduction zone 
settings, cooling through this thermal window should be coincident with exhumation from mantle 
depths. Several newly developed (U-Th)/He thermochronometers, magnetite, rutile, and specifically 
garnet are sensitive to cooling through this temperature interval.   
 
Garnet is a common, rock-forming phase in HP-LT assemblages across a variety of bulk 
compositions, making it a particularly attractive thermochronometric tool.  Furthermore, previous 
diffusion experiments have suggested closure temperatures in excess of 250°C for pyrope-
almandine compositions2.  However, the effect of compositional variance on He diffusion in garnet 
has not been thoroughly explored. We present new age determinations and diffusion data from 
natural, end-member composition garnets from a variety of geologic settings.  Grossular-andradite 
compositions sourced from skarns are particularly tractable to the (U-Th)/He method due to their 
relatively high U concentrations (> 1 ppm).  A diffusion experiment conducted on gem-quality 
grossular-andradite garnet from Mali yields a closure temperature of 312 ± 35°C for 10°C/m.y. 
cooling rates (Fig. 1). Unlike skarn derived garnet, the concentrations of alpha producing 238U, 235U, 
232Th, and 147Sm in HP-LT garnet are inherently low (<< 1 ppm).  Therefore, aliquot sizes 
approaching 1 mg are necessary for this method and raises the likely of introducing inclusions.  Due 
to its high closure temperature, however, radiogenic He derived from more U and Th rich phases 
(e.g. zircon, apatite, epidote, etc.) may be retained by the host garnet once it has passed through its 
closure window, making it, effectively,  a  He  ‘bottle’. 
 
In order to test the viability of garnet (U-Th)/He in a HP-LT setting, we conducted age 
determinations and diffusion experiments for garnets from eclogite and blueschist facies 
assemblages from the Cycladic Blueschist Unit (CBU) of northern Syros Island, Greece. Previous 
garnet Lu-Hf dating constrains the timing of peak P-T conditions at 50 ± 2 Ma3.   Zr-in-rutile 
thermometry data suggests that packages of HP-LT metamorphic rocks across Syros did not 
undergo markedly different P-T evolutions after reaching peak temperatures and pressures of 500-
550°C and ~1.6 GPa3. Cooling below zircon and apatite (U-Th)/He closure temperatures occurred 
in the middle Miocene, concurrent with slab rollback and back-arc extension in the region. This 25 
m.y. gap between peak P-T and exhumation from upper crustal levels together with the recent 
nature of metamorphism make the CBU the perfect testing ground for the ability of garnet to 
resolve cooling through the 300° to 200°C window. Blueschist facies garnet was sampled from > 1 
cm diameter porphyroblasts.  In thin section, garnets are fractured and inclusion rich, containing a 
variety of HP-LT minerals as well as U and Th-bearing zircon, apatite, rutile and titanite.  Despite 
this, samples yield reproducible middle Miocene ages, consistent with magnetite, zircon, and apatite 
(U-Th)/He data.  A diffusion experiment conducted on this garnet displays multi-domain behavior 
and yields temperatures within error of zircon closure temperatures (Fig. 1).  Thus, both step-
heating experiment and age data confirm a lower closure temperature than expected.  We argue that 
fracturing and inclusions, particularly zircon, are controlling He diffusion in these garnet, rather 
than it acting   as   a  He   ‘bottle’.  Cleaner and more intact HP-LT garnet could retain He at higher 
temperatures, and may shed light on the earlier exhumation history of the CBU on Syros. 



 
 

Figure 1. Results of step-heating experiments on two samples of garnet. MA237 is a sample of 
skarn derived grossular-andradite garnet from Mali. 12SY13 are internal fragments of garnet 
porphyroblasts from a blueschist-facies metasediment from Syros Island, Greece.  Errors were 
calculated from least-squares regression at a 95% confidence level.  
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Within geosciences, the use of fission tracks in various minerals as a thermochronological analytical 
technique is of high importance. The visualization of spontaneous and induced fission tracks uses 
the well established etching technique. Carbonate minerals have been tested in the past with differ-
entiated results. The latest research clearly indicated that fission tracks develop in carbonate miner-
als and that specific etching conditions reveal fission tracks in carbonate minerals 1, 2. As carbonate 
minerals are excellent minerals for spectroscopic analytical techniques the use of those techniques 
to non-destructively visualize fission tracks was tested.  
 
Various carbonate minerals were irradiated within two different orders of ion energy. One energy in 
the order of GeV the other in the order of MeV, close to the normal fissioning energy. Mono crys-
talline samples of carbonate used in these experiment are: trigonal calcite (CaCO3), rhomboedric 
aragonite (CaCO3), monocline malachite (Cu2[(OH)2/CO3]), trigonal rhodochrosite (MnCO3), and 
trigonal dolomite (MgCO3) were irradiated at the GSI, Darmstadt and the RGP Institute Yadernoi 
Fiziki, Astana, Kazakhstan.  
 
At GSI carbonate minerals were irradiated by the UNILAC accelerator with, 11.1 MeV/u 197Au-
ions, and 11.1 MeV/u 209Bi applying fluences of 1×106, 5×106, 1×107, 5×107, 1×108, 1×1011, and 
1×1012 ions/cm . At the RGP Institute carbonate minerals were irradiated by the Astana accelerator 
with 1.7 MeV/u 84Kr ions applying fluences between 1×1010 and 1×1012 ions/cm . The lower mass 
and energy of these Kr ions is closer to the conditions provided by the natural fissioning process of 
238U. 
 
All crystals were analyzed by Raman and UV spectroscopy. The results indicate the possible use of 
spectroscopic techniques for non-destructive quantifying the volume density of fission tracks in 
carbonate minerals. 
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Speleothems provide one of the best terrestrial archives for paleoclimate and its long-term 
variability, a record which is predominantly based on U-Th disequilibrium dating. We 
propose a new avenue to date speleothems utilizing (U-Th)/He in calcite and aragonite - a 
geochronometric system with no upper age limitation which could potentially extend 
speleothems-based paleoclimatic records beyond ~500 ka. The method can also complement 
and help cross-check the recently-matured U-Pb carbonate dating methodology and could 
potentially be easier to apply.  

 
Our initial results indicate that radiogenic helium accumulates to measurable quantities in 
speleothems with common uranium content. In order to characterize and quantify the long-
term helium retentivity of speleothem-derived carbonates we utilize speleothems from 7 caves 
with average annual temperatures which vary from 0oC to >20oC, stretching from Siberia at 
the north, to the northern margin of the Saharan-Arabian desert at the south, with independent 
age control provided by U-Th disequilibrium and U-Pb ages. Promising initial results 
delineate identical (U-Th)/He and U-Th disequilibrium ages and no helium loss for two 
samples from Siberia (~1oC) vs. significant (~60-80%) but predictable loss for speleothems 
from a setting of 20oC.  
 
Initial step-heating diffusion experiments for speleothem-derived calcite delineate activation 
energy of 29.2-31.4 kcal/mol and a multi diffusion domain (MDD) behavior. Such 
experimental data can be used to predict the fractional loss of helium under given long-term 
temperature conditions and could also constrain near-surface paleo-temperatures where 
independent speleothem ages are available.  
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Apatite (U-Th)/He (AHe) thermochronology is one of the major tools used to decipher the 
thermal histories of rocks in the upper kilometers of the earth’s crust. The method is sensitive 
to temperatures from ~30-90 °C depending on apatite chemistry, and AHe has been 
extensively applied in active orogens and basinal settings around the world to constrain 
thermal histories and associated episodes of burial and unroofing. However, AHe 
thermochronometry is currently limited to rocks in which crystalline apatites of sufficient 
quality occur. Although this mineral is common in granitoid, metamorphic, and coarse clastic 
sedimentary rocks, carbonates and shales generally contain neither apatites nor any other 
established thermochronometer. For this reason, the thermal histories of carbonates and shales 
cannot be constrained using current methods. Here we explore the potential of conodont AHe 
thermochronometry to solve this problem. 
 
Conodonts are biomineralized structures composed of microcrystalline hydroxyapatite. They 
are thought to represent the feeding apparatus of a soft-bodied marine chordate that existed 
from Cambrian through Triassic time1. Conodonts are often used as semi-quantitative 
indicators of peak temperature because remnant organic matter within the conodont 
irreversibly changes color as it progresses from ~50 to 600 °C2-3. This color progression is 
well-documented as the Conodont Alteration Index (CAI) but imposes no temporal 
constraints. 
 
A pilot study by Peppe and Reiners4 suggested that conodont apatite retains helium across the 
same temperature range as crystalline apatite, and that conodont AHe data could therefore 
potentially be interpreted in the same manner as conventional AHe. These authors conducted 
two diffusion experiments on conodont apatite which yielded closure temperatures of 60 °C 
and 67 °C for a cooling rate of 10 °C/Myr and suggested that the diffusion domain is the 
entire conodont. These authors also dated conodonts from seven different locations, four of 
which displayed reproducible results corresponding to the local cooling histories indicated by 
other geologic and thermochronologic constraints. Three samples either displayed significant 
dispersion or yielded dates that did not correspond to the local thermal history. 
 
Here we further explore the conodont AHe thermochronometer via three distinct approaches. 
First, we test the applicability of conodont AHe thermochronometry to core samples from the 
Illinois Basin of the midcontinent United States. Second, we will conduct calibration studies 
on outcrop samples from the southern Rocky Mountains of the western United States. Third, 
we will perform diffusion experiments on conodonts from both locations. 
 
Our initial dataset consists of seven Pennsylvanian samples from two cores in the central 
Illinois Basin. Samples come from depths of 25 - 262 m and represent limestone, calcareous 
shale, and black shale lithologies. From these samples we obtained 47 individual conodont 
AHe dates representing a range of conodont sizes, morphologies, and chemical compositions. 
We developed simplified geometries and associated alpha-ejection corrections for five 



morphology classes: cones, broken cones, blades, bars, and platform elements. Nearly all 
AHe dates are significantly younger than the Pennsylvanian depositional ages. All conodonts 
have CAI values of 1 to 1.5, indicating a maximum burial temperature of ≤90 °C, and 
therefore implying that the closure temperature for the conodont AHe system is no higher 
than that of the conventional AHe system. Sample reproducibility ranges from 30-45%, with a 
cluster of 6 conodonts from one sample displaying reproducibility as good as 15%. Analyzed 
conodonts display a wide range of eU values and Th/U ratios, from 5 to 260 ppm and from 
0.1 to 140, respectively. Samples with the largest ranges in eU and Th/U ratios are the least 
reproducible, suggesting that mobility of U and Th during either diagenesis or sample 
processing is a factor affecting the conodont AHe system. 
 
Future work will focus on calibration studies in the southern Rocky Mountains of the United 
States. The calibration studies will compare AFT and conventional AHe dates from 
crystalline basement or clastic sedimentary rocks with conodont AHe dates from nearby 
carbonates that have experienced identical thermal histories. Our 18 sample pairs collected in 
southern Colorado and northern New Mexico represent various well-understood thermal 
histories that range from rapid cooling in Miocene, Oligocene, and Paleocene time, to slower 
cooling during the Paleocene and Eocene, to complex histories involving shallow reburial and 
extended residence in the helium partial retention zone. CAI in these settings is expected to 
vary from 1 to 5. This range of thermal histories will allow us to evaluate results in a variety 
of geologic settings, with both simple and complex thermal histories, and test factors that 
could lead to dispersion including conodont size, morphology, CAI, and U-Th content. 
Additionally, FT corrections obtained via the simplified geometries described above will be 
compared to more accurate FT corrections obtained through detailed geometric 
characterization using X-ray computed microtomography. 
 
Diffusion experiments are also underway to more fully characterize conodont He diffusivity. 
Experiments on whole conodonts of various morphologies and fragments that isolate tissue 
types will allow us to better understand the natural variability in conodont He diffusion 
systematics. 

  
 
References 
1. Sweet, W.C., and Donoghue, P.C.J., Conodonts: Past, Present, Future: Journal of Paleontology, v. 75, no. 

6, p.1174–1184 (2001). 
2. Epstein, A.G., Epstein, J.B., and Harris, L.D., Conodont color alteration - an index to organic 

metamorphism: USGS Professional Paper, v. 995, p. 1–27 (1977) 
3. Rejebian, V.A., Harris, A.G., and Huebner, J.S., Conodont color and textural alteration: An index to 

regional metamorphism, contact metamorphism, and hydrothermal alteration: Geological Society of 
America Bulletin, v. 99, p. 471–479. (1987) 

4. Peppe, D.J., and Reiners, P.W., Conodont (U–Th)/He thermochronology: Initial results, potential, and 
problems: Earth and Planetary Science Letters, v. 258, no. 3-4, p. 569–580 (2007). 

 
!
 



Thermal evolution of the Anticosti Basin, Eastern Canada: an empirical 
calibration of the conodont (U-Th)/He thermochronometer  

 
Jeremy Powell1, David Schneider1, Rebecca Flowers2, James Metcalf2, Daniel Stockli3 

1 Department of Earth Sciences, University of Ottawa, Canada 
2 Department of Geological Sciences, University of Colorado, USA 

3 Jackson School of Geosciences, University of Texas at Austin, USA 
 
Advances in our understanding of the systematics of thermally controlled diffusion of radiogenic 
helium in apatite and zircon have resulted in the increased application of the (U-Th)/He 
thermochronometer in sedimentary basin analysis. When integrated with apatite fission-track 
analysis (AFTA) these data provide critical temperature-time constraints on the thermal evolution of 
sedimentary basins. Unfortunately, these methods are of limited use in regions dominated by 
carbonate sedimentary rocks, as the accessory minerals required for the analyses are not common in 
the strata. Conodonts, phosphatic microfossils that are abundant in Cambrian through Triassic 
strata, may represent a solution to this problem. An initial investigation into the application of (U-
Th)/He analysis on conodonts1 showed that the method behaves similarly to magmatic apatite. 
However, more work is required to resolve the relationship between reproducible ages and 
morphology, microstructural complexity and thermal history.  
 
Our study resolves to do a first-of-its-kind empirical investigation into the effects of temperature on 
conodont (U-Th)/He age, sampling from the subsurface of the Lower Paleozoic Anticosti Basin, 
Eastern Canada. Situated in the Gulf of St. Lawrence, the basin comprises a thick succession of 
Lower Ordovician through Silurian strata dominated by calcareous shales and carbonate rocks. 
These units thicken substantially as they dip into the subsurface in the SE, and structurally, the 
island is crosscut by a series of syn-sedimentary normal faults2. Several potential hydrocarbon plays 
have resulted in extensive exploration drilling across the island. Many of these wells have close to 
two kilometers of continuous stratigraphic core and detailed organic thermal maturity profiles. As a 
result, our study is well constrained with regards to both modern and paleotemperatures, offering 
the unique potential to assess the behaviour of the conodont (U-Th)/He system with increasing 
depth and temperature in a single borehole.  
 
In this study, ten samples were collected from two different boreholes. While sampling primarily 
targeted conodont-rich lithologies, material for apatite and zircon (U-Th)/He thermochronology 
(AHe, ZHe) was also collected where available. In the first well, six samples were taken at 300 m 
intervals to assess the effect of increasing temperature on the conodont (U-Th)/He system. In the 
second well, samples were collected from the metamorphic basement as well as the unconformable 
carbonate strata to compare the ages of conodont and apatite (U-Th)/He systems at the same 
temperature. In both wells, an Early Ordovician sandstone was sampled for AHe to provide an 
additional temperature-time constraint. 
 
(U-Th)/He analysis of the basement (1700 m depth) yield mean AHe and ZHe ages of 29 ± 2 Ma 
and 617 ± 57 Ma respectively. Previous AFTA thermal modeling from the basement suggests two 
thermal events: a 120°C thermal maximum at c. 280 Ma, and a secondary heating episode between 
100-60 Ma3. Our dataset of basement ZHe and AHe ages allows us to expand on this model, 
recording cooling through the ZHe closure temperature in the Cryogenian-Ediacaran, and refining 
our understanding of the Late Cretaceous to recent thermal history. Ultimately, these data provide a 
framework to aid in interpreting our conodont (U-Th)/He ages. 
 
In addition to independent thermal constraints, it is imperative that the conodonts used in this study 
are well characterized to assess whether morphology or microstructure affect cooling age. X-ray 
computed microtomography is a potentially powerful tool to address these variables. In particular, 



this method allows for 3D mapping and therefore a calculation of volume and an appropriate Ft 
correction for individual conodont elements. This is particularly important in very ornate 
morphologies, where a simplified correction may not fully account for the complex geometries. The 
microstructural variation between conodont tissue types, and potential variation in helium diffusion 
kinetics, may result in significant intrasample age scatter. X-ray microtomography is able to image 
the density contrast between several conodont tissue types and quantify their volume within the 
element4. In doing so, we are able to weigh whether or not anomalous ages are a function of the 
abundance, or lack of, certain tissue types in individual conodont elements. 
 
The Anticosti Basin is an excellent natural laboratory to study and develop the conodont (U-Th)/He 
thermochronometer. Exploratory drilling has resulted in a subsurface that is well constrained with 
regards to modern and paleotemperatures, and thermal modeling of the basement provides an 
excellent framework to interpret our results. X-ray computed microtomography allows comparison 
of conodont-specific variables to measured age. Experiments to assess these relationships are 
ongoing. Ultimately, we believe that a well-constrained study with a well-characterized dataset is 
imperative to understanding this complex system and developing a powerful thermochronometer for 
carbonate strata. 
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Magnetite geochronology has the potential to transform our understanding of serpentinization as a 
widespread and fundamental process that has important influences on rheological strength, water 
geochemistry, the carbon cycle, and potentially the origin of life. While numerous studies exist on 
the petrology, structure and geochemistry of serpentinites, the timing of serpentinization has been 
restricted to relative chronologic constraints (e.g. dating of intrusions or overlying sediments) due to 
a lack of accessory minerals with well-established dating techniques. With technological advances 
in radiogenic isotope analysis in the past decade, it is now possible address the geochronology of 
serpentinization with (U-Th)/He dating of magnetites that form ubiquitously as a direct result of the 
breakdown of olivine and pyroxene in the presence of water. The ability to date serpentinization 
will allow investigation of important geologic issues, including, but not limited to: mantle 
exhumation during lithospheric break-up, carbon sequestration, and low temperature hydrothermal 
systems. This study presents a (U-Th)/He-based method that is tailored to analyzing magnetite 
formation in serpentinites. 
 
Magnetite (U-Th)/He dating is an attractive approach to analyze crystallization and cooling ages in 
a variety of mafic to ultramafic systems that are not easily addressed by current dating techniques. 
While magnetite is proven as a viable geochronometer in basaltic to intermediate volcanic rocks1 
and ore deposits2, refinement of the technique is necessary for widespread applicability due to 
complex mineral growth and low parent nuclide concentration. This study outlines the importance 
of sample screening and measuring the parent nuclide distribution for proper age determination.  
 
In order to make magnetite He dating reliable, advanced sample screening is necessary to ensure 
suitability for dating in light of the commonality of skeletal or complexly intergrown magnetite in 
samples of interest. Routine application of High Resolution X-Ray Computed Tomography (CT) 
provides a non-destructive method to visualize the internal structure of a sample in 3D and directly 
improves multiple sample processing steps: First, whole-rock CT scanning is an effective way to 
assess the size, morphology, association and distribution of grains of interest in a specimen before 
crushing it for He analysis (Figure 1). This is particularly useful for precious samples, such as ODP 
cores. Second, CT scanning of individual grains provides internal visualization of opaque minerals 
to screen for inclusions or intergrowths that can affect parent and daughter nuclide distribution, 
diffusion domain size and possible FT correction, which may be extensible to complex geometries. 
Finally, CT scanning grain populations before and after abrasion allows for potentially more 
accurate monitoring of volume loss from each grain. Furthermore, CT data from individual grains 
and whole-rock specimens are coupled with thin section and SEM and EDS analyses in order to 
fully characterize the petrologic context of magnetite in 3D and assess their suitability for (U-
Th)/He dating.  
 
In addition to proper grain screening, it is necessary to determine the parent nuclide concentration 
of the matrix compared to the magnetite to correct for either alpha ejection or implantation. It 
remains to be determined for serpentine-magnetite systems whether it is necessary to physically 
abrade a grain due to alpha implantation, or if an FT correction3 can be applied in the case that 
implantation from the matrix is negligible. Magnetite He dating of basalts demonstrates an order of 
magnitude higher concentration of effective uranium (eU) in the matrix (ppm) compared to the 
magnetite (ppb), causing a He implantation halo around the grain boundary4. Physical abrasion is 
used to remove the outer 20 µm of the grain before analysis to correct for the effects of long alpha 
stopping distances, but this method may not be a viable option for small (<80 µm) and/or irregular 
grains common in serpentinites. Currently, this study incorporates whole rock eU measurements for 



each magnetite sample analyzed. Preliminary results suggest that enrichment of eU in serpentine 
matrix vs. magnetite varies by sample and must be monitored. 
 
The method described in this abstract is piloted with a case study using magnetite crystals from 
serpentinites in an exhumed high-pressure, low-temperature metamorphic terrane on Syros Island, 
Greece. Magnetites from this unit reveal reproducible middle Miocene ages in agreement with 
zircon (U-Th)/He cooling ages from related units. The ability to temporally constrain 
serpentinization with magnetite (U-Th)/He has the potential to not only provide an additional t-T 
constraint on the exhumation of HP-LT terranes, but a viable option for dating ultramafic alteration 
in a variety of tectonic settings. 
 

 
Figure 1. a) Photo of serpentinite hand sample from ODP Leg 209. b) Volume rendering of a CT 
scan of the whole rock specimen. Certain minerals are highlighted (white = serpentine veins with 
magnetite, yellow = chromite/magnetite grains). c) Zoomed in box from photo b shows euhedral 
crystals that are probable magnetite or chrome spinel.  
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The initial calibration and testing of OSL-thermochronometry has focused on bedrock feldspar1, 
due to the fact that its luminescence characteristics resemble those of sedimentary feldspar and thus 
allow a straightforward shift from traditional sediment geo- to bedrock thermo-chronology. 
Although feldspar luminescence can yield valuable constraints on the subsurface thermal structure 
on unprecedented (<100 ka) timescales, this system is often found in field steady-state at the Earth’s 
surface, thus motivating a further search for alternative luminescence proxies (more sensitive to 
typical cooling rates). One such system is quartz blue light stimulated luminescence, initially 
assumed to have a closure temperature of ~30-35 °C2. While the former estimate was based on 
well-established Arrhenius parameters of the relevant electron trap in sedimentary quartz (the ‘fast 
component’ of Wintle and Murray, 19993), there is an increasing body of laboratory evidence 
suggesting that in bedrock quartz (rather than sedimentary quartz), (i) the ‘fast component’ is 
unsensitized (i.e. apparently non-present) and (ii) the actual component dominating the OSL has a 
significantly lower thermal stability5, implying potential closure within ~10 °C of the final cooling 
temperature (cf. Guralnik et al., 2013). To explore this hypothesis further, we present provisional 
data for a ~1.8 km high age-elevation profile from Mattertal (Switzerland), where the OSL ages 
range between ~20 ka (valley floor) and ~200 ka (high elevations). These preliminary ages are 
analyzed and compared to the valley development history since ~1 Ma, as inferred from a finite 
difference model combining the effects of tectonics, glacial erosion, and long-term bedrock 
strength6. 
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OSL-thermochronology offers the potential to constrain changes in exhumation rates over 
Quaternary timescales. However application of the technique has proven challenging, with 
measured luminescence signals of Na- and K-feldspar samples from Alaska and Norway 
exhibiting field saturation due to a combination of early signal saturation, high environmental 
dose rates and high fading rates1. Namche Barwa (eastern Himalaya) is thought to have 
experienced rapid exhumation throughout the Quaternary period, and therefore provides a useful 
test-site for the application of OSL-thermochronology. Six bedrock samples were hand crushed 
before using conventional methods to extract the 180-212 µm Na-feldspar (ρ=2.62-2.65) and K-
feldspar (ρ<2.58) fractions.  
 
The major challenge for OSL-thermochronology using feldspar is distinguishing between the 
respective depletion of trapped charges by athermal (fading) and thermal processes. Through 
measuring the Na- and K-feldspar extracts using a multiple elevated temperature (MET)-protocol 
comprising infra-red stimulated luminescence (IRSL) measurements at 50oC, 100oC, 150oC and 
225 oC, signals with increasing athermal stability could be investigated. Fading measurements 
were made for all aliquots analysed and values are generally lower (<7%/decade) than reported 
in previous OSL-thermochronology studies (e.g. 1). The measured IRSL50 fading rates varied 
from g2days of 3-5%/decade for K-feldspar extracts to 4-7%/decade for Na-feldspar extracts. 
Fading rates varied between samples but all samples exhibited lower fading rates at higher IRSL 
measurement temperatures. 
 
To isolate the role of athermal charge detrapping the model proposed by Kars et al2 was applied. 
Results show that the IRSL50 signals of both the Na- and K-feldspar extracts of sample NB140, 
and the K-feldspar extract of sample NB19 exhibit thermal signatures, implying cooling rates 
>200-300 oC for this region, consistent with previous thermochronometric studies (e.g. 3). In 
contrast, both the K- and Na-feldspar extracts of samples NB109 and NB124 are in field 
saturation, which may partly be attributed to their relatively low saturation doses.  
 
The 100oC and 150oC MET signals have lower signal intensities than the other emissions 
measured, and have greater scatter, however it appears that for the K- and Na- feldspar extracts 
of sample NB140, that these signals may also exhibit thermal signatures. In contrast, for sample 
NB109 these signals are in field saturation. These results imply that the different IRSL signals of 
both Na- and K-feldspar measured during a MET-protocol have different effective closure 
temperatures, and therefore may provide further insights into the thermal and exhumation 
histories of bedrock. 
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Accurate dating of Quaternary geological events is essential for addressing a range of key research 
questions related to paleoclimate and paleoenvironmental changes, volcanic activity, hominid 
evolution, assessments of geological hazards, and many others. Traditional dating tools such as 
radiocarbon, argon, cosmogenic nuclides or luminescence methods are sound and feasible, however 
their application is often limited by the lack of datable materials, meaning that there is a critical 
need for new dating methods appropriate to late Quaternary timescales. (U-Th)/He dating of zircon, 
when combined with 238U/230Th disequilibrium dating1, is a novel approach for dating young (<1 
Ma) volcanic rocks that helps overcome these limitations. In particular, this method is probably the 
only tool for dating silicic volcanic rocks as they are rich in zircon, but lack K-rich minerals and 
therefore cannot be dated by conventional argon methods. The ZDD method has enormous potential 
for Quaternary Earth Science2-5 and, as recently demonstrated by6,7, the method has been 
successfully applied even in archaeology. 
 
The approach, hereafter referred to as ZDD (zircon double-dating), is based on 'dependent' 
determination of crystallization and eruption ages for single zircon crystals by 238U/230Th 
disequilibrium and (U-Th)/He methods by using secondary ion mass spectrometry (SIMS) and 
conventional noble gas mass spectrometry, respectively. It is essential that both methods are applied 
in tandem in order to correct the (U-Th)/He based eruption ages for disequilibrium in the U and Th 
decay chains that is to be expected in grains younger than ~1 Ma8. 
 
In our presentation we will first describe the analytical protocols for the ZDD methodology. Then 
we present a case study where the accuracy and precision of the ZDD is method is tested against 
high-precision radiocarbon dating by using Quaternary record of New Zealand’s tephras as a natural 
testing site5. We will demonstrate that (i) the ZDD method is accurate and reasonably precise for 
geological applications, and (ii) that the age of the targeted  deposits of coeval Rotoiti and 
Earthquake Flat eruptions (Taupo Volcanic Zone) are ~45 ka old, which makes them ~16 kyr 
younger than the long accepted age. Finally, we present results of a study where the ZDD method 
was successfully applied to date a historic eruption of Hasan Daği volcano (Central Anatolia, 
Turkey). The measured age of 6960±640 BCE overlaps (within error) with the age of an 
archeologically important mural excavated at the Neolithic Çatalhöyük site. These results contribute 
to the ongoing discussion whether the mural could depict the World’s oldest map7.    
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Thermochronological methods rely on the assumption that the radiogenic isotopes produced are 
redistributed within minerals and ultimately lost to an infinite reservoir by thermally activated, 
volume diffusion1. Previous studies support this assumption over laboratory time-scales, under 
controlled conditions2. However, several authors have suggested that the mechanisms that control 
isotope transport through crystal lattices over geological time-scales are dominated by aqueous fluid 
flow along distinct pathways, and that thermally activated diffusion is of secondary importance3. 
 
We present U-Pb isotopic data from natural apatites of variable grain sizes that are used to test the 
hypothesis that thermally activated volume diffusion over geological timescales controlled the loss 
of Pb. Confirmation of the hypothesis will establish the apatite U-Pb system as a reliable 
thermochronometer. The U-Pb system in most accessory phases is sensitive to temperatures 
>350°C2, and therefore can provide Earth scientists with a unique tool to understand i) the tectonic 
stability of the lower crust and cratons, and iii) the tectonic history of active margins over long time 
periods (e.g. 500 Ma). Negation of the hypothesis would suggest that age variations may reflect 
interaction with aqueous fluids during retrogression or growth during prograde metamorphism. 
 
A secondary aim of this study is to investigate any advantages gained by combining independent U-
Pb data sets obtained using Isotope Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS) and 
Multi Collector-Laser Ablation-Inductively Coupled Plasma Mass Spectrometry (MC-LA-ICP-MS) 
when extracting thermal history information from U-Pb dates. Both data sets can be used to 
reconstruct statistically likely thermal histories, and the histories obtained from each method should 
be indistinguishable. Re-heating gradual cooling and isothermal holding results in different core-rim 
intra-grain patterns of U-Pb dates, and this study measures apatite in-situ dates in an attempt to 
resolve between re-heating and slow-cooling paths. 
 
Concordant 206Pb/238U (apatite; TIMS) dates from 14 grain size fractions extracted from a Triassic 
leucosome (S. Ecuador; LA-ICP-MS U-Pb zircon 247±4.3 Ma) range between 81.52 ± 2.61 and 
137.46 ± 2.62 Ma (common Pb measured on alkali feldspar)4. Eleven of these grain sizes, which 
have Th/U<0.18, yield a positive correlation between U-Pb date, suggesting that Pb was lost by 
thermally activated diffusion. Three size aliquots yield anomalously high Th/U ratios (0.35 – 1.9), 
diverge from the grain size vs. date correlation and yield relatively young 206Pb/238U dates. Time-
Temperature paths (Figure 1) have been obtained from the six grain size aliquots using HeFTy 
V1.7.05, a spherical geometry, and established Pb-in-apatite diffusion parameters2. Core-rim 
diffusion calculations yield a PbPRZ for these aliquots that ranges between 375 – 569°C. Input 
parameters include 206Pb/238U, grain radii and core-rim U concentration for each aliquot. 
Calculation of a theoretical 206Pb/238U date for any particular t-T path is performed by the net 
summation of the in-growth and diffusive loss of 206Pb over the entire time span of the simulation. 
 
Theoretical core-to-rim U-Pb date profiles have been generated from the best-fit t-T solutions 
presented in Figure 1, and are compared with measured intra-grain 206Pb/238U LA-MC-ICP-MS 
dates to test the accuracy of the assumption that Pb has been lost by thermally activated, volume 
diffusion. Theoretical core-rim date profiles were made assuming both a homogeneous uranium 
concentration, and a heterogeneous concentration (determined from the in-situ U isotopic 
measurements, where the cores of the grains are enriched relative to the rims). 
 



The close fit of the core-rim 206Pb/238U date profiles predicted by the best-fit t-T model, and the 
measured intra-grain dates strongly supports the hypothesis that Pb has been lost from the apatite by 
thermally activated, volume diffusion.  Pb loss mechanisms advocating an interaction with aqueous 
fluids3 are not required to explain the single crystal and intra-grain U-Pb apatite dates. This 
conclusion is supported by i) small grains show no discernible variation in age from core to rim, and 
ii) BSE and CL imaging of the apatites reveal no intra-grain discontinuities, which could be 
interpreted as discrete growth domains or pathways for fluid infiltration. 
 
Two main advantages arise when combining single crystal U-Pb dates (TIMS) and in-situ dates 
(LA-ICP-MS). First, in this study, these different techniques were applied to different apatite 
crystals extracted from the same leucosome, and therefore both datasets are mainly independent of 
each other. Concordance between the t-T solutions implies that they are accurate, whereas 
distinguishable differences would raise doubts about their usefulness. Discrepancies in the t-T 
models may arise due to non-thermally activated, core-to-rim diffusion profiles, which could have 
formed by Pb loss during fluid interaction with the crystals. The in-situ dates may provide 
information about the cause of the discrepancy, by revealing a multi-domain structure.  The second 
advantage is the ability of this combination to distinguish between isothermal t-T paths, and 
reheating. In this example, inversion modeling of TIMS dates strongly favours reheating, although 
some isothermal paths are statistically permitted. However, isothermal holding is inconsistent with 
the in-situ U-Pb dates, leaving reheating as the only viable t-T solution. 
 

 
 Figure 1. t-T paths obtained from bulk apatite 206Pb/238U dates (TIMS) using HeFTy V1.7.05. HHfi 
(zircon) are shown for magmatic rocks, corroborating the geological interpretations of the t-T. 
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Diffusion of rare gases (helium, neon, argon) is a powerful tool in thermochronology 

for dating thermal events and re-build or test thermal histories. However the diffusion process 
is still under study nowadays, experimentally and theoretically as well, because it's not fully 
understood and an accurate description of the phenomenon is required for a safe use in 
thermochronology. 

 
Firstly, the diffusion process occurring at the atomic level will be described as a 

hopping motion between interstitial sites of a damage-free crystal lattice. As an illustration for 
the apatite case I will show how the energies, barriers, hopping frequencies involved in this 
process can be computed quantum-mechanically within the framework of the Density 
Functional Theory (DFT). Beyond this static calculation the diffusion rate is extracted by a 
statistical approach called Transition State Theory (TST). The combination of DFT and TST 
allows extracting diffusion coefficients in damage-free crystals. In the case of helium 
diffusing in fluoroapatites, I will show that this leads to values, which compare satisfactorily 
with measurements1. 

 
When the chemical composition of apatites varies with the incorporation of chlorine 

atoms, the barriers are affected and due to the coexistence of different paths with possible 
workaround trips a larger scale approach is needed carried out by a Boltzmann kinetic Monte 
Carlo random walk over the lattice1. For illustration I will show how this approach helps 
understand the effect of composition on the diffusivity, in particular the anisotropy. 

 
Computing closure temperatures and ages for finite grains requires to solve the 

diffusion equation which mimics diffusion at the macroscopic level2-3. This can be done using 
measured or computed diffusivities. I will illustrate how the Monte Carlo method acting at the 
macroscopic level allows solving diffusion in any 3D configuration with anisotropy, zonation, 
implantation, abrasion. 

 
The impact of damage and defects of the crystal on diffusion has been well recognized 

in the case of helium in apatites and zircon4. However the action of defects on diffusion is still 
unclear. At the microscopic level they may act as trapping volumes or surfaces, as 
implemented in the recent models. They may also scale down the diffusivity by blocking the 
favored diffusion channels. In addition the amount of damage is controlled by their annealing 
which is up to now copied from fission track annealing in the recent models. But alpha recoil 
damage are very different in shape compared to fission tracks and this could induce very 
different rates of annealing. I will discuss those open questions about the impact of defects on 
diffusion in crystals. 
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Despite the prevalent use of zircon (U-Th)/He dating as a low-temperature 
thermochronometer, our understanding of the fundamental kinetics of He diffusion in 
zircon remains limited. Various studies have shown that crystallographic anisotropy1-3, 
heterogeneous distribution of parent nuclides4, and radiation damage5 are amongst some 
of the factors that influence a given zircon grain’s He diffusivity. Of these factors, a 
grain’s degree of radiation damage can have the most dramatic effect on intergranular 
variability in He diffusivity. This effect often manifests as positive or negative 
correlations between single-grain zircon He dates and effective uranium (eU, a proxy for 
radiation damage). Previously established universal kinetics6 are insufficient for 
explaining this systematic dispersion and more complex, grain-specific approaches need 
to be considered. Here, we demonstrate one such approach and use a new damage-based 
model to constrain thermal histories from date-eU correlations in samples from diverse 
geologic settings.  
 
First, we present the model’s salient details, including the kinetics constrained from 
cycled step-heating experiments on zircons with different degrees of damage and the 
functional form of the damage-diffusivity relationship. We examined c-axis oriented 
(parallel and orthogonal) slabs of grains that span nearly the full natural range of alpha 
dose (from ~1 × 1016 to ~8 × 1018 α/g), which we interpret to correlate with the amount of 
accumulated damage in a given grain. Between 1.2 × 1016 and 1.4 × 1018 α/g the 
frequency factor (D0) measured in the c-axis parallel direction decreases by four orders of 
magnitude, whereas activation energy (Ea) remains roughly constant (~165 kJ/mol) over 
the same span in dose. Between ~2 × 1018 α/g and ~8 × 1018 α/g, Ea decreases by more 
than a factor of 2 (to ~70 kJ/mol). These kinetics translate into an increase in closure 
temperature from ~140 to ~220 °C between alpha doses of ~1 × 1016 and ~1 × 1018 α/g. 
Above ~2 × 1018 α/g, closure temperature drops dramatically. The relationship between 
damage and diffusivity can be parameterized and combined with a damage annealing 
model (based on zircon fission track annealing) to describe the co-evolution of damage, 
diffusivity, and He date within a given grain. 
 
Several suites of igneous zircons from the Longmen Shan, China and ranges in the 
Laramide province of Wyoming highlight the ability of this coupled model to constrain 
time-temperature histories from negative date-eU correlations. For the Longmen Shan, 
the new damage-based model for diffusivity explains dispersion in He date results from 
published datasets that were previously considered to be spurious. Moreover, a damage-
based approach can constrain the magnitude and timing of exhumation at specific 
locations and determine the spatial extent of two separate pulses of exhumation within 
the Longmen Shan at 35-20 Ma and 15-0 Ma. 



 
A suite of detrital zircons from the Sevier belt of central Utah show both positive and 
negative date-eU correlations, which can be used to constrain the timing and magnitude 
of burial and exhumation in this portion of the U.S. Cordillera. These results are complex, 
however, as many of the grains are only partially reset and require a further consideration 
of pre-depositional damage and He inheritance. One approach for understanding these 
partially reset datasets is to combine the damage-diffusivity model with “inheritance 
envelopes.” We demonstrate this concept with one particular example from the Oquirrh 
Moutains near Provo, Utah. Inheritance envelopes for this sample constrain maximum 
burial temperatures of ~170 °C and several kilometers of exhumation beginning at 110 
Ma. 
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Mica 40Ar/39Ar data, most generally determined by multi- or single-grain step-heating 

experiments, are commonly used to constrain the timing of cooling in high-temperature 
metamorphic terranes in conjunction with the Dodson (1973) closure temperature 
formulation1. The pitfalls of this approach are well documented: blind associations between a 
mineral 40Ar/39Ar ‘date’ and a single temperature have previously led to many spurious 
tectonic interpretations. Experiments investigating the differences in 40Ar/39Ar ages, and age 
spreads, between step-heating, single grain fusion and intra-grain laser ablation methods from 
samples collected from different metamorphic terranes show that step heating may mask 
inter- and intra-grain age variability. This variability provides critical spatial information 
about where and how Ar is hosted, mobilised and removed during a metamorphic cycle. 
 

Age dispersions far in excess of the range expected from variations in grain size in a 
fully open system have been observed in single grain fusion data from different metamorphic 
settings. This spread may be caused by differences in timing of crystallisation, variable 
amounts of contamination or variably inefficient diffusion. A robust interpretation requires a 
combination of detailed petrology, PT-path modelling, geochemical data and insights from 
diffusion modelling. The assumptions inherent in the Dodson closure temperature formulation 
- thermally activated volume diffusion, no initial Ar in the grain and an open grain boundary 
network that can efficiently remove Ar from the local rock volume1 - can be tested using a 
combination of in-situ laser ablation spot profiling and single grain fusion methods. These 
highlight the spatial distribution of Ar both within and between different K-bearing and K-
free minerals. Our data suggest that there is no simple lithologic or metamorphic grade pattern 
in the way that Ar is produced, stored, (re)cycled and removed during a metamorphic cycle. 
Each sample need careful investigation in order to most 
robustly link 40Ar/39Ar age to metamorphic stage. 
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Noble-gas solubilities in minerals are known to be low; simple outgassing experiments 

conducted in atmosphere confirm this. This low solubility supports the assumption used in 
calculating U-Th/He ages that no initial helium is present in the lattice. It is also widely 
known that many mineral grains contain pores of various sizes, often originating as fluid 
inclusions.1 Geochronology labs routinely screen samples for such inclusions because of the 
relatively high solubility of noble gases in fluids compared to radiogenic production in the 
host grain.2 

 
Helium-solubility experiments using clear shards of Durango apatite standard verify 

that solubility is indeed low (< 5x10-7 cm3 STP/g-atm), but these experiments also reveal a 
very large scatter in helium contents in aliquots subjected to high partial pressures of helium. 
While most laboratories include “gem-quality” crystals of Durango as a standard, many 
crystals of Durango apatite have abundant inclusions, which is not surprising given this 
apatite’s origin.3 Declaration that an entire crystal is high-quality or selection of specific 
internal shards for dating usually involves optical characterization, but what is not known is 
the general size distribution of inclusions in Durango at the lower end. The best explanation 
for the observed scatter in the helium-uptake data is that helium diffusing into the crystal has 
become trapped in small pores acting as sinks, of which fluid inclusions might be a significant 
proportion. 
 

Vacuum-crushing experiments confirm that samples of Durango standard treated at 
high pHe release significant quantities of “mechanical” helium (20 to 60%) that is therefore 
not derived from lattice sites. The helium partial pressures used in the solubility experiments 
were very high (up to 100 bars), so only a small volume of inclusions would be required to 
yield high helium values on measurement. These experiments suggest that even optically 
“clean” aliquots of apatite could contain some small volume of tiny pores or fluid inclusions. 
 

This observation in itself would not cause concern because it is hard to imagine any 
geological environments addressed in thermochronology where noble-gas partial pressures 
would approach even a small fraction of the values used in laboratory solubility experiments. 
But crushing experiments on several natural untreated samples showed that some of them also 
released significant mechanical helium. Further, the degree of helium released mechanically 
correlated with the nature of the sample. Well-behaved, younger, more quickly cooled 
samples that replicate well (including natural Durango apatite), yielded very small helium 
release on crushing (1 to 3%), consistent with release from a few lattice sites exposed to 
surfaces by breakage. In contrast, a “bad actor” sample that replicated terribly released 
amounts of helium on crushing (50%) that are consistent with the anomalously older ages of 
the worst replicates. It seems plausible that for the latter, excess helium in fluid inclusions 
could be the source of this extraneous helium. 

 
Slowly cooled samples were the other type of sample that released some helium on 

crushing (at least 5-10%). As noted by Watson and Cherniak,1 small pores are often thought 
to enhance diffusion to the degree that they are interconnected an can provide short circuits, 
but if isolated, pores could impede diffusion. In a rough analogy to the RDAAM model for 



radiation-damage modification of diffusion kinetics, pores could become traps for diffusing 
helium or argon. Unlike radiation traps, the behavior of helium or argon trapping and then 
release from small pores would not be likely to vary all that systematically with temperature, 
since the size-related stability of the pores or fluid inclusions and the poorly known 
temperature-dependence of solubility will all come into play. The number, size and thus total 
volume of such pores will depend on the nature of the particular sample and its origin, as well 
as its deformation history if other sorts of microstructures are also involved. 

 
Slow cooling or isothermal residence would represent conditions most likely to lead to 

problems. Certainly in apatite U-Th/He dating, it is widely accepted that older, more slowly 
cooled samples tend to yield greater age dispersion, and there are many reasons that this can 
happen, mostly related to subtle difference in grain properties. But during slow cooling in the 
presence of pores, an additional effect could be “self-pollution” with radiogenic noble gases 
that would normally be expected to diffuse away from the crystal as part of the accumulation-
diffusion process. An immediate objection to this model might be that such an effect would 
be trivial if the volume of inclusions or pores is so small as to be optically indistinguishable. 
But it is important to remember that the actual diffusive random walk within a typical grain is 
meters in length, compared to the net rms distance that defines the diffusion radius.4 In the 
immense number of diffusion jumps required to exit a crystal, the chances become very high 
if not 100% that a diffusing atom will encounter even a small-volume artifact. If a diffusing 
noble-gas atom enters a pore, it will in effect become trapped in the void because of low 
noble-gas lattice solubility, making it difficult for the attempt to return to the lattice, thus 
retarding its loss from the crystal. 

 
If this model is correct for some samples, than it could be tested by examining 

borehole samples that have resided near or just above the higher-temperature parts of their 
partial retention zone: any such samples that contain isolated pores should show non-zero 
ages and mechanical release on crushing of most of their helium content. The phenomenon 
should also show up in laboratory kinetic studies, since the same diffusive random walk 
within a crystal will occur during outgassing. The pore-trapping effect would manifest itself 
as a delayed release of gas with respect to a simple volume-diffusion relationship. Using a 
new analytical approach involving continuous ramped heating and gas accumulation (see 
Idleman and Zeitler abstract, this volume), our preliminary data show that bad-actor samples 
that release helium on crushing also show significantly non-linear Arrhenius plots that stem 
from delayed release of helium. 
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Compared with the apatite and zircon He systems, little is known about other phases 
potentially datable by the (U-Th)/He method, and even less is known about the behavior and 
potential utility of other isotopes produced by actinide decay, including Ne, Kr, and Xe 
isotopes. Here we discuss evidence suggesting that combination of the 4He/3He and (U-
Th)/21Ne techniques in polycrystalline mineral specimens, notably hematite, can reveal a 
wealth of cooling history information. 

 
Noble gas thermochronometry requires knowledge of daughter product diffusion 

kinetics as a function of temperature. The necessary kinetic parameters are usually obtained 
from experiments undertaken at temperatures at which diffusion is measurable on a laboratory 
timescale linked to a physical model for how diffusivities can be extrapolated downward to 
temperatures relevant to the geologic timescale. This is most commonly done using an 
Arrhenius model (Do/a2=D/a2e-Ea/RT; EQ 1), from which the diffusion activation energy (Ea) 
and frequency factor (Do/a2, diffusivity at infinite temperature divided by diffusion domain 
radius squared) are obtained. Provided a system obeys simple thermally activated volume 
diffusion, these two parameters are sufficient for thermochronometric applications. However, 
in many systems, daughter product diffusion does not conform to this model. If such a system 
is to be used for thermochronometry, a more sophisticated model is required. Perhaps the 
simplest case of greater complexity arises in minerals that occur as polycrystalline aggregates, 
including hematite1 and goethite. He diffusion from these minerals defines a “declining 
lightning bolt” pattern on an Arrhenius plot, as illustrated by a supergene hematite associated 
with a BIF in Michigan (Fig.1A). This pattern is very similar to those seen in 39Ar diffusion 
from some K-feldspars, an observation interpreted as diffusion from multiple noninteracting 
diffusion domains2. In the case of hematite and goethite, these individual domains are readily 
attributed to crystallites of varying sizes (Fig.1B), and thus the bulk diffusivity is just the sum 
of multiple individual crystallites, each following EQ 1 and with domain radius, likely 
corresponding to physical dimension, a. Because the smaller domains have higher diffusivity 
at a given temperature, they become depleted early in the experiment, causing the bulk 
diffusivity to decline following the lightning bolt pattern. The specific pattern depends on the 
domain size distribution and on the heating schedule used to interrogate the sample. We infer 
about a factor of 103 in domain size from the diffusion data in Fig.1A, which is reasonable 
given the range of crystallite sizes actually observed (Fig.1B). Each domain size has a 
characteristic He closure temperature; in the Michigan hematite, closure temperatures range 
from about 0 to 170°C. Using the 4He/3He method, polycrystalline specimens can be 
characterized for domain size distribution, diffusion activation energy, and age spectrum3 (Fig 
1A,B). These parameters inform a forward model like HeFTy to identify allowable time-
temperature paths experienced by the specimen. This methodology demands a) all domains 
have the same Ea, b) the domains have not changed in size, in nature or in the laboratory, c) 
the domains are not nested, and d) the parent elements are uniformly distributed through the 
crystallites, such that 3He provides a proxy for computation of step He ages. Numerical 
“recovery experiments” show that a specimen with the domain size distribution found in the 
Michigan sample has the potential to accurately reveal thermal histories across the entire 
temperature range from 170°C to Earth surface conditions when analyzed as described above. 

We have applied this methodology to high purity, coarse hematite specimens from 
multiple locations and environments. These and many other hematites we have investigated 



have U and Th concentrations in the 0.1 to 10 ppm range, easily sufficient for analysis. All 
show highly reproducible He diffusion and age spectrum behavior, and crushing experiments 
confirm that, until a critical size is achieved, size reduction does not modify diffusivity. 
However, below that critical size, the largest domains inferred from He diffusivity begin to 
disappear. We will present model time-temperature paths for two proximal Michigan 
hematites showing how the method works. (U-Th)/21Ne dating provides a useful complement 
to this methodology because it may constrain formation age. This method is based on the 
production of nucleogenic 21Ne by α particle capture on 18O. Our recent direct determinations 
of 21Ne production rates confirm values previously proposed based on a compilation of 
neutron yield data and stopping power models4, suggesting 21Ne/4He ratios in the vicinity of 
5x10-8, depending on age and composition. Production rates are sufficiently well known that 
they contribute only a few percent to 21Ne age uncertainties. 21Ne yields are so low that fairly 
large amounts of sample (mgs) and fairly old ages (many Myr) are required. In addition, the 
presence of atmospheric Ne must not mask the nucleogenic 21Ne. These are restrictive 
requirements, but the method can be usefully applied to actinide rich trace minerals as well as 
to specimens with lower actinide contents but larger sample sizes, and may be especially 
applicable to minerals not presently dateable by alternative techniques. Hematite is an 
excellent candidate because it tends to carry remarkably low amounts of atmospheric Ne. For 
example, the Michigan specimen in Fig. 1 yielded a (U-Th)/21Ne age of 756 ± 18 Ma, with > 
95% of 21Ne nucleogenic. As shown Fig.1B, the 21Ne age is in agreement with the oldest He 
step ages (“He age plateau”). This agreement is most easily attributed to formation of the 
specimen at ~760 Ma, with simultaneous closure of the entire system for 21Ne and of the 
coarsest domains for 4He at that time. 

 
A key unresolved question that would greatly strengthen this interpretation is 

knowledge of the Ne diffusivity in hematite. This is a challenging measurement given the 
comparatively low abundance of 21Ne in our specimens, and the inability to create synthetic 
uniformly distributed neon by irradiation. Furthermore, work in progress on other phases 
suggests that Ne diffusion may in general be more complicated than He diffusion, for reasons 
unknown.  
 

 
Figure 1: A) 3He-based diffusion data, with best-fit activation energy indicated by dashed line, and B) 4He/3He 
age spectrum and 21Ne bulk age of hematite specimen MI-43. Inset in B shows SEM image of this sample, 
revealing hematite crystallites spanning a range of sizes around 1 µm. 
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Most thermochronologic interpretations rely on the assumption that noble gas behavior in 
minerals follows thermally activated volume diffusion. Practical calibrations are based on 
experiments interpreted in the context of the fundamental kinetic parameters (frequency factor D0, 
activation energy Ea, and diffusion domain lengthscale a), and computational models assume that 
noble gas atoms are interstitial impurities migrating through ideal crystal lattices. Some 
experimental evidence corroborates this, including anisotropic migration rates, grain-size 
correlations with bulk loss, and concentration profiles consistent with diffusion. In detail, however, 
many observations are inconsistent with simple volume diffusion, large discrepancies exist between 
molecular dynamics predictions and observed kinetics1, and increasing evidence suggests that other 
phenomena may play critical roles in kinetics of noble gas migration and loss. Evidence from both 
Ar2 and He3-6 kinetics suggest that crystallographic defects play a critical role, possibly through 
partitioning7,8 or kinetics fundamentally distinct from diffusion. For example, material science 
studies of He in metals and other substances consider diffusion unimportant relative to first-order 
single-jump mechanisms. This may also be important for minerals of thermochronologic interest9-11.  
 

 
Figure 1. Compiled kinetic parameters and closure temperatures (a=100 µm and dT/dt=10 °C/Ma) 
for He in minerals inferred from step-heating (SH), laser ablation (LA), and implantation-heating-
in-situ analysis (NRA). Dashed red (blue) lines join zircon (apatite) with radiation dosages 
from1016 to1019 α/g (eρs from5×104 to 4×106 track/cm2). Contours in A are closure temperature. 
 

If volume diffusion of interstitial impurities through ideal crystal lattices is really the most 



appropriate mechanistic description for thermochronology, then the fundamental kinetic parameters 
of volume diffusion interpreted from experiments should correlate with crystallographic properties 
of crystal lattices such as ionic porosity, or width and density of interstitial apertures12 or planar 
porosity. If such properties do not scale with experimental kinetics, other mechanisms and other 
kinetic models need to be considered. 
 

To test this hypothesis for He, we compiled kinetic parameters inferred from experiments on 
both 4He and 3He using step-heating, laser-ablation, and implantation/annealing/NRA on a variety 
of minerals (Fig. 1). Ea shows a broad inverse correlation with ionic porosity, as qualitatively 
expected, but large differences in Ea exist between different specimens, isomorphs, and in some 
cases among measurement techniques. Interestingly, available data suggest that hematite and 
magnetite have Ea lying far below and above, respectively, the broad correlation of other minerals. 
D0 shows little correlation aside from a possible broad inverse correlation, contrary to qualitative 
expectations, although synthetic monazite specimens show the expected positive correlation13. 
 

In general poor correlations between kinetic parameters and ionic porosity suggest that ionic 
porosity alone is not as good a predictor of He migration in minerals as it is for Pb14. Consideration 
of anisotropic or planar porosities may yield better correlations, thereby supporting volume 
diffusion as a dominant control. But this is not a simple proposition to evaluate, because the widest 
and lowest density apertures and planes may lie in non-orthogonal crystallographic orientations. 
Nonetheless, some support for this hypothesis comes from the fact that hematite, which has 
anomalously low Ea for its bulk ionic porosity (~32%), has at least two different relatively wide 
(~70-80 pm) low ionic-porosity (~50%) crystallographic planes. In contrast, magnetite, which has 
anomalously high Ea for its ionic porosity (~38%), has relatively narrow (~50-60 pm) planes with 
lower maximum porosity (<40%). Similar planar porosity differences for other minerals could 
explain other deviations from simple bulk ionic porosity expectations for volume diffusion kinetics. 
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Although the 40Ar/39Ar step-heating method was devised as a tool to examine thermal 

disturbances in meteoritic and lunar samples [1,2], the sophistication of its application in this role 
has long lagged behind its terrestrial counterpart. This is surprising in that extraterrestrial impacts 
surely had a profound influence on development of the inner planets. For example, one of the most 
significant concepts to have emerged from Apollo-era lunar exploration is the hypothesis than an 
intense, discrete bombardment occurred in the inner solar system at ~3.9 Ga, possibly triggered by a 
sudden massive delivery of planetesimals from the outer solar system. The nature of this late heavy 
bombardment (LHB) has profound implications for the emergence of life on Earth (‘impact 
frustration’) [3], the role of giant planet migration in contributing to this inhospitable environment 
[4], and the calibration of ‘crater counting’ chronologies [5].  The original evidence for this 
hypothesis comes from Tera et al. [6] who interpreted isotopic resetting in lunar highlands samples 
as due to a terminal cataclysm at ~3.9 Ga. Subsequently, an apparent sharp cut-off of lunar 
40Ar/39Ar ages at 3.9 Ga is viewed as supporting evidence of this short period of enhanced 
bombardment. This interpretation is problematic because the 40Ar/39Ar data from these complex 
lunar materials have for the most part not been rigorously interpreted in terms of diffusion and/or 
recoil effects. Indeed, arbitrarily assigned ‘plateau ages’ ca. 3.9 Ga [7] belie the fact that the vast 
majority of samples have bulk ages much younger or older than the assigned ‘plateau age’. 
Unfortunately, this limitation is not simply ameliorated by using a more refined interpretive model; 
virtually all the analytical data to date [cf. 8] were obtained under conditions that effectively 
precludes recovery of sample-specific Arrhenius parameters from which thermal history 
information can be reliably determined.  
 

We are addressing these deficiencies in analytical and interpretive procedures by performing 
thermochronologic investigations on both meteoritic and lunar samples. To gain an improved 
understanding of the thermal events in Apollo 16 samples, we have irradiated 27 specimens of 
various highland components from North Ray Crater and are using cycled step-heating to optimize 
data processing using the MDD model [9]. In order to model the diffusive loss experienced by our 
samples, we utilize a global optimization algorithm to simultaneously invert the Arrhenius plot and 
age spectra in terms of E, (Do/ro

2), ρ, φ, and the intensity and timing of the reheating event. While 
the timing of the episodic loss is indicated by the initial degassing steps in well behaved samples, 
atmospheric Ar contamination in the initial steps requires modeling of both the last complete 
degassing event and the recent reheating in the majority of analyzed samples.  
 

As shown in Fig. 1, the Arrhenius plot, shown in red triangles, for Apollo 16 sample 
67704,11 exhibits complex multi-activation energy, multi-domain behavior. This data was gathered 
using a heating schedule with downcycles beginning at 600oC, 800oC, and 1100oC to optimize the 
extraction of kinetic information. From fitting the Arrhenius plot as well as the information revealed 
by temperature cycling, we conclude that the apparent linear behavior at low temperatures is not a 
reliable indicator of E and is instead an artifact of continually exhausting small domains in these 
fine grained samples. In addition to the visual evidence of the presence of multi-E’s in the 
temperature cycling portions, a single E yields a ~20x worse goodness of fit relative to allowing 
two different E’s (and up to ten domain sizes per E) . Note that for the constrained region (up to 
1150oC) the model produces an excellent fit, shown in blue circles, to the measured data. 
 



 
Figure 1. The Arrhenius plot for sample 67704,11 is shown in red triangles and the model fit in 
blue circles. The colored lines are fitted domains with E ~54 and 95 kcal/mol. Note the last 5 data 
points are not modeled because they were taken above the melting temperature. 
 

In contrast to single phase (e.g., K-feldspar), multi-phase, multi-E samples do not yield 
unique fits to Arrhenius data.   Thus, optimization of fit requires the additional constraints available 
from the age spectrum. This combined approach has allowed us to extract thermal history 
information from the majority of our analyzed Apollo 16 rocks. For the samples that exhibit recoil 
loss, our model allows for the calculation of one or more zero age domains in order to attempt 
recovery of accurate thermal information from otherwise pathologic specimen. 
 

Our preliminary results show diverse behavior ranging from simple diffusive to complex 
diffusive and recoil loss spectra with a few samples exhibiting flat age spectra. Our data 
demonstrate that most, although not all, lunar samples are amenable to MDD modeling for 
reheating events. We further note that our preliminary data, though limited in number, do not 
support a spike in impact ages at ~3.9 Ga [cf. 7,10]. 
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Deconvolving Ar Diffusion Properties on Multi-domain, Multi-phase 
samples: Pitfalls and Die Hard Misconceptions 
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Extracting meaningful diffusion information from samples comprising multi-domain and/or 
multi-phase aggregates via standard 40Ar/39Ar step-heating requires both innovative heating 
schedules that yield more diagnostic data and advanced numerical procedures that help to 
constrain the phase space (E,Do,,) of equivalent solutions.    
 
The conventional monotonically increasing temperature step-heating approach is problematic in 
that it not only produces misleading, but seemingly well-correlated linear arrays, but also fails to 
reveal otherwise available  diagnostic information with which to retrieve the sample diffusion 
properties.    
 
High resolution 40Ar/39Ar step-heating schedules involving duplicate isothermal steps, 
temperature cycling, or initiating heating at high temperature, help not only to dramatically 
improve the likelihood of correctly inverting for the diffusion properties, but also avoid 
commonly encountered interpretive traps, such as viewing kinks in Arrhenius plots as due to 
thermo-structural modification of the sample, or that the initial linear array reflects an intrinsic 
diffusion property of the sample (or portion of it) rather than the apparent  average diffusion of 
the multi-domain/phase sample.  It has been shown that a sample comprising multi-diffusion 
domains having the same activation energy would show this diffusion characteristic in the linear 
array of the first few step-heating of degassing provided the smallest domains are not degassed 
beyond ~80%.  However, the ordinate 2log( / )o oD  of this initial linear array does not represent a 

true domain size but rather an effective size depending on the size and concentration of all the 
domains in the sample.  A common misconception in interpreting diffusion results from 
fragments of varying sizes is assuming that the position of the array does not change since the 
size of the smallest domains would not be affected by the crushing.  Thus a correlation between 
the shift of this line with the actual size of the aggregates would unambiguously indicates that the 
sample comprise a single diffusion domain.   However, the definition of the effective diffusion 

size of a MDD sample (i.e. a two domain sample, 11 2

1 2

( )o

 
 

  )  predicts a shift of the initial 

linear array proportional to the actual size of the aggregate in uniform samples (e.g.,  Benson 
Mines or Madagascar orthoclases) where the proportion of the smallest domains is only a few 
percent and the largest domain size is close to the actual size of the aggregate.    
 
Multi-phase samples having different activation energies introduce a highly-nonlinear 
convolution which, in some cases, require prior knowledge of the diffusion properties of at least 
some of the phases in order to separate them.  Even in cases where the diffusion properties of 
these phases are well separated, large differences in activation energies among the phases could 
result in interpreting a misleading activation energy for the initial steps not correlated to the 
actual value of the less retentive phase.   Thus, an accurate partition of the gas released from each 
phase and subsequent renormalization of the total gas to calculate individual Arrhenius plot is 



necessary to avoid past interpretative mistakes.  Lastly, we note that age spectra of samples 
containing multi-activation energies can yield different forms depending on laboratory heating 
schedule. 
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The distribution of 40Ar in minerals has been established well to constrain thermal and 
crystallization histories for temperatures ranging from ca. 500-200°C. The most commonly 
utilized approach to evaluate a geologic thermal history and constrain a temperature-time path 
is to date minerals with differing diffusivity (e.g., hornblende, Hbl; muscovite, Mus; biotite, 
Bio; Figure 1A), and to use estimates of the integrated ‘closure temperatures’ that correspond 
to the time recorded by their apparent 40Ar/39Ar ages1,2. The formalism of the closure 
temperature concept as provided in these classic papers by Dodson requires assumption of a 
brief transition from open to closed system behavior, and that the cooling history is linear 
within a T-t interval of partial isotopic retention. These conditions are met for the differing 
phases along path I and crystals of small effective diffusion dimension, but not for path II in 
Figure 1A and not for crystals with relatively large diffusion dimensions. Crystals of 
relatively large 40Ar diffusion dimension, for which grain size controls the diffusion 
dimension on a millimeter-scale, tend to not conform well to Dodson’s earlier models1,2 

because they tend to develop substantial core-to-rim patterns of age discordance over a large 
segment of the sample history (as in Figure 1B, calculated for a cylindrical geometry of 1.0 
mm radius after Dodson3 and Wheeler4, with muscovite diffusion parameters from Hames and 
Bowring5). The recovery and interpretation of diffusion gradients in single grains can be more 
powerful than the approach of utilizing different minerals with differing closure temperatures 
as portrayed for contrasting T-t paths (Figure 1) that pass through temperatures of ca. 550, 
350, and 300°C at similar times. Consider hornblende, muscovite, and biotite 40Ar/39Ar ages 
of rocks with cooling histories I and II. The discrete ages as obtained through bulk-sample 
40Ar/39Ar methods, interpreted using Dodson's1,2 closure temperature concept, and indicated 
with circles in Figure 1A would appear to be similar. However, the intracrystalline, apparent 
age profiles in muscovite crystals 1 mm in diameter (Figure 1B) are predicted to differ 
considerably for the 
two paths indicated 
by solid curves, to a 
degree that could be 
easily measured with 
the resolution of 
current laser ablation 
methods for in situ 
40Ar/39Ar analysis. 
 (An interpretation 
using the closure 
temperature concept 
would also be 
incorrect for path II, 
at least for the 
muscovite, as 
Dodson's earlier 

Figure 1: Contrasting, hypothetical thermal histories (A), with resulting 
apparent age profiles (B) predicted for muscovite crystals of 1 mm 
radius for cylindrical diffusion of 40Ar (with diffusion parameters of 
Hames and Bowring, 1994). The closure profiles in B develop over the 
portions of the paths represented by the heavy line in A. 

 



formalism requires rapid, linear cooling through mineral closure, as in path I.) Note for each 
path and the diffusion parameters chosen, muscovite with a millimeterscale diffusion 
dimension is predicted to partially retain radiogenic 40Ar over a wide range of temperature 
(about 525 to 325°C for path II, and 475 to 325°C Ma for path I) and would lead to 
development of core-rim age variations of tens of millions of years. 
 

Many studies over the past 25 years have documented apparent age gradients in micas 
that vary in complexity, but appear dominated by cylindrical diffusion at the grain scale, with 
40Ar loss along edges to (001) cleavage planes. We have developed 2-D models to describe 
argon diffusion in micas, that are dominated by cylindrical path diffusion but that allow the 
user to specify the size and shape of the actual mica. The new model utilizes the finite 
element method and the Matlab PDE toolbox, through which an arbitrary, user-defined 2-D 
shape is discretized into tens of thousands of triangles or elements, and the model can 
simulate argon accumulation, mobility and loss during complex cooling or thermal overprint 
histories. The model we have derived also permits investigation of the effects of fast diffusion 
pathways, that may be defects that form during growth of a crystal (as inclusions or other 
boundaries for composite grains) or through lattice deformation superimposed at some point 
in the sample’s thermal history. Modeling of previously published in situ laser 40Ar/39Ar 
apparent age gradients in actual micas (e.g., grain-scale gradients reported in Paleozoic, 
Appalachian muscovite6, or Caledonian muscovite with grain-scale, core-to-rim age 
gradients7) with the new model yield satisfactory results, and are a better fit for describing the 
actual, natural system than previous models because the entire age distribution within a 2-D 
cleavage sheet can be evaluated. 
 

The present focus of our model development is for forward modeling to predict the 
scale and form of 40Ar/39Ar age gradients in micas, but we anticipate future development of 
inverse approaches to derive thermal histories from observed age gradients. Dodson1 realized 
the petrological significance to applying Fick’s laws of diffusion to the closure temperature 
concept beyond radiogenic isotopes to petrological systems and the study of elemental 
diffusion gradients. In a similar way, we feel that 2-D models as we are working to develop 
can be expanded to permit more generalized isotopic or elemental diffusion patterns at the 
scale of individual grains, and with shapes that are appropriate to their actual morphology. 
These integrated tools will be useful, for example, in evaluating P-T-t histories based on 
diffusion profiles in coexisting micas (with 40Ar/39Ar age gradients formed by loss of 40Ar) 
and garnets (with growth zoning profiles modified by the diffusion of Fe-Mg-Mn-Ca).ext in 
Times New Roman size 12; single line spacing. Maximum length of the absract: 2 pages 
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White mica 40Ar/39Ar dating is a proven powerful tool for constraining timing of 

metamorphism, deformation and exhumation. However, in high-pressure metamorphic rocks, 
wide age ranges can befound that do not agreewith constraints from different isotopic 
systems, indicating that geological and chemical processes complicate straightforward dating. 
In this research project, white mica ages from rocks of the Cycladic Blueschist Unit on Syros, 
Greece with contrasting rheology and strain mechanisms are compared, in order to better 
understand the role of deformation, recrystallization and fluid flow on 40Ar/39Ar ages of white 
mica. 

 
Resulting ages vary along different sections on the island, inconsistent with other 

isotopic constraints on eclogite-blueschist metamorphism (55-50 Ma) and greenschist 
overprinting (41-30 Ma). Two end-member models are possible: 1) Results represent 
continuous crystallization of white mica while moving from blueschist to greenschist 
conditions in the metamorphic P-T loop, or 2) white mica equilibrated in eclogite-blueschist 
conditions and their diffusion systematics were perturbed during greenschist overprinting. 
The single grain analyses yielded age ranges of different shapes, indicating differences in 
argon systematics. Step wise heating of larger grain populations resulted in flat plateau 
shapes, providing no evidence for partial resetting. Electron microprobe measurements of Si 
per formula unit, as a proxy for pressure during crystallisation, correlates well with age 
differences between samples with contrasting rheology and deformation mechanisms within a 
domain, but do not explain age variation on the island scale.	  	  

 
 

Figure 1. Shapes of multiple single grain age ranges along a road section with contrasting 
lithologies near Myttakas, central Syros. Varying shapes of age ranges show differences 
between normal and ‘perturbed’ argon systematics. 
 

The previously unreported north-south age trendand age ranges per sample, as shown 
only in the 40Ar/39Ar system of the metapelitic and marble lithologies, contains key 
information that will allow us to test between different scenarios for age formation. Excess 



argon infiltration at this stage seems to have been of minor importance. Our new approach 
should lead to a better understanding of the roles of these processes during and after HP 
metamorphism.  
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The knowledge of the helium diffusion behavior in minerals is a key issue to interpret 

thermochronological (U-Th)/He ages. Indeed, He age results from alpha particle accumulation 
produced during radioactive decay in a crystal and its diffusional loss by thermally activated 
diffusion. In apatite, recoil damage accumulation during alpha-decay is function of their production 
via the effective U content and their annealing1,2,3, which depends on the temperature. 

 
The damages have been recognized as playing an important role in helium diffusion in 

apatite. To study their effect we set up a series of experiments aiming at measuring the diffusion 
coefficient by the widening of a 4He implanted profile. For this purpose, dedicated experiments are 
conducted by using microbeam ERDA (Elastic Recoil Detection Analysis) on macro-apatite 
crystals. The ERDA is a method which uses the recoiled atoms to get information about the depth 
distribution of a target element. It is based on the elastic collision between a heavy incoming atom 
(here a carbon atom) and a lighter one present in the sample (an implanted 4He). Firstly a depth 
profile of helium is produced by implantation of 4He ions on a polished planar surface of apatite. 
Then the carbon beam is sent to the surface at a grazing angle of 15° and  with an initial energy of 
8.50 MeV and atoms slow down inside the sample. Most of them stop when they have lost the 
whole initial energy. But some of them collide with a light atom (helium or hydrogen) and transfer a 
fraction of their kinetic energy to the collided atom which is ejected and can be detected at some 
angle. The recoil energy is representative of the collision depth due to the slowing down of the 
incoming carbon and of the ejected atom. For a given ejected atom the lower the energy, the deeper 
the collision, and the energy spectrum is representative of the depth spectrum of the profile. The 
carbon beam fluences vary between 1017 and 1015 He/cm2. The ERDA technique has already been 
used for apatite1. 

The He front is plumbed after He implantation, and after different annealing temperature 
heating steps. ERDA experiments are conducted on the same grain to characterize the possible 
effects of natural damages, irradiation-induced damages and amorphization due to the irradiation 
fluence. 

The He implantation damages are calculated by TRIM5 simulations and compared to the 
natural damages, and we show that the implantation has an important impact on diffusion. Although 
diffusion has occurred, as demonstrated by the global decrease of the He quantity in the crystal, the 
heated He profile does not spread as expected. It indicates that a significant damaging has been 
produced by the implantation, and that the damages are not uniformly distributed, but rather peaked 
around the maximum of the concentration profile. 
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Periodic Density Functional Theory (DFT) calculations on apatite lattice have been 

performed to investigate the chemical composition effect on He diffusion and its impact on 
the (UTh)/He thermochronometer. We determine the helium diffusion for a pure F-apatite 
lattice and for a lattice where a fluorine atom is substituted by a chlorine one. Two 
preferential diffusion directions in both structures have been identified, one along the fluorine 
atoms and the other one in the plane orthogonal to the later direction. A Nudged Elastic Band 
method (NEB) has been used to determine the activation energies between two He insertion 
sites, which range from 95,500 to 106,100 kJ/mol for the F-apatite and from 79,118 to 
166,920 kJ/mol for the Cl0.25-apatite. According to the energy barriers a small anisotropy is 
noticed in the case of the pure F-apatite and a more pronounced anisotropy in Cl0.25-apatite. 
Consequently He diffuses preferentially in the plane in case of Cl0.25-apatite while a 3 
dimension (3D) diffusion process is observed in the pure F-apatite at low temperature. 
 

In a second part, Kinetic Monte Carlo calculations have been performed to simulate 
the He 3D diffusion in the two-apatite lattices composition. From these calculations the 
Arrhenius law gives us access to the diffusion coefficient for infinite crystal such as: 
D (cm2/s)=2.810-4 (cm2/s) exp(-98.94 (kJ/mol) / RT) à pure F-apatite 
D (cm2/s)=3.010-4 (cm2/s) exp(-108.00 (kJ/mol) / RT) à Cl0.25-apatite 
 

He diffusion in F-apatite is significantly different that for the Cl0.25-apatite, with 
calculated closure temperature of 41 to 71°C, for a 50 micron grain size and a cooling rate of 
10°C/Ma. Then the closure temperature calculated from our DFT results is significantly 
different from the single existing DFT calculation1, but is in good agreement with 
experimental results2-3 in the case of F-apatite for non-damaged apatite3. On can conclude that 
(1) the apatite grain shape and size are important parameters, as even the slight anisotropic He 
behavior of the Fapatite has some impact on the He age. The use of the active radius4 allows 
taking account of this behavior and will reduce the age dispersion. And (2) for high chlorine 
content (≥25%), He diffusion behavior is significantly different compared to F-apatite and can 
explain some not understood He age variations.  
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Retention of radiogenic 4He in crystal structures of most minerals is very low. Helium 
can escape easily from them in a course of geological history. However, in a group of 
minerals, namely native metals, the retention of radiogenic helium is anomalously high1. Very 
low solubility of helium in metals leads to formation of atomic clusters, which manifest 
themselves as nanometer-scale helium “bubbles”. Migration of such "bubbles" in the crystal 
structure requires relatively high temperature close to the metal melting temperature. Finding 
has already led to the creation of novel 190Pt-4He method of isotope geochronology for the 
direct dating of platinum mineralization2. Since the first main source of 4He in native 
minerals of platinum is α-decay of 190Pt. 

 
On practice the idea of anomalously high retention of radiogenic helium in crystal 

structures of native metals is confirmed by the results of 190Pt-4He dating of isoferroplatinum 
from well-studied alkaline-ultramafic and dunite-clinopyroxenite complexes3. Comparison of 
obtained 190Pt-4He ages with independent geochronological measurements is presented in 
table 1. Also the anomalously high retention of radiogenic helium was shown on the example 
of native gold. Thus for native gold from Witwatersrand deposit was obtained U-Th-He ages 
∼2300-3200 Ma4. 
 
Table 1. Comparison of obtained 190Pt-4He ages with independent geochronological 
measurements 
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The possibility that changes in physical properties accompanying the accumulation of radiation damage in 
zircon could be used as a tool to measure geological ages was first proposed more than 60 years ago1. 
Later studies however, revealed that radiation damage could be thermally annealed2 as well as enhance He 
diffusion3. These complexities soon led to abandonment of zircon radiation damage ages for application in 
geochronology. The later successful application of zircon fission track dating4 however demonstrated that 
a specific type of radiation damage age could form a viable geochronology technique. Subsequent 
laboratory and field studies elucidated the kinetics of fission track annealing and to date this exemplifies 
the most comprehensive understanding of the annealing of radiation damage in zircon (and other minerals) 
over geological timescales. With the development of SHRIMP zircon U/Pb spot analysis and the ability to 
carry out Raman analysis on the same spots to measure the degree of radiation damage in crystal 
structure5, as well as recent studies employing laser technology for obtaining spot zircon (U-Th)/He (ZHe) 
thermochronology data6,7, it is timely to reassess the viability of zircon radiation damage ages, particularly 
for constraining low temperature thermal events. 
 
Since the advent of modern (U-Th)/He thermochronology, several ZHe studies have demonstrated their 
potential for broad application in geochronology8-10. Although thermally activated volume diffusion is 
thought to be central in controlling He migration, crystal defects and radiation damage, are also considered 
important, but their precise role is not well understood. A first-order proxy for estimating the degree of 
accumulated radiation damage in grains is derived by calculating an estimate of the α-dosage (Dα) from 
its effective uranium concentration [eU]. This system works particularly well in quickly cooled volcanic 
or sub-volcanic rocks with low radiation damage. This is perhaps best illustrated by zircon from reference 
standards such as the Fish Canyon Tuff (FCT) and Mt Dromedary monzonite (MTD), whose ZHe ages 
tend to be concordant within analytical uncertainties with their well-established emplacement ages. The 
effective uranium concentration [eU] for these zircons, typically ranges between ~200-600 ppm 
corresponding to Dα = ~0.02- 0.05x1018 α/g (FCT) and 0.1-0.2x1018 α/g (MTD). These dosages are 
relatively low and in a range where zircon step-heating experiments indicate a pronounced decrease in He 
diffusivity11, which, explains the well-behaved response of the ZHe system for these standards. Plots of 
ZHe age versus [eU] may be positive or negative depending on degree of radiation damage and thermal 
history11. Here, we present case studies demonstrating how ZHe data and consideration of their radiation 
damage may yield unexpected relationships when used in combination with other thermochronological 
data. 
 
Tasmania, southeastern Australia, hosts a large volume of Early Jurassic (~180 Ma) tholeiitic intrusives. 
Cropping out as dolerite intrusions over an area of ~30,000 km2, it forms part of one of the world’s major 
continental flood basalt provinces (Tasmania-Ferrar-Karoo Igneous Province) and is regarded as a 
precursor to the break-up and dispersal of Gondwana. Apart from two anomalously old ages exceeding the 
age of intrusion, ZHe data from dolerites yield either the age of dolerite emplacement for grains with 
relatively low radiation damage (Dα = ~0.2-0.3x1018 α/g), or mid Cretaceous ages for grains with 
increased α dosage (Dα = ~0.4-1.0x1018 α/g). The mid Cretaceous ZHe ages are concordant with apatite 
fission track (AFT) ages (~95 Ma) for dolerites in central and eastern Tasmania and consistent with their 
slightly younger apatite (U-Th-Sm)/He ages, and represent a cooling episode associated with continental 
extension prior to opening of the Tasman Sea. In western Tasmania, AFT ages are somewhat younger 



(Late Cretaceous to Early Tertiary) than the corresponding mid Cretaceous ZHe ages, and are interpreted 
as a local cooling event related to transform margin formation in that area. Zircons from Tasmanian 
dolerites recording higher α-dosage therefore appear to record the distinctive, widespread mid Cretaceous 
cooling episode. Vitrinite reflectance data from Lower Permian sediments underlying the dolerites (but 
not in close contact) suggest they have experienced maximum post-depositional temperatures of ~140°-
160°C. This was achieved in the mid Cretaceous during maximum burial under the now largely eroded 
Mesozoic Victoria Basin12. 
 
Zircon fission track (ZFT) ages from Neoproterozoic rocks (deep boreholes and outcrops) in southern 
Israel and Sinai indicate a regional Late Devonian-Early Carboniferous cooling event (~360 ± 30 Ma) 
following earlier burial to temperatures ~225°± 50°C, which totally resetting zircon FT clocks but only 
partially reset the titanite FT system13. The cooling episode involved removal of a lower Paleozoic section, 
probably exceeding the ~2.5-3 km currently preserved in southern Jordan and Saudi Arabia, adjacent to 
the study area. Regional stratigraphic evidence indicates that the Late Devonian-Early Carboniferous 
event was confined to a belt extending from the Gulf of Suez area to the vicinity of NE Syria and SE 
Turkey. ZHe data from similar Neoproterozoic lithologies in the same region, as well as from SW Jordan 
however, generally yield older ages (typically ~400-500 Ma) than those obtained from ZFT dating, but are 
similar to titanite FT ages ~400-450 Ma. In this data set a threshold of Dα = ≥1.0×1018 α/g marks the 
effective radiation dosage where ZHe age decreases markedly, broadly consistent with existing He 
diffusivity experiments11. 
 
In another example from the Gulf Extensional Province (GEP) in southern Baja California, Mexico, the 
relationship between ZFT and ZHe ages in Cretaceous plutonic rocks varies according to sample post-
intrusion exhumation history, despite all displaying a similar range of α-dosage (Dα = ~0.1- 0.7×1018 α/g). 
ZHe>ZFT ages occur in samples where exhumation has been relatively subdued, but the relationship is 
reversed in samples that experienced marked exhumation related to GEP Miocene-Recent tectonics. These 
findings strongly suggest that factors controlling annealing of α- damage in relation to FT damage are not 
well understood and underscore the complexity of the radiation damage-He diffusion relationship. 
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Modeling has become a focal point through which most thermochronological data now pass.  This 
is an outgrowth of the fact that the community has, in a sense, outgrown the original Dodson 
framework of closure temperature1.  Whereas ages were once (and in some cases still are) hoped to 
correspond to discrete geologic “events”, we continue to absorb the full impact of the early lessons 
demonstrated by Naeser2 and others that, due to partial resetting and retention, ages frequently 
occupy a continuum.  Thermochronometric age is not so much a function of cooling rate as the 
entire time-temperature path, and the particular kinetics of each instance of each system. 
 
At the same time, one of the great and continuing contributions of the closure temperature 
framework has been to bring order to the influence of temperature on radiometric ages, allowing the 
temperature sensitivity of different systems to be organized and arranged to help clarify their 
respective contributions to our understanding of different segments of thermal histories.  Given the 
increasing number of studies that employ multiple thermochronometric systems, not to mention the 
interconnectivity among systems such as posited by radiation-damage-influenced models of helium 
diffusivity, there is a need for similar organization in the context of modeling.   
 
Currently, the lens through which we quantitatively consider multiple systems together is statistics, 
for which there are a number of approaches.  HeFTy3 attempts to use the simplifying concept of 
expected value: given a particular t-T path, set of kinetics, and analytical precision, there is an 
expected range of outcomes that can be compared with a set of measurements.  The success of this 
approach hinges on the fidelity with which disparate systems can be fit into this framework.  
However, each of the commonly employed thermochronometric systems has its own idiosyncrasies.  
Tellingly, the more-used and more-studied a system is, the more complex it has turned out to be. 
 
The apatite fission-track (AFT) system has the unusual luxury of large analytical uncertainties that 
tend to swamp errors, oversimplifications and incompletely-understood and thus poorly quantified 
physical processes of formation, annealing, and etching that are nevertheless present.  However, 
these shortcomings can become evident as data quantities rise, which promises to occur with 
increasing frequency given the continuing progress of semi-automated data acquisition systems.  
Excess variation is often attributed to either kinetics or provenance, or a mixture of the two; 
however, the statistical tools we use for this separation contain no kinetic information, and our 
ability to estimate kinetics accurately via composition or solubility remains limited. The zircon 
fission-track system (ZFT) is understood through only a limited set of experimental data sets.  
Although it has been asserted that radiation damage influences ZFT annealing rates4, there are not 
yet sufficient laboratory data to quantify this effect. 
 
Apatite is also the most-studied mineral for the (U-Th)/He system, and in some ways the depth of 
our understanding of the apatite helium (AHe) system exceeds that for fission tracks.  However, the 
scatter among AHe data regularly exceeds the limits implied by analytical precision and analysis of 
standards, both in the occurrence of outliers and smaller-scale dispersion.  In many cases this 
dispersion can be interpreted as a result of kinetic effects from grain size and/or radiation damage5,6, 
but there is also danger in this approach for modeling if other factors, such as inclusions, zoning7, 
bad neighbors8, fragmentation9, or composition10, are responsible for the scatter.  As with fission 
tracks, the zircon system is less-studied; some kinetic influences such as radiation damage and 
zoning11 are more severe and complex, while some others are probably less important.  
 



Appropriate calculation and scaling of uncertainties is complicated because of the presence of errors 
that are to varying extents stationary or non-stationary with respect to thermal history.   Stationary 
factors are generally responsible for symmetrical or modestly biased dispersion of limited 
magnitude, such as counting and etching efficiency for fission-track dating and alpha ejection 
calculation for (U-Th)/He.  Conversely, kinetic factors are non-stationary because their influence is 
linked to thermal history, and can be of arbitrarily large magnitude. Our ability to quantitatively 
interpret systems affected by kinetic variation hinges on both our understanding of the kinetics and 
the reliability with which we can and do estimate them.  In the (U-Th)/He system, factors such as 
fragmentation and zoning are hybrids: the magnitudes of their effects are influenced by thermal 
history, but remain limited. 
 
Stationary and semi-stationary factors, and their effects on the expected dispersion among 
measurements, can and should be included in consideration of how best to estimate and report 
uncertainties.  For semi-stationary factors it may be warranted to consider an increment of estimated 
uncertainty that is linked to thermal history.  A quantitative accounting would also facilitate cost-
benefit analysis of analytical measures that can be taken to address them.   
 
To the extent that measurements are affected by departures caused by unquantified kinetics or other 
sources of variation, failure can be a desirable result; modeling is a test of a hypothesis, and a 
failure of that test is informative. However, this is not always the case in practice – modeling can in 
many cases converge on an “answer” even when it should not, with a meaningless or misleading 
result.  We thus don’t want to ignore dispersion, or arbitrarily over-estimate uncertainties simply to 
make modeling easier. 
 
Ultimately, statistics are an admission of ignorance.  It is worth considering how to better include 
this ignorance in the statistics underlying our data interpretation and especially our modeling, 
quantifying our “known unknowns” as possible and respecting the presence of “unknown 
unknowns” without being paralyzed by them. 
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The well-documented dependence of He diffusivity in apatite on the amount of accumulated 
radiation damage in a crystal has, to first-order, helped explain a variety of common observations 
in apatite (U-Th)/He (AHe) datasets, including large spreads in AHe dates from the same sample 
and “inverted” datasets where reproducible and reliable AHe dates are older than corresponding 
apatite fission-track (AFT) dates. Models for He diffusivity indicate that changes in He diffusive 
behavior are most apparent in samples that have experienced long residence at moderate to low-
temperatures, such as samples from the relatively stable interiors of cratons. In this study we use 
new, paired AHe and AFT thermochronology on basement samples from the Canadian Shield in 
southern Ontario to both constrain the thermal history of the region and to evaluate the internal 
consistency of AHe and AFT data that record long (100’s of Ma) timescales using the most 
recent apatite He diffusion kinetic and FT annealing models. 
 
New AHe and AFT thermochronology data from the southern Canadian Shield record complex 
and spatially variable thermal histories, consistent with differing amounts of sedimentary burial 
and reheating during the Paleozoic and Mesozoic. AFT dates range from ~360 – 530 Ma and are 
generally younger towards the southeast. AHe dates on single-grains from the same sample 
exhibit more complex behavior. He dates range from ~240 – 730 Ma with effective Uranium 
(eU) values between 3-60 ppm. AHe dates are either older or younger than corresponding AFT 
dates, depending on the individual sample, its geographic location, and the range of eU values of 
the analyzed apatites. Samples with only low eU grains yield AHe dates younger than or 
equivalent to AFT dates. In samples with significant variation in eU, some show uniform dates 
regardless of eU while others display positive date-eU correlations, together reflecting the 
geographic variability in thermal histories recorded by the AFT data. For the latter data pattern, 
higher-eU grains are significantly older than corresponding AFT dates, and lower-eU grains 
equivalent or younger than corresponding AFT dates. For example, sample 01-OE-23 (Figure 1) 
has an AFT central age of 381 ± 20 Ma, yet yields AHe dates ranging from 357 ± 34 Ma (eU = 
15) to 637 ± 48 Ma (eU = 35). The AHe and AFT results from these samples are qualitatively 
consistent with models that predict lower He diffusivities, and consequently older He dates, for 
grains with substantial accumulated radiation damage, and provide an excellent test case for our 
current understanding of AFT and AHe behavior. Samples from the southern Canadian shield 
combine high-quality apatite, variable apatite eU concentrations, an extensive fission-track 
thermochronology data set, and protracted and spatially variable thermal histories, and as such 
provide an excellent natural laboratory in which to investigate the behavior of low-temperature 
thermochronometers over long time scales. 
 
 



 
Figure 1. Apatite (U-Th)/He (blue circles) and fission-track (red line) data from 01-OE-23, a 
sample from the northwest shore of Lake Superior in southern Ontario. Note that the low-eU AHe 
date is younger than the corresponding AFT date, but higher-eU grains yield systematically older 
dates. 
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It is now well established that the kinetics of helium diffusion in apatite is an evolving function of 
grain-specific characteristics and the thermal history that a sample experienced1,2,3. As we push to 
utilize the low temperature sensitivity of apatite U-Th/He (AHe) and 4He/3He thermochronometry 
into different lithologies and less dynamic topography, these variables can influence the cooling 
ages and 4He concentration profiles we measure, making meaningful interpretation of the thermal 
history difficult without careful sample characterization4. Here we present new 4He/3He data 
coupled with U and Th zonation maps from the same grains for samples from a complex AHe data 
set from the southern Appalachian Mountains in eastern North America5. We illustrate how these 
techniques elucidate the causes of poor AHe age reproducibility between individual apatites from 
the same rock and we explore how such complexity and grain-specific differences provide 
additional leverage on the thermal history. 
 
Previous work to quantify the timing and rate of bedrock exhumation in the southern Appalachians 
produced a complex data set with poor AHe age reproducibility both between adjacent samples and 
within individual samples5. An extreme example is sample SY-2 that was derived from Proterozoic 
gneiss on a high ridge in the rugged mountains of western North Carolina, U.S.A. Replicate AHe 
analyses of this sample produced a range cooling ages from 66 to 219 Ma with no correlation with 
eU concentration. However, after physical abrasion, grains from the same sample produced ages 
from 48 to 195 Ma that were strongly correlated with eU concentration. Inverse modeling of the 
age-eU relationship of the abraded grains suggests steady slow cooling corresponding to an erosion 
rate of 20 m/Ma over the last 180 Ma. Following proton irradiation to produce a uniform 
distribution of 3He through spallation reactions6 4He/3He ratio evolution diagrams of three 
individual apatite grains from SY-2 were measured. Two of these spectra are convex and suggest 
variable degrees of core-enriched zonation of U and Th (Figure 1). These apatite grains were 
recovered, mounted, and polished for LA-ICPMS mapping of the distribution of U and Th; the data 
confirm the presence of strong core-enriched zonation in two of the grains (Figure 1).      
 
U and Th zonation has been investigated for its impact on the alpha-loss correction used for AHe 
dating4,7. However, the impact of spatially heterogeneous radiation damage, which is a by-product 
of U and Th zonation, has not been fully explored. Forward modeling using the inferred slow-
cooling thermal history from the abraded data set illustrates the impact of heterogeneous radiation 
damage on 4He/3He results (Figure 1). When spatial variability in radiation damage is considered 
using the zonation map data, predicted 4He/3He ratio evolutions display a convex shape similar to 
the strongly zoned grains from SY-2. A homogenous eU distribution generates a concave shape that 
is a poor fit to the strongly zoned grains because it misses the enrichment of 4He during the high 
temperature steps. The reason for the disparity between the two models is partly because more 4He 
is produced in the enriched core relative to the rim. This effect is compounded during slow cooling 
since the highly enriched (and thus more damaged) cores more rapidly evolve towards lower 4He 
diffusivity at a higher temperature than the low eU rims; in this case, the rims remain open to 
diffusive loss down to very low temperatures. When incorporating these sample-specific 
complexities, a single thermal path can explain much of the observed data for all three samples. 
Therefore, differences in the spatial distributions of production and diffusion between individual 
crystals from the same rock provide additional leverages on constraining a thermal path. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. 4He/3He thermochronometric and [eU] mapping results for three apatite grains from 
sample SY-2 from the southern Appalachians, U.S.A. Inset contour plots illustrate the U and Th 
zonation characteristics for each grain. The ratio evolution diagrams show the normalized results 
of 4He/3He step-heating experiments (gray boxes) compared to forward model predictions. The 
forward model results share a common time-Temperature history and show the impact of the 
observed zonation modeled as radially symmetric 1D distribution of eU (red lines) relative to an 
assumed homogenous distribution eU (dashed black lines).   
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High temperature (>350°C) thermochronometry can be achieved by exploiting the loss of Pb 
from accessory minerals such as apatite, titanite and rutile, assuming that lead is lost by a 
thermally activated process. Studies within man-made1 and natural2 laboratories support this 
assumption. Some studies have proposed that interaction with aqueous fluids dominates daughter 
isotope loss from crystal lattices3, although Cochrane et al. (2014)2 recently showed that Pb loss 
from apatite is a function of temperature, and aqueous interaction is not required. Cochrane et al. 
(2014)2 also showed that meaningful t-T paths can be obtained from modeling volume diffusion 
of Pb through apatite by combining diffusion parameters1, U-Pb dates, grain sizes and the 
distribution of U within the apatite. The aims of this study are i) to generate t-T paths from 
apatites using HeFTy V1.8.0, ii) to investigate the relationship between Pb diffusion in apatite, 
titanite and rutile, and composition, and iii) to examine the nature of Pb loss by comparing in-situ 
(MC-LA-ICPMS) and bulk (ID- TIMS) dates. 
 
Accessory phases have been extracted from Triassic S-type granites and migmatitic leucosomes 
from the Andes of Ecuador and Colombia. U-Pb dates have been obtained from the apatites using 
Thermal Ionization Mass Spectrometry, and these are compared with grain size (50 – 200 µm). 
Thermal history paths have been obtained from apatites that lie on well-defined trends, which are 
predicted from volume diffusion. The t-T paths have been obtained using HeFTy V1.8.04, and the 
activation energy for diffusion and diffusivity for Pb in apatite1. The thermal history of the region 
has been previously constrained at temperatures <350°C5, which were experienced after 75 Ma, 
providing a constraint for the t-T models. 
 
The trace element composition of the apatites has been determined using TIMS-TEA6, which 
utilizes solution nebulization ICPMS of the same apatite that was dated. Previous work showed 
that outliers on date vs. gran size trends have elevated Th/U ratios, which may be a proxy for 
other compositional variations. This study will accumulate a database of apatite compositions, 
which will be used to seek relationships between apatite composition, activation energy for 
diffusion and absolute diffusivity. 
 
In-situ dates will be obtained using MC-LA-ICPMS, combined with element mapping using a 
quadrupole. The in-situ dates will be compared with the core-rim date profiles that are predicted 
from the t-T models constructed using the bulk (TIMS) dates. A statistical match between 
predicted and measured in-situ dates would validate the assumption that Pb has been lost from the 
apatites by thermally activated diffusion. Discrepancies would suggest that either i) Pb was lost 
by mechanisms other than volume diffusion, ii) volume diffusion has operated although the 
intrinisic diffusion parameters used1 are not applicable (e.g. due to compositional variations), or 
iii) the grain has a multi-domain structure with respect to diffusion. This study will investigate 
these discrepancies. 
 



The study is in a preliminary phase, and the apatite U-Pb dates acquired so far range between 210 
– 75 Ma for apatites with radii varying between 100 and 175mm. Concordant zircon U-Pb dates 
(LA- ICPMS) show that the leucosomes are Triassic indicating that Pb has been lost from these 
apatites. 
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Recent advances in noble gas mass spectrometry, notably the development of high sensitivity 
multicollector instruments such as the Thermo Finnigan ARGUS and Nu Instruments Noblesse 
have greatly improved the precision of 40Ar/39Ar geochronology1. As a consequence, certain 
commonly made simplifying assumptions for data reduction and error propagation are no longer 
valid. Similar technological advances in U-Pb geochronology have prompted that community to re-
evaluate the error propagation routines for TIMS and LA-ICP-MS2. These new insights were 
implemented in a computer program called ‘U-Pb_Redux’3. We have developed a similar program 
(‘Ar-Ar_Redux’) to put 40Ar/39Ar geochronology on an equally firm statistical footing as the U-Pb 
method. Specific improvements over previous data handling approaches are: 
 
1. The program performs error propagation using the common linear Taylor Series approximation, 
but explicitly takes into account all the previously neglected covariance terms, resulting in more 
accurate (and tighter) error bounds. 
 
2. Isotopic ratios of multicollector data are calculated by regressing the (logarithmically 
transformed) ratio measurements, rather than by extrapolating each mass independently and taking 
the ratios of the y-intercepts. 
 
3. Isochron regression takes into account correlated errors between the X- and Y-variables. 
 
4. Weighted mean plateau ages take into account systematic errors by using a maximum likelihood 
approach including full covariance terms. 
 
Both U-Pb_Redux and Ar-Ar_Redux are written in Java and, hence, platform independent. 
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During the last decade (U-Th)/He thermochronology experienced important developments and 
improvements based on the combined use of extensive age documentation on various contexts and 
numerous experimental data. The main advance has been achieved when it has been shown that He 
diffusion in apatites, and consequently specific individual closure temperature, are partly controlled 
by the amount of radiation damages accumulated in the grains 1. Concerning zircons, although the 
amount of available measured data is less important, its has been noticed 2 that Z-He ages could 
positively or negatively correlate with the amount of effective uranium (eU) of the grains (a 
parameter proportional to the accumulated damages). This has been recently investigated and 
modeled 3, 4 using new diffusion experiments performed on grains affected by a large range of 
alpha-dose. It has been shown that the alpha-dose is correlated to the amount of accumulated 
radiation damages and controls the diffusivity of helium by first inhibiting helium migration at low 
damage, before a threshold (2 x 1018 alpha/g), after which interconnection of damage zones 
drastically drives higher diffusivity at high damage. This complex behavior controlled by the 
production/preservation of radiation damages implies that various zircons from a single sample can 
be characterized by a large range of closure temperatures from about 200 °C to less than 100 °C. 
Because it is less common to measure Z-He than A-He ages, the amount of available data to test 
and validate this new model is still rather limited. 
 
In this study we provide new Zircon Fission Track ages (ZFT) and single grain Zircon (U-Th)/He 
ages (Z-He) for the Bielsa and Néouvielle granites in the Pyrenees (see other data from Vacherat et 
al. and Boutoux et al. this volume). The time-temperature history of exhumation for the western part 
of the Axial Zone in the Pyrenees is particularly well suited for such an investigation given that (1) 
the age of granite bodies is very well known (~ 305 Ma), and (2) they have spent a large part of 
their Mesozoic history close to the surface favoring accumulation of radiation damages before 
Paleocene sedimentary and tectonic burial 5. Up to 10 single Z-He ages per samples have been 
measured in order to document the larger eU range. Data exhibit a wide range of ages (Fig. 1), 
which is larger for the Bielsa samples than for the Néouvielle samples. For both, the maximum of 
age variation is mainly recorded for a narrow eU concentration window from 200 to 500 ppm, with 
a first steep positive gradient, and a subsequent more gentle negative one up to the youngest ages 
recorded for the highest eU. The total age variation for both granites range from published AFT 
dates for the lower bound to ages in good agreement with individual ZFT for the upper bound, 
indicating that Néouvielle granite has been buried deeper (or suffered higher thermal gradient) than 
the Bielsa one before Oligo-Miocene exhumation. Such pattern is qualitatively in pretty good 
agreement with the model of Guenthner et al. 4, yet it is not possible to fit the Bielsa and Néouvielle 
data with a t-T history constrained by independent parameters (age of granites, old exhumation 
period followed by Cretaceous sediment burial). Even considering the maximum alpha-dose 
experienced by the samples (i.e. produced by the grains since granites emplaced without any 
annealing), the inversion of positive to negative trends in Bielsa and Neouvielle samples is centered 
at about 2 - 3 x 1017 alpha/g, significantly lower than the value used in the models 3,4. Preliminary 
Raman Spectroscopy data indicate that the total amount of damages experienced by these samples is 



well correlated with this double-trend pattern, and in the range of values used for quantification of 
the model with experimental diffusion data.  
 
These data from Pyrenean granites represent a good and independently constrained dataset to test 
the new complex models of age simulation and to optimize their calibration. They suggest in 
particular that the quantification, nature and preservation of damages acting for the modulation of 
He diffusion in zircons should be investigated and documented more extensively in the future. 
 

 
 
Figure 1. Correlation between single grain (U-Th)/He ages and the eU concentration for samples 
from the Bielsa and Néouvielle granites (Pyrenees). Fission Track ages are from this study for 
Bielsa and Néouvielles zircons and from literature 5, 6, 7 for Bordere-Louron zircons and Bielsa and 
Neouvielle apatites. 
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Zircon (U-Th)/He (ZHe) thermochronometry is an increasingly popular technique for the 
interpretation of low-temperature thermal histories in a variety of geologic settings. As has also 
proved the case for apatite1, however, accounting for the effect of radiation damage on helium 
diffusion kinetics is crucial for quantitative interpretation of ZHe data. Over geologic time, the 
crystal lattice of zircon becomes increasingly disordered due to energy released from the α-decay of 
U and Th, and the spontaneous fission of 238U. With the growing number of ZHe analyses 
performed worldwide, many researchers have noted negative correlations between apparent ZHe 
age and effective uranium concentration (eU = [U] + 0.23[Th], in this context as a proxy for 
radiation dose) in the form of variations of up to hundreds of millions of years from different 
zircons separated from the same rock. Furthermore, in some cases these correlations appear to be 
systematic and to record actual thermal histories, in a similar but opposite fashion to the positive 
date-eU correlations observed for apatite (U-Th)/He thermochronometry1. These data demonstrate 
that, in settings in which zircon populations have accumulated relatively high and/or highly variable 
radiation doses, ZHe thermochronometry is capable of recording thermal histories continuously 
over a range of temperatures and/or multiple thermal events. Unless the relationship between 
radiation dose and diffusion kinetics is quantitatively known, however, it is impossible to extract 
thermal history information from these data.  It has long been recognized that radiation doses 
exceeding ~ 2 – 4 x 1018 α-decays/g cause sufficient damage to the crystalline structure to increase 
He diffusivity beyond the point at which the system is a reliable thermochronometer2,3, however a 
fully quantitative understanding of the potential effects of lower radiation doses has remained 
elusive.  
 
The model by Guenthner et al.3 was intended to address this issue and others; these results, 
however, have only been tested in a limited number of settings. This study seeks to examine more 
closely the onset and progression of the increase in helium diffusivity associated with high radiation 
doses, by the characterization of a large number of zircons from different settings which display 
negative date-eU correlations with a multitude of techniques.  To estimate α-radiation dose, we use 
Raman spectroscopy, which is a well-demonstrated non-destructive technique of measuring 
disorder in the crystal lattice4. To detect and account for heterogeneous U and Th distributions, we 
use laser ablation ICP-MS pit profiling over the outer ~ 20 µm of each grain.  Finally, to determine 
diffusion kinetics we perform step-heated, fractional loss diffusion experiments on grains selected 
based on size and relative consistency of parent nuclide distribution down the laser ablation pit. 
Analyses are performed on zircons from assorted crystalline basement rocks of the Sinai Peninsula, 
Egypt and from intrusive rocks along a transect from the Hall Peninsula of Baffin Island, Nunavut, 
Canada.  Analyses from both settings yield differences in apparent ZHe age over hundreds of 
millions of years from single rock samples, and with a clear negative log-linear relationship to eU. 
Results from diffusion experiments so far have shown a positive correlation between diffusivity and 
Raman-estimated radiation dose, with doses at least one order of magnitude lower than previously 
associated with significant diffusivity increases (Fig 1)3. Furthermore we observe closure 
temperatures as low as 116 °C (dT/dt = 10 °C/m.y.), as well as significant changes in diffusive 
behavior occurring at temperatures 540 - 560 °C including decreases in D0/a2  over two orders of 
magnitude. We believe that the results from these and future experiments will be instrumental in 
quantitatively understanding the relationship between radiation damage and helium diffusion 
kinetics in zircon, and in improving our capability to extract complex thermal histories from the 
zircon (U-Th)/He thermochronometer at high radiation doses. 
 



 
 
Figure 1. Contrasting results of diffusion experiments from this study, and those of Guenthner et 
al3. Radiation dose estimates are calculated from Raman spectroscopy, and closure temperatures 
are calculated for dT/dt =10 °C/m.y. 
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Helium implantation from U and Th rich phases bounding apatite grains is a proven source of 
imprecision in the (U-Th)/He dating, and can be an important cause of data dispersion. Chemical 
or mechanical abrasion of apatite grains before analysis has been demonstrated to significantly 
decrease the impact of He implantation from external sources on AHe dates (e.g.1-3). Nonetheless 
in most cases apatite grains are not big enough to allow this procedure to be undertaken and 
routinely used in laboratories. In fact, data dispersion induced by He implantation from external 
sources cannot generally be avoided and a method to identify and approach datasets affected by 
this problem is necessary. 
 
We present a case study from the Podolia region of the Carpathian foreland in Ukraine. This 
region underwent a major uplift phase between the Devonian and the Middle Jurassic, 
represented by a regional unconformity in the stratigraphic record. 
 
Coupled AFT and AHe analyses were performed on good quality grains from four samples of 
Silurian bentonites. Considering that previous work on these deposits reports post-depositional 
burial temperatures well higher than the AHe PRZ, unreasonably dispersed AHe dates were 
obtained (500-170 Ma), with some dates even older than the stratigraphic (i.e. volcanic) dates of 
the samples (ca. 420 Ma). On the other hand, AFT dates are reproducible (dispersion within the 
20% of the mean), younger than most of the AHe dates and compatible with the inferred age of 
the regional uplift (central ages: 215-170 Ma). 
 
Anomalously old AHe data generally occur in crystals with low Th concentrations (and possibly 
with low eU, [U] and Th/U), and in two of four cases a good negative correlation between age 
and crystal size is observed. 
 
A secondary, opaque brown phase is commonly observed on many of the apatite grains from 
these samples. We hypothesize that the observed AHe age dispersion was mostly induced by He 
implantation from external U- and Th-bearing phases bounding or coating the apatite grains. 
Implantation would generally produce larger dispersion for smaller and lower-eU grains, which 
could explain the inverse age-eU and age-size correlations observed. 
 
To test this hypothesis we performed mineralogical and chemical analyses (RAMAN 
spectroscopy, SEM microanalysis, single crystal XRD) on the opaque phases and alteration 
material present on the mineral separates, with a particular focus on the material coating the 
apatite grains. The results of these analyses indicate that the secondary phases pervading the 
sample mainly consist of a mixture of goethite and quartz, with minor rutile and hematite. 
 



As goethite and hematite can contain significant amounts of U and Th, we consider He 
implantation as a likely cause for data dispersion in this dataset. 
 
Thus, assuming a major effect of He implantation, we used for geological interpretation the 
young AHe dates, belonging to Th-U rich and large grains. These AHe dates are systematically a 
few Ma younger than the AFT central dates on the same samples, this supporting the guess of 
these being actual cooling ages and confirming the worthwhileness of this approach. Coupled 
AFT and selected AHe dates were used to describe cooling histories, being compatible with 
relatively slow cooling (1-5°C/Myr) occurred between the Triassic and the Middle Jurassic. 
 
The contribution of this work on the He implantation issue can be summarized as follows: 

  -  the effect of He implantation rapidly decreases with the increase of U and Th contents and 
crystal size; this implies that (i) grain size becomes the most important feature for crystal 
selection for AHe analyses of altered rocks; (ii) in sedimentary rocks, where U and Th contents 
can significantly vary from grain to grain, their relationship with age is a valuable test of He 
implantation impact on dates; (iii) negative correlation between age and the listed parameters, in 
presence of altered rocks, can arise from an He implantation effect and (iv) once the effectiveness 
of He implantation has been demonstrated for a given sample/dataset, the biggest, youngest and 
U-Th richest grains may be considered the most reliable and suitable for geological 
interpretation;  

  -  coupling AFT/AHe analyses is strongly advised to cross check the data: inverted AFT-AHe 
dates, in presence of altered rocks and provided reliable AFT data (good samples, robust 
statistics), very likely depend on anomalously old AHe dates due to He implantation;  

  -  if hypothesized on the basis of alteration, high data dispersion, AFT-AHe inversion, 
correlation between age and Rs/Th/U, the presence of U-Th-rich material coating the apatite 
grains is generally easy to verify (if pervading the whole sample) with SEM microanalysis and/or 
FT density, provided some of the coating remains on the grains after mineral separation. 
 
Thus the approach we used to deal with the He implantation effect that could not be avoided was: 
i) check the data dispersion and its dependency on grain size, [U], [Th]; (ii) verify the actual 
presence of material rich in U and/or Th (iii) use for geologic interpretation the youngest, biggest, 
U-Th richer grains. 
 
We suggest that the same approach may be used for other datasets, and that, provided good 
description of shape and mineralogy of the opaque phases, He dating may be attempted to better 
quantify their U and Th content and possibly their formation age.  
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In the field of the Apatite (U-Th)/He thermochronology, there are still some methodological 
uncertainties. As a routine, apatite (U-Th)/He data are corrected according to grain size and 
morphology to adjust for He loss from alpha ejection at the grain margins (i.e. alpha correction)1. 
Sometimes, however, He implantation from the surrounding may lead to erroneous dates, and 
attention should be paid applying the alpha correction2. While previous study focused on the 
implantation resulting from U-Th-rich minerals in the vicinity of apatite, this study focuses on a 
potential effect resulting from He-rich pore water. 
 
Another problem, especially for detrital AHe thermochronology, when applying the alpha 
correction, is that the He depleted outer part of the grain may be mechanically abraded during 
sediment transport. In this case, alpha-ejection correction would lead to overcorrection and thus 
to He dates which are too old. There is no laboratory data and sufficient age data to evaluate the 
significance of these phenomena3. 
 
To quantify and probably overcome these issues, several areas around the Himalaya have been 
selected as natural laboratories. A sampling design has been developed specifically on our needs. 
We identified different lithological units, in order to evaluate whether the expected differences in 
AHe ages may be correlated to the composition of the pore waters. In addition various 
sedimentary basins will be considered, to observe how the pore water composition is influenced 
by the source rock on one hand, and on the other hand if the long term residence in a sedimentary 
basin influences the AHe age. 
 
Furthermore, we address the question whether abrasion and sediment transport affects the (U- 
Th)/He system. To do so, we will date river sands from Himalayan source area with relatively 
well- defined and suitable age patterns. The general idea is to trace the signal of the apatites along 
the upper Kali Gandaki valley, to see if, and then how, the natural abrasion would lead to an age 
bias of the apatites we analyze. In a second step, we will mechanically abrade apatites of the 
same samples using a Krogh-type cell in the laboratory. For grains which are unzoned and 
rapidly cooled, laboratory abrasion should do away with the need of applying alpha correction. 
This approach would help circumnavigating the uncertainties on how much alpha correction is 
appropriate for grains partially or fully abraded during sediment transport. 
 
In addition to the methodological aspects, the study will also provide constraints on the past 
exhumation of the Tethyan Himalaya. Sampling the upper Kali Gandaki valley through the 
stratigraphic section can give us information on differences of source rock exhumation through 
time. The erosion rate of that area is now pretty slow, due to the arid climate. We know, however, 
due to palynological studies that the climate was more humid in the past, potentially leading to 
faster erosion4. Within these Tethyan strata in fact, rates appear somewhat slower than along the 
High Himalaya likely due to tectonic causes (slip on the South Tibetan Detachment or a less 



steep Main Himalayan Thrust beneath southern Tibet) or in response to the drier climate5. A 
better understanding of changes in rates will likely emerge from applying low-temperature 
thermochronometers to sediments as well as to age-elevation profiles from the source areas, 
leading to new insights into the exhumation history of the Tethyan Himalaya. 
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The Little Devil’s Postpile intrusion in Yosemite National Park is an ideal location for testing validity in 
extrapolation of laboratory-derived kinetic parameters to a natural setting and the comparative response of 
multiple thermochronometers to a sharp thermal pulse. This ~100 m diameter basalt body intruded at ~8 
Ma into Sierran granite with a crystallization age of ~89 Ma. The intrusion was the subject of Calk and 
Naeser’s classic study demonstrating that fission-track mineral ages display a quantifiable sensitivity to 
temperature1. We report our efforts to replicate and expand this study by exploring the behavior of 
numerous key thermochronometers in the intrusion’s thermal aureole. We collected two transects 
orthogonal to the intrusion contact. The granitic country-rock contains multiple phases amenable to 
thermochronology, and we present data for the apatite, zircon, and magnetite (U-Th)/He, apatite and 
zircon 4He/3He, K-feldspar, plagioclase, and biotite 40Ar/39Ar, and apatite and zircon fission-track systems. 
 
The apatite and zircon (U-Th)/He and apatite fission-track systems display expected age-distance 
relationships predicted for a short-duration thermal pulse due to the intrusion. Zircon (U-Th)/He ages are 
completely reset within 2.6 m of the intrusion and are partially reset out to 16 m from the intrusion. At 
distal locations > 30 m, zircon ages average ~76 Ma. Apatite (U-Th)/He ages are completely reset to 
within 6 m of the contact, partially reset out to 16 m, and reach background values of 55-60 Ma at greater 
distances. At expected locations, apatite 4He/3He spectra have forms consistent with diffusive loss of 
previously-accumulated 4He during reheating; the initial step ages of these partially-reset samples 
constrain the timing of the intrusion. In contrast, both the proximal and distal samples have 4He/3He 
spectra consistent with complete and zero diffusive loss of 4He, respectively, due to the intrusion. Apatite 
fission-track age results are broadly consistent with the AHe data, and are completely reset within 9 m of 
the contact and at distal locations approach ~70 Ma. However, AFT age+length data do not produce 
thermal histories during HeFTy inversion modeling that are also consistent with the AHe ages, indicating 
potential disagreement among their respective kinetic models or calibrations. 
 
Biotite 40Ar/39Ar ages as close as 4.5 m from the contact are unaffected by the intrusion and have an 
average age of 85.4 Ma; these results are consistent with previously reported Ar diffusion kinetics. K-
feldspar and plagioclase 40Ar/39Ar samples from more proximal locations have age spectra indicative of 
small degrees of diffusive loss. Maximum ages of analyzed K-feldspars are ~80 Ma. Mineral-age and 
feldspar MDD data from distal locations indicate rapid post- crystallization cooling of the granitic 
country-rock, followed by more gradual cooling to low temperature until emplacement of the basalt 
intrusion. This gradual cooling is consistent with the AHe ages observed in distal samples. 
 
The data also have second-order features that we are still examining. We find a correlation between eU 
(effective uranium) and (U-Th)/He age only in partially reset apatites, which is consistent with the 
predicted effects of radiation damage on 4He retentivity in apatite2,3. Several single-grain anomalies in 
these correlations are consistent with the additional influence of grain size. Samples immediately adjacent 
to the intrusion have a range of ages between 8 and 9 Ma. AHe and AFT ages at one point along one 



transect are anomalously young where stable-isotope data suggest an anomaly that may indicate the 
presence of fluid flow, although field observations show no obvious evidence of this. 
 
To constrain the subsurface shape of the intrusion, we collected a NW-SE oriented magnetometer transect 
across the intrusion. There is a negative total-field anomaly associated with the intrusion, and two-
dimensional modeling of the anomaly suggests that the intrusion amounts to a ~30 m sheet that is dipping 
towards the northwest. Simple thermal models using an analytical 3D code confirms that the observed 
ages are best fit if the vertical extent of the intrusion is limited to 30 meters, consistent with the 
magnetometer survey. The modeling constrains the thermal pulse of the intrusion to a duration of ~20 
years, with temperatures reaching close to background by ~150 years. The dipping intrusion geometry 
revealed by field and magnetic observations preclude a fully accurate 3D model. We will discuss a 
radially-symmetrical 2.5D model that incorporates latent heat and temperature-dependent heat capacity 
and conductivity4. Using an emplacement temperature constrained by basalt analyses, we will use this 
model to provide a framework for comparing thermochronological results. 
 
Despite these complexities, data from Little Devil’s Postpile confirm the expected relative behavior of the 
thermochronometric systems in most common use and to at least first order, shows that their kinetic 
calibrations are accurate with respect to the heat input associated with the intrusion. 
 

 
 
Figure 1. Transect locations (left panel) and ages for apatite and zircon (U-Th)/He, biotite 
40Ar/39Ar, apatite fission-track, and zircon U-Pb systems displaying expected age-distance 
relationship (right panel). Overall trends through the data are drawn as solid lines. Legend 
indicates thermochronometer system and transect number. 
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The Geological Time Scale (GTS) lies at the very core of Earth Sciences. Accurate and 
precise age determinations are crucial to unraveling past causes and effects, and help us to 
understand the driving forces that cause dramatic events such as volcanic eruptions climate 
changes, continental rifting episodes, Large Igneous Provinces, mass extinctions, and 
development of oil and gas. Other scientific disciplines, such as evolutionary biology and 
climate science, strongly depend on accurate timing of geological processes to provide a 
baseline for their investigations. Dating geological events and structures represent the core of 
our understanding of how our planet was formed and evolved. In the last decades, a grand 
leap forward has been acquired by perfecting geochronological tools. However, high 
resolution geochronology has been hampered partly by the current precision, and 
inconsistencies between different geochronometers.  
 
The 40Ar/39Ar method is a relative geochronometer whose accuracy depends on accurate and 
precise knowledge of the age of the monitors used. It is based on the conventional 40K/40Ar 
method where the 40K is measured indirectly through 39Ar, which is derived from 39K 
(bombardment of fast neutrons in a nuclear reactor). To circumvent determining the absolute 
dose of fast neutrons the sample has received, the unknowns are irradiated together with a 
natural standard sample of accurately and precisely known age. There are several fluence 
monitors in use (e.g. Fish Canyon sanidine, Taylor Creek sanidine, and Adler Creek sanidine). 
Ideally, the standard should be of similar age and have a K/Ca ratio to that of the unknown, 
reducing the ratios to be compared. Most sanidine standards are so-called intercalibrated 
secondary standards (or higher order), whose ages are calibrated against another standard, 
preferably a primary standard with an age obtained by the K/Ar method or from an 
independent method. However, by using 40Ar/39Ar geochronology, accurate and precise age 
determinations have been hampered by the lack of consensus in what the real age of monitors 
are and reducing systematic errors. Reducing the systematic errors in 40Ar/39Ar 
geochronology, includes revision of the 40K decay constant, and especially, the age of the 
widely used Fish Canyon sanidine (FCs), which has been of a symbolic issue. Even though 
the FCs has proven to have exceptionally high intra-laboratory reproducibility 1, inter-
laboratory results, using many approaches, give ages of FCs that vary by several percent 1-6. 
 
To ultimately bridge different geochronometers together (e.g. 40Ar/39Ar and U/Pb), there is a 
need for a database of accurate and precisely dated units with a very simple thermal history 
and giving the same age. This study aims to contribute by adding a much-needed knowledge 
on an Early Paleocene tie point from the Tardree Rhyolite Complex (TRC) in Northern 
Ireland. Initial 238U-206Pb and 40Ar/39Ar data from the TRC 4 indicate simultaneously closure 
for both systems and a simple thermal history. Hence, TRC will serve as an optimal U/Pb-
40Ar/39Ar pair, which will be used to 1) calibrate radioisotopic clocks (U-Pb, 40Ar/39Ar 
methods), and 2) function as a new 61 Ma standard 40Ar/39Ar fluence monitor for the 
community in general. 
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The statistical treatment of individual single-grain ages is a key issue in detrital geochronology.
Calculating an average and expressing the usual statistical parameters assuming unimodal
distribution can be done only for a part of detrital samples. The identification of two or more
subpopulations (=age components) and description of the entire data set by the parameters of each
subpopulation is necessary in case of complex distributions. But which distribution is complex?
This question is crucial at the interpretation of the results and especially complicated, because of the
number of data is typically much lower than it is usually required to obtain sufficient statistical
significance. The geochronologists got frequently critics from statisticians that the number of
observations should be higher. However, fulfilling this theoretically correct request has practical
limits (available material, analytical costs, time, manpower) that call for pragmatic solutions.

There are several algorithms and computer programs available for the identification of age
components from complex distributions, e.g., (1) to (5). In this contribution we concentrate on the
decision of unimodal vs. bimodal distribution, and offer a computer program that presents
graphically the probability of bimodality under different conditions.

In case of low number of data the observed clustering may be the result of random grouping, thus
we should use statistical criteria that considers (i) the number of data, (ii) the distance between the
means of the assumed/identified subpopulations, relative to one of the standard deviations of the
subpopulations considered, (iii) the relative spread of each subpopulation (i.e., the ratio of the two
standard deviations), and (iv) the weight ratio of the subpopulations (i.e. the ratio of the sizes of the
two subpopulations). We performed a systematic modeling to identify the probability of detecting
bimodality when the above mentioned four conditions are varied. The results are plotted on
different projection plains; Figure 1 presents two examples.

Figure 1. Probability of detecting bimodality calculated for some of the conditions (darker gray
indicates higher probabilities), as estimated by the bimodality coefficient method. The contour lines
are computed by interpolating a rough data grid of 20x20 elements (included in (A). Each element



of the grid expresses the probability of bimodality and is based on 10,000 randomly generated data
that is composed of two Gaussian distributions according to the variables and the fixed conditions.
(A) Fix: number of observations = 50, proportion of the two components = 1:1; Variables: standard
deviation, difference between the means.
(B) Fix: number of observations = 100, difference between the means = 0.8; Variables: proportion
of the two components, standard deviation.
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HeFTy is a popular thermal history modeling program which is named after a brand of thrash 
bags as a reminder of the ‘garbage in, garbage out’ principle. QTQt is an alternative program 
whose name refers to its ability to extract visually appealing (‘cute’) time-temperature paths from 
complex thermochronological datasets. Both codes consist of ‘forward’ and ‘inverse’ modeling 
functionalities. The ‘forward model’ allows the user to predict the expected data distribution for 
any given thermal history. The ‘inverse model’ finds the thermal history that best matches some 
input data. HeFTy and QTQt are based on the same physical principles and their forward 
modeling functionalities are therefore nearly identical. In contrast, their inverse modeling 
algorithms are fundamentally different, with important consequences. HeFTy uses a heuristic 
‘Frequentist’ approach, in which formalised statistical hypothesis tests assess the goodness-of-fit 
between the input data and the thermal model predictions. QTQt uses a Bayesian ‘Markov Chain 
Monte Carlo’ (MCMC) algorithm, in which a random walk through model space results in an 
assemblage of ‘most likely’ thermal histories. In principle, the main advantage of the Frequentist 
approach is that it contains a built-in quality control mechanism which detects bad data 
(‘garbage’) and protects the novice user against applying inappropriate models. In practice, 
however, this quality-control mechanism does not work for small or imprecise datasets due to an 
undesirable sensitivity of the Frequentist algorithm to sample size, which causes HeFTy to 
‘break’ when datasets are sufficiently large or precise [Figure 1(i-ii)]. QTQt does not suffer from 
this problem, as its performance improves with increasing sample size in the form of tighter 
credibility intervals [Figure 1(iii)]. However, the robustness of the MCMC approach also carries 
a risk, as QTQt will accept physically impossible datasets and come up with ‘best fitting’ thermal 
histories for them [Figure 1(iv)]. This can be dangerous in the hands of novice users. In 
conclusion, the name ‘HeFTy’ would have been more appropriate for QTQt, and vice versa. 
 
 
Figure 1 (next page). (i)-(ii) – data (left column) and inverse model solutions (right column) 
produced by HeFTy1 (v1.8.2) for Tibetan granite sample KL29 (GPS: 33.87N, 95.33E ). 
‘Bounding boxes’ (blue) were used to reduce the model space and speed up the inverse modeling. 
(i) – red and green time-temperature paths mark ‘good’ and ‘acceptable’ fits to the data, 
corresponding to p- values of 0.5 and 0.05, respectively. (ii) – as the number of track length 
measurements (n) increases, p-values decrease and HeFTy struggles to find acceptable solutions; 
eventually, when n=821, the program ‘breaks’ . (iii) – in contrast, QTQt2 (v4.5) has no trouble 
fitting the large dataset; BUT (iv) – neither does QTQt complain when a physically impossible 
dataset with short fission tracks and identical AFT and AHe ages is fed into it. 
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A variety of methods have been developed for extracting thermal history information from low 
temperature thermochronology (LTT) data (see Green et al. 20131 for a review). Applications to basement 
terrains are routinely presented within a paradigm of monotonic cooling, reflecting the assumption that 
such terrains are continuously denuded and samples continuously cool, with measured ages from various 
thermochronological systems defining the time at which samples cooled through a “closure temperature"2. 
 
In cratonic regions devoid of sedimentary cover this approach is compatible with geological evidence, but 
is it the most appropriate general strategy? In a number of published studies, monotonic cooling scenarios 
have been applied to basement terrains where the presence of sedimentary remnants shows that monotonic 
cooling to the present day is not a viable scenario. The conclusions of such studies, presented within a 
monotonic cooling scenario, conflict with geological evidence and are clearly incorrect. This problem 
becomes even more pronounced when thermal history indicators such as vitrinite reflectance or other 
organic maturity data from the sedimentary remnants shows that these have been buried and subsequently 
exhumed. 
 
Thermochronology data alone can only record times at which samples were hotter than they are today. 
This results from the way in which fission tracks in apatite respond to heating and cooling1-3. The same is 
probably true of all methods of low temperature thermochronology. The only way that periods of cooling 
and re-heating can be defined from such data is to impose independent constraints on times at which the 
sample was at the surface, based on geological evidence. 
 
Where sedimentary outliers are present, the underlying rocks were clearly exhumed and cooled to surface 
temperature prior to the onset of deposition. LTT data from such situations commonly show that the 
sedimentary outliers, together with the underlying basement, were heated after deposition, with results 
implying km-scale re-burial by younger section, often in multiple episodes. Such behavior was 
demonstrated dramatically by Flowers and Kelly (2011)4 who studied core samples from basement in a 
shallow borehole located in Kansas, overlain by Cambrian, Permian and Cretaceous sedimentary units, 
each separated by a major regional unconformity. Flowers and Kelly4 showed that their AFT and apatite 
(U-Th)/He (AHe) data from the basement cores required episodes of heating and cooling in each of the 
intervals represented by these unconformities, resulting in a thermal history demonstrating multiple cycles 
of cooling-heating-cooling of decreasing magnitude through time. Similar histories have been reported in 
a wide variety of similar settings where the presence of sedimentary outliers on basement reveals 
exhumation to the surface followed by reburial, including Greenland, Namibia and southeastern Australia, 
as reviewed by Green et al. (2013)1. Holford et al. (2010)5 reported a similar history for the Scottish 
Highlands based on the presence of Triassic and younger sedimentary remnants, while Weber et al. 
(2005)6 reported a similar style of history for samples from the Yilgarn Shield in Western Australia, where 
remnant Permian glacial deposits show that basement rocks now at outcrop were close to the surface in 
Permian time and were subsequently reheated and cooled to the present-day. 
 
Histories involving episodic heating and cooling are therefore surprisingly common, but can only be 
defined with confidence where sedimentary outliers are present. In adjacent regions, where no 
sedimentary cover is preserved, while the geological evidence would allow a monotonic cooling scenario 
this makes no sense when combined with the presence of the nearby sedimentary outliers, without 
invoking either a major fault offset or folding. In regions devoid of sedimentary cover, we suggest that a 



history involving episodic heating and cooling which has resulted in total erosion of the cover is at least 
equally likely as one involving monotonic cooling, and in fact is much more likely. We see no reason why 
sediment free regions should behave any differently to those where sedimentary remnants are preserved. 
 
Any thermal history extracted from LTT data can only capture the broad features of the history, and the 
accuracy of the results depends critically on that of the framework within which the thermal history is 
specified. In this context, results presented within a framework of monotonic cooling will always 
represent a very poor approximation to the real history. In particular, long-term denudation rates derived 
over 100s of millions of years cannot be regarded as having any geological meaning. 
 
More importantly, perhaps, we suggest that the type of history defined by Flowers and Kelly (2011)4 and 
others referenced above is characteristic of the response of the crust to stresses resulting from plate 
tectonic forces. The nature of the underlying processes is not understood at present, and a concerted effort 
is required to study and understand the mechanisms responsible for the multiple episodes of burial and 
exhumation which result in the episodic heating and cooling histories described above. Insisting on 
extracting thermal histories within a framework of monotonic cooling provides no insight into the real 
nature of the underlying processes, and will produce only misleading results. 
 
We suggest that in order to fully understand the nature of the processes involved in denudation of 
continents and exhumation of basement terrains, studies should be focused in regions where sedimentary 
cover is preserved above basement. Study of “naked basement terrains”, where no sedimentary cover is 
preserved, can only provide the most limited of insights into the real history. More generally, we suggest 
that thermal histories involving episodic heating and cooling are at least as likely as monotonic cooling, 
and the use of the latter should be recognized as an assumption with little foundation, and an unrealistic 
framework for extracting thermal history information from low temperature thermochronology in general. 
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Because they can reliably yield abundant apatite and zircon, igneous rocks in active and ancient 
orogens are often targeted for low-temperature thermochronologic dating to constrain the timing, 
rates, and patterns of erosion. However, interpreting the thermal histories of regions currently or 
formerly magmatically active is complicated by (1) transient heating and cooling within and 
adjacent to plutons, (2) changes in regional geothermal gradients, (3) interaction between 
advective and conductive cooling, and (4) the potential for coupled magmatic and erosional 
exhumation. In these settings, when is it actually appropriate to interpret low-temperature cooling 
ages as reflecting the timing or rate of purely erosional exhumation? We explore this question 
using examples of cooling-age patterns predicted by a modified version of the 3D finite-element 
code Pecube. 
 
Within a pluton, all low-temperature chronometers will be the same age or younger than the 
crystallization age. In a vertical transect the transition between rapid cooling from local thermal 
relaxation of the pluton and subsequent slower (exhumational) cooling is located near a 
chronometer’s paleo-closure depth (ZC, Fig. 1A-C). The thickness of the transition zone from 
magmatic to exhumational cooling ages––as well as its shape––depends on the thermal structure 
of the crust during and immediately after intrusion. In rapidly exhuming terranes, where 
advective heat transport dominates cooling (i.e. the Péclet number is high), there is less 
distinction between magmatic and exhumational cooling rates and their convolution results in 
overestimates of erosional exhumation rates, in some cases by an order of magnitude or more 
(Fig. 1D-F). In these settings the age-elevation relationship doesn’t reflect exhumational cooling 
rates until >1 km deeper than the regional closure depth (Fig. 1F). 
 
Outside a pluton in the country rocks, cooling ages in rocks shallower than ZC at the time of 
intrusion (1) reflect the pre-intrusion cooling history where far enough away from the pluton to 
not be heated, (2) are younger than the pluton crystallization age where close enough to be 
completely reset, or (3) are partially reset and fall between these two end members (Fig. 1A- 
C,G). Where ages are partially reset the age-elevation relationships along each transect resemble 
a partial retention zone. As a result, the slope of an age-elevation relationship in the “resetting 
aureole” for a particular system––an thereby the exhumation rate one would interpret––is close to 
the regional exhumation rate near the surface, shallows significantly through deeper partially 
reset rocks, oversteepens at depths approaching ZC, and converges with the regional exhumation 
rates at depths greater than ZC (Fig. 1D-F). The further away from the pluton a vertical transect 
is, the deeper and closer to ZC rocks have to be at the time of intrusion to see the effects of 
resetting because the horizontal width of the resetting aureole increases at depths approaching ZC 
(Fig. 1G). Fundamentally, the 3D extent of each low- temperature system’s resetting aureole will 
reflect not only the size and temperature of the pluton, but also the regional geothermal gradient. 
Our ongoing work compares these model-derived trends to observed age patterns. In Miocene 



plutons from the Cascades and Patagonia, there are steep apatite He age-elevation relationships in 
which the cooling ages are several million years younger than the crystallization ages of the 
plutons. This lag time between crystallization and cooling appears to be greater than can be 
attributed purely to local magmatic cooling if the exhumation rate before, during, and after 
intrusion is constant. Therefore, it is likely this cooling is related to exhumation, though it is 
possible that regional thermal relaxation played a role. In a completely different setting––the 
Colorado Plateau––apatites in sedimentary rocks reset during shallow Oligocene pluton 
emplacement preserve a clear record of post-Oligocene erosional history of a region where 
Cenozoic erosion has, in general, not been sufficient to otherwise exhume this signal. 
 

 
 
Figure 1. Zircon (U/Th)/He age patterns in and 
around a pluton compared to the crystallization age 
of the pluton and the regional zircon He cooling ages 
from steady-state exhumation. (A-C) Age-elevation 
transects through the center of the pluton (black line 
with squares) and within the thermal aureole at 
different distances from the pluton (red lines) for 
steady-state exhumation rates of 0.01, 0.1 and 1 
km/Myr, respectively. (D- F) We compare each of the 
steady-state exhumation rates to the apparent 
exhumation rates to track how much the exhumation 
rate would be underestimated and overestimated 

within the resetting zone. (G) Schematic cross section of vertical transect locations relative to 
pluton (patterned field) and extent of the resetting aureole (blue field). 
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Collisional orogenic belts result from the shortening of previously thinned continental margins. If 
the last episode of collision-related cooling is generally well recorded from low-temperature 
thermochronology, the earliest cooling stages related to incipient continental accretion are generally 
much more difficult to resolve. There are however keys for dating the onset of cooling and therefore 
to better evaluate shortening and plate reconstructions. Here, we constrain the long-term cooling 
history of the Pyrenees by distinguishing the onset of collision thermal conditions from rift-related 
processes from subsequent orogenic evolution. 
 
Kinematic reconstructions of the Iberian and European plates motions indicate that during Lower 
Cretaceous, extension in the Pyrenees resulted in a wider domain of extremely thinned crust 
between the central and western parts of the belt. Here, we first focus on the Mauléon basin (north-
western Pyrenees) using detrital zircons (U-Th-Sm)/He and fission track analyses. To capture the 
role of rift-related processes in collision we inverse modeled our thermochronological data using 
relationships between zircon (U-Th-Sm)/He ages and Uranium content combined with thermo-
kinematic models from rifting to collision. We show that the basin recorded a significant rift-related 
heating event at about 100 Ma characterized by high geothermal gradients (~80°C/km). After 
inversion started ca. 84 Ma, these high temperatures lasted 30 Myr until collision occurred in 
relation with onset of orogenic exhumation at ca. 50 Ma. 
 
In the Central Pyrenees, we performed in-situ apatite and zircon fission track and (U-Th-Sm)/He 
analyses on granitic bedrock samples of the Ariège massifs (Trois-Seigneurs and Arize). Our data 
show cooling from mid-crustal level in Late Cretaceous and fast cooling at ca. 50 Ma. Although, 
these data show remarkably consistent cooling event between the Western and Central Pyrenees at 
50 Ma indicating coeval exhumation in the Ariège and Mauléon region, detailed analyses of the 
earlier stages show some significant differences. 
 
Thermal constraints from the Ariège region are compared with RSCM temperatures obtained from 
the surrounding folded Mesozoic units. A significant gap is found between maximum temperatures 
reached in the massifs and the adjacent sedimentary cover. This suggests a distinctive tectonic 
history between the crystalline basement and the basins, providing clues on how plate convergence 
was accommodated within the northern Pyrenean domain. 
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During Oligo-Miocene times, the proximal part of the European passive margin underwent 
collisional shortening. In the outermost part of the Alpine arc, this shortening occurred in the 
fold-and-thrust belts (Bornes, Bauges, Chartreuse and Vercors massifs) with no significant 
tectonic burial. In the External Crystalline Massifs (ECM: Mont Blanc, Aiguilles Rouges, 
Belledonne, Oisans massifs), the crust was buried at mid-crustal depths below the internal units. 
 
Along the ECORS profile, the timing of the Mont Blanc massif deformation and exhumation is 
now well constrained. However, the exhumation of the Aiguilles Rouges massif is much less 
constrained and this led to various and contrasting interpretations in terms of structural style and 
sequence of shortening. 
 
In this contribution, we present a new thermochronological dataset documenting the cooling of 
the southwestern part of the Aiguilles Rouges massif. (U-Th-Sm)/He ages on single grain zircons 
were obtained on three different elevation profiles. The results (Fig. 1A) exhibit a narrow age 
distribution, from 5.3 Ma to 8.5 Ma. There is no significant difference between profiles, except 
maybe the fact that one has slightly younger ages (Prarion, Fig. 1A). The eU concentrations range 
between 100 to 1100 ppm, negatively correlated to the age. In the southwestern part of the 
massif, the ZHe ages are older than the AFT ages2 (Fig. 1A, B). In the northeastern part, the AHe 
ages6 are as young as AFT ages3 (Fig. 1A, B). 
 
Eventually those new results will allow us to better constrain the timing of the Aiguilles Rouges 
massifs exhumation relative to the Mont Blanc massif and decipher whether these massifs are 
deformed and/or exhumed in the forward sequence1 or not, if there were some out-of-sequence 
major shear zones/thrusts5, or if these massifs were deformed sub-coevally. This has major 
implications in terms of both Alpine collisional wedge kinematics and crustal rheology of the 
European margin during the Tertiary collision. 



 
 

Figure 1.  (A) Age/elevation distribution of the Aiguilles Rouges massif samples ZHe data (this 
study), AHe data6, and AFT data2,3. (B) Age/eU distribution of the Aiguilles Rouges massif from 
ZHe data (this study) and AHe data6. Orange areas represent AFT ages2,4,5. 
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Indentation of rigid blocks into rheologically weak orogens is generally associated with lateral 
and vertical extrusion of rocks. In this study, we report an example from the Eastern European 
Alps, in which subvertical extrusion of crustal blocks associated with exhumation in distant areas 
is connected by a transfer fault, which likely corresponds to a block boundary in the deeper crust 
or even lithosphere. 
 
We applied apatite (U-Th)/He (AHe) dating to Triassic granites and Oligocene tonalites from the 
Karawanken plutonic belts located in the immediate vicinity of the eastern Periadriatic fault near 
the Austrian-Slovenian border. The Periadriatic fault forms the largest and most important 
discontinuity in the European Alps. Exhumation along the fault and the adjacent blocks was 
studied in detail in its western and central parts, but only little is known on late-stage exhumation 
for the eastern fault segments. This is surprising when considering that the Eastern Alps are 
tectonically more active than the western and central parts of Alps. The eastern part of the 
Periadriatic fault is segmented into three portions: a straight segment west of the Hochstuhl-Möll 
Valley (HVM) fault system, a central segment between the NW-trending HVM and Lavant 
Valley faults with a Neogene positive flower structure separating the north-vergent North 
Karawanken from the south-vergent South Karawanken unit, and an eastern segment largely 
buried underneath Neogene Pannonian basin sediments. In the central segment, the Periadriatic 
fault is dextrally displaced by the HVM and Lavant Valley faults and the North Karawanken unit 
is thrust over the Neogene flexural, intra- orogenic Klagenfurt basin, which contains sediments 
ranging from Sarmatian (ca. 11 Ma) to Pliocene or possibly even Quaternary. 
 
In the central segment, we find AHe ages mostly ranging from 6 to 9 Ma. This is in contrast to 
older ages west of the HVM directly at the PAF, where an age of 20 ± 1 Ma has been found. The 
basement north of the Klagenfurt basin yields also older AHe and apatite fission track ages 
ranging from ca. 25 to 30 Ma. This age pattern confirms and constrains the positive flower 
structure as an area of young exhumation and argues for a late Miocene exhumation pulse along 
the eastern segment of the Periadriatic fault. This pulse was associated with surface uplift and 
topography building during the formation of the positive Karawanken flower structure, as 
indicated by the clastic record of the Klagenfurt basin, i.e. the progradation of latest Miocene to 
(?) Pliocene fluvial deposits (Bärental Conglomerate), interbedded with large carbonate slide 
blocks1,2. Exhumation was not locally restricted to the flower structure but a more widespread 
phenomenon during NW-SE compression: Young AHe ages similar to the central segment of the 
eastern Periadriatic fault were reported from basement domes of the southeastern Tauern 
window3,4. These domal structures are transected by the HVM. We therefore suggest that the 
HVM fault system acts as a transfer fault and connects shortening of an apparent positive flower 
structure and associated exhumation with coeval updoming in the eastern Tauern window, 
particularly within the strongly shortened Sonnblick dome3. Interestingly, the HVM fault 



corresponds roughly with the western boundary of the lower crustal Pannonian fragment5. 
 
Our new findings indicate a hitherto undetected late Miocene deformation event within the 
Eastern Alpine system, possibly triggered by revived indentation of the Adriatic indentor. Further 
evidence for such a shortening phase comes form the widespread inversion in the entire Alpine-
Carpathian- Pannonian system as well as the ca. coeval development of the Sava folds in 
Slovenia. 
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The thermal history of a passive margin yields key information on its tectonic evolution, as 
phases of tectonic activity (e.g. exhumation or burial) can be inferred from periods of enhanced 
cooling or heating. We present here the results of a thermochronological study (apatite fission 
track and U- Th/He dating) on selected targets along the western coast of Ireland (four vertical 
thermochronology profiles in Counties Kerry, Mayo and Donegal). The combined use of U-
Th/He and vertical profiles for the first time in Ireland should allow us to constrain better phases 
of cooling / heating. 
 
The fission track and U-Th/He ages range from the Late Jurassic to Early Cretaceous and show 
relatively little inter-sample variation. Inverse modelling of the age and track length data shows 
that during post-orogenic exhumation the samples cooled to temperatures of around 80°C. A 
rapid cooling event (down to temperatures as low as 20°C) occurred during the Late Jurassic to 
Early Cretaceous and is slightly diachronous from North to South. We attribute this cooling event 
to rift- shoulder related exhumation and erosion, which can be temporally linked to the main 
stage of rifting in the western Irish offshore (the Porcupine, Slyne and Erris basins). 
 
During the Cretaceous and Early Tertiary slow reheating is inferred to temperatures of about 50- 
60°C, and is probably linked to a small pulse of sedimentation onshore. Finally a rapid cooling 
event during the Neogene is observed. This late cooling phase could be linked to a reactivation of 
the margin under compressive forces (i.e. due to Alpine collision and/or mid oceanic ridge-push). 
Our inverse modelling does not therefore require an Early Cenozoic cooling / exhumation phase 
as proposed by many author1-2. However constrained tests shows that introducing an Early 
Cenozoic phase of cooling does not change significantly the model predictions nor the presence 
of Mesozoic and Late Cenozoic cooling phases and thus the it is possible that an Early Cenozoic 
exhumation event accounts for part of the total Cenozoic cooling. 
 
This onshore study is now being complimented by a new thermochronological study on the 
Porcupine High and on the wells of the western offshore basins. The first results from the 
Porcupine High show a remarkable similarity in the timing of rift-related exhumation with the 
onshore part of the margin. 
 
 
	  
Figure 1. Graphs of the thermal histories inferred from the inverse modelling of the different 
profiles. For each thermal history model, the thick dark blue line is the coolest (highest elevation 
sample) of the profile, with its credible interval denoted by thin blue lines. The thick red line is 
the hottest (lowest elevation sample) of the profile, with its credible interval denoted by thin 
purple lines. The grey lines are the intermediate samples and the dashed horizontal lines are the 
temperature limits of the PAZ. The black boxes are user-specified temperature-time constraints. 
(a) Slieve Snaght profile; (b) Mweelrea profile; (c) Mount Brandon profile; (d) Ballydeenlea 
sample and (e) Carrauntoohill profile. 
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Ireland and Britain make a superb natural laboratory in which to evaluate the various techniques for 
estimating the timing and magnitude of exhumation because of the wealth of data provided by the 
hydrocarbon industry (Corcoran & Doré, 2005) as well as previous regional scale low temperature 
thermochronology studies (e.g. Allen et al., 2002). This database includes vitrinite reflectance, shale 
compaction and a large amount of apatite fission track (AFT) data. However, the Cenozoic 
exhumation history of Ireland and Britain remains contentious as it is hindered by the lack of 
Mesozoic/Cenozoic onshore outcrops. Constraining the timing and magnitude of Cenozoic 
exhumation is very important as it controls the geological outcrop pattern, physiography and 
distribution of hydrocarbon resources of this sector of the NW European margin. 
 
This project seeks to characterize the timing and mechanisms of exhumation of onshore Ireland and 
Britain and their offshore basins to address the Cenozoic exhumation history. This includes 
modelling the thermal evolution, evaluating regions of high heat flow (onshore) as targets for 
geothermal purposes and the timing of basin inversion (offshore) for the hydrocarbon industry. We 
collected samples from mainland Ireland (focussing mainly on the eastern Irish coast), Isle of Man 
and the Isle of Arran and also incorporated samples from previous projects from Ireland (TULIP) 
and Scotland (SUERC: Scottish Universities Environmental Research Centre).  
 
Sampling was undertaken on both a regional scale around the Irish Sea and on a pseudo-vertical 
profile on the Isle of Arran (Scotland) (Fig.1). Regional scale sampling serves to detect regional 
exhumation pattern such as the postulated dome-like structure for Cenozoic denudation around the 
Irish Sea (Jones et al., 2002), whereas vertical profile yield highly constrained temperature-time 
models which can help determine the timing of Cenozoic denudation. 
 
Thermal history analysis of these samples is being undertaken using low temperature 
thermochronometers such as the AFT and (U-Th-Sm)/He on apatite (AHe) methods. The AFT 
research is being undertaken in the fission track lab at Trinity College Dublin (TCD) and the AHe 
studies in East Kilbride are being undertaken in conjunction with Dr. Finlay Stuart (SUERC). The 
results from the AFT and AHe analysis will then be modelled to produce 2D and 3D thermal 
models of Ireland and Britain. Combined, the AFT and AHe techniques provide thermal history 
information between 120°C to 40°C which corresponds to crustal depths of 1 – 5km for typical 
geothermal gradients. Therefore these methods are well suited for determining the moderate 
amounts (~1–2 km) of denudation postulated for Ireland and Britain during Cenozoic times (Jones 
et al., 2002; Holford et al., 2005). The combination of the AFT and AHe methods is also well suited 
to investigate the thermal history of sedimentary basins (including characterizing the timing of 
inversion episodes) which is important for hydrocarbon exploration companies while the oil 
maturation window lies within the temperature range of AFT and AHe (between 120˚C and 40˚C).  
 



 
 
Figure 1. NW European shelf with: grey scale: isopachs of Cenozoic solid sediments (Jones et al, 
2002); red line: estimate of Cenozoic denudation (Jones et al., 2002); red dots: sampling sites and 
provided samples. 
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The Baltic Shield is composed of Archaen and Palaeoproterozoic terranes, the tectonic architecture 
of which, is becoming apparent through recent advances. These terranes are juxtaposed by crustal 
scale ductile shear zones during the Svecofennian Orogeny at approximately 1.9 - 1.7 Ga1. 
Svecofennian deformation affected the tonalitic gneisses and supracrustal units of the West-Troms 
Basement Complex (WTBC) by producing firstly, regional, NE-directed thrusts, NW-SE trending 
inclined to upright macro-folds followed by NW-SE striking, steep anastomosing strike-slip ductile 
shear zone networks1. Mineralisation is often concentrated in these shear zones and therefore a 
knowledge of their development is crucial to prospectivity. However, despite a wealth of general 
age dating carried out on magmatic rocks across the Baltic Shield, very few contributions have 
dated directly the timing of deformation and mineralisation. We attempt to place the multi-stage 
Svecofennian deformation events occurring along such structures into a solid chronological 
framework, as well as refining the method for dating complex structures. This combined structural 
and 40Ar/39Ar dating study of crustal scale shear zones and the intervening tectonic domains will 
help develop a crustal scale tectonic model for the Palaeoproterozoic in northern Norway. 40Ar/39Ar 
dating has been carried out on samples collected from the island of Ringvassøy in the West Troms 
Basement Complex (WTBC) on the western margin of the Baltic Shield, where a robust tectonic 
framework provided by Bergh et al., (2010), represents the basis for the direct dating of specific 
deformational events. 
 
Preliminary 40Ar/39Ar laser step-heating data obtained so far, from multiple mineral phases, has 
revealed a range of ages (~1800 to ~ 460 Ma). Biotite from two samples, tentatively related to the 
latest phase of thrusting yield slightly younger ages of ~1680 Ma. However, the oldest age, obtained 
from amphibole within a post thrusting diabase dyke falls within the range of U-Pb ages obtained 
from the region (ca. 1.7 – 1.9 Ga). In addition, muscovite ages within the most intense thrust 
structures are considerably younger than both biotite and amphibole, recording ages of ~ 880 Ma 
and ~ 460 Ma, suggesting that the thrust structures may have been partially reactivated during the 
Caledonian Event at ca. 400 Ma. 
  
Isotopic analyses of several generations of micas, which record different stages of deformation can 
be carried out more easily on a single-grain level, and avoid obtaining ‘mixing ages’2. Is muscovite 
recording the actual age of crystallization or recrystallization as a result of later reactivation along 
the shear zone due to the Caledonian Orogeny? Or do the ages represent relic muscovite which has 
experienced significant argon diffusion following initial crystallization, in response to a re-heating 
episode? It may be possible to extract more useful age information from such samples using a high 
spatial resolution laser ablation technique (i.e., UV in situ spot analysis3–10). The use of such a 
method permits a direct link between the measured 40Ar/39Ar ratio and spatial information within 
the grain, and can provide a way to distinguish between partially reset grains and those recording a 
crystallization age and therefore dating a deformation event. Further work and the analysis of 
additional samples and use of a range of different 40Ar/39Ar techniques will provide a more 
complete picture of the Ringvassøy Greenstone belt’s thermal history and the complex history of 
the West Troms Basement Complex. 
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Following the break-up of the Caledonian orogeny, East Greenland experienced protracted rifting 
from the Devonian until the separation of the Jan Mayen microcontinent in the Late Eocene-Early 
Oligocene. The present-day continent-ocean boundary is proximal to the coast of East 
Greenland1. Therefore, a large volume of East Greenland-derived sediment is likely to now reside 
in basins of hydrocarbon importance on the Norwegian conjugate margin. The Caledonian 
basement in East Greenland is locally cut by planation surfaces that are of uncertain age. Post-
Caledonian stratigraphy includes several biostratigraphically dated unconformities. Apatite 
fission track dating constrains the timing of the denudation events that resulted in these surfaces 
and contributed abundant sediment to Mid Norway. A suite of 69 samples from 14 vertical 
profiles (up to 1 km thick) was taken from Devonian and Carboniferous strata and Caledonian 
basement across East Greenland (70-75°N). Following the method of Johnson and Gallagher 
(2000), data from multiple samples along individual profiles were modelled together to better 
constrain the cooling history of the rock columns represented by the profiles. Palaeotemperature 
gradients were combined with thermal conductivity data on individual samples to estimate 
palaeoheatflow and thereby the thickness of the missing sections. Central AFT ages range from 
274 ± 13 Ma to 32 ± 3 Ma. AFT age peaks define four distinct periods of denudation at 205-176 
Ma, 156- 148 Ma, 107-86 Ma, and 50-20 Ma. The age peaks are spatially correlated with major 
Caledonian structures, implying reactivation until at least the Neogene. The results highlight the 
importance of a Mid-Late Permian angular unconformity that is overlain by minimal syn- rift 
sediment, and a Mid Jurassic unconformity that is overlain by abundant syn-rift sediment. AFT 
ages from two planation surfaces that cut the Caledonian basement indicate rapid denudation 
during the Mid Permian-Early Triassic and a second phase during the Late Cretaceous-Mid 
Palaeogene, which may account for the limited Cretaceous strata on Jameson Land. It is likely 
that other planation surfaces located variously beneath Palaeogene, Triassic, and Mid Jurassic 
strata also originated during the Mid-Late Permian. The most recent period of denudation 
followed the emplacement of flood basalts at ~58-56 Ma. The results indicate that the basalts 
were once widely distributed between the Blosseville Kyst and Hold with Hope. Denuded 
sediment volume estimates exceed the present-day accommodation space of the East Greenland 
margin. This provides additional evidence that much East Greenland- derived sediment now 
resides on the Mid Norway continental margin. 
 
References 
1. Scott, R.A. Mesozoic-Cenozoic evolution of East Greenland: implications of a reinterpreted continent- ocean 

boundary location. Polarforschung, 68, 83-91 (2000). 
2. Johnson, C. & Gallagher, K. A preliminary Mesozoic and Cenozoic denudation history of the NE Greenland 

onshore margin. Global and Planetary Change, 24, 261-274 (2000).  



Apatite Fission Track Thermal History Analysis of the Beaufort-
Mackenzie Basin, Arctic Canada: A Natural Laboratory for Testing Multi-

Kinetic Thermal Annealing Models 
Dale R. Issler1, Alexander M. Grist2 

1 Geological Survey of Canada, 3303-33rd St. NW, Calgary, AB, Canada T2L 2A7 
2 Department of Earth Sciences, Dalhousie University, Halifax, NS, Canada B3H 4J1 

 
The Arctic Beaufort-Mackenzie basin (BMB) is a natural laboratory for testing composition-based 
apatite fission track (AFT) annealing models because it comprises compositionally homogeneous 
Upper Cretaceous-Cenozoic deltaic successions with highly variable heating/cooling histories and 
long residence times in the AFT partial annealing zone. Sixty AFT (mainly core) samples from 25 
wells are available from Paleogene post-rift (Aklak, Taglu, Richards and Kugmallit sequences), 
Upper Jurassic-Lower Cretaceous syn-rift (Husky, Martin Creek and Kamik formations), and 
Devonian pre-rift (Imperial Formation) successions (Figure 1). All major tectonic elements are 
sampled, including the western Tertiary fold belt, Tertiary growth faults of the Tarsiut-Amauligak 
and Taglu fault zones, the Kugmallit Trough (formed by Jurassic-Early Cretaceous rifting), and 
intact continental crust of the Anderson Basin to the southeast. Multi-parameter well data (e.g., 
temperature1, 2, 3, stratigraphy, thermal maturity4 and porosity) were compiled for integrated thermal 
history analysis as part of a major government-industry funded study of BMB petroleum systems. 
 
Samples collected during the initial phase of the study (generally at low thermal maturity; < 0.5 
%Ro) yielded mainly single grain ages that passed the chi-squared test, giving an initial impression 
of compositionally uniform AFT age populations. Subsequent sampling from successions with 
higher thermal maturity (> 0.5 %Ro) yielded many samples with single grain ages that failed the 
chi-squared test, indicating mixed AFT age populations within samples. Further analysis of single 
grain ages using the binomial peak-fitting program (Binomfit) of Mark Brandon (Yale University) 
suggests that most of the samples have two statistically significant age populations. This 
interpretation is supported by elemental data and microscopic observations that show significant 
variability in elemental abundances and etch figure sizes (Dpar) among apatite grains. The rmr0 
parameter6 (based on elemental data) is more successful at defining separate statistical AFT 
populations with distinct annealing kinetics than widely used kinetic parameters based on chlorine 
content or Dpar. Elemental data indicate that most samples have two statistical kinetic populations 
with different annealing properties that behave as separate thermochronometers: a fluorine-rich 
apatite (lower track retentivity) and an iron-rich apatite (higher track retentivity). 
 
Low uranium concentrations of apatite grains, rapid exhumation of sediment source areas, and 
variable degrees of post-depositional annealing present challenges to defining statistical kinetic 
populations. However, insight into multi-kinetic annealing is gained by examining the spatial 
variation in AFT data within a regional thermal maturity framework4, leading to successful multi-
kinetic thermal models that satisfy available geological constraints. Apatite composition is similar 
for all Paleogene samples with approximately equal abundances of fluorine-rich and iron-rich 
apatite. The apparent uniform AFT age of low maturity samples can be attributed to rapid cooling 
of apatite source areas and this eliminates variation in detrital provenance age as a factor in 
modeling. The different kinetic populations within a sample can be modeled using the same thermal 
history, indicating that compositionally-related differential annealing is the main factor causing 
grain age dispersion at higher thermal maturity. The fluorine-rich apatite is more sensitive to the 
post-depositional thermal history whereas the iron-rich apatite retains information on the pre-
depositional rapid cooling history of detrital apatite source areas. AFT data from other areas of 
western and northern Canada suggest that compositional variation in detrital apatite is common and 
needs to be considered when undertaking thermochronology studies. 
 



 
 
Figure 1. Location of 25 wells with AFT and standardized percent vitrinite reflectance4 (%Ro) 
data. %Ro is a cumulative paleotemperature indicator that is sensitive to heating whereas AFT 
parameters are most sensitive to cooling. The exhumation history of the basin margin and the rapid 
heating of offshore sedimentary successions are constrained using an updated version of an in-
house inverse AFT thermal model5 that includes multi-kinetic AFT annealing6 and a temperature-
dependent kinetic model for %Ro7. Our modeling approach incorporates geological constraints on 
deposition, burial heating rates, and temperatures to generate statistically acceptable thermal 
histories. ELFZ: Eskimo Lakes Fault Zone; TFZ: Taglu Fault Zone; TAFZ: Tarsiut-Amauligak 
Fault Zone. 
 
References 
1. Chen, Z., Osadetz, K. G., Issler, D. R. & Grasby, S. E. Hydrocarbon migration detected by regional temperature 

field variations, Beaufort-Mackenzie Basin, Canada. AAPG Bulletin 92, 1639-1653 (2008). 
2. Hu, K., Issler, D. R. & Jessop, A. Well temperature data compilation, correction and quality assessment for the 

Beaufort-Mackenzie Basin. Geological Survey of Canada, Open File 6057, 17p. (2010). 
3. Issler, D. R., Hu, K., Lane, L. S. & Dietrich, J. R. GIS compilations of overpressure, permafrost distribution, 

geothermal gradient, and geology, Beaufort-Mackenzie region, northern Canada. Geological Survey of Canada, 
Open File 5689 (2011). 

4. Issler, D. R., Reyes, J., Chen, Z., Hu, K., Negulic, E., Grist, A., Stasiuk, L. & Goodarzi, F. in New Understandings 
of the Petroleum Systems of Continental Margins of the World 32, 609-641 (Papers Presented at the 32nd Annual 
GCSSEPM Foundation Bob F. Perkins Research Conference, Houston, Texas, DVD, 2012). 

5. Issler, D. R., Grist, A. M. & Stasiuk, L. D. Post-Early Devonian thermal constraints on hydrocarbon source rock 
maturation in the Keele Tectonic Zone, Tulita area, NWT, Canada, from multi-kinetic apatite fission track 
thermochronology, vitrinite reflectance and shale compaction. Bull. Can. Petr. Geol. 53, 405-431 (2005). 

6. Ketcham, R. A., Donelick, R. A. & Carlson, W. D. Variability of apatite fission-track annealing kinetics: III. 
Extrapolation to geological time scales. American Mineralogist 84, 1235-1255 (1999). 

7. Sweeney, J. J. & Burnham, A. K. Evaluation of a simple model of vitrinite reflectance based on chemical kinetics. 
AAPG Bulletin 74, 1559-1570 (1990). 



Cenozoic exhumation patterns in an Arctic region : new low-T 
thermochronology and RSCM data from the Brooks Range, Alaska 

Bigot-Buschendorf Maélianna1,2, Fillon Charlotte1,3, Mouthereau Frédéric1,2, Labrousse 
Loïc1,2   

1 UPMC University Paris 06, UMR 7193, ISTeP, F-75005 Paris, France  
2 CNRS, UMR 7193, ISTeP, F-75005, Paris, France  

3 Instituto de Ciencias de la Tierra "Jaume Almera" CSIC, Barcelona, Espana 
 

The Alaskan Brooks Range and its canadian counterpart, the British Mountains result from the 
Meso-Cenozoic collision of the Arctic continental margin with accreted volcanic arcs and 
adjacent continental Terranes. 
 
Because of its location and known potential for oil industries, more attention is brought to this 
area since a few years. But while the timing of collisional events is roughly understood, duration 
and rates of exhumation associated with mountain building are essentially unconstrained. 
 
Here we aim at reconstructing the time-temperature evolution of the Brooks Range and the 
British Mountains by combining new (U-Th)/He and fission-tracks ages on zircon and apatite 
with RSCM thermometry on Carbonaceous Material. We pay a particular attention to the 
sequence of activation of thrust sheet units, as well as identifying erosional signal. 
 
The timing of fault activity and exhumation across the Brooks Range is explored using thermo-
kinematic modeling (Pecube1,2) by inverting the already existing AFT dataset3-5 together with 
new AFT, AHe and ZHe data (Figure 1). Rocks were sampled along a 400 km long profile across 
the range. We obtained 7 AFT ages, 8 AHe ages, 15 ZHe and 11 RSCM temperatures. 
 
RSCM data reflect the maximum temperatures reached by the rocks and reveals that, on our 
profile, temperatures did not exceed 325 °C. Temperatures show a decrease from this value to 
192 °C at the topographic front. 
 
Both published data and our new age constraints are consistent with a progressive cooling from 
105 to 25 Ma. Our modeling approach shows that rates of exhumation were kept constant across 
the range until 35 Ma. From 35 Ma onwards, exhumation likely reduced and was associated with 
underplating/duplexing in the inner part of the belt (Doonerak window) and activation of the 
northernmost thrust. 
 
We show that some of the fault activity periods and amplitude are still unresolved consistently, 
due to the lack of data and probably also to the very slow exhumation experienced by the area 
since Eocene times. Model resolution however increases for the latest event at 35 Ma, allowing 
us to resolve an average exhumation rate of 0.21 km/Ma. 
 
Our results support the view that the exhumation of thrust sheets was continuous, rather than 
punctuated from 105 to 35 Ma and occurred in a dominant north-propagating sequence. 
 
The earliest stage of cooling marks the start of the Brookian orogeny and is coincident with onset 



of the coarsening upward sequence observed in the foreland basin. The late- orogenic stage of 
Miocene cooling appears to be linked to a reorganization of shortening within the orogenic 
wedge, possibly related to the larger scale effect of plate tectonics and/or climate changes. 
 
We finally discuss the results of the modeling with more regional geological constraints, 
including seismic reflection data north and north-eastward of the Brooks Range, to discuss the 
relationships, during the Cenozoic, between the growth of the Brooks Range, the geodynamics of 
the Pacific subduction system and the climate of this arctic region. 

 
 
Figure 1. a. Geological map of the Brooks Range. b. Model set-up, including the faults geometry. 
c. Graph showing comparison between observed (blue) and calculated (red) ages as function of 
the distance, along N-S profile, across the Brooks Range. 
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Rocks exposed within the northern North American cordillera record a complex history of 
deformation, magmatism, accretion, and exhumation. This region roughly coincides with the 
Cretaceous-age margin of western North America that is in part defined by the 0.706 Sr isopleth1 

(Figure 1). Rocks exposed to the west of the 0.706 isopleth are oceanic terranes that accreted to 
the North American craton, whereas rocks to the east retain a continental affinity. In western 
Idaho, the Cretaceous to Early Tertiary Idaho batholith is exposed east of the deformed 
Cretaceous rocks of the western Idaho shear zone (WISZ). The WISZ is generally characterized 
by intense deformational fabrics and steep isotopic (Sr, Nd, O) gradients. Recent investigations 
document reactivation and deformation of the WISZ following accretion2. (U-Th)/He zircon ages 
presented here focus on the cooling and exhumation of the WISZ and the adjacent Atlanta lobe of 
the Idaho batholith (Figure 1b). Results clearly indicate the WISZ records a different (older) 
cooling path than the Atlanta lobe and that the Atlanta lobe likely experienced internal 
deformation, potential resetting due to younger volcanic activity, and/or differential exhumation 
subsequent to deformation along the WISZ. 
 

 
 
Figure 1. A. Map showing the location of the 
0.706 Sr isopleth and the distribution of 

major intrusions in western North America. 
Idaho batholith is highlighted in red. B. 
Location map of the Salmon River suture 

zone, western Idaho shear zone (WISZ), and 
the Idaho batholith. 

 
 
 
 
 

 
(U-Th)/He zircon ages are presented in Figure 2. Rocks within the WISZ (west of 116° W at ~ 
44.5 °N) yield the oldest (U-Th)/He zircon ages ranging from 75 to 65 Ma. U-Pb ages in this area 
range from 110 to 90 Ma3. Combined, these data are consistent with cooling rates of ~ 17 to 24 
°C/m.y. Similar results were obtained in other exposures of the WISZ. To the north near McCall 
40Ar/39Ar thermochronology studies indicate that cooling below 325 °C occurred at ~ 75 Ma 
(Ar/Ar on biotite) and 110 °C at ~40 Ma (apatite fission-track)2. To the south the northern 
Owyhee Mountains of Idaho consist of granitic rocks locally affected by deformation associated 



with the WISZ. As in other exposures of the WISZ, biotite 40Ar/39Ar analyses range from 71.5 ± 
0.2 Ma in the east to 82.7 ± 0.2 Ma in the west. The consistency of the WISZ thermochronologic 
data support the through-going nature of the WISZ from the north southward across the western 
Snake River plain. 
 

 
Figure 2. (U-Th)/He zircon single grain 
ages and mean ages for samples collected 
from the WISZ and Atlanta lobe of the 
Idaho batholith. Note the consistent cooling 
pattern west of 116° W, within the WISZ. 
East of 116° W, ages are more varied and 
inconsistent across the east- west transect. 
 
 
 
 
 

 
 
East of the WISZ, the Atlanta lobe of the Idaho batholith is exposed3. (U-Th)/He zircon analyses 
from this phase yield more variations in ages ranging from 60 Ma to as young as 20 Ma. 
Combined with previous U-Pb ages, cooling rates vary significantly from as high as 40 °C/m.y. 
to less than 10 °C/m.y. The youngest ages obtained in this study are located in the normal fault 
bounded Sawtooth Mountains of central Idaho. Ages here range from 20.2 ± 0.3 to 34.2 ± 0.5 
Ma. We interpret these young ages as recording the onset of cooling/normal faulting in Tertiary 
time. 
 
In summary, the new (U-Th)/He zircon ages indicate a variable cooling history spanning ~50 
m.y. for the igneous rocks of central Idaho. New ages obtained for rocks exposed within the 
WISZ near 44° N are consistent with results from other exposures of the shear zone and indicate 
the WISZ cooled below 200 °C by 70 Ma. In contrast, the Atlanta lobe records a significantly 
different cooling history. Results clearly show the Atlanta lobe remained at temperatures greater 
than 200 °C while the WISZ remained thermally stable. 
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New data thermochronological, geochronological and petrological of different lithodemic units 
that constitute the metamorphic basement of the Santander massif, permit to establish a link 
between the metamorphic age and magmatic history of the Santander Massif with its most recent 
evolution (Cenozoic exhumation and surface elevation, since most of the previous works have 
focused on metamorphic petrology and not on the recent tectonic evolution). After all Santander 
Massif plays a key role in understanding the evolution of the Northern Andes. 
 
This research allows identifying which are the ages of the different events that record the 
evolution tectono - metamorphic of Santander Massif; when and how the thermal history was, 
how much was the rate of exhumation, which factors controlled the exhumation and how is the 
relationship exhumation of Santander Massif regarding: the exhumation of the Sierra de Mérida 
in Venezuela, Sierra Nevada de Santa Marta and the Eastern Cordillera in Colombia in order to 
understand the regional tectonic setting of the Andean north in South America. 
 
The basement of the Santander Massif consists of metamorphic rocks, Precambrian age to 
Paleozoic, cut by intrusive bodies of Triassic and Jurassic1-2. The metamorphic rocks of the 
basement has been divided into three units that of the lowest structural position toward up are 
Neis of Bucaramanga, Silgará Schists and Ortoneis. The basement Santander Massif is 
unconformably covered by rocks with low-grade metamorphism of the metasedimentary Guaca - 
Virgin (formerly Floresta Formation metamorphosed), by the Lower Devonian clastic sediments 
(Tibet Formation) and by calcareous and clastic sediments of the Carboniferous and Permian 
(Diamond Formatión and Paleozoic of Snowy river) that unconformably cover it, due to pre - 
Cretaceous erosional events. See Figure 1 for location of the studied area. 
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Figure 1. Geographical location of the work area, in the central and southern part of the Massif, 
in the Department of Santander, Colombia, South America. 
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The aim of this work was to date the apparent erosion displayed in four wells onshore the Northeast 
Brazilian Rifted Margin. Apparent erosion, the difference between maximum and present burial1, of 
200 to 700 m have been measured using sonic logs in two wells from the north compartment and 
two wells from the south compartment. A remarkable unconformity separates the Plio-Pleistocene 
cover from the sin-rift Early Cretaceous or post rift Late Cretaceous strata. The unconformity 
represents a wide hiatus from 70 to 100 M.y. High uncertainties in basin modelling are brought by 
wide erosion ages, as most of the processes are influenced by the time of maximum compaction. 
The four studied wells have been sampled for Apatite Fission Track with 5 to 7 samples each. The 
apatite sampled at each well crosses the apatite fission track annealing zone (60-120oC). Thermal 
histories consistent with each AFTA dataset have been determined by transdimensional inversion2 
in a Bayesian approach. Expected (average) thermal histories models have been selected from 
100.000 to 1500.00 model runs, controlled by Markov-Chain Monte Carlo sampling, using as 
acceptance criteria mean apatite fission track lengths, mean apatite fission track ages and vitrinite 
reflectances2. Prior information defined the model space for the Markov-Chain Monte Carlo 
sampling2: 1) temperature ranges, starting from the shallowest sample present temperature and 
encompassing the annealing zone; 2) wide range of time, encompassing the rift onset; 3) 
temperature gradient from the temperature difference between the shallowest and deepest samples, 
and 4) time-temperature number of points, which defines the complexity of the thermal history. The 
maximum likelihood models is the one that best fits the data, while the maximum posterior 
probability model tells what additional information there is in the data, relative to what was 
previously known2. Expected models of each well, the average of accepted models, have been 
selected, as they bring more information about the uncertainty in the thermal histories. The expected 
models point to gradual cooling after 90 to 60 M.a., which suggests widespread deposition of the 
albo-turonian Marine Carbonatic megasequence3and local deposition of the neo-cretaceous 
Silicicatic Transgressive megasequence3. 
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The opening of the Atlantic Ocean during the break-up of Gondwana had a critical influence on 
the reactivation of the South American Platform, resulting in reactivation of major lineaments, 
extensive volcanic activity, and substantial modification of topographic relief. Current knowledge 
of the tectonic evolution of northeastern Brazil suggests some influence by the Central Atlantic 
opening (Triassic–Jurassic) but a more significant influence by the Equatorial Atlantic opening 
(Early Cretaceous). To verify the influence of the break-up of Gondwana in northeastern Brazil, 
we focused on the Sobral-Dom Pedro II Shear Zone and the Senador Pompeu Shear Zone where 
they converge with the Parnaíba Basin, western Ceará State. These northwest–southeast trending 
shear zones surround two transtensional basins, the Jaibaras and Cococi Basins (Cambro-
Ordovician) respectively, which evolved from troughs formed by brittle reactivation of the shear 
zones. Apatite fission track ages from the Sobral-Dom Pedro II Shear Zone area range from 86 ± 
12 to 158 ± 25 Ma (±1 sigma), indicating movement in the shear zone during the Upper 
Cretaceous. Ages from the Senador Pompeu Shear Zone area cluster in two groups around 320 
and 235 Ma representing a nearly 100 Ma age difference between samples from the same 
elevation in an area with no mapped structures. The thermal history modelling enhanced by 
heavy ions irradiation of samples from both sites shows a faster cooling during Eocene. Therefore 
Senador Pompeu Shear Zone underwent cooling in the Late Carboniferous, Late Triassic, and 
Early Jurassic. The first and second cooling events are temporally equivalent to discordances in 
the Parnaíba Basin, indicating rock and surface uplift over a broader area. The third event was 
contemporaneous to the deposition of volcanic rocks in the Mosquito Formation (Parnaiba 
Basin), which is part of the Central Atlantic Magmatic Province. The results from Sobral-Dom 
Pedro II Shear Zone area indicate that it was reactivated at approximately 120 Ma, pointing to the 
influence of the opening of the Equatorial Atlantic. No such reactivation was detected in the 
Senador Pompeu Shear Zone. 
 
Finally the thermal history modelling shows that both areas underwent to a reactivation during 
Eocene followed by erosion. Such reactivation may have contributed to volcanism in the Ceará 
and Potiguar Basins. 
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Zircon and Apatite fission-track low-temperature thermochronology were applied at the Brazilian 
passive continental margin (Figure 1) in order to understand and reconstruct the post-rift 
evolution since the break-up of southwestern Gondwana. The thermochronological data obtained 
from samples of both the Precambrian basement and the Paleogene to Neogene sedimentary 
rocks from the Continental Rift of Southeastern Brazil provided ZFT-ages between 148 (15) Ma 
and 64 (6) Ma, and AFT- ages of 81 (8) to 29 (3) Ma. These data clearly indicate syn- and post-
rift reactivations during the Early Cretaceous, with great emphasis in Paleogene to Neogene 
times. ZFT and AFT- ages yield spread values that become younger as samples are closer to the 
reactivated Neoproterozoic shear zones, parallel to the Taubaté Basin and might reflect source 
area exhumation. The analysis of ZFT- and AFT- data allowed interpretations regarding the main 
phases that occurred in the study area related to the thermotectonic and tectono-stratigraphic 
evolution from Early Cretaceous, which can be described in three main phases: (1) Late Jurassic 
to Early Cretaceous, (2) Late Cretaceous, and (3) Paleogene to Neogene. 
 

 
 
Figure 1. Geological map of the study-area with collected samples for AFT- and ZFT-analysis. 
Geological base from CPRM/Geological Survey of Brazil1. 
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The Serra do Mar mountains (SdM) along the southern part of the Brazilian passive continental 
margin is characterized by a low-lying coastal plateau separated from the elevated inland plateau 
by a steep escarpment. They are the result of complex tectono- magmatic evolution since the 
breakup of Western Gondwana and opening of the South Atlantic Ocean in Early Cretaceous1. 
We are investigating the formation of the SdM by combined apatite fission track (AFT) and 
apatite (U-Th)/He (AHe) thermochronology in order to understand and reconstruct the post-rift 
evolution since the break-up of southern Gondwana and landscape evolution of different 
morphologies that comprise the SdM. 
 
AFT data of samples of Precambrian crystalline basement indicate that the SdM underwent slow 
cooling from early Cretaceous to Paleocene1-5 associated extensional reactivation processes 
correlated to the rift stage process in Atlantic margin and evolution of continental rift systems1-5. 
Exhumation during the early Cretaceous was accommodated by normal faults along the 
Taxaquara and Cubatão shear zones. The mountain range and present day drainage network was 
likely established at this time. Late Cretaceous cooling ages are related to a regional tectonic 
reactivation and erosion to the uplift and denudation of the Serra do Mar coeval, with associated 
Cabo-Frio alkaline magmatism1. A later phase of uplift and erosion in the Paleocene is associated 
with the formation of the graben-structures which generated Taubate basin (Figure 1). 
 
Attempts to provide better constraints on the exhumation history of the SdM are hampered by 
AHe ages that are frequently older than corresponding AFT ages. The reason for this is currently 
not clear. Chemical and mechanical abrasion of selected apatite samples is being undertaken in 
order to quantify the effect of parent element zonation and/or implanted He. 



 
 

Figure 1. Geological map of the Serra do Mar. Modified from2 
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The termochronological evolution of the South Atlantic margins and its post-break-up history 
needs to be understood using different geological and geomorphologic knowledge in on- and 
offshore regions. The literature describes a complex history with: i) Early Cretaceous tectonic, 
magmatism and exhumation processes related to the Gondwana break-up, around 130 Ma; ii) 
Late Cretaceous basement uplift; iii) Early Paleocene extensional tectonic causing uplift and 
erosion; and iv) Oligocene to Miocene reactivation in NE-SW and NW-SE directions followed by 
exhumation and denudation. Related sedimentary basins are described in off- and onshore 
regions. 
 
Termochronological data on a NW-SE profile south of Rio de Janeiro (Brazil), and a E-W profile 
south of Luanda (Angola), shows some correlations in the counterparts, upside the complete 
spatial evolution. Considering only the Paleocen and Eocen, the southeast Brazilian margin 
present boths tectonic evolutions, in Angola the Eocen reactivation is missing. Evidences of 
paleothermal event at 20-10 Ma were related at the Kwanza basin. 
 
The cause of the heterogeneous evolution on both side of the South Atlantic margins need to be 
discussed using crustal and mantle dynamics. 
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Apatite fission track thermochronology studies are applied to unravel the tectonic history of the 
onshore southernmost Brazilian margin. Analyzed samples are collected in the Sul-rio-grandense 
Shield to address the Phanerozoic morphotectonic evolution of the margin, which included the 
intracratonic Paraná Basin and Mesocenozoic rocks. 
 
The Sul-rio-grandense southern shield, southern Brazil, is a major geotectonic feature of 
southernmost Brazil that includes Paleoproterozoic basement areas and Neoproterozoic fold belts 
linked to Brasiliano/Pan-African cycle. Crustal reworking and juvenile accretion events related to 
this cycle were positioned in the region between 900 and 500 Ma1 and were responsible for the 
assembly of southwestern Gondwana in southeastern South America. This shield is surrounded 
by the Paleozoic to Triassic sedimentary rocks of the Paraná Basin, which is in turn covered by 
the Cretaceous magmatic rocks of the Serra Geral Fm., so-called Paraná basalts. The shield is 
divided in to four terranes, namely, Taquerembó, São Gabriel, Tijucas, and Pelotas- Florianopólis 
ones. The first one is mostly composed by granulitic granitic-gneissic complex intruded by 
Brasiliano granites, whereas the other three are composed mainly by Neoproterozoic to 
Eopaleozoic bounded by major suture zones. 
 
The intracratonic Paraná Basin, deposited on the Precambrian to Eopaleozoic basement rocks, is 
a NE–SW-elongated intracratonic basin in South America and covers a surface area of around 
1,700,000 km2. Six second-order stratigraphic megasequences are recognized in this basin, 
separated by regional discordances, as follow: Rio Ivaí (Caradocian-Llandoverian), Paraná 
(Lochkovian-Frasnian), Gondwana I (Westphalian-Scythian), Gondwana II (Anisian-Norian), 
Gondwana III (Neojurassic-Berriasian) and Bauru (Aptian-Maastrichtian). Many authors2,3 have 
related the reactivation of basement structures with regional-scale tectonic events, recognizing its 
controls on basin structuration, sedimentary processes, subsidence rates, and position of 
depocenters throughout basin history. 
 
Apatite fission track analyses were performed followed three approximately NW-SE and two 
NE- SW profiles in basement adjacent to the Paraná Basin. The apparent fission track ages vary 
from 383 ± 41 to 70 ± 5 Ma and can be divided in to four groups, related with regional-scale 
tectonic events. The Devonian-Carboniferous ages (380-340 Ma) are exclusive to 
Paleoproterozoic Taquarembó terrane. This period may reflect tectonic activity of the Famatinian 
Event with the generation of the unconformity between the Rio Ivaí and the Rio Paraná 
megasequences. The Permian ages were recognized in samples collected in São Gabriel terrane, 
where we recognized two clusters, one from 293 to 275 Ma and other from 245 to 250 Ma. The 



age close to 280 Ma marks the unconformity between Gondwana Ia and Gondwana Ib sequences 
in Paraná Basin, while the ages close to 250 Ma record the Gondwanides orogenic event (Pangea 
Formation). The samples collected in the Tijucas terrain registered Upper Triassic – Lower 
Jurassic ages, interpreted as late orogenic process of the Gondwanides Event. The easternmost 
terrane, Pelotas Batholith, contains fission tracks apparent ages of 277-200 Ma, in the NE sector, 
and younger ages of 190 to 150 Ma, mostly representing the late stages of the Gondwanides and 
early plate adjustment of pre-drifting of South America and Africa plates. 
 
However along the major Brasiliano suture zones, as Caçapava do Sul and Canguçu Dorsal shear 
zone, ages of 130 to 70 Ma are determined. These Cretaceous ages can be correlated to the 
tectonic movements associated with NE-SW and NW-SE-trending strike-slip and normal faults3, 
which do they correspond to basement reactivated structures during the rift and post-rift phases of 
Atlantic ocean opening. 
 
Based on thermal history modeling we recognized five cooling episodes which they can be 
associated with the following intervals: (1) 380-300 Ma (Devonian-Carboniferous) (2) 290-250 
Ma (Permian), (3) 250-200 Ma (Triassic), (4) 150-100 Ma (Early Cretaceous), and (5) 60 Ma to 
the present (Cenozoic). The four first intervals correspond roughly to the depositional time of the 
Megasequences Paraná, Gondwana I, II, and III. The latter one is related to the Cenozoic 
adjustment and reorganization plate with denudation and consequently deposition of the Pelotas 
Basin sedimentation. 
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Cratonic areas are affected by vertical motions1 (i.e. denudation or burial), the mechanisms of the 
latter being nonetheless still debated. Tempo and rythms of these motions have been studied for 
few cases, but often based on stratigraphical recent formations2 and limited to predictions for the 
Neogene, or Cenozoic information. The solo methodology that brings true new insights for longer 
timescales is the low-temperature thermochronology. We focused our study on the impact of the 
development of a passive margin, to explore its impact and the wavelength of this phenomenon 
deep in a cratonic continental interior. The dynamic of the craton itself has also been questioned 
with respect to the development of the margin to distinct “intrinsic” features, related to the craton 
itself and “extrinsic” ones. 
 
These questions were handled with the study of the West African Craton (WAC), and especially 
the Reguibat Shield in its northern part. This craton has an intermediate size for a craton, and 
holds an key location in Africa (Figure 1). The Reguibat Shield is bounded north and south by 
two long-term subsiding cratonic basins, Tindouf and Taoudeni. Its eastern boundary reaches the 
Panafrican suture where evidences of reactivation exist throughout the Phanerozoic3. Moreover, it 
also represents a portion of the passive margin of the eastern Central Atlantic Ocean, subjected to 
rifting and extension during Early and Middle Jurassic4. 
 

Figure 1. Geological map of the Northern WAC. AFT and AHe ages are presented in white and 
black boxes, respectively. Errors are 10% for AFT ages and 8% for AHE ages (corrected for α-
ejection). 
 



We present the first low-temperature thermochronology study that undertakes the evolution of the 
WAC. This craton represents a very interesting location as it experienced a complex array of 
geodynamic configurations through times: Africa underwent the rifting of Central Atlantic ocean 
from Trias to Early-Middle Jurassic5, then a wide so-called “quiescent” period from Middle-Late 
Jurassic to Late Cretaceous and the onset of Africa/Europe convergence from Late Cretaceous 
on. The data presented here show that this simple division is not accurate and thermochronology 
allows to further discuss the problem of supposed stability in cratonic areas. 
 
We collected 29 samples of basement rocks from the Reguibat Shield following an East-West 
transect. The AFT ages range from 107±8 Ma to 393±36 Ma, with MTLs from 9.4±0.27 µm to 
12.5±0.18 µm. The AHe ages, corrected from α-ejection, range from 14±1 Ma to 396±32 Ma. We 
observe a clearly younging trend in both AFT and AHe ages when going seaward. Thermal 
modelings have been processed for all samples with inverse and forward approaches. 
 
The modelings strengthened some aspects of the evolution of the WAC. First, an important 
cooling event, together with spread denudation of the Reguibat Shield occurred throughout the 
region, from Late Jurassic to mid-Lower Cretaceous, though it was more important for the 
western and central part of the shield. This event is concomittent with the drowning of the whole 
North Africa under immense coarse, detrital deposits named “Continentan Intercalaire”. Second, 
and previously unidentified, more or less developed reheating phases occurred until Late 
Cretaceous, where we reveal a spatialization of the patterns of exhumation from West to East. 
The margin is indeed more affected by local events than the interior of the craton. 
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Deciphering the patterns and causes of erosion and elevation change histories in continental 
interiors is commonly not straightforward. Many continental shield regions were repeatedly 
intruded by small volume kimberlite magmas, which commonly contain rich xenolith records of 
the state of the lithosphere and the sedimentary cover at the time of eruption. Here we show that 
zircon (U-Th)/He (ZHe) dating of kimberlites to determine eruption ages, combined with apatite 
(U- Th)/He (AHe) cooling dates, can be used to constrain detailed thermal histories associated 
with erosion through the upper 1-3 km of crust. Mantle xenoliths from kimberlites erupted at 
different times also record perturbations to the lithospheric mantle, indicators of changes to the 
mantle below. The coeval deep and shallow records of kimberlite pipes thus allow the potential to 
link deep earth processes with the surface response. 
 
Here we present an example of this approach in the southern African Plateau. This region was 
elevated from sea level to >1000 m elevation in post-Paleozoic time while distal from convergent 
plate boundaries and with little surface deformation. The timing and mechanisms of surface uplift 
are debated. Our published AHe data for four kimberlites off the southwestern corner of the 
Kaapvaal Craton indicate a substantial Mesozoic unroofing episode that was largely completed 
by 90 Ma. This erosion phase is contemporaneous with significant warming, metasomatism, and 
thinning of the lithospheric mantle revealed in the peridotite xenoliths and garnet xenocrysts in 
these same pipes. We suggest that this surface signal is the erosional response to regional, 
mantle- induced surface uplift. These data also detect a lesser Cenozoic erosion signature in some 
pipes, focused around a proposed Tertiary paleo-tributary to the Orange River, suggesting that the 
Cenozoic signal is associated with drainage network evolution rather than long-wavelength 
surface uplift. Here we extend this method to a larger transect of kimberlites across the Kaapvaal 
Craton. AHe data indicate a similar mid-Cretaceous unroofing event with some spatio-temporal 
variability. We also show that ZHe can be used to determine the emplacement ages of these 
pipes, which are sometimes challenging to date by other methods. The combination of ZHe and 
AHe on kimberlites together with the wealth of other geologic information contained in these 
pipes provides a powerful tool for discerning detailed erosion histories of cratons and potential 
deep-seated causes. 
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The high elevation of the interior of southern Africa is anomalous for a region in which convergent plate 
boundary processes are absent1. For this reason, the history of the southern African plateau has been the 
subject of much scientific interest to thermochronologists and geomorphologists attempting to constrain 
the timing, rate and underlying cause of uplift. Thermochronology provides a quantitative method for 
determining cooling and constraining denudation histories. The technique cannot measure uplift directly, 
however, when other geological or geomorphological evidence and reasoning suggest that cooling and 
denudation are linked to surface uplift then it can provide the basis for constraining uplift histories. 
 
A large number of low-temperature thermochronology studies carried out in southern Africa propose that 
a rapid cooling event - mainly interpreted as the result of uplift and erosion - occurred in the mid-late 
Cretaceous1-3. The majority of these studies utilised apatite fission track (AFT) thermochronometry. 
However, the reliability of these results are restricted largely to the temperature range, ~60-110 °C, and 
corresponding crustal depths over which this technique is applicable4. The apatite (U-Th)/He (AHe) dating 
method is sensitive over a lower temperature range, typically ~35- 75°C, and thus may provide greater 
certainty in constraining the more recent thermal history5. Additionally, combining data obtained using 
both techniques should ideally result in consistent thermal histories that have a greater reliability due to 
their overlapping temperature sensitivity ranges5. In slowly cooled cratonic settings, such as the interior of 
southern Africa, complicating factors often lead to apparent discrepancies between the expected apatite 
fission track and (U- Th)/He age relationship6. New insights into the range of controls on age dispersion 
and diffusivity of He within apatite now enable this dispersion to be harnessed constructively to constrain 
thermal histories and to resolve these apparent discrepancies7-9. Nevertheless, combined low-temperature 
thermochronology studies are distinctly lacking in the Kaapvaal craton due to the shortage of apatite (U-
Th)/He data in comparison to the extent of previous apatite fission track work reported from southern 
Africa. 
 
This study reports 25 new single grain apatite (U-Th)/He ages for three samples ranging in depth from 194 
m to 430 m taken from the Kraaipan (DBT) borehole located within the north-west Kaapvaal craton, 
South Africa, as well as new apatite fission track analysis data from two of the samples. The mean (U-
Th)/He date and standard deviation for the three samples analysed is 306.1±44.0 Ma. The two AFT ages 
obtained were 380±22 Ma (194 m) and 277±14 Ma (277 m) with both samples yielding unimodal, 
negatively skewed track length distributions with mean lengths of c. 13.4 µm. These dates suggest that the 
region has resided below the apatite (U-Th)/He closure temperature of approximately 70°C10 since at least 
the late Paleozoic. Joint thermal history modelling of the combined AHe and AFT data indicates 
significant cooling from elevated palaeotemperatures during the Devonian-Carboniferous (possibly related 
to the Pan African Orogeny) followed by a prolonged period of thermal stability since at least ~250 Ma. 
 
These results indicate that this location within the interior of southern Africa did not experience the mid-
late Cretaceous period of accelerated cooling documented elsewhere by low-temperature 
thermochronological studies1-3. Hence, whilst the outer continental locations, and parts of the interior, 



experienced significant cooling driven by erosion and associated with, for instance, the breakup of 
Gondwanaland11, the north-west region of the Kaapvaal craton was undergoing gradual denudation with 
concomitant sedimentation into the Kalahari basin. This interpretation is supported by the preservation of 
early Cretaceous and younger fluvial gravels in the area12. The considerable intra-sample variation in 
single grain AHe ages is also consistent with samples that have experienced slow cooling with long 
residence within the partial retention zone of the (U-Th)/He system8. Preliminary investigation of this 
dispersion within the data, that exceeds analytical error, suggests that radiation damage, the presence of U-
Th rich micro-inclusions and grain fragmentation are the main factors affecting the single grain ages. 
 
The low-temperature thermochronology results from the Kraaipan (DBT) borehole, including the new (U-
Th)/He ages from this study, are the first borehole data confirming that the central craton of southern 
Africa has not experienced significant cooling or related erosion since the late Paleozoic. Consequently, 
this suggests that the southern African plateau has experienced significant differential erosion (and by 
inference uplift) during the Mesozoic - varying from negligible amounts to several kilometers depending 
on location. This study highlights the importance of obtaining more low- temperature thermochronology 
data from the interior of southern Africa, especially combined AHe and AFT analysis, to further constrain 
this pattern of differential cooling and erosion. 
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The topography of southern and eastern Africa (referred to as the African Superswell by Nyblade 
and Robinson, 1994) is anomalously high (> 900m) relative to central and west Africa, and also to 
other continents. The southern tip of Africa is surrounded by passive margins and mid ocean ridges 
as a result of continental rifting (early Jurassic in the east, late Jurassic in the west) and Gondwana 
break up. Recent studies have also identified the Earth's largest low seismic velocity anomaly in the 
mid-lower mantle beneath southern Africa and catalysed interest in the role the interactions between 
surface and deep processes play in generating large scale topography. Understanding how the relief 
evolved since rifting onset is fundamental to advancing knowledge about the coupling between 
deep tectonics and dynamic topography. Such a large scale topographic feature may also have 
important impact on atmosphere circulation and precipitation patterns.    
 
To understand the complexity of such a system requires an integrated approach looking at 
interactions between tectonics and surface processes on a range of spatial and temporal scales. We 
use high-resolution numerical experiments coupling a 2D upper-mantle-scale thermo-mechanical 
model with a plan-form 2D surface processes model (SPM) to investigate the factors controlling the 
style of deformation. The experiments consist of simple extensional models involving lithosphere 
with variable thickness (normal lithosphere to thick, cratonic-like lithosphere) and explore the 
effects of rheological and compositional variability of the of the crustal and the lithosphere layers. 
Evidence from seismic tomography and geochemistry suggests a possible counterflow in the lower 
lithosphere in below parts of the western margins of Africa. We discuss the effect of a 
gravitationally driven lithospheric counterflow of depleted lower lithosphere (compositionally less 
dense than normal sublithospheric mantle) on the rift geometry, and the effect of the isostatic 
responses in terms of uplift or subsidence on the surrounding topography.  
 
We explore a range of erosion, deposition and basin filling scenarios and compare the predictions to 
estimates derived from modelling of thermochronological data (Apatite Fission Track ages (AFT) 
and U-Th/He ages(AHe)) and sediment budgets offshore. Thermochonology enables constraints to 
be placed on the timing and amount of cooling, which in turn can be used to discuss the viscosity 
and the density structure of the underlying lithosphere / mantle. 
  
We discuss the perspectives offered by joint analyses of thermochronological data and the 
utilization of thermo-mechanical and surface erosion models to provide new insights into south-
African uplift and the role of mantle dynamics.  
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The Sulu ultra-high pressure (UHP) orogenic belt, bounded by Tan-Lu fault to the west, Yantai-
Qingdao-Wulian fault (YQWF) to the north and Jiashan-Xiangshui fault (JXF) to the southeast, is 
the eastern extension of giant Qinling-Dabie-Sulu orogen belt which resulted from continental 
collision between the North China and Yangtze cratons in Early Triassic1. The discovery of UHP 
minerals in zircon inclusions suggested that the crust was subducted to deeper than 120 km in the 
mantle2,3 and then exhumed to the shallow crustal level4. At present, low-T thermochronology 
has been applied to constrain the final exhumation of Dabie Shan5-8, but there are few studies for 
the Cenozoic exhumation history of the Sulu UHP belt9,10. 
 
Here we report some (U-Th)/He single ages for various lithologies including granite, migmatite 
and mylonite from Sulu Orogenic belt and its northern Jiaobei terrane. The single grain He ages 
range between 18 Ma and 92 Ma and most of the samples have large inter grain age dispersion. 
Several reasons such as invisible U/Th-rich inclusions, grain size effect, chemical composition 
variation, slow cooling rate, zonation of parent nuclide or radiation damage effect11 may account 
for the large intra-sample dispersion. However, the most possible factors are slow cooling and 
undetectable U/Th-rich inclusions. 
 
The general distribution of the single grain age population exhibits a peak at 45 ± 5 Ma. Drill 
hole fission track age pattern in Hefei Basin to the southwest of Sulu area indicated an exhumed 
partial annealing zone at ~ 50 Ma12. This age pattern combining with our (U-Th)/He age pattern 
of the Sulu area implied an enhanced exhumation/cooling (but still slow relative to the Early 
Cretaceous rapid cooling) in Early – Middle Eocene in the south part of Tan-Lu fault zone. 
Kinematic analysis of faults in the southern Tan-Lu Fault Zone suggested that a transpression 
event with NNE-SSW to NE-SW shortening occurred during Early to Middle Eocene13,14 (~ 52 – 
46 Ma). Soon after the above mentioned transpression event, the eastern China experienced 
widespread rifting (~ 46 – 30 Ma) and many rifting basins initiated during this rifting stage14,15. 
The convergence rate between Pacific Plate and Eurasia decreased substantially during early 
Tertiary time and reached a minimum in Eocene time of ~ 30–40 mm/yr while at the same time 
the collision between India and Asia was completed and the two continents contacted totally16. In 
conclusion, the Cenozoic exhumation history of the Sulu Orogenic Belt was a combined result of 
far-field effect of India-Asia collision and declined subduction rate of the Pacific Plate under 
Eurasia continent. 
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In a previous low-temperature thermochronology survey of the basement rocks of the 
central Archean-Proterozoic Gawler Craton, South Australia, Gleadow et al. 1 
reported a number of samples with anomalously young apatite fission track ages that 
appear to postdate the regional Paleozoic (~400 Ma) exhumation of the craton. These 
younger ages, if confirmed, would indicate that some areas of the Gawler Craton 
underwent localized reheating during a poorly defined interval in the Cretaceous or 
Paleogene, at some time between ~120-40 Ma. Such a scenario would challenge the 
concept of cratonic interiors as regions of long-term thermal, structural and erosional 
stability, indicating a more dynamic Phanerozoic surface evolution.  
 
In order to take a more in-depth look at the Cretaceous-Tertiary thermal evolution of 
the Gawler Craton, additional basement samples from the region were collected. 
These samples were analysed using the LA-ICP-MS apatite fission track method to 
better constrain the timing of the apparent reheating event, understand its spatial and 
physical characteristics and investigate potential sources for reheating. For samples 
with limited numbers of confined fission tracks, the true (3D) lengths of surface-
intersecting fission tracks, or semi-tracks, were measured as a qualitative indicator for 
the complexity of the cooling history experienced.  
 
We report data from 21 newly analysed samples that yield fission track ages ranging 
from 330.2 ± 36.8 to 540.0 ± 86.1 Ma. These ages are similar to those obtained 
elsewhere on the Gawler Craton and do not appear, at first sight, to support the 
hypothesis of a Cretaceous reheating event. However, some samples exhibit relative 
short mean track lengths (MTL) (~11-11.5 µm), compared to the lengths of ~12.5 to 
14 µm that are typical for samples of the Gawler Craton. Time-temperature modeling 
of these samples allows for, but do not require, a mild and short-lived reheating event 
(up to 80 °C) during the Cretaceous, before cooling to near-surface temperatures in 
the Paleogene. 
 
A possible cause for Cretaceous-Paleogene reheating is the Jurassic-Paleogene 
Eromanga Basin, which has its modern margin approximately 400 km north of the 
study area. The widespread distribution of Eromanga outliers in the study area 
suggests a much more extensive cover in the past. Its present day maximum 
sedimentary thickness of ~1.5 km combined with a high geothermal gradient of up to 
50 °C/km suggest that burial by the sediments of the Eromanga Basin could 
potentially have overprinted parts of the Gawler Craton.  
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The crustal architecture of previously adjacent basement terranes in SE Australia, Tasmania and 
northern Victoria Land (NVL), Antarctica is a legacy of late Neoproterozoic-Paleozoic 
subduction along the east Gondwana margin, highlighting the Cambro-Ordovician Delamerian-
Ross Orogeny. Structures in this ancient crust were reactivated during late Mesozoic-Cenozoic 
Gondwana breakup1. Tasmania and the offshore South Tasman Rise (STR) lie in a crucial 
location at the centre of Gondwana continental fragments and potentially contain clues related to 
the nature of its dispersal (Fig. 1). This study reports results of a systematic thermochronological 
study carried out on offshore STR dredge samples and onshore Tasmanian dolerites to uncover 
the history of the ancient subduction system and the post-break up thermal history recorded in 
their crust. 
 
Offshore, a different thermo-tectonic evolution of the western and eastern terranes of the STR 
(W-STR and E-STR, respectively) was clearly revealed. Analytical results allow temporal 
comparisons to be made between existing age datasets obtained from S-SE Australia and NVL2, 
and those reported here from the thermochronologically less studied offshore STR region. 
40Ar/39Ar mica data from the W-STR (~495-460 Ma) aid in refining its paleo-position and 
support reconstructions, which indicate that W-STR was originally attached to Antarctica and 
was activated along with the Wilson Terrane, NVL during the Cambrian Delamerian Orogeny 
prior to Mesozoic breakup1. For E- STR, 40Ar/39Ar mica ages (325-357 Ma) are synchronous with 
a major phase of Carboniferous granite emplacement and mineralization, which occurred in 
western Tasmania and these are correlated with post-Tabberabberan Orogeny deformation in 
Tasmania and Victoria. 
 
This study also reports the first apatite (U-Th-Sm)/He (AHe) thermochronometry results from the 
Tasmanian region. The data not only provide further spatial and temporal constraints, but also 
allow evaluation of the quality of AHe ages obtained from mafic lithologies with lower U and Th 
content than felsic rocks and yielding less apparent age dispersion. Mid Jurassic (~180 Ma) 
dolerite3 is widely distributed across onshore Tasmania making such a study possible. The 
dolerite forms part of the Ferrar Group continental flood basalt (CFB) emplaced prior to eastern 
Gondwana breakup. Its spatial/temporal significance and chemical composition make it an ideal 
rock-type to aid in documenting the regional post-continental breakup history and to test the 
influence of different parameters such as a-radiation damage and U and Th zonation on AHe age 
dispersion from a relatively low eU perspective. 
 
Low-temperature thermal modelling of AFT and AHe data from onshore and offshore Tasmania 
reveals several distinct cooling episodes. (1) Mid-Cretaceous cooling, which involved km-scale 
denudation (~3-4 km) onshore in response to continental extension prior to the onset of actual 
seafloor spreading in the Tasman Sea. (2) onset of opening of the Tasman Sea at ~80 Ma. (3) 
Late Cretaceous-early Tertiary cooling, restricted to the west margin of Tasmania in response to 
amalgamation of the W- and E-STR blocks and transform margin tectonism to the west, (4) a 
shift in the relative motion between Australia and Antarctica since the early Eocene, and (5) final 
clearance of continental breakup and onset of the opening of the Tasman Gateway. In addition, 



no correlation could be found between AHe ages and some potential factors influencing age 
dispersion observed such as radiation damage, grain size or U-Th zonation. 

 
Figure 1. Global multi-resolution topography (GMRT) image of Tasmania and contiguous 
regions and 3-D view of the sea-floor off southern Tasmania. (Tas=Tasmania; NVL=Northern 
Victoria Land; STR=South Tasman Rise; E- and W-STR=east and west STR; ETP=East Tasman 
Plateau; SRS=Southern Rift System; TFZ=Tasman Fracture Zone). Proposed post-rift evolution 
(early Tertiary reconstruction) of onshore Tasmania is also shown by schematic cross section. 
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The structural and denudational evolution of the Transantarctic Mountains (TAM) along the Byrd 
Glacier outlet is evaluated using apatite fission track (AFT) and (U- Th)/He (He) analyses. These 
data are used to test the hypothesis that the TAM formed as the abandoned margin of a collapsed 
Mesozoic West Antarctic Plateau, which has been proposed based on geodynamic models as well 
as geomorphic evidence for drainage reversal1,2. The hypothesized collapse of a Mesozoic 
Plateau should produce a diagnostic thermal evolution recording Cretaceous erosion of the East-
Antarctica-facing flank of the plateau followed by cooling during unroofing of the West-
Antarctica-facing flank of the TAM and subsequent incision by glaciers as they shape the 
landscape. 
 
Samples were collected on three near-vertical transects (Horney Bluff, McClintock Ridge, and 
Quackenbush Ridge), as well as at low elevations near the surface of Byrd glacier, and at higher 
elevations farther from the glacier (Figure 1). 
 

 
 
Figure 1. Plot of sample elevation and N-S location near Byrd Glacier. The light blue line is the 
surface elevation of Byrd Glacier, which flows towards the northeast. Sample symbols are color–
coded for apatite fission track age (with representative ages included). (U-Th)/He ages are 
shown in parentheses. 
 
The data indicate the following: 
1. Along the level of the glacier surface, AFT and He ages become progressively  younger 

towards West Antarctica (ranging from >80 Ma in the south to 31 Ma in  the north).  
2. Significant rapid cooling (and presumably exhumation) is indicated for both  Quackenbush 

and McClintock Ridges at ~78 Ma. In the case of McClintock Ridge, samples spanning >2 
km of elevation have AFT ages of ~78 Ma. This is a robust signal for a significant tectonic 
event occurring at this time.  



3. Near the base of Horney Bluff, 4 samples yielded AFT ages of 34 to 31 Ma (with long mean 
track lengths), and a He age of 30.5 Ma. These analyses are consistent with a rapid cooling 
event at this time.  

4. The overall pattern of ages from this study indicates that the TAM near Byrd Glacier have 
undergone a greater amount of total exhumation towards West Antarctica. On Figure 1, black 
lines bracketing the apatite fission track ages have been drawn to illustrate the relative tilting 
of the region that has occurred.  

 
The spatial and temporal distribution of AFT and He ages is consistent with the plateau collapse 
model. The exhumation at ~80 Ma can be explained by the crustal response to plateau 
construction, whereas the general younging of thermochronologic ages to the north (towards 
West Antarctica) along the Byrd Glacier outlet is consistent with regional tilting, with the pulse 
of exhumation at ~30 Ma predicted by the plateau collapse model. 
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The Shackleton Range is situated between 80°–81°S and 19°–31°W where it forms the 
topographic continuation of the Transantarctic Mountains in the Weddell Sea sector. The recent 
morphology is characterized by up to 1800 m elevated plateau surfaces with 300 m high cliffs 
along its margins. The geological architecture of the Shackleton Range consists of Precambrian 
igneous and (meta-) sedimentary rocks of an Early Paleozoic nappe stack and post-orogenic red 
beds. The exhumation of the region has been analyzed via fission track (FT) analysis1. Zircon FT 
ages vary between ~160 and 210 Ma, while apatite FT ages range from 94±6 to 168±16 Ma are 
associated with mean track lengths of 12.7–14.1 µm (standard deviation 1.0–1.4 µm). These data 
have been interpreted qualitatively in terms of two cooling/ exhumation stages during Jurassic 
and mid-Cretaceous times. 
 
However, the recognition of 180–186 Ma Ferrar volcanoclastic rocks in the vicinity of the sample 
locations challenges this exhumation concept2. The superficial position of these sediments in 
Jurassic times and substantially younger fission track ages rigorously contradict a continuous 
cooling hypothesis and require a new interpretation. Hence, existing apatite FT age data were 
supplemented with Dpar and new track length measurements, and new apatite FT and AHe age 
analyses performed to allowing thermal history modeling with HeFTy3. The apatite FT data set 
now comprises ages between 94±6 and 223±38 Ma, track lengths of 12.4–14.2 µm and associated 
standard deviations of 0.8–2.9 µm. AHe ages of 110±13–151±18 Ma are only little younger than 
FT ages of the same samples. 
 
All samples show a similar age pattern, with a break in slope at different elevations, indicating 
vertical displacements subsequent to cooling. Thermal history modeling of the combined 
thermochronological data and geological and geomorphological constraints suggests early 
Mesozoic cooling followed by (post) Jurassic re-heating. Final cooling from temperatures up to 
100°C to surface temperatures occurred since the Late Cretaceous. This scenario requires burial 
of the Shackleton Range region within a sedimentary basin. Subsequent basin inversion may then 
have triggered isostatic uplift and induced vertical displacement and escarpment formation. The 
now vanished sedimentary strata were 2 km in thickness. Post-Ferrar sediment basins of up to 3.5 
km burial depth are also reported from the Transantarctic Mountains4, and may be indicative for a 
more general mechanism. 
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The paleo-topography of East Antarctica is highly relevant for the development of the East 
Antarctic ice-sheet. It is likely that the 1500 km long, coast-parallel Dronning Maud Land 
Mountains (Figure 1) have resulted in a significant amount of precipitation prior to the initiation 
of the 34 Ma glaciation history of East Antarctica. Due to this, the paleo-topography should be 
used as an important input parameter for the glaciation history. 
 

 
 
Figure 1. Satellite image of the Dronning Maud Land Mountains, East Antarctica. Note the 
direction of the diminishing thermal influence, observed as progressively older AFT ages towards 
east. 
 
The amount of quantitative measurements for the exhumation history of Antarctica is very 
limited as 98% of the continent is covered by ice. However, since the onset of 
thermochronological studies in the Dronning Maud Land Mountains in 19921, the area has been a 
subject of several thermochronological studies1-7. 
 
The first thermochronological studies from Heimefrontfjella and Mannefjellknausane recorded a 
Jurassic thermal event associated with the Jurassic flood basalts related to the Karoo mantle 
plume and the rifting between East Antarctica and East Africa1,2. Thermochronological data from 
Heimefrontfjella and Mannefjellknausane published by Jacobs and Lisker3 indicated that the 



Mesoproterozoic basement and the Permian sandstones were covered by 2000 meters of Jurassic 
flood basalt. In the Mühlig-Hofmann Mountains and the Gjelsvikfjella to the E, no significant 
Jurassic thermal event have been recordedHowever, a combined titanite and apatite study by 
Emmel, et al.7

 
did not record any significant Jurassic thermal event in the Gjelsvikfjella and 

Mühlig-Hofmann Mountains. This has been used as a constraint for the lateral extent of the flood 
basalts. Also, the thermochronological analyses presented in Jacobs and Lisker3 indicated that the 
AFT ages gets progressively older towards the SE. Based on these analyses, paleo-isotherms 
dipping towards the SE were suggested. 
 
In addition to the already published data, new, unpublished AHe data from a transect of the 
northern part of Jutulstraumen show relatively young ages at the rift flanks (~50 Ma) and 
progressively older ages further away from the rift flanks, indicating significant Cenozoic erosion 
(Ksienzyk et al., unpublished data). This is the basis for presently ongoing thermochronological 
studies. 
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Using structural thermochronology to resolve the evolution of the 
retroside of the Alpine wedge 
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We use thermochronology to measure Cenozoic tilting in the retro-side of the Alpine orogenic 
wedge in southern Switzerland and northern Italy. Argand (1916) was first to recognize that the 
structure of the southern part of the Alps was dominated by a large back fold, with a vergence to 
the south, which opposite that for the more frontal part of the Alps to the north. Modern concepts 
of wedge tectonics would ascribe this deformation to "back shearing" within the retroside of a 
doubly vergent wedge. Densely distributed cooling ages can be used to define isochrones, which 
are surfaces of equal cooling age. Stratigraphic markers within the frontal part of the Alps 
indicate that thermochronologic isochrones should have quite complex structure within the 
frontal part of mountain belts, where accretion and thrust imbrication dominate. The situation is 
simpler in the rear of the Alps, where the overall structure is more coherent and less dismembered 
by faults. When cooling ages are sparse, we tend to view each age as an estimate of the time and 
depth of exhumation. A denser vertical transect might be allow an interpretation using the 
correlation of age with elevation, but this approach requires that thermochronologic isochrones 
are horizontal. We consider here a more generalized used of thermochronology, as a kind of 
stratigraphic marker for structural geologic analysis. 
 
Our analysis is based on some 50 fission-track zircon (FTZ) ages in the Ticino part of the Alps, 
which range from 250 to 12 Ma. The FTZ system has a nominal closure temperature of ~240 C 
and, in the Alps, a closure depth of ~8 km, which is deep enough to ensure that the FTZ 
isochrones are initiated as planar horizontal surfaces, much like bedding. But unlike bedding, the 
FTZ isochrones in the retroside of the Alps were formed as an "upside down" stratigraphy, with 
zero ages at the closure isotherm and getting older with increasing height from that surface. 
We introduce a set of empirical least-squares models for analysis of these data. This approach 
shows that the FTZ data are well represented by a series of gently dipping isochrones, with 
average dip of ~4 degrees to the south. The southward dip of the isochrones is consistent with 
top-south shearing in the retro- side of the Alp wedge. Our analysis also shows a well defined 
"break-in-slope" at 15 Ma within these tilted isochrones, recording an increase in the vertical 
velocity of rock through the closure isotherm. We have developed a generic kinematic model for 
formation of thermochronologic isochrones within the retroside of an orogenic wedge. This 
model indicates that the trailing limit of the Alpine wedge has remained fixed during its 
evolution. We extend that model to account for thermal and thermochronologic evolution of the 
FTZ cooling ages. That work shows that the "break-in-slope" recorded at 15 Ma was caused by 
the onset of fast erosion at ~30 Ma, which roughly coincides with the subaerial emergence of the 
Alps. The lag simply reflects the response of the closure isotherm to a change in erosion rate. The 
Alps highlight the ability of thermochronology to "paint" in a kind of stratigraphy onto rock 
sequences that otherwise lack stratigraphic markers. We need to greatly increase the spatial 
density of our dating if we are going to take advantage of this opportunity. 
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The Pamir is the western continuation of Tibet and the site of some of the highest mountains on 
Earth, yet comparatively little is known about its crustal and tectonic evolution and exhumation 
history. Whereas shortening, crustal thickening and uplift of Tibet as a result of India-Asia 
collision has been underway since at least 50 Ma, timing and mechanisms of Pamir orogenesis 
are largely unknown. 
 
Although both the Pamir and Tibet are composed of rocks with similar affinity, the exhumation 
history of the two regions appears significantly different. Multi-dating of modern rivers sand 
samples derived from the eastern (China) and western Pamir (Tajikistan) show a marked 
difference timing and magnitude of exhumation along strike. Detrital mica 40Ar/39Ar ages for the 
northeastern drainages are generally older than ages from the western drainages, indicating 
younger or lower magnitude exhumation of the northeastern Pamir with respect to the western 
Pamir. Apatite fission track data show strong Miocene-Pliocene signals for both the northeastern 
and western drainages indicating protracted regional short-term erosion. Deeper exhumation of 
the western Pamir is associated with tectonic exhumation of Central Pamir gneiss domes and 
coincides with higher precipitation today. We suggest that relatively intense precipitation on the 
windward side of the Pamir has been a major factor since at least the early Miocene in controlling 
bedrock exhumation and eastward retreat of the orogenic drainage divide. If this is correct this 
implies that an orographic barrier, and topography, similar to the modern one was established by 
the early Miocene. Hypsometric analysis supports differential exhumation and show a 
remarkably good fit between hypsometry curves of large and small catchments from the western 
Pamir and PDFs of thermochronological ages. This suggests regional and quasi-uniform 
exhumation across different catchments despite structural and lithological differences. 
Thermochronological ages from the Pamir record younger (mid-late Miocene), and in average 
faster, exhumation than that recorded in Tibet. 
 
An outstanding question remains: was the Pamir mainly built in the Miocene or did mountain 
building start earlier? Data from Paleogene sedimentary rocks preserved in the adjacent basin 
(Tajik depression) show that a transition between marine to continental environment occurred at 
~39 Ma and coincides with strong magmatic activity in the source region. This, combined with 
the record of tectonic subsidence, suggests that growth of the Pamir Mountains, initiation of a 
foreland basin deposition and exhumation and uplift of the Pamir may have started as early as 
late Eocene time. 



 
 
Figure 1. A. DEM and shaded relief map of the Pamir on SRTM base 
(http://www2.jpl.nasa.gov/srtm/). Sample locations and upstream drainage areas marked with 
stars and shaded regions, respectively. Major structures indicated with black lines and standard 
structural symbols. B. Swath profile and precipitation data. Gray shaded region indicates 
maximum and minimum elevation and black line indicates mean. Drainage divide, pushed far to 
the east, is indicated. Relief is higher on the western side of the Pamir. C. Hypsometric curves. D. 
Normalized probability density function curves of detrital 40Ar/39Ar and AFT (pink) ages. 
40Ar/39Ar ages for the western Pamir drainages from1. 
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Plate boundary zones are dynamic regions where (re)crystallization of mineral assemblages, and 
chemical and isotopic disequilibrium occurs at all scales. In convergent plate boundaries mineral 
assemblages preserve the depth-temperature-time-deformation paths followed by rocks. In the 
case of ultrahigh pressure (UHP) terranes, this includes transport into the mantle and return to the 
surface. Extracting the details of this journey is challenging because the application of a broad 
range of isotopic methods on minerals from a variety of rock types is required in order to 
successfully “see through” overprinting thermal events that may have obliterated, or variably 
overprinted the rock record. Evidence for chemical and isotopic disequilibrium in rocks exhumed 
within plate boundaries is pervasive and results from non-steady state conditions. The closure 
temperature concept is only rarely applicable. 
 
Using thermochronologic and petrologic data from the youngest known ultrahigh and high 
pressure (U)HP terrane on Earth (i.e., the Woodlark Rift of eastern Papua New Guinea), we 
illustrate the challenges and successes of using integrative thermochronology to extract records 
from heterogeneous lithologies exhumed in the rapidly evolving Australian-Pacific plate 
boundary zone. We found that only mafic coesite eclogite preserves chemical and isotopic 
variations that can be interpreted to record peak UHP metamorphic conditions. Lu-Hf garnet, U-
Pb zircon and 40Ar/39Ar phengite data combined with thermobarometry indicate UHP 
metamorphism occurred at ~8 Ma at T <750°C and depths of >90 km. These data imply low 
paleogeothermal gradients during UHP metamorphism and indicate rapid cm/yr exhumation 
rates. In contrast, the timing and conditions of (U)HP metamorphism are rarely preserved in 
felsic host gneisses where mineral compositions and their isotopic systematics are partially to 
completely reset. For example, micas in host gneisses were recrystallized during exhumation and 
their 40Ar/39Ar ages reflect complete resetting of Ar systematics since ~8 Ma. Furthermore, the 
record of rock exhumation is complicated by thermal overprinting due to rifting as the Woodlark 
sea-flooring spreading system propagated westwards into the UHP terrane. For example, 
40Ar/39Ar step heat data on some feldspars preserve a record of ~8 Ma ages in their most retentive 
sites and yield complex spectra in the form of pronounced age gradients. In these cases, feldspars 
were neither 1) recrystallized and/or completely outgassed during exhumation, nor 2) reset by 
thermal overprinting associated with Plio-Pleistocene mantle upwelling. 
 
40Ar/39Ar ages (0.50-0.02 Ma) on rift-related basaltic andesites erupted ~10 km to the west of the 
UHP locality provide minimum ages to constrain the timing of mantle upwelling ahead of the 
propagating Woodlark seafloor spreading system. Based on thermobarometry of tephras, these 
magmas equilibrated prior to their extraction from the mantle at temperatures of 1150-1200°C, 
and pressures of 0.55-0.75 GPa1. These temperatures are well above those necessary for 
preservation of UHP mineral assemblages and the retention of radiometric daughter products. 
This implies that (U)HP rocks were exhumed to shallow depths (and remained cool) prior to 



rifting. Rifting led to an increase in geothermal gradients and was accompanied by mantle 
upwelling, Quaternary volcanism, and formation of hot springs. The inferred variation and 
changes in paleogeothermal gradients (from low to high) documented in the rock record is 
supported by geophysical data that indicate profound thermal gradients persist in the region. This 
includes intermediate depth earthquakes (70-110 km)2 that occur ~100 km along strike to the 
west of the Late Miocene coesite eclogite locality. (U)HP rocks may occur at depth there, but 
have yet to be exhumed. In addition tomography indicates significant lateral velocity variations 
and by inference significant lateral thermal gradients3. Overall we infer dramatically changing 
geothermal gradients in the region over time, both laterally and vertically. Ongoing efforts to 
incorporate integrative thermochronologic data sets (40Ar/39Ar, AFT, ZFT, ZHe, and AHe) into 
forward and inverse thermokinematic models will also be discussed, as well as their application 
to assess the evolution of plate boundaries, including the role of reactivated inherited structures in 
(U)HP exhumation. 
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Thermochronometry can provide powerful constraints to sequential restoration of balanced cross- 
sections. Structural modeling can define style, relative timing of the tectonic events, and deformation rate. 
By integrating this kinematic model with thermal parameters, cooling ages can be calculated for different 
thermochronometers (such as apatite fission track and apatite (U-Th-Sm)/He data) along the present-day 
topographic profile of a given geological cross-section. For this purpose we use FETKIN1, a software 
dedicated to low-temperature thermochronological age prediction, that couples 2D kinematic modeling 
with a Finite Element (FEM) computation of temperatures. This approach allows us to refine and validate 
our kinematic restoration, based on the agreement between the predicted thermochronometric data and the 
measured ones. In addition, we can evaluate also the influence of tectonic deformation and regional uplift 
on the modeled cooling ages. Where no syn-orogenic deposits are preserved and cooling is directly 
associated with deformation, modeled ages can provide also the absolute timing of the tectonic event. 
 
Here we present an application of this approach to the Polish Carpathian thrust and fold belt, for which the 
tectonic and thermal evolution is still a matter of heated scientific discussion. According to the commonly 
accepted interpretation, the Carpathians result from the collision of the ALCAPA and Tisza-Dacia 
microplates with the southern margin of the East European Platform. The subsequent subduction of the 
Meliata-Maliac oceanic crust below the former microplates caused the formation of a narrow belt made of 
sheared and deformed successions, the so-called Pieniny Klippen Belt (PKB). It is located between the 
two main tectonic domains building the Carpathian chain: the Inner (IC) and Outer Carpathians (OC). The 
IC are formed by the Precambrian crystalline basement and Paleozoic and Mesozoic successions buried 
under the Paleogene deposits belonging to the Central Carpathian Paleogene Basin (CCPB). The OC 
thrust and fold belt consists of siliciclastic deposits from the Upper Jurassic to the Lower Miocene, and the 
PKB is made of Mesozoic olistolites and olistostromes surrounded by less competent Upper Cretaceous to 
Paleocene matrix. In the last decade some workers2 have suggested an alternative interpretation for the 
origin of the PKB, doubting its role as oceanic suture. With this contribution we suggest a new scenario in 
which the PKB is the foreland basin of the IC range. In addition, we focused on the exhumation histories 
of the Carpathian belt, evaluating the role of the extensional tectonics, thrusting and regional uplift in its 
cooling history. Three balanced cross-sections have been constructed across the Polish Carpathians. Their 
sequential restoration has been integrated with thermal parameters3 in order to predict the cooling ages 
along the present-day profiles. According to our thermo-kinematic restoration, exhumation can be 
constrained to the last 20 Ma. Apatite fission track modeled age profiles (Fig.1a) show that some areas, 
including the most external part of the OC and some of the Oligocene deposits belonging to the CCPB, are 
non reset. Only the Podhale basin belonging to the IC domain is partially reset in its northern part and 



completely reset to the south. The rest of the OC show cooling ages between 20 to 15 Ma in the Western 
Polish region with a pattern that is influenced by the magnitude of thrust sheet displacement. In the 
Eastern Polish Carpathians, cooling ages are younger (ranging between 10 and 6 Ma) and are associated 
with post- thrusting low-angle normal faults. Samples collected along the PKB show a partial or total reset 
of the AFT ages, revealing a non homogeneous burial along this belt. Thermal modeling performed for 
apatite (U-Th-Sm)/He ages (Fig.1b) show two completely non-reset areas: the outer part of the OC and 
part of the CCPB. The inner nappes of the OC, the PKB and the crystalline basement cropping out in the 
IC region are totally reset and show cooling ages ranging between 18 Ma and 4 Ma. Even in this case, 
cooling ages are influenced by thrusting in the Western Polish region and post-thrusting normal faulting in 
the Eastern Polish Carpathians. 

 
 
Figure 1. Balanced cross-section across the Western Polish Carpathians with location of 
analyzed sample. a) Comparison between forward modeled AFT ages from FETKIN and AFT 
ages measured on collected samples; b) comparison between forward modeled AHe ages from 
FETKIN and AHe ages measured on collected samples 
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Calculating fault slip rates using thermochronometry is an often-applied method in both 
contractional and extensional tectonics. Within extensional settings the timing, magnitude and 
rates of extension can be determined using thermochronometry1, but several structural processes 
can significantly complicate the interpretation of these data. Many fundamental ideas about 
continental extension and the structural evolution of low-angle normal faults were formulated in 
the Colorado River extensional corridor (CREC) of eastern California and western Arizona where 
continental crust is extended along regional low-angle normal fault systems that accommodated 
up to 40-50 km of displacement. The timing, magnitude, and rates of extension along low-angle 
normal faults are predominantly constrained with thermochronometry in the absence of 
unambiguous offset marker units; therefore understanding how low-angle normal fault systems 
evolve and accommodate exhumation of mid-crustal rocks relies on accurate thermochronometric 
measurements. 
 
Previous authors have interpreted very rapid slip rates of up to ~30 km/Myr from apatite (U-
Th)/He dating in the Harcuvar Mountains2 core complex, but whether these estimates are 
reasonable or accurately measure fault slip rates is questionable. The Harquahala Mountains core 
complex is directly south of the Harcuvar Mountains and is the southernmost exposure of 
Tertiary mylonites exhumed along a regional low-angle normal fault system that connects the 
lower plate of the Chemehuevi, Whipple, Buckskin-Rawhide, and the Harcuvar Mountains. The 
regional setting of the Harquahala Mountains makes it a key location to test the validity of rapid 
slip estimates and understand the pattern of extension within the CREC as a coherent system. An 
~45 km transect of samples for zircon and apatite (U-Th)/He dating (n=18) was collected from 
the Harquahala footwall along the regional extension direction of ~060° to determine the cooling 
history associated with core complex exhumation and slip along the Eagle Eye detachment 
(EED). Zircon (U-Th)/He ages (ZHe) plotted versus distance from the EED display three key 
characteristics: 1) samples furthest from the EED record older, pre- extension cooling ages of 
~40-50 Ma, 2) a decrease in ZHe ages through a fossil partial retention zone (PRZ), and 3) ten 
nearly invariant ages that decrease from 17.6 ± 0.3 to ~15-16 Ma over the last 22 km and record 
cooling due to slip on the EED (fig.1). The inflection point between the PRZ and ZHe ages 
recording fault slip indicates extension began at ~17-18 Ma in the Harquahala Mountains and that 
the Eagle Eye detachment accommodated ~22 km of displacement (fig. 1). An inflection point in 
cooling ages is rarely observed in core complexes and indicates extension starts later in the 
Harquahala Mountains and the EED accommodates less displacement than structurally lower 
core complexes (e.g. Buckskin-Rawhide Mountains)3. 
 
Standard linear regression of the nearly invariant ZHe ages yields slip rates of up to ~50 km/Myr 
which are interpreted as geologically unreasonable, whereas rates of ~10-16 km/Myr are 
calculated by simply taking the 22 km distance over the ZHe age difference. Apatite (U-Th)/He 
ages along the same transect distance show one slope that yields a slip rates of 4.3 +1.6, −1.0 
km/Myr. Several structural possibilities that could cause invariant age profiles in 
thermochronometric studies are investigated to better interpret scenarios where a simple 



regression is not valid. The most probable scenarios include isostatic rebound, pervasive hanging 
wall thinning during fault slip, and repetition or perturbation of cooling profiles along high or 
low-angle faults. An inherent assumption when calculating slip rates is that the hanging wall 
behaves as a rigid block; therefore structural thinning of the hanging wall will cause an 
overestimation of slip rates4. Hanging wall extension can also cause isostatic rebound of the 
footwall and may contribute a significant component of vertical exhumation. Coeval or 
subsequent low and high-angle faulting can also alter otherwise linear age versus distance 
relationships and are most pronounced in under sampled transects that can overestimate slip rates. 
Combined geometric and thermal modeling will provide new constraints on the relative 
importance of the aforementioned processes and give new insights into the structural evolution of 
low-angle normal fault systems. 

 
Figure 1. Transect of (U-Th)/He ages plotted as a function of distance from the Eagle Eye 
detachment. (U-Th)/He ages of zircons and apatites are shown in blue circles and black squares, 
respectively; open squares indicate analyses excluded based on age inversion most likely due to 
inclusions in apatites. Error bars shown at 1σ. See text for discussion of ages. 
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The old passive margins, especially in the North-East Atlantic above 60° North latitude, present 
peculiarly high topography, either in Eastern Greenland or in Northern Norway1-2. No agreement 
exists about the grounds of this phenomenon. Unquestionably tectonics has stood as the favorite 
root cause for more than a century. However, for the northern part of Norway, present topography 
should only result from erosion and isostasy, thus embodying climate into the real conductor of 
denudation.  
 
AHe, (U-Th)/He low temperature thermochronometer on apatite is a relevant tool to investigate 
these natural intriguing phenomena. The thermochronometer is ruled by He diffusion in apatite and 
this diffusion is sensitive in the 50°C to 120°C range. Uppermost crust denudation can thus be 
quantified and recent relief evolution be constrained. Concerning the North East Atlantic, few AHe 
data exist and are widely scattered or even much older than apatite fission track (AFT) ages. We 
assert today that major improvements were brought to the technique, as the influence on He 
diffusion of recoil damage fraction and grain chemistry3-4.  
 
In this study, we focused on the Northern Norwegian margin. Our aim is to supply AHe ages and 
thus better constrain and understand the recent denudation in the region. We chose 16 samples from 
Lofoten - Vesterålen islands, already analyzed by AFT data5. Apatite AHe ages are within a range 
from 15±2 to 253±25 Ma (see Figure 1) and are characterized by a very low eU content ranging 
from 1 to 22 ppm plus one sample with higher eU content (up to 328 ppm). The low eU content 
induces a very low closure temperature for these samples in the 50-60°C range. 
 
The revealed ages are younger than any published AHe age in the North East Atlantic. Paleogene or 
even Neogene ages do occur for 10 samples out of 16 (Fig. 1). Ages contrast widely with the AFT 
ages of the same samples, which may be up to 200 Ma older (Fig. 1). The contrast is even more 
striking if we consider recent AFT data farther to the north of the area6. The geographical 
distribution of ages differs completely from the distribution of AFT ages. The Hadselfjord Fault 
Zone does not constitute a gap any more between ages in the north-west and the rest of the area. 
Older ages remain limited to a few samples in the south. 
 
Our early data clearly indicate a late Cenozoic episode of denudation in Lofoten - Vesterålen. This 
episode follows the earlier episode previously detected by AFT ages. However, as for past regional 
studies we report a wide scattering of single grain ages by sample, commonly a difference of ~50-
120 Ma between the younger grain and the older grain. This scattering stays as a great challenge to 
secure ages interpretation. We are therefore doing further analyses and our main line of research is 
detecting and evaluating the influence of zonation and chemistry on our samples. Thus we would be 
able to better interpret the AHe data and performed inverse simulation in order to reconstruct more 
finely the Cenozoic denudation. Nevertheless it is assumed that according to these results, the newly 
exposed episode stems from a different mechanism. Geographical distribution of AHe ages show no 
important impact of recent tectonic movements in the area and the present topography of the area 
should be explained simply by progressive and continuous denudation. In that case glacial and 
periglacial erosion combined with isostasy should control relief at this latitude.  
 



 
Figure 1. Map of the apatite 
samples in Lofoten-Vesterålen 
islands. (U-Th)/He ages obtained in 
this study are displayed in bold. 
AFT ages of a former study are 
presented in italic for comparison6.   
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Orogenic growth is controlled by tectonics, erosion and climate. The influence of each of these 
processes and their potential interrelations are still debated. The Alps are probably the most 
intensively studied mountain belt in the world and thus provide an ideal setting for addressing 
this topic. For this study, we investigated the late stage exhumation history of the Lepontine 
Dome in the Central European Alps, and related it to potential climatic and tectonic steering 
factors. In addition, we tested the influence of lower crustal mechanic and kinematic properties 
on upper crustal exhumation and erosion. In a final step, we studied the influence of different 
valley incision scenarios on surface cooling patterns, testing valley incision at 31 Ma (i.e., 
constant over the entire post-collisional history), at 5 Ma (contemporaneously with enhanced 
foreland deposition rates) and at 1 Ma (contemporaneously with major Alpine glaciation). 
 
For this we used apatite fission track and (U-Th-Sm)/He thermochronology combined with 
numerical sandbox experiments. The set up for the numerical sandbox models was based on two 
deep seismic reflection profiles crossing the Central Alps perpendicular to strike (NFP 20 east & 
west). Numerial sandbox modelling allows tracking the pathways of single particles. Assuming a 
geothermal gradient, these pathways were transferred into cooling histories. The cooling histories 
were in turn used as the basis for forward modelling of thermochronology data, yielding synthetic 
AFT data, which could be compared to the AFT data actually observed across the Lepontine 
Dome. 
 
AFT ages observed range from 4 to 19 Ma and form a distinct U-shape pattern, with higher 
cooling rates in the center of the Lepontine Dome as compared to lower cooling rates at the 
northern and southern terminations of the profiles. Until the latest Miocene, exhumation is 
characterized by small scale differences, with both, episodic and continuous cooling occurring 
close to each other. Miocene exhumation is obviously related to the activity of prominent tectonic 
structures such as the northern and southern steep belts and is thus explained by ongoing 
compressional tectonic activity. By contrast, at around the Miocene-Pliocene boundary, cooling 
becomes more uniform and independent from tectonic structures, suggesting en-block 
exhumation of the Lepontine area. We explain this as indicating a shift from tectonically-
dominated to climatically-dominated erosion. At the Plio-Pleistocene boundary, cooling 
accelerated, which we interpret as enhanced erosion due to the onset of Alpine glaciation, i.e., 
again climatically controlled. 
 
Using the numerical sandbox model, we were able to reproduce the main structural entities and 
the major fault systems of the Central Alps (such as the Adriatic indenter, the Aar basal thrust, 
the northern steep belt and the Insubric Line), and also the U-shape AFT pattern. Numerical 
sandbox modelling also showed that the AFT age distribution and thus surface erosion patterns 
are strongly influenced by mechanic and kinematic properties of the lower crust, particularly by 



the décollement strength. When comparing the synthetic AFT ages from the different valley 
incision scenarios with the AFT data observed across the Lepontine Dome, the best fit is 
achieved for valley incision at 5 Ma. This is in agreement with the change of the cooling style at 
the Miocene-Pliocene boundary as observed from thermal history modelling of the AFT data and 
underlines the assumption of a major change of the Alpine erosion regime at that time. 
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Neogene exhumation of the European Alps is understood as the interlude of tectonics and erosion1. 
While the former has been influenced by a decrease in plate convergence, the latter has been 
suggested to be affected by climatic variation2,3, leading to relief amplification4. However, even 
though geomorphologic and sedimentologic studies both suggest topographic relief change and 
transition from fluvial to oscillations between glacial/fluvial conditions5,6, precise quantifications on 
both the timing and magnitude of this transition are yet sparse4,7, and areas of sufficient time 
resolution are restricted to spots of very fast exhumation during the last few million years and thus 
very young thermochronologic data2. 
 
This study focuses on the upper Rhône valley (Swiss Central Alps) within the Visp-Brig area (Aar 
massif, Valais). This area encompasses some of the most spectacular reliefs within the Alps with 
several nearby summits around or above 4000 m crosscut by the glacially overdeepened Rhône 
valley. It also shows among the highest late Neogene exhumation rates within the Western-Central 
European Alps2,4, influenced by tectonic activity along the major Simplon-Rhône extensional fault 
system8-10. Moreover, the upper Rhône valley has experienced enhanced glacial erosion associated 
with strong relief development during the Pliocene-Quaternary period4,6. Finally, structural 
inheritance, late-stage tectonics and rapid exhumation may have promoted recent hydrothermal 
activity in this region11, although timing of its onset and its precise causes remain poorly 
understood. 
 

 
 
Figure 1. Apatite He (AHe) and fission track (AFT) ages from the Visp-Brig area. 



 
The cooling history has been investigated by using different low-temperature thermochronometers 
along a pseudo-vertical bedrock profile (elevation between 600 and 2900 m) and additional samples 
from an on-site 500-m geothermal well, resulting in a total elevation difference of nearly 3 km 
(Fig. 1). Apatite fission-track (AFT) ages and track-length data have been added to previously 
published4 and new apatite (U-Th-Sm)/He (AHe) and 4He/3He data. 
 
Results confirm high-exhumation rates (0.6 to 0.9 km/myr) within late-Cenozoic to Pliocene times. 
Combined with AFT data from the literature, our age pattern reveals no exhumation difference 
across the Simplon fault system during the last 6-8 Ma, suggesting only strike-slip detachment 
activity of the structure during that period. Thermal modelling using HeFTy confirms strong 
exhumation and evidences a late-stage cooling contrast between high-elevation and valley-
bottom/geothermal well samples, in agreement with previous 4He/3He data4. This late-stage 
exhumation is associated to the onset of major Alpine glaciation triggering the Rhône valley carving 
at ~1 Ma. Apatite track length measurements suggest that the well samples may have been affected 
by recent hydrothermal activity. This agrees well with the present-day observation of high 
geothermal activity below the Rhône valley floor, whose origin has been primarily linked to 
structural inheritance (Simplon-Rhône extensional fault system). Our thermochronology data helps 
to put constrain on the onset timing of this geothermal activity, which we propose to be concordant 
with the onset of major alpine glaciations, glacial erosion and bedrock fracture development12 
promoting localized fluid circulation and hydrothermal activity below the Rhône valley floor. 
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Thirty-three samples from the Belledonne and Grand Chatelard External Crystalline Massifs (ECM) 
and the easternmost Internal Zone of the Dauphinois (French Alps) were dated by fission tracks 
(FT) on apatites1. They were taken either on the ground surface or along a tunnel crossing through 
the Belledonne massif at an altitude varying from 450 to 500 m. It was determined by electron 
microprobe that all samples were fluorapatites, thus having similar thermal track retention 
characteristics. Given the low fossil track densities (±10exp4 t.cm-2) and the small number of grains 
per sample, it was not possible to obtain enough induced track densities for an optimization of the 
data. 
 
As in other ECM, all FT ages were found to be lower than 107 Ma. On the SW slope of the 
Belledonne massif, the FT ages vary with altitude between about 1 Ma at an altitude of 500 m to 7.5 
Ma at 2750 m, corresponding to an apparent denudation rate of 0.4 km/Ma. The less well 
documented slope-dependent age variations in the eastern Flysh Zone and the southernmost Grand 
Chatelard suggest a slightly higher rate, of about 0.7 km/Ma, between 5 and 3 Ma. These rates are 
consistent with the rates found for other ECM (inter alia2-4). They are also consistent with the 0.7-
3.5 Ma ages found for the Belledone tunnel samples. The more complex age-altitude relationship on 
samples from the NE Belledone was interpreted as the result of a local block tectonic movement, 
one hypothesis inferred from field evidences5. 
 

 
 

Figure 1.  Age-elevation distribution for all samples. 
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The frontal part of the southeastern Alpine belt is characterized by important compressional 
deformation marked by the emplacement of the Digne nappe thrust sheet (Figure 1). The final 
displacement of this nappe is dated Late Miocene thanks to continental molasses of the 
northeastern margin of the foreland basin, which are folded in its footwall and form the famous 
Vélodrome recumbent syncline1,2. The stratigraphic series of the Digne nappe is made of more 
than 5000 m thick Liassic to Eocene deposits3, a part of which overthrust the vélodrome syncline. 
In order to quantify this overburden and the timing of the subsequent exhumation and erosion of 
the Barles half-window, we performed a low temperature apatite (U-Th)/He study on the Tertiary 
molasse sampled at different locations within it. Preliminary AHe ages obtained in Early 
Miocene marine molasse, range from 4 to 6 Ma, with effective Uranium content ranging from 30 
to 80 ppm. The lack of correlation between the AHe ages and the eU content4 indicates an 
important reheating phase (up to 80°C), which has reset the He system before the final 
exhumation. More apatite (U- Th)/He data coupled with apatite fission-tracks will be done in the 
future in order to better characterize the timing and the burial maximal temperature. 
 
 

 
 
Figure 1. a-Structural sketch map of the western Alps and its foreland. The Barles half-window 
is the located in the footwall of the Digne nappe thrust sheet. b-Geological map of the Barles 
half-window with the location of the Vélodrome study area. 
 
 
These first thermochronological results obtained in the Barles half-window have important 
structural implications: 



- The thermal conditions during burial associated with the Digne nappe thrusting were sufficient 
enough to reset the detrital apatites in Miocene sediments. This implies several kilometers of 
tectonic overload. 
- Maximum burial occurred 6 to 4 Ma ago, which precludes the occurrence of any Messinian 
incision overlain by the nappe in the Barles half-window as recently proposed5. 
- This localized exhumation and erosion is related to large-wavelength anticlinal bending of the 
Barles area, which is coeval with the ultimate SSW-directed motion of the main part of the 
nappe. 
 
This thickening, which is compatible with outward propagation of deformation in the frontal part 
of the Alpine orogenic wedge, could be a consequence either of sedimentary cover stacking, or of 
deep-seated basement involved shortening. 
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In this study we investigate the Katschberg low-angle detachment that was mainly responsible for 
the exhumation of the eastern Tauern Window during Miocene lateral extrusion. This fault zone 
consists of an extensional ductile shear zone comprising a ~5 km thick belt of mylonites with 
brittle overprint and kinematic indicators document top-to-the east and southeast ductile 
shearing1,2. 
 

 



Figure 1. (a) Model setup of inverse thermal-kinematic modeling and (b) forward modeling 
resuts. Exhumation of rocks is controlled by the 30° ESE dipping Katschberg low-angel 
detachment. 
 
We sampled two E-W profiles that extend 25 km in the footwall and 20 km into the hanging wall. 
The samples from these profiles display Middle to Late Miocene apatite fission track and Late 
Miocene to Pliocene apatite (U-Th)/He ages. A database of new and published 
thermochronological data provides the basis for two- and three- dimensional thermokinematic 
modeling using the Pecube v.3 modelling package3,4 (Fig 1a). The dataset comprises K/Ar, 
Ar/Ar, Rb/Sr, zircon and apatite fission track data, as well as apatite (U- Th)/He ages from the 
foot- and hanging wall, respectively. For thermal modeling we use a finite- element code to solve 
the heat equation in 3D and predict the thermal evolution of the Katschberg low-angle 
detachment under given spatially and temporally variable boundary conditions. An inversion 
routine is used to find the best-fitting parameter combination, which reduces the misfits between 
modeled and measured thermochronological ages. 
 
According to our modeling results the fault zone is predicted to start at 21.4±2.2 Ma with an 
offset of 33.8±4.1 km and a vertical through between foot- and hanging wall of ~15 to 16 km. 
Fault activity ended at 8.3±1.7 Ma (Fig. 1b). Our results are in agreement with previous studies 
that suggest that the Katschberg detachment was active between ~23 and ~12 Ma2,5. 
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The Calabrian-Peloritani arc (Figure 1a, b) is a small emerged-above-sea-level portion of an 
orogenic wedge seated on top of a narrow and active subduction zone1-2. The Cenozoic evolution of 
the Calabrian wedge is marked by a multiphase history that started with oceanic subduction, 
evolved into continental subduction, and since the Oligocene has been dominated by southeastward 
slab retreat. Subduction trench roll-back led to spreading of back-arc basins (Liguro-Provencal and 
Tyrrhenian) and within the wedge, induced syn-orogenic extension nearly coeval with thrusting at 
the wedge front3-6.   
 
During the last two decades, low temperature thermochronology has proven a powerful tool to 
investigate the processes of syn-orogenic exhumation and constrain the timing of shortening-
extension pair migration.  
 

 
 
Figure 1. a -  Topography, bathymetry and main tectonic features of southern Italy (square: study 
area). Purple dashed lines are depth contour lines of the Wadati-Benioff zone associated with the 
Calabria subduction zone. b - Crustal thickness along a NW-SE profile (indicated in 1a) across 
central Calabria. c - 3D view of the Catena Costiera and Sila Massif topography. 
 
In this study we integrate apatite fission-track (AFT) literature data7-9 with new apatite (U-Th)/He 
(AHe) data along a transect from Tyrrhenian to Ionian sea through the Catena Costiera and Sila 
Massif (Figure 1c). The complex geodynamic evolution of the Calabrian wedge left a signature in 
the thermal history of the rocks of the Calabrian arc. In Eastern Sila, AFT data show that most of 
the different portions of the Sila basement cooled at 18-13 Ma. The inception of the main 
exhumation phase was detected through a break in slope in an age-elevation profile at 18-17 Ma. It 
was likely driven by erosion associated with top to the east thrust imbrication. AHe ages are 
younger but close to the AFT age values pointing to a rapid phase of exhumation followed by an 
abrupt decrease of the exhumation rate. An inverse AFT age-elevation relationship in a profile on 
top of the summit area of the eastern Sila implies a later phase of relief degradation, which is in 
agreement with the Sila massif upland topography showing a low-relief relict surface, covering 600 
km2 (Fig. 1c). 
 



Exhumation in the Catena Costiera and western Sila started in the Oligocene through top-to-the-W 
ductile low-angle extensional faults which later transitioned to brittle extensional tectonics. 
Literature AFT data5-6 and new AHe show similar values between the Catena Costiera and western 
Sila despite the two areas being separated by the Crati Valley (Figure 1c).The ages are slightly 
younger than those on eastern side of the Sila. Our new data  reveal that in early-middle Miocene 
the  Catena Costiera and western Sila were exhuming as a single block. Only in the Tortonian with 
the opening of the Crati valley10 did the two areas become topographically separated. 
 
Literature and new thermochronologic data are generally older than 10 Ma, and do not record any 
more recent tectonic event, conversely to what expected for a region with Recent high active 
seismicity, high relief, and high regional uplift rates. Geomorphic indicators, in fact indicate that the 
present day high topography was only established in the last few million years, with insufficient 
time for associated exhumation and incision to be recorded by low temperature thermochronometry  
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The Atlas mountains form an intraplate mountain range of 2500 km long from Morocco to 
Tunisia. Our study focus on the Moroccan part of the Atlas, also named the High Atlas. It is the 
highest region of the whole belt (4167 m, jbel Toubkal) and of North Africa. Two components 
are advanced to explain the present topography in the Moroccan High Atlas: the first one is the 
crustal deformation caused by the convergence between Eurasia and Africa, which expresses 
itself by thrusts and décollements in the cover above Paleozoic or Precambrian basement1. The 
second one is a lithospheric component (thin lithosphere and abnormaly hot mantle), whose 
origin remains discussed2. 
 
The Atlas range has formed during Cenozoic, confining the compressive deformation along old 
normal faults inherited from the Mesozoic Atlantic and Tethyan riftings3. This rifting phase was 
itself driven by old inherited Variscan structures. Nowadays, Mesozoic sediments that have been 
uplifted during the Cenozoic are found high in the Atlas mountains, especially in the Eastern and 
Central High Atlas where Jurassic rocks have been well preserved and cover most of the belt. The 
coastal part of the Western High Atlas also shows a Triassic to Cretaceous cover. Between them, 
the Marrakech High Atlas and the rest of the Western High Atlas show a different geology: only 
few patches of Mesozoic cover remain, and most of the area consists of Proterozoic and 
Paleozoic basement. 
 
The precise timing of the Cenozoic inversion is still a matter of debate. Over the years, several 
studies have been published concerning the uplift chronology in the High Atlas. To constrain the 
timing of exhumation, thermochronology data have been collected using mainly Fission Tracks 
(and more recently (U-Th)/He) methods on apatite and zircon. Exhumation ages that have been 
obtained range from Cenozoic to Neogene, with one or several phases according to the different 
authors. No consensus has emerged yet, and this is the reason why we choose to bring new data 
and try to correlate them with previous studies. 
 
In order to better characterize the structural inversion timing inside the High Atlas, we performed 
a combined structural and low temperature apatite (U-Th)/He study. Our study area is located in 
the Amizmiz region (figure 1A), on the North front of the Western High Atlas (to the South-West 
of Marrakech). There, we find the Variscan Paleozoic outcrops and some Mesozoic plateaus 
above them, both being separated by an angular unconformity (figure 1B). The plateaus are 
mainly composed of Cretaceous rocks, and often lack Jurassic deposits. Patches of Eocene 
sediments are found on the southern limit of the Cretaceous plateaus. A field study showed that 
those cover units present a slightly monoclinal trend to the South and are minimally deformed 
(figure 1B). It seems that, despite the fact that the Jurassic and early Cretaceous rocks contain 
thick levels of evaporites, the compressive deformation has not spread through them. The uplift 
would have affected whole blocks of Paleozoic basement (with their Mesozoic cover on top) with 
thick-skin thrusts. Our study area is delimited by two of these E-W basement thrusts: the northern 



one is the Amizmiz thrust, and the southern one is the southern border of the plateaus. 
 

 
 
Figure 1. A. Map of the studied area drawn after the 1:1 million scale geological map of 
Morocco. B. Highlighting of the very straight trend of the unconformity between the Mesozoic 
(mainly Cretaceous) cover and the Paleozoic basement which contains igneous intrusions. 
A thermochronological apatite (U-Th)/He study of the granitoid units sampled in the Paleozoic 
basement, with altitudes range from 860 m to 2065 m, will be performed in the next months. It 
will provide a time constraint to the structural model. Ages will be discussed in the light of 
estimated thickness variations of the sedimentary cover that will determine if sediments may be 
considered as syn-rift deposits. Cross sections cutting through the granites, the cover and the 
basement, will allow to define the different structural contacts. 
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The Moroccan Atlas Mountains are an intracontinental chain caused by the inversion of the 
Mesozoïc Atlantic and Tethysian Basins during Eocene initially then Quaternary. It dominates 
the North African reliefs with more than 4000m high. Nevertheless, toward East and 
Northeast of Morocco, the relief of the chain decreases roughly to ~1000 m, following the 
eastern High Atlas and Middle Atlas. This study aims to decipher the erosion and uplift 
history of this domain. 

 

	  
Figure 1: a) Map of geological units in Morocco. The localization of the studied area is in 

framed. b) Map of AFT (in black) and Helium (in red) ages. 

In the core of the eastern High Atlas, at ~1000 m, 200 to 300 m of Jurassic poorly deformed 
sedimentary rocks are preserved in the Tamlelt plain composed of Paleozoic metamorphized 
basement. The deformation and reliefs are mainly located on the South Atlasic Front (SAF) 
and North Atlasic Front (NAF). On the North, close to the former mining town of Bouarfa, 
the Pliensbachian sand contains the remains of a granitic hercynian massif eroded, which are 
suitable to apatite fission tracks (AFT) and (U-Th)/He (AHe) analysis. The apatite fission-
track central ages range between 150±10 Ma to 208±12 Ma and AHe ages range between 
53±5 Ma to 198±20 Ma. These data, in association with fission-tracks lengths indicate a slow 
cooling during Mesozoic time with little effect of the Atlas convergence. 



On the northeast part, in the “Pays des Horsts” chain, relief is formed by several Jurassic units 
like the Beni Snassen, Mezguitem and is separated from the Middle Atlas by the Cenozoic 
Guercif Basin. At the base of these relics are located the variscan basement composed of calc-
alkaline granitoids. The AFT analysis carried on those granitoids give various ages: 163±12 
Ma (Horst chain) to 46±3 Ma (Beni Snassen). Furthermore, AHe ages are very young: 13±1 
to 22±2 Ma (Beni Snassen). Unlike previous results those suggest that in the thermal history 
Northeast of Morocco is characterized by several stages trough Meso-Cenozoïc time. This 
region is adjacent to the Rif system, further west, which is linked to the closure of the south 
tethysian margin that has been initiated during late Eocene. Therefore this event could explain 
the youngest ages obtained by low temperature thermochronology, and the difference with the 
results of the eastern High Atlas. 
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Located on the margin of the west Alboran basin, the Gibraltar Arc (Betic‐Rif mountain belt) 
displays post‐Pliocene vertical movements evidenced by uplifted marine sedimentary basins and 
marine terraces. Quantification of vertical movements is an important clue to understand the 
origin of present‐day relief generation in the Betic‐Rif moutain chain together with the causes of 
the Messinian Salinity Crisis. In this paper, we present the results of a pluridisciplinary study 
combining an analysis of low temperature thermochronology and Pliocene basins evolution to 
constrain the exhumation history and surface uplift of internals units of the Rif belt (Northern 
Morocco). The mean (U‐Th)/He apatite ages obtained from 11 samples are comprised between 
14.1 and 17.8 Ma and display a wide dispersion, which could be explained by a great variability 
of apatite chemistries in the analyzed samples. No correlations between altitude and age have 
been found along altitudinal profile suggesting a rapid exhumation during this period. Thermal 
modeling using our (U‐Th)/He apatite ages and geochronological data previously obtained in the 
same area (40Ar/39Ar and K/Ar data  on biotite, zircon and apatite fission track) allow us to 
propose a cooling history. The rocks suffered a rapid cooling at 60–100°C/Ma between 22.5 and 
19 Ma, then cooled to temperatures around 40°C between 19 and 18 Ma. They were re‐heated at 
around 110°C between 18 and 15 Ma then rapidly cooled and exhumed to reach the surface 
temperature at around 13 Ma. The re‐heating could be related to a renewal in thrusting and 
burying of the inner zones. Between 15 and 13 Ma the cooling resumed at a rate of 50°C/%A 
indicating an exhumation rate of 0.8 mm/y considering an average 40 °C/km geothermal 
gradient. This exhumation may be linked to the extension in the Alboran Sea. Otherwise 
biostratigraphic and sedimentological analysis of Pliocene basins of the internal Rif provided 
informations on the more recent events and vertical movements. Pliocene deposits of the Rifian 
coast represent a passive infilling of palaeo-rias between 5.33 and 3.8 Ma. The whole coastal area 
was uplifted at slow average rates (0.01 to 0.03 mm/y) in relation with a northeastward tilting of 
0.2 to 0.3° since te Lower-Pliocene. A Late Pliocene to Present extensional tectonics associated 
to uplift has been identified all along the coastal ranges of the Internal Zone of the Rif chain. This 
extension was coeval with the major Late Pliocene to Pleistocene extensional episode of the 
Alboran Sea and appears to be still active nowadays. No significant Late Messinian uplift was 



evidenced, thus calling into question the geodynamic models relating to closure of the marine 
gateways and the MSC to slab roll back. 
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Serbo-Macedonian massif (SMM) is a crystalline terrane situated between the two diverging 
branches of the Eastern Mediterranean Alpine orogenic system, the northeast-vergent Carpatho-
Balkanides and the southwest-vergent Dinarides and the Hellenides. It is outcropping from the 
Pannonian basin to the Aegean Sea along central and southeastern Serbia, southwestern Bulgaria, 
eastern Macedonia and central Greece. Its affiliation to European or African plate basement is still 
questionable due to the lack of reliable geochronological dating and detailed structural investigation 
along its boundaries. The massif is also a key area to understand the bipolarity of the Alpine 
orogenic system, as well as the interaction of the Pannonian and Aegean back-arc extension during 
the Cenozoic time. 
 
SMM has been traditionally considered to comprise an Upper (low-grade) and a Lower (medium to 
high-grade) complex. The protoliths of both units have been reported as volcano-sedimentary 
successions, which have subsequently experienced several stages of deformation and 
metamorphism. Additionally, both units have been intruded by magmatic rocks during several 
distinct pulses. 
 
We have applied fission-track analysis on apatites and zircons from the rocks of the SMM coupled 
with structural field observations in order to reveal its low-temperature evolution. Two distinct 
phases of cooling have been distinguished in the study area. The region west of Južna Morava River 
has experienced relatively fast cooling through zircon and apatite closure temperatures (300°-60°C) 
during the late Cretaceous (94-67 Ma). This event is interpreted as a post-orogenic cooling 
following the regional nappe-stacking event (“Austrian” phase). In the eastern part of the study 
area, same late Cretaceous cooling has been recorded by the zircon data, whereas the apatite has 
remained at temperatures higher than 120°C (but lower than ~200°C) prior to the late Eocene 
extension and post-magmatic cooling (39-35 Ma). The Crnook area is an exception since both 
zircon and apatite fission-track data have revealed a late Eocene (45-38 Ma) cooling event related to 
the extension and the exhumation of the apparent dome structure along low angle normal faults. 
Thus, the Crnook dome has been recognised as a continuation of the Osogovo-Lisets extensional 
complex in Serbia.  
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The collision between Arabia and Eurasia led to the development of (i) the Bitlis Zagros suture 
and associated orogenic belt, (ii) the formation of the North and East Anatolian Fault systems, 
(iii) the structural inversion of the Caucasian basin(s), and (iv) a widespread deformation in what 
is now the Anatolian-Armenian-Iranian plateau. The latter effect has been the subject of much 
debate, with contrasting hypothesis linking the development of the plateau either to 
compressional stress transfer or to wholesome, mantle-driven uplift (i.e. an effect of dynamic 
topography). Widespread Plio- Quaternary volcanism across much of the plateau seems to 
underscore the importance of extensional tectonics during this time frame, as the ascent of such 
large quantities of magma would be hampered by compressional tectonics. 
 
Despite the importance of the event, the timing of collision-related deformation is poorly known, 
with estimates ranging from Late Cretaceous1-3, to Late Eocene-Oligocene (35-25 Ma)4-6; to 
Miocene7-10. The low-temperature thermochronological data available for the Bitlis-Pütürge 
massif poit to an episode of fast exhumation in the Middle Miocene11. 
 
The application of the low-temperature thermochronological method based on apatite fission- 
track analysis, has produced significant constraints to geological evolution of Anatolia and 
Transcaucasia following Arabia-Eurasia collision. The AFT samples have a wide spatial 
distribution and include different type of rocks: Paleogene sandstone and magmatic rock with 
Jurassic to Eocene intrusion ages. Despite the disparate lithologies and large distance, AFT ages 
from the easternmost Pontides, the northwestern Lesser Caucasus, the eastern Anatolian Plateau, 
and the Bitlis collision zone show a distinct geographic pattern. Exhumation of the Cretaceous 
and Eocene granitoids along the Black Sea coast in the eastern Pontides region occurred in the 
Middle Miocene, mirroring the age of maximum tectonic coupling between the Eurasia and 
Arabia plates along the 2,400 km long Bitlis-Zagros suture zone, some 200 km to the south. In 
fact, exhumation ages along the easternmost Pontides are virtually identical to those obtained 
along the Bitlis segment of the suture11. The mid-Miocene ages obtained along the easternmost 
Pontides are interpreted as a far-field tectonic effect of the Arabia-Eurasia collision. Such effects 
are concentrated along the Black Sea coast at the boundary between the polydeformed continental 
lithosphere and the rheologically stronger oceanic lithosphere of the Eastern Black Sea. 
Exhumation in the Anatolian Plateau occurred in the Paleogene (with a cluster of ages in the 
Middle-Late Eocene). Such exhumation ages were the results of the deformation related to the 



closure of the Izmir-Ankara-Erzincan ocean and the corresponding collision between the Sakarya 
and Anatolide- Tauride terranes. The memory of this continental amalgamation has been retained 
by the AFT thermochronometer because limited exhumation during the creation of the Anatolian 
Plateau was insufficient to expose a new Apatite Parzial Annealing Zone (PAZ). Stress from the 
Bitlis collision zone was transmitted heterogeneously in the region of the Lesser Caucasus: the 
Adjara-Trialeti zone of western Georgia was structurally affected but exhumation was 
insufficient to expose a new apatite PAZ whereas exhumation in northern Armenia is instead 
coeval with the Arabia-Eurasia collision and focused along preexisting structural discontinuities 
like the Paleogene Sevan-Akera suture zone and was strong enough to expose the surface a new 
PAZ12. 
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The southern Alaska Range (Figure 1) presents an ideal setting to study complex interactions 
between tectonics, climate and surface processes in landscape evolution1. It exhibits active 
tectonics with the ongoing of subduction/collision between Pacific and North America, and major 
active seismogenic reverse and strike-slip faults2. The alpine landscape, rugged topography and 
the important present-day ice coverage reveal a strong glacial imprint associated with high 
erosion and sediment transport rates. Therefore, the relative importance of glacial erosion and 
tectonics for the observed late-exhumation history appears to be quite complex to decipher. This 
problem partly arises from the fact that most studies have been focused on the southern coast of 
Alaska where both glacial erosion and tectonic processes are both very active and act together in 
driving high exhumation rates3. 
 

 
 
 Figure 1. Digital Elevation Model of the Wrangell-St-Elias Range, Alaska. 



Here, we first perform a formal inversion of an extensive bedrock thermochronological dataset 
collected in southern Alaska over the last decades to quantify the large-scale 20-Myr exhumation 
history. Our results confirm high exhumation rates in the St Elias “syntaxis” and frontal fold and 
thrust belts for the last 0-2 Myr, where major ice fields and high precipitation rates likely 
promoted high erosion rates. It also highlights localized exhumation in the last 4-6 Myr along 
major tectonic features such like the Fairweather and Border Ranges faults. Large- scale inverse 
modeling therefore suggests that the late-stage exhumation history of South Alaska has mainly 
been driven by tectonic processes; the impact of late Cenozoic glaciations impact being less 
visible there than in less active mountain ranges such as the European Alps, British Columbia or 
Patagonia4-6. 
 
To overcome this potential bias in resolving the glacial impact on erosion history, we studied to 
the Granite Range (Wrangell-St Elias National Park, Alaska), an area presenting a strong glacial 
imprint but minor tectonic activity with only localized brittle deformation. We sampled four 
elevation profiles over an East-West transect for low-temperature thermochrometry. Apatite (U-
Th-Sm)/He dating provides ages between ~10 and 30 Ma, in agreement with published data, and 
shows apparent low long-term exhumation rates (~0.05-0.1 km/Myr). 4He/3He 
thermochronometry on a subset of samples reveals a more complex exhumation history, with a 
significant increase in exhumation/erosion since ~6-5 Ma that we relate to the early onset of 
glaciations and glacial erosion processes. Our results thus confirm early glacial activity and 
associated topographic response in Alaska, well before the onset of Pliocene- Pleistocene 
Northern Hemisphere glaciations. 
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Our study focuses on the eastern syntaxis of the convergent Chugach-St. Elias Mountains, the St. Elias 
syntaxis (Fig. 1), and the extent of the area of the most rapid and deep-seated exhumation that has been 
observed there1. This is also the area of the orogen's thickest and most extensive ice fields (Seward Ice 
Field, Hubbard Glacier), of which the ~5000 km2-large Seward-Malaspina Glacier catchment is of 
particular interest as it comprises a large part of the syntaxis area (Fig. 1). Extensive glaciation of orogens 
poses a considerable challenge to sampling for thermochronologic and geochronologic studies. In the 
glaciated Chugach-St. Elias Mountains in southeast Alaska/ southwest Yukon the sampling strategy has 
often been to collect bedrock samples from the ice-free parts of the mountains, i.e., from relatively high 
elevations2-4. We demonstrate that our approach of petrographic analyses in combination with multiple 
dating (zircon U/Pb, hornblende and biotite 40Ar/39Ar, zircon and apatite (U-Th)/He,) of cobble-sized 
outwash material gives us information on rock exhumation and provenance within the catchment. 
Furthermore, we establish time-temperature paths for the rocks. 

Figure 1. Overview of southeast Alaskan tectonics and terranes. Sample locations of cobble-
sized glacial outwash are indicated by stars. 
 
 
The Chugach-St. Elias Mountains are a result of the oblique subduction-collision of the Yakutat 
microplate with the North American Plate. In the St. Elias syntaxis area the dextral motion along the plate 
bounding Fairweather Fault transitions into convergence (Fig. 1). While flat-slab subduction has been 
going on since at least the Late Oligocene5, collision probably started in the Middle Miocene and became 
much more intense 6–5 Ma due to increasing resistance to subduction of the eastward thickening oceanic 
Yakutat lithosphere6,7. Around the same time glaciation of the orogen began and climate and tectonic 
systems have been coevolving since then. Analyses of bedrock samples, mainly with apatite (U-Th)/He 
dating, give a general exhumation pattern of young cooling ages/recent rapid exhumation at the southern 
flanks of the mountains at the coast and the northern part of the Fairweather Fault2-4. The syntaxis area has 



also been recognized as rapidly exhuming2,4. However, only through a detrital sampling approach of 
collecting modern sand, which has been eroded from below the ice in the valleys, the rapidity and depth of 
exhumation could be appreciated1. Strain localization in the St. Elias syntaxis area and the efficient glacial 
erosion of structurally stressed rocks in major fault zones might have become the driving forces to initiate 
the rapid and deep exhumation on the North American Plate7. Rapid exhumation observed in other parts of 
the mountains on the Yakutat microplate, such as the fold-and-thrust belt and the Yakutat foothills, occurs 
along shallower paths. The St. Elias syntaxis has been suggested to represent an early stage of the 
geodynamic processes that also act in the Himalayan syntaxes to cause very young cooling ages and 
expose high-grade metamorphic rocks4. 
 
Despite the fact that analyses of modern sand can cover a wide sampling area and yield exhumation 
signals from below the ice, the drawback is that the spatial resolution is significantly decreased. Therefore, 
another detrital sampling approach has been undertaken that used cobble-sized material from the Seward-
Malaspina Glacier catchment taken at the Malaspina Glacier terminus6 (Fig. 1). Grabowski et al.6

 
made 

sure to still target material derived from below the ice and that the lithologic information was not lost and 
could be used as first estimate for provenance. Zircon (U-Th)/He dating was applied to identify cobbles 
with young cooling signal, that must be derived from the area of rapid and deep exhumation within the 
catchment, and the lithology was then used to assign the rocks to one of the four, roughly east-west 
striking, different terranes constituting the catchment's geology (Fig. 1). However, lithology is not a 
sufficient provenance tool and, therefore, we complement the study by applying zircon U/Pb dating to the 
same samples used in that study to better distinguish between the terranes by characteristic crystallization 
ages. 
 
We present zircon U/Pb ages of 22 cobbles, for which zircon (U-Th)/He ages as well as petro- graphic 
analyses are available. Additionally, we dated 8 of those cobbles by hornblende or biotite 40Ar/39Ar 
analyses and 5 cobbles by the apatite (U-Th)/He method. The U-Pb ages range from ~30 Ma to ~277 Ma 
and support the conclusion that a larger part of the catchment is affected by rapid and deep exhumation, as 
cobbles with young zircon (U-Th)/He cooling ages are certainly derived from the Wrangellia and Chugach 
Terranes and possibly from the Yakutat microplate (Fig. 1). However, Neogene exhumation has not been 
deep enough to produce young 40Ar/39Ar cooling ages like at the Himalayan syntaxes8. The 40Ar/39Ar 
cooling ages from the Seward-Malaspina Glacier catchment are in most cases just a few million years 
younger than the crystallization age. The detailed study of individual samples further bears conclusions on 
the regional tectonic history, e.g., by providing information on metamorphism and cooling after the 
Eocene development of the Chugach Metamorphic Complex of the Chugach Terrane. 
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The conjunction of three prominent mountain ranges, the Chugach-St. Elias Range, Fairweather 
Range, and Wrangell Mountains, occurs at the border between southeast Alaska and southwest 
Yukon in what is known as the St. Elias syntaxis. This region contains some of the highest 
coastal mountain peaks in the world that amount to nearly 6,000 meters of local relief. The 
extreme relief coincides with thick and widespread glaciation in an area that receives an annual 
average precipitation of up to 7 m/yr. The St. Elias syntaxis is structurally situated in a unique 
location within a bend in the Yakutat and North American plate boundary where dextral motion 
along the Fairweather strike-slip fault shifts to subduction (Fig. 1). Syntaxial bends are often 
collocated with areas of intense deformation and focused strain accumulation that may be 
sensitive to climate and surface processes1. Crustal collision at the indentor corner of the Yakutat 
microplate may stimulate strain accumulation, and, combined with effective removal of material 
accommodated by glacial erosion, might attribute to accelerated exhumation2. Previous 
thermochronologic data from this region include apatite fission track (AFT) ages along a transect 
of Mt. Logan3, sparse apatite (U- Th)/He ages from the high ice fields within the St. Elias 
syntaxis1, and detrital thermochronology of sediment derived from beneath the glaciers within the 
syntaxis2,4-7. The detrital studies provide evidence for enhanced exhumation north of the 
Fairweather-Contact Fault transition in the core of the St. Elias syntaxis but the extent of rapid 
exhumation north and east of the syntaxis and the variation of exhumation rates across the 
Connector Fault are not known (Fig. 1). 
 
Widespread glaciation makes direct bedrock sampling at low elevations impossible, however, 
detrital studies on modern glaciofluvial sand and cobble-sized glacial detritus show a strong 
signal for young ages beneath the Seward Glacier2,4-7. Detrital thermochronology ages also show 
evidence for rapid exhumation farther north and east, beneath the Hubbard Glacier and in 
adjacent catchments within the syntaxis area. A similar young signal has not been observed in 
bedrock samples from the area possibly due to the fact that bedrock sampling in the area of the 
high ice fields is difficult given the remote region and rugged, glaciated terrain. We present 31 
new AFT ages for bedrock samples collected above glacial valleys along north and east trending 
transects radiating away from the St. Elias syntaxis through the ice-free outboard mountain ridges 
and beyond the Denali Fault and Duke River Fault (Fig. 1). AFT ages are combined with new 
apatite and zircon (U-Th)/He ages to resolve the temporal variation in rock cooling for this 
region. Preliminary AFT ages range from 6.5 Ma in the core of the syntaxis to 107.6 Ma 
approximately 140 km east of the syntaxis. Ages become younger northeast of the Denali Fault 
and indicate a change in the cooling history across the fault. Young bedrock ages at the core of 
the syntaxis support previous data that suggest focused rapid exhumation within the Yakutat 
indentor corner and provide a better spatial resolution to complement published detrital data from 
the Alaska side of the syntaxis area5-7. The spatial distribution of ages help constrain the extent of 
rapid exhumation within the St. Elias syntaxis and quantify the role of the ice-covered Connector 
Fault (Fig. 1), which might accommodate differential vertical motion and facilitate rapid and 
deep exhumation. The new bedrock thermochronology data presented herein are compared with 



the AFT age profile collected over ~5000 m elevation on Mt. Logan3 and results of the detrital 
thermochronology that reveals exhumation beneath the ice2,4-7. 
 

 
Figure 1. Regional structural map showing major terranes and faults. Yellow stars mark AFT 
sample locations. The red dashed outline represents the subducted portion of the Yakutat 
lithosphere. 
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As part of the North American Cordillera the Rocky Mountains of Canada play a significant role 
in influencing climate on a local and global scale. They impact deflection of weather systems and 
the jet stream1,2 and form a distinct barrier to Pacific moisture reaching the continental interior3. 
The extent to which this climatic pattern extended into the past is at present uncertain, so 
improving our understanding of the elevation history of the Rockies is critical to determining the 
controls on climate change within the Northern Hemisphere3. 
 
We have undertaken a comprehensive apatite (U-Th-Sm)/He and fission track study of the 
southeastern Canadian Cordillera, i.e. the southern Canadian Rocky Mountains, in order to 
provide insight into the mid to late Cenozoic uplift and exhumation history of this region. In 
contrast to the northern Rockies the southern part has peaks reaching almost 4000 m and thus is 
most likely to have undergone recent uplift. Thermal history and exhumation models of 
widespread low elevation samples in combination with 6 vertical profiles covering elevations 
from 500 up to 3100 m a.s.l. show at least 1500 m of rapid exhumation of the Monashee and 
Sellkirk Ranges west of the Rocky Mountain Trench (RMT) during the Oligocene (Figure 1). In 
the ranges east of the RMT low elevation samples show Eocene ages throughout, indicating that 
the area does not share the same exhumation history. The presented data show a very different 
history of recent uplift of the Canadian Rockies compared to what is currently known from 
published work, which mostly infer that the eastern Canadian Cordillera has not experienced 
significant uplift since the Eocene4-6. 
 

 



Figure 1. A: Study area and profile location map also showing a selection of the observed AFT 
(pink) and AHe (blue) ages. Inlet: Study area (black box) within the Canadian Rocky Mountains 
(dark pink) as part of the North American Cordillera (light pink). B: Age elevation plot of a 
vertical profile sampled on the western side of Pettipiece Pass, 55km north of Revelstoke, British 
Columbia. The data clearly show that both AHe and AFT ages of samples between elevations 800 
to 2300 m a.s.l. overlap within error around an age of 30Ma, thus indicating rapid exhumation of 
this elevation range through both closure temperatures at that time. 
 
We propose that the most likely cause of this rock uplift was upwelling of asthenosphere around 
the eastward subducting Farallon Plate7. This also led to the eruption of the nearby mainly 
Miocene Chilcotin Group flood basalts, the earliest members of which date back to the 
Oligocene8,9, and could have caused underplating of the thin lithosphere west of the RMT, adding 
to the buoyancy of the plate and lifting the range. Because the Trench marks the edge of the 
normal thickness craton which was underthrust beneath the Rocky Mountains during the initial 
upper Cretaceous orogeny, the eastern Rockies have a normal lithosperic thickness. This would 
impede recent uplift and provides an explanation for the older ages found in the east. Furthermore 
the data appear to show that ages do not mimic present day topography, suggesting that current 
topographic relief, at least west of the Trench, is younger still, possibly late Neogene or 
Quarternary and thus potentially caused by increased erosion during glacial episodes. 
 
While the most recent history of the Canadian Rockies will require further investigation, the data 
presented clearly show that our perception of the history of the Canadian Rocky Mountains will 
have to be revised in order to improve our understanding of their influence on the Northern 
Hemisphere Climate. 
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The Shuswap Metamorphic Complex (SMC) is located in the southern Omineca belt of the Canadian 
Cordillera (Fig. 1). In the Early Jurassic, convergence between the westward drifting North American 
craton and the eastward subducting Farallon plate (later Pacific plate)1,2 caused crustal thickening in the 
southern Canadian Cordillera. By Early Eocene, post-orogenic collapse of the Canadian Cordillera caused 
a transition from contractional to extensional tectonics leading to widespread exhumation of the Shuswap 
Metamorphic Complex3-5 (Fig. 1). 
 
The study area encompasses the SMC, which includes some of the most deeply exhumed rocks of the 
southern Canadian Cordillera, and the underlying Monashee complex, where North American basement 
gneisses are exposed6-9 (Fig. 1). The SMC is bound to the west by the Eocene WNW- dipping Okanagan-
Eagle River extensional shear zone10-13. The east dipping Columbia River fault, a brittle-to-ductile Eocene 
extensional fault zone14, marks the eastern limit of the Monashee complex. Between these two faults, the 
high-grade gneisses and schists of the SMC that belong to the ‘Middle Crustal Zone’15 are separated from 
the ortho- and paragneisses of the Monashee complex15 to the east by the shallow-dipping Monashee 
décollement, a northeast- directed, crustal-scale compressional shear zone16 (Fig. 1). 
 

 
Figure 1. Location and geology of the study area (modified after19). Yellow dots indicate sample 
locations. The inset map shows the five morphogeological belts of the Canadian Cordillera and 
the location of the Shuswap Metamorphic Complex (in green) within the southern Omineca belt. 
 
Published geochronologic data suggest that rapid cooling from metamorphic temperatures in excess of 



500°C was associated with the early stages of Eocene extensional exhumation13,17, with average cooling 
rates ranging from 15°C/Ma to more than 30°C/Ma in some areas17. However, the latest upper crustal 
stage of this extensional episode is only loosely constrained18. The goal of this study is to use low-
temperature multi-thermochronology combined with inverse thermal modeling to characterize the late 
upper-crustal cooling history of the SMC. In particular, we aim to (1) constrain whether cooling rates 
changed through time, from deep to shallow structural levels during the SMC exhumation and (2) 
document and quantify the role played by a series of brittle normal faults documented along the transect 
(Fig. 1) during the late stage exhumation of the SMC. 
 
We present a new dataset including 12 apatite and 19 zircon (U-Th)/He ages, respectively, and 15 apatite 
fission track (AFT) data distributed along a ~50 km-long transect across the SMC and Monashee complex 
from Sicamous to Revelstoke (Fig. 1), British Columbia. ZHe ages range from 122.5±11.22 Ma to 
36±7.32 Ma and AFT ages from 88.14±8.85 Ma to 36.1±1.89 Ma, with the oldest ages located to the west, 
in the hanging wall of the Okanagan Valley shear zone (Fig. 1). The AHe ages are much younger, ranging 
from 32.1±1.5 Ma to 1.19±1.15 Ma. These preliminary results indicate that extensional cooling associated 
with the SMC 1) occurred in the late Eocene at a rapid rate, and 2) had stopped by the Late Eocene / Early 
Oligocene). The much younger AHe ages suggest that cooling significantly slowed down after this time 
period probably due to the absence of significant post-Eocene extensional deformation in the area. 
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Passage of North America over the Yellowstone hotspot has had a profound influence on the 
topography of the northern Rocky Mountains. One of the most prominent topographic features is 
the Yellowstone crescent of high topography, which comprises two elevated shoulders bounding 
the eastern Snake River Plain (SRP) and converging at a topographic swell centered on the 
Yellowstone region (Figure 1). Kilometer-scale erosion has occurred locally within the 
topographic crescent, but it is unclear if rock exhumation is due to surface uplift surrounding the 
propagating hot spot, subsidence of the Snake River Plain after passage of the hot spot, or relief 
initiated by extension in the Northern Basin and Range Province. 
 
We have applied (U-Th/He) apatite (AHe) thermochronology to the Pioneer-Boulder Mountains 
(PBM), and Boise Mountains BM) on the northern flank of the SRP, and the southern Beartooth 
Mountains (BTM) directly north of the modern Yellowstone caldera, to constrain the timing, 
rates, and spatial distribution of exhumation. AHe ages from the PBM indicate that >2-3 km of 
exhumation occurred since ~11 Ma. Age-elevation relationships suggest an exhumation rate of 
~0.3 mm/yr between ~11 and 8 Ma. Eocene Challis volcanic rocks are extensively preserved and 
Eocene topographic highs are locally preserved to the north and south of the topographic 
culmination in the PBM, indicating minimal erosion adjacent to the PBM culmination. Spatial 
patterns of both exhumation and topography indicate that faulting was not the primary control on 
uplift and exhumation. Results from the BM also indicate significant erosional exhumation 
between ~11 and 9 Ma. Regional exhumation at 11-8 Ma was synchronous with silicic eruptions 
from the ~10.3 Ma Picabo volcanic field located immediately to the south and with S-tilting of 
the southern flank of the PBM that is likely the result of loading of the ESRP by mid-crustal 
mafic intrusions. AHe data from Archean rocks in the Yellowstone Canyon of the southern BTM 
reveal Miocene-Pliocene cooling ages (~12-2 Ma). Discordant single grain ages in samples with 
Miocene mean ages suggest that exhumation is now reaching to depths of the Miocene He partial 
retention zone. Age/elevation relationships suggest that exhumation at rates >0.2 mm/yr is related 
to integration of the Yellowstone River drainage system and incision of the Yellowstone Canyon. 
 
The thermochronologic data from these locations along the northern margin of the SRP shows 
that localized uplift, exhumation and incision occurred progressively as NA moved over the hot 
spot, but that exhumation is not uniform and not always controlled by Neogene basin-bounding 
faults. This suggests a causal relationship between hotspot processes and exhumation through 
potential contributions of flexure and mantle dynamics to uplift, and changes in drainage 
networks and base-level associate with uplift and/or extension. 



 
 
Figure 1. DEM of Snake River Plain and Yellowstone regions. Short dashed lines show position 
of drainage divides on flanks of Eastern Snake River Plain (ESRP). Long dashed lines define 
outer margin of Yellowstone crescent of high terrain (YCHT). Solid white lines are selected 
normal faults. Solid white outlines are silicic volcanic centers with ages. White circles in Boise 
Mtns. are locations of Late Miocene AHe ages from Trinity Mtn. (T) and the Middle Fork Boise 
River (MFBR) areas. 
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Determining the thermal history of orogenic processes allows constraining the timing 
and rate of associated phenomena such as erosion and tectonic denudation. In the case 
of Basin and Range tectonics, fission-track analysis permits to date cooling of relatively 
deep sections of the crust, e.g. in the metamorphic core complex belt. In northwestern 
Mexico, as well as the whole Basin and Range, fission-track dating results can be used 
for modeling the progressive exhumation of the footwall rocks below a low-angle 
normal fault. In the case of exhumation of blocks limited by high-angle normal faults, in 
general no major apatite fission-track (AFT) age variation is depicted in the footwall in 
a direction perpendicular to the strike of the fault, which suggests a more homogeneous 
cooling history. 
 
In order to distinguish the cooling history related only to the formation of the Basin and 
Range, and to the superimposed Gulf of California opening, we want to test the 
hypothesis that the eastern limit of the Gulf of California extensional province in 
Central Sonora is aligned with the graben of Empalme and the graben of 
Hermosillo1.We analyzed samples of the Laramide plutons (90 to 50 Ma), which are 
widespread in NW Mexico and represent useful objects to constrain the geometry, 
timing and kinematics of Tertiary tectonics in the region. For the first case of only Basin 
and Range extension we present new AFT results for samples collected in the Sierra La 
Madera pluton, localized close to the western limit of the Sierra Madre Occidental, and 
in the Sierra Bachoco (southern part of the Hermosillo batholith) which is presumably 
along the eastern limit of the Gulf of California extensional province. 
 
Eleven samples of the Sierra Bachoco provided AFT ages between 8.1 and 14.7 Ma. 
These AFT ages suggest that cooling within the AFT partial annealing zone for the 
Laramide igneous basement in central Sonora is coeval with the age of initial 
continental rifting at ∼12 Ma, which preceded the Late Miocene-Pliocene opening of the 
Gulf of California. Furthermore, the length and the unimodal distribution of fission 
track lengths show that rapid cooling occurred through the partial annealing zone, and 
that there is no cooling history associated with Basin and Range extension in the Sierra 
Bachoco. In other words, the Basin and Range extension did not allow exhuming the 
present topographic surface of the Sierra Bachoco at depth shallower than the partial 
annealing zone. On the contrary, the granite of the Cerro Colorado, which is located 6 
km west of Cerro Bachoco, is overlain by 12.5 Ma old ignimbrites2, which suggests an 
exhumation before the Middle Miocene, directly related to Basin and Range tectonics. 
The region of Hermosillo is characterized today by a heat flow of 2.25 ± 0.02 
µcal/cm2sec and a reduced heat flow of 1.94 µcal/cm2sec3, which is similar to higher 
values of the Basin and Range province. The geothermal gradient near Hermosillo 
obtained from the heat flow data is 32.78 ± 0.17°C/km. Assuming a similar paleo- 



geothermal gradient during continental rifting and break-up of the Gulf of California, 
and a surface temperature of 20°C, we calculate a paleodepth of partial annealing zone 
comprised between∼1.2 and ∼2.7 km. 
 
The four samples of the Sierra La Madera provided AFT ages between 26.5 and 18.4 
Ma along a NE-SW oriented cross section. We interpret these results as cooling ages 
related with the exhumation of the pluton La Madera related with Basin and Range 
extension coupled with the erosion of the thick overlying volcanic sequence of the of 
the Sierra Madre Occidental along its western limit. Nevertheless, more recent results 
obtained along the western flank of the Sierra La Madera show a good correlation 
between elevation and AFT ages, suggesting a progressive cooling within the footwall 
of the normal fault between 26 and 11 Ma4. 
 
Based on these results, we conclude that the Bachoco granitoid cooled at low 
temperatures during the rifting of the Proto Gulf of California even if local geological 
data suggest that other Laramide plutons were completely exhumed at the same time. 
East of the Sierra La Madera, AFT ages are related to the Basin and Range extension, 
but tectonic denudation or erosion were active until Late Miocene. The overlap between 
Basin and Range and Gulf of California extensional provinces in western and central 
Sonora makes difficult the distinction between cooling effects due to Late Oligocene to 
Miocene Basin and Range extension and Late Miocene extension related to the Gulf of 
California opening. 
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The Western Cordillera of Colombia comprises a vast area of mountain thrustbelt, related to the 
Andean episode. This mountain range composed of uplifted Cretaceous sedimentary marine 
rocks, is bounded to the East by a suture regionally known as the Romeral Suture Zone, which is 
a major feature that separates the continental crust from accreted terrains mainly of oceanic 
affinity, evidences for such boundary are the large thrust faults separating tectonic sheets that 
expose different lithostratigraphy, tectonic styles and metamorphism. Several batholiths and 
stocks of Upper Cretaceous to Eocene ages intrude this margin, westward to the Pacific trench 
Eocene batholiths form the Baudó range, attributed to a late accretion of an island arc related to 
the convergence between North and South America. 
 
In this work we show a structural reconstruction integrating recently acquired apatite fission-
track (AFT) cooling ages from samples of the plutonic rocks of the continental crust (Antioquia 
Batholith), and plutons related to accreted and lately exhumed oceanic crust mostly Upper 
Cretaceous and Paleocene age (Santafé Batholith, Santa Cecilia la X Complex, Tonusco 
Intrusive) and a late Eocene plutonic episode (Mandé Batholith). Exhumation is probably related 
to large-scale lithospheric folding in response of the end of subduction at the Romeral Suture 
Zone. Several decompression stages, which forced a magmatic differentiation, giving origin to 
the most recent plutonic bodies may be related to an accelerated exhumation after plutons 
emplacement. 
 
Thermochronology analysis allows establishing a time frame for cooling, pointing that uplift and 
exhumation of duplex stacking structure alongside west of Romeral Suture Zone is considerably 
older (52Ma) than Antioquia Batholith (46Ma) and Santa Cecilia la X (33.2Ma) ages. The AFT 
cooling ages indicate a younger exhumation towards the west in the Western Cordillera and 
Baudó Range, and also a rapid cooling related to exhumation processes at high speed rates from 
Lower Eocene to recent. Underthrusting was favored by a high erosive regime, which prevented 
propagation of thrust wedges and allowed the duplex formation. 
 
The evolution of the Cretaceous sedimentary basin is linked to pluton emplacement and 
exhumation. Erosion is constant and high due to rapid exhumation. In this way we explain how 
ages are younger to the west in response to a Upper Cretaceous subduction stop, late collision, 
and the start of cooling in Upper Paleocene related to exhumation process driven by the very first 
pulse of Andean Orogeny. Further work focused on provenance analysis will provide information 
on source-sink relations and indicate when the uplift of the oceanic crust was enough for 



interrupting deposition in the Cretaceous basin of sediment derived from the continental crust 
source areas to the east. 
 
Key words: Andean Orogeny, Apatite Fission Tracks, Cooling ages, Eocene Plutonism Romeral 
Suture Zone, Upper Cretaceous Plutonism. 
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In this work we report new thermochronology data from Bucaramanga Gneiss, the oldest 
lithodemic unit of the crystalline basement in the Santander Massif. The interpretations here are 
drawn from a database that also includes previous reported thermochronological data. 
The Santander Massif is located in the northeastern sector of the Eastern Cordillera of the 
Colombia Andes; it belongs to an uplifted block limited to the west by the Bucaramanga Fault1, 
a mayor structural feature in the northern Andes (Fig. 1). The basement is composed by igneous 
and metamorphic rocks assembled in different tectonic events that affected Colombia since the 
Precambrian. The oldest and structurally deepest unit is the Bucaramanga Gneiss, this unit 
is composed of amphibolite to granulite facies rocks, originated during a regional metamorphism 
event that involved migmatization. The lithologies are mainly biotite and sillimanite quartz-
feldspar gneiss, with minor hornblende gneiss, quartzite and amphibolite2. Regional metamorphic 
mictrostructures and assemblages are overprinted locally by dynamic and thermal 
metamorphism; the thermal events are related to the numerous intrusive bodies in the massif. The 
metamorphic evolution of the massif, as represented in the Bucaramanga Gneiss, is summarized 
in three stages2: (I) A prograde stage indicated by the stable mineral assemblage garnet ± 
plagioclase ± quartz ± sillimanite ± biotite ± amphibol ± muscovite, with temperature and 
pressure conditions of around 675 ± 68°C and 6.5 to 7 Kbar. (II) An isobaric temperature 
increasing stage, temperatures increased up to 810°C reaching the transition to granulite facies; 
this stage caused garnet homogenization by diffusion processes, appearance of clinopiroxene in 
amphibolites, and migmatite development. (III) A retrograde stage related to exhumation 
indicated by Mn enrichment in garnets rims and development of symplectites and myrmekites as 
response to temperature falls. 
The timing of the final cooling and exhumation event, as interpreted form the 
thermochronological database (new data reported here and compiled published information for 
apatite3-5 and zircon3,5, likely began at Late Eocene (~35 - 30 M.a.) and continued until Oligocene 
- Miocene (~25 – 20 M.a.) in the northeast part of the area. The database also indicates partition 
of the exhumation in faulted blocks having variable exhumation rates. 
 
Fission track data from the northeastern sector in the study area indicate a late thermal event at 
11.3 ± 2.7 M.a., this is related to the youngest reported mineralization pulse in a magmatic-
hydrothermal event. 
 



 
Figure 1. Colombian Northern Andes, the Santander Massif is located where the Eastern 
Cordillera branches in two ranges: northern Eastern Cordillera and Venezuelan Andes. White 
box indicates study area. 
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In the Andes, precise knowledge of deformation and exhumation timing in Eastern Cordillera 
(EC) and Subandean Zone (SAZ) is fundamental to decipher the respective role of tectonic 
activity and climate forcing in shaping topography and to understand mechanisms responsible for 
mountain growth1,2. In this study, we report a 500 km balanced cross section (Figure 1) 
constructed according to surface and subsurface data, apatite fission-track (AFT) and (U-Th)/He 
(AHe) ages and vitrinite reflectance (Ro) values from northern Peruvian EC and SAZ. The 
balanced cross section (Figure 1) shows that the structural architecture is composed by thick 
skinned thrust related to the inversion of the Triassic rift normal faults and reactivation of Late 
Permian thrust faults. The SAZ is characterized by a combination of thick and thin skinned 
tectonics. The total amount of shortening calculated from the balanced cross-section is 142 km 
(i.e., ~28 %). AFT and AHe ages indicate that exhumation timing in EC and SAZ is coeval and 
occurred between ca 17 Ma and 8 Ma. Sequential restoration calibrated by AFT, AHe and Ro 
data reveals that shortening rates vary from 7.1 to 3.6 mm.yr-1 between, respectively, 17-8 Ma 
and 8-0 Ma. Considering these results for the first ~49 km of horizontal shortening, we propose 
that the transfer of the Andean deformation into the EC and SAZ started at about ~30 or ~24 Ma. 
Active deformation recorded by seismic activity3 in the Marañon foredeep argues for a forward 
propagation of the Andean shortening. We suggest that tectonic deformation style is the main 
mechanism controlling Andean erosion and exhumation in relation with inherited basement 
structures. This tectonic inheritance control is still on going with reactivations of Permian faults 
in Marañón foredeep, promoting forward propagation and maintaining the Eastern Andean 
Peruvian wedge in a supercritical state. 
 
Figure 1. (Next page) Balanced cross section of the northern Central Andes eastern orogenic 
wedge, location on the top left corner digital elevation model of Peru. L-T, low temperature; 
AFT, apatite fission track; AHe, (U-Th-Sm)/He on apatite. Supposed present-day thick-skinned 
active faults are drawn in dotted line. 
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The Central Andes are a classical example of topography building in front of an oceanic subduction. 
However, many first order questions are still debated: How do subduction processes and observed 
tectonic uplift interact along the Andean margin? What is the impact of tectonic, magmatism and 
climate on exhumation? 
 
Here we focus on one of the highest Andean relief, the Cordilleras Blanca (6768 m) and Negra 
(5181 m), located above the Peruvian flat-slab in north Central Peru, to investigate the link between 
slab flattening and uplift and to identify the impact of magmatism on crustal thickening. Both 
ranges trend parallel to the subduction zone and are separated by the NW-SE Rio Santa valley (Fig. 
1). The Cordillera Blanca pluton formed in an active subduction crustal context at 8-5 Ma1,2 and 
renders an abnormal magmatic activity over a planar subduction. In contrast with the Cordillera 
Blanca, the Cordillera Negra is an older relief3, which evolution and exhumation history has never 
been studied. The Cordillera Blanca composed the footwall of a ~200 km-long normal fault (Fig. 1). 
This fault located on the western flank of the CB shows ~4500 m of vertical displacement since 5 
Ma4. We perform a morphotectonic study on both Cordilleras coupled with low-temperature 
thermochronology apatite (U-Th)/He and fission-track dating to quantify the impact of magmatism 
and subduction processes on exhumation. 
 
Geomorphic parameters and altitude contrasts between these two ranges indicate a differential 
uplift. The Cordillera Negra displays a smooth and asymmetric relief from the West to the East 
whereas the Cordillera Blanca shows higher and sharper relief with North/South and East/West 
contrasts. We obtain 35 new apatite fission-tracks ages and 20 (U-Th)/He ages for samples located 
along vertical and horizontal profiles at different latitudes of the Cordilleras Blanca and Negra (Fig. 
1). The (U-Th)/He ages range from 5.6 ± 0.6 to 13.4 ± 1.3 Ma in the Cordillera Negra and range 
from 2.0 ± 0.2 to 11.8 ± 1.2 Ma in the Cordillera Blanca. The fission-track ages range from 23.6 ± 
2.5 to 30 ± 3.0 Ma in the Cordillera Negra and range from 2.8 ± 2.2 to 8 ± 2.5 Ma in the Cordillera 
Blanca. We use these thermochronological data as inputs for QTQt tools for time-temperature 
reconstruction and thus to constrain the exhumation history. 
 
Whole ages evidence a regional exhumation in both Cordilleras Blanca and Negra. Exhumation 
history inferred from low-temperature thermochronology ages coupled with geomorphologic 
characteristics suggests a regional component of uplift above the Peruvian flat-slab. Time-
temperature reconstruction indicates a recent exhumation initiated ~4 Ma ago in the Cordillera 
Negra. Moreover, ages from the Cordillera Blanca indicate higher exhumation rates than in the 
neighbouring Cordillera Negra. Our set of thermochronological data brings new constraint on both 
Cordilleras thermal histories suggesting that the flattening of the Peruvian slab controls the regional 
exhumation as locally proposed for the Cordillera Blanca exhumation5. The Cordillera Blanca 
records additional exhumation controlled by plutonism and facilitated by structural inheritance. 
These processes occur as a response to the flattening of the Peruvian slab and confirm the role of 
the subducting plate geometry in topography building in Central Andes. 
 



 
Figure 1. Geological map (modified from INGEMMET, 2012) draped on a digital elevation model 
(GDEM data, 30 m resolution) showing location of the Cordillera Blanca and the Cordillera 
Negra. The apatite (U-Th)/He ages and apatite fission-track ages are localized respectively by blue 
circles and red squares. Coordinates are given in WGS 84 longitude and latitude (degrees). 
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The Andes is the classic example of a mountain range formed during subduction of an oceanic 
plate under a continental plate. Recent studies suggest that the 80 km-thick crust related to the 
Altiplano plateau1 is mainly due to crustal shortening focused at the eastern edge of the orogen 
during the Miocene2,3. However, the timing of uplift remains poorly constrained at the western 
edge of the plateau with relatively few estimates ranging from ca. 60 to ca. 2 Ma. 
 
In southwest Peru, neighboring the volcanic arc, uplift of the plateau has been approached 
through quantification of canyon incision4-6, providing evidence for ~3 km of incision (and, by 
inference, uplift) between ∼14 and 2 Ma. However, these studies all focused on the forearc 
region, where cooling histories recorded by thermochronologic data are complicated by 
occurrences of an abrupt_heating event during the Middle Miocene5. 
 
We present new structural and apatite (U-Th)/He (AHe) thermochronologic data from the Nazca 
region, away from the Neogene volcanic arc, aiming to provide insights into exhumation and 
topographic development of the western margin of the Andes. Our sampling strategy focused in 
particular on obtaining elevation profiles. AHe ages range from 3.0±0.1 to 60±6 Myr in the 
Nazca and Cañete canyons. In addition, systematic fieldwork along strike in the Western 
Cordillera complemented by DEM and aerial image analysis throws light on the crustal 
deformation processes active in the Western Andes of Southern Peru for the Neogene. 
Using the different results, we characterize the upper-crustal cooling history from several sites 
north of the well-studied giant canyons of Ocoña and Colca4-6 and away from the Neogene 
volcanic arc. In conclusion and in contrast to the previous studies7, our preliminary results show a 
much older initiation of cooling and thus probable exhumation in the Western Cordillera. 
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Figure 1. Top figure shows the western margin of the central Andes and the subduction zone. The 
main transverse valleys to the Andean chain, such as the Colca, Cotahuasi, Nazca, Cañete, and 
Lima valleys, are indicated. Red circles indicate sample locations, while the red lines show the 
depth-contours (10 km) of the oceanic slab. Squares A and B show in detail the sample locations 
and the relief of the study area. 
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The Central Andes are an outstanding orogen where crustal thickness reaches >70 km over a 
large area in the absence of continent-continent collision. This overthickness is commonly 
viewed as the result of crustal shortening. However, in the present day forearc of 
southwesternmost Peru, where crustal thickness increases from 30 km along the coastline to >60 
km below the active arc, the upper crust exhibits little to no evidence of crustal shortening and in 
contrast many extensional features. How and when this crustal overthickness was acquired is 
poorly documented and thus understood. 
 
We address this issue through a regional-scale study of exhumation using fission-tracks 
thermochronology. In southwestern Peru, the thermochronologic database is currently extremely 
limited and previous studies mainly focused on the Neogene history of Canyon incision. 
However, this relatively restricted area provides extensive outcrops of Precambrian to Ordovician 
basement as well as Early Jurassic to Late Cretaceous arc plutons and large volumes of forearc 
continental deposits. This configuration permits to compare the relationships and the history of 
exhumation of these different domains. 
 
We based our sampling on a detailed knowledge of the geology of the forearc of southern Peru 
targeting key units in order to provide a maximum of information at a regional scale. We sampled 
rocks from exposed bedrock, arc related plutonic rocks of different ages as well as from the 
stratigraphic record of synorogenic basins and present-day river sediments. Structural mapping 
was carried out in order to identify the controls of tectonic exhumation on the Peruvian Andes. 
Finally, in order to verify the influence of the arc on the thermochronological ages, we sampled 
these units in the coastal area and closer to the present-day arc. 
 
This study thus primarily aims at obtaining new thermochronologic data in order to advance a 
number of fundamental issues regarding the Cenozoic and Mesozoic evolution of mountain 
building in the Central Andes. 
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Glacial processes throughout the Late Cenozoic have predominantly shaped the Patagonian 
Andes1-3; however, the topographic signature shows distinct along-strike anomalies. In the 
Northern Patagonian Andes, maximum elevations exceed 2 km and relief is uniform, averaging 2 
km. In the Southern Patagonian Andes, topography abruptly rises with peak summits between 3 
and 4 km, and the local relief increases and becomes highly variable, locally exceeding 5 km 
where the highest peaks are adjacent to deep glacial fjords. The abrupt increase of both summit 
elevations and total relief coincides with the current position of the Nazca-Antarctic-South 
America Triple Junction (Chile Triple Junction, CTJ), where several ridge segments of the Chile 
Rise have been subducted since ~ 6 Ma4. A causal relationship between the closely spaced 
subduction of several successive ridge segments close to the present-day position of the triple 
junction and the location of the topographic anomaly has been proposed5,6. Nevertheless, so far 
there is no direct structural field evidence for the mechanisms of such tectonic and surface uplift 
in that region. 
 
Here we present geomorphic and structural evidence supported by thermochronometer data that 
indicate neotectonic activity along the flanks of the Northern Patagonian Icefield (NPI). The NPI 
is a poorly known region in terms of geology and neotectonics, located immediately east of the 
CTJ, which marks the major topographic anomaly at the transition between the Northern and 
Southern Patagonian Andes. We define two hitherto unrecognized fault systems, the Cachet and 
Exploradores Faults, which run along the eastern and northeastern foothills of the NPI, 
respectively. Based on the offset of deep glacial valleys and other morphologic parameters, as 
well as apatite (U-Th)/He data, we suggest that both faults have been active at least during the 
past 2-3 Ma. 
 
We interpret margin-parallel strike-slip deformation along the eastern flank of the NPI to arise 
from localized, oblique collision of three segments of the Chile Rise at 6, 3, and 0 Ma at these 
latitudes4. This ridge subduction resulted in decoupling of the NPI from the Patagonian foreland 
along the Cachet Fault system. We suggest that northward motion of the NPI is accommodated 
by the Exploradores and other reverse fault systems along its northern and northeastern flanks, 
which act as a crustal ramp. This interpretation is further supported by the pronounced age shift 
between age- elevation relationships of apatite (U-Th)/He bedrock ages in vertical transects 
approaching the Exploradores Fault and the highest topography. The shift of about 2 Ma is 
interpreted to reflect deeper levels of exhumation closer to the Exploradores Fault Zone. We 
integrate the kinematics of these two fault systems with data from regional tectonic structures7, to 
propose a simple neotectonic model, which may help to explain the topographic anomalies in the 
Patagonian Andes. 
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The Southern Patagonian Andes are an ideal setting to study the impact of Late-Cenozoic 
climate cooling and onset of glaciations impact on the erosional history of mountain belts. 
The lack of tectonic activity during the last ~12 Myr makes the denudation history mainly 
controlled by surface processes, not by tectonics. Moreover, the glaciations history of 
Patagonia shows the best-preserved records within the southern hemisphere (with the 
exception of Antarctica). Indeed, the dry climate on the leeward side of Patagonia and the 
presence of lava flows interbedded with glacial deposits has allowed an exceptional 
preservation of late Cenozoic moraines with precise dating using K-Ar analyses on lava flow. 
The chronology of moraines reveals a long history covering all the Quaternary, Pliocene, and 
up to the Upper Miocene. The early growth of large glaciers flowing on eastern foothills 
started at ~7-6 Myr, while the maximum ice-sheet extent dates from approximately 1.1 Myr. 
 
In order to quantify the erosion history of the Southern Patagonian Andes and compare it to 
the glaciations sediment record, we collected samples along an age-elevation profile for low-
temperature thermochronology in the eastern side of the mountain belt (Torres del Paine 
massif). The (U-Th)/He age-elevation relationship shows a clear convex shape providing an 
apparent long-term exhumation rate of ~0.2 km/Myr followed by an exhumation rate increase 
at ~6 Myr. Preliminary results of 4He/3He thermochronometry for a subset of samples 
complete the erosion history for the Plio-Pleistocene epoch. We used inverse procedure 
predicting 4He distributions within an apatite grain using a radiation-damage and annealing 
model to quantify He-diffusion kinetics in apatite. The model also allows quantifying the 
impact of potential U-Th zonation throughout each apatite crystal. Inversion results reveal a 
denudation history composed by a pulse of denudation at ~6 Ma, as suggested by the age-
elevation relationship, followed by a decrease in denudation rate to very low value (<0.1 
km/Myr) and late-stage exhumation phase at ~1 km/Myr for the last ~2 Myr. 
 
Our (U-Th)/He and 4He/3He data demonstrate a tight connection between the glaciation 
history from moraines record and long-term erosion rates derived from low-temperature 
thermochronology. These results highlight the high sensitivity of the Southern Patagonian 
Andes to the progressive Late-Cenozoic climate cooling and the strong glacial imprint on 
erosion history and landscape evolution since the Late Miocene. Indeed, we interpret the 
observed increase in erosion at ~6 Myr as the landscape response to the onset of the 
Patagonian ice cap, while the inferred recent increase in erosion rates may reflect the 
intensification of the climate cooling since the Plio-Pleistocene. 
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One of the major debates about the Cenozoic geodynamic evolution of the Pamir orogen concerns the 
style and timing of deformation along the boundary between the Eastern Pamir and the Tarim block. On 
the one hand, during the late Oligocene (?) - Early Miocene, the Pamir apparently began indenting 
northward along the Kashgar Yecheng Transfer System (KYTS)1. On the other hand, basin-vergent 
deformation along the margin of Tarim began in the past ca. 10 Ma or even in the Pliocene2,3. These two 
contrasting interpretations have not yet been reconciled in publications. We propose a novel interpretation 
that is compatible with both suites of observations. 
Pamir indentation was accommodated by a south-dipping intracontinental subduction system coupled to 
major shear systems on both flanks. The Alai basin to the north constitutes the downgoing plate, with the 
bulk of the convergence accommodated by underthrusting. East of the Pamir lies the Tarim basin, which 
in turn overlies a rigid Precambrian block. The boundary between the Pamir and Tarim is a complex 
dextral shear zone, which includes the KYTS. Indentation of the Pamir was underway by ~20 Ma based 
on AFT ages along the KYTS. Our preferred interpretation is that this structure represents the surface 
expression of a STEP fault, which is a lithospheric tear that allows the south- dipping Pamir subduction 
zone to roll back to the north with respect to Tarim4. However, GPS shows that Tarim and Pamir are 
moving northward at same velocity today; therefore, indentation is no longer accommodated along the 
KYTS. River incision across the KYTS combined with thermochronologic modeling suggests that this 
fault system has been largely inactive for at least 3-5 Ma5. 
 
The northward indentation of the Pamir salient was accommodated not only by the right-lateral KYTS but 
also by the Shache-Yangdaman Fault (SYF)6, which lies in the subsurface of the Western Tarim basin. 
Grounded by a thorough outcrop and subsurface data summary, these authors propose that a right stepover 
between these two faults formed the 6 km thick Yecheng pull-apart basin. Based on the map pattern and 
timing, we suggest that the dextral Talas-Fergana Fault (TFF) can be connected to the newly described 
SYF, which thereby represents the southernmost portion of a major right-lateral strike-slip system. AFT 
ages from restraining bends and coupled thrust faults at both the southern7 and northern ends of the TFF 
show that this system became active around 25 Ma8. This interpretation explains how the regional strike-
slip system was able to transfer shortening driven by Pamir indentation to the NW Tien Shan. 
Magnetostratigraphy shows that shortening in the Kokshaal range propagated rapidly southward into the 
Tarim basin between 16.3 and 13.5 Ma9. Therefore, relatively rapid slip along the TFF persisted from ca. 
25 Ma until at least 13.5 Ma. Subsequently, the slip rate apparently decreased. Late Oligocene (?) - Early 
Miocene slip along the TFF agrees well with the formation of the transtensional Yecheng depression in 
the SW Tarim basin, supporting our contention that the SYF and TFF are kinematically linked. 
Furthermore, this transtension implies that the relative motion of the Pamir with respect to Tarim was 
slightly divergent during the late Oligocene (?) - Early Miocene, which would have inhibited significant 
contractile exhumation along the eastern Pamir. 
The above described deformation is also consistent with thermochronologic data from other margins of 
Tarim. Early Miocene cooling and 80-100 km of shortening is documented far to the south, in the Western 
Kunlun Shan10,11 and in isolated localities in the Tien Shan12-16. These widely distributed cooling ages are 
linked with roughly N-S shortening, pointing to a relatively weak regional contractile period both north 
and south of Tarim, roughly synchronous with Pamir indentation. This interval also coincides with rapid 



sinistral slip along the Altyn Tagh Fault (ATF)17, which separates the southern margin of Tarim from 
Northern Tibet. 
 
A significant change in regional deformation and exhumation patterns occurred in the Middle-Late 
Miocene. AFT samples from structures adjacent to western Tarim yield ages between 10-6 Ma3. 
Stratigraphic relationships in structures close to the margin of western and southwestern Tarim and in the 
subsurface suggest that basin vergent thrusting initiated or intensified in the Late Miocene or Pliocene 
(e.g., 2). Rapid cooling and accelerated sedimentation began at 12-10 Ma in the many parts of the Tien 
Shan15,16,18-21. Motion along the ATF slowed significantly around this time17. 
Comparing the style and magnitude of these two episodes of deformation suggests that a significant 
regional geodynamic change occurred in the mid-late Miocene. Tarim apparently began to move 
northward, such that Tarim and the Pamir are presently moving north with the same velocity; this lead to 
significant crustal shortening within the Tien Shan5. In turn, this caused a significant decrease in slip rate 
along the KYTS. This interval corresponds to the onset of contractile deformation in western and 
southwest Tarim. As consequence, it is likely that much of the modern morphology was built in this 
period, obscuring earlier deformation. 
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High-relief mountain ranges correspond to tectonically active areas. Topographic relief created 
by tectonic uplift increases erosion rates; it is widely accepted that erosion rates scale with slope, 
local relief, and elevation either linearly1 or through more complex relationships that take into 
account limits to hillslope gradients2, or the effects of glaciation on topographic relief. A change 
of topography with time, or variable topography across a mountain range, may result from 
variations in tectonic uplift rates, but may also reflect temporal and spatial climate changes. 
 
The Pamirs, Central Asia, are an excellent natural laboratory to test hypotheses of tectonic–
climate– relief development interactions because this orogen is tectonically highly active, it is 
one of the few areas worldwide with a local relief > 2000 m, and a strong climatic contrast exists 
between the arid eastern and the more humid western Pamir (Figure 1). Correlating with the 
precipitation gradient, topographic relief and local slope are higher in the western than the eastern 
Pamir (Figure 1); thermochronological data indicate higher erosion rates in the west3. On the 
other hand, within the Shakhdara gneiss dome, southwest Pamir geological and 
geomorphological observations indicate that over the last ~5 Ma denudation was restricted to 
incision of rivers and canyons. The South Pamir detachment, a Miocene low-angle normal fault, 
is preserved as a weakly eroded subhorizontal surface at ~4000 m a.s.l., and remnants of Miocene 
sedimentary basins can be found on top of the detachment. This surface is visible, for example, in 
a local-slope map (Figure 1 center, blue shades within the Shakhdara dome). 
 

 
Figure 1. Topography (left) and local slope (center) of the Pamir. Diagrams on right side show 
frequency distribution of local relief (top) and monthly precipitation5  (bottom) for the western 
(orange) and eastern Pamir (blue). Outline of the Shakhdara gneiss dome (Sha), and weather 
stations Khorog (Kho) and Murgab (Mur) are indicated. 
 
We use apatite fission track and (U-Th)/He thermochronology and cosmogenic isotopes in 
modern river sands to quantify the spatial and temporal distribution of erosion rates in the 
southwest Pamir. Our aim is to understand (1) why in this region of active shortening (e.g., 15 
mm/yr across the Main Pamir thrust4) long-term erosion rates are apparently low (preservation of 



Miocene paleosurface); (2) if, why, and when globally established relationships between erosion 
rates and relief fail in the southwest Pamir; (3) if and how glaciation affects these topography–
erosion rate relationships. 
 
Hitherto existing bedrock apatite fission-track3 (AFT) and apatite (U-Th)/He (AHe) ages quantify 
the long-term average erosion history. The youngest AFT ages (2–3 Ma) are obtained from 
bedrock samples near the southern dome margin and denote the end of tectonic exhumation 
('doming'). In the central and northern dome, AFT ages range from ~4 to 10 Ma and correlate 
with AHe ages between ~1 and 7 Ma. Cooling ages of both chronometers vary systematically 
with elevation, but not with lateral position within the dome. This pattern suggests that cooling 
from >120 oC to surface temperatures was controlled mostly by erosion rather than tectonic 
processes, and that rivers have incised up to 4 km since the middle Miocene at long-term average 
incision rates of 0.3–0.5 mm/yr. Further data is needed to reveal spatial and temporal variations 
in the erosion history. 
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The mechanisms responsible for driving the growth and destruction of orogenic plateaus are subject 
of ongoing controversial debate. In addition to thermo-mechanical and structural models, a third 
class of models emphasizes the pivotal role of surface processes in concert with tectonic processes. 
The Pamir forms a high elevation plateau representing the NW extension of the Tibetan Plateau. 
Crustal shortening and uplift throughout the Cenozoic formed the plateau and continues along its 
western and northern flanks until today. In contrast to the mostly internally drained Tibet at present 
the Pamir is mostly externally drained and internal drainage occurs only in a few inert plateau 
domains. Also in contrast to other plateaus the major climatic gradients across Pamir are oriented E-
W, perpendicular to N-S oriented crustal shortening. Until now the tectonic growth, uplift and 
incision history of both marginal and interior parts of the Western Pamir are only poorly 
constrained.    
 
To assess the impact of the surface-process systems on the geomorphic evolution of the plateau, we 
performed several standard morphometric analyses across entire Pamir, for nowfocusing along the 
western margin. In particular, we analyzed the local topographic relief, the overall character of the 
drainage network, and performed the novel integral approach to river profile analysis (CHI) of 
major drainage basins. Furthermore we have started measuring apatite He/U-Th data (AHe) to 
decipher the timing of deep seated valley incision. Combined, our new geomorphic observations 
and the preliminary thermochronology data provide proxies for the uplift history of the orogeny, 
which may ultimately provide insights into the nature of deep-seated processes that caused plateau 
growth and widespread valley incision. 
 
Our analysis reveals three zones with different geomorphic characteristics of the fluvial network. 
First, along a 50-km-wide swath profile across the W-NW flank of the orogen, we find low-relief 
landscapes with gentle, concave river profiles. These are interrupted by major knick points, 
followed by steep segments in the downstream section, when draining towards the deeply incised 
trunk valley, the Panj. These low relief areas may reflect relict landscape and hence predate the 
most recent pulse of uplift, which led to the development of the present day morphology. Second, 
beyond this western to northwestern frontal zone of low-internal relief lies the Panj River, which is 
the trunk stream of five major watersheds, draining the internal parts of the western Pamir plateau 
margin. All of these tributaries are deeply incised (2-3 km of local relief), are U-shaped in the 
vicinity of the drainage mouth, and rise continuously until they reach the inner plateau realm. In 
turn, river profiles of tributary valleys of these watersheds are all steep in the lower parts and some 
cases, they have the typical morphology of glacial hanging valleys and are dominated by alpine 
glacial landscape at high elevation. Three preliminary AHe cooling ages between 5 and 3 Ma 
provide valuable estimates on the timing of valley incision, indicating that incision was ongoing 
during the latest Miocene onwards. Third, the central and eastern parts of the Pamir are 
predominantly characterized by wide, (Quaternary?) sediment filled basins at elevations >3km and 
gentle stream gradients from at present day remnants of the plateau. 
 
Based on our preliminary observations we suggest that the topographic growth of the western flank 
is recorded by the deeply incised hydrologic system draining the plateau interior and its margins: 



(1) the frontal segment of the western flank of the Pamir has been rapidly uplifted on the order of 2 
to 3 km not earlier than during late Miocene; (2) the internal portion of the western Pamir 
constitutes an important orographic barrier for westerly moisture sources, which has facilitated deep 
glacial/fluvial incision during the late Cenozoic. 
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The Tajik Depression is the westernmost and widest part of the Neogene-Recent foreland basin 
of the Pamir. It is confined between the Pamir, Tien Shan and Ghissar mountain belts. In the 
Neogene, the Cretaceous-Recent fill of the Tajik Depression was detached along Late Jurassic 
evaporites, folded and thrust towards the W–NW in front of the advancing Pamir. We propose a 
new kinematic model that integrates an updated structural interpretation with apatite fission-track 
and (U-Th)/He thermochronology constraints on the timing of exhumation. 
 
The structural interpretation is based on a series of balanced cross-sections tied to field 
observations and new seismic data. The cross-sections show how thin-skinned folds and thrust 
sheets interact with thick-skinned structures in the basement. The western (foreland) part of the 
thin-skinned system features thrust sheets stacked along backthrusts that accommodated 
significant displacement. The eastern (hinterland) part accommodated less shortening and is 
characterized by thrust detachment folds. The thick-skinned belts surrounding the Tajik 
Depression originated from reactivation of pre-existing structures (Tien Shan) and recent thick-
skinned thrusting (Ghissar). 
 
Samples were collected for apatite from Early-Mid Jurassic and Early Cretaceous sandstones and 
from pre-Jurassic metamorphic/igneous basement. The thermochronology results are supported 
by vitrinite reflectance data. Ghissar AFT and (U-Th)/He ages show a similar range (12.7±1.2–
4.1±1.2 Ma and 11.9±3.8–4.3±1.1 Ma, respectively), indicating rapid exhumation through the 
110°C and 75°C isotherms. AFT and (U-Th)/He ages from the Tajik Depression range between 
11.8±0.8–3.5±0.3 Ma and 10.6±1.3–1.0±0.8 Ma, respectively. These results suggest that 
exhumation was diachronous from west to east across the Tajik Depression. The central part of 
the Tajik Depression yielded the oldest AFT age (11.8±0.8 Ma). This is a maximum age for the 
activation of the detachment along the Late Jurassic evaporites. Tien Shan AFT and (U-Th)/He 
ages range between 145.6±12.0–1.6±0.3 Ma. The wide range of the Tien Shan ages reflects a mix 
of fully reset, partially reset and un-reset age components. An offset between the youngest AFT 
ages (12.6±0.9–3.3±0.3 Ma) and (U-Th)/He ages (8.9±1.8–1.9±0.8 Ma) indicates that 
exhumation was slower in the Tien Shan compared to the Ghissar. 
 
According to AFT and (U-Th)/He constraints the frontal homocline of the Pamir started to form 
at~13 Ma (Figure 1), coevally with far-field uplift of the Ghissar and the Tien Shan. At ~12 Ma 
the slip was transferred from the Pamir to the Upper Jurassic detachment triggering thin-skinned 



deformation in the Tajik Depression. Until ~6 Ma, thin-skinned shortening was restricted to the 
external (foreland) part of the Tajik Depression where long-displacement backthrusts built a 
hinterland-vergent imbricate stack. Increasingly internal zones of the Tajik Depression were then 
successively folded. Thin-skinned deformation was largely completed by ~4 Ma. The most recent 
folding of the internal part of the Tajik Depression was associated with reactivation of the pre-
Jurassic basement. 
This research was conducted under patronage of Total®. 

 
 Figure 1. Timing of deformation in the Tajik Depression and the surrounding thick-skinned 
belts. Numbers 1-3 indicate a general succession of deformation constrained by the AFT and (U-
Th)He data. 



Neocene rapid uplift and deformation of the South Tianshan and Kuqa 
fold-and-thrust belt, NW China: constraints from apatite (U-Th)/He 

thermochronometer 
Jian Chang1,2, Qiu Nansheng1,2 

1 State Key Laboratory of Petroleum Resources and Prospecting, China University of 
Petroleum, Beijing 102249, China 

2 Basin and Reservoir Research Centre, China University of Petroleum, Beijing 102249, 
China 

 
Kuqa fold-and thrust belt (KFTB) is located between South Tianshan (a part of the Central Asia 
Tianshan)and Tarim Basin and its deformation is related to the reactivation of the Tianshan due to 
the progressive collision of India with Eurasia in the Cenozoic. The issues about the latest uplift 
time of the South Tianshan and the deformation initial time of the Kuqa fold-and-thrust belt are still 
controversial. The latest uplift time of the South Tianshan revealed by the AFT data was much older 
than that by the Magnetostratigraphic data, which could be caused by that AFT dating cannot record 
the uplift events in the lower temperature than 60 oC. Compared to AFT dating, the apatite (U-
Th)/He dating can reveal the cooling histories at lower temperature which range from 40°C to 
75°C1.  

 
In this study, we firstly present 42 apatite (U-Th)/He ages of 13 samples collected along the Kuqa 
River to study the latest uplift event of the South Tianshan and deformation time and process of the 
KFTB. The relationship between measured AHe ages and relative stratigraphic position shows that 
the AHe ages of samples KC1, KC2, KC5, KC8, KC11, KC13, KC14, KC17 and KC19 range from 
5.9±0.4 Ma to 80.5±5.0Ma which were younger than their depositional age and could reveal the 
cooling events occurred in South Tianshan and KFTB (Fig. 1). For the samples KC22, KC26, KC27 
and KC28, their AHe ages were older than their depositional ages which means that they did not 
experience He diffusion after deposition in KFTB and just reflect the provenance information (Fig. 
1). The dispersion among replicates for each sample exists (Fig. 1), which results from eU (effective 
uranium concentration) or grain sizes. For better understanding uplift and deformation evolution of 
the South Tianshan and KFTB, the thermal histories of samples KC1, KC2, KC5, KC8, KC11, 
KC13, KC14, KC17 and KC19 have been simulated using the HeFty software implemented with 
radiation damage accumulation and annealing model (RDAAM) which takes eU and grain size into 
account2-3. 

 
For the sample KC1 from the South Tianshan, its youngest grain AHe age with 18.2±0.8 Ma and its 
thermal modeling results indicated that the South Tianshan experienced a Miocene rapid uplift 
event which initialed at ~18 Ma and continued to ~6 Ma. The Samples KC2, KC5, KC8, KC13 and 
KC14 from the northern monocline belt in KFTB experienced total He diffusion and effectively 
recorded the deformation process of the KFTB (Fig. 1). The AHe ages of sample KC2 from the 
northern margin of the KFTB and its thermal modeling results revealed that the KFTB deformed 
initially at ~15 Ma, while AHe ages and thermal modeling results of other samples indicated that 
the centre and south of the northern monocline belt deformed initially at ~10 Ma and continued to 
~4 Ma. For the Cretaceous samples KC17 and KC19 from the Kelasu-Yiqikelike thrust belt in 
KFTB, just two grains which AHe ages are 6.9±0.4 Ma and 8.3±0.4 Ma experienced total He 
diffusion and its thermal modeling results indicated that the southern of the Kelasu-Yiqikelike 
thrust belt deformed initially at ~6 Ma and continued to ~2 Ma. Finally, the Neocene tectonic-
thermal evolution model of the KFTB were reconstructed based on the thermal modeling results, 
field observation and seismic interpretation and showed that the KFTB deformed gradually from 
north to south. 

 
 



 
Figure 1. The measured AHe ages were plotted against the relative stratigraphic position.  
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The Kunlun Mountains, located along the northern margin of the Tibetan Plateau in Qinghai, 
Western China play an important role in the collision history between Eurasia and India. 
However, not much research has been done on both metamorphic P-T conditions and 
geochronology. From recent studies it appears that the convergence of the Kunlun mountains 
lasted at least from Early Palaeozoic up to Cenozoic1. Liu et al.1

 
and Arnaud et al.2

 
identified four 

age groups of different tectonic events in the Kunlun mountains, of which at least two could be 
ascribed to distinct metamorphic events of granulite and amphibolite facies of Middle Silurian - 
Late Devonian and Triassic age. This was followed by magmatic intrusions and partial 
overprinting. Also a sinistral deformation regime of Middle Jurassic – Lower Cretaceous age can 
be found in these metamorphic rocks as strike-slip structures in mylonites. The last age group 
represents late-stage exhumation of Oligocene age. 
 
This study will focus on the Jinshuikou group in the Kunlun Mountains. This group consists 
mainly of gneisses, schists and amphibolites. The aim of the study is to improve the 
understanding of the tectonic history of the Jinshuikou group in the Kunlun Mountains. This is 
done by investigating the internal variations in metamorphic grade and 40Ar/39Ar dating of 
selected samples from the Jinshuikou group. P-T conditions and timing of metamorphism in the 
Jinshuikou group will lead to a better understanding of the tectonic history of the Kunlun 
Mountains. 
 
To establish the geochronology and metamorphic conditions, a fieldwork was executed and 
gneisses, amphibolites and granites (both syn- and post metamorphic) were sampled at five 
locations along a transect in the Jinshuikou group. The transect was orientated along the 
mountain belt over a distance of approximately 430 km. Field observations provided indications 
that the metamorphic grade decreases towards the east. Also extensive granitic intrusions in the 
Jinshuikou group are present and are interpreted as the result of a subducting slab beneath the 
group. The presence of mylonitic structures at the top of the group indicates that ductile 
deformation by shear strain has taken place. The presence of migmatites at the bottom of the 
group implies prograde metamorphism with high temperatures. 
 
40Ar/39Ar dating on microcline, biotite, hornblende and muscovite was executed on the samples 
collected during the fieldwork. In addition, mineral compositions are determined by electron 
microprobe measurements on thin sections in order to model the metamorphic P-T conditions in 
Perple_X. 
 
Cooling ages of microcline and biotite from the granitic samples give respectively the following 
age ranges: 186.29 ± 15.10 Ma to 207.60 ± 14.12 Ma and 229.82 ± 2.98 Ma to 282.91 ± 3.46 Ma. 
The metamorphic samples show the following cooling ages: for microcline, 210.98 ± 3.05 Ma to 
228.54 ± 19.57 Ma; for biotite, 307.60 ± 1.64 Ma; for muscovite, 418.15 ± 2.45 Ma and for 
hornblende, 337.34 ± 6.28 Ma to 406.76 ± 14.33 Ma. From these ages it emerges that the granitic 



intrusions are younger than the metamorphic rocks as was previously stated by Arnaud et al.2. 
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The Eastern Kunlun Mountain is located in the northern Qinghai-Tibetan plateau, and bounded to 
the north by the Qaidam Basin (Fig. 1). The Bayinguole research region belongs to the western 
Qimantage area in the north of Kunbei fault, western part of Eastern Kunlun Mountain. Although 
it experienced complex geological evolution and significant mineralization1, a few research 
works have been done because of the bad nature condition and inaccessibility in the plateau. This 
work uses apatite and zircon fission-track method to probe tectonic activity, thermal history and 
uplifting around Bayinguole river in Qimantage belt. 
 

 
 
Figure 1. Geological map with the sample locations in Bayinguole area 
 
There are some polymetallic ore deposits around Bayinguole river, such as Hutouya, Jingren and 
Kendekeke polymetallic ore deposits. The strike NE, NW, EW and NWW faults develop in 
Bayinguole area. The main strata include Pt1, ЄO, D3, C1, C2, P1-2, T3 and Jx. It experienced 
multiple superimposed tectonism and magmatism. The neutral acid magmatic intrusion, mainly 
including diorite, granodiorite and monzonitic granite, developed in Variscan, Indo-sinian epoch 
and especially Triassic period. 
 
Samples were collected from granitoid outcrops and drill-core in Bayinguole region. The fission 
track dating sample pieces were made according to typical experiment method. All samples were 
irradiated in a well-thermalized neutron flux in the 492 Swim Reactor at Beijing. Neutron fluence 



was monitored using the CN2 and CN5 uranium dosimeter glasses for the zircon and apatite 
samples respectively. Then ages are calculated using the Zeta calibration method2 with Zeta-
value of 353±18 and 85.4±4 for apatite and zircon samples respectively. 
  
This paper achieves 3 apatite and 6 zircon fission track dating results. All of the results are more 
than 20 datable grains. The most samples with χ2 values higher than 5% and we use the central 
age. For the samples with χ2 values less than 5%, we use the ages decomposed by BINOMFIT 
program3. The final ages can be divided into different groups that reveal multiphase tectonic- 
magmatic activities. 
 
The zircon fission track ages range from 201 Ma to 109 Ma that might be divided into five 
groups: 201 Ma, 185 Ma, 164-163 Ma, 139-124 Ma and 109 Ma. The apatite fission track ages 
range from 120 Ma to 67 Ma that might be composed of three groups: 120-100 Ma, 67Ma and 
54-47 Ma. These ages indicate the complex geological thermal events in this area very well. The 
zircon fission track ages 201 Ma, 139-109 Ma, and the apatite fission track ages 120-100 Ma and 
67 Ma represent northward subductions of Qiangtang terrane, Gangdese terrane and Himalayan 
terrane in Middle- Later Triassic, Late Jurassic and Early Cretaceous, Late Cretaceous 
respectively, resulting in collision-convergences with north-side terranes4. What’s more, the 201 
Ma extrusion event leaded to sharply rising in Eastern Kunlun mountain, coupled with widely 
magmatism and thickening of earth's crust, and sinistral slip took place in Kunbei fault. The 139-
109 Ma and 120- 100 Ma accord with the north part of Qinghai-Tibetan plateau and the periphery 
of Qaidam basin experienced uplifting-cooling events in Yanshanian. The age group of 67 Ma is 
also a remote response of Yarlung-Zangbo ocean closure and the collision between Indian plate 
and Eurasian plate. The zircon ages of 185 Ma, 164-163 Ma and the apatite ages of 54-47 Ma 
reflect post-orogenic stretching events in Early Jurassic, Late Jurassic and Eocene respectively. 
There are distribution of coal measure strata in early-middle Jurassic and existence of pyrite, 
which indicate at that time the tectonic environment is extensional, consisting with synchronous 
granite rock’s geochemical characteristic and relevant evidence of geophysical data. Two kinds 
of represented fern, i.e. Cyatheaceae and Dicksoniaceae during the Toarcian and Bathonian-
Callovian periods signify two higher temperature and aridity events occurred and leaded to 
climatic anomaly. 
 
Three stages of thermal evolution history are revealed by apatite fission track modeling using the 
AFTSolve in this region. First stage from 180 Ma to 140 Ma was in the bottom temperature of 
apatite fission track anneal zone and reflects Gangdese terrane northward subduction during late 
Jurassic to early cretaceous and the closure of Bangong-Nujiang oceanic. Second stage of 140-13 
Ma records slow cooling. The last stage since 13 Ma indicates rapid cooling with temperature 
dropped 55°C. Some experts pointed the major uplift period for Qinghai-Tibetan plateau is from 
13 Ma. 
 
The erosion ranges during the three stages are 1.0 km, 0.6 km and 1.6 km respectively and the 
erosion rates are 0.025 mm/a, 0.005 mm/a, 0.11 mm/a respectively. The cumulative amount of 
erosion is about 3.2 km. The rock uplift values for the three apatite samples are calculated 
according to formula U=D+ΔH+Δsl5 and are 6270 m, 6120 m, 5830 m respectively, averaging 
6070 m. Surface uplift is related to the rock uplift, that is U=Surface uplift+Erosion6. Thus the 
surface uplift extent are averaging 2870 m from Cretaceous in the research region. 
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A vertical transect of four samples (mainly diorite) for AFT analyses, were collected from the 
northern part of the Elashan range, northeastern Tibet to constrain its cooling history (Fig. 1). 
These samples are located within the hanging wall of the SSW-vergent North Qaidam thrust 
fault, spanning ~600 m of topographic relief down to the foot of the mountain. Apatite grains 
were extracted from rock samples following standard magnetic and heavy liquid density 
separations. Apatite ages were determined at the State Key Laboratory of Earthquake Dynamics, 
the Institute of Geology, China Earthquake Administration, using the external detector method1 
and a zeta calibration factor2 for Durango age (31.4 ± 0.5Ma) standard. Confined fission track-
lengths measurements were measured on an OLYMPUS microscope using a magnification of 
1000× under oil immersion objectives for apatite. 
 
The ages of the four samples decrease from 22.2 Ma to 18.6 Ma (Fig. 2) down the transect and 
this ensures that such ages can be interpreted in terms of exhumation3. The fission track lengths, 
on the other hand, are relatively long (≥13 µm) and all corresponding track length histograms 
show a single mode (Fig. 2). Collectively, these data suggest that these samples may have 
experienced rapid cooling. 
 
To try to obtain a more precise estimate on the onset of the rapid cooling, simple inverse Monte 
Carlo thermal modeling4 was run for the four samples with determined ages (Fig. 2), based on 
stratigraphic record in this region, fission track age and length distribution data. The best estimate 
from the simple model suggests that the onset of a rapid cooling from ~120 °C may be as early as 
25 Ma. 
 
Moreover, as an important part of basin-mountain coupling system, the basal age of basin 
sediments can be used to constrain the timing of surface uplift of adjoining mountains. 
Magnetostratigraphic studies suggest early Miocene initiation of sedimentation within the basins 
surrounding the Elashan range. As a subsequent response to rapid range uplift, the onset of 
sedimentation should more or less postdate the initiation of mountain growth. Hence, the onset 
age of mountain uplift should predate 22-21 Ma, which represents the oldest age of basal 
sediments as recorded within the Wulan basin and Gonghe basin (Fig. 1). Therefore, we prefer to 
consider the onset time of rapid uplift in relation to the widespread thrust motion be latest 
Oligocene. 



 
Figure 1. Regional shaded relief map of the northeast Tibet showing general structural feature 
and study area. The study area includes an AFT transect and two sections which are marked by 
two black square. 

 
Figure 2. Track-length distributions and temperature-time paths within the PAZ modeled with 
HeFTy3. Envelopes of good and acceptable paths in dark grey and light grey,respectively.Dashed 
lines indicate the PAZ boundaries. N and ML indicate the number of confined track and mean 
track length, respectively. 
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Slip along the Main Himalayan Thrust (MHT) accommodates ~20 mm/yr of Indo-Asian 
convergence across the Nepalese Himalaya. A mid-crustal ramp in the MHT is often implicated 
in driving uplift of the High Himalaya and supporting the steep topographic step between the 
lesser and higher Himalaya1. In west Nepal, however, this topographic rise is split across two less 
dramatic steps. The spatial pattern of these steps is mimicked by the pattern of elevated 
geomorphic (Fig.1) metrics and earthquake hypocenters, suggesting that the topographic 
discontinuity reflects an along-strike change in tectonic forcing away from that predicted by the 
standard model of active tectonics in the central Himalaya. This apparent complexity has 
important implications for earthquake hazard in west Nepal, for the Cenozoic history of the 
range, and for kinematic models of orogenic growth. 
 
Although multiple mechanisms may adequately explain the above geomorphic and seismic 
patterns, our preferred conceptual model holds that the MHT ramp in west Nepal has recently 
stepped southward to a position along strike with the ramp to the east and west2. This model is 
supported by the presence of low-relief landscape remnants at ~2700-3500 m ASL between the 
two steps. It predicts a recent acceleration of rock uplift for the block between the former and 
current positions of the MHT ramp, and a steadier, higher uplift rate in the block to the north. In 
order to test this prediction, bedrock samples were collected along several relief transects in west 
Nepal to be analyzed via U-Th/He dating of Apatite and Zircon. 
 
Three relief transects were collected: one north of the northern topographic step, expected to 
reflect cooling rates comparable to the High Himalaya in central Nepal and NW India; one in the 
center of the block between the topographic steps, expected to show cooling rates slower than the 
high Himalaya to the north; and one from near the southern topographic step, predicted to show 
slow- then-rapid cooling rates reflecting an increase in tectonic forcing due to southward 
migration of the MHT ramp in the Pliocene. The thermochronological analysis is in progress, and 
results are not available as of the abstract deadline. However, we fully expect a presentable 
dataset will be in hand in time for the conference. 
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Figure 1. Shaded relief map of Nepal showing earthquake hypocenters (black dots) from 1995- 
20003. Boxes show boundaries of swath profiles comparing the morphology of the Himalayan 
range front in central (middle) and west (bottom) Nepal. Note the two-step rise in topography in 
west Nepal and the parallel two-band seismicity. Relief transects were collected approximately 
along the orange lines.	  
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For a long time, cooling rates in mountain ranges have been estimated by using the altitude difference and 
the age difference between the sampling sites in a rock sequence, on the assumption that the upper part of 
the geologic body has undergone cooling earlier along with the uplift of the mountain range. Following 
this assumption, Quaternary rapid uplift and erosion at nearly 10 mm /yr of the Nanga Parbat region in the 
northwestern Himalaya was first reported using fission-track (FT) data1. Since then, thermochronologic 
investigations of the Himalaya mountain range as the world’s greatest continental relief have long been 
conducted based mainly on rocks from the Higher Himalaya range2-5. We report here fission-track data of 
metamorphic nappe covering 120 km from the Higher Himalaya to the Lesser Himalayan front in eastern 
Nepal. 
 
We divided the nappe in eastern Nepal into three zones and carried out thermochronologic investigation: 
1) root zone in the Everest area, 2) central zone in the Taplejung area and 3) frontal zone in Tribeni area. 
In the root zone, new FT data using zircon and apatite along the Everest-Dudh Koshi transect from the 
Main Central Thrust (MCT) zone up to the Qomolangma detachment showed that the inner part of the 
metamorphic sequence has gradually cooled down at 240 centigrade degree (closure temperature of zircon 
FT) by 3.0 Ma and 100 centigrade degree (closure temperature of apatite FT) by 1.0 Ma, whereas the 
topmost Yellow Band under the summit of Mt. Everest rapidly cooled down at 14.5 Ma6. It is noteworthy 
that FT ages from the lower part of ~10 km in thick showed similar ages of 4.7 to 3.0 Ma for zircon and 
1.5 to 0.8 Ma for apatite, respectively. A series of zircon and apatite FT age means that the inner part of 
the metamorphic rocks had kept high temperature around 240 centigrade degree for ~10 myr, and then 
cooled down below 100 centigrade degree after middle Pleistocene. Of course, the constant FT ages from 
different altitudes (or structural horizons) did not indicate a rapid cooling of this area because the age 
difference between zircon and apatite cannot be explained in that case. 
 
In the central zone, we have investigated the origin and tectonothermal history of the Kuncha nappe and 
overlying Higher Himalayan Crystalline (HHC) nappe in the Taplejung window in eastern Nepal Lesser 
Himalaya7. It was confirmed that FT ages of zircon and apatite of eight samples from different 
tectonostratigraphic horizons concentrate within a small range from 6.2 to 4.6 Ma and 2.9 to 2.1 Ma, 
respectively, although the total thickness of the sequence is more than 10 km. Altitudes of these sampling 
horizons are from the lowest 580 m to 1440 m. There was no tendency that the FT ages become younger 
from site at higher altitude to lower altitude. This means that the FT ages are controlled neither by the 
altitude nor by the structural distance from the MCT as shown in the root zone. Of the eight samples, 
however, the zircon FT ages of three granite bodies seem to become younger from south to north: 6.2 Ma 
from Amarpur granite, 5.2 Ma from Kabeli Khola granite, and 4.8 Ma from Tamor River granite from the 
south to the north. Similarly, apatite FT ages become younger toward north from 2.9 Ma, 2.3 Ma, to 2.1 
Ma. 
Preliminary zircon FT ages for the Tribeni Quartzite overlying the Kuncha schist and mylonitic granite in 
Dhankuta area8, which is located on the nappe front at 52 km to the south-west of Taplejung indicated that 
their zircon FT ages were 9.9 Ma, 10.1 Ma, respectively. The zircon FT ages of gneiss on the MCT were 



determined to be about 12 Ma. Furthermore, the FT age of zircon from garnetiferous gneiss from the base 
of the HHC at Dhankuta is dated as 11.4 Ma. These age data suggest that the frontal zone of both HHC 
and Kuncha nappe cooled to 240 centigrade degree by 12-10 Ma. It indicates that rocks of the nappe front 
cooled 7-5 myr earlier than the central part in the Taplejung area and that 9-7 myr earlier than the root 
zone. 
Above these FT data in three different zones in eastern Nepal evidently indicate that metamorphic nappe 
rapidly cooled down from the surface and frontal zone, and inner part gradually cooled down from the 
front to the root zone. In other word, both the Kuncha nappe and overlying HHC nappe seem to have 
cooled laterally. A difference between FT ages of gneiss on the MCT at the nappe front and its root is 
about 9 myr. If we calculate the northward lateral cooling rate of the nappe by dividing the 90-km distance 
between both sampling sites by the age difference of 9 myr, we get approximately 10 km/myr as the 
cooling rate. Our northward and lateral cooling model for Himalayan nappe (Figure 1) can also explain FT 
data from Jumla-Surkhet region, western Nepal Himalaya9. 

 
Figure 1. Conceptual cooling model of the Himalayan metamorphic nappe9. Isotherm lines are 
based on fission-track ages of zircon. Thick arrows indicate cooling directions. 
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Erosion and exhumation of upper crustal material in the Himalayas results from a combination of tectonic 
and surface processes1-3. Although recent studies have well defined the Miocene-Pliocene exhumation 
history and deformation kinematics along much of the Himalayan arc2,4-6, the exhumation history of the 
Sikkim Himalaya is unknown despite being intriguing. The Sikkim Himalaya (Figure 1) is located in a 
transition zone between two regions of the Himalaya with substantial structural and geomorphological 
differences, the Nepal Himalaya to the west7,8 and the Bhutan Himalaya to the east3,9. Late Miocene-
present deformation of the Sikkim Himalaya is driven by slip along the Himalayan basal décollement 
(Main Himalayan thrust; MHT) and duplex development in the Lesser Himalaya. In addition, coupling 
and feedbacks between duplexing and efficient fluvial erosion have exposed meta-sedimentary rocks of 
the Lesser Himalayan Sequence (LHS) in a large, double tectonic window10 from beneath the structurally 
overlying Greater Himalayan Sequence (GHS; Figure 1). The comparative contribution of the two 
processes is relatively poorly understood in general and in particular in the study area. 
 
This study adopts a multi-disciplinary approach coupling zircon (U-Th)/He (ZHe), and apatite fission-
track (AFT) thermochronology with 3D thermokinematic modelling, to define the Neogene- present 
deformation and exhumation history of the Sikkim Himalaya. 44 rock samples were collected along two 
N-S-trending profiles across the windows (Figure 1). 15 samples were processed for ZHe and 34 for AFT 
dating. Published AFT data (Figure 1), collected in the footwall of the South Tibetan Detachment Zone11 

(STDZ; Figure 1), were used to augment our dataset. The ZHe cooling ages range from 11.87 ± 0.49 Ma 
to 1.30 ± 0.07 Ma. Approximately 20-30 km north of the Main Boundary Thrust (MBT; Figure 1), ZHe 
cooling ages show a marked age decrease; south of this break cooling ages range from 12 to 6 Ma, and 
north of the break, within the double window and beyond, ages are younger than ~4 Ma. This break 
corresponds roughly to the southern exposure of the LHS units within the windows. Analysis of AFT 
samples is ongoing. 
The age dataset is inverted using the thermo-kinematic modelling software Pecube12 to define the Late 
Miocene-present deformation and exhumation kinematics of the Sikkim Himalaya. We combine our 
dataset with published AFT11, structural10 and geophysical data13 to define the model input parameters and 
their ranges. Rock exhumation results from rock uplift determined by the underlying fault kinematics and 
geometry, and surface erosion, which maintains modern steady- state topography. Late Miocene-present 
deformation of the Sikkim Himalaya is driven by slip along the Himalayan basal décollement (Main 
Himalayan thrust; MHT) and duplex development in the Lesser Himalaya. Duplexing is simulated by a 
zone of enhanced rock uplift focussed within the bounds of the double window. Free parameters in the 
inversions include: basal temperature, radiogenic heat production, convergence rate, the ratio of under-
thrusting to over-thrusting, the position of ramp and flat portions of the MHT as well as the location, 
timing and rate of duplex driven rock uplift. Our numerical models focus on defining the exhumation 
kinematics (fault geometry, slip rate) over the last 12 Ma that are most consistent with the observed age 
data for tectonic scenarios with and without upper-crustal duplexing. 
 
We find that duplex-driven rock uplift in the LHS is required to produce the young ages observed in the 
core of the double tectonic window in the Sikkim region. The tectonic scenario involving slip only on the 
basal décollement and no duplexing does not provide a satisfactory fit to the age data. Specifically, 
modelled cooling ages from samples in and around the tectonic windows tend to be too old while the 



samples north of the windows (≥70 km north of the MBT) tend to be too young. Additional uplift as a 
result of simulated duplexing in the model provides a much better fit to the age data, with many of the 
predicted cooling ages within the uncertainty of the observed ages. Combined, these results suggest that 
duplexing is a dominant process in the tectonic evolution of Sikkim during the late-Miocene. 
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Figure 1. Geologic Map of the Sikkim Himalaya. The Tista and Rangit windows are shown in the 
centre of the map, bounded by the Main Central Thrust and Ramgarh Thrust respectively. 
Samples dated by AFT are denoted in by red stars, samples dated using both ZHe and AFT are 
denoted by black stars. Green stars show previously published AFT data11. After Kellett et al., 
201311. 
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Proper sampling to constrain the evolution of fault geometries and kinematics, and quantify 
erosion rates in active orogens using in situ bedrock thermochronological data is often difficult, 
due to logistical and infrastructural challenges in high-elevation areas. Detrital thermochronology 
of modern river sands is an appealing alternative that has been used successfully in many 
instances, but typical assumptions that underlie the interpretation of detrital data, such as uniform 
catchment-wide erosion rates, can introduce bias in detrital data interpretation. Numerical tools 
able to predict detrital cooling ages subject to differential exhumation rates across individual 
catchments are now available (e.g. 1,2) to overcome some of these limitations. The aim of this 
paper is to quantitatively test whether the detrital thermochronometer record from modern river 
sands supports the tectonomorphic scenario extracted from in situ thermochronometer data along 
the Bhutanese range front3. In a second step, we use various topographic indices (e.g., channel 
steepness, relief, specific stream power) to test how topographic expression correlates with 
predicted exhumation patterns. 
 
Our study focuses on the Bhutanese Himalaya, where the spatial and temporal evolution of 
Neogene exhumation was recently constrained by inverting a large dataset of strategically located 
in situ multi-thermochronological ages using a modified version of the 3-D thermokinematic 
model Pecube3. We have collected 18 sand samples from the modern channels of the main rivers 
draining the Bhutan Himalaya and processed them for apatite and zircon fission-track 
thermochronology (AFT and ZFT, respectively), cosmogenic radionuclide dating (CRN) and 
sandstone petrography. Measured thermochronometer age distributions are first compared to 
predicted age distributions generated using the preferred fault kinematics and thermal parameters 
from Coutand et al.3

 
using the approach of Whipp et al.1. Preliminary results suggest the 

measured age distributions are statistically equal to ≥99% predicted age distributions from Monte 
Carlo sampling of predicted basin ages for 12 of 14 basins dated thus far. Predicted age 
distributions from the other 2 basins show a poor fit to the measured ages; <2% of the predicted 
age distributions are statistically equal to the measured ages. The source of the poor fit in these 
basins is currently unclear. 
 
It is important to note that our predicted detrital ages are from a thermokinematic model that is 
not coupled to a surface process or landscape-evolution model; as a consequence, the model 
topography does not evolve through time and exhumation is exclusively 
controlled by a combination of modern steady-state topography and the underlying fault 



kinematics/geometry (i.e., tectonic processes)3. To identify and quantify the contribution of 
surface processes to exhumation in each catchment, we compare the measured detrital 
thermochronologic ages and CRN records to a number of geomorphic indices including channel 
steepness, relief, and specific stream power 4. Ultimately, this research will help to understand 
how transient landscape evolution in active orogens affects erosion rates measured at different 
temporal and spatial scales. 
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Dominant dip-slip faulting along the Himalayan orogen changes to strike-slip tectonics in the 
vicinity of the eastern syntaxial zone1,2. The study area lies within this transition zone, to the 
southwest of the Namche Barwa antiform. Rapid exhumation and erosion in the syntaxial region2-

5 to the north and a disparately slow exhuming Siang window5 to the east has created a unique 
structural setting for this area. 
 

 
 
Figure 1. Location of the study area with respect to the (a) Himalayas, (b) Namche Barwa and 
the Siang Window; (c) is the geological map of the study area marking the sample locations. 
 
We report new apatite fission track (AFT) ages from the Greater Himalayan Sequence and the 
Lesser Himalayan Crystalline Sequence from north-eastern Arunachal Himalayas. Derived ages 
are reasonably young (<5 Ma) and compare well with similar studies in the central and eastern 
Himalayas6,7. Exceptionally young ages (<1 Ma) have been obtained close to fault zones of Main 
Central Thrust (MCT) indicating high exhumation rates presumably associated with climate 
induced rapid erosion7-9. 
 
A modified version of the finite element code Pecube10 was used to predict the ages for various 
scenarios in which the fault geometries were varied11,12. Both forward and inverse modeling 
approaches were used to constrain the geometry of the two major faults (MCT1 and MCT2) that 
branch out from the main crustal decollement, the Main Himalayan Thrust (MHT) whose 
geometries are virtually unknown. The best-fit models obtained require presence of an out- of-



sequence thrust along MCT1 and a shallow dipping MHT. Presence of a steep ramp (~18°) along 
MCT2 recreates the age distribution in the Higher Himalayas. 
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Major structures developed in south Tibet during the Miocene played an especially important role 
in shaping the giant Tibetan Plateau, whose formation was triggered by the Early Cenozoic India-
Asia collision1. In this work, we report a low-temperature thermochronology data set from the 
northern Tethyan Himalaya and Indus-Yarlung suture zone in the Zedang area, where structures 
are defined by two parallel thrusts (the Zhongba- Gyantse Thrust to the south and Great Counter 
Thrust to the north)2. Seventeen samples were collected from the hanging and foot walls of the 
two thrusts, to constrain their cooling and exhumation histories and further elucidate the post-
collisional evolution of the southern Tibetan Plateau. Thermal history modelling reveals a strong 
cooling episode since Middle Miocene with high peak onsets at ca.11-9 Ma and at ca. 6-5 Ma, 
and an Eocene-Oligocene cooling episode as well. Based on the temporal and spatial pattern, the 
Eocene-Oligocene fast cooling cooling can be directly linked to the activity of Zhongba-Gyantse 
thrust and the eminent cooling commencing at Middle Miocene was probably caused by the 
exhumation of the Yardoi dome3, slip of the Great Counter Thrust4 and Cona extension in the 
study area, respectively. These results imply that regionally different exhumation histories result 
from different periods of transpression and extension created by the ongoing convergence of the 
India and Asia plates. 
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The mode of Cenozoic deformation around and south of the Eastern Himalayan Syntaxis (EHS) 
during the Cenozoic is described among others by (I) southward lateral escape of at least two 
crustal blocks between the right-lateral, S-striking Gaoligong Shan shear zone (GSSZ), the NW-
trending, left-lateral Chong Shan shear zone (CSSZ), and the left-lateral Ailao-Shan shear zone 
(ASSZ) in Yunnan, or (II) southward lateral escape of a single crustal block bounded by the 
right-lateral Sagaing fault zone in Myanmar and the ASSZ. 
 
New structural and low-temperature thermochronologic data lead to a different model: the GSSZ 
and CSSZ form a folded, initially sub-horizontal detachment separating the brittle upper crust 
from the middle-lower crust represented by the Mogok igneous and metamorphic belt. The 
kinematics of flow along the detachment was mostly top-to-S. Folding of the detachment was 
mostly coeval with and locally followed top-to-S flow. In the brittle crust, ∼E-W shortening is 
expressed by a fold- thrust belt, and in the ductile crust by L>S tectonites. The deformation 
pattern is preliminary interpreted as reflecting gravitationally driven flow of upper crustal 
material from Tibet towards SE-Asia, reminiscent to what is observed by GPS geodesy today. 
 
New Mogok-belt granitoid U-Pb zircon data span the Early to Late Cretaceous (peaks at ∼125; 
115; 90; 65 Ma) and show, in contrast to the Gangdese-arc magmatism, a negative εHf signature; 
this ties the Mogok belt in Yunnan to the northern magmatic belt of the Lhasa block in southern 
Tibet. New Tertiary magmatic and metamorphic U-Pb zircon data yield 40-30 Ma, similar to 
magmatism observed across SE-Asia and the CSSZ monazites in undeformed leucogranitic dike 
ages1 that we interpret as pre-tectonic. Published and new 40Ar/39Ar data show that rapid cooling, 
which we relate to onset of high-strain deformation along the shear zones, started at 20-15 Ma2,3. 
Apatite and Zircon fission-track and (U-Th)/He thermochronology indicates that this movement 
lasted at least until 6-3 Ma. 
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The Changbai Mountains and the Dahinggan Mountains are the most important and northeast to 
north-northeast-trending orogens in Northeastern (NE) China, which are roughly parallel to each 
other (Fig. 1). The widely exposed Jurassic and Early Cretaceous granitoids in the Changbai 
Mountains and the Dahinggan Mountains suggest that the overlying rocks of these granitoids have 
largely been unroofed or denuded. The total exhumation since the Late Mesozoic is on kilometer 
scale. New and mostly published thermochronological data1,2 are compiled to reveal the similarity 
and difference of the exhumation mechanism and the exhumation processes between the Changbai 
Mountains and the Dahinggan Mountains since the Late Mesozoic.  
 

 
     Note: THM is the Taihangshan Mountains; YSC is the Yanshan Chain; and LHM is the 

Lesser Hinggan Mountains. 
 

Figure 1.Geotectonic sketch of Northeastern China. 
 



Three cooling stages from the Late Mesozoic to the Cenozoic have been identified in the studied 
region based on fission-track results and modeling. Also, the steady-state geothermal gradient can 
be 35 °C/km, inferred from the average geothermal gradient of 37 °C/km in the present-day, 
decreasing gradually outward to ~30 °C/km, all less than the paleogeothermal gradient in the 
Songliao Basin3. Thus, they have probably experienced an episodic cooling, and inferred 
exhumation in the Dahinggan Mountains and the Changbai Mountains since the Late Mesozoic. 
 
The exhumation processes of the Changbai Mountains can be depicted in the following three stages. 
The first rapid exhumation process and contemporary magmatic activities in the late Cretaceous, led 
by the subduction of the Farallon-Izanagi and Kula- Pacific ridges toward the NE Asian continental 
margin. The weak exhumation occurred during 80–15 Ma, possibly owing to the extensional 
process. The compression, mainly by the subduction of the Pacific Plate beneath the Eurasian Plate, 
led to the second rapid exhumation process during 15–0 Ma. 
 
The three-stage exhumation in the Dahinggan Mountains can be described below. The first rapid 
exhumation and contemporary magmatic activity during the Late Cretaceous were caused by the 
intracontinental orogeny associated with asthenospheric upwelling, as a result of the subduction of 
the Farallon-Izanagi and Kula- Pacific ridges toward the NE Asian continental margin. Subsequent 
slow exhumation during the Paleogene was the postorogenic uplift and denudation process, mainly 
caused by the post-subduction extension. The second rapid exhumation under the compression 
regime during the Neogene and Quaternary was predominantly controlled by the subduction of the 
Pacific plate beneath the Eurasia Plate. 

 
Obviously, the Late Mesozoic-Cenozoic exhumation of the Dahinggtan Mountains is markedly 
distinct from that of the Changbai Mountains in the east of Songliao Basin, mainly led by the 
subduction of the Pacific plate beneath the Eurasian Plate, and slightly different from that of the 
Lesser Hinggan Mountains in the northeast of Songliao Basin4, resulted from the Pacific plate 
subduction combined with intracontinental orogeny associated with asthenospheric upwelling. This 
implies the varied exhumation history of different regions in NE China together with neighbouring 
regions1–3,5,6.  
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During the late Mesozoic, widespread arc magmatism occurred along the margin of southeast 
China, now represented by the 1,300-km long and 400-km wide Southeast China Magmatic Belt 
(SCMB). A transition from active continental margin to a passive tectonic setting took place 
through multiple phases of crustal extension after the late Mesozoic1. The timing of the shutdown 
of magmatism and the post-magmatic evolution have never been well constrained. Hong Kong, 
located on the coastal margin of southeast China, represents a microcosm of the southern SCMB. 
The geology of Hong Kong is dominated by late-Mesozoic subduction-related silicic volcanic 
and sub-volcanic plutonic rocks, exposed today as a result of crustal uplift and erosion2. These 
suites are uncomformably overlain by continental sedimentary sequences of (?)Late Cretaceous 
age. Minor outcrops of Eocene sediments also occur. To investigate the post-volcanic events, we 
have employed low-temperature thermochronology on the Middle Jurassic to Early Cretaceous 
volcanic and plutonic suites of Hong Kong as well as the sedimentary sequences. 
 
The combined results from the Mesozoic igneous suites and the sediments show that both the 
zircon and apatite fission-track (ZFT and AFT) systems have been reset. All Mesozoic rock 
bodies, igneous or sedimentary, have ZFT ages younger than their igneous/depositional ages, all 
overlapping statistically between 75 and 89 Ma at 2s level. They all pass the χ2 test suggesting 
total removal of the initial signatures and indicating that the sequences have experienced post- 
emplacement/post-depositional heating to temperatures of possibly up to 250 °C. Inverse 
modelling of FT data3 from the igneous suites all yield comparable temperature-time paths, 
suggesting that they shared a similar thermal history and behaved as a package. We interpret the 
thermal effect to be a joint result of heating due to burial and an elevated geothermal gradient 
driven by intrusion- related hydrothermal activity associated with the ongoing Yanshanian 
magmatism in the region. This conclusion is supported by abundant petrological evidence for 
hydrothermal activity and some Ar-Ar age data in the same range for igneous rocks in Hong 
Kong and elsewhere in the SCMB. 
 
Double dating of the ZFT detrital grains in the overlying sedimentary sequences was undertaken 
using the LA-ICP-MS techniques to determine potential source/provenance areas and to constrain 
maximum depositional ages. The oldest stratigraphic unit contains the youngest detrital zircon 
component of ~120 Ma. There is no equivalent-aged rock exposed today in Hong Kong and we 
conclude that this unit has been eroded away, either from the local Hong Kong region or nearby 
mainland China. The unit was exposed at the time the sediments were being deposited and hence 
the sediments are younger than 120 Ma. Apart from the ~120 Ma population, the unit contains 
other age populations at ~142 Ma and ~162 Ma, which coincide identically with the major 



magmatic episodes identified and exposed today in Hong Kong4-6. The younger Cretaceous 
sediments contain no detrital zircons younger than ~143 Ma, reflecting slightly different detrital 
age components. In contrast, the Eocene unit, containing mixed rounded and euhedral detrital 
zircon grains yielded ZFT grain ages between 70 and 110 Ma, i.e. older than its stratigraphic age 
and in the same range as the reset ZFT ages of the Mesozoic rocks. This result implies that the 
ZFT system had not been reset in the Eocene sediments, which were partially sourced from the 
exhuming Mesozoic sequences. The detrital U-Pb age populations of ~152 Ma and 164 Ma plus 
some Palaeozoic to Palaeoproterozoic grains imply a more extensive provenance possibly 
including reworked detrital grains from Palaeozoic formations which outcrop presently in Hong 
Kong and neighbouring mainland China. 
 
Our results suggest that late-Mesozoic Yanshanian magmatism probably lasted longer than 
previously estimated - until at least 120-85 Ma in this part of southeast China. The cessation of 
magmatism probably induced the onset of continental arc collapse that caused the large-scale 
crustal extension in the region. The focus of this crustal extension is inferred to have shifted 
elsewhere in the region during the early Eocene, prior to the opening of South China Sea. By 
then, a passive continental margin had developed. 
 

Figure 1. Geological map of Hong Kong, sample locations and fission-track ages. 
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We compiled themochronological data along the Niigata-Kobe Tectonic Zone, a high-strain rate 
zone located in central Japan, and its vicinity areas to illustrate its vertical deformation over 
geological time scale. We discuss uplift/denudation histories in the five subareas below. (1) The 
Pacific coast region of the NE Japan: apatite fission-track (AFT) ages were reported at 100-82.4 
Ma in Mts. Kitakami and at 78.6-46.0 Ma in Mts. Abukuma for the middle-late Cretaceous 
granitoids1, indicating stable tectonic settings since the late Cretaceous. (2) The Japanese Sea 
coast region of the NE Japan: AFT ages of 4.7 Ma and 6.1 Ma were reported in the Mts. Iide 
(Sueoka, unpublished data) and Mt. Gozu1, respectively, for the late Cretaceous granitic rocks. 
These ages are interpreted as reflections of uplift/denudation of the mountains since the end of 
the Miocene or early Pliocene. (3) The northern Japanese Alps region: AFT ages of ~0 Ma, 
zircon fission-track (ZFT) ages of 85- 1.0 Ma, and biotite/hornblende K-Ar ages of 7.1-3.6 were 
obtained2-5. These young ages may reflect not only high-denudation rates caused by rapid 
uplifting of the range but also young formation ages of the bodies, taking the zircon U-Pb ages of 
251-0.67 Ma5 into account. (4) The Japanese Sea coast region of the western Chubu district: For 
the late Cretaceous Nohi rhyolite and Jurassic tonalitic masses in the Hida Plateau, younger AFT 
ages of 15.6-4.5 Ma were reported near the Japanese Sea coast, while older AFT ages of 51.5-
39.2 Ma were obtained in the sites inland1,6. Also, AFT ages of 33.8-13.7 Ma and ZFT ages of 
142.3-80.0 Ma were reported for the Jurassic Mino-Tanba accretionary complex in the Yanagase 
area7, implying differential uplift/denudation histories in this region. (5) The Japanese Sea coast 
region of the Kinki district: AFT age of 50.8 Ma and ZFT age of 71.6 Ma were obtained for the 
late Cretaceous Kojyaku granite in the Tsuruga Peninsula8. The old AFT age is attributable to 
slow denudation derived from peneplanation during the Tertiary. 
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The Woodlark Basin of eastern Papua New Guinea has formed due to seafloor spreading between the 
Australian plate and the Woodlark microplate1. Seafloor spreading there has been propagating westward 
since at least ~6 Ma into heterogeneous crust of the Woodlark Rift. The Woodlark Rise defines the 
northern margin and the Pocklington Rise the southern conjugate margin of the Woodlark Basin. Lying 
west of the active seafloor spreading rift tip are the metamorphic core complexes and gneiss domes of the 
D’Entrecasteaux Islands (DEI). Comprised of cores of amphibolite and eclogite-facies gneisses as well as 
Pleistocene granitoid intrusions the islands are flanked by mylonitic shear zone carapaces that are cut by 
younger (still active) normal faults2. The high-grade interiors of the domes are juxtaposed against an upper 
plate that includes ultramafic rocks and gabbro that are correlated with the Papuan ultramafic belt. The 
world’s youngest (U)HP rock is located in the DEI and has been exhumed from depths of ~90 km since ~8 
Ma3. Tomographic images of the mantle and the high geoid over the New Guinea region suggest other 
subducted continental material remains at mantle depths, a result of Cenozoic slab accumulation at the 
leading edge of the Australian plate. 
 
Thermochronology is being applied to understand the thermal and late-stage exhumation histories in the 
DEI and conjugate rift margins of the Woodlark Basin, and hence help constrain mechanisms of (U)HP 
exhumation. We present apatite and zircon fission track (AFT and ZFT), and apatite and zircon (U-Th)/He 
(ZHe and AHe) data from the conjugate margins and the gneiss domes of the DEI. AFT ages generally 
decrease from ~8 Ma at Misima Island in the east, to between ~1.5 and 0.5 Ma in the DEI. AHe minimum 
ages similarly decrease to the west, from ~6 Ma at Misima Island to between 2.0 and 0.3 Ma within the 
DEI. Ages are youngest on Goodenough Island, the western-most and highest-standing DEI. Within the 
general westward-younging trend there is some local variation indicating younger more-local events 
follow the dominant westward propagating rift control. ZHe ages from Normanby and Fergusson Islands 
range from 1.7 to 1.3 Ma. ZFT ages are all from Goodenough Island and range from 1.6 to 1 Ma. 
Higher temperature thermochronometers and exposure at the Earth’s surface provide boundary constraints 
within which to interpret this data. Care is needed when interpreting data and age trends due to young ages 
and low [U] resulting in few fission tracks (AFT). Measured radiogenic 4He is often near background 
levels thus AHe ages may not be accurate and there is significant single grain age variation. Single grain 
AHe age variation is relatively large with no apparent variation with [eU], therefore the RDAMM model 
is not applicable. Lithology can also play a role in the relative signal size of 4He in apatite. For example, 
higher [eU] from pegmatitic apatites give reliable ages whereas lower [eU] apatites from a muscovite 
granite yield unreliable ages. In the absence of a correlation of single grain ages with [eU] or grain size, 
we use the trends of minimum single grain AHe ages. Minimum AHe age trends are the same as the 
westward-younging pattern revealed by data from other thermochronologic methods. 
 
Confined track-length distributions (CTLD) were obtained for some samples using 252Cf implantation. 
CTLD’s generally indicate rapid cooling (means ≥~14 microns), except on Goodenough Island. There, 



core zone and upper elevation samples (>800 m) have AFT ages up to ~1.5 Ma with track length 
distributions (means 10-13 µm) indicative of residence within a PAZ, or reheating before final 
cooling/exhumation at ca. 0.75 Ma. Inverse thermal models do not constrain well the timing of initial 
cooling into the PAZ – there we rely on higher temperature data (e.g., ZFT). Carapace zone and lower 
elevation, including coastal samples, on Goodenough Island tend to be younger (<1 Ma) and where 
available, have longer mean lengths (~13 µm). Inverse models usually indicate a simple rapid cooling 
history for these samples, yet some inverse models also suggest some minor partial annealing is 
permissible for some. For all samples on Goodenough Island the final phase of rapid cooling, with or 
without partial annealing is <1 Ma, typically ≤0.75 Ma. 
 
Overall, the systematic westward-younging of thermochronologic ages can be correlated with westward 
propagation of rifting ahead of the seafloor spreading rift tip. As samples from the DEI lie on this trend, 
core complex and dome formation in the DEI are most likely also controlled by rifting. 
Thermochronologic data from Goodenough Island is being used to constrain thermokinematic models 
(PeCube) in order to test the relative roles of buoyancy and normal faulting associated with rifting during 
exhumation to form the eclogite-bearing domes4. 
 

 
Figure 1. (A) Regional geologic map of eastern Papua New Guinea after Baldwin et al. (2012)1. 
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The active Woodlark rift of southeastern Papua New Guinea has been propagating westwards 
since at least 6 Ma into a regionally extensive subduction complex formed within the Australian-
Pacific obliquely converging plate boundary zone1. At the westernmost part of this propagating 
rift lie the extensional gneiss domes of the D’Entrecasteaux Islands (DEI). Domes comprise 
amphibolite and eclogite-facies gneisses, coesite-bearing (U)HP rocks and Pleistocene granitoid 
intrusions indicating that rocks have been exhumed from depths of ca. 90 km since the onset of 
rifting1-3. Several (U)HP exhumation mechanisms have been proposed including diapiric rise of 
buoyant crust from mantle to crustal depths, assisted by propagating extension, with feedback 
between both mechanisms4-5. The possible interaction between different exhumation 
mechanisms, the role of inherited structures and successive thermal or partial thermal overprints 
on various minerals in different thermochronologic systems potentially make deciphering the 
thermal and exhumation history of these gneiss domes difficult. In order to understand the 
influence of such processes and the different mechanisms we use thermochronologic data from 
Goodenough Island, the western-most and highest standing island. Data from a number of 
different methods (apatite fission-track, including track lengths, apatite (UTh)/ He ages and 
40Ar/39Ar ages) are used to constrain 3D thermokinematic models (PeCube7-8) to explore 
different tectonic scenarios, the number, timing and rate of exhumation pulses, as well as the 
starting depth for these rocks. The main conclusions of our study are: (1) Integrated high and 
low-temperature thermochronologic data constrain T-t paths for Goodenough Island in a 
continuous temperature window between 600 and 60 °C. The models suggest rapid cooling (~8 
Ma initiation), deceleration (~4-2 Ma), followed by a rapid Pliocene cooling and exhumation. (2) 
3D thermo-kinematic forward and inverse modeling of thermochronology data allows more 
rigorous constraints to be placed on the onset of extensional exhumation in the Goodenough 
dome at ~8 Ma. Initiation of buoyancy-assisted exhumation of (U)HP rocks and as well as 
extension-assisted exhumation may be synchronous. These observations favor a model of 
extension driven by east to west rift-propagation into a regionally-extensive subduction complex. 
(3) Additionally, our results demonstrate that across the entire Goodenough dome, the contrasting 
exhumation patterns between shear and core zones show the presence of different phenomena 
such as: isothermal decompression, fluid flow, shear heating and episodic local volcanism whose 
convergence and preservation may depend on inherited structural elements. 
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We represent new zircon fission-track (ZFT), apatite fission-track (AFT) and apatite (U-Th-
Sm)/He (AHe) data of samples from the Mesozoic terranes of North Island, New Zealand. The 
data and interpretation contribute to resolve the timing and rates of vertical movement and 
exhumation associated with extensional break-up of New Zealand from Gondwana since the Late 
Jurassic, followed later by the initiation of subduction between the Australian and Pacific plates 
along the Hikurangi Margin in the Neogene. Samples were collected across the upper plate of the 
Hikurangi Margin in central North Island along a transect oriented normal to the subduction 
trench. The transect includes an uplifted forearc high in the east (the North Island Axial Ranges) 
and the extending back-arc region farther to the west (the Taupo Volcanic Zone, TVZ). In most 
of the greywacke-dominant basement, ZFT ages of 121-264 Ma are interpreted to be detrital or 
partially reset ages that indicate less than ~8 km of burial depth since sedimentation in the 
Jurassic. ZFT ages that are younger than the stratigraphic age and that indicate structurally deeper 
exhumation levels occur only in the western part of the central Axial Ranges, where the exposed 
terrane has experienced pumpellyite-actinolite facies metamorphism1. AFT ages are between 19.8 
and 122 Ma, and the AHe are between 10.3 and 95.3 Ma. All indicate thermal resetting during a 
history of post- depositional burial and low-grade metamorphism. Thermal history modelling2 of 
individual and stacked samples reveals that: (1) the accretionary terrane of the Jurassic 
subduction margin was exhumed to the near surface (0-2 km) at ~150 Ma (Fig. 1), followed by an 
episode of reheating until ~100 Ma (Fig. 1), which is interpreted as the result of burial by 
sedimentation during extensional deformation and thinning; (2) after break-up of the eastern 
margin of Gondwana in the latest Early Cretaceous3, the basement of central North Island was in 
a passive margin setting – this thermal tectonic quiescence remained throughout the Late 
Cretaceous and Palaeogene (Fig. 1); (3) in the forearc of the Neogene subduction margin, rapid 
cooling and exhumation started between 27-20 Ma in the eastern part of central North Island, 
while the back-arc region to the west of present TVZ, experienced subsidence from about 30 Ma, 
returning to cooling/exhumation conditions in the Pliocene; (4) the rapid exhumation in the 
forearc ranges slowed down at the end of the Miocene (Fig. 1) when local relief decreased and 
the erosion-resistant basement rocks became extensively exposed. 
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Figure 1. (a) The expected thermal history of the Ahimanawa Range, North Island, New Zealand. 
Models were simulated using AFT and AHe data of 8 samples on a vertical profile. Heavy lines 
show the uppermost and lowermost sample histories, and the dashed lines define the 95% 
credible intervals (top sample in short dash and bottom long). Boxes represent input constraints 
from low-grade metamorphic ages (175-155 Ma)1 and the age of Neogene cover sediments (15-5 
Ma). (b) The model predictions versus observations. The observed ages are shown as central 
ages for AFT (2σ errors) and uncorrected single-grain ages for AHe. The predicted track-length 
distributions (solid lines) are plotted with 95% credible intervals (dashed lines) in comparison 
with observed data (histograms). 
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Apatite and zircon fission-track (FT) ages have been extensively used throughout New Zealand’s 
South Island to constrain the Cenozoic vertical kinematics of the Pacific plate1. These studies 
show that displacement on the Alpine Fault largely controls rock uplift in the Southern Alps2. 
Based on previous data1 and later re-analysis3 a zone of young reset apatite ages consistently 
extends ~25 km southeast of the Alpine Fault (~10 km for zircons) in the northeast of the orogen. 
However, in the southwest of the orogen the width of this zone of fully reset ages increases to 
~60 km for apatite and ~25 km for zircon, implying recent exhumation has been dissipated over a 
wider area in the southwest of the orogen (Figure 1). 
 
Many other geological observations from the Southern Alps also show along-strike variation (e.g. 
a southwest increase in the width of the gravity anomaly and crustal thickness4). However, the 
significant increase in width of the high exhumation zone around the Southern Lakes, as implied 
by the previous thermochronology, is inconsistent with unroofing estimates from geological 
markers5 (e.g. schistosity and erosion surfaces) and requires further investigation. 
 

 
Figure 1. A) Location map of study area showing transects perpendicular to the Alpine Fault and 
active faults in central South Island. B) Zircon and apatite FT age transects1 in the central Alps. 
C) Zircon and apatite FT age transects for the Southern Lakes showing previously published 
ages1 and preliminary results from this study. 



Here we present new apatite and zircon fission-track ages for samples from the Haast schist 
around the Southern Lakes where this apparent recent exhumation zone is widest. Sampling has 
been designed to improve the resolution of the apatite partial annealing zone as well as include 
high altitude samples (>1500 m) and re-sample sites from previous studies1 for control purposes. 
We prepare samples using the external detector method6 and calculate central ages7 based on at 
least 20 individual grain ages per sample, usually many more. 
 
Preliminary results support an increased width of the zone of the youngest zircon ages (<10 Ma) 
at ~ 25 km in the southwest of the Southern Alps. On the other hand, the extremely low 238U 
concentration (<1 ppm) of apatite complicates an estimation of the width of the lower 
temperature high exhumation zone. For many samples, this low 238U content means the external 
detector method is no longer appropriate for calculating accurate apatite FT ages, as it forces 
artificially low ages when an insufficient surface area is counted (number of grains). We believe 
this may be the explanation for the large number of zero Ma apatite FT ages previously 
produced1 around the Southern Lakes that do not match geological observations. 
 
We propose therefore that the width of the high exhumation zone around the Southern Lakes, 
based on previously calculated apatite FT ages, has been over-estimated. We infer that the width 
of the plateau of fully reset apatite ages in the southwest of the orogen is most likely less than 30 
km, a value more consistent with geological estimates of unroofing5. We believe however, that 
the high exhumation zone in this area may be complicated by a significant overprint of glacial 
erosion superimposed on the background tectonic uplift pattern. 
 
Future work will include landscape evolution modeling using Pecube8 to examine the effect of 
this possible glacial overprint. LA-ICP-MS will be used to re-calculate accurate ages for low 238U 
apatites to more accurately define the apatite partial annealing zone. 
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An overview of thermochronological studies at Petrobras - research 
activities and upstream exploration in Brazil 
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Thermochronological studies at Petrobras S.A. comprise various applications and techniques 
(fission track, (U-Th)/He, 4He/3He, and 40Ar/39Ar) to accomplish a better understanding of 
source-to-sink connection. A large dataset with ca. 900 results have been obtained since the late 
80’s and is available to all the company’s geoscientists through reports and an extensive data 
bank. Most of these data are apatite fission track analysis from the onshore crystalline basement 
cropping out along the margin, and the remaining amount, not less important, come from both 
offshore and onshore basins. These studies have been carried out through service contracts with 
commercial laboratories, partnership with other oil companies, and collaboration projects with 
universities (Brazilian and foreigners). 
 
The Brazilian territory comprises Precambrian, Paleozoic, Cretaceous, and Cenozoic sedimentary 
basins. Its rifted margins were mostly formed during the Early Cretaceous Gondwana break-up 
and most of them record the rift-to-drift phases. Along the eastern coast, some of these basins are 
bordered by an elevated topography, as many other passive margins, has been interpreted as a 
rift-related feature. Nevertheless, stratigraphic, sedimentologic, and structural analysis in the 
offshore basins has indicated that the East Brazilian Rifted margin has remained tectonically 
active since continental break-up1-9. As a proxy, regional thermochronological studies (mostly 
AFT and (U- Th/He)) have indicated that most of the outcropping basement rocks underwent 
Late Cretaceous/Early Tertiary significant cooling, long after rifting. 
 
One of the most comprehensive thermochronological studies was carried out in the Borborema 
Province, northeastern Brazil7-9, where distinct thermochronometers were used to infer a 
complete thermochronological history of the different tectonic domains of this geological 
province, as well as to test whether the current topography is rift- related or younger9. 
 
The burial history and episodes of basin inversion have also been investigated with 
thermochronological data. AFT thermal histories models combined with vitrinite reflectance 
information also have been locally applied to analyze erosion episodes interpreted from well data, 
sonic logs and vitrinite reflectance profiles, integrated with basin modeling. 
 
More recently, numerical modeling of tectonic and erosional processes have been used to test 
different scenarios by comparing the topographic evolution, erosion rates estimates, and distinct 
patterns of thermal histories provided by the numerical models with the “observed” basin data 
(e.g., isopachs, sedimentation rates) and modeled thermal histories from thermochronological 
data. 
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Assessing economic resource potential in the northern Canadian 
Cordillera: deciphering gaps in the rock record from zircon (U-Th)/He 

thermochronology 
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Rocks, whether they originate as sediments laid in basins or granites formed at depth, usually 
undergo a unique evolution that involves heating and then cooling until they arrive where they are 
found today. Of particular importance is the final part of that path, where rocks cool below 250 °C 
as this is the temperature range in which many ore deposits form and hydrocarbons mature into oil 
and gas. Due to its high radiogenic concentration and refractory nature, the zircon (U-Th)/He 
thermochronometer is commonly used to assess the temperature-time history of sedimentary basins. 
In the case of sedimentary strata that have been cooled through the mineral’s closure temperature, 
the (U-Th)/He ages are useful in discerning the timing of deformation and exhumation. However, 
interpretation of these ages is complicated by the natural variation in helium diffusion between 
detrital grains, which creates a wide range of single crystal closure temperatures within a single 
rock, and consequently a large spread in cooling ages within a sample. The strong kinetic control 
that radiation damage in zircon has on helium diffusion suggest the intra-sample scatter in zircon 
cooling ages may reflect, not only cooling rate and grain size, but also multiple kinetic populations 
within a single sample. The siliciclastic Neoproterozoic strata of the Mackenzie Mountains, the 
northern-most extension of the Canadian Cordillera, are an appropriate field-based experiment to 
evaluate these relationships; the rocks possess a Neoarchean to Mesoproterozoic provenance and 
have experienced repeated episodes of burial and exhumation through the Phanerozoic. Adjacent to 
the Mackenzie Mountains, these units serve as the basement to a hydrocarbon-bearing sedimentary 
basin that is complicated by a regional Devonian-Cretaceous unconformity. Understanding the 
tectonothermal history of the Neoproterozoic strata may be the key to understanding the evolution 
of the basin. 
 
For this study, samples were collected at regular intervals along a strike-perpendicular 130 km 
traverse through the Mackenzie Mountain fold-thrust belt. Our study stratigraphically targeted the 
siliciclastic units within the Neoproterozoic Mackenzie Mountains Supergroup, and the younger 
Neoproterozoic Windermere Supergroup. To assess grain-age relationships, single grain (U-Th)/He 
analysis was performed on 12 zircon grains/sample of varying size and morphology using the 
facilites at the Jackson School of Geoscience, University of Texas at Austin. Effective uranium 
concentration (eU) was used as a proxy for zircon-specific radiation damage. Although our results 
show as many as 300 m.y. of age scatter within individual samples, we believe that these data can 
be explained by the variability in grain size and radiation damage in the detrital population. In all 
samples, grains with the highest eU concentrations yield the youngest ages, and grains with low eU 
values have older ages, potentially reflecting partial retention of relict thermal histories. Thermal 
modeling was used to quantify these relationships and their implications for regional tectonothermal 
history. 
 
A combination of forward and inverse models allows us to better understand >300 m.y. of basin 
growth and inversion. ZHe ages from our oldest stratigraphic samples suggest that these strata were 
buried below the ZHe closure temperature. Consequently, the thermal models show tightly 
constrained Paleocene-Eocene cooling histories, with cooling rates of 10 °C/m.y. initiating at 60 
Ma. Ages from our younger Neoproterozoic strata possess a significantly wider spread, indicating 
that the material likely resided in a ZHe partial retention zone. Thermal models of these samples 
monopolize on the relationship between this scatter and grain-specific variables to quantify the 
Phanerozoic temperature-time history. Specifically, our models suggest that the basin continued to 
undergo heating following the Devonian, reaching temperatures of 140-190 °C in Permian times. 



Regional cooling began in the Triassic, with renewed heating in the Cretaceous. Models from our 
dataset suggest that the onset of cooling and likely exhumation in the hinterlands of the Mackenzie 
Mountains is coincident with a Late Albian-Early Cenomanian erosional event modeled through 
borehole AFT data in the adjacent basin1. In the Mackenzie Mountains foreland, maximum 
Mesozoic temperatures (160-180 °C) occurred in the Campanian to Maastrichtian. 
 
Hundreds of kilometers to the west, 30 Paleozoic and Mesozoic granitoids from the Cordilleran 
hinterland, proximal to Klondike gold mineralization, yield robust and reliable ZHe ages that 
broadly mirror the thermal history recorded in our foreland dataset. This new ZHe dataset across the 
northern Canadian Cordillera demonstrate a strong coupling between hinterland and foreland Late 
Cretaceous-Paleocene tectonism. Despite missing 200 m.y. of the rock record, and >300 m.y. of age 
scatter in the single crystal ages, we are able to resolve a basin’s burial-inversion history that is 
consistent across the foreland. The ages also provide temporal resolution of important economic 
resource potential in northern Canada, and will be used to assist exploration efforts in the Arctic 
frontier. 
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The discovery of new hydrocarbon reservoirs is closely related to new concept development 
regarding sedimentary basin analyses and characterization of their petroleum systems. Becoming 
more often “unconventional”, oilfields are more difficult to spot due to their location in hidden 
traps, particularly in trust belt. 
 
In such complex area, it is of primary importance to decipher tectonic structures and thermal 
history. Low-temperature thermochronology (Fission tracks and (U- Th)/He on apatite: AFT and 
AHe) associated with measurement of vitrinite reflectance, allow constraining thermal history 
through time, including hydrocarbon production periods, exhumation and structural trap related 
to thrust systems1. Understanding these processes can significantly help hydrocarbon prospection. 
 
In this study, we focused on the Madre de Dios Sub Andean zone (SAZ) in Peruvian Andes. 
Timing of deformation in this region of central Andes, as well as the Cenozoic 
paleoenvironemental and paleogeographical history of associated foreland basins in the SAZ, are 
still matter of intense debate. Most of the recent studies suggest that the SAZ experienced high 
subsidence and sedimentation rates during Oligocene-early Miocene times, prior to shortening 
resulting from thrust system development1-3. However, in southern Peru (13-15° S) the timing of 
Andean shortening transfer into the SAZ still needs to be addressed. 
 
New low-temperature thermochronometric results, associated with balanced cross sections based 
on interpreted seismic profiles and subsurface data reveal differences in exhumation ages from 
the north to the south of Madre de Dios SAZ and the adjacent Eastern Cordillera. 
 
In the northern part of the studied area, AFT data from Devonian formation give an age of 23.3 ± 
6.4 Ma4 while for Carboniferous terrains we obtained an age of 25.8 ± 2.5 Ma in the lower part of 
the formation while the upper level display an age of 90.4 ± 15.5 Ma. This variation in the same 
Carboniferous unit seems to indicate the transition from structural depths corresponding to full 
thermal resetting of the AFT system before Cenozoic exhumation to the exhumed partial 
annealing zone. These results also show that the thrusting related exhumation onset occurred 
prior to ~25-30 Ma. 
 



In the southern part of the studied area, AFT from Eastern Cordillera display ages around 3 Ma. 
In the adjacent Subandean zone, three formations of Cretaceous and Paleogene ages have been 
sampled above the duplex and in the eastern flank of Punquiri syncline. All AFT ages are 
between 2.6 and 5.5 Ma. According to age uncertainties, we can estimate that the exhumation in 
southern Madre de Dios (in Eastern cordillera and SAZ) occurred before ~4 Ma. In both part of 
the SAZ, growth strata identified in 2D seismic lines and dated by biostratigraphy are associated 
with these two periods of erosion suggesting that the erosion recorded by thermochronometers is 
related to SAZ thrust motion. 
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Energy security and energy access in remote communities is a priority for the state of Alaska. 
Consistent with an emphasis on local renewable resource development to support community-
based energy needs, geothermal resources are under renewed consideration as a potential energy 
source. One of the fundamentals of evaluating a geothermal resource is understanding both the 
tectonic regime and spatio-temporal evolution of the thermal anomaly. This project served as a 
pilot study to a) use thermochronology modeling to constrain the tectonic regime responsible for 
the Pilgrim Hot Springs thermal anomaly of the Seward Peninsula and b) integrate geological 
time scale thermal modeling with remote sensing imagery, cation geothermometry, and modern 
temperature drill logs to investigate the thermal anomaly’s evolution. 
 
Pilgrim Hot Springs was selected as the subject of this analysis because it is undergoing serious 
evaluation for development of a 2 MW geothermal power plant to serve the nearby population of 
Nome. This site is located ~5 km north of the Kigluiak Range Front Fault, a normal fault with 
geomorphological evidence of Quaternary slip. Rock and sediment samples were collected from 
regional surface gneiss and granitic bedrock outcrops, mica-schist, felsic and mafic dikes, and 
indurated muscovite-rich sediment cores that were obtained from coring of the modern 
expression of the thermal anomaly (i.e. the hot springs site). These samples were analyzed using 
multiple thermochronology methods with a range of closure temperatures from ~400 ̊C to ~ 70 ̊C. 
 
Preliminary 40Ar/39Ar analysis of chlorite on a felsic dike sampled during coring of the modern 
expression of the thermal anomaly produced an age (~82 Ma) similar to a known regional 
magmatic event (~85 Ma). Apatite fission track ages from both bedrock and detrital samples 
(indurated sediments) from the Pilgrim Hot Springs thermal anomaly region were all 
approximately ~65 Ma. HeFTy thermal modeling of these samples indicate that the samples 
cooled very quickly to below ~20 ̊C. This ~65 Ma timing coincides with the timing of the final 
docking of the Wrangellia Terrane and the initiation of major strike-slip fault movement on the 
Denali Fault System. Further work is planned to better understand the tectonic significance of this 
~65 Ma rock cooling event of the Seward Peninsula. Additionally, HeFTy thermal models of 
apatite fission track data from bedrock and sediment core samples collected in the immediate 
vicinity of the present day thermal springs demonstrate evidence of subsequent reheating in the 
last 0.1 Ma. 
 
(U-Th)/He single grain apatite ages from both bedrock and detrital samples (indurated sediments) 
from the Pilgrim Hot Springs thermal anomaly region ranged from ~62 Ma to ~0.5 Ma. The 
youngest (U-Th)/He single grain age was produced from a sediment core sample apatite collected 
at the modern expression of the thermal anomaly. The He dates are therefore recording a younger 
thermal history than the corresponding fission track dates, but fission track length shortening to a 



lesser degree also reflects this young thermal event. The data are qualitatively consistent with 
more recent thermal events with temperatures sufficient to primarily affect the He data. Thermal 
modeling of multiple data sets from the same sample will allow for exploration of possible 
thermal histories consistent with the data and provide insight into the behavior of these systems 
during short duration reheating events. Overall the combination of a full range of 
thermochronometers allowed for a more complete reconstruction of the Pilgrim Hot Springs 
region tectono-thermal history. 
 
The maximum well log temperature measured at Pilgrim Hot springs to date (summer 2013) was 
91 !C. Na-K-Ca geothermometry predict subsurface temperatures of 145 !C1. Combined HeFTy 
thermal modeling indicated the Pilgrim thermal anomaly is young (< 10,000 years) and the hot 
springs region cored has likely reached a temperature of ~150 !C in the recent past (<1,000 years). 
This is consistent with the range of temperatures estimated using a variety of common 
geothermometers. 
 
We infer based on the overall thermochronology data set that the thermal anomaly at Pilgrim Hot 
Springs is related to the youthful extensional setting of the Kigluiak Range Front Fault and is not 
thermally equilibrated. It is quite likely that the hottest thermal fluids have not been accessed to 
date. We suggest that stressing the resource by artificially increasing the total discharge from the 
system through pumping could draw up hotter fluids which could improve the efficiency of a 
hypothetical power plant. 
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The age and rate of exhumation of the British Mountains is tied to the timing of deformation in 
the Beaufort Sea, an active site for hydrocarbon exploration. This region contains a large portion 
of North America’s oil and gas reserves. The British Mountains, the eastern extent of the Brooks 
Range in Alaska, include Paleogene structures that are the onshore portion of the Beaufort fold 
belt. In the Beaufort Sea, deformation is dominated by thin-skinned folding and thrusting of 
Paleocene to Oligocene sediments4 that is sourced from the British Mountains. Onshore, 
Paleogene deformation overprints multiple older structural events. The low temperature time 
history of the onshore Paleogene structures will be determined through U-Th/He dating of 
apatites (AHe). The results will contribute to better understanding of the timing of the maturation 
and migration of hydrocarbons in the Beaufort Sea. Previous work on the thermal history of 
northern Yukon and the North Slope of Alaska1-3 provides a regional framework for the region’s 
low temperature-time history. These regional studies of the northern Yukon and Alaska yielded 
Paleocene to early Eocene apatite fission track (AFT) cooling ages that progressively young to 
the north, consistent with geological evidence for northward propagating deformation1. The 
British Mountains consist of Neoproterozoic to early Paleozoic marine sediments that are 
intruded by scattered Devonian plutons; both rock types will be included in the study 
. 
This study aims to improve the understanding of the Paleogene tectonic activity of the British 
Mountains and the deformation history of the Beaufort fold belt. AHe will be used to better 
constrain the exhumation and deformation rates at low temperatures (~60-90°C closure 
temperatures). A sampled transect through the British mountains, along the Firth River valley 
(Figure 1) will provide better resolution on the rates of the deformation. The results will be used 
to relate the onshore time-temperature history with the development of offshore structures. This 
study is part of the TAFFEE project in the Arctic Canadian Cordillera. 



 
 
Figure 1. AHe samples (green) in the British and Barn Mountains. Base map modified from Lane 
and Dietrich 1995. 
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In mountain belts, exhumation of bedrock results from interactions between rock uplift, erosion 
and climate1,2. In metallogenic contexts as the Andean mountains, Cu-supergene enrichment 
(consequently economic viability of Cu-ore deposits) results from oxidation of porphyry- Cu 
deposits during surface exhumation3 and eventually deposition of an exotic deposit by lateral 
copper transport. 
 
The rate and mode of landscape development processes exerts a first order control on the 
supergene Cu-enrichment. The conditions for efficient copper enrichment within the mineralized 
porphyry depend on the balance between supergene leaching of Cu and erosion of the oxidized 
portions of the porphyry. Understanding the role and importance of sediment distribution relative 
to uplift and climate variation is fundamental and only few studies have addressed this question4. 
 

 
 
Figure 1. Schematic representation of processes and factors involved in supergene enrichment of 
Cu- porphyry Cu systems during pediment evolution (after 1, COPEDIM project) 
 
In the Atacama Desert, pediment systems (a low slope erosive structure developed on bedrock; 
Cooke, 1970) are evolving by erosion since at least the last 30 Ma5,6. Previous field observations 
suggest that the most important part of the exhumation took place before Oligocene while actual 



pediments seem to be the result of a slow million-year scale evolution. 
 
This area is particularly interesting because it offers the opportunity to combine different fields of 
study to constrain the evolution of this system since the offset of erosion. First, denudation will 
be quantified using low temperature thermochronology (fission track and (U-Th)/He on apatite) 
applied on porphyries located along the pediment system (~20 samples, the youngest dated at 
about 42Ma). In a second time, erosion and burial rates related to the denudation onset will be 
measured using a combination of in-situ produced cosmogenic nuclides such as 10Be, 26Al and 
21Ne7. 
 
This study should shed new light on long-term evolution of the geomorphologic conditions 
required for supergene and exotic copper deposits. 
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40Ar/39Ar dating of secondary minerals in the originally mafic to ultramafic volcano-sedimentary 
sequences of the Archean Murchison greenstone belt (MGB) in South Africa reveals new insights 
into its geological evolution and the timing of ore mineralisation. Sb-Au ores are concentrated 
along the Antimony line in the central part of the Murchison schists which show U-Pb zircon 
ages of 3.07-2.97 Ga1. Today, they have a subvertical orientation and primary features were 
overprinted by a pervasive ENE-trending foliation, obtained under greenschist facies conditions 
during the collision of Kaapvaal craton and Pietersburg block. Syn- and post-collisional 
intrusions as well as subsequent alteration processes repeatedly initiated hydrothermal fluid 
circulations which were, amongst others, accompanied by foliation-parallel growth of mica, 
mainly fuchsite, a Cr-rich muscovite, and, more scarce, biotite. Hydrothermal fluids were also 
responsible for mobilisation, concentration, and structurally-controlled precipitation of various 
sulphides leading to the Sb-Au deposits along the Antimony line2. Deformation along the 
Antimony line (contractional and/or shear movements) affected both, mica and ore 
mineralisation, so that dating of the mica reveals information about the timing of ore 
mineralisation. 
 
We analysed fuchsite samples from ore mines, quarries, and natural outcrops along the trend of 
the Antimony line covering a vertical extent of c. 1000m. Additionally, several biotite separates 
were investigated, if possible taken from localities close to the fuchsite occurrences. Minerals 
were liberated using electrical fragmentation, so that original grain sizes are preserved3. For some 
samples, different grain sizes were analysed to test whether small grains are younger compared to 
potentially longer-grown large grains. Analyses were done at the Argon Lab Freiberg (ALF)4. 
All 40Ar/39Ar fuchsite ages are in the range 2000-2040 Ma; in cases where different grain sizes 
were analysed, no significant variations are found. Biotite samples are consistently older, ranging 
from 2077 to 2133 Ma. An undeformed granitic dyke revealed a biotite age of 2050 Ma. All these 
ages are several hundred Ma younger than the currently known U-Pb zircon ages of the granitoids 
intruding and neighboring the MGB (2670-3330 Ma5). 
 
Several interpretations are under discussion: (a) The fuchsite ages reflect cooling instead of 
crystallisation. This conflicts with the biotite ages, which are older than the fuchsite ages. Due to 
the fact that the closure temperature of fuchsite/ muscovite is higher than the one for biotite 
(350°C vs. 300°C6), the biotite age should be younger in the case of cooling ages. (b) There are 
younger intrusions at depth. This interpretation is supported by the 2050 Ma biotite age of an 
undeformed granitic dyke. (c) The growth of fuchsite is related to other, non-intrusive processes. 
Deformation and alteration of igneous bodies (now altered to albitites) might have mobilised the 
elements necessary for mica growth in the surrounding schists. In most cases, albitites are 
accompanied by fuchsite-rich schists, but not for all fuchsite-rich schists the neighborhood of an 
altered igneous body could be proven. 
 
Despite of these open questions, our 40Ar/39Ar fuchsite ages show that hydrothermal processes 



had been active for a much longer time than previously assumed. The undeformed granitic dyke 
with the 2050 Ma biotite age post-dates the first deformation event (D1) responsible for the 
pervasive ENE-trending foliation. However, it pre-dates the event which induced the fuchsite 
mineralisation (2000-2040 Ma) and which probably is related to the second deformation (D2), 
characterised by a sinistral reactivation of the D1-foliation. D2 is restricted to localised zones and 
shows a transition from ductile to brittle. Ore mineralisation is partly also related to brittle 
structures (tension gashes, normal faults), which consequently must be younger or at the same 
age as the 2000-2040 Ma fuchsite mineralisation event. 
 
Acknowledgement: This study was financed by the Federal Institute for Geosciences and Natural 
Resources (BGR, Bundesanstalt für Geowissenschaften und Rohstoffe) in Hannover, Germany. 
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Radiation-damage and cooling ages of  
Precambrian detrital zircon  

John I. Garver 
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Zircon (ZrSiO4) is a common accessory mineral in siliciclastic sedimentary rocks and because it can 
be dated by several radiometric techniques it is widely used in provenance studies.   These studies 
are aimed at understanding the age, thermal history, and composition of the source rocks that 
supplied sediment to the basin.  Crystallization ages (U/Pb) can provide critical information about 
the range of ages of rocks units in an orogenic belt, but the signal can get complicated when there is 
a significant fraction recycled zircon from sedimentary or metasedimentary rocks.  Cooling ages of 
detrital zircon (ZFT and ZHe) provide information about the integrated cooling history of the source 
terrain, which in most cases is directly related to tectonic processes that drove source rock 
exhumation and subsequent accumulation in flanking sedimentary basins.  In the last decade or so, 
we’ve see that the analyses of detrital suites of zircon has become more or less routine (U/Pb, ZFT, 
and ZHe).  Very old zircon grains, and zircon with significant radiation damage provide analytical 
challenges, but they also present us with important opportunities that we can use to refine our 
understanding of zircon provenance.  
 
Most radiation damage in zircon accumulates from alpha-recoil primarily from the decay of 238U.  
The accumulated damage results in many changes in a zircon including the progressive loss of 
crystallinity (disorder), the activation of color centers in the pink series, reduction in density, and 
susceptibility to chemical dissolution.  For a zircon with 300-400 ppm uranium and a U:Th of 2, 
significant change in color and crystallinity typically occurs over  100 to 1000 Myr. When strata 
have been heated after deposition, the differential annealing of fission tracks in zircon is governed 
by radiation damage and composition, and this annealing occurs in rocks of prehnite-pumpellyite 
grade, or higher. Annealing of wide-spectrum radiation damage requires higher temperatures, and 
occurs over a much broader range of temperatures, and in typical geological setting it requires 
greenschist facies or higher.  Here we present three cases where we can evaluate old, high-damage 
zircon in sedimentary basins. 
 
1. Detrital zircon with Precambrian fission track ages.  In some suites of detrital zircon, some 
grains have considerable radiation damage, but also very old fission-track ages.  In these cases, 
fission-track ages can only be determined with great difficulty, and data sets tend to rely on 
relatively low-uranium grains because other grains are too damaged for analysis.  High Density 
Fission Track (HDFT) dating can provide unique insight into exhumation and cooling in 
Precambrian settings provided the strata have not been significantly heated since deposition1. 
Stratigraphic units are from the Powder River Basin record Laramide tectonism and unroofing of 
the Precambrian-cored Big Horn Mountains in Wyoming. Analysis of these detrital suites is 
difficult because they retain such a wide range of cooling ages, and many of the cooling ages are 
Precambrian. U/Pb ages of detrital zircon from the Eocene Wasatch Formation are almost 
exclusively Precambrian (93%) with most at ~1800 Ma3. HDFT dating of zircon in the Eocene 
Wasatch Formation show that the majority of grains (80%) having cooling ages of ~950 Ma, but 
with wide a range and a few grains with Paleoproterozoic cooling ages.  The HDFT cooling ages in 
stratigraphically lower Cambrian Flathead are also almost exclusively Neoproterozoic (c. 790 Ma).  
For both the Flathead and the Wasatch formations, two populations show dramatic discordance in 
the U/Pb system with lower intercept of 0 ± 35 Ma, and we conclude that discordance of high-
damage grains has occurred since deposition.  The Wasatch Formation is unique because it has an 
abundance of Paleoproterozoic and Archean grains with cooling ages that are mainly 
Neoproterozoic, but most are undatable because the FT density is too high. Collectively these grains 
have extremely high radiation damage, which dramatically affects the internal isotopic systems and 
resistance to in situ weathering and alteration. 



 
2. Annealing of damaged-induced color in detrital zircon.   In typical detrital zircon a significant 
fraction have an internal geochemistry amenable to the accumulation of radiation-damage-induced 
color in the pink series2.  The pink color accumulates in intensity with time as a function of 
increasing disorder and activation of color centers.  Field settings and laboratory studies show that 
annealing occurs at temperatures of about 350-400°C, and this has been well documented in the 
exhumed crustal section of the Mesozoic Torlesse terrane in the Southern Alps of New Zealand.   In 
this unique setting, graywackes of the Torlesse show a spectrum of metamorphic grade due to 
differential exhumation. Rocks of prehnite–pumpellyite-grade (and lower) greywacke show no 
color-annealing and are dominated by pink, radiation-damaged grains (up to 60%).   All color 
appears to be annealed in a rocks originally with temperatures of 350-400°C or higher, and in this 
case greenschist to amphibolite facies of the Alpine Schist.  Annealing of this damage-induced 
color corresponds to an effect of radiation damage, but the amount of radiation-damage annealing 
(reordering of the crystalline structure) in this zone is not well known.  In suites of detrital zircon 
with old grains, the absence of color in the pink series may indicate a source with old zircon, but 
relatively young high-temperature thermal history. 
 
3. Radiation damage ages of Precambrian Detrital zircon.    The progressive accumulation of 
the full spectrum of radiation damage in zircon can be used to understand the high-temperature 
thermal history of a zircon grain, and this information can complement U/Pb and ZFT dating.  The 
most widely used proxy for measuring disorder in zircon relies on using µ-Raman spectroscopy, 
which is routine for single grains5.  Part of the basement of the volcano-plutonic source terrain that 
supplied clastic sediment to the flysch of the Chugach-Prince William terrane (CPW) in Alaska 
delivered a small but significant fraction of Precambrian zircon.  Using a combined approach of 
U/Pb dating, Fission-track, and µ-Raman analysis, we discovered4 the source rocks for the 
Precambrian grains have two distinct high-temperature thermal histories: (1) western units of the 
CPW have a wide range of grain ages characteristic of a northern Laurentian source, and these 
grains have considerable disorder and have likely accumulated radiation damage for 500 to 1000 
Myr;  (2) zircon from the eastern units of the CPW are similar to southwestern Laurentia, but they 
have very little disorder and have likely only accumulated significant radiation damage since the 
late Mesozoic (c. 100 Ma).  Thus the low levels of disorder as revealed from µ-Raman analysis of 
this latter suite of detrital Precambrian zircon indicate derivation from an exhumed metamorphic 
source where the accumulated radiation damage was reset (annealed) in the Cretaceous.  Our 
laboratory experiments and empirical data from samples in thermal aureoles of plutons indicate: 1) 
that amphibolite grade metamorphism is required to fully anneal disorder caused by radiation 
damage; 2) the full spectrum of radiation damage is progressively annealed at temperatures well 
above that required for the annealing of fission tracks (and helium loss). 
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 The utility of detrital fission track measurements is contingent on both (i) our ability to invert for meaningful 
closure age distribution and (ii) the methods we use to interpret resulting age distribution in terms of geological history. 
These problems are particularly acute in young detrital samples, such as those from the Alps, where the best fit age 
distribution is commonly modeled as a parsimonious set of discrete closure ages which produces overlapping 
distributions of grain ages. Where there is significant overlap in the grain age distributions we should expect a degree 
on non-uniqueness in the inversion and interpretation process – but how significant is this problem? 
 
 In this presentation we use computational sampling to explore potential pitfalls in the inversion process. By 
using a range of synthetic grain data generated from known closure age distributions we systematically explore the roles 
of uncertainty and consequent bias. Further, we present a new MCMC modeling framework for testing more general 
age distributions. Lessons learned from this analysis will be motivated using Alpine samples. 
 
 This analysis has resulted in me recoding BINOMFIT into R to make it easier to bootstrap uncertainties and 
link with OpenBUGS1, an open source Bayesian sampler; for the MCMC analysis. All code is freely available for 
research purposes.  
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Using detrital thermochronology to quantify glacial catchment 
denudation and sediment mixing 

Eva Enkelmann1, Todd A. Ehlers2, Sarah Falkowski2, 
1 University of Cincinnati, OH, USA 
2 Universität Tübingen, Germany 

 

The fission track (FT) and (U-Th)/He dating methods have been applied successfully on 
bedrock samples as well as detrital material to quantify rock exhumation in orogens. Bedrock dating 
has the advantage to record the cooling of rocks at a specific location in the orogen. Additionally, it 
allows the application of several thermochronometric systems on the same sample, providing an 
entire cooling history over a large temperature range for a specific rock sample. However, in some 
areas it is difficult or impossible to access bedrock due to coverage by soil, vegetation, or ice, or 
due to extreme remoteness or political reasons. The analysis of detrital material yields integrated 
cooling signals of entire catchments and can possibly provide access to conventionally unreachable 
locations such as ice-filled valleys.  

In this study we investigate how well the detrital thermochronometric record of glacial detritus 
represents erosion of the entire catchment. We present thermochronometric data from two locations; 
(1) detrital apatite FT and (U-Th)/He ages from the Tiedemann Glacier covering the eastern flanks 
of Mt. Waddington (BC, Canada), and (2) the detrital zircon FT and (U-Th)/He ages from sand and 
cobble-size material, respectively, of the Seward-Malaspina Glacier (southeast Alaska). 

The Tiedemann Glacier catchment is entirely composed of one batholith and is not affected by 
faulting. Thus this area is a perfect natural laboratory to study the use of detrital thermochronology 
to quantify catchment-wide rock exhumation by excluding any bias due to variability in apatite 
content in the underlying bedrock or structurally related variations in rock exhumation. We 
analyzed detrital apatites from sand-size material collected from various locations on the glacier 
terminus. The samples where collected along a profile crossing the debris covered glacier terminus 
and two ice-cored terminal moraines, from 1600 A.D. and 2900 B.C., and from modern deposits of 
the pro-glacial river. We compare the grain-age distributions of the individual samples to 
understand sediment mixing and identify sampling strategies that result in a well-mixed sample 
representing material from the entire catchment. The detrital apatite FT and (U-Th)/He ages are 
compared with bedrock ages from the Tiedemann Glacier catchment. We show that detrital apatite 
thermochronology is a viable and powerful tool to obtain a robust cooling age distribution of a 
catchment that can elucidate age populations originating from those parts of the catchment that are 
covered by ice and therefore remain undetected by bedrock studies. We also show that sampling the 
ice-cored terminal moraines is an alternative sampling approach to the often sampled pro-glacial 
river sediments to obtain cooling age distributions representative of erosion in the entire catchment 
including sub-glacially eroded material.  

These findings are in agreement with the result of our second study area. The ~5000 km2 large 
catchment area of the Seward-Malaspina Glacier is composed of a variety of lithologies and 
different terranes comprising rocks with various concentrations of zircon and apatite. However, due 
to the thick ice cover of the region, bedrock dating is limited to the ice-free mountain ridges that 
surround the high-elevated Seward Ice field. Due to the fact that the large Malaspina Glacier lobe 
extends into the Pacific Ocean, sampling of glacial detritus is only possible on top of the debris-
covered glacier terminus. We present detrital zircon FT data from sand-size material that reveals 



cooling ages1 that are much younger than any bedrock dated in the region2–4. Similar results have 
been found in the zircon FT age populations in neighboring glacial catchments resulting in the 
discovery of a region of high exhumation rates centered at the orogenic syntaxis1,5. Zircon FT ages 
are combined with U-Pb dating on the same grains, providing sediment provenance1. Another 
detrital sampling approach uses cobble-size material (30–80 cm large) from the debris covered 
Malaspina Glacier lobe allowing the use of multiple thermochronometric methods on individual 
samples and combine it with lithologic information6. The use of double-dating techniques or the 
combination of multiple methods and lithology allows identifying the provenance of the cooling 
signal within the catchment.  

Both studies show that detrital thermochronology is a powerful tool to reveal cooling age 
signals undetected in high-elevation bedrock samples of glacial catchments. The results also show 
that the sediments are mixed and even cobble-size material originating from glacier beds is 
transported to the top of debris-covered glacier terminus allowing access to this material. 
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In the last decade, significant interest has emerged to better understand the links between the 
foreland basin evolution and the erosion history of the Alps. For this, the European Alps are 
indeed a well-suited study region since the hinterland and the Swiss Molasse basin erosion 
rates and timing were extensively studied using basin analysis, and low-temperature 
thermochronology 1-4,5,6. However, the driving mechanisms for the post-Miocene erosion of 
the Swiss Molasse basin remains controversial, and several papers discuss whether global 
climatic changes1 or local variations of base level7,8,9 have controlled the erosion of the basin. 

With this study, we add quantitative constraints on the late-stage history of the basin by 
presenting new AFT and AHe dataset (respectively 16 and 19 samples) from two boreholes 
located ~30 km apart from each other, one located close to the center (Sonnengarten, depth of 
3500 m) and one located to the North (Benken, depth of 100 m) of the basin. The data are 
derived from Triassic to Pliocene sand deposits as well as the underlying gneissic basement 
rocks and both AFT and AHe results are ranging from Pliocene to Triassic ages.  

The two dataset present very different age patterns which make the direct interpretation 
difficult. Therefore, thermal models using the QTQt software10,11 have been performed. This 
software is capable to evaluate cooling rates and timing using multiple samples from a single 
borehole. To test the robustness of the simulations, several runs for each borehole based on 
different data sets were performed, and showed some discrepancies between the resulting 
thermal histories. We provide, based on the simulations results, the most probable erosion 
estimates which are in the same range as the ones proposed in previous studies in the basin. 
For the borehole Benken, we reproduce a long and slow erosion phase starting at 23 Ma, with 
an overall estimate of the amount of eroded sediments ranging between 1.2 to 2 km. For the 
central borehole (Sonnengarten), the thermal modeling suggests compatible amounts of total 
erosion, with estimates of ~2 km, but with also a higher erosion rate from 3 Ma to present. We 
conclude that these values support much lower erosion rates in the Northern part than in the 
central or Southern parts of the basin as the samples from the borehole Benken were clearly 
less affected by the Pliocene erosion phases. These erosion estimates are also discussed, 
considering some inconsistencies with preserved thicknesses of Pliocene sediments still 
outcropping in the basin. Finally, this study also points out the limitations of the modeling 
technique on a complete dataset that incorporates a large number of bedrock and detrital 
samples on large (>2km) vertical profiles.  
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Two competing hypotheses describe Oligo-Miocene exhumation of the European Alps. The 
first1–3 argues that exhumation rates on scales of 106-107 years were relatively constant during this 
time; an alternative model4–7 proposes variable exhumation rates, which are linked to predictions 
made by the Coulomb orogenic wedge model. This model predicts that orogen deformation 
behaviour is governed by wedge taper angle: when in a subcritical state the orogenic wedge should 
deform internally, promoting hinterland exhumation, and when supercritical the wedge should 
propagate by foreland thrusting, leading to decreasing exhumation. Crucially, as wedge-toe thrust 
propagation will tend to build foreland topography, periods of supercritical wedge state will tend to 
promote foreland migration of the orogenic drainage divide. Conversely, internal deformation of a 
subcritical wedge should promote retention of the drainage divide in the internal Alps. Constraining 
past locations of the Alpine drainage divide is therefore key to understanding the exhumation 
history and geodynamic evolution of the orogen. 

In geological settings too active to permit preservation of palaeo-landscapes, 
thermochronologic detrital provenance analysis is a tool commonly applied to study palaeo-
drainage development and divide migration. This has proved challenging in Alpine basins because 
the low-temperature chronometers typically employed are highly sensitive, have often been widely 
reset across the orogen, and thus cannot easily distinguish candidate source terrains6. Instead, the 
presence of thermochronologically distinctive source units of high metamorphic grade, mostly in 
the internal Alps, demands the use of a chronometer sensitive to higher temperatures8. In the 
western Alps, these comprise the upper-blueschist Schistes Lustres and eclogitic Viso and Dora 
Maira units; and in the central Alps, the amphibolite-granulite Lepontine dome, eclogitic Monte 
Rosa, and the external upper-greenschist southern Aar massif9 (see Fig. 1). The maximum Alpine 
palaeotemperatures experienced by these units are typically in excess of ~350 °C, were attained 
diachronously, and increase toward the retro-basin.   

Today, the Alpine drainage divide runs largely through the external Alps, and the high-grade 
units drain almost exclusively east and south to the retro-basin. However, past retention of the 
drainage divide in a more retro position, within the internal Alps, should be recorded in foreland 
basin sediments by the presence of distinctive high-grade detritus. Thus, thermochronometers are 
required which are both sensitive to the temperatures associated with high-grade Alpine 
metamorphism, and easily applied to detrital provenance study.  

Here, we utilise the apatite and rutile U-Pb thermochronometers, sensitive to temperatures of 
~375-550 °C and ~490-640 °C respectively10–13, in addition to the zircon U-Pb geochronometer. We 
present preliminary detrital apatite, rutile, and zircon U-Pb spectra, and rutile trace element 
chemistry, from the Barrême and Digne-Valensole basins in the foreland of the western Alps and 
also from the Swiss Molasse basin of the Central Alps. We use these to test the hypothesis that 
proposed periods of wedge subcriticality in the Oligo-Miocene 7 are accompanied by a shut-off of 
the high-grade sedimentary detritus supply to the foreland as the drainage divide shifts west and 
north.  
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 Figure 1. A: Metamorphic facies of the Alps9; red line denotes modern drainage divide. B: 
Metamorphic facie boundaries; SGS – sub-greenschist; LG – lower greenschist; UG – upper 
greenschist; HPGS – high-pressure greenschist; BS – blueschist; UBS – ultra-blueschist; BET – 
blueschist-eclogite transition; GA – greenschist-amphibolite transition; AM – amphibolite; EC – 
eclogite; GRA – granulite; UHP – ultra-high pressure facies.    
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Pleistocene sediments blanket a large portion of the Earth’s Surface. The provenance of these 
sediments is traditionally deciphered by heavy mineral and geochronological (e.g. U-Pb dating) 
analyses, but as with most provenance methods, similarities in the source signal and repeated 
recycling of older sediments often complicate or even prevent a robust interpretation. In this study 
we investigate the potential of apatite and zircon fission track (AFT and ZFT, respectively) analyses 
to unravel the provenance of fluvial and glacigenic Pleistocene sediments in the Lower Rhine 
Embayment and the northeastern Netherlands. Measured detrital AFT and ZFT age distributions are 
compared to in situ AFT and ZFT ages of potential source areas in central and northern Europe 
(Fig. 1).  
 

 
 
Figure 1. Interpolated in-situ/bedrock apatite fission track ages and interpolation errors of apatite 
bearing rocks (e.g. granite, gneiss, sandstone) in central and northern Europe. Interpolation is 
based on ~2000 single ages1-2 (small black dots). Location of sampled Pleistocene deposits is 
marked as red dots.   
 
Due to differing cooling histories of these regions, it should be possible to distinguish five source 
regions (from young to old): the Alps, the Black Forest and Vosges Mountains, regions inverted 
during Late Cretaceous times (e.g. Harz Mountains, Bohemian Massif), the Rhenish Massif and the 
Fenno-Scandinavian region. Analogous to accompanied heavy mineral analyses the observed AFT 
and ZFT age distributions reveal a more or less pre-dominant provenance from the Alps, suggesting 
that the majority of sand was originally deposited by the River Rhine. The drainage basin of the 



River Rhine also comprises the Black Forest and Vosges Mountains and the Rhenish Massif, which 
according to our AFT and ZFT results make up only a minor source in the majority of analyzed 
sediments. Some samples, especially in the Münsterland Embayment and northeastern Netherland 
also contain grains from Fenno-Scandinavian source regions. Based on these results, we suggest 
that detrital thermochronology, such as AFT and ZFT methods, are capable to unravel the 
provenance of Pleistocene deposits. Advantages compared to alternative methods such as heavy 
mineral analyses are: i) the provenance signal (age distribution) is less influenced by the grain size 
of sampled sediments, and (ii) although source regions are composed of similar lithologies and/or 
crystallization ages (e.g. widespread Variscan basement rocks in Central Europe), variable cooling 
histories result in distinguishable cooling ages. A major uncertainty of the applied detrital 
thermochronological analyses arises from the unknown amount of recycled sediments, which can 
perturb detrital age distributions and corresponding provenance analyses. The combination of heavy 
mineral and thermochronological analyses, however, yield valuable information about the 
previously unresolved or poorly defined provenance of Middle Pleistocene fluvial sediments in the 
Lower Rhine Embayment and the northeastern Netherlands. In addition, our results challenge the 
straightforward usage of augite as an index mineral for Rhine provenance in the northern 
Netherlands.  
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The Cenozoic uplift history of the Colorado Plateau is poorly understood. A major problem 
for reconstructions of the thermo-tectonic history is the lack of Cenozoic sediments on top of 
the plateau. The story is further complicated by locally intense magmatism associated with 
elevated thermal gradients that are subject to both spatial and temporal changes. While 
vertical movements within the upper crust can be constrained by low-temperature 
thermochronological techniques, care must be taken to understand and consider the effect of 
Cenozoic magmatism on cooling histories derived from thermochronological data. In the 
present study, we combine apatite fission track and (U-Th)/He analyses with high-precision 
U/Pb zircon dating to investigate the effect of the Oligocene La Sal Mountains intrusion on 
the Cenozoic thermal history of the Uncompahgre Plateau, located in the northeastern part of 
the larger Colorado Plateau (Fig. 1). 

 
Figure 1. Location of the La Sal Mountains, Uncompahgre Plateau, and Unaweep Canyon. 
 
U/Pb SHRIMP zircon dating was performed on one sample from the La Sal Mountains 
laccolith in order to establish a precise crystallization age for this intrusion. Zircons exhibit 
clear core-rim structures with rounded and resorbed cores surrounded by oscillatory zoned 
rims. The rims gave an Oligocene age of 29.2 ± 0.3 Ma, which is interpreted as the 
crystallization age and is in general agreement with previously published data1-4. Apatite 
fission track ages from the La Sal Mountains laccolith range from 27 to 33 Ma with no 
discernible correlation of age with elevation. This is indicative of rapid cooling and the mean 



apatite fission track age of 29.7 ± 2.1 Ma is, within the uncertainties, identical to the U/Pb 
crystallization age. 
 
Six samples collected along the Unaweep Canyon yielded apatite fission track ages between 
27 and 35 Ma. Even though they were sampled up to 60 km away from the La Sal Mountains, 
these ages still overlap, within their uncertainties, with the crystallization age of the La Sal 
Mountains intrusion, indicating extensive thermal resetting during Oligocene magmatism. 
Three samples collected from the top of the Uncompahgre Plateau, however, gave older 
apatite fission track ages of 63 to 65 Ma. Apatite (U-Th)/He analyses were performed on two 
of these samples, in order to investigate the presence of an Oligocene thermal overprint on top 
of the plateau. One sample gave single grain (U-Th)/He ages between 28 and 34 Ma, with a 
mean age of 30.6 ± 1.0 Ma, while the second sample gave somewhat older ages from 36 to 40 
Ma (mean age 38.3 ± 1.3 Ma). Thus a thermal overprint is clearly present even on top of the 
plateau, but temperatures were not high enough to reset the apatite fission track system. These 
findings are in agreement with previously presented data suggesting complete thermal 
resetting in the western Unaweep Canyon during La Sal Mountains magmatism5. 
Thermal history modelling reveals some significant differences between samples from within 
the Unaweep Canyon and the top of the Uncompahgre Plateau: Plateau samples record Late 
Cretaceous burial and heating to temperatures in excess of 90 °C, followed by cooling 
throughout the latest Cretaceous to Eocene. They experienced mild reheating to temperatures 
between 40 and 80 °C during the Oligocene and have been steadily cooling ever since. 
Canyon samples experienced complete thermal resetting during the Oligocene, erasing all 
previous history. Temperatures during the thermal event were at least 90 °C but probably 
significantly higher. Since the Oligocene, canyon samples also experienced cooling, however, 
with a significant increase in cooling rates in the last 5 to 10 Ma. Thomson et al.5 found 
increased cooling rates in the last 6 Ma for canyon samples and interpreted them as an effect 
of rapid canyon incision. The youngest apatite fission track ages (17-20 Ma) were 
encountered in the northeastern part of the Uncompahgre Plateau, within the Colorado 
National Monument. These samples were collected close to the Monument and Fruita Canyon 
fault systems, and the young ages might be attributed to advective heating related to fluid 
flow along these faults, which is partially resetting the apatite fission track ages.  
 
Summarizing, the thermal effect of Oligocene magmatism is extensive on the Uncompahgre 
Plateau and the thermal gradient appears to decrease upwards. However, if the La Sal 
Mountains intrusion was the source of the thermal overprint, a decrease of maximum 
temperatures horizontally away from the La Sal Mountains would be expected. Whether the 
vertical thermal gradient on the Uncompahgre Plateau is due to regionally elevated 
temperatures in the Oligocene or an additional intrusive body under the plateau can at this 
point only be speculated about. 
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The Boquillas (equivalent to the Eagle Ford) Formation is a prolific source rock and a gas and 
liquid-rich unconventional play in West Texas. It was deposited at the junction of the 
southern end of the Cretaceous Western Interior Seaway and the northwestern margin of the 
Gulf of Mexico Carbonate Shelf (passive margin) in a retroarc foreland basin, behind the 
North American Cordilleran orogen, and encompasses the Cenomanian-Turonian (C-T) 
Oceanic Anoxic Event-2 and global Carbon Isotope Excursion (CIE). Here we provide a 
robust zircon U/Pb geochronologic framework used to accurately interpret and predict 
variability in facies distribution within the Boquillas Formation. The Boquillas Formation 
consists of a succession of cyclic marlstone and limestone beds and over 300 bentonites 
deposited in a distal, restricted, suboxic setting mostly below the base of the storm waves. 
Bentonites are generally homogenous clay-rich layers 1-10 cm thick (average 5 cm, up to 60 
cm) showing sharp contacts and strong yellow-orange mineral fluorescence under UV light. 
Shell has been conducting research on road cuts and natural outcrops in the vicinity of Del 
Rio, Austin, San Antonio and Big Bend National Park (Texas) that provide excellent 
exposures of the formations, bottom-up: Buda Limestone, Boquillas Formation and Austin 
Chalk. In addition, Shell has drilled two research wells behind two outcrops, Shell IONA-1 
and Shell INNES-1, recovering >330 m of continuous core from the Austin Chalk through the 
Eagle Ford and Buda Limestone formations (Figure 1). The bentonites form ~5% of the 60-
111 m thick Boquillas Formation and are interpreted as distal pyroclastic fall deposits from 
large volume (>10-100 km3) Plinian eruptions from calderas associated with the Western 
North American Cordilleran magmatic arc. Some of the Boquillas bentonites can be 
correlated using petrophysical logs, geochemistry, and biostratigraphy for more than 1000 km 
to the north within the Western Interior Seaway at the C-T global stratotype (GSSP) section at 
Pueblo, CO.  
 
This contribution reports new high-precision zircon U/Pb TIMs age data (2σ as low as 0.05 
Myr) from both core and outcrop samples and integrates the dates with independent proxies 
derived from sedimentology, biostratigraphy, cyclostratigraphy, isotopic stratigraphy and 
geochemistry. We present a robust chronostratigraphic framework for the C-T formations, 
key to interpret sediment accumulation rates (compacted rates=1.4-6.5 cm/kyr, lowest in the 
Boquillas and highest in the Buda and Austin Chalk), lateral variability and character of 
depositional environments, diagenetic effects, and sequence stratigraphy in the Cenomanian, 
Turonian and lowermost Coniacian (88-99 Ma) rocks of West Texas.  
 
 



Figure 1. Middle Cenomanian (~96 Ma) palaeogeographic map showing the location of Iona-1, 
Innes-1, and USGS Portland-1 cores (GSSP) in the regional tectonic context; modified from Ron 
Blakey and the Colorado Plateau Geosystems Inc.  
SB: Sabinas Basin, Mexico; BB: Big Bend National Park.  
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Studies using the Zircon Fission-Track Method, ZFTM, showed that there is a strong etching 
variation from grain to grain of the same sample. There is also variation on different areas of 
the same zircon grain surface, resulting in some small areas where the fission track density is 
uniform.  
 
These zircon grains have been characterized through Optical Microscopy, micro-Raman 
Spectroscopy, Cathodoluminescence (SEM-CL), Electron microprobe analysis, and Scanning 
Electron Microscopy to analyze the possibility of using these grains to determine the fission-
track and LA-ICPMS U-Pb ages. This methodology has been used to determine the 
thermochronology of Bauru Group located in the north of Paraná Basin, Brazil.  
 
The preliminary zircon fission-track age results varied from 200 to 900 Ma and the U-Pb data 
show clearly two source areas: i) the Early Paleozoic to Neoproterozoic zircons, ranging from 
445 to 708 Ma, and ii) the Paleoproterozoic zircons, ranging from 1879 to 2085 Ma. The 
combined information allows us to characterize Early Brazilian, Brazilian and Rhyacian 
materials as the main source for the zircons, which are areas situated at the west of the Bauru 
Basin (e.g., Goiás Massif) that have been incorporated into the sedimentary cycles in the 
Phanerozoic (mainly in the Paraná Basin).  
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The use of detrital fission track thermochonology, in particular on apatites (AFT), has proven 
a valuable tool to interpret the thermal history of the sediment sources and basins. AFT is 
particularly useful in orogenic settings to determine the timing of exhumation. Here, 
synorogenic detrital samples that contain apatite can potentially preserve multiple pulses of 
paleo-exhumation; however, the interpretation of detrital AFT data contains unique 
challenges that need to be considered. These challenges include: 1) High error associated with 
a single grain age renders this individual data inconsequential. A robust age requires the 
combination of multiple grains’ ages which can be difficult in a detrital sample. 2) Extraction 
of populations in AFT analysis requires unmixing of data by grouping grain ages with high 
errors into these meaningfully populated groups. 3) Data generation of an AFT sample, using 
the external detector method, requires ~20 man hours to count 100 grains; consequently, 
production of large sample sizes is limited from a practical perspective.  
 
This study used four synthetic basement samples and three real detrital samples to test the 
limitations of standard AFT unmixing models. When combining the discrete synthetic 
basement samples to simulate detrital samples we identify two key exponential relationships 
that govern the number of grains necessary to accurately resolve detrital AFT populations:  
 

1) An exponential relationship exists between the difference in age of the populations 
being decomposed, where small age differences require exponentially more grains to 
accurately resolve decomposition than large age differences.  
 

2) An exponential relationship exists between the number of populations being 
decomposed and the number of grains, where additional populations require 
exponentially more grains for an accurate decomposition.  

 
This shows that, when dealing with more than two distinct and independent populations 
accurate resolution of populations from detrital AFT samples requires large AFT data sets for 
all unmixing models. The time-consuming acquisition of these data sets limits the utility of 
identifying discrete pulses of exhumation. When not enough grains are available to reliably 
decompose a detrital AFT sample into populations, interpretations should be adjusted to 
ensure the integrity of the data being presented.  
 
These experiments on synthetic samples serve as a cautionary tale of the risks of the improper 
use of detrital AFT; however, with appropriate research questions, detrital AFT data may 
represent an accurate regional exhumation signal. In the northern Argentina three modern 
river samples collected from basement ranges demonstrate the utility of detrital AFT data 
while respecting the conservative interpretations the previous experiments support. These 
samples do identify the broad distribution of grain ages recorded in the sediment source. 
These results suggest that where regional exhumation affected different sources in a similar 
way and or in case of rapid exhumation of well-defined sources, detrital AFT can 
appropriately capture the source exhumation signal. 
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Robust constraint on orogenic history of the northern Tibetan Plateau is critical for understanding 
the pattern of plateau growth and relevant geodynamics. An integrated analysis of paleocurrent, 
detrital zircon U-Pb and fission-track double dating was applied to late Cenozoic synorogenic 
sediments in the southern Tarim Basin, with the aim to locate their sources, and reveal orogenesis of 
the least-explored West Kunlun Mountains. Paleocurrent results indicate these deposits were 
constantly transported from the West Kunlun range since at least 7 Ma. Further, zircon U-Pb and 
fission-track datasets suggest that the majority of pre-Jurassic zircons were likely recycled from 
Triassic meta-sediments in the Songpan-Ganzi terranes with some from the Kunlun terrane, while 
Cenozoic igneous zircons were derived from volcanic and magmatic rocks in the Tianshuihai and 
Karakoram terranes.  
 

 
Figure 1. Zircon fission track peak ages plotted against depositional ages of late Cenozoic 
sediments at Kekeya and Sanju, southern Tarim Basin. Contour lines indicate lag time. Gray band 
designates the oldest static peak spanning from Triassic to Early Jurassic. The majority of samples 
show relatively constant trends (moving peaks marked by red and green symbols), suggesting 
constantly steady-state exhumation of the source terrain during early Eocene and Oligocene-
Miocene times. Note half-logarithmic axes. 



 
Zircon fission-track data along depositional successions presents prominent Triassic-early Jurassic 
(250-180 Ma) static peak, and early Eocene (58-40 Ma) and Oligocene-Miocene (30-20 Ma) 
moving peaks (Figure 1), coeval with magmatic episodes. The oldest peak ages record strong 
exhumation and unroofting of paleo-Kunlun terrane during subduction and closure of the 
Paleotethys Ocean1-5, supported by provenance analysis in the accretionary complex to the south2. 
Early Eocene exhumation records initial motion of the Oytag-Tam Karaul fault6 simultaneous with 
transpression or thrusting of the Altyn Tagh, southern Qaidam and West Qinling faults7-9, 
suggesting the establishment of a first-order tectonic regime on the northern plateau margin in 
response to India-Asia collision. Oligocene-Miocene exhumation covering the whole West Kunlun 
Mountains reflects rise of the orogen upward and northward related to widespread crustal 
shortening, collaborated by seismic reflected analysis10. This process of plateau formation may 
continue thereafter. We propose that nascent topography of the West Kunlun Mountains has 
emerged as early as Triassic times, but modern plateau configuration has only attained during the 
Cenozoic in an episodic manner. This could be a paradigm for the orogenesis of the Tibetan Plateau.  
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The Indus-Yarlung Suture Zone (IYSZ), which forms the boundary between Indian 

passive margin rocks to the south and the Lhasa terrane (Asia) to the north, extends across 
southern Tibet for over 2,000 km at an average elevation of 5,000 m. Along the IYSZ, a 
record of pre- and post-collisional processes are preserved in sedimentary basins of the 
southern Lhasa terrane, namely the Cretaceous-Eocene Xigaze forearc and Oligocene-
Miocene Kailas basins. The post-depositional history of these basins is poorly constrained 
owing to the limited spatial extent of thermochronologic data from the Lhasa terrane. This 
study’s overall objective is to decipher the burial and exhumation history of the IYSZ from 
detrital geo-thermochronology. Our results provide the first robust estimates on when and 
how much material was removed from across the IYSZ in Tibet. 

 
We utilize apatite fission track (AFT) and zircon (U-Th)/He (ZHe) thermochronology 

coupled with U-Pb geochronology to determine the timing of exhumation of the Xigaze 
forearc and Kailas basins. AFT and ZHe data from twelve samples of the Kailas Formation, 
between Mt. Kailas to the west to the Xigaze area to the east, show Miocene cooling (~17 ± 3 
Ma) overall younger than the depositional ages of the Kailas deposits1 (Figure 1). ZHe data 
show partial resetting with the young age components being consistent with AFT ages, 
supporting rapid Miocene cooling1. Preliminary double-dated (ZHe and U-Pb) zircon crystals 
from late Cretaceous age deposits in the Xigaze forearc also show partial resetting, but older 
forearc strata indicate burial to >200°C and cooling at ~ 19 ± 4 Ma. In addition, preliminary 
Zircon Fission Track (ZFT) analyses suggest that burial of Xigaze forearc strata was less than 
240°C. 

 

 
 



Our results, along with previous geologic mapping, suggest that following collision in 
the early Cenozoic, the Xigaze forearc basin was buried by movement along the Gangdese 
and Great Counter Thrust systems, as well as deposition of the Kailas Formation from 26-23 
Ma. Subsequent burial of the Kailas Formation from 23-17 Ma likely reflects fast subsidence 
and sediment accumulation related to roll back of the Indian slab. In turn, rapid cooling of 
both basins between 19-17 Ma is consistent with uplift associated with the return of hard 
collision. The rapid removal of ~4-8 km of sediment from the suture zone can be explained by 
efficient river incision of the paleo-Tsangpo in response to Miocene uplift1. 
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A knowledge of Himalayan exhumation and erosion history is important to understanding the 
tectonic processes. The most commonly quoted time of India-Asia collision is Paleocene to Early 
Eocene. Until recently, most of previously thermolchronological data have revealed to tectonic 
evolution since Miocene, possibly less than half of the orogen's history. Detrital fission track 
analysis from synorogenic sediments is a useful tool to find out the long-term cooling and 
exhumation history of convergent mountain belts. In this paper, we present a comprehensive detrital 
FT analysis of zircons and apatite from 9 samples from Late Miocene to Pliocene sediments in 
Gyirong basin, and modern rivers, and bedrock zircon FT analysis from 6 samples collected from 
the section across the N-S Gyirong Fault. The detrital zircon U-Pb geochronology analysis indicates 
that thesediments of the Gyirong basin filling mainly derived from the Tethayan Himalaya sequence 
and the Neogene granites around the basin. Based on the provenance analysis, our fission track 
results show that (a) 43-36Ma zircon grains are evidence for Eohimalyan crustal thickening and 
metamorphism after the collision between the Indian and Asian plate; (b) ~17Ma ZFT peak age 
represents the granite intrusion in Miocene; the AFT moving peak from 17 to 13Ma reflects the 
doming along the northern Himalaya which is associated to the detachment of STDS; (c) a slower 
cooling of the source zone since ~12 Ma which may be related to the ceasing of the STDS. Our data 
reveals the differential exhumation history between the Greater Himalaya and Tethyan Himalaya 
after ~17Ma, and proposes a geological evolution model of the Tethayan Himalaya during the 
Cenozoic. 
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The evolution of Himalayan syntaxes is debated: they have been subjected to anomalously 
young (<10 Ma) high grade metamorphism, melting and unusually high rates of exhumation 
(~10mm/yr), compared to the main arc of the range where peak metamorphism / melting 
occurred in the Early Miocene and exhumation rates of ca 2mm/yr are more common 1. The 
history of the young metamorphism and rapid exhumation of the eastern syntaxis is debated. 
Bedrock studies have been interpreted to imply rapid exhumation since either 3-4 Ma 2 or 8-
10 Ma 3. However, the earlier history of the sampled region is removed by erosion and should 
be preserved in the sedimentary record. Bracciali et al 4 focused on distal detrital deposits and 
suggested a much more recent onset, during the Quaternary.  
 
A number of models have been proposed to explain the syntaxial evolution, supporting 
different controlling influences, from lithospheric channel flow, to tectonic-surface process 
interactions.  
 
Ductile extrusion of weak lower crust from beneath Tibet by “channel flow” 5 is a process 
that has been proposed to account for the outward growth of the plateau to the east 6, 
exhumation of the Higher Himalaya in the Miocene when coupled with high erosion rates, 
and could be responsible for rapid exhumation of the syntaxis 7. Ehlers and Bendick 8 propose 
that initiation of rapid and localised exhumation at subduction arc terminations may result 
from the 3D geometry imposed by subducting curved shells at such locations. Clark and 
Bilham 9 evoke a change in regional stress along the India-Asia-Burma plate boundary, 
perhaps due to the introduction of denser (oceanic and transitional crust) material into the 
eastern part of the boundary late in the orogen’s history. Zeitler et al 10 consider that 
exhumation of the syntaxis is driven by surface processes.  
 
In order to understand how and why the syntaxis formed, this project aims to better constrain 
the onset of exhumation of the Namche Barwa using the proximal detrital record of material 
eroded from the syntaxis by the paleo-Brahmaputra. We analyse the sedimentary record to 
have access to earlier erosion products than preserved in the bedrock itself, in a proximal 
location. The Remi River section, in the Siwalik Group, is located directly downstream of the 
syntaxis and therefore is the most likely location to contain these sediments. Sediment 
provenance is characterized by U-Pb dating on detrital zircons, which allows specifically 
documenting an Indus-Yarlung suture-zone (and therefore paleo-Brahmaputra) provenance.  
Detrital U-Pb rutile, zircon fission track and Ar/Ar mica dating is used to document rapid 
exhumation. When ages of the youngest population for all analysis types are essentially the 
same (stacked thermochronological ages), a period of very rapid exhumation at this time is 
indicated.  



Depositional ages are determined through magnetostratigaphic dating of the Upper and 
Middle Siwaliks in the Remi section. Comparison of the detrital mineral cooling ages with 
their host sediment depositional age will allow us to determine the lag time and then 
exhumation rates.  
 
Preliminary results will be discussed; they better constrain the period of rapid exhumation 
history of the syntaxis and will better inform the crustal deformation models presented above. 
 

 
 
Figure 1. Geological map of the eastern syntaxis, Kameng 11 and Bracciali et al.4 study locations, 
after Garzanti et al. 200412. 
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The Himalayas represent a unique natural laboratory where the interactions between tectonics, 
erosion, climate and drainage evolution can be investigated. The purpose of this work is to 
understand, in collaboration with other PhD students and researchers collaborating in the 
iTECC Marie Curie Initial Training Network, the importance of processes involving the 
complex links and feedbacks between climate, tectonics and erosion.  
 
The two syntaxes of the Himalaya (eastern and western) show anomalously fast recent 
exhumation compared to the rest of the Himalaya, as typified by mineral ages <10 Ma1. 
Various hypotheses and models have been proposed to explain this anomaly, for example 
those include coupling between tectonics and erosion, such as the Tectonic Aneurism model2-

3, which calls on ductile upwelling of weak lower crust4.  
 
Understanding the timing of onset of this rapid exhumation is critical to informing these 
models. Bedrock studies suggest rapid exhumation since 4 Ma5 or maybe 10 Ma. However, 
detrital studies (Ar-Ar micas, ZFT), using the record of material eroded from the syntaxis and 
preserved in the foreland basin, show no evidence of anomalously young grains and thus 
rapid exhumation throughout the duration of the sedimentary succession studied6-7. However, 
both these detrital studies were conducted in regions distal to the syntaxes, and it is possible 
that downstream dilution may have affected the signal.  
 
The purpose of this research is to investigate the potential effect of dilution on the detrital 
signal by 1) looking at how the detrital signal evolves downstream i.e. the degree to which the 
“young” grain signal is diluted at increasing distance from the source and 2) a comparison of 
ZFT and Ar-Ar mica ages from the same samples, to investigate whether there is any 
distinction in the dilution effect depending on mineral type. Building on the existing database, 
eleven samples from the Yarlung-Brahmaputra River system and from tributaries draining the 
Himalaya, the Arakan belt and the Shillong plateau have been collected in the Arunachal 
Pradesh and Assam regions of the North-east India (Figure 1). We will analyze this 
potentially important aspect in detail, using high-resolution dating of micas of different grain 
sizes. To analyze smaller and younger grains, newly developed high-sensitivity multi-
collection noble-gas mass spectrometry will be used. In this way, we will determine the extent 
to which dilution should be taken in to account when interpreting detrital signals, and also 
contribute further to our knowledge of exhumation ages in the source regions. 
 
 



 
Figure 1. Geological maps Regional tectonic map showing sampled geology and location of 
major rivers. The red stars indicates the location of the samples collected during the fieldwork. 
The arrows indicates the main provenance sediments into the Yarlung Tsangpo-Bramaputra River 
system. (modified after Yin et al., 2010)5-6

 .  
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The intense erosion and complex river systems in the eastern Tibetan Plateau have attracted 
considerable attention. However, the large-scale picture of the erosion pattern in this area is not 
yet resolved. Moreover, the evolvement of the river systems in the eastern Tibetan Plateau should 
be taken into account when researching the Myr-scale long-term erosion, because the 
configuration of the drainage network affects the distribution of erosion.  
 
Here, we report 40Ar/39Ar results of detrital muscovite grains from river sediments of the major 
tributaries of the Yangtze River and  older samples from a core (the depth up to 300m, spanning 
at least 3Ma) in the Jianghan Basin, middle reaches of the Yangtze River. Mica age distribution 
patterns in the Three Gorges and the Yangtze Delta1 match well with that of the Min River (6-
142Ma) which originates from the Longmen Shan orogenic belt. This indicates that the sediment 
reaching the Yangtze Delta is dominated by sources derived from the Longmen Shan and that 
this region is experiencing rapid erosion. The ages of the top and bottom of the core show 
different age populations, suggesting these sediments have different source areas. This is 
strengthened by the fact that muscovite from the bottom and top of the core have different 
chemical compositions. This change in provenance could be caused by the extension of the 
Yangtze River from the lower Yangtze River basin into the Sichuan Basin. From the 
magnetostratigraphic framework of the core, we suggest the capture event that the lower Yangtze 
River extended to the Sichuan Basin happened around ca 2- 3Ma. 
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The thermal history of the Daxi region in southern South China records a complicated tectonic 
evolution of the paleo-Pacific plate margin since the Mesozoic. In this study, we applied a 
combination of zircon U-Pb,  mica 40Ar/39Ar, zircon and apatite fission track and (U-Th-Sm)/He 
dating methods to basement and sedimentary cover rocks in order to constrain timing and rate of the 
major cooling events. This allows us to address the questions related to geodynamic processes of 
the flat-slab subduction1, delamination of the subducting slab and rebound of the overriding slab.   
 
The 40Ar/39Ar age of ca. 193 Ma measured on biotite from a granite records the reinitiation of 
magmatic activity after the Late Triassic – Early Jurassic period of magmatic quiescence. We 
measured middle Jurassic muscovite 40Ar/39Ar age (ca.167 Ma) in an Upper Triassic granite.  This 
age is interpreted as to reflect a heating event related to the emplacement of Middle Jurassic 
intrusions generated in an extensional setting. The biotite 40Ar/39Ar age of ca. 160 Ma revealed by a 
Upper Jurassic granite records a rapid cooling following the intrusion, implying ongoing extension.  
 
Zircon fission track and zircon (U-Th-Sm)/He data from all dated samples range from ca. 150 to ca. 
75 Ma. This age range records protracted cooling through the 270–160 C temperature range during 
Late Jurassic to Cretaceous times. This late Mesozoic cooling, which is supported by inverse 
modelling results, is likely linked to exhumation caused by lithospheric rebound during slab break-
off and associated uplift and erosion. A final cooling episode during the Eocene, recorded by apatite 
fission track and apatite (U-Th-Sm)/He ages of ca. 53–42 Ma, is related to Cenozoic rifting across 
southern South China induced by the roll-back of the Paleo-Pacific plate. 
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The Unegt-Zuunbayan basin, East Gobi Basin (SE Mongolia), recorded complex tectonic history 
since the Paleozoic to the present 1, 2, 3. After Paleozoic accretionary tectonics, the East Gobi Basin 
followed a large scale intracontinental rifting event during the Mesozoic. A post rift basin inversion 
led to erosion and regional-scale unconformity development during the late Early Cretaceous. A 
second basin inversion related to the Indo-Asian collision deformed the Upper Cretaceous post rift 
detrital infill during Tertiary. Actually, the area is composed by two sub basins, the northern Unegt 
and the southern Zuunbayan, separated by the crustal scale Zuunbayan fault. We present the recent 
results from an ongoing study focused on constraining the tectonic evolution of the Unegt-
Zuunbayan basins. Timing and significance of tectonic events allow a better understanding of the 
development of hydrocarbon and sandstone-type uranium deposits present in these basins. Apatite 
fission track (AFT) and (U-Th)/He (AHe) analysis were carried out on the basement and the post-
rift detrital infill samples. We collected four basement samples from the northern and the southern 
basin boundary outcrops, and from the basement cropping out along the Zuunbayan fault. The six 
sand samples of the Upper Cretaceous Sainshand Formation came from drill-cores of both sub 
basins. 
 
Basement samples gave AHe ages ranging from 73±7 to 120±11 Ma and AFT ages ranging from 
128±8 Ma to 255±17 Ma; the mean track lengths varies from 11.92±1.89 to 12.26±1.78 µm. 
Thermal modelling of AHe and AFT data using QTQt software 4 reveal the existence of a Lower 
Cretaceous heating coeval with the rifting for the central basin outcrop, followed by a general and 
rapid cooling at the end of the Lower Cretaceous. These results reveal a denudation event of ~1km 
related to the first basin inversion and a minor impact of the Tertiary inversion. A fourth basement 
sample collected in the southern border shows Lower Cretaceous AHe and AFT ages coeval to the 
measured U/Pb zircon age, suggesting a syntectonic origin of this intrusion during the early rift 
stage, and thus involving a high strain deformation along the southern boundary faults. The 
sedimentary samples gave distinct AFT age populations showing that the Upper Cretaceous basin 
fill did not reach the temperature needed to affect significantly the AFT system. It can be then 
assumed that the AFT ages correspond to the inherited source age. The younger AFT, very close to 
the stratigraphic age, implies rapid uplift and denudation of the first inversion reliefs. 
 
This study evidences a rift related thermal event and a late Lower Cretaceous uplift and denudation 
during the first basin inversion. There is no evidence of tertiary thermal anomaly which suggest that 
the second basin inversion did not imply important uplift and erosion. 
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Transient thermal events in response to Permian volcanism and Triassic fluid flow have been 
recognized by apatite and zircon fission track thermochronology in the central uplift zone of the 
Tarim Basin, Northwest China1. Whether the events happened in a local or a basin wide scale need 
to be answered. Samples from the Jurassic formation (five samples) and the underlying Silurian to 
Triassic formation (eight samples) were selected from the hydrocarbon exploration wells that lined 
along an EW striking profile. Taking the present day thermal gradient (2.5 ºC/100 m) and the 
burial depth (deepest burial depth of 4300 m) into consideration, the present burial temperature of 
the samples (<120 ºC) is much lower than the helium closure temperature of zircon. Thus, basin 
scale transient thermal events during Permian to early Triassic period can only be recorded by 
samples that are underlying Jurassic formation. Zircon (U-Th)/He (ZHe) Ages of the Jurassic 
samples fall within late Triassic (218.6±8.1 Ma) to early Silurian (398.3±8.1 Ma), and thus are older 
than their depositional ages. However, ZHe ages of the underlying formation are changing laterally 
with increasing distance to the centre of the Permian volcanism and can be divided into three circles. 
ZHe ages of the samples from within the range of Permian volcanism fall between middle Triassic 
(oldest age of 243.7±11.0 Ma from a Carboniferous sample) and early Jurassic (youngest age of 
172.7±6.4 Ma from a Silurian sample). Early Permian (oldest age of 288.6±10.4 Ma from a 
Devonian sample) to early Triassic (youngest age of 197.9±7.0 Ma from a Devonian sample) were 
found in the middle circle that lies within the radius of 150 km to the border of Permian volcanism. 
ZHe ages that are both older and younger than their depositional ages were found in the outer circle. 
All the samples from the inner and middle circles show ZHe ages that are younger than their 
depositional ages, indicating post depositional total resetting of the ZHe system. Histogram of the 
ZHe age data suggests two main populations of 240-280 Ma (middle - late Permian) and 180-220 
Ma (late Triassic - early Jurassic). The former correlates with the plume-related basalt eruption 
dated at 260- 290 Ma. The early Triassic age is interpreted to record the transient thermal effect of 
localized hydrothermal fluid flow in the Tarim Basin. 
 
This work was supported by the National Natural Science Foundation of China (Grant No.: 40872097; 41272161) and 
the Major National Science & Technology Program (Grant No.: 2011ZX05007-002). 
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The Mesozoic geological evolution of Gondwana is characterised by the formation of enormous 
sedimentary basins that are still preserved in Africa, India, Australia, and South America. Only the 
heart of Gondwana, Antarctica, yields little evidence of sediment deposition at this time. Triassic/ 
Jurassic terrestrial strata of very limited extent are known merely from some locations in the Ross 
and Weddell Sea regions and Prydz Bay, whereas Cretaceous and Paleogene sediments are 
restricted to the Antarctic Peninsula.  
 
The geological history of the Gondwana interior can only be assessed by combining thermochrono-
logical and geophysical data, and kinematic, thermal and geomorphological indicators. Numerous 
studies conducted during the last two decades, mainly from the Transantarctic Mountains, produced 
a comprehensive data set of >500 apatite fission track and (U-Th-Sm)/He ages between ~20 and 
~350 Ma, with the bulk of ages being younger than 100 Ma1. These data were traditionally 
interpreted in terms of monotonous cooling and referred to stepwise exhumation and uplift of the 
Antarctic rift structures and passive margins since Jurassic times. However, many of the thermo-
chronological data were obtained from basement rocks that are covered by volcanic rocks extruded 
at ~180 Ma2. Such a crossover relationship between stratigraphic information and thermochrono-
logical age data implies heating of the Jurassic surfaces to temperatures in excess of 100°C. 
Supplementary petrographic and geochronological analyses also indicate elevated post-Jurassic 
paleotemperatures, with diachronous thermal peaks3.  
 
Thermal history modelling of the thermochronological data requires substantial burial of the now 
exposed rocks, and refers to heterogeneous heat flow. Our approach allowed us to identify a whole 
system of Jurassic–Paleogene sedimentary basins throughout the Transantarctic Mountains, in 
Dronning Maud Land, Marie Byrd Land, Mac.Robertson Land, and the Shackleton Range. Other 
basins, such as the Wilkes Subglacial Basin and the Aurora Through, have been recognized from 
geophysical data. The development of the Mesozoic – early Cenozoic Antarctic depocentres is 
obviously related to intracontinental extension within Gondwana that eventually led to the dispersal 
of the supercontinent. These Antarctic basins all correlate with counterparts of the once juxtaposed 
Gondwana fragments, and represent a crucial tool for reconstructing continental breakup processes 
and the long-term climate evolution. 
 
 
 
References 
1. Lisker, F. Review of fission track studies in northern Victoria Land – Passive margin evolution versus uplift of the 

Transantarctic Mountains. Tectonophysics 349, 57-73 (2002). 
2. Lisker, F. & Läufer, A. L. The Cretaceous Victoria Basin between Australia and Antarctica. Geology 41, 1044–

1046 (2013). 
3. [1] Prenzel, J., Lisker, F., Elsner, M., Schöner, R., Balestrieri, M.L., Läufer, A., Berner, U. & Spiegel, C. Burial 

and exhumation of the Eisenhower Range, Transantarctic Mountains, based on thermochronological, maturity and 
sediment petrographic constraints. Tectonophysics TECTO-S-13-00913 (accepted). 

	  
 



	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Session 7: 

New quantitative tools and approaches in geomorphology	  



Production and diffusion of cosmogenic noble gases: Using open-

system behavior to study surface processes 
David L. Shuster1,2, Marissa M. Tremblay1,2, Greg Balco2 

1 Department of Earth and Planetary Science, University of California, Berkeley, USA 
2 Berkeley Geochronology Center, USA 

 
We present a new geochemical technique to quantify past temperatures and surface exposure 
histories on Earth and, in principle, other planetary surfaces over timescales of ~103 to >106 
years.  The technique is based on the simultaneous production and diffusion of cosmogenic 
noble gases, which are produced in rocks and sediments exposed near Earth’s surface by 
nuclear reactions induced ultimately by cosmic rays.  This method takes advantage of “open-
system” behavior that has previously been viewed only as an undesirable obstacle to surface 
exposure dating. However, if properly understood, such behavior also contains potentially 
rich information on near surface temperatures and exposure histories that have yet to be 
exploited. Given knowledge of diffusion kinetics, the relative abundance of cosmogenic 3He, 
21Ne and other cosmogenic nuclides in mineral samples provides a record of their integrated 
temperature histories during residence near Earth’s surface. This technique should quantify 
past temperatures and exposure histories of surface materials that can inform a broad range of 
scientific research. First, measuring exposure durations of surface rocks is important for 
understanding geologic processes that modify Earth's surface, including surface erosion, 
sediment transport, and earthquake-related surface deformation. Second, measuring past 
temperatures is important for understanding Earth's natural climate variability during the last 
few million years. For example, such information is important to establish how past changes 
in environmental conditions influenced biota at various regions across the globe, and how past 
climate changes were potentially controlled by natural phenomena such as the gradual 
development of mountain ranges. However, our ability to quantify past temperatures is 
currently limited to a small number of geochemical techniques. This new method could 
provide an independent test of existing methods, and potentially benefit a broad range of 
research sub disciplines, including quantitative geomorphology, landscape evolution studies, 
late Cenozoic climate change, glacier and ice sheet change, and potentially paleo-elevation of 
actively uplifting landscapes.  In principle, the theory and mathematics of production and 
diffusion that have been successfully applied to radiogenic noble gases in minerals1,2 and 

references therein can also be applied to cosmogenic noble gases.  Important differences are in (i) 
the depth over which cosmogenic nuclides are produced (i.e., mostly within meters of the 
surface), (ii) the different nuclide-mineral pairs involved, and (iii) the potential for production 
rate changes (i.e., in contrast to steady parent nuclide decay rates).   When interpreted with a 
simple theoretical framework, our preliminary experimental results3-5 indicate several pairs 
of common minerals and easily measureable cosmogenic noble gases that display open-
system behavior at Earth surface temperatures [Figure 1; i.e., between −40 °C to +40 °C 
depending on the mineral and grain size]. Importantly, both axes in Figure 1 are observable, 
such that the mean temperature during a sample’s surface exposure is constrained by the 
observables.  These potentially provide a set of nuclide-mineral systems that can be selected 
and optimized for a broad range of research questions, climate settings, and lithologies.  An 
attractive aspect of this method is that different isotope and mineral pairs, along with different 
crystal/grain sizes, can be selected to optimize temperature sensitivity for a particular 
problem.  In addition, multiple mineral systems, and likewise multiple combinations of 
mineral system and diffusion domain size, can provide tests for internal consistency and 
validation of assumptions.  



 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
Figure 1.  Retention of cosmogenic 3He and 21Ne expressed as a function of exposure 
duration and temperature.  Calculated ratios of 3He/21Ne in quartz (solid curves; a=5mm) 
and 21Nefeldpar/21Nequartz (dashed curves; a=0.1mm) are normalized to the production ratio 
(i.e., quantitative retention =1) using diffusion kinetics of He and Ne in gem quality quartz 
(Shuster and Farley, 2005), and Ne in plagioclase feldspar (Gourbet et al., 2012).  The two 
white points show predictions for a sample exposed for 1 Ma at 0 °C.  Because all axes are 
observable, the mean temperature during exposure can be determined; co-existing phases 
provide tests for internal consistency.     
 
As a test of this method’s validity, we present results from quartz-bearing Antarctic 
sandstones and a rhyolitic ignimbrite from Peru, each with simple Holocene exposure 
histories.  For the Antarctica samples, if we assume that 3He diffusion kinetics in quartz4 
applies and normalize to the local production rate, exposure duration and grain size, the 
observed 3He concentrations correspond to an effective diffusion temperature of 
approximately -15 °C over 5-10 ka of surface exposure, as determined by cosmogenic 10Be 
concentrations measured in the same samples. For the sample from Peru, a production and 
diffusion model incorporating sample-specific diffusion parameters and the measured 3He 
abundance predicts an effective exposure temperature consistent with the mean modern 
temperature at the sample location. This internal consistency demonstrates that the 
empirically-determined, sample-specific diffusion kinetics apply to cosmogenic 3He and 21Ne 
in quartz in natural settings over geologic timescales. Quantitative applications of this method 
may require quantification of diffusion kinetics for individual samples of interest.   
 
References 
1. McDougall, I. & Harrison, T. M. Geochronology and Thermochronology by the 40Ar/39Ar Method.  
(Oxford University Press, USA, 1999).  
2. Reiners, P. W., Ehlers, T. A. & Zeitler, P. K. Past, present, and future of thermochronology. Reviews in 
Mineralogy and Geochemistry 58, 1-18 (2005).  
3. Gourbet, L. et al. Neon diffusion kinetics in olivine, pyroxene and feldspar: Retentivity of cosmogenic 
and nucleogenic neon. Geochimica et Cosmochimica Acta 86, 21-36 (2012).  
4. Shuster, D. L. & Farley, K. A. Diffusion kinetics of proton-induced 21Ne, 3He, and 4He in quartz. 
Geochimica et cosmochimica acta 69, 2349-2359 (2005).  
5. Tremblay, M. M., Shuster D. L., Balco, G.. Diffusion kinetics of 3He and 21Ne in quartz and 
implications for cosmogenic noble gas paleothermometry. Geochimica et Cosmochimica Acta In Review (2014). 



Paleo-denudation rates at the Plio-pleistocene transition: a cosmogenic 
nuclides perspective from Asia 

 
Pierre-Henri Blard1, Julien Charreau1, Nicolas Puchol1, Raphaël Pik1, Jérôme Lavé1, Didier 

Bourlès2, Régis Braucher2 

1 - CRPG-CNRS, Université de Lorraine, Vandoeuvre-lès-Nancy, France 
2 - CEREGE-CNRS, Aix Marseille Université, Aix-en-Provence, France 

 
Denudation is a key factor for the evolution of the Earth's surface since this process may induce 
several feedbacks between tectonics and climate. Notably, denudation is supposed to impact climate, 
by increasing the sequestration of atmospheric CO2 into the ocean1. However, the long-term evolution 
of denudation rates still remains a matter of debate. Indeed, several authors2 proposed that the onset of 
Quaternary glaciations was associated with a climatic change that led to a significant increase of 
worldwide denudation, about ~3 Ma. This increase is nevertheless established from sediment 
budgeting from various basins, a method which can suffer from severe flaws. Moreover a recent study 
based on the long-term oceanic record of the 9Be/10Be ratio on the contrary suggested that the global 
weathering rates remained stable over the last 10 Ma3. 
 
There is thus crucial need for unequivocal records of the long-term evolution of continental 
denudation, particularly at the onset of Quaternary glaciation. 
 
We present here an innovative approach based on the analyses of in situ produced cosmogenic 10Be 
in independently dated ancient sediments. A pioneer study carried out in the Northern Tianshan 
(Central Asia) suggested that a transient increase in denudation rate occurred in this watershed 
between 4 and 2 Ma4. To go further these preliminary results, we present here new cosmogenic 
paleo-denudation records from four different locations: three new records from both sides of the 
Tianshan range and one record from the Surai river, in the southern Siwalik piedmont of the 
Himalayas. All these records display local and sometimes significant variations of denudation rates 
since ~10 Ma. Although some of these variations may result from local tectonic forcing or 
changes in the watershed geometry, the synthetic record indicates a long term and progressive 
increase in denudation rates between 10 and 3 Ma. Between 3 Ma and present, the denudation rates 
have remained constant. These results suggest that the onset of Quaternary glaciations had only a 
limited impact on the denudation rates in the Northern Hemisphere, the erosion increase being 
lower than to a factor of two at the Cenozoic-Quaternary transition, 3 Ma. 
 
The method uncertainty can be significantly reduced combining independent constraints, notably by 
estimating the accumulation rate from magnetostratigraphy and paleoelevation from oxygen and 
carbon isotopic records. 
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Optically stimulated luminescence (OSL) is a Quaternary dating method used to estimate the last 
exposure of target minerals to sunlight, commonly quartz and feldspar grains6,8 . OSL ages are 
typically interpreted as deposition ages of the corresponding sedimentary units. However, the 
typically low thermal stability of various luminescence signals can also be utilized to interpret 
bedrock OSL ages as cooling ages1. A recent introduction of OSL5 proposed that this method would 
allow studying the very last stages of rock exhumation on previously unexplored temporal and 
thermal scales (i.e. focusing on the late Quaternary period). Here, we report recent results on the 
characterization and calibration of feldspar OSL as a low-temperature themochronometer:  
 
1. In a tectonic setting where the crustal thermal regime has been stable on a timescale of >10 Ma 
(KTB borehole, Germany), a strong dependence of feldspar infrared stimulated luminescence 
(IRSL50) with depth (12 depth samples uniformly covering the 10-70 °C range) has been both 
observed and successfully modeled using laboratory-derived kinetic parameters4. Specifically, the 
proposed kinetic model (whose parameters have been calibrated on a sample-to-sample basis using 
standard laboratory protocols), has been used to predict the observed IRSL50 intensities for a given 
set of storage borehole temperatures, and to successfully invert observed intensities into an effective 
paleo-geotherm (with a goodness of fit of R2>0.97 for both forward and inverse models). Falling 
within the errors of its present-day estimates, such paleo-geotherm (averaged over 10-100 ka 
timescales) highlights the potential of feldspar IRSL50 in geothermal prospecting, and in other 
potential fields where recent thermal perturbations of the shallow crust play an important role. 
 
2. We have generalized Dodson’s closure theory2 to account for arbitrary thermal boundary 
conditions3. The resulting generalized formula for closure temperature (equally applicable to 
standard and luminescence thermochronometers) is particularly crucial for OSL systems, where the 
storage space for the radiogenic product is physically limited. Our formulation allows to interpret 
any thermochronometric system which is prone to attain an apparent steady-state during its final 
stages of cooling. Analysis of the thermal stability of feldspar IRSL50 reveals that its application is 
restricted to only extremely high cooling rates (>300 °C Ma-1), below which IRSL50 can be 
expected to be found in field steady-state. 
 
3. Targeting an exhumation/cooling rates range across ~2 orders of magnitude, surface bedrock 
samples from various mountain ranges (Alaska, Norway, Pamir and Himalaya) have been collected 
and processed in a similar manner to the borehole calibration study. Most feldspar IRSL50 signals 
appear to be in field steady-state and dominated by athermal loss7, reflecting this particular signal’s 
insensitivity to typical bedrock cooling rates. Thermally-reset outliers correlate with a major fault 
shear zone, and could suggest resetting due to fault shear-heating or hydrothermal activity9. We are 
currently investigating other mineral-signal pairs, where the combination of lower thermal stability 
and later saturation characteristics could suggest radiometric closure at very low temperatures.  
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Quantifying global erosion from thermochronometric data 
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There is an on-going debate on the effect of climate on erosion efficiency and, in particular, 
whether the cooling of the Earth's climate during the Late Cenozoic has led to enhanced 
erosion of mountain belts, as suggested (or not) by conflicting evidence from the sedimentary 
record1,2. Unlike sediment accumulation budgets, which are subject to many assumptions on 
transport and deposition, thermochronometry provides a first order unbiased estimate of 
erosion in the bedrock source regions. 
 
I will present how erosion rates from the source areas that produce the sediment record at a 
Myr timescale were recently quantified using low-temperature thermochronometry3. We have 
compiled about 18,000 bedrock fission and (U-Th)/He data from around the world and used a 
formal inversion procedure4 to quantify temporal and spatial variations in erosion rates. 
Results identify a robust increase in erosion rates in mountain ranges since ca. 6 Myr ago and 
most rapidly since 2 Ma. The effect is most pronounced in glaciated mountain ranges, 
indicating that glacial processes played a significant role. Because the production of 
sediments is largely dominated by mountains compared to lowland continental areas, our 
results imply an increase of sediment fluxes at a global scale that tightly coincides with 
enhanced cooling during the Plio-Pleistocene.  
 
The observed increase in erosion rates also appears to reach a maximum at mid-latitudes3,5. 
Although it seems clear that such latitudinal variations were related to climate, the processes 
responsible for adjustments in glacial erosion remain uncertain. I will present more detailed 
results on the Patagonian Andes (Herman and Brandon, submitted). The nearly 2000 km 
meridional extent of the Patagonian Andes provides a unique opportunity to establish the 
long-term relationship between climate and erosion. By exploiting its latitudinal distribution 
one can investigate the role climate played on modulating glacial erosion rates through time. 
From the inversion of compiled thermochronometric data, erosion rates appear to have been 
higher in the northern regions, peaking about 44°S during the last 2 Myr. The position of this 
maximum coincides with the location of maximum precipitation that follows the southern 
hemisphere Westerlies during glacial maxima. I will show that such increased precipitation 
rates about 44°S lead to enhanced ice flux, ice sliding velocity and, in turn, higher glacial 
erosion rates. These results suggest that the migration of westerly winds belts toward the 
equator since 2 to 3 Myr ago played an important role on setting the distribution of mountain 
erosion on Earth. 
 
These studies reveal that the increasing amount of thermochronological data allowed us to 
move from local, to regional and global studies. More importantly, they seem to help image 
the effect of climate on erosion, to extent that could not be reached with other proxies, such 
sedimentation accumulation curves.  
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Over the last few decades different mechanisms have been proposed to explain the elevated 
present day topography of southeastern Brazil1-4, which locally attains elevations >2 km. To 
evaluate some of these mechanisms, we numerically simulated the post-rift evolution of the 
margin coupling surface and tectonic processes. This model takes into account the flexural 
behavior of the lithosphere, the thermal evolution of the mantle and the surface processes of 
erosion and deposition5. 
 
The landscape evolution and the exhumation history obtained from the numerical simulations 
are used to retrieve the thermal history of particles at the top of the basement, using a 
numerical model based on the software Pecube6. We compared the thermal histories 
retrieved by the numerical models with those obtained from apatite fission track (AFT) 
and (U-Th)/He data along transects orthogonal to the coast in different parts of the 
southeastern Brazilian rifted continental margin, from Vitória to São Paulo (Carmo et al., in 
preparation and ref. 3). These datasets show a systematic increase of AFT age from ~49 Ma 
(coast) up to ~178 Ma (inland). 
 
To quantify the influence of each process in the exhumation history of the margin we 
tested different geotectonic scenarios, taking into account flexural rebound of the 
lithosphere due to rifting, magmatic underplating, post-rift reactivation of pre-existing 
faults, thermal anomalies at the base of the lithosphere and variable climatic conditions. We 
demonstrate that the present day topography and the exhumation history predicted by 
thermochronological data can be explained without invoking pronounced regional post-rift 
uplift of the margin. We observed that periods of generalized fast cooling rate retrieved from 
the thermochronological data could be related to climate variability. Furthermore, we 
conclude that the reactivation of pre-existing faults resulted in local increase of the observed 
cooling rate and, therefore, cannot explain the regional cooling pattern observed from 
thermochronological data in southeastern Brazil. 
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The excellent exposure of basement rocks onshore Norway and the well explored offshore 
continental shelf provide an ideal natural laboratory to investigate landscape evolution by 
studying the interactions between brittle tectonics, weathering and basin formation. An 
accurate and comprehensive geochronological framework is required to investigate the links 
between these processes. The common association of fault gouges and saprolite weathering 
horizons with K- bearing clays such as illite and sericite provides a possible approach to the 
direct dating of these features. 
 
There are several major technical challenges in dating clays: 1) Authigenic clays are 
frequently mixed with detrital minerals from the host rock; 2) Previous studies have shown 
that the finest grained material (<0.1 µm and below) provides the most reliable 
geochronological results, yet this material is difficult to isolate and manipulate; and 3) Fine 
grained material is difficult to date using the 40Ar/39Ar technique because the 39Ar parent 
proxy is lost by recoil during irradiation, resulting in excessively old ages. Consequently, 
extra care and specialised equipment are required for sample preparation and characterisation 
prior to analysis, and fine grained material is routinely and more conveniently dated by the 
conventional isotope dilution K/Ar technique. 
 
Several pioneering studies show that the K/Ar technique yields sensible ages for Late 
Mesoproterozoic to Cretaceous1-3 fault gouges and saprolites from Scandinavia. The 
possibility of generating a comprehensive framework for Norway, combined with the 
reservoir potential of highly weathered and fractured basement rocks with enhanced 
secondary porosity has resulted in the industry-funded "BASE" project, which aims to 
establish a temporal and conceptual framework for brittle tectonics, weathering patterns and 
landscape evolution affecting the basement onshore and offshore southwestern Norway. 
 
Within the framework of this joint industry project, the Geological Survey of Norway is 
establishing a new K/Ar facility for the separation, full characterisation and dating of clay 
material. Clay samples are disintegrated by stimulated gelifraction in a cryostatic bath. 
Subsequently, fine grain samples are separated using Stokes' law. Grain size fractions down to 
<0.1 µm and below are isolated using high speed, combined fixed angle rotor and continuous 
flow centrifuges. A new laser particle size analyser with a detection limit down to 0.01µm is 
used to check the separated size fractions. These fractions are subsequently examined with a 
SEM, and clay mineralogy and polytypes are determined using a Bruker D8 Advance X-
Ray diffractometer which was specially acquired within the scope of the "BASE" project. 
 
Our fully automated, low volume extraction line is specifically designed to handle the high 
water and impurity content of illite from fault gouges and saprolites. It is fitted with a dual 
pipette system to deliver calibrated molar quantities of a high purity 38Ar spike for 



quantitative determinations of 40Ar*, as well as atmospheric Ar for mass discrimination. 
Samples are degassed using a double vacuum resistance furnace, and isotopes are measured 
using a high sensitivity IsotopX NGX multicollector mass spectrometer on seven detectors. 
Five (5) Faraday detectors with 1012 Ω resistance can be used for routine simultaneous 
measurements of atomic masses 36 to 40. An additional ion counting multiplier at low mass, 
as well as one 1011 Ω Faraday detector at the highest mass, provide a more versatile setup 
which allows the ion beams to be shifted to adapt the measurement conditions to vastly 
different Ar yields and facilitates the analysis of smaller or younger samples. Digested 
samples are analysed by ICP-OES for determinations of K concentration. 
 
In addition to new technical developments in the K/Ar analysis of clays, we are interested in 
exploiting the technical capability of our mass spectrometer to analyse other cosmogenic or 
radiogenic noble gases such as neon or helium in the future. 
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Session 8: 

Landscape evolution on different timescales	  



Recent Advances in Quantifying Tectonic and Erosional Processes with 
Thermochronology and Numerical Models 

 

Todd A. Ehlers 
Department of Geosciences, University Tübingen, Germany 

 
 
 

The background thermal state of the crust is controlled by the flux of heat into the base of the 
crust, surface temperature, and variations in thermophysical properties such as thermal 
diffusivity and radiogenic heat production.  Variations to this background state occur in regions 
with large spatial and temporal gradients in erosion and sedimentation, deformation, 
magmatism, and fluid flow. In recent years significant advancements have been made in 
quantifying erosion/sedimentation  and deformation processes with numerical models that 
predict cooling ages.  Furthermore, increased sample throughput in laboratories has provided 
sufficiently detailed data sets to rigorously test model predictions and provide new constraints 
on the tectonic and surface process influences on cooling ages. However, despite some 
successes, in many cases model capabilities and predictions exceed the fidelity of data and a 
critical evaluation of how to best pair models of different complexity with observations is 
warranted. 

 
This presentation presents a synthesis of how recent advances in thermochronometer  data 
collection and numerical modeling have, or have not, improved the interpretation of tectonics 
and surface processes. Emphasis is placed on understanding: (a) the evolution of structural or 
topographically complex settings; and (b) quantification of topographic change and surface 
processes with model-data integration. Examples are provided from settings where bedrock 
and/or detrital thermochronometer  data are interpreted using thermal kinematic and erosion 
models. Emphasis is placed on the sensitivity of different data sets to test model predictions of 
varying complexity. Time permitting, three different types of studies will be discussed.  These 
include: 

 
First, the interpretation of cooing ages is discussed for structurally complex settings such as a 
fold and thrust belt. Examples of regions with complex kinematic histories are shown whereby 
restored balanced cross sections are forward modeled and the resulting thermal field calculated.  
The cooling ages of samples exhumed to the surface are predicted and compared to observed 
cooling ages. This example highlights the sensitivity of cooling ages to different structural 
geometries and rates of shortening and how (and when) coupled model-data studies can be used 
to improve our understanding of the kinematic history of orogens. 

 
Second, the influence of evolving topography on cooling ages is explored.  Mountain 
topography evolves over the life cycle of orogen growth and decay. Over shorter time scales, 
rapid pulses of erosion and topographic change by river incision or glaciation have captured 
the attention of numerous studies.  Examples of the limits to reconstructing topographic change 
in these settings are presented as well as the conditions required for the extraction of 
paleotopography from coupled model-data studies. 

 
Finally, recent interest has emerged in quantifying surface processes from detrital 
thermochronometer  samples collected from either modern river or glacial sediments. These 
types of studies exploit the fact that cooling ages (usually) increase with elevation such that the 
measurement of a distribution of ages in sediments can be used as a particle tracking tool to infer 
the elevation an individual grain age was derived from.  This approach is intriguing because it 



opens the door to use thermochronology as a tool for quantifying the spatial distribution of 
erosion from the geomorphic process(es) that produced the sampled sediment.  Examples of 
these types of studies are discussed from grain-age distributions measured in fluvial and glacial 
sediments.  The effects of landslides and glacial patterns of erosion on cooling ages are presented 
as well as how bedrock thermochronometer  data can also be used to evaluate topographic 
change. 



Constraining Dynamic Topography using low-Temperature 
Thermochronology 

Jean Braun 

ISTerre, Université Joseph Fourier, Grenoble, France 
 
Low-temperature thermochronology is now routinely used to constrain the rate of landform 
evolution over geological time scales; modeling tools have been developed, such as Pecube, 
to invert the data to produce quantitatively and physically plausible surface evolution 
scenarios. This approach has been broadly embraced by the community and has led to some 
key discoveries in recent years, such as the timing of glacial valley incision in the European 
western Alps or the propagation of fjords in southern New Zealand. 
 
More recently has emerged the concept that part of the Earth’s surface topography may not be 
related to tectonically induced and isostaticly supported crustal thickness variations, but 
caused by viscous flow in the underlying convecting mantle, the so-called dynamic 
topography. Estimates of dynamic topography vary greatly, both in amplitude and extent, in 
part due to our limited knowledge of the details of the viscosity and density structure in the 
mantle, in part due to our inability to compute with accuracy the non-isostatic component of 
surface topography, due to a lack of global coverage in crustal and lithospheric thickness. 
Efforts have also been deployed by many groups of geodynamicists to estimate the 
contribution of dynamic topography in the geological past, either using backward advected 
mantle flow models or forward calculations of the flow caused around subduction zones of 
which we hypothesize we can deduce the geometry and rate of subduction from the geological 
record. 
 
Tests of these models are critical and should not only bring essential constraints on the 
physical parameters controlling mantle flow, but also help us better understand parts of the 
geological record that cannot be explained by plate tectonics alone. This requires better 
constraints on the height, extent and timing of this long wavelength, low amplitude dynamic 
topography that may have come and gone long ago. Thermochronology is one of the better 
tools that we have to achieve this goal. It relies however on whether dynamic topography 
creates sufficient relief to trigger enough surface erosion and rock cooling that can be 
recorded by thermochronology. 
 
In this talk, I will try to explain these issues and describe under which conditions 
thermochronology is most likely to be useful to constrain past and dynamic topography, using 
a few examples from the Colorado Plateau, Patagonia and the south African craton. 
 



Grand Canyon, models, and the interpretation of thermochronology 
data 

Rebecca M. Flowers1, Kenneth A. Farley2 
1 Department of Geological Sciences, University of Colorado - Boulder, USA 

2 Division of Geological and Planetary Sciences, California Institute of 
Technology, USA 

 
Recently published apatite 4He/3He and (U-Th)/He (AHe) evidence for carving of portions 
of the Grand Canyon to within a few hundred meters of modern depths by ~70 Ma1 has 
helped renew discussion about the antiquity of the Grand Canyon and how the data – 
especially thermochronology results2,3,4 – constrain the history of canyon incision. This 
controversial work and the ensuing interchange among several investigators illustrates 
both the power and the challenges of combining, interpreting, and concisely explaining 
rich thermochronologic data when applied in a complex geologic setting. Recent 
publication of a large new thermochronologic dataset5 from the region has increased the 
thermal history information available for understanding canyon evolution. In this talk we 
will provide an overview of models for Grand Canyon carving, a synthesis of the 
thermochronologic data and their simulations, and an assessment of how these data bear 
on the ancient canyon model. 
 
Here we define the “eastern Grand Canyon” as the eastern segment also known as the 
Upper Granite Gorge, where Precambrian basement is exposed. The segment between the 
Hurricane fault and Lake Mead we refer to as the “westernmost Grand Canyon”, where 
Precambrian basement also crops out. AHe1,4,6, 4He/3He1, and AFT4,5,7,8,9 

data exist for 
canyon bottom samples from these segments. There are published AHe data for 
southwestern plateau surface samples6, for several vertical transects in the canyon (the 
most complete being for the South Kaibab transect in the eastern canyon)4, and for several 
boreholes on the plateau south of the canyon4. AFT data are also available for an eastern 
canyon vertical transect7. The combination of AHe and AFT data is an essential aspect of 
this dataset, not only because it provides access to two different closure temperatures, but 
also because He diffusion in apatite is thought to be controlled by radiation damage for 
which fission tracks provide a quantitative proxy. 
 
Our interpretation of an eastern “proto”-Grand Canyon was based on the similarity of 
plateau surface and canyon bottom temperatures from 55-30 Ma derived from AHe data 6 .  
A criticism2 of this interpretation was that our rim sample was collected north of the 
canyon on the Kaibab uplift and not optimally located to constrain the paleocanyon. Our 
analysis of the recently published AHe data4 shows that 1) rim samples from the South 
Kaibab transect yield thermal histories consistent with our previous results, 2) borehole 
samples from south of the canyon yield thermal histories consistent with the south rim 
sample indicating the regional nature of its tT signal, and 3) the new eastern canyon 
bottom AHe data overlap with our published results. We therefore conclude that the new 
data support the “proto”- Grand Canyon interpretation that was originally based on a more 
limited AHe dataset. 
 
Second, our interpretation of an ancient westernmost Grand Canyon was based on apatite 
4He/3He and AHe data that demanded cooling to temperatures <30 °C by 70 Ma. More 
recent western canyon AHe data4,5 

support this interpretation3. The thermal history 
simulation on which our conclusion was based began at 100-80 Ma because available AFT 



data from the area indicated complete annealing of fission tracks at peak temperature9; this 
observation provides a zero radiation damage, zero He age initial condition for modeling. 
However, it was suggested that if this assumption was flawed it would cause our apatites 
to be more He retentive and invalidate our conclusion2. We showed previously that the 
AHe data require complete He loss at peak temperature because partial He loss predicts a 
strong date-eU correlation that is not observed3. However, we did not explicitly address 
the circumstance of complete He loss but only partial damage annealing. Our new analysis 
shows that simulations commencing at 540 Ma and allowing partial damage annealing do 
not change our key thermal history conclusion. Even an extreme endmember scenario 
starting at 1100 Ma and allowing 600 m.y. of damage accumulation prior to burial and 
partial annealing requires cooling to <30 °C by 64 Ma, leaving intact our ancient canyon 
interpretation. 
 
Our conclusions for the westernmost Grand Canyon differ from those recently published by 
ref 5. However, in ref 5 the thermal histories shown for the western canyon: 1) are fully 
compatible with our interpretations, 2) are for samples that do not actually come from the 
western canyon, 3) use AHe or AFT data that are irreproducible and/or of questionable 
quality, or 4) are a consequence of assumed thermal history constraints that preclude paths 
that would allow an ancient canyon. Ref 5  also argues that western canyon AFT data are 
inconsistent with the AHe results. If true this is an important observation, but the above 
inconsistencies of the modeling do not allow this claim to be assessed. 
 
The intense interest in Grand Canyon thermochronology data and their significance 
provides an opportunity to evaluate the fundamentals of the methods being applied and the 
limits of what we can understand from them. However, work thus far also highlights the 
compelling need for transparency and justification of time-temperature (tT) constraints in 
thermal history modeling, complete publication of all data on which interpretations depend 
so that they can be independently reproduced, presentation of the entire suite of 
statistically viable tT paths permitted by the data rather than selected tT paths, and the 
need to employ the same kinetic models when comparing results for multiple sample. Not 
adhering to these basic principles of thermochronology data reporting and interpretation 
makes it challenging to identify where discrepancies between datasets truly do or do not 
exist, and confuses rather than clarifies discussion about this problem. 
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40Ar/39Ar geochronological constraints on long-term and 
continental-scale landscape evolution 

 

Paulo M. Vasconcelos1 
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Classic long-term landscape evolution models propose the existence of regional-scale erosion 
surfaces and raise hypotheses, currently abandoned but largely untested, about the cumulative 
effects of tectonics and climate on the evolution of continental landscapes. Weathering 
geochronology by 40Ar/39Ar analysis of supergene hollandite-group Mn-oxides provides a 
robust tool for testing these hypotheses. Laser incremental heating analysis of more than 1200 
Mn-oxide grains from weathering profiles from four different regions in Brazil (Carajás1, 
Urucum2, Quadrilátero Ferrífero3-5, and Espinhaço6) provides a statistically robust database to 
assess whether weathering profiles and their underlying landsurfaces are correlative at 
regional and continental scales. The results reveal that deep and chemically stratified lateritic 
weathering profiles exposed at the surface today started to form at the end of the Cretaceous, 
and that their maximum ages – interpreted as the minimum ages of the hosting landsurfaces – 
can be correlated at continental scales. Geochronology of hollandite samples from vertical 
transects through these profiles also reveal an episodic history of evolution for each profile. 
This episodicity records changes in weathering conditions through time, but also reveal 
that the surfaces hosting the weathering profiles have been continuously exposed – and 
have not been buried and re-exhumed – for the entire Cenozoic. A positive correlation 
between the ages and the elevations of weathering profiles reveals a clear hierarchy of 
landsurfaces: the oldest weathering profiles sit at the highest elevation surfaces, and 
weathering profiles become progressively younger as topography decreases. This age vs. 
elevation correlation suggests that the long-term evolution of cratonic landscapes occurs by 
alternating periods of tectonic and climatic stability, when landsurfaces undergo deep 
weathering; and periods of active uplift, dissection, and erosion of previously formed 
weathering profiles and formation of a new, younger erosion surface. The maximum 
weathering ages reveal the minimum ages of these erosion surfaces. The denudation 
chronology history derived from weathering geochronology suggests that cratonic landscapes 
are not in dynamic equilibrium. 
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Incision of the Three Rivers Region, southeastern Tibetan 
Plateau, using low-temperature thermochronometry and river 

profile analysis 
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1 Department of Earth Sciences, Swiss Federal Institute of Technology, Zurich, 

Switzerland 
2 Institute of Earth Sciences, University of Lausanne, Switzerland 

3 School of Ocean and Earth Science, Tongji University, Shanghai, China 
 
The geodynamic processes and timing at which the Tibetan Plateau was raised remains 
uncertain, despite decades of studies. The Three Rivers Region (TRR: (Yangtze, Mekong and 
Salween rivers), located at the southeastern margin of the Tibetan plateau in China, is 
characterized by spectacular gorges that incise low-relief landscape. Rapid fluvial incision by 
the three rivers and their tributaries has created deep and narrow gorges 2 to 3 km in depth 
along this portion of the plateau margin, promoting efficient hillslope response. However, 
timing, forcing magnitude and potential onset of the erosional response and landscape 
evolution are still debated and require precise quantification. Towards this goal, we present an 
integrated analysis of the regional exhumation history, based on thermochronometric data and 
a topological analysis of the river network. 
 
In this study, we report new apatite (U-Th)/He (AHe) and apatite fission-track (AFT) ages 
from the TRR, collected mainly along the main trunk of the rivers. Our AHe data range from 
~1 to >80 Ma, while our AFT ages are between ~3 and 50 Ma. In the Tibetan plateau 
thermochronometric ages are older than 20 Ma, while along the river valleys most of the ages 
are younger than 10-15 Ma. Zircons are currently being analyzed by (U-Th)/He dating to 
better time the onset of rapid erosion in the TRR. After compiling the new and existing low-
temperature thermochronologic data, we used a nonlinear inversion method to investigate the 
exhumation history in both space and time. Our results show variable exhumation rates across 
the three rivers, with the lowest incision rates on the Yangtze for the last 4-6 Myr. The rates 
are faster in the Mekong and Salween, with a sharp increase up to 1 km/Ma in the last 2 Myr 
for the Mekong river. We infer that a spatial tectonic uplift gradient is the primary control on 
fluvial incision. Our data also reveal the propagation of the incision towards the plateau 
interior, clearly visible in the thermochronologic data along the Mekong river. The fluvial 
systems in the TRR are still in a transient state today and they will continue to erode 
towards the plateau interior. 
 
Our analysis of the river network is based on the extraction and mapping of the 𝜒 metric 
as a proxy for the steady state elevation, which provides a measure of the state of basin 
geometry disequilibrium (Willett et al., 2014). Our 𝜒 map reveals no large contrast across 
the main divides of the three rivers, suggesting that they are nearly in lateral geometric 
equilibrium. This is also supported by the symmetric mountain ranges between the 
lower Salween and Mekong basins. However, locally high 𝜒 anomalies are present on the 
low-relief landscape situated between large basins. In contrast, neighboring streams show 
small 𝜒 values. The differences in 𝜒 indicate that channels are not in steady state and 
incision is currently driving water divides into the undissected regions. As a result, the low-
relief surface will eventually disappear. This inference is consistent with our independent 
constraint from thermochronology that the region has experienced a recent acceleration in 



uplift. 
 
We also use a linear inversion method (Goren et al., 2013) to infer the tectonic uplift history 
from river channel profiles. We inverted the Salween and Mekong river channel profiles for 
uplift rate. Our results suggest these two rivers are in a transient state with uplift rate that 
varies in both time and space. For simplicity, we assume uplift only varies in a N-S direction. 
We further divide each basin into a number of tectonic sub-regions, treated as rigid blocks. 
Uplift rate is uniform within each block, but varies in time and between blocks. Our inversion 
suggests that the Salween can be fitted with two blocks with lower uplift rates in the lower 
block and higher rates in the upper block. For the lower block, the uplift rate has slowly 
increased from ~0.02 mm/yr to a maximum of 0.25 mm/yr during the past 37 Myr. For the 
upper block, tectonic activity has only recently accelerated with increasing uplift rate since ~6 
Myr following a long quiescent tectonic period. The Mekong is fit better with three tectonic 
blocks. Tectonic activity is almost constant in the lower block since 32 Myr. Although the 
uplift rates in the middle and upper blocks are independent, a common increase in uplift rate 
occurred at ~6 Myr and continues to the present. 
 
References 
1.  Willett, S.D., McCoy, S.W., Perron, J.T., Goren, L. & Chen, C.Y., Dynamic Reorganization of 
River Basins Science, 343 (6175), doi: 10.1126/science.1248765 (2014). 
2.  Goren, L., Fox, M. & Willett, S.D. Finding temporal variations of tectonic uplift rate through 
inversion of long profiles of rivers: Formulation, algorithm, and application to tilted blocks in the western Basin 
and Range (CA). AGU Fall Meeting, EP41C-0803 (2013). 



Temporal and spatial variations in erosion rate in the Sikkim 
Himalaya as a function of climate and tectonics 
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The Tista River is a major tributary of the Brahmaputra drainage system (Eastern Himalaya). 
Its headwaters are located in the glaciated northernmost parts of the Sikkim and its catchment 
area amounts to more than 12,000 km2 including a depositional megafan (extending mostly in 
Bangladesh and West Bengal-India). The Tista has recently incised its megafan at the 
topographic front of the mountain range by about 30 meters. Neither the timing of 
deposition/incision of the megafan sediments, nor the erosion rates of the source areas as well 
as their potential relationships, have been investigated in detail. Comparing these data is 
essential to distinguish between a climatic and/or tectonic control of the evolution of the 
Sikkim Himalaya and piedmont. 

To constrain erosion rates in the hinterland at different temporal scales (respectively millenial 
and geological timescales), we report cosmogenic nuclide (10Be) and thermochronological 
(apatite fission-tracks) data on modern river sands. 10Be concentrations in river sands vary 
from 1,712.103 to 43,173.103 at/g. Detrital AFT samples from major rivers show 1 or 2 main 
age populations, with peak ages varying from 3,4-8,2 Ma in the MCT zone to 5,8-17,5 Ma in 
northern Sikkim (Higher Himalaya and transition to Tethyan Himalaya).  
 
Results were mapped to evidence spatial variations of erosion/exhumation rates in the Tista 
catchment. Cosmogenic nuclides were also used to date the onset of incision of the megafan 
and relate it to potential changes in hinterland erosion.  

In addition, isotope geochemistry (εNd and 87Sr/86Sr) performed on modern river sands and 
Late-Quaternary megafan sediments allows characterizing the isotopic signature of the 
different source areas and constraining variations in provenance of the Tista megafan deposits 
through time in response to changing climatic conditions. Results show that the Tista fan 
deposits are mainly sourced from the High Himalayan Crystalline domain with excursions 
more influenced by the Lesser Himalaya domain. 

These data provide a new comprehensive view on modern erosion and long-term exhumation 
of the Sikkim Himalaya. This study of a “closed system” will help our knowledge and 
understanding of erosional processes and sediment fluxes in mountainous environments as a 
function of climate and tectonics.  
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Thermal history, exhumation, uplift, and long-term landscape  
evolution of the Eastern Great and Northern  Lesser Caucasus, 

Azerbaijan 
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The Caucasus orogen (Great and Lesser Caucasus) is the highest mountain range between Asia and 
Europe, whose growth takes place since the beginning of the Cenozoic3. The orogen has evolved as 
a result of the active north directed convergence of the Arabian plate4. The Great Caucasus (GC) 
represents a doubly verging fold-and-thrust belt, with a per-and a retro wedge actively propagating 
into the foreland sedimentary basins to the south and to the north5. 

 
Geomorphologic and thermochronological studies demonstrate a differentiated timing of 
exhumation and surface uplift as soon as differentiated exhumation and surface uplift rates of 
different tectonic zones of the GC. Studies on cooling history of recent granites in the western 
central Greater Caucasus show exhumation rates of 4 mm/a1. The fastest and highest surface uplift 
rates (more than 12 mm/a) take place in the center of the mountain range2. Some geomorphology 
studies also indicate fast and high uplift surface rates of 10 mm/a since late Pliocene in the Eastern 
GC, other introduce lower surface uplift rates of 0.33 to 1 mm/a 2, 6. 

 
Thermochronometric techniques (fission-track, (U-Th-Sm)/He, each on apatite and zircon) are used 
to reconstruct the thermal evolution of the upper crust, the subsidence, as well as the rock and 
surface uplift of the Eastern GC and Northern Lesser Caucasus and to connect them with the thrust 
kinematics of the GC. 

 
Samples were taken along different transects in Eastern GC and Northern Lesser Caucasus in 
Azerbaijan. Most samples of Eastern GC are Lower Jurassic age sandstones (deep marine and slope 
facies). Several sedimentary rock samples of Cretaceous, Miocene, Pliocene and Quaternary age 
were taken from the outcrops in the Kura basin and along rivers in the Eastern GC. Samples of the 
Lesser Caucasus are igneous and sedimentary origin and have Lower Jurassic to Holocene age. 

 

References 
1. Hess, J.C., Lippolt, H.J., Gurbanov, A.G. & Michalski, I. The cooling history of the late Pliocene Eldzhurtinskiy 

granite (Caucasus Russia) and the thermochronological potential of grain-size/age relationships. Earth and 
Planetary Science Letters 117, 393-406 (1993). 

2. Mitchell, J. & Westaway, R. Chronology of Neogen and Quaternary uplift and magmatism in the Caucasus: 
constraints from K-Ar dating of volcanism in Armenia. Tectonophysics 304, 157-186 (1999). 

3. Mosar, J., Kangarli, T., Bochud, M., Glasmacher, U.A., Rast, A., Brunet, M.-F. & Sosson, M. Cenozoic-Recent 
tectonics and uplift in the Greater Caucasus: a perspective from Azerbaijan. Geological Society, London, Special 
Publications 340 1, 261-280 (2010). 

4. Nikishin, A.M., Ziegler, P., Panov, D.I., Nazarevich, B.P., Brunet, M.-F., Stephenson, R.A., Bolotov, S.N., 
Korataev, M.V. & Tiknomirov, P.L. Mesozoic and Cainozoic evolution of the Scythian Platform - Black Sea - 
Caucasus domain. In: Ziegler, P., Cavazza, W., Robertson, A.H.F. & Crasquin-Soleau, S. (éd.) Peri-Tethys Memoir 
6 - Peri-Tethyan rift/wrench basins and passive margins. Mémoires du Muséum natn. Hist. nat., Paris 186, 295-346 
(2001). 

5. Sholpo, V.N. Strucure of inversion anticlinoria in the core of the Greater Caucasus: an advection hypothesis. 
Geotectonics 23, 245-251 (1993). 

6. Rastvorova, V.A. & Shcherbakova, E.M. The uplift of the Central Caucasus during late-glacial times. In: 
Gerasimov, I. P. (éd.) Recent crustal movements. Israel Program Sci. Transl., 318-326 (1967). 



Late-Cenozoic exhumation and sediment budget of the central 
Pyrenees: a detrital thermochronology study of the Miocene 

Lannemezan megafan 
Margaux Mouchené1, Peter van der Beek1, Frédéric Mouthereau2 

 

1 Univ. Grenoble Alpes, ISTerre, F-38041 Grenoble, France 
2 Sorbonne Universités. UPMC Univ Paris 06, UMR 7193, Institut des Sciences de la 

Terre Paris (iSTeP), 4 Place Jussieu, F-75005 Paris, France 
 

The landscape response to changes in external drivers such as tectonic activity and climate change 
can be deciphered from the study of exhumation and erosion patterns. To this end, carrying out a 
balance between eroded and depositional volumes is a powerful tool to understand the evolution of 
the sediment routing system. In addition, detrital thermochronological methods can provide 
meaningful constraints on the erosion rates averaged over the entire catchment area at geological 
time scales (106 years). 

 
The Miocene Lannemezan megafan is the most striking geomorphic feature of the Northern 
Pyrenean foreland. It is exceptionally large (104 km2), especially when compared to the other fans 
of this foreland, and it exhibits an anomalous fan area/catchment area ratio. The fan was built from 
Early Miocene to Pliocene, while active deformation of the central Pyrenees (in particular its 
northern retro-wedge) had already ceased1,2 although the exact timing of the end of the deformation 
remains disputed3. The controls on the development and final abandonment of the fan thus remain 
elusive. However, its sedimentary record allows assessing the post-orogenic exhumation history of 
the central Pyrenees. To constrain this history, we investigate the temporal evolution of the 
sediment flux and erosion rates in the sediment routing system by calculating eroded and deposited 
volumes combined with detrital apatite fission-track thermochronology. 

 
The Neste River, which most likely fed the megafan, was captured by the larger Garonne River in 
Quaternary times. Nevertheless, the delineation of its watershed on a digital elevation model 
(ASTER GDEM) provides an estimation of the eroded volume in the pre-Quaternary/Neogene 
paleocatchment of the megafan. Calculation of the depositional volumes for each stratigraphic level 
is done through comprehensive mapping of the Oligocene to Pliocene sediment series and 
interpolation of bounding surfaces between outcrops. The temporal evolution of the sediment 
supply, in terms of volumes and rates, can then be estimated by numerical calculation. 

 
Each stratigraphic level of the fan (independently dated by pollen analysis – JP Suc pers. comm.) 
was sampled for detrital fission track analyses on apatites. The erosion rates estimated from these 
thermochronometric data is averaged over the time scale of the lag time immediately preceding the 
deposition to provide exhumation rates and can be directly compared to the independently 
determined sediment flux in order to estimate the efficiency of sediment trapping in the fan. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Geological map of the Northern Central Pyrenees and Lannemezan megafan. Location of 
the samples collected for apatite fission-track analysis is shown (red stars). Black solid lines 
delineate the basins drained by the Neste and Garonne rivers down to their confluence. 
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The Pyrenees belt is a Late-Cretaceous-Miocene collision zone developed by inversion of rift 
structures created during Mesozoic times. Exceptional exposure along the chain, allow the study of 
how and when shortening occurred based on structural geology and tectonics-sedimentation 
relationship 1–4. Recently, low-temperature thermochronology studies (zircon fission tracks, apatite 
fission tracks,  and  apatite  U-Th/He)  were  carried  out  in  the  Pyrenees  to  gain  insight  into 
relationships between the deformation (tectonics) and erosion (climate, base level) processes 5–10. 
These have provided further constraints on the age of the main tectonic events involved in the 
mountain chain uplift, as well as the timing of erosion events during post-orogenic stages. 
 
In this study, we combine three thermochronometers (apatite U-Th/He, apatite fission track analysis 
and zircon U-Th-Sm/He) and numerical modelling to unravel the exhumation history of west- 
central Pyrenees7, at the western Axial Zone11 and the adjacent North Pyrenean Zone. A 
reconstruction of the whole exhumation history from all 3 thermochronometers, has been possible 
only in the Eaux-Chaudes, Balaïtous et Panticosa granitic plutons of the Axial Zone. The lack of 
apatite in the Upper Cretaceous cover of the Axial Zone, and the poor quality of the apatite crystals 
in the North Pyrenean Zone, precluded such complete reconstructions. The combination of apatite 
fission track analysis and zircon U-Th-Sm/He ages in these plutons imply a very fast exhumation at 
~20-25Ma during the activity of the Guarga thrust of the South Pyrenean thrust system. The 
structural geometry of this thrust ramp is consistent with large-scale uplift and exhumation of the 
Axial Zone 1,11,12. Zircon U-Th-Sm/He ages of 30-36Ma from the western Axial Zone termination 
(Lakora klippe -the southward thrusted edge of the North Pyrenean Zone- and its footwall) record 
growth of the Axial Zone antiform and thus constrain the activity of the Gavarnie thrust. In the 
north, the zircon U-Th-Sm/He data imply no resetting in the footwall of the North Pyrenean frontal 
thrust (with Permian-Jurassic ages). In contrast the data imply resetting in the North Pyrenean Zone, 
which yield Alpine ages, between 35-50Ma in the Albian flysh and 30-40 in Permo-Triassic 
substrate. 
 
Apatite U-Th/He data, obtained on both sides of the range, consistently allow us to recognize and 
date for the first time, a major erosional event at ~5-10Ma. We propose that this erosion event was 
driven by climatic/tectonic processes and not by the capture of the Ebro drainage system by the 
Mediterranean Sea, as previously proposed 13. 
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Despite recent advances in optical and radiometric dating techniques, constraining rates of 
Alpine valley evolution between the onset of major glaciation (prior to the Mid Pleistocene 
Revolution at MIS 22) and the Last Glacial Maximum remains a challenge. Recent insights into 
the mechanics of sub-glacial bedrock fracture, however, provide a new appreciation of the 
process and likely timing of U-shaped valley formation within the European Alps1,2. 
These are based on a model which suggests a one-off period of enhanced glacial incision can be 
driven by path-dependent development of bedrock stresses close to a valley axis, and 
modulated by the properties of sub-glacial bedrock and the rate of glacial transport. Today, 
the valley shoulder remains as a morphological marker reflecting the initial extent of critical 
landscape stresses, while exfoliation or sheeting fractures within the valleys bear testament to 
the proposed active fracturing process. Based on the required stress path, the most likely timing 
of this enhanced erosion can be constrained by dating evidence which suggests major valley 
incision and glacial sediment production was coincident with glaciation at MIS 12, 16, or 223-5.  
 
Capitalizing on these insights, we investigate morphological evidence supporting 
predominantly sub-aerial and fluvial geomorphological processes, which in combination with 
ongoing tectonic uplift, appear to overprint the signature of early glacial erosion since at least 
MIS 12. These observations are derived from comparison between stream power erosion 
models and knickpoint locations within the lower- to mid-reaches of major tributary valleys 
south of the Rhone River. The predicted timings are internally consistent with rates of mass 
wasting, tectonic uplift, and fluvial bedrock incision within the region. 
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The topography of the European Alps is strongly influenced by Quaternary glaciations; the 
glacial erosion of several glacial cycles had a large impact on the landscape, as it formed 
characteristic features like overdeepened and hanging valleys. In this study I measured 
cosmogenic nuclide in stream sediments and applied apatite fission track dating (AFT) on 
both bedrock and sediments to quantify landscape evolution. The sample material derives 
from crystalline bedrock, stream sediments and glacial deposits from moraines and cave 
sediments.  
The study area is located in the Central Alps of Switzerland (Fig.1), which is a high mountain 
area, strongly affected by glacial erosion during both the Quaternary and Holocene. At ~0.9 
Ma glacial erosion has led to a considerable increase in valley incision rates in this area1, and 
therefore the study area is ideally suited to investigate the glacial impact on landscape 
evolution.  
 

Figure 1. Shaded relief image of the study area based on 90 m SRTM data and sample locations 
of this study.  
 
The bedrock samples are used to determine their thermochronological age, in order to obtain 
the long-term exhumation history. The relatively high spatial sample density derived from 



published and new thermochronological data facilitates to figure out whether or not spatial 
differences and elevation dependencies exist. First apatite fission track ages vary between ~5 
Ma and ~9 Ma, confirming previous studies2. Ages do not only increase with elevation, but 
also show a distinct local trend along major valleys, which may be at least partly caused by 
focused valley incision during glaciations3.  
 
The stream sediment samples were used for determination of catchment-wide denudation 
rates with in-situ produced Beryllium-10. The calculated denudation rates range from 100 to 
1733 mm/ka, representing the last ~6000 years. Their potential comparability with the AFT 
results will be discussed. Additionally I will combine detrital thermochronology of the stream 
sediment samples, glacial deposits and cave sediments with bedrock ages to infer the lateral 
variations of Holocene erosion.  
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The Lake District has the highest mountains in England, and is an iconic landscape that has been 
celebrated in art and literature for centuries. Apatite fission track (AFT) analyses from across the 
region, performed over the last 30 years, suggest that the last major rock exhumation event took 
place in Late Cretaceous-Early Palaeogene1-3. The adjacent East Irish Sea Basin has experienced a 
complex thermal history that includes cooling episodes in the Early Cretaceous, Early Palaeogene 
and Neogene4. Recent AFT analyses of onshore NE England suggest that Neogene cooling has been 
more important than previously thought5. Although the Late Cretaceous - Early Palaeogene 
exhumation signal is evident elsewhere in the UK6, the Lake District and surrounding regions 
appear to have experienced the largest amount of exhumation at this time. 
 
Despite the plethora of studies, several issues remained poorly resolved by the existing data. Firstly, 
the precise timing and rate of cooling of the Late Cretaceous-Early Palaeogene event are not well 
defined. Consequently the causes and mechanism/s of exhumation are not clear. There are two 
possible causes of uplift and exhumation in the Early Palaeogene. The eruption of huge thicknesses 
of picritic basalts related to the arrival of the proto-Iceland plume (62-58 Ma)7 require magmatic 
underplating that likely caused permanent uplift, and which is also supported by modeling of 
geophysical data8. The breakup of the North Atlantic at ~53 Ma9 may also have induced uplift and 
exhumation along the passive margin. Recent geophysical studies suggest that the maximum 
Cenozoic denudation occurred in northwest Scotland, not in the Lake District10. Resolving the cause 
of exhumation requires the precise determination of the time, amount and distribution of cooling 
and related denudation. The second main issue surrounds the amount of Neogene uplift and 
exhumation. That the British Isles have experienced an important Neogene denudation event is 
controversial and difficult to resolve by using AFT thermochronology alone. 
 
We seek to refine the existing constraints on the regional exhumation history with the first complete 
thermochronometric study. We are using apatite and zircon (U-Th-Sm)/He data, combined with 
AFT, from igneous intrusives from the Lake District, Southern Uplands (SW Scotland) and North 
Wales. Initial AFT ages from the Shap granite in the Lake District and the Criffell granite in the 
Southern Uplands vary from 46 to 56 Ma, whereas apatite (U-Th-Sm)/He ages from 41 to 45 Ma. 
Preliminary thermal history modelling shows that these areas experienced rapid cooling from over 
120°C at ~60 Ma to 40°C at 40 Ma. If cooling started at ~60 Ma, it suggests plume-related uplift, 
rather than North Atlantic break-up as the driver of exhumation. The cooling rate in excess of 
4°C/Myr translates to denudation of 160-70 m/Myr, depending on the geothermal gradient (25-
60°C/km); a ‘normal’ geothermal gradient of ~30°C/km implies that 2-3 km of denudation 
occurred during the Early Palaeogene. This exceeds the maximum amount of denudation measured in 
the surrounding sedimentary basins. This preliminary data and their modeling do not identify a 
resolvable Neogene cooling signature; however a Neogene compressional event has been identified in 
the surrounding basins. 
 
The data imply that the mountainous landscape of the Lake District and Southern Uplands were 
developed in, and has persisted since, the Early Palaeogene. The Neogene compressional event 
identified in the basins, however, is unlikely to have affected only the offshore areas. Future work 
will be aimed at a precise determination of the timing and distribution of Early Palaeogene 
exhumation, and quantifying the amount of Neogene rock uplift. 
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The formation of elevated passive margins is controversially debated in the literature. This is 
particularly true for the high-standing margins of Greenland. They have alternatively been explained 
by resulting from prolonged very slow erosion following Paleozoic orogeny1,2, resulting from 
rifting and opening of ocean basins adjacent to the Greenland continental margins3, or as young 
geomorphic features only formed during the Cenozoic4. This study focuses on the northwestern 
margin of Greenland, north of the Melville Bugt at the northern end of Baffin Bay. Opening and 
formation of oceanic crust of Baffin Bay took place during the Late Cretaceous. The study area is 
also situated at the southern termination of the postulated Wegener Fault, a controversially 
discussed large-scale strike-slip fault system supposedly active during the Paleogene, that has been 
described as one of the last problems of global plate tectonic reconstructions. Fission track data of 
the same region and towards the north did not yield evidence for Cenozoic accelerated cooling2,3, 
whereas a complex history of Cenozoic cooling for the area further south around the Disko Bugt 
was proposed4. 

 
AFT thermochronology yielded strongly scattering ages ranging from 403 to 91 Ma, associated with 
shortened mean track lengths between 9.8 and 12.2 µ m. The sampled profiles cross several normal 
faults. These faults seem to have been active during or after the late Cretaceous, leading to jumps in 
the age patterns and to the juxtaposition of rocks from different crustal levels, thus explaining the 
strong age scatter. Normal faulting, however, was not associated with strongly increased erosion. 
Instead, as indicated by thermal history modeling, all samples experienced extremely slow cooling 
during the entire Mesozoic. We interpret these patterns in that (i) normal faulting was associated 
with extension during opening of the Baffin Bay in the Late Cretaceous, and (ii) that no significant 
relief was created in response to the opening of Baffin Bay, but that the area was rather characterized 
by subdued topography. 

 
Our data are in agreement with accelerated cooling starting between 40 and 20 Ma and leading to 2 
to 3 km of denudation. We interpret this accelerated denudation as indicating uplift and formation of 
topography along the continental margin of north-west Greenland. By contrast, thermal history 
modeling revealed that our data are not in agreement with slow and continuous cooling since the 
Paleozoic. The complex Cenozoic cooling history as proposed for the Disko Bugt area towards the 
south4 could be reconciled with some of our data, but not with all of them. However, our data 
clearly argue in favor for a young Cenozoic formation of the elevated margin of north-west 
Greenland, independent from earlier orogenic processes and independent from the opening of the 
Baffin Bay. The reason for this young uplift is still unclear. At that time, Greenland was moving 
north and had just collided with Arctic Canada / Ellesmere Island to the west and with Svalbard to 
the east. Although it was previously assumed that only northern Greenland was affected by collision 
and deformation, exhumation observed for the Baffin Bay margin may be related to this tectonic 
episode. Another explanation would be that Paleogene exhumation was associated with a vertical 
component of the postulated Wegener strike-slip fault. For verifying this, more data are required, 
particularly from the Canadian side of the Wegener fault. 
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Mont-Tremblant is one of the tallest (875 m) and steepest peaks within the southwestern 
Grenville Province of Canada. It is composed of 1.2 Ga Mesoproterozoic granulite facies 
orthogneiss and host to a 1.15 Ga AMCG suite. The region is situated at the transition from a 
thick to thin mantle root and is located off-axis to the Mesozoic Great Meteor hotspot track 
within the Western Quebec Seismic Zone. Advances in thermochronology make it possible to 
study the cooling and uplift history of the Mont- Tremblant region through crustal depths of <10 
km with the application of zircon and apatite (U-Th)/He thermochronometry. Samples were 
collected along a ~650 m vertical traverse (~2400 m laterally) of Mont-Tremblant for an age-
elevation profile, as well as from adjacent regions more distal from the peak to obtain the 
background thermal history signal. (U-Th)/He ages from the elevation transect were obtained 
for 20 individual prismatic to elongate subhedral zircon grains and 20 barrel shaped apatite 
grains. The zircon ages are notably scattered, exhibiting a strong correlation of younger ages with 
higher effective uranium concentrations (eU). The eU is a proxy for radiation damage within the 
zircon and can alter He diffusion kinetics. Samples with eU values <300 ppm yield (U-Th)/He 
ages of ca. 650 Ma at the highest elevation (875 m) and ca. 560 Ma at the base (235 m). Apatite 
ages from the same suite of rocks yield ca. 290 Ma at the highest elevation, and ca. 190 Ma from 
structurally low levels. By incorporating the (U-Th)/He data with regional geologic constraints 
into the thermal modeling program HeFTy, viable time-temperature paths for the area can be 
determined. Inverse and forward modelling of combined apatite and zircon data highlights three 
distinct episodes of moderate cooling through the zircon partial retention zone (PRZ) and slow 
continuous cooling through the apatite PRZ. Independent geological constraints from the region 
are limited, thus our initial inverse and forward models are coupled with published 40Ar/39Ar 
constraints1 to resolve an inverse model with a more explicit thermal history. From this, the 
modeled and measured ages demonstrate a weak positive correlation between age and grain size 
for both zircon and apatite data. Resolvable thermal episodes as defined by our data correspond 
with post-Grenville cooling (Neoproterozoic) or cooling and exhumation of the orogen during 
rifting and passive margin formation associated with the Iapetus Ocean (Early Cambrian). 
Moreover, this indicates that the rocks from the area have not experienced sufficient heating 
(>200°C) to reset the zircon He systematics since the Proterozoic-Cambrian transition. Apatite 
(U-Th)/He ages of ca. 290-190 Ma suggest no significant post-Carboniferous burial and may 
reflect far-field tectonism related to ca. 320-250 Ma Alleghanian collision to the east. 
Surprisingly, neither the cooling ages nor topography were influenced by Mesozoic hot spot 
activity. By combining apatite and zircon (U-Th)/He thermochronometers in one model, we 
provide a unique look at the low-temperature history of the Mont-Tremblant region, as well as 
insight into ancient landscapes and cratonization processes. 
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The low-relief topography commonly observed in cratons raises first-order questions about 
the ultimate fate of mountains with respect to the timing of lithospheric stabilization. In the 
North American craton, current low relief, as well as available stratigraphic and 
thermochronologic data1 argue for up to billion-year time spans over which erosion rates have 
been extremely low. At many locations, how the stable cratonic thermal history connects to 
earlier orogenic episodes is unknown. We have used 40Ar/39Ar MDD analysis of K-feldspar to 
constrain thermal histories across an intermediate (~150-350°C) temperature range in an 
attempt to link constraints from orogenic geochronology with lower-temperature data. Our 
objective is to resolve the timescales for post-orogenic decay and thus learn something about 
how cratonic rocks in North America made the transition to stability (i.e. a lack of significant 
vertical motions due to crustal tectonics, isostasy, or dynamic topography). 
 
40Ar/39Ar age spectra from Precambrian rocks in Ontario (fig. 1) and Saskatchewan and the 
northern margin of the Canadian Shield (Baffin Island, Nunavut) exhibit slow cooling from 
~1800-1000 Ma and ~1400-800 Ma, respectively. These rocks cooled at rates of <0.5°C/Ma 
following Paleoproterozoic orogenesis, seemingly characteristic of cratonic lithosphere. 
However, over these protracted intervals our samples experienced near- isothermal conditions 
at temperatures of ~200-300°C, roughly equivalent to mid-crustal depths of some 10 km (fig. 
1). Only later, since ~1000 Ma, did the regions undergo further cooling such that they were at 
or near the surface (<< 60°C) since ~700 Ma1. Our 40Ar/39Ar MDD models generate questions 
about the nature of the quiescent Proterozoic interval and what sort of lithospheric structure 
and evolution can support such a history of exhumation. Our ongoing work will include 
further modeling that assesses non- monotonic thermal histories, but even with reheating, our 
data still places samples at considerable depths in the Proterozoic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: MDD analysis of K-feldspar sample from the North Caribou Superterrane, northern 
Ontario, Canada. Monotonic-cooling, inverse time-temperature model (top) derived from 
measured age spectrum (bottom) and laboratory-determined diffusion-domain structure 
kinetics. Constrained portion (dashed box) of inverse model displays over 100°C of very slow 
cooling over the interval 1700 to 1000 Ma, especially in the later parts of that interval. 
Zircon and titanite U-Pb ages of 2700-2800 Ma provide a high-temperature context for the 
sample. Green and red paths and modeled spectra: 15 best and 15 worst model fits at end of 
run. Black lines show envelope around final inversion result but are not themselves solutions. 
Faint gray paths show initial Monte-Carlo time-temperature pool used to start the inversion. 
Blue lines show portion of age spectrum used to constrain inversion (omitting steps measured 
after incongruent melting, and also the earliest steps contaminated by excess Argon). 
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In the southeast Caribbean plate corner progressive east-directed tearing of subducting 
oceanic South American lithosphere from continental South America is associated with 
relative eastward motion of the Caribbean plate (Fig. 1). The Northern Range in Trinidad is 
located above the lithospheric tear zone and north of the transform Caribbean-South 
American plate boundary that transitions near Tobago to subduction in the Lesser Antilles 
region1-3. Tertiary deformation in Trinidad has been attributed to Caribbean-South American 
oblique-collision plus a subsequent change ca. 10 Ma to the current dextral transform plate 
motion3. We constrain exhumation and basin-strata provenance in this region to explore the 
structural and orogenic evolution above the lithospheric detachment zone (Northern Range, 
Trinidad) and in the related forearc region (Tobago). Thermochronology and terrestrial 
cosmogenic nuclide (TCN) data are integrated to capture spatial patterns of exhumation and 
erosion through the late Tertiary period of plate motion change. 
 
New thermochronology data in the forearc region are from onshore Tobago and from the 
Tobago Basin offshore. Published bedrock ZFT and AFT ages from Tobago show little 
variation in age across the mountain belt and average ~103 Ma and ~45 Ma, respectively4.
New ZHe and AHe ages from three Tobago bedrock samples range from ~53–31 Ma and
~10–6 Ma, respectively. These ages suggest that following Mesozoic upper crustal 
emplacement, the Tobago igneous suites experienced slow to no exhumation through at least 
the Eocene. The relatively younger AHe ages imply a recent, about five-fold increase in 
cooling in the Late Tertiary. Offshore in the Tobago Basin, five detrital drill-core samples 
from a Pliocene clastic unit yield new ZHe and AHe ages that range from ~21–11 Ma and
from ~6–3 Ma, respectively. These basin deposits record an intra-orogenic sediment source
(Northern Range, ± Tobago) and may imply Plio-Miocene structural inversion in the Tobago
foredeep. 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
Figure 1. Map of the southeast Caribbean showing the current generalized plate boundary 
configuration and relative plate motion vector after Pindell et al. (1998) and Weber et al. 
(2001). The Northern Range in Trinidad, Tobago, and Tobago Basin study areas are located 



in the apex of the Caribbean plate corner. 
 
Exhumation and erosion above the tear in Trinidad was addressed with bedrock 
thermochronology and detrital TCN samples from the Northern Range. Published bedrock 
ZFT and AFT ages from the Northern Range young to the west from ~25–11 Ma5-7 and from 
~15–4 Ma, respectively7,8. We used seven of the same bedrock samples to determine ZHe 
ages, which also young to the west from ~18–5 Ma. Combined, these ages yield single-
sample cooling histories that indicate asymmetric exhumation of the Northern Range8 at rates 
in west of ~1.1–0.8 mm/yr and in the east of ~0.6–0.4 mm/yr. Although asymmetric, these 
data suggest cooling of the west and east flanks of the Northern Range was fairly steady 
through the mid-Miocene to the Pliocene. Notably, these data clearly show that exhumation 
of the Northern Range has been persistent through the postulated late Miocene (ca. 10 Ma) 
transition of plate motion. Possible causes of exhumation after oblique-convergence are 
related to isostatic erosional unloading7,8, exhumation related to extensional range-bounding 
faults5,6, or exhumation related to the deep lithospheric tear. 
 
Erosion of the Northern Range was investigated with TCN analysis to constrain millennial- 
scale surface processes. Detrital samples from 23 Northern Range catchments yield TCN 
basin- averaged erosion rates that range from ~0.01–0.15 mm/yr, over time periods of ~5–50 
ka. There is no systematic difference in erosion rate across the range divide (north-south). 
However, erosion rates generally increase from west to east by about a factor of four, which 
is geographically reversed with respect to the thermochronology data. Taken as a whole, the 
recent (104 yr) TCN erosion rates are at least an order of magnitude slower than long-term 
(106 yr) thermochronology exhumation rates and may indicate a major change of Northern 
Range exhumation perhaps as recently as the late Pliocene. A transition in the nature of 
exhumation may be better constrained by forthcoming AHe ages from the Northern Range, 
which may provide key constraints on the timing of plate evolution and a potential 
southward structural narrowing associated with the comple lithospheric kinematics in the 
southeast Caribbean plate corner. 
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The Sierra Nevada de Santa Marta (SNSM) is a ~14500-km2 triangular mountain range 

located adjacent to the Caribbean Sea in northern Colombia (Fig. 1A). With an average elevation of 
~4 km and peaks up to ~5.8 km-high, the SNSM lie only 85 km to the south of an abyssal plain 
~3.5 km deep, configuring the world’s highest coastal mountain range, with a topographic relief in 
excess of 9 km. The tectonic development of the SNSM is related to dextral migration of the 
Caribbean Plate along northwestern South America and the associated episodes of collision, 
accretion and subduction that have shaped the continental margin since Late Cretaceous1. 
Remarkably, a major positive gravity anomaly occurs beneath the SNSM (Fig 1B), which has led 
researchers to infer either support from a thick, buoyant oceanic lithosphere underthrusting the 
continent2, or a very recent crustal stacking and uplift, so that the prominent topography has not yet 
been isostatically compensated at depth3. However, low-temperature cooling ages challenge this 
latter hypothesis inasmuch as thermochronometric data from the northwestern part of the range 
reveal apatite fission track (AFT) ages of 16-41 Ma1 and (U-Th)/He ages ranging from ~19 to 27 
Ma in zircon (ZHe), and from ~7 to 25 Ma in apatites (AHe)4. In order to reconcile relatively old 
bedrock ages and prominent topography, Villagomez et al1, using only the AFT data, hypothesize 
that the SNSM must owe its actual topographic configuration to very recent rock uplift, so that 
insufficient erosion (<1.5 km) has failed to expose rocks that were hotter than ~60°C before this last 
pulse of exhumation. This is an unexpected finding, further emphasized by the lack of young AHe 
ages in the dataset by Cardona et al4, given the large erosive power that is inferred from rivers 
draining the range in a subtropical climate and that morphometric analysis suggest that local, 3-km-
diameter relief exceeds 1.5 km in areas were cooling ages have been obtained (Fig 1B). 

 
We are currently characterizing exhumation and denudation patterns in the SNSM by deriving 

catchment-wide erosion rates at different time scales using detrital thermochonology (AFT and 
AHe) and 10Be and 26Al cosmogenic radionuclides (CRN) obtained from modern river sands in 
drainages from the SNSM. Through the understanding of the spatial and temporal evolution of 
erosion, the magnitude and timing of rock uplift can be deduced and therefore the potential driving 
mechanisms responsible for uplift of this exotic mountain range can be deconvolved. Preliminar 
estimations of expected erosion rates, using an empirical relationship between erosion and local 
slope5 (Fig 1E) suggest that recent surface uplift can have started as recently as ~2 My ago. 
 



 
Figure 1. A. Geologic map1 showing location of published bedrock thermochronometric samples 
and the 27 detrital samples of this work with their corresponding catchment areas. B. Total 
Bouguer Anomaly map and AFT ages (red). Inset map shows location of the SNSM. C. 3-km-
diameter hillslope map and location of swath topographic profile. D. Swath profile showing 90-m 
SRTM topography, mean slope and local relief. Shaded envelopes are 1 Stdev. E. Estimated modern 
erosion rates for the 27 modeled catchments, based on an empirical relationship with local slope. 
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The southeast Brazilian passive margin records a long history of tectonic magmatic events 
since the Late Jurassic. Those events were the consequence of the South Atlantic Ocean 
opening1. The continental breakup preceded by intense tholeiitic magmatism in south and 
southeast of Brazil, with magmatic climax at 132 Ma2. After the rifting process has ceased, an 
surface uplift of the continental crust has started in response to the drifting of the South 
American Platform over a Late Cretaceous thermal anomaly that accompanied an intense 
alkaline and basaltic magmatism3. 
 
This alkaline volcanism generates a very particular structure on the Brazilian southeast 
named Poços de Caldas Alkaline Massif, (PCAM). The structure covers over 800 km2. The 
formation ages for the predominant PCAM intermediate rocks were constrained as ~83 Ma. In 
addition, geologic observations indicates the phonolites, tinguaites and nepheline syenites 
were emplaced in a continuous and rapid sequence lasting between 1 to 2 Ma4. 
The recent landscape of the PCAM is characterized by a dissected plateau of elevation 
between 1300 and 1700 m a.s.l. The landscape of the surrounding metamorphic basement is 
also characterized by a dissected plateau with irregular topographic ridges and peaks with 
elevations between 900 and 1300 m (a.s.l.), here called North Crystalline Zone (NCZ). 
Erosional surfaces were recognized in the area, nevertheless, there are different point of 
views about the age, origin and structure of the surface. The aim of the study is to 
understand how was the long-term landscape evolution of this region before and after the 
alkaline intrusion by quantifying the process responsible for generating and shaping the 
landforms. The thermochronological data-set shows three main groups of ages; two of them 
belong to the NCZ (Carboniferous-Permian; Triassic-Jurassic) and the third belongs to the 
PCAM region (Late Cretaceous-Eocene).  
 
These patterns of ages are the same as in other areas of southeast Brazil and can be correlated 
to the “pre-rift” (older than 200 Ma), “rift” (200–100 Ma), and “post-rift” (100–50 Ma) 
periods (Cobbold et al 2001). The youngest ages can be interpreted as caused by exhumation 
processes in Paleocene and Eocene time.The age-elevation relationship shows that the ages 
decrease systematically with increasing elevation with a break-in-slope near the 250 Ma; 150 
Ma and another in 80 Ma, which means three periods of exhumation. They are equal in time 
to the Late Paleozoic La Ventana Orogeny, the opening of the South Atlantic, and timing of 
alkaline intrusion, respectively. 
 
In comparison to published thermochronological data from other southeast Brazilian 
highlands as Mantiqueira5-6 and Serra do Mar mountain rages7-8-9, our data indicate that the 
landscape evolution is associated with several distinct exhumation events at the South 
American passive continental margin, which include the Gondwana break-up, the Late 
Cretaceous alkaline magmatism, and the Cenozoic evolution of a N-S trending continental 
graben system. 
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The eastern Argentina South Atlantic passive continental margin is distinguished by a very 
flat topography. Out of the so called Pampean flat two mountain ranges are arising. These 
mountain ranges, the Sierras Australes and the Sierras Septentrionales, are located in the State 
of Buenos Aires south of the capital Buenos Aires. North of the Sierras Septentrionales the 
Salado basin is located. The Sierras Septentrionales and the Sierras Australes are also divided 
by a smaller intracratonic basin. Further in the South the Colorado basin is located. The 
Sierras Australes is a variscian fold belt originated by strong phases of metamorphosis, but till 
now it is unclear by how many tectonic phases the area was influenced (Tomezzoli & Vilas, 
1999)1. It consists of Proterozoic to Paleozoic rocks. The Sierras Septentrionales consists 
mainly of Precambrian crystalline rocks. The Precambrian sequences are overlain by younger 
Sediments (Cingolani, 2010)2. The aim is to understand the long-term landscape evolution of 
the area by quantifiying erosion- and exhumation-rates and by dating ancient rock-uplift-
events. Another goal is to find out how the opening of the south atlantic took effect on this 
region. To fulfill this goal, thermochronological techniques, such as fission-track dating and 
(U-Th-Sm)/He dating has been applied to samples from the region. Because there was no 
low- temperature thermochronology done in this area, both techniques were applied on 
apatites and zircons. Furthermore, numerical modeling of the cooling history has provided the 
data base for the quantification of the exhumation rates. The data-set from the Sierras 
Australes shows clusters of different ages which can be linked to tectonic activities during late 
Paleozoic times. Also the thermokinematic modeling is leading to new insights of the 
evolution of both mountain ranges and shows patterns of ongoing tectonic processes in this 
region. Caltculated exhumation rates show also varying cooling historys and the influence of 
tectonics throughout the research area. New thermochronological constraints from the Sierras 
Septentrionales draw a very homogeneous picture of the thermokinematic evolution of the 
mountain range and a big influence by late paleozoic tectonics. 
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To understand the evolution of the "passive" continental margin in Argentina low temperature 
thermochronology is an appropriate method, which might lead to new insights in this area. 
The Tandilia System, also called Sierras Septentrionales, is located south of the Río de la Plato 
Craton in eastern Argentina in the state of Buenos Aires. North of the hills the Salado basin is 
located whereas the Claromecó basin is situated south of the mountain range. In contrary to 
most basins along the South American "passive" continental margin, the Tandilia- System and 
the neighbouring basins trend perpendicular to the coast line. The topography is fairly flat 
with altitudes up to 350 m. The igneous-metamorphic basement is pre-Proterozoic in age and 
build up of mainly granitic-tonalitic gneisses, migmatites, amphibolites, some ultramafic rocks 
and granitoid plutons. It is overlain by a series of Neoproterozoic to early Paleozoic 
sedimentary rocks1, like siliciclastic rocks, dolostones, shales and limestones2.  
 
The aim of the study is to quantify the long-term landscape evolution of the "passive" 
continental margin in eastern Argentina in terms of thermal, exhumation and tectonic 
evolution. For that purpose, samples were taken from the basement of the Sierra 
Septentrionales and analyzed with the apatite fission-track method. Further 2-D 
thermokinematic modeling was conducted with the computer code HeFTy 3,4,5. Because there 
are different hypotheses in literature regarding the geological evolution of this area two 
different models were generated, one after Demoulin et al.2 and another after Zalba et al.6. 
 
All samples were taken from the Neoproterozoic igneous-metamorphic basement. Apatite 
fission- track ages range from 101.6 (9.4) to 228.9 (22.3) Ma, and, therefore, are younger than 
their formation age, indicating all samples have been thermally reset. Six samples 
accomplished enough confined spontaneous fission-tracks and were used to test geological t-T 
models against the AFT data set. These models will lead to a more detailed insight on the 
cooling history and tectonic activities in the research area. 
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“Passive” continental margins are important geoarchives for processes like mantle and 
lithospheric dynamics, breakup of continents, and feedback mechanism between rock uplift 
and erosion, and therefore, also climate change. The onshore-offshore transition between São 
Paulo and Porto Alegre is a key area for the western margin of the South Atlantic; and the 
Namibia to Angola section for the eastern margin. Quantifying rates and timing of the long- 
term topography evolution provide insight into the causes. Analytical techniques applied are a 
combination of thermochronological dating techniques (fission track, (U-Th-Sm)/He), and 
numerical modeling of the time-temperature evolution. Special emphasis is given to the 
reactivation and activation of faults and fracture systems. The presentation will consider the 
influence of tectonic activities at major transform faults (also called: transfer zones, Fracture 
Zones), and discuss the influence of large intrusions on the reactivation of Pre-Intrusion 
structures. Comparision between onshore exhumation rates and offshore sedimentation rates 
will be used to quantify the surface uplift rates for both passive margins of the South Atlantic 
Ocean. 
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The aim of the research is to quantify the long-term landscape evolution of the South Atlantic 
passive continental margin (SAPCM) in SE-Brazil and NW-Namibia. Excellent onshore 
outcrop conditions and complete rift to post-rift archives between Sao Paulo and Porto Alegre 
and in the transition from Namibia to Angola (onshore Walvis ridge) allow a high precision 
quantification of exhumation, and uplift rates, influencing physical parameters, long-term 
acting forces, and pro- cess-response systems. Research will integrate the published and partly 
published thermo- chronological data from Brazil and Namibia, and test lately published new 
concepts on causes of long-term landscape evolution at rifted margins. 
 
The climate-continental margin-mantle coupled process-response system is caused by the 
interaction between endogenous and exogenous forces, which are related to the mantle-
process driven rift – drift – passive continental margin evolution of the South Atlantic, and the 
climate change since the Early/Late Cretaceous climate maximum. Special emphasis will be 
given to the influence of long-living transform faults such as the Florianopolis Fracture Zone 
(FFZ) on the long- term topography evolution of the SAPCM's. A long-term landscape 
evolution model with process rates will be achieved by thermo-kinematic 3-D modeling 
(software code PECUBE1,2 and FastScape3 ). Testing model solutions obtained for a 
multidimensional parameter space against the real thermochronological and geomorphological 
data set, the most likely combinations of parameter rates, and values can be constrained. The 
data and models will allow separating the exogenous and endogenous forces and their process 
rates. 
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The Kaoko Belt in northwestern Namibia originates in the collision of the Rio de la Plata and 
Kongo Craton during the Pan-African Orogeny in the Neoproterozoic1 and represents the 
northern arm of the Damara Orogen. NW-Namibias continental crust mainly consists of the 
NE-SW striking intracontinental branch of the Pan-African Damara mobile belt, which 
separates the Congo from the Kalahari craton. The Damara Orogen is divided into several 
tectonostratigraphic zones that are bounded by steeply dipping, ductile shear zones. These 
regional lineaments can be traced at least 150 km offshore2. The lithostratigraphic units 
consist of Proterozoic and Cambrian metamorphosed rocks (534 (7) Ma – 481 (25) Ma3 as 
well as Mesozoic sedimentary and igneous rocks. From Permo-Carboniferous to Mid Jurassic 
northern Namibia was affected by deep erosion of the Damara Orogen, Permo-Triassic 
collisional processes along the southern margin of Gondwana and eastern margin of Africa4, 
and the deposition of the Nama Group sediments and the Karoo megasequence5. Between the 
Otjihorongo and the Omaruru Lineament-Waterberg Thrust early Mesozoic tectonic activity 
is recorded by coarse clastic sediments deposited within NE trending half-graben structures. 
The Early Jurassic Karoo flood basalt lavas erupted rapidly at 183 (1) Ma6. The Early 
Cretaceous Paraná-Etendeka flood basalts (132 (1) Ma) and mafic dike swarms mark the rift 
stage of the opening of the South Atlantic7. Early Cretaceous alkaline intrusions (137-124 
Ma) occur preferentially along Mesozoic half-graben structures and are called the Damaraland 
Igneous Province8. Late Cretaceous alkaline intrusions and kimberlite pipes occur in northern 
Namibia. Post Early Paleocene siliciclastic sedimentation in Namibia was largely restricted to 
a 150 km wide zone9 and is represented by the Tsondab Sandstone Formation (~ 300 m 
thickness). The oldest part has an age of early Paleocene and the upper part span from middle 
Miocene (~13 Ma) to Pliocene (~2 Ma)10. Cenozoic alkaline intrusions and kimberlite pipes 
are also known form the region. 
 
The so-called "Great Escarpment" that reach elevation of up to 2350 m characterizes strongly 
the morphology of the passive continental margin in Namibia11-12. In contrast to Brazil, the 
escarpment is more than 150 km inland of Namibia. Interesting enough the Brandenberg 
intrusive complex of ~130 Ma age clearly indicates the post-intrusion denudation of more 
than 4,000m13. The Great Escarpment can be traced from central Angola to the eastern edge 
of South Africa. A considerable variation along its distribution reflects variations in tectonic 
history, in lithologies, and in the drainage system. In Namibia, the retreating model has 
dominated the genetic discussion14-16. However, surface process modeling has suggested other 
possibilities11. In addition, apatite fission-track research, terrigenious cosmogenic nuclides 
(TCN) have been used on specific landscape elements to determine denudation rates. In the 
central Namib Desert, denudation rates calculated from 10Be and 26Al are in the range of ±5 m 
Ma-1 and might be representative for the last 103 - 106 a17. The persistence of arid climatic 
conditions throughout the Cenozoic might even lead to such low denudation rates for the past 



10-12 Ma. A low retreat rate of ~10 m Ma-1 representative for the last 1 Ma was determined 
for the Great Escarpment in central and southern Namibia. Considering all currently, available 
thermochronological data for the Namibian margin18-20, the validity of the scarp retreat model 
is highly problematic.  
 
Apatite fission-track ages revealed so far range between 390.9 (17.9) Ma and 55.6 (6.7) Ma. 
The large spread in ages is partly related to significant changes of ages at the NW-SE trending 
Purros Lineament and at the Sesfontein thrust. In general, the AFT-ages are older northeast of 
the Purros Lineament. Furthermore, all basalt samples of Etendeka age display the same AFT- 
age range within error, between 103.5 (4.9) and 108.0 (5.6) Ma. The oldest ages are revealed 
from sandstones and glacial deposits of the Permo-Carboniferous Karoo series. 
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Passive continental margin evolution and dynamic topography are two major areas of 
discussion within the Earth Science community with ongoing work refining our understanding 
of plate tectonics and Earth surface processes. Indeed many studies have now provided 
evidence that questions the very nomenclature used to classify these processes with so called 
“passive” continental margins exhibiting significant post-rift fault reactivation1 and the 
topographic influence of dynamic uplift being debated against regional plate stresses2. 
Southern Africa is often used as a case study by those investigating these processes due to the 
well-developed continental margins and the presence of the well imaged zone of upward flow 
within the mantle beneath the African plate. 
 
Much of our current understanding of continental margin evolution and dynamic topography 
has been provided by geodynamical models that attempt to link thermally driven convection 
within the upper and lower mantle with the lithospheric response to their associated stresses3, 
4. Despite the theoretical insights that these models provide, quantitative empirical 
information on the response of the surface to sub-crustal processes is required to constrain and 
further enhance our understanding. Apatite Fission Track thermochronology studies in South 
Africa have contributed significantly to constraining geodynamical models of landscape 
evolution by constraining the cooling of crustal rocks through 60 – 120°C as a response to 
kilometre scale erosion. However the AFT data set alone falls short in three ways: (i) it lacks 
validation through independent quantitative constraints on cooling through the upper km’s of 
the Earth’s crust, (ii) there remains gaps in the regional coverage of samples as well as 
detailed sampling over local areas to investigate structural deformation and (iii) fails to 
provide robust constraints for cooling below c. 60°C (i.e. upper c. 2 km of the crust). 
 
In this study AFT analysis has been combined with the lower temperature Apatite (U-Th)/He 
(AHe) thermochronometer (c. 40 – 80°C) on samples from two transects: one through the 
structurally complex Namaqualand Highland terrain adjacent to the western continental 
margin and another across the interior plateau, crossing the Orange River Valley and major 
structural discontinuities of the Kheis Belt which marks the western boundary of the Kaapvaal 
Craton. These transects are combined with data from deep borehole samples located in the 
interior plateau in the southwestern Cape to constrain the post break-up thermal history of the 
crust. The approach for AHe analysis was to obtain multiple single grain age data (c. 15 – 20 
grains) for selected samples in order to investigate the primary causes of natural dispersion 
commonly observed for AHe data (e.g. grain radius, radiation damage, fragment length) and 
their impact on the quality of thermal history modelling5. AFT and AHe data are jointly 
inverted using a Bayesian transdimensional approach6 incorporating the compositional 
influence on fission track annealing, radiation damage enhanced He retention and the effects 
of analysing broken apatite crystals. 
 
Three distinct cooling episodes are identified from thermal history modelling. These cooling 
events occur at c. 150 – 130, 110 – 90 and 80 – 60 Ma. The cooling rate associated with these 



episodes is not uniform, with certain samples cooling rapidly from elevated 
palaeotempeartures while others exhibit more protracted cooling.  The two earliest cooling
events can be observed regionally in both outcrop and borehole samples, whereas the third
cooling event is only observed in certain samples but in both study areas. All of these cooling
events are coeval with periods of enhanced deposition in the offshore Orange Basin7 and are
therefore linked to periods of significant (> 3 – 5 km) erosion. 
 
(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(B) 
 
 
 
 
 
 
 
 
 
Figure 1. (A) Map of western South Africa showing sample locations, approximate location of
The Great Escarpment and major structural lineaments. (B) Representative thermal histories 
obtained from AFT analysis (and AHe analysis for sample “JN2”) on samples across the
Namaqualand Highland terrain along the western continental margin of South Africa. Three
distinct cooling events are highlighted at 150 – 130 (green box), 110 – 90 Ma (yellow box)
and 80 – 60 Ma (red box). 
 
The driving processes behind this erosion remain speculative but are tentatively linked to the
initial response of the landscape to continental rifting, regional tectonic inversion, and discrete
local fault block uplift during structural reactivation of basement structures, respectively. 
 
Through robust thermal history modelling, the data presented here enhances our knowledge of 
the crustal cooling history along the western South Atlantic continental margin and interior
South African plateau. From a technical viewpoint, the large dataset provides a means to 
investigate AHe age dispersion and to assess their contribution to resolving thermal histories 
and the uncertainties that still remain a challenge to this approach. 
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In this contribution we will present a compilation of low-temperature thermochronology 
(LTT) data available in East Africa, comprising published data and new AHe and TiHe 
datasets from Mozambique. The area considered reaches from the western branch of the East 
African Rift System to the continental margins of East Africa. 
 
The African continent, in particular the eastern part, was subjected to intense structural and 
geomorphic reorganization. Major geodynamic events in Africa’s geological history trace 
back to the consolidation of Gondwana and subsequent break up, later followed by the 
formation of East Africa’s superswell and the extension of the East African Rift System. As 
shown previously, the various phases of topographic growth, equilibrium and decay are stored 
in the thermal history of the rocks1-4. It was also shown, that inherited fabrics play a major 
role in landscape evolution and margin formation: In the Albertine Rift of the western branch 
a broad LTT dataset is available, confirming that Precambrian thrust faults were reactivated, 
allowing for block movements in the Rwenzori Mountains3-5. Also from Madagascar and 
Mozambique a broad LTT dataset is available (Figure 1), demonstrating that “Pan-African” 
structures of the East African–Antarctic Orogen were decisive during Gondwana break-up and 
margin formation1. 
 
Compiling the LTT data available from East-Africa reveals a bigger picture, with cooling ages 
across East Africa showing a broad age-range. Apatite fission-track ages for example span the 
entire Phanerozoic, from Cambrian to Neogene times. Modelled cooling histories presented 
for some areas, indicate protracted cooling with a Mesozoic stagnant phase of low cooling 
rates. The compilation illustrates the distribution of LTT data and discloses different cooling 
patterns. It allows identifying similarities and differences, to compare various areas and to 
reveal a more general pattern of exhumation for East Africa. 
 
Moreover, we aim to derive information on the implication of the LTT data with respect to the 
geotectonic framework: i) How can the LTT patter support our understanding of the structural 
and morphological evolution of the landscape of East Africa? ii) Do LTT data enable to derive 
information on the nature of East Africa’s passive margin systems? Is there a distinctive LTT 
pattern for the various passive margin systems, allowing distinguishing strike-slip and 
oblique-slip tectonics? 
 
Compiling all data available forms the basis to discuss the questions raised and allows 
deciphering areas of further research. 



 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
Figure 1. Detail map of compiled LTT data points available for East Africa. Map shows 
locations of new and published LTT data from northern Mozambique and Madagascar 1-2

(and literature therein); AHe: Apatite (U-Th)/He, AFT: Apatite fission-track, ZFT: Zircon 
fission-track, THe: Titanite (U-Th)/He, TFT: Titanite fission-track. 

References 
1. Emmel, B. et al. Thermochronological history of an orogen-passive margin system — an example from N 

Mozambique. Tectonics 30, TC2002 (2011). 
2. Emmel et al. Maturity of central Madagascar's landscape — Low-temperature thermochronological

constraints. Gondwana Research 21, 704–713 (2012). 
3. Bauer, F.U. et al. Thermal and exhumation history of the central Rwenzori Mountains, Western Rift of the

East African Rift System, Uganda. International Journal of Earth Sciences 99, 7, 1575-1597 (2010). 
4. Bauer, F.U. et al. Tracing the exhumation history of the Rwenzori Mountains, Albertine Rift, Uganda, using

low- temperature thermochronology, Tectonophysics 599, 8-28 (2013). 
5. Aanyu, K. & Koehn, D. Influence of pre-existing fabrics on fault kinematics and rift geometry of

interacting segments: Analogue models based on the Albertine Rift (Uganda), Western Branch-East
African Rift System. Journal of African Earth Sciences 59, 2-3 (2011). 



Long-term landscape evolution of the Basal Complexes of 
Fuerteventura and La Gomera Islands, Canary Archipelago 

 

Sherif Mansour1, Ulrich Anton Glasmacher1, Marie Albinger1, Daniel Fritz Stoeckli2
 

1 Institute of Geology and Palaeontology, Heidelberg University, Germany 
2 Jackson school of Geosciences, University of Texas at Austin, USA 

 
The Canarias archipelago consists from seven volcanic islands located at the northwestern 
African margin. Among them only Fuerteventura and La Gomera islands show distinctive 
wide exposures of the basal complex (BC) that is characteristic with complex geological 
history. The basal complex was exposed on the western part of Fuerteventura and 
northwestern sector of La Gomera because of giant landslide(s) which have removed most of 
the shield stage volcanic rocks1-3. Generally, landslides are a common feature in the earlier 
constructive stages of the entire archipelago and many other volcanic islands4. 
Integration of low temperature thermochronological data, and time-Temperature (t-T) 
numerical modelling have proven to be a powerful tool for reconstructing the thermal and 
tectonic history, defining and quantifying long-term landscape evolution in variety of 
geological settings. Therefore, zircon and apatite fission-track techniques and t-T paths 
modelling were applied to 36 samples representing the main rock units of the BC on both 
islands. Fuerteventura BC has experienced two very rapid cooling/exhumation events. While, 
La Gomera BC shows one longlived very fast cooling/exhumation event. Interestingly, these 
very rapid cooling/exhumation events are synchronous with these major landslides. There are 
many reasons for the major landslides on such a volcanic island4. The most recommended 
triggers for these huge mass wasting/landslides events on Fuerteventura and La Gomera are 
recommended to be the continuous igneous intrusions and dikes which have the potential to 
decrease the edifice stability, igneous extrusions which add new materials at the surface 
leading to over-steeping and overloading, and major climatic changes of the Middle Miocene 
Climatic Optimum which controls the sea level changes and the precipitation rate4-5. 
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Paleo-Digital Elevation Models (PaleoDEMs) are the spatial reconstructions of past 
topography and bathymetry and have many important uses in understanding (for example) 
past climate, paleo- drainage, sediment provenance and sedimentation of organic-rich 
facies that may subsequently act as hydrocarbon source rocks. Here we illustrate how we 
use a globally integrated and geodynamically constrained plate-tectonic model coupled with 
an understanding of stratigraphy in sedimentary basins worldwide to generate a suite of 
PaleoDEMs with complete global coverage from the Ediacaran to Present Day. The plate 
tectonic model allows us to delineate zones of active tectonics through time, and account for 
the dynamic effects of uplift, subsidence, erosion and down- wearing. This inclusion of 
‘inherited topography’ helps us to obtain better estimates of the evolving paleotopography 
rather than the use of static snapshots of data from a single time period.  In addition, 
global maps of past depositional environments provide absolute constraints on paleo- 
elevation with respect to sea-level. Our automated process can be further improved by the 
incorporation of thermochronological data, such as fission track and (U-Th)/He ages, and 
geochronologic data to better constrain uplift and subsidence rates. The resulting 
PaleoDEMs provide important constraints for paleoclimate simulation and Earth System 
Science research in support of resource exploration. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Global 3D reconstruction of the Early Toarci  
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