
Thermochronometry is a discipline essential to the 
explanation of key geological processes. Dr Cécile 
Gautheron is leading a project to improve thermochronometric 
methods. Here, she discusses the aims of the work, its unique 
multidisciplinary approach and the progress made thus far

Thermochronometry is the study of 
radioisotopic signatures in minerals and rocks 
that record changes in temperature over time. 
What does this explain about tectonic and 
erosional processes?

During the thermal history of rock (which 
comprises burial, heating and exhumation 
towards the surface), the helium atoms produced 
during alpha decay of the radioelements 
Uranium-Thorium-Samarium (U-Th-Sm) in 
minerals will diffuse out of the crystal. The 
thermochronometric (U-Th-Sm)/He age thus 
represents the accumulation and diffusion of the 
helium atoms during the thermal history. As an 
example, during mountain building, by tectonic 
or erosional processes, rocks can be exhumed 
toward the surface and cool down. He age will 
record this event, allowing quantification of 
change of the tectonic or climatic regime. 

Could you explain the specific purpose of 
apatite (U-Th-Sm)/He thermochronometry?

Apatite is a phosphate accessory mineral 
characterised by high U-Th and Sm content 
and small size (hundreds of microns). It 
is present in most of the granitoid and 

sandstone rocks. (U-Th-Sm)/He in this 
mineral is a thermochronometer used 
worldwide, because the lower thermal 
sensitivity of the He system allows the 
detection and quantification of geological 
processes occurring in the 40-100 °C 
temperature zone – below the resolution 
of other thermochronometers. This is 
of particular interest when identifing 
potential variations in the surface 
topography of mountain belts, and dating 
and quantifying inversion in sedimentary 
basins. (U-Th-Sm)/He is also a major tool 
for quantifying and dating maximum 
temperatures in oil and gas reservoirs.

The Helium Diffusion (HeDiff) project aims 
to improve understanding of the mechanisms 
of He diffusion in apatite dating. Could you 
outline the project’s specific objectives?

The interpretation of the (U-Th-Sm)/He age 
in apatite is strongly dependent on knowledge 
of the He diffusion coefficients in this mineral. 
However, it appears that the He diffusion 
coefficients are not constant and are a function 
of grain chemistry and the damage density 
created during U-Th-Sm decay. The goal of this 
project, based on multidisciplinary approaches, 
is to significantly increase our knowledge of the 
processes leading to He diffusion. In particular, 
we want to better understand the role of recoil 
damage in increasing He retentivity, in order to 
attain a better understanding of He diffusion 
kinetics and develop the new generation of He 
diffusion models. 

Why is current understanding of the 
physical processes determining He 
thermochronometric ages so incomplete? 
Moreover, why is accurate interpretation 
of (U–Th-Sm)/He thermochronometry data 
dependent on a complete understanding of 
He mobility in apatite?

The He diffusion model does not 
explain all measured ages, leading to a 

misunderstanding of thermochronometric 
ages. He age interpretation is based on 
the knowledge of He diffusivity, using data 
inversion models to predict the measured 
ages. Interpretation enables determination 
of the erosion rate controlled by climate 
or tectonic change, or burial amount of the 
sedimentary rocks. A proper He diffusion 
model, taking account of all the parameters 
influencing He behavior, holds the key to 
reliable He ages interpretation. 

Can you describe your multidisciplinary 
approach to studying He diffusion?

To constrain the different parameters 
influencing He diffusion, we adopt 
multidisciplinary approaches using chemistry 
and nuclear physics tools to determine 
the He diffusion coefficients and the recoil 
damage influence on an instantaneous-
to-days time scale and an atomic-to-
centimeter size scale. Additionally, we will 
compare He dating of natural rock (with 
known thermal histories on a geological 
timescale of millions of years) with 
theoretical data. The methodologies used in 
this project require a strong multidisciplinary 
team, and this is the first time that such a 
team is working on He diffusion.

The project is centred on three tasks. At 
what stage is the project currently and 
what would you identify as the most 
significant discoveries to date?

The main finding is the He diffusion 
behaviour of damage-free apatite crystals. 
Quantum calculations of He diffusion 
in pure fluoroapatite crystal lattices can 
reproduce the lowest He diffusion behavior 
measured in the laboratory, whereas a 
change of composition (the replacement 
of some fluorine atoms with chlorine in 
the lattice) strongly modifies the diffusion, 
demonstrating that apatite composition also 
modifies He diffusion.

Removing the 
confusion 
from diffusion
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THE CONTINENTAL CRUST is the layer of 
igneous, sedimentary and metamorphic rock 
that forms the continents and underlies almost 
half of the Earth’s surface. Quantifying the 
thermal history of the different part of the 
crust may help in understanding processes 
such as mountain formation and the evolution 
of sedimentary basins (regions which occur in 
settings associated with plate tectonic activity). 
At present, thermochronometry based on the 
(Uranium-Thorium-Samariun)/Helium system is 
the established tool for this purpose; however the 
underlying processes remain poorly understood. 
The Helium Diffusion (HeDiff) project aims to 
address this area more thoroughly.

The project is led by Dr Cécile Gautheron, 
Assistant Professor at Université Paris-Sud. 
The main goal of Gautheron’s research is to 
develop a generally applicable He diffusion 
model for apatite, to be included in thermal 
and thermokinetic modelling tools. By 
studying all aspects of He diffusion in apatite 
using atomistic and nuclear physics tools, 
which are currently scarcely used by the 
thermochronological community, the project 
will provide groundbreaking geological insights.

AN APPETITE FOR APATITE

Apatite describes a group of phosphate minerals 
containing uranium, thorium and samarium 
atoms in its lattice structure and is present in 
most continental crust rocks. In apatite, natural 
fission tracks (the damage trails left by fission 
fragments) and helium atoms (produced by alpha 
decay of U-Th and Sm) are used to determine the 
thermal history of key geological regions in a 
process called thermochronology.

Thermochronology enables abstract data to 
be interpreted as geologically meaningful 
ages. (U-Th)/He chronometry stretches back 
further than any other radioisotropic dating 
technique, and several factors make (U-Th)/He 

dating a powerful technique uniquely suited to 
geologic problems, such as its sensitivity to low 
temperatures and surface processes.

The apatite (U-Th)/He (AHe) system is emerging 
as a popular thermochronometer in a range of 
geological contexts. However, recent studies 
have shown that interpretation of AHe data 
depends on a precise knowledge of He diffusion. 
In fact, a number of studies have reported AHe 
ages that are much greater than expected, in 
some cases by over 100 per cent. This growing 
body of evidence has cast doubt on the geological 
interpretation of these data. In order to explain 
this, a number of models suggest that radiation 
damage due to U-Th-Sm decay can create traps 
for He atoms, increasing the retention of He 
in apatite crystals. However, these models are 
poorly constrained and do not fully explain the 
mechanism of retention. 

HEDIFF

In light of these issues, HeDiff has set out to 
obtain deeper insight. The team is applying a 
multidisciplinary approach to verify all aspects 
of current diffusion models, and test new ones. 
Gautheron explains the central focus of the 
project: “The idea is to determine the He diffusion 
coefficient using a double approach: by quantum 
calculation (density functional theory, DFT), 
which allows us to determine the He diffusion 
behaviour for a perfect crystal lattice; and 
experimentally using elastic recoil distribution 
analysis (ERDA)”.

Many research teams are working to quantify He 
diffusion, primarily using empirical models based 
on under-vacuum experiments. This approach has 
a crucial flaw – it does not allow quantification 
of the diffusion mechanisms from a physical 
perspective. In addition, the analytical procedure 
actually modifies diffusion behaviour due to the 
high temperatures involved. By contrast, HeDiff is 
based on molecular dynamics simulations, nuclear 

physics experiments, geological calibrations 
and low-temperature laboratory diffusion 
experiments. The project is supported by teams 
in nuclear physics, radiochemistry and geology 
from the Université Paris-Sud and Université de 
Grenoble. There is very little precedent for such 
an interdisciplinary approach, and Gautheron is 
keen to explain the importance of the transfer of 
these scientific competences: “The association of 
different disciplines has borne success, because it 
brings knowledge which is not available in the field 
of thermochronology”.  

HeDiff is also diverse in terms of the scales 
of time and size under study. Research covers 
processes taking place on timescales from 
the instantaneous to millions of years, and 
at scales from the atomic level to that of 
mountains. This will enable construction of a 
robust model of He diffusion, as Gautheron 
elaborates: “The combination of scales will 
lead to the determination of all parameters 
influencing He diffusion”.

DIVISION OF WORK

The project is divided into three different 
tasks, each involving different combinations 
of specialists. The first task is focused on the 
mechanisms of He diffusion and has been 
ongoing since 2009. The team has applied 
ERDA to apatite crystals of differing chemical 
composition and crystal orientation to 
determine diffusion coefficients. This provides 
the opportunity to extend diffusion studies 
towards low temperatures, which cannot be 
reached in experiments based on in-vacuum 
release. Findings from a theoretical approach 
employing ab initio calculations and molecular 
dynamics simulations will be calibrated to 
experimental findings.

The second project is focused on the identification 
of all types of damage in apatite crystals, their 
physical aspects and annealing rate. The defects 

The dating game
Researchers from the Université Paris-Sud are quantifying the thermal history of continental crust in order to better 
understand key geological processes. The multidisciplinary team is revealing insights into helium diffusion in apatite
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on apatite surfaces will be imaged by atomic 
force microscope (AFM) experiments, both prior 
to and post irradiation. A bibliographic study 
will be compared with the results of analytical 
determination to study annealing behaviour and 
the potential role of defects. 

Calibration models and their application to 
geological cases is the emphasis of the third 
and final undertaking. Geological cases were 
selected to emphasise particular effects on 
helium diffusion and their impact on AHe age. 
AHe dating and analysis of the major and trace 
elements will be performed on 20-40 individual 
grains of apatite. This will enable determination 
of the role of chemical composition on He 
diffusion and damage healing. 

PRELIMINARY RESULTS

Experiments to determine He behaviour in 
apatite crystals have been completed, and the 
preliminary results are promising. Crystals with 
different F- and Cl- compositions were shown 
to demonstrate diffusion variations due to 
the steric effects of the ions. The results also 
show that compared to the commonly used 
nuclear reaction analysis (NRA), the ERDA 
technique provides more accurate data, as 
Gautheron describes: “The principle is similar 
for both methods; however, with ERDA we can 

directly access the helium profile shape and its 
evolution”. Nonetheless, this profile is currently 
poorly reproduced by simulations – an area that 
needs further investigation and will certainly 
provide new information on the He diffusion. 

AHe ages reflect the influence of several 
variables. It is essential to pay attention to the 
variables affecting diffusion parameters for He in 
apatite (including thermal history and diffusion 
kinetics) in order to correctly interpret AHe ages. 
Prior work suggests that recoil damage produced 
by U-Th-Sm decay has a significant effect on He 
diffusion kinetics. However, the group has shown 
that, in addition to damage, grain chemistry 
affects He diffusivity, and must also be taken 
into account.

TRANSFORMING THE FIELD

By focusing on He diffusion at an atomic scale and 
using a dynamic approach to determine the He 
diffusion coefficient, HeDiff has improved upon 
existing approaches and produced findings which 
have vast implications for AHe thermochronology. 

The project is not yet complete, and further 
expected findings include derivation of a 
generally applicable diffusion law for He in 
apatite, integration of the results into thermal 
history modelling codes, and more accurate 
thermal history reconstruction. The results – to 
be discussed at the international conference 
on thermochronology next year – will establish 
the project members as international leaders in 
their field. By incorporating a new He diffusion 
law into thermochronology modelling tools, 
scientists will be able to better interpret AHe ages 
in different morpho-tectonic settings; a vital tool 
to quantify change in tectonics and climate. 

JANNuS: the multi-ion beam irradiation platform.THE HEDIFF PROJECT IS SPLIT INTO 
THREE SUB-PROJECTS:

1.  Quantifying diffusion mechanisms 
for He

2.  Quantifying radiation-damage 
production and annealing

3. Geological modelling and calibration

HeDiff
THERMOCHRONOLOGY (U-TH-SM)/
HE (APATITE) – UNDERSTANDING 
THE KINETICS OF DIFFUSION 
MULTIDISCIPLINARY APPROACHES 

OBJECTIVES

To determine an He diffusion model in 
apatite using multidisciplinary approaches 
for reliable (U-Th)/He ages interpretation. 
The final model will be used in thermal and 
thermo-kinetic modelling tools. 
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