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Goals of this lecture

• Define low-temperature thermochronology 

• Introduce three common types of low-temperature 
thermochronometers

• Helium dating (The (U-Th)/He method)

• Fission-track dating (The FT method)

• Argon dating (The 40Ar/39Ar method)

3



www.helsinki.fi/yliopistoIntro to Quantitative Geology

What is low-temperature thermochronology?

• Low-T thermochronology uses thermochronometers with 
effective closure temperatures below ~300°C
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Why is thermochronology useful?

• Thermochronometer ages provide a constraint on the 
time-temperature history of a rock sample

• In many cases, the age is the time since the sample cooled 
below the system-specific effective closure temperature
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the timing, rate, and extent of motion on the fault
[7,11]. The lower closure temperature of the apa-
tite He system makes it possible to detect and
quantify degrees of tectonically induced cooling
that are too small to be recorded by higher tem-
perature systems. Additionally, for very young or
rapid cooling events the He method o¡ers better
precision. Other tectonic problems can be ad-
dressed by pairing apatite He ages with those
from higher temperature systems to better docu-
ment the last few hundred degrees of rock cooling
[12,13]. Thus apatite He ages can supplement and
in some cases replace other dating techniques in a
range of tectonic studies.

Apatite He ages are strongly in£uenced by per-
turbations in the thermal ¢eld of the shallow
crust. Most notably, crustal isotherms mimic sur-
face topography, with the relief on isotherms
becoming increasingly signi¢cant closer to the
surface (e.g. Fig. 1). The lower the closure
temperature of the system, the greater the in£u-
ence of topography on cooling ages. Although the
potential for topography to confound cooling age
patterns has been recognized [14,15], the sensitiv-
ity of apatite He ages is such that they can be

used to infer the existence and even the evolution
of topography in the past [6]. Of course this to-
pography may be produced by faulting (Fig. 1),
so tectonic interpretations of apatite He ages can-
not be made in isolation from the e¡ects of sur-
face topography. This interplay underscores the
need for quantitative models that link the thermal
e¡ects of tectonics with surface processes such
as relief development, river incision and glacial
erosion which ultimately control the time^tem-
perature history of rocks in the uppermost crust
as well as the long-term evolution of the land-
scape. In this regard apatite He ages may provide
an important tool for linking geomorphology,
which relies largely on analyses of modern topog-
raphy and recent surface processes, with longer
time scale e¡ects documented by structural geol-
ogy.

In this paper we discuss the principles, tech-
niques and limitations of the apatite He dating
method and illustrate the use of He ages to inves-
tigate tectonic and geomorphologic processes. We
emphasize general concepts over speci¢c details
and applications, which have been reviewed in
other papers (e.g. [5]).

Fig. 1. Thermal processes in a normal-fault bounded range that in£uence the interpretation of apatite (U^Th)/He data. Isotherms
(dashed lines) are curved from advection of mass and heat (red arrows) in the footwall and hanging wall, and by topographic re-
lief. Rocks in the subsurface (open circles) are exhumed and sampled at the surface (¢lled circles). The stippled red zone between
V45 and V75‡C represents the helium partial retention zone (HePRZ) where helium di¡usion is neither fast enough to maintain
a zero concentration, nor slow enough for complete retention of helium. Modi¢ed from [11].
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Why is thermochronology useful?

• Because the temperatures to which thermochronometers are 
sensitive generally occur at depths of 1 to >15 km and ages are 
typically 1 to 100’s of Ma, they record long-term cooling 
through the upper part of the crust and can be used to 
calculate long-term average rates of tectonics and erosion
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Why is low-T thermochronology useful?

• Low-temperature thermochronometers are unique 
because of their increased sensitivity to topography, 
erosional and tectonic processes
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High temperature = no topography sensitivity

• For thermochronometers with a high effective closure 
temperature, the closure temperature isotherm will not be 
influenced by surface topography

• Note that age will increase with elevation as a result of the 
topography
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the vicinity of the surface, the isotherm follows
exactly the surface topography and K=1.

Consequently, in an actively uplifting and erod-
ing area characterized by a ¢nite topography,
there should be a well-de¢ned relationship be-
tween height and apparent age for any thermo-
chronometer [1]. In slowly eroding areas and/or
for high closure temperature chronometers
(KW0), the slope of this relationship is equal to
the exhumation rate. In rapidly eroding environ-

ments or for thermochronometers characterized
by a low closure temperature (06K6 1), the clo-
sure temperature isotherm is perturbed by the sur-
face topography and the slope of the age^eleva-
tion relationship (AER) gives an overestimate of
the real exhumation rate [4].

This point is illustrated in Fig. 2 where ¢ssion
track age^elevation data from the Huayna Potosi
Pluton (Bolivian Andes) are shown. One set of
ages comes from ¢ssion track analysis of apatite

Fig. 1. Three scenarios in which exhumation rate can be estimated from the slope of an AER. (a) High-T thermochronometers,
the slope is equal to the exhumation rate. (b) Low-T thermochronometers, the slope overestimates the exhumation rate. (c) A de-
crease in relief leads to a further overestimate of the exhumation rate from the AER. A large decrease in relief can even lead to
a negative slope.

EPSL 6231 31-5-02

J. Braun / Earth and Planetary Science Letters 200 (2002) 331^343332

Braun, 2002
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Exhumation pathway
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Low-temperature = sensitive to topography

• The effective closure temperature isotherm for low-
temperature thermochronometers will generally be “bent” by 
the surface topography, changing the age-elevation trend

• The lower the value of Tc, the more its geometry will 
resemble the surface topography
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Sensitivity to changing topography

• Because Tc is sensitive to topography for low-temperature 
thermochronometers, it is possible to record changes in 
topography in the past (!)

• Here, topographic relief decreases and the age-elevation 
trend gets inverted (older at low elevation)
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Helium dating - (U-Th)/He method

• (U-Th)/He thermochronology is based 
on the production and accumulation of 
4He from parent isotopes 238U, 235U, 
232Th and 147Sm

• 4He (! particles) produced during decay 
chains

• 238U - 8 ! decays

• 235U - 7 ! decays

• 232Th - 6 ! decays

• 147Sm - 1 ! decay
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Chapter 3: Thermochronological Systems - Figure 3
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• Ignoring the contribution of 147Sm, we 
can say that the production of 4He is 
 
 
 
 
 
 
where 4He, 238U and 232Th are the 
present-day abundances of those 
isotopes, t is the He age and the " values 
are the decay constants
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Helium dating - (U-Th)/He method

• Ages are calculated by measuring 
the 4He concentration by heating 
and degassing the mineral sample, 
then separately measuring the U 
and Th concentrations, for example 
by using an inductively coupled 
plasma mass spectrometer (ICP-
MS)

18

Ehlers and Farley, 2003

2. The apatite He dating method

2.1. Background and analytical methods

(U^Th)/He dating is based on the ingrowth of
K particles produced by U and Th series decay.
In time t the amount of helium produced in
a mineral is 4He= 8238U(eV 238t31)+7/137.88238U
(eV 235t31)+6232Th(eV 232t31). Measurements of
parent and daughter isotopes de¢ne the time since
closure assuming no extraneous sources of He.
With the exception of inclusions of other minerals
(see below) and, less commonly, of £uid [2,16],
this is a good assumption [5]. There are no fun-
damental limitations on the range of accessible
ages; He ages as young as a few hundred kyr
(on volcanic apatites [17]) and as old as 4.56 Ga
(on a meteorite [18]) have been reported. How-
ever, for samples with crystallization ages of
6V1 Ma secular disequilibrium in the 238U se-
ries modi¢es the form of the age equation [17].

The most widely adopted procedure for apatite
He dating involves in vacuo extraction of He by
heating in a furnace [1^3] or with a laser (e.g.
[20,21]) followed by puri¢cation and analysis by
mass spectrometry. After removal from the vac-
uum system, the apatites are dissolved and U and
Th analyzed, usually by inductively coupled plas-
ma mass spectrometry (ICP-MS). For apatites of
typical U, Th, and He content the analytical pre-
cision of a He age is usually better than 1.5% (2c)
and accuracy better than 1% [5]. Using low-blank
laser extraction it is possible to date single apa-
tites with no substantial loss of precision. In prac-
tice, apatite He ages do not reproduce this well.

Mineral inclusions with high U and Th concen-
trations, especially zircon and monazite (Fig. 2),
produce erroneously high He ages in some apa-
tites [22,23]. Microscopic examination of grains to
be dated greatly reduces this problem [5]. How-
ever, some inclusions may be too small to detect
(Fig. 2e). Other techniques for recognizing analy-
ses compromised by inclusions have been devel-
oped [5]. Most importantly, inclusions tend to be
heterogeneously distributed from grain to grain,
causing poor age reproducibility. Thus age repro-
ducibility is an indispensable demonstration of the
quality of an apatite He age.

2.2. K Ejection

U and Th emit K particles which travel V20
Wm through apatite. As a result, K particles may
be ejected from crystal edges or injected from
surrounding grains (Fig. 3, inset). If not corrected
for, K transport can cause errors of up to tens of
% in He ages [24]. Although implantation may be
signi¢cant in unusually U,Th-poor apatites or
those with high-radioactivity surroundings [17],
in general it can be ignored [24]. Surface-to-vol-
ume ratio and the distribution of parent atoms
relative to the surface control the magnitude of

Fig. 2. Photomicrographs of apatite crystals. (A) This panel
shows euhedral grains which have typical morphology appro-
priate for K-ejection correction (upper), and anhedral and
rounded grains with geometries too complex to apply a
straightforward correction (lower). (B) A typical euhedral
crystal appropriate for K-ejection correction, with the grain
length (L) and prism cross-section (W) indicated. (C^E)
These three SEM electron backscatter images show common
inclusions in apatite that can yield erroneously high He ages:
Monazite, Zircon, and Xenotime. The inclusions in C and D
are large enough to be easily detected in unpolished grains
under a binocular microscope, but the small needles of mon-
azite in E are not easily detected. (F^H) These SEM back-
scatter images show zonation of major and minor elements
(mostly Y, Ce, La, Si, and P). Bright regions are enriched in
Y, Ce, and La, and ICP-MS analyses show that these ele-
ments correlate strongly with U and Th in these apatites.
Thus these images are indicative of zonation in U and Th.
Note that normal, reversed and irregular zonation can occur
and each will have a di¡erent and potentially large e¡ect on
He ages. In panels A and C^E, scale bar is in Wm; in panels
B and F^H the apatite grains are V300 Wm long.

EPSL 6478 13-1-03 Cyaan Magenta Geel Zwart

T.A. Ehlers, K.A. Farley / Earth and Planetary Science Letters 206 (2003) 1^14 3

Nice, datable apatites

Not-so-nice apatites
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Helium dating - (U-Th)/He method

• Selected mineral grains for dating should be 
high-quality, euhedral minerals free of mineral 
inclusions with a prismatic crystal form

• Why does the crystal form matter? 
Alpha particles travel ~20 µm when 
created and may be ejected from or 
injected to the sample crystal

• We can correct for this!

19

Fig. 3.4, Braun et al., 2006
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Fission-track dating - FT method

• Fission-track dating is based on 
measuring the accumulation of damage 
trails in a host crystal as the result of 
spontaneous fission of 238U

• Fission splits the 238U atom into two 
fragments that repel and damage the 
crystal lattice over the distance they 
travel

• In apatite, fresh fission tracks are ~16 
µm long and ~11 µm long in zircon

• Similar to diffusive loss of 4He, these 
damage trails will be repaired, or anneal, at 
temperatures above Tc

20

24 Tagami & O’Sullivan

Etching effi ciency and prolonged-etching factor

Because the surface of the mineral grain or glass is attacked and progressively removed 
during etching, tracks inclined at relatively low angles to the original surface are etched away. 
Such low-angle tracks are therefore not observable under the optical microscope (Fig. 3), which 
results in the number of latent tracks intersecting a given surface no longer being equal to that 
of etched ones on the surface. The minimum angle to the surface above which tracks are etched 
is called the critical angle -C, which is equal to arcsine (VG/VT) (Fleischer and Price 1964; 
Fleischer et al. 1975). An etching effi ciency K is defi ned by the fraction of tracks intersecting 
a surface that are etched on the surface, and is given by cos2-C for the case of internal “thick” 
sources, where particle tracks originate throughout the volume of the detector itself. Thus:

ρ ηρ ρ ϑ ρE L L C L
G

T

V
V

≡ = = −








cos ( )2

2

21 1

where UE� and UL are the areal density of etched and latent tracks, respectively. -C can be 
experimentally determined by the etch-test of particle tracks that are implanted by the 
bombardment of collimated heavy ions at a certain angle to the sample’s surface. Such 
experiments yielded -C values of ~25–35° for natural glasses and < 10° for crystals (Khan 
and Durrani 1972).

!"# !$#

!%#

Figure 4. Photographs of etched fi ssion tracks viewed under optical microscope. (A) Spontaneous tracks 
revealed on a polished internal surface of ~27.8 Ma Fish Canyon Tuff zircon. The crystallographic c-axis 
lies approximately vertical. (B) Induced tracks implanted on a muscovite detector (Brazilian Ruby clear) 
that were derived from the region of the photograph (A). (Photos by TT) (C) Spontaneous tracks on a 
polished internal surface of ~33 Ma apatite crystal. The c-axis lies approximately horizontal. (Photo by 
POS) Scale bars are 10 Pm.

Tagami and O’Sullivan, 2005

Etched fission tracks in apatite
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Fission-track dating - FT method

• To be visible under a microscope, tracks 
must be chemically etched and enlarged

• At this point, tracks can be manually (or 
automatically) counted to determine 
the track density

• The FT age can be calculated as 
 
 
 
where "D is the 238U decay constant, "f 
is the fission decay constant, Ns is the 
number of spontaneous fission tracks in 
the sample and 238U is the number of 
238U atoms
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Tagami and O’Sullivan, 2005

Fundamentals of Fission-Track Thermochronology 31

partial annealing zones (PAZ’s; e.g., Fitzgerald and Gleadow 1990) was confi rmed 
within a variety of geological settings (e.g., Calk and Naeser 1973; Naeser and 
Forbes 1976; Gleadow and Duddy 1981; Zaun and Wagner 1985; Green et al. 1989a; 
Corrigan 1993; Wagner et al. 1994; Tagami and Shimada 1996; Coyle and Wagner 
1998; Stockli et al. 2002).

x�� Thermal sensitivities of fi ssion tracks and other thermochronometers at geological 
timescales were inferred by relative positions of the PAZs (or partial retention zones), 
showing a reasonable consistency with the sensitivities observed in the laboratory 
(Calk and Naeser 1973; Coyle and Wagner 1998; Stockli et al. 2002; Reiners 2003; 
Tagami et al. 2003). 

x�� The FT annealing behaviors predicted by extrapolating numerical annealing models 
have been tested on apatite (Green et al. 1989b; Corrigan 1993; Ketcham et al. 1999) 

(A)

(B)

!"#µ$

!"#$%$&#
'()*+*,$-.)

!"#$%#&'()*+,-.

/("0)1#2+304#,$"+)5,6$-#

Figure 10. (A) A schematic illustration of an etched mineral that reveals confi ned tracks of different 
dimensions, i.e., tracks-in-cleavage (TINCLEs) or tracks-in-track (TINTs). (B) A top-view photograph of 
etched spontaneous tracks on a polished internal surface of apatite crystal (after Gleadow et al. 1986). Most 
of the visible tracks are surface-intersecting spontaneous tracks, which are used for age determination. 
Arrows point to four individual confi ned tracks (revealed as TINCLEs) exhibiting original entire track 
lengths, which are useful for estimating the true length distribution.
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Argon dating - 40Ar/39Ar method

• Argon dating is based on the decay of 40K to radiogenic 40Ar

• Potassium is one of the most abundant elements in the 
crust, making argon dating one of the more common 
thermochronology methods

• 40Ar/39Ar dating is used on white micas, biotite, K-feldspar and 
amphiboles

22
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Argon dating - 40Ar/39Ar method

• 40Ar/39Ar ages are found by irradiating a sample (and standard) 
with fast neutrons, producing 39Ar from 39K in the sample

• The 40Ar/39Ar ratio is then measured as samples are either 
degassed entirely or step heated (next slide)

• The 40Ar/39Ar age can be calculated as 
 
 
 
where " is the decay constant of 40K, 40Ar/39Ar is the 
measured sample 40Ar/39Ar ratio and J is the irradiation factor 
 
 
where t is a known age for a standard and 40Ar/39Ar is its 
measured 40Ar/39Ar ratio

23
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Argon dating - Step heating

• Step heating of 40Ar/39Ar samples involves 
stepwise heating of samples to gradually 
release Ar as the sample temperature 
increases

• With this, it is possible to see the 40Ar 
distribution in the sample, which is a 
function of the sample cooling history

24

126 Harrison & Zeitler

measured in a single isotopic analysis, obviating the need for separate analyses of potassium 
and argon and thus overcoming problems of sample inhomogeneity. Another advantage is that 
an 40Ar/39Ar ratio can be measured more precisely and on smaller samples than a conventional 
K-Ar age. However, the major advantage of the 40Ar/39Ar method over the K-Ar method is 
that an irradiated sample can be heated in steps, starting at relatively low temperatures and 
eventually reaching fusion, permitting a series of apparent ages related to the gas released 
at that step to be determined on a single sample. This approach, known as the step-heating 
technique, provides a wealth of additional information that can provide insights into the 
distribution of 40Ar in the sample relative to the distribution of 39K (and thus 40K).

In the ideal case, release of the argon in the vacuum system occurs by diffusion as 
the sample is progressively heated. Thus, for a sample that has retained its 40Ar since 
crystallization, both 40Ar and 39Ar likely occur in similar lattice sites as they have both been 
derived from potassium (Fig. 1). If the two isotopes have similar transport behavior, they 
will be degassed in similar proportions thus yielding an essentially constant 40Ar/39Ar ratio 
and age in each gas fraction extracted. A plot of the apparent 40Ar/39Ar age for each step 
against cumulative proportion of 39Ar released (termed an “age spectrum”) will yield a fl at 
release pattern called a plateau (Fig. 1a). However, a sample that has lost some of its 40Ar, 
either during protracted residence at high temperature in the deep crust or during a thermal 
excursion, will have sites within its lattice that have different ratios of daughter 40Ar to parent 
40K. During a step-heating experiment, such differences may be revealed by variations in the 
40Ar/39Ar ratio measured on the gas fractions successively released from the sample, yielding 
a staircase-type age spectrum (Fig. 1b,c).

In principle, any potassium-bearing mineral or rock can be used for K-Ar or 40Ar/39Ar 
dating. In practice, dateable samples are limited to those in which potassium is an essential 
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Figure 1. The top diagram portrays the concentration of 40Ar and 39Ar across an idealized mineral, and 
the lower diagram shows the associated 40Ar/39Ar age spectrum. a) Undisturbed subsequent to initial 
crystallization and rapid cooling yields a fl at age spectrum; (b) diffusive loss of 40Ar in recent times; (c) 
diffusive loss of 40Ar during an ancient event with subsequent uniform accumulation of 40Ar. The age of the 
diffusion loss event is given by the intercept at 0% 39Ar release and a minimum age for crystal formation 
by the last measured age (after McDougall and Harrison 1999).

Harrison and Zeitler, 2005

Rapid cooling Slow cooling
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Argon dating - Step heating

• As we have seen on the previous slide,

(a) flat age spectra indicate rapid cooling 
of a rock sample (at time t1, here)

(b) spectra with lower concentrations 
initially either indicate partial reheating 
of the sample at time t2 or slow cooling 
from t1 to t2

(c) an unexpected behavior with higher Ar 
concentrations initially (i.e., near the rim 
of the grain)!

• This “excess” Ar may have been taken 
up from surrounding minerals

25

Chapter 3: Thermochronological Systems - Figure 1
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40Ar/39Ar age spectra

Fig. 3.1, Braun et al., 2006
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Ar-based systems

(U-Th)/He systems

Fission-track systems

Hornblende (500±50°C)

Muscovite (350±50°C)

Biotite (300±50°C)

K-Feldspar (150-350°C)

Zircon (200-230°C)

Titanite (150-200°C)

Apatite (75±5°C)

Titanite (265-310°C)

Zircon (240±20°C)

Apatite (110±10°C)
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Recap

• Why is low-temperature thermochronology a particularly 
interesting tool for those interested in geomorphology or 
active tectonics? 

• How is are (U-Th)/He or 40Ar/39Ar methods different from 
fission-track dating?

27
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Recap

• Why is low-temperature thermochronology a particularly 
interesting tool for those interested in geomorphology or 
active tectonics? 

• How is are (U-Th)/He or 40Ar/39Ar methods different from 
fission-track dating?
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Final project primer

• The final two exercises will be based on thermochronology

• The exercises will be divided into two parts, with the 
second exercise building on what you will have done the 
previous week

• As usual, you will modify a Jupyter notebook to produce 
some plots and provide short answers to related questions

• The questions you will answer for the write-ups for these 
two exercises will be relatively simple (especially in 
Exercise 7) because…

29
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Lab and final project primer

• …you will expand on the work you do in the final two 
exercises in a formal written report

• The report will be in a Jupyter notebook or a document that is 
no longer than 6-8 typed pages (single spaced) including figures

• The idea is to describe some background on the data you will 
work with, the concept for its interpretation and your results/
conclusions

• The structure for the report is described in detail on the 
course webpage, where you can also find a link to a Jupyter 
notebook template for the final paper

30
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