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Low-temperature thermochronology 
Lesson 1.1 - Basics of thermochronology

David Whipp
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Goals for this lecture

• Introduce the concept of thermochronology and how it 
differs from traditional geochronology 

• Discuss the closure temperature concept and its 
relationship to thermochronology 

• Highlight the benefits of low-temperature 
thermochronology

3



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

Motivation: Modern orogens

Thermochronology is 
one of the methods by which  
we can study the long-term (>106 year) 
tectonic and erosional evolution of orogens
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Motivation: Oil and gas industry

• Several low-
temperature 
thermochronometer 
systems overlap with 
the temperature 
range where 
hydrocarbons mature 

• Chronology is a key 
part of determining 
whether maturation is 
coincident with timing 
of formation for oil 
and gas traps
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If B is predominantly released from kerogen coincident with the ‘oil
window’, and Li is predominantly released at the higher temperature of
gas generation, then the dramatic isotopic change in Li betweenfine and
coarse illite fractions is a ‘snapshot’ in geologic time recording the influx
of gas-related, 6Li-richwater (Fig. 4). The ~5‰ enrichment of 11B in illite
samples from theWGF, compared to shallower outcrop samples outside
the WGF results from the different geothermal gradients, where burial
under normal geothermal gradients did not preserve the later ‘fluid
mixing’ demonstrated by the rapidly buried sediment under high geo-
thermal gradient.

4.5. Alternative sources of lithium and boron

As discussed in the introduction (Section 1.3), there is evidence for a
second thermal event in the WGF occurring at 40–20 Ma (Higley and
Schmoker, 1989) that potentially increased the organic maturity to
the maximum %Ro measured (1.3%). Based on residual magnetic map-
ping, an anomaly beneath the WGF indicates the emplacement of a
deep-seated batholith containing ultramafic minerals (Higley et al.,
2003). This magnetic anomaly is consistent with observations of a
northeast extension of the magmatic emplacement along the Colorado
mineral beltwithin theDenver basin (Rice andGautier, 1983). The igne-
ous intrusion produced a thermal anomaly in the WGF estimated at
51.1° to 52.9 °C/km (Higley et al., 2003) compared to surrounding
areas (29° to 32.8 °C/km;Meyer andMcGee, 1985) and it was proposed
that gas generation began at this more recent time. In light of this
evidence, alternative sources of Li and B must be considered.

Elliott et al. (1991) examined the rates of burial in theWGF samples
studied here, usingK–Ar dating of illite, and concluded that rapid down-
warping of the WGF, associated with the Laramide orogeny and
development of the foreland Denver Basin, caused the high percentages
of illite in the bentonites. The later thermal anomaly related to igneous
intrusionsmay have driven hydrothermalfluidmigration upward along
faults (Higley et al., 2003), introducing magma-related Li and B, so the
question is how much of these elements were brought up and what
was their likely isotopic signature?

While a magmatic heating event at ~40 Ma could have affected
vitrinite reflectance, it clearly did not affect the K–Ar dates of the illites,
which show consistent ages (60 ± 3 Ma) for the fine and coarse size
fractions studied in the R142 and S911 bentonites (Elliott et al., 1991).
These ages are also consistent with the burial history in this area of
the Denver Basin (Elliott et al., 1991). Any thermal event following
that of the first generation of illite at ~60 Ma is expected to potentially
alter theK–Ar signature of the older illite in twoways: (1) If the temper-
ature of the gas generation at 40 Ma was higher than that of the first
illite generation, then the available K–Ar data of the first-generation
illite should have been altered or completely lost (e.g., Clauer et al.,
2014a; Hamilton et al., 1989), and the illite dates would be 40–20 Ma
reflecting the age of igneous intrusion. (2) The second thermal event
could have induced crystallization of a new generation of illite at
a lower temperature than that of the first illitization. In this case, the
K–Ar system of the older illite would have remained unaffected but a
second generation of illite should be detected in the K–Ar date of the
finer separates, which should contain this hypothetical new generation
of illite. This is also not observed because the fine fractions of illite in the
WGF samples do not show dates younger than 60 Ma. Fluids derived
from an ultramafic magma (Higley et al., 2003) could also have contrib-
uted to the Li and B composition of the WGF fluids after illitization.
However, this late emplacement of a deep ultramafic pluton apparently
did not produce temperatures that altered the K–Ar system of the first
generation of illite, nor favored crystallization of a second generation
of illite at a lower temperature for the same reasons as above (no pertur-
bation of the K–Ar ages). The influx of fluids from the mafic intrusion
would only be reflected in the Li and B-isotope ratios of the I–S if these
minerals dissolved and re-precipitated with an age of 40–20 Ma. As
noted previously, we carefully removed all adsorbed-Li and B (interlayer
and external surfaces) from the clays that might have represented later
fluids that diffused into bentonites post-illitization (Section 2.1).

Furthermore, the isotopic composition of Li and B measured in the
different illite size fractions from bentonites is not consistent with the
potential influence of a magmatic influx of hydrothermal fluid. For Li,
the isotopic composition of ultramafic minerals range from +2 to
+5‰, with concentrations b 10 ppm (Tomascak, 2004; Halama et al.,

Fig. 4. Schematic diagram showing the diagenetic zones of hydrocarbon generation, percent illitization, and inferred temperature of B and Li release fromorganic compoundswith thermal
maturity, based on results presented here. The crystal sizes represent authigenic illite in I–S showing the initial nucleation of small crystals, and continued growth during burial. The most
common crystal size distribution is log-normal in buried bentonites (Eberl et al., 2002).

411L.B. Williams et al. / Chemical Geology 417 (2015) 404–413

Williams et al., 2015
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Motivation: Ancient settings

• Although technical 
challenges can complicate 
data analysis, 
thermochronology can also 
be used to study ancient 
settings and rates of (very) 
long-term exhumation 

• In this study, the average 
rates of exhumation of 
the Canadian shield are 
≤2.5 µm a-1 (!)
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Figure 1. A: Geological map of western Canadian shield showing major tectonic features.
Rectangle marks location of B. Inset shows location of A within North America. P is pres-
sure. B: Simplified map of east Lake Athabasca region showing domains (Sou—southern,
NW—northwestern, Chip—Chipman domains) and sample locations (1—02–76B, 2—03–52,
3—SZ00–141A, 4—SZ00–196C, a—SZ00–196B, b—02–108B, c—02–123A, d—03–194A).
Range of ZHe and AHe dates for each sample is listed. C: Temperature-time path for ex-
humation of high-pressure granulites in Chipman domain, reconstructed from U-Pb and
40Ar/39Ar data (Flowers et al., 2006), and new ZHe data. D: Thermal models that satisfy AHe
dates, assuming conventional apatite He diffusion parameters. See text for details. PRZ is
partial retention zone.

1.6 Ga, !150 "C burial diagenesis between
1.6 and 1.45 Ga, fluid remobilization ca. 0.9
Ga, and Phanerozoic fluid incursion at #50
"C (Kotzer et al. 1992; Philippe et al., 1993;
Fayek et al., 2002). Continental reconstruc-
tions have proposed that the Paleozoic seas
that deposited sedimentary sequences pre-
served in much of the North American interior
also inundated most of the western Canadian
shield currently lacking Phanerozoic cover, in-
cluding our area of study (Ziegler, 1989; Sco-
tese and Golonka, 1992).

(U-Th)/He ZIRCON AND APATITE
DATA

Zircon crystals were selected from four
well-characterized populations that were pre-
viously imaged using cathodoluminescence
(CL) techniques and dated by U-Pb isotope-
dilution thermal ionization–mass spectrometry
(ID-TIMS). Past study has demonstrated that
a high level of accumulated radiation damage
in zircon can lead to He loss and anomalously
young apparent ages (Reiners et al., 2004): for
this reason, zircon grains containing relatively

low U and Th concentrations (!70 ppm) were
targeted for analysis. Apatite grains were pick-
ed from one population dated by U-Pb ID-
TIMS, and from three additional samples. All
analyses are single grain fractions corrected
for ejection of 4He from the crystal assuming
a homogeneous distribution of U and Th (Far-
ley et al., 1996; Hourigan et al., 2005). Ana-
lytical methods are described in the GSA Data
Repository1, and Table DR1 in the Repository
lists analytical results and sample lithologies.

Of 10 zircon grains from 3 samples, 8
yielded ZHe dates from 1.73 $ 0.08 Ga to
1.58 $ 0.07 Ga (Fig. 1B). Two grains from
one additional sample yielded distinctly youn-
ger dates of 1.39 $ 0.07 Ga to 1.33 $ 0.06
Ga. The CL images of zircon crystals from
this latter sample revealed weakly luminescent
overgrowths suggestive of higher U concen-

1GSA Data Repository item 2006207, analytical
methods, and Table DR1, (analytical results and
sample lithologies), is available online at www.
geosociety.org/pubs/ft2006.htm, or on request from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.

trations. A higher U rim would cause under-
estimation of the alpha-ejection correction and
may account for the anomalously young dates.

Dates from 0.95 $ 0.05 Ga to 0.55 $ 0.02
Ga (Fig. 1B) were obtained from 12 apatite
crystals from 3 samples. The range of dates in
individual samples is not fully understood, but
may be due in part to alpha-ejection processes
in heterogeneously zoned apatite grains that
redistribute 4He. This is supported by the
range of Th/U ratios in apatite crystals from
two samples, suggesting the presence of mul-
tiple apatite populations with different zoning
characteristics and consistent with the poly-
metamorphic character of the rocks from
which these grains were extracted. A fourth
sample yielded two younger AHe dates of
0.40 $ 0.03 Ga and 0.29 $ 0.03 Ga. This
latter sample was collected in a recently
burned area, and it is possible that it may have
undergone wildfire-induced He loss (Mitchell
and Reiners, 2003), although it is from a dif-
ferent geological domain than the other dated
samples and thus may reflect true regional var-
iability in low-temperature unroofing histo-
ries. Additional work would be needed to fully
evaluate this, and we do not consider it further
in this study.

DISCUSSION
Previous Low-Temperature
Thermochronometry in Continental
Interiors

Almost all other investigations aimed at
constraining low temperature histories in cra-
tonic regions have employed AFT thermo-
chronometry. This method relies on analysis
of preserved spontaneous 238U fission tracks,
which, for grains with typical compositions
and cooling rates, are annealed over geologi-
cal time scales at temperatures "110 "C and
largely preserved at temperatures !60 "C.
Early AFT studies in the mid-continent of
North America yielded dates from ca. 0.93–
0.5 Ga (Crowley et al., 1986; Crowley and
Kuhlman, 1988), but recent AFT studies in the
southern Canadian shield and in the Kaapvaal,
Yilgarn, Pilbara, and Brazilian cratons pro-
duced dates from ca. 0.4–0.05 Ga that have
been interpreted to reflect increased Phanero-
zoic unroofing rates (Harman et al., 1998;
Gleadow et al., 2002; Kohn et al., 2002; Os-
adetz et al., 2002; Belton et al., 2004).

The AHe dates reflect the combined effects
of He loss due to diffusion and He ingrowth
due to radiogenic decay of U and Th, inte-
grated over the cooling history in the He par-
tial retention zone (PRZ), the temperature
range (%70–30 "C) over which He is only
partly retained in the crystal (Wolf et al.,
1998; Farley, 2000). The oldest consistent
AHe dates previously reported are !0.36 Ga

Flowers et al., 2006
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Geochronology versus thermochronology

• Geochronology is the science of dating geological 
materials, and in many ways most radioisotopic 
chronometers are also thermochronometers 

• An important distinction lies in what the ages mean and 
their interpretation 

• Geochronological ages are generally interpreted as 
ages of the materials (crystallization ages) 

• Thermochronological ages are often interpreted as 
the time since the material cooled below a given 
temperature (cooling ages)
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What is a thermochronometer?

• Thermochronometer 
A radioisotopic system consisting 
of: 

• a radioactive parent 

• a radiogenic daughter isotope 
or crystallographic feature 

• the mineral in which they are 
found

8

Chapter 1: Introduction - Figure 1

T0

Tectonics + Surface Processes = Exhumation = Cooling

Spontaneous Nuclear Reaction

Solid-State Diffusion

Time

Te
m

p
er

at
u

re
Temperature History

Quantitative Thermochronology – p. 3/103

Fig 1.1, Braun et al., 2006



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

What is a thermochronometer?

• Thermochronometry 
The analysis, practice, or 
application of a 
thermochronometer to 
understand thermal histories of 
rocks or minerals 

• Thermochronology 
The thermal history of a rock, 
mineral, or geologic terrane
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The aim of thermochronology

• In most modern applications of 
thermochronology, the goal is to use 
the recorded thermal history to 
provide insight into past tectonic or 
erosional (surface) processes 

• To do this, it is essential to link the 
temperature to which a 
thermochronometer is sensitive to a 
depth in the Earth 

• This is not easy, and the field of 
quantitative thermochronology is 
growing rapidly as a result

11
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The essence of thermochronology

• Daughter products are continually produced within a mineral as a 
result of radioactive decay 

• Daughter products may be lost due to thermally activated 
diffusion 

• The temperature below which the daughter product is retained 
depends on the daughter product and host mineral

12

Fig 1.3, Braun et al., 2006
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The concept of a closure temperature

• The transition from an open to a closed system does not 
occur instantaneously at a given temperature, but rather 
over a temperature range known as the  
partial retention (or partial annealing) zone 

• The partial retention zone temperature range spans from 
the point at which nearly all produced daughter products 
are lost to diffusion to where they are nearly all retained

14

Fig 1.3, Braun et al., 2006

Chapter 1: Introduction - Figure 3

Parent

Daughter

decay

Open SystemClosed System

Quantitative Thermochronology – p. 5/103

Fig 1.6a, Braun et al., 2006

Chapter 1: Introduction - Figure 6

D
ep

th
  /

Te
m

p
er

at
u

re

partial
retention

zone

Exhumed PRZ

Present-day
PRZ

Apparent age Apparent age

El
ev

at
io

n

Present-day
Mean surface

elevation

R
o

ck
 u

p
lif

t

D
en

u
d

at
io

n
Su

rf
ac

e
u

p
lif

t

Paleo-surface
elevation

Is
o

st
at

ic
re

b
o

u
n

d
Te

ct
o

n
ic

u
p

lif
t

a

b

t1

t

t1+ t

D
en

u
d

at
io

n

Modified from Fitzgerald et al. (1995) - Reproduced with permission from the American Geophysical Union

Quantitative Thermochronology – p. 8/103

Partial retention/
annealing zone



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

The concept of a closure temperature

• The transition from an open to a closed system does not 
occur instantaneously at a given temperature, but rather 
over a temperature range known as the  
partial retention (or partial annealing) zone 

• The partial retention zone temperature range spans from 
the point at which nearly all produced daughter products 
are lost to diffusion to where they are nearly all retained

15

Fig 1.3, Braun et al., 2006

Chapter 1: Introduction - Figure 3

Parent

Daughter

decay

Open SystemClosed System

Quantitative Thermochronology – p. 5/103

Fig 1.6a, Braun et al., 2006

Chapter 1: Introduction - Figure 6

D
ep

th
  /

Te
m

p
er

at
u

re

partial
retention

zone

Exhumed PRZ

Present-day
PRZ

Apparent age Apparent age

El
ev

at
io

n

Present-day
Mean surface

elevation

R
o

ck
 u

p
lif

t

D
en

u
d

at
io

n
Su

rf
ac

e
u

p
lif

t

Paleo-surface
elevation

Is
o

st
at

ic
re

b
o

u
n

d
Te

ct
o

n
ic

u
p

lif
t

a

b

t1

t

t1+ t

D
en

u
d

at
io

n

Modified from Fitzgerald et al. (1995) - Reproduced with permission from the American Geophysical Union

Quantitative Thermochronology – p. 8/103

Partial retention/
annealing zone



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

The concept of a closure temperature

• Why do you think there is a partial retention/annealing 
zone?

16
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Effective closure temperature

• Defined by Dodson (1973), the closure temperature (Tc) is 
the “temperature of a thermochronological system at the 
time corresponding to its apparent age” 

• This concept is quite useful, as we can thus relate a 
measured age to a temperature in the Earth 

• Unfortunately, closure temperatures vary as a function of 
the thermochronological system, mineral size, chemical 
composition and cooling rate 

• This definition also only works when cooling is 
monotonic (no reheating)

17
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The effect of cooling rate

• In general, the effective closure temperature for 
a given thermochronometer system will increase 
with increasing cooling rate 

• For the retention of 4He in apatite, the 
effective closure temperature is ~40°C at a 
cooling rate of 0.1 °C Ma-1 and ~80°C at a 
rate of 100°C Ma-1 

• The absolute difference in effective closure 
temperature is also larger for higher temperature 
thermochronometers 

• ~40°C for 4He in apatite 

• ~130°C for 40Ar in hornblende

19
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Figure 2
Effective closure temperature (Tc) as a function of cooling rate for common He, FT, and Ar
thermochronometers. Estimates shown here are based on Equation 7 and parameters in
Tables 1–2. Results were calculated using the CLOSURE program.

such cases, the closure temperature concept does not strictly apply, and this could
potentially confound attempts to relate thermal and exhumational histories. This un-
derscores the need to consider the conditions of a mineral’s formation, as well as its
cooling path, in interpreting thermochronologic histories.

Figure 2b provides a comparison of the various Tc estimates for apatite and zircon
FT dating. Tc for the average apatite is only ∼10◦C higher than that for an end-
member fluorapatite, as represented by the Renfrew apatite. In contrast, the Tc for
the Tioga apatite is ∼60◦C above that for the average apatite. This range in Tc

would give a 7 Myr spread of FT ages for a typical orogenic cooling rate of ∼10◦C
Myr−1. FT dating of detrital apatites in thermally reset sandstones commonly yields
over-dispersed grain ages, which means that the range of grain ages is much greater
than expected owing to analytical errors alone. This result is probably a consequence
of a mix of apatite compositions, which gives a mix of retention behaviors. The Tc

estimates shown here indicate that the youngest grains in a grain age distribution
should be dominated by low-retentivity apatites. Peak-fitting methods can be used
to isolate the minimum age, which is the age of the youngest fraction of grain ages
(Galbraith & Green 1990; Galbraith & Laslett 1993; Brandon 2005, as summarized
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The effect of cooling rate

• Considering that the daughter product diffuses 
out of mineral crystals above the effective 
closure temperature, why would the closure 
temperature increase for faster cooling rates?

20
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Figure 2
Effective closure temperature (Tc) as a function of cooling rate for common He, FT, and Ar
thermochronometers. Estimates shown here are based on Equation 7 and parameters in
Tables 1–2. Results were calculated using the CLOSURE program.

such cases, the closure temperature concept does not strictly apply, and this could
potentially confound attempts to relate thermal and exhumational histories. This un-
derscores the need to consider the conditions of a mineral’s formation, as well as its
cooling path, in interpreting thermochronologic histories.

Figure 2b provides a comparison of the various Tc estimates for apatite and zircon
FT dating. Tc for the average apatite is only ∼10◦C higher than that for an end-
member fluorapatite, as represented by the Renfrew apatite. In contrast, the Tc for
the Tioga apatite is ∼60◦C above that for the average apatite. This range in Tc

would give a 7 Myr spread of FT ages for a typical orogenic cooling rate of ∼10◦C
Myr−1. FT dating of detrital apatites in thermally reset sandstones commonly yields
over-dispersed grain ages, which means that the range of grain ages is much greater
than expected owing to analytical errors alone. This result is probably a consequence
of a mix of apatite compositions, which gives a mix of retention behaviors. The Tc

estimates shown here indicate that the youngest grains in a grain age distribution
should be dominated by low-retentivity apatites. Peak-fitting methods can be used
to isolate the minimum age, which is the age of the youngest fraction of grain ages
(Galbraith & Green 1990; Galbraith & Laslett 1993; Brandon 2005, as summarized
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Estimating thermochronometer ages

• Let’s ignore the cooling rate effect for the moment. The apatite 
(U-Th)/He thermochronometer has an effective closure 
temperature of 75±5°C (previous slide)

• Using the mean value, calculate the cooling age for rocks with 
the following thermal histories (each is 100 Ma long)

1. Rapid cooling from 500 to 15°C, 40 Ma ago

2. Monotonic cooling from 135 to 15°C over 100 Ma

3. Rapid cooling from 60 to 15°C 20 Ma ago

4. Slow cooling from 100 to 60°C over 25 Ma, isothermal conditions at 
60°C for 50 Ma, then slow cooling to 15°C over the last 25 Ma

5. Slow monotonic heating from 15 to 65°C during the first 95 Ma, 
followed by rapid cooling to 15°C over the last 5 Ma

21
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Solutions?

22

Scenario Estimated age [Ma] F.D. estimate [Ma]

1 40.0 39.5

2 50.0 39.3

3 — 42.1

4 40.5

5 — 39.9

• Clearly, the observed age 
will have some dependence 
on the cooling history

• It is also clear that 
estimating the effective 
closure temperature is a 
critical step in the 
interpretation of any real 
dataset
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Solutions?

23

Scenario Estimated age [Ma] F.D. estimate [Ma]

1 40.0 39.5

2 50.0 39.3

3 — 42.1

4 ~85.0 40.5

5 — 39.9

• Clearly, the observed age 
will have some dependence 
on the cooling history

• It is also clear that 
estimating the effective 
closure temperature is a 
critical step in the 
interpretation of any real 
dataset
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What causes cooling?

• With the idea of an effective closure temperature, we 
now have the main concept of thermochronology - a 
date will ideally reflect the time since the rock sample 
was at Tc 

• But, what causes cooling?

24



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

Erosion, exhumation, and uplift, oh my!

• For rock samples collected at the Earth’s surface, cooling is almost 
always the result of exhumation 

• Exhumation is often used interchangeably with other “erosion-
like” terms…we need a few definitions1 

• Exhumation: The unroofing history of a rock, as caused by 
tectonic and/or surficial processes  

• Erosion: The surficial removal of mass at a spatial point in the 
landscape by both mechanical and chemical processes  

• Denudation: The removal of rock by tectonic and/or surficial 
processes at a specified point at or under the Earth’s surface 

25
1 Definitions here are from Ring et al., 1999
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Erosion, exhumation, and uplift, oh my!

• For rock samples collected at the Earth’s surface, cooling is almost 
always the result of exhumation 

• Exhumation is often used interchangeably with other “erosion-
like” terms…we need a few definitions1 

• Exhumation: The unroofing history of a rock, as caused by 
tectonic and/or surficial processes  

• Erosion: The surficial removal of mass at a spatial point in the 
landscape by both mechanical and chemical processes  

• Denudation: The removal of rock by tectonic and/or surficial 
processes at a specified point at or under the Earth’s surface 

26
1 Definitions here are from Ring et al., 1999
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Erosion, exhumation, and uplift, oh my!

• For rock samples collected at the Earth’s surface, cooling is almost 
always the result of exhumation 

• Exhumation is often used interchangeably with other “erosion-
like” terms…we need a few definitions1 

• Exhumation: The unroofing history of a rock, as caused by 
tectonic and/or surficial processes  

• Erosion: The surficial removal of mass at a spatial point in the 
landscape by both mechanical and chemical processes  

• Denudation: The removal of rock by tectonic and/or surficial 
processes at a specified point at or under the Earth’s surface 

27
1 Definitions here are from Ring et al., 1999
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Erosion, exhumation, and uplift, oh my!

• Another inconsistently used term, which is important for many 
thermochronological applications, is uplift1 

• We can distinguish between several different types of uplift 
depending on what moves and our reference frame 

• Rock uplift: Vertical motion of rock relative to sea level 

• Surface uplift: Vertical movement of the Earth’s surface relative to 
sea level 

• Exhumation results from differences in the rates of rock and 
surface uplift at a given point

28
1 Definitions here are from Molnar and England, 1990
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Erosion, exhumation, and uplift, oh my!

• Another inconsistently used term, which is important for many 
thermochronological applications, is uplift1 

• We can distinguish between several different types of uplift 
depending on what moves and our reference frame 

• Rock uplift: Vertical motion of rock relative to sea level 

• Surface uplift: Vertical movement of the Earth’s surface relative to 
sea level 

• Exhumation results from differences in the rates of rock and 
surface uplift at a given point

29
1 Definitions here are from Molnar and England, 1990
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Erosion, exhumation, and uplift, oh my!

• Another inconsistently used term, which is important for many 
thermochronological applications, is uplift1 

• We can distinguish between several different types of uplift 
depending on what moves and our reference frame 

• Rock uplift: Vertical motion of rock relative to sea level 

• Surface uplift: Vertical movement of the Earth’s surface relative to 
sea level 

• Exhumation results from differences in the rates of rock and 
surface uplift at a given point

30
1 Definitions here are from Molnar and England, 1990
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Erosional exhumation

• Occurs as a result of erosion and removal of overlying rock 
bringing relatively warm rock to the surface 

• Can take place in convergent, extensional, strike-slip or inactive 
tectonic settings 

• Most common “cooling type” for thermochronology

31

Erosion at surface

Rivers/glaciers
Landslides, hillslope

diffusion, etc.

Mountains

Crustal block
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Erosional exhumation

• Occurs as a result of erosion and removal of overlying rock 
bringing relatively warm rock to the surface 

• Can take place in convergent, extensional, strike-slip or inactive 
tectonic settings 

• Most common “cooling type” for thermochronology

32

Erosion at surface

Rivers/glaciers
Landslides, hillslope

diffusion, etc.

Mountains

Crustal block
Rock uplift
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Erosional exhumation

• Occurs as a result of erosion and removal of overlying rock 
bringing relatively warm rock to the surface 

• Can take place in convergent, extensional, strike-slip or inactive 
tectonic settings 

• Most common “cooling type” for thermochronology

33

Erosion at surface

Rivers/glaciers
Landslides, hillslope

diffusion, etc.

Mountains

Crustal block
Rock uplift

Rock exhumation path
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Tectonic exhumation

• Generally occurs in extensional settings 

• Uplifted footwall will also experience some erosional 
exhumation in most cases

34

Exhumed rocks

Crustal block

Rock uplift
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Other cases of rock cooling

• Rock cooling can also occur 

• Following emplacement of an igneous body or volcanic 
deposit 

• Typically, thermochronology is not useful in these cases 
as the cooling is rapid and geochronological and 
thermochronological ages will be similar 

• Following reheating by 

• Burial in a sedimentary basin and subsequent exhumation 

• Emplacement of proximal igneous intrusions or volcanics

35
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Radioisotopic chronometer ages

36

• The general equation for an isotopic age is 
 
 
 
where ! is the isotopic age, " is the radioactive decay constant, 
#d is the concentration of the daughter product and #p is the 
concentration of the parent isotope

• For thermochronometers, we know that the concentration of 
the daughter product will vary not only as a result of 
radioactive decay, but also due loss via solid-state diffusion

t =
1

�
ln

✓
1 +

Nd

Np

◆
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Solid-state diffusion

37

• Thermochronometer daughter products are not suitable to be 
incorporated in the host mineral’s crystal lattice

• As ‘foreign’ isotopes, they are thus mobile and will diffuse 
within the crystal

• Their diffusion can be modelled using the standard diffusion 
equation 
 
 
 
 
where $(%) is the temperature dependent diffusivity (see next 
slide), ∂2#d/∂&2 is the second derivative of the daughter 
product concentration and ' is the daughter production rate 
(often assumed to be constant over the age of a sample)

@Nd

@t

= D(T )
@

2
Nd

@x

2
+ P

1-D

Parent and daughter
isotopes in a crystal

Alpha decay

Parent isotope

“Normal” atom
Daughter isotope
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Temperature-dependent diffusion

38

• Temperature dependence for diffusion is typically 
modelled as 
 
 
 
where $0 is the diffusivity at infinite temperature (diffusion 
constant), ( is the diffusion domain, )a is the activation energy, 
* is the gas constant and %K is temperature in Kelvins

• For simple systems, the diffusion domain ( is typically the size 
of the mineral itself

• The activation energy )a is the minimum energy that must be 
put into the system in order for diffusion to occur

D(T )

a2
=

D0

a2
e�Ea/(RTK)
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Temperature-dependent diffusion

39

• With the temperature-dependent diffusion 
concept in mind, there are essentially 3 
different temperatures we might consider

• The ‘open system’ temperature 
%o  
The time/temperature that corresponds 
to the lower limit to the fully open system

• The closure temperature %c  
The temperature of the system at the 
time corresponding to its age (Dodson)

• The blocking temperature %b  
The upper temperature limit of fully 
closed system behavior

Chapter 2: Basics of Thermochronology - Figure 1
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Dodson’s effective closure temperature

• Dodson (1973) introduced a method for calculating the 
closure temperature of a thermochronological system 
based on the observed diffusion parameters and the 
rock/mineral cooling rate 

• We’ll see more of this and explore how it the Dodson’s 
equations work tomorrow

40
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Low-temperature thermochronology?

• Now that we have some idea of what a 
thermochronometer is and what they can record, it is 
worthwhile to revisit the idea of low-temperature 
thermochronology 

• A low-temperature thermochronometer is a 
thermochronometer with an effective closure 
temperature below ~300°C

41



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

Low-temperature thermochronology?

42

0 100 200 300 400 500 600
Effective closure temperature [°C]
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Why is low-T thermochronology useful?

43
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Why is low-T thermochronology useful?

44

• Low-temperature thermochronometers are 
unique because of their increased sensitivity to topography, 
erosional and tectonic processes

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].

EPSL 6478 13-1-03 Cyaan Magenta Geel Zwart

T.A. Ehlers, K.A. Farley / Earth and Planetary Science Letters 206 (2003) 1^142

Ehlers and Farley, 2003
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High T = No topographic sensitivity

45

• 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

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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High T = No topographic sensitivity
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• 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

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

Exhumation pathway
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Low T = Sensitive to topography
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• 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

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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Low T = Sensitive to topography
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• 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

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

Change in pathway
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Sensitivity to changing topography

49

• 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)

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

Past topography



www.helsinki.fi/yliopisto October 23, 2017Low-temperature thermochronology

Sensitivity to changing topography
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• 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)

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.
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Summary

• How does thermochronology differ from 
geochronology? 

• What is a closure temperature? 

• What kinds of things can we study with low-temperature 
thermochronology?
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• What is a closure temperature? 
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