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Abstract

The effect that recent relief changes may have on the distribution of rock ages with elevation is investigated for a
range of thermochronometers. From the solution of the heat transport equation in a crustal block undergoing uplift
and surface erosion, the temperature history of rock particles that are exhumed at the Earth’s surface today is
computed. These T-t paths are then used to calculate apparent isotopic ages for the (U^Th)/He system in apatite,
characterized by a low (W70‡C) closure temperature. The results show that recent relief changes strongly affect the
distribution of ages with elevation (notably the slope of the age^elevation relationship). The calculations presented
here predict that, in most situations, regions that have undergone a steady decrease in surface relief in the recent past
should be characterized by an inverted age^elevation relationship, that is older ages should be found near valley
bottoms and younger ages near summit tops. It is also shown how the wavelength of the topography, the geothermal
gradient, the exhumation rate and the duration of the relief reduction event affect this result. 7 2002 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Regions of past or present tectonic uplift are
subject to more or less rapid erosion. This leads
to rock exhumation and cooling. This cooling has
been documented by thermochronometry, from
estimates of the time at which a given mineral
has passed through a given temperature (called
the closure temperature of the chronometer). As

shown by many authors [1,2] and illustrated in
Fig. 1a, rocks that are exhumed near a mountain
top have cooled through the closure temperature
before rocks that are exhumed near the bottom of
a valley. The di¡erence in time is greater for high
temperature systems (Fig. 1a) than for low tem-
perature ones (Fig. 1b). This is because the ther-
mal perturbation caused by a ¢nite surface topog-
raphy decreases exponentially with depth [3]. The
amplitude of this perturbation can be parameter-
ized by the vertical de£ection of the closure tem-
perature isotherm relative to the amplitude of the
surface topography. As shown in Fig. 1b, we call
this ratio K. Deep within the crust, isotherms are
not a¡ected by surface topography and K= 0; in
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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.
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(circles) which has a closure temperature of
W115‡C, the other comes from FT analysis of
zircon (triangles) which has a closure temperature
of W250‡C. The slope of the AER is signi¢cantly
greater for the apatite ages compared to the zir-
con dataset. Neglecting the e¡ect of the ¢nite am-
plitude topography on the underlying temperature
¢eld, one would predict that the exhumation rate
has signi¢cantly increased from 0.15 km Myr31 to
2.2 km Myr31 between the time the rocks cooled
through the 250‡C isotherm, i.e. 25^45 Myr ago,
and the time they cooled through the 115‡C iso-
therm, i.e. 6^16 Myr ago. Conversely, this dataset
can also be interpreted as evidence for steady ex-
humation at 0.1^0.2 km Myr31 during the past 45
Myr. In this scenario, the di¡erence in slope be-
tween the two age^elevation datasets is a direct
consequence of the thermal perturbation caused
by the ¢nite amplitude topography, which is sig-
ni¢cantly larger at depths of 1^2 km (where the
apatite FT ages were set) than at depths of 5^6
km (where the zircon FT ages were set).

AERs have been documented in a large number
of tectonically active areas such as the European
Alps [5], the Andes [6], Alaska [7], and the South-
ern Alps of New Zealand [8], as well as in regions
of past tectonic activity such as the Transantarctic
Mountains [1], the Sierra Nevada [9] or South-
eastern Australia [10]. In all areas, age increases
with elevation, as predicted by the so-called ‘ther-
mal topography’ argument described above.

The argument relating the slope of an AER to
exhumation rate is based, however, on the as-

sumption that surface topography does not evolve
with time. As illustrated in Fig. 1c, it is clear that
recent changes in surface relief amplitude (i.e. that
took place since the rocks cooled through the clo-
sure temperature) have a strong e¡ect on the
slope of the AER. We assume that local changes
in relief amplitude can be represented by a single
parameter, L, de¢ned as the ratio of present-day
relief to past relief, i.e. at a time de¢ned by the
‘mean age’ of rocks for a given thermochronom-
eter. Our purpose here is to investigate whether
AERs can provide information on the current
rate of change of surface relief, especially for the
newly developed thermochronometer (U^Th)/He
in apatite, which, because of its low closure tem-
perature, is regarded by many as the most likely
candidate among the various thermochronometric
systems to provide constraints on the rate at
which surface processes are able to respond to
more or less rapid changes in tectonic and/or cli-
matic environment [11].

Many questions have recently been raised relat-
ing tectonics, relief and climate. For example, the
current debate on the e¡ect of Cenozoic climate
change on the recent evolution of the Earth’s sur-
face relief remains clearly open. Molnar and Eng-
land [12] and, more recently, Peizhen et al. [13]
have argued that the rapid cooling experienced by
the Earth’s atmosphere over the last 2^3 Myr has
been accompanied by increased erosion rates and
a net increase in topographic relief, especially in
large tectonically active areas such as the Hima-
layas and the Andes. According to Molnar and
England [12], this relief production has led to up-
lift of mountain peaks by isostatic compensation
and may have, therefore, caused, or at least en-
hanced, the climate shift by promoting precipita-
tion. The debate is whether this feedback mecha-
nism exists. Some have produced arguments based
on geomorphological considerations [14,15] that
increased precipitation and/or a cooler climate
should lead to a reduction (or, at most, a very
small increase) in topographic relief ; others have
provided direct evidence, from cosmogenic radio-
nuclide concentrations in the Sierra Nevada, that,
locally, relief has increased in the last 3 Myr [16]
but that, because of the small lateral extent of
many mountain ranges, this has not led to sub-

Fig. 2. Fission track ages from the Huayna Potosi Pluton
(Bolivian Andes) from [6]. Circles correspond to apatite FT
ages, triangles are zircon FT ages.

EPSL 6231 31-5-02

J. Braun / Earth and Planetary Science Letters 200 (2002) 331^343 333



stantial isostatically induced peak uplift. Other
thermochronological data [17] indicate that the
Sierra Nevada was characterized by substantial
and probably much greater surface relief some
60^80 Myr ago and that the area has experienced
a net decrease in relief since [17]. That di¡erent
datasets/methods provide support to apparently
con£icting opinions on the evolution of surface
relief suggests that a better understanding of
how surface topography in£uences thermochrono-
metric data is needed.

Here the evolution of the temperature beneath
an evolving, ¢nite amplitude surface topography
is computed, from which synthetic AERs can be
derived. To achieve this, a newly developed nu-
merical method to solve the basic partial di¡er-
ential equation governing heat transfer in the
crust is used [18]. AERs are predicted for a range
of parameter values representing di¡erent initial
conditions (geothermal gradient), tectonic situa-
tions (rate of exhumation) and landforms (wave-
length and rate of change of the surface topogra-
phy).

2. Relief change and AER

The main purpose of the work presented here is
to determine how ¢nite amplitude topography
and changes in surface relief a¡ect the tempera-
ture distribution in the underlying crust, and how
this information can be retrieved from AERs ob-
tained for low temperature thermochronometers
such as (U^Th)/He in apatite. To achieve this,
the transient, two-dimensional heat transfer equa-
tion is solved, which may be written as [19] :

bc
DT
D t

þ v
DT
D z

� �
¼ D

Dx
k
DT
Dx

þ D

D z
k
DT
D z

þ bA ð1Þ

where T(x,z,t) is the temperature, b is rock den-
sity, c is heat capacity, v is the vertical velocity of
rocks with respect to the base of the crust/litho-
sphere (z =3L), k is conductivity and A is radio-
active heat production. This equation must be
solved for a given initial temperature distribution:

T0 ¼ T0ðx; z; t ¼ 0Þ ð2Þ

and a set of boundary conditions:

Tðx; z ¼ 3L; tÞ ¼ T1 ð3Þ

Tðx; z ¼ Sðx; tÞ; tÞ ¼ 0 ð4Þ

DT
D n

¼ 0 along the side boundaries ð5Þ

A ¢nite element code (Pecube) was recently de-
veloped to solve this equation, including the var-
iable geometry boundary conditions [18]. It is
used here to solve a simple two-dimensional prob-
lem in which the initial surface topography is as-
sumed to be a periodic function (of given wave-
length V and amplitude h0) of horizontal distance
x, and is imposed to grow or decrease in ampli-
tude in the recent past (i.e., over a period N). The
wavelength and shape of the topography is as-
sumed to remain constant, i.e. valleys and inter-
£uves are regarded as ‘static’ features that do not
move with respect to each other. It is assumed
that, over a relatively longer period, tm, the crust
has experienced tectonic uplift balanced by ero-
sion, leading to a mean exhumation rate v. The
value of tm is chosen to ensure that rocks that
reach the surface at the end of the numerical ex-
periment were originally at a temperature of at
least 300‡C, for the imposed basal temperature
of 1000‡C at a depth L.

At ¢rst, to demonstrate how the slope of AERs
is a¡ected by relative relief change, a series of
three experiments was performed in which the re-
lief is assumed to remain constant at h0 = 2 km
(Expt. 1), the relief increases from 1 to 2 km
(Expt. 2) and decreases from 4 to 2 km
(Expt. 3), respectively, over the last N= 10 Myr
of the experiment. The initial and ¢nal topogra-
phies have a wavelength of V= 50 km. The exhu-
mation rate (v) is set to 0.3 km Myr31 and
tm = 100 Myr. Because crustal heat production
by radiogenic elements is neglected, the depth to
the 1000‡C isotherm is ¢xed at L = 50 km in such
a way that the initial, conductive temperature dis-
tribution is characterized by a linear, geothermal
gradient of 20‡C km31. For each experiment,
Pecube computes the temperature experienced
through time by each rock particle that is ex-
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humed at the surface of the model at the end of
the experiment. From these T-t paths, synthetic
(U^Th)/He apatite ages are computed, following
the procedure given in Wolf et al. [20] and Farley
[21]. A frequency factor (D0/a2) of 50.1U106 s31

and activation energy (Ea) of 151.5U103 kJ mol31

are used. The results are shown in Fig. 3.

2.1. Constant relief amplitude

In all experiments, the model calculations show
a linear relationship between (U^Th)/He ages and
elevation (height) (Fig. 3). As stated earlier, this
relationship is termed an age^elevation relation-
ship or AER. In the ¢rst experiment, where the
relief does not change with time, the slope of the
AER is 1.14 km Myr31 whereas the imposed ex-
humation rate is only 0.3 km Myr31. As shown in
Fig. 4a, the 75‡C isotherm (corresponding, ap-
proximately, to the closure temperature for (U^
Th)/He in apatite) has been strongly deformed by
the presence of the ¢nite amplitude topography.
As demonstrated by Stu«we et al. [4] and illus-
trated in Fig. 1b, this is the reason why the slope
of the apparent AER provides an overestimate of
the exhumation rate. Note that similar synthetic
AERs can be constructed from the computed T-t
paths for a range of thermochronometers. As ex-
pected, the results indicate that the apparent ex-
humation rate derived from the slope of the AER
decreases with increasing closure temperature.
For example, for the ¢ssion track chronometer

(closure temperature of W115‡C), the predicted
apparent exhumation rate is 0.77 km Myr31,
whereas for K^Ar in biotite (closure temperature
of 300‡C) and muscovite (closure temperature of
340‡C), the apparent exhumation rate is 0.395 and
0.444 km Myr31, respectively.

Our ¢rst conclusion is thus that the shape of
the 75‡C isotherm is a¡ected by the presence of
¢nite amplitude topography at the Earth’s surface
and, therefore, that, even in regions characterized
by low exhumation rate (300 m Myr31 in our
experiment), the slope of an AER derived from
(U^Th)/He dating in apatite always overestimates
the real exhumation rate. As demonstrated in pre-
vious work [4], the slope of an AER obtained
from a higher temperature thermochronometer
provides a more accurate estimate of exhumation
rate.

2.2. Varying relief amplitude

If, as in the second experiment, the relief is set
to increase from 1 to 2 km over the last 10 Myr of
the experiment, the slope of the AER decreases to
predict an apparent exhumation rate of 0.53 km
Myr31 (Fig. 3). Note that relief change is imposed
with respect to mean elevation, i.e. exhumation is
decreased along ridge tops and increased in valley
bottoms. Conversely, if, as in the third experi-
ment, the amplitude of the relief is set to decrease
linearly from 4 to 2 km over the same 10 Myr
time interval, the slope of the AER is inverted,
with the youngest ages observed at the ridge
peaks and the oldest ages in the valley bottoms
(Fig. 3). The mechanism responsible for these im-
portant changes in the slope of the AER is de-
scribed in Fig. 1c where the present-day surface
relief is assumed to be smaller than it was when
the rocks now at the surface crossed the closure
temperature isotherm (a situation similar to that
of Expt. 3). For the rocks that will be collected at
the top of ridges, relief reduction leads to a short-
ening of the distance travelled between the time
the rocks crossed the closure temperature and the
time they reached the surface. Conversely, the
rocks found at valley bottoms will see that dis-
tance increase (in comparison with the case where
relief remains constant). This leads to a reduction

Fig. 3. Predicted (U^Th)/He AERs for a range of relief evo-
lution scenarios.
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in apparent age at the ridge tops and an increase
in apparent age at the valley bottoms and, thus, a
counter-clockwise rotation of the AER (and, po-
tentially an inversion in slope). Our second con-

clusion is thus that the slope of an AER derived
from (U^Th)/He apatite dating is strongly af-
fected by relative relief changes.

2.3. E¡ect of relief amplitude variations as a
function of closure temperature

To assess in more detail how AER slopes vary
in response to relative changes in surface relief, a
large number of numerical experiments were per-
formed covering the full range of relative relief
change from L= 0.5 (decrease by a factor of 2)
to L= 2 (increase by a factor of 2). For each ex-
periment, the slope of the AERs obtained for a
range of closure temperatures (from 0 to 300‡C)
was computed. Note that in these plots the age
estimates used to compute the slope of the AER
correspond to the time the rock cooled through a
given closure temperature; the e¡ect of cooling
rate or grain size on closure temperature [22] is
not taken into account. The results are summa-

Fig. 5. Contours of the apparent exhumation rate (in km
Myr31) derived from the slope of AERs computed for a
range of closure temperatures. The ‘real’ (or imposed) exhu-
mation rate is 0.3 km Myr31.

Fig. 4. (a) Computed temperature distribution in Expt. 1
where the wavelength of the relief, V, is 50 km. Other param-
eter values are given in the text. All isotherms between 0 and
200‡C are de£ected in response to the ¢nite surface topo-
graphic relief. (b) Temperature distribution for V= 12.5 km;
the ¢nite surface topography a¡ects only the temperature
structure below 100‡C.
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rized in Fig. 5 as a contour plot of the computed
AER slope as a function of L, the relative relief
change (ratio of present-day to past relief ampli-
tude) and closure temperature. Note that all mod-
el parameters (apart from the initial relief) have
similar values to those used in the ¢rst experi-
ment.

The results indicate that AER slope is a¡ected
by any relative relief change for all thermochron-
ometers characterized by a closure temperature
below 300‡C. For any thermochronometer, the
slope increases when relief decreases, whereas
the slope decreases when relief increases. Note,
however, that comparing AERs obtained from
two di¡erent thermochronometers cannot con-
strain the rate of relief evolution. Whether relief
has recently increased (Ls 1) or decreased (L6 1),
the slope of the AER (or apparent exhumation
rate) always increases with decreasing closure
temperature (Fig. 5).

3. Sensitivity to model parameters

The variation of AER slope with relative relief
change for a given closure temperature is also a
function of the assumed model parameters. These
include the wavelength of surface topography (V),
the exhumation rate (v), the average geothermal
gradient (T/L) and the time scale of surface relief
change (N). To demonstrate this dependence, a
number of sets of experiments were performed
in which the amplitude of the relative change in
relief, L, is systematically varied from 0.5 to 2. In
each set, one model parameter has been modi¢ed
from its ‘reference’ value, i.e. the value used in the
reference set of experiments summarized in Fig. 5.

3.1. Timing of relief change timing

In Fig. 6 are shown the results of two sets of
model runs which di¡er from the reference set by
the timing of the imposed relative relief change. In
Fig. 6a, results are shown for model runs in which
the imposed relief change took place in the last
2 Myr; in Fig. 6b, the imposed relief change took
place over the last 50 Myr. The model results
show that perturbations to the slope of the AER

caused by a change in relief amplitude are most
important when those changes take place in the
recent past. More generally, a given thermochron-
ometer can only provide information on relief

Fig. 6. Contours of the apparent exhumation rate derived
from the slope of AERs computed for a range of closure
temperatures. (a) The relief change takes place over the last
2 Myr and (b) 50 Myr.
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change that took place since the rocks crossed the
closure temperature, i.e. the time corresponding
to the mean cooling age at the surface.

In tectonically active areas, where exhumation
rates can be as high as 10^15 km Myr31, low-T
thermochronometers provide information on very
recent changes in surface morphology, like those
that might have resulted from the recent transi-
tion from glacial to £uvial erosion in many high
elevation, high latitude regions of the globe, such
as the Andes or the Southern Alps of New Zea-
land. In these regions, high-T thermochronome-
ters potentially provide information on the lon-
ger-term evolution of landform, including
features such as the stability of deeply incised val-
leys.

In tectonically quiet regions, characterized by
much lower exhumation rates, such as along a
passive margin escarpment or within a past oro-
genic zone, low-T thermochronometers provide
constraints on the long-term evolution of land-
form, such as the rate of escarpment retreat or
the rate of decay of syn-orogenic, high relief,
landforms. High-T thermochronometers are un-
likely to provide useful information on surface
topography evolution as, at low exhumation rate,
rock ages were most likely set during the previous
orogenic phase.

3.2. Mean exhumation rate

To determine the dependence of the system re-
sponse to changes in mean exhumation rate, v,
two sets of experiments were performed where v
was set to 1 and 0.1 km Myr31, respectively. The
results are summarized in Fig. 7.

In rapidly exhuming regions such as active con-
vergent orogens, the isotherms are usually com-
pressed near the surface due to the vertical advec-
tion of heat to form a thin thermal boundary
layer. All ages, regardless of the closure temper-
ature of the thermochronometer, are therefore rel-
atively young. The thermal perturbation caused
by the surface topography a¡ects a greater range
of isotherms [23] and the slope of AERs is always
an overestimate of the real exhumation rate
(Fig. 7a), regardless of the thermochronometer
closure temperature. Because of the rapid advec-

tion of rock towards the surface, the e¡ect of
relief production on AER is enhanced whereas
relief reduction does not perturb AERs to the
same degree, i.e. AER slopes are not inverted fol-

Fig. 7. Same as Fig. 5 but for (a) a faster exhumation rate
of 1 km Myr31 and (b) a slower exhumation rate of 0.1 km
Myr31.
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lowing a reduction of relief, even for thermo-
chronometers with very low closure temperatures
(Fig. 7a).

In slowly exhuming regions, such as mountain
belts in their ‘post-orogenic collapse phase’ where
uplift and exhumation are isostatically driven, the
opposite is true: an increase in surface relief does
not perturb the slope of AERs to the same degree
as a decrease (Fig. 7b). Negative slope AERs are
predicted for low-T thermochronometers (i.e.
6 75‡C).

3.3. Geothermal gradient

In regions of high geothermal gradient, high-T
isotherms are a¡ected by the surface topography
[4]. This is clearly shown in the results of another
set of experiments in which the depth at which the
temperature is ¢xed at 1000‡C has been varied
from 50 km to 25 km (Fig. 8a) and 100 km
(Fig. 8b), corresponding to a geothermal gradient
of 40‡C km31 and 10‡C km31, respectively. In the
high temperature gradient case (Fig. 8a), the slope
of the AER is a¡ected by relief change for all
thermochronometers, even those characterized
by a high closure temperature. In the low temper-
ature gradient case (Fig. 8b), the low closure tem-
perature thermochronometers only are a¡ected.
Note that, in both cases, the relationship between
AER slope and relative relief change is almost
identical to that shown in Fig. 5, corresponding
to the ‘reference’ situation with a geothermal gra-
dient of 20‡C km31.

3.4. Surface topography wavelength

The thermal perturbation caused by ¢nite am-
plitude surface topography decays with depth as
the wavelength of topography [19]. This means
that short wavelength topography (i.e. 6 10 km)
does not signi¢cantly a¡ect the distribution of
ages with elevation for almost any thermochron-
ometer. This is illustrated in Fig. 9 (top) where
contour plots of the apparent exhumation rate
(derived from the slope of the AER) are shown
for a series of experiments performed with a short
wavelength topography. For most chronometers
characterized by closure temperatures above 50‡C,

the apparent exhumation rate is similar to the
imposed value of 0.3 km Myr31.

Conversely, large wavelength topography (i.e.
s 100 km) a¡ects most thermochronometers.

Fig. 8. Same as Fig. 5 but for (a) a higher geothermal gra-
dient of 40‡C km31 and (b) a lower geothermal gradient of
10‡C km31.
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This is shown in Fig. 9 (bottom), where contours
of apparent exhumation rate are shown for a set
of experiments in which the imposed surface to-
pography has a wavelength of 200 km. In this

case, all thermochronometers, including those
characterized by high closure temperatures, such
as K^Ar in muscovite, are a¡ected by the surface
topography and its changes.

4. Discussion

In this paper, a recently developed numerical
method has been used to solve the heat transfer
equation in the lithosphere undergoing uplift and
erosion including the e¡ects of a ¢nite amplitude,
time-varying surface topography. It is shown that
the slope of AERs obtained by thermochronom-
etry of rocks sampled in a region of ¢nite relief is
sensitive not only to the mean exhumation rate
and the shape of the surface topography, but
also to the rate of change of surface landform.
This result demonstrates that low temperature
thermochronometry has the potential to be a
powerful tool to study the rate of landform evo-
lution in a variety of tectonic and geomorphic
environments.

It has also been shown how the dependence of
AER slopes on relative relief changes is a¡ected
by the value of a range of parameter values, such
as mean exhumation rate, geothermal gradient
and the wavelength of topography. From the re-
sults presented here, an important question
emerges: how can one use the model predictions
to infer a relative change in relief from a thermo-
chronological dataset, i.e. a ‘real’ set of ages ob-
tained at a range of elevations? If one knows the
dominant wavelength of surface topography, the
exhumation rate, the geothermal gradient and the
time scale of surface relief change, one can pro-
duce a contour map, similar to the one shown in
Fig. 5 and extract from it a relative relief change
based on the value of the observed AER for any
given thermochronometer. In most cases, how-
ever, few of these parameters are known in a giv-
en study area and approximate values have to be
used. This can lead to substantial error in estimat-
ing the relative relief change. As an example, bias
in estimated exhumation rate can be very large as
can be seen in Fig. 7. One could argue that an
accurate estimate of exhumation rate can be ob-
tained by considering age^elevation data for high

Fig. 9. Same as Fig. 5 but for (top) a smaller relief wave-
length of 12.5 km and (bottom) a greater relief wavelength
of 200 km.
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temperature chronometers. In most cases (Figs. 7
and 8), one would obtain an accurate value by
using an AER based on muscovite K^Ar ages
(closure temperature s 300‡C) for example, but
in some cases (Fig. 9) it would not be su⁄cient.
Note too that the higher the closure temperature,
the ‘older’ the age. Consequently, high closure
temperature systems can only provide us with es-
timates of exhumation rate averaged over rela-
tively long periods of time.

A step towards the solution to this problem can
be made by noting that, in almost all contour
plots shown in Figs. 5^9, for closure temperatures
above 50‡C, all contour lines are parallel to each
other, and dip approximately at 45‡C. This means
that, regardless of the value of the model param-
eters, AER slopes for all thermochronometers
have the same sensitivity to a relative change in
surface relief. There are two noticeable exceptions
to this behaviour. Firstly, at high N values and
high exhumation rate (Figs. 6b and 7a), the con-
tours are curved and become sub-horizontal at
low closure temperatures. This is because, in those
two sets of experiments, the mean cooling age
obtained from the low-T thermochronometers be-
comes smaller than the time over which the im-
posed change in relief amplitude takes place. The
reason for the curved contours is thus that a given
thermochronometer can only be used to extract
information about events that happened since
the corresponding chronometric system closed
(i.e. when the rocks cooled through the closure
temperature).

The second exception corresponds to experi-
ments where the wavelength of the topography
has been varied (Fig. 9). For long wavelength to-
pography, the contours are vertical; for short
wavelength topography, the contours are horizon-
tal. This means that the sensitivity of the AER
slope to relative relief change is a strong function
of the wavelength of topography. In other words,
at short wavelengths, even large changes in surface
relief have no e¡ect on the slope of the AER (and
this is true for all closure temperatures above
75‡C), whereas, at long wavelengths, small changes
in surface relief produce large changes in AER
slope and these changes are the same for all ther-
mochronometers (i.e. for all closure temperatures).

Fig. 10. (a) (U^Th)/He apatite ages (white circles) and eleva-
tion (grey circles) collected across the Sierra Nevada batho-
lith (data from House et al. [17]). (b) The same data after in-
terpolation and smoothing to remove short wavelength
variations in the data (i.e. 6 10 km); a strong anti-correla-
tion between age and elevation is evidenced. (c) (U^Th)/He
apatite ages from the same area but along a much shorter
transect (6 10 km) (data from House et al. [9]); a strong
correlation de¢ning a positive slope and an apparent exhu-
mation rate of 0.043 km Myr31 is evidenced.
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This strong dependence of the relationship be-
tween AER slope and relative relief change on the
wavelength of surface topography o¡ers the po-
tential to extract information on surface relief
evolution, independently from other parameters,
and especially mean exhumation rate. We suggest
that collecting samples in regions characterized by
di¡erent topographic wavelengths should provide
independent information on the rate at which
rocks are exhumed and the rate at which the
shape of the surface topography evolves through
time. Conversely, one could determine the AER
slope from rocks collected (a) along a cli¡ face or
a steep valley wall and (b) across the width of a
wide valley. The short sample would provide ac-
curate information on mean exhumation rate, the
long sample would constrain the local rate of re-
lief evolution.

This strategy can be applied to existing datasets
and is illustrated in Fig. 10a where (U^Th)/He
apatite ages are shown that have been collected
along a linear transect in the Sierra Nevada across
a series of deeply incised valleys of varying width.
This dataset has been smoothed to show the rela-
tionship between age and elevation at wavelength
greater than 10 km (Fig. 10b). There is a strong
anti-correlation between age and elevation across
the wider features of the landscape (such as Kings
Canyon). At long wavelengths, the AER is there-
fore characterized by a negative slope which im-
plies that a signi¢cant reduction in relief took
place in the area over the last 70 Myr (the mean
age of the rock samples). Conversely, (U^Th)/He
apatite data collected in the same area along a
short transect along the side of Mount Whitney
[9] shows a clearly de¢ned positive AER slope
(Fig. 10c). The slope of the AER at short wave-
length provides an estimate (0.04 km Myr31) of
mean exhumation rate in the last 70 Myr. The
apparently con£icting information that is con-
tained in those two datasets, i.e. one presenting
a clear negative correlation between age and ele-
vation, the other a clear positive correlation, can
therefore be reconciled by considering the nature
of the sampling strategy used in each case. Data
collected across the large-scale features of the
landform at wavelength greater than 10 km pro-
vide information on the rate of landform evolu-

tion, whereas data collected along a short transect
(i.e. along a steep valley wall) provide information
on the mean exhumation rate.
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