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Goals of this lecture

• Clarify some terminology about rock exhumation and erosion

• Review the basic concepts of heat transfer as a result of 
erosion

• Discuss the estimation of exhumation rates from 
thermochronometer data alone
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What do thermochronometers record?

• Cooling 

• Time since rocks were at a thermochronometer-specific 
effective closure temperature Tc

• Exhumation 

• Advection of rocks toward the surface of the Earth 
(exhumation)
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Erosion versus exhumation

• Erosion and exhumation are terms that are often misused and 
confused, so we need to start with some definitions (see Ring 
et al., 1999 for a detailed discussion)

• Exhumation: The unroofing history of a rock; the vertical 
distance a rock moves relative to the Earth’s surface. Can 
result from tectonic or surface processes.

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

• Erosion: The removal of mass at a specific point on the 
Earth’s surface by both mechanical and chemical processes
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Exhumation, rock uplift and surface uplift

• Rock exhumation E is the result 
of the combination of rock uplift 
and surface uplift

• Rock uplift U refers to vertical 
motion of rock with respect 
to the center of the Earth

• Surface uplift Us is vertical 
movement of the Earth’s 
surface with respect to the 
center of the Earth

• The amount of rock 
exhumation a sample 
experiences with reflect both 
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Chapter 5: Thermal effect of exhumation - Figure 1

U

US

E

Past Present

Quantitative Thermochronology – p. 33/103
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Fig. 5.1; Braun et al., 2006
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Exhumation

• Exhumation results in upward advection of rock as 
surface rock is eroded and transported away

• Upward motion brings relatively hot rock up from depth 
toward the surface, increasing the geothermal gradient

• Exhumation typically becomes important at advection 
velocities of >0.1 mm/a

8

Upward
mass
transport

!

Erosion, hot!



www.helsinki.fi/yliopistoIntro to Quantitative Geology

T (z, t) = G(z + vzt)+

G

2


(z � vzt)e

�vzz/erfc

✓
z � vzt

2
p
t

◆
� (z + vzt)erfc

✓
z + vzt

2
p
t

◆�

1D transient advection-diffusion equation

• As we saw in the laboratory exercise last Wednesday, the 
thermal field in the crust of the Earth will be affected by the 
rate of vertical advection of rock and the time that the rate of 
advection is applied (as well as other factors)

• The equation above is from the laboratory exercise, and the 
Github page lists the definitions of all variables
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Effects of erosion and sedimentation

10

Ehlers, 2005

Erosion increases temperatures in the crust
by the largest amount initially, but temperatures
will continue to increase with time

For this specific equation, with a constant basal
flux, there is no steady state that will be reached
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Effects of erosion and sedimentation

11

Ehlers, 2005

Erosion and
sedimentation work
similarly, but in the
opposite sense
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Thermal gradient changes

• The temperature change 
measured in the shallow crust, or 
temperature gradient, is often 
used to study thermal processes 
in the crust

• The geothermal gradient is 
simply the difference in 
temperature at two different 
depths in the Earth, with typical 
values of 15-30°C/km

• Multiplying the geothermal 
gradient by the rock thermal 
conductivity yields the surface 
heat flow
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Thermal gradient changes

• In this example, the geothermal 
gradient doubles over the first 
15 Ma of the calculation
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Thermal gradient changes

• Depending on the rate of 
advection, the timing of changes 
in the geothermal gradient near 
the Earth’s surface will vary

• Faster advection velocities 
result in more rapid changes 
in geothermal gradient 

• Here we can easily see that 
erosion rates of ≥0.1 mm/a are 
needed to change temperatures 
over time scales of millions of 
years

15
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Thermal gradient changes

• Thermochronometers are 
sensitive to temperatures deeper 
in the earth, and the timing of 
changes in the geothermal 
gradient will thus lag behind the 
changes in near the surface

16
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Thermal gradient changes

• As before, the same thing can be 
said for sedimentation, but in the 
opposite sense

17
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Estimating exhumation rates:  
The age-elevation approach

• As we’ve seen previously, for high-temperature 
thermochronometers, the effective closure temperature 
isotherm will not be “bent” by the surface topography

• This geometry can be very useful because with it we can 
estimate long-term average rates of rock exhumation
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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, 2002a
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Estimating exhumation rates:  
The age-elevation approach

• If we consider the exhumation of these samples from the time 
the first cools, we can see why…
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Estimating exhumation rates:  
The age-elevation approach

• What you’ll notice is that the difference in ages for the samples 
only results from the time since they passed through the 
effective closure temperature isotherm

• In other words, the slope of the relationship between sample 
age and elevation is the long-term exhumation rate (!)
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Scenarios where this technique works…

• There are two situations in 
which this technique “works”:

• When the closure 
temperature isotherm is flat

• When samples are collected 
along transects parallel to the 
exhumation pathway 
(typically this is vertical 
sampling)
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Crustal Thermal Processes & Thermochronometer Data Interpretation 319

Figure 2. Implication of assumed thermal model on the interpretation of thermochronometer data in age-
elevation plots. (a) 1D, horizontal isotherm, thermal model with samples (black circles) collected up a range 
front. (b) 1D, draped isotherm, thermal model with samples collect up a vertical cliff face. (c) Schematic 
plot of thermochronometer sample age vs. elevation for the thermal models depicted in (a) and (b). Slope 
of best fi t line equals the sample exhumation rate and depth to closure temperature equals the y-intercept 
value. (d) Schematic 2D thermal model with variable thermal gradients across range front due to processes 
illustrated. Each exhumed sample (black circles) pass through the closure temperature at different depths 
and travel different distances to the surface before exposure. (e) Schematic plot of thermochronometer 
sample age vs elevation for thermal model shown in (d). Closure depth for each sample is variable and 
slope of best-fi t line through sample ages does not represent the exhumation rate. 

Ehlers, 2005

Vertical transect
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The trouble with low-T thermochronology

• As we’ve seen, however, low-temperature 
thermochronometers are sensitive to the surface topography 
and their effective closure temperature isotherms will be 
“bent” because they are close to the Earth’s surface
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EPSL 6231 31-5-02

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

Braun, 2002a
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The trouble with low-T thermochronology

• In this case, the relationship between sample age and elevation 
will not recover the long-term average exhumation rate, 
providing an overestimate

26
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Figure 2. Implication of assumed thermal model on the interpretation of thermochronometer data in age-
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Topographic sensitivity

• As we have seen, the magnitude of topographic bending of 
effective closure temperature isotherms generally decreases 
for higher temperature thermochronometers

• In addition, the average wavelength of the topography is 
important, with short wavelength topography producing less 
bending of subsurface isotherms

• Furthermore, the advection velocity for rock exhumation is 
also significant, with a larger amount of bending at higher rates 
of exhumation

27
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Topographic sensitivity

• Short wavelength topography can have high 
relief, but tends not to bend subsurface 
isotherms at depth

• For very long wavelengths, the subsurface 
isotherms may even exactly mimic the surface 
topography

• The magnitude of this effect can be estimated 
mathematically, of course :)
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C12 ¼ RzRa þ IzIa

Q12 ¼ IzRa þ RzIa:
ð2Þ

C11 is the power spectrum of the input
signal:

C11 ¼ R2
z þ I2z : ð3Þ

The smoothed spectral estimators are
obtained by applying a triangular
Bartlett window (see Jenkins and
Watts, 1968; p.244) to the elevation
and age profiles prior to the calcula-
tion of the Fourier transforms. Con-
fidence intervals can be calculated
from the smooth spectral estimators
(see Jenkins and Watts, 1968; p.437).
Efficient methods exist to compute
Fourier transforms from regularly
spaced data (Jenkins and Watts,
1968). In practice, however, it might
be difficult to collect rocks at regular
intervals along a linear transect. The
simplest way to compute Fourier

transforms of irregularly spaced data
is to interpolate the data on a regular
grid (Press et al., 1992). This might
prove inadequate if large gaps exist in
the data. In that case, other methods
such as Lomb’s normalized periodo-
gram must be used (Lomb, 1976).

An example based on synthetic
ages

In order to illustrate how the method
can be used to interpret thermochro-
nological data, a synthetic age dataset
was constructed from the temperature
field obtained by solving the heat
transport equation numerically. To
this effect, a newly developed finite-
element solver, Pecube, was used that
includes the effects of heat advection
by vertical exhumation as well as the
thermal perturbation of a finite
amplitude, time-varying, isothermal
surface topography (Braun, unpubl.

data). The computed temperature field
is used to derive temperature–time
paths, from which an age dataset for
the (U–Th)/He chronometer is derived
using the procedure and parameters
described in Wolf et al. (1998) and
Farley (2000). A frequency factor (D0/
a2) of 50.1 · 106 s–1 and activation
energy (Ea) of 151.5 · 103 kJ mol–1

are used. A uniform exhumation rate
of 0.3 km Myr–1 and a conductive
geothermal gradient of 20 !C km–1

are assumed. Thermal diffusivity is
set at 25 km2 Myr–1 and radioactive
heat production is neglected. The 128-
km-long topographic profile used in
this experiment comes from a 1-km-
resolution DEM (GTOPO30) of the
South Island, New Zealand. In this
way, the input (elevation) signal has a
spectral content that is representative
of a natural landform (see Fig. 2a).
The computed age profile is shown in
Fig. 2(a); the computed gain, shown
in Fig. 2(b), reveals that, at wave-
lengths shorter than 8 km, the gain
(% 3 Myr km–1) provides a good esti-
mate of the inverse of the imposed
exhumation rate (0.3 km Myr–1). This
is because, at short wavelengths, the
isotherms are not perturbed by topog-
raphy (see Fig. 1a). At intermediate
wavelengths, the gain is smaller than
the inverse of the imposed exhumation
rate as the finite topography starts to
perturb the closure temperature iso-
therm for (U–Th)/He in apatite. At
wavelengths longer than 25 km, the
gain tends towards zero as the closure
temperature isotherm becomes paral-
lel to the surface topography and
thermochronological ages are inde-
pendent of elevation (see Fig. 1b).
Figure 2(c) compares the gain shown
in 2(b) with the gain derived from a
model experiment in which the surface
relief (the amplitude of the surface
topography) is artificially increased
from half its present-day value over
the last 3 Myr of the numerical
experiment. At short wavelengths,
the results are similar to those of the
first experiment, but at large wave-
lengths, the gain estimates tend
asymptotically towards a finite, posit-
ive value of % 1.8 Myr km–1. Simi-
larly, in an experiment where surface
relief is decreased from twice its pre-
sent-day value over the last 3 Myr, the
predicted gain values (Fig. 2c) tend
towards a finite negative value of
% –2.5 Myr km–1 at long wavelengths.
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Fig. 1 Age–elevation relationship caused by surface topography. (a) Short-wave-
length topography does not affect the geometry of closure temperature isotherm, Tc,
and the slope of the age–elevation, a–h, relationship gives the inverse of the
exhumation rate, v (da/dh ¼ (a1 – a2)/h0 ¼ 1/v). (b) Long-wavelength topography
strongly affects the shape of the Tc isotherm and age is independent of elevation (da/
dh ¼ 0). (c) At long topographic wavelengths, any age variation with elevation
is indicative of a relative change in relief amplitude since rocks crossed the Tc

isotherm.

Terra Nova, Vol 14, No. 3, 210–214 J. Braun • Estimating exhumation using age–elevation datasets
.............................................................................................................................................................

" 2002 Blackwell Science Ltd 211

Braun, 2002b
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Topographic sensitivity

• The rate of rock exhumation is 
another important consideration

• As we can see, higher rates of 
exhumation push closure 
temperature isotherms closer to 
the surface, resulting in increased 
bending

• For slow exhumation, or high-
temperature systems, the bending 
effect is minimal

29

K. Stiiwe et al. /Earth and Planetary Science Letters 124 (1994) 63-74 67 

U=lOOOm/Ma 

Fig. 2. An example of the shape of the steady-state 100°C 
isotherm underneath a sine-shaped topography with the am- 
plitude H = 3 km and wavelength w = 20 km denuding at the 
rates of U = 10, 100, 500 and 1000 m/Ma. The isotherms are 
calculated using Eq. (1). The distance AZ = ~r,(~,~s~) - 
zr (,,a,,eyj is the critical parameter that influences the mterpre- 
tafion of fission-track data. 

obtained for two and four wavelengths. The re- 
sults are almost identical, this means that, within 
negligible error, they are also likely to be valid for 
an infinite repetition of this topography. Fig. 2 
shows the shape of the 100°C isotherm in the 
steady state for H = 3 km and w = 20 km and for 
four different denudation rates of U = 10, 100, 
500 and 1000 m/Ma. For increasing erosion rate 
the isotherm becomes more compressed into the 
topography. At low erosion rates of lo-100 
m/Ma, the amplitude of the perturbation is hun- 
dreds of metres, which gives a 10°C error for this 
geothermal gradient. However, for erosion rates 
of 500 m/Ma, 1000 m/Ma and more, the pertur- 
bation amplitude is of the order of kilometres 
and is clearly relevant to the interpretation of 
fission track data. The mean steady-state thermal 
gradient during erosion at the surface, g, may be 
found from the surface gradient by differentiating 
X with respect to T and evaluating at T = 0 to 
give 

(3) 

If the thermal gradient in the absence of erosion 
is known, this relationship may be used as a guide 
to the denudation rate. 

3. Application to apatite fission track-derived de- 
nudation histories 

Fission track analysis is an established and 
commonly used technique for determining the 
low temperature thermal histories of rocks 
[2,12,23-251. An important use of the method is 
to constrain the denudation history of mountain 
ranges [4,26-29,311. While some studies observe 
or acknowledge the influence of topography on 
the fission track record [5-71 interpretation is 
generally performed using one-dimensional mod- 
els (Fig. 3). In order to assess the potential prob- 
lems, we begin with a summary of the common 
one-dimensional interpretive procedure using ap- 
atite fission track analysis as an example. 

3.1. The method and its one-dimensional interpre- 
tation 

Like other radiometric thermochronology 
techniques, the fission track method relies on the 
effects of radioactive decay of a particular ele- 
men; in the case of fission track analysis this is 

(W 

* 

Fig. 3. The assumption of one-dimensional interpretations of 
fission track data. (a) The critical isotherm is flat and parallel 
to some mean surface or (b) the track critical isotherm follows 
the topography and the samples come from a vertical profile. 
The shaded region indicates the eroding part. 

Stüwe et al., 1994
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Summary

• In cases where the effective closure isotherm was likely flat 
during exhumation, the slope of the relationship between 
sample age and elevation will yield the long-term average 
exhumation rate

• This is likely for samples collected in a vertical profile, 
regions of very slow rock exhumation, regions with short-
wavelength topography, and for high-temperature 
thermochronometers

• Generally speaking, the conditions above generally don’t occur 
where most people utilize low-temperature 
thermochronology, suggesting numerical tools are needed to 
interpret the thermochronometer data

30
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Erosion of the central Nepal Himalaya

• We’ll now look briefly at a “case study” of how 
thermochronometer data and numerical models can be used 
to quantify rates of tectonic and erosional processes

• For the example, we’ll be in the Marsyandi River valley in 
central Nepal

31
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Himalaya of central Nepal

32
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The Marsyandi River region
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The Marsyandi River region
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Modi River valley
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The Marsyandi River region
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Study area
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Tectonic hypothesis

43

2000]. As a new fault in a more distal position is initiated,
slip along more hinterland faults is commonly thought to
have ceased. Lavé and Avouac [2000] suggest that nearly all
of the Holocene convergence between India and southern
Tibet has been accommodated by the young range-bounding
fault, the Main Frontal thrust (MFT): an observation that
could be consistent with slip solely on the most distal fault.
However, thermochronologic, geomorphic, and cosmogenic
isotope evidence support the idea that faulting may occur
out of sequence near the Main Central thrust (MCT) and
within its proximal footwall (1–30 km). For example,
within the interior of the Himalayan wedge, faults near
the MCT trace may have been active during the late
Miocene and Pliocene, and could be active today [Wobus
et al., 2003; Hodges et al., 2004; Wobus et al., 2005]. Very
young cooling ages and cosmogenic nuclide data for sam-
ples collected from within the MCT hanging wall suggest
erosion at average rates of !1–3 mm/yr since the Pliocene
[Burbank et al., 2003; Vance et al., 2003; Thiede et al.,
2004; Niemi et al., 2005]. Burbank et al. [2003] reported
uniformly young apatite fission track (AFT) cooling ages in
the hanging wall of the MCT in the Annapurna Himalaya of
central Nepal, a region in which precipitation is spatially
variable from !0.5–4.0 m/yr. As a consequence, they found
no evidence of a close coupling of precipitation with rapid
exhumation in central Nepal. However, the mean annual
precipitation records and average exhumation rates differ in
timescale by several orders of magnitude, so direct a
comparison may have limited utility. In NW India, Thiede
et al. [2004, 2005] found their youngest white mica
40Ar/39Ar cooling ages within the hanging wall of the
Munsiari thrust. The Munsiari thrust is generally not rec-
ognized in Nepal, but occupies a structural position beneath
the Vaikrita thrust, a fault that most researchers correlate
with the MCT in central Nepal [Valdiya, 1980]. Conversely,
the AFT data of Thiede et al. [2004, 2005] were youngest
within areas of locally heavy precipitation, suggesting a
coupling of climate and erosion over the time during which
their AFT samples cooled. Hodges et al. [2004] found that

Figure 1. (a) Shaded relief digital elevation model (DEM)
of the Himalaya showing the central Nepal study area
(rectangle) and the location of (b) a geologic cross section
(thick line), modified from Figure 2 of Lavé and Avouac
[2000]. STF, South Tibetan fault; MCT, Main Central thrust;
MBT, Main Boundary thrust; MFT, Main Frontal thrust.
(c) Three-dimensional schematic block diagram for tectonic
scenario a, where slip occurs only on the MFT (arrows show
sense of motion on fault). The exhumation pathway (thick
dashed line) would parallel the fault and transport rock
through closure temperatures (Tc1–Tc3) for several isotopic
systems (thin dashed lines). Example exhumation pathway
for a thermochronometer sample sensitive to closure
temperatures Tc1–Tc3 (white circles). (d) Tectonic scenarios
b–d, where slip is partitioned between the MCT and MFT.
In these scenarios, sample exhumation parallels the MCT
and material is transferred into the overriding wedge via
underplating (small vertical arrows).

TC3003 WHIPP ET AL.: EXHUMATION OF THE CENTRAL HIMALAYA
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• We were testing the idea that the 
Main Central Thrust (MCT) has been 
reactivated since its main period of 
activity ending in the Middle Miocene

• The underlying idea was that monsoon 
precipitation may have eroded enough 
material locally to reactivate this older 
fault

Whipp et al., 2007
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Apatite fission-track age dataset
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not only were young AFT cooling ages correlated with
locally heavy precipitation, but they observed evidence of
Quaternary faulting near the MCT in central Nepal. Their
observations support theory-based models involving a cou-
pling between erosion along the Himalayan range front and
southward extrusion of middle to lower crustal material
[Beaumont et al., 2001; Hodges et al., 2001].
[4] Thermochronometer data used by Burbank et al.

[2003], Thiede et al. [2004, 2005] and Hodges et al.
[2004] record the cooling history of exhumed samples,
but the interpretation of cooling ages from an active orogen
is not simple. For example, the apparent exhumation rates
derived from the slope of AFT cooling ages versus sample
elevation [Thiede et al., 2004; Blythe et al., 2007] rely on
simplifying assumptions about the subsurface thermal field
and exhumation history. In some cases, these assumptions
can introduce large (20–200%) errors in the interpreted
exhumation rates [Stüwe et al., 1994; Mancktelow and
Grasemann, 1997; Ehlers, 2005]. True exhumation rates
can be better constrained using thermokinematic modeling
to simulate more realistic subsurface thermal fields and
thermal histories of the thermochronometer samples [Batt

and Brandon, 2002; Ehlers et al., 2003; Braun and Robert,
2005]. Previous thermal and kinematic modeling studies of
the Himalaya have approximated the exhumation pathways
and the resulting thermal field as two-dimensional with slip
on only one fault [Henry et al., 1997; Bollinger et al., 2006;
Brewer and Burbank, 2006]. Using a two-dimensional (2-D)
approximation neglects the three-dimensional (3-D) influ-
ence of topography and fault geometry, which can be
significant at high slip rates.
[5] In this study, we use a 3-D thermokinematic model of

the central Nepalese Himalaya (Figure 1) to predict thermo-
chronometer cooling ages that are compared to a large data
set of AFT ages (Figure 2). The AFT data are presented and
discussed in detail in the companion paper by Blythe et al.
[2007]. The primary goal of this study is to use the model to
quantify average erosion rates over the time span of AFT
ages. A secondary goal is to determine whether the cooling
age data can be used to differentiate among various tectonic
models. We explore four tectonic scenarios in which Indo-
Tibetan convergence is partitioned between the MFT and
MCT (Figures 1c and 1d). The model uses fault kinematics
and geometries that vary in three dimensions and accounts

Figure 2. Shaded relief DEM of the Marsyandi River valley, central Nepal showing the surface traces of
the STF and MCT II from Searle and Godin [2003] (thick solid lines) with the model approximations of
those faults (thick dashed lines). Abbreviations are as in Figure 1. Apatite fission track (AFT) sample
locations (black circles) are divided into transects (white ovals), where A, Chame; B, Bagarchhap;
C, Dharapani; D, Tal; E, Khudi West; F, Khudi East; G, Syange South; H, Syange North; I, Jagat; and
J, Nagi Lek. Age-elevation plots are shown for several transects with weighted least squares regression
lines showing the range of apparent exhumation rates (ER; 1.6–12.2 mm/yr).
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3D thermal-kinematic numerical model
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imation of the mapped MCT II trace of Searle and Godin
[2003] (Figure 2) and it dips 28! NNE. The STF is not
active in the kinematic models, but is included in the model
geometry because it separates two model rock types with
significantly different material properties: the GHS and TS.
The STF is approximated as three linear segments with dip
angles parallel to the MCT at 28! [Macfarlane et al., 1992;
Hodges et al., 1996; Searle and Godin, 2003]. The structural
geometry does not vary with time because most of our
cooling ages are very young (<3Ma). Although the structural
geometry is likely to have changed over longer timescales,
we suggest that this is the simplest scenario that still captures
the plausible kinematic scenarios for Plio-Quaternary
faulting. Comparison to the data later in the paper allows us
to evaluate whether this degree of complexity is sufficient.
[15] Slip across faults is prescribed to honor the present-

day geodetic convergence rate between India and Tibet of
!20 mm/yr [Bilham et al., 1997; Larson et al., 1999; Wang
et al., 2001; Jouanne et al., 2004]. Convergence is parti-
tioned between overthrusting on the MFT and MCT and
underthrusting of the Indian Shield beneath the Himalaya. It
is important to note that in our model, overthrusting and
underthrusting refer to the horizontal component of motion,
and should not be confused with the fault slip rate. The rate
of underthrusting, vunderthrusting, is adjusted to honor the
20 mm/yr convergence rate depending on the overthrusting
rate:

vunderthrusting ¼ vobs # vMFT þ vMCTð Þ ð1Þ

where vobs is the Indo-Tibetan convergence rate and vMFT

and vMCT are the overthrusting velocities of the MFT and
MCT.
[16] The model uses the kink-band, fault-bend folding

method of the thrust sheets [Suppe, 1983] and slip occurs
parallel to the model fault planes. Mass is conserved in the
model. The slip rate on an individual structure is a function

of the dip angle of the structure and the convergence rate
across that structure. For each fault, the slip rate is
calculated as

vslip;MFT ¼ jvMFTjþ jvunderthrustingj
! "

= cos qi;MFT ð2aÞ

vslip;MCT ¼ jvMCTj = cos qMCT ð2bÞ

where qi,MFT is the dip angle of the ith dip plane of the MFT
and qMCT is the dip angle of the MCT. Note that because the
convergence rates are fixed in the model, the fault slip rate
on different dip sections of the MFT will vary. Because of
this, slip on individual structures will be referred to by the
overthrusting rate across that structure. The ranges of over-
thrusting rates explored in the model are 1–15 mm/yr

Table 1. Numerical Model Parameters

Property/Parameter Model Input Value

Material Properties
GHS heat production 0.8–3.0 mW/m3

LHS/Indian Shield heat production 0.8 mW/m3

TS heat production 0.5 mW/m3

Thermal conductivity 2.5–3.0 W/m K
Specific heat 800 J/kg K
Density 2750 kg/m3

Numerical Parameters
MFT overthrusting rate 1–15 mm/yr
MCT overthrusting rate 0–8 mm/yr
STF extension rate 0 mm/yr
Model time step 105 years
Horizontal node spacing 700 m
Average vertical node spacing !1500 m
Surface temperature 14–7!C/km times elevation
Basal heat flow 20–50 mW/m2

Model domain 84 ' 140 ' 58 km

Figure 3. Three-dimensional block diagram of the thermokinematic model illustrating the boundary
conditions and thermal model components. The kinematic model has the MFT and MCT active (thick
lines). Abbreviations are as in Figure 1. Contoured temperatures (thin lines) show significant perturbation
to the subsurface thermal field from the kinematic model and other thermal influences.
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Main findings - Lack of tectonic sensitivity

• We used a misfit function to 
calculate how well the ages 
predicted from the 3D thermal 
model matched the observed 
ages

• In our case, $2 ≤ 2 
corresponded to ages that 
were within the 
measurement uncertainty on 
average, which we considered 
a good fit

• As you can see, tectonic models 
with and without fault slip on 
the MCT fit the data equally
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thermophysical processes and material properties in the
crust. The dominant message conveyed by these results is
an acute sensitivity of predicted ages to the erosion rate
generated by different kinematic fields. Simply put, in a
rapidly eroding region such as the Himalayan front, the
thermal field is dominated by advective heat transfer from
rock exhumation. Whereas for the other processes and
material properties considered (e.g., basal heat flow, heat
production, conductivity, etc.) a twofold to threefold in-
crease causes a noticeable change in exhumed sample ages,
the difference in predicted ages is generally within sample

age uncertainties. In contrast, a similar change in erosion
rates produces a readily documentable variation in predicted
ages.
[45] It should be noted that the insensitivity of sample

AFT ages to most thermal model parameters (Figures 4–7)
will not apply to other active orogens if the exhumation
rates are slower (<!1 mm/yr) and the thermal field more
conductive than the simulations shown here. Moreover,
much of this insensitivity emerges from the relatively large
uncertainties assigned to the AFT ages (20%). For thermo-
chronometer samples with smaller uncertainties, the sensi-

Figure 8. Effect of varying fault kinematics on predicted sample ages. The c2 misfit values for
predicted and observed AFT ages versus erosion rates derived from various thermokinematic models with
basal heat flux values of 20 and 35 mW/m2 (squares, circles). Four different tectonic scenarios are shown:
(a) slip only on the MFT, (b) equal overthrusting rate on the MFT and MCT, (c) larger overthrusting rate
on the MFT than the MCT, and (d) larger overthrusting rate on the MCT than the MFT. The range of
model-derived erosion rates that provide a good fit to the AFT data (shaded region) is constrained by c2

misfit values of "2 (dashed line). Abbreviations are as in Figures 1 and 2.
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Main findings - Lack of tectonic sensitivity

• This was not what we had 
hoped, but there was some good 
news

• Using the misfit values we could 
define the range of long-term 
erosion rates in the study area 
over the past 3 Ma
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Main findings - Rates of long-term erosion

• We were also able to define 
erosion rates at the transect 
scale

• Here, we see there is some 
spatial variability, but most 
transects experience similar 
rates of erosion
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transects where at least 80% of the predicted AFT ages fit
within the 2s uncertainties of the observed ages. The range
of erosion rates listed is from all kinematic scenarios and
thermal models with a 20 mW/m2 basal heat flux, 2.5W/m K
thermal conductivity and shear heating. The range of rates
for models with GHS heat production values of 3.0 mW/m3

and 0.8 mW/m3 are shown beside the transects on top and
bottom, respectively. The AFT data are best fit by kinematic
models that produce erosion rates of 1.8–5.0 mm/yr.
However, no single kinematic model can fit all of the data

transects. For example, the Khudi East transect (F in
Figure 2) requires erosion rates of no greater than 2.0 mm/yr
for the high heat production models, while the Tal transect
(D in Figure 2) requires an erosion rate of at least 3.3 mm/yr.
This suggests that the erosion rate across the Marsyandi
River drainage is not only rapid, but also spatially variable.
[58] One possible explanation for the inability of the

model to fit all the AFT data equally well is smaller-scale
faulting within the MCT sheet. Hodges et al. [2004] found
evidence of several faults between the MCT and STF within

Figure 10. Predicted muscovite 40Ar/39Ar ages in transects for different kinematic scenarios. Ages are shown with 10%
age uncertainties and their model-derived erosion rate for the four tectonic scenarios: Slip only on the MFT (squares), equal
overthrusting rate on the MFT and MCT (triangles), larger overthrusting rate on the MFT than the MCT (inverted triangles),
and larger overthrusting rate on the MCT than the MFT (diamonds). Abbreviations are as in Figure 1.

Figure 11. Model-constrained range of erosion rates for the data transects (ovals) shown on a shaded
relief DEM of the study area with sample locations for AFT data (circles). Ranges are listed where at least
80% of the predicted ages are within the 2s uncertainties of the observed ages. The upper range is for a
model with a Greater Himalayan sequence heat production of 3.0 mW/m3 and the lower, italicized range
is for a heat production of 0.8 mW/m3. Abbreviations are as in Figures 1 and 2, and transect names are as
in Figure 2.
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Conclusions

• We could not distinguish between tectonic models with and 
without activity on the Main Central Thrust

• The central Nepal Himalaya have been eroding at ~2-5 mm/a 
over the past ~3 Ma

• The exhumation rates estimated from the slope of the sample 
age versus elevation can overestimate the rates from the 
thermal model by >200%
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About this lecture

• You may not directly use much of this lecture material in 
Exercises 13 and 14, but it may be helpful to consider for your 
final paper

• For example, you may want to use some of the material 
about estimating exhumation rates from the slope of 
sample age versus elevation, and why that might not be 
useful for the age data you are analysing. In other words, 
you can use this to make a case for why a numerical model 
is needed.
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Recap

• Thermochronometers record rock exhumation, the vertical 
motion of rock toward the surface of the Earth

• Rapid exhumation or slower exhumation for long time periods 
will significantly heat the upper crust. Sedimentation has the 
opposite effect.

• The slope of thermochronometer ages versus elevation can be 
used to estimate long-term rates of rock exhumation in select 
situations. In most cases, a numerical model is needed.
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