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1 | INTRODUCTION

The ratio of parent to daughter radiogenic isotopes has been used
for over a hundred years to constrain geological ages and time-scales
(e.g. as reviewed by Condon & Schmitz, 2013). Minerals that host the
radioactive parent element are commonly referred to as either “geo-
chronometers”, which record the timing of their crystallisation or
“thermochronometers”, which record the timing of cooling through
an estimated temperature window at some point after their crystal-
lisation (e.g. as reviewed by Reiners, 2005). The record of different
time-temperature pairs in any one rock or tectonic region helps to
constrain thermal history and thus provide clues about the mecha-
nism(s) by which the rocks were exhumed to the surface.

Many thermochronometers are based on the premise that some

of the daughter isotope concentration is lost via thermally activated

| Felix Hanke®*® | Julian Chard*

Tectonic models are commonly underpinned by metamorphic cooling rates derived
from diffusive-loss thermochronology data. Such cooling ages are usually linked to
temperature via Dodson's closure temperature (Tc) formulation, which specifies a 1/
time-shaped cooling path (Contributions to Mineralogy and Petrology, 1973, 40,
259). Geologists, however, commonly discuss cooling rates as a linear temperature/
time shape. We present the results of a series of simple finite-difference diffusion
models for Ar diffusion in muscovite and biotite that show that the difference in re-
corded age between 1/t and linear cooling paths increases significantly with hotter
starting temperatures, slower cooling rates and smaller grain sizes. Our results show
that it is essential to constrain the cooling path shape in order to make meaningful

interpretations of the measured data.

diffusion at high temperatures, and that the resulting mineral age
can be linked to temperature via the mathematics governing such
diffusion. The temperature of a thermochronometer-bearing rock
at the time the thermochronometer recorded its apparent (bulk,
whole-grain average) cooling age is most commonly estimated using
Dodson's closure temperature (T.) formulation (Dodson, 1973),

which, for thermally activated diffusion described by

D =Dgye Ea/RT (1)

is given by:

Tc=R/[EsIn(AcDy/a%)] (2)

where D is the diffusion coefficient, D, is the diffusion pre-

exponential factor, Ris the gas constant, E,, is the activation energy,
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a is the diffusion (or grain) radius, A is a grain-shape-related constant

and 7 relates the T to cooling rate:

___ R __RP
(EodT t/dt)  (EadT/dt)

T

(3)

This result of an analytical solution to the diffusion equation has
had an enduring legacy due to its mathematical elegance and sim-
plicity of application. However, the Dodson T, formulation is under-
pinned by several important assumptions and approximations:

1. that thermally activated volume diffusion was the only mech-
anism by which the daughter isotope was mobilised within
the mineral;

2. that the mineral crystallised with no inherited daughter isotope;

3. that a daughter isotope concentration of zero was maintained at
the mineral grain boundary throughout cooling;

4. thatthe starting temperature was high enough for diffusion of the
daughter isotope to be efficient, and removal from the grain to be
geologically instantaneous, and

5. that the cooling path from the time of crystallisation to the time of
closure conformed to a 1/t-shape (where t is time).

These approximations have a major impact on the applicability of
the formulation to any particular geological scenario. The further any
scenario deviates from these assumptions, the greater the (commonly
unquantified and unreported) interpretational uncertainties on the
link between age and temperature. A refinement of the T. formula-
tion to consider cases that did not conform to point (4) was proposed
by Ganguly & Tirone, 1999, but has not been applied by the thermo-
chronometer community to nearly the same extent that the original
Dodson formulation has been.

The Dodson closure temperature formulation is most com-
monly used to constrain cooling rates by linking the T. + time pair

to a higher temperature + time pair linearly. However, T, has been

TABLE 1 Diffusion and other model parameters used in this study

Modelled diffusion parameters

derived explicitly for temperature histories that involve cooling
proportional to 1/t (Figure 1) as this creates a linear time depen-
dence in the exponent in exp(’EA/RT) and allows the analytic inte-
gration of the time dependence. To calculate a closure temperature
using the Dodson T formulation and then to use that result to cal-
culate a linear cooling rate is therefore both circular (as also noted
by e.g. Ganguly & Tirone, 2009) and ultimately incorrect.

Modern analytical equipment can now provide ever more pre-
cise isotope concentration (age) data, at ever-increasing spatial
resolution. Furthermore, the diffusion equation can be solved nu-
merically on any standard computer. Here we investigate the effects
of linear and 1/t cooling path shapes on the bulk ages and core-rim
age profiles of Ar in muscovite and biotite in grains of different radii
that have cooled from different temperatures at different rates. The
model results show that the ages recorded by muscovite and biotite

that have cooled following these different simple end-member paths

—— T (Linear Cooling)
= T (Inverse Cooling)

Temperature (T); °C

Time (t); Ma

FIGURE 1 A schematic representation showing the difference
between linear (blue) and 1/t (red) cooling paths. Note that the
1/t-shaped path initially cools faster, therefore reducing the
opportunity for daughter product loss by diffusion

Mineral System E,, J/mol Dy, mm?/s Vo cm®/mol Py, GPa References
Muscovite “OAr/*Ar 263,592 2.30E+02 14 Harrison et al. (2009)
Biotite “OAr/3Ar 196,648 7.70E+00 0 0 Harrison et al. (1985)

Other model parameters

Mineral System Grain shape Radius range, mm
Muscovite “OAr/3Ar Cylinder 1-0.25
Biotite “OAr/2oAr Cylinder 1-0.25

Global model parameters

Starting temp Linear cooling rate range,  Starting pressure

range, °C °C/Ma range, GPa
700-450 5,10, 25, 50, 70 2-1
700-450 5,10, 25, 50, 70 1

Grain boundary Zero concentration

Solver Crank-Nicholson

Time step 10
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differ significantly, especially at higher peak temperatures’ increase
and smaller grain sizes. The results also allow cooling rates to be de-
termined directly if there is independent evidence for cooling path

shape and so long as the time at which cooling started is known.

2 | THE DIFFARGP_INVERSE CODE

The finite-difference code DiffArgP_inverse is a modified version
of DiffArg (Wheeler, 1996). It is written in Matlab 4.1 and solves
the diffusion equation numerically. DiffArgP_inverse differs from
DiffArg in that it includes the effect of pressure on the diffusion of
Ar in muscovite (Harrison, Celerier, Aikman, Hermann, & Heizler,
2009) and the functionality to model 1/t-shaped thermal histories
to match the analytical solution of Dodson, 1973, rather than only
linear or piecewise-linear histories. DiffArg and its modified variants
have previously been used to model Ar diffusion in different min-
erals that experienced complex metamorphic histories in a variety
of tectonic environments (e.g. Mark et al., 2008; McDonald, Regis,
Warren, Kelley, & Sherlock, 2018; McDonald et al., 2016; Warren,
Hanke, & Kelley, 2012; Warren, Kelley, Sherlock, & McDonald, 2012;
Wartho, Kelley, & Elphick, 2013). The code allows the user to input
any thermal and (de)compression history and produces outputs of
integrated single-grain (bulk) ages and core-rim age profiles. Any of
the DiffArg versions is available from Hanke or Warren on request.

Further details of the DiffArg_Inverse code are presented in Data S1.

3 | METHODS
The bulk (volume-integrated) “°Ar/>’Ar ages of muscovite and bio-
tite of different grain sizes were modelled for a variety of different
starting temperatures and linear vs. inverse (1/t) cooling histories.
Muscovite and biotite were modelled with cylindrical geometry
and grain radii of 1, 0.5 and 0.25 mm as these are the most typical
grain sizes picked for metamorphic “°Ar/3?Ar analyses. The diffu-
sion parameters applied to each mineral are outlined in Table 1.
All minerals were modelled as “crystallising” then instanta-
neously cooling from starting temperatures of 700, 600, 500 and
450°C at a starting pressure of 1 GPa to represent a variety of met-
amorphic terranes exhuming from mid-crustal conditions (Tables 1,
2, 3, Table S2 and Table S4). A series of muscovite models was run at
a starting pressure of 2 GPa to more closely match conditions found
in subduction zones (c.f. Warren et al., 2012; Table 4, Table S3), and a

further series of muscovite models was run with spherical geometry

to allow comparison with the cylindrical geometry models (Table
S5 and Figure Sé). Linear cooling rates of 5, 10, 25, 50 and 70°C/
Ma were run in order to compare results for typical rates of cooling
in different tectonic terranes. 1/t cooling rate models were run for
equivalent “time to reach 0°C” as the linear models, in order to com-
pare results for different cooling path shapes. Model pressures were
decreased to O GPa over the same time interval.

The grain-boundary conditionsin allmodels were modelled as zero
daughter element concentration, in order to investigate behaviour in
an open system. Model ages were calculated for two-dimensional
(cylindrical) diffusion geometry (Hames & Bowring, 1994) and the
time integration was performed using the Crank-Nicholson solver,
with a recommended time step that is 10 times larger than the value
suggested for a stable fully explicit method (Table 1; Wheeler, 1996).

A series of models was run to test the effect of the published
experimental uncertainties on E, and D, (Harrison et al., 2009 for
muscovite and Harrison, Duncan, & McDougall, 1985 for biotite) on
the model results. The results are detailed in Table S7.

4 | RESULTS

The model results are plotted in Figures 2 and 3 (muscovite mod-
elled from pressures of 1 and 2 GPa respectively) and 4 (biotite from
1 GPa). Summary model results for the bulk (volume-averaged) ages
are presented in Tables 2, 3 (muscovite at 1 and 2 GPa respectively)
and 4 (biotite at 1 GPa). Full results including core-rim model age
variations are presented in Table S2 (muscovite 1 GPa) Table S3
(muscovite 2 GPa), Table S4 (biotite) and Table S5 (muscovite 1 GPa
with spherical geometry).

The graphs all show similar trends:

1. Faster cooling results in a smaller difference in time between
the timing of maximum temperature attainment (cooling initi-
ation) and the recorded cooling age (At).

2. Colder initial “peak” starting temperatures result in smaller At.

3. Smaller grain sizes result in larger At.

4. Smaller At values are recorded for the 1/t models than for the

linear models.

Results (1) and (3) provide consistency checks to show that the
models are behaving as expected. Result (2) similarly matches the pre-
dictions of the modified formulation of Ganguly & Tirone, 1999. Result
(4) clearly shows the importance of the cooling path shape on the re-

sulting thermochronometer age—this will be discussed further below.

FIGURE 2 Muscovite linear and 1/t results for models run at 1 GPa. Different coloured lines show different grain sizes. (a-d) show
results for linear models at different starting temperatures; (e-h) show results for 1/t models that run over the same time-scale. For ease of
comparison, both sets of models run for the equivalent “time to surface” which is plotted on the x-axis. The equivalent linear rate is plotted
underneath the “time to surface” value on the linear model plots. The y-axis plots the difference between the time at which cooling starts
and the recorded *°Ar/*%Ar age: if the grain size and the starting temperature are known for the analysed samples, then the cooling rate up
to the point of closure can be read off the graph directly. Note the differences in the y-axis scale between the linear and 1/t results. The grey
outline maps the maximum uncertainty associated with the experimental diffusion parameters of Harrison et al., 2009 for the 0.5 mm grain-

size models (the results for the other grain sizes will scale accordingly)
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Figure 2 shows that very little diffusive loss is expected in
white mica grains that cool from relatively low peak temperatures
of 450°C. The “°Ar/*Ar age of a 0.25 mm radius white mica grain
cooling linearly at a rate of 5°C/Ma from 450°C and 1 GPa would
be expected to be 2.4 Ma younger than the peak temperature age,
whereas one cooling from 700°C would be expected to yield an
age that is 52 Ma younger (Table 2). Similarly, the “°Ar/*Ar age of
a 0.25 mm radius white mica grain cooling linearly at a rate of 5°C/
Ma from 600°C and 2 GPa would be expected to be ~25 Ma younger
than the peak temperature age (Table 4). Similar-sized grains cooling
to 0°C over the same time interval but following a 1/t path from 450
or 700°C at 1 GPa would only yield ages that were 0.6 or 16 Ma
younger than the peak temperature age. A 1 mm radius grain cooling
from 450°C, however, would be expected to record an age within
uncertainty of the timing of peak metamorphism.

Models run using spherical diffusion geometry yield slightly
younger ages (At of 54 Ma rather than 52 Ma for a 0.25 mm ra-
dius grain cooling from 700°C at 5°C/Ma, for example; Table S5;
Figure S6).

Figure 4 shows that biotite should yield significantly younger ages
than muscovite for grains of the same radius, cooling from the same
starting temperature and following the same cooling path. For ex-
ample, a 0.25 mm radius grain cooling at 5°C/Ma from 450°C would
be expected to be 26 Ma younger than the age of peak temperature
metamorphism, whereas one cooling from 700°C at the same rate

would be expected to yield an age that was 76 Ma younger (Table 4).

5 | DISCUSSION

The results clearly show that the shape of the cooling path
makes an increasingly important contribution to the recorded
thermochronometer age as grain sizes and cooling rates decrease
and peak temperatures increase. The uncertainty inherent in
using the Dodson T, formulation to estimate (linear) cooling rates
therefore also magnifies accordingly.

As predicted by examination of the Arrhenius rate [1], the
model results are more sensitive to systematic uncertainties in the
experimentally determined activation energy (E,) than in the pre-
exponential factor (D) for each mineral (Figures 2-4 and Table S7).
These figures show that uncertainties in the diffusion parameters
have a significant, but systematic, effect on the recorded thermo-
chronological ages. These uncertainties apply equally to both cool-

ing history shapes discussed here.

The most recent diffusion parameters for muscovite (Harrison
etal.,, 2009) were calculated for isotropic three-dimensional
(spherical) diffusion geometry. Forster & Lister, 2017 suggested
that modelling muscovite as a cylinder but using diffusion param-
eters calculated for spherical geometry is inappropriate. However,
the overall difference in the diffusion coefficients obtained for
spherical and cylindrical diffusion models is a factor of 2 in D,
(Forster & Lister, 2017), which corresponds to an uncertainty in the
activation energy of < 0.6 kcal/mol at 400 K. This is well below the
uncertainty of 7 kcal/mol in the Harrison et al., 2009 diffusion pa-
rameters and thus adds no extra uncertainty to our overall results,
as also suggested in other studies (e.g. Huber, Cassata, & Renne,
2011).

6 | APPLYING MODEL RESULTS TO
NATURAL SYSTEMS

The results presented here can be used to constrain the cooling
rates of natural systems if the following pieces of information are

known or can be estimated:

1. A petrologically-based interpretation of the temperature at
which the dated grain(s) grew, and the portion of the met-
amorphic path along which the grain(s) grew (e.g. prograde
peak or retrograde). This will inform and constrain the extent
of diffusive opportunity that the grain could have experi-
enced. For example, a grain growing during the prograde
history will have longer residence at high temperatures,
therefore allowing it more opportunity to lose argon.

2. The peak temperature experienced by the grain(s), required for
the ultimate determination of a cooling rate.

3. The time at which the grain reached its peak temperature
(constrained or estimated by independent geochronometers),
required for the ultimate determination of a cooling rate. This is
further discussed below.

4. The thermochronometric ages of the grains of interest; different
data collection methods are further discussed below.

5. The grain size(s) of the dated grains.

6. The assumption or knowledge that open grain-boundary,

thermally activated diffusion was the dominant process in

determining the final Ar concentration. This approximation is
difficult to assess (e.g. Warren et al., 2012) but should be ac-

knowledged in any thermochronological interpretation.

FIGURE 3 Muscovite linear and 1/t results for models run at 2 GPa. Different coloured lines show different grain sizes. (a-d) show
results for linear models at different starting temperatures; (e-h) show results for 1/t models that run over the same time-scale. For ease of
comparison, both sets of models run for the equivalent “time to surface” which is plotted on the x-axis. The equivalent linear rate is plotted
underneath the “time to surface” value on the linear model plots. The y-axis plots the difference between the time at which cooling starts
and the recorded *°Ar/*%Ar age: if the grain size and the starting temperature are known for the analysed samples, then the cooling rate up
to the point of closure can be read off the graph directly. Note the differences in the y-axis scale between the linear and 1/t results. The grey
outline maps the maximum uncertainty associated with the experimental diffusion parameters of Harrison et al., 2009 for the 0.5 mm grain-

size models (the results for the other grain sizes will scale accordingly)
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Note that only very simple cooling path shapes have been mod-

elled here. Steady progress is being made in the development of mod-
elling tools that can suggest a “best-fit” cooling path to U-Th-He,
fission track and U-Pb rutile data, but currently none of these tools ex-
plicitly incorporate “°Ar/3’Ar data: e.g. HeF Ty (Ketcham, 2005), QTQt
(Gallagher, 2012), UpBeat (Smye, Marsh, Vermeesch, Garber, & Stockli,
2018).

6.1 | Determining the timing of cooling initiation

Direct determination of a cooling rate (and cooling rate shape) from
thermo- and geochronological data requires that at least two, and
possibly three, T-t pairs are known. Timing of peak T in metamorphic
rocks is commonly constrained by U-Pb ages of zircon, monazite,
garnet, allanite and/or rutile, with secondary (higher-temperature
cooling) T-t pairs provided by U-Pb rutile and/or titanite data. There
are, of course, multiple uncertainties inherent in linking these ages
to peak temperature because all of these minerals may crystallise
at different stages of the metamorphic PT path. Careful petrochro-
nological investigation is required to confirm that the ages yielded
by any of these minerals relate to the timing of attainment of peak
temperatures or higher-than-argon-closure cooling (e.g. Kohn, Engi,
& Lanari, 2017).

7| “°AR/3?AR DATA COLLECTION
METHODS

“OAr/*?Ar mica data can currently be collected in many different
ways: by multiple- or single-grain step heating experiments (e.g.
Turner, 1970), by single-grain fusion methods (e.g. Fleck & Carr,
1990) or by laser ablation (e.g. Kelley, Arnaud, & Turner, 1994). All
methods have their advantages and disadvantages in terms of vol-
ume of material analysed, analytical precision and petrographic (lo-
cation) control on age.

The model data presented here are compatible for assessment
against the bulk (volume-averaged) ages—i.e. equivalent to single-
grain fusion 4OAr/%Ar data. We caution against using multiple- or
single-grain step heating “°Ar/*’Ar ages to compare against model
results. Plateau ages imply no core-rim variation in Ar distribution
(and thus an interpretation of rapid cooling), but a plateau result does
not in itself guarantee that the calculated age is geologically mean-
ingful, especially in high pressure metamorphic rocks (e.g. Sherlock
& Arnaud, 1999). Non-plateau spectra can be produced by a variety
of factors that complicate linking spectrum shapes to within-grain

Ar distribution. Single-grain fusion populations can help provide
an assessment of how homogeneous Ar is distributed across mica
grains within individual samples (e.g. Uunk, Brouwer, ter Voorde, &
Wijbrans, 2018).

In-situ, high-spatial precision 4OAr/*?Ar data such as collected
by laser ablation methods, and collected in grains large enough and
cooled slowly enough from a high enough temperature to be able
to detect such changes, can also be assessed against the core-rim
model age predictions for simple linear and 1/t cooling histories pre-
sented in Tables S2, S3, S4.

7.1 | Comparing analytical data to model results

The time difference (At) between the timing of the thermal peak
(or to be absolutely correct, the timing of cooling initiation) and
the age recorded by the thermochronometer (Figures 2-4) pro-
vides a basis for determining cooling rates under the fundamen-
tal approximations (a) that thermally activated volume diffusion
was the only mechanism by which the daughter isotope was mo-
bilised within the mineral; (b) that the mineral crystallised with
no inherited daughter isotope; and (c) that the experimentally
derived diffusion parameters mimic what happens in nature. It
is important to acknowledge that minerals may not degas in a
high-vacuum environment in an experiment that lasts a few days
in the same way that a mineral degasses in a rock over millions of
years; however, these experimental data are the best available at
the present day.

For example, consider a scenario whereby a 0.5 mm radius musco-
vite in a rock that started cooling from 500°C at 100 Ma yields an age
of 94 Ma. At is therefore 6 Ma. Table 2 and Figure 2 suggest that those
data are compatible with a linear cooling rate of 5°C/Ma. However, this
is not enough information to determine whether (a) the system was
diffusively open (a fundamental requirement of any diffusive-based
interpretative link between age, temperature and cooling rate is that
there is effectively an infinite sink for the daughter element diffusing
out of the mineral grain) and/or (b) whether the cooling path was over-
all linear or some other shape. Both of these can be resolved following
a match between data and model predictions.

For example, a rock cooling from 600°C might yield 1 mm radius
biotite grains with a At of 9 Ma, 0.5 mm radius grains with a At of
10.5 Ma and 0.25 mm radius grains with a At of 12 Ma. These data
would be compatible with a cooling path of 1/t shape that cooled to
0°C over 60 Ma. A minimum of two different ages—either different
grain sizes of the same mineral or different minerals should allow

differentiation of the best-fit cooling path.

FIGURE 4 Biotite linear and 1/t model results. Different coloured lines show different grain sizes. (a-d) show results for linear models at
different starting temperatures; (e-h) show results for 1/t models that run over the same time-scale. For ease of comparison, both sets of
models run for the equivalent “time to surface” which is plotted on the x-axis. The equivalent linear rate is plotted underneath the “time to
surface” value on the linear model plots. The y-axis plots the difference between the time at which cooling starts and the recorded “OAr/2%Ar
age: if the grain size and the starting temperature are known for the analysed samples, then the cooling rate up to the point of closure can be
read off the graph directly. Note the differences in the y-axis scale between the linear and 1/t results. The grey outline maps the maximum
uncertainty associated with the experimental diffusion parameters of Harrison et al., 1985 for the 0.5 mm grain-size models (the results for

the other grain sizes will scale accordingly)
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At rapid cooling rates, the difference between the cooling ages pre-

dicted by a linear temperature decrease and a 1/t-shaped path would
be indistinguishable within the typical uncertainties in analytical results
and in the experimental diffusion parameters. At cooling rates < 10°C/
Ma, differences in the shapes of the cooling paths start to become im-
portant for distinguishing between exhumation mechanisms.

Small values of At e.g. <1 Ma are currently challenging to resolve
analytically. The mica 4OAr/3Ar models for low starting tempera-
tures confirm previous suggestions that rapidly cooled rocks that
reached low peak temperatures (such as in subduction zones) will

not yield ages that allow cooling rates to be determined.

7.2 | Other factors affecting daughter element
distribution

Inheritance or loss of daughter product during recrystallisation and
deformation during cooling can affect daughter element concentra-
tions much more than diffusion (Allaz, Engi, Berger, & Villa, 2011;
Villa, 1998; Villa, Bucher, Bousquet, Kleinhanns, & Schmid, 2014). It
is also obvious that recrystallisation during exhumation means that
the temperature that that particular grain cooled from may be lower
than the peak temperature. In cases where thermochronometer
minerals show signs of secondary recrystallisation or other chemi-
cal modification, the model results are almost certainly not applica-
ble, and a link between temperature and age may be more difficult
to constrain. The diffusion models are only applicable to rocks in
which an open system can be assumed, and where both the timing
and pressure-temperature conditions of the last episode of mineral
crystallisation are known or can be estimated.

If the results presented here are used to estimate cooling rates or
constrain cooling path shapes, each practitioner will need to estimate
the geological uncertainty for their particular study, noting that this is
almost certainly the largest current overall source of error in their inter-
pretation. Our results are based on the assumption that cooling starts
directly after the model grain has crystallised at peak temperatures. In
reality, the minerals of interest may have grown along the prograde path
and/or have resided at peak temperatures for a geologically significant
period of time before cooling started. If temperatures were low enough
for diffusion to be inefficient, some of that pre-cooling history may be
recorded in the thermochronometer minerals. Thermochronologists
should model the effect of pre-peak thermal history for their particular
geological location to convince themselves whether or not the thermo-

chronometer minerals in their study area may record this.

8 | CONCLUSIONS

The rates and time-scales over which rocks are buried, transformed,
deformed and exhumed help constrain the tectonic mechanisms
that act on them. “°Ar/*’Ar data from mica have long been used
to link time to temperature and thus constrain cooling rates. The
Dodson closure temperature formulation (Dodson, 1973) provides

an elegant analytical solution to the diffusion equation but its

application for determining cooling rates is commonly based on
assumptions that are a poor match to geological reality. Our results
of a series of diffusion models that quantify the differences in age
expected from a simple linear and 1/t-shaped cooling histories
show that the cooling path shape exerts considerable influence on
the resulting age at hotter starting temperatures, slower cooling
rates and smaller grain sizes. If the cooling path shape and timing of
cooling initiation are known, then our results also provide a simple
way of estimating cooling rates and cooling rate shapes from the
difference between the timing of cooling initiation at maximum
temperature and the yielded thermochronometer age. Future
incorporation of “°Ar/*°Ar diffusion systematics into forward
modelling packages that also consider other thermochronometer
data provides the best future solution for constraining cooling rates
and thus exhumation mechanisms. More precise diffusion data and
more constraints on how real geological systems evolve over time

will provide further benefit.
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