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Abstract
Hydrothermal treatment of closely sized muscovite aggregates in a piston-cylinder apparatus induced 40Ar* loss that is
revealed in 40Ar/39Ar step heating spectra. Age spectra and Arrhenius data, however, diﬀer from that expected from a single
diﬀusion length scale. A numerical model of episodic loss assuming the presence of multiple diﬀusion domains yields excellent
ﬁts between synthetic and actual degassing spectra. We used this model to isolate 40Ar* loss from the grains that remained
intact during hydrothermal treatment at 10 kbar permitting calculation of diﬀusion coeﬃcients in the temperature range
730-600 °C. Diﬀusion data generated in this manner yield an activation energy (E) of 63 ± 7 kcal/mol and frequency factor
þ70
(Do) of 2.3 2:2
cm2/s. Experiments at 20 kbar yield diﬀusivities lower by about an order of magnitude and correspond to an
activation volume of 14 cm3/mol. Together, these parameters predict substantially greater retentivity of Ar in muscovite
than previously assumed and correspond to a closure temperature (Tc) of 425 °C for a 100 lm radius grain cooling at
10 °C/Ma at 10 kbar (Tc = 405 °C at 5 kbar. Age and log (r/ro) spectra for the run products show strong correlations indicating that muscovites can retain Ar diﬀusion boundaries and mechanisms that deﬁne their natural retentivity during vacuum
step heating. This may permit the application of high resolution, continuous 40Ar/39Ar thermochronology to low grade,
regionally metamorphosed terranes.
Ó 2008 Elsevier Ltd. All rights reserved.

1. INTRODUCTION
Muscovite is one of the most utilized minerals in
Ar/39Ar thermochronology due to its high potassium content, low tendency to incorporate excess radiogenic 40Ar
(40Ar*), and ubiquitous presence in low grade, regionally
metamorphosed terranes (McDougall and Harrison,
1999). Given its widespread use in thermochronology, it is
thus surprising that no published study of Ar diﬀusion in
40

muscovite – a requirement for calculating closure temperature (Tc) – has yet appeared. Instead, the thermochronological community has tended to adopt a nominal Tc value of
ca. 350 °C (e.g., Hodges, 1991), based in part on historical
calibrations of age vs. metamorphic grade (e.g., Purdy and
Jäger, 1976).
The relationship between the diﬀusion coeﬃcient (D)
and the absolute temperature (T) is given by the Arrhenius
equation:
D ¼ Do expðE=RT Þ
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ð1Þ

where E is activation energy, Do the frequency factor, and
R is the gas constant (kcal/mol-K). If 40Ar* transport occurs via volume diﬀusion, diﬀusion coeﬃcients should array
on an Arrhenius plot (i.e., log D vs. 1/T). Arrhenius parameters, E and Do, for Ar diﬀusion have been experimentally-
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derived for several hydrous silicates used in 40Ar/39Ar thermochronology: phlogopite (Giletti, 1974), hornblende
(Harrison, 1981; Baldwin et al., 1990), and biotite
(Harrison et al., 1985; Grove and Harrison, 1996). These
studies utilized the bulk-loss method involving hydrothermal treatment of uniformly sized, mono-mineralic aggregates. The run products were then analyzed by the K–Ar
or 40Ar/39Ar methods and the resultant 40Ar* loss calculated by comparing treated and untreated samples.
The only experimental Ar diﬀusion study of muscovite is
an M.S. Thesis in which 18 hydrothermal experiments on
sized micas were undertaken (Robbins, 1972). Diﬀusion
coeﬃcients were calculated from bulk-loss data obtained
from isotope dilution measurements of 40Ar* concentrations. The results yielded a linear Arrhenius relationship
with an E of 40 kcal/mol and a Do of 6.3  107 cm2/s
assuming a plane sheet diﬀusion geometry. An equivalent
case was made for the inﬁnite cylinder geometry with a similar E but a Do 500 times higher (due to the width to thickness
ratio of mica grains). Hames and Bowring (1994) reinterpreted these data in light of natural 40Ar* gradients observed
in muscovites that appeared inconsistent with diﬀusion
occurring perpendicular to the c-axis. They calculated an E
of 43 ± 9 kcal/mol and a Do of 4  104 cm2/s for an inﬁnite
cylinder model. Lister and Baldwin (1996) subsequently argued that the Robbins (1972) data were best ﬁt via a plane
sheet geometry with a characteristic plate thickness of
12 lm. Both studies noted the relatively unretentive behavior of Ar in muscovite predicted by Robbins (1972) results.
The lack of a follow up to Robbins (1972) study probably
reﬂects limitations imposed by the relatively small temperature range over which such experiments can be made. Experimental runs need to be conducted at suﬃciently high
temperatures for measurable Ar diﬀusion to occur, but
not so high as to exceed the stability ﬁeld of muscovite
(Chatterjee and Johannes, 1974; Evans, 1965). A lower
bound of 600 °C is dictated by the small degree of Ar equilibration expected below this temperature (i.e., <5% 40Ar*
loss is predicted for a 20 lm grain after 3 months heating
at 600 °C). Ultrahigh lateral resolution in situ methods such
as SIMS or RBS could in principle access lower temperatures but do not have adequate sensitivity to measure ppm
quantities of Ar (Ryerson, 1987). Laser Ar microprobes have
revealed 40Ar gradients in annealed feldspars over 10’s of lm
length scales, but do not have the spatial resolution or sensitivity to be useful in this kind of study (see McDougall and
Harrison, 1999). At the other end of the possible temperature range, dehydration breakdown of muscovite in the presence of water occurs in the 600–700 °C temperature range
between 1 and 3 kbar (Evans, 1965). Because Robbins
(1972) used an experimental apparatus capable of a maximum pressure of 2 kbar, his study was thus limited to
6700 °C. This relatively restricted ﬁeld in log D vs. 1/T space
provides little leverage with which to precisely constrain E.
Undertaking experiments in a piston-cylinder apparatus
enables runs at much higher pressure and thus over a greater range of temperatures than a cold-seal vessel. Although
higher temperature increases diﬀusivity, the corresponding
pressure increase slows diﬀusion requiring the trade oﬀ between increasing pressure and temperature along the uni-

variant reaction curve to be assessed. Assuming the
Arrhenius parameters and activation volume for biotite
(Grove and Harrison, 1996; Harrison et al., 1985) as an
analogue suggests that overall increases in diﬀusivity will
occur with increasing pressure and temperature along the
muscovite stability boundary.
The sensitivity of mass spectrometers used today is up to
100 times greater than the K–Ar method used by Robbins
(1972) and the 40Ar/39Ar approach permits 10 better precision (i.e., ±0.1% vs. ±1%; McDougall and Harrison, 1999).
Thus small 40Ar losses from very small samples can now be
meaningfully measured (e.g., Grove and Harrison, 1996).
In this study, we revisited Ar diﬀusion in muscovite by
taking advantage of the methodological advances described
above. Our higher resolution data reveal more complicated
diﬀusion behavior than previously assumed, but permit reﬁned estimates of Ar retentivity under laboratory conditions which in turn leads to improved estimates of Tc.
2. MUSCOVITE SAMPLE
To obtain meaningful Ar diﬀusion parameters in a bulkloss type experiment, it is imperative that the phase of interest remain stable throughout the heating experiment, or at
least that any instability be restricted to a small volume
fraction relative to the degree of Ar loss. We assessed the
characteristics of two candidate starting materials in this
role: muscovites ANU 82-315 and MUS-1. Run products
from four hydrothermal experiments between 700 and
800 °C at 10 kbar using the 3 Ga muscovite ANU 82315 (Wijbrans, 1985) all showed complete breakdown of
muscovite (Célérier, 2007). Electron imaging of the untreated sample showed it to contain opaque inclusions
and occasional quartz grains. Despite careful handpicking,
suﬃcient contaminants remained in the mineral separate
that substantially reduced the stability ﬁeld of muscovite.
We then examined the behavior of muscovite MUS-1, a
15  10 cm book from a pegmatite, Harts Range, Central
Australia. The mica was sized by repeated hand-grinding
and sieving to produce sized fractions with average radii
of 24 ± 4, 56 ± 6, and 87 ± 10 lm as calculated using the
approach of Grove and Harrison (1996). Despite thorough
sieving, however, we observed that the sized populations
typically contains 5% of grains much smaller than the
nominal size (Fig. 1), apparently due to electrostatic adherence to larger grains. Ultrasonic treatment of the separates
following hand-grinding did not remove the smaller grains.
To establish whether 40Ar* is uniformly distributed
throughout the MUS-1 starting material, an aliquot of the
38–53 lm size fraction was analyzed by the 40Ar/39Ar step
heating method (Electronic annex EA-1). The age spectrum
(Fig. 2) is uniform over >90% of gas release from which we
infer that the sample has been essentially closed to loss of
40
Ar since 325.8 ± 2.5 Ma. A representative chemical analysis of the starting material is given in Table 1.
3. EXPERIMENTAL METHODS
Sized fractions of the MUS-1 starting material were
loaded and sealed (using a carbon arc welder) into 2.3 or
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Fig. 1. Backscattered electron image of the untreated, sized (38–
53 lm), starting material (MUS-1) used in the diﬀusion study.
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Fig. 2. Ar/ Ar age spectra of the untreated starting material
MUS-1 (black) together with representative examples of hydrothermally treated muscovites (see Electronic annexes EA-1 and EA-2).

Table 1
Representative EMPA analysis of starting material.
Oxide

Weight %

SiO2
TiO2
Al2O3
FeOa
MnO
MgO
CaO
Na2O
K2O

45.35
0.75
31.53
4.06
<0.1
1.21
<0.1
0.66
10.6

Total

94.16

a

Total iron as FeO.

3.5 mm diameter Au capsules along with Al(OH)3 (5:1 sample to buﬀer) to buﬀer Al2O3 and H2O activities. Two
experiments (D-786, D-787) run in Pt capsules of the same
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size and starting material/buﬀer proportions as the Au capsules experienced hydrogen loss resulting in muscovite
instability (results not reported here). Including Al(OH)3
has the advantage of achieving hydrothermal conditions
(P H2 O = Ptotal) without the necessity of introducing free
water which might tend to dissolve mica. A single experiment (C-2675) was run without the addition of Al(OH)3
in order to investigate the behavior of the muscovite under
‘dry’ experimental conditions.
A Pt-Rh thermocouple at the top of the capsules monitored sample temperature with an accuracy of ±10 °C.
Experiments were run in the piston-cylinder apparatus at
10 kbar (±1 kbar for experiments <2 days, ±0.5 kbar for
experiments >2 days) and temperatures of 600, 630, 660,
680, and 730 °C ensuring that run conditions were well
within the stability ﬁeld of muscovite. Three runs were performed at 20 kbar (680 and 730 °C) to assess the role of
pressure on diﬀusivity. Run durations varied from 10 min
to 55 days. On completion of each run, samples were
quenched (10 s) and recovered from the capsules.
Following removal from their capsules, run products
were handpicked to remove most of the entrained Au fragments and Al2O3. Run products were examined by SEM to
assess muscovite stability, the chemical composition relative
to the untreated sample, and whether dissolution or grain
growth occurred during treatment.
Neutron irradiations were undertaken in several batches
and analyzed by the 40Ar/39Ar step heating method to
determine 40Ar* loss. Products of the ﬁrst and second irradiations (ANU 125 and ANU 137) using Cd shielding in the
HIFAR reactor (Tetley et al., 1980) were analyzed with the
ANU VG3600 mass spectrometer using FC-2 sanidine
(28.02 Ma; Renne et al., 1998) as a ﬂux monitor (Electronic
annex EA-1). Following irradiation in the D-3 position of
the Texas A&M reactor together with FC-2 sanidine, the
remaining run products were analyzed using the MAP
215-50 mass spectrometer at New Mexico Tech (Electronic
annex EA-2). Analytical methods are described in Heizler
et al. (1999). Diﬀerences in neutron ﬂux and hardness between the two reactors are unlikely to aﬀect Ar diﬀusion
behavior. All results are reported in Electronic annexes
EA-1 and EA-2 using the decay constants and 40K abundances recommended by Stieger and Jäger (1977).
4. BULK-LOSS RESULTS
Electron micrograph examination of run products show
that the grain size distribution of all Au encapsulated
hydrothermally treated samples is broadly similar to that
of the untreated material (Célérier, 2007). Run products
are dominated (>90%) by grains of the original size, but
also contain smaller grains. Relative to the starting material, treated grains are typiﬁed by less cleanly deﬁned crystal
surfaces and grains appear to be somewhat creased and
slightly bent, though remain intact. Occasional grains of
corundum (crystallized from Al(OH)3) were also seen in
the SEM images (Fig. 3c).
Textural relationships shows that little, if any, neoformed muscovite growth occurred during the <700 °C
runs, and that the populations of small grains are essen-
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Fig. 3. Representative SEM images of hydrothermally treated muscovite. (a) Backscattered electron image of C-2342. (b) Backscattered
electron image of C-2358. (c) Backscattered electron image of C-2354 highlighting the thin veneer of recrystallized grains which decorate the
exterior of the muscovites run at 730 °C. Also indicated is a euhedral grain of corundum formed from buﬀer decomposition. (d) Close
inspection of the surface of a muscovite grain from C-2354 shows minor amounts of neoformed muscovite.

tially equal in proportion to those in the starting material
(Fig. 3). However, at 730 °C, small, euhedral, muscovite
grains appear (Fig. 3). These grains form a thin veneer decorating the surfaces of the original muscovites, are characteristically small (typically <5 lm), and account for <5% of
the total volume. In all cases, it is clear that the original texture (and grain size distribution) of the sized separate is largely preserved.
Spot chemical analyses show that treated muscovite
grains have slightly higher Al and lower Si values relative
to the untreated starting material (Fig. 4). Furthermore,
2.80
o
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o
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Fig. 4. Plot of Si and Al (normalized to their stoichiometric values)
in MUS-1 samples. Squares show the composition of the untreated
starting material, circles the non-recrystallized run products and
triangles the composition of small, neoformed grains observed only
in the 730 °C experiments.

the small, neoformed muscovite grains crystallized in the
730 °C runs (typiﬁed in Fig. 3c) plot in unique Al–Si space
relative to the untreated muscovites (Fig. 4). They vary by
<1 wt% in SiO2 and Al2O3 relative to the starting material
and grains treated at lower temperature account for <5% of
the sample mass. The higher Al (and lower Si) contents relative to the starting material almost certainly reﬂects the
buﬀering of Al2O3 during hydrothermal treatment.
Although we did not calculate D for C-2675 (run without the addition of Al(OH)3; Table 2), we note that relative
to C-2358 (run under the same conditions but with buﬀer),
this run experienced 10% less fractional loss. This may reﬂect the fact that a ﬂuid phase is a necessary reservoir for
40
Ar* to be diﬀusively lost from muscovite during the
experiments.
40
Ar/39Ar age spectra (Electronic annexes EA-1 and
EA-2; representative examples shown in Fig. 2) indicate
that signiﬁcant 40Ar loss was achieved in every experiment,
with essentially zero ages in the early degassing climbing
gradually towards the age of the untreated material in the
later steps. The signiﬁcance of the shape of the age spectra
are discussed later. The three runs in which hydrothermal
conditions were not maintained during treatment (D-786,
D-787, C-2623) are distinguished by complete degassing
at lower temperatures. Clearly, muscovite was not stable
through these runs and their results are not considered
further.
Assuming the measured size is the diﬀusion length scale
(see Giletti, 1974; Harrison et al., 1985; Grove and
Harrison, 1996), bulk diﬀusivities calculated using an spherical model for the 16 experiments at 10 kbar in which
muscovite remained stable (Table 2) yield an E of
44 kcal/mol (Fig. 5). Although this is similar to what
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Table 2
Results of Ar diﬀusion in muscovite experiments.
Run #

Temp. (°C)

Pressure (kbar)

Time (h)

Grain radius (lm)

Age (Ma)

Fo

D (cm2/s)

log D

C-2342
C-2354
C-2358
C-2570
C-2576
C-2623
C-2624
C-2675
C-2688
C-2701
C-2713
C-2764
C-2777
C-2785
C-2796
C-2799
C-2800
C-2801
C-2802
C-3049
C-3051

730
730
730
680
660
600
730
730
680
680
630
680
680
730
730
730
730
730
680
630
680

10
10
10
10
10
10
20
10
10
20
10
10
10
10
10
10
10
10
10
10
20

132.0
315.0
240.0
935.0
769.0
1200.0
240.0
240.0
240.0
240.0
1200.0
240.0
240.0
240.0
240.0
0.178
24.0
48.0
240.0
480.0
336.0

24
24
24
24
24
24
24
24
56
24
24
56
24
87
56
24
24
24
87
24
24

167.6
120.4
133.8
178.2
198.0
211.9
172.9
6.7
261.5
272.5
201.0
282.3
174.3
270.2
262.2
254.1
197.6
190.3
258.4
211.1
196.8

0.00753
0.02350
0.01890
0.00883
0.00280
0.00053
0.00107
—
0.00070
0.00016
0.00111
0.00038
0.00066
0.00027
0.00078
0.00134
0.00057
0.00111
0.00020
0.00027
0.00063

9.13E-14
1.19E-13
1.26E-13
1.51E-14
5.83E-15
7.03E-16
7.13E-15
—
2.53E-14
1.05E-15
1.48E-15
1.36E-14
4.42E-15
2.35E-14
2.85E-14
1.21E-11
3.81E-14
3.70E-14
1.78E-14
9.00E-16
3.00E-15

13.04
12.92
12.90
13.82
14.23
15.15
14.15
—
13.60
14.98
14.83
13.86
14.35
13.63
13.55
10.92
13.42
13.43
13.75
15.05
14.53

o

( C)
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1.0

-11.5

10%
0.8

-12.0
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-log D (c m2/s)
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0.6
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0.00115

-1
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Fig. 5. Arrhenius plot of diﬀusion coeﬃcients vs. reciprocal
absolute temperature calculated for the 10 kbar experimental bulk
loss data using an spherical diﬀusion model.

Robbins (1972) obtained, the distinctively sigmoidal form
of the treated sample age spectra (Fig. 2) diﬀers substantially from that expected of a sample containing a single diffusion length scale. Despite >50% apparent fractional loss
in several of the hydrothermal runs, calculated ages in the
ﬁnal steps of gas release are close to the 326 Ma age of
the starting material (Fig. 2). This is clearly inconsistent
with diﬀusive loss from a single domain size, which is characterized by convex age spectra (Fig. 6). SEM textural characterization of the run products show that, despite careful
pre-experiment sizing, the grain size population is non-uniform. As a proportion of the total volume, the nominal size
grains dominate but many small grains are also present in
both the pre- and the post-treatment muscovite samples

0.0

0.2

0.4

0.6

0.8

1.0

Fraction 39Ar released

Fig. 6. Theoretical 40Ar/39Ar age spectra for a plane sheet
geometry outgassed from a single diﬀusion domain (McDougall
and Harrison, 1999). The convex form of age spectra from a single
domain contrast with the sigmoidal form of the hydrothermally
treated samples which are characteristic of multiple diﬀusion
domains.

(Célérier, 2007). SEM imaging also revealed that treated
grains are somewhat kinked and creased suggesting that
some crystal deformation was experienced, perhaps upon
application of pressure while the sample was at room temperature. If so, 40Ar* may have been lost from the crystals
by mechanical processes reducing the diﬀusion domain size
of some grains.
The observation of grain size variability and the distinctive form of the age spectra indicate that 40Ar* loss is occurring from more than one diﬀusion domain size. The
existence of two or more domains, widely separated in size,
would explain why young ages are observed well into the
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Fig. 7. Measured and model age spectra for samples (C-2342, C2576, C-2796) representing the range of 40Ar* degassing behavior
seen in this study.

gas release while ages as old as ca. 330 Ma are still seen in
the last steps (Fig. 7). Most importantly, the presence of
more than one diﬀusion domain has signiﬁcant implications
for the derivation of Arrhenius parameters for muscovite
from the degassing data. In the next section we introduce
a model to test this hypothesis and deconvolve the contributions of the various diﬀusion domain sizes to the 40Ar*
total loss. Once we have accurately determined values of
D for the largest intact domain (i.e., the nominally measured size), we can return to the determination of an
Arrhenius law for Ar in muscovite.

of the computationally expensive Bessel function. This
may seem non-intuitive given the obvious anisotropy of micas, but the fractional loss curves for sphere and cylinder
are similar in form in the range 0 < f < 0.5 (McDougall
and Harrison, 1999) and result in diﬀerences in calculated
D of only a factor of two. Thus any introduced errors are
insigniﬁcant provided the same diﬀusion geometry that is
used to estimate Arrhenius parameters is also applied to
calculation of Tc (Lovera et al., 1991).
To prepare for the modeling, data from each age spectrum were ﬁrst normalized to the 326 Ma age of the untreated sample (or the oldest age in the spectrum for
those cases with higher apparent ages). These input ﬁles
were then used to calculate synthetic 40Ar/39Ar spectra by
summing solutions for Eqs. (2) and (3) over n diﬀusion domains. Each model run requires three input parameters per
domain, Fo, R, and V, where Foi is the Fourier number of
the i-th domain, Ri is the retentivity of the i-th domain relative to the largest domain, and Vi is the volumetric proportion of the i-th domain (such that RVi (1, . . ., n) = 1). While
there appear to be six input parameters for the two domain
case, there are in fact only three since Fo2 = Fo1R2, R1 = 1,
and V2 = 1V1, where subscript 1 refers to the largest
domain. Similar logic applies to the case of three or more
domains. The best ﬁt model is obtained by minimizing a
misﬁt function between the actual age spectrum and randomly generated models.
In Fig. 7 we show three examples of model ﬁts (C-2342,
C-2576, C-2796) to normalized age spectra with varying degrees of 40Ar* loss. We emphasize that all runs yield ﬁts of
similar quality. The sensitivity of the model misﬁt function
was assessed for the two domain case by varying each of
these parameters independently (while keeping the other
two constant), within a range bracketing their approximate

5. MULTI-DIFFUSION DOMAIN SIZE MODEL

where r is the diﬀusion domain size and C0 is the concentration of 40Ar* produced prior to the outgassing event, Dt1.
The loss parameter is represented by the dimensionless
Fourier number (Fo = Dt/r2). Individual 40Ar/39Ar spectra
for each domain size are then summed according to their
volumetric proportions yielding the total gas release at each
step in the model heating experiment. An 40Ar/39Ar spectrum can then be constructed by simultaneously solving
the fractional loss (f) equation for spherical geometry
(Crank, 1975) at each model heating step:
f ¼1

1
6 X
1
expðDn2 p2 Dt0 =r2 Þ
2
p n¼1 n2

ð3Þ

For eﬃciency of calculation, a spherical geometry was
used rather than the inﬁnite cylinder which requires use

10000
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A model was constructed to simulate the eﬀects of multiple diﬀusion domain sizes on the form of 40Ar/39Ar age
spectra. For a sample outgassed over duration Dt1, the
40
Ar*/39Ar ratio observed in the laboratory for any fractional loss of 39Ar due to in vacuo heating of duration Dt0 is:
P
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Fig. 8. Exploration of model parameter sensitivity to the ﬁt
between synthetic and in vacuo generated age spectra for C-2624
over speciﬁed parameter ranges for two domains. In (a), (b), (c)
each dot represents a model run. (a) Sensitivity of misﬁt function to
changes in the hydrothermal Fourier number (Fo) of the large
domain. (b) Sensitivity of the misﬁt function to changes in the
relative decrease in retentivity of the small relative to the large
domain (R). (c) Sensitivity of the misﬁt function to changes in the
relative volume (V) of the small domain as a proportion of 1.

6. IN VACUO ARRHENIUS RESULTS
Perhaps even more surprising than the close correspondence of the muscovite 40Ar/39Ar age spectra to a simple
diﬀusion model is that the rate of degassing in vacuo yields
almost identical results to that of our hydrothermal experiments. For example, diﬀusion coeﬃcients calculated from
39
Ar loss in step heating experiments on runs C-3049 and
C-3051 not only yield the characteristic sigmoidal age spectrum form (Fig. 9a), but yield log (r/ro) results (D/r2 scaled
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best ﬁt values for sample C-2342. Results of these calculations (Fig. 8) show that the model is sensitive to all parameters, but most strongly to the volumetric proportions of
the large and small domains; 20% variance results in model
ﬁt changes of up to three orders of magnitude (Fig. 8c).
This is because in the numerical simulations, V is important
in establishing the position of the steep portion of in vacuo
gas release. The degree of ﬁt between model and C-2342
from adjustments to Fo varies by four orders of magnitude
between 0 and 0.005 but is less sensitive above this value
(Fig. 8a). Variations in Fo result in shifts in the maximum
age retained by the sample in the ﬁnal steps of gas release,
but also aﬀect the overall form of the age spectrum. Smaller
Fo results in ages of ca. 326 Ma in the ﬁnal steps, higher Fo
values result in the ﬁnal steps of gas release yielding ages
<326 Ma (Fig. 7). Finally, the degree of ﬁt between model
and C-2342 is strongly sensitive to variations in the retentivity of the small domains (R) in the range 0 to 200
(Fig. 8b). Further decreases in retentivity do not greatly affect the ﬁt between the model and C-2342, although in the
case of some other samples the quality of ﬁt decreases signiﬁcantly with increasing R greater than the optimal minimum value.
The best ﬁt model parameters were obtained by minimizing the misﬁt function for 10,000 random models, run
using a range of Fo, R, and V values selected to avoid conﬂict with the boundary conditions. We ﬁrst experimented
with a two domain model and found that results matched
the ﬁrst order form of the observed age spectra reasonably
well. However, consistent misﬁts to the sigmoidal portion
of the degassing patterns were seen. This was unsurprising
as SEM images (Fig. 3) show that the particle size distribution is not clearly bi-modal. Failure to accurately ﬁt the
transitional region could result in inaccurate values of Fo
calculated for the largest domain, leading to an inaccurate
estimation of the Arrhenius parameters. A three domain
model yielded signiﬁcantly improved results for most
samples, whereas experiments adding a fourth or ﬁfth
domain were of negligible beneﬁt and hence considered
unnecessary.
The excellent ﬁts between the numerical and experimental data (Fig. 7) is evidence that vacuum degassing of
hydrothermally treated muscovite is well-described by a diffusion model containing multiple diﬀusion length scales.
Having explored model parameter space to obtain the best
match between the synthetic and measured spectra, we then
systematically obtained fractional loss estimates from the
treated samples by isolating the 40Ar* lost from the grains
that remained intact during the hydrothermal runs.
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Fig. 9. (a) Age spectrum for muscovite C-3051 (red) together with
MDD model (blue). Age spectrum for muscovite C-3049 is shown
in grey. (b) Measured (red) and MDD model (blue) log (r/ro)
spectra for muscovite C-3051 calculated assuming E = 63 kcal/mol.
(c) Arrhenius plot for muscovite C-3051 (red squares) together with
MDD model (black squares). Arrhenius plot for muscovite C-3049
is shown as grey circles. (d) Thermal histories for muscovites C3051 and C-3049 calculated using the MDD model assuming
monotonic cooling.

to the initial gas release) that are high reminiscent of
K-feldspars bearing multiple diﬀusion domains (Lovera
et al., 1991). It is this capacity of K-feldspars to reveal correlations between age spectra (produced over millions of
years) and laboratory Arrhenius data (produced in hours
to days) that permits unique thermal history interpretations
to be made (Harrison et al., 2005).
To characterize the behavior of muscovite during the
step heating experiments, we heated aliquots of the 24 lm
grain size in a 1 atm furnace programmed to reproduce
the heating schedule used for the ANU 40Ar/39Ar analyses.
Four runs, starting at 500 °C, were quenched after reaching
each of 700, 840, 960, and 1020 °C. Optical and XRD analysis of the run products showed no evidence of either
corundum or K-feldspar, the expected breakdown products
of muscovite (Evans, 1965). Instead the observations are
consistent with dehydroxylation of muscovite to a metastable form.
7. CALCULATION OF D
The targeted parameter of the modeling is the Fourier
number (Fo) of the large domain induced during hydrothermal treatment. For run C-2342, the best ﬁt between synthetic and real degassing behavior was achieved with an
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Fo for the large grains of about 0.005 which is about a factor of ﬁve lower than that calculated from bulk-loss. This is
entirely expected as the Fo derived from bulk-loss assumes
a single diﬀusion domain.
For both the two and the three domain scenarios, best ﬁts
between model and real data were achieved with a higher proportion of large domains to small. This is consistent with the
SEM images (Fig. 3; also see Célérier, 2007) which show that,
as a proportion of the total volume, the large grains dominate. However, the best ﬁt model estimate that 30% of the
diﬀusion domain volume is comprised of smaller domains
is inconsistent with the observation that small grains account
for <10% of the volume of C-2342. SEM images of C-2342
(Célérier, 2007) indicate that the sample is broadly characterized by grain size peaks at 5, 15, and 45 lm suggesting
that the smallest grains will be a factor of 80 less retentive
than the largest grains. In order to ﬁt the degassing behavior
of C-2342, the small diﬀusion domains in the model must be
an order of magnitude less retentive than the large. The likely
explanation for this apparent inconsistency is that the imaged
grain size is not the same as diﬀusion domain size (i.e., subgrain features also contribute to diﬀusion loss).
Examination of the experimental run products shows
that recrystallization and new grain growth are negligible
in the treated muscovites (Célérier, 2007; Fig. 3) and thus
this is unlikely to explain the very low domain retentivities
required by the best ﬁt models for C-2342. However, we
note that SEM imagery of the hydrothermally treated run
products show that, relative to the untreated sample, the
treated grains are kinked, creased and crystal surfaces are
not as well deﬁned. We attribute these textures to mechanical deformation that occurred during the high pressure
runs. The standard practice of initiating the experiments
‘‘cold” such that the conﬁning pressure is eﬀectively attained while the sample is still at room temperature might
produce a sub-grain network that could enhance 40Ar* loss.
To test this hypothesis, we undertook a very short term
experiment (C-2799); 10 min at 730 °C. The age spectrum
for C-2799 shows much greater bulk 40Ar* loss (20%)
than would be predicted from diﬀusion alone (<1%). Relative to other runs at 730 °C, with durations between 24 and
315 h, C-2799 yields a D for the large domain that is orders
of magnitude higher (Table 2). This result appears to aﬃrm
that changes to the diﬀusion domain structure occurring at
very small (<1 lm) length scales are induced almost immediately upon pressurization, perhaps deﬁned by cracks and
planar dislocation features. However, after one day at
730 °C, these domains are essentially degassed and thus appear not to inﬂuence calculation of D for the longer runs.
Best ﬁt solutions for the Fo parameter (Dt/r2) for multidiﬀusion domain models are given in Table 2 together with
derived values of D. Several tests can be applied to gain insight into the mechanism of 40Ar* transport. First, linearity
on an Arrhenius diagram is evidence that 40Ar* transport
occurred primarily by a temperature-dependent mechanism. Results for the 10 kbar experiments longer than
10 min deﬁne a linear trend (Fig. 10), although scatter
about the best ﬁt line at 730 °C is seen, perhaps reﬂecting
new muscovite grain growth and the greater Al:Si exchange
experienced at the highest temperatures. Second, a plot of f
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Fig. 10. Arrhenius plot of diﬀusion coeﬃcients calculated from
experimental data using a spherical diﬀusion model, against
reciprocal absolute temperature.

vs. the square root of run duration, t, should correspond to
diﬀusion theory. Fig. 11 shows calculated f for the six
experiments at 730 °C using the 24 lm size fraction vs.
p
t. Also shown is the predicted curve of f vs. time for D/
a2 = 9.0  1014 cm2/s (assuming a spherical geometry).
With the exception of the 10 min run (C-2799), the experimental data plot reasonably close to the predicted curve,
consistent with diﬀusion being the principal 40Ar* transport
mechanism. Linear regression of the 10 kbar data (excluding C-2779 and C-2802) yields an E of 63 ± 7 kcal/mol
þ70
and Do of 2.3 2:2
cm2/s (Fig. 10). These values are substantially diﬀerent from that calculated from the bulk-loss data
(Fig. 5).
To investigate the role of pressure on Ar diﬀusion in
muscovite, experiments at 20 kbar were undertaken at 730
and 680 °C. Calculated D’s from the 20 kbar data (Fig. 9)
plot below the equivalent results at 10 kbar indicating a
pressure eﬀect on the diﬀusion of 40Ar in muscovite. To ac0.7
-14
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Fig. 11. Plot of the fractional 40Ar loss (f) from hydrothermally
treated muscovites vs. the square root of run duration. Data shown
as squares are the 24 lm size fraction run at 730 °C and 10 kbar.

Diﬀusion of

count for the extra work diﬀusing atoms must perform
against conﬁning pressure, a modiﬁed Arrhenius equation
can be written as:
D ¼ Do exp½ðE þ PV  Þ=RT 

ð4Þ

V*

is the activation volume of the diﬀusing species.
where
Assuming the same activation energy, V* can be directly
calculated from the diﬀerence between the 20 and 10 kbar
runs. Diﬀusion coeﬃcients are reduced from their equivalent 10 kbar values by close to an order of magnitude which
corresponds to an activation volume of 14 cm3/mol.
Although the relatively few higher pressure data preclude
a precise estimate of V*, this value is similar to that determined for biotite (Harrison et al., 1985).
8. DISCUSSION
8.1. Muscovite behavior during vacuum heating
A fundamental assumption of the age spectrum approach is that in vacuo 40Ar* loss occurs with the same
geometry and over the same length scales as in Nature,
although not necessarily by the same mechanism. The ﬁrst
application of the 40Ar/39Ar method was to meteorite samples which, containing anhydrous minerals (Turner et al.,
1966), remained stable during vacuum heating and degassed Ar diﬀusively (Albarède, 1978). However, the age
spectrum method proved generally unsuitable for some hydrous terrestrial minerals which are highly unstable in vacuo
(McDougall and Harrison, 1999).
Our observation of diﬀusive degassing of Ar from
hydrothermally treated muscovites in vacuo (Figs. 2 and
7; Electronic annexes EA-1 and EA-2) is consistent with
numerous observations that 40Ar/39Ar age spectra of white
micas can yield apparent diﬀusion loss proﬁles when partially overprinted (Hanson et al., 1975; Wijbrans and
McDougall, 1986; Baldwin and Harrison, 1992; Grove,
1993). This contrasts with hydrous phases such as biotite
which yield ﬂat, convex upward, or irregular release patterns from samples that have experienced 40Ar* loss
(Berger, 1975; Dallmeyer, 1975; Harrison et al., 1985;
Gaber et al., 1988). Although hornblende has been found
to degas Ar in a fashion that mimics diﬀusion (Harrison
and McDougall, 1980; Harrison, 1981; Copeland et al.,
1991), this reﬂects its decomposition by an inwardly propagating reaction front during vacuum heating (Lee et al.,
1991; Wartho, 1995).
In contrast to biotite and hornblende, dioctahedral micas such as muscovite dehydroxylate to a metastable form
that preserves the integrity of the 2:1 layer structure and
the interlayer region (Guggenheim et al., 1987). A recent
study of the dehydration behavior of muscovite up to
875 °C using in situ infrared microspectroscopy showed that
muscovite progressively dehydrates with increasing temperature without breaking down (Tokiwai and Nakashima,
2007). Our 1 atm heating experiments show that dehydroxylated muscovite remains metastable up to at least
1020 °C. Grove (1993) performed 40Ar/39Ar step heating
experiments on vacuum dehydroxylated white micas which
revealed staircase age spectrum patterns characteristic of
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diﬀusive 40Ar* loss. Signiﬁcantly, he found that Arrhenius
parameters calculated from both untreated and dehydroxylated samples were essentially identical. This implies that
either untreated natural micas transformed to their dehydroxylated form as they degassed during step heating or that
the kinetics of 40Ar loss of the hydroxylate and dehydroxylate are similar. In either case, it appears that 40Ar gradients
in white micas are preserved in, and can be revealed from,
the metastable dehydroxylate phase. Sletten and Onstott’s
(1998) conclusion that age gradients in muscovite spectra
reﬂect 40Ar* release from polyphase mixtures appears
inconsistent with all of the aforementioned observations.
While it appears that muscovite can retain suﬃcient
crystalline integrity to preserve and reveal 40Ar/39Ar gradients, it has been widely believed that the rate of Ar loss
during vacuum heating is much faster than under hydrothermal conditions (Giletti, 1974; Grove, 1993; Sletten
and Onstott, 1998). Surprisingly then, 39Ar diﬀusion coeﬃcients from our run products yield ‘S’ shaped Arrhenius
plots (Fig. 9c) characteristic of K-feldspars (Lovera et al.,
2002). In context of the multi-diﬀusion domain (MDD)
model, the initially shallow slope is interpreted as the degassing of a relatively small, low-volume-fraction domain. This
is followed by a steeper portion corresponding to the intrinsic E of the largest domain size. Surely not coincidentally,
the slope of this portion of the curve yields an activation energy of 65 kcal/mol – virtually identical to that obtained
from the hydrothermal data (Fig. 10). The apparent Do/r2
of this array together with the sample grain size (24 lm radius used for runs C-3051) translates to a frequency factor
of 40 cm2/s – marginally higher than the value obtained
from the hydrothermal data of 2 cm2/s (Fig. 10). Even
so, the comparison is inexact as it relates 10 kbar data with
results obtained at eﬀectively 0 kbar. Scaling D using 0.1 log
unit/kbar (Fig. 10) indicates that the vacuum-derived Do
should be decreased by an order of magnitude leading to
a comparison value of 4 cm2/s. This remarkable similarity
is reproducible. For example, the log (r/ro) and Arrhenius
data for C-3049, superimposed, respectively, in Fig. 9b
and c, plot atop the results for C-3051 (as they should inasmuch as the same size fraction and essentially identical lab
heating schedules were used in the two runs).
Modeling the log (r/ro) spectrum gives an independent
estimate of the volume fraction of the biggest domain
(V1) that is virtually identical to what we obtained from
modeling the age spectrum alone. Because this parameter
is essentially uniquely determined from the age spectrum
(see Fig. 8c), there appears to be little gained from a joint
inversion of the age and log (r/ro) spectra to obtain V1.
We did, however, take the analogy with K-feldspar MDD
one step further and inverted the age and log (r/ro) spectra
for C-3051 (assuming monotonic cooling and E = 64 kcal/
mol) to obtain the thermal history shown in red in
Fig. 9d. Although the slow cooling scenario is obviously
unrealistic for our case where 40Ar loss is caused by laboratory heating, the domain structure also suﬃciently mimics a
protracted (ca. 300 Ma) isothermal history at 270 °C to
converge to a single solution. This result is robust for the
amount of 40Ar* loss as a virtually identical history is obtained for C-3049 (shown in grey in Fig. 9d). This is strong
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8.2. Comparison with previous results
We believe that the contrast in activation energy for Ar
diﬀusion in muscovite between this study and that of
Robbins (1972) largely reﬂects limitations in the methods
he used. Comparing absolute 40Ar concentrations measured
by isotope dilution before and after heating is insensitive to
small (<5%) 40Ar* losses. The average f in the Robbins
(1972) study was only 7% and the lower temperature (i.e.,
lower f) data are thus particularly unreliable. Indeed, half
of all runs in that study were annotated as problematic in
terms of capsule leakage during hydrothermal heating or
quantitative measurement of 40Ar* loss. However, the
experiments he undertook at the highest temperature
(700 °C), which all yielded >10% 40Ar* loss, plot within half
a log unit of our Arrhenius relationship when corrected for
the diﬀerent pressures used (i.e., 0.1 log unit/kbar; Fig. 10).
Thus the more reliable results of the Robbins (1972) study
appear broadly consistent with our data.
A limitation on applying laboratory measurements of
diﬀusion to geochronological problems is that results must
typically be extrapolated many orders of magnitude down
temperature to the realm of isotopic closure. This can be
mitigated by use of analysis methods capable of measuring
diﬀusion proﬁles at the nm-scale (e.g., Cherniak et al., 2004)
but, as noted earlier, no such approaches are available for
measurement of Ar diﬀusion in minerals commonly used

for 40Ar/39Ar dating. Although geologically ‘anchoring’
experimentally-derived diﬀusion laws by relating disturbance of an isotopic system in response to natural thermal
excursions is appealing, uncertainties in constraining the
thermal budget often preclude accurate estimates (e.g.,
Hart, 1964).
Kirschner et al. (1996) estimated log D320 °C = 22.1
(cm2/s) for Ar in muscovite from 40Ar/39Ar age gradients
in white micas grown at a peak temperature of 320 °C during nappe development. This study was unusually well-constrained in that peak temperature was not estimated from a
thermal model but rather determined directly from oxygen
isotope thermometry. To compare their estimated D, which
is substantially lower than that predicted by Robbins
(1972), with our data we must adjust their datum to relate
to the pressure under which our experiments were undertaken. Given that Ar diﬀusion in muscovite decreases by
about 0.1 log unit/kbar (Fig. 10), we have reduced their
ca. 3 kbar estimate to 22.8 (cm2/s) to directly compare
to our 10 kbar results. When so corrected, the Kirschner
et al. (1996) datum plots directly on the extrapolation of
our 10 kbar data array (Fig. 12). Linear regression of the
combined dataset yields an apparent E of 63.5 ± 1.8 kcal/
þ6:8
mol and associated Do of 4 2:5
cm2/s. This close agreement
builds conﬁdence in the eﬃcacy of both methods.
8.3. Ionic porosity model
Fortier and Giletti (1989) advocated an empirical approach to predicting diﬀusivities based on the systematic
variation of measured oxygen diﬀusion in minerals relative
to their ionic porosity (Z). Results for micas, however, were
discordant to the overall trend. This was attributed to the
fact that ionic porosities for the interlayer regions of micas,
the likely path for Ar transport, are much larger than for
the bulk mineral. ‘Eﬀective’ ionic porosities for micas were
estimated by projecting measured oxygen diﬀusion coeﬃ-
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evidence that muscovite can retain the Ar diﬀusion boundaries and mechanisms that deﬁne their natural retentivity
during vacuum step heating. This may have profound
implications for 40Ar/39Ar thermochronology.
If muscovites can be routinely utilized for MDD modeling, the large expanses of low grade metamorphic terranes
previously not accessible by high resolution, continuous
thermochronometry (Harrison et al., 2005) could see tremendous improvement in the quality of thermal history reconstructions. However, hydrothermal treatment may have
altered the run products in ways that enhanced their stability
in vacuo relative to natural samples. We tested this hypothesis by analyzing the starting material and some run products
by Fourier Transform Infrared Spectroscopy. We observed
that the starting material and run products (C-2342 and
C-2570) display the same dominant hydrous peak at
3625 cm1 indicating that muscovite remained stable, and
OH-bonding remained unchanged, during hydrothermal
treatment.
There is relatively little documentation in the literature
that relates muscovite 40Ar/39Ar age spectra produced during vacuum step heating to their associated Arrhenius plots.
Lovera et al. (2002) provided one such example in which a
sinuous, stair-case type muscovite age spectrum is positively, albeit not strongly, correlated with its log (r/ro) plot
(r2 = 0.76). Our experience suggests that ﬁne grained micas,
such as those used in this study, are less likely to experience
catastrophic degassing during vacuum heating than much
larger ﬂakes, possibly reﬂecting a size threshold above
which recovery of diﬀusion information is not possible. In
any case, it is clear that further attention to this issue could
yield substantial beneﬁts.
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Fig. 12. Arrhenius plot of diﬀusion coeﬃcients calculated from
hydrothermally treated muscovites together with natural estimate
of D from Kirschner et al. (1996).

8.4. Closure temperature
Our preferred Arrhenius parameters (E = 64 kcal/mol,
Do = 4 cm2/s) correspond to a muscovite closure temperature (Tc; Dodson, 1973) of 425 °C for an eﬀective diﬀusion
radius of 100 lm and 10 °C/Ma cooling rate. Note that for
these parameters, the bulk-loss array (Fig. 5) predicts a Tc
of 310 °C – over 100 °C lower.
We note that our experiments were undertaken at substantially higher pressure than typical for Ar closure in
white mica. With the exception of phengitic micas under
blueschist facies conditions, temperatures of ca. 450 °C
are generally reached in the crust at 5 kbar. Determination of V* permits modiﬁcation of the Arrhenius law for
application to lower pressures. Our estimated V* of
14 cm3/mol corresponds to an increase of Do at 5 kbar of
a factor of ﬁve relative to that at 10 kbar (i.e.,
Do = 20 cm2/s). For the same parameters as the calculation
in the preceding paragraph, this predicts a closure temperature of 405 °C (i.e., 20 °C lower).
Fig. 13 shows the variation of Tc with cooling rate
and diﬀusion dimension for the equivalent 5 kbar
Arrhenius parameters. For most cases, predicted closure
temperatures are substantially higher than that advocated
as a nominal value (e.g., 350 °C; Hodges, 1991). For
example, a Tc of 430 °C arises for a 100 lm diﬀusion radius cooling at 100 °C/Ma or a 500 lm diﬀusion radius
cooling at 2 °C/Ma – both possible conditions for white
micas in convergent margin environments. It has previously been speculated that V* for white mica is suﬃciently large that phengitic micas could be characterized
by a Tc as high as 550 °C under blueschist conditions
(e.g., Lister and Baldwin, 1996). Although the estimated
V* is not anomalously high, the overall higher retentivity
of Ar in white micas seen in this study supports their
broader conclusion regarding closure temperature of
phengite at high pressure.
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cients onto the relationship deﬁned by log D vs. bulk Z in
non-phyllosilicates. Values of Z calculated in this way led
to model coeﬃcients for Ar that appeared to ﬁt the relatively scant data then available. However, experimental diffusion data for muscovite were too poorly constrained to
determine eﬀective ionic porosity for that phase.
We have revisited this model with our new result and
note that, with the exception of biotite (Harrison et al.,
1985; Grove and Harrison, 1996), laboratory Ar diﬀusion
data (i.e., hornblende, Harrison, 1981; muscovite, this
study; phlogopite, Giletti, 1974; K-feldspar, Foland, 1974)
yield well-correlated relationships between log D and Z
(hornblende Z from Dahl, 1996; all others from Fortier
and Giletti, 1989) as a function of temperature. For example, at 500 °C, the array is of the form log D (cm2/
s) = 40 + 0.6  Z (r2 = 0.98). This correlation suggests a
much higher degree of coherence among the various silicate
groups than previously inferred (albeit with biotite not ﬁtting this apparent trend) and may be evidence of a more
systematic relationship between diﬀusivity and Z. Without
many more experimental data, however, there is little to
be gained by pursuing this approach at the present.

40

Closure temperature ( C)

Diﬀusion of

480
460
440
420
400

r = 100 μm
r = 500 μm

380
360
1

10

100

1000

Cooling rate (ºC/Ma)

Fig. 13. Variation of Tc with cooling rate and diﬀusion dimension
for Arrhenius parameters appropriate to 5 kbar pressure
(E = 64 kcal/mol and Do = 20 cm2/s).

We remind potential users that our diﬀusion law for Ar
in muscovite was calculated assuming radial diﬀusion in a
sphere and thus thermochronological data from real samples must be handled, and errors propagated, using equations and models based on spherical geometry.
9. CONCLUSIONS
40

Ar/39Ar analyses of muscovite sample MUS-1 treated
at high temperature and water pressure in a piston-cylinder
apparatus yield a linear array indicative of 40Ar* transport
by volume diﬀusion. However, the in vacuo 40Ar/39Ar
degassing behavior of the hydrothermally treated material
is characterized by both convex and concave forms. This
distinctive form of the age and Arrhenius spectra diﬀers
from that expected from a sample that has been outgassed
from a single diﬀusion domain. SEM textural characterization of the run products shows that, despite careful pre- and
post-hydrothermal experiment sieving of the muscovites,
the size population of the run material is not uniform.
We investigated the hypothesis that the form of in vacuo
gas release is due to loss of 40Ar* from multiple diﬀusion
domains. A numerical model constructed to test this
hypothesis yields excellent ﬁts between synthetic and actual
degassing spectra (both age and log (r/ro)), supporting the
multiple diﬀusion domain hypothesis. However, the presence of multiple diﬀusion domains in the hydrothermal
run products impact calculated diﬀusion parameters.
Deconvolution of the contribution of multiple diﬀusion domains to the experimentally determined factional loss yield
estimates of D that are substantially lower than that assuming bulk-loss from a single domain size. Diﬀusion data generated in this manner indicate an activation energy of E of
þ70
63 ± 7 kcal/mol and log Do of 2.3 2:2
cm2/s and an activa3
tion volume of 14 cm /mol. These values correspond to a
closure temperature (Tc) of 425 °C for a muscovite grain
with a 100 lm radius cooling at 10 °C/Ma at 10 kbar and
ca. 405 °C at 5 kbar. We found that the age and log (r/ro)
spectra for the hydrothermally treated muscovite samples
show a remarkable degree of correlation indicating that
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muscovite can retain the Ar diﬀusion boundaries and mechanisms that deﬁne their natural retentivity during vacuum
step heating. This observation has tremendous potential
implications for diversifying high resolution 40Ar/39Ar
thermochronology.
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