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Julien Amalberti

Noble gases are ideal probes to study the structure of silicate glasses and melts as the modifications of the silicate network
induced by the incorporation of noble gases are negligible. In addition, there are systematic variations in noble gas atomic
radii and several noble gas isotopes with which the influence of the network itself on diffusion may be investigated. Noble
gases are therefore ideally suited to constrain the time scales of magma degassing and cooling. In order to document noble
gas diffusion behavior in silicate glass, we measured the diffusivities of three noble gases (*He, 2°Ne and *°Ar) and the isotopic
diffusivities of two Ar isotopes (*°Ar and *“’Ar) in two synthetic basaltic glasses (G1 and G2; **Ne and *°Ar were only
measured in sample G1). These new diffusion results are used to re-interpret time scales of the acquisition of fractionated
atmospheric noble gas signatures in pumices.

The noble gas bearing glasses were synthesized by exposing the liquids to high noble gas partial pressures at high temper-
ature and pressure (1750-1770 K and 1.2 GPa) in a piston-cylinder apparatus. Diffusivities were measured by step heating the
glasses between 423 and 1198 K and measuring the fraction of gas released at each temperature step by noble gas mass
spectrometry. In addition we measured the viscosity of G1 between 996 and 1072 K in order to determine the precise glass
transition temperature and to estimate network relaxation time scales. The results indicate that, to a first order, that the
smaller the size of the diffusing atom, the greater its diffusivity at a given temperature: D(He) > D(Ne) > D(Ar) at constant
T. Significantly, the diffusivities of the noble gases in the glasses investigated do not display simple Arrhenian behavior: there
are well-defined departures from Arrhenian behavior which occur at lower temperatures for He than for Ne or Ar. We pro-
pose that the non-Arrhenian behavior of noble gases can be explained by structural modifications of the silicate network itself
as the glass transition temperature is approached: as the available free volume (available site for diffusive jumps) is modified,
noble gas diffusion is no longer solely temperature-activated but also becomes sensitive to the kinetics of network rearrange-
ments. The non-Arrhenian behavior of noble gas diffusion close to T, is well described by a modified Vogel-Tammann—Ful
cher (VTF) equation:
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where D is the diffusion coefficient, a the diffusion domain size (taken to be the size of the sample), 4, and C are respectively
equivalent to the pre-exponential factor and to the activation energy (E, in J mol™!) of the classical Arrhenius equation, B;
can be interpreted as a ““pseudo-activation energy” that reflects the influence of the silicate network relaxation, 75 is the tem-
perature where the diffusion regime switches from Arrhenian to non-Arrhenian, and R is the gas constant

(=8.314 T K~ ' mol™!).

Finally, our step heating diffusion experiments suggest that at 7 close to T, noble gas isotopes may suffer kinetic fraction-
ation at a degree larger than that predicted by Graham’s law. In the case of *°Ar and *’Ar, the traditional assumption based
on Graham’s law is that the ratio D**Ar/D*®Ar should be equal to 0.95 (the square root of the ratio of the mass of *°Ar over
the mass of *°Ar). In our experiment with glass G1, D**Ar/D*®Ar rapidly decreased with decreasing temperature, from near
unity (0.98 +0.14) at 7> 1040 K to 0.76 when close to T, (7 = 1003 K). Replicate experiments are needed to confirm the
strong kinetic fractionation of heavy noble gases close to the transition temperature.

1. INTRODUCTION

The solubility of volatile species (i.e. HO, CO,, N,, sul-
fur, the noble gases...) in magmas decreases with decreasing
pressure. During ascent to the Earth’s surface, magma will
cross its volatile solubility limit at a certain pressure, the
volatile saturation pressure, which depends on the initial
concentrations of dissolved volatiles and below which bub-
bles will begin to form and grow. Bubble growth during
decompression is fed by diffusion of gas from the melt to
the volatile phase (Sparks, 1978). Therefore knowledge of
the diffusion processes involved is required to understand
and model magma degassing and volatile behavior under
specific eruptive conditions. However, diffusion in silicate
glass can be complex, frequently showing non-Arrhenian
behavior around the glass transition temperature (Braedt
and Frischat, 1988; Behrens, 1992; Caillot et al., 1994).
Until now, non-Arrhenian diffusion has not been consid-
ered for volatiles (particularly noble gases) and its impact
on magmatic degassing has not been evaluated. In order
to better constrain diffusive processes in volcanic glasses,
we undertook an experimental study investigating the diffu-
sion of He, Ne and Ar (including Ar isotopes) in the CMAS
(Ca0-MgO-Al1,05-Si0,) system over a broad temperature
range (423-1198 K). Noble gases are chemically inert and
do not form bonds that could affect the glass/liquid struc-
ture itself, so that they are ideal neutral tracers of the diffu-
sion process. In addition, the noble gases have large and
systematic changes in physical properties (diffusion, solubil-
ities) and several isotopes that can be used to further con-
strain the process of diffusion in geological materials. The
applications range from the time scales of magma degassing
(e.g., Ruzi¢ and Moreira, 2010) to the study of the origin
and evolution of the Earth’s volatiles (Moreira, 2013).

2. EXPERIMENTAL SET UP
2.1. Glass synthesis

CMAS glasses were prepared from a mixture of
CaCO05-Mg0-Al,05-SiO, powders. MgO, Al,O3, SiO, were
dried at 1370 K and CaCOj; at 820 K for 12 h, and mixed in
the appropriate proportions to obtain a glass with 50 mol%
of SiO,, 9 mol% of Al,03, 16 mol% of MgO and 25 mol%

of CaO and one with 64.6 mol% of SiO, 15.9 mol% of
Al O3, 8 mol% MgO and 11.5 mol% of CaO (glasses G1
and G2, respectively). The mixture was then fused in a high
temperature furnace at atmospheric pressure (at
T = 1820 K) and quenched rapidly (~100 K s™!) in order
to obtain the CMAS glass. Fe-free compositions were cho-
sen in order to simplify gas incorporation and understand
diffusion mechanisms free from complications related to
the redox state of iron, particularly as the Fe>"/Fe®" ratio
is sensitive to temperature. However, our result can easily
be applied to a Fe-bearing composition by assuming that
Fe*" corresponds to a network modifier or charge compen-
sator such as Ca®", and Fe*" behaves as a network former
similar to AP (Mysen et al., 1984; Kress and Carmichael,
1991; Magnien et al., 2006, 2008).

The CMAS glasses were doped with noble gases at high
pressure-high temperature (HP-HT) in a piston-cylinder
apparatus (in Laboratoire Magmas et Volcans, Clermont-
Ferrand, France). We first loaded ~20 mg of powdered
glass into 3.0 mm outer diameter platinum capsules. Then
we carefully added a noble gas mixture (2% Xe, 3% K,
5% Ar, 15% Ne and 75% He) using a loading device mod-
ified from Boettcher et al. (1989). A noble gas tank and a
primary vacuum pump (1 x 10~° mbar) were connected to
the loading system. A manual valve controls the connection
between the Pt capsule mounted in the loading system, the
primary pump and the noble gas tank. The capsule was
evacuated and then filled to 3 bars with the noble gas mix-
ture then evacuated once more; this cycle was repeated
three times so that the gas loaded in the capsule was as pure
as possible. After the third cycle of charging the capsule
with the noble gas mixture, the upper part of the Pt capsule
was crimped in a vice to temporarily seal the gas in the cap-
sule, and the gas-delivery system was disconnected. The
capsule was then welded shut using a pulsed arc welder
(PUK™) and finally removed from the vice.

The sealed capsules were equilibrated at temperatures
between 1750 K and 1770 K and at a pressure of 1.2 GPa
for 12 h in a non end-loaded, 3/4 inch piston-cylinder appa-
ratus (see Laporte et al. (2004) for technical details). From
the outside to the inside, the piston-cylinder assemblies con-
sist of a NaCl cell wrapped in lead foil, a Pyrex cylinder, a
graphite furnace, and inner pieces of compressible MgO
powder. Temperature was controlled using calibrated



WosRes/W-4Ress thermocouples. The experiments were
terminated by shutting off the power to the apparatus; the
quench rate was ~60 K/s.

2.2. Noble gas diffusion experiments

The noble gas diffusivities in the glasses were measured
by in vacuo step heating (McDougall and Harrison, 1999)
where noble gases are sequentially extracted at different
temperatures. The noble gas analyses were performed at
the Centre de Recherche Pétrographiques et Géochimiques,
Nancy, France. The gas fraction, corresponding to a speci-
fic extraction time and temperature, allows the diffusivity at
that temperature to be estimated (Carslaw and Jaeger,
1959; see also McDougall and Harrison, 1999). The extrac-
tion steps lasted between 10 and 40 min, at temperatures
between 423 and 1198 K; the temperature resolution (differ-
ence in temperature between successive steps) was between
2 and 50 K (Table 1). The heating steps were performed in a
halogen lamp furnace (Farley et al., 1999): temperature was
monitored using a K thermocouple (Chromel/Alumel)
located inside the molybdenum envelope containing the
sample (uncertainties due to this procedure are estimated
to be <£0.5 K). The diffusion experiments were performed
on glass fragments with radii a (£5%) of 0.35 mm and
1.075 mm for the G1 and G2 glasses, respectively (Table 1).
These figures were obtained by measuring the maximum
length of the glass fragments (D) on digitized photomicro-
graphs and by converting them to radii (¢ = D/2). A full
description of the diffusion measurement apparatus is given
in Farley et al. (1999). At the end of the diffusion experi-
ment, the samples were carefully transferred to a laser cell
and melted using a CO, laser in order to measure the gas
remaining in the glass after the step heating protocol.

Step heating is a convenient method for measuring noble
gas diffusivities in a wide range of solid materials and over a
large temperature range. The mathematical model used to
compute the diffusion coefficient D from the fraction of
gas F extracted during a temperature dwell of duration ¢
(600, 1200 or 2400 s in this work; Table 1) is based on the
assumptions that the sample is a spherical and that it has
a uniform distribution of noble gases at the beginning of
the experiment (Carslaw and Jaeger, 1959). The relation-
ships between F, t and D have been derived in the case of
a sphere of radius a for F > 0.9 by Fechtig and Kalbitzer
(1966), and for F< 0.1 and 0.1 < F<0.9 by Reichenberg
(1953):

Fr
<0. 2 __ =
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Thus, knowing F and ¢, it is straightforward to compute
the ratio D/a® for all temperature dwells. However, the
samples used in this study are irregular fragments, as
opposed to the perfect sphere assumed in the above

equations. This non-spherical shape introduces a source
of error in the calculations of D/a*. Our irregular grains
have angular corners with high-aspect ratios that will be
rapidly drained of their noble gases during low-
temperature extraction steps and are not expected to
contribute significantly to the gas released at higher temper-
atures (Meesters and Dunai, 2002). Nevertheless, the first
extraction steps (i.e. low F) of each particular sample are
likely to be affected by the shape effect, and this will lead
to overestimated diffusion coefficients at low temperatures
as explained in Section 3.2.

The quantities of “He, 2°Ne, °Ar, and *“°Ar released
were measured using a HELIX MC Plus™ Multi-collector
Noble Gas Mass Spectrometer. Passive (7= room temper-
ature) blanks were analyzed daily: *He and *°Ne blanks
were negligible (<9 x 107'®mole), Ar blanks were
25x 107+ 1 x 107 mole (16) over a 2 week period.
An experiment was conducted in order to determine the
high temperature (active) blanks: hot blanks (the same pro-
cedure as for sample analysis with the sole exception that
no sample was loaded) were measured for durations of
20, 40 and 60 min, in order to better assess background
contributions at high temperatures (Fig. 1). Significant
“Ar blank contributions (>9 x 107'* mole) are observed
at high temperatures (~1000 K). For temperatures above
1000 K, the hot blanks were estimated by exponential
extrapolation of the curves given in Fig. 1: these extrapola-
tions yield blanks of ~8 x 107> mole “°Ar at 7= 1200 K.
However, the glasses used for the diffusion experiments had
sufficiently high noble gas contents so that the blank contri-
bution remained small (<7%) even during the high temper-
ature diffusion experiments.

In Table 1, the experimental results are expressed as
ratios D/a®. Knowing the radius a of the glass fragments
in the step heating experiments, it is straightforward to
extract the diffusion coefficient D from the ratio D/a’.
The error on sample size introduces an error into the diffu-
sion coefficient estimate. Parameters D and a being the true
diffusion coefficient and sample size, we call &’ the measured
sample size and D’ the diffusion coefficient computed using
a’ instead of a. We introduce a parameter e, which is the rel-
ative error on sample size: @’ =at+exa=ax (l1+te).
Thus the expression for D’ is: D’ =D x (a’/a)* = Dx(1
+ ¢)>. For a 5% error on sample size (¢ = 0.05), the relative
error on the calculated diffusivities would be (D” — D)/D =
(14 e)®> — 1~ = 10%. We estimate that the error on sample
size introduces a maximum uncertainty of +10% on diffu-
sion coeflicients.

2.3. Viscosity experiments

The viscosity of the glass Gl was measured as a
function of temperature to determine its glass transition
temperature (7,). A new batch of glass G1 free of noble
gases was synthesized in a l-atmosphere furnace and
quenched at ~100Ks~'. In order to made viscosity
measurement, the glass sample was a cylinder of
5.5 mm diameter and of initial length of c. 9 mm. The
measurements were made between 997 and 1072 K using
a creep apparatus of the Institut de Physique du Globe
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Fig. 1. Ar blanks as a function of temperature for three different accumulation times: 20 min, empty squares; 40 min, black and white squares;
and 60 min, solid squares. Interpolation of these curves was used in order to calculate the blanks appropriate for each extraction (given in

Table 1); errors of 100% were applied to the blank estimates.

de Paris, France. Temperature was measured with two
Pt-Pt/Rh10% thermocouples placed at the top and the
bottom of the cylinder. After 15 min at a given tempera-
ture (to ensure that the system was in thermodynamic
equilibrium), the sample was submitted to a constant
stress (o), and its length (/) was measured as a function
of time (). Viscosity (1) can be calculated as (Neuville,
2006):

where 7 is in Pa's, o in Pa, 1 in m, and ¢ in s. A full descrip-
tion of the experimental apparatus and methods can be
found in Neuville and Richet (1991) and Neuville (2006).
The precision of the method is 0.02 log;o Pa s; a very low
temperature gradient along the sample (~0.1 K) is critical
to reach such a high precision. Viscosity measurements
are given in Table 2 and plotted in Fig. 2 in an Angell plot
(i.e. viscosity versus T,/T). The glass transition temperature
is the temperature at which the viscosity is equal to 10'?
Pas: thus we obtain 7, =1005K for glass Gl. From
Neuville (1992), it is possible to estimate that 7, = 1080
+ 20 K for glass G2.
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Table 2
Viscosity results for glass G1, measured using a creep apparatus (see text for further details).
Temperature (K) 1072.1 1060.1 1046.1 1036.4
Log viscosity (Pas) 8.97 9.55 10.05 10.49

10.84 10.97 11.38 11.47 11.88 12.42

-
L]
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FRAGILE .

L 1

0.6 0.8 1
T, IT

Fig. 2. Common logarithm of the viscosity # (Pa s) of composition G1 (solid circles) as a function of Ty/T (where Ty, is the glass transition
temperature). Literature data for SiO, (open circles) and Na,O-2SiO, (open diamonds) are shown in order to illustrate fragile vs. strong
behavior. The high T,/T data for G1 were measured using a creep apparatus (this study; Table 2). The low T,/T data for G1 are from Machin
et al. (1952). A linear evolution of viscosity as a function of T,/T is typical of “strong” liquids and glasses whereas concave-downward curves
correspond to “fragile” melts and glasses and result from rupturing the silicate network.



3. NOBLE GAS RESULTS
3.1. Step heating experiments

Blank-corrected values of “He, °Ne, *°Ar and *°Ar in
the step heating experiments are given in Table 1 for glasses
G1 and G2. The gas fraction released from glass G1 is plot-
ted as a function of temperature in Fig. 3: He is released at
lower temperatures (mostly between 523 and 963 K) than
Ne (for which gas release becomes significant only above
653 K; Table 1); there is almost no Ar release below
1000 K. These first order observations indicate that the
smaller the size of the diffusing atom, the greater its diffusiv-
ity (at a given temperature): D(He) > D(Ne) > D(Ar), where
D(He) is the diffusion coefficient of He, and so on. As a
result of their slower diffusivities, not all of the Ne and
Ar were extracted during the step heating protocol and
some gas (18.7% for Ne and 66.2% for Ar) was extracted
during the laser fusion step (Fig. 3).

100
80
60
40 +

20 +

gas fraction release (%)

The total concentrations of noble gases extracted from
the glass fragments are relatively low: 9.3 x 107" mol g™
(*Ar), 3.0x10%molg™! (*°Ar), 7.8 x 10 *mol g™
(**Ne) and 14x10°molg™' (*He) for Gl and
22 x 10 °molg™! (**Ar) and 7.3 x 10 °molg™! (*He)
for G2 (see Table 3). From the model published by
lacono et al. (2010), the noble gas solubilities at 1.2 GPa
and 1760 K are estimated to be 9.1 x 10> molg™' for
He, 3.1 x 10> molg™' for Ne, and 5.4 x 10" mol g
for Ar in glass G1 and 1.9 x 107*mol g~! for He and
1.7 x 10> mol g~! for Ar in glass G2. When the capsule
was loaded with noble gases, the quantities of gases
expected to be trapped into the sealed platinum capsule
were ~1.3x 107 (*He), ~2.6x107° (**Ne) and
~8.6 x 1077 (**Ar) moles (assuming a capsule length of
12.4 mm, an internal diameter of 2.6 mm and a pressure
of the gas mixture of 3 bars). This is sufficient to saturate
with noble gases the ~32 mg (G1) and 45 mg (G2) of glass
loaded into the capsules (see Table 3). Thus the relatively

Total extraction

T
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1200 1400 1600 1800

Temperature (K)

Fig. 3. He (circles), Ne (diamonds) and Ar (squares) release profiles for G1 (white) and G2 (black) glasses. Helium is completely degassed at
the end of the step heating experiments while ~65% and ~20% of the Ar and Ne, respectively, remain trapped in the glass G1 (due to their
lower diffusion rates). The remaining Ar and Ne were extracted by complete melting of the sample using a CO, laser in a separate experiment.

Table 3
Noble gas loss during the doping process of the G1 and G2 glasses.

Solubility” Gas capsule” Gas glass® Gas loss’ Glass homogeneity”
mol/g mol/g mol/g % mol/g mol/g mol/g %
Gl 40AT 54x107° 2.7 %1073 9.3 x 1077 ~96.6 - - - -
2Ne 3.1x107° 8.1x107° 7.8 x107¢ ~90.4 - - - -
“He 9.1 x 1073 29 %107 1.4 %1073 7952 - - - -
G2 N 1.7%x107° 1.9 % 107° 22x107° ~88.5 1.9 % 107° 1.8 x107° 2.0x107° %
“He 1.9x 107 29 % 107 7.3 % 107° —97.5 1.3 %107 1.2x107° 1.1x107° 9%

% The solubility of noble gases at the P-T conditions of the piston-cylinder experiments (1.2 GPa-1760 K) was computed using the model of

[acono et al. (2010).

® Quantities of noble gases loaded in the capsule (number of moles of noble gases loaded in the capsule divided by the mass of glass powder).
The number of moles of noble gases was computed assuming a capsule length of 12.4 mm, an internal diameter of 2.6 mm and a pressure of

the gas mixture of 3 bars.

¢ Quantities of noble gases extracted from the glass fragments in the step heating experiments.

4 Percentage of gas loss expressed as the ratio (Gas glass — Gas capsule)/Gas capsule. This gas loss presumably occurred when the capsules
were crimped in a vice just before welding.

° Quantities of He and Ar extracted by laser fusion of 3 chips of glass G2 of 6.7 x 1072, 2.9 x 10~ and 2.35 x 10~ mg (columns 7 to 9,
respectively). The variability (%, last column) is expressed as the ratio of the standard deviation divided by the average quantity of He or Ar

extracted.



low concentrations of noble gases measured in the glass
fragments suggest that a significant proportion of gas was
lost (up to ~95% in average in glass G1, and 93% in glass
G2) either before the sealing of the platinum capsules or
during the piston-cylinder experiments (see Table 3). This
does not affect, however, the diffusivity measurements as
the noble gas contents in the glass fragments are large
enough to overcome high temperature procedural blanks
(see Table 1 and Fig. 1). The glass homogeneity was verified
by laser fusion of 3 different aliquots of c. 6.7 x 1072,
2.9 x 107! and 2.35 x 10~" mg of glass G2: the final glass
exhibits reasonably homogeneous noble gas concentrations
with <7% variability in Ar concentrations and <9% vari-
ability in He concentration.

The large diffusion coefficients of He, and to a lesser
extent Ne, in silicate glasses suggest that some of the noble
gases in our glass fragments could be lost at room temper-
ature by diffusion during the ~ two weeks between the end
of the piston-cylinder experiments and the beginning of the
step heating experiments. This would mean that the initial
distribution of noble gases in the glasses was not uniform
and therefore that we cannot use the expressions from
Fechtig and Kalbitzer (1966). If we extrapolate our experi-
mental data to 298 K (the approximate storage temperature
of our glasses), we obtain normalized diffusion coefficients,
D/d?, equal to 5.05 x 10~* s for He and 1.17 x 10~1*s7!
for Ne. The percentage of noble gases lost from a spherical
fragment over a time interval Az can be estimated using the
function:

AD
f:6\/if3At92
T a

where f'is the fractional gas loss (Crank, 1975). For a time
interval of two weeks at 298 K, we calculate diffusional
losses of 0.08% for He and 0.04% for Ne, which can be con-
sidered as negligible for our application. This result is con-
firmed by isothermal steps of 20 min at room temperature
performed for blank purpose: the blank values were negligi-
ble for both He and Ne (under a high vacuum of

3)

108 mbar). Therefore, we can reasonably assume that no
significant diffusional loss happened between the end of
the piston-cylinder experiments and the beginning of the
step heating experiments.

3.2. Diffusion coefficients of noble gases

The diffusion coefficients measured for “He, 2°Ne, 3°Ar
and “°Ar are given in Table 1 and plotted as a function of
1/T in Fig. 4. The diffusivities of the noble gases in the
glasses investigated do not display simple Arrhenian behav-
ior: it is not possible to define a single slope and intercept
for any of the gases in a plot of Log(D/a®) vs. 1/T
(Fig. 4). Nevertheless, there are distinct regions for each
gas where Log(D/az) is a linear function of inverse temper-
ature. These regions of “Arrhenian behavior” are separated
by clear changes in slope. For both glasses, the first few dif-
fusion measurements at low temperatures do not lic on the
lines that best fit the diffusion data at higher temperatures
or define trends that are difficult to reconcile with physical
diffusion mechanisms. In some cases, these deviations are
presumably due to the small gas fractions extracted during
these low temperature steps: for instance, F < 0.33% for He
and Ne in glass G1. In other cases, it seems likely that the
first steps of noble gas release have been affected by the
irregular shape of our sample grains. For example, the Ar
diffusion data for glass G2 show a well-defined linear trend
in the six lowest temperature steps (grey diamonds at 723—
898 K; Fig. 4). The slope of this trend indicates, however,
an activation energy of only 60 kJ mol™!, which is very
low in comparison to the activation energy measured at
T>923 K of 166 kJ mol~'. Accordingly, we presume that
it is not representative of Ar diffusion in glass, and that it
is biased by preferential gas extraction from shards and
spines in our irregular samples. Such shape effect leads to
anomalously high diffusivities as the average diffusion dis-
tance is significantly shorter (and the fractional loss is
greater) than in the case of a sphere (Eq. 1a-c). The first dif-
fusion measurement for He in glass G2 seems also slightly
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Fig. 4. Diffusion coefficients of “He, 2°Ne and “°Ar in glasses G1 and G2. Symbols are as follows: squares and diamonds for G1 and G2,
respectively; “He empty, 2°Ne half-filled and “°Ar filled. The grey symbols are not included in the fit for determining the low temperature

Arrhenius parameters (see text for an explanation).



overestimated and could be affected by this shape effect.
The shape effect is expected to be limited to the lowest tem-
perature steps because shards and spines should rapidly get
depleted in noble gases. Similar phenomena have been
reported in Ar diffusion studies in glasses and minerals
(Fechtig and Kalbitzer, 1966; McDougall and Harrison,
1999). It is therefore justifiable to ignore the first few release
steps of each sample. The steps ignored are indicated by
stars in Table 1 and by grey symbols in Fig. 4.

There was almost no Ar released from glass G1 at
T <T,, so our diffusion data in this glass are at 7'~ T,
and above. The diffusion data for the three lowest temper-
ature steps exhibit a well-defined linear trend (grey squares
at 1003-1039 K; Fig. 4). The slope of this trend yields, how-
ever, a value of ~350 kJ mol™", which is unreasonably high
for an activation energy: for comparison, the activation
energy for Si diffusion in amorphous silica is 255 kJ mol ™!
(Brebec et al., 1980). This behavior is opposite to that
observed in glass G2 and cannot be due to the shape effect.
The high activation energy inferred for glass G1 at low tem-
perature seems unlikely to correspond to Ar diffusion
through the melt (7> T,) but may reflect some softening
processes affecting the glass structure at 7T~ T, (see
Section 4.3). This assumption seems to be confirmed by
the similarity with the Ne diffusion behavior at T'~ T,.

Table 4

However, these observations are only made on three
temperature steps and we would need data at lower temper-
atures (7' < T,) to demonstrate a non-Arrhenian behavior
of Ar close to the glass transition temperature. At this
point, we consider that our low-7 database for Ar is too
limited to fully explain an activation energy as high as
350 kJ mol~!. For this reason, we have decided to exclude
the three lowest temperature steps in our database
(T'=1003, 1023 and 1039 K), although the fractions
released for these temperatures are not negligible
(F=1.4%, 3.2% and 6.3%, respectively). Further experi-
ment, at lower temperature (7 < T,) are required to confirm
the non-Arrhenian behavior for Ar at T~ T

The Ne diffusion data for glass G1 clearly show two dis-
tinct behaviors (ignoring the anomalous low temperature
points). Between 623 and 863 K, there is a well-defined
linear region, followed by a non-linear region which
asymptotically tends to a straight line with increasing tem-
perature (Fig. 4). It is significant that this deviation from
linearity occurs close to the T, computed from the viscosity
measurements. The He diffusivity data for both glasses (G1
and G2) display a similar non-linearity (i.e. a low tempera-
ture linear region followed by a curved region), although no
diffusive jumps are observed, in comparison to that of Ne.
The He diffusion data seems therefore to quickly reach a

Parameters T», A;/a’, B; and C estimated by fitting the modified VTF relationship (Eq. (6)) and Arrhenius law (Eq. (4)) to our He, Ne and Ar

diffusion data for G1 and G2 glasses.

Gl Regime ' T, (K) AyJd* (s7h B, (kI mol™!) C (kJ.mol™)
Ar Glass - - - -
T, transition — - — —
HT - 2.3 x 10* + 40 - 98.5+ 17
(10411118 K)
Ne Glass - 0.97 £ 0.02 - 34.5+2.85
(653-1023 K)
T, transition 1034.4 2.6 x 1072 0.06 56.7
(1039-1103 K)
HT - - - -
He Glass - 6.4 x 1072 - 30 4 0.45
(473-823 K) +2.7x 1072
T, transition 790 7.55 % 1073 3.1 18.8
(863-1023 K)
HT - - - -
G2 Regime ' T, (K) Ay/a% (s71) By (kJ mol™) C (kI mol™)
Ar Glass - 1.8 x 10" - 166 + 4.6
(923-1073 K) +3.27 x 10°
T, transition - - - -
HT - - - -
He Glass - 1.2x10°+9 - 354225
(533-748 K)
T, transition” 750 1.5x 1073 0.27 3.8
(773-973 K)
HT - - - -

! For each gas, three different regimes are distinguished: glass regime, T, transition, and high temperature domain (HT; see text for
discussion). In the glass regime, the diffusion behavior is Arrhenian, and 4,/a* and C are equivalent to Do/a* and E, respectively (and B; = 0).
2 Although T, has not been measured for glass G2, the curve fitted in order to estimate these T, A,/a%, B, and C parameters likely

encompasses the 7, (see Fig. 8).



plateau. Also, the temperatures at which the diffusion
regime switches from linear to non-linear are not the same
for He and Ne. The linear portions of the Arrhenius dia-
grams (Fig. 4) can be interpreted as temperature activated
diffusion through the glass structures. The He and Ne acti-
vation energies in G1 are slightly different with E,(He)
=30+045kImol™! and E,(Ne)=34.5=+2.85kJ mol™!
(Table 4).

Diffusion of “He in glass G2 is similar to that observed
in glass Gl: a linear correlation between log(D/a*) and
1/T from 473 to 798 K, corresponding to an Arrhenian
behavior with E, =354 2.25kJI mol™!. This is followed
by a non-Arrhenian regime at higher temperatures
(Table 4). As discussed above, diffusion of *“°Ar for the
six extraction steps between 723 and 898 K in glass G2
defines a linear correlation corresponding to an activation
energy E, =64.5kImol”!. However, the gas fractions
released at these temperatures are very low (F<0.1%;
Table 1) so these data are presumably biased by gas release
from the sample surface irregularities. At 7> 898 K, *°Ar
diffusion shows a linear behavior corresponding to an acti-
vation energy E, =166 +4.6kJ mol™!, which is close to
that expected for Ar diffusion in a silicate glass or liquid.
For comparison, E, equals 133424 kJmol~" in albite
(Na,0-AlL,05-Si0,) glass (Roselieb et al., 1992) and
1757kImol™!  in a K,0-CaO-AlL,O;-SiO, glass
(Reynolds, 1957).

3.3. Diffusion coefficients of Ar isotopes

Our step heating experiments demonstrate that the two
isotopes of Ar do not diffuse at the same rate, with *®Ar dif-
fusing more rapidly than “°Ar. In a plot of the ratio D
(*°Ar)/D(*°Ar) as a function of T (Fig. 5), the diffusion of
4OAr is less than 3% slower than that of *Ar at high temper-
atures (7> 1040 K), with D(*°Ar)/D(*°Ar) equal to 0.98
4+ 0.14. The three data at the lowest temperatures suggest
that D(*°Ar)/D(**Ar) may become strongly temperature
sensitive at temperatures close to the glass transition: at

1003 K, the diffusion of *°Ar is 24% slower than that of
3Ar. At present, we don’t know if this strong kinetic
fractionation of Ar isotopes at low temperatures is due to
structural changes close to the glass transition or if it is
an experimental artifact related, for instance, to the small
fractions of noble gases extracted at these temperatures.
Replicate experiments are needed to confirm the strong
kinetic fractionation of **Ar and *°Ar close to the transition
temperature.

4. DISCUSSION

4.1. Relationship between diffusion coefficient and
temperature: alternatives to the Arrhenius law

It is commonly established that transport properties
strongly depend on temperature. The relationship between
diffusion coefficient, D (and therefore the D/a* parameter)
and temperature, 7, is described by the Arrhenius equation:

4)

where Dy is the pre-exponential term, corresponding to an
limiting diffusivity at T=o00, E, is the activation
energy for diffusion (Jmol™!), R the gas constant
(=8.314 T K" mol™!) and a is the diffusion domain radius
(taken to be the sample size in our case). Thermally
activated diffusion thus results in a straight line in a plot
of Log(D/a®) versus 1/T. Nonetheless, it has been shown
that diffusion in glass can diverge from the classical
Arrhenius equation, particularly at temperatures close to
or above T, (Braedt and Frischat, 1988; Behrens, 1992).
Different relationships (principally empirical) have been
derived to account for the departures from Arrhenian
diffusion at T close to T,. The empirical VTF equation
(Vogel, 1921; Fulcher, 1925; Tammann and Hesse, 1926),
originally established to describe the viscosity temperature
dependence of molten silicate, has been adapted to account
for ionic conductivities ¢ (Caillot et al., 1994):
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Fig. 5. Relative “°Ar-*®Ar diffusivities in glass G1 as a function of temperature. The dashed line corresponds to Graham’s law: D(*°Ar)/D
(*°Ar) = 0.95. The solid line corresponds to the average value of the high temperature data (solid symbols; 7> 1040 K): D(*°Ar)/D(*°Ar)

=0.98 +0.14 (2-0).
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B

a-A*exp( R(T—T2)> (5)

The variable B can be interpreted in terms of a
“pseudo-activation energy” associated with diffusive jumps
facilitated by structural rearrangements (Caillot et al., 1994;
Russell et al., 2003). T is the temperature at which the dif-
fusion regime switches from Arrhenian to non-Arrhenian
and is thereafter referred to as the switch temperature; A
is equivalent to the pre-exponential factor of Arrhenius
equation. Macedo and Litovitz (1965) developed a modified
VTF relationship, which combines an Arrhenius-like term
with the VTF parameterization. Miyamoto and Shibata
(1973) and Cheradame (1982) used this modified VTF rela-
tionship to better fit their conductivity data on salt-polymer
complexes at high temperature. We propose here to use the
modified VTF equation in order to explain the diffusion
behavior of noble gases in our glasses:

D 4, B C
2 a2 P (_m_ﬁ)
The variables 4, is equivalent to 4 in Eq. (5) and C is
equivalent to the activation energy of an Arrhenius equa-
tion. By, similar to the variable B, can be also interpreted
as a “pseudo-activation energy” that reflects the influence
of the silicate network relaxation on the diffusant in
question. When B; tends to 0, Eq. (6) tends to a classical
Arrhenius equation implying that diffusion is a simple
thermally activated process. Therefore, when B; =0,
diffusive jumps are constrained by a fixed energy barrier
between the diffusive sites within the silicate network.
Diffusion through a glass can be considered as successive
jumps between free volume sites in the silicate network
(Doolittle, 1951; Turnbull and Cohen, 1961, 1970;
Williams et al., 1955; Cohen and Grest, 1979), and the
availability of the free volumes determines the diffusive

(6)

behavior of a species. When B; # 0 (i.e. non-Arrhenian
behavior), there is an additional probability of an intersti-
tial atom accessing newly created free volume due to
enhanced mobility of atoms within the silicate network
(i.e. available site distribution varies due to modifications
in the distribution of free volume within the silicate net-
work). Note that parameters 4, A, B, B; and T, obtained
by fitting the experimental data have different physical sig-
nificance depending on the microscopic model chosen to
describe the diffusion mechanisms.

Non-Arrhenian behavior is observed in glass G1 as Ty is
approached (Fig. 4). It is characterized by an upward cur-
vature, stronger for heavy noble gases (Ne, Ar) than for
He (Fig. 4). This upwards curvature can be related to the
lattice mobility which allows the diffusing atoms to move
faster within the silicate network. As a consequence, the
diffusion coefficient increases because the free volume
(available site for diffusive jumps) increases. However, a
plateau is reached as soon as the lattice mobility stops being
critical for the atoms diffusion jumps. This stage is feasible
when the distance between two sites is large enough to not
affect the noble gas diffusive jump within the silicate net-
work. Therefore, atoms of different sizes will be affected dif-
ferently as a function of their ease to jump from one site to
another. Smaller atoms (He) will be less affected than larger
atoms (Ne) (Fig 4). The switch from an Arrhenian to a non-
Arrhenian diffusive regime occurs at different temperatures
T, for the different gases. In order to quantify the different
diffusive regimes (Arrhenian or non-Arrhenian) for He, Ne,
and Ar in glasses G1 and G2, we fitted Eq. (6) to the data
by least squares fitting. Solutions to Eq. (6) are not unique
and the fitting procedure can yield physically nonsensical
values for A4/a®, By, C and T, depending on the initial
values assigned to those parameters. Nevertheless, by
restricting the outputs to physically meaningful values,
given by the initial fitting conditions, the solution of

N
>

&

Fig. 6. 2D sketches illustrating the interactions between the non-bridging oxygens (O*~, red circles) and the bridging oxygens (O, purple
circles) within the glassy state (a), close to the glass transition (b), and in the melt (c). The yellow circles are Si atoms. In the glass (a), the
spatial position of tetrahedral chains remains fixed. Diffusion of noble gases is therefore Arrhenian, and the free volume is constant. As the T
is approached (b), thermal energy allows spatial modifications of the tetrahedra network (rotation, relative movement of tetrahedra, etc.) over
short and medium range (double arrow line). The free volume is no longer fixed, and structural modifications enhance noble gas diffusion to a
variable extent (large for Ne, small for He). In the liquid state ("> T},) (c), energy is sufficient to break connection between two tetrahedral
units and allow new diffusion pathways within the silicate network (thick arrow). The system is now dynamics, with oxygen exchange

(bridging oxygen to non-bridging oxygens) under thermal excitation.
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Fig. 7. Diffusion coefficients for O>~ (ionic oxygen) in Gl glass (solid circles; calculated from the viscosity data using Stokes—Einstein
equation) and in several representative glass and melt compositions: CAS (16Ca0-12A1,03-72Si0,) Oishi et al. (1975); NCS (16Na,0-12CaO-
728i02) Terrai and Oishi (1977); Pyrox (538i0,-20Ca0-14MgO-13Fe0), solid diamonds Magnien et al. (2008). The datum for G1 at T< T,
(labeled 1) indicates the theoretical O>~ diffusion coefficient calculated from the minimum diffusion distance of the silicate network: ~150 pm
(O-0 bound length). Such an O*~ diffusion coefficient (D = 9.4 x 1072 cm s™!) at 7= 863 K allows non-arrhenian behavior for He (see text

for discussion).

Eq. (6) converges systematically towards the parameter sets
listed in Table 4. Therefore, we observe a shift of the Arrhe-
nian to non-Arrhenian switch temperature as a function of
noble gas: Thue) < Toney Where Tope) =863 K and 75
(Ne) = 1034.4 K are the switch temperatures of He and Ne
respectively. A switch temperature for Ar cannot be calcu-
lated due to the lack of data at temperatures below T.
The reason why similar non-Arrhenian diffusion profiles
have not been observed for noble gases in the past may be
that most diffusion measurements were made in silica-rich
glasses. This is emphasized by Ar diffusion in glass G2,
which is a silica-rich glass compared to Gl and which
shows a well-defined Arrhenius profile (Fig 7c; Ar data
are not available for glass G1 in this temperature range).

4.2. Glass structure: a microscopic view

As discussed previously, the silicate network strongly
influences diffusion of the noble gases over the temperature
range investigated. It is therefore necessary to understand
the glass structure in order to determine how it controls dif-
fusion processes in glasses.

It is well known that in silicate glasses Si*' is a network
former while Ca®>*, Na*, K* and Mg+ act as network
modifiers or charge compensators as a function of the ratio
M’2‘7XO/A1203 (M = Mg, Ca, Na, K). The addition of mod-
ifier cations to silica glass depolymerizes the Si—O-Si glass
network by breaking Si-O bonds and forming non-
bridging oxygens (NBO; see Le Losq et al. (2014) for a
detailed explanation). Binary M’;_O—SiOz glass mixtures

have short-range order (for instance, a SiO, tetrahedron)
and medium-range order (e.g. chains of tetrahedra which
lead to ordering up to about 1nm), but they lack the
long-range order and symmetry of crystals (Parks and
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Huffman, 1928; Doremus, 1975). Diffusion of inert tracers
through the glass or (incipient) liquid will be extremely
sensitive to rearrangement of the glass structure at short
and medium length scales.

4.3. Silicate glass structure and noble gas diffusion

Increasing temperature leads to the creation of addi-
tional potential host sites (available empty space within
the glass structure) for the noble gases, and thus to faster
diffusion (Chakraborty, 1995). Our diffusion data (Fig. 4)
can be explained by modifications of the silicate network
(i.e. free volume variation) as the temperature approaches
T,. Therefore, the kinetics of the silicate network modifica-
tion needs to be probed in order to identify potential diffu-
sion pathways of each noble gas within the glass medium.
As the structure of the silicate network is controlled by bulk
composition, it is also expected that the number of host
sites created with increasing temperature varies with the
glass/melt composition. As a consequence, light (He) and
heavier (Ar) noble gas diffusivities in silica-rich glasses com-
pared to depolymerized glasses should reflect the effect of
glass structure. A microchannel model is presented in order
to explain He and Ar diffusion data in G1 and G2 glasses.

4.3.1. Silicate tetrahedra rupture: The O°~ diffusion probe
Tonic oxygen diffusion is principally related to diffusion
of non-bridging oxygens within the glass structure and
can be used as a probe for investigating the rate of modifi-
cation of the silicate network (Oishi et al., 1975; Dunn,
1982). Free oxygen ions are either able to diffuse through
the network without impacting the arrangement of silica
tetrahedra within the melt (Sasabe and Goto, 1974;
Wendlandt, 1980) or else O®~ diffusion is limited by



translational and/or rotational movement of the SiO, tetra-
hedral units requiring that Si[AI}FO bonds are ruptured
prior to O* displacement (Koros and King, 1962;
Muehlenbachs and Kushiro, 1974). While bridging oxygens
could also contribute to O*~ diffusion (for example through
changes in coordination of oxygens within the tetrahedra),
this is likely minor relative to the diffusion of non-bridging
oxygens in the network. The different mechanisms involved
result in different activation energies for O*~ diffusion: typ-
ically, low EQ? are associated with free ionic displacement
without displacement of the SiO, tetrahedra (Fig. 6a).
From the literature, low E9°~ recorded in silicate melts
are generally between ~100 and ~250 kJ mol~! for natural
tholeiitic basalt and andesite glasses (Wendlandt, 1980) and
in synthetic glasses (May et al., 1974; Oishi et al., 1975; De
Berg and Lauder, 1980; Dunn, 1982). Conversely, high val-
ues of EQ*~ (>320 kJ mol™!) have been measured in syn-
thetic melts (Koros and King, 1962) and in natural
basaltic melts (Muehlenbachs and Kushiro, 1974) and are
associated with interactions between the O®~ and bridging
oxygen bonds (Si-O or Al-O; Fig. 6¢).

In order to evaluate whether displacements of non-
bridging oxygen ions can affect glass structure and thus
noble gas diffusion over the durations of our experiments,
we need to have estimates of the relevant O®~ diffusion
coeflicients. These coefficients were computed for glass G1
at temperatures above T, using the available viscosity data
(Fig. 2) and Stokes—Einstein relation (Tarjus and Kivelson,
1995; Geyer et al., 1996):

kT
~ 6myr

()

where k is the Boltzmann constant (1.38 x 1072 J K1),
and r (m) is the effective molecular radius (Fig. 7). By set-
ting r equal to the O-O bond length (1.485 x 107" m;
Strausser et al., 2007), it has been shown that there is a
good agreement between the diffusion coefficients calcu-
lated from viscosity measurements using Eq. (7) and inde-
pendent determinations of O*~ diffusion (Oishi et al.,
1975; Terrai and Oishi, 1977; Yinnon and Cooper, 1980).
The O~ diffusion coefficients calculated using Eq. (7) are
plotted in Fig. 8. For comparison, O~ diffusion data from
the literature are also shown for different melt composition:
CAS (Ca0-Al,05-Si0,) (Oishi et al, 1975); NCS
(Na,O-CaO-Si0,) (Terrai and Oishi, 1977) and Pyrox
(Si0,-Ca0-MgO-FeO) (Magnien et al., 2008).

The activation energy at high 7 in glass Gl
(T> 1773 K), ES?~, is 337 kJ mol ™. This is consistent with
the higher values reported in the literature, and it indicates
that the displacement of O®~ ions involves rupturing of Si
[AIO bonds within the melt structure. At lower tempera-
tures, between 7T, and ~1300 K, we observe a strong
increase in activation energy: E, = 764 kI mol™! (Fig. 7).
This high activation energy can be related to the increasing
rigidity of the silicate network as the glass transition is
approached. Thus, O>~ diffusion in glass G1 involves Si
[Al]-O bond rupture both close to T, and in the liquid state.
The O~ diffusion mechanisms in glass G1 at T < T, remain
unknown, however, because we do not have measurements
of E9?~ below T,.
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4.3.2. Time and length scales of free volume modification
during the noble gas diffusion experiment

In both glasses investigated, He, Ne and Ar show Arrhe-
nius behavior at low temperatures, corresponding to tem-
perature activated diffusion through an immobile glass
structure: the available free volume for diffusive jumps is
static with respect to the possible diffusion mechanisms
already described above.

If the non-Arrhenian behavior of He and Ne diffusion is
related to modification of the silicate network, then this will
only be possible if the network is sufficiently mobile to mod-
ify its free volume over the time scale of a diffusion experi-
ment (typically 2400s). Using the O* diffusivities
estimated above for 7> T,, we can calculate characteristic
O~ diffusion distances: x ~ [D(OZ_)J]UZ‘ These diffusion
distances need to be larger than interatomic distances in
order to modify the network and create additional free vol-
ume for noble gas diffusion. We could make these calcula-
tions only for Ne because it switches to a non-Arrhenian
diffusion regime at 7> T,. The switch to non-Arrhenian
Ne behavior (at temperatures close to 1039 K) corresponds
to O diffusivities of 5 x 10~ ecm*s ™' and to O*" diffu-
sion distances of ~500 x 10™'2 m (500 pm). These diffusion
length scales are 2 to 3 times larger than Si-O (163 pm), Si-
Si (233 pm), and O-O (148 pm) bond lengths (Strausser
et al., 2007): it seems plausible therefore that there are some
modifications to free volume at these temperatures and on
these time scales. Noble gas diffusion at 1039 K is no longer
simple temperature activated diffusion but is instead
enhanced by simultaneous rearrangement of the silicate net-
work. Similar structural changes have been invoked to
explain non-Arrhenius behavior of Na diffusion in plagio-
clase glasses. In the case of Na self-diffusion in glass,
Behrens (1992) attributes the change in slope to different
relaxation processes close to T.

4.3.3. Silicate network mobility below the glass transition
temperature

Our observations show, for the first time, the influence
of free volume relaxation at temperatures well below T,
142 K lower than the experimentally determined 7, in the
case of He diffusion through G1 glass. This indicates that
the noble gases, particularly He, are extremely sensitive to
the first slight modifications of the silicate network as T,
is approached. Also, these observations show that atomic
radius influences the sensitivity of the noble gases to
structural modifications within the silicate network, He
reacting to structural modifications at lower temperatures
than Ne.

As our viscosity measurements and O~ diffusivity esti-
mates are only available for 7> 997 K, it is not possible
to directly estimate network diffusion length scales at the
temperature at which the He diffusion regime switches from
Arrhenian to non-Arrhenian. Instead, we estimate the min-
imum O*" diffusion coefficient needed in order to allow
structural modifications over the time scale of the diffusion
experiment, thus resulting in the non-Arrhenian He
diffusion behavior observed. For this calculation, we
considered a temperature corresponding at the onset of
the non-Arrhenian regime for He diffusion (7"= 863 K).
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The O~ diffusion distances need to be greater than
characteristic interatomic distances of the silicate network
(the O-O bond length of 148 pm) at T=863 K. The
minimum O?~ diffusivity that would permit structural
rearrangements of the silicate network is of the order
1 x 107" em? s™!. The extrapolation of the O*~ diffusion
trend to temperatures below T, suggests much lower 0>
diffusivities at these temperatures (see Fig. 7). Nevertheless,
Magnien et al. (2008) investigated O*~ diffusion in a Pyrox
glass (53Si0,-20Ca0O-14MgO-13FeO) at temperatures
below the glass transition (Fig. 7). Their results show that
at and below T, the O’ activation energy is considerably
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lower. As a result, the O%~ diffusion coefficient varies little
at T<T,. It can be reasonably considered that a similar
change in slope occurs in G1 glass. It seems plausible there-
fore that the O~ diffusion distances could be sufficiently
high to allow structural modifications in G1 at tempera-
tures 142 K below 7.

4.3.4. The effect of microchannels in the glass structure on
noble gas diffusivities

While it has been established that He diffuses more
rapidly in silica-rich glasses relative to depolymerized,
silica-poor glasses (Shelby, 1974; Shelby and Eagan, 1976;



Behrens, 2010), our Ar diffusion data in G1 and G2 glasses
show the opposite trend, i.e. Ar diffuses faster in silica-poor
glass than in silica-rich glass. This observation is consistent
with the study of Reynolds (1957) who obtained a similar
relation between He and Ar diffusion in alkali silicate
glasses (Fig. 9).

The presence of constrictions within the network is
expected to impede diffusion of large noble gas atoms to
a greater degree than smaller noble gas atoms. On the con-
trary, the presence of large and open diffusive pathways
would allow all noble gases to diffuse at the same rate. Vari-
ations in D(He)/D(Ar) as a function of glass composition
will therefore reflect the distribution of such restrictions in
the glass network.

Greaves et al. (1981), see also (Greaves, 1985, 1989) sug-
gested in the Modified Random Network (MRN) model
that, in silicate glasses, alkali metals are concentrated in a
local fine structure, known as microchannels, through the
infinite disordered silicate network. This concept has since
been corroborated by diffusion data (Greaves and Ngai,
1995), imaging of the glass nanostructure (Frischat et al.,
2004) and inelastic neutron scattering and molecular

dynamic simulation (Meyer et al., 2005; Kargl and
Meyer, 2008). The MRN model considers alkalis as net-
work modifiers, and hence, the microchannels walls concen-
trate NBOs. Therefore, increasing the silica concentration
tends to decrease the fraction of such channels constructed
by the network-modifiers. On the other hand, this increase
in silica leads to a more interconnected tetrahedral network,
with an increase of the free volumes at the center of inter-
connected tetrahedral rings and cages (i.e. ring connectiv-
ity). It has also been recently shown by Le Losq et al.
(2014) that aluminum excess contributes to creating con-
nected tetrahedra in peraluminous high silica-glasses which
also results in microchannels (Le Losq and Neuville, 2013).

Microchannels associated with large, strongly intercon-
nected tetrahedral cages and rings in silica-rich glasses are
likely to produce fast pathways for diffusion of specific
noble gases that have atomic radii sufficiently small to pass
through the channels. In contrast, poorly connected net-
works where the channels are occupied by network modifier
cations probably do not represent diffusive pathways for
the noble gases. As a result, diffusion in silica-poor glasses
(which will also be poor in connected channels) may in turn
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diffusivities are enhanced in silica-rich glass.
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be more readily influenced by the extent of Si-O bond rup-
turing close to the 7.

He diffusion in the G2 silica-rich glass and the G1 silica-
poor glass, and generally in different silica content glasses,
follows this pattern (Fig. 9a) and presumably the more
rapid He diffusion in G2 glass reflects the additional con-
nectivity of the glass structure.

It seems likely that the microchannels that are available
for He diffusion are too small to allow passage to the larger
Ar atoms. As a result, Ar diffusion is instead governed by
the entire structure of the glass network (ionic porosity)
(Fig. 10). Therefore contrasting behavior is observed for
Ar and He diffusion through glass networks where cre-
ation/destruction of microchannels is critical to He diffu-
sion whereas the ionic porosity (i.e. the integrated free
volume in the glass or melt structure) is the determining fac-
tor for Ar diffusion.

4.4. Diffusive fractionation of Ar isotopes

According to Graham’s law, the rate of diffusion of one
gas in another or in air is approximately inversely propor-
tional to the square root of its molecular weight. In the case
of two isotopes A and B of a noble gas, the law can be
written:
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Dy _ (M)’ g
o= (ir2) )
where D 4, Dy and M4, My are the diffusion coefficients and
the masses of isotopes A and B, respectively, and ff =0.5
for gases. It is generally assumed that diffusion of different
isotopes of a single noble gas through solids (glasses, crys-
tals) follows a similar law (Craig and Lupton, 1976;
Kaneoka, 1980; Burnard and Harrison, 2005; Yamamoto
et al., 2009; Pinti et al., 1999; Ruzié and Moreira, 2010).
The fundamental assumption behind Graham’s law is that
the diffusing species (*°Ar and *°Ar in our case) share the
same kinetic energy:

1/2MAV3 = 1/2M3V3 9)

While this is true (and has frequently been experimen-
tally demonstrated to be the case) for diffusion in the gas
phase, in the case of crystals and glasses interaction of the
gases with the crystalline or glass framework invalidates
this assumption: there are no **Ar — *“°Ar collisions which
redistribute kinetic energy.

According to Graham’s law, 36Ar should diffuse 5%
faster than “°Ar if B is set to 0.5 in Eq. (8): D*Ar/
D*°Ar = (36/40)'2 = 0.95 (Fig. 5). Our data for glass G1
at high temperatures (7> 1040 K) suggest that *°Ar diffuses
only 2-3% faster than *°Ar (Fig. 5), implying that p is less



than 0.5: § ~ 0.23. The average value of our D*’Ar/D*°Ar
data for 7> 1040 K is, however, equal to 0.98 +0.14
(2—0), so it is equal within error to 0.95.

The low temperature Ar diffusion data (1003 < T<
1040 K) suggest that isotopic fractionation of Ar isotopes
may be temperature dependent, with fractionation increas-
ing significantly at low temperatures (Fig. 5): D*°Ar/D*°Ar
rapidly decreased with decreasing temperature, from near
unity at 7> 1040 K to 0.76 close to T, (T = 1003 K). We
note that there is significant uncertainty associated with
Ar diffusivity measurements at low temperatures as they
correspond to relatively low fractions of gas released
(F <6%). In the Arrhenius diagram (Fig. 4), the low-T" Ar
data for glass G1 define a linear trend that is much steeper
than the high temperature linear trend. At present, we don’t
know if this steeper slope is due to structural changes close
to the glass transition or if it is an experimental artifact.
Because of this uncertainty and because we did not replicate
the experiment, the strong kinetic fractionation of Ar iso-
topes close to the glass transition temperature is a prelimi-
nary result that must be considered with caution.

Temperature dependent fractionation has already been
observed for other elements, for example for Li tracer diffu-
sion in pyroxenes by Richter et al. (2014). Trull and Kurz
(1999) observed that *He and *He diffusion in basaltic glass
is also temperature dependent, with § varying between 1.06
and 1.10 between room temperature and 773 K respec-
tively, well below the predicted value (1.15) given by the
inverse square root of mass relation. However, our data
shows that the ratio D**Ar/D**Ar decreases with increasing
temperature (for temperatures below 1040 K). This contra-
dicts Trull and Kurz (1999) observations for He where the
light isotope (*He) diffuses progressively more rapidly
relative to the heavy isotope (*He) at higher temperatures.
Conversely, Shuster et al. (2004) reported no significant
difference between the diffusion of *He and *He in Durango
apatite between 400 and 600 K. These conflicting observa-
tions may be related to different diffusion mechanisms
resulting from different temperature domains and different
materials (glass vs. crystal) as already suggested by
Shuster et al. (2004). Nevertheless, all these observations
strongly suggest that it is inappropriate to apply Graham’s
law to noble gas diffusion in solid materials.

4.5. Geological applications

These experiments considerably impact our understand-
ing of how the noble gases diffuse through solids, particu-
larly through silicate glasses. While these observations
have implications for several aspects of noble gas geochem-
istry (thermochronology, fractionation during magmatic
degassing), we focus here on post-eruptive diffusion of
noble gases into and out of volcanic glasses and on early
partial melting of clinopyroxene crystals.

4.5.1. Pumices

Kaneoka (1980), Pinti et al. (1999) and Ruzié and
Moreira (2010) demonstrated that atmosphere-derived
noble gases are trapped in bubbles in pumices, recording
both isotopic and abundance fractionations resulting from
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a diffusive process. Two different models were proposed
to account for this fractionation: Pinti and coworkers
(1999) proposed that atmospheric noble gases diffuse
through a glass shell (i.e. post eruption) while Ruzi¢ and
Moreira (2010) claimed that Ar diffusion through the glass
shell would be too slow, concluding that the fractionation
process must have occurred in the magmatic liquid, prior
to the eruption. In both studies, the authors used relative
noble gas diffusivities estimated using Graham’s law to con-
strain their models due to the lack of experimental diffusion
data.

Although our synthetic compositions do not match
those of pumices, we can nevertheless better constrain the
process of post-eruptive diffusion of noble gases by apply-
ing our experimental data. Ruzi¢ and Moreira (2010)
demonstrated that diffusion at low (ambient) temperatures
were too slow to permit heavy (Ne and Ar) noble gases to
significantly diffuse through 10 pm glass walls during the
few years elapsed since the eruption that produced the
pumice. They did not consider, however, the case of diffu-
sion occurring during pumice cooling. The diffusion coeffi-
cients of Ne and Ar at 1100 K are equal to D(Ne)
=51x10"%em?s™! and D(Ar)=6.2 x 107 cm?s7L.
With these coeflicients, the durations required for Ne and
Ar to diffuse through 10 pm glass walls fall to ~30 min
and ~4 h, respectively. If we consider now a glass shell
thickness of 1 um (the lower limit in pumices (Whitman
and Sparks, 1986)), the atmospheric noble gas diffusion
would be extremely rapid and take only ~20 s for Ne and
~2 min for Ar at 1100 K, which are reasonable time scales
for a sustained temperature of 1100 K.

It is important to bear in mind that the noble gas diffu-
sion coefficients above correspond to glass G1, which is
depleted in SiO, compared to pumice composition. The
SiO, content tends generally to increase the diffusivity
(Shelby, 1974a; Shelby and Eagan, 1976; Jambon and
Shelby, 1980; Carroll, 1991; Roselieb et al., 1992), and so
the time scales required for atmospheric contamination
may even be lower than the above estimates.

4.5.2. Applications to Ar diffusion in minerals
Non-Arrhenian diffusion of Ar has been observed in
crystals at temperatures approaching (but nevertheless well
below) their melting point. This was well illustrated recently
by Cassata et al. (2011) who observed a several orders of
magnitude increase in Ar diffusivities in clinopyroxene
(CPX) at ~1500 K relative to well defined Arrhenius behav-
ior at lower temperatures. They called this effect “argon
bursting”, and attributed it to early partial melting of the
crystalline network along structural defects. Early partial
melting of CPX has been reported by Doukhan et al.
(1993) and Richet et al. (1994) (despite the different conclu-
sions of these papers) among others. We propose that early
partial melting results in modifications of the crystal net-
work that are somehow similar to that observed in glasses
as the T, is approached and that lead to the Ar bursting
observed by Cassata et al. (2011). If this is the case, Ar
bursting could be modeled using the modified VTF
equation (Eq. (6)). As shown in Fig. 11, it is possible to
fit reasonably well the jump in Ar diffusivity using Eq. (6)
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with 4,/a®>=9.6 x 10°*s™ ', B; =031 kJmol ', C=4.2 x
103 kI mol~! and 7> = 1550 K. In other words, the CPX
crystal lattice starts to exhibit slight structural rearrange-
ments at temperatures below the liquidus, which are
correlated to small structural free volume modifications.
Moreover, Ubbelohde (1978) proposed that the “pre-
melting” precursor could be due to increasing ion mobility
within the mineral lattice, consistent with the network
relaxation concept.

5. SUMMARY

Step heating of noble gas doped silicate glasses over the
temperature interval 423-1198 K displays complex noble
gas (He, Ne and Ar) diffusion behavior. At low tempera-
tures, the diffusivities conform to traditional Arrhenius
behavior with well-defined activation energies (E,) and
pre-exponential factors (Do/a”). The activation energy
increases with mass (from He to Ne; Ar diffusion was not
measured at low temperatures) for Arrhenian regimes. At
higher temperatures, however, the He and Ne diffusion
becomes clearly non-Arrhenian. A modified VTF law is
proposed where a second pseudo-activation energy is added
to the exponential term in order to account for this non-
linearity in a diagram of Log(D/a*) vs 1/T: the modified
VTF law reproduces well the observations.

There are three different diffusion regimes which are
interpreted as follows:

1. Low temperature regime. Temperatures are sufficiently
low that the glass network is immobile and traditional
temperature activated (Arrhenian) diffusion occurs.

. Mid-temperature regime. As the glass transition (7) is
approached, the glass network is no longer rigid, allow-
ing modification of the free volume distribution within
the glass. Thus noble gas diffusion depends not only
on activation of the noble gas atoms but also on the

18

relaxation of the free volume, resulting in a second acti-
vation term in the modified VTF relation. O*~ diffusivi-
ties calculated above T, are sufficient to modify the
distribution of the free volume within the glass over
the time scale of the step heating experiments.

. High Temperature regime. At temperatures above T,
the silicate network softens and melts. Only *°Ne and
“He clearly show non-Arrhenian behavior in the high
temperature region (7> T,) of the step heating profile.

These new diffusion results are used to estimate the time
scales required to develop fractionated atmospheric noble
gas signatures in pumices and to discuss the effect of early
partial melting of clinopyroxene crystals on Ar diffusion.
We show that the modified VTF law can also be used to
describe Ar diffusion in clinopyroxene at high temperatures,
suggesting that slight modifications to the crystal lattice
have similar effects on Ar diffusivity as the modifications
of the silicate glass network close to the glass transition.
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