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Abstract

The diffusive behavior of argon in quartz was investigated with three analytical depth profiling methods: Rutherford Back-
scattering Spectroscopy (RBS), 213 nm laser ablation, and 193 nm (Excimer) laser ablation on the same set of experimental
samples. The integration of multiple depth profiling methods, each with different spatial resolution and sensitivity, allows for
the cross-checking of methods where data ranges coincide. The use of multiple methods also allows for exploration of diffusive
phenomena over multiple length-scales. Samples included both natural clear rock crystal quartz and synthetic citrine quartz.
Laser analysis of clear quartz was compromised by poor coupling with the laser, whereas the citrine quartz was more easily
analyzed (particularly with 193 nm laser). Diffusivity measured by both RBS and 193 nm laser ablation in the outermost
0.3 um region of citrine quartz are self-consistent and in agreement with previously published RBS data on other quartz sam-
ples (including the clear quartz measured by RBS in this study). Apparent solubilities (extrapolated surface concentrations)
for citrine quartz are in good agreement between RBS, 213 nm, and 193 nm laser analyses. Deeper penetration of argon mea-
sured up to 100 um depth with the 213 nm laser reveal contributions of a second, faster diffusive pathway, effective in trans-
porting much lower concentrations of argon into the crystal interiors of both clear and citrine quartz. By assuming such deep
diffusion is dominated by fast pathways and approximating them as a network of planar features, the net diffusive uptake can
be modeled and quantified with the Whipple-LeClaire equation, yielding 0D, values of 1.32 x 107" to 9.1 x 1077 em?/s.
While solubility values from the measured profiles confirm suggestions that quartz has a large capacity for argon uptake
(making it a potentially important sink for argon in the crust), the slow rate of lattice diffusion may limit its capability to take
up argon in shorter lived geologic environments and in experiments. In such shorter-lived systems, bulk argon diffusive uptake
will be dominated by the fast pathway and the quartz lattice (including natural isolated defects that may also be storing argon)
may never reach its equilibrium capacity.
© 2010 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

1.1. Argon diffusion in quartz
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(e.g., Watson and Cherniak, 2003) studies. Quartz would be
an effective sink for argon if, (1) the solubility of argon in
quartz relative to the solubility of surrounding phases
(i.e., partitioning) is high, and (2) if the diffusivity of argon
into quartz is high enough to permit argon to enter the
quartz over available timescales. However, apparent dis-
crepancies have been identified when comparing the exper-
imental studies of Watson and Cherniak (2003) and
Thomas et al. (2008) to that of Roselieb et al. (1997) whose
studies suggest argon diffusivity and solubility in quartz dif-
fer by several orders of magnitude. This apparent discrep-
ancy may be because these studies approached the
question of argon diffusivity and solubility from different
experimental and analytical directions: Watson and Cher-
niak (2003) and Thomas et al. (2008) used Rutherford
Backscattering Spectroscopy (RBS) to measure diffusive
uptake profiles in quartz at the 10’s of nanometer scale,
while Roselieb et al. (1997) used bulk analysis and electron
microprobe.

While the absolute solubility limit for argon in quartz
would rarely be reached in nature (i.e., there will rarely be
enough argon in a natural system to saturate quartz), the
parameter of greater importance is the partitioning of ar-
gon between quartz and other available system phases
(e.g., minerals, fluids, grain boundaries). In this regard,
the disparate conclusions of Watson and Cherniak (2003)
and Thomas et al. (2008) to Roselieb et al. (1997) lead to
different partition coefficients when compared to existing
solubility data for other minerals. As this study highlights,
depending upon the analytical method used, very different
apparent diffusivities and apparent solubilities may be
determined on the same mineral specimens. This shows
the challenges in using existing solubility data measured
by different methods to calculate mineral-mineral partition
coefficients.

This is the first time a dual-study using both RBS and
193/213 nm UV-laser ablation mass spectrometric analyses
has been undertaken on the same mineral samples, which
illuminate heretofore unrecognized complexities in quanti-
fying argon diffusivity. In comparing these three analytical
methods, we are able to identify the presence of two dis-
tinctly different diffusive pathways in quartz. We interpret
these two pathways as (1) slow lattice diffusion and, (2)
fast-path diffusion that may be controlled by extended de-
fects, dislocations or internal crystal imperfections. While
our study focuses on quartz, the analytical lessons and no-
ble gas behaviors learned here may well inform us about
similar issues affecting the measurement of argon diffusivity
solubility in other minerals, (e.g., Watson et al., 2007) con-
cerning the long term storage of argon in the solid earth.

1.2. Background: fast-path and multi-diffusion

An understanding of the diffusion mechanisms by which
geochronologically significant isotopes (e.g., Ar, He) are
transported over geologically relevant timescales is crucial
to geochronologic interpretations. It is likely because of
this, that studies to quantify argon diffusion in minerals have
been numerous (e.g., Foland, 1974; Giletti, 1974; Gilleti and
Tullis, 1977; Harrison, 1981; Harrison et al., 1985; Wartho

et al., 1999; Watson and Cherniak, 2003; Thomas et al.,
2008). In the past (Turner, 1968; Schirer and Allegre,
1982), mechanisms of volume diffusion have been studied
indirectly through geochronologic investigations concerning
both single crystals and bulk mineral separates.

With the advent of high-resolution micro-sampling tech-
niques, maps of intergrain spatial distribution of geochro-
nologically important isotopes can be obtained. Some
(Scaillet et al., 1990; Kelley and Turner, 1991; de Jong
et al, 1992; Hames and Hodges, 1993; Hodges et al.,
1994; Watson and Cherniak, 2003) found that most of their
samples adhered to volume diffusion, resulting in concen-
tration profiles interpretable in terms of simple diffusion
through the crystalline lattice. Some studies (Phillips
and Onstott, 1988; Onstott et al., 1991; Scaillet et al.,
1992; Kelley et al., 1994), however, determined that samples
yielded distinct concentration gradients, reflecting a mecha-
nism other than volume diffusion. Crystal defects (micro-
structural defects, edge/screw dislocations, micro-fractures,
nanopores, etc.) have been shown to allow for ‘enhanced’
or fast-path diffusion (Smoluchowski, 1952; Hart, 1957
Harrison, 1961; Le Claire, 1963; Ruoff and Baluffi, 1963;
Balluffi, 1970; Le Claire and Rabinovitch, 1984; Lee, 1995).

Most early work towards quantification of diffusion
rates within “fast paths” used measurements from low-an-
gle grain-boundary diffusion rates (Whipple, 1954; LeClaire
and Rabinovitch, 1984), relying on the assumption that the
transport along dislocations can be related to the transport
along an equivalent grain boundary slab, whereby the
cross-sectional area of the grain boundary slab is equivalent
to the sum of the area of the dislocations. LeClaire and
Rabinovitch (1981, 1982, 1983, 1984) considered the diffu-
sion into and along isolated, individual dislocations.

Potential fast-paths through which rapid diffusion can
occur have been observed in different minerals (Veblen
and Buseck, 1980; Skrotzki, 1990; Worden et al., 1990;
Hacker and Christie, 1991; Dohmen et al., 2002; Zhang
et al., 2006), and as a result, multiple diffusion pathways
have been investigated in detail (Veblen and Buseck,
1980; Yund et al., 1981, 1989; Yurimoto and Nagasawa,
1989; Yurimoto et al., 1989; Skrotzki, 1990; Worden
et al., 1990; Hacker and Christie, 1991). Many studies have
tried to quantify how “fast-path” diffusion operates in min-
erals, and particularly, what the geologic significance of
such a path may be.

The geo- and thermochronologic implications of fast-
path diffusion may be significant. Most natural crystals will
inherently have defects and dislocations (e.g., due to vary-
ing degrees of deformation) and it is feasible that any mea-
surement of bulk diffusion through a crystal lattice will
have some contributed effect from fast-path diffusivity
through such networks. This fast path may be less signifi-
cant in areas of low-defect density, or when temperatures
are sufficiently high (or similarly, when timescales are long
enough) for effective bulk lattice diffusivity. However, in
shorter-lived, low-temperature systems and in defect-rich
crystals, diffusion along these fast-paths or pipes may be
an important process which warrants consideration. In this
study, we present a unique integrated dataset which docu-
ments the existence of two diffusion pathways in quartz
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and permits us to separate and quantify their relative
contributions.

2. MATERIALS AND METHODS
2.1. Sample preparation

Two different quartz samples were used: a clear, natural
rock crystal (used in the study of Watson and Cherniak,
from Ward’s Natural Scientific Establishment; referred to
as clear quartz and samples denoted, N), and a synthetic
citrine quartz (referred to as citrine quartz and samples
denoted, SC). The citrine quartz is a synthetically-
grown quartz sample (obtained from Facet Rough — Rock
Peddler, www.rockpeddler.com) and was grown in a
heated, pressurized autoclave, from seeds of natural rock
crystal, typically over a period of months. Initial argon
concentrations in untreated sample splits were measured
and found to be negligible, at: 0.0180 4 0.0032, 0.0052 +
0.0041 and 0.0123 4+ 0.0041 ppm argon within a short depth
profile in the citrine quartz and similarly for the clear
quartz at 0.0299 4+ 0.0072, 0.0015 + 0.0005 and O ppm
argon. The clear quartz is the same as that used in Watson
and Cherniak (2003), where the presence of localized
patches of fluid inclusions was documented. Such inclusions
are typically unavoidable due to their small size (down to
10-20 nm or less; see Watson and Cherniak, 2003 for dis-
cussion). The clear quartz samples were pre-annealed at
1000 °C for 37 days prior to polishing. This annealing pro-
cedure it negates any influence that the presence of hydrous
species in the quartz lattice may have on argon diffusion
and uptake into the quartz lattice (Watson and Cherniak,
2003). Electron microprobe data on the citrine quartz sug-
gest that the crystal is chemically homogenous, however
some heterogeneity in color within the citrine may indicate
slight variations in Fe content, or ferrous/ferric ratios. No
fluid inclusions in the citrine were observed optically or
during electron microprobe analyses, however, due to the
hydrothermal synthesis of the citrine quartz, it must be
assumed that fluid inclusions are present on a small scale.
Commercial, synthetically-grown quartz is changed to
‘citrine’ quartz through the addition of ferric iron impuri-
ties. This Fe is present in the quartz lattice in trace quanti-
ties (citrine quartz is 99.8% SiO,). The presence of even
trace Fe in the citrine is potentially noteworthy, as the study
of Thomas et al. (2008) documented higher argon concen-
trations in the Fe-bearing minerals enstatite and San Carlos
olivine than the pure end-member compositions, suggesting
that oxidation of Fe could cause points defects and thereby
enhance uptake of argon.

The citrine quartz was cut and polished using a low-
speed Buehler Isomet precision diamond-blade saw. Chips
were then mounted in epoxy and polished using Milli-Q
water and 60 to 1 um polishing papers. Samples were re-
moved from the epoxy using an acetone bath and then
cleaned ultrasonically in ethanol and de-ionized water.
Pre-annealed, 3 x 3 x 1 mm cuts of clear quartz were pre-
pared from the study of Watson and Cherniak (2003) and
were polished in the same manner as the citrine quartz cuts.
No information on the crystallographic orientation of the

samples was recorded following the study of Watson and
Cherniak (2003) which demonstrated that crystallographic
orientation does not strongly affect diffusivity.

2.2. Experimental procedure

Argon diffusion in quartz was investigated using “in-dif-
fusion” experiments. The polished mineral samples were
loaded into a ceramic tray, which was inserted into a
cold-seal pressure vessel and furnace. The vessel was pres-
surized at 160-170 MPa with pure argon gas. During the
experiment, samples are bathed in this pressurized argon
atmosphere allowing argon to diffuse into the polished sam-
ple surface. Each cold-seal run can hold approximately 16—
20 minerals. Each location within the sample tray (four
containers per tray, each containing 4-5 minerals) is inde-
pendently monitored with a thermocouple which records
the temperature within a few millimeters of the sample.
Temperature is known to within approximately +2 °C. A
thermal gradient present along the vessel allowed for four
distinct temperature environments during the course of a
single experiment (Table 1).

Two experiments were conducted in this study: the first
at 170 MPa and a temperature range of 8§24-489 °C over a
duration of 480 h and the second at 160 MPa, a tempera-
ture range of 724-419 °C over a duration of 360 h. The first
experiment contained clear quartz, the second contained
both clear and citrine quartz. Experiment details and run
conditions (pressure, temperature and duration) are listed
in Table 1. Each experiment was run with not only multiple
samples of quartz, but also other silicate minerals including
plagioclase feldspar, K-feldspar and phlogopite, in order to
allow for the calculation of partition coefficients between
these phases. However, because of unavoidable isobaric
interferences of Ca and K on “°Ar, RBS analysis could only
be performed on quartz, which is the focus of this contribu-
tion. Data from feldspar experiments will be reported in a
separate contribution.

Table 1

Experiment conditions. Cold-seal run conditions for two experi-
ments in this study. “N” refers to natural clear quartz. “SC” refers
to synthetic citrine quartz.

Sample T (°C) P (MPa) Duration (h)
Experiment #1

N1 824 170 480
N2 764 170 480
N3 642 170 480
N4 489 170 480
Experiment #2

N5 724 160 360
SC-1 724 160 360
N6 669 160 360
SC-2 669 160 360
N7 561 160 360
SC-3 561 160 360
N8 419 160 360
SC-4 419 160 360
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2.3. Analytical techniques and data acquisition

For all quartz samples, we employed RBS and 213 and/
or 193 nm UV-laser ablation depth-profiling techniques to
investigate diffusion of argon occurring over different
length-scales within the crystal lattice. Details of all three
analytical techniques are reviewed below.

2.3.1. Argon depth profiling: Rutherford Backscattering
(RBS)

Non-destructive RBS analysis was undertaken first, pro-
viding information about argon concentrations within the
outer ~100 nm of the crystal lattice. Full details of the
RBS method are presented in Watson and Cherniak
(2003). Quartz is well suited for RBS as there are no mass
interferences on argon, as is often the case with other crus-
tal silicate minerals — in particular those bearing significant
potassium or calcium. The strength of the RBS method is
the spatial resolution, which can be a few nanometers to
10’s of nanometers. This fine spatial resolution illuminates
features in the outermost portions of the quartz lattice that
would be blurred or obscured by more crude techniques.
The limitation of RBS, however, is the sensitivity. Argon
concentrations below a few hundred ppm fall into the back-
ground noise of RBS. This technique has been used in pre-
vious studies of argon diffusion in minerals, including
quartz (e.g., Watson and Cherniak, 2003; Thomas et al.,
2008).

2.3.2. Argon depth profiling: UV-laser ablation mass
spectrometry

After RBS analysis, two UV-laser ablation depth-profil-
ing techniques were undertaken, including 213 nm laser
measurements, followed later by 193 nm laser measure-
ments on one citrine quartz sample only (see Section 2.3.5).
213 nm laser ablation of the quartz surface was accom-
plished by rastering the beam over a fixed area, removing
one thin layer at a time, with increasing depth into the sam-
ple (Fig. 1). Depending on the laser conditions used and the
material ablated, the depth of each layer ranged from 0.2 to
10 pum; this dimension determines the spatial resolution of
the technique. The benefit of UV-laser ablation combined
with noble gas mass spectrometry is the sensitivity to low

(a)

Surface Strip {=
(300 um)

OV

argon concentrations. For the rastered layer volumes used
in our samples, the detection limit was approximately
0.02 ppm argon (or about 1.12 x 107> cc-STP/g during
analyses). This technique has been used in previous studies
and described at length in Arnaud and Kelley (1995),
Wartho et al. (1999) and Wartho et al. (2005). All measure-
ments were undertaken using a MAP-215-50 noble gas
mass spectrometer.

A “surface stripping” (Fig. 1) technique was used to re-
move the uppermost argon-rich layer of the mineral, in or-
der to prevent interference with later measurements of
argon concentrations from deeper within the lattice. In this
study, the surface strip was removed (over an area of
300 pm?), but argon concentrations released from this strip
could not be measured because the high amount of argon
present exceeded the limit of the mass spectrometer’s detec-
tors (but see below). Subsequent layers in the depth profile
were over an area of 200 pm?, precluding the possibility
that these analyses might have clipped and incorporated
some of the surface layer.

In order to quantify the argon concentrations within the
surface layer removed in this style of analysis, a smaller sur-
face area measurement was made on each sample where the
argon released could be measured within the limits of the
detectors. For most samples, a linear trough 5 x 100 um
was used. These measurements were used to provide infor-
mation about concentrations within the uppermost surface
of the mineral. Such measurements would technically in-
clude both contributions from any absorbed argon on the
surface (if present) as well as argon within the outermost
layer of quartz.

2.3.3. UV-laser ablation: citrine quartz vs. clear quartz
Disparate responses to the 213 nm UV-laser were ob-
served between the citrine quartz and the clear quartz.
Due to its optically-clear nature, the clear quartz did not
couple strongly with the laser and ablation occurred by
damage and fracture as much by ablation. Evidence of this
fracturing is seen in the pit dimension measurements (see
Section 2.3.4) of the clear quartz, where the excavated pits
are jagged, non-uniform and exhibit evidence of fracturing
and remaining debris (Fig. 1). Our later discussion takes
into consideration the proportion of material outgassed

(b)

/ Sloping sides

Uneven, rounded bottom

Surface strip

it

Even éides, Iittlé debris

Fig. 1. (a) Illustration of laser ablation pits as measured by the Talysurf, the technique used for 213-nm laser pit measurements, resulting in
profiles seen in (b). The 300 um surface strip removal is seen at the mineral surface, with subsequent 200 um ablation squares continuing at
depth into the sample. Profiles for clear quartz (upper) and citrine quartz (lower) are shown in (b), illustrating the differences in the way the

laser couples with different quartz samples (see Section 2.3.4).
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relative to the volume of material excavated and whether or
not 213 nm UV-laser analysis is suitable for this particular
quartz variety.

Conversely, the citrine quartz coupled with the UV-la-
sers (213 nm and 193 nm; see Section 2.3.5 below) efficiently
with no apparent fracturing and little or no edge fracturing
in the excavated pits (Fig. 1). The citrine also appears to
yield a consistent, reproducible amount of ablated material
in each layer measured, and a desirable flat-bottomed pit.

2.3.4. 213 nm laser pit dimension measurements: Talysurf
analysis

In order to calculate argon concentrations present in the
ablated quartz, the volume of ablated material was calcu-
lated from measured pit dimensions using a Taylor Hobson
“Talysurf 11", which employs a diamond stylus mounted to
a piezometer to raster along the bottom of the ablated pit or
troughs and measure the pit dimensions. The Talysurf is
capable of 0.1 pm precision. The limitation here occurs
when the depth of the pit is greater than twice the width
of the pit, as the stylus cannot achieve measurements of
the true bottom. To avoid this problem, sufficiently large
and/or shallow pit dimensions were used.

2.3.5. Additional argon depth profiling: ArF 193 nm Excimer
laser ablation

In order to complement the spatial resolution limitations
of the 213 nm laser, laser ablation profiles were performed
at greater spatial resolution on synthetic citrine sample
SC-1 (samples denoted in text and tables as five profiles,
SC-E1 to SC-ES5). Samples were ablated using a UP-
193 nm ArF Excimer laser, in order to achieve fine-resolu-
tion, flat-bottomed laser pits. Samples were ablated repeat-
edly using as few as two 10 ns pulses at 0.5 mJ energy to
achieve depth profiles. Final depths were measured using
a Zygo white light interferometer. All pits exhibited depth
variations but these were less than 0.05 pm and thus we
have assigned this error to the individual pit depth measure-
ments. Argon concentrations were calibrated using similar
pits ablated in the international standard FCT sanidine.
Measurements were undertaken using a Nu Instruments
Noblesse noble gas mass spectrometer and automated
extraction line.

3. DATA

Depth profiling data sets for each mineral sample in-
clude two concentration versus depth profiles; one from
RBS and one from 213 nm UV-laser ablation. For sample
SC-1, two sets of UV-laser ablation profiles exist from
213 nm laser analyses and from further 193 nm (these five
profiles from sample SC-1 are denoted SC-E1 to SC-E5) la-
ser analyses. All RBS, 213 nm- and 193 nm-laser data are
available in a Supplementary online data appendix.

3.1. RBS data
A compilation of the clear and citrine quartz RBS diffu-

sion profiles is given in Fig. 2. The most notable features of
the profiles are the high concentrations seen (1000’s of

ppm) and shallow diffusive depth-scale (~ from 60 to nearly
250 nm), with measurable profiles reaching only a maximum
of a few 100 nm into the crystalline lattice. There is a signif-
icant range in maximum surface concentration from sample
to sample (ranging from 1050 to 13,450 ppm), and a fairly
smooth and clear diffusional uptake profile emerges in each
analysis. Citrine quartz generally shows higher maximum
surface concentrations (7120 £ 100 to 13,450 4+ 200) than
clear quartz (1050 + 100 to 10,050 + 200). Diffusion and
concentration data for RBS analyses are detailed in Table 2.
Maximum surface concentrations in clear quartz are consis-
tent with the study of Watson and Cherniak (2003), but much
higher than Roselieb et al. (1997). This is not unexpected as
we employ the same method (RBS) and used the same clear
quartz starting material as Watson and Cherniak (2003).

3.2. 213 nm UV-laser data

The argon diffusion profiles measured using a 213 nm
UV-laser to ablate samples in clear and citrine quartz exhi-
bit significant variability in concentration, depth and shape
(Table 3). A compilation of 213 nm laser data for clear and
citrine quartz is given (Fig. 3). These profiles exhibit the key
features seen in the laser measured profiles, including: (1)
~10’s up to 150 um depth of detectable argon penetration
into the sample with argon concentrations ranging from
0.04 to 55 ppm in the clear quartz and 0.21 to 27 ppm in
the citrine quartz, (2) a markedly higher surface concentra-
tion (e.g., up to 3012 ppm for SC-1; surface concentrations
not shown on Fig. 3 due to drastically different concentra-
tion scales), (3) a sharp kink in the diffusive uptake profile
slope as defined by the higher surface concentration point
and subsequent one to two near-surface points (shown,
for example, in Fig. 3a, occurring between 10 and 20 pm
depth) and (4) considerable and variable scatter in the data.

A comparison of laser concentration-depth profiles for
citrine and clear quartz can be made (Fig. 3a, b and c).
The profiles exhibit different characteristics, with the clear
quartz revealing lower argon concentrations, deeper pene-
tration and more variable profiles, while the citrine quartz
shows higher argon concentrations, considerably more
smooth and well-behaved profiles, with shallower penetra-
tion into the crystal.

3.3. 193 nm UV-laser data

Sample SC-1 (724 °C, 160 MPa, 360 h) was selected for
further laser ablation experiments using an ArF 193 nm la-
ser. The 193 nm laser coupled well with the citrine quartz,
yielding smooth flat bottom pits, and permitting much finer
scale depth profiling with depth resolution as good as
0.06 pm per analysis. Five argon diffusion profiles were mea-
sured in this sample, revealing diffusion profiles with similar
depths of penetration but with significant scatter in the max-
imum surface concentrations of argon. Concentrations ran-
ged between 260 and 8792 ppm argon (measured). Laser
profiles SC-E1, SC-E2, SC-E4 and SC-ES (Fig. 4a, b, d and
e) show a kink in the diffusional uptake profile labeled as
‘kink point’ on each profile. Laser profile SC-E3 (Fig. 4c)
show uptake patterns that do not indicate an obvious kink.
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Fig. 2. RBS measured argon concentration (ppm) vs. depth (nm) profiles for clear quartz (expt. #1) samples N1-N4 (a); clear quartz (expt.

#2) samples N5-N7 (b); and citrine quartz, samples SC-1 to SC-4 (c).

SC-E1 (Fig. 4a) shows an unexpected drop in concentration
at the surface, as if some post-experimental loss of argon
from the nearest surface had occurred. How this could be
the case for this profile but not for the other four in this same
mineral is unclear; we consider the nearest surface point in
profile SC-E1 anomalous and disregard it.

4. DATA EXTRACTION: DIFFUSION MODELING
APPROACHES FOR ARGON DEPTH PROFILES

Below, the methods used to model these profiles in order
to quantify diffusivity in each case, are described.

Symbols given in the legend.

4.1. Modeling lattice diffusion

The simplest argon uptake behavior would be pure lat-
tice diffusion. Diffusion of argon is treated as 1-dimensional
diffusion into semi-infinite planar medium, with a concen-
tration-independent diffusivity. Diffusivities were thus ob-
tained by fitting the profiles to the appropriate diffusion
equation (Crank, 1975):

c-clon( i)
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Table 2

Quartz RBS data. Extrapolated diffusivities and equilibrium concentrations for all quartz samples measured by RBS analysis. Errors on log D
were taken to be 0.6 log units (Watson and Cherniak, 2003). R? values represent the goodness of the error-function fit to the data.

Sample T (°C) P (MPa) Log D R’ Ar PPM Ar (cc-STP/g-bar)
N1 824 170 -20.9 0.92 8000 £ 150 0.00263
N2 764 170 —20.8 0.93 9750 + 250 0.00321
N3 642 170 -20.9 0.76 1050 + 100 0.00034
N4 489 170 —21 0.91 3200 £ 300 0.00105
N5 724 160 —20.1 0.65 2950 + 200 0.00103
SC-1 724 160 —-20.4 0.98 12500 + 150 0.00437
N6 669 160 —20.7 0.93 10050 + 200 0.00351
SC-2 669 160 -20.7 0.91 13450 + 200 0.0047
N7 561 160 -20.9 0.94 1800 + 100 0.00063
SC-3 561 160 -20.9 0.84 9600 + 150 0.00336
N-8 419 160 Not analyzed

SC-4 419 160 -20.9 0.78 7120 + 100 0.00249
Table 3

Laser concentration extrapolations. (a) Resulting extrapolated concentrations for the error-function fit to all laser data, disregarding the
surface concentration measurement. (b) Resulting extrapolation from the Whipple-LeClaire fit to the laser data. (c) Measured surface
concentrations from surface strip analyses (see text for discussion) for all samples with the 213 nm laser.

Sample T (°C) P (MPa) Duration (h) a (ppm) b (ppm) ¢ (ppm)
N1 824 170 480 nm nm nm
N2A 764 170 480 50 190 91
N2B 764 170 480 0.6 X

N2C 764 170 480 2.3 230

N3 642 170 480 12 240 123
N4 489 170 480 9 150 74
N5 724 160 360 4 X nm
SC-1 724 160 360 120 7350 3012
SC-El 724 160 360 6000 6000 na
SC-E2 724 160 360 3300 9500 na
SC-E3 724 160 360 30007 X na
SC-E4 724 160 360 530 1900 na
SC-ES5 724 160 360 250 135 na
N6 669 160 360 nm nm na
SC-2 669 160 360 7 850 810
N7 561 160 360 - - -
SC-3 561 160 360 nm nm nm
N8 419 160 360 - - -
SC-4 419 160 360 nm nm nm

nm, not measured.
na, by 193 nm laser analysis only.

—, profiles measured but concentration information not extracted due to incomplete ablation of sample.

X, no appropriate fit could be made.
* Error-function fit to raw data only; see text.

where C is the concentration of argon (diffusing in), C, is
equivalent to the equilibrium solubility of argon in
quartz (with respect to the pure pressurize argon gas
medium), D is the diffusion coefficient (m?s™!), and ¢ is
the duration of the experiment run. The best fit provides
both the relevant diffusivity and equilibrium surface con-
centration or apparent solubility (i.e., the maximum con-
centration extrapolated all the way to the surface of the
crystal in equilibrium with its surroundings). All RBS
profiles were modeled this way as the shape of the
RBS diffusion profiles reveals a smooth error function
form.

4.2. Modeling combined effects of two diffusion pathways:
lattice and fast-path diffusion

In many of the profiles from the 213 nm and 193 nm
UV-laser analysis, a significant kink, or break in slope
was noted in the uptake profiles, separating higher concen-
trations in the outermost portion of the mineral, from lower
concentrations deeper in (for example, Figs. 4b or d, Sa).
With this sharp kink, a simple error-function diffusion
model can not appropriately reproduce the entire profile
and gives erroneous results; no error-function fits to raw la-
ser data are reported. In other diffusion studies (Zhang



Two diffusion pathways in quartz 5913

213 nm Laser 170 MPa, 480 h (N3/N4)
Clear Quartz 160 MPa, 360 h (N5)
(a) W N3,642°C
1071 H N4, 489 °C
£ N5, 724 °C
o
o 8 B
c
o
B gl
€
@
o
& 4r g
[&]
<
T
oL o el
0 20 40 60 80 100
Depth, um
213 nm Laser
Clear Quartz 170 MPa, 480 h
(b) & N2A, 764 °C
107 % N2B, 764 °C
- 2. N2C, 764 °C
o
o 8 o
o
8
£ s %
| =
[
Q
5 4
o
<
2 =
——
——
N L = S A N
0 40 80 120 160 200
Depth, um
213 nm Laser
Citrine Quartz 160 MPa, 360 h
(c) _®5C-1,724°C
30 _@5C-2,669°C
£
Q.
a  24r
o
i)
g 18r
[=
[s]
Q
5 12f
Q
é‘c
6 ¢+ +
0 L . e®ee——9 o —O— g B 9
0 6 12 18 24 30
Depth, pm

Fig. 3. UV-laser (213 nm) depth profiles in clear quartz. (a) All measured 213 nm laser argon concentrations (ppm) vs. depth (pm) profiles for
natural quartz samples N3-N35 (expt. #1 and #2) fit to the error function (a). Repeat profiles for sample N2 (N2A-N2C) are shown separately
in (b) due to differences in depth-scale. Citrine quartz profiles for samples SC-1 and SC-2 are shown in (c). Surface strip data, which were
acquired for all profiles, are not shown on plots but all give concentrations between 74 and 123 ppm argon in the clear quartz and 810—
3012 ppm argon in the citrine quartz (Table 3, column d). Symbols and experiment temperatures given on the plots.

et al., 2006), such a kink has been interpreted as evidence port deeper into the mineral. In this scenario, the nearest
for a second diffusion mechanism other than volume lattice surface data with high concentrations and relatively steep
diffusion, which could be a significant mechanism for trans- slope represent argon diffusing via the lattice, whereas
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Fig. 4. The five depth (um) vs. concentration (ppm) profiles on citrine sample SC-1 (profiles labeled SC-E1 to SC-ES5) as measured by 193 nm
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data shown in the left panel, and therefore the error-function fit to all data is given (see text for discussion).
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deeper in the mineral, argon penetrates further via a “fast
path” (Lee, 1995; Zhang et al., 2006). In a few of our anal-
yses, the hypothesized effects of lattice diffusion appeared to
penetrate beyond the very first surface strip layer in the 213
and 193 UV-laser profiles; that is, the “kink” in the profile
occurs after the first two data points in a profile. In these
cases where the hypothesized effects of the two pathways
could be resolved and differentiated, an attempt was made
to extract and separate the contributions from the lattice
and fast-path following the method outlined by Zhang
et al. (2006).

The Whipple-LeClaire equation (Whipple, 1954; LeC-
laire, 1963) has been used to describe fast diffusive transport
via planar grain boundaries combined with the slower ef-
fects of lattice diffusion into the mineral from the grain
boundaries themselves. It is used here as an approximation
for the “fast diffusive pathways” present in quartz (which
may or may not be planar features). The Whipple-LeClaire
equation captures the net behavior of argon uptake and
provides a first order means of quantifying the process.
The equation is:

oD, =1.332 (?

1/2

> (~0Ine/0:%) " )
where 0Dy, is the product of the fast-path diffusivity and the
width of the planar fast path feature. D is the lattice diffu-
sion coefficient and ¢ is the thickness of the intracrystalline
“fast paths” which may (in our samples) be pipes or planar
defect feature, z is the depth, ¢ is the experiment time and ¢
is the average concentration that occurs in a slice that is
perpendicular to the fast path.

The “two-path de-convolution” approach described
above has practical value in quantifying our results, but it
is worth noting there are other possible interpretations of
“kinked” diffusion profiles. Use of the Whipple-LeClaire
equation implicitly assumes that the steep, near-surface
portion of the diffusive uptake profile represents a “nor-
mal” (slow) lattice diffusion and the shallow tail represents
transport through an extended fast path. Indeed, this is one
likely physical end-member to describe the data. If, how-
ever, the steep portion is taken to represent in-diffusing ar-
gon atoms trapped in natural isolated point defects
(Watson et al., 2007; Thomas et al., 2008), then the diffusiv-
ity pertaining to this region must be viewed not as the dif-
fusivity in a perfect lattice, but rather as an effective
diffusivity representing the convolution of lattice diffusion
with immobilization in local, isolated argon sinks. In this
conceptualization, the argon concentrations in the near-sur-
face become only apparent lattice solubilities — not the sol-
ubilities that would apply to a perfect defect-free crystal
lattice. The interpretation of the argon tails in this case
could change: they could indeed represent fast-path trans-
port as we have assumed in our analysis, but it is also pos-
sible that they represent the few argon atoms diffusing
through the lattice that have escaped defect trapping. Either
way, however, the diffusivities we recovered from the exper-
iments are useful for estimating the time- and length-scales
appropriate to argon transport in natural quartz, especially
insofar as virtually all natural quartz crystals in the dy-
namic crust will include defects.

5. RESULTS
5.1. RBS profiles: lattice diffusion

Diffusivities resulting from error-function fits to RBS
data are listed in Table 2. Citrine and clear quartz exhibit
similar diffusivities, though they show highly variable
apparent solubilities, with the citrine quartz (7120-
13,450 ppm) exhibiting higher concentrations than the clear
quartz (1050-9750 ppm). The RBS apparent solubility data
for each quartz sample analyzed is summarized in Table 2.
In general, the natural quartz produced smoother profiles
than the citrine quartz.

5.2. Laser profiles

5.2.1. Modeling laser depth profiles: 213 nm

When using the laser data to extract diffusivities, differ-
ent model approaches can be taken: Ignoring the high sur-
face concentrations and disregarding it as adsorbed argon
on the mineral surface, whereby the rest of the profile is
fit to a typical diffusion curve (given in Table 3 column
a), or a composite fit including both slow lattice diffusion
and “fast-path” diffusion using the Whipple-LeClaire equa-
tion can be made (Table 3 column b) (see Section 5.2.1.3 be-
low). Alternatively, another approach can be taken
whereby the incorporation of the high surface concentra-
tion is forced to an error-function fit of all the data, how-
ever, this approach is not attempted nor reported here.

5.2.1.1. Shallow diffusion profiles. In many previous studies
of argon diffusion using UV-laser ablation (e.g., Wartho
et al., 1999), nearest surface analyses appear to have unex-
pectedly, and inconsistently, elevated concentrations devi-
ating significantly from the rest of the profile, as do
several of the profiles illustrated in this study. Frequently,
these elevated or “anomalous” surface points are disre-
garded because of the possibility they include significant ad-
sorbed argon on (rather than in) the mineral surface.
Following this approach, the main problem is choosing
which (if any) data within the profile to discard as relicts
of atmospheric surface adsorption, or other damage effects.
There is a challenge in deciding how to model the 213 nm
profile data because the surface strip data indicates much
higher surface concentrations than deeper with the sample
and cannot be fit appropriately by a forcing a single er-
ror-function fit to the profile. Discarding this surface strip
point produces a reasonable fit to the rest of the data, giv-
ing the resulting apparent solubility given in Table 3 (col-
umn a) and diffusivity listed in Table 4 (column a). While
there is considerable variability in concentration, the spatial
resolution allows for an appropriate fit to all points of the
sample.

The problem with this approach is illuminated when
comparing the apparent solubility from this modeling of
213 nm laser ablation data to the apparent solubility from
modeling of the RBS and 193 nm UV-laser ablation data;
they differ by orders of magnitude. As described in greater
detail in Section 3.1, the RBS data show a smooth and sys-
tematic diffusive uptake profile penetrating up to 250 nm
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Diffusion data obtained from laser analyses. (a) Calculated diffusion data for all minerals from 213 laser concentration-depth profiles
excluding the surface concentration. (b) Calculated 213 and 193 nm laser diffusion data for all minerals using the Whipple-LeClaire fit to
exclude the fast-path component and fitting the resultant data to the error-function. (c) Calculated 6D, for 213 and 193 nm laser diffusion

profiles.

Sample T (°C) P (MPa) Duration (h) a, log D (m?/s) R? b log D (m?/s) R ¢, 0D, (cm®/s)
N1 824 170 480 - - nm

N2A 764 170 480 —-16.3 0.58 -16.5 0.99 7.46 x 10713
N2B 764 170 480 —14.3 0.98 X 3.53 x 1071
N2C 764 170 480 —15.5 0.51 —-16.7 0.99 218 x 10714
N3 642 170 480 —-16.7 0.99 ~17.3 0.98 9.94 x 1071
N4 489 170 480 —-17.0 0.92 -17.3 0.98 1.32 x 1071
N5 724 160 360 —-16.2 0.10 X X

SC-1 724 160 360 —18.1 0.97 X 0.98 22 %1071
SC-E1 724 160 360 na -20.2 0.95 1.8 x 1071°
SC-E2 724 160 360 na -21.0 0.95 9.10 x 107"
SC-E3 724 160 360 na —19.7¢ 0.88 X

SC-E4 724 160 360 na —20.7 0.95 3.1 % 1071°
SC-E5 724 160 360 na -21.0 0.84 1.2 % 1071€
N6 669 160 360 na na na

SC-2 669 160 360 —-17.0 0.87 -21.0 0.99 9.33 x 1071°
N7 561 160 360 na na na

SC-3 561 160 360 na na na

N8 419 160 360 na na na

SC-4 419 160 360 na na na

nm, not measured.
na, by 193 nm laser analysis only.

—, profiles measured but concentration information not extracted due to incomplete ablation of sample.

X, no appropriate fit could be made.
¥ Error-function fit to raw data only; see text.

into the quartz lattice and are thus internally consistent. On
this basis, we do not believe that ignoring the near surface
laser layers is the correct way to model and describe the la-
ser data. Rather, it appears that the high near surface con-
centrations as measured by UV-laser should not be
discarded as they are consistent (at least within an order-
of-magnitude) with the RBS data and shallow 193 nm laser
depth profiles.

5.2.1.2. Adsorption of argon? The adsorption of argon is of-
ten cited as a potential complication for studies where ar-
gon solubilities were regarded as too high (e.g., studies
utilizing mineral powders; Broadhurst et al., 1990, 1992;
Shiabata et al., 1994) and contaminating argon on mineral
surfaces has been suggested to have affected such studies
(Roselieb et al., 1997; Brooker et al., 1998; Chamorro
et al., 2002). Several studies (Brooker et al., 1998; Wartho
et al., 1999; Heber et al., 2007) also attributed high surface
concentrations in the outermost surface layers of polished
mineral surfaces (1-6 nm) to contaminating adsorbed ar-
gon. However, recent investigation (Thomas et al., 2008)
led to several ‘zero-time’ experiments involving the pressur-
ization of minerals in Argas without heating and experi-
ments in air following typical in-diffusion procedure, but
holding at temperature for very short durations (min) to
determine if the presence of adsorbed argon could be de-
tected. Neither of the zero-time experiments revealed any
measurable surface argon, demonstrating that adsorbed ar-
gon, if present, is a transient phenomenon that will not af-
fect diffusion profiles. The findings of Thomas et al. (2008)

confirm that studies involving high temperature, long-dura-
tion experiments will not be compromised by any adsorbed
surface contamination of argon.

5.2.1.3. Whipple—LeClaire profile fits. Following Zhang
et al. (2000), fitting the data to isolate the two contributions
(lattice and fast path) is done in several parts (see Fig. 5 for
an example of the Whipple-LeClaire fitting procedure on
an argon diffusion profile in citrine quartz): (1) On a plot
of In C vs. x*° (where C is concentration) the highest con-
centration that can be attributed to the fast path is selected
(i.e., the kink or separation point between what should be
two roughly linear relationships with different slopes, typi-
cally the first 1-2 surface points), (2) a straight line segment
is drawn from the origin to that highest concentration point
to approximate the fast-path contribution in the near sur-
face region where it overlaps with surface-perpendicular lat-
tice diffusion, (3) the fast-path contribution is subtracted
from the data to leave only the surface-perpendicular lattice
diffusion contribution. The resulting profile (which may be
only 2-3 significant points nearest the surface in this study)
can then be fit using the error-function curve (Eq. (1)), and
the resulting lattice diffusivity can be extracted. Once this
lattice diffusivity (D) is determined, the Whipple-LeClaire
equation can be used to quantify the D, of the fast paths.

If we accept that the near surface laser data represent
slow diffusion of argon into the quartz lattice, we must call
upon a different mechanism for the argon measured in laser
ablation analyses deeper within the sample. There is a sharp
kink between the shallow profile measured using RBS and
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Fig. 5. (a) 213 nm laser measured diffusion profile from citrine sample SC-1 at 724 °C. Note the high surface concentration point (surface strip
measurement at 3012 ppm argon, not illustrated on the plot due to scale differences), which makes a fit to the error-function problematic. For
comparison, the range represented by a typical RBS profile (as seen in Fig. 2) is shown by a shaded grey bar next to the axis. (b) Plot of In C
Vvs. depth6/ 3, showing the fit of the line (note the kink point in the curve). The second-to-last data point was discarded as an outlier as it was
anomalously high compared to its neighbors. The equation of the line shown is used to calculate the contribution by the fast-path from the
Whipple-LeClaire formulation. The fit of the fast-path contribution linear segment is shown in the original profile in (c). The dashed line
shown in the left panel represent the Whipple-LeClaire linear approximation of the fast-path contribution translated into depth (um) vs.
concentration (ppm) coordinates. The linear segment from the kink point to the origin shows the overall fast-path contribution. The Whipple—
LeClaire corrected profile is shown in (d). This profile is then fit to the error-function (R? given) (e) Modeled contribution of the lattice
diffusion (solid black line) and fast path (dotted black line), with a close up of the overlapping components in (f). The cross hatched portions
represent the separate contributions of each pathway, showing the area of overlap.
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193 nm laser ablation (including the nearest surface laser
layers) and the deeply penetrating 213 nm laser data. In
some cases, this kink point is apparent beyond the first sur-
face layer of laser analyses. In this case, the more deeply pe-
netrating, lower concentration laser data can be described
by a model of fast-path diffusion as outlined in Sec-
tion 5.2.1.3. Note that the second laser-derived data point
from the diffusion profile of sample SC-1 (Fig. 5a) is
slightly, though significantly, elevated above the trend sug-
gested by the rest of the profile, reflecting the influence of
higher concentrations from a slower diffusive pathway.

In this case, a fit ignoring the surface data point and the
second data point could be made. Such a fit, with results
listed in Table 3 (column b), would be analogous to diffusive
uptake via the “fast-path” and can be modeled using the
Whipple-LeClaire equation (Eq. (2)) for an appropriate fit.
However, especially in the case of the clear quartz, the kink
point is not always obvious, and with the highly variable pro-
files, a reasonable fit can be difficult to make. The resulting
diffusivities from the error-function fit to the Whipple-LeC-
laire modified profile are listed in Table 4 (column b). Calcu-
lated 0D, values are listed in column “c” of Table 4.

5.2.2. Modeling laser depth profiles: 193 nm

Fig. 4 details the profiles resulting from 193 nm analy-
ses. The range in concentrations-depth data is shown (left)
and the error-function fit to Whipple-LeClaire corrected
data (right). These profiles exemplify the variability in
the argon concentrations seen in citrine quartz. Profiles
SC-E2, SC-E4, and SC-E5 (Fig. 4b, d, e) nicely illustrate
the kink point, or break in slope, in the diffusion profile.
Profile SC-E1 also appears to show a kink, though slightly
deeper into the mineral. The low concentration in the near-
est surface point of profile SC-E1 is clearly anomalous — it
is inconsistent with our in-diffusion experiments and all
other measurements — and is thus ignored in our modeling.
Profiles E1, E2, E4, ES5 are all modeled as “two-pathway
profiles” as described above (see Section 5.2.1.3). The
resulting log D from the Whipple-LeClaire corrected data
(right panels of Fig. 4) for SC-El, E2, E4, ES is given in
Table 4 (column b) and calculated 0D, values are listed
in column “c” of Table 4. Profile SC-E3 shows similar con-
centrations and similar depth of penetration as the other
four profiles. However, it does not show a clear kink, or
break in slope, in the profile. Thus, while we expect that
the effects of a fast pathway probably do contribute to
profile SC-E3 as in the others, for this profile only we sim-
ply perform an error-function fit to the raw data rather
than attempting to arbitrarily subtract away a “fast path”
contribution. Overall, this makes little significant difference
in the lattice diffusivity calculated.

6. DISCUSSION

6.1. Sample preparation and the near surface crystal
structure

6.1.1. Mineral surface structure
In the present study, we observe shallow, slow diffusion
corresponding to high argon concentrations (and thus high-

er solubility) and faster, deeper diffusion corresponding to
lower argon concentrations (and thus lower solubility).
We have considered to what degree the surface structure
of quartz may be significant in applying interpretations to
the data set presented here. The surfaces of minerals are
thought to be different than the bulk structure, both chem-
ically and electronically, due to the termination of long
range bulk structure at the mineral surface. The termination
of the bulk lattice structure at the mineral surface results in
a surface that, while related to the bulk lattice, is different
energetically (Coyne and McKeever, 1990). a-Quartz sur-
face structure has been investigated in several studies
(e.g., DeLeeuw et al., 1999; Steurer et al., 2007) and the sur-
face terminations have been shown to result in a ‘dense’ sur-
face, (resulting from a surface with three-times as many
oxygen atoms and subsequent layer with two-times as many
Si-atoms as a normal cleaved quartz surface; Steurer et al.,
2007). Whilst it could be envisaged that such a ‘dense’ or
otherwise anomalous surface structure could perhaps ex-
plain the slow diffusion observed in the outer few hundred
nanometers in the quartz crystals we have studied, this
structure does not extend deep enough into the crystal
(no more than a few monolayers, or a few nanometers;
e.g., Thomas et al., 2008, see below) to lend an explanation
for the different diffusive regimes observed in the present
study. Conversely, a defect-rich structure would be required
for enhanced incorporation of argon atoms into the quartz
lattice to explain the high argon concentrations. In con-
trast, Du et al. (2008) modeled the solubility of noble gases
in a mineral lattice and at the surface, showing that heavier
noble gases (they used the extreme example of Xe in MgO),
had lower solution energies at the surface than in the lattice,
whereas the lighter noble gases did not show the same dis-
parity. Du et al. (2008) argued that the apparently higher
solubility of heavy noble gases seen in some experiments
might be the result of this surface enrichment of noble
gases. We were unable to test this hypothesis since only ar-
gon was analyzed during the present study.

Thomas et al. (2008) suggested that the movement of
argon atoms into a crystalline lattice which contains a num-
ber of vacancies can be envisaged as being slowly filled with
argon as it moves into the crystal from an external argon
pressure during the course of an experiment and further
speculated on the potential role of point defects on argon
solubility in minerals. Thomas et al. (2008) also suggested
that evidence for higher argon solubility in Fe-bearing miner-
als over Fe-free phases might indicate a defect-related
solution mechanism caused by an increase in thedefect
population of a given phase with the progressive oxidation
of Fe?*. The present work also detected higher argon con-
centrations in citrine than the clear, Fe-free natural quartz.

6.1.2. Sample preparation and structural anomalies

Several studies have discussed the structure of the near-
surface regions of the crystal lattice in the context of noble
gas experiments (Roselieb et al., 1997; Wartho et al., 2005;
Heber et al., 2007) and some have suggested that the near
surface region of crystals are structurally anomalous com-
pared to the interior mineral lattice. The implication of this
hypothesis is that high apparent solubilities are an artifact
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of such a structurally anomalous surface layer, and are not
representative of the bulk crystal lattice. However, in
addition, several studies have carefully characterized the
near-surface structure of minerals (e.g., calcite, barite,
orthoclase, quartz, enstatite, forsterite; Fenter et al., 2000,
2001; Schlegel et al., 2002; Watson and Cherniak, 2003;
Thomas et al., 2008) by various means. The study of Tho-
mas et al. (2008) demonstrated through the use of electron
backscatter diffraction (EBSD) that pre-annealed and the
essentially perfect crystalline surfaces of colloidal-silica pol-
ished samples do not differ from natural crystal faces, and
revealed that the outer 10 nm of the crystal lattice is struc-
turally indistinguishable to the interior. From this study,
Thomas et al. (2008) were able to conclude that the notori-
ous damaged ‘Beilby’ layer, of measurable thickness, oft
discussed in experimental studies did not exist in their sam-
ples, including in un-polished natural facets. Other studies
(Fenter et al., 2000, 2001) document the presence of a struc-
turally anomalous layer, though this layer is restricted to
only the first 1-2 nm, after which the structure is identical
to the interior lattice. Particularly for quartz, this layer
has been quantified to extend no more than 1.4 nm into
the quartz lattice (Schlegel et al., 2002). The suggestion that
increased argon uptake could occur through networks of
fractures and dislocations induced through mechanical pol-
ishing in the near surface is not corroborated by the data in
this study. Instead, we see low diffusivities in the outermost
~100 nm of the crystal, not the high diffusivities that would
occur through enhanced diffusion anticipated if such a de-
fect-rich, structurally anomalous layer were present. The
consistency of the diffusion data extracted from quartz sam-
ples in this study with that of Watson and Cherniak (2003),
using a combination of pre-annealed, colloidal silica-pol-
ished (0.06 um) and natural crystal faces, is further testa-
ment that we are observing lattice diffusion rather than a
simple phenomenon due to the presence of a structurally
anomalous defect-rich layer, with enhanced argon incorpo-
ration and diffusion in a Beilby layer induced by mechanical
polishing.

6.2. Diffusion data: lattice versus fast path

Consistent with previous work by Watson and Cherniak
(2003), we see a very smooth, well-behaved diffusive profile
for quartz with respect to RBS and 193 nm laser ablation
analysis and depth-scale (on the order-of-~100-250 nm to
400 nm, respectively). Data are well fit by an error-function
fit to the diffusion profiles (Eq. (1)). The diffusion data ob-
tained from RBS profiles for both quartz samples is plotted
on an Arrhenius diagram (Fig. 6). As shown in Fig. 6, our
data are in good agreement with the previous work of
Watson and Cherniak (2003) and Thomas et al. (2008).
Importantly, both the RBS and the 193 nm laser measured
lattice diffusivities produce consistent results.

Argon concentrations observed in the diffusion profiles
reveal a general increase of concentration towards the sur-
face of the quartz surface. However, occasional jumps or
spikes in concentration with depth in the crystal were ob-
served; this was seen most obviously in the clear quartz,
but also in the citrine quartz to a lesser degree. These argon
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Fig. 6. Summary of diffusion data for combined RBS (clear quartz
represented as black circles and citrine quartz by white squares with
black crosses) and 193 nm laser-derived data (grey circles) on an
Arrhenius diagram (1/7(K) x 10* vs. —log D m%/s). RBS clear
quartz data from Watson and Cherniak (2003) and Thomas et al.
(2008) are represented by the pale grey outlined open circles and
pale grey outlined open squares, respectively.

concentration spikes are similar to those observed by War-
tho et al. (2005) and probably relate to liberation of argon
from micro fluid inclusions or defects in the crystal.

6.3. Area-normalized argon concentrations

With both the clear quartz and in particular the citrine
quartz, we see a high capacity for argon manifested in the
nearest surface few hundred nanometers, with concentra-
tion reaching thousands of ppm. This concentration drops
off dramatically with depth, with subsequent data points
showing concentrations less than 1 ppm. This is seen in
both the RBS and 193 nm laser ablation analysis, but also
in the surface analyses using the 213nm UV-laser
(Fig. 7). With regards to the concentrations of argon in
the outermost surface layer, surface concentrations inte-
grated over the outermost 200 nm of quartz were calculated
to investigate apparent differences in measured surface con-
centrations between 213 nm, 193 nm laser analyses and
RBS analyses. This analysis is necessary to make such com-
parisons given the order-of-magnitude difference in depth
resolution of the three methods. Table 5 gives the calculated
ranges for analyzed samples (in argon atoms in outermost
200 nm per area), illustrating that the values determined
by 193 nm laser analyses lie within a similar range to the
RBS determined concentrations (see also Fig. 7 for varia-
tions with temperature). There appears to be some discrep-
ancy between the argon atoms per area determined by
213 nm-, 193 nm-laser analyses and RBS determined con-
centrations although range of determined concentrations
overlap and the 213 nm analyses are punctuated by higher
concentrations, seen especially in the two citrine analyses
(Fig. 7a). The RBS analyses average much larger areas so
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respectively).

it is possible that the laser profiles (both 193 and 213 nm)
reveal some heterogeneity in concentration across the min-
eral surface, particularly the citrine quartz which proved to
be highly variable with regards to argon concentrations.
This may in turn be due to the presence of trace Fe, which
has been suggested to cause enhanced uptake of argon in
Fe-bearing minerals (Thomas et al., 2008).

It should also be noted that for the temperatures and
pressures that our experiments were conducted, the transi-
tion between o-quartz to B-quartz is anticipated. This oc-
curs at 573 °C, but increases 1 °C for each 40 bar, giving
an approximate temperature of 615 °C for experiment #1
(1700 bar; samples N1-N4) and 613 °C for experiment #2
(1600 bar; samples N5-8; SC-1 to SC-4).This is an instan-
taneous, displacive transition whereby only changes in
the angles and lengths of Si-O bonds occur in the change
from trigonal to hexagonal symmetry. While not a major
structural change, there is a change in density from approx-
imately 2.65 to 2.53 g/em® which could result in a slightly
more ‘open’ structure, suitable for accommodating more

argon. The changes in calculated argon concentrations/
area for each sample seen after this temperature (Fig. 7)
are relatively minor, though there is a general increase to-
wards higher concentrations of argon which may be the re-
sult of further accommodation of argon after this
transition.

6.4. Significance of multiple diffusion regimes

On the basis of these experiments we propose a hypoth-
esis of two separate diffusion pathways (illustrated in
Fig. 8): (1) Lattice diffusion and (2) fast-path diffusion.
The measurements made in this study provide evidence
for these two distinct diffusion pathways, each operating
throughout the crystal with its own rate of diffusion, geom-
etry and contributions to the net diffusive uptake of argon.
It seems likely that the different length-scales achieved by
RBS (and 193 nm laser ablation) compared to the 213 nm
UV-laser ablation, reveal these two different diffusion
mechanisms.
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Table 5

Area-normalized argon surface concentrations in quartz for (a) RBS, (b) laser-determined concentrations and (c) 193 nm laser-determined

concentrations for sample SC-1.

Sample T (°C) P (MPa) Duration (h) (a) RBS (b) 213 laser (c) 193 laser
N1 824 170 480 1.1x 10" nm nm

N2 764 170 480 1.9 x 10™ 5.8 x 101 nm

N3 642 170 480 1.9 x 10" 3.1 x 10" nm

N4 489 170 480 4.6 % 10" 1.8 x 10%° nm

N5 724 170 480 3.7 x 10'° 1.2 x 10" nm

SC-1 724 160 360 3.9 x 101 1.7 x 10® nm
SC-El 724 160 360 193 only 193 only 1.8 x 10"
SC-E2 724 160 360 193 only 193 only 2.7 x 10"
SC-E3 724 160 360 193 only 193 only 1.8 x 10%
SC-E4 724 160 360 193 only 193 only 7.3 x 10"
SC-ES 724 160 360 193 only 193 only 1.2 x 10"
N6 669 160 360 2.5 % 10" nm nm

SC-2 669 160 360 3.1 x 10" 1.0 x 10'® nm

N7 561 160 360 3.3 x 10" nm nm

SC-3 561 160 360 1.7 x 10" nm nm

N8 419 160 360 nm nm nm

SC-4 419 160 360 1.5 % 10 nm nm

nm, not measured.

In the laboratory experiments, lattice diffusion is slower
and thus occurs over shorter length-scales (~10’s to 100’s of
nm for our experimental timescales; Fig. 8a and b). These
are extremely significant concentrations on the order of
thousands of ppm but the depth to which these high con-
centrations of gases penetrate is extremely shallow over
the short duration of the experiments. If these high concen-
trations reflect the true intrinsic lattice solubility, then that
value can be compared to solubilities in other phases in or-
der to calculate equilibrium partitioning coefficients (cf.
Watson et al., 2007). However, given the very slow lattice
diffusivity, it is pertinent to consider how long it will take
for quartz to reach these high equilibrium concentrations,
especially as virtually all of the radiogenic “°Ar that might
accumulate in quartz must diffuse in from external K-bear-
ing sources of fluids in the intergranular transporting med-
ium/grain boundary network.

6.4.1. Quartz as a sink for argon?

The existence of multiple paths for diffusion has signifi-
cance for geochronology (closure temperature models),
models for evolution of terrestrial degassing, rates of argon
uptake/loss, and models for the presence and transport of
excess argon in various geologic systems. Multi-path diffu-
sion affects how we model diffusive uptake or release of ar-
gon from quartz. For example, as fast paths are generated
and become more concentrated or abundant (i.e., due to
progressive deformation) a net effect is to decrease the effec-
tive diffusion length-scales for lattice diffusion, thus also
decreasing the timescale to fill the quartz lattice up to the
potential lattice solubility. This can be important for short-
er-lived systems (e.g., magmatic or volcanic timescales).

The fast-paths are significant in determining the relative
ability of quartz to act as a sink for noble gases in various
geologic systems (see Fig. 9). For example, despite high lat-
tice solubilities, quartz will not be an important sink for ar-
gon in magmatic systems, due to the short timescales

involved (~1 Ma). While the capacity for argon is high,
there is not enough time in such systems for the solubility
limit to be effectively reached. However, we stress again that
the actual solubility would rarely be reached given natural
argon concentrations; it is the relative solubility (i.e., parti-
tioning) between different available phases that determines
the equilibrium distribution of argon. Still, in this regard,
the sluggish diffusivity of the high solubility quartz lattice
significantly decreases its ability to act as an effective sink
with respect to other mineral and fluid phases (cf. Baxter,
2003) except in very long-lived systems. Fast-paths may
act to move argon into the lattice over shorter durations,
though never approaching equilibrium concentrations.
Even though significant uptake of argon into quartz would
not occur over magmatic timescales, any shallow uptake (or
loss) profiles in quartz could then be used as a measure of
magmatic or eruptive timescales.

6.4.2. Physical nature of the fast paths

The use of the Whipple-LeClaire model to describe the
deeper diffusion and fast-paths provides a useful end-mem-
ber conceptual and quantitative description of the phenom-
ena. However, the approximation of the fast paths as
planar features is made based on similarity with earlier
experiments (Zhang et al., 2006) and not on the basis of
direct physical observations from the present work. Similar
experiments in other minerals with higher argon concentra-
tions may provide solution to this problem. Fast-path
diffusion, as measured in the present experiments, is not
lattice-controlled (though argon having deeply penetrated
a mineral via fast-paths may then begin to diffuse slowly
into the lattice at depth) but instead is presumably domi-
nated by extended defects, dislocations, or planar features
in the mineral. It carries much lower concentrations of
argon (only on the order of 1 ppm, compared to 1000’s of
ppm for lattice diffusion) but it appears to transport these
gases faster and deeper into the crystal lattice, penetrating
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to 100’s of microns over the duration of our experiments.
The transport capacity of each path is determined by its
width, and partitioning of argon between the fast path,
the intergranular transporting medium and the mineral lat-
tice. All of this is encapsulated in the 0D, term (of Eq. (2))
and controls how well argon can be brought deeper in to
the quartz before it can start diffusing out of the fast path
and into the lattice.

It is difficult to speculate on the physical nature and
properties of the fast-paths that result in drastically differ-
ent diffusivities. Fractures, dislocations and extended crys-
tal defects (e.g., micro-structural defects, edge/screw
dislocations, micro-fractures) would all have potential to
create such enhanced diffusion pathways. Greater physical
characterization of potential fast-paths in mineral phases
would allow for increased understanding of their overall
impact on the apparent solubility of argon in minerals,
and how such a contribution can be identified. One of the

main concerns is the size, density, anisotropy and intercon-
nectivity of such paths. These parameters will ultimately af-
fect the contribution the fast paths will have on the overall
diffusivity, and whether or not the two distinct diffusion
pathways can be appropriately decoupled. Moreover, Wat-
son and Cherniak (2003) describe the existence of “nanop-
ores” in quartz samples from 70 nm down to the 10-15 nm
pore size range which can be seen in SEM images. Differ-
ences in densities of these nanopores may also provide sup-
port for the general scatter present in the surface
concentrations observed, particularly if present in the
hydrothermally, synthetically synthesized citrine quartz.
As noted earlier, the existence of “nanopores” or isolated
defects throughout the crystal could possibly contribute
to the high apparent lattice solubility and slow apparent lat-
tice diffusivity in the outermost ~200 nm where such fea-
tures could be acting a mini sinks for argon, retarding net
diffusive transport. In this conceptualization, then as the
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density of such isolated nanopores or defects varies in nat-
ural samples, so too will the effective lattice solubility and
diffusivity.

7. SUMMARY

Analysis of a single sample using both UV-laser ablation
and RBS techniques has allowed us to identify two different
diffusive regimes in clear, natural rock crystal quartz and
synthetic citrine quartz. This study’s laser ablation data
set confirms very slow lattice diffusion for argon in
quartz previously observed from RBS measurements alone
(Watson and Cherniak, 2003; Thomas et al., 2008). This
slow lattice diffusion in quartz would be overlooked with
the sole use of 213 nm UV-laser ablation or even spatially
coarser analytical tools. In some previous work, high
concentrations in the surface layers of UV-laser depth
profiles has been discarded as “anomalous” argon (e.g.,
Wartho et al., 1999). In the case of quartz, this shallow
nearest surface profile appears to represent the lattice diffu-
sion and solubility (though perhaps including the effects of
natural isolated defects) and should not be ignored.

The 193 nm laser yields fine enough spatial resolution to
capture and reproduce the RBS lattice diffusion for argon
in quartz. Both methods of analysis produce meaningful
and consistent results; the only difference is in the scale
and resolution of observation (RBS analysis produces
many tens of data points within 0.1 um, whereas 193 nm la-
ser analyses produce 1-2 data points in the same 0.1 pm).

The existence of fast diffusion pathways has been ob-
served in the deeper diffusive profiles measured by 213 nm
laser ablation. If the high concentration seen in the lattice
represents the lattice solubility and diffusivity, then the dee-
per portions of laser analysis represent the effect of the fast-
path diffusivity. This observation raises the issue for other
UV-laser ablation measured profiles such as that measured
in K-feldspar (e.g., Wartho et al., 1999). While the Wartho
et al. (1999) measurements are real and valid, they have

been interpreted in the past as lattice diffusivity and the
implication from the present experiments may be that they,
and other geochronologically important argon diffusion
measurements, may represent fast-path diffusion. As dis-
cussed above, the fast paths are no less important in con-
trolling the manner in which argon enters (or exits) a
crystal, but the mathematical treatment of multi-path diffu-
sion is fundamentally different and may need to be consid-
ered in many minerals.
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