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Abstract Sized aggregates of glasses (47–84 wt% SiO2)
were fused from igneous-derived cohesive fault rock and
igneous rock, and step-heated from�400 to>1,200 �C to
obtain their 39Ar diffusion properties (average
E=33,400 cal mol)1; Do=4.63·10)3 cm2 s)1). At
T<�1,000 �C, glasses containing <�69 wt% SiO2 and
abundant network-forming cations (Ca, Fe, Mg) reveal
moderate to strong non-linear increases in D and E,
reflecting structural modifications as the solid transitions
to melt. Extrapolation of these Arrhenius properties
down to typical geologic T-t conditions could result in a
1.5 log10 unit underestimation in the diffusion rate of Ar
in similar materials. Numerical simulations based upon
the diffusion results caution that some common geologic
glasses will likely yield 40Ar/39Ar cooling ages rather than
formation ages. However, if cooling rates are sufficiently
high, ambient temperatures are sufficiently low (e.g.,
<65–175 �C), and coarse particles (e.g., radius (r)
>�1 mm) are analyzed, glasses with compositions simi-
lar to ours may preserve their formation ages.

Introduction

The investigation of thermally-activated volume diffu-
sion of Ar in geologic materials has been an ongoing
effort for several decades (McDougall and Harrison
1999). These experimental results form the basis for the

40Ar/39Ar method of thermochronology that is widely
applied to minerals and, to a lesser extent, glasses. Al-
though the ability of the 40Ar/39Ar method to interpret
age and thermal history data from rocks depends on
many factors, knowing the Ar transport properties of
any dated material (crystalline or non-crystalline) is
critical. Glass is commonly present in igneous rocks,
impact-related rocks (e.g., tektites), and shear-heated
fault rocks (i.e., pseudotachylyte). This paper describes
the experimentally-derived Ar diffusion properties of
some fused silicate glasses and discusses the implications
of numerical cooling simulations, which incorporate
these diffusion parameters, for interpreting 40Ar/39Ar
ages from glasses of similar compositions. Particular
emphasis has been placed upon understanding 40Ar/39Ar
ages from glasses produced by shear heating (e.g.,
pseudotachylyte) along buried faults, although our re-
sults are easily applied to simpler cooling scenarios (e.g.,
rapidly cooled volcanic rocks or tektites).

Pseudotachylyte, a type of fault rock generally formed
in the upper 15 km of the crust during seismic slip along
faults and within ductile shear zones, is argued to be the
product of ultracataclasis, frictional fusion, or a combi-
nation of these processes (e.g., Sibson 1975, 1977; Wenk
1978;Magloughlin andSpray 1992; Spray 1995). The rock
is also associatedwith impact structures (e.g., Shand 1916;
Reimold 1995; Thompson et al. 1998). Although pseu-
dotachylyte is known to occur inmanypolymineralic rock
types, it most commonly occurs in granitoid rocks. The
definition of pseudotachylyte is based on macro- and
micro-scale characteristics that include occurrence as
typically dark, mostly aphanitic veins that appear to be
intrusive in nature, presence of included mineral frag-
ments and wall-rock clasts, sharp vein margins, and close
association with faults and shear zones (Sibson 1975;
Magloughlin and Spray 1992). The matrix component of
these veins is typically microcrystalline (r <100 lm) to
cryptocrystalline minerals. In addition, veins may include
glass, neoblastic minerals recrystallized from glass,
vesicles, spherulites, and microlites (Sibson 1975;
Magloughlin and Spray 1992). When the presence of one
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or more of these textural features is observed in pseu-
dotachylyte veins along a fault, slip-induced frictional
fusion of ultracomminuted material along the fault is
typically inferred (Magloughlin and Spray 1992). How-
ever, note that the absence or presence of glass alone is not
a prerequisite in classifying or identifying a rock as
pseudotachylyte; its presence only helps demonstrate a
melt origin of the rock.

In general, any glass that is present in the matrix
portion of a given pseudotachylyte vein is not readily
separable from the non-glassy component, is not easily
distinguished from adjacent fine-grained crystalline
material without the use of a transmission electron mi-
croscope (TEM), is difficult to avoid when analyzing a
pseudotachylyte using standard 40Ar/39Ar analytical
techniques, and probably has diffusion properties that
are quite different than the non-glassy components.
Given that pseudotachylyte can form and endure in
active, probably fluid-rich, tectonic environments, it is
not surprising that glass, if ever present in a given vein, is
usually only locally preserved and in very few instances
does it constitute the major component of a pseudot-
achylyte vein (e.g., Scott and Drever 1953; Sinha-Roy
1981; Lin 1994). Nonetheless, it does occur, making it is
necessary to consider how the diffusion properties of Ar
in glass may affect the bulk 40Ar/39Ar age of a highly
heterogeneous material like pseudotachylyte, especially
if one wishes to interpret the geologic significance of the
age (e.g., cooling versus generation).

In an attempt to detail the enigmatic slip histories of
faults and shear zones and date impact events, a growing
number of investigations have focused on 40Ar/39Ar
dating of fault rocks (e.g., pseudotachylyte) either by
furnace step-heating (e.g., Reimold et al. 1990; Trieloff
et al. 1994; Wenk et al. 2000), or laser probe analysis
(e.g., Karson et al. 1998; Kelley et al. 1994; Spray et al.
1995; Thompson et al. 1998). Samples analyzed in these
investigations apparently contain little if any glass, al-
though rigorous TEM analysis to document the presence
of glass is not always specified. Due to the highly het-
erogeneous nature of pseudotachylyte matrix at all
scales, and the desire to avoid visible wall rock and
mineral clasts that may retain an argon component
inherited from the host protolith, the laser probe has
become the preferred tool for 40Ar/39Ar analysis of
pseudotachylyte because it offers precise spatial analysis
(typical beam width between 10 and 100 lm) of the
micro- to cryptocrystalline matrix that surrounds larger
clasts. Scanning electron microscope (SEM) mapping of
the sample matrix is critical in accurately targeting
desired materials while avoiding others. Even so,
because inter- and intrasample K content and radiogenic
40Ar yield can vary, it is commonly necessary to raster
shallow pits over an �100-lm wide region in order to
collect a sufficient volume of gas. However, if a sample
has not also been characterized with a TEM, the pres-
ence of glass cannot be precluded within the area of laser
analysis and Ar may be extracted from a mixture of
minerals and glass, each of which has unique diffusion

properties and may have experienced a different history
of Ar loss or retention. 40Ar/39Ar dating of pseudot-
achylyte vein formation is based on the assumptions that
the material analyzed was outgassed upon formation of
the vein and subsequently closed to diffusive Ar loss
shortly after vein formation. Thus, understanding how
Ar retention varies as a function of ambient tempera-
ture, cooling rate, material composition, and grain size,
is fundamental to testing these assumptions.

In this study we measure the Ar diffusion properties
of a pure sanidine glass and glasses prepared from a
basalt rock and three natural samples of comminuted
fault rock (e.g., pseudotachylyte), and compare these
data with those from previous silicate glass Ar diffusion
experiments (Carroll 1991; Carroll and Stolper 1991;
Roselieb et al. 1995). Unlike these earlier studies, which
used an electron microprobe to measure Ar concentra-
tion profiles across a sectioned sample, we use a bulk
sample, furnace step-heating approach to measure the
diffusion of nucleogenic 39Ar. The furnace method, like
alternative analytical techniques (e.g., laser, electron
probe), assumes that the diffusion mechanisms and
measured diffusion profiles mimic those in nature
(McDougall and Harrison 1999). This application of
furnace-derived diffusion data to natural argon loss is
not without contention (cf. Parsons et al. 1999; Lovera
et al. 2002). The debate focuses on potential intracrys-
talline microstructural changes that may affect the sub-
solidus distribution and retention properties of Ar in
anhydrous minerals such as K-feldspar, and whether
these changes can be reproduced in vacuo under the
experimental temperature–time conditions. However,
such concerns have rarely, if ever, been raised in regards
to structurally simple, end-member materials such as
silicate glasses, which have been routinely step-heated
for decades (McDougall and Harrison 1999). On this
basis, the furnace step-heating approach is used to
measure the Ar diffusion properties of the silicate
glasses. Although our step-heating approach differs
from most previous glass diffusion studies, our diffusion
data are consistent with other published results and ar-
guably better suited for interpreting 40Ar/39Ar bulk step-
heating age measurements. Thermal history calculations
performed using our glass diffusion data demonstrate
that, under most geologic conditions in which glass-
bearing fault pseudotachylyte is likely to form, quanti-
tative retention of K-derived Ar in the glass will likely
begin long after the faulting (i.e., glass formation) event
and fault exhumation (i.e., glass cooling) ages will result.
This has implications for the interpretation of 40Ar/39Ar
age results obtained from any glass-bearing pseudo-
tachylyte or other glasses (e.g., volcanic, tektite) that
have undergone slow-cooling or experienced reheating.

Sample selection and experimental methods

Five distinct glasses are analyzed in this investigation.
The sanidine glass (S1; Table 1) is a pure, synthetic glass
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(end-member KAlSi3O8 composition) obtained from
Corning Glass (see also White et al. 1989). It was ana-
lyzed so that diffusion results yielded by our experi-
mental approach could be compared with previous Ar
diffusion data from equivalent material (Carroll 1991).
The other glasses (P1, P4, P5, and AB; Table 1) were
prepared by fusing, respectively, three natural samples
of fine-grained, cohesive fault rock (i.e., pseudotachy-
lyte) and an alkali basalt. The primary focus of this
investigation is the diffusion behavior of Ar in the
pseudotachylyte-derived glasses.

The goal of the P-glass production process is to
produce a set of glasses that are compositionally similar
to natural glasses that could occur in veins of fault
pseudotachylyte and are derived from granitoid proto-
liths. To accomplish this, we extracted the micro- to
cryptocrystalline matrix from three samples of grani-
toid-hosted, cohesive fault rock that were collected
along outcrop-scale detachment faults in the Whipple
Mountains, California (e.g., Davis and Anderson 1991),
and melted each at 1,400 �C and 1 atm.

The low-silica (47 wt% SiO2) AB-glass is derived
from a powdered sample of alkali basalt rock from
Hualalai, Hawaii, and serves as a compositional end
member to compare and contrast with the more silicic
P-glasses (Table 1). Such low-silica glasses are not
expected in a glassy pseudotachylyte derived from a
granitoid protolith, but could occur in a glassy pseu-
dotachylyte derived from a mafic rock. The AB-glass
was prepared in the same manner as the P-glasses. A
detailed description and additional chemical analysis of
the parent basalt rock can be found in Yoder and Tilley
(their sample no. 20; 1962).

Representative samples of the prepared glasses
were examined using the electron microprobe, SEM, and
secondary electron backscatter imaging to assess

composition and homogeneity. Crushing and sorting
provided four size fractions for each of the three P-glass
samples; two size fractions for the AB-glass. These 14
samples were irradiated with fast neutrons to produce
39Ar, which was then measured during furnace step-
heating to determine the bulk Ar diffusion properties of
each sample. Details of these procedures are discussed
below.

Fault rock sample selection

The P-glass production process is not designed to mimic
the natural, complex process of pseudotachylyte glass
formation, but to produce glasses that are composi-
tionally similar to natural pseudotachylyte glasses. In as
much as we are trying to evaluate by proxy the bulk
diffusion properties of natural fault rock glasses, mate-
rials at least two to three generations removed from the
original granitoid parent rocks, we felt it best to prepare
our glasses from materials that span a range of imme-
diate precursor (i.e., ultracomminuted host rock) com-
positions. The distribution of minerals across the width
of a typical vein of fault rock is usually inhomogeneous,
and is one of the many factors that can effect the final
composition of any glass. While small-scale chemical
variations within a single pseudotachylyte vein certainly
exist, analyzing glasses from a single vein may have re-
vealed few significant differences in the bulk Ar retention
properties of those materials. To avoid this possibility,
we chose to sample multiple veins, each derived from
granitoid host rocks, and evaluate the effects of broad
chemical heterogeneities that exist between them. Mod-
els outlining the mechanisms of pseudotachylyte for-
mation (e.g., Spray 1995; Ray 1999; Tsutsumi 1999)
suggest that during cataclasis (i.e., fault slip), the
smallest particles are most susceptible to melting (other
factors such as composition, water content, etc. being
equal). By inference, if the faults from which our rock
samples are collected were to slip, the fine-grained ma-
trix material we extracted to make our glasses would
arguably be most likely to melt.

On this basis, fine-grained matrix material, taken
from three spatially-unrelated veins of cohesive fault
rock, provided the starting materials for our pseudo-
tachylyte-derived glasses. All three veins of fault rock
were chosen solely because they are fine-grained and
derived from granitoid (granodiorite to granite) proto-
liths (interested readers can refer to; Anderson and
Cullers 1990, for chemical analyses of representative
granitoid basement rocks in the Whipple Mountains)
like many pseudotachylyte veins are. The fault rocks are
dark in color, aphanitic, and contain included clasts of
rock and mineral fragments. The fault rock veins occur
along widely separated faults, have sharp, chilled vein
margins, and display evidence of intrusion (see also
Hazelton et al. 1998a, 1998b, 1999). Optical petrography
indicates that all phases are crystalline (either primary
mineral and rock fragments or minerals crystallized after

Table 1 Major oxide compositions of the sanidine (S) pseudo-
tachylyte-derived (P) and alkali basalt-derived (AB) glasses

S1 P1 P4 P5 ABa

SiO2 64.75 84.26 60.95 69.61 46.77
MgO 0.22 2.96 1.63 9.92
Na2O 0.67 0.74 2.82 3.34 2.80
Al2O3 18.03 9.06 17.01 16.96 13.87
FeOb 0.02c 1.46 6.48 8.57 12.31
MnO 0.02 0.03 0.03 0.15
K2O 16.52 3.13 4.29 2.46 0.82
CaO 0.35 3.22 3.37 10.04
TiO2 0.32 0.89 1.20 0.11
Cr2O3 0.03 0.02 0.13 2.15
Sum 99.39 99.59 98.67 98.38 98.86
SMelt time (h) 67.25d 66.4e 168.80f �24
aAlkali basalt, Hualalai, Hawaii (cf. sample no. 20; Yoder and
Tilley 1962)
bTotal Fe reported as FeO unless otherwise noted
cReported as Fe2O3 (White et al. 1989)
dInitial pre-melt mass 1.47 g
eInitial pre-melt mass 1.38 g
fInitial pre-melt mass �1.0 g; time does reflect the actual time
required tofully melt the material
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glass), X-ray diffraction (XRD) analysis indicates glass
is not detectable at the 5% level, and a TEM analysis
was not performed. We believe these rocks are altered/
recrystallized pseudotachylytes. Electron microprobe,
SEM, and XRD characterization of the fault rock ma-
trix prior to melting allowed us to identify three samples
with significant alkali feldspar contents. The high alkali
feldspar contents guaranteed that the resulting glasses
had adequate K2O for 39Ar production during irradia-
tion, thereby ensuring that sufficient volumes of gas
could be collected at each temperature step.

Glass preparation

For each of the three P-glass samples, fault rock vein
matrix was segregated frommineral and rock clasts larger
than �0.2 mm, crushed in a clean alumina mortar, and
transferred to a Pt–Au (95:5) crucible prior to fusion. The
crucible surface had been pretreated with molten Fe-rich
basalt to prevent Fe loss from the sample, then cleaned.
Each crushed sample was loaded into the prepared cru-
cible, heated for�1 h at 1,100 �C in amuffle furnace, then
immediately placed into a 1-atm Zircar furnace set at
1,400 �C. Heating occurred under a constant flow of N2

gas to control potential changes in the oxidation state of
Fe. After melting, the sample was drop-quenched in de-
ionized water to limit crystal growth. Solidification oc-
curred within a few seconds. The glass was extracted from
the crucible, crushed, and examined under a 15· micro-
scope to determine the degree of vesiculation andmelting.
All P-glass samples required multiple fusion cycles to
produce crystal- and typically bubble-free glass; the AB-
glass did not. Prior to remelting, glasses were repowdered
in the previously used mortar. Total melt times are listed
in Table 1. For the P-glasses, quartz, and to a lesser extent
feldspar, were always the last minerals to melt. This is
likely due to melting conditions (dry, low pressure) and
the fact that the largest (ca. >50 lm diameter) fragments
(typically quartz and feldspar) were, on average, one to
two orders of magnitude larger than all other minerals
present after the initial crushing. Other minerals,
along with the smaller quartz and feldspar fragments,

typically melted during the first heating cycle. Between
samples, the mortar was cleaned with SiO2 power to re-
move surface contaminants, and the crucible was bathed
overnight in hydrofluoric acid and resaturated with Fe-
rich basalt.

Each final P-glass sample was crushed and particles
sized into 55–70 (200–270 mesh), 130 (100–120 mesh),
350 (40–50 mesh), and 700 lm (20–30 mesh) diameter
splits by sieving (Table 2). Two size fractions were
produced for the basalt glass: 155 (80–100 mesh) and
350 lm (40–50 mesh) diameter grains. Approximately
25 mg of glass fragments were hand-selected from each
of the 12 P-glass splits; �30 mg from the two AB-glass
splits. In most instances, the fragments selected were
equant to sub-equant and lacked thin, feathered edges so
as to most closely approximate a model diffusion ge-
ometry. At high magnifications, the surfaces of these
grains are somewhat irregular due to conchoidal frac-
turing, but the fundamental geometry of each grain is
best described as an edge-worn cube (1:1:1) or prism
(�1.3:1:0.5). Optical analysis prior to step-heating indi-
cated that grains were free of internal fractures, which
could affect the diffusion results.

Compositional analysis

The degree of homogeneity of each P- and AB-glass
samplewas determinedby backscattered electron imaging
coupled with energy dispersive chemical analysis using a
LEO-1430VP SEM. Multiple fragments (�1–3 mm di-
ameter) of each glass sampleweremounted in epoxy resin,
polished, and carbon-coated prior to analysis. Element
distribution maps show that all major elements are well
mixed within each glass and that melting was ‡99%
complete during the preparation process. Glasses usually
lack post-quench neocrysts, but micron-size phases (typ-
ically restitic quartz or feldspar, or crucible-derived Pt)
persist at the<2%level in theP-glasses.Any fragments of
glass containing restitic starting material were discarded.
Internal fractures were not observed in any of the glass
fragments, and vesicles were only notable in the most
siliceous sample (P1, Table 1).

Table 2 Average diffusion
parameters of sanidine (S) and
pseudotachylyte-derived (P)
glasses

aCumulative %39Ar release
used in regression (number of
steps used in parentheses; see
also Figs. 1 and 2)

Sample no. 39Ara E log10Do/ro
2 log Do

(effective radius) (%) (cal mol)1) (s)1) (cm2 s)1)

S1 (1,740 lm) 14.1 (16) 26,300±300 )1.08±0.09 )2.6±0.09
P1-230 (30 lm) 97 (14) 26,100±300 0.71±0.08 )4.4±0.22
P1-100 (65 lm) 99 (26) 26,900±200 0.06±0.20 )4.3±0.16
P1-40 (175 lm) 94 (28) 29,400±500 )0.26±0.09 )3.8±0.16
P1-20 (350 lm) 49 (28) 24,700±100 )1.41±0.03 )4.3±0.05
P4-200 (35 lm) 93 (11) 37,200±900 2.45±0.19 )2.5±0.12
P4–100(65 lm) 86 (14) 38,500±800 2.27±0.19 )2.1±0.19
P4-40 (175 lm) 59 (14) 30,400±900 )0.26±0.22 )1.8±0.22
P4-20 (350 lm) 48 (16) 36,900±700 0.74±0.15 )2.2±0.14
P5-230 (27.5 lm) 98 (12) 36,600±700 2.56±0.16 )2.5±0.14
P5-100 (65 lm) 87 (17) 36,600±700 1.87±0.17 )2.5±0.19
P5-40 (175 lm) 49 (14) 38,600±900 1.75±0.19 )2.0±0.28
P5-20 (350 lm) 26 (11) 36,200±600 0.49±0.12 )2.4±0.12
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Major element composition data was obtained for the
P- and AB-glasses and unresorbed precursor phases (e.g.,
quartz) by wavelength dispersive analysis using a JEOL
JXA8200 electron microprobe. Analysis regions were
identified using backscattered electron imaging. Element
analysis was performed using a 15-keV accelerating
potential, a 15-nA beam current, and 20-s count times.
Glasses were analyzed with a 2-lm beam. Beam spot test
results show a negligible drop in the counting signal from
K over a 45-s interval. A 2-lm beam was also used to
analyze the rare crystalline phases (e.g., SiO2, metal
oxides). Major oxide totals are given in Table 1.

39Ar extraction and measurement

Irradiation procedures

Sized glass aggregates were packaged in Cu or Al foil,
sealed in an evacuated quartz tube, and irradiated for
45 h in L67 position of the Ford Reactor, University of
Michigan, to produce 39Ar from 39K. Neutron fluence
was monitored with Fish Canyon sanidine
(27.8±0.3 Ma) flux monitors.

Furnace step-heating procedures

The step-heating procedures employed are modeled after
those described in Lovera et al. (1997). Temperature
within the double-vacuum resistance furnace was cali-
brated just prior to the experiments by monitoring the
melting temperature of pureZn,Al, andCu. Sampleswere
baked at�200 �Cprior to analysis to remove atmospheric
surface contaminants. Step-heating was performed be-
tween �300–1,650 �C. Flux monitor and 39Ar step-heat-
ing data are given in the Supplementary Electronic
Material. Although diffusion measurements are generally
ignored beyond the temperature at which the material
melts (Tm), higher temperature steps were analyzed to
ensure thorough degassing of each sample because re-
covery of all 39Arwithin the sample is required to calculate
accurate Ar diffusivities. Furnace pump-out times were
minimized (�20 s) and temperature was maintained
during pump-out. These procedures limit 39Ar loss during
successive heating steps to negligible quantities and avoid
potential temperature control degradation and sample
fracturing that thermal cycling could produce. After pu-
rification with a SAES ST-101 alloy getter pump, the 39Ar
was analyzed with a VG1200S noble gas mass spectrom-
eter (Lovera et al. 1997).

Results and discussion

Comparison of bulk step-heating and depth-profiling
diffusion experiments

The way in which our bulk step-heating experiments
measure the diffusion properties of glasses significantly

differs from the most common method used in previous
studies. The latter employ electron microprobe depth-
profiling of silicate glasses that had been isothermally
heated in an Ar atmosphere, and diffusivities were cal-
culated from measured variations in Ar concentration
with distance from an experimental diffusion boundary
(Carroll 1990, 1991; Carroll and Stolper 1991; Roselieb
et al. 1992, 1995). In these investigations, depth profiles
are only measured over a distance of up to 300 lm from
the surface of the 4-mm wide sample, at 10–15-lm in-
tervals. It is assumed that the measured length scales
reflect all possible intra- and intersample variations for
glasses of that composition. Although diffusion length
scales are explicitly measured using this method, bulk
properties that are equally important and more relevant
to 40Ar/39Ar step-heating studies are not revealed.
Conversely, the step-heating approach, when applied to
anhydrous materials that are stable over the range of
experimental investigation, can interrogate the diffusion
properties of the entire volume of material by repro-
ducing the natural diffusion mechanism (McDougall
and Harrison 1999). While r is usually only estimated,
this is not a concern for any thermal history modeling
study provided that experimentally determined diffusion
properties adequately mimic those that operate in nature
(McDougall and Harrison 1999).

To illustrate how we interpret our step-heating results
in terms of diffusion parameters, we first analyze data
obtained from a single 50-mg fragment of sanidine glass
(S1) and then compare the results (Table 2) with those
from previous depth-profiling experiments performed
with equivalent material (orthoclase; Carroll 1991). The
analyzed fragment of S1 had the shape of an edge-worn
cube. To estimate the diffusive length scale for this
particle, we calculated the radius of a sphere of equiv-
alent mass and density (r=0.176 cm). Note that use of a
rectangular or cubic geometry would not have signifi-
cantly changed the results (see below and McDougall
and Harrison 1999).

Sanidine glass (S1) diffusivities (D/r2 in sec)1) were
calculated from the step-heating 39Ar release data as
outlined in Appendix A of Lovera et al. (1997). Suc-
cessive isothermal measurements performed below
800 �C confirm the internal reproducibility of individual
measurements under these conditions. Plots of diffusiv-
ity as a function of inverse temperature are presented in
Fig. 1a for different assumed diffusion geometries. The
difference between the calculated diffusion coefficients
for the different geometries slightly decreases with in-
creasing temperature, with the average difference be-
tween spherical and infinite slab geometry generally
equal to one log10 unit at a given temperature. Note that
the difference between rectangular and spherical results
is minimal, and that a cubic geometry would have
yielded similar results. In plotting the results on Fig. 1a,
we normalized our measured D/r2 values to r=1 cm to
facilitate comparison with previous diffusion measure-
ments of Ar in glass. For a spherical diffusion geometry,
the calculated diffusivities for S1 differ by less than a log
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unit from, and at high temperature converge with, those
reported by Carroll (1991), who represented his glasses
with semi-infinite media geometry. The fact that our
spherical geometry data closely mimic the older results
indicates that the furnace step-heating method is ap-
propriately interrogating the diffusion properties of S1.

It is difficult to unambiguously point to the factor(s)
that may be causing the minor differences between the
previous (Carroll 1991) and new (S1) results, in part
because the older data are more scattered (Fig. 1). For
example, the minor difference could be one of compar-

ing different geometries (i.e., semi-infinite media versus
spherical). Alternatively, our glass fragments, which are
irregularly shaped, are modeled assuming an ideal,
spherical geometry. Due to the irregular shape, through
the low-temperature portion of the S1 data array, dif-
fusivities may be higher than those expected from a
perfect sphere because the initial Ar is extracted more
easily from small corners and edges along the outer
surface of the fragments. These corners and edges have a
smaller r than the ideal r of the whole fragment. This
effect is minimized at higher temperatures. The irregular,
non-ideal surface topography caused by corner and edge
effects is imparted during sample preparation (i.e.,
fracturing) and is unavoidable. We refer to this non-
ideal surface geometry as shape anisotropy. Far from
being detrimental, we argue that the rough surface ge-
ometry of our grains more closely approximates the non-
ideal shape of a natural fragment of glass from a rock
than does that of the semi-infinite geometry. On the
basis of the results shown in Fig. 1, all subsequent cal-
culations use a spherical diffusion geometry to approx-
imate the fragment shape.

Retrieval of diffusion parameters in materials affected
by shape anisotropy

The standard Arrhenius relationship used to represent
volume diffusion in silicate solids is D=Do exp(-E/RT)
where D is the diffusivity, Do is the diffusivity at infi-
nitely high temperature, E is the activation energy, R is
the ideal gas constant and T is absolute temperature. We
use this relationship to interpret the results from S1 and
employ a regression technique that is capable of dealing
with step-heating data produced from a material char-
acterized by a distribution of r values (Appendix B in
Lovera et al. 1997). The calculated diffusion coefficients
define nearly linear arrays with a minor, but resolvable
concave-downward curvature evident at high tempera-
ture (Fig. 1a). We attribute this effect to glass fragment
shape anisotropy. Specifically, low-temperature 39Ar
release from near surface regions is sensitive to grain
surface irregularities, while gas released from internal
regions at high temperatures is not. Hence, we believe
that the downward curvature shown in Fig. 1a is pro-
duced by a variable, temperature-reliant r that governs
Ar transport and increases from smaller to larger values
with progressive outgassing.

Correctly estimating activation energy (E) is the most
critical step in determining the Ar retention properties
from a series of diffusion experiments. In material
characterized by a single r, in which Ar transport is
described by the Arrhenius relationship, the task is
simply accomplished by determining the slope (-E/R)
defined by an array of diffusion coefficients on a plot of
log D/r2 against inverse T. However, since r in our
material is not constant, selection of the data points
defining a linear array with a slope parallel to that
implied by the apparent E of the sample becomes

Fig. 1a–c Arrhenius diagrams and log r/ro plot for Ar diffusion in
sanidine glass. a Effect of diffusion geometry upon calculated
diffusivities for S1 (this study). Note that all data are normalized to
r=1 cm. Results show that a spherical geometry most closely
approximates the results of (Carroll 1991). b Methodology for
regressing Arrhenius parameters determined from step-heating
results. Inset shows statistical basis for selecting data points in
regression where N is the number of steps beginning with the initial
step and q is the goodness of fit (see Lovera et al. 1997). c Increase
in the effective diffusion length scale (r) normalized by that
obtained in b above (E/R; see text). Net observed increase of �35%
is not critical as additional data points could have been added to
the regression without significantly affecting the reference line
results
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problematic. Given the concave-downward curvature
exhibited by these data (Fig. 1b), it is clear that the
maximum slope defined by a subset of data points will
most closely approximate the relevant E of this sample.
Balanced against this is the prospect that experimental
scatter in a smaller subset of the data could indicate an
erroneously high E, or result in a large error associated
with E. The goal is to strike a balance between maxi-
mizing the size of a data subset that spans a temperature
range of interest, while minimizing the associated error
in E. However, note that for this sample, the inclusion of
additional points would not significantly change the
approximated value. This is not necessarily the case for
other samples (see discussion below). The best-fit
method we employ for sample S1 is one where the
number of points used in the regression is increased until
the goodness of fit, weighted by the number of points
used, reaches a maximum (Fig. 1b inset). The E
obtained (26.3±0.3 kcal mol)1) is slightly smaller than
the less well-defined value reported in Carroll (1991), but
both agree within experimental uncertainty (see Fig. 1a).

Before proceeding to the analysis of our rock-derived
glass samples, it is informative to examine the magnitude
of the relatively minor increase in the effective r for Ar
transport that is implied by the S-glass results. We be-
lieve this phenomenon is also related to the physical
nature (i.e., shape anisotropy) of S1. The effect can be
illustrated graphically by determining the difference be-
tween the measured log (D/r2) values and those implied
by the regression array defined in Fig. 1b, and plotting
this difference as a function of cumulative 39Ar release
(Richter et al. 1991). As indicated in Fig. 1c, effective r
increases by a factor of three from that defined by the
low-temperature gas release (ro), which is measurably
influenced by the fraction of Ar released from corners
and edges around the surface of the grain (i.e., shape
anisotropy effects), to that observed just before the
sample begins to melt (�1,150 �C). We do not consider
the threefold increase in log r/ro to be unexpected nor
significant (with respect to our other glass results) be-
cause the increase in effective r is a function of grain
properties (size and shape), and the grain r of sample S1
was larger and more irregular than the fragments of
other glasses we analyzed. Had fragment S1 been
smaller, the effective r (i.e., grain r) would have been
closer in length to the r of the small corners and edges of
the grain, and the increase in log r/ro would have been
correspondingly small. Also note that this effect influ-
ences the fraction of 39Ar used to estimate the diffusion
parameters, which for sample S1 is a relatively small
fraction of the total gas release (Table 2). One can typ-
ically both lessen the impact of shape anisotropy and
increase the useful gas fraction for determining diffusion
parameters by reducing particle size because doing so
results in a larger proportion of the 39Ar occupying near-
surface regions. On this basis, we purposely made the
fragment sizes for our other glass samples smaller than
fragment S1, and tested a range of fragments with
different radii (�30–350 lm; Table 2).

Diffusion parameters of pseudotachylyte-derived
glasses

We have calculated diffusion parameters for the three
pseudotachylyte-derived glass (P-glass) samples, but
found it necessary to abandon the automated best-fit
method described above and adopt the manual fit pro-
cedure discussed below. The P-glass diffusion results are
shown in Fig. 2 and listed in Table 2. Recall that four
different size fractions were examined for each sample.
For most sample fractions, an insignificant portion of
the total gas (<2%) is released at low temperatures
(<�550 �C; see also the Supplementary Electronic
Material). Additionally, the majority of the P-glass data

Fig. 2a–c Arrhenius diagrams of Ar diffusion data (unnormalized)
from the prepared pseudotachylyte (P) glasses; spherical geometry
assumed (see text). Data points regressed in the calculation of E
shown in black. Calculated Arrhenius parameters are given in
Table 2. Parameter differences between these glasses are primarily
functions of grain shape anisotropy and composition (see Table 1,
text discussion)
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exhibit a moderate to strong progressive increase in
diffusivity between �650 and �1,050 �C. The combina-
tion of these factors results in concave-upward curvature
of the Arrhenius arrays for P4 and P5 glasses (Fig. 2).
The automated fitting routine used to determine the
Arrhenius parameters for S1 cannot adequately model
the concave-upward Arrhenius arrays produced by P4
and P5. Automated fitting was attempted, but the results
yielded unrealistically low activation energies that rep-
resented less than a few percent of the total 39Ar re-
leased. For this reason, fitting was done manually. As
discussed above, the goal was to define a reasonably
large subset of low-temperature data that produced an E
with the smallest error. In general, the initial low-tem-
perature steps are excluded from the fit because they
represent <1% of the cumulative 39Ar yield, and their
addition significantly changes E. If initially excluded
points could be included into the data subset without
affecting E, they were. This manual best-fit approach
allows us to account for a large fraction of 39Ar released
(Table 2), without significantly increasing the error
associated with E.

The following observations can be made from these
P-glass diffusion data (Fig. 2, Table 2). First, the Arrhe-
nius parameters for sample P1 are different than P4 and
P5. Arrhenius arrays for P1 are near-linear or slightly
concave-downward like glass S1, while P4 and P5 arrays
are concave-upward. The increase of both E and diffu-
sivity with increasing temperature (i.e., concave-upward
curvature) is not without precedent for mafic glasses (cf.
Stettler and Bochsler 1979). As this behavior is best il-
lustrated by the AB-glass, it is discussed in the following
section. Second, if only P4 and P5 data are considered,
intrasample variability of the Arrhenius parameter E, the
most critical parameter measured, is minimal and almost
all measurements from a given sample agree within un-
certainty (Table 2). Third, the average values ofE and log
Do for samples P4 and P5 are indistinguishable within
error. Fourth, not only is the average value of E for P1
much lower (ca. 10 kcal mol)1) than P4 and P5, there is
also no overlap in calculated values of E among the four
size fractions (Table 2).We believe the contrasting results
between P1 and P4–P5 are in part due to the shape an-
isotropy effect, which was exaggerated in P1 (especially in
the two largest size fractions) because of persistent vesi-
cles. Fifth, for any sample, the average difference (from
size fraction to size fraction) in measured D/r2 at a given
temperature is usually reproducible, though about a third
less than that anticipated (Fig. 2). For example, for r=65
and r=175 lm fragment sizes, the average difference in
measured D/r2 values is 0.76±0.14, 0.60±0.25, and
0.57±0.20 log10 units (for P1, P4, and P5, respectively)
while the calculated difference is 0.86 log10 units. These
differences vary proportionally with fragment size (i.e.,
the largest fragments show the highest discrepancy).
Again, we attribute this behavior to shape anisotropy ef-
fects. Finally, while the experimentally-determined logDo

and E values reveal intrasample variability, consistent
intersample values from P4 and P5 glasses indicate that

our step-heating method and data reduction techniques
are internally consistent and reproducible.

Diffusion properties of basalt-derived glass
and the glass transition effect

The nature and cause(s) of the concave-upward curvature
of Arrhenius arrays displayed by the two relatively low-
silica P-glasses (P4 and P5; Fig. 2) are further explored
with two additional step-heating experiments using two
grain-aggregate splits of a basalt-derived glass (AB-glass;
Table 1; the Supplementary Electronic Material). Be-
cause each of the P-glasses were prepared and analyzed in
a consistent manner, and the behavior is consistent from
one size fraction of a sample to another, shape anisotropy
effects and analytical error can be excluded as causes of
the concave-up curvature of glasses P5 and P4. However,
among the three P-glasses, composition-dependant effects
cannot be ruled out (cf. Table 1, Fig. 2). For this reason,
the AB-glass (Table 1) was prepared and analyzed
following the procedures used for the P-glasses.

The AB-glass diffusion data (Fig. 3) display a con-
cave-up curvature that is much more pronounced than
the more silicic P- and S-glasses. Duplicate isothermal
steps were analyzed from the initial heating temperature,

Fig. 3 Arrhenius diagram of Ar diffusion data from prepared,
basalt-derived glasses (AB-glass; see Electronic Supplementary
Material) and representative pseudotachylyte-derived glass (P4-40;
Table 2). Spherical diffusion geometry assumed. Dashed lines
correspond to the inferred glass transition (Tg) and melting (Tm)
temperatures for the AB-glasses. Data points regressed in the
calculation of E (highlighted in black) and resulting E values are
indicated. The strong, non-linear increase in Ar diffusion displayed
by AB-glasses is believed to result from changes in the physical
properties of these glasses during the transition from solid to
supercooled liquid to melt (see discussion in text)

8



up to �950 �C. At a given temperature, duplicates
generally do not overlap, so determining E is difficult.
Below �900 �C, both AB-glass samples have essentially
the same diffusion characteristics (Fig. 3), compared
with P-glasses they are generally more retentive, changes
in diffusivity appear minimal, and a relatively small
fraction of total 39Ar is released (the Supplementary
Electronic Material). However, between �600–650 and
1,000 �C, in striking contrast to the other glasses, the
AB-glasses undergo a significant (104–105) increase in
diffusivity with increasing time (t) and T (Fig. 3). For
example, over the brief t interval between successive
900 �C isothermal steps, AB40 releases �15% of the
total 39Ar collected. Below 900 �C, the sample had
yielded �3% of the cumulative 39Ar. The initiation of
these rapid increases in diffusivity with increasing tem-
perature occurs at �600 �C (Fig. 3). A second distinct
change in the diffusion properties of the basalt glasses
occurs at �1,000 �C. Although much less pronounced,
similar inflections are exhibited in the Arrhenius data
from P4 and P5 glasses (Fig. 2). Between �1,000 and
�1,200 �C, the AB-glass Arrhenius data form linear
arrays, and over this T interval both AB samples release
�40–70% of their total 39Ar yield. Similar, high-T, lin-
ear arrays are observed for some P-glasses.

It has long been recognized from glass diffusion
studies (e.g., Stettler and Bochsler 1979) that some
glasses can display a positive increase in E and diffusivity
during heating, commonly at temperatures well below
complete melting (Tm). Although a progressive reduc-
tion in effective r during heating (e.g., via grain frac-
turing) may explain the increase in calculated diffusivity,
alternative phenomena are suggested by our diffusion
data. By comparing the compositions of the P-, AB-,
and S-glasses (Table 1) with their respective diffusion
array shapes (i.e., concave-upward versus concave-
downward; Figs. 1, 2, and 3), a clear, positive correla-
tion emerges. As the proportion of FeO +MgO + CaO
increase relative to SiO2 + Al2O3, the upward concavity
of the diffusion arrays becomes more pronounced. The
concave-upward diffusion curves of glasses P4, P5, and
AB typically display two points of inflection (Figs. 2 and
3). In general, data points below the lower inflection and
data points above the upper inflection (up to Tm) each
form linear trends. Trendline slope-intercept values that
describe each of these data sets are dissimilar from one
another (i.e., relate different diffusion properties). Be-
tween inflection points, the glass is hypothesized to un-
dergo a fundamental physical transformation from glass
to supercooled liquid. The onset of this transformation
occurs at a specific temperature (Tg; �2/3 Tm), which is
(apparently) composition-dependent (e.g., �800 �C for
albite, �1,200 �C for silica; Roselieb et al. 1995), and
involves a dynamic reorganization (i.e., relaxation) of
network structural units as well as the initiation of
crystal formation (Hampton and Bailey 1984). The
details of this phenomenon and its thermodynamic
implications are beyond the scope of this study, but
are described by Johnson et al. (1951), Carmichael et al.

(p 128; 1974), and Carroll (1991). The goal here is simply
to offer explanation for the non-linear Arrhenius be-
havior displayed by many of our glasses, and explore the
implications of this behavior with respect to silicate
glasses that may be dated using 40Ar/39Ar step-heating
techniques. Based on the AB-glass diffusion results
(Fig. 3), the interpreted Tg occurs at the low-T inflection
point (i.e., Tg=�600 �C). Hampton and Bailey (1984)
report similar Tg values for their mafic glasses. At the
second inflection point (i.e., �1,000 �C), the transfor-
mation from supercooled liquid to a molten state (i.e.,
Tm) is suggested by the Arrhenius data, and reasonable
if our interpreted Tg is correct (i.e., Tg�2/3 Tm).

Determining geologically relevant diffusion parame-
ters from the AB-glass results is problematic. The low-T
diffusion results suggest that the AB-glass is very retentive
with respect to Ar diffusion (Fig. 3). However, if the same
criteria used to determine E for glasses P4 and P5 are
applied to the AB-glass data, the low-T results must be
excluded from the Arrhenius parameter determination
because the isothermal duplicates show no consistent
overlap, and these data represent very little of the 39Ar
extracted from the sample. The high-TAB-glass data (i.e.,
�1,000–1,200 �C), on the other hand, are linear and
represent a significant fraction of the total 39Ar released.
These data yield an averageE of�36 kcal mol)1 (Fig. 3).
This result is quite similar to that of the P4 and P5 glasses
(Table 2). However, note that the extrapolation of these
AB-glass diffusion data, into the range of typical
temperatures (i.e., <350 �C) one might expect during a
geologic reheating event, is problematic. Such down-
temperature extrapolation of the measured high-T data
suggests low-T diffusivities that are more than an order of
magnitude lower than the measured low-T data suggest
(Fig. 3). In addition, doing so violates a fundamental as-
sumption of the step-heating technique, namely that the
material is physically stable over the range of experi-
mental investigation. For these reasons, the Arrhenius
parameters of the AB-glasses are deemed too problematic
to extract and include with the P- and S-glass results.
Fortunately, over the range of T–t conditions for our
experiments, Ar diffusion in the P4 and P5 glasses is not as
problematic. For most P-glass samples, especially those
with small radii, the difference between high- and low-
temperature activation energies are minimal (Fig. 2, the
Supplementary Electronic Material). While these data
further demonstrate that changes in r (i.e., shape anisot-
ropy) influence diffusion non-linearity, the concave-
upward form of Arrhenius arrays from the more mafic
glasses (P4, P5, AB) indicate that other physical factors
(e.g., composition-dependent, temperature-related reor-
ganization of network structural units) can be important.

Effects of physical characteristics upon the Ar
retention properties of silicate glasses

Average activation energies (E) reported for silicate
glasses range from 22.9–34.5 kcal mol)1 (Fig. 4). The
mean of these data (�29 kcal mol)1) is lower than the
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mean of our averaged P-glass data (33.4±0.5 kcal
mol)1), due in part to high values calculated for P4 and
P5 glasses. The range of reported values is significant
because small changes in E can cause large changes in Ar
retentivity. The main causes for these variations proba-
bly arise from physical factors. Although these factors
can be composition-independent (e.g., grain shape
anisotropy, differences in experimental technique), the
P4–P5 results indicate that other factors are probably
not. It has been proposed that Ar retentivity tends to
increase as molecular density in the glass increases
(Dowty 1980; Carroll and Stolper 1991). Our mafic glass
data, which strongly suggest that the abundance of
network-modifying Ca, Fe, and Mg is an important
control on the diffusion properties of a sample, are
consistent with this idea. However, for the moderate to
high-silica glasses with low to moderate CaO, FeO, and
MgO contents (e.g., most of those shown in Fig. 4), the
abundance of SiO2 and Al2O3 must be more important
than in the mafic glasses.

It is clear from Fig. 4 that the averaged diffusion
properties of different composition glasses (e.g., sani-
dine, albite, silica, etc.) are distinct. As with other silicate
glasses (Carroll 1991; Carroll and Stolper 1991; Roselieb
et al. 1992, 1995), SiO2 and Al2O3 are the dominant
components and thus a primary control on the molec-

ular density of glasses S1 and P1, and to a lesser extent,
glasses P4 and P5. A clear relationship between Ar dif-
fusivity and silica content of silicate glasses shown in
Fig. 4 is not observed over the range of temperatures
shown. However, based on data shown in Fig. 4, and
excluding the end-member pure-silica glasses, the energy
of activation does vary proportionally with silica con-
tent. If accurate, on the basis of previously published
silicate glass diffusion data alone (e.g., Fig. 4), we should
be able (to a first-order approximation) to predict the E
of our glasses based solely on their compositions. The
silica content of glasses P4 and P5 (Table 1) for example,
is comparable to albite and rhyolite glass, and indeed the
E of all four glasses are identical within error (Fig. 4).
Similarly, based on SiO2 content, the activation energy
of glass P1 should be similar to rhyolite or silica glasses
(Fig. 4, Table 1). Our data show that the E of P1 is close
to that of silica (Fig. 4), but most like that of the sani-
dine glass (S1), although the diffusivity of P1 is two
orders of magnitude lower. We have shown that for
similar materials, shape anisotropy effects will likely
cause bulk sample Do estimates to be higher than those
yielded by the depth-profiling approach (e.g., Fig. 1a).
This effect appears to be on the order of half a log10 unit.
If P1 diffusivity is shifted downward by this amount,
these data overlap with published silica glass results
(Fig. 4). The nearly consistent changes in diffusivity as a
function of r (Table 2) leave little doubt that the pres-
ence of vesicles (i.e., shape anisotropy) affected P1 dif-
fusion measurements. However, shape anisotropy does
not explain the difference between log Do values of P4
and P5 glasses and those of the albite or rhyolite glasses.
The difference is, however, likely caused by the abun-
dance of network-forming Fe, Mg, and Ca cations in P4
and P5. We conclude that the diffusion properties of our
glasses are largely governed, directly or indirectly, by
material properties such as composition and shape
anisotropy.

Simulation of post-slip thermal evolution
and implications for dating of silicate glasses

The ability of a simple material such as pure, natural,
pseudotachylyte glass to retain radiogenic argon de-
pends upon its diffusion parameters, its effective diffu-
sive length scale, and thermal history it experiences
subsequent to formation. As demonstrated above, the
diffusion parameters are largely a function of composi-
tion. Using the average diffusion parameters determined
from our P-glass experiments, bulk closure temperatures
were calculated for two, compositional end-member
P-glasses (P1 and P4). These data are plotted in Fig. 5 as
a function of length scale (i.e., grain r) and cooling rate.
Recall that the typical diameter of grains in our starting
fault rock is £ 100 lm. Over most plausible geologic
conditions, bulk closure in a high-silica, low-CaFeMg
glass (e.g., P1; Fig. 5a) will occur below �125–75 �C,
while closure in a high-CaFeMg, low-silica glass (e.g.,

Fig. 4 Summary Arrhenius diagram of average Ar diffusion data
from selected silicate glasses. These data suggest that Ar diffusion
in P4 and P5 is most like that of rhyolite or albite glass. Ar
diffusion in silica-rich P1 is closer to that of fused silica. All data
normalized to r=1 cm. Spherical geometry assumed for the S1 and
P-glasses; other data use a semi-infinite geometry. Curve labels
correspond to the following E (in kcal mol)1) and source: P1, P4,
P5 (see Table 2; this study); S1 (see Table 2; this study); 1
(24.1±1.3; Carroll and Stolper 1991); 2 (22.9±1.4; Roselieb et
al. 1995); 3 (32.8±1.4; Carroll 1991); 4 (31.8±5.7; Roselieb et al.
1995); 5 (33.9±4.1; Roselieb et al. 1995); 6 (34.5±1.5; Carroll
1991); 7 (29.0±3.9; Carroll 1991)
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P4; Fig. 5b) will occur below �220–165 �C. To illustrate
the significance of these retention properties, we calcu-
late bulk closure ages of samples formed at 100 Ma that
have undergone simple, linear cooling (Fig. 5). In order
to explore a wide range of possible behaviors, we varied
the initial ambient temperature (Tamb) between 0–300 �C
(maximum cooling rate of 3 �C Ma)1), and r from 1 cm
to 0.1 lm. While we use a spherical diffusion geometry
for these calculations, the use of other geometries would
not meaningfully alter conclusions drawn from this ex-
ercise. Model results (Fig. 5) show that the region of
Tamb-r space in which pseudotachylyte glass can quan-
titatively retain radiogenic Ar (i.e., record the true glass
generation age) is relatively restricted, and varies
significantly with composition. For example, r=1 cm
grains of a comparatively retentive glass (e.g., P4;
Fig. 5d) require Tamb<225 �C to produce 40Ar/39Ar

generation ages, while r<1 lm grains experience mea-
surable Ar loss under all conditions (i.e., cooling ages
result). In comparison, r=1 cm grains of relatively un-
retentive glass (e.g., P1; Fig. 5c) require Tamb<125 �C
to produce 40Ar/39Ar generation ages, while r<100 lm
grains of the glass experience measurable Ar loss under
most conditions.

The implications of these model data with respect to
40Ar/39Ar dating of glassy pseudotachylyte are signifi-
cant. In general, fault vein pseudotachylytes are thought
to form during high-speed slip events where fault surface
temperatures temporarily reach ‡700 �C (e.g., O’Hara
1992; Lin 1994; Spray 1995), and in tectonically active
areas where one would expect background Tamb of
>125 �C. The outgassing of Ar at the high temperatures
obtained during fault slip, albeit brief, should guarantee
that protolith ages will never be obtained. After the
initial thermal pulse generated during fault slip (i.e.,
glass formation), a typical (�1 cm thick) vein would
quickly (t�1 day) reach thermal equilibrium with the
surrounding host rock at T=Tamb. Under most
reasonable geologic conditions, Tamb would probably be
far above the average Ar retention temperature of the
typical granitoid-derived pseudotachylyte glass. As such,
a 40Ar/39Ar age from any glassy material within the vein
will reflect the time at which the vein/host-rock passed
through the temperature required to fully retain Ar in
the glass (i.e., cooling age will result). Our calcula-
tions indicate that under most such conditions
(elevated Tamb), one should not expect an average,
granitoid-derived, glassy pseudotachylyte to preserve its

Fig. 5a,b Bulk closure temperature of pseudotachylyte-derived
glasses as a function of linear cooling rate and diffusive length
scale. Comparison of a and b show the effect of glass composition.
a Results using the average high-silica, low-CaFeMg P1 glass data
(Do=7.6Æ10)5 cm2 s)1 and E=26.8 kcal mol)1). b Results using
the average low-silica, high-CaFeMg P4 glass data (Do=
8.8Æ10)3 cm2 s)1 and E=37.8 kcal mol)1). c, d 40Ar/39Ar bulk
age as a function of diffusive length scale and initial ambient
temperature. Models assume slow-cooling of pseudotachylyte glass
formed at 100 Ma. Comparison of c and d show the effect of glass
composition; same diffusion properties as in a and b, respectively.
Shaded regions highlight the results expected from the average
grains (effective r £ 50 lm) in the matrix of typical fault vein
pseudotachylyte. Spherical diffusion geometry assumed in all
calculations
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formation age unless the analyzed glass grains have a
large unfractured diameter. Because pseudotachylyte
veins are typically �1 cm thick or less, and commonly
form along long-lived faults or in shear zones where
cataclastic reworking and fluid-promoted devitrification
are expected, the occurrence of an unfractured, �1-cm-
diameter piece of glass is unlikely. At the scale of aver-
age grains that constitute the matrix of the Whipple
Mountains pseudotachylytes (r £ 50 lm), the ability of
silicate glass to quantitatively retain Ar is much lower
than the crystalline, K-bearing, matrix material (e.g., K-
feldspar). Assuming that the glass composition reflects
the average of our three P-glasses, the unretentive nature
will manifest itself in a 40Ar/39Ar age obtained from any
whole-rock sample (i.e., glass plus crystalline material)
or glass separated from crystalline material. For such
samples, the 40Ar/39Ar ages obtained should be much
younger than the time of glass formation (i.e., fault slip).
This applies to any other datable glass-bearing geologic
material (e.g., tektite, volcanic rock) with compositions
similar to our samples. Because small grain sizes are
typical of pseudotachylyte matrix, low (post-generation)
temperature conditions are required to either obtain
generation ages from glassy pseudotachylyte or retrieve
approximate generation ages from an otherwise crys-
talline pseudotachylyte. Thus, pseudotachylyte and
tektite glasses that might form at or near the Earth’s
surface as a result of meteorite impact may yield
40Ar/39Ar ages that accurately reflect the age of the
impact event; although this remains to be shown for
pseudotachylyte glass. Similarly, sufficiently large-
diameter glass fragments extracted from volcanic rocks
should provide 40Ar/39Ar extrusion ages, provided the
rocks were never significantly reheated.

Summary and conclusions

Our analytical approach and method of determining
Arrhenius parameters differ from most of the previous
glass diffusion studies, but are designed to be similar to
routine 40Ar/39Ar dating studies that use crystalline
minerals such as K-feldspar because one of our primary
goals is to determine the contribution of glass-derived
Ar to 40Ar/39Ar pseudotachylyte ages. Experiments
performed with sanidine glass (S1) demonstrate that a
step-heating approach, based upon progressive degas-
sing of nucleogenic 39Ar produced during neutron irra-
diation, yields results comparable to those produced by
depth-profiling diffusion studies that use K-feldspar
glass isothermally heated in an argon reservoir. Minor
differences can be attributed to shape anisotropy.

Experiments (n=12) performed with three laborato-
ry-produced, pseudotachylyte-derived silicate glasses
(P-glasses) yield average Do and E values of 4.63·
10)3 cm2 s)1 and 33.4 kcal mol)1, respectively.
These values generally agree well with previously
reported silicate glass Ar diffusion results (E=22.9–
34.5 kcal mol)1). A step-heated, high-silica, pseudo-

tachylyte-derived glass sample yields the lowest activa-
tion energy and has Arrhenius properties that are
consistent with previous results from silica glass depth-
profiling experiments. The Ar diffusion properties of the
other two pseudotachylyte-derived glasses resemble
those obtained previously from rhyolite and albite glass
depth-profiling.

On an Arrhenius diagram, nearly all diffusion data
from the P-glasses plot as non-linear curves. The high-
silica sample (P1) data arrays are all sub-linear, or show a
gentle concave-down curvature. We attribute this non-
linearity to grain shape anisotropy (i.e., non-ideal surface
geometry) effects that resulted from crushing and vesicu-
lation during the glass preparation stage. Conversely, the
relatively low-silica P-glasses (P4 and P5) display gentle to
moderate concave-up non-linearity. We believe that this
may be primarily caused by structural changes involving
network-modifying cations (i.e., Ca, Fe, and Mg),
although a grain fracturing effect cannot be excluded.

To investigate the possible connection between glass
compositions and direction of data curvature on an
Arrhenius plot, a silica-poor, CaFeMg-rich, basalt-
derived glass (AB-glass) was also step-heated. On an
Arrhenius diagram AB-glass diffusion data reveal a
strong concave-upward curvature (i.e., increase in E and
D) between T of �600 and 1,000 �C. The interpreted
cause of this behavior is also attributed to the abun-
dance of Fe, Mg, and Ca, and the reorganization of
network structural units, coupled with mineral crystal-
lization (and eventual resorption), which occurs prior to
complete fusion. These processes facilitate rapid
increases in the flux of Ar from these grains with
increasing T and t. At T>1,000 �C, the AB-glass
diffusion data are linear and provide an average E of
�32 kcal mol)1, which is consistent with the average
P-glass results. However, these high-T AB-glass Arrhe-
nius results are not representative of the low-T
(<600 �C) data, and we argue that such down-temper-
ature extrapolation should be avoided for FeMgCa-rich,
low-silica glasses. In such glasses, estimates of noble gas
diffusion rates at low temperatures (i.e., geologic con-
ditions) that are based on extrapolations from existing
laboratory time-scale, high-T, diffusion experiments
should be viewed with caution until independently
verified.

Using the P-glass results, simple simulations of a
thermal history evolution in which initial ambient tem-
perature and diffusion length scale are varied, and
temperature falls linearly to surface conditions over a
100-Ma interval, indicate that the conditions for quan-
titative retention of radiogenic Ar are quite restricted
and vary with glass composition. In general, these results
indicate that millimeter- to centimeter-scale fragments of
average granitoid-derived pseudotachylyte glass from
low ambient temperature environments (e.g., Tamb<65–
175 �C) are capable of preserving formation ages. Sub-
millimeter to micron-scale glass bodies prevalent in some
pseudotachylytes that are formed in all but the shal-
lowest crustal settings will only record cooling ages.
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Still, assuming a bulk composition similar to the av-
erage of our P-glasses, reasonably accurate 40Ar/39Ar
pseudotachylyte generation ages should be expected
from the glassy portions of pseudotachylytes that form
in the upper �2 km of crust (assuming an average geo-
thermal gradient of 25 �C km)1), from pseudotachylyte
and tektite glasses that form as a result of meteorite
impact and rapidly cool at the Earth’s surface, and from
volcanic glasses that have not experienced significant
post-eruption reheating (e.g., via burial). The results of
this diffusion study indicate that additional experimental
and physical constraints should be determined for the
non-glassy components of typical pseudotachylyte
matrix before 40Ar/39Ar pseudotachylyte ages can be
unambiguously interpreted as either generation or
cooling ages.
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