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The effect of water, temp-
erature and strain rate on the
dislocation creep microstruc-
ture, recystallized grain size
and flow stress of quartz
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Since the work of Griggs & Blacic (1965)
it is well known that the crystal plastic
flow strength of ‘wet’ quartz samples is
much lower than that of ‘dry’ samples
deformed at the same conditions, and
the general effect of water on disloca-
tion creep microstructures has been doc-
umented (e.g. Hirth & Tullis 1992), but
its effect on the recrystallized grain size
has not been quantified. The recrystal-
lized grain size is the most reliable and
most easily measurable microstructural
feature to derive flow stresses from natu-
ral mylonites (e.g. White 1979, Kohlst-
edt et al. 1980). In a recent experi-
mental study, a well-constrained recrys-
tallized grain size piezometer for quartz
(Stipp & Tullis 2003) was calibrated
using natural as-is quartzites; the use
of a molten salt cell at high confining
pressure (1.5 GPa) in a Griggs-type ap-
paratus allowed good stress resolution
(Green & Borch 1989). There has been
some debate as to whether there is any
independent effect of water on the re-
crystallized grain size piezometer. Two
laboratory studies on olivine aggregates
(at different pressures) report contradic-
tory results; van der Wal et al. (1993)
found that the recrystallized grain size
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piezometer is independent of the wa-
ter content, whereas Jung & Karato
(2001) observed a water-dependence of
the piezometer.
In this study, we have investigated
changes in the recrystallized grain
size and other deformation microstruc-
tures of quartz within dislocation creep
regimes 2 and 3 of Hirth & Tullis
(1992). Deformation experiments on
Black Hills quartzite with three differ-
ent initial water contents (as-is, water-
added and vacuum-dried) were carried
out in order to evaluate the effect of
water on the recrystallized grain size /
flow stress piezometer. Samples were
deformed in axial compression at tem-
peratures of 750° to 1100°C, strain rates
between 2 × 10−7 s−1 and 2 × 10−4 s−1

and strains up to 46% using a molten
salt assembly in a Griggs apparatus. An
increase of the initial water content at
otherwise constant deformation condi-
tions caused a decrease in flow stress,
an effect known as hydrolytic weaken-
ing. The total water content of the
starting material was analyzed by Karl
Fischer Titration (KFT) and Fourier
Transform Infrared (IR) spectroscopy,
and quenched samples were analyzed
microstructurally and by IR. Changes
in the dynamic recrystallization mi-
crostructure correlate with changes in
flow stress, but there is no independent
effect of temperature, strain rate or wa-
ter content. IR absorption spectra of
the deformed samples indicate that dif-
ferent water contents were maintained
in the three sample sets throughout the
experiments. For quantitative determi-
nation of the water content in the de-
formed samples a new IR calibration
was developed, based on KFT analysis
of the starting material.
A comparison with previously used
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Figure 1: Recrystallized grain size/flow
stress data from the water-added, as-is
and vacuum-dried samples plotted together
with the least squares fit calibration of the
recrystallized grain size piezometer of dislo-
cation creep regimes 2 and 3 (Stipp & Tullis
2003, equation is indicated).

IR calibrations (e.g. Paterson 1982)
demonstrates that the latter sys-
tematically underestimate the water
content of Black Hills quartzite. Only
relative differences in water content
within a sample set are reliable when
solely using these previous IR calibra-
tions. However, relative differences
within the sample set indicate that
the amounts of water measured within
the vacuum-dried (∼260±40 ppm H2O),
the as-is (∼340±50 ppm H2O) and the
water-added (∼430±110 ppm H2O)
samples are significantly smaller than
the initial content of the quartzite
(∼640±50 ppm H2O, each with our
IR calibration). We assume that this
initially puzzling result was caused
by a redistribution of the water con-
tent during experimental deformation
and/or during IR sample prepara-
tion. Decrepitation of aqueous fluid
inclusions and transport of the water
via microcracking or dislocation pipe

diffusion are presumed to produce an
increase of the free fluid phase along
the grain boundaries, which probably
controls water fugacity and flow stress
during the experiments. The differences
in water content before and after the
experiments can largely be explained
by loss of water during IR sample
preparation. Initial differences in water
content between the three sample sets
were maintained during experimental
deformation. A comparison of the three
sample sets shows that vacuum-dried
as well as water-added samples have
the same recrystallized grain size/flow
stress relationship as the piezometer
determined for as-is samples by Stipp
& Tullis (2003). Hence, no independent
effect of water on the piezometric
relationship has been detected (Fig. 1;
Stipp et al., in press), and paleostress
estimates on natural mylonites need not
consider differences in water content
when applying the recrystallized grain
size piezometer of quartz.
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