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Abstract

Mechanical weakening due to solid state transformation of mineral phases has long been proposed to be a
significant mechanism for localization of deformation in the Earth’s lithosphere and the mantle transition zone.
However, experimental observations confirming such a proposition are lacking. Here we present a novel approach to
prove the existence of a minimum in the creep strength of quartz at the K^L transition by observing the deformation
of fluid inclusions in a quartz crystal using a hydrothermal diamond-anvil cell. Pressure differences required for
permanent deformation of the quartz around fluid inclusions were significantly lower at the phase transition than in
either the stability fields of K- or L-quartz. These results indicate that transformation plasticity of silicates can indeed
cause a considerable localized reduction in the strength of the Earth’s crust and mantle.
3 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the key problems in our understanding
of the dynamics of the Earth’s interior is how and
why deformation of the ductile lithosphere be-
comes concentrated in narrow shear zones. An
important localization mechanism that has long
been proposed for the Earth’s crust and mantle
is weakening due to solid state transformation of
mineral phases, often referred to as ‘transforma-
tion plasticity’ [1^4]. However, unequivocal exper-
imental evidence of this process in geologically

relevant materials is still lacking [5]. In Earth sci-
ences, one of the most intensively studied phase
transformations is the K^L transition of quartz,
which is the mineral often used to represent the
strength of the continental crust [6]. While mini-
ma in the elastic strength at the transition are well
documented experimentally [7,8], there is no evi-
dence of analogous behavior in plastic deforma-
tion [5,9]. Signi¢cant mechanical weakening due
to transformation plasticity has been reported
for other materials, such as several metallic sys-
tems [10,11], some ionic crystals [12] and oxides
including ice [13]. However, despite numerous
studies of the creep behavior of quartz [14,15],
the e¡ect of the K^L transition on plastic defor-
mation is not well understood.

The few experimental constraints on the e¡ect

0012-821X / 02 / $ ^ see front matter 3 2002 Elsevier Science B.V. All rights reserved.
PII: S 0 0 1 2 - 8 2 1 X ( 0 2 ) 0 1 0 4 6 - 4

* Corresponding author. Tel. : +49-331-288 1406;
Fax: +49-331-288 1402.

E-mail address: hokie@gfz-potsdam.de (C. Schmidt).

EPSL 6468 3-1-03

Earth and Planetary Science Letters 205 (2003) 273^280

www.elsevier.com/locate/epsl

mailto:hokie@gfz-potsdam.de
http://www.elsevier.com/locate/epsl


of the K^L transition on the creep behavior of
quartz include data for wet synthetic quartz single
crystals (900 H/106 Si) at 140 MPa axial stress
[16], which show a sharp o¡set in the activation
energy for creep at the transition, with much low-
er activation energies for L-quartz. Other experi-
mental studies show a maximum in the compli-
ance in axial compression tests at the transition,
but no permanent deformation after decompres-
sion [7]. In three-point bending tests of quartz
single crystals some irreversible deformation, al-
beit very small, was achieved by cycling across the
K^L transition temperature [9], but there is no
evidence that deformation was caused by a local
minimum of creep strength at the transition tem-
perature; it might simply be due to a relative
weakness of L-quartz with respect to K-quartz.

Observation of deformation at the K^L transi-
tion of quartz in standard axial compression/ex-
tension experiments is complicated because of a
simultaneous peak in thermal expansion. Thermal
expansion overprints the potential e¡ect of defor-
mation at the transition temperature, which is
usually detected by the relative displacement of
two reference points. Thus any deformation mea-
sured after the experiment cannot unequivocally
be linked with the transformation. We therefore
applied a new experimental approach that allows
direct observation of both phase transformation
and deformation in situ.

2. Experimental approach

The apparatus used is a hydrothermal dia-
mond-anvil cell (HDAC), in which temperature
is well de¢ned and thermal gradients within the
sample are small. The pressure medium is water,
which provides a hydrostatic con¢ning pressure
around the sample [17]. The con¢ning pressure
increases with temperature (Fig. 1) and can be
calculated accurately from the equation of state
of water [18] and from the temperature of the
K^L transition of the quartz sample [19]. The ad-
vantage of using a HDAC to observe transforma-
tion plasticity is that samples can be monitored
optically in situ at high temperature and pressure.
The K^L transition in the quartz sample is recog-

nized by a rapid change of the interference colors
in polarized light. However, the HDAC is not
designed to perform standard deformation experi-
ments.

To circumvent this problem we used samples
with synthetic £uid inclusions [20,21] for our ex-
periments. Stress in the sample is created around
the inclusions if the con¢ning pressure Pc di¡ers
from the pressure in the inclusion Pi. Pc and Pi

are determined as explained in detail in Fig. 1.
The stress in the mineral around the inclusion is
proportional to the pressure di¡erence Pc3Pi and
the plastic strain is proportional to the irreversible
change in the inclusion volume. By decreasing the
volume of the inclusion, the £uid pressure Pi in
the inclusion is increased, which in turn reduces
the pressure di¡erence Pc3Pi and the stress, the
driving force of deformation. This reduction in
pressure di¡erence slows down the rate of defor-
mation around the inclusions.

It is well known that such changes of the £uid
inclusion volume can occur even at laboratory
timescales and can be recognized by a distinct
change in inclusion shape and density [22,23]. Per-
manent deformation of £uid inclusions has been
observed in the stability ¢elds of both K- and
L-quartz [22]. Microstructural investigations by
transmission electron microscopy (TEM) reveal
a high dislocation density around deformed inclu-
sions [23], which is interpreted as clear evidence of
plastic deformation. However, these observations
were made after long-term experiments (30^180
days) using cold-seal pressure vessels, which do
not permit in situ observation of the sample,
such that the e¡ect of the phase transition could
not be studied. The essence of our approach is to
observe in situ at which pressure and temperature
such a change in shape and density of the £uid
inclusions occurs and how it relates to the phase
transformation of quartz.

Our samples were 80 Wm thin disks with a di-
ameter of 200^300 Wm cut from a single crystal
Brazilian quartz (Fig. 2A), which contained syn-
thetically introduced pure water inclusions of
well-de¢ned density. The £uid inclusion synthesis
followed the procedure described in [20]. Starting
materials were distilled water and a prefractured
quartz core. The core was cut from an inclusion-
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free single crystal of Brazilian pegmatite quartz
(0.006 wt% H). The fractures were produced by
heating the core to 350‡C and immersing it imme-
diately in cold water. The starting materials were
sealed in a platinum capsule, which was loaded
into a cold-seal pressure vessel and run at 590‡C
and 200 MPa for 5 days. During that time, inclu-

sions formed by entrapment of £uid in healed
fractures in the quartz core. After run completion,
the furnace was removed from the pressure vessel,
which was cooled isobarically to room tempera-
ture within 4 min using an air jet. The quartz core
was then removed from the capsule and cut into
wafers parallel to the c-axis, which were polished
on both sides to a ¢nal thickness of 80^90 Wm
(Fig. 2A). All inclusions in healed fractures were
£at (thickness 0.5^1 Wm). The inclusions selected
for the experiments were relatively isolated, 20^70
Wm in the longest dimension, parallel to the pol-
ished surface in their two longest dimensions, and
had optically clearly discernible liquid and vapor
phases. Around these inclusions, small disks with
diameters of 200^300 Wm were cut using a micro-
scope-mounted cutter (U. Medenbach, Witten,
Germany) so that the inclusion was approxi-
mately in the center of the disk (Fig. 2A). We
only used inclusions with a minimum distance of
20 Wm from the surface. This is because test ex-
periments showed that visible brittle fractures can
develop in the quartz around inclusions before the
desired experimental P^T conditions are attained
if the inclusions are very close (about 5 Wm or
less) to the surface.

Because of the nearly constant formation con-
ditions, all inclusions had similar initial bulk den-
sities (0.634^0.618 g/cm3). The bulk density for
each selected inclusion was determined by mea-
suring the liquid^vapor homogenization temper-
ature, i.e., the temperature at which the vapor
phase in the inclusion disappeared upon heating
(Fig. 1), and calculated from this temperature us-
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Fig. 1. Schematic diagram showing the pressure^temperature
paths of the pressure medium and of an inclusion in quartz
during a deformation experiment. The insets show schematic
plan views of the sample chamber through the diamond win-
dows of the HDAC at speci¢c points along the paths. The
sequence of an experimental run is indicated by the numbers
1 to 5, and the P^T paths are shown by arrows and lines
(thick dashed line: P^T path of the pressure medium, thick
solid line: that of the inclusion). At the start of an experi-
ment, the sample chamber of the cell is loaded with an ori-
ented quartz sample (Q), which contains a synthetic pure
water inclusion. A portion of the remaining chamber volume
is ¢lled with water, which serves as the pressure medium. At
low temperature (point 1), both the pressure medium and the
inclusion consist of liquid water (L) and a vapor bubble (V)
such that their P^T paths must follow the liquid^vapor curve
of water (dotted line; cp.: critical point) when the cell is
heated. At densities above the critical density of water, the
vapor bubbles become smaller with increasing temperature,
and eventually disappear at the homogenization temperature.
Further heating causes the pressure to increase along an iso-
chore corresponding to the water density. Measurement of
the homogenization temperature is used in this study as a
sensitive method to determine the densities of the pressure
medium and the inclusion. At our experimental conditions,
the pressure medium has a higher bulk density and therefore
a lower homogenization temperature (point 2) than the inclu-
sion (point 3). Due to its higher density, the pressure me-
dium follows a steeper isochore than the £uid inclusion. This
results in an increasing di¡erence between the con¢ning pres-
sure (Pc) exerted by the pressure medium and the pressure in
the inclusion (Pi). The sample is heated to a maximum tem-
perature (point 4), left at these conditions for a short time
(400 s or less), and then cooled. If deformation of the quartz
around the inclusion is elastic, no change in the shape of the
inclusion is observed and the P^T path of the inclusion re-
turns to point 3. In the case of elastic behavior, the inclusion
homogenization temperatures before and after heating are
the same. If the stress in the quartz around the inclusion is
large enough to cause plastic deformation of the host, there
is a permanent change of the inclusion shape (inset at point
4; F: supercritical £uid) and the volume decreases, resulting
in a rise of the inclusion pressure. In this case, the inclusion
follows a di¡erent isochore upon cooling, corresponding to
its new density, and has a lower homogenization temperature
(point 5) than before heating (point 3).
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ing the equation of state of H2O [18]. A small
correction for the elastic change in inclusion vol-
ume with con¢ning pressure Pc was applied to the
determined homogenization temperature [21].
This correction is related to the change in molar
volume of the quartz host, its elastic anisotropy
and stress on the inclusion walls.

A schematic P^T path of the pressure medium
and of an inclusion during a deformation experi-
ment is shown in Fig. 1. During a heating ex-
periment, the sample is monitored optically to
determine P^T conditions at which permanent de-
formation occurs. For each sample, successive
runs were performed at di¡erent P^T conditions.
If no change in inclusion shape was detected with-
in 400 s, temperature was decreased to determine
if there was any change in homogenization tem-
peratures of inclusion or pressure medium. This
procedure was repeated at higher experimental

temperatures and pressures until a change in
shape of the inclusions was observed (Fig.
2B,C). The permanent volume change of the in-
clusion was con¢rmed by determining its density
change (Fig. 1).

3. Results

Experimental conditions were chosen such that
the con¢ning pressure always exceeded the inclu-
sion pressure. The pressure di¡erences for the var-
ious P^T conditions at which a sample was held
are shown in Fig. 3. Plastic deformation was ob-
served as a gradual change of inclusion shape

Fig. 2. (A) Example of sample and inclusion geometry.
(B) Optical photomicrograph of the inclusion in A before the
experiment at 25‡C. L: liquid; V: vapor. (C) The same in-
clusion at 35‡C after heating of the quartz sample to the
K^L transition (728‡C, 610 MPa). After less than 60 s at
these conditions, the rim of the inclusion became jagged and
a halo-like texture (arrows) formed rapidly in the quartz
around the inclusion. Measurement of the liquid^vapor ho-
mogenization temperature of the inclusion before and after
the run indicated a change in molar volume by about 7%
from 28.9 to 26.9 cm3/mol. (D) TEM image taken at the po-
sition indicated in C. Subgrains formed near the inclusion
corners.
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Fig. 3. P^T conditions of samples in deformation experi-
ments. All inclusions had similar initial densities and were
synthesized in the same quartz, with their two longest dimen-
sions parallel to the crystallographic c-plane. Conditions for
which the creep strength of quartz was low enough to cause
short-term permanent deformation are represented by the
shaded area, which shows a clear minimum of the creep
strength at the K^L transition of quartz (thick black line);
circles, conditions at which a sample was held (6 400 s);
heavy dashed lines with arrows connect successive P^T con-
ditions of experiments with the same inclusions; number next
to circle: Pc3Pi (MPa); open circles: no permanent change
in density or shape of any inclusion in the sample (elastic be-
havior of the quartz host); ¢lled circles: permanent change
in density and/or shape of at least one inclusion in the sam-
ple (plastic deformation of quartz around inclusions); thin
black line: Pc =Pi (i.e., zero pressure di¡erence) for a water
density of 0.635 g/cm3.
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over tens of seconds associated with a reduction
of the pressure di¡erence but not with a full ad-
justment of the inclusion pressure. Plastically de-
formed inclusions look distinctly di¡erent (e.g.,
the jagged rim, Fig. 2C) from undeformed inclu-
sions (Fig. 2B).

Within the K-quartz stability ¢eld, an irrevers-
ible shape change due to plastic deformation of
the quartz around inclusions required pressure
di¡erences exceeding 400 MPa (Fig. 3). However,
at the transition temperature or close to it, plastic
deformation occurred at signi¢cantly lower pres-
sure di¡erences (170^280 MPa) within tens of sec-
onds after the temperature was reached. To ob-
serve deformation behavior in the L-quartz
stability ¢eld, the sample must be heated across
the transition temperature, and since deformation
occurs rapidly at the transition and at relatively
low stresses, the pressure di¡erence Pc3Pi must
be small enough to prevent deformation before
the ¢nal run conditions are attained. A pressure
di¡erence of about 100 MPa proved to be small
enough to prevent deformation when crossing the
K^L boundary. However, when the sample in such
an experiment was heated further along an iso-
chore, the generated pressure di¡erence was not
large enough to cause deformation in the L-quartz
stability ¢eld (open circles above 770‡C, Fig. 3).
We therefore allowed the P^T path of the pres-
sure medium to deviate signi¢cantly from isochor-
ic behavior by taking advantage of increased gas-
ket creep with temperature (e.g., [24]) and stress
applied on the gasket. This e¡ect results in a re-
duction of the sample chamber volume and a cor-
responding increase in con¢ning pressure (see dot-
ted line, Fig. 3). When the sample was heated in
this way to 760‡C, the pressure di¡erence after
gasket creep had reached 210 MPa (as inferred
from the K^L transition temperature upon iso-
choric cooling and the equation of state of water).
At these conditions, no plastic deformation
around the inclusions occurred within 5 min.
However, when the sample was then cooled to
the K^L transition temperature (710‡C), the
same inclusions deformed visibly within 1 min at
a lower pressure di¡erence of 200 MPa (Fig. 3).

After the experiments, some deformed inclu-
sions were analyzed in detail by TEM. For this

purpose, thin foils were cut from the samples
around the inclusions of interest using the focused
ion beam technique. This technique allows the
preparation of oriented TEM foils from a precise
position within the sample without damaging the
material around the inclusions. TEM bright ¢eld
images show dislocations and newly formed sub-
grains near the corners of the inclusions (Fig. 2D),
where stress is most likely concentrated. In con-
trast, the dislocation density around undeformed
inclusions is lower than observed for deformed
inclusions. These observations are in agreement
with previous studies on £uid inclusions [23] and
imply that deformation was accommodated by
the motion of dislocations.

4. Deformation mechanisms

Theoretically, several mechanisms can lead to a
change in the molar volume and/or the shape of
£uid inclusions in our experiments:
1. dissolution of the quartz at the inclusion^host

interface and solution transfer, as quartz is
quite soluble in water at elevated tempera-
tures;

2. thermal expansion;
3. elastic compression, which is strongly aniso-

tropic in quartz;
4. plastic £ow; and
5. microcracking.

The relative e¡ects of the ¢rst two mechanisms
can be calculated based on thermodynamic data
for the quartz^water system. The solubility of
quartz in water is well studied [25,26] and does
not show an anomaly at the K^L transition. At
the conditions at which deformation was observed
in the sample shown in Fig. 2 (728‡C, Pi = 330
MPa), the solubility is about 0.3 mol SiO2/kg
H2O [25]. This corresponds to an increase in the
inclusion volume by approximately 0.5%. Solu-
tion transfer can signi¢cantly alter the shape of
inclusions. However, there is no e¡ect on the £uid
density if this process occurs when only one £uid
phase is present [27] as is the case in our experi-
ments. We did observe two inclusions form from
a larger inclusion by solution transfer within 5 min
in an experiment in the L-quartz ¢eld at a small
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pressure di¡erence and a temperature higher than
800‡C. However, these two inclusions had the
same homogenization temperature (i.e., the same
density) as the larger one before heating, and the
new inclusions did not display the jagged rim of
inclusions, which experienced permanent defor-
mation.

Thermal expansion from the P^T conditions of
inclusion homogenization to that at which defor-
mation was observed in the sample shown in Fig.
2 (Pc = 610 MPa and T=728‡C) causes a volume
increase of approximately 1% [28], but it does not
change the shape of the inclusion. The anisotropic
elastic decrease in inclusion volume with increas-
ing con¢ning pressure depends on the inclusion
geometry (size and shape) and can be determined
from the change in homogenization temperature
with con¢ning pressure [21]. For a number of
synthetic water inclusions in our samples, we
found a decrease in molar volume of 1.5% for
smaller inclusions to 4% for larger inclusions for
a pressure di¡erence Pc3Pi of 280 MPa, without
an optically noticeable change in inclusion shape.

However, the strains caused by these three
mechanisms are fully recoverable after post-exper-
imental cooling of a sample and therefore none of
them can explain the observed permanent defor-
mation associated with an increase in the density
of the £uid inclusions. Moreover, the irreversible
decrease in molar volume of 7% for the inclusion
shown in Fig. 2B,C is signi¢cantly larger than any
of the reversible volume changes. Such an irre-
versible increase in density can be caused by plas-
tic deformation of the quartz crystal around the
inclusion, by di¡usion of water from the pressure
medium into the inclusion, or by microcracking,
thus providing a path for the £uid of the con¢n-
ing medium to enter the £uid inclusion. The latter
mechanism is ruled out as an explanation for our
experimental ¢ndings for two reasons. Firstly,
cracking would lead to an instantaneous adjust-
ment of the £uid pressure in the inclusion to the
con¢ning pressure; instead we observe a gradual
change of shape over tens of seconds associated
with a reduction of the pressure di¡erence but not
with a full adjustment of the inclusion pressure.
Secondly, visual inspection reveals no microcracks
even at the TEM scale. Cracks do form visibly

when the inclusion is close to the edge of the
sample, at a distance of about 5 Wm or less, lead-
ing to an instantaneous equilibration of the pres-
sure. However, this is not the case in the inclu-
sions for which results are reported here. Another
potential mechanism to increase inclusion pres-
sure without changing the inclusion shape and
volume is di¡usion of water through the sample.
This mechanism is not relevant in our short-term
experiments as water di¡usion in quartz is too
sluggish at these conditions [22] and we do see a
shape change of the inclusions. We therefore con-
clude that the observed deformation around the
inclusions in our quartz samples is caused by plas-
tic deformation, in agreement with previous long-
term studies [22,23]. Hence the occurrence of a
relative strength minimum at the phase transition
can be attributed to transformation plasticity.

5. Implications

Phase transformations in silicate rocks are
ubiquitous in crust and mantle, giving rise to
the consideration of transformation plasticity as
the primary mechanism to localize deformation
[4]. Such localized zones of low e¡ective viscosity
due to polymorphic phase transformations in the
mantle could result in an instability of mantle
£ow [3]. Even though our observations suggest
that transformation plasticity may occur in
many silicate minerals, the validation of such con-
siderations requires experimental proof of trans-
formation plasticity of the major constituents of
the mantle, in particular of olivine and its high-
pressure polymorphs. By modifying the approach
outlined in the study presented here, such rheo-
logic information might well be obtained with di-
amond-anvil cells. For example, it was shown in
previous studies with diamond-anvil cells that a
non-hydrostatic stress ¢eld enhances the kinetics
of the olivine to spinel phase transformation [29].
In turn the phase transformation might promote
plastic deformation, similar to the transformation
plasticity found in our quartz samples.

In the crust, transformation plasticity of quartz
is likely to be an important mechanism to initiate
localization of deformation into shear zones wher-
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ever the K^L transition occurs. The transition
temperature is at 574‡C at room pressure and in-
creases with pressure by 25‡C/100 MPa [19]. Thus
the required geological environment for the K^L
transition is a warm crust, as commonly exists in
tectonically active regions, for example above an
ascending pluton, around metamorphic core com-
plexes [30] or at active continental margins, such
as the South American Andes, where a temper-
ature of 800‡C was inferred at a depth of 20 km
[31]. In such environments, the K^L transition of
quartz intersects the geothermal gradient resulting
in discrete zones of much weaker crust than pre-
viously thought. This mechanism may trigger lo-
calization of deformation into these weak zones.
As the mechanical response of the crust as a
whole is determined by its weakest part, this con-
clusion is highly relevant for the dynamics of the
Earth.

For £uid and melt inclusions in quartz, the con-
sequence of a minimum in creep strength of
quartz at the K^L transition is the possibility of
permanent change in inclusion volume. This can
occur even at laboratory timescales, as observed
in our experiments. Such a permanent volume
change is signi¢cant for inclusion thermobarome-
try, since one of the basic assumptions is that
inclusions behave essentially as a constant-volume
system after trapping [27]. It is known that the
volume of £uid inclusions in quartz can reequili-
brate during long-term geological processes [32].
Transformation plasticity is a potential mecha-
nism to allow deformation of inclusions at much
faster geological rates (e.g., cooling of igneous
rocks) and has so far been overlooked.
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