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The field of dislocation creep and rheological parameters for coarse-grained (d=240 μm) natural dolomite
has been determined through experiments performed at temperatures of 700–1000 °C, effective pressures
of 300–900 MPa and strain rates of 10−4/s to 10−7/s. At low strain (b7%), dolomite aggregates deform homo-
geneously and define a power law between strain rate and differential stress with a stress exponent of
3.0+/−0.1, but at higher strains, through-going, fine-grained (b10 μm) shear zones develop in the dolomite
aggregates concomitant with strain weakening. Recrystallization is limited at low strain and microstructures
observed in the low strain samples include undulatory extinction, twins, grain boundary bulging, limited re-
crystallization along twins and fluid inclusion trails. These same microstructures are present outside of the
narrow, through-going shear zones in high strain samples; however, within the shear zones the grain size
is small (b10 μm) with some larger porphyroclasts (20–50 μm). Shear zones nucleate at fine-grained zones
formed at twin boundaries, twin–twin intersections and fluid inclusion trails and is likely due to a switch
in deformation mechanism due to the large strength contrast between the fine-grained zones deforming
by diffusion creep and the coarse-grained protolith. The activation energy (Q) for creep of coarse-grained do-
lomite at low strain is 145 kJ/mol. In contrast to other activation energies for dislocation and diffusion creep
of minerals, Q for dislocation creep of dolomite is considerably less than that for diffusion creep (248 kJ/mol).
The results of this study indicate that coarse-grained dolomite will initially deform by dislocation creep at
natural strain rates and temperatures between 200 and 550 °C, but due to limited recovery mechanisms,
fine-grained shear zones will nucleate and diffusion creep may control the rheology of these fine-grained
shear zones in nature at temperatures above ~300 °C.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Carbonates, primarily calcite and dolomite, are commonly found
in shear zones in the middle and upper crust and likely control the
rheology of these zones. The deformation mechanisms and rheology
of calcite aggregates have been explored extensively (Austin and
Evans, 2009; de Bresser, 2002; Griggs and Miller, 1951; Griggs et al.,
1953; Handin and Griggs, 1951; Heard and Raleigh, 1972; Herwegh
et al., 2005; Renner et al., 2002; Rutter, 1972, 1974; Schmid et al.,
1977; Schmid et al., 1980; Turner et al., 1956; Walker et al., 1990).
However, deformation mechanisms and associated rheologies of
dolomite aggregates have only recently been explored (Davis et al.,
2008; Delle Piane et al., 2008); these studies provide a mechanical re-
lationship for crystal plasticity and twinning at low temperatures and
diffusion creep at high temperatures when grain size is small.

Davis et al. (2008) observed a temperature-dependent transition
in the rheology of coarse-grained (240 μm) dolomite aggregates be-
tween low temperature plasticity and the onset of dislocation creep
between 700 and 800 °C. However, due to decomposition of the

dolomite aggregates at the maximum temperature (850 °C) and
pressure limitations (400 MPa) of the Heard-type gas confining me-
dium rock deformation apparatus (gas apparatus) used in their
study, they were unable to explore this deformation mechanism in
detail and mechanical data are transitional between plasticity and
dislocation creep fields. Earlier experiments by Neumann (1969) pro-
vide microstructural evidence of dislocation creep in coarse-grained
(700 μm) dolomite aggregates at T=1000 °C, but these experiments
were performed using strong solid media (pyrophyllite) assemblies
in the Griggs piston-cylinder rock deformation apparatus (Griggs
apparatus) that do not allow accurate stress measurements (e.g.
Stewart et al., 2013) and mechanical data were not reported. In this
study, we performed an experimental investigation using the molten
salt cell (MSC) and solid salt assembly (SSA) in a Griggs apparatus to
characterize the rheology of coarse-grained dolomite aggregates de-
formed by dislocation creep.

2. Experimental study

We performed a series of experiments to characterize the strain
rate ( _ε) and temperature dependence of flow strength of a coarse-
grained natural dolomite aggregate (Madoc dolomite).
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2.1. Sample preparation and jacketing

The Madoc dolomite is a coarse- and equant-grained (d~240 μm)
dolomite aggregate with straight extinction when viewed optically
with crossed Nicols, twins, fluid inclusion trails and few inclusions
of quartz (≪1%). Cores of Madoc dolomite (5 mm diameter) were
collected from the same block of dolomite used as the starting mate-
rial by Davis et al. (2008). These cores were cut to the approximate
final length (10 mm) and cylinder ends were ground perpendicular
to the cylinder axis. The cylinder ends of the alumina pistons were
also ground perpendicular to the piston length and the lower piston
length was adjusted so that the center of the dolomite cylinder
would be at the same location as the thermocouple (Pt–Pt/10% Rh)
weld. The dolomite cylinders were placed within Pt jackets, each
with a layer (0.6 mmwall thickness) of Ag or Ni between the Pt jacket
and annulus of the cylinder, for experiments performed below or above
850 °C, respectively. The conductive Ag or Ni layer is used to reduce
temperature gradients along the insulating sample (+/−5–10 °C,
Holyoke, unpublished data), which are +/−20 °C without a thick
metal layer (Tingle et al., 1993). Ni was not used at low temperatures
because its strength becomes significant (40 MPa at 800 °C) and Ag
was not used at higher temperatures due to its low melting point
(~960 °C). One Ag or Ni discwas placed at each cylinder end in each ex-
periment. Pt cups, which fit within the Pt jacket, wereweld-sealed in all
MSC experiments. In SSA experiments, a Pt discwas placed at the end of
the cylinder end, outside of the inner Ag or Ni, and the ends of the Pt
jacket were crimped over the cylinder end, which produces a mechan-
ical seal at high pressure. After experiments performed using welded
and mechanically sealed jackets, the Pt at the cylinder ends was always
bowed out, indicating that both of these methods effectively prevented
loss of CO2 from the jacket and the CO2 pore pressure could be deter-
mined from the dolomite decomposition reaction at equilibrium.

2.2. Apparatus and differential stress calibrations

All experiments were performed using a Griggs-type triaxial piston
cylinder rock deformation apparatus (Holyoke and Kronenberg,
2010). The MSC technique was developed to eliminate contributions
in load due to solid confining media surrounding cylindrical samples
in a triaxial piston-cylinder apparatus (Green and Borch, 1989;
Gleason and Tullis, 1993; Rybacki et al., 1998). A salt mixture (KCl/
LiCl) is chosen that melts eutectically at experimental conditions, to re-
place the solid NaCl that normally surrounds the sample. TheMSC tech-
nique also removes the Pb from the load column, which sharpens hit
points in load records, in comparison with rounded hit points deter-
mined in SSA experiments associated with driving the load piston
through the Pb. However, the removal of the Pb at the top of the load
column by squeezing Pb from between the upper alumina piston and
WC load piston in MSC experiments also leads to sample shortening
of ~3–5%. Because of the strain sensitivity of dislocation creep in dolo-
mite (discussed later), one experiment (D-5) was performed using

theMSC assembly without performing the Pb removal step. This proce-
dure caused a rounded hit point and decreases the precision of stress
determination during this experiment, but it allowed us to compare
the mechanical data of samples with liquid or solid confining media at
identical shortening strains.

2.2.1. Hit points in the MSC
In order to demonstrate that this modification of the MSC tech-

nique does not affect the accuracy of the force measurements collect-
ed in experiments performed without the pre-hit deformation stage,
we performed an experiment on a nickel cylinder at 600 °C, _ε=
1.6∗10−4/s, and Pc=1000 MPa (Table 1). Three deformation steps
were performed in this experiment; the first deformation step was
performed by advancing the load piston through the Pb and
deforming the Ni cylinder to 12% strain. The hit point during this de-
formation step is rounded, similar to those in SSA experiments, but
the Ni cylinder was surrounded by molten salt. After reaching the de-
sired strain, the deformation piston was retracted. The first deforma-
tion step removes the Pb in the load column and couples the upper
alumina piston to the WC load piston. While the load piston is
retracted, molten salt is injected between the upper alumina piston
and middle alumina piston. When the second and third deformation
steps were performed, only molten salt was removed from the load
column and the hit points were sharp, as is the case in a normal
MSC experiment. Differential stresses increased slowly over the first
5% strain in the first deformation step and then the sample deformed
at a nearly constant differential stress of ~150 MPa for the remainder
of the experiment (Fig. 1a). Differential stresses in the second and
third deformation steps increase rapidly in the first percent strain
and then deform at a nearly constant differential stress (145 and
135 MPa in steps 2 and 3, respectively) for the remainder of each de-
formation step (Fig. 1a). The constant differential stress deformation
in each of these experiments is the same within experimental error,
but the slope of the elastic response of Ni to loading during the first
deformation step is considerably lower than the elastic slopes
determined during the second and third deformation steps, which
had sharp, well-defined MSC hit points. The difference in apparent
elastic behavior during the first step and the latter steps indicates
complex behavior of the load column of the Griggs apparatus during
the removal of Pb. We expect that simple, linear elastic response is
best determined once Pb has been removed. Nevertheless, the con-
stant stress deformation portion of all experiments is consistent,
irrespective of these initial loading procedures.

2.2.2. Pressure sensitivity of the MSC and SSA load calibrations
Holyoke and Kronenberg (2010) demonstrated that differential

stresses calculated from forces measured using the MSC and SSA in
the Griggs apparatus are not accurate relative to those measured in
the gas apparatus without correction. They reported calibrations for
MSC and SSA experiments that correct for an increase in friction of the
load column due to elastic strain of the load column during loading.

Table 1
List of metal deformation experiments.

Experiment Assembly Material Temperature
(°C)

Confining pressure
(MPa)

Strain rate
(s−1)

Strain
(%)

Strength at ε=5%a,b

(MPa)
Final strengthb

(MPa)

D-4 MSC nickel 600 1000 1.5∗10−4 12 116 130
1.5∗10−4 12 125 120
1.5∗10−4 12 125 125

D-21 SSA Mo 900 1500 1.6∗10−5 4 160 160
800 1500 1.7∗10−4 8 245 260
700 1480 1.7∗10−4 9 270 295

a Unless total strain is less than 5%, then differential stress at the final strain is listed.
b Corrected using methods described in Holyoke and Kronenberg (2010).
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Because increases in friction of the load column are systematic with
load, the differential stresses from MSC and SSA experiments can be
corrected reliably using the following equations, respectively:

σgas ¼ 0:73 � σMSC þ=−10 MPað Þ; ð1Þ

and

σgas ¼ 0:73 � σSSA−48 MPa þ=−30 MPað Þ: ð2Þ

The multiplication factor (0.73) in both equations is due to in-
creased friction between the load column and confining pressure
piston and apparatus components and elastic strain of the load col-
umn. The subtraction of 48 MPa from SSA results accounts for the
strength of the solid salt assembly over temperatures of 400–800 °C.
However, the confining pressures of experiments for the SSA calibra-
tion, performed at lower confining pressures than can be achieved by
a gas apparatus (300–500 MPa), are considerably lower than those
used in this study (generally >1100 MPa). To test for any effects of
pressure on these calibrations, we performed an additional experi-
ment on a molybdenum cylinder using the SSA at the same tempera-
ture (700 °C) and strain rate ( _ε=1.6∗10−4/s) as was used in the
calibration study of Holyoke and Kronenberg (2010), but at a higher
confining pressure (Pc=1480 MPa; Table 1). The differential stresses
increase rapidly in the first 3% strain and, after yielding, continue to
increase due to work hardening until the experiment was stopped
(Fig. 1a). The uncorrected differential stress at ε=5% for this molyb-
denum cylinder is 480 MPa, essentially the same as the uncorrected
differential stresses (470 and 490 MPa) measured for molybdenum
cylinders in the SSA at low confining pressure (Fig. 1b). Therefore,
we conclude that the SSA correction derived at low confining
pressure by Holyoke and Kronenberg (2010) is applicable to differen-
tial stresses obtained at high confining pressure. This result is also
consistent with the duplication of the Holyoke and Kronenberg
(2010) calibrations at high confining pressures in other laboratories
(Eric Goergen, Greg Hirth, personal communication). Note that we
have presented additional data from the deformation steps performed
during the same experiment at 800 °C and _ε=1.7∗10−4/s and 900 °C
and _ε=1.7∗10−5/s. No low confining pressure experiments were
performed using the SSA at these conditions; we present results of the
calibration experiment only for use by other experimentalists to test
our methods.

2.2.3. Temperature and strain sensitivity of theMSC and SSA load calibrations
The Holyoke and Kronenberg (2010) calibrations for MSC and SSA

methods are based on comparisons of results obtained for metal cyl-
inders deformed to low strains (b8%) in the gas apparatus and the
MSC and SSA in the Griggs apparatus. Due to the upper temperature
limitation of the gas apparatus, experiments were only conducted
up to 800 °C, although the SSA is commonly used in experiments
performed up to 900 °C and rarely as high as 1000 °C. Therefore, it
is possible that the calibration differs at strains or temperatures out-
side of the original calibration range (εb8%, T=400–800 °C). The
mechanical data from two SSA and one MSC experiment performed
at 900 °C, Pc=1150 MPa and _ε=1.7∗10−4/s on polycrystalline dolo-
mite cylinders (as part of this study) can therefore be used to test for
any changes in solid sample assembly strength with strain and tem-
perature (Table 2). The uncorrected differential stresses of the SSA
experiments are considerably higher than those of the MSC experi-
ment at all strains and the rate of strain weakening after reaching
the peak stress is also different (Fig. 1c). However, when the MSC and
SSA corrections are applied to the mechanical data from these experi-
ments, the peak corrected differential stresses of both SSA experiments
(500 and 525 MPa) are well within experimental error (+/−30 MPa)
of the peak corrected differential stress of the MSC experiment
(505 MPa, Fig. 1c). In addition, the rate of strain weakening is almost
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Fig. 1. Mechanical results for metals and dolomite using MSC and SSA methods at high
confining pressures demonstrate the lack of pressure and temperature dependence of
the Holyoke and Kronenberg (2010) calibrations. Differential stresses are labeled as
uncorrected and corrected on the left and right axes, respectively, in all graphs of stress
and strain data in this manuscript. (a) Differential stresses of the experiment
performed on Mo at 700 °C/ _ε=10−4/s, 800 °C/ _ε=10−4/s and 900 °C/ _ε=10−5/s, de-
crease as a function of increasing temperature. The elastic portion of the stress–strain
curve of the first deformation step of the experiment performed on Ni is considerably
shallower than the elastic slopes of the second and third deformation steps. This differ-
ence is due to Pb in the load column during the first deformation step. However, con-
stant stress deformation occurs at roughly the same value in all experiments. (b) The
experiments performed at higher confining pressure (Mo — filled squares, Table 1)
and temperature (Madoc dolomite, filled circles, Table 2) than the experiments used
to develop the Holyoke and Kronenberg (2010) SSA calibration are in good agreement
with the calibration, establishing that the calibration is insensitive to pressure and
temperature. (c) Uncorrected differential stresses from experiments performed using
the MSC (solid lines) and SSA (dotted lines) are considerably different. However,
after application of the Holyoke and Kronenberg (2010) calibration, the peak stresses
and rate of strain weakening are almost identical, indicating that the calibration is in-
dependent of strain.
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identical (Fig. 1c). The uncorrected peak differential stresses also plot
along the MSC vs. SSA calibration relation (Fig. 1b). These results
demonstrate that the MSC and SSA calibrations provide accurate
stresses to within +/−10 MPa (MSC) or +/−30 MPa (SSA) over the
strain, temperature, pressure conditions typically achieved in theGriggs
apparatus.

2.3. Experimental procedure

The experiments to determine the rheology of dolomite deforming
by dislocation creep were performed over a broad range of tempera-
tures (700–1000 °C), confining pressures (Pc, 400–1350 MPa) and
strain rates (10−4–10−7/s, Table 2). Dolomite begins to dissociate at
~500 °C and room pressure (Wyllie and Huang, 1976) and generates a
CO2 pore pressure (Pp) at the conditions of experiments. Therefore,
we varied confining pressure to maintain a constant effective pressure
(Peff) of 900 MPa, where Peff=Pc–PCO2

(Fig. 2), with the exception of
one experiment performed to duplicate an experiment performed by

Davis et al. (2008) in the gas apparatus at T=800 °C, Pc=400 MPa
and _ε=1.6∗10−5/s.

All experiments were performed using the molten salt cell (MSC)
or solid salt assembly (SSA) in a Griggs apparatus according to the
methods described in Holyoke and Kronenberg (2010). The strength
of the Ag–Pt or Ni–Pt jacketing (b10 MPa) is significantly less than
the dolomite at all conditions and no corrections for jacket strength
were made to the mechanical data. The mechanical data were
corrected for background packing friction, frictional forces in the
load column and assembly strength (SSA experiments only).

Temperature and pressure were increased from room conditions
to the final experimental conditions over a period of approximately
4 h. The assembly was heated by a resistive graphite furnace and
temperatures were held within +/−2 °C in all experiments. After
reaching the desired temperature and pressure in SSA experiments,
the deformation piston was advanced at a constant rate until the sam-
ple was deformed to the desired strain. In all MSC experiments, ex-
cept D-5, a pre-hit deformation cycle was performed to remove any
Pb between the WC load piston and upper alumina piston before
deforming the sample at the desired strain rate. Removal of the Pb
improves the quality of the hit point and allows accurate measure-
ment of elastic response of the samples, but it also leads to sample
shortening of ~5% prior to the portion of the experiment performed
to determine rheological parameters. After reaching the desired ex-
perimental strain, each sample was quenched under load to 200 °C
and then returned to room temperature and pressure in approxi-
mately 1 h.

2.4. Sample and mechanical data analysis

After reaching room temperature and pressure, the sample was
removed from the assembly and impregnated with epoxy. Each sam-
ple was then cut along a plane parallel to the direction of maximum
compressive stress and perpendicular to any planar shear zone that
may have developed at high strain. Thin sections for optical and
TEM analyses were prepared from these sample halves. Differential
stresses were calculated from force measurements collected during

Table 2
List of dolomite deformation experiments.

Experiment Assembly Material Temperature
(°C)

Confining pressurea

(MPa)
Strain rate
(s−1)

Strain
(%)

Peak strengthb,c

(MPa)
Final strengthc

(MPa)

O-11 MSCd Madoc dolomite 800 400 1.6∗10−5 6 445 445
D-5 MSC Madoc dolomite 900 1120 1.4∗10−4 30 505 (7) 245
D-6 MSC Madoc dolomite 1000 1350 1.6∗10−6 6 13 13

1.6∗10−5 6 37 (2) 31
1.6∗10−4 10 50 50
1.6∗10−6 15 26 26

D-7 MSC Madoc dolomite 900 1120 Hyd. NA NA NA
D-8 MSC Madoc dolomite 900 1150 1.6∗10−6 6 60 60

1.6∗10−5 5 137 137
1.6∗10−4 6 260 (4) 250
1.6∗10−6 6 60 60

D-9 MSC Madoc dolomite 1000 1350 1.6∗10−5 4 93 93
900 1120 1.6∗10−5 4 220 (3) 215
800 980 1.6∗10−5 4 350 350

D-10 SSAe Madoc dolomite 900 1130 1.6∗10−4 7 500 500
D-11 SSA Madoc dolomite 900 1150 1.6∗10−4 41 525 (7) 200
D-12 SSA Madoc dolomite 900 1140 1.7∗10−5 33 390 (5) 135
D-13 SSA Madoc dolomite 900 1150 1.5∗10−6 35 265 (4) 55
D-14 SSA Madoc dolomite 900 1150 1.4∗10−7 10 85 (4) 60
D-15 SSA Madoc dolomite 900 1150 1.6∗10−6 7 170 (4) 145
D-17 SSA Madoc dolomite 900 1150 1.8∗10−5 6 370 370
D-19 SSA Madoc dolomite 700 970 6.4∗10−7 5 390 390
D-22 SSA Madoc dolomite 1000 1350 1.8∗10−5 14 200 (3) 50

a Peff=900 MPa for all experiments, except O-11 where Peff=300 MPa.
b Strain in parentheses, if different than final strain.
c Corrected using methods described in Holyoke and Kronenberg (2010).
d Molten salt cell assembly.
e Solid salt assembly.
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the experiments and corrected according to the methods of Holyoke
and Kronenberg (2010).

3. Results

Two types of experiments were performed on Madoc dolomite
cylinders to determine the rheology of coarse-grained polycrystalline
dolomite: single-deformation-step experiments and multi-deformation-
step experiments (Table 2). The single-deformation-step experiments
were performed to determine how stress and microstructures evolve as
a function of strain. While the multi-deformation-step experiments
were initially performed to determine rheological parameters, they
were not used to determine these parameters because we learned that
strain became localized in all samples deformed to total strains >8%.

3.1. Single-deformation-step mechanical data

Single-deformation-step experiments were performed at T=
700–1000 °C, Peff=900 MPa and _ε=10−4–10−7/s to total strains
of 5–41% (Table 2) using both the MSC and SSA. Differential stresses
increased rapidly in the first 2% strain prior to yielding in all experi-
ments. The dolomite work hardened somewhat until reaching a
peak stress at ε~5–8%. The corrected peak differential stresses varied
from 85 to 525 MPa. In all experiments performed to ε>8%, after
reaching the peak differential stress, the dolomite began to strain
weaken, in some cases by as much as 75% of the peak stress, until
the experiment was stopped. None of the experiments achieved a
constant stress following the onset of strain weakening.

3.2. Strain rate- and temperature-stepping experiments

Strain rate- and temperature-stepping experimentswere performed
to determine the strain rate and temperature sensitivities, respectively,
of dolomite flow strength using the MSC. Two strain rate-stepping ex-
periments were performed: one at 900 °C and Pc=1150 MPa (D-8)
and one at 1000 °C and Pc=1350 MPa (D-6). Each sample was de-
formed to low strain (3–5%) at _ε=1.6∗10−4/s to remove Pb from the
load column (i.e., the pre-hit procedure) and the differential stresses
during these deformation steps are not reported. The stepping experi-
ments were performed by deforming the dolomite cylinder to low
strain (5–10%) at _ε ~1.6∗10−6/s, 1.6∗10−5/s, 1.6∗10−4/s and then at
1.6∗10−6/s again before quenching the experiment. The differential
stresses measured in the experiment performed at 900 °C and Pc=
1150 MPa were 60, 137, 260 and 60 MPa, respectively, for the same se-
quence of imposed strain rates (Table 2, Fig. 4a). The corrected differen-
tial stresses measured in the experiment performed at 1000 °C and
Pc=1350 MPa were 13, 37, 50 and 26 MPa, respectively, for the same
strain rates listed above (Table 2, Fig. 4b). In all cases, differential stress-
es increased with increasing strain rate, but differential stresses in
individual deformation steps were significantly lower than those mea-
sured in single deformation step experiments performed at the same
conditions.

Each deformation step of the temperature-stepping experiment
(D-9) was performed at _ε=1.6∗10−5/s, at temperatures of 1000, 900
and 800 °C (Table 2). A pre-hit deformation stage was also performed
at 1000 °C and _ε=1.6∗10−4/s to low strain (~3%) and these data are
not reported. Confining pressure was decreased between each defor-
mation step to maintain a constant Peff=900 MPa after decreasing
the temperature to the temperature of the subsequent deformation
step (Peff=Pc–PCO2

, as equilibrium PCO2
at sequential temperatures are

decreased). The dolomite cylinder was unloaded and maintained hy-
drostatically during these temperature and pressure changes. Corrected
differential stresses were 93, 220, 350 MPa for the deformation steps
performed at 1000, 900 and 800 °C, respectively (Fig. 4c). As tempera-
ture decreased, differential stress increased, consistentwith a thermally
activated process. However, all differential stresses in individual

deformation steps of temperature-stepping experiments (strains of 4%
in each step) were significantly lower than those measured at the
same low strain in single-deformation-step experiments performed at
the same conditions.

3.3. Microstructures

We outline the deformation microstructures at the optical and TEM
scales as they relate to intracrystalline creep mechanisms, which pre-
dominate at low strains, in this paper, leaving detailed optical and
TEM analyses of microstructures and strain localization to a separate
study (Holyoke et al., in preparation). In low strain (b8%) samples,
deformation is relatively homogeneous (Fig. 5a) and microstructures
at the optical scale include some patchy extinction, serrated grain
boundaries and limited recrystallization at some grain boundaries and
twin intersections, twins and along trails of fluid inclusions (Fig. 6a).
At the TEM scale, the original, coarse dolomite grains have high disloca-
tion densities while recrystallized grains have few or no dislocations
(Fig. 6b). The appearance of the grain boundaries is indicative of
recrystallization-accommodated dislocation creep (i.e., grain boundary
bulging leading to reductions in dislocation density), as observed
in quartz and feldspar (Hirth and Tullis, 1992; Stipp et al., 2010;
Tullis and Yund, 1987). Anastomosing, fine-grained (b10 μm, Fig. 6c),
through-going shear zones are observed in samples deformed to strains
greater than 8% (Figs. 5b/c) Shear zones cross cut some grains and fol-
low grain boundaries in other portions of the samples. In the highest
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strain samples, the narrow shear zones are well developed and transect
the sample (Fig. 5c), but microstructures outside of the shear zones in
these samples are similar to those observed in low-strain samples. Rel-
ict shear zones in conjugate orientations, similar to those observed at
intermediate strain, are also observed in some samples (Fig. 5c). Grain
sizes in these shear zones are relatively uniform (b10 μm), but larger
(20–50 μm) porphyroclasts are also present within the shear zones
(Fig. 6d).

4. Discussion

All Madoc dolomite samples deformed homogeneously by disloca-
tion creep at low (b8%) strains, but nucleation of fine-grained shear
zones, accompanied by strain weakening, caused heterogeneous de-
formation within the dolomite aggregates at strains greater than 8%.
In the following, we discuss the methods used to determine the
low-strain rheology associated with dislocation creep, the rheological
parameters, and the implications of the rheological evolution to nat-
urally deformed dolomites.

4.1. Experimental technique

The most precise method to determine differential stresses in high
pressure experiments is the MSC (Holyoke and Kronenberg, 2010).
However, one limitation of this method is the necessity of a pre-hit
deformation stage to remove Pb from the load column to generate a
sharp hit point. If the materials of interest deform homogeneously
at all strains, then the pre-hit will not significantly alter the micro-
structure of that material, such as the experiment performed on a
nickel cylinder (Fig. 2), whose strength quickly reaches steady-state
values for each deformation step at total strains up to 36%. However,
if the rheology and microstructure of the material of interest are sen-
sitive to total strain (i.e., the material does not deform homogenously
or the deformation mechanisms change in response to microstructur-
al changes), then the pre-hit deformation stage will affect the stresses
measured in subsequent deformation steps.

We observed the development of shear zones in dolomite sample
deformed strains above 8% during single deformation stage experi-
ments over a wide range of peak differential stresses (85–525 MPa).
These shear zones developed at all temperatures (700–1000 °C) and
strain rates (10−4–10−7/s) explored in this study. Neumann (1969) ob-
served limited recrystallization in a narrow zone in a coarse-grained
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atically with increasing strain rate. (c) Differential stresses increase with decreasing tem-
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Differential stresses in all stepping experiments were lower than those measured at sim-
ilar strains in individual deformation step experiments (Fig. 3a–c) performed at the same
conditions (Table 2).
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Fig. 5. Plane polarized light sample-scale photomicrographs of three samples with different total strains (7, 10 and 41%) illustrate the development of shear zones within the dolomite
aggregates. (a) At low sample strain (7%), deformation of the dolomite aggregate is relatively homogeneous (D-10, 900 °C, Pc=1130 MPa, _ε=1.6∗10−4/s). (b) At intermediate sample
strain (10%), strain localizes within thin, fine-grained zones that cross-cut the sample (shear arrows), cross-cutting some grains or following grain boundaries elsewhere (D-14, 900 °C,
Pc=1150 MPa, _ε=1.6∗10−7/s). (c) At higher sample strain (41%), strain is highly localizedwithin awell-developed, through-going shear zone (large shear sense arrows) that cross-cuts
the sample. Relict shear zones (small shear sense arrows) are also observed in conjugate orientations (D-11, 900 °C, Pc=1130 MPa, _ε=1.6∗10−4/s).
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dolomite aggregate (Dover Plains dolomite) deformed at 1000 °C to
ε=30%, much as observed in our samples. Barber et al. (1994)
deformed one sample of Crevola dolomite within the dislocation creep
field at 900 °C and ~10−5/s and observed minor strain weakening
beginning at low strain (~5% and a differential stress of ~300 MPa),
but they did not discuss the recrystallization process or comment on
the optical microstructures, focusing instead on TEM-scale defects and
dislocation substructures. The strain dependence of the strengths
observed in all experimental studies of dolomite aggregates deformed
by dislocation creep is likely due to the formation of small dynamically
recrystallized grains that begin to control the rheology of the bulk sam-
ple, probably due to a change in dominant deformationmechanism. The
strain weakening caused by the formation of these dynamically
recrystallized grains is the reason that corrected differential stresses
are lower in the strain rate- and temperature-stepping experiments
(Fig. 5a–c) than corrected differential stresses in single-deformation-
step experiments performed at the same temperatures and strain
rates using the SSA (Fig. 4b and c). The pre-hit deformation step of
thesemulti-deformation-stepMSC experiments likely alters themicro-
structure of the dolomite aggregates; thus, subsequent deformation
steps characterize the rheology of both the protolith and shear zones,
which makes these experiments unsuitable for characterizing the rhe-
ology of dolomite deforming by dislocation creep. As a result of these
complexities, we have chosen to determine the rheological parameters
of dolomite dislocation creep using the peak differential stresses from
individual experiments performed using the SSA and MSC, rather than
using data obtained from the stepping experiments. The mechanical
data from the single-deformation-step experiments were analyzed to
determine the stress exponent (n) and activation energy (Q) of an
Arrhenius type flow law:

_ε ¼ Aσn exp
−Q
RTð Þ ð3Þ

where A is the pre-exponential term (MPa−ns−1), σ is the differential
stress (MPa), R is the universal gas constant and T is temperature (K).

4.2. Strain rate and temperature sensitivity

In order to determine the strain rate sensitivity of the strength of
coarse-grained dolomite, we have compared the mechanical data
from all experiments performed on Madoc dolomite at 900 °C and
Pc~1150 MPa. This set of experiments contains the broadest range
of differential stresses (85–525 MPa) and strain rates (1.7∗10−4/s
to 1.7∗10−7/s). The relationship between strain rate and stress used
to determine the strain rate sensitivity based on Eq. (3) is:

ln _ε ¼ nlnσ þ lnA− Q
RT

� �
: ð4Þ

Therefore, the stress exponent is the slope of the relationship be-
tween ln _ε and lnσ.

The slope of this relationship for experiments performed at 900 °C
is 3.0+/−0.1 if the highest stresses measured at the highest strain
rate ( _ε=1.7∗10−4/s) are excluded from the fit to the data (Fig. 7a,
Table 2). The high differential stress data obtained at the highest strain
rate (500–525 MPa) are nearly equal to those of samples deformed by
crystal plasticity and twinningmechanisms (600–700 MPa) and appear
to represent transitional deformation, both by dislocation creep and
crystal plasticity mechanisms. The stress exponent (n) of 3.0 (+/–0.1)
is consistent with microstructures of these samples, which indicate
that samples were deformed by dislocation creep mechanisms.

The temperature sensitivity of the rheology of the coarse-grained
dolomite aggregates deformed by dislocation creep was determined
using multiple experiments performed at a single set of conditions
and determining differential stresses at low strains. If the mechanical
data from a series of experiments performed at the same strain rate
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Fig. 6. Images of dolomite samples deformed to low, intermediate and high sample strains
demonstrate the transition from homogeneous strain to localized strain. (a) At low strain
or away from shear zones in higher strain samples, the microstructures include twins,
undulatory extinction and very limited grain boundary migration (cross-polarized light
photomicrograph, D-14, 900 °C, Pc=1150 MPa, _ε=1.6∗10−7/s). (b) At the TEM scale,
original dolomite grains (a) have high dislocation densities and recrystallized grains
(b) are generally free of dislocations (bright-field TEM image, D-17, ε=6%, 900 °C, Pc=
1130 MPa, _ε=1.6∗10−5/s). (c) At higher sample strain (10%), fine-grained shear zones
are observed along grain boundaries or cutting across larger grains (cross-polarized
light photomicrograph, D-14, 900 °C, Pc=1150 MPa, _ε=1.6∗10−7/s). (d) At the highest
sample strain (41%), through-going fine-grained shear zones cross cut the sample. The
grain size inside of the shear zone is extremely small (b5 μm) with some larger
(b20 μm), irregularly-shaped porphyroclasts (cross-polarized light photomicrograph,
D-11, 900 °C, Pc=1130 MPa, _ε=1.6∗10−4/s).
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but different temperatures are compared, then the activation energy
can be determined from the following relationship based on Eq. (3):

lnσ ¼ Q
nR

� �
1
T

� �
− ln _ε

n
: ð5Þ

The slope of the relationship between lnσ and 1/T is equal to the
activation energy (Q) divided by the stress exponent and universal
gas constant. Taking n=3.0, the activation energy (Q), based on
both data from the gas apparatus (Davis et al., 2008) and data from
this study, is 145 (+40/−10) kJ/mol. This value is considerably
lower than the value (410 kJ/mol) reported by Davis et al. (2008),
which was determined by the same method as used in this study
(Fig. 7b, Table 2), but assuming n=7. Because of the limited condi-
tions (800–850 °C) of the dislocation creep field accessible at modest
Pc (b400 MPa), Davis et al. (2008) were unable to determine the
strain rate sensitivity of dislocation creep in dolomite and they
adopted a relatively large value of n (Eq. (7)) similar to that reported
for calcite dislocation creep (de Bresser, 2002). Our data indicate that
the strain rate sensitivity of the rheology of dolomite deforming by
dislocation creep (n=3.0+/−0.1) is far closer to values predicted
by dislocation creep theories (Poirier, 1985).

The activation energy (145 kJ/mol) for dislocation creep in dolo-
mite aggregates is lower than the activation energy for diffusion
creep in dolomite aggregates (280 kJ/mol) determined by Davis et
al. (2008). It is generally believed that rate-controlling processes of
intragranular creep will be governed by larger activation barriers
than grain boundary processes of diffusion creep and grain boundary
sliding. For example, activation energies for dislocation creep of poly-
crystalline calcite and olivine (420 and 400–500 kJ/mol, respectively)
are greater than those determined for diffusion creep of the same
monomineralic aggregates (190 and 335–375 kJ/mol, respectively,
Hirth and Kohlstedt, 2003; Schmid et al., 1980; Walker et al., 1990).
The consequence of differing relative magnitudes of activation ener-
gies for dislocation creep and diffusion creep of dolomite and other
earth materials is that their temperature sensitivities alter the topol-
ogy of the fields of these creep mechanisms on deformation mecha-
nism maps.

The relative magnitudes of activation energies of dislocation and
diffusion creep for dolomite deformation are unusual. Further re-
search is necessary to understand the rate-controlling mechanisms
of dislocation and diffusion creep of dolomite, before we can explain
the relative magnitudes of their activation energies. A number of
complicating factors may be involved. Dislocation glide and twinning
appear to require higher stresses at higher temperatures (Davis et al.,
2008). The recovery mechanisms (e.g., dislocation climb and dynamic
recrystallization) in dolomite aggregates may not operate at rates suf-
ficient to prevent work hardening, leading to strain accommodation
by twinning. In addition to dynamic recrystallization at grain bound-
aries via bulge nucleation processes, similar bulge nucleation along
fluid inclusion trails appears to be involved in the formation of
fine-grained material which is much weaker than the coarse-grained
regions of dolomite samples, leading to strain localization in fine-
grained zones. Internal creep processes of dolomite may be influenced
by cation order–disorder reactions, while grain boundary processes
may be less sensitive to cation order–disorder.

The temperature dependence we report for dislocation creep of do-
lomite (Q=145 kJ/mol) may reflect intrinsic temperature sensitivities
of intracrystalline deformation processes and their dependence on
changing order–disorder with temperature. Dolomite disorder in-
creases from s=0.934 (800 °C) to s=0.74 (1000 °C) (s=1 is perfectly
ordered) over the range of temperatures used to determine the activa-
tion energy in this study (Antao et al., 2004; Reeder and Wenk, 1983).

We had anticipated a non-linear temperature dependence due to
the combined temperature effects on dislocation creep mechanisms
and changing cation order–disorder. However, the data set is well fit
by a linear relationship in lnσ and 1/T space (Eq. (5), Fig. 7b). Any tem-
perature dependence of dislocation creep due to disorder is either small
or follows a relationship that is not readily distinguished from an
Arrhenius law. Thus, the apparent activation energy of creep may be a
combination of two functions that lead to an Arrhenius lnσ−1/T law.

Cation order/disorder reactions are likely to be less important dur-
ing natural deformation of dolomite at lower temperatures and strain
rates than in the high temperature and strain rate experiments
reported here. The apparent activation energy (Q=145 kJ/mol) for
dislocation creep may nevertheless apply to deformation in the
Earth if cation order/disorder reactions do not affect dislocation
creep in our experiments. In any case, the low activation energy mea-
sured in this study (Q=145 kJ/mol) for dislocation creep relative to Q
(280 kJ/mol) for diffusion creep, cannot be readily explained by cat-
ion order/disorder reactions unless the rate-controlling step of dislo-
cation creep is favored by cation ordering.

4.3. Deformation mechanism map and naturally deformed
dolomite aggregates

The mechanical data of coarse-grained polycrystalline dolomite
deformingby dislocation creep iswellfit by Eq. (3) using the rheological
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differential stress (MPa)

100 1000

st
ra

in
 r

at
e 

(s
-1

)
10-3

dislocation creep

transitional

a

10-4

10-7

10-6

10-5

1/T (oK)

0.0010 0.0015

di
ffe

re
nt

ia
l s

tr
es

s 
(M

P
a)

200

500

1000

DC (Davis et al, 2009)
LTP (Davis et al, 2009)

this study

temperature (oC)

40
0

50
0

60
0

70
0

80
0

90
0

10
00

11
00

b

Q = 145 kJ/mol 
(+/- 20 kJ/mol)
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parameters determined above (Fig. 8a). In order to predict the domi-
nant deformation mechanisms of coarse-grained dolomite aggregates
deforming in nature, we constructed a deformation mechanism map
in differential stress-temperature space (Fig. 8b) using the dislocation
creep flow law of this study, the flow law reported for diffusion creep
(Davis et al., 2008):

_ε ¼ Aσnd−m exp
−Q
RTð Þ; ð6Þ

where d is grain size andm is the grain size exponent, and a relationship
that fits the low temperature plasticity data of Davis et al. (2008):

_ε ¼ Aσn
; ð7Þ

where values of parameters are given in Table 3. Both Davis et al.
(2008) and Delle Piane et al. (2008) developed diffusion creep
flow laws using fine-grained synthetic dolomites over similar tem-
peratures (600–800 °C), effective pressure (300 MPa) and strain rates
(10−4–10−6/s). The flow stresses measured in both studies are nearly
identical at corresponding conditions as are rheological parameters n
and m (Table 3); yet, these studies report activation energies that are
different (368 and 280 kJ/mol, respectively). We note, however, that
data presented in Fig. 7 of Delle Piane et al. (2008) yield an activation
energy of 310 kJ/mol, which is within experimental errors of the value
published by Davis et al. (2008). Deformation mechanismmaps are es-
sentially the same if we replace the diffusion creep law of Davis et al.
(2008) by that of Delle Piane et al. (2008), but we have used Davis et
al. (2008) out of personal preference.

Construction of the σ-T deformation mechanism map for dolomite
indicates that at natural strain rates (10−13–10−15/s) and temperatures
below200 °C, coarse-grained (d~250 μm)dolomitewill deform by low
temperature plasticity (Fig. 8b). However, at these high differential
stresses (>400 MPa) dolomite aggregates may also fail by brittle frac-
ture, with the extent of plastic versus brittle processes depending on
pressure. With increasing temperature (200–250 °C), dolomite is pre-
dicted to deform by dislocation creep and, depending on the strain
rate and confining pressure, by components of crystal plasticity or brit-
tle failure (Fig. 8b). At temperatures above 250 °C, natural strain rates
and presumably high effective pressures, dolomitewill deformby dislo-
cation creep (Fig. 8b). Diffusion creep does not become the dominant
deformation mechanism in coarse-grained (d~250 μm) dolomite ag-
gregates until temperatures above 600 °C. Decreasing the grain size
shifts the boundary between dislocation and diffusion creep to lower
temperatures (Fig. 8c). Fine-grained (b10 μm) dolomite aggregates
may continue to deform by dislocation creep at temperatures up to
300 °C, but above 300 °C, diffusion creep is predicted to be the predom-
inant deformation mechanism (Fig. 8c). One implication of this obser-
vation is that comminution of dolomite in transitional brittle–ductile
faults may alter fault strengths through mixed fracture and dislocation
creep processes. If grain size refinement continues to be important at
high temperatures through dynamic recrystallization, in the absence
of cracking, dislocation creep may also give way to diffusion creep.

The positive-sloped, convex-down boundary between dislocation
creep and diffusion creep of dolomite aggregates in σ-T space
(Fig. 8b and c) is very different from the dislocation creep–diffusion
creep boundaries of other crystalline solids, such as calcite or olivine
(Hirth and Kohlstedt, 2003; Rutter, 1995), or metals (Ashby, 1972)
which have negative-sloped, convex-up dislocation–diffusion creep
boundaries. This result is solely due to the inversion of the activation
energies of dislocation creep and diffusion creep in dolomite com-
pared with relative values of activation energies of dislocation and
diffusion creep in calcite, olivine and metals (for which the activation
energy of dislocation creep is generally greater than that of diffusion
creep). Further research will be required to understand the creep
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Fig. 8. (a) The peak stresses of single-deformation-step experiments at T=
700–1000 °C, _ε=10−4–10−7/s are well fit by a temperature vs. differential stress de-
formation mechanism map constructed using the flow law for dolomite deforming by
dislocation creep (Eq. (3), parameters in Table 3). (b) A deformation mechanism map
constructed using the dislocation creep flow law of this study and the low temperature
plasticity and diffusion creep flow laws of Davis et al. (2008) indicates that
naturally-deformed, coarse-grained dolomite aggregates will initially deform by dislo-
cation creep over a wide range of conditions. (c) Decreasing grain size of dolomite
shifts the dislocation creep-diffusion creep boundary to lower temperatures (d~100,
10 and 1 μm shown). This transition indicates that, as fine-grained (d~10 μm) shear
zones nucleate, the rheology of these shear zones at higher temperatures (>300 °C)
will be governed by diffusion creep.

Table 3
Flow law parameters used for calculation of deformation mechanism maps.

Deformation mechanism Equation A (MPa−ns−1) n m Q (kJ mol−1)

Low temperature plasticity 7 2.31∗10−143 49 – –

Dislocation creep 3 1.50∗10−6 3 – 145
Diffusion creep
(Davis et al., 2008)

6 1.74∗109 1.28 3 280

Diffusion creep
(Delle Piane et al., 2008)

6 – 1.3 2.6 368/310a

a See text for discussion.
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activation energies of dolomite deformed by dislocation creep and
diffusion creep before we can learn how widespread this behavior
may be for crystalline solids. However, the growth of the diffusion
creep field at the expense of the dislocation creep field at finer grain
sizes is consistent with the grain size sensitivity of the rheology of dif-
fusion creep in other materials, and has similar geologic conse-
quences for natural deformation of rocks of varying grain sizes.

4.4. Dolomite vs. calcite rheology

Dolomite and calcite are observed in naturally deformed rocks as
different stratigraphic layers or mixed within single formations
(Delle Piane et al., 2008; Wells et al., 2011; Woodward et al., 1988).
Studies of naturally deformed carbonates have concluded that dolo-
mite accommodates less strain than calcite, especially at low temper-
atures (Wells et al., 2011; Woodward et al., 1988), indicating that
calcite is weaker than dolomite at these conditions. In order to com-
pare the predicted rheologies of dolomite and calcite deforming at
natural conditions, we constructed grain size–stress (d-σ) deforma-
tion mechanism maps for three temperatures (200, 400 and 600 °C,
Fig. 9a–c, respectively) using the same rheologies for dolomite as for
our σ-T deformation mechanism maps. The calcite grain size–stress
relations are plotted using flow laws for diffusion creep accommodat-
ed by volume diffusion/dislocation processes (Walker et al., 1990),
grain boundary diffusion/sliding (Herwegh et al., 2003) and cross
slip-controlled dislocation creep (de Bresser, 2002).

At 200 °C, the strength of dolomite at all grain sizes (0.1 μm to
1 cm) is considerably greater than calcite, consistent with studies of
carbonates deformed in upper levels of the crust (Wells et al., 2011;
Woodward et al., 1988). At 400 °C, dolomite is still stronger than cal-
cite at fine grain sizes, but fine-grained dolomites are similar in
strength or weaker than coarse-grained calcite marbles. At 600 °C,
the strength of dolomite is generally stronger than calcite at grain
sizes b1 cm, but both carbonates are very weak (b10 MPa) relative
to those predicted by creep laws for common crustal silicates, such
as quartz (Gleason and Tullis, 1995). Previous workers (Davis et al.,
2008, 2011; Delle Piane et al., 2008) speculated that at high temper-
atures and natural strain rates, dolomites may be weaker than calcite
marbles, depending on their grain sizes. Grain growth in dolomite is
several orders of magnitude slower than it is in calcite (Davis et al.,
2011). Thus, calcite marbles may undergo grain growth and deform
in the dislocation creep regime. If grain growth and deformation are
simultaneous, nucleation of calcite grains during dynamic recrystalli-
zation and grain growth may lead to grain sizes that favor mixed dis-
location creep and diffusion creep at the boundaries between these
deformation mechanism fields (de Bresser et al., 1998, 2001). In con-
trast, grain growth of dolomite is sluggish, and fine-grained dolomites
may deform largely by diffusion creep. Delle Piane et al. (2008)
reported field observations of strain partitioning between layers of
dolomite and calcite, with a weaker, higher strain dolomite host
surrounding calcite layers that were folded and boudinaged at high
temperatures (~700 °C). Our experimental results are consistent
with these observations when grain sizes of dolomite units are signif-
icantly smaller than those of coexisting calcite units.

5. Conclusions

Coarse-grained dolomite deforms by dislocation creep at high
temperatures (700–1000 °C), constant Peff (900 MPa) and strain
rates=1.7∗10−7–1.7 ∗10−4/s with peak differential stresses at low
strain (b8%) from 525 to 85 MPa. The low strain mechanical data
were used to determine the rheological parameters of a dislocation
creep flow law with A=1.5∗10−6 (+/−2.7∗10−7), n=3+/−0.1,
and Q=145+/−20 kJ/mol. Microstructures observed within the
coarse-grained dolomite aggregate at low strain include undulatory
extinction, serrated grain boundaries, twins, limited recrystallization

at grain boundaries, twin intersections and along fluid inclusion trails.
Dolomite samples deformed to strains>8% strain-weakened with the
development of through-going fine-grained shear zones, which likely
deform by diffusion creep. Microstructures outside of these shear
zones reflect continued dislocation creep processes, consistent with
those observed in low strain samples. These results indicate that:

1. Deformation of dolomite by dislocation creep appears to be
limited to small strain deformations, while fine-grained dynamically
recrystallized dolomite that develops at the edges of porphyroclasts
leads to strain localization if the temperatures are high enough for
diffusion creep to become the dominant deformation mechanism
within these fine-grained zones.
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Fig. 9. Strengths of dolomite (yellow shaded zones) at natural strain rates (10−15–10−13/s)
and three temperatures (200, 400 and 600 °C) were calculated to construct deformation
mechanism maps in grain size–differential stress space using the dislocation creep flow
law of this study and diffusion creep and crystal plasticity flow laws of Davis et al. (2008).
Flow laws for calcite (pink shaded zones, references in text) were used to calculate the cal-
cite strengths at the same conditions in order to compare the strengths of calcite and dolo-
mite at natural conditions. (a) The strengths of dolomite at all grain sizes (0.1 μm–1 cm) are
greater than those of calcite when deformed at 200 °C and natural strain rates. Brittle be-
havior may also occur if the confining pressure is not high enough to prevent crack growth.
(b) At 400 °C and natural strain rates, the strength of polycrystalline dolomite is greater
than polycrystalline calcite at grain sizes less than ~1 mm, but calcite is somewhat stronger
at coarser grain sizes. (c) At 600 °C, the strength of polycrystalline dolomite is greater than
polycrystalline calcite at grain sizes less than 5 mm, but is similar at coarser grain sizes. The
strengths of both carbonates at these conditions are b10 MPa.
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2. The activation energy (Q) of dislocation creep of dolomite is lower
than the activation energy of diffusion creep of dolomite.

3. Extrapolating our results to geologic strain rates, dislocation creep
is likely the dominant deformation mechanism in coarse-grained
dolomite deformed at temperatures up to ~550 °C.

4. Extrapolating our results to geologic strain rates, diffusion creep
may be the dominant deformation mechanism in fine-grained
dolomite at temperatures greater than 300 °C.
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