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Abstract--We conducted deformation experiments on Carrara marble in the aragonite and calcite stability fields 
to observe the synkinematic transformation of calcite to aragonite, and to identify any relationships between 
transformation and deformation or sample strength. Deformation-induced microstructures in calcite crystals 
varied most significantly with temperature, ranging from limited slip and twinning at 400°C, limited recrystalliza- 
tion at 500°C, widespread recrystallization at 600 and 700°C, to grain growth at 800-900°C. Variations in 
confining pressure from 0.3 to 2.0 GPa have no apparent effect on calcite deformation microstructures. 
Aragonite grew in 10-6-10 -7 s-1 strain rate tests conducted for 18-524 h at confining pressures of 1.7-2.0 GPa 
and temperatures of 500-600°C. As in our previously reported hydrostatic experiments on this same transform- 
ation, the aragonite nucleated on calcite grain boundaries. The extent of transformation varied from a few 
percent conversion near pistons at 400°C, 2.0 GPa and 10 4 s-~ strain rate in a 0.8 h long experiment, to 98% 
transformation in a 21-day test at a strain rate of 10 -7 s-  l, a temperature of 600°C and a pressure of 2.0 GPa. At 
500°C, porphyroblastic 100-200/~m aragonite crystals grew at a rate faster than 8 × I0 10 m s -~. At 600°C, the 
growth of aragonite neoblasts was slower, - 6  × 10 -11 m s 1, and formed 'glove-and-finger' cellular- 
precipitation-like textures identical to those observed in hydrostatic experiments. The transformation to 
aragonite is not accompanied by a shear instability or anisotropic aragonite growth, consistent with its relatively 
small volume change and latent heat in comparison with compounds that do display those features. 

INTRODUCTION 

MARBLE has long been considered one of the geologic 
materials whose rheology is best understood. It was 
among the first geologic materials investigated for its 
inelastic properties (Adams & Nicholson 1901, yon 
Kfirmfin 1911). A number of milestones in understand- 
ing the rheology of rock-forming minerals have been 
achieved with calcite marble: the first extensive study of 
the brittle-ductile transition (Heard 1960), the first 
comprehensive study of the rheology of dislocation 
creep (Heard 1963, Heard & Raleigh 1972), the first 
comprehensive study of the effects of mineral preferred 
orientation on rheology and plasticity (Griggs & Miller 
1961), and the first experimental indication of superplas- 
tic creep (Schmid et al. 1977). At low temperatures and 
pressures, marble deforms by brittle faulting, cataclasis 
and mechanical twinning. Increasing pressure causes 
increased ductility, and increasing temperature leads to 
ductile dislocation creep (e.g. Heard, 1963). All these 
deformation regimes are easily accessible within the 
laboratory. 

The calcite~,aragonite transformation may be the 
most extensively investigated polymorphic phase tran- 
sition in geology (see, for example, Johannes & Puhan 
1971). For powders and single crystals, the reaction rates 
and mechanism have been well characterized (e.g. Brar 
& Schloessin 1979, Carlson & Rosenfeld 1981, Snow & 

Yund 1987). Recent progress has been made toward 
understanding the calcite~aragonite transformation in 
fully dense marble (Hacker et al. 1992). Because these 
fundamental aspects of calcite deformation and of the 
equilibrium phase relations under hydrostatic con- 
ditions are reasonably well understood, the calcite--> 
aragonite transformation is especially attractive for 
learning how stress and deformation affect phase 
transformation and how phase transformations can 
affect material rheology and deformation microstruc- 
tures. 

Griggs et al (1960) reported reconnaissance high- 
pressure shear experiments on calcite marble at a tem- 
perature of 500°C, crossing the calcite-aragonite equi- 
librium pressure numerous times at high rates of defor- 
mation. Stable shearing was always observed in those 
experiments, a point emphasized later by Griggs & 
Baker (1969) and Griggs (1972). An exploratory study 
by Wenk et al. (1973) on Solnhofen limestone revealed 
that calcite can be transformed to aragonite during 
conventional triaxial deformation experiments at tem- 
peratures of 300-800°C, confining pressures of 1.0-2.2 
GPa and strain rates of 10-4-10 -7 s -1. That experimen- 
tal program, directed toward studying preferred orien- 
tations, was limited by large temperature, pressure and 
stress gradients in their samples. Snow & Yund (1987) 
recently showed that stress and deformation accelerate 
the transformation of single crystal calcite to aragonite. 
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They found that complete transformation occurred dur- 
ing 25% shortening at a strain rate of 10 -6 s -1, a 
confining pressure of 1.5 GPa and a temperature of 
500°C, whereas a second sample treated hydrostatically 
at the same pressure and temperature showed only 5% 
transformation. Gillet et al. (1987) also performed cal- 
cite--~aragonite experiments at 1.3 GPa, 500°C and 10 -4 
s-1 strain rate. With transmission electron microscopy 
(TEM), they observed aragonite domains growing into 
the host calcite crystals and, at least locally, topotactic 
growth of aragonite on calcite. The lack of a systematic 
suite of deformation experiments on polycrystalline cal- 
cite under well-controlled conditions spanning the 
calcite-aragonite equilibrium boundary prompted us to 
make a more complete study of this transformation. This 
study addresses the questions: how do stress and defor- 
mation affect the transformation rate and mechanism; 
how does the transformation affect the mechanical be- 
havior of the samples; and does Carrara marble trans- 
form to aragonite differently from Solnholfen limestone 
(experiments of Wenk et al. 1973)? 

EXPERIMENTAL PROCEDURE 

Starting material 

The starting material is nominally Carrara marble, 
obtained from a monument company (see Fig. 3a). The 
only impurities present above optical spectroscopy 
detection limits (generally 5 ppm) are: 0.36% MgO, 
0.02% FeO, 130 ppm Sr and 49 ppm MnO. No phases 
other than calcite were detected by X-ray powder dif- 
fraction, petrographic inspection or transmission- 
electron microscopy. The grain size measured in thin 
section by the method of mean linear intercepts is 78/~m, 
notably finer grained than the Carrara marble with 200 
~tm size grains used in previous studies by Rutter (1972, 
1974) and Schmid et al. (1980). There is no shape 
preferred orientation and no lattice preferred orien- 
tation. Most grains contain twins spaced -25/~m apart. 
The calcite crystals possess weak undulatory extinction, 
and a few have low-angle subgrain boundaries that trend 
generally subperpendicular to the twins. Grain bound- 
aries are non-planar, indicating that this marble has not 
reached textural equilibrium. Transmission-electron 
microscopy reveals a rather uniform distribution of 
1012-1013 dislocations per square meter. About one- 
third are unit dislocations, whereas the remainder are in 
tangles. Loops and curved segments of dislocations are 
abundant. 

Experimental  apparatus 

Each sample was cored from a block of Carrara 
marble, dried overnight under vacuum at 175°C, placed 
inside a 0.125 mm thick cylindrical silver jacket pre- 
viously annealed at 875°C, and separated from the 90% 

A1203"10% TiO2 load pistons by 0.025 mm thick silver 
shims. Experiments at confining pressures of up to 2.0 
GPa were conducted in a single, piston-cylinder, solid- 
pressure-medium rock-deformation apparatus (Griggs 
1967) at the U.S. Geological Survey. The samples were 
cylinders 6.22 mm in diameter and -15 mm in length. 
Aside from the sample, jacket, end pieces and furnace, 
the entire assembly was composed of NaCI. Tempera- 
ture was provided by resistive heating of a cylindrical, 
uniform thickness graphite furnace surrounding the 
sample, and was measured by one Pt-Pt90Rhl0 thermo- 
couple touching the exterior of the sample jacket near 
the midpoint of the sample long axis. Temperature 
control was precise to _+ I°C. At 400°C, the center of the 
sample was -60°C warmer than the ends (Kronenberg et 
al. 1990). Temperatures were not corrected for pressure 
or differential stress effects on the thermocouple e.m.f., 
and the reported confining pressure was not corrected 
for friction within the assembly or the strength of the 
confining medium. We used 3.2 mm diameter load 
pistons to reduce piston friction and ensure that the 
stress was measured as precisely as possible. 

Stress measurements in solid-medium deformation 
apparatus are inaccurate. We performed calibration 
experiments on polycrystalline halite samples at 25°C 
and 400°C, 0.5-1.5 GPa, and 10 -4 s -1 strain rate, using 
our standard experimental set-up. At 400°C, about one- 
half of the apparent sample strength is related to fric- 
tional and viscous losses in our high pressure cell-- 
regardless of confining pressure. At higher temperatures 
and slower strain rates, the frictional contribution is 
expected to be less. There have been no in situ pressure 
calibrations for our NaCI cell in the Griggs deformation 
apparatus. However, Mirwald et al. (1975) conducted 
melting experiments on pure metals and LiC1 in a similar 
NaCI cell in hydrostatic apparatus over a temperature 
range of 300-1400°C using the DTA method. They 
found that melting point temperatures showed insignifi- 
cant hysteresis during pressure cycling and corre- 
sponded closely to melting curves obtained from truly 
hydrostatic gas apparatus. They estimated the absolute 
accuracy of their pressure measurements as + (1% + 
0.05 GPa). In the absence of a pressure calibration of a 
NaCI cell in the Griggs apparatus, we adopt Mirwald et 
al.'s (1975) estimate of the uncertainty of pressure. 

Low-pressure (0.1-0.7 GPa) experiments were con- 
ducted in an argon-pressure-medium Heard-type rock- 
deformation apparatus at the U.S. Geological Survey 
(Kronenberg et al. 1990). The samples were right circu- 
lar cylinders, 8.9 mm in diameter and -20  mm in length. 
Temperature was provided by resistive heating of a 
platinum furnace and was measured by one Pt-Pt90Rhl0 
thermocouple touching a tungsten carbide spacer at one 
end of the sample. At 400°C, the center of the sample 
was -8°C warmer than the ends (Kronenberg et al. 
1990). Temperature was controlled to _ 5°C for most 
experiments. Confining pressure was maintained to 
within 0.5 MPa by a servo-controlled pump. The strain 
rate was controlled by a servo-controlled stepping motor 
and the axial load was measured with an internal load 
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cell of the Heard type (within the pressure vessel). 
Sample strengths are accurate to within 10 MPa. 

Experimental output from the displacement trans- 
ducers, force gauge, pressure gauge and thermocouple 
of both types of apparatus, was monitored and reduced 
to values of differential stress, pressure, strain and time 
on a HP-85 computer. Strains and strain rates were 
calculated from two displacement transducers after cor- 
rection for apparatus distortion produced by the applied 
load. The differential stress was calculated as the differ- 
ence between the axial normal stress, Or, and the confin- 
ing pressure, 03, and corrected for changes in sample 
diameter during deformation. The volume reduction 
accompanying aragonite formation means that the cal- 
culated stresses for transformed samples are underesti- 
mated. 

Analytical methods 

After each experiment, the sample was sawed in half 
lengthwise. One doubly polished -20/~m thin section of 
every sample was made for examination by optical 
microscopy. The extent of transformation was deter- 
mined by examining 400 points with an automated point- 
counting stage on an optical microscope. The aragonite 
growth rate was also determined with an optical micro- 
scope. In samples containing subequant neoblasts of 
aragonite, the growth rate was determined by measuring 
the half-width of the largest aragonite neoblasts; smaller 
neoblasts were assumed to be the result of the thin 
section not passing through the center of the crystal. For 
samples containing aragonite along calcite-calcite grain 
boundaries, the growth rate was determined by 
measuring the half-width of aragonite separating once- 
adjacent calcite grains. Measurements were made only 
in areas where the calcite 'fingers' (see below) were 
subparallel to the plane of the thin section--to ensure 
that the rate measured was not an apparent rate of 
interface migration. Additional doubly polished <30~tm 
sections of selected samples were made and thin foils 
prepared for transmission electron microscopy (TEM) 
by argon ion milling. A Philips 400 scanning/ 
transmission electron microscope at Stanford, equipped 
with a double-tilt goniometer stage, was used for phase 
identification and to characterize microstructures. 

+ + 
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Fig. 1. Pressure-temperature-strain rate conditions of the experi- 
ments. Samples that contained widely distributed aragonite are shown 
with filled symbols; open symbols indicate no aragonite. Arrows point 
to the samples in which aragonite developed only in one corner of the 
sample near the piston and asterisks identify samples with porphyro- 
blastic aragonite. The dot for each sample shows the nominal mean 
stress and the vertical bar denotes the limits of the nominal normal 
stresses, which range from the applied load (o~) to the confining 
pressure (o3). Experiments at each pressure and temperature have 
been spaced arbitrarily about the true temperature so that the different 
symbols are visible. Uncertainties of pressures and stresses discussed 
in the text are not shown. Equilibrium boundary below 550°C from 
Johannes & Puhan (1971); above 550°C from unpublished work by S. 

R. Bohlen, W. B. Hankins and B. R. Hacker. 

Mechanical data 

Most stress-strain curves show relatively linear elastic 
loading, yielding, and then flow at a reasonably constant 
differential stress (Fig. 2). Strain hardening is exhibited 
by some samples tested at 400°C and confining pressures 
of 0.3-0.5 GPa. The hardening is apparently inhibited 
by increased pressure and temperature, although this 
may be an artifact of the use of gas apparatus at low 
pressures and use of solid-medium apparatus at high 
pressures. Rowe & Rutter (1990) also noted a change 
from strain-hardening at 400°C to steady-state flow at 
higher temperatures in Carrara marble experimentally 
deformed at 0.1 GPa confining pressure. At conditions 
within the calcite stability field, the stress supported by 
samples increases with increasing strain rate and de- 
creasing temperature in the manner characteristic of 
rocks deforming by ductile dislocation creep. Samples 
containing aragonite are not systematically stronger or 
weaker than samples in which aragonite did not form. A 
detailed analysis of the mechanical behavior and sample 
microstructures will be published in a separate paper. 

RESULTS Deformation and recrystallization rnicrostructures 

The conditions of the deformation experiments span 
temperatures of 400-900°C, and strain rates of 10 -7-  
10 - 4  S -1  (Fig. 1 and the Appendix). Nominal confining 
pressures, P, ranged from 0.1 to 2.0 GPa. Differential 
stress, o, was as high as 660 MPa, and thus the mean 
stress, ~ = P + 0/3, was within -0 .2  GPa of the imposed 
confining pressure. As outlined above, sample strengths 
may be overestimated by a factor of 2, and thus the mean 
stresses were probably within 0.1 GPa of the imposed 
confining pressure. 

The principal intracrystalline deformation mechan- 
isms of calcite are slip on r { 1014},f{1012}, c {0001 } and 
a {1210}, and twinning on e {1018} and r {1014} (Wenk 
1985). At low temperatures, twinning is easier than r 
slip, which dominates at 400-650°C (Weiss & Turner 
1972), whereas f slip dominates between 500 and 800°C 
(Griggs et al. 1960, Casey et al. 1978, Friedman & Higgs 
1981). These transitions depend on strain rate and grain 
size as well as temperature, with a change of -100°C 
roughly equivalent to a change in strain rate of six 
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Fig. 2. Representative stress-strain curves for Carrara marble. Each curve is labeled with the experiment number and 
strain rate (s-l).  Experiments performed at pressures -> 1.0 GPa were conducted in solid-medium apparatus and those at 
lower pressures were completed in gas-medium apparatus. Underlines indicate those experiments in which aragonite 

formed throughout the sample. Experiments at 0.3, 1.5 and 1.7 GPa confining pressure (Table 1) are not shown. 

decades (Ferreira & Turner 1964). Because the maxi- 
mum shortening that can be achieved by complete e 
twinning is theoretically 29%, and perhaps nearer 15% 
in polycrystalline marble (Wenk 1985), any additional 
shortening must take place by other means such as 
dislocation glide or recrystallization. 

Optical microscopy and TEM observations of our 
deformed marble samples reveal distinct microstruc- 
tural changes with increasing temperature (Fig. 3). We 
have not found changes in microstructure that can be 
correlated with the apparent strength increase at higher 
pressures (Fig. 4). 

At 400°C and all strain rates, virtually all the defor- 
mation occurred by mechanical twinning (Fig. 3b), in 
accord with earlier studies on Carrara marble (e.g. 
Rutter 1974, Casey et al. 1978). The microstructures are 
similar to those described for 'Regime 1' of Carrara 
marble deformation by Schmid et al. (1980)--although 
their samples were deformed at higher temperatures 
(600-700°C) and generally faster strain rates (10-3-10 -5 
s-l),  and were coarser grained (200 pm). Most calcite 
grains are highly twinned, with twin boundaries spaced 
every 1-8 pm, and most twin boundaries are oriented at 
high angles to the compression direction. Fewer grains 
have two or more sets of widely spaced twins that are 
inclined -30-50 ° to the compression axis. The twinning 
and slip produced variably inequant grain shapes with 

axial ratios ranging up to about 2:1 in the most deformed 
samples. Recrystallization is either absent or minor in 
these samples. 

The microstructures developed at 500°C are indepen- 
dent of strain rate from 10 -6 to 10 -4 s -1, and similar to 
those developed at 400°C. Most samples contain twins 
and undulatory extinction without recrystallization, as 
observed by Rutter (1974) in similar experiments to 12% 
strain at 0.15 GPa confining pressure. Two samples 
contain -< 5 vol % recrystallized calcite grains that have 
diameters of -2.5-7.5 pm. Recrystallized calcite crys- 
tals that are twinned typically have a lower density of 
twins (spaced 5-10/~m apart) than deformed, unrecrys- 
tallized grains. 

At 600°C, twinning and dislocation glide were still 
prevalent, but microstructures indicative of dynamic 
recovery and dynamic recrystallization also are found. 
All samples show microstructural evidence of recovery 
in the form of subgrains. Samples strained at rates of 
10 -6 and 10 -7 s -1 that did not form aragonite, contain 
10-20 vol % of 5-50 pm diameter subequant calcite 
neoblasts along deformed calcite grain boundaries (Fig. 
3c). The result is a 'core-and-mantle' texture similar to 
that described for deformation 'Regime 2' of Carrara 
marble by Schmid et al. (1980)--although their samples 
were coarser grained (200 pm) and deformed at higher 
temperatures (700-1000°C) and faster strain rates 
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Fig. 3. Optical microstructures of undeformed and deformed Carrara marble photographed with partially crossed 
polarized light. All photographs have the same 100/~m scale bar. Deformed samples were shortened parallel to the short 
dimension of the photographs. (a) Carrara marble starting material. Grain size is -78  ktm. (h) Deformation twinning and 
dislocation glide dominate at 400°C (sample N708 strained 27% in 6 h at 10 5 s 1 400oc, 1.50 GPa and a flow stress of 502 
MPa). Most twin boundaries are subperpendicular to the compression direction. (c) Strain-free calcite neoblasts form by 

o o 5 1 o subgrain rotation and grain-boundary migration at 600 C (sample N710 strained 20 '/o in 4 h at 10- s-  , 600 C, 1.53 GPa and 
a flow stress of 281 MPa). (d) Grain growth dominates sample microstructure at 800-900°C (sample N766 strained 10% in 

4.2 h at 10- 5 s ~, 900°C, a flow stress of 98-136 MPa and three different confining pressures of 0.5, 1.0 and 1.50 GPa). 
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Fig. 4. Representative transmission-electron micrographs of Carrara marble deformed at different confining pressures at 
600°C. (a) Sample KP143 strained 8% in 18.5 h at 10 ~ s ~, 508°C, 0.30 GPa and a flow stress of 54 MPa, in a gas apparatus. 
(b) Sample N718 strained 29% in 53 h at 10 6 s - i  600oc, 1.54 GPa and a flow stress of 176 MPa, in a solid-medium 

apparatus. Note similarities in the dislocation microstructures. 
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Fig. 5. Growth of aragonite. (a) Initial nucleation along calcite--calcite grain boundaries in sample N738 strained 5% in 21 h 
at 10 ~ s J ,  600°C, 1.98 GPa and a flow stress of 243 MPa. Compression direction was parallel to short dimension of 
photograph. Arrow denotes the area of greatest transformation. (b) About 20% aragonite formed along calcite grain 
boundaries in sample N719 strained 18% in 67 h at 10 6 s- l 600oc, 1.92 GPa and a flow stress of 203 MPa. Compression 

direction was parallel to short dimension of photograph. 
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(mostly 10-3-10 -5 s-l).  Relict grains in our samples 
contain twins, undulatory extinction and elongate sub- 
grains, whereas the recrystallized grains are equiaxed to 
slightly oblate and variably twinned. Areas of advanced 
dynamic recrystallization comprise grains with straight 
edges and 60 ° triple junctions. TEM reveals abundant 
evidence of climb in the form of curved unit dislocations, 
dislocation triple junctions and prismatic loops (Fig. 4). 
The densities of dislocations not in tangles or subgrain 
boundaries range from 10 a2 to 1013 m -2. Subgrain 
boundaries are also present. Microcracks are rare and 
those that are present may be related to depressurization 
and cooling at the end of the experiments. There is no 
marked difference in TEM-scale deformation micro- 
structures produced at 0.3 GPa and 1.5 GPa confining 
pressure at 600°C (Fig. 4). 

Recrystallization occurred in about half the volume of 
the two samples strained 3--4% at 700°C and 10 -5 s -1 
strain rate. The recrystallized grains that were restricted 
to host grain boundary regions at lower temperatures, 
have at 700°C subdivided entire host grains into 10030 
#m grains. The sample tested at 800°C consists mostly of 
50-70/~m diameter recrystallized grains and a smaller 
volume ( -15%)  of grains as large as 400/~m. Strongly 
twinned and bent crystals are less abundant than at 
lower temperatures. Schmid et al. (1980) noted similar 
recrystallization in their Carrara marble deformation 
'Regime 3'--although, again, their samples were de- 
formed at higher temperatures (1000°C) to smaller 
strains ( -10%)  and were coarser grained. By 900°C, 
many grains in our samples had grown to 400/~m in 
diameter, significantly larger than the starting material, 
indicating that grain boundary mobility increases steeply 
with increasing temperature (Fig. 3d). This exaggerated 
or secondary grain growth was found by Schmid et al. 
(1980) in their Carrara marble samples tested at 1000°C. 
Schmid et al. (1980) also found a correlation between 
recrystallized grain size and stress in their Regimes 2 and 
3. Our limited number of experiments at 600-700°C 
show a similar inverse relationship between grain size 
and stress. 

Aragonite  

Hacker et al. (1992) found that under hydrostatic 
pressure oversteps of 0.1-1.0 GPa, nucleation of arago- 
nite in marble occurred very rapidly and that the rate of 
the transformation was dominated by the rate of arago- 
nite growth, rather than being limited by nucleation 
rate. At temperatures of 600-750°C, aragonite formed 
an intergrowth with calcite similar in appearance to 
cellular precipitation microstructures (e.g. Porter & 
Easterling 1981, p. 325). Micron-scale finger-shaped 
inclusions within the aragonite are inferred to be calcite 
based on optical continuity with nearby relict calcite 
crystals. At 800°C, subhedral to euhedral aragonite 
neoblasts without included calcite fingers formed on 
grain boundaries. 

Different habits of aragonite formed at different rates 
in our Carrara marble samples deformed within the 

aragonite stability field (Fig. 1). Aragonite is found only 
in samples tested for long durations (18-524 h, corre- 
sponding to strain rates of 10 -6 and 10 -7 s-l) ,  and is 
most abundant in samples tested in relatively high tem- 
peratures (600°C) and confining pressures (1.7-2.0 
GPa). It is apparent from Fig. 1 that pressure oversteps 
of -0 .5  GPa and experiment durations of >1 h are 
required for aragonite growth in our 600°C experiments, 
whereas experiments longer than 50 h are needed at 
500°C. One sample tested for 68 h at 700°C and a 
pressure nominally within the aragonite stability field 
did not transform to aragonite. Given the rapid trans- 
formation rate observed at 600°C, this result suggests 
that the pressure on the sample was at least 0.18 GPa 
(9%) less than the gauge pressure. Two samples also 
contain aragonite only near the piston at one end of the 
sample. One of these samples (N748) was deformed at 
2.0 GPa and 600°C, a pressure and temperature at which 
aragonite was produced in samples tested at slower 
strain rates (10 -6 rather than 10 -4 s-l) ,  and the other 
sample (N749) was deformed 18 h longer than any other 
sample tested at 2.0 GPa and 400°C. 

Aragonite neoblasts that formed in Carrara marble 
deformed at 600°C are similar to those grown in hydro- 
static experiments at 600-700°C. Specifically, the arago- 
nite crystals contain fingers about 1 pm wide that we 
infer to be calcite (Fig. 5a). These calcite(?) fingers were 
apparently included during aragonite growth. In more 
extensively transformed samples, the aragonite crystals 
formed large domains of tightly packed grains. Groups 
of these grains have similar, but measurably different, 
orientations. Remnant calcite crystals within areas 
almost completely transformed to aragonite have den- 
tate grain boundaries with narrow relict arms pointing 
into the advancing aragonite (Fig. 5a). At 600°C and 2.0 
GPa, aragonite crystals grew at a rate of 6 + 2 × 10-11 m 
s -1 (Fig. 7a), producing grains ranging in size from a few 
to -70~m.  The amount of aragonite formed in samples 
at 600°C and 2.0 GPa varies with time in a manner shown 
in Fig. 7(b). 

At 500°C, aragonite grows in a habit that has not been 
found in samples hydrostatically heated at 5000800°C or 
in samples deformed at temperatures of 400 or 600°C 
(Fig. 6a). These unusual aragonite crystals are large, 
100o200 pm in diameter, porphyroblastic, and are com- 
posed of many slightly misoriented subgrains. They are 
found in conjunction with 'normal' smaller aragonite 
neoblasts and are not homogeneously distributed 
throughout samples in which they occur. The porphyro- 
blasts appear to have nucleated on grain boundaries and 
then grown by rapid consumption of multiple, whole 
calcite crystals. The diameters of these grains and the 
durations of the experiments in which they were pro- 
duced mandate an average growth rate in excess of 8 × 
10-10 m s- 1. The apparently accelerated growth rate and 
the inhomogeneous distribution of the porphyroblasts 
indicate that the growth mechanism of the porphyro- 
blasts is different from that of aragonite grown at higher 
temperatures. The aragonite porphyroblasts lack mech- 
anical twins, but typically contain many cracks that are 
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Fig. 7. Growth rate (a) and transformation rate (b) of calcite to 
aragonite at 600°C and 2.0 GPa vs time. (a) The datum at 524 h is a 
maximum value because the length of the fingers is essentially equal to 
the grain size of the starting material; this same growth could have 
occurred in a shorter time as shown by the arrow. (b) Brackets 
illustrate the range of transformation encountered along the length of 
samples as a result of temperature gradients. Data from hydrostatic 
single crystal (unfilled diamonds; Brar & Schloessin 1979) and marble 
experiments (filled squares; Hacker et al. 1992) are shown for compari- 

son. 

orthogonal to the compression direction. These cracks 
presumably formed during unloading and quenching. 

All deformed Carrara marble samples which partially 
transformed to aragonite include areas where the arago- 
nite crystals grew farther into certain orientations of 
twinned calcite grains (Fig. 6b). Because the defor- 
mation twins are dominantly orthogonal to ai as a result 
of twinning-induced rotation in response to compression 
(see above), this preferential growth produced arago- 
nite grains that are elongate parallel to 03. 

DISCUSSION 

Comparison of  Carrara marble and Solnhofen limestone 

Wenk et al. (1973) performed synkinematic calcite 
---~aragonite transformation experiments on Solnhofen 
limestone, affording the opportunity for comparison 
with our experiments on Carrara marble. In comparison 
to Carrara marble, Solnhofen limestone has much 
smaller (5 ~m diameter) grains and more impurities. 
Talc was used as the confining medium and the samples 
were not jacketed. Aragonite formed at the ends of 
Solnhofen samples near pistons within 10 h at 300°C, 1.5 
GPa and 10 -4 s -1 strain rate. In contrast, we observed 
aragonite near pistons in Carrara marble only to tern- 

peratures as low as 400°C; no aragonite formed in 
Carrara marble at confining pressures of 1.5 GPa at any 
temperature or strain rate-----even in runs as long as 27 h. 
Widespread aragonite formed in Solnhofen limestone in 
less than 1 h at temperatures as low as 400°C at a 
confining pressure of 1.0 GPa (Wenk et al. 1973), 
whereas we found bulk transformation in Carrara mar- 
ble only to temperatures as low as 500°C at 1.7-2.0 
GPa--and only in 10 -6 s -1 runs lasting 18-21 h. The 
greater reactivity observed in Solnhofen limestone at 
lower temperatures and lower reaction free energies 
(i.e. lower pressures) may be attributable to two obvious 
differences between the samples. The Solnhofen 
samples were encased in a confining medium of talc, 
which undoubtedly supplied some water to the samples, 
whereas the Carrara marble samples were vacuum dried 
and chemically isolated in silver jackets. The fine grain 
size of the Solnhofen samples should also have pro- 
moted more rapid reaction, because (1) smaller grains 
contribute more grain-boundary free energy per unit 
volume than larger grains, and (2) the amount of arago- 
nite nucleated in a given time is inversely proportional to 
grain size for grain-boundary nucleated reactions (Cahn 
1956). Further comparison between Solnhofen lime- 
stone and Carrara marble is made in the following 
section. 

Aragonite growth morphologies 

The present deformation study as well as the hydro- 
static experiments of Hacker et al. (1992) reveal that, at 
least in the laboratory, there are three morphological 
types of aragonite that grow. The most common mor- 
phology is that of anhedral -5-7ktm diameter aragonite 
'gloves' that include 'fingers' of what we infer to be 
calcite. This texture is very similar to cellular precipi- 
tation, and has been observed in hydrostatic experi- 
ments at 600-750°C and in deformation experiments at 
500-600°C. 

A different morphology of aragonite, large 100-200 
/~m porphyroblasts, grew in two samples of Carrara 
marble deformed at 500°C. These two samples with 
porphyroblastic aragonite are the only samples in which 
aragonite formed at 500°C; both were shortened >20% 
at 10 - 6  S i strain rate. These grains grew about one 
order of magnitude faster than aragonite grew at 600°C. 
The accelerated growth rate suggests that the growth 
mechanism is different. It is probable that the more 
heavily deformed and less recovered calcite grains in our 
samples tested at 500°C had larger defect free energies 
than calcite grains in samples deformed at 600°C, and 
thus provided an additional energy source for aragonite 
growth. Snow & Yund (1987) reported that calcite 
crystals growing in an aragonite host polycrystal (i.e. the 
reverse reaction of this study) were unable to penetrate 
aragonite-aragonite grain boundaries, because the high- 
angle boundaries interrupted the aragonite substrate on 
which the calcite grew. This explanation does not obtain 
for the reverse reaction in our samples, because the 
porphyroblastic aragonite crystals consumed multiple 



Deformation of calcite marble 

Table I. Est imated free energies of defects in deformed marble* 
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Coherent  Grain 
twins boundaries Dislocations 

Linear/areal free energy(Jm -2) 2.3 x 10 3 7 x 10 2 7 x 10 9 
Density (m 1) 10 5 8.6 X 104 1013 
Volume free energy (J mol l) 0.085 0.222 2.6 

*Computed using 3.693 × 10 s m 3 m o l i  for the molar volume of calcite (Holland & Powell 1985). 

calcite grains. Wenk et al. (1973) have also reported 
anomalously large porphyroblastic aragonite crystals 
(1-8 mm in diameter) in two samples of Solnhofen 
limestone. However, their samples were deformed at 
1.47 GPa and 600°C at 10 -6 s -1, and 2.2 GPa and 800°C 
at 10 -5 s -1, temperatures at which dynamic recrystalli- 
zation should have operated. Wenk et al. (1973) attribu- 
ted the porphyroblastic aragonite habit to slow 
nucleation rates near the calcite-aragonite equilibrium 
boundary. Porphyroblasts occur in our Carrara marble 
samples tested relatively far from the equilibrium 
boundary, suggesting that some other factor controls the 
appearance of aragonite porphyroblasts. 

A third type of aragonite morphology occurred in 
hydrostatic tests at 800°C where equant, sub- to euhed- 
ral aragonite grains grew along original calcite-calcite 
grain boundaries (Hacker et al. 1992). We conducted no 
corresponding deformation tests at 800°C because the 
pressure required for aragonite stability at that tempera- 
ture exceeds the safe range of our apparatus (Fig. 1). 

Effects of stress and deformation on the transformation 

Transformations can be affected by stress and defor- 
mation, and the present experiments provide the oppor- 
tunity to assess this posibility for calcite--+aragonite. The 
assessment may not be particularly apt because the 
deformation and hydrostatic experiments were con- 
ducted in similar but somewhat different apparatus, 
however, the deformation experiments differ from the 
hydrostatic experiments in only the following rather 
insignificant ways: (1) the temperature is measured at 
the side of the sample instead of at the top; (2) the 
pressure is applied by two coaxial pistons rather than 
one; and (3) each sample is sandwiched between two 
ceramic end pieces rather than by NaC1 and MgO. 

Glovelike aragonite crystals grew at a rate of 6 + 2 x 
10 - n  m s -1 in the present deformation experiments, a 
rate that is not significantly different from the rate at 
which aragonite crystals grew in hydrostatically treated 
samples under similar pressures and temperatures (7-10 
x 10 -11 m s- l ;  Hacker et al. 1992). This suggests that 
stress and deformation do not appreciably affect these 
rates at our experimental conditions. 

Deformation-induced effects on transformation. The 
free energy of a defect (grain boundary, twin, dislo- 
cation, etc.) can aid in nucleation and growth if the 
neoblast can accommodate some of the free energy of 
the defect. What contribution do these energy sources 
make in comparison to reaction free energy? The free 

energies of defects in calcite can be estimated by calcu- 
lation and by comparison to metals. The free energy of a 
dislocation can be approximated as: 

AGd= Kb21n( R )  + aKb 2, 

where K is an energy factor that depends on the geom- 
etry of the dislocation and the elastic constants of the 
material, b is the magnitude of the Burgers vector 
(between 0.5 and 1.7 nm in calcite), R is the radius of the 
strain field around the dislocation, ro is the dislocation 
core radius and a is a constant (Heinisch et al. 1975; 
Wintsch & Dunning, 1985). Following Wintsch & Dun- 
ning (1985), we take a = 0.3, ro = b, and R = 1/(2~/p), 
where p is the dislocation density. For the dislocation 
densities of 1012-1013 m -2 we observed in Carrara mar- 
ble deformed at 600°C, the linear free energies are - 7  × 
10 - m J m  -1 forb = 0.5 n m a n d - 7  × 10 - s J m  - t  forb = 
1.7 nm. The volume free energy contributed by dislo- 
cations is AGdVp. For a 1013 m -2 density of b = 0.5 nm 
dislocations, this free energy contribution is 2.6 J mol-1 
(assuming the molar volume of calcite is V = 3.693 x 
10 -s m 3 mol-1; Holland & Powell 1985). 

The only measurement of interfacial free energy in 
calcite, to our knowledge, is the cleavage free energy 
measurements of Gilman (1960). Gilman (1960) 
measured the free energy of the { 1010} surface of calcite 
as 0.23 J m -2. In many cubic metals, the ratios of surface 
free energy to grain-boundary free energy to coherent 
twin free energy are in the neighborhood of 
1.00:0.30:0.01 (Murr 1975). Assuming that the same 
interfaciai free energy ratios obtain for calcite, the free 
energies of calcite grain boundaries and coherent twins 
are estimated to be in the vicinity of 0.07 and 0.0023 J 
m -2, respectively. For Carrara marble of 78/ ,m grain 
size, assuming that the ratio of grain-boundary area to 
volume is 6.7, the grain-boundary free energy is -0.222 
J mo1-1. For the twin spacings of 1-10 pm that we 
observed in our deformed samples (Table 1), this 
implies free energy contributions of -0.085-0.0085 J 
mol- 1. 

Note that for this study, these calculations suggest that 
finely spaced twins contribute the same order of magni- 
tude of free energy as the grain boundaries. The volume 
free energy change of calcite--+aragonite is about -1500 
J mol-1 at the experimental conditions of 600°C and 2.0 
GPa (about 0.5 GPa into the stability field of aragonite). 
In other words, at those conditions the volume free 
energy dominates any possible free-energy contribution 
from defects, so that the stability of calcite relative to 
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aragonite will not be appreciably influenced by the 
density of dislocations and twins observed in our experi- 
mentally deformed marble. The free energy contri- 
bution of defects should be important only in situations 
where: (1) the defect density is several orders of magni- 
tude higher; or (2) the transformation is occurring under 
conditions closer to equilibrium such that the volume 
free energy of the reaction is lower. The latter, near- 
equilibrium conditions could result from externally 
imposed pressure and temperature or from internal 
changes in pressure caused by the volume change of 
reaction. 

Samples partially transformed to aragonite include 
areas where the aragonite crystals grew farther into 
certain orientations of twinned calcite grains (Fig. 6b). 
Because the deformation twins are dominantly ortho- 
gonal to a~ as a result of twinning-induced rotation in 
response to compression, this preferential growth pro- 
duced aragonite grains that are elongate parallel to o3. 
No anisotropic aragonite growth of this type has been 
observed in hydrostatically transformed samples be- 
cause of the paucity of twinning in those samples 
(Hacker et al. 1992). 

Stress-induced effects on transformation. Previous 
studies have shown that differential stress can cause 
anisotropic grain growth and we have observed some 
effects of this in deformed Carrara marble. Vaughan et 
al. (1984) found for the MgzGeO4 olivine---~spinel trans- 
formation that spinel nucleated preferentially on bound- 
aries normal to ~rl, and grew faster parallel to ~rl. 
Consequently, the residual olivine porphyroclasts 
became elongate normal to the compression direction, 
regardless of the orientation of the host olivine crystals. 
The spinel grew as fingers 1-5pro across and up to 10/~m 
long that pointed into the olivine. Vaughan et al. (1984) 
proposed that the rate at which an interface grows is 
influenced by the imposed stress field. Their formulation 
implies that the stability of a phase depends not only on 
pressure and temperature, but also on the orientation of 
interphase boundaries in relation to the stress field; the 
higher the normal stress on an interface, the greater the 
driving potential, and presumably, the higher the 
growth rate. They assumed that the state of stress on the 
bounding surface of a nucleus conforms to that of the 
applied stress. They calculated that near the equilibrium 
boundary, the growth rate of an interface would be 
markedly anisotropic for a reaction involving a volume 
change. 

In most deformed Carrara marble samples containing 
aragonite, the aragonite crystals were found to have 
penetrated into calcite crystals -2-5/~m farther in the 
direction parallel to the compression axis, or1 (Fig. 6c). 
The anisotropic aragonite growth occurred only locally 
in samples, and never on the scale observed by Vaughan 
et al. (1984). This suggests that the theory proposed by 
Vaughan et al. (1984) is not generally applicable to 
polymorphic mineral transformations. 

Green & Burnley (1989) and Burnley et al. (1991) 
later conducted a more comprehensive deformation 

study of the orthogermanate system and found that the 
olivine polymorph could exist metastably in the spinel 
field at temperatures of about 1423-1523°C when 
shortened at strain rates exceeding 10 -4 s -1. Spinel 
inclusions formed in their samples were quite different 
from those of Vaughan et al. (1984): they were lens 
shaped with long axes perpendicular to the compression 
direction. Green & Burnley (1989) hypothesized that 
the state of stress around the spinel inclusions was 
altered by the strength of spinel, which they suggested 
was significantly weaker than olivine due to superplastic 
deformation. Using an analogy of the stress field around 
a crack, they reasoned that the axial stress was highest in 
inclusion boundaries parallel to the compression direc- 
tion and that consequently the driving potential and 
spinel growth rates were greatest in the direction normal 
to the compression direction. Similar inclusion mor- 
phologies were observed in H20 ice I samples deformed 
while transforming to ice II (Kirby et al. 1991). In the 
present experiments we have not observed lens-shaped 
inclusions of aragonite of the type described above. 
Several contrasts in the transformation microstructures 
and experimental conditions are noteworthy. First, the 
aragonite grains nucleated on grain boundaries and are 
generally coarser than spinel produced in the orthoger- 
manate. Thus there is no reason to suspect that arago- 
nite was weak because of ultrafine grain size--a 
necessary condition for the stress redistribution around 
lens-shaped inclusions. Second, the differential stress in 
the present experiments was smaller in relation to the 
confining pressures and equilibrium pressures, meaning 
that the normal stress anisotropy and hence anisotropy 
in driving potential for transformation was far smaller. 
Third, all the experiments on orthogermanate and ice I 
involved shortening rates faster than 10 -4  S -1,  whereas 
aragonite only formed at strain rates of 10 -5 s -1 or less 
and mostly 10 -6 s -1 or less. This may be significant if 
latent heat enhances transformation in short experi- 
ments where such heat cannot conduct away from the 
inclusions fast enough. This hypothesis might be tested 
by conducting higher strain rate tests on calcite or lower 
strain rate experiments on ice or orthogermanate. 

Rheological effects o f  the transformation 

Phase transformations can affect the rheology of 
materials in a number of ways. For example, the product 
phase may have mechanical properties notably different 
from the reactant phase, or the linear transformation 
strain, ~ (AV/Vo)/3,  may accommodate some of the axial 
strain. We find for Carrara marble that samples contain- 
ing aragonite are not systematically stronger or weaker 
than samples lacking aragonite (Fig. 8). The scatter and 
uncertainties of the strength measurements, combined 
with the necessity of comparing strengths measured at 
different strain rates, renders this comparison rather 
qualitative. Gillet et al. (1987) claimed that marble 
samples they transformed experimentally to aragonite 
were stronger than untransformed marble, but they did 
not provide details. 
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Fig. 8. Strength trends of samples containing aragonite (filled sym- 
bols) are not systematically stronger or weaker than strength trends of 
samples lacking aragonite (unfilled symbols). Percentages indicate 

average amount of aragonite present. 

L a c k  o f  shear instability 

Many earthquakes occur at depths below where 
ordinary brittle fracture and frictional sliding are con- 
sidered to occur. It has been proposed that such deep 
earthquakes may be the result of mechanical instability 
occurring during densification phase transformations 
(Griggs & Handin 1960, Griggs & Baker 1969, Kirby 
1987, Green & Burnley 1989, Kirby etal.  1991). A shear 
instability called 'transformational faulting' does occur 
under non-hydrostatic stress in some compounds under- 
going reconstructive transformations, notably tremolite 
--->amorphous phase (Burnley & Kirby 1982), ice I---~II 
(Durham et al. 1983, Kirby 1987, Kirby etal .  1991), and 
germanate olivine---~spinel (Green & Burnley 1989). 
Catastrophic failure occurs in samples of ice I or olivine 
that are loaded outside their stability field at conditions 
where the transformation rate to the denser phase can- 
not keep pace with the imposed deformation rate. The 
volume change of the transformation is important in 
identifying phase transformations that might undergo 
transformational faulting; large differences in density 
between the reactant and product phases increase the 
likelihood of heterogeneous unstable deformation dur- 
ing transformation. Likewise, the latent heat of reaction 
may also influence whether a particular phase trans- 
formation will lead to catastrophic failure (Kirby 1987, 
Kirby et al. 1991). If the reaction is exothermic and the 
volume free energy of the product phase decreases with 
increasing temperature, then transformational faulting 
is favored. Kirby et al. (1991) have proposed that the 
volume change and latent heat of the calcite--~aragonite 
transformation are too small to promote transforma- 
tional faulting. 

The present study and that of Wenk et al. (1973) 
support this prediction. A shear instability did not de- 
velop during the growth of aragonite in any of our 
Carrara marble samples in spite of the wide range of 
investigated P - T o  conditions at which calcite was 
metastable, and transformation varied from non- 

existent to the rapid growth of large aragonite porphyro- 
blasts. Similarly, no general faulting instability associ- 
ated with coesite formation was observed in an extensive 
suite of high-pressure quartzite experiments conducted 
by Tullis (1971) and cited by Griggs (1972), even though 
the volume change and latent heat of a-quartz--*coesite 
is similar to calcite---~aragonite. 

CONCLUSIONS 

Deformation experiments were conducted on Carrara 
marble in the aragonite and calcite stability fields at 
temperatures of 400-900°C, strain rates of 10-7-10 -4 
s-l ,  confining pressures of 0.1-2.0 GPa and at stresses as 
high as 660 MPa. At 400--500°C, virtually all calcite 
plastic deformation occurred by mechanical twinning, 
whereas rapid recovery occurred and abundant recrys- 
tallized grains formed at grain boundaries at 600-700°C. 
By 900°C, many calcite grains grew significantly larger 
than the starting material. 

Aragonite grew in our 10-6-10 -7 s -1 strain rate tests 
at confining pressures of 1.7-2.0 GPa in the aragonite 
stability field. Samples containing aragonite are not 
systematically stronger or weaker than samples lacking 
aragonite. Aragonite formed at much lower pressures 
and temperatures in a similar study by Wenk et al. 
(1973), probably because their Solnhofen limestone 
samples were much finer grained and enclosed in talc. At 
600°C, the growth of aragonite neoblasts produced 
'glove-and-finger' textures identical to those observed in 
our previous hydrostatic experiments. At 500°C, por- 
phyroblastic 100-200/~m aragonite crystals grew almost 
an order of magnitude faster. Locally, aragonite crystals 
consumed calcite grains preferentially along twins, 
resulting in aragonite grains that are elongate ortho- 
gonal to the compression axis. In one sample, aragonite 
crystals were found to have penetrated farther into 
calcite parallel to the compression axis, ol 

Aragonite formation is not accompanied by a shear 
instability, consistent with the relatively small volume 
change and latent heat of the reaction. 
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Table A1. Deformation experiments on Carrara marble 
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Experiment Pressure* Temperature Strain rate Stresst Strain Time Aragonite Notes 
No. (GPa) (°C) (s -1) (MPa) (%) (h) (%) 

Gas apparatus 

KP142 0.30 405 1 .0E-6 180 6.2 24/19 0 
KP141A 0,30 410 1 .0E-6 130 1.9 17.6/5.6 0 
KP141B 0,30 403 1 .0E-5 155 3.8 1.4/1.1 0 
KP141C 0,30 404 1 .0E-4 170 2.7 0.3/0.1 0 
KP155 0.30 398 1 .0E-4 200 9 1.2/0.3 0 
KP140A 0.30 507 1.0E - 6 95 1.6 19.5/5.5 0 
KP140B 0.30 510 1.0E-5 120 2 12.5/0.9 0 
KP140C 0.30 513 1.0E-4 140 2.5 0.3/0.1 0 
KP143 0.30 598 1 .0E-6 54 7.7 17.3/17 0 
KP139A 0.30 600 1.0E - 6 63 1.1 5.2/4.2 0 
KP139B 0.30 600 1 .0E-5 85 1.6 0.8/0.6 0 
KP139C 0,30 601 1 .0E-4 105 5 0.4/0.2 0 
KP156 0.30 600 1 .0E-4 130 10 1.5/0.3 0 
KP150 0.50 400 1 .0E-6 160 2 9.9/9.6 0 
KP141D 0.50 400 1.0E-5 160 2 2.7/0,7 0 
KP141E 0.50 397 1 .0E-4 180 2 0.5/0.4 0 
KP154 0.50 394 1 .0E-4 200 9 1.1/0,3 0 
KP144 0.50 498 1 .0E-6 64 2 4.45/4.1 0 
KP145A 0.50 510 1 .0E-6 95 4 11.2/11 0 
KP145B 0.50 505 1.0E-5 113 2.5 1.1/0.7 0 
KP157 0.50 500 1 .0E-5 137 7 3.0/2.0 0 
KP145C 0.50 505 1 .0E-4 130 3 0.6/0.3 0 
KP149 0.50 601 1 .0E-6 52 8 18.75/18 0 
KP152 0.50 613 1 .0E-6 42 8 18/17 0 
KP139D 0.50 600 1.0E-5 85 2 1.8/0.8 0 
KP161 0.10 600 1 .0E-5 108 6 2.5/1.25 0 
KP162 0.30 600 1 .0E-5 99 8 3.75/2.5 0 
KP159 0.50 600 1.0E-5 80 8.5 6.9/2.3 0 
KP160 0.70 600 1.0E-5 83 4.5 1.6/1.4 0 
KP139E 0.50 597 1 .0E-4 3 0.4/0.2 0 
KP153 0.50 600 1 .0E-4 125 7 0.95/0.3 0 

Solid-medium apparatus 

N741A 0.33 600 1 .6E-7 87 5 138/108 0 
N741B 0.33 600 1 .3E-  6 97 6.5 24/15 0 
N741C 0.33 600 1 .4E-5 149 10 3.5/1.9 0 
N741D 0.33 600 1 .4E-4 119 21 0.7/0.4 0 
N764A 0.50 700 1.2E - 5 132 3.2 3.3/2.3 0 
N756A 0.53 800 1.3E- 5 126 1.7 1.5/0.5 0 
N766A 0.53 900 1.2E-5 98 3.2 1.5/1.0 0 
N750A 1.01 400 1 .1E-6 345 3 21/8.6 0 
N750B 1.01 400 1.3E - 5 403 5 2.4/1.5 0 
N750C 1.00 400 1 .2E-4 514 12 0.5/0.3 0 
N745A 1.01 500 1 .2E-6 201 4.3 23/9 0 
N745B 1.01 500 1 .2E-5 286 5.6 1.8/1.1 0 
N745C 1.03 500 1 .2E-4 345 16 0.4/0.3 0 
N754A 0.99 500 1 .2E-6 228 4 24/8.5 0 
N754B 0.99 500 1.3E-5 270 4.4 1.9/1.2 0 
N754C 0.99 500 1 .3E-4 337 12 0.5/0.3 0 
N751 0.99 600 1 .1E-6 148 23 92/76 0 
N746A 1.02 600 1.3E-5 225 5 1/1 0 
N746B 2.00 600 0.0E+0 0 0 109/0 10 
N753A 1.07 600 1 .3E-  5 225 4.5 2.4/1.2 0 
N753B 1.07 600 1.3E-4 292 10 0.8/0.2 0 
N755A 1.00 600 1 .2E-6 221 2.4 26/22 0 
N755B 1.00 600 1 .2E-  5 294 4 3.3/2.3 0 
N755C 1.00 600 1 .2E-4 294 12 0.7/0.4 0 
N764B 0.98 700 1.3E- 5 174 4.3 3/1 0 
N765B 1.00 800 1.2E - 5 143 2.5 2.8/0.8 0 
N766B 1.00 900 1.2E-5 109 1.7 0.9/0.5 0 
N756A 1.50 400 1 .2E-6 291 3 19/8 0 
N756B 1.50 400 1.2E-5 367 3 3.0/1.8 0 
N756C 1.50 400 1 .2E-4 581 3 0.8/0.4 0 
N715 1.53 400 1 .0E-6 349 25 72/64 0 
N708 1.50 400 1.1E-5 502 27 6/5 0 
N717 1.48 500 9 .5E-7  251 19 67/56 0 
N757A 1.45 500 1.2E-5 368 6 2.2/1.4 0 
N757B 1.48 500 1 .2E-4 459 13 0.4/0.3 0 
N718 1.54 600 1 .3E-6 176 29 65/53 0 
N710 1.53 600 1.1E-5 281 20 6.0/4.5 0 

SG 15:9/10-J 

continued 
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Table A 1. Continued 

Experiment Pressure* Temperature Strain rate Stresst Strain Time Aragonite Notes 
No. (GPa) (°C) (s -I) (MPa) (%) (h) (%) 

N753C 1.50 600 1.4E- 5 270 4 2.8/0.9 0 
N758A 1.49 600 1.2E - 5 209 5 2.0/1.1 0 
N758B 1.49 600 1.2E-4 323 9 0.3/0.2 0 
N753D 1.50 600 1.4E-4 298 9 0.1/0.1 0 
N764C 1.51 700 1.2E-5 171 3.4 1.4/0.9 0 
N765C 1.51 800 1.2E-5 155 2.8 2.8/0.8 0 
N766C 1.52 900 1.2E-5 136 5.1 1.5/1.0 0 
N744 1.73 500 7 .8E-  7 157 36 98/84 15-20 
N749A 1.99 400 1.4E-6 391 3 2.4/1.5 1 corner 
N749B 2.00 400 1.3E-5 496 6 0.7/0.5 1 corner 
N749C 2.00 400 1.3E-4 567 21 0.5/0.4 1 corner 
N759A 2.01 400 1.2E-5 526 6 0.7/0.5 0 
N759B 1.99 400 1.1E-4 663 21 2.0/1.5 0 
N737 1.99 500 8.7E-7 281 21 72/61 18 
N747 2.00 500 1.1E-5 399 22 5.5/5.0 0 
N762 2.00 600 1.3E-7 275 20 524/524 97-99 
N763 1.98 600 1.3E-7 160 7.4 192/192 52-95 
N719 1.92 600 9.4E - 7 203 18 67/57 45-54 
N736 1.98 600 1.1E-6 189 20 45/35 36-56 
N738 1.98 600 1.3E-6 243 5 21/10 10-20 
N760A 2.01 600 1.2E-5 267 5 5/3 0 
N 761 A 1.98 600 1.3 E - 5 399 4 2.7/2.0 0--6 
N761B 2.00 600 1.3E-4 474 15 1.1/0.8 0-6 
N760B 2.00 600 1.2E-4 397 19 0.5/0.4 0 
N748A 2.07 600 1.1E-4 366 9 0.7/0.2 1 corner 
N748B 2.01 500 1.2E-4 459 14 0.6/0.4 1 corner 
N748C 2.00 400 1.3E-4 562 17 0.8/0.6 1 corner 
N742 2.03 700 1.3E-6 170 25 68/40 0 

porphyroblastic 

porphyroblastic 

Experiment numbers with letter suffixes indicate stepping tests. 'Time (h)': total time at pressure/duration of applied differential stress. 
'Aragonite (%)': amount of aragonite; range in values encompansses variation from one end of the sample to the other; '1 corner': indicates 
samples with aragonite developed only in one corner near a piston. 

*Strengths reported for samples deformed in solid-medium apparatus are overestimated (see text). 
tPressures reported for samples deformed in solid-medium apparatus are also inaccurate (see text). 


