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ABSTRACT 

Schmid, ,$M., Paterson, M.S. and Boland, J.N., 1980. High temperature flow and 
dynamic recrystallization in Carrara marble. Tectonophwics, 65: 245-280. 

Specimens of Carrara marble have been experimentally deformed at temperatures 
between 600° and 1050’ and at strain rates between 10e2 and 1W6 see-‘. No single em- 
pirical flow law could be found for the whole range of experimental conditions covered. 
Instead it was found that three deformation regimes, each with its characteristic micro- 
structural imprint, can be established. Above 1000 bar differential stress a relatively low 
strain rate sensitivity af the flow stress is observed and twinning is predominant 
(regime 1). Regime 2 extends down to 200 bar flow stress and exhibits the unusually high 
stress exponent n = 7-S in the power law creep equation earlier found by Heard and Ra- 
leigh (1972) in Yule marble. The original grains exhibit a “core and mantle” structure. 
Only in regime 3 below 200 bar differential stress does one find lower values for n of 
around 4, and now a mosaic of equi-axed subgrains occupies entire grains. 

Extensive recrystallization and grain boundary migration was found at the higher tem- 
peratures. The grain size produced by dynamic in-situ recrystallization was found to be 
inversely proportional to the applied flow stress. Scanning electron microscopy observae 
tions on split cylinders suggests substantial amounts of grain boundary sliding in the low 
ktress region. The unusually high dislocation densities at low flow stresses as measured 
under the transmission electron microscope are interpreted to arise through strains 
induced during cooling under pressure after the deformation experiment. 

In view of the fact that the different calcite rocks so far investigated under elevated 
temperatures and low flow stresses exhibit rather different flow laws, caution is indicated 
when extrapolating such empirical flow laws to geological conditions. The size of dynami- 
cally recrystalIized grains may directly lead to a paleostress estimate at the time of recrys- 
tallization. A subsequent work softening effect through a change in mechanism induced 
by syntectonic rec~s~alli~t~on may play an important role in the formation of shear 
zones and mylonite layers, 

INTRGDUCTION 

The ‘study of rock deformation in experiment and in nature coxltinues to 
reveal more and more complex behaviour in various rocks but, at the same 
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time, it is becoming clearer which are the important variables. Thus, grain 
size has emerged recently as a very important variable influencing the flow of 
rocks at relatively high temperatures and low stresses and strain rates, in 
regimes that are of likely relevance in geology. 

A striking example of the role of grain size is seen in Solnhofen limestone 
above 500°C (Schmid et al., 1977). In the fine-grained Solnhofen limestone, 
below a certain stress threshold that depends on temperature (1000 bars at 
6OO”C, 300 bars at 9OO”C), there is a marked change in flow behaviour. The 
strain-rate sensitivity of the flow stress increases, grain-boundary sliding 
begins to make a major contribution to the strain, and the flow rate becomes 
markedly sensitive to grain size. Such a “superplastic” regime of flow was 
not observed in the coarser-grained Yule marble by Heard and Raleigh 
(1972) in a study up to 800°C. However, a comparison shows that the Soln- 
hofen limestone in its superplastic regime is much weaker and more strain- 
rate sensitive than Yule marble at corresponding temperatures and strain 
rates. 

It therefore became of interest to extend the study of marble to more 
extreme conditions to see whether a more strain-rate sensitive regime of flow 
is found in it also and to observe any corresponding microstructural evidence 
for change in the mechanism of flow. Carrara marble was chosen for this 
study because of its ready availability, its isotropy and suitable grain size 
(200 pm), and the existence of a previous study up to 500°C (Rutter, 1974). 

A more strain-rate sensitive mode of flow than previously observed in mar- 
ble has indeed been found to occur at higher temperatures and lower strain 
rates although it will be shown to have different properties from the super- 
plastic flow in Solnhofen limestone. Also of special interest has been the 
observation of extensive syndeformational or dynamic recrystallization lead- 
ing to a new grain size in equilibrium with the steady state flow stress. The 
possible relationship between such an equilibrium grain size (or subgrain 
size) and its application for determining the magnitude of tectonic stresses 
has recently become of considerable interest (Kohlstedt et al., 1976; Mercier 
et al., 1977; Twiss, 1977). 

EXPERIMENTAL PROCEDURES 

Cylindrical specimens 10 mm diameter and 20 mm length were diamond 
core-drilled from a single block of Carrara marble. They were then deformed 
in compression while under 3 kbar confining pressure at the desired tempera- 
ture, using a gas-medium apparatus (Paterson, 1970, 1977). The specimens 
were sealed in copper jackets of 0.25 mm wall thickness during deformation. 
The experimental and data reduction procedures were as described in 
Schmid et al. (1977). 

Three types of tests were used: 
(1) Constant strain rate tests. Actually these tests were performed at con- 

stant drive motor speed but, since a constant flow stress was soon established 
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in most cases, the main part of the test was at a constant strain rate. These 
tests provided the specimens for the microstructural studies described later. 

(2) Stepping tests. In these, the strain rate was changed abruptly at a stage 
well after the specimen had settled down to a constant flow stress at the ini- 
tial strain rate. After a short transient strain, less than O.l%, a new higher or 
lower constant flow stress was attained corresponding to the new strain rate. 
In some cases, a sequence of such steps in strain rate was imposed and it was 
found that when the original strain rate was regained the flow stress returned 
to a level indistinguishable from its original level, within normal scatter. 

(3) Relaxation tests. At the end of some of the experiments a stress relax- 
ation test was carried out in which the rate of stress was determined as a 
function of stress after stopping the machine drive mechanism. Ideally in 
such a test the strain rate at a given instan~neous value of the stress is given 
by the relation de/dt = R do/dt, where e is the non-elastic part of the total 
strain in the specimen and K is the elastic compliance of the relaxing system 
(Schmid, 1976). In practice, K consists of the sum of the compliances of the 
specimen and of those parts of the loading apparatus between the specimen 
support and the point at which the driving mechanism is locked (usually the 
driving motor). The elastic distortion of the latter parts is non-linear at low 
loads and careful calibration is required to give a set of values of H that can 
be applied at successive values of stress during relaxation. The values of K 
applying in the present tests were of the order of lo-20 . lo-$ bar-‘. The 
amount of strain for a stress drop of 100 bars was therefore around 0.2- 
0.1%. The relaxation tests thus give a stress versus strain-rate relationship for 
a relatively small total strain interval at a stage subsequent to attaining a 
steady flow stress at the initial strain rate. 

For optical observations ultra-thin sections of l-2 ,um thickness were pre- 
pared since many of the features of interest were smaller than standard sec- 
tion thickness and they also showed up more clearly at low interference 
colours under crossed polarizers. The sections were polished on both sides 
with Linde “B” alumina of grit size 0.05 pm and a low viscosity synthetic 
resin (Epirez 8859) was used to mount the section on glass. The sections for 
transmission electron microscopy were thinned by ion-beam bombardment. 

RHEOLOGICAL OBSERVATIONS 

Using the temperature interval 600’--105O”C, the flow behaviour of Car- 
rara marble at laboratory strain rates has been studied for a range in differen- 
tial stress from 1500 bars down to less than 100 bars. Apart from a slight 
continuing strain hardening at the lower temperatures, the flow stress closely 
approaches a constant or steady state value after a few percent strain in the 
constant strain rate experiments (Fig. 1). The steady state values of the flow 
stress are given in Table I and plotted log~ithmic~ly against strain rate in 
Fig. 2. 

It is not possible to fit one simple empirical flow law to all the results in 
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Fig. 1. Stress-train curves for Carrara marble deformed under 3 kbar confirming pres- 
sure. 

Fig. 2. The hyperbolic sine relationship between strain rate d, temperature T 
and stress CI (Garofalo, 1965): 

d = A exp(-H/.EZT) [sinh(o/~*}]~ 

with four adjustable parameters A, H, o. and II (H is the apparent activation 
energy for creep; A, u. , and n are constants; R is the gas constant), could be 
fitted to all the observations above 200 bars but it would not at the same 
time fit those below 200 bars. We have preferred to fit commonly used 
three-parameter empirical relationships within more limited ranges of condi- 
tions. Therefore, starting with this aim, and drawing endorsement from 
relaxation and microstructural observations to be described later, we distin- 
guish three deformation regimes defined by flow stress bounds as follows: 

Regime 1 (>I 000 bars). The exponential relationship: 

d = A exp(-H/RT) exp(a/o,) 

found by Rutter (1974) to apply up to 500°C with A = 5.9 * IO5 see-‘, o. = 
114 bars and H = 62 kcal mole-‘, also fits our results at 600” and, for faster 
strain rates, at 7OO”C, with the same parameters. However, this fit does not 
extend below 1000 bars. 
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TABLE I 

List of experiments (differential stress given at 10% shortening) 

Run number Temp. (“C) Strain rate Differential stress 

4128 600 
2743 R 600 
2742 600 
2751 R 700 
2758 R 700 
2872 700 
2736 800 
2663 R 800 
2695 R 800 
2868 800 
2698 R 900 

2682 R 900 
2692 R 900 
2761 R 900 
2685 900 
2759 900 
2761 * 900 
2853 1000 
2850 R 1000 
2704 1000 
2849 1000 
2836 * 1000 
2836 * 1000 
2836 * 1000 
2838 R 1000 
2836 * 1000 
2837 1000 
2837 * 1000 
2836 * R 1000 
2905 1000 
2913 1000 
2910 1000 
2732 1000 
2846 1000 
2837 * 1000 
2920 1050 
2920 * R 1050 
2840 R 1050 
2916 *R 1050 
2916 1050 
2920 * 1050 
2920 * 1050 
2916 * 1050 

1.0 . 10-a 1695 
1.0 . 10-4 1435 

1 .o . 10-5 1219 

1.0 * 10-5 1148 

1.0 . 10-4 1031 
1.0 . 10-S 684 

6.3 * 1O-3 929 

1.0 . 10-a 779 
1.1 10-4 593 
1.1 ’ 10-S 399 
6.1 . 1O-3 626 
1.0 . 10-S 412 

1.0 . 10-4 355 
2.1 . 10-S 272 
1.0 . 10-S 296 

5.3 . 10-6 237 
1.0 . 10-h 153 (11%) 
6.7 . 1O-3 295 
1.0 * 10-S 286 
1.1 . 10-a 269 
1.1 . 10-a 165 
1.1 . 10-a 182 (10%) 
4.2 . 1O-5 146 (5.6%) 
4.2 . lo+ 156 (13.3%) 
3.1 . 10-s 140 
2.1 . 10-S 136 (13.9%) 
1.1 . 10-S 114 
1.1 . 10-S 120 (16.6%) 
1.1 . 10-S 122 (15.3%) 
1.1 . 10-S 151 
1.1 . 10-S 124 
1.0 . 10-s 132 
5.7 . 10-e 94 
5.5 . 10-e 95 
2.4 . lo+’ 77 (11.3%) 
1.0 . 10-4 130 
9.4 . 10-S 142 (14.8%) 
3.1 * 10-S 95 
3.0 . 10-s 101 (11.7%) 
1.1 . 10-s 80 
1.0 . 1o-5 89 (12.4%) 
2.9 . 10-e 70 (11.2%) 
1.1 . 10-h 43 (11.0%) 

* Variable strain rate tests, strain at which the strength was determined is given in 
brackets. 

R = stress relaxation tests at end of test. 
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Fig. 2. Log-log plot of the differential stress vs. the strain rate of all constant and vari- 
able strain rate tests listed in Table I. Closed symbols: constant strain rate tests; open 
symbols: variable strain rate tests. Lines of best fit correspond to the parameters listed for 
regimes 2 and 3 in Table II (solid lines} and for flow regime 1 (broken lines, best fit after 
Rutter, 1974, as listed in Table II). 

Regime 2 (200-1000 bars). In this regime, encompassing mainly the 
results at 800” and 900°C but extending to the lower strain rates at 700°C 
and the higher strain rates at lOOO”C, the data best fit the power law: 

6 = A exp(-HfRT) u” 

with log A = -4.5 it 0.4 in set/bar units, H = 100 f 10 kcal mole-’ and n = 
7.6 5 0.8 (these parameters were obtained from a least squares fit in the loga- 
rithmic plot for the data in the interval 200 < u < 1000 bars, minimizing the 
strain rate residual and quoting the first standard deviation). This fit cannot 
be satisfactorily extended to higher or lower stresses. 

Regime 3 (<200 bars). Here the flow stress is clearly more sensitive to 
strain rate than in the other regimes. The narrower range and higher scatter 
of the data make it difficult to draw unequivocal conclusions about the flow 
law from the constant strain rate data alone. However, if data from strain 
rate stepping experiments are included (also shown in Fig, 2), and a power 
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Fig. 3. Log-log plot of the differential stress VS. the strain rate for all the relaxation data 
(one experiment at 600°C, two experiments at 700°C, 8OO’C and 1050°C, three experi- 
ments at 900°C and 1000°C). 

law is fitted in the same way to the combined data below 200 bars, the par- 
ameters characterizing flow in this regime are log A = 3.9 * 0.2 in set/bar 
units, H = 102 t 11 kcal mole-’ and II = 4.2 f 0.4. Thus the apparent activa- 
tion energy is indistinguishable from that in regime 2 but the stress exponent 
n appears to be roughIy one half that in regime 2. 

A marked decrease in PE below 200 bars is also clearly indicated by relax- 
ation tests (Fig. 3). Earlier experiments (Schmid, 1976) showed that in Soln- 
hofen limestone the flow stress during relaxation is, to a first approximation, 
the same at a given strain rate as in a constant strain rate experiment and this 
appears also to hold for Carrara marble. Even if the small strains involved in 
the relaxation test are insufficient to ensure that a steady state flow stress is 
attained throughout relaxation, the relaxation stresses would probably 
reflect any change in mechanism below 200 bars that would give rise to a 
change in the steady state flow law. The relaxation results actually suggest 
that n may be even smaller than indicated by the fit in Fig. 2, possibly about 
n = 3, but with about the same apparent activation energy. 
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MICROSTRUCTURE 

Op ticat microscopy 

Starting material 
The block of marble used is unfoliated and the grains show no initial 

shape anisotropy or crystallographic preferred orientation. The grain-size dis- 
tribution is unimodal and the average grain size around 200 pm. The grains 
show no effects of previous deformation (Fig. 4); any deformation features 
have evidently been annealed out during regional metamorphism because 
this marble was certainly deformed in its geological setting (Camignani et al., 
1978). The few very thin e-twin lamellae present are in random orientations 
and often terminate inside grains with no lattice distortion at their ends 
(compare deformation twins in Fig. 6). The grain boundaries are sutured 
but there are no signs of subgrain formation or recrystallization in the grain 
boundary area. 

Specimens deformed in regime 1 (< 1000 bars) 
Observations in thin section reveal a preponderance of twinning in this 

regime (Fig. 5). The twins produced during the deformation are markedly 

TABLE II 

Comparative rheoiogical behaviour in calcite rocks 

Solnhofen limestone 

Grain size (pm) 

Study by 

Temperatures (“C) 

Confining pressure 
(kbar) 

Flow law in regime 1 
(i=)* 

Stress at transition 
to regime 2 (bars) 

Flow law in regime 2 
(e=,* 

Stress at transition 
to regime 3 (bars) 

Flow law in regime 3 
($=)* 

4 

Rutter (1974) 

up to 500 

Schmid et al. (1977) 

600-900 

1.5 3 

1O-o-12 exp(-g + &) consistent with Rutter 

- 1900 

- 

- 1000 (600°k400 ($00’) 

102.7 exp eR% 01.7 

( J 
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TABLE II. Continued. 

Carrara marble 

Grain size (pm) 200 

Study by 

Temperatures (“C) 

Confining pressure 
(kbar) 

Flow law in regime 1 
(i=)* 

Stress at transition 
to regime 2 (bars) 

Flow law in regime 2 
(&=)* 

Stress at transition 
to regime 3 (bars) 

Flow law in regime 3 
(&=)* 

Rutter (1974) this work 

up to 500 600--1050 

1.5 3 

105.8 exp(-g + &) consistent with Rutter 

- 

- 102 103.9 exp -RT i+ ( 1 
Yule marble 

Grain size (pm) 300-400 

Study by 

Temperatures (“C) 

Confining pressure 
(kbar) 

Heard (1963); Heard and Raleigh (1972) 

up to 800 

5 (extension tests) 

l-orientation ** T-orientation 

Flow law in regime 1 
(P=)* 

Stress at transition 
to regime 2 (bars) 

107.s exp(-z + 5) 

1100 

107*0 exp(-& + &J 

1400 

Flow law in regime 2 
(i=)* 

Stress at transition - - 

to regime 3 (bars) 
Flow law in regime 3 - - 

+=,* 

* Units of set, bar, kcal mole- , 1 OK. P = strain rate, R = gas constant, u = differential , 
stress, T = absolute temperature; the exponential fits for regime 1 in Yule marble are 
taken from Rutter (1974); the fIow law in regime I refers to the stress at 10% strain in 
all cases. 

** The l-orientation is more favourable to twinning in extension than is the T-orienta- 
tion. 



Fig. 4. Undeformed Carrara marble. 

lensoid in shape, with constricted ends at grain boundaries or at intersection 
with other twins. This morphology makes them easily distin~ishable from 
the narrow twin Iameilae initially present or produced during cooling and de- 
pressurizing at the end of the experiment (Fig. 6) and it atso allows distinc- 
tion between the twinned and parent domains within a grain. 

The width of the twinned domains varies from a few microns up to 
around 40 pm. Often more than half the grain is twinned on a single set, the 
c-axes of the twinned domains in such cases being invariably within 30” of 
the compression axis (U-stage measurement on 30 grains). Thus twinning is a 
powerful mechanism for re-orienting the c-axes subparallel to the compres- 
sion axis, and this effect may be accentuated by external rotation (for 
example, the central part of the largest grain in Fig. 5). In grains with host c- 
axis orientation perpendicular to the compression axis, conjugate sets of e- 
twins develop (Fig. 6). 

Strain compatibility requirements dictated by the shape and intersection 
of the twins, as well as by inhomogeneous external rotation (Fig. 5), require 
a considerable amount of slip dislocation movement as well as twinning in 
the grams. Evidence for this activity is seen, for example, in the undulatory 
extinction near twin intersections, and in grains with c-axis near the corn- 
pression axis which remain untwinned (Figs. 5 and 6). The extent of these 
effects, including the tendency for broadening of a few twins in preference 



Fig. 5. Run 2871 (regime 1, 20% strain): in the central portion of the big grain twinning 
producing dextral shear went almost to completion (twinned domain in dark). The 
resolved shear stress coefficient on this e-plane, subperpendicular to the plane of the sec- 
tion, was determined to be 0.49 in the grain boundary area. The central portion is exter- 
nally rotated by 15’ in a sinistral sense around an o-axis sub-perpendicular to the plane of 
the section. Note also unduiatory extinction in weakly twinned grains. The compression 
direction is vertical in Figs. 5-l 5. 

to proliferation of many narrow twins, indicates that the ease of slip 
approaches that of twinning in regime 1. The onset of such a change in twin 
character has been observed near 300°C in l-cylinders of Yule marble 
(Heard, 1963) and between 400 and 500°C in Carrara marble (Rutter, 
1970). The upper boundary to regime 1 then, in turn, represents the comple- 
tion of the transition from dominant twinning to deformation mainly by 
slip. This effect is illustrated in Fig. 8 in a specimen deformed near the 
boundary, where only small portions of the grain are seen to be twinned and 
the terminations of the twinned domains are marked by wedge-shaped defor- 
mation bands indicative of slip. 

The formation of sub-grains and recrystallized grains is seen in this regime 
but is localized in grain boundary regions (Fig. 7); it will be discussed later. 
However, away from the grain boundaries, there are no signs of recrystalliza- 
tion within the grains like that in Yule marble which was observed to peak, 
along with the grain-boundary recrystallization, at 600°C (Griggs et al., 
1960; note that the final strains and local strain rates were higher in their 
experiments than in ours). 
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Fig. 6. Run 2743 (regime 1, 16% strain): conjugate twins with Schmid-factors of 0.40 
(NE-trending set) and 0.20, respectively. Note mutual offset of twinned domains and 
also undulatory extinction with serrate twin boundaries at the nodes. Three twinned 
domains nucleate twins in the neighbouring grain at the right hand side of the micro- 
graph. Undulatory extinction in the host domain. Note the presence of thin e-lameliae 
within the twinned domains, probably induced by cooling and unloading after the defor- 
mation experiment. 

Specimens deformed in regime 2 (ZOO-1 00 bars) 
This regime is characterized by the absence or paucity of twinning, by a 

strong but variable subgrain development within the grains and a distinctly 
different structural development near the grain boundaries (giving a “core 
and mantle” grain structure, Fig. 9), and by a high grain boundary mobility. 
In the main parts or cores of the grains away from the grain boundaries, 
there are all stages between general undulatory extinction, deformation 
bands defined by banded extinction, and irregularly shaped but generally 
elongate subgrains (Fig. 10). These subgrains are highly variable in dimen- 
sions in a given specimen, and their size does not appear to be correlated 
with the stress level. 

The grain boundary or mantle regions exhibit a substructure consisting of 
an equi-axed mosaic of boundaries (Fig. 11). Across some of these bound- 
aries the difference in orientation is small so that the enclosed domains can 
be classed as equi-axed subgrains. Across others the difference in orientation 
is sufficiently large that the domains can be classed as ““recrystallized grains”, 
of the same size as the subgrains. Both subgrains and recrystallized grains are 



Fig. 7. Run 2742 (regime 1, 17% strain): equi-axed subgrains and recrystallized grains in 
the grain boundary region. Undulatory extinction and deformation bands in the grain 
interior. Note the locally serrate twin boundary of the twinned domain in the upper left 
side, suggesting mobility of twin boundaries, 

Fig. 8. Run 2758 (Boundary between regime 1 and 2,12% strain): twinned domains ter- 
minating within the grain and “strain shadows” at the points of termination. Formation 
of subgrains and primary recrystallization in grain boundary area. 



Fig. 9. Run 2685 (regime 2, 30% strain): core mantle structure with undulose extinction. 
Deformation bands and irregularly shaped subgrains in the core, equi-axed subgrains and 
primary recrystallized grains in the grain boundary region. 

Fig. 10. Run 2685 (regime 2, 30% strain): deformation band subdivided into subgrains; 
the shear produced is indicated by the internal rotation of preexisting e-lamellae, now in 
an irrational orientation in respect to the host c-axis. 



Fig, 11. Run 2685 (regime 2, 30% strain): equi-axed subgrains and primary recrystalliza- 
tion in a grain boundary area. 

of a fairly constant size that can be related to the flow stress, as discussed 
later. 

The original grain boundaries develop a highly convoluted or scalloped 
shape (Fig. 12). The appearance in cross-section of groups of insular domains 
of identical optical orientation in close proximity points to an intricate spa- 
tial interpenetration of neighbouring grains as a result of a high grain bound- 
ary mobility, although at this stage there is no tendency for particular grains 
to enlarge grossly at the expanse of others. Viewed at low magnification, 
however, the grain boundaries appear to align along two conjugate directions 
bisected by the compression direction; the significance of this alignment is 
not clear. 

Specimens deformed in regime 3 (<200 bars) 
On entering this region, the equi-axed substructure that mantled the grains 

in regime 2 begins to fill entire grains (Fig. 13) suppressing the core and 
mantle structure characteristic of regime 2. Now the original grains become 
wholly subdivided by a recrystallization that overprints the original micro- 
structure at high strains (Fig. 15) and shows the correlation between gram 
size and flow stress discussed later. 

At 1000’ and 105O”C, this microstructure is further overprinted in part 
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Fig. 12. Run 2868 (regime 2, 17% strain): insular domains with identical optical orienta- 
tions, suggesting high grain boundary mobility. Domains labelled with the same number 
belong the same grain. 

Fig. 13. Run 2905 (regime 3, 21% strain): equi-axed subgrains and recrystallized grains 
penetrate the entire domain of old grains. 



Fig. 14. Run 2346 (regime 3, 2% strain): “dark field” micrograph obtained under illumi- 
nation subparallel to the plane of the section. The entire domain of the mierograph is 
occupied by a singIe crystal (note the contrast produced by continuous c-lameliae) which 
is the product of secondary recrystallization. Old grain boundaries are marked by the 
alignment of COz bubbles. These inclusions are the product of some calcite decomposi- 
tion occuring at the beginning of the experiment until the equilibrium COr pressure is 
reached. The e-lameflae are slightty bent indicating syntectonic grain growth. 

by an exaggerated grain growth or secondary recrystallization in which cer- 
tain grains grow to more than I mm (Fig. 14). The boundaries of these 
enlarged grains have a similarly convoluted shape to that noted for the orig- 
inal grains in regime 2 (cf. Fig. 12). The enlarged grains occur grouped in 
subs~ntial areas within the specimens but with no tendency to appear pref- 
erentially in regimes of higher or lower strain such as in the centre or near 
the ends. Some of them are practically free of strain features but others are 
re-defo~ed and it is therefore concluded that they grow during deforma- 
tion. The c-axis orientations of 62 such grains, measured from several speci- 
mens and combined in one diagram, showed only a very weak tendency to 
align at a high angle to the compression direction. 

The change in microstructure with increasing strain in regions relatively 
unaffected by the exaggerated grain growth is shown in Fig. 15. There is a 
clear tendency for the average grain size to approach the size of the equi- 
axed recrystallized grains as larger strains are approached. Thus grainsize 
reduction through recrystallization rather than flattening of original grains 
dominates the microstructural development with increasing strain. It is nota- 
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Fig. 15. Run 2913, 2905 and 2910 (deformed under identical conditions within regime 3 
up to 11, 21 and 32% shortening, respectively, increasing strain from left to right hand 
side): Note that the grain size reduction with increasing strain is the dominant microstruc- 
tural change in areas of the sections relatively unaffected by secondary recrystallization, 

ble that this progression continues over a large range in strain, well beyond 
the stage at which a steady-state flow stress is attained. 

Additional experiments were carried out to measure the displacements at 
grain boundaries. Following the technique described by Schmid et al. 
(1977), prepolished split cylinders were deformed and the polished surfaces 
(separated during deformation either by a copper or gold foil) were exam- 
ined by both optical microscope and scanning electron microscopy. Rela- 
tive grain boundary displacements were observed by the topographical relief 
at the boundaries. The vertical step-height, $, at the boundaries were mea- 
sured on the optical microscope using the fine-focus vernier. The average dis- 
placement, V,, for each specimen was determined from at least 100 measure- 
ments along a longitudinal traverse. The strain due to grain boundary sliding 
was calculated, using egbs = @V, Id, where d is the average grain size and @ the 
geometrical factor relating the vertical displacement at the grain boundary to 
the shortening strain - 9 is taken to be 1.4 following the observations and 
discussion by Bell and Langdon (1969) and Gifkins (1973). The results are 
given in Table III. 

No grain boundary sliding occurs at 6OO”C, in the exponential flow 
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TABLE III 

Grain boundary displacements 

Run Temp (OC) 8 
(see-’ ) 

eT 
(%) 

eEbs!eT a 

(%) 
q b 

(Pm) 
% contrib. c 

4211 600 10-4 15 -0 0 0 
4217 800 10-4 19 14 2.6 71 
4278 1000 10-a 15 12 1.7 61 
4223 1000 10-4 15 
4276 1000 10-s 8 

3”: 3.3 74 
(48) d 2.95 82 

4281 1000 10-b “1.5 59 (66) d 1.05 55 

a es&T%: the percentage of the total strain due to the grain boundary sliding. 
b iT,: the mean offset at grain boudaries. 
c % contrib: the percentage of grain boudaries contributing the measured offset. 
d Measurement restricted to the central portion of the specimen. 

- 

regime. At 800°C and at the higher strain rates at lOOO”C, in the “high-n 
power law flow regime”, some grain boundary sliding is observed but its con- 
tribution to the overall strain in minor. However, at lower strain rates at 
lOOO”C, where pz is lower, this contribution becomes more si~ific~t, 
amounting to roughly half the overall strain. The grain boundary offsets 
occur at the boundaries of both original and recrystallized grains and sliding 
can be presumed to occur at most grain boundaries since roughly two-thirds 
or more of the grain boundaries intersected by the split show a component 
of displacement normal to it (Table III) and in many of the others there may 
be a displacement approximately parallel to the polished face (no pre-exist- 
ing scratches remain after the experiment to check this point). ~though the 
average offsets are between 1 and 3 pm, there are some values as high as 
15 pm. 

The topographic relief on the pre-polished surfaces is complex. Figures 
16a and b illustrate the non-uniformity of the grain boundary sliding (Fig. 
16b also includes an example of sliding of a recrystallized grain). Also illus- 
trated is a rumpling (marked W) near several triple-joint junctions. This 
effect may be partly imprinted from the copper foil but similar effects have 
been observed in deformed Solnhofen limestone at 900°C using gold foil. 
The rumpling therefore probably indicates that accommodation of the slid- 
ing occurs at least in part by inhomogeneous deformation within the grains. 
Occasional slip steps or twin lamellae were observed (marked S) but these 
may be formed during cooling. 

Electron microscopy 

starting ma teriul 
The grains are initially divided into subgrains, of minimum size about 
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Fig. 16. Scanning electron micrographs of the surface of split cylinders after deformation. 
For explanation see text, 

3 pm, by low angle sub-boundaries composed of dislocation networks such 
as shown in Fig. 17a. Within the subgrains there are “free’” dislocations of 
various confi~rat~o~s, including: (a) curved segments; (b) isolated interac- 
tive networks; and (c) small loops aligned parallel to larger dislocation seg- 
ments and commonly associated with kinks in the dislocations (Fig. 17b); 
the latter confi~ation is suggestive of trailing loops (Hull, 1975). The initial 
density of the free d~locations is relatively high and is variable, ranging from 
1 - lO* to 1.3 * lo9 cm-‘. 
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Fig. 17. Transmission electron micrographs. For explanation see text, 
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Fig. 17. e-f. For legend see p. 265. 
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Fig. 17. g-i. For legend see p. 265. 
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Specimens after deformation 
The deformed specimens have low angle sub-boundaries of the type shown 

in Fig. 17~. These show prominent ledges, marked L, and the dislocations 
may be arrayed into simple tilt configurations, as at S, or into more complex 
networks, involving sub-bound~ies forming junctions, as at J. In specimens 
deformed in the high-n regime (for example, 2663, as shown in Fig. 17d), 
the substructure is predominately elongate. The subgrain size is markedly 
variable within a given specimen. 

In specimens deformed in the high temperature, low stress field, the free 
dislocations within the subgrains are distributed rather non-uniformly (Fig. 
17e). From observations on the planes in which the dislocations now lie, it 
would appear that r(lOi4) (and/or e(OliS)), f(O112) and a(ll20) slip planes 
have all been active (the killer-Bravos indices are referred to the structural 
unit cell). Dipole configurations are frequently observed, as well as high den- 
sities of loops, within the regions of high dislocation density. The loops 
appear to form by a pinching-off process as shown in Fig. 17f. In addition to 
the fluctuations in density shown in Fig. 17e, extremely localized dislocation 
concentration is also commonly observed. An example is shown in Figs. 
17g, h. This is a feature that appears linear when viewed edge-on (Fig. 17g), 
with a width commensurate with the normal image width of a dislocation; 
however, on tilting, the projected image reveals a complex array of disloca- 
tion segments and loops (Fig. 17h). The array is parallel to r(0114), an often- 
reported slip plane, and the image contrast behaviour is consistent with the 
Burgers vector being (2021). However, the array may not represent a single 
slip plane but a few active slip planes very closely spaced. The dislocations in 
this array have interacted to produce loops, dipoles and interactive nodal 
points. 

In specimens deformed at lower temperatures and higher flow stresses, the 
dislocations are more uniformly distributed within the subgrains (Fig. 17i). 
There are fewer small loops, but the number of interactive nodal points or 
junctions is greater. 

The mean dislocation densities have been determined by counting the dis- 
locations intersected in a number of linear traverses, and averaging the 
counts to give the values plotted in Fig. 18; the bars indicate the variances 
among the traverses, which are especially large at low stresses because of the 
non-uniform distribution noted earlier. Only the results above 600 bars 
could be fitted by the commonly-observed relationship u a p”*, where u is 
the stress and p the dislocation density. The results at the lower stresses con- 
form more nearly to a u a p3 relationship; that is, here the dislocation den- 
sity would appear to be unexpectedly high and unusuahy insensitive to the 
level of the flow stress. 

At first sight, noting that the dislocation densities giving the latter unusual 
trend fall within the range of initial densities, it could be questioned whether 
sluggish kinetics had prevented equilibration to a lower density (Goetze and 
Kohlstedt, 1977). However, annealing experiments indicate that this is not 
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Fig. 18. Log-log plot of the dislocation density vs. the differential stress. Lines for values 
i and 3 of constant cu: in a relationship u = q.&bp112 are superimposed for the purpose of 
comparison with observations (/A = 0.25 mbar, b = 6.3 8). 

so. Thus annealing unjacketed Carrara marble under CO,, at 50 bars pressure 
for 2.5 hours at 925°C reduced the dislocation density by an order of magni- 
tude. On the other hand, specimen 2685 amongst the group in question 
above had remained at 9OO’C for 8.5 hours during its deformation, a time 
that should have been adequate for re-equilibration on the basis of the 
annealing experiment, and the situation is even more favourable for re-equili- 
bration at 1000°C. 

The effects of dislocation recovery on the mechanical strength were 
demonstrated in an experiment in which a specimen was annealed under 
3 kb pressure at 900°C for 1 hour. The temperature was dropped to 8OO’C 
and the defo~ation testing commence immedia~ly. Compared with speci- 
mens deformed under identical conditions without this prior annealing, this 
specimen had a distinctly lower initial yield stress and the work-hardening 
stage of the stress-strain curve, prior to steady-state flow, was more exten- 
sive (Fig. 19). This behaviour was readily reproducible and it demonstrates 
the rapid rearrangement of dislocations into lower energy configurations 
given sufficient thermal activation during the high temperature annealing. 

Hence, the explanation of the unexpectedly high dislocation densities at 
low stresses appears to lie in the strains induced in the grains during cooling 
under pressure after the deformation. These strains arise from the anisotropy 
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Fig. 19. Tests at 800°C, 10e4 set-’ strain rate, 3 kbar confining pressure. 

of thermal contraction, which would be expected to give a potential misfit 
between grains, equivalent to strains of the order of one percent (Paterson, 
1963). In heating or cooling an unjacketed specimen, as in the annealing 
experiment just described, the grain boundaries part and the differential con- 
traction is expressed mainly in opening up gaps at grain boundaries. Such 
opening-up is prevented in jacketed specimens under pressure and so the 
grains are strained plastically at the lower temperatures during the cooling. 
Dislocation features such as shown in Figs. 17g, h may have arisen in this 
way at a relatively low temperature and in general the cooling under pressure 
can be expected to contribute substantially to the average dislocation den- 
sity. In the case of the unjacketed specimens heated and cooled in CO, at 50 
bars, the grain boundaries were observed to be parted and the fewer disloca- 
tions present were mainly concentrated in grain-boundary regions, especially 
near crack-tips (cf., case of olivine: Boland and Hobbs, 1973). 

Finally, the question of possible dislocation rearrangements arises in high 
pressure experiments since there is a short interval of about a minute 
between releasing the load and commencing the cooling process. Such post- 
deformation recovery was checked on specimen 2951 that was cooled under 
the differential stress reached during steady state flow. This stress was main- 
tained to immobilize the dislocations active during the high temperature 
deformation, but it was not sufficient to activate dislocations during the 
cooling process. Although specimen 2951 showed an unusual range in its dis- 
location density, the average density is comparable with similarly deformed 
specimens cooled without the differential stress being applied. If any dislo- 
cation recovery had occurred, its effects are completely overprinted by the 
amount of deformation induced during the cooling as discussed earlier. 
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Relation of grain size to flow stress 

The current interest in grain size-stress relationships (for example, Twiss, 
1977) has prompted a corresponding examination of the Carrara marble 
specimens. This has revealed a good correlation with flow stress in the case 
of the equi-axed recrystallized grains and the corresponding optical-scale sub- 
grains, and a possible correlation for the minimum size of the electron 
microscope EM-scale subgrains (Fig. 20). 

It follows from the previous descriptions that three categories of grains 
can be distinguished: (1) original grains, highly strained; (2) grains with 
highly convoluted grain boundaries, including those showing exaggerated 
grain growth; (3) equi-axed new grains on the scale of the equi-axed sub- 
structure that begins to dominate the microst~cture in regime 3. It is not 
difficult to select objectively the grains in the last category and to determine 
their average diameter, as measured in the thin section. This was done for 50 
grains per specimen and the average grain sizes are shown in Fig. 20, together 
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Fig. 20. Normalized log-log plot of the optically determined grain size produced during 
dynamic in situ recrystallization as a function of differential stress (points). For each 
experiment the variance of the individual measurements and the test temperature in ‘C 
are given. Subgrains on the EM-scale (crosses) are plotted for comparison. Stress and grain 
size are normalized with those values for the elastic constant r and the Burgers vector b 
given by Twiss (1977) for marble. For discussion see text. 
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with the variances of the individual measurements. In specimen 2910 
(lOOO”C, lo-’ i), in which 50 recrystallized grains of >lO” orientation dif- 
ference gave a measured grain size of 38 rl: 9 pm, 50 subgrains were also mea- 
sured, giving a size of 37 + 10 pm. Thus, the sizes of both subgrains and 
“recrystallized” grains can be taken as being identical. The sizes in Fig. 20 
were all obtained from recrystallized grains since they are easier to measure. 
The slope of the logarithmic plot against flow stress is 1.01 + 0.05, showing 
that within the stress range from 100 to 1000 bars the grainsize of the equi- 
axed recrystallized grains, and of the corresponding subgrains, is almost 
exactly inversely proportional to the flow stress and varies from 43 to 5 pm, 
respectively. 

The EM-scale subgrains are less easy to analyse on account of the wide 
v~iability in their size and shape. However, if the smallest sub~ains are 
selected and their mean size is plotted against flow stress in the same loga- 
rithmic plot (Fig. 20), they define very roughly a line of similar slope to that 
given by the optical scale subgrains and recrystallized grains but displaced 
nearly an order of magnitude towards smaller sizes. 

ANALYSIS AND DISCUSSION 

Re~ution to preuious work 

A comparison of the present observations with results from other studies 
on several calcite rocks is given in Table II and Fig. 21. It is seen that, while 
the fine-grained Solnhofen limestone is stronger than the coarser-grained 
marbles up to about 500 or 600°C (roughly half the absolute melting point), 
the marbles are stronger at higher temperatures, the difference reaching an 
order of ma~itude at 900°C. The relative weakening of Solnhofen limestone 
at the higher temperatures is related to the strong development of grain 
boundary sliding in its “superplastic” regime, a regime not reached in the 
marbles because of their coarser grain size (Schmid, 1976; Schmid et al., 
1977). It is also notable that, in spite of only small difference in grain size, 
there is a substantial difference in strength between the two marbles them- 
selves, much greater than the difference between the two orientations of the 
anisotropic Yule marble (it seems unlikely that this difference arises from 
the use of extension in the latter, especially since the mean stress is roughly 
one-third higher; no obvious pressure effects appear between our results and 
Rutter’s in Carrara marble at 500-600”). 

In general, twinning only contributes significantly to the deformation in 
regime 1 and here it appears to contribute to the lower strain-rate sensitivity 
of the flow stress, that is, to a higher dependence of the strain rate on the 
stress. This effect is seen by comparing the flow laws for the T-orientation of 
Yule marble (less favourable to twinning than the l-orientation) and for 
Solnhofen limestone (where relatively little twinning was observed) with the 
other examples in Table II. Greater twinning activity also appears to lower 
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Fig. 21. Plot of the logarithm of the differential stress vs. the temperature analogous ta a 
deformation mechanism map. For Carrara marbie the flow laws obtained from constant 
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Raleigh (1972) were used as listed in Table II and for Solnhofen limestone the data of 
Schmid et al. (1977) were used. Boundaries between different flaw laws are shown by 
horizontal lines. The strain rate contours are given in see-‘. 

the transition stress to regime 2. These two effects thus indicate that twin- 
ning is an important factor in determining the exact form of the flow law in 
regime 1 and that its suppzxkon is a precondition for entering the power 
law regime 2 (consistent with the microscopical observations in the present 
study). On the other hand, the values of the apparent activation energy If in 
regime 1 are less clearly correlated with the degree of twinning. 

There are two particularly interesting aspects of the behaviour in regime 2 
where power law creep enters. First, there are the unusally high values of the 
stress exponent n in the marbles, Carrara in this respect being the same as 
Yule; in Solnhofen limestone n is lower, raising the question of whether 
Solnhofen in this regime is already affected by a small contribution from the 
grain boundary sliding that becomes predominant in regime 3. Second, the 
apparent activation energies H are markedly different in the two marbles; 
while for Yule marble the value of N is about the same as in regime 1, that in 
Carrara marble is markedly higher. For Solnhofen limestone, H is also higher 
in regime 2 than in regime 1 but in both regimes the flow is less temperature 
sensitive than fur Carrara marble. The value of IOU kcal mole-’ for H for 
steady state flow in regime 2 in Carrara marble appears to be slightly above 
that for self-diffusion of carbon and oxygen in calcite (85% kcal mole-l, 



Anderson, 1969; however, if only the flow data for 800” and 900°C in the 
middle of regime 2 are considered, a value of about 90 kcal mole-’ is 
obtained for flow, equal within experimental uncertainty to that for self-dif- 
fusion). 

The transition below 200 bars to a regime 3 of flow in the Carrara marble 
is a new observation for marble. Although some grain boundary sliding has 
been detected in this regime, it nevertheless appears distinctly different in 
characteristics from the “superplastic” regime 3 of Solnhofen limestone with 
its very low n and reduced H. The value of H for Carrara is the same in 
regime 3 as in regime 2, within experimental uncertainty, but rz has fallen to 
near 4, a value similar to that for Solnhofen in regime 2. The question 
remains of (1) whether the latter observation indicates the absence of a fac- 
tor responsible for unusu~ly high n in marbles which is also absent in Soln- 
hofen in regime 2, or (2) whether the small amount of grain boundary sliding 
noted in Carrara in regime 3 is reducing the value of n, or (3) whether there 
is some other explanation for the lower IZ in Carrara in regime 3. 

A correlation between the steady flow stress o and the size d of subgrains 
and recrystallized grams has not previously been demonstrated in marble. 
The present observations are consistent with the subgrain and grain sizes 
being solely a function of stress of the form D fx deP although unfo~unately 
a lack of overlap of grain size data at different temperatures prevents an 
unambiguous confirmation of this relationship to stress alone. Such a rela- 
tionship is well known in metals and ionic materials (see, for example, 
McQueen and Jonas, 1975; Poirier, 1976) and has been reported for olivine 
and quartz rocks (Post, 1973, 1977; Kohlstedt et al., 1976; Mercier et al., 
1977). The exponent p is usually found to have values in the range 0.7-1, 
with a tendency for subgrains to give 1 and recrystallized grains the lower 
values (McQueen and Jonas, 1975). Such relationships have been rationalized 
in terms of internal energy considerations and particular assumptions about 
the inter-relationships of dislocation density, boundary energy and flow stress 
(see Twiss, 1977, and other writers quoted by him). Thus, Twiss deduces the 
theoretical relations given in Fig. 20, from which it is seen that the observed 
size of both subgrains and equi-axed recrystallized grains in the marble is in 
agreement with Twiss’s predictions for subgrains but not for “dynamically 
recrystallized grams”. Since Twiss quotes many observations from the litera- 
ture that are approxima~ly consistent with his two predicted lines, this fea- 
ture of the marble results suggests that the recrystallization in the marble 
occurs by a distinctly different mechanism from the production of disloca- 
tion-free new grains considered by Twiss, a conclusion that is consistent with 
the description earlier of the equi-axed new grains in the marble developing 
by progressive disorientation of subgrains while maintaining the same size. 

Mechanists of deformation and recrystulkation 

The new results reveal a greater complexity of deformations behaviour in 
calcite rocks than hitherto suspected but, at the same time, the emerging 
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pattern shows more features in common with certain metallic and ionic ma- 
terials. These features presumably reflect the deformation processes and may 
be common to many non-silicate rocks. 

The twinning which appears only in regime 1 does not seem to be the pri- 
mary control on the rheological behaviour even in this regime, since the mea- 
sured flow stresses are much higher and more temperature sensitive than the 
stresses known to be required for twinning of calcite crystals at these temper- 
atures (Griggs et al., 1960; Turner and Heard, 1965). The actual stress level 
and the microscopical observations both point to the rate-controlling step in 
the flow being a slip dislocation process involved in achieving full strain com- 
patibility between adjoining domains within the specimen (cf., Von Mises 
compatibility condition), either between grains or between a lensoid shaped 
twin domain and its surroundings. Evidently, when this rate-controlling dis- 
location process becomes sufficiently easy that the macroscopic flow stress 
falls below 1000 bars, the grams in twinning orientations can be deformed 
with less total work by relatively uniform dislocation slip on one or two of 
the highly stressed slip planes than by developing a twin domain of defined 
finite strain that must be accommodated by a rather complex pattern of 
strain in the surrounding areas; the latter strain would be achieved by 
inhomogeneous multiple slip involving, in many parts, dislocation movement 
on planes not favourably oriented for a high resolved shear stress component 
from the macroscopic applied stress. However, when twinning does occur it 
will profoundly affect the preferred orientation developed and in this way 
have some indirect influence on the rheology. Also, since the stress distribu- 
tion between twin and host regions will be inhomogeneous, the actual form 
of the flow law will be determined in a complicated way through a combina- 
tion of the properties of the twinning and slip processes. 

There may also be an inhomogeneous stress distribution in regime 2, cor- 
responding to the “core and mantle” grain structure and again making it dif- 
ficult to give a simple interpretation of the flow law. However, in regime 3 
the structure is fairly uniform within the grains, possibly in part due to the 
difficulties of accommodation between grains being reduced by a degree of 
grain-boundary sliding. Thus in regime 3 the observed flow law may directly 
reflect the flow process that is predominant in the mantles of the grains in 
regime 2 and in the whole grains in regime 3 and which is characterized 
structurally by the development of equi-axed subgrains and new grains 
whose size is correlated with the stress. This flow law, a power law with n 
around 4 and apparent activation energy equal to or slightly above that for 
self-diffusion, is of a type commonly interpreted in terms of models of 
recovery creep with the velocity of climb of dislocations as the rate-limiting 
step (Weertman, 1975; Poirier, 1976, chapter 7). 

Such a view suggests that the flow law in regime 2 then represents a com- 
bination of power law creep with n - 4 in the gram mantle and a less strain- 
rate sensitive creep in the cores of the grains (possibly like the slip part of 
the creep in regime l), giving a flow of intermediate strain-rate sensitivity 
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expressible as the power law with n y 8; however, the apparent activation 
energies present a difficulty in accepting this interpretation since the value in 
regime 2 is equal to that in regime 3 rather than intermediate between those 
in regimes 1 and 3, An alternative interpretation could be that the observed 
flow law with n w 8 in regime 2 is dominated by, and ch~cte~stic of, the 
flow in the mantles of the grains in regime 2 and of the whole grains in 
regime 3, and that the higher bulk strain-rate sensitivity in regime 3 reflects a 
contribution from the grain boundary sliding to the total strain rate, the lat- 
ter having a very high strain-rate sensitivity (cf., regime 3 with n = 1.6 in 
Solnhofen limestone: Schmid et al., 1977). Much more detailed studies of 
the rheological properties characteristic of the different structural develop- 
ments is needed to clarify these issues before more detailed interpretation of 
the flow laws in terms of models of the dislocation processes is attemp~d. 

An interesting feature of the present observations is that an effectively 
steady flow stress is attained at relatively small strains while the optical 
microstructure continues to evolve even up to 30% strain. Evidently the 
structural aspects such as the size of the equi-axed subgrains and new grains 
that are correlated with the stress are consequential on rather than determi- 
native of the basic flow mechanism that itself determines the flow law. Any 
structural parameters involved in the flow law may represent aspects of the 
microst~cture more subtle or ~ndamen~ than those obvious under the 
optical microscope but which determine the ultimate development of the lat- 
ter in a way analogous to the development of equiaxed new grains from sub- 
grains. 

The recrystallization to the new equi-axed grains apparently occurs by the 
mechanism of progressive misorientation of subgrains that was invoked by 
Hobbs (1968) to explain the dynamic recrystallization which he observed in 
expe~enta~y deformed synthetic quartz single crystals and by Poirier and 
Nicolas (1975) to explain rec~s~llization observed in naturally-defo~ed 
olivine rocks. This type of recrystallization, called in-situ recrystallization by 
Poirier and Nicolas, is distinct from the nucleation and growth mechanism 
that commonly occurs in annealing after cold-working but that can also 
occur during hot-working in some metals. The behaviour of the Carrara mar- 
ble suggests analogy with metals of high stacking fault energy. In a review of 
high temperature behaviour in metals, McQueen and Jonas (1975) correlate 
the “restoration” processes in metals with high and low stacking fault 
energy. Metals with low stacking fault energy tend not to develop cell or sub- 
grain structures in the way that those with high stacking fault energy do; on 
the other hand, the former tend to recrystallize by nucleation and growth 
during large hot-work deformations whereas the latter adjust to hot-work by 
recovery processes. The dynamic balance in Carrara marble is evidently also 
maintained by recovery processes rather than by nucleation-and-growth 
rec~st~ization but the subgrains formed in the recovery can develop an in- 
situ rec~st~ization by further miso~entation. The nucleation-~d-~o~h 
recrystallization described in Yule marble by Griggs et al. (1960) is presum- 
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ably the eventual response to deformation in a higher stress regime 
(regime l), but it may also reflect differences in impurities in solid solution 
in the calcite which also affect the strength as noted earlier. 

Geological irnplica tions 

For geological usage the laboratory data have to be extrapolated into real- 
istic strain rates (10-““-10-‘4 set-‘) and temperatures (most of the experi- 
ments were performed at temperatures much higher than the ones expected 
in the upper crust, where calcite rocks are abundant). The deformation maps 
produced by Ashby (1972) illustrate that there exist different field in a plot 
of stress vs. temperature, each field being characterized by a distinct defor- 
mation mechanism and consequently a different flow law. 

Figure 21 is somewhat similar to such a deformation mechanism map, but 
the constitutive equations used are based on experimental evidence alone. It 
is a composite graph for three different calcite rocks (compare Table II) and 
for clarity only a few strain rate contours are shown. 

The major feature of Fig. 21 is the substantial difference in flow stress 
between superplastic~ly deforming fine-coned limestone (Solnhofen lime- 
stone} and the coarser grained marbles. The contrast in extrapolated strength 
between Carrara marble and Solnhofen limestone can be as high as 1 : 1000 
at 400°C and a strain rate of lo-l4 set-‘. Thus, big “competence contrasts” 
can be expected to arise in a calcareous rock suite with domains of varying 
grain size at elevated temperatures. 

There are discrepancies in the rheology of the two marbles as well and 
they cannot be explained in terms of grain size. This shows that other factors 
apart from grain size and mineralogical composition influence the flow prop- 
erties. These factors are not yet understood and therefore extrapolations 
based on experimentally derived flow laws of one rock type should be taken 
with reservation. 

Another difficulty arises from the fact that regimes 1 and 2 for Carrara 
marble are characterized by substantially different activation energies. If one 
assumes the transition stress between the regimes to be temperature indepen- 
dent, as observed within the laboratory conditions, an offset of the extrapo- 
lated strain rate contour results at geological strain rates (lo-l4 set-’ contour 
in Fig. 21). This probably indicates that the empirical form of our flow laws 
is inadequate for exact extrapolations. 

The paleostress may be estimated directly by using the size of subgrains or 
dynamically recrystallized grains (Fig. 20). This makes it possible to check 
on the extrapolations if temperature and strain rate can be estimated from 
other geological evidence. When using grain size for paleostress determina- 
tions care must be taken to ensure that (1) the grain size is not controlled by 
impurities or second phase minerals and (2) that, on the basis of microstruc- 
tural observations, the mechanism of recrystallization is the same as the one 
described for the expe~men~ly deformed material. The experiments also 
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show that even after strains of up to 30% shortening no unique equilibrium 
grain size predominates the microstructure but that the grains used for paleo- 
stress determinations have to be selected carefully. 

At very large natural strains it is to be expected that large domains within 
a rock will completely recrystallize to a new s~ess-determined grain size. If 
this new grain size is sufficiently small to cause a change in mechanism into a 
grain size-sensitive mechanism such as grain boundary sliding or superplasti- 
city then the rheological properties of a recrystallized domain will change 
drastically. Carrara marble for example is expected to flow at a strain rate of 
lO_” set-’ at 4OO’C and 800 bars differential stress (extrapolating the flow 
law for regime 2, Table II). According to Fig. 20 this means that these 
domains will recrystallize to a grain size of around 5 pm. This is the grain 
size of a rock like Solnhofen limestone which is expected to deform super- 
plastically at this temperature and stress level (Schmid et al., 1977). If the 
flow law for superplastically deforming Solnhofen limestone is extrapolated 
to 400°C and 1000 bar then a strain rate of around 10m9 see-’ results. 

Thus, a very marked increase in strain rate at constant stress (or con- 
versely a stress drop at constant strain rate) is expected even if one allows 
for substantial errors by extrapolating. This work softening effect induced 
by syntectonic rec~st~lization and a change in mechanism may play an im- 
portant role in the formation of shear zones and mylonite layers. In such a 
situation, however, the size of the syntectonically recrystallized grains may 
only indicate the peak stress during the initial stages of the strain history 
when the rock deformed by dislocation creep. The final stress may have been 
much lower as a consequence of work softening induced by a change in 
deformation mechanism. 
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