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dependence of grain size distribution on flow stress,

temperature and strain
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Abstract

It is often observed that dynamic recrystallization results in a recrystallized grain size distribution with a mean grain size that

is inversely related to the flow stress. However, it is still open to discussion if theoretical models that underpin recrystallized

grain size–stress relations offer a satisfactorily microphysical basis. The temperature dependence of recrystallized grain size,

predicted by most of these models, is rarely observed, possibly because it is usually not systematically investigated. In this

study, samples of wet halite containing N10 ppm water (by weight) were deformed in axial compression at 50 MPa confining

pressure. The evolution of the recrystallized grain size distribution with strain was investigated using experiments achieving

natural strains of 0.07, 0.12 and 0.25 at a strain rate of 5�10�7 s�1 and a temperature of 125 8C. The stress and temperature

dependence of recrystallized grain size was systematically investigated using experiments achieving fixed strains of 0.29–0.46

(and one to a strain of 0.68) at constant strain rates of 5�10�7–1�10�4 s�1 and temperatures of 75–240 8C, yielding stresses of

7–22 MPa. The microstructures and full grain size distributions of all samples were analyzed. The results showed that

deformation occurred by a combination of dislocation creep and solution-precipitation creep. Dynamic recrystallization

occurred in all samples and was dominated by fluid assisted grain boundary migration. During deformation, grain boundary

migration results in a competition between grain growth due to the removal of grains with high internal strain energy and grain

size reduction due to grain dissection (i.e. moving boundaries that crosscut or consume parts of neighbouring grains). At steady

state, grain growth and grain size reduction processes balance, yielding constant flow stress and recrystallized grain size that is

inversely related to stress and temperature. Evaluation of the recrystallized grain size data against the different models for the

development of mean steady state recrystallized grain size revealed that the data are best described by a model based on the

hypothesis that recrystallized grain size organizes itself in the boundary between the (grain size sensitive) solution-precipitation

and (grain size insensitive) dislocation creep fields. Application of a piezometer, calibrated using the recrystallized grain size
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data, to natural halite rock revealed that paleostresses can vary significantly with temperature (up to a factor of 2.5 for T=50–

200 8C) and that the existing temperature independent recrystallized grain size–stress piezometer may significantly

underestimate flow stresses in natural halite rock.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dynamic recrystallization is an important process

that can alter the microstructure and rheological

behavior of rock materials during deformation involv-

ing dislocation mechanisms. It has been observed,

both in experiment and nature, in a wide range of

materials important in the Earth, such as olivine (e.g.,

Karato et al., 1982; Jaroslow et al., 1996), quartz (e.g.,

Hirth and Tullis, 1992; Stöckhert et al., 1999),

feldspar (e.g., Tullis and Yund, 1985; Shigematsu,

1999) and calcite (e.g., Schmid et al., 1980; Molli et

al., 2000). The basic processes involved in dynamic

recrystallization are the migration of existing grain

boundaries and the formation of new high angle grain

boundaries (e.g., Drury and Urai, 1990). Grain

boundary migration can lead to grain growth during

dynamic recrystallization, but can also lead to grain

size reduction if new grain boundaries are formed at

grain boundary bulges or as a result of grain

dissection by migrating boundaries. New grain boun-

daries may also form from subgrain boundaries, by

progressive misorientation of subgrains or by migra-

tion of a subboundary through an area of cumulative

lattice rotation. This is called rotation recrystallization.

The relative importance of migration and rotation

recrystallization is dependent on the deformation

conditions (i.e. temperature, strain rate and stress;

e.g., Poirier, 1985, p. 184).

The mean grain size d of dynamically recrystal-

lized materials has been found to be related to the

steady state flow stress r by a relation of the type

d=Kr�p where K and p are material- and mechanism-

specific constants (Takeuchi and Argon, 1976; Twiss,

1977; Drury et al., 1985; De Bresser et al., 2001). Few

quantitative models exist to underpin this d–r
relationship. The most widely quoted model is that

of Twiss (1977), who presented relations between

subgrain size and stress, and recrystallized grain size
and stress. In the model of Twiss, it is assumed that a

static equilibrium (sub)grain size develops, but no

explicit distinction between rotation and migration

recrystallization mechanisms is included. More

recently, Derby and Ashby (1987), Shimizu (1998)

and De Bresser et al. (1998, 2001) presented models

that emphasize the dynamic competition between

grain growth (involving grain boundary migration)

and grain size reduction or grain nucleation processes

(rotation recrystallization, grain boundary bulging,

grain dissection). Importantly, these models contain

activation energy terms and hence show temperature

dependence. The competing grain size reduction and

grain growth processes continuously alter the micro-

structure during dynamic recrystallization until they

balance at steady state, implying that a grain size

distribution evolves from an initial state to a steady

state as deformation proceeds towards high strain.

Recrystallized grain size vs. stress relations have

been determined for a wide range of (geological)

materials (see overviews in Takeuchi and Argon,

1976; De Bresser et al., 2001), but only very few

studies systematically investigated the dependence of

mean grain size and grain size distribution on

temperature and strain. Early experimental work on

olivine rocks showed some indications for temper-

ature dependence of the d–r relation (Mercier et al.,

1977; Ross et al., 1980), but the effect was not found

in the more recent study of Van der Wal et al. (1993).

Support for a recrystallized grain size that depends on

temperature as well as flow stress has been found in

work on polycrystalline sodium nitrate (Tungatt and

Humphreys, 1984) and on the magnesium alloy

Magnox (De Bresser et al., 1998). In a recent study

on Carrara marble, we systematically investigated the

effect of temperature and strain on the full grain size

distribution (Ter Heege et al., 2002). The results

demonstrated that, at a given temperature, the grain

size distribution continuously evolves with strain via a
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competition between grain growth and grain size

reduction processes in the approach to steady state.

The arithmetic mean and median grain size show a

complex dependence on strain and temperature during

transient deformation.

From the above, it follows that the role of

temperature and strain needs to be taken into account

in calibrating a recrystallized grain size–stress rela-

tionship. This will be of particular importance if d–r
relations are to be applied to rocks deformed under

natural conditions that are different from those

imposed in the laboratory. In the present study, we

investigate the dependence of grain size distribution

parameters on strain, flow stress and temperature in

dynamically recrystallized synthetic halite containing

trace amounts of water. The recrystallized grain size

data from experiments at different stresses and

temperatures allow evaluation of the different models

for the development of steady state recrystallized

grain size. The resulting piezometric relation differs

considerably from previous piezometric relations for

halite (Guillopé and Poirier, 1979), which has

implications for paleostress estimates in natural halite

rock.
2. Experimental methods

2.1. Sample preparation

Synthetic polycrystalline halite was produced by

cold pressing analytical grade NaCl powder. The

powder was first dampened with H2O by equilibrating

it in a vacuum chamber together with a beaker of

water at room temperature, producing salt powder

with b0.1 wt.% H2O. Cold pressing was performed in

a uniaxial compaction die for 20 min at ~200 MPa.

Samples were subsequently annealed in a hydrostatic

pressure vessel for 1 week at 150 8C and 100 MPa

confining pressure (see Peach, 1991; Peach and

Spiers, 1996 for details). This yielded dense

(N99.5% of theoretical density), translucent, cylindri-

cal samples of polygonal-textured halite rock with an

arithmetic mean grain size of 145 Am. These samples

were machined into right cylinders of nominally 32

mm diameter by 60 mm. Two samples were machined

to 50 and 40 mm length (18RS150 and 19RS150,

respectively) to be able to reach more strain within an
experiment. Measurements of water content per-

formed using a Fourier Transform Infrared (FTIR)

spectrometer (cf. Watanabe and Peach, 2002) revealed

that the samples contained 37–290 ppm water. All

samples were stored in a low-humidity room (relative

humidity V15%) prior to deformation.

2.2. Apparatus and testing procedure

The mechanical and microstructural data reported

in this study were acquired from two sets of experi-

ments, performed using two different silicone oil

medium triaxial testing machines. One set was

performed on wet and dry samples (50 mm diameter

by 120 mm length) using an externally heated

machine, referred to after its designer, H.C. Heard.

These experiments were carried out by Watanabe and

Peach (2002) as part of a study on the effect of

dynamic recrystallization on electrical conductivity of

halite. In this study, dry samples were produced by

slowly heating (~0.1 8C/min) the annealed samples in

flowing Argon gas and keeping them at 515 8C for

~24 h. This procedure yielded samples with a water

content of V5 ppm (ddry samplesT). A second, more

elaborate set of experiments was performed on wet

samples using an internally heated deformation

apparatus.

Details of the Heard apparatus and experimental

procedure employed have already been described

elsewhere (Peach, 1991; Peach and Spiers, 1996;

Watanabe and Peach, 2002). Samples were deformed

at a strain rate of ~5�10�7 s�1, a temperature of 125

8C and a confining pressure of 50 MPa. Natural

strains of 0.07, 0.12 and 0.25 were achieved,

corresponding to characteristic portions of the

stress–strain curves (cf. Section 3.2.2).

The internally heated apparatus consists of a ~100

MPa pressure-compensated triaxial cell mounted in an

Instron 1362 servo-controlled loading frame. It allows

axisymmetric compression testing at constant dis-

placement rate, temperature and pressure. Displace-

ment is measured externally using a linear variable

differential transformer (LVDT, 2 Am resolution)

located at the base of the Instron ram. Axial force

on the sample is measured externally using a 100 kN

Instron load cell (accurate to 0.1% of the full-scale

output or 0.5% of the indicated load, whichever is

greater). Temperature is measured by means of a type
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K thermocouple located at the top of the sample and is

controlled to within F1 8C using a Eurotherm

controller. From the homogeneity of microstructure

and deformation in the samples, we estimate the

gradient in temperature across the sample to be less

than 5 8C (note that deformation temperatures are

low). Confining pressure is measured using a dia-

phragm-type transducer (100 MPa full scale) and is

servo-controlled to within F0.5 MPa. Samples are

isolated from the silicone oil confining medium using

a fluorethylene propylene (FEP) sleeve, sealed onto

stainless steel end pieces with a double wire tornique.

During individual experiments, displacement, axial

force, temperature and pressure were continuously

logged using a chart recorder and computer. Axial

force was corrected for the low friction forces

developed at the seals between the pressure vessel

and pistons, using friction calibrations at different

displacements rates and temperatures. Sample strain

was calculated from the externally measured displace-

ment, correcting for distortion of the apparatus. Stress

on the sample was calculated from the friction-

corrected axial force, taking the change in cross-

sectional area of the sample into account and

assuming constant volume and homogeneous defor-

mation. Stress data were smoothed using a moving

average method to remove signal noise. The measure-

ment accuracy obtained is comparable with that of the

Heard apparatus (cf. Peach, 1991). Taking all errors

into account (e.g., measurement errors, nonhomoge-

neous deformation, etc.), processed data were accurate

to within 5%. The samples were deformed in axial

compression to natural strains of 0.3–0.7 at constant

strain rates of 5.3�10�7–1.3�10�4 s�1, temperatures

of 75–250 8C (0.33–0.5T/Tm, with Tm the melting

temperature of dry NaCl) and a confining pressure of

50 MPa, yielding flow stresses of 7–22 MPa. At the

end of the experiments, samples were cooled under

pressure, reaching a temperature below ~50 8C within

0.5–1.5 h. Confining pressure was then vented and the

sample removed from the apparatus. Samples were

then immediately cut to allow preparation of thin

sections.

2.3. Microstructural analysis

Thin sections a few millimeter thick were prepared

from the starting material and from axial slices of the
deformed samples, following the method described in

detail by Urai et al. (1987). The method involves

sectioning under evaporating oil (Shell S4919) with a

diamond loaded jeweler’s saw blade, followed by

polishing and then etching with slightly undersatu-

rated NaCl solution containing ~0.8 wt.%

FeCl3d 6H2O. Applying this method, low angle

subgrain boundaries can be easily distinguished from

high angle (N108) grain boundaries on the basis of the

intensity of etching observed in reflected light

(Trimby et al., 2000a).

Microstructural analysis was carried out on the thin

sections using a Leica DMRX light microscope,

equipped with a Sony DXC-950P video camera and

digital image acquisition system. A mosaic of gray

scale digital photographs was made in reflected light

using an objective of 2.5�, covering an area of 22 to

180 mm2 in the center of each sample. The high angle

grain boundaries were then traced manually onto

transparencies, which were reduced in size and

subsequently scanned. Quantitative analysis of grain

area, size and perimeter was performed on the scanned

image using QWin Pro Version 2.2 (Leica). Grain size

was calculated and is presented as equivalent circular

diameters (ECD), without making any stereological

correction for sectioning effects. For each sample, the

ECD frequency distribution (referred to as grain size

distribution) and the distribution of area fraction

occupied by a given ECD class (referred to as area

distribution) is presented in a single frequency histo-

gram. Due to the fact that in some cases grains smaller

than 1 pixel size are incorporated in the lowest class

interval (1 pixel size), the number of grains in the

lowest class of the distribution may be slightly

overestimated. Conversely, in some samples only a

limited number of grains could be analyzed due to the

large grain size. The number of grains in the highest

class interval may therefore be underestimated in

these samples.
3. Results

3.1. Mechanical behavior

Table 1 lists all experiments performed. The

samples deformed to a strain below 0.46 deformed

homogeneously. The one sample deformed to a strain



Table 1

Characteristics of the experiments and statistical descriptors of the grain size distributions analyzed

Testa Flow

stressb

(MPa)

Tb

(8C)
Strain

rateb

(s�1)

Nat.

strain

Exp.

dur.

(h)

H2O

cont.

before

(ppm)

H2O

cont.

after

(ppm)

Median

grain

size

(Am)

Mean

grain

size

(Am)

Mean grain

size log-space

(Am, log)

Minimum–

maximum

grain size

(Am)

Stand. dev.

(log d)

Skewness

(log d)

Kurtosis

(log d)

Number

of grains

Starting material – – – – – – – 123 145 118 (2.07) 19–646 0.29 �0.26 �0.33 887

15RS175 15.0 167 7.2�10�7 0.51 329.8 – V5 – – – – – – – –

p40t109 19.7 125 5�10�7 0.25 144.3 – V5 188 218 181 (2.26) 17–749 0.29 �0.62 0.43 578

p40t115c 11.1 125 5�10�7 0.07 43.8 196 32 185 217 162 (2.21) 16–969 0.36 �0.51 �0.77 416

p40t112c 12.4 125 5�10�7 0.12 72.5 133 28 282 419 251 (2.40) 29–3355 0.47 �0.16 �0.29 242

p40t114c 10.9 125 5�10�7 0.25 144.0 257 36 287 774 331 (2.52) 43–6801 0.57 0.25 �0.73 92

7RS150 7.2 149 5.3�10�7 0.29 180.9 37 20 355 604 231 (2.52) 38–3170 0.50 �0.04 �0.79 154

7RS200 7.5 203 2.4�10�6 0.30 40.8 – 22 269 625 303 (2.48) 39–4066 0.54 0.15 �0.99 176

7RS240 7.3 243 1.6�10�5 0.33 6.9 – 22 380 525 328 (2.52) 29–2828 0.46 �0.39 �0.37 182

10RS240 9.5 243 1.3�10�4 0.34 0.9 – 19 163 219 160 (2.20) 20–1065 0.36 �0.16 �0.46 611

11RS125 10.8 121 5.4�10�7 0.31 187.4 37 23 161 330 179 (2.25) 42–4550 0.46 0.49 �0.55 526

11RS150a 11.3 150 2.2�10�6 0.31 45.1 – 30 322 471 299 (2.47) 38–2707 0.44 �0.23 �0.48 364

11RS150b 11.3 150 1.4�10�6 0.30 71.3 58 24 230 374 226 (2.35) 30–1971 0.46 �0.10 �0.92 357

11RS175 10.9 174 6.6�10�6 0.30 14.9 – 12 202 310 203 (2.31) 27–2386 0.41 �0.09 �0.44 425

11RS200 11.1 202 2.4�10�5 0.36 5.1 – 9 183 259 178 (2.25) 27–2026 0.39 �0.10 �0.48 701

13RS125 13.3 125 1.3�10�6 0.30 73.2 – 45 193 318 203 (2.31) 28–1868 0.42 0.07 �0.69 515

13RS150 13.3 150 4.5�10�6 0.32 21.8 58 30 173 226 169 (2.23) 17–1063 0.35 �0.34 0.01 307

14RS100 13.6 99 5.3�10�7 0.29 182.6 – 33 158 308 171 (2.23) 29–3270 0.45 0.36 �0.30 317

14RS150 14.4 150 6.6�10�6 0.32 16.0 117 25 159 220 160 (2.20) 16–1142 0.35 �0.04 �0.59 340

14RS175 13.9 171 5.0�10�5 0.44 3.0 – 9 133 216 140 (2.15) 27–1469 0.41 0.14 �0.77 958

18RS100 17.9 100 2.8�10�6 0.29 34.4 – 46 164 331 179 (2.25) 29–2571 0.49 0.18 �0.89 373

18RS125 17.7 126 7.4�10�6 0.34 14.6 – 36 136 188 131 (2.12) 20–1768 0.37 �0.01 �0.38 660

18RS150 17.6 148 3.6�10�5 0.46 4.5 – 13 124 190 132 (2.12) 19–1172 0.37 0.17 �0.51 669

19RS150 19.1 149 4.5�10�5 0.68 6.0 – 16 128 178 126 (2.10) 20–1126 0.37 �0.08 �0.57 840

22RS75 21.7 75 5.4�10�7 0.32 197.9 – 46 97 147 103 (2.01) 16–1123 0.36 0.23 �0.52 738

22RS100 22.1 99 7.5�10�6 0.38 17.1 – 10 116 198 127 (2.10) 29–1577 0.40 0.28 �0.69 943

22RS150 22.4 149 3.2�10�5 0.32 3.3 – 28 156 192 152 (2.18) 20–794 0.31 �0.34 �0.07 958

a Stress (first number) and temperature (second number) are quoted in the test numbers.
b Flow stress, temperature (T), strain rate and temperature (T) averaged over a strain of 0.01 at the end of the test.
c Experiments from Watanabe and Peach (2002), grain size analysis from this study.
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of 0.68 (19RS150) showed some inhomogeneous

deformation, mainly at the sample ends. Stress–strain

data for typical samples are presented in Fig. 1. At

different temperatures of 75–250 8C, flow stresses of

7–22 MPa at the end of the experiments could be

reproduced within 0.5 MPa by applying the proper

strain rates in the range of 5�10�7–1�10�4 s�1

(strain rates determined using previous experiments

on wet halite and the evolving data set in this study).

The samples show initial work hardening giving way

to oscillating stress–strain behavior with broad stress

peaks and troughs. Samples deformed to natural

strains of 0.3–0.4 may show up to three local stress

peaks (Fig. 1). With increasing stress or strain rate,

fewer stress peaks occur, the first stress peak occurs at

higher strains and the difference in stress between the

first stress peak and low increases. Except for some

samples deformed at relatively high strain rates and

stress (e.g., 22RS75, Fig. 1), all samples reached a

(near) steady state flow stress at the strains reached in

the experiments (Fig. 1). Sample 19RS150 deformed

to a strain of 0.68 does show similar mechanical

behavior as the samples deformed to lower strains

with oscillating flow stress reaching steady state with
Fig. 1. Typical stress–strain curves showing the effect of temper-

ature on the mechanical behavior of wet polycrystalline halite

(T=75–150 8C) at ėc5–7�10�7 s�1. For comparison, two stress–

strain curves for dry polycrystalline halite (gray curves: p40t109 at

T=125 8C and 15RS175 at T=175 8C) are included (Watanabe and

Peach, 2002; Ter Heege, 2002). Experiments displayed in the graph

are (from top to bottom): 22RS75, p40t109 (gray curve), 15RS175

(gray curve), 14RS100, p40t112, p40t115, p40t114, 7RS150.
no subsequent hardening or weakening towards

higher strains. In a separate study (cf. Ter Heege,

2002), the mechanical behavior of wet synthetic halite

was compared to that of dry synthetic halite, contain-

ing V5 ppm water. This comparison showed that the

material with V5 ppm water is continuously hardening

with increasing strain and is stronger than the wet

material at all strains investigated (see curves for dry

halite incorporated in Fig. 1).

3.2. Microstructures

3.2.1. Starting material

Typical microstructures of the starting material as

well as the wet-deformed halite rock are presented

in Fig. 2. The starting material of wet, synthetic,

halite rock used in this study (37–290 ppm water) is

identical to the material described by Peach (1991)

and Peach and Spiers (1996). It consists of a

homogeneous aggregate of equidimensional polygo-

nal grains (Fig. 2a, Table 1), with no optically

visible internal structure. Grain boundaries are

straight to gently curved and often intersect at

~1208 triple junctions. Brine and possibly gas are

present in arrays of isolated inclusions and worm-

like channels within grain boundaries and at triple

junctions (Fig. 2b), as observed in natural halite

rock (Roedder, 1984; Urai et al., 1987; Spiers and

Carter, 1998).

3.2.2. Influence of strain

The influence of strain on microstructure of the

wet samples has been systematically investigated by

reanalyzing the microstructures of samples p40t111–

p40t115 deformed by Watanabe and Peach (2002)

(Table 1, Fig. 1). These samples were deformed to

strains of 0.07, 0.11 and 0.25 at T=125 8C and

ėc5�10�7 s�1 (flow stress ~11 MPa, Fig. 1). They

show typical oscillating stress–strain behavior. The

chosen strains correspond to just before the first

stress peak (p40t115), just after the first peak stress

(p40t112) and after two oscillations (p40t111,

p40t114). Up to a strain of ~0.07, just before the

first stress peak (p40t115), the microstructure

broadly resembles the microstructure of the starting

material. However, the grains have flattened slightly

and have developed a distinctive grain boundary

alignment at roughly 458 to the compression
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direction. Moreover, many grains show internal

linear (wavy) etch features at an angle of ~35–608
to the compression direction, though some grains

show little internal structure. Subgrains are present,

predominantly near the boundaries of larger grains

(Fig. 2c). Grain boundaries are more irregular than

in the undeformed material and are occasionally

lobate or bulged (Fig. 2c).

At a strain of ~0.11, just beyond the first peak

stress (p40t112), the microstructure is substantially

different. The upper half of the sample (Fig. 2d)

shows a microstructure resembling that seen at lower

strain (p40t115), while the remainder is dominated by

large recrystallized grains with irregular, lobate or

idiomorphic grain boundaries. The recrystallization

front between the two parts is irregular and runs

across the entire sample, roughly perpendicular to the

compression direction. In the recrystallized part, the

maximum grain size is significantly (2–5�) larger

than in the non-recrystallized part. Arrays of fluid or

gas inclusions are present in the large grains,

indicating former positions of grain boundaries and

demonstrating that widespread migration of grain

boundaries has occurred (Fig. 2e). Idiomorphic grains

bounded by {100} faces are widespread (Fig. 2d, e).

The large recrystallized grains exhibit a shape-

preferred orientation with the longest axis of the

grains oriented perpendicular to the compression

direction. These grains have little internal structure,

though some subgrains with irregular subgrain boun-

daries are occasionally present. The smaller grains in

the non-recrystallized part show well-developed inter-

nal structure, such as linear etch features and small

subgrains. These grains do not exhibit a strong shape

preferred orientation and have a similar appearance to

grains in material deformed to lower strain (0.07).

Subgrains are predominantly present at grain bounda-

ries (Fig. 2e). There is no clear evidence that new

grains nucleate from these subgrains.

At a strain of ~0.25, i.e. at near steady state after

two complete oscillations in the stress–strain curve

(p40t114), the microstructure is completely recrystal-

lized, and the distinct recrystallization front has

disappeared (Fig. 2f). The recrystallized grains are

generally coarser and more idiomorphic grains are

present than at lower strain. In addition, grains full

with internal structure are present (Fig. 2f). Grain

boundaries of the larger grains show occasional
bulges on the scale of subgrains (Fig. 2g). The extent

to which boundaries are bulged on this scale varies

substantially, i.e. from wavy (Fig. 2g, top) to

extremely bulged (Fig. 2g, bottom). The microstruc-

tural evolution with increasing strain described for

p40t111–p40t115 is characteristic for the wet material

investigated and can also be observed at other

conditions. Besides samples 22RS150 and 22RS75

(see Fig. 1, Table 1), all samples deformed to strains

above 0.25 are completely recrystallized and exhibit

the same microstructural features observed in p40t112

and p40t114.

3.2.3. Influence of temperature and stress

Possible effects of temperature and flow stress on

the near steady state microstructure of wet polycrys-

talline halite have been systematically investigated by

studying (1) samples that deformed at approximately

the same stress at different temperatures and strain

rates (e.g., 11RS125, 11RS150a/b, 11RS175), and (2)

samples deformed at the same temperature but at

different rates and hence different flow stresses (e.g.,

7RS150, 11RS150a/b, 13RS150, 14RS150). Only

samples that completely recrystallized and reached a

(near) steady state flow stress were investigated. With

increasing temperature and stress, recrystallized

grains with little internal structure and straight

(idiomorphic) or lobate boundaries (indicating migra-

tion) were found to decrease in size, whereas grains

full with internal structure increase in size. At the

highest temperatures and stresses, both types of grains

have roughly similar sizes, while at low temperature

and stress, the microstructure is dominated by grains

with little internal structure.

3.3. Grain size distributions

The equivalent circular diameter (ECD) frequency

distributions (grain size distributions) and distribu-

tions of area fraction occupied by a given ECD class

(area distributions) of the starting material and all

deformed samples are depicted in Figs. 3 and 4.

Statistical parameters characterizing the distributions

are given in Table 1. Possible trends in skewness and

kurtosis of the logarithmic grain size distributions can

be deduced from Fig. 5.

The arithmetic mean grain size of the starting

material is 145 Am. The median grain size is



J.H. Ter Heege et al. / Tectonophysics 396 (2005) 35–5742



J.H. Ter Heege et al. / Tectonophysics 396 (2005) 35–57 43
somewhat smaller (123 Am) than the arithmetic

mean (Fig. 3a), and is similar to the mean grain

size in log space (log d=2.07, i.e. d=118 Am). The

skewness and kurtosis of the logarithmic grain size

distribution are relatively small (Table 1, Fig. 5),

indicating that the grain size distribution is close to

lognormal.

Fig. 3 shows the influence of strain on the grain

size distributions as determined from the suite of

wet samples deformed by Watanabe and Peach

(2002). With increasing strain, the median, arith-

metic mean and maximum grain size and the

standard deviation of the logarithmic grain size

distribution increase. However, the largest increase

occurs after a strain of ~0.11. The skewness first

becomes more negative, then increases and changes

from negative to positive at a strain of ~0.25. The

kurtosis is consistently negative with no clear trend

with strain (Table 1, Fig. 5).

Fig. 4 shows the influence of flow stress and

temperature on the grain size distributions. The

distributions tend to become more symmetrical (skew-

ness closer to zero) and less irregular with increasing

temperature and stress. Aside from sample 22RS100,

the median, arithmetic mean and maximum grain size

have increased compared with the starting material.

However, these parameters decrease systematically

with increasing deformation temperature and flow

stress, though some observations deviate from the

general trend (Table 1). The trends in median and

mean grain size are illustrated in Fig. 6. The width of

the log d distribution (i.e. the standard deviation)

decreases with increasing temperature and increasing

stress (Fig. 7). Aside from sample 13RS150, kurtosis

is negative with no clear trend with stress or temper-

ature (Fig. 5). All area density distributions are
Fig. 2. Microstructure of wet polycrystalline halite. (a) Undeformed (starti

undeformed starting material. Four pictures are shown with the microscope

visible. The boundaries gradually become out of focus because the grai

boundary (L) and subgrains (S) in sample p40t115 (natural strain: 0.0

recrystallized (bottom) and non-recrystallized (top) part (natural strain: 0.1

grain boundary before migration in sample p40t112 (natural strain: 0.12)

strain: 0.25) showing idiomorphic grains bounded by {100} faces (I). (g) G

grain with well-developed internal structure (B). Note that bulges like thi

sectioning plane with grains extending in the direction perpendicular to th

boundary that follows the subgrain boundaries (G) in sample 11RS200.

ė=5�10�7 s�1 (Watanabe and Peach, 2002); sample 11RS200 was deforme

in (d) and (f).
negatively skewed with a mode that decreases with

increasing stress.
4. Discussion

4.1. Deformation and recrystallization mechanisms

The microstructure of wet deformed polycrystal-

line halite shows widespread evidence for operation

of dislocation processes, such as linear and wavy slip

etch features and subgrain structures. The linear and

wavy etch features have previously been interpreted

as slip lines, with the wavy nature resulting from

cross-slip of screw dislocations on {100} and {111}

planes, bridging parallel {110} slip planes (Skrotzki

and Liu, 1982; Senseny et al., 1992; Carter et al.,

1993). Subgrain structures developed at all inves-

tigated conditions, suggesting that climb-controlled

recovery was also important (e.g., Edward et al.,

1982). A comparison between wet and dry poly-

crystalline halite, performed in a separate study,

revealed that before the onset of dynamic recrystal-

lization both materials show similar microstructures.

However, the dry material is stronger than the wet

material at all strains (even before the onset of

dynamic recrystallization, cf. Fig. 1) indicating that

additional weakening mechanisms are active in the

wet material. In the separate study, we quantitatively

evaluate the possibility that the weakening is due to

solution-precipitation creep (cf. Ter Heege, 2002).

We calculated the possible contribution of solution-

precipitation creep to the overall creep behavior

using experimentally calibrated flow laws of dis-

location creep and solution-precipitation creep (or

pressure solution) for polycrystalline halite (Spiers et
ng material). (b) Fluid and gas inclusions at grain boundaries of the

focussed on the grain boundaries so that most of the boundaries are

n boundaries are oblique to the sectioning plane. (c) Lobate grain

7). (d) Recrystallization front (F), dividing sample p40t112 in a

2). (e) Array of fluid inclusions (A) indicating the old position of a

. (f) Fully recrystallized microstructure of sample p40t114 (natural

rain boundary of a grain with little internal structure bulging into a

s can be due to sectioning effects caused by the intersection of the

e sectioning plane. Grain with a clear subgrain structure and a grain

Samples in (c), (d), (e) and (f) were deformed at T=125 8C and

d at T=200 8C and ė=2.4�10�5 s�1. Compression direction vertical



Fig. 3. ECD frequency distributions (grain size distributions) and

distributions of area fraction occupied by a given ECD class (area

distributions) of the polycrystalline halite starting material and

samples deformed by Watanabe and Peach (2002) to different

strains at T=125 8C and ėc5�10�7 s�1 (p40t111–p40t115). Closed

and open arrows indicate median and linear mean grain size,

respectively. (a) Starting material. Samples deformed to specific

strains (cf. Fig. 1): (b) just before the first peak stress, (c) just after

the first peak stress, (d) at a (near) steady state flow stress.
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al., 1990; Carter et al., 1993; Spiers and Carter,

1998), and taking into account the grain size

distributions as presented here (Fig. 3b). The

calculations show that during the part of the

evolution before the first peak stress (e.g.,

p40t115—Fig. 1) up to 70% of the total strain may

be accommodated by solution-precipitation pro-

cesses. This means that at least part (if not all) of

the observed difference in flow stress between the

wet and dry material can be attributed to the

occurrence of solution-precipitation creep in wet

polycrystalline halite. When deformation proceeds

beyond the first peak stress, this percentage

decreases due to grain size coarsening by dynamic

recrystallization. These findings are in agreement

with previous observations on wet halite aggregates,

where solution-precipitation creep has been shown to

play an important role (Urai et al., 1986; Spiers et

al., 1990; Spiers and Carter, 1998). This analysis of

the contribution of solution-precipitation creep to

deformation in wet polycrystalline halite illustrates

that evidence for dislocation creep is generally much

more prominent in the microstructures than evidence

for solution-precipitation creep (Fig. 2d—top), which

complicates determination of deformation mecha-

nisms from microstructures.

Grain boundary migration occurred after the first

stress peak, as evidenced by the presence of lobate

grain boundaries and intracrystalline trails of fluid

inclusions indicating former positions of grain

boundaries. The presence of fluid inclusions on

grain boundaries suggests that water has influenced

the migration of boundaries. The fact that grain

boundary migration is absent in dry polycrystalline

halite, deformed to similar strains at similar con-

ditions, shows that grain boundary migration in the

wet samples is fluid assisted. Several studies have

reported similar straight (idiomorphic) crystal faces

as observed in our samples in deformed natural and

synthetic polycrystalline halite and attributed the fast

migration of the grain boundaries to solution-

precipitation transfer across grain boundary brine

films (Urai et al., 1986; Peach et al., 2001; Watanabe

and Peach, 2002). Experiments on hydrated salts,

e.g., bischofite (MgCl2d 6H2O) and carnallite

(KMgCl3d 6H2O) support these findings (Urai,

1983; 1985). Clearly water plays a key role in the

movement of grain boundaries and the rheology of



Fig. 4. ECD frequency distributions (grain size distributions) and distributions of area fraction occupied by a given ECD class (area distributions) of wet polycrystalline halite

deformed at different deformation conditions (see Table 1). Arrows and grain area distribution as indicated in Fig. 3.
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Fig. 5. Skewness and kurtosis of all the logarithmic grain size distributions of wet polycrystalline analyzed. The samples are systematically

arranged and grouped (see Table 1), so that possible trends with strain, stress and temperature can be deduced.
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these materials and is likely to be present at the grain

boundaries. Some water may also be structurally

incorporated in the halite grains, but we found no

evidence nor are we aware of any evidence for an

intracrystalline effect of water on dislocation mobi-

lity in polycrystalline halite. In aggregates of the

soluble brittle salt sodium chlorate (NaClO3), Den

Brok et al. (1999) observed microstructures compa-

rable with those in our wet halite samples (i.e.

idiomorphic grain boundaries). They interpreted

these microstructures to be due to grain boundary

migration driven by differences in elastic strain

between fractured and unfractured grains. This

process does not occur in our wet samples, as

evidenced by the absence of fractured grains (experi-

ments performed at relatively high confining pres-

sure) and the observation that grain boundary

migration is not active during elastic deformation

of the sample in the beginning of the experiments. In

wet polycrystalline halite grain boundary migration

initiates after grains have developed sufficient

internal strain energy, i.e. driving force for migration

is a difference in internal strain energy.

In the sample, grain boundary migration will start

where the driving force for migration is highest and/or
grain boundary motion is easiest to activate (over-

coming initial pinning of boundaries, e.g., by gas

filled inclusions). Therefore, grain boundary migra-

tion will likely to be initiated at the sample ends with

locally higher internal strain energies due to small

inhomogeneities in deformation and/or locally higher

relative temperatures due to small temperature gra-

dients in the sample. After initiation, grain boundary

migration spreads through the sample replacing the

remaining grains with high internal strain structure,

which causes the observed recrystallization front.

In our wet samples, syn-deformational grain boun-

dary migration has lead to an increase in arithmetic

mean grain size with respect to the starting material,

due to the removal of grains with strain-hardening

substructure by grains with little substructure. Grain

boundary migration resulted in grain growth due to the

replacement of grains with well-developed substruc-

ture by grains with little substructure. Grain size was

also reduced during grain boundary migration due to

the dissection (i.e. moving boundaries that crosscut or

consume parts of neighbouring grains) of grains and

occasional nucleation of grains at grain boundary

bulges. Nucleation of new grains by progressive

subgrain rotation is of limited importance as evidenced



 

 

 

 

 

 

 

 

Fig. 6. The influence of stress and temperature on the median (a, c) and mean (b, d) grain size of completely recrystallized wet polycrystalline

halite. Typical slopes are included (solid lines), indicating the dependence of recrystallized grain size on stress and temperature. Two data points

that deviate from the general trends (indicated by crosses) were omitted in calibrating the piezometer.
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by the lack of subgrain sized grains at grain boundaries

(bcore-mantle structureQ). This is quantitatively sup-

ported by grain boundary misorientation measure-
Fig. 7. The influence of stress and temperature on the standard dev

polycrystalline halite.
ments on the wet material, revealing a discrete

boundary hierarchy indicative of migration dominated

recrystallization (Trimby et al., 2000b).
iation of logarithmic grain size of completely recrystallized wet
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4.2. Grain size distributions in relation to deformation

conditions

The analysis of the full grain size distributions

allows investigation of the relation between distribu-

tion parameters, such as median grain size and

standard deviation, and deformation conditions. Most

distributions are symmetrical in log-space and close

to lognormal (Fig. 4). Therefore, we suggest that

grain size is generally well-represented by the median

and the standard deviation (in log-space) of the grain

size distribution, owing to the symmetry in log-space

(cf. Ranalli, 1984). However, some variation in

skewness is present and the distributions generally

are more platykurtic (i.e. negative kurtosis) than the

true logarithmic distribution (Table 1, Fig. 5). In most

studies, some measure of arithmetic mean grain size

is performed, e.g., by linear intercept methods.

Although it is questionable if arithmetic mean grain

size from linear intercept methods and from measure-

ments of grain area are directly comparable, we also

include arithmetic mean grain size in our analysis to

be able to better compare our results with previous

studies.

With increasing strain at similar flow stress and

temperature, the arithmetic mean, median and max-

imum grain size increased and the grain size

distribution broadened (p40t115, p40t112, p40t114,

Table 1). The analysis of grain size distributions at

specific portions of the stress–strain curve showed

that changes in grain size distribution are accompa-

nied by changes in flow stress. The most pronounced

increase in arithmetic mean, median and maximum

grain size occurs due to the onset of fluid assisted

grain boundary migration, which sweeps the sample

and results in a decrease in flow stress. During this

stage, grains with strain-hardening substructure are

replaced by grains with little substructure, leading to

grain growth. After some oscillations, mechanical

steady state with a constant flow stress is achieved in

most samples. We interpret that mechanical steady

state is achieved when dynamic recrystallization has

become effectively continuous and hardening in the

sample due to the development of substructure in

grains is balanced by softening due to fluid assisted

grain boundary migration. At this stage, the micro-

structure shows large idiomorphic grains, generally

with little substructure, and grains with well-devel-
oped substructure. We interpret that grain growth is

balanced by grain size reduction due to grain

dissection and perhaps some grain nucleation at grain

boundary bulges at this stage, yielding microstructural

steady state with a constant grain size distribution.

Overall, the median and mean recrystallized grain

size of wet polycrystalline halite deformed at (near)

mechanical steady state decreased with increasing

stress and temperature, if compared at roughly the

same strain (Fig. 6). Furthermore, it was observed

that the size of substructure-free grains with migrated

boundaries decreased relative to the size of heavily

substructured grains with increasing stress and

temperature. This observation is quantitatively sup-

ported by systematic changes in grain size distribu-

tion, i.e. the standard deviation of the (logarithmic)

grain size distribution increases with decreasing

stress and temperature (Fig. 7). We infer that this

is due to an increase in the rate at which substructure

develops (strain hardening) relative to the rate of

grain boundary migration with increasing stress and

temperature. The rate of both processes may be

expected to increase with increasing stress and

temperature, but substructure development becomes

more prominent. Therefore, more grains develop

substructure before they are consumed by grain

boundary migration, effectively reducing the grain

size of substructure-free grains with respect to

substructured grains. Moreover, Figs. 6 and 7 show

that the median grain size and standard deviation are

uniquely related to the deformation conditions. This

means that median grain size and standard deviation

may offer useful microstructural state variables,

which can be used in models for dynamic recrystal-

lization or flow laws to incorporate effects of

changing microstructure (cf. Stone, 1991).

4.3. Calibration of a recrystallized grain size

piezometer

In this study, we obtained systematic data on the

relation between dynamically recrystallized grain size

of wet halite as a function of flow stress as well as

temperature. These data allow us to calibrate a

piezometric relationship for polycrystalline halite.

The relation between recrystallized grain size and

stress and temperature will be evaluated against

relevant microphysical models (Table 2).



Table 2

Values for p, DQ and a predicted by models for the development of recrystallized grain size (model) and actual values for p, DQ/a and K

determined by a best fit of the recrystallized grain size data on wet polycrystalline halite to Eq. (1) or calculated for wet polycrystalline halite

using the model predictions (value)

Study/authors p (model) DQ (model) a (model) p (value) DQ/a (value) log K

This study—median – – – 1.40F0.17 7.7F2.1 0.43F0.18

This study—mean – – – 1.85F0.23 14.2F2.8 �1.55F0.24

Guillopé and Poirier (1979)—migration – – – 1.28 0 2.25

Guillopé and Poirier (1979)—subgrain rotation – – – 1.18 0 1.12

Twiss (1977) 1.3VpV1.5 0 – 1.3VpV1.5 0 –

Derby and Ashby (1987) n/2 Qv�Qgb 2 2.65F0.40 88–98 or 21.8F3.7a –

Shimizu (1998)—grain boundary nucleation 1.25 Qv–Qgb 4 1.25 45–49 or 10.9F3.7a –

Shimizu (1998)—intracrystalline nucleation 1.33 Qv�Qgb 3 1.33 60–66 or 14.5F3.7a –

De Bresser et al. (1998) (n�1)/m Qr�Qd m 1.43F0.40 14.5F3.7 –

n—power law (dislocation creep) stress exponent, m—grain size exponent from the conventional diffusion creep equation, Qv—activation

energy for lattice diffusion, Qgb—activation energy for grain boundary diffusion, Qr—general activation energy for the dislocation recovery

process controlling dislocation creep (e.g., dislocation climb) and Qd—activation energy for grain size sensitive creep (e.g., for lattice or grain

boundary diffusion creep).
a Values if activation energy for lattice diffusion obtained from independent direct diffusion measurements is used, or if activation energy

for (cross slip controlled) dislocation creep is used, respectively.
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Usually, the arithmetic mean recrystallized grain

size d and flow stress r are related by a relation of the

type d=Kr�p where K and p are constants. Twiss

(1977) advanced a model to explain this relationship,

based on the assumption that a unique grain size exists

at which the total strain energy of dislocations ordered

in the grain boundary is equal to the stored energy of

the dislocations in the enclosed volume. However, the

model is criticized in the literature (Poirier, 1985,

Derby, 1990) since it does not account for the

dynamic, nonequilibrium nature of dynamic recrystal-

lization, involving continuous formation and removal

of new grains. The Derby and Ashby (1987) model

considers dynamic recrystallization by grain boundary

migration, with nucleation of grains at grain boundary

bulges. In their model, an estimate of the mean grain

size is obtained by balancing the rate of bulge

nucleation with the mean grain boundary migration

rate. At steady state, there should be one nucleation

event in a volume d3 in the time that a migrating

boundary sweeps out a similar volume. The total

number of nuclei is related to the strain during one

recrystallization cycle, hence is directly related to the

strain rate determined by the steady state (dislocation)

creep. In the De Bresser et al. (1998) model, it is

assumed that recrystallized grain size organizes itself

in the boundary between the dislocation and diffusion

creep fields, regardless of the nucleation mechanism.

The boundary can be located using the individual rate
equations for dislocation and diffusion creep. Shimizu

(1998) considered dynamic recrystallization by pro-

gressive subgrain rotation with intracrystalline or

grain boundary nucleation of grains. In that model, a

steady state recrystallized grain size is formed because

of a balance between the rate of nucleation and the

(radial) growth rate of the newly created grains. The

model is similar to the model of Derby and Ashby

(1987), but is founded on a different nucleation

mechanism (subgrain development rather than grain

boundary bulging).

The recrystallized grain size vs. stress relations of

all models mentioned above have similar forms (see

De Bresser et al., 2001, for more details), and can be

written as

d

b

�
¼ K

r
l

��p

exp
DQ

aRT

����
ð1Þ

where K, p and a are constants, b is the Burgers

vector length (b=3.99�10�4 Am for halite), l is the

shear modulus (l=1.5�104 MPa) and DQ is the

difference in activation energy of the diffusion

processes associated with the microphysical mecha-

nisms involved, e.g., the difference in activation

energy for lattice diffusion and the activation energy

for grain boundary diffusion. Table 2 gives values for

p, DQ and a predicted by the different models for the

development of recrystallized grain size. Note that in
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the models DQ is predicted to be positive and grain

size may be expected to decrease with increasing

temperature.

Fig. 6a–d show the dependence of the median and

mean grain size analyzed in this study on stress and

temperature. A best fit of all the median and mean

grain size data to Eq. (1) yielded poorly constrained

values for K, p and DQ/a and a relatively low

correlation coefficient (r2c0.7). Note that only

completely recrystallized samples deformed to

roughly similar strain were used in this fit (Table 1).

Fig. 6 clearly shows that recrystallized median and

mean grain size generally decrease with increasing

flow stress and temperature with typical slopes in

grain size vs. stress space (indicating �p) between

�0.98 and �1.99 for median grain size and between

�0.74 and�3.32 for mean grain size. Typical slopes

(=DQloge/aR) in grain size vs. reciprocal temperature

space are between 306 and 694 (indicating DQ/a

between 5.9 and 13.3) for median grain size and

between 465 and 1037 (indicating DQ/a between 9.0

and 20.0) for mean grain size. Two measurements

deviate from these trends and show increasing grain

size with increasing flow stress or temperature

(indicated by crossed symbols in Fig. 6). The reason

for the deviations is unclear, but the general trend in

the remaining data appears robust. The values for K, p

and Q/a resulting from a best fit of the median and

mean recrystallized grain size data to Eq. (1),

excluding the two deviating points, are given in Table

2. In this best fit relation, the values for K, p and Q/a

are well constrained (r2=0.85 and r2=0.83 for median

and mean grain size, respectively).

At this point, it should be noted that in calibrating

the piezometer the full grain size distributions are

used without prior selection of specific grains. We

consider this approach to be justified because all

samples analyzed were completely recrystallized and

dynamic recrystallization is dominated by fluid

assisted grain boundary migration at all conditions

investigated. Different regimes where certain recrys-

tallization mechanisms dominate, as observed in

quartz (Hirth and Tullis, 1992; Stipp and Tullis,

2003) or calcite (Rutter, 1995; Ter Heege et al., 2002)

could not be identified.

The results can be evaluated against the theoretical

models listed above (cf. Table 2). In order to do this in

a meaningful way, values are needed for the power
law stress exponent n of dislocation creep of halite,

the activation energies (Q) for lattice and grain

boundary diffusion and the grain size exponent m

for diffusion creep. Values for flow law parameters

determined from the mechanical data obtained in the

present study cannot be used, because the mechanical

data most probably reflect combined dislocation and

solution-precipitation creep, while flow law parame-

ters for dislocation creep (including the effect of grain

boundary migration) and pure diffusion creep are

required. As an alternative then, we apply the flow

law parameters of Carter et al. (1993), because these

authors argue that their samples deformed by pure

dislocation creep, i.e. they observed wavy slip lines,

high dislocation densities and development of net-

works of subgrains and no evidence for dynamic

recrystallization (although some grain boundaries

were serrated indicating limited grain boundary

migration). Our own data and those of Peach et al.

(2001) suggest that the maximum additional weaken-

ing effect of grain boundary migration is in the range

of 20–40% with little effect on the n value (cf. Ter

Heege, 2002). The activation energy is also not

largely influenced across the experimental conditions.

We take the values of Carter et al. (1993) for their

high strain rate and stress regime, i.e. n=5.3F0.4 and

Q=68.1F3.6 kJ/mol, because the experiments of our

study were conducted under similar high strain rate

and stress conditions. Further, we use the flow law

parameters for solution-precipitation quoted by Spiers

et al. (1990), i.e. m=3 and Q=24.5F1.0 kJ/mol, to

represent the diffusion creep component of the

recrystallization models. This choice is justified by

the evidence presented above for the active role of

water in controlling flow of the wet halite samples. As

in some models recrystallized grain size is represented

by the arithmetic mean (e.g., Twiss, 1977; Derby and

Ashby, 1987; De Bresser et al., 1998), while others

use other representations, like the maximum fre-

quency in a logarithmic frequency diagram (e.g.,

Shimizu, 1998), we use both the median and mean

recrystallized grain size of our halite samples to

evaluate the models.

The observed stress ( p) and temperature (DQ/a)

dependence of median recrystallized grain size is in

agreement with predictions by the Shimizu (1998)

model for grain boundary nucleation if the activation

energy for pure dislocation creep from Carter et al.
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(1993) is used (Table 2). The value of p is in excellent

agreement with the value predicted by the De Bresser

et al. (1998) model. The value for DQ/a predicted by

the De Bresser et al. (1998) model is rather high

compared to the observed value, but the model does

predict the observed effect of temperature on recrys-

tallized grain size (i.e. smaller d at higher T at

identical stress). It is questionable if the activation

energy from Carter et al. (1993) can be used in the

Shimizu (1998) model, because Carter et al. (1998)

relate this activation energy to dislocation cross slip

while the Shimizu (1998) model explicitly includes

the activation energy for lattice diffusion. If instead

the activation energy activation energy for lattice

diffusion obtained from independent direct diffusion

measurements (205–221 kJ/mol, see review in Frans-

sen, 1994) is used, the DQ/a predicted by the model is

way too high (Table 2). Moreover, the Shimizu (1998)

model considers nucleation of grains by progressive

subgrain rotation alone, which is not observed in our

samples. Hence, we conclude that the Shimizu model

does not satisfactory explain the results for the median

recrystallized grain size of halite. The observed stress
Fig. 8. Mean recrystallized grain size data for wet polycrystalline halite su

T=150 8C. Strain rate contours for �7blog ėb�4 are indicated by thin solid

and dislocation creep is defined by 0.1bėdis/ėS-Pb(thick solid lines). At

dislocation creep contribute equally to the overall creep rate.
( p) and temperature (DQ/a) dependence of mean

recrystallized grain size is only in agreement with

predictions by the De Bresser et al. (1998) model.

Fig. 8 shows that almost all recrystallized grain

size data are located in the boundary between the

solution-precipitation and dislocation creep fields in a

grain size–stress deformation mechanism map, con-

structed using the flow laws from Spiers and Carter

(1998) and Carter et al. (1993). In this case, only mean

recrystallized grain sizes are plotted because the flow

law for solution-precipitation creep from Spiers and

Carter (1998) was also calibrated for mean grain size.

In Fig. 8, the boundary is defined as the area in grain

size–stress space where both dislocation and solution-

precipitation creep contribute more than 10% to the

overall creep rate (0.1bėdis/ės-pb10). Note that the map

(strain rate contours and boundary) is drawn for

T=150 8C and that with increasing temperature at

constant stress the boundary moves to lower grain

sizes. If the map is constructed for T=100 or 125 8C,
the boundary will move to the right in the diagram and

the recrystallized grain size data for T=100 or 125 8C
will plot closer to the middle of the boundary (near
perimposed on a grain size–stress deformation mechanism map for

lines (numbers). The boundary between solution-precipitation creep

the thick line labeled ėdis/ėS-P=1, both solution-precipitation and
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ėdis/ės-p=1). Alternatively, if the map is constructed for

T=175 8C, the boundary will move to the left in the

diagram and the recrystallized grain size data for

T=175 8C again will plot closer to the ėdis/ės-p=1 line.

A relation between the location of the recrystallized

grain size data, in a grain size–stress deformation

mechanism map, and the boundary between the

solution-precipitation and dislocation creep fields is

predicted by the De Bresser et al. (1998) model. It is

noted that in this model the basic assumption is made

that any weakening of dynamically recrystallizing

material is fully caused by an enhanced contribution

of grain size sensitive (e.g., solution-precipitation

creep) mechanisms to the overall creep, induced by

grain size reduction. In other words, the model does

not account for the possibility that dynamic recrystal-

lization as such may directly affect the rate of pure

dislocation creep, for example by efficient removal of

strain hardened grains (lowering the dislocation

density). Such an effect does occur in wet polycrystal-

line halite, and the Carter et al. (1993) flow law will

represent an upper bound to the strength of the

material when deforming by pure dislocation creep,

since dynamic recrystallization was not observed in

this study. At present, a dislocation creep law that

includes dynamic recrystallization is not available for

wet polycrystalline halite, but the weakening effect of

dynamic recrystallization does not exceed 40% in wet

polycrystalline halite. The effect on the deformation

mechanism map of Fig. 8 would be to shift the

position of the boundary to lower stresses (i.e. in the

current map the strain rate contours in the dislocation

creep field represent an upper bound), bringing the

recrystallized grain size data to a location in the map

with a higher relative contribution of dislocation creep

(increasing ėdis/ės-p). Even if a weakening effect of

40% on dislocation creep by dynamic recrystalliza-

tion is assumed (representing a lower bound of the

material when deforming by pure dislocation creep),

most of the recrystallized grain size data still fall in

the boundary between dislocation and solution-

precipitation creep, especially if the variation in

deformation temperatures is accounted for. It is

important to note that the recrystallized grain size–

stress relation has been calibrated without any

constraints regarding the position of the data in

the creep field boundary; any modification of the

strain rate contours in the deformation mechanism
map of Fig. 8 will not affect the grain size–stress

relationship.

In summary, the relation between (median and

mean) recrystallized grain size for wet polycrystalline

halite and stress or temperature, and the location of the

data in a grain size–stress deformation mechanism

map agrees best with the De Bresser et al. (1998) field

boundary model. This suggests that dynamic recrys-

tallization constrains grain size and rheology to lie in

the boundary between the dislocation and solution-

precipitation creep fields for this material.

4.4. Comparison with previous piezometric data for

halite and implications

The recrystallized grain size–stress relationship

obtained in the present study can be compared with

existing piezometers for halite that were calibrated by

Guillopé and Poirier (1979) using experiments on

water free single crystals at T=250–790 8C and

r=0.15–12.0 MPa. These authors found two regimes

of dynamic recrystallization: migration dominated

recrystallization (relative high temperature, above

T=450–790 8C depending on stress) and subgrain

rotation dominated recrystallization (relative low

temperature, below T=450–790 8C, depending on

stress). The K, p and Q/a values they obtained for

both regimes are given in Table 2. Direct comparison

of the piezometric relations (substituting the K, p and

Q/a values in Eq. (1)) with the results presented in

this study is hampered by differences in materials,

experimental conditions and grain size measurement

technique. In the study by Guillopé and Poirier

(1979): (i) experiments were conducted on single

crystals of halite, hence pre-existing water is absent on

grain boundaries, (ii) experiments were conducted

under dry conditions at temperatures of 250–790 8C
(0.49–0.99 T/Tm), higher than used in this study, (iii)

grains resulting from rotated subgrains with or with-

out subsequent migration of high-angle grain boun-

daries were used to calibrate the piezometric relations

for migration and subgrain rotation dominated recrys-

tallization, respectively, while in our samples grain

nucleation from rotated subgrains is absent, (iv) linear

intercepts were used to measure grain size. Because of

the experimental conditions adopted (dry), fluid

assisted grain boundary migration is absent in the

experiments of Guillopé and Poirier (1979). They



Fig. 9. Estimate of flow stresses associated with deformation of

halite rock in nature (shaded area) using the piezometer calibrated in

this study. For comparison, piezometers for migration and subgrain

rotation dominated recrystallization from Guillopé and Poirier

(1979) are indicated.
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claimed that migration recrystallization cannot occur

in natural halite rock, because realistic conditions for

the deformation of halite rock in nature fall entirely

inside their regime for rotation recrystallization, in

particular for impure material.

In nature, deformation of halite rock typically

occurs in the uppermost 5 km of the Earth’s crust at

Tb200 8C (Carter et al., 1993; Spiers and Carter, 1998)

and brine containing fluid inclusions are generally

present in natural halite rock (Roedder, 1984; Urai et

al., 1986). Moreover, the microstructures observed in

this study, indicating fluid assisted grain boundary

migration, are also observed in many types of natural

halite rock (Urai et al., 1986; 1987; Talbot and

Jackson, 1987; Miralles et al., 2000). In addition,

microphysical modeling has revealed that fluid assis-

ted grain boundary migration should be extensive

during flow of halite rock in nature (Peach et al.,

2001). Therefore, direct application of the recrystal-

lized grain size–stress relations of Guillopé and Poirier

(1979) to natural situations is questionable. Hence, we

conclude that for most natural halite rock the basis for

applying a piezometer for wet polycrystalline halite

dominated by fluid assisted grain boundary migration

is better than the basis for applying piezometers based

on dynamic recrystallization of dry halite single

crystals. Therefore, Eq. (1) with the values for wet

polycrystalline halite rather than the values from

Guillopé and Poirier (1979) should be used to

estimate flow stresses of natural halite rock.

If the mean recrystallized grain sizes of our study are

compared to the piezometer for migration recrystalli-

zation of Guillopé and Poirier (1979), despite the

differences in grain size measurement technique, most

of the recrystallized grain sizes are smaller than their

linear intercepts, except for the lowest temperatures

(100–125 8C), and their p value is much lower. Our

recrystallized grain sizes are much larger than predicted

by their piezometer for subgrain rotation recrystalliza-

tion for similar deformation conditions (Fig. 6b). In

Fig. 6b, the relation for subgrain rotation dominated

recrystallization falls outside the diagram. An impor-

tant observation that can be made is that both

piezometric relations of Guillopé and Poirier (1979)

do not include a temperature dependence of recrystal-

lized grain size, while our data indicate that such a

temperature dependence exists. We suspect that the

lack of temperature dependence recrystallized grain
size in their study is due to an experimental program

that was not specifically designed to explore the role of

temperature.

To illustrate the effect of temperature on

recrystallized grain size and paleostress estimates,

our relation for wet polycrystalline halite in Fig. 9

has been extrapolated over a small range in

temperature (50–200 8C). This shows that the effect

of temperature on recrystallized grain size can be

significant and stresses associated with flow of

halite rock in nature can be over- or underestimated

if temperature is not accounted for. For example,

flow stress of wet polycrystalline halite can differ

up to a factor of 2.5 for temperature decreasing

from 200 to 50 8C (Fig. 9). For natural halite rock,

grain sizes of ~5–20 mm have been reported (Urai

et al., 1986; Carter et al., 1993; Spiers and Carter,

1998; Talbot and Jackson, 1987). For recrystallized

grain size d=5–20 mm and temperatures during

natural deformation T=50–2008C, our piezometer

predicts flow stresses of 1.0–5.6 MPa. These values

agree well with estimates of flow stresses deduced

from the application of relevant constitutive creep

equations to natural condition combined with

structural geological studies or from the application

of subgrain size–stress piezometric relations (Jack-

son and Talbot, 1986; Carter et al., 1993; Spiers
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and Carter, 1998). For natural grain sizes of 5–20

mm, the piezometers from Guillopé and Poirier (1979)

for migration and subgrain rotation recrystallization

result in stresses of stresses of 0.5–1.7 and 0.03–0.09

MPa, respectively, regardless of the prevailing tem-

perature during deformation, and therefore may

significantly underestimate flow stresses in natural

halite rock. We expect that our newly calibrated

piezometer provides better constraints on flow of

polycrystalline halite in nature, thereby being relevant

to salt tectonics as well as geotechnical applications

such as radioactive waste disposal in salt caverns,

borehole closure and closure of deep solution mining

cavities (see, e.g., Carter and Hansen, 1983; Peach,

1991; Aubertin and Hardy, 1998 and references

therein).
5. Summary and conclusions

Wet (N10 ppm water) polycrystalline halite has

been deformed to natural strains of 0.1–0.7 at a strain

rate of 5�10�7–1�10�4 s�1, temperatures of 75–240

8C and flow stresses of 7–22 MPa to investigate the

dependence of grain size distribution on flow stress,

temperature and strain.

1. At the investigated conditions, dynamic recrys-

tallization is ubiquitous and occurs by fluid

assisted grain boundary migration. Some small-

sized new grains are formed by nucleation at

grain boundary bulges. Fluid assisted grain

boundary migration controls the alteration of

microstructure and the evolution of flow stress

towards steady state.

2. Wet polycrystalline halite shows work hardening

up to a peak stress at a strain of 0.08–0.22,

followed by oscillations in flow stress. These

oscillations can be explained by competition

between work hardening mechanisms, intracrys-

talline processes, recovery and fluid assisted grain

boundary migration.

3. Analysis of the recrystallized grain size distribu-

tions of all samples revealed that the median grain

size (d) and standard deviation of the distribution

are dependent on stress (r) and temperature (T),

and that they are uniquely related to the defor-

mation conditions. The data have been used to
calibrate a piezometer, yielding
�
d
b

�
¼ K

�
r
l

��p

exp
�

DQ

aRT

�
with log K=0.43F0.18, p=0.40F0.17

and DQ/a=7.7F2.1 for median recrystallized

grain size and log K=�1.55F2.8, p=1.85F0.23

and DQ/a=14.2F2.8 for mean recrystallized

grain size. A recrystallized grain size–stress

piezometric relationship for polycrystalline halite

has not been published before.

4. Recrystallized grain size data were evaluated

against various models for d–r relationships.

The results are best described by the field

boundary model of De Bresser et al. (1998),

indicating that grain size of dynamically recrys-

tallizing halite will be confined to the boundary

between the solution-precipitation and dislocation

creep fields.

5. Comparison between microstructures observed in

this study and microstructures of natural halite

rock reveals that fluid assisted grain boundary

migration is of key importance in salt tectonics.

Due to the temperature dependence of recrystal-

lized grain size, paleostress estimates for natural

halite rocks can differ up to a factor of 2.5 for

temperatures in the range 50–200 8C. The existing
recrystallized grain size–stress piezometers, cali-

brated by Poirier and Guillopé (1979) for migra-

tion and rotation recrystallization in dry single

crystals of halite (i.e. no pre-existing water on

grain boundaries) can drastically underestimate

paleostresses. Considering that natural halite rock

generally contains trace amounts of fluid, the

piezometers from Poirier and Guillopé (1979) are

not suitable for determining flow stresses of

natural halite rock.
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Guillopé, M., Poirier, J.P., 1979. Dynamic recrystallization during

creep of single-crystalline halite: an experimental study. Journal

of Geophysical Research 84, 5557–5567.

Hirth, G., Tullis, J., 1992. Dislocation creep regimes in quartz

aggregates. Journal of Structural Geology 14, 145–159.

Jackson, M.P.A., Talbot, C.J., 1986. External shapes, strain rates

and dynamics of salt structures. Geological Society of America

Bulletin 97, 305–323.

Jaroslow, G.E., Hirth, G., Dick, H.J.B., 1996. Abyssal peridotite

mylonites: implications for grain-size sensitive flow and strain
localization in the oceanic lithosphere. Tectonophysics 256,

17–37.

Karato, S., Toriumi, M., Fujii, T., 1982. Dynamic recrystallization

and high-temperature rheology of olivine. In: Akimoto, S.,

Manghnani, M. (Eds.), High Pressure Research in Geophysics,

Advances in Earth and Planetary Sciences. Center for Academic

Publications, Tokyo, pp. 171–189.

Mercier, J.-C., Anderson, D.A., Carter, N.L., 1977. Stress in the

lithosphere: inferences from steady-state flow of rocks.

PAGEOPH 115, 199–226.

Miralles, L., Sans, M., Pueyo, J.J., Santanach, P., 2000. Recrystal-

lization salt fabric in a shear zone (Cardona diapir, southern

Pyrenees, Spain). In: Vendeville, B., Mart, Y., Vigneresse, J.-L.

(Eds.), Salt, Shale and Igneous Diapirs in and around Europe,

Special Publication-Geological Society of London, vol. 174,

pp. 149–167.

Molli, G., Conti, P., Giorgetti, G., Meccheri, M., Oesterling, N.,

2000. Microfabric study on the deformational and thermal

history of the Alpi Apuane marbles (Carrara marbles), Italy.

Journal of Structural Geology 22, 1809–1825.

Peach, C.J., 1991. Influence of deformation on the fluid transport

properties of salt rocks. PhD thesis. Utrecht University, Geo-

logica Ultraiectina, 77: 238 pp.

Peach, C.J., Spiers, C.J., 1996. Influence of crystal plastic

deformation on dilatancy and permeability development in

synthetic salt rock. Tectonophysics 256, 101–128.

Peach, C.J., Spiers, C.J., Trimby, P.W., 2001. Effect of con-

fining pressure on dilatation, recrystallization, and flow of

rock salt at 150 8C. Journal of Geophysical Research 106,

13315–13328.

Poirier, J.P., 1985. Creep of crystals—high-temperature deformation

processes in metals, ceramics and minerals. Cambridge Earth

Sciences Series. Cambridge Univ. Press, Cambridge. 260 pp.

Ranalli, G., 1984. Grain size distribution and flow stress in

tectonites. Journal of Structural Geology 6, 443–447.

Roedder, E., 1984. The fluids in salt. American Mineralogist 69,

413–439.
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