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Abstract

The ductile deformation of rocks in nature can be greatly enhanced by the presence of water. Part of the water-induced weakening of rocks

at depth may come from fluid-assisted deformation or recrystallization mechanisms that are absent in dry rocks. In this study, we investigate

the effect of water on the rheological behaviour of rocksalt. We focus on quantification of the contribution of individual deformation and

recrystallization mechanisms to deformation. We also aim to calibrate a flow law that incorporates the effect of all the relevant microphysical

processes and hence more accurately describes the flow of rocksalt in nature. For this purpose, the mechanical behaviour and microstructural

evolution of synthetic rocksalt samples that are similar, except for differences in water content (determined using FTIR analysis), are

investigated. The samples are deformed to natural strains of 0.07–0.46 at 50 MPa confining pressure, strain rates of 5!10K7–1!10K4 sK1

and temperatures of 75–240 8C, resulting in flow stresses of 7–22 MPa. The flow stress of samples with a water content below w5 ppm

(‘dry’) is higher than that of samples with a water content of w9–46 ppm (‘wet’) at all strains under the investigated conditions. The

difference in flow stress can be explained as due to the operation of only work hardening dislocation creep without dynamic recrystallization

in the dry material versus combined dislocation and solution-precipitation creep plus fluid-assisted grain boundary migration in the wet

material. The results allow us to calibrate a flow law for wet rocksalt that incorporates the effects of solution-precipitation creep and fluid-

assisted grain boundary migration. The results also suggest that strain localization in natural rocksalt is more likely to be localized due to fluid

infiltration and associated rheological weakening, than due to progressive removal of strain hardening substructure by grain boundary

migration.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Water plays a key role in controlling the ductile

behaviour of rocks in the Earth’s crust and mantle via a

variety of weakening effects. Water weakening of ductile

rock materials is usually related to (1) intracrystalline

effects on dislocation mobility or lattice diffusion, or (2)

intercrystalline effects such as enhanced grain boundary

diffusion, enhanced grain boundary sliding, or solution-

precipitation effects (e.g. Carter et al., 1990). Solution-

precipitation effects, for example in solution-precipitation
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creep or grain boundary migration, are known to be

particularly important in rocksalt and other salt minerals

such as bischofite and carnallite (Urai, 1983, 1985; Urai

et al., 1986).

Numerous studies have been performed to investigate the

rheological behaviour of rocksalt at temperatures up to

250 8C (e.g. Heard, 1972; Wawersik and Zeuch, 1986;

Carter et al., 1993; Franssen, 1994; Hunsche and Hampel,

1999). These studies generally indicate that deformation of

rocksalt occurs by work hardening crystal plastic flow, at

least at the faster strain rates and lower temperatures in the

range of investigated conditions (e.g. above w10K7 or 10K5

sK1 for 100 or 250 8C, respectively, Heard, 1972). There is

some indication that mechanical steady state is achieved for

slower strain rates and higher temperatures in such

experiments, as the flow stress approaches a constant

value at strains of 10–15%. However, few experiments

have been performed beyond w15% strain to investigate if
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true mechanical and microstructural steady state is reached.

Moreover, the effect of water was not systematically

investigated in previous studies. It has been shown for wet

rocksalt deforming at 125 8C and a strain rate of w5!10K7

sK1 that strains of 5–10% are insufficient to initiate dynamic

recrystallization and that much higher strains are required to

achieve true mechanical and microstructural steady state

(Watanabe and Peach, 2002). It has also been found that

water (0.05 wt%) can create thin aqueous grain boundary

films that facilitate solution, precipitation and diffusion

processes, so that fine-grained rocksalt containing water

deforms by solution-precipitation creep (Urai et al., 1986;

Spiers et al., 1990). Furthermore, water can promote

dynamic recrystallization by fluid-assisted grain boundary

migration in rocksalt undergoing dislocation creep, pro-

vided that the mean stress is high enough to suppress grain

boundary dilatation (Peach et al., 2001). Besides these

processes related to water in grain boundaries, water might

also be incorporated in grains, mainly in fluid inclusions that

have been left behind during grain boundary migration and

mark the original position of grain boundaries (Urai et al.,

1986). Little water is incorporated in the crystal lattice of

rocksalt (Carter et al., 1990). Microstructural observations

during static recrystallization of synthetic rocksalt contain-

ing saturated brine reveal a direct relation between the

mobility of grain boundaries and the presence of grain

boundary fluid films (Schenk and Urai, 2004). In natural

rocksalt, water is generally present (Roedder, 1984) and

evidence for dynamic recrystallization by fluid-assisted

grain boundary migration is widespread (Urai et al., 1986,

1987; Talbot and Jackson, 1987; Miralles et al., 2000).

Therefore, a flow law for rocksalt that accounts for the effect

of fluid-assisted grain boundary migration is crucial for

developing a realistic rheological description of salt flow

under natural conditions. However, no such flow law

presently exists. Also it is not clear how important

solution-precipitation creep may be relative to dislocation

creep in determining the rheology of dynamically recrys-

tallizing rocksalt in nature.

A realistic description of salt flow including the effect of

fluid-assisted grain boundary processes is needed for accurate

modelling of salt tectonic flow during basin evolution, and

associated hydrocarbon generation, migration and trapping. It

is also needed formodelling salt flow and resulting subsidence

around deep solution-mining operations, for modelling bore-

hole closure and for modelling the performance of storage and

disposal facilities sited in rocksalt formations (e.g. Carter and

Hansen, 1983; Peach, 1991; Aubertin and Hardy, 1998 and

references therein).

In this study, we aim to obtain a mechanism-based

description of the effects of water on deformation processes

and rheology that can be extrapolated to model the flow of

rocksalt under natural conditions. Therefore, we derived the

first composite flow law for rocksalt under conditions where

dislocation creep is influenced by dynamic recrystallization

involving fluid-assisted grain boundary migration. We also
determined the contribution of solution-precipitation creep

to the overall creep rate to illustrate its importance during

flow of rocksalt.
2. Experimental methods

Dense (O99.5% of theoretical density), translucent,

cylindrical samples of polygonal-textured rocksalt were

produced by cold-pressing analytical grade NaCl powder

containing less than 0.1 wt% water and subsequent anneal-

ing for 1 week at 150 8C and 100 MPa confining pressure.

This procedure yielded samples with initially 37–296 ppm

water (Table 1) and an arithmetic mean grain size of 145 mm
(‘wet samples’). Selected samples were slowly heated

(w0.1 8C/min) in flowing argon gas and held at 515 8C

for w24 h, yielding samples with a water content of

%5 ppm (‘dry samples’). Dry and wet samples were

deformed to natural strains of 0.3–0.7 at constant strain

rates of 5.0!10K7–1.3!10K4 sK1, temperatures of 75–

240 8C (0.33–0.50T/Tm) and a confining pressure of 50 MPa

using two different silicone oil medium triaxial testing

machines (Peach and Spiers, 1996; Watanabe and Peach,

2002; Ter Heege et al., 2005). Microstructures and grain

size distributions of all samples were analysed using

reflected light microscopy performed on polished and

etched sections. Grain size was calculated in terms of

equivalent circular diameters (ECD), without making any

stereological correction for sectioning effects. For selection

of samples, the ECD frequency distribution (referred to as

the grain size distribution) and the distribution of area

fraction occupied by a given ECD class (referred to as area

distribution) are presented in a combined frequency

histogram.

Water contents of the near-transparent samples were

determined before and after the experiments using a Fourier

transform infrared (FTIR) spectrometer (Magna 860,

Nicolet). Infrared absorbance spectra were measured for

wavenumbers of 1000–4000 cmK1. The measurements

were made on whole samples, in the axial or diametric

directions, by directing the infrared beam through polished

locations on the sample surface. Whole sample water

contents were calculated from the peak area below the

absorbance band at a wavenumber of 1650 cmK1, which

corresponds to the bending vibration of the water molecule

in a saturated NaCl solution. The peak area was calibrated

for water content using data obtained for a sample that was

subsequently analysed using thermogravimetric analysis.

Details on sample preparation, the deformation equipment

and analysis methods can be found in previous papers

(Peach and Spiers, 1996; Watanabe and Peach, 2002; Ter

Heege et al., 2005). Water contents, measured after the

experiments, are lower than the initial values measured soon

after preparation (Table 1). It is unclear when and how the

water loss occurred. It is unlikely that samples progressively

dry out during the experiments by water loss from the



Table 1

Characteristics of the experiments and water contents of the rocksalt samples

Testa First

stress

peak

(MPa)

Strain at

peak

First

stress

min.

(MPa)

Strain at

min.

Max.

weak.b

(MPa)

Flow

stressc

(MPa)

Strain ratec

(sK1)

Tc (8C) Nat.

strain

Exper-

imental

duration

(h)

H2O

cont.

before

(ppm)

H2O

cont.

after

(ppm)

Starting – – – – – – – – – – – –

p40t109dryd – – – – – 19.7 5!10K7 125 0.25 144.3 – w5

15RS175dry – – – – – 15.0 7.2!10K7 167 0.51 329.8 – w5

p40t115d – – – – – 11.1 5!10K7 125 0.07 43.8 196 32

p40t112d 12.5 0.10 – – – 12.4 5!10K7 125 0.12 72.5 133 28

p40t114d 10.8 0.10 10.2 0.14 5.6 10.9 5!10K7 125 0.25 144.0 257 36

p40t111d 11.8 0.09 11.3 0.13 4.2 11.8 5!10K7 125 0.25 143.0 290 36

7RS150 4.8 0.07 – – – 7.2 5.3!10K7 149 0.29 180.9 37 20

7RS200 6.7 0.10 – – – 7.5 2.4!10K6 203 0.30 40.8 – 22

7RS240 7.1 0.10 6.8 0.12 4.2 7.3 1.6!10K5 243 0.33 6.9 – 22

10RS240 9.9 0.14 9.0 0.20 9.0 9.5 1.3!10K4 243 0.34 0.9 – 19

11RS125 9.9 0.07 9.6 0.10 3.0 10.8 5.4!10K7 121 0.31 187.4 37 23

11RS150a 10.8 0.10 10.0 0.13 7.4 11.3 2.2!10K6 150 0.31 45.1 – 30

11RS150b 10.7 0.10 10.4 0.13 2.8 11.3 1.4!10K6 150 0.30 71.3 58 24

11RS175 11.6 0.11 10.3 0.18 11.2 10.9 6.6!10K6 174 0.30 14.9 – 12

11RS200 12.0 0.20 11.1 0.36 7.5 11.1 2.4!10K5 202 0.36 5.1 – 9

13RS125 13.1 0.11 12.3 0.14 6.1 13.3 1.3!10K6 125 0.30 73.2 – 45

13RS150 13.6 0.16 12.7 0.23 6.6 13.3 4.5!10K6 150 0.32 21.8 58 30

14RS100 14.3 0.13 13.0 0.17 9.1 13.6 5.3!10K7 99 0.29 182.6 – 33

14RS150 14.4 0.14 13.3 0.20 7.6 14.4 6.6!10K6 150 0.32 16.0 117 25

14RS175 15.3 0.26 13.9 0.44 9.2 13.9 5.0!10K5 171 0.44 3.0 – 9

18RS100 20.4 0.18 17.8 0.27 12.7 17.9 2.8!10K6 100 0.29 34.4 – 46

18RS125 20.3 0.20 17.6 0.31 13.3 17.7 7.4!10K6 126 0.34 14.6 – 36

18RS150 18.8 0.19 17.0 0.31 9.6 17.6 3.6!10K5 148 0.46 4.5 – 13

19RS150 19.3 0.23 18.8 0.31 2.6 19.1 4.5!10K5 149 0.68 6.0 – 16

22RS75 24.0 0.23 21.6 0.32 10.0 21.7 5.4!10K7 75 0.32 197.9 – 46

22RS100 26.0 0.25 22.1 0.37 15.0 22.1 7.5!10K6 99 0.38 17.1 – 10

22RS150 22.4 0.32 – – – 22.4 3.2!10K5 149 0.32 3.3 – 28

a Stress (first number) and temperature (second number) are quoted in most of the test numbers.
b Maximum weakening is calculated by ((speakKsmin)/speak)!100% with speak and smin the stress peak and subsequent minimum.
c Flow stress, strain rate and temperature (T) averaged over a strain of 0.01 at the end of the test.
d Experiments from Watanabe and Peach (2002).
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jackets, as the lowest water contents do not correlate with

test duration or temperature (i.e. samples deformed in the

longest experiments or experiments at highest temperature

do not necessarily show the lowest water contents).

Moreover, a change from ‘wet behaviour’ to much stronger

‘dry behaviour’ has not been observed as would be expected

if samples progressively dried out during the experiments.

Instead, we believe that the sample water content evolved to

a background level of 10–40 ppm during storage prior to

testing (or prior to drying in the case of the dry samples). We

accordingly take the final water content as indicative of the

water present in the samples (at grain boundaries or inside

grains) during the experiments.
3. Results

3.1. Mechanical behaviour

The details of all experiments performed are listed in

Table 1. Typical stress–strain data at constant strain rate
(w5–7!10K7 sK1) or at roughly constant stress

(w11 MPa) and temperature (150 8C) are depicted in

Fig. 1a and b, respectively.

The dry aggregates show continuous work hardening up

to a strain of 0.25–0.51 at a strain rate of 5–7!10K7 sK1

and temperatures of 125 and 175 8C without reaching a

steady-state flow stress. The wet aggregates show work

hardening as well, but only to natural strains of 0.07–0.32

and at a lower rate than the dry samples. A general feature of

the experiments on the wet samples is the oscillating stress–

strain behaviour with local (broad) stress peaks followed by

stress minima (Fig. 1a and b). Two types of stress–strain

curves can be identified for the wet samples deformed to

natural strains of 0.3–0.4:
(1)
 Curves with a peak or plateau in flow stress, followed by

a stress minimum and subsequent strain hardening to a

second peak at a higher stress (e.g. 7RS150, 7RS240

and 11RS125). This type of mechanical behaviour

occurs at low strain rates and relatively high

temperatures.



Fig. 1. Typical stress–strain curves showing the effect of temperature (75–

175 8C, indicated in sample number) at _3z5–7!10K7 sK1 (a) and strain

rate (5.3!10K7–3.6!10K5 sK1) and stress at TZ125–175 8C (b) on the

mechanical behaviour of wet rocksalt. For comparison, the two stress–

strain curves for dry rocksalt (TZ125 and 175 8C) are included in (a).

Fig. 2. Natural strain required to reach the first stress peak versus strain rate

for wet rocksalt deformed at different temperatures.
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(2)
 Curves with a peak in flow stress, followed by strain

softening to a stress minimum and limited hardening to

a second peak at a lower stress (e.g. 14RS100,

18RS150). This type of behaviour occurs at strain

rates that are higher and temperatures that are lower

than for type (1).
Fig. 3. Weakening due to the onset of fluid-assisted grain boundary

migration recrystallization, calculated using ((speakKsmin)/speak)!100%

with speak and smin being the stress peak and subsequent minimum (see

Table 1) versus strain rate for wet rocksalt deformed at different

temperatures.
Note that at the highest stress investigated (sO20 MPa),

the maximum strain achieved in the experiments is

insufficient to reach a second stress peak (i.e. the oscillation

pattern is incomplete). At the lower strain rates and

relatively high temperatures, the stress–strain curves show

at least two complete cycles of a peak stress followed by a

stress minimum. The difference between stress peaks and

subsequent minima decreases with increasing strain, yield-

ing a near steady-state flow stress at high strains (e.g.
11RS175, 14RS100 and 18RS150). The strain required to

reach the first stress peak increases with decreasing

temperature and increasing strain rate (Fig. 2, Table 1).

The rheological weakening associated with the oscillations,

calculated as the relative difference in stress between the

stress peak and subsequent stress minimum (yielding the

maximum weakening), also tends to increase with decreas-

ing temperature and increasing strain rate (Fig. 3, Table 1).

The weakening is below 15% in all experiments.

The stress versus strain rate data obtained for all

experiments on wet and dry rocksalt are depicted in

Fig. 4. The figure includes flow stresses averaged over the

last 0.01 strain in the experiments as well as the stress
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maxima and subsequent minima in the experiments, which

are added for comparison. Flow stresses increase with

increasing strain rate and decreasing temperature at all

conditions. Flow stresses exhibited by wet rocksalt are

lower than flow stresses shown by dry rocksalt at all strains.

The flow stresses for dry rocksalt at the end of the

experiment are up to a factor w2 higher than the flow

stresses for wet rocksalt at the same conditions. For wet

rocksalt, the strain rate ð_3Þ can be related to the flow stress

(s) using a Dorn-type power law equation

_3ZAsn exp
KQ

RT

� �
(1)

Table 2 shows values for the rate constant A (in

MPaKn sK1), stress exponent (n) and apparent activation

energy (Q) obtained from a non-linear best fit of the

data to Eq. (1). Only data of the last 0.01 strain in the

experiments on wet rocksalt are used for the fit. In other

words, the stress maxima and minima, indicated in

Fig. 4, were not included in the analysis, so that the

best fit represents a quasi steady-state description.

Isotherms of Eq. (1) with the best fit values of

log AZK1.56G0.54, nZ5.6G0.5 and QZ80G6 kJ/

mol for the data on wet rocksalt are indicated in Fig. 4.
3.2. Microstructures and grain size distributions

The dry and wet rocksalt starting materials consist of

equidimensional polygonal grains with no internal structure

and straight or gently curved grain boundaries that often

intersect at w1208 triple junctions (Fig. 5a). The grain size

distribution is close to lognormal with a median and an

arithmetic mean of 123 and 145 mm, respectively (Fig. 5b).
Fig. 4. Flow stresses for dry and wet samples of rocksalt at the end of the experim

symbols) for different strain rates and temperatures. Isotherms for a non-linear best

law creep equation (cf. Eq. (1)) are also indicated (dashed lines). In some cases, str

the symbols plot on top of each other (e.g. 13RS125).
The microstructures of the wet deformed rocksalt show

that just before the first stress peak (at a natural strain of

w0.07 at 125 8C, Fig. 5c), grains have flattened (average

aspect ratio 1.31) and occasionally developed internal

structure with linear and wavy etch features. Minor dynamic

recrystallization has occurred, mainly by grain boundary

migration, as evidenced by occasional grain boundary

bulges (Fig. 5c). Grain boundaries preferentially align at

458 to the compression direction. Grain size has increased

with respect to the starting material to 185 or 217 mm, for

the median and arithmetic mean, respectively (Fig. 5d).

Subgrains have developed, generally at grain boundaries or

triple junctions. The subgrains are usually smaller than the

grain boundary bulges (Fig. 5c). After the first stress peak,

grains showing deformation substructures, such as sub-

grains or linear/wavy etch features (Fig. 5e), are partly

replaced by dynamically recrystallized grains with little

internal structure and idiomorphic grain boundaries.

Dynamic recrystallization is dominated by grain-scale

grain boundary migration, involving removal of grains

with well-developed substructure as well as grain dissec-

tion. The grain size distributions show that grain boundary

migration after the first stress peak results in a dramatic

increase in median and arithmetic mean grain size (from 185

and 217 mm to 288 and 774 mm, respectively, at 125 8C).

The microstructures and grain size distributions of the wet

samples are described in more detail in a separate study (Ter

Heege et al., 2005).

The dry deformed rocksalt sample studied shows a

polygonal grain structure in which the grains have

flattened considerably with respect to the starting

material. This is indicated by a change in aspect ratio

from 1.0 for the starting material to 1.5 for the dry

deformed material at the investigated strain. Grain
ents (large symbols) and at stress maxima and subsequent minima (small

fit of the flow stress at the end of the experiments on wet rocksalt to a power

esses at the end of the experiments are similar to stress maxima/minima and



Table 2

Power law creep parameters for rocksalt from this study and several other studies with deformation conditions, material source and water content of the

samples

Material/

composition

H2O

(ppm)

P

(MPa)

Strain rate

(sK1)

Tempera-

ture (8C)

Stress

(MPa)

Klog(A)

(MPaKn sK1)

Stress

exponent

Q

(kJ/mol)

Source/

comments

Synthetic

pure rocksalt

9–46 50 10K4–10K7 75–250 7.2–22.4 1.56G0.54 5.6G0.5 80G6 This study

Synthetic

pure rocksalt

20–45 200 10K1–10K8 23–400 1.6–47 0.11G0.82 5.5G0.4 98G8 Heard (1972)

Synthetic

pure rocksalt

20–45 200 10K1–10K8 23–400 1.6–47 0.7G0.4 5.8G0.2 96G3 Heard and Ryerson

(1986)

Natural

(O95%

rocksalt)a

? 14, 21 10K6–10K11 23–160 8.3–24 3.36–6.03 4.1–6.3 50–83 Wawersik and Zeuch

(1986)

Natural

(O99%

rocksalt)b

!100 2.5–20.7 10K6–10K9 50–200 6.9–20.7 3.80 5.3G0.4 68G4 Carter et al. (1993)—

high _3, s

Natural

(O99%

rocksalt)b

!100 2.5–20.7 10K7–10K9 100–200 2.5–10.3 4.09 3.4G0.1 52G1 Carter et al. (1993)—

low _3, s

Synthetic

pure rocksalt

Dry Unconf. 10K3–10K7 250–780 0.4–14.8 0.76G0.02 5.7G0.3 129G8 Franssen (1994)—

low T regime

Natural

rocksaltc
? Unconf.C

15–20

10K3–10K11 30–250 1.7–40 – 7 110 Hunsche and Hampel

(1999)d

Natural

(O98%

rocksalt)c

500 3–30 3.5!10K7 150 11–13 – – – Peach et al. (2001)

a Range of parameters for natural rocksalt from five different locations: Salado (New Mexico), West Hackberry and Bayou Choctaw (Louisiana), Bryan

Mound (Texas) and Asse (Germany).
b Avery Island (Louisiana).
c Asse Speisesalz (Germany).
d In this study, mechanical data were fitted to a composite law. Stress exponent and activation energy quoted here are from their best fit to a power law

equation (cf. Eq. (1)). Strain rates are compared (Fig. 7) using their composite law.
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boundaries are generally straight or gently curved and

often intersect at w1208 triple junctions (cf. starting

material). There is no evidence for grain boundary

migration in the dry samples. A substructure with linear

etch features has developed in many grains (Fig. 5g).

Parallel linear etch features are frequently bridged by

features oblique to the main orientation, resulting in a

wavy appearance of the etch features. In addition,

subgrains are widespread within grain cores and at

grain boundaries. In areas where the subgrain structure is

well developed, the linear (wavy) etch features are

usually absent. The grain size has increased slightly with

respect to the starting material (median and arithmetic

mean increase to 188 and 218 mm, respectively, at

125 8C, Fig. 5h).
4. Discussion
4.1. Flow behaviour in relation to microstructural evolution

The results show that dry samples of rocksalt exhibit

continuous work hardening at the conditions investigated.

Work hardening is accompanied by the development of a

dislocation substructure revealed by etching in almost all
grains. Beyond a strain of w0.1, the work hardening rate

decreases with increasing strain. This type of flow behaviour

and microstructural evolution indicates that the dry samples

are deformed by dislocation plastic mechanisms with

increasing recovery towards high strain. We refer to this

type of flow as work hardening dislocation creep, as steady

state is not achieved under the investigated conditions and

the dislocation substructure presumably continues to evolve

in the approach to steady state. Accordingly, a (steady state)

flow law cannot be calibrated for our dry samples. Previous

studies on rocksalt reveal that the linear (wavy) substructure

observed in the dry samples is caused by the 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). Therefore, we conclude that

at the investigated conditions, dislocation creep in dry

rocksalt is probably controlled by the cross slip of screw

dislocations, though this needs confirmation by electron

microscopy studies. As no evidence for grain boundary

migration was found, it is unclear what caused the apparent

increase in grain size of the dry sample deformed to a strain

of 0.25 with respect to the starting material. It most likely

reflects variation in the starting material.

The results for the wet samples show that up to the first

stress peak they behave similarly to the dry samples,
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exhibiting work hardening flow and development of

subgrain structure. However, the flow stress is lower than

in the dry samples at all strains up to the first stress peak (cf.

Fig. 1). The alignment of grain boundaries at w458 to the

compression direction probably results from a combination

of grain boundary sliding and dislocation creep

accompanied by minor grain boundary migration at triple

junctions (Drury and Humphreys, 1988). Grain boundary

migration initiates just before the first stress peak (Fig. 5c).

Beyond this point, the wet samples show considerable

weakening, followed by oscillations in flow stress. The

grain boundary migration must be fluid-assisted, as

evidenced by its absence in the dry samples. High grain

boundary mobility is interpreted to be achieved by solution-

precipitation transfer across thin fluid films at grain

boundaries (Urai et al., 1986; Spiers and Carter, 1998;

Peach et al., 2001; Schenk and Urai, 2004). The oscillations

in flow stress can be explained by the interaction of

recovery, work hardening and fluid-assisted grain boundary

migration, leading to softening as relatively strain-free

grains (low internal energy) replace highly substructured

grains (high internal energy). Softening is then followed by

hardening if most grains full of substructure have been

replaced and the driving force for migration diminishes.

This type of cyclic mechanical behaviour with oscillating

flow stress is analogous to the mechanical behaviour of

many metals (e.g. Sellars, 1978). It requires fast grain

boundary migration as strain hardened grains need to be

completely replaced by strain-free grains before ongoing

deformation has again resulted in the development of strain

hardening substructure. After several oscillations, the

recrystallization process becomes out of phase throughout

the material, leading to a dynamically stable balance

between hardening and softening processes and a (near)

steady-state flow stress (Sellars, 1978; Watanabe and Peach,

2002). At relatively low temperatures and high strain rates,

the work hardening rate is high with respect to the grain

boundary migration rate. In this situation, more strain is

required to achieve a balance between hardening and

softening and to reach the peak stress (Fig. 2, Table 1).

Also, the amount of weakening due to grain boundary

migration is higher than at relatively high temperature and

low strain rate (Fig. 3, Table 1).

4.2. Effect of water on flow stress

Water contents analysed at the end of the experiments
Fig. 5. Microstructures of rocksalt starting material and wet and dry samples defo

_3z5!10K7 sK1 with logarithmic grain size distributions (ECD, equivalent circular d

numbers. (a) and (b) Undeformed startingmaterial (wet and dry) showing equidimen

grain boundaries that often intersect atw1208 triple junctions. (c) and (d) Sample p40t

occasional linear etch features (E) and some subgrains at grain boundaries (S). (e)

recrystallizedmicrostructurewith some grains exhibiting little internal structure and s

are straight (idiomorphic). (g) and (h) Samplep40t109 (dry) at the endof the experimen

lines (E) and straight or gently curved grain boundaries that often intersect atw1208 t

(g) were deformed to similar strain, but show a distinct difference in grain size (note
show that a critical amount of 9–46 ppm water is required

for rocksalt to behave in a ‘wet’ manner and to undergo

dynamic recrystallization by grain boundary migration. At

water contents below w5 ppm, rocksalt behaves in a ‘dry’

manner and grain boundary migration is inhibited. The

widespread occurrence of fluid-assisted grain boundary

migration in wet rocksalt indicates that a water content of

9–46 ppm is sufficient to wet virtually all grain boundaries

and to facilitate solution-precipitation transfer across grain

boundaries. We believe that the water content of 9–46 ppm

can be viewed as an equilibrium amount left in our samples

prior to testing and that it is enough to wet the grain

boundaries. The fluid pressure during experiments is

probably similar to the confining pressure in our exper-

iments. We did not investigate the behaviour of rocksalt

with water content between 5 and 9 ppm, but the change

from ‘dry’ to ‘wet’ behaviour seems to occur abruptly

within this interval, suggesting that amounts less than 9 ppm

do not allow continuous wetting of grain boundaries.

In accordance with the above, the distinct difference in

rheology and microstructural evolution between wet and dry

rocksalt beyond the first stress peak can be attributed to the

operation of fluid-assisted grain boundary migration. Before

the first stress peak, samples show only minor grain

boundary migration resulting in occasional grain boundary

bulges and no evidence for widespread replacement of strain

hardened grains by softer grains that are free of substructure

(Fig. 5c). However, before the first stress peak the flow

stress of the wet samples is also much lower than that for the

dry samples, despite the absence of significant dynamic

recrystallization. This difference indicates the operation of a

process leading to water weakening independently of

dynamic recrystallization. Potential candidates are enhance-

ment of dislocation mobility (hydrolytic weakening) or

solution-precipitation creep (Carter et al., 1990). We are

aware of no evidence for an intracrystalline effect of water

on dislocation mobility in rocksalt, so this option seems

unlikely. However, solution-precipitation creep has been

recorded previously in wet fine-grained halite (Urai et al.,

1986; Spiers et al., 1990).

We will now investigate if the observed difference in

flow stress between wet and dry rocksalt before the first

stress peak can be quantitatively explained by the

contribution of solution-precipitation creep to the overall

creep rate of wet rocksalt. We use the following procedure:

(1) Stress–strain curves of two representative experiments

on dry and wet rocksalt (p40t109 and p40t115, respectively),
rmed by Watanabe and Peach (2002) to different strains at TZ125 8C and

iameter). Median and arithmetic mean of ECD are indicated by arrows and/or

sional polygonal grains with no internal structure and straight or gently curved

115 (wet), just before the first stress peak, showing a lobate grain boundary (L),

and (f) Sample p40t114 (wet) at the end of the experiment, showing a fully

ome grainswith well developed internal structure (H).Many grain boundaries

t, showinggrainswith awell-developed subgrain structure (S), somewavy slip

riple junctions. Compression direction vertical in (e) and (g). Note that (e) and

different scale bars).
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bothdeformed atTZ125 8Cand _3Zw5!10K7 sK1, are taken

for comparison between dry and wet behaviour (Fig. 6). After

the experiment, sample p40t109 does not show evidence for

significant dynamic recrystallization and associated change in

grain size or for deformation mechanisms other than

dislocation creep (Fig. 5g and h). Therefore, it is justified to

assume that deformation is due to dislocation creep alone.

Sample p40t115was ended just before the first stress peak and

microstructural observations indicated that at this point

dynamic recrystallization has not significantly altered the

microstructure (Fig. 5c). Without significant dynamic recrys-

tallization in both samples, differences in mechanical

behaviour between the two samples can be considered to

result fromdifferences indeformationmechanismsandnotdue

to dynamic recrystallization. The stress–strain curve of

p40t109 is taken as representative of dislocation creep in dry

and wet rocksalt at the investigated conditions, i.e. it is

assumed that water has no influence on the dislocation creep

rate.

(2) The contribution of solution-precipitation creep in

p40t115 is calculated using the well constrained flow law

for solution-precipitation creep in dense rocksalt and the

grain size distribution of p40t115. The solution-precipi-

tation creep rate can be related to the flow stress by (Spiers

and Carter, 1998)

_3sp Z ð4:7G2:3Þ105
s

Td3
exp

K24:5G1:0

RT

� �
(2)

with the flow rate ð_3spÞ in sK1, temperature (T) in K, stress

(s) in MPa, mean grain size (d) in mm and the gas constant

(R) in kJ/mol. This flow law has been calibrated on the basis

of experiments on porous and dense polycrystalline

aggregates of synthetic rocksalt by Spiers et al. (1990).
Fig. 6. Stress–strain curves for dry and wet rocksalt (p40t09–p40t115)

deformed byWatanabe and Peach (2002) to different strains at TZ1258 and

_3z5!10K7 sK1. Also indicated is the stress–strain curve calculated by

adding the (calculated) contribution of solution-precipitation creep to

p40t109 (light grey).
Eq. (2) describes steady-state deformation by solution-

precipitation creep. In fully dense aggregates deforming by

solution-precipitation creep, steady-state deformation

occurs once a stable structure has developed within grain

contacts so that the average diffusive properties of the grain

boundary fluid are constant. Electrical impedance measure-

ments performed during experiment p40t115 show that

resistivity does not change significantly for natural strains of

0.02–0.07, indicating that the average diffusive properties of

the grain boundary fluid are indeed constant for these strains

(Watanabe and Peach, 2002). Therefore, application of the

steady-state flow law to calculate the contribution of

solution-precipitation creep in p40t115 seems reasonable

in any case beyond the first w2% strain. In order to

determine the strain due to solution-precipitation, we follow

an approach comparable with the one used to determine the

contribution of grain size sensitive mechanisms in defor-

mation of Carrara marble with a distributed grain size (Ter

Heege, 2002; Ter Heege et al., 2002). First, the number

densities of each grain size class (i) in the grain size

distribution (consisting of j classes) of p40t115 (Fig. 5d) are

converted to volume fractions (vi) using the Stripstar

computer program (Heilbronner and Bruhn, 1998). Then,

the solution-precipitation creep rate ð_3spÞ at a given stress is

determined by volume averaging the strain rate in individual

grain size classes ð_3iÞ, given by Eq. (2), assuming that stress

is uniform in the aggregate ð_3spZ _31v1C _32v2C/C _3jvjÞ.

The uniform stress assumption gives an upper bound for the

rate of deformation in the aggregate (Raj and Ghosh, 1981;

Freeman and Ferguson, 1986; Tullis et al., 1991; Ter Heege

et al., 2004). A lower bound would be provided by assuming

that strain rate is uniform in the aggregate. Volume

averaging of the local stress in individual grain size classes

due to combined dislocation and solution-precipitation

creep mechanisms would then give the bulk flow stress.

However, local stresses cannot be determined on the basis of

the stress–strain curve of p40t109 and Eq. (2) and we are

limited to the uniform stress approach. Within a time

interval DtZtxC1Ktx, work hardening dislocation flow

results in an increment of strain D3Z3xC1K3x and a stress

increment DsZsxC1Ksx, given by the stress–strain curve

of p40t109 (Fig. 6). Using volume averaging of strain rate,

the pressure solution creep rate in the same interval Dt can

be approximated by calculating _3sp at the average stress

savx Z ðsxC1KsxÞ=2 in interval Dt (written as _3spðs
av
x Þ in the

following). The strain increment due to solution-precipi-

tation creep (D3sp) over interval Dt is given by _3spðs
av
x ÞDt.

The total amount of strain due to solution-precipitation

creep (3sp) at a given stress (sx) can now be calculated by

summing the strain increments calculated for each stress

point on the stress–strain curve of p40t109 up to sx

3sp Z
Xx

1

D3sp Z
Xx

1

_3spðs
av
x ÞDt (3)

(3) A stress–strain curve for a combination of dislocation
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creep and solution-precipitation creep is constructed by

adding the calculated contribution of solution-precipitation

creep, given by Eq. (3), and the stress–strain curve of

p40t109 (Fig. 6). The stress–strain curve of the dry material

shifts by 3sp along the strain axis at a given stress savx as a

result of the contribution of solution-precipitation creep to

the overall deformation. It has to be noted that we use the

flow law given by Eq. (2) to calculate the solution-

precipitation strain rate in individual grain size classes

ð_3iÞ, while the flow law is calibrated for bulk materials

exhibiting a grain size distribution. The error introduced by

applying Eq. (2) to individual grain size classes (i.e. terms

describing grain size distribution characteristics incorpor-

ated in the pre-exponential terms in Eq. (2) are not

accounted for) may be expected to be small compared to

other uncertainties in the analysis (e.g. uniform stress

assumption).

(4) The constructed stress–strain curve is compared with

the actual stress–strain curve for wet rocksalt (p40t115) to

evaluate if the stress difference between wet and dry

rocksalt can be attributed to the effect of solution-

precipitation creep. It can be seen that the constructed

curve for combined dislocation and solution-precipitation

creep is very close to the stress–strain curve of the wet

sample p40t115, especially at the end of experiment

p40t115. Differences between the calculated stress–strain

curve and the curve for p40t115 might be caused by the fact

that the final grain size distribution of p40t115 is used in the

calculations, and not the evolution towards it. Note in this

respect that the correspondence is indeed best at the end of

p40t115. Under the assumptions adopted, the water

weakening effect in rocksalt prior to the onset of dynamic

recrystallization can thus be largely explained by the

contribution of solution-precipitation creep to the overall

strain rate. Other weakening mechanisms (e.g. intracrystal-

line) are not necessary to explain the observed behaviour,

but cannot be completely excluded on these grounds.

According to our analysis, at the end of p40t115 some 70%

of the total strain (w0.07) is accommodated by solution-

precipitation creep. Despite considerable uncertainties

associated with calculating this number, the flow law used

is well established and it is unlikely that the errors are

greater than 50% of the value obtained. Therefore, it is

unlikely that the contribution of solution-precipitation creep

is below 35%. Our analysis therefore shows that the

contribution of solution-precipitation must be considerable

in wet rocksalt prior to the onset of dynamic recrystalliza-

tion. Such a contribution of solution-precipitation creep

during deformation is not reflected by the microstructure of

p40t115 (Fig. 5c), in which evidence for dislocation creep

(subgrains) is widespread. Our evidence for grain boundary

alignment does suggest some kind of grain boundary sliding

process. On the other hand, at small strains, solution-

precipitation creep will give rise to few diagnostic

microstructural features, so that the microstructure is

expected to be dominated by features resulting from
dislocation creep. In general, determining the dominant

deformation mechanism from microstructural observations

is not straightforward and reliable evaluation of the

contribution of grain size sensitive deformation mechanisms

(e.g. solution-precipitation creep or grain boundary sliding)

requires a quantitative analysis such as presented here.

A similar observation was recently made in relation to

natural calcite mylonites deforming by a combination of

grain size sensitive (grain boundary diffusion/sliding) creep

and grain size insensitive (dislocation) creep (Herwegh

et al., 2005).

Overall, arithmetic mean grain size increases after the

first stress peak by a factor of 3.6. Hence, the contribution of

grain size sensitive solution-precipitation creep may be

expected to decrease after the first peak, when fluid-assisted

grain boundary migration starts. An important part of the

difference in strength between the dry and wet samples is

caused by the removal of strain hardening substructure by

grain boundary migration. As a first-order approach, the

strain rate due to solution-precipitation creep in the

recrystallized material can be calculated by substituting

arithmetic mean recrystallized grain size (cf. Ter Heege

et al., 2005) into the flow law for solution-precipitation

creep, given by Eq. (2). Dividing this strain rate by the

overall creep rate yields the contribution of solution-

precipitation creep to the overall creep rate of the

recrystallized material. The results of this calculation for

fully recrystallized samples show that up to 40% of the

overall strain rate can be due to solution-precipitation creep.

Of course this number is also subject to considerable

uncertainty (e.g. the use of mean grain sizes and the

application of the solution-precipitation flow law), but it

does show that solution-precipitation creep can play an

important role in the deformation of wet rocksalt, even after

the onset of dynamic recrystallization.

4.3. Comparison with previous studies

The flow parameters from this study and a selection of

previous studies, relevant to this study, are given in Table 2.

In all studies, the flow law parameters were obtained by

fitting mechanical data to a power law equation of the type

given in Eq. (1). The deformation conditions imposed in the

present experiments fall in the range of conditions used in

the selected studies, or at least show some overlap, although

confining pressures vary. The conditions in the present study

correspond to the high strain rate and stress regime of Carter

et al. (1993). Franssen (1994) performed unconfined

experiments, predominantly at higher temperatures than in

the present study, and the samples in his study are therefore

absolutely dry. The stress exponent (n) for our wet material

is close to the values in the other studies, except for the

value found in the low strain rate and stress regime of Carter

et al. (1993) and the value found by Hunsche and Hampel

(1999). The variation in apparent activation energy of the

different studies is more pronounced. For the relevant
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deformation conditions, most of the selected studies show

values for the apparent activation energy in the range of

68–98 kJ/mol, lower than the activation energy for lattice

diffusion of the slowest diffusing chloride anion measured

independently (205–221 kJ/mol) (see review in Franssen,

1994), or estimates of the activation energy for short-circuit

diffusion through dislocation cores (pipe diffusion,

103–155 kJ/mol) (Wawersik and Zeuch, 1986; Franssen,

1994). Deviating values were found by Wawersik and

Zeuch (1986) for some of the rocksalt types investigated, by

Franssen (1994) for absolutely dry rocksalt and by Hunsche

and Hampel (1999).

The interpretation of the mechanical behaviour in terms

of deformation mechanisms using the power law creep

parameters is not straightforward. In the selected studies, it

is claimed that dislocation creep is controlled by climb of

dislocations (Heard, 1972; Heard and Ryerson, 1986; Carter

et al., 1993; Franssen, 1994) or by cross slip of dislocations

(Wawersik and Zeuch, 1986; Carter et al., 1993). These

claims are mainly based on comparison of the data with

microphysical models for climb or cross slip-controlled

creep, on comparison of apparent activation energies, and

on microstructural evidence for climb and cross slip. Carter

et al. (1993) found a change in rheological behaviour going

from a high stress and strain rate regime to a low strain rate

and stress regime, and ascribed this change to a transition

from cross slip-controlled to climb controlled creep.

Evidently, no consensus exists regarding the rate controlling

deformation mechanism in rocksalt at conditions relevant to

nature, and no satisfactory explanation has been given for

the low activation energy seen in previous experiments at

T!200 8C. None of the selected studies included solution-

precipitation creep as an active deformation mechanism,

although some studies argued that it may become important

at lower stresses, strain rates and grain sizes (Carter et al.,

1993). The low apparent activation energy obtained in the

present study, and the occurrence of linear wavy substruc-

ture interpreted to be slip lines, point to cross slip-controlled

dislocation creep in wet rocksalt (Wawersik and Zeuch,

1986; Carter et al., 1993), but the evidence is not conclusive.

Alternatively, a low apparent activation energy could be the

result of the contribution of solution-precipitation creep

(activation energy 24.5 kJ/mol) to the overall creep rate of

wet rocksalt. However, in materials deforming by combined

grain size-sensitive and grain size-insensitive mechanisms,

flow law parameters, such as apparent activation energy,

depend on the characteristics of the grain size distribution of

the material (Freeman and Ferguson, 1986; Wang, 1994;

Ter Heege et al., 2004). Therefore, the value for the

apparent activation energy does not necessarily reflect a

contribution of solution-precipitation creep, and may even

still be indicative of the mechanism controlling dislocation

motion. Further (independent direct diffusion) studies are

required to make definite conclusions regarding the

microphysical processes that lead to this activation energy.

In Fig. 7, strain rates of the different studies, calculated
using Eq. (1) with the flow law parameters of Table 2, are

compared for 125 and 150 8C. At all relevant stresses, the

flow rates of the wet samples in the present study are higher

than the flow rates in virtually all other studies, i.e. the wet

material is weaker than all other types of rocksalt tested

except for the weakest types investigated by Wawersik and

Zeuch (1986), i.e. bedded salt from the Solado formation in

New Mexico. At 125 8C, the difference in strain rate

between the present study and most of the other studies on

‘wet’ rocksalt is around a factor of 10 or, alternatively, the

difference in strength is around a factor of 1.5 for the

relevant range in flow stresses and strain rates. The

discrepancy between the strength of rocksalt observed in

the selected studies and the present study can be explained

by (1) the effect of water (loss), (2) the effect of dilatancy,

(3) the effect of impurities and (4) the effect of strain. A key

observation related to these points is that in all the other

studies, except for the study by Peach et al. (2001), grain

boundary migration appears not to have occurred.

Comparison between wet and dry samples in this study

shows that dry samples with a water content of%5 ppm are

much stronger than wet samples (9–46 ppm water after the

experiments) and that grain boundary migration does not

occur in the dry samples. Evidently, water has an important

effect on the strength and microstructural evolution of

rocksalt. At least part of the variation in strength of the

different rocksalt types investigated by Wawersik and

Zeuch (1986) may be expected to be due to differences in

water content. Heard (1972) reported w50% water loss

during the experiments. In some cases, the water content

might then fall below the critical amount making grain

boundaries no longer mobile and resulting in a stronger

material.

Peach and Spiers (1996) and Peach et al. (2001) found

that rocksalt samples, containing w500 ppm water, can

exhibit significant grain boundary dilatancy if the flow stress

is more than twice the confining pressure, i.e. dilatancy

occurred below a confining pressure of w18 MPa for

samples deformed at 20 8C and w4!10K5 sK1 and below

w6.5 MPa for samples deformed at 150 8C and w4!10K7

sK1. Except for the experiments of Heard (1972), all

experiments in the selected studies were performed at

confining pressures of 3–21 MPa (Table 2), and several

experiments were performed in the dilatant field. Therefore,

dilatancy resulting in grain boundary disruption, loss of

water and inhibition of grain boundary migration probably

did occur. These dilatancy-related effects increase the

strength of rocksalt (Peach et al., 2001) and can explain

some of the differences in strength of rocksalt between the

selected studies (Table 2) and the present study.

The experiment by Peach et al. (2001), indicated in

Fig. 7, was performed on natural rocksalt (Asse Speisesalz)

with a water content of 500 ppm at conditions where

dilatancy did not occur (30 MPa confining pressure). The

sample is stronger than the samples deformed in the present

study, although fluid-assisted grain boundary migration was



Fig. 7. Comparison of strain rates at TZ125 and 150 8C for dry and wet rocksalt, given by the flow laws of this study and several previous studies using the flow

law parameters in Table 2. The two lines of Wawersik and Zeuch (1986) indicate the weakest and strongest type of rocksalt they investigated; all other types

fall between these two bounds.
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extensive. In this case, the difference in strength is most

likely due to the presence of impurities in the natural

rocksalt. Peach et al. (2001) reported up to 2% impurities,

mainly consisting of the mineral polyhalite. Impurities can

increase the strength of wet rocksalt by two mechanisms: (1)

intracrystalline cation impurities decrease dislocation

mobility (solid solution hardening; Heard and Ryerson,

1986) and (2) second phases on grain boundaries reduce

grain boundary mobility by pinning and hence reduce

recovery. Grain boundary migration is not prevented by the

impurities as evidenced by the widespread evidence for

migrated boundaries in the natural rocksalt samples. The

higher strength of impure natural rocksalt compared to our

100% pure synthetic rocksalt shows that our flow law gives

an upper limit for deformation rates of rocksalt in nature (or,

alternatively, a lower limit to the strength of natural

rocksalt). At least part of the variation in strength of the

different rocksalt types investigated by Wawersik and

Zeuch (1986) may be expected to be due to differences in

composition.

Most of the selected studies in Table 2 have investigated

the mechanical behaviour on the basis of uniaxial stepping

experiments with limited strain in each step (typically few

percent shortening) or constant stress or strain rate

experiments to natural strains typically not exceeding

w0.1 (Heard, 1972; Carter et al., 1993; Hunsche and

Hampel, 1999). It is obvious from Fig. 1 that mechanical

steady state cannot be expected to have been reached at

these low strains. This observation indicates that flow laws

from the selected studies might describe transient defor-

mation. An additional complication is that for most

deformation conditions, a strain of w0.1 is insufficient to

get past the fast stress peak and to initiate significant grain

boundary migration in wet rocksalt (c.f. Fig. 2). The lack of

microstructural evidence for dynamic recrystallization in

the selected experiments and some of the differences in
strength between the selected studies and the present study

can be explained by the limited strains reached in most of

the selected studies.

At 125 8C, the strength of the dry samples in this study is

lower than predicted by the flow law for dry rocksalt from

Franssen (1994) and by the flow laws for the stronger types

of natural rocksalt from Wawersik and Zeuch (1986), i.e.

domal salts from the Bayou Choctaw formation in Louisiana

and the Bryan Mound formation in Texas. The datapoint is

very close to creep rates predicted by Hunsche and Hampel

(1999) for natural rocksalt with unreported water content,

deformed unconfined or at a small confining pressure of

15–20 MPa. They reported dilatation in some of the

experiments (Hampel et al., 1998), which probably resulted

in grain boundary disruption and water loss bringing their

predictions close to ours for dry rocksalt. The experiments

of Franssen (1994) were performed unconfined at high

temperature and therefore the samples were absolutely dry

and must have undergone some dilatancy, increasing the

strength of their samples.

4.4. Flow of rocksalt in nature

Natural rocksalt generally contains inter- and intracrys-

talline fluid inclusions filled with brine (Roedder, 1984) and

exhibits similar microstructures as observed in wet rocksalt

samples investigated in this study, indicating that fluid-

assisted grain boundary migration is important in nature

(Urai et al., 1986, 1987; Talbot and Jackson, 1987; Spiers

and Carter, 1998; Miralles et al., 2000). Considering these

observations and the arguments mentioned in Section 4.3,

our flow law for wet rocksalt is best suitable for describing

flow of rocksalt in nature. It is unclear to what extent it is

justified to apply previous flow laws for dislocation creep to

nature, since these flow laws do not include the effect of

dynamic recrystallization.
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Application of a single power law creep equation

describing multiple deformation mechanisms to natural

situations is not straightforward, because the different

deformation mechanisms may interact differently upon

extrapolation. Therefore, extrapolation is only justified if

recrystallized grain size adjusts itself so that the relative

contribution of the deformation mechanisms is constant

during steady state, independent of stress and temperature

(cf. De Bresser et al., 2001; Ter Heege, 2002) or CZ
_3sp=_3disCgbm is constant, with _3disCgbm the dislocation creep

rate including the effect of enhanced recovery by grain

boundary migration (cf. Sections 4.1 and 4.2). If this holds,

the steady-state creep rate of the dynamically recrystallizing

material _3rx can be written as (using Eq. (2))

_3rx Z _3sp C _3disCgbm Z
C C1

C
_3sp

Z ð4:7G2:3Þ105
C C1

C

s

TD3
exp

K24:5G1:0

RT

� �
(5)

where D is the mean recrystallized grain size. We have

written Eq. (5) so that it only includes terms that are known

from previous studies (e.g. _3sp—see Eq. (2)), or can be

obtained from the experiments in this study (e.g. _3rx and D).

Note that our flow law includes a contribution of solution-

precipitation creep (cf. Section 4.2) and therefore represents

_3rx and not _3disCgbm. In a previous study, we calibrated the

following mean recrystallized grain size piezometer for wet

rocksalt undergoing fluid-assisted grain boundary migration

(Ter Heege et al., 2005)

D

b

� �
Z 10K1:55G0:24 s

m

� �K1:85G0:23

exp
14:2G2:8

RT

� �
(6)

with D denoting mean recrystallized grain size, Burgers

vector bZ3.99!10K4 mm and shear modulus mZ1.5!
104 MPa. If grain size is free to adjust itself via dynamic

recrystallization, constant C can be found by substitution of

this relation and the power law creep equation given in

Eq. (1) with our values for the flow law parameters from

Table 1 in Eq. (5)

C Z 10K11:9G1:3m5:6G0:7b3TsK1:0G1:2exp
K13G15

RT

� �
K1

� �K1

(7)

The constant C given by Eq. (7) is subject to considerable

errors, mainly as a result of propagating errors (upon

substitution) associated with calibration of the piezometer

and the flow law for _3rx. Due to the large uncertainties in

Eq. (7), well-constrained values for C cannot be calculated.

However, Eq. (7) does show that, within errors, there is no

significant dependence of C on stress and temperature

within the relevant range of deformation conditions,

suggesting that the relative contributions of solution-

precipitation and dislocation creep with grain boundary

migration are independent of stress and temperature. These
findings support the notion that rheology of wet rocksalt is

confined to the boundary between the solution-precipitation

and dislocation creep (with the effect of grain boundary

migration) fields as hypothesized by the field boundary

model of De Bresser et al. (1998, 2001). In accordance with

this model, the steady-state flow of dynamically recrystal-

lizing rocksalt can be described by a single grain size-

independent power law creep equation of the type given by

Eq. (1), i.e. _3rx can be written in terms of the grain size-

independent flow law for _3disCgbmð_3rxZ ðCC1Þ_3disCgbmÞ.

Hence, it is justified to apply our flow law to conditions

relevant for the flow of rocksalt in nature, provided it

deforms at mechanical and microstructural steady state.

Considering the relative low strains required to achieve

(near) steady state deformation in our experiments and the

high strains associated with salt tectonics (halokinesis),

rocksalt in nature can generally be regarded to deform at

steady state.

The analysis also shows that materials deforming by a

combination of grain size sensitive (e.g. solution-precipi-

tation) creep and grain size insensitive (e.g. dislocation)

creep may show high stress exponents that do not reflect a

significant contribution of the grain size sensitive defor-

mation mechanism (with nZ1 or 2, cf. Eq. (2)). These

findings are in agreement with previous (modelling) studies,

which show that the stress exponent (and also activation

energy) in materials deforming by combined grain size

sensitive—grain size insensitive deformation mechanisms

is dependent on the characteristics of the grain size

distribution of the material (Freeman and Ferguson, 1986;

Wang, 1994; Ter Heege et al., 2004).

Together with the piezometer for wet rocksalt, given by

Eq. (6), our flow law can be used to fully constrain

deformation of rocksalt in nature, provided the mean

recrystallized grain size has been analysed and the

deformation temperature is known. The piezometer gives

an estimate of the flow stress associated with the

deformation of the rock, which can be inserted in our flow

law to give the rate of deformation (Fig. 8). For typical grain

size of natural rocksalt of 5–20 mm and deformation

temperatures of 50–200 8C (Urai et al., 1986; Carter et al.,

1993; Spiers and Carter, 1998), the piezometer predicts flow

stresses of 1.0–5.6 MPa and the flow law predicts strain

rates of 7!10K13–4!10K9 sK1, depending on temperature

(Fig. 8). These values agree well with estimates of flow

stresses deduced from the application of relevant constitu-

tive creep equations to natural conditions combined with

structural geological studies or from the application of

subgrain size piezometric relations (Jackson and Talbot,

1986; Carter et al., 1982, 1993; Spiers and Carter, 1998).

Note that the reported grain sizes are mean values in these

estimates. The existing piezometers for rocksalt were

calibrated at high temperatures (250–790 8C) under atmos-

pheric pressure in Argon using single crystals of halite

(Guillopé and Poirier, 1979). Analogous to unconfined

experiments at high temperature (e.g. Franssen, 1994), the



Fig. 8. Isotherms for the piezometer and estimate of flow stresses and

deformation rates of natural rocksalt using the flow law calibrated in this

study and the piezometer from Ter Heege et al. (2005). The ranges of flow

stresses and strain rates for a realistic range in grain size and deformation

temperature (shaded areas) of natural rocksalt are indicated.
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grain boundaries of recrystallized grains that nucleate will

therefore be absolutely dry and application of these

piezometers to natural rocksalt containing fluid films at

grain boundaries is probably not justified (cf. Ter Heege

et al., 2005).

In Section 4.3, we showed that existing flow laws

significantly underestimate the strain rate (around a factor 10

at 125 8C and relevant flow stresses in this study), mainly

owing to the fact that solution-precipitation creep and fluid-

assisted grain boundary migration are unaccounted for in the

flow laws. Evidently, our flow law provides better constraints

on flow of rocksalt in nature and will be essential for accurate

modelling of salt tectonics in geo-engineering 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).
It has often been proposed that strain localization may

result from rheological weakening due to progressive

removal of strain hardening substructure by grain boundary

migration (e.g. Poirier, 1980; White et al., 1980; Rutter,

1998). In wet rocksalt, grain boundary migration is very

rapid, allowing assessment of the effect of grain boundary

migration on the flow strength. Grain boundary migration

results in a change from a fully hardened microstructure to a

fully recrystallized microstructure, which causes a decrease

in flow stress (Fig. 1). The maximum weakening due to

grain boundary migration, i.e. the difference in stress

between the first stress peak and the subsequent stress

minimum is limited to 15% in our experiments and

decreases with decreasing strain rate and increasing

temperature (Table 1, Fig. 3). We therefore conclude that

rheological weakening due to progressive removal of strain

hardening substructure by grain boundary migration is

unlikely to produce strain localization in natural rocksalt.

Considering the large difference in strength of dry and wet

rocksalt (Figs. 1, 4 and 7), water weakening due to localized

fluid infiltration may be a more viable candidate for

initiating localized deformation. It has been shown that

infiltration of meteoric water into exposed salt glaciers can

greatly enhance downslope movement during rainy seasons

(Talbot and Rogers, 1980). Moreover, Miralles et al. (2000)

investigated rocksalt in a shear zone crosscutting neigh-

bouring salt units with different water contents in the

southern Pyrenees foreland. They found differences in

deformation microstructures, related to differences in water

content of the rocksalt in the units. These examples show

that differences in water content, e.g. due to fluid infiltration

or initially present variations, can give rise to different

behaviour in natural rocksalt. Therefore, localized fluid

infiltration may well cause localization of deformation in

rocksalt. To investigate this further, field studies of salt

tectonics should be performed, focusing on the spatial

relation between water content and deformation, to test if

fluids and strain remain localized during deformation.
5. Summary and conclusions

Dry (%5 ppm water) and wet (9–46 ppm water) rocksalt

aggregates have been deformed to natural strains in the

range of 0.1–0.7 at a strain rate of 5!10K7–1!10K4 sK1,

temperature of 75–243 8C and stress of 7–22 MPa to

investigate the role of water in determining the rheological

behaviour and active deformation and recrystallization

mechanisms:
1.
 At the investigated conditions, dry rocksalt shows

continuous work hardening up to a strain of 0.25–0.51.

Deformation occurs by dislocation creep, which is

accompanied by subgrain formation. Wet rocksalt

shows work hardening up to a peak stress at a strain of

0.07–0.32, followed by oscillating stress–strain
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behaviour due to the occurrence of fluid-assisted grain

boundary migration counteracting hardening processes.

Deformation occurs by a combination of solution-

precipitation and dislocation creep.
2.
 Dry rocksalt is stronger than the wet material at all strains

investigated and deforms by a work hardening dislocation

creep process. The difference in strength is up to a factor

w2 for temperatures of 125–175 8C, and can be explained

by the absence of solution-precipitation creep and fluid-

assisted grain boundary migration in dry rocksalt.
3.
 The (near) steady-state mechanical data obtained for wet

rocksalt can be empirically described by a Dorn-type

power law rate equation with nZ5.6 and QZ80 kJ/mol.

The flow law is the first to incorporate dislocation and

solution-precipitation creep and the effect offluid-assisted

grain boundary migration. These deformation and

recrystallization mechanisms are commonly found to be

of major importance during flow of rocksalt in nature.

Existing flow laws are based on experiments that do not

show solution-precipitation creep or fluid-assisted grain

boundary migration. In these experiments, fluid-assisted

processesweremost likely inhibited because of water loss

or grain boundary disruption due to dilatancy, or not

observed because of the low strains achieved. Therefore,

strain rates predicted by these existing flow laws aremuch

slower at similar stresses and temperatures and consider-

ably underestimate the rate of deformation (up to a factor

w10 at TZ125 8C) or overestimate the strength (up to a

factor w1.5 at TZ125 8C) of natural rocksalt. With the

flow law and piezometer for wet rocksalt, stress and strain

rate associated with the deformation of natural rocksalt

undergoing dynamic recrystallization can be fully con-

strained using an analysis of themean grain size of the rock

and an independent estimate of deformation temperature.
4.
 Rheological weakening due to the progressive removal

of strain hardening substructure by grain boundary

migration is inferred to be insufficient to produce strain

localization in natural rocksalt. Instead, weakening due

to localized fluid infiltration seems to be a more viable

candidate for initiating localized deformation.
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