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Abstract

Crystallographic preferred orientations (CPOs) in deformed rocks are commonly interpreted as resulting from crystal plastic deformation

mechanisms, where deformation is achieved by the movement of dislocations. In this paper we investigate the possibility of CPO-devel-

opment by dissolution±precipitation creep or pressure solution. A numerical model is presented, which simulates the development of a grain

aggregate that deforms by reaction-controlled dissolution±precipitation creep. Grains are simulated as rectangular boxes that change their

shape by growth, or dissolution of their surfaces, depending on the normal stresses acting on the individual surfaces. Grains can also rotate

due to an applied vorticity (for non-coaxial deformation) and if they have a non-equidimensional shape. For each strain increment, stress that

is applied to the grains is the same for all grains, while individual grains deform and rotate by different amounts. A variety of CPOs develop at

moderate strains, depending on the reaction rates of the different crystal-surfaces and type of deformation (uni-axial shortening, plane strain

pure shear and simple shear). The modelling results con®rm that dissolution±precipitation creep may play a role in CPO-development in

rocks. q 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

Crystallographic preferred orientations (CPOs) are very

common in rocks deformed ductily in nature. In structural

geology they are used as a tool, for example, to determine

whether strain was coaxial or non-coaxial, to determine the

sense of shear, the amount of strain, the temperature during

deformation, or to obtain information about deformation

mechanisms active during their formation (e.g. Law,

1990; Passchier and Trouw, 1996 p. 95). Commonly, the

presence of a CPO is interpreted as evidence for deforma-

tion by dislocation creep (e.g. Hobbs et al., 1976; Wenk,

1985; Knipe, 1989) and, amongst the microstructural indi-

cators for dislocation creep (including undulose extinction,

subgrains, recrystallised grains, and a high free dislocation

density), the presence of a CPO is the only indicator for a

signi®cant contribution of dislocation creep, as the other

microstructures may already develop with only very low

dislocation creep strains.

Another signi®cant deformation mechanism in rocks is

dissolution±precipitation creep (DPC). Here, differential

stresses induce dissolution at some sites and precipitation

at other sites, which leads to a change of shape of a rock

volume: i.e. strain (e.g. Rutter, 1976). Equant grains, grain

indentations, overgrowths and a lack of a CPO are generally

quoted as characteristic microstructures for DPC (Knipe

1989).

However, CPOs are also reported to have developed in

quartz rocks in which some form of DPC was the dominant

deformation mechanism and it was argued that these CPOs

were due to crystallographic orientation-dependent dissolu-

tion and growth of quartz grains (Hippertt, 1994; Stallard

and Shelley, 1995; Takeshita and Hara, 1998). Evidence

that such orientation dependent dissolution and/or growth

can occur in rocks is presented by Becker (1995) for natu-

rally deformed quartz rocks, by den Brok (1992, 1996) for

experimentally deformed quartz rocks and by Heidelbach et

al. (2000) for experimentally deformed albite aggregates.

If DPC can lead to development of CPOs, then the

presence of a CPO on itself cannot be used as an argument

for deformation by dislocation creep. One needs to be able

to distinguish between CPOs that are characteristic for

DPC and CPOs that are characteristic for dislocation

creep. To this end, Tullis (1989) modelled CPO-develop-

ment by DPC assuming crystallographically controlled

anisotropy in the rates of dissolution and growth under

non-hydrostatic stress. In the present paper, a numerical
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simulation of CPO development by DPC based on the crys-

tallographically controlled anisotropy in the rates of disso-

lution and growth is presented. The aim of the study is to

®nd out, ®rstly, whether DPC can lead to signi®cant CPOs

and, secondly, what types of CPOs are expected to develop.

2. Theoretical background and numerical model

Dissolution±precipitation creep is commonly believed to

be driven by gradients in grain boundary surface normal

stress (t ) and there is general agreement that the stress-

induced differences in thermodynamic chemical potential

(Dm) of the solid in the grain boundary solution is approxi-

mately proportional to the differences in normal stresses

acting on the grain surfaces, Dt (e.g. Paterson, 1973;

Lehner, 1990):

Dm / Dt �1�
Under an applied differential stress, equilibrium poten-

tials will be different from site to site within a grain aggre-

gate as they depend on t acting on differently oriented grain

boundaries. Dissolution and precipitation strive to achieve

local chemical equilibrium between the grain boundary

surfaces and adjacent solution, leading to variations in

solute concentration (C). Diffusion counteracts this process,

and the effect is dissolution at grain boundaries with a rela-

tively high t and diffusional transport of the solute to grain

boundaries with a relatively low t , where precipitation can

take place.

If the diffusion process is slow and rate controlling

(Shimizu, 1995), C is close to equilibrium with respect to

the stressed solid everywhere throughout the entire aggre-

gate. If the dissolution and/or precipitation process is slow

and rate controlling, C is approximately the same every-

where, and generally not in equilibrium with respect to

the solid under stress. Dissolution and precipitation rates

for a given Dm vary signi®cantly with crystallographic

orientation of the crystal face for most minerals. So, if disso-

lution and/or precipitation is rate controlling, DPC could, in

principle, lead to the development of a CPO (Tullis, 1989).

This is the hypothetical mechanism of CPO formation that is

explored in the numerical model described below. It simu-

lates deformation of a grain aggregate by dissolution±preci-

pitation rate controlled DPC and calculates the lattice

orientation of each grain in the grain aggregate during

progressive deformation in small strain increments. A ¯ow

chart of the computer model is given in Fig. 1.

2.1. De®nition of the grain aggregate

The model does not simulate any particular mineral.

Instead, for mathematical simplicity, a numerical mineral

analogue is used that has a tetragonal symmetry with three

perpendicular axes (Fig. 2). Only grain surfaces perpendi-

cular to these axes are allowed, which implies that all grains

have rectangular box-shapes at all times. One of the axes is

denoted as the `A-axis' and is perpendicular to the `basal

plane', while the two other axes are denoted as `B-axes',

perpendicular to the `prismatic planes'. In the simulations

presented here, 750 grains were created at the start of each

simulation. In all cases the number of grains decreases

during a run. Although the total volume of the aggregate

is kept nearly constant, individual grains may loose or gain

volume, and some grains eventually disappear completely.

Since no nucleation is included in the model, this means that

the total number of grains decreases and the average grain

size increases.

Each grain is given a random orientation. The lengths of

the crystals parallel to each axis are initially randomly set

within a range of a factor two, which means that the maxi-

mum axial ratio of the grains is two. The average grain size

at the start is set to unity and initial sizes thus range from

0.25 to 2. It is not possible to create a closely ®tting aggre-

gate of rectangular grains. Deformation of each grain is

treated individually, as if the grain is embedded in a matrix

made up of the bulk aggregate (a `homogeneous equivalent

medium'). This approach is similar to the self-consistent

approach (e.g. Cleary et al., 1980). Grains, therefore, have

no ®xed position in space or relative to other grains. Grains
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Fig. 1. Flow chart of the numerical model, showing the sequence of

routines, which are described in the text. The program contains two main

loops: (i) an iteration loop (bold line) to determine m¯uid and the compliance

tensor K, embedded in (ii) a loop for each small strain increment.



are envisaged to be embedded in a connected grain bound-

ary ¯uid, which contains dissolved grain material.

The shape and orientation of a grain are expressed by a

vector s with three components that represent the lengths of

the grain parallel to the crystallographic axes and a 3 £ 3

tensor E, which contains three unit-vectors parallel to the

crystallographic axes, each de®ned by their x-, y- and z-

component in a ®xed global reference frame (Fig. 2a). We

use standard indicial notation for vectors and tensors, where

indices i, j, k and l each can have values from 1 to 3, repre-

senting the three dimensions of Cartesian space (Mase,

1970).

2.2. Deformation parameters

Deformation is calculated for a constant strain rate for the

whole aggregate. Most texture models (e.g. Jessell, 1988)

assume strain compatibility at the cost of violating stress

compatibility. In our case, stress is assumed to be the

same everywhere within the aggregate, while each grain

deforms at a different rate. Strain compatibility is thus

violated. Each grain is assumed to be embedded in an

equivalent homogeneous medium in which it can deform

freely according to the imposed stress.

Different deformation geometries can be imposed on the

aggregate, and we only present simulations for volume

conservative: (i) triaxial shortening; (ii) plane strain pure

shear; and (iii) dextral simple shear (Fig. 2b). Deformation

is calculated for small strain increments, typically 1%

shortening for coaxial deformation and a shear strain of

0.02 to 0.04 for simple shear.

2.3. Dissolution and precipitation at grain boundaries

To calculate the amount of dissolution and precipitation

at the grain boundaries, we choose a model where dissolu-

tion and precipitation control the deformation rate simulta-

neously. This means that the driving force for dissolution

and/or growth is the difference between the thermodynamic

potential (mi) of the solid in solution at an interface perpen-

dicular to the i-th axis of a grain, and some average potential

(m¯uid) of solid in solution, assumed to be equal everywhere

throughout the aggregate. The rate (2si/2t) at which grains

dissolve and/or grow, expressed as the rate of change of the

half-length of the grain in the direction of i-th axis of the

grain, is then proportional to the crystallographic orientation

dependent dissolution/precipitation rate (Pi) per unit driving

force perpendicular the i-th axis of the grain multiplied by

the driving force (m¯uid 2 m i):

2si=2t / Pi mfluid 2 mi

ÿ � �2�
The thermodynamic potential for a grain face normal to i

(m i) is proportional to the normal stress (t i) acting on that

face (Eq. 1), which in turn is related to the stress state,

de®ned by the deviatoric stress tensor s in the global refer-

ence frame:

m i / ti � skl´Eik´Eil �3�
By inserting Eq. (3) in Eq. (2) and replacing 2 t by Dt for a

small ®nite time increment, we obtain the equation for the

new half lengths of a grain after time increment 2t:

si;t�t1Dt � si;t�t 1 Pi mfluid 2 skl´Eik´Eil

ÿ �
´Dt �4�

All parameters in Eq. (4) are known or set by the

user, except m¯uid, which is not known a priori. m¯uid is

chosen such that the total volume of the grains does not

change (i.e., the aggregate is taken as a closed system in

which total dissolution equals total precipitation). This

value for m¯uid can be determined iteratively for each defor-

mation step. Since m¯uid may change during deformation,

the actual total amount of solid and dissolved grain material

may change as well. The actual amount of ¯uid is, however,

never stated and is effectively assumed to be in®nitesimally

small compared to the volume of the solid grains. Once m¯uid

is determined, the changes in lengths along the axes of all

grains can be calculated and applied by changing the vector

s for each grain.

Each grain deforms by a different amount, with the strain

rate tensor, _e*, for each grain in a reference frame parallel to

the grain axes given by:

_e*
ii � si;t�t1Dt 2 si;t

Dt
� Dsi

Dt
& _e*

i±j � 0 �5�

The strain rate in the global reference frame, _e, is given
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Fig. 2. (a) De®nition of grain crystallographic axes and planes of the box-

shaped `mineral'. The axes of this particular grain are shown relative to the

global x-y-z-reference frame, as well as the values of the shape vector (s)

and the orientation tensor (E). (b) Three deformation geometries used in the

modelling, shown relative to the reference frame of (a): plane strain with

shortening along y-axis and extension along x-axis, triaxial shortening

along y-axis and out¯ow in xz-plane and simple shear in x-direction and

xz shear plane.



by:

_ekl � Dsi

Dt
´Eik´Eil �6�

Each grain contributes a different amount to the total

strain rate of the aggregate. The strain rate of the whole

aggregate in the global reference frame, _1 , is the volume-

weighed sum of the strain rates of the N individual grains,

each with volume V(n):

_1 ij �
XN
n�1

V�n� _eij�n�
XN
n�1

V�n�

,
�7�

2.4. Rotation of grains

Grains not only change their shape, but may also rotate in

a deforming aggregate. There are two causes for rotation: (i)

vorticity induced rotation and (ii) shape-controlled rotation

of non-equidimensional grains due to deformation of the

surrounding matrix. Both vorticity-induced and shape-

controlled rotation only modify the orientation tensor E
for each grain.

In the model, deformation is achieved by applying a stress

tensor to the aggregate. This stress-tensor is by de®nition

symmetric, i.e. essentially coaxial. Any non-coaxial defor-

mation is achieved by adding a bulk rigid body rotation. For

instance, to achieve horizontal simple shear, plane strain

pure shear is applied at 458 to the shear plane and then the

appropriate bulk rotation is applied to obtain simple shear.

Since grains do not have a recorded position in space, this

vorticity induced bulk rotation is equivalent to a simple rigid

body rotation of all grains around the vorticity axis in the

global reference frame.

Grains are rigid in the model, as they can only change

their shape by dissolution and precipitation on their

surfaces. During deformation rigid grains are expected to

rotate, depending on their shape. During coaxial deforma-

tion, equidimensional grains are not expected to rotate, but

elongate grains tend to rotate towards fabric attractors (Jeff-

ery, 1922; Passchier, 1987, 1997). During non-coaxial

deformation, even equidimensional grains may rotate. The

rotation of an individual grain in a natural aggregate is

in¯uenced by the con®guration and behaviour of its neigh-

bours. This is, however, not known in the model. We there-

fore use the Jeffery (1922) model of a single rigid inclusion

in a homogeneous linear viscous matrix as an approximation

and neglect interactions between individual grains. ten

Brink (1996) showed that low axial ratio box-shaped inclu-

sions closely follow the predicted rotation behaviour of

ellipsoids with the same axial ratio. We then used the equa-

tions of Jezek (1994) for rotation of ellipsoidal inclusions.

The strain rate of the matrix is the same as the set strain

rate of the whole aggregate: the equivalent homogeneous

medium. Since vorticity-induced rotation is treated sepa-

rately, only the coaxial component of the applied strain

rate tensor is used to calculate and apply the rotation of a

single grain. To do so, we ®rst express the matrix strain rate

( _1) in the reference frame parallel to the axes of that grain,

using:

_1*
ij � _1 ij´Eik´Ejl �8�
The rotation rates around the three axes of the grain ( _v i

around the i-th axis) are now given by (Jezek, 1994):

_v1 � s2
3´ _1*

23 2 s2
2´ _1*

32

s2
2 1 s2

3

; _v2 � s2
3´ _1*

13 2 s2
1´ _1*

31

s2
1 1 s2

3

;

_v3 � s2
2´ _1*

12 2 s2
1´ _1*

21

s2
1 1 s2

2

�9�

For the given time step Dt, the grain is then rotated over

the ®nite angles _v i´Dt.

2.5. Determining the applied stress tensor

A constant strain increment is applied each time interval.

However, to achieve this strain increment, a stress tensor

needs to be applied to the aggregate. As the aggregate

evolves, this stress tensor changes and must therefore be

determined for every time interval. Since the aggregate

becomes mechanically anisotropic if a CPO develops, we

must use a 4-th order compliance tensor (K) to describe the

relationship between stress and strain rate:

sij � Kijkl´ _1kl �10a�
,
_1kl � K21

ijkl ´sij �10b�
A complication is that K, which has at the most 36

independent components, has to be determined for each

strain increment. First, the inverse of K, K21, is determined

by in turn applying six different stress tensors to the aggre-

gate, which produce six different strain rate tensors. The

different stress tensors are chosen such that the 36 compo-

nents can be obtained from Eq. (10b). K21 is then inverted

to obtain K, with which the desired stress tensor can be

calculated with Eq. (10a). This routine only gives an

approximation of K, as K is a function of m¯uid, the average

chemical potential of dissolved grain material in the ¯uid. In

addition, the appropriate m¯uid which produces no volume

change of the solid is different for different stresses. Within

the iteration loop to determine m¯uid, K is determined for a

given m¯uid, and from that, the stress tensor. This stress is

then applied to the whole aggregate and the change in

volume is determined. If the volume changes, m¯uid is chan-

ged and the routine repeated, until volume change is within

^0.01% (a compromise between calculation speed and

accuracy).

As K is an approximation, the resulting strain increment

is also only an approximation (usually within ^1%). After

many strain increments this could lead to signi®cant devia-

tion from the desired ®nite strain. Each strain increment is

therefore adjusted to correct for deviations that developed in
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previous strain increments. Normally this keeps deviations

from the desired ®nite strain within approximately a few

percent. However, if only few grains are left and the

crystallographic preferred orientation is very strong the

numerical system may become unstable and may sometimes

collapse.

3. Modelling results

3.1. Crystallographic preferred orientations

Three reaction rate types were simulated with the disso-

lution/precipitation reaction on the basal surface set to (1)

half, (2) equal and (3) double that of the prismatic surfaces.

It should be noted that reaction rate type 2 is the most

symmetric of the three types, but is not isotropic. Fig. 3

shows the A-axes distribution for 59.5% triaxial shortening

and plane strain shortening after 90 strain increments. Reac-

tion rate types 1 and 3 both give strong CPOs for both strain

types. Notice that for type 2 the A- and B-axes are inter-

changeable and therefore both A- and B-axis distributions

are the same and are weaker hybrids of type 1 and 3 CPOs.

In all cases most grains become aligned with their slow

reaction surfaces normal to maximum shortening and fast

reaction surfaces normal to maximum extension. For exam-

ple, reaction rate type 1 gives A-axes point maxima parallel

to the shortening direction (y-axis) in both plane strain and

triaxial shortening. The B-axes form point-maxima parallel

to the extension direction (x-axis) in plane strain shortening

and a girdle parallel to the out¯ow plane (xz-plane). A simi-

lar pattern is observed in dextral simple shear simulations

(Fig. 4). Girdles initially develop at 458 to the shear direc-

tion and then rotate synthetically towards the shear direction

(reaction rate type 3) or towards the perpendicular to the

shear plane (reaction rate type 1). The initial girdles even-

tually break down into two point maxima. The more isotro-

pic reaction rate type 2 produces a weaker hybrid CPO of

two perpendicular great circles.

The CPOs develop by two main mechanisms: rotation of

grains and disappearance of grains. This can be seen in Fig.

5a (reaction rate type 1, simple shear). Grains initially rotate
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Fig. 3. Modelling results for coaxial deformation to 59.5% shortening after 90 strain increments. (a) Plane strain with N±S shortening and EW extension. (b)

Uniaxial N±S shortening. Equal area lower-hemisphere plots of A- and B-axes are shown in the left two columns and long axes of grains in the third column.

Dot-size in left two columns is proportional to grain size. The right-most column shows contour plots of the A-axes, contoured at 2% of data per 2% area

intervals in equal area projection. For each deformation type, simulations are shown for reaction-symmetry types 1, 2 and 3. In all cases, the total number of

grains (N) is smaller than the initial 750, due to selective grain growth.



over large angles and only a small proportion of grains

disappears. After some strain and development of an initial

CPO, complete dissolution of unfavourably oriented grains

becomes more important. In the example, a strong CPO is

developed after a shear strain of two. This CPO then breaks

down as more than 50% of the grains disappear between a

shear strain of two and three.

Fig. 5b shows the strongly changing stress needed to keep

a constant dextral simple shear rate. At the beginning, the

sample is isotropic and only the shear stress (s xy) is non-

zero. Other stress components become non-zero as aniso-

tropy develops with increasing CPO strength. Stresses

increase gradually with increasing shear strain, which is

also due to the increase in grain size. If stresses are

normalised to the starting grain size (Fig. 5c), the shear

stress remains approximately constant (^10%), as well as

s zz, while s xx and s yy keep changing.

3.2. Shape preferred orientations

Plots of the distribution of the long axes of grains in Figs.

3 and 4 show a preferred orientation in the direction of

maximum ®nite elongation, although reaction rate type 3,

and to a lesser extent type 2, also have a girdle perpendicular

to the shear direction. Individual grain shapes are, however,

highly variable (Fig. 6). The largest grains generally have a

low axial ratio or tend towards either prolate or oblate

shapes in the plane strain simulations. These results suggest

that measurement of average grain shape in thin section may

give a good indication of the direction of ®nite extension,

but would underestimate the ®nite strain.

3.3. Dissolution or precipitation control

Dissolution and precipitation rates for a given plane were

equal in the simulations presented above. It is possible in the

numerical model to set dissolution and precipitation rates

(Pi in Eq. (2)) at different values. To illustrate the effect of

this we present simple shear simulations (Fig. 7) for rela-

tively slow precipitation (precipitation rate/dissolution

rate� 1/5) and relatively slow dissolution (precipitation

rate/dissolution rate� 5/1). The ®rst case approximates

precipitation as the rate controlling step and the second

dissolution control. Dissolution control gives the strongest

CPOs for all reaction rate types, whereas precipitation

control gives weaker and more irregular, but more realistic

looking CPOs.

4. Discussion

4.1. Comparison with natural CPOs

The modelling results show that CPOs can develop by

dissolution±precipitation creep at geologically reasonable

strains (g� 1±3), provided that DPC is in some way

affected by crystallographically controlled anisotropy in

dissolution and growth rates of individual grains. It appears

that crystallographic directions with slow dissolution and

growth rates end up in orientations facing the maximum

®nite shortening direction, and that crystallographic direc-

tions with fast dissolution and growth rates end up facing

maximum extension directions. This is the same as was

found by Tullis (1989) and was also proposed by Hippertt

(1994) and Stallard and Shelley (1995) as an explanation for

the CPOs they observed.

The numerical mineral analogues that were used (types 1,

2 and 3) do not exactly match any particular natural mineral,

but the variations in the dissolution and growth rates are

realistic (e.g. Sunagawa, 1987; Becker 1995). For example,

model material type 3 would approximate quartz, where

P.D. Bons, S.W.J. den Brok / Journal of Structural Geology 22 (2000) 1713±17221718

Fig. 4. Results of dextral simple shear simulations (to a shear strain of

g � 3) in lower-hemisphere equal area plots. First and second columns

show A- and B-axes, respectively. Dot size is proportional to grain size.

Third column shows the distribution of grain long axes. Fourth column

shows contour plots of the A-axes, contoured at 2% of data per 2% area

intervals. Triangles show the directions of maximum ®nite extension

(black) and shortening (white). The three reaction-symmetry types 1, 2

and 3 are shown at the top, middle and bottom, respectively. N is the

number of grains (starting at 750).



growth and dissolution parallel to the ,c. axis is roughly

about two times faster than growth and dissolution perpen-

dicular to ,c., even though the actual anisotropy in growth

and dissolution rate of quartz is much more complex, with

singular minima in rhombohedral (r) directions and rounded

maxima at about 10 to 208 to ,c. (Fig. 5 in Chernov and

Dimitrov, 1989). In fact, the results on type 3 material for

plane strain and pure shear are strikingly similar to the

¯attening quartz c-axis fabrics of Hippertt (1994) and

Takeshita and Hara (1998). Model material type 1 would

be an analogue of mica and produces c-axis point maxima

parallel to the direction of maximum ®nite shortening.

Model material type 2 forms an intermediate case between

type 1 and 3. Although the growth/dissolution rates of all

three facets are the same, it should not be confused with an

isotropic material. Growth/dissolution can only take place

on the three perpendicular facets and CPOs result from

preferred alignment of these facets perpendicular to the

principle axes of ®nite strain. The CPOs are hybrids of

those produced by model material type 1 and 3.

4.2. Numerical model limitations and possibilities

It has already been mentioned above that the reaction

anisotropy is only a ®rst approximation of realistic reaction

anisotropies. Using realistic anisotropies with grains that are

multi-faceted or general-shaped polyhedra is theoretically

possible, but would greatly increase the complexity of the

calculations in the model as the shape and volume of each

grain cannot any more be derived from a single vector (s)

that represents the lengths of the three principle axes of a

box-shaped grain.

Probably the most signi®cant limitation to the model is

the lack of any recrystallisation mechanism. Jessell (1988)

showed that adding recrystallisation to the classical Taylor±

Bishop±Hill theory for lattice rotation by dislocation creep

signi®cantly changes CPO development. In our model, any

process other than stress-induced precipitation or dissolu-

tion on grain surfaces is absent. Breaking of grains, grain

nucleation and grain boundary migration may all modify the

CPO development (Jessell, 1988; Law, 1990; Takeshita and

P.D. Bons, S.W.J. den Brok / Journal of Structural Geology 22 (2000) 1713±1722 1719

Fig. 5. (a) Illustration of the evolving contribution of grain rotation and selective grain growth to CPO-development, for a dextral simple shear simulation of

the symmetry type 1 model mineral. Left column shows A-axes in equal area plots at g � 1, 2 and 3. Dot size is proportional to grain size. Second column

shows contour plots of the A-axes, contoured at 2% of data per 2% area intervals. The third and fourth columns show A-axes paths for shear strain increments

Dg � 0 to 1, 1 to 2 and 2 to 3. For clarity, only the ®rst 100 grains in the list are shown, with in the third column those grains that survive the whole strain

increment and in the fourth those grains that disappear during the given strain increment. The ®fth column shows the orientation of A-axis of grains at the

moment of complete dissolution (`death') during the given strain increment. N is number of grains, starting at 750 and V the average grain size, starting at one.

(b) Graph of the applied stresses as a function of shear strain (g). The stresses are normalised to one for the shear stress (s xy) at the start of the simulation. (c)

Graph of the applied stresses, divided by the grain size, as a function of shear strain. This graph shows that the increase in shear stress is mostly due to an

increase in grain size.



Hara, 1998). An artefact of the lack of these processes is the

steadily increasing grain size as more and more grains

dissolve completely and no mechanism is included to create

new grains. The increasing stresses shown in Fig. 5 are

therefore not realistic, but should not be disregarded.

More importantly, the relative changes in the stresses

show the increasing mechanical anisotropy that is a result

of the CPO-development.

However, in this paper we are only concerned with the

question whether CPOs would develop during reaction-

controlled DPC and rigid body rotation of individual

grains. The inclusion of rigid body rotation in the model
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Fig. 6. Flinn diagrams of grain shapes for (a) 59.5% uniaxial shortening, (b) 59.5% plane strain pure shear and (c) simple shear to a shear strain of 3, for

reaction-symmetry types 1 (left column), 2 (middle column) and 3 (right column). Dot shape is proportional to grain size. The applied strain ellipsoid for each

case is shown with a cross. Notice the strong variation in grain shapes and mostly low axial ratios of the largest grains, while smallest grains can have more

extreme axial ratios. In the plane strain cases, grains have a tendency towards either prolate or oblate shapes.

Fig. 7. Results of dextral simple shear simulations (g � 2) in lower-hemisphere equal area plots, for the three symmetry types (columns) and for different

relative rates of dissolution (Pdiss) and precipitation (Pprec) (rows).



is important, as it plays a signi®cant role in the CPO devel-

opment (Stallard and Shelley, 1995). However, the freedom

given in to model for grains to rotate independently prob-

ably overestimates the role of rigid body rotation in the

development of CPOs.

The actual DPC mechanisms active in nature are not well

understood yet (Spiers and Takeshita, 1995), although

dissolution±precipitation creep is considered to be an

important deformation mechanism at low metamorphic

grade conditions (Groshong, 1988; Harrison and Onasch,

2000). Different DPC models have been proposed,

apart from the reaction-controlled DPC assumed in our

model.

The relationship between crystallographic orientation and

growth/dissolution rates is different for each DPC-mechan-

ism. Each DPC-mechanisms may therefore produce speci®c

types of CPOs. For example, in one group of DPC-mechan-

isms, the rate-controlling process is diffusion (e.g. Rutter,

1976). In this case, the total amount of material that is

transported away from a grain boundary under high normal

stress is commonly assumed to be controlled by the diffu-

sivity and the average surface normal stress. The grains on

either side of the grain boundary may contribute to a differ-

ent degree to producing this amount of material that is trans-

ported away. CPOs are expected to develop if the amount of

contributed material for each grain is related to the crystal-

lographic orientation of these surfaces. This may, for

instance, be caused by crystallographically controlled

differences in: (i) elastic strain energy (Gal and Nur,

1998); (ii) crystal plastic deformation (Bosworth, 1981);

or (iii) microcrack density (Gratz, 1991; den Brok, 1998;

Gratier et al., 1999). These mechanisms, however, cannot

be modelled by our numerical model, since the assumption

of the reaction as the rate controlling step is essential to

it.

In all model runs presented here, we have used as one

boundary condition that the volume of the grain aggregate

remains constant. This condition is not always ful®lled in

nature, where DPC may commonly lead to volume changes,

as for instance measured by Harrison and Onasch (2000).

Any desired rate of volume change can be modelled by

changing m¯uid. This possibility of the model has, however,

not been explored for this paper, where we have restricted

ourselves to only three volume conservative deformation

geometries.

5. Conclusions

The ®rst aim of this study was to explore whether or

not dissolution-precipitation creep (DPC) could, in

principle, produce CPOs at geologically reasonable strains

(g� 1±3). Modelling of reaction-controlled (i.e. relatively

fast diffusion) DPC of model minerals with anisotropic reac-

tion kinetics, in combination with grain rigid body rotation,

resulted in a variety of CPOs, some of which are comparable

to CPOs found in nature. This implies that the presence of

CPOs in deformed rocks is not necessarily evidence for

dislocation creep.

In our modelling, CPOs developed by the coupled action

of preferential growth or dissolution of grains with certain

crystallographic orientations and rigid body rotation of

grains. Modelling should therefore include both processes,

although the complete freedom of grains to rotate may

have overestimated the role of rigid body rotation in our

model.

We only modelled one of the various proposed possible

DPC mechanisms. This study highlights the need to: (i)

clarify which mechanisms actually operate in nature; and

(ii) to determine the values of the various parameters that

play a role in these mechanisms, such as dissolution and

growth rates of mineral faces under geological conditions.

Even without such data, our modelling provides an avenue

to at least qualitatively explore the often disregarded link

between DPC and CPO-development.
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