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Abstract

The internal geometry of the evaporitic horizons serves as a good indicator of their large-scale behaviour. However, the determination of

the strain ellipsoid inside the deformed salt bodies can often be dif®cult. Moreover, the relationship between the bulk strain ellipsoid and the

grain shape ellipsoid is not straightforward, and two parameters, orientation and the dimension of the grain shape ellipsoid, need evaluation.

The grain shape ellipsoid is not an indicator of the dimensions of the bulk strain ellipsoid. The increase in shear strain led initially to a growth

in grain volume followed by a reduction to a value near the original volume, speci®cally due to the long axis change. The orientation of the

grain shape ellipsoid runs parallel to that of the strain ellipsoid after a certain amount of deformation. These changes were accompanied by

the growth of a new tectonically oriented grain population. The rapid spatial changes in morphology contrast with the constant and strong

{100} texture. The intracrystalline deformation mechanism consistent with this texture is the {110}k110l slip system. Nevertheless, a

mechanism such as ¯uid assisted grain boundary migration might have also taken place to account for the grain volume changes.

q 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

Interest in saline formations has increased recently as

their suitability for nuclear and toxic waste disposal has

been established. Consequently, much research has been

conducted with natural and synthetic rock salt samples

deformed under laboratory conditions, in order to determine

their mechanical behaviour and deformation mechanisms.

Most work has been performed on the testing of salt mono-

crystals (Carter and Heard, 1970; Wanten et al., 1993),

synthetic ®ne grained (1 mm) aggregates of rock salt (Spiers

et al., 1986) and natural rock salt (domal salt) of large grain

size (2±3 cm) (Carter and Hansen, 1983). A range of defor-

mation conditions at various temperatures have been

examined, including extrusion (Skrotzki and Welch,

1983), shear (Knapp et al., 1987; Ross et al., 1987; Chester,

1988; Fransen, 1993), creep (Carter and Hansen, 1983;

Spiers et al., 1986; Urai et al., 1986), uniaxial (Fransen,

1993) and triaxial (Kern, 1977). All of them have improved

our knowledge of rock salt rheology and its mechanical

properties under the tested experimental conditions. From

these experiments two main deformation mechanisms have

been reported: (1) dislocation controlled creep, including

solid state recrystallization (Carter and Hansen, 1983;

Wawersik and Zeuch, 1986) and, (2) ¯uid assisted grain

boundary migration (or solution±precipitation processes),

considered as a dynamic mechanism and as producing static

recrystallisation. This mechanism involves dissolution in

the high mean normal stress direction, transport through

the grain boundaries and precipitation in the low mean

normal stress direction (Urai et al., 1986; Spiers et al.,

1990). Studies conducted on naturally deformed rock salt

show microstructural evidence for the operation of solu-

tion±precipitation processes (Urai et al., 1986, 1987) as

well as the presence of microstructures characteristic of

intracrystalline dislocation mechanisms (Carter and Hansen,

1983).

Salt structures rarely form outcrops that can be mapped

and studied. Therefore, most macroscale analyses rely on

imaging the salt structures and contouring their external

shape by geophysical methods (Peel et al., 1995; Pinto

and Casas, 1996; Koyi, 1998), though this means little is

known about their internal structure. One exception are

a small number of studies carried out in salt mines

(Muehlberger and Clabaugh, 1968; Kupfer, 1968; Burliga,

1996; Sans et al., 1996a). None of these, however, shows a

complete study from the regional framework to the internal

structure of the salt bodies and its relationship to the rock

salt fabric. In contrast to the abundance of studies conducted

Journal of Structural Geology 23 (2001) 675±691

0191-8141/01/$ - see front matter q 2001 Elsevier Science Ltd. All rights reserved.

PII: S0191-8141(00)00138-3

www.elsevier.nl/locate/jstrugeo

* Corresponding author.

E-mail address: lourdes@naturageo.ub.es (L. Miralles).



on laboratory deformed rock salt samples, very few attempts

have been made to study naturally deformed rock salt, be it

by lithostatic or tectonic stresses. The dif®culty in studying

and interpreting these fabrics lies in the rapid recrystalliza-

tion of rock salt, which tends to increase grain size and

causes the original fabric to disappear (Talbot and Jackson,

1987). Although some studies have been carried out in core

samples (Carter and Hansen, 1983; Larsen and Lagoni,

1984) and isolated outcrops (Muehlberger and Clabaugh,

1968; according to Brokmeier, 1983 in Kern and Richter,

1985; Ertel et al., 1987), they have not been precisely

located in the structural framework so as to provide

evidences of the mesoscale and macroscale structures

which might have had a bearing on the fabrics of the

samples selected.

Our purpose here is to establish a link between strain and

fabric changes. To do this, we set out to determine the

evolution of the strain ellipsoid and to quantify the varia-

tions in the morphological and crystallographic fabrics in a

naturally deformed thin bed of ®ne grain size.

The structure selected for this study was a shear zone

affecting the limb of a metre-scale fold. This type of shear

zone has been described in detail at the regional tectonic

scale (Sans et al., 1996a). The strain ellipsoid was deter-

mined in each position at which the shear zone had been

sampled for fabric analysis. The morphological and crystal-

lographic fabric changes were quanti®ed and the relation-

ship between morphological, crystallographic fabrics and

strain is discussed. Moreover, the rock salt samples studied

here had a small grain size (from tenths of microns to 2 mm)

which permits its comparison with salt samples used for

experimental work. In addition, we suggest that halite grains

should be treated as a 3-D body as wrong conclusions might

be drawn, depending on the 2-D section chosen, when a

dominant grain shape orientation is present. Finally, a

coherent deformation mechanism is proposed.

2. Geological setting

The geometry and structure of the southeastern Pyrenean

foreland is controlled by the presence of three Paleogene

evaporitic formations at depth (VergeÂs et al., 1992). From

north to south and from bottom to top, these evaporitic
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Fig. 1. The deformed south Pyrenean foreland has different fold trends which correspond to three detachments (evaporitic formations) at depth (modi®ed from

Sans et al., 1996b). See location of the cross section shown in Fig. 3.

Fig. 2. Stratigraphic section of the Cardona Formation and the deformed

sedimentary pile overlying it. S.u. stands for the lower Sylvinite unit, A and

B stand for the enriched potassic layers, and ªsal entre dosº is alternating

layers of centimetre-scale halite cycles and millimetre-scale dark clay.



formations are the Beuda, Cardona and Barbastro forma-

tions. At the surface (Fig. 1), each evaporitic formation is

characterised by: (1) folds of different trends (VergeÂs et al.,

1992), and (2) the development of a thrust wedge coinciding

with their boundaries (Sans et al., 1996b). The basal detach-

ment, south of the emergent frontal thrust, has a ¯at and

ramp geometry. Flats lie within the evaporitic formations

and ramps develop at their sedimentary limits (Sans et al.,

1996b; Sans, 1999). The detachment in the Cardona Forma-

tion is the most effective and, at the surface, it coincides

with NE±SW trending folds. These folds are, from south to

north, El Guix, SuÂria, Cardona, L'Estany and Vilanova de

l'Aguda (Fig. 1).

The Cardona Formation has a sedimentary salt thickness

of 300 m at the centre of the basin (Pueyo, 1975). Three

members (Fig. 2) can be distinguished: (1) a basal anhydrite,

(2) a lower massive salt member and, (3) an upper banded

salt member bearing potash salts. The basal anhydrite

member is 4±5 metres thick and laminated. It consists of

aggregates of elongated prismatic crystals parallel to

bedding, inter®ngering with millimetre layers of micritic

carbonate. The lower massive salt member is 130±200 m

thick. It consists of white and grey decimetre-scale banded

halite (Busquets et al., 1985). The grey bands result from the

sedimentary accumulation of abundant hopper crystals (1±2

cm) and diffuse clay. The clear bands consist of transparent

grains or hopper crystals that are smaller than those in the

grey bands. The upper banded salt member is 50±100 m

thick (Pueyo, 1975; Ayora et al., 1995). This member

consists of two units: (a) the lower sylvinite unit (exten-

sively mined in SuÂria and Sallent), and (b) the upper carnal-

litite unit. The sylvinite unit includes two enriched sylvinite

layers (known as A and B layers) separated by alternating

layers, 2 m thick, of centimetre- and millimetre-scale cycles

of halite and dark clay, which are known as ªsal entre dosº.

These halite cycles, composed of small (1 mm) clear halite

grains, locally show a grain size gradation. The grains can

be elongated and include small cubic or elongated hopper

crystals that are related to the enriched clay layers (Rosell

and Pueyo, 1997). The upper carnallitite unit consists of 40±

80 m of alternating beds of carnallite (10 cm to 2 m), thinner

halite and clay horizons. The carnallite beds are red and

coarse grained, usually brecciated with irregular fragments

of anhedral red crystals of carnallite in a pink matrix.

Underground mining activity, which is targeted at the

potash layers, greatly facilitates the study of the internal

structure of the Cardona Formation. Mapping and cross-

section analysis of the exploitation area show structures of

different magnitudes (Sans et al., 1996a). The larger struc-

tures are asymmetric folds (of almost 100 m in wavelenght)

(Fig. 3b) coherent with their location with respect to the

kilometre-scale folds which outcrop at the surface. On the

other hand, the metre to tens of metres structures consist

mainly of south-vergence folds, independently of their
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Fig. 3. (a) Cross-section of the two frontal most structures of the south Pyrenean foreland. The synclines are ¯at-bottomed and wide whereas the anticlines are

complex and narrow. They show no dominant vergence and the development of ®sh-tail structures and frontal thrust-wedges at different stratigraphic levels.

The SuÂria anticline is a double-structure with a north-directed fault-related-fold to the south and a south-directed fold in the north. The shear zone studied here

is located on the southern limb of the northern anticline (Cabanasses anticline). Pou Balsareny is projected from 6 km to the east. (b) Simpli®ed section of the

potash layers. The black trace shows the geometry of the tens of metres folds, and light grey represents the enveloping surface of these folds which is folded in

hundreds of metres folds.



location with respect to the larger structure. These obser-

vations, together with the presence of boudins and multiple

top-south shear, suggest a generalised top to the south shear

of the whole detachment horizon prior to the formation of

the kilometre-scale folds (Sans et al., 1996a). The studied

shear zone is located in the sheared limb of a metre-scale

fold located in the Cabanasses mine (Fig. 4).

3. Method

To analyse the relationship between the strain ellipsoid

and changes in the morphological and crystallographic

fabrics, a detailed macroscopic and microscopic study was

carried out. First, there is a good control on the relationship

of the sampled structure with the regional framework and

tectonic transport direction. Second, at a local scale, the

calculation of the mesoscopic strain ellipsoid for each

sample in the shear zone was carried out. Third, powerful

quantitative techniques or the analysis of the morphological

and crystallographic changes in all the samples were used.

These results were integrated in a 3-D calculation of the

grain shape ellipsoid, which enabled a good comparison to

be made with the patterns of the crystallographic orien-

tations and the strain ellipsoid.

3.1. Fold geometry and determination of the ®nite strain

ellipsoid

Fold geometry was determined by the dip isogons and

thickness variation methods (Ramsay, 1967). Not only

was the sheared fold analysed but also the neighbouring

folds, which provided a geometric reference when com-

paring the changes undergone by the sheared limb.

Shear strain values, in the studied shear zone, have been

calculated according to Carreras (1975). This method was

developed to calculate shear strain in a shear zone, which

presented a previous planar heterogeneity (e.g. cleavage,

bedding). It assumes that two parallel planes limit the

shear zone, between which, shear is homogeneous and

that there is only displacement in one direction. The ana-

lytical analysis is based on the examination of the displace-

ment of a reference surface between the two planes that

limit the shear zone and calculates the variation in orien-

tation of this for different values of displacement. The data

needed to use the simpli®ed graphical method proposed by

Carreras (1975) are measurements, which are easily

obtained from the ®eld. These data are (1) the angle between

the reference surface before deformation and the shear

plane, and the angle between the reference surfaces after

deformation and the shear plane (a and a0 respectively)
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Fig. 4. Sketch of the shear zone outcrop in the mine gallery. Sample 1 was taken from the northern limb and samples 2 to 8 were from the vertical limb. The

inset shows the geometry of the folds in a t 0a-a plot.



and (2) the angles between the undeformed reference

surfaces and the motion direction, and the deformed refer-

ence surfaces with the motion direction (b and b0 respec-

tively). The graphical method allows visualising (Fig. 5) the

deformation paths of a surface as deformation values

increase. It consists of a semi-circle in which it is possible

to represent all the orientations of the reference plane with

respect to the shear plane, which is represented in the E±W

radius. The minor circles represent the isogons of the a and

b angles, 0 to 1808 for a and 0 to 908 for b. In this graph, the

location of the reference surface is at the intersection of the

isogons of the calculated a and b values. The thick radial

lines represent lines of equal increment of g and the value of

each increment is shown on the outside of the semi-circle.

Finally, the maximum circles show the path of the reference

surface as it deforms. In the studied example, bedding is

taken as the reference surface and it can be measured

outside the shear zone as undeformed and inside the shear

zone as deformed. Measurements in several positions inside

the shear zone give different angular relationship between

the deformed reference surface and the shear plane. The

principal ®nite strain axes and the ellipticity of strain ellip-

soid in the outcrop section were calculated from the shear

values according to the expressions in Ramsay and Hubert

(1987), p. 15 and 599. The ellipticity of the other two

sections and the value of 1 1 e2 were calculated from the

results of the previous expressions and assuming plane

strain (Y� 1).

3.2. Sampling

Sampling sites were selected on shear zones and folds

which were considered representative of the structural

style attained by the Cardona Formation in the SuÂria

northern anticline. These structures could be followed for

several tens to hundreds of meters and were represented in

the structural maps and sections of the exploitation area

(SuÂria, 1994, internal report; Sans et al., 1996b). In this

paper, we present the results from one of the six sites

sampled between the two layers of sylvinite at the ªsal

entre dosº level through the SuÂria northern anticline. At

this site, eight oriented samples were taken at different

correlative positions in the shear zone. From the oriented

samples, three mutually perpendicular thin sections were cut

and labelled in accordance with the stratigraphic coordinate

system *ac, *bc, *ab where * was the number of the sample.

In this system, 1 b axis is the dip direction, 1c axis is the

perpendicular to the strati®cation plane pointing to the top

of the layer and 1a axis is perpendicular to both. On these

sections, the measurements of the salt fabrics, either the

morphological parameter or the crystallographic orien-

tations have been performed.

Gentle, low speed procedures were applied to the rock

salt samples to obtain the thin sections without inducing

damage by sample manipulation. Moreover, samples were

stored and manipulated in low humidity conditions to

prevent grain boundary dissolution, damage, or any struc-

tural change (Miralles, 1999).

Water content was determined by termogravimetry since

this technique allows one to quantify the amount of water
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Fig. 5. (a) Distance to shear wall/shear strain graph shows rapid increase in

the shear values away from the shear zone boundary. (b) All samples plot in

the same deformation path in a deformation-path plot based on Carreras

(1975). See text for explanation.



and to discern the different types of water present (e.g.

trapped in ¯uid inclusions, adsorbed at the grain boundaries

or compositional water of hydrated minerals). The

exhaustive working conditions and the corrections made

are described elsewhere (de las Cuevas and Pueyo, 1995).

3.3. Quantitative morphological analysis of the salt grains

The quanti®cation of the morphological parameters of the

salt grains was carried out using a conventional image

analysis of the grain boundary network performed on the

2-D sections from which the 3-D results were calculated.

The images of the grain boundary network (three sections,

mutually perpendicular, for each sample studied) were

obtained either by a video camera or a drawing tube adapted

to the petrographic stereomicroscope (from 2.5 to 25 £ ).

The illumination conditions comprised a combination of

re¯ected and transmitted light, in order to ensure a comple-

mentary image and a better resolution of those boundaries

badly oriented with respect to the illumination focus. After-

wards, the image of the grain boundary network was

scanned (100 dpi) and the image (580 £ 780 pixels) was

processed using the IMAT program (Serveis Cienti®co-

teÁcnics, Barcelona University). With this program, the

Area (A), Perimeter (P), Long axis (L), Short axis (S) and

the angle Phi were measured for each grain. The long axis is

the line between the two most distant points in the grain,

which crosses the centroid, considering the grain as a rigid

body of uniform density. The short axis lies perpendicular to

the long axis and crosses the centroid. These variables were

measured as absolute dimensions and, therefore, data was

obtained in mm and mm2 (in the case of the area). The angle

Phi is the angle between the long axes and a reference line.

For sections ab and ac the reference is (1) a, whereas for

section bc the reference is (1) b axis of the stratigraphic

coordinate system. A stereological correction was applied to

the data measured in each section because the sections

studied were apparent with respect to the sections crossing

the centroid of the grains in 3-D. The factor applied is

dcorrected� (4/p) dapparent; dcorrected stands for corrected axis

and dapparent stands for the measured axis which is, in fact,

an apparent measurement. This factor is the same used by

other authors (Cashman and Marsh, 1988).

From the measured data, the form factor L/S de®ned by

the ratio between the Long axis (L) and the Short axis (S)

which were measured as absolute dimensions, and a named

ellipse form factor (E.F.F.)� 2LP/(pL2 1 4A) calculated

according to the ellipse formula A� p(L/2)(S/2) (Larsen

and Lagoni, 1984) were calculated. In fact, the E.F.F. is a

measure of the ratio of the perimeter of an object to the

perimeter of an ellipse of the same area. Therefore, this

form factor also gives information on the degree of rugosity

of the grain boundaries. Mean grain size was also calculated

as the diameter of a circle with an area equal to the measured

area of the salt grains.

3.4. Morphological analysis in 2-D

3.4.1. Univariant analysis

In most of the sections studied more than 300 individual

salt grains were measured. The results of the different

measured and calculated morphological parameters were

statistically treated to determine the number of populations

present and to obtain the mean value for each variable and

sample. Grains were not treated individually. In order to

approximate normal distributions, the data sets had to be

transformed to logarithmic (area and perimeter), to the

square-root (long and short axis), and to reciprocal (L/S).

The Kolgomorov±Smirnov test was applied and the critical

value a� 0.05 in a two-tailed test was taken as a boundary

to reject the hypothesis that samples follow a normally

distributed population (Davis, 1986). For the form factor

E.F.F., the mean values and standard deviation were

obtained from the raw data, since none of the usual trans-

formations could approximate the data to a normal, chi

square or gamma distribution. In the case of angular values,

the raw data were also used to obtain the mean value and to

check for the presence of more than one main orientation.

From the comparison between the theoretical normal distri-

bution and the obtained grain population (after transfor-

mation), the presence of more than one population could

be discerned.

3.4.2. Bivariant analysis. The L/S / Phi method

The L/S / Phi method contrasts the ratio L/S against the

angle Phi. In this paper, the L/S ratio and associated values

were calculated by the GRFRFP program (D. Durney, 1995,

University of Barcelona) and plotted according to the

projection system of Elliot (1970) which is based on a

ln-L/S / 2 Phi polar plot. The program GRFRFP calculates

the mean ellipticity of a set of ellipses by iterative retro-

deformation of this set to an isotropic distribution (with a

zero ln (L/S)/2).

3.5. Morphological analysis in 3-D. The grain shape

ellipsoids

The 3-D representative shape of the grains was reduced to

a unique triaxial ellipsoid, which was characteristic of each

sample. The ellipsoid was de®ned by six independent

parameters, which are the mean values obtained from the

statistic treatment of the measurements performed on the

2-D sections. For an exact solution, two sections are

suf®cient to determine the ellipsoid. However, in the present

case, for each sample, estimated L, S and Phi values of the

three perpendicular sections were used to build a linear

system of nine equations with six unknowns. The excess

number of equations with respect to the sought parameters

allows the least square method to be applied. The solution

obtained by least squares is unique. However, the co-

ef®cients of the representative quadric obtained could give

a surface different from an ellipsoid. In this case, more

L. Miralles et al. / Journal of Structural Geology 23 (2001) 675±691680



sections with a different orientation should be added to the

least squares procedures to obtain a good result. In any case,

diagonalization of the resulting symmetric matrix gives six

values, which consist of the coef®cients of the ellipsoid

characteristic for each sample. In other words, the absolute

lengths and orientations of the three axes of the ellipsoid are

obtained.

3.6. Crystallographic grain orientation. Texture

The full crystal orientation of each grain was measured in

a U-Stage. Crystals in thin section were cleaved by mech-

anical shock along {100} planes. At least two perpendicular

{100} planes had to be present to permit the measurement of

the complete crystal orientation. The thin sections measured

correspond, in all samples, to the bc section of the strati-

graphic coordinate system. An area of 16 £ 16 mm was

scanned and a measurement was taken every 1 mm2, giving

a maximum of 256 measurements. Orientation angles of

every square millimetre measured on the U-stage were

readily transformed to the Euler angles. These angles

allow the representation of a discrete orientation distribution

function (ODF). The ODF contains all the information

regarding crystallographic orientation. In particular, any

desired pole ®gure can be obtained by calculating the

polar coordinates of a given {hkl} family plane, for every

square millimetre.

4. Results and discussion

4.1. Shear zone, fold description and strain calculation

In the Cardona Formation, shear zones are mainly located

in two settings: (1) in the lithologic contact between the

carnallite and halite layers and, (2) in the stretched and

inverted limbs of the asymmetric south-vergent folds. The

shear zone selected is located on the southern limb of the

northern and south-vergent kilometre-scale fold of the SuÂria

double anticline (Fig. 3), in the stratigraphic level of ªsal

entre dosº (Fig. 2). This shear zone belongs to the second

setting and is related to a system of metre-scale folds with

wavelength from 0.5 m to 5 m and amplitudes in the same

order of magnitude. These folds (Fig. 4) are asymmetric and

mainly south vergent (Sans et al., 1996a). They have straight

limbs and, narrow and rounded hinges (interlimb angle

ranging from 748 to 868). The mean orientation of the

folds' axes is N075E and remain largely horizontal (Sans

et al., 1996a). These metre-scale folds have millimetre-scale

parasitic folds developed in the clay beds, only present in

the subhorizontal limbs. The strike of the shear zone docu-

mented in this paper has a N068E orientation, lies sub-

parallel to the fold axis and dips 648 to the north. This

orientation is consistent with previous reports of the shear

zones and it is coherent with a reverse motion within the

detachment level (Sans et al., 1996a).

The lack of macroscopic kinematic indicators in the shear

plane does not permit one to infer the motion direction by

direct observation. However, an assumption of a motion

direction as a pure reverse shear with a top to 1588 N slip

direction would be compatible with the constant 070N strike

of the folds in the study area (Sans et al., 1996a,b), the top to

160±1708 N transport direction inferred from the analysis

of kinematic indicators in the overburden (Sans, 1999) and

the presence in the clay layers in the shear zone of sub-

horizontal rectangular boudins of 1±1.5 cm with opening

spaces of 2±3 mm ®lled with halite crystals. The shear zone

is 1.8 m wide and represents a thinning of 65% with respect

to the northern limb of the related anticline, which

is considered as not being deformed by the shear zone.

From the thinning value measured, a slip of 7 m has been

calculated.

The geometric analysis of the folds neighbouring the

shear zone shows class 1C for both limbs according to the

thickness variation plot t 0a-a (Fig. 4). This classi®cation

agrees with the convergent geometry towards the core of

the anticline of the dip isogons. In contrast, the fold affected

by the shear zone shows a different classi®cation for both

limbs. The northern subhorizontal limb lies in the 1C class

®eld in the thickness-variation plot. The southern, over-

turned, sheared limb follows the class 2 curve with a good

®t except for the last measurement at 758 which lies above

the curve, in the 1C class. The dip isogons show the same

result: convergent dip isogons for the northern limb and

parallel isogons for the sheared limb, con®rming classes

1C and 2, respectively. The good ®t of the geometry of

the sheared limb with a class 2 curve might be interpreted

as a result of a deformation achieved by axial planar simple

shear alone. Nevertheless, class 2 folds can also develop

from class 1C folds, which have undergone a homogenous

¯attening. If this were the case, the coaxial ¯attening

component (a) would be constant throughout the shear

zone. The component a is calculated as

a � sina0ti=sinait0 �1�
where t0 is the initial thickness and ti the ®nal thickness

perpendicular to bedding and a0 and ai are the angle with

L. Miralles et al. / Journal of Structural Geology 23 (2001) 675±691 681

Fig. 6. The ¯attening component is not constant across the shear zone,

which indicates that there is no homogeneous strain superimposed on the

shear deformation.



the shear zone before and after deformation (Carreras and

GarcõÂa, 1982). The variation of the component a through the

shear zone (Fig. 6) indicates that there is no homogeneous

strain superimposed on the simple shear model.

To corroborate, the simple shear model, we compared the

thinning of the beds affected by a theoretical simple shear

model with the real thinning measured in the hand sample

(Fig. 7). The thinning of the bed as it enters the shear zone is

related to the shear component by the following expressions

tanb1 � tanb= 1 1 tanbtana
ÿ � �2�

h1 � hsinb1=sinb �3�

where b and b1 are the initial and ®nal angles between

bedding and the shear walls, a is the shear angle, and h

and h1 are the initial and ®nal thicknesses of the layer.

Both curves show the same trend, starting from an initial

thickness of 36 mm, but whereas the theoretical curve tends

to zero, the measured curve tends to a thickness of 14 mm.

This difference indicates that although the ®nal geometry of

the shear limb can be explained by simple shear alone, it

probably results from a more complex deformation that
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Fig. 7. Comparison between a theoretical thinning of the sampled layer by

simple shear and the measured thinning.

Fig. 8. Sketch of the sampled layer and detailed location of the samples analysed to determine their crystallographic and morphological fabric (see Fig. 4 for

general location). This ®gure is a 2-D section according to the bc plane of the statigraphic coordinate system and has been chosen to illustrate the main ®ndings

as it is the most sensitive to morphological change. Images of the grain boundary network for different samples as well as their mobile reference axis

(stratigraphic coordinate system) are plotted. The shear plane (S.P.) is plotted as a great circle. The grain shape ellipsoid orientations and textures are plotted in

the lower hemisphere equal area projection, on the bc projection plane. The circles represent the orientation of the long axis, the squares the intermediate axis

and the star and the cross the short axis. The star, the small circle and square indicate the initial orientation. The larger symbols and the cross indicate the

orientation of the new population (see text for explanation). Textures are shown as {100} pole density ®gures of 1% of 1% area on the bc plane. The same

projection plane has been used for morphological and crystallographic parameters to facilitate comparison (see text for explanation).



should include simple shear, ¯attening and a rotational

component through time.

In order to calculate the ®nite strain ellipsoid in different

positions in the shear zone we assumed plane strain

deformation. This assumption seemed reasonable from the

observations in the overburden and the mesostructure

orientation in the salt layer. A nascent cleavage is present

perpendicular to bedding regardless of bedding orientation

and dip (Sans and VergeÂs, 1995) giving evidence of defor-

mation prior to folding in which the Z axis of the strain

ellipsoid was contained on the bedding plane and perpen-

dicular to the XY plane de®ned by cleavage (Sans, 1999).

The detachment of the studied folds at less than 2.5 km from

the synorogenic surface suggests maximum elongation

according to the vertical X axis of the strain ellipsoid and

no elongation along the Y axis which is con®ned. In the salt

horizon the constant fold trend, the lack of extensional

structures (e.g. boudins) in a direction oblique or perpen-

dicular to the fold axes and the fact that the studied example

is in the central part of a larger fold and not in its termi-

nations suggest that plane strain is a reasonable assumption

for the studied structure. Therefore, in the studied example,

the Y strain direction is parallel to the folds' axis and the

outcrop corresponds to the XZ section. The strain ellipsoid

was calculated in seven different positions with increasing
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Table 1

Geometrical and calculated parameters of the shear zone at the locations

sampled for the fabrics (morphology and crystallography) study. Angle (u)

between bedding and the shear zone walls, (g) shear angle, X, Y and Z are

the strain axes, and Rxz and Ryz, the ellipticity of the strain ellipsoid in

these sections.

Sample u g X Z Y Rxz Ryz

M2 54 ± ± ± ± ±

M3 29 1.6 2 0.5 1 4.2 2

M4 19 2.9 3.2 0.3 1 10.3 3.2

M5 15 4.1 4.3 0.2 1 18.5 4.3

M6 7 12 12.1 0.1 1 147.2 12.1

M7 3 55 55 0 1 3031.4 55

M8 0 8 8 0 1 8 8

Fig. 9. (a) Plots of the mean values of (A), (P), (L), (S) and grain size, for the three sections measured. (b) Plots of the mean values of the two form factors (L/S

and E.F.F.) for the three sections measured.



strain. From the macroscopic point of view, sample M2 can

be considered to be on the boundary of the shear zone, and

sample M8 in the maximum deformation zone of the shear

zone. The angle between the shear walls and bedding varies

as it enters the shear zone from 548 in sample M2 to 298 in

sample M3, until it is completely parallel to the shear wall in

M8 (Fig. 8). Shear strain values in this section of the sheared

limb increase from the walls towards the inside of the shear

zone from values of 1.5 close to the walls to in®nity, only 90

mm away from them (Table 1 and Fig. 5a). The strain incre-

ment path plot shows that samples M2 to M8 are on the

same strain increment path (Fig. 5b). Therefore, all samples

correspond to the deformation of a single reference surface

with increasing shear.

The values of the principal strain axes of the ellipse in the

XZ section were calculated from the shear strain values

(Table 1). The relationship between both axes, X and Z,

that is the ellipticity (R), increases from 4 in M3 to values

over 100 after M6 (Table 1). The value of the Y axis of the

®nite strain ellipsoid was taken as 1 since we considered

plane strain, and therefore, the ellipticity in section YZ

varies from 2 in sample M3 to in®nity in M8.

4.2. Fabric analysis

In order to analyse the fabric variation in the shear zone,

samples were collected from the same bed. This bed is

separated from the layers above and below by two thin

clay layers and consists of three cycles separated by thin

layers of enriched sulphate. These cycles are basically

formed by small halite grains (approximately 1 mm) and

the contacts are mainly of halite±halite since the presence

of other minerals is scarce. The main accessory mineral is

anhydrite although it is ,1% area. The sulphate enriched

and clay layers show millimetre-scale folds and boudins

parallel to the fold axis. The total water content in the halite

cycles, which is present in the form of intergranular water

along grain boundaries, is very low, ,0.1% wt. In accor-

dance with the absence of primary structures in the studied

site, water from ¯uid inclusions or hydrated minerals was
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Fig. 10. Histograms of angular values (Phi angle) for the three mutually perpendicular sections. Orientation values of section bc are well grouped around the

mean value whereas section ac is poorly oriented. In section ab, only samples 4 and 7 show a clear orientation. Reference axes of the stratigraphic coordinate

system are also plotted according to their equivalent angular values.



not detected. However, small cubic and/or prismatic hopper

crystals are abundant in the upper salt member in other areas

of the Cardona Formation (Pueyo, 1975).

In an originally sedimentary halite rock, grain shape and

size would be conditioned by the presence of primary struc-

tures (hoppers from 0.1 mm to a few centimeters or chevron

crystals). Therefore, the absence of primary structures raises

the question as to whether the observed grain size distri-

bution re¯ects the original or the recrystallized grain size,

or a mixture of both (Hardie et al., 1983). The coexistence of

two different grain size populations, due to a size increase or

decrease of the original grain size by recrystallization,

would be re¯ected in a frequency distribution of variables

such as grain area or the L/S form factor and would be

detected by the presence of more than one population. In

addition, because salt grains have a short strain memory and

recrystallize easily, a detailed quantitative 2-D morpho-

logical fabric analysis can provide valuable insights as to

how grain populations are organised. Here, this analysis was

performed in the two main cycles of halite (intermediate and

upper cycles) from the samples.

4.3. Quantitative morphological 2-D analysis

4.3.1. Grain size (2-D)

In this paper, (A), (P), (L), (S) were taken as data sets,

which give complementary information to the grain size.

The mean values of these parameters were grouped in

sections and are shown in Fig. 9a. The mean grain size is

included to allow comparison with the other variables.

Section ab (parallel to the plane de®ned by the bedding)

has the highest values of all these variables from sample 4

to sample 8. Section ac shows the lowest values for all the

variables. Section bc presents higher values than section ab
in sample 1 and 2 whereas they are similar in sample 3 and

lower for the rest of the samples. Grain size, as de®ned in

methods, shows the same trend as the other variables but the

values are intermediate between the long and short axis.

4.3.2. Grain shape (2-D)

Two form factors were calculated: the elongation factor

(L/S) and the E.F.F. The mean values were grouped in
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Table 2

Form factor L/S and Phi angle mean values obtained by the bivariant

analysis. Note that sample 2 has two angular values in accordance with

the two populations described in section bc.

Section ab Section bc Section ac

Sample n Phi L/S n Phi L/S n Phi L/S

M1 190 81 1.03 719 2 39 1.25 259 39 1.25

M2a 332 2 48 1.20 618 2 60 1.39 381 34 1.04

M2b 2 15

M3 340 2 63 1.35 605 2 29 1.69 705 9 1.20

M4 277 2 64 1.39 524 2 17 1.65 454 5 1.10

M5 342 2 72 1.30 467 2 4 1.73 486 3 1.18

M6 260 2 89 1.41 421 2 1.53 161 39 1.09

M7 237 87 1.27 364 5 1.56 516 27 1.08

M8 160 2 72 1.21 144 12 1.43 190 10 1.05

Fig. 11. ln-L/S / 2phi polar plots (according to the projection system described in Elliot (1970)) of samples 1, 2, 4 and 7 in the bc plane of the stratigraphic

coordinate system (see text for explanation). The shear plane dip direction (S.D.) has been drawn and taken as a ®xed axis whereas the stratigraphic coordinate

system is mobile.



sections and are shown in Fig. 9b. Section bc shows the

highest values and it is the most sensitive to the L/S factor.

Values increase from samples 1 to 3, remaining constant to

sample 6, and then decrease to sample 8 to values close to

sample 1. Section ab shows a similar trend but has lower

values than section bc. Section ac is the least sensitive to

this factor. Values of E.F.F. are similar in all sections

ranging from 1.21 to 1.26. Since for an ellipse with L/S

ratio of 2:1 would give a value of E.F.F. of 1.054, the

E.F.F. values obtained indicate a moderate degree of rugos-

ity of the grains.

4.3.3. Orientation (2-D)

Histograms of the Phi angular values (Fig. 10) for section

bc and ab show that the orientation values in each sample

are well grouped around the mean value whereas for section

ac they are poorly oriented and more widely dispersed.

Section bc is the best oriented, except for sample 8 in

which the values are not so well grouped around the mean

value (Fig. 10). The mean orientation varies from 398
dipping to the north and at a low angle to the shear direction

in sample 1, to values parallel to the (1) b axis in samples 6

and 7 (Table 2). Nevertheless, sample 2 is an exception and

shows two maxima separated by 458, one close to the maxi-

mum of sample 3 and the other closer to the 1b axis. In

section ab, the biggest rotation occurs from sample 1 to

sample 2. From sample 3 on, they progressively orientate

to the (1) b axis.

4.3.4. Bivariant analysis (2-D) L/S / Phi method

The mean values of L/S and Phi angle obtained by this

method are shown in Table 2. These data are referred to the

stratigraphic coordinate system. In all sections, data are

dispersed although a tendency as a group can be inferred.

Only the results from section bc, which is the most sensitive,

are shown here (Fig. 11).

In section bc, the geometry of the cloud can be estimated

from the density distribution of measurements. In Sample 1,

this geometry is subcircular and has a mean value that is not

related to the shear zone direction. In sample 2, points are

distributed around two clusters: the ®rst is located around

high negative values close to the shear zone direction and

the second has low negative angles (close to sample 1).

From samples 3 to 8 the geometry of the cloud is elliptical

around the mean angle. The dispersion of the points

increases slightly in samples 6 to 8.

In sections ab and ac (Table 2), the L/S values, which are

lower than those in the section bc, tend to be grouped close

to the mean angle de®ning a subcircular geometry. The

range of L/S values is similar for all Phi values. Only

samples 3 to 5 show higher values of L/S for angular values

close to the b axis.

In short, the most highly sensitive section to morpho-

logical changes, due to the elongated shape and orientation

of the grains, is section bc (Miralles and Sans, 1996), while

ac is the least sensitive. Nevertheless, it is not always

evident which is the best 2-D section beforehand. When

the tectonic framework is well constrained a 2-D mopho-

logical analysis can be more easily planned, but if the

tectonic framework is not well established, then a 3-D

analysis has to be carried out. Moreover, when grains are

elongated, different shapes can have the same elliptical

section (Russ, 1986) and therefore a 3-D analysis is needed

to determine the grain shape. A good 3-D shape analysis is

calculated from the information obtained from more than

two oriented sections.
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Table 3

Magnitude and orientation of the three axis ellipsoid which de®nes the 3-D mean grain shape. The volume of each sample has also been calculated. L, I and S

stand for long, intermediate and short axes respectively whereas a, b and c are the three axes of the startigraphic coordinate system.

Sample M1 M2a M2b M3 M4 M5 M6 M7 M8

Size

L (mm) 1.096 5.88i 1.85 1.86 1.342 1.132 0.95 1.052 0.953

I (mm) 0.652 0.524 0.55 0.548 0.602 0.648 0.684 0.778 0.604

S (mm) 0.43 0.484 0.482 0.436 0.414 0.438 0.436 0.436 0.424

Volume (mm3) 1.287 ± 2.054 1.862 1.401 1.346 1.495 1.187 1.023

Orientation

L a 0.1045 20.5446 20.5736 20.5299 20.4848 20.4384 20.0349 20.0175 20.4384

b 0.7506 0.5612 0.7022 0.7686 0.8364 0.8954 0.9988 0.9974 0.8039

c 20.6525 20.6233 20.4219 20.3584 20.2557 20.0783 0.0349 0.0697 0.0939

I a 0.7314 20.8387 20.6691 20.848 20.8746 20.8988 20.891 20.8746 20.8572

b 20.4988 20.3428 20.6983 20.5094 20.4704 20.4367 20.0158 0.0254 20.3767

c 20.4651 0.4233 20.2542 0.1461 0.1173 20.0382 20.4537 20.4841 20.3513

S a 0.6691 20.0349 20.4695 20.0698 20.0175 20.0698 20.454 20.4067 20.2756

b 0.4368 20.7542 0.1381 0.3898 0.2756 0.0522 20.0466 20.0637 20.2326

c 0.6012 20.6557 0.8721 0.9183 0.9611 0.9962 0.8898 0.9113 0.9327

Shape

L / I 1.68 - 3.36 3.39 2.23 1.75 1.39 1.35 1.58

I / S 1.52 1.08 1.14 1.26 1.45 1.48 1.57 1.78 1.42



4.4. Quantitative morphological 3-D analysis

The resulting 3-D parameters of the grain shape ellipsoid

for each sample are given in Table 3. The orientation of the

three axes refers to the stratigraphic coordinate system. All

samples have a representative unique ellipsoid, except

sample 2. Because of the 2-D angular results, it was con-

sidered convenient to build two mean grain shape ellipsoids,

for sample 2, so as to de®ne its 3-D grain morphology.

4.4.1. Grain size (3-D)

The short axis length was constant from sample 1 to

sample 8, except for a slight increase in sample 2. The

medium axis length showed small variations, with an

increasing tendency from sample 2 up to sample 7. The

long axis length underwent the same evolution as the
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Fig. 12. Distribution of the 3-D calculated grain shape ellipsoids in a ellip-

soid-axes-ratio diagram. Most of the samples are in the prolate ®eld and

only M6 and M7 are in the oblate ®eld.

Fig. 13. Pole density ®gures {100}, {110} and {111} of samples 1, 2, 4 and 7. Data is plotted in the lower-hemisphere equal area projection in which intervals

are 1% per 1% area. Data has been rotated and plotted on to the ab plane of the stratigraphic coordinate system since textures are better visualised in this plane.

The three grain shape ellipsoid axes have been overprinted (see Fig. 8 for legend). The shear plane (S.P.) is plotted as a great circle. The textures show a main

maximum quasi parallel to the fold axis and a girdle along the bc plane and perpendicular to the a axis.



volume change and it is clearly the axis that determines the

ellipsoid grain size.

4.4.2. Grain shape (3-D)

The axis relationship (Fig. 12) of most of the samples (1 to

5 and 8) lies in the prolate ellipsoid ®eld. Only samples 6

and 7 lie in the oblate ®eld. Nevertheless, in both ®elds the

ratios are less than 2 and only samples 2 to 4 show a larger

ratio.

4.4.3. Orientation (3-D)

In the samples studied the grain shape ellipsoids have two

different orientations. The ®rst is related to the cleavage

developed in the folds and is present in samples 1 and 2,

while the second is related to the shear zone and is present in

samples 2 to 8. In sample 1, which is located on the northern

limb of the fold and which is not affected by the shear, the

long axis of the shape ellipsoid dips to the NW and is

subparallel to the fold axial plane. This grain shape ellipsoid

might correspond to the cleavage plane. In sample 2, which

is located on the southern limb of the fold and at the

boundary of the shear zone, two grain shape ellipsoids

with different orientations are present. The M2a ellipsoid

has a long axis orientation dipping to the NE that could,

as in sample 1, correspond to the cleavage plane. The

M2b ellipsoid corresponds to a new grain population that

grows with the long axis, parallel to the shear plane and

the short axis that is perpendicular to it. This orientation

of the grain shape ellipsoid is very similar to the orientation

of the grain shape ellipsoids in samples 3 to 8. From samples

3 to 5 the long axis progressively becomes parallel with the

shear direction and the intermediate axis is also contained in

the shear plane. From samples 6 to 8 the intermediate axis is

no longer contained in the shear plane and has a misorien-

tation of 258. This misorientation occurs at the same time as

the L/S factor decreases. In sample 8, the long axis also has

a misoriention of 208 with respect to the shear plane, which

could be explained by the loss of orientation of the Phi angle

for section bc and the lower values of L/S factor.

In short, the change in the dimensions of the axes results

in a volume change in the shape ellipsoids. In samples 2 and

3 (which are located at the boundary of the shear zone), the

shape ellipsoids have a larger volume (150%) than in

sample 1. However, those samples (4 to 8) which are

strongly in¯uenced by the shear zone have a similar volume

to sample 1. Grain elongation has been described in many

experimental studies in shear conditions as well as grain size

increase due to grain boundary migration by dynamic

recrystallization (Chester, 1988; Knapp et al., 1987; Ross

et al., 1987; Fransen, 1993). Moreover, grain size reduction

has been observed with increasing shear strain (Ross et al.,

1987; Knapp et al., 1987) by polygonization. However,

neither of the experimental conditions that account for

grain size increase and reduction can be directly compared

with the initial fabrics or deformation conditions of the

natural samples studied here. Nevertheless, the grain

volume increase in the samples studied is dif®cult to be

explained only by intracrystalline process by dislocation-

creep and for this reason we suggest that processes of

dynamic recrystallization by mass-transfer might have

also taken place.

4.5. Crystallographic preferred orientations

Data were collected in the bc thin sections to allow direct

comparison with the morphological features since this is the

most sensitive section to morphological changes. However,

here we present data in the section ab as it was in this plane

that the different submaxima were more clearly visible.

(Fig. 13). All samples exhibit a similar crystallographic

preferred orientation pattern. Pole ®gures of {100} planes

show a main maximum almost parallel to the fold axis (a
axis) and a girdle along the bc plane and perpendicular to

the a axis. The main maximum is asymmetric with respect

to the a axis because the poles have a larger dip angle to the

c axis. The girdle, which indicates that there is a degree of

freedom in the orientation of the {100} planes, shows

different submaxima that cannot be explained by crystal

symmetry and cannot be related to any morphological orien-

tation. Therefore, these results indicate that the family of the

{100} planes is strongly oriented and perpendicular to the

fold axis. Moreover, in samples 4 and 7 one of the maxima

in the girdle developed perpendicular to the fold axis is

approximately parallel to the short axis of the grain shape

ellipsoid. The {100} planes achieve an orientation that can

be related to a tectonic direction whereas {110} and {111}

are not directly connected to any structural feature of the

rock. Nevertheless, to con®rm there was no relation with

these other two family planes and to permit a better

comparison with morphological orientations the {110}

and {111} pole ®gures were calculated from the original

data. The pole ®gures of {110} planes show three low

density girdles. Two of them are located at around 458 of

the bc plane whereas the third is quasi parallel to it. The

poles of {111} planes show two better de®ned girdles at

high dip angles with several submaxima along them. In

these pole ®gures, no maxima around the a axis or a

relationship with the shear zone direction are observed.

Nevertheless, in sample 1 the short and intermediate axes

lie on the density girdles of the which do not have any direct

relationship with the shear zone direction or the orientation

of the {110} and {111} pole ®gures.

This preferred orientation of the {100} planes indicates

that there is signi®cant crystallographic control in the

orientation of the crystals which, is consistent with dislo-

cation creep processes. In this case, the slip system that

usually works in halite at low temperatures, namely

{110}k110l, could be the main operating system.

Similar patterns were described in Kern and Richter

(1985) in the Asse salt dome (Germany) measured on the

schistosity plane. Further reports (Carter and Hansen, 1983)

also showed a similar texture pattern for Lyons bedded salt
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(Carey Mine, Kansas) but the projection plane here was

related to the core axis and any comparison with a geologi-

cal structure is dif®cult to establish. Other results from

naturally deformed samples, obtained by neutron diffraction

(Ertel et al., 1987), show a {100} texture pattern for a struc-

ture sampled in the Bleicherode mine whereas in the

stronger plastically deformed Werra region, they found a

{110} texture. It was concluded that the {100} texture

does not ®t the rock salt layering and does not follow the

fold geometry in the perturbation zone of Zielitz mine. The

discrepancy between their {100} texture and the {110}

texture of experimental work reported by Kern and Richter

(1985) in experimental work was attributed to recrystalli-

zation processes. On the other hand, patterns (Muehlberger

and Clabaugh, 1968) obtained from the macroscopic folds

of two Gulf Coast Domes are referred to the axial planes.

Their patterns C and F of Fig. 5 of {100} pole ®gures show

similar relationship as our patterns between the crystallo-

graphic maxima and the axial plane. Nevertheless, in their

work there is a lack of detailed data on the morphological

features of the salt grains. Schwerdtner (1968) suggested

that slip system {110}k110l followed by annealing recrys-

tallization might account for the fabrics observed in natural

rock salt by Muehlberger and Clabaugh (1968).

4.6. Relationship between the strain ellipsoid and the 3-D

morphological and crystallographic fabrics

The relationship between fabrics (crystallographic

preferred orientations and morphological features) and

macrostructure has been well established for high grade

metamorphic terrain with quartz. Such analyses have been

carried out in the metamorphic areas in which the macro-

structure is dif®cult to analyse and where the strain ellipsoid

cannot be obtained directly from the orientation of the folds

since their axes are perpendicular and/or parallel to the

stretching direction. Salt deforms at a much lower tempera-

ture and at lower stress values than quartz to give similar

geometric structures. The fact that only a few studies have

been conducted on the relationship between mesostructure

and fabrics in these sediments is due to the scarce out-

cropping of salt structures, the cubic properties of the halite

and the facility of rock-salt to obliterate the previous fabric,

providing therefore, only the record of the last strain incre-

ment. Nevertheless, the importance of the evaporitic rocks

at levels where deformation is localised has stimulated

research on highly strained anhydrites in thin detachment

levels in the Alps, Jura and Antalya (Malavielle and Ritz,

1989; Jordan et al., 1990; Marcoux et al., 1987). In such

cases, because fold axes are curved, microstructures, as well

as the crystallographic fabrics of the anhydrite, have to be

studied in order to obtain reliable information on the strain

ellipsoid.

Nevertheless, when studying halite fabrics the question is

whether the shape and dimensions of the grain shape ellip-

soid are related to the strain ellipsoid. Although many

authors have done a straightforward correlation (Larsen

and Lagoni, 1984), in this work, we observed that the corre-

lation is by no means so straightforward. Two fundamental

aspects have to be compared: the orientation of both ellip-

soids and their dimensions. The orientation of the grain

shape ellipsoid runs parallel to the strain ellipsoid after a

deformation of g� 1.6. For values close to g� 1.6 two

fabrics are superimposed in terms of grain shape elongation:

one is related to fold development and the other is related to

the shear zone.

The analysis of the evolution of grain shape ellipsoid

dimensions is more complex. We shall look at this evolution

in two parts, the ®rst for values of g # 1.6 in which the grain

shape ellipsoid shows an increase in volume and the second

for values of g $ 1.6 in which there is a volume reduction.

During grain volume increase, an elongation of the grains

occurs along the long axis, whereas the intermediate and

short axes remain fairly constant (see values in Table 3).

This elongation is proportional to the elongation of the

strain ellipsoid long axis. Nevertheless, the grain shape

ellipsoid undergoes an increase in volume, which cannot

be related to the calculated strain ellipsoid, because as the

macrostructural data show the strain ellipsoid is plane strain.

Above g� 1.6, the strain ellipsoid elongates with increasing

strain, whereas the grain shape ellipsoid becomes smaller in

volume and less elongated. In particular, the long axis of the

grain shape ellipsoid is shortened whereas the intermediate

and short axes remain fairly constant. Therefore, although

the changes in orientation and dimensions of the grain shape

ellipsoid are genetically related to the deformation in the

shear zone, there is no direct relationship between the strain

and grain shape ellipsoids for values g $ 1.6.

According to the depth and the position at which samples

were taken, we can assume that the temperature during

deformation was no higher than 80±1008C. At this tempera-

ture, the most favourable slip system would have been

{110}k110l, since families {100}k011l and {111}k110l are

six or seven times stronger at this temperature (Wenk et al.,

1989). Although, given the textures, the slip system

{110}k110l could have been operative in all samples, the

grain volume increase cannot only be explained by this

mechanism. Therefore, tectonically controlled mass-

transfer processes were probably active during the ®rst

stages of deformation. This is in agreement with theoretical

calculations from experimental data (Carter et al., 1990) that

predict that mass-transfer processes take place in nature,

especially when grain size is as small as 1 mm. Fluid-

enhanced grain boundary diffusional creep (Urai et al.,

1986; Spiers et al., 1990) can occur with very small amounts

of water. The amount of water measured in the studied

samples was very low (,0.1%), similar to water contents

reported in diapirs (Knauth and Kumar, 1981; de las Cuevas

and Pueyo, 1995; Carter et al., 1993). However, in other less

tectonised areas of the Cardona Formation this type of salt

has a relevant presence of brine-rich ¯uids related to

primary ¯uid inclusions (hopper crystals) (Pueyo, 1975;

L. Miralles et al. / Journal of Structural Geology 23 (2001) 675±691 689



Rosell and Pueyo, 1997; Miralles, 1999). The ¯uid inclu-

sions of these structures could have constituted a potential

supply of water, and therefore have played an important role

in the deformation mechanism during the initial stages.

Unlike the rapid spatial changes in morphological fabrics,

crystallographic preferred orientations remain constant

showing a strong {100} texture, near parallel to the fold

axis (a axis of the previously de®ned stratigraphic coordi-

nate system. See Figs. 7 and 13). This preferred orientation

is already present in sample 1, and is rotated together with

bedding but not modi®ed in the samples inside the shear

zone (samples 4 and 7), suggesting that this texture is a

prior characteristic. This orientation might respond to the

regional shear and shortening undergone by the detachment

level.

5. Conclusions

1. Morphological fabrics in naturally deformed small grain

size halite (1 mm) show rapid spatial changes, which

requires a very careful and close sampling of the struc-

tures to evaluate the orientation and dimensions of the

grain shape ellipsoid.

2. The 3-D grain shape ellipsoid is parallel to the strain

ellipsoid after g� 1.6 because a new grain population

forms in the tectonic favourable orientation. For values

of g close to 1.6 two grain populations coexist: one lies

subparallel to the fold axial plane re¯ecting the cleavage

associated with the fold development and the other lies

parallel to the shear direction related to the new grain

population.

3. For values of g . 12 only the long axis of the grain shape

ellipsoid has a good clustering around the shear direction

together with a decrease in the L/S factor. For values

of g . 55 even the long axis starts to lose its good clus-

tering.

4. The dimensions of the grain shape ellipsoid do not

provide information about the dimensions of the strain

ellipsoid. Grains undergo volume changes, increase for

values g , 2.9 and decrease for higher values, but in all

cases the dimensions of the short and intermediate axes

of the grain shape ellipsoid remain nearly constant.

5. Crystallographic fabrics show a constant preferred orien-

tation with respect to bedding. This indicates that the

crystallographic fabric is achieved prior to the formation

of the shear and that this process does not modify the

main trend of the crystallographic fabric. Therefore,

during the formation of the shear, the contribution of

crystal plasticity (dislocation glide) must be small rela-

tive to the total deformation which suggests ¯uid assisted

mass transfer as the main deformation mechanism

(consistent with lack of crystallographic preferred orien-

tation).

6. The intracrystalline deformation mechanism coherent

with the crystallographic structure and the measured

texture is that of the {110}k110l slip system. Grain

volume increase cannot be explained by this mechanism

alone and, therefore, mass-transfer processes must have

taken place.
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