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Abstract

Understanding the genetic relationships of folding-related deformation structures is of importance for both academic and industrial purposes.

We analysed the three-dimensional deformation pattern of the Añisclo anticline, in the southern Pyrenees. The specifically designed statistical

method includes sequential steps of statistical and spatial data analysis and classification. Our results indicate that pressure solution cleavage

frequency exhibits a spatial distribution that depends on the position within the fold. Conversely, such a dependence does not occur in joints and

veins. Consequently, our data suggest that pressure-solution cleavage is the most appropriate deformation structure for unravelling fault-fold

kinematics in carbonate multilayer. In particular, we found that the spacing of solution cleavages (S) is related to the corresponding bed thickness

(H). This supports the use of H/S value for deformation intensity quantification instead of spacing. In the Añisclo anticline, analysis of H/S

indicates the occurrence of three main deformation panels whose restoration suggests that fold evolution progressed from layer-parallel

shortening, to décollement folding, up to thrust breakthrough, and fault-propagation folding. Comparison of H/S values with finite strain data

indicates that line-length was not preserved during fold evolution. This evidence has important implications for the kinematic interpretation of

layer-parallel shortening and cross-section balancing.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Development of structures in thrust-related folds is controlled

by several factors including the environmental conditions of

deformation (e.g. Chester et al., 1991; Stewart and Alvarez, 1991;

Jamison, 1992; Lemiszki et al., 1994; Woodward, 1999), the

mechanical stratigraphy of the folded multilayer (e.g. Corbett

et al., 1987; Woodward and Rutherford, 1989; Protzman and

Mitra, 1990; Gross, 1995; Couzens and Wiltschko, 1996; Fischer

and Jackson, 1999; Chester, 2003), and the folding mechanism

(e.g. De Sitter, 1956; Ramsay, 1974; Sanderson, 1982;

Dahlstrom, 1990; Srivastava and Engelder, 1990; Fischer et al.,

1992; Apotria et al., 1996; Storti and Salvini, 1996; Salvini and

Storti, 2001). Comprehensive understanding of the relationships

between the folding process and the development in time and

space of folding-related structures is of importance for both

academic and industrial purposes. Understanding these
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relationships sets reliably constraints on fault-related fold

kinematics and favours the development of unique section-

balancing solutions (e.g. Thorbjornsen and Dunne, 1997; Salvini

and Storti, 2004). Similarly, these relationships impact our

understanding on the migration and accumulation of fluid with

respect to fold formation and, consequently, the development of

hydrocarbon and water reservoirs. These relationships have been

investigated by using the spatial distribution of microstructural

features (e.g. Allmendinger, 1982; Couzens and Dunne, 1994;

Fisher and Anastasio, 1994; Hedlund et al., 1994; Anastasio et al.,

1997), finite strain data (e.g. Fisher and Coward, 1982; Mitchell

and Woodward, 1988; Protzman and Mitra, 1990; Couzens and

Dunne, 1994; Thorbjornsen and Dunne, 1997; Mukul and Mitra,

1998; Yonkee, 2005), and the characterisation of mesostructural

patterns in different fold sectors (e.g. Srivastava and Engelder,

1990; Cooper, 1992; Fischer et al., 1992; Erslev and Mayborn,

1997; Jamison, 1997; Tavernelli, 1997; Thorbjornsen and Dunne,

1997; Storti and Salvini, 2001).

In this work, we show that systematic statistical analysis of

folding-related structures, both across and along the fold trend,

provides the necessary information to constrain fault-fold

kinematic history. We propose a working method focused on
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the quantitative analysis of mesoscopic structures. The

approach combines spatial statistics of data from structural

transects (i.e. Salvini et al., 1999) with cumulative data

analysis in frequency histograms and equal-area Schmidt

stereonets. The approach is applied to the Añisclo anticline, in

the southern Pyrenees, to unravel its kinematic history, which

includes layer surface variations (i.e. line-length variations in

cross-section) through time. Implications for the non-preser-

vation of line-length in section balancing of thrust-related folds

are considered.
Fig. 1. Proposed working strategy for statistical data analysis. (A) Structural attribute

for data analysis and interpretation. HZbed thickness; ATBZangle to bedding; SZ
2. Methodology

Structural data are collected in closely spaced georeferenced

field sites (data location was accomplished with GPS

equipment), where structures are characterised by their

orientation, overprinting relationships, spacing (the distance

between adjacent surfaces, S), termination or non-termination

at bedding, and geometric relationships to bedding as defined

by angle to bedding (ATB). Veins are also characterised by

their aperture (A) (Fig. 1a). Data about stratabound structures
s and related analytical tools. (B) Flow diagram illustrating the sequential steps

spacing; AZaperture. See text for details.
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include thickness of boundary layer (H; Fig. 1a) to normalise

their spacing by computing the H/S ratio, which is numerically

equivalent to the C/B fissility of Durney and Kisch (1994). In

particular, our dataset shows that the spacing of pressure-

solution cleavage in the Añisclo anticline relates to the

corresponding bed thickness (Fig. 2). This supports the use

of the normalised spacing of solution cleavage (H/S ratio) to

compare deformation intensities between different fold sectors.

The first step of the proposed methodology (Fig. 1) is to

merge the entire dataset into a database from which the

orientation of a type of structure with respect to the fold axial

trend is investigated by data contouring on equal-area Schmidt

stereonet (Fig. 1). To account for the presence of steeply

dipping beds, data are rotated by restoring the reference

bedding surfaces to the horizontal (Ramsay, 1967).

Cumulative data contouring allows the identification of

longitudinal and transverse structures and their classification
Fig. 2. Cleavage spacing versus bed thickness scatterograms in the normal (a)

and bi-logarithmic space (b).
into separate sets. The spatial variability of both angle to

bedding and frequency is investigated, for each set, by using

structural transects (Salvini et al., 1999; Tavani et al., 2004).

Data from an area of interest are projected onto the transect,

orthogonally to the transect direction. The transect length is

divided into N cells of a given width, and for each cell a

frequency histogram of the analysed parameter is produced.

For a graph of transect results, the X-axis represents the

position along the transect trace, the Y-axis represents

the parameter value, and a grey-tones scale represents the

frequency associated with each Y value, normalised to 100 (e.g.

Fig. 1a for bedding azimuth). The along-transect smoothing of

the resulting scatterograms significantly improves their

interpretation. Eventually, a uni/polimodal Gaussian best fit

is applied to each cell histogram.

The determination of the relative ages of structures to the

hosting fold from crosscutting field relationships is improved

by comparison of cumulative statistical and transect analyses

(Fig. 1b). Statistically, structures are identified as syn-folding

when the spatial variability of their characteristics is a function

of change in fold geometry. This functionality is identified by

the correlation of variability to domains (i.e. deformation

panels) of the fold (Storti and Salvini, 1996; Salvini and Storti,

2001). Average structure orientation is determined from

stereoplots and average and standard deviation of character-

istics, such as ATB, H/S and S are determined from histograms.

We use sequential restoration of deformation panels and fold

geometry to unravel the progressive evolution of the host

thrust–fold pair (Salvini and Storti, 2004).
3. Geological setting of the Añisclo anticline

The N–S-trending (N 1718), Middle Eocene Añisclo

anticline is located in the Spanish Pyrenees (Fig. 3a) and is

part of an oblique to transverse set of fold and thrust structures

along the eastern margin of the Gavarnie thrust sheet in the

footwall of the Montsec thrust sheet (Fig. 3). This thrust sheet

is a major feature of the western central Pyrenees (Seguret,

1970) and involves Hercynian basement rocks north of the

Añisclo anticline. Its floor thrust climbs up-section southward

from basement into Triassic evaporites and shales and emerges

in the Sierras Exteriores at the Pyrenean thrust front (Millán,

1996; Teixell, 1996). Paleomagnetic data reveal that the

Añisclo anticline and neighbouring oblique anticlines have

rotated up to 808 in a clockwise direction during and after their

growth (Dinarès Turell, 1992; Parés and Dinarès Turell, 1993;

Pueyo et al., 2004). This indicates that these structures

originally formed with roughly E–W trend as frontal structures

and then were rotated to their current orientation (Fernandez,

2004). The multilayer involved in the Añisclo anticline

includes alternating limestones and marls of Upper Cretaceous

to Middle Eocene age overlying the Keuper Triassic evaporites

(e.g. Garrido and Rios, 1972; Rios et al., 1982) (Fig. 3b). The

Lutetian San Vicente turbidites lie mostly unconformably over

this sequence and are partially coeval with the growth of the

Añisclo anticline (e.g. Fernández et al., 2004).



Fig. 3. (a) Schematic geological map of the Pyrenees with location of the study area. Gavarnie, Sierras Exteriores and Montsec are the major foreland thrust sheets in

the central Spanish Pyrenees. (b) Stratigraphic succession in the Añisclo anticline area.

Fig. 4. Balanced cross-section across the northern sector of the Añisclo

anticline (from Holl and Anastasio, 1995).
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In the northern sector, the geometry of the Añisclo

anticline is nearly symmetrical and developed by décolle-

ment folding (Fig. 4) (Holl and Anastasio, 1995). Our study

area includes the central and southern sectors of the Añisclo

anticline, where the fold geometry is more complex. The

anticline plunges southward at about 108 until increasing to

258 in its southernmost termination. The backlimb of the

Añisclo anticline is characterised by bedding dip ranging

from 20 to 458 toward the east and by a gentle transition to

a nearly flat-lying crest (Fig. 5). The crest–forelimb

transition in the oldest exposed rocks is commonly

coincident with an intensely deformed zone, which is

interpreted to be associated with a steep splay of the

main Añisclo thrust. The forelimb in the northern sector of

the anticline has a nearly constant southwestward dip of

about 308. The central sector is characterised by a

curvilinear shape that progressively reaches an overturned

attitude of 658 to the east and then curves to a moderate

westward dip before transitioning westward to the flat-lying

foreland. Late-stage extension faults strike oblique to the

fold axis across both the backlimb and forelimb.
Accordingly, they may cut through the Añisclo thrust

down to the basal thrust of the Gavarnie thrust sheet

(Fig. 5). However, these extension faults may reactivate part

of the Añisclo thrust below the forelimb. To the south, the

anticline terminates with a vertical-axis cone geometry, dips

ranging from 458 to the southwest in the forelimb to 258 to

the southeast in the backlimb.



Fig. 5. (a) Geological map of the Añisclo anticline area (after Rios et al., 1982). (b) Balanced cross-section across the central sector of the Añisclo anticline.
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4. Structural data

Sixty-six georeferenced field sites were located in four

structural domains (Fig. 6). In all the cases, marly limestones

were sampled to minimise effects of lithologic variations (e.g.

Fischer and Jackson, 1999) from the lower Eocene portion of the

stratigraphic sequence that was deposited before folding (Figs. 3b

and 5). Bed thicknesses range from 5 to 50 cm and average 15 cm.

The analysed structures include pressure-solution cleavages,

joints, veins and faults. In the following, their strike is represented

as a clockwise angle from the north (0–1808).
Solution cleavages are stratabound undulatory surfaces

enhanced in exposure by weathering. Their spacing is nearly

constant at the outcrop scale (Fig. 7). Conversely, joints, veins

and faults are both stratabound and non-stratabound and their

spacing varies. Transverse hairline veins occur with cleavage

surfaces, their spacing varies strongly and generally their

dimensions are less than bed thickness and cleavage spacing.

The variability of hair-line veins geometry and timing cannot

be easily related to fold kinematics and were not analysed.

Instead, non-stratabound veins were analysed. Field obser-

vations of mutually crosscutting relationships between the



Fig. 6. Field site distribution within the five main sectors recognised in the

study area. Tr: transect trace. Frf: far foreland; Frn: near foreland; PR; southern

periclinal termination; BK: backlimb.
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main solution cleavage set and joints/veins and faults (Fig. 8)

support the interpretation that they developed coevally.

Cumulative contouring on an equal-area stereonet of poles

to joint/vein, faults and pressure-solution cleavage highlights

the presence of two azimuthal sets (Fig. 9a). The former
Fig. 7. Examples of spaced solution-cleavage surfaces i
includes pressure solution cleavages striking about parallel to

the fold axial trend (Type 2 fractures; Stearns, 1968), whilst the

latter includes joints/veins and faults striking at high angle to

the fold axial trend (Type 1 fractures; Stearns, 1968). Both the

sets exhibit lower data scattering in the rotated analysis with

respect to the unrotated one. In particular, rotated azimuth and

dip frequency distributions of both cleavage and joint/vein and

fault are characterised by a standard deviation comparable with

or lower than the corresponding unrotated analysis (Fig. 9b). In

the rotated analyses, the standard deviations of cleavage

azimuth and dip are quite high and comparable, i.e. there is an

intrinsic variability in cleavage orientation related to its

undulated geometry. Conversely, the standard deviation of

joint/vein and fault dip is much lower than the corresponding

azimuth standard deviation. This difference likely relates to the

typical occurrence of three subsets within Type 1 fractures, i.e.

tensile structures bisecting a conjugate strike slip fault set (e.g.

Stearns, 1968; Hancock, 1985; Cooper, 1992). Accordingly,

we fitted the joint, vein and fault azimuth frequency

distribution with three Gaussian curves. The obtained

azimuthal values of 828 (G108), 558 (G158) and 1168 (G
108) support the occurrence of the three subsets within Type 1

fractures (Fig. 9c). In particular, the NE–SW oriented fault sets

is interpreted to have a right-lateral strike-slip kinematics and

the ESE–WNW fault set is interpreted to have a left-lateral

strike-slip kinematics. These fault sets are bisected by E–W

tensile structures. This interpretation is supported by the

occurrence in the field of faults at the mesoscale, showing

comparable distribution of orientation and kinematics (Figs. 8a

and 9c). The standard deviations of the three azimuthal subsets

are comparable with that obtained for the dip value analysis
n the forelimb of the Añisclo anticline, Metils Fm.



Fig. 8. Example of structural crosscutting relationships. (a) Right-lateral faults offsetting longitudinal solution cleavage on a nearly vertical bedding surface. (b)

Transverse vein offsets a right lateral strike-slip fault that offsets a longitudinal solution cleavage surface. (c) Longitudinal pressure solution cleavage surface

crosscutting a transverse vein. Picture (d) and line-drawing (e) of bedding-parallel pressure solution cleavage (set 3) overprinting cleavage oblique to bedding (set 2)

overprinting in turn cleavage perpendicular to bedding (set 1) in the overturned forelimb. (f) Bedding-parallel pressure solution cleavage (set 3) overprinting

cleavage perpendicular to bedding (set 1) in the nearly vertical forelimb.
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and are significantly lower than the corresponding one for

cleavage.

The across-strike transect analysis of the dataset (Fig. 1b)

shows that the ATB of joint/vein and fault has nearly constant

averages close to 908 all around the anticline (Fig. 10). Angle to

bedding shows a greater variability for solution-cleavage

surfaces. The distribution of joint/vein and fault spacing across

the fold is characterised by data scattering and by the lack of

clear relationships to structural position (Fig. 10). The aperture

of longitudinal veins is rather constantly distributed and is

about 5 mm. On the other hand, the distribution of cleavage

H/S differs between fold sectors (Fig. 10).
4.1. Deformation panels

Analysis of the spatial variability of structure attributes

allows the recognition of deformation panels across the

anticlinal strike (e.g. Salvini and Storti, 2004). Data in

Fig. 10 show that solution has a spatial variability related to

the structural position within the anticline. The backlimb, the

crest in the southern periclinal closure and the far foreland

(sites at a distance greater than 500 m from the forelimb–

foreland transition) exhibit a unimodal distribution of H/S with

an average value of about 1, whereas the forelimb and the near

foreland are characterised by the increase of both the H/S



Fig. 9. Cumulative data analysis. (a) Contouring of total poles to solution

cleavages, joints/veins and faults, with reference frame of unrotated and rotated
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average value and data scattering. Cleavage ATB shows a

distinctive behaviour in the near foreland. Furthermore, the

forelimb is characterised by the peculiar occurrence of right-

lateral strike-slip faults and by the absence of left-lateral strike-

slip ones. All these observations concur to identify three major

deformation panels across the Añisclo anticline: the near

foreland (1), the forelimb (2) and the crest/backlimb (3)

(Fig. 10).

In the near foreland panel, a set of solution cleavage strikes

1698 (G128) and is nearly normal to bedding (ATB of 81G
128) (Fig. 11). If a linear through the origin fit is adopted for the

H, S dataset of this solution cleavage set, the regression line

slope is 0.72, with a RMS of 2045. The 0 slope regression line

(i.e. S is assumed to be independent of H) has a Y-intercept of

131 (RMS is 2370). A second solution cleavage set strikes 1748

(G108) and has an average ATB of 538 (G148); it has a

regression line slope of 0.3, with a RMS of 1598. For a linear

through the origin fit the regression lines have a Y-intercept of

93 (RMS is 1370). The cleavage H/S data are not unimodal and

their average value is about 2.1 (G1.2), being 1.7 (G0.8) and

3.3 (G1.5) for the H/S values associated with the normal to

bedding and oblique sets, respectively. Crosscutting relation-

ships indicate that the eastward-dipping cleavage is the

younger one, as it consumpts the normal to bedding cleavage.

Joints/veins and faults have maxima striking orthogonal

(87G88), oblique (124G108) and parallel (177G78) to the

fold axis (Fig. 11). They correspond to transverse joints/veins,

left-lateral faults and longitudinal joints/veins, respectively.

The first two sets are mainly orthogonal to bedding (ATB is

88G108 and 85G78, respectively), while the latter comprises

both nearly vertical (92G118) and westward dipping (56G58)

surfaces. The average spacing is 1026 mm (G521 mm) for

transverse joints/veins, 845 mm (G357 mm) for left-lateral

faults and 895 mm (G543 mm) for longitudinal joints/veins.

In the forelimb, solution cleavage has three sets (Fig. 8d and

e): the first strikes 1728 (G278) and is perpendicular to bedding

(ATB is 89G78). The second, younger set, strikes 1798 (G188)

and is oblique to bedding (ATB is 152G98) (Fig. 11). The third

set is bedding parallel and overprints the other two sets. In the

forelimb, a large standard deviation value characterises the

azimuthal distribution of the first cleavage set because, in many

sectors, the dip is around 0, thus implying a large local

variability of the azimuth datum. The H, S dataset of this

cleavage set has a regression line with a slope of 0.48 (RMS is

3687); the horizontal regression line has a Y-intercept of 111

(RMS is 4372). The distribution of the H/S ratio is not

unimodal with an average value of 2.3 (G1.2). These H/S data

are characterised by a large variability along the forelimb

(Fig. 12, transect 2). The second and the third cleavage sets are

numerically much less than the first one and mainly developed

in clay-rich layers where data were not collected.
bedding. (b) Frequency analysis of structures azimuth and dip. (c) Gaussian best fit

of joint, vein and fault azimuth, and stereoplot of mesoscopic strike-slip faults

showing the occurrence of NE–SW right-lateral strike-slip faults and NW–SE left-

lateral strike-slip faults. ENE–WSW faults are more abundant and show both

right-lateral and left-lateral sense of shear. They are interpreted as tear faults.



Fig. 10. Structural data projected onto transect Tr1. Dark dashes represent data values, grey area represents the smoothed Gaussian fit and normalised frequency is

represented in grey-tones scale. See text for details and Fig. 6 for location.
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Fig. 11. Characterisation of deformation panels by frequency histograms of angle to bedding (ATB), H/S, and spacing, H–S scatterograms, unfolded cumulative

contoured stereonets of poles to solution cleavage, and joints, veins and faults. Numbers in the left-bottom and right-bottom corners of the stereonets are number of

data and percentage of contouring interval, respectively. Numbers below the frequency histograms indicate, from the left to the right, the number of data, the average

value and the standard deviation.
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Fig. 12. Structural transects 2 (along the forelimb, left), 3 (across the crest, centre) and 4 (along the backlimb, right). Transect locations are shown in Fig. 6. Data

presentation as in Fig. 9.
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The importance of the second and third cleavage sets lies in the

information they provide for constraining anticlinal kin-

ematics. Joints and veins are nearly vertical with a strike of

878 (G148) and are nearly bed-orthogonal (ATBZ84G108).

Right-lateral faults strike 838 (G188) and are southward

dipping (61G118), but nearly bed-orthogonal (92G138). The

rotated azimuthal analysis of both joints/veins and faults shows

rather constant azimuthal values along the forelimb (Fig. 12).

Average fracture spacing is 1145 mm (G811 mm), 1254 mm

(G885 mm) and 824 mm (G385 mm) for joints/veins and

faults, respectively.

In the crest/backlimb deformation panel, solution cleavage

strikes nearly parallel to the fold axis (169G128) and is nearly

perpendicular to bedding (80G158) (Fig. 11). The cleavage H,

S dataset has a regression line with a slope of 0.79 (RMS is

3239); the horizontal regression line has a Y-intercept of 150

(RMS is 6944). The cleavage H/S ratio is unimodal with an

average value of 1.4 (G0.6) (Fig. 11). Joints/veins in the crest/

backlimb deformation panel strike nearly perpendicular to the

fold axis (76G258) and are perpendicular to bedding (ATBZ
98G118). Rare left-lateral faults occur in the eastern part of the

periclinal closure and in the southern part of the backlimb

(Fig. 12). The cumulative average spacing of joints/veins and

faults is 992 mm (G611 mm). When only tensile structures are

considered, the average spacing is 994 mm (G624 mm). The

average spacing of faults is 988 mm (G576 mm).

Finally, data in the far foreland are described for

comparison. In this area, nearly vertical solution cleavages

strike parallel (168G118) to the Añisclo anticline axial trend

(1718) and are roughly perpendicular to bedding (ATBZ88G
98) (Fig. 11). Cleavage spacing increases with increases of the

corresponding bed thickness. If a linear through the origin fit is

adopted, the regression line slope is 0.92, with the residual

mean square (RMS) being 2543. On the other hand, if a

regression line with 0 slope is assumed, the Y-intercept is

128 mm and the corresponding RMS is 2975. H/S data are

unimodal with an average value of 1.2 (G0.4). Joints and veins

strike orthogonal to cleavage (azimuth 69G168, dip 85G118),

whereas left-lateral faults are oblique (azimuth 111G168, dip

85G118). Their spacing averages 739 mm (G298 mm) for

joints/veins and 1516 mm (G361 mm) for faults.

4.2. Structural summary

The 3-D distribution of mesoscale structures in the Añisclo

anticline and their overprinting relationships are schematically

illustrated in Fig. 13. Longitudinal solution cleavages nearly

perpendicular to bedding are distributed all around the

anticline, as well as transverse joints/veins perpendicular to

bedding. Mutual overprinting relationships indicate that these

elements are coeval. The frequency (H/S) of this longitudinal

cleavage set is unimodal in the crest–backlimb deformation

panels and in the far foreland. H/S values and their standard

deviations increase in the forelimb panel and in the near

foreland. The longitudinal cleavage set near perpendicular to

bedding is overprinted in the forelimb and in the near foreland

by an oblique to bedding, longitudinal solution cleavage set.
After correcting for bedding dip, this set has a forelandward dip

in the forelimb, indicating top-to-the-crest layer-parallel shear

and a hinterlandward dip in the near foreland, indicating top-to-

the-foreland layer-parallel shear. In the forelimb, both bedding-

orthogonal and oblique to bedding cleavages are overprinted

by a nearly vertical solution cleavage set that is sub-parallel to

bedding (Fig. 13). Dextral faults occur along the forelimb and

are coeval to both the bedding-orthogonal longitudinal

cleavage and to transverse joints/veins. Accordingly, dextral

faults are characteristic of the forelimb deformation panel

(Fig. 13). Sinistral faults occur locally in the crest and in the

backlimb sectors.

5. Discussion

5.1. cleavage spacing versus bed thickness

The H/S ratio has been used in our work to allow direct

comparison of deformation intensities in beds of different

thickness. This ratio is widely used for joints and veins (e.g.

Price, 1966; Hobbs, 1967; McQuillan, 1973; Narr and Suppe,

1991; Gross, 1993), where the spacing to thickness ratio can be

assumed to be linear for bed thickness less than 1 m (e.g.

Ladeira and Price, 1981; Huang and Angelier, 1989; Gross

et al., 1995). Similarly, our dataset indicates that the cleavage

spacing depends on the bed thickness. In particular, the RMS

values associated with the linear through the origin fit

(hypothesis that S relates to H) is systematically lower than

the RMS associated with the linear fit where the slope is

imposed to be 0 (hypothesis that S does not relate to H), with

the exception of the cleavage oblique to bedding in the near

foreland. This set is characterised by higher H/S values, thus

suggesting that S linearly relates to H until a given deformation

intensity. Above this threshold value, S becomes independent

of H. A relationship between cleavage spacing and bed

thickness was also found by other authors (e.g. Durney and

Kisch, 1994; Casas et al., 1996; Sans et al., 2003), thus

supporting the validity of the H/S ratio for comparing

deformation intensity in different fold sectors, instead of

S, as commonly used in the past (e.g. Alvarez et al., 1978).

5.2. Pre- versus syn-folding layer parallel shortening

The main solution cleavage set in the Añisclo anticline is

nearly perpendicular to bedding all along the fold, which is a

necessary geometric condition to support a pre-folding origin

(e.g. Protzman and Mitra, 1990; Averbuch et al., 1992; Harris and

Van Der Pluijm, 1998). Previous studies have shown that the

development of cleavage perpendicular to bedding in limestone

commonly initiates before map-scale folding (e.g. Allmendinger,

1982; Mitra et al., 1984; Casas and Muñoz, 1987; Clendenen

et al., 1988; Averbuch et al., 1992; Tavernelli, 1997; Sans et al.,

2003, among others). The cross-sectional variability of cleavage

H/S in the Añisclo anticline, however, cannot be explained by a

pre-folding origin of cleavage. Indeed, it provides support to a

syn-folding origin of this cleavage set. These apparently

contrasting features can be reconciled by associating the



Fig. 13. Schematic illustration of the spatial distribution of mesoscale structures and their crosscutting relationships. See text for details.
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occurrence of layer-parallel shortening and cleavage develop-

ment with the initial forelandward propagation of the basal thrust

(e.g. Marshak and Engelder, 1985; Geiser, 1988; Evans and

Dunne, 1991) and early stage offold nucleation and amplification,

when hinge zones do not yet favour deformation localisation in

the different fold sectors (e.g. Storti et al., 1997). The well-layered

nature of the deforming rocks ensures flexural slip folding and

development of bed-orthogonal cleavage within competent

layers (e.g. Helmstaedt and Greggs, 1980). Development of

solution cleavages nearly perpendicular to bedding during early

folding indicates that flexural slip was very efficient and produced

a negligible component of layer parallel shear (e.g. Tavani et al.,

2004). According to this interpretation, the development of layer-

parallel shortening preceding significant fold amplification is an

integral part of the folding process. Solution cleavages associated

with this layer-parallel shortening event have to be regarded as

kinematically syn-folding structures, despite the geometric

criterion that would suggest a pre-folding origin.
5.3. Line-length variation during folding

Finite strain data in the northern part of the Añisclo anticline

(Holl and Anastasio, 1995) allow us to attempt a quantitative

estimation of layer-parallel shortening values from cleavage

frequency. The strain ellipsoids are oblate with minimum axes

(Z) perpendicular to cleavage (Holl and Anastasio, 1995),

which supports a geometric relationship between strain

accumulation and cleavage development. Accordingly, we

assumed that layer-parallel shortening occurred at constant

thickness by development of longitudinal bed-normal clea-

vage. Finite strain data by Holl and Anastasio (1995) indicate

21% shortening in the backlimb of the northern Añisclo

anticline, 22% in the crest and 21.3 and 25% in the forelimb.

We correlated the average H/S value of the longitudinal bed-

normal solution cleavage set in the crest–backlimb defor-

mation panel (H/SZ1.4) with the average finite strain value for

these domains in the northern part of the anticline (21.5%),



Fig. 14. Proposed kinematic evolution of the Añisclo anticline with progressive

development of longitudinal solution cleavage sets and partitioning of

shortening into LPS and folding. See text for details.

S. Tavani et al. / Journal of Structural Geology 28 (2006) 695–712708
particularly as these domains have comparable geometry all

along the length of the Añisclo anticline. This correlation

provided the background magnitude of shortening prior to

deformation localisation in the forelimb and the near foreland.

An estimate of localised shortening in the forelimb and the near

foreland was obtained by assuming a linear relationship

between H/S values of the solution cleavage and finite strain.

With this assumption, the average H/S value of 2.28 in the

forelimb corresponds to shortening of 36.3%. By subtracting

the background deformation to the total amount, we obtained a

partitioning of shortening into 21.5% prior to deformation

localisation and 14.8% due to deformation localisation.

Applying the same reasoning to the near foreland provides an

estimate of 33.1% as the cumulative shortening with 11.6%

after deformation localisation. The regional-scale of the Holl

and Anastasio (1995) work does not ensure the lithologic

match between strain and H/S data and this certainly affected

our computations. Despite this, the magnitude of the estimated

amount of shortening shows that syn-folding line-length

variations have to be considered during cross-section restor-

ations (e.g. Protzman and Mitra, 1990; McNaught and Mitra,

1996; Smart et al., 1999; Hogan and Dunne, 2001).

5.4. Fold evolution

Comparison between fold geometry in Figs. 4 and 5

supports the evolution of the Añisclo anticline by décollement

folding followed by thrust breakthrough and fault-propagation

folding, under the assumption that the lateral variability of fold

geometry and kinematics is representative of the time

progression of fault–fold interaction (e.g. Mueller and Suppe,

1997; Poblet et al., 1998; Apotria and Wilkerson, 2002). Such

an inferred evolutionary pathway is supported by the

deformation pattern of the Añisclo anticline. Unification of

the backlimb and crest into deformation panel 3 and the

comparison with deformation pattern in the far foreland

indicate that their characteristic solution cleavage pattern

represents a background deformation produced in an early

stage dominated by a forelandward migration of the basal

thrust tip and embryonic folding (Fig. 14a and b) (e.g. Geiser,

1988). The amount of layer-parallel shortening during this

stage can be assumed constant through the multilayer because

cleavage is about orthogonal to bedding and corresponds to

about 21% as a maximum. During this initial folding stage, the

shape was nearly symmetric with shallow dipping limbs and

with a large wavelength to amplitude ratio (w/a is about 10), as

commonly recognised for embryonic décollement anticlines

(e.g. De Sitter, 1956; Mitra, 2003, and references therein). The

folding process was ensured by flow of ductile material from

the leading and trailing synclines into the anticlinal core (e.g.

Wiltschko and Chapple, 1977; Poblet et al., 1998; Mitra, 2003),

until the thickness of the Keuper evaporites become lower than

the minimum required for efficient flow. Such an out-of-the-

syncline flow of the Triassic evaporites is supported by the

evidence that they are missing in adjacent synclinal structures

(e.g. Poblet et al., 1998; Fernandez, 2004). Welding of

synclinal areas to the basal décollement inhibited décollement
folding and favoured deformation localization and further fold

amplification by fault-propagation folding (Fig. 14c). Infilling

of the main solution cleavage set in the forelimb and near

foreland of the anticline occurred during this fault-propagation

stage (Suppe and Medwedeff, 1990), when deformation panels

1 and 2 formed. The occurrence of line-length variations at

constant thickness supports deformation by double-edge fault-

propagation folding (e.g. Tavani et al., 2006), where the

cumulative shortening along the basal décollement is parti-

tioned into folding and layer-parallel shortening in the layers

stratigraphically overlying the ramp tip (Fig. 15a). In this

model, the amount of layer-parallel shortening can be defined

by the angle f (Fig. 15a). In the simplest configuration, i.e.

when the regional dip (r) is 08 and the footwall cutoff angle

equals the ramp step-up angle (q). The angle f relates to both q

and b (hanging wall cutoff angle) through equation (6) in

Tavani et al. (2006):

tanðfÞZ cot qð ÞKcot bð ÞC ðqKbÞ (1)

When the regional dip is s0 and the initial footwall cutoff

angle (q*) differs from q, Eq. (1) can be written as:

tanðfÞZ cot q*
� �

Kcot bð ÞC ðq*KbÞ (2)

q* and b can also be expressed as:

q* Z hf CqCr (3)



Fig. 15. (a) Geometry of a double-edge fault-propagation anticline developed

above a ramp nucleated from the basal décollement and propagated upward at a

constant rate. (b) Graphical solutions for Eq. (5). The grey area indicates the

variability field of the step-up angle of the ramp and footwall dip (hh) during

the main fault-propagation folding stage of the Añisclo anticline. The white

circle indicates our best value obtained by try and error balancing of the cross-

section in Fig. 5.
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bZ hhCqCr (4)

with hf and hh being the footwall and hanging wall dip,

respectively (Fig. 15b). By substituting Eqs. (3) and (4) into

Eq. (2) we obtain:

tanðfÞZ cot hf CqCr
� �

Kcot hhCqCr
� �

C ðhf

KhhÞ (5)

The regional dip in the Añisclo anticline is 2.48 and the

estimated f is 228. The forelimb dip in the areas not affected by

late stage anticlinal breakthrough ranges between 30 and 458.

This implies that in the Añisclo anticline, Eq. (5) can be

verified by different values of hf and q. The graph in Fig. 15b

shows the relationships between hf and q for different values of

f and hf. Additional constraints for the fault–fold pair
reconstruction can be obtained by considering that: (i) q

cannot exceed 208, otherwise the ramp would emerge; (2) in

our reconstruction, the ramp cuts across the Keuper and q does

not exceed the dip of backlimb. In the case of a symmetric

décollement anticline (forelimb dipZbacklimb dipC2r), the

solution in the graph of Fig. 15b must lie below the line r1. In

the case of a slightly asymmetric décollement anticline

(forelimb dipZbacklimb dipC2rC108), the solution must

lie below the r2 line. The grey area in Fig. 15b represents the

range of possible solutions and the white circle represents the

proposed solution for the Añisclo anticline (qZ168; hfZ178),

which was obtained by trial and error during cross-section

balancing. Cumulative displacement at the end of this fault-

propagation folding stage was about 30% of the original cross-

sectional length (Fig. 14c). Active hinge folding (e.g. Suppe

et al., 1992) characterised this stage of anticlinal growth as

indicated by the lack of field evidence supporting a significant

amount of bed-parallel shear (i.e. large deviations of cleavage

ATB from 908) in the forelimb and in the near foreland, which

is required by fixed-hinge folding (e.g. Erslev and Mayborn,

1997).

The progression of folding and the progressive steepening of

the forelimb eventually caused fold tightening and locking (e.g.

Ramsay, 1974; Allmendinger, 1982). This triggered anticlinal

breakthrough fault-propagation folding (Suppe and Medwe-

deff, 1990) along a steeper ramp emanating from the backlimb

and localised at the top of the evaporites (Fig. 14d). During this

late-stage folding event, new solution cleavage surfaces

oblique to bedding overprinted the main solution cleavage set

in the forelimb and in the near foreland of the anticline. The

symmetric distribution of shear senses away from the leading

synclinal hinge supports fixed-hinge flexural-slip folding,

where material was not able to migrate across axial surfaces

(e.g. Suppe et al., 1992). Furthermore, solution cleavages

parallel to bedding developed in the steeply dipping to upright

and overturned forelimb. Hanging wall translation above the

high angle fault during the late stage anticlinal breakthrough

caused an additional folding-related shortening of about 4%

and a slight line-length modification, with an across-strike

extension of less than 2% in the upper multilayer sectors.
6. Conclusions

Quantitative analysis of the folding-related deformation

pattern in the Añisclo anticline of the Southern Pyrenees can be

summarised as follows:

(1) Folding was accompanied by the development of

longitudinal pressure-solution cleavages and transverse

joints and veins that bisect less abundant dextral and

sinistral shear fracture arrays.

(2) The spacing of the main pressure-solution cleavage set

relates to the corresponding bed thickness. This sensitivity

to layer thickness is analogous to what is widely described

for tensile structures, despite their different origins. Given

the importance of pressure solution in the deformation of

the upper crust, such an analogy deserves to be further
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investigated by specific work.

(3) Pressure-solution cleavage exhibits a spatial distribution,

which is related to the position within the anticline. The

same behaviour does not characterise joints and veins.

Solution cleavages are the most appropriate structures for

making inferences on fold kinematics, using both their

normalised frequency (H/S ratio) and angle to bedding

(ATB). The spatial distribution of these two parameters

individuates three major deformation panels labelled near

foreland, forelimb and crest–backlimb. Development of

these deformation panels started in a delocalised way by a

background deformation, later overprinted by a selective

infilling of solution cleavage in the near foreland and in the

forelimb during the localised deformation stage.

(4) Correlation between the normalised frequency of solution

cleavage and finite strain data available in the literature

indicates approximately 21.5% of line-length reduction by

layer-parallel shortening during the delocalised stage

(early stages of folding), followed by 14.8 and 11.6% of

further line-length reduction in the forelimb and near

foreland sectors, respectively. This result provides a

cautionary note to the common assumption of line-length

preservation in cross-section balancing of fault-related

folds deforming carbonate multilayers.

(5) Sequential restoration of the deformation pattern in the

Añisclo anticline indicates that fold evolution started by

forelandward propagation of the basal décollement in the

Keuper evaporites together with layer-parallel shortening

and incipient folding. With increasing contraction, the

anticline initially grew by décollement folding, followed

by both low- and high-angle breakthrough fault-propa-

gation folding.

(6) The working method specifically designed for the 3-D

analysis of deformation patterns in faulted and folded

terrains provides an effective tool for unravelling fault–

fold kinematics.
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