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Abstract m

Abstract

Flanking structures are deflections of initially planar markers around a central discontinuity.

These structures develop due to a perturbation flow field, which compensates the disturbance

in the bulk homogeneous flow induced by the discontinuity. The various geometries of

deflection and offset can be described in terms of 8 different types of flanking structures. This

study presents analogue models that were performed to constrain the progressive evolution of

flanking structures and to assess their use as shear sense indicators.

The analogue models document the progressive development of s-type flanking structures

during bulk simple shear flow. Discontinuities with an original orientation perpendicular to

the shear plane develop initial extensional offset in combination with reverse drag deflection

of markers as they rotate with the bulk simple shear, i.e. a-type flanking folds. After crossing

the instantaneous stretching axis (oriented at 45° to the shear zone boundary), the sense of

shear along the discontinuity is reversed, finally resulting in the formation of a contractional

(s-type) flanking fold. The experiments document the transitional nature of flanking structure

geometries, which are generally finite structures that evolved through several stages rather

than instantaneous geometries. Large-strain experimental flanking structures reproduce the

geometry of natural intrafolial fold structures associated with central discontinuities, which

have previously usually been interpreted as shear folds related to local instabilities.

Because of the existence of mirror-symmetric flanking structure types, the shear sense is

ambiguous for single low-strain structures. Conjugate flanking structure systems are more

suitable as shear sense indicators, because they produce characteristic geometries resulting

from the overlap of their perturbation fields. Both contractional and extensional flanking

structures can develop simultaneously in simple shear, as documented by the experiments.

The interference of their perturbation fields produces finite geometries that would not

immediately be associated with simple shear deformation, e.g. graben or extruding wedge

geometries.

The results of the analogue study may also be cautiously extended to crustal-scale structures,

as the geometric effects of the perturbation flow around a discontinuity is scale-independent

and can be observed for a range of rheological behaviors. Exhumation between a conjugate

set of rotating faults can be caused by the contemporaneous activity of a thrust and a normal

fault, which develop due to the variable initial orientation of the faults in a common

background flow.
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Kurzfassung

Flanking structures sind Verbiegungen von ursprüglich planaren Markern um eine zentrale

Diskontinuität. Diese Strukturen entstehen aufgrund eines Störungsfeldes, das die durch die

Diskontinuität hervorgerufene Abweichung im allgemeinen homogenen Strömungsfeld

ausgleicht. Die unterschiedlichen Verbiegungs- und Versatzgeometrien und können in 8

verschiedene Typen von flanking structures eingeteilt werden. In dieser Arbeit wird mit Hilfe

von Analogmodellen die progressive Entwicklung von flanking structures untersucht und

deren Verwendbarkeit als Schersinnindikatoren überprüft.

Die Analogmodelle dokumentieren die progessive Entwicklung von s-type flanking structures

in einfacher Scherung. Diskontinuitäten mit einer Ursprungsorientierung normal zur

Scherebene entwickeln anfangs einen Dehnungsversatz mit entgegengesetzer Schleppung der

Markerlinien, während sie mit der allgemeinen einfachen Scherrichtung mitrotieren. Nachdem

sie die instantané Streckungsachse bei 45° zum Scherzonenrand überschritten haben, kehrt

sich der Schersinn entlang der Diskontinuität um. Schliesslich entsteht eine verkürzende (s-

type) flanking fold. Die Experimente zeigen, dass flanking strukture-Geometrien generell

finite Strukturen sind. Meist bilden sie sich in mehreren, ineinander übergehenden Phasen;

nur selten stellen sie momentan entstandene Geometrien dar. Bei hoher Verformung

entstandene experimentelle flanking structures bilden die Geometrie natürlicher

Intrafolialfalten um eine zentrale Diskontinuität nach. Diese wurden für gewöhnlich als

Scherfalten interpretiert, die durch lokale Instabilitäten entstanden sind.

Aufgrund der Existenz von spiegelbildlich symmetrischen flanking structures ist die

Ableitung von Schersinn einzelner Strukturen mit niedriger Verformung nicht eindeutig.

Konjugierte flanking structure-Système sind bessere Schersinnindikatoren, da sie aufgrund

ihrer überlappenden Störungsfelder eindeutige Geometrien erzeugen. Die Experimente

beweisen, dass verkürzende sowie dehnende Strukturen gleichzeitig in einfacher Scherung

entstehen können. Ihre überschneidenden Störungsfelder verursachen finite Geometrien, die

nicht unmittelbar mit einfacher Scherung in Verbindung gebracht würden, z.B. Graben- oder

Exhumationsstrukturen.

Die Ergebnisse dieser Modellierungen können mit Vorsicht auch auf Stukturen im

Krustenmassstab angewendet werden, da die geometrischen Effekte von Störungsfeldern um

Diskontinuitäten massstabsunabhängig und für verschiedene Rheologien gültig sind.

Exhumation zwischen konjugierten, rotierenden Störungen kann durch die gleichzeitige

Aktivität von Über- und Abschiebungen verursacht werden, die durch unterschiedliche

Anfangsorientierung in einem gemeinsamen Verformungsfeld entstehen.
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1. Introduction

Structural geology entails the study of the deformed geometry of rocks. This geometry is

commonly outlined by initially planar features such as bedding, layering or foliation, which

may or may not have a mechanical significance. Such pervasive planar features may be

crosscut by other planar and/or linear structures with different orientations like fractures,

veins, dykes or burrows. During subsequent deformation, the disturbance of pervasive planar

structures in the vicinity of a crosscutting object may provide substantial information on the

kinematics and type of flow involved in the deformation, and thus enable an analysis of

dynamic processes in the earth's crust on scales ranging from thin sections to outcrops to,

possibly, even orogen scale.

1.1 The concept offlanking structures

Field observations led to the introduction of the term flanking structure as a geometrical

description for the deflection of markers around a planar discontinuity (Passchier 2001).

Various mechanisms for the formation of flanking structures were suggested, which had been

recognised around variable planar crosscutting elements (CE), e.g. dykes, veins, fractures or

linear features like burrows. Grasemann & Stüwe (2001) used a finite element code in order

to determine the effect of competence contrast between CE and host rock on the development

of flanking structures for a specific initial orientation in simple shear flow.

Most geometries now classified as flanking structures had been identified and described

earlier by various authors (e.g. Hamblin 1965; Hudelston 1989; Odonne 1990; Roberts &

Yielding 1994). Nevertheless, unifying the study of these structures within a common concept

can provide additional insights into the dynamic processes that lead to the range of observed

geometries.

Flanking structures are induced by the perturbation of a homogeneous flow field by a linear,

planar or 3-dimensional obstacle with different rheological or mechanical properties, for

example a fracture, dyke, vein, or some strong or weak inclusion. Due to the strain contrast

between the obstacle and the matrix, an additional flow field is established in order to sustain

continuum within the deforming body. The combination of the homogeneous background

strain and the perturbation strain results in a heterogeneous strain pattern around the obstacle,
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which in favourable cases may be documented by the geometry of (preferably initially planar)

markers (cf. Mancktelow 1988; Passchier et al. in press).

1.2 Flanking structures as shear sense indicators

Field geologists frequently use shear sense indicators in order to determine the regional or

local direction of movement in an area of interest. Several kinds of structures have been

employed, e.g. clasts with monoclinic symmetry, oblique foliations, asymmetric folds or shear

bands. In the context of flanking structures, the latter attracted attention in the past few years,

as they were found to be more ambiguous than generally agreed.

Shear bands are described as secondary shear zones oriented at an oblique angle to a larger-

scale foliation or layering. Markers like foliations, lineations or layering are offset and

deflected as they intersect with the shear band surface (e.g. Piatt & Vissers 1980). Generally,

shear bands occur at relatively low angles (15-30°) to the orientation of the surrounding

fabric. The sense of movement is commonly inferred to be consistent (or synthetic) with the

bulk movement of the surrounding shear zone. In particular, strongly anisotropic rocks

frequently contain a series of shear bands, which are described as SCC or extensional

crenulation cleavage fabric. Shear bands have generally been regarded as reliable shear sense

indicators; their obliquity to the bulk foliation was even used to determine the kinematics of

the flow field (Wallis 1995).

flanking shear bands flanking folds

rE
centrai

CE
^b*. marker

, ,
~ ~. ^

^"^ -^"^ ^
HE

__5^^ "-type ^^^

^ a-type

Fig. 1.1: Classification offlanking folds and shear bands from Passchier (2001). Three types of

flanking structures are distinguished by different sense of offset and deflection of the host element

(HE) along the crosscutting element (CE).
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Nonetheless, some occurrences of conjugate shear bands and thus contradicting sense of shear

within a single shear zone suggested caution in the use of shear bands as reliable kinematic

indicator (Behrmann 1987; Harris & Cobbold, 1985). This early note of caution did not attract

much attention, and shear bands are still one of the most commonly employed shear sense

indicators. However, Grasemann & Stüwe (2001) have shown from both conceptual and

numerical studies that the mirror image of shear bands may occur as flanking structures in

simple and general shear and have questioned again their reliability as kinematic indicators.

As a general classification, Passchier (2001) defined three types of flanking structures,

depending on the sense of movement along the central object with respect to the known bulk

shear sense in a non-coaxial shear zone: a-type flanking folds with antithetic offset, s-type

flanking folds with synthetic slip, and n-type flanking folds with no slip (Fig. 1.1).

Subsequent numerical experiments by Grasemann et al. (2003) produced a comprehensive

diagram for the instantaneous development of flanking structures and made clear that the

resulting geometry is primarily a function of (1) the initial orientation of the CE relative to the

shear zone boundary and (2) the bulk flow geometry of the shear zone (Fig. 1.2).
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Fig. 1.2: Instantaneous structure development offlanking structures ofGrasemann et al. (2003).



/ Introduction

Moreover, these authors pointed out the existence of mirror images for each flanking structure

geometry, which may result in the incorrect interpretation of shear sense (Fig. 1.3, see also

Wiesmayr & Grasemann 2005). Especially the mirror images of shear bands, i.e. a-type

flanking folds, represent a potential source of misinterpretation. The study also made clear

that the well-known shear bands (or more precisely normal drag shear bands) are only one of

a whole selection of flanking structures, and are restricted to a special combination of

orientation and flow type.

s-type
flanking folds

synthetic

a-type flanking folds

antithetic

shear bands

synthetic

contractional offset

Fig. 1.3: Mirror images offlanking structures developing in transpressional and transtensional plane

strainflow geometries, after Wiesmayr & Grasemann (2005).

The correct interpretation of small-scale flanking structures may be critical in establishing

large-scale tectonic models. A good example is provided from the Moine thrust in Scotland

(Fig. 1.4). Law (1998) presented an a-type flanking fold, which he regarded as a shear band

geometry expressing intermittent or late extension, in an opposite sense to the previous

thrusting event. However, re-interpreting the structure as an a-type flanking fold provides a

more consistent history of the Moine thrust, and does not require a change in regional shear

sense.

However, the frequency of synthetic shear bands in natural shear zones, and especially the

consistent geometry of SCC fabrics in strongly anisotropic rocks (e.g. Lister & Snoke 1984)

suggests that there may be other factors that favour the development and stable orientation of

shear bands, other than flow geometry and orientation of the discontinuity alone. One obvious

candidate is the effect of anisotropy in such strongly foliated rocks.
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Finally, the geometric concept of flanking structures may not only be applied to small-scale

kinematic indicators, but could provide mechanisms that are also valid for the evolution of

large-scale deformation structures.

Fig. 1.4: Hand specimen ofa mylonite from the Moine thrust, Scotland (from Law 1998). The regional

shear sense is top to the left. Oblique discontinuity (indicated by an arrow) with associated reverse ci¬

typeflankingfold.

1.3 Remaining questions

Even though the general significance of flanking structures was demonstrated in earlier

studies and several mechanisms, as well as detailed kinematic co nstraints on the formation of

flanking structures were described, some major questions remained. These formed the starting

point of this study:

• Which flanking structures can be used as reliable kinematic indicators?

• How does the geometry of flanking structure evolve to large strain? Are there limits on the

recognition of flanking structures? May one initial geometry be transformed into a different,

but also recognizable flanking structure?



6 I Introduction

• Are there stable positions for flanking structures in simple shear, i.e. are there geometries

which accommodate large strains without losing their characteristic form?

• Can some flanking structures (especially shear bands) be stable in general shear, thus

accounting for the frequent observation of shear bands.

• Are shear bands really the most common geometry, or are different, perhaps more complex

flanking structures equally common, but not so easily recognized?

Additionally, several questions arose during the course of this PhD project:

• Is it possible to extend the concept of flanking structures around single discontinuities to

conjugate and parallel fractures? Do these geometries provide more valuable shear sense

indicators?

• Are flanking structures restricted to outcrop or thin section scales, or can the principles also

be extrapolated to large-scale geometries?

• What are the exact boundary conditions of the analogue devices used in this study, and what

are the consequences of badly constrained boundary conditions on physical models of

flanking structures?

1.4 Organisation ofthe thesis

Chapter 2 discusses the modelling method employed and especially considers the boundary

conditions and sometimes unfavourable effects in some analogue rigs on the geometry of

flanking structures.

Chapter 3 describes the progressive development of s-type flanking folds in simple shear.

Analogue experiments are compared to equivalent numerical models, with the aim of

integrating the results into an interpretation of natural examples. The analogue experiments

allow the progressive evolution to be analysed to very large strains comparable to natural

shear zones, highlighting features that might not be directly obvious from the final geometry.

This chapter has been published in Journal ofStructural Geology 26, 2191-2201.

A systematic study of the geometry of multiple flanking structures is presented in Chapter 4.

In particular, the observation of natural conjugate flanking structure systems provoked a
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detailed investigation of the interaction of fault drag effects along neighbouring fault surfaces.

This part of the thesis is accepted for publication in a volume of the Geological Society of

London Special Publications entitled Analogue and Numerical Modelling of Crustal-Scale

Processes, due for publication in December 2005.

In Chapter 5, the extrapolation of the small-scale experiments on conjugate flanking structure

systems to regional-scale structures is illustrated. Specific initial orientations of the conjugate

faults lead to the formation of an exhuming wedge-geometry, which is suggested as a

conceptual model for the exhumation mechanism of crystalline rocks, e.g. in the Himalayas.

Chapter 6 contains a general discussion and interpretation of the data, highlights related

topics, raises open questions, and proposes future work on the subject.

A selection of images and data from analogue experiments is listed in the appendix.
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2. Boundary conditions of simple and general shear analogue devices

This thesis employs analogue scale models in order to document and analyse the processes by

which flanking structures can be formed. Finite structures can be observed in natural rocks,

but in most cases the deformation path, which led to this finite geometry, is not documented.

Physical models aim to imitate deformation processes by scaling geometrical and mechanical

parameters (e.g. length, time, stress, strain, viscosity) from the natural values to corresponding

laboratory conditions.

Two different kinds of analogue rigs have been used during the course of this study. A brief

introduction of the setup and boundary conditions, materials and shortcomings of the two rigs

will be given in the following section. As specific details of the setup and experimental

conditions are also briefly described in successive chapters, some repetition is inevitable, but

it is important here to compare and contrast the different rigs and their inherent boundary

effects.

2.1 The ring shear apparatus

In this kind of analogue apparatus, the amount of strain that can be attained during model

deformation is unlimited, and this ability to reach high finite strains was important in several

Fig. 2.1 : The ring shear analogue apparatus at the Geological Institute, ETH Zurich. The transparent

analogue material is added between two vertical cylinders, which rotate in opposite directions during

the experiment.
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previous studies (e.g. Arbaret et al. 2001; Mancktelow et al. 2002; Ceriani et al. 2003). The

ring shear apparatus (Fig. 2.1) consists of two concentric vertical cylinders of different

diameter made of PVC and Perspex, respectively. A transparent polymer PDMS

(polydimethyl siloxane SGM 36, manufactured by Dow Corning) is added between the two

cylinders, serving as the analogue matrix material. The polymer rests on a higher density

lubricant layer (glycerin) at the bottom of the apparatus, to provide an effectively frictionless

boundary at the base of the model. In contrast, the adhesive property of PDMS to other

plastics is used to generate an artificial shear zone within the material as the two cylinder

walls of the rig rotate in opposite directions. The resulting flow geometry within the analogue

material can be described as cylindrical Couette flow, which approximates plane strain simple

shear with decreasing shear strain rate y from the inner to the outer cylinder. The shear strain

rate (and consequently the shear strain y) for an arbitrary point at the radius r can be

calculated as follows (e.g. Reiner 1969; Masuda et al. 1995)

•.--2(ft,-Q.)

where r, is the radius of the inner cylinder (176 mm), re the radius of the outer cylinder (300

mm), and ÙJ and Ùe are the corresponding angular velocities.

time (minutes)

Fig. 2.2: Shear strain rates in ring shear apparatus for various positions along the radius (r).
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Figure 2.2 illustrates the shear strain rate for various positions between the cylinders. As the

slope of the strain rate curves is a function of the radial position (r), it is obvious that the shear

strain gradient increases with time. For example, after an experimental run of 1 hour with

constant angular velocities, it can be seen from Fig. 2.2 that the strain gradient between the

two walls is approximately 1.1, while after 3 hours of deformation, it is raised to a value of ca.

2.8.

This effect is the only, but nevertheless major disadvantage of this type of experimental

apparatus. However, as long as the total time of deformation and/or the dimensions of the

modelled object perpendicular to the shear zone walls are small, the consequences of this

effect can be neglected. Furthermore, experiments could be specifically designed that use this

effect intentionally in analogy to natural shear zones, where strain gradients can be frequently

observed.

The boundary conditions of the ring shear apparatus are precisely constrained, and the shear

strain can be accurately determined. Concentric marker lines (parallel to the cylinder walls)

remain concentric and do not change their length during deformation. Initially radial markers

rotate with the sense of shear and, due to the strain gradient, become bent, approaching the

(single) eigenvector of the flow parallel to the cylinder walls. Overall, the flow in the

experimental ring shear apparatus can be accurately described by the theoretical relation of

Equ. (1), and no unexpected boundary effects are observed (e.g. fig. 2 & 3 of Arbaret et al.

2001).

The analogue material used in this study, PDMS, is effectively Newtonian linear viscous with

a viscosity of 3-5 x 104 Pa s at the experimental conditions of this study (~22°C, shear strain

rate 7.7 x 10"4 s"1 in the middle between the inner and outer cylinders). Detailed descriptions

of the properties ofPDMS are given by Weijermars (1996) and ten Grotenhuis et al. (2002).

2.2 Linear simple andgeneral shear apparatus

In contrast to the well-constrained flow conditions in the ring shear apparatus, linear simple

and general shear devices show unexpected strain heterogeneities due to boundary effects,

which are not well documented and still not fully understood.

Generally, the setup of linear shear machines, and in particular of the devices installed in the

analogue laboratories of Zürich and Mainz, can be characterised as follows.
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Simple or general shear flow is exerted on the analogue material (PDMS or paraffin wax) via

the vertical walls of the deformation apparatus (Fig 2 3) In the case of the Zurich rig, the

walls initially parallel to the y-direction consist of a stack of discrete metal plates, which are

linked underneath the model in a U-shape The perpendicular walls are also roughened by

small sprockets in order to minimize slip along the interface to the analogue material,

especially for strongly self-lubricating paraffin wax This apparatus is capable of producing

simple shear strain up to y ~ 3 7
, maintaining parallel, non-rotating and non-stretching walls

in the x-direction and rotating and stretching boundaries originally parallel to the y-direction

Fig 2 3 Thin vertical plates move the analogue material to constrain simple shear boundary

conditions in the linear shear machine used in Zurich

In addition to simple shear flow, the machine established at the Tectonophysics lab in Mainz

is capable of modelling transpressional flow geometries, with either stretching parallel to the

x-axis (plane strain), or shortening/stretching in one or two directions additional to the

stretching x-axis (see Piazolo et al 2001 for details) Therefore, the walls of the apparatus

need to consist of extendable or compressible material This boundary requirement was

solved by using an accordion-like assemblage of Plexiglas segments enclosed in flexible

plastic and connected by two springs along each wall In this study, the bottom of the

analogue material (PDMS) was lubricated with glycerine, in order to prevent adhesion at the

base and thus disturbance of the proposed homogeneous flow (Piazolo et al 2001)

Inhomogeneous deformation in linear shear machines

The boundaries of both simple and general shear apparatus theoretically define a

homogeneous isochoric (plane strain) flow However, in practice the internal flow pattern of

the analogue material, documented for example by an initially rectangular marker grid,

deviates (sometimes quite strongly) from the intended homogeneous strain conditions This is
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a particularly undesirable feature if the machines are used for experiments that aim to

precisely quantify the rotation of faults and markers and the resulting drag geometries around

such faults.

Ironically, the inhomogeneous strain patterns themselves are directly comparable with the

perturbation strain associated with flanking structures. In particular, the markers adjacent to

the rotating walls initially parallel to the y-axes exhibit a pronounced deflection and offset (or

deviation from their initial position along the y-axis wall), which geometrically strongly

resemble and are presumably also genetically identical to (reverse a-type) flanking folds (Fig.

2.4). It seems obvious that slip along the boundaries results in the development of a

perturbation flow field similar to one around a single fault embedded in a homogeneous

matrix, resulting in a strong deflection (i.e. drag) of markers close to the walls. As a result, the

central part of a marker has to compensate for this deflection (which far exceeds the opposed

normal offset) by a counter-rotation with respect to the bulk simple shear flow field. The

"setup" of this boundary effect is basically identical to that of the numerical experiments

performed by Grasemann et al. (2003), where parts of the model boundaries were allowed to

slip freely, in contrast to the other numerical models, where free slip occurred on an internal

surface (as by Grasemann & Stüwe 2001 or Kocher & Mancktelow in press).

Whereas initially horizontal marker lines show the expected drag effects as predicted from the

concept of flanking structures, originally vertical marker lines are deflected in the wrong

direction (Fig. 2.5), i.e. opposite to the expected (and numerically and analytically

established) reverse drag (e.g. Grasemann et al. 2003; Passchier et al. in press; Grasemann et

al. in press). This enigmatic behaviour remains unexplained and we can only speculate about

its cause. It seems, that a combination of (1) variation of slip / adhesion at the boundaries and

(2) pressure gradients in the analogue material trapped between the converging corners of the

apparatus may produce a deformation pattern which deviates significantly from the intended

homogeneous simple shear.

Evidently, previous studies also encountered the same problems of inhomogeneous strain

distribution in these types of analogue shear machines, but the effects were not discussed in

detail (e.g. Ildefonse & Mancktelow 1993; Grujic & Mancktelow 1995; Piazolo et al. 2001;

Marques & Coelho 2001, Bons et al. 2004). Nevertheless, this apparently general effect in

linear shear machines cannot be neglected, especially if exact angular relationships between

markers or objects are studied at large strains, and caution is therefore essential in interpreting

such experiments.
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Fig. 2.5: Reverse drag along boundaries initially parallel to y-direction are in line with the concept of

flanking structures, whereas the observed normal drag along the x-parallel boundaries cannot be

explained by this concept.

2.3. Limitations ofthe analogue method and machines

Apart from the obvious limitations of linear shear machines due to the heterogeneous

deformation, there are also more general limitations and drawbacks in analogue experiments

in comparison with numerical techniques.

• The level of accuracy (e.g. for angles, marker lines) is strongly dependent on the handicraft

skills of the modeller.

• It follows that the reproducibility of structural details is not as exact as in numerical models,

given that the geometry (especially of flanking structures) is highly dependent on the exact

position of markers along a discontinuity or, in the case of the ring shear apparatus, also on

the position of the structure along the radius of the rig.

• Generally, modelling conditions are not as well defined and controlled, e.g. due to

temperature variations (and thus changes of material properties) or differences in viscosity

ratios of matrix and fault "material" during one or between different experiments.

Nonetheless, analogue models are an important complement to numerical techniques. For

example, numerical experiments are powerful for characterisation of instantaneous structures
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and for a dynamic analysis of the corresponding processes. However, natural rocks do not

record instantaneous structures, whereas analogue models enable direct comparison of finite

structures and provide additional information of their progressive development. Moreover, the

method enables fast results and a wide range of experimental setups, which are only limited

by a lack of imagination of the modeller.

It is clear from the experience with strain heterogeneities in linear shear machines (and also to

a certain but well understood and documented extent in the ring shear apparatus), that the

accuracy and applicability of analogue experiments is strongly dependent on the precise

specification of boundary conditions and material properties. However, as long as the

experimental boundary conditions correspond to those of the modelled structure, analogue

models give the correct geometry and kinematics. Strictly speaking, analogue models are

always mechanically correct for their own, specific boundary conditions. The only question

arises whether the rheological parameters and boundary conditions are also appropriate for the

natural examples that the models intended to imitate.
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3. Progressive development of s-type flanking folds in simple shear

3.1 Abstract

Flanking structures are deflections of planar or linear fabric elements in a rock alongside a

crosscutting element (CE), e.g. a vein or fault. This study provides new results from analogue

experiments, which test and extend recent numerical models of flanking structures. A linear

viscous matrix material (PDMS) was deformed in a ring shear rig that allows continuous

observation to large values of shear strain. Rotational behaviour, offset and deflection of

marker lines around a predefined, lubricated CE were monitored for different initial

orientations of the fault with respect to the shear zone boundary, and the results were

compared with numerical results and natural examples. At high initial angles to the shear zone

boundary (> 135°), a structure previously described as an "s-type flanking fold" develops.

During progressive deformation, an initially straight marker line passing through the centre of

the CE is offset in a sense synthetic with the bulk sense of shear and shows a shortening

displacement across the CE. Simultaneously, this central marker line is deflected and forms

symmetrical folds, which are convex in the direction of shear along the CE (i.e. normal drag).

Both offset and deflection of the marker lines decrease towards the tips of the fault. Natural

examples of s-type flanking folds, directly comparable to the model results, are more common

than is generally appreciated.

3.2 Introduction

Several descriptive and numerical modelling studies concerning the deflection of planar

passive markers around a discontinuity in a rock volume have been presented within the last

few years (e.g. Passchier 2001; Grasemann & Stüwe 2001; Grasemann et al. 2003). These

studies have introduced the general term flanking structures, reflecting the geometrical

characteristic that they all show a symmetrical bending of marker lines around a planar central

element, which is a structural or rheological discontinuity.

In describing the geometry of the different structures, we follow the terminology used in

previous publications (Fig. 3.3.1). The planar discontinuity in the centre of a flanking

structure is called the crosscutting element (CE; Passchier 2001). It is embedded in a

homogeneous matrix, which is highlighted by passive marker lines (in 2D view) aligned

parallel to the shear zone boundary (SZB). The marker line crossing the CE at its centre in the
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undeformed state is defined as the central marker line (CML). Generally, three types of

flanking structures exist, namely a-type flanking folds, s-type flanking folds and shear bands.

For a-type flanking folds there is an antithetic displacement of the central marker line along

the CE, whereas s-type flanking folds and shear bands are defined by a displacement synthetic

to the bulk shear sense. The offset of the CML is contractional for s-type flanking folds and

extensional for shear bands, whereas a-type flanking folds can show either contractional or

extensional offset. The numerical study of Grasemann et al. (2003) showed that each of these

three major groups can be further subdivided into two varieties, namely normal and reverse

drag structures. The term drag is used in the sense of Hamblin (1965), according to which the

drag of markers along the CE can be either normal or reverse, corresponding to a deflection

convex or concave in the direction of shear along the CE. The development of flanking

structures is dependent on (1) the initial orientation of the discontinuity and (2) the bulk flow

geometry (see figs. 5 and 6 of Grasemann et al. 2003 for details).

Fig. 3.1: Two different kinds of s-type flanking folds (normal and reverse). The crosscutting element

(CE) is dipping against the shear direction. The sense ofshear along the CE is in both cases synthetic

to the bulk shear sense. Note the difference in drag ofthe central marker lines (CML).

Previous analogue studies (Hudleston 1989; Odonne 1990; Koyi & Skelton 2001) analysed

the development of folds around pre-defined fault surfaces. All of these models show reverse

a-type flanking folds or reverse shear bands, which are perfect mirror images in pure shear

deformation (fig. 3 of Grasemann et al. 2003). The present study focuses on the formation of

s-type flanking folds (Fig. 3.1), that is those showing an offset of the central marker line that

is synthetic to the bulk kinematics of the shear zone. Since the drag along the CE can be either

normal or reverse, there are two types of s-type flanking folds. In contrast to shear bands,
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which show an extensional offset of the central marker line, s-type flanking folds always have

a contractional offset. However, it is important to note that in this case the terms extensional

and contractional are only related to the offset of the marker lines and do not necessarily

apply to the flow geometry of the whole shear zone. For example, s-type flanking folds can

form in overall simple shear, in which there is no bulk stretch or shortening parallel to the

shear zone boundary.

The development of such s-type flanking structures is important because, if correctly

recognised and interpreted, they can be used as kinematic indicators in well-constrained

natural examples. Natural s-type flanking structures are found in a wide range of tectonic

environments and rock types. This new type of fault-related fold is actually quite common,

but the characteristic geometry has been often overlooked, because its mechanical

significance was not recognised.

3.3 Analogue materials and methods

The analogue experiments were conducted in the ring shear apparatus described by Arbaret et

al. (2001). This machine consists of two concentric vertical cylinders of different diameter,

which rotate with the same angular velocity but in opposite directions. The resulting flow

geometry can be described as cylindrical Couette flow, which approximates plane strain

simple shear with decreasing shear strain rate y from the inner to the outer cylinder. The

shear strain rate for a point at the radius r can be calculated as follows (e.g. Reiner 1969)

•.--2(fr-Q.)

where ri is the radius of the inner cylinder (176 mm), re the radius of the outer cylinder (300

mm), and ÙJ and Ùe are the corresponding angular velocities.

The analogue material between the two cylinders rests on a higher density lubricant layer

(glycerin) at the bottom of the apparatus. A transparent polymer PDMS (polydimethyl

siloxane SGM 36, manufactured by Dow Corning) was used as matrix material. For the

experimental conditions of this study (~22°C, shear strain rate 7.7 x 10"4 s"1 in the centre of

the shear zone), PDMS is effectively Newtonian linear viscous, with a viscosity of 3-5 x 104

Pa s (see Weijermars 1996; ten Grotenhuis et al. 2002 for details). As a consequence, brittle

initiation and propagation of a fault (as CE) cannot be modelled with this analogue material.
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Therefore, a 2 mm wide, 2 cm long and ca. 2 cm deep vertical cut was made in the PDMS.

Lubrication of the cut was achieved with two different materials: (1) liquid soap with a

density slightly less than PDMS, and an effective viscosity approximately 5 x 104 less than

the matrix material; and (2) transparent silicone oil with a density in the range of PDMS, but a

significantly lower effective viscosity. Initial experiments used liquid soap, following the

approach of Marques and Coelho (2001), Mancktelow et al. (2002) and Ceriani et al. (2003).

However, liquid soap alone is not capable of maintaining the cut as a continuous slip surface.

To maintain slip, it was necessary to place an additional piece of overhead transparency in the

cut, the same size as the cut itself. The liquid soap then acted as a lubricant along the "fault"

surface provided by the foil. Tests during the course of the study established that silicone oil

alone could maintain a continuous slip surface and this lubricant was subsequently employed.

However, both experimental setups ensure that the "fault" remains an active slip surface

during the experiment, and the results from repeated runs are identical.

The deformation of the matrix material around the CE was tracked using a marker grid

imprinted on the surface of the model using partially fixed photocopies (Dixon & Summers

1985). The setup using soap rather than silicone oil was preferred for photographic

documentation and further processing, as it was easier to obtain a marker grid imprint in the

immediate vicinity of the cut. During the course of an experiment, high-resolution pictures

were taken with a digital camera every 3 minutes.

3.4 Resultsfrom analogue modelling

3.4.1 S-typeflankingfolds

Under simple shear boundary conditions, the instantaneous structure development is

determined by the initial angle § of the discontinuity to the shear zone boundary. Based on the

numerical modelling study by Grasemann et al. (2003), Fig. 3.2 summarises the various

structures that should develop in different sectors for dextral simple shear (i.e. the same as the

experiments).
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Fig. 3.2: The development ofdifferentflanking structures under simple shear conditions, depending on

the initial angle § of the CE to the shear zone boundary (after Grasemann et al. 2003). Note that this

diagram is valid exclusively for a dextral sense of shear (the case for sinistral shear is mirror-

symmetric across the vertical plane). The diagram also only indicates the type ofstructure that would

develop instantaneously from initially planar marker layers continuous across the CE. Note that the

shear sense along the CE is reversed as its orientation passes through that of the instantaneous

stretching axes at 45° (ISA2) and 135° (ISAj), respectively.

If the CE is oriented at low angles to the SZB1, shear bands are formed. Between 45° and

135° to the SZB, deflection of the marker lines results in a-type flanking fold geometries, with

contractional offset below 90° and extensional offset above 90°. Initial angles higher than

135° to the SZB generate s-type flanking folds, which can again be subdivided into reverse

and normal drag structures. The latter occur at (|)-angles above 160°. As the discontinuity itself

co-rotates in simple shear, one structure can in principle evolve from the previous one and if

the shear strain is sufficient, all flanking structures should end up in the field of normal s-type

flanking folds. However, it is unlikely that a discontinuity initially inclined at a low angle to

the SZB (e.g. 15°, initially forming a normal drag shear band) would finally display perfect

normal s-type geometry, since the distortion of marker lines would be too complex after more

than 140° of rotation.

S-type flanking folds, as considered in the current study, develop around discontinuities that

are initially oriented at a high angle to the SZB. Between 135° and 160°, the resulting

structure is defined as a "reverse drag s-type flanking fold". Reverse drag refers to the

1
The convention followed in this study is that positive angles are measured in the same direction as the bulk

rotation.
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curvature of the CML, which is reverse (in this case concave) when compared to the normal

case (convex curvature) expected for the sense of shear along the CE (Reches & Eidelman

1995) The change between reverse and normal drag occurs at an angle around 160° Both

reverse and normal s-type flanking folds are characterised by a contractional offset of the

CML This feature clearly distinguishes these structures from shear bands, which always

show extensional offset of the CML

Analogue models Finite element models

Fig 3 3 (a) Numerical vs analogue experiments for a CE with an initial angle 0 = 140° to the shear

zone boundary A reverse s-type flankingfold quickly evolves into a normal s-type flankingfold at y~

1 (b) Numerical vs analogue experiments for a CE with an initial angle <f> = 160° to the shear zone

boundary A normal s-type flankingfold is visiblefrom the very beginning ofthe experiment

We prefer the term contractional fault instead of thrust or reverse fault, because all

deformation around the CE is compensated locally and, at a certain distance from the centre,
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the effect of the discontinuity is zero. For simple shear, there is therefore no overall

shortening or stretching of material lines parallel to the SZB. In addition, "normal" and

"reverse" is associated with down dip movement and this terminology would be inappropriate

for flanking folds related to vertical faults with strike-slip displacement.

In Fig. 3.3, analogue experiments of s-type flanking folds at initial angles of § = 140° and

160° are compared to equivalent numerical models (Grasemann et al. 2003) conducted with

the finite element code BASIL (Barr and Houseman 1996). At an initial angle of § = 140° of

the CE to the SZB, the development of a reverse s-type flanking fold can be observed (Fig.

3.3a). The CML is deflected with a concave curvature, while simultaneously the CE shows a

dextral offset, synthetic with the sense of the bulk shear zone. During progressive dextral

shear, the offset of the CML along the CE increases, but the concave deflection transforms

into a convex one. The exact stage at which this change from reverse to normal drag occurs is

not easy to determine, since it is a subtle transition from a weak synform to an (initially) also

weak antiform. However, at a shear strain y ~ 1.3 the normal drag is clearly visible, and

becomes progressively more pronounced. In contrast, in the other experiment with an initial

angle of § = 160°, a normal drag can be observed from the onset of deformation (Fig 3.3b),

which is consistent with the results from numerical modelling summarised in Fig. 3.2.

A closer look at the progressive development of s-type flanking folds for various initial angles

reveals that the drag of marker lines is not necessarily consistent over the length of the CE.

The central marker line of the normal drag s-type flanking fold at y
= 2.2 (Fig. 3.3a) shows

normal drag and two-fold rotational (or point) symmetry around the midpoint of the CE.

Moving towards the tips, the flanking fold is still point symmetric on the scale of the whole

structure, but adjacent features across the CE are markedly different, displaying (weak)

normal drag on one side and clear reverse drag on the other. This highlights the importance of

the CML in any interpretation of natural flanking structures - observations from tip regions

alone can lead to false interpretations.

The rotation of the CE can be compared with the rotation of a rigid monoclinic particle in a

viscous matrix. Analytical, numerical and analogue studies have shown that the rotation rate

of such an inclusion is high at angles near 90° to the SZB and low at acute angles (e.g. Jeffery

1922; Ghosh & Ramberg 1976; Arbaret et al. 2001). Moreover, in simple shear, lubrication of

the inclusion interface leads to a stabilisation at a small angle inclined against the sense of

shear (Mancktelow et al., 2002; Ceriani et al., 2003). This behaviour can also be observed in
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our experiments, where the lubricated inclusion is replaced by a lubricated fault, which

asymptotically approaches a similar small angle to the SZB (Figs. 3.4, 3.7b).
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Fig. 3.4: Plots ofshear strain against offset of the CML along the CE and the angle of the CE to the

shear zone boundary, respectively. Both experiments in which s-type flanking folds developed (with

initial angles ofthe CE to the SZB of140° and 160° respectively) are shown.

One of the findings of these analogue experiments is that s-type flanking folds are small-strain

structures, generally recognizable only at a y < 3. Above this value, a rigorous interpretation

becomes impossible (Fig. 3.5) for the following reasons:

(1) The CE is no longer distinctly visible. It becomes extremely thin as the result of

progressive stretching during deformation. (2) The grid lines in the experiments (as well as

similar marker lines in natural examples) become increasingly distorted, and single lines are

no longer clearly visible. (3) The limbs of the folds outlined by passive marker lines become

sub-parallel and increasingly appressed as they rotate into the shear zone and are stretched

together with the CE. (4) The curvature of the CE increases, which can be attributed to the

boundary conditions of the ring shear apparatus. All marker lines initially parallel to the radii

of the two cylinders are not only stretched, but also become curved during deformation (see

fig. 2 of Arbaret et al. 2001).
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4> = 140°

y
= 4.7

Fig. 3.5: Structure developedfrom a normal s-type flanking fold (<f> = 140°) at y~ 4.7. Note that the

CML is subparallel to the CE, and may be indiscernible in naturalfield examples.
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Fig. 3.6: Analogue experiment with initial angle <f> = 90°, demonstrating the progressive development

from a reverse a-type flankingfold to a normal s-type flankingfold in dextral simple shear. For details

ofthe progressive development ofyand <f> see Fig. 3.7.
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3.4.2 Progressive development ofs-typefrom reverse a-typeflankingfolds

In simple shear, a CE initially sub-perpendicular to the shear zone boundary (§ ~ 90°; Fig.

3.6a) results in the development of a reverse a-type flanking fold (Grasemann et al. 2003),

which is characterised by antithetic displacement of passive marker lines along the CE (Fig.

3.6b and c). During progressive shear, the CE rotates through the principal instantaneous

stretching axis (ISAi) at 135° (Passchier and Trouw 1996) and the sense of shear along the

fault switches to synthetic. From this orientation onwards, the offset of the central marker line

decreases, while the flexure close to the CE remains more or less constant in shape (Fig. 3.6d

and e). Eventually a temporary geometry occurs with no offset of the central marker line (Fig.

3.6f), which strongly resembles n-type flanking folds (characterised by no displacement along

the CE; Passchier 2001). Subsequently, an s-type flanking fold with increasing synthetic

displacement of the central marker line develops (Fig. 3.6g and h).

Fig. 3.7 (a) Plot ofoffset ofCML along CE (in mm) vs. yfor initial angle <f> = 90°. (b). Plot ofoffset of

CML along CE (in mm) vs. angle of CE to shear zone boundary (SZB) for <f> = 90°. Compare with

modelled structures in Fig. 3.6.

Figure 3.7(a) summarises, for progressively increasing shear strain, the relationship between

the offset of the CML along the CE and the angle of the CE to the SZB, in an experiment with

an initial angle § = 90°. The initial offset of the CML is sinistral and therefore antithetic to the

bulk dextral shear sense. At y ~ 1 - 1.4, the maximum antithetic offset is achieved. After a

period of stagnation, the sense of shear along the CE is reversed, and becomes synthetic to the

bulk shear sense. The subsequent stage is characterised by decreasing throw, finally reaching

zero at a y ~ 2.3. Synthetic shearing results in the formation of a normal s-type flanking fold.
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The temporary reverse s-type geometry postulated in Fig. 3.2 (or fig. 5 of Grasemann et al.

2003) is not developed. This can be ascribed to the pre-existing convex curvature of the CML,

which does not allow a transient and subtle concave deflection to develop. The rate of

synthetic offset is initially of similar magnitude to the previous antithetic one, but decreases

for y > 3.5. In a plot of the angle of the CE to the SZB against y (Fig. 3.7b), this decrease in

displacement rate along the CE correlates with a reduction in the rotation rate of the CE,

which approaches the SZB asymptotically. Similar to s-type flanking folds developing at an

initial angle § > 135°, s-type flanking folds evolved from a-type flanking folds become

increasingly deformed. For y > 4, the structure becomes unrecognizable (Fig. 3.5), and an

interpretation is impossible, particularly if the previous deformation history is not known.

Fig. 3.8 (a) Analogue experiment with initial angle <f> = 45° at y ~ 4.5. The structure would be

interpreted as an a-type flanking fold, even though it is presently in the sector ofinstantaneous s-type

development, (b) Possible natural example of such a large-strain a-type flanking fold (photograph

taken at the same outcrop as Fig. 3.9; N46° 04' 07.7", E 08° 15' 14.3").

Development of unambiguous s-type flanking folds is dependent on the initial angle of the CE

to the SZB. If this angle is less than -50°, the deflection and especially the throw of the

marker lines in the preceding a-type stage are too great, so that after passing the stretching

ISAi, lengthening of the whole structure rather than slip along the CE is observed (Fig. 3.8a,
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see also the comparable natural example of Fig. 3.8b). Another important factor for the

evolution of s-type flanking folds from precursory a-type flanking folds is the lubrication of

the CE. If the lubricating substance has been consumed in an early stage, only rotation of the

CE is observed, and the slip necessary for transition to an s-type geometry no longer occurs.

This may also be relevant in nature if the fracture eventually heals.

3.4.3 Comparison with FEM-results

Comparing the analogue models of this study, conducted in a ring shear apparatus, with the

numerical models for simple shear flow (Fig. 3.3, and Grasemann et al. 2003), there is in

general a good correspondence between the results, although some differences can be noted.

For the same initial conditions, both numerical and analogue models produce identical

flanking structure geometries, although the radial gradient in shear strain rate in the ring shear

apparatus does result in additional curvature and asymmetry that become increasingly

pronounced with higher y. For example, when y
= 5 at the centre of the shear zone, y

= 4.61 or

5.45 at positions 1cm closer to the outer and inner shear zone boundaries, respectively.

However, a major advantage of the analogue experiments is that there is no limit to the

amount of strain that can be achieved. In particular, the progressive development from initial

a-type to subsequent s-type flanking folds with increasing shear strain could not be observed

in the published finite element models, because of the limitation in achievable shear strain

(Grasemann et al. 2003). However, higher strain in finite element models could also be

attained if a remeshing algorithm was introduced.

3.5 Natural examples

In order to apply and test the insights gained from the models presented above, natural

examples of s-type flanking folds have been sought for direct comparison. These are actually

more common than is generally recognised. Occurrences of normal s-type flanking folds have

been documented for scales spanning several orders of magnitude and for rocks from all

metamorphic grades, even including slump structures in non-metamorphic sediments (fig. 9b

of Grasemann et al. 2003).

Figure 3.9(a) shows a small-scale example of a reverse s-type flanking fold from the border of

the Monte Rosa nappe in the Italian Alps. The dextral sense of shear in this outcrop is
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independently established by other shear sense criteria, e.g. a-type porphyroclasts (cf.

Simpson & Schmid 1983). The central discontinuity terminates at both ends without bending

into a foliation-parallel detachment zone.

Fig. 3.9: Natural examples ofreverse s-type flankingfolds in highly deformed paragneisses from the

border of the Monte Rosa nappe, Villadossola (Italian Alps; N 46° 04' 07.7", E 08° 15' 14.3"). The

dextral sense ofshear is knownfrom independent shear sense indicators.

The field of reverse s-type flanking folds is not very broad in simple shear (§ = 135 - 160°)

and becomes even narrower in general shear transpression (Grasemann et al. 2003).

Therefore, natural marker lines around such CEs would initially have to be exceptionally

planar and parallel, otherwise the subtle deflection would not be noticeable. In addition, the

experiment presented in Fig. 3.6 clearly establishes that if there is a reverse a-type precursor

structure, a subsequent stage of reverse s-type flanking fold development is not observed.
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Nevertheless, reverse s-type flanking folds might be more common in transtensional general

shear geometries, where this type of structures already forms at smaller angles of the CE to

the SZB (Wiesmayr & Grasemann 2005). Figure 3.9(b) shows a clear reverse s-type flanking

fold from the same outcrop as Fig. 3.9(a). This structure is more likely to develop in

transtensional general flow, as the current angle of the CE to the SZB is smaller than 135°.

A large-scale example from amphibolite facies rocks of the Schneeberg Complex in northern

Italy shows the deflection of a quartzitic layer to either side of a fault surface (Fig. 3.10a). The

full length of the CE actually extends beyond the borders of the photograph, but based on

constraints from structural mapping, the quartzitic layer roughly represents the true central

marker of the structure. The structure is thus interpreted as a normal s-type flanking fold. The

offset along the CE is synthetic with the regional (sinistral) sense of shear (pers. comm. H.

Soelva).

Figure 3.10(b) shows a block from a marble quarry in the Ivrea Zone, Italian Alps

(photograph courtesy of L. Burlini). It contains an amphibolite layer, which forms two well-

developed normal s-type flanking folds. Numerous other more or less vertical fractures of the

competent layer suggest that initially the CEs of these two s-type flanking folds formed as

faults with an orientation nearly perpendicular to the layering.

As is true of all flanking structures, reverse s-type flanking folds can easily be confused with

their mirror images, i.e. contractional a-type flanking folds. Contractional a-type flanking

folds develop at medium angles (for simple shear, at initial angles between 45° and 90°) of

the CE to the SZB, but have a sense of shear along the CE antithetic to the bulk shear sense.

Thus, it is necessary to independently establish the sense of shear by other kinematic criteria

or from several different flanking structures (with various initial angles of the CE) if a correct

interpretation of the natural structure is to be made.

Natural examples of s-type flanking folds developed from preceding reverse a-type flanking

folds are hard to document unequivocally, because finite structures do not retain much

evidence of their previous history. Nevertheless, the geometry of some a-type flanking folds

(e.g. Fig. 3.10c) strongly suggests that their continued evolution during ongoing deformation

would be similar to the one observed in the analogue models (Fig. 3.6). The most common

orientation for initial fracture development observed in natural examples is at a high angle to

the foliation and lineation, where the fractures represent extensional joints. This suggests that
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many natural normal s-type flanking folds may have had a development similar to Fig. 3.6,

i.e. with an a-type precursor.
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Fig. 3.10 (a) Large-scale normal s-type flanking fold in a quartzitic layer under amphibolite facies

metamorphic conditions, Schneeberg Complex, Italian Alps (N 46° 45' 25.2", E 11° 01
'

42.5"). The

field photograph has been reversed to allow direct comparison with the dextral sense of all other

structures shown in this study, (b) Normal s-type flankingfolds ofamphibohte-layer in marble (Ivrea

Zone, Italy; N45° 45' 00", E 08° 25' 40"). Photograph courtesy ofLuigi Burlini. (c) Reverse a-type

flankingfold in layered calcite-dolomite marble, Naxos, Greece (N 36° 58' 15.1", E 025° 24 '22.3' ').

3.6 Discussion

The analogue experiments presented in this study illustrate the evolution of s-type flanking

structures under cylindrical Couette flow, which is a close approximation to simple shear (but

with a radial decrease in shear strain rate). Such s-type flanking structures developed around a

central discontinuity are also observed in natural shear zones. The results from analogue

models confirm previous numerical studies, but provide additional information on the

evolving geometries for shear strains larger than y ~ 2-3.

Passchier (2001) describes several mechanisms for the formation of flanking structures. His

fig. 8.IV, which shows an s-type flanking fold at the margin of a dyke or vein, was explained

by ductile shearing within or at the borders of the intrusion. The resulting strain gradient to

the external host rock produces the deflection of the layering in a flanking fold-geometry. Our

analogue models reveal the progressive development of this strain gradient in detail and

correspondingly explain the development of the modelled flanking folds by perturbation

strain (Baumann & Mancktelow 1987; Mancktelow 1991), which is generated by slip along

the CE. The different vorticity number (Wk) within the CE and its rotation result in a local

disturbance in the far-field homogeneous flow. This deviation must be compensated in the

matrix adjacent to the central discontinuity, producing a deflection of the marker lines.

For the correct interpretation of flanking structures, some preconditions have to be fulfilled.

The unambiguous identification of a central marker line is of great importance, as deflection

and offset of marker lines vary along the length of the CE. A close look at the geometry of

normal s-type flanking structures reveals that (1) the offset of the marker lines decreases

towards the tips of the CE, whereas at the same time (2) the folding of the marker lines

becomes more open (the wavelength increases). Moreover, the drag of the marker lines may

change along the CE (Reches & Eidelman 1995). At y
= 2.2 in the analogue model and y

= 1.8

in the FEM, respectively (Fig. 3.3a), the drag of the central marker line is normal, whereas the

marker line below it (on the left side) shows a reverse drag. This demonstrates that it is
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essential to identify the tips of the CE and thereby define the position of a true central marker

line, i.e. a (possibly imaginary) line at the symmetry centre of the flanking structure. In some

cases, the most conspicuous deflected marker lines may draw attention to a section of the

structure that is not suitable for unequivocal interpretation. In other cases, if the single layers

are very similar in thickness and colour, it might be difficult to match the correct marker lines

on either side of the CE. Some examples of flanking structures may also be difficult to

interpret because the length of the CE is not clear. To decide where the tips of the CE might

be, it is necessary to find marker lines that show deflection but no offset. Another helpful

criterion to decide whether a structure is fully exposed is to analyse the overall symmetry,

since a two-fold (or point) symmetry axis is a precondition for interpreting fault-related folds

as flanking structures. An arbitrary and possibly incomplete section will show misleading

drag effects on both sides of the CE and a correct evaluation of incomplete flanking structures

is therefore difficult or even impossible.

Essential for the formation of s-type flanking folds (and also a-type flanking folds and shear

bands) is the necessity for slip on the CE, otherwise an n-type flanking fold (i.e. no slip) will

develop. In analogue experiments, slip conditions along the CE were provided by a thin film

of liquid soap or silicone oil. In natural rocks, such lubricating effects might be accomplished

by a fluid present on the CE or by a weaker material, which facilitates the localisation of

deformation along the CE. The weaker material behaviour along the CE could be due to a

finer grain size, possibly due to dynamic recrystallisation (e.g. Poirier 1980), or due to

compositional differences (e.g. calcite veins in sandstone or chlorite veins in granite). The

influence of viscosity contrast between CE and matrix on the geometry of flanking folds has

already been discussed in some detail by Grasemann & Stüwe (2001).

The progressive development from reverse a-type to normal s-type flanking structures (Fig.

3.6) shows a switch from an extensional to a contractional structure in a single model run,

without any variation of the boundary conditions of the shear zone. Thus, care must be taken

concerning the interpretation of "finite" structures observed in natural rocks, since these do

not directly reflect the "instantaneous" stages summarised in Fig. 3.2. In Fig. 3.6, for

example, a-type geometries are preserved well into the instantaneous s-type field and an n-

type geometry is also developed during subsequent transition to eventual true s-type

geometries. In order to avoid misinterpretations, if possible more than one structure with

differently oriented CEs within the shear zone should be investigated, based on the reasonable

assumption that variations in finite strain might reveal the progressive structural evolution.
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An s-type flanking fold is a low-strain structure. It is metastable and evolves with increasing y

into a complex structure, which resembles an intrafolial fold (i.e. not clearly related to a fault

or discontinuity) rather than an obvious flanking fold. Most of the investigated natural

examples of s-type flanking folds developed in layered rocks of apparently rather low

rheological contrast between the layers. The layers provide markers outlining the flanking

fold geometry, but were not mechanically important in their development.

3.7 Conclusions

The development of s-type flanking folds has been documented in both analogue and

numerical models. During progressive deformation, an initially straight line parallel to the

SZB across the centre of a planar discontinuity (the "central marker line") shows a

contractional displacement, synthetic with respect to the sense of the shear zone.

Simultaneously, this central marker line is deflected and forms symmetrical folds, which are

convex in the direction of shear along the CE. The offset of the marker lines decreases

towards the tips of the fault. S-type flanking folds record a local contractional displacement of

the marker lines parallel to the SZB, although the imposed deformation is effectively simple

shear. If not recognised as such, s-type flanking folds can be misinterpreted as fault-related

folds associated with a significant shortening component parallel to the SZB. The results from

analogue experiments confirm the earlier numerical studies, but extend the results to higher

shear strains (y > 3). Progressive development from reverse a-type to normal s-type flanking

folds involves a switch from extensional to contractional offset. The transitional geometry

between these two clearly discernable structures can easily be confused with "n-type"

flanking folds (where there is no slip along the CE). Thus, care must be taken concerning the

interpretation of "finite" structures in natural rocks, as they may be transient. Further

deformation under constant boundary conditions could lead to a quite different geometry.
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4. Multiple faults in ductile simple shear: analogue models of flanking

structure systems

4.1 Abstract

The rotational behaviour and deformation around multiple faults was investigated in analogue

experiments using a linear viscous matrix material under simple shear boundary conditions.

Previous analogue and numerical studies have shown that, for single faults, characteristic

deformation geometries are produced in initially straight marker lines parallel to the shear

zone boundary (flanking structures). Observations from several natural shear zones suggest

that not only single faults, but often several parallel or conjugate fault planes are subjected to

progressive shear resulting in distinctive deflection geometries. If the distance between faults

is on the order of their length, or less, then the perturbation flow fields interfere and

coalescence and finite deflection structures develop that are distinctly different from those

around single fractures. In particular, coeval contractional and extensional geometries may

develop across conjugate faults, although for bulk simple shear the total length of marker

lines parallel to the shear zone boundary cannot change. This advises caution in inferring

shear-zone parallel contraction or extension from secondary slip surfaces. In contrast to single

flanking structures, conjugate flanking structure systems occurring in natural shear zones are

reliable shear sense indicators due to their triclinic symmetry.

4.2 Introduction

Planar discontinuities, such as fractures, veins or dykes, may be subjected to progressive

deformation in ductile shear zones. Depending on the flow geometry of the shear zone and

initial orientation of the discontinuity with respect to the shear zone boundary (SZB), various

deflection geometries of passive, initially planar markers may develop. The resulting

structures have been collectively called flanking structures (Passchier 2001). Several studies

(Grasemann & Stüwe 2001; Grasemann et al. 2003; Exner et al. 2004; Wiesmayr &

Grasemann 2005) have systematically investigated the formation of such structures around

single, isolated discontinuities, termed crosscutting elements (CE, Fig. 4.1), embedded in

linear viscous materials under isochoric plane strain boundary conditions. Flanking structures

are the geometric consequence of a perturbation of the homogeneous flow field induced by

planar discontinuities, recorded by planar markers in the surrounding material. This effect is

referred to as perturbation strain (e.g. Cobbold 1975; Mancktelow 1991).
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Fig. 4.1. Natural example of a flanking fold with extensional, antithetic offset and reverse drag in

mylonitic marble with known shear sense (arrows) on Naxos, Greece (N 37° 11' 23.6", E 25° 30'

55.1
'

'). The central marker line (CML) is located in the approximate symmetry centre ofthe structure;

at a distance to the structure, marker lines above and below the tips of the crosscutting element (CE)

are straight and continuous.

In all orientations other than parallel to the eigenvector of the flow, CEs co-rotate with respect

to the bulk shear sense in simple shear. Nevertheless, the sense of movement along the CE

with respect to the bulk shear sense, the type of offset of a marker line, as well as the sense of

deflection of the marker line in the immediate vicinity of the CE may vary. Furthermore, the

deflection of marker lines changes along the length of a CE, and the characteristic geometrical

features are ideally observed along the central marker line (CML; Fig. 4.1). In simple shear,

six different geometries of flanking structures are possible at small strains (Fig. 4.2;

Grasemann et al. 2003). These geometries can be characterized in terms of the offset of the

CML along the CE relative to the bulk shear (s = synthetic or co-shearing, a = antithetic or

counter-shearing), the drag of the CML against the CE (normal or reverse, cf. Hamblin 1965),

and whether there is locally extension or contraction along the CML across the CE. This

classification requires knowledge of the bulk shear sense, which is given for experimental

models and may be independently established in field examples. In this study, we apply the

definition of flanking structures as introduced by Grasemann & Stüwe (2001), where a pinned

slip surface (or an elliptical low-viscosity inclusion) embedded in a linear viscous matrix

accounts for the formation of a confined flanking structure with monoclinic symmetry. Shear

bands are a particularly common, but special example, that develop at low angles with the

SZB (0 - 45°), showing extensional, synthetic offset of the CML (Fig. 4.2). At medium angles

(45 - 135°), flanking folds with antithetic displacement along the CE are formed, having

either contractional or extensional offset of the CML. Above 135°, flanking folds with
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synthetic, but now contractional offset can be observed. With progressive deformation, it is

also possible for one type of flanking structures to evolve into another (Exner et al. 2004).
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Fig. 4.2. Instantaneous structure development of flanking structures in dextral simple shear,

depending on the initial orientation of the CE to the shear zone boundary (after Exner et al 2004).

Instantaneous stretching axes (ISA) delimit sectors ofsynthetic and antithetic sense ofshear along the

CE; lines of zero stretch (S = 0) are at 0 and 90° to the SZB in simple shear, separating

contractional and extensional structures within the synthetic and antithetic sectors.

Observations from natural shear zones suggest that not only single discontinuities, but also

sets of parallel or conjugate features are commonly affected by subsequent ductile

deformation. Multiple (sub)parallel shear bands in mylonite zones are a well known example,

but other combinations of multiple flanking structures are, although quite common in natural

rocks, completely unknown. We want to introduce the term flanking structure system,

defining a complex structure resulting from the interference of perturbation strains in a set of

two or more CEs. Perturbation strains of CEs overlap when the distance between the CEs

roughly equals the length of the CE (Pollard & Segall 1987).

In this study we present a series of analogue experiments, which were designed to examine

the systematics of deformation around conjugate or parallel planar features within a

homogeneous ductile matrix. A major advantage of analogue experiments over numerical

models is that it is relatively simple to introduce more than one fault surface. Moreover, the

amount of finite shear strain is unlimited in the ring shear apparatus employed in this study,

permitting the observation of structure development to large strains. Although the basic

principles of flanking structures can easily be applied to a series of parallel or conjugate

discontinuities, there are some major differences in structural evolution and finite geometries,

especially if the perturbation strains induced by different CEs in the host rock interfere.
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The aim of this paper is to investigate analogue models of parallel and, in more detail,

conjugate flanking structure systems by means of finite perturbation fields and to compare the

results with natural examples. The study has important consequences for: 1) the coexistence

and simultaneous activity of contractional and extensional faults; 2) the development of

triclinic flanking structure systems; and 3) the correct interpretation of shear sense derived

from flanking structure systems.

4.3 Experimentalprocedure

The analogue experiments were conducted in a ring shear apparatus (Arbaret et al. 2001).

This analogue rig consists of two concentric vertical cylinders rotating in opposite directions

at the same velocity. The volume between the two cylinders is filled with a linear viscous

polymer, PDMS (polydimethyl siloxane SGM 36, manufactured by Dow Corning), resting on

a lubricant glycerine layer. Isochoric plane strain cylindrical shear flow is produced in the

analogue material between the counter-rotating cylinders, with increasing strain rate from the

outer to the inner cylinder.

The setup of the analogue experiments closely follows the procedure described in Exner et al.

(2004). At the centre of the model shear zone, "faults" were cut into the PDMS and filled with

soap or silicone oil. A passive marker grid was imprinted on top of the model surface using

partially fixed photocopies (Dixon & Summers 1985).

The distance between the CEs was chosen to accord with that observed in natural examples,

avoiding direct connection of the fault surfaces, yet allowing the perturbations around the

faults to produce combined geometries instead of two completely independent structures.

Whether interference occurs depends on the spacing and initial orientation of the faults

relative to their length. This relationship was also investigated in the current experiments.

4.4 Results ofanalogue experiments

Pinned (non-propagating) slip surfaces embedded in a linear viscous matrix produce flanking

structures if subjected to further deformation (e.g. Grasemann & Stüwe 2001). The main

feature of flanking structures, apart from a more or less significant offset of initially straight

markers along the CE, is the deflection of these markers as they approach the CE. This

deflection, especially the phenomenon of reverse drag, was first described by Hamblin

(1965), and extended by e.g. Reches & Eidelman (1995) and Grasemann et al. (2003). In

contrast to all previous interpretations, the main conclusion of the most recent work is that
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fault drag is not produced by the frictional resistance along the CE, but by the perturbation

field induced by slip along the CE (Passchier et al. in press). The slip along the CE causes a

localized strain that differs from the imposed bulk strain, and this difference must be

compensated in the immediate vicinity of the fault. This results in the development of four

open perturbation loops (Mancktelow 1991), which represent an inhomogeneous vector field

with highest magnitudes adjacent to the fault, decreasing to zero at some distance into the

matrix (Passchier et al. in press).

The finite perturbation fields presented in this study are constructed by subtracting the

heterogeneously deformed finite grid from the deformed grid not influenced by the presence

of a CE. Under ideal simple shear this part, which is not influenced by the CE, would be the

homogeneous part of the finite deformation, sometimes called the background strain

(Weijermars 1992). However, because in our experiments the strain rate is a function of the

radius of the rig, our background strain is in fact also heterogeneous. An intuitive approach

for investigating perturbation fields is that these vector fields represent the deflections of

straight marker lines in the vicinity of heterogeneities (e.g. fault drag along a CE), because in

a homogeneous strain field initially straight passive marker lines remain straight. Note that

these finite perturbation fields are the same as the "finite vector displacement field of the

heterogeneous component of deformation" of Mancktelow (1991, fig. 5), but different from

the instantaneous perturbation velocity fields discussed by Passchier et al. (in press).

The present analogue study was designed to investigate (1) the shape and variation of the

perturbation loops, (2) the rotational behaviour of multiple CEs in simple shear, and (3) the

deflection geometries of planar makers around multiple conjugate or parallel CEs resulting

from the combination of perturbation flow and fault rotation.

4.4.1 Mechanisms

Generally, there are two different mechanisms responsible for the finite geometries of markers

around planar discontinuities: (1) the existence of an instantaneous perturbation velocity field,

and (2) the progressive rotation of the CEs with respect to the SZB, which causes the

perturbation velocity field to change with time.

4.4.1.1 Perturbation displacement fields

Perturbation flow accounts for the deflection of markers around the CEs. Following the

concept of Passchier et al. (in press), perturbation flow can be visualized as a vector field.
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Vector fields can generally be divided into a series of open or (in special cases) closed loops

separated by lines where the polarity of flow changes and points of no perturbation flow

For single CEs, there exist four instantaneous perturbation loops, which are variably

developed depending on the orientation of the CE When the CE is parallel to one of the

instantaneous stretching axes (ISA), the polarity of the loops is inverted CE orientations

symmetrical about the ISA have identical instantaneous perturbation velocity fields except for

a reversal in polarity (Passchier et al in press, fig 7c & g)

Fig 4 3 Finite perturbation displacement field and image of analogue experiment of a parallel

flanking structure system with initial orientation of the CEs at 90° to the SZB at y
= 1 3 A concentric

perturbation loop accountsfor the clockwise rotation and reverse drag ofthe CML between the CEs

Parallel flanking structure systems exhibit a coalescence of the intermediate perturbation

loops Fig 4 3 shows the perturbation field around two parallel reverse a-type flanking fold

geometries, where the intermediate region is defined by a clockwise closed circular loop,

which is explicitly separated from the two external, anti-clockwise open loops Because the

CEs have the same orientation within the flow field, they also have the same rotation sense

and rate Therefore, the whole finite structure shows a monoclinic symmetry, even when

several CEs with the same orientation are arranged en echelon A natural example of parallel

flanking structure systems are asymmetric boudinage structures, which have been classified as

Type I forward rotating and Type II backward-rotating shear geometries (Swanson 1992),

depending on the orientations of the CEs and thus the sense of the coalescent perturbation

loops A complete geometrical description of boudin geometries was discussed in detail by

Goscombeetal (2004)
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Conjugate flanking structure systems are controlled by a more complex arrangement of

perturbation loops. Here, the loops are no longer monoclinic. Although the configuration for

separate isolated CEs with the same orientation consists of four independent loops around

each CE, in combined systems the neighbouring cells between the two CEs immediately

merge to form a common vector field, where boundaries between distinct loops cannot be

distinguished (Fig. 4.7).

Perturbation loops are characterized by a flow field deviating significantly from the bulk flow

field. Hence, lines initially already parallel to the bulk fabric attractor (in simple shear also a

line of no finite elongation) may nonetheless experience rotation away from this orientation

and consequently significant extension and/or contraction during progressive deformation.

Passive markers record the finite sum of all previous (instantaneous) perturbation fields. Their

heterogeneous deformation is a direct consequence of the finite perturbation field, which may

deviate strongly from the instantaneous perturbation field. Deformed marker lines, both in

experiment and nature, provide a visualisation of the finite effects of perturbation flow and

thus a practical basis for comparison and classification.

4.4.1.2 Fault rotation

It is important to note that rotation of a fault (or CE) is not a prerequisite for producing drag

effects in adjacent marker layers. Faults that are stable or meta-stable in orientation may also

produce flanking structures (cf. fig. 7a of Passchier et al. in press). Nevertheless, the sense

and rate of rotation is critical in controlling the progressive deformation and finite geometry

of flanking structures (Exner et al. 2004), especially if they rotate into a different field of

instantaneous flanking structure development. This effect is particularly important in

conjugate flanking structure systems.

A comparison between the rotation rate of passive markers and CEs (i.e. active slip surfaces)

shows that, within experimental error, they have the same rotational behaviour. Kocher &

Mancktelow (2004) came to the same conclusion when comparing analytical solutions and

finite element models of rotating ellipses with theoretical curves for passive marker line

rotation. This is quite general - any elongate inclusion (R > ca. 10) will effectively rotate as a

passive line whether the inclusion is weaker or stronger than the matrix (e.g. see the analytical

solutions of Schmid & Podladchikov 2003). In Fig. 4.4 a-d, experimental data for rotating

CEs are compared to the corresponding theoretical curves for purely passive markers in

simple shear. Following Ramsay (1967), the rotation rate è of passive markers can be

calculated using
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à = 0>/2)(1-cos2qO Eq. (1)

Alternatively, the orientation of passive markers can be determined using the trigonometric

relationship

cot a = cot a + y Eq. (2)

Any difference between the experimentally observed values for CEs and the theoretical values

for a passive line can be attributed to the inherent heterogeneity in strain that occurs in the

ring shear machine. The shear strain rate (and therefore rotation rate) is greater toward the

inner cylinder, so that initially straight CEs (and marker lines) become curved at higher shear

strain values.

experiment <|> = 30" and 60 to SZB

experiment ^ =50 and 90 to SZB

0 05 1 15 2 25

Fig. 4.4. Rotation of CEs measured from experiments (continuous lines) and theoretical rates of

passive markers (dashed lines) in simple shear calculated with Eq. (2). Corresponding to Fig. 4.7,

experiments with initial angles ofCEs at (a) 30 and 60°, (b) 50 and 90°, (c) 90 and 135° and (d) 140

and 160° are shown. Note the excellent match of the model with theory, even though the model setup

clearly differsfrom the geometrical constraints ofthe theory.

An important corollary of these experimental results is that, even though CEs induce a

complex perturbation flow field, their rotational behaviour is not affected. Even when the

perturbation fields of neighbouring CEs interfere, the rotation rates are unaffected and they

still behave like passive marker lines. This finding is consistent with observations from

analogue experiments on rigid particles in simple shear, whose rotational behaviour is not
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changed unless the distance between them is shorter than their own length (Ildefonse et al

1992) It follows that the only stable orientation of CEs in simple shear is the eigenvector, or

fabric attractor (Passchier 1997), parallel to the shear direction (Fig 4 5)

Fig 4 5 (a) Analogue experiment with 5 CEs initially oriented at ca 10° to SZB at y= 0, 0 6 and 1 3

Development ofpronouncedflanking structures can be observed, whereas the rotation rate ofthe CEs

is rather insignificant (b) Rotational behaviour ofpassive markers at low angles (between 1 and 10°)

to SZB Small variations in the initial orientation result in major differences of the value of shear

strain, at which the markers start to rotate significantly into the shear direction

4.4.2 Geometry ofpassive marker lines

Deflection and offset of passive marker lines around multiple CEs is controlled by (1) the

bulk flow geometry of the shear zone, (2) the initial orientation of the CEs with respect to the

SZB, (3) the initial angle of the CEs with respect to each other, and (4) the distance between

the CEs relative to their length
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4A.2.1 Conjugate flanking structure systems

For simple shear flow considered here, all initially horizontal marker lines (i.e. parallel to the

SZB) remain straight and parallel and maintain the same spacing in the far field of flanking

structures around single discontinuities. In contrast, marker lines in the area between closely

spaced conjugate CEs are subjected to a combination of two (unequal or even opposed)

perturbation fields. The mutual interference between these different vector fields results in a

combined perturbation flow field that may involve the coalescence of loops or even the

formation of new loops. Thus, due to the small distance between the CEs (relative to their

length), initially SZB-parallel markers in the space between the two CEs are not only

deflected, but may be translated (either up- or downwards) and/or rotated with respect to their

initial position.

Figure 4.6 shows a selection of five possible combinations of initial conjugate CE

orientations. The amount of finite shear strain is low for all structures (between 0.6 and 1.3),

allowing a comparison at a similar stage in their evolution. Corresponding to the concept of

flanking structures around single CEs, the drag and sense of offset along the two CEs depends

on the initial orientation of the CE with respect to the SZB. More specifically, special

combinations of CE orientations with respect to the SZB result in special rotation and drag

geometries of the marker lines between the CEs. Interestingly, instantaneous geometries may

develop that are quite unexpected for simple shear flow. For example, not only co- and

counter rotation of the inter-CE marker lines can be observed, but also apparently extensional

(Fig. 4.6b) and contractional (Fig. 4.6d) geometries. Such geometries are only possible if the

distance between the CEs is small enough to allow the two perturbation fields to interfere.

Note, that some of the model results have striking similarities with large-scale fault bounded

structures like horst and graben (Fig. 4.6b), domino- or bookshelf-type halfgraben (Fig 4.6c),

extruding-wedge geometries (Fig 4.6d) or pop-up structures. Therefore, we speculate that the

concept of interfering perturbation fields also work on scales which are several orders of

magnitude larger than our models.

Finite conjugate flanking structure systems generally have triclinic symmetry, even if the

initial orientation of the conjugate CEs was monoclinic. This is an effect of the induced

simple shear flow forcing differently oriented CEs to rotate with different rates (Fig. 4.4). As

an important consequence, one CE might be in an orientation of synthetic (or co-) shearing,

while the other CE might be in an orientation of antithetic (or counter-) shearing. From a

detailed investigation of natural examples on all scales, it can be seen that triclinic conjugate
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flanking structure systems are more the rule than the exception (see natural examples in Fig.

4.9).

Fig. 4.6. Five possible combinations ofconjugate flanking structure systems. Various initial conjugate

angles result in different geometries. Note the variation in rotation/relative position ofCML between

the CEs, resulting from different combinations ofsyn-/antithetic slip, extensional/contractional offset

and normal/reverse drag. Some ofthe model results resemble tectonic structures, which occur at much

larger scales compared to the size of our model and which are largely explained by crustal stretch:

e.g. (a) high and low angle normalfaults, (b) graben, (c) halfgraben, (d) extruding wedge, (e) duplex.

As an example, Fig. 4.7a shows the perturbation displacement field around two CEs initially

oriented at an angle of 30 and 60° to the SZB, respectively, at y = 0.6. As can be seen in the

inset photograph of the analogue experiment, the CEs have already rotated to higher angles,

and the initially straight (or more precisely: concentric) marker lines show a distinct offset

and deflection. The finite perturbation field has developed two distinct external perturbation

loops, whereas the intermediate loops form a common, more or less homogeneously oriented

vector field. Although it is not immediately evident in the photograph of the experiment, the

perturbation arrows show a larger offset along the internal area between the CEs, especially

for the left (less steeply inclined) CE. At higher shear strain (y = 1.3), the picture becomes

more complex (Fig. 4.7b). Now, only the external perturbation loop on the right side of the

conjugate CEs displays a simple concentric vector field. The central and left perturbation

loops are connected by a zone of short, upwards pointing arrows. Here, the vectors transform

from a downwards-directed field into a left-directed movement. Moreover, the perturbation

direction along the right margin of the left CE is separated into two diverging, oppositely

directed loops approximately in the centre of the CE. Consequently, marker lines above this

divergence point show a normal, below it a reverse drag. The finite perturbation field is to
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some extent counter-intuitive, but this is a consequence of the procedure by which it is

determined. Tracing the relative movement of marker points follows the finite displacement

paths and represents an integration of instantaneous perturbation flow fields that change as the

individual CEs rotate during progressive deformation. Thus, areas with low initial

perturbation will show the finite effects of a reversal in the instantaneous sense of movement

much earlier than areas with initially high perturbation.

Figure 4.7c-f presents two experiments, with initial angles of the conjugate CEs at 50 and 90°

(Fig. 4.7c, d) or 90 and 135° (Fig. 4.7e, f) to the SZB, respectively. Both experiments are

shown at two different stages (y = 0.6 and 1.3), to allow comparison of the different evolution

of the perturbation loops, and especially of the direction of the perturbation displacement

fields between the CEs with different initial angles. It can be seen that the perturbation loops

change their orientation, size and also magnitude, while the CEs rotate at different rates

according to their orientation with respect to the SZB (Fig. 4.4).

4.4.2.2 Parallel flanking structure systems

For parallel flanking structure systems, the midpoint of the CML between two CEs always

maintains the same position relative to the SZB. This reflects the monoclinic symmetry of

both the initial geometry and the imposed simple shear boundary conditions. Even for

complex progressive histories, where the sense of rotation (counter-/ clockwise) and offset

direction (antithetic vs. synthetic) of the CML changes with time, the symmetry is maintained

(e.g. Fig. 4.3 and 4.5). In contrast, flanking structure systems where the CEs were initially

conjugate have an initial triclinic symmetry, which is also maintained during deformation

(Fig. 4.7).

A special type of parallel flanking structure systems are parallel shear bands, SCC or ECC

fabrics. They are frequently observed in anisotropic rocks (micaschists or paragneisses). Even

though the mechanism of the formation of the CEs is not investigated in the present study, the

geometrical result of synthetic shearing along moderately inclined secondary CEs is identical

to the one observed in our analogue experiments. For example, in an experiment with five

CEs initially oriented at 10° to the SZB (Fig. 4.5a), the fault orientation changes very little up

to (very) high y. For an even smaller initial angle to the SZB, CEs retain their "stable"

position even longer, up to y -50 for an angle of 1° to the SZB (Fig. 4.5b).
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y
= 0 6 H

Fig 4 7 Perturbation displacement fields of selected experiments of conjugate flanking structure

systems Initial orientations ofthe CEs are at 30 and 60°for a & b at 50 and 90°for c & d and at 90

and 135°for e &f Each experiment is shown at y of0 6 and 1 3 The large grey arrows drawn in the

background should help to highlight trajectories of the perturbation flow field Note that this is not

identical to a particle flow field Images ofanalogue experiments are providedfor comparison of the

perturbation fields with the actual geometry ofthe marker lines

4.5 Discussion

As outlined above, parallel flanking structure systems maintain their monoclinic symmetry

during progressive deformation En echelon arrangement of parallel flanking structure

systems, including natural examples, have been extensively studied in several papers on
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boudinage in layered and foliated rocks (e.g. Piatt & Vissers 1980; Swanson 1992; Goscombe

& Passchier 2003). Fig 4.9a and b show two photographs of natural parallel flanking structure

systems with CEs at low and high angles to the SZB, respectively. It can be seen that the

finite geometries of CMLs are strongly dependent on the distance between the CEs. Recent

geometrical studies of parallel flanking structure systems in high-grade rocks have proposed

several different mechanisms for the phenomenon of "back-rotation" of the foliation between

parallel shear zones or faults (e.g. Harris 2003). We suggest that most of the effects reported

are a direct consequence of the perturbation strains induced by these CEs and that the concept

of flanking structure systems is also applicable to the description of marker rotation between

shear zones (Blenkinsop 2004). In this study, we focus on the discussion of conjugate

flanking structure systems, which (1) may develop complex triclinic geometries, (2) can show

contemporaneous extensional and contractional faults, and (3) may allow determination of the

bulk shear sense. Fig. 4.9 comprises natural examples of flanking structures with monoclinic

and triclinic symmetry from Naxos, Greece, where a strong non-coaxial component of flow is

well documented (e.g. Urai et al. 1991), thus allowing qualitative comparison with our simple

shear analogue experiments.

4.5.1 Flanking structure systems with triclinic symmetry

The concept of an ideal isolated fault ellipse (Walsh & Watterson 1989), which rotates during

progressive deformation to produce a single monoclinic flanking structure, is probably more

the exception than the rule in nature, although beautiful examples have been described (e.g.

Passchier 2001; Grasemann et al. 2003). The simple analogue models of two conjugate CEs

deforming in plane strain, as presented here, provide some important insights into the

development of interfering perturbations caused by CEs, but natural three-dimensional

examples of conjugate fault systems may be considerably more complex.

Figure 4.6 shows five of our modelled triclinic flanking structure systems, which represent a

subset of the wide range of structures that could develop from a set of two CEs with differing

initial orientations. Here, we focus on the possible instantaneous structures that may form in

simple shear from a combination of the initial orientation of the CEs relative to the six fields

of instantaneous flanking structure development (Fig. 4.1). Considering 2 CE orientations

with 6 deformation sectors gives 15 different combinations. Including the possibility that both

CEs could be also located in the same field with only slightly different orientations results in

15+6=21 different instantaneous conjugate flanking structure systems. In fact, the number of

possible finite structures is even greater, because during progressive deformation the CEs will
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rotate with different rates into the next field or even the field after that (Exner et al. 2004).

The range of potential structures is further increased in general shear compared to simple

shear, because CEs may not only co-, but also counter-rotate (Grasemann et al. 2003;

Wiesmayr & Grasemann 2005). The natural examples in Fig. 4.9 highlight this potential

complexity in real systems.

4.5.2. Coeval extension and contraction in conjugate flanking structure systems

In the following, we focus on contemporaneous contractional and extensional CEs and their

transient development. It should be emphasized that these geometries develop despite the fact

that all structures were modelled under simple shear boundary conditions, where in the far

field flow there is no extension or contraction parallel to the shear zone.

In simple shear, the instantaneous stretching axes (ISA) and principal stress directions are

oriented at 45° and 135° to the SZB. By definition, these directions experience no

instantaneous shear and separate fields of synthetic (or co-) and antithetic (or counter-)

shearing. In the fields <45° and >135°, CEs show synthetic shearing, whereas CEs oriented

between 45° and 135° show antithetic shearing. Furthermore, the lines of zero instantaneous

stretch oriented at 0 and 90° to the SZB separate alternate quadrants of instantaneous

extension and contractions. Depending on the initial orientation of the conjugate CEs and

their progressive rotation and shearing, complicated conjugate flanking structures systems

with extensional and contractional offsets may coexist.

An amphibolite layer in a marble from Naxos, Greece (Fig. 9c), is cut by a low-angle CE with

extensional offset and reverse drag, which is pronounced on the right side of the structure. On

closer inspection, a second CE at a slightly steeper angle to the layering can be identified at

the right side of the prominent CE. Hence, the triclinic symmetry of the structure can be

attributed to the conjugate flanking structure system with two slightly oblique CEs,

comparable to Fig. 4.6a.

Another conjugate flanking structure system developed in a layered marble from Naxos,

Greece (Fig. 4.9e). Several CEs with variable lengths and angles are developed, each

featuring a different drag, amount of slip and, in some cases, even a different sense of offset.

In this case, a sequential initiation of the CEs may also be possible.

A conjugate flanking structure system also from Naxos, Greece, with CEs oriented at high

angles to the SZB is presented in Fig. 4.9f Variable drag effects identical to those in Fig. 4.8

can be observed along the two CEs, which merge into a single CE toward the bottom left.
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These examples advise caution in using secondary slip surfaces in shear zones to imply

overall shear zone parallel extension or contraction in natural examples Contraction of a

shear zone parallel marker across a thrust, which repeats the marker in a section normal to the

shear direction, does not necessarily imply contraction parallel to the shear zone in the far

field For example s-type flanking structures can develop in our analogue models while there

is no extension or contraction parallel to the SZB (cf Fig 4 1, Exner et al 2004) Similarly,

extension of a shear zone parallel marker across a normal fault (e g shear bands, C fabric)

does not necessarily represent an extension of the whole shear zone in the far field Thus, the

expression "extensional crenulation cleavage" (Piatt 1979), used to describe synthetic, low-

angle, parallel flanking structures systems occurring as a dominant fabric element, can be

misleading by suggesting an extensional component parallel to the shear zone boundary In

fact, these kind of parallel flanking structure systems are possible not only under simple shear

boundary conditions, but also in transtensive flow where there is even a component of

contraction parallel to the SZB (Wiesmayr & Grasemann 2005)

Fig 4 8 Analogue experiment with initial orientations of CEs at 90 and 135°, at y
= 3 4 With

increasing strain, some markers develop tightfolds along the CE

4.5.3 Shear sense derivedfrom conjugateflanking structure systems

Finite element modelling and natural examples suggest that single flanking structures may be

ambiguous shear sense indicators, because mirror symmetries exist for all structures

(Grasemann et al 2003) Similarly, parallel flanking structure systems, which maintain their

monoclinic symmetry, are also ambiguous However, analogue models presented in Fig 4 6

show that in simple shear conjugate flanking structure systems are very reliable shear sense

indicators due to their triclinic symmetry

For instance, the natural example in Fig 4 9d demonstrates how a triclinic flanking structure

system can be used as kinematic indicator The marker lines are cut by two conjugate CEs

the left one shows a thrust-geometry, whereas a normal offset is recognizable in the right one

Although the normal fault could be kinematically compatible with top-to-south shear, an anti-
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clockwise rotation of the left CE would require extensional offset, which is incompatible with

the observed contractional offset. Thus, overall this geometry clearly indicates bulk top-to-

north shear sense.

Fig. 4.9. Natural examples offlanking structure systems, (a) Parallelflanking structure system at low

angle to SZB, showing synthetic, extensional offset of markers in a calcite marble with dolomitic

layers from Naxos, Greece, along a vertical section with a top to the north sense ofshear in the core

of the Naxos dome (N 37° 11' 26.2", E 025° 30' 48.8"); (b) parallel flanking structure system with

CEs at high angles to the layering, taken from a similar lithology at the same location as (a); (c)

amphibolite layer in a block from marble quarry in Kinidaros (Naxos, Greece), with a low-angle

conjugate flanking structure system producing a triclinic geometry ofthe marker layers;
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Fig. 4. 9(d) conjugate flanking structure system from the same location as (a), combining a

contractional with an extensional CE, resulting in a clockwise rotation of the CML between the CEs;

(e) conjugate flanking structure system with several CEs at high angles to the layering, on the

southern coast ofNaxos, Greece, along a horizontal section at the western limb of the Naxos dome

with bulk dextral shear sense (N 36° 58' 22.9", E 25° 24' 21.6"); (f) at the same location as the

structure in (e), two CEs oriented at high angles to the SZB form a conjugate flanking structure

system. Drag effects of the marker lines between them vary significantly, from convex in the central

parts ofthe structure to sigmoidal shapes in the upper right area, strongly resembling the geometry of

markers in the experiment shown in Fig. 4. 8.
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4.5.4 Strain estimatesfrom conjugate flanking structure systems

Comparing geometries of the experimental conjugate flanking structure systems with natural

examples allows a tentative estimate of the amount of shear strain that was accommodated by

the specific structure, and thus the approximate degree of rotation of the CE. Fig. 4.9d

provides a natural example of a conjugate flanking structure, which represents the

combination of a contractional and an extensional reverse a-type flanking fold. The

comparable analogue experiment (Fig. 4.7c) suggests a shear strain of y ~ 1. In the

experiment, the CEs rotated about 30-35° from their initial positions at ca. 50 and 90° to the

SZB. Reverse numerical modelling of specific natural conjugate flanking structure systems

have potential for constraining both the bulk strain and flow type during their development.

The analogue experiments suggest that this constraint may be tighter than for single flanking

structures, which are already capable of providing quantitative results in well-defined natural

examples (Kocher & Mancktelow 2004).

4.5.5 Application to large-scale structures

Even though our simple physical models do not account for rheological contrasts, isostasy,

flexural loading/unloading or gravity, there are nevertheless clear similarities between small-

scale models and some natural large-scale structures, suggesting that the basic geometric

effects induced by planar discontinuities are valid at all scales. Deflections of the regional

foliation or bedding planes near low- and high-angle faults are well known from natural

examples. Low-angle normal faults are normally described in association with a regional-

scale normal drag, whereas reverse drag is frequently associated with high-angle normal faults

(e.g. Hamblin 1965; Tearpock & Bischke 2003). The geometric similarities between such

natural regional scale faults and our model results are remarkable (e.g. compare Fig. 4.6b and

c to the Cinderhill Fault in fig. 7 and fig. 8 of Barnett et al. 1987).

The geometry of the set of conjugate normal faults in Fig. 4.6b, with the resulting normal

offset of the central part of the structure, is directly comparable to graben structures in rift

systems (e.g. Hills 1963) and to the flank uplift and subsidence observed at rifted continental

margins (Sclater & Célerier 1987). Similarly, Fig. 4.6c would commonly be interpreted as a

steep normal fault with a roll-over antiform, which is crosscut by a conjugate reverse fault

acting as accommodation structure in the hanging wall (e.g. McClay & Scott 1991). However,

our experiments make it clear that this geometry can also be explained as a conjugate flanking

structure system.
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Furthermore, some model results show extruding wedge geometries (e.g. Fig. 4.6d), with a

thrust fault at the base and a normal fault at the top. In our models, there is large offset along

the faults and decreasing strain towards the centre of the wedge. There is also a background

regional strain that results in a rotation of the bounding faults, particularly the upper, more

steeply inclined normal faults. In contrast, current models of extruding wedges assume that

the bounding blocks are basically rigid and the limiting faults are therefore fixed in their

orientation, and explain the observed geometry with wedge-normal shortening and general

shear extrusion along stretching faults (e.g. Grujic et al. 1996; Vannay & Grasemann 2001).

Nevertheless, fault analyses e.g. in the Buthan Himalayas (Wiesmayr et al. 2002) indicate

progressive rotation of the normal faults at the upper margin of the extruding wedge (i.e. the

Higher Himalaya Crystalline), which is in line with the observations from our analogue

experiments (e.g. Fig. 4.7e,f & Fig. 4.8). Finally, the structure shown in Fig. 4.6e is

geometrically similar to natural imbricate thrust systems (e.g. Butler 1982), in spite of the fact

that there is no shear zone parallel contraction in our analogue models.

Although there may be fundamental differences between the mechanics of our models and the

natural examples, the effects of flow perturbations caused by variable slip along faults are

scale independent and these effects can also be significant for large-scale structures. It may be

argued that linear viscous material and brittle rocks in the upper crust have quite different

rheologies. Nevertheless, the resulting perturbations in the velocity field are a purely

geometric effect, which can also develop in brittle and/or anisotropic materials. This is

confirmed by the analogue scale models of Brun et al. (1994) and Koyi & Skelton (2001),

which consist of a brittle upper layer above a viscous lower layer. Both these layers develop

drag geometries that are very similar to those of our experiments. These analogue experiments

were scaled to model large-scale geodynamic processes, involving both gravity and a free

upper surface, yet still show the same perturbation effects.

4.6 Conclusions

Perturbations of the homogeneous flow field around discontinuities cause flanking structures.

Intersection of perturbations precondition the development of conjugate and parallel flanking

structure systems. Due to the perturbation of the homogeneous bulk simple shear flow field,

lines initially parallel to the fabric attractor (in simple shear a line of no finite elongation) may

(1) rotate in any direction away from this orientation, and (2) may experience elongation or

contraction during progressive deformation. The sense and rate of rotation of faults is the

same as for passive marker lines. Perturbation fields around conjugate (and parallel) flanking
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structure systems are markedly different from the simpler patterns developed around single

discontinuities. During progressive deformation and coeval rotation of the faults, geometry,

size and direction of the perturbation cells may change significantly, thus resulting in a

complex evolution of the geometry of initially planar markers. Various combinations of fault

orientations can produce geometric results that would not intuitively be attributed to simple

shear boundary conditions: extensional horst and graben-like and contractional extruding

wedge geometries can develop simultaneously, in simple shear without layer-parallel

deformation. The amount of background strain and fault rotation necessary to produce

significant offset and deflection of marker layers is remarkably low (y ~ 1). Conjugate

flanking structure systems are suitable as shear sense indicators, as in simple shear they

produce characteristic geometries depending on their orientation relative to the shear zone

boundary. Geometries from analogue models can be used as a rough estimate of the amount

of shear strain in natural examples. The only relevant scale factor of flanking structures is the

length of the CE, which controls the size of the perturbation loops and thus the area and

amount of deflection of passive markers.
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5. Exhumation between two rotating faults - a new model for exhuming

wedges?

5.1 Introduction

Various conceptual models for the exhumation of crystalline units of the higher Himalaya

have been presented in the last decades (e.g. Hodges et al. 1996; Hubbard 1996; Grujic et al.

1996, 2002; Grasemann et al. 1999; Vannay & Grasemann 2001; Beaumont et al. 2001). The

aim of these studies was to account for the following observations:

(1) Inverted metamorphic isograds at the base of the exhumed sequence, with metamorphic

temperatures increasing upward (Frank et al. 1973; LeFort 1975), whereas peak pressure

values are reported to be decreasing or nearly constant (Brunei & Kienast 1986; Hodges et al.

1988; Hubbard 1989; Pêcher 1989; MacFarlane 1995; Vannay et al. 1999).

(2) Exhumation of metamorphic rocks along a thrust fault at the base, the Main Central Thrust

(MCT), and a normal fault at the top, the Southern Tibetan Detachment System (STDS) (Burg

et al. 1984; Burchfield & Royden 1985; Burchfield et al. 1992).

(3) Pervasive deformation of the entire crystalline complex, which is apparently coeval with,

but not restricted to, the two major fault structures (e.g. Hauck et al. 1998; Dezes et al. 1999;

Grujic et al. 2002; Hodges 2000 and references therein).

(4) Variable strain within the exhuming wedge, with a high simple shear component (Wk 0.7-

1) close to and along the faults, and increasing pure shear component (Wk 0-0.7) towards the

centre of the wedge (e.g. Grujic et al. 1996; Grasemann et al. 1999).

Models attempting to explain these observations generally assume that the orientation, slip

direction and sometimes also the distance between the faults were constant through time.

These conceptual models consider the fault blocks to be bordered by stationary faults, which

are defined by rheological boundaries. In contrast, a flanking structure type model proposes

that the two bounding faults changed orientation through time. In this new model, the

perturbation strain (Passchier et al. in press) induced by these faults in the adjacent rocks is a

possible cause for the exhumation of material between the faults.

We present simple geometric analogue and numerical models of a set of conjugate, pinned,

rotating, and stretching faults subjected to a homogeneous background strain. This model

attempts to highlight additional aspects of the geometry and possible evolution of exhuming
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wedges in convergent tectonic settings, as well as to incorporate previous observations from

natural examples, to give new explanations for the observed structures.

5.2 Exhuming wedge vs. channelflow

In the literature, three types of channels have been postulated:

1. subduction channels, involving both downward and return flow along the plate boundaries

between the subducting and overriding plates (e.g. England & Holland 1979; Cloos 1993;

Cloos & Shreve 1996; Mancktelow 1995);

2. lower crustal channels, involving lateral flow of weak material at the bottom a thickened

crust (Burchfield & Royden 1985; Beaumont et al. 2001);

3. exhuming wedges, involving exhumation of higher grade metamorphic rocks between a

thrust at the base and a normal fault at the top (Hodges et al. 1992; Chemenda et al. 1995;

Hodges et al. 1996; Dèzes et al. 1999) which converge at depth into a common detachment

(thrust).

In fact, (1) and (3) may be regarded as identical from a kinematic and dynamic point of view.

Nevertheless, differences in size and geometry, and maybe also timespan of their activity may

justify a discrimination between the two cases. This chapter proposes a new model for

exhuming wedges. It does not consider the kind of channel flow proposed by Beaumont et al.

(2001), which involves extrusion of low density/low viscosity material below the thickened

Tibetan crust.

Hodges et al. (1996) proposed sequential and/or alternating activity along the normal and

thrust faults (STDZ & MCT), predominately driven by gravitational compensation of an

increased topographic gradient. Alternative models (e.g. Hubbard 1996) aimed to explain the

inverted metamorphic isograds by invoking a broad thrust zone of simple shear deformation,

which deforms a pre-existing metamorphic profile (without relating the normal fault along the

STDZ activity to this shearing event). Other concepts involved simultaneous thrusting and

normal faulting (Grujic et al. 1996; Grasemann et al. 1999; Vannay & Grasemann 2001), thus

suggesting extrusion between the converging faults in an inhomogeneous, general shear

deformation. The most recent models (Grujic et al. 2002) tried to combine the channel flow

model of molten lower crust below the Tibetan plateau with the previous exhuming wedge

models, proposing a linked channel, which exhumes material in the Higher Himalayas, now
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driven by the expulsion of partially molten crust of the Tibetan Plateau. Some of the

conceptual models mentioned above are presented in Fig. 5.1.

Fig 5.1 : Some selected published conceptual models for the exhumation of the Higher Himalaya

Crystalline.

5.3 Analogue and numerical experiments

5.3.1 Methods

Analogue experiments were conducted in a ring shear apparatus already used by Arbaret et al.

(2001). Model preparation and materials are described in Exner et al. (2004) and/or chapter 4.

Finite element models were performed with a code for incompressible viscous flow developed

by N. Mancktelow (cf. Viola & Mancktelow 2005).

5.3.2 Experimental Results

Fig. 5.2: Simple shear analogue experiment ofa set ofconjugate faults with initial orientations of90

and 135° to the shear zone boundary.
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Figure 5.2 presents four sequential images of an analogue experiment with a set of two faults

with initial angles of 90 and 135° to the shear zone boundary (Fig. 5.2a). After a shear strain

of 0.6 (Fig. 5.2b), a clear offset and deflection of the marker lines is visible. The initially more

steeply inclined fault to the right produces a normal offset of markers, whereas the

simultaneously active left fault displaces the markers in a reverse sense. As a consequence of

the close spacing of the faults, the markers between them, especially the thicker central

marker, experience a combination of two perturbation flow fields (Passchier et al. in press),

each induced by one of the faults. Due to the different orientation of the two faults, their

perturbation fields show opposite kinematics. The overlap of the two perturbation fields

results in a common, uniformly upward-directed perturbation field in the area between the

faults. The red line between the two faults in Fig. 5.2 marks an initial orientation of ca. 30° to

the shear plane. In contrast to the initially planar markers, which remain practically parallel to

their initial orientation, this line rotates progressively with the sense of shear. At y
= 2, this

line is oriented nearly orthogonal to both the shear zone boundary and the initially horizontal

marker.

The finite geometry of the structure is controlled by (1) the initial orientation of the faults

relative to the shear zone boundary, as this controls the sense of offset along each fault with

respect to the bulk shear sense (Grasemann et al. 2003; Exner et al. 2004), (2) the orientation

of the marker lines to the shear zone boundary before the onset of deformation, which is

crucial for its future orientation (e.g. the red line in Fig. 5.2), (3) the kinematic vorticity

number of the background flow, and (4) the total/finite strain experienced by the structure.

For comparison, the results of a numerical experiment are shown in Fig. 5.3(a). In contrast to

the analogue model, the homogeneous background strain has a transtensional flow geometry

with Wk=0.94, which is still very close to simple shear, but with an angle of 20° between the

eigenvectors of the flow. These slightly different boundary conditions were chosen to account

for the non-simple shear boundary conditions that are probably more directly relevant to

large-scale natural examples in a convergent orogen. The differences in geometry to the

analogue model in Fig. 5.2 are minor, and largely reflect the difference in initial orientation,

length and spacing of the discontinuities. However, the additional stretching component

perpendicular to the shear plane leads to a more pronounced stretching of the steeper fault

already at higher angles and lower strain and rotation.
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Fig. 5.3-.Finite element model ofa set ofconjugatefaults with initial orientations of80 and 160° to the

shear zone boundary (bulk Wk=0.94). (a) deformed grid and deformation tensor; (b) perturbation

velocityfield; (c) strain ellipticity (d) kinematic vorticity number.
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Figure 5.3(b) displays the perturbation velocity field at the same finite strain as Fig. 5.3(a).

The perturbation velocity field across the steeper fault has already changed to that of a thrust,

whereas the finite offset of markers in Fig. 5.3(a) still retains a normal fault geometry. Further

deformation of the structure would lead to a decrease of the finite offset of the markers along

this fault. The plot of strain ellipticity R (Fig. 5.3c) shows, as expected, a high value (>10)

within the fault zones, and a rapid decrease ofR in the adjacent matrix. Whereas the i?-values

show a dramatic jump to the bulk R along the initial normal fault, those adjacent to the thrust

decrease to values below the bulk R and gradually increase away from the fault. The

kinematic vorticity number Wk (Fig. 5.3d) within both faults is ~1, whereas the area between

them shows values between 0.8 and 0.95.

5.4 Discussion

The results from analogue and numerical experiments demonstrate that the proposed model is

geometrically possible.

Figure 5.4 shows the drag and offset of marker lines along a set of conjugate vertical faults

within a layered marble on Naxos, Greece. A darker layer in the centre of the image is offset

in a reverse sense along the left fault and in a normal sense along the right one. Each fault

shows a different orientation to the layering, so that they converge in the lower right of the

picture. Below and above the tips of the faults, the layering is unaffected by these two faults.

The faulted layers record no finite offset in the far field, although there is a clear displacement

of the material between the two faults. Locally, the extensional and contractional faults

compensate each other. Adjacent parallel layers without initial discontinuities show no

evidence for stretching or contraction (Fig. 5.4). The geometric features of this natural

example are directly comparable with the analogue experiment in Fig. 5.2. Dynamic reverse

modeling of other single flanking structures from the same location (Kocher & Mancktelow

2004) also established that the background flow in the natural examples from Naxos is close

to simple shear.

Generally, the experiments emphasize that the driving force for fault activity and thus

extrusion of the intermediate material is the (still relatively low) background strain. Without

any background strain, there is no slip along the fault surfaces. As is clear from the analogue

experiments, the initial orientation of the faults is a critical parameter in determining the finite

geometry of the developing structures. In simple shear, the orientation of a future normal fault

must make an initial angle of more than 90° to the shear zone boundary, whereas the initial
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orientation of a future thrust must be at least 135° (Exner et al. 2004). After only low values

of background shear strain (y ~ 1.5), a significant offset along the faults is observed in the

analogue experiments. This is induced by the strong partitioning of the deformation, with

offset along the faults compensated within the matrix by a perturbation flow additional to the

overall general shear flow field. As a result, initially planar, parallel marker horizons are

offset and deflected in the vicinity of the faults.

Fig. 5.4: Mesoscale natural example ofexhumation between twofaultsfrom Naxos, Greece (N 36° 58
'

15.1", E 025° 24 '22.3' '). The vertical material layering in a marble of the western limb ofthe Naxos

dome is cut by a vertical set ofconjugate faults. (The picture was reversedfor better comparison with

the profiles of the HHC, which are traditionally drawn with a view to the west!). The bulk sense of

shear is sinistral in this picture.

Application to orogen-scale exhuming wedges

The geometrical similarities to published models of exhuming wedges suggests applicability

of the model results to large-scale examples. As established by both analogue and numerical

experiments, the effects of the induced perturbation flow around discrete discontinuities are of

a general nature and scale with the size and spacing of the discontinuities themselves.

It has been a matter of debate for a long time (Vannay & Grasemann 2001 and references

therein), whether the major faults bounding the Higher Himalaya Crystalline (i.e. the MCT

and STDS) have been contemporaneous, at some stage, as indicated by geochronological data

(Hodges 2000; Yin & Harrison 2000). Nevertheless, the question of the driving force for this

coeval activity remains unresolved. Our experiments suggest that the background strain acting

on the crust as a whole may induce slip along pre-existing and newly developed faults. The
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different orientation of these discontinuities results in the development of the contrasting slip

directions along them. The perturbation of the previously homogeneous deformation field (on

a large scale) by these faults causes exhumation of the material between them.

The bulk flow geometry of natural examples, if extrapolated to the entire tectonic regime,

might be considered to be general shear transtension, i.e. including an additional stretching of

the shear zone perpendicular to the shear zone boundary. Bulk simple shear boundary

conditions would not be expected, as a certain amount of compression perpendicular to the

orogen should occur during convergence. In general shear transtension (i.e. with shortening

parallel to the shear plane), s-type geometries already develop at more steeply inclined thrusts

angles (Wiesmary & Grasemann 2005), so the wedge-geometry becomes even more probable

in that flow type. The numerical experiment (Fig. 5.3) presents one example of a range of

possible combinations of Wk and initial orientations of the faults that would result in

extruding a wedge. As well as the geometric effect of relative exhumation of material between

the two faults, the Wk distribution in the finite element model is also compatible with

measurements from the HHC (Grujic et al. 1996; Grasemann et al. 1999). These authors

documented simple shear type flow within the higher strain shear zones forming the faults

(higher strain ellipticity and Wk~l, Fig. 5.3c & d), which bound a central zone with a higher

pure shear component (Wk 0.8-0.95). Larger bulk finite strain may result in a switch in the

sense of movement on the initial normal fault (Fig. 5.3b). This switch will not be documented

in the finite geometry, but may be discernible as a late thrust reactivation in natural systems.

In order to produce a significant amount of extrusion of the material enclosed between the

faults, only a relatively small amount of background strain (y-1.5-2) is necessary.

Nevertheless, the amount of localised offset along the faults and the deformation inside the

wedge is much higher.

The deformation in the model is localised in the area between the faults. Drag effects in the

external areas of the faults are almost negligible compared to the effects inside the wedge,

except for a prominent upward bulge of markers in the footwall of the thrust. This upward

bulge is present in the analogue and numerical models, as well as in the natural example.

However, in natural large-scale examples this bulge might not easily be detectible, due to the

lack of initially surface-parallel lithological markers. Within the wedge, strong extrusion

and/or rotation of markers is observed, depending on their initial orientation relative to the

shear zone boundary. Markers oriented initially parallel to the shear zone boundary show

nearly no rotation, but distinct extrusion. In contrast, lines making an initially small angle to
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the shear zone boundary experience rapid rotation. Both effects can be explained in the

context of perturbation strain, which is caused by the offset along the two faults. This

observation could possibly explain the reported inverted metamorphism in the Higher

Himalaya Crystalline, which is characterized by a pronounced increase in T-conditions from

the lower to the upper boundary of the unit (Hubbard 1996). In contrast, P-conditions are

reported to be practically constant along the same profile (Vannay & Grasemann 2001). The

model proposed here provides a suitable explanation for these observations: only slight

variation in initial orientation (e.g. 30°, see Fig 5.2) results in a strong difference in the

progressive rotation behavior of markers.

In the models, marker lines record offset and the effect of perturbation strain in the vicinity of

the faults. However, in natural, large-scale structures, such drag effects of markers might not

be observable due to the absence of initially surface-parallel lithological markers. In contrast,

the orientation of a foliation would rather develop parallel to the two fault zones.

Nevertheless, if we consider the palaeo-isotherms to be parallel to the earth's surface, or at

least inclined at a low angle, the drag effects, especially the bulge of markers below the thrust

fault, might be indirectly observed in the distribution of metamorphic minerals and

geothermobarometers.

Previous conceptual models (Grujic et al. 1996; Grasemann et al. 1999) infer a convergence

of the MCT and the STDS at depth into a common detachment, based on interpretation of the

INDEPTH seismic profile (Nelson et al. 1996; Brown et al. 1996). In our analogue and

numerical models, the faults are progressively converging with increasing strain, which is

caused by the variable rotation for the two faults. This also induces thinning of the wedge,

which can enhance extrusion of the enclosed material.

The rotation of the faults is a critical feature of the exhuming wedge model presented here,

and this rotation has also been independently reported in fault analysis studies of the Buthan

Himalaya (Wiesmayr et al. 2002). Moreover, the strongly variable orientation of the

individual fault segments that form the STDS (Burchfield et al. 1992) may be interpreted as

an expression of the variable amount of rotation of the STDZ along various transects. This

might be a result of the relatively fast (and thus differential) rotation of the steep normal fault

compared to the slowly rotating, flat-lying thrust fault at the base. In fact, the MCT displays a

conspicuously uniform, low dip along the whole Himalaya range. Whereas only slight

differences in initial orientation and/or bulk strain have an important influence on the

orientation and rotation rate of the normal fault, they have little effect on the thrust orientation
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(Fig. 5.5). Indeed, for transtensional bulk flow geometries (Fig. 5.3) the thrust is close to the

fabric attractor eigenvector, and will rotate very little if at all.

rotating faults tat raw

MM^ .mmed ^^ (_3Q0)

slow rotation C *

initially planar

^

Fig. 5.5: Sketch of the proposed model ofa set ofconjugate rotating faults, which produce a relative

extrusion ofmaterial between them.

Within large-scale natural exhuming wedges, additional mechanisms such as decompression

melting or buoyancy of lower density material may enhance exhumation. Nevertheless, the

synchronous activity along the two faults and the resulting inhomogeneous deformation

between them should be considered as a first-order mechanism in defining the basic geometry

of the evolving exhuming wedge.

The existence of mesoscale natural examples (Fig. 5.4) demonstrates the geometrical and

mechanical validity of the mechanism described in this study. The small-scale examples may

thus be considered as valid physical models relevant at the large scale, providing an efficient

mechanism for the exhumation of rocks in orogens. What is clear from our analogue and

numerical experiments is that normal faulting does not necessarily imply bulk extension,

collapse or previously high topography, but is also possible in bulk simple shear or

transtensional regimes (i.e. with a component of shortening parallel to the shear plane).
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6. Synthesis and general conclusions

6.1 Summary ofprevious chapters

On the basis of natural examples and analogue experiments presented in this thesis, several

new aspects concerning the development and interpretation of flanking structures could be

established.

Analogue experiments in a ring shear apparatus accurately reproduce all the distinguishable

types of flanking structures that can develop in simple shear, as previously established from

numerical models. Chapter 3 of the thesis focuses on the progressive evolution of s-type

flanking folds, which develop around discontinuities inclined at low angles (<45°, measured

against the bulk rotation) to the shear zone boundary. Only a rather limited number of natural

examples of s-type flanking folds had been described previously (e.g. Grasemann et al. 2003

and references therein). This study presents several natural examples, suggesting that this type

of fault-related folds is much more abundant than has been recognised. In simple shear flow,

s-type flanking folds record a local contractional displacement of markers that were initially

planar and parallel to the shear plane. This observation demonstrates that caution is required

in the interpretation of fault-related folds, as the shortening component parallel to the shear

zone boundary does not necessarily reflect an overall bulk shortening of the shear zone.

Moreover, progressive deformation of initial extensional structures (reverse a-type flanking

folds) may produce contractional s-type flanking folds. Intermediate geometries with no offset

along the central discontinuity demonstrate that observations in natural rocks may record

finite geometries, which do not necessarily reflect the most recent movement increments.

The deformation of two or more, closely spaced faults, representing discontinuities in the

background flow, results in the formation of parallel or conjugate flanking structure systems,

as described in chapter 4. Depending on the initial orientation of the discontinuities relative to

the kinematic axes of the flow, a variety of geometries may develop, which would previously

not have been immediately associated with simple shear deformation. For example,

extensional horst and graben-like and contractional extruding wedge geometries can develop

simultaneously in perfect simple shear, without bulk shortening or stretching parallel to the

shear plane. Similar to single flanking structures, these geometries develop as the result of the

perturbation flow necessary to compensate for slip along the discontinuities introduced into

the background flow. Due to their characteristic geometries, conjugate flanking structure
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systems may be used as shear sense indicators and may even provide a rough estimate of the

amount of strain in natural shear zones.

For specific fault orientations that depend on the flow geometry of the bulk shear zone, a

combination of both extensional and contractional structures may develop. As a result, during

progressive deformation the material between the two faults is extruded relative to the

surrounding matrix. The different rotation rate of the two faults also results in convergence of

fault planes and narrowing of the zone of extrusion. Despite the lack of rheological contrasts

or gravity forces in the simple analogue models, the geometric similarities with natural large-

scale exhuming wedges, as has been postulated for example in the Himalayas, are striking. It

is therefore proposed that the observed perturbation strain effects in scale models may also be

extrapolated to larger scale wedges.

Two kinds of analogue machines were used in this study: (1) a ring shear apparatus and (2) a

linear general shear apparatus. The inhomogeneous strain distribution in the ring shear

apparatus, namely an increasing shear strain gradient from the outer to the inner shear zone

boundary, is well defined. In contrast, in linear simple and general shear machines,

inhomogeneous deformation patterns can be observed that are presently not fully understood.

Slip along the apparatus boundaries may be responsible for the perturbation strain in the

adjacent analogue material. An additional rotation of the central part of the model against the

bulk shear sense occurs, as indicated by the initially planar passive marker lines. Thus, the use

of linear simple shear or general shear machines with a similar mechanical setup to those

employed in this study is not appropriate for precise experiments aiming to reproduce the

geometry of flanking structures.

6.2 Outlook and unsolvedproblems

In combination with numerous natural examples, the analogue experiments provide a broad

overview of possible flanking structure geometries and their recognition and interpretation in

the field. In the course of this cooperative project between the ETH and the Universities of

Vienna and Mainz, complementary studies have provided fundamental insights on, for

example, flanking structure development in transtensional flow geometries (Wiesmayr &

Grasemann 2005) or the use of flanking structure geometries for determination of flow

kinematics by dynamic reverse modelling (Kocher & Mancktelow in press). A comprehensive

description in combination with an advanced terminology for flanking structures was

presented by Coelho et al. (2005). Additional issues, such as the significance of anisotropic
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properties of rocks for initiation and evolution of flanking structures or the visualisation of

natural examples in three dimensions have also been addressed in these studies. The relevance

of perturbation strain for the evolution of small- and large-scale structures, especially its

significance for the development of fault drag has been studied in detail (e.g. Passchier et al.

in press; Grasemann et al. in press). However, some aspects of the formation of flanking

structures have not been investigated so far. Some of these unsolved problems will be

discussed in the following section.

Analogue models presented in this study, as well as previous and recent numerical

simulations, employed pre-defined discontinuities with given orientations and dimensions to

observe the development of flanking structures in a linear viscous matrix material. As a result,

this procedure does not consider the mechanism(s) of fracture generation in natural rocks.

Observations from natural examples suggest that brittle fractures often initiate as extensional

joints at high angles to the layering, and subsequently produce flanking structures in the

surrounding layered material by progressive rotation and slip. The fold shapes themselves

generally reflect ductile deformation processes in the matrix, different from the brittle

fracturing or cataclastic processes necessary for initiation of the discrete fractures. This

apparent contradiction may be interpreted as (1) a temporary increase in strain rate or (2) a

locally high fluid pressure, both of which can account for the initiation of fractures in an

overall ductile regime. A better understanding in the future of the fracture mechanics involved

in the initial development of these discrete discontinuities could place more constraint on the

possible range of initial angles for the discontinuities, thereby limiting the realistic range of

instantaneous and finite geometries for single and conjugate flanking structures that may

develop in a particular flow field.

Fig. 6.1. System ofparallelflanking structures in Naxos, Greece (N 36° 58 '15.1", E 025° 24 '22.3' '),

with remarkably similarfracture orientation andflanking structure geometry.
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Field observations have shown that some shear zones display a surprisingly constant initial

fracture orientation perpendicular to the material layering, as well as a limited range of finite

geometries, probably representing a more or less simultaneous initiation and a common finite

strain (e.g. Fig. 6.1). However, other examples provide a much more random distribution of

fracture orientation, and thus a whole range of different flanking structure geometries (e.g.

Fig. 6.2). Assuming contemporaneous formation of fractures (or veins) and the same

background flow conditions, in this case a mechanism other than extensional (mode 1)

fracturing may have been active. Alternatively, local variations in flow kinematics from

transtensional to transpressional conditions, e.g. in the zone of influence of larger perturbation

strain areas, could be another explanation for the development of various flanking structure

geometries in a single shear zone.

Fig. 6.2 (a). Fracture inclined against the bulk shear sense, in mylonitic paragneiss at Villadossola,

Italy (N 46° 04' 07.7", E 08° 15' 14.3"). (b) Within the same outcrop, a similar layer showsfractures

with opposing orientation, yet the sense ofshear is identicalfor both structures.

In addition to the unsolved problem of fracture orientation and initiation processes, the

subsequent mechanical properties of the discontinuity are ambiguous. From the experiments,
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as well as from field observations, it is clear that slip conditions have to be maintained (at

least for a certain time) along the discontinuity in order to produce the recorded offset of

markers. However, thin section analysis of natural examples of flanking structures in marbles

provided no evidence for enhanced dynamic recrystallisation (e.g. grain size reduction) along

macroscopically conspicuous discontinuities. In contrast, these zones are dominated by post-

tectonic annealing fabrics, without any discernible difference between the matrix and the trace

of the original discontinuity. Other natural examples with quartz or calcite veins as

discontinuities preserve a more obvious material distinction between the zone of slip and its

surroundings.

Another potential source of inaccuracy is the application of experiments employing linear

viscous, isotropic materials as analogues for natural rocks with potentially quite different

rheological properties. For example, strain localization around a fracture in mica-rich rocks

may result in the formation of a new fabric, as can be observed in previously isotropic granitic

rocks (e.g. Mancktelow & Pennacchioni 2005) or in micaschists with a preexisting foliation

(e.g. Piatt & Vissers 1980). In contrast, less anisotropic rocks like marbles may develop more

distributed perturbation effects preserved as flanking structures, as described in this study

(e.g. natural examples of chapters 3 & 4), without developing a new foliation in the vicinity of

the fracture. From this point of view, the geometry of the finite structure is also scale

dependent, as the ratio between the CE length and the thickness of the markers is crucial for

the finite geometry.

As can be seen in numerical experiments from Grasemann & Stüwe (2001), variations in the

viscosity ratio between discontinuity and matrix result in the development of slightly different

geometries of flanking structures. However, the linear-viscous matrix material seems a

generally appropriate approximation, as natural examples (where non-linear rheologies might

be assumed), as well as analogue models (Koyi & Skelton 2001, Brun et al. 1994) document

similar effects at various scales under possibly very dissimilar boundary conditions, thus

suggesting a general applicability of the concept of perturbation strain.
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Appendix

AppendixA

Pages 86-103 contain a selection of experiments conducted in the ring shear apparatus in

Zürich in chronological order.

Appendix B

Pages 104-113 present some few of the analogue models performed in the general shear

apparatus in Mainz. Each image is accompanied by the corresponding deformation tensor.
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Experiment 02: 9
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WfW>

m Ml
'

1 i h



Appendix A 87

Experiment 05: 9
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Experiment 08: 9
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Experiment 09: 9
= 160°
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Experiment 15: 9
= 140° (n-type)
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Experiment 18: 9
= 45°
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Experiment 19: 9
= 60° +120° (upside down)
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Experiment 20: 9
= 60° +120°
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Experiment 21: 9
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Experiment 22:
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Experiment 23 9
= 140° +140°
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Experiment 26: 9
= 90° +135° (unequal length)
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Experiment 27: 9
= 90° + 135°

Appendix A



Appendix A 99

Experiment 32: 9
= 10° x 5
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Experiment 33: 9
= 50° + 90°
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Experiment 34: 9
= 140° +160°
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Experiment 35: 9
= 30° +60°
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Experiment 41: 9
= 45° +135°
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Experiment 16: 9
= 35° Wk = 0.93
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Experiment 16: 9
= 35° Wk = 0.93 (continued)

0.90 0.31
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Experiment 17: 9
= 130° Wk = 0.87
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0 1.01
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Experiment 17. 9
= 130° Wk = 0 87 (continued)

0 88 0 30
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Experiment 26: 9
= 70° Wk = 0.93
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Experiment 26 9
= 70° Wk = 0 93 (continued)
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Experiment 27: 9
= 25° Wk = 0.76
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0 1.10
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Experiment 27: 9
= 25° Wk = 0.76 (continued)
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Experiment 31: 9
= 60° Wk = 0.5
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0 1.05
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Experiment 31: 9
= 60° Wk = 0.5 (continued)
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