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ABSTRACT

This thesis is concerned with the relationship between deformation and fluid flow along thrust zones.
The study was carried out in the Vercors, French Sub-Alpine Chains foreland thrust belt. Study of the
thermal alteration of organic matter within the area suggests that prior to west-north-west directed
thrusting within the Vercors basin in post middle Miocene times, the rocks now exposed at the surface
had not been buried beneath a large thickness of foredeep sediments and remained within the diagenetic
realm. Deeper buried levels within the stratigraphy passed into the hydrocarbon generation window
prior to thrusting within the Vercors basin. The rocks presently exposed at the surface also remained in
the diagenetic realm during and after the thrusting which suggests that thrust sheet loading did not
significantly contribute to thermal alteration of organic matter. The structures of the thrust belt may
have been possible structural traps for any hydrocarbons which underwent re-migration during the
thrusting. The structures have been exhumed by erosion during isostatic uplift.

The Rencurel Thrust and overlying Rencurel Thrust Sheet were selected for special study as they are of
regional structural importance. The thrust emplaces Urgonian limestones onto Miocene molasse
sediments at present erosion levels. The thrust sheet is internally deformed by thrusts and folds.
Structural data indicate that the deformation within the thrust sheet and within the Rencurel Thrust

Zone occurred during one kinematically linked phase of thrusting. The Rencurel Thrust Zone itself is
around 100 metres thick. The higher part of the thrust zone is composed of an array of minor faults
dcveloped within the | Urgonian. These fault zones are generally less than 10cm wide and are coated in
fault gouge. This array of faults is underlain by a gouge zone along the thrust contact between the
Urgonian and the Miocene which is several metres thick. The gouge zones were all formed during the
action of diffusive mass transfer (DMT) and cataclasis as deformation mechanisms. The wall-rocks to
the gouge zones are relatively undeformed by the action of cataclasis. Cataclasis is dilatant and
produces fracture porosity which increases the permeability of the fault zones whilst DMT reduces the
porosity and permeability of the fault zones due to cement precipitation and pressure dissolution. Cross-
cutting relationships between the microstructures indicating the action of cataclasis and DMT, suggest
that the porosity and permeability of the fault rocks changed in a complex manner during the
incremental deformation. This has important implications for assessing syn-kinematic fluid migration
through fault zones. The fault rocks exposed at the surface today are relatively impermeable compared
to undeformed wall-rocks away from the fault zone which have permeabilities comparable to those
found within hydrocarbon reservoirs. The thrust zone may have been a seal in the sub-surface after the
cessation of thrusting/but prior to uplift and erosion.

Early distributed deformation produced an array of minor faults within the Urgonian. Cataclasis had
ceased along these faults before later deformation became localised along the gouge zone which exists
along the thrust contact between the Urgonian and the Miocene rocks. Early deformation was
accompanied by the migration through fracture porosity of pore waters which were saturated with
respect to calcite and had interacted with organic matter which was being thermally altered. This fluid
flow system was not connected to fluid flow higher in the stratigraphy which resulted in the
precipitation of ferroan calcite within fracture porosity in the Senonian limestones. Late deformation
within the thrust zone was accompanied by the migration of hydrocarbons and pore waters saturated
with respect to calcite and pyrite. All the pore waters involved in migration through the active thrust
zone seem to have migrated up-dip. They migrated from levels in the stratigraphy where organic
metamorphism and the maturation of hydrocarbons was occurring 0 levels in the deformed section
hydrocarbons have not been found outside the gouge zone along the thmst contact between the
Urgonian and Miocene. The fracturing which occurred to open this migration pathway did not re-
fracture the inactive minor faults which were impermeable at this time. Fluid migration at this time was
confined to beneath the zone of impermeable minor faults in the Urgonian and did not contribute to the
diagenesis of the rocks above the thrust zone. Hydrocarbons could not have entered the hanging-wall
anticline above the thrust zone from this migration pathway. The fracturing at this time did not produce
connected fracture networks pervasively throughout the thrust zone which suggests that the deformation
may not have released large amounts of energy in the form of seismic waves.
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CHAPTER 1 INTRODUCTION

In diagenetic studies and hydrocarbon exploration, fault zones are commonly cited as
- the primary conduits for the migration of hydrocarbons and sub-surface brines
(Burley et al., 1989; Giroir et al., 1989; Dorobek, 1989). Conversely, fault zones are
also invoked as impermeable seals to fluid migration, often helping to trap fluids such
as hydrocarbons in the sub-surface (Smith, 1980; Harding & Tuminas, 1989).

Whether a fault is sealing or non-sealing is therefore an economically as well as an
intellectually important question. The problem has generally been viewed in terms of
the capillary pressure and pore fluid pressure differentials between the reservoir rock
and the seal (Smith, 1966), the juxtaposition of certain lithologies combined with the
lithology of the material smeared along the fault (Weber & Daukoru, 1975; Weber et
al., 1978; Smith, 1980; Harding & Tuminas, 1989), and the finite state of the
microstructures within the deformed rocks (Mitra, 1988). This approach to the
problem, where the finite nature of the fault zone is considered to be of prime
importance, has proved useful in hydrocarbon exploration.

However, it has been suggested that important episodes of migration of diagenetic
solutions and hydrocarbons occur during fault displacements (Burley et al., 1989;
Dorobek, 1989). This suggestion is backed up by changes in the discharge of streams
closely associated with earthquake episodes (Briggs & Troxell, 1955) and the
existence of minerals precipitated syn-kinematically within fault zones (Sibson et al.,
1975; Sibson, 1981). One important mechanism producing the flow of fluids along
fault zones during earthquake episodes is suggested to be seismic pumping, where
earthquakes cause the collapse of dilatant fractures and the expulsion of the pore
fluids they contain (Sibson et al., 1975). The episodic nature of fluid flow in these
instances is not adequately described by the models mentioned above where only the
finite nature of the fault zone is considered. For example deformation along fault
zones at shallow crustal depths has been shown to involve fracturing and precipitation
of new minerals. Fracturing allows fluid influx, whilst mineral growth occludes
fracture porosity. The permeability of fault rocks therefore changes during the
deformation. Also, along neotectonic fault zones surface ruptures caused by a single
earthquake are discrete planes which cut through previously faulted zones which can
be hundreds of metres wide. This suggests that temporal and spatial changes in the
position of deformation and therefore structurally controlled fluid migration occur
during incremental development of a fault zone.

This thesis investigates the relationships between deformation and fluid flow along
fault zones. Thrust faults are investigated here, but the principles developed in this
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thesis are equally applicable to normal or strike slip fault zones, and also areas such as
hydrocarbon reservoirs which may have undergone deformation involving minor
faulting. The aims of the sfudy are listed below.

1) Can temporal and spatial changes in the permeability of fault zones be recognised
from exhumed field examples? How does this compare with the finite permeability of
the fault rocks which can be measured today?

2) What are the processes which induce changes in the permeability of fault zones
during the deformation?

3) What is the nature of the fluids involved in migration along fault zones during the
deformation?

4) Can the fluids which moved along the fault zones during the deformation be shown
to have affected the diagenetic history of the rocks surrounding the fault zone? Is the
pattern of wall-rock diagenesis in any way related to the geometrical development of
the fault zone?

5) What are the processes which cause the migration of fluids along fault zones
during the deformation?

The Vercors, French Sub-Alpine Chains which forms part of the foreland thrust belt
on the western border of the Alps was chosen as the field area for the study. Chapter 2
introduces the geology of the Vercors. Stratigraphic studies and thermal alteration
data (Section 2.5.4) are combined with structural data (Section 2.5) to provide an
assessment of the burial history of the Vercors. These data suggest that the rocks
exposed at the surface were generally never deeply buried by the emplacement of
thrust sheets or during subsidence and sedimentation related to foreland basin
development. Thus, the rocks at surface have remained within the diagenetic realm.

Chapter 3 introduces the geological background to the Rencurel Thrust Zone which
was selected for special study as it is well exposed and is a structure of regional
importance. The first part of the Chapter discusses the deformation which has
occurred within the overlying Rencurel Thrust Sheet. The second part of the Chapter
outlines the geometry of the Rencurel Thrust Zone. Section 3.5.4 presents structural
data which indicate the kinematic links between different elements of the structural
geometries present within the Rencurel Thrust Sheet. This allows conclusions about
the geometrical development of the thrust sheet to be drawn.



The geological framework provided by Chapters 1 and 2 allow detailed studies to be
placed into a regional context.

Chapters 4 and 5 are concerned with the links between deformation and fluid flow
through the Rencurel Thrust Zone. Detailed outcrop descriptions are presented which
aid the assessment of any temporal and spatial changes in the deformation and fluid
flow which may have occurred within the thrust zone. Outcrop scale studies are also
used to pin-point areas within the thrust zone which warrant more detailed study.
Samples were taken from these areas. Microstructural studies are presented (Sections
4.1 to 4.3 and 5.1 to 5.2) which lead to two sets of conclusions. Firstly, concerning
the links between microstructural evolution during incremental deformation and the
changing porosity, permeability and fluid flow within the fault zone (Section 4.4 and
5.3). Secondly, concerning the faulting mechanisms derived from deformation
mechanism studies (Sections 4.5 and 5.3.3). These two sets of conclusions lead to the
presentation of a model for the migration of fluids through the fault zone which is
shown to be directly linked to the geometrical development and microstructural
evolution of the fault zone (Section 5.3.4). The implications which this model havefor
modelling arrays of minor faults are presented in Section 4.9. The processes leading
to fault zone localisation are discussed in Section 5.3.6. The possible paleoseismicity
of the fault zone is discussed in Section 5.3.7.

Chapter 6 presents the conclusions drawn from geochemical studies carried out on
samples from the thrust zone which were shown to be important during structural
studies presented in the previous Chapters. X-ray diffraction studies indicate the
mineralogical signature of fluid flow through the thrust zone (Section 6.2). 8180 and
813C stable isotopic studies are used to assess possible sources of the pore fluids, the
physical and chemical nature of the fluids, flow directions, timing of fluid flow
relative to basin scale processes and fluid flux within the fault zone (Section 6.3).

Chapter 7 is concerned with the relative permeabilities of the fault zone compared to
the undeformed wall-rocks which exist today. A study using a mini-permeameter is

presented.

Chapter 8 presents the conclusions of the study.



CHAPTER 2 INTRODUCTION TO THE GEOLOGY OF THE FRENCH SUB-
ALPINE CHAINS

Section 2.1 INTRODUCTION

The Vercors is part of the French Sub-Alpine Chains whose structures form the most
external part of the Western Alps (see Figure 2.1). The area is described in several
classical alpine reviews by Trumpy (1960), Goguel (1963), Ramsay (1963), Debelmas
& Lemoine (1970) and Debelmas & Kerchove (1980). Since the first classic
descriptions of alpine geology (Heim, 1921; Argand, 1916; Collet, 1927), the
understanding of the Western Alps has been developed and refined to an extent
unrivalled by other mountain belts.

Section 2.2 ALPINE BACKGROUND: CRUSTAL STRUCTURE

The Western Alps is known to be an area of thickened continental crust since
geophysical studies by Menard (1979) culminated in the production of a map of the
depth to the Moho. (shown in Figure 2.2). This thickened crust has classically been
explained by the stacking of large scale overthrust nappes. Pioneering work by Beach
(1981a), Butler (1986) and Boyer & Elliott (1982) suggested that areas previously
thought of as autochthonous are contained within thrust nappes which have been
involved in large scale displacements (shown in Figure 2.3). Geophysical studies by
Menard (1979) and Perrier & Vialon (1980) led to the presentation of a seismic
velocity profile for the Western Alps shown in Figure 2.4. This showed that seismic
velocities indicative of lower crustal rocks structurally overlie seismic velocities
indicative of mid-crustal rocks. Also, seismic velocity profiles at depth suggest that
upper mantle rocks structurally overlie rocks of the lower crust. This work led to the
construction of crustal scale balanced sections which indicate that alpine collision led
to the imbrication of the Tethyan passive margin along deeply penetrating thrusts
which can be correlated with large scale thrusts exposed at the surface (Beach, 1981b;
Butler, 1983; Menard & Thouvenot, 1984; Butler, 1986; Butler, 1988). Acquisition of
the ECORS-CROP deep seismic reflection profile shown in Figure 2.5 (Bayer et al.,
1987), led to the refinement of such crustal balanced sections, confirming that crustal
thickening may have occurred by thrusting along large displacement low-angle thrusts
which penetrate into the mantle and imbricate rocks from different crustal depths
(Butler, 1989) (see Figure 2.3). The structures in the French Sub-Alpine Chains are
thought to represent the western limit of this thrusting, where the thrusts have cut up
section in their transport direction to detach along the basement-cover interface.
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Figure 2.1. Simplified tectonic map of the NW Alps illustrating the main structural
units and locations of detailed cross-sections (see Figure 2.9). FPT, Frontal Pennine
Thrust; BBT, Basal Brianconnais Thrust}'AAT, Austro-alpine Thrust. Location given
by inset map of the Alps and adjacent European Basins (open circles). The line of the
ECORS-CROP seismic experiment (Bayer et al., 1987, see Figure 2.5) is indicated. The
basement of the European foreland is indicated by the random fleck ornament; the
nternal AIps are stippled. After Butler (1989).




Figure 2.2. Contoured depth to Moho. in the Western Alps. After Menard (1979).
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Figure 2.4. Seismic refraction through the Grenoble area of the Western Alps. After
Menard (1979).
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Figure 2.5. A: Line drawing of the ECORS-CROP deep seismic reflection profile
(time section) through the Western Alps (location shown on Figure 2.1),
incorporating the prominent events in dashed lines from the the wide angle reflection
experiment (after Bayer et al., 1987). B: Interpretation of the line incorporating:
surface geology and using section balancing concepts (see Butler, 1986; Butler,
1988). Only the major thrusts are illustrated. There are substantial thrusts between the

gently dipping reflective zone beneath the Vanoise.



Section 2.3 PALFOGEOGRAPHIC TEMPLATE BEFORE THRUSTING

The large displacements involved in this thrust system have presented difficulties in
recognising the pre-thrusting template of the Western Alps.

Early in the history of alpine research it was realised that the Mesozoic stratigraphy
shows large variations between different zones of the Western Alps (Trumpy, 1960;
Goguel, 1963; Ramsay, 1963; Debelmas & Lemoine, 1970; Debelmas & Kerchove,
1980) as shown in Figure 2.6. It was then realised that these zones with different
stratigraphies and basin histories are separated by the large displacement thrusts
identified during structural studies (Lemoine et al., 1986).

The recognition of these paleogeographic domains allowed an assessment of the
broader scale paleogeography. It was recognised that the Western Alps is composed
of stratigraphy indicating the presence of a former Mesozoic ocean between two
passive margins (Graciansky et al., 1979; Lemoine et al., 1986; Tricart & Lemoine
1986). Late Cretaceous and Tertiary closure of this Ligurian sea, a branch of the
Tethys ocean, led to continental collision and the stacking of different elements of this
former paleogeography by crustal-scale thrusting. Figures 2.7 and 2.5 show that the
highest thrust sheets containing the Austro-Alpine stratigraphy represent the
telescoped passive margin of the southern continent to the ocean. Lower in the nappe
pile ultrabasic and basic rocks and their overlying sediments representing the oceanic
areas are found within the Penninic Nappes. The northern-western passive margin of
Ligurian Tethys is found in the lowest nappes and thrust sheets. The stratigraphy of
the French Sub-Alpine Chains belongs to this latter paleogeographic domain. This has
led to the comparison of the stratigraphy of the French Sub-Alpine Chains to that of
the passive margin in the modern Bay of Biscay (Montadert et al., 1979; Graciansky
et al,, 1979; Lemoine et al., 1986).

Section 2.4 THE FRENCH SUB-ALPINE CHAINS

The stratigraphy of the French Sub-Alpine Chains forms part of the paleogeographic
domain of the northern Tethyan passive margin. It can be divided into smaller
domains defined by the varying stratigraphy which exists between small fault
bounded platforms and basins which existed in Mesozoic times (Amaud-Vanneau &
Arnaud, 1990). Complex changes in thickness, geometry and facies are a result of the
action of eustatically and tectonically driven relative sea-level change during the

Mesozoic.
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Section 2.4.1 Stratierap!

Basement is generally termed to be anything pre-Triassic. Variscan schists, para- and
orthogneisses, together with Stephanian and Permian sediments can all be found.
Triassic sediments were deposited on a subsiding erosion surface and are composed of
carbonates, sandstones and evaporites. Basaltic lava flows are intercalated with these
sediments elsewhere in the external Alps, suggesting that crustal extension may have
been initiated in the Triassic. Liassic times were marked by active extension which
produced a basin and shoal paleogeography. Shallow-water limestones were deposited
on the crests of the fault blocks, whilst the troughs in the hanging-walls to the
extensional faults were marked by deep water pelagic carbonate deposition. By mid-
Jurassic times the main phase of extension had ended but thick sequences of deep
water carbonate mudrocks were deposited throughout the Oxfordian. It has been
suggested that Tithonian times, marked by the deposition of a distinctive shallow
water carbonate sequénce, signifies the onset of the thermal subsidence phase of
passive margin evolution (Lemoine et al., 1986). This phase of subsidence continued
throughout the Cretaceous although local fault controlled subsidence also occurred.
Despite the small scale stratigraphic complexity within the Sub-Alpine Chains, some
regional trends can also be recognised. The Jura domain has a thinner stratigraphy
than the adjacent Dauphinois domain. Also the Jura is dominated by stable platform
carbonate deposition, whilst the Dauphinois has alternations of carbonate platform
and deeper water pelagic carbonates. In the western Vercors the division between the
two domains occurs across the buried Faille de 1' Isére. This buried basement
lineament, which has been suggested by borehole data and imaged by the geophysical
studies of Menard (1979) is thought to separate the Jura stable platform from the
Dauphinois fault bounded basin (shown in Figure 2.8).

Section 2.4.2 Alpine def .

Tertiary times saw the development of a foreland thrust belt within the Sub-Alpine
Chains.

Section 2.4.3 | l ¢ the French Sub-Alpine Cha

The Sub-Alpine Chains show large variations in structure along strike as shown in
Figure 2.9. In the north the thrust belt is wide and can be divided into the outlying
Jura hills in the west, which are separated from the Bornes-Aravis structures in the
east by the Swiss Molasse Basin. The Sub-Alpine Chains are bounded in the east by
the upthrusted External Belledonne Basement Massif. Farther south the outlying Jura

11
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Figure 2.8. Schematic paleogeographic sections between Neuchatel and the
southeastern Vercors. A: Urgonian Limestone Formation; B: Glandasse Bioclastic
Limestone Formation; C: Berriasian-Hauterivian platform series; D: Basinal
hemaipelagic to pelagic facies. 1: Erosional surface of the Valanginian deposits in the
Neuchatel area, Swiss Jura. 2: erosional surface of the Hauterivian deposits in the
Jura domain. 3: Submarine syn-sedimentary erosion surface and submarine fan
between Col de Menee and the Col de la Croix-Haute. 4: Lower Barremian Lowstand
Wedge (Southern Vercors shoal); 5: Urgonian Platform Transgressive on the Jurassic
domain). After Arnaud-Vanneau & Arnaud (1990). . '
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structures merge with the main Sub-Alpine structures within the Chartreuse hills, with
the southern termination of the Swiss Molasse Basin in the Voreppe Molasse furrow.
In the Vercors, where the southern termination of the Jura structures occurs major
backthrusts dominate the Sub-Alpine structure. The Chartreuse and Vercors are
bounded on their western side by the Bas Dauphine Foreland Basin, and on their
eastern side by the upthrusted External Belledonne Basement Massif.

The basement structure of the Sub-Alpine Chains is illustrated in the map of depth to
pre-Triassic basement shown in Figure 2.10 (Menard, 1979). This map shows the
depth to basement increasing from around 2km under the Jura to around 6km just to
the west of the External Belledonne Basement Massif. Menard (1979) also suggested
that the basement massif has been uplifted on a major thrust which emerges from
basement to join with the Sub-Alpine Chain structures. These sub-surface data have
been combined with surface geological data and published borehole data to construct
a number of balanced sections across the Sub-Alpine Chains (Mugnier et al., 1987,
Gillchrist et al., 1987; Butler, 1989). The sections of Butler (1989) and Butler (in
press) show a constant 30km shortening within the Sub-Alpine Chains as shown in
Figure 2.9. Restoration of the basement cover interface to regional levels within the
Belledonne Basement Massif also suggests around 30km displacement on the thrust
carrying the massif which is constant along its whole strike length (Butler, in press) as
shown in Figure 2.3. The constancy of displacement within the Massif is backed up
by other independent lines of evidence (Butler, in press). The uplift of the basement
cover interface is constant relative to regional levels along the strike of the massif.
Fault plane lineation data show a constant WNW-ESE orientation within the Sub-
Alpine Chains from the Arve valley in the north to the Vercors in the south
suggesting a continuous parallel thrust transport direction. Also, the basement massif
is not cut by tear faults suggesting that the displacement is similar along the strike of
the massif.

wmwmms_wnnm_mum
SOUTHERN SUB-ALPINE CHAINS

Figure 2.11 shows a map of the Vercors, French Sub-Alpine Chains.

basin structure

The western Vercors contains the most westerly structures of the Sub-Alpine Chains
which expose Mesozoic rocks at the surface. Certainly this represents a major
structural divide between exposures of the foreland thrust belt and the Bas Dauphine
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Figure 2.10. Map of the depth to pre-Triassic basement in the Western Alps. After
Menard (1979).
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foreland basin; however, the Alpine deformation front may lie further to the west
within the poorly exposed Bas Dauphine. Pre-existing basin controlling faults are
thought to have influenced the geometry of the later thrust structures, as discussed in
the following sections.

Section 2.5.1.1 Faille de 1'Isére

The structures at the mountain front where Mesozoic rocks are exposed at the surface
are thrust-related anticlines arranged en echelon. In the south, the Beauregard-Baret
Anticline is the frontal structure. This structure plunges to the north beneath the
Royans area and the Bas Dauphine sediments. In Royans, the Pont en Royans
Anticline forms the frontal structure. Well data from the Beauregard-Baret Anticline
shown in Figure 2.12 (BRGM Romans-sur-Isére, 1975), indicate that the anticline is
carried on a thrust which has a displacement in the order of a couple of kilometres.
This thrust may emerge to the west in the poorly-exposed Bas Dauphine. The well
data also show that 700 metres of Berriasian shales exist at depth within the anticline
as well as 1km of Liassic rocks. To the west of this anticline however, the Mesozoic
succession is relatively thin as shown in Figure 2.12. This change in stratigraphic
thickness suggests the existence of a Mesozoic-age, basin-controlling fault,
downthrowing to the east, located at depth beneath the current position of the
mountain front anticlines within the Vercors. This important lineament, which as
mentioned above, has been imaged by geophysical work and controlled Mesozoic
paleogeographic domains, is termed the Faille de 1'Isére (Figure 2.8) (BRGM
Charpey, 1968). This basin controlling fault is likely to have a NNE-SSW orientation
as suggested by the trend of the mountain front within the Vercors. This trend is
parallel to the trend of the Menee fault system in the southern Vercors, which has also
been suggested to be an important basin controlling fault, separating in mid-
Cretaceous times, stable carbonate ramp and platform facies from the highly subsident
Vocontian Basin marked by deeper water sedimentation (Figure 2.8) (Arnaud-
Vanneau & Arnaud, 1990). These lineaments are suggested to be part of a strike-slip
fault system which can be linked to the south-west to strike slip lineaments exposed in
the Massif Central where local pull-apart basins exist which were active as far back as
Carboniferous times (Figure 2.13). The present offsets of the frontal anticlines within
the Vercors may mirror an en echelon arrangement of basement steps along the Faille
de 1'Isére, a feature so characteristic of strike slip fault systems.

This important lineament has been suggested to exert major control on the geometry
of the western Vercors structure. Butler (1989) has suggested that this offset in the
easy slip horizon which occurs at the basement-cover interface, has forced the
detachment thrust to climb stratigraphy and produce a mountain front anticline

16
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(Figures 2.14 and Figure 2.15). Basement steps which may occur along the
Eocene/Oligocene faults are thought not to produce emergent anticlines because the
faults downthrow basement towards the west such that the detachment would never
propagate west into an upthrown basement block. Further evidence for the
localisation of deformation associated with alpine thrusting along the Faille de 1'Isére
is the existence of extensive backthrusting within the forelimb of the Pont en Royans
anticline. At the Petite Goulets, (Figure 2.16) major backthrust sense repetition of the
Barremian to lower Aptian limestones, locally termed the Urgonian can clearly be
seen in the high cliffs of the gorge walls. It has been suggested (Butler, 1989) that
these faults formed before the growth of the frontal anticline. They may represent the
re-distribution of displacement away from the basement-cover detachment into the
hanging-wall cover rocks as the deformation becomes localised against the basement
step along the Faille de 1Tsére.

Section 2.5.1.2 Eocene/Oligocene growth faults

The western Vercors contains a set of N-S trending faults across which small
extensional offsets of the stratigraphy exist (see Figure 2.11). Most of the faults
cannot be dated stratigraphically because of uplift which occurred after the fault
activity but prior to Miocene foredeep sedimentation. This resulted in the erosion of
any basin filling sediments which may have existed. However, at St. Nazaire en
Royans at the northern termination of the Beauregard-Baret Anticline, thickening of
Oligocene continental deposits and uplift of a late-Cretaceous paleokarstic surface is
associated with these faults (Butler, 1989). It has been suggested that these faults form
part of a transtensional fault system which can be linked to the Rhone-Bresse Graben
System (Butler, 1989).

These faults have influenced the development of structural geometries within the
western Vercors. Butler (1989) has described cliff sections within the Grande Goulets
Gorge. Thrusts can clearly be seen to cut across normal faults which downthrow
Urgonian Limestones to the west against Hauterivian Shales as shown in Figure 2.17.
. Displacement remains localised on the thrust with no widespread deformation around

the early normal fault.

However, farther south at the Col de la Bataille, (see Figure 2.11), Butler (1989) has
described another westerly downthrowing normal fault which is situated within a zone
of intense deformation where the fault is intersected by an alpine thrust. Foreland and
hinterland directed thrusts are associated with upright folding. Stratigraphic
relationships suggest that the early normal fault has downthrown massive Urgonian
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Limestones against Hauterivian limestones and shales. Butler, (1989) has suggested
that as the thrust propagated to the west through the easily deformed limestones and
shales and encountered the downthrown harder-to-deform massive Urgonian
limestones, a zone of upright pure shear developed (Figure 2.18). This process has
been termed Buttressing (Welbon, 1988; Butler, 1989). 4

Thus,fs-eems that it is the lithological contrasts across the normal faultsrather than the
existence of a pre-existing fault plane which exerts the most profound influence on
later thrust geometries. At the Grande Goulets, easy-to-deform interbedded limestones
and shales exist on both sides of the normal fault where the thrust intersects. The
thrust can propagate easily across the normal fault which has little influence on the
thrust geometry. At the Col de la Bataille the thrust crosses the normal fault where a
large lithological contrast exists. The relatively hard-to-deform Urgonian limestones
on the downthrown side of the fault causes the thrust displacement to become
distributed into a zone of minor thrusting and upright folding. These ideas are drawn
schematically in Figure 2.19.

Section 2.5.2 Fastern Vercors

In the eastern Vercors (see Figure 2.11), a complete succession from the Urgonian
limestones down to the Triassic and into the basement is exposed in the Drac Valley.
This valley separates the Belledonne Crystalline External Basement Massif in the east
from the Mesozoic sedimentary rocks in the west which form the Vercors plateau.
The Mesozoic succession is around 6km thick which is substantially thicker than in
the western Vercors (Menard, 1979). The depth to pre-Triassic basement increases to
around 6-7km in the eastern Vercors (Figure 2.10). This suggests that the Vercors is
composed of a westward tapering wedge of stratigraphy. However, this pattern of an
easterly thickening wedge does not continue across the Drac Valley, where important
facies and thickness changes occur. Around 2km of Liassic basinal shales occur
within the eastern Vercors. On the east of the Drac Valley, only 200 metres of Liassic
shallow water crinoidal limestones occur. It has been suggested that this pattern of
sedimentation is the result of the existence of a Liassic age extensional fault on the
western side of the Belledonne Massif (Figure 2.20). This fault is suggested to have
downthrown towards the west and separated the downthrown Vercors basin from the
shoal paleogeography which existed on the upthrown footwall block (Lemoine et al.,
1986; Butler, 1989). Westward downthrowing normal faults are exposed within the
basement rocks of the Belledonne Massif (see Figure 2.11).

Menard (1979) suggested that the Belledonne massif was uplifted above its regional
level on the large displacement Alpine Sole Thrust. As mentioned above this thrust is
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levels. b: and c: represent the pre-thrusting geometry and the final state Section
respectively. After Butler (in press).
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thought to represent around 30km of displacement (Butler in press) (Figure 2.3).
Thus, the position where alpine deformation responsible for basement imbrication and
crustal thickening emerges into the Dauphinois stratigraphy coincides with the
Jurassic age extensional fault in the eastern Vercors. Butler (1989) pointed out that
the 30km of displacement on the Alpine Sole Thrust must also be present within the
structures of the Sub-Alpine Chains. Butler (1989) suggested that the cover
shortening has occurred by displacement along a large displacement backthrust
located in the eastern Vercors. This backthrust transported the stratigraphy of the
Vercors Basin eastward relative to the Belledonne basement rocks in the footwall to
the backthrust. Backthrust-vergent structures have been described from the Drac
Valley in the eastern Vercors (Gidon, 1979).

Thus, the structures within the eastern Vercors are complex. The area contains the
eastward termination of the pre-thrusting Vercors basin which was controlled by a
westward-downthrowing normal fault. Alpine shortening in the form of thrusting
emerged into the Mesozoic Dauphinois cover rocks in this area. The cover shortening
in the eastern Vercors is dominated by backthrusting. This polarity changes to
foreland directed thrusting in the western Vercors.

Section 2.5.3 Timing of def ion within the V

The thrust structures within the Sub-Alpine Chains involve Tertiary sediments.
Eocene/Oligocene sediments were deposited along the Rhone/Bresse basin system.
Miocene times saw the development of a foredeep succession where sediments
derived from the growing Alpine mountains to the east were deposited in foreland
basins (see Figure 2.21). Thrust loading resulted in the flexural downwarping of the
French continental crust and foreland basin development. The sediments deposited
within these basins are now found within the footwalls to thrusts within the Sub-
Alpine Chains. Middle Miocene and younger proximal alluvial fan and fan delta, as
well as distal lacustrine and marine facies are found within the foredeep succession.
However, the molasse found within the footwall to individual thrusts are generally
derived from more internal thrust sheets farther to the east within the mountain belt=f
The oldest proximal facies, such as the Voreppe conglomerates, are Burdigalian in
age (Debrand-Passard et al., 1984) suggesting that the emergent thrust front was
farther to the east before this time. So between 10 and 6 M.a. emergent thrusts existed
within the vicinity of the Sub-Alpine Chains.

The proximal molasse derived from the emergent uplifted hanging-wall of an
individual thrust will be higher in the stratigraphy than the molasse presently exposed

in the footwall to the individual thrust. However this style of stratigraphic relationship
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TRAJEGTORY.

F'lgurt 2.19. The effect of the pre-thrusting template on thrust geomerry. 1: Southern
side of the Grande Goulets Gorge. The thrust cuts a pre-existing normal fault where
‘casy to deform limestones and shales exist on both sides of the fault. The thrust
1gnores the normal fault and develop a simple thrust geometry.

2: Col de la Bataille. The thrust cuts a pre-existing normal fault where competent
prgonian Limestones have been juxtaposed by the normal faulting against
Incompetent Hauterivian limestones and shales. The thrust cannot propagate as easily

and developes a complex thrust geometry.
Figure 2.20. Schematic reconstruction of the eastern Vercors. The thickness and facies

of carbonate deposition is controlled by the existence of a westward downthrowing
normal fault on the western side of the External Belledonne Basement Massif. After

Butler (in press).
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Figure 2.21. The Stratigraphy of the Bas Dauphine foredeep saccession. After Debrand-

Passard et al. (1984).
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is generally not visible within the Sub-Alpine Chains as the area has undergone uplift
due to the isostatic rebound of the lithosphere after the cessation of thrusting in post
Miocene times. The higher parts of the molasse sequence and the structures within the
foreland thrust belt have been uplifted and eroded.

In summary, a substantial thickness of foredeep sediments existed above the Mesozoic
strata which were destined to become involved in foreland thrust belt structures. The
thickness of this sequence is not presently known due to the uplift and erosion. Lower
and middle Miocene sediments were certainly involved in the thrusting, and must
have enclosed the Mesozoic rocks during the development of the folds and thrusts.

Section 2.5.4 Post Mi lift: Tmplicati

After the cessation of thrusting, isostatic rebound of the lithosphere occurred, causing
uplift and erosion of the Vercors structures. Figure 2.22 shows the spore
colouration values of the Hauterivian rocks presently exposed within the Vercors.
These indicate that the rocks have been buried and thermally altered. This thermal
alteration is probably not the result of burial underneath thrust sheets as the area has
not suffered large scale thrust translation causing stacking of the stratigraphic pile.
Also the pattern of values does not mirror the structural trends within the Vercors, so
that burial probably occurred beneath Miocene foredeep sediments.

The Miocene foredeep sediments provide a means to date the uplift and to assess the
importance of isostatic versus thrust related uplift. The stratigraphy is shown in
Figure 2.21. Within the Vercors plateau, Miocene sediments are involved in the thrust
structures. In the footwall to the Rencurel Thrust (Figure 2.11), coarse to fine grained
marine sands can be found. These rocks contain marine fossils such as Chlamys
praescabriuscula and glauconite which is a marine authigenic mineral (Debrand-
Passard et al.,, 1984). Also sedimentary structures such as tidally produced
herringbone cross-stratification indicate shallow marine conditions. Sedimentation
also occurred in Miocene times to the west of the present day thrust front, in the Bas
Dauphine. Aquitanian times saw deposition of lacustrine limestones and shales.
However from Burdigalian through to Tortonian times, the area experienced marine
sedimentation, with storm influenced shelf sands, beach sands and biohermal build
ups. In Serravalian and Tortonian times proximal alluvial fan/fan delta sediments
were deposited. These Conglomerates de Voreppe indicate the presence of an
emergent thrust front in the vicinity of the Vercors. The lateral equivalents to these
conglomerates are the distal marine sands of the Sables de Montchenu. The marine
Miocene sediments are now exposed within hills up to 450 metres above sea level in
the Bas Dauphine. At the top of the Miocene in the Bas Dauphine there is an erosional
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Figure 2.22.Amap of thermal maturityrindicated by spore colouration and vitrinite

reflectance for the Vercors. All the five samples were taken from Hauterivian and

Yalanginian lime mudstones. They all contain spores which appear yellow to yellow-
orange under fluorescent light. In addition a vitrinite reflectance value of 0.45% was
obtained from sample (2). The samples were collected by the author. The, thermal
alteration data were collected by the author with the aid of M. Joaes. Circles- Miocene;
Dots- Senonian to Oligocene; Random fleck- Urgonian limestones; Un-omamented-

.y . . ! 1. .
Lower Cretaceous; Crosses- Tithonian; Diagonal ornament- Mddle to Upper Jurassic.
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unconformity, with Pliocene rocks above. Messinian rocks are absent within the
sequence but this may be the result of non-deposition due to the lowstand of sea level
at this time (Haq et al., 1987), or post Messinian uplift and erosion prior to Pliocene
sedimentation. The thickness of the Miocene foredeep succession prior to uplift and
erosion is not known in the Sub-Alpine Chains. It is possible, however, to estimate
amounts of uplift and the thickness of the Miocene sediments using indirect methods.
At Montmiral, in the Bas Dauphine the youngest part of the Miocene sequence is
exposed. These shallow-marine Helvetian sediments are presently exposed on the top
of 450 metres high hills. In Helvetian times global sea level was around 100-150
metres higher than present levels (Haq et al., 1987). The minimum net uplift of these
rocks since Helvetian times is therefore 450 metres minus 100-150 metres, that is,
around 300 metres. If we assume that this uplift is isostatic then this minimum of 300
metres of uplift would have occurred across the foreland thrust belt. It is likely to be
isostatic because no large displacement thrusts have been mapped within the Bas
Dauphine. However,within the foreland thrust belt, this isostatic uplift occurred after
thrust related uplift. The Vercors balanced cross section of Butler (1989) shows that
up to 2km of relative uplift occurred locally between the hanging-wall cut off and the
footwall cut off of individual stratigraphic markers along thrusts (Figure 2.9).

The thermal maturity of the Mesozoic rocks within the Sub-Alpine Chains can be
used to give crude maximum burial depths and hence the thickness of the Miocene
foredeep succession. Spore colouration within the Hauterivian rocks is yellow/yellow-
orange which correlates with vitrinite reflectance values of around 0.3-0.4% (Figure
2.23) (Teichmuller, 1987). Such reflectance values are thought to indicate a
maximum temperatures of around 40-800C (Teichmuller 1987) (see Figure 2.24). If
800C is taken as a maximum burial temperature and is used when trying to convert
this to a burial depth by assuming a geothermal gradient, then a maximum burial
depth for the Hauterivian and hence the thickness of the now eroded foredeep
sediments above can be deduced. For a paleogeothermal gradient of 350 \;/Vé: get a
maximum burial depth of the Hauterivian of around 2km. The thickness of Mesozoic
stratigraphy above the Hauterivian is around 700 metres (BRGM Vif, 1983). This
suggests that the foredeep succession was in the order of 1300 metres. This figure is
of the correct order of magnitude as at least 700 metres of Miocene foredeep sediment
exist at depth from well data at Montmiral (BRGM Romans-sur-Isére, 1975). 2km of
thrust related uplift would have exposed the top of the Mesozoic succession at or
above sea level during thrusting. If we take 250C//\‘z(1"; our paleogeothermal gradient,
then this suggestsvgx‘bmﬁgal depth of around 3.2km. The foredeep succession would be
around 2.5km thick and the Mesozoic rocks would not have been unroofed by thrust

related uplift. >
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Figure 2.23. Cormelation of rank stages through microscopic rank parameters in
relation to oil and gas maturity. After Teichmuller (1987).

Figure 2.24. Increase in vitrinite reflectance with temperature in four boreholes in the
upper Rhine Graben. After Teichmuller (1987).
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This discussion is based on the assumption that vitrinite reflectance values are mainly
controlled by temperature (Teichmuller, 1987). However, the duration of burial is
also thought to be an important control on thermal alteration and hence vitrinite
reflectance values (Robert, 1988). The burial depths, stratigraphic thicknesses and
paleogeographic information derived from this methodology areuseful if used
qualitatively. They can suggest scenarios such as the possible unroofing of Mesozoic
strata during thrusting. The use of Apatite Fission-Track methods would produce
more reliable resultsy however,the constraints of time and cost prohibited the use of

)
this method during the course of this study.

Vitrinite reflectance values for rocks within the Drac Valley of around 1.45% suggest
that burial depths within the deeper parts of the succession were great enough to cause
thermal maturation of organic matter and hydrocarbon generation (see Figure 2.23).
Bitumen seeps have been documented further north in the sector of the Sub-Alpine
Chains. The bitumen has been trapped beneath the Miocene Foredeep rocks within
Urgonian and Hauterivian reservoirs which have been uplifted to the surface. The
hydrocarbons migrated prior to the thrusting and underwent re-migration during the
thrusting (Zweidtler, 1985). The structures and sediments exposed today at the surface
within the Vercors were possible structural traps and reservoir rocks prior to uplift
and erosion brought them to the surface.

Section 2.5.5 I f the V . lies of def . { fluid 0
around foreland thrust faults

The structures within the Vercors allow the study of the role of deformation in
controlling sub-surface fluid migration within structural traps and reservoir rocks. The
importance of sub-surface fluid migration during deformation has been emphasised in
Chapter 1. With this in mind the Vercors was selected for this study. The area
contains well exposed fault zones within the Urgonian limestones. The Urgonian has
been locally dolomitized which has produced a secondary porosity. The Urgonian was
a possible reservoir rock prior to uplift. The Urgonian is involved in thrust structures
which are well exposed within deep gorge exposures which run east-west across the
Vercors. The Rencurel Thrust and overlying thrust sheet is particularly well exposed
within the upper part of the Gorges de la Bourne. The anticline in the hanging-wall to
the thrust was a possible structural trap prior to uplift.
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SHEET
Section 3.1 INTRODUCTION

In this Chapter, the structures within the Rencurel Thrust Sheet are discussed. General
descriptions of these structures can be found in Debelmas (1983). Mapping at 1:10000
scale was carried out with the following aims.

1) To assess the geometry of the structures within the thrust sheet and to assess the
temporal and spatial changes in the deformation.

2) To assess the regional significance of the structures in the mapped area.

3) To provide a large scale structural framework on which to base more detailed
structural and geochemical studies.

4) To assess the movement directions and kinematic links between individual
structures in the thrust sheet.

The results of the structural mapping are presented in Figure 3.1 which is contained
inside the back cover of this thesis. A cross-section across the mapped area is

presented in Figure 3.2.

The Rencurel Thrust which places Urgonian Limestones on to Miocene molasse
clastic sediments is the most important structure on a regional scale. It can be traced
to the north to merge with the Voreppe Thrust (BRGM Grenoble, 1978), and to the
south into an area of large-scale gentle folds (BRGM La Chapelle en Vercors, 1967).
For these reasons the Rencurel Thrust has been selected for a special study and also
because it is well-exposed in the Gorges de 1a Bourne. The results of these studies are
presented in the following Chapters. The rest of this Chapter first describes the
structure of the Rencurel Thrust Sheet and then gives a detailed account of the
geometry of the Rencurel Thrust Zone. Structural data which indicate the links
between the structures within the Rencurel Thrust Sheet and the Rencurel Thrust
Zone are presented and discussed in Sections 3.5.4. All the grid references quoted in
this Chapter refer to Figure 3.1.

Section 32 OVERVIEW OF THE STRUCTURES IN THE RENCUREL
THRUST SHEET

Figure 3.3 shows a panoramic view of the Rencurel Thrust Sheet looking north from
Belv. de Valchevriére at grid reference 8487 3118. In the right of the view towards

the east, the Ferriere Thrust is visible. Around grid reference 8490 3135, Urgonian
limestones in the hanging-wall to the thrust can be seen structurally overlying
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Senonian limestones in the footwall to the thrust. At grid reference 8498 3125 at the
base of the Gorges de la Bourne not shown in the view, the thrust places Hauterivian
limestones on to Urgonian limestones. Detailed mapping of this thrust has shown that
the geometry of the thrust becomes more complicated towards the south. The single
thrust in the north is replaced by a pair of thrusts in the south as indicated on BRGM
Vif (1983). Mapping in the Gorges de la Bourne around Pont de Valchevriere (grid
reference 8494 3125) shows that the two thrusts do not join in a simple manner but
merge within a zone of minor thrusts. This area may be what would be termed a
branch point in a regional scale structural study. In the south, the eastern-most thrust
is exposed at grid reference 8492 3099 near Malaterre where Urgonian limestones in
the hanging-wall to the thrust have been thrust upon Gargasian limestones locally
termed the Lumachelle. The most westerly exposed thrust is at Belv. de Valchevriére
(grid reference 8487 3118), where Urgonian limestones have been thrust on to the
Lumachelle. This thrust probably runs farther south through Plateau de Chateau Julien
where a hanging-wall anticline within the Urgonian is exposed near grid reference
8482 3105.

In the centre of the view in Figure 3.3, the Senonian limestones can be seen to be
underlain by the Urgonian limestones exposed in the prominent cliffs which are in
turn underlain by the Hauterivian limestones which are poorly exposed on the tree
covered gentle slopes at the base of the Urgonian cliffs. Mapping of the Gorges de la
Bourne shows that no major thrust exists within this stratigraphy. However,
underlying this stratigraphy is the Chalimont Thrust. The thrust zone is not well
exposed but runs north from Crete de Chalimont to the east of the hill Perrellier. The
thrust emplaces Hauterivian limestones on to the Urgonian at present exposure levels.

To the extreme left of Figure 3.3 at grid reference 8471 3139, the Rencurel Thrust is
exposed emplacing Urgonian limestones onto Miocene Molasse sandstones.

Section 3.3 STRUCTURAL TRAVERSE THROUGH THE GORGES DE LA
BOURNE

The Gorges de la Bourne provides excellent exposures of the structures within the
Rencurel Thrust Sheet. This Section describes the structures exposed within the gorge

starting in the east with the highest structural levels and moving west towards the base
of the thrust sheet were the Rencurel Thrust itself is exposed.
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This thrust zone is the subject of a detailed study by Roberts (1990) which is included

as an enclosure inside the back cover of this thesis. This Section is a brief summary of
this paper.

The Ferriere Thrust Zone is well exposed in the road cut on the north side of the
D531 road at grid reference 8498 3124. Figure 3.4 shows a field view of the geometry
of the thrust zone. Figure 3.4 shows that both the hanging-wall Urgonian rocks and
the footwall Hauterivian rocks contain minor faults. Cross-cutting relationships can be
recognised between the faults. Figure 3.5 is a close-up view of the area indicated in
Figure 3.4. The fault shown in Figure 3.5 and the other westward dipping faults
within the Hauterivian rocks shown in Figure 3.4 are suggested to be early formed
thrusts for the following reasons. The movement direction on the fault is known from
the orientation of calcite steps on the fault plane shown in Figure 3.6. Using this
evidence the fault can be seen to cut up-section along the movement direction placing
older rocks on to younger rocks, indicating that the fault is a thrust. The faults exist
within the western limb of the hanging-wall anticline to the Ferriere Thrust Zone. The
faults seem to have formed early, before the folding rotated them into their present
downward facing attitude. Figure 3.4 shows that the fold is cut by a set of faults
dipping gently towards the east. These faults post-date the formation of the fold.
Figure 3.7 shows a model for the deformation history within the Ferriere Thrust Zone.
Deformation started with the formation of a set of minor thrusts. These faults were
rotated into a downward facing attitude before later thrusts developed, cutting across
the fold. Roberts (1990) outlined the structural controls on fluid migration through
this thrust zone, utilising a combination of observations made using petrological and
cathodoluminescence techniques.

Section 3.3.2 Valchevriere T}

The Valchevritre Thrust is +o +ve wesT of  the Ferritre Thrust described
in Section 3.2. It is exposed at Belv. de Valchevri¢re (grid reference 8488 3120) and
also in the northern side of the Gorges de la Bourne (grid reference 8492 3128). The
thrust continues to the south and at Plateau de Chateau Julien, it emplaces Urgonian
on to Senonian limestones. Figure 3.8 shows the Valchevriere Thrust at grid reference
8492 3128 in the Gorges de la Bourne. The thrust cuts through a fold within the

Urgonian limestones.
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Section 3.3.3 Thrust at Grid ref ;

Figure 3.9 shows a footwall syncline developed in the gorge below the level of the
road.

Section 3.3.4 Backthrust at erid ref 8490 3127

At this locality a backthrust is exposed which offsets some pre-existing faults. Figure
3.10 shows a view looking on to the northern side of the gorge from the road. A
steeply dipping fault can be seen truncated in the footwall to a backthrust. The steeply
dipping fault is probably of Eocene/Oligocene age formed during the development of
the Rhone-Bresse Graben system. The Thrust is probably Miocene in age. The whole
section has been tilted so that the thrust is now downward facing. The
Eocene/Oligocene age fault is also exposed in the hanging-wall to the backthrust. The
displacement on the backthrust can therefore be seen to be around 50 metres. The
backthrust also shows a ramp-flat geometry as shown in Figure 3.11.

Section 3.3.5 Thrust at Grid ref 8484 3129

At this locality on the southern side of the gorge, an early, fauit is offset by a thrust as
shown in Figure 3.11.

Section 3.3.6 Normal fault at erid ref 8483 3131

At this locality a normal fault offsets the base of the Urgonian (Figure 3.11). The
stratigraphy consists of interbedded limestones and shales of the Hauterivian passing
upwards across a non-conformity into the Upper Barremian where the Urgonian
begins with 20 metres of massive dolomites passing upwards into thin-bedded
limestones containing a paleokarst (Amaud-Vanneau, 1980). The fault downthrows
about 20 metres to the east placing the U. Barremian dolomites against the
Hauterivian limestones and shales in the footwall.

Section 3.3.7 Rochers de Chali (orid ref 8480 3129

This cliff contains exposures of the higher parts of the Urgonian stratigraphy. Figure
3.12 looking south on to the cliff, shows that a set of small displacement thrusts exists
which display ramp-flat geometries controlled by the bedding,
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ROCHERS DE CHALIMONT

WEST

MASSIVE BEDDING

Figure 3.12 View looking south onto Rochers de Chalimont (grid reference 8480
3129). The structural interpretation shows a series of thrusts exhibiting ramp-flat
geometries. (See section 3.3.7).
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Section 3,38 Footwall o the Chalimont Thrust (zrid reference

The Chalimont Thrust is not exposed in the Gorges de la Bourne. However, the
locality at grid reference 8476 3139 displays well the deformation which occurs in the
footwall to this thrust. The contact between the Urgonian and the Hauterivian has
been folded into a vertical attitude forming a footwall syncline to the thrust..

Bedding is cut across by a set of eastward vergent backthrusts
which must have formed after the folding at a late stage in the deformation. Figure
3.13 shows the deformation along one of these fault zones which is typical of the
deformation along the minor faults. The fault plane is coated in fine-grained fault
gouge which cuts through a zone of coarse fault breccia. The wall-rocks to the thin
fault zone seem to be relatively un-fractured.

Section 3.4 DISCUSSJON OF STRUCTURES WITHIN THE RENCUREL
THRUST SHEET

The structural traverse along the Gorges de la Bourne highlights three main aspects of
the structural style within the Rencurel Thrust Sheet.

1) Early faults, probably of Eocene/Oligocene age existed in the area prior to the post
mid-Miocene thrusting. These fault have throws of up to 20 metres. Oblique
lineations exist on some of the fault planes suggesting that an important component of
strike-slip was involved in the deformation which produced normal offsets in the
stratigraphy. These early faults are simply truncated by the thrusts and do not localise
zones of intense deformation involving upright pure shear and buttressing. This is
probably because no significant lithologically-controlled rheological contrast was
present across the early faults at the position where they were intersected by the
thrusts (Section 2.5.1.2).

2) The minor thrusts display ramp-flat geometries in the well-bedded units of the
Urgonian. Some of the minor thrusts cut through localised small scale folds. The
minor thrusts have displacements generally less than 50 metres where visibleXThe
minor thrust zones are composed of gouge and breccia accummulated to only a few
centimetres in thickness. The wall-rocks around the faults are not penetratively

deformed by fracturing.

3) The larger thrust zones such as the Ferriere Thrust and the footwall to the
Chalimont Thrust are composed of an array of minor faults. These larger thrust zones
show complex deformation histories with early minor thrusts being folded and rotated
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before late minor thrusts develop.

Fault zones are often represented on regional cross-sections as single fault breaks.
However recent studies have shown that in areas where offsets in the stratigraphy
occur due to faulting, the fault zone is in fact composed of an array of mesoscale
faults. Fault densities increase into the centre of the fault zone where a zone of fault
gouge often metres across exists. The fault zone can be up to a few hundred metres in
thickness (Wojtal & Mitra, 1986; Woodward et al., 1988). Also single fault zones can
divide to become separate fault splays. The areas where the faults diverge are known
as branch lines, which are known as branch points after erosion across branch lines or
in two dimensional cross-sections or maps. Fault separation at branch points can
occur down or up-dip and along strike. Patterns of faults which display these
geometries make up linked fault systems. These concepts are described in Butler
(1982) and Boyer & Elliott (1982). In the following Sections, it will be shown that the
Rencurel Thrust is composed of an array of mesoscale faults and changes its geometry
along strike as revealed during structural mapping. It is important to understand the 3-
dimensional geometry of the thrust zone as this gives insights into the style of
deformation and also the geometry of potential seals or fluid migration pathways
connected with the fault zone. This Section will describe the geometry of the
Rencurel Thrust Zone as revealed by the structural mapping presented in Figure 3.1.

Section 3.5.1 Regional rv of the R | Thrust Z

Figure 3.14 illustrates the geometry of the Rencurel Thrust Zone in grid square 347
313 as seen looking south from grid reference 8470 3160. The structure is exposed in
the mountain Crete de Chalimont which is around 1600 metres high. The altitude at
the village of La Balme de Rencurel seen in the foreground is around 700 metres.
Each of the two distinct cliffs seen in the view is around 300 metres high. The cliffs
are composed of Urgonian limestones which from regional considerations are known
to be around 300 metres thick (BRGM Vif, 1983). In the centre of the view the gentle
tree-covered slopes are formed on the Miocene molasse sediments. In the right of the
view Senonian limestones are exposed in a gorge south-west of La Balme de Rencurel
(BRGM Vif, 1983). The structure here is composed of two imbricate slices of
Urgonian limestones separated by a thrust, here termed the Chalimont Thrust. At the
base of th%x,fstructure where the Urgonian limestones structurally overlie the Miocene
molasse sediments, another thrust exists which is termed the Rencurel Thrust. The
Miocene rocks in the footwall to this thrust rest unconformably on the Senonian rocks
exposed in the gorge to the west. In Figure 3.15, the geometry of the Rencurel Thrust
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just north of grid square 848 315 is shown as seen looking north from grid reference
8462 3135. The cliff of Rochers de Gonson is composed of around 300 metres of
Urgonian limestones (BRGM Vif, 1983). At the base of the cliff the area of trees
occurs on drift which may overlie Hauterivian limestones and shales. Exposures of
Miocene molasse clastic sediments occur in the area of cultivated fields around the
village of La Balme de Rencurel shown in the view. The Miocene rocks
unconformably overlie Senonian limestones dipping gently east, which are exposed in
the wood at the left of the view. The structure here is composed of a single main
thrust which emplaces Cretaceous carbonates onto the Miocene molasse clastic
sediments. Moving south from the Rochers de Gonson along the Rencurel Thrust, the
thrust branches and becomes two imbricate thrusts each of which carries a slice of
Urgonian limestones as shown in Figure 3.14 at Crete de Chalimont. The branch point
must lie just to the north of grid square 847 315. In this grid square, the two imbricate
slices still exist, the lower one exposed in the hill of Perrellier at grid reference 8475
3153 and the higher one in the cliff of Roche Chalve at grid reference 8488 3142.
The area where the branch point exists is unfortunately poorly exposed (BRGM Vif,
1983). The geometry of the branch point between the Rencurel Thrust and the
Chalimont Thrust is illustrated in Figure 3.16. The higher thrust splay is not marked
on BRGM Vif, (1983), but is mentioned in Debelmas, (1983). The presence of this
thrust is suggested by the double thickness of Urgonian limestones exposed in Crete
de Chalimont (see Figure 3.14). Also, although the thrust is not well exposed,
vertically bedded and highly deformed Hauterivian limestones and shales are exposed
at 8478 3141 along the D531 road. These rocks are proposed to lie just into the
hangingwall of the proposed Chalimont Thrust. This outcrop together with the
vertically bedded and highly deformed transitional rocks between the Urgonian and
Hauterivian which occur along the D103 road at 8476 3139 which are proposed to lie
just in the footwall to the Chalimont Thrust, provide further evidence for the
existence of a large thrust. These outcrops along the proposed Chalimont Thrust are
described more fully in Section 3.3.8.

Section 3.5.2 Geometry of the Rencurel Thrust Zone,

This Section will describe the geometry of the Rencurel Thrust Zone as revealed by
structural logging. The best exposures lie along the D103 and D531 roads.

Figure 3.17 shows the view looking south onto the Rencurel Thrust Zone where it is
crossed by the D103 road at grid reference 8472 3139, as seen looking south from
grid reference 8472 3145. The cliff is around 300 metres high and composed of
Urgonian limestones which are locally dolomitized. In the higher parts of the cliff,
bedding can be seen dipping gently towards the south-east. Lower in the cliff,
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bedding cannot be seen clearly. Here, the Urgonian is dolomitized and cut by a

dense array of mesoscale faults. In the wood at the extreme right of the view, a thrust

contact is exposed between the older Urgonian limestones above the younger Miocene

molasse along the D103 road. The Miocene in the footwall to the thrust is poorly

exposed but at least 4 metres of highly deformed Mioccﬁ‘ct\roc forms the lowest
exposed portion of the Rencurel Thrust Zone. The base of the thrust zone is not

exposed so its true thickness cannot be estimated. In this view the thickness is a

minimum of 100 metres. The bedding in the higher parts of the cliff are parallel to the

gentle dip of the fault zone to the south-east so that the fault zone has the geometry of

a hanging-wall flat (Butler, 1982).

The fault zone is alsoexposed along the D531 road at the base of the hill Perrellier at
grid reference 8474 3143. Figure 3.18 shows a view onto these exposures looking
east-north-east from grid reference 8462 3141. The thrust contact between the
Urgonian and the Miocene is not exposed here but there are good exposures of the
array of minor faults in the Urgonian which form the higher parts of the Rencurel
Thrust Zone. Bedding within the Urgonian limestones is gently folded into an
anticline so that the fault zone here has the geometry of a hanging-wall ramp (Butler,
1982). The thrust cuts up section within the Urgonian towards the west-north-west.
The thrust transport direction within the Vercors is towards the west-north-west as
discussed in Section 3.5.4. The hanging-wall ramp within the Urgonian at this locality
is therefore a frontal ramp (Butler, 1982). This frontal ramp would probably also have
existed farther to the west of the outcrops of the thrust zone along the D103 road but
it has now been eroded away.

The exposures along the D103 road were chosen for a detailed study as they allow
examination of the detailed internal geometry of the fault zone, which can be placed
into the context of the larger scale geometry discussed in Chapter 2 and Sections 3.1-
3.5. The exposures are especially useful as they allow detailed structural logging, the
collection of structural data and sample collection across a substantial portion of the
thrust zone including the thrust contact of the Urgonian limestones and the Miocene

molasse sediments.

Section 3.5.3 Detailed i | { the R | Thrust Z | :
D103 road

Preliminary study of the outcrops reveal that an array of minor faults is developed
within the Urgonian. Individual faults within the array which exists within the
Urgonian are coated in cataclastic fault gouge containing stylolitic seams produced by
diffusive mass transfer (DMT). The faults have displacements in the order of less than
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a couple of metres. The thickness of cataclastic fault rock which exists along them is
in the order of a couple of centimetres. Areas between the minor faults seem
relatively undeformed by fracturing, pressure dissolution and veining. The thrust
contact between the Urgonian and the Miocene is a zone of more pervasive
deformation. A planar band of cataclastic fault gouge separates the Urgonian and
Miocene rocks. The gouge is at least 40 centimetres thick and made of carbonate
material derived from the Cretaceous rocks. In the footwall to this is a shear zone at
least 4 metres wide, composed mainly of material derived from the Miocene clastic
rocks, but also including blocks of carbonate material derived from the Cretaceous

rocks.

It was decided that if these fault rock types are important in controlling fluid flow in
the sub-surface, then understanding the spatial variations in the fault rocks would be
important to assess fluid flow through the Rencurel Thrust Zone. This goal would be
achieved by mapping the detailed geometry of the fault zone. Also  understanding of
the chronology of formation of different elements of the fault zone would highlight
any temporal changes in the effect of porosity and permeability controlling
deformation mechanisms. This goal would be achieved by searching for cross-cutting
relationships within the fault zone.

The geometry of the fault zone was documented by mapping all the visible faults
within the(f&\tl}c ﬁ);})cnggto a black and white colour photo montage which is shown in
Figure 3.19, Only fractures which had visible fault rocks along them were marked on
to this structural log. This avoids confusion as to whether a fracture is tectonic or
produced by excavation and blasting of the road section or weathering but may bias
the study. Black lines on the montage indicate the position of faults. Areas encircled
by black lines indicate where fault planes are visible. This technique produces a
minimum estimate of fault densities within the fault zone. Fault rocks may have been
eroded from some fractures so that they cannot be positively identified as tectonic,
and some faults may have been missed. A minimum estimate of fault densities is

however still useful information to input into the fault zone models.

On this structural framework, more detailed studies were based.

1) The orientation of fault planes and fault plane lineations were measured in order to
help characterise the deformation within the fault zone. The results of this are
presented in Section 3.5.4.

2) Detailed outcrop descriptions were carried out to ascertain styles and spatial
changes in deformation within the fault zone and to pin-point areas which warranted
special study.

3) Samples were taken from areas which were indicated by the structural studies. This
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was important so that laboratory based studies could be fitted into the context of the
fault zone. All samples were orientated by marking a strike and dip on a prominent
plane on the hand specimen.

4) Laboratory based studies began with petrological and microstructural analysis of
the samples to evaluate deformation mechanisms and diagenetic histories. The results
of studies 2, 3 and 4 are reported in Chapters 4 and 5.

Section 3.5.4 Structural data for the Rencurel Thrust Sheet: Movement
lirections and implications for the evolution of the thrust sheet

Structural data were collected for the Rencurel Thrust Sheet. These data include the
orientation of fault planes and lineations on the fault planes. Lineations on fault
planes generally indicate the slip direction on a fault plane. Lineations on fault planes
in the Rencurel Thrust Zone consist of striations, gouge grooves and the long axis of
fault plane undulations. The lineations were measured using a compass clinometer
and the data are presented in Figure 3.20. The data was converted into contoured
stereographic projections using the STATIS programme. The stereographic
projections presented in Figure 3.20 show that lineations are orientated west-north-
west to east-south-east throughout the Rencurel Thrust Sheet. This is constant with
the notion that all the faults are part of the thrust zone geometry and were formed ‘
during one kinematically linked phase of thrusting. Structural observations from all
the elements of the thrust sheet can be used in constructing models of deformation
and fluid migration through the Rencurel Thrust Sheet. Fault plane orientation data
are presented in Figure 3.2 1. All the data collected are presented in Appendices 1.
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Figure 3.20 The orientation of lineations developed on fault planes in the Rencurel
Thrust Sheet. (See section 3.5.4). 1- Footwall to the Chalimont Thrust; 2- Thrust
contact between the Urgonian and the Miocene within the Rencurel Thrust Zone; 3-
Array of minor faults in the Urgonian within the Rencurel Thrust zone; 4- Faults
around Pont de Goule Noire; 5- Ferriere Thrust Zone; 6- Valchevriere Thrust Zone;
7- All the data for the Rencurel Thrust sheet. Contours represent <2%; >2%; >4%;

>7%; >10%; >13% and >16% of the data plotting within the contoured area.
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Figure 3.21 Fault plane orientations in the Rencurel Thrust Sheet. (See section 3.5.4).
1- Footwall to the Chalimont Thrust; 2- Thrust contact between the Urgonian and the
Miocene within the Rencurel Thrust Zone; 3- Array of minor faults in the Urgonian
within the Rencurel Thrust zone; 4- Faults around Pont de Goule Noire; 5- Ferriere
Thrust Zone; 6- Valchevriere Thrust Zone; 7- All the data for the Rencurel Thrust
sheet. Contours represent <2%;.>2%; >4%; >7%; >10%; >13% and >16% of the data
plotting within the contoured area.
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THE RENCUREL THRUST ZONE
Section 4.1 INTRODUCTION

In Section 3.5.3 it was pointed out that the higher parts of the Rencurel Thrust Zone
are composed of an array of minor faults cutting the Urgonian limestones. This
Section describes the deformation associated with these faults. All the samples and
observations mentioned in this Chapter are located on Figure 3.19.

Two main faulting styles seem to exist within the Urgonian:-

1) Breccia zones - Breccia zones are restricted to a small portion of the Rencurel
Thrust Zone. They are described in Section 4.2,

2) Discrete gouge zones - Discrete gouge zones are by far the most common
deformation features along the minor faults within the Urgonian involved in the
Rencurel Thrust Zone. Several individual faults were singled out for special study,
and these will be discussed in the following Sections. These faults are described in
Section 4.3.

Section 4.2 BRECCIA ZONES,
Section 4.2.1 OF i

Figure 4.1 shows the style of deformation which occurs along the fault selected for a
special case study. Around this fault fractures up to Smm across are filled with very
fine grained brown material (Figure 4.2). X-ray diffraction studies of this brown
material have shown it to be a combination of smectite and montmorillonite, with
small amounts of calcite and dolomite. Clasts of calcite and dolomite derived from the
wall-rocks to the fractures are supported within the smectite and montmorillonite
mixture. The edges of these fractures are sharp and not gradational. The carbonate
wall rocks outside of the fractures show normal sedimentary and diagenetic textures
and are relatively undeformed by fracturing. Some calcite crystals are however

twinned.

These fractures grade into areas of breccia shown in Figure 4.1. The breccia clasts are
isolated by similar fractures to those described above and are filled with the same
mixture of smectite and montmorillonite, dolomite and calcite. These fractures are
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however truncated by faults coated in fine-grained, red-stained carbonate fault gouge
as illustrated in Figure 4.3. The rotation of the breccia clasts can be used to provide
shear sense criteria for the fault zone which is top to the west. No fault plane
lineations or extensional fractures filled with coarsely crystalline material are present.

The mixture of smectite and montmorillonite is also found within small areas of cave
cdllapse material located on Figure 3.19. The areas contain . chaotic
breccias with . smectite and montmorillonite filling the cavities between the clasts.
These breccias are distinct from those found along the faults in that they do not occur
in sub-planar zones. They also disrupt the fault geometries present indicating that they
post-date the deformation.

Section 4.2.2 Discussion of the brecei

Fracturing, which is a cataclastic process, was important during deformation along
these fault zones. Cataclasis occurs at high strain rates at the temperatures and
pressures which are suggested to have existed during this deformation by the burial
history studies discussed in Section 2.5.4 (Sibson, 1977; Knipe 1989). Porosity would
have been formed during this fracturing so that sub-surface fluids may have been able
to move along these conduits. Evidence for this fluid flow would be fracture filling
material which could unambiguously be shown to have been formed during the
deformation. This is unfortunately not the case for the mixed smectite,
montmorillonite, calcite and dolomite fill to these fractures. No deformation textures
have been found within the fracture filling mixture which indicate syn-kinematic
formation. Also the mixture is found within cave-collapse material which clearly
post-dates the deformation. The smectite, montmorillonite, calcite and dolomite
mixture in the cave-collapse material may have been re-mobilised after its syn-
kinematic formation along the faults, but this has not been demonstrated by studies to
date. The converse of this is also possible. The smectite and montmorillonite mixture
may have formed during the development of the cave-collapse material and then been
re-mobilised to be deposited within pre-existing tectonic fractures. Once again this
relationship has not been clearly demonstrated to date by structural studies. The
fracture-filling mixture cannot be used to demonstrate the presence of syn-kinematic
fluids, and the faults were not studied further in terms of fluid migration through the
Rencurel Thrust Zone. These faults characterised by the presence of breccias are
found only in the small area indicated on Figure 3.19.

Section 4.3 DISCRETE GOUGE ZONES
In this Section the style of deformation along the discrete gouge zones is discussed.
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Section 4.3.1.1 Outcrop observations and interpretation.

This sample site was selected because the fault zone 2 cuts across and truncates some
earlier faults, and is composed of overlapping discrete fault strands, as shown in
Figure 3.19. The fault zone dips at around 450 towards the east. At outcrop scale the
fault appears as a discrete and planar fault break, coated in around 2-3cm of fine-
grained, iron oxide-stained carbonate fault gouge. Away from the fault the wall-rocks
are not heavily fractured and seem relatively undeformed. This was confirmed by
examination of thin sections taken ~ away from the fault zone. Lineations in the
form of scratches or striations appear on this fault gouge. The fault is not continuous,
but in the vicinity of sample site 2h (see Figure 3.19), the fault break cannot be traced
far up-dip. A new fault break again dipping at around 450 can be found around 10-
20cm to the east of the termination of the lower fault. This higher element of the fault
zone overlaps with the lower fault break. At outcrop in the area between the two
overlapping fault strands, fractures exist which are up to 2mm wide and filled with
light coloured, fine grained material. Similar light coloured fractures can be found
scattered along the trace of the fault zone, generally within 5-10cm of the fault break.
Samples 2a, 2d, 2h and 2c located on Figure 3.19 all exhibit these fractures. These
samples were sawn in half and the planar faces stained. The light coloured fractures
can be seen to be filled with fine grained carbonate with clasts of grey carbonate wall-
rock supported within it. The fractures form an anastomosing. pattern which separate
blocks of intact wall-rock. On the sawn face of sample 2h, this pattern of
anastomosing fractures is cut by a planar zone of white fine grained carbonate
material which is at least 1cm thick. The material is composed of angular clasts up to
5mm across supported in a fine-grained matrix. Clast sizes show a complete gradation
in grain size from Smm down to the size of the matrix. This is a cataclastic fault
gouge formed by the fracturing and grain size reduction of the wall-rock during
frictional slip along the fault. This gouge zone clearly post-dates the early fracturing
and can be correlated with the gouge zone which exists along the main fault break. In
thin section, the wall-rock lithology can be seen to change from a bioclastic
grainstone at the bottom of the exposure in samples 2h, and 2d, to a coarse dolomite
mosaic in samples 2a, 2c, and 2b (Figure 3.19).

Section 4.3.1.2 Sample 2d

Figure 4.4 shows a photomicrograph of sample 2d. The sample is a bioclastic
grainstone which has been partially dolomitized. The dolomite rhombs have
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inclusion-rich centres surrounded by a syntaxial zone of clear, inclusion free
dolomite. The sample is cut by a series of fracture zones. The fracturing cuts across
the dolomite indicating that it is post-dolomitization. Within the fracture zones, the
wall-rocks have undergone grain size reduction by fracturing to produce a fine-
grained fault gouge. The visible clasts within the fault gouge are angular. The gouge
is indurated but the extremely fine grain sizes within the gouge make it difficult to see
textural evidence to indicate the lithification process even using a scanning electron
microscope. These fracture zones can be correlated with the anastomosing fractures
filled with white fine-grained material seen on the sawn faces of this specimen
described above.

Section 4.3.1.3 Sample 2d- Discussion

The dominant deformation mechanism within this sample is fracturing which is a
cataclastic process (Knipe, 1989). Fracturing has caused grain size reduction on the
micron scale along sub-planar zones seen petrologically which can be correlated with
the so-called fractures seen on the sawn face of the specimen. The so-called fractures
seen in hand specimen are in fact fracture zones. These fracture zones interact to
separate areas up to several centimetres across composed of intact wall-rock.

Thus, two scales of grain size reduction occur:-

1) Production of micron-scale clasts by the attrition of the wall-rocks along the thin
fracture zones during frictional slip. The fine-grained fault rock is termed a fault
gouge after Sibson (1977). Such gouge zones are formed during frictional slip along
faults. During frictional slip, clast isolation by the breakage of asperities on the wall-
rocks of the fault, and grain size reduction by clast breakage are the dominant
processes (Sibson, 1986; Knipe, 1989).

2) Production of clasts on the centimetre scale by the interaction of fracture zones or
gouge zones. When the density of fracture zones becomes great enough, areas of
intact wall-rock become completely surrounded by fracture zones or gouge zones.

The fault rocks produced by this fracturing are now indurated and lithified. The fine-
grained fault gouge is hard and does not crumble out of the fractures. The gouge may
be cemented up by the precipitation of new minerals or compacted by pressure
dissolution and locked together by the indentation of grains. The small grain sizes
make it difficult to decide which of these two processes is dominant. Both of these
processes are however characteristic of the action of diffusive mass transfer (DMT).

It is not clear if any strain was accommodated by grain boundary sliding without

63



fracture before induration of the fine-grained gouge occurred. This friction controlled
deformation mechanism is termed independent particulate flow (Borradaille, 1981).
The action of this deformation mechanism results in the re-packing of grains without
reducing their grain sizes and is therefore difficult to recognise. The action of
independent particulate flow is discussed more fully in Section 4.5.1.

Section 4.3.1.4 Sample 2a

Figure 4.5 shows a photomicrograph of sample 2a. The sample has been intensely
deformed by fracturing to produce a fault gouge. The dolomite mosaic which made
up the original wall-rock lithology can now only be seen within clasts within the fault
gouge which are surrounded by poorly-sorted and fine-grained . matrix. The clasts
of original wall-rock contain fractures which are similar to those described from
sample 2d in Section 4.3.1.2. Grain size reduction down to the micron scale and the
production of a zone of sub-planar fault gouge has occurred in the wall-rocks prior to
the formation of these clasts. These fractures divide up the wall-rock into a similar
pattern as seen in sample 2d described in Section 4.3.1.2. The production of wall-rock
clasts which are incorporated within the gouge textures of this sample clearly
occurred after the intra-wall-rock clast fractures were formed. Some clasts within this
sample are clearly composed of early lithified fine-grained fault gouge. The whole
texture is cut across by extensional fractures filled with calcite which exhibits unit

extinction and sub-planar crystal boundaries.
Section 4.3.1.5 Sample 2a- Discussion

Cross-cutting relationships within this fault rock suggest the deformation history
illustrated in Figure 4.6. Stages 1 and 2 involved the division of the wall-rocks by
gouge zones. Formation of at least Smm of fine-grained fault gouge may have
occurred contemporaneously as no clear cross-cutting relationship exists between
them. Stage 3 clearly post-dates the induration and lithification of the textures
produced in stages 1 and 2. Lithification must have occurred in order for the fine-
grained gouges produced in stages 1 and 2 to obtain enough elastic strength so that
brittle failure could occur and produce clasts which include their textures. The
combined stages 1 and 2 are however likely to have had a more complicated history
than discussed so far. The extreme grain size reduction which has taken place to
produce their textures has destroyed any microstructural evidence for any earlier
deformation. This may also be true of stage 3. Again the microstructural evidence has
been destroyed by grain size reduction. The microstructures produced in stage 4,
namely gouges and calcite-filled extensional fractures,again involved brittle failure
processes. This suggests that the lithification processes which were active towards the
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end of stage 3 had terminated before the cataclastic deformation in stage 4 began. The
microstructures of stage 4 are now lithified and this lithification probably occurred at
the same time as cement was being precipitated in extensional fractures. Again as in
sample 2d (Section 4.3.1.3), the role of independent particulate flow as a deformation
mechanism is not clear. '

Section 4.3.2 Case study of fault zone 3
Section 4.3.2.1 Field observations and discussion.

This sample site was chosen because the fault zone is truncated by fault zone 2 as
shown in Figure 3.19. It was hoped that a combined study involving both faults could
be made using the cross-cutting relationships between them to give a time
relationship. Figure 3.19 shows that the fault is composed of a single fault strand
which at outcrop is seen to be coated in fine-grained fault gouge. Striations occur
within the fault gouge indicating that fault displacements occurred along the line
ESE-WNW. The wall-rocks to the fault zone are not fractured and seem relatively
undeformed. This observation is confirmed by the examination of thin sections from

the wall-rocks.
Section 4.3.2.2 Sample 31

Figure 4.7 shows the microstructure of sample 31. The sample is a bioclastic
grainstone. The rhombs have inclusion-rich centres which are overgrown by
syntaxial, inclusion-free, clear dolomite. The section is cut by a large fracture which
is around 4mm wide and at least 3cm long. The fracture is filled with crudely
stratified fine-grained material which under high power can be seen to be composed
of angular clasts of dolomite and calcite. The fine-grained material is distinctly
bimodal in its grainsize distribution, with over 90% of the material being extremely
fine-grained, the remaining material composed of angular clasts up to 2mm long and
0.5mm wide. These clasts are composed of fragments of the wall-rock with both
dolomite rhombs, allochems and calcite cement visible and also early lithified fine-
grained material. The fracture margins are sharp and not gradational as are the
margins of the fragments of wall-rock supported in the fine-grained material. The
fracture margin is also irregular in morphology. The inside of the fracture is locally
coated in a calcite cement. Stratification within the fine-grained material occurs
through changes in the sorting of the material. The thin section is orientated and both
the long axis of the fracture and the stratification of the fine-grained material occur
within the horizontal plane. Also note the presence of a fracture which branches
upwards from the main fracture. This shows Qa,‘sgggpetal structure with the top of the
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former fracture porosity filled with calcite spar and the bottom with fine-grained
material.

Section 4.3.2.3 Sample 31- Discussion

The existence of calcite cement lining the insides of the fracture indicates that the
fracture was filled with fluid during cement precipitation and was therefore a dilatant
extensional fracture. The interpretation of this fracture as extensional is supported by
the sharp and irregular nature of the fracture margin, and that the two sides of sirtilar
fracturesinterlock and can be fitted together. Shear fractures where gouge production
occurs by grain size reduction during frictional slip generally have gradational and
sub-planar margins. This occurs because the fracture margins are constantly degraded
by cataclastic fracturing. The fine-grained fill to the fracture is also problematic. The
angular clast shapes are reminiscent of those produced during cataclastic gouge
production. Yet the material is well-sorted on a millimetre scale and stratification
exists between areas of different sorting. This is not characteristic of the random
textures and poor sorting of gouges produced by frictional slip in shear fractures. Also
the large clasts have sharp margins and high aspect ratios. No intermediate clasts sizes
exist. Poorly sorted gouges formed by frictional slip have a complete range of grain
sizes which results from the attrition of large clasts to form small clasts during grain
size reduction. Clasts are not characteristically elongate as they would be easily
broken by fracturing during frictional slip. Also clasts within gouges formed by
frictional slip often show gradational deformed edges due to the fracturing and
plucking of material from the clast margin during deformation. It is suggested here
that the fracture fill is not a cataclastic fault gouge produced by grainsize reduction
during frictional slip. The presence of calcite cement indicates that fracture porosity
and fluids existed within the fracture. It is suggested here that this fracture was an
extensional fracture throughout its history and that the fine-grained material is re-
worked gouge washed in by fluids migrating through the fracture. The change in
grain size sorting between the different layers within the fine-grained material could
reflect changes in the velocity of fluid migration through the fracture. The large wall-
rock clasts were probably derived from degradation of the wall-rock to the fracture
during fluid migration. The early-lithified, fine-grained material forming the clasts
indicate that the material has been indurated and then re-worked. The horizontal
attitude of both the stratification within the material and the fracture long axis
supports this "sedimentary” origin for the fracture filling material. The gouge material
may have been sourced from a nearby shear fracture whose cataclastic gouge fill had
not been lithified at this time.

Deformation within this fault zone was accompanied by fluid migration. The fluid
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migration velocity appears to have been great enough to cause the re-working,
transportation and re-deposition of fine-grained gouge material. Fluid velocities may
have fluctuated as suggested by the changes in grain size distribution of the fine
grained material between different layers. Also early fluid migration resulted in
calcite cement precipitation which indicates that large volumes of pore water migrated
through the fracture.

Section 4.3.2.4 Sample 3D

Figure 4.8 shows the microstructures of sample 3D. The sample comes from the
immediate hanging-wall to the fault and includes the fault break. The sample is a
bioclastic grainstone overprinted by dolomite rhombs. At the bottom of the sample,
grain size reduction by fracturing has produced a sub-planar zone of fault gouge. This
gouge zone can be correlated with the gouge zone which exists at outcrop along the
fault break. Here the total thickness of gouge preserved is only around 2-3mm. This
gouge zone grades into a zone of fractures filled with fine-grained material. At the top
of the Figure, a fracture is filled with a combination of fine grained material and
larger wall-rock clasts. The fracture fill is bimodal. The fracture margins and margins
of the large clasts are sharp and not gradational.

Section 4.3.2.5 Sample 3D- Discussion

This sample shows a combination of fracture types.The fault break is coated in fine-
grained fault gouge where grain size reduction by fracturing has been an important
deformation process. This gouge grades into an area of fractures filled with fine-
grained material. The gouge is now lithified. At least some of the fractures in the
hanging-wall to this gouge ;Sﬁgf - filled with washed in material and material
derived from degradation of the fracture margin wall-rocks. As such they can be
interpreted as extensional fractures. Fluid migration at significant velocities may have
accompanied deformation. The other fractures may be small shear fractures which are
filled with gouge derived from grain size reduction of the wall rocks to the fracture,
or they all may be extensional fractures filled with fluid driven slurries of re-worked
gouge material. Sample 31 and the individual samples from fault zone 2 showed only
extensional or shear fracturing. This sample indicates that shear fracturing and
extensional fracturing can occur along the same fault.
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Section 4.3,3 Fault zone 8
Section 4.3.3.1 Field observations and discussion

The position of fault zone 8 is indicated on Figure 3.19. The faultsare discrete breaks
which at outcrop can be seen to be coated in fine-grained fault gouge. The wall-rocks
to the fault zone are relatively undeformed by fracturing. The fault zone differs from
the other fault zones described so far in that the fault dips towards the west. This fault
zone and the other westerly dipping faults marked on Figure 3.19 could be interpreted
as backthrusts showing top to the east movement directions, or as extensional faults
with top to the west movement directions. Kinematic indicators on these faults are not
common. However, all of the three which were found showed top to the west
movement directions so that these faults may . be interpreted as extensional faults.
Kinematic indicators included inclined pressure dissolution seams and calcite filled
pull-aparts within the gouges. These kinematic indicators are discussed more fully in
the following Sections. Minor extensional faults have been described from other
foreland thrust zones (Wojtal & Mitra, 1986; Woodward et al. 1988). They are
thought to form during thrust sheet translation in response to changes in the bulk
rheology of the fault zone, working to thin the thrust zone (Wojtal & Mitra, 1986).
They contribute to the deformation which occurs within thrust zones during bulk
shortening and therefore must be included in studies of deformation and fluid flow
histories through thrust zones.

Section 4.3.3.2 Sample 8a

Figure 4.9 shows the microstructures of sample 8a. The sample comes from the
immediate hanging-wall to the fault and it includes the actual fault break. The
microstructures consist of a gradation between deformed but recognisable wall-rock
and fine-grained fault gouge. The dolomitic wall-rocks at the top of the specimen are
cut by fractures filled with fine-grained fault gouge. These shear fractures surround
blocks of intact wall-rock. As the gouge zone at the bottom of the specimen is
approached, the areas of wall-rock between the shear fractures can be seen to become
separated to form clasts in the basal gouge zone supported within fine-grained fault
gouge. Two scales of clast formation can be seen to exist. Firstly, clasts up to lcm
across are formed by the interaction of thin shear fracture within the wall-rocks.
Secondly, clasts less than 1mm across are formed within the shear fractures isolating
the larger clasts and within the basal gouge zone by grain size reduction of the wall-
rocks and pre-existing clasts during frictional slip. Lithification can be seen to have
occurred between fracture events indicated by the presence of early gouges within
wall-rock clasts now within the basal gouge zone. Red-stained, iron oxide-rich
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pressure dissolution seams exist within the basal gouge zone. These indicate the
action of DMT and the removal of material from along these seams. The thin section
is orientated and the pressure dissolution seams dip towards the east.

Section 4.3.3.3 Sample 8a- Discussion

The easterly dipping pressure dissolution seams can be used asﬁkﬂicnp(eénatic indicators.
. . prndt . o
Pressure dissolution seams are thought to form orthogonal to thesshortening direction

. . . . . . 4. .Sinple .
in theoretical strain ellipsoids. As such they are inclined insshear zones such that their
deflection is in accordance with the shear sense across the shear

zone. The top of the pressure dissolution seams within this sample are deflected to the
west so that the shear sense on these faults must be top to the west. This fault is an
extensional fault zone during the action, DMT.

The whole texture is remarkably similar to that of sample 2a described in Section
4.3.1.4. Sample 8a is thought to have undergone a similar style of deformation to that
which occurred along fault zone 2. The discussion in Section 4.3.1.5 also applies to
this fault zone so that the textures of sample 8a are not discussed further here.

Section 4.3.3.4 Sample 8¢

Figure 4.10 shows the microstructure of sample 8c which was taken from the
. . . visile ato (<o) . . .,
immediate hanging-wall to the:fault zonea This sample shows extreme grainsize
reduction within a gouge zone which is at least 5cm thick.

Pressure dissolution seams consisting of

accumulations of red iron oxide can be seen dipping towards the east.
Section 4.3.3.5 Sample 8c- Discussion

The orientation of pressure dissolution seams in this sample indicates a shear sense of
top to the west as discussed in Section 4.3.3.3. This backs up the interpretation of this
fault zone as extensional in nature.

Section 4.3.3.6 Sample 8i

Figure 4.11 shows the microstructure of sample 8i which was taken from just into the
hanging-wall to the fault break. The sample shows a transition between undeformed
wall-rocks cut by a few gouge-coated shear fractures into the Smm thick gouge zone
which occurs along the fault break. In the hanging-wall to the 5Smm thick gouge zone,
the small gouge coated shear fractures form a "criss-crossing” pattern which separates
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blocks of intact wall-rock. Some shear fractures coated in up to lmm thickness of
fault gouge run parallel to the main basal gouge zone.

Section 4.3.3.7 Sample 8i- Discussion

This sample illustrates that the faults marked on Figure 3.19 are accompanied by a
series of smaller faults which have not accumulated such a great thickness of gouge
and are therefore difficult to spot at outcrop. This reinforces the idea suggested in
Section 3.5.3, that Figure 3.19 shows only a minimum fault density. As discussed in
Section 4.3.1.3, the role of independent particulate flow as a deformation mechanism

is not clear.
Section 4.3.3.8 Sample 8h

Figure 4.12 shows the microstructure of sample 8h which is taken from the immediate
hanging-wall of the fault. The sample is composed of a coarse dolomite mosaic which
is cut by a series of gouge coated shear fractures. This texture is cut by a gouge zone
which is at least 1cm wide, which can be correlated with the fault gouge coating the
fault surface at outcrop. The fault zone is fine-grained and poorly-sorted, and contains
a few clasts of intact wall-rock up to 8mm long and 3mm wide. The fault gouge is cut
‘ by a series of extensional fractures which are filled with crystalline calcite. The
calcite is non-luminescent, displays unit extinction and is generally euhedral in crystal
form. The calcite filled extensional fractures are arranged in a left-stepping en
echelon arrangement.

Section 4.3.3.9 Sample 8h- Discussion

The texture described above is generally the same as the textures discussed in
Sections 4.3.3.1-4.3.3.7. However in this sample, late extensional fracturing has
occurred within the gouge zone. The left-stepping arrangement of the en echelon
fractures suggests a shear sense of top to the west indicating that this is an extensional
fault zone. The euhedral nature of the calcite fill suggests that the fractures may have
been fluid filled cavities during the deformation. The fluids must have been migrating
through this fracture porosity in order to have precipitated this cement.

Section 4.3.3.10 Sample 8e

Figure 4.13 shows the microstructure of sample 8¢ which is taken from 10-20cm
away from the nearest gouge zone visible at outcrop. The sample shows no
microstructural evidence for the existence of a zone of fault gouge. The sample is
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composed of a coarse iron oxide-rich dolomite mosaic which is cut by a series of
extensional fractures filled with calcite cement. The calcite filling the fractures
exhibits unit extinction and euhedral crystal shapes.

Section 4.3.3.11 Sample 8e- Discussion

Sample 8e displays well the deformation within the wall-rocks to the faults marked on
Figure 3.19. The sample shows that the wall-rocks to a fault zone can be become
deformed by extensional fractures. Cement precipitated from the pore waters which
were migrating within these fractures, eventually occluding the fracture porosity.

Section 4.3.4 Fault zone 9
Section 4.3.4.1 Introduction

In this Section fault zone 9 will be described. The position of this fault zone is located
on Figure 3.19. The fault zone is a discrete break which at outcrop is seen to be
coated in up to Scm of fault gouge as shown in Figure 4.14. The wall-rocks are not
heavily fractured and seem relatively undeformed. Striations exist on the fault plane
indicating displacements along the line ESE-WNW.

Section 4.3.4.2 Sample 9f

Figure 4.15 shows the microstructure of sample 9f which comes from the immediate
hanging-wall to the fault and includes the gouge zone along the fault break. The
sample is composed of a coarse dolomite mosaic which is cut by a series of gouge
coated shear fractures. The bottom of the sample consists of a lithified fine-grained
gouge zone which is at least 3cm thick. Higher in the sample the dolomite contains
areas of calcite which are filling intercrystalline pore spaces (Figure 4.16). Filling the
bottoms of the original intercrystalline pore spaces, are accumulations of fine-grained
calcite crystals which have a rhombic shape. In some cases the size of the rhombs
within the accumulation increases upwards. Coarse-grained idiotopic calcite infills the
pore spaces between the rhombs and also fills the higher parts of the original
intercrystalline pore spaces. All of the calcite is non-luminescent. The calcite is not
cut by the gouge-coated shear fractures.

Section 4.3.4.3 Sample 9f- Discussion

This sample shows the same style of deformation as the other samples described in
this Chapter. The grain size reduction due to fracturing which has occurred makes it
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difficult to demonstrate the time relationship between deformation and the
precipitation of pore-filling calcite using textural criteria. In Section 6.3.3.3, stable
isotopic methods are used to demonstrate that the calcite was probably precipitated
during the deformation.

The structure of the calcite fill to the pore spaces can be used as geopetal structures.
The section is orientated and the accumulations of fine calcite crystal occur at the
bottom of the pore spaces. These accumulations may be analogous to crystal silts
which form in the vadose zone. Crystal siﬁblts are accumulations of rhombic calcite
crystals formed in the upper part of the vadose zone which can be transported in
suspension and deposited in pore spaces, often exhibiting grading or even cross-
lamination (Tucker and Wright, 1990). The geopetal structures described in Section
4.3.4.2 from sample 9f may have formed in the following way. Early relatively high
flow rates may have been able to transport rhombic calcite crystals which were
chemically precipitated in suspension. Flow rates may have dropped allowing the
crystals to settle to the bottom of the cavities. Continued flow at lower flow rates will
have allowed the precipitation of the idiotopic calcite cements within the pore spaces.
In Section 6.3.3.4, 13C and 180 stable isotopic evidence will be presented which
suggests that these cements are not however the product of vadose cementation as is
the case of most crystal silts, but of cementation within the burial realm during

faulting.

Section 4.4 SUMMARY OF THE MICROSTRUCTURES WITHIN THE
DEFORMED URGONIAN LIMESTONES: IMPLICATIONS FOR FLUID
FLOW

All the areas of deformation within the Urgonian share the same microstructures
which indicate the importance of cataclasis and DMT as the dominant deformation

mechanisms. This Section will summarise the microstructures characteristic of
cataclasis and DMT and discuss their effect on fluid flow.

Section 4.4.1. Microst juced | taclasi
Cataclastic deformation is indicated by four main styles of microstructure:-

1) Thin zones of fine-grained fault gouge. - These zones are less than 2mm wide and
have maximum grain sizes of less than 1mm. The gouges also contain a complete
gradation of grain sizes down from this. The gouges are produced by grain size
reduction of the wall-rocks during frictional slip along these thin gouge zones.
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2) Wall-rock Breccias - These breccias occur in zones of varying shape and size.
Maximum grafriws?;cs of the breccias are around 1cm across so that the dimensions of
the breccia zones are greater than 1cm. The maximum size of the breccia zones is
hard to determine because as they occur associated with planar fault zones which are
closely spaced, neighbouring breccia zones overlap with each other. This deformation
style is developed almost ubiquitously in the wall-rocks within areas of high fault
density. The breccias are formed when the shear fractures of (1) interact to isolate
blocks of intact wall-rocks. More intense cataclastic deformation of these breccias
occurs close to the minor faults marked on Figure 3.19. The result is the
disaggregation and grain size reduction of the breccias and the production of sub-
planar zones up to 10cm wide composed of poorly-sorted gouge which coat the faults
marked on Figure 3.19. These gouges contain clasts of intact wall-rock up to lcm in
diameter. A complete range of grain sizes down from' this occurs. The gouges are
formed by disaggregation and grain size reduction of the wall-rocks to the fault zone
during frictional fault slip. The wall-rocks already contain the smaller gouge-coated

shear fractures summarised in (1).

These breccias are not to be confused with the breccias described in Section 4.2,
whose clasts are isolated by extensional fractures filled with smectite and

montmorillonite.

3) Single Extensional Fractures - This category refers to single isolated fractures
which cut intact wall-rock or indurated fault rock. These fractures are dilational and
formerly contained porosity which may now be filled with crystalline vein fill or wall
rock debris. These fractures occur on a variety of scales. It must be stressed that the
production of the features described in categories (1) and (2) involves the formation
of extensional fractures but not as isolated fractures spatially separated from other
fractures. Single extensional fractures may become veins if they are filled with
crystalline material precipitated out of solution.

4) Re-packed grains - Re-packing of grains occurs during the action of independent
particulate flow. Grain re-packing is, however, difficult to recognise.

The microstructural styles which indicate the action of cataclasis along the faults
described in this chapter are summarised in Figure 4.17. The processes which produce
these microstructures operate on a variety of scales. Using high-power objectives it
can be seen that type (1) gouge zones are formed by the same processes outlined in
the discussion of type (2) microstructures but on a smaller scale. The division of
microstructures proposed here is designed to aid the interpretation of textures. It is not
proposed here that type (1) and type (2) gouges represent fundamentally different
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types of deformation. This is also true of the extensional fracturing as discussed
above.

These processes have one common feature in that they are all dilational in nature and
therefore fracture porosity is produced. Cataclastic processes will increase the
porosity and permeability of a fault zone promoting fluid flow.

This is however a rather simplistic view. Fracturing is the process by which grain size
reduction occurs. With decreasing grain sizes, the size of intergranular pore spaces
also decreases. It may be that the network of intergranular pore spaces produced by
the grain size reduction may be less permeable than the arrangement of pore spaces
which existed before the onset of cataclasis. Also the reduction in grain size reduces
the distances over which diffusional processes occur (Knipe, 1989). This may lead to
the enhanced action of DMT and the lithification and induration of the material by
cement precipitation or by chemical compaction. This will reduce fluid flow, sealing

the fault zone.

The influx of fluids which occurs during the cataclasis also ultimately leads to a
porosity reduction. Migrating pore waters often allow cement precipitation to occur
within the pore spaces. These cements occlude the original fracture porosity. Thus,
cataclasis enhances fluid flow along these faults. However, the fracturing and fluid
flow activate other processes which work towards retarding fluid flow. Each case
involving cataclasis must be assessed individually.

Section 4.4.2 Diffusive Mass T fer (DMT)
The action of DMT is indicated by three main styles of microstructure.

1) Areas of pressure dissolution. - These are areas where material is taken into
solution due to high stresses. Insoluble residues are left behind producing pressure
dissolution seams of which many different styles exist (Wanless, 1979; Bathurst,
1987). Fluids may be static or may be migrating along these seams (Knipe, 1989).

2) Fractures filled with fine-grained washed in material. - These microstructures are
composite features. The fractures themselves and the fine-grained material are not
formed by the process of DMT (except in the case of crystal silts discussed in Section
4.3.4.3). The existence of the fine-grained material in the extensional fractures does
however indicate that fluid flow has occurred as discussed in Section 4.3.4.3. Fluid
transport can sometimes be involved in the process of DMT. In this case diffusion of
material as the transport mechanism is sub-ordinate to mass transport of the material
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in a migrating solution. The microstructure described here is not formed by the
process of DMT but indicates that fluid flow has occurred which in turn suggests that
DMT is active.

3) Cements. - These are areas of newly precipitated crystalline material which exist
within former pore spaces. They form as a result of the chemical precipitation of
material out of solution. Accumulations of cement indicate that pore fluids were
migrating, because many volumes of dilute pore fluid are needed to provide enough
material to produce cement (Bathurst, 1975). Precipitation occurs because the pore
fluids become saturated with respect to the precipitate which may be due to stress
drops causing the release of CO,, or chemical changes in the pore water (Bathurst,

1975).

The microstructures which indicate that DMT has been active are summarised in
Figure 4.18.

These processes have one common feature in that they work towards the occlusion of
porosity and hence reduce the permeability of the material. Pressure dissolution
leading to chemical compaction together with cementation also cause induration of
the material. Induration of the material must occur before it can become fractured. So
in one respect, the action of DMT may promote the action of fracture processes.

All of the microstructures described above are today indurated. Thus DMT in the
form of chemical compaction and cement precipitation seems to have been the final
deformation mechanism which is active along these fault zones, before they ceased to
deform. These faults become sealed to fluid migration at the end of their deformation
history.

Section 4.5 INSIGHTS INTO FAULTING MECHANISMS FROM
DEFORMATION MECHANISM STUDIES

The microstructures within the fault zones described above indicate that both
cataclasis and DMT have both been active as deformation mechanisms. It is
recognised that DMT dominates at low strain rates whilst cataclasis occurs at high
strain rates (Rutter, 1976; White, 1976; Knipe, 1989). Composite microstructures
such as those which exist within sample 2a (Section 4.3.1.4), indicate that cyclicity
between DMT dominance and cataclasis occurs along these fault zones. This suggests
that a range of strain rates great enough to activate cataclasis and DMT occurred and
that in some cases strain rates varied in a cyclic pattern.
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This much is clear from the microstructures preserved along the fault zones. Knipe,
(1989) in his review paper on the recognition of deformation mechanisms from
deformed rocks has pointed out that many more aspects of the deformation can be
discussed after a microstructural study. The following Sections present a discussion of
the fault zones of this Chapter using the guidelines suggested by Knipe (1989). It is
hoped that the following discussion will highlight some of the problems which will
have to be addressed if this particular study is to be continued beyond the scope of
this thesis.

Section 4.5.1 R ition of deformai hani

Knipe (1989) highlights the importance of careful assessment of deformation
mechanisms in view of the problems of recognising the microstructures characteristic
of grain boundary sliding processes. As discussed in Section 4.3.1.3 it is not clear
what role if any frictional grain boundary sliding without fracture (independent
particulate flow) played during the displacement along these gouge zones. This
Section discusses the implications which result from the action of dependent versus
independent particulate flow and highlights the importance of recognising all the
deformation mechanisms which have been active, before a model for the fault zone

development is proposed.

w. implications- Dependent particulate flow is a
cataclastic deformation mechanism which involves the fracturing of grains in a gouge
during displacement (Borradaille, 1981). Grain size reduction may lead to the strain
hardening of a gouge zone deforming by dependent particulate flow. As grain sizes
decrease, the stress concentration at point contacts between gouge clasts will decrease
simply because there are more point contacts available to take up a given imposed
stress. This will make it increasingly difficult to fracture the clasts and cause further
grain size reduction. If pressure-sensitive, dependent particulate flow continues to be
the dominant deformation mechanism, grain size reduction will strain harden the fault
zone. This strain hardening may lead to the fault zone being abandoned, or continued
displacement utilising a different deformation mechanism.

Also, the small grain sizes produced during dependent particulate flow will improve
the efficiency of DMT as a deformation mechanism due to the relatively small
diffusion distances which exist (Knipe, 1989). This will lead to greater lithification of
fine-grained fault gouges which are under the influence of DMT. Faults zones
undergoing the action of such processes may become relatively hard-to-deform and
the deformation may be forced to change its position.AQInd‘lyi'lc'lual faults may become
the sites where stress build-ups during deformation are preferentially released,
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perhaps because they are intrinsically easier to deform. Selection of individual faults
for further deformation may be due to lithological contrasts within the wall-rocks or
zones of anomalously high pore fluid pressures along the lithified and sealed faults.
Both of these types of anisotropy may promote fracturing, so that the majority of
displacement becomes localised within these zones. The relatively large
displacements which will develop along these faults may in turn - - allow larger
fragments of the wall-rocks to become disagreggated during frictional slip, which will
increase the grain size of the gouge and make it relatively easier-to-deform. Also
greater thicknesses of gouge will accumulate as the wall-rocks undergo
disaggregation during displacement. The larger grain sizes and gouge thicknesses will
increase the diffusion distances involved in DMT making it more difficult for the
gouge to become lithified. The larger faults may also act as  stress risers further
concentrating applied stresses. The relatively strain hardened fine-grained gouge
zones along small faults will be abandoned in favour of increasingly strain softened
larger fault zones where greater grain sizes exist, promoting the localisation of
displacement onto larger faults.

2) Independent particulate flow: implications- The increasing importance of fine-

grained material in a gouge could promote the activation of grain boundary sliding
without fracture. This deformation mechanism termed independent particulate flow
(Borradaile, 1981), is important in unconsolidated material and in the presence of
high fluid pressures. If the strength of the contacts between the grains in a gouge is
less than the strength of the material which the clasts consist of, then continued
deformation will result in grain boundary sliding of the gouge without further
fracturing and grain-size reduction. Clasts will slide past each other and underge-
re-organisation in their packing. This will lead to complex changes in the arrangement
of pore spaces and dilatancy within the material. The strength of the contacts between
the grains will be dependent on several things.

1) The state of lithification, that is, the strength of cement bridges or sutured contacts
between the grains.

2) The fluid pressures in the intergranular pore spaces and%}‘\weffect on the effective
confining pressure. For example high fluid pressures in the intergranular pore spaces
will decrease the effective confining pressure at point contacts between the grains
decreasing the frictional resistance to slip and promoting grain boundary sliding.

3) The frictional resistance to slip will also be decreased in fine-grained materials.
This occurs because of the greater number of grain-to-grain contacts.
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So if fluid pressures remain high and the action of DMT is not sufficient to increase
the strength of grain-to-grain contacts, fine-grained gouges in fault zones formed
initially by fracturing may continue to deform by independent particulate flow
involving grain boundary sliding without fracturing the grains. The fault zone may
become strain softened by a change to this deformation mechanism, localising the
displacement.

The important factors in controlling which of the alternative deformation mechanisms
discussed above becomes prevalent are confining pressures, fluid pressures and the
importance of gouge lithification. In the examples described here, the confining
pressures and fluid pressures are not known. However, the microstructures do show
evidence for lithification of the gouges before the action of further fracturing, with
clasts in the gouges containing microstructures which were clearly lithified before the
clasts were formed. This indicates that the faults under went deformation dominated
by DMT, for a time great enough for the action of DMT to lithify the gouge. This
confirms that the first alternative of dependent particulate flow outlined above
certainly occurred. The second alternative of grain boundary sliding without fracture
is however difficult to recognise as it involves only the re-arrangement of the clasts.
This alternative may in fact have been more important than the first. In reality both of
the processes outlined above are likely to have occurred. It is unreasonable to expect
that the degree of lithification due to the action of DMT to = be temporally and
spatially uniform. This factor alone is likely to have been variable enough to allow
both the activation of independent particulate flow causing strain softening, and/or
lithification-induced strain hardening and fault zone abandonment. The variations in
effective confining pressure caused by fluid pressure fluctuations may also have been
great enough to allow both the alternatives outlined above to be viable. Figure 4.19
summarises the problem discussed here.

Section 4.5.2 Nat it lic def .

Knipe, (1989) has suggested that the preserved microstructures will have been
influenced by the nature of the cyclic deformation which they have undergone. For
example it is known that different deformation mechanisms operate at different strain
rates, so that if all other factors are constant, a distinctive microstructure will be
produced by a given strain rate. If a material undergoes deformation during changes
in strain rate which occur in a cyclic pattern, it may be possible to model the form of
the cycle by carrying out microstructural studies to propose deformation mechanism

paths.

In the case of these fault zones which are small displacement, high level fault zones,
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important details of the deformation include the following:-

1) Range of strain rates (Amplitude) - Deformation mechanism maps for material
made of a combination of calcite and dolomite do not as yet exist for the complete
range of strain rates needed to produce cataclasis and DMT. This is because there
does not exist relevant experimental data on the deformation of combined calcite and
dolomite rocks over the range of temperatures, pressures, grain sizes and fluid
pressures which may have existed along the fault zones described above. These data
will have to be collected before an actual range of strain rates for these fault zones can
be suggested.

2) Form of the cyclic deformation - The time period over which certain strain rates
act (wavelength), the exact form of variation (waveform), and the repeat time
(frequency) of the cyclic strain rate variations should be important considerations in
constructing deformation mechanism paths for the fault zones described in this
Chapter. For example the strain accommodation along these faults may or may not be
dominated by short wavelength but high amplitude deformation. The microstructures,
however, may or may not be dominated by deformation which occurs over greater
lengths of time but at lower strain rates. It must be decided which of these end
members is most important (Knipe, 1989).

In the fault zones described in this Chapter, the greatest amount of strain within the
material, is caused by the fracturing which has formed the fault gouges. The
microstructures characteristic of DMT shown in Figure 4.18, cause a lesser degree of
shape change. So in this case it seems that both the strain accommodation and the
microstructures are dominated by the cataclastic deformation. However, this does not
tell us about the periodicity of the fracture events, the absolute duration of the
deformation at given strain rates or the rate of change between different levels of
strain rate. Indeed because of the destructive nature of cataclasis, one cannot be
certain what the dominant deformation mechanisms actually were during the early
deformation. For example a simple scenario would be where the fault zones may have
had an early history dominated by slow strain rate deformation of long duration where
DMT was dominant. If this did occur, then it is difficult to recognise because the
grain size reduction during late cataclastic activity has destroyed the microstructural
evidence for the early deformation. More complex scenarios involving early cyclicity
between cataclasis and DMT for example would also be difficult to recognise. The
deformation mechanism path derived from microstructural studies may only be an
approximation due to the loss of textural evidence for all deformation which occurred
before a phase of grain size reduction. Another possibility is that frictional grain
boundary sliding without fracture causing mass flow of pre-existing ﬁne;\:grained
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gouge material may have been an important process. Consider the position of the fine
grained gouges described in this Chapter. The microstructures produced by
independent particulate flow are difficult to spot; the shape change is accommodated
by the re-packing of grains without intra-grain fracturing. If operation of this
mechanism is not recognised then an incomplete deformation mechanism path may be
proposed, and assessment of microstructurally controlled fluid migration cannot give
absolute values for porosity and permeability, as these values will have changed in a
manner corresponding to the microstructural changes which are not known.

Section 4.5.3 Spatial and Ll in ition of def :

The role of changing the position of deformation must be considered. For example
cyclicity at a point in space may be caused by migrating waves of deformation which
contain gradients in strain rate. An example would be the repeated propagation of an
earthquake rupture along a fault. An individual point on the fault trace would
experience cyclic deformation dominated by short wavelength, high amplitude
deformation but also involving longer periods of time where slower strain rates were
active. However, areas away from the fault trace may only experience slow strain rate
deformation. They undergo stress build-ups prior to earthquakes, but are never
ruptured so that they never experience high strain rate deformation. This may be
analogous to the fault zones described in this Chapter. Deformation of the tip zones
and their fault zones may be manifestations of the same deformation. The tip zone
may be the area which transmits the deformation which occurs in the fault zone into
the wall-rocks. As such the deformation which occurs in the tip zone and the fault
zone are kinematically linked. This is important for fluid flow in that a high strain rate
event in the fault zone will be transmitted to the tip zone where the high strain rates
may be maintained, so that fracturing occurs in both areas almost simultaneously.
Fluid flow could occur between the two areas. Conversely the tip zone may be
unaffected by the deformation which occurs within the fault zone. The deformation in
the tip zone may have occurred at a different time from the fault zone deformation.
For example it has been suggested that tip zone microstructures represent the last few
increments of deformation along a fault when strain rates are decaying and the fault is
about to be abandoned. The examples quoted are from the high level fault zones
within the base of the Moine Thrust Belt (Knipe, 1989). In this example fracturing
events or sealing events during the action of DMT may not have occurred
simultaneously between the two areas. It is important to consider whether
neighbouring areas exhibit textures which indicate that they reacted differently to the
same deformation, or conversely, indicate the action of separate deformation events.
This type of study will also indicate whether the microstructures were part of the

same fluid flow system.
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for fluid flow and deformation style

The influence of fluid infiltration is also thought to be an important consideration
(Knipe, 1989). It is not clear what influences fluid infiltration has on the next stage of
the deformation mechanism cycle in terms of actually promoting a certain
deformation mechanism. For example it is known that high fluid pressures promote
fracturing (Knipe, 1989). If the fluid pressure approached lithostatic pressure in the
‘fault zones described in this Chapter, hydraulic fracturing may have been an
important mechanism. In this case the fluids would not be migrating passively in
response";fdilatancy, but would have been dynamically forcing open their own
fractures. The fluid pressures involved in the deformation of the faults described in
this Chapter are not known because of the lack of paleo-pore fluid pressure data.
Indeed, fluctuating fluid pressures are likely to have occurred. For example the
opening of dilatant fractures may have produced relatively low fluid pressures within
the fractures. The resulting fluid pressure gradient may have promoted fluid

migration.

These faults are likely to have been dominated by fracture processes. Elastic strain
accumulation and the mechanical effects of the fluid migration are probably the most
important factors in causing fracturing within these high level, low temperature fault
zones (Knipe, 1989). These two factors have been combined by Sibson et al. (1975)
into the seismic pumping model. Rising tectonic stresses cause the opening of dilatant
fractures, within which relatively low fluid pressures exist. Fluids are drawn into
these fractures by the low fluid pressures, decreasing the frictional resistance to fauit
rupot‘lflrgk processes. G\L?Vh&rlicﬂe lgl&d’ pressures in the fracture system reach sufficient
levels,afault rupture occurs causing a stress drop. The accumulated elastic strain is
released and the dilatant fractures close. The fluids contained within the fractures are
expelled and fluid migration occurs.

Also, high fluid pressures enhance the action of independent particulate flow by
decreasing the frictional resistance to slip along the grain boundaries.

Another influence that fluid influxes may have is in helping to provide material which
is used in the cementation of the fault zone (see Section 4.4.1). It has been suggested
above in Section 4.5.1, that cyclic changes in deformation mechanism occur so that
fracturing and fluid influx will occur episodically. Between the fracture events, the
action of DMT may seal the fault zones to fluid flow. The precipitatioh of fracture
filling cements within the fault zones described in this Chapter hayecaused the
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induration of the deformation textures during low strain rate periods of the
deformation. It has been suggested above in Section 4.4.2 that the low strain rate
periods during which induration occurred, can be viewed as recovery periods where
the elastic strength of the material was recovered after its disaggregation during
fracturing. This highlights the important link between rheological cycles and
lithological cycles (Knipe, 1989). For example if the microstructures had not become
indurated between fracture events then renewed high strain rate deformation may
have occurred by frictional grain boundary sliding as discussed above in Section
4.5.1. Induration which causes a lithological change, influences how the gouges react
to the next increment of deformation. This ultimately controls the involvement of
fluids during the next increment of deformation and can lead to rheological cycles
controlled by lithological cycles (See Figure 4.19).

With these points in mind a model will be proposed for the fault zones described in
this Chapter.

Section 4.6 FAULT ZONE MODEL

Fault zone 2 which is composed of two overlapping fault strands provides an ideal
opportunity to study the p