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ABSTRACT

The outcrop at the Portizuelo Beach in Western Asturias presents an antiformal bulge of the
transition zone between siliciclastic and marine sediments. The core of the antiform comprises
of pure, rigid and resistive quartzitic rocks, severly damaged by brittle deformation and cata-
clasis. Two large transform faults with a particular thrust component can be found in the hinge
area. They are clearly in charge of the damage of the surrounding rocks. The faults accommo-
date the main part of the deformation, but also sub-parallel cataclastic bands show evidence for
lateral movement. Originating from the fault planes, fluidized cataclasites pervade the rock
mass, leading to further fracturing. Obviously the fracturing ceases with increasing distance
from the transform faults. The fluidized material tends to use preexisting planes, such as bed
interfaces, joints or veins for its intrusion. Additionally the fluids are responsible for the cementa-

tion of the cataclastic zones, generated during incremental strike slip deformation.

Crests of cemented material, cropping out in the surf zone, are linear structures that can be
mapped with differential GPS to reveal their spatial distribution. Besides the main bands of
cataclastic material also veins showing Riedel-like geometries appear. Furthermore there exists
a network-like system that connects the bands. Based on cross cutting relationships a syn-

alpine, coseismic formation of the brittle faults and the related cataclasites is suggested.

Microstructural investigations exhibit multiple generations of cataclastic deformation and fluidi-
zation events and yield the coherence between them. Grain Size Analysis of binary Back-
Scattered Electron and Cathodoluminescence images of cataclastic material clearly shows dif-

ferences between fault gouges and fluidized cataclasites.



ZUSAMMENFASSUNG

Der Aufschluss am Strand von Portizuelo in Westasturien zeigt ein antiklinale Aufwélbung einer
Ubergangszone von rein siziliklastischen und voll-marinen Sedimenten. Der Kern der Falte
besteht aus sehr reinen, harten Quartziten die intensive kataklastisch zerlegt sind. Im
Scheitelbereich treten zwei grofe Transformstérungen mit Aufschiebungskomponente auf, die
eindeutig fur die kataklastische, spréde Deformation verantwortlich sind. Durch die Stérungen
ist ein Grolteil der Deformation kompensiert, es exisitieren aber auch sub-parallele
kataklastische Bander in denen laterale Bewegung aufgenommen wurde. Von den Kernzonen
der Stérungen ausgehend, intrudieren kataklastische Dikes in das quartzitische Nebengestein,
welche wiederum flir weitere Zerlegung des Gesteins sorgen. Das fluidisierte intrudierende
Material nutzt vorgegebene Schwachezonen, wie Veinflachen oder stratigrafische
Schichtgrenzen, flr die Verbreitung. Zusatzlich sind die Fluids verantwortlich fir die

Zementierung der ansonsten inkohesiven Kataklasite.

Hartlingsrippen aus zementiertem kataklastischem Material, die in der Brandungszone
hervortreten, wurden mittels differentiellem GPS vermessen um ihre raumliche Verteilung zu
studieren. Neben den Hauptbandern, die Dike-ahnlich im Nebengestein stecken und subparallel
zu den Seitenverschiebungen verlaufen, tauchen Bander mit einer Riedel-Geometrie auf.
Zusatzlich existiert ein System von kataklastischen Bandern die quer zu den anderen verlaufen
und kinematisch nicht an das Stérungssystem gebunden sind. Samtliche sproden
Deformationsstrukuren im Arbeitsgebiet sind auf die alpine Gebirgsbildung zurtickzufiihren.

Weiters stehen die Stérungen mit seismischen Ereignissen in Zusammenhang.

Mikrostrukturelle Untersuchungen zeigen mehrere Generationen von Kkataklastischer
Deformation und Fluidisierung. Korngrolienanalyse (KGA) von Rasterelektronen- und
Cathodolumineszenz-aufnahmen ergeben deutliche Unterschiede flr verschiedene
kataklastische Zonen. Protokataklastisches Material kann mittels KGA von ultrakataklastischem

oder fluidisiertem Material unterschieden werden.



1.INTRODUCTION

1.1. AIMS OF THE MASTER THESIS

The aim of the thesis is to investigate geological features of the Portizuela Antiform with regard
to brittle faults and related cataclastic zones. The antiform is cut by two significant transform
faults with thrusting characteristics that are encovered by cataclasitic deformed and heavily
jointed quartzitic rocks. Further on, joints filled with cataclastic material crosscut the rock mass
up to a certain distance of the faults. Investigation of failure structures will reveal the hitherto
unknown origin and formation of the cataclastic zones and the cataclastic veins and their rela-

tion to the transform faults.

Macroscopic studies of the rocks in the field, including detailed description of geometry together
with a detailed regional mapping of linear failure structures, will give rise to geomechanical con-
siderations. Microscopic examinations of selected samples in thin sections show mineral com-
position, their relation to the deformation events and the type of deformation. Additionally, the
cataclasites are investigated with Cathodoluminescence Microscope and Scanning Electron
Microscope (with Back Scatter Electron (BSE) Detector) to reveal internal structures of grains
and the chemical composition of minerals. Selected images from both optical microscope and
BSE-photographs are used for Grain Size Analysis (GSA), showing wether different cataclastic
events have different Grain Size Distribution (GSD) and how they can be related to GSD’s
given in literature. Another tool that | used is the X-ray powder diffraction analysis. This was
carried out to reveal the mineral composition of fine grained material from the fault gauge, from
stratigraphic layers and from core zones of cataclastic veins. All together these methods gather

information on the failure mechanism in this particular area.

The investigations are made at the geological faculty of the University of Vienna, Austria as well

as at the geological faculty of the University of Oviedo, Spain.



1.2. GEOGRAPHIC OVERVIEW

The Portizuelo Antiforme, so called from the beach where it crops out, is situated near the city
of Luarca on the Cantabrian Coast of Asturias in north eastern Spain. The beach of Portizuelo
stretches for 1 kilometre, starting approximately 1 kilometre east from the lighthouse of Luarca.
The working area is located at the western part of the beach, where the studied structures crop
out in a 40 meter high wall. The geographic coordinates of the centre of the area are 43°32’58”
N and 6°31'14” W. Generally, the shoreline in this part of the Cantabrian Coast is made up of
several dozen meter high cliffs, embayments and estuaries where rivers disembogue as well as
dunes and sand beaches. The remarkable relief originates in the uplift of an old marine platform
at the Cantabrian margin with subsequent littoral and fluvial erosion. The local climate is domi-
nated by tempered atlantic domain and therefore mild and humid (Arce, 1997). The mountains
of the Cantabrian range act as a meteorological barrier and lead to constant rainfall all over the
year. Together with perpetual gales from NE, the coastal erosion rate is considerably high
(Fernandez Pereiro, 1992). Further information on the development on the relief is given in

chapter II1.VI.

Politically contemplated, the area is in the vicinity of the city of Luarca in the judicial district of

Valdés which is part of the autonomic region of the Principality of Asturias in northern Spain.
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Figure 1: Elevation model of the Iberian Peninsula with the approximate situation of the working area (Based
on DEM).
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Figure 2: Proximity of the working area (Based on Google Earth).

1.3. PREVIOUS GEOLOGICAL WORKS

The Cantabrian coast, especially its western part, has already been the subject of many geo-
logical works. The given relief provides perfect outcrop situations for studying all kinds of geo-
logical features. The good infrastructural system permits easy access to the outcrops. But over
all counts the fact that, following the coast from west to east, provides a clear section through
the internal and external zones of an orogenetic belt with all its changes in metamorphism, de-
formation and stratigraphy. Therefore it is a perfect spot for geoscientists to study and under-

stand the dynamics and geometry of an orogen.

First geological works in the area where carried out in the beginning of the 19" century by the
german-born Guillermo Schulz. As mining engineer and commissioner of mining in Spain, he
did a lot of work especially around the carbon reservoirs in Asturias and Galicia. In 1858 he
published the first geological map of Asturias (see preferences Schulz, 1858). In the following
decades geological work was driven by the industrial interest in resource exploration. In 1959
the actual faculty of geology at the University of Oviedo was founded. Henceforth modern geo-
logical investigation began. Important publications concerning the stratigraphic succession in
the western part of Asturias are Marcos (1973), Julivert & Truyol (1983) and Pérez Estaun et al.
(1992). Details on structural geology, like deformation phases, folding, thrusting and metamor-
phism, especially in the area around Luarca is described by Bastida & Pulgar (1978) and Bas-

tida (1982). The brittle faults and cataclastic zones in the Antiforme of Portizuelo are mentioned
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in Bastida (1982) but have not been described exactly yet. The presented master thesis investi-
fates all structures occurring in the outcrop and concentrates especially on the cataclastic

Zones.

2. GEOLOGICAL OVERVIEW OF IBERIA

Concerning the main geological zones, the Iberian Peninsula may be divided into three different
parts. These are the variscan Orogen, the alpine Orogen and younger basin sediments lying in-

between them.

The Iberian Massif is made up of proterozoic and paleozoic rocks, deformed by the hercynian
(variscan) orogeny, and incorporations of magmatic intrusions. The actual relief is clearly repre-
sented by the spanish Meseta in Castilia, which is a widespread flat plateau made up of granitic
and gneissic rocks. The younger alpine rocks are found in the mountain ranges of the Pyrenees
and the Betic Cordillera. Also the Cantabrian Cordillera, although its core is hercynian, achieved
its elevation during alpine orogeny. In between these crystalline zones, cenozoic rocks cover
intramontaneous basins and rifting zones. Mesozoic sediments can be found among others in
the Lusitanic basin in the most western part of the peninsula. Furthermore the continental mar-
gins, the atlantic and the mediterranean, are considered and treated as stand-alone geological

Zones.

2.1. THE IBERIAN MASSIF

2.1.1.INTRODUCTION

The Iberian Massif, or also denominated Hesperian Massif, represents in its actual position
the most western limb of the european variscan orogenic belt, resulting from the collision of
two continental masses and the formation of the supercontinent Pangaea. Laurasia in the
north and Gondwana in the south hit each other. As a consequence of this, microcontinents
were welded to the main mass and the ocean basins between them were consumed. The
convergence in the variscan belt lasted for more than 150 Ma (between 450 Ma and 300
Ma) and the post-collisional intracontinental tectonothermal events lasted from 380 Ma to
280 Ma (Matte, 1991). The collision between the continents started in the west with the al-
lerghenic orogeny, reviving the appalachean system. The west- and central euopean areas
were formed in the hercynian/variscan orogeny s.S., dominated by accretion of microter-
ranes. As a last consequence of the formation of Pangea, the Ural orogenic belt developed

at the edge of carboniferous/Permian.
10



2.1.2. SUBDIVISION

The term Iberian Massif is used for the enormous outcrop of proterozoic and paleozoic rocks on
the Iberian Peninsula, affected by variscan tectonics (Quesada, 1992). First subdivision in
zones was done by Lotze (1945) and further on modified and enhanced by Bard (1969) and
Julivert (1971). The actual denomination and the borders of major subzones are shown in Fig.
3.

CANTABRIAN ZONE (CZ)
Precambrium in the Antiform de Narcea

WESTASTURIAN-LEONESE ZONE (WALZ)
Precambrium in the Series of Villaba

CENTRAL IBERIAN ZONE (CIZ)
Ollo de Sapo Formation
Mafic and %ltramafic Complexes

OssA MORENA ZONE (OSM)

Los Pedroches Batholith

|40°00' N

(Lishon

°/L : B SoutH PORTUGUESE ZONE (SPZ)

/ Faults
* Area of Investigation

06°00" E |~

Figure 3: The Iberian Massif and its subdivision in zones according to Julivert et al. (1972). Modified after
Bastida & Aller (1995).

Correlation of the variscan zones of the Iberian Massif with that of central Europe, defined by
Kossmat (1927), can be done by a clockwise rotation of the peninsula by 37° to the pre-
mesozoic position prior to the opening of the bay of Biscaya (Garcia-Mondéja, 1996) and a sub-
sequent connection of the zones. Thus the CIZ and the WALZ can be put on a level with the
Moldanubian Zone. The South Portuguese Zone corresponds to the Rhenohercynian Zone.
The CZ, considered as the southern fold and thrust belt on Gondwana, can be traced to the
Montagne Noir in France. More to the east this zone vanishes underneath the thrusting front of

the Alpine Orogen. So after pre-mesozoic reconstruction, the Ibero-Armorican Arc can be con-
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sidered as the western syntax of the Variscan Orogen, whereas the variscan areas in central

Europe belong to the central orogenic belt s.s. (Matte, 1991).

2.1.3. TECTONIC TERRANES OF THE IBERIAN MASSIF

Apart from the subdivision in zones given in Fig.3, the Iberian Massif can be regarded as a
mass of amalgamated tectonic terranes, whereby terranes are considered as geological units
separated from each other by tectonic contacts, such as faults (Coney et al., 1980). According
to Quesada (1992) the ClZ, the WALZ and the CZ are part of the so-called Iberian-Authochton
Block, considering this terrane as the reference block on which other masses are welded. An-
other important constituent is the Ossa Morena terrane, tantamount to the OMZ, whose contact
to the Autochton is defined by the Badajoz-Cordoba Shear Zone. The mafic and ultramafic
complexes in Fig.3 also are distinct terranes, made up of oceanic crust in the case of the
Northwestern Ophiolithic Terranes (Arenas et al., 1986) and multiply deformed metasediments
in the case of the superimposed Northwestern Polymetamorphic Terranes, supposed to a Vul-
canic arc (Ribeiro et al., 1989). The Galicia-Tras-Os-Montes Allochthon is considered as the
unity of the Ophiolithic and Polymetamorphic Terranes in Galicia. Further terranes are the Pulo
de Lobo Terrane, its mix of sedimentary and ophiolithic fragments originate from an accretion-
ary prisma (Quesada, 1991) and the South Portuguese Terrane. The rocks of this terrrane are
exclusively of upper paleozoican age and are correlated to formations in the Rhenohercynian

Zone. A graphic overview of the mentioned terranes is given in Figure 4.

of the Iberian Massif according to Que-
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2.1.4. PRE-VARISCAN TECTONIC EVOLUTION OF THE IBERIAN AUTOCHTHON BLOCK

The Iberian Autochthon is made up of continental crust, formerly part of the West African craton.
Evidence for this is given by Cadomic rocks of the upper Proterozoic in some formations, which
are related to the Panafrican orogeny (Quesada, 1992). The exact age of the deepest basement
units cannot be revealed easily. Some authors measured the ages of zircons obtained from pro-
terozoic granites, supposed to be anatectites from lower basal crust. By this, Schafer et al.
(1988), for example, gained U-Pb ages of about 2 Ga which also correlates with data received

from west-african granites.

The Pre-cadomic evolution was dominated by the tectonic regime of a passive continental mar-
gin (Quesada, 1992). The rocks of those times are mainly terrigenous sediments with pelitic-
aluminous characteristics. During the Cadomic orogeny (650-550 Ma) the Ossa Morena Ter-
rane was amalgamated and the passive margin characteristics changed to back-arc basin con-
ditions (Quesada, 1989). The turbiditic series in the basal units of the Complejo Escquistoso
Grauvaquico in the CIZ represent the associated syn-tectonic sediments (Quesada, 1990). In
the following Paleozoic era, prior to the hercynian collision, the Iberian autochthon block embod-
ied a vast continental platform affected by several extensional events. Rifting events, beginning
at the edge of Precambric/Cambric, gave rise to a Horst and Graben structure in an epiconti-

nental sea. Actual zonation of the autochthon block (see Fig.3) is due to the segmentation in

basins and ranges whilst this rifting event (see Fig. 5).

Figure 5: Paleogeographic re-
construction of the northern
Iberian peninsula in the Lower
Ordovician. The arch-shaped
form developed in the Carbonif-
erous, during the Variscan
orogeny, and is denominated as
Asturian Arc or also Ibero-

Armorican Arc.

100 1: Emerged land, 2: Epicontinen-
—— tal Sea (sedimentary basins).
kilometers -

06°00° W
Modified after Aramburu et al.

(1992).
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The WALZ, for example, represents a deepening basin with cambric and ordovician syn-rift
sediments of notable thickness, whereas the CZ acted as rise and contains lower paleozoic
sediments of only minor importance (Aramburu et al., 1992). Material transport from the Ibero-
Cantabrian Rise into the adjacent basins is proved by the deposited sediments. The existence
of the Medium Rise is still uncertain. In marginal areas of the continent, especially near the re-
cent amalgamated Ossa Morena Terrane, extensional bimodal magmatism was active during
the lower Paleozoic. Some authors mention the possibility of the formation of an ocean basin
due to proceeding thinning of the crust at this time (Quesada, 1991). The epicontinental plat-
form conditions endured for more than 200 million years with only little variation. After the rela-
tive unstable rifting stage in the Cambrian, the continent margin became more stable in the Or-
dovician. Terrigenous sedimentation was predominant and traces of upper Ordovician gla-
ciomarine rocks prove the subpolar, perigondwana position (Quesada, 1992). Extensional tec-
tonics set back in the Silurian and affected again the marginal areas, especially the schistose
domain of the Galicia-Tras-Os-Monte Zone. Once more persistent thinning of crust led to mag-
matism and even to the formation of tholeitic rocks, regarded as evidence for the initial forma-
tion of oceanic crust (Ribeiro, 1987). During the lower Devonian a perpetual uplift of the conti-
nental platform, associated with the approaching hercynian orogen-wave, reduced the epiconti-
nental sedimentation and finally stopped in middle/upper Devonian period with the initiation of

the orogeny (Quesada, 1992).

2.1.5. THE VARISCAN TECTONIC EVOLUTION OF THE IBERIAN AUTOCHTHON
As already mentioned, the Iberian Massif is a melange of different continental masses, welded

together during the hercynian orogeny, i.e. the approach and final collision of Gondwana and
Laurussia (Matte, 1991). The in between lying oceanic basins, partly formed during early-
paleozoic rifting, or already existing since the Proterozoic, were consumed by subduction or, in

special cases, obducted on the continental plates.

14
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Figure 6: Section through the Iberian Massif after Matte (1991). The fan-like form in the section is typical for
the Variscan belt and is considered as evidence for orogeny by lithospheric subduction. The approximate

position of the section is shown in Fig. 4.

Two suture zones, evidences for subducted crust, are exposed in the Iberian Massif, although
their timing and polarity differ significantly (Quesada, 1992). The Badajoz-Cordoba Shear Zone
is a wide, complex, intracontinental shear zone with a sinistral offset of more than 200 km. It
represents a major suture between Ossa Morena and the Authochthon block (Matte, 1991). The
southern suture can be found in the Beja-Acebuches ophiolite-arc complex (or also Ossa
Morena suture), thrusted on the Polo de Lobo Terrane between the Ossa Morena Zone and the
South Portuguese Zone. The polarity of the northern suture is nearly vertical to south dipping
and therefore marks the Authochthon as foot wall block, i.e. the subduction direction is to the
south. So the active continental margin was at the side of the northern exotic terranes (Galicia-
Tras-Os-Monte Allochthon). The southern suture, made up of a thick sequence of ophiolithic
rocks, dips to the north, indicating subduction in the opposite direction. The oceanic crust was
consumed under the Autochthon (see Fig. 6). The suture zones differ also in their timing. The
continental margin of the northern exotic terranes became active in Ordovician (Peucat et al.,
1990), whereas the subduction of the southern ocean began much later in the Lower Devonian
(Andrade et al., 1991). The accretionary history of the northern part of the Iberian Massif (with-

out Ossa Morena and South Portuguese Zone) can be described as follows:

- During approach of the Iberian Autochthon, as a part of Gondwana, to an active conti-
nental margin of a volcanic arc (NW-Polymetamorpic Terrane), oceanic crust was ob-
ducted (Ophiolithic terrane). The age of the initial continent collision and obduction is
about 380 Ma (Matte, 1991).

- The ongoing collision tendency transported the Allochthon nappes far over the continent.
The orogenetic wedge gained height through tearing of marginal basal units of the Au-
tochthon (Galicia-Tras-Os-Monte Zone and Westasturian-Leonese Zone) (Quesada,
1992).
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The external zones of the passive continental margin transformed in a back-arc basin

(Cantabrian Zone) after the rise of the continental margin.

The arc-shaped form was developed in the Carboniferous due to the irregular shape of
the colliding continents. A promontry of Gondwana, namely Iberia, hit the continent and

by bilateral escape of crust, the actual curvilinear shape was formed.
Implacement of S-type Granits occurred in the time from 350 to 280 Ma.

The subduction ceased finally and lead to a collapse of the thickened crust and the for-

mation of late carboniferous (Estefian) to permian intracontinental basins (Matte, 1991).

Latest granitic intrusions took place as consequence of the thinning crust from 290 to
280 Ma.

16



3. THE WESTASTURIAN-LEONESE ZONE (WALZ)

3.1. INTRODUCTION

As seen in Fig. 2, the north-western part of the Iberian Peninsula is made up of three main geo-

logical zones (see also Section in Fig. 6):

- The Cantabrian Zone (CZ), representing the most external zone with the development of
mainly non-metamorphic upper Paleozoic sediments. The tectonic deformation only af-
fected the sedimentary cover in upper crustal levels (i.e. “thin-skinned tectonics”) and no

schistosity is developed.

- The Westasturian-Leonese Zone (WALZ) comprises of a thick sequence of lower paleo-
zoic rocks affected by regional hercynian metamorphism which is overlying the pre-
cambrian non-schistose rocks with unconformity. Orogeny affects the sedimentary cover
as well as the underlying basement (i.e. “thick-skinned tectonics”). Metamorphism aug-
ments from east to west from epizonal to mesazonal (sub greenschist to amphibolit

fazies). Additionally granitic rocks appear and tectonic schistosity is well developed.

- The Central Iberian Zone (ZIC), as most internal zone of the hercynian cordillera, is
characterized by the abundant implacement of syn-orogenetic granites. Metamorphism

locally reaches catazonal levels (granulit and eclogit fazies).

3.2. SUBDIVISION

The definition of the Westasturian-Leonese Zone was first established by Lotze (1945) as an
arc-formed band with a more or less complete succession of lower Paleozoic sediments, show-
ing the equal tectonic deformation and a reduced presence of granitic rocks compared to the
CIZ. Later, Matte (1968) and Julivert et al. (1972) modified the definition slightly and finally Mar-
cos (1973) introduced its subdivision into 3 domains with notable stratigraphic differences (out-
lined in Fig. 7). The boundaries to the adjacent zones of the Iberian Massif are roughly consti-
tuted by two big anticlinoria. The Narcea Antiform in the east and the Ollo de Sapo Anticlinorium
in the west. The exact pathway of the boundary in the Narcea Antiform is defined by a within
lying, dominant thrust fault. In the case of the Ollo de Sapo Formation the border follows a line,
given by the Viveiro fault and the Sil- Truchas Synclines (see Fig. 7). The WALZ covers territory

in western Asturias, north-eastern Galicia and in the north-western part of the province of Leon,
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where it also vanishes eastward underneath the paleogen cover. More to the east it crops out

again in Burgos and Aragon, where it is only of minor importance (Pérez-Estaun et al. 1992).
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Figure 7: Subdivision of the WALZ in domains after Marcos (1973). Western boundary after Pérez Estalin et
al. (1992).

The domains roughly distinguish themselves from each other by the following characteristics

(Marcos, 1973):

- Navia y alto Sil Domain: Big lower Paleozoic depression with complete stratigraphic se-

quence from lower Cambric to upper Ordovician rocks.

- Manto de Mondofiedo Domain: Represents an allochthon sheet (“Manto” en castellano)
thrusted on the latter mentioned domain. The lower Paleozoic sequence is less potent

and not as complete either.

- Caurel-Truchas Domain: The most internal part of the WALZ. It differs from the latter
domain by cambric rocks of even minor importance but the existence of lower Devonian

rocks in an important recumbent fold (Caurel Syncline).
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3.3. STRATIGRAPHIC SUCCESSION (FIG. 8)
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Figure 8: Stratigraphic succession and idealized E-W-section of the “Asturian Arc Basin before hercynian

deformation”; modified and redrawn after Pérez Estaln et al. (1992)

3.3.1.PRE-CAMBRIAN ROCKS
Upper Proterozoic rocks can be found in the Narcea Antiforme and in the Villaba Series. As

their development is very similar, they are described together in the following. The Pre-cambrian
rocks are mainly weak metamorphic, greenish sandstones and slates (Pérez Estaun &
Martinez, 1978). Frequent slump structures, flute marks and the occurrence of Bouma-
sequences indicate the turbiditic character of the sediments (Pérez Estaun, 1973). Additionally
concordant intercalations of igneous rocks of volcanic and volcanoclastic nature can be found
(Matte, 1968). Microfossils, mostly cyanobacterias, yield Upper Precambrian ages. The Pre-
cambrian sequence is separated from the upper Cambrian series by a remarkable angular un-
conformity which can be compared to the asyntic (Cadomian) discordance (Aramburu, 1995).
The deformation, however, produced large -scale recumbent folds without the generation of any

tectonic foliation. Neither pre-cambrian metamorphism affected the rocks (Pérez Estaun, 1973).
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3.3.2.PALEOZOIC ROCKS
The Paleozoic succession comprises of a complete sequence from the Cambrian to Ordovician,

in some areas even up to lower Devonian. Over it, the postorogenic Stephanian is located with
an angular unconformity (Pérez Estaun et al., 1992). The sequence in the Navia y Alto Sil Do-
main (NASD) represents the most complete succession. As the working area is situated in this

area, only this succession will be described in detail.

The Candana Group
This formation is made up of feldspatic sandstones alternating with greenish and reddish slates.

The base of the group, just atop the discordance with the Precambrian, comprises of conglom-
erates or in some cases of dolomitic rocks (Marcos, 1973). Microconglomerates appear repeat-
edly towards the upper part of the group (Pérez Estaun et al., 1992). The sedimentary environ-
ment is supposed to be a shallow-water marine facies in continental environment. The thickness
reaches up to 2000 meters in the syncline of Cabo Vido and also in the Gistral Tectonic Window
in the Manto de Mondofiedo domain. Paleontological studies on trilobites and archeocyathides
from the top of the group reveal ages of Early-Lower Cambrian (Sduzy, 1961). Ichnofossils from

the basal part indicate lower cambrian to even precambrian ages (Crimes, 1987).

The Vegadeo Limestone
The contact of the latter group to the Vegadeo limestone is gradually distributed in a transition

zone in the upper part of the Candana group. The Vegadeo limestone comprises of dolomitic
and carbonatic beds, which arose from sedimentation in a tidal flat facies or shallow-water fa-
cies (Pérez Estaun et al., 1992). During the hercynian orogeny the rocks recrystallized almost
completely in order that the primary components, i.e. fossils, cannot be traced anymore. How-
ever, the possible age was narrowed down by fossils from the units next to the lower and upper
limits of the formation. Basal beds, together with the Candana transition beds are of early-lower
Cambrian and the top beds are supposed to be of middle-Cambrian age (Pérez Estaun et al.,
1992).

The Cabos Series
The cambro-ordovician aged Cabos Series is composed of a thick sequence (more than 4000

m) of shallow marine clastic sediments (Baldwin, 1975). Lotze (1957) introduced the denomina-
tion “Serie de los Cabos”, according to the abundant appearance of this formation around
Capes (=Cabos) along the Cantabrian coast. This is due to the relatively high resistance of the
comprising rocks against weathering. Outcrops of this series can be found all over the Westas-
turian-Leonese Zone, but anyhow the best sequence can be contemplated in the section be-
tween Cadavedo and Luarca in the Navia y alto Sil Domain (Farber & Jaritz, 1964). The strati-

graphic succession will be described for this area.
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Because of the considerable thickness of the series, a subdivision in smaller layers was of ad-
vantage. Farber & Jaritz (1964) introduced nine different layers, each one classified by the most
noticeable lithology. Marcos (1973) divided the series in an upper, medium and lower part, tak-
ing in account the general aspect of the rocks. Finally, Baldwin (1975) undertook a stratigraphic
subdivision based on trace fossil stratigraphy (Ichnostratigraphy), mainly working with trilobite
trace fossils. By this he found out the exact chronostratigraphic borders inside the unfossilifer-
ous clastic Cabos Series (see Fig. 9). Additionally, Baldwin (1975) suggested five different litho-
facies for the development of the sediments. According to the lithostratigraphy the series begins
with a tidal flat facies in the lower part with a gradual increase in off-shore bar and associated
lagoonal facies in the middle of the section. Towards the top the facies gets more distal (shelf
and shore face facies). This section, which is described below, reflects therefore a fining upward
sequence of a major transgressive phase (evolution of the “Asturian Arc Basin” or also called
: “Ibero-Cantabrian Basin” as outlined in

Litholacies i =

e Fig. 5). Above it a dominant tidal flat facies

Ichnostratigraphy

returns with several hundreds of meters
thickness. That points to a regressive
phase of the basin development. Finally,

in the uppermost layers of the series

ORDOVY I C I AN

transgressive conditions are dominating

N

again, until the sedimentation of the next

Facies

e e e e T i e o s e s . 5

_ e series, the so called Luarca Slates, began
= 5%?; (Baldwin, 1975). All these transgression
: = and regression phases are a conse-
< i »;nmw quence of the extensional regime (i.e.
® i Ll rifting events) that dominated the passive
« ' | continental margin in the Lower Paleozoic

' (see Chapter IL1II).

Figure 9: Ichnostratigraphic subdivision of the
Cabos Series after Baldwin (1975).

Sedimentary structures are similar over the whole sequence. Most of all hummocky cross strati-

fication and symmetric and asymmetric ripples can be found (Marcos, 1973).

The uppermost layers of the Cabos Series are of some sort special for the whole series, be-
cause they mainly comprise of very hard and brittle, clear quartzites. Farber & Jaritz (1964)
named these layers the Barayo-Quartzite and put them in stratigraphically correlation with the
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Armorican Quartzite in the Variscan Cordillera. The Cabos Series in the vicinity of Luarca,
where parts of the structural investigations for this work have been carried out, is represented

by idem Barayo-Quartzite.

The Luarca Slates (“Pizarras de Luarca”)
The extensional regime in the passive continental margin continued during Ordovician, leading

to depressions filled with marine deposits with open shelf facies. The siciliclastic sediments of
the Cabos Series are followed by homogeneous pyrit-rich black slates, deposited in euxinic en-

vironment. These slates are denominated Luarca

% = Slates (Barrois, 1882) and reach the maximum thick-
§ ~ ness of about 1200 m in the Navia y alto Sil Domain
3 (Marcos, 1973). In the proximity of Luarca the series
| Fe rich layers L .
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%E ' = FlyschSediments Marcos (1973) (see Fig. 9). The Lower Member and
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Figure 10: Stratigraphic subdivision of the Luarca Slates
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The facies of the Luarca slates (black slates characterized by little amounts of clastic material,
richness in organic matter and the lack of carbonate) proposes deposition in euxinic media. The
occurrence of well conserved graptolites indicates calm waters. Consequently the sedimenta-
tion took place in a deepening basin bounded to the open ocean by a submarine barrier, provid-
ing calm and anoxic deposition conditions. Evidence for the great profundity of the basin comes
from the fact that the superposing units of the Aglieira Formation already have turbiditic charac-
teristics (Marcos, 1973).

Paleontological data from the lower units of the Luarca slates yields lower llanvirn ages and the
Upper Member yield ages up to Landeilo (Pérez Estaun et al., 1992). The transition between

the Luarca Slates and the Cabos Series is gradual. Mostly areniscas appear which alternate
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with finely laminated slates. The outcropping units at the beach of Portizuelo are part of the

Luarca Slates, the Transition Zone and the Cabos Series.

The Agueira Formation
In the Middle Ordovician the central part of the WALZ suffers an abrupt increase in subsidence.

Consequently a basin was formed that was further on filled with syn-orogenic sediments of the
Agueira Formation. Metasandstones and slates are the main constituents of this series, which
are very often found in turbiditic sequences. The middle part of the formation was dated with

trilobites and brachiopods to caradocian age (Pérez Estaun et al., 1992).

Silurian rocks
After the pre-orogenic ordovician deposition, the advancing orogenic wave hampers further

subsidence. The depositional cycle ends with the sedimentation of Silurian black metapelites.
Their thickness is significantly lower than in the underlying sediments. It reaches only about 700
m at its maximum (Marcos, 1973). The general situation after silurian sedimentation is shown in

the section of the Asturian Arc Basin in figure 8.

The syn- and post-orogenic sediments are not mentioned in this work, because they do not crop
out in eastern and central Asturias. Additionally their regional appearance in the WALZ is only of
minor importance, whereas mesozoic and cenozoic deposits play a major role in the geology of

the Cantabrian Zone.

3.4. STRUCTURE

In the beginning of the Cambrian the paleozoic sediments were folded, fractured and have un-
dergone metamorphism in the course of the hercynian deformation. The consequently gener-
ated structures can be ordered in 3 groups which indicate 3 different stages of deformation. All
these stages are considered to have lower carboniferous age (Perez Estaun, 1973). The dating
of micas, which are growing under metamorphic conditions in the cleavage planes, yields the
latter mentioned ages. Lower carboniferous syn-orogenic flysh can be found as lower limit and
post-orogenic upper westfalian B deposits provide an upper marker (Martinez Catalan et al.,
1990).

The earliest deformation structures are large scale east-vergent recumbent folds. In a second
stage single sheets were transported along thrust faults to the foreland basin. Finally large open
folds with sub-vertical axial planes and N-S-striking fold axes were developed (Martinez Catalan
et al., 1990).
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3.4.1. DEFORMATION PHASE 1

As a first consequence of the continental collision, the paleozoic sediments were folded to large
recumbent folds with limbs of more than 30 km length. A primary cleavage S1 was developed
as a consequence of this folding. Martinez et al. (1990) distinguish two types of major F1 folds.
One set with constant wavelength and minor scale, appearing mainly in the NASD and the other
set of folds with huge wavelength to which belong the Mondonedo-Lugo-Sarria Anticline and the
Villaodrid syncline. Secondary folds that occur are generated by buckling, the major folds are
affected by a superimposed flattening that increases to the W (Bastida, 1980). The associated
cleavage S1 is a fine-grained slaty cleavage in pelitic rocks. In more competent lithologies it is a
rough spaced cleavage. The shape of the major and the minor folds proposes a generation
mechanism of the whole F1 structures similar to that of the morcles nappe proposed by Ramsay
et al. (1983): The base of a thick multilayered sequence is affected by a generalized horizonal
shear. Some local inclined shear zones evolve from the base and produce long-limbed recum-

bent folds. Bastida et al. (1986) propose at least two of such local shear bands in the WALZ.

3.4.2. DEFORMATION PHASE 2
The second deformation phase F2 is considered as the continuation of the basal shear zone,

developed during the first phase. Major structures generated are thrust faults. The most impor-
tant fault is the Mondofiedo basal thrust (see fig. 11) that juxtaposes the lower units of the MD
with the upper units of the NASD. Minor structures related to the thrust faults are fault rocks of
all types. In the basal shear zone minor folds and a S2 cleavage appears (Martinez Catalan et
al., 1990).

3.4.3. DEFORMATION PHASE 3
Open, large parallel folds are the consequence of the third deformation phase F3. The Fold axis

is similar to F1 folds and strike NE-SW. The superimposing of F1 and F3 deformation produces
a type 3 refolding structure on the major scale and crenulation clevage on the minor scale.
Crenulation cleavage is developed in pelitic rocks and a rough cleavage in psammitic rocks. An
important structures are in the MD is the Lugo Dome, which is a interference structure of F1, F2

and F3 deformation (see fig. 11).
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Figure 11: Geological sections through the WALZ; Martinez Catalan et al. 1990.
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3.5. METAMORPHISM OF THE WALZ

Travelling through Asturias from east to west, one passes the Variscan orogen from its internal
to its external zones. Consequently all orogeny-related processes cease from east to west (as
already mentioned in prior chapters). Metamorphism, of course, shares this relation too. The
two main units of the WALZ, the Manto de Mondofiedo and the Navia y Alto Sil Domain, differ
significantly in their metamorphic overprint. In the east, respectively in the MD, medium to high
metamorphic conditions are achieved, whereas in the NASD the rocks are only affected by low
grade metamorphism (Suarez et al. 1990). Three metamorphic belts cut through the WALZ from
north to south. They define local zones with distinct higher grades in metamorphism. An over-

view of the metamorhic zones is given in Figure 12 below.

Chlorite zone E Staurolite zone

Biotite zone Sillimanite zone

Almandine zone
(Cordierite - andolusite Kyanite
in Boal- Los Ancares belt)

i? Investigation Site

Figure 12: Distribution of the metamorphic zones in the WALZ (modified after Suarez et al, 1990).

The Chlorite zone is mineralogically defined by the paragenesis of muscovite and chlorite,
which have grown syn-tectonically in the F1 phase. Furthermore, chloritoid appears occasion-
ally, forming porphyroblasts which show syn- and post-tectonic growth related to F1 (Marcos,
1973). The Biotite zone is best developed in the pelitic precambrian rocks of the Novellana-Pola
de Allende-Degafia belt. The shape of the belt is defined by a N-S striking F3 antiformal struc-
ture. Biotite grows mimetically in respect with S1-cleavage and additionally muscovite, chlorite
and recrystallized quartz occur. They are also related to the first phase of deformation (F1)
(Suarez et al., 1990). Higher metamorhic grades are achieved in the Boal-Los Ancares belt and

in the Vivero-Lugo-Sarria Metamorphic Belt in the West. In these belts, several characteristic
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paragenesis can be distinguished, one of them even including kyanit which indicates a high
pressure metamorphism (Suarez et al. 1990). Metamorphism in these belts takes place during a
time period that includes all three hercynian deformation phases. Furthermore late variscan plu-
tonic rocks occur in the metamorphic belts. Within their proximity the host rock suffered contact

metamorphism resulting in the F3 syn-tectonic growth biotite and garnet.

The metamorphism was limited to a minimum age (Sakmarian, 285 Ma) by measuring the age
of the granitic intrusions in the Boal-Los Ancares Belt (Suarez et al., 1978). A maximum age of
Mid-Devonian (Emsian, ~ 400 Ma) is proposed by Drot and Matte (1967), taking into account

folded and S1-foliated Emsian stratas in the Mondofiedo Nappe.

3.6. ALPINE STAGE

In the course of the alpine orogeny in the Eocene, the long since eroded variscan mountains
experienced a general uplift. Along an E-W-striking fault system, the variscan units have been
segmented and elevated relatively to each other. This segementation provides the basis for the
actual relief of the Cantabrian Cordillera (Farias & Marquinez, 1992). The Cantabrian Cordillera
itself is regarded as the continuation of the Pyrenean mountain range to the west, arosen from

the alpine continental collision (Quesada, 1992).

In an N-S section of Asturias and the adjoining northern parts of Leon, three blocks can be de-
termined, which are separated by dominant alpine thrust faults (Fig. 13). The Cantabrian Moun-
tains, defining the major block, are thrusted on the Iberian Meseta and are now juxtaposed to
mesozoic molasse sediments and non-deformed cenozoic sediments of the Duero Basin (Anton
et al., 2010). More to the north a minor block is thrusted on the cordillera block, giving rise to the
Medium Depression which is also filled with syn-orogenic sediments. The minor block consti-

tutes of the prelitoral mountain range, the coastal plain and the actual marine platform.
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Figure 13: Sketch of variscan blocks segmented by alpine faults in an N-S section through Asturias. Modified

and redrawn after Farias & Marquinez (1992).

Figure 14 shows the tectonic pattern of the major alpine structures in northern Spain. Thrust
faults generally strike E-W. Within them the main part of internal deformation during alpine N-S

shortening is accommodated (Anton et al, 2010). Additionally, alpine folding is recorded in sev-
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eral areas, especially in the calcareous mesozoic sediments of Cantabria and the Basque Re-
gion. A dominant system of strike slip faults crosscuts the thrust fault system and lead to further
segmentation and lateral escape of tectonic blocks (Farias & Marquinez, 1992). Altogether, a
late alpine E-W extensional regime is indicated.
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Figure 14: Alpine structures in northern Spain (modified and redrawn after Farias & Marquinez, 1992).
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4. THE PORTIZUELO ANTIFORME

4.1. THE INVESTIGATION SITE

All information given in the chapters above should provide an outline of the regional geology of
the working area, because the over-regional facts are fundamental for the understandig of the

local setting. In the following chapter the outcrop will be presented and geologically interpreted.

The Portizuelo Antiforme is situated in the west of the Portizuelo Beach where a small nameless
race joins the sea. At low tide, it is possible to walk far out into the flat abrasive platform and the
structures of the cliffs at the shore side can be observed. The antiforme is a very good example
of the broad, upright, parallel folds, described as F3 structures in literature (see chapter 3.4). At
its highest point the wall rises up to 30 meters over the beach shingle and strikes NE-SW, which
is perpendicular to the fold axis. Its orientation makes the wall particularly suitable for structural
studies. From a frontal view, the slight asymetry of the fold attracts attention. The eastern limb
dips relative steeply whereas the western limb is less inclined. The asymmetry results from a
shift in the verticality of the axial plane which steeply dips(~75°) to the east. The core of the fold
comprises of bright, yellow quartzites from the upper Cabos Series. The top of the succession is
made up of dark, fine layered slates of the Luarca Formation. In-between the Luarca Slates and
the Cabos Series lies the Transition Zone. Also visible at first sight are two faults that moved the
stratigraphic layers relative to one another. More accurate investigations define them as sinistral
strike slip faults with a thrusting component. The striation dips about 10° to NE. With this data
and the measured vertical offset of 20 meters of the small grey layer in the upper part of the
quartzites, a total offset of about 130 meters can be calculated for the main fault. Apart from the

strike slip faults a conjugated set of normal faults crops out in the eastern part of the wall.

Detailed consideration of the fold-core reveals the intense cataclastic deformation that the
quartzitic rocks suffered from. The slaty layers of both the Transition Zone and the Luarca For-
mation show significantly less brittle deformation. Loose quartzitic material is constantly drop-
ping out of the wall, forming small piles of debris spreaded along the wall foot by the strong tidal
activities. Crushing is most intense in the areas adjoining the main faults and ceases rapidly
with distance from them. The terms ‘core zone” and ‘damage zone™ are further on used to de-
scribe the heavily crushed areas directly next to the faults (core zone), respectively the more

distant areas that also suffered certain cataclastic deformation (damage zone).
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Figure 15: Portizuelo Antiforme in frontal view. a) Photograph, b) Geological interpretation.

4.2. STRATIGRAPHIC SUCCESSION AND SEDIMENTARY STRUCTURES

The gradual change from siliciclastic to marine sedimentation without any carbonatic input has a
most striking appearance in the outcrop. A stratigraphic column of the encountered lithologies is

presented in Figure 16.

The siliciclastic sediments are represented by the very hard, brittle and bright quartzites of the
upper Cabos Series. Faber and Jaritz (1964) call these units the Barayo Quartzite. In the out-
crop a thin band of fine-laminated silty sandstone separates the Barayo Quartzite in two parts.
The lower part is about 25 meters thick. The rocks are of a bright yellowish to grey colour and
show no sedimentary structures. The about 4 meters thick upper part is almost similar but of
slightly darker colour. The qgartzites are very pure, this means that they mainly constitute of

quartz and hardly comprise other minerals. But also little variations in mineralogical composition
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are macroscopically visible through different colours. Only microscopic investigations supply

detailed information on this (see chapter 6.3).

Below the massive quarizites a series of quartzites, sandstones and siltstones is located whose
layers show thicknesses of only a few decimetres. In between, layers of fine clayey materials
with a certain content of graphite show up. In the sandstones and in some of the quartzites a
cross-stratification can still be noticed, which encloses an angle of about 15° with the stratifica-

tion.

The Transition Zone starts just above the Barayo Quartzite. Its thickness cannot be distin-
guished exactly, because the change to the non-clastic sediments is gradual. However, in this
case the thickness is set to about 10 meters. Above these 10 meters, the sediments show
clearly less siliciclastic intercalations, and are therefore supposed to belong to the Luarca For-
mation. Rocks of the Transition Zone are sandstones and siltstones. Sometimes even finer ma-
terial is deposited in laminated layers. The sandy and silty layers occasionally show sedimen-
tary structures, like cross-stratification and ripples. The fine layers are rich in mica and iron,

whose oxided state gives them a reddish colour.

The Luarca Slates on top of the stratigraphic succession are defined by a high content in fine
marine material that contain a certain amount of iron and organic matter but lack any carbonate
(Marcos, 1973). In the outcrop the dark, slaty layers alterate with brighter, coarser material such
as siltstones, which might be still of terrigenous-clastic origin. The fine laminated pelitic layers

(i.e. the slates) present cleavage planes covered with mica.
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Figure 16: Stratigraphic and sedimentary characteristics of the rocks: a)-Stratigraphic succession in the

investigation area with photos of interesting regions. b) Hummocky cross stratification in sandstones of the

Cabos Series. c) Pyrit crystals in the Luarca Slates. d) Lamination of silty and clayey material in the Luarca

Formation.

Idiomorphous pyrit crystals grow stratiform in some layers. A certain amount of graphit, as an

alteration product of organic matter, is supposed to be incorporated in the clayey sequences but

could not be explicitely proved by x-ray powder diffractometry.The peak of graphite in the spec-
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tral profiles of the x-ray powder diffractometry is very close to the quartz and muscovite peak

and cannot be seperated from them.

Concerning the rheology of the rocks, it can be generalized that the sediments get more “soft” in
the upper regions because of the increasing content in silt and clay. On the contrary, the Barayo

Quartzite is very rigid and brittle because it lacks any fine material.

5. STRUCTURES OBSERVED IN THE FIELD

5.1. STRUCTURES RELATED TO HERCYNIAN DEFORMATION

The observed structures in the course of my work are sorted in accordance to the generally ac-
cepted deformation phases introduced by other authors (Bastida & Pulgar, 1978; Marcos,
1973). According to chapter 3.4, the terms F1, F2 and F3 are used. Only two of the described
hercynian deformation phases are recorded in the working area. The F1 recumbent folding is
preserved as a penetrative, rough to slaty cleavage or primary schistosity as it is developed
over a primary sedimentary texture (Bastida, 1982). Mostly it is found in the black slates of the
Luarca Formation but it can be occasionally found in fine-grained layers of the Cabos Series
too. Frequent S1 cleavage penetrates the rocks in the more inclined parts of the limbs in the
east and west of the anticline. Right there also isoclinal folded layers of sandstones and slates
with NE-SW fold axis can be regarded as minor F1 folds. Layer parallel pressure solution hori-
zons in the quartzites of the Cabos Series is also related to the F1-shortening event (see Fig
17a) and developed together with overburden stress induced compaction. In the Luarca Forma-
tion, especially eastward of the antiform, evidence for pressure solution in horizons parallel to
layering can be found frequently. The peak of pressure solution deformation is supposed to be

accompanied by phase 1, but may already have started before.

The S1 cleavage is sub parallel to the layering and is determined by the shape preferred orien-
tation of micas, derived by mechanical rotation of detrital grains perpendicular to the pressure
direction (Marcos, 1973). Stress induced mineral growth also occurs but is only of minor impor-
tance. Nevertheless the major mechanism for generation of S1 cleavage is pressure solution.
Minerals, such as quartz and feldspars, are dissolved in a field of high differential stress and

precipitate in low differential stress sites, like gashes and strain shadows.
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Figure 17: F1 related structures. a) Notable decrease of volume due to pressure solution in silty layers of the
Luarca Formation. b) Layering parallel stylolites in quartzites of the Cabos Series. c) Layering-parallel slaty
cleavage, note: F1 folded Qtz-Veins. d) Isoclinal folded layer of siltstone. The darker bended lines are origi-

nally cross stratification horizons.

The most remarkable structure in the working area is the big Antiforme of the Portizuelo beach,
which is clearly related to the deformation phase F3. The fold is slightly asymmetric with a
steeper limb in the west, and therefore possesses a non-vertical axial plane dipping about 75°
to the east. The stratigraphic layers persist parallel and isogons remain perpendicular to the
stratigraphic boundaries. Therefore the folds are classified as 1B parallel folds (according to
Ramsay & Huber, 1987). Secondary F3 folds only appear in the eastern limb in the Luarca
Slates. As already mentioned in Chapter 3.4, F3 and F1 folds generate an interference pattern
of type 3 refolded structures (Ramsay & Huber, 1987) which cannot be seen in the scale of an
outcrop but only in overregional geological sections (e.g. see Fig 11 in chapter 3.4). The folia-
tion S3 generated by F3 is somewhat similar to S1 but not as penetrative and rougher, with
greater distances between cleavage domains. Generally, S3 cleavage is scarce in the outcrop
and can be found only in the slates of the Luarca Formation. In this case a certain angularity
with the S1 cleavage reveals its different character and, together with S1, crenulation cleavage

is produced. The cleavage planes are parallel to the axial planes. In areas with more inclined
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limbs, where the angle between S1 and S3 gets small, no new cleavage planes are formed, but
S1 cleavage planes are reactivated. The deformation of the layers itself depends clearly on the
composition and thickness of the layers. In the Luarca Slates siltstones, slates and quartzites
alternate in small steps. Thinner layers show abundant secondary folding and strain is concen-
trated between the layer boundaries, giving rise to flexural folds. Movement striae on slaty sur-
faces beyond more competent layers indicate the flexural slip along these boundaries. As an-
other consequence of the flexural folding, quartz-filled extension gashes appear in some heavily
deformed layers in the Luarca Formation. They are sometimes further deformed, rotated and
cross-cut by younger gashes. When the layers reach a certain thickness, especially the massif
banks of quartzite in the Cabos Series, strain distribution within the layers leads to tensile
cracks in the hinge domain of the folds. These cracks usually come up with secondary folds of
minor wavelengths. Other F3 related structures are thrust faults that emerge from stratigraphic
boundaries and then criss-cross the layers, leading to a flat-ramp geometry of the fault-plane.
One of these faults crops out on the adjacent beach in the west of the antiforme. The total offset
along the stratigraphic boundaries is about 3 meters, diminishing to cero at the tip of the fault.
The layers are bended in the course of the deformation (i.e. Fault Propagation Fold). Hercynian
quartz veins are frequent, but their separation in different generation seems difficult. A set of
veins that is folded by the F1 and the F3 event may even be pre-orogenic, whereas only slightly
folded veins are syn-or post-F3. In this case only their metamorphic aspect infers hercynian

ages.

In respect of metamorphism, a greenschist facies for the area around Luarca is reported
(Suarez et al. 1990). The quartzites of the Cabos Series are very bright and are well cemented.
Veins in the quartzites, related to the F1 and F3 phase, are of a dull whitish color and their bor-
ders are not distinct but diffuse. The slates, siltstones and clays show abundant micas (phengite
and muscovite) in their cleavage planes, presuming a low temperature metamorphism. Better
evidence for metamorphic conditions was derived from deformation mechanisms identified in

thin sections (see chapter 6.2 & 6.3).
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Figure 18: F3 related structures: a) Flexural slip lineation between two layers. b) Quartz rods in slaty layer

affiliated to flexural slip. ¢ + d) F3 secondary folds which refold F1 isoclinal folds.

5.1.1. GEODYNAMIC SETTING
The deformation phases F1 and F3 both have the same tectonic background. The shortening

direction is NE-SW, indicated by the fold axis of F1 and F3 folds. Tectonic vergence is towards
west in both cases. F3 axial planes, measured directly from the folds and from the S3 axial
plane cleavage dip steeply towards east. F1 axial planes are refolded by F3 and usually enclose
a small angle with the stratification. Stretching lineations in pelitic layers have identical orienta-
tions as the F3 fold axis. Crenulation cleavage (S1 folded by S3) is rare and only occurs in the
hinge area of some minor F3 folds. The produced crenulation lineation is once more parallel to
the F3 fold axis. A dominant set of faintly deformed quartz veins can be posted as late Her-
cynian. They opened in a late stage of the variscan constriction and run perpendicular to the F3
axial planes. In a later deformation phase (see next chapter) some of these veins are reacti-

vated as sinistral strike slip faults.
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Figure 19: Stereoplots of hercynian structures orientated to the north. a) Axial surfaces of F1 folds (red) and
F3 folds (black). Arrow indicates tectonic transport direction towards SE. b) Fold axis of F1 and F3 folds.
Extension direction parallel to axis, shortening is perpendicular. c) Late hercynian Qtz-veins, indicating ~NW-

SE shortening. Some planes are reactivated as slip planes in a later phase.

5.2. LATE HERCYNIAN BRITTLE DEFORMATION

The most remarkable, late hercynian, brittle structures are of course the strike slip faults and the
cataclastic zones. Besides these, also a conjugated set of normal faults, quartz veins and a

widespread joint system exists.

After the variscan constriction ceased, a phase of extension began (Quesada, 1992). Early
structures in this phase are en echelon quartz veins that exhibit the extensional regime to-
wards E-W. These veins crosscut the older hercynian structures clearly and are less affected by
metamorphism, indicated by their clear colour and sharp boundaries. Extensional characteris-
tics can also be interpreted through a conjugated set of normal faults, cropping out in the
southeastern part of the wall. There, a layer-offset of about 2 meters can be noted and cataclas-
tic material shows up in the direct contact with the slip plane. The eastern fault surface dips 50°
to WSW and has a straight form. The western fault dips 40° to SE and has a sinuous form. Thus
a ramp flat geometry results from the small angle between fault and stratification. In the core
zone of this fault, cataclastic deformation is frequent and furthermore the strong internal defor-

mation leads to chaotic microfolding of certain layers.
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Figure 20: Structures and stereoplots of an extensional regime. a) Conjugated fault system. b) Interpretation;

western faultplane has a wavy shape; Blue areas are zones with enforced cataclasis. ¢) Stereoplot of the en-
echelon Qtz-veins. d) Normal faults. e) Fault plane analysis results of the PT-Axis Method (Turner, 1953)

showing the kinematics of this deformation phase.

5.3. ALPINE BRITTLE STRUCTURES

Two main transform faults crop out in the antiforme, displacing the layers of the Cabos Series,
the Transition Zone and the Luarca Formation. The lineation on the fault planes dips slightly
(=10°) to NE. A total sinistral offset of 120 meters in case of the western fault (FIl) has already
been stated in chapter 4.1. Shear sense indicators are difficult to find, because of the highly
altered surfaces. Best evidence for sinistral movement is the offset of a marker horizon in the
Cabos Series, which is relatively lifted in the W of the largest fault (FIl). The smaller FI fault,
more in the east, has the same movement striations and also the same shear sense. More evi-
dences for shear sense come from sheared quartzitic blocks. There, quartzite-chips are spalled
off in the direction of the movement (see fig. 21). The core zones of the faults are made up of
several cm thick fault gauge. X-ray powder diffraction measurements reveal a mineralogical
composition of quartz and muscovite and traces of kaolinit and gypsum. The surrounding rocks

of the Cabos Series have similar composition; Kaolinit and gypsum are alteration products of
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feldspar minerals from the Transition Zone or the upper lying Luarca Slates. That already indi-
cates to a certain movement and the distribution of the fault material. Adjacent to the fault
gauge material the rock is heavily cracked and cataclastically deformed. The hanging wall suf-
fers stronger deformation than the footwall rocks, where the cataclastic zone already ends after
several centimeters. The width of the damage zone, meaning the area next to the core zone
where the rock is still mechanically damaged by the fault, reaches several meters in the hanging
walls (up to 50 meters of the FIlI fault). The damage zone of the hanging wall from the FI fault
even intersects with the damage zone of the footwall of the FlI fault. To study the quantity of
deformation in the rock, a Fracture Density Index (FDI) profile was made along the wall. The
FDI is simply the number of fractures/joints that cross through a certain thickness of the rock
mass per unit of length. The result shows the rapid increase in cracks, when approaching the
main faults and also the abrupt decrease when reaching softer” lithologies (see fig. 24). This
means that the brittle, hard quartzite of the Cabos Series is severely damaged by the faults,
because no internal plastic deformation is possible. In contrast to that, in the underlying silty
sediments of the Cabos Series and the upper-lying Transition zone, deformation can be ac-
commodated by the fine grained layers by dissolution precipitation creep without development

of distinct failure planes.

Figure 21: Damage zone near fault Fl. Chips are breaking off from the quartzite, indicating a shearing defor-
mation and also show the shear direction (here dextral). Picture taken from bottom to top; therefore the real

shear sense is sinistral.

39



Figure 22: Core zone next to fault FIl. Some areas are nearly undeformed, whereas the main part is severely

damaged by cataclastic deformation. Several cataclastic veins cut through the rock mass, nearly parallel to
the fault plane.

As already mentioned in a previous paragraph, there exist some vein planes, whose orientation
favors a reactivation as lateral slip planes through this deformation event. Even conjugated fault
planes on these veins were found which indicate dextral movement. Inside the core zone and
damage zone several bands of cataclastic veins are visible. They penetrate, sub-parallel to the
strike slip faults, the already cataclastically deformed rocks and can be even traced in the abra-

sional platform. These bands will be described in the following.

Entering the beach from the east, crests of more competent material that run out to the sea im-
mediately attract attention. Upon closer examination the crests turn out to be made of cemented
cataclastic material, mostly quartzite, and crop out as several dm-wide bands. These bands are
more resistant against tidal erosion than the heavily jointed and fractured quartzitic host rock
and therefore stick out morphologically. At low tide several dozens of these bands can be ob-
served, cropping out from the abrasional platform. They can be tracked up to 50 meters out in
the sea. By the aid of differential GPS, the cataclastic crests, the lithological contacts and the
wall shape were mapped (see fig. 23). According to the spatial orientation, three different sets of

cataclastic bands can be distinguished:

e The main set strikes more or less perpendicular to the wall and contains the bands with
the greatest thickness (up to 1 meter). Here it is denominated as D-structures (accord-
ing to their dike-like appearance). Cracked quartzitic material of both rounded and angu-
lar particles is cemented by a fine grained matrix. The quartzitic matrix has multiple col-
ors, from white, yellow to brown-reddish, depending on the state of alteration by iron-
hydroxide bearing fluids. In the center of these D-cataclasites, frequently a thin line of
very fine grained, grey material shows up. Microscopic examinations reveal them as ul-
tracataclastic material with grain sizes <10 ym. Macroscopically, there does not seem to

be a particular abundance of grain size reduction with distance from this ‘core zones’
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and generally no evidence for slip can be found. Therefore lateral movement cannot be
proved. On the other hand slip planes with movement striations sometimes exist inside
cataclastic D-structures, where ultrafine material is produced ‘in-situ” as a process of
comminution. In the other case parts of the fine cataclastic material must be transported
to its actual position by the aid of fluids. This mechanism is terminated ‘fluidization”. Bet-
ter evidence for fluidization is attained by microscopic investigations (see chapter 6.4)

and Grain Size Distribution (GSD, see chapter 7).

A second system shows some kind of Riedel geometry in respect with latter mentioned
D-structures and therefore these structures are called R-structures. The thickness of
these crests is 20 to 50 cm, their length reached up to 20 meters. The constituting mate-
rial is similar to those of the D-ridges. Slip planes are not found; the Riedel like geome-

try, however, proposes some lateral movement.

The third set comprises of cataclastic veins which are joining the other sets to an overall
network-like structure. The spatial orientation of this set varies over a wide range, but
mostly the veins run diagonally to perpendicular to the latter mentioned structures, there-
fore they are called Q-structures in this work (“Quer” as German term for crosswise).
The thickness varies between some centimeters to zones of about 1 meter width. The
network-like characteristic is also visible in the structure itself. Fine bands of white
quartzitic material cut through yellowish course “protocataclastic” quartzite. Absolutely no

slip evidence can be found.
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Figure 23: Geological map of the investigation area. Three distinct sets of cataclastic bands cropping out in
the abrasional platform exist, but only occur in the hard Barayo Quartzite of the Cabos Series. Lithological
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Figure 24: Fracture Density Index (Fractures/meter) for sections marked in Fig.23. Profil A-A: Damage Zone.
LC...Lithological Contact; FI, Fll and KB2 are faults. Peak just next to Fll is the core zone of this fault, broad
peak between Fl and Fll is because of interaction of both damage zones. Other peaks are smaller local faults

Profile B-B: no fault induced fracturing.
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Figure 25: Structures related to the alpine brittle deformation. a) Crest of cemented cataclasites in the abra-
sional platform (D-structure). b) Branch of cataclastic vein that intrudes in the already fractures quartzite. c)
Damage Zone west of FIl. White lines are cataclastic bands in the quartzites which usually end at the con-
tacts with surrounding lithologies (darker layers). d) Damage zone, close up. The quartzites and the veins are
cracked but still in their original position. The yellow matrix consists mainly of cataclastic quartz, affected by
fluidization. e) Slip planes in cataclastic bands, having the same orientation like the strike slip faults. f) "Core

zone’ of a cataclastic band, consisting of ultracataclastic quartz.
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5.3.1. GEODYNAMIC SETTING
As already described in chapter 3.6, the alpine orogeny comes along with an early N-S shorten-

ing regime in northern Iberia (Quesada, 1992). The Pyrenees and its western extension, the
Cantabrian Cordillera, are elevated by the means of thrust faults and its crustal blocks are fur-
ther on segmented by a system of strike slip faults (Farias and Marquinez, 1992). NE-SW strik-
ing left-lateral faults exist in the variscan basement westward of the Duero Basin (Vilarica Fault
or Regua Fault). They are classified as structures emerged from a cenozoic N-S paleostress
field (Anton et al., 2010). During this alpine phase, the main part of deformation was applied,
induced by collision along the Cantabrian-Pyrenaean border (Anton et al., 2010). The strike slip
faults in the Portizuelo Antiforme have similar orientations and shear sense. Fault plane analy-
sis of slip planes from the faults together with slip planes from cataclastic veins, indicate N-S

shortening too. The fault system as well as the cataclastic veins may therefore be classified as

Cenozoic-alpine structures.

o

Figure 26: Stereoplots and fault plane analysis of the last deformation phase; A) Slip planes of the sinistral
faults (NE-SW) and some conjugated dextral cataclastic veins (NW-SE); b) N-S paleostress field calculated

with the PT-axis method (Turner, 1953); c¢) Alpine joint system, Main set strikes NW-SE.
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5.4. SUMMARY OF THE STRUCTURAL DATA

According to the existing structures a clear division in different deformation events can be

made. 4 deformation events can be distinguished and are listed, together with their related

structures, in the following table.

- Pressure solution
- Quartz Veins

D Il

- Open parallel folds
- Hinge cracks
- Flexural slip structures
(Quartz Rods, Movement Strias)
- Coarse schistosity S3
- Crenulation cleavage (S1|S3)
- Quartz veins

D Il

- en-echelon quartz veins
- conjugated set of normal
faults

DIV

- left-lateral strike slip faults
with extended core and damage
Zones

- Cataclastic veins in quartzites

- Joint system

N-S compression

Def. related Paleostress/strain General
Event Structures field Deformation Phase
- Recumbent folds
Dl (isoclinal minor folds) NE-SW .
- Slaty cleavage S1 shortening F1 Hercynian Phase

F3 Hercynian Phase

Late Hercynian
extensional Phase

Cenozoic
Alpine Phase

Figure 27: Table of structural data of the outcrop.

5.5. SYNOPTIC 3-DIMENSIONAL SKETCH OF THE OUTCROP
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6. MICROSTRUCTURAL INVESTIGATIONS

17 orientated samples have been taken from different positions and different lithologies (see fig.
23 in chapter 5.3). The samples have been prepared and cut to small bricks at the University of
Oviedo. The bricks have been sent to the University of Vienna, where 22 thin-sections (30 ym)
have been prepared. All sections have been investigated by optical polarization microscope.
Further on five ultra thin-sections (20 ym) were produced for Cathodoluminescence (CL) and

Scanning Electron Microscope (SEM) studies.

6.1. METHODS
Optical microscope

The used device is a Leica® DM4500 P polarization microscope. Photographs were
made with a Leica® DFD295 digital color camera with 3Mpixel, mounted behind the ocu-
lar. Pre-processing and automatic scaling of images as well as file management has
been done by the Leica® integrated Microscope Assistant software. The microscope has
a 10x ocular lense and objective lenses of 1.25x; 2.5x; 5.0x; 10.0x; 20.0x and 63x. Total
maghnifications of 12.5 to 630 times are achieved. The samples were prepared by the
conventional way of gluying the bricks on glass plates with epoxy-resin. The brick is cut
by special diamonded rock saws and then is consequently polished to a thickness of 30

pum. For further protection the sections are finally varnished.
Cathodoluminescence optical microscope

For the studies of the Cathodoluminescence a Lumic® HC5-LM Cathodoluminescence
microscope was used. Additional devices are a power supply rack to provide the re-
quired high voltage for the electron gun and a vacuum pump system to generate a high
quality vacuum in the specimen chamber. The acceleration voltage applied on the tung-
sten filament in the electron gun is 14 KV; the beam current can be varied from about
0.05 to 0.4 mA, depending on the examined material (e.g. Quartz needs much higher
excitation energy than calcite to produce visible luminescence). Luminescence images
are projected on a silica glass in the optical path of the microscope. With a digital colour
camera pictures are taken and processed on a personal computer. Samples with thick-
ness less than 25 ym are most useful for CL studies, so special ultra-thin sections had to
be prepared. These sections were coated with graphite to make them conductive and to

produce visible electron emittance.

Scanning electron microscope
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An Inspect™

S50 Scanning electron microscope with a backscatter electron (BSE) de-
tector was used. The device is supported with a high energy electron beam, operating
with up to 30 KV. The specimen chamber has a movable mounting table. Vacuum is
generated by done by two turbo vacuum pumps. Depending on the quality of the vac-
uum a resolution of ~ 4nm can be achieved. Control of the microscope is done by the in-

tegrated software.

6.2. SLATES OF THE TRANSITION ZONE

Two samples of slates in the Transition Zone were taken. The first one (P01/09) comes from the
eastern limb of the antiforme. There, stratification dips about 70°, which is only slightly different
to the dip of the F3-axial planes. Macroscopically identifiable foliation is the S1 primary cleavage
due to F1 deformation. It is possibly reactivated by F3 folding and therefore superimposed by
S3 axial plane cleavage. The rocks are finely laminated in the range of a few centimetres. Bright
quartz-rich layers alternate with darker mica-rich layers. The grain size is generally below 1 mm,
excluding the scattered, late formed pyrite minerals. The second sample (P14/09) has been
taken from a more central position of the antiforme where layering is quite different to F3 axial
planes. In this case cleavage is exclusively due to compaction and F1 deformation. No S3
cleavage has developed in this section. Considerable volume reduction during the compaction
of the sediments is evident because of the existence of pressure solution cleavage planes par-

allel to layering.

Altogether three foliations are existing in the slates. A primary foliation SO" produced by com-
paction of the sediments and a possible early tectonic vertical compression. The second folia-
tion event S1 can be described as a mostly spaced cleavage, evoked from the F1 folding. Oc-

casionally a rough schistosity S3 shows up, which is due to F3 folding.

Microscopic examinations also define the S1 foliation as a spaced cleavage. The cleavage do-
mains have a wavy shape and occupy approximately 20 % of the rock volume. Constituting
minerals of the cleavage domains are muscovite, highly altered feldspar and iron ores. The mi-
crolithons have a thickness of about 100 um and constitute of the original material, which is
mostly quartz, flaky muscovite and some feldspar. In all cases the feldspar is strongly altered
and converted to aggregates of fine sericite. Only the morphological shape of the aggregates
points to the original existence of feldspar. Another fact that proposes feldspar as minor con-
stituent is the result of the powder diffraction analysis of fault gauge material. There, traces of
kaolinit can be measured, which is a decomposition product of feldspar. Some authors (e.g.
Farber & Jaritz, 1964; Baldwin, 1975) state feldspar-containing sandstones in the lower layers

of the Luarca Formation and consequently also in the Transition Zone.
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The transition between microlithons and cleavage domains is discrete and the cleavage do-
mains sometimes show an anastomosing shape. The amount of solved minerals is great, which
is already indicated by the enrichment of the dark mineral phases in usually quartz-rich parental
rock. Recrystallization of the solutions within the system does not occur, but the material is
transported out of the system and precipitates in voids. Such spots are, for example, cracks in
the tensile areas of bended layers or quartz rods, developed due to flexural slip between the

layers.

The formation of the primary cleavage is always parallel to layering and is developed in all lay-
ers. In mica-rich layers, the foliation is often made up of the axial plane cleavage S1, which is
subparallel to the stratification in most cases (see fig. 31) Further on, very fine-grained, clayey
layers often record intense flexural slip deformation. In such cases SC-structures are developed
where S is the cleavage produced by the generalized local stress field, and C is SO” respec-

tively S1 from the compressional over-regional stress.

o dPid_00B 15

Figure 29: Microscopical aspects of the cleavages in the slates of the Transition Zone: a) Slaty cleavage S1,
possibly overprinted by parallel S3 cleavage (P01/09); PL b) Microlithons comprise of quartz and sericite. The
cleavage domains are made up of different micas and opaque phases. XPL c) Crenulation cleavage in P14/09;
PL and XPL d) shows finer material than picture (b). Microlithons contain more dark minerals, as well as

chlorite, which has some relics of an earlier foliation.
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Muscovite appears as detrital platy grains, orientated in the cleavage direction. These musco-
vites are too coarse grained for the growth during the low grade metamorphism. They already
existed before . Therefore, they are exclusively orientated in the stress field by mechanical rota-
tion. Muscovite also appears as sericite, its fine grained flaky form. The sericite is finely dis-
persed in the rock mass and grows preferentially in the interfaces of quartz grains. They show
no preferred orientation in the microlithons, and just overgrow the quartz grains. In some cases
the sericite appears in clusters, forming a crystal like shape. This is thought to be a secondary
formation of sericite from feldspar disaggregation. In sample P14/09 chlorite appears in the mi-

crolithons, showing an earlier foliation, where the F1 overprint results in a crenulation cleavage

in this section (see Fig. 28 b & ¢).

Figure 30: Mineralogical aspects of the slates (P14/09A): a) Pyrit crystals growing in the cleavage domains.
PL b) Detrital micas of intense interference colors, orientated in the S1 cleavage planes and fine flaky sericite

of washy colors. XPL.

Figure 31: Pressure solution cleavage in P14/09A: SO” deflected by a quartzitic clast. a) PL b) XPL
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P14/09B

Figure 32: Stitched image of the complete thin section P14/09B. SO is parallel to SO (layering), whereas S1
has slightly different orientation. The axial plane cleavage S1 only appears in fine-grained incompetent layers
and is not detectable in the quartz-rich competent layers.
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6.3. QUARTZITES OF THE CABOS SERIES

Concerning the mineralogical composition, a gradual change from pure quartzite, made up of
more than 99 vol% of quartz, to quartzites with approximately 10 vol% of dark minerals can be
observed. The pure yellowish quartzites are located in the core of the antiforme and get darker

(greyish) approaching the upper lying transition zone.

6.3.1. MINERALOGICAL COMPOSITION
Dark minerals are mainly flaky muscovites, iron ores and heavy minerals. In fine cracks and

veins, penetrating the quartzites, also biotite exists. Micas also exist as detrital grains in be-
tween grain boundaries of quartz. SEM investigation shows a bimodal composition of these mi-
cas. The core comprises of muscovite and the rim of biotite. The iron-bearing phases are, be-
sides biotite, hematite, ilmenite and titanomagnetite. limenite shows alteration reactions to Leu-
coxene, which is a conglomerate of very fine grained rutile, hematite and other ore phases.
Voids with idiomorphic cubic crystal shapes are the relicts of titanomagnetite and ilmenite. BSE
images show small spherules of hematite on the interfaces of the voids, and a fine powder of

opaque minerals (Leucoxene). migrating along cracks in the host rock. Detrital heavy minerals

are apatite, rutile and zircon. Fine grained rutile is a secondary formation.

Figure 33: Barrayo Quartzite of the Cabos Series in thin section. A) Pure, clear quartzite with ~99 vol%

quartz; XPL. B) Quartzite with considerable amount in micas; XPL.
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Figure 34: BSE images of micas in the quartzite. A) Interfaces between quartz grains (grey) are made up of
voids (black) and micas (white). Brighter colors mean higher content in Fe, so a bimodal composition of the
mica in the lower part of the image can be observed. The center is made up of muscovite and the rim of iron-

rich biotite. B) Crack in quartzite filled with cataclastic quartz-fragments cemented by biotite.

6.3.2. DEFORMATION
No S1 or S3 cleavage in the quartzites can be observed. However, layering parallel pressure

solution surfaces with intervals of several centimetres exist, but they are neither penetrative nor
dense enough to use the term cleavage or schistosity. On microscale, the quartz grains show
evidence for intracristalline deformation. In relevant sections, quartz shows preferred orientation
of grain boundaries and deformed grains. Quantification for this fabric aspect will be given in an
example in the appendix. According to the amount of deformation visible in the components of

the quartzites, 3 different types can be distinguished:

1. Low-grade quartzite
2. Medium-grade quartzite

3. Non-metamorphic quartz veins
Low-grade quartzites:

They represent the main constituent of the quartzites. Grain size of the single quartz minerals
varies from about 50 ym to 500 ym (depending on their stratigraphical position; see latter para-
graph). The detrital grains can be seen in CL-images. The blue colour in CL images proposes
quartz grains derived from plutonic rocks and brownish colours mean quartz from metamorphic
rocks (Gotze et al, 2001). The luminescence colours of quartz often change with increasing time
of electron bombardment. Figure 24a shows a blue, plutonic quartz that gradually changes to

brown colours, in other words low metamorphic quartz. So, if a quartz grains are of plutonic ori-
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gin but suffer low-grade metamorphism, their luminescence colour will change from initially blue

to finally dark brown (Richter et al, 2003) as it is the case in these low grade quartzites.

%

250 ym, SE

Figure 35: CL (a) and XPL (b) images of the low grade quartzite. The CL picture shows the detrital grains and
diagenetic cement. Blue and violet colours indicate quartz from plutonic rocks; brown colours mean quartz
from metamorphic rocks. Provenance of the quartz may be some granitic source. Afterwards the rock is
affected by low grade regional metamorphism. The CL also reveals inner structures of the grains. The grain
in the middle of the image has several internal cracks, which are cemented by diagenetic quartz.

Deformation evidence in the quartz minerals are deformation lamellae, undulouse extinction and
bulging. Deformation lamellae are very small, linear structures with a high optical relief that
penetrate single crystals (< 1 ym) and consist of very small fluid inclusions and elongated sub-
grains (Passchier & Trouw, 1996). They normally appear in low-grade rocks. Undulouse extinc-
tion is another evidence for intracrystalline plastic deformation. It originates by distribution of
dislocations all over the crystal and consequent bending of the crystal lattice. Bulging, or low-
temperature grain boundary migration (LTGBM), signifies the penetration of one crystal into the
other. This happens because of different dislocation densities. The crystal with lower dislocation
density consumes the one with higher dislocation density by migration of the grain boundary.
Altogether these mechanisms indicates deformation temperatures less than 300° (Passchier &
Trouw, 1996), what also coincides with the suggested lower greenschist facies metamorphism

in this area, reported by several authors (Suaréz et al. 1990, Quesada, 1992).

Quartz veins, which have developed in-situ prior to hercynian deformation, are also affected by

the identic deformation mechanism like the quartzites.

54



Figure 36: a) BSE Image of the quartzite. No chemical difference can be observed within the quartz. Grain
boundaries have slightly brighter colours, meaning higher amount in iron, which is due to the existence of
micas on the boundaries. B) Low-temperature grain boundary migration (LTGBM) and sweepy (or patchy)

extinction in quartz.
Medium-grade quartzites

As well in the cataclastic zones as in the quartzites itself, components made up of medium
grade quartz can be found. These are supposed to be detrital grains of high-grade metamorphic
rocks, which were sedimented together with finer material.. Generally a stronger imprint of de-
formation than in the low grade quartzites is visible, so all deformation evidences are better de-
veloped. One additional mechanism of deformation that appears is the subgrain rotation (SR).
The evolution of subgrains in a single crystal evokes from a high density of dislocations. Dislo-
cations tend to concentrate on newly developed boundaries, until the lattice of the subgrain is
rotated or tilted to an amount, that it is no longer seen as part of the parental grain (Passchier &
Trouw, 1996). The accumulation of dislocations is only possible if they are relatively free to
move in the lattice (by processes like dislocation climb). This movement gets more likely when
temperature rises. Subgrain rotation in quartz happens at temperatures above 400° (Passchier
& Trouw, 1996).
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Figure 37: Metamorhpic detrital quartite. A) Subgrain rotation recrystallization (SR) in a coarse grained me-

dium-grade quartzite. B) Aggregate of a medium-grade quartzite in a cataclasite.

Figure 38: a) CL image of metamorphic quartzite (brown colours). Quartz in the middle (black colors) is
authigenic; the yellow crack in the middle (not visible in XPL) is quartz of possible hydrothermal nature,
(Gotze et al., 2001). In the lower left and upper right, beginning cataclastic deformation can be seen. Light-
blue areas are voids. b) XPL of the same section. Detrital grains have some kind of filthy aspect in contrast to

diagenetic cement which appears clear.
Undeformed quartz-veins

Sample P16/09 was selected for detailed investigations, because it contains two different kinds
of quartz-veins. One of them shows medium-grade metamorphism and second one is none-
metamorphic. Besides this, also low-grade quartzite and medium-grade quartzite come into
contact. The non-metamorphic veins do not show any evidence for intracrystalline deformation
in the optical microscope. They must have developed clearly after the metamorphic events F1

and F3. However, they are affected by the cataclastic alpine deformation.

Through circulating fluids, quartz crystals grow along fracture interfaces in the rock mass. The
growth orientation is the same than that of the preexisting grains. The crystal growth happens in
several periods. Earlier accretion rims were overgrown and the void was filled progressively.

The opening of the vein was in two steps at least. The first generation of quartz growth is authi-
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genic, grown during the opening of the crack. Evidence for this comes from CL observations.
The luminescence of a mineral is, among other things, dependent of the amount of lattice de-
fects (Gotze, 2002). If a mineral grows slowly with all its constituents available at all times, it will
crystallize very pure and will incorporate only few lattice defects. Such minerals will not show
any luminescence and de facto will be black in CL images. This is also the case for authigenic
quartz (Gotze et al., 2001). On the other hand, crystals which grow very fast, for example de-
veloped from hydrothermal or volcanic media, will not crystallize perfectly and consequently will
show this in CL images (Habermann, 2002). Quartz that appears in the center of the unde-
formed vein in sample P16/09 shows yellow luminescence colours (spectral range ~560-600
nm). Gotze et al. (1999) describe this CL emission band with a high content in oxygen vacan-
cies inside the crystal. Often it is found in relation with hydrothermal activities and acidic volcan-
ism. Here it is probably related to low- to medium-tempered fluids that were pumped through the
rock mass during seismic slip events. During interseismic phases, fluid pressure rises to a criti-
cal values at the interfaces of the seismic faults. During seismic events, newly formed cracks
and joints provide a transport media for the fluids and by this way the fluid pressure is reduced.
This mechanism is denominated as fault-valve behavior (Sibson, 1977). Not only the formation
of quartz veins but also fluidization of cataclasites (see chapter 6.4) may be a consequence of
this seismic pumping (Sibson, 1990). The quartz in the center of the vein also shows geometri-

cal zonation. This is attributed to alteration in chemical composition, probably the content in rare

earth elements (REE) that also contributes a lot to luminescence phenomena.

Figure 39: Low-grade quartzite (upper left), medium-grade quartzite (lower right and upper right) and non
metamorphic quartz vein (center) united in one image. The PL image in a) shows accretionary rims along
former interfaces. The material in the center is hydrothermal quartz. Outside of the rim, the quartz vein is
made up of authigenic quartz (evidence from CL images, see fig. 40 a) XPL image (b) shows contact of low-

grade and medium- grade quartzite (upper left). Along the vein boundaries, linear cataclastic features appear.
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Figure 40: Medium-grade quartz veins (dirty) and non metamorphic veins (clear) in contact. a) PL. b) XPL.

New formed quartz uses preexisting crystal growth orientation.

Figure 41: CL images of the non metamorphic quartz veins of sample P16/09 and their XPL counterparts. a)

CL image of the fringe of the quartz vein. Brown elongated body in the middle is metamorphic quartzite
coated by non luminescent authigenic quartz. In the center of the vein the quartz is highly luminescent,
caused by defects in the crystal lattice (see text). b) XPL picture reveals only the different grain sizes of vein
and quartzite. ¢) Center of the vein, showing a fine band of cracks. The quartz crystal exhibits a geometrical
zonation, what is attributed to different chemical composition, possibly the content in rare earth elements. d)

XPL image of the same section.
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6.4. CATACLASTIC ROCKS

The spatial distribution of the cataclastic rocks is described in chapter 5.3. Samples of incohe-
sive cataclastic material were taken from the cemented ridges (of the D- and the Q-structures)
and from the core of the faults (Locations see fig. 23 in chapter 5.3). Incohesive cataclasites
from the damage zone were not sampled, because it was not possible to extract material from
the wall without disaggregation of the rock. According to the amount and type of deformation the
rocks have suffered, three distinct end members of cataclasis may be distinguished. The fault
gauge of the large faults is made up of very fine comminuted material, denominated as ultra-
cataclasite. If friction between grains and stress at contact points of grains exceeds their me-
chanical strength, they will crush and be separated in smaller grains. This process continues
until the energy between the grains is not big enough to induce further comminution. Subse-
quently the grains only frictionally slide besides each other to accommodate further deformation
(Sibson, 1997). This state is called cataclastic flow. Further away from the faults the internal
deformation energy ceases and clasts may be cracked but the counterparts will not be sepa-
rated. This type of cataclasite is called protocataclasite. Finally cataclastic zones that contain
transported fluidized material are denominated as fluidized cataclasite. Fluidization is a proc-
ess, when high pressure fluids infiltrate in the fault zone and mobilize the fault material (Mon-
zawa & Otsuki, 2003). In such cases, the cataclasites behave like a fluid that can migrate
through the rock along cracks or joints. Fluidization of fault material is always related to seismic
activity (Smith et al., 2008).

As already stated, the upper mentioned types represent end members of possible cataclastic

types. In general, the cataclasites represent the transition between these end members.

6.4.1. COMPONENTS OF THE CATACLASITES
The components may be all types of quartzites which have been described in the previous

chapter. The range in size is very broad; the lower limit for the recognition of a single compo-
nent in the optical microscope is about 50 pm but may be much smaller in ultracataclastic ar-
eas. Aggregates of quartz minerals are always considered as components of the cataclasite
even if they are smaller than 50 ym. Other minerals, like micas or ore phases, are always

counted as part of the matrix, because they rarely exceed the 50 ym grain size.
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Figure 42: Millimeter-sized component of a medium-grade quartz-vein in a cataclasitic zone. A) CL image. B)
XPL image. During deformation, small parts are spalling off the edges, consequently diminishing and round-

ing the component.

6.4.2. MATRIX
The matrix consists approximately 80 % of fine quartz minerals (except the core zones in cata-

clastic veins). The rest is made up of fine micas, ore phases and heavy minerals which also
appear in the quartzites itself. In many cases, the matrix is altered by iron-hydroxide-bearing
fluids which leads to alteration of its constituents to a finely disperse distributed mass of goethite
and hematite (Limonitization). In plane light the matrix gets a dark brown colour. The dark col-
oured, altered matrix gives a very good contrast to the incorporating components. This is espe-

cially useful for grain size analysis of the cataclasites (see chapter 7).

Fault gauge from the FII fault (sample PFC 01-09) and the ultracataclastic core zone of a cata-
clastic vein (sample PFC 04-09) were analyzed with X-ray powder diffractometry to reveal their
mineralogical composition (see fig. 43a). The fault gauge consists of quartz, muscovite, kaolin-
ite, halite and gypsum. Halite and gypsum may be due to influence of sea water. On the other
hand the existence of kaolinite is very interesting. Kaolinite usually develops from feldspars (es-
pecially from plagioclase) as a secondary alteration product. In the quartzites, no feldspar is
incorporated; consequently the kaolinite has to be transported from the upper lying, feldspar
containing slates. The mechanism responsible for material transportation during fault movement
is cataclastic flow and/or fluidization. The minerals in the core zone of the cataclastic vein con-
sist of quartz and muscovite and traces of chlorite. One part of the micas must have been
transported by fluids or cataclastic flow into this core zone. These zones are therefore supposed

to be affected by fluidization.
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Figure 43: a) X-ray diffractometry results of PFC 01/09 (fault gauge) and PFC 04/09 (core zone). b) Core zone
of the cataclastic vein in the outcrop (PFC 04/09). The sample was extracted from the black material in the

center.

Additional evidence for fluidization of fault material comes from a flow texture within very fine
grained, mica rich matrix. The flaky micas are orientated in the flow direction in the fluidized
state. Quartz clasts, with non-spherical shapes, seem to have some sort of shape preferred
orientation in the matrix. But this is hard to quantify in thin sections. In chapter 7 possible pre-

ferred orientations of quartz components are quantified.

Figure 44: Possible flow regimes of fluidized materials. a) Fine grained, mica rich matrix simulates flow. XPL

b) CL (left) and PL image (right) of matrix, altered by Fe-hydroxide fluids. The quartz components show some

kind of preferred N-S orientation. Note the sharp contrast of matrix and components.

6.4.3. ULTRACATACLASITE
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Figure 45: Different aspects of ultracataclastic material. A) core zone. Brown colour is from Fe-bearing fluids,
different generations are visible. B) detail of a); Components are subangular to rounded. C) Fault gauge in
contact with intact quartzite; In the center a cataclastic injection-dike is visible. Fine material from the fault
gauge is injected in the host rock. In the course of this, material is spalled off the wall of the dike; fault gauge
material is finer, what means that slip movement continued after the injection. Cracks on the interface be-
tween gauge and quartzite mark the damage zone of the ultracataclastic zone. PL. d) interpretation sketch of
c). e) +f) Cleavages in the core zones. S // and S //" are parallel to shear zone boundary. Both are frontal sec-

tions, so no shear sense is visible. PL.

Ultracataclastic zones are defined to consist of mainly matrix, so they lack components of grain

sizes higher than 50 uym. The very fine material is generated as a consequence of strain ac-
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commodation in these zones. The fine quartz components in the matrix (they are called compo-
nents, even if they are beneath the 50 ym grain size) are well rounded and have spherical
shapes. A typical ultracataclasite, for example, is the fault gauge, but also inside the cataclastic
veins there are areas with very fine cataclasites. In several samples different generations of
ultracataclastic material can be distinguished. The different generations are visible by different

colours.

One sample (P10/09A) was taken directly from fault Fll. There the fault gauge and wall rock are
directly in contact (fig. 44 ¢ + d). The section shows a central ultracataclastic zone and a cata-
clastic dike that intrudes into the quartzite. The material within the dike is of coarser grain sizes
and parts of the wall rock are spalled off and incorporated. This material was injected from the
fault gauge in an opened crack and in the course of this event also parts of the quartzites were

broken off. This is good evidence for fluidization of the ultracataclastic material.

If an ultracataclasite is developed, in the center of cataclastic bands secondary foliation occurs
(see fig. 44 e + f). In shear zones, when cataclastic material is generated, a certain normal
stress component exists. One foliation, visible in the core zone, is due to pressure solution in-
duced by this normal stress and is parallel to the shear zone boundaries. Another foliation exists
which is oblique to the shear zone. The nature of this cleavage also suggests pressure solution
mechanism but its origin is not clear. There has to be some shortening regime perpendicular to

the shear zone that produces pressure solution and consequently a visible foliation.

6.4.4.PROTOCATACLASITE

Clasts, that are cracked but not completely disaggregated and therefore remain in its usual po-
sition are considered protocataclasites. In some cases the cracks are healed by cement. The
mechanisms that are responsible for cracking the clasts are referred to mechanical forces be-
tween the grains or infiltrating over-pressured fluid. Protocataclasites may be the predecessors
of any other cataclastic material, but not necessarily. Another mechanism to produce smaller
counterparts of a larger grain is spalling. Then, only small parts on the edges break off and are

further comminuted in the shear zone.

63



Figure 46: Protocataclasite. A) CL image, blue areas are pore space. B) XPL image.

6.4.5.FLUIDIZED CATACLASITE

One aspect of fluidized materials already was shown in figure 44 ¢ + d. Fact is, that in the core
and damage zone of the main strike slip faults cataclastic veins exist, which have completely
different orientations than the faults. Precisely they cannot be kinematically related to the fault
system. In addition to it, they do not show movement indicators. So the cataclastic material in
these veins is not produced in-situ but transported from other locations, which are the fault
gauge zones. Several authors have worked on fluidized material and proposed indicators to be
able to identify fluidization exactly. Monzawa and Otsuki (2003) state that the comminution of
grains in fluidized cataclasites ends with a certain grain size and this would be visible in GSA.
Other authors (Smith et al., 2008) establish the preferred orientation of grains as a valuable evi-
dence for fluidization. Grain shape analysis is the best tool to prove this. The following chapter

will present whether these statements are correct or not in respect to the available samples.
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7. GRAIN SIZE ANALYSIS (GSA) OF FAULT ROCKS

Grain Size Analysis (GSA) is a very useful and modern tool to describe and classify fault rock
material. The idea is to measure different parameters of single components of fault rocks and
then find the best fitting mathematical model that describes their spatial distribution within the
rock mass. First steps to achieve particle size distributions (P.S.D.s) of fragmented geological
materials were made with incohesive rocks, by sieving and consequent fractionation by grain
size (e.g. Krumbein & Tisdell, 1940). The relation mass vs. grain size was used to describe dis-
tributions. Best mathematic descriptors are the Mass-size Power Law Relation and the Weibull
Relation (Blenkinsop, 1991). Nowadays GSA is made by computer assisted image analysis of
2D-sections of fault rocks. Advanced image processing software allows automatic detection of
grain boundaries and measures different parameter for each grain. The results are then statisti-

cally evaluated in spreadsheet programs.

7.1. FRACTAL RELATION D
Investigations have shown that the set of grains in a natural fragmented geological material has

a fractal dimension (i.e. a non-integer dimension)(Blenkinsop, 1991). To describe natural frac-
tals one benefits from the scale-independent character of such sets. The dimension is deter-
mined by applying log(N) versus log(¢) in the so-called Log-Log Plot. In the case of fault mate-
rial N means the number of grains smaller than the size fraction €. The fractal dimension is then
derived by the fractal relation N(e)~ €®. In the range of small e-values the plot gets linear with a
mean slope of D. If the linearity is given over several orders of magnitude of e-values the fractal
relation is said to be natural. The mathematical relation was improved by several authors, for

-fla

example Otsuki (1998) introduced the modified power function P—Nﬁt—{lj{DRJ ] ,

c

where P is the fraction of N grains larger than diameter D of the total amount of grains, Nt. D, is
the minimum diameter of grains where the curve cuts off (resp. loses its linearity). a is a meas-

ure for the sharpness of the cutoff and f is the fractal dimension (Montsawa & Otsuki, 2003).

Analysis of grain size distributions from 2D-sections gives evidently different results than 3D
measurements would give. Two phenomenons are responsible for this error. Firstly larger parti-
cles have a higher probability to be intersected in a thin section and therefore are overrepre-
sented (The sampling effect), secondly a 2D section will show a smaller mean particle size than
the real 3D value would be (Truncation effect)(Blenkinsop, 1991). Exner (1972) introduced the

term "tomato-salad problem” for this phenomenon. Mathematical solutions for this problem exist
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only for artificial sets of spheroids but not for natural cracked material. However, a major advan-
tage of the fractal description is that the fractal dimension of a 3D distribution is higher by 1 than
the 2D distribution (Sammis et al., 1987). So the D3p value is simply derived by adding 1 to the
D,p value. Values expressed in this work are always 3D values, a common practice in literature

and therefore the values can be directly compared.

7.2. PROCEDURE
Analysis of cataclastic material was made only in suitable sections. Suitable means, areas

where components and matrix can be clearly distinguished from each other. This is mostly the
case, when the matrix has suffered alteration and iron phases color the matrix dark brown. A
sharp contrast is crucial for the automatic detection of the single grains in digital image analysis.
Both, digital images from the optical microscope and BSE-images were used. The magnifica-
tions have been varied in two samples to study any possible variation within a single set, follow-
ing the procedure suggested by Monzawa & Otsuki (2003). Working with several magnifications

will show effects that are related to the scale of view. The studied samples are:

Sample/Picture Type Structure Magnification Ol | BSE | Manually
P5 Cataclasite D 12.5/50/100/200 | x
P11 Coarse cataclasite - 25/50/100/200 X
P8 A/ 04 Protocataclasite R 25x X X
P10 B/ 01 Cataclasite FG 50x X X
P17 A/ 004 Cataclasite / F Q 600x X
P17 A /005 Cataclasite / F Q 450x X
P17 A00s | COreZonel e | q 800x x x

Some of the images have been digitalized manually, in order to have compare results with the
automatically digitalized images and to increase the quality obtained with automatically digital-
ized pictures. The analysis software used is ImageJ®, a Windows® based freeware application.
Grey-scale images are processed with various implemented tools to achieve a good contrast
and then transferred to binary images, where each pixel only has 1 or 0 values. Binary images
are furthermore edited by removing or adding pixels (erode and dilate process) until the image

subjectively reflects the real microstructure.
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Figure 47: Procedure in GSA with ImageJ®: From top left to lower right: @) binary image (automatically digital-

ized); b) after 4x erosion process; c) after 4x dilation process; d) analyzed outlines; e) analyzed best fit ellip-

SEes.

After the parameters are set in the software (see next paragraph) the particles are analyzed and
the results are exported into a spreadsheet program. There the Log-Log Plot is made and the
fractal dimension is calculated. Further parameters quantified in the spreadsheet: Aspect ratio
vs. log (N); circularity vs. number of particles and the orientation of the ellipse angle (to reveal a

possible shape preferred orientation).

7.3. PARAMETERS
In GSA different parameters can be directly measured in the images and others are mathemati-

cally derived from them. Two groups of parameters are distinguished. Size describing and
shape describing parameters. An overview of parameters, partly used in this work is given in
figure 47. Several new shape parameters and software applications have been introduced re-
cently. For example Heilbronner & Keulen (2006) worked with the Paris Factor and matrix den-
sities to map whole sections and determine protocataclastic and ultracataclastic areas. This

work deals with D-values, aspect ratios, circularity and ellipse orientation.
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Size Descriptors - Measured Parameters:
Reference Horizon Area A
Perimeter P
Feret Diameter x._,,
) < Area of convex Envelope A;
\ Perimeter of convex Envelope P,
Major Axis of Best Fit Ellipse e,
Minor Axis of Best Fit Ellipse e,

equ

derived calculations:

Particle

Equivalent Circle Equivalent Diameter d.,, = 2*Squrt(A/m)
Equivalent Perimeter P, = d.,, 11
Mean Size (Blenkinsop, 1991): (x... - feret,,)/2

Shape Descriptors:

Aspect Ratio AR = ¢, /e... (Ellipticity)
Circularity = 4*Pi*(A/P?)

Roundness = 4*A/(mr*e, %) or 1/AR
Solidity = A/A;

Paris Factor = 2*((P-P.)/P:)*100 [%]
DeltA = ((A--A)A)Y*100 [%)]
(Heilbronner & Keulen, 2006)

Convex Envelope

Figure 48: Parameters used in GSA

7.4. RESULTS OF THE SINGLE SAMPLES

7.4.1.P5
For sample P5 and P11 an area within the thin section was selected and consequently photo-

graphed with different magnifications in the optical microscope. For every single magnification
the GSA was accomplished. The grain size interval, taken into account for D-value calculation,
had to overlap with the respective neighbouring magnification to a certain amount. Finally the
single D-values were normalized and combined in a global D-value. The reason for this proce-
dure is to examine the influence of scale on the calculated parameters. The results will show the

reasonableness of the method and, in case, will reveal systematic errors.

Sample P5 was taken from one of the cemented cataclastic crests, namely from a R-structure.
Microscopical observations show two distinct generations of cataclastic material. One genera-
tion of brown colour and coarse components and the other of very fine, white material that
seems to have been injected. The images are from the fine, possibly fluidized material. The

components are angular to subangular, but not rounded.

The results show a decrease of D with increasing magnification. This means, small grain sizes
are underrepresented in higher magnifications (or in the smaller grain size intervals). An overall

weighted D-value was calculated within the fractal range of 10 ym and 1000 ym: DP5 = 2.848

The matrix content is 68.57%/70.57%/76.82%/83.07% for 200x/100x/50x/12.5x magnifications.

The mean matrix content is 74.75 % .
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Figure 49: Cataclastic material from sample P5 and Log-Log Plot. D-value was derived by normalization of
the single D-values of each magnification. The numbers in the legends are the grain size interval boundaries

and the microscope objective magnification. Dashed lines tag the fractal range (2 decades in this case).

1.2 Log(#) -AR Plot . .
0.45 - Circularity -P5
1.0 gg 04 | Particles in different Magnifications
| ‘3‘%;@@3 0.35 1
0.8 EXBRe 02788
By SRy 0125 g o3|
® RS <., s
S 06 g A X-\e_ X 5x £ 025 |
3 ~H RGN at0x | T ]
0.4 1 ~E R oA R 020k | S o4
0.4592 - % 5 0154
0.2 - \“\.X 0.1 4
o o 0.05 -
0.0 ‘ ‘ ‘ ‘ ‘ 0
1 1.5 2 25 3 35

Aspect Ratio Circularity = 4*Pi*(A/P2)

Figure 50: Aspect Ratio vs. log (number of grains); with decreasing grain size the grains get more equal in

shape. Circularity is higher in higher grain sizes (explanation see text).

Besides the D-value, the aspect ratio (or also called ellipticity) and the circularity (approximation
of the particle to a circle) were calculated. The semi-logarithmic plot of aspect ratio vs. grain
numbers also reveals linear behavior. Additionally can be stated that with increasing magnifica-
tions (and consequently with decreasing grain size) the shape of the grains get more equal.
This is a natural phenomenon, because smaller grains are supposed to be affected by more
shear deformation (i.e. cataclastic flow) and therefore more equal in shape. The plot circularity
vs. count of particles within an interval shows rounder particles in lower magnifications. This is
somewhat strange and is related to systematic errors of the digitalization, because sometimes
grains that are in contact at one point are treated as one grain only. Its perimeter is then quite

too large in relation to its area, so circularity (which is too high for these grains).

7.4.2.P11
Sample P11 was taken non-orientated from the damage zone. In this area, sampling in the wall

is not possible, due to the fragile state of the rocks. A lot of cataclastic veins appear in this area
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with orientations parallel to the main faults. In the thin section a wide range of grain sizes ap-
pears. None of the components are rounded and they are incorporated in a very fine-grained
white matrix. Slip indicators are missing, though in some veins in the outcrop slickensides
where observed. The cataclastic material is supposed to have developed from little mechanical

comminution of the host rock and to the main part from fluidization.
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Figure 51: PL-Photograph (50x) and log-log plot of the sample P11. Same fractal range than in Sample P5.
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Figure 52 Aspect ratio and circularity plot for sample P11

An overall weighted D-value was calculated within the fractal range of 10 um and 1000 pm: DP5
=2.52

The matrix content is 57.47%/56.88%/61.78/60.21% for 200x/100x/50x/25x magnifications. The

mean matrix content is 59.01 %.

The aspect ratio plot also shows variation with different magnifications like in sample P5. How-
ever, the circularity is constant in this analyzed sample. The picture quality is somewhat better
than in the latter analysis, and the error made by automatic digitalizing is much smaller in this

case. The shift in the aspect ratio plots for the different magnifications is smaller in this sample
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than in sample P5 but the plot generally has the same aspect. Circularity plots are equal for all

magnifications, so there is no longer a systematic error in the measurements.

Figure 53: Protocataclasite in Section P8; a) PL image; b) digitalized mask.

A protocataclastic section in sample P8 was digitalized manually from an optical microscope
image. The smallest grain sizes considered for digitalization are about 5 um in its longest axis.
The matrix content is 32.78 %. The log-log plot has no good linear correlation. There is a large
cut-off in the small grain size area and the curve is non-linear. For this case, the D-value is cal-
a -pla

pP=—= =
culated with the modified power function Nt . (Otsuki, 1998). The cut off
diameter is set to 180 ym, a is 1.8 and a B-value of 1.53 is derived. The 3D D-value then is D =

2.53.
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Figure 54: Log-Log Plot of P8 and the modified power function

71



7.4.4.P10

Figure 55: Images of sample P10; Left: photo from optical microscope; Right: manually digitalized.

Sample P10 was automatically and manually digitalized, to see if significant differences occur.
The sample is supposed to be a mix of ultracataclastic and protocataclastic material. The matrix
content is 60.8 % for the manually digitalized image and 62.4 % for the automatic digitalization.
Again the log-log plot does not fit a linear distribution over a wide range, so the modified power
function is used to calculate the D-value. Dc is setto 75 ym and a is 1.7. Then the D-value (3D)
is 2.65. The grain size distribution of the two images does not differ strongly. So it is convenient
to use only automatically digitalized images if possible (i.e. if a good contrast between grains

and matrix is given).
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Figure 56 Log-Log Plot for sample P10; GSD for manually and automatically digitalized images are similar.

7.4.5.P17
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Three different BSE-images of sample P17 have been analyzed. One of them was manually
digitalized. The images are from core zones of a cataclastic vein and comprise of very fine ul-
tracataclastic material. Mean matrix content is 62.5 %. The power function delivers D-values of
about 2.8 but the function does not fit very well the distribution. Here the linear regression gives
best values, and the D-value is calculated to 2.92. The mean grain size is considerable lower

than in the other samples, and the D-value is the highest.
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Figure 57: GSD of sample P17; left: approximation with power function; right: linear regression that fits the

distribution best.

For this sample, shape preferred orientation measurements of the grains have been carried out.
Only grains with an aspect ratio higher than 1.5 were considered. The results show a certain
preferred orientation, but statistical calculations show that they are not significant. Therefore,
wether fluidization plays a role in the formation of the cataclasites of sample P17 or not can not
be proved by shape measurements. The suitability of shape fabric measurements with GSA is

demonstrated in an example in the appendix.
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Figure 58: Polar plots for grain orientation of sample P17.
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7.5. SUMMARY OF THE RESULTS

Sample Type D-value Approximation Matrix con-
(3D) function tent [%]
P5 Cataclasite 2.85 Linear 74.75
P11 Cataclasite 2.52 Linear 59.01
P8 A Protocataclasite 2.53 Power 32.78
P10 B Cataclasite 2.65 Power 61.5
P17 A Fluldized Satacla- | 5 92 Linear 62.5

P5 and P17 have the lowest mean grain sizes and the highest D-values. The negative correla-
tion of mean grain size and fractal dimension D for natural fault materials was already stated by
Blenkinsop (1991). Cataclastic samples, which only have developed by mechanical comminu-
tion (P10 B) have D values of about 2.6. Similar values for fault gauge material are also given
by other authors (Sammis et al, 1987 or Sammis & Biegel, 1989). In this case, the high D-
values in the samples P5 and P17 may be related to further cracking of larger grains by the aid
of fluids. The particles transported in fluidized marterial during a seismic pumping event have
high kinetic energy (Monzawa & Otsuki, 2003) and are able to fragmentate larger grains in the
case of a collision, thus increasing the fractal dimension of the grain size distribution. Therefore
the samples P5 and P17 are regarded to be related to fluidization. Protocataclastic material has
slightly lower D-values, starting at 2.5 (P8 A), which is also stated in other publications (Heil-
bronner & Keulen, 2006). In the end it is clearly stated, that fluids were responsible to a certain

state in the development of some cataclastic zones.
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8. CONCLUSION

Following conclusion can be made from investigations in the course of this thesis:

[

The antiformal bulge, the socalled Portizuelo Antiforme, is a F3-related dome-like struc-
ture made up of quartzites of the Cabos Series, sand- and siltstones of the Transition

Zone and slates of the Luarca Formation.

The different rheologies of the units result in a quite distinct evolution of deformation
structures. Hercynian deformation is best recorded in the soft layers of the Luarca
Slates. There, intense secondary folding and cleavage occurs. The hard quartzitic rocks

of the Cabos Series are characterized by brittle deformation.

Two big faults crop out at the beach. They are left-lateral NE-SW striking transform faults
with a certain thrust component. The total offset of the rocks along the fault is about 130

meters. The evolution of the faults is related to alpine deformation.

Cataclastic veins are abundant in the damage zone and are related to the fault system.
They crop out as hardened crests in the abrasional platform. Concerning the spatial dis-
tribution, three different sets can be distinguished. They are bound to preexisting planes,
like joints, stratigraphic boundaries and quartz veins. Microscopic examinations show the

beginning cataclasis at such weak spots.

Some cataclasites have an intrusive character, and crosscut the rockmass like volcanic
dikes. They are supposed to have generated during seismic events and comprise of flu-
idized fault material. Fluid pressure rises during interseismic phases until a critical value.
During the subsequent seismic slip, cracks are opened and the overpressured fluids,
consisting of a liquid phase and cataclastic material, infiltrate the rock. The liquid phase

cements the incohesive cataclastic rocks.

Grain Size Analysis (GSA) shows different fractal dimensions for protocataclastic, cata-
clastic and partly fluidizes material. Evidences for fluidization are higher D-values, be-
cause larger grains are further crushed by colliding particles. D-values of fault gauge
material are in the range of 2.6. D-values for suspected fluidized cataclasites are around
2.9.
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APPENDIX

|. SHAPE PREFERRED ORIENTATION OF QUARTZITE

For one section of the quartzites from the Cabos Series a shape analysis was made, concern-
ing the preferred orientation of the grains. This is done the same way like with the cataclastic
components of sample P17, by measuring the orientation of the equal-area best fit ellipse of
each grain. The orientations are subdivided in intervals and weighted with their frequency. The
results are illustrated in a polar plot diagram. Only particles with aspect ratios larger than 1.5

have been considered.
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Figure 59: Quartzite used for shape preferred orientations measurement. Left: XPL image; Right: digitalized

outlines of the grains.
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Figure 60: Polar plot of weighted orientations.

82



The results show a statistically relevant shape fabric, approximately E-W in the image. So the
metamorphic events (in this case F1) caused a preferential orientation of the already existing
grains. In this case GSA was made to show the suitability of the method to identify any shape

fabric of particles in a rock.

[I. SPREADSHEET FOR GSA CALCULATIONS
For further use, 4 Microsoft™ Excel™ spreadsheets are attached to this thesis in a CD-Rom. In

this spreadsheets the GSA calculations have been made. The polar plots have been made with
the shareware add-in Polar Plotter v.1.5 ©2004 by Andy Pope, which can be downloaded from:

http://www.andypope.info/charts/polarplotter_addin.zip. For the use of the spreadsheet, just

copy data from the image analysis software in the data sheets. Make sure you insert the same
calculated parameters than those from this thesis. Additionally the processed images used for
GSA are attached.
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