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Abstract

In the recent decade, there is an increased interest in the processes active at the base of the
seismogenic crust, with a particular focus on the evolution and characterisation of elevated fluid
pressures that could possibly drive fault rupturing and initiate major earthquakes. The base of the
seismogenic zone, however, is not directly accessible. One of the possibilities to overcome this
research problem is the study of natural fossil analogues to pursue a better understanding of the
formation and evolution of these overpressured fluids at relatively great depths. Within the broad
framework of natural analogues, vein studies provide an important insight in the characterisation of
fluids and the role of fluid pressure during a complete deformation cycle. In vein analysis, an
extensive interdisciplinary approach is required in order to determine a fluid-assisted deformation
during orogeny.

This research project focuses on overpressured fluids that are generated in a sedimentary basin during
late burial that is affected by an incipient tectonic shortening at the onset of orogeny. Quartz veins that
result from the overpressures in sedimentary basins preserve valuable information on the metamorphic
fluids which were present during burial and subsequent orogenic deformation. A detailed geometric
and kinematic structural analysis of several successive quartz vein types has been performed to allow
constraining a geometric evolutionary model of the emplacement of these different, successive veins
with respect to structural features such as bedding, cleavage, folds and faults. This model is refined by
means of a pervasive microstructural and microthermometric analysis of the vein infill in order to
implement physico-chemical parameters such as formation temperature and pore-fluid pressure.
Ultimately, this study aims at understanding why, how and when fluids become overpressured and
how they subsequently evolve at the onset of orogeny.

More specifically, the study focuses on Lower Devonian multilayer siliciclastic metasediments that
were deposited in the Ardenne-Eifel basin. This basin formed part of the northern passive margin of
the short-lived Rhenohercynian Ocean which was closed during the Variscan orogeny. These
metasediments are currently exposed in the High-Ardenne slate belt (Belgium, France, Luxemburg &
Germany), which belongs to the central part of the Rhenohercynian foreland fold-and-thrust belt in the
northern extremity of the Central European Variscan belt. The rocks, in which quartz veins frequently
occur, are studied in the north-eastern part of the High-Ardenne slate belt (Rursee, Urftsee; North
Eifel; Germany) and are affected by a very low-grade metamorphism, which is considered to have a
burial origin, pre- to early synkinematic with the prograding Variscan deformation. This
metamorphism documents the peak of subsidence and sediment accumulation (~7 km) prior to the
main Variscan contraction of the basin.

The analysis focuses on two successive quartz vein types, oriented normal and parallel to bedding
respectively, in which the very low-grade metamorphism is reflected. A first vein type consists of
several generations of bedding-normal veins that remain perpendicular to bedding around the
characteristic, NW-verging, upright to overturned folds of the North Eifel, thereby clearly predating
the main Variscan contraction and fold-and-cleavage development of the slate belt. The planar to
lensoid veins are mostly restricted to competent sandstone layers, although they sometimes continue
into the adjacent incompetent layers, refracting at the competent-incompetent interface, similar to
cleavage. The fabric of the bedding-normal veins predominantly shows a fibrous to elongate-blocky
vein infill in which the fibres or the elongated crystals are oriented at high angle to the vein walls.
Both syntaxial and ataxial growth morphologies are recognised. Repetition of host-rock inclusion
bands internally in the vein quartz reflects episodic opening of the vein by the crack-seal mechanism.
Pseudosecondary fluid-inclusion planes, oriented at high angle to the crystal fibre walls and reflecting
intracrystal healed microcracks, confirm that crystal growth occurred by incremental crack-seal steps.
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The specific orientation of fluid-inclusion planes and host-rock inclusion bands indicate that the veins
are extension veins which originally grew in Mode | fractures in a rock that was already significantly
reduced in porosity during burial. The fluid-inclusion planes have been particularly useful as a
microstructural marker to reconstruct the stress state in the basin at the time of vein formation. In this
respect, the maximum principal stress (c1) was still vertical, corresponding with load of the
overburden (oy) and the veins opened parallel to the least principal stress (o3), that roughly indicate
the extension direction in the basin. The propagation of fractures during vein formation occured in the
o1 - o, plane. Secondary inclusion planes, corresponding to post-veining transcrystal microcracks
oriented parallel to the vein walls, evidence that microcracks still developed after opening of the
extension veins but still in a similar stress regime as the pseudosecondary inclusion planes.

The consistent pre-folding orientation of bedding-normal veins in the North Eifel corresponds to the
pre-folding orientation of intermullion quartz veins in the central part of the High-Ardenne slate belt
(Ardennes, Belgium) highlighting that this veining event occurred regionally. The (micro)structural
analysis of bedding-normal veins eventually shows that these veins developed at low differential stress
during the latest stage of the extensional stress regime and reflect a regional NW-SE opening of the
Ardenne-Eifel basin. A structural change of the pre-folding vein orientation from NW-SE (Ardennes)
to NNW-SSE (Eifel) is probably related to a post-veining oroclinal bending of the slate belt during the
main Variscan contraction due to the presence of the rigid Brabant basement in the north. Apart from
the orientation analysis, the spatial distribution of these bedding-normal quartz veins in the High-
Ardenne slate belt is investigated in order to determine the effect of the layer thickness to vein
spacing. The results show a quasi linear relationship between vein spacing and layer thickness in thin
(<40 cm) competent sandstone layers and a non-linear relationship in thicker sandstone layers (>40
cm). Vein spacing tends to increase to a maximum value becoming more or less independent of layer
thickness. The resemblance of vein spacing with regularly spaced fractures that result from saturation
during fracture development, suggests that in an unfractured rock, the host rock can get saturated by
the presence of initial veins in which the veins subsequently either grow by progressive extension or
that new cross-cutting veins develop in case the regional stress field changes relatively with respect to
the existing veins.

In the North Eifel, bedding-parallel quartz veins cross-cut, truncate and offset the bedding-normal
veins and are continuously present around fold hinges. Bedding-parallel veins occur interbedded
between two contrasting lithologies, as well as intrabedded in the competent and incompetent
sequences. Macroscopically, the veins show a composite internal fabric consisting of several distinct
generations of quartz laminae, often marked by slickenlines, intercalated with thin pelitic wall-rock
inclusion seams. Microscopically, the variety in microstructures is indicative of different combined
mechanisms of vein growth and mineral infill, reflecting a complex vein formation. Repeated crack-
seal inclusion bands that are oriented parallel to the vein wall, and thus parallel to bedding, reflect
bedding-normal opening of crack-seal quartz laminae. This mechanism also is also evidenced by the
alignment of pseudosecondary fluid-inclusion planes internally in the fibres. The presence of blocky
laminae reflects crystal growth in an open cavity during bedding-normal uplift. Bedding-parallel
stylolites in often occur in these blocky laminae and represent pressure-dissolution during bedding-
normal collapse. The occurrence of shear laminae, in which small quartz crystals are dynamically
recrystallised during the main phase of the Variscan contraction, has, on the other hand, been used as
indicator of bedding-parallel shear events.

The pronounced bedding-parallel fabric is interpreted to form during several alternating phases of
bedding-normal uplift and bedding-parallel shearing taking place at the onset of folding. Based on the
microstructural analysis, the bedding-parallel veins are classified as extension veins to extensional-
shear veins that formed at low differential stress. This vein type is the brittle expression of the first
phases of the compressional stress regime affecting the siliciclastic metasediments of the Ardenne-
Eifel basin at the onset of Variscan shortening. In this configuration, the bedding-parallel veins
demonstrate a particular stress-state in the basin at the time of vein formation in which the maximum
principal stress (o;) was oriented parallel to a NW-SE-oriented tectonic compression (o7) and the
minimum principal stress (o3) corresponded to the vertical load of the overburden. The succession of
bedding-normal to bedding-parallel extension quartz veins thus materialises the transition from

vi
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extension to compression at the onset of Variscan orogeny and is interpreted to have formed during
early orogenic compressional tectonic inversion.

A petrographic and micro-thermometric analysis of fluid inclusions within the vein quartz has further
helped to constrain the kinematic and pressure-temperature trapping conditions of both vein types,
allowing the reconstruction of the fluid pressure and stress-state evolution during tectonic inversion.
The method used for defining the trapping conditions involves cross-cutting isochores, calculated from
the salinity and homogenisation temperatures representative of both vein types, with an independent
vitrinite reflectance geothermometer that defines the maximum temperature of 250°C at the time of
vein formation. The results demonstrate that the bedding-normal extension veins are trapped from a
low salinity (3.5-8 eq.wt.% NaCl) H,O-NaCl fluid at near-lithostatic fluid pressures prior to inversion.
After the tectonic inversion, bedding-parallel veins formed from a low salinity (4-7 eq.wt.% NaCl)
H,O-NaCl fluid at lithostatic to supra-lithostatic fluid pressures during the early stages of the
compressional stress regime. Subsequently, during progressive Variscan contraction both vein types
were passively folded within characteristic, NW-verging, upright to overturned folds of the North
Eifel. In contrast to both extensive veining events that characterise the tectonic inversion, quartz
veining occurred rather occasionally during the main compression stage of orogeny.

This kinematic history eventually shows a clear relationship between fluid-pressure evolution and the
stress-state changes in the basin and exemplifies that (supra-)lithostatic overpressures are easier to
maintain during compressional tectonic inversion at the onset of orogeny, than during the main phase
of compression. This intimate relationship during the stress-state evolution from extension to
compression is illustrated by plotting the changing differential stress (o;-03) against the vertical
effective stress and the fluid-pressure evolution in a 2D brittle failure mode plot. The results show that
the two vein types, which are induced at elevated to (supra-)lithostatic fluid pressures, can only form
at low differential stress closely related in time to the tectonic switch. The tectonic setting and the
localised stress state in the basin are thus both crucial to determine whether the lithostatic fluid
overpressure can be sustained by a rock prior to failure at depth. These 2D brittle failure mode plots
are moreover very useful to visualise the influence of rock parameters such as the tensile strength of
rock on the maximum overpressures that can be built up during the transition between two stress
regimes. This regional aspect of fluid redistribution within overpressured fluid reservoirs contrasts
with the more localised fluid flow along fault systems caused by fault-valving.

The 3D aspect of stress transitions during tectonic inversion of a crust is, however, much more
complex than represented in a 2D brittle failure mode plot. The tectonic switch, illustrated in these
brittle failure mode plots, occurs at a specific isotropic stress state in which the three principal stresses
are equal and o; - o3 = 0. The chance that a stress state in the Earth’s crust equals an isotropic pressure
state is, however, highly improbable. The 2D stress-state evolution visualised in the brittle failure
mode plots is therefore an oversimplification of the actual 3D stress-state evolution in the Earth’s
crust. To discuss the 3D aspects of stress transitions and to illustrate the complexity of triaxial stress
transitions during inversion of Andersonian stress regimes, possible 3D stress-state evolutions are
reconstructed based on the bedding-normal and bedding-parallel veins reflecting the early Variscan
tectonic inversion. From these 3D stress-state reconstructions is concluded that, no matter what
orientation of basin geometry or shortening, a transitional wrench tectonic regime should always occur
between extension and compression. This transitional stage should contribute to the permeability
enhancement during tectonic inversion, although structures that are related to this transitional stage
have not yet been reported in a shortened basin affected by tectonic inversion at low differential stress.
Ideally, a transitional ‘wrench’ tectonic regime should be implemented in brittle mode plots at the
tectonic inversion.

It has been concluded from this research that the naturally fractured Ardenne-Eifel basin can serve a
possible analogue to the present upper crust by its regional extent of overpressuring, but more
importantly by demonstrating that a tectonic inversion from extension to compression at the onset of
orogeny is the crucial timing during which maximum (lithostatic) overpressures can be sustained.

Keywords: tectonic stress inversion, fluid redistribution, late burial, early tectonic, quartz veins,
overpressured basin, fractured reservoir, Variscan orogeny, Ardenne-Eifel basin
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Het afgelopen decennium is er een sterk toegenomen belangstelling in de processen die actief zijn aan
de basis van de seismogene korst, met een bijzondere aandacht voor de vorming en karakterisering van
verhoogde vloeistofdrukken die mogelijk aanleiding kunnen geven tot activiteit langs grote breuken en
daarbij aardbevingen in de aardkorst kunnen veroorzaken. De basis van deze seismogene zone is
echter niet rechtstreeks toegankelijk. Een van de mogelijkheden om dit probleem op te lossen en om
tot een beter inzicht te komen van de vorming en de evolutie van deze verhoogde vloeistofdrukken op
relatief grote diepte, is de studie van fossiele, natuurlijk gefractureerde bekkens. Binnen het brede
gamma van deze natuurlijke analogieén kan het bestuderen van mineraalafzettingen en adersystemen
leiden tot een belangrijk inzicht in de karakterisering van de vloeistoffen en de rol die de vloeistofdruk
speelde tijdens gebergtevorming. In deze studie van mineraalafzettingen is een uitgebreide
interdisciplinaire benadering noodzakelijk om deze vloeistofgerelateerde vervorming te kunnen
bepalen.

Dit onderzoeksproject spitst zich toe op de bepaling van de vloeistofoverdrukken die worden
gegenereerd op het einde van de begraving van een sedimentair bekken, dat wordt beinvloed door een
tektonische verkorting bij de aanvang van gebergtevorming. Aders die gevormd zijn door verhoogde
vloeistofdrukken in sedimentaire bekkens bevatten waardevolle informatie over de metamorfe
vloeistoffen die aanwezig waren op het einde van de begraving en bij de aanvang van de
daaropvolgende gebergtevorming. Het onderzoek bestaat daarom uit een gedetailleerde geometrische
en kinematische structurele analyse van twee opeenvolgende kwartsadertypes waarin de relatie met
structurele kenmerken zoals gelaagdheid, splijting, plooien en breuken wordt onderzocht. Dit laat toe
een geometrisch evolutionair model op te stellen dat de vorming van beide adertypes relatief plaatst
ten opzichte van deze structurele kenmerken. Dit model werd verder verfijnd door middel van een
doorgedreven microstructurele en microthermometrische analyse van de kwartsopvulling in de aders
om fysico-chemische parameters zoals vormingstemperatuur, samenstelling van het fluidum waaruit
de aders vormden en de poriénvloeistofdruk te bepalen. Het onderzoek richt zich op het begrijpen
waarom, hoe en wanneer vioeistoffen in overdruk gaan en hoe ze vervolgens evolueren tijdens
gebergtevorming.

De studie richt zich meerbepaald op siliciklastische gesteenten die tijdens het Onder Devoon in het
Ardennen-Eifel bekken werden afgezet. Dit bekken maakte deel uit van de noordelijke passieve rand
van de kortstondige Rhenohercynische Oceaan, welke sloot tijdens de Variscische orogenese. De
gesteenten zijn momenteel te bestuderen in de Hoge-Ardennenleisteengordel, welke zich uitstrekt in
Belgié, Frankrijk, Luxemburg en Duitsland. Deze leisteengordel maakt deel uit van de
Rhenohercynische voorland plooi-en-breukgordel in de noordelijke frontzone van de Centraal-
Europese Varisciden. De onderzochte ontsluitingen in deze studie bevinden zich rondom de Rursee en
Urftsee stuwmeren in de noordelijke Eifel in Duitsland en behoren tot het noordoostelijke deel van de
Hoge-Ardennenleisteengordel. De gesteenten waarin de bestudeerde aders vaak voorkomen zijn
vervormd onder een zeer laaggradig metamorfisme, welke met een maximum begraving van 7 km van
het Ardennen-Eifel bekken in het bestudeerde deel wordt gerelateerd. Het metamorfisme was
gedeeltelijk vroeg-kinematisch en vond plaats tijdens de voortschrijdende Variscische vervorming van
het Ardennen-Eifel bekken.

De analyse focust zich op twee opeenvolgende kwartsadertypes. Het eerste adertype doorsnijdt de
gelaagdheid onder grote hoek en het tweede, daaropvolgende adertype is parallel aan de gelaagdheid
georiénteerd. Het eerste adertype bestaat uit verschillende generaties die steeds onder grote hoek met
de gelaagdheid georiénteerd blijven in de hoofdzakelijk overhellende plooien die de noordelijke Eifel
karakteriseren. Dit toont duidelijk aan dat hun vorming de plooi- en splijtingsvorming van de
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Variscische compressie voorafgaat. De rechte tot lensvormige kwartsaders zijn meestal beperkt tot
zandsteenlagen, hoewel ze soms doorlopen in de aangrenzende incompetente siltsteenlagen. Aan de
laagcontacten refracteren deze laatste aders op een zelfde manier als de splijting. Een microstructurele
analyse van de kwartsopvulling van de laagnormale aders toont een voornamelijk dominantie van
vezelige tot langwerpige en blokkige kwartskristallen aan waarbij de vezelige en langwerpige
kristallen onder grote hoek met de aderwanden zijn georiénteerd. De kristallen werden gevormd door
zowel syntaxiale als ataxiale groeimechanismen. Intern in de kristallen weerspiegelt een herhaaldelijk
voorkomen van microscopische banden van het gastgesteente een episodische opening van de aders,
typisch voor kristallen die gevormd zijn door het ‘crack-seal’ mechanisme. Pseudosecundaire
vloeibare insluitsels komen voor onder grote hoek ten opzichte van de vezelige kristallen en zijn het
gevolg van het insluiten van vloeistof in microspleten. Deze specifieke oriéntatie van de
pseudosecundaire ‘trails’ bevestigt enerzijds dat kristalgroei gebeurde in kleine ‘crack-seal’ stappen en
anderzijds dat de laagnormale aders kunnen worden gedefinieerd als extensie aders die ontwikkelden
tijdens lage differentiaalspanningen en oorspronkelijk groeiden in Mode | spleten. Dit gebeurde in een
gesteente waarin de porositeit al aanzienlijk gereduceerd was tijdens de begraving. De oriéntatie van
de vloeibare insluitsels is bijgevolg bijzonder nuttig om de spanningstoestand in het Ardennen-Eifel
bekken ten tijde van laagnormale adervorming te reconstrueren. Ze tonen aan dat de maximale
hoofdspanning (o;) verticaal was en werd veroorzaakt door het gewicht van de bovenliggende lagen.
De aders openden zich parallel aan de kleinste horizontale spanningsrichting (c3) en tonen daarbij de
extensierichting van het Ardennen-Eifel bekken aan. De verdere ontwikkeling van de aders gebeurde
in het vlak van de maximale (c;) en intermediaire (o,) hoofdspanningsrichting. Ook na de
adervorming bleven kleine microspleten zich in het gesteente ontwikkelen met als resultaat de
vorming van secundaire vloeibare insluitsels in hetzelfde spanningsveld als de pseudosecundaire
insluitsels.

De consistente oorspronkelijke oriéntatie van de laagnormale aders in de noordelijke Eifel, komt
overeen met de oriéntatie van de kwartsaders die voorkomen tussen mullions in the centrale deel van
de Hoge-Ardennenleisteengordel in Belgié. Deze correlatie benadrukt dat deze adervorming regionaal
is. Door (micro)structurele analyse kon uiteindelijk afgeleid worden dat laagnormale aders zich
ontwikkelden tijdens lage differentiaalspanningen die karakteristiek zijn voor de NW-SE richting
waarin het Ardennen-Eifel bekken opende tijdens de laatste fase van een extensieregime. Een
structurele verandering van de oriéntatie van de aders van NW-SE in de Ardennen naar NNW-SSE in
de noordelijke Eifel kan verklaard worden doordat na de adervorming de Ardennen als het ware rond
het Brabant Massief in het noorden gedrapeerd werden tijdens de Variscische vervorming. Naast deze
oriéntatie-analyse is de spatiéring van de aders in de zandsteenbanken onderzocht om de relatie tussen
de aderafstand en de laagdikte waarin ze gevormd zijn te bepalen. De resultaten tonen aan dat een er
een quasi lineair verband bestaat tussen de spatiéring van de aders en de laagdikte in dunne (<40 cm)
zandsteenlagen, maar dat deze relatie niet meer lineair is naarmate de laagdikte van de
zandsteenbanken (> 40 cm) toeneemt. In de dikke zandsteenlagen lijkt de laagdikte geen invioed meer
te hebben op de spatiéring van de aders. Dit patroon lijkt op de spatiéring van spleten die het gevolg
zijn van een verzadiging aan spleetontwikkeling in het gastgesteente. Dit suggereert dat tijdens de
initiéle vorming van aders het gesteente verzadigd kan geraken aan de aanwezigheid van spleten en
enkel een aangroei van de ader zal optreden tijdens verdere extensie, tenzij het regionaal
spanningsveld verandert en nieuwe adergeneraties worden gevormd die de vorige doorsnijden.

In de noordelijke Eifel komen vervolgens laagparallelle kwartsaders voor die de laagnormale aders
doorsnijden en ze ook verplaatsen. Laagparallelle aders zijn bovendien continu in de kernen van de
plooien aanwezig zonder daarbij in dikte te veranderen. Laagparallelle aders komen zowel voor in
zandsteen- en siltsteenlagen, als aan laagcontacten tussen beide gesteentesoorten. Macroscopisch zijn
de aders gekenmerkt door een gelamineerd uiterlijk, welke bestaat uit een afwisseling van
verschillende generaties kwartslamellen, waarop dikwijls wrijfkrassen worden waargenomen, en
dunne fragmenten van het gastgesteente. Een verscheidenheid in microstructuren wijst op
verschillende mechanismen van opvulling en complexe adergroei. Enerzijds komen afgescheurde
banden van het gastgesteente voor, die parallel aan de aderwand en dus de gelaagdheid zijn
georiénteerd. Dit wijst op het openen van de ader onder grote hoek met de gelaagdheid. Dit
openingsmechanisme wordt bevestigd door de aanwezigheid van pseudosecundaire vloeibare
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insluitsels in de kwartskristallen. Ook de aanwezigheid van blokkige lamellen in de aders, welke een
kristalgroei in een open holte weerspiegelen, is indicatief voor een aderopening bijna loodrecht op de
gelaagdheid. Verder zijn deze lamellen gekarakteriseerd door laag-parallelle stylolieten die
drukoplossing in periodes tussen de kristalvorming aantonen. Anderzijds komen ook lamellen voor die
ontwikkeld zijn tijdens laagparallelle schuifbewegingen tijdens de aanvang van de plooiing. De
kwartskristallen in deze schuiflamellen zijn tijdens de algemene vervorming later dynamisch
gerekristalliseerd.

Het uitgesproken gelamineerd karakter van de laagparallelle aders is dus te wijten aan een
adervorming gedurende meerdere afwisselende fasen van laagnormale opheffing en laagparallelle
schuifbewegingen. Op basis van deze microstructuren, kunnen deze laagparallelle aders gedefinieerd
worden als extensie aders en extensie-schuifvervormingsaders die beiden ontstaan bij relatief lage
differentiaalspanningen. Dit adertype is het brosse resultaat van de eerste vervormingsfasen van de
Variscische verkorting tijdens het compressieve spanningsregime en toont een regionaal
spanningsveld aan ten tijde van vorming, waarin de maximale hoofdspanning (c;) nu horizontaal
gelegen is en overeenkomt met een NW-SE georiénteerde tektonische compressie (7). De minimale
spanningsrichting (o3) kwam in deze configuratie overeen met de verticale begravingsspanning, die
ten opzichte van de vorming van de laagnormale aders in grootte niet veranderd is. De evolutie van de
vorming van laagnormale naar laagparallelle aders wijst op de overgang van extensie (rek) naar
compressie bij het begin van de Variscische orogenese en weerspiegelt de vroeg-orogenetische
compressieve tektonische inversie.

Een petrografische en microthermometrische analyse van vloeibare insluitsels in de aderkwarts heeft
vervolgens bijgedragen tot de bepaling van de druk- and temperatuursomstandigheden aanwezig
tijdens de adervorming van beide types. Dit liet toe om veranderingen in de vloeistofdruk te koppelen
aan de spanningsevolutie tijdens de tektonische inversie. De gebruikte methode hiervoor houdt in om
op een druk-temperatuursdiagram de isochoren, berekend op basis van het zoutgehalte en de
homogenisatietemperaturen van de vloeibare insluitsels, te laten snijden met een onafhankelijke
geothermometer. In deze studie is aan de hand van de reflectiviteit van vitrinieten een maximale
begravingstemperatuur van 250°C aangetoond. De microthermometrische resultaten geven aan dat de
laagnormale extensie aders zijn gevormd uit een waterig fluidum met een laag zoutgehalte
(3,5-8 eq.wt.% NaCl) en dat bijna-lithostatische tot lithostatische vloeistofdrukken de tektonische
inversie voorafgaan. Na de tektonische inversie, zijn de laagparallelle aders eveneens uit een waterig
fluidum met een laag zoutgehalte (4-7 eg.wt.% NaCl) gevormd, maar onder lithostatische tot
supralithostatische vloeistofdrukken en dit tijdens de vroege stadia van het compressieve stress
regime. Na de tektonische inversie werden beide adertypes passief vervormd in de NW-overhellende
plooien tijdens de hoofdfase van de Variscische orogenese. In tegenstelling tot de uitgebreide
aderontwikkeling tijdens de tektonische inversie, trad adervorming enkel lokaal op tijdens de
hoofdfase van de Variscische vervorming en is deze enkel gerelateerd aan lokale vervorming.

Deze kinematische geschiedenis toont uiteindelijk een belangrijke relatie aan tussen veranderingen in
de vloeistofdruk enerzijds en spanningsveranderingen in het bekken anderzijds. Bovendien werd
aangetoond dat vloeistofoverdrukken gemakkelijker aanwezig zullen blijven tijdens een compressieve
tektonische inversie aan het begin van een gebergtevorming, dan tijdens de daaropvolgende plooi-en-
splijtingsvorming gerelateerd aan de verkortingsgedomineerde hoofdfase van een orogenese. Deze
relatie kan worden geillustreerd in een tweedimensionale ‘brittle failure mode plot’. In dit diagram
wordt de spanningsevolutie tijdens de tektonische inversie uitgewerkt door het weergeven van de
veranderende differentiaalspanning (o1 - 63) ten opzichte van de verticale effectieve spanning en de
evolutie van de vloeistofdruk. Een dergelijk diagram werd opgesteld voor de twee tijdstippen van
adervorming, namelijk voor en na de inversie. Ze toont aan dat de aders, die worden geinduceerd bij
verhoogde tot (supra)lithostatische vloeistofdrukken, enkel gevormd kunnen worden bij lage
differentiaalspanningen die in de tijd gerelateerd zijn aan de tektonische inversie. Zowel het tektonisch
kader als de regionale spanningsevolutie in een bekken zijn dus van cruciaal belang om te bepalen of
vloeistofoverdrukken kunnen aanwezig blijven tijdens de overgang van spanningsregimes alvorens de
gesteenten breken. Een dergelijk tweedimensionaal ‘brittle failure mode plot’ is bovendien erg nuttig
om de invloed van de gesteenteparameters te visualiseren. Zo bepaalt bijvoorbeeld de treksterkte van
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het gesteente de maximale overdruk die wordt opgebouwd tijdens een tektonische inversie. Dit
regionale aspect van vloeistofherverdeling in bekkens onder hoge vloeistofdruk contrasteert sterk met
de meer gelokaliseerde vloeistofherverdeling die langs breuksystemen gebeurt tijdens breukactiviteit.

Het 3D aspect van spanningsverandering tijdens de tektonische inversies van de bovenkorst is echter
complexer dan wordt geillustreerd in het 2D ‘brittle failure mode plot’. In dit diagram gebeurt de
tektonische omschakeling tussen twee spanningsregimes bij isotrope spanningstoestand waarin de drie
belangrijkste hoofdspanningen gelijk zijn en waarbij o, - 3= 0. De kans dat een spanningstoestand in
de aardkorst gelijk is aan een isotrope spanningstoestand is echter zeer onwaarschijnlijk. De
spanningsevolutie gevisualiseerd in het 2D ‘brittle failure mode plot’ is daarom een vereenvoudiging
van de werkelijke 3D spanningsevolutie in de aardkorst. Om dit probleem en de complexiteit van drie-
assige spanningsveranderingen in een Andersoniaans spanningsregime te behandelen, werden 3D
spanningsreconstructies van de vroeg-Variscische compressieve tektonische inversie opgesteld waarin
de twee bestudeerde adertypes als eindtermen dienden. Uit deze 3D spanningsreconstructies werd
besloten dat, ongeacht de oriéntatie van het bekken of verkortingsrichting, tijdens de overgang van
extensie (rek) naar compressie er altijd een kortstondig schuifvervormingsregime wordt voorspeld. Dit
overgangsregime draagt bij aan de verhoogde permeabiliteit tijdens een tektonische inversie. Hoewel
schuifvervormingsstructuren gerelateerd aan deze overgangsfase nog niet werden vermeld in bekkens
die onderworpen zijn aan een tektonische inversie bij een lage differentiaalspanning, zou dit
overgangsregime toch geimplementeerd moeten worden in het 2D ‘brittle failure mode plot” op het
punt van de tektonische inversie.

Uiteindelijk werd er uit dit onderzoek geconcludeerd dat het gefractureerde Ardennen-Eifel bekken
kan dienen als een natuurlijk analoog voor de bovenkorst door het regionaal voorkomen van
overdrukken. De belangrijkste conclusie is echter dat de tektonische omschakeling van extensie naar
compressie tijdens de aanvang van een orogenese het cruciale tijdsmoment is om maximale
overdrukken te genereren en te onderhouden.

Trefwoorden: tektonische spanningsinversie, vioeistofherverdeling, begravingsgerelateerde en vroeg-
tektonische kwartsaders, overdrukken, gefractureerd reservoir, Variscische gebergtevorming,
Ardennen-Eifel bekken
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CHAPTER 1 Introduction

1.1 Therole of fluid
overpressures in the Earth’s crust

In the recent decade, there is an increased
interest in the processes active at the base of the
seismogenic crust, with a particular focus on the
evolution and characterisation of elevated fluid
pressures that could possibly drive fault
rupturing and initiate major earthquakes. In a
continental context, the base of seismogenic
zone - or the brittle upper crust - is situated in
a depth range of 7 km to 15 km (cf. Sibson
1983), above which overburden pressure ranges
from ~180 MPa to ~400 MPa and ambient
temperature from ~200°C to ~400°C. Primarily
due to the ongoing low grade metamorphism,
the production of fluids commonly leads to
sustained fluid overpressures, i.e. suprahydro-
static, in this low-permeability environment. In
a number of particular cases of major
earthquakes within the wupper crust (e.g.
L’Aquila 2009, Apennine Mountains, Italy),
studies have shown a direct link between the
fore- and aftershocks and the presence of
overpressured fluids at the base of the main
earthquake rupture (Miller et al. 2004, Pio
Lucente et al. 2010, Savage 2010, Terekawa et
al. 2010). It is clear from these studies that
overpressured fluids play an important role in
seismogenesis, however, it is currently far from
understood in which particular period of the
seismic cycle these high fluid pressures play an
important role. The base of the seismogenic
crust, however, is not directly accessible. One
of the possibilities to overcome this research
problem is the study of natural fossil analogues
to pursue a better understanding of the
formation, evolution and characterisation of
overpressured fluids at relatively great depths in
the crust.

In the recent decade, there is an increased
interest in the processes active at the base of the
seismogenic crust, with a particular focus on the
evolution and characterisation of elevated fluid
pressures that could possibly drive fault

rupturing and initiate major earthquakes. The
base of the seismogenic zone, however, is not
directly accessible. One of the possibilities to
overcome this research problem is the study of
natural fossil analogues to pursue a better
understanding of the formation, evolution and
characterisation of elevated to lithostatic fluid
overpressures at relatively great depths.

Within the Dbroad framework of natural
analogues, vein and fracture studies provide an
important insight in the role of the fluid
pressure and the characterisation of fluids
during a complete orogenic deformation cycle.
These deformation cycles represent the changes
in tectonic stress regimes from basin subsidence
to orogeny and to subsequent orogenic collapse.
Basin inversion might be caused by a variety of
mechanisms ranging from continent-continent
to arc-continent collision resulting in
compression,  orogeny, uplift or fault
reactivation. Sibson (1998, 2000, 2004) has
numerously demonstrated by means of
theoretical models that low differential stresses,
related to a period of tectonic inversion, allow
the build-up of high to supra-lithostatic fluid
overpressures, which may give rise to
extensional fracturing and extension veins. In
the light of basin inversion, the tectonic switch
from extensional to compressional Andersonian
stress regimes, defined as a positive
compressional tectonic inversion, has, however,
only been studied from the point of view of the
reactivation of normal faults in sedimentary
basins as reverse faults during later
compression (e.g. Cooper et al. 1989, Glen et
al. 2005, Hayward & Graham 1989, Williams et
al. 1989). This reactivation takes place at
elevated differential stress during protracted
compression (Sibson 1995) but does not
provide insight in processes such as fracturing
and veining that accompany the actual switch in
stress regimes. The aspect of the generation of
high fluid pressures during tectonic inversion
has not been handled in these basin inversion
studies.



CHAPTER 1 - Introduction

Although veins related to overpressured fluids
existing in the Earth’s crust during orogenic
deformation have been recognised in various
recent (e.g. Savage 2010, Terekawa et al. 2010)
and ancient (e.g. Brems et al. 2009, Cox 1995,
Hilgers et al. 2006b, Kenis et al. 2002a, Nielsen
et al. 1998, Rodrigues et al. 2009, Sibson &
Scott 1998) tectonic settings, the link with
changes in tectonic stress regimes has been
undervalued. Focusing more closely on
deformation structures related in time to the
actual tectonic switch between stress regimes
allows determining the processes active during
the incipient shortening of sedimentary basins.
The kinematics and composition of syntectonic
veins, which have been studied frequently in
orogens (e.g. Hilgers & Urai 2002, Schultz et
al. 2002, Urai et al. 1991), cannot provide the
necessary information to determine the link
between overpressuring and stress-state changes
during inversion. It is therefore important to
actively seek for proper structures that reflect
the incipient shortening phase of a deformation
cycle. Early pre-tectonic veins, which form
prior to folding and cleavage development and
which can have an important impact on the
palaeorheology of rock (e.g. Kenis et al. 2002a,
2004), are often neglected in structurally
complex systems. If studied carefully, these
veins contain, however, key information
concerning fluids that are involved during the
development and initial deformation of
sedimentary basins. Moreover, if these veins
result from overpressured fluids at depth, then
they can be used to study the geometric and
hydraulic properties of fracture networks in the
crust that may serve as natural analogues for
fractured reservoirs (Gillespie et al. 1999,
Johnston & McCaffrey 1996, Mazzarini et al.
2010, Vermilye & Scholz 1995).

The three key elements for generating veins at
depth in the upper crust are a well-defined
source of the fluids, subsequent fluid
redistribution in a pore network or along
secondary features such as fractures and an
eventual fluid discharge zone in which crystals
or minerals are precipitated from the fluid (Cox
et al. 2001, Etheridge et al. 1984). This research
focuses on the last two elements at a relatively
small scale. The generation of fluid
overpressures can only occur if the permeability
of rock remains sufficiently large to allow the
captation of fluids. The compaction and
lithification, which increase with depth and

burial, are important mechanisms that can
destroy the porosity and permeability of rock.
Lithification and compaction already take place
during diagenesis and may continue during low-
grade metamorphism (Laubach et al. 2010).
Siliciclastic basins in  which alternating
impermeable to low-permeability (e.g. shales,
pelites)  and  higher-permeability  (e.g.
sandstones) lithologies occur, are very
promising to seal and compartmentalise,
respectively, the remaining fluids during
compaction. Impermeable layers, such as
shales, can compartmentalise the pore fluid
system during burial, allowing the pore fluid
pressure to rise without any vertical
connectivity between the compartmentalised
competent units (Gillespie et al. 2001, Wangen
2000). As a consequence of compaction and
isolation, the fluid pressure in the higher-
permeability fluid-saturated compartments will
increase and may eventually reach supra-
hydrostatic to lithostatic fluid pressures, exerted
by the overlying rock-mass but decoupled from
the water column in higher levels (van der
Pluijm & Marshak 1997).

The main mechanisms considered to be
responsible for the built-up of overpressures are
disequilibrium compaction, the increase of
volume expansion or fluid movements (Hilgers
et al. 2006c, Swarbrick & Osborne 1998).
Faults or large-scale fractures cross-cutting
these high-pressure  compartments during
deformation can drain these fluids to upper
levels and can restore the hydrostatic fluid
pressure in the compartment (Boullier & Robert
1992, Cox et al. 2001). The drainage of deeper
burial fluids to higher levels in the upper crust
may give rise to mineral precipitation in zones
owing to a fluid pressure gradient. Recurrent
cyclic fluid pressure built-up and subsequent
discharge can eventually create economically
interesting mesothermal ore deposits (Bons
2001, Boullier & Robert 1992, Cox 1995,
Micklethwaite et al. 2010, Sibson & Scott
1998). The cyclic process of discharging fluids
and the subsequent rapid fluid pressure drop is
classically referred to as ‘fault valving’ in
literature, during which permeability is
repeatedly regenerated (Cox 1995, Sibson
1990). This process is related to short-lived and
local stress transitions in a consistent remote
stress regime (e.g. Collettini et al. 20086,
Foxford et al. 2000, Muchez et al. 2000,
Nielsen et al. 1998) and occurs worldwide in
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the seismogenic mid- to upper crust (Cox
2010), although being spatially restricted to the
zone of discharge along the fault(zone).

Overpressures reaching lithostatic values and
accumulated within a sedimentary basin can,
however, also be favoured by the absence of
faults or when faults are oriented unfavourably
to allow reactivation during compression
(Sibson 1998). In this scenario, drainage of the
overpressured compartments cannot occur. As
result of the absence of drainage, the interior of
these overpressured reservoirs are internally
naturally fractured (Bradley & Powley 1994,
Gale et al. 2007). When fluid pressure is
sufficiently large to overcome the rock strength
at low differential stress, a process called
hydraulic fracturing (Cosgrove 1995a, 1997,
2001), extension to extensional-shear fracturing
will occur, giving rise to a transient fracture
permeability in which precipitation from the
fluid might occur. The outward push of a fluid
in a microcrack has the effect of locally creating
a tensile stress at the crack tip and as the crack
propagates, the volume increases. When new
fluids enter the crack, the fluid pressure will
decrease afterwards (van der Pluijm & Marshak
1997). Qil engineers commonly use hydraulic
fracturing to enhance permeability around a
bore hole and to increase the productivity in a
well in an oil/gasfield. A better knowledge of
the parameters that control hydraulic fracturing,
e.g. by studying natural examples, can
eventually contribute to the understanding of
this technique.

A network of hydraulic fractures in alternating
sequences developed at low differential stress
are termed fault-fracture meshes and typically
develop in fluid pressure pulses (Sibson 1996,
2001). Periods in the deformation cycle in
which the crust is affected by low differential
stresses are those specific moments close to the
tectonic switch between stress regimes and thus
during tectonic basin inversion (Sibson 2004).
Especially the increase in mean stress during
compressional tectonic inversion can lead to
elevated pressures of fluids captured during
burial and compaction in sedimentary basins
(cf. Sibson 2000). This suggests that changes in
the stress regime, irrespective of the magnitude
of the principal stress direction, are coupled to
changes in the pore pressure. Elevated fluid
pressures have also been demonstrated by in
situ borehole pore pressure measurements in
shallower environments (e.g. Hillis 2003, Van

Ruth et al. 2003). The tectonic regime and the
stress state in the basin are thus both crucial to
determine whether the overpressured fluids can
be sustained by rock prior to failure. While the
transition between tectonic stress regimes is
very important in determining the intensity and
possibility of fluid redistribution (Sibson 2004),
the stress state in the basin (Sibson 2000) and
the differential tensile strength of rock in low-
permeability alternating sequences (Cosgrove
1995a) will define which types of fractures, and
eventually which vein types will develop. Using
the orientation of different vein types reflecting
the compressional tectonic inversion can
therefore be applied as a tool to evaluate the
stress-state evolution of a basin during incipient
orogenic shortening.

Although a clear relationship between fluid
redistribution (vein formation) and stress
changes has thus been established theoretically,
the evidence of this relationship as preserved in
vein systems has not received significant
attention. Vein studies, however, provide
insights into the role of the fluid pressure and
the evolution of P-T conditions during a
complete deformation cycle (e.g. Boullier et al.
1991, Boullier & Robert 1992, Crispini &
Frezzotti 1998, Kenis et al. 2000). The above
shortcoming as reflected in vein studies
highlights the needs for further, multi-
disciplinary research on wveins. This study
eventually aims at contributing to this
discussion by investigating and correlating the
stress-state changes in the Ardenne-Eifel basin
at the onset of Variscan orogeny with the
changes in pore-fluid pressures during ongoing
prograde low-grade metamorphism.

1.2 The High-Ardenne slate belt
as research area

1.2.1 Vein development in a low-
grade metamorphic terrain

The frontal zone of the central European
Variscides, i.e. the northern front of the
Rhenohercynian fold-and-thrust belt, forms an
important area for the study of fluid flow and
mineralisation. The High-Ardenne slate belt
(HASB), currently cropping out in Belgium,
France, Luxemburg and Germany, is one of the
areas in this fold-and-thrust belt that partially
reflects the Variscan tectonic shortening of the
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Lower Devonian Ardenne-Eifel sedimentary
basin (see Chapter 2 for a detailed geodynamic
setting). This slate belt turns out to be a very
suitable study area to tackle the above quoted
research  questions. Numerous historical,
structural and geochemical studies in the anchi-
to epizonal metamorphic zone of the Ardenne-
Eifel basin have described the formation of pre-
kinematic quartz veins relative to the Variscan
penetrative  deformation, indicating a
considerable metamorphic fluid migration
accompanied with various gases (Breddin 1930,
Breddin & Hellermann 1962, Darimont 1986,
Darimont et al. 1988, Fielitz 1987, Fielitz 1992,
1995, 1997, Fielitz & Mansy 1999, Jongmans &
Cosgrove 1993, Lohest et al. 1908, Wiinstorf
1943). The wveins commonly occur in
sandstones and are mostly oriented at high
angle to bedding in the typical alternating
multilayer sequences of the High-Ardenne slate
belt. They are dominantly quartz-rich and
reflect the low-grade metamorphism in their
mineralogy. In the epizonal part of the slate
belt, the veins contain regularly some of the
metamorphic minerals found in the adjacent
metamorphic rocks (e.g. ottrelite, albite, biotite,
chlorite, pyrophyllite, garnet, andalusite)
suggesting that these host rocks acted as source
of fluids that laterally migrated into the
fractures (see references in Fielitz & Mansy
1999, Kenis 2004).

Recent (micro)structural and micro-
thermometric analysis performed on quartz
veins in Lower Devonian metasediments in the
central part of the High-Ardenne slate belt
(Bertrix-Bastogne-Butgenbach area, Belgium),
revealed that the formation of these well-
arranged veins can be attributed to an early,
pre-folding, regional extensional fracturing
event (Kenis et al. 2002a, Kenis 2004, Kenis &
Sintubin 2007). This fracturing is exemplified
by lenticular, bedding-normal quartz veins
organised in parallel arrays (Figure 1.1b), which
were formed by the mechanism of hydraulic
fracturing at low differential stress in regionally
occurring high fluid-pressure compartments at
the latest stages of the burial history (Kenis et
al. 2002a, Urai et al. 2001). Prior to these
studies, Darimont et al. (1988) already assumed
that hydraulic fracturing caused the formation
of lensoid veins, based on pioneering fluid
inclusion studies on lensoid veins in Bastogne
(Belgium). Owing to the occurrence of high
fluid pressures at the moment of veining, the

Lower Devonian Ardenne-Eifel basin can be
considered as an exposed a 340 million-year-
old fractured reservoir (Hilgers et al. 2000,
Hilgers et al. 2006a, Kenis & Sintubin 2007).

1.2.2 Mullion occurrence and
rheology

In the High-Ardenne slate belt, particular
cuspate-lobate structures, defined as mullions,
occur between the extension veins. In general,
irrespective of the presence of veins, mullions
are a specific type of concentric folding typical
for interlayered competent and incompetent
beds with a given relationship of layer thickness
and viscosity contrast (Smith 1977). In
literature, the occurrence and the development
of these specific mullions in the High-Ardenne
slate belt have been the subject of a century
long discussion (see historical discussions in
Kenis et al. 2002a, Kenis 2004, Kenis &
Sintubin 2007, Sintubin 2008). The discussion
was primarily based on the conflicting
coexistence of extensional (veins) and
compressional ~ (mullions)  structures. It
remained a controversy as to whether the
mullions were formed by the process of layer-
parallel extension (boudinage) or purely by
shortening (mullion formation). Although these
structures originally were described as the
classical rectangular boudins (Lohest et al.
1908), recent independent studies (Kenis et al.
2002a, Kenis 2004, Urai et al. 2001) have
determined that these structures are in fact
mullions developed during a two-phased,
brittle-ductile history: in a first brittle phase,
extension veins developed during progressive
burial in a basin in which the maximum
principal stress o; was vertical, corresponding
to the load of the overburden (Figure 1.1b).
Subsequently, extension veining was followed
by layer-parallel shortening at the onset of
Variscan orogeny in which the quartz veins
became more competent than the sandstone in
which they are confined in. As result of the
veins acting as mechanical boundaries, a
cuspate-lobate geometry of the pelite-psammite
interface (mullions) formed ductilely during
layer-parallel shortening (Figure 1.1c). In
particular, the unusual high aspect ratio of
mullions in the High-Ardenne slate belt versus
the low aspect ratio of classical boudins caused
a questioning of boudinage as a mechanism for
veining. Kenis (2004) determined that
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shortening leading to mullion formation
occurred after the compressional tectonic
inversion at the early stages of the Variscan
orogeny, in a basin with a specific stress state in
which maximum principal stress o; Was
oriented horizontally at that time. In a final
stage, these mullions folded passively around
the characteristic north-verging folds in the
southern part of the High-Ardenne slate belt
(Figure 1.1d).

With respect to the occurrence of these
mullions, e.g. published in Pilger & Schmidt
(1957), Sippli (1981), Spaeth (1986) and Kenis
(2004), two different areas can be distinguished
within the High-Ardenne slate belt: a central
part (c(HASB), characterised by the presence of
mullions pinned by bedding-normal lensoid
veins, is outlined from Bertrix - Bastogne -
Biitgenbach (Ardennes, Belgium) to Dedenborn
(North Eifel, Germany). For the description of
these specific outcrops in Belgium and
Germany, it is referred to Kenis (2004) and
Urai et al. (2001) respectively. On the
geological maps in the geodynamic setting
(Chapter 2), the occurrence of mullions and
thus the cHASB will be indicated by a grey
semi-transparent overlay. In the North Eifel,
mullions have also been reported in the south-
eastern Gedinnian cover of the Lower
Palaeozoic Stavelot-Venn inlier (Spaeth 1986).
The occurrence of mullions more or less
corresponds to the occurrence of the Monschau
shear zone and epizonal metamorphic
conditions. Refolded mullions indicate that
mullion formation predates the minor folds in
the Monschau shear zone (Fielitz 1992).

Secondly, a peripheral part situated in the
northeastern part of the High-Ardenne slate belt
(pPHASB, North Eifel, Germany) is defined in
which  planar quartz veins occur in
‘undeformed’ segments which do not show the
mullion morphology (cf. Van Noten et al.
2008). The Pragian/Siegenian to Emsian
alternating metasediments of the pHASB
expose a higher structural level of the Ardenne-
Eifel basin than the Lochkovian/Gedinnian to
Pragian/Siegenian  metasediments in  the
CHASB. Several German historical studies
report that quartz veins are ubiquitous in these
Lower Devonian sequences of the pHASB.
Contrary to the regionally well-arranged vein
set in the central part, quartz veins
(‘Milchquarzgange®) are reported to be much
less consistent in orientation (Baum 1955,
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Figure 1.1: Evolutionary model developed by Kenis
(2004) as explanation of mullion structures in the
High-Ardenne slate belt. (a) Undeformed alternating
rock sequences during burial. (b) Formation of
extension veins exemplifying the particular stress
state in the basin at the time of vein formation.
(c) Layer-parallel shortening causing the formation
of double-sided mullions after compressional
inversion. (d) Passive folding of mullions into
characteristic north-verging folds of the cHASB. (6
Gy, O3 are maximum, intermediate and minimum
principal stress respectively; e;; e,; €3 are maximum,
intermediate  and minimum stretch  directions
respectively).
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Breddin 1930, Breddin & Hellermann 1962,
Hoffmann 1961, Zier & Kuhl 1999). The
occurrence of several cross-cutting quartz-vein
generations (Breddin & Hellermann 1962)
might indicate a more complex fracturing and
veining history than in the cHASB. Moreover,
the absence of mullions associated with pre-
tectonic quartz veins suggests that incipient
Variscan shortening must have been expressed
differently in the peripheral part. In these
historical studies, quartz wveins have been
explained to form by various mechanisms
ranging from mineral infill in an already
existing regional fracture system (Breddin &
Hellermann 1962) to a relationship with the
cleavage planes (Breddin 1930). To date,
however, a detailed (micro)structural analysis
of the quartz veins in the pHASB is still
lacking, although the information from such an
analysis of these wveins might explain the
differences between veining in mid-crustal
levels and in upper-crustal levels as reflected in
the cHASB and the pHASB respectively. The
peripheral part of the High-Ardenne slate in the
North Eifel forms therefore a suitable study
area for this research.

1.2.3 Bedding-parallel veins in the
North Eifel

Besides the absence of mullions, the peripheral
part of the High-Ardenne slate belt is
characterised by the presence of numerous
quartz veins oriented parallel to bedding,
clearly a different vein type than the
(intermullion) bedding-normal veins (Baum
1955, Hilgers et al. 2000, 2006a). In the overall
part of the cHASB, however, these veins have
not been reported. Only locally in one quarry at
Bastogne, a bedding-parallel vein has been
observed (Vanbrabant & Dejonghe 2006),
although it has not been studied and its fabric
and its formation are unknown. To the west of
the pHASB, in other parts of the Rhenish
Massif, quartz-rich bedding-parallel veins have
also been recognised (de Roo & Weber 1992,
Weber 1980, Weber 1981). In a tentative study,
Hilgers et al. (2000, 2006a) suggested by
studying the microfabric of one of these
bedding-parallel veins, that this vein type might
be formed during Variscan contraction and
might be related to overpressuring in the
Ardenne-Eifel basin. However, despite this
study, to date bedding-parallel veins in the

North Eifel have been studied insufficiently and
their  regional significance  might be
underestimated. These veins can, however,
provide important insights into the early
structural evolution of fold-and-thrust belts,
even though some growth features within the
veins might be obscured by subsequent
reactivation or recrystallisation of the vein
during orogeny (Séjourné et al. 2005). The lack
of knowledge on the regional significance of
the bedding-parallel veins in the pHASB thus
highlights the needs for a thorough
(micro)structural analysis of these veins.

In the past decade, bedding-parallel veins have
caused a considerable debate in literature. They
occur worldwide varying from various
sedimentary basins to complex structural
mountain ranges. It has been demonstrated in
these studies that the formation of bedding-
parallel veins may originate from gravitational
sliding in sedimentary basin (e.g. Fitches et al.
1986), pure uplift during burial stages (e.g.
Henderson et al. 1990), thrusting during early
orogenic compression (e.g. Jessell et al. 1994),
flexural-slip folding (e.g. Tanner 1989) or could
have a post-folding origin. Although an
extensive amount of studies on bedding-parallel
veins exists worldwide, there are several
limitations in these different models. Often only
the structural development of these veins is
explained without implementing the combined
role of fluid pressure and tectonic stress-state
changes. The independent model that is
developed in this work and that explains the
formation of bedding-parallel veins in the North
Eifel will contribute to the general
understanding of bedding-parallel veins, but
more importantly it can be used as the solely
model in which fluid pressure and stress-state
changes are implemented and are demonstrated
to be crucial to form bedding-parallel veins.
The specific approach in this work will be a
major improvement with respect to the previous
models presented in literature. The constructed
model may eventually form a base for a
reconsideration of some of these models.

1.2.4 North Variscan front zone

Veins are not only restricted to the High-
Ardenne slate belt. The northern front of the
Rhenohercynian fold-and-thrust belt, more
specifically the North Variscan front zone,
forms an important area for the study of fluid
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flow and mineralisation. Several vein systems
at the northern front have been exploited for
their  economically interesting  minerals
enclosed in the veins (e.g. Muchez et al. 1995
1998, 2000, Nielsen et al. 1998, Sindern et al.
2007). It has been demonstrated that during late
Variscan tectonic compressional deformation,
large-scale fluid flow and fluid migration has
occurred along the major North Variscan
(Aachen-Midi) thrust fault(s) (see Chapter 2 for
geodynamic setting). Relative hot fluids, which
were not in equilibrium with the host-rock
conditions characteristic of the front zone, are
driven upwards causing thermal anomalies
(Ltnenschloss et al. 1997, 2008, Meere 1995b,
Meere & Banks 1997, Schroyen & Muchez
2000, Wagner & Boyce 2003). Furthermore, the
area between the North Variscan front zone and
the southern hinterland has been the subject of
many structural reconstructions of the inverted
Rhenohercynian  Basin (DEKORP 1991,
Oncken et al. 1999, 2000, von Winterfeld &
Walter 1993, von Winterfeld 1994). Despite
this large interest in Variscan tectonics and
fluid flow in the frontal zone of the
Rhenohercynian  fold-and-thrust  belt, the
interaction and link between changes in the
tectonic stress regime, fluid pressure changes
and fluid migration has never been investigated
in detail. However, Sibson (2004) and Cox
(2010) have demonstrated that this interaction is
important for the genesis of ore deposits. A
better knowledge of the link between mountain
building processes and ore genesis could have
major economic implications (cf. Blundell
2002). The overpressured compartments in the
High-Ardenne slate belt form therefore an
excellent research area to investigate this
interaction.

Kenis (2004) already demonstrated by the
bedding-normal vein in the cHASB, that veins
are particularly useful to reconstruct the stress
state in the basin at the time of vein formation.
Different vein types, moreover, can be used to
determine changes or transitions in the stress
state in a basin during progressive deformation
(Boullier & Robert 1992, Laubach & Diaz-
Tushman 2009). Van Baelen (2010) recently
postulated that the fluids present in these
overpressured compartments of the Ardenne-
Eifel basin, currently exposed as veins in the
High-Ardenne slate belt, might form the fluid
reservoir from which fluids were expulsed
towards higher structural levels in the orogen.

An analogue of the High-Ardenne slate belt
might have been the source of the fluid
discharge zone in the Variscan front. Although
the missing link between a source as
overpressured compartments and the sink in
upper levels has not been demonstrated, late
Variscan discordant quartz veins studied in the
Herbeumont-Bertrix area (Belgium) by Van
Baelen (2010), evidence an important fluid
permeability enhancement during the late
Variscan destabilisation of the Variscan orogen.
This work of Van Baelen (2010) demonstrates
the importance of the late Variscan tectonic
inversion and corroborates the importance of
the interaction between fluid flow, fluid
pressure changes and changes in the tectonic
stress field.

1.3 Objectives

In a more general context, this work aims at
providing a better understanding of the intimate
coupling between fluid flow, pore-fluid
pressure changes and stress-state evolution of
sedimentary basins evolving into orogens
during early tectonic, fluid-assisted
compressional  tectonic  inversion.  The
peripheral part of the High-Ardenne slate belt
forms the ideal study area to perform this
research.

Although Kenis (2004) was able to deduce both
the stress state in the basin at the time of
bedding-normal vein formation prior to
compressional tectonic inversion and the
presence of high fluid pressures in the central
part of the High-Ardenne slate belt, the regional
control on the stress-state in the basin, as well
as the dimensions of this overpressured
Ardenne-Eifel reservoir are to date unknown.
Estimations of the dimensions of such an
overpressured reservoir could have implications
as analogue to the present overpressured upper
crust. This work aims at extending previous
research in the Ardennes towards the North
Eifel in order to estimate the dimensions of this
fractured reservoir and at deducing whether the
stress state in the basin at the time of bedding-
normal vein formation was consistent in the
whole Ardenne-Eifel area. Describing the
differences in vein formation between the
central and the peripheral part of the slate belt
will define how similar geodynamic constraints
are expressed differently at different structural
levels in a developing slate belt. This research
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will  be performed by means of a
multidisciplinary research on the different
guartz vein generations that have been reported
in the pHASB. A pervasive structural analysis
on the wveins should above all clarify the
relationship of the veins with other structural
features.

It is further aimed to deduce the stress-state
evolution of the Ardenne-Eifel basin during
progressive Variscan deformation. Although
mullions, which represent a ductile deformation
of the host rock below the brittle-ductile
transition, reflect Variscan shortening after the
compressional tectonic inversion and are
valuable palaeorheological tools, they are
insufficient to deduce directly the stress field
orientation after tectonic inversion. A structural
and microthermometrical analysis of the
reported successive gquartz veins in the pHASB,
which might reflect a more brittle deformation
in the higher structural levels of the High-
Ardenne slate belt, will infer an insight in the
changing stress-state and characterise pore-fluid
composition and pressures during inversion.
Veins are therefore suitable gauges to deduce
the stress state in the basin during vein
formation.

Ultimately, this study will not only provide an
insight on the coupling between fluid pressure
and stress-state changes, but will also discuss
the 3D complexity of stress transitions during
inversion. Despite the presence of 3D
structures, the changes in stress state have
generally been considered in 2D. It is aimed to
develop a general 3D geometric stress-state
model to illustrate the complexity of stress
changes during inversion. The development of
such stress-state reconstructions allows defining
the basic parameters that have an influence on
3D stress-state changes, irrespective of regional
parameters. Such a general stress-state model
may eventually have a wide range of
implications with respect to the evolution of
dynamic permeability during tectonic inversion.

1.4 Research strategy and
structure of the thesis

In order to achieve the main objectives of this
research, it is called upon a structural-
geometrical and physico-chemical analysis.
Such a combined, multidisciplinary research
strategy is in line with the expertise achieved

within the Geodynamics and Geofluids
Research Group at the Katholieke Universiteit
Leuven. During the last decades, this research
group has gained an international reputation on
specific research topics in which the interaction
between small-scale to large-scale fluid flow
and geodynamic processes during the
development of sedimentary basins and
subsequent orogeny have been studied. New
research techniques were implemented through
the years to built an own expertise and
strengthen the research facilities. The research
strategy of this work specifically relies on the
experience within Geodynamics and Geofluids
Research Group gained during detailed field-
based structural analyses and microstructural
investigations of vein occurrences in Palaeozoic
slate belts (Belgium, Germany, Luxemburg,
France), foreland fold-and-thrust  belts
(Belgium, ltaly, Albania, Mexico) and in ore
deposits in Neo- to Mesoproterozoic terrains in
Central Africa (DRC, Zambia, Rwanda).
Moreover, several mineralogical studies
focused on the characterisation and
microthermometric analysis of fluid inclusions
and demonstrated that this is a very useful
technique to deduce pressure and temperature
conditions during vein emplacement. Apart
from this expertise, an independent knowledge
concerning vein geometry and vein kinematics
has been developed.

Prior to the description of the detailed structural
analysis that has been performed on the selected
study area, Chapter 2 presents a complete
overview of the geological framework relevant
to this study in which the geodynamic evolution
of the Rhenohercynian Ocean will be elaborated
with a particular focus on the role of the
Ardenne-Eifel basin development. Also the
different lithostratigraphic units cropping out in
the study area and in surrounding areas, as well
as the Variscan tectonometamorphic evolution
of the North Eifel will be described. This
geodynamic chapter provides a useful state-of-
the-art on what has been published on the
geodynamics of the Ardenne-Eifel area and to
which can be referred in following chapters of
this work.

Chapters 3 to 8 incorporate the main parts of
this work. In Chapter 3 a detailed structural
analysis is presented in order to frame the
different vein types which are observed in the
Eifel area. Based on four selected outcrop areas
that are localised at the Rursee, i.e. the
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Wildenhof, Eschaulerberg, Hubertus-Hohe and
Schwammenauel sections, the geometry and
kinematics of the different vein types are
described. It is specifically focused on the
interaction of veins with structural features such
as bedding, cleavage and folds in order to
deduce the relative time of vein formation with
respect to these structural features. Throughout
the description of these outcrops, a considerable
effort has been put in the orientation analysis
and characteristics of the veins in order to set
up a relative chronology of the different vein
types. This allows reconstructing the complex
fracturing/veining history in the periphery of
the High-Ardenne slate belt. At the end of
Chapter 3, the overall structural architecture of
the Rursee and Urftsee is summarised and a
regional geometric evolutionary model, based
on macroscopical observations, is constructed.
This model is compared to the vein and
deformation features that have been studied
previously in the central part of the High-
Ardenne slate belt. Some of the kinematic
analyses in the Chapter 3 result from a
published manuscript in Geologica Belgica
(Van Noten et al. 2008).

In order to understand the vein development in
a developing slate belt during Variscan
orogeny, a detailed petrographic and
microstructural analysis of the veins is needed
to refine the geometric evolutionary model. The
aim of the presented microstructural fabric
analysis in Chapter 4 is to characterise the
mineralogy of the host rock and to deduce the
progressive steps of mineral infill during the
formation of the different vein types. In the
detailed petrographical analysis it is also
focused on distinguishing different fluid-
inclusion types and their specific orientation
within the veins. This eventually contributes to
the understanding of successive vein formation.
By a subsequent microthermometric analysis of
properly selected fluid inclusions, the
composition of the fluids from which the veins
precipitated, as well as the homogenisation
temperatures of the inclusions are reported in
Chapter 5. Based on a specific method of

cross-cutting the calculated isochores with an
independent geothermometer, trapping
pressures and temperatures are eventually
deduced. Further correlation of the deduced
trapping temperatures with regional
metamorphic conditions of the North Eifel
allowed validating the obtained results.

In Chapter 6, the specific trapping conditions
of the different vein types are integrated in a
brittle failure mode plot. Plotting the changes in
pore-fluid pressure versus the stress changes
during inversion of stress regimes, allows
extrapolating the results to a broader context,
irrespective of the regional constraints. Chapter
5 and Chapter 6 result from a published
manuscript in the Journal of Geological
Society, London (Van Noten et al. 2011).

The veins studied occur regionally in the High-
Ardenne slate belt and often display parallel,
evenly spaced arrays. To deduce the local
stresses internally in a layer, the regionally
examined vein spacing patterns are reported in
Chapter 7. The results of this analysis are
published in a manuscript in the Journal of
Structural Geology (Van Noten & Sintubin
2010). Furthermore, although the reconstruction
of the brittle failure mode plot is very useful to
visualise the trapping conditions during
orogenic shortening, its two-dimensional layout
is still a simplification of the true 3D stresses in
the Earth’s crust. Therefore several 3D stress-
state reconstructions are developed to illustrate
the complexity of 3D stress changes during
tectonic inversion and are presented in Chapter
8. This chapter results from a manuscript that
has been accepted for publication in the special
publications® of the Geological Society of
London (Van Noten et al. accepted).

Eventually, the main goals and perspectives
which are described in the introduction will be
re-evaluated in the final Chapter 9. It will also
be discussed if the general results of this
research concerning the stress-state evolution of
the upper crust during compressional tectonic
inversion, obtained by analysing successive
vein types, can serve as a natural analogue of
different settings in other parts of the world.

@ This special publication of the Geological Society of London results from the presentations and discussions at the
Anderson Conference (Glasgow, U.K., September 2010) and has been compiled to commemorate the work of E.M. Anderson
(1877-1960), one of the most influential structural geologists. His profound insights into stress development in the brittle

crust are still commonly used and accepted.






CHAPTER 2 Geodynamic setting

2.1 Rhenohercynian basin
development

From a geodynamic point of view, this research
focuses on fracturing and subsequent vein
formation in Lower Devonian deposits in the
north-eastern peripheral part of the High-
Ardenne slate belt, which forms a central part
of the Rhenohercynian foreland fold-and-thrust
belt in the northern extremity of the Central
European Variscan belt (Oncken et al. 1999).
The Central European Variscan belt is a
complex zone of terrane accretion which
comprises several old parts of oceanic and
continental  lithosphere  being  telescoped
together during the Variscan orogeny. In a
broader context, the Central European
Variscides forms part of the Trans-European
Suture Zone (Pharaoh 1999) which defines a
broad and complex amalgamation of Lower and
Upper Palaeozoic terranes. Within the Trans-
European Suture Zone, the northern extremity
of the Central European Variscides corresponds
to the southern border of early Palaeozoic
accreted terranes, such as the parautochthon
Anglo-Brabant Deformation Belt. This border,
i.e. the North Variscan thrust front (Figure 2.1),
defines the most northern front to which the
Variscan nappes have been overthrusted on the
previously accreted Lower Palaeozoic terranes
during late VVariscan convergence.

The Central-European Variscides have been
divided in three segments with different
tectono-metamorphic histories (Kossmat 1927
in Dittmar et al. 1994). In the nineties, several
basin reconstructions (Matte 1991, Oncken et
al. 1999, Pharaoh 1999, von Winterfeld 1994)
have shown that each segment was a terrane
with Upper Palaeozoic sedimentation. It is
referred to Servais & Sintubin (2009) for the
correct terminology of continents, plates and
terranes. Along a cross-section from the North
Eifel (Germany) to south France, three distinct
zones can be distinguished, i.e. the
Rhenohercynian Zone, forming the external
Variscides, and the Saxothuringian and

Moldanubian Zones, forming part of the
Variscan internides (Figure 2.1). These zones
were successively accreted during Early
Devonian to late Carboniferous times involving
SE-directed subduction of minor intervening
ocean basins (Plesch & Oncken 1999). The
Rhenohercynian Zone forms the northern
external zone of the Variscides and represents
an external foreland fold-and-thrust belt, in
which the Palaeozoic sequences in Devon and
Cornwall (Cornubian Massif, south-western
U.K.), the Ardennes (Belgium, France,
Luxemburg and Germany), the Rhenish Massif
(western Germany) and the Harz Mountains
(central Germany) (Holder & Leveridge 1986
and references therein) are comprised. The
Rhenohercynian Zone is separated from the
Saxothuringian Zone by the Rheic Suture
(Pharaoh 1999). The latter is defined in the
Rhenish Massif at the contact of the Northern
Phyllite Zone and the Lower Palaeozoic
Giessen allochthon with the Mid-German
Crystalline High, which formed during SE-
directed subduction of the Rhenochercynian
basin beneath the Saxothuringian Zone in late
Silurian - Early Devonian times (Franke 2000).
This subduction caused the formation of a flysh
accretional wedge and the evolution of a
magmatic arc in the upper plate, i.e. the Mid-
German Crystalline High (Oncken et al. 2000,
Weber 1981), which acted as a rigid body
during Variscan collision. The Saxothuringian
Zone is correlated with North and Central
Armorica and the northern Bohemian Massif
and is referred to as the Armorica microplate
(Matte 2001). Because Palaeozoic rocks are in
most places covered by younger strata, the
Saxothuringian Zone is not everywhere visible
at the surface and it has been difficult to
correlate it in the Central European mosaic
(Franke 2000). To the Moldanubian Zone
belong several Gondwana-sourced terranes such
as the southern part of the Bohemian Massif,
the main part of the Black Forest and the
Vosges, the northern Central Massif and a small
south-eastern part of the Armorican Massif
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(Franke 2000). South of the Moldanubian Zone,
the orogenic front of the Alpine-Carpathian
orogen (cf. Pharaoh 1999) defines the southern
border of the Central-European Variscides and
represents the Oligocene Alpine emplacement
superimposed on the Variscan accreted terranes.
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Figure 2.1: Tectonic map of the Central European
Variscides showing the distribution of Variscan
massifs within their corresponding tectonic zones.
Map modified after Pharaoh (1999) and Franke
(2000).

Because of the particular interest in the
Ardennes and the Rhenish Massif, which are
fully incorporated in the Rhenohercynian Zone,
only the evolutionary development of the
Rhenohercynian basin into the Rhenohercynian
fold-and-thrust belt is further elaborated. The
evolutionary development and deformation of
the southern Saxothuringian and Moldanubian
basins into their orogenic belts lies beyond the
scope of this research.

In the Ardennes, the onset of crustal extension
of the Rhenohercynian basin started at late
Silurian times (late Pridoli, c. 420 Ma, Sintubin
et al. 2009) on a basement constituted of
Caledonian overprinted Lower Palaeozoic
sediments. The incipient development of the
Rhenohercynian basin occurred simultaneously
with the long-lived Brabantian deformation
phase which inverted and deformed a part of the
Avalonian microplate assemblage into the
Anglo-Brabant Deformation Belt, north of the
Variscan front. This orogeny occurred in
several phases from the Middle Ordovicium

12

until the early Middle Devonian (Debacker et
al. 2005, Sintubin et al. 2009, Verniers et al.
2002). The Brabantian deformation phase
expresses the final collision of a part of the
Avalonian microplate with a southern part of
the Midlands microcraton. During this
deformation phase a southwards-directed
subduction caused metamorphism, cleavage
development and folding of the Brabant Massif,
in the south-eastern part of the Anglo-Brabant
Deformation Belt (Van Grootel et al. 1997).
The anticlockwise rotation of the Midlands
microcraton has been proposed as the driving
mechanism of the opening of the
Rhenohercynian basin (Sintubin et al. 2009,
Woodcock et al. 2007). During progressive
continental rifting the microplate, on which the
Rhenohercynian  basin  developed, drifted
northwards. During this drift, the
Rhenohercynian basin developed from an
incipient basin on a passive continental margin
into the Rhenohercynian Ocean (Plesch &
Oncken 1999). Weber (1981) disputed the
existence of the development from a basin to a
real ocean due to the absence of clear ocean-
floor spreading characteristics in Devono-
Carboniferous tholeiitic basalts. Dittmar et al.
(1994), however, report that some metabasalts
in the Hunsriick have been identified as oceanic
MORB-basalts and confirms the oceanic stage
of the Rhenohercynian basin. The thick Lower
Devonian sequences, e.g. cropping out in the
Ardennes and the Rhenish Massif, reflect the
rapid syn-rift subsidence of the basin,
particularly active during the Pragian. These
sequences originate from sediments derived
from the Old Red Sandstone continent, which
was situated in the north and consists of an
amalgamation of Baltica, Laurussia and
Avalonia. The high subsidence rate active
during Rhenohercynian basin development
enhanced the formation of synsedimentary
faults and had a maximum activity at the
termination of the continental rifting in the
early Emsian (Oncken et al. 1999).
Subsequently, a Middle Devonian post-rift
carbonate platform developed on the northern
passive margin of the Rhenohercynian basin
associated with diminished subsidence and
sedimentation.

Contraction and inversion of the thinned
Rhenohercynian continental margin started at
the most south-eastern boundary of the Rhenish
Massif in the Late Devonian (Engel & Franke
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1983 in Fielitz & Mansy 1999). Subsequent
closure of the Rhenohercynian basin is related
to the northwards displacement of the
Saxothuringian and Moldanubian terranes,
which have been inverted from Middle to Late
Devonian (Franke 2000). Further migration of
the Variscan internides caused a southwards-
directed subduction of the crust at the southern
margin of the current Rhenohercynian Zone.
The northern part of the Northern Phyllite
Zone, i.e. currently exposed in the southern part
of the Rhenish Massif (Figure 2.1), was hereby
partly subducted. The subduction-related and
pressure-dominated metamorphism of the
Northern Phyllite Zone contrasts with the
regional low-grade, burial-related meta-
morphism in the main part of the Rhenish
Massif (Weber 1981). Subsequent contraction
of the Variscan externides resulted in the
formation of the Rhenohercynian foreland fold-
and-thrust belt (Fielitz & Mansy 1999, Oncken
et al. 1999). This contraction eventually
resulted in an allochthonous fold-and-thrust belt
overthrusting the autochthonous Brabantian
foreland at the North Variscan thrust front.
Variscan deformation propagated with a mean
shortening rate of c. 14 mm/a from south to
north through the basin, starting from c. 325
Ma, until it reached the Variscan front in the
late Carboniferous at ¢. 300 Ma (Ahrendt et al.
1983, Oncken et al. 1999). By means of
palinspastic restorations of several balanced
cross-sections through the Rhenish Massif,
Oncken et al. (1999) calculated that the
Rhenohercynian fold-and-thrust belt developed
on a 350 km wide passive continental margin
and was shortened subsequently during
Variscan contraction by some 50 %, up to 180
km. Late orogenic molasse sediments,
deposited in a paralic environment during the
latest Carboniferous to Early Permian, mark the
gravitational collapse of the thickened orogenic
wedge and reflect the end of Variscan
deformation (Dittmar et al. 1994).

2.2 Ardenne-Eifel basin

As outlined above, the Ardennes and the
Rhenish Massif forms a central part of the
external Rhenohercynian fold-and-thrust belt in
the northern extremity of the Central European
Variscan belt (Figure 2.1). The Ardennes are
defined as the outcrop area of Palaeozoic rocks
in northern France, Belgium, Luxemburg and

Germany. In this framework, the northern
frontal parts of the Rhenohercynian fold-and-
thrust belt are characterised by the presence of a
major allochthonous domain, the Ardenne
allochthon, which thrusted over its foreland, the
Brabant parautochthon, during the latest,
Asturian, stage of the Variscan orogeny (cf.
Mansy & Lacquement 2003, Meilliez & Mansy
1990). This thrusting occurred along the North
Variscan Midi - Aachen thrust front, on top of
the Upper Namurian-Westphalian coal-bearing
cover of the Brabant Massif, formerly known as
the Namur Synclinorium. The Ardenne
allochthon can further be subdivided into the
Dinant fold-and-thrust belt in the north and the
High-Ardenne slate belt in the south (Figure
2.2). The deformation within the Dinant fold-
and-thrust belt, formerly called the Dinant
Synclinorium, is mainly controlled by
alternating Middle to Upper Devonian and
Carboniferous, mostly competent, sedimentary
sequences of which the Upper Devonian,
Famennian psammites form ridges in the
topography and the Carboniferous alternating
limestone and pelitic sequences determine the
depressions in the region. The High-Ardenne
slate belt consists of mainly Lower Devonian
siliciclastic, predominantly argillaceous
sequences intercalated with competent quartzite
and sandstone layers. The dominant structural
feature is a slaty cleavage which formed during
the Sudetic stage (c. 325 Ma) of the Variscan
orogeny (Fielitz & Mansy 1999). Within the
High-Ardenne  slate  belt, the  major
Troisvierges-Malsbenden  backthrust  (cf.
Breddin  1963) separates the Ardenne
culmination from the Eifel depression, in which
the former forms a pop-up structure on top of
the latter (Figure 2.3a). Within the Ardenne
allochthon, four Cambro-Ordovicium basement
inliers, i.e. the Stavelot-Venn, Rocroi, Givonne
and Serpont inliers (Figure 2.2), record the
early Palaeozoic basin development on the
southern margin of the Peri-Gondwanan
microcontinent of Awvalonia (Sintubin et al.
2009, Verniers et al. 2002). The different
Ardennian unconformities hence represent a
contact of Lower Palaeozoic basement rocks
with the diachronous, unconformably overlying
upper Silurian to Lower Devonian deposits.
These unconformities, which are overprinted by
a pervasive Variscan deformation (e.g. Van
Baelen & Sintubin 2008), reflect a time hiatus
during which the Ardennian deformation phase
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Figure 2.2: Geological compilation of Palaeozoic deposits present in the Ardennes and in the Rhenish Massif
modified after Asselberghs (1946) and Oncken et al. (2000). The Lower Palaeozoic inliers and the most
important thrusts and backthrusts are shown. The occurrence of mullions in the High-Ardenne slate belt is
indicated in transparent grey. SVI: Stavelot-Venn inlier, RI: Rocroi inlier; Gl: Givonne inlier; SI: Serpont inlier;

VF: North Variscan thrust front.

may have taken place. Van Baelen & Sintubin
(2008) and Sintubin et al. (2009), however,
dispute the existence of an Ardennian tectono-
metamorphic event and suggest that the angular
unconformities, which are observed north of the
Rocroi and Stavelot-Venn Massifs, can very
well be related to Early Devonian basin
dynamics instead of a pervasive Ardennian
deformation phase.

The north-eastern to eastern part of the High-
Ardenne slate belt, situated in Germany,
corresponds to the western part of the Rhenish
Massif. Due to the existence of the Cenozoic
Rhine graben, the Rhenish Massif has been
subdivided in a western and an eastern part,
referred to in  German literature as
‘Linksrheinisches” and  ‘Rechtsrheinisches
Schiefergebirge’ respectively (Walter 1992).
From the north-western foreland of the
Stavelot-Venn inlier to the southern suture with
the  Saxothuringian  microplate,  several
structural zones are distinguished within the
western Rhenish Massif based on the different
deformation styles within each zone (DEKORP
1991, Dittmar et al. 1994, von Winterfeld
1994); i.e. the North Eifel foreland, the North
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Eifel, the Eifel North-South Zone, the Mosel
Synclinorium, including the Hunsriick Nappe,
and the Northern Phyllite Zone at the southern
margin of the Rhenohercynian fold-and-thrust
belt (Figure 2.2). These zones are further
shortly elaborated

NW of the Stavelot-Venn inlier, a
predominantly  thin-skinned deformation
corresponds to the North Eifel foreland, and is
separated from the Brabant parautochthon at its
northern border by the Aachen thrust. This part
is further subdivided in the Wurm depression,
Aachen culmination and the Inde depression
(Oncken et al. 2000), equivalents of the Vesdre
nappe in the Ardennes. To the south of the
North Eifel foreland, the North Eifel is defined
as the combination of early Palaeozoic deposits
of the north-eastern part of the Stavelot-Venn
inlier and Lower Devonian deposits of the
north-eastern, peripheral (cf. Van Noten et al.
2008) part of the High-Ardenne slate belt. The
Eifel N-S Zone, SE of the North Eifel, is a zone
of axial depression which is characterised by
Mesozoic and Cenozoic sediments resting
unconformably on alternating Emsian and
Middle Devonian platform sediments. Further
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to the south, the presence of thick sequences in
the Mosel Synclinorium marks the existence of
a small depocentre of the Rhenohercynian
basin, active during the Emsian (Littke et al.
2000). The southern border of the Mosel
Synclinorium is separated from Northern
Phyllite Zone by the Hunsriick-Taunus
Boundary Fault, a steep and upright fault zone
(Oncken et al. 2000), which has been
repeatedly active since the late Carboniferous
(Littke et al. 2000).

Recently published palinspastic restorations of
balanced cross-sections, west of the Rhine river
(Oncken et al. 1999, Oncken et al. 2000, von
Winterfeld 1994), show that the previously
described structural domains correspond to
several smaller basins, such as the Ardenne-

Eifel basin or the Mosel graben, that were
active during Rhenohercynian basin
development. Within this broad context, the
Ardenne-Eifel basin thus forms a narrow
depocentre on the northern passive margin of
the developing Rhenohercynian Ocean.

In the palinspastic reconstruction (Figure 2.3b)
of the cross-section through the North Eifel and
Eifel N-S Zone (Figure 2.3a), two different
units show up which are defined by a prominent
rift margin fault; to the NW of the Lower
Palaeozoic Stavelot-Venn inlier a thin post-rift-
related Devonian platform is separated from the
thick Ardenne-Eifel basin fill to the SE of the
Stavelot-Venn inlier. The margin fault that
borders these units represents Lower Devonian
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crustal stretching during Rhenohercynian basin
development and separates the nearly
unextended crust to the NW from the strongly
attenuated crust in the SE (Heinen 1996, von
Winterfeld & Walter 1993). Together with the
Eifel basement ramp (cf. von Winterfeld 1994)
(Figure 2.3) the rift margin fault played an
important role as thrust fault during the
syntectonic inversion of the Ardenne-Eifel
basin (Oncken et al. 1999). Also, the foreland
facing thrusts recognised in the balanced cross-
section tend to branch off near the intersections
of the basement-cover interface with earlier
normal faults.

During the Pragian, extensional normal faults,
such as the previously described margin fault,
began to develop during rapid rifting and
subsidence of the Ardenne-Eifel basin.
Thermomechanical basin modelling of the syn-
rift crustal thinning during the Early Devonian
revealed an average lower-crustal thickness of
19 km below the detachment in the North Eifel
and a decrease in thickness to 12 km below the
detachment in the depocentre of the Mosel
graben (Heinen 1996). This exemplifies the
slightly asymmetric rift of the Rhenohercynian
basin deepening towards its southern margin. In
the North Eifel, syn-rift crustal thinning was
accompanied with an increased heat flow up to
95 mW/m® at the end of the early Emsian
(Heinen 1996, Littke et al. 2000). In this period,
the activity of extensional normal faults reached
a maximum. Subsequently, a decrease in heat
flow to common values between 50 and 60
mW/m?, related to post-rift thermal relaxation,
occurred during decreased subsidence and
Middle Devonian platform development.
Restoration of the Moho depth to uniform
thickness below the whole Variscides and its
foreland is believed to have occur within 20 Ma
after final convergence in the frontal zone by
the end of the Carboniferous (Henk 1999).

2.3 North Eifel lithostratigraphy

The rapid syn-rift Ardenne-Eifel basin fill
during the Lower Devonian Lochkovian-
Pragian-Emsian is currently comprised in the
High-Ardenne slate belt as thick sequences. In
the North Eifel, the overall NNE-SSW Lower
Devonian  metasedimentary ~ rocks  rest
unconformably on the SE-dipping limb of the
NE-plunging Lower Palaeozoic Stavelot-Venn
inlier in the NW (see cross-sections in Figure
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2.6) and are covered by the slightly NE-
dipping, Permo-Triassic deposits in the east.
The Lower Devonian sediments are younging
to the SE and will further be discussed
separately.

Before referring properly to the literature on the
regional litho- and chronostratigraphy, the
stratigraphic approach has to be explained. The
International Commission on  Stratigraphy
(IUGS) is  developing  worldwide a
(chrono)stratigraphic terminology to unify the
regional nomenclature on a global data base.
This coordinated effort is necessary as others
use regional and  chronostratigraphic
terminologies which could have different
significance elsewhere.

Regarding the Lower Devonian rocks, the
subject of this work, the subdivision into
Lochkovian, Pragian and Emsian Stages has
been accepted by the IUGS (Bassett 1985), with
each stage defined by a physical GSSP at its
base, irrespective of any chronostratigraphic
biozonation. It is preferred to use this
chronostratigraphic terminology in a broad way
to allow global correlation between different
settings. The historical development of the
stratigraphy of the units at the northern border
of the Rhenohercynian Basin has resulted in a
standard regional subdivision of the Lower
Devonian into the stages Gedinnian, Siegenian
and Emsian. These stages were introduced by
Asselberghs (1946) during his work on the
characterisation of the Lower Devonian in
southern Belgium and in surrounding areas.
These stages have also been used in the Lower
Devonian subdivision of the Rhenish Massif
(Walter 1992, Weber 1981). In the international
Lower Devonian subdivision, the base of the
Pragian correlates with the base of the
Eognatodus sulcatus Conodont Zone (Oliver &
Chlupaé¢ 1991). However, as shallow marine
biostratigraphic markers are unsuitable for a
correlation with international biomarkers, these
regional stages were abandoned in the
international subdivision.

In practice, the nomenclature and definitions of
regional Lower Devonian lithostratigraphic
units are defined by national stratigraphic
commissions. In this study the vein formation
in Lower Devonian units in both German and
Belgian part of the High-Ardenne slate belt is
compared. As result of this correlation, both
German and Belgian nomenclature had to be
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dealt with. For the units of the North Eifel,
correlation of the defined lithostratigraphic
units with the internationally chrono-
stratigraphic subdivisions is difficult. In the
lithostratigraphic lexicon of the Deutsche
Stratigraphische Kommission (DNK), the old
regional lithostratigraphic stages Gedinnian and
Siegenian are still used for the North Eifel
units, while for the Lower Devonian
lithostratigraphical units defined in the Dinant
fold-and-thrust belt and the Vesdre Nappe the
old lithostratigraphical units have been
correlated with the international stratigraphic
nomenclature (Bultynck & Dejonghe 2001).
When it is referred to literature during the
description of the formations in the North Eifel
in this study, both regional and UGS
chronostratigraphy will be used such as in the
reference. This prevents misunderstanding of
literature.

Because of the scarcity of fossils proper
biozones in shallow marine Lower Devonian
deposits, the internationally stages cannot
directly be correlated with the old
lithostratigraphic subdivisions in the Ardennes
and the Rhenish Massif (see Bultynck et al.
2000). The international Lower Devonian stage
boundaries can therefore not precisely be
located. It is, however, appropriate in this work
to strive to continue using the international
stratigraphic nomenclature Lochkovian, Pragian
and Emsian defined by their GSSP’s in such
way that the deviation from the former
chronostratigraphic ~ boundaries  Gedinnian,
Siegenian and Emsian remain minimal (Noé&l
Vandenberge, pers. comm.). In general, based
on spores in the Ardennes (Steemans 1989), the
Lochkovian-Pragian  boundary is slightly
younger than the old Gedinnian-Siegenian
boundary, while the Pragian-Emsian is slightly
older than the old Siegenian-Emsian boundary
(see Figure 2.4). Also the old and new border
between the Emsian and Eifelian (former
Couvinian in Belgium), and the border between
Eifelian and Givetian do not entirely correlate
(Bultynck & Dejonghe 2001).

Figure 2.4 (right): Lower Palaeozoic litho-
stratigraphic units in the North Eifel and Eifel
North-South Zone. The gray units correspond to
eroded depositional units. Correlation of the old
‘Rhenish’ lithostratigraphic stages with the new
Lower Devonian subdivisions is adapted from
Bultynck et al. (2000).
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Owing to the northwards transgression of the
Rhenohercynian Ocean in the Early Devonian,
sediments in the North Eifel, of which
equivalents can be found in the Rhenish Massif,
are diachronous with respect to the sediments in
the Ardennes (Belgium). The base of the
Gedinnian beds, which lie unconformably on
top of the Lower Palaeozoic inliers in the High-
Ardenne slate belt, is diachronous from the
west towards the east (Bultynck et al. 2000,
Meilliez et al. 1991, Steemans 1989). The
Lower Devonian deposits in the Ardenne
culmination progressively young up from the
central part of the High-Ardenne slate belt
(Bertrix-Bastogne-Butgenbach area; Figure 2.2)
towards its north-eastern part, i.e. the North
Eifel, respectively evolving from Gedinnian-
Siegenian  to  Siegenian-Emsian.  Litho-
stratigraphical correlation between Lower
Devonian lithostratigraphical units of the
Ardennes and the North Eifel might, however,
be difficult owing to this diachronism (Figure
2.5). Nevertheless, based on a correlation of the
old lithostratigraphic units on the old geological
maps of Winstorf (1943), Breddin (1963),
Knapp (1980) and Ribbert (1992) with units in
the Belgo-Luxemburg area Gouvy-Sankt-Vith-
Elsenborn region (Vandenven 1990 in Ribbert
1992) and between the latter region and
lithostratigraphic units defined in the Dinant
Synclinorium  (Bultynck et al.  2000),
correlation is possible (see Figure 2.4) and will
be described in the lithostratigraphical
description. Furthermore, Kenis (2004) applied
the reviewed lithostratigraphy of Bultynck &
Dejonghe (2001) for the Lower Devonian
lithostratigraphy of Asselberghs (1946) in the
central part of the High-Ardenne slate belt. The
correlation of lithostratigraphic units of these
three areas (Figure 2.5) is illustrated by the
cumulative thickness of the units.
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Figure 2.5: Correlation of the Lower Devonian
lithostratigraphic units in the North Eifel and Eifel
North-South Zone with the formations in the Belgo-
Luxemburg area (Vandenven 1990 in Ribbert 1992)
and the old (Asselberghs 1946) and new (Bultynck
& Dejonghe 2001) Lower Devonian litho-
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illustrated by the cumulative thickness of the
lithostratigraphic units.
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north of the Stavelot-Venn inlier; MSZ: Monschau shear zone (Fielitz 1992).
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2.3.1 Gedinnian

The oldest cover rocks directly above the
unconformity at the southern border of the
north-eastern part of the Stavelot-Venn inlier
are of late Lochkovian age. This leaves a time
hiatus of approximately 70 Ma to 80 Ma with
the underlying lower part of the Ordovician
Salm Group (0S1 in Figure 2.6) (Jalhay
Formation in Verniers et al. 2001). Only
locally, at the NE of Monschau, the Gedinnian
rocks are in contact with a younger and middle
part of the Salmian Group (0S2) (Geukens
1999, Ribbert 1992), which is defined as the
Ottré Formation in Verniers et al. (2001).

The Gedinnian Gedinne Unit (gGe) has been
subdivided in four different parts (Winstorf
1931, 1943); at the base the unit exists of a
discordant basal, fluvial conglomerate with a
maximum local thickness of 30 m. The basal
conglomerate is succeeded by the Arkose of
Waimes, which is characterised by a large
amount of brachiopods (Knapp 1980) within an
alternation  of  sandstones,  fine-grained
conglomerates and arkose. Above the arkose,
the Gedinnian consists of alternating red to
gray-green siltstones and pelites with inclusions
of fine-grained sandstones and quartz-rich
conglomerates (250 to 300 m). The overlying
pelitic upper part of the Gedinnian mainly
contains red-coloured pelites with limestone
pebbles included and varies in thickness
between 150 and 200 m. The total thickness of
the Gedinnian varies around 400 m (Knapp
1980), but may locally increase up to 500 m
(Asselberghs 1946). Towards the Belgian part
of the High-Ardenne slate belt, the Gedinne
beds may correspond to the Qignies Formation
(G2b, Winstorf 1943) and with the Marteau
Formation north of the Stavelot-Venn inlier
(Bultynck & Dejonghe 2001) (Figure 2.5).

2.3.2 Siegenian

The Siegenian south of the Stavelot-Venn inlier
is characterised by the large thickness of the
different successive units, which reflect the
rapid subsidence of the Ardenne-Eifel basin.
The Siegenian deposits start with the
Monschau Unit (sM) that still may have a late
Lochkovian to early Pragian age in the new
chronostratigraphy. This unit mainly consists of
gray, quartzitic, sandstone layers, with
inclusions of small pelitic pebbles internally,
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intercalated with pelites and dark gray siltstones
(Fielitz 1987, Knapp 1980, Wiunstorf 1932).
Numerous sedimentary structures within the
sandstones indicate deposition by strong
currents in an energetic, shallow marine, deltaic
environment (Schmidt 1956). Thickness of the
Monschau unit varies strongly laterally from
100 m in the north of the North Eifel, up to
1500 m at Monschau. von Winterfeld (1994)
estimated a thickness of 500 m in the Rursee
and Urftsee area. The Monschau Unit may
correspond to the Amel Formation in the Belgo-
Luxemburg area (Vandenven 1990 in Ribbert
1992) and to the Mirwart Formation in the
central part of the High-Ardenne slate belt
(Bultynck & Dejonghe 2001) (Figure 2.5).

The Rurberg Units succeed the Monschau
Unit and are classically subdivided in three
units in which the sand-clay ratio increases
from the Lower-, over the Middle-, to the Upper
Rurberg Unit (Ribbert 2007, Schmidt 1956,
Waunstorf 1931, 1936). Differences between the
units are further based on the expression of
different sandstone layers and the initial colour
of the pelites. Stratigraphical borders between
the units are rather vague due to the gradual
change of the sandy content to the upper units.
Fossils, such as phytofossils and brachiopods
which are rarely found in these units, are
representative of a shallow marine depositional
environment in which incursions of fresh water
often occurred (Knapp 1980). The Lower
Rurberg Unit (sR1) is characterised by green-
gray to blue-gray pelites. Metre-thick, poorly
sorted sandstone layers only locally occur. This
mainly pelitic character has made this unit
favourable to mine and several smaller quarries
are still present around Monschau. The
thickness of the unit increases from the NW
towards the SE and is estimated to be 400 m in
the Rursee area (von Winterfeld 1994). A
further subdivision into lower or middle
Siegenian is not possible due to the absence of
fossils suitable for a detailed biostratigraphy.
The Middle Rurberg Unit (sR2) resembles the
lower unit in such way that it is mainly built of
a pelitic lithology, sometimes intercalated with
sandstones and arkose. Limestone pebbles
within the pelitic sequences occur towards the
top of the unit. Plant fossils found in the upper
part of the unit classify the unit to the middle to
upper Siegenian (Wunstorf 1936). Thickness
changes from 300 m to 800 m (Knapp 1980)
but increase up to 1400 m in the Rursee area
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(von Winterfeld 1994). According to Ribbert
(1992), the Lower to Middle Rurberg Units
may correspond laterally with the Longlier
Formation in the central part of the High-
Ardenne slate belt and with the Villé Formation
in the Dinant fold-and-thrust belt (Bultynck &
Dejonghe 2001). The youngest unit of the
Rurberg Units, i.e. the Upper Rurberg Unit
(sR3), is exposed in the region nearby the
Rursee and Urftsee water reservoirs and is of
interest for this research. This unit comprises an
alternation of predominantly siltstones with
fine-grained  sandstones intercalated with
coarse-grained sandstones that contain many
sedimentary structures (see section 2.4).
Petrological investigations report the presence
of particles of phyllades and quartzophyllades
within the coarse-grained sandstones, which
could define them as a greywacke (Knapp
1962). In the pelites, sometimes iron-rich
carbonate concretions with a red-coloured
weathered rim occur (Wunstorf 1931, 1943).
Schmidt & Schroder (1962) report the presence
of some brachiopods and phytofossils, i.e. early
land plants, within the Upper Rurberg Unit.
Estimation of the thickness is very difficult due
to the diachronous character of the unit and to
synsedimentary faulting within the unit
(Oncken et al. 1999). Knapp (1980) and Ribbert
(1992) estimated a range between 600 m and
2000 m with a local thickness of 1160 m in the
Rursee area (Richter 1967, von Winterfeld
1994). The Upper Rurberg Unit could
correspond to the transition between the
Longlier and Sankt-Vith Formation in the
Belgo-Luxemburg area (Vandenven 1990 in
Ribbert 1992) and to the transition of the
Longlier and Neufchateau Formation in the
central part of the High-Ardenne slate belt
(Kenis 2004) (Figure 2.5).

2.3.3 Emsian

Likewise the Siegenian units, the Emsian units
are subdivided into several units based on their
lithological content. Although these units are
well defined, stratigraphical borders also
gradually change into each other. Towards the
east of the study area (Figure 2.6), the Upper
Rurberg Unit gradually changes into the
younger Heimbach Unit (semH), which has an
upper Pragian to lower Emsian age
(biozonation in Richter 1967 and references
therein). The unit consists of dark- to blue-grey

pelites and siltstones intercalated with thin
sandstone layers and therefore resembles the
Upper Rurberg Unit. The Heimbach Unit
differs from the Upper Rurberg unit by its
smaller amount of sandstones layers and the
small dolomitic content within the fine-grained
layers. Wainstorf (1931, 1943) reports the
presence of iron-rich carbonate concretions
within the pelites, of which the concretions
consist of 4 % dolomite. In exposure, the upper
twenty metres of the Upper Rurberg and the
Heimbach Units are often red coloured due to
surface weathering of the overlying Triassic
Bundsandstein  deposits  (Breddin  1963).
Thickness of the unit varies up to 1500 m in the
study area (von Winterfeld 1994) although this
estimation is highly uncertain because of the
uncertain fault throw of the Malsbenden
backthrust in the SE and the overlying Triassic
deposits in the east (Knapp 1980, Richter
1967). South of Dedenborn (see Figure 2.6), the
Upper Rurberg Unit gradually continues into
the Wistebach Unit (semW), which is the
lateral equivalent of the Heimbach Unit
(Asselberghs et al. 1936), although it has a
slightly older age (upper Siegenian to lower
Emsian) (Knapp 1980). This unit (thickness
~1000 m) is built of dark blue to grey pelites
consistently with a minor amount of fine-
grained sandstone layers. The transition
between Waustebach and Heimbach is only
gradually  characterised (Winstorf in
Asselberghs et al. 1936). Due to its fine-grained
character and the very low carbonate content,
the Wstebach Unit has been exploited in the
past as rooftop slates, i.e. the Wistebach
Schiefer (Knapp 1980). Both the Heimbach and
Wistebach Units may correspond to the
transition of the Sankt-Vith to Breitfeld-
Steinebriick Formation (Vandenven 1990 in
Ribbert 1992) and with the transition of the
Neufchateau and Vireux Formation in the
central part of the High-Ardenne slate belt
(Kenis 2004) (Figure 2.5).

The overlying lower Emsian Schleiden Unit
(emS) predominantly consists of sandstones
which occur in thick monotone sequences
alternating with blue-gray pelites (Wunstorf
1931). Based on the presence of coalificated
plant ~ fossils  in  bituminous  shales
(bréndschiefer) in the upper part of the unit,
Ribbert (1992) further differentiated a lower
(emS1) and an upper member (emS2; Figure
2.6) locally around Schleiden. In contrast to the
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unclear borders between the previously
described  Siegenian units, the Emsian
lithostratigraphical borders are easy to
distinguish in such way that the Schleiden Unit
differs from the underlying
Heimbach/Wistebach units by its typical higher
carbonate content in the sandstones, increasing
from the bottom to the top of the unit (Ribbert
1992). In the overall part of the North Eifel
(Figure 2.6), the Malsbenden backthrust
separates the Heimbach and Wistebach Units
from the Schleiden Unit, also differentiating the
Ardenne culmination from the Eifel depression
(Figure 2.3). Due to Malsbenden backthrust, the
base of the Schleiden Unit is not observed,
which makes thickness estimations highly
variable changing from 600 m near Biitgenbach
up to 1400 m at Schleiden (von Winterfeld
1994). This unit may correspond to the Vireux
Formation in the central part of the High-
Ardenne slate belt (Bultynck & Dejonghe 2001)
(Figure 2.5).

A relatively sharp border differentiates the
Schleiden Unit from the lower Emsian Klerf
Unit (emK). This unit contains metre-thick,
poorly sorted, fine-grained sandstone layers and
green-, red- to violet coloured pelites and
siltstones (Knapp 1980). Schmidt (1956)
furthermore reports the presence of thin levels
of conglomerates in the sandstones and defines
it as the Gemund Konglomerat. Ribbert (1992)
has separated this unit into a lower (emK1) and
a middle to upper member (emK2+3) based on
the carbonate content of the sandstones in the
lower member and the increase in sandy content
towards the middle and upper member. The
Klerf Unit corresponds to the Clervaux
Formation (Vandenven 1990 in Ribbert 1992)
in the Belgo-Luxemburg area and with the
Winenne Formation in the central part of the
High-Ardenne slate belt (Kenis 2004). A
thickness variation between 1000 m (von
Winterfeld 1994) and 1300 m (Knapp 1980) is
characteristic of the Klerf Unit.

The overlying Ems-Quartzite (emQ) is a thin,
up to 75 m thick unit that consists of a fine-
grained, quartz-rich sandstone and a strong,
white quartzite that due to its glassy appearance
has been described as a glasswacke (Knapp
1980). The Ems-quartzite reflects a decrease in
clastic input in the Rhenohercynian Ocean at
the end of the rapid syn-rift subsidence. At the
beginning of the upper Emsian, a new
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palaesogeographic configuration sets in with the
development of a number of relatively small
subsiding basins (Meyer & Stets 1980). From
then on, there is a strong contrast between the
high subsidence and sedimentation rates in the
Siegenian and lower Emsian and the
development of Middle Devonian carbonate
platform sedimentation in these smaller basins
(Oncken et al. 1999). After a short absence of
sedimentation, marking the transition from high
to low subsidence rates in the Ardenne-Eifel
basin (Figure 2.4) (Knapp 1980), the sandy
Heisdorf Unit (e) is deposited in the upper
Emsian and introduces the Middle Devonian
Eifel Kalkmulden. The sedimentary hiatus in
the upper Emsian (see Figure 2.4) is widespread
and has also been observed in the siliciclastic
facies of the Rhenish Massif (Stets & Schafer
2009).

2.3.4 Middle Devonian to upper
Carboniferous

The Eifel Kalkmulden (e and egk in Figure
2.6), which are exposed in the Eifel North-
South Zone, comprise several thinner units
deposited in the Eifelian and Givetian (see
further subdivision in Ribbert 1992). They
consist of successions of pelites, fossil-rich
calcarenites and  partially  dolomitised
limestones that contain biostromes, corals and
stromatopores. These lithologies reflect a
classical rhythmic build-up of reef mounds
which are typically developed in the shallow
waters on the carbonate platform during the
Middle Devonian (Schmidt 1956). Total
thickness of the Eifel Kalkmulden is estimated
to be about 740 m (Meyer & Stets 1980, von
Winterfeld 1994). The overlying, 300 m thick
Muldenkern Dolomite marks the end of the
Givetian deposition and consists of a
stromatopore-rich limestone, possibly
dolomitised during post-Variscan influx of hot
fluids along Triassic normal faults (Richter
1985). In the Eifel Nord-South Zone, this
dolomite continues into the Frasnian. The upper
border is characterised by a reworked eroded
surface exemplifying another sedimentary
hiatus in the Frasnian (Richter 1974 in von
Winterfeld 1994). Due to variation in this
erosional surface, minimum thickness of this
unit has been estimated to 300 m but may
increase up to 500 m (Richter 1974 in von
Winterfeld 1994).
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The deposits after this Frasnian hiatus are of
middle Famennian age and consist of subaerial
to submarine sediments. In contrast to the
Condroz and Famenne Units north of the
Stavelot-Venn inlier (see Figure 2.6) and the
thick sequences in the Dinant fold-and-thrust
belt (Bultynck & Dejonghe 2001), middle
Famennian psammites are not preserved in the
Eifel area (Paproth et al. 1986) but could have
reached a thickness of 400 m (von Winterfeld
1994). In the late Famennian, a regional
regression and the late Variscan uplift of some
tectonic blocks in the Ardennes (Ardennian
Shoal in Paproth et al. 1986) and Rhenish
Massif (Piecha 2002) caused a new hiatus in
sedimentation in the Eifel area (Figure 2.4).
Further post-Devonian sedimentation is limited
to the Dinantian and Namurian with a hiatus in
sedimentation from the late Visean to the early
Namurian (Yilmaz et al. 1996). In his
palaeogeographic  reconstructions,  Ziegler
(1990) reports a thickness variation of 200 m to
2000 m for the Dinantian carbonates in the
western  Rhenish  Massif.  Although the
Dinantian in the Eifel area is currently fully
eroded, a thickness estimation of 1000 m is
probably more realistic (von Winterfeld 1994).
Finally, Namurian continental to lacustrine
sediments with a maximum thickness of 50 m
are the youngest Upper Palaeozoic rocks
deposited in the Eifel area (Yilmaz et al. 1996).
During the subsequent Westphalian, the
Rhenohercynian Zone was uplifted and acted as
a source for the Westphalian deposits in the
Namur and Campine basin, north of the
Variscan front (Yilmaz et al. 1996, Ziegler
1990).

2.3.5 Total thickness

To conclude, in order to estimate the total
thickness of all units which are deposited in the
North Eifel and eventually to estimate the depth
of burial, the described thicknesses of the units
in the region of the Rursee and Urftsee have
been  summed. This sum  amounts
approximately 10.3 km and reflects the total
thickness of Upper Palaeozoic deposits above
the Ordovician Salm Group. The outcrops
studied around the Rursee and Urftsee, of
which the structural characteristics will be
described in detail in Chapter 3, all belong to
the middle to upper part of the Upper Rurberg
Unit and locally to the lower part of the

Heimbach Unit (Figure 2.4 and Figure 2.6).
Thickness of units above the middle part of the
Rurberg Unit amounts approximately ~7 km.
As the exact stratigraphic position of the
sequences studied within the Upper Rurberg
Unit is unknown, an error of = 0.1 km has been
estimated. This depth will be later used in order
to validate the maximum burial temperature
during vein formation (see Chapter 5)

2.4 Depositional environment of
the Upper Rurberg Unit

As good index fossils are rare in the thick
Siegenian pile and as a detailed biostratigraphy
is lacking, the environmental conditions during
Siegenian deposition can only be derived from
sedimentological observations. Based on
representative Lower Devonian cross-sections,
several palaeoenvironmental reconstructions
have been composed in the past (e.g. Goemaere
& Dejonghe 2005, Stets & Schafer 2009) and
represent very well the sedimentary processes
active during deposition. In what follows, field
observations at the Rursee will be compared
with the some of these palaeoreconstructions in
order to show the variability in sedimentary
structures of some outcrops.

2.4.1 Sedimentological observations

The observed outcrops of the Upper Rurberg
Unit predominantly consist of silty and clay-
rich sediments intercalated with decimetre-thick
fine-grained to metre-thick coarse-grained
sandy beds (Figure 2.7a). Grain sizes have been
estimated roughly in the field. The silty beds,
monotone grey in colour, are characterised by
an intense cleavage development but
sedimentary structures are rare. The fine-
grained sandstones are often distributed in
centimetre-thick wavy to parallel laminations
(Figure  2.7b) with  locally  sandballs
incorporated. Coarse-grained beds change from
thin, well sorted sands to decimetre-scale
channels (gullies) filled up with laminated to
cross-bedded sandy layers which are separated
from each other by thin millimetre pelitic
laminae (Figure 2.7b). At the top of thin beds
ripple marks often occur (Figure 2.7c).
Biological activity in the coarse-grained sands
is only found as bioturbations disturbing the
primary bedding structures. On large outcrops,
asymmetric, metre-scale point bars are apparent
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and represent larger channel fills (Figure 2.7e).
Besides these sedimentary structures, small-
scale synsedimentary deformation such as
convolutions and load-cast occurs at the base of
the fine-grained sandstones (Figure 2.7d). At
the base of the coarse-grained beds, plant
remains and shell fragments are only rarely
found. Coarsening-upwards sequences evolving
from silty to sandy have been observed and are
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gradually changes in nature from a slaty
cleavage in the siltstone to a spaced cleavage in
the competent fine-grained sandstones. At the
top of the sequences cleavage refracts at high
angles to competent-incompetent interface
reflecting the abrupt change of a coarse-grained
unit into a fine-grained unit.
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Figure 2.7: Sedimentological observations. See Figure 3.1 and Appendix B for localisation of the outcrops.
(a) Sedimentological profile showing the nature of shallow marine deposits of the Upper Rurberg Unit. fg: fine-
grained sands; cg: coarse-grained sands (Wildenhof section, outcrop 27). (b) Intercalation of fine-grained
parallel laminations with coarse-grained cross-beds. Stratigraphic younging indicated (Wildenhof section,
outcrop 27). (c) Bedding surface with ripple marks (Wildenhof section, outcrop 18). (d) Load-casts at the base of
a fine-grained bed. Stratigraphic younging indicated (Schwammenauel S section, outcrop 119). (e) Heimbach
beds with reverse structural and stratigraphical polarity showing metre-scale point bars and an alternation of silt-
and sandstone beds (Schwammenauel S section, outcrop 153).

24



Metamorphism and Variscan deformation in the High-Ardenne slate belt

2.4.2 Depositional model

The variation in sedimentary structures and
grain sizes are related to varying energetic
conditions during deposition, rather than to
regional sea level changes. Small-scale
sedimentary structures, such as ripple marks
and cross-beds within channel structures, are
representative of an energetic, shallow marine
depositional environment. An evolution from
parallel laminations to cross-bedding within the
sandstones may reflect an increase in current
speed while the silty sequences reflect muddy
deposition in slowly flowing waters. In the
Siegenian Normal facies of the Rhenish Massif
(cf. Meyer & Stets 1980), the above described
sedimentary structures are representative of
large distal meandering fluvial systems existing
in a low-relief mud and floodplain environment.
These fluvial systems could gradually change
into a subaerial delta platform (Meyer & Stets
1980, Stets & Schafer 2002). While the coarse-
grained beds reflect the infill of distributary
channels running through the flood plain, the
fine-grained to silty sediments can be related to
mud planes flooded by low-current waters.
These Lower Devonian environments were
widespread and covered most areas along the
northern margin of the Rhenohercynian basin
(Stets & Schafer 2009).

Importantly, in order to maintain the very thick
Siegenian sequences, the basin subsidence,
detritical input and sediment supply had to be in
balance nearly all the time during the Siegenian.
The rivers brought huge volumes of siliciclastic
sediments from the OId Red Sandstone
Continent towards the shallow marine basin of
which the depth of the basin remained constant
due to the activity of extensional
synsedimentary faults (Goemaere & Dejonghe
2005, Stets & Schafer 2009). The structures
observed in the Upper Rurberg Unit also
correspond very well to the Lochkovian
Mirwart Formation in the central part of the
High-Ardenne slate belt despite the differences
in age of both units. This shows the consistency
in time and place of the regional Siegenian
deltaic system (cf. Meyer & Stets 1980).

2.5 Metamorphism and Variscan
deformation in the High-Ardenne
slate belt

In the High-Ardenne slate belt, in which the
slaty cleavage is the dominant structural
feature, the Lower Devonian siliciclastic,
predominantly argillaceous sequences
underwent a very low- (anchizonal) to low-
grade (epizonal) metamorphism (Figure 2.8). In
the Ardennes, anchizonal conditions correspond
to temperatures of 250°C - 300°C, while
epizonal conditions start at 300°C and may
increase locally up to 450°C. Only in the SE of
the Eifel depression metamorphism did not
exceed diagenetic conditions. The highest
metamorphic grades are associated with the
rocks at the southern limbs of the Lower
Palaeozoic Rocroi and Serpont basement inliers
and correspond to increased metamorphism due
to nappe stacking along inverted Lower
Devonian  synsedimentary  fault  zones
(Beugnies 1986, Fielitz 1992, 1997). The
metamorphism in the High-Ardenne slate belt is
considered to have a burial origin, formerly
termed as ‘diastathermal’ metamorphism
(Fielitz 1995, Robinson 1987 in Fielitz &
Mansy 1999), and the metamorphic
temperatures correlate very well with the age
and thickness of the Lower Devonian
sedimentary sequences. It is believed to be pre-
to early synkinematic with respect to the
prograding Variscan deformation, thereby
documenting the peak of subsidence and
sediment accumulation in the Ardenne-Eifel
basin (Fielitz & Mansy 1999). In the Dinant
fold-and-thrust belt, north of the High-Ardenne
slate belt, the initial burial-related diagenetic
conditions are overprinted by an
anchizonal/beginning epizonal synorogenic
metamorphism (Figure 2.8) related to nappe
stacking of the advancing orogenic front during
Variscan deformation (von Winterfeld 1994).

In the Eifel area, the sigmoidal shape of quartz
overgrowth of metamorphic porphyroblasts
(pyrite) in the pelites of the Monschau Unit is a
clear indication for the pre- to synkinematic
metamorphism (Fielitz 1992, Spaeth 1979). At
the southern border of the Stavelot-Venn inlier,
this  metamorphism shows typical peak
metamorphic conditions corresponding to the
upper epizone with temperatures of 400°C -
450°C and pressures of 100 MPa to 300 MPa
(Fransolet 1978, Kramm & Buhl 1985). These
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epizonal conditions, however, only occur in the
Monschau shear zone (Fielitz 1992). To the SE
of this high-strain zone, the rocks in the Eifel
area are affected by a high-temperature, low-
pressure  metamorphism, similar to the
metasediments in the Rhenish Massif in which
temperature did not exceed 350°C (Weber
1981). The metamorphic grade corresponds to
anchizonal conditions in the North Eifel and
diagenetic conditions in the Eifel North-South
Zone (Figure 2.6). The age of this
metamorphism must be younger than some
magmatic intrusions in the Stavelot-Venn inlier
which are affected by cleavage development
and which are dated at 381 Ma (Kramm & Buhl
1985 in Fielitz & Mansy 1999, Han et al.
2003), but older than 326 + 7 Ma based on
K/Ar-datation of recrystallised phyllosilicates
in Gedinnian rocks (Pigué et al. 1984 in Kenis
2004).

During late Carboniferous Variscan shortening
of the Rhenohercynian belt, different fold styles
are created throughout the High-Ardenne slate
belt. The overall structural architecture changes
from NW-verging and slightly NE-plunging,
upright to overturned NE-SW-trending fold
trains in the North Eifel (Pilger & Schmidt
1957, Winstorf 1931, 1936) into slightly north-
verging, upright east-west-trending folds in the
western part of the High-Ardenne slate belt
(Hance et al. 1999, Kenis 2004). The transition
of the overturned fold style in the North Eifel
into upright folds in the western part of the
High-Ardenne slate belt occurs gradually
(Hance et al. 1999). Concomitant with the
variation in fold style, also the dominant,
penetrative slaty cleavage in the slate belt
changes from moderately SE-dipping to steeply
south-dipping respectively. Most folds are
hectometre in scale and seem to be largely
synchronous with Variscan cleavage develop-
ment as evidenced by the parallelism of the
cleavage with the axial planes of the folds in the
slate belt. Both Fielitz (1992) and Spaeth
(1979) argue that this major structural change in
fold- and cleavage orientation of the two areas,
is probably related to an oroclinal Variscan
overprint over the southern border of the pre-
Variscan subsurface basement high in the
foreland, i.e. the Brabant basement.

Similar as to the major part of the Rhenish
Massif, the structural development of the North
Eifel is characterised by a strong NW vergence
(Weber 1981). Folds gradually change from
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hectometre-scale, upright folds in the
Malsbenden-Schleiden area in the SE (Figure
2.6; SE of cross-section A-B) into overturned,
NW-verging folds in the Rursee study area
(Figure 2.6; NW of cross-section A-B and SE
of cross-section C-D). Towards the south-
western border of the Stavelot-Venn Inlier,
small decametre-scale folds characterise the
Monschau shear zone. This zone contains
NNW-verging, east-plunging folds (Fielitz
1992, Spaeth 1969, 1979), a trend which differs
distinctively from the general NE-SW trend of
the major hectometre folds. These minor folds,
moreover, exemplify an intense shortening and
stretching lineation along the southern border of
the Stavelot-Venn inlier (Ribbert 1992) in
which the abnormal orientation of the folds can
be explained by rotation of the original folds
around an ENE-plunging rotational axis during
basement-parallel shear (Hoffmann 1961,
Spaeth 1979). Concomitant with the varying
fold styles, an intensification of the slaty
cleavage exists from the SE towards the NW in
the North Eifel. Cleavage is largely parallel to
the axial planes of the folds and varies from an
almost vertical spaced cleavage in the
Malsbenden-Schleiden area, over a slaty SE-
dipping (60° SE) cleavage in the Rursee study
area, towards a gently inclined (30° SE) slaty or
continuous cleavage in the intensely deformed
and metamorphosed SE-limb of the Stavelot-
Venn |Inlier (Hoffmann 1961, Knapp 1980,
Wiunstorf 1936). Similar as to the metamorphic
grade, the intensity of the deformation thus
decreases towards the SE.

The major NW-dipping Malsbenden backthrust,
which is locally characterised by several
separated north-dipping backthrusts (Breddin
1963), does not only separate the Siegenian and
Emsian Lower Devonian Units (see Figure 2.6),
but also forms a clear border in deformation
style. South of this fault, structures are
southerly backtilted, resulting in a locally steep
to even north-dipping, weakly developed
cleavage which contrasts with the steep SE-
dipping continuous slaty cleavage north of the
fault (Ribbert 1992, von Winterfeld 1994).
Furtak (1965) observed a similar pattern
between the cleavage attitude and the north-
dipping Troisvierges fault at the Belgian-
Luxemburg border and proposed to extend the
smaller backthrusting faults at Malsbenden with
the Troisvierges fault into the major
Malsbenden-Troisvierges backthrust. The North
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Eifel is furthermore characterised by SE-
dipping faults and by listric thrust faults (Fielitz
1987, Weber 1981), of which some are
interpreted as  inverted,  pre-shortening
synsedimentary faults (Oncken et al. 1999). By
taking up a large part of the overall shortening,
these thrust faults have played a major role
during the late stage of Variscan contraction
(Spaeth 1979).

In general, the Variscan shortening started in
the early Visean (335 Ma to 330 Ma) (Oncken
et al. 1999) and intensified during the
northwards propagation of Variscan defor-
mation front from 325 Ma to 300 Ma (Ahrendt
et al. 1983). Cleavage development and folding
occurred between 325 Ma and 310 Ma ago. The
age of the penetrative deformation in the North
Eifel ranges from 327 Ma in the SE to 305 Ma
in the NW (Ahrendt et al. 1983).
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Locally in the Herbeumont-Bertrix area, the late
Variscan destabilisation of the High-Ardenne
slate belt is expressed by the emplacement of
discordant quartz veins which cross-cut the
Variscan cleavage and which developed in the
extensional stress regime after the late Variscan
tectonic inversion. These quartz veins
developed from planar extension veins that
subsequently underwent shape modification
during progressive late-orogenic extension.
Afterwards, the deformation of cleavage planes
into kink bands and reactivation of cleavage as
low-angle normal faults mark the final stages of
the Variscan orogeny (Van Baelen 2010). Late
Variscan kink bands have been recognised in
the Eifel area, but their geometrics have never
been studied and hence the kinematic
significance of these kink bands remains
enigmatic.
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Figure 2.8: Very low-grade to low-grade metamorphic zonation in the Ardenne allochthon compiled from the
metamorphic data in Fielitz & Mansy (1999). Besides the different metamorphic zones, also the transition zone
between pre-orogenic (burial-related) and synorogenic metamorphism is indicated. The study area (white star) is
localised in the anchizonal part of the High-Ardenne slate belt. VF: North Variscan thrust front; SVI: Stavelot-
Venn inlier, RI: Rocroi inlier; GI: Givonne inlier; SI: Serpont inlier.
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2.6 Post-Variscan development

The late Carboniferous Variscan deformation
was followed by Permian and early Triassic
erosion and peneplanation of the Variscan
chain. During the Mesozoic, a long period of
tectonic quiescence existed, which is followed
by uplift (doming), erosion and post-orogenic
faulting. Uplift of the Ardennes, Eifel and
Rhenish Massif started in the Upper Cretaceous
and was followed by a phase of large-scale
tilting in the Palaeocene. This is for instance
exemplified by steeply west-dipping Variscan
folds in Lower Devonian sequences at the
western border of the Stavelot-Venn inlier
(Sintubin & Mathijs 1998). Subsequently,
major doming occurred during the late
Oligocene and continued until recent times
(Garcia-Castellanos et al. 2000, Walter 1992).
The uplift of the North Eifel occurred largely
parallel to the subsidence of the Lower Rhine
Graben and the Roer Valley Graben along large
N-S- to NW-SE faults that were formed or
might have been reactivated during subsidence
(Meyer & Stets 2002). Currently the Stavelot-
Venn inlier and the unconformably lying Lower
Devonian deposits are situated on the
riftshoulders of the Roer Valley Graben. The
activity along these faults has caused block
rotation within the North Eifel, as is evidenced
by the large fold-plunge variability in the
Heimbach area (Baum 1955). Compared to the
North Eifel, the rate of uplift of the Eifel North-
South Zone was lower and currently forms an
area of axial depression in the landscape
(Meyer & Stets 2002).
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2.7 Synthesis

In this chapter, the geology of the High-
Ardenne slate belt and surroundings have been
presented with an emphasis on the late
Palaeozoic geodynamic evolution of
Rhenohercynian basin and the regional
lithostratigraphical units deposited in the
Ardenne-Eifel basin. Concomitant with burial,
the metamorphic grade of the Lower Devonian
sediments in the peripheral part of High-
Ardenne slate belt increased up to the
anchizone. The main phase of the Variscan
contraction of these units caused a specific
deformation style in the study area in the North
Eifel with NW-verging overturned folds and a
spaced SE-dipping axial planar cleavage. In the
next chapter a detailed structural analysis of
different structural features such as folds,
cleavage and faults is presented in order to
frame the different vein types within the overall
structural architecture to be able to determine
the temporal evolution of a late basin that is
shortened  during  progressive  Variscan
deformation. An analysis of the occurrence and
orientation of quartz veins relative to these
structural features forms the base of this study
and allows determining the relative timing of
vein emplacement in a progressive deformation
history. The reconstruction of this deformation
history starts from a macroscopic field
description of the veins (Chapter 3) and is
refined by a microstructural analysis of the
veins and host rock (Chapter 4) in order to
construct the ultimate geodynamic model.



CHAPTER 3 Structural analysis

3.1 Introduction

The aim of this structural analysis is to frame
different types of quartz veins within the overall
architecture of the study area by a detailed,
field-based geometric analysis. A large effort
has been put into determining the relative
chronology of different vein types with respect
to primary and secondary structural elements.
The study area is located at ~30 km ESE of
Aachen and 15 km NE of Monschau
(Germany). Lower Devonian alternating
sequences classified to the Upper Rurberg,
Heimbach and Schleiden Units are present in
excellent outcrops, which are continuous for
several hundreds of metres along hiking paths
and along the shores of the Rursee and Urftsee
water reservoirs. The good quality of outcrops
is preserved due to seasonal water fluctuations
of the reservoirs (autumn and winter are the
best seasons to have maximum outcrop
capacity, see Appendix B) which keep the
outcrops along the shores free of any surface
weathering.

Although the folded and faulted Lower
Devonian rocks at the Rursee have been
reported in several mapping theses of a number
of students of the Rheinisch-Westfalische
Technische Hochschule (RWTH) Aachen (e.g.
Glasmacher et al. 1989 in Kukla et al. 2008,
Vinzelberg 2002, Zier & Kuhl 1999), the
Rursee and Urftsee have been chosen to be
remapped during several field seasons in order
to have a more detailed overview of all
structural features and of the overall
architecture. Based on the good outcrop
exposure, three different sections of the eastern
part of the Rursee have been chosen to study in
detail: Wildenhof, Eschaulerberg, and Hubertus
Hohe - Schwammenauel (see localisation on
structural map of Figure 3.1). In order to have a
regional idea about the consistency of vein
patterns, the wveins at the Rursee are
subsequently compared with selected outcrops
at the northern shore of the Urftsee (see field
data of the mapping in Appendix A).

This chapter is divided in several subchapters in
which the different sections studied along the
Rursee and Urftsee water reservoirs are
discussed. In order to refer properly to a certain
outcrop, all outcrops are grouped in different
zones, of which each zone corresponds to a
single fold limb. Apart from the localisation of
the outcrops, in each section an extensive
orientation analysis of all structural linear and
planar elements such as bedding (So), cleavage
(S1), bedding-cleavage intersection lineation
(L;), folds and fold hinge lines. The fold hinge
line (FHL) is a field term and is used for the
line measured at the fold hinge, while the fold
axis will be used as the constructed intersection
of two fold limbs on stereographic projection.
Apart from these structural elements, a detailed
geometric description and orientation analysis
of different vein types (V) are given. These
field observations are summarised in several
tables representative of each section. In this
work, the orientation of planar features
(bedding, cleavage, veins, faults) is written as
dip direction/dip in azimuth convention
(e.g. 045/85 for a plane dipping 85° to the NE)
and the orientation of linear features
(intersections, fold hinge lines) is written as
trend/plunge (e.g. 045/85 for a line plunging
85° to the NE). The bedding-cleavage
intersection lineation is measured in the field
and is crosschecked afterwards for its regional
attitude by merging bedding and cleavage data
in a lower-hemisphere, equal-area stereographic
projection (see Table 3.1, Table 3.2 and Table
3.3 for summary of data). The poles to planar
elements, as well as linear elements, are plotted
in two orientation analysis programs: GEOrient
9.2 (Holcombe 2004) and StereoNett 2.46
(Duyster 2000) in order to perform a structural
orientation analysis. The average orientations
and maximum density of measurements are
automatically determined in these programs.
Throughout the geometric description, the data
mentioned are mostly the mean values of
several measurements on a certain outcrop,
unless specifically mentioned.
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Also several rotation exercises have been
performed for each section studied to deduce
the original orientation of the veins prior to
fold-and-cleavage development. At the end of
this chapter a synthesis of the overall structural
architecture of the North Eifel, based on the
sections studied, and a summary of all vein
types will be given to constrain an evolutionary
geodynamic structural model that can be
discussed with respect to several models in
literature. The nomenclature used for the
description of the veins, will be introduced in

BOX | and BOX Il in the first case study. In
the regional context, the Rursee study area is
located between the Rurberger Mulde and the
Hasenfelder Sattel, i.e. a local depression and
culmination respectively corresponding with a
large scale, first-order syncline-anticline fold
train (Ribbert 1992, von Winterfeld 1994)
(Figure 2.3a). The Urftsee outcrops are
localised between the Vogelsang Mulde and the
Vogelsang Sattel, respectively corresponding to
a larger scale syncline-anticline fold train
(Figure 2.3a).

\ Legend

1 ¥ ——-3 axial surface
fold hinge line

117/45 12281 beddlng
1 /A ¥#s, (dip direction/dip)

overturned fold limb ~—

N = fault

*ween stratigraphic border
pR3 Upper Rurberg Unit
Heimbach Unit

b

J. L

\‘b Hubertus

:édding ‘ T

Hohe

N-dipping q‘/'],

layers X Ny -
¥

Schwammenauel N

Schwam\
menauel

) /

[
prE_—

Figure 3.1: Structural map of the eastern part of the Rursee (modified after Van Noten et al. 2008). Cross-
section E-F (Figure 3.3), G-H (Figure 3.21) and I-J (Figure 3.30) represent the outcrops studied in the
Wildenhof, Eschaulerberg and Hubertus Hohe - Schwammenauel sections, respectively. Due to the general fold
dip towards the NE, the outcrops in the NE of the map are situated on a higher stratigraphical and structural
level. The stratigraphical contact between the Upper Rurberg and Heimbach Unit are modified after Ribbert
(1992). See Table 3.1, Table 3.2, Table 3.3 for the specific field data of fold limbs 1 to 25.
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3.2 Case |: Wildenhof section

3.2.1 Localisation

The outcrops studied in the Wildenhof section
are situated in the south-western part of the
Rursee study area, approximately 1.5 km NE of
the little village Woffelsbach. A water level of
270 m NN@ is used as reference level in Figure
3.3 and corresponds to the water level during
autumn and winter. The outcrops at the shores
provide a useful correlation with the structures
along the road section. The largest outcrops are
located along a NW-SE road section and along
the shores beneath this road level, of which the
accessibility is highly dependent on the
seasonally fluctuating water level (see
Appendix B). A few hundred meters to the SE,
the road section continues along the shores at
the Wildenhof campsite, i.e. the
Wassersportstatte  ‘Wildenhof’, property of
RWTH Aachen. The outcrops at the road
section and along the shores are referred to as
the Wildenhof section throughout this work. In
order to deduce some key sections, in which
different vein types can be observed that
possibly reflect the regional occurrence of
quartz veins, the Wildenhof section is subjected
to a detailed geometric analysis. The exact
position of the discussed outcrops is indicated
on the scale-bar below the Wildenhof cross-
section in Figure 3.3. Zones 1 to 10 correspond
to the different fold limbs observed in this
section, of which zone 9 and 10 can be
correlated with the outcrops at the southern
shores across the Rursee at Schlitterley,
continuing in zones 11 and 12 (Figure 3.1;
Table 3.1).

3.2.2 Geometric analysis

As described in section 2.4.1, the rocks
observed in the Wildenhof section belong to the
Upper Rurberg Unit and display an alternation
of coarse-grained sandstones with intercalated
fine-grained, laminated sandstones and silty
sequences. For over 430 meter (cross-section E-
F in Figure 3.1 and Figure 3.3), the Wildenhof
and Schlitterley sections show syncleavage,
NW-verging, upright to overturned folds, with
subangular to rounded fold hinges and
moderately SE-dipping (50° to 60°) axial

surfaces (Figure 3.2; Figure 3.3). Bedding
changes throughout the Wildenhof cross-
section from a normal SE-dipping attitude
(zones 2, 4, 6 and 8) to a normal NW-dipping
attitude (zones 5 and 7) in upright folds, or
from a normal SE-dipping attitude to an
overturned SE-dipping attitude (zones 3 and 9)
in overturned folds. The SE-dipping fold limbs
with a normal (So~112/43) and overturned
(Sg~140/73) structural polarity are exemplified
on the stereographic projection (Figure 3.2) by
a high concentration of bedding poles in two
clusters, which is characteristic of subangular
folds (Twiss & Moores 1992). These NW-
verging overturned folds (e.g. zone4)
commonly have interlimb angles of 40° which
classifies them as tight folds. Stereographic
analysis of bedding in the NW-verging upright
folds (e.g. transition between zones 5 and 6, or
zones 7 and 8), characterised by SE-dipping
(So~112/43) and NW-dipping (S,~350/72) fold
limbs, shows a scattered pattern of bedding
poles along the mean girdle, being
representative of cylindrical folds (Twiss &
Moores 1992). The NW-verging attitude of the
both fold styles corroborates the regional
Variscan tectonic grain in the North Eifel. Axial
surfaces are exemplified by a pronounced
overall SE-dipping axial planar cleavage, which
has a constant attitude (S;~126/55) in the
Wildenhof section (Figure 3.2b; Table 3.1). The
main tectonic foliation is a distinct pervasive
cleavage. Whereas the silty or sometimes pelitic
sequences are characterised by a slaty cleavage,
a weak or spaced cleavage exists in the
competent sandstone beds. Opposing senses of
cleavage refraction, indicative of the structural
polarity, can be observed in the normal SE-
dipping limbs with respect to the normal NW-
dipping or overturned SE-dipping fold limbs.

The bedding-cleavage intersection lineation is
the most prominent linear feature and can be
used as a tool to predict or confirm the
orientation of the local fold hinge line. The
intersection lineation varies from upright to
moderately, NE- to east-plunging (Figure 3.2).
In contrast to the constant cleavage attitude, the
bedding-cleavage intersection lineation shows a
considerable  variability  throughout the
outcrops. This variability can be explained by
the variable sedimentology of the Upper
Rurberg Unit.

@ NN: Normalnull: German zero sea level point equal to the NAP (Normaal Amsterdams Peil)
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Figure  3.2:  Lower-hemisphere,  equal-area
stereographic projection of measured structures at
the Wildenhof section. (a) Poles to bedding. (b)
Measured bedding-cleavage intersection lineation
and poles to cleavage.

Because of the presence of small-scale gullies
and larger-scale point-bars (see description in
section 2.4.1) bedding surfaces have often a
wavy character while cleavage attitude remains
constant. Because of this, the bedding-cleavage
intersection may slightly differ from bed to bed.
Also, smaller folds are sometimes present in
larger fold limbs. If these smaller folds occur in
rather silty sequences, than they are not
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influenced by surrounding competent beds and
the intersection lineation can vary. Despite this
variability, the B-axis, i.e. the pole to the best fit
girdle around which the bedding poles are
arranged on the stereographic projection
(Figure 3.2) and which has a value of p~063/32,
corresponds well with the mean value of the
measured intersection lineation (L;~059/29) or
with the merged bedding-cleavage intersection
lineation. Both the mean intersection lineation
and the B-axis support the presence of gently
NE-plunging folds that have moderately to
steeply inclined axial surfaces at the Wildenhof
section. The southern overturned limb at
Wildenhof (zone 9) can be connected with the
northern  extremity of the  Schlitterley
promontory across the Rursee (Figure 3.1).
Hence, the NW-SE Wildenhof fold train,
described in this section, continues at
Schlitterley towards the SE.

The fold limbs and hinge zones of both upright
and overturned folds are cross-cut by faults. At
m60 and m90 (Figure 3.3; Figure 3.4a), two
such major fault zones are present. The absence
of any correlation of beds in the footwall with
beds in the hanging wall, suggests that both
faults must have displacements of at least a few
tens of metres. The fault zones, with a
maximum width of 0.5 metre, are characterised
by an internally strongly disrupted, clayey fault
gouge, indicative of a localised shear zone, and
are surrounded by a damage zone with
reworked host-rock fragments (Figure 3.4b and
c). The orientation of these moderately to
steeply SE-dipping fault zones is largely
parallel with the orientation of the axial
surfaces of the overturned folds. Other small-
scale faults have a similar SE-dipping
orientation and show a minor reverse
displacement (e.g. m235 in Figure 3.3, reverse
faults cross-cutting the synclinal hinge). Based
on both the orientation of these minor faults
with respect to the horizontal plane (> 30°) and
on the displacement direction along the fault
plane, these faults can be classified as reverse
faults and not as thrust faults. However, small
thrust faults are observed near some synclinal
fold hinges in which faulting has caused
duplication of the layers in the hinge.

An example of a thrust fault is visible between
the syncline-anticline couple at m112 (Figure
3.5a) in which fault displacement occurred
along out-of-syncline thrust towards the
adjacent anticline.
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Figure 3.3: Wildenhof structural cross-section (E - F in Figure 3.1) constructed by means of photographs and
field drawings showing bedding, cleavage, folds, faults and veins (modified after VVan Noten et al. 2008). For
over 430 meter, the cross-section contains hectometre-scale, NW-verging, upright to overturned folds with an
apparent axial planar cleavage. Mind the gap of 30 m between m270 and m300. Location of photographs: (1)
Figure 3.4a and Figure 3.7a; (2-4) Figure 3.4; (5-7) Figure 3.5; (8) Figure 3.6; (9-13) Figure 3.7; (14-16) Figure
3.8; (17-21) Figure 3.13; (22) Figure 3.19.
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Table 3.1: Bedding and cleavage data of the investigated zones at the Wildenhof-Schlitterley section. See Figure
3.1 for localisation of the fold limbs (zone 1 to 12). The number of measurements is given in brackets. Grey
zones represent the data specific for an overturned limb. - : not observed or suspicious data.

Outcrop Bedding B - axis Cleavage So/S1 Li So/S1 Li

(So) of bedding (S1) (measured) (merged)
Zone 1 170/60 (2) - 160/40 (1) 090/44 (1) 085/08 (3)
Zone 2 105/46 (24) 057/32 121/56 (15) 059/32 (11) 061/37 (36)
Zone 3 139/78 (7) 063/42 126/63 (6) 058/42 (3) 058/36 (13)
Zone 4 133/45 (2) - 145/65 (1) 033/34 (3) 065/21 (3)
Zone § 353/74 (9) 061/36 138/62 (2) 064/57 (1) 071/36 (11)
Zone 5 - 6 : transition 064/42 (7) - 113/66 (4) 026/44 (3) 045/40 (11)
Zone 6 069/32 (5) 090/30 119/55 (8) 066/32 (2) 054/31 (13)
Zone 7 145/90 (10) - 135/35 (2) 051/19 (2) 055/07 (12)
Zone 8 108/43 (31) - 128/54 (16) 059/27 (12) 070/37 (47)
Zone 8 -9 : transition 345/75 (8) 022/64 122/66 (5) 066/32 (2) 059/46 (10)
Zone 9 - Wildenhof 144/72 (54) 214/37 127/53 (43) 059/26 (26) 066/33 (81)
Zone 9 - Schlitterley 149/73 (4) - 133/45 (3) 068/20 (1) 066/21 (5)
Zone 10 - Wildenhof 104/40 (5) 028/12 139/59 (10) 073/33 (7) 075/36 (15)
Zone 10 - Schlitterley 138/35 (2) - 152/60 (1) 080/27 (1) 071/15 (3)
Zone 11 - Schlitterley 150/70 (2) - 130/40 (2) 073/34 (2) 068/21 (4)
Zone 12 - Schlitterley 157/45 (1) - 150/50 (1) 065/35 (1) -

Zone 1-10 Best fit girdle: Mean value: ~ Mean value:  Mean value:
Wildenhof fold train 243/58 (164) 063/32 126/55 (114) 059/29 (73) 064/31 (255)
Zone 9 - 12 Best fit girdle: Mean value: ~ Mean value:  Mean value:
Schlitterley fold train 247/70 (9) 067/20 139/46 (7) 072/27 (5) 068/19 (12)

These out-of-syncline thrusts cross-cut bedding
and duplicate the sandstone layer in the hinge
zone. They primarily form because of an
increase in bed curvature and they solve the
accommodation problem in the fold core (cf.
Mitra 2002). Parallel to the fault, thick quartz
veins locally occur. These veins are marked by
slickenlines, presumably tracking the out-of-
syncline fault movement. The slates just below
the synclinal hinge are characterised by a well
developed cleavage, which gradually changes
from gently dipping just below the hinge zone
(Figure 3.5a) into its regional, moderately SE-
dipping orientation. From the road level
towards the water level (m125), this complex
syncline-anticline-syncline fold train evolves
into a single open syncline (Figure 3.3). At m90
and m200, two NW-dipping faults occur
antithetic to larger SE-dipping fault zone. These
SE- and NW-dipping faults seem to be
genetically related and can be interpreted as a
pop-up  structure causing an  upwards
displacement of the sequences between both
fault types, notwithstanding the fact that a
reverse displacement along the SE-dipping
faults has not been observed. In contrast to the
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antithetic fault at m90, the displacement along
the NW-dipping fault at m200 could be
observed and measures one metre.

Based on its gently-dipping orientation with
respect to the horizontal plane, another gently
SE-dipping thrust fault can be observed in the
silty sequences at m140 (road level, zone 8;
Figure 3.4d). This fault is oriented parallel to
bedding and its fault plane is marked by quartz
precipitation, giving rise to a bedding-parallel
fault vein which laterally varies in thickness.
Such a local thickening of the wvein is
interpreted as an asymmetric dilational jog that
represents local shearing along the fault plane
(Figure 3.4d). The fault vein is moreover
marked by slickenlines at its upper and lower
vein wall, of which a direction of fault
movement towards the anticlinal hinge to the
NW can be deduced. Observations indicate that
this gently SE-dipping thrust fault is
approximately 20 metre long and dies out in the
silty sequences close to the anticlinal hinge
between zone 7 and zone 8. A temporal
relationship between folding and thrusting
could, however, not been established due to the
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absence of observation of the thrust fault cross-
cutting the anticlinal fold hinge. This thrust
fault, moreover, locally bifurcates into steeply-
dipping reverse faults branching off from the
thrust plane causing minor, decimetre
displacements of an overlying sandstone layer
(Figure 3.4d). The fault planes of these minor
bifurcations are also characterised by quartz
precipitation.

At m190, a metre-scale, higher order fold is
developed in a sandstone layer that occurs
interbedded in silty sequences (Figure 3.5b and
c). The S-shaped fold has a NW-verging
asymmetry and is developed in the SE-dipping
limb of zone 8. Around the anticlinal fold
hinge, a cleavage fanning can be observed in
the silty sequences. Also other synclinal hinges
show a clear divergent cleavage fanning in the
hinge zone of the fold. Two reverse faults,
marked by quartz with irregular geometries in
the fault plane, cross-cut the folded sandstone
layer and displace it over a couple of
decimetres. Below the folded and thrusted
sandstone, the reverse faults can be traced
where they cross-cut the silty sequences, but
after 0.5 metre both reverse faults disappear
into the bedding planes of the underlying
siltstones. A substantial ~amount  of
displacement of these minor faults has thus
taken place parallel to the bedding planes of the
siltstones. Both small-scale faults that displace
the folded sandstone layer seem to be formed
during a similar NW-directed deformation as
the folding of the layer. Shortening
accommodated by this folding and thrusting of
the sandstone layers is estimated to be 40%,
which is deduced from the difference in original
versus shortened length.

Figure 3.4 (left): Fault zones observed at the
Wildenhof cross-section. (a) Anticline-syncline fold
train cross-cut by a SE-dipping (reverse) fault zone
(m65-90). (b) Bedding-parallel fault zone above a
synclinal hinge. (m85, zone 6). (c) Detail of the fault
gouge in (b). Bedding-parallel quartz vein at the top
of the fault zone. (d) Bedding-parallel reverse
faulting in silty sequences in a SE-dipping limb. A
dilational jog filled with quartz associated with the
fault movement (m140, zone 8). (e) Chaotically
fractured sandstone sequence below a bedding-
parallel fault zone in the overturned SE-dipping limb
at Wildenhof camping (m420, zone 9). Structural
and stratigraphic younging inficated. For location,
see Figure 3.3.
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Figure 3.5: Small-scale deformation structures observed at the Wildenhof cross-section (modified after Van
Noten et al. 2008). Hammer (~32 cm) for scale. For location see Figure 3.3. (a) Out-of-syncline thrust fault
between two thick competent sandstone layers (m110; zone 7). (b) Silty sequences with a NW-verging
asymmetric, metre-scale folded sandstone layer and reverse faults with a minor displacement (m185; zone 8).
(c) Field drawing of (b) and lower-hemisphere equal-area stereographic projection of bedding, cleavage, fold-
hinge line (FHL). Orientation of bedding-normal veins (BNV) and veins in the silty sequences (V) are also
plotted. (d) Bed to bed movements as exemplified by displaced bedding-normal quartz veins. Displacement
occurs in the thin pelitic interlayer in a direction in agreement with the flexural-slip mechanism (m170, zone 8).

To the SE of the folded layer, a 0.5 meter-wide,
steeply SE-dipping fault zone cuts the
prolongation of this layer (Figure 3.5b and c).
These thicker fault zones are commonly
characterised by a clayey fault gouge with
internally disrupted wall-rock fragments and are
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often characterised by a red-coloured,
weathered appearance. Similar wide fault zones
with associated fault gouges and unknown fault
displacements have also been recognised
between m210 and m250 (Figure 3.3) cross-
cutting the wide, open synclinal hinge zone. In
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contrast to the planar reverse fault in this
synclinal hinge, it remains unclear whether the
cross-cutting fault zones have a reverse or
normal fault displacement. The wide syncline
forms a second-order fold transition from the
mainly, gently SE-dipping layers (m0 to m250)
to a long fold limb (zone 9) with a consistent
overturned polarity (So ~144/72), which is
exposed at the Wildenhof campsite (m300 to
m430). This overturned limb shows SE-dipping
beds with a mean orientation of Sy~144/72.
Cleavage dips less steeply than bedding
(S:~127/53), indicative of the overturned
orientation. The sandstone layers within this
overturned limb are densely fractured by
several bedding-normal and bedding-parallel
quartz veins, which are further investigated in
section 3.2.3 and section 3.2.4. Also at m420 a
sequence of coarse-grained sandstones is
densely fractured. The omnipresent siltstones
and slates are interrupted by coarse-grained
sandstones, mostly characterised by the
occurrence of numerous quartz veins. Apart
from the common bedding-normal and bedding-
parallel veins, also quartz veins with an
irregular geometry are present within this
chaotic zone. The top of this complex zone is
bordered by a 20 cm-wide bedding-parallel
fault zone. This complex zone has not been
studied in detail as the vein patterns seem to
have a local origin controlled by the faults that
occur between the sandstones. The veins might
be indicative of local fluid releases along small-
scale faults and might not relate to the regional
vein formation that forms the subject of this
work.

A few outcrops show a local subparallelism of
cleavage and bedding attitude (e.g. m200, zone
8). As result of this subparallelism, boudinage
of the competent sandstones has taken place
(Figure 3.6), possibly due to pure flattening or
thinning of the layers related to the cleavage
development (cf. Price & Cosgrove 1990, Van
Baelen & Sintubin 2008). According to the
boudinage classification of Goscombe et al.
(2004), these boudins can be classified as
single-layered, slightly —asymmetric torn-
boudins with quartz veins present between the
separated blocks. Furthermore, small layer-to-
layer displacements have been observed
internally within the boudinaged competent
sandstone layer, as exemplified by millimetre
offsets of hairline-thin, bedding-normal quartz
veins (Figure 3.6b). These decimetre-scale bed-

on-bed movements are wide-spread and are
more obvious in sequences in which sandstones
are separated by thin pelitic interlayers (Figure
3.5¢) that form a location for movement
horizons or slip planes during flexural-slip
folding. The amount of displacement can
sometimes be measured by means of displaced
bedding-normal quartz veins (Figure 3.5c). In
this case, the displacement represents a top-to-
northwest bedding-parallel displacement as
result of flexural slip in the SE-dipping limb
during folding.

Num total: 12

Figure 3.6: (a) Photograph of boudinaged sandstone
layer with local subparallelism of bedding and
cleavage (m200, zone 8); (b) Field drawing of (a)
oriented normal to the vein-bedding intersection
lineation. Within the sandstone hairline-thin,
bedding-normal quartz veins (BNV, full triangles)
occur. In the silty part (white), a laminated bedding-
parallel vein (BPV, white triangle) occurs. The strain
ellipse shows shortening parallel to cleavage.
e: elongation; s: shortening; Vj,= orientation
interboudin vein (diamond).
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3.2.3 Bedding-normal veins

3.2.3.1 Geometric description

BOX | - Terminology used in the geometric description of bedding-normal veins (BNVs)

Natural vein arrays are common in sedimentary and low-grade metamorphic layered rocks. In order to
carefully describe the veins that occur in the studied Upper Rurberg and Heimbach layered sequences,
the terminology that is used in the geometric description of the bedding-normal veins (BNVSs) is
explained in detail in this box. This terminology is partly adapted from the description that is used to
describe fracture arrays.

bedding-vein
intersection lineation

vein tip

vein width

In this study, a fracture refers to any non-mineralised opening crack, across which host-rock minerals
have been broken either with or without any measurable displacement. A fracture is therefore a surface
that exists of two fracture planes, along which the material has lost cohesion and strength (van der
Pluijm & Marshak 1997). If a lateral displacement parallel to the fracture planes is absent, the fracture
opened as a Mode | extension fracture and is called a joint. A vein is a mineral-filled fracture or joint
that usually forms in vein arrays, i.e. a group of regularly oriented veins in a layered sequence. Based
on the consistent orientation of vein arrays or on mutually cross-cutting relationships, different vein
generations can be determined. Two different groups of veins, i.e. vein types, are distinguished with
respect to their orientation to bedding; either oriented at high angle to bedding (BOX 1) or parallel to
bedding (see BOX II). Veins usually originate from precipitation from a fluid that is present in an open
fracture that either can be opened continuously during vein formation or that opened and closed
repeatedly during several episodes. Depending on this different opening behaviour of the fracture,
different vein fabrics will develop. As cohesion is restored again due to mineral-infill of the fracture,
the contact between the host rock and the vein is termed the vein wall in stead of a fracture plane. The
outer ends of the vein, i.e. the vein tips, are specific zones of the vein in which no deformation of the
host rock exists above or below the vein tip. A vein that extends through a layer from one layer
boundary to the opposite one in a layered sequence is defined as a stratabound vein (cf. Gillespie et
al. 1999) with the height of the vein corresponding to the thickness of the host-rock layer and the
spacing of the vein corresponding to the distance between two adjacent veins measured perpendicular
to the vein walls. If a bedding surface can be observed in outcrop, the length of the vein can be
measured along the intersection of the vein and the bedding plane.

To the orientation of this intersection is referred to as the vein-bedding intersection
lineation (LV_SO). Stratabound veins can also be entirely embedded into a unique layer without
reaching the bedding surface. A non-stratabound vein refers to a vein that cross-cuts multiple layers

in a heterogeneous layered sequence (cf. Gillespie et al. 1999). The vein tips of such a non-
stratabound vein can extend in the incompetent layer that encompasses the fractured competent layer.
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BOX | (continued)

Non-stratabound vein arrays may change in orientation or refract at the competent-incompetent
interface from an orientation at high angle to bedding in the competent layer to an orientation at lower
angle to bedding in the incompetent layer. The width or thickness of stratabound or non-stratabound
veins is measured perpendicular to the vein walls and vary from millimetre-thick hairline to thick
composite veins. Whereas the former refers to thin apertures resulting from a single opening fracture-
infill, the latter refers to a vein that has formed as result of multiple fracturing and infill events.
Hairline veins are defined as narrow spaced stratabound veins. Offshoots are small veins that branch
off from a larger vein that is emplaced in the same fractured host rock, forming a local network of
veins. The veins studied have regular shapes that are planar, curved, buckled or lensoid. Planar veins
involve all veins that have straight vein walls and have a continuous vein width along the vein height.
At the vein tip, the vein thickness of planar veins remains constant. Veins that are continuous in
thickness but have bowed vein walls are termed curved veins. If minor folding of the vein walls has
been observed, the vein is called a buckled vein. Finally, lensoid veins have (often symmetrical)
curved vein walls with opposite directions of curvature. They start from a single point at the vein tip

and evolve to a thick vein in the centre part.

A geometric analysis of the quartz veins in the
Wildenhof section shows that the majority of
the veins studied are oriented at high angle to
bedding, between 70° and 90° with respect to
the bedding plane. This bedding-normal attitude
remains continuous in the fold limbs and
around the fold hinges (Figure 3.7a). In the core
of the fold hinges (e.g. synclinal hinge at m230
in Figure 3.3, Figure 3.7b), axial planar
cleavage hardly refracts through the competent
sandstone due to the specific orientation of
bedding perpendicular to the fold axis in the
fold core. In the folds limbs, cleavage is more
refracted in the competent units than compared
to refraction in the fold core. If veins are
continuous through a composite layer,
composed of an alternation of fine to coarse-
grained sandstone layers intercalated with thin
pelitic interlayers, non-stratabound veins show
a change in orientation in the pelitic layer while
it is oriented at higher angle to bedding in the
sandstone layer (Figure 3.7d and e; BOX I).
They thus refract at the competent-incompetent
interface giving the wveins a sigmoidal
appearance (Figure 3.7c). The curvature of the
vein at the competent-incompetent interface
strongly depends on the thickness of the silty
layer. It is thus observed that the bedding-
normal veins have a similar behaviour as
cleavage in such way that non-stratabound
veins also refract at the incompetent-competent
interface in a similar way as cleavage. In the
fold limbs this refraction of the wveins is
obvious, while in the fold hinges barely
refraction occurs (e.g. Figure 3.7b). Most
bedding-normal veins are, however, restricted

to the competent sandstone layers (Figure 3.79),
i.e. stratabound veins, in which their thickness
dimensions vary considerably from hairline-
thick veins (Figure 3.7f) to centimetre-thick
composite veins (Figure 3.7h). On the one
hand, thin hairline veins with narrow apertures
are mostly present in thin sandstone beds and
are closely spaced. Thicker veins, on the other
hand, are mostly present in thicker units and
seem to be more widely spaced.
Macroscopically, the thin veins comprise
fibrous quartz crystals, whereas the thick
composite veins contain blocky quartz crystals,
separated by several pelitic host-rock
inclusions, which are more or less parallel to
the vein wall. If host-rock inclusions are absent,
sometimes a clear syntaxial growth can be
observed macroscopically in which the veins
are filled with fibrous quartz crystals (Figure
3.7g). Observations on the bedding surface,
hardly ever exposed, reveal that stratabound
veins have a consistent orientation within the
layer and are rather limited in length, maximum
up to some metres (Figure 3.7i). Composite
stratabound veins may vary from a clear planar
shape into a slightly buckled or curved shape.

Veins also occur in silty sequences in which
cleavage is the most prominent feature. In this
lithology, veins are irregular in shape and they
are refracted by cleavage which gives the vein a
fractured appearance (Figure 3.7j and k). Veins
in slates or in silty sequences, moreover, often
branch off from a central vein into several
smaller hairline veins, possibly due to the
absence of a competent bedding surface and can
be distributed in an en-echelon configuration.
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Figure 3.7 (previous page): Characteristics of bedding-normal quartz veins observed at the Wildenhof
section. (a) Veins at high angle to bedding in the fold hinge (m80). (b) Veins in the hinge zone of a
synclinal hinge (m230). (c) Vein refraction of two different vein generations at the competent-
incompetent interface (m30). (d) Stratabound vein at high angle to a SE-dipping laminated fine-
grained sandstone layer (m170). (e) Vein deformation in agreement with flexural-slip folding (m185).
(f) Narrow-spaced hairline veins (zone 2). (g) Planar bedding-normal vein in a thin competent unit.
The sketch shows two different phases of syntaxial quartz growth (zone2). (h) Composite vein which
comprises several quartz laminae and thin host-rock inclusion seams (m360). (i) Vein length on the
bedding plane (zone 10). (j-k) Cleavage refracting through irregular-shaped quartz veins in a pelitic
sequence (m395). For location see Figure 3.3. Hammer (~32 cm), fingernail (~1.3 cm) and pencil (~14

cm) to scale.

3.2.3.2 Orientation analysis

In order to determine if different vein events
have occurred through time, a considerable
effort has been put in an orientation analysis of
the veins. Based on cross-cutting relationships
of veins, and on different orientation of vein
arrays, several vein generations are recognised
(Figure 3.8). Especially in the well exposed
overturned limb at Wildenhof (zone 9; Figure
3.3) several distinct quartz vein generations are
observed. In what follows, first the orientation
of these different vein generations within this
single fold limb is described. Afterwards, the
orientation of the veins in the overturned limb
is compared to the veins in other fold limbs at
the Wildenhof section to try deducing a local
chronology in quartz veining events.

The best outcrops to study cross-cutting
relationships are those situated at m320 (Figure
3.8d), m345 (Figure 3.8c), m360 (Figure 3.8b),
m362 and m405 in the overturned limb
(So~144/72; zone 9) of the Wildenhof section
(Figure 3.3). A first and oldest generation Va
(Va~357/78; Figure 3.10a) has only locally
been observed in the approximately one metre
thick layer on the m345-outcrop and comprises
millimetre-thin, single-opening non-stratabound
veins that are limited in height to maximum 30
cm (Figure 3.8d). A second, steeply dipping
generation Vg cross-cuts generation V4 and is
consistent in orientation along the entire
Wildenhof overturned limb (Vz~053/64; Figure
3.10a). This prominent generation Vg mostly
comprises composite veins that are composed
of several quartz laminae intercalated with host-
rock inclusion seams (Figure 3.7h; Figure 3.8b,
¢ and d). However, also single opening veins
have been observed in generation V. In
contrast to generation V,, which is rather
limited in length in a single layer, generation
Vg mostly contains stratabound wveins cross-

cutting the entire sandstone layer. The veins
have a mean thickness of one to two
centimetres, although vein thickness up to five
centimetres has been observed in the m345-
outcrop (Figure 3.8d). They are furthermore not
always planar in shape; also curved veins
(Figure 3.8b) oriented at high angle to bedding
are present in some sandstone layers. In fine-
grained laminated sandstones (e.g. Figure 3.8c),
the veins have a more tortuous pattern due to
the laminated character of the layer. Small,
millimetre displacements of the veins occur in
the more silty parts. In thinner beds, a higher
fracture density is apparent than in thicker beds.

A third generation V¢ is less consistent in
orientation than generation Vg (Vc~038/34;
Figure 3.10a) and comprises planar to slightly
buckled stratabound and non-stratabound veins
without any host-rock inclusions (Figure 3.8b).
Generation V¢ either cross-cuts generation Vg
or changes in orientation to a parallel
orientation in the direct vicinity of generation
Vg, suggesting that already a competence
contrast must have existed at time of wvein
formation of generation V.. Moreover, due to
the existence of generation Vg, generation V¢
varies in orientation and shows a larger spread
in a single bed than normally would be the case
in an unfractured layer.

These three wvein generations have been
described in the Wildenhof overturned limb
(zone 9). In order to evaluate if these vein
generations are also present and consistent in
orientation in other fold limbs along the
Wildenhof section, the three vein generations
are compared to veins in the other fold limbs.
The easiest way to start this correlation is to
compare the veins in the overturned limb of
zone 9 with another overturned limb with
similar steeply dipping bedding such as present
at m30 (So~139/78, zone 3; Figure 3.7c) which
also contains several consistent sets of veins.
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Although the veins on this outcrop at m30 do
not mutually cross-cut, two  separate
generations are recognised, of which one is
gently dipping and the other steeply. Both non-
stratabound vein generations refract at the
competent-incompetent interface in a similar
way as cleavage refracts (Figure 3.7c). Based
on their orientation with respect to the
horizontal plane, these two generations of zone
3 can be compared with vein generations Vg
and V¢ in zone 9 in such way that the steeply
dipping veins and the gently dipping veins
correspond in orientation to generation Vg and

V. respectively (Figure 3.10a and d). Due to the
slightly different bedding orientations of both
outcrops, i.e. S¢~144/72 (zone 9) versus
So~162/85 (m30 in zone3), the orientation of
both vein generations Vg and V¢ slightly differ
from zone 3 to zone 9. This correlation
indicates that the two latest vein generations Vg
and V¢ are continuously present in the
overturned  limbs.  Subsequently,  these
generations in the overturned limbs can be
compared to the veins in the SE-dipping normal
limbs and in NW-dipping limbs.

Appendix B for outcrop location. (a) Compiled field drawings of three sandstone layers exemplifying
the local distribution of quartz veins. (b) Generation V. cross-cutting generation Vg (m360; Wildenhof
44). (c) Consistent orientation of generation Vg in a fine-grained laminated sandstone layer (m320;
Wildenhof 40). (d) Generation Vg cross-cutting generation V., (m345; Wildenhof 42).
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In the competent beds along the normal SE-
dipping limb (e.g. m100 to m110 and m170 to
m180; zone 8; Figure 3.3), several stratabound
veins with a composite nature are recognised
(e.g. Figure 3.7d). Cross-cutting relationships
are absent, but based on the different
orientations of the veins, two vein generations
can be recognised (V~289/75 and V~315/76;
Figure 3.10q).

Furthermore, the competent sandstones in the
NW-dipping folds limbs in the upright folds
(e.g. zone 5, zone 7 and transition of zone 8 to
9, Figure 3.7b), comprise several quartz vein
generations that are consistent in orientation on
a single outcrop, but differ in orientation along
the fold limb due to the curvature of bedding in
the upright folds (e.g. curved bedding in zone 5,
Figure 3.3). The veins measured in the NW-
dipping fold limbs, show a large spread in
orientation on the stereographic projection
because of these different bedding orientations
(Figure 3.10j). It is thus not useful to calculate
an average vein orientation for the veins in
different fold limbs with varying bedding
orientation.

In their present orientation, the quartz veins
measured in the three types of fold limbs have
thus similar orientations within a single fold
limb, but vary in orientation between the
different fold limbs. One common characteristic
feature is that the wveins remain (sub)-
perpendicular to bedding in the fold hinges and
around the fold hinges, such as for example in
the anticlinal fold at m60. This observation
suggests that vein formation occurred prior to
the formation of folds. In order to evaluate the
original vein orientation, the vein-hosting beds
need to be restored to their original horizontal
orientation prior to folding. Such a restoration
(e.g. Jackson 1991) can be performed in two
steps (Figure 3.9). First, owing to the fact that
the folds in the Wildenhof section have gently,
NE-plunging fold hinges, indicated by the
average bedding-cleavage intersection lineation
(Li~056/29), the local plunge of the fold needs
to be removed by rotation around a virtual axis
perpendicular to the fold hinge line. Because of
this first step, the effect of regional tilting,
which resulted from post-folding regional block
faulting (see section 2.6), is removed. Second,
after untilting of the fold, the different fold
limbs have to be unfolded to the horizontal
plane around the untilted local fold hinge line,
which is oriented perpendicular to the strike of

bedding (cf. Debacker et al. 2009). This method
is evaluated by refolding the beds along the
local intersection lineation in order to see if the
original vein orientation could be restored (see
also Van Noten et al. 2008). The error between
both methods is estimated to be less than 5°. If
the local fold hinge line is absent, also the local
bedding-cleavage intersection lineation,
oriented parallel to the local fold hinge line, can
be used as an alternative to undo the effect of
the fold plunge. To evaluate if similar vein
generations are present in different fold limbs,
each fold limb has been restored to the
horizontal plane. Afterwards, the vein
orientations in the gently SE-dipping layers
(zone 8), the NW-dipping layers (zones 5, 7 and
8 to 9) and the overturned limbs (zone 3 and 9)
can be compared.

Figure 3.9: Example of an unfolding exercise
illustrating the two different steps necessary to
restore the beds to their original horizontal
orientation at the time of vein formation. (a) Present
fold orientation. Removing the effect of the plunge
of the fold occurs by rotation along an axis normal
to the fold hinge line. (b) Unfolding of the fold
limbs towards the horizontal along the untilted fold
hinge line. (c) Reconstructed vein orientation prior
to folding.
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As result of this unfolding exercise, subsequent
data (Figure 3.10) shows the pre-folding
orientation of the veins at the time of fracturing
and infill of the veins.

After restoration of the beds of the Wildenhof
overturned limb (zone 9; Figure 3.10b), three
different wvein generations with different
original vein orientations are deduced. The vein
array of the oldest generation V,, which only
has been observed locally in a single sandstone
layer (m345), has an original E-W orientation
(Va~359/78). Vein generation Vg cross-cuts Va
at an almost perpendicular angle and has an
average, original NNE-SSW orientation
(Vg~281/76). Generation Vg is cross-cut by
generation V¢ which has an original NE-SW
orientation (Vc~314/81). After unfolding, the
three vein generations are oriented at high angle
to bedding, although not entirely perpendicular,
with the angle between veins and bedding
ranging between 68° and 90°. The rotation
exercise shows variability in dip direction with
V dipping to the north, Vg to the west and V¢
to the NW. The wveins in the unfolded
overturned limb of zone 3 (Figure 3.10e) shows
a quasi similar orientation for Vg after
unfolding (V~106/86), although the dip
direction of the original veins is oriented to the
ESE, in an opposite direction as Vg in the
unfolded overturned limb of zone 9. V¢ in zone
3 (Vc~332/84) has the same dip as V¢ in zone 9
but shows a small difference in dip direction.
Notwithstanding these small differences, it can
be concluded that after unfolding of both
overturned fold limbs, vein generations Vg and
V¢ remain comparable in their current and
original orientation after unfolding, so that this
method is properly used.

In their present orientation, the beds in the SE-
dipping normal limb (zone 8) contain two

different vein generations (Figure 3.10g) which
are both characterised by a composite nature
but which are mutually not distinguishable due
to the absence of cross-cutting relationships.
However, based on the orientation of these
veins after unfolding (Figure 3.10h) and based
on a comparison of the veins in the unfolded
SE-dipping normal limb (Figure 3.10g) with
those of Vg and Vc in the overturned limb
(Figure 3.10b), it can be concluded that the
original N-S veins (Vg~094/65) and the original
NE-SW veins (Vc~133/58) correspond to Vg
and V. of the Wildenhof overturned limb
respectively. Although the wveins in both
compared fold limbs have thus similar strikes,
the vein generations in the unfolded normal
limb dip to the east (Vg) or the NE (V¢) after
unfolding (Figure 3.10h) which is the opposite
direction compared to the wveins in the
overturned limb (Figure 3.10b).

Furthermore, the different vein generations in
the NW-dipping limbs (zones 5, 7 and 8 to 9)
are mutually not distinguishable, but are
determined to be consistent in orientation after
restoration of the beds towards the horizontal
(see Figure 3.10k). Generation Vg shows a
large spread in orientation and ranges from N-
S- to NE-SW (V~309/77) while generation V¢
has a much more consistent E-W orientation
(Vc~353/74). These vein generations dip
towards the west (Vg) and to the NW (V¢),
similar to the restored veins of the overturned
limb.

It can be concluded from the rotation exercises
that two of the three described vein generations
are consistent in orientation along the
Wildenhof section independent of the position
of bedding along the folds and in their current
as well as in their original orientation. Vein
generation V4 is only distributed locally.

Figure 3.10 (next page): Lower-hemisphere, equal-area stereographic projection of bedding-normal quartz veins
in selected outcrops at the Wildenhof section. Grey arrows show the unfolding direction. V4 (circle); Vg
(triangle); V¢ (square). (a-c) Generations V, Vg and V¢ in the SE-dipping overturned limb (zone 9) (a) in their
present orientation and (b) after unfolding. (c) Bedding-vein intersection lineation. (d-f) Veins in the SE-dipping
overturned limb at m30 (zone 3) (d) in their present orientation and (e) after unfolding. (f) Bedding-vein
intersection lineation reoriented into So~130/72. (g-i) Veins in the SE-dipping normal limbs (zone 8) (g) in their
present orientation and (h) after unfolding. (i) Bedding-vein intersection lineation reoriented into Sq~130/72. (j-I)
Veins in the NW-dipping fold limbs (zones 5, 7 and 8 to 9) in their (j) present orientation and (k) after unfolding.
(I) Bedding-vein intersection lineation reoriented into So~130/72.

44



Case | - Wildenhof section

current orientation

rotation

original orientation

bedding-vein intersection

SE-dipping overturned limb

SE-dipping overturned limb

Num total: 153

Num total: 9

v n=7
AN=116 0O n=11

zone 9

& n=19

zone 3

v n=1
AN=4
& n=4

rotation

rotation

Num total: 153

®

Num total: 9

®

N

vn=7  &n=19
AN=116 O n=11

Num total: 147

© vn=1  en=19

AN=116 O n=11

Num total: 9

& n=4

SE-dipping normal limb

Num total: 49

zone 8

rotation

Num total: 49

®

AA Nn=33
OO0 n=12

Num total: 46

NW-dipping normal limb

N
Num total: 31

zones 5,7, 8109

rotation

Num total: 31

Num total: 28

45



CHAPTER 3 - Structural analysis

In addition to the unfolding excises, the
consistency of the veins with respect to the
orientation of the folds is checked by an
additional rotation exercise. On the bedding
planes the intersection of the veins with
bedding can be observed. As veins are
consistent at a single outcrop, the bedding-vein

intersection  lineation (L,_s ) should also be

consistent. In order to check this consistency,
the angle between the local bedding-cleavage
intersection lineation (L;) and the bedding-vein
intersection lineation has been measured or has
been calculated if the bedding plane could not
be observed. In the Wildenhof overturned limb
(Figure 3.10c) the intersection lineation of Va
with bedding has been observed in the m345-
outcrop and is oriented anticlockwise at 35° to
45° to the local bedding-cleavage intersection.
The intersection of generation Vg with

bedding (L, s, ) has a large, clockwise angle

(~40° to 70°) with the local L;, whereas the
intersection of generation V¢ with bedding

(LVC—SO) occurs at lower angle (5° to 20°) with

respect to L; (Figure 3.11).

This angle between L; and the intersection of
bedding and veins is confirmed in the
overturned limb of zone 3 (Figure 3.10f) in
which the intersection of the steeply dipping Vs
and the gently dipping V¢ are also orientated
clockwise at high and low angle to the local L;
respectively. In order to compare the
consistency of this angle in the different fold
limbs studied, an additional rotation exercise
has been performed in which the bedding of the
different fold limbs are rotated into the bedding
of the m360-outcrop in the overturned limb
(So~130/72). This rotation occurs along the
mathematical intersection of the two bedding
planes. Results show that rotation of the
bedding of the m30-outcrop (So~162/85) into
the bedding of the m360-outcrop (So~130/72)
shows a positive correlation of the angle

between LV_SO of the two vein generations Vg

and V¢ and the local Li in zone 3 and zone 9
(see Figure 3.10f versus Figure 3.10c).

Rotation of the beds in the normal SE-dipping
fold limb (zone 8) into the overturned bedding
orientation of the m360-outcrop (Figure 3.10i)

shows thatL, g andL,, g are oriented at low

angle to the local L;, although V¢ (5°-30°)
oriented in an anticlockwise sense and Vg (10°-
50°) in a clockwise sense with respect to L.
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Also the angle between L, g and L, g is

narrower in the normal SE-dipping limb than in
the overturned SE-dipping limb.

Rotation of the beds in the NW-dipping limb
into the overturned bedding orientation of the
m360-outcrop (Figure 3.101) shows that

Ly,-s, is oriented at low angle to L; (5°-10°) in
a clockwise sense and L, _g at a larger angle
(15-30°), and also in a clockwise sense.

Figure 3.11: (a) Photograph of an overturned SE-
dipping sandstone layer (m360; zone 9) showing two
vein generations Vg and V. GSA-bar for scale. (b)

Angle between bedding-cleavage intersection
lineation (L;) and bedding-vein intersection lineation

of VB(LVstO)oriented at high angle to L; and

Ve (ch—So) oriented at lower angle to L;.
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Eventually, this comparison demonstrated that
in the different folds Vg and V¢ are oriented
consistently with respect to the local fold hinge.

In the Wildenhof section, quartz veins are
furthermore present in the incompetent silty or
pelitic layers in the different fold limbs in
which they are cross-cut by cleavage (Figure
3.7K). In this lithology, however, the wveins
show a less consistent vein orientation than in
the competent units (Figure 3.12a). In order to
check if these veins formed prior to folding and
can be compared with the orientation of those in
the competent units, veins have been unfolded
in a similar way as the method illustrated in

Figure 3.9. The result of this unfolding exercise
shows a large range in dip as well as in dip
direction of the veins after unfolding (Figure
3.12b). They range in orientation from N-S to
E-W and are oriented at high (70°) to low (30°)
angle to bedding. This unfolding exercise
shows that the quartz veins interbedded in
siltstone sequences observed in different fold
limbs have similar orientations after unfolding,
but are difficult to compare to one of the
previously described generations in the
competent units. This is possibly due to
substantial reorientation of the veins during
cleavage development in the silty sequences.

current orientation

N Num total: 22

rotated to

Quartz veins
in slaty/pelitic
sequences

> original (?) orientation

N Num total: 22

v n=1
VV n=4
AA N=17

Figure 3.12: Lower-hemisphere, equal-area stereographic projection of irregular-shaped quartz veins in silty or
pelitic sequences at the Wildenhof section. (a) Veins in their present orientation in the overturned SE-dipping
fold limb (m395; Figure 3.7k) and in the SE-dipping fold limb (m170 and m200). (b) Veins rotated passively
into a horizontal bedding orientation wondering if they resemble bedding-normal veins. Rotation conform the

method illustrated in Figure 3.9.
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3.2.4 Bedding-parallel veins

3.2.4.1 Geometric description

BOX Il - Terminology used in the geometric description of]
bedding-parallel veins (BPVs)

A bedding-parallel vein (BPV) or a bedding-vein (e.g. Koehn & Passchier 2000) usually forms in a
basin consisting of alternating multilayer sequences, in which the emplacement of several BPVs can
easily occur, whatever the process of vein formation might be (e.g. Cosgrove 1993, Fitches et al. 1986,
Fowler 1996, Jessell et al. 1994). The formation of BPVs, which is discussed in this work, has caused
considerable debate. In order to describe the veins properly and independently from the different
models published, the terminology that is used in the geometric description of this vein-type is
explained in detail in this box.
host-rock

inclusion
fragment

slickenside slickenline

fibre step

host-rock
inclusion
seam/line

thin BPV
interbedded

composite
BPV

In this study, a BPV refers to a vein that either occurs interbedded between two contrasting
lithologies, or intrabedded within the incompetent or competent lithology. Depending on the
thickness and internal complexity of the vein, a single laminated or composite vein can be
distinguished. The thin veins, on the one hand, are characterised by an apparent single laminated
quartz growth without any host-rock inclusions in the vein quartz. They are millimetre-thick and
remain constant in thickness along the vein length. The veins have been assumed to be blocky quartz
veins due to the absence of macroscopically visible fibre crystals. Composite veins, on the other hand,
have a complex internal fabric consisting of macroscopically observable quartz laminae intercalated
with very thin, millimetre-size, pelitic of silty host-rock inclusion seams, which are seen at the outcrop
as host-rock inclusion lines. Larger pieces of host rock observed in the composite veins are termed as
host-rock inclusion fragments. If a thin or composite BPV bifurcates at its upper or lower vein wall,
the upper or lower veins are defined as local offshoots. The veins can be planar, with flat vein wall
morphology, or buckled if the vein curves along its length. Composite veins have irregularly curved
vein walls at the incompetent contact, while they have a flat morphology at the competent contact.
Bedding-parallel movements are recorded by several structural features on the vein surfaces. These
surfaces may have a polished appearance, known as slickensides, and on these surfaces several
movement striae or slickenlines may be developed parallel to the relative slip between the layers.
They thus indicate the direction of shear along the surface (Ramsay & Huber 1987). The relative
movement sense between the two blocks separated by the BPV can be tracked by several overlapping
fibre steps. Although clear fibrous crystals are often not recognisable in these fibre steps, this
terminology is used by analogy with fault geometry. Moreover, by analogy, the layer above the vein is
referred to as the ‘hangingwall’ of the veins, while the opposite lower layer is referred to as the
‘footwall’ of the veins. The relative sense of direction of the ‘hanging wall’ with respect to the
‘footwall’ is indicated by the overlap direction of the fibre steps (e.g. overlap to the left on the figure
in this BOX 1) or can be traced in the field by feeling a smooth surface in the overlap direction and a
‘sticky’ surface in the opposite direction.
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BOX |1 (continued)

The most common example in which the upper described terminology is used, is flexural-slip folding.
This commonly occurs in multilayer sequences and involves the slip of upper beds over lower beds in
the fold limbs towards the anticlinal axis during folding (Tanner 1989). Slickenlines found on such
flexural-slip surfaces or on thin flexural-slip veins record a net slip vector which is commonly oriented
at high angle to the fold hinge in cylindrical folds. The shear sense recorded by the fibre steps on the
bedding-parallel veins reverse systematically from one limb to the next (Tanner 1989).

If slickenlines represent flexural-slip folding between the layers in a multilayer sequence, slickenlines
should be oriented at a consistent high angle to the local fold hinge line and slip directions or the
change in fibre steps should be oriented (sub)-perpendicular to the local fold axis (Tanner 1989, 1990).
Furthermore, veins in alternating fold limbs should have opposite directions of fibre steps which
should indicate opposite sense of movements towards the hinge zones with the largest bedding-slip at
the inflection points in the fold limbs and a decrease to zero at the hinges (Cosgrove 1993). It is
important to highlight these flexural-slip features as the bedding-parallel veins of the study area
sometimes resemble the characteristics of flexural-slip BPVs. During the geometric and kinematic

analysis, it is analysed whether the BPVs of the North Eifel comply with these criteria.

Along the Wildenhof section, several bedding-
parallel quartz veins have been observed. Based
on their varying position with respect to the
surrounding  rock-type,  four  different
configurations for the BPVs are defined. The
veins either occur interbedded at the interface
of beds of contrasting lithology, e.g. siltstone-
sandstone or sandstone-siltstone without any
consistent preference to develop above or below
the competent unit, or intrabedded in the
incompetent or competent sequences. These
different types of BPVs are described on the
basis of four cases.

(case i) The first case that is described,
concerns two BPVs at m175 and m195 in the
normal SE-dipping fold limb of zone 8 (Figure
3.3). These BPVs are present between
underlying siltstone and overlying coarse-
grained sandstone (Figure 3.13a and b). The
upper vein wall has a flat morphology and
displays a sharp contact with the base of the
sandstone. The lower vein wall is characterised
by an irregular boundary with the underlying
pelites. Due to this irregular shape of the vein
wall, the BPV shows a considerable thickness
variation along its length ranging from 1 cm to
maximum 7 cm. Locally below the BPV in the
underlying silty layer, small quartz veins, which
are present at high angle to bedding, curve at
the contact with the BPV to a parallel position
with the BPV (Figure 3.13b). These
observations suggest that these small quartz
veins in the siltstone and in the sandstone are

local offshoots of the BPV. These offshoots are
also present in the sandstone above the BPV
(Figure 3.13c). At the intersection of the BPV
with the offshoot, cross-cutting could not be
observed. This intersection can rather be
described as a bifurcation of the BPV with the
bedding-normal vein branching off from the
BPV. Cleavage either refracts through these
small offshoots as well as through the BPV. In
the SE-dipping normal limb, offshoots occur
frequently and have a SE-dipping orientation
with a similar strike as the BPV from which
they branch off. On a NE-SW outcrop, in which
bedding has an apparent horizontal dip (e.g.
Figure 3.13a), the length of the BPV, situated
below a coarse-grained sandstone layer, can be
deduced by following this BPV at the m170-
outcrop at the water level for over 25 m up to
the m150-outcrop at the road level. In general,
such a BPV thus extends along its lengths to
several tens of metres and its thickness ranges
from a few cm up to 10 cm, thereby commonly
showing very high aspect ratios. Internally, this
type of BPV can be described as a centimetre-
thick composite, laminated quartz vein. It has a
complex internal fabric consisting of several
distinct generations of quartz laminae
intercalated with very thin, millimetre-size,
pelitic wall-rock seams which vary from very
thin pelitic slices, approximately parallel to the
vein walls, to pelitic host-rock fragments. The
internal lamina-surface and the outer vein walls
are often marked by slickenlines.
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Figure 3.13: Bedding-parallel quartz vein (BPV) characteristics at the Wildenhof section. (a) Interbedded BPV
with an irregular contact with the underlying siltstone and a sharp contact with the overlying sandstone (m175).
(b) Small quartz veins overprinted by cleavage and in close relationship with a composite BPV (m175).
(c) Interbedded composite BPV with bedding-normal quartz vein offshoots (m195). (d) Millimetre-thick BPV
with several host-rock inclusions in a coarse-grained sandstone layer (m175). (e-h) Photographs and detailed
sketches of centimetre-thick BPVs cross-cutting bedding-normal vein generation Vg in a coarse-grained
sandstone layer (m345). (i) Centimetre-thick, composite BPV with a large host-rock fragment. (j) Upper side of
a thin BPV marked by slickensides with multiple slickenline orientations at high angle to Li (m335). GSA
centimetre scale bar, hammer (~32 cm), fingernail (~1.3 cm) and pencil (~14 cm) for scale.
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(case ii) At the road level (m160 and m195),
two other BPVs occur interbedded above a
coarse-grained sandstone layer. They are two
and three centimetre thick respectively and can
be traced along their lengths at the whole
outcrop. Locally at the m195-outcrop, the BPV
is cross-cut by a SE-dipping normal fault with
minor displacement. The SE-dipping cleavage,
which is well developed in the silty layers
above the BPV refracts through the sandstone
layer and either cross-cuts the vein or changes
in orientation in the vicinity of the vein to a
parallel orientation with the vein. A relative
relationship between the BPV and stratabound
veins in the sandstones could not be
established. The veins consist of milky-white,
blocky quartz crystals without any apparent
host-rock inclusions.

(case iii) A third configuration concerns
centimetre-thick BPVs intrabedded in coarse-
grained sandstone layers in which they cross-
cut stratabound bedding-normal quartz veins
(e.g. m345; Figure 3.13e-h). When (fibrous)
stratabound or non-stratabound BNVs are
present within the sandstone layer, the BPVs
cross-cut them, independent of the generation to
which the BNV belongs. Based on the bedding-
normal displacement of the BNVs along the
bedding-parallel vein, an opening perpendicular
to the bedding-parallel vein wall is suggested.
Internally, these veins consist of milky-white,
blocky quartz crystals in which millimetre-thick
host-rock inclusion fragments are included
(Figure 3.13d). Similar to the thick BPVs in
(case i), these thin BPVs can be traced along
their length for several tens of metres.

(case iv) Finally, BPVs also occur within silty
sequences, in which they range in thickness
from  millimetre-thick quartz veins to
centimetre-thick, composite veins consisting of
several laminae of blocky quartz crystals
intercalated with pelitic host-rock inclusion
fragments (Figure 3.13i). The composite veins
have a fractured appearance because of the fact
that cleavage cross-cuts the BPV at regular
distances (Figure 3.13i). At m180 and m395,
several thin quartz veins, oriented at high angle
to the BPVs, can be interpreted as local
offshoots of the underlying composite BPV
(Figure 3.7j and k). The thin, single laminated
BPVs contain polished vein walls which are
characterised by slickenlines, slickensides and
sometimes fibre steps.

3.2.4.2 Orientation analysis

The interbedded BPVs, as well as those within
the sandstone and siltstone layers are oriented
parallel to bedding. Plotting the orientation of
the vein walls on a stereographic projection
would give a similar result as bedding plotted in
Figure 3.2a, although the scatter along the best
fit girdle would be larger due to the irregular
vein walls of the composite veins in (i).

Composite interbedded veins (cases i and ii)
and the thin single laminated veins (case iv) are
often marked by slickenlines (Lg) which are
uniform in trend on the one side of a single
lamina, but slightly vary in orientation with
those observed on the opposite side of the vein
wall or they can change in orientation from
lamina to lamina when the BPV consists of
multiple laminae. Although slickenlines may be
consistent on a single BPV, they often vary in
orientation on different BPVs in the same fold
limb. In order to check consistency in
slickenline orientation on BPVs in different
fold limbs, a considerable effort has been put
into the orientation analysis of the slickenlines
(Figure 3.14). Slickensides and slickenlines
have been observed on BPV walls in the normal
as well as in the overturned SE-dipping limbs
of the Wildenhof section. When they are
present, they only occur on the planar vein
walls of interbedded composite BPVs, i.e. at the
contact with the competent sandstone, and are
absent at the irregular side of the veins which
occur at the interface with the incompetent
layer. The slickenlines are furthermore absent
on BPVs ‘intrabedded’ in sandstone layers. In
the normal fold limbs, e.g. zone 8, slickenlines
plunge gently to the SE and SSE at a clockwise
angle of 50° to 105° with the local intersection
lineation (Figure 3.14a). In the overturned limb
of zone 9, however, slickenlines on the BPVs
plunge steeply to the SW and SSW (Figure
3.14Db) at a clockwise angle of 90° to 130° with
the local intersection lineation. The variation in
slickenline orientation is smaller on the BPVs
in the overturned limbs than those observed in
the normal limbs (Figure 3.14a and b). Also the
plunge of the slickenlines is different in the two
fold limbs in such way that slickenlines are
oriented at higher angle to the local L; in the
overturned limb than in the normal limb.
Although slickenlines are more or less
consistent on BPVs in a single fold limb, they
clearly differ in orientation in different fold
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limbs. In order to check whether there would be
a parallel slickenline orientation prior to the
current tilted bedding orientation, a rotation
exercise has been performed (Figure 3.14c). In
this exercise, the overturned SE-dipping fold
limb of zone 9 has been rotated in different
steps over the local intersection lineation into
the average bedding orientation of zone 8
(So~108/43). The layers in the normal SE-
dipping limb have also been rotated to this
average bedding orientation in order to compare

rotation

rotation

e

Num total: 25 A Nn=11 Num total: 15

slickenline orientation properly. After rotation,
the largest overlap between the slickenlines on
the normal and overturned limb occurred after
complete rotation of the overturned limb into
the normal limb (Figure 3.14c). However,
despite these similar slickenline populations, a
large variability in slip striation, as exemplified
by the variability in angle (>30°) between the
slickenlines and the local L;, remains present
after rotation.

rotation

from @

Num total: 40 A N=18

| SE-dipping normal limb

SE-dipping overturned limb rotation normal SE-dipping limb

Figure 3.14: Variation in slickenline orientation on BPVs measured in the different fold limbs of the Wildenhof
section. (a) Slickenlines on the SE-dipping normal limb (examples from zone 8). (b) Slickenlines on the
overturned SE-dipping limb. (c) Slickenlines show a > 30°-variation with respect to the local L; after
reorientation of (a) and after rotation of (b) over the Li into the average bedding orientation of zone 8

(So~108/43).

Apart from slickenline orientation, also
overlapping fibre steps have been recognised on
the veins. If the sense of shear indicated by
fibre steps could be determined, it is consistent
in orientation on a single vein. The m335-
outcrop in the overturned limb (zone 9; Figure
3.13j) can be used as an example to illustrate
the shear movement along the BPV that can be
deduced  from  slickensides, slickenline
orientation and fibre steps. Slickenlines are
oriented at high angle to the local bedding-
cleavage intersection lineation (Figure 3.14b)

52

and thus at high angle to the local fold hinge
line (Figure 3.13j and Figure 3.14b). The fibre
steps, which are present on the slickensides, are
oriented subperpendicular or at high angle to
the slickenlines and subparallel to the local
intersection  lineation. The direction of
overlapping fibre steps on this BPV thus
indicates that the relative sense of movement of
the ‘hanging wall’ occurred in an upwards
direction with respect to the ‘footwall’, at high
angle to the local fold hinge line. Although this
relative movement is in agreement with the
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shear movement expected from flexural-slip
folding (Tanner 1989), the overall regional
shear along the veins has to be elaborated by
means of more examples.

Fibre steps are only observed on the upper vein
wall in thin BPVs (Figure 3.13j) in which they
indicate an upwards movement of the ‘hanging
wall” with respect to the ‘footwall’ of the BPV.
In order to check if the slickenlines are
generally formed due to flexural-slip folding,
the relative displacements of the layers by
means of the orientation of the fibre steps at
various locations along a fold need to be
known. Unfortunately, the BPV walls are often
completely polished in such way that fibre steps
could not be determined anymore, thereby
preventing to deduce the sense of movement
along the BPV. Therefore, the study of
slickenline orientation and fibre steps needs to
be elaborated to other case studies in which
fibre steps are present continuously on a single
BPV around a fold. Fibre steps are for instance
observed in the synclinal hinge at the m110-
outcrop in Wildenhof section and are indicative
of local out-of-syncline thrusting. On this
outcrop, slickenlines are oriented orthogonal to
the fold hinge (Figure 3.5a). In other cases
slickenlines on sandstones or on thin bedding-
parallel veins can indicate flexural slip between
two layers.

3.2.5 Kinematic interpretation

The combination of a detailed geometric
analysis of both vein types with features such as
cleavage, folds and faults, allows, on the one
hand, understanding the structural evolution of
these features and, on the other hand, setting up
a relative structural chronology of features. It
will be elaborated that a progressive
deformation history was responsible for the
formation and deformation of the different vein

types.

3.2.5.1 Bedding-normal veins

From the geometric description of the bedding-
normal wveins, it is clear that different
mechanisms  were responsible for vein
formation. Based on the width and the
macroscopical characteristics of the veins, three
different veining mechanisms are identified.
These different mechanisms are not restricted to
one single vein generation, but occur in the all

three different generations V,, Vg and V¢
observed in the Wildenhof section.

A first mechanism, concerns the millimetre-
thin, hairline, stratabound veins (e.g. Figure
3.7f) that are only observed in thin competent
beds. Their macroscopic fabric shows fibrous
crystals that are oriented at high angle to the
vein walls. This nature of quartz infill indicates
rapid or immediate infill of the dilation after
fracturing with the precipitation rate exceeding
the fracturing rate. The very narrow spacing of
these hairline veins moreover suggests that
these hairline veins developed from a single
opening and a single infill of a fracture which
might not been reopened afterwards.

The second mechanism involves milky-white,
thicker wveins, up to some centimetres in
thickness, which are characterised by several
phases of infill without the presence of any
host-rock inclusion seams. This veining
mechanism could initially have been developed
from a hairline vein into a thicker vein,
although  this cannot be  determined
macroscopically. The observed syntaxial vein
fabric in Figure 3.7g indicates a first phase of
crystal growth from the vein wall towards the
median line of the vein, which is succeeded by
a secondary phase of vein growth, clearly
separated from the earlier phase. Based on these
successive phases and absence of lateral
displacement, these veins can be determined as
Mode | extension veins.

A third mechanism concerns the composite,
centimetre-thick quartz veins that frequently
occur in the Wildenhof section.
Macroscopically, these composite veins
comprise several quartz laminae separated by
thin aligned host-rock inclusions oriented
parallel to the vein walls (Figure 3.7h; Figure
3.8b-d). This macroscopic fabric indicates that
these veins formed due to successive fracture
and sealing phases during which small parts of
the host rock were separated from the vein wall
during fracturing and were incorporated within
the veins during sealing (Van Noten et al.
2008). Along their vein length, composite veins
initially may have grown separately but
ultimately  became interconnected  after
successive phases. Such interconnections have
for instance been described by Hilgers & Urai
(2005). In order to validate these three vein
filling mechanisms, the vein fabrics have
however, to be elaborated in detail by means of

53



CHAPTER 3 - Structural analysis

a pervasive microstructural analysis (see
Chapter 4).

Based on the geometry of the bedding-normal
veins in the Wildenhof section, it is obvious
from the following arguments that both
stratabound as well as non-stratabound quartz
veins predate the Variscan fold-and-cleavage
development. The stratabound quartz veins,
which are restricted to the competent fine- to
coarse-grained sandstone layers, are mostly
oriented at high angle to bedding, independent
of the bedding orientation and on the position in
the fold. As can be seen on the bedding surface
of many sandstone layers, these planar veins
extend for several metres along their lengths.
Throughout the different observed fold types,
the veins remain at high angle to bedding in the
fold limbs and in the fold hinges. This
observation is indicative of pre-folding veining
and suggests that vein formation occurred prior
to the formation of folds, presumably in
(sub)horizontal position during burial. It could
also be recognised at many localities that
cleavage cross-cuts both the stratabound and the
non-stratabound veins. Moreover, if a non-
stratabound vein exceeds a competent bed and
continues into an incompetent unit, i.e. the
siltstone or pelitic sequence, it is deformed and
refracts at the competent-incompetent interface
in the same way as the cleavage does (Figure
3.7c and e). This has been observed in non-
stratabound veins that cross-cut several
competent and incompetent layers as well as in
those non-stratabound veins of which only the
vein tips exceed the competent-incompetent
interface. These arguments are indicative of
pre-cleavage vein formation. As cleavage is
observed to be axial planar to the folds in the
Wildenhof section and as it refracts in opposite
directions through the competent sandstones in
opposite fold limbs, it is fair to assume that
cleavage developed contemporaneous with the
folds, after bedding-normal vein formation. It
can also be excluded that the veins result from
orthogonal strain in the outer arc of a fold
during buckling, during which hinge cracks
develop.  Consequently, the pre-folding
hypothesis suggests that the veins in the inner
arc of a fold should be more deformed than in
the outer arc of a fold.

It is concluded from the unfolding exercise
(Figure 3.10b, h and k) that the NW-dipping
fold limbs, as well as both normal and
overturned SE-dipping fold limbs in the
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Wildenhof section contain a consistent vein
generation Vp after rotation to the horizontal.
The wvein generation V, is only locally
observed. Subsequent generation Vg is cross-
cut by generation V¢, which is less consistent in
orientation due to the presence of Vg, but which
can be recognised in the different fold limbs in
which it remains cross-cutting Vg. Although
both generations are oriented at high angle to
bedding, unfolding also revealed that most
veins are not perfectly orthogonal to bedding
after rotation (Figure 3.10b, h and k). This
implies that veins either did not develop
perpendicular to bedding and hence that beds
were slightly tilted at the time of vein formation
or that they initially were oriented
perpendicular to bedding but are deformed
afterwards into their subperpendicular attitude
during subsequent folding. Several arguments
are supportive for the latter mechanism. Firstly,
the stratabound veins often have a curved shape
(e.g. Figure 3.8b and c¢). No matter the fold limb
in which the vein is enclosed, the upper vein tip
always curves towards the anticlinal hinge zone
of the fold. Secondly, the refraction of non-
stratabound veins at the competent-incompetent
interface always occurs, similar as to cleavage
refraction, towards the anticlinal hinge (e.g.
Figure 3.7e). Thirdly, after unfolding to
horizontal bedding, the veins in the normal
limbs (Figure 3.10h) dip in an opposite
direction than the wveins in the overturned
(Figure 3.10b) and the NW-dipping limbs
(Figure 3.10Kk), although one would assume that
if a single vein generation is formed, it would
have a constant orientation with respect to
bedding. These three observations are in
agreement with a deformation that is expected
during fold development in such way that the
curved stratabound veins, which dip in opposite
directions at the different fold limbs after
unfolding, and the refracted non-stratabound
veins are indicative of continuous simple shear
during flexural-flow folding (Ramsay & Huber
1987).

Based on the geometry of the veins, a kinematic
deformation model can be proposed with the
aim to sketch the evolutionary fold-and-
cleavage development and the resulting
deformation of quartz veins (Figure 3.15). The
starting point in this model is originally planar
stratabound  or  layer-cross-cutting  non-
stratabound quartz veins in undeformed
horizontal layers that are deformed during
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progressive folding and contemporaneous
cleavage development. The type of post-
emplacement deformation of the veins largely
depends on the configuration of the host-rock
succession.

In multilayer sequences, i.e. competent layers
separated by incompetent layers (Figure 3.15a),
the refraction of non-stratabound veins
commonly occurs at the layer interface with
veins oriented at high angle to bedding in the
competent beds and at lower angle to bedding
in the incompetent layer (e.g. Kisters 2005,
Mamtani et al. 2007). The direction of
refraction is similar as the curvature of the
stratabound veins in the competent beds. Both
observations are explained by continuous layer-
parallel, simple shear during flexural-flow
folding through the fold structure in which the
amount of shear is larger in the incompetent
unit as in the competent unit (Ramsay & Huber
1987).

In a multilayer sequence that largely consists of
a succession of several competent beds, or in a
multilayer sequence in which the competent
beds are separated by millimetre-thick pelitic
layers, non-stratabound wveins are often
displaced (e.g. Figure 3.5d, Figure 3.7a) in such
direction that the structurally uppermost layers
systematically have moved towards the adjacent
anticlinal hinge (Figure 3.15¢). The shift of the
initially cross-cutting quartz veins is indicative
of a discontinuous bedding-parallel slip along
the competent layers due to flexural-slip folding
(Ramsay & Huber 1987). From all these
observations and from the kinematic model,
illustrated in Figure 3.15, it is thus plausible
that both non-stratabound and stratabound veins
were originally planar and are deformed during
folding. Remarkably, in some coarse grained-
sandstone beds cleavage refraction has a similar
curvature as the veins (Figure 3.8b),
corroborating the flexural-flow deformation.
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Figure 3.15: (a) Kinematic model proposed for the fold-and-cleavage development starting from a horizontal
layer with bedding-normal quartz veins, folded into an overturned fold during which volume and line length of
the competent layer has been kept constant. For simplicity, the stages of bedding-parallel veining are not
illustrated. e; and e, are respectively minimum and maximum stretching axes in the incremental strain ellipse.
ISA; and ISA; are respectively maximum and minimum incremental strain axes. (b) Stratabound and non-
stratabound vein deformation due to flexural-flow folding of competent and incompetent layers. (c) Displaced
non-stratabound quartz veins due to flexural slip at the contact between two competent layers after flexural-slip

folding.
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In the kinematic model, the overturned fold is
reconstructed in possible successive steps that
illustrate the incremental strain of the deformed
competent layer. In this reconstruction, the line
length of the competent layer and total volume
of the initial rock body (grey box in the
reconstruction) has kept constant. Stretching is
illustrated by an orthogonal set of incremental
strain axes (ISAs) which define maximum
(ISA;)) and minimum (ISA;) values of
stretching during deformation (cf. Twiss &
Moores 1992). The intermediate incremental
stretching axis ISA; is oriented perpendicular to
ISA; and ISA;, parallel to the finite fold hinge
line. In incremental each step, extensional and
shortening instantaneous stretching should be
parallel to the ISA; and ISA; respectively (cf.
Passchier & Trouw 2005). The incremental
deformation of the rock body is illustrated by
the changing shape of the different strain
ellipses in which the stretching axes (e; and es)
are initially parallel to the ISAs but rotate
anticlockwise during subsequent shearing.
Furthermore, ISA; should be oriented at an
angle of > 45° to the horizontal shear plane to
allow maximum stretching of the initial rock
body. The fact that the deformation can be
reconstructed with ISAs that remain constant
implies that the veins are deformed during
coaxial progressive deformation.

The kinematics of vein deformation proposed in
this model, i.e. vein deformation due to
flexural-slip and flexural-flow folding, is
largely based on the geometry of the veins. The
refraction of veins cross-cutting multiple layers
have been described previously and it thus
seems to be plausible to relate them to flexural-
flow folding. The curved stratabound veins,
however, occur less frequently, although the
internal deformation of competent layer during
folding is well understood and is illustrated in
many textbooks on structural geology. In order
to validate this curvature of the veins in a fold
limb, the flexural-flow model has been
simulated in a line-length balancing program. It
was chosen to work with 2DMove of ©
Midland Valley because of its possibility to
deform objects passively into a given fold
structure during which the total line length of
the initial object remains constant. The initial
starting point is a continuous undeformed
competent layer that contains multiple quartz
veins oriented perpendicular to bedding (Figure
3.16a). The reasons for this specific initial
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geometry have been discussed above.
Afterwards, an overturned fold geometry has
been chosen which is representative of the
overturned fold style of the Wildenhof section
(Figure 3.16b).

@ Undeformed layer with veins

(b)Fold style as observed on the field

woll 4 2 o
fold

\d % -

@Forward modelling into a flexural flow

Field example m110 - m150

Figure 3.16: Kinematic model for the deformation
of originally planar quartz veins, produced by a line-
length-balancing program (2DMove © Midland
Valley). (a) Starting point is an undeformed layer
with originally planar stratabound bedding-normal
quartz veins. (b) Overturned fold train representative
of the Wildenhof fold train. (c) Resulting forward
model by using the flexural-flow unfold tool,
showing curved wveins in both fold limbs and
corresponding field examples (m110 and m360). (d)
Forward modelling of the layer in (a) into the
upright fold at m110 - m150.

In the 2DMove program it is possible to apply a
forward modelling in which the initial
undeformed layer is folded into the overturned
fold style by keeping the line-length constant
and creating a fold with a uniform layer
thickness (class 1B fold in Ramsay’s (1967)
fold classification). Furthermore, in order to
validate the curvature of the veins, the option
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flexural-flow mechanism has been chosen in the
program which allows continuous simple shear,
localised in the competent layer, during folding.
The resulting geometry (Figure 3.16¢) shows a
strong curvature of the veins in the overturned
fold limbs and minor deformation of the veins
in the normal fold limbs. On the one hand, the
simulated curvature of the wveins in the
overturned fold limb corresponds well with the
geometry observed in the field and the veins
proposed in the kinematic model in Figure
3.15b. The vein tips in the upper structural
levels of the overturned limb, all point towards
the adjacent anticlinal hinge as is expected
during flexural-flow folding. In the normal
limbs, on the other hand, the observed curvature
of the veins in the field only occurs in the fold
limbs and not in the region closely towards the
fold hinge. Possibly the length of the different
folds limbs in the initial fold style (Figure
3.15b) will influence the ultimate vein
curvature. Nevertheless, the correspondence of
the kinematic model (Figure 3.15) and the field
examples with the model produced by the
2DMove program validates flexural flow in
competent units and supports the pre-folding
nature of the veins. A second exercise has been
performed on a real field example such as the
upright fold structure at m110 - m150 (Figure
3.16d) which has been chosen to illustrate the
vein deformation in the normal NW-dipping
fold limbs. Similar as to the previous case, an
undeformed layer with BNVs was folded into a
previous chosen fold structure by the flexural-
flow mechanism in 2DMove. The resulting
forward model (Figure 3.16d) illustrates the
absence of any vein deformation in horizontal
layers in the middle part of the fold while a
reorientation or deformation of the veins occurs
towards the anticlinal hinge in the NW-dipping
limb, corresponding to the field observations.

The overall part of bedding-normal veins is
observed in competent layers in which the veins
either are restricted to the competent layer or
cross-cut a multilayer sequence consisting of an
overall competent attitude. Apart from these
observations, quartz veins also occur in slaty or
silty sequences (Figure 3.7j and k) in which
they are orientated at lower angle to bedding
than the veins in the competent layers. The
timing of these quartz veins remains enigmatic.
In order to deduce their possible orientation
prior to folding, the host rock has been unfolded
towards the horizontal (Figure 3.12). After

unfolding, veins range in dip from 30° to 70°
with respect to the horizontal and vary in dip
direction from N-S to E-W. This broad
variation in orientation makes it difficult to
group them into a specific vein generation as
those observed in the competent layers. Also,
the original orientation of these veins, which
were formed prior to the formation of folds and
cleavage as suggested by cleavage cross-cutting
the veins (Figure 3.7j and k), is difficult to
determine as they are possibly reoriented due to
cleavage development in the slates and
siltstones. The possibility that quartz veins can
rotate during cleavage development has been
illustrated by the deformation of non-
stratabound quartz veins during flexural-flow
folding. Furthermore, it might still be possible
that the veins in slaty sequences could have
formed after the BNVs in the competent units,
during rotation of the layers during progressive
folding, at the onset of cleavage development.
The last-mentioned possibility has not been
elaborated.

3.2.5.2 Bedding-parallel veins

The varying configurations of the observed
bedding-parallel veins with respect to the
surrounding host rock possibly indicate several
different bedding-parallel veining mechanisms.
In order to deduce these mechanisms, the four
different configurations, described as case i to
iv in section 3.2.4.1 are discussed separately in
this kinematic interpretation. Based on the BPV
characteristics, a relative chronology with
respect to the BNVs and the regional fold-and-
cleavage development can be constrained.

The composite interbedded BPVs, situated both
below and above the competent units (case i
and ii), have a complex macroscopical internal
fabric consisting of different quartz laminae
separated by several pelitic host-rock inclusion
lines and fragments. At the contact with the
competent unit, the vein wall of these wvein
types has a flat morphology, while at the
contact with the under- or overlying siltstone
the wvein wall is more irregular causing a
considerable thickness variation along the vein
length. This variable morphology of the vein
wall suggests that the veins are detached from
the competent sandstone unit during vein
formation, while they are more intimately
related with the siltstone, which is exemplified
by the siltstone host-rock fragments and
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inclusion lines incorporated in the veins and the
numerous offshoots in the silty layers. This
composite layering moreover indicates that
these BPVs formed as a result of successive
fracturing and sealing phases during bedding-
normal uplift during which parts of the
incompetent host rock have been incorporated
within the vein (Figure 3.17¢). The periods of
bedding-normal uplift are followed by gravity-
driven bedding-normal collapse (Figure 3.17d
and f) during which fluids may have been
expelled from the cavity from which the veins
precipitated.

The varying orientation of the slickenlines,
observed on different laminae in the BPVs and
which are oriented at high angle to the local
fold hinge lines (Figure 3.14), suggests that
these composite veins (de)formed during
bedding-parallel shear movements. These
interbedded composite veins are interpreted to
form as a result of bedding-normal uplift
(absence of shear and pure extension),
combined with bedding-parallel shear that
either occurred during quartz precipitation, i.e.
oblique opening, or between the emplacement
of the different laminae. Local fluid release,
exemplified as offshoots in the incompetent as
well as in the competent units, may have
accompanied the shear movements during vein
formation (e.g. Teixell et al. 2000).

These BPVs are cross-cut by a regional axial
planar cleavage, which developed contem-
poraneous with the folds, thereby giving the
BPVs a fractured appearance. In order to
propose a relative timing of the emplacement of
these interbedded BPVs with respect to the
regional fold-and-cleavage development, the
incremental strain of the rock body during vein
formation should be analysed.

Model applicable to interbedded BPVs
(case i & ii) & intrabedded BPVs (case iv)

Figure 3.17 (right): Schematic tentative vein
mechanism proposed for the interbedded BPVs and
the intrabedded veins in siltstone which developed
after sedimentation (a) and bedding-normal veining
(b) due to (c-g) successive phases of bedding-normal
uplift combined with bedding-parallel thrusting.
Each incremental phase of uplift might be followed
by bedding-normal collapse during which fluids are
expelled out of the fracture. Maximum incremental
strain axis (ISA;) at high angle to bedding during
bedding-parallel shear. For simplicity, the tilting of
bedding is exaggerated. (h) The resulting BPVs
rotated passively during folding and may form a
focus to further flexural slip.
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It has been demonstrated that a coaxial
progressive deformation is responsible for the
formation of the regional overturned folds (see
Figure 3.15). This implies that also during
development of the bedding-parallel veins, the
incremental strain axes (ISAs in Figure 3.17
and Figure 3.18) should remain constant in
orientation during vein development. During
bedding-normal uplift, maximum opening is
perpendicular to bedding. Hence, a vertical
maximum ISA; can define, orthogonal to
bedding. However, subsequent oblique opening
during bedding-parallel shear cannot develop if
maximum stretching (ISAY) remains
perpendicular to the shear plane, i.e. the
bedding plane (cf. Passchier & Trouw 2005).

Therefore, to solve this problem, a slight
rotation of the layers must have been occurred
prior to shearing. In this configuration (Figure
3.17c), oblique opening will be possible as the
bedding-parallel shear plane is oriented at high
angle to the maximum ISA;. This tilting of the
layers can be attributed to the onset of folding
in which the layers start to buckle. However,
the angle of tilting with respect to horizontal
will be minor as the veins are continuous for
several tens of metres long. In order to confirm
this proposed combined veining mechanism,
the quartz microstructures of the composite
veins should be investigated in order to
determine how uplift and shearing co-occurred
(see Chapter 4). One has to keep in mind that
during fold-and-cleavage development, some
veins may have been reactivated during
flexural-slip folding, while other are possibly
striated due to bed-parallel movement of the
overlying layer (Figure 3.17h).

As described in the geometric description,
BPVs intrabedded within the competent
sandstone (case iii; Figure 3.13d-h) have the
least complicated geometry. These relatively
short and thin BPVs consist of milky-white
blocky quartz crystals and clearly cross-cut the
bedding-normal veins, indicating that they post-
date bedding-normal vein formation. At the
contact between the BPV and the BNV, almost
no lateral displacement (Figure 3.13¢), or just a
few millimetres of lateral displacement (Figure
3.13f) has been measured along the bedding-
parallel vein walls. These observations suggest
that these BPVs are pure extension veins that
are formed during incremental bedding-normal
uplift of the overlying rock column in order to
create the cavity or fracture necessary to

precipitate the vein fill (Figure 3.18a-f). The
fact that sometimes clear host-rock inclusions
are present in the vein, e.g. sandstone fragments
in Figure 3.13d, indicates that these intrabedded
vein types formed as a result of successive and
recurrent phases of fracturing and mineral infill.
Unfortunately, no macroscopic observations
such as mineral fibres could confirm the
extensional opening trajectory during bedding-
parallel vein formation.

Model applicable Model apbli
X pplicable
to intrabedded BPVs |, thin flex. slip BPVs

(case iii )

Figure 3.18: Schematic tentative veining
mechanisms for the intrabedded BPVs. (a) Bedding-
normal veining is succeeded by several phases of
(b-e) bedding-normal uplift and bedding-normal
collapse with expulsion of fluids. Fracturing parallel
to the minimum incremental strain axis (ISA3). (f)
The intrabedded quartz veins are rotated passively
during folding whereas BPVs situated at interbedded
surfaces may slip during subsequent flexural-slip
folding. (g-j) Formation of thin intrabedded flexural-
slip BPVs in an overturned siltstone sequence due to
successive phases and increasing slip during
flexural-slip folding.
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This  necessitates a  further  detailed
microstructural analysis of the veins in order to
deduce the fracturing and growth rate of
minerals precipitated in the wvein and to
determine the mechanism responsible for
bedding-normal uplift (see Chapter 4).

Similar as to the previous model of the
composite interbedded BPVs (Figure 3.17),
bedding-normal uplift must have been followed
by bedding-normal collapse (Figure 3.18c
ande). It is difficult to establish a relative
chronology of the veins of case iii with respect
of overall folding and cleavage development, as
cleavage does not cross-cut the coarse-grained
sandstone layers and hence does not cross-cut
the intrabedded BPVs. However, as lateral
displacements are absent and flexural slip only
occurs at specific interbedded surfaces, it is
suggested that the intrabedded BPVs in the
competent units, formed by the proposed
mechanism, developed prior to buckling
resulting from fold-and-cleavage development
and rotated passively during folding together
with the coarse-grained sandstone layer.

The fourth type of BPVS, i.e. centimetre-thick
BPVs interbedded in silty sequences (case iv)
are characterised by several host-rock
fragments internally (Figure 3.13i). It is
suggested for these interbedded BPVs that they
also formed during several phases of bedding-
normal uplift (Figure 3.17) during which the
silty host-rock inclusions were incorporated in
the wveins. Shear-related features are not
observed macroscopically but are deduced in
the fabric analysis (see Chapter 4).

Finally, the millimetre-thick quartz veins
intrabedded in silty sequences should be
separated from the four cases as they are
formed by a different mechanism. They are
mostly characterised by slickensides which
contain  slickenlines that are oriented
consistently on a single quartz lamina but may
vary slightly from lamina to lamina. From the
orientation analysis, it is clear that this BPV
type represents bedding-parallel movements
between two layers due to flexural-slip folding
(Figure 3.18g-j). Clear shear sense indicators,
however, are only locally observed, e.g. zone 9
in the SE-dipping overturned limb, in which the
fibre steps locally point towards the anticlinal
hinges conform to the movement expected
during flexural-slip folding (Fowler 1996,
Tanner 1989). Flexural-slip veins should,
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moreover, have opposite fibre steps at the other
side of the fold and tapering vein tips towards
the fold hinge. Theoretically, flexural-slip veins
are absent in a fold hinge due to a decreasing
amount of slip towards the hinge and absence
of slip at the hinge zone (Cosgrove 1993).
Unfortunately, the opposite normal limb of
zone 8 did not contain any BPVs that are
marked by clear fibre steps or opposite shear
senses that could have confirmed this
hypothesis, despite the fact that displaced
BNVs in this fold limb clearly exemplify
flexural slip (Figure 3.5d). Also, the absence of
BPVs at the fold hinges of the Wildenhof
section does not immediately imply absence of
slip at the hinges. The lack of evidence justifies
extending the study area to other outcrops
around the Rursee to refine the flexural-slip
mechanism and the regional implication of this
type of BPVs.

3.2.5.3 Folds, syntectonic veins and
faults

Along the Wildenhof section a transition from
smaller-scale decametre upright folds (zones 2-
7; Figure 3.3) into hectometre overturned folds
(zones 9-12; Figure 3.1) is observed.
Throughout this section, cleavage is largely
axial planar with respect to the folds and
refracts in opposite directions away from the
fold hinges, indicating that cleavage developed
contemporaneous with the folds. In addition to
the BNVs and BPVs also minor tectonic
structures are observed to be associated with
guartz veins. Observations collectively suggest
that these veins are syntectonic veins related to
overall buckling, cleavage development and
faulting.

Small-scale folds, such as the folded layers at
m5 or ml185 (Figure 3.5b and c) in the
Wildenhof section (Figure 3.3), contain several
quartz-filled, bedding-normal extension cracks
in the hinge zones which typically form due to
tangential longitudinal strain of the rigid outer
part of the hinge zone and are termed as hinge
cracks (cf. Ramsay & Huber 1987). In these
small-scale folds, additional quartz veins
oriented oblique to bedding are also observed in
the fold limbs (Figure 3.19a). They do not
belong to the early BNVs but instead cross-cut
and thus post-date them. Although these
oblique veins vary in shape from planar to
complex sigmoidal geometries, they can be
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interpreted as tension gashes that commonly
develop in a localised shear zone (Twiss &
Moores 1992). The sigmoidal tension gashes
are generally S- or Z-shaped depending on the
sense of shear along the shear zone. They,
moreover, usually form in the competent
sandstone layers and are related to internal
flexural flow of the competent layer during the
formation of smaller-scale folds (cf. Figure
21.12 in Ramsay & Huber 1987).

It depends on the timing of vein initiation with
respect to the orientation of bedding whether a
planar vein or a sigmoidal vein will develop. In
the example illustrated in Figure 3.19, planar
vein arrays may have evolved into sigmoidal
arrays during progressive folding. In this
model, initially tension gashes develop parallel
to the minimum ISA;. Subsequently, during
progressive tilting and continuous bedding-
parallel shear in the fold limb, new tension
gashes will develop, whereas the earlier gashes
further open during rotation and eventually
form sigmoidal patterns. Theoretically, new
cross-cutting planar tension gashes, opening
parallel to the minimum ISAs;, may form during
continuous shearing. However, in this particular
example the vertical cross-cutting vein can only
form if the minimum ISA; and maximum ISA;
mutually switch (Figure 3.19b). In this
configuration the incremental strain axes allow
horizontal opening of the vein which must have
been formed in a different context.

A few outcrops show a local subparallelism of
cleavage and bedding attitude (e.g. m200;
Figure 3.5¢). As result of this subparallelism,
boudinage of the competent sandstones has
taken place, due to pure flattening or thinning
of the layers related to the cleavage
development. Associated syntectonic
interboudin quartz veins are locally observed in
layers in the necks of the boudins. Other
syntectonic features such as dilational jogs
(m145; Figure 3.4d) are observed in close
relationship with bedding-(sub)parallel thrusts.
These jogs exemplify progressive opening of a
vein that developed parallel to the fault/shear-
plane. The origin of the observed jogs are
difficult to determine; either they reflect
bedding-parallel thrusting early kinematic to
folding and are in close relationship with the
formation of the BPVs, or they formed
cogenetically with syn- or post-folding thrusts
such as the small-scale thrusts at m185 (Figure
3.5b and c). The slickenlines which track the

fault movement, as well as the observation that
the fault bifurcates along its prolongation,
supports syn- to post-folding timing of the
dilational jog and thrust development.

Figure 3.19: Tension gashes in fold limbs.
(a-b) Photograph and field drawing of sigmoidal
tension gashes in a normal SE-dipping limb (m143,
zone 8). (c) Simplified kinematic model: extension
fractures initially develop during shearing of the fold
limb during flexural-flow folding (compression).
Subsequently, new fractures and sigmoidal gashes
develop by continuous shear. Minimum and
maximum incremental strain axes (ISAs) remain
constant in this stage. (d) Cross-cutting veins can
only form after reorientation of the 1SAs, indicative
of extension.
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Along the Wildenhof section several steeper
fault zones occur (Figure 3.4). Although the
displacements are often unknown, the
occurrence of metre-scale pop-up structures and
associated thrusts suggests that also the larger
fault zones are reverse faults. The fact that the
orientation of these reverse faults is largely
parallel with the axial surfaces of the upright
and overturned folds of the Wildenhof section
suggests that these faults formed in a similar
compressional regime as the folds. According
to Holland et al. (2006), however, the SE-
dipping fault zone at m190 (Figure 3.5c) and a
comparable fault zone in the synclinal hinge at
m220, are normal faults with a variable fault
width. These authors describe these normal
fault zones as fault zones with a heterogeneous
assemblage of strands of weakly to strongly
deformed fault gouge with differently deformed
clayey material. They concluded from the
thickness of the fault zone, the absence of a
clearly developed fault-core damage zone
structure and from the absence of mapable
offsets in the local geological map that the
displacement caused by the faults is less than a
few tens of metres. Also their analysis of the
clay gouge of the fault at m190 pointed out the
porosity of the clay gouge is to be much higher
than the porosity of the ‘overconsolidated’ host
rock, i.e. siltstones. Therefore Holland et al.
(2006) suggested that deformation must have
taken place in much shallower conditions than
during the Variscan deformation and that at the
time of faulting, the fault gouge was still deep
enough to be isolated from surface weathering
but shallow enough to avoid “cooking” of the
fault gouge at deeper conditions. Hence, the
observed orientation of these fault zones
support that they were initiated as a reverse
fault during the main Variscan contraction, after
the main folding and cleavage development.
Subsequently, they are reactivated as a normal
fault. Timing of reactivation, however, remains
a discussion; either reactivation initiated during
late-Variscan extensional phases related to the
collapse of the Variscan orogen (cf. VVan Baelen
2010), or they represent normal faults during
post-Variscan faulting.

3.2.6 Interpretation & synthesis
Based on the outcrops studied along the

Wildenhof section exposed at the northeastern
shores of the Rursee, a preliminary deformation
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history of the Pragian Upper Rurberg Unit can
be proposed that outlines the chronology of
fracturing and veining events, folding, cleavage
development and faulting.

Chronologically, after sedimentation and
compaction of the alternating sequences of the
Upper Rurberg Unit, bedding-normal quartz
veins formed first. It is concluded from many
deformation features such as vein refraction,
cleavage cross-cutting the wveins, vein
deformation due to flexural-slip and flexural-
flow folding, that the veins predate the overall
fold-and-cleavage development. If bedding is
restored into its original horizontal position
prior to folding, three observed vein generations
Va, Vg and V¢ are determined to be consistent
in orientation along the whole Wildenhof
section. At the time of bedding-normal vein
formation the layers were thus still in a
horizontal position. The fibrous infill of the
veins and the absence of any displacement
parallel to the vein walls, moreover, suggest
that the BNVs are extension veins which
formed prior to buckling of the layers and
presumably in an extensional stress regime. It
has been demonstrated in different models in
the Wildenhof case study that the incremental
strain axes of deformation remain constant
during veining and subsequent deformation,
indicative of a coaxial progressive deformation.
This implies that the orientation of the veins
may be used to determine the state of stress
during vein formation. If veins, which initiated
as fractures, are uniform in trend over a large
area, then they can be used as indicators to
determine the palaeostress orientations at the
time of fracturing or veining (Cox et al. 2001,
Gillespie et al. 2001, Laubach et al. 2004a).
Veins that display pure extension are classically
interpreted to form perpendicular to the
minimum principal stress o3 and are aligned
parallel to the intermediate 6, and maximum o,
principal stresses in the o; - o, plane (Secor
1965). Due to the fact that veins are formed in a
horizontal bedding position, the maximum
principal stress c; must have been vertical at the
time of vein formation, corresponding to the
load of the overburden, and o, can be deduced
from the alignment of the wveins. This
configuration corresponds to the stress state in a
sedimentary basin. It is suggested from the
results of the rotation exercise (Figure 3.10)
that hence the palaeostress evolution can be
deduced from the original orientation of V,
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over Vg to V. The regional occurrence of V4 is
highly uncertain as it is only observed in one
fold limb. Hence, this generation is not used for
the interpretation of the palaeostress. The
transition of Vg to V¢ would imply a rotation of
the local stress state at Wildenhof from a N-S to
NNE-SSW directed o;- 0, plane during Vg-
emplacement, indicative of NW-SE extension,
to a NE-SW-directed o; - o, plane at the time of
Vc-emplacement (see Figure 3.10). This
tentative model of reorientation of the stress
field during bedding-normal vein formation is
only derived from the orientation of two local
quartz vein generations and needs to be further
elaborated by investigating the consistency in
orientation of these generations over a larger
area. Furthermore, also the regional tectonic
stress needs to be implemented in this tentative
palaeostress-state evolution.

Bedding-parallel quartz veins subsequently
cross-cut bedding-normal veins. Depending on
the relative position of the BPV with respect to
the adjacent host rock, several BPV-types are
distinguished of which the intrabedded BPVs in
sandstone layers represent bedding-normal
uplift (Figure 3.18), whereas the composite and
laminated interbedded BPVs reflect combined
bedding-normal uplift and bedding-parallel
thrusting (Figure 3.17), both presumably
taking place in the compressional regime.
Bedding-parallel slip initiated at the onset of
folding but predates the main phase of folding
and cleavage development. This is evidenced
by cleavage cross-cutting the wveins and
variability of slip orientations on a single BPV,
varying from orthogonal to oblique with respect
to the local fold hinge line. Forming these
BPVs would require (partial) uplift of the rock
column above the BPV during veining. There
are several mechanisms to explain the bedding-
normal uplift, e.g. due to internal high pore
fluid pressures (Cox 1995, Fitches et al. 1986,
Rodrigues et al. 2009), and the combined
bedding-normal uplift and bedding-parallel
thrusting (e.g. Jessell et al. 1994, Koehn &
Passchier 2000). This discussion, however,
would be more relevant if the regional
consistency of BPVs in the North Eifel is
understood, rather than discussing it after the
first Wildenhof case study. Therefore possible
veining mechanisms are discussed after the
other case studies in section 3.5.2, in which
BPVs are compared to BPVs observed in the
Rhenish Massif (Baum 1955, Breddin 1930, de

Roo & Weber 1992, Hilgers et al. 2006a,
Nielsen et al. 1998, Weber 1980) and in other
mountain belts (e.g. Boullier & Robert 1992,
Cobbold & Rodrigues 2007, Fitches et al. 1986,
Hilgers et al. 2006b, Jessell et al. 1994, Koehn
& Passchier 2000, Rodrigues et al. 2009).

Subsequent to the formation of the BPVs, as the
tectonic  deformation  continues, overall
buckling caused the characteristic NW-verging,
upright to overturned folds with associated
axial planar cleavage in the Wildenhof study
area. Small-scale tectonic features with
associated quartz veining such as interboudin
veins (Figure 3.6), out-of-syncline fault-related
veins (Figure 3.5), sigmoidal tension gashes
(Figure 3.19), filled hinge cracks, displaced or
deformed bedding-normal veins (Figure 3.15)
and thin flexural-slip BPVs (Figure 3.13j)
accompany folding. One has to keep in mind,
however, that the BPVs might have been
reactivated during progressive folding and the
possibility exists that BPVs related to early
folding and flexural slip BPVs are mutually not
exclusive.

The deformation of the Variscan cleavage into
kink bands has only locally been observed in
pelitic sequences. Although the kink band
geometry, which can indicate the maximum
principal stress direction at the time of cleavage
deformation, has not been studied, kink bands
may be attributed to the late Variscan
destabilisation of the High-Ardenne slate belt
(cf. Van Baelen 2010). Also several large fault
zones cross-cut the fold limbs and fold hinges
and are observed to post-date the main Variscan
fold-and-cleavage development. Most fault
zones have similar SE-dipping orientations
compared to the axial surfaces of the upright to
overturned NW-verging folds and therefore
they can be interpreted as syn- to post-folding
reverse faults, formed during the compressional
stage of the Variscan deformation. Due to the
unknown displacements of the large faults, the
relative timing of faulting remains enigmatic;
either they reflect synfolding, i.e. fault-bend-
folding or fault-propagation-folding (e.g.
Dittmar et al. 1994), or post-folding, i.e. break-
thrust folding. Furthermore, these fault zones
initiated as reverse faults during the Variscan
orogeny, but are later reactivated as normal
faults during fault movement (Holland et al.
2006), either due to extensional tectonics during
orogenic collapse (Van Baelen 2010) or later
post-Variscan fault movements.

63



CHAPTER 3 - Structural analysis

3.3 Case ll: Eschaulerberg
section

3.3.1 Localisation

The main reason to have studied the
Eschaulerberg section is to check consistency of
the different vein types that have been observed
at the Wildenhof section. The outcrops exposed
at the Eschaulerberg section are situated along
the western side of the Eschaulerberg peninsula
in the middle part of the Rursee study area (see
Figure 3.1), approximately 2 km south of the
little village Schmidt. Maximum outcrop
capacity is only assured in autumn and winter
during decreased water level of the Rursee
reservoir (271m NN during the 2009 field work
campaign). In these periods, the steep and
inaccessible Eschaulerberg cliffs provide an
excellent, 500 m long cross-section on which
the overall folding structures and veining
patterns can be studied. Along a small path that
connects the ‘mainland’ with the southern end
of the peninsula, the upper parts of the
Eschaulerberg cliffs (> 278m) can also be
visited in summer at high water level. The
lower parts at the shores, however, can only be
visited by means of a small boat or can be
overlooked on the passengers vessel of the
‘Rursee-Bahn’ (Rursee Schifffahrt) that travels
the Rursee several times a day during the tourist
season. While the overall structural architecture
of the Eschaulerberg section is sketched by
means of some important outcrops along the
cross-section, the geometry of the veins are
mainly discussed by a detailed key-outcrop in
the middle part of the cross-section. The exact
position of the discussed outcrops is indicated
on the scale-bar below the Eschaulerberg cross-
section (Figure 3.21).

3.3.2 Geometric analysis

Owing to the overall NE-plunging attitude of
the fold hinges in the Rursee area, the outcrops
at the Eschaulerberg section are situated on a
higher lithostratigraphical and structural level
than those observed in the Wildenhof section
(Figure 3.1). Similar as to the previous case
study, the observed folds in the Eschaulerberg
section display a general, moderately NE-
plunging attitude, despite a small variation from
NNE- to east-plunging (Figure 3.20b). In the
overall part of the cross-section, the orientation
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of bedding-cleavage intersection lineation
(Li~066/30) corresponds to the orientation of
locally measured fold axes. For over 500 m
(cross-section G-H in Figure 3.1 and Figure
3.21), the Eschaulerberg section consists of a
hectometre-scale, NW-verging, upright to
slightly overturned fold train, which is
characterised by several secondary folds.

v LY
zone 14 & 16

Num total: 21

v n=13 Pole to bedding — normal limbs ] B B-axis
v n=8 Pole to bedding — overturned limbs — — Best fit girdle

©)

Num total: 28

e n=17 Pole to cleavage O  Pole to mean cleavage plane
+ n=11 Intersection lineation Mean cleavage plane

@ + Mean intersection lineation

Figure 3.20:  Lower-hemisphere, equal-area
stereographic projection of measured structures at
the Eschaulerberg section. (a) Poles to bedding. (b)
Bedding-cleavage intersection lineation and poles to
cleavage.
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A pervasive, axial-planar, spaced and slaty
cleavage (S;~133/47) is observed in the coarse-
grained sandstones and the fine-grained,
laminated sandstones or silty sequences
respectively. These lithological units are
characteristic in the Siegenian Upper Rurberg
Unit (sR3).

Based on the orientation of bedding, three
distinct fold limbs are recognised from the NE
to the SW along the cross-section. These fold
limbs are defined as zone 14 (normal SE-
dipping), zone 15 (overturned SE-dipping) and
zone 16 (normal SE-dipping) (see Figure 3.1;
Figure 3.20a; Table 3.2). The moderately SE-
dipping normal limb of zone 14 can be
correlated with zone 2 at the north-eastern
shores of Wildenhof (case study 1), but also to
the north-western normal fold limb of zone 17
at the Hubertus Hohe section (case study IlI),
regardless of its higher structural level. The
approximately 200 m long zone 14 is
characterised by a consistent bedding
orientation (Sy~106/38) without the presence of
faults or secondary folds. At m20, the transition
of zone 14 into zone 15 occurs along an open
syncline with an apparent axial planar cleavage.
Some outcrops of zone 15 are illustrated in
Figure 3.21. The approximately 300 m long
fold limb of zone 15 ranges in bedding
orientation from steeply NW-dipping with a
normal polarity (So~348/77) to a vertical
attitude and eventually into a steeply overturned
SE-dipping limb with an inverse structural
polarity (mean S¢~145/73). This alternating
bedding attitude has been indicated on the
Rursee structural map as transparent grey zones
for the overturned bedding and white zones for

the normal bedding (see Figure 3.1). Instead of
a transition of decametre-scale folds such as
observed between zones 2 and 7 in the
Wildenhof cross-section (see Figure 3.3), zone
15 is characterised by several higher-order or
parasitic, metre-scale folds restricted to the fold
limb. Overturned SE-dipping layers have planar
bedding surfaces that are continuous at the
outcrop. Upright to steeply NW-dipping layers,
however, are often buckled (Figure 3.21; Figure
3.22) into buckle folds that may vary from
metre-scale bedding undulations (m380) to
entire secondary folds with the development of
a small, normal SE-dipping limb in the middle
of the fold (e.g. folds at m150 and m203; Figure
3.21). These secondary folds are very
interesting due to the fact that both BNVs and
BPVs are continuously distributed around the
folds which allows inferring the relative
chronology between both veining events and
folding. The secondary fold at m150 has been
studied in detail and is discussed in section
3.3.3. At the south-eastern end of the
Eschaulerberg peninsula, zone 15 continues
into the SE-dipping fold limb of zone 16
(Sg~112/48) that can be correlated with the beds
at the north-western corner of the island in the
Rursee. The overall part of zone 16, however, is
covered by water. The buckle folds at the end of
the cross-section (see m380; Figure 3.21;
Figure 3.22e) are developed in thick coarse-
grained competent sandstone layers that are
often limited in length and wedge out owing to
the sedimentological nature of these beds.
These wedges represent metre-scale point bars
(see section 2.4.2) and complicate tracing
bedding around the buckle folds.

Table 3.2: Bedding and cleavage data of the investigated zones at the Eschaulerberg section. See Figure 3.1 for
localisation of the fold limbs (zone 14 to 16). The number of measurements is given in brackets. Grey zones
represent the data specific for an overturned fold limb. - : not observed or suspicious data.

Outcrop Bedding B - axis Cleavage So/S1 Li So/S1 Li
(So) of bedding (S1) (measured) (merged)
Zone 14 106/38 (5) 125/51 (8) 054/24 (4) 062/29 (13)
Zone 14 - 15 : transition 358/72 (5) - 122/58 (2) 082/21 (2) 070/44 (7)
Zone 15 145/73 (8) - 134/46 (5) 082/42 (2) 060/16 (13)
Zone 16 112/48 (3) - 128/51 (2) 061/33 (3)
Zone 14 -16 Best fit girdle: Mean value: Mean value: Mean value:
Eschaulerberg fold train 250/62 (21) 070/38 133/47 (17) 066/30 (11) 064/30 (33)
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Figure 3.21: Eschaulerberg conceptual structural cross-section constructed by means of field drawings and
photographs taken from the water, showing bedding, cleavage, folds, faults and veins. For over 500 meter, the
Eschaulerberg cross-section consists of a hectometre-scale, NW-verging, upright to slightly overturned fold
sequence characterised by buckle folds and an apparent axial planar cleavage. Mind the gaps between some
outcrops and the changes in scale between the different cliffs. Location of photographs: (1-4) Figure 3.22b-¢;
(5) Figure 3.23.
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NW . T >

Figure 3.22: Representative parts of the Eschaulerberg cliffs showing deformation within the upright NW-
dipping and overturned SE-dipping layers of zone 15. The scale bar (in metre) below each photograph
corresponds to the scale bar at Figure 3.21. (a) Panorama of the Eschaulerberg cliffs showing upright to slightly
overturned Upper Rurberg beds. (b) Overturned fold limb characterised by alternating fine-grained sandstone
and siltstone containing interbedded BPVs. (c) Secondary anticline-syncline fold train in upright to overturned
layers. (d) SE-dipping overturned layers with bedding-parallel fault zone and interbedded BPVs. (e) Buckle
folds in NW-dipping competent layers at the end of the Eschaulerberg peninsula. Water level ~271 m.
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Locally at m30, a metre-scale fault zone cross-
cuts the synclinal hinge between zone 14 and
zone 15 Figure 3.21. The fault zone shows a
large variation in width, ranging from a few
centimetres at the top to approximately 1 m at
the base. Absence of correlation of bedding
below and above the fault zone hampers
deducing the fault offset or determining the
nature of the fault as a reverse fault or a normal
fault. The fault zone is characterised by a
prominent thin clayey fault gouge and has a
rather sharp contact with the surrounding host
rock. As the fault zone increases in thickness,
damaged or disrupted wall-rock fragments and
multiple strands of fault gouge become more
prominent (cf. Holland et al. 2006). The upper
fault wall has a constant dip towards the NW,
while its base ranges from a vertical orientation
at its upper thinnest part, to a SE-dipping
orientation (F~185/75) at its thickest part (see
m30 at Figure 3.21). At m360 another 0.3m-
wide fault zone occurs parallel to bedding. A
bedding-parallel vein accompanies the base of
this fault. A relationship between BPV and the
fault has, however, not been established. Small
planar faults, oriented parallel to cleavage and
cross-cutting the overturned layers of zone 15
(e.g. m40) are sometimes observed. Similar as
to the faults with a fault gouge, the sense of
displacement has not been determined owing to
the absence of correlation of the beds at both
sides of the fault.

3.3.3 Eschaulerberg parasitic fold

The geometry of the parasitic fold observed at
m148, is of particular interest because it is one
of the few outcrops in the area in which several
bedding-normal veins (BNVs; see BOX I) and
bedding-parallel veins (BPVs; see BOX II) can
be observed together. The outcrop has
moreover the advantage that both vein types are
draped around a fold structure. A geometric
analysis of this fold allows constraining a
relative chronology between these structural
features. In a regional context, this parasitic
fold can be identified as a third-order fold in a
fold limb of the second-order fold train between
zones 14 and 15. First-order folds correspond
regionally with the transition of the Rurberger
Mulde into the Rurberger Sattel and
Hasenfelder Sattel in the Rursee study area,
such as shown in Figure 2.3a.
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The outcrop displays a 3 metre wide anticline-
syncline fold train, marked by a pronounced
NW-verging asymmetry and an axial planar
cleavage. From NW to SE, the fold train
consists of an overturned, steeply (~80-75°) SE-
dipping limb, a normal, shallow (~25°) SE-
dipping limb and a normal steeply (~70°) NW-
dipping limb (Figure 3.23a and b). Based on the
interlimb angle of these fold limbs, the fold
train can be described as a close anticline
(interlimb angle ~56°) followed by an open
syncline (interlimb angle ~90°). The bluntness
of both folds can be defined as angular and
subrounded for the anticlinal and synclinal
hinge respectively. The 80 cm thick coarse-
grained sandstone layer present in the core of
the parasitic fold is characterised by a spaced
cleavage, whereas a closely spaced cleavage is
observed in the surrounding siltstones.
Cleavage refracts at the siltstone-sandstone
interface in the fold limbs in such way that it
refracts away from the fold hinges, such as
expected in a fold created by a progressive fold-
and-cleavage  development. A  divergent
cleavage fanning is observed at the outer side of
the anticlinal hinge, whereas in the siltstone in
the core of the fold, a convergent cleavage
fanning is observed.

Actually two fold hinges (FH; and FH, in
Figure 3.23b and c) can be observed in the
anticlinal hinge. FH;, developed in a sandstone
layer that seems to wedge out towards the SE,
is characterised by BPV; that remains constant
in thickness around the hinge zone. In the core
of this FH;, a thick irregular, seemingly
irregularly folded quartz vein is present. FH,
occurs above the outwedging sandstone layer
and developed in two thinner sandstone layers
that continue to the SE into the synclinal hinge.
FH, contains BPV, that developed between
these two thinner sandstone layers and is folded
around the fold hinge. This fold hinge is,
moreover, also characterised by the presence of
numerous thin quartz veins. The sigmoidal
veins at the top of the upper sandstone layer
probably represent local shear in the upper part
of the fold. To the SE, BPV; continues below
the thick sandstone in the synclinal hinge. This
part of BPV; is marked by NW-SE-trending
slickenlines on its upper vein wall. The lower
vein wall has an irregular pattern and is
intimately related with the lower lying siltstone
(Figure 3.23c). A third BPV; is present below
the outwedging sandstone layer and is folded in
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the core of FH;. All three BPVs are marked by
macroscopic host-rock inclusions (indicated
with black lines in the BPVs in Figure 3.23b).

Due to the numerous thin quartz veins in the
core of FH; it is difficult to trace bedding of the
upper sandstone layers in the fold core. The
folded BPV,; in FH,, however, shows that these
sandstone layers have been folded on top of the
out-wedging sandstone layer. In order to reach
this position, it is plausible that the upper two
sandstone layers, folded in FH,, must have been
thrusted towards the NE, on top of the lower-
lying, out-wedging sandstone layer. This is
exemplified by slickenlines on the thick BPV,

@ So\ _ Sitstone __\Sandstonel” ~

in the synclinal hinge (Figure 3.23d). This
thrusting thus implies that the sandstones are
duplicated. The siltstones above and below the
parasitic Eschaulerberg fold do not mark any
sign of this duplication. At the upper side of
both fold hinges, the siltstone rather seems to be
squeezed between FH, and FH;, clearly
illustrated by the cleavage that converges
towards the cusp of this contact (Figure 3.23c).

The described complex deformation and
duplication in the anticlinal hinge is absent in
the synclinal hinge, in which bedding remains
uniform in thickness around the fold which can
be described as a class 1B parallel fold in
Ramsay’s (1967) classification of folded layers.

water level 271m

Figure 3.23: Eschaulerberg parasitic fold geometry (m148). (a) Photograph and (b) field drawing of the fold
showing curved BNVs and folded BPVs, which are consistently present around the fold hinges and remain
uniform in thickness around the fold. The fold has a regional NW-verging asymmetry and an axial planar
cleavage (a and b modified after Van Noten et al. 2011). (c) BPVs at the outer side of the fold hinge (FH) and a
hinge vein at the inner side of the anticlinal fold hinge (hammer~32 cm). (d) NW-SE-trending slickenlines on
the upper vein wall of the BPV (pencil ~14 cm). (€) BNVs are consistently present in the overturned limb in a
lower level.
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3.3.4 Bedding normal veins

The three fold limbs observed in the parasitic
Eschaulerberg fold are similar in orientation as
the fold limbs observed in the whole
Eschaulerberg section in such way that the
orientation of the overturned SE-dipping and
the normal NW-dipping limbs correspond to
zone 15 and the normal SE-dipping limb
corresponds to zone 14. Hence, the orientation
of the bedding-normal wveins, which are
omnipresent in this parasitic fold, can be
compared to the orientation of other BNVs
observed in the different fold limbs of the
Eschaulerberg section. This comparison can be
used for determining consistency of wvein
generations in the whole Eschaulerberg section.
In order to do so, firstly, the BNVs in the
parasitic fold are described geometrically.
Secondly, their orientation is compared in an
orientation analysis with other BNVs in the
different fold limbs of the Eschaulerberg
section.

3.3.4.1 Geometric description

BNVs are present in the folded sandstone
layers, as well as in the underlying siltstone
layer (Figure 3.23a and b). The veins are
uniform in thickness both in the sandstone and
siltstone layers and they do not exceed a
thickness of 1 cm. Macroscopically, veins
consist of milky white quartz with an internal
distribution of  millimetre-thick host-rock
inclusion lines. Veins are more closely spaced
in the siltstone than in the sandstone. In the
overturned SE-dipping sandstone layer and in
the underlying siltstone layer, the veins are
continuously present towards lower levels (see
m148 - m150 in Figure 3.21; Figure 3.22c;
Figure 3.23e). They are moreover oriented
oblique to bedding (~70°) and have a curved
shape in such way that the upper (structural)
vein tip curves towards the anticlinal hinge FH;
while the lower (structural) vein tip curves
away from the hinge zone. Compared to
perfectly perpendicular BNVs, they seem to
have rotated clockwise. The BNVs in the
normal SE-dipping limb have an opposite
curved shape than those in the overturned fold
limb (Figure 3.23e). Here, the upper (structural)
vein tip of the wveins curves towards the
anticlinal hinge FH, whereas the lower tip
curves towards the synclinal hinge having
rotated anticlockwise. Both in the anticlinal and
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synclinal hinge, as well as in the NW-dipping
limb, the veins are oriented at high angle to
bedding and the refracted cleavage is oriented
subparallel to the veins (Figure 3.23a and b).
All the BNVs observed in this fold are
restricted to the host rock and are defined as
stratabound veins (see BOX ). Hence, a clear
refraction of the wveins at the incompetent-
competent or competent-incompetent interface,
such as was observed for non-stratabound veins
in the Wildenhof section has not been observed.

Throughout the fold, the BNVs have a
consistent thickness with a mean thickness of
one centimetre. Sometimes hairline wveins,
comprising fibrous quartz crystals, occur
between the centimetre-thick veins.
Macroscopically, these centimetre-thick BNVs
can be classified as composite veins as quartz
laminae alternating with pelitic host-rock
inclusion lines occur.

3.3.4.2 Orientation analysis

In the Eschaulerberg parasitic fold, bedding-
normal veins thus occur at high angle to
bedding. Only one vein generation is observed
and is folded around the fold hinges. No
additional cross-cutting vein generations have
been observed. In their present orientation, the
veins change in orientation from V¢~079/41 in
the overturned limb, V~132/80 in the normal
SE-dipping limb to Vyw~112/51 in the NW-
dipping limb. In order to determine if this single
bedding-normal vein generation represents a
single veining event, an unfolding analysis has
been performed on the veins. The strategy
followed during unfolding is identical to the
unfolding exercise in the Wildenhof case study
(see method in Figure 3.9). Firstly, the effect of
the plunge of the parasitic fold is removed and
secondly, the fold limbs are restored to the
horizontal. As result of this exercise (Figure
3.24), it is shown that the veins are nearly
vertical in horizontal layers and that they have a
similar NE-SW strike in the three different fold
limbs. However, despite of their similar trend,
the veins have opposite dip directions after
unfolding. After unfolding, the wveins in the
gently SE-dipping fold limb dip towards the
NW, while the veins in both the overturned SE-
dipping and gently, NW-dipping layers dip
towards the SE in their original orientation.

In order to try deducing a local chronology in
quartz veining along the whole Eschaulerberg
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section, the orientation of the single wvein
generation in the three fold limbs of the
parasitic fold is compared with the veins
occurring in zone 14 and zone 15. The results of
this comparison (see Figure 3.24) shows that
the veins in the normal SE-dipping fold limb at
zone 14 are similar in orientation as the veins in
the same fold limb in the parasitic fold after
unfolding, although the strike might slightly
change from NNE-SSW to NE-SW
respectively. Locally at m50, an outcrop
representative of the overturned SE-dipping
limb of zone 15, two other cross-cutting vein
generations are observed. After unfolding (see
Figure 3.24) the overall observed veins (Vsg)
plot in a similar NE-SW orientation as the veins
in the comparable fold limb in the parasitic
fold. Moreover, they also dip towards the NW
in their original orientation. The NE-SW
generation cross-cuts an early E-W generation

(circles in Figure 3.24), but is cross-cut by
subsequent NW-SE oriented veins (diamonds
inFigure 3.24). After unfolding, both steeply
dipping vein generations dip to the north and
the NE respectively. The cross-cutting
generation, however, is absent in the parasitic
fold and in other parts of the Eschaulerberg
section. The veins in the steeply NW-dipping
fold limbs, furthermore, have a NE-SW strike,
and dip steeply towards the NW after
unfolding. They are comparable to those in the
NW-dipping fold limb in the parasitic fold.

To conclude, this comparison shows the
existence of one consistent vein orientation
along the whole Eschaulerberg section, that is
cross-cut by a second and third vein generation
locally. In its current orientation, the strike of
this consistent, earliest vein generation is
oriented parallel to the local fold hinge lines
and turns NE-SW after unfolding.

current orientation rot. original orientation

original orientation = rot. current orientation

Normal
SE-limb

Eschaulerberg
parasitic fold

Num total: 9
N Overturned N

SE-limb

Num total: 25 Num total: 10

Normal
NW-limb

@

Num total: 6

Zone 14 N

Eschaulerberg
section

Num total: 9
Overturned N
SE-limb

Zone 15 N

Num total: 29 Num total: 56

Zone 15 N

Normal
NW-limb

Num total: 18

®

Figure 3.24: Lower-hemisphere, equal-area stereographic projection of BNVs in their current and unfolded
(rotated) original orientation in the (a) Eschaulerberg parasitic fold, compared to the BNVs in the (b) fold limbs
(zones 14 and 15) of the Eschaulerberg section. Grey arrows show the unfolding direction. Vsg: veins in a
normal or overturned SE-dipping limb; Vyw: veins in a NW-dipping limb.
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3.3.5 Bedding-parallel vein(s)

Bedding-parallel veins are observed
numerously within the Eschaulerberg section
and can be identified as interbedded veins as
they always occur between two contrasting
lithologies, namely siltstone and sandstone (e.g.
m40, m50, m87 in Figure 3.21; Figure 3.22b).
Sometimes slickenlines and slickenfibres are
observed on the outer vein wall, marking
bedding-parallel movements. Often these
slickenlines are oriented at high angle to the
local fold hinge line. A detailed orientation
analysis of the slickenline and slickenfibre
orientation has been performed on BPV; in the
Eschaulerberg parasitic fold (Figure 3.25a-b).
This BPV; is of particular interest because it
occurs in the synclinal hinge and continues
towards the anticlinal fold hinge (FH,). It
changes from a, locally 5 to 10 cm-thick,
interbedded BPV below the thick, coarse-
grained sandstone layer in the syncline to a 5
cm-thick interbedded vein above the thick
sandstone layer in the core of the anticlinal fold
hinge FH;. Along its vein length, the upper vein
wall has a flat morphology in the synclinal
hinge, but is marked by several offshoots in the
centre of the fold in which the wvein is
interbedded between the duplicated sandstones.
The lower vein wall or the underside of the vein
is characterised by an irregular boundary, with
several small offshoots into the underlying
siltstone sequence in the syncline, but
remarkably, it has a flat morphology in the
anticlinal hinge FH; at the contact with the
underlying sandstone layer. Along its length,
the upper vein wall of BPV, is also marked by
several slickensides with slickenlines (see
Figure 3.23d). Slickenlines (Lg) and fibre steps
have been measured and analysed in the three
fold limbs (Figure 3.25a and b). In the NW-
limb, slickenlines are NW-SE (L4~305/30). In
the normal SE-dipping limb, slickenlines trend
NNW-SSE (Ls~160/25) and in the overturned
limb slickenlines have a SW-plunging, nearly
vertical orientation (Ls~228/80). As illustrated
on the stereographic projection (Figure 3.25b),
the slickenlines are oriented at high angle to the
local synclinal and anticlinal fold hinge lines of
the parasitic fold. Remarkably, at all three
positions the observed fibre steps are similar
and are indicative of a top-to-the-NW bedding-
parallel shear of the overlying layer. As
previously mentioned, the BPV continues
around both the anticlinal and synclinal hinge
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without changing in thickness, which strongly
suggests a pre- to early folding origin of the
BPV.

To determine this hypothesis, an unfolding
exercise has been performed in which the
slickenlines of the three fold limbs have been
rotated from their current orientation (Figure
3.25b) in the Eschaulerberg parasitic fold into a
consistent bedding plane (see (1) in Figure
3.25¢).

SE-limb SE-limb NW-limb

v S, 158/80 v S, 120/30 v S, 002/80

s L, 228/80 o L, 160/25 o L, 305/30
N N

SE-dipping
S, plane

Num total: 8 Num total: 1

@ current @ (1) rot. into SE limb
orientation (2) rot. to horizontal

NW__

@ BPV folded into SE-limb

Figure 3.25: (a) 3D fold kinematics of the
‘parasitic’ fold structure at the Eschaulerberg section
showing the consistency of a BPV around the fold
hinge, the duplication of the sandstone layers
between FH; and FH, and flexural-flow folding of
the BNVs in the fold limbs. Length of the fold train
is approximately 4m. (b) Orientation of slickenlines
(Lg) in their current orientation and (c) after
unfolding of the whole BPV; into (1) a SE-dipping
orientation and (2) the original horizontal
orientation. (d) Slickenline orientation and fibre
steps are consistent in orientation after unfolding and
mark a NNW-directed shear.
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If the slickenlines are similar in trend after
unfolding, then the pre-folding hypothesis can
be confirmed. For the ease of the exercise and
also to avoid additional untilting of the fold
hinge, it was chosen to keep the SE-dipping
limb constant and to refold the overturned limb
and the NW-dipping limb into the orientation of
the SE limb. Unfolding has been performed
around the anticlinal fold hinge for the
overturned limb and around the synclinal hinge
for the NW-limb.

The results show that the slickenline orientation
and fibre steps are similar for the three different
positions on the continuous SE-dipping BPV
(Figure 3.25c). This suggests that thrusting and
thus bedding-parallel slip occurred in a similar
direction along the whole vein at the onset of
folding, prior to overall buckling. If the BPV is
further unfolded toward the horizontal (see (2)
in Figure 3.25c), by untilting the fold hinge line
and restoring the SE-dipping orientation into its
original horizontal orientation (conform the
mechanism in Figure 3.9), a NNW-directed
shear can be deduced.

3.3.6 Kinematic interpretation

Based on the geometric description of bedding-
normal and bedding-parallel veins with respect
to the observed fold geometry, a kinematic
evolutionary history can be reconstructed for
the deformation features observed at the
Eschaulerberg section. In order to constrain this
evolutionary model, one has to assume that the
buckle folds, for instance at m375-380, and the
Eschaulerberg parasitic fold at m148 developed
contemporaneously with the larger, second
order folds in the area so that all the
deformation features described in the parasitic
fold can be dated relatively to the fold-and-
cleavage development. This assumption is valid
for the following reasons and is illustrated by
the possible coaxial progressive deformation in
Figure 3.26.

When a horizontal layer starts to shorten during
the NW-directed tectonic transport related to
the overall Variscan shortening, regionally
materialised by cleavage, initially the layer will
start to fold gently. In a multilayer sequence, in
which a sandstone layer is for instance
intrabedded in a thick siltstone sequence, the
early developed NW-dipping limb can

subsequently start to buckle. These secondary
buckle folds will develop, possibly at an
irregularity, because of the particular
orientation of the NW-dipping limb in this
incipient fold, oriented at high angle to the
tectonic grain.

When shortening continues, the buckle folds
can possibly evolve into a parasitic fold
structure developed in the overall NW-dipping
limb. If tectonic shortening, however, occurs
within a multilayer sequence of several closely
spaced sandstone layers, the sequence will be
impeded by the presence of these competent
layers  during  progressive  shortening.
Continuous shortening can eventually result in
a lock up of the layers due to a lack of space
resulting in small-scale harmonic buckle folds
(e.g. m375-m380; Figure 3.22¢).

NW SE

Figure 3.26: Kinematic model proposed for the
formation of buckle folds in the NW-dipping limbs
of the Eschaulerberg section during progressive
fold-and-cleavage development. The intermediate
stages may have been different but are meant to
illustrate possible progressive steps in buckle fold
development.
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Along the Eschaulerberg section and in the
parasitic fold, one consistent bedding-normal
vein generation has been determined. It consists
of both hairline veins and centimetre-thick,
composite stratabound veins. On the one hand,
the macroscopic fabric of the hairline veins
shows a fibrous mineral infill reflecting a single
opening and fracture infill. The composite
veins, on the other hand, consisting of several
quartz laminae alternating with host-rock
inclusion seams, reflect a veining mechanism in
which multiple fracturing and sealing phases
are responsible for vein formation. The mineral
infill is elaborated in Chapter 4, but from the
macroscopic vein infill it can already be
concluded that these veins are extension veins
which opened in a horizontal bedding
configuration prior to folding. It is concluded
from the original NE-SW-directed strike of this
consistent vein orientation prior to folding
(Figure 3.24) that a NW-SE opening was
responsible for wvein formation along the
Eschaulerberg section. Locally, this vein
generation is cross-cut by two Yyounger
generations, which cannot be correlated to other
veins elsewhere in the section. Owing to the
limited occurrence of these cross-cutting veins,
their implication on the regional development
of quartz veins has been ignored, although they
could reflect different opening directions after
opening of the earliest wvein generation.
Regardless of the different cross-cutting
relationships, it is concluded from the fact that
all bedding-normal veins remain perpendicular
to bedding in the fold limbs and in the fold
hinges, that the BNVs clearly predate the
regional fold-and-cleavage development.

In the parasitic fold, several bedding-parallel
veins are folded continuously around both the
synclinal and anticlinal fold hinge. The thick
BPV, is of particular interest because of its
continuity along the anticline-syncline fold
train. Macroscopically, it consists of thick
quartz laminae, intercalated irregularly with
disrupted host-rock inclusion lines, illustrating
a complex formation history of the vein by
multiple opening and sealing phases. The
different BPVs are continuously present around
fold hinges. This observation is incompatible
with the flexural-slip mechanism in which slip
is absent in the fold hinges. Furthermore, the
vein wall is characterised by slickenlines that
are uniform in trend along the wvein in the
anticline-syncline fold train and that are
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oriented at high angle to the local fold hinge
line. Fibre steps on the vein wall all represent a
consistent NNW-directed shear. This shear is
deduced by unfolding the fold limbs toward the
horizontal into one continuous vein (Figure
3.25d). BPV; thus suggests that vein formation
results from bedding-parallel thrusting related
to small, low-angle thrust faults which are
interpreted to reflect small ramps that duplicate
sandstone layers into doubled sequences
(Figure 3.23a and b). In the parasitic fold, this
thrusting and duplication is complicated by the
seemingly out-wedging sedimentary character
of the overturned sandstone layer above which
the folded anticlinal hinge FH, with
incorporated  bedding-parallel  veins  was
developed. Nevertheless, BPV; represents
bedding-parallel veining at the onset of folding
during layer-parallel slip. The origin of the
interbedded BPV,, present between the two
folded sandstone layers in FH, remains
enigmatic because of a lack of structural
indicators that can reveal its development. It
could have been developed by bedding-normal
uplift, such as described for the intrabedded
BPVs in the Wildenhof section (Figure 3.18a),
or it could reflect bedding-parallel thrusting,
prior to the formation of BPV;.

The BNVs have, furthermore, a specific
geometry in which the upper vein tip curves
towards the anticlinal hinge and the lower vein
tip curves towards the synclinal hinge, similar
to the refracted cleavage (Figure 3.25a). These
observations strongly suggest that this curvature
can be attributed to post-veining deformation
related to continuous simple shear in the host
rock during flexural-flow folding (Ramsay &
Huber 1987). This is also visualised in the
unfolding exercise (Figure 3.24): the results of
unfolding show that the BNVs in the
Eschaulerberg section, are not perfectly
orthogonal to bedding after rotation of the beds
to the horizontal. In their original orientation,
the veins in the overturned SE- and normal
NW-dipping limbs, dipping to the NW, have
opposite dip directions compared to the veins in
the unfolded normal SE-dipping limb, dipping
to SE. This specific opposite subperpendicular
attitude is also a consequence of flexural-flow
folding.

Ramping may have been initiated at specific
places, at which the multilayers contain an
irregular sedimentary architecture, such as large
scale qgullies or point bars. They may
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subsequently have played a role at the initial
stages of fold development in such way that
they influenced the location of fold hinges
during progressive horizontal shortening. This
is clearly exemplified by the parasitic fold in
which such a ramp is folded.

The latest structure observed in the
Eschaulerberg section comprise high-angular
faults which cross-cut bedding, folds and veins.
They vary from faults with a strongly
developed fault gouge to planar faults of which
the displacement could not be deduced. The
mostly upright to SE-dipping orientation of
these faults indicate that they developed in a
similar compressional regime as the overturned
folds in the Eschaulerberg area and that they
might have been reactivated afterwards. This
reactivation might have occurred either during
late-Variscan extensional tectonics or during
post-Variscan faulting.

3.3.7 Synthesis

To conclude, based on the geometric
observations and kinematic interpretations of
the structures and veins studied in the
Eschaulerberg section and in the parasitic fold,
a preliminary evolutionary history can be
proposed that outlines the evolution from
veining events to subsequent deformation.
Bedding-normal veins have been observed in
the Eschaulerberg section. They reflect a
regional veining event, caused by NW-SE

extension of the layers, which were at that time
in a horizontal position. It is concluded that the
BNVs formed in an extensional stress field in
which the NE-SW-alignment of the consistent
vein generation corresponds to the o;-o0,
principal plane and the NW-SE opening
direction of the veins to 3. The two local cross-
cutting veins observed in the Eschaulerberg
section are probably the reflection of a local
change in stress field orientation that may have
been developed because of the minor
differences in magnitude between o, and o3,
allowing a short transient stress field in a
remote (far-field) stress field.

Subsequently, bedding-parallel  veining
occurred after  bedding-normal  veining.
Bedding-parallel vein formation in the
Eschaulerberg section is attributed to small-
scale ramping and associated bedding-parallel
thrusting causing duplication of the competent
layers at the onset of folding. It is deduced from
slickenlines and fibre steps on the vein wall,
that this bedding-parallel thrusting reflects local
NNW-SSE-directed compression during vein
emplacement. In this configuration, the
maximum principal stress ¢; may correspond to
the tectonic compression representative of a
compressional stress regime. The regional
implications  of  bedding-parallel  veins
succeeding bedding-normal  veins, which
indicate a transition of regional stress field
orientation, is further discussed in the general
discussion of this chapter in section 3.5.
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3.4 Case Ill: Hubertus HOhe -
Schwammenauel section

3.4.1 Localisation

Although the Wildenhof case and the
Eschaulerberg case already provide a useful
geometric evolutionary model in which the
successive development of different vein types,
folds, cleavage and faults is studied, it was
further chosen to investigate the Hubertus Hohe
and Schwammenauel sections, not only to
check consistency in veins, but also because of
a peculiar outcrop situated in zone 21, of which
no equivalent exists in the Rursee area. The
deformation features observed in this peculiar
outcrop will possibly contribute to the present
tentative  evolutionary  geometric  model
proposed in the discussion of the previous case
studies. SE of Hubertus Hohe, the shores at
Schwammenauel, both north and south of the
Schwammenauel dam, have been investigated.
These different sections are further referred to
as Schwammenauel N and Schwammenauel S
respectively. The beds belong to the Upper
Rurberg Unit (Hubertus Hohe;
Schwammenauel N) and the Heimbach Unit
(Schwammenauel S). Because of the regional
NE-plunging fold attitude, outcrops in the
Hubertus Hohe - Schwammenauel N section are
situated at a higher structural and stratigraphic
level than those observed at Schwammenauel S,
Wildenhof and Eschaulerberg. This is also the
main reason that fold limbs (indicated as
different zones on the structural map, see Figure
3.1) do not correspond between Wildenhof,
Eschaulerberg and Hubertus Hohe.

3.4.2 Transitional geometries
between folds

3.4.2.1 Geometric description

The structural architecture of the outcrops along
the NW-SE trending road section at Hubertus
Hohe is very consistent and comprises NW-
verging, overturned, hectometre-scale folds
with close interlimb angles and angular fold
hinges (see Figure 3.30). Stereographic analysis
of bedding shows that the folds are highly
cylindrical. Two separate clusters, representing
limbs with a normal (S,~113/41) and an
overturned (Sq~143/69) structural polarity, can
clearly be recognised (Figure 3.27a). These
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overturned folds, which are marked by an
associated axial planar cleavage, are similar in
style as the overturned folds in the Wildenhof
section (Figure 3.30 and Table 3.3). Mean
cleavage attitude (S;~129/53; Figure 3.27b) is
highly comparable with that at Wildenhof
(S1~126/55) and Eschaulerberg (S;~133/47)
reflecting the regional attitude of the main
tectonic foliation.
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Figure 3.27:  Lower-hemisphere, equal-area
stereographic projection of measured structures at
the Hubertus Hohe section. (a) poles to bedding; (b)
bedding-cleavage intersection lineation and poles to
cleavage.
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East of this east-dipping limb, bedding changes
from east-dipping to a NW dip direction
(So~318/30; zone 20) giving rise to an open
syncline between zones 19 and 20, in which
cleavage refracts in the opposite direction in the
two fold limbs. Cleavage, however, changes
remarkably from SE-dipping (S;~130/50; zone
19) to west-dipping (S;~265/75; zone 20), a
pattern found nowhere else in the study area.
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Figure 3.28:  Lower-hemisphere, equal-area

stereographic projection of measured structures at
the Schwammenauel N and S sections. (a) Poles to
bedding. (b) Bedding-cleavage intersection lineation
and poles to cleavage.

Further to the SE, the NW-dipping fold limb of
zone 20 transforms into the north-dipping fold
limb of zone 21 (S,~000/83) in which the
outcrops comprise steep, almost upright layers
younging to the north (Figure 3.29a, b and c).
Internally in this north-dipping limb, the
competent sandstone layers are often folded
into metre-scale buckle folds (Figure 3.29b and

C).

This peculiar bedding orientation is unique in
the study area. Moreover, this attitude does not
fit into the model of the regionally observed
overturned fold style, in which both normal and
overturned limbs usually dip to the SE. These
upright, north-dipping layers are exposed for
over 100 m to the SE, before bending into
gently NE-dipping layers (064/32; zone 22;
Figure 3.30). From this normal NE-dipping
limb towards the Schwammenauel dam, two
other hectometre-scale overturned folds are
exposed (zones 23 - 25). These hectometre
folds, with associated axial planar cleavage
again reflect the regional fold pattern (Figure
3.28a). Analysis of the intersection lineation
(Li~077/32; Figure 3.28b) indicates that the
overturned folds at Schwammenauel mainly
plunge towards the ESE. The outcrops at
Schwammenauel S are situated at a lower
structural level than the Schwammenauel N
section. They comprise a different fold
architecture with one long overturned fold limb
(Sg~139/71; zone 13) that turns into a SE-
dipping normal limb at zone 12 (Sy~128/41)
along a closed syncline, thereby forming the
continuation of the Wildenhof-Schlitterley fold
train (see Figure 3.1).
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Figure 3.29: Geometric observations of the north-dipping layers in the box fold at the Schwammenauel section
(zone 21; Figure 3.1). (a) Overview of N-dipping layers and (b) interpretation of the outcrop. (c) BPVs present
in the hinge and cusps of the buckled layers. (d) ‘Oblique’ cleavage refraction in the N-dipping layers. (e)
‘Oblique’ cleavage refraction in the box fold compared to ‘normal’ cleavage refraction such as observed in the
normal and overturned SE-dipping limbs. (f) Composite, buckled intrabedded BPV with slickenlines. (g)
Buckled BPV showing intimate relationship of the vein with the underlying siltstone. (h) Illustrative sketch of
the deformation features in the buckled BPV in (f) and (g).
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3.4.2.2 Kinematic interpretation

Along the Hubertus Hohe - Schwammenauel N
section a transition between two fold styles
occurs (see Figure 3.30 for interpretation). The
NW-verging overturned folds, observed at
Hubertus Hohe and near the Schwammenauel
dam, are interrupted by NW-dipping layers and
by upright, north-dipping layers of zone 20 and
zone 21 respectively. These observations give
evidence of an upright box fold consisting of
two steeply plunging fold hinges and a flat,
steeply dipping hinge zone, i.e. the north-
dipping layers. Only one of the two fold axes of
this box fold is exposed (L;~085/39) and
corresponds to the layers bending from a north
to a NE dip direction at the transition of zones
21 with 22. The other fold axis can be

Box fold not to

interpreted being parallel to the local bedding-
cleavage intersection lineation (Li~342/30) of
the NW-dipping layers (zone 20). It is likely
that this box fold has a local appearance and
that it will die out towards the north.
Surprisingly, however, cleavage in the north-
dipping layers dips to the SE (S;~118/51) and
remains axial planar with respect to the
regionally overturned folds, seemingly not
influenced by the formation of this box fold.
The local bedding-cleavage intersection
lineation in the north-dipping layers
(Li~085/36) remains parallel to the intersection
lineation in other outcrops along the Hubertus
Hohe - Schwammenauel N section, but only
changes locally at the two fold hinges of this
box fold.

Schwammenauel N

25 Ty
73

Figure 3.30: Schematic geometric representation of fold geometry between Hubertus Hohe and
Schwammenauel S (Cross-section | - J in Figure 3.1). Note that figure is not to scale, but is meant to show how
the structure of the box fold fits into the regional fold style. For true dimensions of the north-dipping layers and
location see zone 21 in Figure 3.1. Total length of the cross-section is approximately 2 km. See text for

discussion on the transition between the common overturned folds and the north-plunging box fold.

The origin of the north-dipping attitude of the
beds, however, remains unclear and is further
unravelled in this kinematic interpretation.
Small-scale observations illustrated in Figure
3.29 and summarised below, suggest that tilting
of the layers towards the north actually predates
buckling of the competent beds in the box fold
and that this tilting occurred at the onset of the
pervasive fold-and-cleavage development. The
evolutionary  history of the particular
deformation structures in the north-dipping
layers and the formation of the box fold is
illustrated in Figure 3.31 and is further
explained below.

Firstly, cleavage does not refract as one would
expect in the normal or overturned limbs, but
rather refracts ‘obliquely’ through the
competent layers in the north-dipping limb. In
the normal SE-dipping limbs, cleavage usually

refracts steeply through the competent beds,
while in the overturned beds, cleavage
refraction is mostly shallow dipping to the NW
(Figure 3.29d and e). The orientation of the
‘oblique’ refraction through the north-dipping
layers is, however, to the east. Generally, the
onset of cleavage development is assumed to
occur during layer-parallel shortening prior to
folding (Treagus 1983). With ongoing
shortening in a progressive deformation,
siltstone and sandstone sequences will start to
behave differently: the incompetent layers are
able to continue shortening during compression
due to their large compressibility until the
present regional cleavage attitude is formed,
whereas sandstones will behave differently and
shortening will be accommodated by buckling.
The embryonic cleavage development in the
sandstone layers will at a certain moment rotate
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passively during buckling, because further
shortening in the layers is prohibited, which
eventually leads to cleavage refraction (Treagus
1983, Van Baelen & Sintubin 2008). If this
concept of passive rotation of an embryonic
cleavage is applied to the ‘oblique’ refraction
observed in the north-dipping beds of the box
fold, it is fair to assume that beds must already
have an exceptional north-dipping attitude at
the time of the embryonic cleavage
development in the competent sandstone,
presumably at the onset of folding.

Secondly, the competent layers, interbedded in
siltstone sequences in the north-dipping limb,
show a cuspate-lobate morphology (Figure
3.29¢). Such layer metre-scale buckling in a
single fold limb has been observed previously
in the Eschaulerberg case study, although they
were situated in a NW-dipping limb. The north-
dipping attitude, however, is observed nowhere
else which indicates that this is rather
exceptional in the study area. The origin of this
buckling can be unravelled by means of the
orientation of the slaty cleavage in the
surrounding siltstone. Theoretically, cleavage
formation in the incompetent units is a result of
the regional tectonic shortening. Cleavage
planes will thus be oriented at high, nearly
perpendicular angle to the tectonic grain and
can be used as a useful indicator for the
supposed shortening. In the north-dipping limb,
the regional cleavage attitude is oriented at high
angle to the buckled layers indicating a NW-
SE-directed shortening (Table 3.3; Figure 3.29c
and d). Hence, in order to create these small-
scale buckle folds, the layers in the box fold
must already have been tilted towards the north,
otherwise they would not start to buckle.

Thirdly, a divergent cleavage fanning is present
near these small-scale buckle folds (see inlet in
Figure 3.29c). Cleavage is squeezed in the
cusps, whereas in the lobate parts cleavage
diverges towards the cusps, indicating that
cleavage development was closely related to
buckling of the layers. Moreover, the fold
hinges of these buckled folds (FHL~085/45)
plunge in the same direction as the local
bedding-cleavage intersection lineation
(Li~085/36). These arguments suggest that
buckling and cleavage development were
contemporaneous (Figure 3.31) and might post-
date an early tilting of the layers towards the
north (Figure 3.31b).
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The peculiar configuration of tilted beds could
possibly have a sedimentary origin or it can
develop during the incipient development of the
regional folds. However, in order to give a
conclusive answer to the relative timing of this
early north-directed tilting of the layers with
respect to all structural features, also the
characteristics of the bedding-normal veins and
bedding-parallel veins in the north-dipping
layers have to be included. If the structural
evolution of these veins corresponds to the
observation and kinematic interpretations of the
veins in other case studies, it will be possible to
date tilting relatively to these features.
Therefore the geometry of the wveins is
described first.

SE-dipping %

cleavage
Variscan
shortening

i

() 2 Transition bedding
\’?)/)O@O 2 . Fold hinge line  N- to NE-dipping @
7 buckled layers

Figure 3.31: Evolutionary sketch of the north-
dipping layers and their particular deformation
structures in the Schwammenauel section. Figure not
to scale. (Stage a) Initial stage after sedimentation.
(Stage b) Incipient development of the box fold due
to early tilting of the layers towards the north at the
onset of fold development. (Stage c) Progressive
SE-NW directed Variscan shortening, as represented
by the regionally consistent SE-dipping slaty
cleavage, causing both buckling of the beds in the
box fold and ‘oblique’ cleavage refraction across the
competent beds. The formation of bedding-parallel
veins predates stage b as they are also buckled in
stage c.
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Table 3.3: Bedding and cleavage data of the investigated zones at Hubertus Hohe and north and south of the
Schwammenauel section. See Figure 3.1 for localisation of the fold limbs (zone 12-13; 17-25). The number of
measurements is given in brackets. Grey zones represent the data specific for an overturned limb. Entries in bold
correspond to exceptional orientation data that contradict with the overall structural architecture in the Rursee

area. - : not observed or suspicious data

Outcrop Bedding B - axis Cleavage So/S1 Li So/S1 Li

(So) of bedding (S1) (measured) (merged)
QOutcrops Hubertus Hohe: zone 17-19
Zone 17 102/41 (14) 043/21 131/58 (10) 067/28 (6) 068/36 (26)
Zone 18 151/73 (16) - 133/51 (12) 074/38 (9) 071/30 (28)
Zone 19 ... 096/41(20) 06936 12848 (l6) __088/40(7) ___ 089/41(36)
Zone 17-19 Best fit girdle: Mean value: Mean value: Mean value:
Hubertus Hohe fold train 252/54 (50) 072/36 132/51 (38) 076/36 (22) 076/36 (86)
Qutcrops Schwammenauel N: zone 21-25
Zone 20 NW-dipping 318/30 (2) 317/30 265/75! (1) 342/30 (1) 347/27 (3)
Zone 21 N-dipping 003/83 (10) 085/39 120/51 (8) 085/36 (6) 089/46 (18)
Zone 22 NE-dipping 064/32 (9) 077/31 128/58 (5) 082/30 (1) 060/31 (14)
Zone 23 128/64 (7) - 126/44 (6) 036/21 (3) -
Zone 24 123/47 (4) 113/47 116/58 (2) 039/30 (2) 128/51 (6)
done 22 s nnan s JOUAS QO e SR & 22 () S 0062200 s 078/15(18) | _
Zone 21 - 25 Best fit girdle Mean value Mean value Mean value:
|Schwammenauel N fold train_205/57 (44)_ _ __ __ 085/33 ____125/49(28)____. 077/32 (18) _ __ 083/36.(66) __
Outcrops Schwammenauel S: zone 12-13
Zone 12 - Schwam S 128/41 (39) 069/37 133/48 (13) 062/23 (9) 051/08 (29)
Zone 12 - 13 : transition 344/85 (5) - 145/45 (2) 069/20 (3) =
Zone 13 . .. 13YTLAD . 08027 ____145/61 (21 ___ 076/24 (12) | __ _069/23(60) __
Zone 12 - 13 Best fit girdle: Mean value: Mean value: Mean value:
Schwammenauel S fold train 246/69 (61) 066/21 142/50 (36) 070/24 (25) 060/16 (89)

3.4.3 Bedding-normal veins
3.4.3.1 Geometric description

Along the Hubertus Hohe - Schwammenauel N
and S sections, the numerous bedding-normal
quartz veins are mostly stratabound to the
competent sandstone beds. The veins vary in
geometry and in thickness. Lensoid, centimetre
veins (Figure 3.32a), composite and slightly
buckled veins (Figure 3.32b and c) and hairline
veins with millimetre apertures (Figure 3.32d)
have Dbeen observed. The composite veins
consist of several thin veins which initially
grew separately but at the end formed one
composite vein (see composite veins in Chapter
4 for explanation). Non-stratabound veins
refract at the incompetent-competent layer
boundary similar as cleavage, representing post-
veining flexural-flow deformation such as
interpreted in the Wildenhof case study (Figure
3.32e). The majority of veins are orientated at
low angle to the local fold hinge line. However,
in the overturned fold limb at Hubertus Hohe

(zone 18) a cross-cutting vein generation is
oriented at high angle to the local fold hinge
and intersection lineation (Figure 3.32f and g).
Observations on the bedding plane show that
this wvein generation has an en-echelon
geometry, indicative of shear perpendicular to
bedding. The classical interpretation of en-
echelon arrays in simple shear parallel to the
vein-array in the direction opposite to which the
vein tips point (Bons 2000). They, moreover,
usually form in brittle-ductile shear zone, in
which the host rock is deformed in such way
that the en-echelon fractures open first and
subsequently crystallise. By continuous shear,
en-echelon veins eventually can develop
sigmoidal patterns (Ramsay & Huber 1987).
The sigmoidal pattern in this en-echelon vein
array (Figure 3.32g and i) is, however, related
to the linkage of several en-echelon,
anastomosing veins during numerous phases of
vein growth, rather than related to continuous
shear. Macroscopically, the oblique opening of
the veins is exemplified by fibres which are
oriented oblique to the vein wall (Figure 3.32h)
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and are curved in a direction that is in
agreement with the dextral shear expected from
the geometry of the en-echelon arrays. The inlet
in Figure 3.32i shows a possible vein growth
mechanism. Besides cross-cutting the vein
generation at low angle to the local fold hinge
line, the observed dextral shear during en-
echelon vein formation seems not to have a
regional implication because both sinistral and
dextral vein arrays have been observed in the
overturned fold limb.

Box fold 8
buckled layers SR

Similar vein arrays with slightly buckled
geometries have been observed in the north-
dipping hinge zone of the box fold (Figure
3.32)). This vein generation is the earliest
generation observed in the box fold (1% gen)
and is oriented at high angle to the local
intersection lineation and to the fold hinge lines
of buckle folds. Observations on the bedding
plane reveal that these veins can extend in
length up to a couple of meter.

Figure 3.32: Bedding-normal vein characteristics of the Hubertus Hohe - Schwammenauel N & S section. (a)
Lensoid, (b-c) composite and (d) hairline veins. (€) BNV refracting at competent-incompetent interface. (f-g)
Photograph and sketch of en-echelon BNVs oriented at high angle to local fold hinge (zone 18). (h) Curved
fibrous infill obliquely to the vein wall. (i) Detail of the en-echelon array. The inlet shows a possible formation
model based on vein geometry. (j) BNV (1% gen) visible on the bedding-plane of buckle folds (box fold; zone
21). (k) 2" vein generation cross-cutting the early 1% generation. (I) BNV (1 gen) continuous around the buckle
fold (box fold; zone 21). Hammer ~32 c¢cm, pencil ~14 cm and fingernail ~1.3 cm for scale.
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In the small-scale buckle folds, this first 3.4.3.2 Orientation analysis
generation comprises thin stratabound bedding-
normal veins (1% gen in Figure 3.32K) which are Different fold styles characterise the Hubertus
continuous in the hinges along their height and Hohe - Schwammenauel section. It can be
refract at the competent-incompetent interface concluded from the geometry of the bedding-
(Figure 3.32l). In this configuration they normal veins studied that vein formation
resemble cleavage refraction in the buckle occurred prior to regional fold-and-cleavage
folds. Non-stratabound veins are sometimes development. In order to compare vein
displaced at the competent-incompetent or orientation between the different fold limbs
competent-competent interface in such a properly, each type of fold limb is rotated to the
direction in agreement with flexural-slip horizontal, conform to the method illustrated in
folding. Curved veins owing to flexural-flow Figure 3.9. In the unfolding exercise, the
folding have not been observed. This early normal and overturned limbs of the Hubertus
generation is cross-cut by millimetre-thick Hohe and Schwammenauel section are unfolded
stratabound veins (2™ gen in Figure 3.32K). separately (Figure 3.33a-d). Because of its
However, only a few veins corresponding to unusual bedding orientation, also the box fold is
this second generation are locally observed. unfolded separately.

current orientation ~ rot. _ original orientation original orientation ™ rot. current orientation
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Figure 3.33: Lower-hemisphere, equal-area stereographic projection of BNVs in their current and unfolded
(rotated) original orientation at (a-b) Hubertus Hohe, (c-d) Schwammenauel and (e) in the box fold at
Schwammenauel N. Diamonds (en-echelon vein) and squares represent cross-cutting generations. Grey arrows
show the unfolding direction.

Num total: 37 Num total: 31
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The results of this exercise show that the veins
(triangles in Figure 3.33) oriented at low angle
to local intersection lineation in both normal
and overturned fold limbs of the Hubertus Hohe
section, have a consistent NE-SW orientation in
their original configuration prior to folding. In
their original orientation the wveins display a
large variation in dip ranging between NW- and
SE-dipping. This variation may be an effect of
the large plunge variation of the intersection
lineation (see Figure 3.27b).

The cross-cutting en-echelon veins (diamonds
in Figure 3.33b), oriented at high angle to the
local intersection lineation in the owverturned
fold limb of the Hubertus Hohe section, have an
E-W orientation after rotation and are nearly
vertical. The rotation exercise further reveals
the presence of a third generation in the
Hubertus Hohe section although a cross-cutting
relationship with another vein generation has
not been observed in the field. This third
generation (squares in Figure 3.33b) has an
NW-SE- orientation after rotation, which
corresponds to similar veins in the unfolded
overturned layers of the Schwammenauel
section. Similar as in the Hubertus Hohe
section, however, a cross-cutting relationship
has not been observed.

It can be concluded from the unfolding exercise
that one consistent vein generation is present in
both the Hubertus H6he and Schwammenauel
sections. This consistent generation has an
original NE-SW alignment and opened in a
NW-SE direction (Figure 3.33). The steeply
NW-directed dip of the original veins in the
unfolded overturned folds results from flexural-
flow folding. The effect of flexural-flow folding
is absent in the normal SE-dipping limbs.

Finally, also the north-dipping layers of the box
fold are unfolded. This rotation exercise shows
that the earliest vein generation (1% gen in
Figure 3.32j and k and in Figure 3.33e), which
is currently oriented at high angle to the
intersection lineation (L;), was originally NE-
SW and becomes nearly vertical after rotation.
The subsequent cross-cutting generation (2™
gen in Figure 3.33e) has a nearly north-south
original orientation and dips steeply to the
north.

If the veins in the different fold limbs at
Hubertus Hohe and Schwammenauel section
are compared, it can be concluded that one
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consistent vein generation, with an original NE-
SW alignment, remains consistent along the
whole Hubertus Ho6he - Schwammenauel
section. This consistent generation is cross-cut
locally by en-echelon vein arrays representing
a, possibly local, shear-related deformation.
Furthermore, it can be argued that the 2™ vein
generation, observed in the box fold, and a third
unknown generation observed in the overturned
fold limbs might have a local origin as they
cannot be correlated to the consistent vein
generation in the whole section, or to the en-
echelon vein arrays.

3.4.4 Bedding-parallel veins
3.4.4.1 Geometric description

In the Hubertus H6he, Schwammenauel N and
S outcrops many bedding-parallel quartz veins
are exposed and are divided in two different
groups, based on their macroscopic geometry.
A first group comprises thin, millimetre-size (<
1 cm), single laminated BPVs (Figure 3.34a, b
and c). They occur interbedded between beds of
contrasting lithology or interbedded between
two competent beds (Figure 3.34a). Their upper
vein wall is always marked by slickenlines and
clear fibre steps, of which shear movement and
shear direction can be deduced. Veins extend
for several tens of metres and aspect ratios are
usually very high (Figure 3.34d). In outcrops in
which the bedding planes have an irregular
pattern owing to the sedimentary architecture,
such as in small-scale gullies, these thin BPVs
are usually limited in length.

A second group of BPVs is more common and
comprises thick (up to 10 cm) composite,
laminated veins which are continuous for
several tens of metres. The veins are mostly
interbedded at the incompetent-competent
interface (Figure 3.34e), although intrabedded
veins in siltstone sequences also have been
observed (Figure 3.34f). When a BPV is
interbedded between a sandstone and siltstone,
the upper vein wall has a flat morphology,
whereas the lower vein wall is intimately
related to the underlying siltstone. Thickness of
such a BPV varies considerably along its
length. Composite veins interbedded between
two competent units and intrabedded veins,
however, have a consistent thickness along their
vein length.
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Figure 3.34: Bedding-parallel quartz vein characteristics at the Hubertus H6he - Schwammenauel section.
Fingernail ~1.3 cm, pencil ~14 cm, hammer ~32 cm, compass ~8 cm and GSA cm-scale bar for scale. (a) Fibre
steps on a thin interbedded flexural-slip BPV with NW-SE-trending slickenlines indicative of NW-directed
thrusting. (b) Thin interbedded flexural-slip BPV (between silt- and sandstone) on an overturned fold limb. Fibre
steps show the sense of displacement (zone 13). (c) Interbedded BPV in a normal limb showing NW-directed
thrusting (zone 17). (d) Interbedded BPV continuous for over 10 m (supervisor for scale; zone 13).
(e) Interbedded composite BPV (zone 18). (f) Composite intrabedded BPV in a siltstone sequence (zone 18).
(g) Composite BPV cross-cutting and off-setting a non-stratabound BNV. The displacement of the BNV is at
about ~6 times the thickness of the vein (zone 12). (h) Photograph and (i) illustration of a small-scale thrust
accompanied by a BPV cross-cutting a coarse-grained sandstone.

85



CHAPTER 3 - Structural analysis

Composite BPVs, consisting of several gquartz
laminae intercalated with macroscopic host-
rock inclusion seams, are observed to cross-cut
and offset bedding-normal veins, indicating that
both types of veining are separate events
(Figure 3.34g and h). The vein tips of these
composite BPVs are barely exposed. If they are
observed, the wvein tips occur in small-scale
thrusts related to small-scale ramping along
which a sandstone sequence is duplicated
(Figure 3.34h and i). The BPVs situated in
these ramps, cross-cut bedding along low-angle
faults. In the example of Figure 3.34i, the vein
tip starts at the end of the small-scale thrust and
continues towards the NE below the competent
sandstone. The profile plane is oriented parallel
to the NE-SW strike of the vein, so a thrust
direction cannot be observed. However, the
displacement of non-stratabound bedding-
normal veins (Figure 3.34g) might suggest that
thrusting is oriented to the NW. Thrusting is
moreover exemplified by slickenlines and
slickenfibres that are present on the individual
quartz laminae within the composite veins.
Slickenlines are uniform in trend on individual
quartz laminae but slightly differ in orientation
from lamina to lamina. Fibre steps on the
slickensides are unfortunately often completely
polished so that a shear or thrust direction
cannot be determined.

The north-plunging box fold, in which buckled
layers are present owing to the abnormal
orientation of the layers at the time of cleavage
development, contains several bedding-parallel
guartz veins, intrabedded between siltstone
sequences and interbedded below and above
sandstone beds. The BPVs present at the
competent-incompetent interface in this box
fold are characterised by a buckled nature and
an intimate relationship (irregular boundary)
with the underlying pelites (Figure 3.29g and
h). This relationship is exemplified by small
quartz offshoots, branching off from the
buckled composite bedding-parallel vein into
the underlying pelites (Figure 3.29g and h).
Cleavage abuts against the composite vein and
seems to be squeezed into the cusps of the
curved branch of the bedding-parallel vein (see
detailed sketch in Figure 3.29h). It has
furthermore been observed that BPVs are
present in the cusps as well as in the lobate
parts of the small-scale buckle folds developed
in the sandstone layers of the box fold (see inlet
in Figure 3.29c¢).
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3.4.4.2 Slickenline analysis &
interpretation

It has been described in the geometric analysis
that both thin and composite thick BPVs are
marked by slickenlines, and that sometimes a
shear sense could be distinguished from the
orientation of the fibre steps. The thin, single
laminated BPVs are also present at the interface
of a sandstone with an underlying siltstone
sequence. According to Tanner (1989, 1990),
this specific configuration is the most favoured
site for flexural slip and for generating flexural-
slip bedding-parallel veins. Theoretically,
according to the flexural-slip mechanism,
displacement along the bedding planes should
be exemplified by slickenlines that are nearly
orthogonal to the local fold axis. Shear sense
indicators such as fibre steps or cross-cut and
displaced bedding-normal veins with an
opposite sense of displacement at both sides of
the fold, are clear indicators of a flexural-slip
origin of veins (Tanner 1989).

In order to check this hypothesis, an orientation
analysis of all slickenlines present on the BPVs
in the Hubertus Hohe and Schwammenauel N
and S outcrops has been performed. The results
of this analysis (Figure 3.35) show that
slickenline orientation in both normal and
overturned fold limbs of the characteristic
overturned folds are all oriented at high angle to
the local bedding-cleavage intersection
lineation and are thus indirectly also nearly
orthogonal to the local fold hinge line. In these
characteristic overturned folds the slickenlines
plot in two different regions, corresponding to
the two mean bedding planes of the fold limbs
(So~139/71 and Sy~128/41 for overturned and
normal bedding respectively; Figure 3.35).
Through the slickenlines a best fit girdle
(263/75) can be constructed of which the pole,
the so-called m-axis (Tanner 1989) (here
n1~083/15) plots in the same region as the mean
local intersection lineation (Li~065/30). This
orthogonal attitude of slickenlines with respect
to the local intersection lineation has also been
demonstrated on thin BPVs in the Wildenhof
section (see Figure 3.14), but a clear shear sense
is often lacking.

Furthermore, considering the shear sense
deduced from the fibre steps in the overturned
fold limbs, the fibre steps, often visible at the
upper side of the overturned thin BPVs (Figure
3.34b), demonstrate a top-to-the-NW shear
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sense, characteristic of the upper ‘hangingwall’
layers thrusting on top of the lower ‘footwall’
layers. Fibre steps on the upper vein wall of
thin BPVs in the normal, SE-dipping layers
indicate a mean shear sense to the NW,
indicative of a relative shear sense in which the
‘hangingwall’ layers thrust on top of the
underlying ‘footwall’ layers towards the NW.
Also, these thin BPVs have never been
observed in the hinge zones of the overturned
fold, which corroborates the absence of
flexural-slip veins in hinge zones (cf. Fowler
1996, Tanner 1989).

Num total: 52

Flex. slip
BPV

SE

Figure 3.35: Flexural-slip analysis of slickenline
orientation on thin bedding-parallel veins of
Hubertus Hohe and Schwammenauel N and S
outcrops. Lower-hemisphere, equal-area
stereographic projection of slickenlines in the
normal SE-dipping and overturned SE-dipping fold
limbs of the characteristic overturned folds.
Slickenlines are oriented nearly orthogonal to the
local fold hinge line. The computed m-axis
represents the pole of the best fit girdle through the
slickenline orientation and is parallel to the
intersection lineation.

Contrary to these flexural-slip veins, BPVs
continuously present around fold hinges have
been observed in the hinge zones of the box
fold at Schwammenauel N. In the north-dipping
layers, a buckled BPV occurs (Figure 3.29f and
g) that is marked by slickenlines that are

uniform in trend on individual quartz laminae
but slightly differ in orientation from lamina to
lamina (Figure 3.29f). Remarkably, although
slickenlines observed on several BPVs in the
study area are mostly oriented at high angle to
the local bedding-cleavage intersection
lineation and to the local fold hinge line, the
slickenlines measured on the BPV of the north-
dipping layers are exceptional because they
trend more or less parallel to the local
intersection lineation (Figure 3.36a and d).
Using fibre steps on the slickensides as a
macroscopic shear sense indicator, a west-
wards directed shear sense is deduced (Figure
3.36a). The above described composite BPV is
continuous and can be traced along its vein
length without changing in thickness around the
fold hinge of the box fold towards the normal,
east-dipping limb of zone 22 (Figure 3.36b).
The slickenlines present on the same BPV in
the normal fold limb are, however, oriented
differently and trend to the NNW (Figure 3.36¢
and d). Constructing a best fit girdle through the
slickenlines of both fold limbs on the
stereographic projection, gives a m-axis that has
a large angle (86°) to the local east-plunging
fold hinge line (Figure 3.36d). This analysis
indicates that the formation of this composite
BPV is incompatible with the flexural-slip
mechanism as the m-axis should be oriented
parallel to the local fold hinge.

In order to determine the original direction of
thrusting, the BPV in the box fold has been
rotated to the horizontal. During this exercise, it
was precisely observed if during unfolding
there would be a specific moment in which the
slickenlines at both sides of the fold would
overlap. Such a specific orientation of fold
limbs could possibly indicate thrusting of the
layers that were already slightly folded.
Unfortunately, this specific orientation does not
exist. Slickenlines of both fold limbs remain at
high angle (60°) to each other after unfolding
(Figure 3.36e). This indicates that bedding-
parallel slip must have occurred at the onset of
folding. Moreover, bedding-parallel slip can be
attributed to layer-parallel thrusting with
variability in shear direction. This is
exemplified both on a local scale, by the
variability in slip direction on a single
composite BPV, in which slickenlines are
oriented differently from lamina to lamina
(Figure 3.36a) reflecting different stages of
fracturation, as well as on a larger decametre
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scale as demonstrated by the large (60°) slip
variation, irrespective of the formation of the
box fold, on a single vein that extends for
several tens of metres. In some examples the
displacement of BNVs has been observed. The
displacement of the BVNs is at about ~6 times
the thickness of the BPV (Figure 3.34g) and
indicates a considerable strain rate during
bedding-parallel thrusting.

current orientation rot. original orientation

Num total: 11

Figure 3.36: Slickenline orientation analysis of
slickenlines on the composite BPV continuously
present around the fold hinge of the box fold (zone
21-22). (a) Composite, intrabedded BPV with
different orientations of slickenlines on different
quartz laminae (north-dipping hinge). (b) Similar
BPV and (c) slickenlines in the east-dipping fold
limb. (d) Slickenline orientations in their current
orientation and (e) in their original orientation after
rotation of the limbs towards the horizontal. High
angle (60°) between slickenlines remains present
after rotation.

3.4.5 Discussion & synthesis

From the various structures observed at the
Hubertus Hohe - Schwammenauel section, a
relative deformation history can be constructed
in which, starting from burial to the main
orogenic deformation, bedding-normal quartz
veins, bedding-parallel quartz veins, box fold,
folds and cleavage are properly placed.
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The first deformation structures that are
observed are various bedding-normal quartz
veins. An unfolding exercise reveals that
different, whether or not cross-cutting, vein
generations developed in a configuration in
which the layers were still in a (sub)horizontal
position, as exemplified by veins being oriented
at high angle to bedding. Although the veins are
various in shape ranging from hairline-thick
veins, lensoid fibrous wveins to composite,
multifractured veins, they all can be considered
as extension veins in which opening occurred
perpendicular to the vein wall. Only locally
based on curved fibres, an oblique opening has
been determined in en-echelon vein arrays,
related to bedding-normal shear. Extension
veins are defined to be particularly useful to
determine the orientation of the (regional) stress
state. In this configuration, extension veins are
aligned in the o; - o, plane and form
perpendicular to the minimum principal stress
oa. If this theory is applied to the veins in the
Hubertus Hohe - Schwammenauel section, a
specific NW-SE extension can be estimated, as
exemplified by the overall consistent early vein
generation (Figure 3.33). In this stress state
during extension, o; corresponds to the vertical
load of the overburden while o, is horizontal
and oriented NE-SW. The shear-related (cross-
cutting) generation might indicate that the stress
field rotated subsequently into an E-W
orientation with N-S extension. However,
because of the fact that this cross-cutting vein
generation is locally distributed, it is unclear
whether this reflect a regional stress-state or if it
only concerns a local phenomenon.
Furthermore the veins in the box fold do not
correspond to other generations in the Hubertus
Hohe section, possibly because of the local
complexity of box fold formation.

Bedding-parallel quartz veins  cross-cut,
truncate and offset BNVSs, clearly indicating
that both vein types formed during separate
events, with BPVs always postdating BNVs.
Apart from the thin interbedded BPVs, which
are developed during flexural-slip folding, the
interbedded and intrabedded composite BPVs
can be attributed to bedding-parallel shear
related to bedding-parallel thrusting in which
sandstone sequences are duplicated owing to
low angular thrusts. The veins are moreover
continuous around fold hinges without
changing in thickness and are refracted by
cleavage in the fold limbs. These observations
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are incompatible with the characteristics of
flexural-slip BPVs, thus suggesting that
bedding-parallel thrusting and accompanied
veining occurred at the onset of folding. This
thrusting is recorded by various slickenlines
present on different laminae in composite BPVs
that indicate a large variability in slip
direction. Locally, at Schwammenauel, the
north-dipping layers, forming the flat hinge
zone of a hectometre-scale upright box fold,
have an atypical orientation compared to other
fold limbs in the study area. Internally in this
box fold, interbedded BPVs show a buckled

morphology whereas in other outcrops they are
usually planar along their length. Also in the
small-scale buckled sandstone layers, BPVs are
present in the cusps as well as in the lobate
parts of the fold and bedding-normal veins
remain perpendicular to bedding around the
fold hinge. These observations give a
conclusive answer to the relative timing of the
tilting of the layers towards the north, which
occurred subsequent to both veining events but
preceded the main cleavage development and
overall folding.
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3.5 Discussion

In this part the results of the macroscopic
structural analysis are discussed by comparing
the observations and kinematic interpretations
of the different case studies. Eventually, a
geometric evolutionary model of all observed
features can be constructed in which all events
are relatively dated This model, including the
two different veining events and subsequent
deformation in the peripherical part of the
High-Ardenne slate belt, are subsequently
compared with vein and mullion formation in
the central part of the High-Ardenne slate belt
in order to illustrate how deformation is
expressed differently at different structural
levels in a slate belt. This comparison is
illustrated in Figure 3.46 as result of this
discussion.

3.5.1 Bedding-normal veins as
palaeostress indicator

By means of the three different case studies, it
has independently been demonstrated that the
formation of bedding-normal quartz veins
predate the formation of bedding-parallel veins,
folds and cleavage. An extensive orientation
analysis of the BNVs has resulted in the
recognition of different bedding-normal vein
generations based on cross-cutting relationships
and on the observation that late wvein
generations are often influenced in their growth
due to the presence of previous generations. As
veining predates overall folding, it was
concluded that all these bedding-normal vein
generations formed in a configuration in which
the sedimentary layers were still at a
(sub)horizontal position. In order to deduce the
original vein orientation of each generation
prior to folding, several unfolding exercises
have been performed. It is now interesting to
compare the individual rotation exercises of
each case study to determine if different cross-
cutting vein generations are consistent at the
Rursee study area (Figure 3.37). After this
comparison the results can be extrapolated to
another area, the Urftsee area, to show if the
veins observed at the scale of the Rursee are
representative of the North Eifel (Figure 3.40).

It is assumed that each wvein generation
developed under a certain local or remote stress
field. The main reason for determining the
original vein orientation is that each generation
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can be used as independent evidence of the
stress field orientation prevalent during its
formation. This assumption is based on
macrostructural features such as the often
fibrous infill of BNVs suggesting that these are
primarily extension veins in which the veins
opened orthogonal to the vein wall. Extension
veins are generally considered to open in the o,
- oz plane, parallel to o3, and propagate in the o;
- o, plane, with the alignment of the veins
parallel to o, (Cox et al. 1995, Secor 1965). In
this configuration o; was still vertical
corresponding to the load of the sediments in a
setting in which the layers were in a horizontal
position. Based on the fact that 6; ~ o, it is fair
to assume that wveining occurred in a
sedimentary basin. It has been demonstrated
that during subsequent fold-and-cleavage
development, vein deformation occurred by
flexural-slip and flexural-flow folding, in which
the minimum and maximum incremental strain
axes remained constant. This indicates that the
reconstructed kinematic history occurred during
coaxial progressive deformation and that the
geometry of the veins can be used to deduce the
stress state at the time of vein formation. The
specific stress state of o;~o, is hence
representative of an extensional Andersonian
stress regime (Anderson 1951) and illustrates
that at the time of bedding-normal veining, the
basin was affected by extension.

3.5.1.1 Rursee area

The results of the wunfolding exercises
performed on the different fold limbs in the
three case studies eventually show the original
vein orientation of the bedding-normal veins.
At  Wildenhof, three cross-cutting vein
generations V,, Vg and V¢ are defined and are
determined to be the oldest, intermediate and
youngest generation respectively (Figure 3.37).
Va, however, is only locally distributed in the
overturned SE-dipping fold limb of zone 9 and
its significance is unclear. It could be argued
that, based on a similar orientation, that the
orientation of this V. generation can be
correlated with the orientation of other similar
early, E-W vein generation in the Eschaulerberg
section (Figure 3.36b). The most consistent
vein generation that can be correlated between
the three case studies is the second wvein
generation Vg. It slightly changes in orientation
from Wildenhof to Eschaulerberg and is more
scattered in orientation in the Hubertus Héhe -
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Figure 3.37: Comparison of bedding-normal vein generations in their original orientation of the different case
studies at the Rursee area (lower-hemisphere, equal-area stereographic projection). (a) 3 distinguished, cross-
cutting vein generations V, Vg, V¢ in the Wildenhof section. (b) 2 cross-cutting vein generations that might
correlate with Vg and V¢, (c) 3 different, cross-cutting vein orientations of which 2 generations might be
correlated with Vg and V¢. V5,: unknown vein generation compared to the other case studies.

Schwammenauel section. Nevertheless, it is
observed to be the earliest generation in many
outcrops, or it does locally cross-cut Va. The
orientation of this Vg generation varies from
NNE-SSW in Wildenhof and NE-SW at
Eschaulerberg, to a more scattered orientation
at Hubertus Hohe - Schwammenauel with a
mean NE-SW orientation. The consistent Vg
generation is subsequently cross-cut by a third
V¢ vein generation that is less consistent than
Vg on an individual outcrop because of the
presence of Vg affecting fracture propagation of
V. The orientation of this youngest orientation
varies from NW-SE at Wildenhof and
Eschaulerberg to E-W at Hubertus Hoéhe -
Schwammenauel. Locally at Hubertus Hohe,
the emplacement of V¢ is related to bedding-
normal shear causing the formation of en-
echelon bedding-normal quartz veins (Figure
3.32f and g). It is moreover demonstrated that
the opposite dips of the veins after unfolding
(Figure 3.37) can be attributed as an effect of
subsequent flexural-slip deformation after
veining that cannot be undone in the unfolding
exercises.

From the orientation of the different vein
generations, a tentative evolution in stress field
orientation can be proposed. In this evolution
the local V, generation is ignored as it only
reflects a local stress state. It is concluded that
at the time of bedding-normal vein formation in
the Rursee area the layers were still in a
horizontal position and that the o, - o, plane of
the stress state in the basin evolved from a NE-

SW orientation, in which the characteristic and
regionally consistent Vg veins formed, to a
mean ESE-WNW orientation, in which the
sometimes shear-related, cross-cutting V¢
generation formed.

3.5.1.2 Urftsee area

The results obtained from the vein orientation
in the Rursee can subsequently be correlated
with the orientation of other bedding-normal
veins in the North Eifel. Another interesting
area with full outcrop capacity is situated at the
shores of the Urftsee, approximately 5 km south
of the Rursee area (see Figure 2.6). It is referred
to Appendix A for a detailed structural field
map and corresponding structural
orientation/field data. This area is characterised
by slightly NW-verging folds with associated
steeply SE-dipping axial planar cleavage. The
fold hinges vary from gently SE-dipping to
gently NW-dipping giving rise to upright folds
(e.g. Figure 3.38a and b; Figure Al in
Appendix A). This fold style slightly differs
from the fold style observed in the Rursee area
as overturned folds are barely observed in the
the Urftsee area (see orientation data in
Appendix A). The outcrops studied comprise
alternating sandstone and siltstone sequences
which correspond to the Upper Rurberg Unit
and the Heimbach Unit. They are situated on a
higher structural level than the Rursee outcrops,
corresponding to first-order folds of the
Vogelsang Sattel in the SE and Vogelsang
Mulde in the NW (see Figure 2.3a).
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From Malsbenden to the Urftsee dam, bedding-
normal veins are ubiquitous present in many
outcrops. These BNVs have  similar
characteristics as the veins described in the
Rursee area: they remain orthogonal to the
bedding around the characteristic north-verging
folds (Figure 3.38a and Db), refract at the
competent-incompetent interface similar as
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cleavage (Figure 3.38¢c and d) and have a
lensoid shape with a fibrous infill (Figure
3.38e). On the bedding-planes, the veins can be
traced along their length for several metres
(Figure 3.39). These observations allow
attributing a pre-folding and pre-cleavage origin
to these quartz veins.

--\ ‘~

Figure 3.38: Bedding-normal characteristics for a selected outcrop at the shores of the Urftsee (zone 7, Urftsee.
See Appendix 1 for localisation of field map). (a-b) BNVs distributed around the characteristic open, slightly
NW-verging fold with steeply SE-dipping axial planar cleavage, representative of pre-folding veining. (c-d)
BNVs refracting at the competent-incompetent interface similar to cleavage, representative of a pre-cleavage
veining. (e) Detail of a lensoid bedding-normal vein wit fibrous infill. Pencil ~14 cm for scale.

As a result of the relative timing of vein
formation prior to folding and cleavage
development, the original orientation of the
veins can, after an unfolding exercise, be
compared with those observed at the Rursee
area in order to check regional consistency of
the veins. A selected outcrop, representative of
the Urftsee outcrops, has been chosen to study
the vein orientation in detail (situated in zone 7
on the Urftsee structural map, see Appendix A
for localisation). This outcrop displays an open
fold train in which BNVs are often evenly
spaced and continuously present (Figure 3.38a
and b). In the rotation exercise, first, the fold
hinges are untilted to the horizontal, and
second, the fold limbs can be restored to the
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horizontal over the untilted local fold hinge
line, conform to the method illustrated in Figure
3.9. In their original orientation, the BNVs of
the selected outcrop (Figure 3.40a) represent a
specific stress state in which the alignment of
the veins demonstrate that the oy - o, plane was
oriented NNE-SSW at the time of vein
formation. Veins opened parallel to o3 as
illustrated by the fibrous infill (Figure 3.38e),
that was oriented WNW-ESE. The orientation
of BNVs in this representative outcrop of zone
7 is similar to that of other veins in the whole
Urftsee area (Figure 3.40b), although locally
these veins are cross-cut by a second generation
that is orientated nearly ESE-WNW after
unfolding. This illustrates that the o, - o, plane
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of the regional stress field was first oriented
NNE-SSW during the formation of the earliest
vein generation and subsequently rotated to a
nearly ESE-WNW orientation. The stress field
orientation deduced from the wveins at the
Urftsee is similar to that derived from the
original orientation of the veins at the Rursee
(Figure 3.37).

This comparison eventually shows that the
veins studied in the Rursee area are
representative of a regional veining event in the
North Eifel, in which the o; - 6, plane of the
regional (far-field) stress field was originally
oriented NNE-SSW to NE-SW and
subsequently could have changed from the
latter orientation towards an E-W orientation.
Locally  additional  cross-cutting  vein
generations have been observed. The absence of
a regional correlation, however, might suggest
that these generations are the result of a local

transient stress field, rather than additional
reorientation of the far-field regional stress
field.

Figure 3.39: Bedding-normal veins continuous for
several metres, visible on a bedding-plane in a SE-
dipping normal limb (zone 27, Urftsee. See
Appendix A for field map and orientation data).
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Figure 3.40: Lower-hemisphere, equal area projection of bedding-normal veins in their current and original
orientation. Unfolding exercise performed on a selected outcrop (left), representative of the veins in the Urftsee
area (right). Data from a selected outcrop (zone 7; Urftsee) at the northern shores of the Urftsee. See Appendix A
for structural map, localisation and field data of the outcrop.

3.5.1.3 Central High-Ardenne slate belt

Numerous historical and recent studies have
reported the presence of bedding-normal veins
in the Lower Devonian sequences in the
anchizonal to epizonal, central part of the High-
Ardenne slate belt (see references in Darimont
1986, Kenis et al. 2002a, Kenis 2004, Kenis &
Sintubin 2007). This veining is expressed by
the occurrence of a regular and consistent set of
lensoid bedding-perpendicular veins with a
mullion geometry developed between the veins.
The tectonometamorphic history of these
features and the development of mullions have
been introduced in sections 1.2.1 and 1.2.2. It

has been demonstrated by the above mentioned
authors that the lenticular veins are developed
in well-organised parallel arrays which can be
attributed to a regional, pre-folding extensional
fracturing event. The regional attitude of this
event is illustrated by the orientation of the
quartz veins around the central part of the slate
belt. To estimate the original orientation of the
veins, prior to folding, Kenis (2004) performed
an unfolding exercise in which the bedding-
normal veins of several study areas in the
cHASB were backrotated to the original
position (Figure 3.41a). Subsequent orientation
data show that the veins were originally nearly
vertical and were oriented NE-SW. This
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orientation is representative of a regional
veining event that occurred in an anisotropic
stress field with a vertical o; and horizontal o,.
In this configuration, opening of the veins
occurred parallel to o3 in a NW-SE direction.
Only in one peculiar case at Remagne, an
unusual vein orientation has been deduced that
does not correlate regionally (Figure 3.41) and
might be related to the development of the
‘Ourthe zone’ (see Hance et al. 1999, Kenis
2004).

Towards the peripheral part of the High-

Ardenne slate belt, quartz veining is still a
regional phenomenon but is expressed
differently by several cross-cutting vein
generations (Figure 3.41b). It is deduced from
the orientation of the consistent vein generation
Vg that during extension, the o; - 6, orientation
of the stress field was oriented NE-SW to NNE-
SSW. Based on its orientation prior to folding it
can be concluded that this generation
corresponds to the regional vein arrays in the
cHASB reflecting the regional stress state in the
Ardenne-Eifel basin at that time.

current orientation rotation original orientation
unfolding 9
N central HASB N

v Remagne (n=37)

v Fosset (n=26)

A Biitgenbach (n=18)

¢ Mabompré (n=13)

+ Bertrix (n=78)

A Houffalize (n=78)

@ A Bastogne (n=146)
v Boeur (n=59) Num total: 413

v Remagne (n=21)
A Bitgenbach (n=18)
¢ Mabompré (n=12)
+ Bertrix (n=21)

A Houffalize (n=49)
A Bastogne (n=52)
v Boeur (n=59)

N peripheral HASB N

Num total: 530

® A @ \ildenhof (n=218
@A Eschaulerberg
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Figure 3.41: Lower-hemisphere, equal area stereographic projection of bedding-normal veins in their current
and original unfolded orientation in the (a) central part of the High-Ardenne slate belt (cHASB) (data from Kenis
2004) and (b) peripheral part of the High-Ardenne slate belt. Modified after Van Noten & Sintubin (2010).
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Subsequently in the pHASB, generation V¢
developed, indicative of an ENE-WSW
orientation of the stress field (Figure 3.41Db).
This stress-state evolution deduced from cross-
cutting veins in the pHASB, might suggests that
o, equals o3 at a certain stage and that they
switched locally during a short period in order
to form the cross-cutting generation.

To conclude the different cross-cutting vein
generations suggest that fracturing/veining in
the pHASB occurred in a less consistent
anisotropic stress field than in the cHASB and
in different stages in the stress field evolution,
which are not all preserved in the cHASB.
Whether vein formation occurred
simultaneously in both areas remains unclear
and needs further research. Notwithstanding the
differences between the areas, the presence of
one consistent vein orientation in the whole
High-Ardenne slate belt is representative of a
consistent stress field at the time of this vein
formation. This specific stress state consists of
a vertical maximum principal stress o; a
horizontal intermediate o, oriented at about
NW-SE in the cHASB and NW-SE to WNW-
ESE in the pHASB, and a minimum principal
stress o3 oriented NW-SE in the cHASB and
NW-SE to WNW-ESE for the pHASB. This
comparison is illustrated as Stage b on the
evolutionary history in Figure 3.46.

3.5.2 Origin of bedding-parallel veins
3.5.2.1 State-of-the-art

In the past decades, the formation of bedding-
parallel veins has caused considerable debate
and as a result numerous different fracture and
veining mechanisms have been proposed. Most
authors agree that BPVs usually form in
sedimentary basins with alternating lithologies,
in which layer-normal uplift or layer-parallel
slip, either due to folding or to thrusting, can
easily occur. The principal issue in all these
discussions is whether the veins developed
prior (e.g. Fitches et al. 1986, 1990, Henderson
et al. 1990), at the onset (e.g. Cosgrove 1993,
Hilgers et al. 2006b) or contemporaneous to
folding (e.g. Fowler 1996, Tanner 1989). The
reader is referred specifically to Fowler (1996)
and Hilgers et al. (2006b) for an overview on
different models and further reading on the
origin of bedding-parallel veins.

The controversy about distinguishing pre- from
synfolding BPVs is similar to that of other pre-
versus syndeformational structures, such as for
example distinguishing synsedimentary folds
from syntectonic folds (e.g. Debacker et al.
2006). Pre- and synfolding BPVs share
common characteristics (Fowler & Winsor
1997) comprising multiple quartz laminae
separated by thin pelitic inclusion seams, i.e.
composite or laminated veins, as well as
slickenlines with varying orientation on
individual laminae. Both observations has been
explained by flexural-slip related veining
(Fowler & Winsor 1997, Horne & Culshaw
2001, Tanner 1989, 1990) or by bedding-
parallel thrusting, whether or not prior to
folding, related to high-angle reverse and low-
angle thrust faulting (Boullier & Robert 1992,
Cooke & Pollard 1997, Cox 1995, de Roo &
Weber 1992, Jessell et al. 1994, Koehn &
Passchier 2000, Wilson et al. 2009), in which
successive quartz laminae of laminated veins
suggest that opening and sealing of the veins
are successive and recurrent features (Séjourné
et al. 2005).

Related to this discussion, different
configurations on the occurrence of the BPVs to
the surrounding rocks have been discussed.
Fitches et al. (1986) note from pre-folding
BPVs, which formed by a combined process of
gravitational sliding and hydraulic jacking, that
the BPVs studied in the Welsh Basin (U.K.)
mainly occur in homogeneous pelite or at the
upper contact of a sandstone bed with overlying
pelite. In this mechanism of hydraulic jacking
bedding-normal uplift is caused by hydraulic
fracturing resulting from lithostatic fluid
overpressures. It is argued by Price and
Cosgrove (1990) that such local sites of
hydraulic fracturing form parallel to bedding
interfaces with small bedding cohesion. At
these locations a lens of fluid, termed as sills,
will form along the bedding plane which jacks
the bedding apart, reducing the bedding
cohesion to zero. Subsequent thrusting may be
accommodated by slip on these fluid sills
(Teixell et al. 2000). Vein opening
perpendicular to bedding at the interface of
contrasting lithologies or intrabedded in fine-
grained sequences has been defined as ‘beefs’
in which the fibrous infill of the veins, oriented
orthogonal to the bedding-parallel vein wall,
result from lithostatic fluid overpressures
(Cobbold & Rodrigues 2007, Cosgrove 1993,
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Foxford et al. 2000, Rodrigues et al. 2009).
These processes of uplift may be amplified by
bedding-parallel flexural-slip if additional fluid
flow occurs (Cosgrove 1993). In contrast, the
most favoured site of flexural-slip veins is the
lower contact of a sandstone bed with the
underlying slate (Fowler & Winsor 1997,
Tanner 1989).

In the Rhenish Massif, BPVs are reported to be
related to local low-angle faulting and tend to
occur intrabedded in slates, and interbedded
near boundaries between rocks of contrasting
competence (de Roo & Weber 1992, Weber
1980). Also the thickness of laminated veins
has been correlated with the net slip along the
veins. Because of their ability of BPVs to form
thick veins, they are potentially interesting for
the generation of economically interesting ore
bodies (e.g. De Clercq et al. 2008, Dewaele et
al. 2010, Foxford et al. 2000, Jia et al. 2000,
Tunks et al. 2004). Flexural-slip veins are
usually thin veins whereas sheared veins, either
related to pre-folding slip or bedding-slip
associated with faults, may increase in
thickness up to several tens of centimetres
(Fowler & Winsor 1997). These common
features make it difficult to separate pre- from
synfolding bedding-parallel veins. Moreover,
the possibility exists that both models are
mutually not exclusive and that a continuous
evolution of pre-folding into flexural-slip
synfolding veins may exist (Tanner 1990).

In order to distinguish pre- from synfolding
veins, their microstructures should be analysed.
In flexural-slip wveins, the fracture opening
trajectory can be distinguished from the
orientation of small crystal fibres. In these
veins, the step-like shear fibres are usually
oriented orthogonal to the local fold hinges
(Tanner, 1989). ‘Beefs’ resulting from bedding-
normal uplift preserve a specific mineral fabric
with vertical fibres tracking the opening
trajectory (Cobbold & Rodrigues 2007,
Cosgrove 1993, Rodrigues et al. 2009). BPVs
formed by bedding-parallel thrusting are
characterised by small, bedding-(sub)parallel
inclusion trails and crack-seal bands, which
both track the opening direction during vein
formation and reflect the amount of
displacement of sedimentary layers during
layer-parallel slip. Shear wveins or striped
bedding-veins (Koehn & Passchier 2000) are
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formed by an amalgamation of overlapping
dilational jogs in which vein growth occurs by
fibrous crystal growth between adjacent shear
planes. In these fibrous crystals, internal solid
inclusion trails are oriented consistently and can
be used as an indicator of oblique opening
during layer-parallel shear (Jessell et al. 1994,
Koehn & Passchier 2000, Vannucchi et al.
2008). Such striped bedding-veins thus have a
strong anisotropic fabric that developed in a
shear direction at high angle to the maximum
compressive stress (Fagereng et al. 2010).

A lot of the models that are presented in
literature concerning the origin of BPVs are
based on the original microstructures. However,
successive progressive deformation may partly
destroy the original fabric, which complicates
determining the origin of veining purely based
on the microstructures. Furthermore, also the
role of the fluid pressure varies significantly
among the different models presented in
literature. Especially the popular and often
over-called hydraulic fracturing model has
often been ‘assumed’ to be the driving
mechanism for bedding-normal uplift, although
the presence of fluid overpressures, necessary
for hydraulic fracturing, has often not been
determined by microthermometric analysis in
these models.

It can be concluded from this state-of-the-art
that a microstructural fabric analysis of BPVs,
in which the deformation of microstructures has
kept in mind to separate the original growth
fabric from deformed microstructures, will
provide crucial evidence on deducing how the
bedding-parallel veins in the pHASB developed
(see Chapter 4). Furthermore, combining this
microstructural evidence with the role of the
fluid pressure, derived from the detailed
microthermometric analysis of fluid inclusions
in vein quartz (see Chapter 5) will have a major
advantage in constructing a new model on the
formation of bedding-parallel veins.
Furthermore, the importance of the stress state
in the basin during vein formation has often
been neglected. Therefore, combining stress-
state changes with microstructural evidence and
the magnitude of the fluid pressure (see Chapter
6) allows constructing an ultimate model which
may form the base for a reconsideration of
some of the models presented in literature.
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3.5.2.2 Comparing the North Eifel BPVs
to literature

Apart from a detailed microstructural analysis
(Chapter 4), several macroscopic observations,
explained and illustrated in detail in the
different case studies at the Rursee, are already
conclusive to the relative timing of the bedding-
parallel veins with respect to other structural
features. In the Rursee study area several types
of bedding-parallel veins have been determined.
Depending on their relation relatively to the
surrounding sequences they are divided into
interbedded and intrabedded BPVs. First of all,
it is concluded that the thin, millimetre-size and
single laminated BPVs, which are mostly
present at the interface of a siltstone sequence
with an overlying sandstone bed, are related to
flexural-slip folding and are thus determined to
be syntectonic features. From slickenline and
slickenfibre analysis it has been shown that the
veins have opposite shear senses towards the
anticlinal hinges in opposite fold limbs and that
the direction of layer-parallel slip is nearly
orthogonal to the local fold hinges. The
microstructural infill and composition of fluids,
from which these flexural-slip veins formed, are
not further dealt with in this work.

An early tectonic, pre- to early folding origin
can be attributed to the majority of bedding-
parallel veins that are exposed in the Rursee
study area. Both thin, single fractured BPVs
and thicker, up to 10 cm-thick, composite and
complex laminated veins are observed. BPVs
are continuously present around the folds
without continuous thickness, an important
observation incompatible with the flexural-slip
mechanism. Four different configurations on
the occurrence of the BPVs to the surrounding
rocks have been observed (defined as case i to
iv in the Wildenhof case study and confirmed in
the Eschaulerberg and Hubertus Hohe -
Schwammenauel case studies).

Case i) The overall part of the BPVs are
situated below the competent units, interbedded
between a siltstone and the overlying sandstone.
These composite BPVs are detached from the
overlying sandstone and have an irregular
boundary with the underlying siltstone, which is
characterised by numerous thin veins branching
off from the quartz vein (Figure 3.13b and c).
Owing to the irregular lower boundary of this
BPV-type, its thickness varies considerable
along its length. The vein walls are character-

ised by slickenlines which are uniform in trend
on a single lamina, but vary slightly in
orientation from lamina to lamina, evidencing
bedding-parallel slip during quartz precipitation
or between the emplacements of the different
laminae (e.g. Figure 3.36). These slickenlines
are often oriented at high angle to the local fold
hinge line, but may also have a considerable
variation in slip orientation along a single vein.

Case ii) BPVs situated above coarse-grained
beds and below silty sequences, have similar
composite characteristics as in the previous
configuration and are also characterised by
slickenlines, although local offshoots into the
overlying layers have not been observed. Both
the lower and upper vein boundaries are usually
planar.

Case iii) Thin BPVs cross-cutting BNVs often
occur intrabedded within the fine- to coarse-
grained sandstone sequences. Absence of lateral
displacement of the BNVs is indicative of a
veining event in which this BPV-type opens
perpendicular to bedding (cf. Figure 3.13d-h).

Case iv) Intrabedded BPVs in siltstone
sequences  frequently  occur, sometimes
characterised by a strong laminated nature.
Host-rock inclusion fragments and host-rock
inclusion lines separate internally the quartz
laminae (Figure 3.13i; Figure 3.34f).

In the geometric analysis, different tentative
vein mechanisms have been proposed for the
formation of these four BPV configurations. A
first proposed mechanism is applicable to the
intrabedded BPVs occurring in competent units
(cf. Figure 3.18a-f). In this model it has been
postulated that the thin bedding-parallel quartz
veins result from bedding-normal uplift of the
layers, with absence of any lateral
displacement, as evidenced by displaced
bedding-normal veins orthogonal to bedding
(Figure 3.42a). This mechanism might
correspond to the so-called ‘beefs’, resulting
from bedding-normal uplift in an isotropic rock
at high fluid (over)pressures causing tensile
hydraulic fracturing (cf. Cobbold & Rodrigues
2007), although bedding-normal fibres tracking
the opening direction have not been observed
macroscopically.

A second mechanism (cf. Figure 3.17), is
related to the formation of the two types of
interbedded composite BPVs and the
intrabedded composite BPVs occurring in
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siltstone sequences. For all three configurations
a mechanism can be attributed in which
bedding-parallel slip related to bedding-
parallel thrusting is responsible for the
composite nature of the veins and for the
multiple slickenline orientations on the different
laminae (Figure 3.42b). This bedding-parallel
slip is related to small-scale thrusts oriented at
low angle to bedding, in which the competent
units are duplicated giving rise to small-scale
ramps (e.g. Eschaulerberg parasitic fold in
Figure 3.25; duplicated sandstone in Figure
3.34h-i; Figure 3.42c). This evidence of
thrusting can be confirmed by comparing these
arguments to other cases in literature in which
BPVs have been described. Evidence of
thrusting at the onset of fold-and-cleavage
development comprise: (i) BPVs with uniform
vein thickness being folded and continuously
present around fold hinges (cf. Cosgrove 1993,
1995b), an observation that can be made in the
Eschaulerberg parasitic fold and in the box fold
at Schwammenauel; (ii) the extreme variability
of slip orientations in a single BPV, varying
from orthogonal to parallel to the local fold
hinge line, indicating that laminated veins
formed during recurrent and successive slip (cf.
Fitches et al. 1986, Fowler & Winsor 1997), an
argument compatible to the variability in slip
direction analysed on the composite BPV in the
box fold (Figure 3.36); (iii) small-scale buckled
veins folded within the regional folds (cf.
Cosgrove 1995b, de Roo & Weber 1992),
which has been confirmed by the buckled BPVs
in the buckle folds in the north-dipping layers at
Schwammenauel; (iv) cleavage fanning out
against buckled BPVs and overprinting planar
veins (Fowler & Winsor 1997).

To conclude, bedding-parallel quartz veins thus
cross-cut, truncate and offset the bedding-
normal veins, clearly indicating that both vein
types formed during separate events, with the
BPVs postdating the BNVs. From the
macrostructural analysis it can be concluded
that fracturing and sealing were successive and
recurrent features during bedding-parallel
veining. Hence, the formation of this vein type
is associated with bedding-normal uplift prior
to fold-and-cleavage development (case iii) or
with a combination of bedding-normal uplift
and bedding-parallel thrusting (case i, ii and iv)
at the onset of folding. Theoretically, thrusting
occurs at a specific stress state in which the
maximum principal stress e; should be at low
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angle to the vein walls (see Hilgers et al.
2006b). If such a stress state is applied to
bedding-parallel thrusting studied in this work,
then this implies a rotation of the principal
stress axes after bedding-normal veining during
which o3, now corresponding to the regional
tectonic stress, reoriented from vertical towards
horizontal. In this configuration, BPVs formed
in an Andersonian stress regime in which
o1~ot1 and oyis now horizontal and o3 iS
vertical.

bedding-
normal
uplift

@

bedding-
parallel
thrusting

ramping

Figure 3.42: Different mechanisms for bedding-
parallel veining based on geometric observations
and correlated to literature. Bedding-parallel veins
develop due to (a) bedding-normal uplift, (b)
bedding-parallel thrusting in variable slip directions,
(c) ramping or due to a combination of these
mechanisms. For simplicity, the different cross-
cutting bedding-normal veins have not been
illustrated.

Initially after this rotation, o; may be parallel to
bedding allowing bedding-normal uplift.
Afterwards, bedding must have been slightly
tilted in order to allow shear stress on the
bedding-parallel shear plane. This tilting is
attributed to minor buckling at the onset of
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folding. In this configuration 6;~ ot is still
horizontal but is now oriented at low angle to
bedding. For sake of simplicity, however, this
low angle is not illustrated in the thrusting and
ramping mechanism illustrated in Figure 3.42c
or in other figures further in this work. In this
light, bedding-parallel veins are the first brittle
structures that reflect compression in the basin
at the onset of the Variscan orogeny. The
orientation of this tectonic stress component
o1~ ot can possibly be derived from the shear
direction deduced from the geometric analysis
of bedding-parallel veins. Analysis of
slickenline orientations and fibre steps analysed
on BPVs, displaced BNVs and thrust directions
in small-scale ramps, indicates a mean NNW-
to NW-directed thrusting (see Figure 3.25 and
Figure 3.36). However, this direction can
strongly vary locally, such as demonstrated by
the varying slickenline orientations on different
laminae in a BPV or by variable slickenline
orientation laterally on a vein (e.g. composite
BPV in the box fold at Schwammenauel).

It can furthermore be concluded that the models
constructed for the bedding-parallel veins
studied in the Rursee study area, are
representative of bedding-parallel veining in
Lower Devonian sequences in that part of the
North Eifel in which mullions are absent. This
assumption is based on additional observations
in the Urftsee area, in which bedding-parallel
veins occur in all four described configurations
with respect to the surrounding host rock (e.g.
Figure 3.43) and small-scale thrusts have been
observed, either reflecting bedding-normal
uplift or bedding-parallel thrusting.
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Figure 3.43:

Example of centimetre-thick
interbedded bedding-parallel veins observed in the
SE-dipping normal limb of zone 17 at the shores of
the Urftsee. Pencil ~14 cm for scale. See Appendix
A for localisation of zone 17 on a structural field
map and corresponding orientation data.

3.5.2.3 Bedding-parallel veins versus
mullions

The onset of Variscan shortening is expressed
differently in the central part of the High-
Ardenne slate belt. It was introduced in Chapter
1 that the coexistence of extensional features
such as the regional (lensoid) bedding-normal
veins and compressional features such as the
cuspate-lobate geometry of the bedding
interface, i.e. mullions, reflect a progressive
deformation  history from extension to
compression (Kenis et al. 2002a, Urai et al.
2001). This deformation history represents a
mixed brittle-plastic behaviour in which it has
been demonstrated that the lensoid quartz veins
formed above the brittle-ductile transition,
whereas mullions are related to a deformation
phase below this transition (Kenis 2004).
Towards the periphery of the slate belt mullions
are, however, absent. It is shown in this
macrostructural analysis that shortening is
exemplified differently and in a purely brittle
behaviour in the pHASB. Bedding-parallel
quartz veins developed in a specific stress state
during which the least principal stress 63 was
vertical. The advantages of studying bedding-
parallel veins above mullions, is that the 3D
nature of the state of stress can be estimated
from these shear-related veins, whereas only
stretch directions can be deduced from the
mullion shape. For the above mentioned
reasons it is fair to conclude that both bedding-
parallel veins and mullions are the first
manifestations of the compressional regime at
the onset of Variscan contraction and can be
assumed as each other equivalents respectively
above and below the crustal brittle-ductile
transition (see Stage c in Figure 3.46).
However, the relative timing between mullion
formation and bedding-parallel thrusting is
unknown and can probably not be determined.
Nevertheless, this comparison already shows
how the onset of deformation is expressed
differently at different structural levels in a slate
belt that is subjected to orogenic shortening.

3.5.3 Variscan deformation &
syntectonic features

The orientation analysis of bedding, cleavage,
bedding-cleavage intersection lineation and fold
hinge line in the three case studies demonstrates
that the regional overall structural architecture
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is very consistent and displays second order,
asymmetric to overturned, hectometre-scale
folds with close interlimb angles and with a
pronounced NW-verging asymmetry. The
overturned folds have mostly rounded to
angular fold hinges. Stereographic analysis of
bedding shows that the folds are highly
cylindrical (Figure 3.44a) in which three
clusters can be recognised, representative of
normal and overturned SE-dipping fold limbs in
the overturned folds and normal SE- and NW-
dipping fold limbs for the upright folds. The
main tectonic foliation is a distinct pervasive
cleavage of which the attitude remains constant
throughout the study area (S;~130/52). Whereas
the incompetent rocks (i.e. pelite and siltstone)
are characterised by a slaty cleavage, a weak or
spaced cleavage exists in the competent
sandstone beds. Stereographic analysis of
cleavage indicates that cleavage is axial planar
with respect to the folds (Figure 3.44b).

The bedding-cleavage intersection lineation is
the most prominent linear feature and can be
used as a tool to predict the orientation of the
local fold hinge line. The intersection lineation
varies from gently to steeply NNE-, NE- to
east-plunging (Figure 3.44b). Due to irregular
observed sedimentology related to the shallow
depositional environment of the Upper Rurberg
Unit and exemplified by small-scale gullies and
large-scale point bars, bedding surfaces are
often rather wavy, while the cleavage attitude
remains constant through the area. Because of
this, the bedding-cleavage intersection lineation
may locally differ from outcrop to outcrop.
Nevertheless this large variation, the mean
intersection lineation (L;~065/30) corresponds
to the calculated B-axis (B~068/31), defined as
the pole of the best fit through bedding (Figure
3.44a) illustrating the regional consistency of
the plunge of the folds. The considerable
variability of the bedding-cleavage intersection
lineation can be explained by different
phenomena. It is furthermore demonstrated that
the regional folds plunge towards the NE.
Because of this NE-plunging attitude, outcrops
in the Hubertus-Hohe - Schwammenauel N
section are situated at a higher structural and
stratigraphic level than the outcrops in the
Eschaulerberg and Wildenhof sections. Also, it
is not possible to mutually link the alternating
fold limbs studied between the different case
studies in the Rursee area. The absence of
interconnections shows that folds die out from

100

the SW to the NE (see fold axes in Figure 3.1).
It can be argued that these folds probably have
a periclinal nature, with periclinal endings to
the NE, in which fold hinges will slightly differ
in orientation between the different sections
studied. These differences will contribute to the
variation in intersection lineation.

Num total: 346

v nh=205 Pole to bedding — hormal limbs lB B-axis
v n=132 Pole to bedding — overturned limbs — — Best fit girdle

Contourlines
......... 10%
--- 15%
—— 20%

Num total: 389 e 050,

® n=240 Pole to cleavage O Pole to mean cleavage plane
+ n=149 Intersection lineation —— Mean cleavage plane

@ + Mean intersection lineation

Figure 3.44: Lower-hemisphere, equal-area
stereographic projection summarising the overall
structural architecture of the Rursee area. (a) Poles
to bedding. (b) Bedding-cleavage intersection
lineation and poles to cleavage. Modified after Van
Noten et al. (2008).
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Locally at Schwammenauel N (zone 21) a
peculiar bedding orientation has been observed.
The kinematic analysis of this outcrop has
shown that these layers can be interpreted as the
flat hinge zone of an upright box fold in which
small-scale buckle folds and buckled bedding-
parallel veins are present, which are deformed
due to the already tilted orientation of the layers
at the time of the main Variscan contraction. It
can be discussed when this tilting has occurred.
A sedimentary origin has to be excluded as both
bedding-normal and bedding-parallel veins are
present and are deformed in the buckle folds. It
is more likely that tilting results from the
incipient development of a periclinal fold. In
some configurations, unusual north-dipping
bedding orientations can develop near the
transition of the periclinal endings of an
overturned fold limb with the adjacent normal
SE-dipping fold limb (see Figure 3.45) (cf. Van
Noten et al. 2008).

periclinal ending

fold plunge

SE

Figure 3.45: NE-plunging fold geometry of the
Rursee area. North-dipping bedding orientations can
develop near the transition of an periclinal ending of
a NW-verging overturned fold with an adjacent
normal SE-dipping limb.

The bedding-parallel veins have often been
observed in small-scale ramps, such as for
example in the Eschaulerberg parasitic fold
(Figure 3.23). It is remarkable that this ramping
is present in the fold hinge of this parasitic fold.
It may be postulated that bedding-parallel
thrusting, resulting in bedding-parallel veins,
may have played a considerable role at the
initiation of fold development in such way that
these ramps influenced the location of fold
hinges during progressive horizontal shortening
due to their irregularity. Passchier & Trouw
(2005) also reported that ramps associated with
BPVs may develop at the incipient folding,
rather than during flexural slip in maturing
folds.

Small-scale tectonic features with associated
quartz veining such as interboudin veins, out-
of-syncline fault-related veins, sigmoidal

tension gashes, filled hinge cracks, displaced or
deformed bedding-normal veins and thin
flexural-slip BPVs accompany folding and
formed during the coaxial progressive
deformation. Interboudin veins are formed due
to extension of layers which are oriented
parallel to cleavage, whereas tension gashes are
related to shear movements during flexural-
flow in the layer. Hinge cracks are originate
from extension at the outer part of the
competent layers during folding. These features
are however only locally distributed and are
related to small-scale deformation features. It is
clear from the structural analysis that the
regional veining event, expressed as bedding-
normal and bedding-parallel veins, was
widespread, while quartz veining seems to have
occurred rather occasionally during the main
contraction-dominated phase of the Variscan
orogeny and is restricted to local deformation
features related to folding and faulting.

Subsequently after the Variscan fold-and-
cleavage development, many faults developed
in the area. This is demonstrated by several
different fault types with varying thickness. The
large-scale faults, and the associated antithetic
small-scale faults, are reverse faults with
similar SE-dipping attitude as the axial planes
of the overturned folds. A clear correlation of
the beds at opposite sides of the reverse faults is
often lacking. Small-scale low-angle thrust
faults only occur locally as small-scale,
interlimb  displacement faults related to
bedding-parallel vein formation. The relative
timing of the large-scale reverse faults remains
however enigmatic, either they developed
synfolding, such as fault-bend-folding or fault-
propagation-folding (e.g. Dittmar et al. 1994) or
post-folding (break-thrust folding).

The clayey fault gouge in these reverse faults
with variable width is free of any mineral
precipitate that could indicate a deep burial as
would be expected under the conditions of the
Variscan Orogeny (Holland et al. 2006).
Moreover, the porosity of the clay gouge is
much higher than the porosity of the
“overconsolidated” host rock, i.e. siltstones.
Holland et al. (2006) suggested that
deformation must have taken place in much
shallower conditions than during the Variscan
deformation and that at the time of faulting, the
fault gouge was still deep enough to be isolated
from surface weathering but shallow enough to
avoid “cooking” of the fault gouge at deeper
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conditions. Hence, these fault zones were
initiated as reverse faults during the main
contraction-dominated phase of the Variscan
orogeny, and may have been reactivated as
normal faults in the late Variscan extensional
regime during orogenic collapse (cf. Van
Baelen 2010) or as normal faults during post-
Variscan fault movements (cf. Holland et al.
2006).

3.5.4 Regional evolutionary history

Finally, to conclude this discussion, the
different mechanisms proposed for the two
different veining events in the northeastern,
peripheral part of the High-Ardenne slate belt
are compared relatively to the regional veining
event and mullion formation in the central part
of the High-Ardenne slate belt. This
demonstrates how geodynamic constraints are
expressed differently at the different structural
levels of the Ardenne-Eifel basin that evolved
during progressive Variscan deformation into
the High-Ardenne slate belt. This summary is
illustrated in Figure 3.46.

3.6 Synthesis

In order to frame the different vein types
relatively with respect to structural features
such as bedding, cleavage and folds, a
pervasive structural geometric and kinematic
analysis has been carried out on all vein
systems that occur in the northeastern
peripheral part of the High-Ardenne slate belt.
It is demonstrated that two different vein types
are oriented normal and parallel to bedding. The
first vein type consists of several generations of
bedding-normal veins that remain perpendicular
to bedding around the folds, thereby clearly
predating the main Variscan contraction and
regional fold-and-cleavage development. The
planar to lensoid veins are mostly restricted to

competent sandstone layers (stratabound veins),
although they sometimes continue into the
adjacent incompetent layers (non-stratabound
veins), refracting at the competent-incompetent
interface similar to the cleavage. The specific
orientation of the often fibrous quartz mineral
infill of the veins and the absence of lateral
displacement along the vein walls indicate that
the bedding-normal veins are extension veins
which developed in host-rock sequences that
were still in a horizontal position at the time of
vein formation. In this configuration, the
maximum principal stress 6; was still vertical,
corresponding with load of the overburden and
the veins opened perpendicular to the least
principal stress 3. Extension veins that formed
prior to folding are particularly useful to
reconstruct changes in palaeostress orientation
at the time of vein formation. By numerous
rotation exercises the veins were unfolded from
their current position into their original vertical
orientation in which the original alignment of
the veins are indicative of the o; - o, plane of
the stress field. It is deduced from the
orientation of the different cross-cutting vein
generations that the o; - o, orientation of the
stress field originally evolved from a NE-SW to
NNE-SSW orientation, in which a regionally
consistent Vg generation developed, to a ENE-
WSW orientation, in which generation V¢
developed and has cross-cut the previous veins.
It is suggested from this stress-state evolution
of the pHASB that o, equals o3 at a certain
stage and that they switched locally during a
short period in order to form the cross-cutting
generation V.. The consistent pre-folding
orientation of the Vg bedding-normal vein
generation in the North Eifel corresponds to the
original NW-SE orientation of intermullion
quartz veins in the central part of the High-
Ardenne slate belt (Ardennes, Belgium)
highlighting that this particular veining event
occurred regionally in a basin that was still in
extension at the latest stages of the burial.

Figure 3.46 (next page): Comparison between the peripheral and central part of the High-Ardenne slate belt
showing the evolutionary history from initial sedimentation to Variscan deformation (modified after Kenis et al.
2002a, Van Noten et al. 2008). (Stage a) Pragian to Lochkovian sedimentation. (Stage b) Differences in veining
during the latest stages of burial. Evolution of several cross-cutting generations of BNVs in the pHASB contrary
to one well-arranged, parallel vein generation in the cHASB. (Stage c) Initial Variscan shortening reflected by
the formation of bedding-parallel veins (BPVs) in the pHASB owing to combined bedding-normal uplift and
bedding-parallel thrusting. Slickenlines illustrate the different directions of thrusting and reflect a brittle
deformation versus the mullion formation in the cHASB in a ductile way. Relative timing of both events is
unclear. (Stage d) The contraction-dominated main phase of the Variscan Orogeny caused the formation of
characteristic NW-verging overturned folds with associated SE-dipping cleavage in the pHASB and north-
verging upright folds with associated south-dipping cleavage in the cHASB.
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In the North Eifel, bedding-parallel quartz veins
subsequently cross-cut, truncate and offset the
bedding-normal veins and are continuously
present around fold hinges. It is concluded from
the macrostructural analysis that both veining
events formed during separate phases preceding
the regional fold-and-cleavage development.
Bedding-parallel veins occur interbedded
between two contrasting lithologies, as well as
intrabedded in the competent and incompetent
sequences. Macroscopically, the veins show a
composite internal fabric consisting of several
distinct generations of quartz laminae, often
marked by slickenlines, intercalated with thin
pelitic wall-rock inclusion seams. It is
concluded that the bedding-parallel veins
formed by several, whether or not alternating,
mechanisms of bedding-normal uplift and
bedding-parallel thrusting. The latter
mechanism is evidenced by, NNW- to NW-
directed, displacement of bedding-normal veins,
small-scale ramps and numerous slickenlines on
the different quartz laminae internally in the
veins. It is interpreted that this vein type is the
first brittle expression of the compressional
stress regime affecting the siliciclastic
metasediments of the North Eifel at the onset of
Variscan shortening. In this configuration, the
bedding-parallel veins demonstrate a particular
stress-state in the basin at the time of wvein
formation in which the maximum principal
stress o1 was oriented parallel to a presumably
NW-SE-oriented tectonic compression o1 and
in which the minimum principal stress o3
corresponded to the wvertical load of the
overburden.

The succession of bedding-normal to bedding-
parallel extension quartz veins thus materialises
the transition from extension to compression at
the onset of the Variscan orogeny and can be
interpreted to have been formed during early
orogenic compressional tectonic inversion. This
inversion is expressed differently in the central
part of the slate belt (Ardennes, Belgium) in
which the psammites between the bedding-
normal veins deformed in a ductile way into
mullions.
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Subsequently, during progressive Variscan
contraction both vein types were passively
folded within characteristic, NW-verging,
upright to overturned folds of the North Eifel.
Locally, deformation of bedding-normal veins
or reactivation along the bedding-parallel veins
may have taken place because of flexural-slip
or flexural-flow folding. In contrast to both
extensive veining events that characterise the
tectonic inversion, quartz veining occurred
rather  occasionally during the main
compression stage of the orogeny. Local vein
emplacement only occurred for instance in the
necks of boudinaged layers, as tension gashes
in fold hinges or related to local faulting.

Although this evolutionary history already
gives a tentative overview on how the veins
developed, still many research questions remain
unsolved and need to be unravelled in order to
substantiate the constructed evolutionary
model. Macroscopic observations, either on
outcrop- or hand-scale, can only reveal the
relative spatial and temporal relationship of the
veins with respect to minor structures and fold
and cleavage development.

To refine the vein opening mechanisms, further
research has focused on a microstructural
analysis of vein microstructures and is reported
in the next chapter. This microstructural
research allowed confirming if the veins are
indeed extension veins and if it is justified to
use them as a tool to reconstruct the
palaeostress evolution (Chapter 4).
Furthermore, as a macroscopical analysis of the
veins does not provide information on the fluids
from which the wveins precipitated, it is
important to also focus on a microthermometric
analysis of the fluid inclusion of the vein quartz
(Chapter 5) which eventually allows
implementing the role of the pore-fluid pressure
in the different proposed models for the two
vein types (Chapter 6). However, to perform a
microthermometric analysis properly, a detailed
petrographic analysis of the fluid inclusions has
been carried out first (Chapter 4).



CHAPTER 4 Microstructural fabric analysis

4.1 Introduction

In this chapter, the results of a detailed fabric
analysis are presented to work out in more
detail the evolutionary model constructed after
the macroscopic geometric structural analysis.
This allows characterising a paragenesis in vein
infill for both bedding-normal and bedding-
parallel veins and deducing the deformation
mechanisms and conditions active after vein
infill. To determine the state of stress in the
upper crust at the time of bedding-normal
quartz veining, more than 500 bedding-normal
veins have been measured in the field during
the macroscopic structural analysis and have
been rotated to their original position in the
orientation analysis (Chapter 3). Also dozens of
examples of cross-cutting bedding-parallel
guartz veins have been studied in the field. It is
not possible and opportune to describe them all
in this microscopic analysis. In order to avoid
repetition, only those veins are described that
are representative of a specific type of vein
infill. Therefore, thin sections of representative
vein samples were carefully selected and
investigated by means of a petrographic
microscope under both plane-polarised and
cross-polarised light.

In the fabric description, mineralogy of the
host-rock, vein fabric of mineral infill and
microstructures, related to deformation, of
bedding-normal and bedding-parallel vein
quartz are discussed. Terminology used for the
different fabrics and inclusions is explained in
BOX Il by referring to literature. A further
subdivision into different vein types is mainly
based on the microscopic vein fabric of both
bedding-normal and bedding-parallel veins. On
the one hand, the bedding-normal veins are
subdivided into three different types depending
on their width, i.e. hairline, centimetre and
composite veins. Bedding-parallel veins, on the
other hand, are subdivided depending on their
relation with the surrounding host rock, i.e. thin
intrabedded and thick interbedded veins.
Furthermore, as a link to Chapter 5, in which

temperature and pressure conditions of veining
are reported, a comprehensive petrographic
analysis of fluid inclusions is presented in this
chapter to select those fluid-inclusion trails that
are representative of wvein growth and
subsequently can be used for
microthermometry. This petrographic analysis
of fluid inclusions is carried out on doubly
polished 150 um thick wafers from oriented
vein-quartz samples, which allows observing
3D orientations of fluid-inclusion planes, an
advantage compared to the 2D fluid-inclusion
trails seen in thin sections.

4.2 Mineralogy of the host rock

In the macrostructural analysis, the host-rock
lithology adjacent to the veins was only
determined roughly in the field. Both vein types
are embedded in two lithologies: a fine- to
coarse-grained sandstone and fine-grained
siltstone. Bedding-normal stratabound quartz
veins are restricted to the competent coarse-
grained sandstone beds whereas non-
stratabound veins always refract at the
competent-incompetent interface, with their
vein tips within the incompetent siltstones
accompanying the sandstones. Bedding-parallel
veins occur intrabedded in the sandstone or
siltstone and interbedded at the interface of
these lithologies.

As the mineralogy and the infill of the veins is
studied in this chapter, it would also be
interesting to refine the mineralogy found in the
adjacent host rock in order to determine if the
host-rock mineralogy corresponds to the one
observed in the veins. Fracturing and veining
are strongly dependent on the lithological
properties and rock permeability. Therefore, the
shape (sphericity and roundness) and the degree
of sorting of the detritical grains have been
estimated by using the image analysis software
JMicrovision (Roduit 2008). Also the volume
of quartz grains and quartz cement can be
calculated in this program. Common grain sizes
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have been used for the description of the
lithology. Additionally to the representative
samples of the outcrops studied around the
Rursee and Urftsee, also several representative
samples of some outcrops in the central part of
the High-Ardenne slate belt (cHASB) are
described. The main reason to study the host
rock is because later in this work (see Chapter
7) the vein spacing distribution observed in
outcrops studied in the North Eifel are
compared to the intermullion vein spacing in
the cHASB.

The results show that the competent host-rock
lithology in the Eifel area can be classified as a
fine- to medium-grained quartzwacke, in which
the quartz grains mostly are subrounded to
subangular and moderately to well sorted
(Figure 4.1a to h; Table 4.1). Almost all grains
exist of quartz with a grain size varying
between 50 um and 350 um. They are single
detrital crystals with uniform interference
colours showing that the quartz grains in the
sandstone remained undeformed. The grains are
cemented by quartz cement. In some samples,
biotite grains have been observed (Figure 4.1e
and f). Stretching and reorientation of the quartz
grains due to compaction and deformation, such
as described in the competent units of the
Monschau Unit (Mukhopadhyay 1973, Spaeth
1969), have not been observed. Because of
weathering, the rock has often a brownish to
rusty aspect. The very fine-grained matrix
between the quartz grains consists of minor
amounts of elongated phyllosilicates, such as
muscovite, biotite and chlorite. Sometimes mica
(muscovite) is visible with the naked eye,
however, too small amounts have been
observed in thin section to define the competent
host rock as a psammite. The incompetent host-
rock lithology, defined as siltstone in the field,
is a fine-laminated slate with a very well-
developed continuous penetrative cleavage
(Figure 4.1i). The siltstone is dominantly
characterised by planar mica flakes, chlorites
and small quartz grains (Figure 4.1j). Traces of
feldspar have only been detected by XRD (cf.
Holland et al. 2006). In the cleavage domains,
micas are defined and are mostly aligned. In the
clay-rich horizons between the cleavage
domains, particles are too small to determine
additional minerals that may be present.
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Figure 4.1: Representative microphotographs of the
host rock of the different outcrops studied in the
Rursee and Urftsee area. See Table 4.1 for the

description of the samples. sdst: sandstone; Qz,
quartz; Bt, biotite. (a-c) Fine-grained sandstone
(Hubertus Hohe) in (a) plane polarised light, (b)
under crossed polars and (c) JMicrovision (Roduit,
2008) used for estimating the percentage of quartz
grains (light-grey: 42%) and quartz cement (dark
grey: 16%). (d) Medium-grained sandstone
(Wildenhof). (e-f) Medium-grained sandstone
(Eschaulerberg) in (e) Plane polarised light and (f)
under crossed polars. (g) Fine-grained sandstone
(Schwammenauel). (h) Fine-grained sdst (Urftsee).
(i)  Siltstone  with penetrative  cleavage
(Schwammenauel 72). (j) Siltstone with micas
(mainly muscovite) in cleavage domains. The inlet
shows a mica fish (Hubertus Héhe 77).



Mineralogy of the host rock

The host rock in the cHASB varies from fine-
grained sandstone in the anchizone to quartzite
in the epizone of the HASB (see studied
samples in Table 4.1). The sandstone shows a
fine-grained matrix, consisting of mainly quartz
grains (Figure 4.2; Table 4.1) and minor
amounts of feldspar, biotite, ilmenite and
phyllosilicates of which muscovite and chlorite
could be recognised. This mineralogy defines
the competent units as psammites (Kenis 2004).
In general, the quartz grains in the sandstone
are mostly well sorted, subrounded to
subangular and often show undulose extinction.
They are altered by preferential dissolution and
overgrown by quartz in strain fringes. Grain
aggregates are frequently overgrown by
phyllosilicates beards (Kenis et al. 2005a).
Percentage of quartz grains and quartz cement
corresponds to the sandstones in the pHASB.
However, percentage of quartz grains in the
quartzites is much more difficult to estimate as
individual grains are difficult to recognise and
are overgrown by the recrystallised quartz
cement.

Figure 4.2: Representative microphotographs of the
host rock of the different outcrops studied in the
central part of the High-Ardenne slate belt as a
comparison to the Rursee and Urftsee area. See
Table 4.1 for description of the samples. (@)
Medium-grained sandstone (Dedenborn). (b) Fine-
grained sandstone (Boeur). (c) Quartzite (Bastogne
Mardasson). (d) Quartzite (Remagne). (e) Quartzite
(Bastogne Sur Les Roches). (f) Quartzite (Bertrix).

Table 4.1: Host rock and adjacent lithologies of the different outcrops studied compared to the host-rock
lithologies of other areas in the North Eifel and the Ardennes. The image analysis software JMicrovision
(Roduit, 2008) has been used for estimating the volume of quartz in each representative sample. An error of 5%
has been estimated by regenerating the image and recalculating the volume of quartz in the sample. See
Appendix B for sample localities. med-gr.: medium-grained; sdst, sandstone; slst, siltstone; pel, pelite; sphericity
(Sph): low (LS), medium (MS), high (HS); roundness (Rnd): subangular (SA), subrounded (SR). See Appendix
B for sample localities.

Degree  Adjacent
Locality Data set Formation / Unit Sample ",[I"g(g;y go/:a%i c?m%ﬁt g“z Sph  Rnd gf _ Ijayer

sorting lithology
Rursee Wildenhof 44a Upper Rurberg EIO6VNO8  med-gr. sdst 36 21 57 MS SA  poorly slst
Rursee Eschaulerberg 64 Upper Rurberg EIO5VN34  med-gr. sdst 44 29 72 LS SA mod slst
Rursee Hubertus Héhe 72 Upper Rurberg EIO5VN36 fine-gr. sdst 42 16 59 HS SR well pel
Rursee Schwam. 93 Upper Rurberg EIO5VN43 fine-gr. sdst 46 19 64 HS SR well slst
Urftsee Zone 7 Heimbach EIO8VN26 fine-gr. sdst 37 25 62 HS SR well slst
Eifel Dedenborn Middle Rurberg EIO5VN17  med-gr. sdst 51 29 80 HS SA mod pel
Ardennes Biitgenbach Neufchateau BUO5VNO1 fine-gr.sdst - pel
Ardennes Houffalize Tg:éﬁg?teau & sandstone - pel
Ardennes Boeur Longlier Boe 5 sandstone 49 22 71 MS SA well pel
Ardennes Bast. Coll. Anlier - quartzite - - - - - slst/pel
Ardennes Bast. SLR Anlier SLR 10 quartzite 46 28 73 HS SR well slst
Ardennes Bast. Mardasson Anlier BAMAR 8b quartzite 59 25 84 HS SA well slst
Ardennes Rouette Anlier - psammite - - - LS SA  poorly slst
Ardennes Remagne Oignies Rem 3 A08 quartzite 51 29 79 MS SR well pel
Ardennes Bertrix Saint-Hubert Ber 8b quartzite 35 30 65 HS SR mod pel
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4.3 Bedding-normal veins

4.3.1 Mineralogic composition of the
veins

The bedding-normal veins (BNVs) studied in
the Rursee almost exclusively consist of quartz.
Different crystal shapes, such as fibrous,
stretched, elongate-blocky and blocky, and
several growth mechanisms have been
recognised for the vein quartz. Also within the
quartz grains, numerous fluid inclusions,
deformation microstructures and host-rock
inclusions have been observed. The overall part
of the wveins can thus be considered as
monomineralic veins. In addition to quartz,
sometimes chlorite occurs as mineral booklets
(Figure 4.4k and Figure 4.5). In plane polarised
light the chlorites have a greenish colour,

luminiscence petrography, the quartz grains in
the competent host rock as well as the quartz
minerals in the veins all have a similar dark
blue luminescence. Differences in colour or
fabric have not been observed.

4.3.2 Vein fabric

It is concluded from the different case studies
that the bedding-normal veins are various in
shape and thickness. Hairline, millimetre-thick
veins have been observed in thin competent
layers, closely alternating with narrow spaced
fractures that have the same orientation as the
hairline veins. The most observed bedding-
normal veins are centimetre-thick veins that
have an approximate mean thickness of ~1 cm
and vary from a planar to a lensoid shape.
Macroscopically, they consist of milky-white

quartz without any host-rock inclusion lines or
fragments visible with the naked eye or in thin
section.  Thick, several centimetre-thick,
composite veins occur less frequently and are
only observed in thicker competent layers. They
consist of multiple quartz laminae intercalated
with host-rock inclusion lines. In what follows,
these three different vein types are discussed by
studying their microstructures and growth
mechanisms.

whereas under crossed polars they change in
colour, alternating between a bluish and a white
colour. Chlorite fibres tracking the opening
direction (e.g. Becker et al. in press) have not
been observed. Chlorites only occur at the vein
walls and never in the vein (Figure 4.4k and
Figure 4.5i). Furthermore, calcite crystals have
only been observed rarely in some BNVs from
the Urftsee outcrops. During hot cathodo-

BOX 111 - Terminology of vein fabric and growth mechanisms

Early- to syntectonic calcite and quartz veins are common features in very low-grade to low-grade
metamorphic terrains. It is well established that veins initiate as fractures and can evolve to many
different fabrics with considerable size differences. It is not the intention to give a full overview on the
geometry of veins, but rather to shortly quote the common terms. In this description the term grain is
used to refer to the ‘crystal’ within the vein microstructure and does not refer to the ‘detrital grain’
such as in the host rock. Many veins are oriented at high angle to their opening direction and are
therefore termed as extension veins. If a vein opens at a small angle to bedding, it is known as a shear
vein (Ramsay & Huber 1983).

Extension veins have a very recognisable internal fabric that consists of aligned or repeated internal
host-rock structures embedded in fibrous crystals. Ramsay (1980) originally defined that many
extension veins form by accretionary processes involving the formation of a narrow fracture followed
by fibrous infill of the fracture by crystalline material. This describes how extension veins are formed
by the crack-seal mechanism. Veins attributed to this mechanism are commonly considered to form
due to oscillations in fluid pressures and/or in bulk strain. Because of its widespread occurrence, this
mechanism has been investigated and described in many studies (e.g. Boullier & Robert 1992, Cox
1987, de Roo & Weber 1992, Fisher & Brantley 1992, Hilgers & Tenthorey 2004, Laubach et al.
2004b, Reed & Laubach 2005, Renard et al. 2005, Wiltschko & Morse 2001). Unfortunately, through
time, Ramsay’s crack-seal mechanism has evolved from a vein-forming mechanism into a vein fabric
although it is still originally defined as a mechanism. Nevertheless, the original fabric by which
Ramsay demonstrated the crack-seal mechanism has found its way in many textbooks on structural
geology and is widely used.

BOX 111 (continued)
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The overall result of the crack-seal mechanism is a succession of many small increments visualised by
the alignment of host-rock inclusion trails and inclusion bands. Inclusion trails are interpreted to be
series of aligned grain fragments that are oriented parallel to the displacement direction of the opening
of the vein. They result from repetitive opening, the ‘crack’, and immediately infill of the crack, the
‘seal’. Inclusion bands are mostly dark seams that are arranged perpendicular to the displacement
direction and nearly parallel to the vein wall.

They consist of aligned fragments of different grains present in the host rock, but can also exist of
aligned fluid inclusions. Similar as inclusion trails, these inclusion bands reflect episodic vein opening
as indicated by the inclusion spacing of the inclusion bands. Typical openings, as deduced from
inclusion spacing, are generally in the order of several micrometres to tens of micrometres (Cox &
Etheridge 1983, Cox 1987, Hilgers & Urai 2002, Renard et al. 2005, Wiltschko & Morse 2001, Xu
1997). The alignment of these inclusion trails and bands are better indicators of the opening of the
vein, than the orientation of the crystal fibres that grow at high angle to the vein wall during the
repeated phases of sealing (Urai et al. 1991). The grain boundary of these fibrous crystals has a typical
saw-tooth crystal habit. Hilgers & Urai (2005), moreover, noted that the fabric of crystal fibres in
crack-seal veins actually does not show a consistent aspect ratio and is thus not fibrous sensu stricto,
but rather elongate or columnar.

fibrous elongate-blocky blocky ’ syntaxial 1T atxial

Veins that lack the typical repetitive pattern of inclusion bands and trails that indicate crystal growth
by the crack-seal mechanism, are termed fibrous veins (Bons 2000, Means & Li 2001). They contain
micrometre thin crystals that are continuous from vein wall to vein wall without changing in thickness
and commonly show very high aspect ratios (length/width). They moreover maintain a continuous
optical orientation along the fibrous crystal elongation and show no indication of growth competition
(Cervantes & Wiltschko 2010, Means & Li 2001). The optical continuity of fibrous crystals can be
interrupted in areas in which a particular fibre is irregular in shape. Whether the crystal elongation
determines the relative motion of the opening of the vein or not, mainly depends on the roughness of
initial fracture surface (Nollet et al. 2005a, Urai et al. 1991).

BOX 111 (continued)
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Also, whether these specific fibrous or other fabrics develop, clearly depends on the relative opening
rate of the fracture with respect to the fracture infill and the opening width of the fracture (Miigge
1928 in Hilgers et al. 2001).

Crystallographic controlled growth competition is typically observed in an elongate-blocky fabric
(Bons 2000, Fisher & Brantley 1992). This microstructure is distinct from fibrous veins by its specific
mineral habit that evolves from small crystals grown on ‘seed’ crystals at the vein wall, to elongate
crystals with an aligned crystal elongation that have overgrown their neighbour crystals towards the
centre of the vein. Such a fabric can eventually evolve into fully blocky in which all grains are
equidimensional and randomly oriented. Veins often do not display one microstructure, but may
contain several ones in which the crystals grow from one fabric into another (e.g. fibrous to elongate-
blocky to blocky).

Furthermore, apart from the previously described common vein microstructures, following
observations are indicative of the vein growth morphology and indicate a growth mechanism
(Durney & Ramsay 1973). In an antitaxial vein, crystals grow from the centre of the vein towards the
vein wall. The centre is marked by a median line defined by small equidimensional grains or
fragments of the wall rock. The material that precipitates is often from a different composition than the
minerals in the host rock which causes a discontinuity at the vein wall. Such vein growth has not been
observed. A second growth mechanism concerns syntaxial veins, which are characterised by the
reverse growth mechanism as antitaxial veins, namely from the vein wall towards the median line in
the centre of the vein. The median line usually represents a thin fracture plane on which material is
precipitated. Syntaxial veins can be symmetric or asymmetric. Contrary to the discontinuity at the vein
wall in antitaxial veins, syntaxial veins comprised crystals that have grown epitaxially from the grains
of the host rock. The major constituent in the veins is thus similar as the mineralogy of the host rock.
In extreme cases crystals grow from one side of the vein to the other side only. Such veins are defined
to have a unitaxial fabric and lack a median line (Fisher & Byrne 1990, Hilgers et al. 2001). In
ataxial veins, fibrous crystals cross the vein from one vein wall to the other and are optically
continuous, a specific fabric that is defined as stretched crystals. Ataxial veins also initiate as
epitaxial overgrowths of grains from the vein wall (Hilgers & Urai 2002). It is interpreted that growth
occurs by repetitive fracturing at different sites, in which they lack a localised growth surface such as
on the median plane in syntaxial veins. Theoretically, if several growth mechanisms are combined in a
vein, it is termed a composite vein (Passchier & Trouw 2005). However, in this work a composite
vein refers to vein formation due to repetitive fracturing and sealing phases and comprise several
guartz laminae intercalated with inclusion seams.

4.3.2.1 Hairline veins epitaxially on grains from the wall rock, with a
preserved optical continuity along the fibre
length and connecting host-rock grains with a
similar optical continuity (Figure 4.3d).

Absence of a median line as growth surface and

Centimetre-thick layers often comprise closely
spaced millimetre-thick healed microfractures
that are defined as hairline veins. The vein

walls of these healed microfractures, and those
of non-mineralised fractures that occur parallel
to the hairline veins in the same host-rock layer,
have rough wall-rock morphology (Figure 4.3a
and b). Fibrous quartz crystals in the hairline
veins mostly span the entire millimetre vein
thickness, characteristic of unitaxial mineral
infill in which the crystal elongation tracks the
vein opening direction perpendicular to the vein
wall (Figure 4.3b, c and d). In medium-grained
parts of the host rock, these crystal fibres are
thicker than compared to the fine-grained parts
(Figure 4.3c). Quartz fibres have grown
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absence of host-rock inclusion bands indicate
that fracturing rate was higher than the
precipitation rate during vein growth. It is also
obvious that the initial fracture has cut through
the host-rock grains (Figure 4.3d), rather than
fracturing around the grains, and that these
trans-granular  hairline veins are mostly
characterised by a low tortuosity. This low
tortuosity demonstrates that fracturing, and
hence bedding-normal vein formation, is not
affected by the grain-scale heterogeneity of the
competent host rock. Sometimes buckled
hairline veins are observed next to planar



Bedding-normal veins

fractures and veins (Figure 4.3e and f).
Internally, they consist of an elongate-blocky
mineral infill, resulting from  growth
competition during crystal growth (Figure
4.3g). Crystals in this buckled part, show,
moreover, similar characteristics than crystals
in the planar part. This demonstrates that
irregular opening is a fracture mechanism and is

not caused due to further post-veining
compaction or subsequent deformation. Some-
times bedding-parallel dissolution surfaces
cross-cut the non-mineralised fractures and the
planar to buckled hairline veins (e.g. Figure
4.3f and h), exemplifying that dissolution still
occurred during bedding-normal veining. Other
compaction features such as compaction halos

(cf. Price & Cosgrove 1990, p. 421) indicative
of deformation around (deformed) objects have
not been observed.
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Figure 4.3: Habit and fabric in millimetre-thick hairline quartz veins. See Appendix B for sample localities.
(a-b) Parallelism of fractures and hairline veins characterised by a fibrous infill (Vg generation; Wildenhof 10:
see Figure 3.7f; EI07VN18). (c) Hairline vein with thicker quartz fibres in the medium-grained part than in the
fine-grained part (Hubertus Héhe 72; EI07\VVNO08). (d) Trans-granular hairline fracturing through host-rock grains
(white arrows) indicative of absence of influence of the heterogeneity of the host rock. Fibres grow epitaxially
on host-rock grains with identical optical continuity (Hubertus Hohe 68; EI05VN36). (e-f) Occurrence of planar
fractures and planar to irregular hairline veins (Hubertus Hohe 77; EIO5VN38). (h) Detail of (f) showing
elongate-blocky to blocky infill in the planar and buckled parts of the hairline vein indicating opening at high
angle to the vein wall. (g) Detail of (f) showing local dissolution of the buckled vein at a stylolitic surface.
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4.3.2.2 Centimetre veins

The majority of the veins studied in the North
Eifel are centimetre veins with a vein width of
~lcm. They show several important
microstructural ~ elements  from  which
mechanism of vein growth can be deduced.
First of all, irrespective of the vein generation
from which the vein infill is studied (Vg or V¢
in the different case studies), both syntaxial
(Figure 4.4b and g) and ataxial (Figure 4.4e)
crystal growth are recognised in these
centimetre-thick veins. Syntaxial wveins are
observed in the planar Vg and cross-cutting V¢
generation (Figure 4.4b). In syntaxial veins, it is
observed that vein growth can consist of two
phases: a first phase with a fibrous and a second
phase with an elongate-blocky to blocky fabric
(Figure 4.4b and g). Owing to the elongate-
blocky infill, a median line is not present. In
some veins, crystals evolve from elongate-
blocky at the vein wall to blocky in the middle
part of the wvein, indicating that the fracture
opening rate must have increased with respect
to the growth rate of the crystals. A two-phase
syntaxial infill has also been observed in
lensoid centimetre veins (Figure 4.4j). In a
specific section in which a cross-cutting
relationship is observed in the bedding plane,
fibrous crystals of V¢ have grown epitaxially on
the fibrous crystals of Vp and remain
continuous in crystallographic orientation along
the transition from Vg to V¢ (Figure 4.4c and
d). The angle of the deflected fibres mainly
depends on the orientation of both veins (Figure
4.4c and d). The microstructural fabric of cross-
cutting veins always confirms the cross-cutting
relationship that was observed in the field (e.g.
Figure 4.4a and b corresponding to Figure
3.13a).
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The ataxial veins comprise stretched fibrous
crystals that connect both vein walls with a
continuous crystallographic orientation. Fibres
have clearly grown epitaxially on the host-rock
grains. Along the fibre elongation, the optical
continuity of the stretched fibres is sometimes
interrupted in particular areas in which a fibre is
irregular in shape. In both syntaxial and ataxial
veins, fibre contacts are smooth or serrated, i.e.
saw-tooth  fibre contacts (Figure 4.4h).
Neighbouring fibres are sometimes character-
ised by briquette-like internal microstructures
along the fibre contacts (Figure 4.4i),
representative of small misfits during fibre
growth (cf. Ramsay & Huber 1987, p. 248,
Stowell et al. 1999). Fibres may widen towards
the wvein centre, allowing other fibres to
develop. Another very characteristic feature of
centimetre-thick veins is the repetitive pattern
of crack-seal host-rock inclusion bands (Figure
4.4i) oriented parallel to the vein walls and
perpendicular to the fibre elongation. Inclusion
bands are continuous through several fibres, or
are discontinuous and restricted to a single fibre
(Figure 4.4i). Nevertheless, in both cases these
host-rock fragments reflect episodic vein
opening by the crack-seal mechanism and track
vein opening trajectory perpendicular to the
vein wall. Spacing of the host-rock inclusion
bands is mostly ranges between 10 pym and
20 um. Inclusion banding has been observed in
syntaxial and ataxial veins.

Furthermore, when chlorites are observed
within centimetre-thick veins, they always
occur as chlorite booklets at the vein-wall
interface and have nucleated on phyllosilicates
in the vein wall (Figure 4.4k). The relationship
of chlorite growth with respect to quartz growth
is ambiguous in the veins.
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Figure 4.4: Habit and fabric of monomineralic centimetre-thick quartz veins. See Appendix B for sample
localities. (a-b) Cross-cutting relationship between syntaxial veins Vg and V¢. Vg has a fibrous vein fabric,
whereas V¢ consists of a first fibrous and a second elongate-blocky microstructure (Wildenhof 27: see Figure
3.13a; EIO6VYN19). (c-d) Fibrous crystals in V¢ that have grown epitaxially on fibrous crystals of Vg (black
arrow) (Wildenhof 27; EIO6VN19). (e) Fibrous crystal spanning the vein walls, ataxial vein growth (Vg;
Wildenhof 44: see Figure 3.8b; EI06VVNO08). (f-g) Centimetre-thick vein showing syntaxial vein growth of a first
phase with fibrous and a second phase with a elongate-blocky to blocky fabric in the centre of the vein. Cleavage
refracts through the vein (Hubertus Hohe 68a; EIO5VN34). (h) Fibrous fabric with serrated fibre edges and
briquette-like microstructures (detail of g). (i) Discontinuous host-rock inclusion banding. Spacing of inclusion
bands of 10 um (detail of h). (j) Syntaxial, fibrous lensoid vein (EI07VNO04; Hubertus Hohe 71: see Figure
3.32a). (K) Chlorite booklets at the vein wall, blocky quartz crystals in centre of the vein (en-echelon vein at
Hubertus Hohe 74: see Figure 3.32f; EIO5VN10).
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4.3.2.3 Composite veins

Composite veins comprise all veins that have a
thickness of one to several centimetre and that
consist of several quartz laminae intercalated
with  macroscopically  visible  host-rock
inclusion lines, giving the wveins a dirty
appearance. In thin section, these composite
veins consist of several phases of vein infill,
indicative of successive and recurrent vein
opening. Several different types of composite
veins have been observed. It was concluded
from the macroscopic geometric analysis that if
a non-stratabound vein exceeds the bedding
plane of a layer, it refracts at the competent-
incompetent interface. In a fibrous composite
vein (Figure 4.5a) this refraction is exemplified
by deformation of the fibrous infill in the
siltstone whereas fibres in the competent part of
the vein remain continuous in crystallographic
orientation along the fibre length. The opening
of the vein can moreover be deduced by the
millimetre displacement of bedding at both vein
walls, indicating an opening trajectory at high
angle to the vein walls (Figure 4.5a). In other
examples, composite veins may consist of
elongate-blocky crystals at the wvein wall,
rapidly evolving to a fully blocky fabric in the
centre of the vein (Figure 4.5b).

At the vein tip of thicker composite veins, often
multiple strands of vein arrays occur, giving the
vein a laminated appearance (Figure 4.5a and
e). The fibrous infill of the middle part of the
veins, as well as in the multiple vein tips
illustrates a similar opening mechanism.
However, a composite vein with an elongate-
blocky fabric, in which crystals have
preferentially grown on top of other
neighbouring crystals, may occur next to a
composite vein that is characterised by a fibrous
infill (Figure 4.5e). In both cases, irrespective
of the vein fabric, the opening of the vein is at
high angle to the vein wall. The difference in
fabric can be explained by differences in the
fracture rate versus growth rate, rather than in
different vein mechanisms. A fibrous infill is
interpreted to have been formed during
numerous fracture and sealing phases during

114

which the growth velocity was faster than the
fracturing velocity. This relationship is also the
driving mechanism for the elongate-blocky
veins, but occurs at a crystal growth velocity
lower than compared to the fibrous vein (cf.
Hilgers et al. 2001). Nevertheless these
differences in ratio, both vein fabrics are
representative of a syntaxial vein mechanism.

Composite veins comprise long inclusion lines
subparallel to the vein wall, visible on a hand
specimen (Figure 3.32b and c; Figure 4.5f) or in
thin section (Figure 4.5g). These inclusion lines
consist of micrometre-scale micas and other
clayey aggregates. These inclusion lines are
torn from the host-rock wall and form a growth
surface for new quartz laminae in composite
veins, irrespective if the vein is characterised by
a fibrous (Figure 4.5f and g) or an elongate-
blocky to blocky fabric (Figure 4.5h). Within
the laminae, obliquely oriented fibres maintain
a continuous crystallographic orientation along
their elongation, showing that the obliquity is a
growth feature and not a deformation feature
formed during subsequent deformation. This
fabric is also observed in the en-echelon vein at
Hubertus Hohe in which the oblique fibre
growth (Figure 4.5j) is in agreement with the
macroscopic dextral shear observed in the field
(Figure 3.32h and i). The en-echelon vein is
moreover characterised by chlorite booklets
abundantly present at the vein wall and at host-
rock inclusion fragments and lines in the vein.
In both cases chlorite has formed preferentially
on the phyllosilicates present in the host-rock
fragments or in the vein wall.

To conclude, the composite nature of the veins
suggests that they formed due to numerous
successive fracturing and sealing phases
reflecting episodic vein growth in which the
vein fill mainly depends on competition
between the ratio of fracturing rate and
precipitation rate. It may even be possible that
composite veins initially grew separately as thin
veins and became interconnected after
successive phases. In many composite veins,
the fibre elongation is oriented perpendicular to
the median line and may have grown obliquely
to the inclusion lines.
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Figure 4.5: Habit and fabric of mainly monomineralic composite quartz veins. (a) Vein refraction at
the competent-incompetent interface. Deformed crystals in the refracted part of the vein (Urftsee zone
7: see Figure 3.38c; EIO8VN26). (b) Blocky fabric (Hubertus Hohe 73; EI07VN11). (c) Fibrous to
elongate-blocky fabric. Large blocky crystals in the middle of the vein. Oblique crystal growth or
oblique opening of the left vein (Wildenhof 09; EIO5VN24). (d-e) Left: fibrous fabric in the middle
part of the veins and in the vein tips. Right: typical elongate-blocky infill (Parasitic fold Wildenhof 30:
see Figure 3.5b; EIO9VNO03). (f-g) Composite vein. Host-rock inclusion lines act as irregular median
lines on which fibres initiate (Hubertus Hohe 75: see Figure 3.32b and c; EIO7VN17). (h) Blocky vein
infill with undulose extinction of the crystals (Hubertus Hohe 73; EI07VN11). (i-j) En-echelon vein
with (i) blocky infill in the middle part of the vein and (j) oblique fibres at the vein tip conform to
dextral vein opening deduced in the field. Chlorite (Chl) at the vein wall (Hubertus Hohe 74: see
Figure 3.32f; (i) EIO7VNO1; (j) EIO7VN13).
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4.3.3 Microstructures in quartz

Although the different wveins, subdivided in
hairline, centimetre-thick and composite veins,
are particularly useful to constrain the
fracturing and sealing history of the host-rock,
particular deformation microstructures in the
crystals may obscure the original vein fabric.
For the major part of the veins, the original
fabric is preserved. Some, however, show
recrystallisation that can be related to
subsequent deformation. The microstructures
are mainly related to the deformation of the
grain  boundary which locally led to
reorientation of the crystal and possibly to the
formations of new subgrains. Although it will
be illustrated that deformation in the bedding-
normal veins was limited, it must be said that
the amount of deformation <can be
underestimated because deformation takes place
in three dimensions and is only studied in a two
dimensional thin sections. If the thin section is
parallel to the deformation, it may not be
deduced. The fibrous crystals in syntaxial and
ataxial veins often have typical saw-tooth
shaped grain boundaries and briquette-like
internal microstructures (Figure 4.6a) (cf.
Ramsay & Huber 1987, p. 248, Stowell et al.
1999). Since the insoluble particles are
sometimes concentrated along the fibre margins
and since the fibre margins resemble in shape to
microstylolites (Figure 4.6b, ¢ and d), it can be
argued that the characteristic fibre-margin
patterns are not only the result of misfits in
orientation during quartz fibre growth, but also
might evidence subsequent pressure-dissolution
by diffuse mass transfer along the fibre margins
(Blenkinsop 2000). This feature is described as
intercrystal deformation which occurs during
interpenetrating grain contacts between fibres
of similar composition (Figure 4.6¢c and d).
These grain contacts are sometimes marked by
the presence of micas (Blenkinsop 2000, Smith
2005). In deformed fibrous veins, the grain
boundaries between the fibre crystals are highly
irregular and are marked by a dark, brown to
black aspect (Figure 4.6d). It may be that these
irreqular surfaces enclose parts of the
neighbouring grain in such way that one grain
contains an incorporated subgrain with a similar
interference colour as the neighbouring grain.
This intercrystal deformation feature is visible
both in thin section (Figure 4.6d) and in a
thicker wafer, in which subgrains are sur-
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rounded by small cracks formed during later
fracturing of the quartz grain (Figure 4.6e). If a
subgrain is not fully incorporated in the
neighbouring grain, but is situated at the
interface of the grains, the subgrain has a
slightly different extinction interference colour
than the original grain (Figure 4.6f).
Intragranular optically continuous crystals are
visible in fibrous and blocky infill (e.g. Figure
4.69). If intragranular deformation occurs
within a vein with a fibrous or elongate-blocky
to blocky fabric, it is displayed as undulose or
sweeping extinction (Figure 4.6h) and
deformation lamellae. Other higher strain-
related planar microstructures have not been
observed. Deformation lamellae occur as single
sets of densely spaced planes representing small
crystal defects that affect the whole crystal.
They are oriented at high angle to perpendicular
to the fibre edges (Figure 4.6i and j)
irrespective  of the orientation of the
neighbouring grain (Figure 4.6Kk). Spanning the
crystal edges, they slightly curve along their
length, an observation typical for deformation
lamellae that are related to orogenic
deformation (Blenkinsop 2000). Deformation
lamellae are oriented at high angle to the optical
axis of the crystal in which they are enclosed in
(cf. Vernooij et al. 2006). The different
orientation of deformation lamellae of adjacent
fibres shows that adjacent crystal grains in a
fibrous fabric have different crystal orientations
(Figure 4.6k).

4.3.4 Interpretation and discussion

In section 3.5.1, the different bedding-normal
vein (BNV) generations are interpreted as
extension veins that developed in a basin in
which the layers were still in a horizontal
position, with each generation as evidence of
the stress field orientation prevalent during its
formation. Petrographic analysis of the vein fill,
summarised below, fully supports this
hypothesis. The hairline bedding-normal veins
(Figure 4.3) are not affected by grain-scale
heterogeneity of the host-rock, as evidenced by
transgranular microveins with low tortuosity.
Small-scale irregular hairline veins occur next
to planar hairline veins (Figure 4.3e-g) and are
demonstrated to be related to a fracture
mechanism and do not represent a post-veining
deformation otherwise all the veins should be
buckled.



Bedding-normal veins

Figure 4.6: Inter- and intragranular deformation microstructures observed in bedding-normal veins. (a) Fibrous
fabric characterised by typical, irregular sawtooth margins and briquette-like internal microstructural elements.
Host-rock inclusion bands indicative of crack-seal (EIO5VN34). (b-c) Inter-penetrating fibre contacts with
insoluble particles (EI0O5VN36; EI07VNO08). (d) Subgrain at the fibre contact misoriented with respect to the
original grain (EI05VN36). (e) Quartz grains with irregular, diffuse, dark boundaries and subgrains with the
same interference colour as the neighbouring grain, representative of bulging recrystallisation (EI05VN36). (f)
Intragranular subgrains with higher interference colour than the original grain (wafer EI08VN12). (g)
Undeformed blocky quartz grains (EI08VNO08). (h) Sweeping extinction in blocky quartz grain (EI07VN11). (i-
k) Deformation lamellae oriented at high angle to crystal wall, irrespective of the orientation of the neighbouring
crystal (wafer EI06VVNO1). (1) Crystal imperfections such as deformation lamellae (DL) swept away the fluid
inclusions in that area (wafer EIO6VNQ7).
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The fibrous crystals in hairline veins reflect
opening of the veins in, whether or not several
successive, tensile Mode | extension cracks.
These above mentioned arguments support the
evidence that the bedding-normal veins formed
in a rock with an already significantly reduced
porosity because of compaction at maximum
burial conditions (see also Hilgers et al. 2006a).
Moreover, the consistent orientation of the
veins at high angle to bedding indicating a
vertical maximum principal stress o, at the time
of vein formation (as suggested in section 3.5.1)
contributed to this relative timing of the veins.
Large compaction features such as compaction
halos around the vein or vein buckling that
would indicate a considerable volume decrease
due to compaction have not been observed.
This is indicative of an already significant
reduced porosity at the time of vein formation
and has been used as evidence in other
sedimentary basins (e.g. Nollet et al. 2005b).
Subsequent minor volume reduction is only
locally observed as horizontal stylolitic planes
dissolving buckled parts of a microvein (e.g.
Figure 4.3h) or interpenetrating grain contacts
at the fibre contacts of adjacent fibres
demonstrating diffusive mass transfer (e.g.
Figure 4.6d).

The vein fill of the centimetre and composite
veins are used as indicator how the veins
evolved from a hairline fabric to a more
complex vein fill. The majority of the veins are
centimetre veins with a fibrous to elongate-
blocky fabric that have grown by a syntaxial or
ataxial mechanism. In vein growth, the key
parameter that controls the crystal morphology
is the ratio of crystal growth velocity versus the
fracturing or opening velocity (Figure 4.7), the
width of the incremental opening and the
roughness of the fracture wall (Hilgers et al.
2001, Nollet et al. 2005a, Urai et al. 1991).
Following this theory, it can be argued that the
syntaxial fibrous wveins, whether or not
reflecting several phases of infill (see Figure
4.4f and g), developed by repetitive fracturing
and sealing phases in which the crystal
precipitation was faster than fracture opening.
This is supported by crack-seal structures
distributed internally in the fibres and tracking
the opening trajectory of the vein because of the
rough wall morphology. The growth rate of the
fibres must have been sufficiently fast enough
to completely seal the entire fracture before the
next crack event (Nollet et al. 2005a, Urai et al.
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1991). It is thus fair to assume that centimetre
and composite veins initiated as hairline veins,
in which the crack-seal fabric track the opening
trajectory during continuous vein growth. The
inclusion bands within the fibres have common
spacings of 10 um to 20 um, a spacing that
corresponds to the lower limit described by
various studies on inclusion banding (Cox &
Etheridge 1983, Cox 1987, Hilgers & Urai
2002, Renard et al. 2005). Furthermore, the
specific microstructures in extension veins
often preserve the delicate vein wall geometry,
suggesting that the fractures propagate at
subcritical crack growth rate (Boullier & Robert
1992). In ataxial veins, some fibres also
comprise host-rock inclusion bands that are
continuous in a single fibre, but are
discontinuous to adjacent fibres (Figure 4.4e).
This is related to partial filling of the crack due
to differential growth rates. Fast growing
crystals that have reached the vein wall during
vein growth comprise host-rock inclusion
bands, whereas slowly growing crystals may
not reach the vein wall until the next fracture
opening and will thus not comprise any host-
rock inclusions (Figure 4.7) (Fisher & Byrne
1990). Such discontinuous inclusion bands,
indicative of the crack-seal mechanism
(Passchier & Trouw 2005), indicate that ataxial
veins show evidence of mineral accretion at the
vein wall and did not develop because of
delocalised fracturing and sealing (Hilgers &
Urai 2002), such as constrained for ataxial veins
without host-rock inclusions.

It is remarkable to observe inclusion banding in
ataxial veins. Ataxial veins are assumed to form
by delocalised fracturing and sealing in which
the position of the growth surface changes
through time (see references in BOX III). If
host-rock fragments are absent within a fibre
during ataxial crystal growth, it is impossible to
form these crack-seal bands during delocalised
fracturing because no host-rock grain is present.
This implies that ataxial veins with host-rock
inclusion bands show evidence of mineral
accretion at the vein wall, rather that mineral
accretion internally in the fibre such as
expected for stretched crystals. Other ataxial
veins without inclusion bands (Figure 4.4e)
could still form by the described mechanism.

For veins with an elongate-blocky fabric, the
precipitation rate occurs faster than the
fracturing rate, although at slower growth
velocity than in veins with a fibrous fabric
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(Figure 4.7). This slower rate allows growth
competition of neighbouring crystals during
crystal growth. Whether the elongated fabric
evolves into a complete blocky fabric depends
on the fracturing rate and the width of the space
created. If the velocity of fracturing exceeds the
precipitation rate, then crystals grow in a
seemingly free cavity and develop euhedral
blocky crystals (Passchier & Trouw 2005). In
the composite veins, a combination of fibrous
and elongate-blocky crystals alternating with
host-rock inclusion lines is observed. This
indicates that these wveins formed by a
combination of growth mechanisms and that
complete infill of the fracture cavity occurred
several times. These inclusion lines are torn
from the vein wall during multiple phases of
fracturing and form a nucleation surface from
which new crystals and new laminae, with a
fibrous or elongate-blocky fabric, will develop.

Subsequent deformation of the veins has caused
the development of microstructures indicative

of different mechanisms. Microstructures in
quartz are indicative of diffusive mass transfer
(interpenetrating grain contacts), dynamic
recrystallisation (bulging recrystallisation at the
grain interface), recovery (undulose and
sweeping extinction and subgrain formation)
and brittle fracturing (deformation lamellae).
There is a dominance of recovery which
indicates low  temperature  deformation
(Passchier & Trouw 2005), whereas bulging of
the crystal walls is rarely observed and
indicative of dynamic recrystallisation at
slightly higher temperatures (Hirth & Tullis
1992) and high differential stress. Also
deformation lamellae are often related to high
strain rates and high differential stress during
deformation (Van Baelen 2010, Vernooij &
Langenhorst 2005). The microstructures in the
veins can thus fully be attributed to post-
veining deformation, presumably during the
main Variscan contraction under higher
differential stress.
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Figure 4.7: Schematic illustration on the different vein fabrics that develop due to differences between crystal
growth versus fracture opening (modified after Hilgers et al. 2001, Passchier & Trouw 2005). Fibrous veins
develop during fracture opening at small increments and immediate sealing. Fibre elongation tracks the vein
opening. Elongate-blocky veins form during opening with larger increments due to increased fracture rate, but
still at a lower rate than crystal growth. Elongate-blocky crystals form due to growth competition, in which the
crystals are partly tracking the vein opening. Blocky veins grow when the opening rate exceeds the relative slow

crystal growth, and are non-tracking.
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4.4 Bedding-parallel veins

4.4.1 Vein composition

The bedding-parallel veins studied are mostly
monomineral and exclusively composed of
quartz. Based on the fabric analysis, numerous
different crystal habits and a complex
combination of growth mechanisms are
observed. Quartz is often accompanied by host-
rock inclusion bands and trails and numerous
fluid-inclusion trails. During hot cathode-
luminiscence petrography, the quartz grains in
the different quartz laminae all have a similar
dark blue luminescence. In addition to quartz,
some BPVs contain chlorites that occur as
greenish booklets in plane polarised light, and
as blueish to white fanning booklets under
crossed polars. The observed chlorites occur at
the vein wall or closely related with host-rock
fragments and host-rock inclusions
incorporated in the BPVs (Figure 4.8b and d).
Similar as to the chlorites in the bedding-
normal veins, it remains questionable whether
these chlorites are accompany quartz growth or
did grow after veining. Furthermore, apart from
chlorites, other phyllosilicates such as mica are
observed in the host-rock fragments as well as
in discrete planes in the BPVs. These discrete
planes are interpreted as stylolites (see section
4.4.3).

4.4.2 Vein fabric

It section 3.5.2.2, several types of bedding-
parallel veins were distinguished in the study
area. This subdivision into several types is
mainly based on the position of the veins with
respect to the surrounding lithology. Thin
intrabedded veins are veins that occur within a
competent or incompetent host rock, whereas
thick interbedded veins refer to BPVs that occur
either at the incompetent-competent or
competent-incompetent interface.  Different
tentative veining mechanisms have been
proposed in the geometric analysis. For the
intrabedded veins in siltstone sequences and
interbedded BPVs, it was proposed that they
result from bedding-parallel slip related to
bedding-parallel  thrusting  causing the
formation of composite veins (Figure 3.17). A
second mechanism is proposed to be applicable
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to the intrabedded veins occurring in competent
layers, where is postulated that BPVs result
from bedding-normal uplift without any lateral
displacement during vein growth (Figure 3.18a-
f). It is the purpose of this fabric analysis to
determine  whether these two different
mechanisms can be supported by the crystal
growth in the vein fill.

4.4.2.1 Intrabedded veins

The first type of intrabedded veins that is
discussed occurs as millimetre-thick BPVs in
sandstone (case iii in Figure 3.18) or as
centimetre-thick BPVs in siltstone sequences
(case iv in Figure 3.17). These intrabedded
BPVs are characterised by a milky-white
appearance (see examples in Figure 3.13d-i
from the Wildenhof section). These veins are
not characterised by the laminated character of
many of the BPVs, but are rather characterised
by a large variability in quartz grain size,
mainly dominated by a blocky quartz fabric.
The following arguments support a vein growth
from the base of the vein, i.e. the bottomside of
the bedding-parallel fracture, towards its upper
vein wall, i.e. the upperside of the fracture.
Strictly spoken the vein is defined as a unitaxial
vein (Figure 4.8a). At the bottom of the veins,
elongate-blocky quartz grains that start to
nucleate at host-rock grains of the wall rock
rapidly evolve into a blocky fabric in the
middle part of the vein. These blocky quartz
grains can have sizes up to several millimetres.
They developed up to the intervening host-rock
inclusion seam in which they abruptly stop
(Figure 4.8b). At this host-rock inclusion seam,
very small quartz grains nucleated on this
inclusion seam and again rapidly evolve into an
elongate-blocky to blocky fabric in the upper
part of the vein. At the upper vein wall, these
blocky quartz grains again stopped growing.
Locally, at the contact with the overlying
medium-grained sandstone, sometimes chlorite
booklets are present that have nucleated and
developed on host-rock fragments or lines in
the vein (Figure 4.8c and e). Internally in the
blocky parts of the bedding-parallel vein,
stylolites occur that are characterised by a dark
brown rim along which insolubles occur
(Figure 4.8c and d). Micas are mostly present at
the vein wall (Figure 4.8e) and sometimes in
the stylolites (see further Figure 4.11e).
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Figure 4.8: Microfabric of intrabedded bedding-parallel quartz veins. (a) Thin BPV in a sandstone showing an
evolution from elongate-blocky at the vein wall to blocky in the middle part of the vein. This succession is
repeated above the intervening host-rock inclusion seam (example from Wildenhof 27: see Figure 3.13d;
EI09VNO2). (b) Detail of a BPV in a siltstone showing small quartz crystals that nucleated on the host-rock
inclusion seam (Wildenhof 42: see Figure 3.13i; EI06VN10). (c) Chlorite booklets present at the irregular vein
wall. Bedding-parallel stylolites cross-cut the quartz grains. (d) Insolubles present in the stylolites. (e) Chlorite
booklets at the vein wall are present between quartz grains. (f) Thin section cut parallel to the macroscopic
slickenlines showing a thin laminated BPV in a siltstone sequence. Quartz laminae alternating with host-rock
inclusion lines showing a pronounced top-to-the-NW bedding-parallel shear (example from Hubertus Héhe 73:
see Figure 3.34f; EIO7VN10). (g) Absence of shear in a thin section cut perpendicular to macroscopic
slickenlines. (h) Crack-seal crystal fibres demonstrating oblique fibre growth and wvein opening.
(i) Discontinuous inclusion bands restricted to two fibrous crystals. (j) Detail of a shear laminae showing strong
recrystallisation exemplified by bulging of the grain boundaries.
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The mainly blocky vein fabric of the thin
intrabedded BPVs supports crystal growth in a
fracture (cavity), in which the fracture rate
exceeds the crystal growth rate. Moreover, a
transient high permeability must have existed in
order to allow the formation of these large
blocky crystals. This fracture (cavity) has
completely sealed up the overlying fracture wall
of the wvein. When a new fracture is
subsequently created, it tears a thin part of the
host rock, currently present as a thin
intervening irregular inclusion seam in the vein
(see BOX Il and BOX III for terminology of
inclusion bands versus seams). Around this
inclusion seam very small quartz crystals are
observed. In the subsequent phase, these small
crystals in this blocky lamina have nucleated
on this surface and again grow in an open
fracture, evolving from an elongate to a blocky
crystal habit (Figure 4.8b) until this second
phase is completely sealed. The absence of
lateral displacement along the vein, for instance
exemplified by an intrabedded BPV cross-
cutting a bedding-normal vein in a sandstone
unit (Figure 3.13e-h), is indicative of a
bedding-normal opening of the vein, although
the blocky vein fabric precludes to deduce the
opening trajectory. The only possible solution
to explain this vein growth is a mechanism that
is able to keep this fracture open against the
overburden pressure. This can be explained by
the presence of lithostatic  pore-fluid
overpressures that created the initial fracture
and remained present during crystal growth.
However, it may be difficult to maintain
lithostatic fluid pressure in a cavity during a
long period. Therefore, small incorporated host-
rock inclusion fragments might have formed
bridges that kept the fractures open. Between
these bridges, blocky quartz crystal growth
might have occurred in a cavity in which the
fluid-pressure state already decreased below
lithostatic. Nevertheless, the vein fabric and
macroscopic observations indicate that these
thin intrabedded BPVs are clearly extension
veins, interpreted to form at low differential
stress (Etheridge 1983, Secor 1965).

The second type of intrabedded veins that is
discussed concerns a centimetre-thick laminated
vein observed in a siltstone sequence (see
example in Figure 3.34f from the Hubertus
Hohe section) which is representative of all the
laminated intrabedded BPVs in siltstone
sequences (case iv). Microscopically the vein is
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characterised of numerous quartz laminae
consisting of very small crystal sizes, inter-
calated with numerous fine-grained host-rock
inclusion lines and a single lamina with larger
blocky crystals (upper part of the vein in Figure
4.8f). Similar to the BPV in Figure 4.8a, a vein
growth from the lower vein wall to the upper
vein wall is suggested. Furthermore, a
pronounced shear direction is visible in thin
sections that are cut through the veins, parallel
to the macroscopic slickenlines on the vein wall
(Figure 4.8f). This shear is absent in thin
sections cut perpendicular to these slickenlines
(Figure 4.8g). In the BPV, the bottomlying vein
wall has a relatively flat morphology on which
initially fibrous crystals nucleate. The fibres
evolve along their crystal elongation into an
elongate-blocky fabric. The fibres in this
specific quartz lamina (crack-seal lamina in
Figure 4.8f) are characterised by a repetitive
pattern of numerous crack-seal inclusion bands
which mimic the shape of the vein wall. These
inclusion bands are oriented parallel to the vein
wall, and oriented at high angle to the crystal
elongation. They are laterally continuous along
the vein thereby cross-cutting the quartz fibres
(Figure 4.8h and i) and show an irregular
spacing of 10 um to 25 um. It can be suggested
that the spacing of these inclusion bands
represents the opening and sealing of
incremental fractures as they are continuously
present in many fibres. The fibrous to elongated
quartz crystals in which these solid inclusion
bands are present, vary in orientation from
subperpendicular to oblique to the vein wall.
Both straight and slightly curved mineral fibres
with sharp fibre-contacts, respectively oriented
subperpendicular and oblique to the vein wall,
appear in the wvein. This oblique crystal
orientation is indicative of an oblique opening
as the fibrous to elongate crystals remain their
crystallographic orientation along the crystal
elongation. This oblique opening is furthermore
shown by the oblique spacing of host-rock
inclusion bands within a single fibre crystal
(Figure 4.8i).

The orientation of the oblique fibres can locally
be correlated with the NW-directed shear,
indicated by the orientation of the slickenlines
and slickenfibres on the bedding-parallel vein
walls. Also, the uniform crystallographic
orientation along the curved fibres and the
absence of intragranular recrystallisation,
deformation lamellae or undulose extinction in
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the fibres (Figure 4.8h and i) indicate oblique
opening rather than post-veining shear. In this
specific crack-seal lamina, it can be concluded
that the precipitation rate was faster than the
fracturing rate, as evidenced by the repetitive
inclusion bands.

The overall part of the vein, however, consists
of planar host-rock inclusion seams alternating
with  millimetre-thick laminae, in which
assemblages of very small crystals of only a
few um occur (Figure 4.8)). These small quartz
crystals show a strong variability in grain size
and are intensely recrystallised compared to the
crystals in for instance the blocky lamina at the
upper part of the vein (Figure 4.8f). This
recrystallisation is exemplified by bulging of
the quartz grain boundaries, a common
mechanism of dynamic recrystallisation on a
grain scale at low temperature (Passchier &
Trouw 2005) and high differential stress. These
millimetre-thick laminae are interpreted to be
shear-related laminae in which crystals small
crystals grow and are recrystallised after vein
emplacement. Contrary to the uniform
thickness of the basal crack-seal lamina, these
shear bands laterally fan out and are organised
in small ramps (Figure 4.8a) corresponding to
the NW-directed macroscopic shear deduced
from the slickenfibres. Between the shear
laminae, many laminae occur that are
characterised by undeformed blocky quartz
crystals, comparable to the blocky laminae
observed in the intrabedded veins in the
sandstone (Figure 4.8a).

It may be concluded from the fabric analysis of
this type of intrabedded BPV that the
pronounced bedding-parallel fabric and the
localised deformation zones in the shear
laminae are robust evidence of bedding-parallel
shearing. During vein thickening, quartz
initially precipitates in incremental steps of
normal to oblique opening (crack-seal lamina)
and subsequently as small crystals in the shear
laminae. Deformation of the shear laminae took
place during cataclasis and subsequent
recrystallisation (see quartz microstructures in
section 4.4.4 for explanation). The intervening
blocky laminae may indicate intermediate
crystal growth in an opening fracture, in a
mechanism similar to the intrabedded veins in
the competent unit. Alternating extensional
features with shear-related features allow

defining this specific type of BPV as an
extension to extensional-shear vein which both
form at low to relatively low differential stress
(Etheridge 1983, Secor 1965).

4.4.2.2 Interbedded veins

Similar to the thin intrabedded bedding-parallel
veins, the thicker interbedded BPVs can be
subdivided in two different vein types, which
can be recognised in the field. The first
composite type is mainly quartz dominated (e.g.
Figure 3.13a) and slickenlines and slickenfibres
are absent on its vein wall. The second type is
dominated by a laminated composition that is
related to bedding-parallel shear as evidenced
by various slickenlines and slickensides on
different quartz laminae (e.g. Figure 3.29f and
g). There is no tendency for both types to
develop preferentially at the incompetent-
competent or competent-incompetent interface.

The first type comprises several centimetre-
thick composite BPVs that predominantly
consist of blocky quartz crystals with variable
crystal sizes, discontinuous host-rock inclusion
seams and stylolites (Figure 4.9a and b). The
stylolites will be discussed separately in section
4.4.3.

The different quartz laminae are characterised
by a considerable grain size variability ranging
from grains of a few pum to millimetre-size
blocky grains. Only by combining several thin
sections, a clear shear sense can be deduced.
First of all, it is clear that the fine- and coarse-
grained laminae are oriented subparallel to
bedding and fan out towards the SE. This is
visible by thickening of the vein towards the
NW, and by small-scale ramps stepping up to
the NW (Figure 4.9a). The fine-grained laminae
at the base of the vein and those between the
coarse-grained laminae have a more dark
appearance and consist of both fine-grained
blocky quartz crystals and grains which have
recrystallised grain boundaries by bulging
recrystallisation. These fine-grained laminae
fan out towards the SE part of the vein. It is
remarkable that the coarse-grained laminae,
which are characterised by large blocky grains
that have a milky-white appearance on the cut
sample (Figure 4.9a), developed on these
ramps, and are aligned inside the vein reflecting
a top-to-the-NW shear.
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no bedémg -parallel fabric pp to shckenlmes

Figure 4.9: Microfabrics of composite and laminated interbedded bedding-parallel quartz veins. (a-b) Thick
composite BPV with stylolites showing an alternation of shear laminae, characterised by very small quartz
crystals, and coarse-grained laminae with large, undeformed blocky crystals. Alignment of blocky laminae
(dashed lines) might indicate an oblique opening related to top-to-the-NW shear (Wildenhof 22; EI07VN22).
(c) Pronounced bedding-parallel fabric in a thin section cut parallel to the macroscopic slickenlines on the vein
wall (Schwammenauel 93, box fold: see Figure 3.29f; EIO5VN40). (d) Less pronounced bedding-parallel fabric
and absence of shear in a thin section oriented perpendicular to slickenlines (Schwammenauel 93, box fold: see
Figure 3.29f; EIO5VN39). (e-i) Details of (c). (e) Millimetre-size host-rock fragments incorporated in the shear
laminae. (f) Host-rock inclusion line, consisting of mainly micas, intercalated between two quartz laminae with
absence of shape preferred orientation of quartz grains. (g) Crack-seal host-rock inclusion banding reflecting
bedding-normal opening of the vein. (h) Crack-seal inclusion bands in elongate-blocky crystals. Typical spacing
of inclusion bands of 10um. (i) Strong recrystallisation observed in the shear laminae, exemplified by bulging of
the quartz grain boundaries.
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Similar to the thin intrabedded BPVs, it can be
argued that these fine-grained laminae reflect
subparallel shear along small ramps (Figure
4.9b) in which small quartz grains grow and
deform by cataclasis and recrystallise during
subsequent deformation (see explanation in
section 4.4.4). The coarse-grained laminae that
are arranged in an oblique pattern fit in this
kinematic history in such way that they
represent phases in which a higher transient
permeability was present allowing crystal
growth with a blocky fabric. Unfortunately, the
blocky crystal habit does not allow deducing an
opening trajectory that could confirm this NW-
directed shear.

The second type (Figure 4.9c and d) is strongly
dominated by a laminated composite internal
fabric consisting of several distinct generations
of bedding-parallel quartz laminae with
incorporated  isolated fractured wall-rock
fragments (Figure 4.9e) intercalated with planar
wall-rock inclusion seams which vary from
thin, millimetre-size slices parallel to the vein
wall to fractured host-rock fragments. The vein
walls of these wveins are characterised by
slickenlines which are uniform in trend on a
single lamina, but slightly vary in orientation
from lamina to lamina (e.g. BPV in box fold at
Schwammenauel: Figure 3.36). It was proposed
in section 3.5.2.2 that these veins result from
bedding-parallel thrusting related to small
ramps, during which several phases of quartz
precipitation alternate with bedding-parallel
slip. The microfabric of the vein can confirm
this hypothesis. Similar to the sheared thin
intrabedded BPVs, a pronounced bedding-
parallel fabric is only observed in those thin
sections which are cut parallel to the
slickenlines, i.e. perpendicular to the wvein
(Figure 4.9c). In thin sections prepared
perpendicular to slickenlines, in which a
pronounced bedding-parallel fabric is absent,
host-rock inclusion seams occur in an
anastomosing pattern intercalated with ribbons
of quartz laminae (Figure 4.9d). Local offshoots
below the vein have a blocky infill (Figure
4.9d). This demonstrates that shear direction
was preferential during vein growth.

Three types of microfabrics are observed within
the laminated interbedded BPVs and are
indicative of different phases of vein growth or
vein deformation: crack-seal microstructures,
curved mineral fibres and open-space filled
blocky crystals. Repetitive crack and seal is

defined by fibrous to elongate-blocky quartz
crystals with a continuous crystallographic
orientation in which host-rock inclusion bands
occur. The inclusion bands are oriented parallel
to the vein wall and perpendicular to the
elongation of the quartz laminae. They are
laterally continuous along the vein thereby
cross-cutting the quartz fibres (Figure 4.99).
Inclusion bands are mostly irregularly spaced,
ranging between 10 um and 25 pm, and reflect
the morphology of the original vein wall
thereby representing the major opening
direction of these crack-seal laminae. Within
these laminae, both straight and curved mineral
fibres with sharp fibre-contacts, respectively
oriented perpendicular or subperpendicular to
the vein wall or to the internal bedding-parallel
seams, appear locally in the veins (Figure 4.99
and h). This oblique crystal orientation is
indicative of growth competition of adjacent
quartz crystals during crystallisation rather than
an indication of an oblique opening (e.g. Cox
1987) as the inclusion bands are displaced
perpendicular to the internal bedding. The
open-space  filling  microstructures, i.e.
elongate-blocky to blocky quartz crystals with a
variability in grain size, are randomly
distributed through the vein, but mainly occur
within coarse-grained quartz lamina that are
contained between thin host-rock inclusion
seams (Figure 4.9f). The sometimes fully
incorporated host-rock fragments contain thin
bedding-parallel fractures and always occur in
coarse-grained laminae (Figure 4.9¢e). They can
take up considerable sizes up to several
millimetres. Phyllosilicates are restricted to the
host-rock inclusion seams and fragments and
mimic the mineralogy of the under- or
overlying siltstone. Finally, similar to the
previous described BPVs, thin fine-grained
shear laminae with strongly recrystallised
grains occur interbedded in the coarse-grained
laminae and host-rock inclusion lines (Figure
4.9i) and represent bedding-parallel shear
restricted to these thin laminae.

To conclude, this type of laminated interbedded
BPV resembles the laminated intrabedded
BPVs in such way that alternating extensional
and shear features co-occur within the vein. It is
thus fair to define these laminated interbedded
bedding-parallel veins as extension to
extensional-shear veins, which are defined to
form at low to relatively low differential stress
respectively (Etheridge 1983, Secor 1965).
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Finally, in order to give a conclusive answer to
the guestion whether a bedding-parallel vein is
composed differently at different positions with
respect to the overlying rock, i.e. competent
versus incompetent, the internal fabric of the
folded BPV, at the Eschaulerberg parasitic fold
is studied. It is described in section 3.3.3 that
this interbedded wvein changes from a
configuration below coarse-grained sandstone
in the synclinal hinge of the fold to an
interbedded position above coarse-grained
sandstone in the overturned SE-dipping limb
(see Figure 3.23). First of all, it is clear that a
shear component is present in those thin
sections cut parallel to the slickenlines (Figure
4.10a and b) which is absent in thin sections
perpendicular to the slickenlines (Figure 4.10c).
Furthermore, several features in both parts of
the BPV are supportive for a similar top-to-the-
NNW shear during the complex development of
this centimetre-thick BPV. Both parts of the
vein comprise straight fibrous crystals which
evolve to a curved crystal habit in which the
crystallographic orientation remains constant
along the curved crystal elongation. Although
host-rock inclusion bands that could track the
opening trajectory are absent, it can be argued
that the dominant orientation of the oblique
fibrous to elongate crystals to the NNW is a
growth feature. The uniform crystallographic
orientation along the curved fibres and the
absence of recrystallisation, deformation
lamellae or undulose extinction indicate simple
shear during vein opening rather than post-
veining shear. Also, several ramps are observed
that step up towards the NNW. Moreover,
sometimes elongate crystals have their crystal
elongation oriented parallel to the SSE-side of a
host-rock inclusion fragment, whereas at its
NNW-side, the crystal elongation is oriented
perpendicular to the host-rock inclusion
fragment (see inclusion fragment in the NNW
upper corner of Figure 4.10b and it surrounding
crystals). Fine-grained shear laminae with
recrystallised crystals occur at the upper part of
both vein parts.

Eventually, it can be concluded that although
the vein is folded, the complex fabric at both
parts of the vein indicate a NNW-shear that
corresponds to the shear direction derived from
the slickenlines and slickenfibres on top of the
vein (see Figure 3.25). Fibrous crystal infill is
related to an increased precipitation rate with
respect to the fracturing rate.
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Figure 4.10: Composite bedding-parallel veins of
the Eschaulerberg parasitic fold (see BPV; in Figure
3.23a and b). (a) BPV, of the overturned SE-dipping
limb of the parasitic fold showing from bottom to
top: fibrous bedding-normal laminae reflecting
uplift, large elongate-blocky crystals reflecting
oblique opening and shear laminae with micrometre-
size crystals. Section parallel to slickenlines
(EI08VYN22). (b) BPV; of the normal SE-dipping
limb of the parasitic fold showing centimetre-size
elongated curved crystals with a consistent
crystallographic orientation along their curvature
indicating oblique opening (EIO8VN25). (c) Thin
section perpendicular to (b), and perpendicular to
slickenlines, characterised by a less pronounced
bedding-parallel fabric and absence of shear sense
indicators (EIO8VNZ22).
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During subsequent infill, the fracture rate must
have been increased with respect to the crystal
rate as curved elongate-blocky crystals in the
middle part of the vein are observed. Finally in
a late stage, shear laminae developed,
representing high-strain bedding-parallel shear
during which small crystals grow and other
crystals are cataclased. It is further concluded
that if a vein is situated below an incompetent
siltstone sequence, it may comprise more host-
rock inclusion seams and fragments (Figure
4.10) than if it occurs interbedded below a
sandstone (Figure 4.10b), simply because of the
strength of the host rock, although, the internal
fabric may not differ between both types.
Consequently, laminated veins with clear planar
host-rock inclusion lines and inclusion
fragments will be mostly present below
siltstone, whereas the composite BPVs are more
favourite of a position below sandstone.

4.4.3 Stylolites in BPVs

Stylolites are serrated surfaces at which mineral
material has been removed by pressure
dissolution in a compressive state and are
therefore used as a fabric to interpret them by
means of maximum principal stress orientation.
Stylolites in a rock or in a vein commonly
develop at irregular particles that are
characterised by a slightly higher permeability
than compared to the rest of the rock body or
vein. Continuous pressure-dissolution along
these irregularities may develop a typical wavy
pattern along which considerable dissolution
has taken place. In veins, the formation of
stylolites often result from fluid-assisted mass
transfer processes (cf. Blenkinsop 2000) and are
both temperature and pressure dependent.

Numerous bedding-parallel  stylolites are
present in the intrabedded and interbedded
composite BPVs. They are absent, or they have
not been observed in the laminated veins. On
cut samples irregularly anastomosing patterns
of laterally discontinuous stylolites are visible
(Figure 4.11a). The clayey material within these
stylolites is often completely eroded, leaving an
empty stylolite behind (Figure 4.9a). In thin
section, the stylolites are situated in the coarse-
grained blocky laminae (Figure 4.8b-d), at the
interface of different coarse-grained and fine-
grained laminae, or at the contact with a host-
rock inclusion seam (Figure 4.11f-h). Stylolites
have a composite morphology consisting of a

dark rim of insolubles, iron oxides (Figure
4.11b and c¢) and elongate micas (mainly
muscovite, Figure 4.11d and e). Also chlorite
booklets are often developed at these dissolved
surfaces (Figure 4.11f).

In the blocky quartz laminae, stylolites are
developed at irregularities at the contact of
different quartz grains, which is evidenced by
the different crystallographic of the grains
above and below the stylolite (Figure 4.11d
and e). They overprint primary crystal growth
features (Figure 4.9b) and laterally fade out. If
the irregular pattern of the stylolite is fully
attributed to dissolution, then the amount of
dissolution along these stylolites can be
estimated. The height of the wavy pattern of a
stylolite is assumed to be similar to the initial
height before dissolution. By counting up the
individual heights (h; to h; in Figure 4.11a) of
different stylolites along an arbitrary chosen
line through a wvein, the total amount of
dissolution can be estimated (Figure 4.11a). In
this particular example, the total cumulative
height of the stylolites measures 4.7 mm in a
vein with a height (hy) of 32 mm. Hence, the
original height of the vein would have been
36.7 mm. The ratio of 4.7 / 36.7 may indicate a
(possibly overestimated) considerable amount
of ~12% of dissolved material. This may
indicate that a considerable amount of fluids
must have been present in order to dissolve the
quartz (solubility of quartz ~400 ppm at
250°C).

Stylolites also often intervene with the host-
rock inclusion seams and fragments that are
distributed internally in the BPVs, giving the
inclusions an anastomosing irregular pattern
(Figure 4.11g and h). These host-rock
inclusions seem to be the irregularities
necessary for the initiation of the dissolution.
Such an anastomosing fabric developed at host-
rock inclusions is defined as ‘stylolitised” wall-
rock seams (Fowler 1996). The anastomosing
pattern of dissolution surfaces at the inclusion
trails may, however, partly be related to the
original fracture surface when the inclusion is
teared from the wall rock and probably cannot
fully be attributed to dissolution. In the majority
of these examples, very small (~100 pum),
undeformed quartz grains are present around
the stylolitic surface and seem to have
nucleated on the insolubles in the stylolite
(Figure 4.8b; Figure 4.11g).
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Stylolites  characterised by  composite
morphologies and residual minerals, are
common in BPVs and have been explained by
various mechanisms (Cox 1995, de Roo &
Weber 1992, Fisher & Byrne 1990, Fowler
1996, Jessell et al. 1994, Jia et al. 2000, Teixell
et al. 2000; Koehn & Passchier 2000,
Nicholson 1978, Wilson et al. 2009). Stylolites
may form during bedding-parallel slip after vein
emplacement (de Roo & Weber 1992), a
process known as pressure-solution slip (Elliott
1976 in de Roo & Weber 1992). However, the

stylolites observed in the composite BPVs, are
quite irregular in shape, locally truncate larger
crystals and are marked by residual minerals.
These observations contrast with the rather
planar pressure-dissolution slip, indicating that
pressure-dissolution slip has not taken place in
the BPVs after veins formation (cf. Jessell et al.
1994, Koehn & Passchier 2000). Therefore, it
can be argued that dissolution already occurred
during the development of the BPVs, rather
than in a later stage.
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Figure 4.11: Microstructural petrography of stylolltes in composite bedding-parallel veins. See Appendix B for
sample localities. (a) Anastomosing bedding-parallel stylolites (EI05VN25). (b-c) Detail of (a) under (b) plane-
polarised and (c) cross-polarised light showing insolubles and iron oxides. (d) Anastomosing stylolite with green
chlorites (EIO5VN44). (e) Similar sample as in (d) under cross-polarised light showing micas (mainly muscovite)
and iron oxides in the stylolite. The blocky quartz grains have different crystallographic orientation above and
below the stylolite. (f) Detail of (d) showing chlorite booklets that nucleated on the insolubles. (g) Two coarse-
grained laminae with blocky grains separated by a stylolite which is characterised by small quartz grains
(EI05VN25). (h) Small quartz crystals (grains) are present within the ‘stylolitised’ inclusion seam and on the

inclusion fragment (EIO5VN44).
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The microstructural observations suggest that
this pressure-dissolution took place along
discrete planes, e.g. the porous host-rock
inclusion  seams,  with  local  higher
permeabilities along which fluids could pass
and allowed transport of dissolved material.
The dissolution is related to fluid-assisted mass
transfer and presumably took place at the
boundaries of quartz grains attached to the
stylolites or at the host-rock inclusion seams.
The dissolved material may have been
precipitated immediately at the stylolite, which
is exemplified by the presence of the very small
crystals present at the stylolites and in the
inclusion seams and fragments (Figure 4.8b;
Figure 4.11g and h). Wilson et al. (2009)
demonstrated that this process takes place
commonly in extension and extensional-shear
bedding-parallel veins. The consequences of
these stylolites on the kinematic history will be
discussed in section 4.4.5. Furthermore, the co-
occurrence of stylolites, resulting from
dissolution in an unsaturated fluid, with vein
accumulation, resulting from a supersaturated
fluid, might still be problematic to explain.
Unfortunately, the discussion to solve this
research problem is beyond the scope of this
work.

4.4.4 Microstructures in quartz

Microstructures related to deformation have
already briefly been illustrated in the fabric
analysis of the BPVs. In the thicker coarse-
grained blocky laminae, the majority of the
blocky grains are undeformed quartz crystals
with clear crystal contacts and without any
evidence of intergranular deformation (see
blocky lamina in Figure 4.12). Blocky grains
sometimes coexist next to slightly deformed
blocky crystals that show evidence of an
internal crystal-plastic deformation, such as
undulose extinction, and locally preserve
deformation lamellae. This indicates that there
must have been at least minor deformation after
emplacement of the blocky grains. The minor
deformation in the coarse-grained laminae
strongly contrasts to the intense recrystallisation
in the fine-grained shear laminae that consist of
assemblages of very small crystals of only a
few pm to crystals of several tens of um (Figure
4.12). These shear laminae thus show a strong
grain size variability. This can be mainly
attributed to the strong recrystallisation which

is mainly exemplified by bulging of the quartz
grain boundaries (Figure 4.8j; Figure 4.9i;
Figure 4.12). Bulging recrystallisation has been
identified as the most important dynamic
recrystallisation process in the shear laminae
and is considered to be dominant during
progressive  deformation commencing at
temperatures of 250°C at higher differential
stress (Passchier & Trouw 2005).
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Figure 4.12: Quartz microstructures in a laminated
bedding-parallel vein (EIO5VN40). Undeformed
crystals in the blocky lamina. Considerable grain
size variability in shear laminae in which crystals are
deformed by bulging recrystallisation. FIPs: fluid
inclusion planes.

The occurrence of alternating small and large
quartz crystals in laminated bedding-parallel
veins has been used as evidence of cataclasis or
brecciation of large quartz crystals during high
strain-rate shear events (e.g. Cox 1995, de Roo
& Weber 1992). The latter authors argue that
after brecciation fast nucleation of small
crystals could have occurred between the
brecciated crystals causing a specific vein fabric
with a strong variability in grain sizes.
Unfortunately, brittle cataclasis of the large or
small crystals in the BPVs has not directly been
observed in the fabric analysis. Also, if
cataclasis would have occurred during the
formation of the BPVs studied, subsequent
recrystallisation would have obscured the
evidence.

Furthermore, shear is considered to be a relative
fast process taking place at increased strain
rates (e.g. Cox 1995, de Roo & Weber 1992),

129



CHAPTER 4 - Microstructural fabric analysis

whereas recrystallisation occurs at relatively
slow strain rate. The seemingly contrasting co-
occurrence of these features in the shear
laminae can be explained as follows: the
formation of the bedding-parallel laminated
veins is attributed to bedding-parallel thrusting
at the onset of folding. Hence, it is likely that
the formation of the shear laminae occurred
along micrometre-size bedding-(sub)parallel
thrusts and microramps (Figure 4.9b) at which
cataclasis of quartz crystals must have taken
place. As a result of cataclasis and nucleation of
these small crystals, the quartz grains
(de)formed along these microfractures would be
characterised by numerous dislocations and
defects in their crystal lattice. Subsequently,
these lattice defects will act as a focus to
subsequent deformation during the main phase
of the Variscan contraction. As result, dynamic
recrystallisation by bulging of the crystal walls
occurred in the shear laminae, taking place at
higher differential stress than during the
formation of the extension to extensional-shear
veins. In contrast, the large blocky crystals in
the blocky laminae have grown in their
preferred crystallographic orientation and
contain hardly any dislocations or defects in
their crystal lattice. Hence, they are resistant to
deformation at higher differential stress and are
undeformed. This is exemplified by the often
clear and undeformed crystal contacts between
the grains.

4.4.5 Interpretation and discussion

In section 3.5.2, two different wveining
mechanisms are proposed to be responsible for
the formation of bedding-parallel veins. A first
mechanism (Figure 3.42b and c) is related to
the formation of interbedded BPVs, situated
below and above competent sandstones, and the
BPVs that occur intrabedded in siltstone
sequences. For all three configurations a
mechanism can be attributed in which bedding-
parallel slip, related to bedding-parallel
thrusting, is responsible for the composite
nature of the veins. The latter mechanism is
evidenced by, NNW- to NW-directed,
displacement of bedding-normal veins, small-
scale ramps and numerous slickenlines on the
different quartz laminae internally in the veins.
A second mechanism relates to the milky-white
BPVs that occur intrabedded in competent units
(Figure 3.42a) and in siltstones (Figure 3.13i).

130

In this model it has been proposed that thin
BPVs result from bedding-normal uplift of the
layers, with absence of any lateral
displacement.

It is shown in the microstructural analysis of the
BPVs that these two mechanisms are supported
by the internal fabric of the veins. The BPVs
intrabedded in sandstone are composed of a
fabric that consists of small elongate-blocky
crystals at the lower vein wall which evolve to a
dominantly blocky fabric up to the upper vein
wall or to an intervening host-rock inclusion
seam (Figure 4.8a). The absence of lateral
displacement suggests that these are extension
veins. This specific vein fabric is explained by
crystal growth in a fracture cavity that remains
open due to the opening rate exceeding the rate
of crystal growth. This mechanism requires
lithostatic pore-fluid overpressures to keep the
cavity open against the overburden pressure
allowing crystals to grow. Such bedding-
parallel extension veins correspond to those
that have formed in sedimentary basins in
which the veins open parallel to the vertical
minimum principal stress (e.g. Cosgrove 1993,
Henderson et al. 1990, Jessell et al. 1994),
although a bedding-normal fibrous fabric such
as observed in the ‘beefs’ has not been observed
(Cobbold & Rodrigues 2007, Rodrigues et al.
2009).

The microfabric of the typical laminated veins,
characterised by numerous quartz laminae and
host-rock inclusion seams (Figure 4.8f, Figure
4.9c), can be explained by bedding-normal
uplift combined with bedding-parallel shear.
First of all, crack-seal laminae, with spaced
host-rock inclusion bands ranging between
10 um and 25 pm, are typical in these laminated
veins. The spacing of these inclusion bands
reflects cyclic opening and sealing of
incremental fractures that open perpendicular to
subperpendicular to the vein wall. Crack-seal
microstructures conform to those of Ramsay
(1980) are common in laminated veins
(Boullier & Robert 1992, de Roo & Weber
1992, Foxford et al. 2000) and an average
spacing of 25um is representative of the
“noisy” stress release fluctuations at the time of
vein formation (Renard et al. 2005). This means
that crack-seal spacing is related to variations in
the local stress-state within the host-rock during
fracturing (see Chapter 7 for the layer-scale
stress state). Laminated veins are furthermore
characterised by shear laminae that occur
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between planar host-rock inclusion seams and
host-rock inclusion fragments which are
incorporated in the wveins. The considerable
grain size variability in the shear laminae is
indicative of localised shearing and subsequent
recrystallisation of the crystals at higher
differential stress during subsequent
deformation. Owing to this robust evidence of
bedding-parallel shearing, the laminated veins
can be classified as extensional-shear veins.

These extensional to extensional-shear features
exclude the possibility that the BPVs in the
North Eifel are compressional shear veins,
formed by an amalgamation of dilational jogs
(e.g. Hilgers et al. 2006b, Koehn & Passchier
2000). In literature, shear veins related to
bedding-parallel slip often comprise a very
typical internal fabric in which oblique host-
rock inclusion trails and subhorizontal crystal
fibres track a lateral opening of the veins. The
alignment of these inclusion trails have been
used as shear sense indicators (Jessell et al.
1994, Koehn & Passchier 2000). Such a striped
bedding-vein defines a specific stress state in
which the maximum principal stress is at high
angle to the vein (e.g. Fagereng et al. 2010),
and high differential stresses are required (e.g.
Teixell et al. 2000), a stress state however
incompatible with the formation of BPVs in the
North Eifel.

Bedding-parallel shear has also been observed
in composite bedding-parallel veins that are
characterised by alternating coarse-grained and
fine-grained laminae (Figure 4.9b). In these
veins, fine-grained recrystallised shear laminae
occur in small ramps, indicative of a NW- to a
NNW-directed shear. In the intermediate
coarse-grained laminae, which grow on these
ramps, grain size variability is a growth
phenomenon that mainly is controlled by the
ratio of the fracture opening rate versus the
precipitation rate (Hilgers et al. 2001). Large
blocky crystals may grow in an open fluid-filled
void until the void collapses. Subsequently,
either a new coarse-grained or a shear lamina
subsequently may develop. The internal solid
inclusion seams that are teared apart during
fracturing form new surfaces on which crystals
can grow during further vein thickening
(Hilgers & Urai 2005). These multiple phases
of opening and closing of a fluid-filled void at
the time of vein formation can be linked to the
earthquake cycle (Boullier & Robert 1992, Cox
1995) and to fluid-pressure cycling (cf. ‘fault-

valving’) (Sibson 1990). In these models, veins
precipitated from an overpressured fluid in the
seismic periods while during the interseismic
periods, the void collapsed in response to a
decrease of the fluid pressure below lithostatic.

The phases of bedding-normal collapse can be
interpreted to be the trigger of a transient
compressive state during which anastomosing
stylolites formed parallel to the quartz laminae
in the BPVs. Stylolites in bedding-parallel veins
often result from pressure-dissolution during
fluid-assisted (diffuse) mass-transfer (Wilson et
al. 2009). They preferentially developed at the
contacts of quartz grains boundaries or at the
contact with host-rock inclusion seams in which
the porous structure of the host-rock provided
the permeability to transport the dissolved
material. The small grains present at the
stylolites and at the host-rock seams may be the
result of local precipitation of this dissolved
material. Although the bedding-normal, uplift-
related, extensional features evidence an overall
stress state with a horizontal maximum
principal stress (o;~oy), such collapses
occurred repeatedly and evidence compaction
during transient seismic switches of o; towards
the vertical.

4.5 Fluid-inclusion petrography

Additional to the microfabric study of the veins,
also a petrographic analysis of the fluid
inclusions present in vein quartz has been
performed. The study of fluid inclusions
trapped in vein quartz is important as they are
directly representative of the vein-forming
fluids. From their study, the composition of the
fluid from which the vein precipitated, as well
as pressure and temperature (P-T) conditions at
the time of precipitation can be derived by
microthermometry (Chapter 5). However, to
determine the P-T conditions properly, it is
crucial to choose those fluid inclusions that are
trapped during crystallisation and thus reflect
the fluids during vein growth and not those
inclusions that may have formed in late cracks,
when the vein already completely sealed.
Therefore a detailed petrographic analysis is
needed.

Based on the timing of formation with respect
to crystal growth, fluid inclusions are
classically separated in three different groups
(Roedder 1984, Shepherd et al. 1985). Primary
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inclusions are considered to be trapped during
crystal growth when small crystal imperfections
or irregularities in the crystal lattice are sealed
off and allow the presence of small remnants of
the vein-forming fluid. These primary
inclusions are arranged in growth bands parallel
to the crystal faces and mainly form in blocky
crystals. Primary inclusions occurring in growth
zones are absent in the selected samples
representative of the bedding-normal veins (see
Table 5.1 in Chapter 5). A second type
comprises pseudosecondary fluid inclusions
which are interpreted to represent fluids trapped
in healed microcracks that formed during
crystal growth. A third group of fluid inclusions
concerns all secondary fluid inclusions that are
trapped during fracturing and subsequent re-
sealing of microcracks in a pre-existing crystal.
If fluid inclusions are studied in 2D in a thin
section, they often occur in trails. These trails,
however, only provide a limited part of a 3D
trapped fluid inclusion planes (FIPs). Studying
fluid inclusions in 200 um-thick wafers has the
major advantage that the orientation of these 3D
fluid-inclusion planes (FIPs) can be estimated
and can be measured.

4.5.1 Bedding-normal veins

In the centimetre-thick and composite bedding-
normal veins, pseudosecondary inclusion trails
are ubiquitous in fibrous to elongate-blocky
crystals. Pseudosecondary fluid inclusions are
always oriented in trails at high angle or
perpendicular to the crystal elongation in
fibrous and stretched vein fills (Figure 4.13a-¢).
If the fibres for instance track an opening
trajectory perpendicular to the vein wall,
pseudosecondary trails are oriented parallel to
the vein wall (Figure 4.13b and d). However,
the microfabric analysis pointed out that
sometimes fibres do not track the opening
trajectory and are oriented oblique to the crystal
wall. In these examples pseudosecondary fluid-
inclusion trails may still be oriented perpen-
dicular to the vein wall, but at high angle to the
fibre elongation (Figure 4.13a). Trails are
furthermore restricted to an individual fibre and
change in orientation at the contact between
two fibres (Figure 4.13e). If crack-seal
inclusion bands are present in fibres, oriented
perpendicular to the crystal elongation; the
pseudosecondary inclusion trails in this fibre
are parallel to the inclusion bands. Pseudo-
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secondary inclusion trails thus correspond to
intracrystal healed microcracks during crystal
growth and also indicate that vein precipitation
occurred by incremental crack-seal steps. The
specific orientation of the pseudosecondary
trails in BNVs; i.e. perpendicular to the fibrous
crystal borders and parallel to the vein walls,
and their repetitive pattern confirm the
interpretations made in the fabric analysis (see
section 4.3), indicating that the bedding-normal
veins are extension veins, which originally
grew in Mode |l fractures. It may thus be
interpreted  that  pseudosecondary  fluid-
inclusion trails have trapped a fluid from which
the quartz precipitated and are therefore very
useful to reconstruct the P-T conditions during
veining. In the studied wafers of the bedding-
normal veins, secondary inclusion trails are
always oriented parallel to the outer vein walls
(Figure 4.13b, f and i), but they are not
necessarily oriented perpendicular to the crystal
elongation (Figure 4.13g and h). The secondary
trails are continuous through the different
quartz crystals, i.e. transcrystal. In this
configuration, the secondary fluid-inclusion
trails correspond to the resealing of post-
veining transcrystal microcracks. Although it is
shown from the petrography that these trails
have a secondary origin, their specific
orientation parallel to the wvein walls
demonstrates that microcracks still developed
after formation of the bedding-normal veins.

Fluid inclusions occur within quartz crystals
that do not show any evidence of crystal
deformation. In other crystals, the intersection
of inclusion trails with crystal imperfections
such as deformation lamellae (Figure 4.6l;
Figure 4.13l) caused opening of the fluid
inclusions and created a loss of fluid during
deformation. Consequently, these recrystallised
grains are swept-clean of any fluid inclusion
(cf. O'Hara & Haak 1992). In order to measure
fluid inclusions properly, such deformed
crystals are avoided in the microthermometric
study. In addition, if grain boundary migration
such as bulging did occur during recrystal-
lisation, fluid inclusions may be reduced in size
or may have leaked during the grain boundary
mobility (Schmatz & Urai 2010). In both cases,
this will cause an increase in homogenisation
temperature, indicating that measuring fluid
inclusions at the grain boundary should be
avoided for deducing original pressure and
temperature conditions during veining.
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Figure 4.13: Microstructural petrography of fluid inclusions in bedding-normal veins. Examples studied on
wafers. See Appendix B for sample localities. (a-c) Examples of intracrystal pseudosecondary fluid-inclusion
planes oriented oblique or at high angle to the fibrous crystal walls (EIO6VNO7). (d) Pseudosecondary fluid-
inclusion planes terminating at the crystal surface (EIO6VNO1). (e) Pseudosecondary fluid-inclusion planes
remain at high angle to the crystal wall and to the crystal elongation irrespective of the orientation of the fibre
crystal (EI06VNO06). (f-h) Transcrystal secondary fluid-inclusion planes cross-cutting multiple fibres and
oriented at high angle to the fibre orientation (EI06VVNO1). (i) Transcrystal secondary fluid-inclusion planes
(arrows) oriented parallel to the macroscopic vein wall (EIO6VNOL). (j-k) Examples of re-equilibrated fluid
inclusions that are avoided during microthermometry. (j) Leakage causing an increase in the vapour volume (k)
Decrepitation causing an increase in the vapour volume. (I) Deformation lamellae causing leakage of fluids out
of the fluid inclusion (EI06\VVN08).
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At room temperature, both pseudosecondary
and secondary fluid inclusions in the studied
wafers consist of two phases; i.e. an aqueous
liquid and aqueous vapour phase. The measured
pseudosecondary inclusions have a consistent
lenticular shape, with the long axis being
smaller than 10 um. The gas volume of the
majority of the inclusions is ~15 % with the
exception of some individual large inclusions,
which show gas volumes up to ~35 %. Such
large bubble sizes, however, are most probably
related to re-equilibration of the fluid inclusion,
attributed to leakage (Figure 4.13j and k). The
secondary trails consist of alignment of very
small spherical inclusions, often less than 5 pm
with a gas bubble up to 20 % of the inclusion
and are very difficult to measure. As previously
described in the microstructural deformation of
the wveins, deformation lamellae are often
present in fibrous veins. Because of the fact that
they are oriented at high angle to the crystal
elongation, and thus parallel to pseudo-
secondary fluid-inclusion trails (Figure 4.13I),
their formation has caused re-equilibration of
the fluid inclusions in such way that either
leakage or necking-down of the fluid inclusions
occurred which results in higher homogen-
isation temperatures (cf. Kerrich 1976, Vernooij
& Langenhorst 2005).

4.5.2 Bedding-parallel veins

In the bedding-parallel veins, only the
undeformed crystals are of interest for defining
primary or pseudosecondary inclusions that
reflect the original composition and pressure-
temperature conditions of the fluids from which
the crystals in the bedding-parallel veins
precipitated. The different types of bedding-
parallel veins are characterised by an alternation
of several different types of quartz laminae, i.e.
blocky, crack-seal and shear laminae. Specific
parts of the veins that are interesting to perform
a fluid inclusion petrographical investigation
are those laminae that contain undeformed
quartz crystals.

In the coarse-grained laminae of the composite
BPVs, blocky quartz grains do not show any
recrystallisation fabric and show straight crystal
margins. These grains form an ideal case to
search for representative fluid inclusions.
Although primary inclusions can develop
parallel to growth zones in blocky quartz
crystals (Roedder 1984), they have not been
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observed in the BPVs. Characteristically, only
straight parallel trails and isolated inclusions
are present in the blocky quartz-filled laminae.
These planar trails are parallel to bedding
(Figure 4.14a) and are interpreted to be
pseudosecondary inclusion trails that have been
trapped during incremental fracturing steps
during blocky crystal growth. Isolated
inclusions are abundant in these blocky grains,
and sometimes show strong deformation as
exemplified by a large gaseous vapour in the
inclusion (Figure 4.14e). Although they could
represent a primary growth feature (e.g. Kenis
2004), their origin is often unknown and they
are not further studied.

Furthermore, also the crack-seal laminae, in
which fibrous to elongate-blocky crystals occur
(Figure 4.8h and i), are interesting for
microthermometry.  Pseudosecondary  fluid-
inclusion trails (i.e. fluid-inclusion planes, FIPs,
see comment in section 4.5) are common in the
fibrous to elongated crystals and are oriented at
high angle to the crystal elongation (Figure
4.14b-d). They are interpreted as intragranular
synkinematic trails reflecting fluid entrapment
during vein precipitation and can thus be used
to decipher the P-T conditions during quartz
fibre growth. In the crack-seal bands, bedding-
perpendicular  columnar inclusion trails,
oriented at high angle to the crystal elongation
and cross-cutting fibrous crystal margins
(Figure 4.14f), are interpreted to be secondary
trails that correspond to  post-veining
transcrystal healed microcracks.

As indicated in the fabric analysis of the
bedding-parallel veins (section 4.4.2), most
crystals in the shear laminae show strong
evidence of dynamic recrystallisation, taking
place as bulging recrystallisation of the crystal
borders after quartz growth (Figure 4.9i; Figure
4.14f). This recrystallisation has destroyed,
stretched or leaked the fluid inclusions making
them unsuitable for microthermometry. At
room temperature, both pseudosecondary and
secondary inclusions in the studied wafers
consist of two phases, i.e. an aqueous liquid and
aqueous vapour phase. The pseudosecondary
inclusions vary in shape from lenticular to
round and triangular, with sizes up to 15 um
and gas volumes of 15 %. Similar to the
secondary inclusions in the BNVs, the
secondary inclusions in the BPVs are rounded.
They are usually very small (=5 um) with
consistent gas volumes (10 %).
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Figure 4.14: Fluid inclusion petrography in bedding-parallel veins. See Appendix B for sample localities.
(a) Pseudosecondary fluid-inclusion trails in blocky quartz grains oriented parallel to bedding (EI08VN25). (b)
Aligned pseudosecondary fluid-inclusion trails in fibrous crystal. Fluid inclusion sizes are less than 10pum
(EIO5VN25). (c-d) Pseudosecondary fluid-inclusion trails perpendicular to the fibrous crystal elongation
(EI06VN10). (e) Re-equilibrated fluid inclusion (black arrow) evidenced by large gaseous bubble (EI05VNO025).
(f) Laminated bedding-parallel vein (EI05VN40). Vertical secondary fluid-inclusion planes (FIPs) cross-cutting
the fibres in crack-seal lamina and oriented at high angle to fibre elongation. Measuring fluid inclusions in
underlying shear laminae should be avoided because of recrystallisation.

4.5.3 Fluid inclusion planes as
tectonic indicators

Microstructures given in literature that are
useful to interpret them by means of maximum
principal stress orientation, are for instance
stylolites in limestone, deformation lamellae,
calcite twins, planar microstructures and fluid-
inclusion planes. The orientation of fluid-
inclusion planes (often only seen as trials in
thin sections) has been used in low-grade
metamorphic environments as a microstructural
marker to reconstruct the palaeostress evolution
in the brittle crust, thereby often being parallel
to the average maximum principal stress (o)
direction (Boullier & Robert 1992, Laubach
1989, Lespinasse 1999, Meere 1995a, Xu
1997). Especially pseudosecondary  fluid
inclusions in fibrous crystals are common in
low metamorphic terrains and are very
promising for a stress state reconstruction
(Boullier & Robert 1992, O'Hara & Haak 1992,
Stowell et al. 1999, Van Noten et al. 2009,
2011, Xu 1997).

For the bedding-normal veins studied, the
specific orientation of the pseudosecondary

planes is very consistent. Within the fibrous
crystals, whether or not characterised by crack-
seal inclusion bands, pseudosecondary
inclusion planes are always oriented
perpendicular to the crystal borders and
(sub)parallel to the vein walls. Their repetitive
pattern within the veins, moreover, indicate that
the observed bedding-normal wveins are
extension veins, such as demonstrated by
macrostructural and microstructural analysis,
which originally grew by multiple phases of
Mode | fracturing and subsequent healing in an
already low-porous competent rock during the
latest stage of burial. In this configuration, the
orientation of fluid-inclusion planes indicates a
maximum principal stress o; that was still
vertical corresponding to overburden loading in
the basin, exemplified, for example, by
dissolution features between the fibre crystals
in an extension vein. These extension veins
indicate an opening in the o; - o, plane parallel
to Gs.

The veins of the omnipresent generation Vg are
thus aligned parallel to the intermediate
principal stress o, (Figure 4.15b) extending
from the NNE to the SSW (Figure 4.15a).
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Furthermore, although it is clearly demon-
strated in the petrography that secondary fluid-
inclusion planes have a secondary origin
thereby cross-cutting multiple fibres, their
specific consistent orientation parallel to the
outer vein walls evidences that microcracks still
developed after the opening and development of

the extension veins. The vertical orientation of
these  secondary  microcracks, however,
demonstrates that they formed in a similar
stress regime as the pseudosecondary inclusion
trails (Figure 4.15b). These trails might thus
contain similar fluids as the pseudosecondary
trails.
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Figure 4.15: (a) Lower-hemisphere, equal-area
stereographic projection showing the orientation of
the consistent Vg bedding-normal quartz vein
generation in its original unfolded orientation. (b)
BNVs open in the o;- 06, plane during extension
induced by the vertical load of the overburden (o;)
and an incipient tectonic stress (o) which controls
the regional vein alignment. Host-rock inclusion
bands in the quartz fibres track a vein opening
parallel to o3 and are oriented (sub)-perpendicular to
the wvein wall. They contain intracrystal
pseudosecondary and transcrystal secondary fluid
inclusions. o1, oy, o3 = maximum, intermediate,
minimum principal stress respectively; o, = tectonic
stress; oy, on, oh = vertical, maximum horizontal and
minimum horizontal (ESE-WNW) stress
respectively.
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Figure 4.16: (a) Lower-hemisphere, equal-area
stereographic projection showing the orientation of
thrusting deduced from slickenfibres on bedding-
parallel quartz veins in their original unfolded
orientation. (b) BPVs open in the 6;-0, plane during
compression. Pseudosecondary inclusion trails are
subparallel in blocky crystals and are oriented at
high angle to crystal margins in fibrous crystals.
Secondary trails cross-cut the crystals and are
subvertical. oy, o5, 63 = maximum, intermediate,
minimum principal stress respectively; ot = tectonic
stress; oy, on, o = vertical, maximum horizontal and
minimum horizontal stress respectively.




Conclusions

Concerning the bedding-parallel veins studied,
it has been demonstrated that these veins are
defined as extension to extensional-shear veins.
Consequently, pseudosecondary fluid-inclusion
planes in the quartz crystals can be interpreted
as Mode | cracks, i.e. tensile cracks that
develop in the o, - 5, plane, perpendicular to the
vertical minimum principal stress o3, and are
used as markers of the stress state during
bedding-parallel veining (e.g. Boullier &
Robert 1992). In the crack-seal laminae,
pseudosecondary inclusion trails occur at high
angle to the crystal elongation and were
originally subhorizontal (Figure 4.16b). A
similar orientation for pseudosecondary planes
has been detected in the blocky grains in blocky
laminae (Figure 4.16b). It is suggested that
these planes thus reflect several phases of
bedding-normal uplift in which microcracks
open in trails in the crack-seal laminae
perpendicular to the vertical minimum principal
stress o3, Or in which inclusions are trapped
during crystal growth in blocky grains. It has to
kept in mind that in BPVs in which shear
laminae are observed, o, was at low angle to
bedding in order to allow shear stress on the
bedding-parallel shear plane (see comment in
section 3.5.2.2; Figure 3.42) and to allow
oblique opening in the crack-seal laminae.

If trails are continuous through several grains
and thereby cross-cutting the crystal margins,
the trails are interpreted to be secondary and
correspond to  post-veining  trans-crystal
microcracks. A clear relationship between the
orientation of secondary inclusion planes and
bedding or the bedding-parallel vein wall, such
as for the BNVs, could not be established.
However, the secondary trails are often oriented
perpendicular to the vein wall (Figure 4.16b)
and might correspond to microcracks that
developed during vertical shortening in periods
of collapse that alternate with bedding-normal
uplift (cf. Boullier & Robert 1992, Fisher &
Byrne 1990, Henderson et al. 1990). Fluid
inclusions in shear laminae are not investigated
because of the strong recrystallisation that
destroyed the originally trails reflecting the
stress state during bedding-parallel thrusting.

At this stage, it is proposed that the orientation
of the tectonic stress was oriented nearly
parallel to the minimum principal stress
(o371~ on; Figure 4.15) during bedding-normal
veining and remained horizontal after the
tectonic inversion during bedding-parallel

veining (oy7~oy; Figure 4.16b). It is
appropriate to first demonstrate the role of the
fluid pressure during both veining events before
discussing the implications of the orientation of
the tectonic stress. The latter implications will
be discussed in Chapter 8.

4.6 Conclusions

A pervasive microstructural fabric analysis of
both vein types has confirmed and refined the
mechanisms that were proposed for the
formation of successive quartz veins. It also
allowed determining the microstructures in the
veins that formed during subsequent
deformation of the veins.

It can be concluded for the mainly mono-
mineral bedding-normal veins, that vein
formation occurred in a rock in which the
porosity was already significantly reduced at
maximum burial conditions. This is indicated
by the low tortuosity of the veins and by the
fact that hairline veins clearly cross-cut the
sedimentary  host-rock  grains.  Quartz
commonly occurs as a fibrous to elongate-
blocky fabric that has formed by an ataxial and
syntaxial growth mechanism. A systematic vein
fill related to a certain vein generation has not
been deduced. Sometimes clear host-rock
inclusion bands, oriented subparallel to the
wall-rock, are torn from the vein walls during
episodical opening of the vein by the crack-seal
mechanism, marking former positions of the
vein walls. These host-rock inclusions indicate
that bedding-normal veins initiated as tensile
Mode | fractures and that the rate of
cementation was higher than the fracture rate.
Fibrous crystals evolving to an elongate-blocky
fabric indicates that either the fracture rate has
increased or the precipitation rate has
decreased. The wveins may thicken to a
composite fabric during numerous successive
fracturing and sealing phases reflecting episodic
vein growth during which crystal growth was
dominated by the competition between
fracturing rate and growth rate. The fibrous vein
infill, the presence of crack-seal microstructures
and the absence of lateral displacements are all
indicative of a mechanism in which the BNVs
developed as extension veins. If chlorite
booklets occur, they are only present near both
vein walls and evidence either a crystal growth
together with the quartz or a late infill. A
microstructural analysis of the orientation of
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pseudosecondary fluid inclusions confirmed a
specific stress-state of the basin in which the
veins propagated in the o; - o, plane, and
opened parallel to o3 Vein-wall parallel
microcracks, currently recorded as secondary
inclusion trails, still developed after vein
formation and under the same stress state as
during vein growth.

Deformation microstructures in the veins, such
as undulose extinction, deformation lamellae
and bulging of the crystal walls, are indicative
of relative low temperature deformation
(~ 250°C) and only occur localised in the vein.
They imply that limited deformation of the host
crystals has taken place after veining, at higher
differential stress than during the formation of
extension veins. Primary microstructures such
as fibrous crystals are often still present and
were not destroyed afterwards. This indicates
that the burial metamorphic conditions during
which the veins were formed were not exceeded
during subsequent progressive  Variscan
deformation.

Furthermore, it is concluded from fabric
analysis of bedding-parallel veins that vertical
opening occurred after the tectonic inversion.
Two  different  vein  mechanisms are
distinguished. A first one comprises the
intrabedded veins in competent units (case iii)
that formed during several phases of bedding-
normal uplift and collapse. As result of a fluid-
filled open cavity, an elongate-blocky to blocky
vein fabric developed during this mechanism. It
can be concluded for this mechanism that these
BPVs are extension veins. In the second
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mechanism, that involves all interbedded veins
(cases i and ii) and the veins intrabedded in
siltstone sequences (case iv), the vein fabric
show a combination of bedding-normal uplift
and bedding-parallel shearing during vein
formation. Bedding-normal uplift is reflected
by numerous crack-seal laminae in laminated
BPVs, while it is reflected by coarse-grained
blocky laminae in composite veins. In both
laminated and composite BPVs, the shear
laminae evidence phases of bedding-parallel
thrusting during which quartz crystals (de)form
during shear movements along microthrusts and
afterwards recrystallise at higher differential
stress during subsequent Variscan deformation.

Because of this pronounced bedding-parallel
fabric, these wveins can be classified as
extensional-shear veins. It is concluded from
the laminated or composite character of the
bedding-parallel veins that they represent
multiple phases of opening and closing of a
fluid-filled void which may be linked to the
earthquake cycle. It is proposed that veins
precipitated from overpressured pore fluids at
lithostatic values in the seismic periods while
during the interseismic periods, the void
collapsed in response to a decrease of the fluid
pressure below lithostatic. This collapse is
exemplified by stylolites in the BPVs oriented
parallel to the quartz laminae and evidencing a
fluid-assisted mass transfer. Such collapses
occurred repeatedly and evidence compaction
during transient seismic switches of o, towards
the vertical axis.



CHAPTER 5 Pressure-temperature conditions of

vein formation

5.1 Introduction

In this chapter it is aimed to determine the
pressure and temperature (P-T) conditions at the
time of vein formation and hence at the time of
fluid capture during crystal growth. The
composition of the fluid from which the vein
minerals precipitated and that have passed
through the veins after veining, are deduced by
a detailed microthermometric analysis of
carefully selected fluid inclusions. In addition,
Raman analysis of two representative samples
is performed to check if the obtained results of
the  composition of the fluids by
microthermometry can be confirmed. Both
tools have often been used in various low-grade
metamorphic terrains. Fluids in such low-grade
metamorphic terrains, usually contain water
with dissolved salts (e.g. mainly NaCl, KCI or
CaCl,), but can also comprise gaseous
components of which CO,, N, and CH, are very
common (Shepherd et al. 1985). The
deformation of the vein fabric and resulting
destruction of fluid inclusions might hamper
interpreting the results of microthermometry.
This shows the importance of the detailed
petrographic analysis of fluid inclusions in the
previous chapter. Fluid-inclusion trails that
have carefully been chosen and in which
evidence of destruction is absent, are useful
pressure and temperature markers. It has been
demonstrated that several mechanisms are
responsible for crystal growth in the bedding-
normal and bedding-parallel veins. The
bedding-normal veins (BNVs) mainly consist of
a fibrous to elongate-blocky fabric in which
pseudosecondary  fluid-inclusion trails are
trapped from the fluid that passed through the
host rock and are captured during incremental
steps of fracturing and crystal growth. The
specific orientation at high angle to the fibre or
elongate  crystal wall illustrates that
pseudosecondary inclusions are formed during
incremental steps of crystal growth indicating a
concomitant relationship. Transcrystal
secondary inclusion trails are healed post-

veining microcracks oriented parallel to the
vein wall, but are demonstrated to be related to
the similar stress state during which the
pseudosecondary fluid inclusions in the
bedding-normal veins formed.

Bedding-parallel veins (BPVs) formed by a
combined mechanism of bedding-normal uplift
and bedding-parallel shearing. As result of this
mechanism, BPVs consist of a complex fabric
in which finding the proper fluid inclusions that
reflect the original P-T conditions and
composition of the vein-forming fluids is
strongly dependent on the understanding of the
vein fabric. From the microfabric analysis it
became clear that only fibrous and coarse-
grained blocky laminae in composite BPVs and
crack-seal laminae in laminated veins have the
potential to contain proper original fluid
inclusions. In the fine-grained laminae, crystals
are mostly completely recrystallised so that the
original fluid inclusions are destroyed. Primary
inclusions are absent. Pseudosecondary trails
are either found in fibrous crystals, oriented at
high angle to the crystal wall, or in larger
blocky grains in which they are oriented
subhorizontal to the vein wall and hence
subparallel to bedding. Secondary trails cross-
cut the fibres and the blocky grains and are
oriented normal to the bedding and the vein
wall. They are synkinematic with the growth of
the BPV and are interpreted to form during
periods of bedding-normal collapse which
allows forming bedding-normal transcrystal
microcracks in a short transient extensional
stress regime.

Microthermometry, however, only determines
the fluid composition and the homogenisation
temperature of fluid inclusions and does not
directly provide the trapping temperature and
pressure conditions of the vein. Fluid inclusions
are interpreted to form from a single-phase
homogeneous fluid at the time of vein
formation. At room temperature, however,
always two phases are observed in the samples:
a liquid phase and a gaseous phase, seen as a
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bubble in the inclusions. To obtain the
temperature of the homogeneous fluid from
which the vein precipitated, the samples have
been heated for determining the homogen-
isation temperature (T,). Microthermometry
only gives the possibility to draw isochores
along a P-T path representing the range of P-T
conditions at which the fluid inclusion formed.
The T, however, underestimates the real
trapping temperature (T;) of the inclusion
because the T, is measured at the pressure
conditions of the liquid-vapour curve. Hence,
an independent geothermometer is needed to
make a pressure correction for the T, and to
determine the true P-T conditions at depth
during both veining events. In this work, the
reflectance of vitrinite particles in the host rock
is used a useful independent geothermometer.

Table 5.1: Samples from Wildenhof (Wild)
measured during microthermometry and that are
representative of bedding-normal and bedding-
parallel veins. sdts, sandstone; slst, siltstone. See
Appendix B for specific sample localities and
Appendix C for detailed fluid inclusion results.

mpl .
ﬁra pie Type Gen. Location Host rock
EIO5VN27 BNV Vg wild 36 sdst
EIOBVNO7 BNV Vg Wild 44 sdst
EIOBVNO8 BNV Vg Wild 44 sdst
EIOBVN14 BNV Vg wild 27 sdst
EIOBVN16 BNV Vg wild 42 sdst
EIOBVNO1 BNV Ve Wild 44 sdst
EIOBVNO9 BNV Ve Wild 39 sdst
EIO8VN17 BNV Wild 46a vein in slst
EIO8VN12 BNV Urftsee zone 7 sdst
EIOSVN25 BPV  composite wild 27 interbedded
slst-sdst
EIOSVN26  BPV  composite wild 27 interbedded
slst-sdst
EIOBVN1IO BPV  composite Wild 42 intrabedded

slst

Importantly, it is preferred to elaborate the
microthermometric results of one case study in
detail in order to avoid lateral differences
between the case studies that possibly may exist
in fluid composition or in temperature
conditions during fluid inclusion trapping. This
allows constructing the proper pressure
conditions needed for determining the ultimate
stress-state evolution during both veining
events. The Wildenhof section is a proper
choice as several wvein bedding-normal
generations are present that are correlated
regionally, and as the described bedding-
parallel veins that occur in the study area are all
present as well. One other sample from the
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Urftsee has been carefully studied to allow
correlation. This justifies the choice of samples
that are measured and interpreted (see Table
5.1). Only the composite BPVs are used for
microthermometry as the quartz crystals in
laminated BPVs have commonly very small
sizes and are strongly recrystallised.

5.2 Microthermometry

5.2.1 Methodology

Microthermometric measurements on fluid
inclusions were carried out on doubly polished
150 pm thick wafers from carefully selected
and oriented vein-quartz samples. Detailed
description of the preparation technique is given
in Muchez et al. (1994). After petrographic
analysis, fluid inclusions were analysed on a
Linkam MDS-600 heating-cooling stage
mounted on an Olympus BX51 microscope.
Calibration was performed using synthetic, Syn
Flinc™, fluid inclusion standards and the stage
was calibrated at -56.6°C, -21.2°C, -10.7°C,
0.0°C and 374.1°C using pure CO,-, H,O-
NaCl-, H,O-KCI- and H,O-fluids respectively.
The precision of the equipment used is within
0.2°C for melting temperatures, which has been
determined by cycling heating-cooling
sequences. Calibration of the equipment for
high temperature at the lab of the Geodynamics
and Geofluids Research Group indicates that
the error for the homogenisation temperatures
did not exceed 3°C. Quantification of gaseous
components in the fluid inclusions was
performed by laser Raman microspectroscopy
at the Royal Belgian Institute of Natural
Sciences (Brussels). Analyses have been made
with a  Senterra-Briker laser Raman
microspectrometer, which was mounted on an
Olympus BX50 microscope. A 532 nm green
confocal Ar" laser was used as excitation
source, operating at 20 mW. Both short and
long range objectives up to X100 magnification
were used and an electronically cooled CCD
camera allowed observation of the samples
during analysis. The instrument was calibrated
using NIST SRM 2242 (Choquette et al. 2007).
Quantitative analyses of the different species
present in the fluid inclusions are derived from
the integrated peak intensities and the relative
Raman scattering cross-sections, as described
by Schrotter & Klockner (1979) and Dubessy et
al. (1989). Reproducibility and accuracy of the
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analyses are around 1 mol% and 5 mol%
respectively (van den Kerkhof & Kisch 1993).

In microthermometry, the temperature of first
melting (Ts) can be determined by firstly
freezing and subsequently heating the sample.
Typical first melting temperature of the H,O-
NaCl system is around -21.2°C. From the
measured Tsy,, the main fluid composition of an
inclusion can be estimated by comparison with
the eutectic temperature of aqueous inclusions
with different salts or salt mixes. In aqueous
inclusions, the last temperature of melting (T,
(ice)) is characteristic of the fluid system
salinity. Metastable melting of ice, e.g. due to
the absence of a vapour bubble, has to be
avoided. Furthermore, it is often very difficult
to determine precisely the T, (ice) due to the
small size of the inclusions measured. In these
small inclusions, it is often difficult to see the
ice crystal under the microscope when
approaching the final melting temperature,
although ‘cryptic’ ice may still be present. To
solve this problem, cyclic cooling and heating
has been used, a method in which the inclusion
is slowly heated at steps of 0.1°C, and
subsequently rapidly cooled. This cycling
allows the cryptic ice to grow as a large crystal,
which can be observed better and which causes
deformation of the gaseous bubble in the
inclusion. The specific method of cycling has
been termed sequential freezing and provides a
very good solution to solve the problem that are
involved with measuring small inclusions (cf.
Haynes 1985).

The minimum trapping temperature, given by
the homogenisation temperature (T,) of the
fluid inclusion, is measured for those inclusions
that have an aqueous composition. Large
inclusions are often deformed due to post-
entrapment re-equilibration, e.g. stretching,
leakage or decrepitation, which influences the
T, of the inclusions (Bodnar et al. 1989,
Roedder 1984). Small inclusions are more
resistant to re-equilibration and are therefore
more suitable for microthermometry (Bodnar
2003, Vityk et al. 1994) and are used during the
measurements (see size descriptions in the
petrographic description of fluid inclusions in
sections 4.5.1 and 4.5.2). A considerable effort

has been put into the measurements of the
pseudosecondary inclusion trails in order to
have a proper statistic overview of the T,. These
measurements are performed on wafers in
which melting temperatures (T, (ice)) are not
measured in order to avoid deformation and
leakage of the inclusions during the increase of
volume due to ice formation. This results in
several tables in which only T, measurements
are reported. It is referred to Appendix C for the
data corresponding to these Ty, measurements.

5.2.2 Fluid composition

For both pseudosecondary and secondary fluid
inclusions in the BNVs, first melting
temperatures are clearly observed from -21°C,
or higher, indicative of an aqueous H,O-NaCl
composition with an eutectic temperature of
-21.2°C. Last melting temperatures (T, (ice))
range between -5.1°C and -2.1°C (Table 5.2).
This range in T, (ice) corresponds to low
salinities of 3.5 to 8 eq.wt.% NaCl (Bodnar
1993). Pseudosecondary and  secondary
inclusions in BPVs also consist of an aqueous
H,0-NaCl composition. Their T, (ice) ranges
between -4.4°C and -2.4°C (Table 5.2),
corresponding to low to moderate salinities of 4
to 7 eq.wt.% NaCl (Bodnar 1993).

In the main part of the samples studied, gases
are absent. However, in one sample
(EIOBVNO7;  generation V)  COy-rich
inclusions are detected after microthermometry.
CO, occurs in two-phase, mixed agueous-
gaseous inclusions, characterised by a liquid
phase and a small gaseous bubble, and one-
phase gaseous inclusions. On the one hand,
mixed two-phase CO,-rich inclusions in this
sample occur in trails that are situated near the
vein wall in the sample (see Figure 5.1). One-
phase gaseous inclusions, on the other hand,
occur isolated in the sample (see inlet in Figure
5.1). The origin of both trails and isolated
inclusions is, however, unknown. Inclusion | in
Figure 51 might be related to a
pseudosecondary trail parallel to the vein wall,
but there are no real indicators to relate the
other inclusions to pseudosecondary or
secondary trails.
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Table 5.2: Summary of the data of aqueous fluid inclusions in bedding-normal and bedding-parallel quartz veins
of the Wildenhof section (Rursee) organised per sample. slst, siltstone; Sst, Sandstone; n, number of fluid
inclusions measured; Ty freezing temperature; T, last melting temperature; Ty-range, homogenisation
temperature. Peak homogenisation temperatures are organised in classes of 10°C and are shown in Figure 5.4.
See Appendix C for detailed fluid inclusion data. Samples EIO6VNO1 and EIO6VNQ9 are different samples of a
similar BNV. Samples EIO5VN25 and EI05VN26 are different samples of a similar BPV.

Bedding-normal veins H,O-NaCl

Locality/Outcrop Sample 'ﬂ?ﬁ;}g%ilk T (°C) T (°C) Inctl;lséon- n Th-range (°C)
Rursee/Wildenhof 27 EIO6VN14 sandstone -47 to -35 -4.2t0-3.0 pseudosec. 38 115 to 232
secondary 12 126 to 235
Rursee/Wildenhof 46a EIO8VN17 siltstone -38t0 -31 -5.1t0-2.8 pseudosec. 46 110 to 250
secondary 12 120 to 248
Rursee/Wildenhof 36 EIO5VN27 siltstone -44 to -39 -3.6t0 -3.0 pseudosec. 42 82 to 250
secondary 5 125 to 182
Rursee/Wildenhof 42 EIO6VN16 sandstone -44 to -35 -3.9t0-2.6 pseudosec. 36 148 to 213
secondary 6 148 to 240
Rursee/Wildenhof 44 EI06VNO8 sandstone -45t0 -26 -3.8t0-2.7 pseudosec. 23 148 to 328
secondary 21 93 to 322
Rursee/Wildenhof 44 EI06VNO7 sandstone -38 to -29 -4.41t0 -2.6 pseudosec. 56 122 to 345
secondary 5 115 to 280
Rursee/Wildenhof 44 EIO6VNO1 + 09 sandstone -47 to -27 -3.8t0-2.1 pseudosec. 61 90 to 290
secondary 11 121 to 218
Total: 374
Bedding-parallel veins H,O-NaCl
Locality/Outcrap Sample I-I|_ost-rock T; (°C) T (°C) Inclusion- n Th-range (°C)

ithology i type
Rursee/Wildenhof 27 EIOSVN25 + 26 Slst-Sst -38 to -27 -4.41t0-2.4 pseudosec. 124 84 to 302
interface secondary 11 117 to 300
Rursee/Wildenhof 42 EIO6VN10 Slst-Sst -39 to -31 -3.9t0-2.8 pseudosec. 49 80 to 192
interface secondary 10 116 to 169

Total: 194

Table 5.3: Fluid inclusion data of sample (EIO6VNOQ7) in which two-phase aqueous-gaseous (ag-gas) and one-
phase gaseous inclusions are found. The origin of the inclusions is unknown but it is indicated whether they
occur isolated or in a trail. Size measurements are in um (length / width). Inclusions in bold are indicated in

Figure 5.1.

Incl. Type Tt T¢ T¢ T im Tm Sal. Tm Th Th Size Vol. %
nr unknown CO; ice clath CO; ice ice clath CO; tot (L/W) bubble
A ag-gas isolated | -102.6 -34.6 -57.2 -2.9 4.7 11.5 10.0 3/2 10
C ag-gas  isolated | -102.6  -36.6 -26.0 -61.4 -2.6 4.3 10.3 -6.0 <280 13/4 40
E ag-gas trail -95.6 -33.7 277 -57.0 -21.8 -4.4 6.9 9.3 21.2 6/4 30
H ag-gas trail -104.3 -23.7 -65.4 -1.8 3.0 10.6 212.4 5/4 20

| ag-gas trail -100.1 -346 -26.1 -58.9 -2.6 4.3 10.1 15.6 6/5 10
M ag-gas trail -103.6 -32.7 -57.3 -34 55 7.7 8/2 20
29 ag-gas trail -104.1 -34.9 -64.0 -22.3 -3.1 5.1 12.1 -9.2 198 5/5 30
Y gaseous isolated | -104.1 -64.4 6/3 100
z gaseous isolated | -101.5 -60.2 8/4 100
28 gaseous trail -105.0 -63.6 -15.5 208 8/5 100
30 gaseous trail -105.1 -65.5 -48.5 6/6 100
31 gaseous trail -104.1 -65.0 -33.9 180 9/7 100

Table 5.4: Results of Raman analysis for aqueous-gaseous inclusions in sample EIO6VNO7 (BNV:
Wildenhof 44) and sample EIO5VN25 (BPV: Wildenhof 27). These samples are not representative of
inclusions in other veins as only in sample EIO6VVNO7 gaseous and agqueous-gaseous inclusions are
detected by microthermometry.

Sample Incl. nr  veintype CO; N2 CH,4
EI06VNO7(2) c BNVg 80% 0% 20%
EI05VN25 A2-15 BPV 70% 30% 0%
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Microthermometry

At room temperature, the aqueous-gaseous (ag-
gas) inclusions have very small sizes (mostly
smaller than 10 pum; see Table 5.3). They
consist of two phases, i.e. an aqueous liquid
phase and a gaseous vapour phase with varying
bubble sizes between 10% and 40%. During
cooling of the aqueous-gaseous inclusions,
formation of clathrate occurs between -23.7°C
and -27.7°C. Further cooling causes the
solidification of water into ice between -32.7°C
to -36.6°C. Finally, the liquid near the bubble
freezes between -95.6°C and -104.3°C, a
temperature range representative of the
presence of CO,. This indicates that a third
liquid phase is present and that thus both two-
phase and three-phase aqueous-gaseous
inclusions occur, although only two phases are
visible at room temperature. During subsequent
heating, first, the solid CO, melts between -
65.4°C and -57.0°C. First melting of the solid
aqueous phase occurs between -22.3°C and -
21,8°C indicative of a H,O-NaCl composition.

Subsequent heating results in melting of ice,
between -4.4°C and -1.8°C, and clathrate,
between 7.7°C and 11.5°C (Table 5.3). The
gaseous inclusions do only contain a vapour
phase at room temperature, but during
subsequent cooling a liquid rim appears that
freezes between -101.5°C and -104.1°C.
Further cooling did not reveal the presence of
any other gases. By heating the sample, the
solid phase melts between -65.5°C and -60.2°C.

The CO,-rich inclusions homogenise at various
temperatures. In the gaseous inclusions,
homogenisation predominantly occurs to the
liquid phase between -48.5°C and -15.5°C,
whereas for the aqueous-gaseous inclusions
partial homogenisation of the CO, takes place
between -9.1°C and 21.2°C. Microthermometry
of sample EIO6VNO7 clearly indicated the
presence of another gaseous component in
addition to CO, in the inclusions by the
lowering of the melting temperature compared
to the melting temperature of pure CO, at -
56.6°C (see Table 5.3). Although this lower
melting temperature indicates the presence of
other gaseous component, the composition of
these other gases cannot be determined by
microthermometry.

Because of undefined gaseous components in
some of the inclusions, additional Raman
analysis is performed on a few samples to
detect minor concentration of gaseous
components in the dominant aqueous inclusions
(Table 5.4). The results show that only a minor
percentage of the measured inclusions (less than
10%) contain a gaseous component. The
measured aqueous-gaseous fluid inclusion in
sample EIO6VNO7 (inclusion C, Table 5.4,
Figure 5.1) representative of the BNVs, contain
20% CH, of the gas component. Additional
Raman analysis has also been performed on
sample EIO5VN25 (Table 5.4), representative
of the BPVs. Although no evidence was found
for the presence of gases during
microthermometry, Raman analysis shows that
the measured pseudosecondary inclusions
contain N, in addition to CO,, i.e. 30% of the
gas component.

It may thus be concluded from the
microthermometric results and Raman analysis
that both BNVs and BPVs dominantly
precipitated from an aqueous H,O-NaCl fluid
with a low salinity, which was occasionally
accompanied by a minor amount of a CO,-CH,
and CO,-N, during bedding-normal and
bedding-parallel veining respectively.

Figure 5.1: Detail of sample EIO6VNO7 showing
two-phase aqueous-gaseous (A, C, E, H, | & 28) and
one-phase gaseous (30 & 31) inclusions.
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5.2.3 Homogenisation temperature

To interpret the results of the measured
homogenisation temperatures of
pseudosecondary and secondary inclusions,
fluid inclusions organised within one fluid
inclusion assemblage (FIA) should be
compared. Conform the method of Goldstein &
Reynolds (1994), fluid inclusions organised in a
single FIA that are considered to be trapped
together, i.e. inclusions in trails or in growth
zones, should have a similar composition and a
consistent homogenisation temperature if they
did not re-equilibrate after entrapment. FIAs
composed of inclusions with a constant liquid-
to-vapour ratio might indicate that re-
equilibration has not occurred (Bodnar 2003).
In the BNVs and BPVs, inclusions in both
pseudosecondary and secondary trails have
been checked whether they comply with this
criterion.  Several pseudosecondary  FIAS,
however, yield inclusions with a Ty-range larger
than 10°C (Figure 5.2). This indicates that the
inclusions may have been subjected to post-
entrapment re-equilibration such as i) stretching
and leakage, causing an increased Ty, or ii)
necking-down after a phase change, causing a
change in T, owing to phase separation of an
original inclusion into several smaller
inclusions in a changing temperature or
pressure system (Bodnar 2003). In the latter
situation, the inclusions in which a bubble
formed after necking-down, homogenise at
lower temperatures. Re-equilibration moreover
depends on the individual inclusion size and
shape and on the composition and structure of
the host mineral (Bodnar et al. 1989, Bodnar
2003, Prezbindowski & Tapp 1991). Owing to
re-equilibration and the small amount of
measurable inclusions within a single FIA, data
are represented per vein type and not per FIA
(Table 5.2).

Although there might be a time span between
pseudosecondary and secondary inclusion
trapping in BNVSs, both inclusion types trapped
a fluid with a similar composition (Figure 5.3a)
and Ty-range (Figure 5.4a and b). There are also
no compositional differences between the
pseudosecondary and secondary inclusions in
the BPVs (Figure 5.3Db).
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Homogenisation of all measured inclusions
from the Wildenhof section occurs to the liquid
state. The frequency histogram of Ty-values of
both pseudosecondary and secondary trails
shows a large variation in T, between 80°C and
350°C for the BNVs (Table 5.2; Figure 5.4a),
without significant differences in T, between
both trail-types. The distribution of data can be
classified as an asymmetrical, long-tailed
distribution  with  skewness to  higher
temperatures. It is also remarkable that there are
no differences in composition (Figure 5.3a), nor
in homogenisation temperatures (Figure 5.4a)
of fluid inclusions of the two measured cross-
cutting generations Vg and Ve A similar
remark applies to the composition and T, for
pseudosecondary versus secondary inclusions.

The frequency histogram of pseudosecondary
and secondary fluid inclusions of the BPVs
(Table 5.2; Figure 5.4d) shows an asymmetrical
distribution with a Ty-range between 80°C and
310°C, with the range of the secondary
inclusions fully within the range of the
pseudosecondary inclusions (Figure 5.4d). The
inclusions in a quartz-vein sample that was
taken in a BPV intrabedded in siltstone
(EIO6VN10) shows no difference in
composition  (Figure  5.3b), nor in
homogenisation temperature (Figure 5.4c)
compared to the inclusions in interbedded
samples (EIO5VN25+26).

Figure 5.2: Photomicrograph of a bedding-parallel
vein (EIO5VN25) with pseudosecondary fluid
inclusion assemblages (FIAs) oriented at high angle
to the fibre crystal elongation. Each FIA contains
fluid inclusions with a large range (> 30°C) in
homogenisation temperatures.



Microthermometry
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Figure 5.3 (above): Homogenisation temperatures
(Ty) versus salinity for all fluid inclusions in which a
Tm(ice) could be measured. (a) Bedding-normal veins
of both generations Vg and V. (b) Bedding-parallel
veins. The wide Ty, range in both diagrams can be
attributed to cryptic post-entrapment fluid inclusion
re-equilibration during formation and/or deformation
of the veins. Compositional changes did not occur as
both vein generations (Vg and V) and both vein types
(BNV and BPV) plot in a similar salinity range.

Figure 5.4 (right): Histograms of the homogenisation
temperatures (T,) of pseudosecondary and secondary
fluid inclusions of samples from the Wildenhof
section (See Appendix B for location of the samples).
(a) Bedding-normal veins in the Wildenhof study area
(Rursee) with peak T, ranging between 140°C and
180°C. T, of the two cross-cutting vein generations Vg
and V¢, and of the irregular-shaped quartz vein
intrabedded in slates has similar values. (b) Similar
histogram as in (a) illustrating the similarity of T, of
pseudosecondary and secondary fluid inclusions.
(c) Bedding-parallel veins in the Wildenhof section
(Rursee) for which the T, shows a plateau between
110°C and 160°C, showing slightly lower
homogenisation temperatures than the BNVs in (a).
(d) Similar histogram as (c) illustrating the similarity
of T, of pseudosecondary and secondary fluid
inclusions in bedding-parallel veins. EI05VN25+26:
interbedded BPV, EI06VN10: intrabedded BPV.
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5.2.4 Re-equilibration of fluid
inclusions

The wide range in Ty, for both vein types can to
a large extent be attributed to post-entrapment
inclusion re-equilibration during deformation of
the veins. Re-equilibration textures have been
used to decipher the P-T history of the rock
(Prezbindowski & Tapp 1991, Vityk et al.
1994, Vityk & Bodnar 1995). Decrepitated or
clearly leaked inclusions in deformed crystals
have been avoided during the measurements.
The smaller inclusions may, however, also have
been subjected to post-entrapment re-
equilibration, although they do not show any re-
equilibration textures that are visible during
microscopic investigation. This cryptic re-
equilibration (Vityk & Bodnar 1995) can only
be deduced after microthermometry. The long-
tailed distribution towards higher Ty-values (>
180°C; Figure 5.4a and b) can thus be
interpreted as cryptic re-equilibration such as
stretching of the inclusion walls (Bodnar et al.
1989). Although post-entrapment effects such
as stretching, decrepitation and necking-down
are more effective in softer minerals such as
calcite, dolomite or barite (Evans 1995) than
that they have an effect on quartz. It has been
demonstrated by experimental research that
stretching also occurs in quartz (Bodnar et al.
1989) due to internal overpressure of the
inclusion thereby creating an increase in fluid
volume and thus an increase in T,. The lower
Tp-values (< 140°C) can be attributed to
necking-down after a phase change of an
originally large, liquid-filled inclusion into
smaller inclusions with lower T,. This could
have occurred without having noticed in the
petrographic analysis.

Because of re-equilibration, a large range in T,
has been measured. Consequently, it is really
important to determine the Ty-range that is
representative of estimating the P-T conditions
during veining. In literature it is not always
clear which peak in the frequency histogram the
investigators have chosen to determine the
pressure conditions. In experimental work on
fluid inclusions in quartz (cf. Vityk et al. 1995)
one often chooses the T, corresponding to the
first large peak in the frequency distribution. In
natural studies (e.g. Evans 1995), however,
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only the highest density inclusions,
corresponding to the lowest Ty, on the frequency
histogram, are often used to provide a minimum
estimate of the maximum density that prevailed
during mineral growth. In this study, the lowest
and highest Ty-values are interpreted to
necking-down and cryptic re-equilibration of
the  fluid  inclusions.  Therefore  the
representative  Ty-range of the highest
frequencies (see various Ty-ranges in Figure
5.5) has been considered to be representative of
the veining conditions during bedding-normal
and bedding-parallel veining and has sub-
sequently been used for calculating isochores
which reflect the proper P-T conditions. The
distribution of homogenisation data that thus
likely reflects original P-T formation-conditions
has a frequency peak of T}, between 140°C and
180°C for the BNVs (Figure 5.4a and b).
Similar to the BNVs, the large range in T, for
the measured inclusions of the BPVs can be
attributed to necking-down and cryptic re-
equilibration. The distribution supports a
frequency Ty-range between 110°C and 160°C
(Figure 5.4c and d).

A similar range in T, has been observed in the
pseudosecondary fluid inclusions of a bedding-
normal vein of the Urftsee study area (sample
EIO8VN12). Microthermometry reveals a T,
range between 170°C and 200°C with a
frequency peak at 180°C and 190°C (Figure
5.5).

Bedding-normal veins
H,O-NaCl system
307 T,-range : Y
© ° Urftsee
= 204 D EIO8VN12
38
£
Z 104 n=60
Ol]%:}f:%|||11|1||l|llllll
100 150 200 250 300
Th ()
Figure 5.5: Histogram of homogenisation

temperature of pseudosecondary fluid inclusions in a
bedding-normal vein of the Urftsee study area
(Urftsee zone 7, see Appendix A and B for location)
showing a Ty-range of 170°C to 200°C with a
frequency peak at 180°C.



Geothermometry

5.3 Geothermometry

5.3.1 Isochores

The obtained homogenisation temperatures
only represent the minimum temperature of the
fluid trapped in the mineral. To obtain the
trapping temperature (T;) and eventually also
the trapping pressure (Py) during vein
emplacement, a pressure correction should be
made for the T,. In order to estimate the
trapping temperatures and pressures, isochores
were constructed for the pseudosecondary fluid
inclusions of both wvein types, which are
considered to represent P-T conditions during
veining. These isochores represent a linear
relationship between temperature and the
internal pressure of a fluid inclusion, if the fluid
remained at constant density  during
deformation and uplift, irrespective of the
external pressure acting on the inclusion. The
gradient of an isochore within a pressure-
temperature graph depends on the salinity and
the homogenisation temperature of the fluid
inclusion measured (without a gaseous
component) and can be calculated using the
computer program FLINCOR (Brown 1989).
The isochore calculations are based on a H,O-
NaCl system using the equation of Brown &
Lamb (1989). Calculated isochores are plotted
in a P-T diagram (see later Figure 5.8). This
diagram is subsequently used to determine the
maximum trapping pressure during veining by
interpreting the intersection of the calculated
isochores with either a regional geothermal
gradient or with an independent
geothermometer which defines the trapping
temperature at maximum burial (cf. Shepherd et
al. 1985).

Two sets of calculated isochores are presented:
the first set (dashed lines in Figure 5.8), with
density ranges between 0.92 g cm™ and 0.98 g
cm®, reflects the full T,-range of the BNVs as
determined on the frequency histogram (Figure
5.5a and b). The second set of isochores (full
lines in Figure 5.8), with density ranges
between 0.94 g cm® and 098 g cm?
corresponds to the Ty-range of the BPVs
determined on the frequency histogram (Figure
5.5c and d).

5.3.2 Vitrinite reflectance (VR)

The method used for determining the trapping
conditions is cross-cutting an independent
geothermometer with the isochores of the fluid
inclusions. Chlorite geothermometry, vitrinite
reflectance, illite crystallinity and conodont
alteration index have been used as possible
geothermometers in the High-Ardenne slate belt
(cf. Fielitz & Mansy 1999, Helsen 1995,
Schroyen & Muchez 2000). Conodonts have
not been observed in our samples of the Eifel
area. Chlorites have been used successfully in
low-grade metamorphic terrains as independent
geothermometer (e.g. Sindern et al. 2007).
However, previous geothermometric research
on synkinematic chlorites in quartz veins, for
instance by using the chlorite geothermometer
of Vidal et al. (2005) on quartz veins in the
Central Armorican Massif (Berwouts 2011), or
on quartz veins in the central, epizonal part of
the High-Ardenne slate belt (Kenis et al. 2002b,
Verhaert 2001), pointed out that the variation in
trapping temperature deduced from chlorite
geothermometry is quite large (>60°C),
whereas the variation in trapping temperature
derived by vitrinite reflectance data can be
smaller and thus more precise if proper
reflectance data are known (Bostick et al.
1979). Consequently, based on the availability
of vitrinite reflectance data of the North Eifel in
literature, vitrinite reflectance data are used as
an independent geothermometer to derive the
trapping temperature (cf. Van Noten et al.
2011).

5.3.2.1 VR as independent
geothermometer

Vitrinite particles are very common in pelites
and siltstones and they are particularly sensitive
to temperature (Teichmiller 1987). The vitrinite
reflectance, expressed in terms of average
reflectance R, or maximum reflectance R,
defines the organic material maturity in the
rock. Although this method is mostly used for
coal rank stage determination and for deducing
hydrocarbon presence in low temperature
sedimentary basins, it can be used for low-grade
metamorphic regions owing to the fact that the
highest level of coalification, i.e. meta-
anthracite, is congruent with the area of low-
grade metamorphism (Kramm et al. 1985) or
with the anchi- to epizone as determined by
illite crystallinity (Frey & Robinson 1999,
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Teichmiller 1987). Vitrinite reflectance is thus
a key method for identifying the thermal history
of sediments in sedimentary basins and has
often been used to evaluate the metamorphic
grade of pelitic rock (e.g. Frey & Robinson
1999, Teichmiller 1987). The use of the
thermal peak conditions derived from vitrinite
reflectance studies in the host rock as
geothermometer for the veins is valid since it
has been demonstrated that the bedding-normal
veins formed at maximum burial. Subsequently,
successive bedding-parallel veins materialise
the tectonic inversion to a compressional
regime, and it is highly likely that the
metamorphic conditions during maximum
burial were still present at the onset of
compression. It is furthermore demonstrated
that maximum burial conditions are regionally
consistent in the whole High-Ardenne slate belt
(Fielitz 1997, Fielitz & Mansy 1999) (see also
section 2.5). Moreover, metamorphic conditions
are most probably in thermal equilibrium with
the surrounding host rock (Kenis et al. 2000,
2005a, Muchez et al. 1995, Schroyen &
Muchez 2000). Only at the Variscan front zone,
thermal anomalies have been observed in
Variscan veins (Lunenschloss et al. 2008,
Sindern et al. 2007). Hence, this demonstrates
that vitrinite reflectance data, recording the
thermal peak conditions of the host rock
surrounding the veins studied, can be used as a
valid geothermometer for estimating the P-T
conditions during vein growth.

5.3.2.2 VR in avery low-grade
metamorphic terrain

Vitrinite reflectance data are ubiquitous in the
very low-grade metamorphic terrain of the
North Eifel. It has been a subject of research
from the 50’s, during which Teichmuller &
Teichmiller (1952) have published the first
results on a.o. vitrinite reflectance by studying
Lower Devonian plant relicts. Further
coalification studies during the decennia
afterwards (starting from Teichmiller &
Teichmaller 1979) increased the amount of
data. Through these studies, it has been reported
that the vitrinite reflectance isolines, i.e. lines of
constant R, and Rp.x Values, roughly run
parallel to bedding in most parts of the Rhenish
Massif (Littke et al. 2000). In the North Eifel,
the isolines decrease from the oldest rock at the
Stavelot-Venn inlier, towards the youngest
Emsian rocks in the SE. As the reflectance
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isolines run parallel to bedding, the maturation
pattern is believed to be pre-orogenic and
clearly represents the maturation of the buried
sediments and not subsequent heating during
the main orogenic contraction (Knapp 1980).
Only locally, to the SE of the Urftsee area at
Schleiden, an anomalous local increase in
vitrinite reflectance has been reported (Ribbert
& Vieth 2005), in which isolines run at low
angle to the strike of bedding and the local fold
axis. Published Rn.x values for the Upper
Rurberg Unit range from 4.5 % (Vinzelberg
2002) to 5.44% (von Winterfeld 1994) and 5.5
% (Ribbert & Vieth 2005). A more general
value of 5-6% has been reported for the Lower
Devonian of the North Eifel (Fielitz & Mansy
1999, Oncken et al. 1999). Specific for the
Wildenhof area an R, value between 4.5 %
and 5.5 % is thus representative of the vitrinite
reflectance.

350 T T TTTIT T T T T T TTTTTT TTTTT
300
o S =
[ =
'® 250 - & ¢
é ~ E\ Ruq;se:
2 200 [~ :~\\g 5_|
()] 4
Q = ~_] 3 3
£ Sl ——
~
éwe \..%\1—1_
— \. \
€ 50 .
(05)
061 1 10 100 1000

effective heating time (Ma)

Figure 5.6: Conversion of vitrinite reflectance to
burial temperatures after Bostick et al. (1979).
Taking a 20 Ma heating time into account, a local
vitrinite reflectance of 4.5-5.5% Ry, repre-
sentative of the vitrinite particles in the Rursee
siltstones, corresponds to a maximum burial
temperature of ¢. 235-250°C (grey area).

The relationship between vitrinite reflectance
and temperature has been demonstrated by
Hood et al. (1975) and Bostick et al. (1979)
(see Figure 5.6). They show that the maximum
temperature in a basin depends on the effective
heating time of the basin, which is the time
span during which the sediments were within
15°C of the basin’s maximum burial (Hood et
al. 1975), and that with increasing heating time
the vitrinite reflectance increases. Because of
this interaction, it is possible to relate a
particular coalification degree to a specific
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temperature if the effective heating time of the
basin is known. Such a specific temperature can
thus be used as independent thermometer and to
define the maximum derived temperature at the
time of vein formation. For the sediments in the
North Eifel a common effective heating time of
20 Ma has taken into account, a representative
value that has been used in the frontzone of the
Variscides and in the Campine basin (cf.
Linenschloss et al. 2008, Muchez et al. 1991)
and that further will be elaborated in the
construction of the burial model in section
5.3.3. Combining this effective heating time
with the local vitrinite reflectance of 4.5 % to
55 % Rpa a maximum burial palaeo-
temperature of c. 235-250°C is determined
(Figure 5.6), based on the work of Bostick et al.
(1979). Conversion of the vitrinite reflectance
to burial temperature using the equation of
Barker & Pawlewicz (1994), gives slightly
higher temperatures (258°C to 273°C) than
those predicted based on the work of Bostick et
al. (1979), likely because the effective heating
has not been taken into account in the equation
of Barker & Pawlewicz (1994).

5.3.3 Geothermal gradient

Another independent geothermometer that is
often used to determine trapping temperatures,
is a geothermal gradient. The regional
geothermal gradient, representative of the time
of vein formation, can be used from literature,
or can also be calculated by 1D burial
modelling in which the stratigraphy of the
sediments in the North Eifel (see
lithostratigraphy in section 2.3) provides the
input of the model. As the isolines of the
vitrinite reflectance run parallel to bedding in
most of the Rhenish Massif (Littke et al. 2000),
the pseudowell concept can be applied in which
the evolution of a hypothetic 1D borehole is
reconstructed. It was chosen to work with the
program 1D Temis Suite well manager
(© Beicip-Franlab) at the Institut Francais du
Pétrole (IFP, France) for controlling if the
derived temperatures by means of vitrinite
reflectance are likely correct trapping
temperatures. Firstly, it is checked if the
temperature of 250°C is a realistic value.
Secondly, the geothermal gradient
corresponding to this temperature at maximum
depth, is calculated. Afterwards this geothermal
gradient is compared with values in literature.

The input parameters in the North Eifel basin
model are the Palaeozoic stratigraphic
successions deposited in the Ardenne-Eifel
basin during burial (see lithostratigraphic table
in Figure 2.4), the maturity of different rock
units such as defined by vitrinite reflectance
from literature (Heinen 1996, Ribbert & Vieth
2005, von Winterfeld 1994), the heat flow
during Early Devonian rifting (60 mW/m? in
the Eifel area according to Heinen 1996) and
the estimation of the Moho depth before and
after rifting (35 km and 20 km respectively;
Heinen 1996).
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Figure 5.7: Constructed subsidence curve (depth
versus time) for the Upper Rurberg Unit (Temis
Suite © Beicip-Franlab). The predicted trapping
temperature of 250°C by vitrinite reflectance at
maximum depth of 7 km % 0.1 km, corresponds to a
mean geothermal gradient of 34°C km™. The initial
high temperatures are related to an increased heat
flow during rifting. Boundary conditions after
Heinen 1996: palaeosurface temperature ~25°C,
Moho depth: 35 km (rifting) and 20 km (after
rifting). See Figure 2.4 for stratigraphical input and
abbreviations of lithological units.

The result of this burial modelling (Figure 5.7)
shows a subsidence curve in  which
temperatures increase rapidly during burial in
the Early Devonian (~416 Ma to ~398 Ma).
This increase in temperature is related to the
rapid syn-rift subsidence that dominates the
Early Devonian sedimentary infill of the
Ardenne-Eifel basin (see Chapter 2). After the
rapid infill, several units were deposited from
the Middle to Late Devonian (~398 Ma to
~359 Ma) during which temperatures in the
basin stabilise. The onset of Variscan Orogeny
has been estimated to occur from ~335 Ma
onwards (early Carboniferous) in the North
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Eifel (Oncken et al. 1999). Afterwards the
contraction-dominated main phase of the
Variscan orogeny takes place. According to the
model, maximum temperatures of 250°C are
already reached prior to the onset of orogeny
and rather constant after ~340 Ma.
Subsequently the basin remained at this depth
for at least 20 Ma, possibly 25 Ma. The model
validates the effective heating time of 20 Ma
that was taken into account for calculating the
maximum burial temperature (Figure 5.6). It
should be noticed that the effect of erosion is
not modelled. Therefore a longer effective
heating time may appear on the burial model. It
is referred to Hilgers et al. (2006a) for a further
continuation of the subsidence curve of the late-
to post-Variscan development and subsequent
erosion. Hence, the 1D burial model validates
the 250°C which is predicted to be the trapping
temperature of the veins at maximum burial. To
reach temperatures of maximum 250°C in the
Ardenne-Eifel basin, a mean geothermal
gradient of ~34°C km™ was calculated.

The calculated geothermal gradient can be
correlated to various results in literature. For the
anchizonal part of the High-Ardenne slate belt,
illite crystallinity, conodont alteration index and
vitrinite reflectance all point towards a regional
geothermal gradient of 30-40°C km™ present
during burial of Lower Devonian strata in the
Ardenne-Eifel Basin (Fielitz & Mansy 1999,
Heinen 1996, Oncken et al. 1999). The regional
geothermal gradient has been determined more
accurately in the North Eifel by von Winterfeld
(1994). He calculated values ranging between
33°C km™ and 37°C km™ representative of the
Lower Palaeozoic deposits of the Stavelot-Venn
Inlier and the unconformably overlying Lower
Devonian deposits south of the basement inlier.
A value that is similar to the calculated value of
34°C km™ in the burial model. Values above
40°C km™ have not been reported for the North
Eifel during burial, neither for the succeeding
Variscan Orogeny.

On the P-T diagram, the common range of 30°C
km™ to 40°C km™ at both hydrostatic (30°C to
40°C for 10MPa™ in Figure 5.8) and lithostatic
(30°C to 40°C for 26.5 MPa™ in Figure 5.8)
pore-fluid pressures are shown. The range of
the lithostatic geothermal gradient has a large
overlap with the field defined by the
intersection of the isochores and the
independent geothermometer, indicating that
the P-T trapping conditions during veining
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deduced from the vitrinite reflectance
geothermometer and microthermometry are
consistent.

5.3.4 Trapping conditions

In order to evaluate the range in pressure
conditions during the two successive quartz
veining events, it is now interesting, first, to
determine the hydrostatic and lithostatic pore-
fluid pressure at ~7 km, which is the maximum
burial depth of the Lower Devonian host-rock
studied, and second, to define the minimum and
maximum trapping pressure (P;) for both
veining events and to compare these with the
lithostatic and hydrostatic pore-fluid pressure.

Maximum hydrostatic pore-fluid pressures at
~7 km, which are determined from isochore
calculations using a mean density of water (p)
of 0.95¢ cm®, are estimated to be ~67 MPa at
depth. The used water density of the low
salinity liquid phase in the fluid inclusions are
determined to be slightly lower than the value
of 1.00 gcm™ for water with zero salinity.
These low densities (of the total inclusion) are
the direct result of the low salinity, the low gas
content and the high temperature at which the
fluid was trapped.

A common density of the overburden rock of
2.65gcm™ corresponds to a maximum
lithostatic pressure of ~185MPa at 7 km
depth. Keeping into account an error of £0.1 km
on the total thickness of the deposits in the
North Eifel (see section 2.3.5), the lithostatic
pressure may range between 183 MPa and
188 MPa. Both hydrostatic and lithostatic
pressures have been illustrated as straight
curves in Figure 5.8. If the upper part of
overburden would have slightly lower values of
rock density because of the lower degree of
compaction, the lithostatic value would be
slightly overestimated.

The trapping temperature defined by the
reflectance of vitrinite particles in the host rock,
ranges between 235°Cand 250°C and is
illustrated as a gray column on the P-T diagram.
The zone that is delimited by this trapping
temperature and the calculated isochores,
defines the specific fluid-pressure of each vein-
type during fluid inclusion trapping and
therefore defines the veining conditions. The
results (Figure 5.8) show that the maximum T,
intersects with the maximum density of the
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BNVs at ~190 MPa, which is considered to
correspond to a near-lithostatic pore-fluid
pressure. For the BPVs, the intersection of the
maximum T, with the maximum density of the
isochores calculated from microthermometric
analysis of the pseudosecondary inclusions
determines a  value of  ~205 MPa,
corresponding to supra-lithostatic pore-fluid
pressures. This magnitude of overpressure lies
above the range that is delimited by the error on
the depth calculation of £0.1 km, corresponding

183 MPa and 188 MPa. Hence, these
intersections indicate that bedding-normal
veining occurred at near-lithostatic fluid
pressure, whereas pore-fluid pressures during
bedding-parallel veining have risen up to
lithostatic and supra-lithostatic. The absence of
hydrostatic pore-fluid pressures during fluid
inclusion trapping, and thus the absence of
considerable fluid pressure fluctuations, can be
demonstrated by the absence of overlap of the
independent geothermometer with the isochores
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Figure 5.8: Pressure-temperature diagram showing trapping conditions of fluid inclusions in BNVs and BPVs of
the Wildenhof section, representative of P-T conditions at maximum burial. Minimum and maximum isochores
of each vein type were calculated on the basis of the T,-range reported in Figure 5.4 and Table 5.2. Isochores of
BNVs are represented in dashed lines and those of BPVs in full lines. The zone delimited by the range of the
trapping temperature (235°C - 250°C) and calculated isochores evidences bedding-normal veining at near-
lithostatic fluid pressure (up to ~190 MPa) and bedding-parallel veining at near-lithostatic to supra-lithostatic
fluid pressure (up to ~205 MPa). Hydrostatic and lithostatic pore-fluid pressures at 7 km + 0.1 km are calculated
using water and overburden rock density (p) of 0.95 g cm™ and 2.65 g cm™ respectively. Modified after Van

Noten et al. (2011).
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5.4 Discussion

5.4.1 Fluid composition

It is aimed in this work, to determine the
maximum trapping temperature and pressure of
the fluids at the time of bedding-normal and
bedding-parallel vein formation and not to
illustrate the possible evolution of fluids that
have circulated through the rock during the
main phase of the Variscan deformation. If one
would want to reconstruct this evolution, an
additional intense fabric analysis of syntectonic
veins and the microthermometric study of fluid
inclusions in these veins should be performed.
The results from such a research would
contribute to the knowledge of the evolution
and composition of fluids present during
progressive deformation history. Such a fluid
reconstruction, however, is not elaborated and
lies beyond the scope of this work. The reader
is referred to several microthermometric and
geochemical studies performed on veins in the
central, anchizonal to epizonal part of the
central High-Ardenne slate belt (Darimont
1986, Darimont et al. 1988, Kenis et al. 2000,
2005a) or in the Lower Palaeozoic inliers
(Schroyen & Muchez 2000).

The microthermometric results and Raman
analysis of pseudosecondary and secondary
inclusions imply that both BNVs and BPVs
dominantly precipitated from a similar aqueous
H,O-NaCl fluid with a low salinity. Also gases
such as CO,, N, and CH; might have been
present within these fluids, however, they are
scarce and rarely observed within the fluid
inclusions. The low proportion of other gases
such as N, and CH, in addition to CO, have
also been detected in intermullion veins in the
anchizonal part of the High-Ardenne slate belt
(Butgenbach, Belgium, Kenis 2004) and are
interpreted to be common in fluids that
circulated through Lower Devonian rock. Kenis
et al. (2002a) identified this type of fluid to be
common in the Ardenne-Eifel basin. In high-
grade rocks, commonly much more CO, is
found in fluid inclusions than in very low to
low-grade metamorphic environments (Roedder
1984). This is reflected by the strong decrease
of the proportion of gases in fluid inclusions
from the epizonal part of the High-Ardenne
slate belt (from Bertrix to Bastogne) towards
the anchizonal part (Darimont 1986, Kenis et
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al. 2005a), with a decrease in the anchizonal
part from Blitgenbach towards the Rursee.

In literature, low to moderate salinity, aqueous
H,O-NaCl inclusions occurring in Devonian
and Carboniferous sequences are frequently
described as Variscan inclusions (Darimont
1986, Darimont et al. 1988, Kenis et al. 2000,
Muchez et al. 2000, Schroyen & Muchez
2000). The salinity representative of the veins
of the North Eifel corresponds to salinities of 0
to 5eq.wt.% NaCl found in intermullion veins
in the central, anchizonal part of the High-
Ardenne slate (Kenis et al. 2005a). It has been
demonstrated  that this  rather  simple
composition of the fluids changes into more
mature and saline aqueous-gaseous fluids with
moderate salinities up to 10 eq.wt.% NaCl
towards the central, epizonal part of the slate
belt (Kenis et al. 2002a, 2005a, Van Baelen
2010, Verhaert 2001) conform the increase in
metamorphic grade. Also in other low-grade
metamorphic slate belts, such as the Monts
d’Arrée slate belt (Brittany, France), low
salinity fluids are common (Berwouts et al.
2008, Berwouts 2011, van Noorden 2007). In
the samples studied, the initial low salinity
fluids, which most likely originated from
marine seawater, are thus increased in salinity
up to 4 to 8 eq.wt.% NaCl by interaction with
the Lower Devonian sediments during
progressive burial and increasing
metamorphism, a process which takes place
commonly during burial of sedimentary basins
(Hanor 1994).

Several geochemical investigations on the
quartz wveins in the North Eifel have
demonstrated that the host rock most likely
acted as a source of the fluid that laterally
migrated into the fractures (Breddin &
Hellermann 1962, Fielitz & Mansy 1999,
Fieremans 1982). This is also reflected by the
minerals found in the veins, i.e. mainly quartz
and chlorite, reflecting the  host-rock
mineralogy (quartz, chlorite, mica, and biotite).
Also, dissolution features, such as stylolitic
surfaces in the host rock and in the veins,
diffuse mass transfer around fibres, and new
precipitation, i.e. small crystal grains nucleating
on inclusion seams in the wvein, may be
indicative of a lateral source in the vein-fillings.
Such a lateral source would indicate diffusion
as primary transport mechanism of the quartz
on a very small scale near the vein. This can be
supported by the lack of interconnection
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between the fractured sandstones. However,
these assumptions should be supported by a
detailed isotopic and geochemical analysis, a
study that is currently lacking for the veins in
the North Eifel. Nevertheless, it has been
demonstrated in the High-Ardenne slate belt
and in the Variscan frontzone, that the
composition of the wvein-filling fluid was
buffered by the host rock (Kenis 2004, Kenis et
al. 2005a, Muchez et al. 1995), in such way that
fluid-rock interactions occurred in the vicinity
of the veins and that fluids were in thermal and
chemical equilibrium with the host rock (Kenis
et al. 2000, Schroyen & Muchez 2000). Such a
closed fluid system has been established to take
place in other low-grade metamorphic terrains,
especially in low permeability rocks in slate
belts (Kerrich et al. 1978).

In summary, the spatial evolution of the fluids
that circulated through the Lower Devonian
rocks from the epizone towards the anchizone
in the HASB is clearly related to the
metamorphism and can be related to the
maturation of sediments during burial. This
clearly demonstrates that the metamorphism is
burial-related.

5.4.2 Burial temperature

Some flaws may be present in the burial model.
Firstly, in many sedimentary basins that are
affected by a rapid synrift subsidence, a fast
heating is commonly observed (Littke et al.
2000). This is shown by the increasing
isotherms in the burial model (Figure 5.7).
Subsequently, temperatures slightly cool during
recovery after initial rifting. Most probably, the
temperatures predicted during this initial
heating (> 300°C) are too high for the basin. In
the Eifel burial model of Hilgers et al. (2000,
2006a) initial temperatures do not exceed their
final burial temperature (~270°C). Therefore
only a final temperature of 250°C
(corresponding to the vitrinite reflectance) is
used in this study. Secondly, an effective
heating time of 20 Ma is determined for the
timing during which the basin remained at its
maximum burial. The determination of this
heating time mainly depends on the moment in
time chosen to reflect the last maximum burial.
It should be noticed that the effect of
compression and erosion is not modelled.
Therefore, this heating time seems to be longer
than 20 Ma on the burial model.

5.4.3 Lithostatic fluid overpressures

It has been demonstrated by microfabric
analysis of bedding-normal vein quartz that the
repetitive pattern of fibrous and elongate-
blocky infill of the wveins evidences an
important cyclicity in fracturing and sealing
phases during vein growth. Especially the
numerous crack-seal inclusion bands in fibrous
crystals illustrate that this cyclicity is controlled
by the precipitation rate exceeding the
fracturing rate. It is demonstrated by several
studies that each fracturing phase during fibrous
crystal growth is induced by repeated
extensional fracturing at oscillating fluid
pressures (Elburg et al. 2002, Petit et al. 1999,
Ramsay 1980, Renard et al. 2005). In such
cycles, high fluid pressures initiate the
fracturing of the rock and immediately
afterwards, fluid will be trapped at high fluid
pressure. The formation of extension veins thus
requires high fluid pressures (Etheridge 1983).
This process corresponds to the formation of
the bedding-normal veins, especially because
the presence of near-lithostatic to lithostatic
fluid pressures is indicated by the
microthermometry  and  geothermometry.
Consequently, both pseudosecondary and
secondary trails, which respectively represent
healed microcracks during crystal growth and
cross-cutting transcrystal microcracks during
successive fracturing, are trapped from these
high pressured fluids.

Additionally, it can be discussed (e.g. Van
Noten et al. 2009) whether or not the results
illustrated in the P-T diagram (Figure 5.8)
evidence cyclic phases of fluid pressure
fluctuations during vein development, such as
demonstrated for primary inclusions of
intermullion veins in the central part of the
High-Ardenne slate belt (Kenis et al. 2002a,
Kenis 2004, Sintubin et al. 2000). The lowest
isochore (dashed line in Figure 5.8)
theoretically represents the minimum pressure
during wveining and intersects with the
independent geothermometer at a value
corresponding to a geothermal gradient above
40°C km™. Since this value does not correspond
to the geothermal gradient that was discussed in
section 5.3.3 and calculated by the burial
modelling (Figure 5.7), it is fair to assume that
the inclusions measured in the bedding-normal
veins fully reflect the near-lithostatic to
lithostatic  fluid pressures of maximum
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~190 MPa at the time of vein formation. The
presence of hydrostatic fluid pressures is
excluded because of the absence of overlap of
the calculated isochores and the trapping
temperature at the hydrostatic geothermal
gradient. Therefore fluid-pressure fluctuations
are restricted to values from supra-lithostatic to
slightly below lithostatic (see Figure 5.8).

Based on macrostructural observations and
microfabric analysis, a mechanism of bedding-
normal uplift, sometimes combined with
bedding-parallel shear, is proposed for the
formation of the bedding-parallel veins studied.
It has been suggested that bedding-normal
uplift  would require lithostatic  fluid
overpressures in  order to keep the
fracture/cavity open during precipitation. The
pressure  conditions derived from the
pseudosecondary fluid inclusions in crack-seal
laminae and coarse-grained blocky laminae,
both representative of the bedding-normal
uplift, fully supports this mechanism.
Maximum pressure conditions are calculated to
be ~205 MPa, indicated by the intersection of
the minimum lithostatic gradient and the
independent geothermometer (Figure 5.8).
Crack-seal laminae clearly indicate that vein
formation induced by lithostatic  fluid
overpressures is a cyclic process. Based on the
applied pressure corrections by means of an
independent geothermometer, the lower T-
values for the bedding-parallel veins with
respect to the Ty-values for the bedding-normal
veins can thus be fully attributed to the pressure
differences between both vein types at the time
of wvein formation. The blocky laminae,
furthermore, evidence that the overall thickness
of the BPVs is constructed during these phases
of uplift during which a high transient
permeability must have been present in order to
allow blocky crystals to grow. These periods of
overpressuring alternate with periods of
collapse during which the fluid pressure
suddenly drops and a transient vertical
compression acts on the veins. This is indicated
by stylolites representing dissolution along the
BPVs, and also by the bedding-normal
secondary fluid inclusions that indicate a short
reorientation of the stress field from
compression to a short extension, i.e. o; ~ o.
The fractured host-rock fragments possibly
result from this collapse. This dynamic process
of uplift and collapse is cyclic as evidenced by
the laminated structure of the veins. In the shear
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laminae, original quartz grains are formed
during phases of collapse, whereas the intense
dynamic recrystallisation of these new crystals
directly occur during subsequent recovery of
the fluid pressure increase that eventually will
lead to a new phase of fracturing and opening
of the wveins (cf. Boullier & Robert 1992).
Unfortunately it can not be determined if these
lower pressures are present in the quartz grains
in the shear laminae owing to the intense
recrystallisation.

To conclude, it can be argued that this
multiphase history of bedding-parallel vein
formation can be linked to the earthquake cycle
(Boullier & Robert 1992, Cox 1995, Sibson
2001) and to pressure cycling, i.e. ‘fault-
valving’ (Sibson 1990). In the earthquake cycle,
periods of lithostatic overpressuring correspond
to the seismic events. Collapse of the fluid-
filled fracture/cavity corresponds to the
interseismic periods (Fisher & Byrne 1990,
Henderson et al. 1990) and is characterised by a
first rapid decrease of the fluid pressure slightly
below lithostatic and a subsequent recovery of
the pore-fluid pressure towards lithostatic and
towards a new rupturing phase.

5.5 Conclusions

The microthermometric analysis of
representative fluid inclusions in vein quartz of
both bedding-normal and bedding-parallel veins
has determined the pressure and temperature
conditions during veining. Microthermometry
reveals that both pseudosecondary and
secondary trails of bedding-normal veins
trapped from an aqueous (H,O-NaCl) fluid with
a low salinity (3.5-8 eq.wt.% NaCl). The
inclusions all homogenise to the liquid state at
temperatures ranging between 80°C and 350°C.
This broad range can be attributed to necking-
down and cryptic re-equilibration of the
inclusions, which could only be deduced after
microthermometry. The very low T, values are
explained by necking-down after phase change
of originally large liquid-filled inclusions into
smaller inclusions, whereas a high T, occurs in
inclusions that underwent re-equilibration such
as by stretching of the inclusion walls. The
homogenisation temperatures that correspond to
the formation of bedding-normal veins show a
homogenisation frequency peak between 140°C
and 180°C. Pseudosecondary and secondary
fluid inclusions in bedding-parallel veins
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precipitated from a similar H,O-NaCl fluid with
a low salinity (4-7 eq.wt.% NaCl) and vyield
homogenisation temperatures between 80°C
and 310°C. Similar to the bedding-normal
veins, this range is attributed to be an effect of
cryptic re-equilibration of the fluid inclusions.
The frequency distribution supports a Ty-range
between 110°C and 160°C.

It is further assumed that veining occurred in
thermal equilibrium with the host rock.
Therefore, the trapping temperature and
pressure of the fluid inclusions can be
determined using published vitrinite reflectance
data (at about 4.5% to 5.5 % Ry Of the host
rock surrounding siltstone layers. By using this
vitrinite reflectance range and taking an
effective heating time of 20 Ma into account, a
maximum trapping temperature of 235°C to
250°C can be derived. This offers an
independent temperature for pressure correction
of the trapped inclusions. Constructing a
pressure - temperature graph eventually enables
to determine the ultimate trapping conditions
during which both vein types formed.
Correlation of the calculated isochores, the
trapping temperature and the calculated
regional geothermal gradient of 34°C km™
shows that pore-fluid overpressures of
~190 MPa are measured for the bedding-normal
veins, slightly exceeding, but within error of a
lithostatic pressure of c. 185 MPa. This reflects
the pressure at a depth of 7 km + 0.1 km.

During subsequent bedding-parallel veining, the
lithostatic pore-fluid pressure may even have
exceeded the lithostatic pressure with a trapping
pressure of ~205 MPa.

The trapping pressure conditions of both vein
types fully support the cyclic fracturing and
sealing mechanism invoked to explain the
fibrous to elongate blocky infill during
bedding-normal veining, no matter the hairline,
centimetre or composite shape and thickness of
the veins. The increase of the fluid pressure up
to lithostatic, and possibly to supra-lithostatic
fluid pressures, is fully responsible of the
bedding-normal uplift as driving mechanism for
the formation and thickening of bedding-
parallel veins. These lithostatic fluid pressures
allow a higher transient permeability within the
rock. Subsequent bedding-parallel shearing
occurred after fluid pressure collapse combined
with formation of the shear laminae. During
thrusting, small quartz grains are cataclased
during bedding-parallel slip. The subsequent
dynamical recrystallisation of the crystals in the
shear laminae is attributed to higher differential
stresses during the main phase of the Variscan
contraction. It is further interpreted that
bedding-normal uplift thus reflects seismic
phases in an earthquake cycle, in which
interseismic periods are characterised by
bedding-normal  collapse,  followed by
expulsion of fluids and restoration of the fluid
pressure up to new rupturing.
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CHAPTER 6 Stress-state evolution of the upper
crust during tectonic inversion

6.1 Introduction

The geometry of bedding-normal veins, the
fibrous to elongate-blocky vein infill and the
presence of crack-seal microstructures all
indicate that bedding-normal veins initiated as
extension fractures and further developed as
extension veins. This is clearly exemplified by
the presence of single-fractured hairline
microveins and by the presence of centimetre
and thicker composite veins developed during
successive fracturing and sealing phases
(Chapter 4). Such as demonstrated by
microthermometry and geothermometry
(Chapter 5), the extension fractures initiated by
high fluid pressures and specific
microstructures preserve the delicate vein wall
geometry in extension veins, suggesting that the
fractures propagate slowly, presumably at
subcritical crack growth rate (cf. Boullier &
Robert 1992). Bedding-parallel veins are
characterised by a pronounced bedding-parallel
fabric in which crack-seal microstructures and
repetitive quartz laminae are supportive for
extension veins. The laminated character of the
veins represents multiple phases of opening and
closing of the fluid-filled void at the time of
vein formation corresponding to bedding-
normal uplift at supra-lithostatic fluid pressures.
Also clear shear laminae are observed, which
demonstrates that the BPVs can be classified as
extension veins and extensional-shear veins.

Extension (Mode 1) fractures are classically
interpreted to form at low differential stress, i.e.
less than four times the tensile strength (T) of
the rock (o1-03<4T) (Secor 1965).
Extensional-shear veins require slightly higher
values of differential stress but smaller than
5.66 times the tensile strength of the host rock
(01- 03 <5.66T) (Secor 1965). Extension veins
open parallel to the minimum principal stress 63
and propagate in the plane of the maximum (o)
and intermediate (o) principal stress (Secor
1965). The alignment of fractures has therefore
often been used in orogenic belts to determine
the orientation of the palaeostress field at the

time of fracturing (Cox et al. 2001, Gillespie et
al. 2001, Laubach et al. 2004a). If veins, which
initiated as extension fractures, are uniform in
trend over a large area, then they can be used as
such a palaeostress indicator (e.g. Boullier &
Robert 1992, Cosgrove 2001, Gillespie et al.
2001, Mazzarini et al. 2010, Nollet et al. 2005b,
Van Noten & Sintubin 2010). Different cross-
cutting or successive vein generations are even
more interesting because they have the potential
(i) to serve as a tool to decipher changes in the
overall stress regime during multiple phases of
fracturing and (ii) to define the P-T conditions
at which these stress changes occurred. On the
one hand, different cross-cutting fracture and/or
vein generations have been used in many
studies to deduce local stress field rotation in a
consistent remote stress regime (Crespi & Chan
1996, Jackson 1991, Laubach & Diaz-Tushman
2009, Stowell et al. 1999, Wiltschko et al.
2009). On the other hand, successive cross-
cutting veins, i.e. vein types that are oriented
differently with respect to bedding such as in
this work, have often been used to determine a
transition in regional stress regime from
extension to compression or reverse (Boullier &
Robert 1992, Hilgers et al. 2006b, Holland et
al. 2009, Laubach & Diaz-Tushman 2009,
Manning & Bird 1991, Van Noten et al. 2008,
2011). Cross-cutting vein types also occur in
close relationship to faults in which they
represent fluctuating fluid pressures during
fault-valve activity and are related to short-lived
local stress transitions in a consistent remote
stress regime (Boullier & Robert 1992,
Collettini et al. 2006, Muchez et al. 2000,
Nielsen et al. 1998, Sibson 1995). Local cross-
cutting vein sets may also occur in the presence
of mechanical anisotropy (Fagereng et al. 2010,
Healy 2009). In all these studies, transitions
between regional stress regimes are defined as
tectonic inversions or may take place as a short
switch in a consistent stress field.

In the North Eifel, the transition from bedding-
normal to bedding-parallel veins is interpreted
to materialise the early Variscan tectonic

157



CHAPTER 6 - Stress-state evolution of the upper crust during tectonic inversion

inversion from the extensional to the
compressional regime (see evolutionary history
in section 3.5.4; Figure 3.46). In this model it is
interpreted that the maximum principal stress
changes from a wvertical position in the
extensional regime (o;~o,) to a horizontal
position in the compressional regime (G~ o).
In the High-Ardenne slate belt, the
compressional tectonic inversion is exemplified
in a brittle way in upper crustal levels, i.e.

Compressional

Extensional regime tectonic inversion

transition from bedding-normal to bedding-
parallel veins in the North Eifel, and in a ductile
way in the middle crust (cf. Kenis 2004), i.e.
transition of sandstones containing bedding-
normal veins into mullions in the Ardennes
(Figure 6.1). This clearly illustrates an
important difference in the strength of the crust
at different levels. The successive vein types in
the North Eifel reflect a strong brittle upper
crust, while the mullions in the Ardennes reflect
a ‘weak’ middle crust (Kenis et al. 2005b).

Compressional regime

G,-03=06,~0y m G,-03=0,-0,
bedding-normal O~o
Regional uplift . ) .
bedding-normal bedg;':g'fgf allel
veining usting

North Eifel 7 km

U s

Ardennes 10 km

NE Sl

mullion
formation

Figure 6.1: Bedding-normal veining, bedding-parallel veining and mullions exemplify the compressional
tectonic inversion at different depths during compression of the Ardenne-Eifel. For simplicity, only the regional
occurring bedding-normal veins (Vg at the Rursee) are illustrated.

Up to now, it is however unclear how both
deformation features, i.e. the successive vein
types and the mullions, relate to the timing of
the actual switch from extension to
compression.  Although  mullions  reflect
Variscan shortening after the compressional
tectonic inversion, they are insufficient to
deduce the changes in the stress state during
orogenic shortening. As mullions are structures
developed in a ductile way, they can only
indicate stretching directions and thus cannot
solve the research question how the successive
vein types relate to the tectonic inversion. It is
therefore aimed to unravel this question by
quantifying and illustrating brittle failure by
calculating the amount of differential stress that
corresponds to the formation of extension
bedding-normal and extension to extensional-
shear bedding-parallel veins.
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The conditions of brittle failure of an isotropic
rock have classically been visualised in a Mohr-
Coulomb diagram, relating the shear (t) and the
normal stress (c,) on a particular plane of
failure with a particular orientation to the stress
state (represented by the principal stresses). In
such Mohr-Coulomb diagrams extension and
extensional-shear failure is illustrated when the
normal stress contacts the nonlinear Griffith
criterion at negative, i.e. tensile, normal stresses
(see Mohr circle reconstruction later in Chapter
8, Figure 8.7). Although Mohr-Coulomb
diagrams provide an excellent way to illustrate
both the relationship between stress magnitudes
and differential stress, and show which type of
fracture will develop (extension fracture,
extensional-shear fracture or shear fracture)
(Cosgrove 19953, Cox et al. 2001), they are
limited to illustrate a specific stress state at a
specific moment to a particular depth. The



Tensile strength of rock

evolution of the fluid pressure (Pf) during
orogenic shortening can, however, only be
illustrated by means of several Mohr circle
reconstructions (e.g. Hilgers et al. 2006b,
Wilson et al. 2009). Sibson (1998, 2000)
introduced the concept of two-dimensional
brittle failure mode (BFM) plots which allow a
more dynamic and evolutionary analysis of
brittle structures which is not possible in a
classical Mohr-Coulomb diagram. In these
BFM plots, the transition of Andersonian stress
regimes at a certain depth is visualised by the
change of differential stress versus the
evolution of the pore-fluid factor (i,) and the
effective vertical stress (o,’). They moreover
illustrate the change in Andersonian stress
orientations during tectonic inversion; a vertical
o; that switches to horizontal during
compressional inversion, while o3 has an
opposite reorientation from horizontal to
vertical. BFM plots are useful to visualise
parameters such as the tensile strength (T) of
rock or the friction along faults (u) which
strongly influence the maximum overpressures
that can be built up during tectonic inversion
(Cox 2010). The layout of the BFM plots are,
moreover, designed to illustrate contrasting
failure conditions which may be expected from
the transitions between two stress regimes
(Sibson 2004).

Although these BFM plots are originally
constructed to understand the development and
evolution of fault systems with their associated
vein types and are used in a wide range of
tectonic settings, they might be very useful to
define the timing of both vein phases in the
North Eifel in terms of changing differential
stresses during tectonic inversion. In order to do
so, firstly the strength of the rock is discussed
to allow the determination of the magnitude of
differential stress. Secondly, the result of fluid
pressure versus differential stress is plotted in a
BFM plot, visualising the dynamic relationship
between fluid pressure and differential stress
during the orogenic shortening of a basin into a
slate belt. This allows increasing our knowledge
on fluid flow during these specific tectonic
inversion periods.

6.2 Tensile strength of rock

As extension veins and fractures are defined to
be dependent on the tensile strength (T) of rock,
it is interesting to estimate the values of the

tensile strength of the host rock in which
bedding-normal and bedding-parallel veins
developed. The tensile strength is a mechanical
property of the rock that has been tested by
indirect measurements in laboratory
experiments (e.g. Brazilian tests, ring test,
bending test, etc.) (Etheridge 1983). Published
laboratory experiments of the tensile strength of
rock yield values between 1 and 10 MPa for
sedimentary rocks and up to 20 MPa or even
more for crystalline rocks (Lockner 1995, Singh
1989). Most rock types, however, have a tensile
strength below 12 MPa and the strength even
decreases if the rock has undergone regional
metamorphism (Etheridge 1983). In these
laboratory tests rock samples are usually dry
and not heated, specific conditions that are not
fully representative of the wet and hot
conditions at depth in the Earth’s crust in which
the rock is fractured. By measuring dry
samples, the tensile strength is often
overestimated. A reasonable value for
metamorphic rock strength would thus be
between 5 and 10 MPa (Etheridge 1983).

Furthermore, these experiments are often
performed on isotropic rock bodies which show
similar tensile strengths in all directions. Many
sedimentary rocks have anisotropic strength
characteristics such as lamination, bedding or
foliation which influences the tensile strength.
Also, for example, the Young’s modulus
parallel to bedding is often greater than
perpendicular to bedding. In some tests, these
mechanical rock properties are taken into
account during testing the strength of rock at
various angles to its anisotropy. Theoretically,
the tensile strength of rock in the direction
perpendicular to bedding is smaller than the
tensile strength parallel to bedding (Cosgrove
1995a). Experimental compressive Brazilian
tests on laminated sandstones (Figure 6.2),
show that failure stress and also fracture length
are considerably affected by the layer
orientation at the time of fracturing (Tavallali &
Vervoort 2010). Other laboratory experiments
on laminated sandstones report values of 10
MPa for bedding-parallel tensile strength and
7.66 MPa for bedding-normal tensile strength
(Chenevert & Gatlin 1965). At existing planes
such as bedding contacts between a rock with
contrasting competence, the tensile strength
will be even less (Mandl 2005) (Figure 6.2).
Hence, a lower differential stress but a higher
fluid pressure is needed to induce fracturing
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parallel to bedding (Cox & Paterson 1989,
Sibson & Scott 1998).

Given the fact that the type of fracturing is
determined by the tensile strength of rock, the
differential stress which is needed to form
extension veins (o1- 63 <4T) must have been
different in the extensional and compressional
regime because of the orientation of the
principal stress relative to the orientation of the
anisotropy, i.e. bedding. For o1 - 63 < 4T, values
of differential stress during bedding-normal and
bedding-parallel tensile fracturing must have
been below ~40 MPa and ~30 MPa
respectively. Extensional-shear veins require
slightly higher differential stresses (o1- o3
<5.66T) corresponding to values below
approximately ~43 MPa.
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Figure 6.2: Variation in rock tensile strength as
function of the inclination angle of the anisotropy of
the sample during Brazilians tests. Interpretation of
data from Tavallali & Vervoort (2010) and Mandl
(2005) illustrating the differences in strength during
bedding-normal and bedding-parallel veining. The
decrease in strength after a critical angle (dashed
line) is attributed to tests in which samples fail into
shear.

6.3 Construction of a brittle
failure mode plot

The presentation of the changes in fluid
pressure versus the differential stress and
vertical effective stress in Sibson’s brittle
failure mode (BFM) plot has proven to be very
useful in the dynamic understanding of how
these features relate to faulting and transient
changes in stress fields during fault valving
(e.g. Cox 2010, Sibson 1998, 2003, 2004).
Although these BFM plots are originally
constructed to understand the development and
evolution of fault systems with their associated
vein types in a wide range of tectonic settings,

160

they are also applicable to define the timing of
fracturing and mineralisation (Cox 2010).
Consequently, they are very suitable for
interpreting both veining events that occurred
during tectonic inversion affecting the Ardenne-
Eifel basin.

In the BFM plot, the fluid-pressure (Py)
evolution is plotted versus the differential stress
(o1 - 63) and vertical effective stress (¢’ = oy -
Pg) (Figure 6.3). The different brittle failure
modes, i.e. extensional (ext), extensional-shear
(es) and compressional (cs) failure, are defined
by the tensile strength in such way that: es <
4T, 4T < ext < 566T and cs > 5.66T
respectively. Sibson (1998) calculated how the
changing differential stress in these modes
should change as function of the vertical
effective stress 6,” and the tensile strength T at
a consistent coefficient of static friction for
intact rock (w; ~0.75). This resulted in the
following equations for intact rock in the
extensional regime:

(es) 4T>o01-03=c+T

(ext) 5.66T >0y -03=-4T +4(T?+ To")™?
(cs) 5.66T <o;-03=2.083T +0.756"y
while for the compressional regime it is:

(es) oy=oczandc’y=-T

(ext) 5.66T >o0;-03=4T +4(T? + To",)"?
(cs)  5.66T <oy -03=28.33T + 36

By using these BFM plots it is important to
keep in mind that Andersonian stress regimes
are assumed, defining that in each stress regime
one of the principal stresses corresponds to the
vertical (Anderson 1951). Furthermore, rock
tensile strengths of 10 MPa and ~7.66 MPa are
used for the extensional and compressional
tectonic regime respectively. The relationship
between o; - 63 and o, in the extensional and
compressional regime has been calculated using
the equations of Sibson (1998, 2004) but is
adapted to reflect the veining conditions at 7
km £ 0.1 km depth. The result of these modes is
plotted as a solid line in Figure 6.3 and defines
the maximum sustainable overpressure for a
given differential stress. The lithostatic and
hydrostatic pressure are expressed by the pore-
fluid factor A, (A,=P¢c,) in which A, with a
value slightly below 0.4 corresponds to
hydrostatic at a pore-fluid pressure of ~67 MPa
and A,~1.0 to lithostatic at a pore-fluid pressure
of ~185 MPa (Figure 6.3). Supra-lithostatic
fluid pressures have a pore-fluid factor of
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A ~1.0 to A,~1.1. Changing the value of the
static friction w; has only minor influences on
the position of the solid line in the BFM plot.
Maximum differential stress for extensional-
shear failure is modelled as 5.66T for p~0.75
and decreases to ~4T for pu~0.1 (Cox 2010).
Using a value of w;~0.1 would lower the solid
line in the BFM plot to a position just above the
lithostatic pressure. However, many crustal
rocks have a static friction coefficient between
0.5 < i < 1 (Sibson 2004) with an average
value of p; ~0.75. Using this value is thus
appropriate for estimating the failure conditions
during which the successive veins are formed.

Subsequently, the pressure conditions, resulting

Compressional
tectonic inversion

from the microthermometric analysis (Figure
5.8) are plotted on the BFM plot. It was
determined that during bedding-normal veining
(BNV) maximum pore-fluid pressures of
190 MPa were reached whereas during
bedding-parallel veining fluid pressure may
even have exceeded the lithostatic pressure up
to a maximum of ~205MPa (grey areas in
Figure 6.3). The lower values of the conditions
during which BNVs and BPVs can be formed,
are delimited by the brittle modes of extension
and extensional-shear failure respectively and
correspond to minimum fluid pressures of
~153 MPa and ~193 MPa. These lower limits
resemble the lower limits of P-T conditions
derived on the P-T diagram (Figure 5.8).
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Figure 6.3: Brittle failure mode plot (Sibson 1998) of differential stress (ci-03) versus pore-fluid factor
(A= P;/ 6,), vertical effective stress (¢'y = o, - Ps) and pore-fluid pressure (Ps) calculated for successive quartz
veins of the Wildenhof section (Rursee) defining the pressure conditions (grey areas) for vein emplacement
during Variscan compressional tectonic inversion. Extensional (ext) and extensional-shear (es) failure are
defined by 61-03< 4T and 61-63<5.66T respectively (Secor 1965). Note the differences in magnitude of the
tensile strength T before and after inversion. Stress-state changes demonstrate that bedding-normal veining
(BNV) occurred at near-lithostatic fluid pressures and was succeeded after the tectonic inversion by bedding-
parallel veining (BPV) occurring at near- to supra-lithostatic fluid pressures. After Van Noten et al. (2011).
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6.4 Implications

The solid line in Figure 6.3 represents the
stress-state  evolution from extension to
compression during tectonic inversion and
illustrates the maximum pressure conditions
that are sustainable during this evolutionary
history. A specific stress state that exceeds this
line does not exist. It has been demonstrated in
Chapter 5 that it is likely that only high, near- to
supra-lithostatic fluid pressures are captured in
the fluid inclusions in the vein. However, it is
has been demonstrated by the microstructural
analysis that fluid pressure changes must have
been present between the different episodes of
veining. Consequently, to show the real
evolution of the stress-state and fluid-pressure
changes during veining, possibly trajectories
have been constructed to illustrate the formation
of both veining events (grey lines in Figure
6.4). In these trajectories, representative for the
successive vein types in the Eifel region, is it
assumed that the differential stress changes
continuously through the deformation cycle.
With respect to the stress-state changes in the
Ardenne-Eifel basin at the onset of Variscan
orogeny, this assumption indicates that the
differential stress in the trajectories decreases
towards the tectonic inversion between the
extensional and compressional regime, and
increases after inversion during subsequent
Variscan compression. For the sake of
simplicity, the different steps in differential
stress are exaggerated in the illustrating the

different trajectories in Figure 6.4.

In the extensional regime, each trajectory must
commence at a sufficient low differential stress
(< 4T) to allow the initiation of extension
fractures. The fluctuating line of trajectory A
reflects episodical vein growth such as expected
during the development of (crack-seal)
extension veins. Initial failure will eventually
occur when trajectory A hits the solid line a
first time (shown by the star in Figure 6.4). As
most veins have a fibrous or elongate fabric, the
initial fracture will seal before a next fracturing
phase occurs. After sealing of the fracture, a
new fracture can only develop when the fluid
pressure will be sufficient high enough to
overcome the tensile strength of the vein. If the
differential stress decreases towards the tectonic
switch, subsequent fracturing may occur at a
higher fluid pressure than compared to the
initial fracture. The fracture will seal before the
next fracture develops. After fracturing, sealing
will again occur. Eventually the formation of
bedding-normal veins can be explained by
cyclic fracturing and sealing phases. These
cyclic phases are illustrated on the BFM plot
(Figure 6.4) by small fluid pressure drops, i.e.
vertical lines illustrating the sealing phases, and
recovery of the fluid pressure during
subsequent decreasing differential stress. Thick
composite veins are formed by several
successive fracturing and sealing cycles
whereas thin veins are formed by less fracturing
cycles, illustrated as trajectory B.

—200

(MPa)

-150

Figure 6.4: Detail of the brittle failure mode plot in Figure 6.3 illustrating different possible trajectories (grey
lines) during which bedding-normal and bedding-parallel veins could have been formed. Decreasing differential
stress in the different steps of trajectories A and B and increasing differential stress in the different steps of the
trajectories C and D are exaggerated to be able to illustrate cyclic vein growth. See text for discussion and
explanation of trajectories A to D. ext: extensional failure; es: extensional-shear failure.
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Implications

Because of the laminated character of the
BPVs, resulting from numerous phases of
bedding-normal uplift and bedding-parallel
shear, it can be argued that vein growth after the
tectonic inversion is not a continuous process,
but results from cyclic phases. Similar to the
BNVs, each trajectory must start at low
differential stress to allow the formation of
extension fractures (starting point C or D).
Subsequently, after nucleation of the fracture at
(supra-)lithostatic fluid pressure (see the star in
each trajectory in Figure 6.4), growth and
opening of the extension fracture delimits
further rising of pore pressure and allows infill
of the veins during increasing differential stress.
This is illustrated by trajectory C that moves
parallel to the solid line at supra-lithostatic fluid
pressure. As an open fracture, generated by
supra-lithostatic fluid pressures, cannot be
maintained continuously, sudden rapid fluid-
pressure drops (vertical attitude of the
trajectories) will occur. These pressure drops
causes vertical collapse of the vein and give rise
to a transient vertical shortening in a stress field
in which o, shortly switches towards vertical.
At this moment a transient local extensional
stress field exists in a remote compressional
stress field. These phases of collapse might be
caused by dissipation and escape of the fluid
laterally in the bedding-parallel fracture and
hence the decrease of the fluid pressure below
lithostatic. The specific geometry of the thin
bedding-parallel veins suggests that bedding-
parallel fracturing occurred by small increments
and that the fluid pressure drops are
accompanied by only small volume changes.
This explains why the pore pressure never
drops significantly below lithostatic in the
different trajectories in the BFM plot (Figure
6.4) and can rapidly regain its original high
pressure. Also fluid pressure fluctuations from
supra-lithostatic to considerable lower values
are not deduced in the P-T diagram in Figure
5.8. Subsequently after the pressure drops,
bedding-normal uplift and new vein growth will
occur again after recovery of the fluid pressure.

Trajectory C describes how the intrabedded
veins in sandstone (case iii) or the crack-seal
laminae and blocky laminae in the interbedded
veins (case i, ii and iv) develop. The increasing
differential stress, accompanied by continuing
interseismic recovery and seismic rupturing,
will eventually drive the stress state towards
extensional-shear failure mode. In this failure

mode, bedding-normal or oblique dilation first
occurs, when the trajectory hits the solid line.
During fluid pressure drop, shear failure causes
brittle deformation of the present quartz grains
along incremental microthrusts. A BPV
evolving along trajectory C will first develop
crack-seal or blocky quartz laminae and
afterwards shear laminae, or a combination of
both. A vein that commence at trajectory D
may develop only shear laminae.

To conclude, a brittle failure mode plot allows
thus defining the conditions during which
extensional veining can occur in a basin that
evolves from extension to compression during
tectonic inversion (Sibson 1998). It can be
interpreted that fluid pressures increased rapidly
during decreasing differential stress until it is
small enough to allow the initiation of Mode |
extension fractures, interpreted to represent the
onset of bedding-normal veining. Subsequent
successive fracturing and sealing phases at low
differential stress caused fracture infill, vein
formation and vein thickening of the BNVs of
various thicknesses, exemplified by hairline,
centimetre and composite veins. After the
tectonic switch, i.e. the switch from o;~ o, to
o1~ on, supra-lithostatic overpressures at low
differential stress caused uplift of the
overburden. This is reflected in the BPVs by
various incremental opening microstructures in
quartz crystals. During increasing differential
stress in the compressional regime, extensional-
shear fractures have been developed at supra-
lithostatic fluid pressures, such as suggested by
microthermometry. The BFM plot moreover
illustrates that the maximum sustainable
overpressure is the highest during the tectonic
switch and is easier to maintain in
compressional tectonic regimes at relatively
low values of differential stress (<5.66 T),
rather than in the extensional regime at low
values of differential stress (cf. Sibson 2004).
Both veining events illustrate that during a
compressional tectonic inversion a considerable
transient permeability enhancement takes place
in which flow could preferentially take place
along the alignment of the veins in the o,
direction. Furthermore, veining is mostly
related to the competent units. Impermeable
layers, such as the siltstone surrounding these
competent units, can compartmentalise the
pore-fluid system during burial, allowing the
pore-fluid pressure to rise within the sandstone
without any vertical connectivity between the
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compartmentalised competent units. With
respect to compartmentalisation, the
overpressures that accompany the tectonic
inversions are restricted to the individual
competent strata. As bedding-normal veining
occurred regionally, it can be concluded that the
Ardenne-Eifel basin was composed of fossil
intrastratum high-pressure compartments.

6.5 Conclusions

Plotting the derived pressure conditions in a
brittle failure mode plot demonstrates how
successive vein types that are induced by near-
to (supra-)lithostatic fluid overpressures are
important to determine the changes in the stress
regimes during early tectonic, compressional
tectonic inversion. These brittle failure mode
plots are furthermore very useful to reconstruct
the evolutionary history of vein infill in terms
of fluid pressure evolution and differential
stress changes clarifying the stress state in the
basin. At the time of bedding-normal veining at
low differential stress, near-lithostatic fluid
pressures were present in the Ardenne-Eifel
basin at the latest stages of the extensional
regime. After the early Variscan tectonic
inversion, bedding-parallel vein emplacement
indicates that (supra-)lithostatic fluid pressures
were generated which can only be maintained
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atlow to intermediate values of differential
stress during the earliest stages of the
compressional stress regime. An estimation of
the tensile strength of rock furthermore shows
that BPVs developed at lower differential stress
in the compressional regime rather than that
extension veins formed in the extensional
regime, because of the orientation of the
anisotropy (bedding) relative to the principal
stresses.

This kinematic history of two successive vein
types reflects brittle deformation at high fluid
pressures during the compressional tectonic
inversion in a strong upper crust at the onset of
the Variscan Orogeny. It is concluded that both
the fluid pressure and differential stress changes
play a crucial role in increasing the
permeability during orogeny. Fluid redistri-
bution preferentially occurs parallel to o, during
tectonic inversion, as demonstrated by the
percolation of fluids normal to bedding, in the
extensional regime, to parallel to bedding in the
compressional regime. This fluid redistribution
was widespread and should have occurred
regionally in the upper crustal levels of the
overpressured Ardenne-Eifel basin at the onset
of Variscan orogeny. The regional aspect of
fluid redistribution strongly contrast with more
localised fluid flow that occurs along faults or
fault systems caused by fault-valving.



CHAPTER 7 Regional vein spacing as indicator
for layer-scale stress state

7.1 Introduction

The succession from bedding-normal to
bedding-parallel veins reflects the regional
stress-state evolution during compressional,
early Variscan tectonic inversion affecting the
Ardenne-Eifel basin. Within this kinematic
history, bedding-normal veining represents a
regional consistent fracturing event induced by
near-lithostatic fluid overpressures at low
differential stress. Although the regional stress-
state evolution is known, it is interesting to
investigate how stress is distributed at the scale
of a single layer during extension in order to
gain a detailed insight in the fracture and initial
vein development. This stress state at layer
scale can be deduced by comparing the spatial
relationship of stratabound bedding-normal
veins with the thickness of the competent layer
that comprises the veins (cf. Stowell et al.
1999). For this investigation (after Van Noten
& Sintubin 2010), only the centimetre veins are
used.

It is investigated if the repetitive spacing of the
late burial quartz veins in the High-Ardenne
slate belt, both in the pHASB (Germany) as
well as in the cHASB (Belgium) is proportional
to the layer thickness and if the observed
spacing can be explained by one of the
numerously published geomechanical models
which are developed to predict fracture patterns
in naturally fractured reservoirs. In order to do
so, firstly, some representative geomechanical
models of fracture and vein spacing are
discussed. Secondly, the spacing of planar veins
and the aspect ratios of fractured blocks in thin
(< 1m) siliciclastic multilayer sequences from
the different case studies in the geometric
analysis (see Chapter 3) are compared with: (i)
field examples of vein spacing in boudinaged
layers; (ii) published fracture distributions for a
range of lithologies; (iii) the spacing of lensoid
veins in shortened sequences, i.e. mullions, in
the central part of the slate belt. This could
show if vein spacing is consistent in the
regional bedding-normal vein arrays. It is

interesting to examine the distribution of these
stratabound veins to gain insight into a time-
integrated history of compartmentalised fluid
redistribution during low-grade metamorphism
and to understand the initial development of
veins (Manning 1994, Stowell et al. 1999).
Such as demonstrated in previous chapters,
working on veins rather than on fractures has
moreover the advantage that the role of fluid
pressure can be implemented in the
interpretation of the results, whereas this is
often neglected in fracture models. Variations
in the magnitude of the layer-scale compressive
stress are often reflected by the spacing of
crack-seal host-rock inclusion bands in veins
and may already demonstrate the importance of
the fluid pressure (Renard et al. 2005).
Eventually, this wvein spacing analysis can
therefore serve as an analogue for fracture
patterns in the subsurface.

7.1.1 Fracture development

Knowledge of the geometry of fracture and vein
networks is essential in subsurface research
(e.g. ail reservoir research, mining geology).
Discontinuities such as fractures, faults and
veins are potential sites for fluid transport and
have important implications for the hydraulic
properties of rock (André-Mayer & Sausse
2007, Clark et al. 1995). Spatial fracture
distribution has been studied in numerous
papers commonly using statistical methods in
search of the best fit between actual or
numerical data sets and theoretical distribution
laws. This theoretical approach not only
provides a simplified image of the fracture set,
but also enables a numerical definition (Huang
& Angelier 1989). Most fracture distributions,
however, are not applicable to the spatial
distribution of veins (Gillespie et al. 2001,
Peacock 2004). Although wveins initially are
similar mechanically as fractures (e.g. Thomas
& Pollard 1993), there are important geometric,
scaling and genetic differences and they should
be considered separately (Gillespie et al. 2001).
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It is widely accepted that extensional fracture
spacing is mainly controlled by lithological
parameters of the host rock and layer thickness.
There is a large literature on the relationship
between fracture spacing (S) and layer thickness
(T) in which the mechanics of fracture spacing
has been described by both field observations
(Engelder et al. 1997, Gillespie et al. 1999,
2001, Hobbs 1967, Huang & Angelier 1989,
Ladeira & Price 1981, Narr & Suppe 1991, Van
Noten & Sintubin 2010) and geomechanical or
numerical modelling (Bai & Pollard 2000a,
2000b, de Joussineau & Petit 2007, Fischer et
al. 1995, Ji & Saruwatari 1998, Ji et al. 1998,
Li & Yang 2007, Mandal et al. 1994, Olson
2004, Schopfer et al. in press, Wu & Pollard
1995). Both linear as non-linear relationships
between fracture spacing (S) and layer thickness
(T) have been described. Throughout these
studies, spacing is explained from a mechanical
point of view without considering the role of
pore fluid pressure, although it is commonly
accepted that high fluid pressures in
combination with tectonic extension can induce
opening fractures (Ladeira & Price 1981, Secor
1965, Simpson 2000). Recent experimental
results show that fracture spacing decreases
progressively with increasing strain
perpendicular to the fracture in such way that
new fractures form between earlier fractures,
with increasing bedding-plane friction and with
overburden pressure (cf. Schopfer et al. in
press). During extension, the fractures are
flanked by ‘stress shadows’ (Hobbs 1967,
Lachenbruch 1961) in which new fractures are
unlikely to form. The size of the stress shadow
is directly proportional to the length of the
fracture, i.e. the layer thickness (Pollard &
Segall 1987). In layered sequences, these
fractures are usually prevented from further
growth at the interface between competent and
incompetent beds (Cooke et al. 2006, Engelder
et al. 1997, Wu & Pollard 1995). The final
stage of fracture development is reached when
no more ‘freedom’ exists for nucleating new
fractures between pre-existing ones and this
stage is referred to as the ‘saturation level’ by
Narr & Suppe (1991). Recent modelling
showed that the crack-normal stress between
closely spaced fractures actually becomes
compressive at certain fracture spacing so no
more tensile fractures can form (Bai & Pollard
2000b, de Joussineau & Petit 2007). This result
dictates that at the saturation level, the opening
of pre-existing fractures is preferred over
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nucleation of new additional fractures with
increasing extensional strain (André-Mayer &
Sausse 2007, Olson 2004). Bai & Pollard
(2000a) defined a critical S/T ratio of 0.976
which gives a lower limit for fractures driven
by extension in a material without significant
flaws and defines the conditions of fracture
saturation. This critical value increases non-
linearly with increasing ratio of the Young’s
modulus of the fractured layer with respect to
that of the neighbouring layers, with increasing
Poisson’s ratio of the fractured layer, and with
increasing magnitude of the overburden stress
(Bai & Pollard 2000b). However, the effects of
the elastic constants on the critical value are
minor.

Spacing to thickness ratios less than the critical
value have often been seen in outcrop. The
concept of fracture saturation may break down
if a local stress field exists due to the presence
of flaws between adjacent fractures, or due to a
local mechanism such as high fluid pressures,
which can overcome the compressive stress at
the stage of fracture saturation in such way that
new fractures are nucleated in the vicinity of
pre-existing fractures (Simpson 2000). This
contrasts with a large body of work in which
the nucleation of nearby fractures is prohibited
at the stage of fracture saturation and the role of
high fluid pressures has therefore been
underexplored. These closely spaced infilling
fractures are, moreover, more likely to initiate
near the interfaces than in the middle of the
layer.

Besides lithological parameters, fracture
spacing is also dependent on the degree of pre-
existing rock deformation (Harris et al. 1960)
and the interference of adjacent competent
layers (Bai & Pollard 1999, Ladeira & Price
1981). The effect of the layer thickness
variations may overshadow other variables,
such as strain level, strain anisotropy and the
subcritical crack index, which also influence
fracture spacing. Experimental modelling
(Olson 1993, 2004) has shown that the
subcritical crack index controls the degree of
fracture organisation and depends on the rock’s
microstructure (grain mineralogy, grain size,
cement type, porosity) and the chemical
environment (Atkinson 1984). Moderate values
of subcritical index (e.g. sandstones) result in
more regularly fracture spacing that is roughly
proportional to the mechanical layer thickness,
whereas higher values (e.g. in carbonates)



Factors influencing vein spacing

predict the occurrence of fracture swarms or
widely spaced fracture clusters (Olson 2004,
Rijken 2005). The subcritical index thus
determines if a stress shadow and resulting
regularly spaced fractures can develop.

7.1.2 Vein spacing

Clear examples of vein spacing distributions in
literature are scarce. They have been described
in limestones (Gillespie et al. 2001), or in
pelites, in which veins for instance can occur in
en-echelon arrays (Fisher et al. 1995) or axial
planar (Simpson 2000). Gillespie et al. (1999)
and Foxford et al. (2000) give a detailed
description of wvein spacing for a range of
lithologies. A fundamental distinction in
spacing is apparent between stratabound vein
arrays, veins confined to competent rock in
multilayer sequences, and non-stratabound vein
arrays, in which veins occur in homogeneous
rock. Veins often show well defined spacing
statistics for a specific host-rock lithology, but
comparing different studies remains difficult
due to the regional variability of rock
properties. Putz-Perrier & Sanderson (2008)
statistically describe the decrease of wvein
spacing near faults and faulted blocks. Stowell
et al. (1999) characterise a spacing distribution
of wveins cross-cutting folds and cleavage,
caused by a late orogenic uplift. They
specifically discuss the distribution of late-
orogenic veins in deformed multilayer
sequences. Although the results of both case
studies are applicable for the spacing of
syntectonic veins, they cannot be compared to
the Ardenne-Eifel case in which veining is the
result of a regional early tectonic deformation
event predating the main Variscan fold-and-
cleavage development. Vein  spacing
distributions are thus difficult to compare since,
in addition to the vein-hosting lithology, the
timing of fracturing influences vein spacing.
Furthermore the different ways of how data
may be represented in graphs can strongly
influence the interpretation of results and
complicates comparing case studies.
Nevertheless the difficulty of comparing
different vein-spacing studies, it is still worthy
to present new data from the interesting studied
area.

7.2 Factors influencing vein
spacing

In order to investigate the effect of the layer
thickness to vein spacing and to compare it
properly with published fracture distributions,
possible parameters can be determined in the
field and which could influence the spatial
distribution are excluded. Following parameters
have an influence to the spacing pattern and are
well described in literature (Figure 7.1).

Firstly, fracture and vein spacing strongly
depends on the lithological properties and on
rock permeability. To avoid the influence of
lithology and permeability on the spacing
distribution, only the spacing of wveins is
measured which are confined to competent
sandstones (pHASB) and quartzites (CHASB)
from the slate belt. It is not considered to
measure vein spacing in other lithologies.
Material properties of sandstone need to be
constant in an area to demonstrate the true
effect of the layer thickness. This is extremely
difficult as there is a substantial rock property
change (change of subcritical crack index)
(Olson et al. 2002) from initial composition
through  diagenesis and  metamorphism.
Bedding-normal veins, however, are not
affected by grain-scale mechanical
heterogeneity of the host rock, as evidenced by
transgranular microveins with low tortuosity
(Figure 4.3) and by absence of compaction
features associated with the veins, indicating
that the veins formed in an already low-porous
rock at maximum burial. So the material
properties solely depend on the initial
composition of the host rock and not on the
grain/cement ratio. A change in subcritical
crack index of sandstone will thus determine
the variability in fracture spacing. This change
in crack index between the cHASB and
pHASB, however, will be rather small as both
areas contain sandstones which are deposited in
a shallow marine, deltaic to tidal environment
with an identical mineral source. Correlating
the percentage of quartz (grains and cement;
Table 4.1; Figure 4.1; Figure 4.2) with
experimental tests on a wide range of
sandstones (Rijken 2005), supports intermediate
subcritical crack indices between 50 and 60,
which are indicative of regular spacing
proportional to bed thickness (Olson et al.
2002, Rijken 2005) with a minor regional
spacing variability.
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Secondly, because the influence of the layer
thickness is investigated, measurements of vein
spacing in outcrops with an irregular bedding
surface or with varying layer thickness are not
taken into account. After all, vein spacing is
strongly variable within a single competent
layer which shows an irregular bed continuity
(Figure 7.1a), and this influences the correlation
of layer thickness and vein spacing. Thirdly,
besides lithology and layer thickness another
parameter known to influence fracture spacing
is the degree of deformation experienced by
rock prior to fracturing (Harris et al. 1960). Yet,
the variation in spacing due to the deformation
of rock will in no way mask the fundamental
variation of fracture spacing exhibited due to
layer thickness and lithology (Ladeira & Price
1981). As studied in the geometric analysis,
several vein generations in the pHASB
mutually cross-cut (Figure 7.1b). In a rock that
is already characterised by the presence of
veins, their anisotropy will change the host-rock
properties in such way that new fractures or
veins will be influenced by the presence of the
oldest generation (Caputo & Hancock 1999).
To avoid this anisotropy, only the spacing of
the oldest generation is used for the wvein

spacing distribution. Finally, the influence of
the thickness of adjacent incompetent units
bounding the fractured layer plays also a minor
role in fracture/vein spacing (Bai & Pollard
1999, Cooke et al. 2006, Fisher et al. 1995,
Ladeira & Price 1981). In outcrops in which
competent layers are omnipresent, fractures will
‘jump’ from one layer to the other, which
makes it very difficult to determine the effect of
a single layer thickness to the spacing pattern.
Moreover, when two competent layers are only
separated by a thin incompetent layer, with the
interlayer by convention smaller than 5
centimetre (Ladeira & Price 1981), fractures are
more closely spaced than if they are separated
by a thick incompetent layer (Ji et al. 1998).
Bai & Pollard (1999), moreover, calculated that
if adjacent incompetent layers are 1.5 times
thicker than the competent layer, then the
fractured layer does not have any influence of
nearby competent layers and the adjacent
incompetent layers can be treated as an
infinitely thick. Similar observations have been
made in our study area (Figs. 5¢ and d).
Therefore all measurements in competent beds
which are surrounded by thin incompetent beds
are neglected in order to avoid the influence of
adjacent competent beds.

Figure 7.1: Parameters influencing vein spacing. (a) Variability in intermullion vein spacing due to irregular

layer thickness. Upper left: veins are equally spaced in a layer with a uniform thickness (cHASB, Bastogne
Mardasson, Belgium). (b) The presence of the regional consistent vein generation Vg influences the spacing
pattern (white arrows) of the cross-cutting V¢ vein generation (pHASB, Wildenhof zone 9, pencil ~15 cm). (c)
Variability in vein spacing in heterogeneous sandstone due to the interference of adjacent competent layers. The
veins refract at the competent - incompetent interface and are oriented oblique to bedding as a result of flexural-
slip folding (pHASB, Wildenhof zone 8; knife ~10 cm). (d) Veins cross-cutting multiple competent layers,
which are separated by thin incompetent units (P HASB, Urftsee zone 17; fingernails ~1.4 cm).
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7.3 Vein spacing distribution

throughout the HASB

7.3.1 Aspect ratio

Besides describing the absolute vein spacing as
a function of the layer thickness, the aspect
ratio of each segment is given (Figure 7.2). This
ratio represents the ratio of the layer thickness
relative to the median spacing of the veins
(which is a better and more stable estimator of
the centre of the spacing population than the
arithmetic mean) and is referred to as the
fracture spacing ratio (FSR) by Gross (1993).
The FSR is useful to compare spacing patterns
of different outcrops and has been used in the
past to determine if boudinage can be invoked
as a mechanism for veining (Kenis et al.
2002a). Aspect ratios in the HASB (Figure 7.2)
vary between 0.5 and 21 in the cHASB and
between 0.7 and 6 in the pHASB. A small
percentage of the aspect ratios are lower than 1,
with mean values of these low aspect ratios of
0.7 in the cHASB and 0.8 in the pHASB. The
aspect ratios of rectangular boudins (i.e. those
boudins considered to develop by tensile
fracturing of brittle layers at right angles to
layering) are commonly less than 0.55 (Ghosh
& Sengupta 1999, Mandal et al. 2000, Price &
Cosgrove 1990, Van Baelen & Sintubin 2008).
The difference in aspect ratios of the veins in
the slate belt with respect to the low ratios of
rectangular boudins clearly shows that
boudinage was not the mechanism for veining
and is not responsible for the regular spacing
pattern.

Despite the widely used FSR, its inverse is
often used in geomechanical modelling. Based
on this S/T ratio in the HASB (see mean S/T in
Table 7.1 and Table 7.2), vein spacing in the
HASB can mostly be classified into Range 11
of Bai and Pollard (2000b), i.e. the regime in
which spacings have ratios less than the critical
value of 0.976. This indicates that the veins
developed at distances closer than those
predicted for fracture saturation and that it is
reasonable to seek other mechanisms to
overcome the stress transition around fractures
at the stage of fracture saturation.

planar

boudinage

0
051234567~0512345©67
@ Aspect ratio @ Aspect ratio
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Figure 7.2: Block aspect ratios reflecting vein
spacing in (a) boudinaged layers (examples from
Price & Cosgrove 1990, Van Baelen & Sintubin
2008), (b) ‘undeformed’ segments in the
Rursee/Urftsee area and (c) mullions, cHASB.
(d-e) Histograms showing the wvein spacing
frequency in the pHASB and cHASB.
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7.3.2 Coefficient of variation

There are a lot of analytical methods to
characterise the spatial distribution of veins; the
standard deviation (o) represents the quality of
the measurements; the lower & is, the more
representative the median will be. This largely
depends on the amount of measurements (n)
taken. A more suitable measure is the
coefficient of variation (C,): the ratio of the
standard deviation (o) to the mean spacing (S)
(C,=0/S). The C, characterises the variability
in a dataset from anticlustered to clustered and
has been used developed to determine the
spatial  distribution of modelled fault
populations (Gillespie 2003), but also works for
opening mode fractures and veins (André-
Mayer & Sausse 2007, Foxford et al. 2000,
Gillespie et al. 1999, 2001). Gillespie et al.
(1999) calculated that for C, > 1: veins are
clustered, i.e. power-law, for C, = 1: veins are
randomly distributed; for C, < 1: vein spacings
are anticlustered or periodic, and for C,=0:
veins are equally spaced.

Fracture saturation is therefore characterised by
C, < 1. A modified coefficient of variance (C,")

C," = Cy ((n+1)/(n-1))**

needs sometimes to be calculated due to the
small amount of measurements (n) taken along
a fractured bed (Gillespie 2003). This modified
value C,” has been calculated in Table 7.1 and
Table 7.2, but only causes a minor change in
the estimated C, and does not influence the
interpretation. At the pHASB and the cHASB,
the vein arrays have low values of C, ranging
between 0.09 to 0.55 and 0.01 to 0.70 with an
average C, of 0.29 and 0.27 respectively. This
indicates  anticlustered, periodic  spacing
distributions in the whole HASB and although
spacings sometimes seem to be varied, they
appear to have some regularity in outcrop.
Characteristic regularly spaced vein clusters are
typical for stratabound vein arrays in
sandstones (Foxford et al. 2000, Gillespie et al.
2001). The histograms (Figure 7.2d and e),
moreover, show a normal to power-law vein
spacing population in the pHASB and the
CHASB respectively.

Table 7.1: Summary of vein spacing data from the North Eifel (p0HASB). Mean original vein strike represents
vein orientation prior to folding, convention used: dip direction/dip; Min, minimum spacing; Mean, arithmetic
average; Max, maximum spacing; o, standard deviation; Cv, coefficient of variation of all veins in the measured
bed; Cv*, modified version of Cv. Mean S/T determined by average of spacing/thickness ratio.

Mean Line Nr of Thick- Median Mean
Locality/ Dataset original vein  length values ness Min ©) Mean Max o C, Cx* ST

strike (cm) (n) ()
Rursee / Wildenhof 45a  282/78 26 8 3 1 3 313 4 099 032 036 088
Rursee / Wildenhof 45b 280/70 64 5 7 10 13 12.8 16 277 0.22 0.27 1.76
Rursee / Wildenhof 39a  276/73 84 6 10 7 12 14 28 7.72 055 0.65 1.13
Rursee / Wildenhof 46b 285/74 25 3 12 10 12 12.3 15 2.52 0.2 0.29 1.00
Rursee / Wildenhof 5 310/89 85 6 17 9 135 14.2 21 512 036 043 0.75
Rursee / Wildenhof 50 286/76 203 8 18 12 24 25.4 34 6.84 0.27 0.31 1.28
Rursee / Wildenhof 39b 276173 58 5 23 7 12 11.6 18 472 041 0.50 0.44
Rursee / Wildenhof 44b  282/77 536 24 28 12 22 223 35 653 029 030 0.73
Rursee / Wildenhof 40 293/77 410 15 28 21 25 27.3 35 5.19 0.19 0.20 0.95
Rursee / Wildenhof 44a  284/76 539 23 35 10 23 234 44 895 038 040 0.58
Rursee / Wildenhof 46a 285/74 98 3 44 30 30 32.7 38 462 0.14 0.20 0.73
Rursee / Wildenhof 19b  089/60 460 11 56 31 38 418 62 11.69 028 031 0.70
Rursee / Wildenhof 42 273174 573 11 93.5 20 53 52.2 70 14.27 0.27 0.30 0.50
Rursee / Schwam. 94 254/88 29 4 22 6 8 7.3 9 150 0.21 0.27 0.32
Rursee / Schwam. 93 254/88 75 3 60.5 12 31 25 32 1127 045 064 034
Rursee / Hub. Héhe 71 337/85 65 10 9 3 6.5 6.5 10 2.37 0.36 0.40 0.58
Rursee / Hub. Hohe 71 106/76 42 6 15 5 6.25 6.9 13 317 046 054 040
Rursee / Hub. Héhe 72 140/83 84 6 31 9 15 14 18 3.90 0.28 0.33 0.42
Rursee / Hub. Héhe 72 108/78 177 4 52 12 20.5 21.7 31 6.38 0.29 0.38 0.39
Rursee / Hub. Hohe 72 109/62 133 8 55 21 35 333 40 971 029 033 056
Rursee / Hub. Héhe 72 114/82 117 5 72 17 26 25.4 31 532 0.21 0.26 0.31
Rursee / Eschauler 64 294/65 294 13 75 10 25 226 33 750 033 036 0.30
Urftsee / Urftsee 27b 108/83 57 7 9 7 8 8.1 10 1.21 0.15 0.17 0.95
Urftsee / Urftsee 27b 105/77 26 3 12 12 12 12.7 14 1.15 0.09 0.13 1.05
Urftsee / Urftsee 27b 292/78 265 24 13 7 11 11 17 266 0.24 0.25 0.80
Urftsee / Urftsee 27a 109/71 237 14 16 12 17.5 16.9 22 3.02 0.18 0.19 1.10
Urftsee / Urftsee 28b 105/87 152 7 31 11 22 217 33 730 034 039 057
Urftsee / Urftsee 6 330/77 185 5 60 20 43 37 45 10.93 0.3 0.36 0.56

Total measurements: 247 Mean C,: 0.29 0.34 0.72

170



Vein spacing distribution throughout the HASB

Table 7.2: Summary of intermullion vein spacing data from the Ardennes (cHASB). Bast, Bastogne; Mard,
Mardasson; Coll., Collignon; SLR, Sur Les Roches. Mean original vein strike represents vein orientation prior to
folding, convention used: dip direction/dip; Min, minimum spacing; Mean, arithmetic average; Max, maximum
spacing; o, standard deviation; C,, coefficient of variation of all veins in the specified layer; C,”, modified
version of C,; Mean S/T constructed by average of spacing/thickness ratio. % of sh., percentage of shortening
calculated from line length balancing of mullion. “data from Kenis et al. (2004, 2005b). Mean S/T determined by

average of spacing/thickness ratio.

Mean Line Nr of Thick-

Locality / Data set original length values ness Min M?gl)an Mean Max o Cy (o MSeIiT.n oﬁhOf
vein strike (cm) (n) (©) :
Eifel / Dedenborn 346/52 278 14 28 16 21 19.9 24 3.18 016 017 075 29.7
Ardennes / Butgen. 112/77 12 8 21 0.9 1 1.5 2.2 045 03 0.34 0.64
Ardennes / Butgen. 112/77 24 5 7 4.3 4 4.5 5 04 009 011 0.59
Ardennes / Biitgen. 112/77 937 16 86 41 57 58.6 88 14.07 0.24 0.26 0.63 11.8
Ardennes / Houffalize  114/64 12 7 6 1 1 1.6 2 053 032 037 013
Ardennes / Houffalize  114/64 163 26 10 2 6 6.2 11 435 07 072 024
Ardennes / Houffalize  114/64 36 6 11 3 7 5.9 8 2.2 0.37 044 047
Ardennes / Houffalize  114/64 27 3 13 7 9 9 11 2 0.22 031 0.67
Ardennes / Boeur 140/75 13 13 2 0.8 1 1 15 032 032 0.35 0.5
Ardennes / Boeur 140/75 9 6 4 0.8 1 1.3 2 0.4 0.31 037 031
Ardennes / Boeur 304/72 10 8 5 1 1 1.3 2 04 031 035 024 284
Ardennes / Boeur 140/75 153 26 7 2.3 6 5.9 10 195 0.33 0.35 0.7 20.4*
Ardennes / Boeur 140/75 36 7 9 25 5 5.2 9 227 045 052 056
Ardennes / Bast. Coll. 121/62 12 6 1.3 1.1 1 1.9 2.6 0.61 041 048 1.12
Ardennes / Bast. SLR  149/78 6 7 15 0.5 0.65 0.8 16 035 046 053 048
Ard. / Bast. Mard. 125/81 3 3 21 0.5 11 11 2 021 019 027 0.5
Ard. / Bast. Mard. 125/81 21 10 35 1.1 1.7 1.7 24 037 022 024 0.5 28.0*
Ard. / Bast Mard. 125/81 16 6 5 4 2.7 2.6 38 096 037 044 049 231*
Ardennes / Bast. Coll. 121/61 7 4 5 1 1.7 1.6 2.1 0.46 029 037 0.28
Ardennes / Bast. SLR  149/78 102 8 26.5 14 12 12.8 16 242 019 021 047
Ardennes / Bast. Coll  121/61 142 4 40 33 34.5 35.5 40 311 0.09 011 0385
Ardennes / Bast. SLR  149/78 186 6 50 24 32.5 31 36 429 014 016 0.61
Ardennes / Bast. SLR  149/78 130 3 92 40 43 43.3 48 153 0.04 0.05 047 32.3*
Ardennes / Bast. SLR  149/78 203 4 100 40 45 42 45 15.02 0.36 0.46 048 29.5*
Ardennes / Bast. SLR  149/78 270 5 110 65 55 55 65 424 008 0.09 059 254
Ardennes / Rouette 142/82 38 9 9 35 6 5.5 72 223 041 045 067 27.6*
Ardennes / Rouette 142/82 51 3 26 10 17 16.7 17 0.58 0.03 005 065 31.0*
Ardennes / Remagne 207/44 7 5 3 1 1 1.3 1.8 037 029 036 0.37
Ardennes / Remagne  207/44 15 9 8 1.2 1 1.6 2.8 0.6 0.37 041 0.23
Ardennes / Bertrix 148/85 20 3 15 5 5 6.7 10 289 043 061 0.4 19.8*
Ardennes / Bertrix 148/85 38 7 17 5 6 6.9 13 279 04 047 036
Ardennes / Bertrix 148/85 88 12 23 4 9 7.3 10 243 033 036 0.28
Ardennes / Bertrix 148/85 35 4 26 8 8 8.6 14 3.77 0.44 056 0.3 26.4*
Ardennes / Bertrix 148/85 58 7 34 5 9 8.3 10 201 024 028 0.23
Ardennes / Bertrix 148/85 164 14 70 12 17 16.4 20 44 027 029 015
Ardennes / Bertrix 148/85 228 4 200 50 57 55.3 58 198 0.04 0.05 0.29
Ardennes / Bertrix 148/85 195 3 229 60 68 67.5 75 8.66 0.13 0.18 0.29
Ardennes / Bertrix 148/85 399 3 250 108 108 108.3 109 058 0.01 0.01 0.52
Ardennes / Bertrix 148/85 500 4 500 80 125 1196 130 2365 0.2 026 0.27
Ardennes / Bertrix 148/85 780 6 800 89 137.5 130 155 2217 017 0.2 0.16
Total measurements: 304 MeanC,: 0.27 0.32 0.46

7.3.3 Influence of layer thickness

The term ‘spacing’ is used for the distance
between two neighbouring, parallel veins and is
measured perpendicular to the vein walls. Vein
spacing was measured between stratabound
veins cross-cutting the competent bed and
hence terminating at the competent-incompetent
interface. Hairline veins or microveins with thin
apertures (~1mm), which are sometimes present
between the vein arrays, are ignored, although
they are also formed due to fracturing. Median

vein spacing to layer thickness relationship in
thin (< 1 m; Figure 7.3 and Figure 7.4) as well
as in thick layers (> 1 m; Figure 7.5) is shown.
The range of spacing along a single bed is
indicated by minimum and maximum error bars
and the data are represented both on a linear
scale, so that the relationship between spacing
and thickness may readily be seen (Figure 7.4a-
d), and on log-log axes (Figure 7.5e and f) in
order to obviate the problem related to the
irresolvable data near the origin.
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The following features are characteristic:

(i) Vein spacing increases with increasing layer
thickness;

(if) In the realm of thin layers (< 40 cm) a linear
relationship can be assumed for an individual
outcrop. There is, however, a small variation
between different outcrop localities in the
pHASB: veins show for example a wider
spacing in the Urftsee outcrop than in the
Hubertus HoOhe outcrop, although quartz
content of the host rock (Table 7.1) and thus
subcritical crack index in both localities is
nearly the same. This variation in spacing
between different outcrops is smaller in the
cHASB;

(iii) The assumed linear relationship in thin
layers becomes non-linear in thicker layers (>
100 cm) and tends to evolve towards a
maximum value (Figure 7.5) indicating that the

layer thickness is decreasing importance in
controlling vein spacing. Variation in vein
density along a single bed (expressed by the
error bars in Figure 7.5) increases towards
thicker units. This increasing relationship,
however, could be a sampling artefact; large
veins in thick units are only observed in two
quarries in the cHASB (Bastogne and Bertrix; ).
With thicker beds and wider spacings, the
number of veins sampled is smaller than for
thin layers with narrow spacings. Therefore,
these results have to be carefully interpreted
due to undersampling in thick layers and a lack
of comparable units in the pHASB.
Extrapolation of the results to larger scales
using fractal statistics may be possible, but
probably may be flawed because the mechanics
of vein formation may be governed by different
dominant processes at larger scales (Cowie et
al. 1996).

Figure 7.3: Examples of (1-2) intermullion vein spacing from the cHASB (1: Boeur after Kenis 2004,
2. Flamierge) and (3-5) spacing of planar veins in the pHASB (3: Urftsee zone 7, 4-5: Wildenhof zone 9).
Numbers 1-5 correspond to the numbers in Figure 7.4a and b.
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Vein spacing distribution throughout the HASB
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Figure 7.4: Vein spacing (in cm) versus layer thickness (in cm) relationship for veins from the pHASB in (a)
thin and in (c) thicker siliciclastic multilayer sequences taking into account the spatial distribution (b and d) for
intermullion veins in the cHASB. The numbers in circles refer to the examples shown in Figure 7.3. (c - d) Vein
spacing is also compared to published fracture spacing in greywackes (examples from the U.K. and Portugal)
and in limestone (Ladeira & Price, 1981). Examples of boudinaged layers are from Price & Cosgrove (1990) and
Van Baelen & Sintubin (2008). (e - f) Vein spacing versus layer thickness data presented on a log-log scale,
showing a power-law S/T relationship (modified after Van Noten & Sintubin 2010).
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metasedimentary multilayer sequences (data from Bertrix; cHASB), compared to the relationship between
fracture spacing and layer thickness (data from Ladeira & Price, 1981). Axes not to scale (modified after Van

Noten & Sintubin 2010).

7.3.4 Restoration of mullion
shortening

For a given layer thickness smaller than 40 cm,
intermullion veins in the cHASB are closer
spaced than planar veins in the pHASB. This is
represented by smaller S/T-values in Table 7.3
and in Figure 7.4b. As mullions are
compression features developed due to early
Variscan layer-parallel shortening, it would be
interesting comparing the original spacing to
layer thickness ratio (So/To) with the S/T ratio in
the pHASB, in order to show consistency of
vein spacing in the slate belt. Based on field
observations, incipient layer-parallel shortening
mainly varies between 19% and 33% (Kenis et
al. 2005b), without any correlation with the
metamorphic grade in the HASB. The
percentage of layer-parallel shortening (see
Figure 7.6 and Table 7.3) has been calculated
by converting the area of host rock between two
veins to a rectangle with thickness equal to 95%
of the length of the vein with a quartz strain of
5% to correct for deformation of the vein,
thereby assuming no volume change has taken
place during shortening (Kenis et al. 2004,
2005b). In order to estimate So/T,, a small
number of mullions of different localities in the
cHASB were reconstructed into their initial
shape (Table 7.3). Firstly bedding length is
measured between the vein tips along the lobate
bedding to estimate the initial spacing of the
veins (Sg). Secondly, the original layer
thickness (To) was deduced by measuring the
distance between the wvein tips minus 5%
shortening to correct elongation of the wvein
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during mullion formation. This restoration of
mullion shortening causes an increase of the
SofTy ratio, with spacings into the realm of the
vein spacing measured in the pHASB (Figure
7.6), with even wider spaced veins for a small
amount of outcrops. Due to the small amount of
measurements, no interpretations can be made
on the variation of vein spacing in function of
the metamorphic grade or on variability of the
host-rock parameters between the cHASB and
the pHASB. One also has to keep in mind that
the So/Ty ratio in the pHASB was most probably
also higher than the present measured S/T ratio
due to — macroscopically not observable —
Variscan layer-parallel shortening at the onset
of cleavage development. The amount of
shortening in sandstones during cleavage
development is, however, not known.

80
< intermullion spacing o
70
o original spacing cHASB \
o 60 3
£ A planar veins pHASB A
(Lé 50
A
(?)- 40 A £
£ 30 o A A
5} o
> 80\ A e A
20 AD\OO OA
A Np A
10 { 2ag.a®
i
O T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Layer Thickness

Figure 7.6: S/T- versus So/T, -relationship of
intermullion veins from some examples in the
Ardennes, compared to S/T-relationship of planar
veins from the Eifel.



Discussion

Table 7.3: Restoration of the degree of mullion shortening by means of methods explained in the text. The ratio
of original vein spacing (Sg) versus initial layer thickness (T,) increases after restoration. Entries in bold
correspond to data which are rather exceptional in the slate belt. ~ data from Kenis et al. (2004; 2005b).

Locality Data set Median (S) Thickness (T) S/T % of shortening So To So/To
Eifel Dedenborn 21 28 0.75 29.7 29.9 23.8 1.26
Ardennes Bitgenbach 57 86 0.63 11.8 71.0 81.0 0.86
Ardennes Boeur 6 7 0.70 20.4* 5.7 5.7 1.00
Ardennes Boeur 5 9 0.56 25.7 6.7 9.2 0.73
Ardennes Boeur 13 27 0.48 22.0* 16.5 19.1 0.87
Ardennes Bastogne Mardasson 21 49 0.48 26.9 26.8 39.0 0.68
Ardennes Bastogne Mardasson 24 23 1.05 14.2 28.0 17.2 1.60
Ardennes Rouette 6 9 0.67 27.6* 6.7 6.9 0.97
Ardennes Rouette 17 26 0.65 31,0% 23.3 18.6 1.25
Ardennes Bertrix 7 24 0.30 25.5* 9.4 17.2 0.57

7.4 Discussion

Comparing the vein spacing to layer thickness
relationship with various fracture distributions
serves as a useful indicator of the processes
which may have been responsible for
controlling the observed regular vein spacing in
the High-Ardenne slate belt. Vein spacing
increases linearly with layer thickness in thin
sedimentary sequences (< 40 cm), but tends to
increase non-linearly in thick layers. The
pattern looks similar to published fracture
spacings (e.g. Ladeira & Price 1981, Mandal et
al. 1994) with the minor difference that veins
are wider spaced than fractures in thick layers.
The resemblance of vein spacing with fracture
spacing could imply that initial wvein
development in an unfractured rock occurs in a
similar way to fracture development.

Bai & Pollard (cf. 2000b) have demonstrated
that regularly spaced fractures form at the stage
of fracture saturation. The low coefficient of
variation (C, < 1) calculated for our examples
indicates that saturation could have been
reached during initial vein development. Some
of the S/T- and calculated So/T, ratios are,
however, below the critical value for fracture
saturation supporting a mechanism to overcome
the compressive stress state around saturated
fractures. This has been explained by pre-
existing flaws which cut through the
compressive region existing between the
saturated fractures (e.g. Bai & Pollard 2000b)
or by hydraulic fracturing (e.g. Ladeira & Price
1981). The presence of pre-existing flaws is
very difficult to determine and largely depends
on the heterogeneity of the rock. High pore
fluid pressures are recorded both in regularly as

in closely spaced veins, indicating that these
high pressures can account for vein nucleation
rather than that they control vein spacing. The
regular spacing pattern may thus suggest that
initial veins are ‘aware’ of adjacent veins
during the initial development (Figure 7.7a and
b) and that the process of spacing is still
favoured by stress distributions around
fractures. Despite a lack of constraints on the
timing of the initial veins relative to each other,
the spacing pattern suggests that a rock can be
saturated by the presence of initial veins. This
saturation is in contrast with the crack-jump
model of Caputo & Hancock (1999) who state
that once vein formation has commenced, the
local stress conditions around incipient veins
are fully restored due to sealing of the host
rock, with new cracks being ‘unaware’ of the
existence of any pre-existing ones. They
moreover argue that the factors leading to a
layer becoming saturated by the presence of
fractures do not apply for veins if the vein
filling is more resistant to tension than the host
rock. The presence of crack-seal host-rock
inclusion bands in the wveins, however,
evidences that new fractures will form in the
quartz crystals of the initial (syntaxial or
ataxial) veins rather than that they will form in
the adjacent host rock. Successive fracturing
and sealing phases therefore result in vein
thickening (Figure 7.7c).

In the pHASB, only the first generation Vg
shows a clear, regularly distribution pattern.
The absence of any regular spacing pattern in
cross-cutting  generations  (Figure  7.7d)
indicates that it is only possible to create a stage
of saturation in an unfractured rock and not in
an already deformed rock.
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Figure 7.7 (left): Simplified conceptual sketch of
bedding-normal vein development in the Eifel area,
based on the comparison of vein spacing with
fracture spacing (cf. Ladeira and Price, 1981). The
time increments between the different steps are
unknown. (@) Early/initial vein development in an
unfractured rock. Locally around the initial vein a
lateral fluid pressure drop creates a stress shadow
which inhibits the creation of new veins. d: distance
between fractures; dp/dx: fluid pressure gradient; P;:
unaffected fluid pressure; Pp: decreased fluid
pressure. (b) Only at a certain distance of the initial
vein, the fluid pressure will be sufficiently high
enough to create new veins. Repetitive steps of (a)
and (b) creates a rock saturated by the presence of
initial veins. Ps: recovering fluid pressure. (c) In a
saturated rock, veins will thicken by the crack-seal
mechanism rather than forming new veins during
continuous extension. (d) Due to changes in the
stress field, new vein generations are influenced in
their growth by the earliest generation.
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7.5 Conclusions

In this chapter it is demonstrated by means of a
comparative field-based study that in thin
isolated sandstone layers (< 40 cm), veins have
a typical spacing pattern which increases
linearly with increasing bed thickness. The
assumed linear relationship in thin layers
becomes non-linear and less dependent of the
layer thickness towards thicker units (> 40 cm)
and tends to saturate at a maximum vein
spacing (~1 m) independent of bed thickness
for beds thicker than 2 m.

The spacing pattern observed in the wvein
examples of the Ardenne-Eifel region
(Belgium, Germany) shows similarities with
fracture spacing distributions, supporting the
idea that individual veins inhibit the formation
of new adjacent veins at a certain distance
during initial development and that the rock can
be saturated by the presence of initial veins,
although this may be in contrast with the
previously published crack-jump model. It has
been demonstrated by a detailed
microthermometric study (Chapter 5) that high
fluid pressures are responsible for wvein
initiation and repetitive growth of the veins.
This gives an explanation for vein initiation, but
the spacing pattern of the veins might probably
be attributed to the local, intrastratum stress
state around initial fractures indicating a close
interaction between fluid overpressures and the
local small-scale stress state.



Conclusions

At the stage of saturation, in which new veins
are prohibited to grow, high fluid pressures can
overcome the compressive stresses between the
saturated initial veins causing irregularly spaced
veins at a smaller distance than those predicted
at fracture saturation. The presence of crack-
seal microstructures in the bedding-normal
veins, furthermore, indicate that at the stage of
fracture saturation, it will be easier to fracture
the vein quartz of the initial vein than to
fracture the adjacent host rock because of
strength difference between quartz and intact
rock. This implies that during subsequent
extension, the thickness of the initial veins will
increase by the process of crack-sealing, rather
than new veins forming near pre-existing ones.

Whether a single consistent set of veins, such as
the Vg veins in the pHASB and the intermullion
veins in the cHASB, or subsequent cross-
cutting vein generations (V¢ in the cHASB)
will develop, with only the first generation (V)
regularly spaced, depends largely on the
consistency of the regional stress field. When
the far field stress field rotates, irrespective on
the mechanism that causes this rotation, the
earliest wveins will become unfavourably
oriented to allow further (crack-seal) growth of
the veins. Instead, new (cross-cutting) veins
may form that reflect the new stress field but
that will be influenced in their growth by the
already existing veins and hence are prohibited
to form regularly spaced patterns.
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CHAPTER 8 3D complexity of stress-state
changes during tectonic inversion

8.1 Introduction

The constructed stress-state evolution of the
upper crust, as defined by the successive vein
types in the North Eifel, shows an import
coupling between fluid-assisted deformation
during the early Carboniferous tectonic
inversion affecting the Ardenne-Eifel basin at
the onset of the Variscan orogeny. Owing to
low differential stress during tectonic inversion,
it is demonstrated in this work that near- to
supra-lithostatic ~ fluid  overpressures are
captured in extension or in extensional-shear
veins that accompany the tectonic inversion. As
illustrated on the brittle failure mode (BFM)
plot (Figure 6.3) and shown by theoretical
studies (Sibson 1998, 2000, 2004), fluid
overpressures are likely to develop during the
transition from extension to compression and
are easier to maintain at low differential stress

in the compressional regime than in the
extensional regime. The stress-state derived
from macro- and microstructural analysis
moreover shows that there is an important
influence of the 3™ dimension as demonstrated
by the orientation of the veins (Figure 6.3).
However, the way these three principal stresses
change in three dimensions during the tectonic
inversion has not been explained in this work.
Furthermore, although it is clear the veins are
closely related in time to the actual switch
between stress regimes, the influence of the
tectonic stress oy in this kinematic history has
not been elaborated. Therefore, possible stress-
state evolutions are analysed in this discussion
to illustrate the complexity of 3D stress
transitions  during  compressive  tectonic
inversion. abbreviations that are further used in
this discussion are summarised in Table 8.1.

Table 8.1: Abbreviations used in the stress-state reconstructions

T  tensile strength

P;  pore-fluid pressure

o' effective stress

oy Vvertical principal stress component

or tectonic principal stress component

oy Mmaximum horizontal principal stress
component

on  minimum horizontal principal stress

component

G1
G2
G3

G117

Ga 1

G371

maximum principal stress component
intermediate principal stress component
minimum principal stress component
maximum principal stress component
increased by the tectonic stress component
intermediate principal stress component
increased by the tectonic stress component

minimum principal stress component increased
by the tectonic stress component

8.1.1 Problem definition

The tectonic switch, which is illustrated on the
brittle mode by the zero differential stress line
(Figure 8.1), reflects the specific stress state at
which the maximum principal stress o; equals
the minimum principal stress o3 so that o;-
o3=0, without considering the role of the
intermediate principal stress o,. This specific
stress state of a zero differential stress during
the tectonic switch can only be reached in a
state of isotropic pressure, i.e. 61 = 6; = 0os.
Although isotropic stresses are reported in thick

shaly sequences (e.g. Gale et al. 2007), the
chances that a stress state equals a pure pressure
state in multilayer sequences such as the Lower
Devonian deposits, is, however, questionable
(e.g. Healy 2009). Because of the assumption of
an isotropic stress, the stress-state evolution
illustrated in the BFM plots is actually an
oversimplification of the true three-dimensional
stress-state evolution in the Earth’s crust. In
more realistic anisotropic stress conditions, the
transition from extensional to compressional
might be more complex than classically
illustrated in BFM plots owing to the fact that a
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triaxial stress state might remain present during
inversion. It is mentioned by Sibson (1998) that
failure curves for an intermediate strike-slip
regime (o, ~o,) lie anywhere at the zero
differential stress line between the extensional
and compressional regime, depending on the
value of o, with respect to ¢; and c3. To date,
however, this intermediate regime has been
ignored in any tectonic inversion model.

Extensional Compressional
regime regime

) —200
1.0 : —
I E i - P
A : E (MPa)
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0.8/ | 4T 5.66T [ 190
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influence of 6, ?

Figure 8.1: Problem definition: a brittle failure
mode plot is useful to define the timing of veining
with respect to the tectonic switch between stress
regimes, but oversimplifies the true 3D stresses by
assuming isotropic stress conditions. At the switch
point, it is assumed that o; = o3 without considering
the influence of o5.

8.1.2 Successive veins as
palaeostress indicators

Since the stress-state during the formation of
the late burial, bedding-normal veins and the
formation of the successive early tectonic,
bedding-parallel quartz veins is known (Figure
6.3), their orientation and growth direction can
be used as end-members in the stress-state
reconstructions. The orientation data necessary
to understand the stress-state reconstructions
are first shortly summarised.

The regionally occurring bedding-normal veins
are interpreted to be extension veins that
formed in the extensional regime at the latest
stages of the burial. If rotated to their original
pre-folding orientation, they are more or less
consistent in orientation across the whole High-
Ardenne slate belt (Figure 8.2). The veins
originally range from NE-SW in the SW and
central part of the High-Ardenne slate belt
(Bertrix, Bastogne, Mabompré, Boeur) to
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NNE-SSW in the peripheral part of the slate
belt (Houffalize, Blitgenbach, Urftsee, Rursee).
This structural change is probably related to a
post-veining oroclinal bending of the slate belt
during the main Variscan contraction because
of the presence of a rigid basement in the north,
i.e. the Brabant parautochthon (Fielitz 1992,
Mansy et al. 1999). Notwithstanding this post-
veining oroclinal bending, the regional stress
state was consistent over a large area and the
bedding-normal extension veins can be used as
a regional palaeostress indicator for the stress
state during the extensional regime at the time
of wvein formation. The orientation of the
principal stress axes is derived from the
distribution of extension veins that open
parallel to o3 and align in the o; -6, plane.
Veins are thus formed in a consistent
anisotropic stress field, characterised by a
vertical oy, corresponding to the overburden
stress o,, and two well-defined horizontal
principal stresses (oy and o), reflecting a
triaxial stress state during bedding-normal
veining.

Bedding-normal veining is followed by
bedding-parallel veining in the upper structural
levels of the pHASB after the tectonic
inversion. During inversion o5 changes towards
vertical (~o,), whereas oy now corresponds to
o, reflecting regional shortening in the
compressional regime (Figure 6.3). Similar to
the bedding-normal veins, the extension
bedding-parallel quartz veins are the brittle
expression of the o; - 6, plane (cf. Secor 1965),
opening parallel to o3, and can be used as a
palaeostress indicator. A difference between the
three principal stress axes is present in the
compressional regime, with bedding as an
important anisotropy. Macro- and micro-
structural analysis of the shear laminae in the
microfabric of the bedding-parallel veins and
NW-SE-trending slickensides on their vein
walls are used to indicate that shortening
occurred in an overall NW-SE compression at
the onset of folding. Bedding-parallel veining is
followed by the formation of NW-verging folds
and a SE-dipping axial planar cleavage during
Variscan fold-and-cleavage development in the
North Eifel. In fact, similar to the North Eifel,
the major part of the Rhenish Massif is
characterised by a strong NW-directed vergence
that reflects an overall NW-SE compression
during the main phase of the Variscan
contraction (Weber 1981).
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Figure 8.2: Structural map and palaeostress analysis of bedding-normal quartz veins in the High-Ardenne slate
belt (Belgium, Germany). The lower-hemisphere, equal-area stereographic projection show the original
orientation of the veins prior to folding and reflect a consistent extensional stress-field at the time of vein

formation (modified after Van Noten et al. accepted).

8.2 Basic assumptions

Although the state of stress at the time of vein
formation is well understood, to date the actual
switch between two stress regimes has only been
approached from a crust with isotropic stress
conditions. From the consistent vein orientation
in the extensional regime and the bedding
anisotropy in the compressional regime, it is,
however, already clear that mostly anisotropic
stress conditions are present in the Earth’s crust.
To illustrate the complexity of 3D stress
transitions in a triaxial stress state, three
different scenarios (Figure 8.3) are constructed
in which a basin with a certain predefined
sedimentary geometry experiences a
compressional tectonic inversion induced by a
continuous increasing horizontal tectonic stress.
In a first scenario (Figure 8.4) a tectonically
relaxed basin, that is able to extend to all

directions without any predefined horizontal
principal stress component, is shortened. The
second scenario starts from an extensional basin
that has an NE-SW-directed sedimentary basin
elongation and extends perpendicular to o3
(Figure 8.5). In the third scenario, an extensional
basin with a NE-SW-directed extension and a
NW-SE elongation is shortened (Figure 8.6).

In each scenario, the stress-state evolution in the
basin is investigated by changing the orientation
of the consistent tectonic stress component
causing shortening from NW-SE to a NE-SW
direction. The three different scenarios (Figure
8.3) are exemplified by means of 3D stress-state
graphics, with the longest axis representing o,
the intermediate axis o, and the shortest axis o;.
The Mohr-Coulomb diagrams corresponding to
each specific stress-state are illustrated next to
the graphics during the stress-state evolution
(see Figure 8.4, Figure 8.5 and Figure 8.6).

181



CHAPTER 8 - 3D complexity of stress-state changes during tectonic inversion

Scenario 1 Scenario 2 Scenario 3

Tectonically relaxed basin Extensional basin Extensional basin
o, o, (of
Initial stress state Initial stress state
G, (O 0, G,
» 0,~0, - _
G,= Oy G, ~OC, 0,= Oy 0,~> 0, > 0, G,= Oy 6,~> 0,> 0,
o, Lo, butundefined .~ NW-SE o,~ NE-SW

Figure 8.3: Simplified presentation of different basins as a starting point for the stress reconstructions.
(Scenario 1) Tectonically relaxed basin extending to all directions. (Scenario 2) Extensional basin with a NE-
SW extension. (Scenario 3) Extensional basin with a NE-SW extension, mirror image of scenario 2.

The starting point for constructing these three
different scenarios is based on the following
questions:

(i) How does a continuous increasing
horizontal tectonic stress ot influence the
orientation of extension veins?

(ii) Does the initial basin geometry influence the
orientation of extension veins?

(iii)Do veins with a regionally consistent
orientation only form in one specific stress
regime, or can they occur in several
different stress regimes?

(iv)What is the effect of the intermediate
principal stress o, during inversion?

In order to evaluate the different scenarios
during tectonic inversion, the following
constraints are assumed:

Constant a, during tectonic inversion

The 3D stress-state reconstructions are
constructed in such way that oy is assumed to
have a constant magnitude, corresponding to o
in the extensional regime prior to tectonic
inversion and o3 in the compressional regime
after tectonic inversion. This constraint implies
that the thickness of the overburden does not
drastically change and no additional overburden
is added to the basin during tectonic inversion.
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Also no erosion is assumed. This is a realistic
assumption since it was demonstrated that the
tectonic inversion takes place at the maximum
burial, during the 20 Ma effective heating time
(see Figure 5.7). Moreover, the assumption of a
constant vertical principal stress is valid owing
to the limited compressibility of rocks both at
maximum burial and during initial tectonic
compression (i.e. the timing of bedding-normal
and bedding-parallel veining respectively). This
constraint furthermore implies that the Poisson’s
ratio (v) of the fractured sandstones; i.e.
v~0.25: a common value for sandstone,
remains constant during inversion.

Horizontal o+

The tectonic inversion is induced by a horizontal
tectonic principal stress component ot that is
consistent in orientation during the onset of
orogeny. It is assumed to be parallel to one of
the two horizontal principal stresses, oy or oy,
and increases in magnitude from extension to
compression. If the tectonic stress component ot
is parallel to the minimum, intermediate or
maximum principal stress it is indicated as o3,
0,7 Or o171 respectively (see Table 8.1). If the
increasing horizontal or is parallel to the
maximum principal stress (oy), then the
minimum principal stress (o), will indirectly
increase due to the compressibility of the host
rock (Mandl 2000) but at a lower rate than the
increasing oy. This assumption also implies that
in the extensional regime a tectonic principal
stress can already be present, although the basin
is still in extension.



Basic assumptions

01> 0, > o3and oy > on,

The basic assumption is that both veining events
in the case study reflect ‘Andersonian’ stress
regimes with one vertical principal stress oy and
the other two principal stresses in the horizontal
plane, parallel to the Earth’s surface, and with
the minimum horizontal stress o, being smaller
than the maximum horizontal principal stress oy
(Anderson 1951). In an Andersonian stress
regime, the three principal stresses are defined
as o1 > 6, > o3. This implies that if o3 increases
because of the consistent tectonic stress
component o, that is oriented parallel to o3, 631
can become so large that it will pass o, in such a
way that o3+ becomes o, 1 and o, turnsinto 3. A
similar transition can also occur between o, and
oy if the tectonic principal stress ot influences
o,. In the different Mohr-Coulomb diagrams that
illustrate the different stress-states, this change
between two principal stresses is illustrated by a
switch point, in which the magnitude of both
principal stresses is equal and both stress states
coincide. Two different kinds of tectonic stress
transitions can thus occur; one between o3 and
o, and one between o, and ;. However it will be
shown that apparently no switch can occur
immediately between o3 and o3, unless equality
is reached between all three principal stresses at
a certain point in time at isotropic stress
conditions (cf. Cosgrove 1995a).

Principal stresses

All stresses tend to be compressional in the
Earth’s crust and true tensile stresses are
uncommon at larger depths (Cosgrove 1995a).
In the different scenarios principal stresses are
used to illustrate the stress changes during
tectonic inversion. During the whole evolution
of inversion, it is assumed that fracturing can
take place continuously by reducing the
effective stresses (6’ = ¢ - Py) by a fluid pressure
(Ps) that will overcome o3, Which tends to be
compressional. Differential stresses are thereby
inferred to be low enough to allow extension
fracturing. This constraint allows evaluating
vein formation during each different stage.

Vein rotation

Although a slight reorientation of the original
vein orientation has been observed from the SW
(NE-SW; Bertrix) to the NE (NNE-SSW,
Rursee) of the High-Ardenne slate belt (see
Figure 8.2), the orientation of the veins is kept
constant for simplicity of the constructed stress
models. If veins form, they are assumed to be
NE-SW. This simplified model allows
predicting during which specific moments the
NE-SW bedding-normal vein type can be
formed during inversion.
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8.3 Stress-state reconstructions

8.3.1 Scenario 1: Tectonically
relaxed basin

In a first scenario, the stress-state reconstruction
starts with a tectonically relaxed sedimentary
basin in the extensional regime (Figure 8.4).
The boundary conditions of a tectonically
relaxed basin are such that the maximum
principal stress corresponds to the vertical
stress (o1 ~ o) and that there is no distinction
between the two horizontal principal stresses
(0, = 03 Or 64 = oy,) (see Cosgrove 1997, 2001).
This equality is illustrated by a switch point in
the Mohr-Coulomb diagram with a stress
magnitude substantially smaller than o; ~ o,. In
a tectonically relaxed basin, oy and oy are
related by common constraints of the rock in
such way that oy = o,/(m-1) in which m is the
reciprocal of the Poisson ratio v (Price 1966). A
tectonic stress component o7 is assumed to be
absent during subsidence in the tectonically
relaxed basin (stage 1). If extension veining
would occur due to elevated fluid pressures in
stage 1, there would be a tendency to form
vertical veins, but not in a certain direction.
Theoretically, if the veins are close enough to
interfere, polygonal vein arrays would develop
at this specific stress state in which o, > oy = oy,
at low differential stress smaller than 4T
(Cosgrove 1995a, 1997).

As soon as a positive tectonic stress component
ot starts to increase in the basin at the onset of
orogeny (stage 2), oy and oy, is defined as result
of ot influencing one of the horizontal principal
stresses. It depends on the NW-SE (1a in Figure
8.4) or NE-SW (1b in Figure 8.4) orientation of
o7 in which direction the maximum horizontal
stress oy ~ o7 Will develop. Concomitant with
the increase of o, 1, 63~ oy increases, but at a
lower rate depending on the limited
compressibility of the host rock. Eventually, the
initial increase of o results in a decrease of the
differential stress o3 - 63, which is illustrated by
a decreased diameter of the Mohr circle in stage
2 with respect to stage 1. Owing to the
protracted compression and increasing o, G 1
will approach the magnitude of o; ~ oy. When
the o; and o, are subsequently equal in
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magnitude, a major tectonic inversion will
occur during which o,7 becomes o1~ oy,
while o; turns into o,~o,. The tectonic
transition at this point implies a transition
between two stress regimes, changing from an
extensional regime into a ‘wrench’ tectonic
regime, with o, as the vertical principal stress.
In the Mohr-Coulomb diagram, this major
tectonic inversion between the two stress
regimes is illustrated by a switch point between
o, and o, at the magnitude of o,. At this switch
point of inversion, the minimum principal stress
o3 remains substantially smaller than the
intermediate and maximum principal stress, so
that a differential stress remains present during
this first major inversion and no isotropic stress
condition is reached.

Subsequently in stage 3, after this first major
tectonic inversion, o;r~oy passes the
magnitude of o, and keeps increasing with
increasing or. Similar to stage 2, o3~oy
increases concomitant with oy~ oy, but at a
lower rate owing to the compressibility effect of
the host rock, and approaches the magnitude of
o,. As result of the compressibility effect, the
differential stress (o) - ©3) increases again, as
illustrated by an increase in magnitude of the
Mohr circle in stage 3. This already shows that
a differential stress state of zero is never
reached during progressive compression but
that a residual differential stress at a value
substantially smaller than 4T remains present.
A second major tectonic inversion occurs when
eventually also o3~ oy, exceeds o, ~o,. This
transition is illustrated as a switch point in
which the intermediate and minimum principal
stresses change in such way that o, becomes o3
and a o, becomes oy,

This second switch point implies a tectonic
inversion from a ‘wrench’ tectonic regime into
a compressional tectonic regime, which occurs
during increasing differential stress. Finally, in
the compressional regime (stage 4), the
differential stress increases as long as the
tectonic stress component o1 does not stagnate
and o,7 keeps increasing. Eventually, the
tectonic  inversion  from  extension to
compression of a tectonically relaxed basin in
scenario 1 results in a triaxial stress state with
three well defined principal stresses.
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Figure 8.4: Scenario 1 illustrating the 3D stress-state changes and corresponding Mohr circles of a tectonically
relaxed basin that is shortened by a consistent oriented tectonic stress at the onset of orogeny and during
compressional tectonic inversion. See text for discussion. In the four stages 61-03 < 4T. BNV: bedding-normal
quartz veins. BPV: bedding-parallel quartz veins. The vertical line in the Mohr circles corresponds to oy.
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8.3.2 Scenario 2: Extensional basin
with predefined o3~ NW-SE

In a second scenario, it is examined what the
effect of an increasing tectonic stress
component applied on an extensional basin with
a predefined structural orientation owing to the
preceding regional extension during
sedimentary basin development. This scenario
reflects a more general case in which the two
horizontal stresses are different. The elongation
of the basin is parallel to the intermediate
principal stress o, and the basin opens parallel
to o3 in a NW-SE direction (Fig. 4b). The basin
is shortened in two options in which the
tectonic stress component o7 varies from
orthogonal (i.e. o1, ~ NW-SE; 2a in Figure 8.5)
to parallel (i.e. o, ~ NE-SW; 2b in Figure 8.5)
to the predefined structural elongation of the
basin. The initial stress state prior to inversion
is displayed in the Mohr-Coulomb diagram, by
a universal triaxial stress state with o3
corresponding to o,. The initial starting point is
equal for the two options, however, as soon as
the tectonic stress component o Starts to
increase (stage 1), the resulting stress state will
be different for both options. When o,
increases in a NW-SE-directed contraction
(stage 2, option 2a), o371 ~ o and o, ~ oy Will
both increase, although with a different rate
because of the compressibility effect of the host
rock. Because of this different rate, o31, ~ o
will first approach o, and will afterwards
become equal in magnitude as o, ~on. This
equality is exemplified by a switch point in the
Mohr-Coulomb diagram, in which o3 1 switches
into o, and o, becomes o3 ~ o, This minor
horizontal switch has no influence on the
overall extensional stress regimes because o,
remains vertical and o, and o3 remain in the
horizontal plane corresponding to the two
different horizontal principal stresses. If an
increasing o, in @ NE-SW-direction is applied
on the predefined basin (stage 2, option 2b),
however, then the previously described minor
tectonic switch between the minimum and
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intermediate principal stress will not occur
between stage 1 and stage 2 because o
immediately influences the initial o,. In this
option 2b, o, subsequently approaches o, in
stage 2, at a faster rate than the increase of 63 S0
that a minor horizontal switch between both
principal stresses can never occur in the
horizontal plane. Despite the differences
between options 2a and 2b in the extensional
regime, eventually a major tectonic inversion
occurs in both options (Figure 8.5). At the
switch point, ot equals o; and during
subsequent progressive compression they will
mutually change into a stress state in which
o, ~ oy and o; becomes o1 ~ oy. This specific
stress state has also been recognised during the
tectonic inversion of a tectonically relaxed
basin (scenario 1) and corresponds to a
‘wrench’ tectonic stress regime. In both options
2a and 2b, a residual differential stress remains
present during this first major tectonic inversion
because of the difference between o; and os.
Although the stress state at the inversion is
illustrated in one specific Mohr-Coulomb
diagram for both options (Figure 8.4), there
could be a substantial difference in differential
stress between both options, with a lower
differential stress state when o1, first starts to
work on o3 (option 2a) than if o1, works on o,
(option 2Db).

(stage 3) After the first major tectonic
inversion, ot ~oy Kkeeps increasing and
because of the compressibility effect of the host
rock in the horizontal plane, o5 ~ oy, approaches
o, ~oy. This leads to a second major tectonic
inversion of the ‘wrench’ tectonic regime into
the compressional tectonic regime (stage 4)
during which o3 eventually turns towards the
vertical axis after the switch point and o, and
o, are now both situated in the horizontal plane,
such as expected in the compressional stress
regime. However, because of the orientation of
the initial tectonic stress component o1, Or G1p,
the eventual structural grain of the deformed
basin is oriented differently in both options.
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Figure 8.5: Scenario 2 illustrating the 3D stress-state changes and corresponding Mohr circles of an extensional
basin with a predefined o3 oriented NW-SE that is shortened by a consistent oriented tectonic stress at the onset
of orogeny and during compressional tectonic inversion. See text for discussion. In the four stages o1-03 < 4T.
BNV: bedding-normal quartz veins. BPV: bedding-parallel quartz veins. The vertical line in the Mohr circles
corresponds to o,
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8.3.3 Scenario 3: Extensional basin
with predefined o3 ~ NE-SW

The third scenario displays the effect of a stress
component that is applied on an extensional
basin with a predefined structural orientation in
which the elongation of the basin (c,) is now
oriented in a NW-SE direction and the basin
opens parallel to o3 in a NE-SW-direction
(Figure 8.6). Similar to the second scenario,
two options are investigated in which a
consistent positive tectonic stress component is
applied on the predefined basin in a NW-SE-
direction (o1, option 3a) and in a NE-SW-
direction (o, option 3b).

The initial starting point (stage 1) is again equal
for the two options; with o; corresponding to
the wvertical and two predefined horizontal
intermediate and minimum principal stresses.
When o7 starts to increase, no minor tectonic
switch will occur in option 3a if the applied
tectonic stress or, immediately works on oyt
(stage 2) and subsequently approaches o; ~ oy
at the end of stage 2 (option 3a in Figure 8.6).
However, when a tectonic stress component o,
increases parallel to o3 (option 3b in Figure 8.6),
a minor tectonic switch will occur because
037 ~ O approaches o,-oy faster than o, will
approach o; ~o,. At the switch point of this
minor tectonic inversion (Figure 8.6), o531 will
change into o, 1, and o, changes into o3 ~ o, at
constant o; ~ o,. After this minor inversion in
the horizontal plane, the differential stress
further decreases because of increasing o, and
o, leading to the first major tectonic inversion
at the end of stage 2.

Similar to scenario 2, o,7 equals o; at the
switch point and during subsequent progressive
compression they will mutually change at the
point in which o, 1 turns towards the vertical o,
and o; becomes o;1~ oy. This stress state is
indicative of a ‘wrench’ tectonic stress regime,
in which extensional extensional fracturing can
occur at low differential stress > 0.

With increasing differential stress in stage 3, o3
approaches o, ~ oy, which leads to the second
major tectonic inversion during which o3
switches towards the vertical o,, corresponding
to the compressional regime (stage 4).
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8.4 Fracturing and vein formation

The stress-state evolution of a shortened
sedimentary  basin during compressional
tectonic inversion, which is demonstrated by
means of three different scenarios, yield several
possibilities during which the two successive
quartz vein types in the North Eifel can be
formed. Concerning the timing of bedding-
normal veining, the different stages during
which the NE-SW bedding-normal extension
veins (BNVs) can be formed are illustrated by
means of the wveins drawn in the three
corresponding figures. The bedding-parallel
veins (BPV) are drawn in the compressional
regime if they reflect the observed NW-SE
shear.

Starting from a relaxed basin (scenario 1), the
only possibility to form the observed NE-SW
BNVs, is if a NE-SW o1 decreases the
differential stress  during progressive
compression until extensional fracturing is
allowed (Figure 8.5; stage 2; option 1b).
Veining can occur prior to the first major
tectonic inversion in the extensional regime, as
well as after the major tectonic inversion, in the
transitional ‘wrench’ tectonic regime, owing to
the fact that 63 remains constant during the first
major inversion (stage 3; option 1b; Figure 8.4).
Subsequently, bedding-parallel veins with
pronounced NW-SE fabric can only be formed
in the compressional regime during consistent
NW-SE-directed compression (stage 4; option
1a; Figure 8.4).

In an extensional basin with predefined NW-
SE-oriented o3 (scenario 2), bedding-normal
veins can be formed in several phases during
progressive compression. Initially in stage 1 of
both options 2a and 2b (Figure 8.5), the NW-SE
extension of the basin is the solely determining
factor that NE-SW BNVs can be formed, under
the circumstance that a NW-SE or NE-SW
tectonic compression decreases the differential
stress until extensional fracturing is allowed.
After the predicted minor tectonic switch of o,
and o3 during progressive compression, the
stress field is, however, misoriented to allow
veining (stage 2; option 2a; Figure 8.5). In
option 2b, no minor switch occurs because the
tectonic stress component o, IS oriented
parallel to o5, resulting in a stress field that
remains constant during stages 1 and 2.
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Figure 8.6: Scenario 3 illustrating the 3D stress-state changes and corresponding Mohr circles of an extensional
basin with a predefined o3 oriented NE-SW that is shortened by a consistent oriented tectonic stress at the onset
of orogeny and during compressional tectonic inversion. See text for discussion. In the four stages o1-03 < 4T.
BNV: bedding-normal quartz veins. BPV: bedding-parallel quartz veins. The vertical line in the Mohr circles
corresponds to o,
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For similar reasons as in scenario 1, NE-SW
veins can still be formed after the first major
tectonic inversion in the transitional ‘wrench’
tectonic regime owing to the consistent o3
during inversion. Subsequently, the bedding-
parallel veins are only formed in option 2a,
reflecting NW-SE oriented compression.

Compression of a sedimentary basin in which
the predefined o3 is NE-SW oriented (scenario
3), NE-SW veins can only be formed in stage 2,
after the minor horizontal tectonic switch
during NE-SW-directed contraction of oy
(Figure 8.6). Similar to the other two scenarios,
veins can be formed both prior as well as after
the major tectonic inversion to a transitional
‘wrench’ tectonic regime. Similar to the other
scenarios, the subsequent bedding-parallel veins
with a NW-SE fabric are formed in the
compressional regime after the second tectonic
inversion, owing to a NW-SE-oriented o7,
(stage 4; option 3a; Figure 8.6).

All three different scenarios considered, only
option 2a (Figure 8.5) complies with the
observations in the High-Ardenne slate belt,
demonstrating how the regional NE-SW BNVs
first developed and local BPVs with a NW-SE
oriented internal fabric are subsequently formed
in the North Eifel. In this option, the model
starts from an extensional basin that has a
predefined structural NE-SW orientation, owing
to the geodynamic context of the Ardenne-Eifel
basin on the northern passive margin of the
Rhenohercynian basin (Figure 2.2; Figure 8.2).
This  particular  basin  configuration s
corroborated by the identification of major
basin-bounding NE-SW normal fault systems
indicated by stratigraphical mapping (see
Lacquement 2001, Mansy et al. 1999). During
extension of the basin, in which the load of the
overburden corresponds to o in the basin, there
is already a tectonic stress component in a NW-
SE direction, parallel to o3, that causes an
increase in the magnitude of o3 and
consequently a decrease in differential stress,
leading to regionally consistent NE-SW
extensional fracturing. This model furthermore
implies that no veins are formed after the minor
tectonic switch and in the transitional ‘wrench’
tectonic regime because of misorientation of the
stress regime. It is important to highlight the
importance of this minor tectonic switch in the
evolutionary history of the Ardenne-Eifel basin,
in particular with respect to the ENE-WSW
oriented cross-cutting veins V¢ in the North
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Eifel (Figure 3.44d). At the moment of the
minor tectonic switch o, equals o3t (Figure
8.5), which allows fracturing and vein
formation in no particular orientation. The fact
that V¢ can be correlated in the different case
studies at the Rursee, however, implies that a
particular stress-state was present at the time of
V. formation, during which the growth of these
veins was influenced by the anisotropy of Vg. It
is therefore likely that the ENE-WSW stress-
state corresponding to the formation of V¢
occurs just before the tectonic minor switch and
that a minor tectonic inversion does not
necessary represent one specific point in time,
but rather a period in time during which there
are no large differences between o, and o37.
The suggestion from the macrostructural
geometric analysis (see Chapter 3) that o,
equals o3 at a certain stage and that they
switched locally to form the cross-cutting
generation, is demonstrated by this stress-state
reconstruction and can fully be attributed to the
increasing tectonic stress oy after the formation
of Vz.

The proper configuration in option 2a, allows
developing a stress-state reconstruction by
means of several Mohr-Coulomb diagrams that
illustrate successive fracturing and vein
formation during the compressional tectonic
inversion. It is defined by microthermometry
that maximum fluid overpressures of c. 190
MPa and c. 205 MPa are reached during
bedding-normal and bedding-parallel extension
veining respectively. The magnitude of the
constant burial-related o, that corresponds to
the load of the overburden at a depth of ~7 km
+ 0.1 km, reflects a lithostatic pressure of c.
185 MPa, which is kept constant in the Mohr
circle reconstructions (Figure 8.7). During
bedding-normal veining, the value of oy, relates
to o, in such way that:

on=o0y, (v(1-v)) +or (8.1)
(Cosgrove 19953, Cox et al. 2001)

with a common Poisson ratio of v ~ 0.25 for
sandstone (Mandl 2000).

In a tectonically relaxed basin, in which o1 = 0,
this equation corresponds to o, ~62 MPa.
However, it is defined that the basin had a
predefined geometry with extension oriented
NW-SE, parallel to o3 ~ oy, indicating that the
magnitude of o3 ~ oy of the basin in extension
must thus have been below o~ 62 MPa.
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In such a configuration, the differential stress
o1 - 63 that corresponds to o, - oy, is ~123 MPa
(Figure 8.7a). This value is too large to allow
the formation of extension fractures developing
at 61- 63 < 4T ~ 40 MPa with T ~ 10 MPa (see
section 6.2). Therefore, oy, acting on o3t
(option 2a; stage 1; Figure 8.5) must at least
increase up to 83 MPa in order to decrease the
differential stress until the stress configuration
of 61 - o371 < 40 MPa is fulfilled (Figure 8.7b).
At this stage, a P; of ¢.190 MPa is able to
overcome the tensile strength of rock, allowing
the formation of bedding-normal veins against
the action of total pressure. This is illustrated by
the fluid pressure that pushes the Mohr into the
tensile domain (Figure 8.7b). Note that the
stress-state evolution from Figure 8.7a to Figure
8.7b is a static reconstruction, whereas in reality
this is a dynamic process in which ot increases
together with Px.

Subsequently, after the minor switch of 63 1 into
o,1, the first major tectonic inversion occurs
(Figure 8.7c). At this point, a residual
differential stress remains present, at an
estimated value of approximately o;-o3~T.
After this stage, differential stress increases
again in the transitional ‘wrench’ tectonic
regime until the second tectonic inversion takes
place at a differential stress above T but below
a substantial value of 4T (Figure 8.7d). After
the reorientation of the principal stresses in the
compressional regime, fracturing and vein
formation takes place at a value of ;- 63 < ~30
MPa for extensional failure (Figure 8.7e) and
slightly increases to o;- 63 < ~43 MPa during
subsequent extensional-shear failure (Figure
8.7f). Extensional failure takes thus place at
lower differential stress in the compressional
regime than compared to the extensional regime
because of the lower tensile strength owing to
the bedding anisotropy (T < 10 MPa) durmg
compression.  Because of o©;-03 =
oy - oy and of equation 8.1, modified for oy, o1
is allowed to rise up to values of o1 ~155 MPa
during extensional failure and ot ~167 MPa
during extensional-shear failure in the
compressional regime.

Figure 8.7 (right): Stress-state Mohr circle
reconstruction of the upper structural levels of the
Ardenne-Eifel basin (North Eifel) during formation
of successive vein types. Stages (a) to (f) reflect the
different stages of failure. See text for discussion
and Table 8.1 for abbreviations.
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At this stage, the (supra-)lithostatic fluid
pressure of Prat c. 205 MPa overcomes the
tensile strength of the rock and allows the shift
of the Mohr circle to the tensile domain,
allowing failure when the Mohr circle hits the
failure envelope. Furthermore, note that in a
Mohr-Coulomb  diagram,  supra-lithostatic
failure is not illustrated as the Mohr circle
cannot pass the Griffith criterion. Subsequently,
o7 increases during further contraction in the
compressional regime (grey circle in Figure
8.7f). A further Mohr circle reconstruction is
prohibited as subsequently folds and cleavage
developed, defining a plastic deformation which
cannot be illustrated in a brittle failure diagram.

8.5 General implications

Apart from the regional implications of vein
formation, the  different  stress state
reconstruction presented in the three scenarios
imply that if a basin is subjected to a tectonic
compression, always two or three tectonic
switches are necessary to explain the complex
3D tectonic inversion from an extensional
regime to a compressional regime. It solely
depends on the orientation of o with respect to
o3 of the extensional sedimentary basin,
whether or not a minor horizontal tectonic
switch between o, and o3 occurs prior to the
first major tectonic inversion. Furthermore no
matter what orientation of the basin geometry
or the orientation of tectonic shortening is, a
transitional ‘wrench’ tectonic regime should
always occur  between extension and
compression in a shortened basin that is
affected by a tectonic inversion at low
differential stress induced by the orientation of
an increasing tectonic stress component.
Although one should expect strike-slip in such a
stress configuration (Anderson 1951), brittle
features exemplifying this intermediate stage
has to date never been observed, or they are not
preserved in a shortened basin that has been
subjected to a compressional tectonic inversion.
This is possibly due to (very) low differential
stresses that remain present during inversion, or
due to the anisotropy of tectonic features such
as veins that formed in a previous phase. In the
High-Ardenne slate belt, it is unlikely that the
original NE-SW veins are reactivated in the
‘wrench’ tectonic regime because of the NE-
SW misorientation of the veins with respect to
the expected NW-SE strike-slip.
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Despite the fact that Sibson (1998, 2004)
already mentioned that the ‘wrench’ tectonic
regime has an intermediate value bounded by
the compressional and extensional regime
criteria (i.e. at the zero differential stress line in
Figure 8.1), the presence of a transitional
‘wrench’  tectonic regime between the
extensional and compressional regime has to
date not been visualised in a brittle failure mode
plot. However, the stress-state reconstruction in
this work emphasises that, depending on the
value of the intermediate principal stress, a
whole range of possibilities are present during
tectonic inversion. Therefore, one should take
into account both the presence of an
intermediate ‘wrench’ tectonic regime and the
3D complexity of a tectonic switch in the
construction of the brittle failure mode plots.
Tectonic inversions between stress regimes
should not be considered as a single switch
point, but should be subdivided in a double
tectonic switch with a short-lived intermediate
‘wrench’ tectonic regime.

Importantly, the stress-state reconstructions also
show that there is a need for a strict definition
of an isotropic stress state. It is proposed that
one should define a stress state of 64 =06,= 0, as
isotropic and not a stress state in which all
stresses are in a small range of each other, i.e.
OH~0p~0Gy, IN Which o1- 03<< 4T and P; >> o3
or even Ps > o3. This allows defining both major
tectonic inversions and the transitional ‘wrench’
tectonic regime during a tectonic inversion.

With respect to the time-scale during which
tectonic inversion may take place, there is
evidence that the speed of such transition in
stress regime may occur relatively fast and that
it may not be possible to generate the structures
related to the ‘wrench’ tectonic regime. For
example, transition from active extension to
active contraction has been determined to occur
within 1 Ma (e.g. Schneider et al. 1996).
Knowing these time constraints for the
Ardenne-Eifel basin would help considering if
structures related to the short-lived ‘wrench’
tectonic regime could be found. However, the
degree of overpressuring is affected by the
speed of the transition between stress regimes
(Sibson 1995). The presence of regional
intrastratum overpressured compartments at
lithostatic values in the Ardenne-Eifel basin
already indicates that overpressuring took place
during at least several Ma (but definitely less
than the 20Ma effective heating time)
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reflecting a relative slow tectonic inversion of
the Ardenne-Eifel basin compared to recent
settings.

8.6 Conclusions

Although brittle failure mode plots are very
useful to visualise the fluid pressure and stress-
state evolution during tectonic inversion, they
oversimplify the true anisotropic  stress
conditions in the upper crust that are present
during the tectonic inversion of a sedimentary
basin at low differential stress. The bedding-
normal and bedding-parallel quartz wveins,
formed during an  extensional and
compressional  regime  respectively and
materialise the early Variscan tectonic inversion
affecting the Ardenne-Eifel basin. Their
geometries clearly demonstrate the stress state
in the basin. Using these vein types as end-
members, a 3D stress-state reconstruction of a
compressional tectonic inversion has been
carried out in order to determine the stress-field
orientation during compressional tectonic
inversion. These reconstructions are developed
by applying a consistent tectonic stress
component to a basin with a predefined
structural geometry orientation. By changing
both the initial sedimentary basin geometry and
the direction of the tectonic compression,
several scenarios are developed.

The results show that only one specific scenario
can explain the vein occurrences observed in
the North Eifel. In the proper model, the
occurrence of the NE-SW bedding-normal
extension veins can only be explained by a
NW-SE directed tectonic stress component o,
oriented parallel to the opening direction (o3) of
the extensional Ardenne-Eifel basin, reducing
the differential stress substantially in order to
allow the formation of extension veins.
Bedding-parallel veins with a NW-SE internal
fabric, can subsequently only be formed under
the same NE-SW-directed compression.

Although bedding-normal veins still developed
in a basin that was affected by extension, it is
clear that the initial increasing tectonic stress
has affected the basin and that the bedding-
normal veins are considered to be the first
manifestations of the Variscan tectonic
compression (cf. Van Noten et al. 2007,
accepted).

More generally, these stress-state
reconstructions predict that if an increasing
positive tectonic stress component starts to
compress a sedimentary basin at constant
vertical principal stress (= overburden
pressure), always two or three tectonic stress
switches are necessary to explain the inversion
from extension to compression, depending on
the orientation of o with respect to the
extension direction of the basin. If ot is
oriented parallel to o3, a first minor stress
switch occurs in the horizontal plane between
o3 and o,. This minor switch is, however,
absent if a tectonic stress component increases
in a tectonically relaxed basin or if it increases
parallel to the elongation of the basin (i.e. o).
During further progressive  compression,
however, no matter what orientation of basin
geometry, or the direction of the tectonic stress
component, in all the different scenarios an
intermediate transitional ‘wrench’ tectonic
stress regime is predicted between the
extensional and compressional regime. To date
no evidence has been found in particular brittle
features that could reflect this transitional stage
in a shortened basin that has been subjected to a
tectonic inversion at low differential stresses.
Eventually, these reconstructions illustrate that
if a basin experiences a tectonic inversion under
triaxial, anisotropic stress conditions, stress
transitions are more complex than classically
represented. Ideally, the predicted intermediate
‘wrench’  tectonic  regime should be
implemented in brittle failure mode plots, either
in a third dimension or in separate brittle failure
mode plots that illustrate the differences of o
and o3 with o,.
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9.1 Incipient shortening of a
sedimentary basin

The Lower Devonian rapid syn-rift infill of the
passive  margin  of the  developing
Rhenohercynian Ocean resulted in kilometre-
thick siliciclastic deposits in the Ardenne-Eifel
basin, which are currently exposed as
multilayer sequences in the High-Ardenne slate
belt (Belgium, France, Luxemburg and
Germany). These multilayers are dominated by
incompetent pelite and siltstone intercalated
with competent psammite, sandstone and
quartzites, reflecting the deltaic, shallow marine
depositional infill of the Ardenne-Eifel basin.
Sediments  diachronously ~ young  from
Lochkovian in the southwestern central part of
the High-Ardenne slate belt to Pragian in the
northeastern peripheral part of the High-
Ardenne slate belt, reflecting the deepest
(~10 km of sediments) and a more shallow part
(~7 km of sediments) of the Ardenne-Eifel
basin, respectively. The competent units are
regionally characterised by the occurrence of
bedding-normal quartz wveins that reflect
incipient shortening of the Ardenne-Eifel basin
at the onset of Variscan orogeny. In the cHASB
(Belgium and Germany), the competent-
incompetent interface of the units commonly
shows a cuspate-lobate geometry, defined as
mullions, reflecting a ductile deformation of the
middle crust at the onset of shortening (cf.
Kenis 2004). In the pHASB (North Eifel,
Germany), however, shortening is expressed
differently as indicated by bedding-parallel
quartz veins reflecting brittle deformation of a
strong upper crust. In order to characterise this
brittle behaviour in the upper crust and to
investigate how slate belts develop differently
in mid- to upper crustal levels, a detailed
combined structural and microthermometric
analysis of fluid inclusions has been performed
on these successive quartz vein occurrences that
occur in numerous outcrops around the Rursee
and Urftsee water reservoirs in the North Eifel
(Germany).

Planar to lensoid bedding-normal quartz veins,
mostly restricted to competent fine- to medium-
grained sandstones, i.e. stratabound veins, are
the first structural features that characterise the
sequences. Also continuous non-stratabound
veins sometimes occur, refracting at the layer
boundary of the competent unit with the
adjacent incompetent siltstone in a similar way
to cleavage. Bedding-normal veins are
determined to reflect vein formation prior to the
regional fold-and-cleavage development. This
is exemplified by veins that remain at high
angle to bedding around fold hinges and by
clear vein deformation in the fold limbs.
Stratabound veins are often curved in the
sandstone in a direction in agreement with
flexural-flow folding within competent units.
The non-stratabound veins are displaced at the
competent-incompetent  interface  reflecting
bedding-parallel displacement attributed to
flexural-slip folding. Millimetre, hairline veins
cross-cut  the siliciclastic  grains  and
demonstrate that fracturing and vein formation
occurred in a host rock in which the porosity
was already significantly reduced due to burial
compaction and cementation. Moreover, the
limited compressibility of the competent host
rock allows determining that bedding-normal
veins formed during the latest stages of the
burial.

The majority of the mainly mono-mineral
quartz veins are centimetre-thick veins in which
quartz has grown epitaxially on the host-rock
grains. Vein infill is mainly characterised by a
fibrous and elongate-blocky fabric that formed
by ataxial and syntaxial growth mechanisms.
Fibrous crystals and crack-seal host-rock
inclusion bands indicate that vein formation
occurred by repetitive fracturing and sealing
phases in which competition between
precipitation rate and fracture rate dominated
the crystal habit. Some veins have grown to
composite veins during numerous fracturing
and sealing phases reflecting episodical vein
growth during which thin host-rock inclusion
lines were incorporated in the veins and formed
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new surfaces on which crystals have nucleated
and further grown. Furthermore, the specific
alignment of pseudosecondary fluid-inclusion
planes, oriented at high angle to the elongation
of the quartz crystals, proves that bedding-
normal veins developed as extension veins at
low differential stress and repeatedly fractured
by incremental Mode | cracks. The specific
orientation of fluid-inclusion planes has been
particularly useful as microstructural marker to
reconstruct the stress state in the basin at the
time of wvein formation in the extensional
regime. They show that veins open in
incremental  steps perpendicular to the
minimum principal stress o3, which roughly
defines the extension of the Ardenne-Eifel
basin, and propagate in the plane of the
maximum principal stress o; and the
intermediate principal stress o,. This further
defines the stress state present in the
extensional regime in which the magnitude of
oy is determined by the load of the overburden
oy, and o, indicates the elongation of the basin.
In this configuration, maximum and minimum
horizontal stresses were still smaller that the
vertical stress. Subsequent healed microcracks,
observed as secondary fluid-inclusion planes
oriented parallel to the vein wall, still developed
after vein growth. They show that fracturing
continued after vein formation in a similar
stress regime as during the formation of
pseudosecondary fluid inclusions. This specific
elongate-blocky and fibrous crystal habit,
whether or not incorporated with crack-seal
host-rock inclusion bands, evidences the
presence of overpressured fluids that are
responsible to overcome the rock strength at
low differential stress (Cosgrove 1995a).
Microthermometry of pseudosecondary and
secondary inclusions, both reflecting the stress
state in the basin, confirms this hypothesis and
shows that fluid pressure is able to increase to
near-lithostatic ~ values, corresponding to
maximum  burial  conditions. In  this
configuration the fluid pressure exceeded the
magnitude of the minimum principal stress in
order to allow fracturing, i.e. P¢>o0s.
Microthermometry and Raman analysis of
pseudosecondary and secondary inclusions
furthermore imply that the bedding-normal
veins dominantly precipitated from an aqueous
H,0-NaCl fluid with a low salinity. Also gases
such as CO, and CH, might have been present
within these fluids, however, they are rarely
observed within the fluid inclusions.
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Two dominant bedding-normal vein
generations are observed. A third and oldest
bedding-normal generation V. occurs only
locally. The first dominant generation Vg, can
be correlated with the intermullion bedding-
normal veins in the cHASB. Based on a
regional palaeostress analysis, it is concluded
that extension in the basin was predominantly
NW-SE, as demonstrated by the original
orientation of the veins prior to folding in both
the cHASB and pHASB. The slight rotation of
the veins in the North Eifel to NNE-SSW is
attributed to post-veining orogenic bending of
the wveins during subsequent Variscan
contraction. It is furthermore established that in
thin sedimentary sequences, the spacing of the
veins correlate to the thickness of the host-rock
layer. This is a regional phenomenon and is
attributed to the saturation of initial veins that
occur during initial fracturing. Veins that cross-
cut the regional bedding-normal veins occur
only locally in the North Eifel. These cross-
cutting veins V. exemplify a specific stress state
in the extensional regime during which o, and
o3 are nearly the same, causing the formation of
cross-cutting extension veins.

It is established that the onset of Variscan
shortening in the North Eifel is exemplified by
the presence of bedding-parallel quartz veins
that cross-cut, truncate and offset the bedding-
normal veins. They are defined to be the first
brittle  structures that formed in the
compressional stress regime prior to the fold-
and-cleavage development. In this respect, the
transition of bedding-normal veins into
bedding-parallel veins reflects the early
Variscan compressional tectonic inversion,
taking place in the early Carboniferous prior to
the main Variscan contraction.

With exception of intrabedded wveins in
sandstones, the relative position of bedding-
parallel veins with respect to the surrounding
host rock has no influence on the bedding-
parallel fracturing mechanism. Either laminated
veins developed that reflect bedding-normal
uplift combined with bedding-parallel shear, or
composite veins in which shear deformation is
reflected in the microstructures of small-scale
quartz laminae. Both laminated and composite
veins show an alternation of quartz laminae
with host-rock inclusion seams and, fractured,
host-rock fragments. On the one hand, vein
growth and vein thickening in the laminated
veins is dominated by a specific fabric, in
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which the spacing of inclusion bands in crack-
seal quartz laminae track dilation of the veins,
either oriented normal or oblique to the vein
wall. In the composite veins, on the other hand,
quartz laminae with a mainly blocky fabric
demonstrate how opening and thickening of the
veins is dominated by crystal growth in an open
fracture. A (supra-)lithostatic fluid pressure is
the only mechanism that is able to keep such
bedding-parallel fractures open, acting against
the overburden pressure. This mechanism and
the (supra-)lithostatic fluid pressure is inferred
by microthermometry of pseudosecondary fluid
inclusions that occur at high angle to the crystal
elongation in the crack-seal laminae and
subparallel to the wvein wall in the blocky
laminae.  Microthermometry and Raman
analysis of pseudosecondary inclusions indicate
that the bedding-parallel veins precipitated from
a similar aqueous H,O-NaCl fluid with a low
salinity as the bedding-normal veins. Gases
such as CO, and N, might have been present,
however, they are rarely observed within the
fluid inclusions. The specific orientation of
pseudosecondary inclusions and  micro-
structural observations such as crack-seal host-
rock inclusion bands are indicative of the stress
state in the basin in the compressional regime
after tectonic inversion. It is demonstrated that
o; corresponds to the maximum horizontal
tectonic principal stress or and that o3
corresponds to the load of the overburden and
thus to oy.

The blocky laminae in the laminated and
composite  bedding-parallel  veins  are
intercalated with thin shear laminae in which
quartz grains are recrystallised dynamically,
mostly exemplified by bulging of the crystal
walls. The rather undeformed blocky laminae
indicate that recrystallisation is restricted to the
shear laminae in which originally cataclased
crystals deformed at higher differential stress
during the main phase of the Variscan
contraction. Because of this combination of
extensional and shear-related features, bedding-
parallel veins are defined to be extension and
extensional-shear veins that developed at
(supra-)lithostatic  fluid pressures at low
differential  stress during a complex,
multiphased development. Bedding-parallel
veining thus resulted from a cyclic process in
which vein growth predominantly occurs at
supra-lithostatic fluid pressures and shear
occurs after a sudden fluid-pressure decrease

and subsequent recovery. These fluid pressure
drops are accompanied by transient stress
transitions in which o; reoriented towards the
vertical, allowing the formation of bedding-
parallel stylolites.

9.2 Lithostatic overpressures
and the Variscan orogeny

In this work it has been demonstrated how
incipient shortening affects a sedimentary basin
that is subjected to orogenic contraction. Owing
to the occurrence of high fluid pressures at the
moment of bedding-normal veining, the Lower
Devonian Ardenne-Eifel basin is considered as
an exposed 340 million-year-old reservoir
(Hilgers et al. 2006a, Kenis & Sintubin 2007).
One of the objectives of this research was to
estimate the dimension of this naturally
fractured, overpressured basin. The presence of
overpressures in the central part of the High-
Ardenne slate belt has been demonstrated by
several studies (Kenis et al. 2002a, 2005a,
Kenis 2004, Urai et al. 2001) in which is shown
that that bedding-normal veining, related to
these overpressures, occurred regionally. In this
work it is further demonstrated that the
bedding-normal veins can be correlated to the
North Eifel in which veining is still a result of
overpressuring, taking place at near-lithostatic
fluid pressures. This indicates that the
dimensions of such an overpressured reservoir
can be correlated laterally over an area of more
than 100 km. Not only the lateral extent of this
overpressured reservoir is important, also the
vertical compartmentalisation can be estimated.
Near-lithostatic overpressuring took place at the
time of bedding-normal veining in a sequence
of at least 3 km thick, from mid-crustal
conditions at ~10 km in the central part of the
High-Ardenne slate belt, to upper crustal
conditions at ~7 km in the peripheral part of the
High-Ardenne slate belt. These near-lithostatic
overpressures were present in intrastratum
compartments in the competent units and
incompetent  units  surrounding  these
compartments formed the perfect seal allowing
pore-fluid pressures to rise until fracturing.

Furthermore, this research has also established
an estimation of the timing during which
overpressuring took place. Although bedding-
normal veins formed in a basin that was still in
extension, bedding-normal veins are considered
to be the first manifestations of the Variscan
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orogeny. By means of several stress-state
reconstructions, it is demonstrated that an initial
increasing tectonic stress o at the onset of the
Variscan orogeny, parallel to o3, can be invoked
as the driving mechanism to decrease the
differential stress at the latest stages of the
burial and to generate overpressures which are
necessary to form vertical extension veins. The
initial tectonic stress may be considered as the
driving force for the stagnating extension at the
end of the extensional regime. After the
compressional tectonic inversion, bedding-
parallel veins formed because the presence of
(supra-)lithostatic pore-fluid fluids allowed
bedding-normal uplift. The tectonic stress, now
considered to be parallel to o; in the basin,
causes shear-related vein formation at high fluid
pressures prior to the main contraction of the
Variscan orogeny. The fact that both bedding-
normal and bedding-parallel veins are related to
lithostatic ~ overpressuring  supports  the
assumption  that  this  magnitude  of
overpressuring took place during the whole
tectonic inversion.

With respect to seismogenesis, bedding-parallel
vein formation in the compressional regime can
be related to the earthquake cycle in which
rupturing occurs both in the seismic periods
during bedding-normal uplift and in the
interseismic periods immediately after the fluid
pressure drop during shear-related lateral
movements. Absence of movements correlate to
subsequent recovery of fluid pressure until
overpressuring re-occurs and the cycle restarts.

With respect to the processes active in the crust,
high fluid pressures are predicted at the base of
the seismogenic crust and play a role in
seismogenesis (e.g. Miller et al. 2004,
Terekawa et al. 2010). This seismicity is often
expressed by slow-slip events (e.g. low
frequency earthquakes). The added value of this
work to this research question is limited: the
two vein types that formed by hydrofracturing
at lithostatic fluid pressures, may materialise
structures which have to be looked for in high
fluid-pressure fields during low slip-events at
the base of the seismogenic crust.

To conclude, the naturally fractured Ardenne-
Eifel basin at the onset of Variscan orogeny can
serve as an analogue to the present upper crust
by its extent of lithostatic overpressuring, but
more importantly by showing that a tectonic
inversion from extension to compression is the
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crucial timing during which lithostatic

overpressures can be sustained.

9.3 Importance of tectonic
inversions

In the High-Ardenne slate belt quartz veining
occurred extensively and regionally during
incipient shortening of the Lower Devonian
sequences and is related to overpressuring,
before and after the compressional tectonic
inversion. In contrast to these two important
veining phases at the onset of orogeny, quartz
veining seems to have occurred rather
occasionally during the main compressional
stage of the Variscan orogeny. In the North
Eifel syntectonic veining is restricted to local
deformation features that are related to folding,
e.g. local boudinage and flexural slip veins, and
to local fluid release accompanying faulting.
Also in the central part of the High-Ardenne
slate belt and in the Lower Palaeozoic inliers
(e.g. Van Baelen & Sintubin 2008), syntectonic
quartz veining related to the Variscan fold-and-
cleavage development seems rather limited.
However, in the latest stages of the Variscan
orogeny, extensive veining seems to resume
(Van Baelen 2010). It has been proven by
several microthermometric  analyses that
temperature conditions during the positive
tectonic inversion (e.g. Kenis et al. 20053,
Schroyen & Muchez 2000, Van Noten et al.
2011), the main Variscan contraction (Fielitz &
Mansy 1999) and during the Variscan
destabilisation after negative tectonic inversion
(Van Baelen 2010) remained constant. This
implies that no significant subsidence or uplift
of the shortened Ardenne-Eifel basin occurred
during the WVariscan orogeny and that the
magnitude of the wvertical principal stress
remained constant during both positive and
negative Variscan tectonic inversion.

The late Variscan, negative (extensional)
tectonic inversion is evidenced locally in the
cHASB (Bertrix, Herbeumont) by discordant
quartz veins that cross-cut the south-dipping
Variscan cleavage and that underwent a shape
modification during progressive shearing
reflecting the late Variscan destabilisation of
the Variscan Orogen (Van Baelen 2010). These
subvertical veins have been demonstrated to
initiate as extension veins at conditions of low
differential stress and have subsequently been
deformed, either as a vein or as an open cavity
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due to increasing differential stress related to
further extension within an extensional regime.
These parental cracks are very interesting
because they occur over the entire Belgian part
of the Eifel depression, showing that this
extensional destabilisation is regional and
corresponds to the negative tectonic inversion
(Van Baelen 2010). The presence of high fluid
pressures could not be demonstrated
conclusively but the rare fibrous infill of these
extension veins suggests that opening occurred
at a fluid pressure exceeding the minimum
principal stress.

The results of this work and that of VVan Baelen
(2010), clearly demonstrate that these tectonic
inversions turn out to be key moments in the
deformation cycles during which a considerable
permeability enhancement occurs that is related
to major changes in the overall stress regime.
During compressional tectonic inversion, (near-
lithostatic) overpressures will be generated in
the extensional regime and are able to rise to
supra-lithostatic after the tectonic switch in the
compressional regime in which they are
maximum sustainable at low differential stress
(Sibson 1998, 2000, 2004). This evolution is
reflected by the bedding-normal and bedding-
parallel veins in the pHASB and furthermore
shows that high fluid-pressures are easier to
maintain during the compressional tectonic
inversion at the onset of orogeny than during
the subsequent main contractional deformation
stage of orogeny. The reverse path occurs at a
negative inversion. At the end of the
compressional regime, elevated fluid pressures
are again developed at low differential stress,
which cannot be sustained in the subsequent
extensional regime after inversion, giving rise
to a release of fluids, as exemplified by the
extension veins in the cHASB. Both studies
highlight the importance of tectonic inversions
and corroborates with the importance of the
interaction between fluid flow, fluid pressure
changes and changes in the tectonic stress field.

Finally, as a zero differential stress state is not
necessarily expected during inversion, the 3D
complexity of a tectonic inversion contributes
to this permeability enhancement. It is
demonstrated by means of different stress-state
reconstructions that, apart from the tectonic
stress o7, also the intermediate principal stress
o, plays an important role in anisotropic stress
conditions. In a compressional inversion, but
probably also in a negative inversion, a

transitional ‘wrench’ tectonic regime is always
predicted, in which o, is defined to correspond
to the overburden stress. Also in this transient
configuration the permeability will basically
increase in the o1-0, plane, corresponding to the
same permeability in the extensional regime.
Eventually the application of these 3D stress
transitions under triaxial stress conditions may
have a wide range of implications with respect
to the evolution of dynamic permeability during
orogenic shortening.

9.4 Perspectives

Well-studied areas such as the frontal part of
the central European Variscides (i.e. the
northern front of the Rhenohercynian fold-and-
thrust belt; Belgium, Germany) and several
Central  African orogenic belts (more
specifically the Kibara orogenic belt and the
Copperbelt; DRC, Rwanda, Uganda, Zambia)
are important areas for the study of fluid flow
and mineralisation and are studied intensely in
several research projects of the Geodynamics
and Geofluids Research Group at the
Katholieke Universiteit Leuven. Historical and
mineralogical studies have been carried out
concerning the structural reconstruction of these
orogenic belts and large-scale fluid migration as
a source for economically interesting ore
deposits (e.g. Muchez et al. 2010). In these
studies the general relationship between
regional tectonics, large-scale fluid flow and
mineralisation has been investigated. Despite
this great interest in tectonics and fluid flow,
the interaction between changes in stress
regimes, fluid pressure and fluid migration has
to date not been investigated in detail.
However, Sibson (2004) and Cox (2010)
theoretically demonstrated that this interaction
is important for the genesis of ore deposits.
Since this study and the study by Van Baelen
(2010) demonstrated that fluid permeability is
enhanced during tectonic inversion, irrespective
of the kind of inversion, and that supra-
lithostatic fluid overpressures will be sustained
in the compressional regime, further research
could focus on these tectonic inversion periods,
as they might be of great importance for the
genesis of ore deposits.

The tectonic inversion models (both 2D and
3D) predict that overpressures form during
changes in stress regimes. These models are,
however, barely consistent with geological
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structures. Although the barren successive
bedding-normal and bedding-parallel quartz
veins in the pHASB have been very suitable to
develop and refine these models, it would be
interesting for further research to test these
inversion models for different settings in other
parts of the world, primarily because the extent
to which fluid redistribution occurs during the
intimate relationship between stress changes
and fluid pressures at low differential stress is
unknown. Further research could be performed
in different steps. Firstly, a validation and
verification of the theoretically derived
complexity of 3D stress-state changes during
tectonic inversion could be made by a
numerical modelling approach. Secondly, based
on the results of the numerical models, the
structural-controlled tectonic inversion model
could be applied in other geodynamic settings,
with special focus on economic mineral
deposits.

The Fault Analysis Group (FAG) at the
University College Dublin (UCD) has in the
recent years demonstrated that Discrete
Element Method (DEM) codes (Cundall & Hart
1992), and in particular PFC2D and PFC3D
(‘Particular Flow Code’; Itasca Consulting
Group Inc.) are very promising methods for
reproducing the formation of joints in
multilayers and the growth of faults in 2D and
3D (e.g. Imber et al. 2004, 2006, Schopfer et al.
in press). The DEM approach employed in
these studies would be suitable for the
generation of a 3D numerical model for
predicting the brittle structures associated with
tectonic inversion. Firstly, fracture formation
could be investigated in three different
discontinue numerical models, each reflecting
the different predicted stress states during
inversion (i.e. the extensional regime,
transitional wrench regime and compressional
regime) (Van Noten et al. accepted) under
appropriate boundary conditions and within
heterogeneous  multilayers with  different
strength distributions. The fracture patterns
generated in these models can be validated in
the ‘simple’ case of compressional tectonic
inversion, as manifested in the Ardenne-Eifel
region and demonstrated in this work. The
output of this modelling would permit
investigation of the impact of changing rock
mechanical  properties  (tensile  strength,
Young’s modulus, Poisson’s ratio, etc.) on the
orientation of fractures during the 3D stress-
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state changes arising from inversion. Such an
investigation is important as these rock
parameters define the magnitude of the
horizontal and vertical principal stress (Mandl
2000), but also define the maximum
overpressures that can be sustained during
inversion (Sibson 2004). In a second phase,
numerical models could be constructed for
more ‘complex’ cases by implementing an
additional anisotropy, such as a cleavage
pattern, that will be reactivated during
extensional tectonic inversion to form, as
represented by discordant veins in the High-
Ardenne slate belt (Van Baelen 2010).

Furthermore, based on the results of the
numerical modelling and the gained expertise
build during the investigation of the successive
vein types in this work, the inversion model
could be tested during field-based studies of
other vein systems. In search of such wvein
systems, one has to seek for analogues of the
structures predicted in the numerical models.
Investigations that report multiple cross-cutting
types of (mineralised) veins which provide a
basis for palaeostress analysis and highlight
changes in stress regimes, or those that
document the presence of high to lithostatic
pore-fluid pressures within veins, can serve as
potentially interesting field areas to test and
refine the tectonic inversion model. Not only
vein systems in low-grade metamorphic areas
are promising, but also vein types that reflect
short stress transitions, e.g. above the
emplacement of pluton bodies (e.g. Manning &
Bird 1991).

Apart from the search for new potential study
areas, well-studied areas within the ore deposit
research at the Geodynamics and Geofluids
Research Group at the Katholieke Universiteit
Leuven, could provide useful constraints for the
integration and refinement of the kinematic
inversion model. One of these petrographical
and geochemical well-studied areas are the
stratiform Cu-Co deposits in the
Neoproterozoic Katanga Supergroup at Nkana
in the Zambian part of the Copperbelt (Brems et
al. 2009, Muchez et al. 2010). Here, high-grade
deposits resulted from multiple mineralisation
and remobilisation phases in several vein
generations, i.e. bedding-parallel veins, cross-
cutting veins, and late tectonic, massive veins.
A (micro)structural study of wvein-filling
minerals in these bedding-parallel veins will
provide constraints on their coupled fluid-
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pressure and stress-state evolution, and the
extent to which they comply with the criteria
for compressional tectonic inversion that are
determined in this work. The opening direction
of bedding-parallel veins, whether they are
opened by shear or by uplift induced by high
fluid pressures, is an essential feature for the
validation of the inversion model. One should
specifically focus on the infillings of the other
veins, which permit definition of the opening
directions inferred from fibrous or elongated
crystals, the orientation of fluid-inclusion
planes or mineral growth features in the vein.
Furthermore, as the cross-cutting and massive
veins are late tectonic features, it can be
verified if they are related to the extensional
tectonic inversion (Brems et al. 2009).

A similar approach can be performed for the
tin- and tungsten vein-type mineral deposits in
bedding-parallel and cross-cutting hydrothermal
quartz veins in the Central African Palaeo-
Mesoproterozoic  Kibara  orogenic  belt
(Rwanda). De Clercq et al. (2008) and Dewaele

et al. (2010) recently studied the origin and
evolution of the Sn-W-mineralising fluids
during ore emplacement in different successive
vein types. If the relationship between structural
features (e.g. cleavage, folds, faults, lineations,
etc.) and the veins is studied both in the field
and the laboratory, also these vein types are
very promising to test the inversion model.

Ultimately, such a combined research can
establish the importance of the redistribution of
(mineralising) fluids during tectonic inversion
by means of combined numerical modelling-,
field- and (micro)structural research. The main
goal would be the development of an inversion
model irrespective of any field area, that has
been calibrated by numerical modelling and
which can be used for different settings in other
parts of the world. Such a general model, in
which the 3D aspects of a theoretical inversion
model are fine-tuned, would eventually indicate
to which extent fluid redistribution during
inversion actually controls the formation of ore
bodies.
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APPENDIX A Urftsee structural data

The data below are the result of a mapping exercise in 2008. Goal of this mapping was to check
consistency of the different vein generations that have been studied in the Rursee study area. A
detailed structural field map, the geometric analysis of bedding, cleavage and bedding-cleavage
intersection lineation illustrated in lower-hemisphere, equal-area stereographic projection are
presented. All the data are summarised in a table. The selected outcrop, of which the geometry and the
veins have been discussed in section 3.5.1, is situated in zone 7. The outcrops are situated between the
Vogelsang Sattel in the SE and Vogelsang Mulde in the NW, i.e. a local culmination and depression
corresponding to a larger scale (first order) anticline and syncline respectively (see Figure 2.3).

I )
6°27°E 6°28'E

. Legend
National Park J—— axialsurface

Eifel 2 fold hinge line
117/45 122/81 bedding
/45 ¥s, (dip direction/dip)
overturned limb

semH ——  fault
+t*eeen stratigraphic border
7 sR3 Upper Rurberg Unit

- . semH Heimbach Unit
- emS1 Schleiden Unit
e <
-, - 1 onpi
- _adl ; 50°36'N—|

Vogelsang

-50°35'N y National Park
P Eifel

pr /
AN
z
4
y

500 m GpE

Figure Al: Structural map of the outcrops along the Urft river from Malsbenden in the SE to the Urftsee dam in
the NW. The outcrops in the SE are situated on a higher stratigraphic and structural level. The stratigraphic
separation between the Upper Rurberg, Heimbach and Schleiden Units are adapted from Ribbert (1994). See
table Al for the specific field data of zone 1 to zone 35.
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Appendix A - Urftsee structural data

Contourlines
s 5%
--- 10%

Num total: 93 Num total: 120 - — 20%

v n=81 Pole to bedding — normal limbs lB B-axis ® n=77 Pole tocleavage O Pole to mean cleavage plane
v n=12 Pole to bedding — overturned limbs — — Bestfitgirdle + Nn=43 Intersectionlineation —— Mean cleavage plane

@ @ + Mean intersection lineation

Figure A2: Lower-hemisphere, equal-area stereographic projection of measured structures at Malsbenden -
Urftsee cross-section. (a) poles to bedding; (b) bedding-cleavage intersection lineation and poles to cleavage.

The overall structural architecture of the area north of the Malsbenden backthrust (see Figure Al) is
very consistent but differs from the structural architecture of the Rursee area. This area displays first
order, asymmetric upright hectometre-scale folds with open interlimb angles and with a NW-verging
asymmetry. The overturned folds have rounded to angular fold hinges. Contrary to the Rursee
structural architecture, overturned fold limbs, and thus overturned folds barely occur. The
stereographic analysis of bedding (Figure A2) shows that the folds are cylindrical. Only one separate
cluster, representative of normal fold limbs with a normal structural polarity (S,~323/53), can be
recognised. The cleavage (S;~143/71), axial planar to the upright folds, dips more steeply than
cleavage in the Rursee area (S;~166/55), corroborating with the upright fold style in the Urftsee area
versus the overturned fold style in the Rursee area. These differences in fold style between both areas
might be attributed to tilting of the Malsbenden backthrust affecting the Urftsee area.

South of the Urftsee area, the Malsbenden backthrust occurs; a red coloured metre-wide disruptive
fault zone west of the little town Malsbenden. In this zone (see zone 1 in Table Al), a north-dipping
cleavage in strongly south-verging folds is apparent. Veins have not been studied in this area. Knapp
(1980) reports that this 500 m wide zone, in which these south-verging folds occur, characterises the
footwall of the backthrust. This south-vergence is not recognised further to the south.

\W\

AN

/

Figure A3: Cross-section A-B (see Figure Al for location) showing the characteristic upright fold style of the
Urftsee area. Bedding-normal veins remain at high angle to bedding around the folds. Cross-section
approximately 500 m wide.
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Appendix A - Urftsee structural data

Table Al: Bedding and cleavage data of the investigated zones at the Malsbenden and Urftsee outcrops. See
Urftsee structural map for localisation of the fold limbs (zone 1 to 35). The number of measurements is given in
brackets. Grey zones represent the data specific for an overturned limb. - : not observed or suspicious data.

Outcrop Bedding B - axis Cleavage So/S1 Li So/S1 Li
(So) of bedding (S1) (measured) (merged)
Zone 1: Above MB thrust ~ 001/23 (4) 321/18 321/23 (6) 226/13 (1) 341/21 (10)
Zone 2 332/72 (6) 050/31 150/68 (10) 246/11 (3) 062/12 (16)
Zone 3 155/52 (2) - 140/65 (2) 227/15 (1) 210/36 (4)
Zone 4 335/60 (1) - 160/65 (2) 053/19 (1) 062/04 (2)
Zone § 158/44 (7) 160/44 150/68 (5) 231/34 (2) 235/12 (13)
Zone 6 150/42 (1) - 140/70 (1) 038/05 (1) 225/13 (2)

(Zone 7T Bestfitgiedie: T TTTTTTIIIIIIIIIIIIIIIAT
Fold train with mullions 042/68 (31) 222/22 138/68 (19) 224/18 (9) 218/24 (50)

[ Zones T 155742 - 153122 240y -
Zone 9 162/38 (2) - 163/70 (1) 242/08 (1) 242/08 (3)
Zone 10 340/60 (1) - 155/70 (1) 064/20 (1) 067/05 (2)
Zone 11 150/25 (1) - 146/70 (1) 235/02 (1) 235/02 (2)
Zone 12 130/72 (1) - 144/70 (1) 219/38 (1) 219/18 (2)
Zone 13 SE-dipping - - - -

Zone 14 154/90 (3) - 147/67 (3) 238/10 (2) 064/16 (6)
Zone 15 150/10 (1) - 140/70 (1) 239/02 (1) 239/02 (2)
Zone 16 319/30 (1) - 142/69 (1) 231/01 (1) 231/01 (2)
Zone 17 164/37 (16) - 148/65 (1) 230/15 (1) 233/15 (17)
Zone 18 325/85 (1) - 148/65 (1) 221/07 (3) 235/05 (2)
Zone 19 146/52 (6) - 138/67 (3) 230/15 (1) 219/21 (9)
Zone 20 325/80 (2) - 146/65 (1) 240/30 (1) 235/02 (3)
Zone 21 NW-dipping - B 230/20 (1) -
Zone 22 150/75 (1) - 142/70 (1) 222/20 (1) 081/53 (2)
Zone 23 136/29 (3) 068/12 135/70 (2) - 225/01 (5)

(Zone 1723 Bestfitgirdle: 1 Mean value:  Mean value:  Mean value: |
Fold train 052/78 (29) 232/12 142/67 (9) 229/16 (8) 228/14 (38)

(Zone 24T 15075 (1) - 20602 - 06823 (3)
Zone 25 120/20 (1) - 120/65 (1) - -

Zone 26 151/79 (3) - 129/48 (3) 061/27 (2) 067/27 (6)
Zone 27 140/38 (3) - 145/60 (2) 078/18 (1) 057/05 (5)
Zone 28 340/80 (2) - 150/60 (1) 245/20 (1) 068/13 (3)
Zone 29 138/25 (1) - 126/45 (1) - 053/02 (2)
Zone 30 015/36 (1) - 150/60 (2) 080/20 (1) 072/21 (3)
Zone 31 130/25 (3) - 142/65 (2) 220/05 (1) 057/09 (5)
Zone 32 335/40 (1) - 160/60 (1) 040/25 (1) 248/03 (2)
Zone 33 SE-dipping - & - -

Zone 34 330/85 (2) - 140/55 (2) - 058/12 (4)
Zone 35 115/40 (1) - 140/60 (1) 080/30 (1) 070/31 (2)

Zone 2-35 Bestfitgidlee  Meanvalue:  Meanvalue:  Mean value:
Urfisee fold train 058/81 (93) 238/09 143/71 (77) 229/15 (43) 233/09 (189)
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APPENDIX B Sample list & water level Rursee
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Figure B1: Sample locations indicated by field numbers starting from Wildenhof counting up clockwise to
Schlitterley. The sample data corresponding to the field numbers are listed in Table B1.

Water level fluctuations Rursee (2006-2010)
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Figure B2: Water level fluctuations of the Rursee. Autumn and Winter are the best periods to have maximum
outcrop capacity. NN: Normalnull: German zero sea level point. Data from WasserVerband Eifel-Rur (WVER).

http://www.wver.de
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Appendix B - Sample list & water level Rursee

Table B1: Sample list corresponding to the sample numbers. Samples, thin sections and wafers can be obtained
at request by contacting the Geodynamics and Geofluids Research Group, K.U.Leuven. W: wafer available; SL:
thin section available; Orientation: orientation of the sample, measured parallel to bedding (Sy) or parallel to the
vein wall (V); BNV: bedding-normal vein; BPV: bedding-parallel vein; n.o.: no orientation; Outcrop: outcrop
numbers referring to the numbers on the Rursee sample map in Figure B1; Comments: short description of the
lithology surrounding the vein or additional comments on the sample location or the sample.

W SL Sample nr ?i:i'ggt Outcrop  Comments W SL  Sample nr O;ilggta Outcrop Comments
SL  EIO5VNO4 085/35 Sp~BPV  Wild24 sl 150/12 W SL  EIOBVNI16 V-BNV  Wild42 Vg
SL  EIO5VNO5S 072/70 V~BNV  Wild 24 SL  EIOBVN17  240/15 V~BNV  Wild 18b cross-cuttings
SL  EIO5VNO6  310/85 V~BNV  Wild 24 SL  EIOBVN18  115/35 Se~BPV  Wild31 offshoots
EIOSVNO7 ~ 075/35 Se~BPV  Wild27  sl125/25 SL  EIO6VN19  150/80 Se~BNV  Wild 50
W SL EI05VNO8 n.o. Fault Wild 31 dilational jog SL  EIO7VNO1 070/85 V~BNV  HH74a
SL  EIO5VNO9  070/80 V~BNV ~ HH74  sdst SL  EIO7VNO2  290/58 V~BNV ~ HH 70
SL  EIO5VNIO 070/85 V~BNV ~ HH74  sdst SL  EIO7VNO3  068/32 V~BNV  HH 70
SL  EIOSVNIL  145/65 Se=BPV ~ HH71b ::;10/ 55- SL  EIOTVNO4  155/70 Se~BNV ~ HH71  lensoid
SL  EIOSVN23  214/62 V~BNV  Wild 06 SL  EIOTVNO5 03528 V~BNV ~ HH71 lensoid
SL  EIO5VN24 115724 Se~BNV  Wild 09 SL  EIO7VNO6  n.. HH71  lensoid
W SL  EIOSVN25 296/40 Se~BPV ~ Wild27 interbedded SL  EIO7VNO7  020/25 V~BNV ~ HH71 lensoid
W SL  EIOSVN26 28010 S~BPV  Wild27 interbedded SL EIOTVNOS  060/81 V~BNV ~ HH72 hairline
W SL  EIOSVN27  100/60 V~BNV  Wild 36 SL  EIO7VNO9  078/70 V~BNV ~ HH73
SL  EIO5VN28  135/73 Sp~BPV  Wild4l sl 058/12 W SL EIO7VNIO  156/72 Sp~BPV ~ HH73  slst
EIOSVN29  138/76 So~BPV  Wild4l sl 192/60 SL  EIO7VNI1  059/80 V~BNV ~ HH73
EIOSVN30  124/60 V~BNV  Wild 57 EIO7VNL2  076/86 V~BNV ~ HH74  en-echelon
SL  EIOSVN3L 064/32 V~BNV  Esch64 SL EIO7VN13  148/74 V~-BNV  HH74 en-echelon
SL  EIO5VN32 154/61 S~BNV  Esch66 sl 202/50 EIO7VN14  090/30 Se~BPV ~ HH 75
SL  EIO5VN33 054/36 S~BNV  Esch 67 EIO7VNI5  n.o. HH 75
SL  EIO5VN34  150/61 S~BNV ~ HH 68 SL EIO7VN16  no. HH 75
SL  EIO5VN35  151/65 S~BNV  HH 69 SL EIO7VN17  270/85 V~BNV ~ HH75
SL  EIO5VN36 107/78 V~BNV  HH 68a SL EIO7VN18  294/65 V~BNV  Wild 10
SL  EIO5VN37 129/45 V~BNV ~ HH70c hairline veins SL EIO7VN19  282/85 V~BNV  Wild 09
SL  EIO5VN38  107/40 S~BNV  HH 70c EIO7VN20  no. wild 11
SL  EIO5VN39  359/76 Se~BPV  SchN93  sl088/32 SL EIO7VN2L  113/54 S~BPV  Wild 22
W SL  EIOSVN40 00274 Sp~BPV ~ SchN93 sl 082/30 SL  EIO7VN22  113/54 Se~BPV  Wild 22
SL  EIO5VN41l 089/56 V~BNV ~ SchN93 Box fold W SL EIOBVNOL  160/80 Se~BPV  Urft05 fault related
SL  EIO5VN42  064/30 Se~BPV  SchN96 Box fold SL EIOBVNO2  130/72 S~BPV  Urft24 fault related
SL  EIO5VN43  108/27 V~BNV  SchN 108 sl315/77 EIOSVNO4  283/85 V~BNV  Urft27
sl 284/60 EIOBVNOS  276/76 V~BNV  Urft27
SL  EIO5VN44 14328 S~BPV  SchN 106 EIOBVNO6  114/85 S;~BNV  Urft 27
SL  EIO5VN45  121/29 Se~BPV  SchN 106 SL  EIBVNO7  115/55 S~BNV  Urft27 fold hinge vein
SL  EIO5VN46  344/86 Se~BPV  SchS124 sl315/77 SL EIOBVNOS  115/55 S~BNV  Urft27 fold hinge vein
EIOSVN47  140/46 V~BNV  SchS131 cross-cutings | W SL  EIO8VNO9  161/37 Sp~BPV  Urft25
SL  EIO5VN48  049/28 S~BPV  SchS153 fault related EIO8VNIO  161/37 Se~BPV  Urft 25b
SL  EIO5VN49  131/74 Se~BPV  SchS153 EIOSVNLIL  162/40 Sy~BPV  Urft25b sl 182/32
SL EI05VN50 n.o. - Sch S 153 cross-cuttings | W SL  EIO8VN12 200/40  Sp~BNV  Urft21
W SL  EIOBVNOL  134/75 V~BNV  Wild44 V¢ EIOBVNI3  140/48 Se~BPV  Wild45 sl 216/58
W SL  EIOBVNO2 050/70 Vg=BNV  Wild44 Vg EIOBVN14  140/48 Se~BPV  Wild45 sl 216/58
EIOBVNO3  265/60 V~BNV  SchN 93 SL EIOBVN15S 20080 V~BNV  Wild 46a slst
EIOBVNO4  315/78 V~BNV  Schlit 160 SL EIOBVN16 20080 V~BNV  Wild 46a slst
EIOBVNO5  078/66 V~BNV  Schlit 165 W SL EIOBVNL7  020/85 V~BNV Wild46a slst
EIOGVNO6  038/48 Vc~BNV  Wild44 V¢ EIOBVNIS  140/70 Se~BPV  Wild43 thin BPV
W SL  EIOBVNO7  054/60 Vg~BNV ~ Wild44 Vg w EIOSVNLO  140/70  Se~BPV ~ Wild 43 thin BPV
W SL  EIOBVNO8  050/60 Vg~BNV  Wild44  en-echelon EIOBVN20  140/70  Se~BPV ~ Wild 43 thin BPV
W SL  EIOBVNO9 13075 Se~BNVe Wild39 Vg EIOBVN2la  140/70  S~BPV  Wild43 thin BPV
W SL  EIOBVNIO 13560 Se~BNV ~ Wild42 Vg W SL EIOBVN22  158/80 S~BPV Esch67b E?r:zs'“c fold SE-
SL  EIBVNIL  120/54 Se-BNV ~ Wild36 Vg EI0BVN23  305/30 Se~BPV  Esch67b Rm_sl'itr'ﬁbfo'd
EIOBVNO63a 122/35 Se~BNV ~ Wild26 Vg EIBVN24  305/30 Se~BPV  Esch67b Rm_sl'itr'ﬁbfo'd
EIOBVN12  120/55 V~BNV ~ Wild36 Vg W SL EIOBVN25  155/30 Se~BPV  Esch67b E";‘r:‘;‘f'“c fold SE-
EIO6VN13  298/70 V~BNV Wild 27 composite W SL EIO8VN26 n.o. Urft 27 vein refraction
W SL  EIO6VN14 30560 V~BNV  Wild27  cross-cuttings SL  EIOOVNOL  140/40 S~BPV  Wild23 fault vein
EIOBVN15  324/65 V~BNV  Wild 06 EIOOVNO2  111/35 Se~BPV  Wild 27  cross-cuttings
EIO6VN16  280/65 V~BNV  Wild 10 SL  EIO9VNO3  118/51 V~BNV  Wild30 parasitic fold
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APPENDIX C Fluid inclusion data

Bedding-normal veins
Sample EIO5VN27 - Wildenhof outcrop nr 36 - generation Vg

Sample Incl. . . . Size 0
Wafer NF Trice T ice Salinity Ty, tot Type (L/W) @m) Vol %
EIO5VN27 1 138 isolated
EIO5VN27 2 146 Isolated
EIO5VN27 3 142 isolated
EIO5VN27 4 125 isolated
EIO5VN27 5 161 isolated
EIO5VN27 6 -44.2 -45.1 5.74 115 isolated
EIO5VN27 7 154 isolated
EIO5VN27 8 173 isolated
EIO5VN27 9 -44.0 -44.9 5.43 163 sec.
EIO5VN27 10 122 sec.
EIO5VN27 11 172 sec.
EIO5VN27 12 142 sec.
EIO5VN27 13 141 sec.
EIO5VN27 14 160 sec.
EIO5VN27 15 139 sec.
EIO5VN27 16 182 sec.
EIO5VN27 17 82 pseudosec.
EIO5VN27 18 170 pseudosec.
EIO5VN27 19 160 pseudosec.
EIO5VN27 20 210 pseudosec.
EIO5VN27 21 167 pseudosec.
EIO5VN27 22 159 pseudosec.
EIO5VN27 23 157 pseudosec.
EIO5VN27 24 150 pseudosec.
EIO5VN27 25 150 pseudosec.
EIO5VN27 26 -42.6 -43.4 5.28 > 250 pseudosec.
EIO5VN27 27 160 pseudosec.
EIO5VN27 28 150 pseudosec.
EIO5VN27 29 148 pseudosec.
EIO5VN27 30 -44.2 -45.1 0.49 145 pseudosec.
EIO5VN27 31 152 pseudosec.
EIO5VN27 32 145 pseudosec.
EIO5VN27 33 179 pseudosec.
EIO5VN27 34 167 pseudosec.
EIO5VN27 35 209 pseudosec.
EIO5VN27 36 155 pseudosec.
EIO5VN27 37 175 pseudosec.
EIO5VN27 38 204 pseudosec.
EIO5VN27 39 155 pseudosec.
EIO5VN27 40 -44.2 -45.1 5.43 >> 230 pseudosec.
EIO5VN27 41 168 sec.
EIO5VN27 42 149 sec.
EIO5VN27 43 > 230 sec.
EIO5VN27 44 159 sec.
EIO5VN27 45 -44.7 -45.6 5.28 179 sec.
EIO5VN27 46 155 sec.
EIO5VN27 47 179 sec.
EIO5VN27 48 -44.1 -45.0 5.13 >> 250 sec.
EIO5VN27 49 -39.9 -40.7 5.43 151 sec.
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Appendix C - Fluid inclusion data

Sample EI0O6VNO8 - Wildenhof outcrop nr 44 - generation Vg

Sample Incl. . . . Size o

Wafer Nr Trice Tmice Salinity Ty tot Type (L/W) um) Vol %
EI06VNOS8 (1) 1 -39.1 -0.9 151 148 isolated 11/10 10
EI06VNO8 (1) 2 -39.1 -2.2 3.62 204 sec. 713 10
EIO6VNOS8 (1) 3 -38.7 -1.8 2.99 130 sec. 6/2 10
EI06VNO8 (1) 4 -30.3 -1.2 2.01 245 sec. 5/2 10
EI06VNOS8 (1) 5 -30.4 -1.3 2.28 269 sec. 713 20
EIO6VNOS8 (1) 6 -29.6 -1.1 1.95 > 300 sec. 713 30
EI06VNO8 (1) 7 -29.1 -1.1 1.95 > 350 sec. 9/4 50
EI06VNOS8 (1) 9 -28.8 - 93 sec. - 10
EI06VNO8 (1) 10 -31.3 123 sec. 13/2 10
EI06VNOS8 (1) 11 -1.9 3.25 194 sec. 8/3 10
EI06VNO8 (1) 12 -2.1 3.57 - sec. 10/4 20
EI06VNO8 (1) 13 -41.1 -1.1 1.95 - sec. 714 30
EI06VNO8 (3) 14 -32.5 -1.3 2.28 - isolated 11/7 10
EI06VNO8 (3) 15 -42.7 -3.0 4.94 247 pseudosec. 6/4 20
EIO6VNO8 (3) 16 -44.1 -3.8 6.09 208 pseudosec. 9/2 10
EI06VNO8 (3) 17 -42.8 -2.0 3.41 > 350 pseudosec. 9/8 20
EI06VNO8 (3) 18 -30.2 - pseudosec. 18/16 10
EI06VNO8 (3) 19 -3.0 4.94 320 pseudosec. 9/2 10
EI06VNO8 (3) 20 -3.4 5.52 255 pseudosec. 6/2 15
EI06VNO8 (3) 21 -42.3 -2.5 4.18 213 pseudosec. 8/3 10
EI06VNO8 (3) 22 -324 > 300 pseudosec. 716 30
EI06VNO8 (3) 23 -44.1 -1.9 3.25 290 pseudosec. 5/3 20
EI06VNO8 (2) 24 -36.8 -3.2 5.23 - sec. 713 10
EI06VNO8 (2) 25 -34.4 -3.3 5.38 248 sec. 8/6 20
EIO6VNO8 (2) 25b 252 sec. 9/3 10
EI06VNO8 (2) 26 -26.0 -2.3 3.10 - sec. 8/6 15
EIO6VNO8 (2) 27 -28.2 -0.3 0.60 289 sec. 45145 10
EI06VNO8 (2) 28 -28.3 -0.4 0.77 245 sec. 6/4 10
EIO6VNOS8 (2) 29 -28.0 -0.4 0.77 - sec. 5/2 30
EIO6VNOS8 (2) 30 -28.9 -1.6 2.77 305 sec. 6/4 25
EI06VNO8 (2) 31 -28.0 -0.7 1.28 328 sec. 5/2 40
EIO6VNOS (2) 32 -27.4 -3.3 5.01 - sec. 5/3 10
EIO6VNOS (2) 33 -38.0 -5.3 -10.58 - sec. 8/2 10
EIO6VNOS (2) 34 -0.9 1.62 319 sec. 6/4 40
EIO6VNOS (3) 35 -40.3 -0.6 0.97 280 sec. 5/3 40
EI06VNO8 (3) 36 - -1.3 231 275 sec. 35/3 20
EI06VNO8 (3) 38 -34.6 -3.1 5.12 216 pseudosec. 45/3 15
EI06VNO8 (3) 39 -32.7 -3.0 4.97 202 pseudosec. 3/3 10
EI06VNO8 (3) 40 -35.2 -3.0 4.97 190 pseudosec. 3/25 15
EI06VNO8 (3) 41 -34.8 -1.8 3.12 234 sec. 6/3.5 10
EI06VNO8 (3) 42 -35.4 -3.3 5.45 178 isolated 10/6 10
EI06VNO8 (3) 43 - -3.2 5.15 265 sec. 3/2 15
EI06VNO8 (3) 44 - -3.1 5.01 262 sec. 3/25 20
EI06VNO8 (3) 45 - -1.1 1.85 203 sec. 3/2 10
EI06VNO8 (3) 47 -33.7 -2.8 4.56 211 isolated 5/4 35
EI06VNO8 (J) 7 -26.5 -3.1 5.08 214 pseudosec
EI06VNO8 (J) 8 -28.4 - 176 sec.
EIO6VNOS8 (J) 9 - - 162 sec.
EI06VNO8 (J) 11 -32.0 -2.1 3.57 149 isolated
EI06VNO8 (J) 12 -33.3 -2.2 3.73 228 isolated
EI06VNO8 (J) 13 33.4 -2.9 4.79 >>300 isolated
EI06VNO8 (J) 14 -41.2 -2.5 4.19 203 isolated
EI06VNO8 (J) 15 -33.3 -3.1 5.08 175 isolated
EI06VNO8 (J) 16 -34.3 -2.9 4.79 235 pseudosec.
EI06VNO8 (J) 17 -32.6 -3.0 4.93 236 pseudosec.
EI06VNO8 (J) 18 -32.8 -2.2 3.73 176 pseudosec.
EI06VNO8 (J) 19 -34.3 -2.9 4.79 150 pseudosec.
EI06VNO8 (G) 20 -33.0 -3.1 5.08 169 pseudosec.
EI06VNO8 (G) 21 -32.9 -2.7 4.49 156 pseudosec.
EI06VNO8 (G) 22 -33.7 -3.0 4.93 255 pseudosec.
EI06VNO8 (G) 23 -33.4 -3.0 4.93 176 pseudosec.
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Appendix C - Fluid inclusion data

Sample EI0O6VNO7 - Wildenhof outcrop nr 44 - generation Vg

incl. T T ! T Salini " ™ ot T Size Vol %
Nk co, T cath co, ice ™Y Gath coz  M© Y o wyem 7
A -102.6 -34.6 -61.2 -2.9 4.72 11.5 10.0 ag-gas. iso. 2.8/2.0 10
B -30.6 -1.1 1.85 114.8 sec. <10
C -102.6 -36.6 -26.0 -61.4 -2.6 4.27 10.3 -6.0 <280 ag-gas. iso. 13/4 40
-104.5 -38.5 -24.3 -1.1 1.85 11.8 ag-gas. iso.
D1 -97.7 -56.9 -1.2 2.02 - sec. 10
D2 203.6 sec. 10
E -95.6 -33.7 -27.7 -57.0 -4.4 6.88 9.3 21.2 - trail 6.2/4.3 30
F1 -35.0 -3.1 5.02 - sec. 7/5.6 10
F2 167.3 sec.
Gl -32.4 131.8 sec. 10
G2 -32.5 11.8 282.1 isolated 10
H -104.3 -23.7 -65.4 -1.8 3.00 10.6 212.4 trail 5/4 20
| -100.1 -34.6 -26.1 -58.9 -2.6 4.27 10.1 15.6 trail 6/45 10
J -27.5 -58.6 -3.5 5.61 9.3 pseudosec. 20
K -34.3 -58.4 -0.6 1.00 9.3 pseudosec. 20
L -27.9 -3.9 6.18 338.9 | pseudosec. 40
M -103.6 -32.7 -57.3 -3.4 5.47 7.7 trail 8/2 20
N -32.4 -1.5 251 122.4 | pseudosec. 20
o -29.5 -3.0 4.87 9.0 > 340 | pseudosec. 3/2 20
P -35.8 -3.0 4.87 253.7 | pseudosec. 25/2.4 20
Q -38.6 -26.4 -4.0 6.32 11.2 345.7 | pseudosec. 8/4 15
R -37.1 -3.5 5.61 pseudosec. 6/2 10
S -34.0 -26.5 -3.5 5.61 pseudosec. 8/3 10
T unknown 35
U -38.9 -3.8 6.04 11.4 unknown 20
\Y -33.9 -3.5 5.61 331.0 unknown 5/4 20
w -35.7 -3.1 5.02 unknown 712 10
X -38.7 -29.5 -3.7 5.90 sec. 7123 10
Y -104.1 -64.4 isolated 6/3
z -101.5 -60.2 Isolated
27 -98.0 -58.1 -3.9 6.18 Isolated 4/2
28 -105.0 -63.6 -15.5 trail
29 -104.1 -34.9 -64.0 12.1 -9.2 trail 5/5
30 -105.1 -65.5 -48.5 Liqg. trail 6/6
31 -104.1 -65.0 -33.9 Liqg. trail 9/7
A -32.65 -3.1 5.12 169 pseudosec. 8/7 10
B -34.63 -3.3 5.41 188 pseudosec. 10/5 15
C -34.33 -3.3 5.41 192 pseudosec. 6.5/4 10
D -33.24 -3.1 5.12 146 pseudosec. 6/4 10
E -32.45 -3.1 5.12 152 pseudosec. 713 15
F -32.85 -3.0 4.97 154 pseudosec. 6/5 10
G -34.93 -3.4 5.56 177 pseudosec. 5/5 10
H -33.44 -3.4 5.56 151 pseudosec. 5/3
| -32.75 -2.8 4.68 162 pseudosec. 13/7 15
J -34.73 -3.2 5.27 159 pseudosec. 11/9
1 -34.3 -3.1 5.12 >> isolated 12/10 20
2 -35.5 -3.1 5.12 187 isolated 716 10
3 -33.4 -3.2 5.26 177 isolated 6/4 10
4 -35.5 -3.3 5.41 215 isolated 6/5 10
5 -34.0 -3.3 5.41 208 isolated 714 10
6 -31.0 -2.7 452 185 isolated 6/4 10
7 -34.8 -3.2 5.26 195 isolated 6/4 10
8 -35.3 -3.5 5.70 186 isolated 4/25 20
9 -32.3 -3.6 5.84 184 isolated 9/8 10
10 -35.3 - 190 isolated 6/3 10
11 -34.2 -3.4 5.55 170 isolated 4/3 10
12 -35.5 -3.0 4.97 - isolated 5/35 15
13 -34.0 -3.4 5.55 174 isolated 45/3.5 10
14 -32.5 -1.7 2.97 - isolated 6.5/4 40
15 -32.6 -2.9 4.82 164 pseudosec. 716 10
16 -33.0 -2.8 4.67 148 pseudosec. 45/4 10
17 -31.3 -2.7 4.52 147 pseudosec. 6/3 10
18 -34.6 -3.3 5.41 156 pseudosec. 9/3 10
20 -34.7 -3.3 5.41 145 pseudosec. 10/7 10
21 -33.7 -3.0 4.97 171 pseudosec. 11/4 10
22 -34.3 -3.2 5.26 187 pseudosec. 5/3 10
23 -32.6 -2.6 4.37 157 pseudosec. 7514 10
24 -33.0 -2.6 4.37 155 pseudosec. 13/8 10
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Appendix C - Fluid inclusion data

Sample EI0O6VYNO7 - Wildenhof outcrop nr 44 - generation Vg (pseudosecondary inclusions)

Incl. Incl.

Nr Ts ice T ice Salinity Ty tot - Tt ice Tnice Salinity Th tot
1 130 20 160
2 178 21 169
3 172 22 183
4 162 23 143
5 165 24 151
6 148 25 138
7 161 26 179
8 154 27 -43 3.4 5.15 160
9 148 28 152

10 183 29 161

11 149 30 160

12 189 31 -44.8 -3.8 6.12 165

13 149 32 -44.8 -3.9 6.33 158

14 141 33 141

15 139 34 148

16 161 35 198

17 110 36 202

18 187 37 137

19 202 38 136

Sample EIO6VN14 - Wildenhof outcrop nr 27 - generation Vg

Sample Incl. ) . . Size 0
Wafer NF Trice T ice Salinity Ty, tot Type LIW) (um) Vol %

EI0O6VN14 (1) 1 212 pseudosec.
EI0O6VN14 (1) 2 118 pseudosec.
EI06VN14 (1) 3 175 pseudosec.
EI0O6VN14 (1) 4 126 pseudosec.
EI06VN14 (1) 5 115 pseudosec.
EI0O6VN14 (1) 6 189 pseudosec.
EI06VN14 (1) 7 220 pseudosec.
EI06VN14 (1) 8 225 pseudosec.
EI0O6VN14 (1) 9 215 pseudosec.
EIO6VN14 (1) 10 169 pseudosec.
EI06VN14 (1) 11 199 pseudosec.
EIO6VN14 (1) 12 198 pseudosec.
EI06VN14 (1) 13 155 pseudosec.
EIO6VN14 (1) 14 204 pseudosec.
EIO6VN14 (1) 15 189 pseudosec.
EI06VN14 (1) 16 163 pseudosec.
EIO6VN14 (1) 17 209 pseudosec.
EI0O6VN14 (4) 18 176 pseudosec.
EI06VN14 (4) 19 161 pseudosec.
EIO6VN14 (4) 20 -46.0 197 pseudosec.
EI0O6VN14 (4) 21 -3.9 6.33 162 pseudosec.
EIO6VN14 (4) 22 152 pseudosec.
EIO6VN14 (4) 23 149 pseudosec.
EIO6VN14 (4) 24 -47.2 -4.1 6.63 167 pseudosec.
EIO6VN14 (4) 25 147 pseudosec.
EIO6VN14 (4) 26 143 pseudosec.
EI06VN14 (4) 27 176 pseudosec.
EIO6VN14 (4) 28 188 pseudosec.
EI06VN14 (4) 29 -46.2 -4.1 6.63 168 pseudosec.
EIO6VN14 (4) 30 163 pseudosec.
EI06VN14 (4) 31 161 pseudosec.
EI06VN14 (4) 32 160 pseudosec.
EI0O6VN14 (4) 33 -47.1 -4.2 6.77 222 pseudosec.
EI06VN14 (4) 34 -46.0 -4.1 6.63 - pseudosec.
EI06VN14 (5) 35 205 sec.
EI06VN14 (5) 36 235 sec.
EI0O6VN14 (5) 37 152 sec.
EIO6VN14 (5) 38 164 sec.
EI06VN14 (5) 39 172 isolated
EI0O6VN14 (5) 40 155 isolated
EI06VN14 (5) 41 158 isolated
EI0O6VN14 (5) 42 166 isolated
EI06VN14 (5) 43 162 isolated
EI06VN14 (5) 44 >>250 isolated
EI06VN14 (5) 45 168 pseudosec.
EI06VN14 (5) 46 149 pseudosec.
EI06VN14 (5) 47 156 pseudosec.
EI06VN14 (5) 48 -48.1 -1.1 1.88 192 pseudosec.
EI06VN14 (5) 49 124 pseudosec.
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Appendix C - Fluid inclusion data

Sample EIO6VN16 - Wildenhof outcrop nr 42 - generation Vg

Sample Incl. . . . Size o
Wafer Nr Trice Tmice Salinity Ty tot Type (L/W) um) Vol %
EIO6VN16 A 1 149 pseudosec.
EIO6VN16 A 2 pseudosec.
EIO6VN16 A 3 -3.9 6.27 pseudosec. 20
EIO6VN16 A 4 163 pseudosec.
EIO6VN16 A 5 -2.6 4.29 >> pseudosec. 80
EIO6VN16 A 6 -3.7 5.97 183 pseudosec. 30
EIO6VN16 A 7 -3.9 6.27 198 pseudosec. 20
EIO6VN16 A 8 -3.6 5.82 pseudosec.
EIO6VN16 A 9 -3.8 6.12 173 pseudosec. 10
EIO6VN16 A 10 -3.6 5.82 155 pseudosec. 10
EIO6VN16 A 11 -3.8 6.12 187 pseudosec. 20
EIO6VN16 A 12 -3.8 6.12 161 pseudosec. 20
EIO6VN16 A 13 148 pseudosec.
EIO6VN16 A 14 -3.6 5.82 225 pseudosec. 30
EIO6VN16 A 15 -3.8 6.12 240 pseudosec. 20
EIO6VN16 A 16 -3.9 6.27 245 pseudosec. 30
EIO6VN16 A 17 148 pseudosec.
EIO6VN16 A 18 162 pseudosec.
EIO6VN16 A 19 164 pseudosec.
EIO6VN16 A 20 158 pseudosec.
EIO6VN16 A 21 203 pseudosec.
EIO6VN16 A 22 197 pseudosec.
EIO6VN16 A 23 163 pseudosec.
EIO6VN16 E 24 165 pseudosec.
EIO6VN16 E 25 178 pseudosec.
EIO6VN16 E 26 175 pseudosec.
EIO6VN16 E 27 157 pseudosec.
EIO6VN16 E 28 213 pseudosec.
EIO6VN16 E 29 168 pseudosec.
EIO6VN16 E 30 175 pseudosec.
EIO6VN16 E 31 153 pseudosec.
EIO6VN16 E 32 198 pseudosec.
EIO6VN16 E 33 >> pseudosec.
EIO6VN16 E 34 196 pseudosec.
EIO6VN16 E 35 163 pseudosec.
EIO6VN16 E 36 204 pseudosec.
EIO6VN16 E 37 163 isolated
EIO6VN16 E 38 151 isolated
EIO6VN16 E 39 153 isolated
EIO6VN16 E 40 167 isolated
EIO6VN16 E 41 173 isolated
EIO6VN16 E 42 168 isolated
EIO6VN16 E 43 165 isolated
EIO6VN16 E 44 179 isolated
EIO6VN16 E 45 163 isolated
EIO6VN16 E 46 160 isolated
EI06VN16 E 47 158 isolated

Sample EI06VYNO9 - Wildenhof outcrop nr 39 - generation V¢ (pseudosecondary inclusions)

Sample Incl. Trice Tmice Th tot Sample Incl. T ice Tmice Th tot
Nr Nr

EI06VNO9 7 96 EI06VNO9 17 180
8 125 18 260
9 268 19 136
10 195 20 228
11 226 21 238
12 248 22 240
13 265 23 132
14 120 24 129
15 148 25 174
16 153
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Appendix C - Fluid inclusion data

Sample EIO6VNOL - Wildenhof outcrop nr 44 - generation V¢

Sample Incl. . . . Size o
Wafer Nr Trice Tmice Salinity Ty tot Type (L/W) um) Vol %
EIO6VNOL b-5 1 -34.6 -0.7 1.30 143 pseudosec. 713 10
EI06VNO1 b-5 2 -35.7 -1.0 1.81 105 pseudosec. 10/3 10
EIO6VNOL b-5 3 -37.0 -0.9 1.64 90 pseudosec. 5/2 10
EI06VNO1 b-5 4 -35.6 -0.8 1.47 99 pseudosec. 6/15 10
EI06VNO1 b-5 5 -40.1 - 107 pseudosec. 5/2 10
EIO6VNO1 b-5 7 -38.8 -1.4 2.46 135 pseudosec. 3/2 10
EI06VNO1 b-5 8 -32.5 -0.5 0.96 - pseudosec. 7514 10
EIO6VNOL b-5 9 -47.0 - 138 pseudosec. 712 10
EIO6VNO1 b-5 10 -35.8 -0.7 1.30 137 pseudosec. 9/4 10
EIO6VNOL b-5 11 -37.2 -1.1 1.97 134 pseudosec. 6.5/3 10
EIO6VNO1 b-5 12 -31.7 -3.3 5.38 137 pseudosec. 11/25 10
EI06VNO1 b-1-2 1 -32.4 -0.9 1.64 213 sec. 25/25 10
EIO6VNO1 b-1-2 4 -28.5 -0.7 1.30 152 sec. 35/35 10
EIO6VNO1 b-3 6 -29.1 -0.8 1.47 136 pseudosec. 8/4 10
EIO6VNO1 b-3 7 -28.0 -0.7 1.30 256 pseudosec. 8/5 10
EI0O6VNO1 b-3 9 -39.1 -0.6 1.13 230 pseudosec. 2/2 10
EIO6VNO1 b-3 10 -40.3 -0.7 1.30 198 pseudosec. 714 10
EIO6VNO1 b-3 11 -33.5 -0.8 1.47 180 pseudosec. 6/3 10
EI06VNO1 a (d) 1 -36.3 -3.8 5.73 >> pseudosec. 715 20
EI06VNOL1 a (d) 2 -33.7 -3.7 5.59 173 pseudosec. 3/3 15
EI06VNO1 a (d) 3 -34.6 -3.6 5.44 169 Isolated 5/4 10
EIO6VNO1 a (d) 4 -36.2 -3.7 5.59 171 Isolated 3/3 10
EI06VNO1 a (d) 5 -37.3 -3.6 5.44 194 Isolated 4712 10
EI06VNO1 a (d) 6 -33.0 -3.4 5.15 164 isolated 4/35 10
EI06VNO1 a (d) 7 -39.4 -0.4 0.19 203 isolated 8/4 10
EI06VNO1 a (d) 8 - -3.2 4.86 >260 pseudosec. 5/3 10
EI06VNOL1 a (d) 9 -35.3 -3.8 5.73 177 pseudosec. 713 10
EI06VNO1 a (d) 10 -33.4 -3.3 5.01 198 pseudosec. 35/3 10
EI06VNO1 a (d) 11 -38.8 - 173 pseudosec. 4/25 10
EI06VNO1 a (d) 12 -35.9 -3.4 5.15 165 pseudosec. 35/2 15
EI06VNO1 a (d) 13 -33.2 -0.4 0.19 239 isolated 8/3 95
EIO6VNO1 a (al) 14 - -1.2 1.30 169 sec. 8/3 10
EIO6VNO1 a (al) 17 -28.3 - 172 sec. 75145 10
EIO6VNO1 a (a2) 19 -33.2 -2.8 3.88 165 sec. 6/3 10
EIO6VNO1 a (a2) 20 -35.3 - 164 sec. 6/3 10
EIO6VNO1 a (a2) 21 -32.8 -3.1 4.34 145 sec. 2/25 5
EIO6VNO1 a (a2) 22 -37.7 -15 1.80 121 sec. 25/15 5
EIO6VNO1 a (a2) 23 -32.8 - 122 sec. 25/15 10
EIO6VNO1 a (a2) 24 - -2.3 3.10 218 sec. 35/3.2 15
EIO6VNO1 a (a2) 25 -32.7 -2.2 2.94 - sec. 4/25 10
EIO6VNO1 a (a2) 27 -32.9 -2.1 2.78 165 isolated 4/3 10
EIO6VNO1 a (a2) 28 -32.8 - 198 isolated 8/3 15
EIO6VNO1 a (a2) 29a -33.5 - 290 isolated 4714 10
EIO6VNO1 a (a2) 29b - - 192 isolated 3/3 10
EIO6VNO1 a (a2) 30 - -3.3 4.65 176 isolated 45/3 15
EIO6VNO1 a (a2) 31 -34.4 -3.1 4.34 135 isolated 4/3 15
EIO6VNO1 a (a2) 32 -34.8 -3.7 5.24 - isolated 35/3 15
EIO6VNO1 a (a2) 33 - - 205 sec. 4125 20
EIO6VNO1 a (b) 34 -34.9 -1.8 2.29 205 isolated 4712 10
EIO6VNO1 a (b) 35 -36.0 - 169 isolated 3/2 20
EIO6VNO1 a (b) 36 -28.2 - 228 isolated 6/3.5 20
EI0O6VNO1 a (b) 37 -36.2 -3.4 4.79 190 isolated 8/4 15
EIO6VNO1 a (b) 38 -35.3 -3.2 4.50 167 isolated 4712 5
EI06VNO1 a (b) 40 -35.0 -2.4 3.26 256 isolated 35/2 25
EI06VNO1 a (b) 41 -30.5 - 135 isolated 5/3 10
EI06VNO1 a (b) 42 - - 171 pseudosec. 4/25 10
EI06VNO1 a (b) 43 -35.4 -3.6 5.09 161 pseudosec. 5/3 10
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Appendix C - Fluid inclusion data

Sample EIO8VN17 - Wildenhof outcrop nr 46a - veins in slates (unknown fluid inclusion type)

Ir:\lcrl Tsice Tnice Salinity Th tot
1 5.1 8.00 250
2 2.9 4.80 310
3 37.3 0.4 0.70
4 - 212
5 -31.9 2.8 4.65 149
6 -33.0 - 120
7 -

8 3.9 6.30
9 3.5 5.71
10 2.7 4.49
11 -
230
12 -37.9 3.7 6.01 204
13 -37.8 -3.9 6.30 188
14 -37.0 3.8 6.16 220
15 -37.8 3.7 6.01 205
16 162
164
175
250
17 -37.0 3.7 6.01 169
18 -37.0 3.8 6.16 170
155
19 -37.0 3.2 5.26 147
20 -38.4 3.3 5.41 126
21 -35.0 3.8 6.16 163
22 -36.0 3.8 6.16 152
23 110
24 167
25 148
26 140
27 138

Sample EIO8VN12 - Urftsee zone 7 (pseudosecondary inclusions)

Incl.

Nr Trice T ice Salinity Ty tot
1 -33.0 -3.5 5.71 189
2 -34.0 -2.6 4.38 188
3 181
4 -33.0 -2.6 4.38 175
5 -36.0 -2.9 4.85 179
6 -32.0 2.9 4.85 188
7 2.5 4.22 175
8 198

202
9 -45.2 -35 5.77 191
10 -3.6 5.92 186
163

11 -3.2 5.31 165

12 -3.5 5.77 172

13 -3.7 6.07 168

14 -3.5 5.77 138

15 160

16 202

17 -3.4 5.62 203

18 -3.5 5.77 190

19 165

20 -3.7 6.07 207

21 194

22 199

23 198

24 -33.0 115

25 -44.2 -3.0 5.00 150

26 -3.2 5.31 169

27 185

I:ﬁ" Trice T ice Salinity Ty tot
28 179
29 157
30 145
31 160
32 162
33 138
34 159
35 163
36 192
37 198
38 129
39 135
40 172
41 155
42 145
43 248
44 140
45 218
46 -36.0 -4.2 6.74 165
47 170
48 -37.5 -4.1 6.59 178
49 177
50 163
51 158
52 168
53 148
54 183
55 145
56 -38.1 -4.3 7.02 161
57 143
58 184
59 162
Incl. ) . .

NF Trice Tmice Salinity Th tot
28 2.2 3.74 169
29 -42.1 3.1 5.16 182
30 175
32 183
33 182
34 -40.3 -3.0 5.00 190
35 2.6 4.38 177
36 2.0 3.41 187
37 2.7 453 159
38 -43.5 3.1 5.16 182
39 170
40 -42.1 3.1 5.16 173
41 -3.2 5.31 183
42 2.8 4.69 185
43 2.4 4.06 181
44 178
45 2.7 4.53 211
46 -35 5.77 198
47 2.1 3.57 188
48 197
49 -37.9 -4.4 7.09 172
50 2.1 3.57 180
51 2.9 4.85 189
52 2.7 453 188
53 2.9 4.85 162
54 3.3 5.46 188
55 2.9 4.85 186
56 165
57 186
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Appendix C - Fluid inclusion data

Bedding-parallel veins
Sample EIO5VN25 - Wildenhof outcrop nr 27 - Interbedded vein

Sample Incl. . . -~ Size 0
Wafer NF Trice Tm ice Salinity Th tot Type (L/W) (um) Vol %
EIO5VN25 Al 1 -33.2 -0.2 0.35 107 pseudosec. 10
EIO5VN25 Al 2 -33.2 -1.9 3.23 129 pseudosec. 10
EIO5VN25 Al 3 -32.3 -2.5 4.18 176 pseudosec. 15
EIO5VN25 Al 4 -35.2 -0.7 1.22 99 pseudosec. 5
EIO5VN25 Al 5 -34.1 -0.2 0.35 95 pseudosec. 10
EIO5VN25 Al 6 333.5 -0.8 1.40 120 pseudosec. 10
EIO5VN25 Al 6b - - 0.00 126 pseudosec. 10
EIO5VN25 Al 7 -31.1 -3.0 4.96 196 pseudosec. 10
EIO5VN25 Al 8 -34.1 -2.9 4.80 176 pseudosec. 10
EIO5VN25 Al 9 -36.1 -2.6 4.34 180 pseudosec. 20
EIO5VN25 Al 10 -334 -1.1 1.91 132 pseudosec. 15
EIO5VN25 Al 11 -33.1 -0.9 1.57 138 pseudosec. 30
EIO5VN25 Al 12 -36.3 -3.3 541 >> 300 pseudosec. 25
EIO5VN25 Al 13 -35.0 -2.7 4.49 201 pseudosec. 25
EIO5VN25 Al 14 - - - pseudosec. 0
EIO5VN25 Al 15 -34.3 -2.9 4.80 >>> pseudosec. 80
EIO5VN25 Al 16 -33.4 -3.2 5.26 293 pseudosec. 20
EIO5VN25 Al 17 -32.1 -0.2 0.35 96 pseudosec. 10
EIO5VN25 Al 17b - - - 112 pseudosec. 10
EIO5VN25 Al 18 -37.1 -2.9 4.80 155 pseudosec. 10
EIO5VN25 Al 19 -32.9 -2.8 4.65 220 pseudosec. 30
EIO5VN25 Al 20 -32.1 -2.8 4.65 265 pseudosec. 30
EIO5VN25 Al 21 -33.3 -2.8 4.65 144 pseudosec. 10
EIO5VN25 Al 22 -33.1 -2.6 4.34 150 pseudosec. 10
EIO5VN25 Al 22b - - 0.00 162 pseudosec. 15
EIO5VN25 Al 23 -34.1 -3.2 5.26 165 pseudosec. 15
EIO5VN25 Al 24 -33.0 -0.5 0.88 - pseudosec. 30
EIO5VN25 Al 25 -33.5 -2.9 4.80 243 pseudosec. 30
EIO5VN25 Al 26 -31.1 - 0.00 >> 300 pseudosec. 15
EIO5VN25 B1 27 -28.7 -0.1 0.18 117 sec. 10
EIO5VN25 B1 28 -35.4 -2.3 3.87 153 sec. 15
EIO5VN25 B1 29 -35.1 -3.1 5.11 137 sec. 10
EIO5VN25 B1 30 -35.1 -3.4 5.56 >> 300 sec. 30
EIO5VN25 B2 31 -37.6 -4.0 6.45 >> 300 sec. 25
EIO5VN25 B2 32 -35.0 -3.3 5.41 168 sec. 10
EIO5VN25 B2 33 -33.6 -3.4 5.56 193 pseudosec. 10
EIO5VN25 B2 34 -34.5 -3.3 5.41 209 pseudosec. 10
EIO5VN25 B2 35 -34.4 -3.4 5.56 240 pseudosec. 25
EIO5VN25 B2 36 -35.1 -3.5 5.71 192 pseudosec. 10
EIO5VN25 B2 37 -35.7 -4.0 6.45 162 pseudosec. 10
EIO5VN25 B2 38 -36.3 - - >>> pseudosec. 10
EIO5VN25 B2 39 -35.1 -3.1 5.11 163 pseudosec. 10
EIO5VN25 B2 40 -33.5 -3.0 4.96 158 pseudosec. 15
EIO5VN25 B2 41 -32.7 -2.7 4.49 145 pseudosec. 10
EIO5VN25 B2 42 -33.9 -3.1 5.11 175 sec. 10
EIO5VN25 B2 43 -34.2 -3.1 5.11 174 sec. 10
EIO5VN25 B2 44 -34.0 -1.5 2.57 132 sec. 10
Sample EIO5VN25 - Wildenhof outcrop nr 27 - Interbedded vein

Incl. . . - Incl. . . -~

NF Trice T ice Salinity Ty tot NF Trice Tnice Salinity Th tot

1 128 21 131

2 169 22 136

3 240 23 111

4 193 24 131

5 151 25 141

6 128 26 159

7 131 27 96

8 138 28 108

9 171 29 131
10 139 30 208
11 125 31 152
12 178 32 131
13 230 33 129
14 -35.3 -3.52 5.74 199 34 168
15 180 35 131
16 128 36 84

17 106 37 110
18 -32.3 -3.72 6.04 189 38 122
19 -34 -3.62 5.89 158 39 110
20 143 40 205
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Appendix C - Fluid inclusion data

Nr' T:ice Tnice Salinity Ty tot Nr. Trice Tmice Salinity Th tot
41 215 51 188
42 230 52 179
43 220 53 161
44 184 54 156
45 151 55 159
46 300 56 98
47 120 57 104
48 98 58 124
49 160 59 95
50 235

Sample EIO5VN26 - Wildenhof outcrop nr 27 - Interbedded vein

Sample Incl. . . -~ Size 0
Wafer NF Trice Tmice Salinity Ty tot Type (L/W) @um) Vol %

EIO5VN26a (1) 1 -36.34 -1.86 3.17 291 pseudosec. 45/25 20
EIO5VN26a (1) 2 -36.04 -3.65 5.93 155 pseudosec. 12/6 10
EIO5VN26a (1) 2b -37.73 208 pseudosec.

EIO5VN26a (1) 3 -3.85 6.22 pseudosec. 3/3 25
EI0O5VN26a (2) 4 -24.65 - pseudosec. 8/5 35
EIO5VN26a (2) 5 -34.36 -3.65 5.93 > 260 pseudosec. 5/2 10
EIO5VN26a (2) 6 -2.76 4.58 166 pseudosec. 6/2 10
EIO5VN26a (2) 7 -34.36 - pseudosec. 4/4 20
EIO5VN26a (2) 8 -38.32 -2.86 4.73 pseudosec. 11/4 10
EIO5VN26a (2) 9 -34.36 -3.85 6.22 >> pseudosec. 6/3 55
EIO5VN26a (2) 10 -33.17 -3.05 5.04 189 pseudosec. 5/3 10
EI0O5VN26a (5) 11 -32.08 -2.46 4.12 148 sec. 5/3 10
EI05VN26a (5) 12 -33.57 -2.76 4.58 176 sec. 9/9 15
EIO5VN26a (5) 13 -33.86 -2.86 4.73 251 pseudosec. 4/3 10
EI05VN26a (5) 14 -3.35 5.49 242 pseudosec. 5/2 15
EIO5VN26a (5) 15 -37.03 -3.25 5.34 231 pseudosec. 4/2 10
EI05VN26a (5) 16 -33.96 -3.45 5.64 137 pseudosec. 8/35 10
EI05VN26a (5) 17 -34.06 -3.45 5.64 220 pseudosec. 714 10
EI0O5VN26a (5) 18 -33.37 - 157 pseudosec. 10/3 10
EIO5VN26a (5) 19 - pseudosec. 5/2 10
EIO5VN26a (5) 20 -34.36 -3.45 5.64 >> pseudosec. 5/3 10
EIO5VN26a (5) 21 -33.76 -2.46 4.12 > 260 pseudosec. 4/25 35
EI05VN26a (5) 22 -34.36 -2.36 3.96 171 pseudosec. 5/4 10
EIO5VN26a (5) 23 -34.26 - 192 pseudosec. 5/2 10
EIO5VN26a (5) 24 -42.98 -2.76 4.58 156 pseudosec. 4/3 5
EI05VN26a (5) 25 -33.96 - 151 pseudosec. 5/25 10
EI0O5VN26a (5) 26 -35.25 -3.45 5.64 165 pseudosec. 713 10
EIO5VN26a (5) 27 -33.37 -2.86 4.73 > 260 sec. 6/3 15
EIO5VN26a (5) 28 -35.75 -3.45 5.64 148 sec. 5/2 10
EIO5VN26a (5) 29 -35.15 -3.15 5.19 161 sec. 45/2 20
EIO5VN26a (5) 30 -35.75 -3.65 5.93 125 sec. 4/15 15
EIO5VN26a (5) 31 -33.67 - 156 sec. 4/3 10
EIO5VN26a (5) 32 -34.26 -2.46 4.12 sec. 714 15
EI05VN26a (5) 33 -36.04 -2.86 473 199 sec. 712 10
EIO5VN26a (5) 34 -2.26 3.80 214 sec. 5/3 20
EIO5VN26a (5) 35 -34.56 - 205 pseudosec. 6/4 10
EIO5VN26a (5) 36 -33.76 -2.46 4.12 226 pseudosec. 9/5 15
EI0O5VN26a (5) 37 - 221 pseudosec. 11/4 15
EIO5VN26a (5) 38 -34.95 -2.46 4.12 sec. 4/3 10
EI05VN26a (5) 39 -32.18 - 151 sec. 5/3 10
EI05VN26a (5) 40 -35.25 - sec. 713 10
EI05VN26a (5) 4la -3.25 5.34 185 pseudosec. 6/6 10
EIO5VN26a (5) 41b -34.36 -3.35 5.49 235 pseudosec. 4/35 10
EI05VN26a (5) 42 -33.17 -3.05 5.04 195 pseudosec. 4/2 20
EI05VN26a (5) 43 -33.37 -2.95 4.89 182 pseudosec. 8/3 10
EI0O5VN26a (5) 44a - 163 pseudosec. 45/2 10
EI05VN26a (5) 44b - 151 pseudosec. 5/3 10
EI0O5VN26a (5) 44c -33.86 - 215 pseudosec. 4/4 10
EI05VN26a (5) 45 -34.66 - pseudosec. 14/4 30
EI0O5VN26a (5) 46 -33.57 -2.56 4.27 pseudosec. 6/3 15
EI0O5VN26a (5) 47 -37.03 -3.35 5.49 > 250 pseudosec. 6/3 20
EI05VN26a (5) 48 -35.15 - 240 pseudosec. 9/3 10
EIO5VN26a (5) 49 -33.27 -2.66 4.43 pseudosec. 9/6 20
EI05VN26a (5) 50 -33.27 - > 245 pseudosec. 412 20
EI05VN26a (5) 51 180 pseudosec. 712 10
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Appendix C - Fluid inclusion data

Sample EI06VN10 - Wildenhof outcrop nr 42 - Intrabedded vein (slates)

Sample Incl. . . . Size o

Wafer Nr Trice Tmice Salinity Ty tot Type (L/W) um) Vol %
EIO6VN10 (A) 1 -33.4 -1.7 2.90 128 pseudosec. 10
EIO6VN10 (A) 2 -32.4 -0.7 1.22 114 pseudosec. 10
EIO6VN10 (A) 3 -31.9 -1.7 2.90 134 pseudosec. 15
EIO6VN10 (A) 4 -325 -0.7 1.22 112 pseudosec. 10
EIO6VN10 (A) 5 -36.6 -2.1 3.55 113 pseudosec. 10
EIO6VN10 (A) 6 -37.9 -1.6 2.74 118 pseudosec. 15
EIO6VN10 (A) 7 -34.1 -2.8 4.65 121 pseudosec. 15
EIO6VN10 (A) 8 -34.7 -0.4 0.70 116 pseudosec. 10
EIO6VN10 (A) 9 -34.7 -0.5 0.88 129 pseudosec. 10
EIO6VN10 (A) 10 -34.5 -1.9 3.23 140 pseudosec. 15
EIO6VN10 (A) 11 -33.8 -3.1 511 169 pseudosec. 10
EIO6VN10 (A) 12 -32.7 -2.9 4.80 126 pseudosec. 10
EIO6VN10 (A) 13 -33.5 -2.9 4.80 133 pseudosec. 10
EIO6VN10 (A) 14 -33.7 -1.9 3.23 119 pseudosec. 15
EIO6VN10 (A) 15 -34.1 -1.1 1.91 117 pseudosec. 10
EIO6VN10 (A) 16 - - - 80 pseudosec. 5
EIO6VN10 (A) 17 -32.1 -1.5 2.57 123 pseudosec. 10
EIO6VN10 (A) 18 -34.0 -2.6 4.34 125 pseudosec. 10
EIO6VN10 (A) 19 -33.5 -3.5 5.71 161 pseudosec. 10
EIO6VN10 (A) 20 -34.7 -2.8 4.65 137 pseudosec. 10
EI0O6VN10 (A) 21 -32.7 -3.6 5.86 150 pseudosec. 10
EIO6VN10 (A) 22 -32.9 - - - pseudosec. 10
EI0O6VN10 (A) 23 -36.2 - - 104 pseudosec. 10
EI0O6VN10 (A) 24 -32.0 -0.8 1.40 114 pseudosec. 10
EIO6VN10 (A) 25 -33.6 -0.5 0.88 110 pseudosec. 10
EI0O6VN10 (A) 26 -31.7 -1.2 2.07 122 pseudosec. 10
EIO6VN10 (A) 27 -32.9 -0.5 0.88 105 pseudosec. 10
EIO6VN10 (A) 28 -33.5 - - 96 pseudosec. 10
EIO6VN10 (A) 29 -32.7 - - 105 pseudosec. 10
EIO6VN10 (A) 30 - - - - pseudosec. 10
EIO6VN10 (A) 31 -33.5 -1.0 1.74 104 pseudosec. 10
EIO6VN10 (A) 32 -33.9 -0.3 0.53 106 pseudosec. 10
EIO6VN10 (A) 33 - - - 98 pseudosec. 10
EIO6VN10 (A) 34 -34.0 -0.4 0.70 148 pseudosec. 10
EIO6VN10 (A) 34a - - - 117 pseudosec. 10
EI0O6VN10 (A) 35 -34.0 -0.4 0.70 105 pseudosec. 10
EIO6VN10 (A) 36 -33.5 -3.3 5.41 129 pseudosec. 10
EI0O6VN10 (A) 37 -32.0 -1.0 1.74 115 isolated 10
EIO6VN10 (A) 38 -35.2 -0.6 1.05 118 isolated 15
EI0O6VN10 (A) 39 -33.0 -1.6 2.74 120 isolated 10
EIO6VN10 (A) 40 -32.7 - - - pseudosec. 15
EIO6VN10 (A) 41 -34.5 -3.3 5.41 141 isolated 10
EI0O6VN10 (A) 42 -32.3 -2.9 4.80 172 pseudosec. 20
EIO6VN10 (A) 43 -32.2 -2.9 4.80 127 pseudosec. 10
EI0O6VN10 (A) 44 -31.7 -3.0 4.96 112 pseudosec. 25
EIO6VN10 (A) 45 -31.8 -3.0 4.96 145 pseudosec. 10
EIO6VN10 (A2) 46 -33.2 -1.7 2.90 115 pseudosec. 10
EI0O6VN10 (A2) 47 -39.5 -1.0 1.74 144 pseudosec. 10
EIO6VN10 (A2) 48 -34.6 -2.8 4.65 119 pseudosec. 10
EIO6VN10 (A2) 49 -34.8 -3.2 5.26 145 pseudosec. 10
EIO6VN10 (A2) 50 - - - 99 pseudosec. 10
EI0O6VN10 (A2) 51 -34.2 -3.2 5.26 186 pseudosec. 20
EIO6VN10 (A2) 52 -35.5 -3.1 5.11 146 pseudosec. 10
EIO6VN10 (A2) 53 -35.9 -3.6 5.86 139 pseudosec. 10
EIO6VN10 (A2) 54 -34.9 -3.7 6.01 142 pseudosec. 10
EIO6VN10 (B) 55 -34.7 -3.7 6.01 153 pseudosec. 10
EI0O6VN10 (B) 56 -35.1 -3.5 5.71 192 pseudosec. 10
EIO6VN10 (B) 57 -34.1 -0.8 1.40 - sec. 10
EI0O6VN10 (B) 58 -36.0 -3.9 6.30 145 sec. 10
EI0O6VN10 (B) 59 -35.4 -3.8 6.16 152 sec. 15
EIO6VN10 (B) 60 -35.6 -1.6 2.74 - pseudosec. 15
EI0O6VN10 (B) 61 -37.2 -3.8 6.16 166 pseudosec. 20
EIO6VN10 (B) 62 -38.4 -3.5 571 - pseudosec. 30
EI0O6VN10 (B) 63 -36.7 -3.2 5.26 140 pseudosec. 30
EI06VN10 (B) 64 -35.7 -3.6 5.86 136 pseudosec. 10
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