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RESUME

Les granitoides des Sudétes Polonaises montrent faeies albitisés/oxydés,
généralement considérés comme des altérations -taagimatiques en référence aux
parageneses de saussuritisation et de séricitisatjoi leur sont parfois associées. Or
I'éventualité d’'une origine superficielle triasiqaeété récemment établie pour certains de ces
facies. Cette étude visait a préciser les carastiges de ces altérations dans les Sudetes.

Les granitoides des Sudétes polonaises montrentyp@&st d’altération: (1)
l'albitisation, (2) la saussuritisation et (3) la&scitisation. Ces altérations et les paragenéses
gu’elles induisent sont liées aux fractures. L’'tiftdtion apparait dans les faciés rouges a
proximité des fractures tandis que la saussuritisaet la séricitisation sont dominantes dans
les faciés clairs loin des fractures et au cceur ldess. Une zonalité prévaut donc dans ces
faciés granitoides depuis les fractures vers liireiér des blocs.

Dans les faciés clairs au cceur des blocs, les ptdgses primaires altérés montrent
des assemblages caractéristiques de la saussuigtisatonstitués de prehnite-albite-séricite,
ou le développement invasif de séricite associéesacristallites d’albite. Dans les faciés
rouges en bordure des fractures, les plagioclasesles feldspaths potassiques sont
partiellement ou entierement remplacés par de ltalbsecondaire systématiquement
pigmentée par de I'hématite. En plus d'étre alléisis les feldspaths potassiques sont
également microclinisés.

L’altération des feldspaths primaires dans cesdadclairs ou rouges) s'accompagne
de la chloritisation des minéraux ferromagnésidrgschloritisation des biotites apparait déja
dans les facies clairs mais celle-ci est plus ceétgptans les faciés rouges, la chloritisation
des amphiboles est exclusivement visible dansat@ésf rouges, et totalement absente des
faciés clairs. La chloritisation des biotites s’atspagne du développement de minéraux
secondaires tels que le quartz, les feldspathsspaaes, la prehnite, de titanite et d’apatite.

Les minéraux typiques de la saussuritisation etsdaicitisation des faciés clairs
demeurent parfois visibles dans les facies rougesisds/oxydés. Les paragenéses associees
aux différentes altérations se superposent appaemmans ces roches granitoides. Cette
étude ne nous a pas permis de séparer ces paragems phases d’altération distinctes
n'ayant aucune relation entre elles comme celaé@améntionné par d’autres auteurs (par
exemple Drake et al., 2009). Au contraire, il amdarqu’il n'y a qu’'une seule phase
d’altération avec des réactions qui s’enchainent tispement. Les successions
paragénétiques résultent donc du déplacement dut fi@actionnel de chaque paragenése
depuis les fractures vers le cceur des blocs.

Par ailleurs, I'albite secondaire est toujours asseca de I'hématite dans les facies
rouges . La datation par paléomagnétisme de ceémadtite indique qu'elle est d’age
triasique, et par conséquent sa formation est resiemment liée a la paléosurface triasique.
Comme l'albite secondaire apparait contemporaind'liématite, sa formation doit aussi étre
d’age triasique. L’albitisation/oxydation observéans les granitoides des Sudetes polonaises
apparait liée a la paléosurface triasique et panséquent étre d’origine superficielle.

Les facies albitisés/hématisés apparaissent coneaeenhpreintes de la paléosurface
triasique dans les Sudétes. La caractérisationadedléosurface dans les socles constituerait
un outil spatio-temporel précieux pour appréhendeéeolution post-triasique des socles
Européens et ainsi de contraindre les modéles gandiques de ces massifs.



ABSTRACT

The Sudetes show albitized/oxidized facies systealbt considered as late-
magmatic alterations due to the occurrence of satigation and sericitization parageneses.
Yet, the possible Triassic superficial origin hasently been proposed for some of these
facies. This study aimed to precise the featureékexfe alterations in the Sudetes.

The granitoid rocks in the polish Sudetes showethiggpes of alterations: (1) the
albitization, (2) the saussuritization and, (3) thericitization. These alterations and the
associated parageneses appear as related to ¢thedsa The albitization emerges as typical
of the reddened facies close to the fracture wdlerwas the saussuritization and the
sericitization are dominant in the light/unstairfiades further away from the fracture walls in
the center of the blocks. Therefore, a parageretiation depending on the alteration type is
obvious from the fractures towards the inner pathe blocks of the granitoid rocks.

In the light/unstained facies in the center of tilecks, primary plagioclases are
sometimes altered showing either a typical sauszation assemblage of prehnite-sericite-
albite or an invasive development of sericite aisged to tiny albite crystals.

In the reddened facies at the fracture walls, pladgses and K-feldspars are entirely
or partially replaced by secondary albite staingdhbmatite. Besides being albitized, the
K-feldspars are also microclinized. Some accessongrals occur, such as calcite associated
to the secondary albite.

The alteration of the primary feldspars is assedato the chloritization of the
ferromagnesian minerals within both, reddened &yid facies. The chloritization of biotite is
partial in the light facies and complete in thedewged facies. Biotite chloritization is also
associated to the development of secondary minstadh as quartz, K-feldspar, prehnite,
titanite, and apatite. Chloritization of the amphé@sois only visible in the reddened facies,
and absent in the light/unstained facies.

Minerals typical of the saussuritization and thecggzation in the light facies are
sometimes still visible in the reddened/oxidizedida. The parageneses associated to the
different alteration type are likely to overlap kit these granitoid rocks. This study did not
allow the separation of these parageneses interdiff alteration phases or independent
events as it has been mentioned elsewhere by sothers (e.g. Drake et al., 2009). But it
seems rather that there was only one alteratioseokath reactions following spatially on
from each other. Thus, the paragenetic successesidt from the displacement of the
reactional front of each paragenesis from the dir@st wall towards the center of the blocks.

On the other hand, the secondary albite is systeaflgtassociated to hematite in the
reddened facies. Paleomagnetic datings of this tiemadicates a Triassic remagnetization
and therefore its formation must be necessarigtedl to the Triassic paleosurface. Since the
albitization emerges as contemporaneous to the titesagon, consequently the albitization
might also be of Triassic age. The albitizationdiation observed in the granitoids rocks of
the Polish Sudetes appears likely as related tdtiaessic paleosurface, hence of superficial
origin.

The albitized/oxidized facies appear as an overpiitihe Triassic paleosurface in the
Sudetic basement. The characterization of theizdoitoxidized facies will constitute a good
spatio-temporel tool to unravel the evolution o tBuropean basement and thus permits to
constrain the post-Triassic geodynamical modehe$¢ massifs.



STRESZCZENIE

W krystalicznych kompleksach skalnych Sudetéw p@eknie wystpuje facja skat
zalbityzowanych i/lub utlenionych, tradycyjnie i n&ekwentnie uwsna za asocjag]
paragenetyczn powstad wskutek proceséw saussurytyzacji i serycytyzacyicht
kompleksow. W innych masywach waryscyjskich Eur@gproponowano jednak niedawno
wyjasnienie genezy niektérych przynajmniej wysen tej facji oddziatywaniem czynnikow
przypowierzchniowych podczas triasu. Niniejsze stodima za cel szczegdétowy opis i
wyjasnienie genezy wspomnianej facji skalnej w wybranyclwéch jednostkach
strukturalnych Sudetow — w kanigkich masywach granitoidowych klodzko-ztotostockim
karkonoskim.

Skaty granitoidowe polskich Sudetow, reprezentevarzez dae plutony — ktodzko-
ztotostocki i karkonoski, dotkeie s generalnie trzema typami wtérnych zmian mineramyc
(1) albityzach, (2) saussurytyzagji (3) serycytyzag. Zmiany te i zwizane z nimi
paragenezy mineralne wykazwyyrazne zwazki przestrzenne z powierzchniami niggosci
strukturalnych (sgkan i uskokow). Efekty albityzacji typowo przejawaagic w postaci
wtérnego, czerwonawego zabarwienia skat w poblstref niecigtosci strukturalnych,
podczas gdy efekty saussurytyzacji i serycytyzdojminup w jasniejszych partiach skat,
potozonych dalej od powierzchni niegtosci, w centrach blokow skalnych wyznaczonych
przez te powierzchnie. Tym samym zaznacza srefowd¢ paragenez zwranych z
wtérnymi przemianami mineralnymi w skali blokéw skgech w niektérych partiach
przebadanych masywow granitoidowych.

W jasnych, wewetrznych partiach blokéw skalnych, generalnie nieagiacych
plamistych przebarwie skaty, pierwotne plagioklazyasiekiedy zmienione, wykazag juz
to typowe efekty saussurytyzacji, zjuto asocjag prehnit-serycyt-albit, wzgtnie te
inwazyjny rozwoj serycytu stowarzyszony z utworasidrobnych krysztatéw albitu.

W facji zabarwionej na czerwono prz§cianach niecaigtosci strukturalnych,
plagioklazy i skalenie potasowe satkowicie lub czéciowo zasipione przez wtérny albit z
plamkami hematytu. Obserwujes ez wystepowanie takich mineratéw akcesorycznych, jak
kalcyt zwizany z utworzeniem wtornego albitu.

Przemiany pierwotnych skaleni konsekwentnie stoysaane s z chlorytyzacy
mineratow ferromagnezowych zaréwno w facji zabangjona czerwono, jak i w facji
niezmienionej kolorystycznie jasnej skaty. Chlomdgja biotytu jest egciowa w skatach
facji jasnej i catkowita w skatach facji zabarwipma czerwono. Chlorytyzacja biotytu jest
zZwiazana z rozwojem takich mineratdw wtérnych, jak keyaskalé potasowy, prehnit,
tytanit i apatyt. Chlorytyzacja amfiboli zaznacza gedynie w obgbie facji skat
zabarwionych na czerwono i jest nieobecna w skatachi jasnej bez plam o odmiennym
zabarwieniu. Mineraty typowe dla saussurytyzasgiycytyzacji § czasem jeszcze widoczne
w skatach facji utlenionej/o czerwonawym zabarwienParagenezy zwdane z ranymi
typami przemian skat granitoidowych prawdopodobmpiezenikaj sie tam nawzajem.
Niniejsze studium nie pozwolito na wydzielenie sgr kolejno po sobie napujacych
paragenez mineralnych, ani na przypisanie tak veyoaych etapéw proceséw wtérnych
poszczegolnym wydarzeniom geologicznym, w adiéniu od niektorych opracowaz
innych obszaréw (np. Drake et al., 2009). Na potistgprzeprowadzonych batlavydaje s¢
jednak,ze w badanych obszarach doszto do tylko jednegaugiegemian wtérnych, ktére w
réznych miejscach @wodka skalnego doprowadzity reakcje przemian mingch do r@nych
stadiow zaawansowania. Sukcesje paragenetycznsaeraaiwane w skatach granitoidowych
Sudetow mialyby by zatem skutkiem przemieszczania w czasie frontukcsgaego



zwiazanego z kada paragenez w kierunku od nieaigtosci strukturalnych (sgkan i
uskokéw) do watrza blokéw skalnych wyznaczanych przez te agokci.

Wystepowanie facji dotknitych procesami albityzacji/oksydacji przyamane jest w
obu zbadanych masywach Sudetéw do stref o geonganieralnie ptaskiej, zalegaych
potogo lub poziomo i nie przekraczaych mazszaci ok. 200 m.

Witorny albit w obebie facji o czerwonawym zabarwieniu skaty jest lekvgentnie
przestrzennie zwrzany z wystipowaniem drobnokrystalicznego hematytu. Datowanie
paleomagnetyczne tego hematytu wskazuje na je@gotsie namagnesowanie, swadczy o
utworzeniu s tego mineratu w tym okresie. Ponienabityzacja zachodzita rownoczee z
hematytyzagj, wigc rowniez jej mazna przypisé wiek triasowy, podobnie, jak w niektorych
innych masywach waryscyjskich Europy. Zjawiska tgiacji/oksydacji obserwowane w
granitoidach polskich Sudetow wydajsic pozostawé& w zwiazku przestrzennym i
przyczynowo-skutkowym z triasew powierzchm zrOéwnania, o ktorej 6éwczesnym
wystepowaniu mana dodatkowo wno&i na podstawie generalnej geometrii stref
wystepowania tych zjawisk. Wnioskuje ¢sitym samym o przypowierzchniowej,
hipergenicznej genezie wspomnianych zmian wtérmyealmitoidéw sudeckich.

Facja granitoidowych skat zmienionych w procesdbityaacji/oksydacji wydaje si
zatem skutkiem oddziatywania przypowierzchniowycjawisk zwihzanych z triasow
powierzchni zréwnania w Sudetach, wypujaca éwczénie nieco powyej dzisiejszego
poziomusciecia erozyjnego badanych fragmentéw masywoéw gratoteych. Przedstawiona
charakterystyka facji zalbityzowanych/zoksydowangkht granitoidowych ma szangosta
w przyszigci wykorzystana jako przydatne nedzie badawcze, pozwadge na wyjanienie
niektérych aspektéw przestrzenno-czasowych ewopagitaza krystalicznego Europy i, tym
samym, na {cislenie modeli geodynamicznych i geomorfologicznychtydecych
potriasowej tektoniki i rozwoju rzéy w masywach gorskich i viynnych odstaniagcych to
podiaze.
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INTRODUCTION

L’étude des régolithes et des paléoaltérationsimgiortante pour la compréhension
des relations géodynamiques entre les régions ksidence et les régions en surrection. Peu
d’'informations sont disponibles sur les marges Hassins et sur les socles ou dominent
I'érosion et les altérations. Un grand contrasteiséx entre la connaissance des bassins
sédimentaires et des régions de socle :alors geelépots sédimentaires sont subdivisés en
séquence temporelle d’environ 100 ka, la résoluttemporelle au niveau des socles
cristallins n'est que de l'ordre de 100 Ma. Les dguadltérations ayant affecté les socles
cristallins peuvent fournir des jalons de leur loegquériode d’exposition aprés dénudation.

Le challenge de ce projet de thése est de démogtreres albitisations des socles
cristallins, observées dans les chaines Hercyniemteel’Afrique du nord a la Scandinavie,
ne sont pas dues a des circulations tardi-magmasqorofondes ou hydrothermales, mais
gu’elles résultent plutét d’'une altération supeidite liée au domaine continental triasique.
Ce sujet est susceptible d’amener a reconsidéreridées sur I'évolution mesozoique des
socles paléozoiques. En effet, si les facies roaligigsés des socles hercyniens ne sont pas
liés a des phénomeénes tardi-magmatiques mais @uide période d’altération continentale,
alors ces faciés constitueraient un jalon précialans I'évolution géodynamique de ces
socles.

Pour cela, il est essentiel de démontrer que lesegarouges albitisés des socles
hercyniens ne sont pas liés a des phénomenesneagimatiques mais plutdét a une période
d’altération continentale. Un fossé culturel sépales deux conceptions. L'étude de
l'albitisation a été le domaine des pétrographes considerent naturellement les aspects
pétrographiques et reconnaissent le caractére faddi la paragenése. Cependant, ils n'ont
jamais vraiment pris en compte les aspects géoguetsi du phénomene d’albitisation. Nous
devons désormais franchir les “barrieres culturslle pour faire progresser les
connaissances dans ce domaine de recherche et gmhias compétences scientifiques en
vue de faire évoluer I'argumentation. Pour toutes caisons, le projet a été mené par le biais
d’un partenariat multidisciplinaire entre I'Institugéologique Polonaise (PGI-Pologne) et le
Centre de Géosciences de Mines-ParisTech (France).

Dans ce projet de these, I'accent a été mis sufdeigs albitisés du socle des Sudetes
Polonaises, car il avait été reconnu précédemmestrdmagnétisations triasiques dans des
roches cristallines de ce secteur. Le but de laspnée étude est de vérifier que ces
remagnétisations sont associées a de l'albitisat&nque celle-ci pouvait étre d’origine
superficielle. Pour ce faire, nous décrirons d’abldes caractéristiques pétrographiques et
minéralogiques des faciés rouges comparativement facies clairs. Une attention
particuliere sera portée sur les relations entrenéraux primaires et secondaires, en vue
d’établir la paragenése et la géochimie de cest@lhiions tout en précisant leur aspect
contemporain par rapport a 'hématisation. Ensuitegus nous attélerons a présenter les
résultats des datations paléomagnétiques réaliséeses facies rouges albitisés en vue de
mettre en évidence leur lien avec la paléosurfaiesigue. Enfin, nous essaierons de suivre
la géométrie de la paléosurface triasique en camélles différents sites albitisés étudiés et
en soulignant les différentes implications géodyiqgaes dans la région de Ktodzko Zioty-
Stok.






INTRODUCTION

The study of regoliths and paleoweathering, idl ¥itaunderstanding the geodynamic
relationships between areas of subsidence and afagdift. Little information is available
concerning basin margins and basement areas wheatheving and erosion dominate. One
of the requirements for modelling geodynamic evoluts a description and analysis of the
paleoweathering profiles affecting the -crystallil@msements during long periods of
continental exposure. Such profiles are the onlgomds available at the edge of the
sedimentary basins. A remarkable contrast existevd®n the knowledge on basin and
crystalline basement areas: for example, the sedane deposits are often subdivided into
temporal sequences of about 100 ka whereas the taempsolution for the crystalline
basement is rather in the order of 100 Ma.

The challenge of this thesis project is to dematstthat the albitized crystalline
basements observed in the Hercynian belt from Naftlta to Scandinavia are not due to
deep late-magmatic or hydrothermal circulation, fesult from superficial weathering that is
associated with the Triassic continental domain.sTéubject is likely to cause serious
reconsideration of the ideas on the Mesozoic ewwiuibf the Hercynian basements.
Additionally, it is also linked to a paleoenvironmal and climatic question. The albitized
facies are characterized by a sodium enrichmetiteotontinental areas, and thus should be
considered in association with the accumulatiosaafium in the salt deposits of the Triassic
basins. The question then arises if this is thaimhpf a major global event?

In crystalline domains, albitization is commonlydrireted as related to deep and
high temperature metasomatic alteration relategraaite cooling during exhumation. At the
beginning, it is necessary to present the demdiwiréhat the albitized and reddened facies
of the Hercynian basements are not associatedlaéghmagmatic phenomena but correspond
to a period of Triassic continental paleoweatheriygnajor cultural gap separates the two
models. Work on albitization has principally beba tomain of basement petrographers, who
naturally consider the petrographic aspects andgrase the latish character of the
parageneses. However, they have never really cemesidthe geometric aspects of the
albitization phenomenon. We must now cut acrossettfeultural barriers” to advance the
knowledge in this research domain and to exchargentific skills to improve the
argumentation. For these reasons, the project bas barried out by a multidisciplinary
partnership with the Polish Geological Institut&s(HPoland) and the Geosciences Center of
Mines ParisTech (France).

The focus on the albitized facies in the Polish éesl have been set for this thesis
project, because for this area, first indicatioms friassic paleomagnetic datings on
remagnetization overprints of the crystalline basemhad already been described in
literature. Thus, the aim of the presented study sheck whether the albitization observed in
the Sudetes could have also been of the aboveildedauperficial origin. For this purpose,
the distinctive mineralogical and petrographicatiees of the reddened facies have been
described in comparison to the light facies. Emeatias been laid on the relationship
between the primary and the secondary mineral ghagéh a view on the establishment of
the specific paragenesis and geochemistry for tlalméization and with respect to their
contemporary nature with hematite. Subsequentlgult® of the paleomagnetic datings
performed on these reddened facies are presemteatder to establish the link with the
Triassic paleosurface. Finally, the geometry of Tiassic paleosurface in the Sudetes has
been followed by matching the different albitizées studied in the Ktodzko Zioty-Stok area
and by highlighting the respective geodynamicalliogpions.






RESUME CHAPITRE 1

ALBITISATION ET PROCESSUS METASOMATIQUES ASSOCIES

Ce chapitre traite des phénomenes d’albitisation, daussuritisation et
d’hématisation. L'accent y est principalement mig $es réactions et les conditions
d’occurrence des phénomenes susmentionnes.

L’ALBITISATION est une altération qui consiste au remplacemest falspaths
primaires, plagioclases et feldspaths potassiquesipd’albite secondaire. L’albitisation des
plagioclases peut se faire selon trois réactionegtconditions chimiques ci-apres :

a silice constante et mobilité de I'aluminigequ 1.1),

avec apport de silice et mobilité de I'aluminigegu 1.2),

avec apport de silice et a aluminium const@gu 1.3).

L’albitisation des feldspaths potassiques se fait pimple remplacement entre K et Na.
(equ 1.4). En tout état de cause, I'apport de sodium paraseatiel que ce soit pour
I'albitisation des plagioclases ou des feldspathsapsiques.

Deux mécanismes fondamentaux d’albitisdation somtsagés dans la littérature :
(1) la diffusion et (2) la dissolution-recristaliison.

La diffusion consisterait en un simple échange ionique sangyeFosation du réseau
cristallin. Celle-ci conviendrait a [l'albitisationdes feldspaths potassiques a haute
températurelequ 1.4),mais est difficilement concevable pour l'albitisat des plagioclases
qui ne se résume pas seulement a un échange iomgisamplique aussi une réorganisation
de la structure cristalline du plagioclase primaiigibstitutions Si-Al).

La dissolution-recristallisationse caractérise par la dissolution du feldspathmyaire

et la recristallisation simultanée de I'albite secaire a partir d’'un fluide sursaturé (Boles,
1982 ; Aagaard et al.,, 1990 ; Ramseyer et al.,, 19®nhgvik et al., 2008 ; Hbvelmann
et al, 2010). Elle parait donc possible pour I'dibation des feldspaths potassiques et celle
des plagioclases. Si la vitesse de dissolutionsaptrieure a la celle de recristallisation,
I'albite secondaire formée est alors poreuse. Litdation peut également préserver
I'orientation des macles du plagioclase primairepiquant alors une croissance dite
« epitatique » de l'albite liée a la dissolutiorerestallisation (Engvik et al., 2008).

LesCONTEXTES GEOLOGIQUESde l'albitisation sont divers, elle est notamment
reconnue dans les socles cristallins et dans lesibasédimentaires, et plusieurs hypothéses
sont envisagées pour l'origine du sodium.

En domaine cristallin on distingue deux types d'albitisation : (1) uakbitisation
pervasive et homogene liée au métamorphisme (Coadrbd ; Boles and Coombs, 1977 ;
Moody et al., 1985) et (2) une albitisation limitéex fractures liée a de I'hydrothermalisme
et a des conditions tardi-magmatiques (Val'ter ket 993 ; De Jong and Williams, 1995 ;
Lee and Parsons, 1997 ; Petersson and Eliasson7 19Butnis et al., 2007 ; Engvik et
al., 2008 ; Plumper and Putnis, 2009 ; Sandstronalet 2010 ; Morad et al., 2010). Le
sodium nécessaire a lalbitisation pervasive proviede la destruction de l'analcime
(equ. 1.5, Coombs, 1954 ; Boles and Coombs, 18&Tjs qu'il est apporté par des fluides
dans le cas de l'albitisation liée a des fractur€gs fluides sont parfois considérés comme
d’origine magmatiques (Aslund et al., 1995). Néaimsiodu point de vue du bilan de masse
par rapport aux volumes affectés, les volumes digel smagmatiques ne semblent pas
suffisants pour fournir de sodium nécessaire (Batthnd Barton, 1995; Oliver, 1995) et
gu’une source accessoire de Na doivent étre en@esdges auteurs considerent généralement
qgue ces fluides sont nourris par des dépbts évagoes (Barton and Johnson, 1996;



McLelland et al., 2002). Les fluides superficidleeux des bassins jouent vraisemblablement
un grand réle dans ce type d’albitisation.

En domaine sédimentairdes albitisations sont interprétées comme éteas| a des
processus diagénétiques dans les réservoirs pétsolirkosiques (Merino, 1975; Ogunyomi
et al, 1981 ; Boles, 1982 ; Walker, 1984 ; Gold819 Saigal et al., 1988 ; Aagaard et
al., 1990 ; Morad et al., 1990; Ben Baccar et &993; Yu et al.,, 1997 ; Perez and
Boles, 2005 ; Gonzalez-Acebron et al., 2012). lei,sodium nécessaire a l'albitisation
proviendrait du lessivage des dépbts évaporitiquesdes eaux météoriques ou du bassin,
car les fluides interstitiels méme s’ils interviemb dans le processus global ne suffisent pas
générer les volumes d’albite formée.

Lesalbitisations liées aux paléosurfacedfectent a la fois les roches sédimentaires et
cristallines. Ce type d’albitisation a été recondans le Massif Central ou il a été démontré
gu'il est liée a la paléosurface triasique (YerkedaThiry, 1979 ; Schmitt, 1986 ; Schmitt and
Clément, 1989 ; Parcerisa et al., 2009). Ces ahbiibns se caractérisent par des profils
d’altération de 50-200 m d’épaisseur, d'intensitécmbissante depuis la surface vers la
profondeur. Trois faciés qui se distinguent par lepétrographie et lintensité de
I'albitisation ont été proposés (Parcerisa et &009) :

» un faciés rouge pervasivement albitisé, qui coroesbau sommet des profils, est
caractérisé par l'albitisation des plagioclases, daloritisation des biotites et la
formation d’hématite,

» un facies rose/rouge le long des fractures : I'afldition est intense au niveau des
fractures et la minéralogie est identique a la zpnécédente,

» un facies tacheté, caractérisé par de petites taaloses et qui correspond a la
partie profonde du profil. La minéralogie primaiest globalement préservée et la
chloritisation est perceptible méme en I'absena@hifisation.

Le caractére superficiel de ce type d'albitisatiest renforcé par des datations
radiochronologiques K-Ar (Bonhomme et al., 198@hr8itt, 1984 ; Schmitt et al., 1984) et
paléomagnétiques (Ricordel et al., 2007), qui mamititoutes des ages triasiques. Les ages
paléomagnétiques sont spécifiquement donnés pambélite interprétée comme étant
cogénétigue de l'albite secondaire.

Le sodium de ces albitisations proviendrait des deamépodts de sel du Trias,
introduit sur les continents par les vents sousn®rde poussieres salines (Parcerisa et al.,
2009), puis entrainé vers les nappes profondeges®tréseaux de fractures (Schmitt, 1986,
Schmitt and Simon-Coigon, 1985).

La SAUSSURITISATION est une altération qui consiste au remplacemerd de
plagioclases calciques par un assemblage compa@dBit# secondaire, de silicates calciques
(prehnite, épidote, pumpellyite et laumontite), sdeicite et parfois de calcite. (Allaby and
Allaby, 1999). La saussuritisation des plagioclagss provoquée par l'instabilité de leur
composante anorthitique. Cette réaction libére dahc calcium en excés et elle est
généralement associé a plusieurs autres réactiotanmoent la chloritisation des biotites,
qui fournit le potassium pour le développement éiectke et de feldspath potassique, le
calcium libéré contribue a la formation de silicatealciques, de titanite et de calcite. Le
détail des réactions couplées a la saussuritisagistitésumé dans tableau 1

Lorsque l'albite secondaire est associée a la foromatle prehnite et d’épidote, le
phénomene est considéré comme de la saussuritig@gi@sson, 1993) tandis qu'il est défini
comme de l'albitisation au sens strict quand le malpase albitisé ne montre aucune épidote
ou prehnite associée (Morad et al., 2010). Il pegjpendant étre difficile voire impossible de
distinguer les deux phénomenes surtout quand lassaitisation est suivie de I'albitisation



car il y a dans ce cas superposition des parageneseréservation des minéraux issus de la
saussuritisation dans les faciés albitisés. Néansjod'un point de vue pétrographique,
certaines différences sont évidentes entre la saitissition et 'albitisation. Les parametres
cristallographiques (macles et zonation) sont préde durant la saussuritisation tandis que
les macles sont effacées durant l'albitisation. s, les albites issues de l'albitisation sont
pures (Staby, 1992 ; Lee et Parsons, 1997 ; Paseeet al., 2009) tandis que celles issues de
la saussuritisation contiennent encore une fractiaorthitique (Sandstrom et al., 2010).

L'"HEMATISATION des roches cristallines est associée quasi sysigneanent a
I'albitisation. L’aspect rose/rouge de ces facie®tgé longtemps négligé dans le passe, car
considéré comme étant lié a des processus tarBidstin, 1935 ; Marmo et Hyrvarinen,
1958). Ce n’st que récemment que des études @ntcansacrée spécifiguement a
I'hématisation des roches granitiques en partiaulians les formations protérozoiques de
Forsmark en Suede (Drake et al., 2008 ; Sandstriah,2010).

L’hématisation apparait parfois pervasive, envahigstoute la roche, mais plus
souvent elle est limitée au bordures des fractutésroisssant en intensité en s’éloignant des
fractures. C’est le cas dans les granitoides Swd@&elonaises. Cette relation avec les
fractures indique que I'hématisation est liée acleculation de fluides et résulte donc des
interactions fluides-roches. Cela a également diseové en Suéde ou le rougiement est
interprété comme lié a des circulations hydrothdesanduites par l'intrusion proximale des
granites d’'Uthammar et de Gotemmar (Drake et d00&. Cependant, aucune donnée n’est
disponible sur la distribution en profondeur deroegiement qui semble atteindre 600 m de
profondeur (Ehrenborg and Stejskal, 2004a,b ; Eboeg and Dahlin, 2005). Dans les
albitisations liees a la paléosurface triasique tMassif Centra francaisl,’hématisation
diminue en intensité depuis la surface actuellsVaiprofondeur (Schmitt, 1992, Parcerisa et
al., 2009).

Il a été proposé que les pigments d’hématite colbtas granites étaient d’origines
magmatiques (exsolution, cristallisation concomi¢aavec les feldspaths). Mais cette origine
magmatique de I'hématite ne semble guere défendavlées environnements magmatiques
sont dominés par des ions“Fet non de F& (uniquement dans les magnétites). L’origine de
I’'hématite en tant que produit des interactionsds-roches est tres largement documentée.
Le developpement de 'hématite en liaison direstecdes minéraux ferromagnésiens altérés
montre que le fer provient, au moins en partie, Iddtération des ces minéraux. La
composition chimique des roches oxydées montrexdrgiement trés peu de changement par
rapport aux roches primaires (<5% de changementpi@ et al., 2008).

La formation de I'hématite nécessite une forte Gitgad’oxygene qui ne ne peut
provenir que de la surface (atmosphére). Par aillda composition isotopique du fer des
hématites montre la contribution de solutions issue l'altération météorique dans le
systéme hydrothermal a forte fugacité d’oxygenerkMet al., 2006; Dideriksen et al., 2007,
Dideriksen et al., 2010). Dans les cas des hémaiss associées aux paléosurfaces, les
fluides oxydants de surface contribuent directenaelat formation de I'hématite. La datation
paléomagnétique de I'hématite constituerait ainsiaugument fort pour établir le lien entre
I’'hématite et la paléosurface (Ricordel et al., ZQQ~ranke et al., 2010).

La CHLORITISATION est généralement associée aux facies albitisés et
saussuritisés. Les chlorites apparaissent soitegnplacement des ferromagnésiens primaires
a la suite d’interaction fluide-minéral ou formédsectement a partir des fluides dans les
vides et microfractures. Nonobstant leurs occurescles chlorites montrent des
compositions chimiques variées au sein des rochéséak. Enfin, il faut souligner que la
structure cristallographique des chlorites, avecuxlecouches de type octaédrique et la



possibilité de substitutions tétraédriques, rend dalcul de formule structurale tres
compliqué, entaché d’hypothéses. Il est illusoires@dppuyer sur la neutralité électrique
pour assurer la répartition du fer en Feet F€* et différencier les chlorites par ce critére.

Chlorite héritées des minéraux primairesDe facon intuitive, les chlorites héritées
des biotites ont une composition différente deeselbsues des amphiboles. En effet, les
chlorites dérivées des biotites contiennent moinsSidgue celles héritées des amphiboles.
Cependant des différences apparaissent parfoiseeiatrcomposition des ferromagnésiens
primaires et celle des chlorites héritées. Ausai, tlansformation biotite-chlorite peut
conduire a une augmentation ou a une diminutiorvalame en fonction de la composition
des fluides et du comportement des ions Mg, F¢,/8i e

Chlorite heéritées de fluides hydrothermaux Les chlorites peuvent aussi se
développer dans des microfractures et des poresragses chloritisés. La composition
chimique de ces chlorites tres variée, a souveat wilisée pour distinguer différentes
variétés cristallochimiques au sein d’'une méme eotfa variabilité de la composition de ces
chlorites a été utilisée pour argumenter I'existerttaltérations successives au sein de ces
facies. Cependant, il faut souligner que la comiasidu fluide varie au cours d’'un unique
evenement hydrothermal au fur et a mesure que-cettaverse la roche et interagit avec les
différents minéraux. De ce fait, les chlorites té&&s des premiéres interactions fluide-roche
auront des compositions différentes de celles sssdes derniéres interactions. Par
conséquent, des chlorites de compositions variéesn’impliquent pas nécessairement
plusieurs épisodes de chloritisation.

Les CONDITIONS THERMIQUES dans lesquelles se font la saussuritisation et
l'albitisation peuvent étre cernées au moyen d'elgnees de laboratoire, de mesures
d’inclusions fluides, de modélisations géochimiquees calculs thermodynamiques et les
contextes géologiques dans lesquels on rencongrparagénéeses minérales.

Les températures de la saussuritisatioont d’abord été estimées a partir des
equilibres entre épidote, prehnite, laumontite leliodte lors de I'évolution métamorphique
(Spear, 1995). Ainsi il est estimé que la saugsatibn se développe entre 250°C- 400°C
(Deer et al., 1992 ; Drake et al., 2008. Les exgéces hydrothermales sur les parageneses
de I'épidote indiquent des températures de fornmagintre 300°C a 400°C (Liou et al., 1983;
Frey et al., 1991) tandis que des paragénéses @otpiont été décrites dans des champs
géothermiques actifs entre 125 et 150°C (Bird api@l€r, 2004). Par ailleurs des inclusions
fluides on conduit a estimer des conditions P-Tspflevées, entre 400-600°C sous des
pressions de 150-250 Mpa (Que et Allen, 1996). aget, des températures plus basses ont
été trouvées par les calculs thermodynamique, jasj00°C pour I'épidote ferrifere (Bird
and Hegelson, 1981). L'occurrence d’épidote, demantite et de prehnite dagns les
granitoides ne peut donc pas étre systématiquemeichirice de haute température.

Les températures de l'albitisatiosuggérées par les expériences hydrothermales sont
de I'ordre de 300°C a 600°C sous des pressions 02400 Mpa (Moody et al., 1985). Ces
températures correspondent a des conditions méfaimgues et hydrothermales. Mais, de
I'albitisation a aussi lieu a des témpératures coisgs entre 60°C et 100°C dans les bassins
sédimentaires (Merino, 1975 ; Saigal et al., 198&gaard et al.,1990 ; Morad et al., 1990 ;
Hirt et al., 1993 ; Ben Baccar et al., 1993). Daugl I'étude des inclusions fluides des
albitisations de roches cristallines dans le MasSiéntral suggere des températures de
I'ordre de 100°C (Georges, 1985).

L’albitisation peut donc se faire dans divers eowmmements géologiques
(métamorphiques ou méme en surface), d’autant gphesla température de 100°C peut étre
atteinte & moins de 1 000 m avec un gradient géatigeie élevé.



CHAPTER 1

1 ALBITIZATION AND ASSOCIATED METASOMATIC
PROCESSES

1.1 ALBITIZATION

Albitization is an alteration phenomenon that cstssiin the replacement of the
igneous primary feldspars (K-feldspars or plagisety by secondary albite. Plagioclases and
K-feldspars albitization involves chemical exchamge connection with their respective
compositions.

1.1.1 Albitization reactions
1.1.1.1 Plagioclases albitization reactions.

Plagioclases albitization can proceed through thliferent reactions depending on
the chemical elements supply or loss, and undesideration of subsequent volume changes.
Albitization develops only if enough Na is providadd it may be described in the following
three reactions:

= Constant silica and aluminium release,

3(CaAIfSEQ,)+2 Nd+16H - 2(NaAI§| )+ 3 Ca+4 Al+8 H
Anorthite (equ. 1.1)

This reaction considers constant silica and sulmdtuleads to aluminium release. The
number of mole of the formed albite represents tfwals the number of mole of the initial
anorthite and leads to 30% volume loss.

= Silica supply and aluminium release

CaALS,Q+ Nd+ SiQ( ap+4 H -~ NaAISip+ Ca+ #Al+2 H
Anorthlte Albite (equ. 1.2)

The volume is approximately conserved during tle@ction. Under conservation of
the original crystalline frame, one mole of andsghis replaced by one mole of albite
requiring addition of sodium and silica.

= Silica supply and constant aluminium

CaAl, S, O, +2 Nd +4 SiQ( af - 2( NaAI§| D+ Ca
Anorthlte (equ. 1.3)

This third reaction shows the conservation of th@ambalance of aluminium and
reveals that the mole’s number of the neogenidealbithe double with respect to the initial
anorthite.

The calcium released during the albitization caeittier be leached by present fluids
or be involved in the crystallization of Ca-bearmgnerals. Those neogenic minerals may be
silicates such as prehnite, laumontite, epidotenhanm-silicates minerals such as calcite,
gypsum and apatite.



1.1.1.2 K-feldspars albitization

K-feldspars albitization proceeds through the fwolltg reaction:

KAISLQ, + Na - NaAlSj Q+ K
Orthose Albite (equ. 1.3
The albitization of K-feldspars also requires Naipply and releases KA possible
sink for the released potassium may be the pratipit of K-bearing minerals such as
sericite.

1.1.2 Albitization mechanisms

The mechanisms of albitization have been studieslitih petrographic observations,
and/or by isotopic analyses (i.8%0). Two types of mechanisms can be distinguished
(1) diffusion and (2) dissolution-recrystallization

Albitization by simple diffusion process impliessample Na exchange. This may be
possible for K-feldspars albitization during whikhand Na may exchange without any major
disruption of the original silicate framework arglpossible at high temperature, but rather
difficult at lower temperature. Diffusion is diffitt to be assumed for plagioclase albitization
that requires also Al replacement by &i, and thus a disruption of the silicate framework.
Recent studies suggest rather dissolution-rectigstibn mechanisms for albitization
reactions.

Dissolution-recrystallization processes are charasd by feldspar dissolution
(K-feldspars or plagioclases) and a simultaneoesipitation of albite from an oversaturated
fluid (Boles, 1982; Aagaard et al., 1990; Ramsegetral., 1992; Engvik et al., 2008;
Hovelmann et al, 2010). If the primary crystallisteuctures are preserved, this would mean
that the dissolution and the recrystallization ocdnr the same time related to an
interface-coupled dissolution-recrystallization ima&gism (Putnis et al., 2005; Engvik et al,
2008). The “thin fluid” confined to the mineral-ftlinterface may be very different from that
of the bulk fluid (Putnis and Putnis, 2007; Putarsd Ruiz-Agudo, 2013). Indeed, oxygen
isotope studies show that the oxygen isotope coitiposhanges between the primary and
secondary feldspar phases pointing to a recryzasithin of the silica and aluminium
tetrahedron and re-equilibration with solution @ftgeand Hoefs, 2002; Cole et al., 2004).

Albitized feldspars often show some micro-voids am@ often associated with
fractures and fluid infiltration (ref Clark et ap05). The development of micro-voids allows
aqueous fluids to penetrate the rock (Hovelmaral.e2010). These voids are interpreted as
the results of faster dissolution and recrystdilara kinetics (dissolution faster than the
recrystallization; Engvik et al., 2008). They mdgcabe seen as the results of a volume loss
during the albitization reaction (aluminium loséequation 1.4).

Secondary albite most often exhibits the crystalipbic orientation of the primary
plagioclases or one of the original twinnings otions. This indicates that the
crystallographic orientation of primary plagioclasects as “nucleus” for the development of
the secondary albite and that albitization proceddiough the primary twinnings.
Preservation of the crystallographic orientationtted primary plagioclase demonstrates the
epitatic growth of the albite and the related digsoh-recrystallization mechanisms (Engvik
et al., 2008).
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1.2 GEOLOGICAL OCCURRENCE OF ALBITIZATION

Albitization is a frequent alteration phenomenon Wnoin various geological and
tectonic settings. It affects in particular thestafline and metamorphic rocks of the ancient
massifs, but it is also described in sedimentapodgs.

1.2.1 Albitization in crystalline rocks

Two types of albitization have been described iystalline rocks such as tonalite,
gabbro, granite, gneiss:

(1) Pervasive albitization affecting rocks homogmmsty related to low grade
metamorphism (Coombs, 1954; Boles and Coombs, 1a@a@dy et al., 1985);

(2) Albitization bound to fractures related to hytirermal and late magmatic
processes (Val'ter et al., 1993; De Jong and WiHial995; Lee and Parsons, 1997; Petersson
and Eliasson, 1997; Putnis et al., 2007; Engvikalet 2008; Plimper and Putnis, 2009;
Sandstrom et al., 2010; Morad et al., 2010).

1.2.1.1 Origin of the sodium.

Albitization during low-grade metamorphism may rédubm a dehydration of the
zeolite facies by the reaction:

“NaAlISi206.H20anaicime +SIO; = NaAISi308pie +H20” (equ. 1.5

described by Coombs (1954) and Boles and Coomb¥{18lere, albite forms directly from
the analcime breakdown without any additional sodsupply. Nevertheless, the analcime
breakdown may also happen without any systematecipitation of albite (partially
substituted by quartz), and the release of Na adniéekling the albitization of the inherited
plagioclases (Coombs, 1954).

The fracture-controlled albitization must be obwlyurelated to fluids flow through
the fractures. It is generally admit that the sodmst be added to the system. Sodium may
originate directly from late-magmatic fluids (Ashhiet al., 1995). Nevertheless, mass balance
considerations with regard to the rock volume d#dcby the albitization versus the
hypothesized volume of magmatic fluids and theirwmdcontent seem in disaccord (Battles
and Barton, 1995; Oliver, 1995). As Na-bearingdtuare ubiquitous near to the surface of
the Earth, an alternative origin of the sodium rbayhydrothermal fluid feed by superficial
brines related to evaporitic deposits or directyyldsines of evaporatic basins (Barton and
Johnson, 1996; McLelland et al., 2002). Moreovee fracture-controlled albitization is
supposed also to be triggered by the superficiald$l penetrating the rock during its
exhumation (Holness et al., 2003).

Anyway, the fracture controlled albitization appeaelated to fluids of suitable
relative high sodium contents. It appears undouyptidcht superficial and/or basin fluids must
play a major role in these albitization processes.
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1.2.2 Albitization in sedimentary deposits

Albitization in sedimentary environments are intetpd as related to diagenetic
processes of arkosic formations in particular witkspect to petroleum reservoirs
(Merino, 1975; Ogunyomi et al, 1981; Boles, 1982alkér, 1984; Gold, 1987; Saigal et
al., 1988; Aagaard et al., 1990; Morad et al., 19%h Baccar et al., 1993; Yu et al., 1997,
Perez and Boles, 2005; Gonzalez-Acebron et al2)201

1.2.2.1 Origin of the sodium

Given the fact that, a sufficient Naoncentration is necessary for the albitization of
the feldspars, several hypotheses on the origirsamfium have been proposed in the
framework of the sedimentary context.

Basin fluids may contribute to the albitization pees, nevertheless their sodium
content is usually considered as being insufficterjustify the mass balance of the observed
albitizations, and thus an additional sodium suppbems to be required (Aagaard et
al., 1990).

In order to unravel this issue, leaching of hatleposits by meteoric water or basin
fluids have been suggested (Saigal et al., 1988aa@ et al., 1990). The latter hypothesis
may be possible for basins bearing salts levelgnigeless it does not match with all basins.
For basins without halite deposits, it is assumieat the sodium could originate from
expulsion of the marine pore waters during buifdhlker, 1984), or from the alteration of the
detrital sodium-rich plagioclases (when only thefekdspar are albitized) (Walker, 1984;
Morad, 1986).

1.2.3 Albitization related to the paleosurface

In general, albitization has been interpreted ¢stae to hydrothermal or diagenetic
processes, nevertheless studies in the French tM@ssitral (Yerle and Thiry, 1979;
Schmitt, 1986; Schmitt and Clement, 1989; Parceetsal., 2009) highlighted albitization
events related to the Triassic paleosurface. Thisoparface-related albitization has been
described in crystalline environments as well astha Permo-Carboniferous sediments.
According to these studies, the superficial albtitn develops according to 50 to 200 m
thick alteration profile with a decreasing integpditom the Triassic paleosurface toward the
depth (Schmitt, 1992; Parcerisa et al., 2009).

Parcerisa et al., (2009) defined three albitizatammes according to their petrographic
characteristics, colour and albitization intensity.

» Reddish facies A reddish, intensively and pervasively albitizddcies that
corresponds to the top of profile (closed to thefame), with albite, chlorite and
hematite as the dominating secondary mineralogicases

» Pink facies or pink-fracture facies A pinkish facies in which albitization is
controlled by the fractures, and which matchesh® middle part of the profile,
Typically the intense albitization is limited hetiee fracture walls; albite, chlorite and
hematite appears as the main mineralogical phases.

= Spotted facies A spotted facies corresponding to the deepergdatie profile which
is characterized by small pink alteration spotdimithe unaltered rocks. The primary
mineralogy is globally preserved nevertheless thieritization of mafic minerals is
well expressed since the rocks are entirely chit@dt even when no albitization is
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expressed directly. It seems like the chloritizatis linked to the albitization but

appears in a slightly earlier stage.

From a mineralogical point of view, plagioclase®it#ation is associated with
biotites chloritization (Yerle and Thiry, 1979), Ioding the development of tiny
mineralogical inclusions such as calcite, titanitnd apatite (Parcerisa et al., 2009).
Muscovite may also be albitized (Schmitt, 1986;n@#ét, 1986).

1.2.3.1 Dating of the albitization related to the paleosuod

Several age estimations were carried out on thibsteizad facies. First datings were
performed by using the K-Ar method (Bonhomme et Bd80; Schmitt, 1984; Schmitt et
al., 1984). These datings indicate that the abuitin in the French Massif Central correspond
to the upper limit of the Trias (200-210 Ma). Maecently paleomagnetic dating of the
hematite associated with the albitized graniteesan the Morvan (French Massif Central)
also resulted in Triassic age (Ricordel et al.,7300

Triassic remagnetizations have been also founeddened facies of the crystalline
unit of the Klodzko Zioty-Stok Massif (Sudetes, &ud, Edel et al., 1997; Franke et
al., 2013). Hematite of these pinkish/reddish facigystalline facies appears as tiny
inclusions in the neogenic albite, within the a#@tl plagioclases as well as in the albitized
K-feldspars. This hematite is interpreted as cotieio the albitization/alteration.

Moreover, as the altered Palaeozoic granites aregbathe Triassic paleosurface,
hematite is clearly related to the paleosurfacd, @nsequently albitization has to be related
to the Triassic paleosurface.

1.2.3.2 Origin of the sodium

Several paleo-environmental assumptions have besmte o argue on the sodium
origin during the albitization process related ie friassic paleosurface. The albitization in
the Massif Central is linked to the surface evadlutin connection with confined sodic-rich
environments, emplace during hot and dry climatedd®mns (Yerle and Thiry, 1979). The
sodium present in the albitization process mayiwaig from the widespread Triassic salt
deposits. It could have been brought to the laridses by eolian transport as salt particles
from the Triassic evaporitic basin (Parcerisa et 2009) and the Na-enriched groundwater
brines subsequently migrated to depth through heture networks (Schmitt, 1986, Schmitt
and Simon-Coicon, 1985).

The albitization could have also been favoured ey Ibng period of post tectonic
stability and subsequent exposure of the massi@ive to the Triassic inconformity
(Parcerisa et al., 2009).
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1.3 SAUSSURITIZATION

Ca-rich plagioclases in granitoids are often attevdth a characteristic mineral
assemblage composed of secondary albite, Ca-ssi¢apidote, prehnite, and frequently also
laumontite and pumpellyite) next to sericite, and Some cases calcite (Allaby and
Allaby, 1999). The crystallographic orientation tife primary plagioclase is preserved,
including the layout of the polysynthetic twins aoffen the distribution of the secondary
Ca-silicates tallies with the zoning of the primgrlagioclase that implies an alteration
conservative of the volumes (Goldschmidt, 1916adRoche, 1957).

1.3.1 Saussuritization reactions

There are several coupled reactions that occurmgusiaussuritization (Table 1).
Saussuritization is firstly inducted (provoked) the thermodynamic instability of anorthite
and intermediary Ca-plagioclases at low-temperadunet in presence of water or hydroxyls.
Anorthitic plagioclase instability triggers saugtmation.

Whatever will be the secondary Ca-silicate thainfothere is always Ca released in
excess. It implies the coupling of anorthite alierato other reactions that consume Al,
mostly the formation of sericite, or even of K-fedr, if K is available. K may be provided
from the biotite chloritization that is frequen#gsociated with the saussuritization. In most
cases the biotite transformation is pseudomorptiit, a rather small net volume change, Al-
conservation, and the release of iron that formgmatite and even pyrite sprinkled between
the altered flakes (Nakamura et al., 2010). Theregeiease of considerable amount of
potassium (Chayes, 1955; Parry and Downey, 1988}it® chloritization corresponds to a
true breakdown of the biotite crystal, accomparigd redistribution of elements including
oxygen isotopes in both tetrahedral and octahedraets of the biotite (Fiebig and
Hoefs, 2002). Moreover, in the granitic rocks frdime Proterozoic basement of SE Sweden,
that have been extensively studied recently, iteapp that the saussuritization intensity is
directly linked with the chloritization intensityMprad et al., 2010). Accessory minerals
containing Fe, F, and Ti, such as magnetite, heéepdiianite, rutile, apatite, and fluorite are
often associated with these chloritized biotites.

Indeed, biotite chloritization appears as a po&nsource of potash for sericite
formation associated with the saussuritized pldgs®s. Biotite alteration may be triggered
by Fe oxidation. At all, no alteration of the Cagibclase will happens if the system remains
blocked, without introduction of #0 or G, (de la Roche, 1957).
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Table 1 - Saussuritization reactions including plaigclase albitization, biotite chloritization and the
development of epidote, prehnite, laumontite, serite, K-feldspars, and accessory minerals such aganite
and pumpellyite.

Tableau 1 — Les réactions de la saussuritisationntrant I'albitisation des plagioclases, la chlorgation des
biotites et le développement d’'épidote, de prehrite laumontite, de séricite, de feldspath potassigainsi
gue de minéraux accessoires tels que la titanitéagiumpellyite.

plagioclase alteration
epidote / prehnite

3(Na0.33 Cao_65 Si2_33) 9 NaA|S|3 + Ca2A|3$i3 + Al + S|
labradorite albite epidote (anhydre)
prehnite (hydrated)
laumontite
3(Na0.33 Cagss Si2'33) > NaA|S|3 + CaA|23|4 + 2Al
labradorite albite laumontite
calcite
3(Na0.33 Cages Si2'33) + CO, > NaAlSi; + Z(CaCO3) + 4Al + 5Si
labradorite albite calcite

biotite chloritization

3(SizAl) (MgysFe™ 1)K+ 0, [ B | 2(Sis s Alpzs) (Fe™5) (Mgp s Alo7s) +05Fe+25Si+K
biotite chlorite

3(SizAl) (Mg, Fe“",)K + O, D | 2(Siz s Alozs) (FE™5) (Mgys Fe™ Algze) +25Si+K
biotite chlorite

sericite and K-feldspar development

3.3Si + 2,7A1 + 0.7K 2 [ (Siz; Alps) Al Ko 7
séricite
3Si + Al + K = | KAISi;
K-feldspar
|
accessory minerals
Ca+Ti+Si 2 | CaTi(SiOs)
titanite
Ca+ Mg + Fe + Al + Si 2 | Ca, (Mg,Fe™) Al, Si;
pumpellyite

1.3.2 Saussuritization versus albitization

Most of the times, saussuritization is coupled wiptagioclase albitization.
Nevertheless, authors frequently make distinctiotween albitization and saussuritization.
When plagioclase alteration in albite is associat#ti epidote and sericite formation, the
process is considered as saussuritization (Elias€88). On the other hand, the process is
interpreted as a strict albitization when the alteplagioclase does not show any epidote or
sericite (Morad et al.,, 2010). However, saussaiion comes always along with
development of albite and thus it is difficult testthguish both alterations, especially if
plagioclase saussuritization is followed by antahtion. In this case, earlier formed minerals
that are characteristic for saussuritization, sagtepidote, prehnite and sericite, may remain
unchanged or may be altered during the albitizatidmas been specified that crystallographic
characteristics of the primary plagioclase, inahgdiwining and zoning, are preserved during
saussuritization (de la Roche, 1957; Sandstror,e&2G410), while twins are erased during the
plagioclase albitization (Parcerisa et al., 206Rixthermore, secondary albites resulting from
albitization are pure (Staby, 1992; Lee and Pars@897; Parcerisa et al., 2009) whereas
those developed during saussuritization remain @aige (An<10%) (Sandstrom et
al., 2010).
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1.4 HEMATITIZATION

Crystalline rocks (granite, diorite, tonalite, etfjen show characteristic red to pink
colouration due to (i) hematite pigments includedthe feldspars, (ii) development of
hematite granules in the vicinity of the ferromagja@ minerals, or even (iii) hematite
deposits along micro-fractures in the rock. Only fattentions were drawn to these facies in
the past. Crystalline rock petrography studiesratieer focused on primary facies and their
relation with magmatic processes and often nedleet red and pink facies, which are
obviously related to secondary, post magmatic @eee

In older studies these facies were only mentiormedi raainly considered as resulting
from post-magmatic hydrothermal process (Basti@51Marmo and Hyvarinen, 1958). The
question was reviewed by Boone (1969) who dematestrthat the iron oxides cannot be
issued by exsolution processes of iron from thesfghrs during magmatic cooling. Recently,
more studies have been focused on hematitizatiog, ® granitic rocks in the
Paleoproterozoic bedrocks of the Forsmark of ceftnaeden. This study is promoted by the
investigation for a potential geological depositafyhighly radioactive nuclear waste (e.qg.
Drake et al., 2008; Sandstréom et al., 2010).

1.4.1 Spatial distribution

Pervasive red-staining of granitic rocks was somesi indicated. This is the case of
the alkaline ring structures of the Oslo Graben () where reddish granite (Drammen
batholith) and larvikite (monzonite) have been neppeparately and considered as primary
facies or hydrothermally altered facies (Trgnnes Bnandon, 1991). Nevertheless, most
abandon red-staining in granitic rocks appear®ks$ed to fractures which is also the case of
the facies studied in the Sudetes massif, whereetti@ening is bound to fracture walls and
fluid circulation. Here, the reddening appearsrisgat the fracture walls and decreases in
intensity further away from the fracture walls. Fhielationship between fractures and
reddening suggests that it is related to fluid-riod&ractions.

This is also the case of the Laxemar-Simpevarp é€aSweden) where the red-
staining is adjacent to fractures and thought todbeted to fluid-rock circulation associated
to the intrusion of the Gotemmar and Uthammar geamearby (Drake et al., 2008). Plumper
and Putnis (2009) associated the red-staining Wattispars alteration in the vicinity of
fractures.

Besides, in the Laxemar-Simpevarp area (SE Swedsihstained samples were
observed up to a depth of 600 m below the presaytsdrface. About 25 to 40% of the drill
cores have been mapped as red-stained (Ehrenbdr&tajskal, 2004a, 2004b; Ehrenborg
and Dahlin, 2005), but nothing is known about trstribution of this reddening with depth: is
it uniform or decreasing as apparently it disappeaidepth?

Nevertheless, an intensity profile of the reddenintp depth has been established to
between 50 to 200 m for the French Massif Cen®ahfitt, 1992; Parcerisa et al., 2009).
Facies close to the actual surface are pervasredlyand they become less and less red with
depth until in the end the coloration is scarce famally disappears. This distribution of the
reddening towards the depth clearly implies a dolsek between the reddening and the
oxidizing superficial conditions. Moreover, Schm(tt992) and Parcerisa et al., (2009)
suggested that the reddening in the oxidized famidhe French Massif Central are directly
related to the Triassic paleosurface.
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1.4.2 Iron origin

It has been suggested that hematite pigment sgathim granitic rocks may either be
crystallized in parallel with the feldspar from thenitic melt, or they have been exsolved by
solid state exsolution from the Febearing orthoclase solid solution [(K,Na)(AI*PSi308];
Ernst, 1960; Neuman and Christie, 1962). This hypsis of “primary magmatic” origin of
the oxidized iron is difficult to defend in magn@énvironments that are characterized by the
dominance of F&, that is in particular present the ferromagnesigmerals. Primary F& is
mostly restricted to magnetite in mafic Fe-richrgt@ids. Moreover, Putnis et al. (2007) have
shown that hematite in granitic rocks results frmd-rock interactions and can not be
considered as a solid state exsolution product frefeldspars.

Fluid-rock interaction has been forwarded by atler# studies devoted to red-staining
of the granitic rocks (Boone, 1969; Putnis et2007; Drake et al., 2008; Engvik et al., 2008,
Sandstrom et al., 2010). The development of heenpigments and granules in the vicinity of
the ferromagnesian minerals of the red-staineds@aknts out that the iron origins, at least
partly, from the alteration of these minerals. Isimilar way, the oxidation of magnetite also
participates in the scattering of hematite pigmedtsmatite deposits along micro-fractures in
the red-stained rocks may result from the iron asdel during ferromagnesian mineral
alteration, or either be introduced by Fe-bearingl$ subsequent to the crystallization of the
granite. The changes in chemistry generally show small changes (<5% change) between
the red-stained rocks and the reference (primagk (Drake et al., 2008).

This fact raises the problem of the origin of thteration and especially of the origin
of the oxygen necessary to oxidize the primaryéfehe ferromagnesian minerals.

1.4.3 Oxygen origin

A high oxygen fugacity is necessary to form hersafithe oxygen can not originate
from deep environments (nor magmatic or basin diege fluids), it can only be found in
superficial environments in exposure to the atmosphEherefore, the oxygen for hematite
formation has clearly been brought into the hydnottaé system by fluids from the surface.
The Fe-isotope composition of hematite emphasheesdntribution of superficial weathering
solutions into the hydrothermal system as resp&msib high oxygen fugacity (Markl et
al., 2006; Dideriksen et al., 2007, Dideriksenlet2010). In that case, the oxidizing solutions
would reach the depth through gigantic convectiveu@ation systems, in relation with the
cooling down of the granite massif (Taylor, 197 hdfs and Emmermann, 1983; Putnis et
al., 2007; Drake et al., 2008). In the case of atigprelation of the red-staining with a
paleosurface, oxidizing fluids may relate to theiltirsftion of weathering solutions and
groundwater flow at continental scale. Thus, palagmetic dating of the present hematite
appears as the major argument to tightly link hé@mairystallization with a geologically
constrained paleosurface (Ricordel et al., 200@nke et al., 2010).
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1.5 CHLORITIZATION

Chloritization is a process generally evoked faussaritized and albitized granitoid
rocks. Chlorites occur in these facies either as@phic replacement of primary biotite and
amphibole (Parry and Downey, 1982; Veblen and Fer#$3; Eggleton and Banfield, 1985)
and/or as fillings in voids and microfractures (iRax et al., 1985; Drake and Tullborg, 2006;
Drake et al., 2009, Morad et al., 2011). Chlorgplacing amphibole and biotite may result
from fluid-mineral interaction (Putnis, 2002), wkas those filling the microfractures
precipitated directly in the fluids (Wilamowski, @®). Regardless to the occurrence of
chlorite, they show a wide range of chemical contfoss within the altered rocks.

Finally, the crystallographic structure of chloritgth two types of octahedral layers
and the possibility of tetrahedral substitutionskasathe calculation of the structural formulae
of chlorite very complicated and blemish with mahypotheses. In particular, it is not
realistic to rely only on the electrical neutralfor the distribution of the iron Eéand Fé&* to
differentiate the chlorite by this criterion. Henggeat caution must be taken as considering
these interpretations.

1.5.1 Chlorite related to parental minerals

Intuitively, chlorite substituting biotite may haweedifferent composition compared to
that replacing amphibole. Indeed, it appears thhirite derived from biotite shows lower Si-
content than chlorite formed from amphibole (Meunet al., 1988). This appears in
agreement with the chemistry of the parental feagnesian minerals, since biotites
classically show lower Si-content in comparisonatophiboles. Moreover, Morad et al.,
(2011) indicate that chlorite replacing biotitetire Aspo crystalline rocks (SE-Sweden) are
Fe-rich compared to the chlorite replacing amplabplWhich are Fe-poor. Besides, Parneix et
al., (1985) established the influence of the paldribtite chemistry on the composition of the
chlorite growths, because Mg-rich parental bictitews the formation of Mg-rich chlorite.

Nevertheless, some differences may occur betweercamposition of the parental
ferromagnesian minerals and that of the filial ciborDepending on the fluid composition
and the behaviour of Mg and Fe, as well as Al andh® biotite-chlorite transformation may
lead to volume expansion (Parneix et al., 198%hoinkage (Ferry, 1979, Parry and Downey,
1982; Veblen and Ferry, 1983).

1.5.2 Chlorite related to hydrothermal fluids

Chlorite may also develop in micro-fractures anthimi the pores ofchloritized rocks.
The chemical composition of these chlorites istieddy variable. The mentioned chlorites
were clearly precipitated from fluids circulatingtwn the micro-fractures. The chemical
composition of these chlorites has often been tselistinguish different crystallo-chemical
varieties within an altered facies or even withive tsame sample. The variability of the
chemical composition of these chlorites was usedrgue on the existence of successive
alteration events within these facies (Drake anib®rg, 2006; Sandstrom et al., 2008; Drake
et al., 2009; Morad et al., 2011).

Nevertheless, caution must be paid when interpngtathe different varieties of
chlorite. Besides, during a single hydrothermalngvthe fluid composition may change with
time as it circulates through the rock and inteyagith the minerals: (1) the fluid releases
chemical elements and takes in others elementsehenchemical composition progressively
changes during its circulation through the rocR;tf@ chemical composition of the rock also
changes with time caused by the alteration ancetbes fluid-rock exchanges will not be the
same at the beginning and during the ongoing albergrocess; (3) finally, towards the
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center of the blocks, further away from the fraetuof the hydrothermal circulation, diffusion
exchanges will prevail and these processes areatiewlt by others kinetic laws.

Hence, chlorite resulting from the first fluid-rogkteractions may not have the same
composition as those inherited from later interawdi Therefore, chlorites of various
compositions do not necessarily imply several d¢titation events.

1.6 THERMAL CONDITIONS OF THE ALBITIZATION AND
SAUSSURITIZATION DEVELOPMENT

Thermal conditions of the mineral parageneses ibguins may be approached by
various manners: laboratory experiments, study oésgnt day natural conditions,
measurement of fluid inclusions, general geologiahework of the occurrences, and even
geochemical modelling.

1.6.1 Thermal conditions for saussuritization

Stability fields of the symptomatic epidote, laurittnand prehnite minerals of the
saussuritization have been estimated in a firgt iste&onnection with metamorphic pathways
and facies (Spear, 1995). In principle, the metamor limits are defined by the
disappearance of a mineral belonging to the preduower metamorphic grade paragenesis
in favour of another mineral belonging to a highestamorphic grade paragenesis. Thus, the
limit between the zeolite facies (laumontite, aimaé; heulandite) is characterized by the
disappearance of the laumontite in favour of prighni

Saussuritization has therefore been presentedcasring between 250 and 400°C by
considering that 250°C correspond to the lowesit lohprehnite stability, while 400°C is the
upper limit of chlorite stability (Deer et al., 199rake et al., 2008).

Nevertheless, laumontite disappearance at 250°C modycorrespond to the first
prehnite appearance during the saussuritizatioafmatphism and therefore prehnite may
have a lower stability limit. Prehnite may appearsaon as laumontite is destabilized, and
laumontite destabilization may begin long before°Za@vhere it disappears completely. This
shows that prehnite may form at temperatures ldlatr250°C, coexisting with laumontite in
the studied rocks.

Fluid inclusions have also been used to estimate dtability domains of
saussuritization paragenesis. In this way, al@natelated to saussuritization of the Rosses
Granite Complex (Ireland) was estimated to occureurf®tT conditions of 150-250 Mpa
and 400-600°C (Que and Allen, 1996). Such an apprasas conducted in the granites of the
potential geological depository for nuclear wastethie Forsmark in central Sweden. Fluid
inclusions of quartz in successive veins are aaseti with laumontite and epidote
paragenesis (Drake and Tullborg, 2009). The 195&@perature corresponds to the
homogenization temperature of fluids inclusions puartz veins presumed as
contemporaneous to the laumontite, while the 374@tQperature corresponds to the inclusion
in quartz associated to epidote.

Epidote paragenesis has been approached by hydnathexperiments between 300
and 400°C (Liou et al., 1983; Frey et al., 1991it las never been successfully synthesized
at low pressures and temperatures (Coombs et 889;1Merrin, 1960; Fyfe, 1960).
Nevertheless, epidote was discovered in drill lsalmples from active geothermal logs that
provided samples of epidote altered rocks and estiegi hydrothermal fluids. In these
occurrences, epidote has been found in equilibrth laumontite at 125°C and with
prehnite-laumontite at 150°C (Bird and Spieler, 2004
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Thermodynamic equilibrium calculations have alscerbeused to estimate the
formation temperature of epidote. Epidote equilibriwith laumontite has been calculated at
125°C and with prehnite-laumontite at 150°C (Birdl&pieler, 2004). Besides, clinozoisite
(Al-epidote) appears in equilibrium with quartz @&l 225°C, while Fe-epidote is stable
around 100°C (Bird and Hegelson, 1981). This suggisat epidote may possibly form at
low temperature (~100°C); thus it appears thatapidaumontite, and prehnite occurrences
in altered granitic facies are not exclusively agadive of high temperature conditions.

1.6.2 Thermal conditions of albitization

Hydrothermal experiments were undertaken to esértia albitization temperature of
plagioclase. Experiments were carried out at teatpegs ranging between 300 and 600°C,
with pressures between 200 and 400 MPa, using turainf labradorite, albite, clinozoisite,
and in the presence of Na2SiO3 solution (Moodyletl@85). The obtained temperatures
suggest that the albitization occurs between 3@D5&0°C and at pressure around 200 MPa.
These conditions fit with metamorphic and hydrothalr conditions at about 10 km depth.
The experiments show that albitization may potdgtizappen under these conditions, but it
doesn’t mean that albitization exclusively takeacpl under these conditions.

Plagioclase albitization as well as K-feldspar tetbtion have been described relative
to sandstone diagenesis in several oil-fields (Meril975; Saigal et al., 1988; Aagaard et
al.,1990; Morad et al., 1990; Hirt et al., 1993he$e albitizations occur at much lower
temperatures as those described before. Temperatasurements in the bore holes indicate
that the thermal conditions range between 65 af@¥@.2Such albitization conditions have
been tested by geochemical modelling and it wasvshthat albitization decreases with
increasing temperature. For low pg€bnditions, it probably occurs between 60 and ©Q0°
while for higher volumes of C{albitization continues at temperatures > 100°h(Baccar
et al., 1993). Moreover the models show that thiel ftomposition, especially the Na/K ratio,
is a limiting factor and that the kinetic of theactions are essential (Ben Baccar et al., 1993;
Perez and Boles, 2005).

Fluid inclusion studies on the albitization th&eafs the basement rocks in the French
Massif Central (Georges, 1985) reveal that: (1)dflinclusions in albite are monophasic,
which suggests relative low temperatures (~100°@), and that fluid inclusions in
contemporaneous quartz are NaCl-rich and have henmmgtion temperatures that lie
between 135 and 140°C.

Therefore albitization appears possible in a wiglege of geological environments,
from metamorphic domains until near surface enwvirents, since 100°C may be reached at
less that 2000 m depth under high geothermic gnadie
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RESUME CHAPITRE 2

CONTEXTE GEOLOGIQUE

Ce chapitre résume le contexte géologique des &uid&Et général ainsi que les
caractéristiques géologiques spécifiques aux nmshif Klodzko Zloty-Stok (Fig. 2) et de
Karkonosze (Fig. 3) au sein desquels des albitsatrouges caractéristiques apparaissent.

Les Sudéetesorrespondent a la marge Nord-Est du massif déeies, et montrent
plusieurs ensembles de roches métamorphiques, sgretevolcano-sédimentaires d’'ages
paléozoiques. Les accidents majeurs dominant denSudetes sont la SBF (Faille bordiére
des Sudetes) et la ISF (Faille intra-Sudétiquep (R). Le carbonifere y est marqué par de
nombreuses intrusions granitiques dans les rocheSexstantes. On distingue deux
générations d’intrusions : celles du carbonifer&meur dont fait partie le massif de Ktodzko
Ztoty-Stok ainsi que celles du Carbonifére supériaulaquelle appartient le massif de
Karkonosze.

Le massif de Klodzko Zioty-Stok (KZS)tué dans les Sudetes centrales est composé
pour I'essentiel de granite, de granodiorite, et oh@nzodiorite. (Fig. 2, Wierzchotowski,
1976 ; Bachliski and Bagiski, 2007). Les granitoides de KZS sont composépddz, de
plagioclases, de hornblende, de feldspath potassida biotite et de minéraux mineurs tels
gue la titanite, I'apatite, I'allanite et d’oxydete fer.

Le massif de Karkonoszse localise dans la partie ouest des Sudétest edueut
dominé par des unités granitiques variées, en lo@nce porphyritiques, a grains moyens et
a grains fins (Fig. 3). La composition minéralogigule ces granites est sensiblement
identigue a ceux de KZS, sauf que la hornblendeniapparait que dans la variété
porphyritique.

21



22



CHAPTER 2

2 GEOLOGICAL SETTING

2.1 THE POLISH SUDETES

The Polish Sudetes correspond to the north-eagfimaf the Bohemian massif (Fig. 1). They
are made of mosaic of various Palaeozoic metamarpimeous, and volcano-sedimentary
units, deformed mostly during the Variscan-late @ean and Carboniferous tectonic events
(Aleksandrowski & Mazur 2002; Mazur et al. 2006)hefe crystalline units are

unconformably overlain by upper-Devonian to Carbenmous and Permian clastic and
volcanic formations of local syn- and post-orogemdramontane basins and troughs
(eg. Nemec et al. 1982; Porebski 1990, Awdankiew229).
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Figure 1 - Geological map of the Sudetes (modifiedfter Aleksandrowski et al., 1997). (1) Szklarska
Poreba quarry ; (2) Laski quarry ; (3) Laskivillage ; (4) Chwalistaw valley; (5) Chwalistaw mountain.

Figure 1 — Carte géologique des Sudeétes (modifi@pdés Aleksandrowski et al., 1997). (1) Carriere de
Szklarska Pogba ; (2) carriere de Laski; (3) village de Laski(4) vallée de Chwalistaw; (5) Montagne de
Chwalistaw.

The major tectonic accidents that dominate the ®&sdire the Sudetic Boundary Fault
(SBF) with a NW-SE trend, and the Intra Sudetic IFA8F) with a WNW-ESE trend
(Fig. 1), both of Variscan descent, with promin@enozoic reactivation in the former case.
These major brittle events are accompanied in #st by the Variscan, ductile Niemcza,
Ztoty-Stok i Stare Mesto shear zones of NNE-SSWIESW trend (Mazur et al. 2006) that
extend the south into the SE edge of the Bohemassih

During the Carboniferous several late- to post-erig granitic bodies intruded the
previous units (Mazur et al., 2007). The Variscamgeny (upper-Devonian to lower
Carboniferous) that resulted in the emplacemerthe$e granitic bodies was related to the
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collision between the Gondwana and the Laurentiimental plates (eg Winchester & Pace,
2002).

Two Variscan granitoids generation can be idemti{ief Mazur et al., 2007): (1) the
lower-Carboniferous granitoids located in the canpart of the Sudetes, and close to the
Sudetic Boundary Fault (Zulowa massif, Kudowa nfas€llesnice massif, Kfodzko
Ztoty-Stok massif), and (2) the voluminous Uppergmiferous granitoids mainly situated
in the central and the western parts of the Sudgtaskonosze massif, Strzegom-Sobdtka
massif).

With a focus on the main albitizations featureseotsd in the Sudetes granitoids, this
study is concentrated on the Kilodzko Zioty-Stokg(Z) massif and the Karkonosze
pluton (Fig. 3).

2.2 KLODZKO ZtOTY-STOK MASSIF

2.2.1 General characteristics

The Kilodzko Zioty-Stok massif situated in the cah@udetes is a Lower-
Carboniferous granitic intrusion dated to around 38& according by Rb-Sr method
(Bachtinski and Halas, 2000).

It is limited in the South-East by the Cambrian anedrphic units of LadeKnieznik
(Gunia, 1984; Turniak et al., 1998), to the nortestby the Paleozoic metamorphic units of
Ktodzko and in the North-East by the Sudetic Boupdgault (SBF, Fig. 1). The Ktodzko
Ztoty-Stok intrusion consists in granite, granodmrmonzodiorite, monzonite and hornfelses
(Fig. 2).

Granite, granodiorite, tonalite, monzonite and nazharite are the main rocks that
form the Kilodzko Zioty-Stok massif whereas dioritad syenite are less common
(Wierzchotowski, 1976; Bachiski and Bagiski, 2007).

post carboniferous sedimentsElporphyritic granitoid - amphibolite
carboniferous sediments medium-grain granite E meta-rhyolite
“-—’:mylonite and cataclasite ﬂ]]]]]]fine—grain granite El gneiss, schiste
hornfelse monzonite, monzodiorite @ studied sites
gabbro

Figure 2 - Simplified geological map of the Klodzk&Ztoty-Stok massif (modified after Sawicki., 1980).
Figure 2 — Carte géologique simplifiée du massif Htodzko Ztoty-Stok (modifiée d’apres Sawicki, 1980
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2.2.2 Petrographical and mineralogical characteristics

Granitoid rocks that composed the Kilodzko ZiotykStoassif are made of quartz,
hornblende, plagioclases, K-feldspars, biotiteyaipyroxenes, and some minor minerals such
as apatite, zircon, allanite, titanite, and irorides (Bachlski and Bagiski, 2007). The
plagioclases are of andesine, labradorite andyrafebligoclase composition. Albite occurs
only as secondary mineral resulting from a metasiomalteration of the anorthitic
plagioclases. Anti-perthitic microclines, often kwidouble albite-pericline twins, are the
major K-feldspars, biotites are chloritized and ti@nblendes show different colorations
(Bachlinski and Bagiski, 2007).

2.3 KARKONOSZE MASSIF

2.3.1 General characteristics

In the Western part of the Sudetes, the Karkonosassif is undoubtedly the most
voluminous granitic intrusion in the Polish Sudet&€be intrusion emplacement happened
between 311-330 Ma ago according to the Rb-Sr gaitfBorkowska et al., 1980; Duthou et
al., 1991). Similar age values of 315 and 318 Meevatso obtained by the SHRIMP method
(Machowiak and Armstrong, 2007). It intruded therlz metamorphic units and is limited in
the North-East by the Intra Sudetic Fault (ISF)teehspecific granitic facies are known in the
Karkonosze massif: (1) porphyritic biotite grani(8) medium biotite granite, and (3) two
micas granite (Borkowska et al., 1980).
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Figure 3 - Simplified geological map of the Karkoneze massif (modified after Zak et al., 2009). The
quarry intersects the contact between the porphyrit granite and the medium-grained granite. ISF=Inta
Sudetic Fault.

Figure 3 - Carte géologique simplifiée du massif d@rkonosze (modifiée d’'aprés Zak et al., 2009). La
carriere de Szklarska Pgba se trouve au contact du granite porphyrique et granite moyen. ISF: Faille
intra sudétique.

2.3.2 Petrographical and mineralogical characteristics

The Karkonosze granite varieties are composed &dldspars, plagioclases, quartz,
biotite, and minors mineralogical phases such &mig, zircon, and apatite (Mazur et
al., 2007). The amphiboles (hornblende) occur anlythe prophyritic variety in which
K-feldspars are often present as orthoclase phgsiscrThe Karkonosze massif granitoid
rocks are systemically chloritized. Two chloritegods have been recognized: (1) flake
morphology and resulting from the biotite alterat@ong the cleavages planes; (2) rosette
morphology, formed directly from fluids precipitati in pores (Wilamowski, 2002).
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RESUME CHAPITRE 3

METHODES

Ce chapitre présente les méthodes employées pEudé des facies rougis identifies
dans les Sudetes, notamment la procédure d’éclamtdge, la minéralogie aux rayons X, la
démagnétisation thermique pour I'étude des oxydes fdr, la pétrographie en
cathodoluminescence, et la spectroscopie a disperdiénergie (EDS) .Les échantillons ont
été sélectionnés en fonction de leur aspect rodgdeurs relations texturales par rapport
aux fractures, dans les régions de Laski, de Choteali (KZS) et de Szklarska Rba
(Karkonosze massif). Les faciés clairs et rougdsetd systématiquement prélevés en vue de
mettre en évidence d’éventuelles différences emsefacies. Des lames minces pour I'étude
pétrographique ont été préparées a partir de cdsatillons, les échantillons ont été broyes
pour I'étude minéralogique aux rayons X, et desottas orientées ont été prélevées pour le
paléomagnétisme.

La cathodo-luminescencest la lumiere émise par une surface bombardéeupar
faisceau d’électrons. La pétrographie en cathodah@®cence permet de distinguer les
minéraux primaires luminescents de haute tempéeatdes minéraux secondaires non
luminescents formés a basse tempeérature ou encsu(kastner, 1971 ; Gonzalez-Acebron
et al., 2012). Ces analyses de cathodoluminescenteété réalisées a I'Université de
Wroctaw, en utilisant un dispositif constitué d’'eanon a cathode froide montée sur un
microscope optique. Les images prises par un app&ANON Coolpix ont été ensuite
traitées a I'aide du logiciel PHOTOSHOP en vue dé&iorer leurs qualités. Les feldspaths
primaires apparaissent ainsi luminescents tandes lgis feldspaths secondaires ne le sont pas
(Kastner and Siever., 1979; Ramseyer et al., 1998ch and Klein, 1998), la calcite
apparait en orange (Machel, 1985), la fluoroapatte jaune (Blanc et al., 1994), le zircon en
blanc brillant, et la titanite en vert terne (Parcs et al., 2009).

Les analyses aux rayons ¥nt été utilisées pour reconnaitre les phasesqmes
ainsi que leur estimation semi-quantitative. Ces Igges ont été réalisées a MINES
ParisTech, au moyen du systéme PANanalytical X'@eéthode des poudres) associé a une
cathode de cuivre, et un détecteur X'Celerator. diegrammes ont été traités par le logiciel
EVA © software (Giencke, 2007). L'stimation semigilave a été effectuée a partir des
rapports d’intensité de référence (Wt |=Intensité du pic principal du minéral;
lcor = intensité du pic principal du corundon). La catérisation fine des feldspaths (albite,
microcline, orthose) a été faite sur fractions s&es avec déconvolution des diagrammes a
I'aide du logiciel Fityk (Wojdyr, 2010).

La démagnétisation thermiqupermet en plus de I'estimation des ages des oxgeles
fer, l'identification et la caractérisation des ags de fer qui représentent parfois moins de
5 % de la roche totale (Rayons X). Cette démagat@iis a été réalisée, sur les carottes dont
les azimuts et inclinaisons ont été mesurés suedain, au moyen d'un magnétometre
cryogénique a I'Institut de Physique du Globe dei®@iPGP). Les données ont été ensuite
traitées a l'aide du logiciel PaleoMac 5 (Cogné, 3D0qui permet de choisir les directions
paléomagnétiques moyennes par site ainsi que tilcatatistique du pble paléomagnétique
(Fischer, 1953 ; Mc Fadden et McElhinny, 1988).

SEM/EDS estbasée sur l'utilisation des rayons X émis lorsq&'surface solide est
bombardée par un faisceau d’électrons. Ces analgaegté effectuées sur des lames minces
au laboratoire du LSCE et a Mines ParisTech. D’ahailes analyses élémentaires point par
point ont été réalisées sur chaque zone d’inté¥tuite des images numériques obtenues.
Enfin, ces images ont été traitées et ont permisagactériser les minéraux présents.
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CHAPTER 3
3 MATERIALS AND METHODS

The samples for this study were collected in theskiLaand Chawlistaw valley
(Ktodzko Zioty-Stok massif) and in the Szklarskargpa quarry (Karkonosze massif) in
southern Poland. The sampling sites were seleciamt@ding to their reddish or pinkish aspect
of the outcropping facies with respect to theirttieal relationship with the present fractures.
The focus was drawn on large sections where ther@xrelationships with fracturing were
the most noticeable. A particular attention hasnbead on the additional sampling of the
primary (unaltered) facies for highlighting the fdiences with the red facies due to the
changes during the alteration. In addition to tlaach samples taken for the petrographic
investigations, oriented drill cores were colledtadfurther paleomagnetics studies.

The handsamples were cut in cubes from which tlictiens were prepared for
petrographical studies; a small fraction of theesutvas crushed for X-Ray diffraction (XRD)
mineralogical analyses.

3.1 CATHODOLUMINESCENCE PETROGRAPHY

3.1.1 Principles

Luminescence is the light emitted by a surface lanadd by an electron beam
(cathode tube). In minerals, the luminescence ise@d by the amount of trace element,
impurities in the structures or by lattice defedisace elements can be activators (enhancing
the luminescence) or quenchers (decaying the lisueree); the luminescence observed is
the results of the ratio between activators andngoers (Pagel et al., 2000; Go6tze and
Kempe, 2009). Thus, cathodoluminescence CL imagey mform about the igneous
formation conditions as well as the post magmaistohy of a rock or a mineral (Ramseyer
and Mullis, 1990; Kempe et al., 1991, 1999; Goétzale 2000, 2001). CL is a useful tool to
understand mineralogical changes during the mamfogecal processes such as magmatism,
metamorphism, diagenesis, hydrothermal alteratioreven surface related alteration and
weathering.

3.1.2 Cathodoluminescence for primary and secondary minsra
characterization

CL has often been used to distinguish primary nalserformed under high-
temperature conditions, from secondary mineralsnéar at lower temperature or even under
superficial conditions (Kastner, 1971; Gonzélezi##déa et al., 2012). In general, primary
minerals crystallized under magmatic conditionswste bright luminescence whereas the
same minerals formed under superficial conditiorss @ther non-luminescent. Thus CL
petrography often helps to distinguish primary freecondary minerals.

Moreover, CL often shows mineral growth sequencédschv are not visible in
common petrographic microscopy, and this provideppEmentary information on the
geometrical relationship between the minerals aed trystallization conditions.

Furthermore, alteration processes often involvenary and secondary minerals that
have similar optical characteristics and thus ave easily recognizable by classic optical
microscopy. In that case, CL petrography allowsitghlight geometrical/genetical relations
between minerals and to unravel some issues inaatie phenomenon such as feldspars
albitization (Ramseyer et al., 1992; Pagel et1l®96; Leichman et al., 2003). Therefore, CL
is a useful tool for a better understanding of kemperature feldspar albitization (Leichman
et al., 2003; Parcerisa et al., 2009; Gonzalez-Awebt al., 2012).

29



3.1.3 Methodology

Selected thin sections from the albitized rock dasypwvere studied using the
cathodoluminescence technique. The analyses wefermed at the Wroctaw Geological
Institute using aCL MKS3 cold cathode gun mounted on a polarizing opticatrasicope.
Pictures were captured witihNHKON COOLPIXcamera associated to the microscope device.
Raw images were treated using &kieOBE PHOTOSHORoftware. The treatment technique
for each image consists in correcting the tonee@aayl colour balance by adjusting shadow
mid-tones and clear intensity levels.

For a complete interpretation of the petrographatservations a set of three images
(plane polarized, cross polarized, and CL) havetesyatically been taken for each
investigated thin section zone or mineral. Findernpretations result from the analyses of
these three image types.

The analyzed rocks (thin sections) have been chtad@ng into account their degree
of albitization, their reddening (oxidation stat@heir connection/relationship with the
fractures in the rock, as well as their positiowaads the regional geological structure. .

3.1.4 CL properties of minerals

Basic CL characteristics for several minerals hlagen considered in the following
study: (1) secondary minerals are usually non-l@seent while primary igneous feldspars
are luminescent (Kastner and Siever., 1979; Ramsayal., 1992; Finch and Klein, 1998);
(2) calcite appears orange (Machel., 1985); ()oxiris rather white and brilliant; (4) fluoro-
apatite is yellow (Blanc et al., 1994); (5) titanis green and dull (Parcerisa et al., 2009).

3.2 XRD

The mineralogy was studied by performing X-Ray rdiffion analyses on
homogenized powder bulk samples. When it was passithin an uncrushed sample
(regarding the size of the crystals, in particuléth respect of the K-feldspars), sub-samples
of single crystals were extracted and subsequdmityogenized and analyzed. The XRD
provided the global mineralogy and a semi-quamigaestimation of the present mineral
phases.

3.2.1 Equipment and references

XRD analyses have been performed using a PANalyikcBert Powder X-Ray
diffraction system fitted with a Cu-Anode and X'@rdtor detector. XRD scans were run
from 2 to 60° (®). The XRD diagrams have been interpreted with EMAO software
developed by BRUKER (Giencke, 2007). The softwamvides all basic methods of diagram
analysis, such as background substractiom?2-tripping, data smoothing, calculation of
profile parameters (e.g. line position, integrateea, Wide at Half Maximum (WHM)),
crystallite size determination by the Scherrer methmoineral phase identification, search for
solid solutions and quantitative phase analysiedham RIRs (Reference Intensity Ratios).
Reference files from the International Centre fdfrBction Data (ICDD PDF2 data file) have
been used for the mineral phase identification.

3.2.2 1CDD reference files

About 100 reference files of all the minerals expddn the studied series have been
selected from the ICDD PDF2 data file to build atr@ned data base in order to assure
homogeny and steady phase determination and cobipayaantitative estimation. A special
attention has been drawn to the feldspar identiGodiles. All selected feldspar files refer to
the calculated XRD patterns by Borg and Smith (198@)ertheless, special attention has to
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be made on the fact that no adapted orthoclaseefists that would be needed for pure
K-orthoclase in the ICDD PDF2 data file base. Thhs,selected reference file of orthoclase
matches with an orthoclase corresponding to thetsiral formula (I§ 91Nay 0Ca 02AISi30g),
which means that it is a solid solution between%9@rthoclase and ~10% of albite-rich
plagioclase.

3.2.3 Quantitative appraisal

Reference Intensity Ratios @t | = Intensity of most peaks of the mineral;
lcor = intensity of most of the intense peaks of corumgdhave been applied for quantitative
appraisal of the determined minerals. Sincg,Ifatios are not available for all the published
ICDD files, we used our own restrained data fil@aasrage value of the ratios available in the
ICDD PDF2 data file. For alkali feldspar specieg, applied an I{h,= 0.8 for the orthoclase
and the albite and an J¢f= 0.6 for the microcline. We are aware that thewaked values are
not the true values, and that those would posgifilyide even better quantitative assessment,
but the applied method will at least garantie a y@st estimation within our sample series.

3.2.4 Peak deconvolution

In order to determine precisely the alkali feldsppeak positions and the accurate
value of their peak intensities, a XRD diagram eofitting and peak decomposition
(deconvolution) has been conducted on selectedsaniples of orthoclase phenocrysts. Peak
deconvolution has been performed using Fitgk software (Wojdyr, 2010). The simulated
Pearson VII function that fits best the XRD peaksts (Hall eal., 1977) has been chosen to
deconvolute the signal. Peak positions have belorated by the known position of quartz
that is always present in the studied phenocrysts

3.2.5 Alkali feldspar identification

The alkali feldspar group (K, Na)Al§)s comprises sanidine (K) and orthoclase (K)
that are monoclinic, and microcline (K), anortheela(Na, K) (sometimes called soda-
microcline) and albite (Na) that are triclinic. Taeare two main changes that occur within the
alkali feldspar group: the change of the crystadtayn between monoclinic and triclinic
structure and the chemical composition with a nawrkess miscible series between Na and K
end members.

The crystallographic system relates to the distiwlouof the AIQ, tetrahedrons in the
silicate framework: disordered arrangement of the tétrahedrons is relative to the
monoclinic structure, whereas ordered arrangementh®fAl tetrahedrons is due to the
triclinic structure. The disappearance of the mirpteine in the triclinic crystallographic
system causes the split of each crystallographanelof the monoclinic system into two
distinct planes in the triclinic system. This chanfjom the monoclinic to the triclinic
structure is well marked on the alkali feldspaf&aiction signal, in particular by the splitting
of one single orthoclase peak into two distinctiwierocline peaks (Fig. 4). In order to have
the best identification, the most significant ped&asily detectable and relatively isolated
from other peaks) have to be chosen. The XRD pealaive to the (130) and (1 30)
crystallographic planes are well appropriated tecuininate the orthoclase and microcline
abundance (Goldsmith & Laves, 1954).

The chemical composition of the alkali feldsparsparticular the range of the solid
solution between Na and K can also be estimated Ry analyses. Most diffraction peak
positions are more or less affected by the Na-kssubion. This is particularly the case for
the peak relative to the (2 01) crystallographamelof the albite, which is not affected by
the Ca-content, and the (2 01) plane of the orbkecWhich is common to orthoclase and
microcline (Fig. 4).
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Figure 4 - Chart showing the position and the shiftof the indicative XRD peaks of the alkali feldspar
mineral group relative to their crystallographic structure and their chemical composition. The chart
illustrates the splitting of the XRD peaks of the ¢hoclase into two microcline peaks as well as thehift of

the peaks due to Na-K substitution.

Figure 4 — Diagramme schématique montrant la posiii et le déplacement des raies de diffraction
caractéristiques des feldspaths alcalins aux rayofigen fonction de leurs structures cristallographigs et de
leur composition chimique. Le diagramme illustredsi la séparation du pic de I'orthoclase en deux pide
microcline ainsi que le décalage de la raie (2~ @f)a la substitution Na-K.

3.3 THERMAL DEMAGNETIZATION

Standard bulk sample X-ray diffraction is usualbt nery sensitive enough to detect
iron oxide minerals in proportions < 5% in totalhish is very common for natural rock
samples. Therefore, we take advantage of the satysibf the thermal demagnetization
technigue that has been performed to achieve palgoatic age estimations on the iron
oxides present in the albitized facies.

In total five sites were paleomagnetically samplethe Ktodzko Ztoty-Stok massif,
using a gasoline powered hand drill machine equipp¢h a water-cooled diamond drill bit.
Paleomagnetic drill cores were oriented in thedfieising a standard orientation tool
(magnetic compass) that permits to recover thenaiwbn and azimuth angle of the sample
relative to the outcropping crystalline rock. In tlaoratory, the drill cores are cut into
standard 2.5x2.5cm cylinders for thermal demagagon experiments that were
subsequently performed on the cylinders in thegradgnetic laboratory of the Institute du
Physique du Globe de Paris (IPGP) using a vertivake-axial 2G cryogenic magnetometer.
Stepwise demagnetization of the NRM was appliedtlsm samples, starting at room-
temperature and embracing the complete temperatmge up to the hematite temperature
interval around 700°C. The resulting data is systerally corrected for the geographic site
position and orientation of each individual sample.

Further data processing was performed using theoREc 5 software (Cogné, 2003).
Characteristic paleomagnetic directions were datexdh by a least-square straight line
analysis (Kirschvink, 1980) in orthogonal Zijderdeadiagrams (Zijderveld, 1967), either on
equal areas or in great circle fits. The PaleoMaofbware offers the opportunity to choose
the respective site-mean directions and paleom@gnpble statistics calculation
(Fischer, 1953; Mc Fadden and McElhinny, 1988).
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3.4 SEM/EDS AND ACC SYSTEM
3.4.1 Principles

EDS (Energy Dispersive Spectrometry) in scannirggtebn microscopy consists in
the use of the X-ray spectrum produced when a smmilectron beam bombards a solid
surface, in order to obtain a restricted chemiaagosition. This technique allows an
elemental analysis and to some extent chemicalacteization of a sample. Chemical
characterization by using EDS is common in Earierees, and specifically in mineralogic
and petrologic studies (Reed, 2005). EDS can b&lugw answering questions on topics
such as mineral identification, mineral compositioeaolution, conditions of minerals
crystallization, and fluid-rock interaction.

3.4.2 Methodology

SEM/EDS analyses were performed on selected tloiioss from the altered facies in
order to unravel compositional issues highlightgdtiee optical and cathodoluminescence
microscopy. These questions are related to theizdti aspect of the partially altered
plagioclases and K-feldspars, the nature of theemviesl lenses within the cleavages of the
ferromagnesian minerals, and the characterizati@owie mineralogical inclusions.

The selected thin sections were coated with catbooreate a conductive surface
needed for SEM analyses. The SEM/EDS analyses peefermed: (1) In collaboration with
Eric Robin at the LSCE/Gif-sur-Yvette using a JE®40 scanning electron microscope
(SEM) coupled to an X-ray microanalysis system fi@rinceton Gamma Tech (PGT); (2) At
Mines-ParisTech JEOL 840 scanning electron micips¢®EM) coupled to the Xflash 4010
X-ray microanalysis system from Bruker AXS.

3.4.3 5.1.3 ACC data treatment

EDS point per point elemental analyses were coeduch each zones of interest of
the selected thin sections. The obtained elemelatal have been treated using an algorithm
routine called ACC (Automated Counting and Clasation) which allows to characterize
points within crystals according to their chemicamposition (Bernard et al., 1989, Robin
et al., 2003). The routine consists then in apglyanthreshold to the obtained elemental
analyses data based on the predefined theoretinarah composition allowing the definition
of minerals classes. A numerical image is obtaitieeln binarized and filtered according to
the defined classes allowing the automatic sonintipe analyzed crystals. Image resolution is
525x 490 pixels while their magnification is about 300

The ACC classification was carried out to highlighdints of K-feldspar, albite,
plagioclase and prehnite composition, as well aghaioole, chlorite and sericite composition
in order to show spatial distribution and mutudtienships of these minerals.
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RESUME CHAPITRE 4

OXYDATION/ROSIMENT DES GRANITOIDES DES SUDETES

Les facies oxydeés/rouges se localisent pour I'esdedins la région de Laski et de
Chwalistaw au sein dans le massif de Klodzko ZRitk et dans la carriere de Szklarska
Poreba a l'intérieur du massif de Karkonosze.

La coupe monzonitique de la vallée de Lasbst tres fracturée, et présente une
altération rouge soutenue, pervasive et homogér®es qu'on y distingue plus aucun facies
clair (Fig. 5 et Fig. 6). Un systéme de fracturemgiguées de direction N65°-N70° et N10°-
N15° découpe la roche en blocs polyedres décimgésiqet ces fractures sont
systématiquement enduites d’hématite. La pigmentathuge est surtout visible au niveau
des feldspaths, et des minéraux verdatres (probadié des chlorites) sont aussi perceptibles
dans ces facies (Fig. 7).

La coupe de la carriere de Laskiorrespond a une granodiorite marquée par des
fractures découpant la roche en blocs métriques.(8j Fig. 9). Les épontes des fractures
majeures et mineures présentent systématiquemerdligmation rouge/rose. Cette altération
se caractérise par une coloration rouge intense a&pontes des fractures et décroit
graduellement en intensité en s’éloignant des tnaad (fig. 8). Les fractures rouges montrent
des minéraux ressemblant a de la chlorite et lEspaths y sont rouges, tandis qu’'a I'écart
des fracture les feldpath restent clairs (Fig. 1ID’hématite est moins évidente que dans le
cas de la vallée de Laski, mais la pigmentationgmest vraisemblablement due a la
présence d’hématites.

La carriere de Szklarska Pgba montre deux variétés de granites : un graniteafin
moyen et un granite porphyritique. Le granite fgt particulierement compact montrant une
coloration rose le long des fractures et une cadlimmra plutdt verdatre a l'intérieur des blocs
(Fig. 11, Fig. 12). L'épaisseur de la zone rosddeg des fractures varie entre 5 et 15 cm.
Lorsque les fractures sont éloignées les unes dé®sa le granite fin reste de couleur
verdaatre, non oxydé, a l'intérieur des blocs déts par les fractures. Quant au contraire
les fractures sont rapprochées ou fréquentes, lessbde granite apparaissent entierement
rougis ou rosis. Deux systemes de fractures préuemhidans cette coupe: un systeme
majeur de direction N40° avec un espacement deréode 0.1 a 1 m, et un systéme mineur
de direction N135°. Les minéraux ne sont pas aisérdsstinguables dans le facies fin,
néanmoins la pigmentation rose est probablementale présence d’hématites dans les
feldspaths (Fig. 13).

En fait la grande partie de la carriere est formde granite porphyritique gris,
présentant des phénocristaux de feldspaths potzssiFK), et une abondance de minéraux
sombres. La coloration rose et/ou la pigmentati@uge n’apparaissent pas dans cette
variété prophyritique qui est arénisé en sommetaige.

La vallée de la Chwalistavien aval du village) se caractérise par une alténatde
coloration rose le long des plans de fracturesest gpots roses d’altération loin des fractures
(Fig. 14, Fig. 15, Fig. 16). Cette carriere est finde d’'une granodiorite intrudée par des
veines de lamprophyres. Elle montre deux directomdractures : N-S et N60°. L’altération
rouge y est peu intense et suit les plans de frastule direction paralléles a celle des
lamprophyres (Fig. 14). 1l n’existe pas de relatiairecte entre les lamprophyres et
I'altération rouge d’autant plus que ces derniemrgsentent des petits plagioclases rosis et
albitisés (Awdankiecwicz et al., 2010). Les grandtis et les lamprophyres sont affectés par
le méme type d’altération rouge incluant probablaméalbitisation des plagioclases.
L’oxydation se développe le long des fracturesfieicte des points millimétriques au sein de
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la roche. Par endroits, la granodiorite de la valée Chwalistaw montre des phénocristaux
de FK roses, vraisemblablement colorés par des @igsnd’hématite.

La montagne de Chwalistaw-Kopciowaituée au sud-est du village, montre des
similitudes avec la granodiorite de la vallée. lagit d’'une granodiorite présentant une
altération rouge a rose limitée aux plans de fraetu(front de 2-5 mm d’épaisseur), et des
points roses loin des fractures. Cette granodioriet intrudée par des veines de
lamprophyres, et en contact avec les gneiss protéques de Haniak. Les phénocristaux de
FK sont roses au contact des fractures, mais rédikancs au-dela de 1 cm des fractures
(Fig. 19). Les lamprophyres aussi bien que lesgmde Haniak au contact de la granodiorite
montrent également une altération rose/rouge delspaths (Fig. 20). Les feldspaths rouges
des lamprophyres ont été interprétés comme étaitissls durant la phase tardi-magmatique
(Nemec, 1966).

Hématisation et albitisation La coloration rouge/rose des facies oxydés ésidians
les Sudétes est due a la présence de granules pigiakents d’hématite dans les feldspaths.
Ces feldspaths roses/rouges apparaissant aussildaiamprophyres sont systématiquement
interprétés comme étant de l'albite secondaire isdad’altération tardi-magmatique des
plagioclases primaires (Awdankiewicz and Awdankiew2010). Puisque les feldspaths dans
les autres faciés (granodiorite, monzonite) morttrefes similarités avec ceux des
lamprophyres, ceux-ci pourraient également étratigkss. Cependant, les conditions de ces
albitisations semblent ne pas étre tardi-magmatigc@mpte tenu de la présence d’hématites
associée a l'albite secondaire qui requiert des ¢mals plus oxydantes.

Cette altération rouge/rose pourrait probablementrespondre a l'albitisation des
feldspaths primaires. Ainsi, On pourrait distingueois facies d’albitisation/oxydation a
travers les sites étudiés : (1) une albitisationgeuintense et pervasive (vallée de Laski), (2)
une albitisation rouge/rose limitée aux plans dacfures (carriere de Laski, montagne de
Chwalistaw et Szklarska Pgra), (3) une albitisation faible le long des frags et des points
roses dispersés au sein de la roche (vallée de GHtaw).
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CHAPTER 4

4 REDDENING/OXIDATION PATTERN IN THE POLISH
SUDETES FACIES

Oxidized/albitized facies are localized in Laskida€hwalistaw area within the
Ktodzko Zioty-Stok massif, and in the Szklarskadbararea within the Karkonosze massif.
They are characterized by typical reddish to pimlkatteration in the studied sections. This
reddish alteration occurs either as pervasive dvcamd along the fracture planes and may
also appear as some small pink spots within thiestroc

4.1 LASKI VALLEY

Laski valley comprises oxidized facies, showingvasive and homogeneous reddish
alteration (Fig. 5). This section situated in thenter of the Laski village, is composed of
fine-grained granitoid rock with a composition @o® quartz-monzonite, and it does not
show any non-altered or primary facies.

o
e
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Figure 5 — Sketch of reddish pervasive alteration fothe Laski village outcrop. The rocks are highly
fractured by a system in which the prevailing fractires are dipping towards 45°. Therefore, the rocks cut
into decimetre polyhedron blocks. The reddish alteation entirely impregnates the rocks so that therés no

evidence of grey facies.

Figure 5— Schéma de l'albitisation rouge pervasig® la coupe du village de Laski. La roche est trés
fracturée par un systéme de fractures a pendagechmde 45°et qui découpent la roche en polyedresailke
décimétriques. L'altération rouge imprégne entieéremt la roche si bien gu'il n'y existe plus de fasielair

The rock is highly fractured with two prevailingrections: N65°- N70° (dipping 45°
to the East or West) and N10°- N15° (dipping maby-70° towards the SE).

The fractures are relatively close and cut the rot& decimetre polyhedral blocks
(Fig. 6). The fracture planes are systematicallgted with dark red iron oxides. The reddish
oxidized facies show coarse hematite granules dsasesome chlorite minerals of dark
greenish colour and dull aspect. The reddish pigatiemt is only recorded in the euhedral
feldspar crystals, which appears as abundantérfalies (Fig. 7).
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Figure 6 — Pervasive and intense albitization of # Laski village outcrop. Secant fractures are deliiting
the blocks which are massively albitized (red col@tion).

Figure 6 - : Albitisation pervasive et intense dullage de Laski avec fractures sécantes délimitales blocs
albitisés de fagon massive (couleur rouge).

Figure 7 - Pervasive and intense albitization of t Laski village outcrop (polished sections WL86 &
WL87). (A) Homogeneous grain-size of red feldsparg¢B) Larger red feldspars towards the bottom of the
picture and more red fractures near the top of thepicture.

Figure 7 - Albitisation rouge soutenue et pervasidel village de Laski (sections polies WL86 & WL87).
(A) Feldspaths rouges de granulométrie homogene) feldspaths rouges plus grands vers le bas deHatp
et fracture plus rouge en haut de la photo
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4.2 LASKI QUARRY

Laski quarry is a granodiorite outcrop, typical time Kilodzko Zioty-Stok massif
(Wierzchotowski, 1976). This facies shows a mainggddish/pinkish alteration along the
fracture walls. The fractures are metric-spacedting the outcrop into 0.5 to 1}nwell
defined blocks (Fig. 8). They systematically showrenor less intense alterations of the
prlmary granodiorite towards a pinkish coloration.
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Figure 8 — Picture and sketch of the red alteratiorthat follows the fractures in the Laski quarry. The
highly fractured zones, in the SE of the quarry arethe most reddened. A direct relation exists betwee
fractures frequency and the intensity of the alterion.

Figure 8 — Photo et schéma de l'altération rougeigant les fractures dans la carriére de Laski. Lare la
plus intensément fracturée dans la partie SE deckariére correspond a la zone la plus rouge. Unédaten
directe existe entre la fréquence de la fracturatiet I'intensité de I'altération

The alteration emerges only weak along the miraetéres, or rather intensive along
the major fractures. Nevertheless, the alteratiay be pervasive, affecting the whole rock in
zones where close stacked fractures cut the rdokdecimetre blocks. The alteration along
the fractures varies in thickness (1-10 cm) witrelatively regular gradient. The alteration
gradient along the fractures is characterized byntense red/pink coloration at the fracture
walls and is less intense further away from theténes (Fig. 8). There is a direct relation
between the frequency of the fractures and thensitle of the reddish coloration. In the SE
part of the quarry, the most intensive alteredesa@ccur along a metric thick zone, weakly
defined corresponding to the tightly fractured skmmme. Silica deposits and silica
impregnated facies are associated with these dyrongddened zones. A granular
disintegration facies due to recent weathering lbgpesl at the NW edge of the quarry.
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Figure 9 - Red to pinkish alteration along the fratures in the Laski quarry section. (A) Angular block
with pinkish alteration corridors and non-altered light or greenish zones; (B) horizontal pink altered
fracture in a rock of greenish appearance.

Figure 9 - Albitisation rouge a rose le long desafitures dans la carriere de Laski. (A) Bloc angubeu
présentant des couloirs roses d'albitisation et desnes claires et verdatres non altérées ; (B) Ruae
horizontale rose altérée dans une roche globalemesitdatre
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Figure 10 — Reddish alteration pattern along fractwes at the Laski quarry outcrop (polished sections
WL71, WL64 & WL75). (A) Reddened alteration around two secants micro-fractures; (B) intense red
alteration on the left edge of the sample (fracturgethat is decreasing further away from the fracture

Figure 10 - Altération rouge le long des fracturetans la carriere de Laski (sections polies WL71, BdL&
WL75). (A) Altération rouge autour de deux microfcaures sécantes. (B) Altération rouge intense serblord
gauche de I'échantillon (fracture) et décroissarta s’éloignant de la fracture

The reddened/altered fractures show greenish télike minerals while the light and
non-altered zones exhibit dark ferromagnesian ralagibiotite or amphiboles. Feldspars
appear as large euhedral crystals, which are whitee non-altered part but red or pink along
the reddened fracture (Fig. 10). Hematite graires rawt obvious macroscopically but the
reddened/pinkish aspect of the alteration seente tdue to the presence of hematite grains
(as in the Laski village section), but which arel@ably smaller here.
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4.3 SZKLARSKA POREBA (SP)

Szklarszka P@ba is characterized by a specific pinkish alteratimunded to the
fractures on the hanging walls (Fig. 11, Fig. I®is section is composed of two different
granites, characterized by their textures: (1) ree fio medium-grained granite and (2) a
porphyritic granite. The fine to medium-grainedmgta is particularly solid and compact and
shows two different colorations: (1) a light pinél@ration, possibly a bleached aspect, along
the fractures walls, and (2) a relatively dark agdeenish coloration inside the
blocks (Fig. 12).

:] light pink facies (fracture) b
I:l greenish facies (blocks)

——— fractures strike

medium to fine -grain
granite

Figure 11 — Szklarska Pogba quarry facies. The fine-grained granite is cut § N40° major fractures and
N135° factures. The alterations (bleaching or reddeng) proceed along the fractures, creating zones to
15 cm thick.

Figure 11 - Faciés de la carriere de Szklarska ba. Le granite fin est recoupé par des fracturesjmaes
d’orientation N40° et des fractures a N135°. L'at&tion du granite (blanchiment et coloration rosdaire) se
fait le long de ces fractures et affecte la rochg $ a 15 cm d’épaisseur.

The thickness of the pinkish fracture walls vafiesn 5-15 cm up to 30-40 cm in the
fractures zones (Fig. 11). When the fractures ade vgpaced, greenish fine-grain granite
remains in the center of the blocks delimited kactures. In zones where the fractures are
closer (chopping fractures), the medium-grainediggds entirely pink.

Two fractures systems prevail in this section: gomaystem dipping towards N40°
with a spacing between 0.1 and 1m and a minor isydipping towards N135° with a metric
spacing (Fig. 11). Minerals size within the finexgied granite does not allow any naked eye
mineral recognition. Nevertheless pale yellow gyfiakes are sometimes distinguishable and
the pinkish coloration of the facies could be retdato the presence of microscopic hematite
grains associated to feldspars (Fig. 13).

The porphyritic granite constitutes the major pairthe quarry. This granite is grey
with relatively abundant black minerals and K-f@dss phenocrysts. In the upper part of the
guarry, a beige grussy facies exists: K-feldspdmsnpcrysts and quartz appears almost as
individual minerals, since the plagioclases arethesad. The porphyritic granite does not
show any red alteration features its contact wité fine-grained granite seems to be of
late-tectonic origin.
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Figure 12 — Greenish and pinkish facies in the finégo medium-grained granite in the Szklarska Pogba
quarry. The granite is globally greenish and the pikish alteration is bounded to the fractures.

Figure 12 - Faciés verdatres et roses au sein dargte fin a moyen de la carriere de Szklarska ba. Le
granite est globalement verdatre et 'altérations® est limitée aux fractures

Figure 13— Medium-grained granite from the Szklarka Porgba quarry. The facies shows
pinkish/reddened subhedral altered feldspars whilehe others remain milk-white or translucent. Quartz
appears as anhedral translucent or smoky crystalplgl: primary plagioclase; fk1: primary K-feldspar;
gtz: quartz.

Figure 13 - Granite moyen de la carriere de SzkleasPoreba (échantillon WL7). Ce faciés présente certains
feldspaths subautomorphes rouges/roses tandis qgee dutres restent blancs-laiteux ou translucidesesL
quartz apparaissent comme des cristaux xénomorpleesfumés. PIgl: plagioclase primaire; fk1: K-
feldspath primaire ; gtz : quartz

4.4 CHWALISEAW VALLEY

This section is characterized by a slightly pinkssaining along the fractures planes,
and the development of millimetre pink alteratigpots away from the fractures wall. The
Chwalistaw valley quarry (~500 m downstream of Clistaw village) is a granodiorite unit
intruded by lamprophyres veins and shows two deftactures (Fig. 14). One of them strikes
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to the N-S and the second one is sub-vertical ks in direction of N60°. The pinkish
alteration is weak and follows fracture corridorsgtliel to the strike of the lamprophyres
(Fig. 14). There is no direct relationship betw#ssn lamprophyres intrusions and the reddish
alteration that affects this facies, but lamprogisyeins also show some tiny pinkish feldspar
minerals, that have been interpreted as plagicslasglaced by albite (Awdankiewicz and
Awdankiewicz, 2010). The granodiorite as wellthe lamprophyres are affected by the
same reddish alteration that could involve plagisek albitization.

non -altered rock
lamprophyre
:l weak albitization

Figure 14 — Sketch of the reddish alteration faciesn the Chwalistaw valley outcrop. The alteration §
parallel to the lamprophyres veins that intruded the granodiorite.

Figurel4 - Schéma des altérations rouges dans lariae de la vallée de Chwalistaw. L’altération rge est
paralléle aux veines de lamprophyres intrusives dda granodiorite.

Further away from the slightly pink fractures, t@nodiorite exhibits an alteration
represented by some small pink spots (Fig. 15, &Y. Greenish chlorite-like minerals and
pink feldspars are visible along the fractures. Shghtly pink coloration along the fracture
walls as well as in the spotted zone is caused igyostopic hematite. In further distance
from the quarry, the Chwalistaw valley granodiomtehibits pinkish K-feldspar phenocrysts,
probably stained by microscopic hematite.

OIS 'Ta% JOE N

spotted
_..Zone

light pink zone

Figure 15 — Light pink alteration along fractures and spotted zone away from the fracture. (A) Light jink
zone restricted to a fracture and pink spot withinthe grey granodiorite, (B) the light pink zone is vider
but still surrounded by spotted zone.

Figure 15 - Altération rose le long des fractures sone tachetée rose loin des fractures.(A) Zonseaelaire
limitée aux fractures et taches roses au sein degtanodiorite grise, (B) la zone rose claire esugllarge
cependant environnée par une zone a taches rose.
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Figure 16 — Pink spotted alteration facies from Chwlistaw valley. Feldspar appears as euhedral andglt
pink probably due to the presence of minute hematit grains.

Figure 16 - Facies présentant des altérations tatdes roses de la vallée de Chwalistaw. Les feldspabnt
automorphes et présentent une couleur rose clail@mblement due a la présence de petites inclusions
d’hématite.

4.5 CHWALISLtAW KOPCIOWA MOUNTAIN

The Kopciowa mountain section is located in the Bdtdst of the Chwalistaw valley
and is characterized by a red to pinkish alteragilmmg the fracture walls (Fig. 17). The rock
is a relatively heterogeneous granodiorite withdprainant equigranular facies (Fig. 18), and
a coarse grained facies that exhibits some pirftootase phenocrysts (Fig. 19). Lamprophyre
veins are injected through the granodiorite. The df@mpa mountain is in contact with the
Haniak gneiss that is interpreted as a Neoprotecormi middle Devonian orthogneiss
(Cwojdzinski and Kozdroj, 2007). The Kopciowa mountain gidindte and lamprophyre
veins as well as the Haniak gneiss exhibit pinkisération features (Fig. 20).

pinkish,
fractured and
.altered zone

B %%

Figure 17 — Weak and pinkish alteration along a frature walls in Kopciowa mountain. (A) Pink and
altered fracture walls close to a grey, non—alteredone. (B) Zoom on the pinkish fracture wall. The ed
altered zone appears as more fractured than the gyeone.

Figure 17 - Albitisation limitée et rose le long gdractures dans la Montagne de Kopciowa. (A) Fracs
roses altérés proches d’'une zone grise et non @kéi(B) Zoom sur la fracture rose. La zone altéréeige est
plus fracturée que la zone grise non altérée.
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In the granodiorite, the alteration is weak (ligiolor) and develops mainly along the
fracture walls, restricted to a 2-5 mm wide reactimnt. Away from the fracture walls, the
alteration is restricted to some millimetre pinlotgpwithin the rocks. Orthoclase phenocrysts
appear often partially or entirely pinkish. The lpiorthoclase phenocrysts are mainly
distinguishable along the reddened fracture plamed show Carlsbad twinnings. The
coloration of the phenocrysts appears as also ctecheto the presence of microscopic
hematite (Fig. 19).

Figure 18 - Granodiorite from Chwalistaw Kopciowa nountain showing bands and additional pink
feldspars. Dark band seems to be constituted of mafminerals such as amphiboles and biotites.

Figure 18 - Faciés granodioritique de la montagne €Chwalistaw-Kopciowa montrant des bandes sombites e
des feldspaths roses. Les bandes sombres sontitgdess de minéraux mafiques tels que des amphibates
des biotites.

In the lamprophyres intersecting the granodioriteldspars appear with pink
coloration. These pinkish feldspars have been pntéed as plagioclases hydrothermally
albitized during the late magmatic consolidatioragst (Nmec, 1966). The albitized
plagioclases in the lamprophyres show charactesisind paragenesis similar with that of the
saussuritization with sericite, zoisite-epidote enails, prehnite and calcite within the
neogenic albite (Bmec, 1966).

' % pink orthaclase
phenocrygiSHg- *

rédde_ned
altered

o “zong

light pink -

staining

Figure 19 — Red alteration features within the Chwhstaw Kopciowa Mountain. (A) reddened orthoclase
phenocrysts; (B) homogeneous pinkish reddening onfeacture wall; (C) reddening in a fracture corridor
and light pink spots in the less-altered part of tke rock.

Figure 19 - Caractéristiques de [l'altération rougedans la Montagne de Chwalistaw (Kopciowa).
(A) phénocristaux roses d'orthose. (B) Altératiomuge homogéne sur un plan de fracture. (C) Altérai
rouge dans un couloir de fracture et taches rosesd la partie la moins altérée de la roche
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The Haniak gneiss close to the Kopciowa Mountaialse reddened. The alteration is
characterized by dark-greenish bands of ferromagnesinerals alternating with pinkish
guartzo-feldspathic bands (Fig. 20).

Figure 20 — Reddening within the Haniak gneiss fronthe Kopciowa Mountain. The pinkish bands are
quartzo-feldspathic while dark bands contain bioties.

Figure 20 - Rougiement dans la formation gneissiqde “Haniak” prés de la montagne de Kopciowa. Les
bandes roses sont quartzo-feldspathiques tandis legebandes sombres sont a biotites.

4.6 HEMATITIZATION VERSUS ALBITIZATION PATTERNS

Oxidized sections exhibit red/pinkish alterationtire Polish Sudetes related to the
presence of hematite granules or microscopic hémpitgments. This hematite pigmentation
Is obvious in the feldspars that compose the stusietions. The pinkish feldspars occurring
in Chwalistaw area lamprophyres are systemicallgrpreted as secondary albite originating
from the late-magmatic alteration of the primaryagbclase (Awdankiewicz and
Awdankiewicz, 2010). Besides, feldspars in the otioeks (granodiorite, monzonite) show
similar aspects as those in the lamprophyres, stiggethat they could have also been
albitized. Nevertheless, the conditions of this tabtion seem not necessarily of
late-magmatic origin, especially as hematite asgedi with this neogenic albite implies
rather oxidizing conditions.

It appears likely that this alteration could atskeeorrespond to the primary feldspar
albitization. The particularities of this albitizat/oxidation seem to result in three main
patterns: (1) a reddish intense and pervasiveiadhin (Laski valley); (2) a red to pinkish
albitization bound to fracture walls (Laski quaagd Szklarska Peba quarry); (3) a weak
albitization controlled by fractures and associatéth some pinkish spots (Chwalistaw
valley).
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RESUME CHAPITRE 5

MINERALOGIE

La connaissance de la minéralogie primaire des goddes est essentielle pour une
comparaison avec les facies rouges altérés en vufaide des hypothéses qualitatives et
quantitatives.

CARACTERISTIQUES MACROSCOPIQUES.es roches échantillonnées sont pour
I'essentiel des granitoides, néanmoins des lampnegshet des gneiss ont été échantillonnés
dans le massif de Klodzko Ztoty-Stok. Dans leg$adairs, les granitoides apparaissent gris,
de grains moyens a grossiers, et montrent souvenigdands cristaux clairs et translucides
de feldspaths potassiques et des minéraux ferroésagms sombres (Fig. 21A, Fig. 21B). Les
lamprophyres microlithiques sont des spessartitedes micromonzodiorites avec un aspect
parfois brunatre (Fig. 21C), tandis que les gnem®ntrent une alternance de bandes
quartzo-feldspathiques claires et de bandes sombes$erromagnésiens. Dans les facies
rouges, les roches apparaissent soit avec une atidor entierement rouge ou limitée aux
bordures des fractures et a des points dispersigs 22). Les grands feldspaths translucides
dans les faciés clairs apparaissent rouges/rosessdies faciés rouges tandis que les
minéraux ferromagnésiens préalablement noirsetdmis y sont verdatres et ternes.

COMPOSITION MINERALOGIQUE. Les analyses aux rayons X montrent que les
roches étudiées sont majoritairement composées tzjuafeldspaths, minéraux
ferromagnésiens et prehnite Fig. 23), accompageésitiéraux accesoires comme la calcite,
la laumontite et la sericite. Des différences notsbapparaissent entre les facies clairs et
rouges. Les plagioclases-Ca présents dans toufat@gs clairs sont pratiguement absents
des faciés rouges alors que l'albite et le micnoglgui sont presqu’inexistants dans les faciés
clairs sontabondants dans les faciés rouge . Orouee mons d’albite dans les facies rouges
gu’il n’'y a de plagioclases dans les facies claiE revanche, les feldspaths-K sont plus
abondants dans les faciés rouges que dans lesfalgiigs.Néanmoins, I'interprétation de ces
changements minéralogiques est d’autant plus défique les minéraux ferromagnésiens
sont plus abondants dans les faciés rouges queldariacies clairs. Il n’est pas exclu que les
granitoides avec une faible teneur en ferromagmésieaient été échantillonnés
préférentiellment comme représentatifs des fadaissc

Le quartzz constitue environ 20 % de la roche totale, quesaedans les facies gris
ou dans les faciés rouges. Ceci suggereen prenapmoximation que le quartz est
uniquement d’origine magmatique et que celui-cenjas affecté par I'altération rouge.

Les feldspaths sont la phase minéralogique la plus importantes. deprésentent
environ 50 %-70 % de la roche totale dans le madsiKiodzko Ztoty-Stok. Les plagioclases
sont toujours plus abondants que les feldspaths-K.

Les plagioclases de composition labradorite (Ab5553ngbont abondants dans les
facies clairs et absents des faciés rouges owits emplacés par I'albite. L'albite constitue
généralement 30 a 40 % de la roche totale des dawiages, et atteint méme 50 % dans le
facies le plus albitisé du village de Laski. L’abse de plagioclases-Ca et I'apparition
d’albite dans les faciés rouge indique clairemeneé @itération des plagioclases en albite.
Par ailleurs, la teneur en albite est généralem@imiinuée diminuée de fagon concomittante
de 25 % par rapport aux plagioclases dans les faclairs.

Les feldspaths potassiques (FK) montrent égalenast whriations significatives.
L’'orthose est I'uniqgue FK dans les granitoides daitandis que le microcline apparait en
plus dans les faciés rouges. L'orthose représentér@an 10 a 15 % de la roche totale dans
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les différents facies. La distribution du microe€liast plus variable d’un site a l'autre. Dans
le massif de Ktodzko Ztoty-Stok (KZS), le micraclieprésente 5 % de la roche totale, et
apparait dans tous les facies rouges sauf a Lak&ge. Le microcline est vraisemblablement
lié a l'altération rouge puisque celui-ci n'appatajue dans les faciés rouges. Dans le granite
fin de la carriere de Szklarska Rdwa (SP) lalbite (40 %) et le microcline (10 %)
apparaissent a c6té de l'orthose (10 %) dans leiekacvert présupposés non altérés.
L’absence de plagioclase-ca et la présence de nlioeaans ce facies verdatre laisse
supposer gu'il est probablementdéja altéré, maenéuellement pas encore oxydé.

Lesminéraux ferromagnésiensont constitués de biotite, d’amphiboles et deritel.
L'importance des minéraux ferromagnésiens appaliéé a la nature des granitoides,
I'amphibole est dominante dans les granodioritesralque la biotite prédomine dans les
granites. Mais, les teneurs totales en ferromagmésisont toujours supérieures dans les
facies rouges que dans les facies clairs et lesuenen chlorite et en amphibole semblent
étre anti-corrélées.

La chlorite (10 %-20 %) est le ferromagnésien laspabondant dans tous les facies
rouges et est toujours plus abondante dans leggamuges qu’elle ne I'est dans les faciés
clairs, suggérant que la formation de chlorite gdus intense dans les faciés rouges.
L’'absence de biotite et les faibles teneurs en dinagids dans les facies rouges montrent que
ces minéraux sont partiellement transformées eoritbl Corrolairement, la présence de
chlorites dans les faciés clairs montre que ceuserit déja altérés. La chlorite semble se
former essentiellement a partir des ferromagnésjaimaires. Mais dans les facies rouges
elle est plus abondante quela somme des teneussnphibole et biotite des facies clairs,
suggérant la formation de chlorite par précipitati@a partir des fluides dans les pores et
microfractures (Wilamoswki, 2002).

La prehnite (4% de la roche totale) apparait uniguement ddes faciés
granodioritigues que ceux-ci soient clairs ou rosig€eci indique que l'occurrence est
indépendante du type d’altération mais plutét dedaure des roches. Quand la prehnite est
absente des facies clairs, elle n’apparait pas plus dans les unités rouges, montrant que
son occurrence est également indépendante de tagpitation rouge.

Les minéraux accessoiresen faible teneurs, sont essentiellement constitdé
calcite, laumontite, sericite et hématite. L’hérteai uniqguement été détectée dans le facies le
plus rouge du village de Laski, ailleurs la nonat#ion de I'hématite est liée au fait que leur
rougiement n’est pas aussi intense que dans cetigec La calcite apparait uniguement dans
la carriere de Laski ou elle représente 3 % dedahe totale, la séricite moins de 1 % de la
roche totale dans la granodiorite de la carriere ldevallée de Laski et de la montagne de
Chwalistaw. La laumontite est présente (moins de%) dans la vallée de Chwalistaw. La
séricite apparait a la fois dans les faciés cla@tsrouges, tandis que hématite, calcite et
laumontite n'apparaissent que dans les facies reuge
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CHAPTER 5
5 BULK MINERALOGY

The knowledge of the primary mineralogy of the g@d facies is necessary to allow
a comparison with the red altered facies and talide to draw qualitative and quantitative
interpretations. The samples that were chosen fasenees for this comparison are the
light/grey facies (in particular the outcroping gjtaid rocks), with respect to the preservation
of these facies in our sections. Therefore thetligistained facies samples origin exclusively
from the outcrop sections where the albitizatioingted to fracture zones; the facies that
show pervasive alterations, such as in the Ladlaga do not contain any light/unstained
facies and thus no unaltered samples could beestuwire.

5.1 MACROSCOPIC FEATURES

Most of rocks sampled in the framework of this studre granitoid facies.
Nevertheless, lamprophyres and gneisses from tloelzZKb Ztoty-Stok massif have been
additionally investigated for their specific alttom features. Granitoid rocks are
equigranular, medium to coarse grained, gray, aogerar less mesocratic depending on the
ratio of felsic and ferromagnesian minerals thay ttentained (Fig. 21A, Fig. 21B). They are
sometimes porphyritic with large euhedral alkaldépar crystals. Lamprophyres are mainly
spessartites or micromonzodiorite (Awdankiewicz afddankiewicz, 2010); they are
microlithic with a dark to brownish aspect (FigQland occur as veins or dikes that crosscut
the granitoid bodies of the Klodzko Ztoty-Stok masBhe Gneisses show orientated fabrics
with alternation of light quartzo-feldspathic baradsl dark ferromagnesian bands.

The reddened facies are characterized by sevdmabtion features: some of them are
homogenous and entirely red, while others are girtred showing at the same time
unstained and reddened zones (Fig. 22). In therldgicies, the reddening appears either
limited to the vicinities of fractures (Fig. 22Atp on the edges of the samples as related to
open fractures (Fig. 22B), or to heterogeneoudeseat red patches or spots within a sample
that shows also unaltered zones (Fig. 22D).

The reddening is globally recorded within the felals crystals. Thus, K-feldspar
phenocrysts, smaller K-feldspars, and plagioclagegh are light and transluscent in the
unstained facies appear here with a red/pink ctitoraThe ferromagnesian minerals (biotite,
amphiboles) are dark in the unstained facies arergenalmost as dark-green minerals within
the reddened zones of the samples. This probatligates that the ferromagnesian minerals
are also transformed in the reddened facies.
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Figure 21 — Representative light/unstained facies ampled from the Klodzko Zioty-Stok Massif.

(A) Medium-grained granodiorite from Chwalistaw valley (CHR 24). The rock is grey and the primary
ferromagnesian minerals remain dark and apparentlynon-chloritized. (B) Coarse grained granodiorite
from Makolno close to Chwalistaw (MKR 1b). There isobviously no or very light red staining. (C) Zoom
of (B), feldspars appear as euhedral white or trarlacent crystals. Some of them show zoned plagioctas
(D) Lamprophyre from Chwalistaw area (WL123), the rock has a brownish aspect; this lamprophyre is
spessartite to micromonzodiorite composition (Awdakiewicz and Awdankiewicz, 2010).

Figure 21 — Faciés clair non pigmenté du massif Héodzko Ztoty-Stok. (A) Granodiorite a grains moygde

la vallée de Chwalistaw (CHR 24). La roche est grist les minéraux ferromagnésiens apparaissent Bpir
vraisemblablement non chloritisés. (B) Granodiorigrossiére de Makolno prés de Chwalistaw (MKR 1b).
Apparemment il N’y a pas ou trés peu de pigmentatimuge. (C) Zoom de la photo (B). Les feldspatluis
automorphes, blancs et transparents. Certains dtentux sont des plagioclases zonés. (D) Lamprophyte
la région de Chwalistaw (WL123), la roche montre aspect brunatre. Ces lamprophyres sont des spésssr
et des micromozonites (Awdankiewicz and Awdankiew010).
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Figure 22 — Reddened facies sampled in the Klodzkdtoty-Stok massif and in Szklarska Pogba quarry.
(A) Reddening along the vicinity of fractures within granodiorite from Laski quarry (WL 75). Feldspars
in the vicinity of the fractures are entirely reddened whereas those further away from the fractures r@
light/unstained or show only weak partial reddening (B) Reddening zone along one of the edges of a
granodiorite sample from Laski valley (WL 52). Thereddening is limited to the border of the sample
meaning that the reddening is connected to a fracte. (C) Reddened heterogeneous granodiorite from
Kopciowa mountain, showing two zones with differenttexture: a porphyritic zone and an almost
microclithic zone dominated by mafic minerals (WL %). K-feldspar phenocrysts and the smaller feldspar
crystals are affected by the reddening only limitedto the porphyritic zone. The feldspars in
the"microlithic” zone in the center of the sample emain light/unstained. (D) Spotted and heterogenesu
reddening in the fine-grained granite from Szklarsla Poreba quarry (WL 7). Reddened and
light/unstained zones coexist as scattering patchesthin the same sample.

Figure 22 — Faciés rougis provenant du massif deotko Ztoty-Stok et de la carriere de Szklarska ¢har.
(A) Coloration rouge apparaissant voisinage des drares dans une granodiorite de la carriere de Lask
(WL 75). Les feldspaths au voisinage de la fractusent entierement rouges tandis que ceux loin de la
fracture sont soit clairs ou montrent une coloratiorouge faible et partielle. (B) Zone rouge visibsair 'une
des bordures d’un échantillon issu de la vallée Haski (WL 52). La coloration rouge est limitée a an
bordure montrant qu’elle est liée a une fractureC) Granodiorite rouge hétérogéne de la Montagne de
Kopciowa montrant deux zones avec des texturesédiffites : une zone porphyritique et une zone presqu
microlithique dominée par des minéraux sombres (\Wh). Les phénocristaux ainsi que les feldspathsplies
petite taille sont rougis uniquement dans la partrphyritique. Les feldspaths dans la zone mictioigue
plus a l'intérieur de I'échantillon restent clairgt non colorés. (D) Coloration rouge non homogéms spots
dans le granite fin de la carriéere de Szklarska ba (WL 7). Des zones rouges et claires ne montness
d’organisation précise au sein de I'échantillon.
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5.2 BULK ROCKS COMPOSITION

Analyses of the bulk rock composition allow to stuthe distribution of the
mineralogical constituents of the light/unstainegdiés throughout the sampled sites. Their
mineralogical composition appears basically as h@negus even if some differences have
been noticed from one facies to another (or oretsitanother). X-ray analyses of the bulk
rock show that these facies are mainly composethree mineral groups, such as quartz,
feldspars, and ferromagnesian minerals in additioprehnite. The results of the bulk rock
composition of the reddened and the light faciessammarized in figure 23.

The comparison of the bulk rock composition betwi#enunstained and the reddened
facies allows to highlight the main mineralogicaboges that interfere during the reddening
such as the transformation of the main secondangralogical phases and their distribution
within the sample sites. Basically, the reddenedthadight/unstained light facies show some
composition similarities; nevertheless noticeabiteences exist between both mineralogical
compositions. Besides the main minerals, quartizlspars, ferromagnesian minerals, and
prehnite other minor components occur, such astealaumontite, and sericite. Furthermore,
the relative abundance of the main minerals shgstematic changes between the two facies
types. Ca-bearing plagioclase that is presentlinrgtained samples is no longer detected in
the reddened facies, whereas albite and microctim# are almost absent in the
light/unstained facies appear as abundant in tidereed facies (Fig. 23). The general trend
between unstained and reddened facies shows a &dlier and higher K-feldspar content in
the unstained facies Nevertheless, the interpogtatif these compositional changes are

difficult because the Fe-Mg minerals are more abunhdn the reddened facies than in the
unstained ones.
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Figure 23 — Comparison of the bulk rock compositioa of the reddened facies with the light/unstained
facies. Plagioclases are absent in the reddened bubcks, albite and microcline which are almost absnt
in the light/unstained rock appear as abundant in the reddened facies. Ferromagnesian minerals appear

always comparatively more abundant in the reddenedacies than in the light ones. Prehnite shows no
significant variation.

Figure 23 — Comparaison de la composition minérailgpge des faciés clairs et des faciés rouges. Les
plagioclases sont absents des faciés rouges, falbi le microcline qui n’apparaissent presque pdens les
facies clairs sont abondants dans les faciés roudess minéraux ferromagnésiens sont toujours relament

plus abondants dans les facieés rouges que dansfae®s clairs. La prehnite ne montre pas de varati
significative.
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5.2.1 Quartz

The quartz content within the light/unstained aaddened facies forms about 20% of the
bulk rock in all facies from Kiodzko Zioty-Stok arfsizklarska Pa@ba massifs. The lower
quartz content in Nkolno is in accordance with its more basic natunep¢rtance of the
ferromagnesian minerals). In the reddened fachesguartz content is similar to that of the
unstained facies, meaning that it is, at first agpnation, is not affected by the alteration
processes that give rise to the reddening.

5.2.2 Feldspars

Feldspars are the most abundant mineralogical gobdipe light/unstained facies. In
the Klodzko Zioty-Stok massif for instance, thepnesent at least 50% of the bulk rock in the
Laski area and Chwalistaw valley. They reach 70%tha&f bulk rock composition at the
Chwalistaw Kopciowa mountain facies and in the liaskage monzonite. Plagioclases are
always more abundant than K-feldspars.

» Plagioclases

Plagioclase (labradorite Ab55-An45) which is thestnabundant feldspar within the
light/unstained facies is almost absent in the redddacies and is entirely replaced by albite.
The albite content within the reddened facies isuaB0-40% in all studied sites and reaches
50% of the bulk composition in the Laski villagecsen, where the red-staining is the most
pronounced. This lack of plagioclase and the amear of albite points to the alteration of
plagioclase into albite. Moreover, the albite comtes overall diminished of about 25% in
comparison to the initial plagioclase content.

» K-Feldspars

Orthoclase is the solely K-feldspar that is presenthe light/unstained granitoid
facies whereas K-Feldspars occurring in the redildaeies can be distinguished in two
types: (i) orthose and (ii) microcline. Orthose wscat all sites, where it provides about
10-15% of the bulk rock, its distribution appeasshmmogeneous throughout of the studied
sites.

The microcline distribution and content seems meagable from one massif to
another. In the Ktodzko Zioty-Stok massif, microeirepresents about 5% of the bulk rock
and occurs in all reddened facies, except in thekiLgillage quartz-monzonite. Besides,
microcline occurring only in the reddened faciesggasts that it is neogenic and
non-magmatic. It may be associated with the redugalteration process.

The fine-grained granite in the Szklarskadgparquarry appears quite particular. In the
Szklarska Paba quarry, albite and microcline appear in additiororthoclase as the main
feldspars in the bulk from the green and presumablgtained/unaltered facies. Albite
represents at least 40% of the bulk rock whereagoeline constitutes about 10% and
orthoclase less than 10%. This facies appearseamitrocline-richest facies throughout the
studied sites. Plagioclases do not occur in thé& botk of the green facies of Szklarska
Porba. These greenish facies lack plagioclase simitglthe red-stained facies. They appear
as clearly different to the Ktodzko Zioty-Stok misight/unstained rocks that may mean that
those greenish facies are probably already alt@eéds too.

5.2.3 Ferromagnesian minerals

Fe-Mg minerals are mainly biotite, amphibole, ankloagte, and they appear
systematically more abundant in the reddened fabi@s in the light/unstained facies ones.
They are of course more abundant in the granodidhan in the granitic facies. Amphibole
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and chlorite occurs systematically in all faciesevdas biotite is scarcer appearing only in the
unstained granitic facies (Laski valley and SzWarBoeba quarry) and in some granodiorite
(Laski quarry and Mkolno).

Amphibole is the most abundant Fe-Mg mineral inlight/unstained granodioritic
facies of the Ktodzko Zioty-Stok massif. The Laskilley granite shows chlorite as the
dominant Fe-Mg mineral and biotite appears as tamfie-Mg mineral in Szklarska Rba
granite. The importance of the Fe-Mg minerals seémbe related to the nature of the
granitoid rocks, as amphibole is dominant in thengdiorite while biotite and chlorite are
dominate in the granite.

Biotite has never been detected within the reddéaeids in the Klodzko Ztoty-Stok
massif, they have probably been altered into d@oBiotite remains in the reddened facies of
the Szklarska Peba fine-grained granite which has also a partictétspar composition
with regard to the other reddened facies.

Chlorite is always the most abundant ferromagnesigreral in all reddened facies. It
forms about 10-20% of the rock, amphibole makesabput 5% in Laski valley and in
Chwalistaw granodiorite, 1% in Laski quarry andistabsent in the Laski village quartz-
monzonite. Chlorite is systemically most abunddwaintamphibole. Chlorite and amphibole
content seem to be negatively correlated. In Lgakirry for instance chlorite reaches 20% of
the bulk composition while the amphibole contentvesak and about 1%. Chlorite content in
the reddened facies is always more abundant tretnrtithe light/unstained facies, pointing
out that chlorite formation is more intense withite reddened facies. The weak content of
amphibole in comparison to chlorite probably imgltbat amphiboles have been altered into
chlorite within the reddened facies. Moreover, #tisence of biotite argues in favour of the
complete biotite alteration into chlorite within treddened facies.

The presence of chlorite in the light/unstainedksostresses the fact that they are
already more or less altered. If the relationshipvben chlorite formation and biotite or
amphibole alteration is not obvious within the butick analyses, the amphibole abundance
coupled with the low biotite content or its compleabsence could suggest that chlorite
mainly seems to be related to the biotite destzdiibn.

In Szklarska Paba quarry, biotite and chlorite appear as the ni@iromagnesian
minerals whereas amphibole is completely absent ftioen granites. Chlorite and biotite
appear in almost equal amounts in comparison ghgreen facies, they form about 2% of
the bulk rock samples from Szklarska & quarry. Here, it appears likely that chloriteyma
form exclusively from biotite, even if a possihyliof neogenic chlorite within microfractures
and voids can not be excluded.

Chlorite is generally much more important withinetheddened facies, suggesting that
neogenic chlorite formed as associated to the redde Chlorite content in the reddened
facies appears also higher than that of the fergmesian minerals (biotite+amphibole) in the
light/unstained facies. This suggests that the eecgchlorite within the reddened facies may
have not been formed exclusively from biotite opaiboles, but others chlorite sources must
be considered. A most probable source may be thwitehcrystallizing from fluids that
circulate free in the voids, cavities, interstices microfractures (Wilamowski, 2002).
Petrographic observations allow to precise thig faed underline the different chlorite
occurrences within the thin sections.

5.2.4 Prehnite

Prehnite is present in all granodioritic facies tbé Laski and Chwalistaw area
(Ktodzko Ztoty-Stok massif) where it representssiéisan 4% of the granodiorite bulk rock.
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Nevertheless, it has neither been detected in uaetzzmonzonite of Laski village nor in the
Szklarska Paba granite.

Prehnite appears within the light/unstained faceéss well as in the reddened
granodioritic facies of the Ktodzko Ztoty-Stok mes3he prehnite occurrence in both facies
suggests at least that it is not dependent onltia@on type but depends rather on the nature
of the primary rocks.

Moreover, this is confirmed by the absence of pitehwithin the light facies as well
as in the reddened facies of SzklarskegPaiquarry. Indeed, when prehnite is absent from the
primary mineralogy, it never appears in the reddé&sezondary facies as well. This points out
that prehnite does not develop during the reddening

5.2.5 Accessory minerals

Calcite, laumontite, sericite, and hematite aresg®red as accessory minerals in the
studied samples, because they have not been sgatBntietected by X-ray diffraction. Their
content in the reddened facies is always belowapiercents and very variable from one site
to another, and even from one sample to the adjgeemples within the same studied site.

Hematite has only been clearly detected by XRhénltaski village monzonite where
it represents ~1% of the bulk of the rock (whiclnresponds to about the XRD detection limit
for hematite). This monzonitic facies representsmiust reddened site, thus it contains the
most hematite-rich facies. The reddening is cleadgociated to hematite content. Hematite
has not been detected by XRD in the other reddsited (although it is still present there)
because their staining is not as much importanh dsaski village monzonite and therefore
below the XRD detection limit.

Calcite has only been detected in Laski quarry gpleorite where it comprises about
3% of the bulk rock. Sericite represents less théf of the bulk composition of the
granodiorite at Laski valley and Chwalistaw mountawhile laumontite represents less than
0.4% of the bulk rock in the Chwalistaw valley godiorite. Sericite has been identified in
the light/primary facies as well as in the reddesectdndary facies. In contrary, calcite,
laumontite, and hematite are only present in tlieleaed facies are clearly associated with
the alteration processes.
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RESUME CHAPITRE 6

PETROGRAPHIE

L’étude pétrographique permet de préciser les aliés minéralogiques et de
souligner les relations géométrigues entre les maimé Ces relations géométriques sont de
prime importance pour établir les séquences d’altién.

LES PLAGIOCLASES

Dans lesfaciés clairs,les plagioclases forment des cristaux individuelads de 0.5-
1.5 cm et des inclusions automorphes dans les ghiétanx de feldspath-K. Les plagioclases
sont maclés polysynthétiques et zonés (Fig. 24,25y Certains plagioclases montrent a la
fois des domaines maclés et des domaines zonés2f&g Fig. 25B). La zonation se
caractérisegénéralement par une propagation deibetion du cceur du plagioclase vers ses
bordures et correspond a une décroissance de lauteme Ca du coeur du cristaers les
bordures enrichies en Na. Néanmoins la zonatiort pessi étre oscillatoire. Par ailleurs,
certains plagioclases montrent plusieurs nucleusméssance pouvant correspondre a une
coalescence de plusieurs cristaux dans un mémeioplage (Vance, 1957). En
cathodoluminescence (CL), les plagioclases prinsam@ntrent une luminescence jaune verte
a jaune pale (Leichmann et al., 2003). La variatitenla luminescence est en adéquation avec
la composition chimique du plagioclase. Les plalgises montrent par endroits les inclusions
de biotite et séricite (Fig. 26B, 26C).

Dans lesfacies rougesles plagioclases sont soit entierement albitisEpigmentés
d’hématite ou partiellement albitisés montrant d&sictures en échiquier caractérisées par
des reliques de plagioclases primaires clairs ain sk I'albite secondaire rouge (Fig. 27,
Fig. 28). L'albite secondaire montre une pigmerttatrouge plus intense au voisinage des
fractures qu’a I'écart de celles-ci. Les analysé&&ngentaires par sonde EDS confirment que
les zones hématisées au sein des plagioclase$osorites d’albite. La CL met en exergue les
contrastes optiques entre plagioclases primairesaleite secondaire et permet ainsi de
montrer le dévelopement de lalbitisation. Les nsodiee développement de l'albite sont
variés. La composition du plagioclase primaire mtent : quelquefois 'auréole extérieure
est préservée en raison de son caractere albitgpmaire (Fig. 30D) et ne présente alors
pas de pigmentation par I'hématite ; d’autre foigst le cceur des cristaux qui est albitisé
préférentiellement (Fig. 29A, 30C) en raison decemposition plus anorthitique. Dans tous
les cas l'albitisation est favorisée par les disdonités au sein des cristaux : le long de
fractures, selon un chevelu de micro-fracturedpteg de plans de macle, etc. (Fig. 29B, C,
D, Fig. 30A, B) .

D’autre part, I'albite secondaire est dépourvuerdacles polysynthétiques impliquant
une recristallisation totale du plagioclase. Néamnsol'orientation de I'albite secondaire
coincide généralement avec celle de la macle majdurplagioclase primaire suggérant que
la recristallisation se fait suivant I'orientatiode cette macle. Lorsque les zones albitisées
sont amiboides, le plagioclase albitisé montre exinction par bloc caractérisée par le fait
que l'angle d’extinction de la zone albitisée cepend a celui de I'éclairement du
plagioclase primaire. Mais par ailleurs, quand le®nes albitisés sont amiboideselles
montrent différentes orinetation de l'albite secoindaau sein d’'un méme plagioclase
primaire. Cette disposition montre que l'albitisati se développe aussi en dehors de toute
relation cristallographique avec le plagioclasepaire.

Enfin, albitisation et pigmentation hématitique sstrictement liés, il n'a jamais été
observé de discorcdance entre les deux phénomemedrant qu’ils se sont dévéloppés de
facon concomittante.
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LES FELDSPATHS POTASSIQUES (FK)

Dans lesfaciés clairs les feldspaths potassiques apparaissent sousefdarcristaux
automorphes individuels (Fig. 31) généralement detitgp taille ou sous forme de
phénocristaux (>1 cm). Les feldspaths potassiqeesent ne pas étre maclés ou présenter la
macle de Carlsbad typique des orthoses et les madkysynthétiques typique du microcline
(Fig. 31B, Fig. 31C). Les orthosesmontrent desltpers ou des microperthites correspondant
a des figures d’exsolution de lamelles d’albiteg{R31D) au cours du refroidissement. En CL,
les orthoses montrent une luminescence bleue wifigaque le microcline affiche une
luminescence bleu pale.

Dans lesfaciés rouges les petits feldspaths potassiques les phénocksedusont
entierement ou partiellement perclus de pigmentematite, avec pigmentation plus intense
au voisinage des fractures et moins intense a l@ag. 32, Fig. 33A, Fig. 33E). En CL, les
zones rouges/roses apparaissent non-luminescenies faiblement luminescentes comme
dans l'albite secondaire vue plus haut. Les zorases montrent une luminescence bleue
typique des FK primaires (Fig. 33A, Fig. 33B). @efperte de luminescence dans les
feldspaths potassiques est connue comme étanttéestique de I'albite secondaire formée
dans les conditions diagénétigues ou d’altérationétéoritiques (Gonzalez-Acebron et
al., 2010 ; Gonzélez-Acebron et al., 2012). Leseldas d’exsolution d’albite restent claires
et luminescentes et ne sont donc pas altérées3Bif et F). La cathodoluminescence permet
de mettre en révéler les relations géométriguesealbite secondaire et FK primaire. Tout
comme pour les plagiooclases, lalbitisation procédelon des fronts irréguiers et
interpénétrés, procédant depuis la périphérie destaux, le long de fractures et selon un
chevelu de microfractures (Fig. 33B, C et D).

Les phénocristaux d’orthose permettent de prévedsr échantillons purs sélectionés
dans les zones claires et roses d'un monocristabiasi préciser les transformations
minéralogiques qui accompagnent leur albitisatidra déconvolution des diagrammes
montre que ces cristaux sont formés d’orthose, deoniine et d’albite (Fig. 34). Les raies
de diffractions de l'orthose sont toujours déplkesévers les plus grands angles de
diffraction, correspondant a des substitutions endui peuvent étre estimées a environ 15%.
Les déterminations quantitatives monrent que (Bf).: (1) les phénocristaux de FK blancs
sont exclusivement formés d'orthose accompagnéavida 15% d'albite; (2) les
phenocristaux roses contiennent toujours envird¥ 2@ microcline a c6té de I'hortose et de
I'albite ; et (3) la teneur en albite augmente (k&ron 15 a 50%) corrélativement avec la
diminition de [l'orthose dans les phénocristaux msd.a pigmentation rouge des
phénocristaux s’accompagne d’une vraie albitisagbm’'une microclinisation.

L’albite qui accompagne l'orthose dans les phérsiatix blancs correspond a
I'albite d’exsolution lors du refroidissement. Appatment le microcline se développe en
premier dans les orthose les moins altérées ; ifalbe se développe que quand l'altération
augmente. De plus, les raies de diffractions deghose sont toujours déplacé vers les plus
grands angles de diffraction, correspondant a debsstutions en Na qui peuvent étre
estimées a environ 15%. L'orthose associée auxqunitaux les plus altérés montre des
taux de substitution en moyenne supérieurs a cesxpti€nocristaux non altérés. Ces
orthoses plus substituées apparaisent ainsi réfiekieplutot que résultant que de
I'aggradation/recristallisation d’orthoses primaise et seraient plus stable dans les
environnement enrichis en Na a I'origine de [I'ailkation.
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LES MINERAUX FERROMAGNESIENS

Les biotites et amphiboles forment les minérauofeagnésiens primaires déacies
clairs. Les biotites sont moins fréquentes dans les ghanites de Ktodzko Zioty-Stok (KZS)
qgue dans les granite de Szklarska bar (SP). Elles apparaissent sous forme de minéraux
tabulaires, automorphes, avec des clivages fingéguliers, soit de couleur brun-clair
(Fig. 36A, Fig. 36B) ou brun-foncé (Fig. 36C, F8BD). Les biotites montrent deux types
d’inclusions. (1) Des inclusions sans relation ales clivages de la biotite, essentielement
formées de zircon, d’'apatite et d’'oxydes de ferziteon forme des cristaux automorphes
avec leur auréole de radioactivité typique (FigB36l'apatite se présente en baguettes ou en
minéraux trapus (Fig. 36A, Fig. 36D), tandis que lexydes de fer, probablement de la
magnétite ou de la pyrite, sont automorphes et sesal(2) Des inclusions formées de
silicates non ferriféres, quartz et FK, se dispasarire les clivages de la biotite. Le quartz se
présente sous forme de baguettes tandis que lesoRKen lentilles (Fig. 37 et 41). Le quartz
semble provenir d’'une altération de la biotite diliére les cations et laisse sur place la
silice, tandis que le FK semble avoir cristalligétre les feuillets de la biotite a partir d’'un
fluide alcalin. On note aussi la présence de miogrplus exotiques tels que I'euxinite-
polycrase connus dans les séries REE du magmatiSmet1H).

Les amphibolessont présentes dans les granitoides de Ktodzky-&iok (KZS) mais
absentes a Szklarska Rbe (SP). Elles apparaissent comme des hornblendegatres,
automorphes, maclées ou non avec des macles desb@drl(Fig. 38A) ou des macles
multiples (Fig. 38B). Ces amphiboles forment néansmdes agrégats xénomorphes avec la
biotite (Fig. 38C) et comportent parfois des inatuns de zircon, d’apatite et d’oxyde de fer.

Les chlorites apparaissent dans les faciés clairajs sont plus abondantes dans les
faciés rouges, jusqu’a devenir l'unique minéralréanagnésien dans les facies les plus
rouges. Dans les facies clairs, la chlorite estl@sivement associée a la biotite et jamais aux
amphiboles. La chlorite se développe le long désageés de la biotite, dont certaines
paraissent beaucoup moins sensibles que d’auttahloritisation qui se limite dans ce cas
aux bordures de la biotite (Fig. 39). La teneurahniorite augmente de l'intérieur des blocs
clairs vers les plans de fracture rouge.

Dans lesfacies rougesla chlorite est le minéral ferromagnésiens prégénant, elle
se développe par chloritisation des biotites et degphiboles, mais accessoirement aussi
dans les microfractures et pores. Les biotites gmasque entiérement chloritisées dans les
facies rouges. La chlorite apparait verte en lumiératurelle, et montre une réfringence
violette en lumiére polarisée. Le stade initial rempond au développement de la chlorite sur
les bordures de la biotite, tandis que dans le stedplus avance, seules demeurent quelques
reliques de biotite brune au sein de la chloriteig( 40A, Fig. 40B). De I'hématite et quelque
fois da la pyrite sont disposés le long des cligages biotites chloritisées. L’hématite
formant soit des granules, soit des plaquettesorig des feuillets de biotite. Les relations
géométriques entre biotite, hématite et chloritegamgnt que ces hématites se sont formées
dans une stade précose d’altération, des l'inibatde la chloritisation. Titanite et rutile sont
également associés aux biotite chloritisées (Fi. € paraissent absents des biotites non
altérées(Fig. 41) et correspondraient a la libécatidu Ti contenu dans les biotites.

Les amphiboles apparaissent moins sensibles a laritigation, elles ne sont pas
altérées dans les facies clairs et sont souvensgm€es en reliques au sein des biotites
chloritisées (Fig. 40D et Fig. 40E). La chloritesige de I'altération des amphiboles présente
les mémes caractéristiques pétrographiques que petlvenant des biotites.

Des chlorites automorphes vertes se développealdo®ent dans des pores et des
fractures. L’occurrence la plus spectaculaire estémplacement d’un minéral primaire par
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de larges cristaux hexagonaux de chlorite et d'ggté vermiculaires et associé a de
I'hématite (Fig. 40F). L'occurrence de chloritestamorphes montre qu’elle a précipité a
partir de fluides.

LA SERICITE

La séricite se présente sous forme de cristauxesttidts birefringents associés aux
plagioclases et rarement aux FK. Elle apparait eailfets fins et trés peu développés dans
les facies granitiques (SP) (Fig. 42A, Fig. 42B) et grands feuillets au cceur des
plagioclases primaires (dont la bordure albitiquest epréservée) dans les faciées
granodioritiques de Laski et de Chwalistaw (Fig)4Bans les deux cas, les macles du
plagioclase primaire sont oblitérées, voire effacéeaduisant une recristallisation du
plagioclase. Aussi, la formation de séricite au cahw plagioclase est clairement liée a la
déstabilisation de I'anorthite. La séricite est plabondante dans les faciés clairs que dans
les rouges, cependant sa distribution au sein aeig$ rouges est moins évidente.

LES MINERAUX CALCIQUES

La prehnite apparait soit sous forme d’agrégats de cristauxsain de plagioclases,
en cristaux en éventail dans des joints intergraimek de plagioclases et dans les clivages
des biotiteset enfin dans fes fractures, indifféyenix minéraux des épontes. La prehnite en
agrégats apparait sans orientation particuliére dale coeur des plagioclases dont les
bordures sont dépourvues de prehnite (Fig. 44A, #4dB). La prehnite y est associée a de la
séricite et a de fin grains d’albite qui préservées clivages originel du plagioclase altéré.
Cet habitus est celui communément décrit dans legiqelases saussuritisés (Pliumper and
Putnis, 2009, Sandstrom et al., 2010). Les cristadiiduels de prehnite a I'extérieur des
cristaux de plagioclase (Fig. 44C) ou les long diggages des biotites faiblement chloritisées
(Fig. 45). Cette disposition montre de facon indlibies qu’ils ont cristalllisé a partir de
solutions. Les veines de prehnite recoupent ledspaths-K, les plagioclases et les
amphiboles sansque ceux-ci soient altérés (Fig, #6A 46B).

La prehnite en agrégats dans les plagioclases &s fréquente a l'intérieur des
blocs, tandis gqu’elle est moins abondante et plstids forme de veines au voisinage des
fractures. La distribution spatiale de la séricgede la prehnite traduitvraisemblablement un
gradient géochimique des fractures vers l'intérigl@s blocs. Elles semblent favorisées dans
les zones confinées éloignées des fractures.

La calcite apparait uniguement dans les faciés rouges et uahans les facies clairs.
La calcite est le plus souvent dispersée et deildision hétérogene au sein des facies
rouges, néanmoins elle forme aussi des veinesegoupent les minéraux. La calcite forme
des cristaux automorphes dans les veines et lessp@Fig. 47A, Fig. 47B) ainsi qu’entre les
clivages de la biotite chloritisé (Fig. 47F). Sa lmescence est brun foncé, typique de la
dolomite et/ou des calcites ferriféres, prés demés des veines et orange vif caractéristique
de la calcite vers le centre des veines. La cllis&tion de ces calcite automorphes apparait
liée a des fluides enrichis en Ca et en,CO

D’autre part, de petites calcites dispersées samntgptibles au coeur des plagioclases
rouges/albitisés dont les bordures ne montrent aecataicite (Fig. 47D). Cette disposition
indique que cette calcite est cogénétique de Kigliion des plagioclases qui libere du
calcium. Une partie du Ca peut aussi provenir deh#oritisation des amphiboles.

L’apatite apparait a la fois dans les facies clairs et dassfacies rouges, elle semble
néanmoins plus abondante dans les facies rougemséiment chloritisés. Elle forme des
inclusions sans orientation particuliere, soit pesi et nombreuses (Fig. 48B) ou plus grandes
et automorphes (Fig. 48C). Il semble que les apatioient en partie formées et/ou nourries
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lors de l'altération des biotites, éventuellmenssiudes amphiboles. Le fait que ces apatites
puissent étre néogeniques ou nourries semble coafau MEB par les images en électron
rétrodiffusés (BSE) qui montrent des auréoles @etrén concenriques autour des apatites
dans les biotites chloritisées des facies rougés. éOE).

LES MINERAUX FERRIFERES

L’hématite, la pyrite et la maghémite sont les pipaux minéraux du fer
apparaissant dans les faciés rouges. Ces minéranixéte caractérisés au microscope
optique, en lumiére réfléchie et par démagnétisatiiermique, cette derniére permettant de
pallier a la difficulté de détecter les oxydes dedn faible quantité par difraction des rayons
X. L’hématite est le plus abondant dans les faldé9lus rouges et le long des fractures, la
maghémite dans les facies a I'écart des fractuk@spyrite quant a elle ne montre aucune
distribution particuliére.

Les pyrites apparaissent comme de grands cristaux automorgf@s200 um), de
formes hexagonales en connexion avec des minéraiiues. Certaines pyrites sont
partiellement altérées montrant de I'hématite seurk bordures et un coeur de pyrite
(Fig. 50B), tandis que d’autres correspondant & d@aplissages de microfractures dans des
minéraux xénomorphes (Fig. 50E). La pyrite formesauwles lentilles allongées le long des
clivages des biotites chloritisées (Fig. 51). Lekations entre pyrite et hématite montrent que
I'héatite s’est formée par oxydation (liée a ddtEaation météorique).

L’hématite apparait soit sous forme de (1) pigments; ou d¥ dranules et
microcristaux individualisés, ou (3) de cristauxbsautomorphes. L’hématite en pigments
colore toutes les occurrences d’albite secondakéey.(52A).. L’hématite en pigment est
directement liée a l'albitisation des plagioclasstsdes FK et ne montre aucun lien avec les
microfractures, ni avec les vides. Elle apparaigéoétique de I'albite secondaire.

Des granules et microcristaux d’hématite apparamsdans des microfractures et des
joints intragranulaires et souvent en associatiore@ de la chlorite. Mais si hématite et
chlorite sont souvent associés spatialement, leelaions mutuelles ne sont pas toujours
évidentes (Fig. 52A et B). Les fractures a rematissd’hématite sont toujours en connexion
avec des biotites ou des amphiboles chloritiséedapts aucun cas il n‘apparait de liaison
entre les fractures délimitants les blocs et urdgdience plus grande de veines a hématite.
Localement, les hématites en veine forment desagxksprismatiques subautomorphes en
lumiere réfléchie (Fig. 52C) qui dans ce cas réuiitprobablement de précipitations ou
recristallisations sous I'effet de fluides.

Enfin, de grands cristaux d’hématite sont dispodéas les clivages des biotites
chloritisées (Fig. 52D et E) et souvent des leggillle quartz y sont associées.

La maghémiteest moins fréquente que 'hématite mais elle ser@dtoe liée aux facies
les moins altérés/oxydés. Son occurrence n'a pa&tneucaractérisée au microscope optique,
ni en lumiere réfléchie mais uniquement par la dgnégisation thermique.

Conclusion

La distribution de la pigmentation rouge montre uredation étroite entre les
minéraux primaire et secondaire. Les faciés rougesit caractérisés par de lalbite
secondaire, I’hématite et la chlorite tandis que Racies clairs sont caractérisés par des
minéraux primaires tels que les plagioclases, legites et les amphiboles mais aussi des
minéraux d’altération formant des agrégats de pirehalbite-séricite. Les plagioclases, les
amphiboles et les biotites montrent une évolutimygessive des faciés clairs vers les plans
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de fracture rouge qui recoupent la roche. Les patgises disparaissent en faveur de I'albite,
tandis que les biotites et les amphiboles sont lecées par la chlorite (Fig. 53).

L’altération la plus marquante dans les facies resigest l'albitisation entiere ou
totale des plagioclases, avec parfois la préseorat’auréoles ou de zones irréguliéres faites
de plagioclases clairs au sein de l'albite seconelai’albite secondaire est non-maclée,
pigmentée par de I'hématite et associée parfoisealal séricite et a de la calcite. La
disparition des macles primaires du plagioclase eaurs de [I'albitisation différencie
clairement celle-ci de la saussuritisation au codeslaquelle ces macles sont préservées.

D’autre part, 'hématite apparait indubitablemeramame cogénétique de l'albite. En
particulier il est exclu que I'hématite ai pu prpiter tardivement dans des micro-pores au
sein de l'albite secondaire: dans ce cas on efaltait a voir des microfractures a
hématitequi n'ont en fait pas été observées daadames. Les seules fractures a hématites
sont locales et toujours en relation avec des naingiferromagnésiens chloritisés. Dans cette
perspective I'hématite apparait cogénétique deblial secondaire, ce qui signifie que
I'albitisation s’est faite dans des conditions oxmtis.

L'albitisation des plagioclases et des feldspathstapsiques est associée a la
chloritisation des amphiboles et des biotites. Gieds biotites chloritisées montrent des
lentilles de titanite, de feldspath-K et de pyiitsgrées entre les clivages, ellescorrespondent
au lessivage de Ti, K, Si et Fe lors de la chlsation. De méme, les amphiboles chloritisées
montrent des lentilles de calcites le long de lelivage et qui résultent directement du
relargage de Ca lors de la chloritisation des anfquiiés.

La balance géochimique entre pigments hématitenletriisation des biotites et des
amphiboles mériterait d’étre quantifiée.

62



CHAPTER 6
6 PETROGRAPHY

Petrographical investigations allow to precise theneralogical changes and to
underline the geometrical relationships between mlnghases which are of prime
importance to reconstruct the alteration sequeaoelsto define the mass balance of these
alteration processes.

6.1 PLAGIOCLASES

6.1.1 Plagioclases within the light/unstained facies

Plagioclases (Ab45 - An55) are the most abundaldispars in all light/unstained
facies. They generally appear as white, eitherelagghedral crystals reaching 0.5-1.5 cm
(Fig. 24A) or as smaller euhedral inclusions witKiffieldspars phenocrysts, in particular in
the Chwalistaw area and at SzklarskagBarquarry.

Both larger and smaller plagioclases globally emeegher as zoned crystals or
crystals with typical albite polysynthetic twinnm@Fig. 24, Fig. 25). Nevertheless, they often
occur as crystals with both features, i.e. zonimgl @awinning. Thus, their habits and
characteristics appear as related to the dispos#iuharrangement of the twinning versus
zoning.

Some of the plagioclases are exclusively zoned vaititdbut twinnings. Even when
some twinnings exist, these are limited to the retieedge of the crystals (Fig. 25A). The
zoning is characterized by the propagation of tktenetion (dark tint) from the core of the
crystal toward its rim. Some zonings are continugugh a regular propagation of the
extinction from the core towards the rim. This egtion propagation from plagioclases core
toward their rim corresponds to a lowering of th@aZ content and an increase in their'Na
content. Others zonings are discontinuous, showsaglating extinction between the core of
the crystal towards the rim. Thus, the crystal appevith recurrent concentric dark rings
(Fig. 24D). The oscillating extinction corresportdsa recurrent inversion in the lowering
direction of their Ca2 content (Roubault et al., 1963). Oscillatory zoméagioclases have
compositions varying between alternately more oss lealbitic zones (Turner and
Verhoogen, 1980). The oscillatory zoning in platase is generally attributed to magmatic
pulses or magma mixing as it has been describatetail in the Szklarska Pgra Massif
(Staby and Matrtin, 2008).

Other plagioclases are entirely (Fig 24B) or pdytiwinned (Fig. 24C, Fig. 25B).
Two kinds of partial twinning were observed: (1) staninned zones occur within the twinned
plagioclases (Fig. 24B). Twinned and non-twinnedemohave the same optical orientation,
testifying that they are part of a single crystiloreover, non-twinned zones show a
compositional zoning. (2) Twinnings develop througihthe plagioclase crystal except to the
external aureole which remains non-twinned (FigcR5Most of the twinning appears as
continuous, either with a uniform width along thgstals or with a narrowing width along
some crystals. However, some of them appear ardisaous or even interrupted by
inclusions.

Primary twinning in plagioclase depends on the tatygrowth velocity during the
magmatic cooling, rapid growth favours polysyntbétvinning formation while slow growth
minimizes twinning formation (Brueger., 1945; Vanc&961). Multiple cores (without
twinning; Fig. 25B) in plagioclases may corresptodhe result of coalescent growth where
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these cores are visible in the same crystals (VJabh@87) or due to resorption-regrowth
textures during mixing of felsic and mafic magméely in the Szklarska Pgba Massif
(Staby et al., 2002; Staby and Martin, 2008).
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Figure 24 — Plagioclase occurrence within the lighinstained granitoid rocks from the Klodzko Zioty-
Stok massif. (A) and (B) Primary white and non-alteed plagioclase crystal. The plagioclase is entingl
twinned (polysynthetic parallel twinning), however sericite appears in an area at its edge. (A) Plane
polarized. (B) Cross polarized; (LAR77, Laski vallg). (C) Two partially twinned plagioclase crystals.The
biggest (on the left of the pictures) show a non-twned and a twinned area. The twinnings appear as
discontinuous. The smallest (upper right corner) sbw non-twinned and twinned zones and the twinning
directions are perpendicular; cross polarized; (WLB, Chwalistaw valley). (D) Plagioclase showing dark
concentric extinction rings and biotite inclusions; cross polarized; (WL18, Chwalistaw valley); plgl:
plagioclase; btel: biotite; ampl: amphibole; gtzlguartz; serl: sericite.
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Figure 24 — Plagioclases dans les granitoides deida clairs du massif de Klodzko Zioty-Stok. (A) (&)
plagioclase primaire non altéré. Le plagioclase esttierement maclé (macles polysynthétiques patafi
cependant quelques séricites sont visibles sur €umles bordures du cristal. (A)_lumiére naturelle.
(B)_lumiére polarisée. (LAR77_vallée de Laski). (Deux plagioclases partiellement maclés. Le plusmgp
(sur la gauche de I'image) montre a la fois des esrmaclées et non maclées. Les macles sont disuoesi
Le plus petit (coin droit de I'image) montre ausdes zones maclées et non maclées et les maclesrsémie
perpendiculaires. Lumiéere polarisée. (WL18 vallée €hwalistaw). (D) Plagioclase montrant des auréole
d’extinction sombres et concentriques et des inaus de biotite. Lumiére polarisée. (WL18 vallée de
Chwalistaw). plgl: plagioclase; btel: biotite; ampdmphibole; qtz1: quartz; serl: séricite

Few chemical compositions of the primary plagioetaare available in the litterature,
especially in the Szklarska Rba Massif (Staby et al., 2002; Staby and Martif)&@0 They
show that plagioclase composition of the SzklarBk&ba microgranite (equigranular) are
variable (Table 2).
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Table 2 - Chemical composition and calculated struaral formulae of plagioclases from the equigranula
granite (pgranite) in the Szklarska Pogba Huta quarry (from Staby and Martin, 2008).

Tableau 2 - Compositions chimiques et formules sfiurales calculées de plagioclases du microgrardte la
carriéere de Szklarska Pgba Huta (extrait de Staby and Martin, 2008).

SIO; AlbO; CaO BaO Ng©O KO z Ab An Or

EQUI-1 6197 23.13 5.12 0.05 851 0.60 99.38 7254 2411 3.35
EQUI-12 67.37 20.26 1.06 0.04 10.990.19 99.91 93.96 5.03 1.01

The CL characteristics of the primary plagioclafgem the unstained facies generally
exhibit a yellow-green to pale yellow luminescendgpical of igneous plagioclases
(Leichman et al., 2003).

Furthermore, the CL images highlight the geomeitrfeatures of the plagioclases
such as twinnings and zoning. The luminescencehef grimary plagioclases varies in
intensity from their core towards their rim (Fig)2 This luminescence intensity variation is
in agreement with the chemical composition charfges their C&*-rich core towards their
Na'-rich rim. Mora and Ramseyer (1992) suggest thdioweluminescence intensity in
plagioclase appears as related to the Na/Ca ratim fcalcic-rich plagioclase to an
intermediate plagioclase. Chemical changes in sipihgioclases, such as zoning, may be
underlined by alternation of pale yellow to yelloiwgs (Fig. 26B) or even large isochemical
zones (Fig. 26D). Plagioclases also contain smialité flakes (Fig. 24D) and sericite as
inclusions (Fig. 26B, Fig. 25C).

O’
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Figure 25 - Sketch of primary plagioclases from theKtodzko Ztoty-Stok massif. (A) Zoned plagioclases
with polysynthetic twinning on its edges (LSA30, Laki quarry). (B) Twinned plagioclase with zoned and
non-twinned areas (LSA31, Laski quarry). (C) Plagiclase showing a non-twinned aureole/rim; sericite
develops in the core of the plagioclase on the lefflgl: primary plagioclase, btel: primary biotite, qtz1A:
large quartz crystals, qtz1B: small quartz crystals hbd1: primary hornblende, serl: primary sericite.

Figure 25 — Schéma de plagioclases primaires damsriassif de Klodzko Ztoty-Stok. (A) Plagioclasesé&®
montrant des macles polysynthétiques limitées absadure (LSA 30_carriere de Laski). (B) Plagioclase
maclés avec a la fois des domaines zonés et noréadtSA 31_carriére de Laski). (C) Plagioclase ntiamt
une auréole non maclée. La séricite se développeceeur du plagioclase sur la gauche (CHS 5 vallée de
Chwalistaw). Plgl: plagioclase primaire, btel: bi@ primaire, qtz1A: larges cristaux de quartz, §j& petits
cristaux de quartz, hbd1: hornblende primaire, sercricite.
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Figure 26 - Cathodoluminescence (CL) images of the@rimary plagioclases (A) and (B) Primary
plagioclase partially twinned. CL image of this plgioclases show a yellow core and a pale-yellow rim.
Twinnings are not distinguishable here, but CL alsoreveals that the crystals are zoned; (A) cross
polarized. (B) CL image (LARG65, Laski valley). (C)Plagioclase crystals within the K-feldspars showing
regular zoning characterized by pale-yellow rims ad yellow luminescence in their cores; CL image;
(LAR77, Laski valley). (D) Plagioclase exhibiting gllow to pale-yellow domains from the core towardghe
rims suggesting also oscillating zoning; CL imaggLARS57, Laski valley). Plgl: primary plagioclase, K1:
primary K feldspar.

Figure 26 — Images en cathodoluminescence (CL) dagioclases primaires. (A) et (B) Plagioclase prima
partiellement maclé. En CL, ce plagioclase montra aceur jaune et une bordure jaune pale. Les maabes
sont pas distinguables mais les images en CL révetpue le plagioclase est zoné. (A)_lumiéere poléds
(B)_images de CL. (LAR 65_vallée de Laski). (C)<$Faiux de plagioclases au sein de feldspaths potpsEs et
montrant une zonation réguliere caractérisée parsdeordures jaune pale et un cceur jaune. Image en.CL
(LAR77_vallée de Laski). (D) Plagioclase montraresildomaines a luminescence jaune et jaune pale @epu
le coeur vers la bordure et qui dénote d’une zooatoscillante. Image en CL. (LAR57_vallée de Lasi)gl:
plagioclase primaire, fK1: feldspath potassique ipiire.

6.1.2 Albite of the reddened facies

Throughout the studied facies, altered plagiockds®v specific microscopic features
in relation with the type of reddening and withitiiextural relationship with the fractures.

Most of the plagioclases from the pervasive redddaeies (Laski village) and from
fracture walls are entirely stained (Fig 27A), Bame of them show chessboard like features
characterized by reddened patches together witit [idpgioclase (Fig. 27B). Plagioclases
from the pinkish and less intensively reddened gghelfway from fracture walls or in the
spotted zone) are partially reddened (Fig. 27Cjaab, they appear together within the same
crystal light primary plagioclase and pinkish akt®td zones.
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Figure 27 - Albitized plagioclase in the reddenedaties. (A) plagioclase entirely reddened and albi#ted
from pervasive reddened facies. Hematite appears gggment within the secondary albite and also as
granules within the microfractures; plane polarized (WL93, Laski village) . (B) Plagioclase from
pervasive reddened facies showing scattered albitid/reddened areas and light areas. The reddened zm
are composed of albite and hematite while the lightreas are made of plagioclase. Microfractures are
stained with hematite, contributing to the red coleation. Some of these microfractures even show
hematite as dark granules and red vicinities; planepolarized; (WL97, Laski village). (C) Light pink
albitized plagioclase away from the reddened fracte walls. Remnant primary plagioclase are light (pj1)
surrounded by secondary pinkish albite that develop from the crystal rim and in favour of
microfractures; plane polarized; (WL71b, Laski quarry).

Figure 27 — Plagioclases albitisés dans les faciésiges. (A) Plagioclases entierement rougies etit&@bs
issus des facies pervasivement rouges. L’hématippaaait sous forme de pigments au sein de l‘albite
secondaire mais aussi sous forme de granules am skeis microfractures. Lumiére naturelle. (WL 93 _kage
de Laski). (B) Plagioclases issus des facies pdfsamuges montrant a la fois des zones rouges/idiies et
des zones claires. Les faciés rouges sont congtitliélbite et d’hématite tandis les zones clairessfaites de
plagioclase et dépourvues d’hématite. Les microftaes sont pigmentées d’hématite, contribuant a la
coloration globale des roches. Certaines de cesrafractures montrent méme de I'hématite sombre mais
aussi des bordures rouges. Lumiére polarisée. (WLdlfage de Laski). (C) Plagioclase rose clair dibé issu
de zones éloignées des fractures rouges. Les reliqde plagioclase primaire (plgl) demeurant clagsnt
environnées par l'albite secondaire rose dévelopme la bordure du cristal et cela a la faveur des
microfractures. Lumiere naturelle. (WL71b_carrierde Laski).

EDS mapsobtained on the partially reddened/altered pldgs®s in the SEM allow
to precise the composition of reddened zones witlagioclase crystals and allow to
establish if they are actually albitized or nottrBehemical calculations on EDS maps help to
highlight zones using a specific color code in tiefa with their chemical composition
(Fig. 28). The emphasis has been put on determimonges composed of pure sodium,
potassium, and calcium within the plagioclases.
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Figure 28 — Combined BSE image and elemental disbution map of the reddened/altered zone within a
plagioclase crystal. (A) Altered plagioclase in theenter of the picture showing white unaltered zoreeand

a dark reddened/altered zone; BSE image. (B) Plagitase almost entirely reddened/altered. The
reddened/altered zones show yellow colour composeof albite stained with tiny reddened dots

corresponding to sericite. Relics of primary plagiclase appear as mauve; EDS mapping image. (C)
Weakly reddened/altered plagioclase, showing moreelics of plagioclases in mauve, while albite and
sericite are composed of the reddened/altered zonEDS image (WL145, Chwalistaw mountain). Phases
appearing as green are Fe-Mg minerals (chlorite, aphibole) while large red minerals showing tiny

scattered yellow dots are K-feldspars with tiny allie inclusions.

Figure 28 — Image en BSE et cartes élémentairesraiuzone altérée/rougie au sein d'un plagioclase)) (A
Plagioclases altérés dans le centre de Iimage mant des zones non altérées en blanc et des zones
rouges/altérées sombres. Image en BSE. (B) Plagises presqu’entierement rouges/altérés. Les zones
rouges/altérées montrent une coloration jaune corspes d’albite, et pigmentées de petits points reuge
correspondent a des séricites. Les reliques de iplelgses sont mauves. Images en EDS. (C) Plagiazlas
faiblement rougi/altéré montrant plus de reliques clagioclases en mauve, tandis que la zone altérse
composée d'albite et de séricite. Image en EDS. (M4 Montagne de Chwalistaw). Les minéraux
apparaissant en vert sont des ferromagnésiens (gtdp amphibole), tandis que les grands minérauxuges
montrant des petits points jaunes sont des feldbpaiotassiques avec des inclusions d’albite.
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Reddened/altered zones within plagioclase appegelasv and stuffed with several
tiny red dots while the primary plagioclase is maiig. 28B & 28C). This shows that the
reddened/altered zones within plagioclase are ceagof 100% Nacorresponding to albite
and tiny minerals composed of 100% fatching with sericite. This clearly indicatestttiee
reddened/altered zones of plagioclases are althitize

In the meantime, it appears that large red minetal$ed with yellow dots correspond
to K-feldspars. This suggests that the K-feldspaiesnot pure but that they are composed of
minute albite probably perthites. This may be cdexsd from the study of the probable
albitization of the reddened K-feldspars.

The reddened plagioclases are clearly albitizedthitways the albitization process
and the microfabrics inherited from the primarygotelase proceed should be precised. This
will be underlined by CL images which provide udefantrasts between the albitized zones
and the unaltered zones within plagioclases.

Cathodoluminescence (CL) allows to precise the microfabrics related ttoe
plagioclase albitization. Such microfabrics aretbasible in partly albitized plagioclase
crystals that occur in intermediate pink and spbfteies. Dark or light luminescence in the
feldspars is documented which is characteristipaetvely for the neogenic low-temperature
feldspars (Kastner and Siever, 1979; Ramseyer.,1992; Leichman et al., 2003) or for the
primary igneous feldspars (Leichman et al., 2008refore, CL images are a useful tool to
highlight the contrast between the primary plagisel and the secondary albite and to allow
the determination of the geometrical relationshipveen reddened and unaltered zones.

When using CL microscopy, the reddened albitizede®z show dark luminescence
whereas the light unaltered plagioclases exhibitight yellow-green luminescence (Fig. 29).
Often, plagioclase crystals show a dark lumineseeocre corresponding to neogenic
low-temperature albite, surrounded by an aureateaneing bright, characteristic of primary
igneous palagioclase (Fig. 29A). In detail, platase albitization processes through a
network of hair-thin micro-fractures (Fig. 29B, 2829D).

Twinned plagioclases often match with the altenwatdark non-luminescent and
bright luminescent twinning lamellae (Fig. 29C & 29Dn this case, albitization develops
preferentially along some of the twinning lathsriolminescent albitized microfractures are
particularly well expressed and visible in the wmity of the dark luminescent twinnings and
patches.

CL contrasts show that micro-fractures as well @ twinnings are preferential
pathways favouring the albitization process. Theifiages also show that the albitization is
related to all type of structural defects within timeinerals. It seems that specific
crystallographic orientations favour the ionic exulpes via solution that are needed to alter
the Ca-bearing plagioclase into albite. This maylb&o the spatial arrangement of the atoms
in the crystal framework or to preferential fraetiion along specific crystallographic
orientations with regard to the tectonic stresses.
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Figure 29 - CL petrographic image of albitized plagpclases (A) plagioclase with a non-luminescent
albitized core and yellow luminescent rim, (ZLR 2_ZotyStok-Kopciowa Mountain). (B) Plagioclase
albitization adjacent to a micro-fracture, (LAR 78 east of Laski valley). (C) Albitization along twinring
and micro-fractures (SPR 1C, Szklarska Pogba quarry). (D) Albitization exclusively expressedalong the
major twinning features. The albitized-twinnings are interconnected by many micro-fractures (SPR1b,
Szklarska Porgba quarry). fK1: primary K-feldspar; plgl: primary plagioclase; ab2: untwined secondary
albite.

Figure 29 — Pétrographie en cathodoluminescence ¢sgioclases albitisés. (A) Plagioclase avec unucce
non luminescent albitisé et une bordure luminescen¢ZLR 2_ZlotyStok-Montagne de Kopciowa). (B)
Albitisation d’'un plagioclase au voisinage d'une dcture (LAR 78_A l'est de la vallée de Laski). (C)
Albitisation selon les macles et les microfractur€SPR 1C_carriere de Szklarska Rtwa). (D) Albitisation
exclusivement le long des macles majeures. Les emevec albitisation sont reliées par des microftaes
(SPR 1b_carriere de Szklarska Rtma). fK1 : feldspath potassique primaire ; plgl lagioclase primaire ;
ab2 : albite secondaire non maclée.
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Figure 30 — Sketches of albitized red/pinkish plagiclase patterns. (A) Albitized plagioclase in theiginity
of two microfractures. The reddened zones are comped of secondary albite and hematite while the rest
of the crystal remains of clear and twinned labraddte. The primary twinnings disappear towards the
reddened area (WL95, Laski village). (B) Albitizedplagioclase showing irregular limits between the
albitized area and the non-albitized zone. The plagclase shows a preserved core area and rim; howeve
an albitized ring developed between the primary aueole and the core (WL80, Laski valley). (C) Albitied
plagioclase showing a non-twinned primary rim. Theprimary aureole is non-twinned but shows extinction
pattern of zoned plagioclase while the non-twinnedlbitized core does not show any zoning. The redded
albitized contains sericite in addition to albite &d hematite (WL71b, Laski quarry).
(D) Albitized plagioclase showing a primary twinnedalbite rim. The core appears as non-twinned and
composed of secondary albite and hematite. Some ohites inherited from biotite are also visible within
the albitized plagioclase (WL100, Laski village). lg1: primary plagioclase; abl: primary albite; qtz1A:
large euhedral quartz, gtz1B: small anhedral quartz ab2: untwined secondary albite, hem2a: pigmentary
hematite, hem2b: dark hematite granules. amphlb: paially chloritized amphibole.

Figure 30 — Schéma de plagioclases albitisés rougees. (A) Plagioclase albitisé le long de deux
microfractures. Les zones rougies en bordure desnofractures sont constituées d’'albite secondaitendis
que le reste du cristal demeure clair, non altérécerrespond a de la labradorite. Les macles dugitelase
disparaissent au niveau de la zone rougie. (WL 98age de Laski). (B) Plagioclase albitisé montranhe
limite irréguliére entre la zone albitisée et la m® non albitisée. Le plagioclase présente un ccetiuee
bordure préservé, avec une zone intermédiaire &bié (WL 80_vallée de Laski). (C) Plagioclase affgitavec
auréole albitique non maclée. L'auréole primaireteson maclée et montre une extinction caractéristede
plagioclase zoné, tandis que le coeur non maclé kitisé ne montre aucune zonation. La zone rougie
albitisée contient de la séricite en plus de I'atbiet de I'hématite (WL 71b_carriere de Laski). (B)agioclase
albitisé montrant une bordure primaire maclée. Leetir du plagioclase non maclé est composé d’albite
secondaire et d’hématite. Des biotites chloritisésmnt aussi visibles au sein du plagioclase all@ti@VL
100_village de Laski). Plgl: plagioclase primairabl: albite primaire; qtz1A: larges cristaux autormhes de
quartz, qtz1B: petits cristaux xénomorphes de quaeb?2: albite secondaire non-maclée , hem?2a: héiteatn
pigment , hem2b: hématite noir en granules. amphldamphibole partiellement chloritisée. chl2a : chite
issu de biotite.
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6.1.3 Development of the albitization
The spatial arrangements of the albitized/reddemedes within the primary

plagioclases give information how the albitizatidavelops. Most arrangements are either
relative to the pathways of the solutions that eatise alterations or relatives to the
composition of the primary plagioclases.

1)

2)

3)

Development of the reddening/albitization along timécrofractures is the most
common pattern (Fig. 30A). Limits between the prynplagioclase zones and the
secondary albite appear as irregular and interpeeelt Albitized zones are patchy,
amoeboid, and without any specific relationshiphi® crystallographic structure of the
primary plagioclase. Nevertheless, sometimes a#iibn shows development of
plagioclase along the cleavages, but in this cdse dleavages act just like
microfractures that favour albitization.

Often albitization develops from the outer rim bétplagioclase crystals towards the
central part of the crystal, which may remain weraldl (Fig. 30B). In this case we can
consider that the peripheral crystal junctionslizety microfractures.

Preferential albitization of the core of the primagilagioclase happens frequently.
There are two different kinds of features: Eithles albitized core is of irregular shape
and often contains scattered tinny sericite crggfailg. 30C). Here albitization clearly
affects the Ca-rich core of the primary plagioclasd was furthermore sericitized by
an early alteration. The albitized core may be muoubre homogeneous and the
non-albitized rim is of regular shape and thickn@sg. 30D). This later arrangement
relays on a zoned primary plagioclase which has leeérely albitized, except for the
outer rim which already had a primary compositiomlbite.

Crystallographic relations between primary plagsel and secondary albite can be

specified by the respective crystallographic oaéons in primary and secondary crystals and

twins.

1)

2)

The secondary and hematite-stained albite does rsé&na®v any polysynthetic twins.
It appears that the primary twinnings are erasethduhe albitization. This points out
that the secondary albite results from the rechyztion of the primary plagioclase
and not only from a "simple" cation exchange. Nthaless, optical extinction of the
secondary albite fits always with the orientationtloé widest twinning laths of the
primary plagioclase. This means that the recrystdlbn follows the orientation of the
widest twinning laths that appear as a prefereotigntation. When twinned primary
plagioclase crystals show two domains in which fingt twinning orientation is
dominant and a second where the second twinningn@ation is dominant. The
resulting secondary albite shows also two domaitis eistinct extinctions according
to the dominant twinning orientation in the plagases (Fig. 30D).

Besides, when the albitized zones are amoeboidalthidzed plagioclase crystals
show blocky extinction of the albitized zone wherélae primary plagioclase appears
luminescent. Often, several different orientatiarfsthe secondary albite can be
observed within the primary plagioclase. This agement points out that secondary
albite develops without any relationship with regpdo the crystallographic
orientation of the primary plagioclase. Such blo@kstinction has been reported as
typical textures of diagenetic albitization in asko sandstones (Walker, 1984;
Gold, 1985).

Lastly, there are several different kinds of mutoskntation of primary plagioclase and
secondary albite. On the other hand, albitizatiod Aematite staining are always strictly
bound together, there has never been observedisargpancy between the two phenomena,
pointing out that both develop together. If thisulbnot be the case, secondary albite would
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have been observed without any hematite-stainingoanglaces where hematite would
develop within non-albitized plagioclases.

6.2 K-FELDSPARS

6.2.1 K-feldspar in the unstained facies

Orthoclase appears as a frequent mineral phas#é studied facies except for the
lamprophyres where orthhoclases are totally ab3dmy occur as white individual euhedral
crystals (Fig. 31) generally of smaller size thaagpmclases in all the light/unstained facies
except in Chwalistaw area and the SzklarskaBaoguarry. In the latter sites, they often form
phenocryst (>1cm) that contain many plagioclaselaoiite inclusions.

K-feldspars may appear as non-twinned or twinngdtats (Fig. 31B, Fig. 31D). Two
types of twinning are visible in the primary K-fetdss. Most of the K-feldspars exhibit
Carlsbad twinning characteristic of orthoclase (BiyD). This is in agreement with the XRD
results that identified orthoclase as the uniquieldspar phase in the light/unstained facies.
Published chemical analyses of the K-feldspars filmenSzklarska Peba microgranite facies
show that they correspond to a solid solution betwda and K (Staby et al., 2002; Staby and
Martin, 2008). They have apparently a steady coitipascorresponding to about 8% of
albite and 92% of K-feldspar, and additionally anariamount of Ca, likely than most of the
high (Table 3).

Table 3 - Chemical composition and calculated straaral formulae of K-feldspars from the equigranular
granite (ugranite) of the Szklarska Pogba Huta quarry (from Staby and Martin, 2008).

Tableau 3 - Compositions chimiques et formules stiurales calculées de feldspaths-K du microgranite la
carriere de Szklarska Pgba Huta (extrait de Staby and Martin, 2008).

SIO; AlbO; CaO BaO Ng©O KO ) Ab An Or

EQUI-1 | 63.30 19.48 0.02 0.23 0.89 14.5898.5 8.33 0.10 91.57
EQUI-12| 64.75 18.22 0.03 0.03 0.92 15.429.37 8.33 0.10 91.57

Nevertheless, some few K-feldspars from the SzkiaPoeba quarry granite and the
Laski valley granite that were analyzed under thpgical microscope show tartan or
crosshatched twinning typical for microcline (F8J.B & Fig. 31C). The tartan twinnings are
localized within these K-feldspars and do not ogcilye entire crystals (Fig. 31B &Fig. 31C).
Tartan twinning development may be produced duttiregmagmatic cooling when the prime
monoclinic K-feldspars (sanidine, orthoclase) itsénto triclinic microcline (Winter, 2001).

Twinned orthoclases also show microperthites othges (Fig. 31D). These features
correspond to exsolution during magmatic coolingha orthoclase (mixed Na-K crystals)
into two feldspars phases: Na-rich feldspar (a)lated K-rich feldspars (pure orthoclase). The
more abundant of the two feldspars constitutesctlystal matrix while the less abundant
appears as lamellae within the matrix. Here, thdsBad twinned matrix is composed of
pure-orthoclase while the lamellae (perthites) famned of albite. Those lamellae show
identical extinction directions as typical for getes.

Orthoclase shows a bright blue luminescence whereaocline shows a pale blue
luminescence. Blue luminescence of both orthocaskemicrocline relate to a high formation
temperature (Ramseyer et al., 1992; Finch and Ki€ia8).
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Figure 31 — K-feldspar occurrence within the lightinstained granitoid rocks from the Polish SudetegA)

and (B) light and non-altered K-feldspar showing insome places microcline cross hatched twins. The mo
twinned part of this K-feldspar may correspond to athoclase whereas the twinned one is microcline; (A
plane polarized; (B) cross polarized; (LAR77, Laskialley). (C) and (D) subhedral K-feldspar with
microcline tartan twins; the microcline exhibits apale blue luminescence. Cross hatched zones withime

feldspars show a light blue luminescence; (C) crogsolarized; (D) CL image; (LAR77, Laski valley).
(E) K-feldspar phenocryst showing perthitic features and Carlsbad twinning (light zone and dark zone;
cross polarized; WL6, Szklarska Pogba). (F) Orthoclase showing light blue luminescenceCL image.

(CHR10, Chwalistaw valley); fK1: primary K feldspar, btel: biotite; qtz1A: large quartz crystals; plgl

primary plagioclases.

Figure 31 — Feldspaths des granitoides clairs dagi&es. (A) et (B) Feldspath potassique clair noléeé
montrant par endroits des macles en quadrillage duicrocline. La partie non maclée de ce feldspath
potassique correspond a de l'orthose tandis quepkatie maclée est du microcline. (A)_lumiére natllee
(B)_lumiére polarisée (LAR77_vallée de Laski). (&%) (D) Feldspath potassique subautomorphe montrées
macles quadrillées du microcline. Le microcline miwa une luminescence bleue pale. Les macles quéskd
apparaissent avec une luminescence bleu clair. (@)miere polarisée. (D) Image en CL. (LAR77_vallée d
Laski). (E) phénocristal de feldspath potassique mrant des perthites et une macle de Carlsbad. (Zataire
adjacente d'une zone sombre). Lumiére polariséeL@Ncarriere de Szklarska Pgba). (F) Orthose montrant
une luminescence bleu clair. Image en CL. (CHR10llgéa de Chwalistaw). fK1 : feldspath potassique
primaire, btel : biotite primaire ; qtz1A : grandsistaux de quartz ; plgl : plagioclase primaire.
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6.2.2 K-feldspars in the reddened/albitized facies

K-feldspar phenocrysts (>1cm) and the smaller Kdphrs (<1cm) occurring within
the reddened facies appear as entirely or part@kish, with some dirty aspect. Both
feldspars show various habits and staining intesssit relation to the reddening distribution
throughout the facies and with respect to the degtato the fractures. They are intense
pink/red at the reddened fracture walls (Chwalistaea and Szklarska Rba quarry) as well
as in the pervasively reddened facies (Laski vd)aghile they are less pink and even light
away from the fracture walls.

Partially pinkish feldspars make it possible to uhde the main geometrical
relationships between the primary light zones ahne $econdary pinkish zones. These
geometrical relationships as well as the main nailogiical characteristics differ slightly in
the phenocrysts and in the smaller K-feldsparsthRierigneous albite lamellae for instance,
which are frequent in the phenocrysts and scancethé smaller K-feldspars and may
influence the alteration characterization.

6.2.2.1 Phenocrysts

Euhedral to sub-euhedral K-feldspar phenocrystscanemon in the granitoid facies
of the Polish Sudetes. They are light in the unsthifacies while they partly or entirely
turned pink in the reddened facies (Fig. 32). Thekiph phenocrysts are particularly
spectacular along the pinkish fracture walls. Thymiicance of the pinkish colour in the
K-feldspar phenocrysts has to be questioned: ipithidsh colour only related to the hematite
pigments that invaded the primary K-feldspars at caused by further alteration that affects
the K-feldspar itself,especially with the developrhef the neogenic albite?

g

.] K feldspar (twin)
- biotite

@ quartz
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hematiz ed K feldspar
(evolution)
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chlorite

- not detai led

[

upper part of the phenocryst is pink and dull wheras the lower part seems translucent. (B) Sketch
showing the phenocryst optical properties. The orthclase phenocryst exhibits a classical Carlsbad
twinning in the translucent part, and hornblende, tlorite, biotite and plagioclases as inclusions. Iithe
pinkish part, plagioclases are albitized and hematized as well as those in the vicinity of the phemoyst
whereas biotite and amphibole are partially chloritzed (WL146_Chwalistaw Mountain).

Figure 32 — Phénocristal d'orthose partiellementugi. (A) Image macroscopique en section polie. Larfe
supérieure du phénocristal est rose terne tandieda partie inférieure est translucide. (B) Schémeontrant
les propriétés optiques de ce phénocristal. Le ph@istal d’orthose montre la macle classique de Ghad
dans la partie translucide, et des inclusions dermisiende, de chlorite, de biotite et de plagioclas®ans la
partie rose, les inclusions de plagioclase sont idées et hématisées comme ceux au voisinage du

phénocristal, tandis que les biotites et les ampis sont partiellement chloritisées (WL146_Montagde
Chwalistaw).
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The presence of primary albite (in form of crypto- micro-perthitic exsolution
lamellae) within the phenocrysts complicates hmgjiting the development of secondary
albite in the pinkish K-feldspar phenocrysts. 3ireg the development of albite in the pinkish
phenocrysts consists in discerning the primarytalliom the secondary one. Therefore,
measuring the amount of albite in the light andkgin phenocryst parts may allow to
estimate to which amount they have been alteredlefailed XRD experiment has been
conducted on hand picked areas within the singeptrysts (by micro drilling) to determine
their mineralogical composition.

6.2.2.2 Smaller pinkish crystals

Smaller pinkish K-feldspar occurrences are macnosetly less obvious and
spectacular than those of the phenocrysts. Thegharacterized by a red/pink colour due to
hematite pigments and sometimes show a turbid bstwaspect stained by pigmentary
hematite. Partially pink K-feldspars exhibit manyfelient geometrical features in relation
with the distribution of the reddening within thiagle crystals that become obvious through
cathodoluminescence images.

Some of the smaller K-feldspar crystals show Ihlumeinescence patches that appear
as light patches in plane polarized light, assediatith non-luminescent or weak luminescent
patches that are red/pink in plane polarized lighig. 33A & 33B). The non-luminescent
zones are brownish in their centre, while theirsrigxclusively exhibit blue luminescence
(Fig. 33B). The blue luminescence is typical of agns K-feldspars whereas the non-
luminescence/weak luminescence shows similarligd wWie previously shown secondary
albite. Indeed, this non- or weak luminescencefelildspars corresponds to secondary albite
formed in a low-temperature context, more precisaelyder diagenetic or weathering
conditions (Gonzalez-Acebron &t, 2010, Gonzalez-Acebron &t, 2012). The quenching of
the luminescence and the fact that the luminescbacemes weak in albitized K-feldspars
may be due to variable chemical compositions betwke centre and the aureole of the
primary orthoclase crystals. The centers of thegstals are composed of secondary albite in
addition to secondary K-feldspar (Gonzalez-Acebetmal., 2010, Gonzalez-Acebron et
al., 2012). Microfractures that cross sometimes tystals may favour the alteration of these
primary K-feldspars (Fig. 33B).

Indeed, some smaller K-feldspars clearly show nwmnihescent secondary albite
developed in the vicinity of microfractures (Fig[33 while the others exhibit
non-luminescent secondary albite on the boundafiése igneous K-feldspars. In both cases,
the rest of the crystals show the classical blo@rescence of the igneous K-feldspars. Thus,
albitization in the vicinity of microfractures ddweps from the microfractures and penetrates
the rest of the crystals, whereas albitization glthe crystal boundaries may be favoured by
the intergranular joints and develops through tlystals

CL contrasts between the primary K-feldspars amdsttrcondary albite underline that
albitization started along the microfractures andh® intergranular joints of the rocks and
spreaded through the crystals.
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Figure 33 — Pinkish altered K-feldspar features. (A and (B) partially reddened/altered K-feldspars
showing some unaltered light patches. The reddenezbnes are stuffed with pigmentary hematite and
show non-luminescent zones corresponding to secomgaalbite and bluish luminescent zones made of
igneous K-feldspar. The rims of the crystals alsoh®w igneous K-feldspars with a bluish luminescence.
Round-shape crystals appearing as light in plane parized light and anhedral quartz exhibits dark
luminescence; (A) plane polarized; (B) CL image (WR8, Laski village). (C) Partially altered K-feldspa
showing non-luminescent secondary albite on the rimg CL image; (SPRla, Szklarska Paba).
(D) Partially altered K-feldspar showing non-luminescent secondary albite along the microfractures; CL
image; (JGR 2, Jaskowka Gorna, close to the Chwaleawv area). (E) and (F) K-feldspar with an entirely
pink matrix and light perthitic albite lamellae. The matrix shows non-luminescent secondary albite,
primary perthitic albite, and luminescent relics of igneous K-feldspars. The dark-round object in plae-
polarized light that appears as highlightened in CLcorresponds to an air bubble; (E) Plane polarized(F)
CL image; (WL5, Szklarska Poreba); fK1: primary K-feldspar; abl: primary albite; qtz1A: euhedral
large quartz crystals, ab2: untwined secondary allbe, hem2a: pigmentary hematite.
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Figure 33 — Feldspaths potassiques roses altérédg. €t (B) Feldspath potassique partiellement rowadtére
montrant des zones claires/non altérées. Les zamegjies sont pigmentées d’hématite, elles montranssi
des zones non luminescentes correspondant a debitalsecondaire et des zones a luminescence bleue
correspondant au feldspath-K igné. Les bordures duistal montrent aussi des feldspaths ignés a
luminescence bleue. Les cristaux globuleux, claga lumiére naturelle et sombre en cathodoluminescen
correspondent a des quartz xénomorphes. (A)_Lumigaturelle. (B)_Image en CL (WL98_village de Laski)
(C) Feldspath potassique partiellement altéré ebmirant des bordures non luminescentes a albite
secondaire. Image en CL. (SPR1la_carriere de Szlarforba). (D) Feldspath potassique partiellement
altéré et montrant de l'albite secondaire non lung@scente le long de microfractures. Image en CL
(JGR 2_Jaskowka Gorna prés de la région de Chwalig}. (E) et (F) Feldspath potassique avec une meri
entierement rose et des lamelles perthitiques @aid’albite. L'objet rond en lumiére polarisée gharaissant
vivement éclairée en cathodoluminescence correspande bulle d’air. (E) lumiére naturelle. (F)_Imagen
CL (WL5_carriere de Szklarska Peba). fK1: feldspath potassique primaire ; abl :biéke primaire ;
gtz1A : grands cristaux automorphes de quartz, alathite secondaire non maclée, hem2a: hématite en
pigment.

6.2.2.3 Alkali feldspar mineralogy

Three main minerals have been determined by the XRperiments on the hand
picked phenocryst: orthoclase, microcline and allpitext to some minor amount of quartz).
Albite appears in all diagrams in variable amourithwespect of the nature of the
sample/crystal. K-feldspars shows four types ofjdiens after deconvolution fitting (Fig. 34):
i) a single peak corresponding to orthoclase; dijogate peaks of intermediate disordered
microcline; iii) orthoclase next to subsidiary nacline; and iiii) microcline with minor
amount of orthoclase. In the crystals with prewgilorthoclase this later peak shows always a
relative narrow Wide at Half Maximum (WHM) whereascrocline appears with broader
peaks revealing a lower crystallinity. NevertheJasscrystals with minor orthoclase content,
orthoclase shows much broader peak revealing a ewvealystallinity (more structural
defects). Intermediate disordered microcline appearly in two samples (CHR32 from
Chwalistaw valley and MKR12 from Bkolno), whereas all other microcline occurrences
correspond to more ordered microcline, with an ongestate between intermediate and
maximum microcline of the calculated pattern of ggand Smith (1969).
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Figure 34 - Deconvolution of the K-feldspar phenaysts XRD peaks in between 23 and 24°¢2 (Cuka).
Orthoclase and microcline coexist in variable amouts. Orthoclase has usually a relative low WHM in
comparison to microcline but its WHM becomes wideiin the samples with minor orthoclase content. The
deconvolution was performed with Fityk (Wojdyr, 2010).

Figure 34 — Déconvolution des raies de diffractiates rayons X de phénocristaux de feldspath potassiq
entre 23 et 24° (@ (Cuka). L'orthose et le microcline coexistent en quanivariable. La raie de I'orthose a
habituellement une largeur a mi-hauteur (WHM) relatement plus faible que celle du microcline, mags |
largeur (WHM) est plus large dans les échantillonsi I'orthose n'est pas résiduelle. La déconvolutianété
effectuée au moyen du programme Fityk (Wojdyr, 2p10
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Moreover, the peak position of the orthoclase iwagh shifted towards higher
diffraction angles, which implies lower d-spacir@an in the orthoclase reference calculated
pattern of Borg and Smith (1969), which already aontsome Na and traces of Ca
(Ko.01iNag 0sC & 0:AISi30g). Comparing the position of the diffraction peaktbé orthoclase
recorded in the phenocrysts to the positions ofdifieaction lines relative to the (2 01)
crystallographic planes of orthoclase and albitewsh) that the recorded peaks are shifted
toward the albite diffraction line. This means thidwe orthoclase phenocrysts show
Na-substitution. A raw estimation suggests that dlt@oclase of the phenocrysts contains
about 15% of albite corresponding to a approxincataposition of k ggNag 15A1Si30s.

Quantitative appraisal allows to clarify the miregacal composition of the light and
pinkish coloured K-feldspar phenocrysts (Fig. 38): the primary light coloured K-feldspar
phenocrysts show only orthoclase in addition witimon amounts of albite; (2) the pinkish
coloured K-feldspar phenocrysts of the altered go#fs contain always microcline (average
30%), together with orthoclase and albite; andtli@)amount of albite increases (from about
15% to 50%) in correlation with decreasing amouwtfitsrthoclase in the pinkish phenocrysts.
It appears likely that orthoclase disappears witha pinkish phenocrysts in favour of albite
and microcline. This clearly suggests that micrezland albite developed from the primary
light phenocrysts which where turned into pink.

Additionally, the pinkish phenocrysts that showhgg amounts of albite, and in which the
orthoclase is the subsidiary compound, show a peakion that is slightly more shifted than
that of the light phenocrysts of the primary fac{@sg. 35B). Orthoclase of the pinkish
phenocrysts appears slightly more substituted ithida the primary orthoclase.

6.2.2.4 Discussion

The pink colouration of the K-feldspars phenocrystshe Polish Sudetes granitoids
results not only from a staining of the crystalsitpn oxides, but comes along as a major
alteration of the primary K-feldspars.

The primary light coloured phenocrysts are formexinf a mixture of about 85% of
orthoclase and 15% of albite. The composition ef phmary phenocrysts is identical in the
different studied localities. Albite observed néxtorthoclase in these primary phenocrysts
results from the unmixing of the original phenod¢syduring cooling of the granite, forming
micro- to nano-perthites (Turner and Verhoogen,01@&er et al., 1963; Winter 2001). Pink
colouration appears during the development of migrecand albite at the expense of
orthoclase. Apparently, microcline develops firstthe less affected phenocrysts and before
the albite content rises; albite develops only whderation progresses as shown by the
decrease of the orthoclase contétihk colouration of the phenocrysts goes along \thin
true albitization of the primary orthoclase, remgtin a final composition of about 50% albite
and 50% K-feldspars (orthoclase + microcline). €hes definitely a transformation or
recrystallysation of the orthoclase into microcliaed albite. Alteration occurrs probably
through the mass redistribution by fluid-rock im@tetion even at micro- or nanoscale
(Eggleton & Banfield, 1985; Fiebig and Hoefs, 20Bjulvais et al., 2007). As the bulk
composition of the primary phenocrysts has changfeba interchange on a large scale
provided a chemical driving force for replacement.

The orthoclases with somewhat higher Na-content em®ociated with the most altered
phenocrysts and appear as residual rather thahlimgsinom an aggradation/recrystallisation
of the primary orthoclase. Indeed, orthoclase salvie during the alteration belonging to the
development of the pinkish colouration and thusrystallyzes into microcline. If a

Na-enriched K-feldspar would develop it would becracline. The orthoclase with higher
Na-substitution appears as residual. Consequehdyptimary orthoclase must have been
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inhomogeneous, formed of crystallites or crystal dims with different Na-contents, the less
substituted altering first, the more substituted espimg more stable in the Na-enriched
environment that triggers albite development.
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Figure 35 — Crystallographic parameters after XRD gak deconvolution treatment. (A) Orthoclase, albite
and microcline semi-quantitative contents within tke light and the pinkish K-feldspar phenocryst; (B)
Peak positions of orthoclase and microcline. Blueads mark the light phenocrysts, pinkish dots mark he

pinkish phenocrysts and orange dots stand for thencertain staining aspects. The blue line is the ega
position of the intermediate microcline, whereas tb red line indicates the maximum microcline
composition, which corresponds to the respective manum deviation from the monoclinic symmetry

while intermediate microcline corresponds to thos&vith less deviation.

Figure35- Paramétres cristallographiques des phéristaux aprés déconvolution des raies de diffractio
(A) Concentration relative de I'orthose, de I'alleitet du microcline dans les phénocristaux rosescktrs.

(B) Positions des raies de diffraction de lI'orthost du microcline. Les points bleus correspondentxa
phénocristaux clairs, les points roses aux phénataux roses/rouges, et les points orange pour lestaux

dont l'aspect ou la coloration est incertain. Lagie verte correspond a la position exacte du midiroe

intermédiaire, tandis que la ligne rouge est poerinicrocline maximum. Le microcline maximum correspd

au type de microcline ayant le maximum de déviatipar rapport a la symétrie monoclinique tandis qle
microcline intermédiaire correspond a la déviatida plus faible.
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6.3 FERROMAGNESIAN MINERALS

Although the ferromagnesian minerals are relativa@iyndant in the granodioritic
facies, they appear as less abundant in the grdaties (Fig. 23, bulk rock composition).
The biotite and amphibole behaviour is examinedniyain the light/unstained facies in
which they are best preserved. Subsequently, tlempective alteration behaviour into
chlorite is studied in the reddened samples, beciis more developed in these facies.

6.3.1 Biotites

Non-chloritized biotites are the less abundani@agnesian minerals in the Ktodzko
Ztoty-Stok (KZS) facies, whereas they are the naigindant in Szklarska Riwa. In fact,
altered biotites are much more abundant than theahiered biotites in the KZS. They occur
in the granodiorite from Laski quarry anchkblno and in the granite of Laski valley.

Biotites appear as tabular and subhedral cryseemlly showing fine, regular and
parallel cleavages. Some biotites exhibit a liglwwn colour (Fig. 36A, Fig. 36B) while the
others show rather dark-brown tones (Fig. 36C, ¥@). The colour of the biotites is likely
related to their chemical composition and dependsniyn on their TiQ content and
Fe0s/(FeOs+FeO) ratio (Hayama, 1959). High Ti@ontents are responsible for a brown
colour while high ferric iron cause a greenish asfgPeer et al., 2003). Thus light brown
biotites are richer in Tipwhile the dark brown biotites may be rather irahbiotites. Light
brown and dark brown biotites occurrences do notyoto any particular distribution
throughout the sampled sites. The biotites of theragranitic facies of Szklarska Rba
Huta quarry show high Fe content and low Fe/MgréBitaby and Martin, 2008) (Table 4).

Table 4 - Chemical composition of biotites from theequigranular granite (ugranite) in the Szklarska
Poreba Huta quarry (from Staby and Martin, 2008).

Tableau 4 - Composition chimique des biotites ducmgranite de la carriere de Szklarska Rdma Huta
(extrait de Staby and Martin, 2008).

SiO; | TIO; | Al,O3 | FEO | MnO| MgO | N&O | KO | X Fe/(Mg+Fe)
EQUI-2 | 35.48| 4.02| 13.11] 26.550.66 | 6.34| 0.04] 9.3195.51 0.70
EQUI-6 | 31.54| 2.31| 14.59] 31.0Y 0.53| 7.27| 0.01] 5.2092.52 0.71

Somes biotites show zircon, apatite and iron oxideusions. They do not show any
particular arrangement with respect to the biotleavages. Zircons appear as euhedral
individual crystals, showing a typical dark raditéty and pleochroic aureole (Fig. 36B).
Apatites occur as euhedral crystals either as gtullBig. 36A, Fig.36D) or as
elongated needles within the biotites (Fig. 36Apafite and zircon appear as of primary
origin because of their specific euhedral shapethadresh aspect of the biotite; they are
reported as frequent inclusions in biotite (Roubatlal., 1963). Iron oxides occur as opaque
dark subhedral crystals within the biotites. Theeslrhl to subhedral shape of the iron oxides
clearly suggests that they are probably of primangin as early-formed minerals. These
opague iron oxides may be oxidized pyrite/magnegitanaghemite as typically reported
within biotite and especially in granitoids (e.gh&len and Chappel, 1988).

Some other inclusions are disposed exclusively atbegcleavages of the primary biotite.
They do not show any features in agreement wittpeidomorphic alteration minerals such
as chlorite which may be typically found along bi®tleavages.
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Figure 36 - Biotite occurrence in the unstained fdes from the Polish Sudetes. (A) Brownish biotite
showing euhedral colourless apatite as inclusiong\patite shows stubby and elongated needles; plane
polarized; (CHR48, Chwalistaw valley). (B) Biotiteshowing a light brown colour, some of the crystalare
almost colourless. Biotite also shows zircon inclims characterized by their radioactivity halo and
additional inclusions of dark opaque iron oxide; pane polarized; (CHR48, Chwalistaw valley). (C) Biate
showing a dark brown colour; plane polarized; (SP3,Szklarska Porba quarry). (D) Brownish biotite
showing apatite and opaque iron oxide inclusions;lane polarized; (CHR19, Chwalistaw valley); btel:
primary biotite, apl: primary apatite, oxdl: primar y iron oxide, zrcl: zircon.

Figure 36 — Occurrence de biotite dans les facidairs/non colorés des Sudétes. (A) Biotite brune mtrant

des inclusions d’apatite incolores. Les apatites g&sentent sous forme de cristaux trapus ou d’altgs.

Lumiére naturelle. (CHR48_vallée de Chwalistaw).)(Biotites brun-clair et d’autres presqu’incolored.es

biotites présentent également des inclusions dearis caractérisés par leurs auréoles de radioatéhainsi

que des oxydes de fer opaques. Lumiére naturelBHR48 vallée de Chwalistaw). (C) Biotite brune somab
Lumiére naturelle. (SP3_carriere de Szklarska Rba). (D) Biotite brune avec des inclusions d’apatiet

d'oxydes de fer opaque. Lumiére naturelle. (CHR18llge de Chwalistaw). btel : biotite primaire, apl
apatite primaire, oxdl : oxyde de fer primaire, arczircon.
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These minerals along the biotite cleavages aretzjaad K-feldspars. In addition of
the presence of classical biotite inclusions (&patircon), quartz occurs as elongated rods in
parallel to the biotite cleavages, while K-feldsgpahow a lens-like shape along the cleavages
of the biotite (Fig. 37). The quartz elongated ragtisw a uniform shape and regular rims,
moreover they do not show any thickness variati@uartz rods do not distort the biotite
flakes but the flakes seem rather interrupted leyrtds. Moreover, all rods show identical
extinction orientations suggesting epitatic grodthing biotite alteration. This alteration may
result from biotite cation leaching, except for thibica which may remain in place and
crystallize as in the rod-like habit. This biotaéeration is different to the below described
biotite chloritization.

Figure 37 — Non-euhedral mineral inclusions in biate investigated in the Polish Sudetes; (A) and (B)
Primary biotite showing colourless mineral inclusims with a common shape or as elongated lenses
according to the biotite cleavage planes (c-axisd®n); (A) plane polarized; (B) cross polarized; (KR11,
west of Laski valley). (C) Zoom on the framed zongiven in (B); inclusions with thin elongated shapare
quartz, while those with lenses-like shape are K-fdgspars. The K-feldspar features observed here suggt
that they have grown along the biotite cleavagesyass polarized; (LKR11, west of Laski valley); btel
primary biotite, fk1: primary K-feldspars, zrc1: zi rcon; qtz1A: large quartz crystals, qtz1C: quartz rods.

Figure 37 — Inclusions xénomorphes dans les bidogitdes granitoides des Sudétes. (A) et (B) Biotiimpire
comportant des inclusions allongées et xénomorpheslong des clivages de la biotite. (Section axe-c)
(A)_lumiére naturelle. (B)_lumiere polarisée. (LKR1ouest de la vallée de Laski). (C) Agrandissemaatia
zone encadrée sur la figure (B). Les inclusions fieme quelconque correspondent a du quartz tandisq
celles qui sont allongées sont des feldspaths mitpes. La forme des feldspaths potassiques suggee
ceux-ci ont cru le long des clivages de la biotiteimiere polarisée. (LKR11_ouest du village de Lgshktel:
biotite primaire, fk1: feldspath potassique primair zrc1: zircon; qtz1A: grands cristaux de quargtz1C:
quartz en baguette.

K-feldspars form lens-like aggregates that distbe biotite sheets, pointing to a
displacement growth of the feldspars in betweerbibéte sheets. The biotite cleavages may
provide a suitable substrate for the growth of Kidpar lenses (Holness, 2003;
Machev et al., 2004). K-feldspars are fresh, unadte and may be related to the
low-temperature biotite breakdown (Holness, 20083vertheless, the lenses are obvious
within the unaltered biotite (Fig. 37), therefore alkali-rich fluid circulation may be
considered for this process. These alkali-richd8umay be connected to late-magmatic
conditions.
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6.3.2 Amphiboles

Amphiboles occur in all light/unstained facies. Neleless, they are most abundant
in the granodiorite of Mkolno, Laski quarry, and Chwalistaw valley. Theyoghgreenish
colours, typically found in the calcic amphiboledanornblendes. They have the classical
euhedral habit, either non-twinned or showing mpldtitwinnings (Fig. 38B) or even simple
Carlsbad twinnings (Fig. 38A). They may also formhedral aggregates with biotite
(Fig. 38C). Besides, amphiboles show euhedral aincelusions, opaque iron oxides and
elongated apatite needles

Figure 38 — Amphibole occurrences within the lightinstained facies; (A) and (B) Subhedral greenish
hornblende crystal with the typical 120° cleavage giterns and exhibiting euhedral zircon inclusionsThe
hornblende crystal appears as twinned: multiple twinings and Carlsbad twinning are distinguishable;
(A) plane polarized; (B) cross polarized; (LAR77, laski valley). (C) Amphibole forming aggregates with
biotite. Amphibole also shows opaque iron oxides;lane polarized (CHR18, Chwalistaw valley). (D)
Birefringent amphiboles, showing euhedral elongate@patite inclusions; cross polarized; (LKR77, Laski
valley); ampl: primary hornblende btel: primary biotite, ap1: primary apatite, zrcl: zircon, fk1: primary
K-feldspar, qtz1A: large quartz crystals, oxdl: primary iron oxide.

Figure 38 — Amphiboles des facies clairs/non hénsés. (A) et (B) Cristal de hornblende verdatre
subautomorphe présentant des clivages classiqu&é2@ainsi que des inclusions de zircons automorphes
cristal de hornblende est maclé par des macles iplds et des macles de Carlsbad. (A_lumiére naterel
(B)_lumiére polarisée (LAR 77_vallée de Laski). (Bgrégats d’amphibole et de biotite. Les amphiboles
présentent des oxydes de fer opaques. Lumiére redieir(CHR18 vallée de Chwalistaw). (D) Amphibole
biréfringente présentant des inclusions d'apatiteautomorphes et allongées. Lumiére polarisée.
(LKR 77_vallée de Laski). ampl: hornblende primajrbtel: biotite primaire, apl: apatite primaire,
zrcl : zircon, fkl : feldspath potassique primairgiz1A : grands cristaux de quartz, oxdl : oxyde fie
primaire.
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6.3.3 Chlorite

Chlorites are generally considered as secondargnaisof in igneous rocks (Deer et
al., 2003). In the present series it appears ayréadhe light/unstained facies, but develops
more frequent in the reddened facies, ultimateipdéhe sole ferromagnesian mineral in the
most altered/stained facies.

In the light/unstained facies, chlorite occurs asolely associated with biotite
whereas amphiboles never show any alteration ihtorite. Chlorite develops along the
primary biotite cleavages (001). The invasion of thlorite along the cleavages is very
variable: some cleavages are particularly sensttivehloritization, most probably because
they were mechanically in extension; whereas ottees much less invaded, or even
chloritization was restricted to the edges of thetite (Fig. 39). It results in typical
interfingered contacts between biotite and chlorite
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Figure 39 — Chlorite occurrence within the light/urstained facies. Chlorite appears as greenish andoalg
the cleavages of primary biotite and is localized tatheir edges (rims); plane polarized; (LAR78, Lask
valley); btel: primary biotite, chl2: secondary chbrite, gtz1A, large quartz crystals.

Figure 39 — Chlorite des faciés clairs. La chlorist verdatre et elle apparait le long des clivades biotites
primaires et sur leurs bordures. Lumiére polariséLAR 78 vallée de Laski) btel: biotite primaire,
chl2 : chlorite secondaire, qtz1A, grands cristade quartz.

The chlorite content increases from the light/priynéacies towards the reddened
facies while in parallel the biotite and amphibaentent decreases (Fig. 23, bulk rock
composition). This is also obvious in the hand damphere the chlorite content increase in
the reddened fracture walls is macroscopically niadse.

In the reddened facies, chlorite is associateceeimbith the primary ferromagnesian
minerals (biotite and amphibole) or develops inroflactures and pores.

> Biotite chloritization

Unaltered biotites are scarce, even non-existetitinvihe reddened facies. Most of
the biotites are partially or entirely isomorphlgateplaced by chlorite. The replacement
ranges from partial to complete. The partially chiloed biotites allow to underline the
textural relationship between primary biotite aedadary chlorite. Chlorite is greenish with
a violet interference colour. At the initial stagelsthe alteration, chlorite develops at the
biotite edges and along specific cleavage planegh WWhgoing alteration only sheet-like
relics of the primary brownish biotite are preservevithin the secondary chlorite
(Fig. 40A & 40B). There is no clear evidence fovadume change during the chloritization.
Hematite sheets also appear in between the bidi@vages and continue in the chlorite
crystals (Fig. 40C). The continuity of the hemasiteets from the biotite to the chlorite points
out that hematite (or a ferruginous precursor ohétte) develops within the biotite crystals.

86



As such ferruginous accumulations are not knowthefresh biotite of the light facies, the
ferruginous mineral must have formed in an eadgeatof the biotite alteration, preceding the

Figure 40 — Chlorite occurrence in the albitized faies. (A) and (B) chloritized biotite showing patchs of
primary biotite. Chlorite preserved the frame of the primary biotite, showing a green colour and viole
refringence; (A) plane polarized; (B) cross polaried; (WL94, Laski village). (C) Enlargement of the
framed zone in (A) chloritized biotite showing darkelongated hematite along their cleavages planedape
polarized; (WL94, Laski village). (D) Chloritized amphibole showing subhedral green-pale amphibole
relics; plane polarized; (WL65, Laski quarry). (E) Amphibole almost entirely chloritized, showing smadl
amphibole relics. The chlorite shows violet refringnce such as in the case of chlorite after amphilml
alteration; cross polarized; (WL71a, Laski quarry). (F) Euhedral chlorite crystal stacks and vermiculs
associated with hematite pigments in a wide geométally shaped occurrence which resembles a mineral-
ghost; plane polarized; (WL12, Szklarska Pogba); btel: primary biotite, ampl: primary amphibole,
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gtz1A: large euhedral quartz crystals; qtz1B: small quartz crystals; ab2: secondary albite; chl2a:
secondary chlorite after biotite; chl2b: secondarychlorite after amphibole, chl2d: neogenic chloritein
microfracture; hem2a: pigmentary hematite; hem 2b:dark hematite: hem 2c: sub-euhedral hematite.

Figure 40 — Chlorite des faciés rouges albitisés) (et (B) Biotite chloritisée montrant des Tlots dsotite
primaire. La chlorite préserve la structure de ladbte primaire, elle présente une biréfringence rte a
violette. A_Lumiére naturelle. (B)_Lumiére polarieé (WL94_village de Laski). (C) Agrandissement de |
zone encadrée dans la figure (B). Biotite chlorés avec hématite allongée le long de ses clivagemiere
naturelle. (WL94_village de Laski). (D) Amphibolénloritisée avec religues d’amphibole vert pale. Ligre
naturelle. (WL 65_carriere de Laski). (E) Amphibolgresqu’entierement chloritisée présentant des gaks
non chloritisées. La chlorite a également une réfgence violette comme celle issue de l'altératioesd
biotites. Lumiéere polarisée. (WL71a_Laski carriereF) Agrégats de cristaux de chlorite automorphete
vermicules de chlorite associées a des pigmentguiratite apparaissant dans une structure ayant lanfie du
fantbme d’'un minéral. Lumiére naturelle. (WL12_caére de Szklarska Pegba). btel: biotite primaire,
ampl: amphibole primaire, qtz1A: grands cristaux tumorphes de quartz; qtz1B: petits cristaux de quzar
ab2: albite secondaire; chl2a: chlorite secondaiigsu de I'altération de biotite; chl2b: chloriteesondaire
issue de l'altération d’amphibole, chl2d: chloriteéogénique dans les microfractures; hem?2a: hématite
pigment; hem 2b: hématite sombre: hem 2c: hémasitdautomorphe.

» Accessory minerals associated with chloritized bige

Chloritized biotite often shows accessory minenakterfingered with the cleavage
planes of the former biotite (Fig. 41). There il@ole variety of minerals that cannot always
be confidently identified by petrographic microsgoSEM/EDS analysis provides help to
determine narrow minerals plates between the bistieets. K-feldspar, titanite, quartz, rutile
and pyrite show frequently micro-lenses between biwite cleavage planes (Fig. 41).
K-feldspar and quartz have already been identiisdforming lenses within the primary
biotite in the light facies, while pyrite has bemiggested as one of the usual opaque crystals
within the primary biotite and amphibole. K-felds@and quartz show the same habits like in
the light facies meaning that they may not be eelab the reddening.

Ti-minerals have not been clearly identified througptical microscope study of the
primary facies. Their identification as lenses edus® in the chloritized biotite allow
considering that they could be of secondary oragid related to the chloritization of biotite
which may release titanium. It may also be considéhat they are related to a late-magmatic
opague mineral alteration such as ilemite alteranbmrutile. The latter seems more unlikely
as titanite and rutile appear as individual crgstaid not as alteration aureole or zone within
primary iron minerals.

More "exotic" minerals exist also in the betweeystals, like rare-earth-rich minerals
from the Euxenite-Polycrase series (Fig. 41H). Ttwsresponds to REE series generally
associated to the magmatism.
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Figure 41 - Accessory minerals in the biotite cleage planes. (A) Biotite crystal with several inteihgered
mineral lenses. (B) EDS analyses in SEM along theansect marked in (A). Pyrite, titanite and rutile form
lenses inserted between the biotite cleave plandhe K-feldspar also appears as inserted within bidte,
nevertheless it is also connected/bound to the nblgpuring K-feldspar crystals. (C) Biotite crystal with
interfingered mineral lenses. (D-E-F) EDS spectrahswing that the lenses are K-rich (K-feldspars).
(G) Biotite crystal with interfingered minerals. (H-I) An EDS XR spectrum of point 1 corresponds to an
Yttrium oxide (Euxenite) and point 2 is composed opyrite; (SPR1A, Szklarska Poekba); BSE = back
scattered electron image.

Figure 41 — Minéraux accessoires dans les plansdligage des biotites. (A) Cristal de biotite avdagieurs
minéraux en lentilles et en interdigitation. (B) ®gtre EDS le long de la ligne marquée sur la figufe La
pyrite, la titanite et le rutile forme des lentieinsérées entre les clivages de la biotite. Leldphth potassique
apparait inséré au sein de la biotite, cependantsédmble aussi connecté au feldspath potassiqueinvois
(C) Cristal de biotite avec des interdigitations oienéraux en lentilles. (D-E-F) Images EDS montranjue les
lentilles sont riches en K (feldspath potassiquép) cristal de biotite comportant des minéraux indégités.
(H-I) Spectre EDS-XR indiquant que le point 1 cospond a un oxyde d'Yttrium (Euxénite) et le pointeat
une pyrite. SPR1A_Szklarska Pgra. BSE = image en électrons rétrodiffusés.

» Amphibole chloritization

Non-chloritized amphiboles are more frequent thann-cldoritized biotite.
Amphiboles appear less sensitive to alteration thatite, indeed altered amphiboles always
show relics preserved within the secondary chlq(fiig. 40D & 40E). Chlorites developed
within the amphibole show similar petrographic e@uderistics than chlorites associated with
biotite: green colour in plane polarized light, leiocolour in cross polarized light and they are
elongated and oriented in accordance with the elges of the amphiboles (Fig 40D & 40E).
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» Chlorite in fractures and microcracks

Microcrystalline thin and flaky chlorites occur algithin fractures and micro-pores
or intergranular joints, showing no direct relasbip with biotite and amphibole. Some of
these chlorites within microfractures appear agmterownish, arranged perpendicularly to
the pore walls or even forming rosettes. The mpsttacular occurrences are related to the
pseudomorphic replacement of primary minerals wlappear only as ghosts. In this later
occurrence, large euhedral hexagonal chlorite alystorm thick stacks and vermicular
aggregates associated with hematite pigments aardizqirig. 40F). Euhedral chlorite crystals
in fractures and voids suggest that they crystdlidirectly and freely in pores and
intragranular joints.

6.4 SERICITE

Sericite appears as flaky, highly bi-refringentstays associated to plagioclases and
rarely shown within the K-feldspar. Sericite shaws flake sizes depending on the facies in
which it occurs: tiny, weakly developed sericitakiés (about 5 um), occur within the primary
plagioclases (Fig. 42A, Fig. 42B) in the sectiomf the Szklarska Peva granite and in the
less fractured granodiorites. Here, plagioclasesvslmited sericite zones, which locally
obliterates the primary polysynthetic twinning aaken seems to have erased them anyway.
Twinnings obliteration (erasure) has been repodedfeature in saussuritized plagioclase
where sericite development is associated with edpiehnite or epidote (Morad et al., 2010).
However in the studied facies, neither albite, pi@hnite, nor epidote has been identified as
directly associated with the tiny sericite. Thises the question of the behaviour of thé'Ca
released during plagioclase sericitization. It npagbably supply the crystallization of the
prehnite in microfractures or as lenses within these granodioritic facies (see further
prehnite occurrence). Or it may simply be evacu&t@a the system.
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Figure 42 - Sericite occurrence in the primary plagclases from the Klodzko Zioty-Stok massif, (A)
Sericite occurrence on the rim of primary plagioclae. Sericite appears as fine inclusions with highi-b
refringence, they obliterate the polysynthetic twimings; cross polarized; (LAR77, Laski valley). (B)
Sericite close to the core of a primary plagioclas&some sericitic zones appear related to microfraates;
cross polarized, (CHR18, Chwalistaw valley); plglprimary plagioclase, serl: primary sericite.

Figure 42 — Séricite dans les plagioclases primairdu massif de Klodzko Ztoty-Stok. (A) Occurrence d
séricite sur la bordure d'un plagioclase primaird.a séricite apparait en inclusions fines et fortente
biréfringentes qui oblitérent pratiquement les masl polysynthétiques. Lumiére polarisée. (LAR 77 léalde
Laski). (B) Séricite au coeur d'un plagioclase prirnna. Le développement de certaines zones sérigtisé
apparait associé aux microfractures. Lumiére polsée. (CHR 18 vallée de Chwalistaw). Plgl: plagicda
primaire, serl: séricite.

Large and well developed sericite flakes are aasediwith prehnite in the core of the
primary plagioclases in granodioritic facies frohe tChwalistaw and Laski area. Here, the
plagioclase is entirely invaded by sericite. Thattdiees are especially spectacular when the
primary plagioclase comprised an external aureblellute, then the formed plagioclase is
completely riddled by sericite whereas the allite remains unaltered (Fig. 43).
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Figure 43 — Sericite occurrence within the reddenddlbitized facies. Sericite appears as large develed
and highly bi-refringent flakes, associated with seondary albite and hematite pigments in the core athe
primary plagioclases; cross polarized; (WL71b, Laskquarry).

Figure 43 — Occurrence de sericite dans les fagi@sges/albitisés. La séricite apparait sous formefduillets
biréfringents relativement larges associés a l'dtbisecondaire et aux pigments d’hématite au seimrd’
plagioclase primaire dont le cceur est albitisé. Liéme polarisée. (WL71b_carriere de Laski).

In both cases, sericite appears in close relatidth wlagioclase destabilization.
Sericite comes always along with the erasing ofplagioclase twinning features which point
out the recrystallization processes of the plagieel Sericite occurrence in the core of the
plagioclases appears as related to the alteratitimeadnorthite component of the plagioclase
that becomes unstable at low-temperature and isepoe of OH. Destabilization of the
anorthite-rich plagioclase cores releases Ca, Ad, & that may combine to form prehnite,
whereas Na is involved in the albite formation. &ading released Al may combine to form
sericite, if K is available.

Sericite appears of relatively higher abundanahénlight/unstained facies than in the
reddened ones. The most reddened facies are inritpagericite-poorer than the less
reddened facies. Nevertheless, the sericite digioib and its abundance within the reddened
facies is not clearly obvious and cannot be exasshablished. The less reddened facies or
zones of the Chwalistaw area and Laski quarry apglearly as the most sericitized. Sericite
develops further away from the reddened fracturethe core of the blocks delimited by the
fractures. Close to the fractures, plagioclasesalotized and show no or very few sericite
flakes.
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6.5 CA-BEARING MINERALS

6.5.1 Prehnite

Prehnites occur either as crystal aggregates asedcwith some plagioclases or as
individual crystals along intergranular joints, it microfractures, or as lenses along the
cleavages of biotite.

e

Figure 44 — Prehnite aggregates within the samplefsom the Klodzko Ztoty-Stok massif. (A) Prehnite,
albite and sericite occurrence in saussuritized ptioclase. Both prehnite and sericite occurs as bi-
refringent alteration minerals within the plagioclase while albite exhibits low refringence; cross patized,;
(LAR 77, Laski valley). (B) Enlargement of the franed zone in (A); albite occurs as weakly bi-refringet
(grey) grains with various sizes scattered betwegurehnite and sericite. Albite is porous showing sititar
orientations with the surrounding igneous plagioclae, which does not show any pores (LAR77, Laski
valley). (C) Individual prehnite and chlorite occurring closely. Prehnite appears as highly bi-refringnt
with bow-tie like structures, while chlorite showsa lower bi-refringence; cross polarized; (LKR11, Laki
Laskowska); plgl: primary plagioclase, abl1’: albite prhl: primary prehnite; serl: secondary sericite.

Figure 44 — Agrégats de prehnite dans le massifkdedzko Ztoty-Stok. (A) Occurrences de prehnitealtiite
et de séricite dans un plagioclase saussuritisé.fdrahnite et la séricite apparaissent comme des émdaux
d’'altération fortement biréfringents tandis que llbite montre une biréfringence plus faible. Lumiéere
polarisée. (LAR 77_vallée de Laski). (B) Agrandissent de la zone encadrée dans (A). L'albite se pris
sous forme de grains faiblement réfringents (gridispersés entre la prehnite et la séricite. L'atbiest poreuse
et a une orientation identique au plagioclase primaqui n’est pas poreux. Lumiére polarisée (LARA&lIée
de Laski). (C) Prehnite individuelle apparaissant @roximité d'une chlorite. La prehnite apparait come
fortement biréfringente avec une structure en pdpil, tandis que la chlorite a une biréfringence @iufaible.
Lumiere polarisée. LKR11_Laski-Laskowka). plgl :aglioclase primaire, abl': albite ; prhl: prehnite
serl : sericite.
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Prehnite aggregatesoccur within the plagioclase cores while the riofsthese
plagioclases are devoid of prehnite as classic#dicribed in literature. Prehnite aggregates
do not show any particular orientation or habigytlappear rather as substitution minerals
after plagioclase alteration occupying most partheir core (Fig. 44A, Fig. 44B). It appears
likely that the prehnite aggregate formation is elpsrelated to the composition and the
stability of the plagioclase core. Prehnite aggregeof the studied samples appear as
associated with sericite and albite. Albite graampear as weakly bi-refringent grains with
various sizes scattered between sericite and peehiig. 44C). They show similar
orientations with the surrounding igneous plagisetaand some of the (larger) albite grains
exhibit twinnings that are usually visible in thgneous plagioclases. This shows that the
albite grains crystallized under preservation of tmgstal frame of the original igneous
plagioclase. Moreover, at high magnification alajgpears as porous whereas the igneous
plagioclases around do not show any pores. Thiypial of albite usually described in
saussuritized plagioclase (Plumper and Putnis, 2@2hdstrom et al., 2010). The pores
indicate the removing of elements such a&"@ad AP* from the igneous plagioclase during
their alteration and Naenrichment of the remaining plagioclase and #sigformation into
albite. Indeed, chemical analyses suggest thatiteeand Ca-Al silicates development within
the primary plagioclase and result in more sodigioiclases (Que and Allen, 1996).

Prehnite individual crystals crystals appear as distinct crystals forming faaped or
bow-tie like features within the intergranular jmn(Fig. 44C). These crystals are not of
epigenetic nature. They are clearly neogenicly feea fluids.

Prehnite in biotite or weakly chloritized biotiterins elongated lenses that distort the
sheet of the biotite and correspond to dislocagi@mwth (Fig. 45). This suggests undoubtedly
that the lenses are neogenic and directly formeth ffluids. Moreover, biotite cleavages
leave no doubts about the formation of pathwaydltods, allowing an easy alteration and
therefore favour the prehnite growth along the it@otleavages (Tulloch, 1979). Prehnite
lenses often occur in biotite of the light/unstairfacies. Furthermore, prehnite appears in
some partially chloritized biotite cleavages and atong the cleavages of completely
chloritized biotite that is usually present in teeldened facies.

Of. . o e

Figure 45— Prehnite veins within the primary biotie of the Ktodzko Zioty-Stok massif. (A) and
(B) Prehnite appears as elongated lenses along ttleavages of the primary biotite. The lenses distbthe
sheets of the biotite, suggesting a displacementagvth of the prehnite; (A) plane polarized; (B) cros
polarized; (CHR21, Chwalistaw valley); btel: primary biotite, qtz1A: large quartz crystals, prhl: primary
prehnite.

Figure 45 — Lentilles de prehnite au sein d'une hite dans le massif de Klodzko Zioty-Stok. (A) B) La
prehnite forme des lentilles allongées qui déforntdes feuillets de la biotite, indiquant une croesce en
expansion de la prehnite. (A)_Lumiére naturelle. YB.umiére polarisée. (CHR21 vallée de Chwalistaw).
btel: biotite primaire, gtz1A: grands cristaux deaytz, prhl: prehnite.
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Prehnite veins crosscut the crystal frameworks, especially thefeldspars,
plagioclases and amphiboles (Fig. 46A, Fig. 46Bj,vaithout showing any reactions with the
surrounded crystals.

Besides, the amphibole crystals close to prehni@ofnactures do not show any
chlorite developed in the vicinity of the microftames. This also shows that prehnite is not
connected to the amphibole chloritization visilsléhe reddened facies.

Figure 46 — Prehnite veins within the secondary retbned facies. (A) Prehnite occurrence in
microfractures crosscutting unaltered amphibole asvell as an albitized K-feldspar. Prehnite appears &
white, the microfracture boundaries are straight. Moreover, no amphibole chloritization is visible inthe
vicinity of the microfractures. The albitized K-feldspars do not show any alteration gradient from the
microfractures towards the core of the crystals; pne polarized. (B) Prehnite in a microfracture. The
boundary of the microfracture is irregular and the cross-cutted amphibole remains non-chloritized; cres
polarized. (C) Prehnite occurring in pores, crackswithin quartz; cross polarized; (MKR6, Makolno, close
to the Chwalistaw area); ampl: primary amphibole; k1. primary K-feldspar, qtz1A euhedral quartz
crystals, ab2: secondary albite; prh2: secondary mhnite.

Figure 46 — Veines de prehnite au sein des faciéagis. (A) Prehnite dans une microfracture recoupamne
amphibole primaire ainsi qu’un feldspath potassiquabitisé. La prehnite est blanche et les bordums la
microfracture sont rectilignes ; 'amphibole en bdure de veine n’est pas chloritisée. Le feldspatigssique
albitisé ne montre aucun gradient d'albitisation gais la microfracture vers le coeur du cristal. Lugre
naturelle. (B) Prehnite biréfringente dans une migfracture. Les bordures de la microfracture sont
interpénétrées cependant I'amphibole demeure notocitisée. Lumiére polarisée. (C) Prehnite dans lesres
au sein d'un cristal de quartz. Lumiére polarisé@IKR6_Makolno proche du secteur de Chwalistaw). ainp
amphibole primaire ; fk1: feldspath potassique praire, gtz1A grand cristaux de quartz automorphes
ab2 : albite secondaire; prhl prehnite.
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Prehnite, in particular in aggregates, is most ahohah the center of the blocks
delimited by the fractures. On the other handhaticinity of the fractures, prehnite appears
less abundant and more frequently in form of veBeticite and prehnite show clearly a
gradient with respect to the position of fractutbégir development is apparently favoured in
the more “confined” environments away from the fuaes.

6.5.2 Calcite

Calcite occurs only in the reddened albitized fa@ed never in the light/unstained
facies. Calcite distribution is heterogeneous aaldite minerals occur in a scattered way
throughout the reddened albitized facies. Nevegglin some places distinctive calcite veins
appear bound to fractures, especially in the Lgskirry.

Calcite that fills fractures, that crosscut the maheramework (Fig. 47A), show
euhedral crystals with dark red-brownish cathodah@scence adjacent to the fracture walls
and bright orange to yellow luminescence towardscingre of the veins (Fig. 47B). The
bright orange luminescence is typical of calcitea@aél, 1985) while the dark red-brownish
may be characteristic of dolomiteté®tna et al., 2011) or even of’kealcite luminescence,
depending on the MiYF&" ratio (Machel, 1985, Savard af 1995), Therefore calcite with
dark-brownish luminescence is characterized bywaNm?*/Fe’* ratio. Large calcite crystals
also observed incidentally in pores within the mahéramework (Fig. 47C). These euhedral
calcite occurrences appear as freely crystallipeflactures and voids. This may be the case
of the calcite in pores and voids within albitizédeldspars (Fig. 47C). They result from the
circulation of Ca-rich fluids and may be related lade events feed from an eventual
sedimentary cover.

On the other hand, dispersed tiny scattered calcytgtals occur frequently in the core
of the reddened/albitized plagioclases whereasothter unaltered rim of these crystals
(formed of primary albite) does not show any cal¢kig. 47D). This geometrical disposition
suggests that this calcite is linked to the releaké&a from Ca-rich plagioclase due to
albitization. It appears undoubtedly that hereitalis co-genetic to the secondary albite and
to the associated hematite pigments.

Elongated calcite lenses occur in the chloritizedotite cleavage planes
(Chl2a, Fig. 47F) and in the chloritized amphibdlékl2b, Fig. 47E). This calcite is absent in
the primary biotite as well as in the primary anijaihe, suggesting that calcite formation may
be probably linked to the chloritization. Indeedhlaritization may generate the suitable
substrate for calcite growth and moreovef‘Gaay be released from the amphiboles during
the chloritization. Calcite appears as co-genetithe secondary chlorite formation which is
itself related to the secondary albite, since mielgise albitization may also provide *C#o
feed calcite growth along the chloritized biotitedachloritized amphibole.
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Figure 47 — Calcite occurrences within the reddenddlbitized facies. (A) and (B) calcite within a
microfracture crosscutting an albitized plagioclaseand showing darker brownish luminescence adjacent
to the fracture walls (Fe-calcite or even dolomiteand bright orange luminescence toward the centrefdhe
veins; (A)_plane polarized; (B)_CL image; (WL65, Laki quarry). (C) Calcite aggregates within the
micropores of an albitized K-feldspar; (WL71a, Lask quarry). (D) Tiny scattered calcite occurring within
the core of an albitized plagioclase while the aucde made of igneous plagioclase does not show any
calcite; (WL9, Szklarska Porba). (E) Calcite lenses along the cleavages of dtiiked amphiboles. Calcite
occurs next to yellow apatite; CL image; (WL87, Laki village). (F) Calcite lenses along a chloritized
biotite. Calcite appears with bright orange luminesence in the center part of the lenses and darker-
brownish at their edges; btel: primary biotite; plgl: primary plagioclase; fk1: primary K-feldspar; ab1:
primary albite; ca2: secondary calcite; hem2a: pigrentary hematite; chl2a: secondary chlorite after
biotite; chl2b: secondary chlorite after amphibole;qtz1B: anhedral quartz.

Figure 47 — Calcite dans les facies rouges/albiis€A) et (B) Calcite avec luminescence brune forenéx
épontes de la microfracture (Calcite-Fe ou méme atuolte) et une luminescence orange vif vers le centr
A _Lumiére naturelle. B_Image en CL. (WL65_carriede Laski). (C) Agrégat de cristaux de calcite aunse
d’'un feldspath potassique albitisé. Images en CWLI(71a_Laski carriere). (D) Petits cristaux de caleiau
cceur d'un plagioclase albitisé tandis que son I'a&mle primaire ne montre pas de calcite (WL9_cargéde
Szklarska Pogba). (E) Calcite sous forme de lentilles le longsdelivages d’'une amphibole chloritisée. La
calcite apparait aux cotés d’'apatites jaunes. ImageCL. (WL87_village de Laski). (F) Calcite au seai’'une
biotite chloritisée. La calcite forme des lentillds long des clivages de la chlorite avec une luesnence
orange vif dans la partie centrale de la lentilid une luminescence brun-foncée sur les bords. Ireamn CL.
(WL63_ carriere de Laski). btel: biotite; primaireplgl: plagioclase primaire; fkl1: feldspath potassie
primaire; abl: albite primaire; ca2: calcite secoade; hem2a: hématite en pigment; chl2a: chloritesue de
I'altération de biotite; chl2b: chlorite issue dédltération de I'amphibole; qtz1B: quartz xénomorgh
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6.5.3 Apatites

Apatites occur within the reddened/albitized fa@sswell as in the light/unstained facies. In
the reddened facies, they are present within tlugerdc chlorite inherited form biotite or

amphibole (Fig. 48). They form numerous tiny inams within the secondary chlorite

(Fig. 48B) or bigger euhedral but less numeroutugions (Fig. 48C). In both cases, apatite
crystals do not show any obvious orientation ortuess in relation with the secondary
chlorite. Nevertheless, considering their size ardounts, some hypothesis may be
considered.

Figure 48 - Apatite occurrence within the reddenedilbitized facies. (A) and (B) apatite occurrence whin

secondary chlorite inherited from amphiboles. Apatie crystals show bright yellow luminescence, theyra
tiny and numerous within this secondary chlorite; A) plane polarized; (B) CL image; (WL70,
Laski quarry). (C) Euhedral apatite crystals within secondary chlorite. Here, apatite is bigger and &s
numerous than previously described. It does not shw any obvious orientation in relation with the
neogenic chlorite structure; CL image; (WL73, Laskiquarry); ab2: secondary albite; hem2a: pigmentary
hematite; chl2a: secondary chlorite after biotite, chi2b: secondary chlorite after amphibole; ap2:
secondary apatite, ca2: secondary calcite.

Figure 48 — Occurrence d'apatite dans les faciesuges albitisés. (A) et (B) Apatite au sein d’'unelatite
correspondant a une amphibole altérée. Les cristadimpatite présentent une luminescence jaune vif§ i
apparaissent petits et nombreux au sein de la chisecondaire. (A)_Lumiére naturelle. (B) Image &L.
(WL70_carriere de Laski). (C) Cristal d’apatite amnorphe au sein d’'une chlorite d’altération d’uneidtite.
Ici, les apatites sont grandes et moins nombreugae précédemment. Elles ne montrent aucune orieitat
en relation avec la structure de la chlorite néodgéue. Image en CL. (WL 73_carriére de Laski). ab2lbite
secondaire ; hem2a : hématite en pigments ; chl2ehiorite secondaire héritée des biotites, chl2bhlorite
secondaire héritée des amphiboles ; ap2 : apatiteomdaire, ca2 : calcite secondaire.

It may be considered that bigger apatite crystalthé secondary facies belong to the
small phases present in the light/unstained fastash have grown during the chloritization
process. Alternately, it may also be assumed thattiny apatites are the primary crystals
which have not grown during the alteration or tktz bigger ones are neogenic apatite
formed during the chloritization.
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The fact that apatite may be neogenic appears asusbgn back scattered images of
euhedral apatite within chloritized biotite. Indee®EM BSE images show that apatite
euhedral crystals within chloritized biotite are reunded by scalloped rings (Fig. 49E).
These aureoles clearly evoke reaction effect haladssuggest that the apatite crystals are not
primary inclusions in the biotite but could havereleped later, most probably during or even
after chloritization. Such apatite recrystallizationrelation with metasomtic albitization has
been shown in a metagabbro from Norway (Engvik.e809). Moreover, apatite within the
chloritized amphiboles and biotites appears as mareerous than those within the primary
minerals. This may be an argument in favour of nemgerystallization of apatite during the
chloritization.

bou1_2_3 c1
MAG: 200 x_HV: 15.0 k¥ WD: 28.0 mm

bout_2_3_c1 100 ym 2.3
MAG: 200 x HV: 15.0 kV_WD: 28.0 mm 1 | MAG: 200 x Hv: 15.0 kv WD: 28.0 mm

Figure 49 - Euhedral apatite crystals in a chloritzed biotite crystal. (A) SEM back scattered electno
image; (B—C-D) EDS spectra. (E) Enlarged BSE imagshowing scalloped reactional rings around the
apatite crystals. The apatite appears as dark euheal crystals while the reactional rings are white aound
the apatite.

Figure 49 — Cristaux automorphes d’apatite dans urmotite chloritisée. (A) SEM_Image en électrons
rétrodiffusée. (B-C-D) Spectre d’'images en EDS. (Eyrandissement de I'image en électrons rétrodiffes
montrant des auréoles de réaction concentriquescautdes cristaux d’apatite. L'apatite se présentaeus
forme de cristaux automorphes sombres tandis quedaréoles de réaction sont claires.

6.6 IRON MINERALS

Iron oxides have low XRD efficiency and are hardlydetect by XRD when occurring
in low quantity. Therefore, hematite and magherhiwe rather been analysed by thermal
demagnetization that is particularly sensitive ttedemaghemite which has strong specific
magnetic properties. Reflected- and transmitteltligicroscopy was performed to precise
the paragenetic relation between the different ioxde occurrences and determines the
degree of alteration of the granitoids.

Hematite, maghemite, and (partially oxidized) pyriare the main iron oxides
occurring in the reddened facies. Hematite is naimindant in the pervasively reddened
facies, such as at Laski village, or along the tinas walls, while maghemite may be
dominant away from the fractures walls and in thek$potted facies. Pyrite does not show
any particular distribution in relation with theddeening intensity or distribution within the
facies.
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6.6.1 Pyrite

Pyrite has been identified in all the studied faciPyrite appears as single large
euhedral crystals typically bright yellow underleeted light.

Pyrite occurs in relative large (50 to 200 um iandeter) and geometrically shaped
grains in connexion with mafic minerals (amphibafel chlorite). The grains are often square
or pseudo hexagonal shaped, agreeing to the cybiers. Euhedral shapes indicating that
these crystals developed early, during the formatbrihe host mineral. Some of these
crystals may be partially altered showing hemdbtenation on the outer rim, contouring a
core of pyrite (Fig. 50B). Anhedral crystals appearwell and often show interconnected
small cracks, filled with pyrite, pointing out thelevelopment after the formation of the host
mineral (Fig. 50E).

Pyrite occurs also in chloritized biotite crystaldere it forms elongated opaque
lenses in between the cleavage planes (Fig. 51, ltteey show signs of alteration exhibiting
an outer rim of hematite and the inner pyrite aofréhe lenses (Fig. 51). The pyrite/hematite
contact shows clearly predominant crystallograplviections related to the primary pyrite.

The hematite and pyrite geometrical dispositiondpuim of hematite and inner part
of pyrite) is usually reported as near-surface twexdng alteration within granitoids (Whalen
and Chappell, 1988). This suggests that hematiterised by the weathering (oxidation) of
primary pyrite.
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Figure 50 — Pyrite and pyrite/hematite occurrences(A) Pseudo-hexagonal shaped grain with a brownish
rim and dark core in an amphibole crystal containirg remnant biotite. Biotite and amphibole are partly
chloritized; plane polarized; (MKR1b, Makolno). (B) Enlargement underreflected light microgope, the
outer rim is made of hematite, the core shows pyrt (MKR1b, M gkolno). (C) SEM BSE image of a cubic
shaped pyrite grain partly oxidized and hosted in éldspar. (D) EDS spectra along the transect markeith
(C); (SPR1A, Szklarska Poeba). (E-F-G) pyrite inclusions in feldspar and in cacks; (SPR1A, Szklarska
Poreba); BSE = back scattered electron image.

Figure 50 — Occurrence de pyrite et de pyrite/héiteat (A) Grain a forme pseudo-hexagonal avec une
bordure brune et un coeur sombre au sein d'une antpile présentant des reliques de biotite. La biotite
I'amphibole sont partiellement chloritisées. Lum&maturelle. (MKR1b_Mkolno). (B) Agrandissement en
lumiére réfléchie, la bordure extérieure est corige d’hématite et le coeur de pyrite. (MKR1bghkéIno).
(C) Image SEM d'un grain de pyrite cubique et patiement oxydé au sein d'un feldspath. (D) Spectre
d’'analyse EDS le long de la ligne indiqué dans GRR1A_carriere de Szklarska Pdra). (E-F-G) Pyrite en
inclusions dans un feldspath dont elle pénetre lescrofractures (SPR1A_carriere de Szklarska Rbg).
BSE = image en électrons rétrodiffusés.
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Figure 51 — Sheet-like lenses of iron oxides in adbite crystal; (A) plane polarized. (B) Enlargemen under
reflected light microscopy. Notice that the contactbetween pyrite and hematite shows crystalline
directions. (C) SEM image of the area marked on (B)(D-E-F-G-H-I) EDS elemental mapping images.
Pyrite (Fe + S) appears as residual, enclosed byir oxide (Fe without S). The partially chloritizedbiotite
that host the iron mineral shows no K-feldspar inalisions, but sheets of titanite (Ca + Ti) are embeed in
between the biotite cleavage planes; (WL147, Chwalaw mountain); BSE = back scattered electron
image.

Figure 51 — Oxyde de fer sous forme de lentilles agin d'un cristal de biotite. (A) lumiére naturell

(B) Agrandissement en lumiére réfléchie : remarqugae le contact entre la pyrite et 'hématite moatdes
directions cristallographiques. (C) Image en SEM tkezone marquée en B. (D-E-F-G-H-1) Images en EDS.
Pyrite (Fe + S) apparait comme étant résiduelleplece par des oxydes de fer (Fe sans S). La biotite
partiellement chloritisée dans laquelle se situes Ieninéraux ferriques ne montrant pas d’inclusion de
feldspath potassique, mais des feuillets de titanj€Ca + Ti) sont intercalés entre les clivages debiotite.
WL147_montagne de Chwalistaw). BSE= image en élexg rétrodiffusés.
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6.6.2 Hematite and maghemite

Hematite is the most frequent iron oxide in thekh/reddish granitoid rocks in the
Polish Sudetes. Hematite occurs as (1) fine pigsmd@) distinctive granules and flakes, or
(3) sub-euhedral crystals.

Hematite pigments cloud the albitized plagiocla@eg. 52A) as well as the pinkish
K-feldspar phenocrysts. Nevertheless, some scdtf@ggnents are visible in the primary and
unaltered feldspars. Hematite pigments are cleatited to the alteration (i.e. albitization) of
the plagioclases and K-feldspars; they never showparticular link with secondary features,
like microfractures, voids, cleavages, etc. and #ppear as syngenetic (cogenetic) inclusions
formed during development of the secondary albite.

Hematite flakes occur in microfractures and alamgrigranular joints. They are made
up of distinctive dark and uniform accumulationsl aften appear concomitant with chlorite
flakes either (1) in secondary albite, forming #alof similar size as the initial chlorite flakes
(Fig. 52A) or (2) in microfractures crosscuttingvetise crystals (Fig. 52B). Hematite and
chlorite are often spatially related, but their oaltrelationship is not always clear. In some
places it can be seen that chlorite and hemat#ea@existing in the same fracture: hematite
occurring when the fracture crosscuts quartz oriteallcrystals, whereas chlorite
elongated/oriented along the fracture occurs whenfriacture crosscuts a chloritized biotite
(Fig. 52B). In this later occurrence one can imaghmat: (i) depending of the geochemistry of
the microenvironment, hematite may form in contaith the feldspar and chlorite in contact
with ferromagnesian silicates; (ii) or the fractuvas already "smeared" with chlorite due to
the shearing and that hematite developed lateftbsation of the chlorite as seen similarly in
the chloritized biotites. Besides, hematite oftemnfs dark irregular granules within the
hematite clouded albites and K-feldspars, withooy alear relation to the remaining or
former chlorite. But the relation with former chiter inclusions cannot been completely
excluded for these occurrences.

Fractures filled by dark hematite occur also withany connection with the chlorite.
In this case, hematite forms as distinctive prisenaiib-euhedral crystals as shown through
reflected light microscopy (Fig. 52C). Obviouslfiese hematite occurrences result from
precipitations from fluid migrations in open frargs.

Large dark hematite patches occur within the clgasaof the chloritized biotite
crystals. They appear as well defined lenses etedga between the former biotite cleavage
planes (Fig. 52D) and as more irregular and lesmebk patches in sections oblique or in
accordance to the former cleavage planes (Fig.,5&#i)ting out that hematite forms as disc-
like aggregates in between thechlorite sheets.t@usoften associated with hematite in these
intra-chlorite hematite patches. In some sampliesijas shaped lenses are filled only with
quartz or even with calcite. These lenses probaddylt from the alteration/oxidation of a
primary ferruginous mineral, which has been dissdland replaced either by quartz or by
calcite.

Maghemite seems less abundant than hematite andamrgppelated to the less
altered/oxidized granitoid facies.lts occurrencehim sections is not evident and therefore
maghemite could not be characterized neither throagtical nor by reflected light
microscopy. The only unambigious characterization ntdghemite and its distribution
throughout the studied facies is established byttbemal demagnetization.
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Figure 52 - Hematite occurrence within the albitizel granitoid rocks. (A) Fine hematite red pigments
within the secondary albite and dark and elongatedhematite flakes related with remaining chlorite flekes;
plane polarized; (WL97, Laski village); (A") enlargement of A; reflected light; hematite appess in bright
white contrast. (B) Red/brown pigmentary hematite vithin secondary albite and dark hematite in a
microfracture, notice the small chlorite flakes tha are oriented across the orientation of the largehlorite
crystal, Additional presence of irregular shaped hmatite granules; plane polarized; (WL93, Laski
village). (C) Dark hematite in fractures cross cuting hematite stained secondary albite; plane polazed,;
(WL93, Laski village); (C") enlargement showing bright white sub-euhedral hemtite crystals; reflected
light; (WL93, Laski village). (D) Hematite lenses lattened parallel to the cleavages of a large chlitized
biotite crystal; plane polarized; (WL92, Laski village). (E) Hematite lens, similar to that of (D), &w in a
thin section in the vicinity of the cleavage planesNotice that there are also smaller rod-like hemate
aggregates. Aggregates, that appear more irregularithin the cleavage planes; plane polarized; (WL94,
Laski village); ab2: albite; chl2a: secondary chloite after biotite; chl2b: secondary chlorite after
amphibole, chl2d: neogenic chlorite in micro-fractue; hem?2a: pigmentary hematite; hem 2b: dark
hematite: hem 2c: sub-euhedarl hematite.
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Figure 52 — Occurrence d’hématite dans les granideé rouges/albitisés. (A) Fin pigment rouge d’héntet
au sein de l'albite secondaire et d’hématite en gplgettes sombres associée a des feuillets résidigishlorite.
Lumiére polarisée. (WL97 village de Laski). JAAgrandissement de A. Lumiére réfléchie, I'hnématit
apparait en blanc vif. (B) pigments rouge/brun d’trétite au sein de I'albite secondaire et hématitersre
associée a des feuillets de chlorite dans une nfigcture en communication avec une biotite chlosge..
Aussi, hématite en granule irrégulier au sein dealbite. Lumiére naturelle. (WL93_village de LaskijC)
Hématite sombre dans une fracture recoupant une isbsecondaire pigmentée d’hématite. Lumiere
naturelle. (WL93 village de Laski). (D) Lentilles'lttmatite allongée parallélement aux clivages d'une
grande biotite chloritisée. Lumiere naturelle. (WR9village de Laski). (E) Lentilles d’hématite idaqtie a
ceux de (D) mais vue dans le plan de clivage. Na@jeZl y a aussi des agrégats de baguettes d’hétegtius
petites. Ces agrégats apparaissent plus irréguliens sein des plans de clivage. Lumiére naturelle.
(WL94 _village de Laski). ab2: albite secondaire;I2h: chlorite secondaire héritée de biotite; chi2lghlorite
secondaire héritée d’amphibole, chl2d: chlorite rggnique dans les microfractures; hem?2a: hématite en
pigments; hem 2b: hématite sombre: hem 2c: hémagitautomorphe.
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6.7 CONCLUSION

The study of the reddened facies reveals that ibteillition of the red coloration
shows a close link with the distribution of therpary or secondary minerals. The reddened
facies are mainly dominated by the presence ofrekny albite, hematite, and chlorite, while
the light/unstained facies are dominated by ignenunerals such as plagioclases, biotite, and
amphibole and also alteration minerals, formingraggtes of prehnite-albite (ab2’)-sericite.
Plagioclase, amphibole, and biotite show a progressrolution from the light facies towards
the reddened fracture walls highlighting some dmeanineralogical changes. Plagioclases
disappear in favour of albite as approaching towdle reddened fracture walls, while the
amphibole and biotite content decreases in favoghlairite. Thus, albite replaces plagioclase
in the reddened facies whereas chlorite replacgdhsoole and biotite (Fig. 53).

The most outstanding phenomenon of the reddenedsfag the albitization of the
primary plagioclases. Plagioclases are entirelgaotially albitized showing the preservation
of aureoles or irregular zones of clear primarytallwvithin the zones of secondary hematite
clouded albite. The neogenic albite (ab2) is nomited and associated with pigmentary
hematite, sericite, and calcite. The primary pohgegtic twinnings of the plagioclase tend to
disappear during the albite formation. This is dieadifferent to “the classical”
saussuritization in which secondary albite (abJasous and forms aggregates with prehnite-
sericite and where petrographic features of thengmy plagioclases are preserved (de la
Roche, 1957; Sandstrom et al., 2010). Even if timgrglooming, obliteration or obscuring
have been reported in some saussuritized plagexidenkin et al., 1992; Morad et al., 2010)
they have never been completely erased. Indeedsitmes that the lack of twinnings in the
saussuritization is just apparent (Martin and Rasst®997).

Besides, hematite appears as paragenetic with dagomlbite. In particular, it is
excluded that the hematite may have precipitateditapores within the secondary albite: in
this case one would expect that iron oxides fornthi& pore through microfractures yet the
latter is not observed in the studied facies. Unlderassumption that hematite and secondary
albite are paragenetic, it means that the albiimabok place under oxidizing conditions.

Albitization of both, plagioclases and K-feldspassassociated with the chloritization
of the primary amphiboles and biotites. Some ctitmd biotites show lenses of titanite,
calcite, K-feldspars and pyrite along the cleavagesulting from of Ti, K, Si and Fe released
by the chloritization of the biotites. Similarh\he chloritized amphiboles show calcite lenses
along their cleavages, resulting directly from @eerelease by the amphibole chloritization.

Thus, for conclusion, the reddening processes decthe replacement of the primary
K-feldspars by secondary albite (ab2) and microcliaed the inclusion of pigmentary
hematite. Several minor minerals such as calcipgtii®, and even titanite appear as
associated with the reddening/albitization alterati
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Figure 53 — Minerals distribution from the reddish zone towards the light zone. (1) is for the primary
minerals and even the saussuritization minerals andq2) for the secondary. Igneous minerals and the
minerals related to saussuritization appear in greyand those related to reddened facies are in redhe
reddened zone is dominated by the occurrence of theecondary minerals such as albite, hematite and
chlorite whereas plagioclase, amphibole and biotiteare the significant minerals in the light zone.
Secondary minerals towards the reddened zone progssively replace the primary minerals.
Saussuritization minerals are represents by albitesericite-prehnite aggregates; they are not affectetly
the reddening alteration.

Figure 53 — Distribution des minéraux depuis la zerrouge vers la zone claire. (1) désigne les mingra
primaires et le (2) les minéraux secondaires. Leinémaux ignés et les minéraux de la saussuritisatio
apparaissent en gris tandis que les minéraux liéscdacies albitisés en rouge. La zone rouge est dwa par
'occurrence de minéraux secondaires tels que I'tdh) ‘'hématite et la chlorite tandis que plagicase,
amphibole et biotite sont les minéraux importantars la zone claire. Les minéraux secondaires rentglat
progressivement les minéraux primaires en allantyéa zone rouge. Les minéraux de la saussuritisatisont
représentés par les agrégats d’albite-prehnite-siéei qui ne sont pas affectés par I'altération roisgante.

106



RESUME CHAPITRE 7

INTERPRETATION DES PARAGENESES MINERALES
CIRCULATIONS DE FLUIDES ET PROCESSUS METASOMATIQUES

Les altérations décrites dans I'étude pétrographicgant entierement liées aux
fractures de la roche. Le rougiement montre un geatddécroissant depuis les fractures vers
I'intérieur des blocs ou les faciés sont clairs. giudes fractures majeures ayant eu des
circulations importants de fluides montrent desi@tions plus intenses (épontes colorées
d’'oxyde de fer) que les fractures mineures. Il apfiaque ces altérations sont dues a la
circulation de fluidesdans les fractures.

L’altération des plagioclases donne lieu a troipdg d’'altération ; (1) I'albitisation
des plagioclases (avec préservation de volume)cassoa de I'hématite en pigments a
proximité des fractures ; et loin des fractures|@¥aussuritisation et (3) la séricitisation des
plagioclases (Fig. 54). Ces altérations s’accompagnaussi de la chloritisation des
minéraux ferromagnésiens primaires (biotite et aibbples). Cette chloritisation
s’accompagne de la formation de minéraux secondafgeiartz, FK, prehnite, minéraux
ferrugineux, de titanite, apatite) le long des fets de la chlorite. Ces altérations
apparaissent géochimiquement différenciées entidar et la bordure des blocs délimités
par les fractures (Fig. 54). La bordure des blotacies rouge) est ainsi enrichie en Net
appauvrie en K, tandis que le cceur des blocs @adgrs) apparait relativement enrichi en
K*, en C&" et en AY". La composition chimique de I'ensemble évolue Eas. altérations
correspondent a unprocessus meétasomatiquede ré-ajustement des équilibres
thermodynamiques.

Les différentes altérations et paragenéses assocs®e présentent comme des
continuums ou des gradients passant de I'un a l&apuisqu’elles ne montrent jamais de
front d’altération entre elles. Les différentes pgeneses observées sont donc la traduction
de gradients géochimiquesentre le fluide des fentes et les blocs de gréetm Les
successions paragénétiques résultent du déplacepregressif du front réactionnel de
chaque paragenése des fractures vers l'intériels docs. L'albitisation et les pigments
d’oxydes présentent le méme type de gradient tsadtiiune diminution vers l'intérieur des
blocs des teneurs en Nat O (et/ou Fe) (Fig. 54), tandis que la teneur eh gemble
diminuer en sens inverse.

REACTIONS COUPLEES DE DISSOLUTION-PRECIPITATION

L’anorthite des plagioclases étant tres instable prgsence d’'eau (Mathews and
Goldsmith, 1984), la déstabilisation des plagioeksemble étre le processus d’altération
qui déclenche et entretient des réactions en clsajneen découlent.

L’ albitisation des plagioclasea volume constant en bordure des fentes se fait av
apport en N4 et relargage de G et éventuellment de ] et donne naissance & une albite
tres peu poreuse. La réaction d’albitisation seuiéchu fur et & mesure que les fluides
pénétrent la roche par convection et diffusion juags’arréter lorsque le Na devient
insuffisant pour nourrir I'albitisation.

Lesbiotitessont altérées en bordure des fractures par le toeffet du lessivage du
K* interfoliaire et de l'oxydation de B& de leur couche octaédrique (Fig.54). La
chloritisation des biotites se fait avec recrisigdtion de la structure phylliteuse et a minima
avec libération de Si(OH)qui pourra dailleurs étre consommeé par les néafations de FK
ou de quartz, ou méme nourrir l'albitisation deagibclases. Il est a noter que la nature des
chlorites va dépendre de la composition initiale téotites et de la composition des fluides.
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Or la composition des fluides varie vers l'intériedgs blocs, donc la nature des chlorites va
évoluer dans le méme sens. La reconnaissance deétehtle différentes compositions ne
traduit aucunement des phases successives magt phg évolution des fluides au cours de
la chloritisation.

Les amphibolesglobalement calciques semblent moins sensibles chlbritisation,
probablement protégées par le Cdibéré par I'albitisation des plagioclases. Pouette
raisonla chloritisation des amphiboles n’apparaiteqdans les facies les plus albitisés. La
déstabilisation des amphiboles intervient probaldetraussi sous I'effet du lessivage de Mg
et éventuellement de I'oxydation d&Fe

L’hématite est systématiquement associée a l'albitisationdEnors de la pyrite et
des magnétites primaires oxydées, I'hématite agdpasait en pigment dans [lalbite
néogénique, ou en granules ou feuillets associgsna@néraux ferromagnésiens. Toutes les
occurrences d’hématite en dehors de l'albite néagén sont directement associées a la
chloritisation des minéraux ferromagnésiens et j@mdirectement liees aux fluides des
fractures. D’allleurs cette relation (hématite-chite) est renforcée par I'études isotopique du
Fe dans les facies albitisés et saussuritisés @elé&qui indique I'apport de Fe des chlorites
dans la formation de I'hématite (Dideriksen et &Q07). Le fer n’apparait jamais lié
directement aux solutions des fractures, cellasecsont visiblement pas ferrugineuses.

La formation deséricite dépend de la disponibilité desdt St* mais surtout de K
Le K proviendrait exclusivement de la chloritisation dwstites, puisque I'albitisation des
feldspaths-K est marginale et limitée a la borddes fentes. Or en bordure des fractures le
K* libéré par la chloritisation est en grande paréwacué. Ce n'est qu’en s'éloignant des
fentes, vers l'intérieurs des blocs, que le fluxwaxtif se réduit et que les phénomenes de
diffusion prennent de l'importance dans le trangpes éléments, expliquant ainsi pourquoi
la séricite est plutot plus développée au coeubttess, loin des fractures.

La prehnite présente plusieurs occurrences témoignant d’umioe mobilité des
éléments constitutifs. Cette mobilité est aiséreentsageable pour le Gaet le St*, mais
plutét singuliére pour I' Al considéré globalement immobile. Il apparait néaimmalans le
cas présent que I'aluminium est relativement moliggs son évacuation du systeme par les
fluides est difficilement appréciable.

La faible fréquence dealcite dans les faciés étudiés dénote des fluides relatnt
pauvres en C®

INTERACTIONS FLUIDE-ROCHE

La distribution des altérations par rapport aux ftages montre qu’il n’'y a qu’une
phase d’altération avec des réactions liées lessumex autres. Ces réactions induisent des
échanges géochimiques conditionnés par le déplatendes ions en solution. Les
circulations de fluides sont plus intenses dans flegtures principales ouvertes par
convection, tendent a s’annuler dans les microfreet en « cul-de-sac », et se limitent méme
a de fins films aux limites des grains au cceurldess. A ce niveau, la diffusion 'emporte
sur la convection.

Les vides, fractures et limites de grains sont dessentiels dans les réactions
d’altération car ceux-ci permettent le mouvemenfldiele. Quand les mouvements de fluide
sont réduits, la sursaturation d’'un fluide par rapp@ une phase minérale est limitée a
I'interface minérale-fluide (Putnis et al., 200%)le film de fluide a I'interface peut avoir une
composition tres différente de celle du fluide gucule et qui peut rester sous-saturé par
rapport au minéral qui précipite a l'interface. Dans cas, les réactions couplées présentées
plus haut ne s’inscrivent plus dans un équilibrebgll mais plutét dans des équilibres
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géochimiques dynamiques s’enchainant spatialenstrgntretenue par la progression des
altérations. Une zonalité géochimique se dévelogipes et progresse a la maniere d’'une
chromatographie typique d'un systéeme meétasomatigiezhinskii et Oestreich, 1965 ;
Brinhall et Dietrich, 1987 ; Guy, 1993).

Dans une roche limitée par une fracture, il s’étabhe zonalité du transport des ions
qui va conditionner la zonalité géochimique (Fig).5Prés des fractures, les échanges se font
par convection et les minéraux précipités sonteuilibre avec le fluide des fractures, tandis
que loin des fractures, la diffusion prédomineest paragenéses sont conditionnées par les
equilibres locaux qui sont de plus en plus éloigdésl’équilibre avec les solutions des
fractures a mesure gu’on s’éloigne de celles-ci.sOpt les réactions couplées au voisinage
des fractures qui sont les témoins de la naturefldedes qui circulent.

L’albitisation des plagioclases et la formation dratite témoignet de la géochimie
des fluides. Ce sont des fluides enrichis el M appauvris en K qui permettent la
formation d’albite. Ces fluides sont également @mnsg en oxygéne comme le montrent la
présence et 'abondance d’hématite pres des frasturelativement pauvres en £€ar peu
de calcite précipite, désaturés en §i@F" et Mg puisque les biotites et sont partiellement
altérés en hématite. En sortie du systéme, legefusont appauvris en Nat G, consommés
par l'albitisation et I'nématisation mais enrichen K car peu de séricite se forme en début
d'altération. Le bilan est plus difficile & établour SiQ, AP* et C&*. Au final, les fluides a
I'origine des altérations étudiées ici sont riches Nd, relativement appauvris en*Kpar
rapport & Nd et oxydés.

COMPORTEMENT DES OXYDES DE FER

Les oxydes de fer présents dans ces facies perestituer un excellent outil pour la
datation paléomagnétique du phénomeéne d’altéragarsupposant que albitisation et oxydes
de fer sont paragénétiques. Deux interprétations I'dgsociation albite-hématite sont
possibles : soit elle est paragénétique et corradpdonc a un seul événement géodynamique,
soit albite et hématite correspondent a des altérat successives. Ces deux points de vue
sont largement discutés dans la littérature. Jeskit al., (1992) qui considérent que la
saussuritisation, la chloritisation et la séricdison des granites de Connemara
correspondent a un événement unique, tandis que algsurs travaillant dans le
Protérozoique de Suede évoquent plusieurs évenenggadynamiques et séquences
d’infiltrations pour expliquer I'association albiteématite (Drake et al., 2009 ; Sandstréom et
Tullborg, 2009).

L’ origine des fluides oxydantsst toujours rattaché a la surface. Dans les hyssbe
post-magmatiques ils sont expliqués par des cscuibnvectifs apportant les fluides
superficiels au contact des roches granitiques desuet profondes. La participation de
fluides météoriques a été argumentée au traversuds isotopiques des minéraux
d’altération. Mais la faiblesse de ce modéle régides le fait que les fluides superficiels sont
censés descendre a des profondeurs de I'ordre denlét vont perdre progressivement leur
pouvoir oxydant en interagissant avec les terraggsdimentaires et meétamorphiques
traversés. Récemment, une modélisation géochimigess fluides circulants dans des
fractures a montré une réduction rapide de la futgade I'oxygéne des fluides (MacQuarrie
et al., 2010).

La distribution des oxydes de fex I'échelle microscopique montre que I'hématite
n'est jamais associée aux fractures et joints comm@ourrait I'imaginer si le fer avait été
introduit dans la roche par des solutions. En fédhématite forme un pigment diffus dans
I'albite secondaire qui comporte trés peu de poies.revanche, les albites poreuses sont
celles associées a la précipitation de prehnitedetséricite et celles-ci ne montrent pas
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d’'oxyde de fer associé. L’hématite est donc cogdgueetde l'albitisation et correspond
vraisemblablement a une redistribution du fer Idesla chloritisation des biotites. A I'échelle
macroscopique, la coloration rouge est directemessbaiée aux fractures et les oxydes de fer
sont associés a l'albitisation. De plus, les fraesirouges albitisées ne sont recoupées par
aucune fracture postérieure, indiquant que l'akgatiion rouge est récente par rapport a
I'histoire géodynamique du granite et certainemesrtgrieure a son exhumation.

La distribution des porteurs magnétiques résultateda démagnétisation thermique
indique un mode de distribution en fonction de ¢doration rouge des facies et de leurs
caractéristiques structurales (Fig. 55). Les facisensément et pervasivement albitisés de
Laski village montrent uniguement de I'hématite dianque les facieés a pigmentation
légerement rose comme ceux de la carriere de Chiaali présentent soit un mélange
hématite-maghémite ou uniquement de la maghémiteidie de Szklarska Peba). La
distribution dans les coupes avec albitisation rouginse le long des fractures est plus
contrastée. Les fractures les plus rouges contiende I'hématite ou un mélange hématite-
maghémite tandis que les fractures les moins rougestrent une prédominance de
maghémite. De la magnétite résiduelle est présxdates les faciés clairs, non altérés, et
semble étre un porteur primaire. L’hématite caraisk les facies les plus altérés tandis que
la maghémite semble se développer dans les prestaes d’oxydation.

La maghémite semble typique des facies les moitéséal et non affectés par
I’'hématisation dans lesquels subsistent des bgtiten chloritisées. Il est généralement admis
que, l'oxydation lente de la magnétite produit denhaghémite tandis qu'une oxydation
rapide conduit directement & la formation d’hémat{Steinthorsson and Helgason, 1992 ;
Bowles et al. 2011). La transition maghémite-héteatiaduirait donc un changement des
conditions environnementales pendant [I'oxydation d¢& magnétite. L’altération
commencerait par la formation de la maghémite ddes conditions oxydantes faibles,
tamponnes par la présence de minéraux ferromagmegemaires, et continuerait avec la
formation d’hématite dans les conditions oxydanphss franches, quand les minéraux
ferromagnésiens sont oxydés. La distribution spatidé ces deux oxydes permettrait de
retracer le gradient de ces conditions oxydantes tte I'altération albitisante.

D’'un point de vue géochimique, il n’y a aucune cadiction pour avoir une
différentiation spatiale entre la distribution desilicates et des oxydes de .f&€ependant,
I'altération et la cristallisation des silicates déndent du pH tandis que I'Eh et la fugacité de
'oxygeéne gouvernent la formation des oxydes de@es deux parametres peuvent varier
indépendamment, mais la précipitation des oxydefeidest facilitée par toute élévation du
pH. Ainsi une chute locale de lactivité de" Havoriserait localement la précipitation
d’inclusions d’hématite dans les feldspaths (Booh®869), expliquant la précipitation
d’hématite au cours de l'albitisation des plagiodaset des feldspaths potassiques. D’autre
part, I'intensité de la pigmentation rouge et I'almtance d’hématite sont liées a la fugacité de
I'oxygéne qui décroit également en s’éloignantfdastures. D’un point de vue géochimique,
la distribution de I'hématite concorde avec la séqece d’altération des silicates suggérant de
ce fait que I'hématite fait partie intégrante deplaragenése.
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CHAPTER 7

7/ INTERPRETATION OF THE MINERALOGICAL
PARAGENESES

7.1 FLUID CIRCULATION AND METASOMATIC PROCESSES

Fluid circulation in the fracturestrigger the alterations. The mineralogical
parageneses described in the petrographical stuedgrdirely linked to the fractures within
the rocks. The reddening develops with a decreagiadient from the fractures towards the
inner part of the blocks which are themselves dédithby these fractures. The light/unstained
facies are always situated further away from tlaettires, towards the core of the blocks
(Fig. 54). This geometrical arrangement is systamdiut the intensity of the alteration
phenomena varies significantly.

Some fractures emerge as major with respect taltbetions and the staining of their
walls by iron oxides may reach several decimetnethickness, whereas other fractures are
thinner and appear as secondary and less extentledespect to the alterations and to the
oxidation phenomena on the fracture walls, thatiarited here and often penetrate the rocks
only a few millimetres. This geometrical arrangetngearly shows that the alterations must
be related to fluid circulation through the fraetswr

Major fractures showing the most intense alteratiare opened and interconnected,
and therefore they presumably had significant flélmlv rates. Fractures with limited
alterations therefore had less significant flumflrates, due to the fact that they are narrow
(compressive tectonic) and/or to their lack of catinéy with other fractures.

Chain reactionsoccur within the fracture isolated blocks. The ralt®ns described in
the petrographical section affect primarly andnsteely the plagioclases and only to a lesser
extent the ferromagnesian minerals (biotite and habgtes). The alteration of plagioclases
generates three types of alteration (Fig. 54):

1) An albitization of the primary feldspars, appargntlith conservation of the
volume, directly linked to the proximity with theatture, and accompanied by the
staining of the neogenic albite by iron oxides. $o@a-bearing silicates may be
associated to this albitization facies. Nevertleldbey are rather connected to
veins and not directly included in the albitizecdgibclases, at least in the most
albitized facies along the fractures.

2) The saussuritization of the primary plagioclaseshvihe development of Ca-
bearing silicates (in particular prehnite) is tyidor the light/unstained facies
situated further away from the fractures. Prehiatens euhedral crystals within the
altered primary plagioclases and in micro-fractuseswell. The development of
albite goes along with the saussuritization of ghenary plagioclases. Here, albite
forms a frame of crystals of common orientationt With a substantial porosity
that makes the crystal framework discontinuous.

3) The invasive development of sericite (sericitizajisometimes affects the primary
plagioclases within the light/unstained facies,hwiit development of Ca-bearing
silicates. Here, the development of sericite i alssociated with the formation of
albite that develops as small and discontinuoustaly which nevertheless preserve
the orientation of the primary plagioclases.

The alteration of the ferromagnesian minerals isinescted to the plagioclase

alteration. All facies show a gradual biotite cltiaation in the light/unstained facies, and is
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stained with pigmentary hematite in the albitizadiés. Biotite chloritization seems to occur
either with volume conservation or with slight dease of the volume. The chloritization of
biotite is sometimes associated with the formatbsecondary minerals imbedded between
the layers of the chlorite, which include quartzfeidspar, prehnite, iron-bearing minerals,
and accessory minerals, such as titanite and epdtite nature of the secondary minerals
seems to depend on the geochemical context in whiehchloritization in relation to the
albitization, saussuritization, and sericitizatmrcurred. The amphiboles are chloritized in the
same context; nevertheless, they are practically-aftened in the light/unstained
saussuritized facies whereas they are much moreritthéd in the most albitized and
hematitized facies.

These alterations cause a strong geochemical anetprthe fracture isolated blocks,
which can be differentiated between the core aadtiundaries of the blocks (Fig. 54). Thus,
the edges of the block appear as strongly Na-esdiclconsidering the plagioclase
albitization, and they are incidentally depletedkin due to the biotite chloritization and
partial albitization of the K-feldspars. On the etlside, the light/unstained facies in the core
of the block emerge as relatively enriched in Khanégard to the plagioclase sericitization,
but they are also characterized by a relative aatation of Ca and Al in comparison to the
albitized facies, considering the saussuritizatibthe plagioclases.

Geochemical gradientsare revealed by the succession of the mineral passgs.
The different mineralogical parageneses relatetheéoalterations described above do never
exhibit a interruption or clear alteration front,tbilney appear rather as continuum or
gradients from one to another.

There are overlapping parageneses, in particuldr r@spect of the small sericite in
the core of the albitized/hematitized plagioclasleat clearly illustrate a first stage of
alteration with partial sericitization, relieved ars#t by the alteration of the residual
plagioclases, just like small prehnite crystals abserved within albitized plagioclases.
However, no obvious temporal succession betweesetharageneses have ever been
observed, i.e. the alteration of a secondary minbga the another one. Thus, these
parageneses might rather be seen as the expredésiom geochemical gradients between the
fluids within the fractures and the granitoid blecKhe paragenetic successions observed
here, are successions indeed, but they result fhenprogressive shifting of the reactional
front of each paragenesis towards the inner parthefblocks, while their outer part is
gradually altered, i.e. in equilibrium with theenstitial fluids.

The albitization as well as the iron oxides pigmneexhibit a decreasing gradient in
intensity from the walls of the fractures towartie inner part of the blocks. This gradient
reflects a decrease in Nand Q (and/or Fe) content of the interstitial fluids Wween the
minerals and in the micro-fractures (Fig. 54). bnicast, the K content of the interstitial
fluids seems likely to decrease in the opposite: Walpearing minerals (K-feldspar, biotites)
are altered at the fractures walls whereas sengieelops within the light/unstained facies
away from the fractures walls.

Therefore, it might be appropriate to talk here a@bsequence or metasomatic
zonation rather than a typical paragenesis and riticpkar not about successive or different
alterations processes.
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7.2 COUPLED DISSOLUTION-PRECIPITATION REACTIONS

First of all, the high instability of the anorthisd plagioclase anorthitic component in
presence of water (Matthews and Goldsmith, 1984) beaconsidered increasing dissolution
rates of plagioclase with respect to their ancetluibontent (Stillings and Brandtley, 1995).
Plagioclase destabilization appears most probabltha alteration process that triggers the
resulting chain reactions.

Plagioclase albitizationoccurs at constant volume along the fracturesswathere
fluids circulate unhampered, and results in thenfiron of albite with a very low porosity.
This indicates, that the albitization reaction wlpdace with Na supply, probably additional
silica, and Ca and Al release. In the vicinity bé tfractures, the released cations may be
leached and evacuated by the fluids. As the reagiaes on, fluid penetrating the rock by
diffusion and convection depletes in Na, and theitiahtion of plagioclases becomes
gradually reduced or even stops, when the Na-couwfetite fluids is no longer sufficient to
feed the albitization process.

The biotites are also destabilized in the vicinity of the fraets, probably through a
double effect of their K-interlayer leaching and thieir Fé* octahedral-layer oxidation
(Fig. 54). This chloritization of the biotite doe®t only correspond to a simple cation
exchange, but rather to a whole recrystallizatibrthe phyllitic structure. Here Si(Ol)
leaching takes place, since the cation/Si ratiegisal to ~1 within the biotite, whereas it is
between 1 and 1,5 within the chlorite. The releasdita may be consumed by the
crystallization of neogenic K-feldspars or quaarad may probably nourish the albitization of
the plagioclases as previously mentioned. If tHertlzation occurs without additional cation
supply, the volume loss is about 30%, whereas iftat@l cations (such as the Al released
by plagioclases albitization are available to beorporated in the chlorite crystals, the
volume loss may be less substantial than in theique reaction (Ferry, 1979)

It also has to be noticed that the nature of therttkland their chemical composition
depend on the original composition of the biotites fluid composition and in particular on
the oxidizing fugacity of the fluids, since the kalence impacts considerably on the
composition of the chlorites. While the chloritimat of biotite progresses towards the inner
part of the blocks, the composition of the fluicanlges gradually as well. Consequently the
composition of the chlorite evolves too. Thus, ttlearacterization of different chlorite
compositions does not necessarily imply successhleritization phases, but it may be
simply the result of changes in the fluid compasitduring the chloritization process.

Amphiboles appear asless "sensitive" to chloritization than the biotites, in
comparison their chloritization appears delayedsTiprobably because their structure does
not contain any unstable or mobile cation, sucK &sthe biotites. The destabilization of the
amphiboles occurs most likely as a result of the I¥aghing and perhaps Fexidation. It
can be considered, that amphiboles and in partiduteinblendes (which are calcic) are
relatively protected against the chloritization d&ese of the Ca liberated by the plagioclase
albitization. It is probably for that reason thiae tchloritization of amphiboles occurs only in
the quite alteration-advanced facies, that ardiadil, and therefore provide no longer Ca to
the fluids.

Hematitization is systematically associated to the albitizatidypart from the
oxidized pyrite and magnetite (that has been dedebly SEM analyses, see Chapter 6),
hematite appears almost exclusively scattered nithé matrix of the mineral; either as tiny
pigments within the neogenic albite, or as bettgstallized occurrences (granules, lamina or
laths) associated to the ferromagnesian minerdis. very few hematite occurrences within

113



the micro-fractures result entirely from their pirory with the ferromagnesian minerals, in
particular from the chloritized biotites. Hematighin the fractures is also directly linked to
chlorite coatings in the shear-zones. These frastdo not crystallize as hematite deposits
(colloform) as it appears in the case of direct &gte crystallization from fluids. Thus,
hematite occurs always either as directly related the alteration of the primary
ferromagnesian minerals, or as connected to théat®n of sulphur and/or primary oxides.
Such a genetic relationship between hematite alwitghhas also been shown in the albitized
and saussuritized granitic rocks in the Paleopoatic bedrocks of the Forsmark in central
Sweden, where the Fe isotope composition likelfeots the input of partially dissolved
chlorite (Dideriksen et al., 2007). The iron newgpears as directly related to the fluids
within the fractures, which are thus unlikely toilmn-bearing fluids.

Sericite development depends on the availability of Al &dand particularly of K.
Biotite chloritization appears as the quasi-exelessource of K in the system, since K-
feldspar albitization remains marginal and bountdethe fractures walls. Besides, K-release
by the chloritization in the early stage of theemdtion and in the vicinity of the
microfractures is widely evacuated by convectivafl It is present further away from the
fractures, where the convective flow decreasestlamdnportance of diffusion increases with
respect to the transport of the chemical elemétfdgace, the K-content of the interstitial fluids
may principally increase in the inner part of tyetem. Therefore, the sericitization develops
dominantly in the light/unstained and moderatetgrald facies, especially since the “internal”
zones are the zone where the Na-content decraasies interstitial fluids due the increasing
distance from the fractures that are the major sowf Na. Yet, the albitization of the
plagioclases is dependent of the Na availabilihd ghus more significantly of K/Na ratio.
When the K/Na ratio increases, the albitizatiotimgted and K competes with Na to form
K-bearing silicates (mainly K-feldspars and illit@ea) in combination with Si and Al (Ben
Baccar et al., 1993; Perez and Boles, 2005). Thpdass why the albitized facies show
sericite only in small amount in the core of thenary plagioclases.

If all previous described alteration minerals fommainly by epigenic processes, i.e.
direct and by “isovolumic” replacement of the primaninerals,prehnite stands out in
various aspects: prehnite was observed as euhagsthls within various minerals, within
the veins and microfractures. This variability oklpnite, in particular with respect to its
precipitation within the microfractures, withesslee mobility of its chemical components. Si
is mobile, but usual for Ca, and rather unusualAbrthat is known as fairly mobile in a
medium close to neutral pH, except in presenceoaiptexing agents (Castet et al., 1993;
Farmer and Lumsdon, 1994 ; Oelkers et1#894).

In any case, and in the present case, Al appeded as fairly mobile. Nevertheless,
it seems difficult to assess whether Al was evamlidrom the fractures by the fluid
circulation. Calcite is relatively uncommon in teeudied facies, suggesting that the fluids
responsible of the above described alterations ywexigably CQ-poor fluids (Ferry, 1978).
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7.3 FLUID / ROCK INTERACTION

The nature and the spatial distribution of thetirees related alteration observed in
the granitoid rocks suggest one single alteratibasp, with coupled-reactions that occur
successively and form a spatial sequence thattsesul the mineralogical parageneses
zonation with regard to the fracture geometry. @tlterent reaction zones are interconnected
by many ion exchanges. Some reactions releasewils others consume them. These
coupled reactions make it possible to trace baek ghochemical characteristics of the
interstitial fluids that trigger the reactions ahé evolution of the alteration from the fractures
towards the core of the blocks.

The geochemical exchanges between the reactionaszare determined by the
transport of the ions in the fluids. The exchange$e open cracks and in the micro-fractures
(that are connected to the major fractures) takeegoby the circulation of the transport fluids,
i.e. by convection. The circulations may be reldyiveapid in the major fractures;
nevertheless their speed may decrease exponentidtly the fracture dimension, their
connectivity and tortuosity. The circulation tenidsdiminish and finally disappear in the
“bottom of the bag”, like in fractures on the pémpy of the connected network. Away from
the open cracks, the fluids quantity is reduced arainly limited to “thin films” at the
boundaries of the grains. Within these thin filntlse circulation is minimal, and here
diffusion prevails over convection. Thus, the diggiment of material is extremely reduced
and slow and is not controlled by the hydraulicdggat, but rather by the geochemical
gradient between the enriched and depleted zormsyathemical element.

Therefore, the alteration reactions are dominahghgrmined by the presence of voids.
Fractures and grain boundaries allow rapid fluid emognts through the rock and the
development of micro-porosities on the alteratioonf and in the neogenic mineralogical
phases which allows fluids to penetrate furthewo ithe successively replaced mineral.
However, in this context, with extremely reducedidl movements, the oversaturation of a
fluid with respect to a mineralogical phase is ptpdimited to the mineral-fluid interface
(Putnis etal., 2005), and the thin film of fluid at the inteceamay have a very different
composition from that of the flowing fluid, whichay remain under-saturated with regard to
the mineral precipitating at the interface.

In that context, the coupled-reactions describedvabare not part of a global
geochemical equilibrium related to the fluids in finectures, but they are rather part of a
dynamic geochemical equilibrium which is spatialigked. Differences in the chemical
potential exist between the rock matrix and thaeelt fluid. Exchanges tend to equalize the
chemical potential between the two media, but thevetbpment of the alteration
simultaneously maintains the chemical potentidked#nce. The system is only partially open.
A geochemical zoning develops and progresses inhm@nwatographic way, This is
characteristic of a metasomatic system (korzhinskid Oestreich, 1965 ; Brinhall and
Dietrich, 1987 ; Guy, 1993). The reactions do nesuft from a global thermodynamic
balance, but from balances that keep occurringayatwith the formation of sharp fronts.
The balances are not determined by the kinetidheimineralogical reactions, but rather by
the kinetics of the ion diffusion in the rock. Thilsermodynamic reactions which originally
seemed incompatible with a global context may ac@Gemperature does not appear as a
limiting factor, but it allows speeding up the reaes by acceleration of the diffusion. The
reaction rate is affected through the diffusiorerdthe reactions are extremely slow, but not
impossible from a thermodynamical point of view.

Thus, within a system or a rock encircled by fraesy a zoning of the ion transport
that determines the geochemical zoning is primatgldished (Fig. 54). Along the fracture
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walls, the convection exchanges prevail and aegively fast; the mineralogical paragenesis
formed is in equilibrium with the fluid thereby reals the geochemical characteristics of the
fluid. Further away from the fractures walls, thelanges are slow and driven by diffusion
and they; the mineralogical parageneses are ctadrbl local balances that are far from the
balance with the fluid. The coupled reactions ia Wicinity of the fractures are witnesses of
the nature of the fluid circulating.

In the present case, plagioclase albitization awddtite precipitation are symptomatic
for the geochemistry of the fluid. These are comsideas Na-enriched and relatively K-
depleted fluids (Saigal et al., 1988 ; Aagaardl.etl®90 ; Ben Baccar et al., 1993; Perez and
Boles, 2005) and thus responsible for the albiten&dion and the albitization of K-feldspar
crosscut by fractures. The fluids are also consil@s enriched in oxygen, as witnesses by
the formation of hematite. They seem to have dively low CQO, fugacity since only little
calcite is formed, in spite of the abundance ofr€aased during plagioclases albitization.
They are also relatively under-saturated in ;Si® and Mg since chlorite coating in the
fractures is sometimes entirely altered into hetmatht the output of the system, fluids are
depleted in Na and {hat were consumed by the albite formation andotidation of the
ferromagnesian iron minerals. They are enricheKjnsince at the early stage of the
alteration, no or just a little sericite is formeahin the plagioclases during the chloritization
of biotite. The balance is more difficult to esiablfor SiQ, Al and Ca. SiQ because the
estimation contains uncertainties, but significamtounts of silica are liberated during the
biotites chloritization. Thereby it appears likghat it is exported outside of the system, at
least in the granodioritic facies that are richebiotite. Besides, quartz and chalcedony have
been locally recognized in some cracks. It may dxesiclered that Al and Ca are balanced
between the altered plagioclases and the formafignehnite and calcite, even if a quantified
balance is not available. In any case, such a balendifficult to establish due to the mineral
dispersion and heterogeneity throughout the alteradureoles. Nevertheless, it is obvious
that the Ca is easily exported from the corticact®nal zones in the early stage of the
alteration. Al mobility is unlikely to happen hetegcause the major fractures never show any
alumino-silicate deposits.

Correspondinly, the granitic rocks in the Paleogmazoic bedrock in Forsmark central
Sweden, which display a comparable metasomaticgpaesis as those studied here (with
sassuritisation, albitisation and chloritisatiohpw that the red-stained rock adjacent to the
fractures underwent only a very limited redistribatof the elements on the whole rock scale,
that is mainly manifested by an enrichment of@®laa constant Fetot, and a depletion of CaO,
FeO, and SiQ(Drake et al., 2008; Sandstrém et al., 2010).

In the end, it appears clearly that the respongibids of the alterations are oxidized
Na-rich fluids, relatively depleted in K in compsoi to Na.
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Figure 54 - Schematic interpretative sketch of thevarious petrographic parageneses related with the
reddening and the albitization of the granitoid rods in the Sudetes at the outcrop scale. (A) Geométal
arrangement of the facies: The reddened facies aréocalized on the fracture walls whereas the
light/unstained facies remain only in the core of he blocks. (B) Distribution of the metasomatic
alterations: Albitization prevails along the reddered fractures whereas saussuritization and sericitaion
dominates in the light/unstained core of the blocksChloritization occurs in both zones but is morentense
near the fracture walls. (C) Geochemistry: NAwas available along the fractures whereas K AlI**, and
Ca’" were rather present in the core of the blocks. (DBeochemical gradients: N& Fe* and O, decrease
from the reddened fracture walls towards the unstaied core of the blocks whereas Kcontent declines in
the inversely. (E) Q and Na" behaviour: albitization intensity decreases accordgly to the Na" content
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of the blocks in relation to the Q content. (F) K* behaviour: Sericitization may decrease towards the
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Figure 54 — Schéma d'interprétation a I'échelle daffleurement des parageneses pétrographiques diéei
rougiement et a l'albitisation des granitoides dafes Sudeétes. (A) Géométrie des faciés d'altératidas
facies rouges se développent le long des fractiagslis que les facies clairs subsistent uniquemecogur des
blocs. (B) Distribution des altérations métasomatés : I'albitisation prévaut au voisinage des plame
fracture rouge tandis que la saussuritisation et d&ricitisation dominent au cceur des blocs. La dfitisation
apparait dans les deux zones mais est plus comptéanse a proximité des fractures. (C) Géochimidla®
était plus disponible au niveau des fractures rosgéandis que les activités de' KAI**, et C&" étaient plus
fortes au coeur des blocs. (D) Gradient géochimique teneur en N& et F&*/O, décroit des fractures rouges
vers le cceur des blocs alors que la teneur endécroit en sens inverse. (E) Comportement dee®Na' :
I'intensité de l'albitisation décroit conformémend la teneur en N& vers le coeur des blocs, de méme que
l'intensité de la chloritisation et de I'hématisath en adéquation avec la teneur en.gF) Comportement de
K*: la séricitisation décroit vers le bord des fracts suivant la teneur en K (G) Interaction fluide-roche :
les altérations résultent des interactions entrertache et des fluides riches en Nat G circulant dans les
fractures. Les échanges fluides-roches sont conifecpres des fractures et deviennent progressivetnen
diffusifs en allant vers le cceur des blocs.

7.4 IRON OXIDE BEHAVIOUR

. The iron oxides present in the studied faciesaarexcellent tool to obtain a datingof
the alteration event by paleomagnetism, due tddbethat the iron oxides necessarily must
have recorded the paleomagnetic field during tfrego)formation. Therefore special attention
must be paid to the fact that the iron oxides &saty linked to the metasomatic processes, in
particular to the albitization of the plagioclasasd that they do not originate from any other
post-albitization process. But this interpretatadrhematite related to the albitization depends
itself on the interpretation made on the mineralagsequences:

= Either it is assumed that the mineralogical segeletmrresponds to the
above described metasomatic sequence, in whicditfegent parageneses
that are in geochemical equilibrium and succeediayaaccording to the
progression of the alteration front. In this cdseytcorrespond to one single
geodynamical event.

= Or it is considered that each paragenesis of thisemal sequence
corresponds to one specific equilibrium (in pafacypressure-temperature
wise) and in this case the different paragenesesesd (follow) one
another temporally and are therefore related tdemiht geodynamical
events.

These two points of view have been discussed @nalitre and different arguments
were brought forward during this discussion:

Boone (1969) considered that the assemblage ofall@ite and chloritized biotite
succeed gradually towards grey facies that corligoclase and less altered biotite. Jenkins
etal. (1992) proposed that the sericitization and sattsmation of the chloritized Connemara
granites during a single fluid infiltration eventdathat the recorded®0 isotope variations of
this fluid (hydrothermal resetting of the oxygemtapes) result from the low fluid-rock
interaction conditions.

In contrary, the studies in the framework of thanpled radioactive waste deposit in
the proterozoic basement Forsmark in Sweden haaamned a sequential interpretation of
the mineralogic paragenesis, based on the striauneyses and radiochronologic datings
(Drake etal., 2009. Sandstrom and Tullborg, 2009). According these authors, the
crystalline rocks of this sector would have bederatl by successive fluid infiltrations that
caused the indenting mineralogical paragenesisig@itime period of about 1000 Ma. In this
formation Plimper and Putnis (2009) recognize that albitization and sericitization are
cogenetic and results from coupled reactions. Bey argue that a sequence of infiltrations is
needed to explain the feldspathization of the ges@nd the precipitation of the concomitant
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hematite. The introduction of oxygen into the systef alteration is generally admitted
(Boone, 1969 ; Plumper and Putnis, 2009), but Saimsetal. (2010) considered that the red
color of the alteration is due to the diffusiontbé present hematite instead of a significant
oxygen content in the rock.

Thus, all above mentioned aspects and hypothesgd e considered in “playing the
devil’'s advocate” to confirm the emplacement of itto& oxides with regard to the alteration
in the studied granitoid rocks.

7.4.1 Origin of the oxidizing fluids

In general, post-magmatic alterations are explaimeé hydrothermal model which
uses large convective circuits to bring the supmetfifluids in contact with the warm rock
complexes, in particular granitic intrusions in wlhi the alterations then take place
(Taylor, 1977 ; Fyfe et al., 1978 ; Jenkin et 4092 ; Putnis et al., 2007 ; Drake et al., 2008).
The magmatic intrusions warm the fluids up and ghbsequent loss in density causes the
upwelling of these fluids, maintaining the circudat between the surface and the depth.
Fluids from deeper origin may be also mixed ints thrculation model.

The superficial origin of the fluids, or at leaketparticipation of meteoric water has
been evoked by isotope studies on oxygen and hgdrog the alteration minerals (Simon
and Hoefs, 1987 ; Sun and Eadington, 1987 ; Jeekial., 1992 ; Boyce et al., 2003).
Nevertheless, these models oblige the superfioigen-rich fluids to descend very deep
(more than 10 km) before they interact with thekrawatrix. During their long descent these
fluids traverse sedimentary basins and metamorf@niains, that all have the potential to
reduce the fluids and consume the transported sisgaxygen and therefore these fluids are
very likely to be under-saturated in oxygen, whesiching the deep crystalline complexes.

This point is certainly one of the weaknesses o$¢hmodels and has not yet been
sufficiently discussed by the petrologists or geoaisés who work on these questions. It was
admitted though, because the alterating fluidspaoelaimed oxidizing and the alteration is
supposed to take place in deep. Neverthelessgthastion was addressed recently and the
model has shown that the presence of reactive algar multiple fracture zones leads to the
rapid depletion of the oxygen fugacity of the ciatuig fluids (MacQuarrie et al. 2010).

7.4.2 Distribution of the (iron) oxides

At the mineral scalén polished sectiondhematite is never associated with cracks or
joints of the grains, as it would be imaginablghé iron was introduced into the rock by
solutions. In fact, the hematite is present in fiiifuse pigments, homogenously distributed
within the albite crystals that are linked to thigitezation process close to the fractures. These
secondary albites are relatively nonporous and gparse vacuoles and defaults seem light
(free from any iron oxygen filling) in high resolom optical microscopy. There is no
accumulation of iron oxides in the plagioclase la flbitization front, whereas at the
dissolution-recrystallization front a slightly highabundance of vacuoles were observed. The
pigmentary hematite is directly included in the tabcrystals without any observable
associated pore space. In contrary, the most p@ibite crystals are those that can be linked
to the saussuritization and precipitation to preshaind sericite, far from the fracture zones
towards the core of the blocks. Here, no iron axidave been identified. Thus, the hematite
IS cogenetic with the albitization and the iron likely to originate from an internal
redistribution linked to the chloritization of thootites, and therefore there is no introduction
of iron independent from the albitization.
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At the outcrop scale the red colorization is relai® the fractures and the iron oxides
are systematically associated to the albitizatiddditionally, the reddened and albitized
fractures are never cut by any fractures that doshotv this alteration phenomenon. The
absence of non-albitized fractures indicates thase alteration is relatively recent at least
compared to the major tectonic history of the geaand certainly posterior to its exhumation.

The distribution of the magnetic -carriers resulting from the thermal
demagnetizatiorexperiments shows a distinct spatial pattern aaegrdo the reddened
granitoid facies and their structural dispositi@isthe outcrops (Fig. 55). The intense and
pervasively reddened facies, such as at the Ladkag€ outcrop, mainly contain only
hematite, whereas the weakly reddened faciessti@at only slightly pinkish staining along
the fractures planes, such as at Chwalistaw quasrhibits either a mixed hematite-
maghemite or solely maghemite magneto-mineralogygklé®ska Pagba quarry). The
outcrops with reddening dominant along the fractwalls show a more contrasted
distribution. The most intensively reddened fragtuwalls contain hematite or
hematite-maghemite mixture, whereas the less imelysreddened fracture walls show
predominantly maghemite. Residual magnetite sonestiotcurs in the less altered facies that
remained grayish in the core of the blocks surredntly fractures that don’t show any
reddening. This residual magnetite appears cleaatyricted to the unaltered facies and
therefore appears as the primary magnetic cawibereas hematite characterizes the most
altered facies and maghemite appears as developitige early stages of the reddening
alteration.

Maghemite occurs in the less altered granitoicei@uch as the greenish facies of the
microgranite in Szklarska Rgra Quarry and the less altered blocks in the depana of the
Laski Quarry section. Maghemite is also more abonhaathe basic granitoid facies enriched
in mafic minerals, such as in the Chwalistaw afidas paragenesis occurs in the less altered
granitoids, that are not strained with hematite @igts and with remaining unaltered biotite.

Maghemite is metastable with respect to hematitay@Nunas, 1991; Majzlan et al.,
2003). Additionally it is generally admitted thdabw and incomplete oxidation of magnetite
favours the topotactic maghemite formation, whefaater magnetite oxidation, under highly
oxidating conditions, will result in hematite fortitm (Steinthorsson and Helgason, 1992;
Bowles et al. 2011). The maghemite-hematite treomsluring oxidation may be attributed to
changes in the alteration environment during magmexkidizing. In this case the alteration
starts with the formation of maghemite under lowid@ing conditions in the unaltered
granitoid rocks, and subsequently continues with fdrmation of hematite under stronger
oxidizing conditions, when ferrous silicates (clitrand amphibole) are being oxidized.
Thus, the occurrence of maghemite and hematite estgghat the oxidizing conditions
changed during the granite alteration and the alpdistribution of hematite and maghemite
provides a tool to estimate the gradient of thegdation conditions during the alteration of
the granitoid rocks in the Sudetes. Therefore iy rha useful to reconstitute alteration
environments and their distribution consolidates ithea that red albitized facies and light
saussuritized/sericitized facies reflect gradafiehanges of a single alteration event.
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Figure 55 — Iron oxides distribution throughout the studied sites in the Sudetes.
Figure 55- Distribution des oxydes a travers letesi étudiés dans les Sudeétes.

7.4.3 Spatial discrepancy between silicate and iron oxdistribution

From a geochemical point of view there is no cahtt#on in the presence of a spatial
discrepancy between the alteration zones of theatl minerals and the distribution of the
iron oxides. They don’'t have the same physico-champroperties that constrain the
reactions. The pH is a key-factor in the alteraton crystallisation of the silicates, whereas
it is the Eh and the oxygen fugacity which fordes dxidation state of the iron oxides. Theses
two parameter may vary in an independent way fracheother. Nevertheless, iron oxide
minerals precipitation is also facilitated by ariy plevation. Thus, local lowering of the' H
activity at the sites of feldspar alteration widltlmer favour the localized precipitation of
hematite as inclusions within the feldspar crys(Bisone, 1969). This explains even the local
distribution of pigmentary hematite inclusions hetalbite during the albitization of both,
plagioclases and K-feldspar. On the other hand, ithensity of the reddening, or the
abundance of the hematite pigments, is relateidmkygen fugacity and therefore is likely
to decrease away from the fractures. From the geoidal point of view, the hematite
distribution is consistent with the alteration satpee of the silicate minerals and thus
hematite appears as part of the paragenesis.
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RESUME CHAPITRE 8

DATATION ET IMPLICATIONS STRUCTURALES
DATATION PALEOMAGNETIQUE DES SITES ETUDIES

Des carottes orientées ont été prélevées a Laskiecar= LSA, Laski village = LSB
et LSC, Chwalistaw = CHW, Szklarska Bloa Huta (SPH) (Fig. 56). Les directions
moyennes obtenues par démagnétisation thermiquaraippent soit typiques de I'hématite,
ou de la maghémite, ou des deux a la fois. Il aenétr@ possible d’extraire deux directions
moyennes a partir d’un seul échantillon. Les diits obtenues, transformées en paléo-poles
et projetées sur TAPWP, indiquent des ages entie 2Bl Ma (Trias moyen a supérieur) a
I'exception de LSA qui montre plutét des ages dumiBn supérieur (260 Ma) (Fig. 57).
Dans le détail, les ages les plus jeunes correspoind des échantillons a hématite seule
(LSB et LSC), les ages triasiques plus anciens s é@hantillons présentant soit une
paragenese hématite-maghémite ou a maghémite @&dl& et SPH). Les ages triasiques les
plus vieux ont été spécifiquement détectés danédtestillons de LSA et LSC présentant une
paragenese magnétique meélangée (hématite et maghebes ages Permiens sont donnés
par des échantillons de LSA a maghémite avec dedgnétite résiduelle.

AUTRES ESTIMATIONS D’AGE

Des datations radiochronologiques avaient donnéatgss entre 298-256 Ma pour la
mise en place des grabnitoides KZS (Depiuch, 19Vi2)s ces ages se sont avéres plus
jeunes que l'intrusion de KZS comme le suggéreodealles datations radiochronologiques
(Bachlinski and Halas, 2000 ; Mikulski et al., 2013e ce fait ces ages jeunes
correspondraient a une altération de ces granitei(Mikulski et al., 2013).

D’autres datations paléomagnétiques qui n'avaiens paur but de dater les faciés
rouges avaient déja montré des rajeunissements @arasiques (Edel et al.,, 1997). Ces
datations sont d’autant plus évocateurs qu'ils @€ obtenus non seulement sur les
granitoides de la carriere de Chwalistaw, mais awsss les amphibolites prés de I'intrusion
de KZS et dans les dolérites de Izera pres de SkiddPoeba. Les porteurs magnétiques
triasiques sont ’lhématite et la maghémite commastde cas dans notre étude.

La récurrence des ages triasiques avec diversdsnigges de datations dans les
massifs de KZS et dans la carriere de SP appayaiematique et montre la cohérence des
résultats paléomagnétiques des facies albitisédésxydans cette étude avec d’autres
estimations d’ages.

LIAISON AVEC LA PALEOSURFACE TRIASIQUE

Comme il n'est pas connu d'événement géodynamigasique (tectonique ou
magmatique) dans la région des Sudetes, les abdiss rouges des massifs de KZS et de SP
sont nécessairement liées a la paléosurface tnigsidinsi, la géométrie de la paléosurface
pourrait étre reconstruite en corrélant les sitdbitisés. Les facies les plus rouges seraient
proches de la surface tandis que les les plusskersitueraient plus en profondeur.

La cartographiedes faciés rougedu massif de Ktodzko Ztoty-Stok (KZS) a été menée
sur une superficie d’environ 140 knElle a consisté & observer et répertorier leshes en
fonction de leurs éventuels pigmentations rouges, ®porter ces données sur un fond de
carte géologique du massif de KZS (Fig. 58).

Les affleurements majeurs correspondent aux cogpetiées et a toutes les autres
coupes disponibles, parmis lesquelles celles de oMak et Laskowna sont les plus
importantes. Les coupes ont été cataloguées selordegré de rougiement : pervasif, le long
des fractures, en taches dispersées, et non affgiisd. L'extension des facies a été faite en
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prenant en compte les affleurements plus restraihtes blocs et débris contenus dans la
couverture superficielle. La cartographie a été & selon une grille plus ou moins
réguliere définie a partir des routes principales

Au préalble il faut mentionner que les faciés héséafalbitisés sont surtout bien
exprimés, et donc repérables et cartographiablessdas facies cristallins grenus. Il est
beaucoup plus difficile de reconnaitre ces alténatdans les faciés schisteux et pellitiques,
o’seul une étude minéralogique/pétrographique deaqaol échantillon pertmettrait
éventuellment d’étendre la carographie ,a ces facié faut trenir compte de cela dans
l'interprétation de la cartographie. Pour les fasi€ristallins grenus la cartographie montre
que le rougiement est indépendant de la naturerdelses. Il est majoritairement présent
dans les granitoides, cependant certains d’entserestent clairs.

La distribution spatiale des faciés hématisés/albitisés permet de distmgleex
domaines dans le massif de KZS : (1) des grangoddigitisés et rouges dans le nord et (2)
dse granitoides non albitisés et gris dans le $ugl 68 et 61).

La limite entre granitoides albitisés/rouges et mjtaides non albitisés/gris
correspond a une faille proposée par Cymerman (2804 une carte structurale récente de
KZS (Fig. 58). Cette faille a mis en contact deangoides non albitisés/gris avec des
granitoides albitisés/rouges. L'age de la faille up@it étre contraint si I'age de
I'albitisation/rouge est connu.

IMPLICATIONS STRUCTURALES

La catographie du massif de KZS montre que desitgides non albitisés/gris sont
contigus avec des granitoides albitisés/rougesteJaktaposition des faciés albitisés et non
albitisés souligne Il'existence d'une discontinudéns la géométrie de la paléosurface
triasique et qui correspond a une faille proposée gymerman (2004) (Fig. 62). Cette
discontinuité dans la paléosurface triasique réswitaisemblablement du mouvement inverse
du bloc sud le long de cette faille et de I'érosisubséquente de ce bloc en surrection
(Fig. 62). L’albitisation triasique permet d’établique la faille proposée par Cymerman
(2004) est post-triasique de méme que I'érosionitedpar la surrection du bloc.
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CHAPTER 8

8 DATING AND STRUCTURAL IMPLICATIONS

8.1 PALEOMAGNETIC DATING OF THE STUDIED SITES
As already described in the methods Chapter 3.Fysiematic paleomagnetic
sampling was performed on the altered (reddenemdi@deof five principal outcrops, four of
them situated in the Klodzko Ztoty-Stok Massif (kaQuarry = LSA, Laski Village = LSB
and LSC, Chwalistaw = CHW) and one in SzklarskagParHuta (SPH). The paleomagnetic

samples were drilled in the vicinity of the pringigractures (Fig. 56).
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Figure 56 - Paleomagnetic drill core sampling at tl outcrop of Szklarska Pogba Huta. The samples were
taken within the different alteration facies that were identified during field work (light, pink and r ed
facies). Their position was marked with respect téhe principle fracture zones.

Figure 56 — Echantillonnage de carottes paléomaggées dans la carriere de Szklarska Rba. Les
échantillons ont été forés dans les différents feeid’altération identifiés lors de travaux de tema(faciés

clair, rose et rouge). Leurs positions ont été répeices selon les zones de fractures principales.
The thermal demagnetization experiments of thentgek drill core samples permit to
separate the different magnetic carriers of thegrahgnetic signal within each analyzed
sample. According to the respective temperaturenmts at which a specific decay in the
magnetic intensity curves was observed, one orrgewgagnetic carriers were identified. In
principle, three different types of magnetic asskwps could be observed within the

analyzed samples:

a) hematite dominated
b) hematite and maghemite

c) maghemite dominated
In addition to this, the maghemite bearing sammemetimes show a residual
presence of presumably primary magnetite that sl abserved in samples rather far from

fraction zones and in the less altered (light)daci
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The stepwise thermal demagnetization additionallpwe obtaining the vector
direction recorded by the magnetic minerals. Thelections were considered as
characteristic for either the maghemite or hematitmponent (or both), if their inclination
and declination values are stable correspondinghéorespective considered temperature
intervals. Therefore it is possible to sometimesrast two slightly different directional
intervals from one single sample, if the two maanriers diverge in their mean direction.

The samples were analysed per outcrop and the gereligectional information was
calculated for each site (for further détails on plaékeomagnetic datings please see Franke et
al., 2013). In case of LSA, LSC, and CHW the resulére “sub-grouped” according to their
directional information. At CHW the three distingtean directions are anyway relatively
close (Fig. 57).

@ paléopile moyen caleule

®  Edcl & Duringer, 1997

® Besse & Courtillot, 2003

Figure 57 — Stereographic projection of the paleongnetic results of the site wise calculated average
paleopoles. The obtained paleopoles are projecteah the APWP for Eurasia after the combined curve
Edel and Duringer, (1997) and Besse and Courtillogf2003); results from Franke et al. (2013).

Figure 57 — Projection stéréographique des résultgialéomagnétiques des sites étudiés a partir dicuta
moyen des paléopbles. Les paléopdles obtenus sofgtps sur TAPWP de I'Eurasie des courbes comlesé
de Edel and Duringer, (1997) and Besse and Countil{2003) ; résultats d’aprés Franke et al. (2013).

The extracted directional information was then $farmed into magnetic paleopoles
(e.g. Butler, 1998) that were subsequently progeata the apparent polar wander path
(APWP) curve for Eurasia (see Fig. 57). It becomlesr that despite one average pole for
LSA (that correspond rather to an Upper Permianasjgall other poles plot near the APWP
curve for the Middle to Upper Trias and corresptmédges between about ~235 to ~211 Ma.

It seems that, depending on the present iron oxioerals, the paleomagnetic ages
show a dispersion towards rather younger Triagpés an the samples dominated by a single
hematite component (LSB and LSC) and rather oldemas$ic ages in the mixed
hematite-maghemite or dominant maghemite paragen@HW and SPH). The oldest
Triassic ages were observed for samples from LS l#BC that have a mixed magnetic
assemblage (hematite and maghemite). The averdgef@oLSA that corresponds to an
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Upper Permian age shows a magnetic mineralogy daetnby maghemite with a residual
magnetite component.

8.2 OTHER AGE ESTIMATIONS

Radiochronogic datings (K-Ar) were performed by Bieph (1972) that aimed at
estimating the ages of the emplacement of the Kdodoty-Stok (KZS) granitoid intrusion.
That study resulted in age estimations between2Z588Ma, and therefore in Permo-Triassic
ages. These first datings were formerly interpreted accepted as the initial age of the KZS
granitoid emplacement, just until the occurrencen@lv radiochronological dating methods
which showed that the data published by Depciu@7Z) was relatively too young than the
actual age of the KZS intrusion, which was latetest as Carboniferous, between 330-
340 Ma for the KZS Massif (Rb-Sr datings of Backknand Halas, 2000; U-Pb dating of
Mikulski et al., 2013) and about 311 Ma for the Karkonosze Masskiére the Szklarska
Porba (SP) formation is located (Borkowskaakt 1980).

However, these rejuvenated ages have not beente@jemmpletely; they are
considered by some authors as corresponding toagiee of the alteration event of the
granitoids (Mikulski etal., 2013). These ages may probably coincide withape of the
albitization described in this study, since thepegr as the dominant alteration in the KZS
Massif.

The paleomagnetic results mentioned in ChaptesBolv that the reddened/albitized
granitoid rocks of KZS and SP exhibit Triassic ragmetizations, therefore younger than the
age emplacement of the granitoid bodies. Thesegefied ages seem consistent with other
paleomagnetic datings (Edel at, 1997), even if those studies did not aim to rmheitee the
age of the albitization, and therefore they haiedtto avoid the sampling of the obviously
altered (reddened) facies. Edelatt (1997) aimed at determining the primary age @& th
emplacement of the granitoid bodies and at therstateding of their tectonic evolution.

In their results, the authors state among otherm@driassic (re)-magnetizations.
These re-magnetizations that are obviously youtigen the age of the granitoid intrusion
were obtained on granitoid samples for the Chvaalisfuarry outcrop in KZS, in the
amphibolites in contact with the KZS intrusion, andthe dolerite of Izera close to the SP
quarry (Edel etl., 1997). The identified paleomagnetic carrierghafse Triassic paleopoles
are hematite and maghemite, as also found in thdyswhile the Carboniferous paleopoles
found by Edel et al. (1997) are rather recorde¢poynary) magnetite.

The recurrence of the Triassic age in the aredefktodzko Zioty-Stok Massif and
Szklarska Paba throughout the different published dating teghas appears as systematic,
when looking at the details of the sampled facléswrefore, a consistency can be established
between the results of the paleomagnetic datinfpefteddened/albitized facies in this study
and other age estimations previously published ame$, which were simply described as
“altered”, but which were not clearly characterizsdalbitized.

8.3 LINK TO THE TRIASSIC PALEOSURFACE

As no major orogenic or magmatic event is knownrduthe Trias and thus at the
time period of the installation of the reddenindesdtion of Kilodzko Zioty-Stok and
Szklarska Paba, the albitization must be necessarily linkedthe apparent Triassic
paleosurface. Thus, the different albitized sitegespond to the overprints on the Triassic
paleosurface, which may be reconstructed by majctiia different sites according to their
albitized/reddened facies. The connection betweea albitization and the Triassic
paleosurface implies on one hand, in absence ofater major structural disturbance, that
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the most pervasive reddened/albitized facies magspond to the near-surface while the less
reddened/albitized or even non-albitized faciesratieer interpreted as deeper faci@s the
other hand, all outcropping rocks in the studiedssifa must have been impregnated in the
same way. Therefore, at the scale of the maskiésgéometry of the Triassic paleosurface
should be more or less uniform from a spatial pofntiew.

8.3.1 Mapping of the reddening

The mapping of the reddened facies within the KkadZtoty-Stok massif represents a
approximate surface of 140 knfrom Podzamek in the West to ZlotyStok in the Emsd
from Laskowka in the North towards Droszkow in tis®uth. The dominant rocks
encountered during this mapping were primarily gadi rocks, metapelites, gneiss and
schists, that were albitized in different degrees.

The mapping consisted in observing the rocks astth¢j them according to the fact
that they were or they were not reddened. In cdssny present albitization/alteration the
reddening intensity was estimated, that reflectsdlbéization intensity of the facies. The
estimation of the extent of the reddened facies agaee taking into account the outcropping
rocks as well as the debris and sparse blocks cangptdse superficial cover. The mapping
was carried out in two main steps: In a first stapy, major outcrops along the main
roads/routes were investigated and listed with i@sjgealteration degree. In a second step,
the less accessible facies (superficial cover ambmoutcrops) were observed in the same
way according to a approximately regular grid. Hpaall this information was
summarized/plotted on top of the geological maghefrespective zone (Fig. 58). This allows
a visual estimation of the extent of the redderand to characterize the limit between the
albitized facies and the non-altered facies.

The major outcrops correspond to the exposed sectad Laski Quarry, Laski
Village, Chwalistaw Mountain, Chwalistaw Quarry, ktdno, and Laskowka, where the
reddened albitization is the most spectacular. d&ssi these sections allowed the
characterization of the different albitization f@&s in particular the pervasive and
homogeneous albitization, the intensity of thetahtion of fractures walls, and pink spotted
albitization. These features will be the base ef tapping. Indeed, the description and the
listing of the outcrop and facies encountered o#er will be performed by the search of these
different albitization features. Besides, any magartcrops that do not show any red
albitization are also be listed and marked on the.m

Off-road outcrops are generally of relatively weatd rock preservation. The
superficial cover is composed of rocks debris aparse blocks found in domestic fields.
Rocks debris and sparse blocks surely originate tteemearby outcropping metamorphic or
plutonic rocks; therefore they are representativih® eventually present albitization features
within the facies composing the massif.
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Figure 58 — (A) Map of the spatial distribution of the reddening in the Klodzko Zioty-Stok Massif.
(Geological background after Cwojdziiski, 1974), (B) Structural map of the Kiodzko ZtotyStok Massif
(after Cymerman, 2004).

Figure 58 - (A) Carte montrant la distribution spizle de la pigmentation rouge dans le massif deo#tko
Ztoty-Stok (fond de carte modifiée d’'apres Cwoytlki, 1974). (B) Carte structurale du massif de Kiba
Ztoty-Stok (d’aprés Cymerman, 2004).

The off-road outcrops allow distinguishing the saati®tization features as seen in the
major outcrops, i.e. they may either be pervasiveesitricted to fractures walls. On the other
hand, it is not always easy to distinguish foranse the fractures wall albitization features on
the debris and sparse blocks, because of theirglesraaller size and of the fact that they are
not in place. Nevertheless, pervasively albitizedbris/blocks, spotted debris, grey
non-albitized debris/blocks are unambiguous tardisish.

8.3.2 Spatial distribution of the reddening

The mapping shows that not all the rocks of the KkuodZtoty-Stok Massif are
affected by the reddening. The metamorphic rockst aad west of the granite intrusion
(Fig. 58A) do not show any reddening features eémpthe Haniak gneiss (H33) that are
albitized. They show a strong reddening that isl wetorded in their quartzo-feldspathic
bands. Anyway, the granitoid body contains the mpgot of the reddened facies, even if
some unstained granitoids exist within the KtodZkaty-Stok Massif (Fig. 58A). Therefore
it can be concluded that the lack or respectivbly presence of the reddening can not
consistently be related to the nature of rocksiarnherefore facies-independent.
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The distribution of the albitized and the non-a#t@tl facies makes it possible to define two
major domains from the North to the South of thed@ko Ztoty-Stok Massif:
(1) In the North, an albitized domain is limited thye Bardo metapelites in the NW,
by the Trzebon schist in the SW, and by the Sud&biendary Fault in the NE
(Fig. 58, Fig. 59, Fig. 60);

(2) In the South of the albitized area, an adjaaamtinuously non-abitized area
exists (Fig. 58).

SW @

-

non-albitized Bardo Units

albitized granitoids
in Laskowka

Figure 59 - North-west limit between the Laskowka Mitized granitoid rocks and the non-albitized
metapelites of Bardo. This limit coincides with themarge of the Klodzko Zioty-Stok granitoid intrusion
and the lower-carboniferous metapelites of the Bara Units.

Figure 59 — Limite nord-ouest entre les granitoidetbitisés de Laskowka et les métapélites non &by de
Bardo. Cette limite coincide avec la limite entrinfrusion granitoide de Klodzko Ztoty-Stok et lamités
métapélitiques du Carbonifére inférieur de Bardo.

The albitized domain may be considered as a NWi&Etare, where the albitization
is well recorded in all the facies from the Laskawgcanodiorite at the NW, through the most
exposed albitized sections of Laski, Chwalistanaaard Mkolno. Besides, the extent of this
domain ends towards the South-west at the entrainttee Laski valley and at the Kopciowa
Mountain (KM) in the South-east.

B
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Trzebon Mountain_Zloty Stok

albitized granitoid
gneiss
Kopciowa-Haniak

Figure 60 — South-east limit of the albitized domai of Kopciowa-Haniak with the non-albitized Trzebon
schist. This limit is obviously discordant putting h contact the non-albitized Proterozoic units of tke
Trzebon Mountain with the albitized granitoids units.

Figure 60 — Limite sud-est entre le domaine albétisle Kopciowa-Haniak avec les schistes non albgisi&
Trzebon. Cette limite est vraisemblablement diseomg mettant en contact des unités protérozoiques n
albitisées de la montagne de Trzebon avec les gaddeés albitisés.
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In the South the non-albitized domain continues@alt to the albitized area, this
presents a NW-SE trend. The non-albitized domaiterels further to the South and is
interrupted in the SW by a small albitized unibbserved around Jaszkowka Gorna.

The reddening within the granitoid intrusion of iedzko Zioty-Stok Massif clearly shows
two distinct domains:
» areddened domain in the North and (Fig. 58, Fly. 6

» a non-altered domain in the South, where the gihifacies are almost
exclusively light or grey (Fig. 58, Fig. 61).

Nevertheless, extensively reddened facies occuheénsouth-western part of the domain,
around the Jaszkowka Goma area.

The limit between the two main domains correspomel with to the proposed fault
by Cymerman (2004, Fig. 58B, Fig. 61) on the reanictural map of the Ktodzko Zioty-
Stok Massif. Besides, it appears likely that tlaislf contributes to put non-albitized facies in
contact to albitized granitoid facies. The agehid fault would be constrained if the age of
the reddening alteration would be known.
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Figure 61 — 3D block showing the extent of the redshing/albitization alterations in the Ktodzko Zioty-
Stok Massif (KZS). The albitized granitoid domain g@pears as contiguous to the non-albitized granitoid
domain. The limit between the reddened/albitized agh the light/unstained granitoides coincides with a
fault plane (underlined in grey) parallel to that proposed by Cymerman (2004). The 3D block was
obtained by assembling the serial 2D sections alortige traces shown on the inset geological map. SBF
Sudetic Boundary Fault.

Figure 61 — Bloc-diagramme montrant I'extension d&lbitisation rouge dans le massif de Ktodzko Zyet
Stok (KZS). Un domaine de granitoides albitisés estitigu avec un domaine de granitoides non all#ssLa
limite entre les granitoides rouges/albitisés edict/non albitisés coincide avec un plan de fai(gouligné en
gris) correspondant a celui proposé par Cymermail@2). Le bloc-diagramme a été obtenu en assembliesit
coupes effectuées le long des tracés marqués sucdde géologique en écart. SBF : faille bordiérees
Sudétes.
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8.4 STRUCTURAL IMPLICATIONS

Yet, the mapping of the reddening/albitization e tKZS highlighted the contact
between non-reddened/albitized granitoid areas wibitized granitoid rocks, implying
discontinuities in the geometry of the Triassicepalurface (Fig. 62). This can be interpreted
that in the KZS Massif some zones show a presenvaif the Triassic paleosurface as in
other zones it is absent. This discontinuity of Tw@assic paleosurface in the mapped KZS
area coincides exactly with the fault proposed ggn€man (2004) (Fig 58 & 61). Therefore,
the observed discontinuities in the geometry ofrtfagped paleosurface are a strong indicator
for the presence of this fault.

The spatial arrangement of the albitization withpect to the surface, i.e. probably
with decreasing intensity towards the depth, suiggist blocks showing previously deeper
non-reddened granitoids were uplifted in comparigpblocks that are in contact now and
which show albitized granitoid facies that corregpdo the strongly altered paleosurface.
This uplift therefore occurs inevitably along anstixg fault between both granitoid blocks,
and it is necessarily associated to a post-tecterasion of the uplifted (and therefore
outsticking) block. This erosion probably erasedntliee Triassic overprints. Thus, the
movement of the proposed fault between the twosaseams to result from a reverse slip of
the fault associated with an erosion of the ugiseuthern block (Fig. 62)

The slip of the fault and the associated erosiom raecessarily post-triassic, since the
albitization was dated to the Trias. The post-Ki@aslip fault may probably be associated to
the Variscan Sudetic Boundary Fault, which wasenatictive during the Tertiary. Anyway,
the preservation of parts of the Triassic pale@aafin the northern block is probably less
important than the original thickness of the ovifpthat is defined by the penetration depth
of the albitization. But the Triassic albitizatiaiows to establish that the fault proposed by
Cymerman (2004) in the KZS must be definitely pbsassic and may be used as a tool to
estimate the post-Triassic erosion and to understaghost—triassic evolution of the block
tectonics in the KZS Massif and a fortiori of otimeassifs.

S N
200 m
1 km
Tertiary
basement
7] T reddening bound to triassic paleosurface = = eroded triassic paleosurface

Figure 62 - Post-Triassic erosion of the Triassic gleosurface within the KSZ Massif. The Triassic
paleosurface is discontinuous throughout the massi#nd these discontinuities may correspond to the fit
proposed by Cymerman (2004). The post-Triassic moweent of the fault and its subsequent erosion
contributed to establish of the actual geometry athe blocks within the KZS.

Figure 62 — Erosion post-triasique de la paléosutatriasique au sein du massif de KSZ. La paléosod
triasique est discontinue a travers le massif etdigcontinuité coincide avec a la zone de failloposée par
Cymerman (2004). Le mouvement post-triasique dddile et son érosion ultérieure explique la géomiét
actuelle des blocs.
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RESUME CHAPITRE 9

CE QUI EST DERRIERE LA DATATION TRIASIQUE
EXTENSION DES FACIES ALBITISES ET HEMATISES

Les albitisations avec hématisation associée soétuentes dans les massifs
cristallins, mais ont été relativement peu étudipas les pétrographes des granites qui les
considerent comme des facies d’altération. Ce kEmninétallogénistes qui se sont les premier
intéressé a ces facies a partir des années 1976.relvue rapide montre que ces facies sont
largement répandus dans les massifs paléozoigiesape (Massif central Francais, Vosges
et Forét-Noire, en Grande-Bretagne, Irelande, EspgadVviassif de Bohéme), mais aussi dans
les socles protéroiques (bouclier Scandinave, CanBdésil, Maroc, Australie). Certains de
ces faciés a paragénese albite-hématite ont ét&sddu Trias, d’abord par radiochronologie
(Massif Central), puis par paléomagnétisme (Masa#ntral, Vosges, Catalogne, et les
Sudetes polonaises). Des datation paleomagnétiizssiques ont également été obtenues
en Finlande et les rajeunissement triasiques oétmis en évidence par paléomagnétisme
dans de nombreux sites du socle Varisque sansagpesence ou I'absence d’albitisation y
soit documentée. Ces roches étaient a l'affleurénaen Trias et I'hématite et l'albite
cogénétiqgue ont du se développer dans des corslittoipergénes, ou au moins a des
profondeurs inférieures a quelques centaines deaset

POINT D’ANCRAGE POUR L’EVOLUTION TECTONIQUE POST TRAS

Si les facies albitisés/hématisés s’averent é&s A la paléosurface triasique, ils
constitueront alors des jalons spatio-temporelscigéx pour reconstruire I'évolution post-
triasique des massifs paléozoiques, mais égalede=nvieux socles précambriens (Fig. 63).
La préservation de ces facies albitisés/oxydésen des massifs indiquerait une érosion
faible (<200-300 m), tandis que leur absence impigit des érosions plus importantes.

IMPLICATION POUR L'ETUDE DES TRACES DE FISSION DE LAPATITE

L’histoire thermique des roches da la crolte sugére est principalement approchée
par I'étude de I'apatite par : (1) le thermochroneétre basé sur la cicatrisation des traces de
fission de l'apatite et (2) la datation (U-Th)/Heglcristaux d’apatite. L’étude des traces de
fission de I'apatite a souvent été appliquée auxesopaléozoiques et protérozoiques et il en
est fréquemment résulté un scénario géodynamiqueetant une épaisse couverture
sédimentaire au Mésozoique et une dénudation rapideertiaire inférieur. Ces résultats ont
souvent été en contradiction avec les études gipleg "classiques” basées sur des
arguments sédimentologiques et qui montraient gagengassifs avaient eu une couverture
réduite pendant le mésozoique. En particulier devalbes datations des paléoaltérations
reposant sur le socle du Massif Central se sontémgétre d’age jurassique supérieur, ce
qui exclu gu’une couverture épaisse ai pu existerdes Massif Central durant le mésozoique
le préconisaient des études thermochronologiquis @4).

Si les estimations thermochronologiques apparaisd@aisées dans nombre de
massifs paléozoique d’Europe de I'Ouest, il fawgniifier la cause de cette dérive. Une
explication est peut-étre a rechercher dans la istallisation/néoformation des apatites au
cours de la chloritisation des biotites au Trias. I86 apatites secondaires liées aux
albitisations s’averent différer cristallochimiquenmt des apatites magmatiques, alors leur
comportement vis-a-vis des traces de fission diattésté.
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RESISTANCE A L’'EROSION DE LA PALEOSURFACE ALBITISEE

Les géomorphologues ont depuis longtemps soulagreénarquable persistance de la
paléosurface triasique dans les massifs paléozsidLee dureté et donc la préservation de la
paléosurface triassique est essentiellment liéeraabitisation. Les granites albitisés sont
exempt de plagioclases anorthitiques, qui sont beap plus sensible a I'altération chimique
que l'albite. En particulier, contrairement aux griées "ordinaires", non albitisés, les
granites albitisés ne forment jamais d’aréne. Lia#fation et et la chloritisation
concomitante des biotites rendent les roches begupbus résistantes a l'altération et a
I'érosion.

ENVIRONNEMENTS DE L'ALTERATION ALBITISANTE

Il est généralement avancé dans la littérature, mégquand des hypotheses
hydrothermales sont avancées pour l'albitisatione de sodium nécessaire aux albitisation
est alimenté par des saumures superficielles proverde dépobts évaporitiques ou
directement de bassins évaporitiques. Dans le essatbitisations triasiques le sodium est
disponible dans les gigantesques accumulations lderwe de sodium dans les bassins
permo-triasiques.

Par ailleurs, des essais de modélisation géochimaptemontré qu’il est nécessaire
de disposer de solutions avec un fort rapporf /& pour albitiser les feldspaths-K. Des
saumures avec un rapport initial N&* identique a I'eau de mer ne permettent pas
I'anbitisation des feldspaths-K. I'enrichissememt a des solutions est probablement lié
carctéres géochimiques des environnements triassiqudes pseudomorphoses de cristaux
de halite sont communs dans les dépbts épicontinent.e lessivage de ces sels, I'apport
d’aérsols marin, de poussieres de sel et I'intraduc périodique/épisodique d’eau de mer et
de solutions évaporitiques sur les continents skeitant de sources de sodium susceptible
d’alimenter les nappes profondes.

Mais, I'échelle de ces profils d’albitisation detdre de 100 m relie cette altération a
des environnements de nappes. La faible mobilitdadplupart des éléments chimiques
indique vraisemblablement aussi des écoulemerddents d’ine nappe profonde.

LA QUESTION DE LA TEMPERATURE

Cette question a toujours été rejetée par lesgbégistes qui considérent que ces
altérations se produisent entre 200 et 400°C ebasant sur les géothermometres donnés par
les silicates calciques. C’est la signification des paragenéses minérales qui doit étre
questionnée. D’'un point de vue thermodynamique’yil an pas d’impossibilité : c’est la
composition et les caractéristiques physico-chimsgdes solutions qui reglent les équilibres.
Mais le développement d’un minéral par rapport aautre est aussi réglé par la cinétique
des réactions, ou plus précisément par les cinésqelatives entre les différentes réactions.

On pourrait envisager, comme d’autres auteurs, ceeparageneses correspondent a
des évenements successifs et indépendants lesesiraitles. Nous avons montré ci-dessus
gue nous ne pouvions disjoindre les différentesti@as d’altération, ni d’'un point de vue
pétrographique, ni d'un point de vue réactionnedr Rilleurs, les faciés sont homogenes et
similaires dans tous les massifs cristallins patéqaes, affectant des roches trés diverses
dans leur composition, leur mode de mise en plbug, contexte géodynamique ... et les
datations des oxydes de fer associés donnent toageitriasique. La datation nous apparait
comme un argument fort et incontournable ... quekpitla signification qu’on lui donne
elle indigue un phénoméne triasique généralisé, eppement global.
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CHAPTER 9
9 WHAT IS BEYOND THE TRIASSIC DATING?

Demonstrating that the red albitizations are reldtethe Triassic paleosurface may
profoundly renew a number of established ideapaiticular concerning the conditions of the
albite formation in the crystalline context, whigp to now have consistently been interpreted
as linked to deep processes. Taking into accourdlt@nnative superficial albitization, the
usually given temperatures for the formation oftalbave to be reconsidered as well as their
role associated to geothermometers. The red atidiss may therefore also represent an
additional benchmark for the reconstruction of Tm@ssic paleosurface, and consequently a
temporal marker that allows to understand the posissic evolution of the albitized massifs.

9.1 WIDESPREAD ALBITIZATION AND REDDENING OF
GRANITOID ROCKS

Albitization and the associated hematitization faeguent in the crystalline massifs,
however up to present; relatively few studies waeoted to them. In the past, petrologists
studying the crystalline massifs were particulanerested in the mineralogical parageneses
in order to trace the respective geochemistry @f mhagma and its evolution. For this
discipline, the emplacement of the crystalline niassepresents the primary interest.
Therefore, the secondary alteration facies weresirsystematically neglected and generally
included in the descriptive terms of saussurit@atand sericitization, gerenally without a
broader attention. Saussuritization and sericibpatare considered as post-magmagtic
alterations related to the cooling and the exhuwmnawf the crystalline massifs. Thus,
petrologists and paleomagnetists try to avoid ctilhg these altered rocks for their studies.

A particular attention has been paid on these p&alalbitized facies during the last
decades. In the 1970’s, the metallogenists werdittsteto focus on these facies, which are
often associated to substantial metal depositsuikgeview indicates that the extension of
the albitized and oxidized granitoid outcrops isda. Numerous cases of these facies are
described in the Palaeozoic massifs of western g&yramong them in the French Massif
Central (Chenevoy, 1962 ; Schmitt, 1986 & 1993;cPasa et al., 2009), in the Vosges and
Black Forest (Fiebig and Hoef, 2002 ; Franke et2fl12), in Brittany (Carron et al., 1994), in
Ireland (Jenkin et al., 1992), in NW England (Lew &Parsons, 1997), and in SE Spain
(Fabrega et al., 2012). The phenomenon is alsosprdad in the Precambrian Scandinavian
shield: in Norway (Engvik et al., 2008), FinlandufRis et al., 2007; Preeden et al., 2009 ;
Botsun et al, 2010) and Sweden. For the latter nnacgnt investigations are dedicated to the
detailed spatial distribution of these alteratiaciés due to the radioactive waste depository
project in the Simpevarp and Laxemaar areas (SEd&weEliasson, 1993; Putnis et al.,
2007 ; Plumper and Putnis, 2009 ; Morad et al.,02andstrom et al., 2010). These
albitized facies have also been characterized dmitef Europe, for example in Canada
(Boone, 1969), the USA (Putnis et al., 2007; Haonilet al., 2012), in Brazil (Putnis et
al., 2007), in Egypt (Abdel-Rahman and Martin, 1999 Morocco (Essalhi et al., 1993), and
in Australia (Milnes, 1990). In contrast to that therature report on albitization of granitoid
rocks without any red-staining has been descrilbedur knowledge only for the Strzelin
granite in SW Poland (Ciesielczuk and Janeczek4 20@sielczuk, 2007).

Some of these albite/hematite parageneses have dmed. The French Massif
Central occurrences have first been dated by radhoology that revealed Triassic ages for
the albitization of the Permo-Carboniferous sedit@gnseries (Bonhomme et al., 1980) as
well as for the granitoid hosted alterations (S¢hetial., 1984). Recently more results were
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published using paleomagnetic methods that allowati® directly the pigmentary hematite
present within the neogenic albite. Through thig Triassic age has been strengthened for
the albitization occurences in the French Massiitz (Ricordel et al., 2007). Triassic ages
have also been found for the albitization of thée®z0ic crystalline massifs of the Vosges
(Franke and Vercruysse , 2012), Catalonia (SE $paid the Polish Sudetes massifs (Franke
et al., 2010; Franke et al., 2013). In the Scandamashield Permo-Triassic ages have been
revealed by paleomagnetic datings of oxidized shedrfault zone rocks in southern Finland
(Preeden et al., 2009) as well as in Devonian djikssed in pink granite in northern Finland
(Botsun et al, 2010). On the other hand, Permos$iigpaleomagnetic overprints are the most
common remagnetizations found in the crystallineksofrom Variscan basements of the
Vosges, the French Massif Central and the Bohemissif (Edel and Schneider, 1995).

The above mentioned case of the Simpevarp and Laxeareas in SE Sweden is
more complicated. Fracture mineral parageneses haga dated by combining structural
analyses and geochronology. They resulted in digtging successive metasomatic events
over more than 1 Ga (Drake et al., 2009; Sands&btml., 2009). Nevertheless, the actual
hematite that is responsible of the red-stainimyp@lthe fractures has not been dated and in
these studies hematite is postulated to be indeperaf the silicate paragenesis and thus of
more recent origin than the albitization.

This literature review reveals the wideranged pleawvee of Permo-Triassic ages
obtained for the albitized and hematitized facibtoreover, the albitized rocks in the
Palaeozoic massifs (SE Spain, French Massif CenaaEges and Sudetes) which have been
dated have been linked to the Triassic paleosurfBeging the Trias, these rocks were
outcropping at the surface, so the dated hematitst mave formed nearby the surface, and
consequently if albite and hematite are co-gent#tealbitization must have developed under
supergene conditions or at least at depths lessaliew hundred meters.

Moreover, if in future it would be generally adreittthat these altered facies, which
affect crystalline rocks of various ages, are iakdd to the same particular period, than it
cannot be referred anymore to the granite emplagetoeexplain these alterations. Thus, a
post-orogenic global cause must be considered, saghthe particular paleosurface
environment surface and the paleoatmosphere.

9.2 BENCHMARKS FOR THE POST PALEOZOIC TECTONIC
EVOLUTION

Under the assumption that it could be prooven thatalbitized/hematitized facies are
related to the Triassic paleosurface, then thikaeihstitute precious spatio-temporal markers
to reconstruct the paleosurface and to constrairptiséTriassic geodynamical evolution of
the above described Palaeozoic massifs.

The preservation of the albitized/hematitized facadlows the assessment of the
post-Triassic erosion rate; that subsequently wobkl relatively limited in depth
(< 200-300 m). And on the other hand, the lackhefdlbitized paleosurface will then reveal a
more substantial erosion of the respective blocaid @dditionally allows to highlight their
post-Triassic tectonic movements, as it has beentiomed in this study of the Polish
Sudetes.

The interest of the dating of the albitization enforced for the areas of ancient
basements, as in the Precambrian shield that lackssedimentary cover. In this case, the
Triassic dating of these alterations may be aneexgty precious marker to constrain the
geodynamical evolution and the erosion historyhefthtasement within its limits (Fig. 63).
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Figure 63 - Schematic sketch showing the possibleogition of the Triassic paleosurface in Palaeozoic
crystalline areas. The recognition of such paleostace positions in crystalline basements would allowo
set strong constrains for geodynamic modelling.

Figure 63 — Schéma montrant la position probable @epaléosurface triasique dans les régions crifiteds.
La reconnaissance de telles paléosurfaces dansstedes cristallins permettra de fixer des contrastfortes
pour la modélisation géodynamique.

9.3 IMPLICATIONS ON APATITE FISSION TRACKS
THERMOCHRONOLOGY

Low-temperature thermochronology allows the deteation of the thermal history of
upper crustal rocks in the 40-110°C temperaturgeaaithis method has been applied with
success in various geodynamical contexts includirmgen massifs, passive margins and
basement complexes and allows the estimation oamheunt and timing of erosion and the
uplift rate by consideration of the paleo-heat flaxd the specific rock properties.
Paleotemperatures are determined using two indepemelehniques: 1) the apatite fission-
track thermochronometer which is based on the tesye-controlled progressive annealing
of defects formed by natural fissions of U238 atparsl 2) the (U-Th)/He dating on apatite
crystals where He-diffusion is controlled mostlyteynperature.

During the last decade, thermochronology by fissicacks has been applied to
numerous Hercynian and Variscian basements to a&titheir post-Paleozoic geodynamic
behaviour. The general trend of almost all theseliss was to put forward a (very) thick
sedimentary cover during the Mesozoic (2000 to 5000 followed by a very rapid
denudation during the lower Tertiary. Such scenhaee also been suggested for the French
Massif Central (Barbarand et al., 2001; Peyaud.ef@05), for the Catalan Coastal Ranges
(NE Spain; Juez-Larré and Andriessen, 2002; JuezlLand Ter Voorde, 2009), and the
Saxo-Bohemian Massif (Ventura et al., 2009; Dangikl., 2010; Thomson and Zeh, 2000).
Similar results have been forwarded for the ScamiiimaShield suggesting that central
Sweden was covered by Paleozoic and Mesozoic satimatil the Tertiary (Larson et
al., 1999; Cederbom et al., 2000; Larson et aD62Green and Duddy, 2006).

These results were inconsistent with the “classistildies of the geologists who
considered, with respect to sedimentologic argumétitickness reduction, coastal facies,
etc.), that these massifs have experienced oniyitet cover during this period. However,
the debate was often restricted to regional megtofggeological societies, these arguments
of the “naturalists” are based on spatial and temadpdiscontinuous observations. The
arguments lack physical measurements and mode#isglts. On the Scandinavian Shield,
the existence of a thick Mesozoic sedimentary céner been refuted for southeast Sweden
and instead it has been stated that the area haglgndicant amount of sedimentation,
erosion or uplift since the mid-Permian (Séderlendl., 2005). Similarly, the hypothesis of a
thick sedimentary cover during the Mesozoic in keut Finland has been discarded, arguing
that the importance of radiation-enhanced annealtrigw-temperature has been overlooked
(Hendricks and Redfield, 2005; Hendriks et al., 200

137



Ever since, new arguments have been raised tatigetiebate in the French Massif
Central. The paleomagnetism datings of the palewadlons and the red azoic continental
formations, which were primarily considered as eftiary age, rather indicate ages from the
upper Jurassic to the lower Cretaceous (Thiry.e2806; Ricordel, 2007; Ricordel-Prognon
et al., 2010). These datings highlight that the siiasas denuded from the upper Jurassic
onwards, excluding the possibility of a substansadimentary cover during the upper
Cretaceous as suggested by the thermochronolosficdies (Fig. 64), because this would
have lead to thicker upper Cretaceous sedimentgoysite on the Palaeozoic massifs than in
the adjacent sedimentary basins (Aquitaine basirPamid basin).
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Figure 64 - Schema of the relation between the Trisic paleosurface, the upper Jurassic/lower Cretacas
paleosurface and the Tertiary paleosurface in the Mssif Central and in the Paris basin. The three
paleosurfaces collide on the massif proving that #re could not be a significant sedimentary cover otop
of the massif during the Mesozoic and consequentihe post—Triassic erosion rate on the basement is
weak.

Figure 64 — Schéma des relations entre la paléosgd triasique, la paléosurface du Jurassique
supérieur/Crétacé inférieur et la paléosurface taite dans le Massif Central et le Bassin de Pariss trois
surfaces se télescopent sur le massif, montrantiiqueé pouvait y avoir de couverture sédimentairedortante
sur le massif au cours du Mésozoique et que I'épaig de socle érodée depuis le Trias est faible.

If the thermochronological estimations show resthitd are not consistent with the geological
observations, the cause of this data inconsisteimgh seems recurrent in several Palaeozoic
massifs of the Western Europe should thereforeebensidered. A possible explanation may
be the nature of the apatite used for the fissiaoktresults. In this study we observed that
apatite crystals were fed and newly crystallizedirdurthe chloritization of the biotites.
Similar apatite recrystallizations have also beescdeed as associated to the albitization of
the Precambrian series in southern Norway (Engwikl.e 2009). It is generally known that
the chemical composition of the apatites influendiesctly the kinetics of the fission track
annealing (Wagner and Van den Haute, 1992; Barbdaaad Pagel, 2001; Barbarand et al.,
2003; Dempster and Persano, 2006). In fact, secprajzatites related to the albitization
effectively exhibit crystallo-chemical features fdiing from the magmatic ones, so their
behaviour should be tested with the regard toidstoin track annealing.
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9.4 RESISTANCE OF THE ALBITIZED PALEOSURFACES WITH
RESPECT TO EROSION

Since a long time, the remarkable persistenceeofltiassic paleosurface expressed in
the Paleozoic massifs has been highlighted by ggamotogists (e.g. Guilcher, 1949;
Godard, 1980; Battiau-Queney, 1993; Schmitt ando8h@oingon, 1993; Widdowson, 1997).
Only recently the link of the paleosurface pressovawas drawn to the albitization. The
consistency and in particular the resistance toi@moemerges as a major feature of this
paleosurface. The paleosurface is preserved inraenassifs where it forms the relatively
dissected upper morphology. The Triassic paleoserfa also present in the Alpine ranges
where it is particularly spectacular in the surfacaused by glaciers, showing typical features
of albitization and hematization along the fractur@attiau-Queney, 1993; Battiau-
Queney, 1997; Thiry, personal comm).

In the Catalan Coastal Ranges (SE Spain) thegmatiic arrangement of the Mesozoic units

indicates that the massif was an outcropping relieing the Mesozoic, remaining exposed

probably from the Permian until the Cretaceous.sBgbently the massif has been faulted
during the Miocene (Anadon et al., 1979). The abd and hematitized Triassic paleosurface
shows a noticeable preservation beneath the Tertlaposits and even the present day
weathering affected very little these albitizedfigs. On the other hand, the non-albitized

granitic facies at the fault scarps have been gegphthered since the Miocene (Parcerisa et
al., 2010; Fig. 65).
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Figure 65— Sketch of the structural disposition ofthe Triassic albitized paleosurface in the Catalan
Coastal Ranges. The Triassic albitized paleosurfadeas been remarquably well preserved most probably
from the Mesozoic through the Palaeogene and the Biene without any major weathering. In opposite
the non-albitized granitic facies are deeply weathed into gruss. Figure modified after Parcerisa etal.
(2010).

Figure 65 — Schéma des caractéristiques structusatie la paléosurface Triasique dans les chainesésés
Catalanes. La paléosurface Triasique a été remarhjleament préservée probablement depuis le Mésozqgique
en passant par le Paléogéne et au Mioceéne sansrasobi d’altération majeure. A I'opposé, les facies
granitiques non albitisés sont profondément altéss arene. Figure d’apres Parcerisa et al. (2010).

The hardness and thus the preservation of the slcigmleosurface seems to be
mainly related to the albitization. The albitizedagjtes are entirely lacking anorthitic
plagioclases, that are much more sensitive to chmechanical weathering. The
development of albite and additional chloritizatiminthe primary biotite crystals render the
rocks much more resistant to weathering and erosion

Similarly, on a regional scale, contrasted geomaolqaical behaviour may be
observed frequently between albitized and nonia#ait granites in Brittany (France). The
northern coast in Brittany (Cotes d’Armor) is rekable for its pink granitic rocky coast
(Michelin, 2000). The rockiest area can be obsentdtie Brehat Isles where the granites are
fully albitized of show red and pink colour. Sarfays are very limited and restricted to area
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where the granites are actually non-albitized aedthered into gruss. Even on a wider scale,
the North coast, where the granites are albitizedl lematitized, is entirely rocky, whereas
the South coast where granites are mainly of kkghour and non-albitized is much sandier.

It appears clearly that albitization has a stroffigce on granite weathering and in turn
on the regional geomorphology

9.5 WEATHERING ENVIRONMENTS

It is generally considered in literature, evenhia hypothesis of a hydrothermal albite
formation, that the sodium needed for the albittratvas feed by superficial brines related to
evaporitic deposits or even directly to brines wdoratic basins (Battles and Barton, 1995;
Oliver, 1995, Barton and Johnson, 1996; Frietscll.etl997; Davidson, 1998; McLelland et
al., 2002). In case of the Triassic albitizatioe godium would have been available in the
gigantic accumulations of sodium chloride in thenfe Triassic basins.

Moreover, early attempts of geochemical modellingehindicated that a high NK*
ratio is required for albitization of K-feldsparSahmitt, 1994). Brines with an initial Ri&K*
ration of sea water do not allow such albitizatidrK-feldspars. The Naenrichment is most
likely linked with the particular geochemical segiof the Triassic environment where for
instance halite moulds are very common in transgresepicontinental deposits. The
leaching of such salts, the role of salty marin@s@s, or a periodic/episodic contribution of
seawater and evaporative solutions may be equalbkied.
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Figure 66 - Paleogeographic sketch assuming the adsic evaporitic environmental conditions that are
widespread on the continents and that provided sattNa enriched groundwaters. Figure modified after
Thiry et al. (2009).

Figure 66 — Schéma paléogéographique montrant q@s lconditions environnementales évaporitiques du
Trias étaient répandues sur les continents et foissaient des eaux souterraines salées et enricleiesNa.
Figure d’apres Thiry et al. 2009.

It has also to be highlighted that this alteratrnay not behave like an "ordinary"
weathering profile and occurred under unusual, brleast very specific, geological
conditions. The scale of the profiles (> 100 m dgptelates this alteration rather to a
groundwater environment. The weak mobility of mokemical elements may point to a
groundwater with very low outflows and a deep waadie. This may occur in very subdued
landscapes and under arid climatic conditions. $tddao to be pointed out that this alteration
may have lasted for several 10’s of Myr.
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9.6 THE QUESTION OF THE TEMPERATURE

The question of the albitization formation temperatis a vital topic that has been
systematically rejected by the igneous rock petistsgwho consider these alterations as
late-magmatic occurring at about 200 and 400°C @Gkepter 1). Even if some lower
temperature albitizations were recognized as rlete¢he diagenesis in the sedimentary rock
series, the presence of Ca-bearing silicates frmnptehnite-heulandite series was thoroughly
taken as a proof for high-temperature formation @mrs. Indeed, these specific minerals
are usually considered as geothermometers.

It is the high-temperature interpretation of thesaeralogical parageneses that has to
be questioned. Thermodynamically, there is no imsibdgy since the equilibriums are
controlled by the mineral composition and the ptysihemical parameters of the solutions.
However, the development of one mineral with respeanother one is also governed by the
kinetics of the reactions, or more precisely by kireetics between the different reactions.
These are the questions that should be examin@adia detail.

In the near futur, the arguments have to be chyiexamined to be strengthened. We
can considered like other authors (Drake et aD92@lumper and Putnis, 2009, Sandstrom et
al., 2010; Morad et al., 2011) that these paragends not belong to one unique alteration
event, but to successive alterations which are peddent on each other. We have
demonstrated above (in Chapter 7) that the diffesdtetration reactions could neither be
separated from a petrographical view nor from &treaal point of view. Besides, the facies
appear as similar and homogeneous in all studitkBzoic massifs affecting a wide range of
rocks differing in their composition, their emplasent mode, and their geodynamical
context. Moreover, all datings of the oxidized Ho@aring minerals show Triassic ages.
Therefore, the datings emerges as a strong arguoreniir hypothesis. Whatever meaning is
given to the datings, it shows that a widespreaas$ic phenomenon exists that appears to be
global.

9.7 SUMMARY

If the albitizations and the hematitizations withime crystalline basements are of
Triassic age, it follows that:

» The albitized and hematitized facies must be sgmeg since the rocks that are
affected by the albitization are more or less diyecelated to the Triassic
paleosurface and in any case they could not hase foemed at great depth.

» The albitized and hematitized facies appears ashpearks for the Triassic
Paleosurface.

» The geochemistry of these alterations is specdictiie Triassic environmental
conditions.

» The stability ranges of the accessory minerals sagchhe Ca-bearing silicates
should be reconsidered.

» The nature and the physico-chemical features oh#&wgenic apatites crystallized
during these alterations must taken into accounth®thermochronolgial studies.
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RESUME CONCLUSION

Les faciés albitisés et oxydés des socles crissaiont communs a travers le monde,
mais n’ont suscité que relativement peu d’intérétadpart des pétrographes. Du fait de leur
liaison évidente avec des fractures, ils ont tougowsté considérés comme tardifs,
post-magmatiques et donc sans intérét immédiat [Fouompréhension du magmatisme qui
était la préoccupation scientifique majeure desqraphes. Trés tot ces altérations ont été
cataloguées par leurs paragenéses minérales sosisntens génériques d’albitisation,
saussuritisation et séricitisation, et cela suffisgour les écarter du sujet d’études. Les
métallogénistes ont souvent marqué plus d’atterdions faciés oxydés de par leur caractéere
géochimique vis-a-vis des concentrations métalbque

L’étude pétrographique des facies albitisés et ogydié massif des Sudetes montre
effectivement des parageneses considérées comassitles”. Deux pbles de parageneses
pétrographiques peuvent y étre distingués : un pogaussuritisation et séricitisation et un
pole a albitisation et hématisation. La chloritisat des biotites et des amphiboles qui
accompagne ces altérations apparait intermédiairzecles deux pbéles précédents, débutant
avec la saussuritisation et la séricitisation et peursuivant dans les facies albitisés et
hématisés jusqu’a la chloritisation compléte deséraux ferro-magnésiens. Ces altérations
sont toujours intimement associées, sans qu’appseaune rupture ou une discordance
spatiale entre elles. Elles sont commandées paprésence de fractures et se disposent
spatialement par rapport a ces fractures. L’allatisn et 'hématisation se développent sur
les épontes des fractures, la saussuritisation aetséricitisation des plagioclases se
développent de maniere distale par rapport aux tfrees, vers lintérieur des blocs. Ces
altérations peuvent étre considérées comme glomlemopochimiques : la saussuritisation
des plagioclases pourvoyant le Ca pour le dévelompe de la prehnite et la chloritisation
des biotites étant la source de K pour la sériaiitsn. Mais l'albitisation compléte des
plagioclases et surtout l'albitisation des felddp#t au voisinage des fractures atteste
I'apport de Na et I'hématite associée a I'albitdeste I'oxydation du milieu et donc I'apport
en oxygene.

Au terme de cette étude pétrographique est propasédypothese superficielle pour
ces altérations. Cette hypothese superficielle Sigpur 2 points majeurs :

1) la datation par paléomagnétisme indique un agestgae pour I'hématite
et des datations radiochronologiques (K-Ar, Dephiut972) des minéraux
silicatés qui ont aussi mis en évidence des ragsements du méme age ;

2) l'extension géographique de ces altérations que l@trouve dans
'ensemble des massifs hercyniens et varisques dfeyr avec des
caractéres pétrographiques similaires et surtous datations identiques
dans des massifs cristallins d'age variés et darss dcontextes
géodynamiques tres différents.

En considérant I'adge triasique de ces altérations|les-ci doivent étre regardées
comme liees a la paléosurface triasique, puisque oeches cristallines étaient a
I'affleurement au Trias. Le moteur de ces alténasioserait les solutions salines, tres
enrichies en Na, nourries par les gigantesques medations de chlorure de sodium dans les
bassins permo-triasiques et sur les continentsppériques. L’altération se ferait dans un
contexte de nappes phréatiques profondes (100 an8d@ profondeur ?), et tres abaissées
par l'aridité du climat. Dans un tel contexte, lésoulements sont extrémement ralentis ; ce
qui explique les tres faibles échanges chimiqués earactere globalement topochimique de
ces altérations, a I'exclusion du sodium. La grastibilité géodynamique de cette période
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permettant a ces altérations de se poursuivre penplasieurs dizaines de millions d’années
et aux réactions a cinétiques méme tres lentesedprimer.

Il faut reconsidérer ces facies sans "a priori" mmettant toutes les données a plat,
puis reconsidérer les différents aspects tenus ahes évidences. En particulier se pose la
question de la température de formation des parages a prehnite et séricite considérée
comme des géothermometres de "températures éleMéasinvient aussi de préter une
attention particuliere aux datations radiochronoiqges et paléomagnétiques qui ont éte
considérées comme évidemment trop jeunes par ragpdst mise en place des massifs
cristallins. Par le passé, ces datations ont étét@yatiquement rejetées et la plupart du
temps elles ne sont méme pas mentionnées dansblesapons. Une prise en compte de ces
datations ferait éventuellement apparaitre leur @@mce comme cela a été le cas pour les
rajeunissements d'age triasigue des formations pmINMES mis en évidence par
paléomagnétisme (Edel et Schneider, 1995).

Méme si les paragenéses a séricite et a prehn#eégaient ne pas faire intégrante
d’une altération unique, conduisant a I'albitisati@t a I'oxydation de ces roches cristallines,
il reste que I'hématite indique bien la proximité l& paléosurface triasique. Cette oxydation
des roches cristallines constitue un repere précipour contraindre les géodynamiques
post-triasiques et les érosions et évolutions géphmogiques des massifs paléozoiques.
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CONCLUSIONS

Albitized and oxidized facies of the crystallinesbmnent are wide spread throughout
the world, but until now this subject attracts tekly little interest with respect to
petrographers. Due to the obvious connection betlee albitization and the fractures of the
crystalline rocks, they have generally been comsiti@s a late-magmatic phenomenon and
therefore it explains why this is considered withamny direct interest for the understanding of
the magmatism, which is the major scientific concef the petrographers. These alterations
have been very soon categorized by their typicalenal paragenesis under the generic name
of albitization, saussuritization and sericitizatiand that cause the effect that these
phenomenon were often disregarded. Nevertheless,ntblogenists often paid more
attention to these oxidized facies, because of tfemchemical characteristics with respect to
the metal concentrations.

The present study of the oxidized and albitizedefaof the Polish Sudetes shows in
fact a mineral paragenesis considered as “classioab types of petrographical parageneses
may be distinguished there: a saussuritizatiorcibieation type and an albitization-
hematitization type. The chloritization of amphié®land biotites that is associated to these
alterations emerges as intermediate between theiopee two poles, beginning with
saussuritization and the sericitization and comigun the albitized and hematitized facies
reaching the complete chloritization of the ferrgmesian minerals. These alterations are
always closely associated, without showing any lboi@aspatial discordance between them.
They are controlled by the presence of fracturesthey are spatially arranged with respect to
these fractures. Albitization and hematitizationcwc at the fractures walls, the
saussuritization and the sericitization of the [@elgses develop in a distal way with respect
to the fracture, towards the center of the blodksese alterations may be roughly considered
as topochemical: the saussuritization of plagiedagrovides Ca for prehnite development
and the chloritization of biotites emerges as theree of K for the sericitization. However,
the complete albitization of the plagioclases andparticular the albitization of the K-
feldspars in the vicinity of the fractures testiiyr the supply of Na, and the hematite
associated to albite demonstrates the oxidatidhefransport medium (fluids) and therefore
the supply of oxygen.

In addition to the petrographical study of the @teid facies, a hypothesis on the
superficial origin of the albitization is proposkd these alterations. This assumption is based
on two major points:

1) The paleomagnetic datings show Triassic agesthier hematite and the
radiochronological datings (K-Ar, Depciuch, 1972) the silicate minerals highlighted
identical rejuvenations ages.

2) The geographical extent of these alterationsemesl in many European
Hercynian and Variscan massifs manifest similarqggaphical features and comparable
datings of the alteration/albitization regardlebs warious primary ages of the crystalline
massifs and the different geodynamical settings.

Considering the Triassic age of these alteratitimsy are necessarily related to the
Triassic paleosurface, since these crystallinesoore already outcropping during the Trias.
The driving force behind these alterations aresélérich solutions, thus highly enriched in
Na, which are probably fed by the massive sodiutoricte deposits of the Permo-Triassic
basins and on the peripheral continents. The &lberanay occur in a deep groundwater
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context (about 100 to 300 m), which may be stroriglyered by the arid climate of this

epoch. In this context, fluid flows are extremelgwg which explain also the very low

chemical exchanges and the overall topochemicailr@aif these alterations, except for the
sodium. The exceptional long geodynamic stabilityhos period allowed the alterations to
carry on for tens of millions years and the ocaoueceeof slow kinetic reactions.

These albitized facies should be therefore recensed without any “a priori”; the
re-examination of all the existing data could sgjosatly reconsider the various aspects
raised by this study. In particular, the questidntlee prehnite and sericite paragenesis
formation temperature should be reconsidered wisargihem as geothermometer for “high
temperatures”.

A particular attention should be paid on the raldionological and paleomagnetic
datings that have been considered as obviouslioasybung” with respect to the primary age
of the crystalline massifs emplacement. These gsithrave been systematically rejected as
false in the past, and therefore they were oftenemethh mentioned in publications and thus
this information got lost. A consideration of thekings may emphasize their consistency as
for example shown by Edel and Schneider (1995)HerPermian formations that suffered a
Triassic rejuvenation, highlighted by paleomagmetis

Even if the sericite and prehnite paragenesis shbalfound as not being part of a
unique alteration, leading to the albitization dhd oxidation of these crystalline rocks, the
fact remains that the hematite clearly indicatespfoximity to the Triassic paleosurface. This
oxidation of the crystalline rocks represents aparntant marker to constrain the post-Triassic
geodynamics, the erosion rates and the geomorplkaueglution of the Palaeozoic massifs.
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Albitisation et Oxydation des roches granitoides en relation avec
la paléosurface triasique des Sudetes (SW Pologne)

RESUME : Les faciés albitisés et des socles ont toujours été classés comme
tardi-magmatiques par référence aux saussuritisations et séricitisations associées a ces faciés.
Cependant, I'éventualité d'une origine superficielle triasique a été récemment établie pour
certains de ces facies. L'étude des faciés granitoides oxydés du socle paléozoique des Sudeétes
polonaises a été entreprise pour préciser les caractéristiques de ces faciés. L'étude
pétrographique montre qu'il y a deux grandes catégories d’'altération dans les faciés étudiés et
qui se disposent spatialement par rapport aux fractures: (1) la saussuritisation et la
séricitisation qu’on retrouve dans les facies clairs, a l'intérieur des blocs et loin des fractures et
(2) l'albitisation et 'hématisation associée aux facies rouges et qui se développent a partir des
fractures. Ces altérations s'accompagnent de la chloritisation des minéraux ferromagnésiens,
de la formation de minéraux secondaires tels que quartz, feldspath K, prehnite, titanite, calcite
et apatite. Il apparait surtout que les parageneses associées a ces altérations s’inscrivent dans
une phase d'altération unique avec des réactions qui s’enchainent spatialement, et a l'origine
de la zonation observée. La datation paléomagnétique des oxydes de fer associés aux faciés
oxydés indique des ages triasiques suggérant que l'oxydation est liée a la paléosurface
triasique. Or I'hématite apparait paragénétique et contemporaine de l'albite, par conséquent
I'albitisation est aussi supergéne et liée a la paléosurface triasique. Les faciés albitisés/oxydés
apparaissent ainsi comme des marqueurs de la paléosurface triasique dans les massifs
paléozoiques et de ce fait peuvent permettre de contraindre la géodynamique post-triasique de
ces massifs.

Mots clés : Altération, Oxydation, Pétrographie, Granitoide, Datation, Paléosurface, Trias,
Pologne.

Albitization and oxidation of the granitoid rocks r elated to
the Triassic Paleosurface in the Sudetes (SW Poland )

ABSTRACT: Albitized and oxidized facies in crystalline basements were generally classified
as late-magmatic alterations due to the occurrence of saussuritization and sericitization
parageneses. However, the possibility of a Triassic superficial origin has recently been
proposed for some of these facies. The reddened granitoid facies in the basement of the Polish
Sudetes have been studied in order to precise the characteristics of these alterations. The
petrographical study shows that there are two categories of alteration, which are spatially
arranged with respect to the fractures: (1) saussuritization and sericitization within the light
facies, towards the center of the blocks and thus further away from the fracture walls, and
(2) albitization and hematitization prevailing in the reddened facies along the fracture walls.
These alterations are associated to the chloritization of the primary ferromagnesian minerals
and to the development of secondary minerals, such as quartz, K feldspars, apatite, prehnite,

calcite, and titanite. It appears especially that these parageneses associated to these
alterations are part of a unique alteration event, with reactions following spatially on from each
other, and responsible of the observed zonation. The paleomagnetic dating of the iron oxides
associated to these facies clearly indicates Triassic ages suggesting that the oxidation is linked
to the Triassic paleosurface. The hematite emerges as paragenetic and contemporaneous to
the albite; hence, the albitization must be also of supergene origin and is thus related to the
Triassic paleosurface. Therefore, these albitized/oxidized facies appear as a marker of the
Triassic paleosurface in the crystalline Paleozoic basements, allowing to constrain the post-
Triassic geodynamics of the ancient massifs that usually lack for benchmarks.

Keywords : Alteration, Oxidation, Petrography, Granitoid, Dating, Paleosurface, Trias,
Poland.
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