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The reddened granitoid facies in the basement of the Polish Sudetes exhibits two
categories of alteration spatially arranged with respect to fractures: (1) saussuritization
and sericitization within light-colored facies in the interior of fracture-bounded blocks
and (2) albitization and hematitization in a reddened facies occurring adjacent to
fracture walls. These alterations are associated with chloritization of primary
ferromagnesian minerals and the development of secondary minerals such as quartz,
K-feldspar, apatite, prehnite, calcite, and titanite. We link these parageneses and the
observed zonation to a unique alteration event consisting of an interplay of chemical
reactions of variable spatial extent. The complete albitization of the feldspars
(plagioclase and K-feldspar) adjacent to fractures points to a significant supply of Na
for the albite neoformation and availability of oxygen to form the associated hematite.
The dating of the iron oxides by paleomagnetism and the secondary monazite
associated with the albitized facies by U-Th-Pbtotal unambiguously indicates their

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Post-Variscan ages. In this context, the alterations are related to regionally widespread
Post-Variscan paleosurface. Weathering profiles formed in phreatic groundwater
environments downgradient of highlands that provided a hydrological head. Sodium
supply was likely to origin from the gigantic salt playas that characterized Permian and
Triassic lowlands. Weathering was interrupted by an advance of the Mesozoic
transgression. The recognition of these weathering profiles over extensive parts of the
Variscan Belt provides the basis for reconstructing the Post-Variscan paleosurface and
constraining Triassic and Post-Triassic geodynamics, including erosion rates and
geomorphological evolution of the Paleozoic massifs in Europe.
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Abstract:

The reddened granitoid facies in the basement of the Polish Sudetes exhibits two categories of alteration spatially
arranged with respect to fractures: (1) saussuritization and sericitization within light-colored facies in the interior
of fracture-bounded blocks and (2) albitization and hematitization in a reddened facies occurring adjacent to
fracture walls. These alterations are associated with chloritization of primary ferromagnesian minerals and the
development of secondary minerals such as quartz, K-feldspar, apatite, prehnite, calcite, and titanite. We link
these parageneses and the observed zonation to a unique alteration event consisting of an interplay of chemical
reactions of variable spatial extent. The complete albitization of the feldspars (plagioclase and K-feldspar)
adjacent to fractures points to a significant supply of Na for the albite neoformation and availability of oxygen to
form the associated hematite. The dating of the iron oxides by paleomagnetism and the secondary monazite
associated with the albitized facies by U-Th-Pbww unambiguously indicates their Post-Variscan ages. In this
context, the alterations are related to regionally widespread Post-Variscan paleosurface. Weathering profiles
formed in phreatic groundwater environments downgradient of highlands that provided a hydrological head.
Sodium supply was likely to origin from the gigantic salt playas that characterized Permian and Triassic
lowlands. Weathering was interrupted by an advance of the Mesozoic transgression. The recognition of these
weathering profiles over extensive parts of the Variscan Belt provides the basis for reconstructing the Post-
Variscan paleosurface and constraining Triassic and Post-Triassic geodynamics, including erosion rates and

geomorphological evolution of the Paleozoic massifs in Europe.
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1 INTRODUCTION

In crystalline rocks, albitization is commonly considered to be a deep and high-temperature
metasomatic alteration linked to granite cooling during exhumation (e.g. Putnis et al. 2007; Engvik et al. 2008;
Sandstrém et al. 2010; Morad et al. 2010). Besides, in basaltic rocks, albitization with typical albite, chlorite, and
epidote assemblage is considered to be relatated to pervasive alteration by deep circulation of heated seawater
(spilitization) under relative lower temperature (Kelley et al. 1992; Alt et al. 2010; Richter and Diamond 2022).
Studies of albitization in granitic and other basement rocks have been mostly undertaken by petrologists who
usually consider its petrographical aspects and recognise the late-stage nature of the parageneses. However, the
geometric aspects of the albitization phenomenon have never been thoroughly investigated. In this paper we
describe the albitization as a result of superficial weathering, spatially and temporally associated with the Post-
Variscan paleosurface, by analogy with situations described locally in the French Massif Central (Yerle and
Thiry 1979; Schmitt 1986, 1992; Schmitt and Clement 1989; Parcerisa et al. 2009) and in NE Spain (Fabrega et
al. 2019).

We focus our study on the Polish Sudetes where paleomagnetic dating of Post-Variscan
remagnetization overprints of the Paleozoic crystalline basement has already been well-reported in the literature
(e.g. Edel et al. 1997). Our aim is to sort out whether the albitization observed in the Sudetic granitoids could
have been of superficial (a weathering phenomenon) rather than of deep-seated hydrothermal origin. For this
purpose, we describe detailed mineralogical and petrographical features of the albitized facies rocks. Special
attention is payed to the petrographic evolution of the granitoids in relation to the reddened facies adjacent to
fractures. The relationship between primary and secondary mineral phases is emphasized with the focus to
establish a specific mineral paragenesis and geochemical conceptual model for the albitization, and to understand
its association with the contemporaneous formation of hematite. Subsequently, the results of paleomagnetic
dating of iron oxides and U-Th-Pbyta dating of monazites in the reddened facies are presented in order to explore

their respective links with the Post-Variscan paleosurface.

2 GEOLOGICAL SETTING
2.1 Regional frame

The mountain range of the Sudetes is the topographic expression of a regional-size fault block, about
300 km long and 50 to 80 km wide, at the NE margin of the Bohemian Massif (Fig. 1). The Sudetic block was
uplifted, together with the entire Bohemian Massif, in Late Cenozoic times along major NW-SE and NE-SW
trending faults at the foreland of the Eastern Alps and Carpathians (e.g. Reicherter et al. 2008), while to the NE it

is accompanied by the geologically similar Fore-Sudetic block that is currently not elevated.

The Sudetes occur on the norteastern periphery the internal zone of the Variscan belt of Europe, whose
mostly crystalline, Late Neoproterozoic to Carboniferous basement rock complexes are arranged in a mosaic of a
complex tectonic collage, amalgamated and deformed during Late Devonian through to Carboniferous Variscan
tectonic events (Matte et al. 1990; Aleksandrowski and Mazur 2002; Kroner et al. 2008). The collage is intruded
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by syn- to late orogenic Carboniferous granitoid plutons, the most voluminous of which are those of Karkonosze,
Strzegom-Sob6tka and Ktodzko - Ztoty Stok (e.g. Mazur et al. 2006, 2007).

The basement rocks are locally overlain by syn- to late-tectonic Carboniferous intramontane basins and
remnants of a now much eroded post-orogenic Permo-Mesozoic sedimentary-volcanic cover (Fig. 1), which
during Late Cretaceous — Early Paleogene times underwent compressional deformation; gentle folding and
inversion-related faulting (Gtuszynfiski and Aleksandrowski 2022). To the south, in the Intra-Sudetic Basin, Early
Permian red beds and shales with volcanics up to 1250 m thick are followed by Late Permian and Early Triassic
fluviatile deposits of Buntsandstein facies, wich do not exceed a few tens of meters in thickness (e.g. Dziedzic
and Teisseyre 1990). To the north, in the North Sudetic Basin, there is a dominantly sedimentary series including
Early Permian red beds with volcanics and Late Permian Zechstein facies carbonates, sulphates and clastics,
averaging about 1000 m in thickness. The Early Triassic Buntsandstein of variegated sandstones, totalling about
600 m in thickness, are capped by R6t dolomites and later Keuper evaporites and Muschelkalk limestones (e.g.
Baranowski et al. 1990; Chrzastek and Wojewoda 2011). In south-western and western Poland and eastern and
northern Germany, the Early Triassic clastics that are accompanied locally by the Buntsandstein exceed 1000 m
in thickness (Feist-Burkhardt et al. 2008). The Early Permian and Early Triassic clastic deposits reflect intense
erosion and denudation of the southerly located Variscan internal massifs, including those of the Sudetes. The
Late Permian Zechstein carbonates and sulphates as well as the late-Early to Middle Triassic carbonates, on the
other hand, mark the episodes of marine transgression. The Late Permian transgression apparently left in the
Sudetes only a thin sedimentary sequence of tens of metres thick, whereas that of the late-Early to Middle
Triassic might have resulted in an originally much thicker sedimentary succession, similar to those in the
adjacent areas (cf. e.g. Feist-Burkhardt et al. 2008). This is suggested by increasingly deepening facies of the
now up to 100 m-thick Muschelkalk deposits towards their erosive top (Chrzastek and Wojewoda 2011). Also,
the original presence of a relatively thick and extensive cover of marine Jurassic sediments in the Sudetes cannot

be entirely ruled out, despite their present absence possibly due to pre-Cenomanian erosion.
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Fig.1 Geological map of the Sudetes (modified after Aleksandrowski et al. 1997). (1) Szklarska Por¢ba Huta
quarry; (2) Laski quarry; (3) Laski village; (4) Chwalistaw valley; (5) Mt Kopciowa.

2.2 Sampling

Our sampling was concentrated on the reddened granitic rocks in the quarry at Szklarska Poreba Huta
on the Karkonosze pluton and in several exposures in the eastern part of the Ktodzko - Ztoty Stok pluton, at
Laski and in the Chwawlistaw valley (Fig. 1). The focus was put on large exposures of rocks with distinct signs
of reddening that are typically bound to fractures. In this study we use the term fracture to any brittle
discontinuities in a rock, whether or not they imply fracture-parallel or -perpendicular displacement, i.e. various
types of both joints and faults. Non-reddened rocks were also sampled in order to characterise differences

between the reddened and non-reddened facies.
221 Karkonosze granitoid massif

The late-orogenic Karkonosze granitoid massif in the western part of the Sudetes is composed of a
number of granitic facies thought to correspond to fractional crystallization, mixing with mafic magmas and
hybridization processes (Zak and Klominsky 2007; Staby and Martin 2008). The pluton resulted from sequential
emplacement over a brief period of time at ca. 320-310 Ma (Machowiak and Armstrong 2007; Zak et al. 2013;
Kryza et al. 2012, 2014; Kusiak et al. 2014).

Sampling of the Karkonosze pluton was undertaken in the Szklarska Poreba Huta quarry (N50°49°39°°,
E15°29°38°") on the NW margin of the Karkonosze massif, close to its contact with the metamorphic envelope
(Fig. 1). Samples were obtained from a steep northern wall of the quarry where there was an exposure of two
rock types in sharp intrusive contact: (1) a fine-grained equigranular leucocratic granite (so called aplogranite)

and (2) a medium- to coarse-grained porphyritic biotite granite. Both granites contain thick (up to 25 cm) aplite
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veins and centimetre-wide quartz veins. According to Staby et al. (2007), the granite from Szklarska Por¢ba Huta

belongs to the geochemically furthest evolved granite types in the Karkonosze composite pluton.

The porphyritic granite from the Szklarska Poreba Huta quarry contains large phenocrysts (up to 10 cm)
of perthitic K-feldspar (about 65-99% Or) mantled by plagioclase (about Ab > 83%) and enclosed in medium-
grained groundmass (Borkowska 1966; Staby et al. 2002). Relative to the porphyritic granite, the aplogranite is

enriched in quartz and plagioclase and impoverished in biotite and alkali-feldspar (Koztowski et al. 1975).
2.2.2 The Kfodzko - Zioty Stok pluton

The Klodzko - Ztoty Stok (KZS) pluton, the largest composite intrusion in central Sudetes (Fig. 1), is
composed off strongly diversified high-K metaluminous rocks, rich in mafic components (e.g. Lorenc 1994;
Bachlinski and Bagifiski 2007; Jokubauskas et al. 2014). The small magma batches were emplaced between
349.0 £ 3.7Ma and 331.5 + 2.6Ma. Short-lived late Carboniferous rejuvenation of magmatic activity along major
fault zones caused intrusion of the the Laski monzogranite at 303.3 + 3.8/4.2Ma (Jokubauskas et al. 2018 and

references therein).

Exposures of reddened granitic rocks were sampled in the Laski quarry (N50°28°25” E16°48°34”),
Laski village (N50°27°40” E16°48°12”") and a small old quarry near the creek of Makolnica (Chwalistaw valley;
N50°25°54” E16°49°42”). Jointly were sampled non reddened, relatively dark-grey medium-grained granodiorite
wih relatively uniform plagioclase composition (36-46% An) typical of the Laski area (Wierzchotowski 1976).
The quarry in the Chwalistaw valley exposes granodiorite intruded by dykes (up to about. 1 m wide) of
spessartite. Both rocks had been previously dated, yielding ages of 336.7 + 2.3Ma and 321.1 + 3.1Ma,
respectively (Mikulski et al. 2013). Non-reddened granodiorite is a grey, medium- to fine-grained, equigranular
rock with relative anorthite-rich plagioclase (39-44% An), whereas the fine-grained microporphyritic spessartite
is composed of more sodic plagioclase (Wierzchotowski 1976; Awdankiewicz and Awdankiewicz 2010;
Mikulski et al. 2013).

3 ANALYTICAL METHODS.

Powder X-ray diffraction (XRD) analyses were carried out at Mines-Paris, using a PANalytical X Pert
system fitted with a Cu-anode and X’celerator detector, on fragments of larger K-feldspar crystals separated by
hand-picking from the bulk rock samples. XRD scans were run from 2 to 60° (20). The XRD diagrams were
interpreted using the EVA®© Bruker software. In the case of overlapping (131) and (1-31) peaks, deconvolution
was undertaken using the FITYK software (Wojdyr 2010) with Pearson VII function applied to fit the peak
shapes. Al-Si ordering of the K-feldspar structure was evaluated on the basis of the triclinicity parameter
according to the method of Goldsmith and Laves (1954).

Selected thin sections from the reddened rock samples were studied using conventional petrographical
microscopy and cathodoluminescence (CL) techniques at the Institute of Geological Sciences, University of

Wroctaw. The CL study made use of a CL MK3 cold cathode gun mounted on a polarizing optical microscope.

Systematic sampling for paleomagnetic analysis was performed focused on the reddened facies at four
principal outcrops, three of them situated in the Ktodzko — Ztoty Stok Massif (Laski quarry, Laski village,
Chwalistaw valley) and one in Szklarska Poreba Huta area. The samples for paleomagnetic analyses were drilled
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in the vicinity of principal fractures. The samples were collected as oriented drill cores using a petrol-driven

hand drilling machine and as block samples oriented in field by measuring dip and dip azimuth.

They were cut into standard 2.5x2.5cm cylinders for paleomagnetic experiments. Thermal
demagnetization was subsequently performed on the cylinders either in the paleomagnetic laboratory of the
Institute du Physique du Globe de Paris using a vertical three-axial 2G cryogenic magnetometer and at the
Institute of Geophysics of the Polish Academy of Sciences in Warsaw using a 2G Enterprise SQIUD
magnetometer. Stepwise demagnetization of the NRM was applied on the samples, starting at room-temperature,
and if possible, embracing the complete temperature range up to the hematite temperature interval around 700°C.
Alternatively, some selected samples were demagnetized using the alternating field technique at the Institute of
Geophysics of the Polish Academy of Sciences in Warsaw. The resulting data are systematically corrected for

the geographic position of each individual sample.

Further data processing was performed using either the PaleoMac5 software (Cogné 2003) or the
PALMAG software provided by Lewandoski et al. (1997) Characteristic paleomagnetic directions were
determined by a least-square fit of linear segments (Kirschvink, 1980) in orthogonal Zijderveld diagrams
(Zijderveld 1967; see also supplementary material 2, Fig. S1 to S3), either on equal areas or in great circle fits.
The PaleoMac5 and PALMAG software offer the opportunity to choose the groupped directions and to calculate
respective site-mean directions and paleomagnetic pole statistics (Fischer, 1953; Mc Fadden and McElhinny
1988). The analyses of thermal demagnetization of NRM curves and thermomagnetic experiments
(magnetization and saturation remanence during heating curves) allow the identification of magnetic carriers of
the paleomagnetic directions (for instrumental details and rock magnetic results please see also supplementary
material 2, Fig. S4 and S5).

The chemical compositions of feldspars and micas were analysed by EPMA (Electron Probe Micro
Analysis) at the Scientific and Technological Centers of the Universitat de Barcelona (CCiTUB), using Cameca
SX-51 and JEOL JXA-8230 electron microprobes, both operating at 15 kV and 1.5 nA. The CL images of the
samples were used to guide the placing of the analyses. The table of EPMA results is included in the

supplementary material 1.

Monazite dating was carried out using the EPMA U-Th-Pbta method following the recommendations
included in Cocherie et al. (1998), Cocherie and Albarede (2001), and Williams et al. (2006). Monazite grains
suitable for EPMA analysis were found by means of BSE imaging using a Hitachi TM-1000 electron microscope
at the Manresa School of Engineering (Spain). U-Th-Pbw EPMA analyses were undertaken at the Scientific and
Technological Centers of the Universitat de Barcelona (Spain) using a Jeol JXA-8230 electron microprobe
operating at 15 kV, 40 nA of current intensity and a beam diameter of 1 um. An in-house reference monazite
from the Petaca District (Mexico), with an age of 1332 £ 5 Ma (2c), was analyzed as a control standard jointly
with the monazite samples. The age of each analysed monazite was calculated using the MonaziteAge software
based on the works of Suzuki and Adachi (1991, 1994) and Suzuki et al. (1994) and which is included with the
Jeol JXA-8230 instrument. The initial acquired data were prepared for subsequent statistical age analysis by
eliminating the analyses which presented oxide totals higher and lower than 100 + 5%. Subsequently, age
outliers were discarded using a stepwise process based on box-plot graphs. The final ages of the different

monazite generations were determined by deconvolution of the ages histogram using the Microsoft Excel add-in
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ISOPLOT 4.15 from the Berkeley Geochronology Center (Ludwig 2003). A total of 189 EPMA analyses were
made and 147 analyses (77% of the total) were retained including 18 from the Szklarska Por¢ba Huta quarry and
129 from the Chwalistaw valley section. The table of monazite EPMA results is included in the Electronic

Supplementary material 1.

The oxygen isotope composition of plagioclase and K-feldspar was determined by Seconday lon Mass
Spectrometry (SIMS) using a CAMECA IMS 1280HR ion microprobe at the Centre de Recherches
Pétrographiques et Géochimiques (CRPG), Vandceuvre-lés-Nancy, France. Samples were mounted in 25 mm
diameter epoxy mounts and the surface was metallographically polished. Afterwards the samples surfaces were
imaged under optical cathodoluminescence to differentiate textural domains within the crystals. The detailed
analytical conditions during the SIMS session are described in Fabrega et al. (2017). The granite samples were
analysed jointly with in-house plagioclase and K-feldspar standards. The analyses were placed in homogeneous
luminescent domains in crack- and inclusion-free areas of the crystals. A total of 28 and 31 analyses were carried
out on plagioclase and K-feldspar grains, respectively. Afterwards, the craters of the SIMS analyses were
observed under BSE-imaging and analyzed by EPMA to check that the craters were homogeneously excavated
and determine the chemical composition linked to each isotopic analysis. The instrumental mass fractionation
(IMF) of the raw results was corrected by means of response surface methodology (RSM) following the
procedures and using the response surface models described in detail by Fabrega et al. (2017). The SIMS results
including the instrumental setting, the raw and IMF-corrected §*%0 values, and the CL-images of the samples are

included in the Electronic Supplementary Information. All the 580 values of this paper are relative to VSMOW.

4 SPATIAL DISTRIBUTION OF THE REDDENING

A process of granite reddening has resulted in both a pervasive coloration homogeneously distributed
within the rock volume at some area and a more localised development of red to pinkish granite facies allied to
the fracture network at other areas. The most typical and widespread type of alteration is a fracture controlled
reddening with reddish/pinkish coloration restricted to narrow bands along fracture planes. The granodiorite of
the Laski quarry and the aplogranite of the Szklarska Poreba Huta quarry are typical examples for this. The most
intense alteration is a pervasive and homogeneous reddening with the entire rock impregnated by the reddish
pigments, and fracture planes coated with dark red iron oxides. The Laski village section is typical of this
pervasive reddened facies. The less intense alteration is a red spotted facies with pinkish spots distributed

within non-reddened rock. The granite of Chwalistaw valley outcrop is typical of this weakly altered facies.

In the Laski quarry the fractures are metre-spaced, cutting the rock into well-defined 0.5 to 1 m® blocks
(Fig. 2a). The extent of fracture controlled reddening is closely related to the rank of the fracture, i.e. it is weak
along minor fractures and more intense along major ones. The reddening penetrates the rock as deep as 1-10 cm.
The coloration is most intense along fracture walls but fades further away from the fractures. There is also a
direct relation between the frequency of the fractures and the intensity of coloration. In the SE part of the quarry,
the most intensive reddened facies occur along a weakly defined metre-wide zone, characterized by particularly
dense fracturing. Similarly, the porphyritic granodiorite exposed on Mt Kopciowa has fracture controlled
reddening restricted to weak, narrow staining fronts, where its large K-feldspar phenocrysts are partly or entirely

pink along the fractures.
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In the Szklarska Porgba Huta quarry, the porphyritic granite is generally not reddened. However, the
fine to medium-grained aplogranite exhibits a light pink reddening along steep N40° major and N135° related
fractures, which penetrates the rock to a distance of 5-15cm to 30-40 cm away from the fractures. Where
fractures are sparse, the aplogranite is greenish in the center of the blocks (Fig. 2b) but in densely fractured

(“chopping fractures™) zones the rock is pervasively pink.

The Chwalistaw valley granodiorite outcrop is a typical example of the red spotted facies (Fig. 2¢). A
weak fracture controlled pinkish coloration has developed in narrow zones along fractures but further away from
the fracture planes there is a scatter of spots together with small pinkish patches in the non-reddened rock. There
is no obvious direct relationship between lamprophyre dikes and the reddening of the granodiorite. In fact the
lamprophyre also has a faint pinkish coloration along the fracture planes, but their observance is hindered by the
dark color of the rock.
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Fig. 2 Spatial arrangement of the reddening. (a) Photo and sketch of the fracture-controlled reddening in the
Laski quarry. The highly fractured zones in the SE of the quarry are the most reddened. (b) Szklarska Porgba
Huta quarry facies. The reddening proceeds along the steep fractures that cut the fine-grained aplogranite. (c)
Sketch of the reddish alteration facies in the Chwalistaw valley outcrop. The alteration is parallel to the

lamprophyre veins that intruded the granodiorite.

5 MICROSCOPIC ASPECTS OF REDDENING

Optical and cathodoluminescence petrography reveal some systematic differences between the non-
reddened and reddened rock facies. We present petrographical comparison of the affected mineralogical
constituents, but thoses that are neither affected by nor related to the staining phenomenon are omitted from the

comparison.
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5.1 Plagioclase

In non-reddened granites plagioclase appears white to the naked eye. Large crystals are often normal-
zoned with Ca-enriched cores and Ca-poor margins: some crystals are also rimmed with nearly pure albite.
Polysynthetic twinning is common. It also occurs as inclusions in the K-feldspar phenocrysts (in porphyritic rock
types) and constitutes most of the rock groundmass. The luminescence is typical for igneous plagioclase with
yellow-green CL (Fig. 3a and 3b), that turns blue in the albitic rims. Regions with increased intensity of yellow-
green CL correlates with a higher Ca content (cf. Staby et al. 2002; Staby and Gotze 2004). Partial sericitization

of primary plagioclase is often observed, especially in the Ca-enriched cores.

In reddened granites plagioclase appears pink to the naked eyes, due to hematite pigments which confer
a red cloudiness to spots where primary plagioclase has been thoroughly altered to secondary untwined albite
(i.e. albitization). While the hematite-free domains retain their primary CL characteristics, the pigmented
plagioclase is non-luminescent (Fig.3a and 3b), which is typical of neogenic feldspars formed at low
temperatures (e.g. Marshall 1988; Gotze et al. 2000; Leichmann et al. 2003; Powolny et al. 2022). Contrasting
CL conveniently mark out the geometrical relationship between primary plagioclase and secondary albite: Ca-
enriched crystal cores may be albitized leaving the outer Na-enriched zones unaffected (Fig. 3a) or secondary

albite may be associated with microcracks, twinning and/or cleavage planes (Fig. 3b).

Primary plagioclase compositions range from Angs to Angs, and Anis to Ansy, in the Chwalistaw biotite-
hornblende granodiorite and Laski valley granodiorite, respectively (Table 1). The oxygen isotope composition
of the primary plagioclase, determined in the biotite-hornblende granodiorite of Chwalistaw, shows 680 values
ranging from +3 to +7 %o (Fig. 3c and Table 2), with no aparent correlation with the composition of plagioclase

determined by EPMA in the SIMS points, that ranges from Anss to Anas.

Secondary albite shows a widespread micro porosity and a typical composition about Ang.,
independently of the type of parent rock and of the primary plagioclase composition (Table 1). In crystals were
the completeness of albitization has not been totally reached, a slightly higher Ca content was observed, with
An% values ranging from 6 to 14% (Table 1). The oxygen isotope composition of the secondary albite,
determined in the Chwalistaw sector, is significantly heavier than the primary plagioclase, with 680 values
ranging from +7 to 11%o. (Fig. 3d and Table 2).
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Fig. 3 CL Petrography and oxygen isotope composition of albitized plagioclase and K-feldspar. (a) Plagioclase
with a non-luminescent albitized core and yellow luminescent rim. (b) Albitization along the major twinning
planes and micro-fractures. (¢) 3180 values of yellow luminescent primary plagioclase and blue luminescent
primary K-feldspar and (d) non-luminescent secondary albite and turbid microclinized K-feldspar. (e)
Cathodoluminescence images of partially albitized K-feldspar showing non-luminescent areas containing
secondary microcline, patch perthites and quartz patches on the crystal rims. (f) Albitization of K-feldspar along
microfractures. plg:: primary plagioclase; ab,: secondary stained albite; fKi: primary K-feldspar; fK: secondary

K-feldspar; qtzi: primary quartz; gtz,: secondary quartz.
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Table 1 Mole % of feldspar components of plagioclase and K-feldspar.

plagioclase K-feldspar
site rock ;
primary / albitized An % _prlma_r)_// Oor %
microclinized
Reddened facies
- . primary 1-3 . .
Szklarska Poreba porphyritic granite albitized 0-3 microclinized 94 -98
Laski Quarry granodiorite albitized 0-2 microclinized 95-98
Spotted facies
Szklarska Poreb: orphyritic granite primary 8-14 artially microclinized 78-93
#idarska Foreba  porpmyniticg albitized 4-6 partially
. L primary 21-59 . . -
Laski Quarry granodiorite albitized 6-14 partially microclinized 79-92
Fresh rock
Laski Valley granodiorite primary 14 -51 primary 85-91
Chwalislaw Valley hornblende-biotite primary 26-84 primary 72-93

granodiorite

* EPMA analyses converted to mole percent of the feldspar components by normalizing to eight oxygen atoms per formula unit.

Table 2 5180 %o results of plagioclase and K-feldspar.

. plagioclase K-feldspar
site rock - — - - — 6%0 %o
primary / albitized 680 %o primary / microclinized
Reddened facies
. hornblende-biotite . . L
Chwalislaw Valley granodiorite albitized 6-11 microclinized 5-11
Fresh rock
Chwalislaw Valley hornblende-biofite primary 3-7 primary 2-4

granodiorite

Apart from hematite pigments, neogenic albite is sometimes associated with calcite and prehnite.
Secondary albite is not twinned - its development erased the polysynthetic twinning in the primary plagioclase.
This is in contrast to “classical” saussuritization in which the petrographic features of the primary plagioclase are
preserved, at least partially (de la Roche 1957; Sandstrom et al. 2010; Jenkin et al. 1992; Morad et al. 2010).

5.2 K-feldspar

In non-reddened granites, K-feldspar is white to grey and often Carlsbad-twinned with varying amounts
of microperthitic albite. In the porphyritic granitoids it is present as large (several centimeters) phenocrysts and
as a constituent of the groundmass (<< 1 cm). Cross-hatch twinning is not a common feature but, if present, is

developed in domains rather than whole crystals.

As observed using CL, any alteration of primary crystals is manifested by a change in the blue
luminescence typical of igneous K-feldspar (cf. Staby et al. 2002; Staby and Go6tze 2004; Powolny et al. 2022).
The hematite-stained parts of K-feldspar crystals correspond to regions of quenched, sometimes dark-brownish
luminescence, similar to the previously shown secondary albite (Fig. 3e and 3f). Such CL characteristics match
secondary feldspars formed in low-temperature diagenetic and supergenic environments (e.g. Gotze et al. 1999;
Gonzélez-Acebron et al. 2010; Gonzéalez-Acebron et al. 2012).
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There is a clear relationship between hematite staining and albitization of K-feldspar. Semi-quantitative
measurements of the intensity of XRD reflections from the two feldspar species reveal that a low and rather
constant albite content in K-feldspar phenocrysts in non-reddened granitoids increases and becomes highly
variable in the reddened facies (Yao 2013). Primary light-colored K-feldspar phenocrysts are predominantly
formed of orthoclase but an increase in albite content is generally marked by its transformation (recrystallization)
to microcline, as indicated by an increasing triclinicity. Since triclinicity reflects the state of Al-Si ordering of K-
feldspar structure it is likely that the increase of Al-Si ordering, albitization and hematite-staining of the K-

feldspar are interrelated processes.

The composition of the primary K-feldspar ranged from Or7; to Orgs in the the Chwalistaw sector and
from Orgs to Org; in the Laski valley (Table 1). The oxygen isotope composition of the primary K-feldspar
(Table 2), determined in crystals from the biotite-hornblende granodiorite of Chwalislaw valley, present 580
values ranging from +2 to +4 %.. The 680 values show a positive trend versus the increase in K* content of the
K-feldspar (see Electronic Supplementary Information). In the quenched luminescence regions, the primary
orthoclase is replaced by secondary microcline showing aboundant micro porosity, with typical composition
varying from Orgs to Orgg, indepentdently of the parent rock and the composition of the primary K-feldspar. The
microclinization process is accompanied by the development of patch perthites of highly pure albite, with typical
composition of Ang. The oxygen isotope composition of the microclinized K-feldspar (Table 2), also determined
in the biotite-hornblende granodiorite of Chwalislaw, presents §*%0 values, ranging from +5 to +11 %o and also

shows a positive trend versus the orthoclase content (Or %) of the K-feldspar.
5.3 Albitization propagation

Albitization of primary plagioclase occurred along microcracks and cleavage planes (Fig. 4a). The
albitized zones are patchy and amoeboid, with no relation to the crystallographic directions in the primary
plagioclase. Often albitization developed from the margins towards the central parts of a crystal, leaving the core
as well as the primary albitic outer rim unaffected (Fig. 4b). A common albitization pattern is observed in some
of the compositionally zoned plagioclases in which the Ca-enriched core has been altered but the Ca-poor rims
remains unaffected (Fig. 4c). The albitized core often contains scattered sericite which corresponds to an earlier
phenomenon than albitization as it is also observed in non-albitized plagioclase from the non reddened facies. In
most altered facies, primary plagioclase is perversavely albitized exept outer rims composed of primary albite

(Fig. 4d). These altered facies are intensely reddened and often show micro-fractures filled with iron oxides.

Albitization of primary K-feldspar proceeds in a similar way as in palgioclases: from the margins of the
crystals along microcracks, twinning and/or cleavage planes. In the reddened granitoids, euhedral to sub-
euhedral K-feldspar phenocrysts are partly or entirely pink (Fig. 4e and 4f). There is a direct correlation between
the intensity of staining in the granitoids and the amount and distribution of hematite pigmenting phenocrysts

and smaller K-feldspar crystals.
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Fig. 4 Sketches of albitized red/pinkish plagioclase and K-feldspar. (a) Plagioclase albitization along
microfractures. (b) Irregular albitization of the outer rim of the primary plagioclase: the primary albitic rim
remains unaffected. (c) Albitization of the seritized core of the primary plagioclase. (d) Complete albitization of
the primary plagioclase crystal except the outer rim which is composed of primary albite. (e) Polished section of
a partially reddened orthoclase phenocryst. The upper part of the phenocryst is pink and dull whereas the lower
part is translucent. (f) Sketch of (e). The orthoclase phenocryst exhibits classic Carlsbad twinning in the
translucent part and has inclusions of hornblende, chlorite, biotite, and plagioclase. In the pinkish part the
twinning is erased, and the orthoclase is albitized and hematized. fKi: primary K-feldspar; plgi: primary
plagioclase; Qi: primary quartz; bte;: biotite; amphl: amphibole; ab.: untwined secondary albite; chlaa:

secondary chlorite after biotite; hemga: pigmentary hematite; hemay,: coarser-crystalline hematite.
5.4 Fe-Mg minerals

Light to dark brown biotite is the main mafic mineral and minor greenish hornblende is commonly
present in samples from the Ktodzko - Ztoty Stok massif. In non-reddened samples both biotite and hornblende

show signs of chloritization, though hornblende appears more resistant to this alteration.

Chloritization is significantly more intensive in the reddened granitoids where all stages of the
replacement process, from initial weak alteration along the edges and cleavage planes of the primary crystals to
the formation of complete chlorite pseudomorphs, could be observed. Biotite inclusions in hematite-stained
plagioclase are invariably replaced by chlorite. There is no clear evidence for a volume change during the
chloritization of the primary Fe-Mg minerals. Secondary microcrystalline and flaky chlorite also occurs in
microfractures and intergranular boundaries. Pyrite, Ti-oxides and titanite are often associated with secondary

chlorite.
5.5 Fe-minerals

Fe-sulphides and oxides in the granitoids include pyrite, hematite, maghemite, and magnetite. Pyrite

occurs irrespective of hematite pigmentation as relatively large (50-200 pum) euhedral crystals and lens-shaped
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aggregates in the cleavages of chloritized biotite and hornblende. Late anhedral grains fill also microfractures.

The margins of most of the observed pyrite grains are replaced by hematite.

Pigmentary hematite is responsible for red cloudiness observed in plagioclase from the reddened
granitoid facies under microscope. In the red spotted facies plagioclase exhibits coexisting hematite-pigmented
and hematite-free domains which are primary igneous plagioclase (Fig. 5a) and in pervasively reddened facies
and in fracture controlled reddened facies the plagioclase is entirely hematite-stained (Fig. 5b). Dusty hematitic
pigment is confined to albitized domains in plagioclase and K-feldspar. Some observations suggest that the
hematitic pigments are not directly related to microporosity in the altered feldspars. Firstly, the pigment is absent
from the porous saussuritized feldspars of the non-reddened granitoid facies. Secondly, it is not concentrated
along the albitization front which is enriched in micropores that relate to the volume-loss replacement of the
primary feldspar by secondary albite. Instead, hematite is distributed more or less homogeneously through all of
the albitized feldspar. Microscopic flaky aggregates and subhedral larger grains of hematite are often observed in
intergranular boundaries located close to chloritized biotite and hornblende (Fig. 5b) and in microfractures
(Fig. 5¢) and, as well as in the cleavage of some chloritized biotite (Fig. 5e), sometimes together with secondary

quartz and/or calcite.

Maghemite and magnetite could not be recognized unequivocally under the microscope nor by XRD
analyses but their presence was unmistakably detected by thermal demagnetization experiments (paleomagnetic
experiments, this study). In contrast to hematite, magnetite is restricted to the non-reddened facies. Maghemite,
on the other hand, was detected mainly in the weakly reddened facies. Thus, maghemite may be regarded as a
‘transitional” Fe-mineral between the magnetite-dominated non reddened granitoids and hematite-dominated

reddened facies.
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Fig. 5 Hematite occurrences within albitized granitoids. a) Light pink albitized plagioclase away from reddened
fracture walls with light colored relict of primary plagioclase. (b) Plagioclase entirely reddened and albitized
from pervasively reddened facies; hematite appears as pigments within the secondary albite and as granules
within microfractures. (c) Fine red hematite pigments and elongated hematite flakes within secondary albite;
plane polarized. (d) Enlargement of (c); reflected light. (¢) Hematite lenses within the cleavage of a chloritized
biotite crystal, notice lenses of secondary quartz in similar position; plane polarized. plg:: primary plagioclase;
aby: secondary albite; bte;: primary biotite; chlz: secondary chlorite after biotite; chlz: neogenic chlorite in

micro-fracture; hemya: secondary hematite pigment; hemy,: secondary granular and flaky subhedral hematite.
5.6 Other minerals

Quartz of the non-reddened facies is essentially unaltered, presenting a homogeneous dull-
luminescence. Differently, the quartz grains of the reddened facies are significantly altered, presenting a network
of micron sized non-luminescent veins of secondary quartz displaying in a cobweb texture. Internal zoning of
quartz have already been described in the chloritized facies of the Sudetic Karkonosze granite (Wilamowski
2002), and similar quartz alteration has been observed in the red albitized facies of NE Spain (Fabrega et al.
2019).

Sericite is more abundant in non-reddened samples and in weakly-reddened rock away from fractures. It
occurs mostly in plagioclase and emphasizes the compositional zoning as it has preferentially developed in the
Ca-enriched plagioclase cores but is entirely absent from the albitic rims. Sericitization obliterates the primary
polysynthetic twinning in the plagioclase host. Tiny sericite crystals (5 um) occur in plagioclase in the

aplogranite of Szklarska Poreba Huta and less fractured granodiorites of the Ktodzko — Ztoty Stok massif. This
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form of sericite is associated with secondary albite but not with Ca-bearing minerals such as prehnite and
epidote. However, larger sericite flakes (10-20 um) formed at the expense of Ca-enriched plagioclase in the
reddened granodiorite from Chwalistaw and Laski are associated with secondary prehnite, albite, and sometimes

also calcite. Sericite is rare in K-feldspars.

Prehnite and less commonly calcite are either present as secondary minerals associated with
saussuritization of plagioclase and chloritization of Fe-Mg minerals or as late primary phases healing fractures.
While calcite is observed exclusively in the reddened rock facies, disseminated prehnite is more abundant in the
non-reddened granitoids. Secondary prehnite, apart from prehnite-sericite-albite aggregates in the saussuritized
Ca-enriched plagioclase cores, occurs also as monomineralic fan- and bowtie-shaped aggregates in intergranular
boundaries and as elongated lenses in biotite. The latter are concordant with cleavage and the inflation of the
lenses disturbs the parallel alignment of the mica flakes. They are observed only in partially chloritized biotite in
the non-reddened granitoids but are absent in the proximity of reddened fracture walls. Similar lenses of
secondary calcite are present in chloritized biotite and hornblende in the reddened rock facies. Both prehnite and
calcite, sometimes accompanied by laumontite, are also observed as late primary minerals healing microfractures

cutting across the mineral framework of the reddened granitoids.

Magmatic apatite is commonly present as small inclusions in biotite and hornblende or as inherited
inclusions in their chlorite pseudomorphs. Nonetheless, in some chlorite pseudomorphs, we also observe apatite
inclusions that were considerably larger and at the same time less abundant than typical apatite inclusions in
unaltered primary Fe-Mg minerals. They are likely a second generation of apatite resulting from recrystallization
and also dissolution of smaller crystals during chloritization, such as those shown in the albitized facies in the
Morvan (Parcerisa et al., 2009) and in NE Spain (Fabrega et al.,2019) and those linked to low-temperature

spilitic albitization in the Intra- Sudetic Basin (Powolny et al. 2022).

REE-bearing minerals, mostly epidote and monazite, are typically subhedral to euhedral crystals around
50-200 um in size, in the non-reddened. The REE-rich epidote is more abundant in the reddened facies than in
the unaltered rocks and occurs as larger grains up to 200-400 um. Monazite in the reddened facies occurs in two
different forms depending on its position with respect to the reaction front. The crystals in a cm-scale zone inside
the reddish/pinkish facies in contact with the albitization reaction front are mostly pseudomorphed by secondary
monazite. This secondary monazite has corroded grain boundaries and micron-sized porosity, suggesting that the
replacement occurs via a dissolution-reprecipitation process. In contrast, in strongly reddened rocks, monazite

grains can be pseudomorphed by secondary apatite.
5.7 Summary of petrographic observations

Petrographic analyses of the reddened and non-reddened granitoids provide a basis for discerning major
differences in the mineralogical composition of the two granitoid facies. Apart from hematite, which is
responsible for the red pigmentation, and quartz, the content of which is fairly constant, the relative abundances
of major and some minor constituents vary with increasing reddening (Fig 6). In particular, the amount of Ca-
enriched plagioclase decreases largely at the expense of secondary albite and is practically undetectable in the
most intensely reddened sample. While plagioclase in the non-reddened rocks is partially sericitized, the
plagioclase in the reddened facies is predominantly albitized. To some extent K-feldspar follows the same

pattern, with albitization and microclinization of primary K-feldspar in the reddened facies. Weak chloritization
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of biotite and amphibole is observed already in the non-reddened granitoids but the process is dramatically more
intense with increasing reddening and leads to a complete disappearance of the primary Fe-Mg minerals in the
most reddened facies. Chloritization of biotite, in particular where the alteration is intense, is often coupled with
the formation of secondary titanite and Fe-minerals along cleavage planes and microfractures. Similarly,
chloritized amphibole often contains calcite along cleavages, indicating the removal of Ca from the chloritized

crystal.

Small amounts of prehnite occur in the unpigmented granitoids but it becomes more abundant with
reddening. However, its presence also depends on the initial rock type as it is absent from the aplogranite of
Szklarska Poregba Huta and the granodiorite of Laski village, irrespective of the extent of staining. The sericite
content seems to be unaffected by reddening. Dispersed calcite and laumontite are detected exclusively in the

reddened facies, though they are present as late fracture fillings in both stained and unstained granitoids.

The presence of hematite pigments in feldspars is directly related to albitized domains. For instance, we
have not observed albitized plagioclase that is hematite-free. Also, hematite pigments in K-feldspars were not
observed in non-albitized regions. The crystallization of hematite pigments seems to be synchronous with
albitization. If hematite formed later in micropores within secondary albite, it is expected that the migration of
the hematitizing fluids followed some pathways. No such possible pathways were observed. Thus, assuming that
hematite and secondary albite are contemporaneous, the albitization must have taken place under oxidizing
conditions. Furthermore, secondary minerals related to albitization near the fractures are stained with iron oxides
whereas secondary saussuritization minerals, corresponding to albite-sericite-prehnite aggregates, are not
affected by the reddening. Albitization-saussuritization alterations grade progressively from fractures inwards
into the fracture blocks; they do not overlap or cut across each other as expected if they were distinct unrelated

alteration stages.
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Fig. 6 Spatial distribution of mineral parageneses in relation to marginal fractures and core of granitoid fracture
blocks.

6 AGE DATING AND GEODYNAMICS

Dating of the albitization provides a clear tool for determining if it could be related to deep, high-
temperature metasomatic processes linked to granite cooling or alternatively a product of weathering on uplift
and exposure of the granitoid mass. We compared the results of two independent methods of dating: on one hand
paleomagnetic dating of iron minerals and on the other hand U-Th-Pbw radiochronology of monazite, a

phosphate able to incorporate high U and Th concentrations.
6.1 Monazite dating

The Szklarska Porgba Huta quarry section provided only one sample containing mainly unaltered
monazite. Deconvolution of the monazite U-Th-Pbyw ages histogram (Fig. 7a) provides an average age of
314 £ 56 Ma (20). Although we cannot discard the possibility that some of these points could represent a mix of
primary and secondary mineral ages. The Chwalistaw valley section provided two samples containing numerous
monazite grains for U-Th-Pbyta radiochronology. The deconvolution of the monazite U-Th-Phitar ages histogram
(Fig. 7b) yields two distinct age peaks, one at 254 + 24 Ma (20) and a second at 321 + 8 Ma (26) with a relative
misfit of 0.988.

The textural analyses of samples from the Chwalistaw valley section show that the older ages occur in
well preserved grains from the non-reddened facies as well as in primary domains preserved within altered
grains of the slightlly reddened/pinkish facies. On the other hand, the younger ages (centered around 254 Ma) are
almost observed in the monazite grains with dissolution-reprecipitation features in the reddish/pinkish facies
close to the reaction front (Fig. 7d and 7e). The resseting of the monazite geochronometer is accompanied with

compositional changes, including an increase in the Huttonite component [Th,Si(PO.)], Fe and Al, and a loss of
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REE+Y (Fig. 7c¢). These compositional changes in relationship with younger ages, and the systematic occurrence
of the younger ages in the more altered monazite grains close to the reaction front strongly support that primary
monazite in the reddish/pinkish albitized facies were variably recrystallized at about 254 Ma. The broad
distribution observed in the 254 Ma peak relative to the 321 Ma peak is caused by less younger age data (in

comparison with older age data).
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Fig. 7 Dating of monazite. (a) Mean age obtained from the histogram of ages of samples from the Szklarska
Porgba Huta quarry, sample WL 006. (b) Deconvolution ages obtained from the histogram of ages of samples
from the Chwalistaw valley section, samples WL 018 and WL 018a. (c) Single U-Th-Pbta age of a monazite
grain in the pinkish facies near the albitization front showing primary monazite (clear patches) partially replaced
by microporous secondary monazite, BSE image. (d) Single U-Th-Pbwt age of a monazite grain in the strongly
reddened rocks partially replaced by secondary apatite, BSE image. mnzi: primary monazite; mnz,: secondary

monazite; ap,: secondary apatite; ch,: chloritized biotite; fki: primary K-feldspar, ab,: secondary albite.
6.2 Paleomagnetic dating

Albitization and reddening caused by the presence of hematite, are shown to be closely associated as
they reveal no spatial discrepancy at outcrop or microscope scale. We thus consider albitization and hematization
to be cogenetic. The dating of the hematite formation is possible by dating the paleomagnetic secondary
remagnetization signal. This would then allow to date the albitization event.

The different components of the paleomagnetic signal recorded within the analyzed oriented samples
have been separated by stepwise thermal demagnetization experiments and are related to their specific magnetic
carriers (see also supplementary material 2). According to the respective temperature interval at which a specific
decay in the magnetic intensity curve was observed, one or a sucession of several magnetic carriers were
identified in the sample. In principle, thermomagnetic and microscopic analysis showed three different types of
magnetic mineral assemblages were observed within the analyzed samples: (1) hematite dominated in pervasive

reddened facies and in fracture controlled reddened facies; (2) coexisting hematite-maghemite mostly in fracture
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controlled reddened facies further away from the fractures; and (3) maghemite dominated mainly in spotted

facies.

In addition, maghemite-bearing mineral assemblages sometimes register residual, presumably primary
magnetite. This was mainly observed in samples distant from fracture zones and in the less reddened spotted
facies. As well, a weak contribution of goethite was sometimes observed which was demagnetized after
application the 120°C demagnetization step. Goethite is considered as negligible component compared to the
other magnetic carrier minerals and is most likely linked to a weak recent overprint by surface weathering of the

outcropping rock sections.

The stepwise thermal demagnetization allowed us to obtain the vector directions recorded by the
magnetic carrier minerals at the moment of their formation. These directions were considered to be characteristic
for either the maghemite or hematite components, or both, if their inclination and declination values were stable
according to the respective considered temperature intervals. It is thus possible to sometimes extract two slightly
different directional intervals from one single sample if the two main carriers diverge in their mean direction.

The results were ‘sub-grouped’ according to their directional information.

The extracted directional information was then transformed into magnetic paleopoles (e.g. Butler 1998)
that were subsequently projected onto the apparent polar wander path (APWP) reference curve for Eurasia (Edel
and Duringer 1997; Besse and Courtillot 2003). In total 275 individual samples were analyzed for the calculation

of the mean paleopoles carried by hematite or hematite-maghemite.

The severe rejection criteria for paleomagnetic samples in our dataset are mainly due to high error
defined by values of o 95 (Kirschvink 1980; Fisher et al. 1987). Additionally, we eleminated samples that did
not show any linear segments of the demagnetization vector on a Zijderveld diagram or a clear stable endpoint
near the origin of a Zijderveld plot, as described by McFadden and McElhinny (1988). The resulting 18 averaged
paleopoles all show acceptable a 95 values (< 15) according to the recommendations of e.g. Fisher et al. (1987)
and very often plot directly on or close to the Apparent Polar Wander Path (APWP; Table 3). Six paleopoles
were calculated for one or two directions only. For these paleopoles the mean angle deviation (MAD) values are
given instead. All poles were listed in the Table 3. The paleomagnetic data set also includes additional
paleopoles that correspond to the primary Devonian magnetization of the granitoid rocks, carried by primary

magnetite (not shown here).

Table 3 Results from paleomagnetic data analyses, corresponding to the averaged site-wise paleopoles plotted in
Fig. 8. MAD = mean angle deviation; TH = thermal demagnetization; AF = alternating field demagnetization;
mgt = magnetite; mhm = maghemite; hm = hematite; goe = goethite; LC =low coercivity compounds;

HC = high coercivity compounds.
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1 Sklaska Poreba Late Carboniferous 3 8.9 TH 20 125 mgt, mhm, hm
2 Chwalistaw Late Carboniferous 2 10.1 AF 23 126 LC+HC
3 Laski quarry Late Carboniferous 3 8.7 TH 27 141 mgt, mhm, hm
4 Laski quarry Middle Permian 4 8.7 TH 41 182 mhm, hm
5 Laski quarry Late Permian 2 6.7 TH 53 161 goe*, hm
6 Laski village Late Permian 1 3.8 TH 55 170 hm
7 Sklaska Poreba Late Permian 3 10.1 TH 47 157 mhm
8 Laski quarry Late Triassic 4 51 AF 54 127 LC+HC
9 Laski quarry Triassic/Jurassic 2 7.7 AF 51 107 HC
10 Chwalistaw Triassic/Jurassic 3 33 AF + TH 49 118 mhm
11 Chwalistaw Triassic/Jurassic 3 7.3 TH 42 99 mhm, hm, goe*
12 Sklaska Poreba Triassic/Jurassic 3 7.2 TH 36 104 mhm, hm
13 Laski quarry Early Jurassic 4 9.1 TH 53 74 mhm
14 Chwalistaw Early Jurassic 8 5.9 TH 58 83 mhm, goe*
15 Laski quarry Early Jurassic 2 6.6 AF +TH 73 93 mhm, hm
16 Sklaska Poreba Early Jurassic 3 5.9 AF 74 67 LC+HC
17 Laski village Middle Jurassic 6 5.0 TH 73 170 hm
18 Laski village Middle Jurassic 1 10.4 TH 79 114 hm

580

581 Figure 8 shows the mean paleopoles for all four studied outcrops including Laski quarry, Laski village,

582 Chwalistaw valley, and Szklarska Poreba Huta. Four main groups of paleopoles and more ‘isolated’ average
583 paleopoles plot along the APWP curve for Eurasia:

584 (1) Samples from paleopoles 1, 2, and 3 have a mixed magnetic assemblage which is dominated by primary

585 magnetite. These represent the oldest group with Late Carboniferous ages (between 320 to 303 Ma) and are
586 represented in all outcrops (with exception of Laski Village, that exhibits exclusivly pervasive reddened
587 facies) whichpresumambly correspond to the primary age of the granitoid. All other paleopoles record
588 secondary remagnetization ages.

589 (2) An ‘isolated’ average paleopole of Middle Permian age near the 270 Ma reference point from Laski quarry
590 (paleopole 4).

591  (3) A cluster of Late Permian ages close to 258 Ma from the Szklarska Poreba Huta quarry, Laski quarry and
592 the basal part of the Laski village section (paleopoles 5, 6, 7).

593 (4) A relatively ‘isolated’ average paleopole of Late Triassic age close to 225 Ma from Laski quarry
594 (paleopole 8).

595 (5) A group of ages near Triassic/Jurassic boundary (arround 205 Ma) comprising four sets of paleopoles from
596 the Laski quarry (paleopole 9), Chwalistaw valley (paleopoles 10 and 11) and Szklarska Por¢gba Huta
597 (paleopole 12) samples.

598 (6) A group of paleopoles of Middle Jurassic ages (between 175-165 Ma; paleopoles 17 and 18). This group is
599 clearly different because it is solely carried by samples from the upper part of the Laski village section that

600 is pervasively reddened/hematized. The intense remagnetization of these samples seems to have erased the
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primary magnetization carried by magnetite and the potential Permo-Triassic overprint. The lower part of

the section still retains the Permo-Triassic signal.

(7) A group of Early Jurassic paleopoles (13, 14, 15, 16) plots between the 195 to 187 Ma reference point, but
they show a significant S to SW offset from the APWP. Part of this directional offset may be due to the fact
that these samples (from the Laski quarry, Chwalistaw valley, and Szklarska Poreba Huta) may have been
remagnetized successibly multiple times during the Permo-Triassic and later again during Early Jurassic
times. If so, the hematite in these samples could carry a mixed cumulative age signal that is probably less
well extractable than the initial remagnetization from primary magnetite to maghemite and/or hematite

during the Permo-Triassic alteration phase.

180

poles of the Apparent Polar Wander Path (APWP) with age in Ma
mean palaeopoles calculated with: % alpha 95 ellipse <> MAD ellipse
{Ov¥e Laski quarry vk Laski village ©¥c Chwalislaw valley ¥ Szklarska Porgba Huta

Fig. 8 Stereographic projection of the paleomagnetic results for the calculated average paleopoles for the study
sites. The paleopoles are compared to the APWP for Eurasia (grey line) using the combined curve of Edel and
Duringer (1997) from the Permian to Middle Jurassic (grey circles) and Besse and Courtillot (2003) from the
Middle Jurassic until present (grey triangles). Star symbols represent mean poles with their respective o 95
confidence circle, diamond symbols are paleopoles with their respective MAD confidence circle, corresponding
to Table 3.

In our petrographic studies magnetite was solely found in the non-reddened facies whereas the
magnetite detected by thermal demagnetization in samples of the weakly reddened facies probably relates to
residual tiny crystals included in quartz. Maghemite is mainly detected in the weakly to intermediately
pigmented facies distant from the reddened fractures at Laski and Szklarska Pore¢ba Huta and in red spotted
facies from Chwalistaw valley. According to the literature, maghemite is metastable with respect to hematite and
is considered to have formed by the slow oxidation of magnetite under weak oxidative conditions (Steinthorsson
and Helgason 1992; Bowles et al. 2011). Hematite is dominant in the pervasively reddened facies in the Laski

village section and is indicative of strong oxidative environments.
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A chronology appears between the different magnetic facies of alteration. The less reddened spotted
facies which is mainly dominated by maghemite carries the oldest remagnetization ages while the pervasively
reddened and albitized facies shows the youngest ages. In the mean time, incipient reddening and albitization
appears as the less intensely altered facies and conversely the pervasively reddened and even pervasively
albitized without primary plagioclase and K-feldspar relict appears as the most intensely altered facies. This
conjonction and the fracture controled reddening that diminish obviouly from most intensely altered facies
towards the less altered spotted facies led us to consider that these various gradiens agree with a succession of
facies from the base to the top of the alteration profiles. This suggests also that, with time, the active alteration

front progressively retreated upwards into shallower weathering horizons.

It is of particular note that the Late Permian U-Th-Pbww age at 254 + 24 Ma obtained for secondary
monazites in samples from the Chwalistaw valley section corresponds to the paleomagnetic poles 10, 11, and 14
near 258 Ma on the Eurasian APWP (Fig. 8). These paleomagnetic poles, were obtained for weakly pigmented
facies from Lasky quarry, Sklarska Proeba Huta, and Laski village, from samples taken further away from
reddened fractures that contain significant amounts of maghemite. On one hand, maghemite developed in the
early stages of albitization, under less oxidative conditions. On the other hand, secondary monazite formed in the
immediate vicinity of the albitization front and was rapidly altered away from this front. The consistency in
independed ages of the albitizing and oxidizing environments obtained from completely different secondary
minerals and by means of distinctly different dating methods provide confidence in datation results. This does
not contradict with the younger paleomagnetic ages obtained in this study for which we do not have access to

separately datable minerals.
6.3 Links to other age determinations

The older age obtained for monazite from the Chwalistaw valley section (321+8 Ma) is within the range
of the previously published primary crystallization ages for the Klodzko - Ztoty Stok (KZS) Pluton between
349.04+3.7 Ma and 331.5+2.6 Ma (U-Pb, zircon; Jakubauskas et al. 2018 and references therein). The younger
age (254+24 Ma) reflects growth of secondary monazite via dissolution-reprecipitation process. Similar Permian
K-Ar ages between 256-268 Ma (K-Ar isochron age, 4 points: 261 Ma) were reported by Depciuch (1972) for
KZS diorites from Makolno affected by chloritization/sericitization and interpreted as time of hydrothermal
solutions activity. Unaltered samples representing main varieties of KZS igneous rocks provided significantly
older K-Ar ages ranging from 291 to 303 Ma (K-Ar isochron age, 14 points: 295 Ma).

Our mean value of the monazite age (314 Ma) for Szklarska Poreba Huta aplogranite is consistent with
high precision ID-TIMS U-Pb zircon ages 312.5 + 0.3 Ma and 312.2 + 0.3 Ma indicating crystallization of two
main granite varieties (porphyritic and equigranular) of the Karkonosze Pluton (Kryza et al. 2014). Similar
40Ar/39Ar ages of 312 +4 Ma reported by Marheine et al. (2002) suggest fast cooling below closure
temperature of the K-Ar system. It has to be mentionned, even if of poor quality, an age of 271 + 20 Ma obtained
on monazite from the same aplogranite at Szklarska Porgba Huta (Mikulski et al. 2004). This dating deserves to
be linked to the 254 + 24 Ma obtained on the secondary monazite of the Chwalistaw valley section. The
Karkonosze granite underwent fast uplift to the surface as evidenced by granitic detrital material in Upper
Carboniferous sediments of the North Sudetic Basin (Milewicz 1968, Milewicz 1970).
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Previous paleomagnetic dating aimed to determine the primary age of the emplacement of several
Carboniferous plutonic units of the Polish Sudetes and led to the detection of Permo-Triassic (re)magnetizations
(Edel et al. 1997). Even if the study did not plan to determine the age of the albitization, and even if sampling of
the obviously altered (reddened) facies was avoided, re-magnetization events, younger than the age of the
emplacement of the granitoid, were present in some of the samples from the Chwalistaw valley amphibolites in
contact with the Ktodzko - Ztoty Stok intrusion and in the=Izera dolerite close to the the Szklarska Poreba Huta
quarry (Edel et al. 1997). The authors identified paleomagnetic carriers of these Permo-Triassic paleopoles as
hematite and maghemite, while the Carboniferous paleopoles reported by Edel et al. (1997) are carried by
i on the Klodzko
Metamorphic Complex report on Triassic and Jurassic directions for similar magnetic mineral assemblages
(Kadziatko-Hofmokl et al. 2003).

(primary) magnetite. Further paleomagnetic studies

The Permian-Triassic age in the Ktodzko — Ztoty Stok massif and the Szklarska Porgba area recurs
systematically despite the different dating techniques. Thus, there is consistency between the results of
paleomagnetic dating of the reddened/albitized facies in this study and other published age determinations on the

various facies which were simply described as “altered’ but not clearly characterized as albitized.
6.4 Link to the Post-Variscan paleosurface

The Sudetic area, together with the southern part of the Germanic Basin of central Europe, is assed to
have been emergent during Permian and Trias on the basis of stratigraphic and sedimentological evidence (Feist-
Burkhardt et al. 2008; Gtuszynski and Aleksandrowski 2022). At the same time, Permian and Triassic ZHe
cooling ages reported by Danisik et al. (2010) and Sobczyk et al. (2015) are consistent with the idea of exposure
of some parts of the Karkonosze granite during the Triassic (See also Migon and Danisik 2012). Similarly,
Carboniferous to Triassic ZHe data reported by Danisik et al. (2012) show that certain parts of the Ktodzko -
Ztoty Stok granitoid massif may have been close to the Earth surface during the Triassic (249.8 +20.0 —

209.4 + 4.1 Ma) and reflect the record of progressive cooling through the zircon helium partial retention zone.

Results of zircon (U-Th)/He (ZHe) dating available for the Western Sudetes area revealed i.a. Triassic
(248.2 £ 16.6 — 212 + 14.2 Ma) cooling signals (Sobczyk et al. 2015). They have been interpreted as a record of
bedrock slow exhumation or alternatively as an apparent ages due to zircon thermal system rejunevation, as a
result of burial (see discussion in Sobczyk et al. 2020) or an advective heat flow under crustal extensional
conditions (Botor et al. 2017). Noteworthy, ZHe datings for the Permian sandstones from the Fore-Sudetic
Homocline (Sobczyk et al. 2013) provided a single Mid-Triassic cooling age (244 +5.0 Ma) within a
Weissliegendes series, correlating with paleomagnetic datation which was interpreted, due to its clear post-
depositional origin, as a probable age of Kupferschiefer mineralization. Therefore, low-temperature
thermochronological data, even if not providing indisputable proof for the Post-Variscan paleosurface exposure
during Trias, give some arguments for linking Triassic bedrock cooling with a regional crustal instabillity during
the post-orogenic unroofing. Also the local sedimentological record for the Early Triassic lithofacies within the
Intra-Sudetic and North Sudetic synclinoriums indicates channel flow and river bed depositionial environments
(Kowalski 2020), suggesting the predominance of continental conditions for this period with local source areas
located mainly in the Karkonosze-lzera Massif. Noteworthy, strongly kaolonized undisturbed Triassic

(Buntsandstein) sandstones from the Sudetes are interpreted as a record of in situ chemical weathering profiles at
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the Triassic paleosurface (Kowalski 2020 and references therein). Finally, regional review studies indicate that
during the Late Triassic to Early Cretaceous the Sudetes landforms were steaty sustained by the Post-Variscan
paleosurface that formed a vast land mass undergoing slow erosion and denudation resuling i.a. in formation of
deep weathering mantles, known also from central and northern Europe (Migon and Lidmar-Bergstrém 2001).
Powolny et al. (2022) advocated a late to post-magmatic low-temperature fluid-rock interactions controlling the
process of albitization within the Permian trachyandesites from the Intra-Sudetic Basin. Based on apatite fission-
track central ages obtained for three samples, these authors proposed a Jurassic (182 — 161 Ma) time interval for
this thermal event. Closer inspection of apatites analyzed by Powolny et al. (2022) show that >50% of all dated
grains revealed a Triassic cooling age, which indicates a possible two stage post-Variscan albitization in the
Sudetes.

In the absence of any major Triassic magmatic event in the Sudetes and adjacent areas, we link the
reddening alteration of the Ktodzko — Ztoty Stok and of the Karkonosze granites, as well as their albitization, to
a Post-Variscan/Pre-Triassic paleosurface, similar as described for the French Massif Central (e.g. Schmitt and
Clement 1989; Parcerisa et al. 2009) and in NE Spain (Fabrega et al. 2019). It follows then that the most
pervasively reddened/albitized facies were formed near the paleosurface while at depth the granites were
progressively less affected by the alteration process. It is of note that the conspicuous reddened and albitized
fractures are never cut by any fractures that do not exhibit this alteration. Hence, we regard the lack of non-
albitized fractures as evidence that the alteration is relatively recent and post-dates the exhumation of the granite

bodies.

Moreover, the superficial origin of albitisation and reddening via weathering explains the spread of the
paleomagnetic data along the APWP curve for 100 Ma from the Permian to the Jurassic. This distribution of
palaeomagnetic ages is not the result of successive phases of alteration, but rather a single event that is
heterogeneously recorded in the rock. It relates to the progression of weathering along fractures and even around
kilometer sized massive rock volumes. But presumably there were times of more active and less active phases
during this long period, mainly under the influence of climate and eustatic sea level changes, which could

explain some clustering of paleomagnetic ages during distinct periods.

7 INTERPRETATION OF THE PARAGENESES

In general, our observations agree with earlier data on fracture related hydrothermal alterations with the
development of albitization and saussuritization (e.g. De Jong and Williams 1995; Lee and Parsons 1997;
Engvik et al. 2008; Plumper and Putnis 2009; Sandstrom et al. 2010; Morad et al. 2010; Powolny et al. 2022).
The direct relationship of albitization and related alterations with the Post-Varisacan paleosurface completely
changes the paleoenvironmental conditions that prevailed for these alterations compared to quoted studies that
ascribe them a deep and relatively high temperature environment. Nevertheless, in the context of a direct
relationship with the Post-Varisacan paleosurface, the alterations discussed in this study do not exhibit any
typical regolith features, such as illuviation structures related to water percolation in vadose environments,
bioturbation, or pallid or iron stained mottles. On the contrary, the isotropic structures around blocks evoke an
aquifer environment and recall saprolite from the lower zones of regolith horizons corresponding to deep

weathering of bedrock. The most astonishing characteristic is the alteration around the fracture blocks. This
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occurs without modification of the primary fabric of the rock and without any obvious development of porosity.
However, the alteration developed systematically via a hierarchical net of fracturing from the macro-scale,
demarking fracture blocks, to intergrain microcracks, giving to the albitization front at outcrop scale a dendritic
aspect of fresh unaltered blocks surrounded by reddened fractures (Fig. 9a). Here we examine the geochemical
grades, coupled dissolutions, precipitations and water-rock interactions in order to identify the nature of the

fluids that triggered these alterations and ultimately the nature of the related palecenvironment.
7.1 Fracture-bound geochemical grades

The alteration primarily and intensively affects the plagioclase and only to a lesser extent K-feldspar
and ferromagnesian minerals (biotite and amphibole). The alteration of plagioclase is of three kinds (Fig. 9a and
16b).

1) Albitization of the primary feldspars is causally linked to proximity to the fractures. Some late Ca-bearing
silicates may be associated with this alteration, but they rather fill in microcracks and their origin may not be

directly related to the albitized plagioclases.

2) Saussuritization of the primary plagioclases accompanied by the development of Ca-bearing prehnite is
typical of the non reddened and lightly reddened facies away from fractures. Secondary albite has developed

along with saussuritization of the primary plagioclase.

3) Invasive development of sericite (sericitization) affects in places the primary plagioclases from the non
reddened and lightly reddened facies and is associated with the formation of small neogenic albite but

without any Ca-bearing silicates.

The alteration of ferromagnesian minerals is connected to the alteration of plagioclase. There is a
progressive chloritization of biotite in the non reddened and lightly reddened facies as the fractures are
approached. Chloritization seems to occur either under volume conservation or with a slight decrease of the
volume of the biotite with secondary minerals such as quartz, K-feldspar, prehnite, and iron-bearing minerals
embedded in the cleavage planes. The amphiboles appear to be less sensitive to chloritization than biotite,

remaining practically unaltered in the unaltered and lightly reddened saussuritized facies.

These alterations result in a strong geochemical overprint between the core and the boundaries of the
fracture-isolated blocks (Fig. 9¢). The margins of the blocks are strongly Na-enriched due to albitization of
plagioclase, and depleted in K due to chloritization of biotite and partial albitization of K-feldspar. The cores of
the blocks are relatively enriched in K, Ca and Al compared to the albitized facies (taking into consideration the

saussuritization of the plagioclases).

The secondary mineral parageneses, especially albitization and sausuritization, never exhibit an
interruption or clear alteration front but appear rather as continuum, grading from one to another. There is no
obvious temporal succession between the parageneses. By contrast, the parageneses are overlapping, with small
sericites in the albitized/hematitized plagioclase crystal cores formed due to alteration of the plagioclase before
albitization. The secondary parageneses appear more like an expression of the geochemical gradients between
fluids circulating within the fractures and the massive granitoid blocks. Thus, the observed sequences of
neogenic minerals result from the progressive encroachment of the reaction front towards the cores of the

fracture blocks while their outer margins are gradually altered in equilibrium with the interstitial fluids. It is
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appropriate at this juncture to refer to metasomatic sequence or zonation rather than paragenesis involving

successive or different alteration processes.

The albitization as well as the iron oxide pigmentation becomes less intense away from the walls of the
fractures towards the inner parts of the fracture blocks. This gradient reflects a decreasing Na* and O, (and/or
Fe) content of the fluids circulating in the intergranular crystal boundaries (Fig. 9d). In contrast, the K* and Ca**
content of the interstitial fluids would have decreased in the opposite direction: K-bearing minerals (K-feldspar,
biotites) and Ca-bearing plagioclases were altered by leaching of K* and Ca** at the fracture walls and sericite

formed within the lightly reddened and unaltered facies progressively more distant from them.
7.2 Coupled dissolution-precipitation reactions

It is well known, plagioclase with a high An content is susceptible to preferential dissolution due to
enhanced instability in the presence of water (Matthews and Goldsmith 1984; Stillings and Brandtley 1995).

Thus, destabilization of plagioclase could be a trigger resulting in a chain of reactions in the altered granitoids.

Albitization of plagioclase proceeds at constant volume (with low porosity) given a Na-supply,
additional silica, and with the release of Ca and some Al (Ramseyer et al. 1992; Parcerisa et al. 2009;
Hovelmann et al. 2010). In the vicinity of the fractures, the released cations would have been leached and
evacuated by the circulating fluids. As the reaction continued, fluid circulating in the rock by diffusion and
convection would have become gradually depleted in Na, and albitization diminished and or even ceased at low
Na-content (Fig. 9d).

Biotites are destabilized and transfromed into chlotite in the vicinity of the fractures, probably through a
double effect of the leaching of the K interlayer cations and oxidation of the Fe2+ in octahedral sheets (Fig. 9e).
Here leaching of Si(OH), takes place because the cation/Si ratio is equal to ~1 within the biotite, whereas it is
between 1 and 1,5 within the replacement chlorite. Detailled study of the Karkonosze granite’s chloritization
(Wilamowski 2002) showed that “The rate of potassium removal from biotite during the progress of
chloritization is not constant. The rapid removal of K is observed at initial stages of chloritization. After the
replacement of 20% of the biotite, K removal is much slower.” The released silica could have nourished the
albitization of the plagioclase. If the chloritization occurred without an additional cation supply, the volume loss
would have been about 30%, whereas if additional cations were introduced (such as the Al released by

plagioclase alteration) the volume loss may have been less substantial (Ferry 1979).

Amphiboles appear to be less "sensitive" to chloritization than the biotites, probably because their
structure does not contain any unstable or mobile cations such as K*. The destabilization of the amphiboles is
most likely a result of leaching of Mg and perhaps oxidation of Fe?". It might be that amphiboles, and in
particular hornblendes (which are calcic), are relatively protected against chloritization because of the Ca
liberated by albitization of the plagioclase. For that reason the chloritization of amphiboles occurs only in the
more intensively altered facies in which plagioclases are albitized and therefore no longer provide Ca*™ to the
fluids.

Hematitization is systematically associated with the albitization. Hematite occurs mainly as pigments
within the neogenic albite or as coarser crystalline material associated with the ferromagnesian minerals. There

is no iron oxide precipitation in the fractures, so the fluids circulating in the fractures appear unlikely to have
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been iron-bearing. Hematite has likely been nourished by the iron released by alteration of ferromagnesian

minerals.

The formation of sericite depended mainly on the availability of K*. Chloritization of biotite was the
quasi-exclusive source of K in the system because albitization of K-feldspar was not pervasive. Besides, K
released by chloritization in the early stage of the alteration and in the vicinity of fractures would have been
evacuated by convective fluid flow. Sericitization is present away from the fractures where diffusion was
dominant with respect to the movement of the chemical elements. Thus, sericitization is dominant in the non
reddened and moderately reddened facies where the Na-content was lowered in the interstitial fluids due the
increasing distance from the fractures that are the major source of Na. Yet, where the K/Na ratio was higher,
albitization was limited and K competed with Na to form K-bearing silicates (mainly secondary K-feldspars

and/or sericite) in combination with Si and Al (Ben Baccar et al. 1993; Perez and Boles 2005).

Euhedral crystals of prehnite within altered plagioclase indicate epigenetic replacement with the main
chemical component directly supplied in situ by the plagioclase. On the other hand, prehnite finning in
microfractures witnesses the mobility of these components over some distance. If the mobility of Ca and Si is to
be expected, it is rather unusual for Al , typical fairly immobile in a medium close to neutral pH, except in
presence of complexing agents (Castet et al. 1993; Farmer and Lumsdon 1994 ; Oelkers et al. 1994). In any case,
Al appears to have been fairly mobile, at least in some cases, but it is difficult to assess whether or not Al was

evacuated from the fractures by fluid circulation.

Recrystallization of monazite was also apparently triggered by calcium availability. Initially, primary
monazite recrystallized into secondary monazite at the early stages of albitization but later, during advanced
stages of the albitization, primary and secondary monazite recrystallized into apatite in concert with the increase

in calcium availability in the system.

These alterations can be considered to be topochemical: the saussuritization of plagioclase provided Ca
for prehnite development and the chloritization of biotite is the likely source of K for sericitization. However, the
complete albitization of the plagioclases and in particular the albitization of the K-feldspars in the vicinity of the
fractures testify for the supply of Na, and the hematite associated with albite registers the oxidative capacity of

the alteration and therefore a supply of oxygen.
7.3 Fluid-rock interactions

The geochemical exchanges between reaction zones are determined by the transport of the ions in the
fluids. Exchanges in fractures record the circulation of the transport fluids by convection. The circulation may
have been relatively rapid in the major fractures but slower as the dimensions of the fractures decreased. Away
from the open micro-fractures, the quantity of fluid is reduced and mainly limited to ‘thin films’ at the
boundaries of mineral grains and the dissolution-recrystallization interface. Such confined fluids may be very
different in chemical composition and behavior from bulk fluids (Putnis and Ruiz-Agudo 2013). Within thin
films, the circulation would have been minimal, diffusion prevailed over convection and ion mobility was

extremely reduced.

In this context, the coupled-reactions described above are not part of a global geochemical equilibrium

related to the fluids in the fractures but they are rather part of a spatially-linked dynamic geochemical
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equilibrium. The balances are not determined by the kinetics of the mineralogical reactions but rather by the
kinetics of the diffusion of ions in the rock. The system was only partially open. A geochemical zoning
developed and progressed in a chromatographic way: with displacement of ions at diverse rates and according to
fronts governed by distinct reactions. This is characteristic of a metasomatic system (Korzhinskii and Oestreich
1965; Brinhall and Dietrich 1987; Guy 1993). Thus, thermodynamic reactions that originally seem incompatible
with a global context may occur. Temperature is not a limiting factor but it allows speeding up of the reactions
by accelerating diffusion. The reaction rate is controlled by the diffusion rate and is extremely slow, but not

impossible from a thermodynamical point of view.

Thus, within a block of massive rock bounded by fractures, a zoning of the ion transport that determines
the geochemical zoning is primary established (Fig. 9g). Along the fracture walls, exchanges by convection
prevail and are relatively fast; the mineralogical parageneses formed in equilibrium with the fluid and thereby
reveal the geochemical characteristics of the fluid. Further away from the fracture walls, exchanges are slow and
are driven by diffusion; the mineralogical parageneses are controlled by local balances that are far from the
balance within the fluid. This alteration of massive blocks differs entirely from alteration of porous rock where

ion mobility is practically exclusively provided by fluid flowthrough.
7.4 Geochemistry of the fracture fluids.

Albitization of plagioclase and K-feldspar reflects an interaction with Na-enriched and relatively K-
depleted fluids (Saigal et al. 1988; Aagaard et al. 1990; Ben Baccar et al. 1993; Schmitt 1994; Perez and Boles
2005). The association with hematite indicates that the fluids were also enriched in oxygen. There seems to have
been a relatively low CO; fugacity since only minor calcite was formed, in spite of the abundance of Ca released
during plagioclase alteration. The fluids were also relatively under-saturated in SiO,, Al and Mg, since chlorite
coating the fractures is sometimes entirely altered to hematite. On exiting the system, fluids were depleted in Na
and O,. However, they were enriched in K because, in the early stages of the alteration, little or no sericite was
formed within plagioclases during the chloritization of biotite. The chemical balance is more difficult to establish
for SiO,, Al and Ca. Significant amounts of silica were liberated during chloritization of biotite so it is likely that
it was exported from the system, at least in the granodioritic facies that is rich in biotite. It could be that Al and
Ca were in balance between the altered plagioclases and the formation of prehnite and calcite, even if a
quantified balance is not available. Nevertheless, it is obvious that the Ca was easily exported from the cortical
reactional zones during the early stage of the alteration. The mobility of Al is unlikely to have occurred on a
significant scale because the major fractures never show any alumino-silicate mineralization. In conclusion, it
appears clear that the fluids responsible for the alteration were oxidized, Na-rich and relatively depleted in K in

comparison to Na.
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Fig. 9 Schematic interpretative sketch of the various petrographic parageneses related to reddening and

albitization of the granitoid rocks in the Sudetes at the outcrop scale.

7.5 Iron oxide behavior

Maghemite is considered to be metastable with respect to hematite (Waychunas 1991; Majzlan et al.
2003). In addition, it is generally admitted that slow and incomplete oxidation of magnetite favours the
topotactic formation of maghemite whereas faster oxidation of magnetite, under highly oxidizing conditions,
results in hematite formation (Steinthorsson and Helgason 1992; Bowles et al. 2011). The maghemite-hematite
transition during albitization may be attributed to changes in the alteration environment during the oxidation of
magnetite. In this case the alteration commenced with the formation of maghemite under low oxidizing
conditions in the non-reddened and slightly reddened granitoids and continued with the formation of hematite in
the reddened facies under stronger oxidizing conditions, when ferrous silicates (biotite and amphibole) were
being oxidized. Thus, the occurrence of maghemite and hematite suggests that the oxidizing conditions changed
during the alteration of the granitoid and the spatial distribution of hematite and maghemite provides a tool to
estimate the gradient of these conditions. The distribution of the alteration environments substantiates the idea
that reddened albitized facies and non reddened saussuritized/sericitized facies reflect gradational changes during

a single event.
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From a geochemical point of view there is no contradiction in the spatial discrepancy between the zones
of alteration of the silicate minerals and the distribution of the iron oxides. The physico-chemical properties that
constrain their reactions are not the same. A key-factor in the alteration and crystallization of the silicates is the
pH, whereas Eh and the oxygen fugacity controls the oxidation state of the iron oxides. Theses two parameters
may vary independently. Nevertheless, the precipitation of iron oxides is also facilitated by the elevated pH.
Thus, local lowering of the H* activity at the sites of feldspar alteration will favour the localized precipitation of
hematite as inclusions within the feldspars (Boone 1969). This also explains the local distribution of pigmentary
hematite inclusions in albite during the alteration of both plagioclase and K-feldspar. On the other hand, the
intensity of the reddening, or the abundance of the pigmenting hematite, is related to oxygen fugacity and
therefore is likely to decrease away from the fractures. From the geochemical point of view, the hematite

distribution is consistent with the alteration sequence of the silicate minerals.
7.6 Origin of the oxidizing fluids

In general, post-magmatic alterations are explained by a hydrothermal model which uses large
convective circuits to bring the superficial fluids in contact with the warm rock complexes, in particular granitic
intrusions, in which the alterations then take place (Taylor 1977; Jenkin et al. 1992; Putnis et al. 2007; Drake et
al. 2008). The magmatic intrusions provide heat to the fluids and the subsequent loss in fluid density causes the
upwelling, maintaining the circulation between the landsurface and depth. Fluids with a deeper origin may be
also mixed into this circulation model.

In the hydrothermal model, the superficial origin of the fluids, or at least the participation of meteoric
water, has been evoked by oxygen and hydrogen isotope studies on the alteration minerals (Simon and Hoefs
1987; Sun and Eadington 1987; Jenkin et al. 1992; Boyce et al. 2003). These models usually consider superficial
oxygen-rich fluids descending very deeply (more than 10 km) before they interact with the rock matrix.
However, some reactive transport models strongly suggest that this form of fluid percolation leads to a rapid
depletion of the oxygen fugacity in the circulating fluids, so fluids at great depths are very likely to be under-

saturated in oxygen (MacQuarrie et al. 2010).

Here we have documented the Permian-Triassic-Jurassic age of the alteration and provided arguments
that it is necessarily related to the Post-Variscan paleosurface and de facto involved infiltration of weathering

solutions and/or groundwater flow.

7.7 Temperature and depth of formation

The 680 results allow to estimate the fluid temperature during plagioclase albitization and K-feldspar
microclinization. Assuming a local isotopic equilibrium between minerals and the fluid at the reaction interface,

the isotopic mass balance was calculated for each reaction using the equation of Taylor (1977), by (Eq. 1):
580y = 510 + V%x (s*om - s*07) )

Where 680%; and 5'80% §'8QY; are the initial and final oxygen isotope compositions of the fluid,
respectively, R and W the percentage of oxygen atoms in the rock (or mineral) and water, respectively, and
6'80™; and 4'80™; the oxygen isotope composition of the initial and final minerals, respectively. For the rock-to-

water oxygen mass ratio (R/W), conservative estimates of 0.5 and 1 were applied. The applied values for the
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oxygen isotope composition of the initial fluid (530" were -8 and -12%. (VSMOW), which are typical 580
values observed in deep groundwaters hosted in stable granitic basements (Stober & Bucher 1999a and b; Barth
2000; Kloppmann et al. 2002).

Two options of reactions paths were considered, (1) sequential reactions, with a fluid moving across a
steeped sequence of albitization and microclinization, so that the mass balance of albitization is calculated first
and subsequently the mass balance of microclinization is calculated using as initial fluid isotopic composition
the 6'80 value of the final fluid obtained from the mass balance of previous albitization or, (2) concomitant
reactions, were the fluid is renewed at the beginning of each reaction. After the isotopic mass balance estimation
for each reaction, a temperature was calculated for each reaction using the plagioclase-water (Eg. 2) and K-
feldspar-water (Eg. 3) equilibrium fractionation equations of Zheng (1993).

4.33
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Using the two reaction paths and the crossed combinations of the different applied values for R/W and
6180w, the estimated interaction temperatures of water during albitization and microclinization range between 32
and 89°C (average of 60°C). Significantly, and despite the large relative variations in the values applied to R/W
and 50y, and the two different reaction paths, the temperature estimates present a narrow range of variability,
supporting that the mineral reactions developed in by interaction with “low” temperature groundwaters. Thus,
considering the Permian-Triassic age and the relatively low temperature of the alteration, the hypothesis that the
alteration fluids were closely related to the paleosurface and de facto “vertical” infiltrations of a weathering
solution is a plausible possibility. Similar reaction temperatures (45 to 65°C) were obtained for plagioclase
albitization and K-feldspar microclinization in Permian-Triassic age red-stained albitized profiles in NE Spain
(Fabrega et al. 2019), that are similar in field layout, petrographic characteristics and age to the Polish sections of

this study.

Regardless of the lack of accuracy of these temperature estimates, these estimated values show that the
temperatures of the reactions associated with the development of red-stained albitized rocks are significantly
below temperatures suggested for albitization formed under hydrothermal alteration (Cathelineau 1986; Boulvais
et al. 2007) and tardi-magmatic alteration (Lee and Parsons 1997; Fiebig and Hoefs 2002). Instead, the low
temperature range accords with the geological settings, age and association of the red-stained albitized profile
developped on the Post-Variscan paleosurface during the Permian-Jurassic period. We suggest that the albitized
profile developed a few hundred metres beneath the Post-Variscan paleosurface by interaction with relatively
‘low’ temperature groundwaters, and was subsequently exposed at the landsurface after erosion of the uppermost

weathering mantle.

8 PALEOENVIRONMENTAL SETTING OF THE ALBITIZATION

The absence of mesoscale- and microscale-geopetal structures, together with clues of directional water
flow combined with the isotropic structures around fracture blocks within the macro-scale profiles, evoke an

aquifer environment at the origin of the albitization. Boreholes in the Massif Central (Schmitt 1986) and field
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exposures in the Morvan (Parcerisa et al. 2009) and NE Spain (Fabrega et al. 2019) show that the albitized
profiles may generally reach 100 m in thickness and may even exceed 200 m. Such profiles are comparable to
those of weathering profiles with thick basal saprolite horizons in tropical soils (Boulangé 1984; Vasconcelos et
al. 1994; Ruffet et al. 1996; Grimaud et al. 2015) and deep groundwater saprolites in dry saline environments as
well as in periglacial environments (Thiry et al. 2006; Thiry et al. 2017). Nevertheless, the primary profiles were
probably much thicker because only the deep indurated horizons have survived the erosion that preceded the
Mesozoic transgression. The profiles were certainly at some stage surmounted by non-indurated horizons and
regolith materials. On the other hand, the functioning of the albitization profiles and thus landscape stability
spreading over ~50 Ma in the Sudetes is comparable to the duration of the deep tropical weathering profiles and

related landscapes rooted in old cratons mentioned above.

Reaction temperatures calculated from the oxygen isotope composition of minerals, and hypotheses
about the oxygen isotope composition of reactant fluids and their circulation, led us to an estimation of the mean
temperature of albitization and associated reactions of about 60°C in the Sudetes albitized profiles and 55°C in
the Catalan albitized profiles (Fabrega et al. 2019). Based on this temperature, and considering a geothermal
gradient of about 25-30°C km* and a surface temperature of ~30°C, in consideration of the high
paleotemperature proposed at the Permian—Triassic boundary, led to calculate a mean depth of about 1 km for

the environment in which albitization occurred.

There is indeed a systematic vertical profile organization for the sections we have studied, specifically
with a more albitized and ferruginized upper part, a less-altered and reddened lower part where albitization
occurred under weakly oxidizing conditions, and the progressive weakening and disappearance of alteration with
depth. In connecting this geometry to the Pre-Triassic paleosurface, its is clear that the albitization represents a
climatic weathering process of great magnitude. The low mobility of most of the involved chemical elements
could point to deep groundwater table with very low outflow. But even if the alteration occurred at a greater
depth, reactant solutions would have to have been renewed to provide at least sufficient O, and Na*. Therefore,
there must have been water flow within fractures between the fractured blocks which implies a hydraulic
gradient. In particular, a regional hydraulic gradient with meteoric water infiltrating the upstream profiles and
groundwater outflowing downstream would have been necessary. As albitization developed, water changed
composition from entrance to outflow with loss of Oz, Na*, and H* and a likely increase in K*, Ca**, and
possibly SiO; content, as deduced from the geochemistry of the mineral transformations (Fig. 9g). The lateral
evolution of such albitized profiles has been documented in the SW of the French Massif Central (Yerle and
Thiry 1979; Clément 1986; Schmitt 1986). Here, (1) profiles on basement heights are thin and albitization is
mainly restricted to fracture walls (such as described herein), and (2) lowland profiles rooted in Carboniferous
and Permian deposits are much thicker with upper horizons albitised and oxidized whereas deeper albitized

horizons remain anoxic and are the site of K-feldspar neoformations (Fig. 10).
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Fig. 10 Arrangement of mineral parageneses on the southern edge of the Massif Central. Albitized profiles
thicken from crystalline heights towards Carboniferous and Permian basin lowlands where K-feldspar forms at
depth. Modified after Clément (1986).

Two fundamental elements must be taken into account: (1) the presence of relief to ensure the
hydrological gradient, and (2) the origin of sodium that triggers the whole chain of alteration. In terms of the
groundwater dynamics, it could be that albitization developed in landscapes of intermediate relief, perhaps on
large piedmonts between a mountain range and sea level. Petrographic data indicate that sodium was imported
without potassium enrichment. Early modeling attempts (Schmitt 1994) also indicated that a high Na*/K* ratio
was probably required. The Na* enrichment is most likely to be linked with the peculiar geochemical setting of
the Permian-Triassic environments in the region. Sodium could have originated from the gigantic salt deposits of
these periods and may have been imported in large quantities and over long distances by successive phases of

eolian reworking from littoral and endoreric basins during dry periods (Bourquin et al. 2011).

It should be stressed that the albitization started long before the recorded dating, possibly as early as
Mid-Permian, with the development of the Zechstein evaporite deposits in the Germanic basin. It is the final
stage that we have dated: previous stages have likely been overprinted by succeeding reactions. Classically,
weathering profiles progress from top to base and result in older ages in the uppermost horizons and younger
ages at depth, as evidenced in numerous long-lasting paleoweathering sequences (Vasconcelos et al. 1994;
Dammer 1995; Ruffet et al. 1996). However, paleomagnetic dating of the profiles we have studied here show an
inverse polarity, with the oldest ages in the weakly albitized and reddened bottom horizons and the youngest
ages in the more albitized and ferruginized uppermost horizons. This points to a ‘regressive’ weathering
sequence, in which the weathering profile did not continue to deepen but was ‘blocked” with only the upper
horizons continuing to be weathered. This profile form relates in some way to the specific evolution of the
landscape in the region in relation to the widespread Mesozoic transgression. It would have corresponded to a
rise in basal hydrological level which induced rising watertables across the continent. The rising watertables
would have limited the infiltration of surficial waters, changed the hydrodynamic gradients and effectively
stopped the alteration at depth. Thus, the regional geodynamics during the Late Permian and Triassic period

strongly influenced weathering and regolith processes while the climate was steadily warm and semi-arid.

Weathering toposequences should be considered on a continental scale as shown by Fabrega et al.
(2019). In the case of our study area, the toposequence is arranged between the relief of the Varsican Belt that
provided the hydraulic gradient and the Permian and Triassic basins that probably supplied the salt. Albitization
was initiated and probably gradually invaded the entire Post-Varisacan paleosurface across several 10’s of Ma

during which both landscape and climate were relatively stable. Indeed, the overall ages determined up to now
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for the albitization span a relatively long period, between 270 and 170 Ma, that corresponds to the Middle
Permian to the Middle Jurassic (Table 4). The distribution of the now-dated albitized profiles along the Post-
Variscan paleosurface between the Zechstein Sea in the North and the Tethys in the South (Fig. 11), shows that:

4) the profiles closest to the marine environments, namely the Sudetes and NE Spain, show the oldest ages
(this study; Fabrega et al. 2019);

5) the Vosges massif, which was connected to the marine environment through the threshold passage of the

Triassic transgression coming from the North, also show relatively old albitized profiles (Vercruysse 2011);

6) the area most distant from the sea, namely the Rouergue heights overlay by infra-Jurassic deposits,
comprises the youngest albitized profiles (Schmitt et al. 1984) while the Permian graben covered with
coarse Triassic deposits on lower plateaux in Rouergue (Bonhomme et al. 1980) and Morvan (Ricordel et al.

2007) have older ages; and

7) in the Sudetes, the highly evolved ferruginous albitized facies currently in hillside positions are relatively
young while the valley-bottom sections are older. This differentiation is possibly related to local

morphologies whereby raised tectonic blocks remained emerged during the Mesozoic transgression.

The concordance between age and relative position in the Triassic paleogeography is striking. The
areas covered early by the Triassic transgression have the oldest albitized profiles whereas the highlands distant
from the sea have the youngest ages. It is actually the interruption of weathering by the Triassic transgression
that is dated. These datings could in future be used as a tool to better enhance the mapping of the Triassic

transgression and the geodynamics of the basement as well as its post-Triassic evolution.

Paleolandscape and paleoweathering features of the Post-Varican paleosurface in Western Europe may
be compared to regolith features existing today on the African, Australian and South American cratons inherited
from Pangea break out. Combined radiogenic dating and geomorphological analyses allowed us to document
paleolandscape and paleoweathering profiles that functioned for more than 100 Ma in these cratonic regions
(Vasconcelos et al. 1994; Dammer 1995; Ruffet et al. 1996; Pillans, 2007; Beauvais et al. 2008; Peulvast et al.
2008 ; Beauvais and Chardon 2013; Jean et al. 2020). This is the spatial and temporal scale of the albitization
and hematization paleoweathering profiles that we studied on the Western European Post-Variscan paleosurface.
Persistance of the Post-Variscan paleosurface is conforted by the widespread magnetic overprinting phase due to
secondary hematite formation (related or not to albitization) that affected widely the Variscan belt during the
235-250 Ma time-span Edel et al. (2018).
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1072  Table 4 — Age of the reddened/albitized rocks related to the Post-Variscan paleosurface on the Variscan Belt.
1073
area location geomorp rockl sample method age reference
Sudetes Szklarska Porgba | hill granitoide 2.5x25cm palaeomag | 256-190 herein
Laski quarry valley granitoide 25x25cm palaeomag | 270-190 herein
Laski village hill slope granitoide 25x25cm palaeomag | 258-170 herein
Chwalistaw valley granitoide 25x25cm palaeomag | 205-195 herein
Chwalistaw valley granitoide monazite U-Th-Pbwt | 254 herein
Chwalistaw valley granitoide 25x25cm palaeomag | 250 Edel et al. (1997)
| Vosges | | granitoide | 2.5x2.5cm [ palacomag | 255-235 | Vercruysse (2011)
| Morvan | | granitoide | 2.5x25cm | palacomag | 235 | Ricordel et al. (2007)
Rouergue | Bertholéne high orthogneiss | minerals K-Ar 210-200 Schmitt et al. (1984)
Brousse basin sediments clay fraction K-Ar 230 Bonhomme et al. (1980)
NE Spain | Guilleries Massif granite monazite U-Th-Pbwt | 251 Fabrega et al. (2019)
Roc Frausa Mass. granite monazite U-Th-Pbit | 254 Fabrega et al. (2019)
Hortmoier Massif granite K-F crystals K-Ar 240 Fabrega et al. (2019)
1074
1075
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Fig. 11 Position and age of the studied albitized profiles on a schematic N-S geomorphological section of the
Post-Variscan paleosurface and associated sedimentary basins during Permian-Triassic times. The oldest ages
occur nearest the sea and youngest away the sea and in highland areas that were later buried. Paleogeography
after Bourquin et al. (2011).

9 CONCLUSIONS

The oxidized and albitized facies of the Polish Sudetes granitoids exhibit two types of ‘classical’
petrographical parageneses: a saussuritization-sericitization and an albitization-hematitization. The chloritization
of amphiboles and biotites that is associated to these alterations is intermediate between both. These alterations
are always closely associated without any break or spatial discordance between them. They are controlled by the
presence of fractures and are spatially arranged with respect to the configuration of these fractures. Albitization
and hematitization are preferentially intense close to the walls of the fractures whereas the saussuritization and
the sericitization of plagioclase become more important further away from the fractures and towards the center
of the massive blocks. These alterations can be considered as topochemical. However, the complete albitization
of the plagioclase and K-feldspar in the vicinity of the fractures signifies a supply of Na. Hematite associated

with albite is an indication of oxidative capacity and therefore the supply of oxygen via the alteration.

Paleomagnetic dating of the reddened and albitized facies reveal Late Permian to Early Jurassic ages for
the iron-oxides and radiochronological dating of associated monazite using the U-Th-Pbww method indicates
Late Permian recrystallization ages. Given the ages of the alteration, it can clearly be related to the extensive
Post-Variscan paleosurface in the region, since the altered granitoids were already outcropping during from Late
Permian to Early Jurassic. Therefore, these reddened and albitized profiles can be considered a consequence of

deep weathering.

As there was clearly a requirement to renew solutions to feed chemical reactions, it is likely that the
alteration profiles were downstream of highlands in order to generate a hydrological head. The sodium supply
that triggered albitization could well have come from the gigantic salt playas that characterized the lowland
paleogeography of the Permian and Triassic in the region. Thus, we suggest that the reddened and albitized
profiles developed on a wide glacis shaped in the basement rocks upstream of the evaporatic basins. The deep

weathering was interrupted and preserved by the Mesozoic transgression.

The age dating shows that the oldest examples of the alteration profiles (Late Permian to Early Triassic)

are proximal to the Zechstein and Tethys seas, while the youngest (late Triassic to basal Jurassic) are further
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away and appear to be located on the highlands that were more recently covered by the Mesozoic transgression.
Thus, this alteration of the crystalline rocks is an important marker to constrain Triassic and post-Triassic

geodynamics in the region, including erosion rates and the geomorphic evolution of the Paleozoic massifs.

Albitized and oxidized facies of crystalline basement are widespread throughout the world. Until now,
this subject has attracted relatively little interest from petrographers. A re-examination of all existing data could
involve a reconsideration of questions such as prehnite and sericite paragenesis, particularly from the viewpoint
of temperature of formation, since they have in the past been used as an indicator of ‘high temperatures’. It may
be that the formation of sericite and prehnite is not part of a unique alteration leading to albitization, but the fact

remains that proximity to the paleosurface is clearly indicated by the presence of hematite.

We suggest that particular attention should be paid to the radiochronological and paleomagnetic dating
results that some have considered to be “obviously too young” in the context of the age of emplacement of the
crystalline massifs. These “too young” dates have been systematically rejected as false in the past and rarely
noted in publications; consequently this information was lost. A new consideration of these dates may realise
their consistency, as shown for example by Edel and Schneider (1995) for the Permian formations that endured a

Triassic rejuvenation highlighted by paleomagnetism.

It should be noted that the formation of secondary apatite in the reddened albitized Sudetes rocks has
previously been reported in conjunction with albitization and chloritization related to the Triassic paleosurface in
the French Massif Central (Parcerisa et al. 2009) and in NE Spain (Fabrega et al. 2019). It also formed during
metasomatic albitization in a metagabbro from Norway (Engvik et al. 2009). The formation of significant
amounts of secondary apatite during albitization must be taken into account if fission track analysis or (U—

Th)/He dating is carried out on these reddened albitized rocks.
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Abstract:

The reddened granitoid facies in the basement of the Polish Sudetes exhibits two categories of alteration spatially
arranged with respect to fractures: (1) saussuritization and sericitization within light-colored facies in the interior
of fracture-bounded blocks and (2) albitization and hematitization in a reddened facies occurring adjacent to
fracture walls. These alterations are associated with chloritization of primary ferromagnesian minerals and the
development of secondary minerals such as quartz, K-feldspar, apatite, prehnite, calcite, and titanite. We link
these parageneses and the observed zonation to a unique alteration event consisting of an interplay of chemical
reactions of variable spatial extent. The complete albitization of the feldspars (plagioclase and K-feldspar)
adjacent to fractures points to a significant supply of Na for the albite neoformation and availability of oxygen to
form the associated hematite. The dating of the iron oxides by paleomagnetism and the secondary monazite
associated with the albitized facies by U-Th-Pbwwm unambiguously indicates their Post-Variscan ages. In this
context, the alterations are related to regionally widespread Post-Variscan paleosurface. Weathering profiles
formed in phreatic groundwater environments downgradient of highlands that provided a hydrological head.

Sodium supply was likely to origin from the gigantic salt playas that characterized Permian and Triassic
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lowlands. Weathering was interrupted by an advance of the Mesozoic transgression. The recognition of these
weathering profiles over extensive parts of the Variscan Belt provides the basis for reconstructing the Post-
Variscan paleosurface and constraining Triassic and Post-Triassic geodynamics, including erosion rates and

geomorphological evolution of the Paleozoic massifs in Europe.
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INTRODUCTION

In crystalline rocks, albitization is commonly considered to be a deep and high-temperature
metasomatic alteration linked to granite cooling during exhumation (e.g. Putnis et al. 2007; Engvik et al. 2008;
Sandstrém et al. 2010; Morad et al. 2010). Besides, in basaltic rocks, albitization with typical albite, chlorite, and
epidote assemblage is considered to be relatated to pervasive alteration by deep circulation of heated seawater
(spilitization) under relative lower temperature (Kelley et al. 1992; Alt et al. 2010; Richter and Diamond 2022).
Studies of albitization in granitic and other basement rocks have been mostly undertaken by petrologists who
usually consider its petrographical aspects and recognise the late-stage nature of the parageneses. However, the
geometric aspects of the albitization phenomenon have never been thoroughly investigated. In this paper we
describe the albitization as a result of superficial weathering, spatially and temporally associated with the Post-
Variscan paleosurface, by analogy with situations described locally in the French Massif Central (Yerle and
Thiry 1979; Schmitt 1986, 1992; Schmitt and Clement 1989; Parcerisa et al. 2009) and in NE Spain (Fabrega et
al. 2019).

We focus our study on the Polish Sudetes where paleomagnetic dating of Post-Variscan
remagnetization overprints of the Paleozoic crystalline basement has already been well-reported in the literature
(e.g. Edel et al. 1997). Our aim is to sort out whether the albitization observed in the Sudetic granitoids could
have been of superficial (a weathering phenomenon) rather than of deep-seated hydrothermal origin. For this
purpose, we describe detailed mineralogical and petrographical features of the albitized facies rocks. Special
attention is payed to the petrographic evolution of the granitoids in relation to the reddened facies adjacent to
fractures. The relationship between primary and secondary mineral phases is emphasized with the focus to
establish a specific mineral paragenesis and geochemical conceptual model for the albitization, and to understand
its association with the contemporaneous formation of hematite. Subsequently, the results of paleomagnetic
dating of iron oxides and U-Th-Pbyta dating of monazites in the reddened facies are presented in order to explore

their respective links with the Post-Variscan paleosurface.

GEOLOGICAL SETTING

Regional frame

The mountain range of the Sudetes is the topographic expression of a regional-size fault block, about
300 km long and 50 to 80 km wide, at the NE margin of the Bohemian Massif (Fig. 1). The Sudetic block was

uplifted, together with the entire Bohemian Massif, in Late Cenozoic times along major NW-SE and NE-SW
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trending faults at the foreland of the Eastern Alps and Carpathians (e.g. Reicherter et al. 2008), while to the NE it

is accompanied by the geologically similar Fore-Sudetic block that is currently not elevated.

The Sudetes occur on the norteastern periphery the internal zone of the Variscan belt of Europe, whose
mostly crystalline, Late Neoproterozoic to Carboniferous basement rock complexes are arranged in a mosaic of a
complex tectonic collage, amalgamated and deformed during Late Devonian through to Carboniferous Variscan
tectonic events (Matte et al. 1990; Aleksandrowski and Mazur 2002; Kroner et al. 2008). The collage is intruded
by syn- to late orogenic Carboniferous granitoid plutons, the most voluminous of which are those of Karkonosze,

Strzegom-Sobdtka and Ktodzko - Ztoty Stok (e.g. Mazur et al. 2006, 2007).

The basement rocks are locally overlain by syn- to late-tectonic Carboniferous intramontane basins and
remnants of a now much eroded post-orogenic Permo-Mesozoic sedimentary-volcanic cover (Fig. 1), which
during Late Cretaceous — Early Paleogene times underwent compressional deformation: gentle folding and
inversion-related faulting (Gluszynski and Aleksandrowski 2022). To the south, in the Intra-Sudetic Basin, Early
Permian red beds and shales with volcanics up to 1250 m thick are followed by Late Permian and Early Triassic
fluviatile deposits of Buntsandstein facies, wich do not exceed a few tens of meters in thickness (e.g. Dziedzic
and Teisseyre 1990). To the north, in the North Sudetic Basin, there is a dominantly sedimentary series including
Early Permian red beds with volcanics and Late Permian Zechstein facies carbonates, sulphates and clastics,
averaging about 1000 m in thickness. The Early Triassic Buntsandstein of variegated sandstones, totalling about
600 m in thickness, are capped by R6t dolomites and later Keuper evaporites and Muschelkalk limestones (e.g.
Baranowski et al. 1990; Chrzastek and Wojewoda 2011). In south-western and western Poland and eastern and
northern Germany, the Early Triassic clastics that are accompanied locally by the Buntsandstein exceed 1000 m
in thickness (Feist-Burkhardt et al. 2008). The Early Permian and Early Triassic clastic deposits reflect intense
erosion and denudation of the southerly located Variscan internal massifs, including those of the Sudetes. The
Late Permian Zechstein carbonates and sulphates as well as the late-Early to Middle Triassic carbonates, on the
other hand, mark the episodes of marine transgression. The Late Permian transgression apparently left in the
Sudetes only a thin sedimentary sequence of tens of metres thick, whereas that of the late-Early to Middle
Triassic might have resulted in an originally much thicker sedimentary succession, similar to those in the
adjacent areas (cf. e.g. Feist-Burkhardt et al. 2008). This is suggested by increasingly deepening facies of the
now up to 100 m-thick Muschelkalk deposits towards their erosive top (Chrzastek and Wojewoda 2011). Also,
the original presence of a relatively thick and extensive cover of marine Jurassic sediments in the Sudetes cannot

be entirely ruled out, despite their present absence possibly due to pre-Cenomanian erosion.
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Fig. 1 Geological map of the Sudetes (modified after Aleksandrowski et al. 1997). (1) Szklarska Por¢ba Huta

quarry; (2) Laski quarry; (3) Laski village; (4) Chwalistaw valley; (5) Mt Kopciowa
Sampling

Our sampling was concentrated on the reddened granitic rocks in the quarry at Szklarska Poreba Huta
on the Karkonosze pluton and in several exposures in the eastern part of the Ktodzko - Ztoty Stok pluton, at
Laski and in the Chwawlistaw valley (Fig. 1). The focus was put on large exposures of rocks with distinct signs
of reddening that are typically bound to fractures. In this study we use the term fracture to any brittle
discontinuities in a rock, whether or not they imply fracture-parallel or -perpendicular displacement, i.e. various
types of both joints and faults. Non-reddened rocks were also sampled in order to characterise differences

between the reddened and non-reddened facies.
Karkonosze granitoid massif

The late-orogenic Karkonosze granitoid massif in the western part of the Sudetes is composed of a
number of granitic facies thought to correspond to fractional crystallization, mixing with mafic magmas and
hybridization processes (Zak and Klominsky 2007; Staby and Martin 2008). The pluton resulted from sequential
emplacement over a brief period of time at ca. 320-310 Ma (Machowiak and Armstrong 2007; Zak et al. 2013;

Kryza et al. 2012, 2014; Kusiak et al. 2014).

Sampling of the Karkonosze pluton was undertaken in the Szklarska Porgba Huta quarry (N50°49°39°°,

E15°29°38°") on the NW margin of the Karkonosze massif, close to its contact with the metamorphic envelope
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(Fig. 1). Samples were obtained from a steep northern wall of the quarry where there was an exposure of two
rock types in sharp intrusive contact: (1) a fine-grained equigranular leucocratic granite (so called aplogranite)
and (2) a medium- to coarse-grained porphyritic biotite granite. Both granites contain thick (up to 25 cm) aplite
veins and centimetre-wide quartz veins. According to Staby et al. (2007), the granite from Szklarska Porgba Huta

belongs to the geochemically furthest evolved granite types in the Karkonosze composite pluton.

The porphyritic granite from the Szklarska Poreba Huta quarry contains large phenocrysts (up to 10 cm)
of perthitic K-feldspar (about 65-99% Or) mantled by plagioclase (about Ab > 83%) and enclosed in medium-
grained groundmass (Borkowska 1966; Staby et al. 2002). Relative to the porphyritic granite, the aplogranite is

enriched in quartz and plagioclase and impoverished in biotite and alkali-feldspar (Koztowski et al. 1975).
The Klodzko - Ztoty Stok pluton

The Ktodzko - Ztoty Stok (KZS) pluton, the largest composite intrusion in central Sudetes (Fig. 1), is
composed off strongly diversified high-K metaluminous rocks, rich in mafic components (e.g. Lorenc 1994;
Bachlinski and Baginski 2007; Jokubauskas et al. 2014). The small magma batches were emplaced between
349.0 = 3.7Ma and 331.5 £ 2.6Ma. Short-lived late Carboniferous rejuvenation of magmatic activity along major
fault zones caused intrusion of the the Laski monzogranite at 303.3 + 3.8/4.2Ma (Jokubauskas et al. 2018 and

references therein).

Exposures of reddened granitic rocks were sampled in the Laski quarry (N50°28°25” E16°48°34”),
Laski village (N50°27°40” E16°48°12”") and a small old quarry near the creek of Makolnica (Chwalistaw valley;
N50°25°54” E16°49°42”). Jointly were sampled non reddened, relatively dark-grey medium-grained granodiorite
wih relatively uniform plagioclase composition (36-46% An) typical of the Laski area (Wierzchotowski 1976).
The quarry in the Chwalistaw valley exposes granodiorite intruded by dykes (up to about. 1 m wide) of
spessartite. Both rocks had been previously dated, yielding ages of 336.7 £ 2.3Ma and 321.1 +3.1Ma,
respectively (Mikulski et al. 2013). Non-reddened granodiorite is a grey, medium- to fine-grained, equigranular
rock with relative anorthite-rich plagioclase (39-44% An), whereas the fine-grained microporphyritic spessartite
is composed of more sodic plagioclase (Wierzchotowski 1976; Awdankiewicz and Awdankiewicz 2010;

Mikulski et al. 2013).

ANALYTICAL METHODS.

Powder X-ray diffraction (XRD) analyses were carried out at Mines-Paris, using a PANalytical X Pert
system fitted with a Cu-anode and X’celerator detector, on fragments of larger K-feldspar crystals separated by
hand-picking from the bulk rock samples. XRD scans were run from 2 to 60° (26). The XRD diagrams were

interpreted using the EVA® Bruker software. In the case of overlapping (131) and (1-31) peaks, deconvolution



172
173
174

175
176
177

178
179
180
181
182

183
184
185
186
187
188
189
190
191

192
193
194
195
196
197
198
199
200
201

202
203

was undertaken using the FITYK software (Wojdyr 2010) with Pearson VII function applied to fit the peak
shapes. Al-Si ordering of the K-feldspar structure was evaluated on the basis of the triclinicity parameter

according to the method of Goldsmith and Laves (1954).

Selected thin sections from the reddened rock samples were studied using conventional petrographical
microscopy and cathodoluminescence (CL) techniques at the Institute of Geological Sciences, University of

Wroctaw. The CL study made use of a CL MK3 cold cathode gun mounted on a polarizing optical microscope.

Systematic sampling for paleomagnetic analysis was performed focused on the reddened facies at four
principal outcrops, three of them situated in the Ktodzko — Zloty Stok Massif (Laski quarry, Laski village,
Chwalistaw valley) and one in Szklarska Por¢ba Huta area. The samples for paleomagnetic analyses were drilled
in the vicinity of principal fractures. The samples were collected as oriented drill cores using a petrol-driven

hand drilling machine and as block samples oriented in field by measuring dip and dip azimuth.

They were cut into standard 2.5x2.5cm cylinders for paleomagnetic experiments. Thermal
demagnetization was subsequently performed on the cylinders either in the paleomagnetic laboratory of the
Institute du Physique du Globe de Paris using a vertical three-axial 2G cryogenic magnetometer and at the
Institute of Geophysics of the Polish Academy of Sciences in Warsaw using a 2G Enterprise SQIUD
magnetometer. Stepwise demagnetization of the NRM was applied on the samples, starting at room-temperature,
and if possible, embracing the complete temperature range up to the hematite temperature interval around 700°C.
Alternatively, some selected samples were demagnetized using the alternating field technique at the Institute of
Geophysics of the Polish Academy of Sciences in Warsaw. The resulting data are systematically corrected for

the geographic position of each individual sample.

Further data processing was performed using either the PaleoMac5 software (Cogné 2003) or the
PALMAG software provided by Lewandoski et al. (1997) Characteristic paleomagnetic directions were
determined by a least-square fit of linear segments (Kirschvink, 1980) in orthogonal Zijderveld diagrams
(Zijderveld 1967; see also supplementary material 2, Fig. S1 to S3), either on equal areas or in great circle fits.
The PaleoMac5 and PALMAG software offer the opportunity to choose the groupped directions and to calculate
respective site-mean directions and paleomagnetic pole statistics (Fischer, 1953; Mc Fadden and McElhinny
1988). The analyses of thermal demagnetization of NRM curves and thermomagnetic experiments
(magnetization and saturation remanence during heating curves) allow the identification of magnetic carriers of
the paleomagnetic directions (for instrumental details and rock magnetic results please see also supplementary

material 2, Fig. S4 and S5).

The chemical compositions of feldspars and micas were analysed by EPMA (Electron Probe Micro

Analysis) at the Scientific and Technological Centers of the Universitat de Barcelona (CCiTUB), using Cameca
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SX-51 and JEOL JXA-8230 electron microprobes, both operating at 15 kV and 1.5 nA. The CL images of the
samples were used to guide the placing of the analyses. The table of EPMA results is included in the

supplementary material 1.

Monazite dating was carried out using the EPMA U-Th-Pbww method following the recommendations
included in Cocherie et al. (1998), Cocherie and Albarede (2001), and Williams et al. (2006). Monazite grains
suitable for EPMA analysis were found by means of BSE imaging using a Hitachi TM-1000 electron microscope
at the Manresa School of Engineering (Spain). U-Th-Pbyw EPMA analyses were undertaken at the Scientific and
Technological Centers of the Universitat de Barcelona (Spain) using a Jeol JXA-8230 electron microprobe
operating at 15 kV, 40 nA of current intensity and a beam diameter of 1 pm. An in-house reference monazite
from the Petaca District (Mexico), with an age of 1332 + 5 Ma (20), was analyzed as a control standard jointly
with the monazite samples. The age of each analysed monazite was calculated using the MonaziteAge software
based on the works of Suzuki and Adachi (1991, 1994) and Suzuki et al. (1994) and which is included with the
Jeol JXA-8230 instrument. The initial acquired data were prepared for subsequent statistical age analysis by
eliminating the analyses which presented oxide totals higher and lower than 100 + 5%. Subsequently, age
outliers were discarded using a stepwise process based on box-plot graphs. The final ages of the different
monazite generations were determined by deconvolution of the ages histogram using the Microsoft Excel add-in
ISOPLOT 4.15 from the Berkeley Geochronology Center (Ludwig 2003). A total of 189 EPMA analyses were
made and 147 analyses (77% of the total) were retained including 18 from the Szklarska Poreba Huta quarry and
129 from the Chwalistaw valley section. The table of monazite EPMA results is included in the Electronic

Supplementary material 1.

The oxygen isotope composition of plagioclase and K-feldspar was determined by Seconday lon Mass
Spectrometry (SIMS) using a CAMECA IMS 1280HR ion microprobe at the Centre de Recherches
Pétrographiques et Géochimiques (CRPG), Vandceuvre-lés-Nancy, France. Samples were mounted in 25 mm
diameter epoxy mounts and the surface was metallographically polished. Afterwards the samples surfaces were
imaged under optical cathodoluminescence to differentiate textural domains within the crystals. The detailed
analytical conditions during the SIMS session are described in Fabrega et al. (2017). The granite samples were
analysed jointly with in-house plagioclase and K-feldspar standards. The analyses were placed in homogeneous
luminescent domains in crack- and inclusion-free areas of the crystals. A total of 28 and 31 analyses were carried
out on plagioclase and K-feldspar grains, respectively. Afterwards, the craters of the SIMS analyses were
observed under BSE-imaging and analyzed by EPMA to check that the craters were homogeneously excavated
and determine the chemical composition linked to each isotopic analysis. The instrumental mass fractionation
(IMF) of the raw results was corrected by means of response surface methodology (RSM) following the

procedures and using the response surface models described in detail by Fabrega et al. (2017). The SIMS results
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including the instrumental setting, the raw and IMF-corrected 580 values, and the CL-images of the samples are

included in the Electronic Supplementary Information. All the 5'80 values of this paper are relative to VSMOW.

SPATIAL DISTRIBUTION OF THE REDDENING

A process of granite reddening has resulted in both a pervasive coloration homogeneously distributed
within the rock volume at some area and a more localised development of red to pinkish granite facies allied to
the fracture network at other areas. The most typical and widespread type of alteration is a fracture controlled
reddening with reddish/pinkish coloration restricted to narrow bands along fracture planes. The granodiorite of
the Laski quarry and the aplogranite of the Szklarska Poreba Huta quarry are typical examples for this. The most
intense alteration is a pervasive and homogeneous reddening with the entire rock impregnated by the reddish
pigments, and fracture planes coated with dark red iron oxides. The Laski village section is typical of this
pervasive reddened facies. The less intense alteration is a red spotted facies with pinkish spots distributed

within non-reddened rock. The granite of Chwalistaw valley outcrop is typical of this weakly altered facies.

In the Laski quarry the fractures are metre-spaced, cutting the rock into well-defined 0.5 to 1 m® blocks
(Fig. 2a). The extent of fracture controlled reddening is closely related to the rank of the fracture, i.e. it is weak
along minor fractures and more intense along major ones. The reddening penetrates the rock as deep as 1-10 cm.
The coloration is most intense along fracture walls but fades further away from the fractures. There is also a
direct relation between the frequency of the fractures and the intensity of coloration. In the SE part of the quarry,
the most intensive reddened facies occur along a weakly defined metre-wide zone, characterized by particularly
dense fracturing. Similarly, the porphyritic granodiorite exposed on Mt Kopciowa has fracture controlled
reddening restricted to weak, narrow staining fronts, where its large K-feldspar phenocrysts are partly or entirely

pink along the fractures.

In the Szklarska Por¢ba Huta quarry, the porphyritic granite is generally not reddened. However, the
fine to medium-grained aplogranite exhibits a light pink reddening along steep N40° major and N135° related
fractures, which penetrates the rock to a distance of 5-15cm to 30-40 cm away from the fractures. Where
fractures are sparse, the aplogranite is greenish in the center of the blocks (Fig. 2b) but in densely fractured

(“chopping fractures™) zones the rock is pervasively pink.

The Chwalistaw valley granodiorite outcrop is a typical example of the red spotted facies (Fig. 2¢). A
weak fracture controlled pinkish coloration has developed in narrow zones along fractures but further away from
the fracture planes there is a scatter of spots together with small pinkish patches in the non-reddened rock. There
is no obvious direct relationship between lamprophyre dikes and the reddening of the granodiorite. In fact the
lamprophyre also has a faint pinkish coloration along the fracture planes, but their observance is hindered by the

dark color of the rock.
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Fig. 2 Spatial arrangement of the reddening. (a) Photo and sketch of the fracture-controlled reddening in the
Laski quarry. The highly fractured zones in the SE of the quarry are the most reddened. (b) Szklarska Porgba
Huta quarry facies. The reddening proceeds along the steep fractures that cut the fine-grained aplogranite. (c)
Sketch of the reddish alteration facies in the Chwalistaw valley outcrop. The alteration is parallel to the

lamprophyre veins that intruded the granodiorite

MICROSCOPIC ASPECTS OF REDDENING

Optical and cathodoluminescence petrography reveal some systematic differences between the non-

reddened and reddened rock facies. We present petrographical comparison of the affected mineralogical
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constituents, but thoses that are neither affected by nor related to the staining phenomenon are omitted from the

comparison.
Plagioclase

In non-reddened granites plagioclase appears white to the naked eye. Large crystals are often normal-
zoned with Ca-enriched cores and Ca-poor margins: some crystals are also rimmed with nearly pure albite.
Polysynthetic twinning is common. It also occurs as inclusions in the K-feldspar phenocrysts (in porphyritic rock
types) and constitutes most of the rock groundmass. The luminescence is typical for igneous plagioclase with
yellow-green CL (Fig. 3a and 3b), that turns blue in the albitic rims. Regions with increased intensity of yellow-
green CL correlates with a higher Ca content (cf. Staby et al. 2002; Staby and Gotze 2004). Partial sericitization

of primary plagioclase is often observed, especially in the Ca-enriched cores.

In reddened granites plagioclase appears pink to the naked eyes, due to hematite pigments which confer
a red cloudiness to spots where primary plagioclase has been thoroughly altered to secondary untwined albite
(i.e. albitization). While the hematite-free domains retain their primary CL characteristics, the pigmented
plagioclase is non-luminescent (Fig.3a and 3b), which is typical of neogenic feldspars formed at low
temperatures (e.g. Marshall 1988; Gotze et al. 2000; Leichmann et al. 2003; Powolny et al. 2022). Contrasting
CL conveniently mark out the geometrical relationship between primary plagioclase and secondary albite: Ca-
enriched crystal cores may be albitized leaving the outer Na-enriched zones unaffected (Fig. 3a) or secondary

albite may be associated with microcracks, twinning and/or cleavage planes (Fig. 3b).

Primary plagioclase compositions range from Anys to Angs, and Ania to Anss, in the Chwalistaw biotite-
hornblende granodiorite and Laski valley granodiorite, respectively (Table 1). The oxygen isotope composition
of the primary plagioclase, determined in the biotite-hornblende granodiorite of Chwalistaw, shows 580 values
ranging from +3 to +7 %o (Fig. 3¢ and Table 2), with no aparent correlation with the composition of plagioclase

determined by EPMA in the SIMS points, that ranges from Anss to Anas.

Secondary albite shows a widespread micro porosity and a typical composition about Ang.,
independently of the type of parent rock and of the primary plagioclase composition (Table 1). In crystals were
the completeness of albitization has not been totally reached, a slightly higher Ca content was observed, with
An% values ranging from 6 to 14% (Table 1). The oxygen isotope composition of the secondary albite,
determined in the Chwalistaw sector, is significantly heavier than the primary plagioclase, with 680 values

ranging from +7 to 11%o. (Fig. 3d and Table 2).

11
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Fig. 3 CL Petrography and oxygen isotope composition of albitized plagioclase and K-feldspar. (a) Plagioclase
with a non-luminescent albitized core and yellow luminescent rim. (b) Albitization along the major twinning
planes and micro-fractures. (¢) 3180 values of yellow luminescent primary plagioclase and blue luminescent
primary K-feldspar and (d) non-luminescent secondary albite and turbid microclinized K-feldspar. (e)
Cathodoluminescence images of partially albitized K-feldspar showing non-luminescent areas containing
secondary microcline, patch perthites and quartz patches on the crystal rims. (f) Albitization of K-feldspar along
microfractures. plg:: primary plagioclase; ab,: secondary stained albite; fKy: primary K-feldspar; fK,: secondary

K-feldspar; qtzi: primary quartz; gtz,: secondary quartz
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Table 1 Mole % of feldspar components of plagioclase and K-feldspar

plagioclase K-feldspar
site rock
primary / albitized An % primary / microclinized Oor %
Reddened facies
. . primary 1-3 i .
Szklarska Poreba porphyritic granite n microclinized 94 -98
albitized 0-3
Laski Quarry granodiorite albitized 0-2 microclinized 95-98
Spotted facies
" . primary 8-14 . X o
Szklarska Poreba porphyritic granite . partially microclinized 78-93
albitized 4-6
Laski Quarr diorit primary 21-39 tially microclinized ~ 79-92
iQu ranodiorite artially microclinize -
v & albitized 6-14 P v
Fresh rock
Laski Valley granodiorite primary 14-51 primary 85-91
Chwalislaw Valley hornblende-biotite primary 26-84 primary 72-93

granodiorite

* EPMA analyses converted to mole percent of the feldspar components by normalizing to eight oxygen atoms per formula unit.

Table 2 380 %o results of plagioclase and K-feldspar

plagioclase K-feldspar
site rock 680 %o
primary / albitized 60 %o primary / microclinized

Reddened facies

Chwalislaw Valley hornblend.e-k?lonte albitized 6-11 microclinized 5-11
granodiorite

Fresh rock
hornblende-biotite

Chwalislaw Valley granodiorite

primary 3-7 primary 2-4

Apart from hematite pigments, neogenic albite is sometimes associated with calcite and prehnite.
Secondary albite is not twinned - its development erased the polysynthetic twinning in the primary plagioclase.
This is in contrast to “classical” saussuritization in which the petrographic features of the primary plagioclase are
preserved, at least partially (de la Roche 1957; Sandstrdm et al. 2010; Jenkin et

al. 1992; Morad et al. 2010).
K-feldspar

In non-reddened granites, K-feldspar 1is white to grey and often
Carlsbad-twinned with wvarying amounts of microperthitic albite. In the
porphyritic granitoids it 1is present as large (several centimeters)
phenocrysts and as a constituent of the groundmass (<< 1 cm). Cross-hatch
twinning is not a common feature but, if present, 1is developed in domains

rather than whole crystals.

As observed wusing CL, any alteration of primary crystals is

manifested by a change in the blue luminescence typical of igneous K-
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feldspar (cf. Staby et al. 2002; Sitaby and Gotze 2004; Powolny et al.
2022). The hematite-stained parts of K-feldspar crystals correspond to
regions of quenched, sometimes dark-brownish luminescence, similar to the
previously shown secondary albite (Fig. 3e and 3f). Such CL characteristics
match secondary feldspars formed in low-temperature diagenetic and
supergenic environments (e.g. GOtze et al. 1999; Gonzadlez-Acebrdén et al.

2010; Gonzéalez-Acebrdédn et al. 2012).

There 1is a <clear relationship Dbetween hematite staining and
albitization of K-feldspar. Semi-quantitative measurements of the intensity
of XRD reflections from the two feldspar species reveal that a low and
rather constant albite content in K-feldspar phenocrysts in non-reddened
granitoids increases and becomes highly variable in the reddened facies
(Yao 2013). Primary light-colored K-feldspar phenocrysts are predominantly
formed of orthoclase but an increase in albite content is generally marked
by its transformation (recrystallization) to microcline, as indicated by an
increasing triclinicity. Since triclinicity reflects the state of Al-Si
ordering of K-feldspar structure it is likely that the increase of Al-Si
ordering, albitization and hematite-staining of the K-feldspar are

interrelated processes.

The composition of the primary K-feldspar ranged from Ory, to Orgs in
the the Chwalistaw sector and from Orgs to Ore; in the Laski valley (Table 1).
The oxygen 1isotope composition of the primary K-feldspar (Table 2),
determined in crystals from the Dbiotite-hornblende granodiorite of
Chwalislaw valley, present 180 wvalues ranging from +2 to +4 %. The 380
values show a positive trend versus the increase in K' content of the K-
feldspar (see Electronic Supplementary Information). In the quenched
luminescence regions, the primary orthoclase 1is replaced by secondary
microcline showing aboundant micro ©porosity, with typical composition
varying from Ores to Orgs, indepentdently of the parent rock and the
composition of the primary K-feldspar. The microclinization process is
accompanied by the development of patch perthites of highly pure albite,
with typical composition of Ang. The oxygen isotope composition of the
microclinized K-feldspar (Table 2), also determined 1in the Dbiotite-

hornblende granodiorite of Chwalislaw, presents &80 values, ranging from +5
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to +11 % and also shows a positive trend versus the orthoclase content (Or

%) of the K-feldspar.

Albitization propagation

Albitization of primary plagioclase occurred along microcracks and
cleavage planes (Fig. 4a). The albitized =zones are patchy and amoeboid,
with no relation to the crystallographic directions in the primary
plagioclase. Often albitization developed from the margins towards the
central parts of a crystal, leaving the core as well as the primary albitic
outer rim unaffected (Fig. 4b). A common albitization pattern is observed
in some of the compositionally zoned plagioclases in which the Ca-enriched
core has been altered but the Ca-poor rims remains unaffected (Fig. 4c).
The albitized core often contains scattered sericite which corresponds to
an earlier phenomenon than albitization as it 1is also observed in non-
albitized plagioclase from the non reddened facies. In most altered facies,
primary plagioclase is perversavely albitized exept outer rims composed of
primary albite (Fig. 4d). These altered facies are intensely reddened and

often show micro-fractures filled with iron oxides.

Albitization of primary K-feldspar proceeds in a similar way as in
palgioclases: from the margins of the crystals along microcracks, twinning
and/or cleavage planes. In the reddened granitoids, euhedral to sub-
euhedral K-feldspar phenocrysts are partly or entirely pink (Fig. 4e and
4f) . There is a direct correlation between the intensity of staining in the
granitoids and the amount and distribution of Thematite pigmenting

phenocrysts and smaller K-feldspar crystals.
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Fig. 4 Sketches of albitized red/pinkish plagioclase and K-feldspar. (a)
Plagioclase albitization along microfractures. (b) Irregular albitization
of the outer rim of the primary plagioclase: the primary albitic rim
remains unaffected. (c) Albitization of the seritized core of the primary
plagioclase. (d) Complete albitization of the primary plagioclase crystal
except the outer rim which is composed of primary albite. (e) Polished
section of a partially reddened orthoclase phenocryst. The upper part of
the phenocryst is pink and dull whereas the lower part is translucent. (f)
Sketch of (e). The orthoclase phenocryst exhibits classic Carlsbad twinning
in the translucent part and has inclusions of hornblende, chlorite,
biotite, and plagioclase. In the pinkish part the twinning is erased, and
the orthoclase is albitized and hematized. fKi:: primary K-feldspar; plg::
primary plagioclase; Qi: primary quartz; bte;: biotite; amphl: amphibole;
ab,: untwined secondary albite; <chly,: secondary chlorite after biotite;

hemy,: pigmentary hematite; hemy,: coarser-crystalline hematite
Fe-Mg minerals

Light to dark brown biotite is the main mafic mineral and minor
greenish hornblende is commonly present in samples from the Ktodzko - Zioty
Stok massif. In non-reddened samples both biotite and hornblende show signs
of chloritization, though hornblende appears more resistant to this

alteration.
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Chloritization is significantly more intensive in the reddened
granitoids where all stages of the replacement process, from initial weak
alteration along the edges and cleavage planes of the primary crystals to
the formation of complete chlorite pseudomorphs, could be observed. Biotite
inclusions in hematite-stained plagioclase are invariably replaced by
chlorite. There 1is no clear evidence for a wvolume change during the
chloritization of the primary Fe-Mg minerals. Secondary microcrystalline
and flaky chlorite also occurs in microfractures and intergranular
boundaries. Pyrite, Ti-oxides and titanite are often associated with

secondary chlorite.

Fe-minerals

Fe-sulphides and oxides in the granitoids include pyrite, hematite,
maghemite, and magnetite. Pyrite occurs irrespective of hematite
pigmentation as relatively large (50-200 pm) euhedral crystals and lens-
shaped aggregates in the cleavages of chloritized biotite and hornblende.
Late anhedral grains fill also microfractures. The margins of most of the

observed pyrite grains are replaced by hematite.

Pigmentary hematite 1is responsible for red cloudiness observed in
plagioclase from the reddened granitoid facies under microscope. In the red
spotted facies plagioclase exhibits coexisting hematite-pigmented and
hematite-free domains which are primary igneous plagioclase (Fig. 5a) and
in pervasively reddened facies and in fracture controlled reddened facies
the plagioclase 1is entirely hematite-stained (Fig. 5b). Dusty hematitic
pigment 1is confined to albitized domains in plagioclase and K-feldspar.
Some observations suggest that the hematitic pigments are not directly
related to microporosity in the altered feldspars. Firstly, the pigment is
absent from the porous saussuritized feldspars of the non-reddened
granitoid facies. Secondly, it is not concentrated along the albitization
front which 1s enriched in micropores that relate to the volume-loss
replacement of the primary feldspar by secondary albite. Instead, hematite
is distributed more or less homogeneously through all of the albitized
feldspar. Microscopic flaky aggregates and subhedral larger grains of

hematite are often observed in intergranular boundaries located close to
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chloritized Dbiotite and hornblende (Fig. 5b) and 1in microfractures
(Fig. 5c) and, as well as 1in the cleavage of some chloritized biotite

(Fig. 5e), sometimes together with secondary quartz and/or calcite.

Maghemite and magnetite could not be recognized unequivocally under
the microscope nor by XRD analyses but their presence was unmistakably
detected by thermal demagnetization experiments (paleomagnetic experiments,
this study). In contrast to hematite, magnetite 1is restricted to the non-
reddened facies. Maghemite, on the other hand, was detected mainly in the
weakly reddened facies. Thus, maghemite may be regarded as a ‘transitional’
Fe-mineral between the magnetite-dominated non reddened granitoids and

hematite-dominated reddened facies.

Fig. 5 Hematite occurrences within albitized granitoids. a) Light pink
albitized plagioclase away from reddened fracture walls with light colored
relict of primary plagioclase. (b) Plagioclase entirely reddened and
albitized from pervasively reddened facies; hematite appears as pigments
within the secondary albite and as granules within microfractures. (c) Fine

red hematite pigments and elongated hematite flakes within secondary
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albite; plane polarized. (d) Enlargement of (c); reflected 1light. (e)
Hematite 1lenses within the cleavage of a chloritized biotite crystal,
notice lenses of secondary quartz in similar position; plane polarized.
plg:i: primary plagioclase; abz: secondary albite; bte;: primary biotite;
chl,s: secondary chlorite after biotite; chls,: neogenic chlorite in micro-
fracture; hemy,: secondary hematite pigment; hemy,: secondary granular and

flaky subhedral hematite

Other minerals

Quartz of the non-reddened facies is essentially unaltered,
presenting a homogeneous dull-luminescence. Differently, the quartz grains
of the reddened facies are significantly altered, presenting a network of
micron sized non-luminescent veins of secondary quartz displaying in a
cobweb texture. Internal zoning of quartz have already been described in
the chloritized facies of the Sudetic Karkonosze granite (Wilamowski 2002),
and similar quartz alteration has been observed 1in the red albitized

facies of NE Spain (Fabrega et al. 2019).

Sericite 1s more abundant in non-reddened samples and in weakly-
reddened rock away from fractures. It occurs mostly in plagioclase and
emphasizes the compositional zoning as it has preferentially developed in
the Ca-enriched plagioclase cores but is entirely absent from the albitic
rims. Sericitization obliterates the primary polysynthetic twinning in the
plagioclase host. Tiny sericite crystals (5 pm) occur in plagioclase in the
aplogranite of Szklarska Poreba Huta and less fractured granodiorites of
the Ktodzko - Zioty Stok massif. This form of sericite is associated with
secondary albite but not with Ca-bearing minerals such as prehnite and
epidote. However, larger sericite flakes (10-20 pm) formed at the expense
of Ca-enriched plagioclase in the reddened granodiorite from Chwalistaw and
Laski are associated with secondary prehnite, albite, and sometimes also

calcite. Sericite is rare in K-feldspars.

Prehnite and less commonly calcite are either present as secondary
minerals associated with saussuritization of plagioclase and chloritization
of Fe-Mg minerals or as late primary phases healing fractures. While

calcite is observed exclusively in the reddened rock facies, disseminated
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prehnite 1s more abundant in the non-reddened granitoids. Secondary
prehnite, apart from prehnite-sericite-albite aggregates in the
saussuritized Ca-enriched plagioclase cores, occurs also as monomineralic
fan- and bowtie-shaped aggregates in intergranular boundaries and as
elongated lenses in biotite. The latter are concordant with cleavage and
the inflation of the lenses disturbs the parallel alignment of the mica
flakes. They are observed only in partially chloritized biotite in the non-
reddened granitoids but are absent in the proximity of reddened fracture
walls. Similar lenses of secondary calcite are present in chloritized
biotite and hornblende 1in the reddened rock facies. Both prehnite and
calcite, sometimes accompanied by laumontite, are also observed as late
primary minerals healing microfractures cutting across the mineral

framework of the reddened granitoids.

Magmatic apatite is commonly present as small inclusions in biotite
and hornblende or as inherited inclusions in their chlorite pseudomorphs.
Nonetheless, 1in some chlorite pseudomorphs, we also observe apatite
inclusions that were considerably larger and at the same time less abundant
than typical apatite inclusions in unaltered primary Fe-Mg minerals. They
are likely a second generation of apatite resulting from recrystallization
and also dissolution of smaller crystals during chloritization, such as
those shown in the albitized facies in the Morvan (Parcerisa et al., 2009)
and in NE Spain (Fabrega et al.,2019) and those linked to low-temperature

spilitic albitization in the Intra-Sudetic Basin (Powolny et al. 2022).

REE-bearing minerals, mostly epidote and monazite, are typically
subhedral to euhedral crystals around 50-200 pm in size, in the non-
reddened. The REE-rich epidote is more abundant in the reddened facies than
in the wunaltered rocks and occurs as larger grains up to 200-400 pm.
Monazite in the reddened facies occurs in two different forms depending on
its position with respect to the reaction front. The crystals in a cm-scale
zone 1inside the reddish/pinkish facies in contact with the albitization
reaction front are mostly pseudomorphed Dby secondary monazite. This
secondary monazite has corroded grain boundaries and micron-sized porosity,

suggesting that the replacement occurs via a dissolution-reprecipitation
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process. In contrast, in strongly reddened rocks, monazite grains can be

pseudomorphed by secondary apatite.

Summary of petrographic observations

Petrographic analyses of the reddened and non-reddened granitoids
provide a Dbasis for discerning major differences in the mineralogical
composition of the two granitoid facies. Apart from hematite, which 1is
responsible for the red pigmentation, and quartz, the content of which is
fairly constant, the relative abundances of major and some minor
constituents vary with increasing reddening (Fig 6). In particular, the
amount of Ca-enriched plagioclase decreases largely at the expense of
secondary albite and 1is practically undetectable in the most intensely
reddened sample. While plagioclase in the non-reddened rocks is partially
sericitized, the ©plagioclase 1in the reddened facies 1is predominantly
albitized. To some extent K-feldspar follows the same pattern, with
albitization and microclinization of primary K-feldspar in the reddened
facies. Weak chloritization of biotite and amphibole is observed already in
the non-reddened granitoids but the process 1is dramatically more intense
with increasing reddening and leads to a complete disappearance of the
primary Fe-Mg minerals in the most reddened facies. Chloritization of
biotite, 1in particular where the alteration is intense, is often coupled
with the formation of secondary titanite and Fe-minerals along cleavage
planes and microfractures. Similarly, chloritized amphibole often contains
calcite along cleavages, indicating the removal of Ca from the chloritized

crystal.

Small amounts of prehnite occur in the unpigmented granitoids but it
becomes more abundant with reddening. However, its presence also depends on
the initial rock type as it is absent from the aplogranite of Szklarska
Poreba Huta and the granodiorite of Laski wvillage, dirrespective of the
extent of staining. The sericite content seems to Dbe unaffected by
reddening. Dispersed calcite and laumontite are detected exclusively in the
reddened facies, though they are present as late fracture fillings in both

stained and unstained granitoids.
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The presence of hematite pigments in feldspars is directly related to
albitized domains. For instance, we have not observed albitized plagioclase
that 1is hematite-free. Also, hematite pigments in K-feldspars were not
observed in non-albitized regions. The crystallization of hematite pigments
seems to be synchronous with albitization. If hematite formed later in
micropores within secondary albite, it is expected that the migration of
the hematitizing fluids followed some pathways. No such possible pathways
were observed. Thus, assuming that hematite and secondary albite are
contemporaneous, the albitization must have taken place under oxidizing

conditions. Furthermore, secondary minerals related to albitization near

the fractures are stained with iron oxides whereas secondary
saussuritization minerals, corresponding to albite-sericite-prehnite
aggregates, are not affected by the reddening. Albitization-

saussuritization alterations grade progressively from fractures inwards
into the fracture blocks; they do not overlap or cut across each other as

expected 1if they were distinct unrelated alteration stages.

inwards blocks

reddening

SECONDARY MINERALS PRIMARY MINERALS

s albite 1
= = = = calcite

) [— rehnite 2 ———— e —
albite 2 ‘L———___ plagioclase 1

(albitization) albite 2 (saussuritization)
sericite 2 = == == == == o — —
albite 2
(k-feldspar) =VYF—— | K-feldspar 1

microcline 2 [=————————

chlorite 2 o ————————————
———————— —— ]

- = biotite 1
__ — — =1 .
hematite 2 = pyr,te 1
. — ——1 magnetite 1
maghemite
_— . 1
apatite 2 1 — 1 — apaﬂte
monazite 2 -
[ stained (minerals containing oxidized Fe) [ unstained (light coloured)

Fig. 6 Spatial distribution of mineral parageneses in relation to marginal

fractures and core of granitoid fracture blocks
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AGE DATING AND GEODYNAMICS

Dating of the albitization provides a clear tool for determining if
it could be related to deep, high-temperature metasomatic processes linked
to granite cooling or alternatively a product of weathering on uplift and
exposure of the granitoid mass. We compared the results of two independent
methods of dating: on one hand paleomagnetic dating of iron minerals and on
the other hand U-Th-Pbictan radiochronology of monazite, a phosphate able to

incorporate high U and Th concentrations.
Monazite dating

The Szklarska Poreba Huta quarry section provided only one sample
containing mainly unaltered monazite. Deconvolution of the monazite U-Th-
Pbiota1 ages histogram (Fig. 7a) provides an average age of 314 + 56 Ma (20).
Although we cannot discard the possibility that some of these points could
represent a mix of primary and secondary mineral ages. The
Chwalistaw valley section provided two samples containing numerous monazite
grains for U-Th-Pb:icta1 radiochronology. The deconvolution of the monazite U-
Th-Pbtota1 ages histogram (Fig. 7b) yields two distinct age peaks, one at
254 + 24 Ma (20) and a second at 321 £ 8 Ma (20) with a relative misfit of

0.988.

The textural analyses of samples from the Chwalistaw wvalley section
show that the older ages occur in well preserved grains from the non-
reddened facies as well as 1in primary domains preserved within altered
grains of the slightlly reddened/pinkish facies. On the other hand, the
younger ages (centered around 254 Ma) are almost observed in the monazite
grains with dissolution-reprecipitation features 1in the reddish/pinkish
facies close to the reaction front (Fig. 7d and 7e). The resseting of the
monazite geochronometer is accompanied with compositional changes,
including an increase in the Huttonite component [Th,Si(POs)], Fe and Al,
and a loss of REE+Y (Fig. 7c¢). These compositional changes in relationship
with younger ages, and the systematic occurrence of the younger ages in the
more altered monazite grains close to the reaction front strongly support
that primary monazite in the reddish/pinkish albitized facies were variably

recrystallized at about 254 Ma. The broad distribution observed in the 254
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Ma peak relative to the 321 Ma peak is caused by less younger age data (in

comparison with older age data).

@ 314

Fig. 7 Dating of monazite. (a) Mean age obtained from the histogram of ages
of samples from the Szklarska Poreba Huta quarry, sample WL 006. (b)
Deconvolution ages obtained from the histogram of ages of samples from the
Chwalistaw valley section, samples WL 018 and WL 018a. (c) Single U-Th-
Pbtota1 age of a monazite grain in the pinkish facies near the albitization
front showing primary monazite (clear patches) partially replaced by
microporous secondary monazite, BSE image. (d) Single U-Th-Pbictar age of a
monazite grain in the strongly reddened rocks partially replaced by
secondary apatite, BSE image. mnz:: primary monazite; mnz,: secondary
monazite; apz:: secondary apatite; chy: chloritized biotite; fki: primary K-

feldspar, ab,: secondary albite
Paleomagnetic dating

Albitization and reddening caused by the presence of hematite, are
shown to be closely associated as they reveal no spatial discrepancy at
outcrop or microscope scale. We thus consider albitization and hematization
to be cogenetic. The dating of the hematite formation is possible by dating
the paleomagnetic secondary remagnetization signal. This would then allow

to date the albitization event.
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The different components of the paleomagnetic signal recorded within
the analyzed oriented samples have been separated by stepwise thermal
demagnetization experiments and are related to their specific magnetic
carriers (see also supplementary material 2). According to the respective
temperature interval at which a specific decay in the magnetic intensity
curve was observed, one or a sucession of several magnetic carriers were
identified in the sample. In principle, thermomagnetic and microscopic
analysis showed three different types of magnetic mineral assemblages were
observed within the analyzed samples: (1) hematite dominated in pervasive
reddened facies and in fracture controlled reddened facies; (2) coexisting
hematite-maghemite mostly in fracture controlled reddened facies further
away from the fractures; and (3) maghemite dominated mainly in spotted

facies.

In addition, maghemite-bearing mineral assemblages sometimes register
residual, presumably primary magnetite. This was mainly observed in samples
distant from fracture zones and in the less reddened spotted facies. As
well, a weak contribution of goethite was sometimes observed which was
demagnetized after application the 120°C demagnetization step. Goethite is
considered as negligible component compared to the other magnetic carrier
minerals and is most likely linked to a weak recent overprint by surface

weathering of the outcropping rock sections.

The stepwise thermal demagnetization allowed us to obtain the vector
directions recorded by the magnetic carrier minerals at the moment of their
formation. These directions were considered to be characteristic for either
the maghemite or hematite components, or both, if their inclination and
declination wvalues were stable according to the respective considered
temperature intervals. It 1is thus possible to sometimes extract two
slightly different directional intervals from one single sample if the two
main carriers diverge 1in their mean direction. The results were ‘sub-

grouped’ according to their directional information.

The extracted directional information was then transformed into
magnetic paleopoles (e.g. Butler 1998) that were subsequently projected

onto the apparent polar wander path (APWP) reference curve for Eurasia
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(Edel and Duringer 1997; Besse and Courtillot 2003). In total 275
individual samples were analyzed for the calculation of the mean paleopoles

carried by hematite or hematite-maghemite.

The severe rejection criteria for paleomagnetic samples in our
dataset are mainly due to high error defined by wvalues of o 95 (Kirschvink
1980; Fisher et al. 1987). Additionally, we eleminated samples that did not
show any linear segments of the demagnetization vector on a Zijderveld

diagram or a clear stable endpoint near the origin of a Zijderveld plot, as

described by McFadden and McElhinny (1988). The resulting 18 averaged
paleopoles all show acceptable o 95 values (< 15) according to the
recommendations of e.g. Fisher et al. (1987) and very often plot directly
on or close to the Apparent Polar Wander Path (APWP; Table 3). Six

paleopoles were calculated for one or two directions only. For these
paleopoles the mean angle deviation (MAD) values are given instead. All
poles were listed in the Table 3. The paleomagnetic data set also includes
additional paleopoles that correspond to the primary Devonian magnetization

of the granitoid rocks, carried by primary magnetite (not shown here).

Table 3 Results from paleomagnetic data analyses, corresponding to the

averaged site-wise paleopoles plotted in Fig. 8. MAD = mean angle
deviation; TH = thermal demagnetization; AF = alternating field
demagnetization; mgt = magnetite; mhm = maghemite; hm = hematite;
goe = goethite; ILC = low coercivity compounds; HC = high coercivity
compounds.
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paleo- site age Nb of o 95 MAD type o_f p91e po_le magngtic

poles outcrop samples analysis|latitude|longitude carriers
1 Sklaska Porebal Late Carboniferous 3 8.9 TH 20 125 mgt, mhm, hm
2 Chwalistaw Late Carboniferous 2 10.1 AF 23 126 LC+HC
3 Laski quarry Late Carboniferous 3 8.7 TH 27 141 mgt, mhm, hm
4 Laski quarry Middle Permian 4 8.7 TH 41 182 mhm, hm
5 Laski quarry Late Permian 2 6.7 TH 53 161 goe*, hm
6 Laski village Late Permian 1 3.8 TH 55 170 hm
7 Sklaska Poreba Late Permian 3 10.1 TH 47 157 mhm
8 Laski quarry Late Triassic 4 5.1 AF 54 127 LC+HC
9 Laski quarry Triassic/Jurassic 2 7.7 AF 51 107 HC
10 Chwalistaw Triassic/Jurassic 3 3.3 AF + TH 49 118 mhm
11 Chwalistaw Triassic/Jurassic 3 7.3 TH 42 99 mhm, hm, goe*
12 Sklaska Poreba Triassic/Jurassic 3 7.2 TH 36 104 mhm, hm
13 Laski quarry Early Jurassic 4 9.1 TH 53 74 mhm
14 Chwalistaw Early Jurassic 8 5.9 TH 58 83 mhm, goe*
15 Laski quarry Early Jurassic 2 6.6 AF + TH 73 93 mhm, hm
16 Sklaska Poreba Early Jurassic 3 5.9 AF 74 67 LC+HC
17 Laski village Middle Jurassic 6 5.0 TH 73 170 hm
18 Laski village Middle Jurassic 1 10.4 TH 79 114 hm

695
696 Figure 08 shows the mean paleopoles for all four studied outcrops

697 including Laski quarry, Laski village, Chwalistaw valley, and Szklarska
698 Poreba Huta. Four main groups of paleopoles and some ’isolated’ average

699 paleopoles plot along the APWP curve for Eurasia

700 (1) Samples from paleopoles 1, 2, and 3 have a mixed magnetic assemblage
701 which is dominated by primary magnetite. These represent the oldest
702 group with Late Carboniferous ages (between 320 to 303 Ma) and are
703 represented in all outcrops (with exception of Laski Village, that
704 exhibits exclusivly pervasive reddened facies) whichpresumambly
705 correspond to the primary age of the granitoid. All other paleopoles
706 record secondary remagnetization ages.

707 (2) An ‘isolated’ average paleopole of Middle Permian age near the 270 Ma
708 reference point from Laski quarry (paleopole 4).

709 (3) A cluster of Late Permian ages close to 258 Ma from the Szklarska
710 Poreba Huta quarry, Laski quarry and the basal part of the Laski village
711 section (paleopoles 5, 6, 7).

712 (4) A relatively ‘isolated’ average paleopole of Late Triassic age close
713 to 225 Ma from Laski quarry (paleopole 8).
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A group of ages near Triassic/Jurassic boundary (arround 205 Ma)
comprising four sets of paleopoles from the Laski quarry (paleopole 9),
Chwalistaw wvalley (paleopoles 10 and 11) and Szklarska Poreba Huta

(paleopole 12) samples.

A group of paleopoles of Middle Jurassic ages (between 175-165 Ma;
paleopoles 17 and 18). This group 1is clearly different Dbecause it 1is
solely carried by samples from the upper part of the Laski wvillage
section that is pervasively reddened/hematized. The intense
remagnetization of these samples seems to have erased the primary
magnetization carried by magnetite and the potential Permo-Triassic
overprint. The lower part of the section still retains the Permo-

Triassic signal.

A group of Early Jurassic paleopoles (13, 14, 15, 16) plots between
the 195 to 187 Ma reference point, but they show a significant S to SW
offset from the APWP. Part of this directional offset may be due to the
fact that these samples (from the Laski quarry, Chwalisitaw wvalley, and
Szklarska Poreba Huta) may have been remagnetized successibly multiple
times during the Permo-Triassic and later again during Early Jurassic
times. If so, the hematite 1in these samples could carry a mixed
cumulative age signal that is probably less well extractable than the
initial remagnetization from primary magnetite to maghemite and/or

hematite during the Permo-Triassic alteration phase.
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poles of the Apparent Polar Wander Path (APWP) with age in Ma
mean palaeopoles calculated with: ¥ alpha 95 ellipse & MAD ellipse
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Fig. 8 Stereographic projection of the paleomagnetic results for the
calculated average paleopoles for the study sites. The paleopoles are
compared to the APWP for Eurasia (grey line) using the combined curve of
Edel and Duringer (1997) from the Permian to Middle Jurassic (grey circles)
and Besse and Courtillot (2003) from the Middle Jurassic until present
(grey triangles). Star symbols represent mean poles with their respective
a 95 confidence circle, diamond symbols are ©paleopoles with their

respective MAD confidence circle, corresponding to Table 3

In our petrographic studies magnetite was solely found in the non-
reddened facies whereas the magnetite detected by thermal demagnetization
in samples of the weakly reddened facies probably relates to residual tiny
crystals included in quartz. Maghemite is mainly detected in the weakly to
intermediately pigmented facies distant from the reddened fractures at
Laski and Szklarska Poreba Huta and in red spotted facies from Chwalistaw
valley. According to the literature, maghemite is metastable with respect
to hematite and 1is considered to have formed by the slow oxidation of
magnetite under weak oxidative conditions (Steinthorsson and Helgason 1992;
Bowles et al. 2011). Hematite is dominant in the pervasively reddened
facies in the Laski wvillage section and is indicative of strong oxidative

environments.
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A chronology appears Dbetween the different magnetic facies of
alteration. The less reddened spotted facies which is mainly dominated by
maghemite carries the oldest remagnetization ages while the pervasively
reddened and albitized facies shows the youngest ages. In the mean time,
incipient reddening and albitization appears as the less intensely altered
facies and conversely the pervasively reddened and even pervasively
albitized without primary plagioclase and K-feldspar relict appears as the
most intensely altered facies. This conjonction and the fracture controled
reddening that diminish obviouly from most intensely altered facies towards
the less altered spotted facies led us to consider that these wvarious
gradiens agree with a succession of facies from the base to the top of the
alteration profiles. This suggests also that, with time, the active
alteration front progressively retreated upwards into shallower weathering

horizons.

It is of particular note that the Late Permian U-Th-Pb:ota1 age at
254 + 24 Ma obtained for secondary monazites in samples from the
Chwalistaw valley section corresponds to the paleomagnetic poles 10, 11,
and 14 near 258 Ma on the Eurasian APWP (Fig. 8). These paleomagnetic
poles, were obtained for weakly pigmented facies from Lasky quarry,
Sklarska Proeba Huta, and Laski wvillage, from samples taken further away
from reddened fractures that contain significant amounts of maghemite. On
one hand, maghemite developed in the early stages of albitization, under
less oxidative conditions. On the other hand, secondary monazite formed in
the immediate vicinity of the albitization front and was rapidly altered
away from this front. The consistency in independed ages of the albitizing
and oxidizing environments obtained from completely different secondary
minerals and by means of distinctly different dating methods provide
confidence in datation results. This does not contradict with the younger
paleomagnetic ages obtained in this study for which we do not have access

to separately datable minerals.

Links to other age determinations

The older age obtained for monazite from the Chwalistaw valley

section (32148 Ma) is within the range of the previously published primary
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crystallization ages for the Ktodzko - Zioty Stok (KZS) Pluton Dbetween
349.0+£3.7 Ma and 331.5+2.6 Ma (U-Pb, =zircon; Jakubauskas et al. 2018 and
references therein). The vyounger age (254424 Ma) reflects growth of
secondary monazite via dissolution-reprecipitation process. Similar Permian
K-Ar ages between 256-268 Ma (K-Ar isochron age, 4 points: 261 Ma) were
reported by Depciuch (1972) for KZS diorites from Makolno affected by
chloritization/sericitization and interpreted as time of hydrothermal
solutions activity. Unaltered samples representing main varieties of KZS
igneous rocks provided significantly older K-Ar ages ranging from 291 to

303 Ma (K-Ar isochron age, 14 points: 295 Ma).

Our mean value of the monazite age (314 Ma) for Szklarska Poreba Huta
aplogranite 1is consistent with high precision ID-TIMS U-Pb =zircon ages
312.5 £ 0.3 Ma and 312.2 + 0.3 Ma indicating crystallization of two main
granite varieties (porphyritic and equigranular) of the Karkonosze Pluton
(Kryza et al. 2014). Similar 40Ar/39Ar ages of 312 + 4 Ma reported by
Marheine et al. (2002) suggest fast cooling below closure temperature of
the K-Ar system. It has to be mentionned, even if of poor quality, an age
of 271 + 20 Ma obtained on monazite from the same aplogranite at Szklarska
Poreba Huta (Mikulski et al. 2004). This dating deserves to be linked to
the 254 * 24 Ma obtained on the secondary monazite of the Chwalistaw valley
section. The Karkonosze granite underwent fast uplift to the surface as
evidenced by granitic detrital material in Upper Carboniferous sediments of

the North Sudetic Basin (Milewicz 1968, Milewicz 1970).

Previous paleomagnetic dating aimed to determine the primary age of
the emplacement of several Carboniferous plutonic units of the Polish
Sudetes and led to the detection of Permo-Triassic (re)magnetizations (Edel
et al. 1997). Even if the study did not plan to determine the age of the
albitization, and even if sampling of the obviously altered (reddened)
facies was avoided, re-magnetization events, younger than the age of the
emplacement of the granitoid, were present in some of the samples from the
Chwalistaw valley amphibolites in contact with the Klodzko - Zioty Stok
intrusion and in the=Izera dolerite close to the the Szklarska Poreba Huta
quarry (Edel et al. 1997). The authors identified paleomagnetic carriers of

these Permo-Triassic paleopoles as hematite and maghemite, while the
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Carboniferous paleopoles reported by Edel et al. (1997) are carried by
(primary) magnetite. Further paleomagnetic studies on the Ktodzko
Metamorphic Complex report on Triassic and Jurassic directions for similar

magnetic mineral assemblages (Kadziatko-Hofmokl et al. 2003).

The Permian-Triassic age in the Klodzko - Zioty Stok massif and the
Szklarska Poreba area recurs systematically despite the different dating
techniques. Thus, there is consistency between the results of paleomagnetic
dating of the reddened/albitized facies in this study and other published
age determinations on the various facies which were simply described as

‘altered’ but not clearly characterized as albitized.
Link to the Post-Variscan paleosurface

The Sudetic area, together with the southern part of the Germanic
Basin of central Europe, 1is assed to have been emergent during Permian and
Trias on the basis of stratigraphic and sedimentological evidence (Feist-
Burkhardt et al. 2008; Giuszynski and Aleksandrowski 2022). At the same
time, Permian and Triassic ZHe cooling ages reported by Danisik et al.
(2010) and Sobczyk et al. (2015) are consistent with the idea of exposure
of some parts of the Karkonosze granite during the Triassic (see also Migon
and Danisik 2012). Similarly, Carboniferous to Triassic ZHe data reported
by Dani$ik et al. (2012) show that certain parts of the Klodzko - Zloty
Stok granitoid massif may have been close to the Earth surface during the
Triassic (249.8 £ 20.0 - 209.4 £ 4.1 Ma) and reflect the record of

progressive cooling through the zircon helium partial retention zone.

Results of zircon (U-Th)/He (ZHe) dating available for the Western
Sudetes area revealed i.a. Triassic (248.2 + 16.6 - 212 + 14.2 Ma) cooling
signals (Sobczyk et al. 2015). They have been interpreted as a record of
bedrock slow exhumation or alternatively as an apparent ages due to zircon
thermal system rejunevation, as a result of Dburial (see discussion in
Sobczyk et al. 2020) or an advective heat flow under crustal extensional
conditions (Botor et al. 2017). Noteworthy, ZHe datings for the Permian
sandstones from the Fore-Sudetic Homocline (Sobczyk et al. 2013) provided a
single Mid-Triassic cooling age (244 + 5.0 Ma) within a Weissliegendes

series, correlating with paleomagnetic datation which was interpreted, due
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to its clear post-depositional origin, as a probable age of Kupferschiefer
mineralization. Therefore, low-temperature thermochronological data, even
if not providing indisputable proof for the Post-Variscan paleosurface
exposure during Trias, give some arguments for 1linking Triassic Dbedrock
cooling with a regional crustal instabillity during the post-orogenic
unroofing. Also the local sedimentological record for the Early Triassic
lithofacies within the Intra-Sudetic and North Sudetic synclinoriums
indicates channel flow and river bed depositionial environments (Kowalski
2020), suggesting the predominance of continental conditions for this
period with 1local source areas located mainly in the Karkonosze-Izera
Massif. Noteworthy, strongly kaolonized undisturbed Triassic
(Buntsandstein) sandstones from the Sudetes are interpreted as a record of
in situ chemical weathering profiles at the Triassic paleosurface (Kowalski
2020 and references therein). Finally, regional review studies indicate
that during the Late Triassic to Early Cretaceous the Sudetes landforms
were steaty sustained by the Post-Variscan paleosurface that formed a vast
land mass undergoing slow erosion and denudation resuling i.a. in formation
of deep weathering mantles, known also from central and northern Europe
(Migon and Lidmar-Bergstrom 2001). Powolny et al. (2022) advocated a late
to post-magmatic low-temperature fluid-rock interactions controlling the
process of albitization within the Permian trachyandesites from the Intra-
Sudetic Basin. Based on apatite fission-track central ages obtained for
three samples, these authors proposed a Jurassic (182 - 161 Ma) time
interval for this thermal event. Closer inspection of apatites analyzed by
Powolny et al. (2022) show that >50% of all dated grains revealed a
Triassic cooling age, which indicates a possible two stage post-Variscan

albitization in the Sudetes.

In the absence of any major Triassic magmatic event in the Sudetes
and adjacent areas, we link the reddening alteration of the Klodzko - Zioty
Stok and of the Karkonosze granites, as well as their albitization, to a
Post-Variscan/Pre-Triassic paleosurface, similar as described for the
French Massif Central (e.g. Schmitt and Clement 1989; Parcerisa et al.
2009) and in NE Spain (Fabrega et al. 2019). It follows then that the most

pervasively reddened/albitized facies were formed near the paleosurface
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while at depth the granites were progressively less affected by the
alteration process. It 1s of note that the conspicuous reddened and
albitized fractures are never cut by any fractures that do not exhibit this
alteration. Hence, we regard the lack of non-albitized fractures as
evidence that the alteration 1is relatively recent and post-dates the

exhumation of the granite bodies.

Moreover, the superficial origin of albitisation and reddening via
weathering explains the spread of the paleomagnetic data along the APWP
curve for 100 Ma from the Permian to the Jurassic. This distribution of
palaeomagnetic ages is not the result of successive phases of alteration,
but rather a single event that is heterogeneously recorded in the rock. It
relates to the progression of weathering along fractures and even around
kilometer sized massive rock volumes. But presumably there were times of
more active and less active phases during this long period, mainly under
the 1influence of climate and eustatic sea 1level changes, which could

explain some clustering of paleomagnetic ages during distinct periods.

INTERPRETATION OF THE PARAGENESES

In general, our observations agree with earlier data on fracture
related hydrothermal alterations with the development of albitization and
saussuritization (e.g. De Jong and Williams 1995; Lee and Parsons 1997;
Engvik et al. 2008; Plumper and Putnis 2009; Sandstrdm et al. 2010; Morad
et al. 2010; Powolny et al. 2022). The direct relationship of albitization
and related alterations with the Post-Varisacan paleosurface completely
changes the ©paleoenvironmental conditions that prevailed for these
alterations compared to quoted studies that ascribe them a deep and
relatively high temperature environment. Nevertheless, in the context of a
direct relationship with the Post-Varisacan paleosurface, the alterations
discussed in this study do not exhibit any typical regolith features, such
as illuviation structures related to water ©percolation in vadose
environments, bioturbation, or pallid or iron stained mottles. On the
contrary, the isotropic structures around Dblocks evoke an aquifer
environment and recall saprolite from the lower zones of regolith horizons

corresponding to deep weathering of Dbedrock. The most astonishing
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characteristic is the alteration around the fracture blocks. This occurs
without modification of the primary fabric of the rock and without any
obvious development of ©porosity. However, the alteration developed
systematically via a hierarchical net of fracturing from the macro-scale,
demarking fracture blocks, to intergrain microcracks, giving to the
albitization front at outcrop scale a dendritic aspect of fresh unaltered
blocks surrounded by reddened fractures (Fig. 9a). Here we examine the
geochemical grades, coupled dissolutions, precipitations and water-rock
interactions in order to identify the nature of the fluids that triggered
these alterations and ultimately the nature of the related

palecenvironment.

Fracture-bound geochemical grades

The alteration primarily and intensively affects the plagioclase and
only to a lesser extent K-feldspar and ferromagnesian minerals (biotite and
amphibole). The alteration of plagioclase is of three kinds (Fig. 9a and

16b) .

1) Albitization of the primary feldspars is causally linked to proximity to
the fractures. Some late Ca-bearing silicates may be associated with
this alteration, but they rather fill in microcracks and their origin

may not be directly related to the albitized plagioclases.

2) Saussuritization of the ©primary ©plagioclases accompanied Dby the
development of Ca-bearing prehnite is typical of the non reddened and
lightly reddened facies away from fractures. Secondary albite has

developed along with saussuritization of the primary plagioclase.

3) Invasive development of sericite (sericitization) affects in places the
primary plagioclases from the non reddened and lightly reddened facies
and 1s associated with the formation of small neogenic albite but

without any Ca-bearing silicates.

The alteration of ferromagnesian minerals is connected to the
alteration of plagioclase. There is a progressive chloritization of biotite
in the non reddened and lightly reddened facies as the fractures are
approached. Chloritization seems to occur either under volume conservation

or with a slight decrease of the volume of the biotite with secondary
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minerals such as quartz, K-feldspar, prehnite, and iron-bearing minerals
embedded in the cleavage planes. The amphiboles appear to be less sensitive
to chloritization than biotite, remaining practically unaltered in the

unaltered and lightly reddened saussuritized facies.

These alterations result in a strong geochemical overprint between
the core and the boundaries of the fracture-isolated blocks (Fig. 9c). The
margins of the Dblocks are strongly Na-enriched due to albitization of
plagioclase, and depleted in K due to chloritization of biotite and partial
albitization of K-feldspar. The cores of the blocks are relatively enriched
in K, Ca and Al compared to the albitized facies (taking into consideration

the saussuritization of the plagioclases).

The secondary mineral parageneses, especially albitization and
sausuritization, never exhibit an interruption or clear alteration front
but appear rather as continuum, grading from one to another. There is no
obvious temporal succession between the parageneses. By contrast, the
parageneses are overlapping, with small sericites in the
albitized/hematitized plagioclase crystal cores formed due to alteration of
the plagioclase before albitization. The secondary parageneses appear more
like an expression of the geochemical gradients between fluids circulating
within the fractures and the massive granitoid blocks. Thus, the observed
sequences of neogenic minerals result from the progressive encroachment of
the reaction front towards the cores of the fracture blocks while their
outer margins are gradually altered in equilibrium with the interstitial
fluids. It is appropriate at this juncture to refer to metasomatic sequence
or =zonation rather than paragenesis involving successive or different

alteration processes.

The albitization as well as the iron oxide pigmentation becomes less
intense away from the walls of the fractures towards the inner parts of the
fracture blocks. This gradient reflects a decreasing Na* and O, (and/or Fe)
content of the fluids circulating in the intergranular crystal boundaries
(Fig. 9d). In contrast, the K' and Ca'" content of the interstitial fluids
would have decreased 1in the opposite direction: K-bearing minerals (K-

feldspar, biotites) and Ca-bearing plagioclases were altered by leaching
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of Kt and Ca*t at the fracture walls and sericite formed within the lightly

reddened and unaltered facies progressively more distant from them.

Coupled dissolution-precipitation reactions

It is well known, plagioclase with a high An content is susceptible
to preferential dissolution due to enhanced instability in the presence of
water (Matthews and Goldsmith 1984; Stillings and Brandtley 1995). Thus,
destabilization of plagioclase could be a trigger resulting in a chain of

reactions in the altered granitoids.

Albitization of plagioclase proceeds at constant volume (with low
porosity) given a Na-supply, additional silica, and with the release of Ca
and some Al (Ramseyer et al. 1992; Parcerisa et al. 2009; HoOvelmann et al.
2010). In the vicinity of the fractures, the released cations would have
been leached and evacuated by the circulating fluids. As the reaction
continued, fluid circulating in the rock by diffusion and convection would
have become gradually depleted in Na, and albitization diminished and or

even ceased at low Na-content (Fig. 9d).

Biotites are destabilized and transfromed into <chlotite in the
vicinity of the fractures, probably through a double effect of the leaching
of the K interlayer cations and oxidation of the Fe2+ in octahedral sheets
(Fig. 9e). Here leaching of Si(OH)s takes place because the cation/Si ratio
is equal to ~1 within the biotite, whereas it is between 1 and 1,5 within
the replacement chlorite. Detailled study of the Karkonosze granite’s
chloritization (Wilamowski 2002) showed that “The rate of potassium removal
from biotite during the progress of chloritization 1is not constant. The
rapid removal of K is observed at initial stages of chloritization. After
the replacement of 20% of the biotite, K removal is much slower.” The
released silica could have nourished the albitization of the plagioclase.
If the chloritization occurred without an additional cation supply, the
volume loss would have been about 30%, whereas if additional cations were
introduced (such as the Al released by plagioclase alteration) the volume

loss may have been less substantial (Ferry 1979).

Amphiboles appear to be less "sensitive" to chloritization than the

biotites, probably because their structure does not contain any unstable or
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mobile cations such as K'. The destabilization of the amphiboles is most
likely a result of leaching of Mg and perhaps oxidation of Fe?*. It might be
that amphiboles, and in particular hornblendes (which are calcic), are
relatively protected against chloritization because of the Ca liberated by
albitization of the plagioclase. For that reason the chloritization of
amphiboles occurs only in the more intensively altered facies 1in which
plagioclases are albitized and therefore no longer provide Ca*t to the

fluids.

Hematitization 1is systematically associated with the albitization.
Hematite occurs mainly as pigments within the neogenic albite or as coarser
crystalline material associated with the ferromagnesian minerals. There is
no iron oxide precipitation in the fractures, so the fluids circulating in
the fractures appear unlikely to have been iron-bearing. Hematite has
likely been nourished by the iron released by alteration of ferromagnesian

minerals.

The formation of sericite depended mainly on the availability of Kt.
Chloritization of biotite was the quasi-exclusive source of K in the system
because albitization of K-feldspar was not pervasive. Besides, K released
by chloritization in the early stage of the alteration and in the vicinity
of fractures would have Dbeen evacuated Dby convective fluid flow.
Sericitization 1is present away from the fractures where diffusion was
dominant with respect to the movement of the chemical elements. Thus,
sericitization is dominant in the non reddened and moderately reddened
facies where the Na-content was lowered in the interstitial fluids due the
increasing distance from the fractures that are the major source of Na.
Yet, where the K/Na ratio was higher, albitization was limited and K
competed with Na to form K-bearing silicates (mainly secondary K-feldspars
and/or sericite) in combination with Si and Al (Ben Baccar et al. 1993;

Perez and Boles 2005).

Euhedral crystals of prehnite within altered plagioclase 1indicate
epigenetic replacement with the main chemical component directly supplied
in situ by the plagioclase. On the other hand, prehnite finning in

microfractures witnesses the mobility of these components over some

38



1056
1057
1058
1059
1060
1061

1062
1063
1064
1065
1066
1067

1068
1069
1070
1071
1072
1073
1074
1075

1076

1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087

distance. If the mobility of Ca and Si 1is to be expected, it is rather
unusual for Al , typical fairly immobile in a medium close to neutral pH,
except 1in presence of complexing agents (Castet et al. 1993; Farmer and
Lumsdon 1994 ; Oelkers et al. 1994). In any case, Al appears to have been
fairly mobile, at least in some cases, but it is difficult to assess

whether or not Al was evacuated from the fractures by fluid circulation.

Recrystallization of monazite was also apparently triggered by
calcium availability. Initially, ©primary monazite recrystallized into
secondary monazite at the early stages of albitization but later, during
advanced stages of the albitization, primary and secondary monazite
recrystallized into apatite in concert with the increase 1in calcium

availability in the system.

These alterations can Dbe considered to be topochemical: the
saussuritization of plagioclase provided Ca for prehnite development and
the chloritization of biotite is the likely source of K for sericitization.
However, the complete albitization of the plagioclases and in particular
the albitization of the K-feldspars in the vicinity of the fractures
testify for the supply of Na, and the hematite associated with albite
registers the oxidative capacity of the alteration and therefore a supply

of oxygen.

Fluid-rock interactions

The geochemical exchanges between reaction zones are determined by
the transport of the ions in the fluids. Exchanges in fractures record the
circulation of the transport fluids by convection. The circulation may have
been relatively rapid in the major fractures but slower as the dimensions
of the fractures decreased. Away from the open micro-fractures, the
quantity of fluid is reduced and mainly limited to ‘thin films’ at the
boundaries of mineral grains and the dissolution-recrystallization
interface. Such confined fluids may be very different in chemical
composition and behavior from bulk fluids (Putnis and Ruiz-Agudo 2013).
Within thin films, the c¢irculation would have been minimal, diffusion

prevailed over convection and ion mobility was extremely reduced.
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In this context, the coupled-reactions described above are not part
of a global geochemical equilibrium related to the fluids in the fractures
but they are rather part of a spatially-linked dynamic geochemical
equilibrium. The Dbalances are not determined by the kinetics of the
mineralogical reactions but rather by the kinetics of the diffusion of ions
in the rock. The system was only partially open. A geochemical =zoning
developed and progressed in a chromatographic way: with displacement of
ions at diverse rates and according to fronts governed by distinct
reactions. This 1is characteristic of a metasomatic system (Korzhinskii and
Oestreich 1965; Brinhall and Dietrich 1987; Guy 1993). Thus, thermodynamic
reactions that originally seem incompatible with a global context may
occur. Temperature 1s not a limiting factor but it allows speeding up of
the reactions by accelerating diffusion. The reaction rate is controlled by
the diffusion rate and 1is extremely slow, but not impossible from a

thermodynamical point of view.

Thus, within a block of massive rock bounded by fractures, a zoning
of the ion transport that determines the geochemical =zoning 1is primary
established (Fig. 9g). Along the fracture walls, exchanges by convection
prevail and are relatively fast; the mineralogical parageneses formed in
equilibrium with the fluid and thereby reveal the geochemical
characteristics of the fluid. Further away from the fracture walls,
exchanges are slow and are driven Dby diffusion; the mineralogical
parageneses are controlled by local balances that are far from the balance
within the fluid. This alteration of massive blocks differs entirely from
alteration of porous rock where ion mobility is practically exclusively

provided by fluid flowthrough.

Geochemistry of the fracture fluids.

Albitization of plagioclase and K-feldspar reflects an interaction
with Na-enriched and relatively K-depleted fluids (Saigal et al. 1988;
Aagaard et al. 1990; Ben Baccar et al. 1993; Schmitt 1994; Perez and Boles
2005) . The association with hematite indicates that the fluids were also
enriched in oxygen. There seems to have been a relatively low CO; fugacity

since only minor calcite was formed, in spite of the abundance of Ca
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released during plagioclase alteration. The fluids were also relatively
under-saturated in SiO;, Al and Mg, since chlorite coating the fractures is
sometimes entirely altered to hematite. On exiting the system, fluids were
depleted in Na and 0O;. However, they were enriched in K because, in the
early stages of the alteration, little or no sericite was formed within
plagioclases during the chloritization of biotite. The chemical balance 1is
more difficult to establish for Si0O;, Al and Ca. Significant amounts of
silica were liberated during chloritization of biotite so it is likely that
it was exported from the system, at least in the granodioritic facies that
is rich in biotite. It could be that Al and Ca were in balance between the
altered plagioclases and the formation of prehnite and calcite, even if a
quantified balance is not available. Nevertheless, it is obvious that the
Ca was easily exported from the cortical reactional zones during the early
stage of the alteration. The mobility of Al is unlikely to have occurred on
a significant scale because the major fractures never show any alumino-
silicate mineralization. In conclusion, it appears clear that the fluids
responsible for the alteration were oxidized, Na-rich and relatively

depleted in K in comparison to Na.
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Fig. 9 Schematic interpretative sketch of the various petrographic

parageneses related to reddening and albitization of the granitoid rocks in

the Sudetes at the outcrop scale

Iron oxide behavior

Maghemite 1s considered to be metastable with respect to hematite
(Waychunas 1991; Majzlan et al. 2003). In addition, it 1is generally
admitted that slow and incomplete oxidation of magnetite favours the
topotactic formation of maghemite whereas faster oxidation of magnetite,
under highly oxidizing conditions, results in  hematite formation
(Steinthorsson and Helgason 1992; Bowles et al. 2011). The maghemite-
hematite transition during albitization may be attributed to changes in the
alteration environment during the oxidation of magnetite. In this case the
alteration commenced with the formation of maghemite under low oxidizing

conditions in the non-reddened and slightly reddened granitoids and
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continued with the formation of hematite in the reddened facies under
stronger oxidizing <conditions, when ferrous silicates (biotite and
amphibole) were being oxidized. Thus, the occurrence of maghemite and
hematite suggests that the oxidizing conditions <changed during the
alteration of the granitoid and the spatial distribution of hematite and
maghemite provides a tool to estimate the gradient of these conditions. The
distribution of the alteration environments substantiates the idea that
reddened albitized facies and non reddened saussuritized/sericitized facies

reflect gradational changes during a single event.

From a geochemical point of view there 1is no contradiction in the
spatial discrepancy between the zones of alteration of the silicate
minerals and the distribution of the iron oxides. The physico-chemical
properties that constrain their reactions are not the same. A key-factor in
the alteration and crystallization of the silicates is the pH, whereas Eh
and the oxygen fugacity controls the oxidation state of the iron oxides.
Theses two parameters may vary independently. Nevertheless, the
precipitation of iron oxides is also facilitated by the elevated pH. Thus,
local lowering of the H' activity at the sites of feldspar alteration will
favour the localized precipitation of hematite as inclusions within the
feldspars (Boone 1969). This also explains the local distribution of
pigmentary hematite inclusions in albite during the alteration of both
plagioclase and K-feldspar. On the other hand, the intensity of the
reddening, or the abundance of the pigmenting hematite, 1is related to
oxygen fugacity and therefore 1is 1likely to decrease away from the
fractures. From the geochemical point of view, the hematite distribution is

consistent with the alteration sequence of the silicate minerals.

Origin of the oxidizing fluids

In general, post-magmatic alterations are explained by a hydrothermal
model which uses large convective circuits to bring the superficial fluids
in contact with the warm rock complexes, in particular granitic intrusions,
in which the alterations then take place (Taylor 1977; Jenkin et al. 1992;
Putnis et al. 2007; Drake et al. 2008). The magmatic intrusions provide

heat to the fluids and the subsequent loss in fluid density causes the
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upwelling, maintaining the circulation between the landsurface and depth.

Fluids with a deeper origin may be also mixed into this circulation model.

In the hydrothermal model, the superficial origin of the fluids, or
at least the participation of meteoric water, has been evoked by oxygen and
hydrogen isotope studies on the alteration minerals (Simon and Hoefs 1987;
Sun and Eadington 1987; Jenkin et al. 1992; Boyce et al. 2003). These
models usually consider superficial oxygen-rich fluids descending very
deeply (more than 10 km) before they interact with the rock matrix.
However, some reactive transport models strongly suggest that this form of
fluid percolation leads to a rapid depletion of the oxygen fugacity in the
circulating fluids, so fluids at great depths are very likely to be under-

saturated in oxygen (MacQuarrie et al. 2010).

Here we have documented the Permian-Triassic-Jurassic age of the
alteration and provided arguments that it 1s necessarily related to the
Post-Variscan paleosurface and de facto involved infiltration of weathering

solutions and/or groundwater flow.

Temperature and depth of formation

The 05680 results allow to estimate the fluid temperature during
plagioclase albitization and K-feldspar microclinization. Assuming a local
isotopic equilibrium Dbetween minerals and the fluid at the reaction
interface, the isotopic mass balance was calculated for each reaction using

the equation of Taylor (1977), by (Eg. 1):

S0y = 510y + X« (50 — 5207 ) (1)
w

Where 680" and &'180"¢ &'80v; are the initial and final oxygen isotope
compositions of the fluid, respectively, R and W the percentage of oxygen
atoms in the rock (or mineral) and water, respectively, and 580" and &80"¢
the oxygen isotope composition of the initial and final minerals,
respectively. For the rock-to-water oxygen mass ratio (R/W), conservative
estimates of 0.5 and 1 were applied. The applied values for the oxygen
isotope composition of the initial fluid (&'80%;) were -8 and -12% (VSMOW),

which are typical &'80 values observed in deep groundwaters hosted in stable

44



1218
1219

1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230

1231
1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242
1243
1244
1245
1246

granitic basements (Stober & Bucher 1999%9a and b; Barth 2000; Kloppmann et

al. 2002).

Two options of reactions paths were considered, (1) sequential
reactions, with a fluid moving across a steeped sequence of albitization
and microclinization, so that the mass balance of albitization 1is
calculated first and subsequently the mass balance of microclinization 1is
calculated using as initial fluid isotopic composition the 580 value of the
final fluid obtained from the mass balance of previous albitization or, (2)
concomitant reactions, were the fluid is renewed at the beginning of each
reaction. After the isotopic mass balance estimation for each reaction, a
temperature was calculated for each reaction using the plagioclase-water
(Eg. 2) and K-feldspar-water (Eg. 3) equilibrium fractionation equations of

Zheng (1993).

1000 In ¢y, 120 :‘fxloe—(a'Tlsxlohl.gs (2)
1000 In @tyss 120 =4T'3;2x106—6'TZ7x103+2.00 (3)

Using the two reaction paths and the crossed combinations of the
different applied values for R/W and ©&'80v¥;, the estimated interaction
temperatures of water during albitization and microclinization range
between 32 and 89°C (average of 60°C). Significantly, and despite the large
relative variations in the values applied to R/W and 0&'%0i¢, and the two
different reaction paths, the temperature estimates present a narrow range
of wvariability, supporting that the mineral reactions developed in by
interaction with “low” temperature groundwaters. Thus, considering the
Permian-Triassic age and the relatively low temperature of the alteration,
the hypothesis that the alteration fluids were closely related to the
paleosurface and de facto “vertical” infiltrations of a weathering solution
is a plausible possibility. Similar reaction temperatures (45 to 65°C) were
obtained for plagioclase albitization and K-feldspar microclinization in
Permian-Triassic age red-stained albitized profiles in NE Spain (Fabrega et
al. 2019), that are similar in field layout, petrographic characteristics

and age to the Polish sections of this study.
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Regardless of the lack of accuracy of these temperature estimates,
these estimated wvalues show that the temperatures of the reactions
associated with the development of red-stained albitized rocks are
significantly below temperatures suggested for albitization formed under
hydrothermal alteration (Cathelineau 1986; Boulvais et al. 2007) and tardi-
magmatic alteration (Lee and Parsons 1997; Fiebig and Hoefs 2002). Instead,
the low temperature range accords with the geological settings, age and
association of the red-stained albitized profile developped on the Post-
Variscan paleosurface during the Permian-Jurassic period. We suggest that
the albitized profile developed a few hundred metres Dbeneath the Post-
Variscan paleosurface by interaction with relatively ‘low’ temperature
groundwaters, and was subsequently exposed at the landsurface after erosion

of the uppermost weathering mantle.

PALEOENVIRONMENTAL SETTING OF THE ALBITIZATION

The absence of mesoscale- and microscale-geopetal structures,
together with clues of directional water flow combined with the isotropic
structures around fracture blocks within the macro-scale profiles, evoke an
aquifer environment at the origin of the albitization. Boreholes in the
Massif Central (Schmitt 1986) and field exposures in the Morvan (Parcerisa
et al. 2009) and NE Spain (Fabrega et al. 2019) show that the albitized
profiles may generally reach 100 m in thickness and may even exceed 200 m.
Such profiles are comparable to those of weathering profiles with thick
basal saprolite horizons in tropical soils (Boulangé 1984; Vasconcelos et
al. 1994; Ruffet et al. 1996; Grimaud et al. 2015) and deep groundwater
saprolites in dry saline environments as well as in ©periglacial
environments (Thiry et al. 2006; Thiry et al. 2017). Nevertheless, the
primary profiles were probably much thicker because only the deep indurated
horizons have survived the erosion that preceded the Mesozoic
transgression. The profiles were certainly at some stage surmounted by non-
indurated horizons and regolith materials. On the other hand, the
functioning of the albitization profiles and thus landscape stability

spreading over ~50 Ma in the Sudetes 1is comparable to the duration of the
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deep tropical weathering profiles and related landscapes rooted in old

cratons mentioned above.

Reaction temperatures calculated from the oxygen isotope composition
of minerals, and hypotheses about the oxygen isotope composition of
reactant fluids and their circulation, led us to an estimation of the mean
temperature of albitization and associated reactions of about 60°C in the
Sudetes albitized profiles and 55°C in the Catalan albitized profiles
(Fabrega et al. 2019). Based on this temperature, and considering a
geothermal gradient of about 25-30°C km! and a surface temperature of
~30°C, in consideration of the high paleotemperature proposed at the
Permian-Triassic boundary, led to calculate a mean depth of about 1 km for

the environment in which albitization occurred.

There 1s indeed a systematic vertical profile organization for the
sections we have studied, specifically with a more albitized and
ferruginized upper part, a less-altered and reddened lower part where
albitization occurred under weakly oxidizing conditions, and the
progressive weakening and disappearance of alteration with depth. 1In
connecting this geometry to the Pre-Triassic paleosurface, 1its 1is clear
that the albitization represents a climatic weathering process of great
magnitude. The low mobility of most of the involved chemical elements could
point to deep groundwater table with very low outflow. But even if the
alteration occurred at a greater depth, reactant solutions would have to
have been renewed to provide at least sufficient O, and Na*. Therefore,
there must have been water flow within fractures between the fractured
blocks which implies a hydraulic gradient. 1In particular, a regional
hydraulic gradient with meteoric water infiltrating the upstream profiles
and groundwater outflowing downstream would have been necessary. As
albitization developed, water changed composition from entrance to outflow
with loss of 02, Na*, and H' and a likely increase in K*, Ca'*, and possibly
S102 content, as deduced from the geochemistry of the mineral
transformations (Fig. 9g). The lateral evolution of such albitized profiles
has been documented in the SW of the French Massif Central (Yerle and Thiry
1979; Clément 1986; Schmitt 1986). Here, (1) profiles on basement heights

are thin and albitization is mainly restricted to fracture walls (such as
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described herein), and (2) lowland profiles rooted in Carboniferous and

Permian deposits are much thicker with horizons albitised and

upper
oxidized whereas deeper albitized horizons remain anoxic and are the site

of K-feldspar neoformations (Fig. 10).

~®— hinterland Triassic basin —>

F—
~100 m
L i + + 4+ o+

GEOLOGICAL FRAME - B
non-albitized

[T carboniferous-Permian MINERAL PARAGENESES
clastic deposits

....... stratigraphy [ albite + clay minerals + Fe oxide
= basement unconformity [ albite + Fe oxide
A basement [] albite + K-feldspar (anoxic)

Fig. 10 Arrangement of mineral parageneses on the southern edge of the

Massif Central. Albitized profiles thicken from crystalline heights towards
Carboniferous and Permian basin lowlands where K-feldspar forms at depth.

Modified after Clément (1986)

Two fundamental elements must be taken into account: (1) the presence

of relief to ensure the hydrological gradient, and (2) the origin of sodium

that triggers the whole chain of alteration. In terms of the groundwater

dynamics, it could Dbe that albitization developed 1in landscapes of

intermediate relief, perhaps on large piedmonts between a mountain range
and sea level. Petrographic data indicate that sodium was imported without

potassium enrichment. Early modeling attempts (Schmitt 1994) also indicated

that a high Na*/K* ratio was probably required. The Na'* enrichment is most
likely to be linked with the peculiar geochemical setting of the Permian-
Triassic environments in the region. Sodium could have originated from the
gigantic salt deposits of these periods and may have been imported in large
quantities and over long distances by successive phases of eolian reworking
from littoral and endoreric basins

during dry periods (Bourquin et al.

2011) .

It should be stressed that the albitization started long before the

recorded dating, possibly as early as Mid-Permian, with the development of

the Zechstein evaporite deposits in the Germanic basin. It is the final
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stage that we have dated: previous stages have likely been overprinted by
succeeding reactions. Classically, weathering profiles progress from top to
base and result in older ages in the uppermost horizons and younger ages at
depth, as evidenced in numerous long-lasting paleoweathering sequences
(Vasconcelos et al. 1994; Dammer 1995; Ruffet et al. 1996). However,
paleomagnetic dating of the profiles we have studied here show an inverse
polarity, with the oldest ages in the weakly albitized and reddened bottom
horizons and the youngest ages in the more albitized and ferruginized
uppermost horizons. This points to a ‘regressive’ weathering sequence, in
which the weathering profile did not continue to deepen but was ‘blocked’
with only the upper horizons continuing to be weathered. This profile form
relates 1in some way to the specific evolution of the landscape in the
region in relation to the widespread Mesozoic transgression. It would have
corresponded to a rise in basal hydrological level which induced rising
watertables across the continent. The rising watertables would have limited
the infiltration of surficial waters, changed the hydrodynamic gradients
and effectively stopped the alteration at depth. Thus, the regional
geodynamics during the Late Permian and Triassic period strongly influenced
weathering and regolith processes while the climate was steadily warm and

semi-arid.

Weathering toposequences should be considered on a continental scale
as shown by Fabrega et al. (2019). In the case of our study area, the
toposequence 1is arranged between the relief of the Varsican Belt that
provided the hydraulic gradient and the Permian and Triassic basins that
probably supplied the salt. Albitization was 1initiated and ©probably
gradually invaded the entire Post-Varisacan paleosurface across several
10’s of Ma during which both landscape and climate were relatively stable.
Indeed, the overall ages determined up to now for the albitization span a
relatively long period, between 270 and 170 Ma, that corresponds to the
Middle Permian to the Middle Jurassic (Table 4). The distribution of the
now-dated albitized profiles along the Post-Variscan paleosurface between
the Zechstein Sea in the North and the Tethys in the South (Fig. 11), shows

that:
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4) the profiles closest to the marine environments, namely the Sudetes and

NE Spain, show the oldest ages (this study; Fabrega et al. 2019);

5) the Vosges massif, which was connected to the marine environment through
the threshold passage of the Triassic transgression coming from the

North, also show relatively old albitized profiles (Vercruysse 2011);

6) the area most distant from the sea, namely the Rouergue heights overlay
by infra-Jurassic deposits, comprises the youngest albitized profiles
(Schmitt et al. 1984) while the Permian graben covered with coarse
Triassic deposits on lower plateaux in Rouergue (Bonhomme et al. 1980)

and Morvan (Ricordel et al. 2007) have older ages; and

7) in the Sudetes, the highly evolved ferruginous albitized facies
currently in hillside positions are relatively young while the valley-
bottom sections are older. This differentiation is possibly related to
local morphologies whereby raised tectonic Dblocks remained emerged

during the Mesozoic transgression.

The concordance between age and relative position in the Triassic
paleogeography is striking. The areas covered early by the Triassic
transgression have the oldest albitized profiles whereas the highlands
distant from the sea have the youngest ages. It is actually the
interruption of weathering by the Triassic transgression that is dated.
These datings could in future be used as a tool to better enhance the
mapping of the Triassic transgression and the geodynamics of the basement

as well as its post-Triassic evolution.

Paleolandscape and paleoweathering features of the Post-Varican
paleosurface in Western Europe may be compared to regolith features
existing today on the African, Australian and South American cratons
inherited from Pangea Dbreak out. Combined radiogenic dating and
geomorphological analyses allowed us to document paleolandscape and
paleoweathering profiles that functioned for more than 100 Ma in these
cratonic regions (Vasconcelos et al. 1994; Dammer 1995; Ruffet et al. 1996;
Pillans, 2007; Beauvais et al. 2008; Peulvast et al. 2008 ; Beauvais and
Chardon 2013; Jean et al. 2020). This is the spatial and temporal scale of

the albitization and hematization paleoweathering profiles we studied on
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1406

the Western European Post-Variscan paleosurface. Persistance of the Post-

1407 Variscan paleosurface is conforted by the widespread magnetic overprinting
1408 phase due to secondary hematite formation (related or not to albitization)
1409 that affected widely the Variscan belt during the 235-250 Ma time-span Edel
1410 et al. (2018).
1411 Table 4 - Age of the reddened/albitized rocks related to the Post-Variscan
1412 paleosurface on the Variscan Belt
area location geo:orp rockl sample method age reference
Sudetes | Szklarska hill granitoi | 2.5 x 2.5 | palaeom | 256- herein
Poreba de cm ag 190
Laski quarry | valley granitoi | 2.5 x 2.5 | palaeom | 270- herein
de cm ag 190
Laski hill granitoi | 2.5 x 2.5 | palaeom | 258- herein
village slope de cm ag 170
Chwalistaw valley granitoi | 2.5 x 2.5 | palaeom | 205- herein
de cm ag 195
Chwalistaw valley granitoi | monazite U-Th- 254 herein
de Pbtot
Chwalistaw valley granitoi | 2.5 x 2.5 | palaeom | 250 Edel et al.
de cm ag (1997)
Vosges granitoi | 2.5 x 2.5 | palaeom | 255- Vercruysse (2011)
de cm ag 235
Morvan granitoi | 2.5 x 2.5 | palaeom | 235 Ricordel et al.
de cm ag (2007)
Rouergu | Bertholeéne high orthogne | minerals K-Ar 210- Schmitt et al.
e iss 200 (1984)
Brousse basin sediment | clay K-Ar 230 Bonhomme et al.
s fraction (1980)
NE Guilleries granite monazite U-Th- 251 Fabrega et al.
Spain Massif Pbhtot (2019)
Roc Frausa granite monazite U-Th- 254 Fabrega et al.
Mass. Pbtot (2019)
Hortmoier granite K-F K-Ar 240 Fabrega et al.
Massif crystals (2019)
1413
NORTHERN DOMAIN | VARISCAN BELT ISOUTHERNDOMAW
Zechstein Sea Rhenish Massif Threshold Thetys
Sudetes Vosges Morvan Rouergue NE Spain
[270-170 Ma] [255-235 Ma] [235 Ma] [210-200 Ma] [230 Ma]
=" - S
..-1..../.-.«-\-‘\'l"|‘/\ e RS o RS s S T )i
Bl e s NG SN e
FE e e T .
Variscan basement [__]| Permian fluvial and playa lakes [___] Triassic continental deposits << evaporites
1414 Albitization of basement rocks and Permian deposits
1415 Fig. 11 Position and age of the studied albitized profiles on a schematic
1416 N-S geomorphological section of the Post-Variscan paleosurface and
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associated sedimentary Dbasins during Permian-Triassic times. The oldest
ages occur nearest the sea and youngest away the sea and in highland areas

that were later buried. Paleogeography after Bourquin et al. (2011)

CONCLUSIONS

The oxidized and albitized facies of the Polish Sudetes granitoids
exhibit £wo types of ‘classical’ petrographical parageneses: a
saussuritization-sericitization and an albitization-hematitization. The
chloritization of amphiboles and biotites that 1is associated to these
alterations 1s intermediate between both. These alterations are always
closely associated without any break or spatial discordance between them.
They are controlled by the presence of fractures and are spatially arranged
with respect to the configuration of these fractures. Albitization and
hematitization are preferentially intense close to the walls of the
fractures whereas the saussuritization and the sericitization of
plagioclase become more important further away from the fractures and
towards the <center of the massive blocks. These alterations can be
considered as topochemical. However, the complete albitization of the
plagioclase and K-feldspar in the wvicinity of the fractures signifies a
supply of Na. Hematite associated with albite is an indication of oxidative

capacity and therefore the supply of oxygen via the alteration.

Paleomagnetic dating of the reddened and albitized facies reveal Late
Permian to Early Jurassic ages for the iron-oxides and radiochronological
dating of associated monazite using the U-Th-Pbiotar method indicates Late
Permian recrystallization ages. Given the ages of the alteration, it can
clearly Dbe related to the extensive Post-Variscan paleosurface in the
region, since the altered granitoids were already outcropping during from
Late Permian to Early Jurassic. Therefore, these reddened and albitized

profiles can be considered a consequence of deep weathering.

As there was clearly a requirement to renew solutions to feed
chemical reactions, it is 1likely that the alteration profiles were
downstream of highlands in order to generate a hydrological head. The

sodium supply that triggered albitization could well have come from the
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gigantic salt playas that characterized the lowland paleogeography of the
Permian and Triassic in the region. Thus, we suggest that the reddened and
albitized profiles developed on a wide glacis shaped in the basement rocks
upstream of the evaporatic basins. The deep weathering was interrupted and

preserved by the Mesozoic transgression.

The age dating shows that the oldest examples of the alteration
profiles (Late Permian to Early Triassic) are proximal to the Zechstein and
Tethys seas, while the youngest (late Triassic to basal Jurassic) are
further away and appear to be located on the highlands that were more
recently covered by the Mesozoic transgression. Thus, this alteration of
the crystalline rocks 1is an important marker to constrain Triassic and
post-Triassic geodynamics in the region, including erosion rates and the

geomorphic evolution of the Paleozoic massifs.

Albitized and oxidized facies of crystalline basement are widespread
throughout the world. Until now, this subject has attracted relatively
little interest from petrographers. A re-examination of all existing data
could involve a reconsideration of questions such as prehnite and sericite
paragenesis, particularly from the viewpoint of temperature of formation,
since they have 1in the past been wused as an indicator of ‘high
temperatures’. It may be that the formation of sericite and prehnite is not
part of a unique alteration leading to albitization, but the fact remains
that proximity to the paleosurface is clearly indicated by the presence of

hematite.

We suggest that particular attention should be paid to the
radiochronological and paleomagnetic dating results that some have
considered to be “obviously too young” in the context of the age of
emplacement of the crystalline massifs. These “too young” dates have been
systematically rejected as false in the ©past and rarely noted 1in
publications; consequently this information was lost. A new consideration
of these dates may realise their consistency, as shown for example by Edel
and Schneider (1995) for the Permian formations that endured a Triassic

rejuvenation highlighted by paleomagnetism.
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It should be noted that the formation of secondary apatite in the
reddened albitized Sudetes rocks has previously Dbeen reported in
conjunction with albitization and chloritization related to the Triassic
paleosurface in the French Massif Central (Parcerisa et al. 2009) and in NE
Spain (Fabrega et al. 2019). It also formed during metasomatic albitization
in a metagabbro from Norway (Engvik et al. 2009). The formation of
significant amounts of secondary apatite during albitization must be taken
into account if fission track analysis or (U-Th)/He dating is carried out

on these reddened albitized rocks.
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