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Abstract

This thesis presents mineralogical, geochemical and geochronological studies in the
Variscides and Uralides to elucidate the petrochemical history of dynamic orogenic
processes. In combination with published data the results highlight significant
differences between both orogens.

Pre-orogenic (i.e. pre-Uralian) basement is incorporated to different degrees and in
contrasting patterns in Variscides and Uralides. In the Variscides numerous different
terranes were agglomerated in a complicated large scale bow-shaped pattern,
whereas in the Uralides mainly the fragments of the longitudinally trending eastern
margin of Baltica were incorporated. The Taratash Complex of the Middle Urals is an
outstanding example of such fragments. This thesis delineates a succession of
Palaeoproterozoic magmatic and amphibolite facies tectonometamorphic events
(2.46 — 1.8 Ga) following Archean granulite facies metamorphism and granitoid
formation (3.65 — 2.91 Ga) recorded in the rocks of the Taratash Complex. In the
Uralides, pre-orogenic basement is restricted to the west of the Main Uralian Fault
leading to a simple geometry compared to the Variscides.

In both orogens, pre-Neoproterozoic rocks are only preserved in basement slivers,
whereas remnants of Neoproterozoic magmatism and tectonism are abundant. For
the southern Urals this is shown in a study of detrital zircon. Isotope signatures
(U/Pb) of detrital zircon serve as geochemical indicator for the dynamic process of
terrane accretion and for the transition from a passive to an active continental margin
around 620 Ma, which affected large parts of the eastern margin of Baltica.

The main suture lines and associated former subduction zones can well be traced in
the Variscides (i.e. Rheic suture) and Uralides (i.e. Main Uralian Fault), although
secondary suture lines in both orogens require further characterization for better
understanding. Different to the Variscides, where high-pressure metamorphic rocks
are known in all major terranes, such rocks are exclusively observed along the Main
Uralian Fault in the Uralides. Lawsonite bearing mineral assemblages in rodingitized
ultramafite of the Maksyutov Complex (Southern Urals) that are investigated in a part
of this thesis are an example of such metamorphism related to the dynamic process
of subduction.

In contrast to the Variscides, which are characterized by large scale lithospheric
reequilibration, the Uralides were not affected by significant orogenic collapse and

postorogenic extension. This is also reflected in the preservation of prograde high-



pressure/low-temperature metamorphic assemblages in the Maksyutov Complex
(e.g. Lawsonite-bearing assemblages) and associated low-temperature
pseudomorphs presented in this thesis. The lack of postorogenic extension highlights
that the Uralides are characterized by a pronounced and isostatically equilibrated
crustal root.

During the Variscan orogenesis existing continental crust was extensively recycled.
In contrast to this, large amounts of juvenile crust, which formed in magmatic arcs,
are a characteristic feature of the Uralian orogen. Here, data are presented for the
Valerianovka arc in the Transuralian zone, which is rarely addressed in the literature.
It is shown that granitoids formed by mixing of slab-derived melts and melts
generated in the crust. This result supports the model of an Andean type setting.
Juvenile crust is particularly dominating in the Easturalian zone, where granitoids
also formed after accretion of magmatic arcs. In this thesis it is demonstrated that the
Borisov granite intruded in a first pulse of melt generation at 358 + 23 Ma. Granitoid
melt formation as well as high-temperature amphibolite facies metamorphic overprint
of host rocks also reflect the dynamic process of crustal thickening during the Uralian
orogeny.

Variscides and Uralides also vary with respect to their crustal architecture. Major
crustal units of the Variscan orogen have a subhorizontal orientation, whereas crustal
scale structural boundaries in the Uralides are high angle fault zones. Such structural
differences are in line with the observation that the Variscides experienced significant
crustal shortening, whereas the Uralides were affected by lower degrees of
shortening. This can be demonstrated in a comparison of the Rhenohercynian
(Variscan) and the Westuralian foreland fold and thrust belts.

Expulsion of hydrothermal fluids to the Variscan foreland during the dynamic process
of orogenic compaction is investigated in this thesis applying various techniques.
Enrichment of mobile components, such as Ba and NH4, in sedimentary rocks
studied in the RWTH-1 well in Aachen (Germany) serves as geochemical indicator
for palaeo fluid-flow. lllite mineralogy, fluid inclusion petrography and
microthermometry as well as isotope geochemistry of fluid inclusions and vein
minerals suggest that expulsion of metamorphic fluids at the Variscan front was a
short termed (approx. 5000 y) process , which was affected by fracture opening
during episodic seismic activity and which occurred at depths between 4500 and

8000 m and temperatures close to 400 °C.
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Both, Variscan and Uralian orogens were affected by post-Palaeozoic deformation,
however Alpine reworking significantly obliterated Variscan structures, in particular in

the southern part of the Variscides.
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1. Introduction

This thesis presents the results of mineralogical, geochemical and geochronological
studies to elucidate the petrochemical history of dynamic orogenic processes in the
Variscides and Uralides.

Orogenies are the result of convergence of lithospheric plates, which perform relative
movement related to the formation of oceanic lithosphere at constructive plate
boundaries and to the reintegration of such lithosphere into the sub-lithospheric
mantle at destructive plate boundaries. Orogens thus mainly form at destructive plate
boundaries, either through collision of continents or through accretion at sites of
subduction of oceanic crust (e.g. Frisch et al. 2011, Cawood et al. 2009). During
plate convergence an accretionary stage often precedes a final collisional one
leading to amalgamation of tectonic units. Consequently, accretional as well as
collisional processes may be observed in one orogen. The terms “island-arc-type”,
“‘Andean type” and “Alpine type” orogeny lay emphasis on specific settings and
predominance of either accretionary or collisional events (Frisch et al. 2011). In
addition to destructive plate boundaries orogens occasionally also form in
intracratonic settings as a consequence of far-field stresses (Cawood et al. 2009).
Subduction and subduction-driven accretion and collision lead to crustal thickening
and deformation. As a consequence thrusting, e.g. formation of nappe tectonics and
foreland fold and thrust belts, is a characteristic structural feature. Syntectonic flysch-
sediments also reflect such dynamic process. Changing p-T-conditions, controlled by
depth of burial (defining lithostatic pressure and temperature) and tectonic stress
result in metamorphism and finally magmatism. These, too, are characteristic
orogenic processes (e.g. Frisch et al. 2011, Cawood et al. 2009, Condie 1997).

Fluid flow is an essential part of orogenic activity. Fluids released from a subducting
slab cause arc magmatism, fluids are produced in prograde metamorphic reactions in
deep crustal levels and fluids are expulsed from deformed sedimentary rocks in an
orogenic wedge (Klemd 2013, Moore 1989, Oliver 1986). Fluid-rock interaction has
an essential effect on the speed of metamorphic reactions and consequently is a
controlling parameter for mechanical rock strength or lithosphere density (Jamtveit
and Austrheim 2010, references therein), which significantly affects large-scale

geodynamic processes.



Continental crust is characterised by lower density compared to oceanic crust or
underlying lithospheric mantle. Thus, continental crust that may be thickened due to
orogenic compression shows mass deficiency. Such mass deficiency in a thickened
crust is compensated by isostatic uplift, which triggers erosion and transport of
detritus. Uplift and transport of sediments, too, are dynamic processes during
orogenic evolution. In lower levels a continental crust may respond to orogenic

thickening by plastic flow causing gravitational collapse (Frisch et al. 2011).
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Fig. 1: Schematic sketch of an active continental margin and structural features that
may form during different steps of an orogeny (adapted from Alvarez-Marron 2002).
The sketch illustrates dynamic processes occurring during orogenies, which are
addressed in various chapters of this thesis. The process of crustal thickening (e.g.
chapter 9) is not shown.



Therefore, orogens can be considered to form in a sequence of dynamic processes,
which are reflected in tectonic patterns, rock textures, metamorphic mineral
assemblages, occurrence and composition of magmatic intrusions, sedimentary
facies and hydrothermal mineralisations (Fig. 1). The investigation of dynamic
orogenic processes requires the evaluation of temporal and spatial variations of rock
characteristics. Methods to unravel the kind and sequence of such processes are
thus manifold and comprise petrological, structural, sedimentological,
palaeontological, palaeomagnetic, seismic or numeric studies. In particular,
mineralogical studies, including geochemical and geochronological techniques are a
key to the understanding of dynamic processes in orogens.

For old and deeply eroded orogens, lacking faunal and palaeomagnetic information,
geochemistry, including isotope geochemistry and geochronometry, provide valuable
indicators and techniques to define tectonic setting, to show relative movement of
rock units, to characterize the pre-orogenic status of crustal units and the adaption of
their rocks to changing p-T-conditions during orogenic processes, to correlate
different structural units also in complicated orogens or to characterize sedimentary
sources and transport related to orogeny (e.g. Klemd et al. 2013, 2011, Zhang et al.
2012, Gao et al. 2011, 2009, Kisters et al. 2010, Kroner 2010, Pearce 1996).

This can perfectly be demonstrated using examples from the Variscides and
Uralides. In the last years modern genetic concepts were developed for both orogens
in large scientific programmes, such as the German seismic reflection programme
(DEKORP), the priority programme “orogenic processes” (Orogene Prozesse — lhre
Simulation und Quantifizierung am Beispiel der Varisciden, 1992 — 1999) of the
German Science foundation (DFG) as well as the major Europrobe programme of the
European Science Foundation or IGCP 453 (Uniformitarianism revisited: a
comparison between modern and ancient orogens, 1999 — 2004) and IGCP 497 (The
Rheic ocean: its origin, evolution and correlatives, 2004 — 2008; Linnemann and
Romer 2010, Murphy et al. 2009, Franke et al. 2000, Gee and Zeyen 1996).

The URSEIS project as part of the Europrobe Uralides programme and associated
DFG funded studies have been in the focus of intensive research at RWTH Aachen
University (Meyer et al. 1999). The investigations of the URSEIS project did not only
reveal the lower crustal and mantle structure of the Urals, they also helped to set up
a sequence of orogenic events, which are reflected by structures, magmatic and

metamorphic rocks occurring at the surface. Significant parts of this thesis (chapters



4 to 9) are results of this work that supports the understanding of the Uralian orogen
and that allows a comparison to other Palaeozoic orogens, such as the Variscides.

Further parts of this thesis are results of studies within the RWTH-1 DFG project
package (DFG Blndel zur RWTH-1 Bohrung, 2004 — 2008). Research carried out at
the RWTH-1 well in the city centre of Aachen addressed geothermal applications, the
recent active stress field or natural seismicity (Trautwein-Bruns et al. 2010) but also
focussed on an evaluation of existing concepts of orogenic structures and on an
investigation of orogenic vein formation and palaeo-fluidflow in the Variscan orogenic
front. This project, too, generated contributions to the understanding of dynamic
processes within the Variscan orogen, which is presented in chapters 10 to 12 of this

thesis.

2. Variscides and Uralides

2.1 Variscides and Uralides — structural categories
The Variscides and Uralides formed during late Palaeozoic convergence of Laurussia
(consisting of Laurentia, Baltica and Avalonia) relative to Gondwana as well as to
Siberia and Kazakhstan-Tarim (Gorz and Hielscher 2010, Romer and Hahne 2010).
Both orogens represent major continental structures, which together with the orogens
of the Ouachita and the Alleghanian belt as well as the Mauretanides reflect the
assembly of Pangaea (Nance et al. 2012, Kroner et al. 2010).
The complex successions of dynamic processes outlined in chapter 1 during both,
the Variscan and Uralide orogenies, caused significant variation with respect to the
following structural categories (also see Alvarez-Marrén 2002):

- occurrence and evolution of pre-orogenic basement

- characteristics and development of subduction zones

- occurrence and composition of island arcs accreted during orogeny

- development of the foreland fold and thrust belt
Mineralogical, geochemical and geochronological studies in the Variscides and
Uralides characterizing the basement as well as dynamic processes will be
presented in a comparison of both orogens within these four categories. This will be
done on the basis of a literature review in this chapter as well as in selected

examples based on own work in the following chapters 4 — 12.



2.2 Occurrence and evolution of pre-orogenic basement

2.2.1 Pre-Variscan and pre-Uralian crustal units

The Variscan fold belt represents a collage of formerly peri-Gondwanan
Neoproterozoic terranes amalgamated during late Palaeozoic orogenic events and
now exposed in the Variscan massifs of western and central Europe (Fig. 2). In a
descriptive way one can distinguish East Avalonia, Iberia, Cadomia and Bohemia.
Exact pre-Variscan plate tectonic constellations of these crustal fragments are a

matter of an ongoing debate (e.g. Nance et al. 2012, 2008, Kroner and Romer 2010).
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Fig. 2, Variscan massifs of southeastern and central Europe, modified from
Linnemann et al. (2008a). AM — Armorican Massif, FMC — French Massif Central, RM
— Rhenish Massif, SPZ — South Portuguese Zone, OMZ — Ossa-Morena Zone, CIZ -
Central Iberian Zone, GTOM — Galicia-Tras os Montes Zone, WALZ — West Asturian
Leonese Zone, CZ — Cantabrian Zone, PL — Pulo de Lobo oceanic units (black), IC —
Iberian Chains, BCSZ — Badajoz-Cordoba Shear Zone, P — Pyrénées, MM — Maures
Massif, SXZ - Saxo-Thuringian Zone, TBU - Tepla-Barrandian Unit, MZ -
Moldanubian Zone, S — Sudetes, M — Moravo-Silesian Zone.

In contrast to the Variscides, which are characterised by re-organisation of existing

crustal domains, the Uralides show a significant volume of juvenile crust formed in



intra-oceanic island arcs accreted to the eastern margin (current coordinates) of
Baltica along the Main Uralian Fault zone (Fig. 3, Puchkov 2013, 2009a, 2009b,
Alvarez-Marron 2002). Occurrences of pre-Uralian basement are therefore mainly
confined to the area west of the Main Uralian Fault zone. As both, pre-Variscan as
well as pre-Uralian crustal domains were affected by Neoproterozoic orogenic
processes the description considers pre-Neoproterozoic and Neoproterozoic

processes in separate sections.

2.2.2 Pre-Neoproterozoic basement

Within the Neoproterozoic terranes incorporated in the Variscan orogen pre-
Neoproterozoic rocks, in which original mineral assemblages and textures are
preserved, are rare. Archean mafic intrusives (2732 *23/.21 Ma, U-Pb zircon), which
were later metamorphosed under amphibolite facies conditions at 2000 Ma without
younger overprint occur in the Upper Silesian Block of SE Poland (see M in Fig. 2,
Zelazniewicz et al. 2009), which is considered to be part of the Avalonian basement
(Linnemann et al. 2008b). Archean acidic and basic magmatism dated at 2761 *?4/.17
Ma and 2734 + 2 Ma (U-Pb zircon), respectively (Guerrot et al. 1989) is recorded in
granulites from the Bay of Biscay (lberia). High grade metamorphism occurred in
Palaeoproterozoic times with an age representing cooling after peak granulite facies
conditions at 1865 *?3/.25s Ma (U-Pb, monazite, Guerrot et al. 1989).

Several studies in the North Armorican Massif (Cadomia) yield U-Pb zircon ages
ranging between 1790 £ 20 and 2061 + 2 Ma that are interpreted to indicate intrusion
of granitoids (Inglis et al. 2004, Samson and D’Lemos 1998, Vidal et al. 1981). Model
ages (Tom) of 2220 Ma show that the granitoids represent juvenile Palaeoproterozoic
crust (Samson and D’Lemos 1998). However, mineral assemblages and textures in
these occurrences from the North Armorican Massif broadly reequilibrated during
Neoproterozoic (Cadomian) amphibolite facies metamorphism (Inglis et al. 2004,
Samson and D’Lemos 1998, Vidal et al. 1981).

Similar to the North Armorican basement, granitoid magmatism is dated at 2104 + 1
to 2048 + 12Ma (U-Pb,zircon) in the basement of southern Bohemia. However,
Variscan amphibolite facies metamorphism affected these crustal units at 355 +/- 2
Ma (U-Pb, sphene, Wendt et al. 1993).
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Fig. 3: Longitudinal zoning of the Uralian orogen, adapted from Brown et al. (2008),
Gee and Pease (2004), Glasmacher et al. (2004). The Tagilo-Magnitogorskian
Megazone as well as the East- and Transuralian zones are dominated by juvenile
crust. Baltica, Siberia and Kazakhstan indicate relative position of the former
continental plates. Major pre-Uralian occurrences: BA — Bashkirian Anticlinorium, EP
- Engane-Pe Complex, KA — Kvarkush Anticlinorium, KC — Kozhim complex, MK —

Marunkeu-Kharbey Anticlinorium, TA — Timan Anticlinorium.

Due to the high degree of Neoproterozoic to Palaeozoic metamorphic overprint pre-
Neoproterozoic zircon ages may in some of these occurrences be considered as
relicts. This is evident in the case of the Dobra orthogneiss (Bohemia), which may

either be interpreted as a Mesoproterozoic (1380 Ma) granitoid metamorphosed at
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ca. 600 Ma or a Neoproterozoic pluton derived from remelting of a Mesoproterozoic
granitoid basement (Friedl et al. 2004).

While pre-Neoproterozoic mineral assemblages and textures are rarely preserved,
inherited and detrital zircons provide broad evidence of the contribution of Archean to
Proterozoic crust to Neoproterozoic and Palaeozoic magmatic and siliciclastic
sedimentary rocks formed in the terranes composing the Variscan orogen (e.g.
Hoffmann et al. 2013, Willner et al. 2013, Pereira et al. 2011, Sanchez-Martinez et al.
2011, Linnemann et al. 2010, 2008b, Chichorro et al. 2008, Nance et al. 2008, Sola
et al. 2008, Friedl et al. 2004, de la Rosa et al. 2002, von Hoegen et al. 1990).

In addition to age data, Sm-Nd whole rock isotope data recalculated as € Nd(t) values
or average crustal residence ages (Nd Tom) as well as ¢ Hf(t) zircon data indicate
recycling of Archean to mainly Proterozoic crust during Neoproterozoic and

Palaeozoic orogenic events (Gerdes and Zeh, 2006, Hegner and Kroner, 2000).

In the Uralide orogen pre-Neoproterozoic rocks are only exposed to the west of the
Main Uralian Fault in the Bashkirian Anticlinorium (BA in Fig. 3, Maslov 2004). This
structural unit was exhumed during the Uralian orogeny as part of a foreland fold and
thrust belt. Crystalline basement, belonging to the Precambrian Volgo Uralia terrane,
which is part of the eastern margin of Baltica (Bogdanova et al. 1996), forms the
Taratash Complex. This complex is the largest and best exposed basement
occurrence of the Uralides. The reconstruction of the pre-Neoproterozoic
tectonometamorphic history of this crustal fragment, which is unaffected by
Neoproterozoic or younger events, is in detail addressed in chapter 4 of this thesis
(Sindern et al. 2005).

The excellent preservation of these rocks allows the combined study of textural,
mineralogical and isotopic data, which is a prerequisite for geochronological work.
Chapter 5 demonstrates the application of U-Pb monazite geochronology to dating of
the dynamic process of shear zone formation in the Taratash Complex (Sindern et al.
2012a). In addition to data given in chapter 4, the results indicate a protracted
structural and metamorphic evolution or a succession of tectonometamorphic events
between 2030 and 2070 Ma at the eastern margin of Baltica. Data presented in
chapters 4 and 5 as well as so far unpublished data define a detailed T-t-evolution

path of this crustal fragment (Fig. 4).



The Taratash Complex is characterized by a succession of magmatic and
amphibolite facies metamorphic events in Palaeoproterozoic times following Archean
granulite facies metamorphism. This is a significant revision to the data set compiled
(2002),
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Fig. 4: t-T-diagram showing the evolution of the Taratash Complex.

Inset map

indicates the position of Proterozoic to Archean magmatic and metamorphic
complexes in the northern Bashkirian Anticlinorium.

Other Precambrian basement domains, such as the Ufaley and Maksyutov
Complexes are pervasively affected by Uralian HP and/or HT tectonometamorphism
(e.g. Glodny et al. 2002, Hetzel 1999, Echtler et al. 1997). However, inherited U-Pb
zircon ages as high as 1.4 Ga (Ufaley) and 1.8 Ga (Maksyutov) reflect pre-

Neoproterozoic formation (Scarrow et al. 2002 and references therein). Contributions
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of pre-Neoproterozoic crust to magmatic products of island arcs accreted to Baltica
during the Uralian orogeny are indicated by rare observations of Palaeoproterozoic
inherited zircon (e.g. Chelyabinsk pluton, Scarrow et al. 2002 and references
therein).

In addition to high grade metamorphic and plutonic units also weak- to non-
metamorphic pre-Neoproterozoic sedimentary successions are exposed in the
Bashkirian Anticlinorium. Polycyclic detrital zircons have U-Pb isotope signatures
indicative of crystallisation between 1.8 and 2.3 Ga, which is a characteristic age
interval of the eastern Baltica margin, as shown also in chapters 4 and 5. This
indicates the provenance of sediments and supports the idea of deposition along the
passive margin of Baltica during Mesoproterozoic and early Neoproterozoic times.
The lack of Mesoproterozoic ages sets constraints to palaeocontinental
reconstructions as it precludes a position of the eastern Baltica margin opposite to
Laurentia. The importance of U-Pb ages of detrital zircon for geodynamic discussions
is shown in chapter 6 (Willner et al. 2003).

At least two major Mesoproterozoic rifting events are recorded by angular
unconformities in the sedimentary successions of the Bashkirian Anticlinorium
(Maslov 2004) as well as by the occurrence of mafic dikes (Ernst et al. 2006) and
alkaline granitic to nepheline syenitic intrusions, such as the Berdyaush pluton (1368
1+ 6 Ma, Sindern et al. 2003, Fig. 4).

2.2.3 Neoproterozoic basement

Terranes amalgamated in the Variscan orogen as well as crustal domains forming
the western Uralides have in common that all were part of a major Neoproterozoic to
lower Palaeozoic active margin. This Timanian-Avalonian-Cadomian margin
extended from the eastern margin of Baltica to an assembly of peri-Gondwanan
terranes (Willner et al. 2013, Linnemann et al. 2010). In addition to petrologic,
structural and geophysical information, element and isotope composition as well as
geochronological data indicate magmatic arc activity and formation of juvenile crust
next to reworking of pre-Neoproterozoic crust. Orogenic activity of that age is known
as Cadomian stage in the Variscides and as Timanian stage at the eastern margin of
Baltica (Puchkov 2013, Linnemann et al. 2010, 2008b, Gee and Pease 2004).
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In the Avalonian terrane of the Variscides such rocks are exposed in the Midlands
Microcraton of Southern Britain and Ireland, where a long-lived magmatic arc was
accreted to Gondwana between 650 and 570 Ma (Linnemann et al. 2008b, and
references therein). In Cadomia magmatic arc formation and convergent tectonics
are reported for the Armorican Massif between 660 and 540 Ma (Ballévre et al. 2001,
Chantraine et al. 2001). Traces of the Cadomian orogeny are also preserved in Iberia
in the Ossa Morena Zone and in the Central Iberian Zone, where arc magmatism
was dated between 600 and 575 Ma (Bandres et al. 2002).

Extensive Cambro-Ordovician magmatism, mainly ranging between 510 to 470 Ma,
is observed in all of the peri-Gondwanan terranes (e.g. Talavera et al. 2013, Zak et
al. 2013, Melleton et al, 2010, Oberc-Dziedzic et al. 2010, Oggiano et al. 2010,
Castineiras et al. 2008). This magmatism is considered to be related to the opening
of the Rheic ocean (Talavera et al. 2013, Nance et al. 2012, 2010).

Numerous studies underline the importance of the analysis of detrital zircon to
unravel the orogenic activity in these terranes (Brabant Massif, Willner et al. 2013,
Von Hoegen et al. 1990, Gelnica terrane, Vozarova et al. 2012, Mid German
Crystalline Zone, Gerdes and Zeh 2006, Saxothuringian zone, Bahlburg et al. 2010,

Linnemann et al. 2007, 2008b, Cantabrian zone, Fernandez-Suarez et al. 2002).

At the eastern margin of Baltica the Neoproterozoic orogenic activity formed the
Timanides extending along the western border of the Pechora basin from the
northern Urals to the Kanin Peninsula in the Barents Sea (Fig. 3, Gee and Pease
2004). This orogeny also affected basement domains, which were later incorporated
in the Uralides. Sedimentary successions reflecting the Timanian orogeny in angular
unconformities and composition of detrital components, magmatic rocks with island
arc affinity as well as HP/LT metamorphic rocks indicate late Neoproterozoic to early
Cambrian subduction and arc-continent collision. These rocks are exposed in a
series of Neoproterozoic to early Cambrian anticlinoria that extend from the Polar to
the Southern Urals. The anticlinoria are: Marunkeu-Kharbey, Engane-Pe, Kolva-
Khobeiz, Man’-Khambo, Kvarkush-Kamennogorsk and the Bashkirian anticlinorium,
which is the largest of these structural units (Fig. 3, Beckholmen and Glodny 2004,
Bogolepova and Gee 2004, Glasmacher et al. 2004, Glodny et al. 2004, Remizov
and Pease 2004, Willner et al. 2004).
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Fig. 5: Schematic presentation of the Proterozoic evolution in the Bashkirian basin
and the Beloretsk terrane of the eastern margin of Baltica with russian (R) and
international (l) stratigraphic subdivisions, see chapter 6, Willner et al. (2003).
Orogenic events are marked in green, periods of stable continental margin
sedimentation are marked in brown. Detrital zircon (red arrows) indicates a major
change of sedimentary provenance areas as a consequence of the Timanian
orogeny.

The accretion of the Beloretzk terrane to the eastern Baltica margin is a marked
expression of Timanian orogenic activity in the Bashkirian anticlinorium. Detrital
zircon analysed in Neoproterozoic sedimentary rocks of the region reflects final
emplacement, exhumation and erosion of this terrane after 620 Ma (Fig. 5). The role

of U/Pb isotope signatures of detrital zircon as a geochemical indicator to study the
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dynamic process of accretion and to show the dynamic transition from a passive to
an active continental margin in eastern Baltica is presented in chapter 6 (Willner et al.
2003).

2.3 Development of subduction zones

The convergence of two plates is compensated by subduction of oceanic or thin
continental crust (Frisch et al. 2011, Cloos 1993). Thus, subduction is an important
dynamic process in the evolution of an orogen. Traces of subduction in ancient
orogens are: magmatic arcs, relics of ancient oceanic crust, which are obducted and
tectonically incorporated in continental crust, as well as high-pressure/low-
temperature metamorphic rocks such as eclogites (Klemd et al. 2013, 2011).
Exhumation of the latter can be associated with accretion or collisional events but
may also be related to late orogenic crustal reequilibration and can thus as well be
indicative of a change in a plate tectonic constellation. Consequently, mineralogical
and geochemical indicators for subduction and exhumation are important for the
reconstruction of orogenic evolution.

Subduction of oceanic crust in Silurian and Devonian times as a response to the
convergence of Gondwana with Laurussia is a crucial step in the development of the
Variscan orogen (Nance et al. 2012, Kroner and Romer 2010). The ideas on the
position of potential suture lines and details of geodynamic settings, however, are
controversial (Nance et al. 2012, Kroner and Romer 2010, Murphy et al. 2009, von
Raumer and Stampfli 2008, Stampfli et al. 2002, Matte 2001, Franke 2000).

Ophiolitic relics of the Rheic suture are preserved in the Galician nappes of Iberia
and in the central sudetic ophiolites of Bohemia (Nance et al. 2012, Kryza and Pin
2010, Murphy et al. 2009, von Raumer and Stampfli 2008). These were deformed in
a lower to middle Devonian subduction/collision orogenic channel (Puelles et al.
2012). Eclogites representative of Variscan convergence and subduction along the
Rheic suture are exposed in the Odenwald (Mid German Crystalline Zone, Bohemia),
in Saxothuringia and Moldanubia (Bohemia), in the Leon-Domain, in the Armorican
Massif and the French Massif Central (Cadomia) or in the Galician nappes of Iberia
(Faryad 2011, Klemd 2010, Kroner and Romer 2010, Zeh and Will 2010, Ballévre et
al. 2009, Murphy et al. 2009).
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In addition to the Rheic suture further second order sutures are identified in the
Variscan orogen, which are structurally independent of the Rheic suture and which
also developed diachronously relative to the Rheic ocean (Matte 2001, Franke 2000).
Examples of oceanic crust indicative of these zones are the ophiolites of the Vosges
Klippen Belt (Skrzypek et al. 2012), the Iberian Beja-Acebuches ophiolite or the
Lizard ophiolite (Murphy et al. 2009, Azor et al. 2008). The latter two may have
formed in a back arc setting, i.e. the Lizard-Giessen-back arc basin, the
Rhenohercynian basin and the Beja Acebuches back arc basin (Ribeiro et al. 2010,
Zeh and Will 2010). Subduction along such sutures is reflected by HP metamorphism
in the Central Iberian Zone, the French Massif Central, the South Armorican Zone or
the Bohemian Massif/Marianske Lazne Complex (Faryad 2012, 2011, El Korh et al.
2012, Kroner and Romer 2010, Pitra et al. 2010, Ballévre et al. 2009, Sintubin et al.
2008). Whether these sutures reflect (I) a constellation of different plates (e.g.
Armorican Terrane Assemblage) separated by oceanic domains (Fig. 6, Frisch et al.
2011, Simancas et al. 2005, Franke 2000), (II) whether the pattern of sutures reflects
duplication during complex amalgamation of a super terrane between a Rheic and a
Palaeo Tethys ocean (Stampfli et al. 2002) or (lll) whether the Rheic ocean is the
exclusive oceanic domain and intracontinental subduction dominates in the second-

order sutures (Kroner and Romer 2010) is an open debate.

Mid-German
Avalonia Crystalline High Bohemia Moldanubia

Franconia/
Saxo-Thuringia

& Continental crust [l Subduction-related melts
Il Oceanic crust Bl Sediments
3 Magmatic arc 1 Accretionary complex

Fig. 6: Plate tectonic constellation of the Variscan orogen in the Frasnian (380 Ma)
adapted from Franke (2000). Franconia/Saxo-Thuringia and Bohemia are considered
to have formed part of an Armorican Terrane Assemblage (see text for further
details).
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Faryad (2011) discusses contrasting models to explain the constellations of suture
lines in the Variscan orogen. The variation of ideas on potential geodynamic settings
is due to intensive Variscan deformation combined with significant lateral
displacement and rotation of terranes and in part later alpine reworking (Stampfli et
al. 2002).

In contrast to the Variscides the exposures of ophiolites and mafic to ultramafic
massifs are larger in the Uralides. Most of the massifs (i.e. Kempersay, Kraka,
Mindyak, Nurali) are related to subduction of Ordovician to Silurian oceanic crust
underneath the Magnitogorsk- and Tagil magmatic arcs. Other massifs (i.e. Tagil,
Voykar-Syn’ya, Raiiz, Syumkeu) show a close genetic and structural relationship to
these arcs, which were diachronously accreted to Baltica during the Middle Devonian
to Early Carboniferous (Puchkov 2013, 2009b, 2002, Brown et al. 2008, Savelieva et
al. 2002). The suture zone reflecting subduction of the former Uralian ocean and
accretion of juvenile crust to Baltica is the Main Uralian Fault, which is a several km
wide mélange zone with serpentinites, basalts, gabbros and metasediments. It is
imaged in seismic sections as an east-dipping structure that extends from the surface
into the middle crust (Fig. 7, Brown et al. 2002).

West East

West and Central Magnitogorsk East Uralian  Trans Uralian
Uralian Zones Zone Zone . Zone

<
bElt Dzhabyk granite [ P
=~ ~ " -
= :"7"::-1\_ @0& : -

Fig. 7: West-East-section showing the major structures in the continental crust of the
Uralides based on seismic data of the URSEIS project, adapted from Brown et al.
(2008), MUF = Main Uralian Fault, EMF = East Magnitogorsk Fault, KSR = Kartaly
Sequence of Reflectors, TF = Troitsk Fault.

To the east of the former Magnitogorsk-Tagil arcs remnants of oceanic crust are
abundant but represent highly deformed and dismembered complexes occurring in

anastomosing strike-slip fault zones (Brown et al. 2002, Savelieva et al. 2002). The
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East-Magnitogorsk-, the Serov-Mauk- and the Troitsk-Faults are major structures
along which accretion of mafic oceanic crust and magmatic island arc crustal material

has taken place are (Brown et al. 2008, Alvarez-Marrén 2002).

Maksyutov Complex

Fig. 8: Schematic sketch outlining the exhumation stage of the Maksyutov Complex
in the Lower Carboniferous according to Brown et al. (2006), also see chapter 7
(Schulte and Sindern 2002) of this thesis.

Different to the Variscides where high pressure metamorphic rocks indicate
subduction at second order sutures distinct from the main Rheic suture, high
pressure metamorphic rocks in the Urals are only exposed close to the Main Uralian
Fault and associated to the ophiolite complexes of the Polar Urals (Puchkov 2013,
Glodny et al. 2004). They are not reported from the East- and Trans-Uralian zones.

The most prominent high pressure metamorphic occurrence in the southern Urals is
the Maksyutov complex, which is composed of subducted continental and oceanic
units of the former East-European continental margin. The eclogite facies lower unit
of the complex shows peak metamorphic conditions of 550 — 650 °C and 15-23 kbairr,
which prevailed between 385 — 375 Ma (Glodny et al. 2002, 1999, Beane and
Connelly 2000, Matte et al. 1993, Schulte and Blimel 1999). Pseudomorphs after
lawsonite in ultramafite, exposed in km-sized serpentinite lenses, indicate high-
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pressure metamorphism but also allow to characterize the exhumation path and to
date this step. Chapter 7 shows the application of combined mineralogical and
geochronological work to unravel the stages between peak metamorphism and
exhumation in the tectonometamorphic evolution of the Maksyutov Complex (Schulte
and Sindern 2002). This supports existing exhumation models (Hetzel and Romer
2000, Hetzel 1999). The observations mirror the ongoing collision with the
Magnitogorsk arc and termination of subduction along the most important subduction

zone of the Urals.

2.4 Formation and accretion of magmatic arcs

Magmatic arcs reflect melt-production in the mantle due to release of fluids from a
subducted plate. Consequently, they indicate the dynamic process of plate
convergence as well as the transport process of large volumes of magmatic melts
from mantle depths to middle and upper crustal levels.

In the Variscides intensive tectonic and metamorphic reworking during collisional
stages of the Variscan orogeny but in part also during the Alpine stage may have
obscured possible relics of magmatic arcs. Consequently, magmatic arcs are rarely
identified in the Variscides (Nance et al. 2012). As structures and
volcanosedimentary successions are not well preserved, evidence of arc-magmatism
is mainly derived from geochemical signatures of magmatic rocks (e.g. Zeh and Will
2010, Altherr et al. 2000, Finger et al. 1997, Patocka 1987, see below). These data
combined with geochronological information point to formation of magmatic arcs to
both sides of the Rheic ocean as well as at the margins of peri-Gondwanan terranes.
A late Silurian to Early Devonian magmatic arc formed as a response to NW-directed
subduction of the Rheic ocean along the southern margin of Baltica-
Avalonia/Laurussia (Zeh and Will 2010, von Raumer and Stampfli 2008, Franke
2000). This arc is indicated by geochemical patterns of granitoids and metabasalts in
different Variscan domains (Crystalline Complexes of Spessart, Ruhla and Trusetal
Group of the Ruhla Crystalline Complex, Boéllstein Odenwald, Saar-Nahe area, Zeh
and Will 2010, von Raumer and Stampfli 2008, also see previous chapter 2.3).

The Late Devonian to Early Carboniferous Saxothuringian arc reflects subduction of
the Rheic ocean to the south. Remnants of this arc are represented by granites in the

Rhineland-Palatinate, by calc-alcaline magmatic rocks of the Bergstrasser Odenwald
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and the Kyffhauser Crystalline Complex, by metadiorites of the Brotterode Group
(Ruhla Crystalline Complex) as well as by metabasites of the Hohnsdorf Crystalline
Complex in Saxony-Anhalt (Zeh and Will 2010). Geochronological and geochemical
data of calk-alkaline granitoids reported by Finger et al. (1997) and Altherr et al.
(2000) may be interpreted to show that parts of the northern Vosges and northern
Black Forest also formed part of the Saxothuringian arc (Zeh and Will 2010). An
alternative model relating these granitoids to the Saxothuringian suture is given by
Banka et al. (2002).

Devonian metabasites with chemical characteristics typical of island arcs are
described by Patocka (1987) in the Jeseniky Mountains (Bohemian Massif) and may
have been part of a late Silurian to lower Devonian magmatic arc at the active margin
of Laurussia (Avalonia) to the Rheic ocean (Kroner and Romer 2010). Development
of a magmatic arc due to closure of the Rheic ocean between the Iberian and South-
Portuguese terranes in Lower and Middle Devonian times is inferred by Ribeiro et al.
(2010).

Calc-alkaline plutonic rocks occurring to the south of the Rheic suture may have
been generated due to subduction during closure of oceanic basins between the peri-
Gondwanan terranes (e.g. Banka et al. 2002, Franke 2000, Pin 1990). Based on
isotope- major- and trace element data Hann et al. (2003) conclude that the Rand
granite in the southern Black Forest formed in a Variscan magmatic arc. This
magmatic arc along an active continental margin of Cadomia in the north of the
Moldanubian ocean is considered to have existed from Silurian to Early
Carboniferous times (also see Fig. 6, Frisch et al. 2011). Further to the east, within
the Moldanubian zone, the Central Bohemian Batholith, which intruded in early
Carboniferous times (340 — 330 Ma) is also referred to as a product of a magmatic
arc (Franke 2000, Finger et al. 1997). The complexity of data and contrasting
interpretations on the Variscan evolution of Moldanubian crust is discussed by Finger
et al. (2007).

Isotope and trace element data of the Devonian Brévenne suite of the north-eastern
Massif Central are interpreted to show that its metavolcanics resulted from
subduction of oceanic crust (Pin and Paquette 1997). Traces of a Silurian magmatic
arc in the South Armorican Massif (Thieblemont et al. 1988) may have been part of
the Ligerian cordillera, which extended to central France as indicated by Stampfli et

al. (2002) who, however, relate this structure to subduction of the Rheic ocean.
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These examples of possible magmatic arcs show that the identification of
suprasubduction zone products is almost entirely based on isotope, major- and trace-
element studies. Furthermore, it is evident that relics of magmatic arcs are rare and
dispersed in the Variscan orogen, which hinders plate tectonic reconstructions as

well as obliteration by later tectonic activity (e.g. Pin and Paquette 1997).

Different to the Variscides, well preserved magmatic arcs have a large volume in the
Uralides, and their evolution is thoroughly studied (Fig. 3, Puchkov 2009b, Brown et
al. 2008). The Ordovician-Silurian Tagil arc and the younger Middle to Upper
Devonian Magnitogorsk arc were formed and attached to each other in an
intraoceanic setting and diachronously collided with the eastern margin of Baltica
(according to recent coordinates). The Magnitogorsk arc, which is exposed in the
southern and middle Urals, was attached to Baltica in Upper Devonian times,
whereas the collision of the Tagil arc in the Middle to Polar Urals took place in the
Lower Carboniferous (Puchkov 2009b). Next to the Magnitogorsk-Tagil arcs the
Carboniferous Valerianovka arc represents a second major magmatic arc (Fig. 9).
According to Zonenshain et al. (1984) the latter structure is an Andean type arc
formed on the margin of Kazakhstan. Parts of it are now amalgamated with former
oceanic crust and Kazakhian continental fragments in the Transuralian Zone of the
southern Urals (Gorz et al. 2009, Puchkov 2009b, Herrington et al. 2005).

Recently, the existence of an Ordovician magmatic arc (Guberlya arc) and active
continental margin in the southern Urals was hypothesized by Puchkov (2013). Due
to intensive deformation during the Uralian orogeny, this structure is not as well
preserved as the Tagil-, Magnitogorsk- and Valerianovka arcs.

Chapter 8 presents major and trace element characteristics of magmatic rocks from
the Valerianovka arc (Sindern et al., in prep.). The study shows that granitoids
formed by mixing of slab-derived melts and melts generated in the crust. This result
supports the model of an Andean type setting.

The Easturalian Zone, situated between the Magnitogorsk-Tagil arc in the west and
remnants of the Valerianovka arc in the east, is a north-south extending strike-slip
zone, resulting from an oblique NW-directed convergence of Kazakhstan-Tarim
relative to Baltica (Gorz and Hielscher 2010). This zone is composed of large

granitoid massifs, which intruded into intensively sheared sedimentary and mafic

19



magmatic rocks of the former oceanic basin extending to the east of the

Magnitogorsk-Tagil arc (Gorz et al. 2009).

West East

Baltica Magnitogorsk arc Kazakh plate
Valerianovka arc

s

- Continental crust Accretionary complex
- Transitional crust - Magmatic arc

- Oceanic crust III Subduction related granitoids

Fig. 9: Simplified profile depicting the tectonic constellation during the Uralian
orogeny in Early Carboniferous times, adapted from Herrington et al. (2005) and
Alvarez-Marrén (2002). The Devonian Magnitogorsk arc was affected by platform
sedimentation during the Carboniferous. The accretionary complex formed during
Devonian subduction underneath the Magnitogorsk arc and was later exhumed.
Subduction-related granitoid magmatism in the Andean type Valerianovka arc on the
continental margin of the Kazakh plate (now Transuralian zone) and in the oceanic
zone to the west (now Easturalian zone) is indicated by the major- and trace-element
signatures of rocks (see chapter 8 of this thesis) and points to contemporaneous
subduction in both areas.

Granitoid melts formed in the southern and middle Urals in a first pulse between 365
and 315 Ma mainly after collision of the Magnitogorsk-Tagil arc with Baltica in the
region (Gorz et al. 2009, Bea et al. 2002, Gerdes et al. 2002, Hetzel and Romer
1999, Fershtater et al. 1997). The Borisov and Plast granitoids in the southern Urals
belong to this stage. Granitoid melt formation as well as high-temperature
amphibolite facies metamorphic overprint of host rocks reflect the dynamic process of
crustal thickening during the Uralian orogeny. A mineralogical and geochemical
characterization of the granitoids is given in chapter 9 (Kolb et al. 2005). U-Pb data
of zircon from the Borisov granite are discordant. The upper intercept of 358 + 23 Ma
is interpreted as crystallization age and confirms that this granite is formed during the

first pulse of granitoid production, mentioned above (Fig. 10).
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The region of the southern and middle Urals was affected by further compression
after the collision of the Kazakhstan-Tarim continent with Baltica at c. 300 Ma (Gorz
and Hielscher 2010, Gorz et al. 2009). Protracted crustal thickening and enhanced
heat flow in that time caused further production of granitoid melts between 290 and
265 Ma (Bea et al. 2002, Gerdes et al. 2002). On the basis of trace element and
isotope data Gorz et al. (2009) conclude that granitoid melts in the Easturalian zone
were produced by melting of island arc material in the Magnitogorsk-Tagil as well as
Valerianovka zones, and that granitoid melts reached the Easturalian zone via lower
crustal lateral channel flow.

Temporally limited enhanced heat flow in the Easturalian zone caused hydrothermal
fluid flow, which also resulted in formation of major gold deposits (Kisters et al. 1999).
Final hydrothermal gold mineralization under greenschist-facies conditions in the
Kochkar region marking the end of this stage is dated at 265 + 3 Ma (Fig. 10). This

topic is also presented in chapter 9.
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Fig. 10: Evolution of the Kochkar district (also see chapter 9). A, geological sketch
map of the Kochkar district (Easturalian zone, southern Urals, adapted from Kolb et
al. 2005). B, U-Pb isotope data of single zircons from the Borisov granite indicating
the age of the first pulse of granitoid magmatism. C, Rb-Sr isochron of minerals and
leached fraction of a late quartz vein reflecting the age of hydrothermal activity in a
period of enhanced heat flow after compressive tectonism in the Kochkar district. D,
PTt-evolution of the Kochkar district derived from mineralogical and geochronological
data (adapted from Kolb et al. 2005, chapter 10).
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The abundance of magmatic arcs and granitoid melts produced from such arcs in the
Uralides makes clear that formation of juvenile continental crust is more important in
the Uralian than in the Variscan orogen, in which reworking of older crust prevails
(Alvarez-Marron 2002, Hegner and Kroner 2000).

2.5 Formation of foreland fold and thrust belts

Protracted convergence of terranes after collision is compensated by the formation of
thin-skinned thrust sheets that propagate into foreland basins (Condie 1997). In the
Variscan orogen the most extensive foreland fold and thrust belt is developed on
the former margin of Avalonia (South Laurentia foreland fold and thrust belt, Pastor-
Galan et al. 2011) extending from the South Portuguese zone over the south of
Britain, the Westerns Ardennes thrust belt, the Rhenohercynian zone in Germany to
the Variscan foreland basin of Poland (Mazur et al. 2010, Onézime et al 2002,
Oncken et al. 2000). The well studied Rhenohercynian belt is characterized by thin-
to thick-skinned orogenic domains, which formed in an up to 15 km thick sedimentary
sequence. The latter was significantly shortened by 180 km (equivalent to 50 % of
the former basin) during Variscan collision due to detachment at mid crustal levels
(Oncken et al. 2000, 1999).

Orogenic events are also reflected by changes in sedimentary facies and
sedimentological patterns in foreland sedimentary basins (Gray and Foster 1997,
Stanistreet et al. 1991). Heavy mineral analysis as well as geochronology of detrital
minerals in foreland sediments (e.g. zircon, white mica) are important indicators for
the lithological composition and geodynamic evolution of the source areas (also see
chapter 6). For the sediments exposed in the Variscan foreland fold and thrust belt
heavy mineral studies were conducted by Mazur et al. (2010), Ganssloser (2000),
Haverkamp (1991), Haverkamp et al. (1991) and Press (1986).

Major and trace element geochemical data of sedimentary rocks reflect provenance
of detrital components and evolution of their sources (Veizer et al. 2003, McLennan
et al. 1995, Cullers 1994, 1995, Condie 1993, Gibbs et al. 1986). A study of the
geochemical characteristics of Devonian and Carboniferous foreland sediments of
the Variscan orogen to the west of Rhine River sampled in the RWTH-1 well is
presented in chapter 10 (Sindern et al. 2008). These data support the idea of an

ophiolite source in the NE of the Rhenohercynian Basin, reflect rapid uplift of the
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Brabant Massif in Upper Devonian times and indicate resedimentation of Lower

Devonian sediments in the foreland of the Variscan front.
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Fig. 11: Orogenic fluid flux in the Variscan fold and thrust belt (adapted from Sindern
et al. 2008, 2012b, see chapters 11, 11, 12). A, geological profile of the RWTH-1
well. Black bars at left side indicate position of drill cores. Information on other
sections is based on cuttings as well as on log data. Blue fields indicate sections
along faults serving as pathways for hydrothermal fluids. Palaeofluid-flow is reflected
by exceptional abundance of the components Ba, Cu and NH4. Abbreviations CS =
coal seam, SH = sedimentary hiatus, TF = thrust fault, F = fault with uncertain
character of displacement. B, schematic cross section of the Variscan front zone
near Aachen showing pathways for a metamorphic fluid released in the Stavelot-
Venn massif from Lower Palaeozoic or older units and underlying Devonian strata.
Mixing of metamorphic fluid with formation water (fw) occurs in the footwall of the
Aachen thrust (AT). C, scheme of fluid evolution showing unmixing of the
metamorphic fluid to an aqueous (type I) and a vapour rich (type Il) fluid. Introduction
of formation water and mixing with the aqueous metamorphic fluid causes the range
of physicochemical fluid characteristics observed in primary, pseudosecondary and
secondary fluid inclusions.

Orogenic compaction causes expulsion of hydrothermal fluids to the foreland (Duane
and DeWit 1988, Oliver 1986). In particular, thrust faults may serve as fluid pathways

along which mobile components, such as Ba or NH4, can be enriched. In turn, these
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may also serve as geochemical indicators for palaeo fluid-flow. This is also discussed
in chapter 10 for sediments of the Variscan front zone near Aachen.

Chaper 11 addresses the application of fluid inclusion microthermometry and of
stable isotope geochemistry of fluid inclusions and vein minerals for the identification
and characterization of metamorphic fluids expelled to the Variscan front zone in the
vicinity of the Aachen thrust (Sindern et al. 2012b). Such fluid flux significantly
affected the palaeotemperature field of the Variscan fold and thrust belt (Schroyen
and Muchez 2000, Lunenschlof® 1998, Lunenschlof3 et al. 1997). Reconstruction of
the palaeotemperature field requires geothermometers, which yield temperature
information in rocks of diagenetic to anchizonal grade.

In addition to fluid inclusion data, vitrinite reflectance, conodont alteration index as
well as illite and chlorite “crystallinity” are commonly applied. Chapter 12 (Sindern et
al. 2007) shows that illite data in combination with additional temperature information
help to constrain the maximum duration of a hydrothermal event.

In the south of the Variscan orogen foreland fold and thrust structures developed on
the northern margin of Gondwana, as can be observed in the Cantabrian-Asturian
arc (Pastor-Galan et al. 2011). Due to its position in the inner part of the Ibero-
Armorican domain this arc was affected by significant bending and deformation in

Upper Carboniferous times (Martinez-Catalan 1990).

Foreland sedimentation associated to the Uralian orogeny is recorded along the
entire former margin of Baltica (Puchkov 1997). Orogenic flysch sedimentation
started in the southern and middle Urals in the Upper Devonian, and in the northern
and polar Urals in Lower Carboniferous times (Puchkov 1997). During Uralian
orogenic compression flysch sedimentation was continuously extended towards
western parts of the foredeep and terminated in the Permian with the onset of
molasse deposition. With the end of Uralian foreland sedimentation in Triassic times
up to 6000 m of flysch and molasse were deposited on top of 4000 to 7000 m of pre-
orogenic Ordovician to Carboniferous sediments representing the passive margin
stage of Baltica (Puchkov 1997). A mineralogical and geochronological
characterization of foreland sediments indicating the dynamic process of exhumation
of high-pressure rocks during the Uralian orogeny was performed by Willner et al.
(2004).
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Within the western Uralian orogenic wedge convergence was compensated by
intensive thrusting and nappe structures close to the Main Uralian Fault leading to
allochthonous units, such as the Taratash complex. Petrologic investigation and
dating of the Aleksandrovskiy shear zone to the east of the Taratash complex at 302
+ 6 Ma, which is a weighted average of data presented in chapter 4 (Sindern et al.
2005), shows that the Taratash complex, too, was exhumed and thrusted onto
Devonian limestones during Upper Carboniferous to Permian compression.

Further to the west, a west-vergent fold and thrust belt (i.e. Westuralian Zone) was
formed, which is best exposed in the southern Urals. This belt is characterized by the
predominance of steep reverse faults (Giese et al. 1999). In line with such structures
and contrasting to the Rhenohercynian fold and thrust belt tectonic shortening was
low with a maximum value of 17 % (Brown et al. 1997, Perez-Estaun et al. 1997).
Increased shortening of the foreland of c. 30 % can be expected in the Middle Urals,
where an indenter of the former Baltica margin (Ufa amphitheatre) caused enhanced
orogenic compression (Puchkov 2009a, Brown et al. 2002, Giese et al. 1999, Echtler
et al. 1997). Shortening may even be higher in the Polar Urals, but is not quantified
(Puchkov 2009a).

Remnants of the Valerianovka arc in the Transuralian zone (see chapter 8) are
assumed to have formed on the margin of the Kazakhstan continent, which marks
the eastern border of the Uralian orogen (Brown et al. 2008, Puchkov 2000, 1997). In
this zone, which is only exposed in the southern Urals, thin-skinned tectonics similar
to the Westuralian zone can not be observed. Nevertheless, the presence of west-
dipping thrust-faults imaged in the URSEIS- and ESRU-profiles show the bi-vergent
character of the Uralide orogen (Fig. 7, Puchkov 2009a). In contrast to the western
foreland, a basin sedimentation recording the orogenic evolution is not documented.
After the major stage of convergence, only lower amounts of molasse-like redbeds
were deposited in graben structures in Upper Carboniferous to Permian times.
Locally, final thrusting occurred in the Transuralian zone of the southern Urals and in
the foredeep sediments of the Polar Urals at the end of the early Jurassic. This
event, which marks the end of compressive orogenic activity in the Urals is followed
by rapid uplift (Puchkov 2009a).

25



2.6 Comparison of Uralides and Variscides

The characteristics of Variscides and Uralides outlined so far reveal significant
differences. Pre-orogenic basement is incorporated to different degrees and in
contrasting patterns in both orogens. In the Variscides numerous different terranes
were agglomerated in a complicated large scale bow-shaped pattern (Fig. 2),
whereas in the Uralides mainly the fragments of the longitudinally trending eastern
margin of Baltica were incorporated (see chapters 2.2, 4, 5). The latter are restricted
to the west of the Main Uralian Fault leading to a simple geometry compared to the
Variscides. In both orogens, pre-Neoproterozoic rocks are only preserved in
basement slivers, whereas remnants of Neoproterozoic magmatism and tectonism
are abundant (see chapters 2.2, 6).

The main suture lines and associated former subduction zones can be well
traced in the Variscides (i.e. Rheic suture) and Uralides (i.e. Main Uralian Fault),
although secondary suture lines in both orogens require further characterization for
better understanding (see chaper 2.3). Different to the Variscides, where high-
pressure metamorphic rocks are known in all structural units, such rocks are
exclusively observed along the Main Uralian Fault in the Uralides (Puchkov 2013,
Faryad 2011). The preservation of prograde high-pressure/low-temperature
assemblages (e.g. Lawsonite-bearing assemblages and associated low-temperature
pseudomorphs, chapter 7) is due to the fact that the Uralides were not affected by
significant orogenic collapse and postorogenic extension (Echtler 1998). Such
observation highlights that the Uralides are characterized by a pronounced and
isostatically equilibrated crustal root (Puchkov 2013, Berzin et al. 1996). As a
consequence, the Uralides show distinctly lower degrees of exhumation than other
orogens (Alvarez-Marréon 2002, Giese et al. 1999). This is a marked difference to the
Variscan orogen, which shows large scale late Carboniferous to Triassic lithospheric
reequilibration and orogenic extension (Zeitlhofer et al. 2014, Puchkov 2013,
Puchkov 2009a, Berzin et al. 1996).

The large amount of juvenile crust formed in magmatic arcs is a characteristic
feature of the Uralides (see chapters 2.4, 8, 9). In contrast, in the Variscides existing
continental crust is predominantly recycled (Alvarez-Marrén 2002).

Variscides and Uralides also vary with respect to their crustal architecture. Major
crustal units of the Variscan orogen have a subhorizontal orientation, whereas crustal

scale structural boundaries in the Uralides are high angle fault zones (Fig. 7, Alvarez-
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Marrén 2002). Such structural differences are in line with the observation that the
Variscides experienced significant crustal shortening of more than 1000 km (Kroner
and Romer 2010). The Uralides were affected by a lower degree of shortening. The
distinctly higher degree of shortening in the Variscan orogen is also reflected in the
comparison of the Rhenohercynian and the Westuralian fold and thrust belts
(chapter 2.5).

Both orogens are also characterized by contrasting histories. Active deformation
started in the Variscides in Silurian times with first subduction and ended in final
thrusting in the Rhenohercynian zone in Upper Carboniferous times (see chapters
10, 11, 12 and references therein). First subduction indicating the onset of Uralian
deformation is known already in the Ordovician and compressional deformation
lasted until the end of the Permian (Puchkov 2013, 2009a) showing that the orogenic
history of the Uralides is longer than that of the Variscides. Both orogens were
affected by post-Palaeozoic deformation, however Alpine reworking significantly

obliterated Variscan structures, in particular in the southern part of the Variscides.
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Abstract The Taratash Complex (TC) in the northern-
most Bashkirian Antichnoriom ( Middle Urals) is unigue
among the pre-Uralian polvmetamorphic complexes
along the eastern margin of the East European Craton
becauwse it experienced gramulite facies peak metamor-
phic conditions (830-900°C/10 kbar). Herein, we con-
strain the post-granulite facies polvstage evolution of the
complex, which records variows increments of the peo-
dynamic history of the East European continental
margin. Formation of granite and migmatite associated
with amphibolite facies events are dated at 2,344 £29
and 2444 8 Ma (U-Ph, zircon) in different structural
umts. At 1,810+ 4] Ma, the TC was affecied by a
greenschist facies retrogressive metamorphism which
was probably related to a stage of granite formation in
the eastern part of the East European Craton. This is
confirmed by a U-Pb-zircon age of 1,848+ 8 Ma ob-
tained from a sheared pranite in the adjacent Alexan-
drovskiv Complex (AC). Greenschist facies shear zones
which separate different structural units of the TC
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formed before 1,350 Ma. Partial re-equilibration of Rb
Sr- and K-Ar-isotope svstems between 1.350 Ma and
1,200 Ma 15 attnbuted to flud flow probably induced by
anorogenic magmatism in the Bashkinan Anticlinorinm.
Meso- o MNeoproterozoic basaltic dvkes indicate that the
TC had been exhumed to upper crustal levels at that
time. Evidence for a Grenvillian event or for the Tima-
nian orogeny which affected other pre-Uralian com-
plexes in the Urals is lacking. Uralian orogemic
shortening and thrusting on Devonian limestones is re-
corded by shear zones in the AC to the east of the TC
amd has been dated at 300 Ma (Rb-Sr, "m,'l.r.-ﬂhr}.

Kevwords Ural mountains - Taratash Complex -
Alexandrovskiv Complex - U-Ph - Rb-8¢ - Ar-Ar -
Geochronology

Introduction

Paleogeopraphic reconstructions rely on accurate fime
constraints for well-defined peologic events recorded
along the margins of continental blocks. For the Upper
Proterozoic history of the East Evropean Craton, dif-
ferent reconstructions exist placing its eastern margin (in
present coordinates) either at the margin of Rodinia (2.g.
Willner et al., 2003} or opposiie of Laurentia (E-
CGireenland) (Hartz and Torsvik 2002). In order 1o better
define the plate tectomc history of the East European
Craton, PTY marks for metamorphic, magmatic and
deformation events reflecting orogenic activity at the
pre-Uralian margin of the East Ewropean Craton are
neaded.

The Ural orogen extends over more than 2,000 km
from the Polar regions to near the Aral Sea in Ka-
zakhstan. It resulted from the accretion of sland arcs at
the East European Craton in Devoman to Carbonifer-
ous times and crustal shortening during final collision of
the East European Craton and the Sibenan-Kazakhian
terrane assemblage in Carboniferous to Permian times
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(Brown et al. 2001; Hetzel 1999 Puchkov 1997, 2002;
Zomenshain et al. 1990). The Main Uralhan Fault
(Fig. 1) represents the main suture between remnants of
island arcs and possible microcontinental fragments to
the east (Echtler et al. 1997; Friberg et al. 2000} and the
pre-Uralian basement of the East European Craton and
its Palacozoic cover to the west. The western region of
the Main Uralian Fault is conventionally divided into
three domains: (1) the Central Uralian zone closest 1o
the Main Uralian Fault (2) the West Uralian zone, and
i3) the Pre-Uralian foredeep (Puchkov 1997). The latter
comsists of Mesoproterozoic to Permian sediments of
epizonal to diagenetic grade (Glasmacher et al. 1999
Matenaar et al. 1999 Anfimov 1997), whereas the West
Uralian zone comprises folded Meso- to Neoproterozoic
(Riphzan to Vendian) metasediments (Puchkov 1997;
Maslov et al. 1997, Maslov 2004). The most prominent
structural features of this zone are the Bashkirian An-
ticlinorium (2. g Brown et al. 1997, Giese et al. 1999} in
the southern and the Kvarkush Anticlinorium in the
northern Urals. Low- to high-grade metamorphic units
form the Central Uralian zone. This heterogensous
group of units comprises parts of the continental margin
of the East European Craton, which have been—at least
some of them—subducted eastwards beneath Devonian
island arcs. Devonian high-pressure metamorphism is
documented in the Maksvutov Complex (Southern Ut-
als: Matte et al. 1993: Dobretsov et al. 1996 Hetzel et al.
1998; Glodny et al. 2002) and in the East-Ulaley Com-
plex (Middle Urals; Hetzel and Romer 1999; Echiler
et al. 1997). Other occurrences are less overprinted by
Uralian events but have recently come into the focus of

interest because they preserve evidence for a Late Neo-
proerozoic orogeny (630-370 Ma, Puchkov 1997) along
the eastern margin of the East European Craton. This
Timanian orogeny can be correlated with the Cadomian
events in western Europe (Puchkov 1997; Scarrow 2001;
Willner et al. 2003). Occurrences reflecting Timanian
magmatic and tectonometameorphic events are the Bel-
oretzk complex (Southern Urals; Glasmacher et al. 1999,
2001, 2004), the Kvarkush Antichnoriom (MNorthern
Urals, Beckholmen and Glodny 2004) and the Enpganepe
ophiolites and calc-alkaline magmatic rocks of the Polar
Urals (Scarrow et al. 2001).

In the Central Uralan zone, the TC (Figs. 1, 2) 15
unigue because of granulite facies metamorphic rocks
which are absent in the Ufaley Complex and the Al
exandrovskiy Complex (AC) (Fig 1). The rocks of the
TC reflect polyphase imprints oft (1) metamorphism
ranging from granulite to greenschist facies conditions,
{2) magmatism leading to the formation of migmatites
aml pranites, (3) intensive shearing represented by
mylonite zones and (4) mafic magmatism represented by
diabase dykes (Lennvkh et al. 1978, further references
below). The TC thus represents a key locality for re-
search on the Precambrian tectonometamorphic hstory
of the eastern margin of the East Furopean Craton.
Existing isotopic apge data point to Archean and Pro-
terozoic events (see reviews of Ivanov et al. 1986;
Scarrow et al. 2002). In many cases, the relevant pub-
lications as compiled in Scarrow et al. (2002) do not
report petrographic descriptions or analytical details.
This complicates an assessment of the peological sig-
nificance of the data.

Fig. 1 Schematic geological
maps and profile. a overview of
the Urals; b overview of the
Middle and Southern Urals;
CUZ Central Uralian Zone,
MUF Main Uralian Fault,
EUZ East Uralian Fone, TUZ
Trans-Uralian Zone, box
indicates position of Fig. le;

¢ Geological sketch map of the
Taratash Complex (TC), the
Alexandrovskiy Com plex (4 ),
and the Ufaley Com plex, hased
on Kogloy (1990) and Echtler
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Fig. 2 Metamorphic facies map N
of the Taratash Complex (TC),
based on Lennykh et al. (1978),
showing the different units
characterized by granulite and
amphibolite facies mocks which
are separated by groenschist
facies shear zones. Namies and
positiors of the sample locations
are indicated. See text for
further explanation.
Abbreviations of mineral names
are given in Tahle |

024

i

cataclasiies

Et’a‘u;‘. EOmEs

after Lennykh et al.

Our aim is to give an ovtline of the peolomeal history
of the TC by applving multi-svstem geochronology
(*“Ar/Ar. Rb-Se, U-Ph) combined with petrological
and structural investipations. We will also address the
small AC positioned 2 km SE of the TC because it gives
further information on the Uralian stroctural overprint
of the TC along its eastern border.

Geological setting

The elongated TC is situated in the northe mmost part of
the Bashkinan Anticinoriom (Figs. 1, 2) amd extends
for 25 knn NE-SW and 8 ki NW-SE. Starting with
Giaran (1938, in Lennvkh et al. 1978), the TC was in-
tensely studied by Russian geologists. In map view,
along its tectonic borders, the TC is almost entirely
surrounded by Mesoproterozoic (Lower Riphean) me-
tasediments of the Ai Formation (Aleksevev 1984).
Drilling proved the existence of Devoman limestones at
a depth of 5393 m (borehole N 281, Malakhova et al.
1978) bencath the complex, indicating that the final
emplacement of the TC by thrusting upon the Devomnian
limestones occurred dunng the Uralian orogeny. The
AC is in map view surrounded by metasediments of the
Ai Formation (Pystin 1978) and structurally separated
from the TC by a SEdipping shear zone.

Geology of the TC and AC

The TC is composed of several granulite- to amphibolite
facies units separated by preenschist facies shear zones.
In particular, the eastern part of the complex is domi-
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nated by intensely sheared rocks (Fig. 2). A north-south
striking greenschist facies shear zone separates the TC
into a southwestern and a northeastern unit (Fig. 2). In
the granulite- and amphibolite facies rocks, a SW-NE
trending and 20-TO°W dipping foliation dominates.
Tight isoclinal folds with amplitudes of more than 100 m
occur. On a metre to decametre scale metabasic lavers
alternate with metaacidic rocks. In all lithologies, gar-
net, pyroxene, amphibole and dark micas occur and
locally define a cm-scale lavenng. Ultramafic rocks,
metasedimentary (magnetite-) quartzites and metapelitic
garnet-cordierite gneisses are rare and form lenses or
band-like bodies within the metabasic and metaacidic
lavers. These conftrasting rock-tvpes have presumably
been tectonically imbricated in the early history of the
complex and are crosscut by sills and irregularly shaped
lewcosomes. Locally, several penerations of leucosomes
of granitic to tonalitic compositions cross each other.
Some lewcosomes contain garnet, amphibole as well as
mesoperthitic alkalifeldspar. These lencosomes are
bounded by garnet, biotite or amphibole-rich nms and
lenses, which are interpreted as restites and thus confirm
the anatectic-migmatic character of the leucosomes
(Lennvkh et al. 1978, this study). Magnetite-quartzites
were mined from two large quarries at Radostoiv
(Fig. 2}, which provide good exposure of the granulite to
amphibolite facies rocks.

All these units are cut by basaltic dvkes (alkalibasaltic
to tholeiitic compositions, Lennyvkh and Petrov 1974).
Dvkes and volcanic equivalents of similar composition
also occur in the Mesoproterozoic rocks surrounding the
complex (Lennvkh and Petrov 1974 Aleksevev 1984).

Lennvkh et al. (1978) divide the rocks of the TC into
four formations. Three of the four formations
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(Kuwatal-, Schigir-, Radashnava-Formation) have a
similar lithological composition amnd represent the
granulite to amphibolite facies rocks of the central and
the western part of the TC. The fourth formation,
Tagayak, comprises the greenschist facies shear zones.
The shear zones of the TC are characterized by greens-
chist facies meta-acidic rocks which show intense dy-
namic recrystallization.

The AC consists of metapelites, metagranites and
metadiorites as well as metabasites (amphibolites). The
dominant foliation dips to the SSW and is cut by diabase
dvkes (Pystin 1978). The rocks of the AC as well as of
the surroumnding marbles (Ai Formation) are all de-
formed, however, shearing is most intense along the
tectonic contacts of the AC.

More than 104 isotopic age determinations on Taratash
samples already exist, approximetely 60 of them are K
Ar apes summarized by Lennvkh and Petrov (1974)
and Lennvkh and Krasnobavev (1978). Three Rb-5r
model ages of feldspar and muscovite are given by
Owvchinmikov et al. (1964). Arcons have been dated
using the Ph-alpha method (Krasnobavev et al. 1963),

the U-Ph-isotope method (Tugarnov et al. 1970) and
the “thermo-isochron”™ method (Krasnobavev amd Su-
min 1983), an evwaporation technique based on the
ATpp APk patio (Sumin 1982) of Pb sequentially re-
leased from ca. 2 mg of zircon during heating from
IWPC 1o 1,500°C. These data, which are repeatedly
guoted in other publications (e.g. Ivanov et al. 1986;
Krasnobayvev 1986) and in part summanzed by Scar-
row et al (2002), point to granulite facies metamor-
phism in an age range from >2,800 Ma to 1,800 Ma.
Data for granites and migmatites fall between
2300 Ma and 800 Ma and for mylonites between
2,300 Ma and 900 Ma. The K-Ar dates for bhasaltic
dykes range from 2052 Ma to 1,161 Ma (Lennykh and
Petrov 1974) It has to be pointed out that all the apes,
which exceed 2.400 Ma are produced by the Pb-alpha
or by the “thermo-isochron™ methods. Recently, Ron-
kin et al. (2003) derived Tpp Nd-model apes betwesn
2,030 and 2,560 Ma, from foliated metapelites of the
Radostniy quarry. The Nd model ages point to a Pal-
aepproterozoic origin of the sedimentary precursor of
the metapelites.

Within the AC, high K-Ar dates in the ape ranpe of
4.385-1,950 Ma on metabasites (whole rock samples)
have been interpreted as anomalous due to the presence
of excess Ar (Pystin 1978).

Table 1 Short deseription of

representative samples from the Sample Locality Peak metam. grade Rock: assemblage
Taratash Complex (TC; see
Fig ) and AC Metasediments
104 Radostni S Cranulite Gri—Crd gramdite: Grt + Crd + Bt
+ Akf + Pl+ Otz — Wm
124 Radostni § Granulite Mag-quartzite: Opx + Grt + [tz
+ Amp + Mag
142 Radostni 8 Amphibalite Metaclastite: Grt + By + A + O
—Ep + Chl + Bt; + Wm + Mag
175 Radostni I Granulite Gri—Crd—granulite: Grt + Crd + Bt
+ Sl + Akf + Pl + -tz — Wm
266 Radostni ™ Amphibolite Migmatite, levcosome: P1 + AkT
+ iz + Wm
26A Radostni ™ Amphibolite Amphibolite: Bt +~ Fl = Epi + Qtz
to greenschist.
Lewcogranite in metased.
344 Turm Tash Amphibalite Pl + Qiz + Akf-Epi + Chl
Metahasites
145 Radostni 5 Granulite Metabasic gramite: Opx + Amp + Pl
+ Oz + opak — Grt + Bt
17% Tura Tash Granulite Metagabbro: Cpx + Opx + Amp, + P,
+ Oz — Amp: + Bt + Pl + Qe
Metaultrabasite
127 Radostni ™ Amphibalite Tak + Carh + Grt + Ath
Mylonitized metagranitoids
. . T8 Bjcldyach Epidote amphibalite [Grt + perthite] - Mc + Pl + Wm
Ak alkalifeldspar, Ab alhite, + Bt + Qi
Amp amphibole, Ade andmdite, |36 Bjeldysch Epidote amphibolite [Grt + perthits]—Me + Fl - Wm
Atk anthophyllite, B hiotite, + Bt + Qiz
Cark catbonate, Chl chlorite, g Eluvatal Epidote amphibolite [Gri + Akf] + Bt + Pl + Me
Cpx cinopyroxene, Crd cordie-
rite, D diopside, Ep epidote, + Wm + Otz
Gri gamet, Mag magnetite, Me  pgs AC Geenschist [Bi}—Ah + Wm + Chl + Qi
microcline, Qpx orthopyrenene.  pag AC Grmenschist [Btl-Ab + Wm = Chl + Qtz
Fhi phlogopite, Ff plagioclase,  Mylonitized metasediment
Quz quanz, Sif @llimanite, W g3 AC Geenschist [Bi}—Ah + Wm + Chl + Q=

white mica, [] esorbed
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Sampling and petrography

For this stedy, we selected representative samples of
characteristic outcrops from the TC (Fig. 2, Table 1).
Microprobe analyses (Table 2) for characterization of
the metamorphic conditions of the TC were completed
at Darmstadt University, Germany. A complete set of
data is available from the first author on request. Ana-
Ivtical procedures of microprobe work and isotope
analyses are given in the appendix.

Tahlke 2 Representative analyses of orthopyroxens, clinopyroxene,

Giranulite facies metamorphism

Giranulite facies conditions in basic lavered rocks (sam-
ples 1435 179) are characterized by (1) orthopyvroxena
+ amphibole + (andesine + quartz) and (2) ortho-
pyroxeng (Xpge=0.31-0.354) + clinopyroxene (X,™
0.65-0.69) + pargasitic to hastingsiic amphibole (51
plfu=61-64, (Na + K)y=063-082, Nag=0.02
0.10, Xy =047-0.56) + andesine <+ quartz. Small
leucocratic layers of acidic composition are characterized
by parnet + alkalifeldspar + plagioclase + guartz or

garpet, amphibole and phengite of metabasites (sample 179),

meetasediments {sample 124) from the TC and of mylonitized metagranitoid (sample 86 from the Alexandmovikiy Complex (AC)

Oxide Orthopyromene  Clinopyroxene  Owide  Garnet (124) Oxide Amphibaole Omide Phengite (B6)
{17 {179 {179
Mo, 54 No. 63 No. 9 Mo 56 Mo, 34 No. 37 MNo. 22 No. 27 Moo 11 No. 20 Mo 21
S0, 5120 SLIE SLIE 5149 SiD,  3TEB4 0 3TES 0 SiD, 4026 4230 S0, 4994 5003 49.63
Tikk  0.00 0.00 0. 017 Tid, 0.02 00l Tid, 219 ) Tid, 015 011 015
AlDs  0.78 0.90 .56 142 Al WTE 055 ALD: 1239 1103 AROs 3029 3065 3034
Cry0y  0.00 0.00 0.00 002 Cryy  0.00 000 Cry0y 011 0.00 Fe 430 3.9 181
FeO 2934 2787 1158 1069 FeD 3581 3686 Fed 1842 1773 Mo 0.0 .00 (il
Mnd  0.80 083 0.2 042 M3 0.39 036 Mnd  0.10 0.13 Mgl .56 1.45 140
MeD 1625 174 1LI6 1264 MeO 336 270 MeD  RES D66 Cad 0.08% 026 005
Call  0.56 057 2145 208 CadD 234 115 Ccal 1178 1132 Bad 0.15 [ 038
Nayd  0.06 009 044 044 Na,d 145 1.50 MNa, 0 0.15 o7 013
E,0  0.00 0.00 000 000 K0 196 165 K,0 972 2.1 10.44
Sum 99469 992E 9996 9937 Sum 10052 10037 Sum 9751 9712 Sum 9646 9612 9636
Cations  Onthopy- Climo pryros- Cations  Garnet Cations  Amphibole Cations Phengite (£6)
roxene (179)  ene (179) (124) {179
&0 60 120 130 110
Si 198 188 197 136 Si 302 33 S 615 642 8i 331 331 330
A 02 002 003 o A" o oo oA™Y LS 158 Al™ 236 239 138
1™ 02 002 o o2 Al™ 196 195  AlY 0.3% 040 Ti 00l o0l 0.0l
Fe'™ 0 000 000 001 Fe't 0 005 Fe't 021 021  Fe 033 01 0.2
Ti o 000 001 001 Ti o 0o Ti 025 021 Mn 000 000 0.00
Cr 000 000 000 000 Cr 000 000 Cr 00l 00 Mg 015 0l4 0.4
Fe 095 090 037 033 Fer+ 135 243 Fett 214 05 Ca 00l 002 000
Mn 003 003 001 001 Mn 003 003 Mn 001 002 Ba ool 0ol 0ol
Mg 098 103 069 07! Mg 040 032 Mg 202 219 Na 002 002 00
Ca 002 002 0&7T 090 Ca 0L 019 Ca 193 184 K 0E2 078 089
Ma 00l 001 003 003 Ma, 0.3 034
K 000 000 000 000 Nag 004 010
B 038 032
Sum 401 399 402 4 00 B0 Sum 777 168
Orthopymoxens Clinopyromene Grarmet | 124) Amphibole {179 Phengite (86)
{179 {179
Mo 54 Moo 63 No. 9 No 56 Mo, 34 Mo, 37 Mo, 2 Mo 27 Mo, Il MNo. 20 Na 2l
Xy, 051 0.53 nes e X, 015 0.12 X, 048 052
" Alm 070 082 "
Pp 013 011
Sps 0.l 0.01
Gr= 005 004
Adr 0.2 0.03
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P khar

Fig. 3 a Overview of the major rock types studied and their
structurmal relationships in the TC: § foliated granulite facies rocks
(metabasites, metagranites, ram metapelites, migmatites) with
amphibolite facies overpring 2 lewcogranite of Twra Tash; 3
migmatite crosscutting metamormphic foliation; 4 retrogmde
amphibolite characterized by coarse grained hiotite and plagio-
clase; § disbase dykes; & epidote-amphibolite facies shear zomes of
the Taratash Complex; b P-T conditions for the formation of
different units indicated in Fig. 3a. AC denotes the shear zones
studied im the Alexandrovakiy Complex

orthopyroxene + plagoclase + guartz. Garnetites at
the rims of the leucosomes are interpreted as restites and
together with the leucosomes point to the migmatic

granulitic origin of these acidic rocks(Schulte and Sindern
2001). Metapsammutic quartzite with garnet { Xy, =0.10

0.15) + orthopyroxens Xy =0.34-0.36) + p-quartz
(sample 124) and metapelite with garnet + cordierite
+ alkalifeldspar + quartz + plagioclase(samples 104,
175) only occur locally as lenses or lavers. PT calculati ons
for the latter assemblages vield peak metamorphic
conditions of 850-900°C[5.3-8.0 kbar (No. 1 in Fig. 3,
Sindern et al. 2001). All granulite facies rocks are
foliated indicating that deformation occurred during the
granulite facies metamorphic event. Chesshoard-like
subgrains in quartz indicate that this foliation formed at
granulite to high amphibolite facies conditions {Kruhl
1996, sample 104, Table 1). Deformation under peak
metamorphic, ie granulite facies, conditions was fol-
lowed by fast cooling as indicated by the preservation of
growth zonation in metapelitic garnet (Simdern et al.
2001).

Amphibolite facies metamorphism

In all outcrops, the geanulite facies assemblages have
been overprinted under amphibolite facies conditions.
Owverprinting cawsed recrystallization of plagioclase and
quartz, resorption of garnet and alkalifeldspar in the
metagranitic rocks as well as of pyroxene in the me-
tabasites. The amphibolite facies metamorphism pro-
duced new biotite or sillimanite in the metagranitic and
metapelitic rocks amd new amphibole, garnet or biotite
in the metabasic and ultrabasic rocks (sample 124).

Locally, migmatites were formed as indicated by the
assemblape  white mica-alkalifeldspar—plagoclase
quartz in an undeformed leucosome crosscutting the
metamorphic foliation in the Radostni quarry (sample
26.6, Mo, 3 in Fig. 3, Table 1). The latter observation
supports the conclusion that the foliation formed pre-
dominantly during the granulite facies event. An unde-
formed and thus probably post-peak metamorphic (ie.
post-granulite facies) lencocratic granite was sampled at
mountain Tura Tash (sample 344, No. 2 in Fig. 3). The
rock is predominantly composed of slightly sericitized
microcling and olipoclase as well as of guartz. Minor
components are epidote and chlonte (Table 1).

Temperatures are constrained to be between 650°C
amd 730°C by eutectic gramie melting temperatures and
stability of muscovite at Py =1 (Spear et al. 1999).
The pressure interval is defined by the sillimanite sta-
bility that ranges between 2.5 and 8 kbar at 730°C
(Spear et al. 1999).

Shear zones in the TC and AC

In all shear zone outcrops of the TC (Fig. 2, No. 6 in
Fig. 3) foliation dips 50-75"E to SE, and the stretching
lineation plunges SE. Kinematic indicators such as 5-C
fabrics and o-clasts show a consistent top-to-the NW
shear sense. Sheared metapelitic to metagranitic rocks
exhibit intense dvmamic recrystallization. In  these
mylonites, white mica (<400 pm) and biotite
(< B00 pm) define the foliation, garmet (<800 pm) is
resorbed and K-feldspar and plagioclase recrystallize at
their margins, thus forming core-and-mantle structures
(samples T8, 136, 137, 191). Together with the recrys-
tallization of biotite, these features indicate tempera-
tures of 450-350°C (c.f. Pryver 1993) for this phase of
deformation.

The shear zone exposed in the AC shows mvlonitized
granitoid rocks with S4C fabrics (samples 83, 85 and 86)
amnd rare metapelites characterized by shear bands.
Similar to the shear zones in the TC, foliation dips SE
amd shear sense indicators show a consistent top-to-the
MW shear sense. Dominant modal components are
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albite, dvnamically recrystallized quartz and white mica.
Biotte reacted syn-kinematcally to chlorite as shown by
chlorite alipned parallel to the foliation. This reaction
and the dvmamic recrystallization of quartz point to
shear zone formation under lower greenschist facies
comditions (300-400°C, e.g. Passchier and Trouw 1996).
White mica (<200 pm) occurs in shear bands (samples
83 and 86) and as larger crystals (200-500 pm). Despite
the different textural positions, white mica is chemically
relatively homogeneows. The Si-contents vary betwean
324 and 3.33 p.fu.) indicating a minimum pressure of
36 kbar for a temperature range of 300-400°C (Mass-
onne and Schrever 1987).

Local retrogression

Apart from the amphibolite facies metamorphism and
the mylonitization mentioned so far, sericitization of
feldspars as well as skarn and magnetite formation have
been recognized (Table 1) as events subsequent to
granulite facies metamorphism. In some parts of the
Radostni quarry (Fig. 2), coarse grained biotite-pla-
gioclase assemblages occur in the amphibolite facies
metabasites (sample 26.A, No. 4 in Fig. 3). In order to
explain the input of K and H40, these assemblages are
interpreted to have formed by a fluid-driven retrogres-
gsive recrystallization event under lower amphibolite fa-
cies o greenschist facies conditions. In  the
metasediments, magnetite grows along grain boundaries
and ooccurs along cracks topether with quartz (sample
142).

Isotope data

Petrographic evidence indicates that the rocks of the TC
were affected by several tectonometamorphic evenis

which renders isotopic age dating difficult. In the fol-
lowing, we line out geochronologic results for samples
qualified by their comparatively simple and thus well-
understood tectonometamorphic record.

TC, early post-peak metamorphic HT events

Zircon from the Tura Tash granite (sample 34.4) is eu-
hedral, short-prismatic and clear. Three zircon fractions
of2-3 grains { < 250 pm) that were analysed for their U
Pb systematics define a discordia with an upper intercept
of 2,344 £29 Ma (Table 3, Fig. 4a), which is considered
to date the crystallization of the pranite. The unde-
formed nature of the rock implies that it is vounger than
the granulite facies metamorphism. Strictly speaking,
this age thus provides a minimum age for the high-grade
metamorphic event. However, since granite formation
and granulite facies metamorphism are likely to be re-
lated, the granulite facies metamorphism is probably not
much older. Such assumption is supported by the results
of Ronkin et al. (2003) who derive maximum Ty MNd-
model ages of 2,560 Ma for the sedimentary precursor
of the metapelites.

The amphibolite facies levcosome from Radostniy
(Sample 26.6) contains zircon charactenzed by milky
disturbed cores with euhedral clear brownish owver-
growths. The well-developed prism and pyvramidal
crystal faces of the overgrowths most probably formed
in a magmatic melt. It is plausible to assume that this
was the leucocratic melt formed during the migmatiza-
tion event. The crystals (size fraction 250-333 pm) were
crushed and fragments of the overgrowth fraction were
separated. Fractions of the fragments vielded
A0hph S50 and PPh/7U ratios. which define a dis-
cordia intersecting the concordia at 2,044 48 Ma, which
is interpreted as the age of the migmatite forming event
(Fig. 4h).

Tablke 3 Analytical data of the studied U-Pb systems in zircon from samples of the TC and AC, emos are absolute emors

Sample  Pb* (ng) UY (ng) TPh/™PL PH P HippREy MEpRAET PR AERy PR R R
ratio® and ratio” and mtio” and ratio” and age (Ma)  ape (Ma) age(Ma)
2ev ermor 2ev error 2 ermor 2o emor

Radostniy, TC, migmatite

25/6-B Rl& 2177 IRT7F.0=68 0.12507=0.00061 5737T=0250 0333000140 2,050 1937 1A51
26/6-B3 562 14.21 12619206 012477000041 601520133 0349600071 2,026 1978 1933
2664 4.8 12.29 LOMG.6 =06 012591 =0.00020 62R9=0026 0362300014 2,042 7 1,993
245/6-5 1123 243 18763053 0.12550=0.00030 SR72=0031 03393 00016 2,036 1957 1AR3
Tura Tash, TC, gmnite

34/4-1 167 4.1 1640906 0. 14965=0.00029 TA25=00690 0.3598 = 00033 2,342 2164 1981
34/4-2 164 1.51 24645209 014962000026 RS0=0038 04144 00017 2,342 1141 2335
44137 193 5.7 4893202 0140392 0000030 59820094 0309 = 0u<R 2,232 1973 1,736
414 0R 258 1492903 0. 14892=0.00026 SERI=0041 O0IBE5=00019% 2,33 1959 1624
AC, mylonite

RA53 L8 6.62 41478204 0 I0TES=0.000IE 3ITRI 0020 0234200013 1,76 1,589 1 A60
RES4 iR2 10,51 ARA.T203 0 1130T=0.00017 3210=0044 0334200028 1,849 1B54 1B59

“Amount of 7 Ph, “®Ph and “™Pb in zircon
"Amount of U in zircon
“Corrected for spike and fractionation

A tomic mtios corrected for hlank, spike, fractionation and initial
commaon Ph
“Mot used for age caleulation
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Fig. 4 U-PhConcordia diagrams for a zircons from the lewcocratic
granite from mountain Tura Tash, sample 34.4 and b migmatite
lencosome from Radostniy quarry, sample 26.6

TC, lower amphibolite to greenschist facies event

The retrograde metamorphic event, which leads to the
formation of coarse grained biotite-plagioclase assem-
blages in the amphibolites (sample 264, Table 4, Fig. 3),
has been dated using the Rb-Sr isochron method. Rb-Sr
isotope signatures of the rock-forming minerals, biotite
and plagioclase, define a two-point isochron vielding an

age of 1,810 £41 Ma Although the whole rock plots on
the isochron, it was not used for ape calculation because
its isotopic composiion is not independent of the two
rock-forming minerals.

TC, shear zones

The mylonite samples 78 and 92 (Table 1) taken from
the same outcrop are petrographically identical. Sample
78 was used for a stedy of spatial isotope homogeniza-
tion using the thin slab techmique (Table 4, Fig. 6,
Hofmann 1979, Hradetzky and Lippolt 1993). The
foliated mylonite was cut (perpendicular to foliation)
into slices representing different laminae. Suht;eqmml\r
each slice (P2 to PR,) was analysed For its Rb-Sr isoto
signatures (Table 4). Calculation of the former gy Sr
ratios of each slice, successively backward in time,
indicates that there was no complete isotopic equllihra—
tion for any hypothetic age. This may indicate that ei-
ther at the scale of the hand specimen isotopic
homogenization by myvlomtzation was incomplete or
that the isolopic signatures of the individual laminae
were disturbed during a later event. Both alternatives do
not exclude each other. Figure 6 shows that apparently
Srisotopic equilibrium was approached for the slices P2,
P3, P5, P6 between 1,200 Ma and 1,350 Ma.

Whlr.e mica and thLlLe from m\rlﬁmte': were also
dated using the “Ar/Ar siep heating technique.
Detection of *'Ar, *ar and Ar, produeced by the
irradiation of Ca, Cl and K. reqpecnmly allows to cal-
culate the abundance of these elements in each heating
step. The ratios of these elements mmhmﬁd with the age
information jcalculated from the qﬂAr' Ar ratio) and
the *Ar®Ar ratio (indicative of the proportion of
atmosphenc Ar) charactenze each heating step (e.g.
Villa et al. 2000). Thus, the distribution of these signa-
tures helps 1o assess the homogeneity of the sample and
degassing from crystal domains or impurities with dif-
ferent Ar reservoirs can be detected (e.g. Villaetal. 2000;
De Gregorio et al. 2003).

Table 4 Rb and Sr

concentrations and iotope Sampl Rb (ppm)  Sr{ppm) *"Rb*Sr 550

compositions for whole-rock

samples and mineral fractions ~ Diaphtorite, Radestniy, TC

of samples from the TC and 261, Whole rock 112 271 12051 = 0.00 14 076881 = (.02

AC. Errors are within-nin 26-2, Plaginclase 3 405 002330000001 (T30 = (0D

precisions {2s-level) 26-4, Biotite 565 7 69522162 IREITI = 000027
Mylonite, T8, Bjeldysh, TC
P2, Thin slab profile 114 239 1.3920= (.0020 076253 = 0000014
P3 128 213 1.7539=0.0015 0TGRS £ (D13
P4 128 219 15909 = (.00 50 076921 = 0000013
P 118 05 1G6ET=0.0104 0.T6T0] = 000001 1
P 134 75 14148 = 0024 0.T6IZE £ QD] 5
P7 158 4035 1LBSTS= (L0048 077437 £ 00000 10
PR 265 409 1. ER9T=0.0121 0.77508 = 000023
Mylonite, AC
EIWT, Whole rock 35 236 04358 0.00 14 0.74331 = QU002
#3Hgl, White mica, 250500 pm 369 41 26.42=0.37 DR5480 = QODM0OE
B3Hg2, White mica, 80—125 pm EES ] iz 31.419=0.083 (ETSED £ (D2
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Fig. 5 Rb—Sr-izochron diagram 24
for the gree nschist facies
retrograde metabasite sample
26A from Radostniy quarry.
Age calculation hased on
isotope signatumes of hiotite and
plagioclase fractions

MerMsy

The **Ar/*¥Ar spectra of white mica from the same
sample (78) and of biotite from sample 92 have complex
ape patterns. Heating steps of white mica from sample
T8 show a heterogeneous distribution of CI/K ratios
which do not correlate with the age information (Ta-
ble 5. Figs. 7, 8). This indicates the presence of various
Ar reservoirs with apparent apes ranging between
1,126 Ma and 1,301 Ma which 1s roughlyin line with the
Rb-Sr data of that sample mentioned above. The heat-
ing steps of biotite from mylopite sample 92 are also
characterized by a complex pattern of age and CI/K
ratios. Heating steps 2, 3, 4, 7 and 8 of this analysis form
a cluster in the Cl) K—agecarremmn plﬁL{{_l ‘K <0.013)
and are characterized by low Ar = Ar ratios {Table 3).
Though these steps do not define an inverse isochron,
indicative of slightly mﬁerem Ar neqer'ml the lcw.
scatter with respect to Bar M Ar and PAr/ ‘ﬁAr ratios
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Fig. 6 Calkulated *"Sr/*Sr mtiosfor 700, 1,212, 1,320and 1,500 Ma
of the thin slab profile of mylonite sample 78. P2 to PR denote the
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allows us to assign an age Dfl 336 + 25 Ma represented
by 73.3% of the degaqwd “Ar to these steps. Thus, the
Rb-8r- and Ar-Ar data most probably point to a
deformation event between ca. 1,200 Ma and 1,350 Ma,
to be discussed below (Fig 8).

AC, magmatic HT event

Two zircon fractions (size 123-250 pm, prismatic, clear,
brownish) from the mylonite sample 85 from the AC
were analvsed for their U-Pb systematics. The concor-
dant zircon age of 1,848 £8 Ma (Table 3) is considerad
to date the crystallization of the precursor granite of
mylonite sample 85 (Fig. 9). The greenschist facies my-
loniti zation obviously did not affect the U-Ph systems in
Fircomn.

AC, shear zones
The petrographic investigation of the mylonites from the
AC (samples 83, 85, 86) shows pervasive recrystalliza-
tion. Two white mica fractions from one sample (80
125 pm, B3A and 250-500 pm, 83B) have complex
#Ar**Ar apparent age patterns and do not define is-
ochrons (Fig. 10, Table 5). The CI/K ratios show in
both cases a anrihu tion between lower ( < 0.0005) and
higher values { > 0.0008, Table 5). Using age informa-
tion from heating steps with CI/K < 0.0005 one can
assign ages of 304 T Ma (steps 2-8, representing 84%
of total degmed “Ar) to sample E]A and 306+ 5 Ma
{B[Bp‘i 3, 4.5 6,8, representing 77% of total degassed

Ar) to mmple R3B.

The same white mica fractions define a two-point
Rb-Sr isochron with an ape of 296428 Ma. The
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respective whole-rock plots on this isochron but was not
included in the age calculation (Fig. 11)

The apparent age spectrum of white mica from
samiple 86 (125-230 pm feaction) shows a slight scatter
ofstep ages around 299 Ma (Fig. 10). Heating steps 1, 2,
4-6 cluster in the Cl/K-ape plot (Fig. 7) and define an
e A Par ™ Ar inverse isochron (Table 5). These
heating steps vield an age of 299 +4 Ma (representing
67% of the ** Ar release).

All ape data obtained from different isotope systems
in different mineral fractions are concordant within
limits of error. Dynamic recrvstallization occurred at
lower greenschist facies conditions (300-400°C), ie. be-
low the commonly accepted “closure™ temperatures of
the isotope svstems in the different minerals analysed
(c.f. Villa 1998). The data above are therefore inter-
preted to date the mylonitization event.

Discussion
Magmatic HT event, Paleoproterozoic

The U-Phb age determinations of zircon from two mag-
matic rocks the formation of which is attrbuted to HT
events, most probably of amphibolite facies, following
the granulite facies metamorphism of the TC, vield
crystallization ages of 2344429 and 2,044 48 Ma,
respectively (Fig. 4). The pronounced difference between
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the two ages of 300 Ma reveals that both events are not
identical. As the two samples come from two different
blocks of the TC (Fig. 2), separated by a preenschist
facies shear zone it seems possible that both blocks re-
cord different PT-paths.

Ronkin et al. (2003) derived Tpy Nd-model apes
betwezn 2,030 Ma and 2560 Ma, from foliated metap-
elites of the Radostniv quarey where the 2,044 £ 8 Ma
old migmatite lewcosomes sample 26.6 was taken. The Nd
model ages point to a Palasoproterozoic orgin of the
sedimentary precursor of the metapelites. Consequently,
the granulite facies metamorphism must be older than
2,044 + § Ma, although still of Palaeoproterozoic age in
this part of the TC.

HT event, early Paleoproterozoic

Fluid influx vnder lower amphibolite to greenschist fa-
cies conditions at 1,810+ 41 Ma caused the retrograde
event recorded in sample 26A from the Radostni quarry.
Similar ages have been determined for several occur-
rences of the region. The granite precursor rock of the
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mylonites in the AC crvstallized at 1,548 £ 8 Ma (sample
95, Fig. 9) and inherited zircons of the geanitic to
granodioritic Verkniy Ufaley intrusion located 40 km to
the NE of the Taratash Complex in the East Ufaley
Complex (Fig. 1) are considerad to have a minimum age
of about 1,780 Ma (Hetzel and Romer 1999). Both
occurrences are situated to the west of the Main Utralian
Fault and therefore might have been affected by the
same granite forming thermal event at ~1,800 Ma
within the East Euwropean Craton.

In this period, the TC was characterized by lower
amphibolite to greenschist facies conditions and fluids
released from lower crustal units causad recrvstallization
of amphibolite facies rocks as described in sample 264
(see No. 4 in Fig. 3).

LT event, Mesoproferozoic

The shear zones of the TC indicate a wp-to-the NW
shear sense and in their present orientation, thev reflact
MW-SE directed crustal shortening. The mylonites are
characterized by an incomplete 1sotopic re-equilibration
between 1,350 Ma and 1,200 Ma. Whether this was the
initial shear zone formation or a later re-equilibration,
e.g. due to fluid flux through the shear zones, cannot be
decided directly from the data. However, it is known
that anoropemic alkaline magmatism related to exten-
sion and rifting occurred during the Mesoproterozoic
in the southeastern parts of Baltica (Nikishin et al.
1996; Berdvaush nepheline sveniteé complex in the
Bashkirian Anticlinornum, 1350-1368 Ma, Koroteev
et al. 1997: Sindern et al. 2003). The kinematics of the
shear zones argues against the formation of shortening-
related shear zomes at that time. Partial isotope re-
equilibration after shear zone formation dee to fuid
flow, possibly contemporaneous with anorogenic mag-
matism in the Bashkirian Anticlinorium, therefore
seems to be the best explanation for the age data from



the amphibolite facies shear zone in the TC. Conse-
quently, shear zone formation which reflects crustal
shortening s bracketed between 1350 Ma and
1800 Ma. Cruostal shortening and thickening might
have caused gramite formation. Therefore, the shear
zones may havwe been active at about 1,800 Ma, the
time at which heating and granite formation is docu-
mented in other parts of the region.

320
3104 :E
300 L‘ler:l:
) {i=
:"f, 250
- GTRES A whine mica Bi-125 um
= assigned age MM 27 Ma
27
501
250 T T T T T T
T TR T T T PR TR
520
304 '—|:|:'_I|=
i H -
Z 20
- J— GTRASE white mica 250=500 pm
R asxigned age 165 Ma
270
251
zj(«l n L) L} L} L}
a 0 20 3 40 50 60 VD E) 0 1
3
310+
-.!':m';;l::I::,:[
.
é s.H
& 160 GTREG white mica 125-250 um
N assigned age 209 + & Ma
i
I4il=
150 T T T T T T T T

] L 60 To Bp S0 1
% "Ar released
Fig. 10 *“Ar ®Ar age spectra of white mica from mylonite samples

3 and —86 from the shear zone in the AC. Error asigements are
lev values taking into account the analytical emor on each signal

According to MNikishin et al. (1996) the entire East
European Craton was affected by compressional defor-
mation in the Mesoproterozoic (1, 4001200 Ma). If the
shear zones of the TC were formed during this stage and
not during a stage of crustal thickening at about
1800 Ma it must have been at the beginning of that time
span. Whether the rifting and anorogenic magmatism at
1.350-1.368 Ma mark the onset of a “*Grenvillian™
orfogence activity caninot be dedwced from this study.

For the Meoproterozoic times, Hartz and Torsvik
(2002) proposad that the pre-Uralian eastern margin of
the East Euwropean Craton was positionsd close to
Lavrentia (E-Greenland). If that plate tectomc constel-
lation was also established in the Mesoproterozoic one
would expect more magmatic and metamorphic events
between 1.8 Ma and 970 Ma in the pre-Urahan east-
ern mar gin of the East European Craton, as is tvpical for
East Laurentia (Cawood and Nemchin 2001; Watt and
Thrane 20001). From the data denved in this studv, the
magmatic event recorded in the AC (1,848 458 Ma,
Fig. 9) falls in this range.

Meso- to MNeoproterozoic events: < 1,600 Ma

Granulite and amphibolite facies rocks of the TC are
cross-cut by mafic dyvkes, that partly have porphync
textures. Several penerations of similar dyvkes in the
Mesoproterozoic sediments of the Bashkiran Anticli-
norium must be vounger than 1,650 Ma (Lennvkh and
Petrov 1974) which is in part in line with the K-Ar dates
for basaltic dvkes from the TC. The voungest date re-
ported by Lennvkh and Petrov (1974) is 1,161 Ma. This
indicates that the TC must alreadv have been exhumed
to an wpper crustal level in the Neoproterozoic.
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Fig. 11 Rb-Sr-isochron diagram for white mica fractions of
mylonite sample 83, shear zone of AC, the whole-rock fraction
plots on the kochronm but & not shown in thiz scale. Further
explanation in the text
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Evidence of the Neoproterozoic Timanian orogeny,
which is reflected by peochronological data in several
other metamorphic complexes in similar tectomc settings
(e.g Beloretzk Glasmacher et al. 2001, 2004; Kvarkush,
Beckholmen and Glodny 2004} is not present in the TC
and AC.

Carboniferous-Triassic

To the east of the TC, shear zones were active in the AC
at lower greenschist facies conditions (3-6 kbar, 350
4007°C) at 300 Ma (samples 83, 86). Despite their similar
geometry and similar top-to-the NW sense of move-
ment, the shear zones in both complexes are markedly
different with respect to their syp-deformational PT
conditions and their formation age. Shearing in the AC
at ~300 Ma coincides with the main stage of Uralian
crustal shortening in the Middle Urals (e.e. Puchkov
1997; Echtler et al. 1997). Similar apes are found in the
East Ufaley complex (30546 and 296+ 6 Ma, white
mica, Eide et al. 1997). These apes have been interpreted
as cooling apes which refiect the passage of the Ufaley
Complex through the 450-300°C isotherm (Eide et al.
1997; Hetzel and Romer [1999) dunng exhumation.
Consequently, the exhumation of the Ufaley Complex
was compensated by thrusting and erosion of the AC,
which is situated between the Ufaley Complex and the
TC.

Relatively fast uplift and surface erosion of the Sysert
complex E of the Main Uralian Fault between 280 Ma
and 240 Ma was dedoced by Hetzel and Glodny (2002)
on the basis of Rb-Sr dating. At that time, the Sysert
Complex was already in tectonic contact with the Ufaley
Complex along the Main Uralian Fault. Rapid cooling
of the TC below 110°C at a cooling rate > 20°C/Ma asa

Fig. 12 T—t-diagmam

consequence of rapid exhumation between 300 Ma and
250 Ma is indicated by zircon and apatite fission-track
dating (Seward et al. 2002). It seems plausible that
during this stage, the TC was thrusted onto the under-
lving Devonian limestones and that Late Carboniferows
to Early Permian thrusting was the last major defor-
mation phase affecting the TC and AC.

Conclusions

Although individual blocks of the TC might have
slightly different evolutions, as recognized eg. in the
different magmatic zircon crystallization ages, the gen-
eral Tt evolution of the complex is as follows (Fig. 12).
Pervasively deformed granulite facies metamorphic
rocks imdicate peak comdioons between B50°C and
°C at 10 kbar and are overprinted by subssguent
retrogressive stages of amphibolite facies and greenschist
facies metamorphism. The ape of this metamorphism is
constrained to be Paleoproterozoic, although the precise
apge remains unclear. Magmatic activity, related to post-
granulite facies overprints, is dated at 2344429 Ma
(levcocratic granite) and 2,044 + 8 Ma (migmatite).

At 1,810 4+ 41 Ma, the TC was affected bv a lower
amphibolite o greenschist facies retrogressive meta-
morphism which was probably related to a stage of
crustal shortening and granite formation in the East
European Ceaton as indicated by data from the adjacent
AC and Ufaley Complexes. The shear zones of the TC
might also have been formed at that stape. Partial re-
equilibration of isotope systems disturbing original ape
information in these shear zones between 1,350 Ma and
1.200 Ma is attributed to fluid flow contemporaneous
with anorogemc magmatism in the Bashkirian Anticli-
poriem. This means that the original shear zone for-
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mation is older than 1,350 Ma. The presence of Meso-
to Neoproterozoic basaltic dvkes in the TC documents
its posiion in the upper crust at that time. The TC
shows neither evidence of a Grenvillian orogenic event
{indicative of a position of the eastern margin of the East
European Craton opposite of East-Laurentia) nor of the
Timanian orogeny which affected some metamorphic
complexes in the Uralides. Thrusting on Devon an
limestones is reflected in shear zones in the AC and has
been dated at ~300 Ma.
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Appendix

Analytical procedures

Rock-forming minerals in samples from the TC were
analysed with a Cameca X350 electron microprobe with
wavelength-dispersive detection (LIF, TAP, PET crys-
tals) and automated PAP correction at the Institute of
Chemical Analvtics at the Techmical University in
Darmstadt. The acceleration voltage was 15 kV, the
beam current 10-20 nA, the beam size 2-7 pm. Peaks
were detected for 10-30 5. The following standards were
used for the major elements: Si, anorthite; Ti, rutile; Al,
corumd; Cr, chromite; Mn, rhodonite; Fe, hematite; Ca,
wollastonite; Mg, diopside: K, K-feldspar; Na albite.
Repeated analyses of the standards (n= 5-12) result in
<0.1% between 100 wi-% and 5 wi-% oxide, <2%
between 2 wi-% and 3 wi-% oxide and <30% for
concentrations < 2 wi-% oxides (2o of all analyses).
Microprobe analyses of white mica from mylonites of
the AC were performed at the GFZ Potsdam (Germany)
on a Cameca 53X 100 electron beam microprobe oper-
ating in wavelength-dispersive mode with the following
conditions: 15 kV accelerating voltage, 20 nd beam
current, 205 peak counting time and 10 pm beam
diameter. The Cameca standard set was usad for cali-
bration and the PAP programme for matrix correction.
For Rb/Sr isotope analvses mineral fractions were
produced with the help of a magnetic separator, heavy
liquids and finally hand-picking. Bulk samples and sili-
cate mineral fractions were dissolved with a HF-HNO;
mixture aml HCL Carbonate mineral fractions were
leached from powdered samples in HCL Elements were

separated using standard cation exchanpge technigues.
Rb-Sr isotope ratio measurements were performed on a
VG Sector 34 solid source thermal ionization mass
spectrometer (Mineralomsches Instutut, Minster, Ger-
many). For Sr, the mass fractionation corrections were
based on *%%r®8r =0.1194. Repeated analyses of the
518 /™ 8r ratio of the NBS 987 Sr standard in the period
of analvtical work vielded 0.71028 £ 0.00003 (r=29, 2
of all analyses). Total blanks for Rb are <60 pg and for
Sr <100 pg. All decay constants are taken from Steiger
and Jager (1977). Rb-5r isochrons were calculated wsing
Argp =142 x107"a~ ', an error estimate for
TRb*%Sr of 1.0% and the *'Sr/™Sr precision (2o-level)
given by repeated analyses of the NBS-987 standard
(000003, see above). In case the within-run precision of
the er..""“Sr ratio was lower than 000003, the actual
within-run precision was used for age calculation.
Digestion of zircon crystals is performed in teflon
liners designed for the dissolution of six single crystals
simultaneously using 24 N HF at 180°C. The digestion
is completed after 4-10 days and HF isevaporated on a
heating plate. After spiking with a mixed *“Pb-=°U
solution, sample and spike are homogenized in 6 N HCI
for 24 h ar 80°PC with all excess HOL being evaporated.
The Pb stamndards as well as the spiked samples are
loaded without element separation on single Re fila-
ments into a silica gel bed with 2 pl of loading solution,
containing 90 vol.% of 6 N HCl and 10 vol.% of
0.1 W H;POy. Isotope measurements are performed on a
VG sector 54 mass spectrometer at the Zentrallabor {Tr
Geochronologie, Minster Umiversity, eguipped with a
Daly multipher. The Pb composition 15 determined at
1.300- 1, 4007°C followed by the U measurement at 1,400
1.450°C. In most cases, signals are only analysed by the
Daly multiplier leading to long times of analysis. The 2o
error marging obtained for °Ph/ ™™ Ph, *"'Ph/MPh and
30U/M50 are better than 0.5, 0.5and 0.1%, respectively.
The obtained intensities range mostly at 1-2 mV for
“ph and 0.5-2mV for 27U Isotope ralios are cor-
rected for mass fractionation (0.11 +0.02%/a.m.u ),
blank (<10pg total Pb, T9Pb/™Ph=17.74+05,
AIph APk = 1554 0.1, 1 pg U) and initial common Ph
estimated after the model of Stacey and Kramers (1975).
The isotope AEph is ot analvsed. This has o impact on
the U/Pb dating. However, the total amount of Pb in the
sample solution cannot be calculated from the data.
Only the sum of “Ph, @ Ph and “'Ph can be given.
Faor ":'Ar_."“.ﬂu.r dating, samples were crushed, sieved
and white mica fractions were obtained by magnetic
separation and frictional separation on paper. Final
handpicking under the binocular resulted in high sample
purities. White mica samples were washed in ethanol.
Samples were irradiated in the Ford Michigan reactor,
University of Michigan. The J-factor was estimated at a
value of 0.00440 using duplicates of the Fish Canvon
Sanidine standard with an age of 27.55+0.08 Ma
(Lanphere and Baadsgaard 1997). For age calculation,
uncertainties of the monitor standard age, the decay
constants as well as the Jfactor, are not considerad (see
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also Villa et al. 2000). Samples were loaded in tin
packets into a double vacuum furnace and step heated
from usually 600-1400°C. The gas was purified by
means of SAES Al-Zr getters. The argon isotopic
composilion was measured in static mode on a MAT
215-30B rare gas mass-spectrometer at Mineralogical
Institute, Isotope Geology, University Bern, Switzerland
(I. Villa). Error assignments are 1o values taking into
account the analvtical error on each signal and the error
on the blank.
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Thee Preca bl an Tarata sh complex [Middle Lirals) s ome of the rane windows i nto the Palseoprote nozolc and
earlier history of the eastern margin of the East Ewropean Craton. Momnazite from inte nsively deformed rocks
within a major amphitolite-fackes shear zone in the Taratash complex has been investigated by means of
electron-probe microanalysis and laser-ablation SFE-ICPE-MS.
Metamorphic and magmatie cores of monazite from metasedimentary and metagranitold rods yield U-Ph
ages of 244 +19 and 2230+ 22 Ma (+2 o) and record a previously unknown pre-deformational HT-
metamorphic event in the Taratash complex Sulsequent dissolution-repred pitation of momnaz ite, during
sheear zone formation wnder amphibol ite-fackes conditions, caused patchy zonation and deemical alteration
of the reaystallised monazite domains, leading to higher cheralite and huttonite componenits. This process,
which was mediated by a probable | allall + OH)-bearing metamorphic fluld also caused a total resetting of
the U-Ph-gystem The patdy domains yield concordant U-Ph-ages benween 20524+ 16 and 2066 +22 Ma,
interpreted as the age of the shear 2ome. In line with previowsly published ages of high grade metamomphism
amnd Mg maitisation, the data may point to a Palseoprote oanc orogendc event at the eastern margin of the
East European Craton
Post-deformational fluld-indwed greenschist-fackes retrogression cauwsed partial bo complete breakdown of
manazite o fluorapatite, REE + ¥-rich epidote, allanite and Th-orthosilicate The retrograde asse mblages e
ther form anonas arownd monazite, or oocur a5 dispersed reaction zones, indicting that the REE Y, and
Th were mobile at least on the thin section scale. The greenochis-Gcles metamorphic lud was aqueous
and rich in Ca. Monazite affected by advanced breakdown responded to the retrogression by | noor por ating
the cheralite or huttonite components during a flud-induced dissol ution-reprecipitation process. This
event did not reset the U-Ph-system but caused partial P loss refleaed by discordant U-Ph-dates.

& 2011 Esevier BV, All rights reserved.
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1. Introduction et al, 2010; Schulz, 2009; Spear and Pyle, 2002), and metasomatic or

hydrothermal events [(Ayers et al, 2006; Catlos et al., 2008; Kempe

Monazite is an abundant accessory mineral in many igneous and
metamorphic mcks. Due to the incorporation of Th and U but not Fh
during crystallization, monazite is now used as a standard geochron-
ometer [Harrison et al, 2002; Williams et al, 2007). Monazite has
been shown to record magmatic (Brska et al, 2000; Kels et al,
2008), metamorphic (Bingen et al, 1996; Ftzsimons et al, 2005;
Foster et al, 2000, 2002 ; Franz et al., 1996; Krenn et al, 2009; lzuka

* Corresponding aathor. Tel + 49 241 80957 78; foc: +49 241 2092341,
Eernzil mdd s s ind erni@revth-aachen de (5 Sindem)

0{24-2937/% = nee front matter © 2011 Esavier BV A rights mserved.
dai: 101016/ tho= 30111101 7

ot al, 2008; Rasmussen et al, 2006; Schandl and Gorton, 2004 ).
Monazite is resistant to mdicactive damage [Seydoux-Guillaume
et al, 2004). Depending on the bulk rock chemistry, and the presence
and compositon of a fluid phase, it can be stable over a large FT-range
[Budzyn et al., 2011; Hadov e al_, 2011; Hetherington et al., 2010;
Janats et al, 2008; Spear, 2010; Spear and Pyle, 2002; Wing et al,
2003). In rocks with complex P-T-t-histories, monazite growth is
often reflected by the formation of distingt monazite generations or
compaositonal subdomains within the monazite grains (Mahan et al,
2006a; Williams et al., 2007). Complex and irregulady distributed,
chemically distinct monazite subdomains with sharp boundaries indi-
cate that coupled dissolution-reprecipitation to be a common process

68



5 Sindern ot ol [ Lithos 122-133 (2012) £2-47 a3

f=x 4
i‘a*

TS e 1K

* +
E*¢o1-11- ®

[ ]Palasszoie, undiferentabed

—

+ + =
& gl

Flagmalic and high grade
MERIMIEic eomplaxes,
. Prolesozsic ta Archean
[==]Fautzarms

MR-t Mesoproterozoic low grade
mlasediments, undiberentiaed

Mmprmuuml: Soedments
(aaekzanal)

Al-andSatka-Formaton
{unifarentiated)

Taratash cormphax
Grandlie lacies
Amphibolie lacies

Epidate-amplibolite
o greenschist lages
ahear zoned

[~ =] Bite rauit zones

[0 ] sampim sites

Fig. 1. Geographi@l and genlogial sketch maps. A, Simplified map of the Russian Fedetation, showing the position of the Liaks and the Taatash Complex. B, Middle and Southern
Urals showing the Bashkirian Antidine (BA L Further abb reviations: C Chdyabinsk, FLE Extlralian Zone, MUF Main Uralian Fault, TUZ Trans-Lralian Zone, WILE West-Liralian
Zame [Puchlov, 1997}; bax indiates pasition of Fig. 1c.C, Geology of the Bashkirian Antidine simphified after Ellmies ot 2. [1999], bax indicates posifion of Fig. 1d. D, Metanorphic
facies map of the Taratxh complex | lenmykh etal, 1978), showing sample localities. FTSZ denates East Taratach Shear Zome.

of monazite altemtion (Ayers et al, 2006; Crowley and Ghent, 1999;
Hardow et al., 2002, 2011; Hetherington and Harlow, 2008; Teufel and
Heinrich, 1997; Williams et al., 201 1). Due to low diffusion coefficents
[Cherniak, 2010; Cherniak etal, 2004; Gardés etal, 2006, 2007), chem-
ical c hanges caused by solid state volume diffusion within a stable mon-
azite lattice are shown to be negligible under crustal P-T conditions,
unless high grade metamorphic or magmatic tem peratures prevail for
long time period (Seydoux-Guillaume et al, 2004). Thus, monazite is
often composed of domains, which give different ages (Braun et al,
1998; Cocherie et al, 2005; Kelts et al., 2008; Williams o al., 1999,
2007). Consequently, the mineral can be used to date events within
rocks from repeatedly reactivated crustal domains such as shear zones
[Catlos et al, 2004, 2007; Kohn et al, 2001; Mahan et al., 200&a.b;
Williams and Jercinovic, 2002} However, this requires dating tech-
niques with sufficient spatial resolution to obtain constraints on intra-
crystalline age distribution. The electron microprobe has become a
common tool for dating monazite using the U-Th-Fb method, since
the incorporation of common Ph, and partial Pb loss, are negligible
[Cocherie and Albaréde, 2001; Cocherie and Legendre, 2007; Montel
et al, 1996; Spear etal., 2008 ; Williams et al, 2007). However, any dis-
turhance in an isotope decay system canonly be shown by assessment
ofconcordancy with o ther decay systems, requiring isotope ratio deter-
mination [Williams et al_, 2006). Beam technigues such as ion-probeor
LA-CP-MS asssted by high spatial resolution electron microprobe anal -
ysis appear to be the most suitable fora study of monazite [Catlos etal,
2002; Williams et al, 2006, 2007).

The eastern margin of the East European craton has been repeat-
edly affected by Arhean, Falaeo- to Meopmtemazoic, and Palaeozoic
[Uralian) magmatic and teconometamorphic events [Gee and
Pease, 2004; Puchkov, 2002). In such geologically complex regions,
shearzones have the potential to represent the focus of several defor-
mation, hydmthermal, and ewen magmatic events [Alsop and
Holdsworth, 2004). This study foruses on monazite from a major
shear zone that is situated at the eastern margin of the Taratash com-
plex in the northernmost Bashkiran Anticline (Fig 1). The Taratash

complex is one of the oldest crustal domains in the Middle Uralian
orogen, and thus represents a window into the geologic past of the
East European craton [Ronkin et al, 2007, 2008; Scarrow et al,
2002).

The aimof this study is to investigate the compositional and isoto-
pic responses of monazite from this shear zone to a multistage geo-
logic history and to explore the applicability of monazite for dating
different geologic events. In order to do this, five mylonite zamples
from the two well-characterized shear zone outcrops were studied
[Bjeldysh and Kuwatal, Fig. 1; Sindern et al., 2005). Monazite was
carefully characterized by eledron micmoprobe analysis. In total 18
crystals were chosen for a detailed mineralchemical investigation.
Based on this, 61 U-Pb-isotope analyses on seven monazite crystals
were performed by means of LA-SF-ICP-MS at the GoetheUniversity
Frankfurt The ages of protolith formation, deformation, and retro-
gression, recorded in monazite from the Taratash complex, are dis-
cussed within the framework of the Archean to Proterozoic tectono-
metamorphic history of the eastern margin of the East European
Craton.

2 Geological setting of the Taratash complex

The Taratash complex is composed of sveral gamuolite- to
amphibolite-facies crustal segments, which are dominated by strongly
foliated metaacidic and metabasic mcks (Sindernetal, 2005). The indi-
vidual crustal segments are separated by epidote-amphibolite- to
greenschist-faces shear zones, which vary in thickness from =vemal
decametres to approd mately 500 m (Fig. 1). A shear zone (up to 4 km
wide), which is here referred to as the East Taratash Shear Zone
[ETSZ), dominates the eastermn margin of the complex. The foliation in
the ETSZ dips 50-75" to the Eor SE. The amociated minerl stretching
lineation plunges 42° to 63° to the SE. Kinematic indicators show acon-
sistent top-to-the NW reverse sen= of movement [ Sindem et al, 2005 ).
The samples investigated in this study include metagranitoid and
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Tahle 1

Age data from the Taratash complex and the Bashidrian Anticline.
Gealogic event Age (Ma)
Taratash complex
Cranulite f1cies meamarphism, zrcan, U-Ph’ 350d+ X0
Granulite fucies metamanphism, sncan, U =Py X913+ 133
HT metamaorphism (gneis ). ziron, U-Ph' 2461 + 36
Leumiratic gramite formation, srcon, U -Pb? Th4d 4+
HT meamarphism (migmatie, augen-gneimes), zircon, Li-Pe® NITLES
Migmati®e formation, Hroom, U-Py? a4+ 8
HT metamonphism [gneis ), ziron, U-pH YR+ X7
Retrograde biatite formation, biotite, FheSr" 1810+ 41
Partial resetting of Ro-%-, K-Ar-systems in shear zane 13501200
Exhumation of Taratish complex, s, K-Ar" 300
B hirian antichine
Granite formation, zram, U-F? 18284+ 8
Baaltic dyke intrusion, Rakal hadddeyie. L Po° 1385+ 1.4
Mepheline syemite formation, Berdyaush, @nom, L-FE° 1373+ 2
Mepheline syenite formation, Berdyaush, zinam, L-Fb? 136846

1 Romkin et al {3007 ), 2 ¥rasnobayev and Cherednichenloo (2005), 3 Smdemn = al
[ 2005), 4 Romkin et al (2008), 5 Emst et al (2006), 6 Ronkin et a. (2005), 7 Sndemn
et al (2003

o

e

metasedimentary rocks from two localities called Bjeldysh and Kuvatal
(Fig. 1).

Details about the geology and geochrono kogy of the Tamtash com-
plex are given by Sindern etal (2005). In general, the currently avail-
ahle geochronological data suggest that the complex underwent a
polyphase and prolonged tectono-metamorphic history between ca
3500 and 1200 Ma (Sindem et al., 2005; Table 1). In the Palaeozoic,
the Taratash complex was exthumed and thrusted towands the west
over Devonian and Proterozoic strata of the Bashkirian Anticline during
the Uralian omgeny [Aleksyev, 1984; Malakhovaet al, 1978 ). However,
the Uralian deformation, which is observed in the Bashkirian anti-
cine [Brown et al, 2001; Hetzel, 1999; Puchkov, 2002), is not
recorded in isotope geochronometers in the Taratash complex
[Sindern et al, 2005). The same is true for the structural or meta-
morphic expressions of the Timanian orogeny between 850 and
560Ma [Beckholmen and Glodny, 2004; Gee and Pease, 2004;
Glasmacher et al., 1999, 2001, 2004; Puchkov, 1997; Willner et al.,
2003). Therefore, the geologic evolution of the Taratash complex
mainly reflects the earlier stages in the geologic history of the East
Eumpean craton.

Fig. 2 Badc-scattered electron [ HSE) images and phommicrograph of samples from the Taratash shear zone abbreviations aconding o Whitney and Exans [ 2010). Bt = hiotite,
Ep =epidote, Fp=fekdspar, Ms = musmvie, (k= quanz, Sr=seaidte, Zm =znoon. A, BSE image of monaite grain F3 in metagranioid sample 113 The foliation is defined
by masawite and quarz-ribbons. B, photomi cograph showing quatz-ritbons and mica porphyrod =t with post-deformational senicite at edges [XPLL sale bar 1000 pm. €,
BAE image [sample 116; Beldysh) of metgramitoid rock. Retrograde albite replaces plagiodase (Amy) x) formed during dynamic reoystallisaton. D, BSE image of ample 116
[ metagranitoid), showing the post-deformational replacement of feldspar by setide, epido® and quart. E F, metasedimentary rodk [sample 961; Kuvatal) Momase grains

F1=F3 ame closely asxodated with biotite, wiich defnes the foliation.
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3. Analytical procedures
3.1. Electron microprobe analysis

Electron microprobe analyses were performed with a JEOL [EA
B900R microprobe at the Insttute of Mineralogy and Economic Geology
at RWTH Aachen University. The instrument, equipped with 5 spec-
trometers, was operabed at an acceleration voltage of 20 KV, a pmobe
current of 236 nA, and a focussed beam with a diameter of 1-2pm
[ 10pm for fluorapatite} The X-my lines used, in accomd ance with Pyle
et al. (2002), were AlKy, 5iks, PKa, CaKa, Feka, Yla, Lala, Cels, Prig,
NdLg, Smls, Gdlg, PhMa, ThM., and UM, The specral interference of
ThiMy on UMp was corrected offline. Calibration was camied out using
natural and synthetic standards: Al 5i, Ca on plagioclase, P, La, Ce, Pr,
Nd on monazite, Y, 5m, Gd, and U on synthetic glass, Fe on fylite, Fb
on galena, and Thon thoranite ZAF matrix comection for element ana-
lyses was calculated by the JEOL XA BO00R 3,02 software. Concentra-
tion contour maps showing the disrbution of FbO, ThOy, and Y305
werne caloulated by linearinterpolation o fooncentration values between
quantitative microprobe spot-analyses.

32 [A-JCP-MS analyss

In situ monazite U-Fb isotope analyses were camied out at Goethe-
University Frankfurt [GUF), using a Thermo-Finnigan Element T sector
field 1CP-M5 coupled to a Mew Wave UP213 UV laser with a teardmop
low-volume cell following the method described in Gerdes and Zeh
[ 2006, 2009). Monazite grains were anabysed on polished thin sections
after electron microprobe work. The laser was fired with 5 He repetition
rate and an energy density of about 2 Jom * The spot size used was
16 pm with a typical depth penetration of about 8 to 10 pm during 21 =
of ablation. Signal was tuned for madmum sensitivity while keeping
oxide formation mte below 01% [(UDU). All data is comected for
commaon-Fh, based on the backgmound and interferenoe-comected
¥ph ggnal [daily *“Hg= 245420 cps) and a model Pb composition
[Stacey and Kmamers, 1975 ) Within-run Fh/U fractionation was cor-
rected for each analysis using a linear regression through all ratios. Sub-
sequently  instrumental mass bias and drift were corrected by
normalimation to reference zircon GR1 (Gerdes and Zeh, 2006). A spot
size of G0 pm was used for G]-1 to achieve a signal strength and PhyU
fractionation behaviour similar to that of the monazites Previous studies

Fiz. 1 Back-scatered electron [BSE) images of selecesd monaziee grains and their breakdown-products, shbreviatons acmrding to Whimey and Evans [20010). A, B, euhesdral os

cillatory mmation, type 1 monasgte grains 134 P2 and 133P4 (metagramtoid mok). SSppled lne in B ind i@tes amtour of type 1 monzite are. {0, anhedral type 2 monaze with
paichy domains in metagranitoid rock, grains 133 F3 and 133P5 E, patchy zoned mon zite, metssdiment ample 961, grain 961 F1.F, grain 961 P2 with comona composed of fluor
apatite | Apl. REE- rich epidate, allanie (Aln L and Th-orthosilicabe [Th-0x). Mot that Th-(0x appears Lager in B3 image due o mico probe s=tting of amtast and brighmess which
W necessaTy to show apatite. G, monazie s howing advanoesd breskd own with fluorapatite in centre, grain 132 PS {metagranitoid modk). H momazie showing advanoed break
dowm within a conona, grain 132 M {metagranitoid rodk L L | readbion products of monazite, grains 116 All and 132 P3 [metagranimid rodk). K gran K78 M3 (metagranitoid
mack), characterized by advanced breakdown forming a dispersed reaction zone. L Allanite, sample K78, forming dong biotie cleavage plines distant from monzite.
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Table 2
Representative analyses of monazite from metgrantod (mg) ad meteadimentary (ms) rocks ofthe East Taratach Shear Zone.

133p4 1332 13303 13482 a6112 1325

type 1, ane type Z patchy domain
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have shown that LA-SF-1CP-MS with non-matrix matched standardiza-
ton can yield precise and accurate results (eg. Dill et al., 2007; Meyer
et al., 2006; Millonig et al_, 2008)

Reported uncertaintes [ + 2cr) were propagated by quadratic ad-
dition of the external mpmducibility (standard deviation) of the GF
1 reference standard [1.1% and 1.4% for 7 Ph/™™Ph and **Ph/**0;
n=15) of the day and the within-mun statistics of each analysis
(2 se., standard error). Accuracy and precision of the non-matrix
matched standardization was checked by repeated analyses [n=19)
of the Moadr monazite, which yielded a weighted mean 7 ph/ 50
and b/ age of 506,34+ 63 (MOWD=13; 5D:=35%) and
5053 4£53Ma (MSWD=1.7; 5D.=2.7%), respectively. This is in
perfect agreement with recent 1D-TIMS analyses of the Moacit mona-
zite [ Gasguet et al., 20010).

4. Petrography, textures and mineral reactions
4.1. Metogranitvid- and metoredimentary rocks

Samples taken from the outcrop at Bjeldysh are rich in feldspar
and quartz, have a chemical compaosition similar to anatectic granites
[Batchelor and Bowaden, 1985), and are thus considered as metagrani-
toid rocks. The rocks are strongly mylonitic. The foliation is defined by
muscovite, biotite, and guartz ribbons (Fig. 2a b). The syntectonic
mineral assemblage comprises K-feldspar, plagiocase [Angg_za.
Fig. Zc), hiotite, muscovite, quartz, + garnet (im), and monazite.
Feldspars, garnet, and locally muscovite form porphymoclasts that re-
flect an eadier metamorphic event The feldspar porphyroclasts show
coreand mantle structures, which point to minimum tem peratures of
ca 450-550 °C (Pryer, 1993 ). Preliminary PT estimates for the syntec-
tonic assemblage yield temperatures of G00-670 °C and 3 5kbar

[Sindern et al, 2005, 2009), indicating amphibolite-facies conditions
during shear zone formation

The metagranitoid mocks are variably overprinted by a posttec-
tonic retrograde mineral assemblage made up of albite (An, ). chlo-
rite, epidote, sericite, quartz, and locally Aluorapatite, allanite and
xenotime (Fig. 2c,d ). The latter three minerals are restricked to reac-
tHon zones around monazite.

Albite [Ani_s) substitutes dynamically recrystallized syntectonic
plaginclase [Anz_za) along grain boundaries (Fg. 2c ). Locally, the pla-
gioclase is also replaced by afine-grained assemblage ofepidote, quarte,
and =ericite (Fig. 2d). Epidote (Epasi-oss) replaces biotite along cleav-
age planes. Chlorite is a minor retrograde phase that ocally replaces bi-
obte  Sericite  replaces  syntectonic  muscovite and  Reldspar
porphyroclasts and overgrows the mylonitic foliaton (Fig. 2b, d). Itis
therefore atiributed to a greenschist-facies overprint associated with
fluid influx subsequent to mylonitisation.

Samples taken from the outcrop at Kuvatal (Fig. 1) have a major
element distibution characteristic of pelites and greywackes
[Batchelor and Bowden, 1985; Sindern, unpublished data), and are
therefore interpreted as metasedimentary mocks. The syntectonic
mineral assemblage & biotite, K-feldspar, plagiodase [(Anzasl
quartz, monazite, and, locally, fluorapatite. Similar to the metagrani-
toid rocks, the peak assemblage is locally owverprinted by a
ereenschist-facies mineral assemblage of plagioclase, chlorite, epi-
dote, sericite, quartz, titanite, fluorapatite, and allanite.

4.2 Monazite
Monazite predominantly occurs associated with biotite (Fig. Ze, 1)

within both metagranitoid and metasedimentary rocks. The grains
are anhedral isometric to elongated and have a maximum size of
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3100 pm. Howewver, most crystals are <100pm (Fig 3a-e). Monazite
has highly embayed irregular grain boundaries, indicative of corm-
sion [Fig. 3b-h). In backscattered elecron [BSE) images, two types
of monazite grmins or domains can be distinguished. Type 1 monazite
oours as rame, euhedmal cores within monazite of the metagranitoid
rocks. This type of monazite exhibits partly osdllatory zonation
[Fig. 3a, b), a common feature of crystals grown in igneous rocks
[ Shore and Fowder, 1995).

Type 2 monazite is the dominant type of monazite. This type of
maonazite forms domains that surround the euhedral cores (Fig. 3a,
b}, or occurs as individual grains in both metagranitoid and metasedi-
mentary rocks (Fig. 3c-h). The grmins are characterized by patchy zo-
nation, and the boundaries between patches are sharp and partly
lobate (Fg. 3c-h). In monazite P4 of metagranitoid sample 133, the
patchy-zoned domains are intergrown with the type 1 come (Fig. 3b ).

4_3. Fluorapatite, allanite, REE-rich epidote, and Th-orthosiicote

Fluorapatite, allanite, and REE-rich epidote often form reacton
zones or coronas around monazite in both metagranitoid and

d

Thee L+ Si aphy

a1 T

&7

metasedimentary rocks. Imespective of the position within the sam-
ple ar the kind of neighbouring minerals, the coronas or irregular re-
action zones replace monazite to different degrees, ranging from a
partial replacement at the monazite rims to complete pseudomorphs
after monazite (Fig. 3f—j). The comnas consist of an inper ring of
fluorapatite and an outer z2one of allanite and epidote (Fig. 36 h). Alla-
nite from the outer zone locally overgmws neighbouring phases such
as biotite and guartz Similar corona-textures, which are typical of
monazite breakdown under varous metamorphic conditions, have
been described by Finger et al. (1998), Broska and Siman (1998),
Broska et al. (2005), Krenn et al (2008 ), Petrik and Konecny (2009],
and Rasmussen and Muhling [2009).

In the imegular reaction zones (Fig. 3k, 1), fluorapatite and allanite
oorur assooiated with monazite without forming a corona Here, allanite
grmows dlong cleavage planes of biotite or epidote [ Fig. 31). Fluompatite
and allanite locally also oocur as inclusions in monazite (Fg 3g), or
form anhedral isolated grains associated with epidote and biotite.

Within flunmpatite and allanite, tiny brightinclusions and for net-
works of facure fillings are visible in the BSE images (Fig. 3h—j).
These phases consist primarily of Th and %i with minor amounts of
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Fig 5 Chondrie-namalized Y+ REE pattemns (chondrite aamnd ing to Mdlonough and
Sum, 1995). A, monazite from meagraiod (mg) sampls, ompositional variaton in
cremses towaxls heavier REE (repressnied by ¥) in paxchy-zomed gmins. The hatched
fiekd showes compositans of grams 132 P and PS chancterized by advanosd bread o,
B, pacchy monzie from metasedimenary (ms) samples, chancerized by somewhat
lower Gad values nelathve i momazie from metagramitoid sample.

Ca and P, which may be due to contamination from adjacent fluorapa-
tite. This indicates that these phases are either tetragonal thorite or
maonodinic huttonite. The small grain size (<3 pm) precludes gquant-
tative microprobe analysis. In addition, tiny grains of xenotime are lo-
cally associated with both fluorapatite and allanite.

4.4. Mineral chemistry of monazite

The monazite grains are characterised by various amounts of Th +
U+ 5i, which imversely covary with ¥ +REE +PF [Table 2, Fig. 4a).
This covaration is due to the substituton of the isostructural compo-
sitional endmembers monazite sensu siricto [ Y+ REEPO.) and hutto-
nite [Th5ils) or coffinite [(USi0g). It is most pronounced in the
euhedral cores of metagmnitoid monazite (Fig. 4a). Most electron mi-
croprobe analyses from the patchy domains in monazite from the
metagranitoid rocks plot slightly below this trend. This is best
explained by an admixture of cheralite [ CaTh(P0y);. Linthout, 2007)
as another compositional endmember (Fig. 4a), consistent with the
strong imeerse covanation of Ca and Y + REE [Fg. 4b).

The incorporation of the chemlite component obviously is linked
to the formaton of the patchy domains. This is best illustrated by
grain 133 P4 (Fig. 4b). Analyses of the oscillatory zoned type 1 mon-
azite have the lowest Ca contents, whereas those from the outer pat-
chy domains [type 2 monazite) follow the chemlite trend. This trend
is also recorded by many other patchy-zoned grains, such as grains
133 P5 and 133 PE (Fg. 4b). However, some patchy domains from
metagranitoid monazite deviate from this trend, either by having a
very pronounced chemlite- (eg. B78 M3 ) or huttonite-com ponent
[eg 132 P5), or by displaying a significant scatter with respect to
both components (eg. 132 P1). In contrast to the other grains, these
latter three grains are characterized by advanced breakdown either
in a reaction zone (R78 M3, Fig. 3k) or a corona (132 P1, P5, Fig. 3g,
h]. In grain 132 P5, this breakdown even caused fluorapatite growth
in the centre of the gmin (Fig. 3g).

Crystals from the metasedimentary rocks (sample 961 P1-F3)
have higher melative proportions of the monazite (ss) component,
and plot in afield distinct from the monazite crystals from metagrani-
toid mocks [ Fig. 4a). In these monazites, the patchy cores are enriched

Fig & Conceniration amiour maps of monazie grain 961 P1 (metxead iment ) showing the dismibution of Pb0 (2l Th: (b L and Y20y () inwitl akubed from 22 quanttative
analyses and spots analyzed by LA-KP-SFME | d )L Solid lnes in | d) indicate s pots with cmnmndant U-Pb dates, while stippledlines show spots with dismond ant dases. White drdes in
() indi @ domains =200 Ma, black cindes those that are <2100 Ma (se= Bg. 104 Tahle 5).

74



5 Simdern ot @l [ Lithos 132-133 (2012) 82-47 #

d

133 P4 PRO

C

— 30 pm

30 pm

Fig. 7. Concentration confour maps of mon zite grain 133 P4 (metgranitoid rock) with 2 euhedral core. Data a= i Fig. 6, @lkulaed from 45 quantitatve analyses. Armows i (a) and
{b) point o comelaging locl minima in Thik and P %o lid nes in (d ) indicte s pots with concondant U-Pb dates. Stippled Fnes show spots with dismord antdaes. Catlneofype
1 core a= in Fg. b, Whie drcles in (d) indiate aystl domains with U= Pb dates of ca 2230+ 22 Ma Bladk cirdes denote dates of ca 2066 + 22 Ma (Fig. 102, b, Table 5.

in monazite [55.), whereas the outer domains are relatively enric hed
in the huttonite component

The chondrite-normalised Y + REE patterns of all monazites show
a strong enrichment in La, Ce, and Pr and a decrease from Nd to Y
[Fig. 5a, b). Type 1 monazite is characterized by a lower scatter of
concentration for Sm, Gd, and ¥ compared to type 2 monazite The

metasedimentary monazites have somewhat lower concentrations
of 5m, Gd, and ¥, and show large variations in their Gd contents
[Fig. 5b). low Gd and Y concentrabions predominate in domains
cdose to the edges.

Concentration contour maps for PFbO, ThO,, and Y304 are shownin
Figs. 6-B. In gmin 961 P1 [metasedimentary mock), the Th and Fb

Fig. & Concentration contour maps of paschy-zom el monasste grain caracerizad by advanosd bealkdown, 132 1 (metagramitoid rodk )L Data asin Fig. 6, caloulesd from 54 quantitative
analyses Sohid bnes i | d) ind i@ spots with conmond ant U-<Ph d ates, s tippled bnes show spots with discordant dates (data shown in Bg. 10d, Tablk 5).
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Table 3
Representative chemicl analyses from apatite of metagranitoid (mg) and metassdimentany [ ms ) rodes of the East Taratash Shear Zone, rz d enotes apatite in reaction zanes around
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concentrations increase from the centre of the grain towards the rim
Yitrium is heterogeneously distributed, but shows the highest values
in the patchy central part and lower values in the outer domains
[Fig. Ga-c).

In the metagrmanitoid rocks, type 1 monazite has higher Th and Pb
contents than the patchy-zoned type 2 domains (Fig. 7a, b). The latter
are also characterized by low concentration grdients, and local con-
centration minima of PbO correlate with minima in ThQ; [arrows in
Fig. 7a, b, see also ES1 inthe electronic supplement ). The Y concentra-
tion is highly varable (Fig 7c). However, it is generally higher in the
euhedral core than in the type 2 domains.

Type 2 monazite grains, characterised by advanced breakdoen,
display strong concentration gradients. In grain 132 P1 (Fig. ), the
Th concentration varies between 2 and 26 wt, and the PbO content
also varies mome strongly than in other monazite gmins
[=03-13wtE, Fg Ba, b). However, the steady decrease of PbOD to-
wards the rim is not mirmored by Thiz. Instead, the maximum value
of 26wt XThO; (arrow in Fig. Bb) corresponds to the lowest Pb0 con-
centration (=03 witX). Thisis in marked contrast to the centre of the
grain, where local maxima in PbD correlate with maxima in Thi,
[Fig. Ba b). This indicates that the distribution of both elements is
decoup led towards the rim Similar to ThO,, Y05 shows marked con-
centration gradients towards the rim (Fig 8c).

4.5 Mimeral chemistry of fluormpatte, REE-rich epidote and allonite
associched with monazite

Chemical analyses of fluorapatite, allanite, and REE-rich epidote
from reaction zones ammund monazite and metamorphic fluorapatite,

which is texcturally unrelated to monazite, are givenin Tables 3 and 4.
Ruormapatite, that formed by breakdown of monazite, shows variable
but generally higher concentrations of Th, 5i, and Ce in comparison
to metamorphic fluorapatite. The latter bwo elements point to a sig-
nificant britholite component [(Ca, REE s 5i04)s(F, OH)), which has
alzo been observed influompatite derived from monazite break down
elsewhere (Broska et al., 2005; Finger et al, 1998).

Allanite from the cornas as well as from lamellae within epidote,
is chemically heterogeneous. REE contents are in the range of several
wit® [Table 4), and Th-concentrations vary up to ca. 2.3 witX ThO,. As
the cation-sumofY + REE +Th [ p.fu., 125 oxygen ) in some domains
is = 0.5 and <05 in others, their composition varies between that of
allanite sensu sricte and that of REE-rich epidote (Gieré and
Sorensen, 2004).

5. U-Ph isotope data

Seven grains from three different samples were chosen for LA-SF-
ICP-MS U-Pbdating (Table 5, Fig. 10). The analysis of monazite grain
133 P4 with the euhedral core [type 1) reveals two growth episodes
[Fig. 10a b). Dates obtained from the enhedmal core of the monazite
[& analyses) are concordant or near-concordant, and define a discor-
dia line with an upper intercept date of 2230+ 24 Ma. The second
gmup, from the patchy-zoned (type 2) part of the grain (10 analyses),
eives a considerably younger upper intercept date of 20664+ 22 Ma
[Fig. 10b).

Analy=s of the emaining patchy-zoned type 2 monazite grains from
the metagranitoid rocks are concomdant to variably discordant. The data
define two disordia lines with upper intercepts of 2058 4+ 22 Ma and
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Table 4
Repressntative analysss of =pidate, REE-rich spidate and allamite from mronaz and dispersed reaction zomes | rz) aommd monazite

—116 Al 9TRTE 9TRTE 9TRTE —116 Al —116 Ah — 116 Al2 9TRTE 9TRIE

10 mrona 17 = m 24 7 mrana & mrmana 4 mroma 20 22z

Epidate Epidate Epidate Epidoe Allanie REE-ep” Allamite REE-=p.~ REE-ep”
-5 P AT k-] may 3885 3660 ITA 2007 350 3553
Tl 14 m i anz 1s a1z 024 iz apa
AL 784 130 2B69 na A3 el ] 1957 el | 2454
Fel G5 a0z L 779 an 1.4 e a5z 250
La 0y nd ns od ana R 233 538 268 285
Tyl wm 024 g ang 20z 659 a7 iT8 514
Praly iz iz od ans 125 122 128 sz 085
Nk it} 006 i} an4 148 142 rn 166 159
Emalh iz oz iz anz azs axn in 10 015
Gl LITiEY iy oG ans iTiEy iz7 nz ii 016
Yalh nd 043 it 0a2 a1z (IS L] 0s 0z 053
Thik: wm wm i} ano 124 ke ) i} win apa
Ul nd g nd ain am I} oG Liti] am
MnQ il c} 17 an aza LR [} & [ 15 an 0z7
caD 2417 nmW el 2286 11896 1128 a4 17.40 1822
Mzl il ITiES Lilii} a0z 036 ] LEL it 004
MNaz0 nd nd od ana an 14 am LiLi] apa
Taal a7 ER a8 2810 bR a714 9664 94716 25491 9747
Catioms" Q=115
% L] 1004 2000 3033 ine 172 1519 L] 2889
T L00E o LT | anm amz L00E ams i 0000
Al 2553 2519 2462 254 241 2343 25 23 2433
Fe. 0433 0525 s asm 0640 sy 0506 anz 0598
et e ez L0 a1ay 0640 sy 0506 0az 0323
Fet 0%az 0435 053z 036z Q0o 000 000 il ] az47
la L iz LTCC] 0o 0i1z4 L= w14 QEs apaz
Ce L0 oy L000 a0az 058 i i ] any 1Ez 0158
Pr ITii | LTI LiT] anm LTIl ITiE:] LIl | il 0020
Nd L0 oz L000 anm ors 7S Liligi] T | 0048
im ITii | o T | anm nog ngs LTI iE] s 0004
Gd o oz Loz anm anoz nos 0 iz 0004
¥ L0 ms o 0034 0006 nge 00 wns 0024
Th L0 000 L000 Q00 0025 a6 e U000 LT}
u L 000 LT Q0o 0000 na nm L000 T}
Mn 006 o oy amsz anay amz ami L00s anig
Ca 24 1950 1542 1812 1126 1101 ez 1604 16543
Mg Lz 00 L000 a0az apay an3g il L00s Qnos
Ma L] 000 LiT] Q000 ams 24 ams i LT}
Taal 2000 2001 000 000 7868 .16 7610 000 2000
g s 86 L Q41

* electron microprobe analyees halinesd for Fe® by normaization o 125 cxygen and 8 ations.
B X, denotes malecular propartion of epidote in the binary epidote-clin e site mixing.

© RE . indicites REErich epidote

2062 + 26 Ma, respectively (Fig. 10c,d). The dates ame, within error, in-
distinguishahle from the date of the patchy-zoned monazite of grain
133 P4. While the dates from monazite grain 133 P3 and the central
parts of 132 P1 are mostly concordant (Fig. 10c, d), the two grains
affected by advanced breakdown [(ie. the outer domains of grain
132 M and 132 P5) are variably discordant [Fg. 10d, e). This is
most pronounced in grain 132 P5, which yields an upper intercept
date of 2073 4+ 47 Ma (Fg. 10e). Ingrain 132 P1, the monazite domains
in the central part of the grain that show onby minor varationsinTh, Ph
and Y yield concordant U-Fb dates, whereas domains with marked
chemical gradients yield discordant dates (Figs. § and 10d).

Similar to s=ample 133, monazite from metasediment sample 961
records bwo growth episodes (Fig. 10f). The Y-rich domains yield
slightly reverse discordant dates, with a pooled mean *7pb/**1
date of 2244 419 ma [n= 9), which is within the uncertainty of the
apparent ““Ph/*™Ph date of 2219 £21Ma The other group has an
upperintercept date of 2052 4+ 16 Ma, whichis, withinermor, indistin-
guishable from the dates of type 2 monazite from metagranitoid
rocks.

6. Discussion
G.1. Formation of type 1 and type 2 monazite

The geochronological data outlined above suggest that monazite
from the ETSZ records bwo distinct growth episodes. An early growth
period is indicated by 1) a *7Ph #*Ph date of 22 30+ 22 Ma for type 1
monazite from metagranitoid rocks, and 2) a pooled mean *7Ph#51
date of 2244 4+ 19 Ma for a Y-rich core of type 2 monazite in metase-
dimentary rocks. Based on the euhedral shape and oscillatory zoning
of type 1 monazite, we interpret the date of 22304 22 Ma as the age
of magmatic crystalliz=ation of the precursor of the metagranitoid
rock. The 2244 +19Ma date of the older monazite generation,
which is preserved in type 2 monazite from the metasedimentary
rocks correlates time wise with this igneous activity. Similar to the
younger age domains of type 2 monazite, this early monazite genera-
ton shows patchy domains, with sharp boundaries and imegular size,
shape, and orientation, indicativeof monazite grownin a disso lution-
reprecipitation process (Hadov et al, 2011; Hetherington et al, 2010;

77



a2 5 Sndem ot @l [ Lithos 132-133 (2012) 82-87

Table 5
Results of U —Pb manzzite LA-ICP-MES dating.
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Putnis, 2009; Williams etal, 201 1). We therefore interpret this age to The second stage of monazite growth oocumed between
record a major pre-deformational HT-metamorphic event that was ca. 2058 4+ 22 Ma and 2066 4+ 22 Ma, and wasassodated with renewed
assoCiated with granitoid magmatism alteration of the monazite again via coupled dissohuton—reprecipitation
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Type 2 monazite thus replaced magmatic monazite in the metagrani-
toid rocks and a metamorphic precursor in the metasedimentany
rocks. In the metagrmanitoid rocks, type 2 monazite shows an inceas
in the cheralite component, a common feature of metamorphic mona-
zite (Kim et al, 2009; Spear and Pyle, 2002). Although we cannot rule
out that this second metamorphic event pre-dates the formaton of
the ETSZ, several lines of evidence suggest that monazite growth oc-
curred during ductile shearing. First, in both types of rocks, the mylani-
tic fabric is defined by amphibolite-facies mineral assemblages, and
monazite is aligned along the foliation [e.g. Fg. 2a). This suggests that
type 2 monazite formed during amphibolite-facies metamorphism
and ductile shearing. Second, the dissoution-reprecipitation process
requires the presence of a fluid phase acting as a catalys to increase
rates of dissolution and reprecipitation of the monazite, and to provide
a medium enhancing tansfer of elements from and to the solids
[Putnis, 2009). However, HT-metamarp hic mcks (espedially granitoids)
are relatively dry and their permeability is typically too low to allow
Auids to infiltrate (Brace, 1980). Shear zones often represent major
fluid pathways in the crust, as the interplay between dudtile shearing
and fluid-mck interaction may significantly increase the permeability
[eg. Dziggel et al., 2009). It is therefore inferred that both metasedi-
mentary and metagranitoid mocks were affected by fluids during shear
zone formation bebween 2052 + 16 and 2066 4 22 Ma and that this rep-
resents the formation age of the ETSZ.

6.2, Fluid compaosition

Thefuid phase and its composition also play a crucial role inthe na-
ture of monazite-producing reactions, as indicated by recent experimen-
tal work [e.g Harlow et al, 2011). Formation of distinct, and chemically
different, monazite domains, and the development of micropores were
obsred in monazite after experiments with NagSizOs + Hz0 or NalH
fluids at temperatures between 450 and 600°C [Budzyn o al, 2011;
Harov etal, 2011; Hetherington et al, 20 10). it was shown that patchy
monazite forms in a reaction with [alkali+ OH }-bearing fluids with neg-
ligible O (Hadov et al., 2011). In contrast, aqueous brines with NaQ or
KO components induce no or limited reactions in monazite Acd and
brine fluids including com ponents such as CaF,, HOL Hy50,, Cadl, rather
cause monazite dissoltion and new nucdeation of secondary monazite
or other phases [Budzyn et al., 2011; Hetherington et al., 2010).

Experiments have also shown the removal of Pb to levels below
detection limit from domains altered by (alkali + OH)-bearing fluids,
suggesting total resetting of the U-Ph decay system during such alter-
ation (Harlov et al_, 2011; Williams et al., 2011 ). These data are con-
sistent with our interpretation that the concordant U-Pb dates of
patchy monazite domains reflect the age of a fluid-mediated
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dissolution-reprecipitation process, which was trigeered by meta-
morphism and ductile shearing.

6.3, Monazite breakd man

Corroded edges, truncated outer domains, as well as dispersed re-
action zones or corona structures reflect an event to which monazite
responded by dissolution and formation of secondary phases such as
fluorapatite, allanite, REE-epidote and Th-orthosilicate. Among the
secondary phases, fluorapatite accommodated P, Y+ REE and Th.
The higher concentrations of Y+ REE in allanite and REE-epidote
compared to fluorapatite (Tables 3, 4, Ag. 9) indicate that these are
the main sinks for ¥ + REE mleased by monazite. Thorium is not
only incorporated in fluorapatite and allanite/REE-epidote, but also
forms Th-orthosilicate. Replacement of biotite and quartz by coronas
suggests input of 5L Al, and Fe to form Th-orthosilicate, REE-epidote
and allanite Biotite also provides F, enhancing the mobility of REE
and Th as an effective complexing agent (Haas et al, 1995;
Langmuir and Herman, 1980; Wood, 1990). A potential source for
(Ca is the anorthite component of the plagioclase. Formation of albite,
at the expense of syntectonic plagioclase [Ang;_sq) and epidote along
cleavage plains in biotite, indicate mobility of Ca inthe rock. Monazite
breakdown is therefore  best-explained by post-deformational
ereenschist-facies retrogression. This is in line with the observation
that the coronas are undeformed showing that this event postdated
shearing of the rock. Similar textures and secondary minerals formed
during greenschist- or am phibolite-facies metamorphism have been
described in mature by Finger et al. (1998), Broska et al. (2005),
Krenn et al (2008}, Petrik and Konecny (2009), Yi and Cho (2009),
and Rasmussen and Muhling [2009). These studies and [anots et al.
[2011) highlight the importance of a fluid for monazite breakdown
and transport of elements. Mobility of ¥ + REE and Th, at least in a
range of several 100 pm, is indicated by the occurrence of allanite or
REE-epidote at this distance from the source monazite (eg. Fig. 31).
Formation of hydrous minerals and evidence of element mobility
thus show that monazite breakdown ooumed during influx of a
metamorphic agueous fuid.

Similar to monazite-forming reactions, recent experimental work
underlines the crucial role of the fluid composition for monazite dis-
solution (Budzyn et al, 2011; Hadov et al, 2011; Hetherngton
etal, 2010; Tropper et al., 2011 ). The effects ohserved here, Le. mon-
azite dissolution and formation of luorapatite, REE-epidote or alla-
nite were partly reproduced in experiments using Ca[0H),, Caly +
Hy0 or CalDz;+H;0 at T=450-500°C and P=450-600MFPa
[Budzyn et al, 201 1).In that study, the fluid also caused precipitation
of a Th-phase [ ie. thorianite). In conclusion, petrographic obsenva-
tons inthese rocks coupled with experimental work show that mon-
azite dissolution and replacement by secondary minerals occurred
during retrograde greenschist-facies metamorphism, and was pro-
moted by an agueous Ca-rich fluid in a post-deformational stage.
The concentric corona tedures point to diffusion-controlled growth
of secondary minerals (Finger et al., 1998, The dispersed reaction
zones may then be interpreted to reflect enhanced, possibly
advection-controlled, transport properties. Considering the impor-
tance of a fluid for element mobility, the oocoumence of cormnas and
dispersed reaction zones could be interpreted to indicate areas of dif-
ferent permeability within the rock, i coronas were formed in areas
of low permeahility, dispersed meaction zones surrounded by areas of
higher permeahility.

G4, Retrogmode effects on monazite chemisory

Monazite grains showing advanced breakdown differ from other
patchy type 2 domains in that they are enriched in huttonite or cher-
alite components (Fig. 4a), and display strong concentation gradi-
ents of Th and Pb (Fig. 8, E52 in the electronic supplement].



a4 5 Sinderm ot @l [ Lithos 132-133 (201 2) 8297

pagf Mnz metagranilod 4 o4z | Mnzmelagransaid h
euhedral cone pealetty zonation
P al2 typn 2
CAZF a3 pg a4, 0381 431 pg
2086, i
—_Ph
238, o0agp 0,32
034 Irnanzents at 0.30 Intpreepts af
1022230 & EER0L22 [+24] Ma ST4AE0 & 20BBAEE [adY] Ma
MEW =078 MEWD =18
0302 £ 7 ) 3 H ] ] 7 E]
0.42
o Kinz ralagraniioid c Mz metagranitoid ':_j
patehy zoration 0.38 | palchy 2onaton
hype 2 type 2
133 P3 152 P A5, AT
o3l 0.3+
206
—Pb
z:l-lu a5, as1, a52 o
a3, G2
0251
Iriarcaps at 0.5 rhercens af
. o014 & PM28[+27] Ma FH1=FI0 & 2O86ET [+23) Ma
1 MEWD = 18 MSWD = 2.0
18 0.22
1 3 5 7 35 4.5 5.5 E.5 7.5
047
0385 panz metagransald € 0,45 [ Mne metasediment f
patchy zonation paichy Zonabon, type 2
0.4t o4l
Iype 2 T ae Pz, Pl
| 041 |
0.3 Pla2z
E ,
Pb o o3gp  Fialg F1a18, 10, a0
=8 par| P12 P2 ail, al2, a1
0221 G, Gh
1,35 Paald
niareepts at
218 535487 & BOTEeAT [+43] Ma 0
MEWD =073 : e
014 L 1 L 1 L 1 L 1 L 1 0.3 L L s L L L L L
2 3 4 5 a8 T 5 [ T a ]
T, 235 207 235
Pl Phil)

Fig. 1. Concordia diagrams showing U-Pb d ata of monzie domains from metagranitoid and metassdimen @y samples. Mumbers of spots analysed shown in Ags 6-8 Inbercept ages
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Ditfusion of these elements cannot explain the observed changes in
monazite chemistry, given the low diffusion coefficients of Th and
Pb under low grade conditons (Chemiak, 2010; Cherniak and Pyle,
2008; Cherniak et al, 2004; Gardés et al., 2006, 2007). The observa-
tion of these characteristics in domains close to the edge, which is af-
fected by solution, suggests the influence of fluids on the monazite
breakdown reaction Thorium-Si-enriched [ie. huttonite-rich) do-
mains, as shown here, have also been observed in experiments parthy
dissolving monazite (Hardov et al, 2011; Hetherington et al, 2010).
The fact that different element enrichment occurs in disinct
grains or even domains of one grain (eg. 132 P, Fig. 8) points o

local equilibria in distinct parts of the sample Thus, we infer that the
outer domains of grains afiected by advanced breakdown represent a
stage of local monazite stabilization during retrogression. High Ca-
activities in a fluid promote monazite breakd own to fluorapatite, REE-
epidote or allanite [ eg., Budzyn et al., 2011). If growth of fluorapatite
and REE-epidote or allanite consume Ca faster than Ca is tAnsparted
to the reaction front of the dissoving crystal monazite could locally
be stabilised due to local undersaturation in Ca Formation of secondany
maonazite in response to changing saturation limits of ions in a fluid is
alzo proposed by Hetherington et al (2010) and Budzyn et al (2011).
These monazite domains could thus represent frozen™ stages of local
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equilibraton during a dissolution-reprecipitation process. Possble fac-
tors explaining such local equilibration include the generally low tem-
peratures, changes in fluid chemistry, and a low fluid-mck-ratio and/or
permeahility, reducing reaction mtes (Hadow et al, 2011; Putnis, 2009).

In contrast to monazite domains formed during amphibolite-
facies metamorphism, domains affected by the local re-equilibration
are discordant [eg., Figs. 8 and 10). For example, monazite 132 P5
[Fig. 3g), which is characterised by adwanced breakdown, shows
strongly discordant U-FPh isotope mtios (Fig. 10e and E52). However,
the upper intercept date of 2073 4+ 47 Ma is, within error, similar to
the age of the amphibolite-facies event. Hence, local re-equilibration
did not reset the U-Pb system but caused only partial loss of Ph
This is consistent with experimental results showing that remaowval
of Pb from a reacting monazite is a function of fluid chemistry
[Harlov and Hetherington, 2010; Harlow et al., 201 1; Williams et al.,
2011). Whether Pb is retained within nanometer-sized domains in
the re-equilibrated monazite, as described by Seydowe-Guillaume et
al. (2003), cannot be resoheed.

5.5 Imphcotions for the Pre-Unolion margin of the Eost European Craton

The data presented in this study also add new information to the
tectonometamorphic history of the eastern continental margin of
the East European Craton The ages of 2244 + 19 Ma for metamomphic
maonazite and 22304 22 Ma for igneous monazite provide the first
evidence for a HT tectono-magmatic event of that age in the Taratash
complec Slightly older and younger ages (Table 1) have been
reported from a lewcocratic granite (2344 4 29 Ma, Sindern et al.,
2005), a gneiss [ 2461 +36Ma Ronkin et al, 2007) and a migma-
tite/augen-gneiss [ 2127 +65Ma, Kmsnobayev and Cherednichen ko,
2005) from other parts of the Taratash complex, supporting the idea
that the complex is an amalgamation of difierent crustal domains
with a prolonged and probably polyphase tectonic history (Sindern
et al., 2005).

The time interval from 20524+ 16 to 20664+ 22 Ma refleds shear
zone formation. Similar ages [Table 1) have been reported for metamor-
phic zircon (2032 4 27 Ma. Ronkin et al, 2007) and zircon in migmat ite
[ 2044 4+ BMa Sindern et al, 2005) from granulite- to amphibolite-
facies domains of the Taratash complexc The data indicate that high-
grade metamorphism and ductile shearing affected and possibly amal-
gamated the different crustal domains of the Taratash complex. This
may point to a Palasopmoterozoic omgenic event at the eastern margin
of the East European Craton.

Supplementary materials related to this article can be found on-
line at doi: 10101 6/.lithos 201 1. 11.017.
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Abstract

In the SW Ursls a change of tectonic conditions occurred at around §20Ma leading to & detrital input from contrasting
provenance areas. Fifty-seven detrital dircons were separated fom Proterozoic sandstones of this setting to study their typologies
and pattern of U-Pb systematics.

Detrims from Fiphean sandstones (1.63—0.65 Ga) contains three populations of mrcon: (1) completely rounded fragmental
rrains with complicated, ut weak internal fabrics derived from high grade metamorphic areas with mmltistage reworking; (2)
long-prismatic zitcon grams with rounded edges and weakly preserved growth zoning from 5-type gramites; (3) types 1 and
2, but cloudy due to intense alteratdon (hydration of metamict areas). Zircons from Upper Vendian sandstones (0.62-0.54 Ga)
comprise two groups: (1) zircons similar to those of Riphean populations 1, 2 and 3; (2) perfectly euhedral zrcons with preserved
magmatic growth zoning from potassic alkaline as well as acid magmas.

Age siznamres of polycyclic zircons fom both Riphean and Upper Vendian detrius are compatible with crystallization in the
interval of 1.8-2.3 Ga This appears to be the significant age signature for the largely covered basement of the East European
Platform, the presumed source region in the W. The pattern of U-Pb systems shows evidence of at least two events leading to
lead loss. Diata clusters in the concordia disgram confined to single samples show a remarkably strong inflnence of local sources.
Alteration during diagenesis was an important factor of lead loss.

Upper Vendian detrital zircons have two sources: (1) The majornty of the polycyclic roumded mircons alse has a Paleoproterozoic
crystallization age consistent with that of the Riphean detrital zircons. However, a few zircon grains point to a later anorogenic
event which does not match with known events in the Fiphean basin and hence underline an allochthonous character of the
spurce ares_ (1) The data of the euhedral mircon would reflect a source age between 643 and 512 Ma.

The latter age siznamre is compatible with a local magmatic event concomitant with exhbumation and emplacemsnt of the
allochthonons Beloretzk Termrane after §20 Ma. This eastern source area for the Upper Vendian detrimas had partly been affected
by high-pressurelow temperamre metamorphism. The change of tectonic conditions reflected by the defritus composition

* Comespondng author Fax: +49-234-32-14433.
E-mail addrers: ame willnergmobr-uni-bochom de (A P Willner).
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represents 4 change from a passive continental margin slong the Fodinia supercontinent persisting during the Riphssn to a
comvergent continental margin during the Upper Vendian within a transpressional setting.

2 2003 Elsevier Science B.V. All nghts reserved.

Eipowords: Zircon rypelogy; Detmial mrcon: Single prain U/Ph systematics; Timanide orozeny; Riphean sandstone; Vendian sandstone;

Bodinia; SW-Urals

1. Introduction

[Chring the past decade U-Pb-dating of single zir-
con crystals from all rock types combined with bet-
ter imaging of their infernal struchres has provided
a foundation to better understand many processes in
general Here we try to apply this combination of
methods to detnital mreon crystals from the relatively
well known Precambrnian sedimentary basins i the
Southem Urals.

The Urals represent a Vanscan collisional orogen
betwesn the Baltica, Kazakhstanian and Siberian pro-
tocontinents with an intervening magmatic arc. At the
eastern margm of Baltica a remarkably long Precam-
brian history of this margin can be detected below its
Paleozoic cover (Fig. 1; Puchkov, 1997; Maslov et al,
1997). This early evolution is especially important n
the hight of recent efforts in understanding the forma-
tion and break up of the Late Precambrian superconti-
nent of Rodima (e.g. Torsvik et al, 1996; Weil ef al,
1998). The record is found in siliciclastic sediments
from two contrasting, long persisting basins (Riphean
and Vendian) between about 1.63 and 0.54 Ga. This
peniod of fime covers the entire history of assembly
and dispersal of the Fodinia supercontment.

The provenance signal of the detritus changes at
aroumd 620Ma, which 15 consistent with the pre-
Uralian Timanide orogeny (Puchkov, 1997; Maslov
et al__ 1997) representing a transiion from a passive
to an active continental margin (Willner et al_, 2001).
A similar history during the Neoproterozoic is ob-
served, at least partly, along the enfire length of the
Urals on the westem zide of the suhre zome, but it
is definitely missimg on the eastem (Sibenan) side
(Maslov et al., 1997; Puchkov, 1997).

Applying typological charactenzation and U-Fb
systematics of single detrital zircon from siliciclastie
rocks of the two different sedimentary piles with con-
trasting provenance areas, we attempt to answer the
following methodelogical and regional issues:

« Dipes a systemafic correlation exist between the n-
temnal struchure and U-Pb isotope signature of the
imwestigated zircon crystals?

« How does the infemnal strocture and isotope infor-
mation of the zircon crystals differ between the
two contrasting types of detrnitus and how does this
reflect different geclogical histories in the source
areas’

o I5 lead loss also caused by the process of diage-
nesis? Can we distinguish between isotope infor-
mation of the source area and 1sotope disturbances
from diagenetic processes 7

o I5 the U-Pb isotope sinatre of the zircon crystals
indicative for a specific protocontment source?

From the stratigraphic sequence six zircon-rich
samples of mednm-gramed non-metamorphosed
sandstones were selected. four Riphean samples (8c,
32, 37, 40) and two Upper Vendian samples (18/19,
200, A thorough light and heavy mimeral study of
those samples has been performed previoushy (Willner
et al., 2001).

1. Geological setting and evolution

The geological evolution at the eastern margin of
Baltica starts within a Paleoproterozoic crystalline
basement underlying the East European platform
Age mformation from these rocks, which are ex-
posed eg in the Taratash Complex of the SW Urals
(Fig. 1), was compiled by Lennykh and Krasnobaey
(1978), Bogdanova (1926) and Ivanov et al (1986).
These data suggest a major Palecproterozoic crogenic
cycle between about 2.3 and 1.8Ma based on U-Fb
zircon data. This broad age pattern is confirmed by
new data of Sindem et al. (2001) ranging betwesn
234 and 1.8 Ga that can be comelated to specific ge-
ological processes. Gramites (1.61-1.57; U-Ph) and
diabase dykes (1.6Ga; Fb—5r) cutting the basement
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in the Taratash Conplex are interpreted to be re-
lated to a younger nift event (Eeller and Krasnobaev,
1983).

In the SW-Urals the overlying immetamorphosed
Proterozoic sediments are exposed i the Bashkinian
Megaantichnorium (Fig. 1). The 12-15km thack,
mamly sliciclastic sequence of the Fiphean basin is
subdivided by extrusions and mirusions of bimodal
igmeous rocks, which are related to three major nift
events providing rough time markers around 1.65, 1.33
and 1.0Ga (zee Krasnobaev, 1986 and Maslov et al |
1997: Fig. 2). These ages are based on combined U/
dating on zreons and Ebv'Sr whele rock 1sochrons.
Sedimentation was partially under terrestrial condi-
tions grading into shallow marine deposits towards
the east (Maslov et al., 1997). The detmtal compo-
nents of the Fiphean sandstones are characterized by
a “contimental platform provenance”™ in accordance to
its derivation from the basement of the East Enropean
Platform (Willner etal . 2001}). Supposed source rocks
were granitoids and high grade metamorphic rocks
as well as siliciclastic sediments and acid volcanic
rocks reworked within the basin during episodic block
faulting. The limited heavy mineral spectmm (zireon,
towrmaline, rufile) provides evidence for polyoyclic
sedimentafion.

The Riphean sediments are conformably overlain
by Vendian siliciclastic sediments with a fhickness
of 2000-3000m While Lower Vendian sediments
mclude glacial deposits, the Upper Vendian detritus
was discharged from a proximal high-relief area m
the east (Maslov et al.. 1997; Willner et al., 2001) and
deposited within a foredeep basin on the western flank
of a pre-Uralian crogen (Puchkov, 1997) comprising
mainty turbaditic sandstomes and siltstones. Absohite
ages of sedimentation of the Vendian siliciclastic rocks
were mamly estimated from K/Ar and Rb/Sr-data
from glancomites (see review of Maslov et al,
1997).

The provenance signal of the Upper Vendian
sediments indicates a drastic change of tectonic
conditions around 620Ma (Willner et al, 2001).
It has a “recycled orogenic provenance”™ meluding
mineral and lithic clasts of mainly low grade sili-
ciclastic metasediments and mylonites confaining
phengites with a high pressure sigmahme as well
as clasts of bimodal voleanic rocks and siliciclastic
sediments derved from mtrabasmal reworking. The

heavy mineral spectum is dominated by epidote,
while the rest 15 rather reduced (zrcon. tourma-
line, mutile, apatite) suggesting polycyclic sedimen-
tation and similanty to the Fiphean heavy mineral
gpectrumm.

The source area for the Upper Vendian defritus is
still preserved betwesn the Zuratkul Fault in the west
and the Main Uralian Fault in the east (Fig. 1). This
Beloretsk Terrane is charactenzed by low to mediim
grade metamorphic rocks. the latter dominating in its
southem part (Metamorphic Complex of Beloretsk;
Glasmacher et al., 1999, 2001; Fig. 1). Local lenses
of eclogite ocour withm this complex. The coun-
try rocks contain phengite, which also implies high
pressure during crystallization. White mica Ar-Ar
cooling ages between 543 and 597 Ma (Glasmacher
et al., 1999, 2001) suggest concomitant exhumation,
surface uplift and emplacement of this complex dur-
g Vendian A local gramite gmeiss has a protolith
age of 930Ma (zircon; PbPb evaporation method:
Glasmacher et al. 2001). In contrast to the inter-
pretation of Glasmacher ef al. (2001), we consider
that this gmeiss was deformed and metamorphosed
along with the nearby eclogites between 930 and
T18Ma. The latter lower age lint of metamorphism
15 miven by an Ar-Ar age of amphibole (Glasmacher
et al. 2001). At that time there was ongoing sedi-
mentation within the Bashkirian basin indicatmg an
allochthonous denvation of the Beloretsk Terrame
Neoproterozoie deformation m Fiphean sediments
west of the Zuratkul fault 1s linuted to weak folding,
which decreases firther west.

Small plutons, dykes and (sub)volcanic equivalents
of a partly alkaline suite (alkali gabbro, essexite, syen-
ite, monzomite, granite, thyolite) represent a Vendian
magmatic event according to Alekseev and Alekseeva
(1980), because they cut Riphean but not Upper Ven-
dian sediments and have K—Ar ages between 602 and
670 Ma. Ar-Ar ages of 390-630Ma for detrital ortho-
clase in the Upper Vendian given by Glasmacher et al.
(1999} may also be attributed to cooling immediately
following this magmatic event.

Ordowvician sediments overlie the pre-Uralian base-
ment east of the Zuratkul Fault and the Fiphean basin
firther west with 2 pronoumeed angular vnconformity
(Puchkew, 1997). Later the enfire area was Incorpo-
rated info a westverging foreland fold-and-thrust belt

during the Uralian orogeiry.
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3. Analvtical methods

3.1 Sample selection and qualitative
image aalysiz

Zircon crystals from Fiphean and Vendian sand-
stomes were selected from the spectrum of heavy
minerals by magnetic separation and pamming after
dissolving of Fe stamings from the heavy minerals us-
g 5N HCl dunng 5 mun m an ultrasonic bath. A final
selection and separation into colour, shape and trans-
parency fractions was performed by hand-picking
under the binocular microscope.

After a prior comprehensive study of light and
heavy minerals in the Fiphean and Vendian de-
trtus (Willner et al.. 2001} zircon crystals (gran
size fraction 63125 pm) were separated from those
samples which show a typolemeally vanable zir-
con population Morphelogical studies on these
populations were performed with a Zeiss scanming
electron mucroscope at Aachen Unmversity. The ty-
poluglml classification scheme of Pupin (1980) was

NIIE[‘_". two selected grains were embedded in epoxy
resin. mostly cut parallel to {100} prism zones and
pollshﬁi Backscattered electron 1 images, cathodolu-
minescence images, element dismbution maps and
qualitative energy-dispersive analysis of inclusions
and alteration zones were performed with a Jeol TXA
8900 FL mucroprobe at Gottingen University and a
Cameca 5X 50 microprobe at Boclum University. A
complete set of images can be obtamed upon request
from the senior author.

3.2 Ziveon prepavation for isotope analysis

Fifty to lnndred transparent, colourless and mchy-
sion free crystals per zircon fraction were cleaned
m HyO, heated for 30mun at 8)°C and washed £i-
nally four imes with acetone. All reagents were of
ultrapure grade.

The marginal shells of part of the selected crystals
were partly abraded in a mill as described by EROGH
(1987) using pyrite as an abrasive. These zircon crys-
tals were cleaned from adhesive pymite by washing
with 7.5N HNO; for 30 nun at 50 °C and nnsmg with
H:0 and acetone. The weight of the single zircons
was not determmed because of their size, hence, the

concenirations of Pb and U cannot be caleulated from
the 1sotopic data.

Digestion of onginal and abraded mreon erystals
was performed in teflon Iiners designed for the disso-
lution of six single crystals sinmdltanecusly using 24N
HF at 180°C (vapour digestion technigque according
to Wendt, 1993). The digestion was ;ﬁﬂﬂt&d after 4
days. After spiking with a mixed 2% 331 solution
sample and spike were homogenized in 61 HCI for
24h at 80°C. The excess HCl was evaporated finally.

3.3, Muass spectromeiry

The Pb standards as well as the spiked samples were
loaded without element separation on single Fe fila-
ments (Wendt, 1993) mte a silica gel bed with 2 pl of
a loading solution contaming 90vol %4 of 63 HC] and
10wol. % of 0.1 H; POy.

Isotope measurements were performed on a VG
sector 54 mass spectrometer at the Zentrallabor fir
Geochronologie, Mimster Unmversity, equpped with a
Dialy multiplier. The Pb composition was determined
at 1300-1400C followed by the U measurement at
14001430 +C. At meammm the 2oy, emors obtaned

1':'51:'11,.-2':'41:1: HTpy r}'.DﬁP'h and ES}U (23807 were
3.0, 0.05, and 0.1%, respectively (see Table 1 for in-
dividual absolute emrors). The antope %P was not
analysed. Isotope ratios were comrected for mass frac-
tionation (0.11%-+ 0.02/zmm), blank (= 10 pg total Ph,
N6pp24Ph =17.7+0.5, 207Pb/2MPb = 155401,
lpgU} and mmitial common P estimated after the
model of Stacey and Kramers (1975). The Pb/*™Pb
and 27Pb;2Ph mtics were u:kduéed ﬁ:j_cagl the lat-
ter model using the gp]:m'em Phy P’I:r a
Uncertaimties of the 2 X4Pb and 0P PI:I
ratios were assumed to be 2 and D.Lrn_ respe:-
tively. Decay constants are taken from Jaffey et al
(1971).

4. Typology of zircon

4.1 Detrital zircons from Riphean sandstones
Among zircon grains separated from four Fiphean

sandstomes (Bc, 32, 37, 40; see appendix for petrogra-

phy) three groups can be distingished based on mor-
phology and type of mftemal zoning:
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Table 1

Analytcal data of the studied U—Pb systems

Sample Zion Pv*  U' P MPhmte” *TPh/Pomtie’  TPo/ YU mbie! PR mhe'  TRyTPy FTmtU MpnMeu
EToup Pg)  (pg) and 2, emor and 1o, ermor and 2, emor and 1o, amor aze (Ma) aze (Ma) age (Ma)
H0Z1-0 I 56 216 1643 £ 02 000216 £ 0.00058 2853 £ 0.027 02246 + 00012 1370 1306
40Z1-1 I 3 214 MB35+ 02 000141 £ 0.00057 2838 = 0.029 02251 & 0.0017 1365 1309
40Z1-2 I 39 189 W3 03 009023 £ 0.00060 2258 £ 0.023 01815 &+ 0.0013 1109 1075
40Z1-3 I 35 144 1757+ 03 0.00723 £ 0.00058 2820 £ 0.027 02104 + 00015 1361 1131
40Z1-4 I 25 111 1114 £ 02 0.09002 £ 0.00063 2525 £ 0.027 02034 + 0.0014 1179 1184
HZ1-5 I 33 137 735£ 01 0.08873 2560 £ 0019 02092 + 0.0010 1189 1135
32Z3r0 I 2 68 4208 012760 £ 0.00170 4307 £ 0119 02448 + 00035 1605 1411
32l I TR 215 2750 £ 02 012200 £ 0.00048 5214 £ 0.038 03076 + 0.0016 1855 1720
32732 I g2 25 3513+ 03 012430 £ 0.00073 5264 £ 0049 03021 + 0.0021 1863 1701
32T3e3 I Toom 457 £ 05 012834 £ 0.00117 4842 £ 0058 02736 + 0.0018 1782 1550
327511 1 42 i} 1759+ 11 012327 £ 000245 4995 £ 0127 02839 + 00041 1818 1661
352 1 42 11 Ims+0e 012792 £ 0.00156 5232 £ 0.081 02078 + 0.0022 1861 1680
32730 I g2 G035 + 0.1 012186 + 000040 5763 + 0.035 03430 + 00017 1941 1901<
32731 I a7 45 6851 + 03 012008 + 000057 5748 £ 0.040 03471 + 00016 1933 1831%
32732 I oy M5 5621+ 01 012171 + 0.00034 5814 £ 0.034 03445 + 0.0017 1048 1918=
32733 I BE 244 4727+ 012 012223 £ 0.00041 5820 £ 0.035 03453 + 00017 1948 19127
32T+ I a7 2 412+02 012094 + 000044 5761 + 0.039 03455 + 00019 1041 1913+
32733 I s 230 3069 + 02 0.1X075 + 000039 5720 + 0.033 03441 + 00015 1934 19046°
8710 o 108 336 15125+ 01 011360 £+ 0.00022 4485 £+ 0.019 02861 + 0.0011 17328 1632
8:71-1 I 61 257 0873+ 01 000475 £+ 0.00027 2814 £ 0013 02154 + 0.000B 1358 1258
8712 I 179 8§95 20620 £ 01 010881 = 0.00019 3418 £ 0017 02321 + 00011 1309 1345
8:71-3 I 185 TR 13MO+01 0.10B66 + 0.00018 3385 £ 0.015 02260 + 00009 1301 1313
Zl4 I 214 B33 288l 0l 010565 £ 0.00019 3320 £ 0014 022564 £ 00010 1488 1315
8:71-3 I 175 805 4867+ 01 010898 £+ 0.00017 3906 + 0.014 02600 + 0.0010 1415 1480
imZl-l I L) 185 G818+ 03 0.13667 £ 0.00050  6.067 = 0.044 03220 + 0.0019 1985 1760
imZl2 I 33 a5 EXURTE 0.13198 = 0.00138  §.078 = 0083 0.3340 + 00022 1987 1838
Table 1 (Continuad )
Sample Fircon Db ut mspwwpb Tatics h‘\'-m,],l!l‘\e.m’, Tadot ;\):'-pbl,lBSU ratad ESpbj."_wU raria! 1&1mjfl&6m’, JT.‘HIIrHS'L' Iu:'ptllrﬂﬁu
EToup (pe)  (pg) and 2o, emar and 2o, emor and la emwor and ls_ emor age (Ma) age (Ma) age [Ma)
Upper vendian
1819230 I 143 431 1738 £ 02 0.11847 + 000071 5128 + 0045 03113 £ 00017 1948 1341 1747
1819Z3-1 I 140 375 2064 £ 02 0.11826 + 000058 5.027 £ 0,051 03083 £ 00026 1930 15324 732
1819232 I R k) 18046 = 0.1 0.11877 &+ 000052 5280 & 0.044 03224 = 00010 1938 1256 1802
1819Z3-3 I 1 1@ 1183 =04 0.11818 &+ 000106 5338 & 0064 03261 = 00022 1944 1878 1819
1819235 I g 43 1830+ 02 0.11792 + 000051 5.020 & 0040 03087 £ 00024 1925 1823 1734
1819210 I ™23 11355401 0.11841 + 000031 5128 + 0.030 03141 £ 00016 1932 1341 1761
1819Z1-1 I 42 1 586.1 £ 0.2 0.09276 + 000123 3.018 £ 0.042 0.2360 = 0.0010 1483 1412 1366
1819Z1-2 1 72 201 11526+ 01 0.11293 + 000033 4074 £ 0.032 03195 = 0.0014 1847 1815 1787
1810204 I 43 1MW 5024 £ 0.1 0.10830 &+ 000070 4702 X 0.037 03120 = 00013 1788 1752 1750
1819215 I 12 a8 3311+£03 0.09061 X+ 0.00059  3.108 X 0.027 0.2428 = 00012 1438 1435 1432
1819232 I T2 18 3333 +02 0.11810 + 000050 3290 + 0040 03240 = Q0018 1928 1857 1514
1819Zm3 I g 18 T35+ 17 0.12711 + 000330 5030 + 0183 03380 £ 00033 2038 1947 1281
181024 I 71 1= 3359 £ 02 0.11798 X+ 0.00042 5283 £ 0.033 03248 = 00016 1926 1256 1813
1819Z3m0 I 72 1% 2013+£02 0.11814 &+ 0.00051 5283 X 0.040 03244 = Q0010 1928 1256 1811
1819831 I T4 18 2302+ 02 0.11863 + 000050 5336 &+ 0.040 03263 £ 00018 1936 1875 1820
1819Z3m3 I T4 18 35+ 01 0.11738 + 000053 32468 + 0.030 03235 £ 00017 1917 1244
1819-Z2-0  Ia 12 aa 1324 £ 0.6 0.05002 + 0.00132  0.898 £ 0.023 08 630
1810.Z2-1  Ia 12 33 1130 £ 04 0.06100 + 0.00118  0.816 & 0.020 343 G50
1819-Z44 Ta 15 181 082+ 04 0.05617 + 000130 0824 £ 0021 0.1010 £ 0.0007 573 610
1819-Z4-5  Ta 15 505 1348 £ 06 0.05815 + 000125 0874 + 0021 0.1090 £ 0.0006 533 638
1819240 1Ia 14 1 49+ 07 0.06055 £ 000215 0777 £ 0.031 0.0931 = 0.0009 §23 384
1819Z24-1 IIa 15 1 605+ 03 0.06044 + 000203 0776 X 0020 0.0931 = 0.0008 §1e 583
1819243 Ia 12 1= 603 £03 0.05860 + 0.00156  0.754 £ 0.023 0.0931 £ 0.0007 536 570
1871924 IIa 15 1= 550+£03 0.05754 £ 000209  0.743 X 0.030 0.0936 £ 0.0008 512 4
1819245 Ila 15 105 528+ 10 0.06043 + 000330 0780 + 0.047 0.0936 £+ 0.0009 §1e 583
29711 I L T 1037+ 02 0.11725 + 0.00094 5180 + 0.060 03204 £ 00023 1913 1340
10714 I P 1832 £ 02 0.11736 & 0.00086  5.074 £ 0.045 03136 = 0.0010 1916 1832
0Z1-5 I 0y 1m 1238+ 1.0 0.12104 £ 000195 5271 £ 0.103 03158 £ 0.0024 1972 1254
29710 I 85 I1m 238+ 02 0.11615 + 000051 4962 + 0.040 03008 = 00019 1898 1213
29712 I 84 115 443 +02 0.11737 + 000059 5022 £+ 0043 03103 £ 00020 1917 1823
29Z13 I 8y 21m 238+ 03 0.11716 &+ 000054  5.027 £ 0.043 03112 = 0.001E 1913 1824

= Amaunt of 7P, 2%Dh and *Th in zircon
b Atemic ratios correctsd for blank, spike, factionation and inidal commen P

© Amount of

4 Comected for spike and Factionation.

U in zrcon

= Further abraded.
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Zircon group I (19 grains) comprises clear, colour-
less, generally perfectly rovmded fragments of larger
crystals (Fig. 3(1 and 7)) suggesting multistage re-
working. The surfaces are mostly rough and pitted.
The degree of frachmmg and fillmg of fractures 1s
variable. The type of intemal zemmg also vares
considerably, but 15 always faint and cathodohomines-
cence is wsually very weak. Some grains even appear
mnzoned m back scatter electron images. Apart from
some former well-developed, concentric growth zona-
tion partly with traces of round dissclution surfaces,
relict zonmg 15 generally hazy and diffuse (Fig. 3(1}).
Also bhored former oscillatory zoning without dis-
finct borders ocours. Infernal imeonformities due to
overgrowth phenomens are frequent. Patchy zoning
with sharp and curved sectoral boundares, planar
nd non-planar sectoral overgrowth as well as some
older inhented cores are observed. Two grains show
fir-tree sector zoning in evergrowth rims (Fig. 3(2))
as described by Vanva et al. (1996). Tiny. roumd melu-
sions of apatite and quartz are alnmdant. In one grain
mclusions of Cl-rich apatite were observed

Group I internal fabrics are rather similar to zrcon
from amphibolite and granulite facies temranes as de-
scribed by Vavra et al. (1996, 1999) and Schaltegger
et al. (1999). The low confrasts between adjacent in-
dividual growth bands are inferred fo be due to small
chemical differences and may be interpreted as grad-
ual erasing of primary zoning either by diffusion tnder
elevated temperatures or by annealing effects within
strained lattice domains as suggested by Schaltegger
et al. (1999). Inherited zircon can ocour as xenocrysts
of detrital cores that are overgrown ina complex man-
ner. Observed patchy, sactor or fir-tree zones and thin
overgrowths at the nms are due to subsolidus crys-
tallisation.

Zircon group IT (11 grams) comprises clear, colour-
less and long prismatic grams (511, 512 and 517 type
after Pupin, 1980 that are edge rovmded to vanable
degrees (Fig 3(3 and 4)). The crystals are partly bro-
ken at one end along fresh cracks. The surfaces are
generally rough and pitted. tut a few grams are eu-
hedral with smooth surfaces. Filled cracks are always
developed Fomd inchosions of magnetite, Fe-rich bi-
otite, K-feldspar, quartz, xenotime and apatite needles
were observed

A perfect concentric, narrowly spaced, oscillatory
growth zoning pattemn is generally developed. The

grains can display cores with traces of round disselu-
tion surfaces (Fig. 3(3)) and planar overgrowth Three
grains contain a round inherited core. Small filled dis-
solution embayments can also ocour at the edges of
the grams. Most grams show outer planar overgrowth
zomes at the edges.

Group I typically comprises magmatic zircon. Mor-
phology. typical inclusions as well as some cccumence
of mhented cores pomt to (at least partly 5-type) grani-
toids as source rocks. Resorption during zircon growth
can be due to the onset of anatexis or ¢ g PTAY
conditions m a magma (Vavra etal., 1996, 1999). Edze
romding pomts to less abraswe transport comparad
to group I zircon. The coincidence of features mdi-
cating less ransport with specific zoning, merphelogy
and mclusion types suggests a rather local and more
restricted deftritus information compared to the more
vanable group [ zircon with longer transport.

Zircon growp ITT (21 grams) includes groups Iand IT
type grams charactensed by alteraion as a promiment
additional feature (Fig. 3(:1 and 6)). These grams are
typically clondy and coloured (brownish, yellowish or

reddish}).

Iregular patches of alteration (darker m BSE im-
ages than the sumoundings and with spotted appear-
ance) are bound to specific growth zones that can
also be entirely affected. Alteration zones are mostly
lotatednearﬂleadgesofﬂmmmngmﬂsmcan
even affect the entire zircon except an outer over-
growth (Fig 3(6)). Alumdant pronunent filled cracks
propagate from the rims and end i alteration zomes
(Fig. 3(3)) or can be confined to mdividual growth
zones being oriented perpendicular to growth surfaces
and radial to the centre. In larger zones alteration forms
tregular halos or fronts aroumd erack terminations. Al-
teration starts along cracks that are widened and first
affects specific namrow crystallographic zomes. If the
net of cracks hecomes denser, more alteration ocours.
In extreme cases alteration also affects previously wm-
altered zones changing finally the entire crystal with
some remaining imaltered islands.

In BSE images two different types of alteration can
be distinguished that can even ocour within a single
grain: dark zones being relatively enriched in Ca and
Al compared fo the imaltered zones, wiile slightly
brighter zones are relatively enriched m Fe with few
Ca and no Al Relative ennchment of these elements
as well as of ¥ and P prove alteration.
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Fig. 3. Imapes of polished zircon crystals (for explanaton see text): Riphean zicon: 1, 2 group L 3, 4 group IE 5, 6 group IO. Fendian
zircan: 7 suberoup Ia; 8 subgroup Ih: 9 subgroup Ma; 10 subproup Ib 1, 3 5. 6, 7, 8, 10 BSE mages; 1, 4, § CL images; all scales are 10 pm
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Lee and Tromp (1995) peinted out that microe-
racks as potential fiud pathways for alteration can
be mduced by metamictisation. This process leads
to lattice expansion due to high local radiation dam-
age which alse weakens certaim zAircon zones locally
that can be preferably altered Alteration is presum-
ably an effect of hydration in metamict areas as
was suggested by Medenbach (1976). Kz (20000
altered zrcom Ei'pEL'JIIEIIIBu}' with hydrothermal
Ca-nch fimds proving the observed effects and a
considerable U and Pb mobdlity. Clear zrcon became
cloudy.

Yet it is not clear whether alteration happened m the
source rock during a specific hydrothermal event or
enclosed in the sandstone either due to contimious ex-
posure fo sedimentary brines or a more time-restricted
hydrothermal event. However, if we regard the very
long exposure of the Riphean zircon to formation
water in the Bashkinan basin and also the fact that
nearly all Riphean zircon show at least some effects
of alteration, sedimentation and diagenesis are the
most probable alteration processes.

4.2 Detrital mircons from Lpper
Tendian sandstones

Two major groups of zircon may be distinguished
m the Vendian sandstones (see appendix for petrog-
raphy), roumded recyeled (Vendian group I) and fresh
enhedral mdividuals (Vendian group II).

Group [ contains roumded, i.e. recycled and older
zircon grains that allow a fiurther subdivision mto three
subtypes:

Subgroup In zircons (17 grains) are clear, partly
colourless and partly coloured (yellowish, browmsh),
but well roumded with rough and pitted surfaces. Most
are nearly ball-shaped, some slightly elongated but al-
ways fragments of bigger onginal crystals. Zoning is
generally diffuse. hazy or patehy, iregular rather than
concentric, with extremely faint differences betwesn
the zones and mostly bhuored transiions (Fig. 3(7)).
Some famt relict conceniric zonmg may stll be vis-
ible with catodehmuinescence. Boumdanes of patehy
sectors are planar or curved. Four grains show fir-ree
zoning. Ome grain contams a discordant core. Small
non-planar concentric overgrowth at the nms ocours
sometimes. The degree of filled eracks vames. Very
small round mchosions deminate over rare larger inclu-

sions of plamoclase, quartz, eubedral apatite as well
as Fe- and Ti-nich biotite.

Subgroup Ib zircons (8 grams) comsist of lomg-
prismatic, but moderately roumded grains with rough
and pitted swrfaces. They seem to have a S+type
morphology after Pupin (1980). They show faint for-
mer conceniric magmatic growth zoning with rather
namowly spaced zones parallel to the prosm planes
{Fizg. 3(8)). Sectoral zoning and discordant cores are
rare as well as filled cracks. Sometimes shight planar
and nonplanar overgrowth is observed at the nms.
Ty melusions of quartz and K-feldspar are always
roumd.

Frve subgroup Ic grams are similar to those of b
subtype, but are cut by abundant filled eracks terminat-
ing in namrow patchy alteration zones parallel to for-
mer growth zones. Strong alteration m the outermost
zones 15 characteristic.

Al group I subtypes show most features also ol-
served in groups I-1TT of Riphean zircon. This imcludes
similar S-type typologies, melusion mmerals and
occurence of inhented cores within long-prismatic
edge-rounded varieties that point to gramtold source
rocks of crustal origin as well as zoning pattem typ-
ical for Aircon from hich grade metamorphic areas.
Alteration appears to be nmch less frequent.

Among the euhedral Zircon grains (group IO} two
subtypes can be distingiished that denved from two
different magmatic rocks as constrained by their mor-
phology and their melision types:

Group Ha (12 grams) consists of perfectly eu-
hedral columnar grams that are clear shghtly
yellowish-greenish and contain abindant inclusions.
Surfaces are perfectly smooth. P-type zircon (P2, P3,
P4; P35 after Pupm, 1920) dommates more rarely
S-type grains are found (519, 524) All sectioms
parallel {100} show perfect igmeous concenfmic,
strongly oscillatory and somefimes shght sectoral
zoning (Fig. 3(%)). Found or comcave traces of mm-
conformuably overgrown dissolution surfaces occur in
some. XenocTyst cores were not observed. Incipient
alteration in the outermost growth zone was only
ohserved In two grains. Among very aumdant inelu-
sions are Ti- and Fe-rich biotite, K-feldspar, Clrich
apatite, Mn-rich ilmenite and very small roumd men-
Zircon morphelogy and the type of inclusions point
to Siamdersaturated potassic alkaline magmas such as
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syenite as the most probable source. Pebbles of syen-
ite are alumdant in the immediately overlyme Knkka-
rauk conglomerate. The perfect euhedral shape and
the high concentration of group Ila mrcons with re-
spect to other Upper Vendian sandstones indicates a
nearby local source for group Ia mrcon grains as for
the conglomerate pebbles.

Three further long-prismatic grams (subgroup Ob;
Fig. 3(100) show similar featmes (P2; P4 type),
but contain quartz, magnetite. Mn-free ilmemte and
E-feldspar as mclusions. Also meipient alteration in
an outermost zone 15 observed in two Zdrcon grains.
This evidently less abumdant group of zircon resem-
bles mrcon from a Si-saturated melt Ehyolite that
also oocurs among pebbles in the conglomerate of the
Upper Vendian Enkkarauk Formation is a possible

source rock.

5. Geochronological results

For the T-Pb isotope determinations we med to
use clear and colourless Aircon crystals only to avoid
alteration as far as possible as an addifional process
modifying the U-Ph-systematics. Nevertheless. due to
the random eccurrence of this feature even at a small
scale, no exclusive avoidance 15 possible.

3.1 Riphean samples

All U-Pb systems analysed in all samples are dis-
cordant (Figs. 4 and 3). Due to the low amount of
radiogenic Pb in some analyses relatively large emors
ocour (Table 1), Surprisingly, the U-Pb-data of the
Fiphean samples show separation into four distinctly
different chusters mn the U—Ph-concordia diagram for
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Fig. 4. Synoptic concordia diagram showing single prain U-Fb data of detnial Zircons in all analysed Fiphean samples (Bc, 32, 37, 40).

Inset shows the best fit reference line for data of sample Bc.
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Fiz. 5. Synoptic concordia diagram showing single grain U-Fb data of detrital zircons in all anatysed Upper Vendian samples (1819, 28).
{A) Do of munded detrial zircons (zroup I). (B) Dam of evhedral detrital mrcon (zroup Ia). Box around group [Ia zocons indicates
the area of uncertainty derived from initial lead comection using the maxiomm vanagen of 2€Pb /2 Db and Y Ph/M™Ph sipnatores in

alkaline magmas (Wilson, 1996).

each sample population mstead of having an over-
all vmiform random scatter (Fig. 4). Thus, the Zircon
grains from the four samples appear to represent lo-
cal age information related to the individual geclom-
cal history of the original host rocks. All four clusters
have elongate shapes criented In an “en echelon™ pat-
tem subparallel to each other. However, they do not
define distinct discordias.

3.2, Sample 8¢

The population of six grams m this sample -
cludes only those of group IT (edge rounded prismatic
grains). After correction for blank Pb and mitial lead
the 207Pb/2%Ph apparent ages range from 1523 to
1859 Ma (Table 1). Assuming a young Pb loss event

these apparent ages represent mimnmm ages for the
crystallisation of the zircon. If clder or several such
events occurred, the age of crystallisation would
definitely be higher.

Compared to the shapes of clusters of the other
Riphean mitcon populations (Fig. 4) that of sample
8c zdrcon rather resembles a discordia-like alignment
of U-Pb-data. Under the presumption that the zircon
grains have simlar pnmary ages of erystallisaton
they mmst have suffered similar processes leading to
discordancy. This concurs with the fact that all grams
represent edge rounded euhedral zircon from S-type
granites (group II; see above) ndicatng a sinmlar
source and less transport than group I zdrcons.

The upper mtercept of the best fit refersnce line
shows a value aroomd 2006 Ma. This illustrates the
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possible range of crystallization ages of granitic mag-
mas in the source area Yet due to the given pattem
it is too speculative to give a reasonable nferpreta-
tion for the lower mtercept near the presumable age
of sedimentation of the enclosing sandstone.

5.3 Sample 32

Twelve srams only of group I type were analysed
from sample 32 (Fig. 4) showing a namow range
of 207Ph/2%Ph apparent ages between 1958 and
2075 Ma (Table 1), but a wade scatter of U-Pb-data,
becanse this pepulation imvariably contains roumded
zrcon fragments with multiple ova‘%ms, which 13
also reflected by the extremely low “%Ph/2™Pb ra-
tios. However, six more abraded amns show a mmuch
mare reduced e of *“"Pb/*™Pb apparent ages
between 1958 and 1989Ma and a clustenng near
the concordia. This agam is taken to point to an age
of zircon erystalisation near 2000Ma Apparently
improved results with more abraded zircons suggest
strong mfivence by alteration subsequent to crystalli-
sation regarding the strong discordancy of the other
mircon gramns in the pepulation

54 Samples 37 and 40

207PhL/2MPh apparent ages of two grains (group
I type) from sample 37 (Fig. 4jareﬂmnldest
(2124-2185Ma) of the analysed Fiphean zrcon
grams, those of six grams (groups I and 1T type) from
sample 40 (Fig 4) the youngest (1399-1572 Ma). The
cluster of sample 40 shows that groups I and 0 zrcons
of its population have similar apparent ages suggest-
g similar histories. A derivation from a Biphean
magmatic event, which might be suggested for sam-
ple 40 zircons with the lowest apparent 207Ph/2%9Ph
ages, can be excluded on the basis of the observed
zonation patterns and relatively low 209Ph/2%Ph ra-
tios. Such features point fo a metamorphic ongin of
the zircons. A metamorphic event with T - 150=C
between 1.8 and 0.65Ma 15 not kmown yet for the
Piphean sedimentary basin or for the source area for
its sediments. Hence, the protolith ages of sample
40 zircons probably are m the same range as for the
other Riphean samples.

The scatter of the U-FPb data m all four samples
means that the U-Pb systems definitely expenienced

two or more effective geological processes. Internal
features within the mivcon grains suggest that the fol-
lowing effects could have led to discordancy:

iA) Effects in the source area: (1) magmatic growth
on mherted cores as well as (2) metamorphic
overgrowth and (3) annealing effects of strained
lattices under high srade conditions.

(B) Effects of alterafion m the sedimentary basin
meluding diagenesis. All Riphean zArcon erys-
tals are more or less affected by alteration along
cracks.

Al age signatures are consistent with demvation
from the pre-Fiphean basement of the East European
Platform (T-Pb age chaster of 1.8-2.3 Ga related to a
Paleoproterozoic crogenic cycle; see above) represent-
g high srade metamorphism and granite infrsion.

Two possibilities exist for the en echelon pattern of
the U-Pb data of the Riphean sanmples:

1. Varying pnmary ages between 1.8 and 2.3 Ga, then
at least two different events of lead loss (n the

source ared and the sedimentary basin).
2. Uniform promary ages, but variable lead loss after

a first event followed by overprint during a second
event.

Enowmg that the zircon grains mmst have been af-
fected by formation waters m the Fiphean basin for
at least the duration of the Upper Riphean one could
assume a strong effect on lead loss. Such a mecha-
msm would be rather likely m view of the fact that
all Biphean zircon grains are at least slightly altered
along cracks. Showing distinct U-Fb isotopic pattems
for all samples the mircon crystals nevertheless reflect
distinct events of lead loss as well as distinet source

Temion signafire.
5.3 Upper lendian samples

The U-Pb systems of 31 Upper Vendian sAircon crys-
tals (samples 1819, 29) were analysed (Fig 3). Of
these, four have 2%Pb2™Phb ratios =500. These four
all belong to the Vendian Group I zircon erystals. All
Vendian Group I zircon crystals have remarkably low
206Ph 2™ Pb matios (Table 1).

The four mircon erystals of Tendion Group I Hipe
which are charactenized bj;. higher amounts of radio-
genic P have apparent ** Pb/*"°Pb ages of 1932,
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1847, 1788 and 1483 Ma. Most other, but lower ma-
diogenic Group [ zircons (apparent 297 Ph /2% Ph ages
1898-2058 Ma, sammples 18/19, 29) are within this
range. Thus moest of these data are certainly consis-
tent with the assumption of a Paleoproterozoic origin
of the Group I zZreons. This is compatible with the
presumed age of the Riphean detrital zZircon and the
major orogenic imprint in the East European Platform.

The zircons with lower apparent 207Pb/20%Pb ages
around 1439 and 1483 Ma (Fig. 5 sample 18/19) ev-
ulently did not suffer the same type or intensity of
overprint as did the majonty of the Vendian Group I
zircons with higher apparent 207Ph/29Ph ages. These
values might point to a later magmatic event within the
Eiphean basin However, our data do not match with
the 1350Ma Mashak nft event m the Riphean basin
presumed by Maszlov et al. (1997; zee Fig. 2). This
would zive further evidence for the allochthonous na-
ture of the Beloretsk terrane, where the zircon graims
are inferred to have been eroded.

Inspite of differences in zircon typologies the indi-
cation of a Paleoproterozolc orign suggests a common
provenance from the eastern margin of the East Euro-
pean Platform for all Fiphean and the Vendian Group
I detrital zircoms. This 15 also proved by the similar-
ity of the Riphean and Upper Vendian heavy mineral

(Willner et al., 2001).

Upper Vendian Growp Oa zivcon orystals (sample
18/19), which are classified as enhedral magmatic zr-
con without overprint and without roumding by their
morphology and internal stchures, were presumably
delivered from one scurce, as can be assumed owing
to their perfect pristine character and the coherence of
zircon inclusions and detritus composition. The source
can be identified as syenite as has been deduced above
from mineral mnclusions and the geclogical situation.

However, the content of radiogenic Pb and in conse-
quence also the Pb-concentration are remarkably low
in these zircon grains (Table 1). Apparent 27Pb/2%Pp
ages range from 643 to 512Ma wath a clostening of
ages near the concordia aroumd 580 Ma. However, in
view of the low 298Pb/2MPb ratios the uncertainty of
the isotope ratios used for the correction of the mitial
lead component becomes a crucial parameter for these
data. We used the Stacey & Eramers model for com-
mon lead comection in Table 1. Usmg the maxinmmm
variation of 2P/ "™Pb and 27Po/™MPb signatures
m alkaline magmas (Wilsen, 1996) which could also

serve to derive the imtial lead ratios mn the zircons a
larger range of wmcertainty results (Fig. 5).

Despite the large emors resulting the U-Pb iso-
tope data of the Vendian Group [a zdrcon crystals do
not confradict to age constramts given by Alekseev
and Alekseeva (19807 and Glasmacher et al. {1999;
see above) and with the presumed age of deposition
of the Upper Riphean Kukkarauk-Formation {aroumd
580Ma, Maslov et al., 1997), from which the sand-
stone sample 18/19 was denved The alkaline muag-
matic event would also be concomitant with the final
exinimation of the Beloretsk terrane after 620 Ma.

6. Conclusions and implications for
paleocontinental reconstructions

The following conchosions can be derved from the
data presented:

o UPhasotopic patterns as well as typological fea-
tures of detrital zircon from Fiphean and Upper
Vendian sandstones are different. This gives further
evidence for a change in detntus composition at
around 620 Ma, when Upper Vendian sedimentaticn
started.

« Clusters n the concordia diagram confined to single
samples show remarkably strong infiuence of local
sources on the composition of the detnitus i spite
of the large areas of discharge of detnitus.

« Polycychic roumded zircons with nmltiple overpnnt
m the Riphean and Upper Vendian detritus show
evidence of at least two events leading to lead loss.
Alteration dunng diagenesis has been an important
factor of lead loss.

# It can be confimed that the age interval 1.8-2.3Ga
seems to be the significant age signature for the east-
em margin of the Baltica protocontment refiectmg
a major orogenic event. Both types of polycyclic
zircon in the Fiphean and Upper Vendian detrifus
first crystallized during this interval. Typological
features show that they origmally derved from high
grade metamorphic rocks and gramites.

o Zircon from the Upper Vendian detritus has two
further sources apart from the majority of polycyclic
Zrcon:

o A few zircon grains with apparent 207Ph/209Ph
ages aroumd 1439 and 1433Ma point to a
later magmatic event which is imknown in the
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adjacent Fiphean basin and underlines the al-
lochthonous character of the source area.

o Euhedral zircons define a magmatic intrusion
event of bimodal, partly alkabine magmas con-
conutant with the exlnmation of the source area
after 620 Ma.

The data match the Precambrian evolution m the
Southem Urals as follows (Fig. 2k

Major constramts for the Neoproterozoic evolution
of the Southem Utals are provided by Ar—Ar amphi-
bole and white mica cocling ages between 720 and
540 Ma (Glasmacher et al., 1999, 2001) m the meta-
morphic complex of Beloretsk which contams high
pressure rocks and is part of the supposed source
area for the Upper Vendian detmtus. Concomitant
with this long history of exhumation, cocling, surface
uplift, erosion and final emplacement of this com-
plex bimodal, partly alkaline mtmisions occurred that
show no sign of overprint. Chring burial and early
exhimation of the Beloretsk terrane. however, there
was ongoing sedimentation m the Bashkirian basm
firther east Upper Vendian foredesp sedimentation
of detritis from the Beloretzk terrane started after
620Ma and marks its final emplacement. Evidently
the Beloretsk Terrane 1= an exotic continental block,
but presumably also derved from Baltica as proved
by the mrcon age signatures in this study and by its
heavy mineral spectra, which is sinmlar to those of
the Riphean sandstones (Willner et al , 2001).

A reasonable model explaiming these major con-
straints would be a “Camibean-type”™ transpressional
comvergent margin setting. A good analog is the north-
em margin of South America that was onginally a
passive margin until the early Mesozoic and comerted
into a comvergent one during displacement of high
pressure rocks over a thousand km from the west along
a major transcurrent fault system (Pindell and Barrett,
1990; Stickhert et al., 1993). This also canses a ma-
jor uplift within narrew high relief areas indergoing
rapid eresion providing major detrital input info small
foredeeps. Also alkaline magmatism is known from
this setting (Lewis and Draper, 1990).

Many other features of a Neoproterozoic active con-
tinental margin have been detected along the entire
length of the Urals and beyond represented by relics
of the so-called Timanide orogen (Puchkow, 1997).
These mmchude HELT-rocks (Evarkush Anficline of

the Middle Urals, Puchkow, 1989), ophiclites (in the
Polar Urals, Puchkov, 1997, Scarrow et al., 2001) and
calc-alkabne magmatism (in the Polar Urals, Scarmow
etal., 2001).

Pror to the existence of this Timamde active mar-
gin, the Riphean basm mmst have been simated at a
stable continental margin Such a geedynamic emvi-
ronment is compatible with mumerous cumrent pale-
ocontinental reconstructions of different approaches
such as those by Torsvik et al. (1996), Weil et al
(1998} or Rambird et al. {1998). Dhmng the existence
of the Rodima superconfinent and its break-up, 1.e. In
the time of 1100-700Ma, the entire eastern margin
of Baltica was a stable margin of that continent con-
timuing aleng its length into Sibena and Amazonia.

Furthermore we concur with recent recenstmictions
of Nance and Murphy (1994), Weil et al. (1998,
Torsvik et al. (1996) and partcularly with the sugges-
tion of Scarmow et al. (2001) that the active Timanide
margmn of Baltica was a lateral extension of the Cado-
mian arc, which represented a collage of terranes in
front of the W-Affican and Amsazonian protocont-
nents that were still commected with Baltica (Fig. ).
The change to active margin condifions in the South-
em Urals occurmed after the Lower Vendian glaciation
and lasted until the end of the Precambrian. when
Baltica and West Gondwana separated.

It mmst also be noted that a similar history of
zircon formafion was detected in the continuation
of the margin along the presumably neighbeouring
continental fragments of Amazoma and the Cado-
mian terranes. This history is characterized by a
pronownced gap between Palee- and Neoprotero-
zole Arcon-formmg crogemc events: Da Silva et al
{20007 report 2.0-2.2 Ga mrcon ages from high grade
meisses in Southem Brazil overprinted by a 590Ma
event, Von Hoegen et al. (1990) show =2030 and
545Ma zircon ages n detmifus of the Belgian Bra-
bant Massif (part of the “East Avalonia™ terrane), and
Tichomirowa et al. (2001) provide a comprehensive
collection of zircon ages from gneisses i the East
German Erzgebirge (part of the “Armorica™ terrane)
mcluding 540-700Ma and 2.1-2 2 Ga zmircon- forming
events. Evidently, this long listory of coherent conti-
nental margins 1s characterized by a lack of Mesopro-
terozoic, especially “Gremvillian™ events and a change
to active margin condiions after a remarkably long
orogenic silence.
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650 - 600 Ma

Fig. §. Paleocontinental siuaton of the Southern Urals (astensk/amow) at the Eastern border of Baltica shortly after Lower Vendian
elaciations (dots—glacial deposits). The reconstuction is of Torsvik et al. (19984) with the onenfation of Siberia chanped after Kravchinsky
et al (2001). The cham of active margins along this confinenial collage was formed betwesn about 750 and 600Ma and comveried from

a pricr passive cootmental margin of the Fodinia supercontinent.

This 15 rather important, because Hartz and Torsvik
(2002} recently questioned the mentioned reconstmac-
tions and alternatively place the eastern margm of
Baltica opposite of Lawrentia (E-Greenland) before
750Ma. However, in this intraconfinental position
the Uralian Proterozeoic detritus should show mflu-
ence of the more vanable East L aurentian age spectra
a3 well, which predommantly contain 0.97-1.87 Ga
age groups (Cawood and Nemchim 2001; Watt and
Thrane, 2001) meluding signatures of crogemc events
m this penod There is neither an extension of the
Fiphean basin with confinuous sedimentation from
163 to 0.65Ga in Greenland nor any evidence of
the 095Ga crogen perpendicular to the Greenland

contimental margmn (Watt and Thrane, 2001} in East
Baltica.

After demudation of the Beloretsk Terrane during
Cambrian major extension cccurred again (Puchkov,
1997) and from Ordovician mntl Late Devoman the
western part of the Urals again became a stable con-
tmental margin along the entire easten margm of
Baltica.
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Appendiz A. Petrographic characteristics of
the samples

Al Riphean samples

Sample 8¢ (U Fiphean ZFilmerdak Forma-
tion) is a red laminated feldspathic sandstone with
mm-thick laminae containing heavy mineral concen-
trations (mamly magmetite, imenite and zreon, bt
also tourmaline and mufile). Tight minerals in the
sandstone are composed of well rounded grains of
predominantly menocrystalline quartz, both feldspars,
white muca and anndant hthoe clasts (chert. siltstone,
acidic tuff). Chaartz 15 the cement mineral.

Sample 32 (Upper Biphean Zilmerdak Formation) i3
a white, fine-grained. pure quartz arenite with primary
well rounded quartz grains still detectable by mimte
mclusions aleng the original gram boundary against
the guartzose matrix overgrown with optical continu-
ity. Monocrystalline quartz clasts with abundant fhad
melusion trails are predominant. while perfectly roumd
heavy munerals (towmaline, nutile, Arcon) and lithic
fragments (quartz noylonite, chert, acidic mff) ocour
43 accessories.

Sample 37 (Middle Fiphesn Avzyan Formsation)
i5 a fine graned quartz aremte. The rock is well
sorted and has a homogeneous grain size. Grains are
moderately to well roumded with prominent euartz
overgrowth. Undulous moenocrystalline quartz is dom-
mant. Plagioclase and K-feldspar is observed as well
as few white mica, chlorte, opaques and tourma-
line.

Sample 40 (Uppermost Fiphean Eriveluk Forma-
tion) 15 a white quartz aremite, which shows similar
characteristics as sample 32.

A2 Upper Tendian samples

Sample 18/19 (Upper Vendian Enkkarauk Forma-
tion) is a coarse grained red quartzose sandstone. The
sandstone contains mamly subrounded to rounded
mono- and pelyerystalline quartz, quartz mylonites,
red chert, some quartz phyllite and thyelite clasts.
The heavy mineral spectnmm 15 strongly reduced to
about 80% =zircon and some tourmaline and matile.
Conglomerates from the same locality contam abum-
dant pebbles of cuartz sandstone and gquartz vein
material, but also of abundant syenite and some rhy-
olite that are missing at other localities suggesting a
rather local nearby source.

Four samples (22, 23, 28, 29; Upper Vendian Basa
Formation) were imestigated as one sample group
(29), because rocks are petrographically identical
from the same sedimentary emviromment and were
collected in close pmxnmtj, of about 100m along
road outcrops. Furthermore, Aircon is relatively rare
in these honzons and hence, some concentration is
necessary. All four samples are greemish medium
grained litharenites from monctonous proximal grain
flow depesits. They contain abvmdant angular to sub-
angular, mono- and polyerystaline quartz and some
feldspar clasts, detrital white mica and chlonte. Litho-
clasts confain siliciclastic sedimentary material and
low-grade metamorphic clasts in similar avmdance.
Acid and basic velcamic matenal 15 relatively rare.
The heavy mineral spectium is dominated by about
0% epidote, 5% apatite, 10% towrmaline, 10% mutile
and only 5% mreon
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K-rich fluid metasomatism at high-pressure metamorphic
conditions: Lawsonite decomposition in rodingitized ultramafite
of the Maksyutovo Complex, Southern Urals (Russia)

B. SCHULTE" AND 5. SINDERN®

'Philipp-Roeth-Weg 58, 64295 Damstack, Germany, (berndaloys.schulte®gmo. de)

Institut fir Minera lngie und Lagerstatenlehre, Rheinisch-Westalische Technische Hochschule Aachen, 52056 Aachen,
Wiillnemstr. 2, Gemnany

ABSTRACT

Fine grained rodingite-like rocks containing epidote, clinoenisite, garnet, chlorite, phengite and Gtanite
oocur within antigorite serpentnite boudins from the high-pressure metamorphic Maksyutove Complex
m the Southern Urals. Pseudomorphs after lawsonite, resorpion of garmet by chlorite and phengite and
stolchiometry sugeest the reaction lowsonite + garnet + K-bearing luid — chinozoisite + chlornite +
phengite, and define a relic assemblage of lawsonile + garnet + chlonie + dtanite + epidote as well as
u later post-lawsonite assemblage of clinozoisite + phengite + chlorite + titanite. The reaction
bwsonite + titanite — dinozoisite + rutle + pyrophyvllite + H2O delimits the maximum stability of
former lawsonite + titanite to pressures = 13 kbar. P-T conditions of 1821 kbar/320-540 “C result, if
the average chlorite, Mg-rich garnet fim and average epidote compositions are used as equilibrium
composiions of the former lawsonite assemblage. These estimates indicate a similar depth of formation
but lower emperatures to those recorded in nearby edogites. The metamorphic conditions of the
liwsonite assemblage are considerably higher than previously sugpgested and, together with published
structural data, support 2 model in which a normal fault within the Maksyoutovo complex acted as the
major transport plne of eclogite exhumation. The maximum 5 content of phengite and minimum Fe
content in chinozomsite constrain the metamorphic conditons of the later pseudomorph assemblage to
be =45 kbar and <440 *C. Rb-5r isotopic dating of the pseudomorph assemblage results in a
formabon age of 339 + 6 and 338 + 5 Ma, respectively. These results support the recent exhumation

modes for this complex.

Key words: garnet, lawsonite, Maskyutove Complex, phengite, rodingite, dtamite.

INTRODUCTIOMN

The Maksvutovo Complex in the Southern Urals,
Russia, is subdivided into an eclogite facies, struc-
turally lower unit and a preenschist facies, struc-
turally  wpper wunit (Lennvkh, 1977). Serpentinite
lenses, up to a kilometre in diameter, occur at the
base of the upper unit. They have fine grained ocen-
tres of epidote, clinozoisite, garmet. chlonte, phengite
and titanite. Garnet, epidote, clinozoisite and chlorite
are modally dominant and indicate an unusual rock
composition rich in Ca amd Mg, classified between
rodingitic and (ultra)basic. The most spectacular
feature of the rock is centimetre sized pseudomorphs
after lawsonite which clearly indicate an earlier high-
pressure/low-temperature  metamorphism  (Lennvkh
& Valizer, 1986). Therefore the rock 15 defined as a
lawsonite fels.

The aim of this paper is (o establish the P-T con-
ditions of this earlier metamorphism, its relation (o the
main pseudomorph forming metamorphic event, the
ape of the pseudomorph formation and the origin of
the unusual protolith tyvpe. In additon we examine

@ Blackwell Science Inc., 02634979 0251500
Jowmal off Memorphic Gealogy, Volome 30, Nomber 6, 2002

the sipnificance of the relic metamorphism to the tec-
tonometamorphic evolution of the complex.

GEQLOGICAL SETTING

The Makswatovo Complex of the Central Uralian zone
in the Southern Urals formed during Devonian sub-
duction and collision of the continental units of the
East European Platform with a Silurian/Devonian
island arc (Magnitogorsk island arc, Fig. 1) (Ivanov
ef al . 1975; Hetzel, 1999} The east-dipping Main
Uralian MNormal Fault (MUNF) separating the
Maksvatovo Complex from the island arc (Fig. 2).isa
several kilometres wide melange zone with serpenti-
mites, basalts, gabbros and varous Palagozoic litholo-
ges. West of the Maksvutovo Complex the Central
Uralian zone consists of the greenschist facies
Suvanjak Complex, the Upper Devonian Zilair Flvsch
sedimentary rocks and ophiolitic nappes (Fig. 1). The
Maksvutove Complex is subdivided into two major
tectonometamorphic units (Dobretsov eral, 1974
Lennvkh eral., 1995; Dobresov e al, 199, Hetzel,
1999: Hetzel ef al., 1998). The lower umi consisis of
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garnel-mica schist, quartzite and local occurrences of
eclogite. The upper unit mainly consists of stilpnome-
lane quartzite. Metabasic greenschist, metachert and a
few marble occurrences can be found predominantly
close to the hase of this unit. Antigorite serpentinite
lenses which include the studied lawsonite fels are
exclusively present at the hase of this unit.

Mineral assemblapes of eclogite and garnet-mica
schist of the lower unit indicate metamorphic conditions
of 550650 °C and 15-23 kbar (Beane er al, 1995;
Lennvkh er af., 1995; Dobretsov et all, 1996; Schulte &
Blimel, 1999). Isotopic dating of the eclogites using
Sm-Nd and Eb-5r mineral isochrons, U-Ph on rutile
and Ar—Ar on phengite gives an ape of 385-375 Ma for
the eclogite facies metamorphism (Matte ef af, 1993;
Lennykh er af, 1995; Shatsky eral, 1997, Glodoy
et al, 1999; Beane & Connelly, 2000}). Eb-5r whole rock
and U-Pb zircon dating of eclogites indicate Riphean
and Vendian protolith ages (Dobretsov, 1974; Sobolev
et al., 1986; Valizer & Lennvkh, 1988). The protolith
ages and range of lithologes suggest that the lower unit
is a relic of the East Ewropean passive continental
margin (Ivanov er af, 1975 and references therein:
Hetzel, 1999 and references therein). The metamorphic

conditions of the upper unit are not constrained in
detail, but the regional distribution of stilpnomelane +
phengite metaclastites (Mivano & Klein, 1989) and
metabasites with the assemblage clinozoisite + acti-
nolite + albite + titanite (Frev et al, 1991) indicate
ereenschist facies conditions. In addition local spessar-
ine quartzites and pumpellyite + chlorite + quartz
schists imply temperatures of <400 °C (Coombs er af.,
1996; Frev er al, 1991). The pseudomorphs after laws-
onite in rodingitized (ultraymafite (Lennvkh & Valizer,
1986) demonstrate that a high-pressure metamorphic
event affected at least the serpentinite lenses containing
the psewdomorphs. The greenschist facies metamorph-
ism is probably Tournaisian—Viséan in ape (Beane,
1997 Beane & Connelly, 2000) and the protolith age of
the upper unit is probably Silurian to Ordovician, based
on conodont fossils in marbles (Zakharov & Puchkov,
1994). The upper unit is interpreted as a fragment of the
palaso-ocean between the East Ewropean platform and
the island arc, based mainly on the occurrence of ser-
pentinite and local conodont marble (Ivanov er of .,
1975: Dobretsov et of ., 1996: Hetzel, 1999,

Structural and regional observations (Echder &
Hetzel, 1997: Puchkov, 1997 and references therein:
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Fig. . Simplified geological map of the
Central Maksyutovo Complex with samples
wsed in chemical and Botopic analysis,
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Hetzel et al., 1998) indicate a south-eastward dip of the
subduction zone dunng the aclogite metamorphism.
North-south stnking structures, defined at map scale,
are representative of a later deformation stape at
greenschist facies conditions.

FIELDY RELATIONS AND PETROGRAPHY

The lawsonite feb occus as metre scale blocks within the wp o
bl ot daed antigorite derpentinte boudhing (Fig 2, Takle 1) The
atructural relabions between the lawsonite feb and srpentindte are
ot expoded, but detailed mapping places the hwsonte fek in the
centre of the serpentimte bowding (Lennykh & Valizer, 1986) which
m tum an nmmed by strongdy sheared take schasia, preenschsts,
marhles, metacherts and stilpromelane quartdies of the upper wndt
of the Maksyutovo Complex.

The lawsondte fek consnis of centimetre deed, rhombne ahaped
bright, polyerystallime agerepais— interpreted & peeudomionghs
after lwsomite porphyro- blasts—and a dark matrix (Fig. 3). The
peewdomorphs condtit of cinoexste + phengte + mraet + titan-
ite (Fig. 4). The thombic outline of the peendomorphs 8 typcal of
awsomite, which & venfied by the oofumend: of fresh, millimetre
dned lawsomite in bte, quartste mylomte (Fig 2) and  partly
pawdomorphosed, rebe lawsonite 1n eclopte (Fag. 2, Lemmykh,
1977; Beane et al., 195; Schulte & Bhimel, 1999). The dark matrix
of the lawsonite fels consits of chlorite + epadote + gamet +
ttamte + phengite (Fig 43

Table 1. Localities with pseudomorphs after lawsonite
in metarodingite.

Lagimle  Lesgisde Losilsny by pE
SIHAST LRk Meoweembika |

Sl4a54 LR WE Al e 2 934 (P-T)
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* Mot i Fig Dbt i fhe oot of e Maboye oo Comples

Fig. 3. Photogmaph of metarodingite with rhombic shaped,
white pseudomorphs after lawsonite in a dark, chlorite rich
matrix. Scale in cm.

lawsonite pseudomaorphs

TR
e |

4

Fig. 4. Thin section sketch of peudomomh after lawsonite.
Length of sketch | cm.
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Hypidioblastic garnet @ surmounded by chlorite in the matrix and,
kecally, by phengite within the peudomorphs, mdicating partial
resorption (Fig. 4). Y ellow epidote with me tamict ¢ one only oocursin
the matnx, wheress colourke @ clino sokile agerepat es are part of the
pewdomorphs after bwsonte, Phengite 8 concentrated alomg the
pewdomorph rim and thus clearly s mvolved i the lwsomndte
brea kdown reaction. Titandite is the only Ti beadne mineral in the
mck amd oocurs as hypidioblate grains in the matdx and in
the paendomorphs of &8 inchsions in the gamet cone. Late stage
pusrpel lyite grew in fractures which cut all mineralk.

METHODS

Minerals were analvsed with an automated CAMBCA 53X
0 electron microprobe and Rb-5r isolope ratios were
analysed with a FNNIGAN MaAT 261 mass specirometer.
For technical data see Appemdix. The program
THERMOCALC (Powell & Holland, 1988) was used
together with the recommended thermodynamic data
sels and activity models of Holland & Powell (1996,
1998} for the P-T estirnates.

MIMNERAL CHEMISTRY

Camet in the pseudomorphs and in the matrix has a
spessartine-rich core and a  spessarting-poor  mim
(Fig. 5a-f, Tahle 2) and this zonation is intérpreted as
a result of prograde metamorphism (Tracy, 1982).
There is no difference in zoning style between parnet
in the pseudomorphs and in the matrix, but zoning
varies between different samples. The zonation in
sample 97-39 (Fig 5a.d) i simple, Fe «+» Mn in the
core and Mn < Mg in the nm, while Ca is more or
less constant throughout the profile. In the parnet
core of samples 97-37 (Fig 5he) and 98-60 (Fig 5¢.f)
Mn decreases at the expense of Fe and Ca, while Mg
15 almost constant and in the garnet rim Fe decreases
at the expense of Ca and Mg. The vellow colour of
epidote supports the relatively high Fe content ana-
lysed, while the colourless clinozoisite has a lower Fe
content (Fig. 6, Table 2). An inverse relationship
between prossular content in garnet and Fe content in
epidote-clinozoisite  points o the interdependence
between the mineral and rock composition in this
multivanant assemblage (compare Figs 5a-f & 6).
The phengite and chlorite compositions vary, but no
systematic relations are recognised (Figs 7 & 8,
Table 2). Titanite onlv has low Al contents (Tahble 2)
and late pumpellvite is Al-rich with intermediate
Fe-Mg ratios (Table 2).

EQUILIBRIUM ESTIMATES
AND LAWSONITE-OUT REACTION

The metamict core of epidote indicates long standing
radioactivity and therefore either is part of the laws-
onite assemblage or even a prelawsonite relic. The
resorplion of garnet by chlorite and pheéngite points o
the coexistence of former lawsonite with garnet, while
phengte and clinozoisite clearly crystallized during the

peeudomorph formation. Chlorite is abundant and
thus it coexisted with lawsonite and with clinozoisite of
the psewdomorphs. The lack of any other Ti-phase
beside titanite shows, that titanite also coexisted with
lawsonite and clinozoisite. Pumpellyvite, filling frac-
mres, is a very late phase, therefore it is not considered
further. Thus the petrographic observations indicate
two equilibrium assemblapes: a former lawsonite
mssemblape of lawsonite + garnet + chlone + titanite
+ epidote, and a pseudomorph assemblape of clino-
#oisite + phengite + chlonte + fitamte.

The model system believed to be most applicable o
the lawsonite-out reaction is at least trivariant,
becanse there are 10 system components with eight
phases (5104, TiOs, AlO, 5, FeO, 5, FeQ, MgO, MnO,
Ca0, KOy, HOy o lawsonite, flud, phengite, clino-
zoisite, parnel, chlorite, titanite, epidote). Therefore
three svstem components have to be reduced if an
univariant lawsonite-oul reaction is o be written. As
Fe, Mg and Mn have similar crystal chemical char-
acteristics they are taken as one component, so the
svstem is reduced tw eipht components. Although
ferric iron occurs in chlonte, phengite and epidote,
there is no microprobe means to distinguish between
Fet and Fe’t and so they combine to a ‘mafic
component — FFMM®, giving a 7 x 7 Matrix (510,
Ti0s, AlDy 5, FFMM, Ca0O, KOs, HOy o agqueous
potassium-bearing fluid, phengte, clinozoisite, garmet,
chlorite, titanite, epidote) o solve for lawsonite. But
the 7x 7 matrix 15 not consistent in that clinozmsite
does not coexist with lawsonite. Therefore another
approach and further simplificalion is necessary.
Titanite is stable in the lawsonite- as well as in the
pseudomorph-assemblage, and thus does not take
part in the reaction and may be ignored. Epidote
might not have been part of the lawsonite-out reac-
ion because its metamict core possibly implies a
prelawsonite growth. Thus the major ferric iron
mineral amd Fe®' as svstem component may be
omitted. The new matfix — SN Svslem Ccomponents
and five phases (5i0s ALOD, . "FMM', CaQ, KOy,
HOy o aqueous  potassinm-bearing  flmd, phengite,
clinozoisite, parnet, chlorite) — is nol a square matrix.
However, a system should be described by the mini-
mum number of necessary system components and in
this case K amd 5 mav be combined in the form of a
KSis 0y ; component indicative of the averapge K and
Si content of phengite giving a 3¢5 matrix (KSiss04,.
ALy 5, FMM, Ca0), HOy o aqueous-potassium bear-
ing flwid, phengte, clinozoisite, parnet, chlorite) o
solve for lawsonite (Table 3). This simplification is
believed to be justified, because phengite is the most
K amd 5i rich phase in the svstem and approximately
represents the K and 5i concentration of the flud
associated with phengte formation or lawsonite con-
sumption. This in tum means that all other
phases—parnet, clinozoisite, chlorite and lawson-
ite—are free of KSis 0y .

108



LAWSONITE DECOMPOSITION 533

a)

b) c)

a7 - g o7 ]
pseudomorph, 87-38 " pseudomorph, 97-37 l pseudomorph, 88-60
0E o \_,AQ‘; ) f /c’n' hn
by [.:r‘{ |l|:f
0.5 ] |
a4 - X aim M \:H_b
0.4 uf'
031
— 03
- A
c 0z g
o 07 - B
- Kaps
w ot 0.1
m. —
- Dﬂoc:rwjmwﬂ |
- o aa YR
a [ 20 40 -1+ B 00 20 o a0 0 a0 &b
; 07T - 0B 0.7 - _
£ matrix, 97-39 | matrix, 97-37 matrix, 98-60
o8 08| o—1
c . N F/ﬂ:nl
o Y b i
= a5
o
o o4
®
[ =
L] ‘)?/
o o3l = i
c X e |
2 a2
o1 F,
Somlw
ool % B
d

distance [pm]

Fig. 5 {aHc), @roet compositional zonation in peeudomorphs after lawsonite; (d)—{(f), garnet compositional zonation in matrix.

The x5 matnx results in
(T): 100 lawsonite + 0.3 garnet + 2 fuid
= 1 phengite 4+ 50 clinozoisite +9 chlonte
in sample 97 = 39,
(IT}): 100 lawsondte 4+ 0.4 garnet + 2 fuid

— 2 phengte + 50 clinozoisite + 9 chlornte
in sample 97 — 37 and

(IIT): 100 lawsonite + 0.4 garet + 2 luid
= 2 phengite 4+ 50 clinozoisite 49 chlorite

in sample 98-60. The stoichiometne relation of 1040
lawsomites0.3-0.4 pamnet in reactions (I)}-{I1T} explains
the penetrative replacement of lawsonite in contrast to
the persistence of garnet.

The systiem can be graphically displaved in a
tetrahedron  constructed with  the components
A -Cal-(FeQ + MgO-MnO)-KSis 504 ;. The fifth
component, HOOs, has to be visualised in a position
opposite and central o the AlDy -CaO-(FeO-MgO-
Mn(y) plane behind the KSis304,; apex and
therefore the KSissOsg-apex represents the fuod
composition. Accordingly phengite is projected onto

109



534 B.SCHULTE & 5. SINDERMN

Table 2. Average compositions of chlorite, dinozoikite and phengite of the peeudomorph assemblage. Gamet dm composition, titanite

and epidote of the hwsonite assemblage and average composition of late pumpellyite.
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rim + lawsonite + titanite + chlorte (+ epidote)
define a relic lawsonite assemblage (2) the compo-
sitional zonation of gamet implies prograde growth (3)
lawsonite broke down by fluid controlled reactions like
IHIIT and (4) chlorte + phengite + clinozoisite +
itanite define the pseudomorph assemblape.
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Table 3. A 5 = 5 matnx to solve for lawsonite.
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PRESSURE AND TEMPERATURE ESTIMATES

Lawsonite assemblage
The maximum stability of lawsonite + litanite is given
by reaction
(I'¥) lawsonite + titanite — clinozoisite 4+ mtile
+ pyrophyllite + Hz0.
Different clinozoisite compositions (Xgigae = 0-0.5)
were wsed to simulate the epidote component. Within

this composiional range the reaction s stable up (o
30 kbar and more. The most Fe-rich clinozoisite in the

Al 5 ;’A‘x + HzD

Cal

¥ T — T \F'
(Fe, Ma, Mn}o
Fig. 9. Al-Ca{Fe'* + Mg + Mn) diagram, projected from
KSiy05; and HyOr Garnet-lawsonite tie line crosscuts
clinczoisite-chlorite tie line. The phengite projection plots

on the AlO, -~ FMM)O side and the fluid is placed in the
centre of the triangle.

peendomorphs of each sample delimits the maximum
stability of the former lawsonite and titanile Coexist-
ence Lo lemperatures <400 °C at 10 kbar and
<580 *C at 20 kbar (Fig. 10a).

The P-T conditions of the lawsonile assemblage
may be constrained further: the six system compo-
nents CaO-MpO-FeO-Al0y 5-5i0--HOy 5 with the fowr
phases, garnet rim + lawsonite + chlorite + H20 is a
eood approximation to the real system, because
phengite was nol present in the lawsonite assemblage.
Titanite may be omitted because it is the only
Ti-phase. As the spessarting content in parnet is low
(1-8 mole%:) and probably mixes in close to ideal
conditions with almandine it is added to the alman-
dine component. A minimum temperature of > 460 *C
al minimum pressures of = 13 kbar is estimated for
the quadrivalent assemblage garnet im + lawsonite
+ chlorite (of anv composition) + H2O (Fig. 10a).
This estiimate takes into account, that neither the
exact chlorite composiion, nor the coexstence of
epidote in the lawsonite assemblage is known.

In order to denve a P-T estimate il 15 necessary (o
make three assumptions namely that: (i) epidote is part
of the lawsonite assemblage and (ii) chlorite and (i)
epidote compositions in the lawsonite assemblage are
specified. Chlorite is modally abundant and thus it's
composition in the lawsonite assemblage might be
similar o the existing composition. Epidote is guite
resistant o re-equilibration (Franz & Selverstone,
1992} and thus its composition might also be
unchanged. However, no systematic relations are
recognised for chlorite and epidote compositions and
therefore the existing average values are used for
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Hg. 10, {a)—b). (a) Stability of the lhwsonite assemblage is
defined by maximum stability of lawsonite + titanite and the
minimum stahility of garnet + chlorite + lawsonite + HaO.
Additional estimates, shown by ovals are based on average
chlorite and epidote compositions (see Table 4). (h) Maximum
atahility of the pacudomorph assemblage is defined by the
clinopoisite = > poisite tramition with minimum Fe content in
clinozoisite and by maximum Si content in phengite.

the P-T calculation. MNow seven syslem components
with five phases (Cal-FeO-FeaOs-MpO-AIO, 5104
HOy o parnet, chlonte, lawsonite, epidote, Hi0)
indicate apgain quadrivalency and the four phase
components  grossular, almandine, X (Fe/
{Fe + Al1} and Vogome (AI™/4) have to be fixed.
Using the garnet rim, average chlorite and epidote
compositions for samples 97-37, 97-39 and 98-60
(Table 4, Fig 10a) estimates of 203 kbar/540 °C,
18.3 kbar/518 °C and 20.7 kbar 543 °C are derived.
In summary, despite the unknown eguilibrium
composition of chlorite and epidote and the uncer-
tinty if epidote coexisted with lawsonite, the P-T
calculations reveal that the assemblape was formed at

Table 4. Mineral compositions wed to estimate P~T of
lawsonite and peeudomorph assemblage.
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pressures > 13 kbar and emperatures between 460
and 550 °C. The lack of any indication for pressure as
high as 13 kbar in the upper unit of the Maksyutovo
Complex leads to the interpretation that the serpenti-
nite lenses containing the psendomorphs after laws-
onite were incorporated into the base of the wpper unit
subsequent to high-pressure metamorphism.

Pseudomorph assembla ge

Any precise estimate of P-T conditions of the
pseudomorph assemblape clinozoisite + phengite +
chlorite + H+0O s strongly hampered by the vari-
ability of mineral compositions and the unknown
Fe'* content in phengite and chlorite. However,
maximum temperatures may be derved from the
clinozoisite to zoisile ransition wsing the minimuom
Fe content in chnozmsite (Holland & Powell, 1998),
and minimum pressures from the highest Si content
in phengite (Massone, 1991; Massonne & Schrever,
1987). For samples 97-37, 9860 and 97-39 the
denved values are > 45 kbar/ < 400 °C, > 6 kbar/
< 440 °C, and > 7.5 kbar/ < 440 °C, respectively
(Table 4, Fig. 10b). The temperature of the psendo-
morph formation is obviowsly lower than that of the
lawsonite assemblage, indicating that the pseudo-
morph-forming eévent was nol isofacial with the
lawsonite assemblage. The mimmum pressure for
the pseudomorph assemblage is near or above the
maximum pressure  stability of stilpnomelane  +
phengte in metasiliclastic rocks (Mivano & Klein,
1989), indicating that the psepdomorph formed
during exhumation. Assuming that the upper unit
never reached depths greater than those defined by
the stilpnomelane stability field (see above; Fig 12),
it is concluded that the psepdomorph formed prior
o incorporation of the psewdomorph-containing-
serpentinite lenses into the hase of the upper unit.

Rb-5r dating

For samples 97-18 and 97-21, fractions of all
modal components have been used for isotopic
analyvses wsing the Rb—Sr system (Table 5). which is
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appropriate for dating the psepdomorphs that are
modally dominated by clinozoisite + phengite. Both
samples have Sr concentrations that are low in the
matrx (70 and 134 p p m) and high in the pseudo-
morphs (2987 and 3440 p p m). The Rb concentra-
tions amnd Rb/Sr ratios are penerally rather low,
excepl for white mica (Table 5). In additon pseu-
domorphs of metarodingites from the north of the
Maksvatove Complex (sample 97-3) also show these
Rb/Sr characteristics (Table 5) which seems (o be a
regional phenomenon (see Discussion). The break-
down of the lawsonite porphyroblasts by the fluid-
controlled reaction (I} (I} explains the copenetic
orgin of clinozoisite and phengite as indicated by
the textural observations. Thus the isotopic data
from these two minerals were used for isochron
calculation (Table 5, Fig 11) and the two samples

Table & Rb—S&r isotope data of paseudomorphs after lawsonite.
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Fig. 11. TR 8- S  Sr-sochron diagam for samples
918 and 97-21. The size of symbols indicates 2 errors
of the analyses

vield apes of 339 + 6 amd 338 + 5 Ma., which are
identical within error. The *5c/%8 — "Rb/g¢
raliv of pamet in sample 97-18, within its limits of
error, lies on the isochron although garnet — at least
the core — is not part of the psendomorph forming
assemblage. This indicates either that the pamet +
lawsonite assemblape did not differ isotopically in a
sipnificant way from the psendomorph assemblage,
or that garnet equilibrated isotopically with clino-
zoisite and phenpgte.

Two matrix parts from sample 97-18 have markedly
different Rh/Sr isotope signatures (Fig. 11) and devi-
ate from the isochron of the pseudomorph compo-
nents. Comparing these data with those from the
matrix of sample 97-21 indicates that the iSotopic
heterogeneity in the matrix of 97-18 is best explained
by an episodic loss of Rb in various parts of the matrix
during different stapes of the isochron development
after initial equilibration at c. 339 Ma. This might have
caused a shift from a position with high ¥ Rbh/*S-
ratio on the isochron to one with lower “'Rb/*5¢
ratios above the isochromn.

DISCUSSIODM

Lawsonite assemblage, rock compaosition

The deduction of the lawsonite assemblage is based on
pgarnel resorption by chlorite and phengite and the
stoichiometry of reaction (IH(IIT). In addition Fe-Mg
exchange between gamet/chlorite and garet/phengite
gves temperatures of < 350 °C, which are interpreed
a5 disequilibrium, because garmet with up © 5 mole
percentape pyrope and | mole percentage spessartine is
nol stable at = 350 °C, at least in Si saturated com-
positions (Mahar ¢ o, 1997). Another indicator of
the coexistence of parnet + lawsonite is that the
decomposition of lawsonite to clinozoisite is alwavs
associated with grossular on the lawsonite side in a
CASH svstem with grossular, lawsonite, pyrophyllite,
kvanite, margarite, anorthite, laumontite, that i a
simplified model for rocks of rodingitic composiion at
subgreenschist to blueschist facies conditions. Laws-
onife coexisting with gamet is described in various
rocks at different high-pressure metamorphic condi-
tiong (Black, 1977; Caron & Pecquinot, 1986; Okay,
1980; Helmstaedt & Schulze, 1988). However, il is a
rare assemblape that is restricted to peologmeal settings
with very low temperature pradients and lithologies
rich in Ca and Al

Rodingites are metasomatic rocks rich in Ca-Al-
silicate minerals and are commonly associated with
serpentinites. They oocur al contacts belween serpen-
timite and country rock or as dvkes, sills and boudins
within serpentinite (Bloxam, 1955; Bilgrami & Howie,
1960; Dubinska, 1995; O'Hanlev et al., 1992)as do the
presently described rocks. Rodingites mostly derive
from mafic rocks (e.g. gabbro, diabase) but sedimen-
tary protoliths have also been described (Rice, 1983).
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Table 6. Rock Composition of sample 97-39 from Utarbajewo
(ooide wit%).
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The rodingitization of the mafic rocks and the ser-
pentinization of the ultramafic rocks are probahly
copenelic  processes (Schandl efaf, 1989; Thaver,
1966} that lead to the addition of Ca, Al, OH- and
removal of 51 oand alkalis (MNa, K) from the mafic rocks
(Harper et al, 1988; Staudipel ef all, 1981). Rodingtes
are koown from oceanic fracture zones (Honnorez &
Kirst, 1975) as well as in re-equilibrated rocks in
alpine-type ophiolites (e.g. Deutsch, 1979; Evans e of .,
1979; Evans e al., 1981; Rosli e al, 1991). In all the
settings there is a wide range of rock compositions
(S0 52-33 wit%, AlOy 10-25 wi%, Ca(: 20-30
wia, rest: < 37 wits). Sample 97-39 plots within the
published range of (meta-jrodingte compositions,
excepl for CaO (Cal) = 11.2 wi%) (Table 6), and s0is
better termed as a rodingitized (ultra)mafic rock,
rather than a (metajrodingmie.

Pseudomorph formation

The pseudomorph assemblage formed by the infiltra-
ion of a K-bearing flwid into the rock via reactions
(TH11T} and the Rb—5r ages are interpreted to date the
sotopic  equilibration  betwesn  the psewdomorph
mingérals clinozoisiize and phengite. In principle, the
sotopic  equilibration  between  chinozoisite  and
phengte could also have occurred after the formation
of the pseudomorphs due to subsequent heating or an
influx of fhuds, but the following two lines of evidence
sugeest that this is not the case. First, the temperature
in the psendomorphs did not exceed 240 °C (see P-T
estimate), and so reequilibration dwe to heating
seems unlikely. Second, Rb-Sr apges obtained from
mylonites, quartzites amd mica schist in the central
Maksvutove Complex cluster at ¢. 360 Ma (Beane &
Connelly, 2000) and preclude a reponal resetting of
the Rb-Sr system by fluds at 339338 Ma. In con-
sequence, it 15 most plausible that the sotopic equili-
bration dates the crystallization of the @eMumurph
minerals at a point between the *YAr ™ Ar apes of
338-331 Ma from phengite of the upper unit and
365-358 Ma from phengite of the lower unit (Beane &
Connelly, 2000). The high 5r concentrations and low
“Rb/*Sr ratios of the pseudomorphs raise the
question if they are products of a crvstallization event
at 339-338 Ma, or whether they are features of the
precursor lawsonite, I the former was true, the regi-
onal occurrence of the high Sr concentrations in the
lawsonite fels would require an influx of appreciable
amounts of Sr and probably elements with similar
ransport characteristics such as Ca, Eu or Ba for
which there is no evidence. Extremely low RbA Sy

ratics amd high Sr concentrations of more than
1400 p p m are charactenstic of lawsonite (Domanik
et al, 1993; Mivajima et af., 1999). Itis thus probable
that the Rb-5r characteristics of the pseudomorphs
are inherited from the precursor lawsonite amd that
the fluid, responsible for lawsonite break-down, was
ot Sr rich. The exact origin of the flwd remaing
obscure s0 far, but it seems obvious, that the normal
fault between the lower unit and upper unit may have
riggered the fuid influx and the abundance of
metasiliclastic rocks in both units is a potential source
for the K-bearing fuid.

Tectonometamorphic significance

Pressures of > 13 kbar and temperamres of <550 °C
are estimated for the lawsonite assemblapge, which is a
similar pressure but lower temperature o the eclomtes
of the lower unit (Beane ef o, 1995 Dobretsov et of .,
1996; Schulte & Blimel, 1999). The same relationship
i5 also recognised if the lawsonite + tanite stability of
the lawsonite fels is compared with the lawsonite +
jadeite stability of the eclogites (Fig. 12). Both stabil-
ities have a similar slope and values in P-T space, but
the lawsonite + jadeite formation in eclogite is a late
process that post-dates the peak metamorphic tem-
peratures (Beane eral, 1995 Lennvkh er af, 1993;

20
eclogite at
- 375 - 3B5 Ma
()
2
£ iz
&
E {
4
350 400 450 500 550 -2 i] G50
ternperature [*C)

Hg. 1L (1) Stability of secondary lawsonite in eclogite in lower
unit and stilpnomelane metaclastites in upper unit. Stability of
lawsonite is limited by the reactions lawsonite + jadeite

gﬁ, =0.43) == clinoznisite {Xg, = 0.5) + pamgonite and
jdeite (.5 =0.43) + quartz => albite. {2) Stahility of
atilpnomelane after Mivano & Flein {1989).(3) P-T-t path
interpretation of the lawsonite fiels and eclogite. Ocsanic and
continental enest, represented by hwsonite fels and eclogite

of the Jower unit meet at a minimum of 13 kbar/470 °C, are
exhumed together and partially re-equilibrate in the stability
field of stilpnomelane. The formation of the lawsonite fiels
prodates 339 Ma and post-dates the formation of eclogites
(375385 Ma, Matte ar o, 1993; Shatsky e al, 1997).
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Schulte & Blitmel, 1999}, whereas the lawsonite +
titanite stability characterises the peak metamorphic
conditions of the lawsonite fels. Itis noted that thermal
modelling and field studies of subduction settings
(Peacock, 1993, Ernst & Peacock, 1996; Trouw et al.,
1998} also show strong temperature vanations with
‘cold’ marging and *hot” centres in an honzontal section
through a subduction zone. Thus the present distr-
bution of ‘high temperature eclogie’ and ‘low tem-
perature lawsonite fels” in the central Maksyutovo
Complex (Fig. 2) resembles such a horizontal section
through a relic south-east dipping subduction zone
and might have persisted further transposition and
re-equilibration.

The ultramafic rocks with lawsonite fels are boudins
with undeformed cores amd strongly foliated rims,
which can be attributed to rigid, exotic blocks, within
Fault zones. This type of structural arranpement can be
interpreted as the bowding being constitutional parts of
the fault zone at the hase of the upper unit that sep-
arafes the lower from the upper unit {Dobretsov er af.,
1996; Hetzel er af., 1998; Leech & Ernst, 2000). I this
15 correct then it indicates (1) the width of the fault
zone between the lower unit and the upper umt
increases upwards (2) the close association of ultra-
mafic rock, lawsonite fels, marble and metachert, and
thus all rocks with ‘oceanic affinity’, are part of this
normal fault (3) the derved F-T estimate of the
lawsonite fels demonstrates that this fault zone became
active at low-temperature eclogite facies conditions
and (4) the upper unit is not necessarily of oceanic
ongn but restncted o the greenschist facies meta-
morphosed  stilpnomelane-phengite metaclastifes.
These conclusions strongly support the exhumation
maodel of Hetzel er al. (1998), that stresses the signifi-
cance of this internal normal fault zone in the Maks-
witovo Complex as a major transport plane of
exhumation for the eclogites.

CONCLUSIONS

The eclogte facies lower unit of the Maksyutovo
Complex is separated by a normal fault zone from the
preenschist facies upper unit. Included in the fawlt
zone are ultramafic bowding that enclose blocks of
lawsonite fels. The P-T estimate of the assemblage
lawsonite + titanite + garnet + chlorite + epidote
in this rock points t© similar depths but lower tem-
peratures of fprmation as the eclogtes of the lower
unit (Fig. 12). This pressure estimate sugpests that the
fault zone was active al low-temperature eclogite
facies conditions and supports the significance of the
famlt zone as a major plane of eclogite exhumation
(Hetzel er al, 1998). The P-T comditions and ape
(339-338 Ma) of the psewdomorph formaton either
correlate with the preenschist facies metamorphism in
the upper unit or with a late exhumation stage of the
lower umt, respectively, the activity of the normal
famlt zone.
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Geochemistry of granitoid and mafic magmatic rocks of the south-eastern Urals, new

data from the Mariinskiy and Nishniy Sanarskiy complexes

Sindern, S., Ronkin,Yu., Gronen, L., Winkler, R., Schulte, B.A., Kramm, U.

Abstract

New data on the major and trace element geochemistry of granitoid and basaltic
intrusive rocks of the Mariinskiy and Nishniy Sanarskiy complexes to the east of the
Troitsk fault (western Transuralian zone) are presented. The granitoids are
magnesian, calcic to calc-alkalic and metaluminous to mildly peraluminous. Their
mineralogical as well as major and trace element characteristics indicate formation
by mixing of slab-derived melts and melts generated in the crust, which is most
consistent with an Andean type magmatic arc setting. This and compositional
characteristics of subalkaline basaltic rocks support ideas that the Transuralian zone
contains remnants of the Valerianovka Andean type magmatic arc along the margin
of the Kazakh continent. In age and composition the granitoids of the western
Transuralian zone are similar to subduction-related intrusives of the Magnitogorsk
and Easturalian zone to the west of the study area. This points to contemporaneous
subduction of the Uralian ocean underneath the Magnitogorsk arc as well as the

Kazakh continent in late Devonian to early Carboniferous times.

Key words

Geochemistry, granitoid, basalt, Transuralian zone

Introduction

The geochemical composition of magmatic rocks reflects processes of magma
generation, magma diversification and magma sources. Such factors are correlated
with tectonic environment, in which the parental melts are formed (Pearce 1996,
Pearce and Cann 1973, Vermeesch 2006, see compilation in Rollinson 1993).
Geochemistry allows to distinguish between oceanic and continental origin of
magmas as well as to identify magmatic arcs and consequently active continental

margins.
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A geochemical characterisation of magmatic rocks may thus also serve to unravel
the evolution of crustal domains, which are now amalgamated in an orogen and it
may yield valuable information in addition to structural data and sedimentary record.
Magmatic rocks, in particular granitoids, predominate in the eastern parts of the Urals
and have intensively been studied in the Easturalian zone (Bea et al. 2002, Gerdes
et al. 2002, Montero et al. 2000, Bea et al. 1997, Fershtater et al. 1997).

Despite of these studies, the geochemistry of magmatic rocks in the zone to the east
of the Troitsk fault in the southern Urals (Fig. 1) has not been addressed in detail in
the international literature. This zone, which is conventionally termed Transuralian
zone, represents the most poorly exposed and least studied eastern front of the
Uralian orogen (Puchkov 1997).

Puchkov (2009a) points to the accretionary nature of the Transuralian zone, which is
composed of various continental as well as oceanic domains and which are
considered to be amalgamated to the Valerianovka magmatic arc at the former active
continental margin of the Kazakh plate (Brown et al. 2008, Herrington et al. 2005).
While detailed information is given on marine and terrigenous sedimentary and
volcano-sedimentary successions (e.g. Puchkov 1997, Puchkov 2000), geochemical
data are very rare (e.g. Mamayev 1965). This study presents a characterisation of
the major and trace element composition of three larger granitoid intrusions and of
four mafic volcanic and subvolcanic occurrences. The data are used to set
constraints to the geotectonic environment of magma formation and to compare
these data with the existing information — in particular — on the voluminous granitoid
intrusions of the eastern Urals to the west of the Troitsk fault. The results are
discussed within the framework of the existing ideas on the eastern part of the

Uralian orogen.

Geology

The Uralian orogen is composed of several longitudinal zones (Fig. 1), representing:
- a foreland sedimentary basin (Preuralian foredeep, Puchkov 1997),

- a foreland fold- and thrust-belt (Westuralian megazone, Giese et al. 1999, Brown et
al. 1997),

- a complex and highly shortened zone consisting of different metamorphic crystalline
domains derived from the Baltica margin as well as of other provenance, e.g.

Beloretzk terrane (Centraluralian Zone, Echtler et al. 1997, Glasmacher et al. 2001)
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- accreted oceanic crust and island arc complexes (Tagilo-Magnitogorskian
megazone, Puchkov 2009b)

- a wrench zone consisting of highly deformed oceanic crust and major granitoid-
gneiss complexes, which mainly formed due to partial melting of island-arc material
and of Palaeozoic to Proterozoic metasediments (Easturalian zone, Gorz et al. 2009,
Gerdes et al. 2002)

- a heterogeneous zone composed of low- to high-grade metamorphic, different
magmatic as well as sedimentary rocks (Transuralian zone).

The easternmost of these zone, the Transuralian zone, is only exposed in the
southern Urals (Puchkov 2009a). Conventionally, the Troitsk fault zone (Fig. 1) is
considered as eastern border of the Transuralian to the Easturalian zone (e.g.
Puchkov 2009a, Brown et al. 2008, Herrington et al. 2005). In contrast, according to
other authors, this border is situated further to the east (e.g. Gorz and Hielscher
2010). Hence, western parts of the Transuralian zone would belong to the
Easturalian zone.

The region to the east of the Troitsk fault does not show significant elevations and
natural outcrops are restricted to river banks. This zone shows Ordovician to
Carboniferous successions consisting of volcanic, volcano-sedimentary and
sedimentary sequences with thicknesses generally exceeding 3000 m (Puchkov
1997, Mamayev 1965). In part, these rocks were affected by greenschist- to
amphibolite-facies metamorphism (Mamayev 1965).

The Mariinskiy complex is a dominant structure to the east of the Troitsk fault (Fig. 1).
It is composed of high grade metamorphic rocks of the Mariinskiy suite, lower
Palaeozoic greenschist-facies metasediments with basaltic subvolcanic bodies and
dikes, serpentinites and granitoid plutons (Mamayev 1965). The Mariinskiy suite
comprises Dbiotite-rich and quartzitic gneisses, amphibolites and migmatites
(Keilmann 1974). Uranium-Pb ages of 1850 and 2054 +/- 35 Ma of zircon from
(biotite-garnet gneiss) point to a Proterozoic protolith (A.A. Krasnobayev, personal
communication). Recently, Gronen (2013) has shown that migmatite formation has a
Uralian age of 353 +/- 6 Ma (U-Pb zircon). In the northern part of the complex
granitoids predominate. A tonalitic pluton, which crops out near the villages of
Mariinskiy (Mariinskiy pluton), a granodiorite near the village of Andreevka

(Andreevka pluton) and a gabbro near the village of Atamanovskiy are studied here
(Fig. 1).
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Fig. 1: Sketch maps, A, longitudinal zonation of Urals, adapted from Brown et al.
(2008), B, simplified geological map of the western Transuralian zone adapted from
Nalivkin (1965) with study reas around the Mariinskiy and Sanarskiy Complexes and
sample points.

The Nishniy Sanarskiy pluton crops out along the rivers Sanarka and Ui (Fig. 1,
Mamayev 1965). It is surrounded by intensively sheared gneisses, which are also
host of basaltic rocks. All, the granitoid and its host rocks, are referred to as Nishniy
Sanarskiy complex in this study.

For the plutons of Mariinskiy and Nishniy Sanarskiy Gronen (2013) determined zircon
dates of 364 £ 14 and 357 £ 6 Ma, respectively, which are considered to indicate
magmatic crystallisation ages. The ages of granitoid magmatism and migmatite
formation fall at the lower limit of a range of K-Ar dates (525 to 360 Ma) for magmatic
and metamorphic amphiboles and micas from the Mariisnkiy complex given by
Ovchinnikov et al. (1969). Younger Rb-Sr ages were obtained for magnetite-garnet-

biotite-amphibole-gneisses from the Mariinskiy complex. An isochron calculation of
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Rb-Sr-isotope data of biotite-, amphibole-and quartz-feldspar-fractions yields a date
of 254 + 1.2 Ma (2 8, MSWD = 1.7, Ronkin unpublished data). This is interpreted as
age of late metamorphism, which is widely observed in geological formations of the
Urals (e.g. Echtler et al. 1997).

Mafic and ultramafic rocks are abundant in the study area. These are strongly
deformed serpentinites as well as gabbros and diabases, which form irregular bodies
or dykes cutting the metasedimentary and volcanosedimentary sequences.

Due to the bad outcrop conditions contact relationships between different lithologic
units are not constrained. In addition, all lithologic units are partly affected by
intensive strike-slip deformation, which also obliterates primary structural features

(Schulte and Sindern, unpublished data).

Samples

The Nishniy Sanarskiy pluton was sampled in a quarry and along river Ui (samples
11.1 -3, 13, 21.1, Fig. 1). It is formed by a medium- to coarse-grained plagioclase-
quartz-biotite £ hornblende = K-feldspar granitoid rock. Plagioclase is subhedral,
complexely twinned and shows oscillatory zonation. Hornblende forms euhedral
grains but is often replaced by biotite, which is more abundant than hornblende.
Minor flame-perthitic K-feldspar can also be present. Accessory minerals are zircon,
apatite and opaques. Locally, epidote, chlorite replacing biotite and sericite grown in
plagioclase can be observed.

The Mariinskiy pluton was sampled near river Sintashta (samples 51.1 — 2, Fig. 1). It
is composed of a medium- to coarse-grained plagioclase-quartz-biotite rock with a
panxenomorphic texture. Plagioclase, which is rarely sericitised, displays
polysynthetic twinning and weak irregular zonation. Biotite is the only mafic magmatic
mineral, and is locally replaced by chlorite. In contrast to the other granitoids,
aggregates of anhedral to subhedral garnet, with irregular lobate grain boundaries
can be found. Accessory minerals are opaques and zircon.

The Andreevskiy pluton crops out along river Sintashta and along the street between
Andreevskiy and Bredy (sample 55.1, Fig. 1). It is a medium- to coarse-grained
panxenomorphic granitoid rock composed of plagioclase, quartz, biotite and minor
film-perthitic K-feldspar as well as minor muscovite, which is distinct to the other
granitoids. In plagioclase twinning can be observed but no zonation. Chlorite, epidote

and sericite can occur locally.
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A medium-grained gabbro (sample 62) occurs in a small intrusive body that crops out
near river Bersuat close to the village of Atamanovskiy (Fig. 1). Its contacts to Lower
Palaeozoic metasediments are not exposed. It is dominated by euhedral to
semihedral plagioclase and amphibole, which are affected by sericitisation and
chloritisation, respectively. Quartz is a minor phase, epidote and opaques are
accessories.

All granitoid samples display serrated grain boundaries of quartz and less abundant
of plagioclase due to bulging. Quartz is often characterized by undulose and patchy
extinction. Such features, which are indicative of dynamic recrystallisation (e.g.
Passchier and Trouw 1996), show that the plutons have pervasively been affected by
low degrees of plastic deformation.

Basaltic rocks occur in all regions of the Western Transuralian zone (Fig. 1) and were
sampled in the southern part of the study area (samples 49, 56) as well as in the
north at the banks of river Ui (samples 16.5, 16.6).

A dolerite dyke (sample 56), which cross cuts Lower Palaeozoic metasediments, was
sampled in an outcrop of a dyke near the village Komsomolskiy. It is a holocrystalline
fine- to medium-grained rock with an intergranular texture. Laths of plagioclase,
which are zoned and partially sericitised, predominate. Euhedral to semihedral
amphibole, which is partially replaced by actinolite, is present in interstitial positions.
Opaque phases are minor. Locally, calcite, chlorite, epidote and muscovite formed.
Sample 49 is a porphyric basalt with a microcrystalline groundmass and euhedral,
partially sericitised, plagioclase phenocrysts (< 7 mm), which are more abundant than
phenocrysts of clinopyroxene. This sample represents a larger basaltic body with
unclear contact relations to the surrounding rocks (Fig. 1).

The dykes occurring close to river Ui (samples 16.5, 16.6, Fig. 1) are formed by
microcrystalline basalts with a groundmass dominated by plagioclase exhibiting a
trachytic texture. They contain clinopyroxene as most abundant phenocrysts followed
by sericitized plagioclase and rare amphibole. Opaques are also present. Vugs filled
with carbonate can rarely be observed.

The occurrence of secondary sericite, actinolite, epidote and chlorite indicates

retrograde greenschist facies metamorphic overprint of the basaltic rocks.
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Methods

Major elements were analyzed by XRF after determination of loss on ignition (24h at
1000 °C) and fusion with Li-tetraborate/metaborate (Merck Spectromelt A12 mixed
with sample at a ratio of 10:1). Determination of samples 11.1, 13, 21.1 and Zr in all
samples was carried out by XRF on pressed powder pellets. Analyses of most
samples were performed on a Philipps PW 1400 spectrometer at RWTH Aachen
University, equipped with a Rh-tube operated at 40 to 90 kV. Samples 11.1, 13 and
21.1 were analysed using a Spectro XLab 2000 (RWTH Aachen University), see
Sindern et al. (2008) for details on analytical procedures. For both procedures
precision was better than 0.5 % for the major and 5 % for the trace elements. All
other trace element analyses were determined by SF-HR-ICP-MS (Element2) at the
Institute of Geology and Geochemistry of the Urals branch of the Russian Academy
of Sciences, Ekaterinburg, Russia, see Ronkin et al. (2005) for details on the

analytical procedures.

Results

All granitoids are magnesian, calcic to calc-alkalic and metaluminous to mildly
peraluminous rocks according to the classification of Frost et al. (2001). In addition to
this, Tabel 1 also depicts the classifications of Debon and LeFort (1980), De la
Roche et al. (1980) and Cox (1979), which show slight variations.

Samples of the Nishniy Sanarskiy pluton are variable (e.g. SiO2 59.74 — 69.98, K20
0.75 — 2.55 wt.-%) with Na2O > K20 and have dioritic, granodioritic to tonalitic
compositions (Table 1). They show a systematic decrease in TiO2, MgO, Fe203! and
CaO with increasing SiO2 (Fig. 2 ). The Sanarka granitoids are characterized by high
Sr- and Ba-concentration but also slightly elevated U-, P- and Li-values, whereas a
marked Nb-depletion cannot be observed (Fig. 3a). The chondrite-normalized REE
patterns display moderate LREE/HREE fractionation (Lan/Lun = 9.78 — 10.06) and a
positive Eu-anomaly (Eu/Eu* = 1.41 — 2.54, Table 1).
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The samples of the Mariinskiy complex are gabbroic to granitic in composition. The
gabbro (sample 62) and the granodiorite of Andreevskiy (sample 55.1) are
moderately enriched in the LREE (Lan/Lun = 5.47 — 15.82) whereas samples 51.1
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and 51.2 show a more pronounced LREE/HREE fractionation. Except for 51.1 the

samples of the Mariinskiy complex do not display a Eu-anomaly (Table 1).
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Fig. 2: SiO2 vs. TiO2, MgO, Ca0, Fe203' (wt.-%) in granitoid samples of the Nishniy-
Sanarskiy pluton.

In the basaltic rocks MgO is < 5.28 wt.-% and the Mg# is relatively low ranging
between 0.44 and 0.60, which indicates an evolved magma composition. In contrast
to some of the granitoids LOI is between 1.53 and 4.86 wt.-% reflecting the presence
of secondary hydrous minerals. Their formation may have caused mobilisation of
alkalis. Accordingly, methods of classification (TAS, LeMaitre 1989) or discrimination
(e.g. Verma et al. 2006) based entirely on major elements are not applied. Rather,
HFSE that are immobile during alteration are preferentially used for discrimination
(Table 2). The subalkaline basaltic composition of all samples (16.5, 16.6, 49 and 56)
is shown by Nb/Y < 0.7 and Zr/(TiO2 * 10000) < 0.01 (Winchester and Floyd 1977).
They have variable U- and Th-concentrations, and in general show slightly negative
Nb- and Ti-anomalies in the primitive mantle-normalized plot (Fig. 3b). Except for
sample 56 the basaltic rocks have positive Sr-anomalies. Positive Pb-anomalies can
be observed in all samples, except sample 49. They all have flat REE patterns with
only weak enrichment of the LREE (Lan/Lun = 2.09 — 2.69, Table 1).
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Table 2: Minor and trace element criteria used for classification and for indication of tectonic setting of basaltic rocks of the western Transuralian zone

Criteria Samples
48 (Mariinskiy) 58 (Mariinskiy) 16.5 (N. Sanarskiy) 16.8 (N. Sanarskiy)
ZriTi02 vs. NbfY, Winchester and Floyd (1977) Basalt Basalt Basalt Basalt

Zr-Ti-Y, Pearce and Cann (1973)
ZrlY vs. TIfY, Pearce and Gale (1977)
Zr-Y, Pearce (1983)

Ti/Zr vs. Nb/Y, Pearce (1982)

All: calc-alcali basalts, island arc tholeiites, MORB
All: plate margin basalts
All: continental arc

All: volcanic arc basalts

Ti-Zr, Pearce (1982)

MnO=-TiO-P20s, Mullen (1983)

La-Y-Nb, Cabanis and Lecolle (1989)

La/Nb, Condie (2003)

Zr-Nb-Y, Meschede (1986)

Vaolcanic arc

Oceanic island basalt,
seamount alk. basalt
Enrniched MORB

< 1.4, no subduction
signature

Within plate tholeiite,

valcanic arc basalt

Within-plate
Island arc tholeiite

Continental basalt
< 1.4, no subduction

signature

Within plate tholeiite,

valcanic arc basalt

Volcanic arc

Island arc tholeiite

Continental basalt

> 1.4, subduction
signature

Within plate tholeiite,
N-type MORB, volcanic
arc basalt

Volcanic arc

Island arc tholeiite

Continental basalt

> 1.4, subduction
signature

Within plate tholeiite,
N-type MORB, volcanic
arc basalt

Classification tree, Vermeesch (2006) All: island arc basalts

Discussion
The petrographic and geochemical characteristics of the magmatic rocks from the
western Transuralian zone yield information on origin of magmas as well as on

magmatic diversification.

Granitoids

The mineralogical and geochemical variation (i.e. decrease in TiO2, MgO, Fe203t and
CaO with increasing SiOz2) observed in samples 11.1 — 11.3, 13 and 21.1 indicates
that fractionation of hornblende is an important factor of magmatic diversification in
the Nishniy Sanarskiy pluton. Despite of such process and despite of the differences
between the various granitoids of the study area, their magnesian, calcic to calc-
alkaline character is consistent with a formation in a cordilleran or island-arc setting
(Frost et al. 2001). Derivation of melts from descending oceanic crust may also be
supported by trace element composition. All samples from the four granitoid and
gabbro occurrences show arc signatures like negative Nb- and Ti- , as well as
positive Sr-anomalies in the primitive mantle normalized element plot (Fig. 3a)
(Zhang et al. 2009, references therein). The latter is in line with Sr > 300 ppm, Sr/Y >
20, low Nb (< 11 ppm) as well as enriched LREE in most of these samples (Table 1).
These criteria are also considered as characteristic of slab derived Al-rich granitoid
melts (Drummond and Defant 1990). In a Rb vs. Nb+Y-plot all granitoid and gabbro

samples, including those with LOI < 0.53 wt.-%, for which later transport of alkalis is

128



considered as negligible, also plot in the “volcanic arc granite” field (Fig. 4, Table 1,
Pearce et al. 1984, Pearce 1996).

1000
o11.2
*11.3
¢ 511
100 - =&
% F Chernorechensk
%
x
- 10 ~
[=% S —
£
©
w
'I_
Akhunovo
0.1 1 1 [] 1 ] ] ] 1 ] 1 1 I 1 1 ] 1 ] T 1 1 ] 1 ] ] 1 ]
- _ — ™ = —
E8FEP2X38LE2HEINFAZREL >0 ES 3
1000
Q2
= 100 A
s
o
I
o
% 10 A
[7:]
1

Fig. 3: Primitive mantle normalized plots (relative to pyrolite of McDonough and Sun
1995), A, plot for granitoid samples of the Nishniy Sanarskiy (11.2, 11.3) and
Mariinskiy complexes (51.1, 51.2, 55.1, 62). Light and dark grey fields are
compositional ranges of the granitoids of Chernorechensk and Akhunovo from the
Easturalian and Magnitogorsk zone, respectively (Bea et al. 2002).

B, plot of basaltic samples of the Nishniy Sanarskiy (16.5, 16.6) and Mariinskiy
complexes (49, 56).Grey lines denote representative oceanic magmatic products
from Sun and McDonough (1989), E-MORB = enriched mid ocean ridge basalt, N-
MORB = normal mid ocean ridge basalt, OIB = ocean island basalt, IAB = island arc
basalt.

In contrast to this, the granitoids show other features, which are characteristic of
melts formed in the continental crust, such as strongly positive Pb-anomalies of high

Ba values (Fig. 3a). A positive U-anomaly in the plutons of Nishniy Sanarskiy and
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Andreevskiy are also indicative of melt contribution from crustal sources, as well as a
positive Li-anomaly in the latter pluton.

Influence of crustal sources is also indicated by Nd/Th ratios of all granitoids
clustering around a value of Nd/Th = 2.6 (Table 1), which is considered to show
control of trace element abundance by monazite in the source (Bea and Montero
1999).
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Fig. 4: Rb vs. Nb + Y plot for granitoid and gabbro samples of the western
Transuralian zone (Nishniy Sanarskiy complex 11.2, 11.3, Mariinskiy complex 51.1,
51.2, 55.1, 62, VAG = volcanic arc granites, ORG = ocean ridge granites, WPG=
within-plate granite, syn-COLG = syn-collision granites, Pearce et al. 1984)

In the Mariinskiy pluton garnet forms anhedral grains with irregular lobate grain
boundaries, which are indicative of dissolution. Growth of these crystals in the melt
as phenocrysts appears as unlikely. Though mineral chemical data of garnet, which
could help to identify the origin of garnet more precisely, are not available, it can be
inferred that they represent relics of xenocrysts entrained from a metamorphic rock or
peritectic garnet formed during dehydration melting of biotite in the source of the
granitoid melt. In both cases, the observation of garnet points to the contribution of
aluminous metamorphic rocks to the tonalite of Mariinskiy.

Geochemical data thus support the idea that the granitoids reflect mixing of slab
derived melts and melts generated in the continental crust. This is also well

constrained in the R1-Rz-plot (Batchelor and Bowden 1985, Fig. 5). Sample 55.1,
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which shows most affinity to crustal melts, plots in the field of anatectic melts, while
most other samples fall in the field of destructive plate margins. Deviations from this
field may best be explained by contributions from metasedimentary sources. All
compositional characteristics are most consistent with a formation in an Andean type

magmatic arc.
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Fig. 5: De la Roche R1-R2 multicationic diagram adapted from Batchelor and
Bowden (1985) displaying compositions of granitoids (Nishniy Sanarskiy complex
11.1, 11.2, 11.3, 13, 16.5, 16.6, 21.1, Mariinskiy complex 49, 51.1, 51.2, 55.1, 62) of
potential metasedimentary sources and of anatectic melts. The fields of mantle
plagiogranites, subduction regime granitoid magmatism, late and post orogenic
granitoid magmatism are according to the tectonometamorphic divisions postulated
by Pitcher (1979, 1982).

The granitoids of the Mariinskiy complex as well as of the Nishniy Sanarskiy pluton
have a tendency towards lower K-concentrations (Fig. 6) but in general show

element patterns, which are similar to those of the Akhunovo or Chernorechensk
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complex in the Easturalian zone (Fig. 3a). Granitoids of these plutons are
characterized as subduction-related as well (Bea et al. 2002). Their ages (i.e.
Akhunovo 365 + 3, 365 £9 Ma, Chernorechensk 354 + 7 Ma, Bea et al. 2002) are
within error identical to the ages determined for the plutons of Nishniy Sanarskiy (357
+ 6 Ma) and Mariinskiy (364 + 14 Ma, Gronen 2013).
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Fig. 6: K2O vs. SiOz2 plot (LeMaitre 1989), comparison of compositions of granitoids
from the western Transuralian zone (Nishniy Sanarskiy and Mariinskiy complexes,
this study), the Easturalian (Chelyabinsk, Chernorechensk) and the Magnitogorsk
zone (Akhunovo) in the southern Urals (Bea et al. 2002).

Basalts

Primitive mantle normalized element patterns can be used to discuss potential
sources of the basaltic rocks. Exceptionally high values of Rb and K in all basalt
samples could be due to metamorphic growth of hydrous minerals and will not be
used for discrimination of the data set. Apart from that, most patterns are similar to
volcanic arc basalts (Fig. 3b). A dominant contribution of slab derived melts to these
rocks, in particular to the dyke samples 16.5 and 16.6, is also indicated by other
minor- and trace element criteria (Table 2). Due to a weak Nb- and lack of a Pb-
anomaly sample 49 shows least similarity to volcanic arc basalts. Rather, the data
are more consistent with other settings, such as MOR or within plate settings (Fig.

3b, Table 2). It should be noted that this sample is from an occurrence, which is not a
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dyke but has uncertain contact relationships. Possibly, the basalt body represented

by sample 49 is a domain of former oceanic crust.

West East
East European Magnitogorsk arc Kazakh plate
Craton Valerianovka arc

F T+ + T

+ + o+ o+ 4+
+ + + + + + +

+ 4+ o+ 4+ 4+

£
Continental crust - Accretionary complex
|m Transitional crust

- Oceanic crust E Subduction related granitoids

| Magmatic arc

Fig. 7: Simplified profile depicting the tectonic constellation during the Uralian
orogeny in Early Carboniferous times, adapted from Herrington et al. (2005) and
Alvarez-Marrén (2002). The Devonian Magnitogorsk arc was affected by platform
sedimentation during the Carboniferous. Subduction-related granitoid magmatism in
the Andean type Valerianovka arc on the continental margin of the Kazakh plate
(now Transuralian zone) and in the oceanic zone to the west (now Easturalian zone)
points to contemporaneous subduction in both areas.

Tectonic Setting

The association of basalts formed in an oceanic setting with basalts and granitoids
typical of a magmatic arc setting supports the idea that the Transuralian zone
represents the former active margin of the Kazakh plate (Brown et al. 2002, Puchkov
2000, Herrington et al. 2005, Goértz and Hielscher 2010). In such setting, transitional
oceanic crust may have existed, which could explain the existence of different types
of basalts (Fig. 7). The subduction-related rocks of the western Transuralian zone
can then be considered to be plutonic and subvolcanic parts of the Valerianovka
magmatic arc, which is also represented by volcanosedimentary successions of the
Valerianovka zone in the eastern Transuralian zone (Puchkov 1997, 2000,
Herrington et al. 2005). These successions record mainly Carboniferous volcanic
activity in the Valerianovka zone (Puchkov 1997). If this reflects the lifetime of the

Valerianovka arc, the granitoids of the western Transuralian zone (Nishniy Sanarskiy,
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357 £ 6 Ma and Mariinskiy, 364 + 14 Ma, Gronen 2013) belong to the earlier products
in the history of the arc.

The pervasive, though low, degree of deformation reflected in textures of all granitoid
samples studied here points to a pre- to syntectonic origin. In line with the ages
known for the granitoids, strike slip deformation observed in the Transuralian zone
must have a maximum age of c. 360 Ma. This is compatible with a recent model by
Gortz and Hielscher (2010) who state that strike slip tectonism took place in Permian
times as response to a relative plate motion of the Kazakh plate and the East-

European Craton.

Conclusions

The compositional variability of the Nishniy Sanarskiy pluton is mainly caused by
fractionation of hornblende, which is an important factor of magmatic diversification.
Despite of their close spatial association, the plutons of Andreevskiy and Mariinskiy
witin the Mariinskiy complex have different sources. Crustal melts contribute to a
larger degree to the pluton of Andreevskiy.

The mineralogical as well as major and trace element characteristics of all granitoids
in the Mariinskiy and Nishniy Sanarskiy complexes indicate formation by mixing of
subduction-related melts and melts generated in the crust, which is most consistent
with an Andean type magmatic arc setting. This and compositional characteristics of
subalkaline basaltic rocks support ideas that the western Transuralian zone contains
remnants of the Valerianovka Andean type magmatic arc along the margin of the
Kazakh continent. In age and composition the granitoids of the western Transuralian
zone are similar to subduction-related intrusives of the Magnitogorsk and Easturalian
zone to the west of the study area. This points to contemporaneous subduction of the
Uralian ocean underneath the Magnitogorsk arc as well as the Kazakh continent in
late Devonian to early Carboniferous times. Similar to the evolution of the Easturalian
zone, the western Transuralian zone was affected by intensive post-magmatic strike-

slip tectonism.
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Abstract Gold mineralization at Kochkar (Urals, Rus-
sia) 15 hosted mainly by quartz lodes, which developed at
lithological contacts betwesn mafic dikes and granitoids
of the Plast massif during late Carboniferous to early
Permian, regional E-W compression in the East Uralian
Zone (EUZ). The alteration mineralogy in mafic dikes
comprises biotite, actinolite, albite, K-feldspar, quartz,
epidote, tourmaline, sericite, pyrite, arsenopyrite, chal-
copyrite, sphalerite, fahlores, palena, bismuthinite, and
gold, and in Plast granitoids quartz, sericite, calcite,
epidote, and ore minerals. Geochemically, an enrich-
ment of 5i, K, Rb, Ba, 5, base metals, W, and Au can be
observed. The ore fiuid had "0 values between 82N,
and 9.5%, typical for metamorphic of deep magmatic
fluids. The tectonometamor phic evolution of the EUZ is
marked by peak metamorphic conditions at 635 £40°C
and 5-6 kbar through 500 £20°C during gold minerali-
zation, and 300-350°C and 2-3 kKbar. The last event was
dated on a late, barren quartz win formed during
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greenschist facies metamorphism at 2654+ 3 Ma by the
Rb-&r method. Fluids related to this overprint had a

#'%0 valve of 527, and an initial *'Se/™Sr ratio of
0.70685 indicating that they are largely equilibrated with
metamorphic lithologies of the EUZ. The Flast grani-
toids and the adjacent Borisov granite, which was dated
at 358+ 23 Ma (U-Pb zircon age), have an adakitic
character. This, together with the arc-signature of the
mafic dikes, supports the setting of the EUZ within the
Valenanovsky continental are. Eastward subduction of
the Uralian Ocean below this arc began during the late
Devonian to early Carbomferous. Between 320 and
265 Ma, the oblique closure of the ocean resulted in
doming of gramtoid massifs in a simstral transpressional
regime, subsequent retrograde pold mineralization dur-
ing E-W compression and a later greenschist facies
overprint. This long-lasting retrograde evolution of the
EUZ was caused by the lack of postcollisional collapse.
Heat for a “deep-later™ tvpe of metamorphism and
triggering the avriferous fluid system was supplied by
radiopenic heating of an overthickened crust. The
greenschist facies overprint at Kochkar and coeval
crustal melting in the EUZ was additionally imifiated by
local external heating of the terrane. This could have
been cawsed by syn- to posteollisional slab rollback or
delamination resulting in magmatic underplating of the
EUZ which postdates orogenic gold mineralization at
Kochkar. The tectonic interpretation of the EUZ indi-
cates that gold mineralization at Kochkar formed in a
mid-crustal environment of a continental magmatic arc
at the cessation of active subduction predating post
orogemc plutonsm.

Kevwords Kochkar - Orogenic gold - Ural -
East Uralian Zone

Introduction

Historical gold mining in the late-Paleczoic Uralides
started 250 vears ago with about 400 t gold produced to
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date (Anonymous 1996). The majority of the gold was
mined from placer deposits and orogenic gold deposits.
Gold deposits are irregularly distributed with respect to
tectonic units such a8 the Main Uralian Fault (MUF)
and the East Uralian Zone (EUE) (Kisters et al. 1999,
Sazonov et al. 2001). The MUF controls the distribution
of important orogenic pold districts hosted by lower- to
middle-Paleczoic island arc amd ophiolite complexes
(Kisters et al. 1999). This is a typical setting for Phan-
erceoic orogenic pold deposits (Goldfarb et al. 2001)
and was wsed to define a geodynamic model for these
deposits, typified by transpressive accretion of allo-
chthonous terranes to one anothér or a continental
margin, emphasizing Cordilleran stvle tectonics (Kernch
et al. 2000). Gold mineralization in general is related to
active subduction late in the orogenic evolution and s
associated with terrane exhumation (Goldfark et al
1998: Bierlein and Crowe 2000). A thermal anomaly
triggering the auriferous fluid plumbing system is sug-
gested by contemporaneous emplacement of pranitoids
and metamorphism, which was possibly formed by a
change in the subduction regime, by either slab rollback,
delamination of the mantle lithosphere, or subduction of
a slab window (Goldfarb et al. 1998). Structurally con-
trolled fluid flow in major shear zones during orogenic
gold mineralization coincides with the shift from con-
vergent thrust to transcurrent tectonics (Goldfarb et al.
1991; Kisters et al. 1999 Kolb and Mever 2001).
Phanerozoic orogenic gold mineralization is, in most
cases, posipeak metamorphic and predates granitoid
intrusions by around 10 m.v. (Bierlsin and Crowe 2000;
Goldfarb at al. 2001).

In the EUZ, large orogenic pold deposits such as
Kochkar are hosted in granite-gneiss complexes that
have intruded supracrustal rocks (Seravkin et al. 1992;
Kisters et al. 2000). Althowgh these deposits share many
similarities with other orogenic gold deposits worldwide,
they are not directlv associated with transcrostal shear
zones (Kisters et al. 2000). The emplacement of volu-
minous Permian granitoids in the EUZ is interpreted as
an Ural-wide melting event (Fershtater et al. 1997; Bea
et al. 1997, 2002; Gerdes et al. 2002), which was possibly
responsible for triggering fluid plumbing systems (Kis-
ters et al. 1999; Kolb and Meyer 2001).

In this paper, we use geochemical, petrological, and
isotope data to describe the mapmatic and tectono-
metamorphic evolution of the EUZ The main aim is 1o
define the position of gold mineralization in Kochkar in
a model for the orogenic evolution of the Urals and
compare this to the typical setting of Phanerozoic oro-
genic gold deposits, associated with transcrustal shear
FOMES.

Regional peology

The Urals form a bivergent fold-and-thrust belt wedpged
between the East European Platform in the west and a
complex of microplates and terranes of the Siberian and

Kazakhstan cratons in the east. This linear, N-8
trending orogenic belt formed during convergence and
final E-W collision during the late Paleczoic (Zon-
enshain ot al. 1984, 1990: BEchtler ot al. 1996: Puchkov
1997). Its southern part (south of 36"N) can be subdi-
vided from west to east into four tectonic units { Brown
et al. 2002): the foreland thrust and fold belt, the Mag-
nitogorsk and Tagil volcanic arcs, the EUZ, and the
Trans-Uralian Zone (TUZ) (Fig. 1). The foreland thrust
and fold belt is separated from the Magnitogorsk and
Tagil volcanic arcs by the 2,500 km long MUF, which is
generally regarded as the prncipal suture zone. In the
southern Urals, subduction towards the east commencad
in the Devoman beneath the Magnitogorsk volcanic arc
(Puchkov 1997 Echtler etal. 1997). The NW-SE
accretion of the Magnitogorsk volcanic arc amd the East
European Platform occurred along the MUF in Late
Devonian to Early Carboniferous times (Echtler et al.
1997: Brown et al. 1998; Hetzel et al. 1998; Sazonov
et al. 2001). Intrusion of a post tectonic batholith, dated
at 327+ 2 Ma, into the MUF marks the end of tectonic
activity in that region (Montero et al. 2000). Subse-
quently, closure of the Uralian Ocean occurred to the
east of the Magnitogorsk volcanic arc with E-W accre-
tion of variouws terranes of the EUZ and TUZ (Puchkov
1997: Brown et al. 1998; Friberg et al. 2000). The EUZ
is separated in the west from the Magnitogorsk volcanic
arc by a serpentinitic mélange zone referred to as East
Magnitogorsk Fault, and in the east from the TUZ by
the Troitsk Fault (Fig. 1; Puchkov 1997; Avarza et al.
2000). Some authors have suggested westward subduc-
tion at the boundary between EUZ and TUZ based on a
west dipping seismic reflector (i.e. the Kartaly reflection
sequence: Echtler et al. 1997, Kimbell et al. 2002). In
contrast to this view, Fonenshain et al. (1990) amnd Bea
et al. (2002) proposed that eastward subduction oc-
curred beneath an Andean-tvpe arc on the Siberian and
Kazakhstan cratons, namely the Valerianowvsky arc,
which is represented by lithologies of the EUZ and the
TUZ Final closure occurred at ~300 Ma with the
reactivation of terrane-bounding faults as strikeslip
faults and the intrusion of Permian late- to post-oro-
genic pranitoids (Bea et al. 2002). The post tectonic
Dzhabyk  granite intruded the Troisk fawlt at
201 +4 Ma. This age is thought to mark the end of
tectomic activity in the southern Urals (Montero et al.
20000}

Geology of the EUZS

In the EUZ, most of the large orogenic gold deposits
such as Kochkar are hosted by granite-gneiss complexes
that are intrusive into mafic- to intermediate metavol-
canic, metavolcanoclastic and metasedimentary rocks
(Seravkin et al. 1992). The supracrustal rocks stnke N-5
and are subvertical, parallel to the overall trend of the
EUZ as a result of shortening during the upper-Paleo-
zoic assembly of the southern Urals. The granite-gneiss
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Fig. 1 Geological map of the southemn and middle Umls showing
the main structural wnits {modified after B imbell et al. 2002; ages
Murrinka, Gendes et al. 2002; Drhabyk, Montero et al. 2000
Mote the area at ca. 36N whem the Magnitogorsk and Tagil
volanic arcs hecome narrow, which is interpreted to be the esult
of ohlique indenter tectonics (Saronoy et al. 2001)

complexes are attributed to long-lived orogenic mag-
matism (Samarkin amd Samarkina 1988; Fershtater
et al. 1997; Bea et al. 2002) that commenced at 370

350 Ma with the intrusion of subduction-related, I-tvpe
granitoids in the eastern part of the EUZ. These plutons
crvstallized at 5-6 kbar and are considered to be coeval
with late Paleozoic regional metamorphism and sinistral
transcurrent deformation along the major N-8 trending
shear zones such as the East Magnitoporsk amnd the
Troitsk faults (Fershtater et al. 1997, Puchkov 1997).
Permian (292-250 Ma), “calc-alkaline™ and “biotite
granites”” intruded into shallow crustal levels (2-3 khar),
postdating regional metamorphism and deformation.
They form oval-shaped bodies surrounded by contact
metamorpluc hales (Fershtater et al. 1997). Ths later
suite is considerad to be the product of partial melting of
Paleozoic island arc material as well as of Proterozoic to
Paleozoic metasedimentary sources during a larpe scale,
postorogenic melting event in the EUZ (Fershtater et al.
1997: Bea et al. 1997 Gerdes et al. 2002). Two batho-
liths of the latter suite, namely Murzinka and Dehabyk,
have been dated by zircon single-crystal stepwise-evap-
oration at 254435 Ma and 291 £4 Ma, respectively
(Montero et al. 2000). The age difference is inferpreted
to be the result of the northward migration of continent
continent collision and subsequent gramte magmatism
from the late Carboniferous at Dzhabyvk in the south to
the late Permian al Murzinka in the north (Montero
et al. 204H0).

Geology of the Kochkar district

In the Kochkar district in the south central Urals
(Fig. 2), a number of gold deposits are hosted by the
Plast massif. Gneissic granitoids of this massil introded
at 31 +20 Ma (Sazonov et al. 2001) into a sequence of
M-85 tremding, steeply inclined, tphtly folded and foli-
ated, upper-greenschist to mid-amphibolite facies meta-
volcamic rocks and less abundant metasediments. The
stratigraphically voungest supracrustal unit consists of
limestones of Carboniferows ape (Cy-Cy Puchkowv
1997} Intrusive relationships are indicated by the pres-
ence of variably sized supracrustal xenoliths within the
Plast massif. Contacts between the plutonic rocks and
the surrounding supracrustal rocks are sharp and dip
steeply outward from the center of the massif (Kisters
et al. 2000). The Plast massif itself is distinctly elongated
in an M-8 direction and is about 50 km in length with a
maximum width of ca. 10 km in its central parts (Fig. 2).
The marpinal zones are strongly foliated giving the
overall impression of an elonpated gneiss dome. Fabric
development and crosscutting relationships  between
different intrusive phases point to a synkinemaftic
emplacement of the granitoids during regional trans-
pression and simstral transcurrént sheanng along the
regionally dewloped N-5 trending shear zones that
bound the EUVZ (Bankwitz et al. 1997; Puchkov 1997).

The Borisov granitoid, to the west of the Plast massif
(Fig. 2}, is of unknown age. In the center of the Borisov
complex, which is B km wide and 25 km long in N-8
direction, vellowish to reddish, fine- to medium-grained
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Fig. 2 Geological map of the
Kochkar region showing the
Baorizov and Flast massifs
{modified after Bomdaewky
1952; Kisters et al. 2000). Gold
mineralization iz hosted by
quartz lodes, which developed
at the mafic dikes-Plast
granitoid contacts

gneissic [oliation

=
mafic dykes
granitodds
% limestones (C~C,)
- serpentinites

supracmustal rocks
not differentiated

granitoids dominate. Towards the contact with the su-
pracrustal rocks, the foliation of the granitoids in-
creases, leading to an apgen-texture amd an increase in
the biotite and muscovite content (Kisters et al. 2000).
The contact between the Borisov granitoids and the
surrounding supracrustal rocks is sharp amd dips steeply
outward from the center of the massif, similar to the
outcrop pattern described for the Plast massif.

MNumerous, steeply dipping mafic dikes intruded at
about 320 Ma (Sazonov etal 2001) into the Plast
massil, describing an overall ENE-WSW to ESE-WNW
trending radial pattern (Fig. 2). The width of the dikes
ranges from a few cm to =20 m and strike lengths vary
from several tens of meters to > 1.5 km (Kisters et al.
20007}, The mafic dikes are crosscut by numerous gen-
erations of later dikes. While some of the later dikes are
subparallel to mafic dikes, the majority of crosscutling
dikes shows northerly trends.

Economic-grade gold mineralization in the Plast
massif is hosted by steeplv-inclined, ENE-W3SW trend-
ing quartz-sulfide lodes developed in a N-§ extended,
15 km long and 5 km wide area aroumd the town of
Plast. The lodes are spatially associated with the
northern, ENE-WEW trending mafic dikes and oocur
mostly parallel and directly adjacent to these dikes
(Kisters et al. 2000). The massive and/or laminated,
gravish to milky quartz veins are, on averags, 0.2-1 m
wide and show distinctly tabular peometries. They con-
tain, on average, 4-6 g/t Auw with locally mgh-grade ore
shoots carrving 230 g/t Au, whereas mafic dikes and
alteration zones surrounding the guartz lodes are sub-
economic (< 1 g/t Au). Prominent quartz lodes can be
traced along strike for over 500 m with similar subver-
tical extents.

Fluid infiltration during hyvdrothermal gold mineral-
ization and quartz veining was promoted particularly
along the contact between mafic dikes and pranitoids.
Repeated dilation normal to dike walls readily explains
the dike-parallel laminated or ribbon textures of gold-
quartz lodes. Mafic dikes acted as weak lavers during
regional-scale E-W directed honzontal shortening re-
lated to the Permian terrane amalgamation in the Ura-
lides (Kisters et al. 2000).

Petrology of intrusive rocks from the Kochkar area

The variouws intrusive rocks from the Kochkar area were
studied for their mineralogical inventory in order to
obtain information about the relative timing of mag-
maftism, metamorphism, amd alteration and to define
mineral parageneses. Electronprobe  microanalyses
(EPMA) were performed on suitable paragensses to
calculate P-T data for the metamorphic evolution.

Borisov amnd Plast massifs

Intrusive rocks of the Borivov massil are variably foli-
ated and comprise microcline, plagioclase, quartz, amd
biotite as main constiteents, and subordinate muscovite,
apatite, amd zircon (Fig. 3a). A concentric §; foliation is
developed in the massal ouwtlined by the alignment of
biotite and muscovite (Fig. 2). Microcline, with tvpical
crosshatched twinning, is recrystallized at its rims where
myrmekitc microcline amd zoned plagioclase has
formed. These second peneration feldspars have straight
grain boundaries that form trple junctions (Fig. 3a).
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Fig. 3 Photomicrographs of the
Borizov and Plast granitoids
(erosed polarized Bghi).

a Pagioclase { A) and K-
feldspar { Kj%) of the typical
Borizov granite mineral
assemblage that are
recrystallized to Pl and K,
including quartz {(Qz) and
hiotite {Bi). Locally,
myrmekitic textures ae
developed indicating mid-
amphibolite facies conditions
during recrystallization.

b Typical assemblage of Kf,
Qtz, and Bt of the Plaa
granitoid. Kfs has a
characterstic patchy
decomposition textune. Mote
the pronounced subgrain
formation in Gtz indicative of
intracrystalline deformation.

¢ Micmstructure of a Plast
granitoid showing dynamic
recrystallization of P1 and
strongly sutured grain
boundaries of Oz and P,
which amre indicative of
amphibolite facies deformation.
d Alteration assemblage of the
Plast granitoids including
biotite, epidote { Ep), and pyrite
{Py). Mote the fine
recrystallized matrix of quanz
and feldspar. e Plast granitoid
with interse greenschist facies
overprint showing nearly
complete replacement of
feldspar by muscovite (M)

Larger quartz is recrystallized to smaller grains with
straight grain boundaries and triple junctions. Locally
subgrain formation is prominent in the larper quartz
grains.

The Plasr massifl is characterized by schollen- and raft
migmatites together with variably deformed pranitoids.
The main constituents of the pranitoids are perthitic
feldspar, plagioclase, guartz, microcline, biotite, and
muscovite in decreasing order of abundance (Fig 3b).
Accessories are titanite, apatite, zircon, rutile, monazite,
and ilmemte. The 5, foliation i developad by the
alignment of biotite amd the migmatitic banding. This
fabric is concentric with respect to the outline of the
massil (Fig. 2). The perthitic feldspar shows a stained
texture and 15 recrvstallized at its rims fomming smaller
plagioclase and microcline with straight grain bound-
aries, which form triple junctions. Larger plagioclase
with albite twinning is also recrysiallized at its rims
(Fig. 3¢). Quartz displavs various recrystallization fab-
rics including subgrain formation, grain boundary
migration, and undulose extinction (Fig. 3b). Biotite
and muscovite occur in random ofentation or form a
weak, ENE-WSW trending S, foliation. S, foliated
rocks are also charactenized by the recrystallization of
feldspar and quartz, which is restricted to the lithologi-

cal contact zones of granitoids and mafic dikes. Feld-

spars are locally affected by sawssuritization and
sencitization, and mafic minerals are locally replaced by
chlorite and rutile (Fig. 3d, e). In these rocks, sericite
and chlorite define a S; foliation.

Mafic dikes

The mafic dikes display highly varable extures ranging
from fine-grained, massive, to porphyritic or strongly
folinted. In peneral, the development of an ENE-WSW
trending 5, foliation is more pronoanced in the mafic
dikes compared to the granitoids. They are black to dark
greenish in color and consist of biotite, homblende,
actinolite, plagioclase, K{eldspar, quartz, apatite, epi-
dote, tourmaline, sericite, and sulfides topether with
chlorite, caleite, and sphene (Fig. 4). Amphiboles are
mainly relics in the dikes displaving a poikiloblastic
texture with plagioclase forming the inclusions (Fig. 4b).
The amphibole grains have a characteristic zoning with
tschermakitic hornblende compositions in the center and
actinolitic compositions at the rdims (Fg. 5a; Table 1).
Feldspar inclusions in amphibole display a zoning from
oligoclase in the center to andesine at the rms (Fig. 5b;
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Fig. 4 Photomicrographs of the
mafic dikes. a Typical
(alteration) mineral assemhblage
comprising hiotite (B,
plagioclase (P, and muscovite
{ M%), The micas are aligned
parallel to the penetrative 5,
foliation {crossed pokerized
lighe). b Least altered mafic dike
showing poikiloblastic
hornblende { Bl with
inchuzions of phgioclase
{erowred poderized Bghe). This
assemblage was wed for
geothermometry. Locally,
hornblende is replaced by
hiotite. ¢ Biotite-tourmaline

{ Tii) alte mtion assemblage
uzed for geothermometry {plain
polaried light). Mote, the
arsenopyrite (Apy) grain
aszociated with towrmaline.

d 55 asymmetric crenulation
cleavage fomed during
groenschist facies deformation
and retrogression (calecite; Cal;
crossed polarized light). e Barren
caleite, green hiotite, quanz
vein {pladr podarized lighi).
Biotite in the adjacent mafic
dike lithology has also the groen
caolor. A similar vein was used
to date the greenschist Facies
event

Tahble 1). In the matnx, plagioclase is strongly zoned and
has an andesine core followed by an olipoclase seam and
an andesine rim. Locally, where amphiboles are absent,
a continuows zoning from oligoclase to labradorite
compositions can be observed.

Mineralization and alteration

Auriferous quartz lodes are made up of predominantly
quartz with minor amounts of calcite, sericite, scheelite,
biotite, tourmaline, and actinolite together with opa-
ques. Sulfides comprise 2-7 vol.% and are penerally
alined parallel to wall-rock laminae or they fomm
irrepular clots within quartz veins. The sulfide assem-
blage includes mainly pyrite and arsenopyrite with
subordinate chalcopyrite, sphalerite, Fahlores, galena,
and bismuthinite. Gold is fine-grained { <20 pm) and
commonly occurs as specks of free pold in quartz.

A biotite-K-feldspar alteration assemblage that re-
places the peak metamorphic hornblende-plagioclase
parageness almost invariably characterizes mafic dikes
bordering or enveloping the auri ferous quartz lodes. The
alteration muneralogy comprises biotite, actinolite, al-
bite, K-feldspar, quartz, epidote, toummaline, sencite,

and a sulfide-gold assemblage similar to that described
for the mineralized veins. Biotite, muscovite, and tour-
maline outline the 34 foliation, which is developed par-
allel to the avriferous quarnz lodes (Fig. 4a). S C and S
C’ fabrics are locally developed indicating dextral strike-
slip shearing (Kisters et al. 2000). In places, the S foli-
ation is overgrown by biotite, muscovite, tourmaline,
and epidote.

By contrast, wall-rock alteration in the Plast grani-
toids is less pronounced and commonly consists of
quartz as well &8 sericite, calcite, and epidote, which
replace original feldspar (Fig. 3d).

A set of late, barren quartz veins crosscut the Plast
granitoids, the mafic dikes, and the auriferous quartz
lodes. The late veins comprise quartz, muscovite, calcite,
chlorite, and green biotite (Fig. 4¢) and are easily dis-
tinguishable from the awrferous veins by their white,
milky appearance. They are invariably associated with
fault pouges of regional, NE-SW and NW-SE trending
faults and a chlorite alteration halo that replaces the
biotite-K -feldspar alteration paragenesis with chlorite,
sphene, calcite, and sericite. Biotite has either changed
color to a preenish appearance or is replaced by chlorite
and sphene. The green biotite also varies in composition
from the biotite of the earlier biotite-K-feldspar alter-
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Fig. & Mineral discimimation

diagrams for amphibole,
plagioclse and hiotite in mafic
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ation (Fig. 5¢; Table 1). The retrograde overprint 1s
characterized by the development of a crenulation
cleavage, where green biotite and chlorite define the 54
foliation. If S-S is deweloped as an ssymmetrical
crenulation cleavapge, dextral strikeslip shearing is
indicated (Fig. 4d). In case the late veins crosscut Plast
granitoids, alteration is characterized by the almost
complete sercitization of feldspars and the replacement
of biotite by chlorite (Fig. 3e).

Textural development and P-T conditions

P-T conditions were calculated using critical mineral
parageneses of the least altered mafic dikes and the
biotite- K-feldspar alteration parapenesis (Table 2).
Amphibole and plagioclase are zoned in the least altered
mafic dikes, with the amphiboles displaying a charac-
teristic retrograde zoning, whereas plagioclase prains
show a complex zoning. Plagioclase included in the
poikiloblastic amphiboles has andesine (ca. Ang) com-
positions in contact with tschermakitic hornblende
(Table 1). Using these compositions, metamorphic con-
ditions were estimated at 635+ 40°C after the method of
Holland and Blundy (1994) (Table 2). Higher An con-
tents are only developed in plagioclase in the matrix or
in samples, where amphibole 5 absent. Amphibolite
facies conditions are also in agreement with gneissic

textures of the Borisov and Plast granitoids where the 8,
foliation is developed and the original minerals are re-
crystallized (Fig. 3a, b). Recrystallization of microcline
to myrmekite in the Borsov massif is a typical
amphibolite facies process (Simpson 1985 Simpson and
Wintsch 1989). In the Plast granitoids, the decomposi-
tion of K-feldspar and probably the formation of mi-
gmatites can be assigned to peak metamorphic
conditions in the amphibolite facies.

Biotite and tourmaline are minerals of the biotite-K-
feldspar alteration assemblage in mafic dikes, which is
closely intergrown with the sulfide-gold assemblage amd
developed in the $; foliation parallel to the awriferows
lodes (Fig. 4¢). EPMA vields a relative uniform compo-
sition of both minerals with no internal zoning indicating
that biotite and tourmaline are in textural and compo-
sitional equilibrium (Table 1} The biotite-tourmaline
Fe-Mpg exchange thermometer of Colopietro and Friberg
{1987), was applied to calculate the temperature of the
biotite-K -feldspar alteration and pold mineralization,
which revealed conditions of 500 + 20°C (Tahle 2).

These retrograde conditions can be correlated with
retrograde zoning of the amphiboles to actinolitic
hornblende and the occurrence of epidote in least alered
mafic dikes, which suggests metamorphic conditions of
the amphibolite-epidote facies. At the mafic dike-gran-
itoid contact, the S, foliation is also deweloped in the
Plast granitoids with a weak alteration zone. In these
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Table 1| Representative mineral analsmes waed for peothermometry and

dscrimination (ef, Table 2, Fig. 5

Sample Hbl 9 Hhbl 4 Hhl 7 Ha M4 Pl 11 Bt7T BtI Tm 29
Dremeription Tachemmakitic Magesio  Actinoh tc Andesine Labradonte Oligoclaie Biotite Cireen Taerrrea b
hornblende hornblende hornblende bt e
Sl 42.35 47.00 51.31 S, .11 51.54 6226 Sy 322 3581 S0, 3582
T, 0.28 043 020 ALQy, 3611 3115 2381 Al 1735 1781 TiQ, 0.33
AlADy 14.43 12 £ Feld 008 015 004 Tith 195 190 Aldw 3081
Feld 14.39 11.34 2946 Ca) 13 1323 449 Fedld 1417 1912 Crd, =002
M (h [y 033 034 Ma, 695 EX 837 Mg 14.10 1046 Fe 57
Mgld 977 14.26 1670 ] =001 (Ll < (L Mndd 019 018 Mned <002
Cald 11.51 1193 1233 Bald = {103 < {L03 = (L3 Cald <02 004 Mg 259
MNaxdy 1.43 090 043 Total 9958 w3 aE 9910 May(y ki 003 Cad o 110
] 0.27 013 = {1 5 10.57 938 1104 ] 10,15 1021 MNaxd 213
Tatal L] 94,4 95.06 Al 550 hbh 499 Tastal 9523 9578 KO =0
T & a.40 698 TA% Fe'? L) iz i 5 580 57 F i3
T Al Ll 102 052 Ba 0 1] 0 Al TV 23 230 By 1290
Sum T 8 8 8 Ca 1.39 2158 086 Al VI e 103 HO 3
Al a7 040 013 MNa 241 130 289 Ti 23 023 Total 9995
C Fe'’ 023 036 030 K 0 0.0e 002 Fe*' 185 254 B 3
CTi 003 005 002 Cations 1989 1996 1986 Mn 0l 002 S 597
C M’ﬁ 220 ila 363 Ab 632 32 T68 Mg i 253 T L0
C Fe' 1.54 102 090 An k] 3] 228 Ca 0 001 Al 605
C Mn 002 002 002 O 03 09 04 Ma Ll 0 Fe'oam
CCa 0 0 1] K 202 207 Mn 0O
Sum C 5 5 5 Calbions 1640 1644 Mg 213
B Mg 0 0 0 0O M 24 Ca 02X
B Fe 004 003 001 Fef(Fet+Mg) 0.3 050 MNa 040
B Mn 002 002 002 MgiMg+Fe) 064 050 K 0
B Ca 187 190 193 Total 1580
Table 2 Results of geothe rmometry caloulations
Geochemistry
Mineral pair n Calibration Tempermture (%)
Tachermakitic 7 Holland and §35 =40 In order 1o can_straln the chemical characteristics of the
hornblk nde — andedne Blundy (1994) Kochkar deposit we analyzed ten samples from the Plast
Biatite — tourmaline M Colopietro and  S00 =20 and Borsov granitoids, 13 samples of mafic dikes, and 12
Friberg {1987) quartz lodes. Notably, the Plast granitoid and mafic dike

zones, the dynamic recrystallization of feldspar indicates
temperatures > 430°C for D, deformation (Fig. 3¢ Voll
1976; Tullis 1983; Sthnitz and FitzGerald 1993). Similar
temperatures are suggested by the polyvgonal fabric of
recrysiallized quartz (cf., Stipp et al. 2002).

These deformation-recrystallization textures are ab-
sent in the Plast lithologies farther than about 3 m from
the contact with the mafic dikes. In the Borsov lithol-
opies, these texres are conspiceows by their absence.
Hence, the retrograde stage in the lower amphibolite
facies and associated fluid infiltration is only observed in
a narrow zone surrounding the mafic dikes, which spa-
tially control the distribution of the gold-quartz veins.

The formation of the late, barren quartz veins is re-
lated to a second retrograde overprint. This overpnnt 15
constrained by strongly retrogressed rocks of the chlo-
rite alteration zone, spatially associated with fault zones
and a locally developed S5 foliation, which crosscut the
gold-quartz veins (Kisters et al. 2000). The replacemant
of previows mineral assemblages by chlorite, green bio-
tite, and sericite points to lower to mid greenschist facies
conditions for this metamorphic stage.

samples were affected by various degrees of peochemical
modification during the two alteration stages. The least
altered samples are given in italics in Table 3. Due to
restricted exposure, only one sample from the Borisov
granitoid was available. Whole rock major and trace
element analyses were performed by X-ray fluorescence
analysis, instrumental neutron activation analysis and
inductively coupled plasma mass spectrometry. Stable
isotope analvses were carried out on hyvdrothermal
quartz from the auriferows quartz lodes and a late, barren
quartz vein (sample K30). For radiopenic isotope inves-
tipations, thres samples (least altered Plast gramitoid,
altered Plast gramtoud, and a late, barren quartz vein)
were used for Rb-Sr analvses and one sample of the
Borisov granitoid was dated with the help of U-Pb
analyses of zircon.

Granitoid peochemistry

The modal variation of the Plast granitoids is reflected
by their major element composition. They are meadium
to high-K, calc-alkaline (Peacock Index = 57), and S0
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s 2ongmIscoooooo ranges between 65 and 72 wi.% (Table 3). The alumi-
- £ E Lo L ELEELELELZ . . .

: o i i - 2 e num-saturation-index (ASI) varies between 0.9 and 1.2,
CEEZZZEEIEEEEZZ indicating a metaluminous to slightly peraluminous
2 dicating tal to slightly peral
T = e e B W s character. Plast granitoids are classified as trondhje-

LEEDEEEZEZEELEEEE g J
- = mites, granodiorites, and pranites after Barker (1979).

cooncascosasan E E
GZZZZZZZZZEZZEZZE Ma-0/K-0 ratios are highly variable between 0.7 and

£ty
OO OomOooaoanana 4.2 but are not correlated with LOI or § sugpesting that
CESSSEEEEEEE LS the MNa,0/K,0 ratios are not systematically affected by
ZEEEEEEEZEEEEEZE alteration. Slight enrichments of 5, base metals, W, and
£ . . W

P - - - Au are explained by a weak gold-sulfide mineralization,
HreScsssrsssocs which correlates well with the only weakly developed

gl Bl i Bl e e e alteration and mineralization assemblages.
i e Plast granitoids with elevated Au contents have
+~2 A-BEEEEEE5ER similar trace element characterstics compared to least
=P T A . . . - O altered samples, which points to a minor modification by
nEEEesEssssE s alteration. Low Yh (0.3 - 0.8 ppm), ¥ (4.7 - 9.1 ppm}
LEEELEEEZEEZEEZEE and relatively high Al contents give the Plast lithologies

e P W s W W W s e adakitic character (Tahle 3). The average continental
_ZZZHZZZZZZZZZZ an .

- crust normalized pattern (Weaver and Tamey 1984) has
- - pa ¥
neZensB32228 =an a slightly negative slope except for the HFSE (Fig. 6a).

. . Relatively unaltered Plast granitoids are enriched in U
HH2302 241323535 and partly in Sr, and depleted in Nb and Ti. Chondrite

parth : P
- fgE e ny E (C1) normalized REE patterns (McDonough and Sun
o L 1995) have a negative slope from La to Dy and are flat
TEamd2lsi23d 28 or show a weak negative slope from Ho to Lu (Fig. 6b).
§E,, e P g In general, the LREE/HREE fractionation is low to
conommmEmEmEmEn moderate with Lay/ Ty varving between 9.5 and 42.6.
rEdmAS s E2d 28R Plast granitoids with a strong greenschist facies over-
E EE

T o e g print show variable compositions in P, Ba, and LREE.
SEERRAdEAZZEE SR Geochemically, the Borfsov granitoid (BOR) is simi-
guBasn %E% LR o lar to the Plast granitoids, but is ennched in Rb, K, Zr,

R 4 Hf, HREE, and shows a slightly negative Eu anomaly
HeE H3E3EEEE 852 (Fig. 6a, b).

- adanan major and trace elemen of the calc-alkaline

The dt le t data of the calc-alkal

cpzoHizazzzz 233 granitoid rocks of the Plast and Borisov massifs are

0 amOW2228 mw consistent with a formation in a magmatic arc setting.
fRzmodzizzzzadn The relatively high U contents indicate input from a
e2@cy 830000203 continental source, possibly pointing to an Andean-type

. arc seting. However, a contribution by hvdrothermal
ERERASESEIEEEZSon alteration cannot be ruled out.
o W -+ ~
4120272330030
epEnez888888 05y 3 Geochemistry of mafic dikes

E

O.«-000000<=5 i . .
A%ZnlSZZZZ22357 | ¢ The mafic dikes are chemically heterogeneous (S0, 442
cgf nn888888 = E 69.6 wi.%) but in general have an alkaline character
S - o f (Tahle 3). Elevated Si, K, Rb, Ba, and variable Sr con-
gadudsdd8555334 ga centrations can be attributed to the strong alteration of
FEcEngnzsodsSsse | e the mafic dikes by quartz, biotite, K-feldspar, and seri-

R ﬁ‘g cite of the hiotite-K -feldspar alteration. Enrichments of
ARECHa ZEEEEE 2 2A ig S, base metals, W, and Au are related to gold-sulfide
mel 222825589z (4% mineralization.
“ :mn e :‘”' :% Trace elements are highly enriched relative to primi-
=Hdd2dd333352353 g tive mantle composiions (Fig 6c) Incompatible ele-
exfurs8nggggaal E ments such as Rb and _K_shnu.' most pmnnur_med

R p enrichments due to  hiotite-K-feldspar  alteration,
SAEE whereas Nb, Ta, and Ti are depleted. Sr displays a

AurPESEEEEnBend |BH pronounced spread in the composition data, which is
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Fig. 6 Geochemistry of the wall mocks a Spider diagram of the
granitoids normalized toaverage continental crust. Plast granitoids
are enriched in U and depleted in Wb and Ti. Note that
compositions of least altered (K 16 K22, K26 B4 flled symbal)
and altered samples overlap. The Borisov granite (Bor) is enriched
in Rh, K, Zr, H. b Chondrite-normalized REE pattern of the
granitoids. Mote the similar pattem for all samples. The Borisoy
granite {Bor) i enriched in the HREE and has a negative Eu

most probably related to the two alteration stages
overprinting the mafic dikes.

A chondrite (C1) normalized REE plot (McDonough
and Sun 19935) of the mafic dikes displays a nepative
slope up to Dy and flat patterns in the region of the
HREE with Lay/Luy ranging between 3.0 and 24.7
(Fig. 6d). Samples with elevated Au concentrations (K1,
K3, K37) are characterized by a relatively narrow range
of normalized REE values, suggesting that alteration
processes related to gold mineralization did not sigmifi-
cantly affect trace elements. Mafic dikes with an intense
gresnschist facies overprint show no significant differ-
ences in peochemical composition. The REE pattern
together with the depleted nature of generally immaobile
elements Ti, Nb, and Ta point to the formation of the
mafic dikes in a magmatic arc setting.

rack! chondnta

rock! chondrin
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Ls Co Pr Md Sm Fu Gd Th DOy He Er Tm Y& Le

mnen
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anomaly. ¢ Spider diagram of the mafic dikes normalized to
primitive mantle. Bb and K are enriched, whereas Nb, Ta, and Ti
am depleted and Sr compositions are variable. Note that
compositions of least altered (K4, K9, K15, K23, K235 K19,
K3 flled symiboli) and altered samples overlap., d Chondrite-
nomiaized REE pattern of the mafic dikes. Mote the simdiar
pattern for all samples

Geochemistry of gold-sulfide lodes

The auriferous quartz lodes contain some Al Mg, Ca,
Ma, Ba, and Sr larpely due to the low contents of calcite,
sericite, biotite, and tourmaline (Table 3). High Fe con-
tents correlate with high § or LOI, which is explained by
a higher sulfide concentration in the lodes. These samples
also contain higher amounts of Co, Cu, Ph, Zn, and As,
which are incorporated into the sulfides. High Au con-
centrations of up to 73 ppm coincide with high Bi and W,
suggesting that pold occurs together with bismuthinite
amd scheelite in the lodes. The chondrite (C1) normalized
REE valuwes (McDonough and Sun 1993) of the quartz
lodes show a slipht LREE enrichment with Lay/Luy
ratios ranging between 2.5 and 1008 similar to those from
mafic dikes and Plast granitoids (Table 3).
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Stable isotopes

Quartz separates from five guartz lodes have variable
4'%0 values between 10.5%, and 11.8%,,. The barren later
quartz vein is characterized by a &’% value of 10.5%
(Table 4). The values for the mineralized and barren
veins overlap in the lighter isotopic ranpe, possibly
indicating that quartz lodes were reactivated and their
%0 value was influenced by the later, retrograde event
during the formation of the barren veins. Using the
isotope data from the quartz lodes and a temperature of
500°C, the isotopic composition of the water component
of the ore fluid was calculated to 60 values between
8.2%, and 9.5% (after Clayton et al. 1972). These %0
values lie well within the range for metamorphic and
deep magmatic fluids (cf, Taylor 1979; Shephard 1986;
Ridley and Diamond 2000). Taking the maximum tem-
perature of 330°C for the formation of the barren late
quartz vein, the %0 value of the hydrothermal fluid
was calculated to 5.29 (after Clayton et al. 1972). This
lighter isotopic compositon of the later fluid is consis-
tent with an overprint of the auriferous quartz lodes by
this hvdrothermal event and the modification of their
composition to lower %0 values.

Radiogenic isotope data

Zircon from the Borisov granitoid was analyzed for U/
Pb isotope systematics. Three fractions can be distin-
guished in the zircon population. The grains of fractions
Borl and Bor2 are euhedral, clear and colorless with
length to width ratios of 8 1. Zircons of fraction Bor3
are anhedral and clowdy with browmsh color. Four

separates, each consisting of two grains, were wsed for
analysis. These are discordant, but define an upper
intercept at 358 +£23 Ma, with a low MSWD (0.74)
(Table 3; Fig. 7). This age is interpreted to mark the
crystallization of the Borisov granite, which is within
errors similar to the 341 + 20 Ma age of the Plast massif’
reported by Sazonov et al. (2001).

Rb-Sr isotope data was collected for muscovite, cal-
cite, and two whole rock fractions from a harren, late
quartz vein (sample K30) crosscutting a mafic dike. All
mineral and whole rock fraction data define an isochron
vielding an age of 265 + 3 Ma (Fig. 8a, Table 6). Due to
the perfect definition of the isochron, the age is inter-
preted to mark the formation of the late, greenschist
facies quartz veins. The initial {”Sr_."“Sr}[ ratio is
determined at 0.70685 £ 0.00003.

Mineral fractions of a weakly altered Plast granitoid
(sample K16) show isotopic diseguilibrivm (Fig. Bb, ¢
Table 6). Muscovite and whole rock fractions insoluble
in HCI lie on one line. This “isochron™ would give a
date of 323 Ma. However, calcite plots markedly above
that line, which suggests that the Rb/Sr isotope data
represents at least two events. Therefore, the data are
not used for age calculaton. Retrospective calculation
of the decay of 'Rb to an age spectrum between 260
and 320 Ma, shows the calcite fraction to vary between
initial {”Sr_.'éﬁSr}[ valves of 0.7076 and 0.7069, respec-
tively (Fig. 8d). These signatures are slightly higher
than the initial {MSr_.'MSr}[ of sample K30. Therefore,
either calcite in sample K16 formed earlier than caleite
in K30, or, more likely, the signature in K16 indicates
enhanced input from higher radiogenic mineral phases
during the formation of calcite in the chlorite alteration
AOME.

Table 4 570 values for quartz of five diferent quartz lodes and one late, barmen guartz vein, and calculated values for the fluid

composition (after Clayton et al. 1972)

Mo, K6 Kls K20 K34 K36 B30

Sample Cuartz lode Cuartz lode Qruartz lode Chartz lode Quartz lode Late quartz vein

&0 10.8 113 10.5 112 1.7 0.5

Temperature {*C) 00 S0 S0 00 S0 15

&0 for HaO in fluid 25 a0 .2 25 9.4 52

Table & Results of U-Ph i&otope analyses of Borizov zircons

Sample Fircon Ph U* et M o e 2 Wi A S o Tl ) Sl e = P o T il = T )
characteristics {pg) {pg)  mtio® ratic? ratio® ratic? age (Ma) age{Ma) age (Ma)

Bor | ew Lw = &1 248 5867 5094203 0.0DRF=0.00032 0272700020 00374 =0.0001 324 45 137

Bor 1-2 126 2,073 1527203 002300015 035320022 0UMEL =0.0004 340 307 303

Bor 2 BRI 13,487 $950=0.2 00529 =0.00019 0.3349 = 00019 (L0456 = 0.0002 341 93 187

Bor 3 353 5,183 S5TR=04 005344 = 000043 03146 = 00041 00437 = 0.0004 348 TR 70

Ermors are 2a errors

“amount of ' Ph, “*Pb and “Pb in zircon

famount of 1T in zircon

“Corrected for spike and fractionation

4 A tomie ratios comected for hlank, spike, fractionation and initial
en euhedral, w length to width ratio

commaon Ph
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Fig. 7 Concordia diagram showing the position of zircon se parates
Borl, Borl-2, Bor2 and Bor3 from granite of the Borisov massif.
The upper intercept of 358 23 Ma is interpreted as the intrusion
age of the Borisov massif

The Plast granitoid (sample K40), which does not
show mineralogical evidence of alteration, is also char-
acterized by disequilibrium of its Rb-Sr systematics
(Fig. 82, Table 6). A two-point “isochron’™ for biotite
and feldspar fractions wields a date of 27142 Ma,
whereas muscovite lies markedly above that line. Biotite
and feldspar are more easily affected by Rb- and Sr-
diffusion during later hydrothermal alteration and
metamorphism than muscovite. Most probably, partial
resetting of plagoclase and biotite occurred during the
gresnschist facies stape and chlorite alteration at
265+ 3 Ma.

The results show that the Plast lithologies have bean
affected by at least two stages of alteration after their
intrusion at ca. 340 Ma leading to Rb-Sr disequilibria.
These stapes most probably correlate with lower
amphibolite facies gold mineralization biotite-K-feld-
spar alteration and greenschist facies chlorite alteration
betwesn 320 and 265 Ma.

The Urals represent an intact Paleozoic mountain belt
with a preserved crustal root and a lack of postcolli-
sional collapse (e.g., Bea et al. 2002; Brown et al. 2002).
This makes it a favored target for comparative studies of
Paleczoic oropenic pold mineralization and terrane
evolution. Paleozoic orogenic pold deposits are invari-
ably spatially associated with translithosphenc com-
pressional to transpressional-transtensional shear zones
{Bierlein and Crowe 2000). Such crustal-scale first-order
structures are interpreted as representing the fluid con-
duits for the hydrothermal fluids forming orogenic gold
deposits, but only rarely directly host the deposits (e.g.,

Colvine et al. 1988; Eisenlohr et al. 1989, Groves 1993
Giroves et al. 2003). Althouwgh the Kochkar deposit
shares many similarities with other orogenic gold
deposits worldwide, it is not spatially associated with a
major shear zone (this study; Kisters et al. 2000). On a
maore regional scale, Sazonov et al. (2001) sugpested that
a NW-SE trending transcrustal sidewall ramp has acti-
vated plumbing systems for hydeothermal fluids forming
the Kochkar deposit. This sidewall ramp is interpreted
from regional magnetic data and is thought to have
formed during NW-SE directed oblique convergence
amd indenter tectonics during collision in the central
Utals (cf, ca. 56°N in Fig. 1) In the following, we dis-
cuss the alteration characteristics of the Kochkar deposit
together with the terrane evolution and the plate tectonic
configuration of the EUZ.

Geodynamic setting and evolution of the granite-gneiss
terrane

To the west of the EUZ final accretion of the Magni-
togorsk volcanic arc and the East Ewropean Platform
occurred in late Devonian to early Carboniferous times
({Brown et al. 1998). The coeval intrusion of the arc-re-
lated Borisov (358 £23 Ma; this stedv) and Plast
(341 £20 Ma; Sazonowv et al. 2001} granitoids into the
EUZ sugpgests a shift of the subduction to the east at that
time (Table 7). The mafic dikes, which intruded the Plast
granitoids, also show peochemical characteristics of a
magmatic arc and, therefore, possibly represent feeder
dikes of arc-related mafic volcanism. This situation in
the Kochkar regon is in agreement with regiomal
observations in the EUZ, which suggest eastward sub-
duction beneath the Andean-type Valenanovsky arc
(Zonenshain et al. 1990: Bea et al. 2002). Based on
geophysical data, Echtler et al. (1997) and Kimbell et al.
{2002) postulated a flip from eastward subduction at the
MUF to westward subduction to the east of the EUZ
This model, however, is disputed by the data of Bea
et al. {2002) as it contradicts the geochemistry of the arc-
related mapmas, which sugpests contamination by old
crustal matenal that could only be provided by the
Siberian and Kazakhstan cratons.

The Plast and Borisov massifs have a rim character-
ized by a concentric 8, foliation and dynamically re-
crystallized quartz and feldspar, which is interpreted to
be related to a peak metamorphic overprint of the
intrusive rocks at 635 +40°C and 5-6 kbar (Fig. 9).
These gneissic fabrics formed during synkinematic (Dy)
doming and sinistral transcurrent shearing along the
major shear zones bounding the EUZ to the adjacent
terranes. The change from E-W compressional to NW
SE transpressional tectomics along the East Magmto-
gorsk and Troitsk faults is coeval with the final closure
of the Uralian Ocean and accretion at about 300 Ma
(Table 7; Montero et al. 20H; Bea et al. 2002}, which
possibly coincides with indenter tectomics amd changes in
the regional stress field (Sazonov et al. 2001). Ouwr data

155



o, 07104
&
£ i
A
= 0,708
E 265 +/- 3 Ma, MEWD 1264
(FEn=Sr), = . 706K </ 000003
L e e e B S L
] 0.2 0.4 0.6 0.8 1
b 1ao
B fmd
mmvi/l.s)/
0851 e K165
) ] ms vl
ﬂ._gu. 7
{Ia -
£ 085 o d Aaama
P ] {wilhoest calcite)
3 asnf M wr, Kol al
] Fre | HCl-insaluble
(TS B L L B
LIt
] o 3 30 40 A 60
d o
1 wr K161 and K 16-3
0704 o
A calcite
K62 ELlfimd and

K 165, muscovite

FIG /A5Gy
=
e
=
1

0.7 ' . ;
L] 0,25 0.5 0,75
e EAG-3, mugcovil
0.0 KAD-3,
BRI
0,584 p
{1867 KAD5, mnseoviie EeAl)-4,
& 0E 125-250um hintite
#  BI
b
g R
=07
LNy T1 /w2 Ma, hiotiteafildspar
74 [FSr =5, = 00596 +- 0,000H12
" il
0.72 > -
{170 1

£ 10 15 20 25 30 315 40 45 50

RS

suggests that this was followed by a long-lasting
(=30 m.v.) cooling history, recorded at Kochkar, until
2654+ 3 Ma (Fig 9. The proposed P-T conditions
during the retrograde path are typical for a HT/LP type
of metamorphism of the EUZ (this study: Echtler et al.
1997 Puchkov 1997: Kroner et al. 2002).

Gold mineralization and D; deformation of grami-
toids and mafic dikes in a regional E-W compressional
regime occurred during  retrogression  at  lower

-4

Fig. & a nRh..“Sr—MSr_.'ﬁSr ochron  diagram of muscovite,
caleite, and two whole rock fractions (wr, leached with 0.1 M
HCl and not leached) from a harren, late quartz vein (sample B230).
b FRBAE—""5r S isotope diagram of the weakly altered Plast
granitoid (K16), the inset ¢ shows an enlargement of the lower left
of the main diagram. The whole rock and muscovite data define a
line giving a date of 323 £ 4 Ma. Caleite (o) plots above that line
indicating isotopic dizequilibrium. d Recalculated *"Sr/**Sr ratios
of cakite K16-2, whole rock and inzoluble whole rock samples
(K 16-1, K16-3). The decay of “Rb was caleulated for hypaothetic
ages between 260 and 320 Ma wsing the “Rb™Sr ratio of each
sample. The sgnatures are zlightly higher than the initial
(V805 8r); composition of sample K30 {zee text for discussion). e
TRb S5 8 characteristics of mineral fractions and whole
rock powder of the Plast granitoid (EK40). Whaole rock, biotite, and
felspar define a line pointing to a date of 27122 Ma. The
muscovite fractions fall above this line, suggesting Botopic
dizequilibrium

amphibolite facies conditions (300 20°C), postdating
D gramtoid doming. This contradicts that gold min-
eralization at Kochkar is confrolled by extension re-
lated to oblique indenter tectonics as sugpested by
Sazonov et al. (2001). Instead, the structural reactiva-
tion of the ENE-WSW trending mafic dike-geanitoid
contacts by dextral strike-slip deformation is in agree-
ment with a regional E-W directed stress field (this
study: Kisters etal. 1999, 2000), which possibly corre-
lates with E-W shortening during the second collisional
phase in the Urals during early Permian until early
Trassic time (Brown et al. 1997: Puchkov 1997: Giese
et al. 19949),

The end of the tectonometamorphic activity recordad
at Kochkar is marked by gresnschist facies veining and
chlorite alteration durng Dy at a temperature of about
350°C, dated at 265+ 3 Ma. This age is in agreement
with the age of the final posttectonic plutonic activity,
which progressed from 290 Ma (Dhzabyk) in the south
to 254 Ma (Murzinka) in the sorth within the EUJZ
(Fig. 1: Table 7). These plutons, interpreted as partial
melts of arc material, intruded into the EUZ at 2-3 kbar
(Fershtater et al. 1997: Puchkov 1907)

The tectonothermal history of the EUZ at Kochkar
postdating terrane collision is consistent with inter-
nal heat production by radiogenic elements of an
overthickened crust (Bea etal. 2002). Especially, the
voluminous Carboniferous granitoid mapmatism con-
tributed to the elevated heat production and the typical
retrograde HT/LP path during Dy doming,.

The Permian granites were emplaced about 50 m.y.
after collision by partial melting of the deeper crust
(Puchkov 1997, Montero et al. 2000; Bea et al. 2002).
This cannot be explained by internal heating and a
“deep-later” type of metamorphism alone (Bea et al.
2002), which involve prograde heating of deep crustal
levels whereas the upper crust undergoes a retrograde
path (Stiwe et al. 1993). In this case, an external heat
supply by mapmatic underplating of the EUZ and
accumulation of heat by fluid circulation is required
(Bea et al. 1997, 2002; Gerdes et al. 2002). This external
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Tahle 6 Results of Rb-Sr izotope analyses of the weakly altered Plast granitoid sample B 16, the greenschist facies vein sample K30, and

the ot altered Plast granitoid sample B 40

Sample Lithology Fraction TRB A4S g tegr

Klg-1 Weakly alterad Plast granitoid Whole rock, powdered 06229 £ 02 ] 0. TN = 0 (aeeb |
Klg-2 Calecite, dissolved in 0.1 N cold HC1 0. DGGET = 0003 0. TOTEZ = 0 |
Ll Whole rock, insoluble in 0.1 ™ HC1 062700013 0. TG = O (eeb |
K 16-47 Muscovite, 230500 pm 5.0 027 096237 = 0 (a2
Kl&-F Muscovite, 150180 pm 1771 = D3 0. 724046 = 0 (b2

“iwochron' date 325 =4 Ma, MSWD 093

(TS0 80, = 070673 = 000005

B3 17 Late quartz vein Muscovite, 250500 ym 53.26 =065 0.90753 = 000007
Kip-T Whaole reck, insoluble in 0.1 N HOl 08112200102 0. T0993 = 0 00003
K- 7 Caleite, dimolved in 0.1 N cold HCI 0.1334 = 00025 0.70735 = 000005
B4 Whole rock, powdered 09023 00114 0.71022 = 000005
isochron age 265 = 3 Ma, MSWD 1.26 (T8 ™8, = 0TGRS = 0 (003

B | Plast granitoid Whole rock, powdered 0.5114 = 0.0007 070795 = 000002
KdD-F Feldspar 0357600014 0.70733 = 000001
KD 3 Muscovite, 250500 ym 38543 20025 0.89792 =0 00002
BLAD- 4 Biotite 46,091 = 0057 0.BRI63 = 000002
BAD-5 Muscovite, 125250 jm 27948 = 0039 0.84366 = 000003

“wochron™ date 271 =2 Ma

(T8 ™8, = 0596 = 0.00002

samples B 16 and K40 analyzed at University of Manster, sample B30 analyzed at University of CieBen

“Used for kochron cakulation

heating of the EUZ must have been a local feature, be-
cause coeval prograde heating is not recorded by meta-
morphic assemblages at Kochkar and the Permian
plutons have contact metamorphic aureoles (Fershtater
et al. 1997; Bea et al. 202; Kroner et al. 2002). This
tectonothermal evolution is consistent with a postcolli-
sional slab rollback or delamination of the lithosphere,
possibly providing the heat source for the Permian
melting event in the EUZ.

Fluid system and gold mineralization

The earlv Carboniferous Plast massif of the EUZ hosts
the Kochkar deposit, which is structurallv controlled at
the boundary between the granitoids and mafic dikes by
ENE-WSW tremding auriferous lodes. Non-coaxial
deformation was partitioned into rheologically weak
mafic dikes and coaxial deformation into the more
competent Plast lithologies during regmonal E-W com-

Tahle 7 Compilation of the timing of various tectonomagmatic events at the MUF and in the EUZ around Eochkar

Timing

Main Uralian Fault (MUF)

East Uralian Zone (EUZ)

Late Devonian — Early Carboniferous

transcurrent tectomnics”
I5E£23I Ma
341 £20 Ma
32T Ma

Ural
Late Carboniferous — Fady Permian

290 - 255 Ma

Ml x4 Ma
265=3 Ma
25 =5 Ma

End of castward subduction; collision of
the East Furopean Platform and the
Magnitogorsk termne; postcollisonal

Omset of eastward subduction at the East
Magnitogorsk Fault; intrusion of arc related

magmas’
Borisoy granite®
Plast granitoid”

End of tectonic activity in the southern

Closure of the Umlian ocean at ~300 Ma,
tmnscurrent tectonics at the East Magnito-
gomk and Troitsk faults®; granitoid doming
during the retmogmade P-T evolution and
subsequent gold minemlization at K ochkar?

End of tectonic activity at the Troitsk Fault
and postorogenic plutonism, younging
northward and postdating collizion by about
Mmy=F

Dizhabyk batholith’

Greenschist facies retrogression at Kochkar?

Murinka hathalith®

“Brown et al. {1998)
Montero et al (2000)

“Fershtater et al. {1997); Bea et al. {2000
“this study

“Sazonov et al (2001)

FGerdes et al (102)
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Fig. 9 P~T—i—I) path for the EUZ at Kochkar inchuding major
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pression (Kisters et al. 2000). At the estimated temper-
atures of gold mineralization {~300°C), however, the
quartz-feldspar-rich rocks of the Plast massif should be
rheologically weaker than mafic dikes, which is sup-
ported by the fact that the S; foliation and the recrys-
tallized fabric of granitoids is best developed close to the
contact with mafic dikes. In the mafic dikes, deformation
was concentrated in the plagioclase matrix, whereas
hornblende formed porphyroclasts. Umder the proposed
P-T conditions, feldspar deformation has a significant
contribution by microfracturing (Tullis 1983; Tullis and
Yund 1985; Kruse et al. 2001), which possibly provides
conduits for initial fluid fAow (Kolb et al. 2004). This
caused pervasive alteration of the hornblende-plagio-
clase assemblage to the biotite-K-feldspar alteration
paragenesis and, thus, rheological weakening of the
mafic dikes (Fig. 4a).

The alteration mineralogy of biotite, actinolite, albite,
K-feldspar, quartz, epidote, tourmaline, sericite, pyrite,
and arsenopyrite is typical for lower amphibolite facies
conditions at abowt 500°C for mafic host rocks in other
hypozonal gold deposits (cf., Eilu etal 1999; Ridley
et al. 2000). Au-bearing mafic dikes have the same trace
element patterns as less altered mafic dikes, however,
they show less spread in the normalized trace element
patierns. This feature is less pronounced for the Plast
granitoid samples (Fig. 6). From this, it is concluded
that the ore fluid at least partly equilibrated with the
host rocks and alteration was pervasive through the
proposed microfracture porosity system. The equili-
brated namre and the & 0 values of the ore fluid is
characteristic for the proposed deep source and long
migration path of typical orogenic gold fluids (Ridley
and Diamond 2000). The aurferous fluid system was
possibly initiated by prograde metamorphism at deeper
crustal levels due to crustal thickening in the EUZ This
resulted in gold mineralzation on the retrograde P-T

path of the terrane evolution (cf., Stiwe etal. 1993).
Gold mineralization af Kochkar postdates active sub-
duction and granitoid doming amd is not spatially
associated with a transcrustal shear zone. This situation
for gold mineralization differs markedly from other
Phanerozoic oropenic gold settings. The thermal evolu-
tion of the EUZ was strongly influenced by the lack of
postcollisional collapse, leading to a slow exhumation
amd a long-lasting cooling history, which probably
trigeered an intense fluid plumbing system responsible
for pold mineralization in the minor shear zones at
Kochkar. The west dipping Kartaly seismic reflector,
situated only 5 km below Kochkar, may represent a
transcrustal structure, which contributed in focusing
auriferous fluids, however, its tectonic significance is still
larpely unclear (Echtler et al. 1996; Brown et al. 2002;
Kimbell et al. 2002).

Gold mineralization was overprinted by a greenschist
facies chlorite alteration parapenesis comprising quartz,
muscovite, calcite, green biotite, and chlorite (Figs. 3e,
42). Whaole rock data show that peochemical changes
were minor amd only Ba, LREE, P, and Sr were mobi-
lized. This redistribution of Sr has, however, a marked
effect on the Rb-Sr-isotope systematics. The initial
(578r *%e)y ratio of the greenschist facies related fluid is
0.70685. Calculation of the initial ¥Sr/™Sr ratio of
granites feom Dzhabyk south of the Plast massif at the
age of 265 Ma using the data of Montero et al. (2000)
and Gerdes etal. (2002) vield (*'Sr/™Sr)gs ratios be-
tween 0.7046 and 0.70355, which is slightlv lower than the
isotopic signature of the greenschist Facies fluid. This
suggests that this fluid was not derived from the Permian
granites, but possibly from older metamorphic rocks of
the EUZ Nevertheless, it should be mentioned that
higher radiopenic imitial Sr ratios (0.7093) occur in
vounger granites (Murzinka: Gerdes et al. 2002) w the
north of the Plast massii’ and, therefore, a contribution
from granitoid sources cannot be ruled out. The regional
setting indicates that this fluid system was coeval with
posttectonic plutonism and, therefore, triggered by
prograde metamorphism in deep crustal parts of the
EUZ and possible external heating of the terrane. This,
howewer, clearly postdates pold mineralization at
Kochkar.

Conclusions

The hvpozonal (~30PC) orogenic gold mineralization
at Kochkar is hosted by quartz lodes, which developed
in minor shear zones at mafic dike-granitoid contacts.
The mafic dike and granitoid rocks were affected by two
stages of hydrothermal activity (gold mineralization and
greenschist facies retrogression) during the retrograde
P-T path of the EUZ The greenschist facies event was
dated at 265+ 3 Ma, which, topether with other radio-
metric age data, indicates that gold mineralization oc-
curred during terrane exhumation between 320 and
265 Ma, and predates postorogenic gramtoid emplace-
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ment. However, gold mineralization postdates active
subduction and the intrusion of continental arc related
felsic and mafic mapgmas emphasized by the Borisov
granitoid that was dated at 358 £33 Ma. Active east-
ward subduction of the Uralian Ocean was followed by
doming of the Plast and Borisov granitoids in a sinistral
transpressional setting and a long-lasting retrograde
tectonometamorphic history, which was caused by the
lack of postcollisional collapse. This has triggered the
fluid plumbing system responsible for gold mineraliza-
tion al Kochkar. Later postorogemc plutonism and
hydrothermal activity was due to additional external
heating of the EUZ. Kochkar, therefore, represents a
Paleozoic orogenic gold deposit, which formed in a mid-
crustal section of an Andean-type volcanic arc that
postdates active subduction and granitoid doming.
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Appendix
Analytical procedure

The composition of amphibole, plagioclase, biotite, and
tourmalineg was determined by a JEOL IXASS00R
electron microprobe on polished thin sections. Operat-
ing conditions were 15 KV and 2 mA. Amphibole, pla-
gioclase, and tourmaline were measured with a focused
beam, whereas biotite was analyzed by a defocused
beam of 10 pm diameter.

Handpicked quartz from five quartz lodes and one
late quartz vein were analyzed for their '%0/"%0 ratios in
order to obtain information on the fluid source and
characteristic variations in 30 values. The data are
given in the wsual d-notation versus SMOW (Table 4).
Mass spectromelric measurements have been performed
on a SIRA 9 triple collector instrument of VG-Isogs at
the University of Bonn, Germany. MNi-autoclaves were
loaded with B-10 mg of powderad samples, which sub-
sequently reacted with Fa at 2 bars and a temperature of
650°C. Reaction wsually occurred overnight within 12-
15 h. The fluorine was cleaned according to the method
described by Asprey (1976). The rest of the analytical
procedure (conversion to COy) is adapted from the
classical method described by Clayton amd Mayeda
(1963). The OOy pressure was used to defermine reaction
vields, which were between 98 and 100% in most cases.
Since sulfide contamination in silicate samples is known
to cause [ractionation in OXYEER iSOLOpe compositions,
several samples had to be treated with diluted HCI prior
to isotope analysis. The data presented in Table 3 are
mean values of at least two analyses of the same sample.
The accuracy for the analyses lies within £0.2% .

For Rb-Sr isotope analvses mineral fractions were
produced with the help of a magnetic separator, heavy
liquids, and final handpicking Bulk samples and silicate
mineral fractions were dissolved with a HF-HNO.
mixture and HCI (Table 6). Carbonate mineral fractions
were leached from powdered samples in HCL. Elements
were separated wsing standard cafion exchanpe tech-
nigues. Rb-Sr-isotope rallo measurements were per-
formed on a multicollector Finnigan MAT 261 (Institut
fir Geowissenschaften und Lithosphirenforschung,
Giiglen, Germany) and a VG Sector 54 (Mineralogisches
Institut, Minster, Germany) solid source mass spec-
trometer (Table 6). For Sr the mass fractionation cor-
rections were based on *Sr/®gr=0.1194 Repeated
analyses of the ¥Se/*%Sr ratio of the NBS 987 Sr stan-
dard in the period of amalytical activity vielded
071023+ 0.00003 (n=23, 20 of all analyses) in Giellen
and 0.71028 + 0.00003 (n=29, 2o of all analyses) in
Miinster. Total blanks are Rb < 60 pg and Sr =<
100 pg. All decay constants are taken from Steiger and
Jager (1977).

Digestion of zircon crystals is performed in Teflon
liners designed for the dissolution of six single cryvstals
simultansously wsing 24 N HF at 180°C. The digestion
is completed after 4-10 days. HF is evaporated on a
heating plate. After spiking with a mixed *"Ph-"7U
solution, sample and spike are homogenized in 6 N HCI
for 24 h at B0PC. The excess HOl is evaporated finally.
The Pbh stamdards as well as the spiked samples are
loaded without element separation on single Re fila-
ments into a silica gel bed with 2 pl of a loading solution
containing 90 vol.% of 6 N HCl and 10 vwol.% of 0.1 N
HPOy. Isotope measurements are performed on a VG
sector 34 mass spectrometer at the Fenteallabor fir
Geochronologie, Minster University, eguipped with a
Daly multiplier (Table 5). The Ph composition is deter-
mined at 1,300 - 1,400°C followed by the U measure-
ment at 1,400 - 1. 450°C. In most cases signals are only
analyzed by the Daly multplier leading to long times of
analysis. At maximum the 2o error margin obtained for
Aippy Dépp Dpp e and P00 is 0.5, 0.5, and
0.1%, respectivelv. The obtained intensifies range
mostly at 1 -2 mV for *™Pb and 0.5 - 2 mV for =1,
Isotope ratios are corrected for mass fractionation
0.11% £0.02/am.u.), blank <10 pg total Ph,

Ph/MPb=177+0.5 2Ph/™Pb=155+01, 1pg
1) and initial common Pb estimated after the model of
Stacev and Kramers (1975). The isotope *®Pb is not
analyzed. This has no impact on the U-Pb dating.
However, the total amount of Ph in the sample solution
cannot be calculated from the data. Onaly the sum of
A4ph, 25ph and *“"Ph can be given.
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Geochemical composition of sedimentary rocks and imprint of hydrothermal
fluid flow at the Variscan front — an example from the RWTH-1 well (Germany)
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Abstract: The mineralogical and chemical characteristics of Palasozoic mocks in the notthern Eifel Mountains provide in-
formation on the sedimentary provenance n the NW Rhenohercynian Basin and on the minemlogical and hydrothermal
comtrol of tmee element abundance. Elements mainly bound to illite (ie. V, Ni, Rb, Sr, Cu, Ba) can be distingnished from
elements predominantly controlled by chromite (Cr) and zircon (). Lowsr Devonian and Upper Carbomiferous units have
similar chemical characteristics indicating similarsources of detritus and in part resedimentation of Lower Devonian detritus
during Upper Carboniferous times. Their high Chemical Index of Altemtion points to imtensive weathening in the source area
andior recyclhing during transport. The existence of an ophi olitic source of detritus situated in the NE of the Rhenchercynian
Basin can be supported in this study by the abundance of Cr and Ni. A marked change of the sedimentary input is recorded
in the Upper Devonian Famenman shales and Condroz Beds. Here, chemically wmweathered rocks with felsic composition
of the Bmbant Massif dominate the source rocks.

Chemical evidence for flud flow 15 observed at fault zones indicated in the RWTH-1 well. Input of Cu, Ba and NH, 15
attributed to Varscan hydrothemmal fluid flow. Fluid flow was cansed by dewatering of sedimentary rocks duri ng the Varis-
can compressive deformation and was focussed along langer thrust faults within the foobwall of the Aachen Thrust,

Kurzfassung: Paliozoische Gesteine der nérdlichen Eifel werden minemlogisch und geochemisch charakterisiert. Damit
ergeben sich Rilckschlitsse auf Liefergebiete fiir das Mordwest-R henohersmynische Becken sowie af S toffemtrige durch
hydrothermale Prozesse. Die Spurenelemente ¥, Ni, Rb, 3r, Cu und Ba werden vor allem durch die Hiufigheit von [1it kon-
trolliert, Cr und Zr durch die Schwaminerale Chromit und Zideon. Unterdevonische und oberkarbonische Einheiten haben
chemische Chamkteristika, die auf dhnliche Sediment-Provenienz sowie Ressdimentation won unterdevonischem Detritus
im Oberkarbon himweisen. Der,,Chemical Index of Altemtion™ belegt intensive Verwitterung im Lisfengebiet und'oder Auf-
arbeitung wihrend des Transports. e Cr- und Ni-Komzentmationen bestitigen das Vorkommen von ultramafischen Gestei-
nen im NE des Rhenohersynischen Beckens. Die Condroz-Schichten stellen einen markanten Wechsel dar, Chemisch na-
hesm unverantterte felsische Gestemne des Brabanter Massivs domimeren die Schitthing. ErhGhte Werte von Cu, Ba und NH,
im Umfzld von Stémingen in der Bohnmg BWTH-1 belegen den stmkturell fokussierten variszischen hydrothermalen Fluss,
der wiithrend der vanszschen Kompression durch Entwiissening von Sedimentgesteinen erzeugt wurde,
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1. Introduction

Chemical signatures of clastic sediments represent the prov-
enance as well as the kind of detrital components (Gibhs et
al. 1986, Condie 1993, Cullers 1994, 1995, McLennan et al.
1995, Veioer & McKenzie 2003). The chemical compaosition
of sediments is also affectad by post-depositional processes,
such as diapenetic and hydrothemmal fluid flux (Milliken
2003). The latier has caused numemus Pbh-Zn mineralisa-
tions in the Rhenohercynian (Behr et al. 1987, Redecke 1992,
KErahn & Baumarn 1996). It may also control the abundanes
of elements which are highly mobile in hwdrous fluds, such
a5 M or CL

Mitrogen, mainly released by breakdown of organic mat-
ter (Mingram et al. 2008} during diagenetic and metamor-
phic events (Meyer & Rideway 1991) becomes mobile in a
hydrothermal fluid. Depending on the temperature (Williams
& Ferrell 1991, Williams et al. 1992, Mingram et al. 2005) it
can again be incorporated into minerals as ammonium dur-
ing flud'mck interaction. Increased concentration of ammao-
mum bound to mineral phases may therefore be indicative of
former fluid fow.

Geochemical data of sedimentary rocks can also serve as
an indicator of clastic components and their provenance
which is well studied for the sastem part of the Rhenohercm-
ian Basin (Schule-Dobrick & Wedsepohl 1983, Press 1986),
Howsver, nol many data exist fom the WW part of the Rhe-
nohercynian Basin tothe west of the Rhine River(Haverkamp
1991).

This study characterizes the peochemical composition of
the Devonian and Carboniferous sediments sampled in the
RWTH-1 well and in surface outcrops in the NW Rhenoher-
cynian close to Aachen (Fig. 1) The results are compared
with the well-studied occurrences east of Rhine River
(Schule-Dobrick & Wedepohl 1983) and mineralogical pa-
rameters controlling chemical charactenstics are discussed.
In addition the data are used to define the elements enriched
by a fluid phase which can thus be used to wentify @ones of
hydrothermal fluid Sow.

The BWTH-1 well was drilled n the city of Aachen
between July and December 2004 and reached a depth of
2544 m. Serving as a deep heat exchanpger it will be usad for
heating and cooling of the new students service centre “So-
perC"” of RWTH Aachen University. Technical aspects are
described by Lundershausen et al. (2005). A comprehensive
DFG funded peoscientific nesearch program camied out by
RWTH Aachen University in cooperation with the Geologi-
cal Survey of North Bhine-Westphalia (GD-WREW) aims at
providing new mformation on recent and palaso stress field
as well as hydmthermal fluid and material transport (Traut-
wem-Bruns et al. 2007).

2. General gEOnglCﬂ' setling
The Devomian to Carboniferous sedimentary rocks of the

W Rhenohercynian were deposited in a shallow marine to
littoral environment at the passive continental mamgin of the

Swven Sindern et al.

southern Brabant Massif (Fig. 1; Oncken et al. 1999, 20040,
Stets & Schifer 2004). In this part of the basin, the predomi-
nantly siliciclastic sedimentary succession 18 mterrupted by
catbonates of a wide shelf lagoon during the Middle Devon-
ian and lower Upper Devonian (Kasig & Wilder 1983, Grab-
ert 1998).

In the Lower and Middle Devonian source areas for clas-
tic sediments were mainly situated in the north which can be
derived from facies charactenstics (e.g. Knapp 1980, Walter
1992, Gmbert 1998), heavy minerals (Press 1986) and Ph-
isotope signatures of detrital zircon (Haverkamp 1991,
Haverkamp et al. 1991). With beginning closure of the Rhe-
nohercynian Basin in the Upper Devonian, sediments in
most parts of the basin predominantly origimated from south-
ern source areas, formed from atecton ¢ flvsch wedge and an
ememging magmatic are, e the Mid-German Cryvstalline
Rise (Engel et al. 1983, Haverkamp et al. 1991, Ganssloser
2000, Oncken et al. 2000). However, in the NW Rhenoher-
cvnian Basin the Brabant Massif constitutes a more simifi-
cant source of detritus (Walter 1992, Meyer 1994). In Upper
Carbom ferous times sediments were agmn denved from
northern, as well as from southem source areas (Haverkamp
et al. 1991).

Durmg Variscan foreland comprassion the Rhenchercyn-
ian Basin was shortened by app. 50 %5, A fold and thrust belt
formed which represents the northernmost domain of the
WVariscan omgenic belt (Hollmamn 1997, Hollmann & Win-
terfeld 1999, Omcken et al. 1999, 2000). The Faille du Midi
and its WE prolongation, the Aachen Thrust, is the frontal
thrust of the Bhenchereynian domain (Omcken et al. 1999,
2000). Along the SE dipping Aachen Thrust Devonian o
Carboni ferous carbonaceous and siliciclastic units of the
Aachen imbrication @one and the Verm-Weser-Inde-Nappe
are placed on top of the Wirm Syncline (Fig. 1). The BWTH-
I well samples mocks in the footwall of the Vanscan front a
few hindred metres N'W of the Aachen Thrust (Fig 1) It
represents a sone that is partially intensively defommed and
highly affected by syn-deformational Variscan hydrothermal
fluid flow (Logering et al. 2006, Sindern et al. 2007).

The compressive Variscan deformation, subssquent meta-
morphism, cleavage Brmation in the Verm-Weser-Inde-
Mappe and hydmthermal fluid fow were dated between 336
and 300 Ma (Miethoff 1994, Glasmacher et al. 2001). In the
immediate vicmity of the Aachen Thrust, represented i the
EWTH-1 well, the onset of hydrothermal activity was syn-
tectonic (Lopenng et al. 2006, Sindemn et al. 2007) which is
in ling with the idea that hydmwthermal fud fow was cansed
by fluid mobilisation along the Aachen Throst due to thrust-
ing and thrust loading during the Variscan orogeny (Winter-
feld 19494),

Significant fluid discharge almg the Aachen Thrust into
the Wurm Syncling is also assumed by Linenschloss et al.
{1997} and Linenschloss (1998} which is in line with mark-
edly high vitrinite temperatures close to the Aachen Thrust
relative to the northern Wurm and southern Inde Synclines
(Winterfeld 1994, Oncken el al. 1999),

In the BWTH-1 well, based on a study of fluid-inclusions
and mineral equilibria, Logering et al. (2006) determine tem-
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Fig. 1: Geological sketch maps. {A) Overview of the Middle European Variscan zones (according to Oncken et al. 2000); MO = Moldanu-
bian, RH = Rhenchercynian, ST = Samwthurngian, (B) Simplified geological map of the N'W Rhenohercynian domain; modified from
Stroctmann-Heinen { 1999]). (C) Location of the RWTH-1 well and northem Eifel region around Aachen, Numbers and letters in white
squarncs indicate sample locations, 1-3 = Y'WT 1-3; A= AK]1; 5, 15, 17=IM3-17; see table 2 for further information on samples; map

madified from Seingrobe [ 1990).

Abb. 1: Geologische Kartenskizzen. (A) Uberblick ilber die mitteleuropiischen Varisziden (mach Oncken et al 2000); MO = Maoldanuhbi-
kum, RH = Rhenoherzynikum, ST = Saxothuringilum . (B) Vercinfachte goologische Kare des N'W-Rhenoherzynikums (modifiziert nach
Strogtmann-Heinen 1999). (C) Position der Bohrung RWTH-1 und nbndliche Eifel-Region in der Umgebung von Aachen. Zshlen und
Buchstaben in den weillen Feldem geben Probenpunkte an, 1-3=YWTI1-3; A =AK1; 5, 15, 1 T=IM35-17; siche auch Tabelle 2 zu weitcren
Informationen zu den Proben; Kane modifiziert nach Steingrobe 1990).
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permtures of 280370 *C for minerals formed m hydrother-
mal veins. Such temperatures as well as low salinities re-
vealed in fAuid nclusions (<9 wt.-%, Logering t al. 2006)
are comsiderad similar 1o those of Variscan tectonic brines
(Behr et al. 1987). In astudy of illite and chlorite crystallini-
ties Sindem et al. (2007) conclude that the Variscan hydro-
thermal fluid flux probably lasted less than 10 000 years.

In post-Variscan times the region was affected by Ph-Zn
mineralisation at tempemtunss below 150 °C which was also
controlled by major Facture zones (Friedrich et al. 1993,
Muchez et al. 1994), Schneider et al. (2007) published an age
of 134 % 2 Ma for the non-economic Ph-Zn-mimeralisation of
Hastenrath in the Inde Syncline (Fig 1),

3. Stratigraphy of the RWTH-1 well

The upper 1012 m of the BWTH-1 well consist of Upper
Carboniferous Mamurian to Westphalian strata composed of
shales and sandstomes with intercalated coal seams (Fig 2;
Oesterreich & Lundeshausen 2002, Lundershausen et al.
20015, Desterreich et al. 2005, Ribbert 2006). Lower Carbon-
iferous stmtigraphic units are missing in the well. Such hia-
tus in the Lower Carboniferous is alse described in other
profiles near Aachen (Kasig & Wilder 1983). The Upper Car-
boniferous rocks are underlain by Upper Devonian (Famen-
mian) strata down to 1438 m, Within the Famennian, the sec-
tion from 1012 to 1260 m is dominated by silt- and sand-
stones considersd as equivalent to the Evieux and Montfort
Formations of the Condroz Beds, whereas shales mainly
compose the succession from 1260 to 1407 m (Pechnig 2005,
Ribbert 2006). Stratigraphically, the latter unit represents the
Upper Famermnian shales. Betwesn 1407 and 1438 m nodular
limestones occur which belong to the Famennian crepida-
aone (based on conodonts; Ribbert 2006), and possibly
Lower Famermian shales. The depth of 1438 m marks a
lithological change and lies in the centre of a thrust fault
mone. The detailed stratigpraphy of the Lower Devonian sand-
siltstones and shales below 1438 m down to the end at
2544 'm has not fully been worked out. Ape determmation by
spores indicates that the rocks at 1490 m are Upper Sispen-
wan {Wrede, pers. comm.) and are thus considersd as part of
the Lower Devonian Zweifall Beds. Within the Lower Devo-
nian rocks red and green colowrs dominate between 1438 o
1895 m and 2250 to 2515 m. Between 1895 10 2250 m the
sil t-sandstones amd shales mamly have grey to green colours
(Desterneich et al. 2005). This segpmentation corresponds o
peophysical log data (Pechnig 2005),

Ithas to be stated that Lower Famennian to Givetian units
are missing. This can be explained by sedimentary hiatus
levels which occur in other areas of the western Rhenohercyn-
ian as well (Ribbert 2006).

Cores were cut at the depth mtervals 1392-1515 m,
2128-2143 m and 2536-2544 m. The first interval is charac-
terieed by intensive deformation and hydrothermal vein for-
mation (Logering et al. 2006, Sindern et al. 2007) especially
in the thrust fault zone around 1438 m. Further fault cones
with thrust-faulting character are wdentified betwesn 660—

Swven Sindern et al.

500

grey + black

Uppear Carboniferous

1000 = SH

- pluy

1
=
Bads = UFE

1
&
e
Ch. L+ LFS
. Devonian

| md+grc:_L_. ]

B
1500 s |2

7 SH

vy L

2000 - [MHa

g M,y
G, N

4t .E:E. TF

2500 -

I = drill core

arey

Lower Devonian

frsraeen]

Fig. 2: (eological profile of the RWTH-1 well Black bars at left
side indicate position of drill cores. Inform ation on other sections is
hased on cuttings as well a5 on log data (Oesterreich et al. 2005,
Ribbert 2006, Trautwein-Bruns unpublished dat). Filled triangu lar
marks indicate exceptional sbundance of the components Ba, Cu
and NH,, see text for discussion. C8 = coal seam, SH = sodimentary
hiatus, TF = thrust fault, F = fault with uncertain character of dis-
placement, Chll. = Cheiloceras Limesione, LFS = Lower Famen-
nian Shale, UFS = Upper Famennian Shale; 1: marks a level indi-
caied as helonging to the Famennian crepida zone by conodonts
(Ribbert 20046), 2: level characterized by spores as part of Upper
Siegenian (Wrede, pers. comm. ).

Abbh, 2 Geologische Profildastelung der Bohrung RWTH-1.
Schwarze Balken an der linken Seite geben die gekernten Strecken
an. Angaben 7u den anderen Bohrstrecken basieren auf der Unter-
suchung von Bohrklein und Log-Daten (Oesterreich et al 20035,
Ribbert 2006, Trawbwein- Bruns unverd ff. ). Gefilllie Dreiccke geben
erhbhte Gehalte von Ba, Cu und NH, an, siche Text filr weitere
Diskussion. Abkirmungen: 5 = Kohleflbzchen, SH = Sodimen-
tirer Hiates, TF = Uberschiehung, F = Storung mit nicht spezifi-
ziertem Versatz, Chll = Cheiloceras-Kalk, LFS = Untere Famenme-
Schicfer, UFS = Obere Famenne-Schicfer; 1: Niveaw, das durch den
Fund von Conodonten der crepida-Fone zugeordnet werden kann
(Ribbert 2006 ), 2: Niveaw, das durch Sporenfunde den oberen Sie-
gener Schichten mgewiesen wird { Wrede, pers. Mitt.).
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720 m, 900960 m, 1BR0-1942 m and 2220-2310m (Fig. 2).
This isbased on dipmeter and imapge data, shear wave anisot-
ropy measursments determined by geophysical logging
(Pechnig 2005, Trautwem-Bruns unpublished data) and the
interpretation of a ssismic profile shot close o the RWTH-1
site (Becker inpublished data). The repeated occumence of
thrust faults underlines the genenlly compressive character
of the footwall of the Aachen Thrust. In the RWTH-1 well
the degres of shear wave anisotropy correlates with fracture
density which is mereased in Blt zones. This 15 in ling with
general obhservations in well log data (Armstrong et al. 1994).
An exception to this comelation can be sesn between 400 m
and 535 m. Here, steeply melned badding planes are the
main canse for the high formation anisotropy. Euhedml
quarts crystals of up to 5 mm length are also observed in drill
cuttimgs m the Upper Devonian secion indicating the pres-
ence of open fractures during hydrothermal activity.

4. Analytical techniques and methods

Dirill cuttings were washed repeatedly in an ultrasonic cleaner
for more than 20 minutes to guarantes removal of adhering
drilling mud according to Chateiliadou et al. (2005), occa-
sionally followed by a step of hand-picking to remove artifi-
cial plastic material from the drilling and vein fillings. Field
and drill core samples were cleaned, weathered parts were
cut of Tif necessary and crushed to cm-sieed pieces in apoly-
ethylens bag. All samples were ground in a tungsten-carbide
disk swing mill. Thus W, Co and Ta are not considensd

Major and trace elements were determinad by energy dis-
persive xray fluorescence (Spectro XLab2000, Institute of
Mineralogy and Economic Geology, RWTH Aachen Univer-
sity} equipped with a Pd-tube operated at acesleration volt-
apes betwesn 15 and 53 KV and currents between 1.5 and
12,0 mA. Major elements were analysed on fused discs (di-
luted 1:10 with a Li-tetraborate/Li-metaborate mixiore, FX-
X635, Fluxana, Kleve, Gemany) using Co, Ti and Al as sec-
ondary targets. Data computation was performed using a
fundamental parameter procedurs. Pressed powder pellets
were wsed for trace element detemmination. For these ele-
ments best excitation was achigved by Mo, ALO,, Pd and Co
tarpets. Chlorine was excited using PA L of the tube reflected
on the sample by a graphite target. For matrix corection the
Mo-Compton peak was taken. Precisions ane < 0.5 %5 for the
major and = 5 % for the trace elements, except for Ba (preci-
sion < 10 %4). Loss on ignition was determined by heating
the powdersd sample for 120 min at 1000 °C. Lower lumts
of detemina tion are 10 ppm for Cu, £n, Sr; 20 ppm for 'V, Cr,
Mi, As, Bb, Zr, Ph, and 50 ppm for Ba and CL

Carbon analyses were carried out using a RC-412 (Laco)
analyser at T = 500 °C (organic carbon, C)and T > 500°C
(inorganic carbon, C) with axygen gas, Carbor-dioxide pro-
duced by combustion was detected by TR absorption. Nitro-
gen and 5 were analvsed at the Department of Geography
RWTH Aachen University (analyst M. Dohms) on a Eu-
rovektor EAION (Hekatech) with element separation aller
combustion at 1000°C by gas<chromatography and detec-
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tion by a thermal conductivity detector. Precision for C and
M analyses was better than 4 %

X-ray powder diffraction analyses wene performed using
a Siemens DS00 x-ray diffractometer with the following in-
strumental parameters: Cu Ko radiation (A = 1.5406 for Cu
Koaty) with Ni filler, whe conditions: 45 kV and 35 maA,
curved graphite monochromator on diffracted beam, detec-
tor: scintillation, scan range 3-727 (28), scanning speed
0.4%min. The pulverized mock samples were filled nto con-
ventional top-loading holders (25 mm opening diameter) and
spimmed around the Z-axs durmg analysis. Data were pro-
cessed with the software kit “DIFFRACPLUS EVA 37
(Bruker AXS) for mineral identification and the Rietveld-
software “BGMN™ (4% revised edition 2006 by Jonz Berg-
mann, Dresden, Germany ) for quantitative phase analysis.

5. Results

Mineralogical and chemical data were derived fom sedi-
ments sampled in the RWTH-1 well (drill core and rock cut-
tings) and m suface oulcrops m the NW Rhenohercynian,
The volume of shale (Ve Tab. 1) was calculated from
gamma my data (Th radiation) according to Larionov
(1969

The mineral composition of representative samples and
literature data for comparison is also displayed in table 1.
The predominating mineral in all rocks is quarte, followed
by white mica (ie. illite of late diagenstic grade in matnx
and subordinate detrital mica; Sindern et al. 2007), chloriie
and feldspars.

Highest quarte abundaneces ame observed in Lower Devo-
nian units at depths > 1770 m. Complementary o the in-
crease in quartz these rocks are characterized by a decreass
in white mica and chlorite. This is also reflectad by a de-
crease in Vg, Chlorite reaches maximum abundances at .
1556 and 2500 m. In the Lower Devonian K-feldspar is in-
significant, whereas albite reaches abundimees of 810wt .-
%o at 1949 and 2540 m. Highest contents of both, albite and
K-feldspar, are encountered in the Upper Devonian section.

Highest carbonate contents occur in the Famennian sone
betwesn 1407 and 1438 m (g sample 10-1; Tab. 2) which
consists of nodular limestone. The momanic carbon, C, in-
creases in the Upper Famennian Shales and Condroe Beds
from low values (#0035 2%, > 1296 m) to 1.B4 %5 at 1096 m.

When the abundance of carthonate beanng sand-siltstomes
in the Condroz Beds of the northem Eifel Mountains (Knapp
1980, Mever 1994 15 taken mto account, it can be assumed
that the increase of O mirrors the succession fom the Upper
Famennian Shales (1407 to approx. 1260m) to the Montfort
and Evisux Formatwns of the Condroz Beds (appox. 1260
to 1002 m). This is in ling with the finding of sand- and silt-
stome in cuttings between 1260 w0 1002 m and shales be-
tween 1260 and 1407 m (Oesterreich et al. 2005).

Pyrite was detected by XRD in the Upper Devonian sam-
ple 1255 (Tab. 1) but can be seen in Upper Devonian cuttings
a5 well as in the Upper Devonian pant of the first core ssction
(1438-1392 m). The Upper Carboniferous rocks are rela-
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Tab. 1:Mincralogical composition (wt-%) of samples from the RWTH-1 dnll hole calculated by Rietveld analysis {250 & EK1) and li-
terature data from the Rhenoherc ynian (UDCFR3, UDFES, SiegFE3). White mica mainly represents illite but also detrital muscovite.

sample strat. umit  depth (m)  V," quartz  alhite K-f=p white mica chlorte dolomite calcie ankeriie
250 [ 2E540 50 431 4.8 1.1 46.6 43 0.1
302 [ 33805 54 47.5 22 1.1 3R8.7 37 4.2 26
550 [ 59350 48 39.2 i3 s 32.0 93 9.5 6.1
T99 [ 4400 62 449.0 25 1.2 376 5.0 1.2 3B
1100 up# 1146 98 33 42.0 B9 7 5B 7.9 12.7
11446 upH 1193 95 n 42.7 1.7 187 10.6 £l B2
12551 ups 1301.40 42 3BT 1.5 12.1 26.6 2.0 1.9
1346 ups 1392.00 51 30.1 TR 4.0 46.2 2.6 23
1477 LD 1556.00 63 40.8 1.E 41.0 16.0 0.4
1GER LD 1774.00 47 56.1 24 1.4 30.0 EG 0.9 0.5
1873 LD 1949.00 11 638 21 18.2 E3 0.6
2130 LD 2194.05 7 73.2 i5 6 15.7 6.9 0.2
1239 LD 2302.03 39 69.6 20 24 15.0 ED 21
2470 LD 2536.01 nd 5E.9 Q.6 s 19.9 112
EE1 LD 2543.90 nd 41.3 RS o7 338 15.7

carbom,
UCFR3® (L 3161 37 2549 39 1.6-2.4
UDFE3*® D 3352 46 023 2645 10-15 1.4-2
SiegFE3® LD JE61 34 0203 2644 E-14 008

" contains 0. 19 w2 pyrite, * Average Upper Carboniferous shales and silty shales, ¥ Average Upper Devonian shales and silty shales; © Average
Siegenian (Lower Devonian ) shales and silty shales, ™ 1o ® deta from Flehmig (1983) representative of the Rhenohercynian 1o the easd of Rhine nver, white
e represents il e, carbon = carbonates nol dignguished, ® Assigned o MontfortEvieu formation of Condroz beds, © Assmed 1o Upper Famennin
Shales, ™ Vo denotes the volume of shale (wi-2%) caloulsted from log deta {Th radistion ) sce onding to Larianov (1969).

LIC = Upper Carbonilenous, LD = Upper Devonian, LT = Lower Devonin, K-fEp = K-leldipar, nd = nol determimed

tively unifomm with regard to the major phases quarte and
white mica. However, at 590 m relatively high chlorite and
carbonate (calcite, ankerite) contents are observed.

The major element composition mirrors and confirms i
preater detail the mineralogical composition trends described
s0 far (Fig. 3). The Upper Devonian samples, especially
those from the depth interval 1002—¢. 1260 m show a trend
towards atkosic compositions and the tendency towards
higher quartz abundances in the Lower Devoman rocks m
the depth interval > 2000 m (Tab. 1) is shown by trend to-
wards sublitharenite lithologies (Fig. ). Most Lower Devon-
wan and Upper Carboniferous rocks, as well as Upper Devin-
ian in the depth interval 1407-¢. 1300 m, plot into the shale
and wacke fields of the diagram (Fig. 3).

The abundance of the light mck forming minem s (quarte,
plagioclase, K-feldspar) of Lower Devonian and Upper Car-
bomiferous rocks quantified in this study (Tab. 1) roughly
comesponds o the values determinad by Havedaamp (1991)
for the same stratigraphic units of the western Rhenchercy-
nian within the hangingwall of the Aachen Thrust. Compared
to the aver ge modal compositions of rocks of the Rhenoher-
cynian Belt sampled to the east of Bhine River (Flehmig
1983) the samples from the RWTH-1 well differ slightly al-
though they generally show similar modal characteristics,

The Lower Devonian rocks of the well exhibit similar quarte
abundanees a5 comesponding stratigmphic units studied by
Flehmig (1983), bul are characterieed by shghtly higher
abundances of albite, K-feldspar and less illite. Similar o the
overall trend (Flehmig 1983, Rottke & Strombk 1999) E-field-
spar s more abundant in the Upper Devoman unit of the
EWTH-1 well but clearly excesds the avempe amounts of
the Rhenohercynian (Flehmig 1983).

The high quarte amounts in the average Rhenohercynian
compaositions relative to the rocks of the EWTH-1 well ane
also reflected i higher avemge 5100/ALQY, ratios (Fig. 3)
determined by Schule-Dobrick & Wedepohl {1983} for the
Rhenohercynian. In addition, the Upper Devimian rocks of
the RWTH-1 well tend to lower Fe 0y 0 ratios (Fig. 3) in
accordance with their high E-feldspar abundance mentoned
before.

In the Upper Carboniferous and Lower Devonian the
Chemical Index of Alteration (CLA; Neshitt & Young 1982)
varies between 72 and B3 (Tab. 2) whereas the Upper Devon-
ian rocks are charactenzed by lower values (43-74). The
CIA which was origmally developed for soils formed on a
particular kind of rock (Meshitt & Young 1982) is used hene
a5 a rough mdicator for the total of sources and for the degres
of transport and recvehng related compositional maturity of

168



Gieochemical composition of sedimentary rocks and imprint of hydrothermal fluid flow at the Variscan front

0.3

Fe-sand

@ U Caboniferous

U, Devonian, < 1300
O U. Devanian, > 1300m
AL, Devarman, < 2000m>
L. Devondan, = 2000m
& Ayaerage U. Carbonif. 4!
B Ayerage L. Devan@an)
A Ayerage L Devoniand

I ]

lng{Fe, 04K, 0]

log (SI0,AL, 0]

Fig. 3: Diagramm for errigenows sandstones and shales acconding
to Herron ( 1988). 1) Upper Devonian samples from depth intervals
1012 to 1300 m approximately equivalent to the Montfort and
Eview: Formations of the Condroz Bads, 2) Upper Devonian sam-
ples from depth intervals 1300 to 1438 m (Famenne shales i Es-
noux Formation of Condroz Beds, undistinguished ). 3) Representa-
tive Lower Devonian samples from depth interval 1438 to 2000 m;
nat all sample data from table 2 are plotted. 4) Average composi-
tions of equivalent rocks of the Rhenohercynian to the cast of river
Rhine {Schulz Dobrick & Wedepohl 1983). PF = Average Palaco-
zoic felsic volcanics and Phanerozoic granites (Condie 1993 ), FrS
= average Proterozoic cratonic sandstones, PS = average Phanero-
zoic cratonic sandstone, 5§ = surface samples taken in the northern
Eifelian Mountains, UC = average upper crust (Rudnick & Gao
2005, Wedepohl 1995).

Abb. 3: Diagramm filr temigene siliziklastische Sedimentgesteine
nach Hemon {1 988). 1) Oberdevonische Proben s dem Teufenin-
tervall 1012 bis 1300 m, anndhemd Squivalent zu den Momntfort- und
Eviewe-Formationen der Condroz-Schichten. 2) Oberdevonische
Proben aus dem Teufenintervall 1300 bis 1438 m (Famenme-Schie-
fior his Esnoux-Formation der Condroz- Schichien, undifferenziort).
3) Repriisentative unterdevonische Proben aus dem Teufeniniervall
1 438 bis 2000 m, nichtalle Daten aus Tabelle 2 dargestellt. 4) Durch-
schnittliche Fusammensetzungen Squivalenter Gesteine des nechis-
rhenischen Rhemoherzynilums  (Schulz-Dobrick & Wedepohl
1983). PF = durchschnitiche paliozoische felsische Vulkanite und
phanermo zoische Granite (Condie 1993), PrS = durchschnitdiche pro-
tenozoische kratonische Sandsteine, PS= durchschn ittlich e phanen-
zoische kratonische Sandsteine, 5 = Proben, entnommen Oberfld-
chenaufechlitssen der néndlichen Eifel, UC = durchschmittliche
Oberouste (Rudnick & Gao 2003, Wedepohl 1995).

rocks (Hassan et al. 1999, Rashid 3002 because several sed-
imentary sources are expectad.

Coal seams observed in the Upper Carboniferous units
were not analysed. In the Upper Carbomiferous shales, most
C.q concentrations vary between 0.4 and 0.6 wi-% (max
0.79 % Tab. 2). Devonian rocks are characterieed by lower
abundance of omanic carbon, predominantly <0016 %,
which is identical to the average values for the Rhenohercyn-
ian east of Rhine River (Schule-Dobrick & Wedspohl 1983).
Only in the Lower Devonian shales of the first cone section
(14391510 m; Tab. 2) higher values (0.30-0.54 wi-%5) are
analysed.

Relativel v high § concentmtions up to 0.6 %5 are observed
in Upper Carboni 2mus samples which also have relatively
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high amounis of C, . The enhanced § concentrations in Up-
per Devonian relative to Lower Devonian rocks are in line
with the presence of dispersed pyrite in the Upper Devon-
lan.

Witrogen concentration data are presented relative to or-
ganic carbon (Fig. 4)inorder to account for the fact that or-
gamic matter generally hosts most nitrogen (Williams & Fer-
rell 1991, Mingram et al. 2005). High N/C,, ratios thus point
to samples with potential abundance of inorganic NHy™. In
the RWTH-1 well and in surface samples, lowest NC,, m-
tios occur in the Upper Carboni B2rous wnits followed by the
Upper Devonian strata which also exhibit little variation,

Peaks within the N/C,, distibution are observed in the
Lower Devonian at 14501484 m and 19361942 m fol-
lowed by varable but partly enhanced ratios in the depth in-
terval 21412270 m. The zone between 1450-1484 m 15 n-
presented in the uppemost core section and characterised by
intensive deformation, fracturing and hydmothermal miner-
alisation (Logermgz etal. 2006, Sindern &t al. 2007). In Lower
and Upper Devoniam units maxima in the N/C,,, distribution
coincide with peaksin the shear wave anisotropy, iLe. maxima
in the distribution of fracture abundance (Fig. 4). In the Up-
per Carthomiferous units none of the shear wave anisotropy
maxima which are related to fracture abundance (660—
720 m, < 400 m) is characterized by high N/C,.

The range of Cl concentrations in core and cutting sam-
ples is displaved n figure 5. One can see that the core sam-
ples tend to show higher values than the cuttings. This be-
comes most obviows ifonly samples from the Lower Devon-
ian section are considered (Tab. 2) Destruction of fluid
inclusioms which probably host a significant amount of C1
was ohserved by Kolb (pers. comm.) in cutting samples. In
addition, these samples were mtensively cleaned in an ultm-
somic bath (Cha teiliadou et al. 2005) which may also contrib-
ute to a loss of CL Chlorine may also easily be mobilised
during weathering from rocks exposed in the Inde and Wurm
Synclines because they show similar Cl conc entra tions as the
cutting samples (Fig 5). In general, C1 is not discussed fur-
ther due to such secondary effects.

Similar to the mineralogical and major element data,
most trace element concentrations (Ba, Cr, Cu, BN, Ph, Rb,
Zn, Zr) show less variation m the Upper Carbomiferous units
comparad to the Upper and Lower Devonian ones (Figs. 6a,
b). Only ¥V and Sr concentrations significantly scatter in the
Upper Carboni ferous (Figs. 6c, d). Arsenic rarely exceeds
the lower limit of determination of the XEF (i.2. 20 ppm)in
Lower Devonian samples and is not considered further, Most
promunent i5 the step towards lower concentrations of V, Cr,
Wi and Fe at the Upper Devonian/Upper Carboniferous con-
tact at 1012 m. Relative to its predominant concentration
range Cu has enhanced concentrations at depths of 1096, 14,
1936.10 and 227589 m (Tab. 2). In addition to the Cu con-
centrations, samples from 1936, 10m are also characterized
by enhanced Ba concenimtions. The trace element concen-
trations of the surface samples are in the range as observed in
the corresponding stratigraphic units in the RWTH-1 well,
except for shghtly elevated Zn values in the Upper Devoman
surface samples (Tab. 2). It has to be noted that all Ni con-
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indication of fault zones, Only at 400 to 335 m steeply inclined bed-
ding planes are the main cauwse for the high anisotropy. Dividing
lines between main stratigraphic units are dawn in the figures and
indicated by the simplified profile i the night.

Abb. 4: N/C, (A) und Scherwellenanisotropie (B) gegen Teufe der
Bohmung RWTH-1. Der Grad der Scherwellenanizsotropie (%) kor-
reliert mit der Bruchhiufigheit. Maxima in der Anisofropichestim-
mung zeigen Stirungszonen an [m Teufenbereich von 400 bis
535 msind jedoch stark einfallende Schichtfiichen der Hau ptgrumnd
filr ein Maximum in der Scherwellenanisotropie. Trennlinien filr
die wichtigsien stratigrafischen Einheiten finden zich in der Gmafik
und kinnen aus dem vereinfachten Profil auf der rechten Seite ab-
geleitet wernden,

centrations detectad in the RWTH-1 well are lower than the
range of values (107-320 ppm) of Rhenohercynian rocks to
the east of river Rhing (Schule-Dobrick & Wedepohl 1983)
while the concentrations of V, Cr, Zn, Bb, Ba and Pb are
within the corresponding ranges of values. This will be ad-
dressed below.
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Fig. 5: Frequency distribution of Cl concentrations in (A) drill cone
samples and (B) cutting and surface samples.

Abb. 5: Hiufigkeisverteilung der Cl-Konzentration in {A) Bohr-
kernproben und (B) Bohrklein- und Oberflichenaufschluss-Pro-
ben.

6. Discussion

The controllng factor of trace element distribution prior o
any hydrothemmal overprint is either determined by specific
heavy minerals (e.g. sircon, Zr; chromite, Cr; tourmaline, B)
or by rock forming mimerals (2 .g. Cullers 1995) among which
illite can be expected to be most effective among the mocks
studied here due toits specific surface and modal abundance,
followed by feldspars and chlorite. In addition, the role of
sulfides and carbonates has to be considerad. Thus element
distribution s amimor of the sources of sediments as well as
of the sum of diagenetic and hydrothermal effects (Milliken
2003).

A control of tce element contents by clay minerals be-
comes obvious in the clear covariation of traee element con-
centmtion and clay mineral abundance. This can clearly be
seen in the Upper Devonian units which are characterized by
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Fig. 6: Concentration of Cr (A), Zr (B), ¥V {C) and Sr{D)) in core and cutting samples of the RWTH-1 well. Dividing lines between main
stratigraphic units are drawn in the figures and indicated by the simplified profile to the right.

Abb. & Konzentrationen von Cr (A), Zr (B), V (C) and Sr (D) in Bohrkern- und Bohrklein-Proben der Bohrung RWTH- 1. Trennlinien filr
die wichtigsten stratigrafischen Einheiten finden sich in der Grafik und kéinnen aus dem vereinfachten Profil auf der rechten Seite abgelei-

tet wenden,
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both low concentrations of V, Cr, Wi and clay minemls (ie.
illite, also Vi) and enhanced concentrations of these ele-
ments and clay minerals with nereasmg depth (Tabs. 1, 2,
Fig. ).

The Al concentration may serve as a suitable approxima-
twmn for the clay mingral abundancs (Press 1986) although in
the Upper Devonian rocks Al occurs in feldspar to a signifi-
cant amount. The volume of shale (Vi) data displayed in
table 1 correlate well (v = 0.90) with the ALD, values for the
corresponding samples from table 2. Consequently, the cor-
relation of concentmtion of an element with Al is an indica-
twm that this element is mamly bound o the clay mimerals,
which are dominated by illite in the mcks considerad here.

A reasonable comelation with Alis detectad for V, Rband
Ba i all of the three stratigraphic units of the Lowsr and Up-
per Devomnian as well as Upper Catboniferous (Tab. 3). How-
ever, the deviating E/Rb ratio of all Upper Devonian rocks
points to the role of E-feldspar for the Rb concentration in
these rocks (Tab. 2)

Strontium is only mwughly comelated with Al (Tab. 3). In
the Upper Devonian amd Upper Carboniferous highest Sr
ciomcentrations are observed in samples with high C,. Here,
Sr from carbonates contributes to the Srbound to illite.

The exceptionally high concentrations of Cu at 1096.40,
1936.10, 227589 m and Baat 1936.10 m all form high ratios
with Al clearly excesding the range of ratios within other
sections of the BWTH-1 well. This points to a source of Cu
and Ba which isnot only of sedimentary origin or doe to pos-
sible diagenetic remobilisation (Milliken 2003). The concen-
tration peaks of Cu and Ba do neither comespond o C, or C;
nor o S comeentrations or sulphide mineralisation. Therefors
it is concluded that the enhanced concentrations point o a
secondary enrichment, most probably by a hydrothennal
fluid. However, Cu and Ba are bound to the existing miner-
als, mamly ilhite, rather than specific sulphide or sulphate ore
minerls

IMite and Eldspar may control Zn in the Upper Devonian
rocks (Tab. 3), but not in Lower Devonian and Upper Car-
honiferous units. However, our data provide no evidence of
any exclusive controlling factor. Possibly, Zn was mobil teed
during diagenetic and/or hvdmthermal processes.

Like Zn, Cr and Wi show a good correlation with Alin the
Upper Devonian rocks. Here, the Cr concentration is control-
led by phases such as illite and feldspar in which it can sub-
stitute for Al at octahedral sites (Press 1986, Marshall &
Fairbridge 1999). In the Lower Devonian and Upper Car-
boniferows the Cr concentrations reéach higher values, are
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much more variable although there is no cormelation of Cr
with Al This indicates that m these units chromite, which
has variable abundaness due to sedimentary processes, 15 the
most significant Cr mineml phase. In a study of sand- and
siltstones of the northern Eifel Mountains Haverkamp (1991}
observed that chromite raches portions of up 1o 42 % of the
accessory heavy minerals in the Siepenian, the Lower Devo-
nian unit represented in the RWTH-1 well. Nickel shows mi-
nor comelation with Al i the Lower Devonan and Upper
Carboniferous sections. Thus, a significant amount of Wi
may be controlled by an accessory mineral phase. However,
our data gve no further mdication for this phase,

Zirconiuwm is not or even negatively correlated to Al Ob-
viously zircon, also described by Haverkamp (1991 to reach
abundancss of 53 % n the heavy mineral fachons of sand-
siltstones of the region, contmls the concentration of this ele-
ment. This also explains the tendency to negative correlation
with Al (Tab. 3} because wrcon has higher abundances in the
mature sediments characterized by low amounts of sheet
silicates and feldspar,

Mitrogen, mainly released by breakdown of organic
matter (Mingram et al. 2005) during diagenetic and meta-
morphic events (Meyer & Rideway 1991) becomes mobile
in & hydrothermal luid as NH; or W, at T> 200 °C whereas
at T=< 200 *C the dominant N species is WH,™ (Williams &
Ferrell 1991, Williams et al. 1992, Mingram et al. 2005).
Ammonium can be transported over long distances (Wil-
liams & Ferrell 1991) and finally be mcorporated in rocks
during hydrothermal fluid rock interaction. Mineral phases
most susceptible for incorporation of ammoniom — which
due to charpe and radins has similar chemical characteris-
tics as K~ — are K bearing phases such as clay mineral (e.g
illite) or K-feldspar (Wedepohl 1978, Meyer & Ridgway
1991}, Increased concentration of ammomium bound to
mineral phases may therefore be indicative of former flud
flow.

The high W/C,, ratics in those parts of the well in which
the Lower Devonian units are affected by most intensive
fracturing, can be mterpreted o ndicate mcorporation of
MHy transported by a fluid phase and incorporated into
authigenic minerals among which illite s the domimating K
bearing mineral, especially in Lower Devonian units (Tab. 1;
Haverkamp 1991, Sindern et al. 2007).

In the section 193610 to 194190 m the NHy bearing
fluid may also account for the high concentrations of Cu and
Ba. In the plot of N/C,, vs. Al (Fig. 7b) Upper Cartbonifer-
ous, Upper Devonian and some of the Lower Devionian sam-

Tab. 3: Pearsson comeltion coefficient of trace elements and Al in Upper Carboniferows, Upper Devonian and Lower Devonian sections

of the RWTH-1 drill bole.

v Cr Wi Cun £n Rb Sr Ir Ba
Upper Carbonif. 0.93 0.47 074 0EG 0,54 087 -0.23 - 0.49 0.85
Upper Devonian 0.98 0.93 (IR QE4n 085 0,98 0.05 0.80 0800
Lower Devonian 0.97 0.03 054 QGE 078 094 0.77 -0.38 0922

1 yeithout sample 1048
T weithout sample 1860
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{Gew.-%) in Bohrkem- und Bohrklein-Proben der Bohrung RW TH-
1.

ples scatter within a limited range of values (W/C,, < 1) m-
dependent of the Al concentration. Here, W seems to be situ-
ated n organic matter and its abundanee is thus not cornelated
with Al. Those samples with N/AC,, = | show a clear covaria-
tion with Al, which sugpests that in these samples NHy is
fixed inorganically, mainly in illite but possibly also in feld-

The Upper Cathoniferous rocks have low NIC,, values,
An explanation could be that the WH, tmnsporting fluid did
not reach these uniis, on the other hand, however, there 15
clear evidence for major faults and hydrothermal quarz-cal-
cite vens in the cuttings. However, taking the relatively high
amounts of organic matter in the Upper Carbomiferous rocks
intoe account, it is more likely that NH, added by a hydro-
thermal fluid is not reflectad by the N/C,,, ratios,

The chermical data presented and discussed so far, reflect
to the ome hand sedimentary characteristics which point o
the provenance of detrital components and, on the other
hand, diagenstic and hyvdrothermal processes,

Sedimentary characteristics

The Lower Devonian and Upper Carhoniferous rocks of the
EWTH-1 well have similar mineralogical and peochemical
characteristics. Both are characterised by high “Chemical In-
dices of Alteration™ (CLA; Neshitt & Young 1982) indicating
intensively weathered source andfor intensive sedimentary
recycling. This is in accondance with results of Schule-Do-
brick & Wedepohl (1983) for the Rhenchercynian o the east
of Rhine River (Fig. B). The similarity in CIA of the Upper

Sven Sindern et al.

Carboni ferous to the Lower Devonian rocks may partly also
reflect that the latter was exhumed and eroded during Upper
Carboni ferous times (Stemgrobe 1990) and thus contributed
to the sediments of that time.

A was undedined before, the Upper Devonian rocks ans
markedly different. Their composition mirmors a completely
different source. Figure 3 shows that they plot around aver-
age composition of the wpper crust (Wedspohl 1995) and
trend towards felsic igneous compositions, sspecially in the
Condroz Beds. The CLA are very low pointing to almost un-
weathered crust in the source arsa (Fig 8). In contmst to this,
the CIA calculated from the average composition of Upper
Devinian rocks of the Rhenohercynian basin to the east of
Rhine River (Schule-Dobrick & Wedepohl 1983) is clearly
higher, implying a more ntensivel v weathened and reworked
source. This difference in ClA in the western and eastern
Rhenohercynian can be best explained assuming the Brabant
Massil, situated in the basement immediately to the N'W of
the area studied here (Wreds 1985, Ribbert 1998), is the
dominating source of detritus in the Upper Devonian of the
northern Ei il regon near Aachen, as was also stated for the
Condroz Beds by Walter (1992) and Knapp (1980). The oc-
currence of mainly dacitic but also rhyolithic volcanic and
intrusive rocks 15 described at the southem margn of the
Brabant Masgsif (Dewaele & Mucher 2004). These rocks,
formed during subduction in Ordovician times, may have
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Fig. & Chemical Index of Alteration {CIA) according to Neshitt &
Young (1982). Dividing lings between main statigraphic units anre
drawn in the figures and indicated by the simplified profile to the
right. The vertical line marks the average ClA of equivalent rocks
in the Rhenohercynian to the east ofriver Rhine | Schulz-Dobrick &
‘Wedepohl 1983 ) calculated ona carbonate-free hasis,

Abb, & Chemical mdex of alteration (CLA ) mach Meshitt & Young
{19E2). Trennlinien filr die wichtigsien stratigrafischen Einheiten
finden sich in der Grafik und kinmen aus dem vereinfachten Profil
auf der rechten Seite abgeleitet wenden, Die vertikale Linie mar-
kiert den durchechnittlichen CLA Squivalenter Gesteine des rechits-
rhemizchen Rhenoherzynikums (Schule-Dobrick & Wedepohl
1983), auf karbonatfreier Basis berechnet.
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served as source rocks as well as rocks related to a large gra-
nitie batholith i the centre of the Brabant Mass £ Van Groo-
tel et al. 1997).

The observed low CLA (Fig. §) points to limited intensity
of chemical weathering (Meshitt & Young 1982). This is
ling with the statement of Thorez (2002) that the tme of
deposition of the Condroe Beds, especially the Mont fort and
Evigux times, are in geneml charactenzed by a warm and dry
palagoclimate with only short wet periods.

Abundance of Zr and Cr is most clearly controlled by ac-
cessory phases in Lowsr Devormian and Upper Carboniferons
units of the BWTH-1 well pointing to xircon and chromite,
also described as most abundant heavy minerals (Haverkamp
1991). On the basis of chromite analvses (Press 1986,
Haverkamp 1991) the source of the chromite in the WW Rhe-
nohercynian Basin is identified as alpinotype ophiolite,
These have been tmnsported into the basin from a northern
to northeasten direction (Schulz-Dobrick & Wedepohl 1983,
Haverkamp 1991) during the Lower Devonian and are re-
flected by higher relative abundance of chromite in the heavy
mineml spectrum in eastern relative o western parts of the
Rhenohercynian Basin (Haverkamp 1991). A lack of chro-
mite mput in the Upper Devonian, as shown in the chemical
data of the EWTH-1 well, thus also underhnes that the sadi-
mentary mput Fom other (nodheastem) sources was sup-
pressad relative to the Brabant Massifl,

Mickel is an element which is also related to ultramafic
sources. It was suggested that also Wi is partl v controlled by
an accessory phase. Chromite of the northern Eifel area has
negligible amounts of Wi (Haverkamp 1991). The Ni con-
centrations of all rock units of the EWTH-1 well are close to
the average crustal value (36 ppm; Wedepohl 1995} and thus
markedly lower than the values (i.e. 107-320 ppm) observed
to the east of Rhine River (Schule-Dobrick & Wedepohl
1983). This is in lme with the wea of ultramafic source rocks
situated in a northeastern or eastern direction. Qliving forms
a signficant component of ultromafic rocks and it 5 gener-
ally characterized by high abundances of Ni (Wedepohl
1978). The parts of the Rhenohercynian Basin exposed to the
east of Rhine River would be closer leading to higher abun-
dances of oliving and its weathering products. In the part of
the northern Eifel Moumntams studied here olivine or Ni
bound to its weathering products would be more dispersad
due to the transport distanee and more dilued due to the en-
haneed mput from the Brabant Massif, especially in the Up-
per but alsoin the Lower Devonian.

Hydrothermal processes

Chemical evidence for fluid transport is given by enhanced
valugs of mobile components (2.2 WHy) or components
which are in part considered to be added by a fluid phase (Ba
and Cu}. Thus a chemical recond (WH,) of flud flux can be
seen in the footwall (14501484 m) below the fault zone at
14401465 m (Tabh. 2, Fig 2). For this 2one in the upper core
section mlensive veming is described and it is characteriesd
by a high Facture density (Fig. 4) pointing to elevated pal-
aeo-permeahility in this region. The second core section also

yields enhanced WH, values though there is less evidencs for
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RWTH-1

Upper Cretaceous
Upper Carboniferous
Lower Carboniferous
Upper Devonian
Middle Devonian

Lower Devonian
(Siegenian, Emsian)

Pre Siegenian

Fig. 9: Simplified section across the Aachen Thrust indicating posi-
tion of the RWTH-1 well. Amows indicate zones of focussed fwid
flow, see text for discussion,

Abb. 9: Vereinfachte Profildarstellung quer zur Aachener Uber-
schichung und Position der Bohrung RWTH- 1. Peile geben Zonen
folkussicrten Fluidiusses an, siche Text filr weitere Diskluession.

vem formation n thin sections (Sindern et al. 2007). How-
ever, this zone also shows peaks of shear wave anisolmopy.

Marked chemical evidence for fluid flow (Ba, Cu, NH,)}
is detected in cuttings at 1096 m, 1936 m and 22692275 m
(Fig. 2). All three somes are indicated as fault zones by dip-
meter and mmage data (Trantwein-Bruns, unpubl.). Although
sample 1048 at 1096 m is taken from cuttings, it has a high
Cl concentration possibly indicative of abundant fluid inclu-
sioms. The two lowennost sones which also show high Fac-
ture density (Fig. 4) are identified as larger scale throst faults
by seismic imaging within the footwall of the Aachen Thrust
{Fig 9).

Clear chemical evidence of hydrothermal fluid flow is
neither observed in the suface samples nor in the Upper
Carboniferous of the RWTH-1 well although fault sones -
presenting potential pathways for fluids are obvious by dip-
meter, shear wave anisotropy and seismic data (Fig. 4 Trau-
twem-Bruns, unpubl.).

It has to be noted that in contrast to the post-Variscan
fluid nclusions, the Variscan ones ane characterized by the
ovccurrence of N, gas, assurned to be released from the pre-
Variscan rocks dunng Variscan metamorphism (Behr et al.
1987). The ncorporation of NH;= in Devonian rocks ob-

served here may thus serve as an mdication that the fwd
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flow was of Variscan age. This is in line with the statement of
Logering et al. (2006) and Sindern et al. (2007) that fluid
flow in the first core section 18 Variscan They denved this
from fluid mclusion chamcteristics and indication of synde-
formatiomal chlorite. Applying these results to the whole se-
quencs of the RWTH-1 well e can consequently assume
hydrothermal fuid flow in the footwallof the Aachen Thrust
during Variscan compression (Fig. 9) which mainly seems o
be focussed along faults. This i inaccordance with the ideas
of Linenschloss et al. (1997), Linenschloss (1998), Teich-
milller & Teiwchmiller (1979 and Winterfeld (1994} who as-
sume significant fuid dischanes in the footwall of the Aachen
Thrust to explain vitnnite reflectance data in the Wurm Syn-
cline.

7. Conclusions

This study contributes to the general aims of the RWTH-1
peoscientific research program. The geochemical data pre-
sented here provide mfommation on the depositional history
(Lower Devonian, Siepenian, to Upper Catboniferous, MNa-
murian to Westphalian) of the WW Rhenohercynian Basin
and set constraints on the mineralogical and hydrothermal
control on trace element abundance in the northern Eifel re-
gom near Aachen (Germany) at the Variscan front close o
the Aachen Thrust. The concentrations of ¥V, Wi, Rb, St Cu
and Ba arg mainly determined by the amount of illits and in
part by Reldspar. However, for St there are significant contri-
butions from carbonates and Wi is controlled by a detrital
component in the Lower Devonian rocks, The elements Cr
and Zr are controlled by chromite and zircon. Chromite,
however, is not significant in the Upper Devonian Condroz
Beds.

Chlorine has been observed as most suscs plible to weath-
ering in surface samples and loss from cutting samples prob-
ably due to destruction of fluid nclusions.

Lower Devonian and Upper Carboniferous umts have sim-
ilar chemical characteristics indicating similar sources of de-
tritus and in part resedimentation of Lower Devonian detritus
in Upper Carboniferous times. The high CLA points to inten-
sive weathenng in the source area and'or recycling duning
transport, which was also described for the astern part of the
Bhenchercynian Basin (Schule-Dobrick & Wedepohl 1983).
The idea of an ophiolitic source of detritus situated n the NE
of the Rhenohercynian Basin expressed by Schule-Dobrick &
Weadepohl (1983} and Haverkamp (1991) can be supportad in
this study by the abundancs of Cr and Wi, manly in the Lower
Devonian. A marked change for the sedimentary mpu is re-
corded in the Upper Devonian (Famennian shales and Con-
droz Beds) in the mineralogeal and chemical data. Here,
chermicall y mainly inweathered mcks with felsic composition
dominate, In line with literature data on the occumence of the
Condroe Beds the Brabant Massif to the NWW which was af-
fected by rapid uphift must have hosted this source.

Chemical evidence for fluid fow is detected around faolt
sones indicated in the BWTH-1 well. Input of Cu, Ba and
NH, s atiributed to this Vanscan hydmthermal event for

Swven Sindern et al.

which no clear chemical evidence exists in the Upper Car-
boniferous rocks of the BWTH-1 well and in surface oul-
crops. Rather, fluid fow 15 focussed along larger throst fanlts
in the footwall of the Aachen Thrust.
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Abstract Quartz—catbonate—chlorite veins were sidied
in borehole samples of the RWTH-1 well in Aachen. Veins
formed in Devonian rocks in the footwall of the Aachen
thrust during Variscan deformation and associated fuid
flow. Primary fluid inclusions indicate subsolves unmixing
of a homogenous Hy O—O0—CH N -Na—(E)-C1 fluid
mio a HyO-Na~K+C1 solution and a vapour-nich CO-—
(H20, CHs N3 fuid. The aquesus end-member compao-
sition resembles that of metamorphic fluids of the Variscan
front zome with salinities ranging from 4 to 7% MNaCl equiv,
and maximum homogenisation temperatures of close to
A0PC. Pressure estimates mdicate a burial depth between
4,500 and 8,000 m at geothermal gradients between 50 and
757026 MPa, but pressure decrease to sublithostatic con-
ditions is also indicated, probably as a consequence of
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fracture opening during episodic seismic activity, A second
fluid system, mainly preserved in pseudo-secondary and
secondary fluid inclusions, is characterised by fuid tem-
peratures between 200 and 250°C and salinities of <5%
MaCl equiv. Bulk stable isotope analyses of fuids released
from vein quartz, caleite, and dolomite by decrepitation
yielded SDy o values from =89 to — 113 %o, 6'7C gy from
—26.9 o —289%, (VPDE) and §"7Cepyz from —128 to
—23.%%0 (VPDB), The low 6D and 8 C range of the fuids
is considered to be due to interaction with cracked hydro-
cartbons, The second fuid influx caused partial isolope
exchange and disequilibrivm. Tt s envisaped that an mitial
short lived flux of hot metamorphic Auids expelled from
the epizonal metamorphic domaing of the Stavelot—Venn
massif, The metamorphic fuid was focused along major
thrust faults of the Variscan front zone such as the Aachen
thrust. A second Auid influx was introduced from formation
witers in the footwall of the Aachen thrust as a conse-
quence of progressive defommation. Mixing of the cooler
and lower salinity formation water with the hot metamor
phic flud during episodic fuid trapping resulied in an
evolving range of physicochemical fuid inclusion
characteristics.

Keywords Aachen - Variscan front zone - Fluid
mclusions - Palaso-fluid fow - H-C-0 isotopes

Introduction

Thrusting and thrust loading in an orogenic wedge canses
fluid expulsion inte the foreland (Moore 1989 Oliver
1986), and fluid-overpressure formation above and below
the thrust plane if the bulk rock is of intermediate perme-
ability (Smith and Wiltschko 1996). Sihson (2001} showed
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the important role of hydrothermal fluids in the thennal evo-
Intion, diagenasis, mineralisation, and rupture mechanics of
faults in an orogenic front,

Fluid generation and expulsion is also to be expected in
the fromtal zone of the Variscan orogen that resulted from
late  Palasozoic continent—continent  collision between
Lavmssia and Gondwana to fonn the supercontinent of
Pangaea, The Aachen thrust as NE extension of the Midi
thrust represents the northern front of the Variscan orogen
in central Europe (Oncken et al. 19997 Abundant indica-
tions of fud fow are given by high coalification grades in
the hanging wall and in the footwall close to the Aachen
thrust (Bahinecz 1962; Teichmiiller and Teichmiiller 1979;
von Winterfeld 1994) that are interpreted to be the result of
Carbomiferous and thus Variscan (Enapp 1980) hydro-
thermal fud fow. Similarly, Linenschloss et al. (1997,
2008} comeluded from the regional distribution of vitrinite
meflectance that coalification anomalies resulted from sig-
rificant fuid fow ot the Vadscan thrust front. Other
valuable monitors of Auid Aow are minemlised veins that
are ubiquitous in many metamorphic settings, Veins may
mpresent conduits for mgionally migrating fuids or local
crack-ill diffusional processes, or both, The evaluation of
vein formation and associated melasomalic processss an:
pgenerally considered to be very helpful for assessing fuid
fluxes, flow paths and the chemical impact of fuids during

The RWTH-1 well was drilled inthe city of Aachenin 2004
to penerate peothermal energy. The borehole is situated
approximately 500 m to the north of the Aachen thrust inter-
secting the footwall of this structure, Core samples are char-
acterised by intensive veining and syntectoric hydrothermal
formation of chlorite and white mica that indicate fuid Sow of
Variscan age (Sindern et al. 2007). Zones of intensive hydm-
thermal alteration resulting from fuid-rock readion ame
ubiguitons arcund fault intersections (Sindem etal. 2008). To
date, Variscan metamorphic fuids are fairly well studiedin the
Verm—WeserInde nappe, the Andermes, the Vanscan front
ame in Belgivm and northern France, and in the Rhenish
mmassil, east of theRhine river (Behretal. 1987, 1993; Dewaele
etal. 2004; Kenis etal 2000, 2005; Mucher et al. 1998, 2000,
A02; Vogtmarn—Becker 1990). However, a systematic fuid
study close to the Aachen thrust is still lacking,

The aim of this study is analysing the physicochemical
pammeters and geochemical composition of palaso-fluids
in samples from the RWTH-1 well. For that purpose, we
studied fluid inclusions in vein quartz and carbonates and
stable isotope compositions (ie. 8D, 80 and §'°C) of
host rocks, vein minerals and Auwd inclusions, The data
permit identification and characterisation of fuid compo-
sition and fuid pulses, and provide information on the fuid
origin and PT conditions of the hydrothermal event asso-
ciated with the Variscan orogeny,

Geological setfing
Regional geology and fluid evolution

The Rhenchercynian domain of the central European
WVarscan omgen comprises the Ardennes of westem
Gemmany and eastem Belgium and the Rhenish massif
(Omcken et al, 2000; Walter 1995). The study area, ie. the
city of Aachen and environs, is situated in the Vadscan
front zone (Kenis et al. 2000; Muchez and Sintubin 1998)
that is characterised by regional-scale synclines, anticlines
and locally developed thrusts which strike NE-SW related
o the Variscan defomation (D) In Aachen, the Vanscan
thrust front 15 représented by the Aachen thrust that con-
nects to the west with the Midi thrust in eastem Belgiom
(Hollmann and von Winterfeld 1999 Oncken et al. 1999,
2000y, Walter 1995: Fig. 1). Variscan NW-5E trending
faults cross-cut the Variscan structures and host the
Jurassic o Crtaceous post-Variscan Ph—Zn  deposits
known from the Aschen region, eastern Belgium and the
NW Rhenchercynian (Dejonghe and Bord 2004; Franke
1989 Heijlen et al. 2001: Muchez et al. 2002; Schneider
et al. 1999, 2007, 2008).

This study is based on borshole samples and cuttings
from the RWTH-1 borehole that intersected lower and
upper Devonian as well as upper Carboniferous mcks in
the northern limb of the Aachen anticline (Becker 2008)
(Fig. 1). The Wurm syncline follows north of the Aachen
anticline and joins up in the west with the Verviers syncline
in eastem Belgium, The basement is represented by the
Brabant massif in the north and the Stavelot—Venn massil
in the south. Devonian and Carboni ferous cover rocks were
thrusted onto the Brabant massif along the south dipping
Wariscan D thrust faulis,

Palagozoic mcks in the study area are affected by com-
pressive Van scan deformation which was dated by Niethoff
{1994y to have occurred between 336 and 300 Ma. Glasm-
acher et al. (2001) obtained an Ar—Ar age of 314 4+ 7 Ma
for Variscan cleavage formation and a minimum age of
300 + & Ma for 2 hydrothermal fluid flow event.

Fluid inclusion themmometry, mineral assemblage stud-
ies, chlorite-thermometry and vitrinite data indicate peak
tempermtunes of 330-40W°C for Vanscan metamorphism in
the southern Venn—-Weser—Inde nappe (Glasmacher 1995
Hilgers et al. 2006; Oncken et al. 1999; Vogtmann-Becker
1990 Zhang et al. 1997). For the Verviers syncling in
eastern Belgivm, the southern and eastern pants of the
Stavelol-Venn massf, and the Rhenish masal o the east
of the Rhine river the colour alteration index (CAT) of
conodonts points o varnable temperatures reaching epi-
zomal values as high as 420°C (Fransolet and Kramm 1983;
Helsen and Koengshol 1904, Helsen 1995, Kramm 1982;
Schrever 1975).
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For the region north of the Vern—Wesere—Inde nappe,
Oncken et al. (1999) report lower, anchizonal (Merdman
and Frey 1999) peak temperatures of 250-280°C. In the
foreland of the Aschen thrust mineralogical, textural and
vitrinite reflectance data from Carboniferows and Devonian
mcks point to a maximum tmperature overpeint of 200°C
(Haolbnann 1997}, The low metamorphic grade is in
accordance with estimated burial depths of 4.5 kn (Helsen
1995; Rottke and Stroink 1999) o 6 km in maximum
(Sehrt et al., in prep.).

Temperature information for the Wurm synchine north of
the Aachen thrust is derived from organic maturity data,
Within the upper Carborni ferous of the Worm syncline vitr-
inite reflectance increases towands the south and the Aachen
thrust (Babinecz 1962; Steingrobe 19900, Teichmiller and
Teichmiiller 1979 von Winterfeld 1994 Increased organic
maturity in this area s explained by enhanced heat fow
which was caused by fluid discharge in the footwall of the
Aachen thrust (Knapp 1980; Linenschloss et al, 1997, 2008;
Linenschloss 1998; Teichmiller and Teichmiiller 1979), A
similar thermal overprint in the temperature range of
N0-310°C can also be assumed for the rock units of
the RWTH-1 well. This is supported by microstructural
comsiderations that indicate minimuun tempemtues of
A0-250"C (Sindern et al. 2007},

Behr et al (1993) investigated the regional fluid
inventory in the Rhenohercynian domain of the Variscan
orogeny and identified a synkinematic fluid system that
they called “tectonic brines’. The “tectonic brines” repre-
sent & HoO-Na—(K)—-Cl-dominated metamorphic Auid with
(05 CHy and N; that is charactersed by salinities
<15 wie NaCl equiv. and homogenisation temperatures

=350°C. Fluid inclusion studies camied out in the Anglo—
Brabant fold belt, Ardennes and the Stavel—Venn massf,
and in the Variscan front zone in eastern Belgum recog-
nised a syn-WVariscan HyO-00—~MaCl-dominated meta-
morphic fAuid of low salinity and  homogenisation
tempertunres <380°C (Table 1, Behr et al. 1987; Dewaele
et al. 2004; Kenis et al. 2000, 2005: Muchez et al. 1998;
Schmyen and Muchez 2000 Vogtmam—Becker 19900
The post-Wariscan hydrothermal ore deposits of the Rhe-
nohercynian domain are derived from “basement brines
(Behret al. 1993), The ‘basement brines” are HoO-Ca—Na—
Cl-dominated fluids with high salinities up to halite satu-
ration due to evaporation in a marine environment. Homog-
enisation temperatures of =200°C are distinctly lower as
compared to the metamomphic Variscan fluids (Behr et al,
1987; Heijlen et al. 201; Kucera et al. 2010).

Stratigraphy, lithology and structural geology
of the RWTH-1 well

Technical aspects of the RWTH-1 well are described by
Lundershansen et al. (2008). Cores wens cut at depth
imtervals 1,392-1.515 2,128-2,143 and 2,536-2544 m.
From the end of hole at 2,544 m to a depth of L438 m,
cores and cuttings contain lower Devonian siliciclastic
sediments with root fragments, ooides and nodular calcrete
horizons, Spore analysis indicates an upper Siegen sadi-
mentation age for the rocks at 1490 m (Wrede, personal
communication).

The thinly bedded lower Devonian shales are red to grey
and inter-bedded with fine-grained to coarse-gramed, grey
sandstones that contain rock fragments in an argillaceous
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Table 1 Characteristic feamres of pre-Varkcan, Variscan and post-Variscan non-magmatic fluids in the Rhenchercynian between the Anglo
Brabant fold belt and the exstern Bohemian massif

Region Event Origin Fluid type Salinity % Temperamre References

eq. MNall in

Anglo-Brabant  Late Silurian to eary Core of Anglo—Erabamt HaAO-C0—{ CH - <350 Dewsele
fold belt Devonian metamonphism, fiold belt Nal-EC1 etal.

compressive veins {2004y

Stavelot-Venn  Caledonlan H OO0, -MNall 0657 20-290, T, Schroyenand
massif Muchez

{ A0y

Staveloi-Venn  Post Caledondan, pre-Variscan 00Ny 1337 400, Tirap  Scheoyen and

masaif Muchez
{200y

Anglo-Brabant  Secondary Fl in compressive HyO-Mall-K(C n2-163 81285, T, Dewmlk

fold belt veins and post compressive etal.
A4y

Ardennes BurialWarkcan deformation, H-Nall-00— 0-35 27-291, Tu Henk et al.

anchizonal metmorphism (CH4—N4) {2A005)

Ardennes BurialWarkcan deformation,  Internal origin closed HO-NaCl-00— 06170 20400, T, Kends et al

epizonal metamonshism sysiem hydrolysis reactions  (CHy—Na) {2A05)

Ardennes Late Wariscan retrograde Affected by hydration Hy0-Nall 27 138-261 Eenis et al.

anchizonal metmenphism reactions during retrograde {AD05)
metamonphdsm

Ardennes Late Variscan retrograde Hy-NaCl -6 127-362 Eenis et al.

epizonal metamoprhism {2005)

Stavelot—Yenn Wariscan metamonphism HyO-MalCl-00, 446 10420, T, Vogtmann—

masaif Becker
{ 15540y

Stavelot—Yenn WVariscan metamonphism Ha—Mall T-11.5 10— 20 Vogtmann—

massif Becler
{ 1990

Bhenish massif  Variscan syn-metmorphic MNa-E~CarCl, Low <S50-380, Behr at al.
(east of Rhine i neral iz ation ahbundant 00— Teap {1987y
River) (CH4—Na)

Bhenish massif  Variscan deformation Low 293350, Ty, Germann and
(west of Rhine salindty Friedrich
River)* { 1999)

Variscan front Variscan deformation Limesione, rock-buffersd 12-16 260 Kends et al.
FOME [l )]

Stavelot-Venn — Variscan Metamorphic HO-CO-Nal  0.7-69 IRF435, Schroyen and
masaif Tirap Muchez

A0y

Anglo-Brabant  Post-Yariscan, mesoaoic Basement brines HyO-MaCl-Call, 95212 98 - 169, Ty, Dewaclke

fold helt et al.
{2004)

Bhenish massif  Posi-Variscan permian to old Deep basinal brines Ca-Na—(K, Mg)—- =23 100206, Behr et al.
{ead of Fhine mespzole hydroth. min , no OOy, Ny Trap {1987
River)

Rhenish massif  Post-Variscan Pe-Zn Basement brines Ha-Mall-Cally  20-24 120180 German and
(west of Rhine  mineraliaton Friedrich
River)® { 1990y

Bhenish massif  Post-Variscan Pb—Zn Hy0-Nall-Call, =250 Redecke
(west of Rhine  mineraliation { 1992)
River)®

Bhenish massif™  Post-Varscan Pb-Zn min Basement brines Hy-MNall-CaCl, 16231 68120, T, Heijlen et al.

(A1)
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9

Tahle 1 continued

Region Event Owrigin Fluid type Salinity % Temperatre References
eq. NaCl in AC
Wariscan front Post-YWariscan calelle cements Ha-Nall-Calls  18.1-253 37131, T Muchez and
zome, Fléne’ Eq CaCly Sintubin
{ 1998)
Wariscan front Post-Turassie uplifi, post early Hy-Mall 1.7-86 <50 Muchez and
zome, Fline’ cretaceos karstfication Sintubdin
{ 19948)
Stavelot—Yenn Post-Variscan Hy-Mall 03-89 94-312, T, Schroyen and
massif Muchez
[l )]
Eastern Posi-Variscan Zn—Fb—Co Evaporated seawater, HyO-Nall- 166284 66-148, T, Kucera et al
Bohemian veins evnlved by fAuid rock CaCl, £ MeCl, {201
masaif Interaction

T, homogenisation tempersture, Trrap rapping temperature of flud inclusions

* Backthrusts of Makbenden and Schleiden
® Mechemich, Maubach, Albertsgrube, Rescheid, Lichienhard

© Compiled from Strich (1991), Friedrich o al {1989, Redecke (1902)

¢ Bliberg, Plombidres
® Bleiberg
¥ Meuse River Valley, Belgium

ground mass, These mcks contain micrte o microsparite
cements. They are overlain by an alternation of upper
Devonian siliciclastic rocks and shallow water carbonates
from 1,438 to L0112 m of the Frasnian to the Famenman
stage. They consist of thinly bedded siliciclastic rocks and
are milercalated with a dolormite bank, dolomite-marl and
calcite-marl, and a nodular mestone (Fig. 2a) with a
hiorelic fabric. Hydrothermal dolomitisation is ubiguitous
(Lagering 2008). Two thin carbomaceous layers at 1408 m
and 1,428-1,438 m are rich in fossils. Conodonts indicate
the crepida zone of the upper Devonian MNehden stage
(Becker 2008). These layers can be correlated with upper
Devoman sedimentary profiles to the south of the Aachen
thrust and Midi thrust in the Bolland and Soumagne wells
(Liagering 2008). Lower Devonian silty shales are chamc-
terised by an irregular distribubion of red, green and grey
colours (Becker 2008) indicating differing redox conditions
during diagenesis or later events,

Famennizn o Givetan and lower Carboniferous units
are missing (Fig. 3). Evidence of tectonic processes caus-
ing ahsence of strata is not ohserved (Becker 2008 Becker
et al. 200 1) Reasns for gaps in the stmtigraphic column
are sedimentary hiati that ame also reported from other areas
of the western Rhenohercynian (Ribbert 2006). This may
be a result of the near shore position at the southern margin
of the Brabant massif (Logering 2008). From 1L,012 mup to
surface the upper Devonian is ovedain by upper Carbon-
iferous moks of the Mamurian and the Westphalian stages
{Ostemreich et al, 2005),

Petrological examinations of core samples revealed a
marked pavcity of visible porosity in the Carboniferous to
Devonian lithologies. This results from micrte and mi-
crosparite cementation and concomitant loss of primary
depositional porosity. Voids and joints ae sealed by
quartz, carbonates and chlorite that precipitated fonn a
hydmthermal fluid. Further information on various aspects
of the RWTH-1 well are given in Becker (2008), Becker
et al. (2011), Logedng (2008), Sindern et al. (2007, 2008),
Trautwein—Bruns et al. (2007, 20007,

All rocks in the core section Fom 1,515 o 1391 m are
characterised by hydrothermal veins and seveml cataclastic
deformation zones (Logernng 2008:; Sindern et al. 2007,
2008 Fig. 3). A major £ thrust fault and shear zone was
identified amound 1438 m. Late diagenetic lexiures are
overprnted by the Dy deformation forming a §; foliation in
the argillaceous and silty rocks. In parts, a second cleavage
82 is oriented oblique to 5 indicating shear deformation
(Sindern et al. 2007). The occurrence of pseudotachylite
vemns with thicknesses varving between 2 and 4 mm 15
indicative of major brittle deformation events (Logering,
2008) (Fig. 2h).

The core intervals from 2,143 to 2,131 m, and from
2,542 o 2,537 m represent an undisturbed stratigraphic
succession of lower Devoman rocks, which are unaffecied
or only weakly overprinted by Variscan Dy deformation
and veining.

However, [y faults with thrust character were also
recognised in the depth intervals between 660 and 720 m,
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Fig. 2 Rock and vein types in representative samples from the upper
core section of the RWTH-1 well. a Nodular limestone, 1433.33 m,
b shale with temion gashes consigting of quanz and carbonate,
L433.70 m, plane polarizers, ¢ shale with shear veins (giz, k-fap, chl)
cross-culting foliation, 144638 m, crossed polarizers, d shale with
quanz graing grown in dlational jog, 140242 m, crosed polarizers,

O} and 960 m, 1,880 and 1,942 m and 2220 and 2310 m
hased on geophysical logging (Pechnig 2005; Trautwein—
Bruns, unpublished data), seismic data (Becker 2008) and
the discovery of vein material in cutting samples (Ligering
A08).

e Quanz—carbonate (Hchloriie) vein in sandaone, 1402060 m, cosed
polarizers, { Cabonate—chlorite vein in shale, 1,503.02 m, plane
polarizes, g Carbonse—chlorite veln in shale, 148580 m, oosed
polarizers, h Pseadotachyliie wein with dark marix  enclosing
angular to romded fragments of the wall rock, 151295 m, plane
polanzers

Vems and host mock alleration
Veins in core sections are a few millimetres to centimetres

thick and can add up to £20 vol.% of the host mck in some
parts.  Veins  cross-cut  upper  and  lower  Devonian
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Fig. 3 Schematic geologcal profile of die RWTH-1 well (according
i Osemelch et al. 2005, Ribbem 2006; Sindern et al. 2008:
Travtwein—Brms et al. 0100, CH.L chelloceras limesione, F fanlt
with mcenain character, LFS lower Famennian Shale, $H sedimen-
tary histus, TF thua fault, UFS wpper Famenndan Shale. The
enlarged diaggram o the right of the profile shows the diswibution of
minerals in veins in the first core section of the RWTH-1 well.
Relative sbundance & indicated by solid (high) and dashed (ow)
Lines. Interrupied davhed bnes show rae cocurrence

lithologies and structures, Three different vein types ane
distinguished: (1) quartz—carbonate 4 chlorite veins, (2)
carbomate £ chlorite veing and (3) quartz £ chlorite veins
(Fig. 2). Within the first two types, one can distinguish thres
di fferent carbonate associations. Dolomite and caleite oseur
intergmwn a8 coarse of finegrained aggregates (Fig. 2e, ),
often only with quartz in direct contact to the host rocks, In
addition, veins in which either only caleite or dolomite
(Fig. 2g) occur are ohserved. Here, carbonates are frequently
intensively intergmwn with chlorite but are more abundant
in the centre of the veins, In larger fractures, the vein mineral
assemblages are accompanied by rare K-feldspar and chal-
copyrite (Fig. 3).

The most abundant quartz-carbonate + chlorite veins
(1) vary in size from a few mm to =3 cm. Carbonate grains
mainly occur in the centre of the vein as blocky, idio-
miocphic o hypidiomorphic erystals, Miomorphic quartz
grains mainly precipitated along the vein marging adjacent
to the carbonate minerals. Quanz formed either as single
elongated crystals or as patches of blocky minerals

mtergrown  with carbonates. Undulatory  extinction  of
quartz and carbonate prains, defommational twinning of
carbonates, and an initial stage of subgrain development in
some of the quarts crystals are indications of deformational
overprint, Where fibrous to elongated chlorite occurs along
the vein marging, quart: and carbonates are situated in the
centre of the veins (Fig. 2g). However, chlorite can also be
ohserved intergrown with gquartz and'or carbonates in the
centre of the veins (Fig. 20) indicative of contemporaneous
growth,

The carbonate & chlorite vens (2) are shghtly smaller
than the guartz—carbonate £ chlorite veins  described
ahowve, These veins vary in size from mm to =2 cm and are
composed either of calcite or dolomite only or composite
calcite/dolomite grains (Fig. 2f). The caleite and'or dolo-
mite crvstals have idiomorphic o hypidiomorphic textures
but in places also form xenomorphic (saddle-type) texturas
with the typical curved gmin marging. Again, deforma-
tional textures are ubiguitous such as undulatory extinction
and deformational twinning,

The quartz 4+ chlorite veins (3) display similar cross-
cutting relationships with the host rocks as the vein types
mentioned before. They are slightly smaller than the
quartz—carbonate = chlodte veins and vary in size from
mrm scale o =2 em wide, The veins are either compeosed of
blocky crystals up to ~200 pm oin size or of elongate,
irregularly shaped 2001000 pm large grains. Smaller
crystals =50 pm are also irmegularly shaped. Subgrains
mainly occur at the grain boundades of the elongated
quartz crystals or along fibmous micro-shears, Re-crysial-
hised quartz grams have straight gram boundanes and show
sub-grain rotation.

There is abundant textural evidence that guarte, car-
bonates and chlorite formed contemporaneously and that
the wveins were progressively defonmed Bent chlorite
crystals mdicate syntectonic growth (Sindern et al, 2007,
Becker et al. (2011) describe cross-cutting veins from
the upper section of the RWTH well with similar micro-
structures and mineralogy that formed at episodic micro-
fracturing events during progressive shearing and vein
formation  m one  single tectonic episode. Multiple
reopening of factures and episodic vein filling is docu-
mented by bands of rock fmgment alomg vein marging
(Logering 2008). Other wein textures ame indicative of
crack-seal processes (Becker et al. 2001; Chatsiliadou
20009 Lagering A08),

The main alteration minerals adjacent to the veins are
chlorite and dolomite but also K-feldspar and illite. Com-
positional data of chlorite, which is a Fe-Mg chlorite with
chamosite (Bailey 1991) as predominant end-member, is
given m Logering (208) Within the alterabon halos
crystal sizes are genemlly less than 5 pm. The alteration
halo extends laterally a few millimetres into the host rock
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Analytical methods

The nature of vein and alteration minerals, and their modal
proportions were studied using X-ray diffmetion (XRD),
electron micmoprobe analyses (EMPA), microthermometry,
cathodoluminescence microscopy and gas-chromatography
at the RWTH-Aachen University. Stable isotope analyses
B0, 8C and 6™ 0) of whole rock samples, vein minerals
and fluid inclusions were carried out at the University of
Lausanne.

Microthermometric measurements of fuid inclusiong
were performed on doubly polished 60100 pm thick
sections on a modified USGS cooling—heating stage with a
Zeiss 50 long working-distance objective, The experi-
mental approach is based on standard petrography and
systematic statistical evaluation of fuid inclusion types and
generations in veins, On samples only containing agueouns
ligquid-vapour inclusions, the homogenisation temperatun:
[Ty] was first measured, followed by the eutectic temper-
atures [T,], which are derived from the observaiion of first
melting, and final melting temperatures [T,]. The stage
wis calibrated by measuring the Ty and T in a synthetic
H-0 fluid inclusion standard (T, = 374.1°C), as well as Ty,
of a synthetic COp fuid inclusion standard (T, =
=56.57C). The reproducibility of the measurements was in
the order of 1-2°C for T, and 0.1-0.2°C for T,

Gas bulk composition of trapped fuid inclusions in
quartz and carbomates was analysed by pyrolysis—gas-
chromatography—mass spectrometry (Py-GC/MS). A quad-
mpole mass spectrometer linked with a gas-chomatograph
was onling coupled with a Pyroprobe 1000 pyrolysis unit.
Pyrolysis was performed on aliquots of approximately
0.5 mg at pyrolysis temperatures ranging from 500 o
WA, The pyrolysis time was appoximately 3.5 5, Gas-
chromatographic separation was carried out on a Carboxen

1010 PLOT fused silica capillary column (30 m, 0.32 mm
I with helium as carrier gas (35 m/s). The mass spec-
trometer was operated by scanning from 15 to 50 mfz at a
scan rate of 1 sidecade (interscan tme 0.1 35) with a
source temperature of 2007, Flud inclusion compositions
wenz  determined gqualitatively and  semi-guantitatively
using an extemal one-point calibration generated from a
reference gas mixture (COs CHy and Na 111 weww),
Electron microprobe analysis was carded out on a JEOL
TXA-BOOOR electron micropmobe, The quantitative analy-
ses wemne performed uwsing wavelength dispersive spec-
trometers with an accelemtion voltage of 15 KV, a beam
current of 20 nA and a focused beam size. Natural and
synthetic standards were used for calibmtion, Carbonates
occurring in veins were quantitatively analysed for Mg,
Ca, Mn, Fe, Sr and Ba (Table 2). Precisions are 1% for
major and -<10% for minor and trace elements. Lower
limits of determination for the elements expressed as
oxides are 0,03 wi% (Mn, Fe, Ba), 0,02 wi®% (Ca, Sr) and
0,01 wiSe (Mg).

The oxygen isotopes of the silicate mineral separates
from varous vein types and alteration zones, as well as
powdered samples of siliciclastic rocks were analysed
using the laser-based microanalytical method described by
Rumble and Hoering (19494),

The analyses of carbonate samples of 100200 pg for
4C and 50 were carried out in the Gas Bench I
(Thermo—Finnigan) with a 100% orthophosphoric  acid
(H;POy) digestion technique at 70°C (Spat] and Verme-
mann 203}, Predsion for 80 and 4C determined by
repeated analysis of an in-house Carrara marble standard is
1 and 4% (relative, 2 o), mespectivel y.

Measurements of the hydrogen isotope compositions of
minerals were made using high-temperature (1,450°C)
reduction methods with He-carrier gas and a TC-EA linked

Table 2 Representative analyses of caleite (Ce) and sssociated dolomite (Dol in quare —carbomaie—chlosie veins in nodular imestone (nls) and

dolomite marl {dm)

£32* nls 6335 als 6364+ dm

Cel Ced Dl Diol2 Cel Dol Cel e Dl Dol
Feld 012 022 L85 Lo4 .14 183 L15 L12 234 152
MO 0.03 007 .14 16 003 0.16 1o VT 0.16 0.15
Ca0 5400 5360 123 338 5441 .13 5649 54.55 3233 M
MgD 081 051 1693 16,99 018 16,64 54 044 17.54 1757
S 0.07 0.06 <002 =002 0.08 <02 4 010 0.08 0.04
Ba0 0.03 03 <003 04 =003 .03 04 <003 <03 <008
Sum 2508 5457 5016 a0l 5486 £.75 4847 L7ET] 52.41 5192
Tag (°C) 358 303 280 294 250

Tar indicaies temperature derived from cakiie composiion applying the calciie—femoan dolomite sohvus thermometer (equation 31) of Anovitz

and Essene { 1987)
* Depth 143084 m; ** depth 1,433, 3 m; +** depth 1,436.90 m
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o a Delta Plus XL mass spectrometer from Thermo—
Finnigan on 24 myg sized samples acconling to a method
adapted after Sharp et al. (2001). The precision of the in-
house kaolinite standard and WBS-30 biotite for hydrogen
isotope analyses was better than 2% for the method used;
all values were nomalised using a value of = 125%a for the
kaolinite standard and —65%. for NBS-30 analysed during
the same period as the samples.

Water contained in fluid inclusions of gquanz, caleite and
dolomite from varous vein types was exiracted by
mechanical-crushing decrepitation in a vacuum extraction
line. Released HoO and OO were tmpped under vacuum in
a ligquid nitrogen-cooled U4ube. Methane was separated
froom HoO and OO; by careful expansion into an isolated
part of the vacuwn line and in turn oxidised o HaO and
00, The procedure is described in Tarantola et al. (2007).
Stndards introdeced into the vacoum line reproduced
within 5%a. Isotopic composi ions were nomalised against
the V-SMOW (hydrogen, oxyvgen) and VPDB (carbon)
standards using the d-notation in %a.

Resalts

Fluid mnclusion petrography

Wein quartz and carbonates host transparent (type T as well
as dork (type I inclusions. The transparent (type I)
inclusions which occur in all vein types are HoO-rich two-
phase hquid—vapour inclusions, The volume Faction of the
vapour phase was estimated at ambient P-T conditions and
varies between 15 and 50 vol.% with a mean around 35
vol. % (Table 3). The dark (type II) inclusions are associ-
ated with the aqueous type T inclusions. They are vapour-
dch (i.e low density) but further optical analvsis was nol
possible due to their almost opague appeamnce,

The transparent type T comprises primary, pseudo-sec-
ondary and secondary inclusions, Assemblages of primary
inclusions ocour in growth zones in carbonates and along
griin boundaries in quartz grains, These Muid inclusons an
dominant in the veins and have an irregular to negative
crystal shape (Fig 4). The pseudo-secondary inclusions
show irregular to negative crystal shapes and are tmpped as
clusters and intra-granular trails within the minerals,
Inclusions classified secondary occur in trans-granular
trails in guartz showing imegular o oval shapes. Primary
andfor pseudo-secondary fluid inclusions can locally be
observed together with secondary inclusions, Most of the
fluid nclusions are less than 15 pm in length; however,
inclusions larger than 25 pm are also locally present.
Evidence of post trapping modification such as necking
down or leakage was not recognised in the inclusions

Microthermometry and gas-chromatography

The investigated two-phase hguid—vapour fluid inclusions
homogenise to the liquid phase. They show no expansion
during cooling.

T, from primary and pseudo-secondary inclusions in
samples from  the wpper core section s consistently
between =21 and =23°C, indicating their HoO-Na-Cl or
H0-Na—K~Cl composition. Deviations to T, = <242°C
in the first come section and <29.0°C in the second core
section (Table 3) point to the minor presence of divalent
cations, Most probably, these are Ca and Mg—as can also
be deduced from the formation of caleite and dolomite in
the veins,

The sporadic higher T, values (up to =10.2°C, Tahble 3)
in mainly secondary inclusions are related to reduced vis-
ibility of the small amount of fuid formed at the eutectic
point. Sodivm can be considered as predominant cation
followed by K. In the following, the fuid will be referred to
a5 HzO-Na~ K31 fluid.

Analyses of the two-phase inclusions from various vein
systerns wene recalculated wsing the HO-Na—E)-C1
equation of Bowers and Helgeson (1985) implemented in
the MacFlinCor software (Brown 1989),

Homogenisation temperatures (Fig 5) recorded in pri-
mary fluid inclusions in guartz and dolomite are similar
ranging from 389°C (grz) and 398°C (dol) o 238°C (gtz)
and 261°C (dol). Ty-values were found to be independent
of vein host rock or posiion within the core, Tt is note-
warthy, however, that the lowest maximum temperatures in
quartz (i.e 328°C) were determined in nodular limestones
sampled from a shear zone at 1438 m. Taking the late
dingenetic to low anchizonmal grade of the vein host rocks
nto consideration, these fuids clearly are hydrothermal,

Salinities in primary dolomite and guartz inclusions, in
general, vary in the range from 1.82% (Qtz) and 1.98%
(Dol) to 9.32% (Qtz) and 7.39% (Dol). The lowest values
occur in veins in nodular limestone, Maximum T, and
salinities in primary inclusions in caleite are lower than in
dolomite and quartz and do not excesd 364°C and 7.68%,
respectively. Secondary inclusions in guarntz exhibit a
narrow range in Ty-values from 179 w0 211°C, inde pendent
of the host mck., Measured salinities of the majority of
samples are =5% NaCl equiv, with a maximum value of
7.68 NaCl equiv.

Homogenisation temperatures and salinities determined
in paendo-secondary  inclusions in gquarte and  caleite
occupy an intermediate position between primary  and
secondary inclusions. This will be addressed later n the
discussion,

A spatial variation of Ty, is obvious in some veins where
higher temperatures are determined in gring close o the
wall rock contact and lower temperatures in grains closer to
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5 the centre of the vein. The analyses of inclusions in sam-
ples from the lower core section (2,143-2,131 m) that is
much less affected by deformation and vein formation are
stmilar to those of the upper section, with salimities tending
o be lower in the former sample suite (Table 3).

Gas bulk composiion of tmpped fud melusions n
quartz and carbonates reveal that HyO 15 the main solution
component together with smaller amounts of OO, CH, and
Mz It is assumed that the dadk, vapour-rich type IT inclu-
sions contain the majority of these gases. The presence of
HAO0-MNa—E)—Cl-fluids and gas-rich CO—~H.0, CH,, N2}
dominated fuid inclusions may indicate a process of fuid
unmixing (Crawford and Hollister 1986).

Tempemture calculations for vein caleite in composi-
tional equilibrivm with dolomite, wsing the caleite—ferroan
dolomite  solvus themmometer of Anovitz and Essene
(1987), wvield values betwesn 250 and 358°C (Table 2)
This range is similar to the range of T, in fuid inclusions
and may correspond to conditions of vein formation. Solid-
solution geothermometry on chlorite from various vein
types, slickensides and altemtion halos vields temperatures
between 2900 and 350°C clustering around 310°C (Logering
2008).

o' ol
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19.92-20.96

rature (hom
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% NaCl

31924455 20612 M
2.14-5.32 247730109
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T8 thin section, HM host mineral, [T inclusion type (P primary, P8 meudo-econdary, § secondary), Vol% = volume-% of vapour bubble, T, hamogenisation

=200 w =242 3.76-6.67

T,°C
—202 10 —26.1

240 -28
=230 —42
—13w-33
=01 o 29

256266
177210
10-300 200-303

10300

P 2050 295364
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Stable isotope geochemistry
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Hydrogen isotope signatures of siliciclastic and carbonate
host mcks to hydrothermal veins vary between 6D =
=49%0 and =57%a. The lowest values within this range are
from two grey shale samples that differ markedly from the
other shales analysed (Table 4). Chlorite from veins tends
o have lower 4D values betwesn =52 and —66%. (Fig. 6).
Whole mck samples of altered vein marging dominated by
chlorite are in the same mnge. Hydrogen sotope signatures
of fluid inclusions are significantly lower than those of vein
chlorites and host rocks, Fuid inclusions in quartz vary
betwesn 00 = <89%a0 and <998, whereas fluid 1nclusions
in caleite and dolomite are even lower with 6D = < 104%.
and =113%a, respectively.

Carbonate rocks display the largest spread of 470
values (22.1-14.9%a), whereas siliciclastic mck samples
record 2 8'%0 mnge between 15 and 14.4% (Table 4;
Fig. 7). Most vein guartz samples show elevated 4'%0
values (19.2-163 %o) as compared to carbonates, Lowest
S50 values (8.2—8 4%0) are observed in the alteration halos
wround veins, Oxygen isolope signatures of quartz and
carhonate fractions occurring together in veins are dis-
played in Fig. 8 On the assumption that isotopic equilib-
rium was attained between the associated minerals, the data
would indicate variable formation temperatures in the
range from 260w 400°C,

Carbon isotope data show a marked variation depending
on the position relative to the thrust fault at 1438 m

Dieph {m)
150282
212933
213164
213164

2
5
9

TS

1,058
5 990

a1
18 991

Sandswone
Sandswone
Sandswone

Hast
Silisione

Lower Devenian 2. core section

lgpuid), Touee fiia] e ling temperamse of e, T, autectic empeatue
Mass-equivalent in % NaCl and Molar volume of F1 are caleulaied wsing the MacFlinCor software by Brown {1989

Table 3 ¢coninuad
WVein type

Oz

Oz
Ch
Ch
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Fig. 4 Fluid inclusions (type 1) of te RWTH-1 well, fira core section. a Primary aqueous two-phase fluid inclusons in growth zones of quanz
in a quartz—chlorite—vein {1,512.46 m). b Secondary aquecus type | two-phase inclusions along a trans granular rail in quanz

& prienany FlEn carbonate

& paaudtascondany Flin carbonsia
& sacondary Fl in carbonate
Eprimany Flir quare
Opseudosecondarny Fl in quarz
Dsecendary Fl in quartz

(e

249 % ﬁ
1] T v v 1
10a 150 200 290 R a8 400 450

Hoemaganisation lamparatura ["C)

Y
=]

e

q.,

Salinity (wi% Nall equiv.)
-

Fig. 5 Salinity {wi% Nall equiv.) versus homogenisaton ke mpers-

wres (Fy in C) in primary, pseado-secondary and secondary fluid
inc lusions in vein quanz and carbonates of the first cone section of the
BEWTH- 1 well

(Table 4). Dolomite sampled from veins at depths = 1438
m have §°C (VPDB) values <—10%q whereas vein calcite
varies between §°C = —4 6% and =9 2% and shows a
significant decrease of 4'°C values with decreasing dis-
tance o the thrust foult at 1,438 m. In contmest, dolomite’
caleite fractions from veins not affected by the thrust faul
are characterised by little variation and relatively high
values (6°C = —0.4%0 to —1.5%a). The values are similar
to the isotope signatures of the carbonate rocks (6'°C =
={L1%a to =1.0%a) from the RWTH-1 well and the lower
Carbomi ferous imestones (LCL in Fig. 7) exposed to the
SE of Aachen (Chatziliadou 2009). However, RWTH-1
vein carbonates are isotopically distinet from post-Variscan
vein carbonates from the Aachen region (Fag. 7, Chatzilia-
dou 2009 Muchez et al. 1994),

As secondary inclusions are less abundant and only
found in guartz it is conceivable that bulk decrepitation
analysis predominantly reflects primary and pseudo-sec-
ondary inclusions in quartz and, particulady, in catonates,
Carbon will mainly be derived from dark, vapoursich type
I inclusions, As no or almost none of the other inclusion
types carry OO0, isotope analysis will be binsed by the
composition of the vapour-rich inclusions,

The carbon species OO0 and CH, extracted from fuid
inclusions are characterised by low §7C wvalues, Car
bondioxide §C varies between —12.8 and =23, 3%, while
CH, mveals 6°C values from =269 to —28.9%a. The
analyses are presented in Fig. 7 that plots 5 C versus 6'%0
values of O05 and CH,, in Mud iselusions i carbonate and
quartz host minerals, and from carbonate host rocks as well
a5 vein calcite and dolomite. Temperature estimates based
on equilibrium fractionation data (Horita 2001) for 8C of
C0y and CH, in fluid inclusions vield high temperatures in
excess of 500°C which are unlikely, This temperture 15
also inconsistent with values derived from fractionation of
4C between COz in fluid inclusions and carbonate min-
erals, The A fnd oo VElues between calcite or
calate dolomite and O05 m Quid inelusions are =8, This
could be the comsequence of (partial) equilibmtion at
unrealistically low T - 10°C (Ohmoto and Rye 1979), On
the other hand, dolomite fractions and COy from fuid
inclusions have lower Ay coifud inchson velues which
could indicate termperatures in the range of 205-210°C
(Ohmoto and Rye 1979), In general, the 3°C data seem to
indicate that carbonate minerals and carbon species in fuid
inclusions are not in isotopic equilibrivm,

Discussion
Trapping conditi ons

The presence of a HaO-Na~F)-Cl-fluid m tvpe T mclu-
sions and a vapoursich CO—~H.0, CH,, N2) fluid in type
Il inclusions may indicate wmmixing of a homogenous
HO-CO—CH,, No-Na—K)}-Cl fluid, Experimental and
theoretical studies have shown Auid mmdscibility in vari-
ous HoO-NaCl-C0L—CH,-syslems causing unimixing o a
MWaCl-HyO-rich and a COy- or CHyrich phase at lower
greenschist to anchizonal conditions (Crawford and
Hollister 1986, Duan et al. 1995; Frante et al, 1992; Lamb
et al. AWI2).
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Table 4 Stable kotope compositions for mineral fractions from veins, whale rock samples and fluid inclusions in quanz and carbonate fractions
frosm veins

Sample type Ha. Dt (m) Mineral Lithalagy, 5D VEMOW SR VEMOW AC VDR
minerzlogy £ 5% +1% 4%
Chkrite 522 139963 CHI Qt=.Ch & Chl V. -5 118
2% 143550 CHI Qm + hl V. -53 118
372 143690 CHl QezCh & Chl V. —5 1145
56 147920 CHI Q= &+ (1 V. —52 1o
622 148825 CHI Qm + hl V. —5§ 13
352 150325 CHl QezCh & Chl V. —5 1.1
242 140017 CHI Qt=.Ch & Chl V. —é5 115
™ 148670 CHI QeCh 4+ Chl V. —66 1z
Qrart 3 139963 Qe QezCh & Chl V. 185
54 LA 60 Q= Qt=.Ch & Chl V. 190
24h 140317 Qi QeCh 4+ Chl V. 183
&0 141716 Qe QezCh & Chl V. 192
L 143069 Q= Qt=.Ch & Chl V. 180
37 143690 Qi QeCh 4+ Chl V. 185
30 LABATO Qe QezCh & Chl V. 179
E7h 148225 Q= Q= &+ (1 V. 180
35 150325 Qi QeCh 4+ Chl V. 178
33 2,129.50 Qe Qe V. 1653
Carhonates 52 139963 Cal Qt=.Ch & Chl V. 1654 —474
54 LA 60 CaliDal QeCh & Chl V. 17.1 ~0.88
24 140017 Cal QezCh & Chl V. 150 —463
26 140877 CalDal Qt=.Ch & Chl V. 182 —0.44
&0 1A17.16 CaliDal QeCh & Chl V. 166 -152
53 143069 CaliDal QezCh & Chl V. 1652 — 106
22 143517 Cal Qt=.Ch & Chl V. 150 —552
40 143668 Cal QeCh & Chl V. 160 -793
37 143690 Cal QECh V. 150 —a18
39 144175 Dl Dl & CH V. 183 — 1058
50 145924 Dol QeCh & Chl V. 16.4 —1731
30 LABATO Dl QECh V. 150 —1984
&2 149148 Dl Qt=.Ch & Chl V. 150 —19.98
35 150325 Dol Dl & Gz & CHlV. 174 ~1736
Whele rock 53 139963 CHl Chl-altemtion bl in = —a2 a3
73 139963 WR Fine grained = —51
FE3 LADRES WR Dl mas 7.1 —005
PE2 141130 WR Dl mas] ».1 —006
il 141716 WR Dl mas] —4
FEI 143440 WR Hadalar ks 167 - 104
23 143550 CHl Chl-altention hal in Is —
718% 143690 WR Dl mas] —51 149
PR 144636 WR Grey sh -5
51 145024 CHl Chl-altention haly in = —6l 24
LY 145024 WR Fine grained = —an
57 147920 CHI hlaltention hak in s ] 24
5Th 147920 WR h —51
29 LARS R0 CHI hl-altemtion haly in sh —60 L]
3200 LABAT0 WR Silt«s -5 150
PR 150278 WR Grey s —a7
35 150325 WR h 143
PB4 150718 WR Feed silims -53
11 151243 WR h -5
0 214270 WR Fine grained = 144
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Table 4 continuad

Na. Diepth m Host minera Litholagy, minaalogy AD VEMOW S CH, VPDEB SPC o0, VDB
+5% 456 +5%
Amid indusion Ps LAD36R Cal Qz-Cal & (hl V. —104 -3
P11 LADRTS Dl QtDol & Chl V. —128
PR 141703 Oz QCh + Chl V. —&9 —289 —133
2 1.430.69 O Qz-Cal & (hl V. -99 —130
P4 143668 Cal QCal & Chl V. —285 —194
P? 1.£36.90 O QCh + Chl V. o4 269 —174
P12 1.459.24 Dal Qt=-Diol & Chl V. —283 —178
P2 1.479:20 o QCh + Chl V. 210
P& 14RETD O QCh + Chl V. —ag —233
P3 150325 Dal Qtz-Diol & Chl V. -3 —180

Uncertainty is given in % (2 o), mineral abhevisions 2w according to Stivala and Schmid (2007
Gal calcite, Cb carhonate, (hi chlarite, Dol dolomite, [x Emesione, (Qrr qoarte, £h shale, o sandstone, V¥ vein, WE whole rack

o formaicn wabers
.2u‘ ) metamomnic
‘woles:
-4 magmatic
[wabers - ¥
g 60 _,) L -_:
=
o -100 "‘"H.f F organic walers
“ 3
=120 o
L4400 -
-160 T T T
o] 5 10 18 20
B8O (WSMOW)
+ WR sandstone )
= WR dolomite marl o Fl in guartz

e chlorite, vain ¥ Fl in dodomite
+ chlonte dominated alteration halo & Fl in calcite

Fig. & Plot of 8D (WVEMOW) verss 550 (WSMOW) for whole rck
(WR) samples, vein chlorite, chlorite dominated alteration halos
around veins and fluid inclusions (FF) from quane, calcite and
dolomite in veins. The &30 values of Auid inclusions were caledated
aauming equilibration at 220FC as suggested by microthermomeiry
af secondary fluid nclsions between HyD and the host minerals
quanz (Matsuhisa et al. 1979), calkcile and dolomite (Zheng 1999
The fields of magmatic, metamorphic and formation waters refer o
Taylor (1974), the field of organic waters & shown in Taraniola et al.
(20T The cross-hatched fields denote hypothetic waters in equilib-
rium with chlorite in veins at T = 350PC as indicated by primary foid
inclusions. The value of 5D in water in equilibrium with chlore was
caleulated acconding to Graham et al. { 1984). In field 1 %0 of HaO
was calculated using chlomite—water aquilibration | Savin and Lee
1988) whereas in field 2 equilibrium fractionation between vein
quanz {see Table 4 for %0 and water was applied (Matsuhisa et al.
1979

Primary and secondary Type T mclusions are chame-
terised by variations in fluid salinity, bulk density and ionic
composition. There is a noticeable transition from a

moderate salinity HyO-MNa—(K)}-Cl fluid at high tempera-
tures (=3987C) to a lower temperature (=2117C) HaO-Na—
(E-C1 fuid with lower salinities,

Isochores caleulated with the MacFlinCor software
(Brown 1989; Brown and Hagemann 1995) for a mepre-
sentative selection of primary, pseudo-secondary and sec-
ondary fluid inclusions from various veins and minerals are
sunmansed in Fig. 9. The data show a significant variation
in bulk density and homogenisation temperature of primary
inclusions which trapped the high temperature fuid. Pet-
rogrphic evidence of post rapping processss i nol gven,

Independent constraints on trapping conditions are pro-
vided by co—dol4hermometry  yielding tempemtumes
<358°C (Table 2). Although post-crystallisation CaMg-
exchange cannot be ruled out, this temperature estimate is
i good agresment with epizonal peak metamorphic con-
ditioms considered for the Venn-Weser—Inde nappe and
Stavelot-Venn massif (Glasmacher 1995; Hilgers et al
2006; Oncken et al. 1999 Vogtmann—Becker 1990; Zhang
et al. 1997,

Thus, it may be assumed that trapping temperatunss did
not excesd 450°C. Even so, temperatures of around 400°C
are still markedly higher than previously considered (i.e.
late diagenetic to anchizonal grade, 200-310°C) for vein
host rocks,

Upper pressure hmits can be derived from thermobaric
gradients (Fig. 9. According o Kenis et al. (2000, the
geothermal gradient in the Varscan front zone was 50°C/
26 MPa during Variscan compression, This would sugpgest
that primary inclusions formed under lithostatic conditions
at depths of ¢. 8 k. In contrast to that, Rottke and Stroink
(1999 comcluded that budal of lower Devonian mcks in
the region did not exceed 4,500 m, and recent work by
Sehrt et al. (in prep) points to maximum burnal depth of
6 km. If maximum budal was not deeper than 4,500 m a
geothermal gradient of 75°C/26 MPa or higher than that
would be needed 1o account for the thermobarometric data,
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Fig. 7 Flot of §™C (FDB) versus 5%0 (VEMOW) for whele ek
(WR) carbonate samples, vein caleite, vein calcite/dolomite, vein
dolomite, C0y from fuid inclusions (FT) in vein quart, vein calcite,
vein dolomite and CHy from Aldd inclsions in vein quanz, vein
calcite and vein dolomite. Chlorite dominated alteration halos amound
veins and fluid inclusions (FN from quanz, calcite and dolomite in
veins Stippled lines indicate host caleite and dolomite and OOy from
fuid inclusions, equilibrinm emperaiones of the respective catonate-
OOy -pairs are calculaed according to Ohmoto and Rye (1979). LOL
denotes lower Carboniferous limestones oocurring to the SE of
Auachen (Chatziliadon 2009 and PYY indicates isolopic signamres of
posi-Yarscan vein calcites from Hastenrath and Bleiberg simaied
mly few kilometres o the SE and SW of Aachen (Chateiliadou 2005,
Muchez et al 1994). The field of sedimentary carbonates & from
Hudson {1977) and Baker and Fallick (1989, the field (MVT)
showing the isolope signamres of calcite from Missksippi-Valley-
Type deposits is from Richardson et al. {1988

180

—_— calcite/dolomite - quarz
v dolomite - quartz

17.0 4 & caleibe - quartz

1E5 4

400 °C

H1B0 (VEMOW) carb,

160 4 —
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Fig. § 50 wemsus 8°0_. . values of coexigting quanz and
carbonaie fractions in veins of the first come section of the RWTH-1
well and equilibrium temperatures afier Sharp and Kirschner {1994)

However, provided that all fud inclusion properties am
undisturbed by post-entrapment processes, the presence of
primary fuid inclusions with the lowest bulk densities and

Pressure MPa
Diapth km

B I N - -

Fig. 9 Pressure (MPa)4emperature {(*C) diagram showing isochones
{ selid Tine s) of representative primary (), pseudo-secondary (P9 and
secondary (§) flud inclusions. The fuck solld Bne indicates the
vapour saturation curve for a HyO-Nall (9 wi%e NaCl) system, &P
denptes the critical point. Maxdmuom (0.93) and minimom ((48)
demsities in glem” of Awd inclusions ae shown. Stppled lines
indicate geahermal gradients at different lithoaatic (k) and hydro-
static (hs) conditions The shaded field illmsiraies the PT-range
infermed for the paleo-fluids of de RWTH-1 well reflected in the
Auid inclusons. In a first pulse (1), 8 metamorphic Aoid derived from
the epizonal Stavelot—Venn massif enters fraciures in pan cansing
hydraulic brecciation (k). Due o fractore opendng in seimic events,
Auid presore drops (pd) lead 0 unmixing (ww) and trapping of Auwid
inclusions with low density. For caleulation, the equation of stae for
the HaO-Ma—{KClawtem of Bowers and Helgeson (1985) imple-
memed in the MacFlinCor software (Brown 1989 was appliad

highest T, requires an even higher peothermal gmdient of
=100°C26 MPa. Another possible seenario could involve
release of fluds from a hot source and trapping at shalloswer
crustal levels under subithostatic pressure conditions,

Fluid sources and migration

Companng our micm-thermometric  and  petrographic
data with previous fuid inclusion work (ie. Table 1: Behr
et al. 1987, 1993; Dewaele et al. 2004; Kenis et al. 2000;
2005 Muchez et al. 1998, Schroyen and Muochez 2000;
Vogtmann—Becker 19907, we consider the primary fluid
mclusions studied in the RWTH-1 well similar to Vanscan
hydmthermal fluids encountered along the entire Var scan
fromt zome, The Stavelol—Verm massii records metamor-
phic fluids with similar temperatures  and  salinities
(Schroyen and Muchez 2WN); Vogtmann—Becker 19900
which makes this area a potential soumce for the fuids
discussed here. There is a further line of evidence provided
by Schmoyven and Muchez (2000) and Muchez et al. (2002)
who argue that the fluids in the Variscan front zone in
Belgium wer dedved from the Ardennes area, several
kilometres to the south and migmited along major thrust
faults in a northerly direction. Fluid flow which was shown
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to be syntectonic (Becker et al. 2001; Sindern et al. 2007)
wis driven by fault-valve action during Variscan thrusting
and compression. The later process involves fast fuid
mowement and hitle heat loss even over seveml tens of
kilometres of distance (Clendenin and Duane 19907, Ho
external fluid infiltration would account for fuid tempera-
tumes excesding host rock temperatures as observed in this
study, Further evidence is provided by the presence of
syntectonic fauli-ill veins, crack-seal processes and psen-
dotachylite formation as well as the general style of vein
formation related o throst faults. In this enviromment
pressure cycling, ie mpetition of pressurisation and rup-
tring cveles, accounts for multiple events of vein opening
and filling. Pressume cychng as a result of setsmic activity
may be indicated by high-salinity and low-density fuid
inclusions (Jin et al. 2008; Srivastava and Sahay 2003).
Fault-failure during seismic events creates enhanced fme-
ture permeability and fracture volume that acts as sink for
Muids and triggers mineral depositon (Kolb et al. 2004;
Petit et al. 1999: Sibson et al. 1988). Post-failure discharge
causes drainage of “geopressured” fuids (Sibson et al.
1988) and pressure drop towards or even o hydrostatic
values, if the fault rupture reached the surface (Herrington
and Wilkinson 1993; Sibson 20013, The above scenario
invokes multiple episodes of fuid-pressure accunulation
and discharge which may be indicated by variable bulk
densities in Auid mclusions (Table 3). Isochores calculated
for the primary inclusions with lowest bulk densities would
be consistent with trapping under hydrostatic conditions.
This would imply at least for a shot perod that foid
pathways allowed pressure equilibration with the surface.
In addition, unmixing of a homogeneous fuid in a HaO—
MWa—AK)-Cl- and a CO5- HyO-rich fluid, evidenced by type T
and type T inclusions, at 400°C can be expected al pres-
sures between 30 and 50 MPa (Rusk et al. 2008) which
also requires pressure drop to sublithestatic conditions.

Fluid mixing

When considering a scenario involving fast metamorphic
fluid fow, it becomes clear that temperatumes of primary
fluid inclusions in vein minerals do not necessarly reflect
the regional thermal history of the rock section close to the
Aachen thrust. In this case, it may be insufficient o explain
the large temperature range indicated in the fuid inclusions
by cooling solely as a msult of tectonic transport and
exhumation, The latter process was shown to account for
temperature variation in a carbonate hosted fuid system in
the western part of the Vanscan front zone (Fenis et al.
2000, Another explanation may be to assume that mixing
with a fluid of lower salinity and by temperatures buffered
by host rocks caused the decrease in Ty and salinity
mecorded in the variation of primary inclusion data, and

even more in secondary and psevdo-secondary inclusions.
In the context of active Variscan compression during the
hydmithermal event, it is inferred that the cooler, low-
salimity flud was expelled from increasingly compressed
late diagenstic to low anchizonal lower Palasozoic sedi-
mentary rocks of the footwall of the Aschen thrust. The
process of admixture may also be enhanced due to fuid
redistribution in the aftershock phase following seismic
events (Sihson 2001) The wvaration in primary fuid
inclusion data underlines that admixture of the cooler low-
salinity fluid already occurred during vein formation and
vein filling. This admixture comtinued through the forma-
tion of pseudo-secondary and secondary inclusions, and
thus caused varving salinities and homogenisation tem-
peratures (Fig. 5).

The influx of post-Varscan fuids is ruled out on the
basis of salinity data (Table 13, Trapping of secondary
inclusions could have happened under hithostatic condi-
tons ot a geothermal gradient of 50°C26 MPa and
assumed bural depth of ¢ 40004500 m (Rottke and
Stroink 1999). In this case, trapping temperatures would be
in the range of A0-250°C. This range is consistent with
tempermiue estimates derived from textural evidence and
illite “ervstallinity” for the host rocks (Sindern et al. 2007),
Higher burial depths of 6 km (Sehrt et al. in prep.) would
be consistent with lower geothennal gradients (e.g. 30°C/
26 MPa) which camnnot be excluded on the basis of data
presented in this sudy,

Isotope charactenstics

In case of wmmixing of a homogenous HyO-CO—(CH,,
M- Na—K-Cl fluid, the resuling HaO-Na~+K-Cl and
CO~H.0, CHy, N3) fluids would in larger propontions be
preserved in primary inclusions as these are predominant
and characterised by less admixture of the low salinity
fluid In any case, the low salinity HoO-MNa—Cl fluid is
considerad to have less impact on the carbon isotope sig-
nature of the Auid inclusions,

If 5o, the bulk isotope analysis of fuid inclusions would
mainly account for the composition of the Varscan
hydmthermal Auid prior to unmixing, To investigate this
further, a mean temperature of 350°C 15 used for following
considerations,

& hydrothermal fluid in isotopic eguilibrinvm with vein
chlorite (4D values between =52 and —=66%a) at a tem-
perature of 350°C would have a 6D range between =185
and =32 5% (Fig. 6). This range is rather typical for a
metamorphic Muid (e.g. Sheppard 1986; Taylor 1974) and
this would be in line with the interpretation of the mic-
rothermometry data of the primary fluid inclusions.

In contrast, fluids analysed after decrepitation from vein
minerals have sigrificantly lower dD-values which are not
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consistent with chlorite—Hz O frnctionation at temperatures
betwesn 200 and 400°C (Fg. 6). This inconsistency can be
explained by two different scenarios.

1. A first pulse of a Auid with metamorphic 8D and 450
isotope charactenstics (felds 1, 2 in Fig. 6) that consed
mineralisation of chlorite, associsted quartz and car-
bonates was followed by a sscond fuid pulse that is
now isotopically reflected in the inclusions. As min-
eralised vein textures do not indicate more than one
syn-deformational  hydrothermal event, both pulses
wortld have occurred within a shodt period of time, The
lack of an isotopic trace of the first pulse could he
explained by an isotope exchange between fuoid
inclusions of the first pulse and the following pulse.
Experiments by Bakker and Diamond (1999, 2003)
and Bakker (2009} indicate DVH exchange by diffusion
through guartz while CO; and NaCl are immohbile.
Mano-cracks, stacking faults and dislocations may
enhance such transfer alse at lower lemperatume
conditions of sedimentary systems (Bakker 20097,

This scenarois comsidered as less probable as it requires
o marked change in isotopic signatures within one event
without leaving a trace in the fluid inclusions, which in turn
requires a complete isotope exchange.

2 According to the second scenario, a Variscan fluid was
responsible for vein minemlisation with isotope sig-
natures equal or close to those represented in the Auid
inclusions, In this case, the same range of 6D values of
chlorite and host rocks would indicate that hydrogen
was mck-bufferad. This would require a low fuid-rock
ratio which is in line with the ohservation of a short
termed event shown by Cillite crystallinity” (Sindern
et al. 2007).

Hydrogen (4D} isotope values of foids (<89 o
=113%a) can be derived from highly fract onated meteoric
water (Mullis et al. 1994; Taylor 1974) but they are also
chameteristic of fuids strongly affected by the breakdown
of orgamc matter (Sheppard 1986).

Assuming input from the breakdown of organic matter
to the Auids would help o explain the low 6" C signatures
"3C of CO2: =128 to =23, %0, 6°C of CHy =26.9 to
=28.9%a, Table 4} in the fluid inclusions (Fig. 7). Methane
and OOy can be formed by biogenic decomposition of
organic matter ot T < 80°C leading o 6"°C as low as
=110%a (Whiticar 19997 while OOy keeps the C isotopic
signature of the ompanic matter (Ohmoto and Goldhaber
1997),

Maturation and thermogenic cracking of higher hydro-
carbons under anchizonal to epizonal conditions also pro-
duces CHy and CO; (Price 1997; Schoell 1980 Tooqué
et al. 2006; Whiticar 19907, Carbon isolope signatures of

these decomposition products (5°C of CO; predominantly
=12 to =25%0 and 4°C of CHy =30 to —50%, Quanyou
et al. 2007; Ohmoto and Goldhaber 1997; Whiticar 1990)
are in the same range as 4°C values determined in the fuid
inclusions in the RWTH-1 well. It is thus plausible o
assume that carbon in this fuid is predominantly derived
from  decomposition  of organic malter. As the lomit
between “organic’ and “metamorphic” waters in standard
4D—4""0 plots is a practical cut off (Sheppard 1986) within
o continuum of isolopic signatures, the low 6D and also
C values are not considered as contradiction 1o a clas-
sification as metamorphic Muids,

Genesis of CHy and COy from meaction of graphite with
Hy0 under metamorphic conditions cannot be ruled oot
The 6°C values of coexisting CHy and CQ5, however,
point b0 unrealistically high temperatures in excess of
600°C (Ohmoto and Goldhaber 1997} irrespective of
equilibrium between fluid and graphite or only between
CHy and €Oy in the fluid. Considering the temperature
information from fuid inclusions and other studies of the
RWTH-1 well (Sindern et al. 2007 as well as the presence
of shales rich in organic carbon within the Devonian soc-
cession (Becker 2008) of the Wurm syncline, Palasozoic
o pre-Palasozoic mocks of the Stavelot—Venn massif, and
the Verm—WeserInde nappe (Glasmacher 1993; Wellens
19495) thermogenic decomposition of organic matter during
Varscan peak metamorphic conditions is thus assumed as
most probable dominant source for carbon and hydrogen in
the fuid inclusions. Likewise, the presence of CHy in pre-
Varscan and Vadscan metamorphic fluids in the Anglo-
Brabant fold belt and the Ardennes (Table 1) 5 similarly
explained by fluid interaction with organic sedimentary
matter (Dewaele et al. 2004; Kenis et al. 2005).

Fluids affected by decay of organic matter are likely to
be reducing. Tt has o be noted that among all whole rock
sarnples, the prey shales whose colour indicates reducing
conditions are characterised by lowest 4D values (Table 4).
This proves that the fluid was influenced by organic carbon
with low 6D and low §°C.

The variation in 47°C of vein carbonates (ie. calcite,
dolomite and caleite/dolomite) shows that they contan
carbon from various sources, The calcite/dolomite fraction
has §'3C similar to the carbonate rocks so that the carbon
may mainly have been derived from the latter, This may
mndicate an eady mineral formation event during which the
wotopic composition is boffered by carbonates, Caleite
partly re-equilibrated during the hydrothermal event as is
reflected by the calcite data trend to lower &' °C. Carbon
added to the system by the fluid at this stage was derived
from breakdown of onganic matier, However, the isotopic
variation in the somples within short distances indicates
that omly partial or local equilibration on thin section scale
wis achieved.
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Tsotopic disequi librinm can also be observed for carbonates
and their fluidinclusions. Tie-linesin Fig. 7 indicate that §C
values of host calcite, calcite/dolomite fractions and COy in
fluid inclusions fromthese fractions cannot refl ect equilibrivm
conditions unless assuwning urrealistically low temperatunss
of = 10°C. Eeeping in mind that the primary fuid inclusions
with metamorphic water characteristics ane found in dolomite
and calcite one would expect 67C in calcite-C0; pairs to
indicate higher temperatures,

Tn contrast, §3C of dolomite host minerals and associated
fluid inclusion O0; are consistent with an equilibration tem-
perature in the range of the microthermometry data (Fig. 7).
The dolomite-COs pairs sampled at depths 150325 and
1.459.24 m vield temperatures of 210and 205°C,

Tsotopic heterogeneity may be caused by imcomplete
equilibration between host rock-derived and fuid-derived
carbon comsistent with the idea of low-fluid rock ratio and
shont episodic pulses in accordance with scenario T The
carbon isotope svstem i primary and pseudo-secondary
fluid inclusions and host minerals may also be disturbed by
fluid fow during formation of secondary inclusions.

The lowest Ty, and largest variation in 8" C of cartbon-
ates was recorded in the nodular mestones at 1438 m
(Tables 3, 4). This section of the upper core sechion is cut
by a throst fault and represents a zone of higher perme-
ahility (Fig 3 Sindem et al. 2008; Logering 2008).
Enhanced fluid flow at that level may serve as an expla-
nation for the disturbance of fud and isotope systems,

An initial formation of both quartz and carbonate under
tempemture condiions up to ¢ 4NPC (as indicated by
primary FI in quartz and carbonates) is also mirrored in
™0 values of some quartz—calcite pairs (Fig. 8). How-
ever, lack of correlation among all quartz—caleite 580 data
and tendency towards equilibration temperatures as low as
265°C may be the result of subsequent disturbance of the
initial Auid system,

Alteration halos dominated by chlorite have lower 30
values than host rocks and vein minerals (Fig. 6, Table £),
Their oxygen isolope composition 18 similar to the com-
position of a fluid equilibrated at appmoximately 300°C
with quariz in the host mock (Fig 8). Such conditions can
be assumed for the fuid trapped in secondary inclusions
and it 15 suggested that alteration halos are the result of
rock reaction with the secondary fuid. As the size of
chlorite crystals in the alteration halos is signi ficantly lower
than in the veins, fAuid—mineral isotope exchange with the
secondary fuid will tend o go to completion in the alter-
ation halos rather than in the veins,

Conclushons

Quartz—carbonate—chlorite vans in lower (o upper Devonian
rocks studied in the RWTH-1 well msult from Variscan
deformation and fluid fow . Primary flud inclusions of H20—
MWaAK)—Cl-rich composition evolved through  subsolvis

[ | post-Carboniferows [ Carbonferous

[ Joevonian [ pre-Cevonian A

famaton water, S80C-200°0

| HaO-Ma-{)-Cl -
eecandary fuid incl
preaudosssordany Muid ircl

primery fiud incl

Fig. 10 a Schematic oross saction of the Variscan front zone near
Aachen afler Becker (2008) and Dewaele et al. (2004) showing
patleways for 8 metamomphic fluid released in the Steveloi—Yenn
masifl from Lower Palasozoic or older units and wnderlying
Devonian strata. Mizing of memmorphic fluid with formation water
{fw) occurs in te footwall of the Aachen thrst (AT). b Scheme of

| wapaaur fet Auid Mype W inel )
_WQ{H!O.%IN‘II

Ha SO CH (g HNE. G, Mg
aqueous flud {type |ind )
| HaD-a-(%. C3, g0l B

|

unmikng = metamarmnic Tuid, £50°C-350°C

fuid evoluton showing wmmizing of the metamorphic fuid o an
aqueons (type I) and a vapour-rich {iype ) fluid Introduction of
formation waker and mizing with the aqueos metamonphic Auwid
canses the range of physicochemical fuid characeristics observed in

primary, paeudo-secondary and secondary fuid inclusions
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unmixing of anoriginal homogeneows H0-00—CH—(Nz)—
Ma—C1 fluid with physico<chemical signatures similar o
moderate salinity (chiefly 4-7% MNaCl equiv.) metamorphic
fluids of the Variscan front zone. Vapour-ich CO—~H,0,
CH., N2) Muids are considensd concomi tant subsolvus sepa-
mation products. Madimum homogenisation tempemtures of
F9BC and vein co-dolsolvos temperatures of 3538°C are in
excess of regional tempemtures in the vein hostrocks that ane
of late diagenetic to low anchizonal grade, Fluid temperatunes
point o an odgin from the epizonal grade rocks of the
Stavelot—Verm massil situated a few kilometres to the south
(Fig. 1. Psewdo-secomdary and secondary fluid inclusions
with salinities 3% NaCl eguiv. and tempemtures of 200—
250°C point to a second fuid system in thermal equilibrivm
with the footwall rocks of the Aachen thrust. This formation
water mixed with the high4emperature metamorphic fuids
(Fig. 10 during the course of Varisan deformation. Bulk
fluid stable isotope analyses of vein quarte, calcite and dolo-
mite reveal dDypy values from —89 to —113%a, 67Cppp
values between —269 and 289%. (VPDB) and §“Ccq,
values from =128 to =233%. (VFDB).

To explain the low 4D and 6"C range of the Auids, it
is proposed that the stable isotope signature of meta-
morphic Variscan fuids was affected by interaction with
cracked hydrocarbons, The hydrogen and oxygen isotope
signatures further poant to the fact that mitial mineral
precipitation occurred under rock-buffered conditions. &
second fluid influx that caused partial isotope exchange
and disequilibrium is thought o originae from lower
Palasozoic rocks i the footwall of the Aachen thrust.
These Palasozoic rocks, which are of late diagenatic to
low anchizonal grade, could explain the temperatures of
the secondary fuid.

Considering all information obtained from fluid inclo-
sion petmography, microthermometry and  stable sotope
analyses, a scenario is proposed that envisages an initial
shoat-lived flux of hot metamaorphic fuds originating from
the epizonal metamorphic domains of the Stavelot—Venn
massif, The expelled Auid was focused along major thrust
faults of the Variscan front zone such as the Aachen thrust.
Subsequently, a second fluid influx was introduced from
formation waters in the footwall of the Aaschen thrust as a
comsequence of progressive deformation in the Variscan
front zome, Fluid influx occurred in distinet pulses as is
shown by the variation of bulk densities in primary Quid
inclusions. Mixing of the cooler and lower salinity for-
mation water with the hot metamorphic fuid during epi-
soddic fuid trapping mesulted in an evolving range of
physicochemical fluid inclusion characteristics, from pri-
imary W secondary fuid end-members,
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SHORT-TERM HY DROTHEEMAL EFFECTS ON THE "CRYSTALLINITIES™ OF
ILLITE AND CHLORITE IN THE FOOTWALL OF THE AACHEN-FAILLE DU MIDI
THRUST FAULT — FIRST RESULTS OF THE RWTH-1 DRILLING PROJECT
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Abstract—Investigation of material from three core sections of the RWTH-1 drill-hole in the Wuom
syneline of Aachen, Germany, shows mineralogical and structural evidence of intenzive hydrothermal
activity in the footwall of the Aachen thrust. Mineral and microstructural data indicate minimum
temperatures of 200—250°C. CIS;me oon values of 0450061 (A"28) and insi gnificant amounts of smectite
indicate a late diagenetic grade for illite pointing to temperatures <2 07C. Chlorite, mainly formed in veins
and cleavage planes, has ClSepeeie ooz values between (L35 and 0026 (A°28) which only in part point to
anchizonal grade. In contrast to these illite and chlorite data, maxi mum temperatures up to 3 70°C can he
e pected based on comparizon with recently published fluid inclusion and mineral thermometric data, Dlite
is neither significantly affected by the hydrothermal event nor by deformation, and mirrors the burial
history of the Wum syncline.

Chlorite grew syntectonically as is shown by bent and predominantly stretched sheets which do not,
how ever, have deformed structures. Syntectonic hy drothermal growth by incipient nucleation along crystal
oedges limited domain size and thus also the CI5 4256 oo ¥alues, The hy drothermal event did not last long
enough to sll ow further crystal growth. The retarded ClSgg, and CIS.py. 0. grades can be hest expl sined by
limited duration {probably <5000 ¥) of the hy drothermal event which for a short time reached opithermal
temperatures. The hydrothermal fluid flow was caused by dewstering of sedimentary rocks during
thrusting and tectonic thickening within the %ariscan orogen and it was focused along the Aachen thrust
which represents the frontal Wariscan thrust.

Key Words—Aachen, Chlorite, CIS, Crystallinity, Fluid Flow, Hydrothermal, [1lite, Integral Breadth,

Warizcan Orogeny, Wurm Syncline.
IMTRODUCTION

Clay minerals respond to increasing temperatures,
pressures and changing fluid compositions by genemting
a reaction senes, in which, eg smectites form mixed-
layered phases, which, in turn increase in illite layers,
until pure illite and finally muscovite is produced
{Hower et al., 1976). This maction series 1s accompani ed
by a progressive increase in crystal thicknesses (“illite
crystal limity "), which shows up not only as increasingly
sharper peaks in X-ray diffraction {XRD) patterns, but
was verified by transmission electron microscopy {TEM)
observations {e.g. Stodof ef al., 1992 Arkai et al,
19496). Thiz peak sharpening of illites was first used by
Weaver (1960) and Kitbler (1964) to determine and
define diagenetic and very low-grade metamorphic
zones. Being a complex, sometimes strictly empirical
parameter, the full width at half maximum height
{FWHM) of the 001 peak of illite served long as the
Kiibler index {Kl), but it became increasingly obvious

* E-mail address of corresponding author:
sinderni@ rwth-aachen.de
DO 101346 CCM N 20070550209

that KI 15 influenced by many parameters and must not
be overinterpreted (Guggenheim er al., 2002; Jaboyedoff
etal., 2001 ; Kubler and Jaboyedoft, 2000). For example,
small amounts of swelling layers {e.g. Eberl and Velde,
1989 increase the peak breadth as do interstratifications
with other non-ilhitic layers, e.g. paragonite or margarite
{Battagha ef al., 20041, Apart from purely instrumental
effects, which could be corrected by standards (Kisch,
1990; Warr, 1996), even the particle-size distribution
itself influences the peak breadth (Langford et al, 20007,
Inc lusion of other basal reflections in combination with
fitting technigques (e.g. Lanson and Kibler, 19%4) and/or
simulations with Mewmod (Eberl and Velde, 19849; Warr
and Mieto, 1998) are themefore necessary to extract more
information from the XRD pattemns.

A quite different but related aspect of *crystallinities”
is the general question of whether we may interpret them
in terms of thermodynamics or better in terms of
kinetics. Memiman {2005) suggested that especially in
low-T environments, slugeish reaction kinetics prevail
over thermodynamic eguilibrium (eg Hobinson and
Merriman, 1999, Essene and Peacor, 1995). Despite their
atternpt to mimimize the free energy of the system,
mineral assemblages and their properties reflect reaction
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progress but not a thermodynamic eguilibrium sensu
stricto, As A comseguence, it is not temperature itself
which is mirrored in a mineral assemblage. Rather it is
energy flix, which may comprise heat flow as well as
tectomical ly induced strain energy — assuming that the
chemical composition of a system stays relatively
constant. In very high heat-flow pgeothermal systems,
such as the Salton Sea geothermal field, clays reached
the supermature stage during a heating event of only
10,000 v {(¥Yau er al., 1988; Velde and Lanson, 1993, In
a study of the East Slovak Basin, Clauer er al. {2003)
distinguished between illite growth either controlled by
burial or by hydrothermal activity.

Little 15 known, however, for a geological situation
like a thrust system, in which strain energy as well as
both burial and hydrothermal heat flow contributed to
the total energy flux. Such a system is represented by the
Variscan Aachen-Midi thrust in Germany, the northern-
most large-scale thrust fault of the Variscan omgeny
(Omcken e al, 1999 with a displacement of at least
17 km (von Winterfeld, 1994). Increased witrinite
reflectance data within a few km to the N and 5 of the
Aachen thrust point to enhanced heat flow up to
0.15 W/m® along this structure in Carboniferous times
(Linenschloss, 1998; Teichmiiller and Teichmiller,
1979; von Winterfeld, 1994; Oncken er ail, 1999)
which exceeds the present-day walue for this region of
0.07-0.08 Wim® (Linenschloss, 1998). Evidence of
hydrothermal activity in this region 1= found in veins
within core material of the 2544 m deep RWTH-1
geothermal well {Chatziliadou er al, 2005; Ligering et
al., 2005, 2006 which was drilled m 2004 only 500 m to
the north of the Aachen thrust. The aim of this work was
therefore to test whether energy flux by stramn, bural or
short-termed hydrothermal heat flow have left inter-
pretable fingerprints on illites and chlorites.

GEOLOGICAL SETTIMG

The site of the EWTH-1 drill-hole within the city of
Aachen is located ~500 m to the north of the Aachen
thrust which is the NE prolongation of the Faille de Midi
(Omcken e al, 19997, Along this south-dipping struc-
ture, Devonian to Carboniferous carbonaceous and
siliciclastic wnits of the Aachen imbrication zone and
the Venn-Weser-Inde nappe are thrust above the Wurm
synchine (Figure 1). The upper 1000 m of the RWTH-1
drill-hole consists of Upper Carboniferous strata
(Westfalian, Mamurian, Osterreich et al, 2005).
Marked by a characteristic change in lithofacies
{Lundershausen e ail, 20051, these units are unconform-
ably followed by Famennian shales and slates {in part
equivalent to the Cheiloceras zone) up to 1448 m. The
section from 1448 m to the end at 2544 m is predomi-
nantly composed of Lower Devonian sandstomes and
siltstones so far not described in detail . Cores were cut in
the depth intervals 1392—1515m, 2128-2143 m and

INite and chlorite ‘crystallinities’, hydrothermal activity

01

2536=2544 m. The first interval is characterized by
imtensive deformation and hydrothermal vein formation
within a fault zone.

The compressive Variscan deformation and contem-
poraneous metamorphism in the Venn-Weser-Inde nappe
was dated by Mierhoff (1994) at between 336 and
300 Ma on the basis of K-Ar analyses, Glasmacher er af.
(2001 defined an age of 31447 Ma for the Variscan
cleavage deformation and a minimum age of 300=8 Ma
for a late-stage hydrothermal fluid flow svent using
Ar-Ar dating. For the southern Venn-Weser-Inde nappe,
peak temperatures of ~230°C to 400°C of the Variscan
metamorphism  are constramed by fluid-inclusion,
mineral pamgenesis, chlonte-thermometry and vitrinite
data (Hilgers et al, 2006, Vogtmann-Becker, 1990;
Glasmacher, 1995 Omncken eof al, 1999, Zhang &t al,
1997 and Ktbler index {epizonal grade, Tachernoster er
al., 1995), Based on vitnnite and fluid-inclusion data,
Oncken et al (1999) assumed that peak temperatures
decrease to 250-280°C in the northern part of the Venn-
Weser-Inde nappe (Inde syncline).

In larger areas of the foreland of the Aachen thrust,
lower temperabmes can be expected. On the basis of
mineralogical, textural and witrinite reflectance data
obtained in Carboniferows to Devonian meks of the
Liege syncline to the east of the Wurm syncline,
Hollmann {1997) denved a temperatre of 200°C which
1= also consistent with maximum burial depths of 4.5 km
(Fottke and Stroink, 19993 For the zone close to the
Aachen thrust and especially for the Wwrm syncline,
detatled temperature information 1z mainly given by
orgamc maturity data. Vitrinite reflectance, K, .., shows
a correlation with stmtigraphic position and ranges
between 1.5 and 3.6% (Techmiller and Teichmiller,
19749, von Winterfeld, 1994). For this region Fielitz and
Mansy {1999) also reported temperatures of ~200%C. Due
to numerous vitrinite reflectance data within
Carboniferows mcks (Babinecz, 1962; Teichmiiller and
Teichmiiller, 1979, Steingrobe, 19%0; von Winterfeld,
19947 1t 15 well established that within the Upper
Carboniferous of the Wiurm syncling, vitrimte reflectance
imereases from north to south (Figure 1). One anoma-
lowsly high K. value of 6.70% in Famennan rocks in
the city of Aachen was reported by von Winterfeld {1994,
and Oncken et al (1999) pointed to epizonal peak R,
values up to 7.3% at the Aachen-Midi thrust. Increased
vitrinite reflectance is observed in the footwall of the
Aachen-Midi thrust in a belt with a width of a few
kilometres pamllel to the Aachen-Midi thrust extending
from the north of Aachen to Namur in Belgium (Knapp,
1980; von Winterfeld, 199%4). Mahration of the organic
matenial 1= older than deformation {Knapp, 1980) and
themfore of Carboniferous age. The increased values of
vitrimite reflectance along the Aachen thrust are explamed
by enhanced heat flow close to this structure during upper
Carboniferous times { Teichmiiller and Teichmiiller, 1979;
Ermapp, 14980).
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Figure 1. Geological sketch map of the RWTH- 1 drill-hole location and the Aachen region, modified from Steingrobe (1990).
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Using numerical modeling, Limenschloss er al
(1997 and Linenschloss (1998) explained the regional
distribution of vitrinite reflectance in the Wurm syncline
and pointed out that under realistic burial depths of
4.5 km (Rottke and Stromk, 1999}, significant fluid
discharge in the footwall of the Aachen thrust is
required. According to this model, paleotemperatures
between 210 and 310PC can be assumed for the rock
units of the RWTH-1 drill-hole. A recent study of fluid
inclusions, caleite-dolomite equilibria and chlorite
composition of samples from the BEWTH-1 drill core
(Lbgering er al, 2006), indicates temperatures of
280 -270"C for minerals formed in the veins which are
characteristic of the upper core section. High temperm-
tures and low salimities of fluids (=9 wt.%) are

considered similar to those of Variscan tectonic brines
described by Behr er al (1993) (Lgering e af., 2006).

I post-Variscan times the region was affected by Ph-
Zn mineralization at temperatures below 150°C which
was also controlled by major fracture zones (Muchez 2t
al, 1994; Friednch er al., 1993). For the Pb-Zn deposit
of Mechemnich {Germany) Schneider et al. (1999)
derived a Jurassic age of 168£6 Ma.

SAMPLES AND METHODS
Sample preparation
Samples exclusively from drill-cores were used

except for three samples from cuttings (Table 1),
which were taken for testing methods and for compar-
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Tahle 1. Description of RWTH-1 zamples, mineral composition in the order of modal abundance in whole rock, and structural

information for the <2 pm fraction.

Sample Depth Lithology Mineral compo- d value [I CI8 CI5 Wit of serpen-
{m} sition, wr {DD5) A {illite 01}  (chlorite (D2} tine in chlorite*
158 190,20 shale Qz, Chl, Wm, 20010 [LXR] 0.33 73
Fap
18-2 1438 0 slate Qz, Wm, Chl 20014 052 034 112
18-3 1439 40 slate Qz, Chl, Wm n.d, 0.50 0.33 102
20-3 144470 slate Qz, Chl, Wm, nd. 0.58 .35 1256
Ce
25-16 1457 A siltstone  Qz, Wm, Chl, 20036 050 0.3l 95
Hm, Dl
1860red 1936.10 slate Qz, Chl, Wm, 20014 0.59 0.3l 54
Hm
1860gm 1936.10 slate Qz, Chl, Wm 20T 0.50 0.29 42
52-1 2141 AD shale Qz, Chl, Wm, 2T A6 026 32
Fap
541 253770 shale Qz, Chl, Wm, nd. 46 0.3l 67
Fap, Ce
59-1 2542100 shale 0z, Fap, Chl, 20013 043 028 97
Wm, Cc

Abbreviations: Cc = calcite, Chl = chlorite, Dol = dolomite, Fsp = feldspar, Hm = hematite, [1 = illite, Qz = guartz, Wm =

white mica, wr = wholke rock, nd. = not determined.
Samples 158, 1860red and 1860gm are from cuttings.

Samples 18-2, 18-3, 20-3, 25-16 are from the first core interval.
Samples 52-1 represent the second and 54-1, 59-1 the third core intervals,
* Maximum abundance of serpentine in chlorite (wt.%) based on Newmod®™ caloulation of w{l0] uyp e — w04 o o)

izom purposes. To prepare the <2 pm fraction, only rock
pleces withowt macroscopically wisible veins or chlorite-
filled planes were selected.

Samples were washed and carefully crushed and
ground under water in a mortar mill for 5 min under
constant machine parameters thus minimizing and
keeping constant, preparation effects on crystallimity
(Krumm, 1992). The <2 pm fraction was obtamed by
settling after Sr saturation according to Eberl ef al
(1987). From the clay fractions, ~200 mg were dispersed
in 2 mL of Hz0 and transferred to glass slides measuring
28 mm = 48 mm. Preliminary measurements show ed that
the reproducibility at sample loadings of <10 mgiem®
were not satisfactory { Etoundi, 2006). Therefore, loading
of 15 mgem® was chosen, which yields samples
imfimitely thick to the X-ray radiation.

Xeray diffraction and interpretation of peak-prafile
shapes

The air-dried specimens were scamnned from 2 to
35°20 and from 47 to 61°20 (for 005 illite) in steps of
0.015°28 using filtered CoKa radiation. The Huber 423
goniometer (= 223 mm) was equipped with two Soller
slits with an axial divergence of <105, The divergence
slits were set to values where beam overflow had no
influence on the peak shape. Polytype determination of
illite was performed on the randomly distributed
material of the <2 ym fraction using a Guinier image

plate camera {Huber G670, The scans were fitted with
MacClayFit {Stanjek and Hausler, 2000,

Interpretations of peak parameters in terms of
‘erystallimity®, “particle size” or ‘stmin’ have to be
done with caution because the observed profile, &, 15
actual ly the convolution of the pure diffraction profile, f,
of the sample with the profile of the instrument, g.
Although the extraction of f 15 possible using Stoke’s
method (Klug and Alexander, 1974), the pure diffmction
profile, £, 15 itself the fold of several diffraction effects.
The most important contribution to the integral breadth
(w) of the profile f stems from an average coherence
length, which is frequently identified as being similar or
even equal to the apparent particle size perpendicular to
the reflecting planes {e.g Guinier, 19%3). The profile
shape of such a pure size-broadened sample has
contobutions from both Lorentzian and Gaussian pro-
files, which make up the Voigt profile {Langford and
Wilson, 1978). In prelimimary evaluations we used the
numerical approximation to the Voigt profile as given by
Thompson, Cox and Hastings (Thompson ef al., 1987
for extrmcting the Gaussian and Lorentzian contributions
to the 0 peaks. Non-systematic variations of both
parameters rendered this approach imapplicable.
Consequently, for the present study the Pseudo-Voigt
function was used for illite and the integral peak
breadths were interpreted without considering the profile
shape.
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The chlonte peaks were fitted with a Pseudo-Voigt
fumction, whereas the two quartz peaks (which served as
an internal standard) were modeled with a Thompson-
Cox-Hastings function using the X (Schemer broadening)
and the W parameter {Gaussian component). The latter
function couples the peak breadths of the 100 and the
101 peaks and enabled the separation of the illite 003
peak from the 101 of quartz. The goodness-of-fit ranged
between 1.06 and 1.48.

Apart from a volume-averaged particle size, the kind
and dispersion of the particle-size distribution affects the
profile shape (Kao and Houska, 1986; Langford ef al.,
2004 and the particle shape in turn changes the profile
shape and may yield anisotropic peak broadening
(Scherrer, 1918; Langford and Wilson, 1978). Further
contributions to the profile shape come from mixed
layering and from stacking faults which, howewer, would
only affect kD reflections (Menng, 1949), The latter are
not measured in textured samples vsed here. The
contribution of strain to the profile shape can principally
be assessed by the method of Bertaut (1950), but
requires Fourier analyses and, hence, reference samples
which yield the mstrumental profile, g. Consequently, it
1= evident that for a study that is not based on Fourier
deconvolution, even the evaluation of four to five 00/
peaks does not allow us to quantify the contribution of
strain. As the most important contribution to the peak
breadth is given by the average cohemence length, the
mtegral breadths, w, of illite and chlorite are considered
to poman ly reflect crystal thickness (Le “erystallimty ")

Since glycolation of samples did not give peak widths
significantly different from air-dried samples {Etoundi,
20063, we report here only results from air-dried
SPECIMENDS.

Standardization procedures

For standardization to the ‘crystallimity” index
stamdard (CIS) according to Warr and Rice (1994),
repeated analyses of the standards SW1 to SWé resulted
in the comversion egquations:

ClSimae o0l = Wemcaibmsea * 1,147 + 0,050, Hi= .92
CI8 pne e 000 = Wemeadeasea * 1004 + 00D, A= 0,96

Thus, effects caused by sample and shde prepamtion
and also by using Co instead of Cu radiation are
elimimated. Four true replicates of sample 158 (including
rock-sample preparation, glass-slide production and
XRD analysis) yielded a precision for the ClS5. oo
and CIS swrse oo of 0028 and 0.023° (l5), respec-
tively. For d values, a precision of 0.003" was obtamed.
For simplicity and in omder to mark the standandized
character of the data, the established abbreviation “CIS°
{crystallinity index standard, Warr and Rice, 1994 and
the term ‘crystallinity® are used here though the one-
dimensional XED data are not suitable to define the
‘crystallinity’ of a three-dimensional structure
(Guggenheim erf al | 2002,
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Chemical analyses and IR spectrometry

The K concentration of the <2 pym fmction was
obtamed wing HF-HaBOy dissolution in a microwave
equipped with Teflon bombs and guantitative determina-
tion by inductively coupled plasma-optical emission
gpectmoscopy (Perkin Elmer DV 20001, Mitrogen anal ysis
of the =2 um fraction was performed in the
‘Zentralabteilung fiir Chemische Analysen®,
Forschungsrentrum Jilich (analyst M. Michulitz) on a
TC436Ar (Leco) analyzer with a thermal conductivity
detector at Ty, = 27T00°C with He as the carrier gas.
Determination of C,., was carried out using a RC-412
{Leco) analyzer at T = 500 with oxygen gas. 0,
poduced by combustion was detected by infrared (IR)
absorption. The precision of both methods 1= better than
4%, The IR absorption spectra were measured with a
resolution of 2 cm~" on a Perkin Elmer 1600 FTIR
spectrometer using dises made of 200 mg NaCl and | mg
of sample. The sample material was decarbonated with
0.5 N HCI and oxidized using H.04 {15%) in order to
eliminate organic matter,

RESULTS

The samples are slates and shales mamnly composed
of quartz, 1llite, chlorite and in some cases also hematite
and caleite or dolomite {Table 1, Figure 2). Feldspar isa
minor constituent in samples 158, 52-1, 54-1 and 59-1
{Table 1). Based om the 002 reflections of microcline
and albite in the whole-rock samples, one can assume
that albite 15 more abundant than K-feldspar. This s in
lime with the results of Flehmig (1983 ) who found that in
Upper Devonian shales and silty shales of the
Rhenohercynian, albite 15 generally at least twice as
abundant as K-feldspar. Calcareous microfossils show
stylolite planes indicative of pressure solution
(sample 20-3).

Quartz grmins show pressure solution creep with
quartz overgmowth in strin shadows, Samples 18-2, 18-3
and 20-3 are locally deformed by cataclasis with
transgranular fractures and grain-size reduction, in
which the quartz grains locally expose dislocation
glide deformation as shown by undulose extinetion
(Figure 2b). The transgramular fractures are filled by
caleite, Quartz veins are blocky to elongate blocky and
partly recrystallized by subgraim rotation and grain-
boundary migration recrystalization, These features
point to intensive deformation within a fault zone
the upper core section (1392—1515 m). Samples 18-2,
183, 20-3 are strongly cleaved and, locally, the 51
cleavage is overprinted by a second set of cleavage
planes (82, Figure Za). Cleavage 52 is oriented obligue
to 51 indicating shear deformation. Chlorite which 1=
characterized by greenish-blue anomalous interference
colours indicative of an Fe-rich variety (Desr o al |
1992} also occours in fine sheets and weins, It is the
dominant mineral in cleavage planes and veins where it
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Figure 2. Thin-sections of representative samples from the
upper core section of the RWTH-1 drill-hole, under crosaad
polars: () sample 18-2, 81 and 52 are cleavage planes with
chlosite, carhonates (carh) form irfegolar patches which are aub-
parallel to 52 a3 well as irregolarly distriboted; (b) sample 18-2,
andulose extinction of detrital quarte (q2), carhonastes are
marked by carb, lower half of the photo predominant]y shows
detrita]l quanz () sample 18-3, ondulose extinction in folded
platy chlorite (chly, light gray flakes are white micas (wm)
formed in chlosite.

is associated with quarte giving evidence for a fluid and
stramm-controlled crystallization of chlorite. Chlorite

IMite and chlorite *crystallinities’, hydrothermal activity

05

overgrows calcite veins, implying formation after
calcite-vein generation. Within cleavage planes, chlorite
crystals are partly bent and show undulose extinction.
White mica occurs in the matrix as detrital grains and
sometimes formed in extension cracks between chlorite
crystals in cleavage planes and chlorite veins
{Figure 2¢). These white micas which am only found
in sample 20-3 crystal ized dunng deformation along the
cleavage planes with sizes up to 100 pm (Figure 2c).

Shaley rocks (ie samples 158, 52-1, 54-1, 59-1) and
giltstone sample 25-16 contain chlorite veinlets asso-
ciated with guartz veins, The presence of chlorite veins
underlines the hydrothermal formation of chlorite in
these rocks, too.

fllite and chlorite, structural information

The results of the XRD analyses on textured slides
are presented in Table 1 and in Figures 3 and 4. Analysis
of the mndomly onented samples (<2 pm fraction)
mdicates that illites belong to the 20, polytype. The
W] pe) decreased only slightly when the samples
were treated with ethylene glycol. This indicates that the
numnber of swelling layvers is very small or non-existent,
though small amounts of smectite have to be expected in
ornder to explain the varation of w{004,.) (Figure 3a).
The & values for the illite 005 reflection of all samples
vary between 20007 and 2.0036 A (Table 1),

Taking into consideration that a representative dggs
valus for a 2M; white mica is 200148 A (Brindley,
1980 ome can state that, within the precision of the
method (here 0,003 &), the dogs values of illite in the
samples are identical to this value, As bk reflections
cannot be determined in oriented specimens, the data do
not allow us to discuss possible stacking defects which
may be caused by deformation (Merriman and Peacor,
1999, However, significant structural distortion would
lead to a positive correlation of w0y, and tan{f)
{iLe imcreasing order of the reflection) which cannot be
observed (Figure 3a).

The basal reflections of chlorite (<2 pm fraction) in
all samples show a similar pattemn (Figure 3b) to those of
illite (Figure 3a). The wi{lyyme values vary around a
constant value and do not increase significantly with
mereasing order. This precludes significant structural
distortion which could be expected considering the bent
sheets of chlorte showing undulose extinction
{Figure 23, The variation of the w0l ) indicates
the presence of serpentine layers within chlorite
(Feynolds e al., 1992). A MNewmod® simulation
{Table 1} on the basis of the ratios of w00l uewe] to
W0 peiee] points to serpentine abundances of up to
126 wit% within chlorite {Table 1).

Hllite and chlarite grades

ClSinge ooy mnges from 0.45 to 0,61 with the highest
values (ie lowest gmade) in the cuttings and the lowest
values in the lowermost drill-core sample (Table 1,

210



206

Sindern, Stanjek, Hilgers and Etoundi

Clays and Clay Minerals

[11:] a

0E
—a— 188

b —a— 1624
—A— B350
3 2034

5 B e 2518

o —— 1880900
—&— 1BE0M
= 5211

fe 5414
- 5014

03

0z

1 2 2 4 g
Order of 00)-ilite

b

—#— 158-Chi
—k— 18-2-Chl
—A— 18-3.Chi
b 20-3-Chl
e 25AE-CH
—8— 1860gr-Chl
-5 1BBO-CH
= 52.1.Chl
—t— B4-1-Chi
—m- 55-1-Chl

Order of 30/-chlarite

Figure 3. Integral breadth {w) in "28 (Cok a) of basal reflections of illite (2) and chlorte (b) in <2 pm fractions. Integral bresdtha
werne multiplied by cos(#) in order to account for Scherrer broadening.

Figure 4). The zone of the upper<core section, which is
chamcterized by intensive deformation and vein forma-
tion, shows varying ClSg5. oy values. However, within
the hmits of precision, all illite data overdap to a large
extent. Taking the ClSigie oop values and the absence or
presence of only small proportions of interlayered
smectite into account, the illite data of all RWTH-1
samples would indicate late diagenetic grade {Merriman
and Peacor, 1999) over the whole drill-core.

In contrast to the CISi5e oon the ClSswme o Of
chlonte points to anchizonal grades in the lower-core
sections {average of ClS. e ooz = 0.28) whereas the
upper-care section shows diagenetic grade for chlorite
{average of CIS e ooz = 0,33, Figure 4. Most data
show a large overap within the limits of precizion.

Ammoninm in illite

Ammonium-rich clay minerals have often been
deseribed and are supposed to affect determination of illite
‘erystallinity” { Arkai et af, 2004, and refarences therein). In
sedimentary settings, NH,, probably derived from matunng
organic matter, may be adsorbed on clay mineml surfaces or

it substitmtes for K in the interayer position {eg Williams
et al, 1989; Sucha et al, 199%). Nicto (2002) showed that
either K or MH; prdominate in distinet packets of
dioctahedml illite clay minerals or white mica. The MH,-
rich illite component 15 called tobehite after the Tobe mine
(Higashi, 1982 in Arkai er al, 2004).

Krooss er al (2005) pointed out that significant
amounts of inorganic NHy exist in Carboniferous shales
of the Morth German Basin and Mingram er al. (2005)
found that 50=100% of M in this basin 1s fixed as NH, in
morganic phases. This and the potential mole of NHy for
illite ‘crystallinity’ necessitated MH,; determination in
the samples studied here in those cases in which enough
of the limited drill core matenal was available, Mitrogen
in the <2 um fraction can be present in organic phases
and as NHy in K-bearing minerals such as illite. In order
to distimguish between organic and imorgamc M the total
organic carbon concentration { TOC) and the N/C ratio in
the organic phases have to be known {Arkai er al, 2004).
Erooss et al (2005) determined N/C ratios from kerogen
of Paleozoic mcks of the Morth German Basin which
range betareen 0.006 and 0016 (by weight).
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The K0 concentration of the <2 um fractions
{Table 2, samples 158, 20-3, 25 16) which consist of
illite, chlorite and guartz can be used to guantify the
amount of illite {wt.%) because this 15 the predominant
K-bearing phase. As K-feldspar, another K-bearing
minerl, was detected by XED as being only a minor
constituent in the whole-rock fraction of sample 158
(Table 1), and even less common in the <2 pm fraction,
K-feldspar 15 considered as insignificant here. For this
calculation, a K20 concentration of 7.6% was assumed
for the illite according to Srodafi ef al, (1986),

After assessment of the illite abundance and caleula-
tion of the min mum and maximum amounts of morganic
M derived from N/TOC ratios mentioned above (Krooss
ef al, 20058), considered to be entirely incorporated in
illite (mot in chlorite or guartz), one can estimate the
MH, amounts in illite {Table 2} which mnge between
0.19 and 044 wt.%. As the =<2 pm fraction was Sr
saturated, MHy 15 considered to be situated in interlayer
position rather than being adsorbed on the surface. On
the basis of the sum of N + K, the molar proportion of
MHy im illite would range betwesn 118 and 27.4%.
However, such NH, concentrations should lead to a shift
in the basal reflection towards higher J values (Arkai et
al,. 2004; Drits eral., 1997). Assuming a linear imcrease

of the d value with increasing MHy, at least for small
amounts of NHy and independent of the distribution of
MHay {Drits er al, 1997), and that the pure N Ha-illite {ie.
tobelite) has a d value of 2,048 A {Arkai et al. 2004), a
molar NH, abundance of 15% should msult in a dge
value of 20085 A, This is bevond the limits of precision
(0,003 _,3,,] greater than the maximum 4 wvalue of
20036 A {Table 1) in the illites of the RWTH-1 drill
core and thus points to NH, abundance inillite of <1 5%,
Fourier transform infrared (FTIR) absorption spectra of
the <2 pm fractions confirm this result. These show the
characteristic absorption near 1430 em™" indicative of
MH, in phyllosi hicates whereas absorption between 2800
and 3300 cm ™! caused by N—H stretching (Wilson ef al
1992; Pironon e al, 2003) i= not pronounced. [f
compared to absorption spectra of smectite saturated in
solutions of warious NH K mtios, the sizes of the
absorbance peaks near 1430 em ™" of the <2 pm fractions
are consistent with NH, abundance in illite =15%. It 15
possible that the NH, concentrations in illite derived
from the chemical analyses are too high as they are
based on the assumption of N/TOC ratios in kerogen
similar to characteristic ratios in the Morth CGerman
Basin (Krooss ef af ., 2005), The N/TOC ratio in kerogen
may be greater in the rocks of the RWTH-1 drill core.

Tabkle 2. Towal organic carbon (TOC), N and K20 concentrations in the <22 pm fractions of the RWTH-1 zamples and
calculated illite abundance* and NHy concentration in illite. All data in wt%. See text for further explanation.

Sample Lithology TOC N K0 Mlite* NH, ** NH, * 4+
158 1 Shale 1.55 0144 EXi) 400 0.36 044
20-3 Slak 036 0101 375 49.0 0.19 021
25-16 Siltstone 038 .31 371 458 0.25 026

* based on the assumption of 7.6 wt% KO in illite (Srodon e al, 1986)

** based on N/TOC = 002
*** based on NTOC = 0005
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DISCUSSI0M

In the samples studied here, hydrothermal syntectonic
crystal lzation of chlonte and white mica (sample 20-3) can
be observed. Quartz in catclastic fault zones exhibits
discontimuous undulose extinction and quartz in veins
shows grain boundary migration/sub grain rotation recrys-
tallization. Such features point to minimum tempemtres of
200=250C (Oncken, 1989) for the hydrothermal event
represented in the RWTH-1 dnll core. This is in agreement
with homogenization tempermtures of up to 370°C in veins
(Logenng e al, 2006). The temperatures of the hydmo-
thermal event are greater than those denved by paleo-
geothermometers of the host-rock in the foreland of the
fromtal Vanscan thrust of =200°C {Hollmanmm, 1997; Rotthe
and Stromnk, 1999, This supports previous assumptions that
hydrothermal fluid flow was necessary to explan the high
coalification grades close to the Aachen thrust (von
Winterfeld, 1994; Liinenschloss er al., 1997,
Linenschloss, 1998). As was indicated by Knapp (1980,
matration of orgamc matenal and therefore also the
hydrothermal event discussed here is of Carboniferous and
this Variscam age. The fluds have chamctenstic featumes
(iLe. temperatune, salimity) of tectomic brines | Logering er
al., 2006, Behr eral, 1993) which also point to the Variscan
event. The altemative — that the hydmothermal event is post-
Variscan = 15 less plmsible becasse post-Variscan miner-
alization ocourred at temperatores predominanty <1 50°C
(Muchez et al, 1994; Friedrich et al, 1993; Bedecke, 1992)
and cawsed the formation of Pb-Zn-sulfides which ame
absent from the RWTH-1 dnll core {Chatziliadou er al,
2005; Logering ef al_, 2005).

Thrusting and thrust |oading, as can be expected within
the omgenic wedge to the south of the Aachen thrust
during the Variscan orogeny, caused fluid expulsion into
the foreland (Oliver, 1986; Moore, 1989; von Winterfeld,
1994 and fluid-overpressure formation above and below
the thrust plane, if the bulk rock is of intermediate
permeability (Smith and Wiltschko, 1996). In our field
area, both hangingwall and footwall consist of shale-
sandstone multilayers and thus have the potential to keep
fluid pressures high over the time-interval of the events
discussed here. Ge and Garven (1992) numencally
simulated the fluid expulsion associated with thrust
loading and calculated a distorbance of the flud flow
field. They proposed that flud expulsion towands the
foreland takes ~3000 v before returning to normal
hydrological conditions. The imjection of hot fluids
would thus increase the temperature in the host-rock
adjacent to the Aachen thrust during a period of 5000 .

Hllite

In contrast to the thermal indicators {ie minemlogi-
cal observations of the KWTH-1 drill core, published
vitrinite and fluid inclusion data) mentioned above, the
ClS;pze data reflect a late diagenetic grade and thus
temperatures approaching <2004,
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A lower grade of illite relative to chlorite and other
grade indicators is common and discussed frequently
{J'\.r]-cai et al., 2004; Maynard er al_, 2001; Wang et al_,
19496, It can be ascribed to a retarded reaction progress
of illite which 15 due to 1solation of phyllosilicates
from porefluds (ie. low waterrock ratio, Pollastro,
19493) caused by precipitation of secondary minerals
{;\.r]-ca.i et al., 2004). Also, low K activity and high H.0
pressure slow down the smectite-illite reaction {Arkai
et al., 2004; Pollastro, 1993). The concentration of
E:0 in the rocks of RWTH-1 drill-hole varies between
1.38 and 4.81 wt% depending on the amount of
detrital white mica, clay minerals and minor detrital
KE-feldspar {Sindern, unpublished data). It is therefore
assumed that K should have been present in a pore-
fluid. Ammonium substitutes for K in the illite
structure to <15% and is therefore also considered
less significant as a reason for decreasing the growth
rate of illite.

As was pointed out in the method section above, the
XED pmofile from textured samples mainly reflects
crystallite size but cannot be used to quantify structural
distortion unless extensive cormections are applied to the
peak profiles. If deformation i the rocks of the
EWTH-1 dnll-hole had a significant impact on the illite
structure leading to the high integral breadth w, as was
described by Atkai et al {1997} for rocks in the
hangingwall of the Glamus thrust i Switzerland
(Mermiman and Frey, 1999), this should be meflected in
ow samples here because the different core intervals
show different degrees of deformation. In this case one
would expect that CIS walues from the slate samples
mainly of the first core interval would be greater than
those of shale and siltstone samples. A comparison of the
average ClS e oo of the more intensively deformed
samples {0.54+0.04 SD) with the average CI5; 00 0op 0f
the less deformed samples (0.50 = 0.07 SD) (Table 1,
Figure 4) makes clear that deformation does not have a
significant impact on the CI5; 00 oor-

In the samples studied here, illite 15 almost entirely
restnicted to the mck matrix whereas chlorite occurs in
veins, attesting to the role of fluids especially in the
formation of chlorite, Crystal growth of chlonte was
therefore probably faster than growth of illite within the
less permeables matrix. This explains why in some cases
ClSemiorite indicates higher grades than ClSaniee
(Figure 4). Transfer of elements during the (hydro-)
thermal peak and thus illite growth was restricted
because the duration of the event was too short for the
permeability conditions in the mck. The late diagenetic
grade reflected by illite is egquivalent to the temperatures
reparted for the foreland of the Aachen thmst (200°C,
Hollmann, 1997; Rottke and Stroink, 1999, Fielitz and
Manmsy, 1999), Az the illite of the RWTH-1 drill core
seems umaffected by the hydrothermal event, it is
therefore concluded that illite mirrors the burial history
rather than hydrothermal fluid flow.
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Chiarite

ClS e data reflect a late diagenetic gade in the
upper-core section and in part, anchizonal gmde, in the
lower-core sections (Figure 4), Chlorite which occurs in
veins and cleavage planes should reflect the higher grade
estimated for the hydrothermal event from the miner-
alogical observation, The deviation to lower ClS e
grades than expected could be explained by deformation
of chlonte, However, the imtegral breadths, w, of the
hasal reflections do not increase with increasing order of
000, peeqe and thus are not consistent with structure
deformation being dominant {Figure 3b). This sugrests
that the XRED data do mnot reflect post-crystalline
deformation. As the partly oriented structure and
undulose extinetion of chlonte indicate deformation
effects, hydrothermal chlorite growth must have
occurred syntectonically. Syntectonic hydrothermal
growth of platy and fibrous chlorite occurred by
imcipient nucleation along the tips and edges of crystals.
This probably limited domain size and thus also the
integral breadth of the hasal reflection. [t would also
explain why the chlorite precipitated at higher (up to
epizonal | temperatures yields lower grades indicated by
ClS apeiee ooz values (ie. diagenetic to anchizonal).
Similar to the results derived from investigation of illite,
one has to assume here, too, that the anchi- to epizonal
peak thermal conditions did not last long, as otherarise
one would expect domain growth under such conditions.

The finding of increased supermature Raax values
along the Aachen thrust supports the probability of a
short-duration hydrothermal event. Vitrinite matures
faster and 1ts maturation is not as dependent on fluid-
rock interaction as the growth of illite and chlorite
{(Velde and Lanson, 1993). Furthermore, in rocks in
which chlorite and K-bearing phases such as illite next
to detrital white mica and K-feldspar in some cases are
as abundant, as in the samples studied here (Table 13,
one would expect the formation of biotite (Inoue, 1995)
if temperatures reached 300°C. As temperatures were as
high as, or greater than 300°C, the lack of biotite points
to a hydrothermal event which was too short for its
growth.

CONCLUSIONS

Investigation of material from three core sections of
the RWTH-1 drill-hole in Aachen shows mineralogical
and structural evidence of ntensive Carbomniferous
(Variscan) hydrothermal activity in the footwall of the
Aachen thrust, Mineral and microstructural data indicate
minimum tempertures of 200-250°C, though maximum
temperatures of the hydrothermal event up to 370°C can
be expected taking recently published data for compar-
ison. ClSpe ooy values of 045061 (A°20) and
msignificant amounts of smectite indicate a late
diagenetic grade for illite, pointing to tempemtunes of
=200°C. [llite which contains minor amomts {<15 mole

INite and chlorite ‘crystallinities”, hydrothermal activity

2

%) of MH,; substituting for K is neither significantly
affected by deformation nor by the hydrothermal impact
but mirrors the burial history of the Wurm syncline.
Chlorite, mainly formed in veins and cleavage planes,
has ClS. i ooz values bebwreen 0,35 and 0.26 (A°28)
which only partly point to anchizonal grade. However,
chlorite grew syntectonically as 15 shown by bent and
predominantly stretched laths which do not have
deformed structures. The evidence of syntectonic
hydrothermal activity 15 mn line with the idea that
hydrothermal fluid flow was camsed by fluid expulsion
along the Aachen thrst due to thnsting and thrust
loading during the Variscan orogeny. Syntectonic
hydrothermal chlorite growth by incipient mucleation
along erystal edges limited domain size and thus also the
ClS mwsae ooz values, The lack of larger chlorite domains
indicates that the hydrothermal event, while pmbably
reaching epizonal ternperatures, did not last long enough
to allow further crystal growth of chlorite and did not
generate biotite, Based on numerical simulations im
simnilar settings, ome can assume a duration of =S000 y
for the expulsion of tectomic brines along the Aachen
thrust which is part of the frontal Variscan front.
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