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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-
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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. Illite 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. 
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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).  

 

 

 

Fig. 1: Schematic sketch of an active continental margin and structural features that 
may form during different steps of an orogeny (adapted from Alvarez-Marrón 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. 
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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, Kröner 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 – Ihre 

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 
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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 Bündel 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 (Görz 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-Marrón 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.  
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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).  

 

 

 

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-Trás 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 – Teplá-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 
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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 +24/-17 

Ma and 2734 ± 2 Ma (U-Pb zircon), respectively (Guerrot et al. 1989) is recorded in 

granulites from the Bay of Biscay (Iberia). High grade metamorphism occurred in 

Palaeoproterozoic times with an age representing cooling after peak granulite facies 

conditions at 1865 +23/-25 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 (TDM) 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, Solá 

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 ε Nd(t) values 

or average crustal residence ages (Nd TDM) as well as ε Hf(t) zircon data indicate 

recycling of Archean to mainly Proterozoic crust during Neoproterozoic and 

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

by Scarrow et al. (2002), which was interpreted to indicate amphibolite facies 

metamorphism between 1.1 and 0.6 Ga. 

 

 

 

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 

± 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 (Ballèvre 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 (I) 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, Ballèvre 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, Ballèvre 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 (III) 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.  

 

 

 

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).  

 

 

 

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-Marrón 2002).  

 

 

 

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 kbar, 

which prevailed between 385 – 375 Ma (Glodny et al. 2002, 1999, Beane and 

Connelly 2000, Matte et al. 1993, Schulte and Blümel 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, Böllstein 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 Bergsträsser Odenwald 
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and the Kyffhäuser 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 (Görz 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 (Görz and Hielscher 2010). This zone is composed of large 

granitoid massifs, which intruded into intensively sheared sedimentary and mafic 
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magmatic rocks of the former oceanic basin extending to the east of the 

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

 

 

 

Fig. 9: Simplified profile depicting the tectonic constellation during the Uralian 
orogeny in Early Carboniferous times, adapted from Herrington et al. (2005) and 
Alvarez-Marrón (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 (Görz 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 (Görz 

and Hielscher 2010, Görz 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 Görz 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.  

 

 

 

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). 
 



 

  22 
 

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 Kröner 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.  

 

 

 

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 II) 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, Lünenschloß 1998, Lünenschloß 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).  
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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-Marrón 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-Marrón 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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Marrón 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.  

 

 



 

  28 
 

3. References for chapters 1 and 2 

Altherr, R., Holl, A., Hegner, E., Langer, C., Kreuzer, H. (2000) High-potassium, calc-

alkaline I-type plutonism in the European Variscides: northern Vosges (France) and 

northern Schwarzwald (Germany). Lithos 50, 51 – 73. 

Alvarez-Marrón, J. (2002) Tectonic processes during collisional orogenesis from 

comparison of the southern Uralides with the central Variscides. In: Brown, D., Juhlin, 

C., Puchkov, V. (eds.) Mountain building in the Uralides: Pangea to the present. 

Geophysical Monograph 132, American Geophysical Union, 83 – 99. 

Azor, A. Rubatto, D., Simancas, J. F., González Lodeiro, F., Martínez Poyatos, D., 

Martín Parra, L. M., Matas, J. (2008) Rheic Ocean ophiolitic remnants in southern 

Iberia questioned by SHRIMP U-Pb zircon ages on the Beja-Acebuches 

amphibolites. Tectonics 27, TC5006 

Bahlburg, H., Vervoort, J.D., DuFrane, S.A. (2010) Plate tectonic significance of 

Middle Cambrian and Ordovician siliciclastic rocks of the Bavarian Facies, Armorican 

Terrane assemblage, Germany; U-Pb and Hf isotope evidence from detrital zircons. 

Gondwana Research 17, 223 – 235. 

Ballèvre, M., Bosse, V., Ducassou, C., Pitra, P. (2009) Palaeozoic history of the 

Armorican Massif: Models for the tectonic evolution of the suture zones. C. R. 

Geoscience 341, 174 – 201. 

Ballèvre, M., Le Goff, E., Hébert, R. (2001) The tectonothermal evolution of the 

Cadomian belt of northern Brittany, France: a Neoproterozoic volcanic arc. 

Tectonophysics 331, 19 – 43. 

Bandres, A., Eguíluz, L., Gil Ibarguchi, J. I., Palacios, T. (2002) Geodynamic 

evolution of a Cadomian arc region: the northern Ossa-Morena zone, Iberian massif. 

Tectonophysics 352, 105 – 120. 

Banka, D., Pharaoh, T.C., Williamson, J.P. & TESZ Project Potential Field Core 

Group (2002) Potential field imaging of Palaeozoic orogenic structure in northern and 

central Europe. Tectonophysics 360, 23 – 45. 



 

  29 
 

Bea, F., Fershtater, G.B., Montero, P. (2002) Granitoids of the Uralides : Implications 

for the Evolution of the Orogen. In: Brown, D., Juhlin, C., Puchkov, V. (eds.) 

Mountain building in the Uralides: Pangea to the present. Geophysical Monograph 

132, American Geophysical Union, 211 – 232. 

Beane, R.J., Connelly, J.N. (2000) 40Ar/39Ar, U-Pb, and Sm-Nd constraints on the 

timing of metamorphic events in the Maksyutov Complex, Southern Ural Mountains. 

Journal of the Geological Society, London 157, 811 – 822. 

Beckholmen, M., Glodny, J. (2004) Timanian blueschist-facies metamorphism in the 

Kvarkush metamorphic basement, Northern Urals, Russia. In: Gee, D. G., Pease, V. 

(eds.) The Neoproterozoic Timanide Orogen of eastern Baltica. Geol. Soc., London, 

Memoirs 30, 125 – 134. 

Berzin, R., Oncken, O., Knapp, J.H., Pérez-Estaún, A., Hismatulin, T., Yunusov, N., 

Lipilin, A. (1996) Orogenic evolution of the Ural Mountains: Results from an 

integrated seismic experiment. Science 274, 220 – 221. 

Bogdanova, S. V., Pashkevich, I. K., Gorbatschev, R., Orlyuk, M. I. (1996) Riphean 

rifting and major Palaeoproterozoic crustal boundaries in the basement of the East 

European Craton: geology and geophysics. Tectonophysics 268, 1 – 21. 

Bogolepova, O. K., Gee, D. G. (2004) Early Palaeozoic unconformity across the 

Timanides, NW Russia. In Gee, D. G., Pease, V. (eds.) The Neoproterozoic 

Timanide Orogen of eastern Baltica. Geol. Soc., London, Memoirs 30, 145 – 157. 

Brown, D., Juhlin, C., Ayala, C., Tryggvason, A., Bea, F., Alvarez-Marron, J., 

Carbonell, R., Seward, D., Glasmacher, U., Puchkov, V., Perez-Estaun, A. (2008) 

Mountain building processes during continent-continent collision in the Uralides. 

Earth Science Reviews 89, 177-195. 

Brown, D., Padea, P., Puchkov, V., Alvarez-Marrón, J., Herrington, R., Willner, A.P., 

Hetzel, R., Gorozhanina, Y., Juhlin, C. (2006) Arc-continent collision in the southern 

Urals. Earth Science Reviews 79, 261 – 287. 

Brown, D., Juhlin, C., Tryggvason, A., Steer, D., Ayarza, P., Beckholmen, M., 

Rybalka, A., Bliznetsov, M. (2002) The crustal architecture of the Southern and 

Middle Urals from the URSEIS, ESRU, and Alapaev reflection seismic surveys. In: 



 

  30 
 

Brown, D., Juhlin, C., Puchkov, V. (eds.) Mountain building in the Uralides: Pangea to 

the present. Geophysical Monograph 132, American Geophysical Union, 33 – 48. 

Brown, D., Alvarez-Marron, J., Perez-Estaun, A. (1997) Preservation of a subcritical 

wedge in the south Urals foreland thrust and fold belt. Journal of the Geological 

Society, London, 154, 593 – 596. 

Castiñeiras, P., Navidad, M., Liesa, M., Carreras, J., Casas, J. M. (2008) U-Pb zircon 

ages (SHRIMP) for Cadomian and Early Ordovician magmatism in the Eastern 

Pyrenees: New insights into the pre-Variscan evolution of the northern Gondwana 

margin. Tectonophysics 461, 228 – 239. 

Cawood, P.A., Kröner, A., Collins, W.J., Kusky, T.M., Mooney, W.D., Windley, B.F. 

(2009) Accretionary orogens through earth history. In: Cawood, P.A., Kröner, A. 

(eds.) Earth accretionary systems in space and time. The Geological Society, 

London, Special Publications 318, 1 – 36. 

Chantraine, J., Egal, E., Thiéblemont, D., Le Goff, E., Guerrot, C., Ballévre, M., 

Guennoc, P. (2001) The Cadomian active margin (North Armorican Massif, France): 

a segment of the North Atlantic Panafrican belt. Tectonophysics 331, 1 – 18. 

Chichorro, M., Pereira,M.F., Diaz-Azpiroz, M., Williams, I.S., Fernández, C., Pin,C., 

Silva,J.B. (2008) Cambrian ensialic rift-related magmatism in the Ossa-Morena Zone 

(Evora-Aracena metamorphic belt, SW Iberian Massif): Sm-Nd isotopes and SHRIMP 

zircon U-Th-Pb geochronology. Tectonophysics 461, 91 – 113. 

Cloos, M. (1993) Lithospheric buoyancy and collisional orogenesis: Subduction of 

oceanic plateaus, continental margins, island arcs, spreading ridges, and seamounts. 

Geol. Soc. Of America Bulletin 105, 715 – 737. 

Condie, K. C. (1997) Plate Tectonics and Crustal Evolution, 4th Edition, Butterworth 

Heinemann, Oxford. 

Condie, K.C. (1993) Chemical composition and evolution of the upper continental 

crust: contrasting results from surface samples and shales. Chemical Geology, 104: 

1–37, Amsterdam. 



 

  31 
 

Cullers, R.L. (1995) The controls on the major- and trace-element evolution of 

shales, siltstones and sandstones of Ordovician to Tertiary age in the Wet Mountains 

region, Colorado, U.S.A.. Chemical Geology, 123: 107–131, Amsterdam. 

Cullers, R.L. (1994) The chemical signature of source rocks in size fractions of 

Holocene stream sediments derived from metamorphic rocks in the Wet Mountains 

region, Colorado, U.S.A.. Chemical Geology, 113: 327–343, Amsterdam. 

de la Rosa, J., Jenner, G.A., Castro, A. (2002) A study of inherited zircons in 

granitoid rocks from the South Portuguese and Ossa-Morena Zones, Iberian Massif: 

support for the exotic origin of the South Portuguese Zone. Tectonophysics 352, 245 

– 256. 

Duane, M.J., DeWit, M.J. (1988) Pb-Zn ore deposits of the northern Caledonides: 

Products of continental-scale fluid mixing and tectonic expulsion during continental 

collision. Geology 16, 999 – 1002. 

Echtler, H.P. (1998) Das südliche Uralgebirge – Tektonik eines intakten 

paläozoischen Kollisionsorogens. Habilitationsschrift Universität Potsdam 

Echtler, H.P., Ivanov, K.S., Ronkin, Yu.L., Karsten, L.A., Hetzel, R., Noskov, A.G. 

(1997) The tectonometamorphic evolution of gneiss complexes in the Middle Urals, 

Russia: A reappraisal, Tectonophysics 276, 229 – 251. 

El Korh, A., Schmidt, S. Th., Ballèvre, M., Ulianov, A., Bruguier, O. (2012) Discovery 

of an albite gneiss from the Ile de Groix (Armorican Massif, France): geochemistry 

and LA-ICP-MS U-Pb geochronology of its Ordovician protolith. International Journal 

of Earth Sciences 101, 1169 – 1190. 

Ernst, R.E., Pease, V., Puchkov, V.N., Kozlov, V.I., Sergeeva, N.D., Hamilton, M. 

(2006) Geochemical characterization of Precambrian magmatic suites of the 

southeastern margin of the East European Craton, Southern Urals, Russia. 

Geologichesky Sbornik (Geological Proceedings), 5. Ufimian Institute of Geology, 

Ufa, pp. 119–161. 

Faryad, S. W. (2012) High-pressure polymetamorphic garnet growth in eclogites from 

the Mariánské Lázne Complex (Bohemian Massif). European Journal of Mineralogy 

24, 483 – 497. 



 

  32 
 

Faryad, S.W. (2011) Distribution and geological position of high-/ultrahigh-pressure 

units within the European Variscan Belt: a review, in Dobrzhinetskaya, L., Faryad, 

S.W., Wallis, S. Cuthbert, S. (eds.) ‘‘Ultrahigh pressure metamorphism: 25 years after 

the discovery of coesite and diamond’’, Elsevier, London, 361–397. 

Fernández-Suárez, J., Gutiérrez-Alonso, G., Cox, R., Jenner, G. A. (2002) Assembly 

of the Armorica Microplate: A Strike-Slip Terrane Delivery? Evidence from U-Pb Ages 

of detrital Zircons. The Journal of Geology 110, 619 – 626. 

Fershtater, G.B., Montero, P., Borodina, N.S., Pushkarev, E.V., Smirnov, V., Zinkova, 

E., Bea, F. (1997) Uralian magmatism: An overview. Tectonophysics 276, 87 – 102. 

Finger, F., Gerdes, A., Janousek, V., René, M., Riegler, G. (2007) Resolving the 

Variscan evolution of the Moldanubian sector of the Bohemian Massif: the 

significance of the Bavarian and the Moravo-Moldanubian tectonometamorphic 

phases. Journal of Geosciences 52, 9 – 28. 

Finger, F., Roberts, M.P., Haunschmid, B., Schermaier, A., Steyrer, H.P. (1997) 

Variscan granitoids of central Europe: their typology, potential sources and 

tectonothermal relations. Mineralogy and Petrology 61, 67 – 96. 

Franke, W. (2000) The mid-European segment of the Variscides: tectonostratigraphic 

units, terrane boundaries and plate tectonic evolution. In: Franke, W., Haak, V., 

Oncken, O., Tanner, D. (eds.) Orogenic Processes: Quantification and Modelling in 

the Variscan Belt. Geological Society, London, Special publications 179, 35 – 61. 

Franke, W., Haak, V., Oncken, O., Tanner, D. (2000) Orogenic processes: 

quantification and modelling in the Variscan belt. In: Franke, W., Haak, V., Oncken, 

O., Tanner, D. (eds.) Orogenic processes: quantification and modelling in the 

Variscan belt, Geological Society of London, Special Publications 179, 1 – 3. 

Friedl, G., Finger, F., Paquette, J.L., von Quadt, A., McNaughton, M.J., Fletcher,I.R. 

(2004) Pre-Variscan geological events in the Austrian part of the Bohemian Massif 

deduced from U-Pb zircon ages. International Journal of Earth Sciences 93, 802 – 

823. 

Frisch, W., Meschede, M., Blakey, R. (2011) Plate Tectonics: Continental Drift and 

Mountain Building. Springer, Berlin Heidelberg, 212 p. 



 

  33 
 

Ganssloser, M. (2000) Schwermineralanalytische Dokumentation rhenoherzynischer 

Grauwacken – ein Beitrag zur Liefergebiets-Interpretation. Zeitschrift der deutschen 

geologischen Gesellschaft 151, 127–170, Stuttgart. 

Gao, J., Klemd, R., Qian, Q., Zhang, X., Li, J., Jiang, T., Yang, Y. (2011) The 

collision between the Yili and Tarim blocks of the southwestern Altaids: Geochemical 

and age constraints of a leucogranite dike crosscutting the HP-LT metamorphic belt 

in the Chinese Tianshan Orogen. Tectonophysics 499, 118 – 131. 

Gao, J., Long, L., Klemd, R., Qian, Q., Liu, D., Xiong, X., Su, W., Liu, W., Wang, Y., 

Yang, F. (2009) Tectonic evolution of the South Tianshan orogen and adjacent 

regions, NW China: geochemical and age constraints of granitoid rocks. International 

Journal of Earth Sciences 98, 1221 – 1238. 

Gee, D. G., Pease, V. (2004) The Neoproterozoic Timanide Orogen of eastern 

Baltica: introduction. In Gee, D. G., Pease, V. (eds.) The Neoproterozoic Timanide 

Orogen of eastern Baltica. Geol. Soc., London, Memoirs 30, 1 – 3. 

Gee, D.G., Zeyen, H.J. (1996) EUROPROBE 1996 – Lithosphere dynamics: origin 

and evolution of continents. EUROPROBE Secretariate, Uppsala University, 138 p. 

Gerdes, A., Zeh, A. (2006) Combined U-Pb and Hf isotope LA-(MC-)ICP-MS 

analyses of detrital zircons: Comparison with SHRIMP and new constraints for the 

provenance and age of an Armorican metasediment in Central Germany. Earth and 

Planetary Science Letters 249, 47 – 61. 

Gerdes, A., Montero, P., Bea, F., Fershater, G., Borodina, N., Osipova, T., 

Shardakova, G. (2002) Peraluminous granites frequently with mantle-like isotope 

compositions: the continental-type Murzinka and Dzhabyk batholiths of the eastern 

Urals. International Journal of Earth Sciences 91, 3 – 19. 

Gibbs, A.K., Montgomery, C.W., O’Day, P.A. , Erslev, E.A. (1986) The Archean-

Proterozoic transition: Evidence from the geochemistry of metasedimentary rocks of 

Guyana and Montana.  Geochimica Cosmochimica Acta 50, 2125–2141.  

Giese, U., Glasmacher, U., Kozlov, V.I., Matenaar, I., Puchkov, V.N., Stroink, L., 

Bauer, W., Ladage, S., Walter, R. (1999) Structural framework of the Bashkirian 

anticlinorium, SW Urals. Geol. Rundschau 87, 526 – 544. 



 

  34 
 

Glasmacher, U. A., Bauer, W., Clauer, N., Puchkov, V. N. (2004) Neoproterozoic 

metamorphism and deformation at the southeastern margin of the East European 

Craton, Urals, Russia. Int. J. Earth. Sci 93, 921 – 944. 

Glodny, J., Pease, V., Montero, P., Austrheim, H., Rusin, A. I. (2004) Protolith ages 

of eclogites, Marun-Keu Complex, Polar Urals, Russia: implications for the pre- and 

early Uralian evolution of the northeastern European continental margin. In: Gee, D. 

G., Pease, V. (eds.) The Neoproterozoic Timanide Orogen of eastern Baltica. Geol. 

Soc., London, Memoirs 30, 87 – 105. 

Glodny, J., Bingen, B., Austrheim, H., Molina, J.F., Rusin, A. (2002) Precise 

eclogitization ages deduced from Rb/Sr mineral systematics: The Maksyutov 

complex, Southern Urals, Russia. Geochimica et Cosmochimica Acta 66, 1221 – 

1235. 

Glodny, J., Austrheim, H., Bingen, B., Rusin, A., Scarrow, J.H. (1999) New age data 

for high-P rocks and ophiolites along the Main Uralian Fault, Urals, Russia: 

Implications for the Uralian orogeny. Terra Nostra 99, 89 – 90. 

Görz, I., Hielscher, P. (2010) An explicit plate kinematic model for the orogeny in the 

southern Uralides. Tectonophysics 493, 1 – 26. 

Görz, I., Buschmann, B., Kroner, U., Hauer, R., Henning, D. (2009) The Permian 

emplacement of granite-gneiss complexes in the East Uralian Zone and implications 

on the geodynamics of the Uralides. Tectonophysics 467, 119 – 130. 

Gray, D.R., Foster, D.A. (1997) Orogenic concepts – application and definition: 

Lachlan Fold Belt, Eastern Australia. American Journal of Science 297, 859 – 891. 

Guerrot, C., Peucat, J.J., Capdevila, R., Dosso, L. (1989) Archean protoliths within 

Early Proterozoic granulitic crust of the west European belt: Possible relics of the 

West African craton. Geology 17, 241 – 244. 

Hann, H.P., Chen, F., Zedler, H., Frisch, W., Loeschke, J. (2003) The Rand Granite 

in the southern Schwarzwald and ist geodynamic significance in the Variscan belt of 

SW Germany. International Journal of Earth Sciences 92, 821 – 842. 



 

  35 
 

Haverkamp, J. (1991) Detritusanalyse unterdevonischer Sandsteine des Rheinisch-

Ardennischen Schiefergebirges und ihre Bedeutung für die Rekonstruktion der 

sedimentliefernden Hinterländer: 195 S., Aachen (Dissertation RWTH Aachen 

University, unpublished) 

Haverkamp, J., von Hoegen, J., Kramm, U., Walter, R. (1991) Application of U-Pb-

systems from detrital zircons for palaeogeographic reconstructions – a case-study 

from the Rhenohercynian. Geodinamica Acta, 5 (1991, 1992): 69–82, Paris. 

Hegner, E., Kröner, A. (2000) Review of Nd isotopic data and xenocrystic and detrital 

zircon ages from the pre-Variscan basement in the eastern Bohemian Massif: 

speculations on palinspastic reconstructions. In: Franke, W., Haak, V., Oncken, O., 

Tanner, D. (eds.) Orogenic Processes: Quantification and Modelling in the Variscan 

Belt. Geological Society, London, Special publications 179, 113 – 129. 

Herrington, R.J., Zaykov, V.V., Maslennikov, V.V., Brown, D., Puchkov, V.N. (2005) 

Mineral deposits of the Urals and links to geodynamic evolution. Economic Geology 

100th Anniversary Volume, 1069 – 1095. 

Hetzel, R., Romer, R.L. (2000) A moderate exhumation rate for the high-pressure 

Maksyutov Complex, southern Urals, Russia. Geological Journal 35, 327 -344.  

Hetzel, R. (1999) Geology and geodynamic evolution of the high-P/low-T Maksyutov 

complex, southern Urals, Russia. Geologische Rundschau 87, 577 – 588. 

Hetzel, R., Romer, R.L. (1999) U – Pb dating of the Verkniy Ufaley intrusion, middle 

Urals, Russia: a minimum age for subduction and amphibolite facies overprint of the 

East European continental margin. Geological Magazine 136, 593 – 597. 

Hoffmann, U., Breitkreuz, C., Breiter, K., Sergeev, S., Stanek, K., Tichomirova, M. 

(2013) Carboniferous-Permian volcanic evolution in Central Europe – U/Pb ages of 

volcanic rocks in Saxony (Germany) and northern Bohemia (Czech Republic). 

Inernational Journal of Earth Sciences 102, 73 – 99. 

Inglis, J.D., Samson, S.D., D’Lemos, R.S., Hamilton, M. (2004) U-Pb 

geochronological constraints on the tectonothermal evolution of the 

Palaeoproterozoic basement of Cadomia, La Hague, NW France. Precambrian 

Research 134, 293 – 315. 



 

  36 
 

Jamtveit, B., Austrheim, H. (2010) Metamorphism: The role of fluids. Elements 6, 153 

– 158. 

Kisters, A.F.M., Belcher, R.W., Poujol, M., Dziggel, A. (2010) Continental growth and 

convergence-related arc plutonism in the Mesoarchean; evidence from the Barberton 

granitoid-greenstone terrain, South Africa. Precambrian Research 178, 15 – 26. 

Kisters, A.F.M., Meyer, F.M., Seravkin, I.B., Znamensky, S.E., Kosarev, A.M., Ertl., 

R.G.W. (1999) The geological setting of lode-gold deposits in the central southern 

Urals: a review. Geologische Rundschau (International Journal of Earth Sciences) 

87, 603 – 616. 

Klemd, R., Hegner, E., Bergmann, H., Pfänder, J.A., Li, J.L., Hentschel, F. (2013) 

Eclogitization of continental crust of the Aktyuz Complex during Late Palaeozoic plate 

collisions in the Northern Tianshan of Kyrgyzstan. Gondwana Research, 2013, doi: 

10.1016/j.gr.2013.08.018. 

Klemd, R. (2013) Metasomatism during high-pressure metamorphism: Eclogites and 

blueschist facies rocks. In: Harlov, D.E., Austrheim, H. (eds.) Metasomatism and the 

chemical transformation of rocks. Lecture Notes in Earth System Sciences, Springer-

Verlag, Berlin, Heidelberg, 351 – 413. 

Klemd, R., John, T., Scherer, E.E., Rondenay, S., Gao, J. (2011) Changes in dip of 

subducted slabs at depth: Petrological and geochronological evidence from HP-UHP 

rocks (Tianshan, NW-China). Earth and Planetary Science Letters 310, 9 – 20. 

Klemd, R. (2010) Early Variscan allochthonous domains: the Münchberg Complex, 

Frankenberg, Wildenfels, and Góry Sowie. In: Linnemann, U., Romer, R.L. (eds.) 

Pre-Mesozoic Geology of Saxo-Thuringia – From the Cadomian active margin to the 

Variscan Orogen. Schweizerbart, Stuttgart, 221 – 232. 

Kolb, J., Sindern, S., Kisters, A.F.M., Meyer, M., Hoernes, S., Schneider, J. (2005) 

Timing of orogenic gold mineralization at Kochkar in the evolution of the East Uralian 

Granite-Gneiss terrane. Mineralium Deposita 40: 473 – 491. 

Krasnobayev, A.A., Cherednichenko, N.V. (2005) The Archean in the Urals: evidence 

from zircon age. Doklady Earth Sciences 400 (1), 145–148. 



 

  37 
 

Kröner, A. (2010) The role of geochronology in understanding continental evolution. 

In: Kusky, T.M., Zhai, M.-G., Xiao, W. (eds.) The Evolving Continents: Understanding 

Processes of Continental Growth. Geological Society, London, Special Publications 

338, 179 – 196. 

Kroner, U., Romer, R.L. (2010) The Saxo-Thuringian Zone – a tip of the Armorican 

Spur and part of the Gondwana plate. In: Linnemann, U., Romer, R.L. (eds.) Pre-

Mesozoic Geology of Saxo-Thuringia – From the Cadomian active margin to the 

Variscan Orogen. Schweizerbart, Stuttgart, 371 – 394. 

Kroner, U., Romer, R.L., Linnemann, U. (2010) The Saxo-Thuringian Zone of the 

Variscan Orogen as part of Pangea. In: Linnemann, U., Romer, R.L. (eds.) Pre-

Mesozoic Geology of Saxo-Thuringia – From the Cadomian active margin to the 

Variscan Orogen. Schweizerbart, Stuttgart, 3 – 16. 

Kryza, R., Pin, C. (2012) The central-sudetic ophiolites (SW Poland): petrogenetic 

issues, geochronology and palaeotectonic implications. Gondwana Research 17, 292 

– 305. 

Linnemann, U., Romer, R.L., Gerdes, A., Jeffries, T.E., Drost, K., Ulrich, J. (2010) 

The Cadomian orogeny in the Saxo-Thuringian Zone. In: Linnemann, U., Romer, R.L. 

(eds.) Pre-Mesozoic Geology of Saxo-Thuringia – From the Cadomian active margin 

to the Variscan Orogen. Schweizerbart, Stuttgart, 37 – 58. 

Linnemann, U., Romer, R.L. (2010) Preface. In: Linnemann, U., Romer, R.L. (eds.) 

Pre-Mesozoic Geology of Saxo-Thuringia – From the Cadomian active margin to the 

Variscan Orogen. Schweizerbart, Stuttgart, preface. 

Linnemann, U., Pereira, F., Jeffries, T.E., Drost, K., Gerdes, A. (2008a) The 

Cadomian orogeny and the opening of the Rheic Ocean: The diacrony of geotectonic 

processes constrained by LA-ICP-MS U-Pb zircon dating (Ossa-Morena and Saxo-

Thuringian Zones, Iberian and Bohemian Massifs). Tectonophysics 461, 21 – 43. 

Linnemann, U., Romer, R.L., Pin, C., Alexandrowski, P., Bula, Z., Geisler, T., Kachlik, 

V., Kreminska, E., Mazur, S., Motuza, G., Murphy, J.B., Namced, R.D., Pisarevsky, 

S.A., Schulz, B., Ulrich, J., Wisniewska, J., Zaba, J., Zeh, A. (2008b) The 



 

  38 
 

Precambrian. In: McCann, T. (ed.) The Geology of Central Europe. Geol. Soc., 

London, 21 – 101. 

Linnemann, U., Gerdes, A., Drost, K., Buschmann, B. (2007) The continuum between 

Cadomian orogenesis and opening of the Rheic ocean: Constraints from LA-ICP-MS 

U-Pb zircon dating and analysis of plate-tectonic setting (Saxo-Thuringian zone, 

northeastern Bohemian Massif, Germany). In: Linnemann, U., Nance, R.D., Kraft, P., 

Zulauf, G. (eds.) The evolution of the Rheic Ocean: From Avalonian-Cadomian active 

margin to Alleghenian-Variscan collision. Geological Society of America Special 

Paper 423, 61 – 96. 

Lünenschloss, B. (1998): Modellierung der Temperatur- und Fluidgeschichte an der 

variszischen Front (Verviers-Synklinorium und Nordeifel). – Scientific Technical 

Report STR98/07: 132 p., Geoforschungszentrum Potsdam, Potsdam. 

Lünenschloss, B., Bayer, U., Muchez, P. (1997): Coalification anomalies induced by 

fluid flow at the Variscan thrust front: a numerical model of the palaeotemperature 

field. Geol. Mijnbouw 76, 271–275, Dordrecht (Springer). 

Martínez-Catalán, J. R. (1990) A non-cylindrical model for the northwest Iberian 

allochthonous terranes and their equivalents in the Hercynian belt of Western 

Europe. Tectonophysics 179, 253-272. 

Maslov, A. V. (2004) Riphean and Vendian sedimentary sequences of the Timanides 

and Uralides, the eastern periphery of the East European Craton. In Gee, D. G., 

Pease, V. (eds.) The Neoproterozoic Timanide Orogen of eastern Baltica. Geol. Soc., 

London, Memoirs 30, 19 – 35. 

Matte, P. (2001) The Variscan collage and orogeny (480 – 290 Ma) and the tectonic 

definition of the Armorica microplate: a review. Terra Nova 13, 122 – 128. 

Matte, P., Maluski, H., Caby, R., Nicolas, A., Kepezhinskas, P., Sobolev, S. (1993) 

Geodynamic model and 40Ar/39Ar dating for the generation and emplacement of the 

high pressure (HP) metamorphic rocks in SW Urals. Comptes Rendus de l’Academie 

des Sciences, Serie 2, Mecanique, Physique, Chimie, Sciences de l’Univers, 

Sciences de la Terre 317, 1667 – 1674. 



 

  39 
 

Mazur, S., Aleksandrowski, P., Turniak, K., Krzeminski, L., Mastalerz, K., Górecka-

Nowak, A., Kurowski, L., Krzywiec, P., Zelazniewicz, A., Fanning, M. C. (2010) Uplift 

and late orogenic deformation of the Central European Variscan belt as revealed by 

sediment provenance and structural record in the Carboniferous foreland basin of 

western Poland. International Journal of Earth Sciences 99, 47 – 64. 

McLennan, S.M., Hemming, S.R., Taylor, S.R., Eriksson, K.A. (1995) Early 

Proterozoic crustal evolution: Geochemical and Nd-Pb isotopic evidence from 

metasedimentary rocks, southwestern North America. Geochimica et Cosmochimica 

Acta, 59: 1153–1177, Amsterdam. 

Melleton, J., Cocherie, A., Faure, M., Rossi, P. (2010) Precambrian protoliths and 

early Paleozoic magmatism in the French Massif Central; U-Pb data and the north 

Gondwana connection in the west European Variscan Belt. Gondwana Research 17, 

13 – 25. 

Meyer, F.M., Kisters, A.F.M., Stroink, L. (1999) Integrated geologic studies along the 

URSEIS ’95 transect: contributions to the understanding of the orogenic evolution of 

the southern Urals. Geologische Rundschau (International Journal of Earth Sciences) 

87, 497 – 499. 

Moore, J.C. (1989) Tectonics and hydrogeology of accretionary prisms: role of the 

décollement zone. Journal of Structural Geology 11, 95 – 106. 

Murphy, J.B., Keppie, J.D., Hynes, A.J. (2009) Ancient orogens and modern 

analogues: an introduction. In: Murphy, J. B., Keppie, J. D., Hynes, A. J. (eds.) 

Ancient Orogens and Modern Analogues. Geol. Soc., London, Special Publications 

327, 1 – 8. 

Murphy, J. B., Gutiérrez-Alonso, G., Nance, R. D., Fernández-Suárez, J., Keppie, J. 

D., Quesada, C., Dostal, J., Braid, J. A. (2009) Rheic Ocean mafic complexes: 

overview and synthesis. In: Murphy, J. B., Keppie, J. D., Hynes, A. J. (eds.) Ancient 

Orogens and Modern Analogues. Geol. Soc., London, Special Publications 327, 343 

– 369. 



 

  40 
 

Nance, R.D., Gutiérrez-Alonso, G., Keppie, J.D; Linnemann, U., Murphy, J.B., 

Quesada, C., Strachan, R.A., Woodcock, N.H. (2012) A brief history of the Rheic 

Ocean. Geoscience Frontiers, doi:10.1016/j.gsf.2011.11.008. 

Nance, R.D., Gutiérrez-Alonso, G., Keppie, J.D., Linnemann, U., Murphy, J.B., 

Quesada, C., Strachan R.A., Woodcock, N.H. (2010) Evolution of the Rheic Ocean. 

Gondwana Research 17, 194–222. 

Nance, R.D., Murphy, J.B., Strachan, R.A., Keppie, J.D., Gutiérrez-Alonso, G., 

Fernández-Suárez, J., Quesada, C., Linnemann, U., D’Lemos, R., Pisarevsky, S.A. 

(2008) Neoproterozoic-early Palaeozoic tectonostratigraphy and palaeogeography of 

the peri-Gondwanan terranes: Amazonian v. West African connections. Geological 

Society, London, Special Publications 297, 345 – 383. 

Oberc-Dziedzic, T., Kryza, R., Mochnacka, K., Larionov, A. (2010) Ordovician 

passive continental margin magmatism in the Central-European Variscides: U-Pb 

zircon data from the SE part of the Karkonosze-Izera Massif, Sudetes, SW Poland. 

International Journal of Earth Sciences 99, 27 – 46. 

Oggiano, G., Gaggero, L., Funedda, A., Buzzi, L., Tiepolo, M. (2010) Multiple early 

Palaeozoic volcanic events at the northern Gondwana margin; U-Pb age evidence 

from the southern Variscan branch (Sardinia, Italy). Gondwana Research 17, 44 – 

58. 

Oliver, J. (1986) Fluids expelled tectonically from orogenic belts: Their role in 

hydrocarbon migration and other geological phenomena. Geology 14, 99-102. 

Oncken, O., Plesch, A., Weber, J., Ricken, W., Schrader, S. (2000) Passive margin 

detachmend during arc-continent collision (Central European Variscides). In: Franke, 

W., Haak, V., Oncken, O. & Tanner, D. (eds.) Orogenic Processes: Quantification 

and Modelling in the Variscan Belt. Geol. Soc., London, Spec. Pub. 179, 179 – 216. 

Oncken, O., von Winterfeld, C., Dittmar, U. (1999) Accretion of a rifted passive 

margin: The Late Palaeozoic Rhenohercynian fold and thrust belt (Middle European 

Variscides). Tectonics 18 (1), 75 – 91. 



 

  41 
 

Onézime, J., Charvet, J., Faure, M., Chauvet, A., Panis, D. (2002) Structural 

evolution of the southernmost segment of the West European Variscides : the South 

Portuguese Zone (SW Iberia). Journal of Structural Geology 24, 451 – 468. 

Pastor-Galán, D., Gutiérrez-Alonso, G., Weil, A. B. (2011) Orocline timing through 

joint analysis: Insights from the Ibero-Armorican Arc. Tectonophysics 507, 31 – 46. 

Patocka, F. (1987) The geochemistry of mafic metavolcanics: implications for the 

origin of the Devonian massive sulphide deposits at Zlaté Hory, Czechoslovakia. 

Mineralium Deposita 22, 144 – 150. 

Pereira,M.F., Chichorro, M., Sola, A.R., Silva, J.B., Sanchez Garcia, T., Bellido, F. 

(2011) Tracing the Cadomia magmatism with detrital/inherited zircon ages by in situ 

U/Pb SHRIMP geochronology (Ossa-Morena Zone, SW Iberian Massif). Lithos 123, 

204 – 217. 

Perez-Estaun, A., Alvarez-Marron, J., Brown, D., Puchkov, V., Gorozhanina, Y., 

Baryshev, V. (1997) Along-strike structural variations in the foreland thrust and fold 

belt of the southern Urals. Tectonophysics 276, 265 – 280. 

Pin, C., Paquette, J.-L. (1997) A mantle-derived bimodal suite in the Hercynian belt: 

Nd isotope and trace element evidence for a subduction-related rift origin of the Late 

Devonian Brévenne metavolcanics, Massif Central (France). Contributions to 

Mineralogy and Petrology 129, 222 – 238. 

Pin, C. (1990) Variscan oceans: Ages, origins and geodynamic implications inferred 

from geochemical and radiometric data. Tectonophysics 177, 215 – 227. 

Pitra, P., Ballèvre, M., Ruffet, G. (2010) Inverted metamorphic field gradient towards 

a Variscan suture zone (Champtoceaux Complex, Armorican Massif, France). 

Journal of Metamorphic Geology 28 (2), 183 – 208. 

Press, S. (1986) Detrital spinells from alpinotype source rocks in middle Devonian 

sediments of the Rhenish Massif. Geologische Rundschau 75, 333–340, Berlin. 

Puchkov, V.N. (2013) Structural stages and evolution of the Urals. Mineralogy and 

Petrology 107, 3 – 37.  



 

  42 
 

Puchkov, V.N. (2009a) The evolution of the Uralian orogen. In: Murphy, J.B., Keppie, 

J.D., Hynes, A.J. (eds.) Ancient orogens and modern analogues. Geological Society 

London, Special Publications 327, 161 – 195. 

Puchkov, V. N. (2009b) The diachronous (step-wise) arc-continent collision in the 

Urals. Tectonophysics 479, 175 – 184. 

Puchkov, V.N. (2000) Palaeogeodynamics of the Southern and Middle Urals. Dauria, 

Ufa, 146 p. (in Russian) 

Puchkov, V.N. (1997) Structure and geodynamics of the Uralian orogen. In: Burg, 

J.P., Ford, M. (eds.) Orogeny through time. Geological Society Special Publication 

121, 201 – 236.  

Puelles, P., Gil Ibarguchi, J. I., Beranoaguirre, A., Ábalos, B. (2012) Mantle wedge 

deformation recorded by high-temperature peridotite fabric superposition and 

hydrous retrogression (Limo massif, Cabo Ortegal, NW Spain). International Journal 

of Earth Sciences 101, 1835 – 1853. 

Remizov, D., Pease, V. (2004) The Dzela complex, Polar Urals, Russia: a 

Neoproterozoic island arc. In: Gee, D. G., Pease, V. (eds.) The Neoproterozoic 

Timanide Orogen of eastern Baltica. Geol. Soc., London, Memoirs 30, 107 – 123. 

Ribeiro, A., Munhá, J., Fonseca, P. E., Araújo, A., Pedro, J. C., Mateus, A., Tassinari, 

C., Machado, G., Jesus, A. (2010) Variscan ophiolite belts in the Ossa-Morena Zone 

(Southwest Iberia): Geological characterization and geodynamic significance. 

Gondwana Research 17, 408 – 421. 

Romer, R.L., Hahne, K. (2010) Baltica meets Gondwana – the isotope geochemical 

record. In: Linnemann, U., Romer, R.L. (eds.) Pre-Mesozoic Geology of Saxo-

Thuringia – From the Cadomian active margin to the Variscan Orogen. 

Schweizerbart, Stuttgart, 363 – 370. 

Ronkin, Yu.L., Sindern, S., Kramm, U., Lepikhina, O.P. (2008) Isotope geology of the 

most ancient formations of the Urals: U-Pb, Sm-Nd, Rb-Sr and 40Ar-39Ar systematics. 

The International Scientific Conference “The Structurally-Material Complexes and 

Problems of Geodynamics of the Precambrian Phanerozoic Orogens”, Ekaterinburg 

2008, 117 – 120. (in Russian) 



 

  43 
 

Ronkin, Yu.L., Maslov, A.V., Petrov, G.A., Matukov, D.I., Suslov, S.B., Sindern, S., 

Kramm, U., Lepikhina, O.P. (2007): In situ U-Pb (SHRIMP) dating of zircons from 

granosyenite of the Troitsk Pluton, Kvarkush-Kamennogorsk Anticlinorium, Central 

Urals. Doklady Earth Sciences 412, 11 – 16, Pleiades Publishing 

Samson,S.D., D’Lemos, R.S. (1998) U-Pb geochronology and Sm-Nd isotopic 

composition of Proterozoic gneisses, Channel Islands, UK. Journal of the Geological 

Society, London, 155, 609 – 618. 

Sánchez-Martínez, S., Arenas, R., Gerdes, A., Castineiras, P., Potrel, A., Fernández-

Suárez, J. (2011) Isotope geochemistry and revised geochronology of the Purrido 

Ophiolite (Cabo Ortegal Complex, NW Iberian Massif): Devonian magmatism with 

mixed sources and involved Mesoproterozoic basement. Journal of the Geological 

Society, London 168, 733 – 750. 

Savelieva, G.N., Sharaskin, A.Ya., Saveliev, A.A., Spadea, P., Pertsev, A.N., 

Babarina, I.I. (2002) Ophiolites and zoned mafic-ultramafic massifs of the Urals: A 

comparative analysis and some tectonic implications. In: Brown, D., Juhlin, C., 

Puchkov, V. (eds.) Mountain building in the Uralides: Pangea to the present. 

Geophysical Monograph 132, American Geophysical Union, 135 – 153. 

Scarrow, J., Hetzel, R., Gorozhanin, V.M., Dinn, M., Glodny, J., Gerdes, A., Ayala, 

C., Montero, P. (2002) Four decades of geochronological work in the southern and 

middle Urals: A review. In: Brown, D., Juhlin, C., Puchkov, V. (eds.) Mountain 

building in the Uralides: Pangea to the present. Geophysical Monograph 132, 

American Geophysical Union, 233 – 255. 

Schulte, B.A., Sindern, S. (2002) K-rich fluid metasomatism at high pressure 

metamorphic conditions: Lawsonite decomposition in rodingitized ultramafite of the 

Maksyutovo Complex, Southern Urals (Russia). Journal of metamorphic Geology 20, 

1-13. 

Schulte, B.A., Blümel, P. (1999) Metamorphic evolution of eclogite and associated 

garnet-mica schist in the high-pressure metamorphic Maksyutov complex, Ural, 

Russia. Geologische Rundschau 87, 561 – 576. 



 

  44 
 

Schroyen K, Muchez P (2000) Evolution of metamorphic fluids at the Variscan fold-

and-thrust belt in eastern Belgium. Sed Geol 131, 163–180. 

Seward, D., Brown, D., Hetzel, R., Friberg, M., Gerdes, A., Petrov, G.A., Perez-

Estaun, A. (2002) The syn- and post-orogenic low temperature events in the 

Southern and Middle Urals: evidence from fission-track analysis. In: Brown, D., 

Juhlin, Chr., Puchkov, V. (eds) Mountain Building in the Urals—Pangea to the 

present. Geophysical Monograph 132, American Geophysical Union, Washington, pp 

257–272. 

Simancas, J. F., Tahiri, A., Azor, A., González Lodeiro, F., Martínez Poyatos, D. J., El 

Hadi, H. (2005) The tectonic frame of the Variscan-Alleghanian orogen in Southern 

Europe and Northern Africa. Tectonophysics 398, 181 – 198. 

Sindern, S., Gerdes, A., Ronkin, Y.L., Dziggel, A., Hetzel, R., Schulte, B.A. (2012a) 

Monazite stability, composition and geochronology as tracers of Proterozoic events 

at the eastern margin of the East European Craton (Taratash complex, Middle Urals). 

Lithos 132-133, 82-97. 

Sindern, S., Meyer, F.M., Lögering, M.J., Kolb, J., Vennemann, T., Schwarzbauer, J. 

(2012b) Fluid evolution at the Variscan front in the vicinity of the Aachen thrust. 

International Journal of Earth Sciences (Geol Rundsch) 101:87–108. 

Sindern, S.,Gerdes, A., Ronkin, Y., Dziggel, A., Schulte, B.A., Hetzel, R., Kramm, U. 

(2012c) Geochronology of the Archean to Proterozoic Taratash Complex (East 

European Craton) – evidence for a 1 billion years crustal evolution. European 

Mineralogical Conference Vol. 1, EMC2012-250. 

Sindern, S., Warnsloh, J.M., Trautwein-Bruns, U., Chatziliadou, M., Becker, S., 

Yüceer, S., Hilgers, C., Kramm, U. (2008) Geochemical composition of sedimentary 

rocks and imprint of hydrothermal fluid flow at the Variscan front – an example from 

the RWTH-1 well (Germany). Zeitschrift der Deutschen Gesellschaft für 

Geowissenschaften 159, 623 – 640. 

Sindern, S., Stanjek, H., Hilgers, C., Etoundi, Y. (2007) Short-term hydrothermal 

effects in the „crystallinities“ of illite and chlorite in the footwall of the Aachen-Faille 



 

  45 
 

du Midi thrust fault – first results of the RWTH-1 drilling project. Clays and Clay 

Minerals 55, 200 – 212. 

Sindern, S., Hetzel, R., Schulte, B.A., Kramm, U., Ronkin, YuL., Maslov, A.V., 

Lepikhina, O.P. (2005) Proterozoic magmatic and tectonometamorphic evolution of 

the Taratash complex, Central Urals, Russia, International Journal of Earth Sciences 

(Geologische Rundschau) 94, 319 – 335. 

Sindern, S., Ronkin, Yu.L., Kramm, U., Maslov, A., Lepikhina, O.P. (2003) U-Pb 

dating of single zircon crystals from nepheline syenites of the Berdyaush Massif, 

Southern Urals, with application of a 205Pb/233U spike. II. Russian Conference on 

Geochronology, St. Petersburg, 461 – 465.  

Sindern, S., Ronkin,Yu., Gronen, L., Winkler, R., Schulte, B.A., Kramm, U. (in prep.) 

Geochemistry of granitoid and mafic magmatic rocks of the south-eastern Urals, new 

data from the Mariinskiy and Nishniy Sanarskiy complexes. 

Sintubin, M., van Noorden, M., Berwouts, I. (2008) Late Devonian – early 

Carboniferous contraction-dominated deformation in Central Armorica (Monts 

d’Arrée, Brittany, France) and its relationship with the closure of the Rheic Ocean. 

Tectonophysics 461, 343 – 355. 

Skrzypek, E., Tabaud, A.-S., Edel, J.-B., Schulmann, K., Cocherie, A., Guerrot, C., 

Rossi, P. (2012) The significance of Late Devonian ophiolites in the Variscan orogen: 

a record from the Vosges Klippen Belt. International Journal of Earth Sciences 101, 

951 – 972. 

Solá, A.R., Pereira, M.F., Williams, I.S., Ribeiro, M.L., Neiva, A.M.R., Montero, P., 

Bea, F., Zinger, T. (2008) New insights from U-Pb zircon dating of Early Ordovician 

magmatism on the northern Gondwana margin: The Urra Formation (SW Iberian 

Massif, Portugal). Tectonophysics 461, 114 – 129. 

Stampfli, G.M., von Raumer, J. F., Borel, G. D. (2002) Palaeozoic evolution of pre-

Variscan terranes: From Gondwana to the Variscan collision. In: Martínez Catalán, J. 

R., Hatcher, R. D., Jr., Arenas, R., Díaz García, F. (eds) Variscan-Appalachian 

dynamics: The building of the late Paleozoic basement: Boulder, Colorado, Geol. 

Soc. Of America Special Paper 364, 263 – 280. 



 

  46 
 

Stanistreet, I.G., Kukla, P.A., Henry, G. (1991) Sedimentary basinal responses to a 

Late Precambrian Wilson Cycle: the Damara Orogen and Nama Foreland, Namibia. 

Journal of African Earth Sciences 13, 141 – 156. 

Talavera, C., Montero, P., Bea, F., González Lodeiro, F., Whitehouse, M. (2013) U-

Pb zircon geochronology of the Cambro-Ordovician metagranites and metavolcanic 

rocks of central and NW Iberia. International Journal of Earth Sciences 102, 1 – 23. 

Thieblemont, D., Triboulet, C., Godard, G. (1988) Mineralogy, petrology and P-T-t 

path of Ca-Na amphibole assemblages, Saint-Martin des Noyers formation, Vendeé, 

France. Journal of metamorphic Geology 6, 697 – 715. 

Trautwein-Bruns, U., Schulze, K.C., Becker, S., Kukla, P.A., Urai, J.L. (2010) In situ 

stress variations at the Variscan deformation front – Results from the deep Aachen 

geothermal well. Tectonophysics 493, 196 – 211. 

Veizer, J., Mackenzie, F.T. (2003) Evolution of sedimentary rocks. In: Mackenzie, 

F.T. (ed.) Sediments, diagenesis, and sedimentary rocks, 7: 369–407. In: Holland, 

H.D., Turekian, K.K. (eds.) Treatise on geochemistry, Oxford (Elsevier-Pergamon). 

Vidal, P., Auvray, B., Charlot, R., Cogné, J. (1981) Precadomian relicts in the 

Armorican Massif: Their age and role in the evolution of the western and central 

European Cadomian-Hercynian Belt. Precambrian Research 14, 1-20. 

Von Hoegen, J., Kramm, U., Walter, R. (1990) The Brabant Massif as part of 

Armorica/Gondwana: U-Pb isotopic evidence from detrital zircons. Tectonophysics 

185, 37 – 50. 

Von Raumer, J. F., Stampfli, G. M. (2008) The birth of the Rheic Ocean – Early 

Paleozoic subsidence patterns and subsequent tectonic plate scenarios. 

Tectonophysics 461, 9 – 20. 

Vozarova, A., Sarinova, K., Rodionov, N., Laurinc, D., Paderin, I., Sergeev, S., 

Lepikhina, E. (2012) U-Pb ages of detrital zircons from Paleozoic metasandstones of 

the Gelnica Terrane (Southern Gemeric Unit, Western Carpathians, Slovakia): 

evidence for Avalonian-Amazonian provenance. International Journal of Earth 

Sciences 101, 919 – 936. 



 

  47 
 

Wendt,J.I., Kröner, A., Fiala, J., Todt, W. (1993) Evidence from zircon dating for 

existence of approximately 2.1 Ga old crystalline basement of southern Bohemia, 

Czech Republic. Geologische Rundschau 82, 42 – 50. 

Willner, A.P., Barr, S.M., Gerdes, A., Massonne, H.-J., White, C.E. (2013) Origin and 

evolution of Avalonia: evidence from U-Pb and Lu-Hf isotopes in zircon from the Mira 

terrane, Canada, and the Stavelot-Venn Massif, Belgium. Journal of the Geological 

Society, London. Doi: 10.1144/jgs2012-152, published online first 

Willner, A. P., Wartho, J. –A., Kramm, U., Puchkov, V. N. (2004) Laser 40Ar/39Ar ages 

of single detrital white mica grains related to the exhumation of Neoproterozoic and 

Late Devonian high pressure rocks in the Southern Urals (Russia). Geol. Mag. 141 

(2), 161 – 172. 

Willner, A.P., Sindern, S., Metzger, R., Ermolaeva, T., Kramm, U., Puchkov, V., 

Kronz, A. (2003) Typology and single grain U/Pb ages of detrital zircon from 

Proterozoic sandstones in the SW Urals: early time marks at the eastern margin of 

Baltica. Precambrian Research 124, 1 – 20. 

Zak, J., Kraft, P., Hajna, J. (2013) Timing, styles, and kinematics of Cambro-

Ordovician extension in the Tepla-Barrandian Unit, Bohemian Massif, and its bearing 

on the opening of the Rheic Ocean. International Journal of Earth Sciences 102, 415 

– 433. 

Zeh, A., Will, T.M. (2010) The Mid-German Crystalline Zone. In: Linnemann, U., 

Romer, R.L. (eds.) Pre-mesozoic geology of Saxo-Thuringia – From the Cadomian 

Active margin to the Variscan orogeny. Schweizerbart, Stuttgart, 195 – 220. 

Zeitlhofer, H., Schneider, D., Grasemann, B., Petrakakis, K., Thöni, M. (2014) 

Polyphase tectonics and late Variscan extension in Austria (Moldanubian Zone, 

Strudengau area). International Journal of Earth Sciences 103, 83 – 102. 

Zelazniewicz, A., Bula, Z., Fanning, M., Seghedi, A., Zaba, J. (2009) More evidence 

on Neoproterozoic terranes in Southern Poland and southeastern Romania. 

Geological Quarterly 53, 93 – 124. 

Zhang, X., Tian, J., Gao, J., Klemd, R., Dong, L., Fan, J., Jiang, T., Hu, Ch., Qian, Q. 

(2012) Geochronology and geochemistry of granitoid rocks from the Zhibo 



 

  48 
 

syngenetic volcanogenic iron ore deposit in the Western Tianshan Mountains (NW-

China): Constraints on the age of mineralization and tectonic setting. Gondwana 

Research 22, 585 – 596. 



 

  49 
 

4. 

Sindern, S., Hetzel, R., Schulte, B.A., Kramm, U., Ronkin, YuL., Maslov, A.V., 

Lepikhina, O.P. (2005) Proterozoic magmatic and tectonometamorphic evolution of 

the Taratash complex, Central Urals, Russia, International Journal of Earth Sciences 

(Geologische Rundschau) 94: 319 – 335. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With permission of Springer. 

Re-use in thesis granted by Springer, Rights and Permissions, Tiergartenstrasse 17, 

69121 Heidelberg, Germany, permission letter 14th of October 2015. 



 

  50 
 

 



 

  51 
 

 



 

  52 
 

 



 

  53 
 

 



 

  54 
 

 



 

  55 
 

 



 

  56 
 

 



 

  57 
 

 



 

  58 
 

 



 

  59 
 

 



 

  60 
 

 



 

  61 
 

 



 

  62 
 

 



 

  63 
 

 



 

  64 
 

 



 

  65 
 

 



 

  66 
 

 



 

  67 
 

5. 

Sindern, S., Gerdes, A., Ronkin, Y.L., Dziggel, A., Hetzel, R., Schulte, B.A. (2012a) 

Monazite stability, composition and geochronology as tracers of Proterozoic events 

at the eastern margin of the East European Craton (Taratash complex, Middle Urals). 

Lithos 132-133, 82-97. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Right of re-use in thesis for Elsevier journal author granted by Elsevier, confirmation 

by Elsevier Permissions Helpdesk, 1600 John F. Kennedy Boulevard, Suite 1800, 

Philadelphia, PA 19103-2899, USA, 23rd of October 2015. 



 

  68 
 

 



 

  69 
 

 



 

  70 
 

 



 

  71 
 

 



 

  72 
 

 



 

  73 
 

 



 

  74 
 

 



 

  75 
 

 



 

  76 
 

 



 

  77 
 

 



 

  78 
 

 



 

  79 
 

 



 

  80 
 

 



 

  81 
 

 



 

  82 
 

 



 

  83 
 

 



 

  84 
 

6. 

Willner, A.P., Sindern, S., Metzger, R., Ermolaeva, T., Kramm, U., Puchkov, V., 

Kronz, A. (2003) Typology and single grain U/Pb ages of detrital zircon from 

Proterozoic sandstones in the SW Urals: early time marks at the eastern margin of 

Baltica. Precambrian Research 124, 1 – 20. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Right of re-use in thesis for Elsevier journal author granted by Elsevier, confirmation 

by Elsevier Permissions Helpdesk, 1600 John F. Kennedy Boulevard, Suite 1800, 

Philadelphia, PA 19103-2899, USA, 23rd of October 2015. 



 

  85 
 

 



 

  86 
 

 



 

  87 
 

 



 

  88 
 

 



 

  89 
 

 



 

  90 
 

 



 

  91 
 

 

 



 

  92 
 

 



 

  93 
 

 



 

  94 
 

 



 

  95 
 

 



 

  96 
 

 



 

  97 
 

 



 

  98 
 

 



 

  99 
 

 



 

  100 
 

 



 

  101 
 

 



 

  102 
 

 



 

  103 
 

 



 

  104 
 

7. 

Schulte, B.A., Sindern, S. (2002) K-rich fluid metasomatism at high pressure 

metamorphic conditions: Lawsonite decomposition in rodingitized ultramafite of the 

Maksyutovo Complex, Southern Urals (Russia). Journal of Metamorphic Geology 20, 

1-13. © Blackwell Science Inc., 0263-4929/02/$15.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

With permission of Wiley. 

Re-use in thesis granted by John Wiley & Sons Ltd, The Atrium, Southern Gate, 

Chichester, West Sussex, PO19 8SQ, UK, permission 5th of November 2015. 



 

  105 
 

 



 

  106 
 

 



 

  107 
 

 



 

  108 
 

 



 

  109 
 

 



 

  110 
 

 



 

  111 
 

 



 

  112 
 

 



 

  113 
 

 



 

  114 
 

 



 

  115 
 

 



 

  116 
 

 



 

  117 
 

 



 

  118 
 

8. 

Sindern, S., Ronkin,Yu., Gronen, L., Winkler, R., Schulte, B.A., Kramm, U. (in prep.) 

Geochemistry of granitoid and mafic magmatic rocks of the south-eastern Urals, new 

data from the Mariinskiy and Nishniy Sanarskiy complexes. 

 



 

  119 
 

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, Görz 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. Görz 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 biotite-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 δ, 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.  



 

  124 
 

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. 

 

 

 



 

  125 
 

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, K2O 

0.75 – 2.55 wt.-%) with Na2O > K2O and have dioritic, granodioritic to tonalitic 

compositions (Table 1). They show a systematic decrease in TiO2, MgO, Fe2O3
t 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).  

 

 

 

Fig. 2: SiO2 vs. TiO2, MgO, CaO, Fe2O3
t (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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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, Fe2O3
t and 

CaO with increasing SiO2) 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 



 

  129 
 

considered as negligible, also plot in the “volcanic arc granite” field (Fig. 4, Table 1, 

Pearce et al. 1984, Pearce 1996).  

 

 

 

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).  

 

 

 

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-R2-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. 

 

 

 

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). 

 

 

 

Fig. 6: K2O vs. SiO2 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.  

 

 

 

Fig. 7: Simplified profile depicting the tectonic constellation during the Uralian 
orogeny in Early Carboniferous times, adapted from Herrington et al. (2005) and 
Alvarez-Marrón (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, Görtz 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 

Görtz 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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