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Abstract The architecture of the European Variscides
has been subdivided by Kossmat (1927) into paleo-
geographically coherent units which are presently in-
terpreted as former plate fragments. The Mid-German
Crystalline Rise (MGCR) separates two fragments
(Rhenohercynian and Saxothuringian belts) at the site
of an inferred plate boundary and reequilibrated oro-
genic root. The commonly favoured model interprets
the MGCR as the magmatic arc on Saxothuringian
crust above a south-dipping subduction zone in Upper
Devonian and Carboniferous times. Data from the
MGCR, the kinematic evolution of the Mid-European
Variscides, and first order volume balancing suggest
a reinterpretation of this unit which challenges classical
views on the MGCR as well as on the subdivision of
Variscan architecture. The MGCR is composed of two
rock groups with different tectonic identity. A Lower
Carboniferous low pressure-high temperature mag-
matic arc association on Lower Paleozoic basement
rests tectonically on a stack of medium pressure-
medium temperature rocks of inferred Rhenohercynian
origin. The latter were tectonically accreted to the base
of the overriding plate by tectonic underplating. The
entire process was controlled by oblique convergence.
This led to regional partitioning of the plate kinematic
vector into contractional domains (lower Rhenoher-
cynian plate and back-arc area of the upper Saxo-
thuringian plate), bulk heterogeneous plate margin
parallel extensional domains (MGCR), and plate mar-
gin parallel wrench domains (MGCR boundaries).
During this process material was continually transfer-
red from the lower plate to the upper plate, uplifted and
exhumed by net crustal extension. The concomitant
removal of parts of the former arc and the entire oro-
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genic root necessitates a reappraisal of Variscan archi-
tecture and evolution.
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Introduction

Variscan Europe is traditionally subdivided into a
number of zones which form more or less independent
orogenic belts of Devono-Carboniferous age (Kossmat
1927; Fig. 1). The modern extension of Kossmats
subdivision into zones defined as paleogeographically
coherent units on the basis of stratigraphic and tec-
tonometamorphic data relies on the validity of an im-
portant implicit assumption: With the advent of plate
tectonics these zones were reinterpreted as independent
microplates which basically retained their material in-
tegrity throughout the entire orogenic evolution. This
general idea is challenged in the present paper using the
Mid-German Crystalline Rise as a case study.

The northwest facing low to very low grade fold-
thrustbelts on the northern flank of the Variscides
(Rhenohercynian and Saxothuringian belts) are separ-
ated by a zone of crystalline basement, named the
Mid-German Crystalline Rise (MGCR) by Scholtz
(1930) and Brinkmann (1948). Recent interpretations
emphasize that the Mid-German Crystalline Rise forms
the laterally continuous, faulted basement wedge of an
upper plate leading edge formed during the collision of
two microplates in the European Variscides (e.g. Weber
and Behr 1983, Lorenz and Nicholls 1984, Holder and
Leveridge 1986, Matte 1986, 1991, Okrusch and Rich-
ter 1986, Ziegler 1986, Franke 1989, Franke and On-
cken 1990, Krohe 1991, Flottmann and Oncken 1992).
The Rhenohercynian zone to the north, an inverted and
stacked passive margin sequence (Franke and Oncken
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Fig. 1 Schematic map of Saxothuringian unit in central Europe
showing MGCR outcrops and drilled occurrences. Shaded zone
depicts area with positive magnetic anomalies with AT > 20 nT
(from Freeman and Mueller 1992). Drilled occurrences compiled

1990, Dittmar et al. 1994, Oncken et al. 1996) was
underthrust beneath the so-called Saxothuringian zone
to the south. One of the consequences expected is
considerable thickening from crustal stacking in the
collisional area which, during the Permo-Carbonifer-
ous, was reequilibrated to normal crustal thickness.
This fact is highlighted by abundant seismic sections
which reveal a flat Moho throughout Central Europe.
Simple quantitative models led Behrmann et al. (1991)
to the conclusion that parts of this thickened crustal
root must have been lost by an as yet unresolved
mechanism.

Apart from this major problem the continuous
debate on the enigmatic nature of the MGCR is best
highlighted by the following observations:

e age and composition of the detrital material in the
synorogenic flysch basins on both sides of the Rise
do not match that of the presently outcropping rocks
of the MGCR;

e lateral heterogeneity of the MGCR along strike is
extreme regarding rock types, metamorphic evolu-
tion, structure, and cooling ages;

e three seismic reflection and several seismic refraction
lines crossing the system exhibit structures differing
from one section to another although supposedly
crossing the same tectonic setting;

from Behr 1966, Donsimoni 1981, Kampfe 1984, Schmidt et al. 1986.
Inset shows Variscan zones sensu Kossmat (1927) in central Europe
(RH: Rhenohercynian, ST: Saxothuringian, MO: Moldanubian)

e arc magmatism of Upper Devonian and Lower Car-
boniferous age is restricted to the western Rise and
some eastern occurences; the central part is devoid of
such magmatism;

e paleo-heat flow data and the absence of a paired
metamorphic belt along most of the suture do not
support a simple upper/lower plate twin.

An internally consistent set of explanations for the
above features does not exist. Explanations for single
features moreover are untestable in several cases, or are
in conflict with other evidence. The as yet unknown
mode of orogenic mass transfer during collision is esti-
mated to be the most crucial parameter to resolve the
case. The present paper is primarily based on such
a reconstruction and on the reevaluation of data from
the different MGCR units with the aim to determine
the essential geometric constraints for the geodynamic
evolution. In consequence, an opposing view of the
above denoted geodynamic interpretation is proposed.

Geological and plate tectonic setting

The European Variscides and Caledonides were for-
med as the consequence of northward drift of Gond-
wana-derived microplates (Avalonia, Armorica, etc.)




4

from a near-southpolar position, and their sequential
collision with Laurentia/Baltica in a near-equatorial
position involving also Gondwana in the final stage
(see Bachtadse et al. 1995, for compilation). The entire
cycle lasted for some 200 Ma and started in Cambro-
Ordovician times with rifting and subsequent rapid
northward drift of these microplates until the Silurian.
Whereas the Saxothuringian unit (probably part of
Armorica) fits this general picture, the Rhenohercynian
marginal basin (the southern rim of Avalonia) is an
extensional feature which evolved during Devonian
times following drift and collision. The oceanic basin
intervening between the Rhenohercynian and Saxo-
thuringian zones equally has an age around the
Lower/Mid-Devonian (Engel et al. 1983, Floyd 1984,
Grosser and Dorr 1986). Remnants of this oceanic
domain are preserved in the Giessen-Harz nappes.
Although the early crustal evolution of these micro-
continents during northward drift suggests a setting of
Andean type, very little magmatic addition to the crust
is established. Minor arc magmatism occurred during
the Ordovician-Silurian and during final collision in
the Carboniferous. Within this scenario, the Mid-Ger-
man Crystalline Rise and its western prolongation, the
Normannian High (Holder and Leveridge 1986), are
generally interpreted to reflect the deeply exposed base-
ment of the northern Saxothuringian zone during the
Upper Devonian and Lower Carboniferous time frame.
The Rise is the only larger active magmatic margin
identified thus far in the entire Variscan belt (Okrusch
and Richter 1986, Franke 1989, Franke and Oncken
1990, Krohe 1991, Willner et al. 1991, Behrmann et al.
1991, Flottmann and Oncken 1992). In the north, it is
juxtaposed against the strongly deformed MP-LT-
rocks of the Phyllite zone in the southern Rhenoher-
cynian (Anderle et al. 1990, Kliigel and Oncken 1994).
The only exposure of the southern rim to the
Saxothuringian fold thrust belt in the low grade Vesser
unit exhibits rocks of unknown protolith age which
also contain abundant MORB-type rocks (Bankwitz
et al. 1994). The MGCR’s incorporation into the
Saxothuringian unit may thus be doubtful. The sim-
ilarity in basement composition and evolution of
Rhenohercynian and MGCR has led Franke and On-
cken (1995) to suggest that their early proximity was
disturbed by opening of the Devonian Giessen ocean.
General closure of the basins started during the
Early Devonian and was completed in a final colli-
sional stage in the Lower Carboniferous (see Matte
1986, Ziegler 1986, Franke 1989 for details). Carboni-
ferous inversion and shortening of basins bordering
Avalonia and parts of Armorica by some 50% resulted
in thick continental crust (locally up to 50 km; Be-
hrmann et al. 1991). Collision also resulted in an inter-
nal architecture of the Saxothuringian belt oblique to
orogenic strike: the MGCR separates two different
sedimentary basins (Saar basin and Saxothuringian
basin, Fig. 1) and strikes NE-SW rather than the

average ENE-WSW direction. Continental-scale
wrenching and basin formation during the Upper Car-
boniferous overprinted the earlier sutures and the oro-
genic architecture (Arthaud and Matte 1977, Oncken
1988Db).

Data base
Rocks, protoliths, and tectonometamorphic record

Although most of the MGCR is covered by Permo-
Mesozoic and Cenozoic sediments its lateral continua-
tion can be assessed from geomagnetic data (Fig. 1). In
contrast to the magnetically quiet vicinity, the MGCR
is traced by a chain of subelliptical anomalies which
were shown to correlate with outcropping meta-
morphic and magmatic rocks of the MGCR (Flott-
mann and Oncken 1992) and its southern margin
(Vesser unit, DEKORP research group 1994). Sum-
marising the basic aspects, the MGCR contains the
following exposed units from west to east (Fig. 2; see
Hirschmann 1995, Okrusch 1995 for compilations).

The western MGCR is exposed along both escarp-
ments of the Rhine graben (Pfalz, northern Vosges, and
western Odenwald, BergstraBe; Fig. 1). It comprises
orthogneisses and amphibolites of partly Late Or-
dovician protolith age (Reischmann, pers. comm.),
Paleozoic metagreywackes, quartzites and metapelites
with pyroclastic intercalations, and some marbles of
Mid-Devonian age (Mehl, pers. comm.). Abundant
syn- to late-orogenic calcalcaline intrusives of Lower
Carboniferous age intruded into the previously meta-
morphosed volcano-sedimentary sequence (Montigny
et al. 1983, Wickert and Eisbacher 1988, Hess, pers.
comm., Henes-Klaiber 1989, Laue et al. 1990, Wildberg
1990; see Flottmann and Oncken 1992, for a more
detailed description; see also Donsimoni, 1981, for dril-
led occurrences).

The western rise is characterised by upright,
NW-SE-trending, open to tight folds with subvertical
foliation and mostly subhorizontal stretching linea-
tions on both sides of the river Rhine (Krohe 1991,
Flottmann and Oncken 1992). Deformation occurred
near peak metamorphic conditions with peak, low to
medium-grade temperatures outlasting deformation
(Willner et al. 1991, Flottmann and Oncken 1992).
Apart from some indications of an early start of defor-
mation in the metavolcanics/-sediments (ca. 370 Ma,
Kreuzer and Harre 1975, Kirsch et al. 1988) most
isotopic ages record cooling from a HT/LP event which
probably is related to peak intrusive activity
(325-340 Ma; Kreuzer and Harre 1975, Montigny et al.
1983). The intrusives show some solid state deforma-
tion and a steep magmatic foliation with an elongation
of mafic enclaves parallel to orogenic strike (plane
strain geometry in map view with aspect ratios of
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1.5-2.5 on average). Syn-intrusive kinematics also show
orogen-parallel wrenching which segments the entire
rise (Krohe 1991). All mentioned units are affected by
a conjugate set of late brittle strike-slip faults which has
the same extension direction as the earlier fabrics.

Towards the northwest, the Saar 1 well on the north-
western boundary of the rise has drilled a thin sequence
of marine Mid-Devonian to Lower Carboniferous sedi-
ments. The undeformed and unmetamorphosed se-
quence overlies a weakly metamorphic granite of Late
Ordovician isotopic age (Sommermann 1993). It is
overlain disconformably by the shallow marine to con-
tinental Westphalian to Lower Permian molasse-type
clastic fill of the Saar-Nahe basin (see Hering and
Zimmerle, 1976, Schifer, 1989, for details).

The eastern Odenwald (Bollstein), the Spessart
mountains, drilled rocks in the Rhon area, and the
Rubhla unit consist of several metapelitic and metavol-
canic sequences, probably of mostly Lower Paleozoic
age (Reitz 1987, Hirschmann and Okrusch 1988, Alten-
berger and Besch 1993), but of different plate tectonic
setting. The uppermost tectonic unit (Alzenau-Elterhof)
consists of a variegated series of amphibolites (partly
MORB-type), marbles, calcschists, and metapelites. All
metasedimentary piles are intruded prior to their
metamorphism by Silurian-Lower Devonian meta-
granitoids with shallow intrusion depths and with sub-
duction-related affinities (Lippolt 1986, Okrusch and
Richter 1986, Henneberg et al. 1994, Dombrowski et al.
1995). With exception of a diorite in the southern
Spessart, no Variscan synorogenic magmatic features
like those observed further west have been identified.
Late-to post-orogenic granites may obscur the oro-
genic boundaries (e.g. Ruhla unit).

In the west, the central MGCR is separated from the
western MGCR by the important Otzberg and Michel-
bach fault zones with sinistral transtensional slip (Hir-
schmann and Okrusch 1988, Weber and Juckenack
1990, Krohe 1991, 1992). East of this boundary, all
units form domal or antiformal structures resulting
from large scale folding of nappe stacks overprinted by
extension (Weber and Juckenack 1990, Krohe 1992,
Altenberger and Besch 1993, Zeh 1995). A pervasive
stretching lineation developed throughout near peak
conditions (E-W in the eastern Odenwald with sense of
shear top to the west, Krohe 1991, 1992, Altenberger
and Besch 1993; NE-SW in the Spessart and Ruhla,
Weber and Juckenack 1990, Zeh 1995, with post-peak
metamorphic SW-directed low angle extensional dis-
placement). Earlier thrust-associated fabrics are often
obliterated — only few indicators of sense of shear are
reported with consistent NW-facing asymmetric folds
and sense of shear in the Spessart and Ruhla and some
S-dipping stretching lineations (Weber and Juckenack
1990, Zeh 1995).

Pervasive deformation mostly predated peak meta-
morphic conditions with some localised deformation
during decompression and cooling. PT-conditions are

typically Barrovian with upper greenschist to upper
amphibolite conditions at 4-8 kb (see Okrusch 1995 for
compilation; Willner et al. 1991, Franz & Seifert 1997).
All geochronologic data measured on hornblende,
muscovite, and biotite fall within the same range at
318-324 Ma in the eastern Odenwald, Spessart, and
Rhon indicating very rapid cooling following peak
metamorphism (Nasir et al. 1991, Lippolt 1986,
Schmidt et al. 1986). These ages are identical to peak
metamorphic ages dated for the northern Phyllite zone
in the juxtaposed southern Rhenish Massif (Kliigel
1995). In the Ruhla unit cooling ages are somewhat
older with around 335-355 Ma (see Zeh 1995 for com-
pilation) and are again identical to the mineral ages
reported for the northern adjoining Phyllite belt in the
Harz mountains (Ahrendt et al. 1995).

The easternmost exposed part of the MGCR (Kyf-
fhauser) is dominated by HT-LP metagranitoid and
metadioritic rocks with only some intercalated meta-
sediments of unknown age (Neumann 1966). Drillholes
along the burried eastern MGCR show a similar rock
content with a predominance of granitoids of Cam-
brian age and weakly metamorphic Lower Paleozoic
sediments (Behr 1966, Rollig et al. 1995, Linnemann
& Buschmann 1995). Reischmann (pers. comm.) and
Wengzel et al. (1993) have recently found Late Lower to
Upper Carboniferous ages from drilled granodiorites
near Leipzig/Delitzsch and for the exposed Meissen
pluton at the Elbe fault. Synintrusive shearing along
the Elbe fault occurred during much of the intrusion
history of this pluton at PT-conditions of no more than
a low-P greenschist facies environment (Wenzel et al.
1993, Mattern 1996). The Kyfthdauser unit is separated
from the Ruhla unit by a narrow, roughly NS-trending
transition inferred from drilled phyllonitic rocks (Behr
1966).

The southernmost imbricates of the Rhenohercynian
passive margin to the northwest (Phyllite zone) show
a partly similar development: Ordovician-Silurian calc-
alkaline volcanics or metamorphic basement of Cam-
brian cooling age are overlain by mostly marine
Devonian and some Lower Carboniferous sediments
(Kliigel et al. 1994, Dittmar 1995). The southern Harz
passive margin sequence is probably covered by relics
of the Carboniferous accretionary wedge. Accretion
and imbrication took place under greenschist facies
conditions at slightly elevated pressures (Siedel and
Theye 1993, Kliigel 1995) and was overprinted by sig-
nificant orogen-parallel stretching with changing
senses of shear (Kliigel 1995).

In summary a threefold subdivision of the MGCR is
obvious. All parts — including the southern Rhenoher-
cynian — have evolved on top of relics of an Or-
dovician-Silurian magmatic arc (Franke and Oncken
1995). The western MGCR (west of Rhine river, west-
ern Odenwald) is a moderately deformed, but strongly
intruded part of a Lower Carboniferous magmatic
arc with temperature-dominated metamorphism. From



west to east a continuously deeper level of this arc relic
has been exhumed (Krohe 1992), Flottmann and On-
cken 1992). Through plate convergence the Saar basin
as the northwestern part of this crustal unit apparently
occupied the position of a forearc basin riding piggy-
back on the edge of the evolving active margin. The
weakly exposed eastern MGCR shows similar, al-
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Fig. 3 Compiled PTt-paths of southernmost Rhenohercynian zone
(I), central MGCR (II: eastern Odenwald, Spessart, Rhon, Ruhla),
and western and eastern MGCR (III: Pfalz, western Odenwald,
Kyfthéauser). See text for references. Depth interval of granite intru-
sions into the western MGCR derived from barometric data. Stable
continental (Vi) and post-thickening equilibrated continental
geotherms (V) are included
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though as yet less well identified features as its western
counterpart. Across the tectonic boundary of the Otz-
berg shear zone to the central MGCR (eastern Oden-
wald to Ruhla, Fig. 1) the fundamental change in all
features does not support continuation of a Carbonifer-
ous magmatic arc. An antiformal thrust stack with no
or little synkinematic magmatism controls this area
(see Fig. 3 for different types of PT-paths). The degree
of exhumation derived from peak pressures of rocks at
the present surface varies significantly along strike and
shows a central MP- and a western and eastern LP-
domain of the MGCR (Fig. 4). A similar subdivision of
the MGCR is suggested by the Nd model ages from
Anthes & Reischmann (1995). All units show evidence
of strong orogen-parallel extension and wrenching
starting at peak metamorphic conditions and lasting
through exhumation. Postorogenic undeformed gran-
ites and lamprophyric dykes of early Upper Carboni-
ferous age crosscut all units and seal all faults.

Large scale structure and seismics

The entire MGCR is crossed by a number of reflec-
tion and refraction seismic lines which exhibit quite

Fig. 4 Exhumation map of Saxothuringian microplate showing the
degree of unroofing following peak metamorphic conditions during
Variscan orogeny in kb (see text for references)

supracrustal nappes

2.5-3.5 pressureinkb
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different features (Fig. 5). In the west, the Saar basin
and western MGCR are crossed by lines DEKORP 1C
and 9N (DEKORP research group 1991, Wenzel and
Brun 1991). Below the Permo-Carboniferous half-
graben fill the flatlying and undeformed Mid-Devonian
to Lower Carboniferous sequence rests unconformably
on a seismically transparent wedge-shaped basement
complex (drilled in the Saar 1 well) which can be ob-
served to continue some distance towards the southeast
(Henk 1993). The transparency can be tied to the Lower
Paleozoic arc, the typically upright structures of the
western rise and their abundant intrusion by Lower
Carboniferous granites. The wedge shaped structure is
underlain by a midcrustal 10-20° SE-dipping highly
reflective broad band which has been interpreted as
tectonic slivers of the oceanic crust trapped in between
the upper plate of the MGCR and the underthrust
Rhenohercynian crust (DEKORP research group 1991,
Oncken et al. 1997). This rock association crops out in
the southernmost imbricates of the western Rhenish
Massif and comprises a sequence of MOR-type vol-
canics with intercalated metasediments (Meisl 1990).
The sections DEKORP 2S and DEKORP 3B
(DEKORP research group 1985, Behr and Heinrichs
1987, DEKORP research group 1994) cross the
MGCR in the Spessart and Rhon area respectively
(Fig. 5). Both show weakly SE-dipping reflection bands
at mid-crustal depth which probably reflect the basal
detachment above which the passive margin sequence
has been telescoped (Behrmann et al. 1991). The Spes-
sart antiform stack and the Rhon area are underlain by
numerous reflections with similar antiform geometry
down to the middle crust. South of the Spessart and
Rhon area, a major NW-dipping reflection band which
links up with the exposed Vesser unit reflects the termi-
nation of the MGCR at the boundary to the deformed
Saxothuringian basin sediments (comp. Fig. 1).
Refraction work — DEKORP 3B and EGT lines
(Aichroth et al. 1992, DEKORP research group 1994)
—shows the upper crustal MGCR to be a homogeneous
medium velocity unit (vp: 6 km/s). This is opposed to
the Rhenohercynian and Saxothuringian thrust belts
which show a continuous increase of velocities to an
intracrustal discontinuity at some 10-20 km depth.
The lower crust under the MGCR shows the same
features as the Rhenohercynian lower crust below
a weakly SE-dipping velocity boundary. In conclusion,
seismic interpretation shows two important aspects:
a two-fold subdivision of the MGCR into a western
and a central part is evident again; the MGCR appears
to be underlain by Rhenohercynian material and is
overthrust in pop up mode towards the north and south.

Large scale kinematic pattern

Fig. 6 summarizes the available data on the kine-
matics of the crustal units involved in the Carbonifer-

ous collision process between the Saxothuringian and

Rhenohercynian zones. Precollisional information is

lacking due to the nearly complete subduction of the

intervening oceanic plate and to nearly complete ero-
sional removal of the obducted accretionary wedge.

The remaining rocks bear a kinematic memory starting

at some 360 Ma, roughly equivalent to the onset of

collision, until some 300 Ma at the end of deformation.

The presentation only makes use of the following types

of age data which may be interpreted kinematically:

o K—Ar and Ar—Ar ages of fabric-forming mica and
hornblendes from rocks which never exceeded lower-
most greenschist conditions thus recording their
crystallisation ages;

e ages from the same minerals in retrograde shear
zones from rocks which had reached amphibolite
facies and higher conditions above the minerals clo-
sing temperatures;

e crystallisation ages of synkinematic intrusives and
dykes (mostly U-Pb from zircons) and of the oldest
postkinematic magmatic rocks;

e ages of hornblende and mica in magmatic rocks
deformed during cooling;

e stratigraphic ages of synorogenic sediments.

The Rhenohercynian proper shows evidence of fore-
land-directed thrusting followed in the more internal
parts by increasingly W-directed thrusting (Oncken
1988a, 1989, Dittmar et al. 1994). Cleavage dating and
flysch ages indicate an orogenic wedge propagating
NW from 370 until 300 (Ahrendt et al. 1983, Engel and
Franke 1983, Ruchholz 1989). The southern part of the
wedge exhibits a late stage sinistral shearing at 312 Ma
with significant orogen-parallel stretching, and sub-
sequent dextral shearing (Kliigel 1995). This kinematic
picture of the detached Rhenohercynian sediments has
been interpreted as evidence of oblique convergence
with the Saxothuringian upper plate (Oncken 1988a,
1989, Dittmar et al. 1994, Kliigel 1995).

The MGCR shows significant orogen-parallel
extension during cooling with only minor concomitant
orogen-perpendicular shortening as recorded from de-
formation of synorogenic intrusives. Relics of an earlier
NW-directed stacking stage are only reported from the
Spessart. This entire period lasted from 360-325 Ma
(Kreuzer and Harre 1975, Montigny et al. 1983, Lippolt
1986, Schmidt et al. 1986, Hess and Schmidt 1989,
Nasir et al. 1991, Zeh 1995). It is largely finished at the
onset of subduction of continental material from the
lower plate as reflected from undeformed lamprophyric
dykes and granites which intrude the final brittle
strike slip fault system. The ages of the major bounding

»

Fig. 5 Seismic sections across the MGCR. A: DEKORP 1C + 9N,
B: DEKORP 2N, C: DEKORP 3B, D: Refraction line parallel to
DEKORP 3B, E: EGT European Geo Traverse refraction line. Inset
shows location of lines (see text for references). Arrows mark impor-
tant structures in MGCR and its boundary to retrowedge
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Fig. 6 Kinematics of the Rhenohercynian-Saxothuringian lower-
upper plate system during and after collision in Carboniferous times
based on average displacement orientation and most pervasively

sinistral faults are similar as far as known (Hess and
Schmidt 1989). The Devonian Saar precursor basin is
escaping deformation towards the SW along its border
faults which are operating successively. The Saxo-
thuringian basin south of the MGCR is shortened
perpendicular to the orogenic trend in two stages: an
earlier thrust wedge (carrying HP-rocks from the upper
plate Miinchberg nappes in piggy-back mode) propa-
gates NW at around 325 Ma (Ahrendt et al. 1986,
Franke 1989) and tapers out in the central part of the
basin. A second slightly younger fold-thrust belt
evolves in a retrowedge position south of the MGCR
and propagates towards the SE with its basal detach-
ment cutting across the front of the earlier wedge
(Schifer and Oncken 1996). The two Saxothuringian
belts overprint the Granulite Massif, a metamorphic
core complex (Franke 1993) with HP-rocks metamor-
phosed at 340-350 Ma. It was exhumed to the base of
the Saxothuringian basin fill along an extensional de-
tachment during early plate convergence.

The steeply dipping Elbe fault in the NE of the
Saxothuringian shows mainly dextral strike slip span-
ning at least the entire period of magmatic activity
(330-300 Ma, Wenzel et al. 1993, Mattern 1996). The
Erbendorf line and its southwestern continuation, the
Baden-Baden and the Lalaye-Lubine fault, which sep-
arate the Saxothuringian belt from the Moldanubian,

developed lineations (see text for references). In cases of reversal of
shear 1 indicates the earlier increment

stop their dextral motion around 320 Ma (Teufel 1988,
Wickert and Eisbacher 1988, Wickert et al. 1990,
Zulauf 1993). The age of the earlier sinistral motion is
not constrained so far.

The complex kinematic pattern derived from these
data emphasizes an important point: Most, if not all,
syncollisional kinematic regimes and displacements
partly or entirely overlap in time. Consequently, the
major faults and the diffusely deforming intervening
domains must form a kinematically linked system.
While deformation of the upper crust of the Rhenoher-
cynian lower plate involved plate margin-perpendicu-
lar to -oblique contraction, the upper plate leading
edge deformed by weak (western MGCR) to average
(central MGCR) contraction and concomitant orogen
parallel extension at all levels. The back arc area on the
upper plate again deformed by plate margin perpen-
dicular contraction. The deep back arc lithosphere
appears to have been significantly extended perpen-
dicular to the plate margin in the early stage in an
overall convergent scenario. In the intervening bound-
aries strain compatibility was established by wrench-
ing. These observations can easily be explained by
domainal partitioning of deformation during an ob-
lique collision process.

The rate of flysch propagation and propagation of
the metamorphic front across the Rhenohercynian




lower plate (data from Engel and Franke 1983, Ahrendt
et al. 1983) yield the plate margin perpendicular velo-
city component of the upper plate orogenic wedge
during collision. The shelf thus contracted by 15 to
22 mm/a during the entire Upper Carboniferous
(comp. Henk 1996). Uplift rates in the upper plate were
modelled by Henk at around 3 mmy/a in the earliest
Upper Carboniferous for the central MGCR (Spessart
and eastern Odenwald) decreasing to 0.2 mm/a until
the end of the Carboniferous. Exhumation in the west-
ern Odenwald was slower (1.3 mm/a to 0.2 mmy/a) from
the late Lower Carboniferous until the end of Carboni-
ferous. Data for the orogen-parallel extension rates of
the MGCR are less conclusive. The minimum strain
estimates (>60% stretching from mafic enclaves) and
the minimum time frame of 360—325 Ma suggest that
the averaged extension rate ranges between the overall
convergence and the uplift velocities at some 8-10
mmy/a. Consequently, the velocities at the major wrench
zones confining the MGCR must be smaller (to enable
shearing along the zone and stretching of the upper
plate). In the case of the MGCR-Rhenohercynian
boundary (active from 325 to 312 Ma), this would re-
sult in a partitioning-controlled component of less than
100 km average orogen-parallel wrench displacement
(varying regionally from possibly 0 to as much as
300 km due to upper plate stretching relative to the
lower plate). Additional wrench displacements control-
led by plate boundary forces are possible, although the
arcuate Variscan architecture in Europe does not allow
for large values during the collision stage.

The complex 3D-deformation patterns on all scales
naturally precludes any quantitative considerations or
reconstructions of the entire system in 2D-space.

Geometric considerations

The destruction of crustal roots below the Variscan belt
of Central Europe is usually attributed to postcolli-
sional reequilibration of the orogen (e.g. Rey 1993). The
processes involved, however, are a matter of debate.
The lack of eclogites in xenolith populations from the
former root does not support the presence of an ec-
logitized, seismically invisible root (Mengel 1990, Men-
gel and Kern 1990, Franz pers. comm.). The degree of
extension observable at the surface (<30%, Henk
1993) is insufficient to remove the roots. Mantle
xenoliths do not show evidence of significant assimila-
tion of crustal material (Franz, pers. comm.) Further
possibilities like lateral flow of the roots without litho-
spheric extension, or delamination of the lithosphere
with parts of the lower crust, which would moreover
have resulted in a net loss of crustal material, are not
supported by convincing evidence. For the area under
consideration Behrmann et al. (1991) have calculated
an average thickness of the root below the MGCR of
some 50 km at a width of some 80 km from balancing
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studies. Recent analyses rather suggest that these
values are minimum values (Oncken et al. 1997). These
considerations, which rely on 2D-data, are reevaluated
in the following taking into account the above kin-
ematic data. The calculations in parts clearly have a
large error, but, since all values derived from balancing
etc. are conservative data, will still yield the minimum
values for crustal volume, shortening, basin width, etc..

The Rhenohercynian upper crust has been shortened
by 52% on average starting from a more than 350 km
wide shelf (Dittmar et al. 1994, Oncken et al. 1997). The
preservation of slope and rise sediments in the south-
ernmost imbricates indicates that no shelf material was
lost by subduction (Dittmar 1995). The detachment
was identified from balancing exercises and from reflec-
tion seismic data at an average midcrustal depth of
10—12 km below top of sediments before deformation.
Calculation of crustal thickness is derived from analysis
of subsidence, basin flexure, and heat flow (Heinen
1996) and yields a 25-35 km thick crust (average: 29) in
the Lower Carboniferous (basement + sediments). This
is also the present average thickness from the foreland
to the former suture. Because the present day detach-
ment depth is again 10-15 km on average, lower crustal
material below the present Rhenish Massif cannot have
been deformed significantly during and after collision.
The basement of 52% of the telescoped basin fill, i.e.
some 180 km, must therefore be sought south of the
boundary to the MGCR. Cross sectional area of under-
thrust lower Rhenohercynian crust thus amounts to
a minimum of 2370 km? which is equivalent to ca.
1.9-10° km? for the entire length of the Mid-European
Rhenohercynian (some 800 km) between the present
position of the Elbe and the Bray faults. These faults
form the lateral boundaries with no evidence of mater-
ial transfer across these faults. As the distance between
the two faults which were active throughout upper
plate deformation (see above) must have changed due
to the established along strike extension by possibly as
much as a factor of 1.6-2 (using the above strain data),
the length of underthrust lower plate material overlap-
ped by the extending Saxothuringian upper plate must
have grown during collision.

Evaluation of the different seismic sections only
yields cross sectional area for the underthrust lower
plate crust varying between some 1000 to 1500 km?
(equivalent to some 0.8-1.2-10° km?®) depending on the
identification of the upper-lower plate boundary. This
leaves a gross difference of some 1300km? (or
1-10°km?®) or approximately 50% of continental
Rhenohercynian crustal material for which there is no
account. Since the existence of eclogitized crustal ma-
terial is not corroborated and since extension would
not have affected crustal volume, its apparent disap-
pearance must be controlled by other mechanisms.

A simple area-balanced cartoon across the central
part of the MGCR (parallel to line DEKORP 2 which
crosses the central MGCR) helps to illustrate these
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aspects and to highlight further consequences. The
crustal units involved in collision are shown with their
respective restored cross sectional areas in Fig. 7a. The
width of the former Saxothuringian basin and the
depth of the syncollisional detachments is estimated
from first order considerations of Behrmann et al.
(1991) and Schifer & Oncken (1996). Because most of
its sedimentary evolution clearly is pelagic in nature,
the former crustal thickness is estimated to be some-
what less than that of the Rhenohercynian. Shortening
of the Saxothuringian sediments amounts to some 50%.
The magmatic arc MGCR is reconstructed by taking
its present width, an arbitrary shortening of ca. 40%
(which is more than that observed in deformed mafic
enclaves, but roughly corresponds to values calculated
from average fold opening angles of 60°) and an aver-
age precollisional crustal thickness of 20 km or some
6-8 kb, thus allowing for marine sedimentation. This
results in a width of 150 km for the former MGCR or
some 3000 km? cross sectional area prior to collision.
Collision of all units should yield a scenario similar to
that in Fig. 7b (subduction angle and major detach-
ment positions taken from seismic sections). This high-
lights the nature of the kinematically linked system of
faults in 2D which appear at surface and act simulta-
neously (comp. Fig. 6).

The scenario in Fig. 7b is simplified to Fig. 7c ap-
plying three operations: 1) Simplifying unit geometry
while conserving area (justified also by actual steep dip
of boundaries), 2) unroofing by the values established
from geobarometry of present surface rocks, 3) remov-
ing the possible but not definitely proven mantle
wedge. This leads to the superposition of all units in
Fig. 7c. It becomes clear that most, if not all of the
upper plate must be underlain by the underthrust
Rhenohercynian material if the latter were undeformed.
Reduction in cross sectional area by removal of mater-
ial out of section from especially the upper plate, as is
implied by the deformation pattern (Fig. 6), does not
significantly change this picture with exception of one
important aspect. Upper plate area (especially MGCR
area) is considerably reduced (the above shortening
values are applied with close to plane strain conditions
in map view as suggested by deformed xenoliths: minor
shortening by some 40% with no significant vertical
thickening and all shortening compensated by along

Fig. 7 Volumetric crustal balance in 2D-space based on bulk defor-
mation of crustal units in the vicinity of lines DEKORP 2 and EGT
across the central MGCR (see text for explanation)
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strike stretching; algorithms from Winterfeld and
Oncken 1995). Magmatic addition to the crust during
subduction counteracts this aspect by increasing cross
sectional area and volume during orogeny. It is in-
cluded in Fig. 7d with a volumetric increase of 30%
which is probably at the upper limit. The crustal area of
the upper plate leading edge which remains after this
correction (2000 km?, identical to the present western
MGCR cross sectional area!) now has its base near the
present erosional level. This implies that the area from
the surface down to the seismically identified base of
the central MGCR (some 1000 km?, see marked area
in Fig. 7d) must be replaced by other material. At
the same time, the subducted or underplated lower
Rhenohercynian material which underlied the present
Moho depth in Fig. 7c has to be accounted for. Inter-
estingly, surplus and lacking areas in both plates are in
the same order of magnitude. Or total crustal material
roughly seems to balance on first order, although the
different plates do not balance internally when the
boundary identified from seismic and section balancing
studies is accepted.

A simple way out of this dilemma follows from oro-
genic wedge theory (i.e. Davis et al. 1983, Platt 1986,
Barr and Dahlen 1989). Orogenic wedges which evolve
during subduction of a lower plate grow by incorpora-
tion of parts of the latter’s sedimentary cover (and
basement at times). Growth may either occur by frontal
accretion at the tip of the wedge or by adding lower
plate material by tectonic underplating or offscraping
anywhere at the base of the wedge (Fig. 8). Particle
paths may thus easily lead lower plate material into the
upper plate.
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In the present case, Oncken et al. (1997) presented
evidence that the mode of accretion of the former
Rhenohercynian passive margin sequence went
through two stages as suggested by the regional distri-
bution of synkinematic pressures. In a first stage, the
southernmost exposed part (>70 km, P = 2-6 kb) was
underthrust below the upper plate wedge (retained in
the Giessen nappe relics). Sequential footwall collapse
incorporated this sequence with parts of its basement
into the wedge. After consumption of part of the
margin the mode changed to frontal accretion with
imbricate fans (P <2 kb). Consequently, a similar ac-
cretionary mode for the deeper, underthrust parts of
the Rhenohercynian crust from below the offscraped
Devonian basin fill may have operated. The seismically
visible suture would then only reflect its trace during
the final motions. Part of its hangingwall would be
constituted by former Rhenohercynian material. This
has further consequences: most of the crustal thicken-
ing would be reduced by synorogenic and later unroof-
ing at the top (as indicated in Fig. 7d which shows a flat
Moho parallel to the present Moho if part of the
underthrust material is accreted to the MGCR). Apart
from erosion (into the flysch basins), orogen-parallel
extension of the upper plate had a major role in this
process and has helped to thin the growing crustal
bulge.

The kinematic pattern of the MGCR and its variably
exhumed crustal levels moreover suggest that stretch-
ing along strike is not homogeneous but rather dissects
the upper plate into subsiding units (Saar precursor
basin), units with only very minor uplift and exhum-
ation (western MGCR and parts of the eastern Rise),

Fig. 8 Idealised particle displacement field in a propagating iso-
tropic orogenic wedge showing frontal and basal accretion during
oblique collision with reference to a coordinate system at the centre
rear of the wedge. Length of arrows schematically depicts varying

displacement rates. Arrows on top of wedge depict possible kin-
ematic regimes in upper part of wedge depending on its taper and
dynamic properties
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and units which show unroofing by as much as
25-30 km. In the west, the 2000 km? cross sectional
area of the deformed upper plate still fills the area down
to the well visible basal detachment (calculated from
eroded thickness plus thickness down to seismically
identified base). In the central MGCR, this area is
uplifted above the present surface (see Fig. 7d). The
remaining 1000 km? between the eroded MGCR and
the basal detachment in the section thus must be re-
placed from another source. This is roughly the amount
of unaccounted for Rhenohercynian material (see
above) in this section. Removal of most of the original
arc crust during and after collision clearly has the
consequence that part of the lower plate material, ori-
ginally accreted at the base of the upper plate, may
have reached surface. Parts of the present MGCR
should be formed by metamorphosed Rhenohercynian
crust replacing the former upper plate.

The volume accreted to the upper plate can be esti-
mated from the material which is different from the
Carboniferous magmatic arc identified in outcrop and
seismically (i.e. eastern Odenwald, all or major parts of
the Spessart, Rhoen area, Ruhla unit). Error in this
calculation depends on uncertainties regarding identi-
fication of boundaries and estimating the amount of
erosion of accreted material. The latter is believed to be
of only minor importance: The rocks at the surface only
expose allegedly Rhenohercynian basement of Lower
Paleozoic age — no older or originally deeper basement
has been identified thus far. This Lower Paleozoic
material should thus be material from below the de-
tached Rhenohercynian Devonian rocks. Removal of
this Lower Paleozoic accreted material is estimated to
be less than 1kb. The resulting amount of accreted
material is some 0.4-10° km?. This is a minimum value
because the lateral boundaries of the accreted bodies
are included as steep boundaries in the Odenwald and
west of the Kyffhduser. This value is also considerably
smaller than the above stated volume lost from the
lower plate. Minor accretion below the other parts of
the present MGCR may increase this value by as much
as 60%. Roughly 2/3 of the unaccounted for Rhenoher-
cynian material may thus be part of the present
MGCR. Consequently, this also means that parts of the
much debated Variscan root of this suture are literally
at the surface.

Discussion
MGCR evolution and material paths

The former controversies and discrepancies between
data and the standard model as summed up in the
introduction are thus resolved when a composite na-
ture of the MGCR is argued. The analysis suggests
that the rock association of the present MGCR falls
into two groups, each with a characteristic set of

features. The Saxothuringian part of the MGCR re-
presents relics of a Carboniferous magmatic arc which
evolved on the relics of an older arc (also see Franke
and Oncken 1995, Dombrowski et al. 1995). The alleg-
ed Rhenohercynian part of the MGCR rather reflects
features typical of crustal stacking of a Lower Paleo-
zoic sedimentary sequence, equally with relics of an
older arc. The contacts between these contrasting two
sequences are extensional or strike slip where estab-
lished, the Saxothuringian MGCR always forms the
upper plate.

This compositional evolution must have been con-
trolled by the kinematic and rheological boundary con-
ditions during collision. Internal kinematics of the
MGCR during cooling and exhumation involve oro-
gen-parallel extension of the entire composite MGCR
in contrast to the earlier stacking history recorded only
in the newly accreted parts. The mode of large scale
crustal deformation in the upper plate during collision
is adopted by the accreted rocks following their addi-
tion to the upper plate. The entire kinematic pattern
observed obviously is the consequence of oblique
collision with a domainal partitioning of the plate kin-
ematic vector into domains of plate margin perpen-
dicular contraction and plate margin parallel extension
or wrenching. The degree of partitioning has been
shown to be strongly controlled by the rheology of
a plate couple (e.g. Platt 1993, Ellis et al. 1995). Weak
zones — such as hot magmatic arcs — are especially
susceptible for taking up the plate margin parallel
strains. In a number of recent settings (New Zealand,
Sumatra arc, Aleutian arc, San Andreas fault) oblique
collision can be seen to produce similar patterns of
deformation (e.g. Hickman 1990, Jackson 1992, Cash-
man et al. 1992, Mount and Suppe 1992). The pattern
observed in the northern Variscides suggests a soft
plate boundary zone and a partly soft upper plate
during the Lower Carboniferous. Candidates for these
units are the pelite-dominated phyllite belts to the
north and south of the MGCR and the magmatically
heated and thermally softened MGCR itself.

Within this kinematic framework mainly two aspects
are of importance: Material transfer from the lower to
the upper plate by basal accretion leads to a loss or
‘switch of identity’ of material with respect to plate
provenance and forces to abandon the often implicitly
held idea of an ‘impermeable’ plate boundary at depth.
Vertical particle paths in the upper rear part of the
orogenic wedge are overprinted by a significant hori-
zontal component due to the established kinematic
partitioning which leads to divergent displacement
fields (Fig. 8). Consequently, the upper plate was thin-
ned in cross section. Due to heterogeneous thinning
and lateral basal accretion upper plate arc material
may be preserved in structural depressions (as in the
case of parts of the western MGCR). In structural highs
arc material was lost from the top of the wedge by
erosional removal and tectonic unroofing.



Laterally heterogeneous accretion also controls
another aspect of MGCR evolution. Bivergent out of
sequence thickening with fastest uplift rates at the site
of the former arc (see also Henk 1996) must have caused
the juxtaposition of the central part of the MGCR to
the low grade wedges on both sides. It is interesting to
note that this period of rapid uplift and inferred
tectonic unroofing is confined to the early stage of
underthrusting of the Rhenohercynian continental
crust under the upper plate (330-320 Ma) and to
formation of the retrowedge. The resultant destabilisa-
tion of the critical taper of the prograding wedge and
pervasive deformation of the MGCR itself is nearly
stopped after 325 Ma when deformation is transferred
to the pro- and retrowedge couple on the flanks of the
MGCR.

Laterally heterogeneous accretion into the MGCR
also suggests that accretion conditions were not identi-
cal along the entire plate margin. The southern Rheno-
hercynian margin shows significant changes along
strike: in the west (southern Hunsriick west of the river
Rhine) Dittmar and Oncken (1992) and Dittmar (1995)
have shown that a complete Devonian passive margin
including the slope and rise part is exposed. Further
east, the southern Taunus shows shelf margin units
(Kliigel et al. 1994, Kliigel 1995) with only some hints
to the proximity of an oceanic basin (isolated occuren-
ces of dykes with MORB affinity). In the southern Harz
area and further east details of the former margin
paleogeography are still lacking, the widespread oc-
curence of olistostromatic rocks and nappes suggest
that major parts or all of the passive margin is still
covered by upper plate rocks (Lutzens 1991, Franke
and Oncken 1995). In addition, pre-Devonian base-
ment along strike also varies: medium grade Cadomian
basement in the west, a thick unmetamorphic Lower
Paleozoic volcano-sedimentary sequence (!) further
east. These joint aspects suggest differences in margin
width as well as mechanical properties and may thus be
the reason for the observed lateral difference in ac-
creted volume.

The bulk geometrical and kinematic evolution is
summarised in Fig.9. Magmatic input in the upper
plate is shut off at the initiation of continental subduc-
tion. This is probably due to loss of the asthenospheric
source because of reduction in the angle of subduction.
The subsequent onset of addition of continental lower
plate material to the upper plate by tectonic underplat-
ing was stopped when the important detachment
branch line linking pro- and retrowedge migrated
northwards below the MGCR and shut off its connec-
tion to the material source. Further underplating may
now either have occurred further northwards (which is
corroborated by the observations of Oncken et al.,
1997, on the Rhenohercynian prowedge) and by ac-
cretion below the Saxothuringian basin (which is sug-
gested by the seismic images). Moreover, the lack of
HP-data in the prowedge (3kb in the southern
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Fig. 9 Schematic sequential steps of syn- to postcollisional MGCR
evolution during the Carboniferous showing material paths and
kinematic evolution of the entire pro- and retrowedge system (sec-
tion crossing boundary western-central part of the rise). Original
magmatic arc and forearc material is shown in shaded mode. Eroded
accretionary wedges on both sides are shown transparent with
dashed boundaries only. Arrow on subduction zone shows inferred
plate kinematic vector of upper plate. Observe motion of main
detachment branch point and its control on the changing geometry
of accretion. See text for further discussion

Rhenohercynian, 5-6 kb in the adjoining Phyllite belt,
5-9 kb in the accreted part of the MGCR) and the
absence of eclogites seems to suggest that subduction
geometry must have been such that supra-detachment
rocks were not transported to greater depth. This im-
plies a flat SE-dipping subduction zone until at least
the southern margin of the MGCR not exceeding some
10° and/or a maximum depth of 10 kb for the migrating
pro-retrowedge branch line.
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These considerations altogether suggest that the
Variscan upper crustal sutures do, as a rule, not
coincide with the lithospheric sutures. Lithospheric
contraction is transferred to the subduction zone by
a detachment system linking both wedges. Earlier
traces of the suture, formerly at the top of the accreted
material have been brought to the present surface as
inactivated thrusts. A possible example of these might
be the mylonitic zone with MORB-type amphibolites
in the southern Spessart (Elterhof Series, Hirschmann
and Okrusch 1988) which separates the alleged ac-
creted Rhenohercynian rocks from Odenwald-type calc-
alkaline rocks in the hangingwall. The MGCR as
a composite crustal unit floats as a major rootless unit,
deprived of its former mantle lithosphere, on under-
thrust lower crust from the Rhenohercynian and the
Saxothuringian zones. Moreover, Fig. 7 suggests that
the Saxothuringian and Moldanubian zones have lost
their mantle lithosphere during progressive orogenic
contraction. In order to accomodate the shortening
observed, and to produce a flattened Moho, the infer-
red mantle lithosphere wedges of the respective upper
plates must be completely removed and replaced by
lower plate lithosphere. The Variscan Internides would
thus form huge far-travelled crustal nappes without
their original mantle lithosphere, and rest on parts of
the former lower plate.

Solutions and Predictions

The discussed model can claim to solve most open
questions listed in the introduction: the orogenic root
aspect, the nature of lateral heterogeneity, the variable
seismic patterns, the lack of a throughgoing paired
metamorphic belt. A major consequence is a redefini-
tion of the exposed rocks in Kossmat’s (1927) paleogeo-
graphic zones based on the identification of geodynamic
provenance as shown in Fig. 10 which emphasizes the
role of material transfer as opposed to the notion of
geodynamic units with constant identity.

Further implicit predictions may decide on the fate
of this revised interpretation:

o This model predicts that future protolith dating in
the accreted part of the MGCR should only yield
Lower Paleozoic and older ages because the rocks
accreted must be derived from below the basal de-
tachment of the southern Rhenohercynian fold-
thrust-belt. Balancing by Oncken et al. (1997) shows
that this must be Pre-Devonian as a rule.

Fig. 10 Reinterpreted geodynamic map of Mid-European Varis-
cides in terms of geodynamic provenance and setting of involved
crustal units from plate couple during Carboniferous collision (FTB:
fold thrust belt)
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e Age of peak metamorphic conditions in the accreted
part of the MGCR should decrease with structural
depth (due to sequential accretion and exhumation)
and should be Late Lower Carboniferous (later than
the onset of collision and accretion of the southern-
most Rhenohercynian rocks to the north). Deforma-
tion and metamorphic ages of the original upper
plate MGCR may have a larger spread between the
onset of subduction (early Upper Devonian) and the
end of MGCR deformation (early Upper Carboni-
ferous).

e Xenolith populations collected from Rhenoher-
cynian basement north of the boundary to the
MGCR should not significantly differ from the
populations collected from sites of accreted MGCR
(but out of sequence stacking may have produced
a mix of rocks 