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Abstract--Strain data across the entire western Rhenish Massif illustrate the pattern of deformation partitioning 
within a fold and thrust belt from the foreland on the northern front of the European Variscides to the suture with 
the internal zones of higher metamorphic grade. Shortening perpendicular to cleavage increases from 16 to 27% 
(constant volume assumed) in the northern Rhenish Massif to 51% at the southern border. These values 
correspond to a weak general layer-parallel shortening of the basin filling in cross-section on the order of about 5- 
15% and more in the case of volume loss. The geometry of apparent finite strain is nearly plane strain except in 
the Venn Anticlinorium where strain is apparent prolate and near the southern margin of the Massif where it is 
apparent oblate. Net orogenic shortening in the upper crust of the fold and thrust belt is approximately 42%. It is 
mainly achieved by folding and tectonic stacking of the deformed basin filling, which was apparently detached 
from the lower crust. 

Distribution of strain in the orogenic wedge is controlled by different factors at different scales. Heterogeneity 
is caused by changes in lithology and average grain size, by the structural position of samples in folds and their 
distance from thrusts in the hangingwall (at deeper crustal levels), and by the regional distribution of the 
metamorphic grade, i.e. by the dominant deformation mechanism. This last factor causes an exponential increase 
of strain with approach to the ductile lower crust. The superposition of strain partitioning mechanisms on 
different scales creates a complex regional strain pattern. The southern part of the thrust belt apparently suffered 
late westward motion (in gently dipping imbricates) or strike-parallel motion (in steeply dipping imbricates) 
which is probably due to oblique convergence between the Rhenohercynian and Saxothuringian microplates. 

I N T R O D U C T I O N  

THE dis t r ibut ion  and  geomet ry  of de fo rmat ion  in conti-  
nen ta l  crust which has gone  through a coll isional oro- 
geny has a t t racted the in teres t  of  s t ructural  geology for 
near ly  a century .  Studies in the central  Appa lach ians  
(e.g. Cloos 1947), the Wal is ian  slate bel t  (e.g. Sorby 
1908, W o o d  1974), the Helvet ic  nappe  pile of the Alps  

(e.g. Ramsay  & H u b e r  1983, Dietr ich 1989) show that  
the dis t r ibut ion of strain is he t e rogeneous  on all scales 
and  that  a general  increase of finite s train can be ob- 
served towards the in te rna l  and originally deeper  parts 
of an orogenic  belt .  Few data,  however ,  exist on  the 
systematic var ia t ion  of de fo rmat ion  from the unde-  
formed fore land of a fold and  thrust  bel t  towards the 
more  in te rna l  zones.  Also the re levant  data  present ly  
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Fig. 1. Schematic map of exposed parts of the Mid-European Varis- 
cides showing the principal Variscan zones: RH, Rhenohercynian 
zone; ST, Saxothuringian zone; MO, Moldanubian zone and the 

traverse studied in this paper (outlined black areas). 

mostly cover the upper crust--the geometry of orogenic 
deformation of the lower crust in general remains a 
matter of debate or indirect inference. 

This study focuses on the Rhenish Massif which forms 
part of the Rhenohercynian fold and thrust belt on the 
northern flank of the Central European Variscan belt 
(Fig. 1). A number of reflection seismic sections have 
been recorded recently across this belt, revealing much 
new information on its deep structure (DEKORP Re- 
search Group 1985, 1991, Franke et al. 1990). Along one 
of these sections (DEKORP 1; Fig. 2) a comprehensive 
geological study has been carried out in order to exam- 
ine the internal geometry of the belt. Its purpose is to 
derive a balanced paleogeographic reconstruction of the 
Rhenohercynian basin and to estimate the amount and 
local intensity of crustal contraction (Schievenbusch 
1992, Dittmar 1994, yon Winterfeld 1994). To accomp- 
lish this, a study was made of the distribution and 
geometry of the finite strain in the entire crust involved. 
The present paper mainly discusses the role and geom- 
etry of internal 'ductile' deformation of the thrust belt. 

Earlier studies on deformation in the Rhenish Massif 
have been performed by Breddin (1956, 1957) and 
Wunderlich (1964). They found a decrease in shortening 
from south to north with a gross reduction of the former 
basin width of some 50%, but beside the general 
assumption of oblate strain they also lack sufficient 
detail for large-scale analyses. 

GEOLOGICAL F R A M E W O R K  

Kossmat (1927) has divided the Central-European 
Variscan chain into several segments with different 
tectono-metamorphic histories (see Fig. 1). Recent in- 
terpretation regard each segment as a minor plate or 
terrane with Paleozoic continental basin sedimentation 
(Weber & Behr 1983, Matte 1986, Weber 1986, Ziegler 
1986, Franke 1989), successively accreted from early 
Devonian times until the Late Carboniferous involving 

SE-directed subduction of minor intervening ocean 
basins. Final continental collision occured along two 
suture zones separating the Rhenohercynian from the 
Saxothuringian and the latter from the central Moldanu- 
bian zone (Fig. 1). Other, more important but largely 
obscured NW-dipping sutures have been assumed south 
of the Moldanubian zone (e.g. Frisch et al. 1984, Eis- 
bacher et al. 1989, von Raumer & Neubauer 1993). 

Within this geodynamic scenario the Rhenohercynian 
zone on the northern flank of the belt forms the external 
fold and thrust belt (lower plate). It links the unde- 
formed foreland in the north and the suture with the 
Saxothuringian zone (upper plate) in the south. Crustal 
stretching at the beginning of the Lower Devonian led to 
basin formation in the western Rhenohercynian on base- 
ment constituted of lower Paleozoic sediments and 
medium-grade gneisses. During the Devonian and 
Lower Carboniferous a sedimentary pile of 3-12 km 
(Meyer & Stets 1980) accumulated in a passive continen- 
tal margin setting. It consists of shallow-marine clastics 
and carbonates, intercalated in the east with abundant 
bimodal volcanics. The southernmost imbricates of the 
Rhenohercynian zone probably represent the strongly 
telescoped slope and rise sequences bordering a small 
southern oceanic basin between the Rhenohercynian 
and Saxothuringian Zones, indicated by MORB-type 
metabasalts (Meisl 1990, Dittmar & Oncken 1992). 
Relics of a former supracrustal nappe system in the 
southeastern part of the Rhenish Massif, the Giessen 
nappe, also contain MORB-type volcanics with Mid- 
Devonian cherts. These are superposed by flysch of 
Upper Devonian age (Engel et al. 1983, Gr6sser & DOrr 
1986). The small ocean basin must be rooted between 
the Rhenohercynian and Saxothuringian zones, and was 
closed by the end of the Devonian. The subsequent 
northward migration of flysch sedimentation, during the 
Lower and Upper Carboniferous, reflects the prograd- 
ing front of synmetamorphic orogenic contraction 
(Ahrendt et al. 1983, Engel & Franke 1983). Concomi- 
tant deformation at very low (in the north) to low grade 
conditions (in the south) resulted in the 150-200 km 
wide Rhenohercynian fold and thrust belt. 

In response to the metamorphic conditions, defor- 
mation is controlled by flexural-slip with frictional 
sliding and some pressure solution in the north. The 
importance of pressure solution increases towards the 
south, and deformation becomes progressively more 
pervasive. At the southern margin recrystallization of 
quartz, calcite and mica mark the transition to the 
predominantly ductile regime (Oncken 1989, 1991). 

The Rhenish Massif (Fig. 2) also shows several dis- 
tinct changes in structural style from the northern fore- 
land to the suture with the Saxothuringian microplate. 
In the north, thin-skinned deformation predominates 
with a major basal detachment, blind thrust splays and 
concentric to box-type slightly NW-vergent folds. 
Towards the south the thick folded and cleaved Devo- 
nian basin filling progressively forms large imbricate 
fans separated by prominent SE-dipping thrusts (Sie- 
gen, Boppard and Taunuskamm thrusts; Fig. 4). All 
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Fig. 2. Geological map of the Rhenish Massif showing DEKORP 1 and 2 seismic lines and the traverse studied in this paper 
(outlined stippled areas). F.M., Faille du Midi; A.T., Aachen thrust; M. B., Malsbenden backthrust; S.T.; Siegen thrust; 

B.T., Boppard thrust; T.T., Taunus thrust. 

major thrust systems seem to be rooted in a crustal scale 
d6collement at a depth of 13-16 km. At the southern 
margin of the Rhenish Massif this structural style is 
overprinted by backfolding which results in an over- 
turned steeply dipping stack of high-pressure rocks with 
multiple folding and cleavage formation (Anderle et al, 
1990). 

Late-orogenic kinematics of the Rhenish Massif in- 
volve oblique convergence and subsequent dextral 
strike-slip along its southern suture during the early 
Upper Carboniferous (Oncken 1988, 1989, Korsch & 
Schiller 1991). Upper Carboniferous and Lower Per- 
mian molasse deposits mark the onset of gravitational 
collapse of the thickened Variscan crust, resulting in a 
chain of basins aligned along the former suture (cf. 
Lorenz & Nicholls 1984). 

a matrix-supported shaly fabric which took up most 
strain in the shale dominated lithoiogical sequences. 

The lithologies selected for the determination of finite 
strain were chosen to be characteristic of the Paleozoic 
sedimentary sequence within each investigated region 
(usually ranging from sandstones and quartzites to 
immature shales). This procedure ensured that data 
points are comparable. This allows recognition of the 
regional strain types and unstraining of structural sec- 
tions, Some 700 samples were collected, generally at 
distances of less than 300-400 m along the entire 150 km 
section (see Fig. 2). Strain heterogeneities are thus 
generally resolved on the map scale. Particularly inter- 
esting cases of strain heterogeneity on a smaller scale 
were studied through denser sampling. 

Methods 

STRAIN ANALYSIS 

Objects 

Finite strain analysis was mainly carried out on detri- 
tal grains (quartz, pebbles, ooids) in clastic sediments. 
Fossils (crinoid stems, corals, brachiopods) have been 
rarely used. Rare volcanics yield feldspar phenocrysts or 
filled vesicles. The detrital quartz grains are seldom 
recrystallized because in most parts of the Rhenish 
Massif synorogenic temperatures were either below the 
recrystallization threshold of quartz, or the grains are 
devoid of crystal plastic strain due to their occurrence in 

Strain determination was usually performed using 
either the centre-to-centre-technique or Fry-analysis 
(Fry 1979), or applying the Rf/q~'-method (Ramsay 
1967, Dunnett 1969). The choice of the method was 
determined by the type of fabric and strain marker in a 
sample. 

The Fry-method was applied in the cases of: 
(1) matrix-supported detrital grains with obviously 

greater competence than the matrix, including evidence 
for pressure solution resulting in strain partitioning 
between matrix and marker grains; and 

(2) approximately random-normal distribution of 
objects which were equidimensional within a 50%-limit. 
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Fig. 3. Orientation of finite strain axes with reference to fabrics. (a) Deviation a of long axis of finite strain (Le = X') from 
trace of cleavage (sl) in cross-section plane, CS-plane (280 samples evaluated). (b) Deviation/3 of X-axis of finite strain 
ellipsoid from axes of folds/bedding-cleavage intersection lineation (usually subhorizontal) in XY-plane (131 samples 

evaluated). 

The effects of anticlustering and variable particle size 
were partly corrected using the method of Erslev (1988). 

The Rf/~'-method was preferred in the cases of: 
(1) grain-supported fabrics in largely monomineralic 

rocks with predominant deformation of markers by 
crystalplasticity or no more than weak cataclasis; and 

(2) no more than a weak sedimentary orientation of 
markers (in some cases primary orientation was tested 
according to the method of De Paor 1988). 

Analyses and calculations were performed using an 
automated procedure with either the software package 
INSTRAIN (Erslev 1988, Erslev & Ge 1990) or with an 
image analysis system. A minimum of 60 (Rg/~'- 
analysis) to 250 objects (Fry-analysis) was digitized from 
each sample using enlarged micrographs of thin sec- 
tions. 

All samples were cut roughly perpendicular to the 
trend of fold axes and cleavage planes of the dominant 
fabric (usually Bt, sl), or perpendicular to the mostly 
subhorizontal bedding-cleavage intersection lineation. 
The axial ratio measured in this plane which parallels the 
cross-section is here termed Rcs. For 50% of the samples 
additional cuts were made parallel to the cleavage plane. 
The cleavage plane can be shown to approximate the 
XY-plane of the finite strain ellipsoid in slates and silty 
shales with a deviation of the X-axis from the cleavage 
plane well below 10-15 ° in well foliated rocks (see Fig. 
3a). At least one set of strain data was obtained in one of 
the principal planes of strain. By comparison with the 
XY-plane (Fig. 3b) the cross-section-parallel cuts (Rc~) 
were often found to be oblique to the principal planes of 
the strain ellipsoid. The values of all principle planes of 
strain were calculated from these data (von Winterfeld 
& Oncken in preparation). Moreover, from these data 
shortening values are calculated with respect to different 
co-ordinate systems: earth co-ordinates (i.e. horizontal 
shortening), strain co-ordinates (i.e. principal stretches) 

and bedding co-ordinates (i.e. shortening of bed 
length). 

SoRrces  o f  erFor 

Some general sources of error in the data evaluation 
that have to be taken into account result from inaccurate 
digitizing, and from graphic determination of the ellipse 
shape from the Fry-plot or the RJ~'-curves. In the case 
of vaguely defined point distributions this is estimated to 
remain below some 10% of the true strain value. Un- 
detected grain boundary sliding will generally lead to an 
underestimate of finite strain because neither shape nor 
centre-distances of markers are greatly affected by 
major rock deformation through this mechanism; how- 
ever, in the generally weakly deformed rocks of the 
Rhenish Massif this effect is not expected to have a 
major impact. Asymmetrical solution of marker grains 
has the effect of a shifting of the grain centres and is 
shown to lead to an underestimate of the true strain 
inversely proportional to the finite strain (Dunne et al. 
1990). In our analyses this effect becomes evident when 
Fry-strain computed from samples where the marker 
axes have been digitized is compared to results where 
grain centres have been digitized. In the latter case-- 
because of the operators bias towards a 'corrected', 
eccentrically digitized centre at the position of the centre 
of a circumscribed ellipse--strain data are somewhat 
higher and thus closer to the true strain. 

The comparison of different strain gauges or of differ- 
ent methods on the same markers does not give a 
significant difference in the results. Strain from fossils 
was found to be equal to Fry- or Rf/~'-strain to within 
8% (fossil imprints or internal casts). The comparison of 
Fry- and Rf/q~'-strain for the same sample shows an even 
more consistent relationship. The first may be higher by 
some 5% on average, especially where evidence of 
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pressure solution is obvious. The Rf/~'-values are nor- 
mally higher in monomineralic rocks. The harmonic 
mean of the aspect ratio of the detrital grains, taken by 
many workers to be closely similar to the Rf/qb'-values 
(Lisle 1977, Paterson 1983, Ramsay & Huber 1983, 
Ratschbacher 1987), is seen to range slightly below the 
Rf/d~'-values. The difference is generally not signifcant. 
The values obtained in the present investigation by 
different methods seem to be compatible in this overall 
relatively low strain region with ellipticities in the XZ- 
plane ranging between 1 and 6. 

RESULTS 

The ellipses in Fig. 4 show the average orientation and 
shape of the finite strain ellipse Rcs of a homogeneous 
unit in the plane of a generalized cross-section. A 
homogeneous unit is defined by its coherent structural 
association, facies and lithology. The cross-section 
shows a general increase of strain from the foreland 
basin in the northwest to the boundary with the internal 
suture zone in the southeast. The strain data increase in 
discrete steps. Very low strains are evident in the vicinity 
of the foreland and in the Eifel synclinorium- 
depression. Axial ratios may reach 1.4, but usually are 
below 1.3. In many cases strain is purely compactional 
with uniaxial shortening perpendicular to bedding. The 
Venn Anticlinorium, between these two areas, shows a 
largely symmetrical increase of finite strain with a peak 
value at 1.7 on the southern flank of the anticline. 
Towards the southern Massif, finite strain increases in 
steps across the major thrusts, especially at the Boppard- 
Merl thrust system. The southern border of the Massif, 
in the Phyllite Zone, has accumulated the highest 
strains, reaching 2.4 on average at the southern margin. 
The orientation of the averaged strain ellipses in the 
section plane points to a progressive increase of NW- 
SE-shortening by internal deformation from 14 to 51% 
in respect to the horizontal. Detailed analysis of the 
strain data however exhibits, :onsiderable heterogeneity 

which suggests a number of relevant strain partitioning 
mechanisms within the orogenic wedge. 

Lithology- and fold-related strain heterogeneities 

Although small-scale strain heterogeneities were not 
of major interest in the present investigation some data 
were collected in order to assess the related strain 
variability and its causes. Lithology plays a major role: 
grain size distribution and composition strongly control 
the rheology of rocks in the case of pressure solution. 
Since primarily siliciclastic rocks were analysed, only 
grain size effects have been assessed. Samples which 
show graded bedding are taken to be the best gauges for 
evaluating heterogeneities related to effects of grain-size 
and variable quartz-mica ratios under otherwise con- 
stant conditions. The example shown in Fig. 5 with a 
span of grain sizes and mineral composition character- 
istic for most of the Rhenish Massif clearly illustrates the 
progressive change of finite strain and its orientation 
with continuous cleavage refraction. This is clear evi- 
dence of strain refraction due to variable viscosity ratios 
within the sequence, similar to the model presented by 
Treagus (1988). Furthermore, with increasing strain 
towards the more fine-grained and mica-richer layers, 
the deviation between the long axis of the strain ellipse 
and the cleavage trace in the section plane decreases to 
values below the accuracy of measurement. On the 
whole however, strain variability due to lithological 
reasons does not seem to exceed some 25% in the rock 
sequence encountered, or 0.3-0.35 units in the range of 
finite strains/axial ratios encountered. 

Folds have long been known to show a distinct pattern 
of strain distribution which varies with fold type and 
position within the fold (Cloos 1947, Pfiffner 1980, 
Treagus & Treagus 1981, Ramsay & Huber 1983, Reks 
& Gray 1983, etc.). As with grain-size related effects, 
the fold-related variability of finite strain is recorded in 
order to assess its influence when constructing retrode- 
formable cross-sections. In non-metamorphic rocks, 
where folds of 1B- and 1C-type (Ramsay 1967) predomi- 
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nate, strain variability within a layer of constant grain 
size and composition is low and may be neglected (Fig. 
6a). Rocks deformed under very low-low grade con- 
ditions, with predominantly 1C-, 2- and even 3-type 
folds, show variations nearly twice the order of magni- 
tude recorded from grain-size effects (<0.6-0.7 units, 
see Fig. 6b). The largest strain is generally observed near 
the hinge or on overturned limbs of very close folds, 
decreasing rapidly and then remaining constant with 
increasing distance from the hinge. The size of folds-- 
with wavelengths between some metres to several 100 
m---does not seem to have a significant influence on this 
pattern. 

Regional fault-related strain heterogeneities 

Faults record a major discontinuous partitioning of 
strain during deformation of the crust. Through most of 
the Western Rhenish Massif the distribution of finite 
strain has been observed to correlate strongly with the 
position of major thrusts and the sense of motion of the 
respective hangingwall. 

In the northwest--at a high structural level in the fold- 
thrust belt---deformation occurs predominantly by 
flexural-slip and frictional sliding with weak bedding- 
internal strain. No distinct strain gradient is observed 
towards a major fault (Fig. 8a). Deformation is strongly 
localized into discrete brittle fractures, the number of 
which increases in the vicinity of major faults (see Wojtal 
1986, for similar observations on deformation of fore- 
land thrust sheets). 

The central and southern parts of the Massif, with 
pervasive pressure solution and some crystal-plastic 
strain at a deeper level at peak paleotemperatures in the 
range of 200-300°C, show very different strain gradients 
related to two specific generations of faults. Foreland 
facing thrusts and backthrusts with a clear-cut cogenetic 
relationship to folds and dominant cleavage (mostly 
fault propagation folds with axial planar synmetamor- 
phic cleavage parallel to the thrusts) constitute an early 
fault generation with foliated cataclasites to mylonites in 
the shear zones. These faults have obviously originated 
during peak metamorphic conditions. Some later move- 
ment during cooling and exhumation is evident from the 
microfabric and rank determinations which may both 
show the presence of a metamorphic hiatus across the 
thrusts (Oncken 1991). A later generation of cross- 
cutting, out-of-sequence thrusts with cataclastic shear 
zone rocks lacks the mentioned relationship and shows a 
strain pattern typical of the northern Massif. 

Within the hanging-wall of a thrust of the first gener- 
ation, strain progressively increases towards the fault 
over 500-1500 m subperpendicular to the faults. In an 
imbricate stack, the result is a strain profile which, in 
section view, creates a zig-zag pattern of finite strain (see 
Figs. 7 and 8a-c). This pattern is largely independent of 
folds and rock type and has proven to be a valuable tool 
to locate thrusts in an otherwise rather monotonous 
Lower Devonian clastic sequence with little internal 
stratigraphic resolution. 

Furthermore, the shape of the strain gradient and the 
distribution of finite strain seem to bear a close relation- 
ship to the internal geometry of a single imbricate: 
internally folded imbricates and imbricates with a fault- 
propagation fold at the front of the body show steeper 
strain gradients near the thrust (<500 -1000 m) down to 
lower finite strains within the thrust sheet (Figs. 8b-c). 
In comparison internally unfolded thrust bodies show a 
linear decrease of finite strain over a distance of more 
than 1500 m (cf. Fig. 8c). Overall shortening, however, 
remains at the same level with respect to the percentage 
of shortening of the basin filling. 

Strain pattern and metamorphic grade 

The different structural units of the Massif--each with 
different iithology, metamorphic grade and internal 
geometry--show different strains which remain rather 
uniform within the unit. Strain distribution is obviously 
controlled by the metamorphic grade of the outcropping 
units. The order of magnitude of paleotemperatures can 
be estimated from data on organic rank, from scarce 
mineral assemblages, and from deformation textures 
related to thermally activated deformation mechanisms 
(see Wolf 1978, Teichmfiller 1979, Schievenbusch 1992, 
Dittmar 1994, von Winterfeld 1994, for rank data across 
the western Rhenish Massif, and Oncken 1991 for 
microfabrics). Non-metamorphic areas (peak tempera- 
tures <100°C at vitrinite reflectance < 2-3% Rmax) are 
nearly devoid of internal deformation (aspect ratios 
<1.2 in the section plane) or only show compactional 
strains (nearly uniaxial shortening perpendicular to bed- 
ding). With increasing temperatures, strain increases 
irrespective of the distance of the sample position to the 
orogenic suture. At the upper range of very low grade 
conditions (temperatures >250°C at vitrinite reflectance 
> 5-6% Rma×) aspect ratios in the XZ-plane exceed 2.0. 
This occurs on the southern flank of Venn Anticlinorium 
and in the Hunsrfick Phyllite Zone. Due to the proximity 
to the suture the Phyllite Zone shows higher strains than 
the southern Venn Anticlinorium despite similar tem- 
peratures. Interestingly, although T-data are only semi- 
quantitative, this dependance of average finite strain on 
paleotemperatures reveals a nearly exponential re- 
lationship including an increasing variability towards 
higher temperatures (Fig. 9). The potential of high finite 
strains appears to increase drastically with the onset of 
thermally activated deformation and fabric-forming 
processes in quartz-phyllosilicate rocks (recovery pro- 
cesses and related work softening, pressure solution, 
grain nucleation and growth, etc.). 

Geometry and orientation of finite strain 

In an earlier paper, Breddin (1956) assumed that the 
Rhenish Massif slates generally show an oblate flatten- 
ing geometry which, according to Wood (1974), is a 
frequent observation in slate belts. The present analysis, 
however, is at variance with this inference. The geom- 
etry of the strain ellipsoids varies considerably--dV = 0 
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assumed--with a general trend to an apparent plane 
strain geometry (see Fig. 10). The different 'homogene- 
ously' deformed units (see above and Fig. 4) may show 
specific geometries. 

The foreland near the orogenic front and the Eifel 
Depression show flattening, with a strong component of 
uniaxial shortening perpendicular to bedding. Compac- 
tional strain in these high-level sequences has not been 
overprinted significantly by deformation although short- 
ening is obvious from folding and minor imbrication 
(with, however, mostly parallel folds formed by flexural- 
slip). Weber (1976) made similar observations in the 
northern Massif based on sheetsilicate fabrics and their 
orientation with respect to bedding. 

Further to the north and the south of the Eifel De- 
pression, the long and intermediate ellipsoid axes can be 
seen to roughly outline the cleavage plane. The degree 
of deviation of the axes from the cleavage plane de- 
creases with the increase of strain (Fig. 5). Weakly 
strained samples still have a memory of compactional 
strain so that strain axes may lie at oblique angles to 
bedding as well as to cleavage. Strain geometry in these 
cases tends to be prolate with the long axis parallel to the 

fold axes. This effect is a result of the superposition of 
two obliquely oriented deformation increments (com- 
pactional and tectonic) with a concomitant change of the 
strain geometry from initially oblate (due to compac- 
tion) to an early deformational prolate state. This may 
again evolve to a late deformational plane strain or even 
oblate geometry (see Ramsay & Wood 1973). 

Most regions are characterized by samples which have 
been deformed at near apparent plane strain geometry 
(Fig. 10). Both Phyllite Zones (southern Venn and 
southern Hunsriick) depart from this picture showing 
predominantly prolate (Venn) or oblate strains (Huns- 
rfick), respectively. The orientation of the strain ellip- 
soid either shows an approximately downdip orientation 
of the ellipsoid's long axis within the cleavage plane 
(northern and central Massif) or an orientation which 
rather shows an E-W- to NE-SW-trending, oblique to 
subhorizontal long axis (Hunsrfick nappe, Phyllite 
Zone; Fig. 3b). Although the regional pattern is compli- 
cated, this latter orientation is more prominent in the 
southern Massif. Generally, no clear relationship be- 
tween orientation of axes, ellipsoid shape, and structural 
position of the samples can be established at present. 
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Incremental strain analysis 

Although not a principal aim of this study, some 
incremental strain data have been collected and com- 
piled from other sources in order to evaluate the orien- 
tation pattern of the finite strain ellipsoids in relation to 
the kinematic pattern of the Rhenish Massif. Data are 
obtained from pressure fringes around pyrite grains and 
from veins (see Durney & Ramsay 1973 for method). 

Face-controlled as well as displacement-controlled 
growth of syntaxial quartz occurs around pyrite grains. 
As a rule, analysis is based on the rigid fibre model which 
appears justified by weak to absent crystal-plastic defor- 
mation of the fringes. In several cases it seems that pyrite 
growth is not preorogenic and the stretching path thus 
does not always reflect the entire incremental history. 
Each stretching path on the map (Fig. 11) is averaged 
from between 2 and 10 pressure shadows within one thin 
section. 

Synkinematic vein generations, on the other hand, 
appear to occur preferentially during the early and 
principal stages of deformation, probably due to concen- 
trated hydraulic overpressures during these stages. 
Growth types mainly include quartz veins, and some 
calcite veins in carbonates, with a syntaxial to crack-seal 
fibre geometry at high angles to the vein walls. 

Because of the application of different methods and 
the compilation from different sources, displacement 
paths on the map in Fig. 11 do not show measured finite 
lengths but are normalized to a standard length. 

The results of incremental strain analysis throw more 
light on the above observation of complex orientation 

patterns. The finite stretching axes of pressure shadows 
for different parts of the Massif show a clear trend: finite 
stretching at the frontal part of the thrust belt is subper- 
pendicular (NW-SE) to the trend of folds, thrusts and 
the orogenic front; towards the south this pattern gradu- 
ally changes to an oblique, E-W-directed finite stretch- 
ing which, at the southern border of the Massif, may 
grade into an orogen-parallel stretching (SW-NE). 
Throughout the Massif only the early incremental 
strains are subperpendicular to the trend of folds and 
thrusts. 

The orientation of incremental strains merely con- 
tains information on the orientation of extension near or 
within the XY-plane, i.e. the cleavage plane, of the rock 
and has no bearing on an eventual transport direction. 
Here however, it is interpreted to represent displace- 
ment directions for two reasons. The samples were 
mostly collected immediately above major thrusts; the 
analysis of indicators of sense of shear at these thrust 
boundaries in the southern Massif shows that thrust 
emplacement changed from NW-directed to a late W- 
directed stage (Oncken 1989). This kinematic pattern is 
reflected in the oblique orientation patterns of finite 
strains. 

DISCUSSION 

Shortening and volume loss in the Rhenohercynian basin 

The strain values can be used to calculate the longi- 
tudinal shortening of bed-length due to orogenic defor- 
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mation (see von Winterfeld 1994 and yon Winterfeld & 
Oncken in preparation for mathematics). The first 
approach assumes no volumetric change during defor- 
mation (dV = 0). The regional pattern of bed-length 
changes is complex in the section plane, i.e. in the N W -  
SE direction (Fig. 12a): some shortening between - 5  
and - 1 0 %  is seen in the northern and in the southern 
Massif; the central Massif exhibits insignificant changes 
of length between - 4  and 11%. In the southern Venn 
Anticlinorium, the Siegen thrust stack, and in the 
southernmost Rhenish Massif bed-length has been 
stretched by 18, 5-12 and 7-14%, respectively. This is 

clearly due to the locally small angle between bedding 
and the trace of the X Y -  plane of the strain ellipsoid in 
profile section. The traces of bedding fall within the 
sector of positive longitudinal strain of the finite strain 
ellipsoid. Overall deformation of the basin filling (i.e. its 
original line length) by internal deformation, thus disre- 
garding the effects of imbricate stacking and folding, is 
almost negligible: the average amounts to 1.5% (=weak 
stretching). 

Stretching of bed length along strike (Fig. 12b) under 
the same conditions mentioned above in the northern 
and central Massif ranges between slight shortening 
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( -8%)  to some stretching (25%). In the southern Massif 
apparent stretching exceeds 25% and may reach 70%. 
These orogen-parallel extensions appear unrealistically 
high and call for explanation. 

Although the quantitative volumetric part of the total 
strain has been ignored to this point in the analysis some 
discussion is warranted. Data of Plessmann (1966) 
suggest a major volume loss during cleavage formation 
in parts of the Rhenish Massif (cf. also Breddin 1956, 
Wunderlich 1964, and equivalent data for other slate 
belts, Ramsay & Wood 1973, Wood 1974, Wright & 
Platt 1982, Wright & Henderson 1992). Wintsch et al. 

(1991) however point out that cleavage formation does 
not necessarily lead to bulk volume loss because redistri- 
bution of matter occurs only on a small scale in an 
otherwise open system. The ubiquitous presence of 
mineralized veins containing quartz __ chlorite in silici- 
clastic sediments and calcite in carbonates, and of press- 
ure shadows around competent grains in the Rhenish 
Massif rocks seems to lend some support to the idea of 
small, mm- to m-scale redistribution. 

Some semi-quantitative considerations however lead 
to other conclusions. In an earlier study Wood (1974) 
pointed out that two explanations are generally put 
forward to account for parallelism of fold axes and 

ellipsoid long axes: either no volume loss has occurred 
(resulting in significant elongation along strike; e.g. 
Cloos 1947), or no true stretching along strike has 
occurred (which necessitates considerable volume loss 
to arrive at the observed geometrical relationship; Sorby 
1908, Ramsay & Wood 1973, Wood 1974, Beutner & 
Charles 1985). 

The first approach has been discussed above. The 
second solution would exclude orogen-parallei exten- 
sion by accounting for the observed deformation pattern 
by volume loss during deformation of an oblate bedding- 
parallel compactional ellipsoid. In this case bed-length 
in cross-section is changed during deformation by an 
average of some - 5 % in the north to - 14% in the south. 
The greenschist area of the southern Venn Anticlinor- 
ium shows stretching of merely 5 to 8% whereas the 
Hunsrfick Phyllite Zone exhibits up to 38% shortening 
under these conditions. The corresponding values for 
volume loss are on average 30-40% near the orogenic 
front reaching 50-70% with a maximum of 84% at the 
southern margin of the orogenic wedge. 

The case of the Rhenish Massif is believed to lie in 
between both end-member scenarios. The nearly cylin- 
drical geometry of major structures with an usually more 
than km-scale continuity does not bear out stretching of 
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the thrust belt along strike by as much as 70%. On the 
other hand, veining subperpendicular to fold axes, axial 
culminations and depressions, and steeply dipping late 
wrench faults indicate minor stretching of the belt along 
strike. Moreover, a few data on volumetric strain col- 
lected by von Winterfeld (1994) in the northern Massif 
suggest small scale volume losses in the order of 15-50% 
depending on lithology and metamorphic grade. This is 
well in the range usually cited for slate belts (e.g. Sorby 
1908, Breddin 1957, Plessmann 1966, Ramsay & Wood 
1973, Wood 1974, Wright & Platt 1982, Beutner & 
Charles 1985, Wright & Henderson 1992). 

Considering these values, the first named numbers for 
layer-parallel shortening in cross-section (see Fig. 12a) 
roughly increase by up to 50%. The same volume losses 
reduce the above strike-parallel stretching values to zero 
in the north and to a now smaller amount of less than 10- 
25% in the south. The arcuate geometry of the 
Ardennes and the western continuation of the southern 
Rhenish Massif can account for increasing along-strike 
stretching towards the south and west reaching up to 
15% due to bending of the thrust wedge above a vertical 
axis. Larger values will lead to severe strain compatibi- 
lity problems along the strike of the orogen. Possibly, 
this argument is a further clue to the amount of material 
and porosity lost during deformation in the southern 
Massif. 

On the whole, the finite strains measured consider- 
ably underestimate changes of bed-length, basin width 
and crustal shortening when disregarding volume losses. 
It needs to be mentioned, however, that deduction of 
volumetric data from the orientation and geometry of 
finite strains is rendered more ambiguous by an import- 
ant aspect. Incremental strain data point towards a more 
complex collisional history (see below) which suggests 
several stages which were not coaxial. True orogen- 
parallel stretching may thus have overprinted the se- 
quence of compactional strain and the subsequent tec- 
tonic strain perpendicular to the belt. 

Net orogenic shortening of the Rhenohercynian 
upper crust of approximately 42% is mainly achieved by 
tectonic stacking, i.e. 'brittle' strain of the deformed 
basin filling. The contribution of distributed ductile 
deformation in imbricates, as recorded in the finite 
strain data, to overall horizontal shortening reaches 
values between 0% (orogenic front) and a maximum of 
51% at the southern rim of the Massif assuming no 
volume loss. If volume loss is important the contribution 
of shortening by internal deformation with respect to 
earth coordinates (i.e. the horizontal) is still larger. 
Changes of bed length (i.e. shortening with respect to 
internal co-ordinates parallel to bedding), on the other 
hand, are small (see above values). 

Partitioning of deformation and displacement in the 
orogenic wedge 

Diffuse contraction of the former passive continental 
margin upon collision with the Saxothuringian zone 
shows partitioning of deformation at a variety of scales. 
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On the hand specimen and outcrop scale, the influence 
of grain size distribution or minor structures (folds) 
dominates. On the quadrangle map-scale thrusts control 
the distribution of deformation with increasing strain 
towards the base of hangingwalls. Thrusts moreover  
ensure the compatibility of strain across the observed 
discontinuous changes of finite strain from hangingwalls 
to footwalls. The orogen-wide strain pattern is related to 
varying metamorphic grades (i.e. temperatures).  The 
superposition of these parameters with their different 
wavelengths and with the repetition of strain gradients at 
different scales suggests a self-similar geometry. 

The amount  of deformation is loosely tied to the 
former structural depth of the sampled rocks in the 
orogenic wedge; an increase with rising temperatures,  
i.e. with depth, is obvious. At high crustal levels defor- 
mation is strongly localized in a network of discrete 
faults. The deformation is progressively delocalized with 

the onset of thermally activated, especially grain-size 
sensitive and lithology-controlled deformation mechan- 
isms. 

Although deformation probably started during pro- 
grade conditions and outlasted peak metamorphic con- 
ditions, most of the finite strain was accumulated during 
the thermal peak. This is corroborated by the relation of 
the timing of fabric formation to peak thermal con- 
ditions: The finite strain ellipsoids are closely related to 
the dominant pervasive cleavage; the latter was largely 
formed at peak thermal conditions during maximum 
burial (Weber 1976, Ahrendt  et al. 1983, Oncken 1991). 
The above relationship thus records deformation con- 
ditions at the former structural level in the orogenic 
wedge. 

The T-dependent strain pattern also reflects the 
change of the flow pattern of the upper crust across the 
so called brittle zone during orogenic contraction. 
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Although the simple rheological zonation of the crust 
has been repeatedly criticized on the basis of empirical 
data or of arguments invoking the complexities of 
nature, the above notion still forms a much used power- 
ful theoretical framework for infering the internal struc- 
ture and strength of a rheologically layered crust. The 
response to shortening in the case presented supports 
the notion that deformation is increasingly pervasive 
with increasing temperatures and depths showing a 
broad zone with transitional behaviour which links the 
uppermost  with the middle crust. Narrow zones of 
concentrated deformation persist through the entire pile 
analysed while the enclosed thrust units develop a 
specific shear zone related strain pattern with increasing 
temperatures.  

The latter aspect and the elevated strains in over- 
turned limbs of still coherent  fault-propagation folds 
(see Fig. 6b) suggest a further relationship: a ductile 
bead may have passed ahead of most evolving shear 
zones (cf. Elliott 1976, Williams & Chapman 1983) (cf. 
also Fig. 6b) with probably also some distributed simple 
shear at the base of the sheets during the early stage of 
thrusting. Subsequent deformation appears to have con- 
centrated into more narrowly confined zones, controlled 
either by mechanisms of strain localization in existing 
faults (see White et al. 1986, Oncken 1989) or/and by 
increasing embrit t lement during exhumation and cool- 
ing of the thrust stack. 

However,  the relationship between a given strain 

pattern and the former structural-metamorphic situ- 
ation is not simple. Field and fabric relationships (cata- 
clastic overprinting of mylonites and of foliated 
cataclasites, juxtaposition of rocks with different meta- 
morphic grade at thrusts, cleavage generations with 
different fabric forming processes) clearly indicate that 
part of the deformation proceeds under changing con- 
ditions (i.e. decreasing temperatures,  effective confin- 
ing pressures, etc.) and causes the formation of out-of- 
sequence structures. In particular, the superposition of 
non-coaxial increments during progressive deformation 
may obscure any simple relationship. 

This is seen in the related internal kinematics of the 
thrust wedge which evolved through several stages of 
non-homoaxial deformation increments as shown from 
the analysis of pressure shadows and veins. Similarly, 
the analysis of kinematic axes from faults and striae 
(Oncken 1988) yields an anticlockwise rotation of the 
principal direction of shortening especially in the 
southern Massif and less pronounced in the northern 
Massif. Parts of the Eifel Nappe bear some indications to 
an earlier clockwise rotation of the shortening direction. 
These changes of shortening direction must have been 
the result of one or both of two scenarios: Lower 
Carboniferous pre- to syncollisional head on conver- 
gence at the continental boundary may have been fol- 
lowed by a switch to postcollisional dextral transpression 
during Upper  Carboniferous times, or convergence of 
the Saxothuringian microplate was oblique throughout. 
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In the latter case, the kinematics of the thrust bodies 
should have been governed by their respective position 
in the orogenic wedge: at the tip of the wedge thrusting 
was foreland-directed, perhaps strongly influenced by 
body forces at the front of a foreland-propagating, 
critically tapered wedge. As the imbricates were pro- 
gressively incorporated in the internal or rear parts of 
the wedge during its growth by foreland accretion, the 
dextral motion of the upper plate was increasingly 'felt' 
with a concomittant out-of-sequence displacement of 
the imbricates to the west. 

Cashman et al. (1992) have described similar patterns 
of strain partitioning between different structural 
domains, equivalent to thrust-bounded units in the pres- 
ent study, at the active plate margin in New Zealand 
which exhibits strongly oblique convergence. Hetero- 
geneities of incremental strain distribution and of orien- 
tation of finite strain and kinematic axes thus most 
probably record deformation partitioning due to oblique 
plate convergence of the Rhenohercynian-Saxothur- 
ingian plates. 

CONCLUSIONS 

From the above analysis several conclusions may be 
drawn regarding the geometry of deformation of fore- 
land fold and thrust belts in general and the Rhenish 
Massif in particular. 

--Volumetric strain and orogen-parallel stretching 
still pose fundamental problems barely understood. 
Systematical studies are lacking. 

--Strain geometry in slate belts may vary to a larger 
degree than generally assumed. Finite stretching 
geometries in pelites clearly are possible depending 
on the mode of superposition of non-homoaxial 
incremental strains. 

---Construction of balanced sections without incor- 
porating three-dimensional strain data may lead to 
badly constrained solutions. Area is nowhere con- 
served in the Rhenish Massif with its rather simple 
internal geometry. Changes of cross-sectional area 
and also out of section displacement both have to be 
corrected for. 

--The axial ratios measured, between 1 and 6 in the 
XZ-plane with an average around 2, are identical to 
those encountered under similar conditions of litho- 
logy, metamorphic grade, etc. in similar orogenic 
belts (compare data compilation in Pfiffner & Ram- 
say 1982). Taking into account the orientation of 
strain axes with respect to bedding, these values 
correspond to a surprisingly weak general layer- 
parallel shortening of the basin filling in cross- 
section on the order of about 5-15% and more in 
the case of volume loss. Net orogenic shortening in 
the upper crust of the fold and thrust belt is approxi- 
mately 42%. It is mainly achieved by folding and 
tectonic stacking of the deformed basin filling, 
which was apparently detached from the lower 
crust. 

--The orientation of the strain ellipsoid shows com- 
plex patterns: from compactional strains perpen- 
dicular to bedding in unmetamorphic areas, to 
reorientation of the ellipsoid parallel to fold axes, 
and, at still larger strains and very low-low grade 
conditions, rotation of the ellipsoid into the evolv- 
ing cleavage plane with no systematical orientation 
across the Massif (a relationship to stretching linea- 
tions may exist, none however is observed with 
respect to fold axes at higher strains). 

--Heterogeneous strain is caused by changes in litho- 
logy and average grain size, by the structural posi- 
tion of samples in folds and their distance from 
thrusts in the hangingwall (at deeper crustal levels). 
The superposition of these strain partitioning mech- 
anisms on different scales creates a complex re- 
gional strain pattern in terms of magnitude and 
orientation. 

- -An important crustal-scale strain partitioning 
mechanism is the regional distribution of metamor- 
phic grade which exerts major control over the 
dominant deformation mechanism. The increasing 
importance of thermally activated deformation 
mechanisms causes an exponential increase of finite 
strain including increasing variability with approach 
to the ductile lower crust across a broad transitional 
zone. No discrete brittle-ductile transition is ob- 
served. 

--The southern part of the thrust belt apparently 
suffered late westward motion (in gently dipping 
imbricates) or strike-parallel dextral motion (in 
steeply dipping imbricates) which is probably due to 
oblique convergence between the Rhenohercynian 
and Saxothuringian microplates. 
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