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Abstract

The Markstein formation (southern
Vosges) consists of turbiditic sequences
and pebbly mudstones deposited at the
extremity of a delta fan and/or on the
proximal part of a continental siope. The
area has been affected by regional
deformation responsible for open to tight
folds trending N130° with an associated
axial-plane cleavage. During deformation,
a regional metamorphic event in places
reached the biotite isograd in
metapelites.

The Markstein sediments were
intruded ca. 340 Ma ago by shoshonitic-
type granites that produced a contact
metamorphism expressed by spotted
(cordierite) slates and hornfels. An
associated deformation, resulting mainly
in the formation of a cleavage, is limited to
a narrow aureole (<200 m) around the
plutons. The cordierite crystallization
was contemporaneous with or shortly
Jollowed the regional metamorphism and
deformation, indicating that the regional
and the contact-related events were sub-
contemporaneous. Hence, the age of the
plutons constrains the age of the regional
deformation, which would have taken

place shortly before 340 Ma ago (Late
Visean).

Résumé

La formation du Markstein, située
dans l'avant-pays varisque des Vosges du
Sud, est constituée de séries turbiditiques
dans lesquelles s'intercalent des coulées
boueuses a galets. Les structures
sédimentaires et la distribution des
sédiments suggerent un dépét en front de
delta et (ou sur) la partie proximale du
talus continental. La déformation
régionale est responsable de la formation
de plis serrés d’axes orientés NI30°E en
moyenne. A ce plissement, sont associés
une schistosité de plan axial et un
métamorphisme atteignant dans les
métapélites 'isograde de la biotite. Des
granites de composition shoshonitique
ont intrudé ces sédiments, il y a environ
340 Ma. Ils ont engendré un
métamorphisme de contact a l'origine de
cornéennes aux bordures des granites et
de schistes tachetés (de cordiérite)
Jusqu’a 1500 m des contacts intrusifs. Le
magmatisme est associé a4 des
déformations localisées et, en particulier,
a la formation d’une schistosité sur une
distance inférieure a 200 m de la bordure
des plutons. Nous montrons que la
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déformation régionale et le magmatisme
sont péné-contemporains, et donc que
I’histoire tectono-métamorphique de la
région du Markstein est d’dge Viséen
supérieur.

Introduction

The aim of this study is to document
the relationship between regional
deformation and plutonism in the
regionally low-grade foreland of the
Variscan southern Vosges (Fig. 1).
Previous geological work in the
Markstein area has covered sedimentology
(Gagny, 1963; Gagny, 1964; Grimm,
1983; Schneider, 1990) as well as
petrography and geochemistry of the
plutonic rocks (Gagny, 1968; Langer et
al., 1995), but no detailed investigation
of the structures and metamorphic
crystallization and their relationship.

We first describe the sediments that
underlic most of the area and we refer
largely to Gagny’s work (1968) for a
description of the granites. We then present
our observations on the metamorphism
and the structures, systematically distin-
guishing between regional and contact
features. We also discuss the relationship
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Fig. 1.- Simplified geological map of the Vosges (modified after Fluck er al., 1989), showing the location

of the study area (circled).

Fig. 1.- Carte géologique simplifiée du socle vosgien (modifiée d'aprés Fluck et al., 1989) et localisation

de la région étudiée (encerclée).

between deformation and contact meta-
morphism. Finally, we argue that the piu-
tonism was subcontemporaneous with the
regional deformation and metamorphism.

Geological setting

The studied area is located in the
“Moldanubian zone” of the southern
Vosges massif (Kossmat, 1927), which
consists of Upper Devonian to Lower
Carboniferous (Dinantian) sedimentary

sequences. The division of the southern
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Vosges into lithostratigraphic units is
disputed, with a “French school” (e.g.
Fourquin, 1973; Coulon, 1975)
presenting ideas partly contrasting with
those of a “German school” (e.g. Grimm,
1983; Maas, 1988). According to the
French school, the Markstein formation is
an allochthonous unit separated from

contemporanecous units located farther to

the south by a “tectonic line” called the
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“Ligne des Klippes”, whereas the
German school considers the Markstein
unit to be in continuity with, and a distal

PR DRRPPIE B SRR 1
D 10CAlCU 1O UIC dDUULL

equivalent of, the un
with all the sedimentary units representing
sedimentation in a single basin. Moreover,

deformation in the Markstein occurred

dnring the late Visean according to the
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French authors and during the Stephanian
according to the Germans.

Sediments
of the Markstein formation

The Markstein area is characterized by
an association of Upper Devonian to late
Visean greywacke and siltstone/pelite
organized into turbiditic sequences
(Gagny, 1963) — i.e. beds of greywacke, a
few centimetres to several metres thick,
alternating with minor siltstones and
pelites. At places, pebbly mudstones with
well-rounded pebbles of various sizes and
lithologies (Grimm, 1983), and locally

writh

diametare of fowr Ao
wiul Glamoeicrs O1

P Atvveabeno
a ICW GQCCimeucs

(Fig. 2a), attest to multiple catastrophic
mudflows.

The average grain size of the
greywackes is 2 mm in the coarse layers
and 4 pm in the finer layers. Sorting,
especially in the coarse layers, and degree
of rounding are poor. Numerous sedimen-
tary structures such as grading, load
marks and cross bedding can be observed.
Mineralogically the greywackes are char-
acterized by 40 to 70% feldspar (zoned
plagioclase with 20 to 40% anorthite
content and orthoclase showing micro-

.. . o
cline-like twins), 5 to 35% quartz and

lithic fragments (granite, granitoid,
quartz porphyry, greywacke and, in the
southern part of the studied area, volcan-
oclasts). The matrix (10% to 20% vol.)
consists of clay cement that has been silic-
ified and recrystallized, probably during
diagenesis. Accessory minerals include
amphibole, apatite, zircon, epidote and
some opaques.

Siltstones/pelites

The siltstones and pelites are finely
layered rocks displaying many macro-
scopic and microscopic sedimentary struc-
tures, such as ripples and cross bedding,
and microscopic syn-sedimentary normal
faults. Qualitatively, the main constituents
are fine-grained biotite and chlorite. The

amount of quartz with respect to feldspar
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Fig. 2.- a) Pebbly mudstone with a large granitic pcbble, Chemin de 1’Eibel, East of Col du Plaezerwacesel (coordinates: 7°
b) Complete (‘Bouma’) turdibitic sequence, Chemin de I’Eibel; bed dips toward the SW.

¢) Spotted slate from the proximity of the Metzeral granite, at Brobachrucken (coordinates 7°5728"E, 47°59°52"'N).

d) Fold hinge (fold axis trends 015°/plunge 10°). Route des Crétes (7°3'52"E, 47°54'42"N).

Fig. 2.- a) Ecoulement boueux conglomératique a galet granitique, Chemin de I'Eibel, Est du col du Plaezerwaesel (coordonnées: 7°2'5S1"E, 47°58°5"N).
b) Sequence turbiditique compléte (‘Bouma’j, Chemin de ['Eibel ; pendage des couches vers le sud-ouest.

¢) Schistes tachetés situés a proximité du granite de Metzeral, a Brobachrucken (coordonnées 7°5°28"E 47°59°52"N).

d) Charniere de plis (axe de plis 015°10°). Route des Crétes (7°3'52"E, 47°54'42"N).
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is greater than in the greywackes. Some
pelites contain up to 5% opaques.

Sedimentary environment
and source

PP P

1“C lu.lUlU.l!.C U.llltb LOULDIDL Ul coarse-
grained greywacke overlain by finer
grained layers. Bottom boundaries are
slightly erosive. The coarse basal term
consists of sequences of amalgamated
turbidites, as indicated by grading and
pebbles of pelitic layers within the
greywackes. The upper finer layers
consist of alternating fine-grained
greywacke and pelite constituting fining-
upward sequences.

The alternation of greywacke and pelite

1s irreoular but. as a general obgervation. the
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sequences tend to be thicker and clearly
dominated by greywacke in the southemn
part of the studied area, whereas the
sand/clay ratio decreases to the north where
alternations are thinner and complete
turbiditic sequences (Bouma, 1962) are
observed (Fig. 2b). This distribution and the
bulk grain-size decreasing northwards
suggest sedimentary input from the south.
The average paleoflow direction measured
during this study from ripples, ﬂow-marks
and imbricated grains is towards NO70°, i

accordance with measurements renorted }\v
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B. Grimm (1979). Moreover, outcropping
equivalents of the pebbles are found
exclusively to the south of the studied area
(Grimm, 1983). Therefore, the source area
was located to the south or southwest of the
Markstein area. The low anorthite content
and primary zoning of the feldspar clasts
suggest that these have a magmatic origin,
and the presence of microcline implies a
plutonic source.

The immaturity of the greywackes
(especially the high content of feldspars),
the poor sorting and the poor degree of
rounding suggest a relatively short
transport distance. The abundant clastic
material and the amalgamations are
consistent with a proximal character, along
with remains of channels. It is therefore
likely that the Markstein formation was
located in a distal part of a delta fan and in
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granite to the north and west and the
Goldbach granite to the south and east
\1 15 }) The
sediments and both plutons are poorly
exposed: the contact between the
Markstein formation and the Metzeral
granite is intrusive in places, although
more generally faulted, and the contact
with the Goldbach granite is faulted, but
at few places (see also the Munster sheet
of the 1:50,000-scale Geological map of
France). The mineralogy of the granites
is dominated by K-feldspar (orthoclase
and microcline) and quartz, with minor
amphibole (Mg-actinolite), biotite and
plagioclase. Accessory minerals include
apatite, pyrite, zircon, sphene and
allanite. Based on a study of their
average chemical composition (Gagny,
1968), the alkali/silica ratio indicates a
transitional  composition  between
alkaline and subalkaline. The high
potassium content points to a shoshonitic
character, typical for magmas emplaced
during the mature stages of orogeny in a
continental plate (D’Amico et al., 1987).
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The Metzeral granite is dated at 341 =
1 Ma (U-Pb on zircons, Schaltegger, 1995).
Biotite of the “granites des Crétes” yields
an Ar-Ar age of 333 +1 Ma (Boutin et al.,

1995).

Metamorphism

Study of the metamorphism in the
Markstein sediments is hindered by per-
vasive weathering and the very small size
of the metamorphic crystals (ca. 15 um).
Consequently, precise pressure-tempera-
ture determination was impossible. Nev-
ertheless, various stages can be inferred
and some reactions can be suggested for
the regional and contact metamorphism.
It will be shown that the regional and
contact metamorphic peaks succeeded
each other in a short time mnterval.

Regional low-grade
metamorphism

The principal variable in the regional
metamorphism is the rock composition:
at the same place different mineral
parageneses are found in different rock
types, and rocks of similar characteristics
(e.g. bulk composition, grain size, etc.)

have the came mineral acgemhlaces
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except near the plutons (<1500 m). The

following regional parageneses have
been detected:

- in the greywackes: quartz - phengitic
muscovite — chlorite;

- in the pelites and siltstones: quartz -
biotite - phengitic muscovite — chlorite.

Both mineral associations characterize
a low-grade metamorphism.

suggests that the pehte/sxltstone
assemblage formed by the continuous
simplified reaction (Mather, 1970):

phengitic muscovite + chlorite —> less
phengitic muscovite + chlorite + biotite + '
H,0.

Due to the very fine size of the micas
and to their poor crystallization, which
produced interlaminations, microprobe
analyses were not able to provide
evidence for a decrease in the FeO and
MgO content of the muscovite as the
reaction proceeded. The distribution
coefficients for FeO and MgO in micas
appearing together are variable and
nowhere equal 1 (cf. appendix), which
suggests that the above reaction did not
reach an advanced stage. It is known that
this reaction is critically dependent on
chemical variables such as Al-content
(Atherton, 1968) or Fe-Mg ratio (Spear,
1993). Thus minor changes in the
composition of the system may have led
to different stages of this reaction being
reached, resulting in different mineral
assemblages. This would explain that
biotite has been reported in greywackes
but not in pelites (Mather, 1970). Since
no evidence of a retrograde reaction was
found, we conclude that the whole region
just reached the biotite isograd.

Contact metamorphism

Contact metamorphism is responsible
for higher temperature mineral assem-
blages 1 a ca. 1500 m wide aureole
around the plutons. Two zones can be
distinguished: an inner aureole of proper
hornfels and an outer aureole of spotted

slates (Fig. 2¢).

The hornfels zone is usually restricted
to 75-100 m from the contact. The rocks
are typically dark, completely recrystal—-
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show typical decussate textures with a
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quartz - biotite - chlorite mineral assem-
blage. By plotting the electron micro-
probe analyses (see appendix) on an
AL 0;-KAIO,-FeO+MgO ternary diagram
together with the bulk rock composition, it
becomes obvious that a K-bearing phase is
present. This unidentified phase is probably
a very fine (<5 um) white mica (muscovite
or phengite), which will be considered as
present in the following discussion.

Thp cr\nﬂ'ﬂd asnect of the onter aure-
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ole slates (Fig. 2¢) is due to cordierite
blasts, generally altered to pinite although
a few relatively fresh cordierite crystals
have been identified by their characteristic
twinning. Electron microprobe analyses
(see appendix) show that, compared to
fresh cordierite, the altered blasts are
richer in K and in Al and depleted in Fe
and Mg. Flakes of white mica (mus-
covite-phengite), biotite and chlorite
have been identified within the spots. In
addition to the cordierite spots, the rock
matrix is characterized by a white mica-
biotite-chlorite assemblage. Since biotite
and chlorite are intimately associated,
especially far from the contact, it is diffi-
cult to obtain a single phase analysis.

Our mapping suggests the following
distribution:

comprising quartz uscovite -

biotite — chlorite;

hengmc

5

(2) appearance of cordierite at
ca. 1500 m from the pluton borders as
part of the assemblage quartz - phengitic
muscovite - biotite (interlayered with
chlorite) — cordierite;

(3) disappearance of chlorite on
approaching the contact (<150 m) to give
an assemblage of quartz - phengitic
muscovite - biotite — cordierite; finally-

(4) cordierite disappears in the
immediate proximity (few metres) of the
contact, leaving the assemblage as quartz
— muscovite (inferred) - biotite - chlorite

The interlamination of chlorite and
biotite and the presence of muscovite and
chlorite within the spots support the
following reaction for the crystailization
of cordierite in (2):

muscovite + chlorite + quartz —
cordierite + biotite + H,O (Yardley,
1989).

GEOLOGIE DE LA FRANCE, N° 2, 1998

Approaching the pluton, as the reac-
tion proceeded, muscovite disappears and
excess chlorite is left in very small
amounts. In (4) the absence of cordierite
is attributed to retrograde metamorphism
possibly caused by a limited release of
water during cooling of the pluton. The
reaction generating cordierite may also
account for its destruction, resulting in a
paragenesis that is the same as the back-
ground assemblage (quartz - muscovite -
biotite - chiorite).

Deformation in the
Markstein formation

Regional folding

Folding is expressed throughout the
studied area by fold hinges (Fig. 2d) and
by the steep dips of bedding and cleavage
in limb areas (Fig. 3). Fold axes in the
centre of the studied area trend N130°
and plunge 10° to 30° in either direction
(Fig. 4); close to the plutons, fold axes
vary in orientation (see below). The
folding style is heterogeneous with large
variations of

anoles,

allgics

interlimb
Deformation in the pelitic and greywacke
layers is decoupled and results in

disharmonic folds.

Fold hinges were found only along
bands oriented parallel to the large
regional fold axes. We interpret these
bands as the trace of major hinge zones.
Three major antiforms and two major
synforms with wavelengths of a few
kilometres are constructed (Fig. 3). Folds
recorded in the outcrops are consistently
parasitic folds related to these larger
synforms and antiforms. Folding
accounts for ca. 50% shortening of the
sedimentary formation. Due to folding,
the rocks have developed an axial-plane
cleavage locally difficult to detect. In the
coarser grained layers, the cleavage may
be represented by fractures.

Contact-related deformation

The most obvious feature related to
the contact aureole is the development of
a pencﬁ’atnve cleavage apparenu Y more
intense than the axial-plane cleavage
observed regionally. It is marked by the
preferred orientation of phyllosilicate and
cordierite blasts. Attempts to quantify

strain changes were performed through

X-ray diffraction texture goniometry, but
failed partly because of the strong
primary anisotropic character of the
initial sediments and partly because of
the presence of porphyroblasts affecting
the orientation of mica flakes in their

vicinity.

Open, sub-horizontal buckle folds are
observed close to the intrusion. These
folds trend mainly N-S; they are
distinctly different from the regional
folds, with more regular amplitudes (20-
30 cm) and wavelengths (50 cm). No
axial-plane cleavage has been observed
in these folds.

Relationship between
regional and contact
deformation

The scarcity of rock exposure
hampers an extensive and definitive
structural geology study of the area. The
orientation of the fold axes varies close
to the plutons (Fig. 4) where folds are no
tighter than in the central area. This
variation in orientation may represent an
interference between regional and
pluton-related deformation, but it does
not show a consistent pattern-and no
superposition has been observed. The
study of cieavages is more conciusive in
interpreting the relationship between the
two deformations. Despite considerable
effort, no superimposition of the

contact-related with the
contact-rejated with the

cleavage
regional axial-plane cleavage has been
observed on either a macroscopic or
microscopic  scale. Contact-related
cleavage coincides with an absence of
regional cleavage and vice versa. This
observation suggests a nearly coeval
development of the regional and the

aureole foliations.

Discussion

A time-related occurrence of regional
events and piutonism may be inferred
from both petrologic and structural
observations. Regional folding and
metarnorphism seem to be in continuity
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appearance of cordierite, according to the
previously described reaction and
conditions, is expected to occur at ca.
520 °C. A simple thermal calculation
shows that the plutons alone could not
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have provided the energy sufficient to
generate this temperature.

The model applies to a conduction of

heat for an instantaneous spherical source
body as described by Carslaw and Jaeger

18

(1959) and does not take into account the

effects of latent heat from solidification
after

convection

and emplacement
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Necessary parameters for the calculation
are the diameter of the pluton, its
emplacement temperature and the initial

temperature of the country rocks. The
diameter of the Metzeral pluton is
estimated at about 8 km, and the diameter
of the Goldbach pluton at about 2.5 km
(Munster sheet of the 1:50,000-scale

Geological map of France). The

GEOLOGIE DE LA FRANCE, N° 2, 1998




DEFORMATION, PLUTONISM AND REGIONAL METAMORPHISM IN THE MARKSTEIN AREA (SOUTHERN VOSGES)
emplacement depth of the plutons is 3 to  perature was initially higher than the tem- 350 and 400 °C, a2 temperature >520°C
4 km (Gagny, 1968; Grimm, 1983). A  perature used for calculation. If the country  can be reached over a distance of several

normal to high geothermal gradient of
25 °C/km accounts for an initial sediment
temperature at this depth of 100 °C. The
solidus temperature for a magma with the
relevant chemical composition, assuming
it is water saturated, is between 650 and
700 °C (Tuttle and Bowen, 1958; Wyllie,
1977). Calculations (Fig. 6) show that,
for both granites, the temperature in the
sediments (even within 100 m of the
contact) should not exceed 400 °C.

Varione factare (advectina fluids  glaw
vanous iaciors \aavedimg ILiuiGs, Sio0wW

emplacement, etc.) can affect the shape of
the temperature-time lines (Fig. 6), but
would not significantly increase the
maximum temperature reached in the
proximity of the plutons. The discrepancy
between the modelled temperatures
(T<400 °C) and the inferred metamorphic
reaction occurring at T>520 °C requires
some explanation. First, CO,-rich fluids
may stabilize cordierite at lower
temperatures. To stabilize cordierite at a

temperature of 450 °C the partial pressure
af OO muct ha ac hioh ac N R which ic

of CO, must be as high as 0.8, which is
unlike%y considering the pelitic
lithologies involved (Ghent, 1975; Ferry,
1992). Second, the presence of water in
its lattice is able to stabilize cordierite at
low temperatures (Winkler, 1996).
However, these factors alone cannot
explain the large difference between the
modelled and inferred temperatures.

Increasing the calculated temperatures
in the country rocks may be performed by
increasing the heat transfer by convection
within the pluton. However, given the shal-
low plutonism, it is likely that magma vis-
cosity was too high for convection to play
an important role. The remaining possibili-
ty is to consider that the country rock tem-

rocks had an initial temperature between  hundred metres from the pluton. Initial
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Fig. 4.- Orientation diagrams of poles to bedding planes at different localities throughout the studied arca
(Schmidt net, lower hemisphere).

Fig. 4.- Diagramme d’orientation des péles des stratifications en différentes localités (Canevas de
Schmidt, hémisphére inférieur).
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Fig. 5.- Cross section of the studied area (cf. Fig. 3 for location).

Fig. 5.- Coupe interprétative, localisée en figure 3.
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Fig. 6.- Temperature-time curve in the granites and surrounding country rocks.

Fig. 6.- Lignes température-temps pour les granites et leurs encaissants.

temperatures of 350-400 °C correspond to
the temperature at which biotite starts to
form in greywackes, in agreement with our
this calculation

phism.

observation. Therefore
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further suggests that the plutonism was

20

nearly coeval with the regional metamor-

Under such circumstances it may be
argued that the regional deformation

itself was due to plutonism. A few
arguments seem, however, to stand
against this hypothesis: 1) if the regional
folds were generated by the plutons, an
increase in the folding intensity would
be expected towards the contacts and
this is not observed; 2) the fold axes do
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not show a consistent pattern developing
around the plutons, but display a
consistent regional trend disturbed by
the plutons; and 3) folding accounts for
ca. 50% shortening in the sedimentary
formation, which is too much to be
attributed to the intrusion of small
plutons over the area considered.
Therefore the regional folds are
probably not a space-accommodation
shortening.

Conclusions

The Markstein area represents a
turbidite  sequence consisting of
greywackes and pelites. The mineralogy
and the textural immaturity of the
greywackes suggest a relatively short
transport distance and deposition at the

N .
bottom of a delta fan and the proximal

part of a continental slope. Sediment
supply was from the southwest.

The sediments were intruded at
341+1 Ma (age of the Metzeral granite,
Schaltegger, 1995). The shoshonitic
composition of the granites indicates late
orogenic intrusions.

There was a close time relationship
between the regional folding and
plutonism. The age of the intrusions can
therefore be used to constrain the age of the
regional deformation that should have
occurred about 340 Ma ago, shortly after
deposition. This conclusion agrees with
Boutin ez al. (1995) who performed K-Ar
and 9Ar-*0Ar dating on several intrusions
and metamorphic rocks throughout the
Vosges and determined a minimum age for
the metamorphism of 330-340 Ma.
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