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Abstract The mid-German crystalline rise has its west-
ernmost exposures at the western margin of the Rhine
graben in the southern Pfalz and the northern Alsace.
The outcrops are made up of granitoid rocks and minor
volcano-sedimentary sequences. Radiometric ages ob-
tained by U/Pb, Pb/Pb, Sm/Nd and Rb/Sr analyses of
the igneous rocks from this area range from F433 to
F325 Ma thus covering a time span from the Silurian
to the end of the lower Carboniferous. Because the in-
vestigated rocks are – according to their chemical com-
position – largely related to subduction zone environ-
ments, the following three geodynamical scenarios are
postulated, always taking subduction of oceanic crust
beneath the mid-German crystalline rise into account:
(a) subduction of the Rheic ocean during the Silurian
from the north; (b) subduction of the Rhenohercynian
ocean during the late Devonian (F369 Ma) from the
north; (c) subduction of the Saxothuringian ocean dur-
ing the lower Carboniferous (F334 Ma) from the
south.

Key words Geochronology 7 Mid-German crystalline
rise 7 Variscan orogeny, S-Pfalz, N-Alsace

Introduction

The westernmost outcrops of the mid-German crystal-
line rise (MGCR) are exposed along the escarpments
of the western shoulder of the Rhine Graben in the
southern Pfalz and northern Alsace (Fig. 1). These oc-

currences are part of the Saxothuringian zone of the
Variscan basement and are made up of granitoid rocks,
metasediments and minor metavolcanics. They are un-
conformably overlain by Permian volcanics and sedi-
ments followed by Mesozoic strata. The localities and
rock types are from N to S the metasediments of Neu-
stadt and Hambach, the granite of Edenkoben, the me-
tasediments and granitic dikes of Burrweiler, the gneiss
of Albersweiler, the granodiorite of Waldhambach, the
metasediments and metavolcanics of Weiler and the
granodiorite of Windstein.

Only few formation ages of this part of the MGCR
are known. The only published radiometric data are K–
Ar ages of 334B15 Ma for biotite of the Albersweiler
gneiss (Frenzel 1971, recalculated) and 340 Ma for the
Windstein granodiorite (Montigny et al. 1983). The me-
tasediments of Weiler were assumed to be lower Car-
boniferous according to plant fossils (Genser 1965;
Münzing 1956). Similarly, the metagreywackes of Neu-
stadt are considered as sediments of the early lower
Carboniferous (Häntzschel 1972). To the west the age
of the MGCR is known from the borehole Saar 1, in
which mid-Devonian to Lower Carboniferous sedi-
ments overlie a granite with a U/Pb zircon age of
444B22 Ma (Sommermann 1993). The E extension of
the MGCR is exposed in the Odenwald with ages of
362–332 Ma in the Bergsträsser part and ages of 375 Ma
and around 400 Ma in the Böllstein area (Lippolt 1986;
Kirsch et al. 1988; Todt et al. 1995). Biotite cooling ages
from the Odenwald are around 330 Ma (e.g. Hess and
Schmidt 1989). Further to the east in the Spessart, ap-
proximate Silurian ages, such as 414B18 Ma and
439B15 Ma (Lippolt 1986; Nasir et al. 1991), and
418B18 Ma and 410B18 Ma (Dombrowski et al. 1995),
are well established.

Thus, the formation ages of the MGCR appear to
cover a time span of more than 100 Ma from the Ordo-
vician/Silurian to the lower Carboniferous, but details
on the evolution of the MGCR are still inadequate.
This study focusses on the geochronology of the west-
ernmost region of the MGCR. We have chosen the
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Fig. 1 Geological map of the
mid-German crystalline rise.
(Modified after Dallmeyer et
al. 1995)

rocks of igneous origin from this area for radiometric
age determination in order to acquire a profound data-
base for the magmatic events of the MGCR as well as
to better understand the role that the MGCR played
within the evolution of the Variscan orogeny.

Samples and geological background

The sample localities are from a ca. 60-km-long SSW–
NNE profile crossing the southern part of the MGCR
along the western escarpments of the Rhine graben in
the S-Pfalz and N-Alsace. The rock units analysed in
this study are from N to S the granite of Edenkoben,
the granitic dikes of Burrweiler, the granitoid gneiss of
Albersweiler, the granodiorite of Waldhambach, the
pyroclastic rocks of Weiler and the granodiorite of
Windstein (Fig. 1).

The granite of Edenkoben

The Edenkoben granite is exposed in an area of ca.
0.5 km2, 2 km west of Edenkoben in the Triefenbach
valley. The country rock into which the granite in-

truded is not exposed. The granite itself is cut by thin
aplitic and pegmatitic dikes as well as one lamprophyre
dike. The granite is mainly undeformed with the excep-
tion of a weak foliation that was caused by the intrusion
of the granite itself (Flöttmann and Oncken 1992). The
granite is unconformably overlain by sandstones of the
Lower Buntsandstein. The modal composition is plag-
ioclase, K-feldspar, quartz, biotite, muscovite and opa-
ques in decreasing order. Biotite is partially replaced by
chlorite and the feldspars are cloudy in places. This in-
dicates a weak low-temperature alteration, although a
metamorphic overprint is not recognizable. The com-
position of the granite of Edenkoben ranges from 69.26
to 74.94% SiO2. The rocks contain Na2O~K2O, and
are very similar to S-type granites. They can further be
classified as syn-collisional granite. Details are given in
Laue and Reischmann (1994).

The granite dikes of Burrweiler

The granite dikes of Burrweiler which intruded into
medium-grade metasediments are exposed in the Mo-
denbach valley ca. 2 km NW of Burrweiler. The schists
are mainly metapelites in which cordierite as relict of
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an early high temperature metamorphism could be
identified (Flöttmann and Oncken 1992). One dike of
ca. 0.5 m in width can be followed for a few metres.
Others are preserved as small boudains within the
schists. The basement is overlain by coarse lower Per-
mian fanglomerates. The dikes are two mica granites
according to their mineral assemblage with quartz, K-
feldspar, plagioclase (An30), biotite, muscovite and
opaques. Biotite is partly altered to chlorite. Chemical-
ly, the Burrweiler dikes are typical S-type granites with,
for example, high SiO2 of 73.91% and K2O`Na2O.
Similar to the Edenkoben granite, this composition is
akin to that of syn-collisional granites. For further de-
tails the reader is referred to Laue and Reischmann
(1994).

The granitic gneiss of Albersweiler

The granitoid gneiss of Albersweiler is well accessible
at the NW margin of the village in the active northern
quarry and the abandoned southern quarry. The gneiss
is heterogeneous with darker and lighter varieties as
well as differences according to the foliation. It is com-
posed of quartz, plagioclase, K-feldspar, biotite and ac-
cessory minerals. E–W and N–S trending lamprophyre
dikes cut through the gneiss complex which is uncon-
formably covered by Permian sediments and volcanics
(Löhr 1991; Flöttmannn and Oncken 1992). The SiO2

composition ranges from 68.18 to 73.76% and K2O is
always less than Na2O. The rocks belong to a sequence
of calc-alkaline affinity and have the geochemical char-
acteristics of I-type granites from a magmatic arc. Fur-
ther information on the geochemistry is provided by
Laue and Reischmann (1994).

The granodiorite of Waldhambach

The granodiorite of Waldhambach is exposed in an ac-
tive quarry 2 km east of the village in the Kaiserbach-
tal. The largest part of the quarry is within the Permian
volcanics which unconformably overlie the granodio-
rite. The granodiorite itself is accessible in the SE part
of the quarry, where two NW–SE striking lamprohyre
dikes cut through it. The rocks consist of plagioclase,
quartz, alkali feldspar, biotite and accessories such as
apatite, magnetite and zircon in decreasing order. Mi-
nor occurrences of gneisses and amphibolites are con-
sidered as remnants of the country rock into which the
granodiorite intruded. The plutonic complex displays a
magmatic foliation which is visible by the orientation of
the numerous mafic to intermediate inclusions. Despite
a minor brittle deformation, the granodiorite is well
preserved without signs of metamorphism or alteration.
Geochemically, the granodiorites investigated cover a
narrow SiO2-range of 69.38–71.03%. The Na2O/K2O is
always `1, which supports the I-type character. The
low Nb concentrations ~10 ppm are also akin to the

composition of volcanic arc granites (Laue and Reisch-
mann 1994).

The pyroclastic rocks of Weiler

In Weiler, a village between Wissembourg/Alsace and
the St. Germanshof/Pfalz, pre-Permian basement rocks
are accessible. They can be found in the village, as well
as in the Lauter valley and in the Buchbach valley, a
small tributary. A recent investigation by Mühe (1992)
identified pyroclastic rocks among metasediments of
presumed lower Carboniferous age (Flöttmann and
Oncken 1992). These metasediments and pyroclastics
were intruded by numerous lamprophyre dikes and un-
conformably covered by Permotriassic sequences. Geo-
chemically, the pyroclastics are similar to calc-alkaline
volcanics generated in a subduction environment
(Mühe 1992).

The granodiorite of Windstein

The granodiorite of Windstein is exposed in the valley
of the Schwarzbach ca. 0.5 km SW of the ruins of Wind-
stein castle. The pluton exposure is covered by lower
Buntsandstein sediments. The rocks consist of plagio-
clase, quartz, K-feldspar, biotite and, in contrast to the
previously described granitoids, also of hornblende.
Apart from apatite, zircon and oxides, the mineral
sphene occurs frequently as an accessory. The SiO2

content ranges from 63.82 to 70.25%; only one aplitic
dike is more differentiated containing 75.87% SiO2

(Laue and Reischmann 1994). The rocks form a calc-
alkaline suite with clear I-type characteristics and are
therefore assumed to have formed in relation to a sub-
duction zone.

Analytical methods

The 207Pb/206Pb single zircon evaporation technique
was the preferred dating method for the granitoid rocks
from Edenkoben, Waldhambach, Windstein and the
Albersweiler gneiss. This method permits the precise
analyses of individual zircon grains and has the addi-
tional advantage that inherited zircons can be recog-
nized. In order to prove the suitability of this method
for the studied rocks, we selected the granodiorite from
Waldhambach for additional conventional U/Pb ana-
lyses as well as for single zircon vapour digestion U/Pb
measurements. The metavolcanics from Weiler were
dated by the Rb/Sr and Sm/Nd method. Rock types and
sample locations are listed in Table 1.

The weight of the samples for zircon analyses ranged
between 5 and 10 kg. They were crushed with a jaw
crusher and a roller mill yielding a grain size of
~0.5 mm. One part of this homogenized sample of
100 g was separated and powdered with an agate planet
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Table 1 Rock types investigated and sample locations

Sample Rock type Locality Coordinates

A-7 Granitic gneiss Northern part of quarry at Albersweiler R 3428770 / H 5454280
A-10 Granitic gneiss Northern part of quarry at Albersweiler R 3428900 / H 5454350
A-17 Granitic gneiss Southern part of quarry at Albersweiler R 3428540 / H 5454080
BUR-02 Granitic dike Outcrop NW of Burrweilermühle, Modenbach valley R 3432590 / H 5458480
EDE-02 Granite Quarry in Triefenbach Valley, SW of Edenkoben R 3433770 / H 5460950
EDE-03 Granite Quarry in Triefenbach Valley, SW of Edenkoben R 3434020 / H 5460870
EDE-04 Granite Quarry in Triefenbach Valley, SW of Edenkoben R 3434670 / H 5460950
EDE-05 Granite Quarry in Triefenbach Valley, SW of Edenkoben R 3434680 / H 5460980
K-11 Granodiorite Southern part of quarry in Kaiserbach Valley R 3427540 / H 5447320
PW-1 Granodiorite Southern part of quarry in Kaiserbach Valley R 3427510 / H 5447320
W-9 Granite Outcrop NW of Petit-Muehlberg R 3412050 / H 5427040
WEI-A Dacitic ignimbrite Outcrop at Buchbachtal near Weiler/Wissembourg R 3419780 / H 5434620
WEI-B Dacitic ignimbrite Outcrop at Buchbachtal near Weiler/Wissembourg R 3419780 / H 5434620
WEI-C Andesitic–dacitic tuff Outcrop at Buchbachtal near Weiler/Wissembourg R 3419780 / H 5434620
WEI-D Andesitic–dacitic tuff Outcrop at Buchbachtal near Weiler/Wissembourg R 3419780 / H 5434620

mill for further chemical analyses. The rest of the mate-
rial was taken for heavy mineral concentration by using
a Wilfley table. From the heavy fraction the non-mag-
netic material was extracted by a Frantz magnetic sepa-
rator at 1 A current, with 127 forward tilt and 57 side
tilt. Additional heavy mineral enrichment was attained
by using heavy liquids such as bromoform (rp2.8 g/
cm3) and methylene iodide ( p3.3 g/cm3). The heavy
mineral fraction was cleaned in 6 n HCl for 2–3 h be-
fore finally hand-picking the zircons under the binocu-
lar. The zircons selected for U/Pb measurements were
additionally cleaned with 6 n HNO3 and subsequently
with 6 n HCl, each stage for 15 min in ultrasonic, imme-
diately prior to dissolution.

207Pb/206Pb single zircon evaporation analyses

207Pb/206Pb single zircon ages were obtained by meas-
uring the Pb-isotopes of evaporated zircons using a
double Re-filament configuration. The principles of
this method are described in Kober (1987) and Kröner
et al. (1994). The evaporation temperatures ranged
from 1432 to 15507C. In each case the Pb isotopic com-
position was checked for changes at increasing temper-
atures. The heating was continued until no more
changes in the Pb composition were recognized. Such a
stable Pb isotopic composition was used for the meas-
urement. The evaporated Pb condensed on the cold
second Re filament which subsequently was heated to
ionize the Pb condensate. Ionization temperatures were
in the range of 1100–12007C. The entire procedure was
continued until all Pb had evaporated in order to check
for the possibility of an older Pb component. In gener-
al, the zircons were single-domain zircons according to
their Pb isotopic composition; only one composite grain
could be identified.

The Pb isotopes of the zircons were analysed at the
Max-Planck-Institut für Chemie in Mainz (Germany)
using a Finnigan MAT261 mass spectrometer with a
secondary electron multiplier (SEM) or ion counter, re-

spectively. Results for both detector systems are identi-
cal within error. The measured 207Pb/206Pb were cor-
rected for common Pb when necessary. Run precision
and the error of the according individual 207Pb/206Pb
age is given as 2sm. The age of each sample resulting
from the weighted mean of the individual grains is
quoted with the 2sm error. The single zircon 207Pb/
206Pb data are shown in Table 2 and plotted in histo-
grams in Fig. 2.

Conventional U/Pb zircon analyses

The zircons used for the conventional U/Pb analyses
were dissolved in sealed Teflon bombs at a temperature
of 2207C for 1 week using a mixture of concentrated
HF–HNO3. The spike applied is highly enriched in 233U
and 205Pb. After chemical separation Pb and U were
loaded on Re single filaments with silica gel. Isotope
ratios were measured using a Finnigan MAT261 mass
spectrometer with a multi-Faraday-cup configuration
for Pb and a SEM for U. Data reduction includes cor-
rections for mass fractionation, blank and common Pb
after Stacey and Kramers (1976). The age calculation
was performed by linear regression after York (1969)
using the decay constants of Steiger and Jäger (1977).
Errors are quoted at the 2s level. The results are listed
in Table 3 and visualized in Fig. 3.

Vapour digestion single zircon U/Pb analyses

Single zircon grain U/Pb analyses followed the proce-
dures described in detail in Wendt and Todt (1991) and
Kröner et al. (1994). The zircons were dissolved by the
so-called vapour digestion technique and after dissolu-
tion at 2207C spiked with a 205Pb–233U enriched tracer.
Without chemical separation the complete spiked sam-
ple was loaded with silica gel on an Re filament and
measured with an SEM. Pb was measured at ca. 1200–
13007C. Subsequently, after heating the same filament
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Table 2 Results of single zircon evaporation analyses

Sample Temperature
(7C)

Ratios 207Pb/206Pb 2sm
*10e-6

Age (Ma) 2sm Average 2sm N

Edenkoben granite
E3
A 300, r, c, lp 1494 101 0.053125 263 334.1 11.3
B 150, y, c, sp 1512 65 0.053179 66 336.4 2.8
Ca 200, y, c, sp 1540 95 0.053985 167 370.4 7.0

166 0.053146 210 335.0 9.0 2
Burrweiler granitic dike
BUR-2
A1a 250, b, t, lp 1446 77 0.053191 132 337.0 5.6
A2a 1506 116 0.053037 63 330.4 2.7
A mean 193 0.053098 65 333.0 2.8
B 250, r, t, lp 1520 78 0.053133 196 334.5 8.4
C 220, r, c, lp 1500 76 0.053050 211 330.9 9.0
D 200, r, t, sp 1490 80 0.053109 213 333.5 9.1

427 0.053098 161 333.0 6.9 4
Albersweiler gneiss
A7
A 400, r, c, lp 1504 119 0.053840 62 364.4 2.6
B 350, y, c, lp 1506 112 0.054040 112 372.7 3.5
C 400, p, c, lp 1530 97 0.054038 86 372.6 3.6
D 350, r, c, lp 1540 78 0.053160 202 335.6 8.6
E 450, r-b, t 1530 158 0.054133 54 376.6 2.2
A10
A 250, y, c, lp 1450 117 0.053888 81 366.2 3.5
A17
A 250, y, c, lp 1518 158 0.053826 42 363.8 1.8
B 220, y, t, lp 1494 98 0.053806 269 362.9 11.3
C 150, y, c, lp 1465 212 0.053180 50 336.5 2.1
F1a 150, y, t, lp 1432 40 0.053900 487 367.0 20.0
F2a 1464 32 0.054782 194 403.0 8.0
F3a 1546 154 0.055509 66 432.8 2.7

859 0.053942 169 368.6 7.1 7
290 0.053175 113 336.3 4.8 2

Waldhambach granodiorite
PW1
A 200, p, c, lp 1456 192 0.053004 67 329.0 2.9
B 200, p, c, lp 1500 54 0.053079 261 332.2 11.2
C 200, w, c, sp 1498 116 0.053064 59 331.5 2.5
D 250, p, c, lp 1500 49 0.053043 237 330.6 10.2
E 200, p, c, lp 1510 297 0.053094 23 332.8 10.0
F 500, p, c, lp 1512 135 0.053128 48 334.3 2.0
G 450, p, c, lp 1515 156 0.053164 71 335.8 3.0
H 520, p, c, lp 1440 250 0.053045 79 330.7 3.4
I 500, p, c, lp 1540 192 0.053102 77 333.2 3.3
J 200, w, c, lp 1500 217 0.053253 36 339.6 1.5
K 250, p, c, lp 1512 285 0.053090 40 332.6 1.7

1943 0.053101 104 333.1 4.4 11
Windstein granodiorite
W9
A 320, y, c, lp 1500 152 0.053030 37 330.1 1.6
B 300, y, c, lp 1550 115 0.053097 94 332.9 4.0
C 200, y, c, lp 1493 159 0.053127 54 334.2 2.3
D 200, p, c, lp 1550 160 0.053105 42 333.3 1.8
E 200, p, c, lp 1550 140 0.053162 66 335.7 2.8
F 200, y, c, lp 1460 154 0.053204 54 337.5 2.3
G 150, y, c, sp 1492 160 0.053059 73 331.3 3.1
H 150, w, c, lp 1510 116 0.053117 57 333.8 2.4
I 250, w, c, lp 1507 74 0.053145 93 335.0 4.0
J 300, y, c, sp 1550 56 0.053110 162 333.5 6.9

1286 0.053114 86 333.7 3.7 10
Igneous events
Edenkoben 335.0 370.4
Burrweiler 333.0
Albersweiler 368.6 432.8
Kaiserbachtal 333.1
Windstein 333.7
Mean 333.7 369.5 432.8
2s 1.8 2.5

Abbreviations: cpclear, tptranslucent, ypyellow, rpred, pppink, bpbrown, wpwhite (colourless), lpplong prismatic, sppshort prismatic,
a Not used for average calculation
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Fig. 2a–e Histo-
grams showing
the results of the
207Pb/206Pb sin-
gle-grain zircon
analyses. a Eden-
koben granite; b
Burrweiler gran-
ite dike; c Al-
bersweiler gneiss;
d Waldhambach
granodiorite; e
Windstein gra-
nodiorite
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Table 3 U/Pb Analyses of the Granodiorite from Waldhambach

Sample
no.

Weight
(mg)

Size
(mm)

U
(ppm)

Pb
(ppm)

Isotope ratios Apparent ages

206Pb/
204Pb

206Pb/
238U

207Pb/
235U

206Pb/
207Pb

206Pb/
238U

207/
235U

207Pb/
206Pb

1 1.446 ~300 358.6 18.1 2128 0.04873 0.3572 0.05316 306.7 310.1 335.7
36 0.00029 0.0032 0.00016 1.8 2.4 6.8

2 5.283 200–300 300.8 14.5 1519 0.04643 0.3403 0.05316 292.5 297.4 335.7
67 0.00058 0.0072 0.00067 3.5 5.5 28.9

3 2.646 200–300 370.6 18.7 2578 0.04861 0.3566 0.05321 306.0 309.7 337.9
74 0.00029 0.0035 0.00024 1.8 2.6 10.2

4 4.788 ~200 428.2 20.6 1578 0.04650 0.3404 0.05309 293.0 297.5 332.7
19 0.00033 0.0033 0.00021 2.0 2.5 8.8

5 2.525 ~200 412.6 20.5 2391 0.04781 0.3509 0.05323 301.1 305.4 338.7
55 0.00028 0.0033 0.00017 1.7 2.5 7.2

6 1 grain 400, c, y 1741 0.04796 0.3494 0.52842 302.0 304.3 322.0
41 0.00071 0.0079 0.00046 4.4 6.0 19.7

7 1 grain 250, c, p 2673 0.04926 0.3601 0.05303 310.0 312.3 329.9
66 0.00131 0.0129 0.00055 8.1 9.6 23.7

8 1 grain 400, c, y 2956 0.02901 0.2097 0.05242 184.4 193.3 303.9
142 0.00084 0.0079 0.00050 5.3 6.7 21.9

9 1 grain 300, p, c 876 0.00433 0.0315 0.05269 27.9 31.5 315.5
10 0.00003 0.0005 0.00043 0.2 0.5 18.7

10 1 grain 300, p, c 1033 0.04928 0.3577 0.52647 310.1 310.5 313.6
17 0.00048 0.0065 0.00049 2.9 4.9 21.4

cpclear, pppink, ypyellow

Fig. 3 Concordia diagram showing the data points for the gra-
nodiorite from Waldhambach

up to ca. 1350–14507C, U was analysed, also using the
SEM. Because the weight of the zircons is not known,
the concentrations of U and Pb could not be calculated.
However, because the U/Pb ratio can be determined,
the data are plotted together with the conventional
data in a concordia diagram (Fig. 3). The analytical
data are listed in Table 3.

Rb/Sr and Sm/Nd analyses

Approximately 100 mg of each sample were spiked
with mixed 84Sr/85Rb and 149Sm/150Nd tracers and dis-
solved by using HF and HNO3 in a Teflon bomb at
220 7C for 4 days. Separation of Rb, Sr, Sm and Nd was

achieved using the ion-exchange procedures as de-
scribed by White and Patchett (1984). Isotope analysis
was carried out by static mode with a multiple Faraday
collector configuration. Sr was loaded with TaF5 on sin-
gle W-filaments. Rb, Sm and Nd were loaded and mea-
sured in a double Re filament configuration. Isotopic
ratios for Sr were normalized to 86Sr/88Srp0.1194. For
NBS 987 a 87Sr/86Sr-ratio of 0.710244B20 was obtained
on 44 runs during the course of this study. Nd isotopic
compositions were normalized to 146Nd/144Ndp0.7129.
The mean ratio for the La Jolla standard on 24 runs
was 0.511844B13. Total procedure blanks for Rb and
Sr were less than 400 pg, and for Sm and Nd less than
45 pg, respectively, and thus are not significant for the
samples under investigation.

The Rb/Sr and Sm/Nd data are presented in Ta-
bles 4 and 5 and shown as isochron diagrams in Fig. 4.
Isochron regression followed York (1969) using the de-
cay constants of Steiger and Jäger (1977). Errors on
isochron ages are quoted on a 2s level.

Results

The granite of Edenkoben

The geochronological investigation of this granite in-
cludes 207Pb/206Pb zircon evaporation analyses as well
as Rb/Sr and Sm/Nd measurements. The zircons are of
igneous habitus and mainly reddish or slightly yellow in
colour. The prism planes prevail, whilst pyramids are
generally smaller, but major (211) and minor (101) can
also be well developed (Fig. 5a, b). The dominating zir-
con type is S2 with (110)`(100), a zircon morphology
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Table 4 Sm/Nd data for rocks for the Edenkoben granite and the pyroclasic rocks from Weiler

Sample Rock type Sm (ppm) Nd (ppm) 147Sm/244Nd 143Nd/144Nd 2sm -Nd 143/144Ndi -NdT TDM (Ga)

Edenkoben
EDE-02 Granite 2.37 13.21 0.10855 0.512270 B16 P7.2 0.512031 P3.41 1.32
EDE-03 Granite 4.32 26.15 0.09981 0.512253 B 4 P7.5 0.511990 P4.22 1.38
EDE-04 Granite 2.16 10.84 0.12055 0.512300 B15 P6.6 0.512034 P3.33 1.31
EDE-05 Granite 2.05 8.31 0.14901 0.512362 B14 P5.4 0.512035 P3.34 1.31
Age 335 Ma

Weiler
WEI-A Ignimbrite 4.65 12.00 0.23397 0.512595 B17 P0.8 0.512095 P2.40 1.23
WEI-B Ignimbrite 2.41 12.40 0.11759 0.512334 B12 P5.9 0.512083 P2.64 1.25
WEI-C Tuff 2.89 13.38 0.13075 0.512388 B11 P4.9 0.512109 P2.13 1.21
WEI-D Tuff 4.08 18.79 0.13130 0.512376 B11 P5.1 0.512096 P2.39 1.23
Age 326 Ma

Table 5 Rb/Sr data for the pyroclastic rocks from Weiler

Sample Rock type Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2sm
87Sr/86Sri -SrT

Weiler
WEI-A Ignimbrite 183.8 36.3 14.7592 0.773229 B14 0.705520 19.44
WEI-B Ignimbrite 182.1 90.7 5.8268 0.731674 B12 0.704638 7.33
WEI-C Tuff 133.6 184.1 2.1021 0.714371 B13 0.704617 7.04
WEI-D Tuff 150.3 228.5 1.9041 0.714350 B19 0.705515 19.79
Age 326 Ma

typical for muscovite bearing leucogranites (Pupin and
Turco 1975). Thus, the habitus of the most frequent zir-
cons indicates crystallization from the granitic host
magma. Three zircons were analysed, two yielding
335.0B9.0 Ma on average (Fig. 2a). The third grain has
an age of 370.4B7.0 Ma. Although the 335 Ma age
could be reproduced, it would be difficult to reach any
geological conclusion from this data alone.

Fortunately, the zircon dating is independently sup-
ported by the Sm/Nd data. In Fig. 4a the four whole-
rock samples of the Edenkoben granite form a linear
array which fulfills isochron requirements
(MSWDp0.07) and yields an age of 339B34 Ma
( Ndtp–3.34).

Because the F335 Ma age was obtained by two in-
dependent methods, we interpret this age as intrusion
age of the granite. The 370-Ma-old grain is assumed to
be an inherited zircon.

The granite dikes of Burrweiler

Single zircons from the Burrweiler samples were ana-
lysed by the 207Pb/206Pb evaporation technique. These
zircons display a euhedral habitus of igneous origin
with well-developed prism planes (Fig. 5c). Their pre-
vailing morphology is of S2 type (Pupin and Turco
1975). The zircons are red or brown. Most of them are
clear, but some are slightly transparent. The yield of
zircons from the Burrweiler samples was poor; only a
few grains with sizes `150 mm could be separated for
analyses.

The 207Pb/206Pb ages of the four analysed grains are
identical within error, resulting in an average age of
333.0B6.9 Ma (Fig. 2b). An older component could not
be identified, even when different heating steps were
measured as in grain A. We interpret the age as the
crystallization age of the zircons and thus as the intru-
sion age of the granite dikes.

The granitic gneiss of Albersweiler

Three whole-rock samples were chosen for zircon sepa-
ration. According to their prism-dominated habitus, the
zircons are of igneous origin (Fig. 5d). Most of the zir-
cons are long and prismatic, and correspond with the
S19 type (Pupin and Turco 1975). Another zircon type
has (100)`(110) and belongs to S4, sometimes with
shorter prisms and better-developed pyramids. Howev-
er, there was no difference between the three samples
with respect to the zircon morphology.

The ages obtained for the Albersweiler gneiss are
different (Fig. 2c). The most frequent age which could
be recognized in all three samples was 368.6B7.1 Ma
on average. In two of the samples we found
336.3B4.8 Ma, and in one sample (A17F) a distinctly
older age of 432.8B2.7 Ma could be identified.

Taking into account that the gneiss has a metamorp-
hic history which is not visible in the other igneous
rocks from the studied area, it has to be concluded that
the intrusion age of the granite from which the gneiss
originated is older than F336 Ma. Furthermore, the K/
Ar age of 334B15 Ma cited in Frenzel (1971; recalcu-
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Fig. 4a–c Sm/Nd and Rb/Sr isochron diagrams. a Edenkoben
granite; b, c pyroclastic rocks from Weiler

lated with new decay constant) for biotite of the gneiss
indicate that the complex had already passed through
the biotite closure temperature of K/Ar isotopic system
at that time.

In this age distribution the F336 Ma age is likely to
reflect the metamorphism, whereas the F369 Ma can
be taken as age of the granite intrusion. The latter age
is not very precise. The data can also be taken as a bi-
modal distribution with one age clustering around
364 Ma and the other around 374 Ma. However, be-
cause both ages were observed within the zircon popu-

lation of one sample, we are not able to differentiate
between the age data and therefore keep the average of
F369 Ma as the best approximation of the intrusion
age.

In grain A17F we found different Pb isotopic com-
position at various heating steps. Although the first
heating steps did not produce a strong and stable beam
which could be used for precise dating, the results indi-
cate an age of 367B20 Ma at the lowest temperature
and 403B8 Ma at intermediate temperature. These
ages might reflect mixtures of various parts of this com-
posite grain. The most stable part of the zircon was
evaporated at the highest temperature. Consequently,
the 432.8B2.7 Ma age has to be interpreted as the crys-
tallization age of an inherited grain.

The Granodiorite from Waldhambach

The sample of the Waldhambach granodiorite was rich
in zircons, and we therefore chose this sample for com-
parison of the evaporation method with conventional
U/Pb dating as well as with the single zircon vapour di-
gestion technique (Wendt and Todt 1991). The zircon
grains are clear, euhedral and mainly pink, subordinate
yellow or brown in colour. The prevailing mineral
shape is long and prismatic of S19 type (Pupin and Tur-
co 1975) as shown in Fig. 5e and f, suggesting an ig-
neous origin.

The individual ages obtained by evaporation range
from 329.0 to 339.6 Ma. The average of all ages is
333.1B4.4 Ma (Fig. 2d). Despite all analytical uncer-
tainties, correction for common Pb and the possibilities
of inherited Pb, as well as Pb loss during metamor-
phism, weathering and laboratory treatment, the spread
of the resulting single zircon ages is less than 11 Ma.

Concentrations of U in conventionally analysed zir-
cons range from 300 to 428 ppm, and the Pb is between
14.5 and 20.6 ppm. The 206Pb/204Pb ratio varies from
1519 to 2578 for the conventional measurements and
876 to 2956 for the vapour digestion data. The conven-
tional U/Pb data of zircon fractions and the vapour di-
gestion single-grain data are combined in one concor-
dia diagram (Fig. 3). Regression of the data gives an
upper intercept at 333.8B5.4 Ma and a lower intercept
at 2.0B2.5 Ma (MSWDp0.93).

Most of the samples plot close below the concordia
with U/Pb ages between 292.5 and 312.2 Ma and corre-
sponding 207Pb/206Pb ages between 303.9 and 338.7 Ma.
Two single-grain samples are distinctly discordant indi-
cating severe Pb loss. This Pb loss obviously occurred
during recent processes probably during acid treatment
in the laboratory, because they point to the origin as
lower intercept. Taking the discordance of the size frac-
tions into account it can be assumed that such individu-
als that lost Pb also occur among these fractions, but
are largely masked by the high number of grains.

In summary, all methods of zircon analyses applied
for the Waldhambach granodiorite yield the same ages
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Fig. 5a–f SEM photographs of typical zircons. a, b Edenkoben
granite; c Burrweiler granite dike; d Albersweiler gneiss; e, f
Waldhambach granodiorite

within error. The U/Pb age from the concordia regres-
sion differs from the one obtained by zircon evapora-
tion by less than 0.3%. This coincidence demonstrates
that both methods reached the same results. We take
333.1B4.4 Ma as the best estimate of the intrusion age
of the granodiorite.

This study shows furthermore the advantages and
disadvantages of the various methods. The advantages

of the conventional U/Pb analysis is the possibility to
determine the concentrations of the two elements and
its good precision depending on the amount of zircons
processed and based on the fact that Faraday cups can
be used in a static mode because of the strong ion
beam. However, inherited grains and zircons affected
by Pb loss cannot be detected within the size fractions.
The identification of such grains is an advantage of the
vapour digestion technique, because it allows a single
grain to be measured. Compared with conventional
techniques, the concentrations of U and Pb are not
known and the precision is decreased by a factor of 2–3
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on average. The single-grain evaporation allows the de-
termination of precise and accurate 207Pb/206Pb ages
and the identification of complex zircon populations.
Although the U/Pb ratio and the concentrations of the
two elements cannot be analysed by this method, it has
proven to be very useful for the rocks of this study.

The pyroclastic rocks of Weiler

From the pyroclastic rocks of Weiler we analysed the
four whole-rock samples which were investigated for
major and trace elements by Mühe (1992). For age de-
termination we applied the Sm/Nd and the Rb/Sr sys-
tem (Tables 4 and 5).

The Rb concentrations are between 134 and
183 ppm, and the Sr content is between 37 and
228 ppm, giving a large spread in the Rb/Sr ratio. The
Sm/Nd ratio also has a considerable spread according
to the concentrations of 2.4–4.7 ppm for Sm and 12.0–
18.8 ppm for Nd.

Both methods yield within error identical results of
325B4 Ma (MSWDp1.14) for the Rb/Sr and
327B21 Ma (MSWDp1.67) for the Sm/Nd system
(Fig. 4). The initial isotopic compositions are 87Sr/
86Srp0.70501 and eNdtp–2.4. The precision of the Rb/
Sr age is enhanced by the larger spread in the Rb/Sr
ratio and the faster decay of 87Rb. We take this age as
the best approximation of the age of the volcanic activ-
ity which produced the pyroclastic rocks of Weiler.

The granodiorite of Windstein

The Windstein granodiorite was dated by zircon evapo-
ration. Similar to the Waldhambach granodiorite, the
zircons have a typical long prismatic, euhedral morpho-
logy which is characteristic of igneous zircons. The pre-
vailing morphology is S19 (Pupin and Turco 1975) and
therefore very similar to the population found in the
Waldhambach granodiorite. The analysed grains are
clear, colourless or slightly yellow or brownish in col-
our. The resulting ages of the 10 grains analysed have a
very small variation from 330.1 to 337.5 Ma. They yield
on average an age of 333.7B3.7 Ma (Fig. 2e). Because
the isotopic composition of zircons documents only one
event, and because there is no geological evidence for a
complex history, we adopt this age as the age of intru-
sion.

Discussion and conclusions

Age distribution in the western MGCR

The ages determined in this study for the western part
of the MGCR range from F433 to F325 Ma, thus cov-
ering a time span of ca. 100 Ma from the lower Silurian
to the upper Carboniferous (Fig. 6). The major peak of

igneous activity was around F334 Ma, an age which is
found at all localities of this study. This age is inter-
preted as the intrusion age of the granites of Edenkob-
en and Burrweiler, as well as the age of the granodio-
rites from Waldhambach and Windstein. The previous-
ly published age of the Windstein granodiorite of
340 Ma (Montigny et al. 1983) is slightly older. But be-
cause the quality of this K/Ar age is not mentioned, it is
not possible to decide whether there is a significant dif-
ference in the age of this study or whether both results
are identical within error.

Taking the 330–340 Ma ages of the studied intru-
sions as one group, the coincidence is surprising. The
average age of the four occurrences is 333.7B1.8 Ma.
This clearly proves a short-lived but major igneous
event at the end of the lower Carboniferous. The meta-
volcanics of Weiler appear to be slightly younger by a
few Ma, although a clear distinction between the var-
ious igneous events is difficult to make.

Older ages are found in the Edenkoben granite and
the Albersweiler gneiss. In the case of the Edenkoben
granite we interpret the F370 Ma as the age of an in-
herited grain because the intrusion age of F335 Ma is
independently constrained by the Sm–Nd isochron age
of 339B29 Ma. The age information obtained from the
zircons of the Albersweiler gneiss is more complex. We
found ages of F336 Ma, F369 Ma and, in one case,
F433 Ma. Previously obtained biotite K/Ar ages of
334B15 Ma (Frenzel 1971, recalculated with the decay
constant of Steiger and Jäger 1977) indicate that here
the temperature already reached the closure tempera-
ture of biotite of F3007C after intrusion and metamor-
phism. Further cooling and uplift must have occurred
within the next few Ma because the intrusion of the
lamprophyre dikes is dated at 318B6 and 330B15 Ma
(Frenzel 1971, recalculated). It therefore appears nec-
essary to assume that the intrusion of the granitoid pre-
cursor must have taken place considerably before
F336 Ma. We therefore interpret the most frequent
207Pb/206Pb age around 369 Ma as the age of intrusion,
and the age of F336 Ma as the age of metamorphic
overprint. It is interesting to note that morphology and
colour of the zircons do not provide any means to dis-
tinguish between the various ages. Even the complex
Pb isotopic composition found in grain A17F cannot be
related to morphological structures visible under the
microscope. Nevertheless, this F433-Ma-old grain doc-
uments the Silurian age of an inherited component de-
spite Pb loss or zircon overgrowth during intrusion and
later metamorphism.

Regional variation and geodynamical implications

In order to evaluate the geochronological data of the
MGCR it appears convenient to apply the concept of
microcontinents or terranes to the Variscan areas dis-
cussed in this paper. We follow Franke (1995) and take
the Rhenohercynian zone of the Variscan belt as the
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Fig. 6 Major igneous events
and synthesis of the evolution
of the western part of the
MGCR. (For details see text)

eastern part of Avalonia. The MGCR is part of Armo-
rica and the Moldanubian is consequently equivalent to
Gondwana. According to palaeogeographic reconstruc-
tions the oceans between Armorica and Avalonia
would be the Rheic ocean in Ordovician/Silurian times
and the Rhenohercyian ocean in the Devonian. The
Saxothuringian basin has to be considered as the ocean
separating Gondwana from the continental terranes to
the north.

Silurian

The ages in this study from 433 to 325 Ma are equival-
ent to those known from other regions of the MGCR
and adjacent areas. The Silurian age that is identified as
an inherited component in one grain of the Albersweil-
er gneiss is similar to the granite of Saar 1 borehole ca.
70 km to the west (444B22 Ma; Sommermann 1993).
Silurian ages are also well documented from the Böll-
steiner Odenwald (Lippolt 1986) and 120 km further
east from the Spessart with ages between 410B18 and
439B15 Ma as mentioned above. Additional Ordovi-
cian/Silurian ages of igneous rocks from the phyllite
zone of 426c14/-15 Ma and 442B22 Ma, and from the
Krausaue of 434c34/-22 Ma, have been reported by

Sommermann et al. (1992, 1994). Obviously, such Or-
dovician/Silurian ages are found in the northern part or
at the northern margin of the MGCR. In the south of
the MGCR and in the southeastern part of the Saxo-
thuringian zone igneous rocks with these formation
ages are not known. In the southern part of the area of
this study, south of Albersweiler, no zircons with such
ages could be identified, although numerous single-
grain analyses were performed which implies that such
Silurian or older zircons are missing or at least are very
rare. Further to the south in the northern Vosges, Silu-
rian granitoids were also not reported.

According to their geochemical composition these
rocks of approximate Silurian age are generally consid-
ered to be related to subduction zones (Altenberger et
al. 1990; Altenberger and Besch 1993; Dombrowski et
al. 1995; Meisl 1990). If it is justified to take the MGCR
as a distinct terrane within the Variscan plate assem-
blage, the most plausible scenario is that of a south-
dipping subduction zone at the northern margin of the
MGCR during the Silurian. The oceanic crust con-
sumed by these subduction processes would be identi-
cal to those of the Rheic ocean, which separated Ava-
lonia from Armorica. This is well in agreement with re-
cent palaeomagnetic reconstructions (Bachtadse et al.
1995). The suture of this ocean is now hidden within
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the tectonic collage of the northern phyllite zone, ca-
mouflaged by later Variscan collisional processes (see
e.g. Franke et al. 1995).

Devonian

The intrusion age of the Albersweiler granitoid is simi-
lar to ages known from the Odenwald. In the Böllstein-
er Odenwald, Todt et al. (1995) found metamorphic
ages of F375 Ma. In the northern part of the Berg-
strässer Odenwald magmatism of the Frankenstein gab-
bro is dated at 362B7 Ma (Kirsch et al. 1988). We are
not able to conclude from the obtained data whether
the ages found in Albersweiler represent two distinct
groups, one close to 364 Ma, the other close to 374 Ma.
Therefore, we cannot deduce which event in the Oden-
wald relates to the formation of the Albersweiler grani-
toids. The Frankenstein gabbro was not subjected to
pervasive metamorphism since 362 Ma, whereas other
parts of the MGCR including the Albersweiler gneiss
had been severely affected. On the database now avail-
able we are not able to answer such questions about
this late stage of Devonian magmatism, e.g. concerning
the different degree of deformation and metamor-
phism. Nevertheless, the chemical composition of the
granitoids concerned is that of I-type, which requires
the relation to a subduction zone in the late Devonian.
The subducted oceanic crust probably was that of the
small Rhenohercynian ocean between Avalonia in the
North and Armorica in the South, which opened and
closed in a relatively short time span from the early to
late Devonian. Because the remnants of this oceanic
crust (e.g. Giessen nappes) became obducted onto the
Rhenohercynian, the phyllite zone is a plausible locali-
ty for the suture of that ocean. This suture, however,
did not exactly follow the suture of the Rheic ocean,
although it lies in the vicinity (see discussion in Franke
and Oncken 1995). We thus favour the idea of a sub-
duction zone dipping beneath the MGCR from the
north in Devonian time.

Carboniferous

The ages of the plutonic rocks of the studied area, ex-
cept from Albersweiler, cluster closely around 334 Ma.
This indicates a major period of igneous activity during
that period of time. The F334-Ma-old event is obvious-
ly the most important in the MGCR and widespread in
many parts of the Variscan orogen. In the northern
Vosges, north of the border to the Moldanubian zone,
numerous I-type granitoids intruded at 320–340 Ma
(see Hess et al. 1995 for a recent evaluation). To the
east of the studied area, in the southern Bergsträsser
Odenwald, ages reflecting metamorphism at approxi-
mately 330 Ma are also reported (e.g. Todt et al. 1995).
The pyroclastic rocks from Weiler are slightly younger,
but almost contemporaneous. They have geochemical

characteristics of a subduction zone volcanism and
Mühe (1992) therefore postulated such a geodynamical
setting for the formation of the Weiler pyroclastics.
Further arguments for a subduction zone can be taken
from distribution of various granite types in the study
area. In the south of the working area the granodiorites
of Windstein and Waldhambach have the composition
of I-type granitoides, whereas in the north in Edenkob-
en and Burrweiler the granites are classified as S-type
(Laue and Reischmann 1994). This indicates a higher
incorporation of continental material in the source rock
in this region. This polarity can be interpreted as the
result of a north-dipping subduction zone below the
MGCR at the end of lower Carboniferous.

The missing I-type granitoids and subduction-re-
lated volcanics of that age in the northern Moldanubian
zone is a further support for such an interpretation. If
the Moldanubian zone was a Cordillerian type conti-
nental margin in the early Carboniferous as suggested
by Flöttmann und Oncken (1992), it should be ex-
pected to find numerous subduction-related granitoids
in the Schwarzwald and central Vosges. This has not
been observed; instead, S-type granites occur frequent-
ly (e.g. Liew and Hofmann 1988). However, the big
number of such I-type granitoids in the working area
and in the northern Vosges is in agreement with the
formation at an active continental margin at the south-
ern margin of the MGCR, which has to be interpreted
as the consequence of the north-dipping subduction of
a Saxothuringian ocean basin. This interpretation is a
priori based on our geochronological and geochemical
data, and also is in agreement with the palaeomagnetic
data which revealed an approximately 507 latitudinal
distance between Armorica and Gondwana in the early
Carboniferous (Bachtadse et al. 1995). The north-dip-
ping subduction of such a large Saxothuringian ocean
between the two terranes would explain the volumi-
nous I-type granitoids in the Saxothuringian zone.

To summarize, three major conclusions arose from
this study of the western part of the MGCR:
1. The Silurian subduction beneath the MGCR from

the north led to the formation of a magmatic arc in
the northern part of the MGCR. The closure of the
Rheic ocean between Rhenohercynian basement
(Avalonia) and the MGCR (Armorica) is the most
probable geodynamical reason for this subduction.

2. Late Devonian (F369 Ma) magmatism occurred in
the central part of the MGCR. The geodynamical
setting is probably related to the closure of a Rheno-
hercynian ocean and subduction under the MGCR
from the north.

3. Magmatism in the lower Carboniferous which
reached its climax at F334 Ma in the southern part
of the MGCR is related to a north-dipping subduc-
tion zone at the southern margin of the MGCR. This
igneous activity accompanies the closure of the
Saxothuringian ocean between the MGCR (Armori-
ca) and the Moldanubian (Gondwana) in the
South.
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