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Abstract Latest Devonian to early Carboniferous
plutonic rocks from the Odenwald accretionary
complex reflect the transition from a subduction to a
collisional setting. For F362 Ma old gabbroic rocks
from the northern tectonometamorphic unit I, initial
isotopic compositions (εNdpc3.4 to c3.8; 87Sr/86Sr
p0.7035–0.7053; d18Op6.8–8.0‰) and chemical
signatures (e.g., low Nb/Th, Nb/U, Ce/Pb, Th/U, Rb/
Cs) indicate a subduction-related origin by partial
melting of a shallow depleted mantle source metasoma-
tized by water-rich, large ion lithophile element-loaded
fluids. In the central (unit II) and southern (unit III)
Odenwald, syncollisional mafic to felsic granitoids were
emplaced in a transtensional setting at approximately
340–335 Ma B.P. Unit II comprises a mafic and a felsic
suite that are genetically unrelated. Both suites are
intermediate between the medium-K and high-K series
and have similar initial Nd and Sr signatures (εNdp0.0
to –2.5; 87Sr/86Srp0.7044–0.7056) but different oxygen
isotopic compositions (d18Op7.3–8.7‰ in mafic vs
9.3–9.5‰ in felsic rocks). These characteristics, in
conjunction with the chemical signatures, suggest an
enriched mantle source for the mafic magmas and a
shallow metaluminous crustal source for the felsic
magmas. Younger intrusives of unit II have higher

Sr/Y, Zr/Y, and Tb/Yb ratios suggesting magma segre-
gation at greater depths. Mafic high-K to shoshoni-
tic intrusives of the southern unit III have initial iso-
topic compositions (εNdp–1.1 to –1.8; 87Sr/86Sr
p0.7054–0.7062; d18Op7.2–7.6‰) and chemical char-
acteristics (e.g., high Sr/Y, Zr/Y, Tb/Yb) that are
strongly indicative of a deep-seated enriched mantle
source. Spatially associated felsic high-K to shoshonitic
rocks of unit III may be derived by dehydration melting
of garnet-rich metaluminous crustal source rocks or
may represent hybrid magmas.
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Introduction

One paramount problem in the interpretation of colli-
sional belts is the spatial and temporal relationship
between deformation, metamorphism, magma genesis
and magma transport. This is of particular relevance for
the European Variscides, where plutonic rocks make
up approximately half of the crystalline basement
(Finger et al. 1997; Schaltegger et al. 1997). Orogenic
granitoid magmas may form by numerous processes in
a variety of tectonic settings. It has been suggested that
such magmas may evolve from subduction-related
basaltic melts through fractional crystallization or
assimilation and fractional crystallization (e.g.,
DePaolo 1981; Hildreth and Moorbath 1988). Alterna-
tively, granitoid magmas may be products of lower
crustal dehydration melting of prograde metasedimen-
tary sources (e.g., Patiño Douce and Johnston 1991;
Gardien et al. 1995; Patiño Douce and Beard 1996;
Thompson 1996; Stevens et al. 1997) or of mafic to
intermediate meta-igneous sources (e.g., Atherton and
Petford 1993; Rapp 1995; Rapp and Watson 1995;
Singh and Johannes 1996).
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Fig. 1 Simplified map of the
Odenwald (modified after
Krohe 1996) showing the four
major tectonic units (I–IV)
and intrusive suites. FGC
Frankenstein gabbroic
complex; HIC Heidelberg
intrusive complex; MP Meli-
bokus pluton; NMS Neun-
kirchen magmatic suite; TP
Tromm pluton; WP Weschnitz
pluton. Inset shows location of
the Odenwald complex within
the frame of Variscan Europe:
GHN Giessen-Harz Nappes;
MGCR Mid-German Crystal-
line Rise; NPZ Northern Phyl-
lite Zone; B Barrandian; S
Spessart; VOG Vosges; SW
Schwarzwald

During the evolution of a collisional belt, material
transfer from lower to upper tectonic units by both
basal accretion and magma transport seems to be the
rule rather than the exception (e.g., Oncken 1997).
Within this context, plutonic rocks derived from
magmas originally generated at deeper levels provide
information on the chemical and physical characteris-
tics of underplated materials and on tectonic and
magma-generating processes. In this paper we present a
comprehensive set of geochemical and O–Sr–Nd
isotope data on latest Devonian to early Carboniferous
(F362–335 Ma) plutonic rocks from the Odenwald
(Germany) formerly interpreted as part of a deforming
early Carboniferous magmatic arc within the European
Variscides (Henes-Klaiber et al. 1989; Krohe 1991,
1992, 1996; Oncken 1997) and we use these data to
constrain both source compositions and depth ranges of
magma generation.

Geological setting

Structural units of the Odenwald

Variscan Europe has been subdivided into numerous
zones (Kossmat 1927). Within this traditional frame,
the Odenwald forms part of the Mid-German Crystal-
line Rise (MGCR) within the Saxothuringian zone
(Fig. 1). It has been argued that the Saxothuringian
zone consists of various units that were derived from a
northern lower and a southern upper plate and amalga-
mated during early Carboniferous oblique convergence
(Oncken 1997). In the north of the Saxothuringian
zone, low-grade high-pressure/low-temperature meta-
morphic rock units occurring in the Northern Phyllite
Zone and in the southern part of the Rhenohercynian
Zone (Fig. 1) document south-directed early Carboni-
ferous subduction processes (Meisl 1970, 1990; Meisl et
al. 1982; Ahrendt et al. 1983, 1996; Anderle et al. 1990;
Siedel and Theye 1993; Massonne 1995; Ganssloser et
al. 1996).
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The Odenwald has been divided into four tectono-
metamorphic units separated by shear zones (Fig. 1;
Krohe 1991, 1992, 1994; Krohe and Willner 1995). Unit
I comprises amphibolites and subordinate metapsam-
mitic gneisses equilibrated at approximately 550 7C and
0.15 GPa (Willner et al. 1991; Okrusch 1995). A
minimum age for the peak of metamorphism is given
by the intrusive emplacement of the Frankenstein
gabbroic complex (FGC) at 362B7 Ma B.P. (U–Pb
single zircon evaporation; Kirsch et al. 1988). Average
40Ar/39Ar hornblende and plagioclase total fusion ages
of 363B7 and 359B3 Ma, respectively, imply rapid
cooling of the FGC to temperatures below 200 7C
(Kirsch et al. 1988). Younger K–Ar ages of 346B4 and
336B4 Ma and of 340B4 and 333B4 Ma were obtained
on two hornblende–biotite pairs, respectively, from the
granodiorite of Darmstadt (Fig. 1; Kreuzer and Harre
1975, recalculated).

Unit II includes metapsammitic to metapelitic
gneisses and subordinate amphibolites, marbles, calcsil-
icate gneisses, and quartzites (Nickel and Fettel 1985).
Reconnaissance studies suggest a clockwise pres-
sure–temperature (P–T) path starting at60.6 GPa/
F575 7C and proceeding to 0.5–0.3 GPa/670–610 7C
before cooling and exhumation (Willner et al. 1991;
Okrusch 1995). Small zircon grains (~25 mm) from
gneisses yielded concordant 207Pb/235U and 206Pb/238U
ages of 336 and 337 Ma, interpreted as the time of peak
metamorphic conditions (Todt et al. 1995). Exhumation
of the metamorphic rocks was accompained by NE-
SW-orientied sinistral strike-slip shearing and contem-
poraneous intrusion of dioritic to granitic magmas
within a transtensional setting (Krohe 1991, 1992, 1996;
Krohe and Willner 1995). Compared with the U–Pb
zircon ages, the K–Ar ages of hornblende from meta-
morphic rocks and variably deformed intrusive rocks
(374–337 and 345–338 Ma, respectively; with 2-s errors
on individual ages ;4 Ma; Kreuzer and Harre 1975,
recalculated) are too high. This is most probably due to
variable amounts of inherited (excess) argon. K–Ar
ages of biotite from metamorphic and plutonic rocks
show considerable scatter (334–325 and 339–327 Ma,
respectively; 2-s errors ;4 Ma; Kreuzer and Harre
1975, recalculated). Hornblende from younger grano-
dioritic dikes cutting both metamorphic and older
intrusive rocks yielded K–Ar ages between 338B4 and
330B4 Ma (Kreuzer and Harre 1975, recalculated;
Hellmann 1975; Hellmann et al. 1975, 1982).

Unit III contains gneisses that are partially migma-
tized (Matthes et al. 1972) and include subordinate
amphibolites. Due to the lack of suitable mineral
assemblages, peak metamorphic conditions are poorly
constrained but are thought to have exceeded 650 7C
and 4.0 GPa (Willner et al. 1991; Okrusch 1995). Two
fine-grained zircon fractions (~30 mm) from migma-
tites yielded concordant 207Pb/235U and 206Pb/238U ages
of 342 and 332 Ma (no errors given; Todt et al. 1995).
K–Ar cooling ages of hornblende and biotite from
voluminous granitoid bodies (quartz diorites, granodio-

rites, granites; Fig. 1) show only little scatter (336–332
and 329–326 Ma, respectively, with 2-s errors on indi-
vidual ages ;4 Ma; Kreuzer and Harre 1975, recalcu-
lated; Hellmann et al. 1982), suggesting insignificant
contributions of excess argon.

Unit IV forms a NNE-SSW-trending antiform
(known as Böllstein Odenwald). Its core is dominated
by felsic peraluminous orthogneisses with intercalations
of metagabbro and amphibolite. The envelope is
composed of paragneisses and amphibolites (Alten-
berger et al. 1990; Krohe 1991; Altenberger and Besch
1993; Krohe and Willner 1995). A clockwise P–T path
was suggested by Willner et al. (1991) and Okrusch
(1995) for the rocks from the envelope. Zircon frac-
tions from a paragneiss yielded a U–Pb lower intercept
age of 375B2 Ma, interpreted as the time of peak meta-
morphic conditions (Todt et al. 1995). The protolith
age and the age of metamorphism of the orthogneiss
core is not well constrained. U–Pb data points of zircon
fractions from an orthogneiss sample yielded a poorly
defined discordia with an upper intercept age of
354c51/–21 Ma and a negative lower intercept age
(–40 Ma). Forcing the discordia through the origin
yields an upper intercept at 375 Ma (Todt et al. 1995).
A Rb–Sr whole-rock “isochron age” of 413B26 Ma
(initial 87Sr/86Srp0.708B0.002) was interpreted as the
time of intrusion of the igneous precursors (Lippolt
1986). Reischmann et al. (1999) reported single zircon
207Pb/206Pb evaporation ages of 405B3 Ma and inter-
preted these dates as an approximation of the igneous
formation age. Together with similar units in the
nearby Spessart (Fig. 1, inset), the orthogneiss core is
interpreted as a remnant of an Early Devonian
magmatic arc (Altenberger and Besch 1993;
Dombrowski et al. 1995; Oncken 1997). Rapid cooling
of the complex occurred at F325 Ma B.P. as indicated
by scattering K–Ar ages on hornblende, muscovite, and
biotite as well as by Rb–Sr mineral/whole-rock ages
(Kreuzer and Harre 1975, recalculated; Lippolt 1986).
Voluminous late intrusive bodies are lacking.

Accretion of units I–III along NE-trending sinistral
shear zones occurred between approximately 340 and
330 Ma B.P. (Krohe and Willner 1995). At that time,
unit I had already cooled to temperatures below
F200 7C (Kirsch et al. 1988) while the presently
exposed levels of units II and III were still at tempera-
tures above F300 7C (i.e., closure temperature for the
K–Ar system in biotite). Units II and III are separated
from unit IV by a younger NNE-trending WNW-
dipping normal fault indicating WNW–ESE extension.
This fault was active at approximately 330 Ma B.P.
(Hess and Schmidt 1989). Whereas units I to III have
been interpreted as relics of a deforming early Carbon-
iferous magmatic arc, unit IV is thought to represent
material accreted to the base of the arc during conver-
gence (Oncken 1997).
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Intrusive suites: rock types, textures, and modal
compositions

The dominant intrusive suite of unit I is the Franken-
stein gabbroic complex (FGC) formerly described by
Trochim (1955) and Kreher (1994). Rocks of this
complex display isotropic textures and, at some locali-
ties, brittle deformation. Early magmatic crystallization
of plagioclase, clinopyroxene, magnetite, and in some
cases also olivine and orthopyroxene was followed by
late-stage magmatic growth of ilmenite, apatite, poikil-
itic brown magnesio-hornblende, and sulfides. Primary
igneous textures were modified by subsolidus crystalli-
zation of hastingsitic to actinolitic hornblende replacing
clinopyroxene, and by subsolidus formation of acti-
nolite and biotite. The dominant rock type in the FGC
is hornblende-bearing gabbro. Modal compositions are
plagioclase (39–71 vol.%), clinopyroxene (10–24
vol.%), hornblende (2–47 vol.%), magnetite/ilmenite
(1–12 vol.%) and include orthopyroxene, biotite,
apatite, sulfides, and zircon as accessory phases. Modal
layering has been observed at some localities (Kreher
1994, and own observations). The gabbros locally grade
into hornblende-clinopyroxene diorites with small
amounts of alkalifeldspar, quartz, biotite, and titanite.
In the southwestern part of the massif, olivine gabbro
and wehrlite are locally abundant. In all rock types
plagioclase may be transformed to sericite to varying
degrees due to hydrothermal alteration at approxi-
mately 140 Ma B.P. (Lippolt and Kirsch 1994).

To the north of the FGC near Darmstadt, a younger
granodioritic suite can be mapped in small outcrops
and as loose blocks. Because these rocks are heavily
weathered, they have not been included in this study.

In unit II numerous small intrusions of gabbroic,
dioritic, quartz dioritic, granodioritic, and granitic
compositions (Maggetti and Nickel 1973; Nickel and
Maggetti 1974; Maggetti 1971, 1974, 1975; Nickel and
Fettel 1985) have been collectively termed Neun-
kirchen magmatic suite (NMS) by Krohe and Willner
(1995). Most of these rocks display magmatic and
subsolidus foliation planes formed during emplacement
into an active NE-trending sinistral shear zone (Krohe
1991). Mafic minerals are mainly hornblende and
biotite, with minor clinopyroxene. The occurrence of
olivine and orthopyroxene is restricted to gabbronoritic
cumulates. Accessory phases are magnetite/ilmenite,
apatite, zircon, titanite and allanite.

The Melibokus pluton (MP) located in the western
part of unit II is composed of biotite tonalite to granod-
iorite (Maggetti 1975). The MP was emplaced post-
kinematically as suggested by its virtually isotropic
fabrics. Only in its northern part, near to the contact
between units II and I, have deformed varieties been
described (Friedrich 1955). Apart from plagioclase,
quartz, and alkalifeldspar, the rock contains biotite,
titanite, magnetite, apatite, zircon, and allanite as
primary minerals.

In unit III three major intrusive complexes are
distinguished (Fig. 1). The Weschnitz pluton (WP) is
dominated by quartz-bearing biotite-hornblende
monzodiorite to granodiorite containing numerous
metric to decimetric mafic enclaves (WPE) of quartz
dioritic to quartz monzodioritic compositions. Locally,
the host rocks are granitic in composition. Rock fabrics
are isotropic. In addition to hornblende, biotite, plagio-
clase, alkalifeldspar, quartz, titanite, magnetite/ilme-
nite, apatite, and zircon, minor clinopyroxene may
occur as relicts in hornblende. The Heidelberg intrusive
complex (HIC) is composed of gabbros and diorites
intruded by biotite granites and granodiorites (“Schol-
lenagglomerat” of Nickel and Fettel 1985). Mafic
minerals are hornblende, clinopyroxene, biotite,
magnetite/ilmenite, titanite, apatite, zircon, and
allanite. The Tromm pluton (TP) located in the eastern
part of unit III is formed by biotite granite containing
relatively large amounts of magnetite, titanite, apatite,
allanite, and zircon as accessory phases. Granites of the
HIC and TP may locally contain secondary muscovite.

In units II and III dikes of granodioritic to granitic
compositions cut both the metamorphic and the older
intrusive rocks described above (Hellmann 1975; Hell-
mann et al. 1975, 1982). These rocks are generally
undeformed and are referred to as NMSY and HICY
further on. As stated above (“Structural units of the
Odenwald”), their K–Ar mineral cooling ages are
similar to those of the older intrusives.

Analytical techniques

Major elements and the trace elements Rb, Ba, Nb, Sr,
Zr, Y, Cr, and Ni were determined by wavelength
dispersive X-ray fluorescence (XRF) using standard
techniques. For further details see Altherr et al. (1995).
The trace elements Cs, Th, U, Ta, Hf, Sc and the REE
were determined by instrumental neutron activation
analysis (INAA) at Karlsruhe. For details see Class et
al. (1994). For the determination of ferrous iron
approximately 500 mg sample powder were decom-
posed in a platinum crucible with a mixture of HF and
HSO4. Crucible and contents were then plunged into
boric acid solution and the ferrous iron liberated during
the acid decomposition was titrated using potassium
permanganate as an indicator. H2Oc was determined
by Karl-Fischer titration. Carbon dioxide was analyzed
by IR gas absorption spectrometry after inductive
heating and combustion of the sample in an oxygen
atmosphere.

For determination of Sr and Sm–Nd isotope ratios
sample powders were decomposed in HF-HClO4 in
teflon bombs at 180 7C for 1 week. Sr, Sm, and Nd were
separated by conventional ion exchange techniques and
analyzed on single W (Sr) and Re (Sm, Nd) double
filaments. Total procedure blanks are ~100 pg for Sr
and ~50 pg for Sm and Nd, and they are negligible for
the samples of this study. A detailed description of the
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analytical procedures is given by Hegner et al. (1995).
Isotope ratios were measured on a Finnigan-MAT 262
(Finnigan, Bremen, Germany) multicollector mass
spectrometer employing a static mode for Sr and a
dynamic multiple mass collection routine for Nd and
Sm. Sr isotope ratios are normalized to 86Sr/
88Srp0.1194. During the course of this study, four
analyses of NBS 987 gave 87Sr/86Srp0.710218B17 (1
SD), and two analyses of BCR-1 gave 87Sr/
86Srp0.704972B10 (1 SD). Within-run errors (2-s
mean) are less than 0.000015 and external precision
(2 s of population) is estimated to 0.00002. The XRF
data with 95% confidence limits of B3% were used to
calculate 87Rb/86Sr ratios. Nd isotope ratios are
normalized to 146Nd/144Ndp0.7219. Measurements of
the La Jolla standard provided a mean value of 143Nd/
144Ndp0.511855B5 (1 SD; np6). Furthermore, two
analyses of the BCR-1 reference material yielded
143Nd/144Ndp0.512634B9 (1 SD), 6.58 ppm Sm,
28.82 ppm Nd, and 147Sm/144Ndp0.1382. Within-run
errors on 143Nd/144Nd ratios are less than 0.00001 and
the external precision is estimated to be better than
0.000015 at the 95% confidence level.

Oxygen for isotope analyses was extracted on a
conventional silicate line according to procedures
adapted from Venneman and Smith (1990), using BrF5

as reagent. Samples were reacted at 550 7C. Oxygen
yields were commonly between 95 and 100%. The
isotopic ratios were measured with a Finnigan MAT
252 mass spectrometer (Finnigan, Bremen, Germany).
The ratios are reported in the d-notion relative to
Vienna standard mean ocean water (V-SMOW). Preci-
sion is better than B0.1‰ based on replicate analyses
of an in-house standard (NCSU quartz, d18Op11.6‰)
and replicate analyses of samples. All values are
reported relative to d18Op9.60‰ for the quartz
standard NBS-28.

Amphibole analyses for Al-in-hornblende barom-
etry were performed using a Camebax SX 50 micro-
probe (Cameca, Paris, France) equipped with four
spectrometers. Operating parameters were 20 s
counting time (15 s for Na and K), 10 nA beam current,
and 15 kV accelerating voltage. A PAP correction was
applied to the data. Natural and synthetic oxide and
silicate standards were used for calibration.

Results

Depths of intrusion

Some of the granitoids from the Odenwald contain the
critical mineral assemblage hornblendecbiotitecplag-
ioclasecalkalifeldsparcquartzcsphenectitanomag-
netitecapatite that together with melt is required for
application of the Al-in-hornblende barometer
(Schmidt 1992). For our pressure estimates, we used
rim compositions of hornblende grains in contact with
quartz and alkalifeldspar. Cation calculations were

Table 1 Pressure estimates (B2-s errors) for the crystallization
of granitoid magmas from the Odenwald obtained from Al-in-
hornblende barometry using the calibration of Schmidt (1992)

Sample Rock type Pressure
(GPa)

Depth
(km)a

Unit I
Frankenstein gabbroic complex
FGC 85 Diorite 0.23B0.12 8.4B4.4
FGC 139 Diorite 0.30B0.06 10.9B2.2
Unit II
Neunkirchen magmatic suite
NMS 98 Quartz diorite 0.41B0.12 14.9B4.4
NMS 55 Quartz diorite 0.42B0.06 15.3B2.2
NMS 93 Quartz diorite 0.38B0.14 13.8B5.1
NMS 32 Quartz diorite 0.57B0.18 20.8B6.5
NMS 72 Granite 0.59B0.16 21.5B5.8
Unit III
Weschnitz pluton
WP 17 Quartz monzodiorite 0.50B0.04 18.2B1.5
WP 27 Granodiorite 0.49B0.03 17.8B1.1
WPE 20 Quartz diorite 0.50B0.06 18.2B2.2
WPE 25 Quartz diorite 0.45B0.03 16.4B1.1
WPE 26 Quartz diorite 0.51B0.06 18.6B2.2
WPE 111 Quartz diorite 0.48B0.04 17.5B1.5
Heidelberg intrusive complex
HIC 64 Quartz diorite 0.41B0.03 14.9B1.1
HIC 2 Granite 0.41B0.04 14.9B1.5

a Values were calculated assuming an average density of
2.80 g cm–3

based on 23 oxygens and a cation number of 13
excluding Ca, Na, and K.

Crystallization pressures obtained for the FGC (unit
I) range from approximately 0.2 to 0.3 GPa corre-
sponding to a depth of approximately 8–11 km
(Table 1). These values are in line with previous esti-
mates based on various mineral equilibria observed in
the gabbro and its country rocks (Matthes and Schubert
1971; Maggetti 1975; Willner et al. 1991). Solidification
of the NMS magmas (unit II) took place at consider-
ably higher pressures (0.4–0.6 GPa) corresponding to
depths between approximately 14 and 22 km (Table 1;
note the relatively large errors). Pressure estimates for
six samples from the WP (unit III) yielded internally
consistent results between 0.45 and 0.51 GPa corre-
sponding to a depth of approximately 17 km. Internally
consistent results were also obtained for two different
samples from the HIC (F0.41 GPa corresponding to
F15 km; Table 1).

Whole-rock chemistry

A total of 112 fresh granitoid samples from the
different intrusive suites were collected for analysis.
Selected chemical analyses of representative samples
are given in Table 2. Harker plots show that non-cumu-
late samples span a continuous range of SiO2 from
approximately 46 to 75 wt.% (Fig. 2), encompassing
granitoids, mafic enclaves, and three dykes. Intrasuite
chemical variations are very different. The HIC
samples, for example, define trends, whereas the NMS
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Table 2 Major (wt.%) and trace element (ppm) abundances in
representative samples from the Frankenstein gabbroic complex
(FGC), Neunkirchen intrusive suite older (NMS) and younger
(NMSY) intrusions, Weschnitz pluton host rocks (WP) and mafic

enclaves (WPE), Heidelberg intrusive complex older (HIC) and
younger (HICY) intrusions, Tromm pluton (TP) and Melibokus
pluton (MP)

Unit FGC FGC FGC FGC FGC NMS NMS NMS NMS NMS
Sample 43 42 85 134 44 73 37 126 125 38
Rock type G Hbl-G D D GC D QD QD Gdr Gr

SiO2 50.61 49.87 50.48 49.39 49.79 48.85 54.07 51.38 70.54 70.94
TiO2 1.00 0.51 0.94 1.19 0.99 1.14 1.46 0.98 0.43 0.25
Al2O3 16.28 15.74 19.01 14.66 19.62 18.17 17.90 18.37 15.39 14.08
Fe2O3 2.81 1.91 2.39 2.47 2.76 1.83 2.55 1.20 1.04 0.89
FeO 4.93 6.28 4.30 6.78 3.67 7.67 6.01 7.35 2.40 1.71
MnO 0.15 0.16 0.13 0.18 0.12 0.19 0.15 0.17 0.06 0.05
MgO 8.24 8.21 5.87 9.63 5.24 5.68 3.91 5.46 1.15 0.67
CaO 10.45 12.85 10.47 8.19 12.11 10.49 8.10 10.38 3.21 1.41
Na2O 2.69 1.84 3.42 3.05 3.37 2.90 3.63 2.93 3.85 4.02
K2O 0.47 0.62 0.85 0.85 0.18 1.00 1.24 1.04 1.74 4.21
P2O5 0.26 0.04 0.25 0.27 0.33 0.17 0.36 0.17 0.11 0.10
H2O 1.90 1.78 1.53 2.51 1.10 1.78 1.30 1.27 0.85 0.62
CO2 0.16 0.14 0.13 0.37 0.13 0.17 0.07 0.06 0.08 0.04
Total 99.95 99.95 99.77 99.54 99.41 100.14 100.75 100.76 100.85 98.99
Mg# 68.6 67.0 64.3 67.9 62.8 54.7 48.3 56.2 40.6 34.6
ASI 0.68 0.58 0.74 0.70 0.71 0.73 0.81 0.74 1.10 1.03
Cr 334 396 240 263 127 88 42 64 14 8
Ni 119 68 64 158 22 8 10 6 ~5 ~5
Sc 32.3 47.9 29.0 28.8 n.a. 41.6 29.4 38.2 n.a. 7.4
Ga 17 15 20 17 19 22 21 19 19 19
Cs 1.11 5.08 1.73 0.96 n.a. 1.91 1.95 2.09 n.a. 4.88
Rb 10 14 17 19 1 30 36 28 48 136
Sr 897 173 646 416 1516 318 441 299 312 154
Ba 293 110 229 232 230 269 464 244 804 1161
Zr 58 34 81 100 21 91 69 86 209 153
Hf 1.59 0.93 2.41 2.48 n.a. 2.55 2.43 2.55 n.a. 4.90
Nb 5 2 7 8 2 6 7 5 6 11
Ta 0.26 0.05 0.31 0.42 n.a. 0.31 0.50 0.25 n.a. 0.69
Th 0.54 0.62 1.81 1.38 n.a. 0.75 3.21 1.73 n.a. 13.55
U 0.26 0.32 0.71 0.70 n.a. 0.58 1.21 0.73 n.a. 2.60
Y 24 14 25 30 14 32 23 29 17 29
Pb 7 7 8 6 4 8 11 9 13 20
Zn 81 63 70 96 64 100 91 89 68 51
La 15.5 3.7 17.2 17.0 n.a. 13.1 19.3 12.2 n.a. 36.8
Ce 32.6 7.9 38.3 39.3 n.a. 30.7 37.0 31.4 n.a. 69.4
Nd 18.7 5.9 22.8 26.7 n.a. 16.2 24.8 17.4 13.3 29.1
Sm 4.93 1.62 4.86 6.00 n.a. 4.86 4.44 4.28 1.90 6.40
Eu 1.86 0.56 1.52 1.69 n.a. 1.46 1.43 1.33 n.a. 0.98
Gd 5.1 2.1 4.7 5.9 n.a. 5.5 4.4 4.8 n.a. 5.6
Tb 0.79 0.33 0.78 1.01 n.a. 0.88 0.67 0.88 n.a. 0.80
Ho 1.00 0.51 n.a. 1.16 n.a. 1.27 n.a. 1.30 n.a. n.a.
Tm 0.40 0.20 0.38 0.44 n.a. n.a. 0.31 0.50 n.a. 0.47
Yb 2.23 1.43 2.34 2.82 n.a. 3.41 1.99 2.95 n.a. 3.03
Lu 0.32 0.21 0.34 0.42 n.a. 0.48 0.27 0.44 n.a. 0.40

For continuation of Table 2 please see the next pages

samples show a relatively large scatter in most variation
diagrams. All samples are calc-alkaline (alkali-lime
index ;61; not shown). The aluminium saturation
index [ASIpmolar Al2O3/(CaOcK2OcNa2O)]
increases with SiO2 from approximately 0.6 to 1.17 with
all but three samples being characterized by ASI~1.10
(Fig. 2d). Using the K2O vs SiO2 nomenclature of
Peccerillo and Taylor (1976), the FGC rocks (unit I)
classify as normal calc-alkaline (Fig. 2g). Samples from
the NMS (unit II) belong to the normal or high-K calc-
alkaline series and unit-III samples display a high-K or
even shoshonitic character.

For any given SiO2, granitoids from tectonic unit III
(circular symbols) tend to have higher abundances of
K, Rb, Pb, and Sr (Fig. 2g–k), but lower abundances of
CaO, Yb, and Sc (Fig. 2e,l,m) than those from units I
and II. This tendency is least pronounced for the HIC
samples (e.g., Fig. 2k–m). Furthermore, unit-III
samples tend to have higher ratios of Sr/Y, Sr/Nd, Zr/
Y, and (Tb/Yb)cn (cnpchondrite normalized) than
samples from units I and II (Fig. 3). Note that the
younger intrusive rocks from unit II (NMSY, MP) show
characteristics that are similar to those of the unit-III
rocks.
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Table 2 continued

Unit NMS NMSY NMS NMS NMS NMS NMS MP WP WP
Sample 50 74 8 13 12 15 91 68 17 79
Rock type Gr GrD D DC QD Gdr DC T QMD Gdr

SiO2 68.08 68.50 52.15 45.44 54.73 71.52 42.43 70.32 60.94 61.95
TiO2 0.41 0.42 0.79 2.85 1.31 0.25 1.19 0.35 0.89 0.82
Al2O3 15.87 15.86 17.51 17.25 18.22 14.36 19.83 15.99 16.94 16.96
Fe2O3 1.11 1.40 1.70 3.12 1.87 0.97 3.46 0.76 1.57 1.54
FeO 2.53 0.89 5.75 10.18 6.18 1.46 8.90 1.39 3.17 3.24
MnO 0.07 0.03 0.14 0.24 0.16 0.05 0.16 0.05 0.08 0.08
MgO 0.71 1.09 6.05 5.96 2.70 0.50 8.51 0.79 2.73 2.78
CaO 2.74 1.78 11.43 10.37 7.77 1.97 12.71 2.85 4.90 5.01
Na2O 4.30 4.72 2.03 1.86 3.19 3.54 1.18 5.04 3.63 3.72
K2O 3.18 4.09 0.62 0.81 1.44 3.96 0.33 2.57 3.23 2.93
P2O5 0.13 0.15 0.14 0.20 0.65 0.08 0.03 0.11 0.25 0.24
H2O 0.73 0.64 1.05 1.39 1.10 0.69 0.85 0.59 1.03 0.88
CO2 0.11 0.05 0.02 0.16 0.09 0.05 0.11 0.04 0.12 0.06
Total 99.97 99.62 99.38 99.83 99.41 99.40 99.69 100.85 99.48 100.21
Mg# 28.5 50.1 62.2 47.6 40.5 29.8 58.4 43.0 54.1 54.3
ASI 1.02 1.03 0.71 0.76 0.87 1.05 0.78 0.98 0.92 0.92
Cr 14 13 141 51 13 12 123 11 46 44
Ni ~5 ~5 22 6 7 ~5 17 ~5 10 13
Sc 11.1 3.8 39.3 56.3 31.3 6.3 37.4 4.0 10.1 12.1
Ga 20 24 16 21 21 16 20 21 24 23
Cs 1.51 2.13 0.94 1.14 2.69 4.88 1.35 2.07 2.92 4.49
Rb 64 120 15 23 47 117 9 68 105 102
Sr 289 924 333 397 494 215 449 560 797 692
Ba 1758 1880 289 255 527 1518 57 750 1538 1114
Zr 221 172 63 69 77 115 19 119 179 161
Hf 5.63 5.23 1.78 2.63 2.83 3.76 0.53 3.27 6.26 5.37
Nb 10 9 5 8 13 8 2 7 12 11
Ta 0.30 0.69 0.17 0.66 0.82 0.56 0.08 0.44 0.85 0.95
Th 7.08 18.33 2.15 1.70 3.01 19.08 0.40 5.42 13.00 12.08
U 1.12 4.75 0.61 0.69 1.29 2.86 0.15 1.76 3.90 4.06
Y 23 10 18 26 48 15 9 8 16 15
Pb 18 35 10 11 14 33 6 17 26 29
Zn 69 46 67 123 91 42 86 59 74 76
La 58.5 52.5 9.5 18.1 26.4 51.1 3.3 21.4 51.1 44.4
Ce 96.8 97.0 20.4 39.2 63.5 80.2 6.5 35.6 88.4 77.1
Nd 51.8 39.1 11.5 22.2 42.9 27.0 5.2 15.3 42.0 34.0
Sm 7.88 5.71 3.09 5.02 10.25 4.93 1.43 2.43 7.30 5.75
Eu 1.55 1.31 0.95 1.52 2.43 1.00 0.66 0.67 1.87 1.58
Gd 7.0 3.3 3.0 5.6 10.4 3.9 1.7 2.0 6.2 4.6
Tb 0.90 0.49 0.50 0.79 1.66 0.56 0.28 0.25 0.69 0.60
Ho n.a. n.a. 0.68 n.a. 1.80 n.a. n.a. n.a. n.a. n.a.
Tm n.a. n.a. 0.27 0.40 n.a. 0.28 0.10 n.a. 0.21 0.25
Yb 1.98 0.74 1.68 2.48 4.03 1.55 0.62 0.55 1.23 1.31
Lu 0.27 0.09 0.23 0.36 0.52 0.22 0.88 0.07 0.17 0.18

The various rock suites are most readily distin-
guished by means of a Rb vs Sr diagram (Fig. 4). For
any given Sr content, the rocks from units I and II (with
the exception of the NMSY samples) are characterized
by Rb abundances that are lower than those of unit-III
rocks. Moreover, the different suites from unit III and
the NMSY define different fractionation trends.
Weschnitz pluton and WPE samples, however, show a
relatively large scatter.

Chondrite-normalized rare earth element (REE)
patterns of the FGC rocks (unit I) are characterized by
low (La/Yb)cn ratios and the absence of a significant Eu
anomaly (Fig. 5a). Non-cumulate NMS rocks (unit II)
show variable internal fractionation of the REE,
whereby there is only a weak tendency for (La/Yb)cn

and (Tb/Yb)cn values to increase from the diorites and

quartz diorites to granodiorites and granites
(Fig. 5b–e). The magnitude of the negative Eu anomaly
does not depend on the bulk composition. A common
feature of the REE patterns of unit-III samples
(excluding some of the WPE rocks) is the absence of a
pronounced negative Eu anomaly (Fig. 5f–i). With the
exception of the HIC samples, (Tb/Yb)cn values of unit-
III rocks are considerably higher than those of the
NMS samples (Fig. 3c). The younger intrusives from
units II and III (NMSY, HICY) show the highest (Tb/
Yb)cn values and have no Eu anomaly (Figs. 3c, 5j,k).

Nd–Sr–O isotope ratios

Nd, Sr, and O isotope data are listed in Table 3. Initial
Sr and Nd isotopic compositions were calculated for
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Table 2 continued

Unit WP WP WPE HIC HIC HIC HICY HICY TP TP
Sample 27 24 19 64 77 1 62 63 66 67
Rock type Gdr Gr QMD QD Gdr Gr GdrD GrD Gr Gr

SiO2 61.76 71.64 53.84 51.91 64.87 69.96 66.28 70.79 69.99 68.03
TiO2 0.86 0.31 0.98 1.22 0.52 0.36 0.61 0.38 0.32 0.44
Al2O3 17.26 14.60 16.08 17.84 15.32 14.90 16.70 15.27 15.54 16.28
Fe2O3 1.39 0.76 2.47 1.95 1.25 1.36 1.43 0.70 1.04 1.45
FeO 2.95 1.20 4.59 6.13 2.96 1.12 1.58 1.16 0.71 1.02
MnO 0.06 0.02 0.16 0.15 0.07 0.07 0.04 0.03 0.03 0.04
MgO 2.44 0.81 5.18 4.95 2.62 1.34 1.54 0.81 0.78 1.15
CaO 4.81 2.21 6.77 8.98 4.18 1.99 2.33 1.70 1.62 1.62
Na2O 3.98 3.07 3.20 3.29 2.85 3.80 4.42 3.68 4.18 4.54
K2O 3.05 4.75 4.05 1.69 3.77 4.08 4.16 4.68 4.51 4.24
P2O5 0.27 0.11 0.41 0.27 0.22 0.12 0.23 0.14 0.11 0.15
H2O 0.75 0.66 1.03 1.42 1.13 0.65 0.82 0.61 0.72 0.88
CO2 0.06 0.04 0.08 0.07 0.07 0.23 0.32 0.27 0.52 0.22
Total 99.64 100.18 98.94 99.87 99.83 99.98 100.46 100.22 100.07 100.06
Mg# 53.5 46.0 60.1 55.4 56.0 53.1 51.5 47.3 48.4 49.5
ASI 0.93 1.03 0.73 0.76 0.94 1.04 1.04 1.07 1.06 1.09
Cr 39 11 154 108 72 18 19 13 12 14
Ni 13 ~5 59 29 19 6 ~5 ~5 ~5 6
Sc 8.9 0.8 18.3 29.8 11.6 4.2 5.8 4.3 3.6 n.a.
Ga 25 18 22 22 18 19 26 24 23 24
Cs 2.44 2.62 1.74 3.83 5.32 7.93 4.82 8.41 6.65 n.a.
Rb 92 116 94 64 137 150 139 177 157 125
Sr 972 697 732 458 450 340 799 450 735 1028
Ba 1536 1945 2230 622 1055 1322 1667 1180 1967 2424
Zr 174 132 197 131 137 123 212 159 133 184
Hf 4.82 3.66 5.67 4.24 4.12 3.92 6.14 4.87 4.61 n.a.
Nb 11 5 15 10 10 12 11 13 8 10
Ta 0.87 0.50 0.70 0.53 0.51 0.81 0.87 0.72 0.61 n.a.
Th 14.63 12.48 16.40 4.29 30.38 19.37 17.62 21.11 21.01 n.a.
U 3.70 2.39 3.10 1.46 5.54 3.40 2.37 2.57 3.33 n.a.
Y 13 6 23 28 19 15 11 12 8 14
Pb 26 34 28 15 23 32 32 46 40 35
Zn 76 35 110 82 53 49 70 46 48 64
La 66.4 39.2 72.9 23.2 48.7 38.3 85.7 49.8 52.9 n.a.
Ce 112.9 56.4 119.0 48.1 82.7 60.7 134.0 87.9 81.2 n.a.
Nd 53.4 17.1 55.5 27.1 30.4 24.2 53.3 35.5 29.2 52.3
Sm 9.19 2.83 9.42 5.87 5.47 4.08 7.80 5.85 4.52 7.51
Eu 1.75 0.61 2.21 1.70 1.20 0.90 1.81 1.21 1.16 n.a.
Gd 5.0 1.7 5.9 6.2 5.0 2.9 6.2 3.9 3.4 n.a.
Tb 0.56 0.26 0.92 0.85 0.68 0.47 0.62 0.51 0.30 n.a.
Ho n.a. 0.33 n.a. 1.10 0.85 n.a. n.a. 0.48 n.a. n.a.
Tm n.a. 0.10 0.40 n.a. 0.29 0.21 0.21 n.a. 0.10 n.a.
Yb 1.05 0.44 1.78 2.40 1.71 1.13 0.73 0.51 0.56 n.a.
Lu 0.14 0.05 0.26 0.33 0.25 0.16 0.09 0.05 0.07 n.a.

Rock types: gabbroic cumulate (GC); gabbro (G); hornblende
gabbro (Hbl-G); dioritic cumulate (DC); diorite (D); quartz
diorite (QD); quartz monzodiorite (QMD); tonalite (T); granod-
iorite (Gdr); granite (Gr); granodioritic dike (GdrD); and granitic

dike (GrD). ASI is the aluminium saturation index [molar
Al2O3/(CaOcK2OcNa2O)] and Mg# is 100!molar MgO/
(MgOc0.9FeOtotal). See text for analytical techniques

ages of 360 Ma (FGC), 340 Ma (NMS), and 335 Ma
(WP, HIC, TP, MP, NMSY, HICY). These ages
approximate the respective time of emplacement quite
well (see constraints given in “Structural units of the
Odenwald”). Because Rb/Sr and Sm/Nd ratios are
generally low (Table 3), even a difference of 10 Ma
would not significantly change the calculated intial
isotopic values. Figure 6a shows the variation of initial
εNd values with initial 87Sr/86Sr isotope ratios. Taken as
a whole, the samples show a weak negative correlation
between both parameters, whereby average εNd(I)
values decrease and 87Sr/86Sr(I) values increase from

unit I to unit III. The FGC samples (unit I) show nearly
constant εNd(I) with increasing 87Sr/86Sr(I). Note that
the younger intrusives MP (unit II) and HICY (unit
III) have εNd(I) and 87Sr/86Sr(I) values that form the
end members of the variation trend defined by samples
of units II and III.

As none of the samples chosen for isotope analyses
show petrographic evidence for hydrothermal meta-
morphism, such as chloritization of biotite or formation
of sericite from plagioclase, measured d18O values are
thought to reflect primary oxygen isotopic composi-
tions. Samples from the FGC (unit I) display a positive
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Fig. 2a–m Selected Harker variation diagrams for granitoids
from the Odenwald illustrating some of the chemical features that
distinguish intrusive suites from the different structural units
I–III. DC dioritic cumulate; GC gabbroic cumulate. Dashed refer-
ence line in d separates metaluminous (ASI~1.0) from peralumi-
nous (ASI11.0) compositions. The diagram of K2O vs SiO2 (g)
shows field boundaries between calc-alkaline (medium-K), high-
K and shoshonitic series of Peccerillo and Taylor (1976)

correlation between d18O and 87Sr/86Sr(I) values
(Fig. 6). Such a relationship, however, is not observed
with samples from units II and III, d18O showing a
large variation and no correlation with 87Sr/86Sr(I).
Samples from individual structural units do not show
any systematic variation of both εNd(I) and 87Sr/86Sr(I)
with SiO2 (Fig. 6c,d). Positive correlations do, however,
exist between d18O and SiO2 (Fig. 6e). It is important
to note that the MP sample (unit II) has a significantly
lower d18O value compared with samples with similar
SiO2 from the other units.
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Fig. 2 Continued

Discussion

Mantle origin of FGC magmas

Non-cumulate gabbroic and dioritic rocks from the
FGC (unit I) display high values of Mg# [p100!molar
MgO/(MgOc0.9FeOtot)] (68 to 47; Table 2), MgO (9.6

to 5.2 wt.%), CaO (12.8 to 7.4 wt.%), Cr (396 to
46 ppm), and Ni (158 to 21 ppm). These characteristics
indicate an origin from variably fractionated mantle
melts. Numerous chemical features, such as relatively
low abundances of K2O (0.31–1.09%), Rb (7–36 ppm),
Ba (110–293 ppm), LREE (e.g., Lap3.7–17.2 ppm), Zr
(34–100 ppm), and Hf (0.93–2.48 ppm), high ratios of
K/Rb (415–251), La/Nb (3.1–1.9), and Hf/Ta (6.1–18.6),
but low ratios of Nb/Th (9.3–3.2), Nb/U (19.2–9.8),
Ce/Pb (6.6–1.1), Th/U (1.94–2.55), and Rb/Cs
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Fig. 3a–d Variation of Sr/Y, Zr/Y, (Tb/Yb)cn and Sr/Nd ratios
with SiO2 in the Odenwald plutonic suites

Fig. 4 Rb vs Sr relationships of the Odenwald granitoid suites.
Note that samples from unit-III and the younger unit-II suites
have higher Rb and Sr than the older unit-II and unit-I rocks.
Different suites from unit III and the NMSY samples show
different fractionation trends

(2.8–21.4), suggest a subduction-related origin. Enrich-
ment of U relative to Th, for example, may be caused
by the addition of slab-derived fluids to the magma
sources (e.g., Keppler 1996). An overabundance of Cs
relative to Rb and K is observed in all arc suites and is
commonly attributed to the contribution of Cs-enriched
pelagic sediments which have a Rb/Cs range of approx-
imately 10–30 (e.g., White and Dupré 1986; Hart and
Reid 1991) as opposed to average values of 53 and 30
for the lower and upper crust, respectively (Taylor and
McLennan 1985). Isotopic parameters (Fig. 5; Table 3),
i.e., relatively high εNd values between c3.8 and c3.4,
as well as relatively low values of 87Sr/86Sr(I) (0.7033 to
0.7046) and d18O (6.8–7.9‰), are also consistent with
an arc-related origin of the FGC magmas, without
significant contributions of material from the overlying
crust.

Chondrite-normalized REE patterns of FGC rocks
(unit I) are relatively flat and do not show significant
Eu anomalies (Fig. 5a). Furthermore, these rocks are
characterized by relatively high abundances of Sc and
HREE (Fig. 2l,m) as well as by low Zr/Y, Sr/Y, and
(Tb/Yb)cn values (Fig. 3a–c). These signatures together
with the isotopic parameters (Fig. 6; Table 3) are
consistent with a derivation of these magmas from a
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Fig. 5a–k Chondrite-normalized REE abundance patterns
(normalized to values given in Boynton 1984) for selected
samples of the different intrusive suites. a Frankenstein gabbroic
complex (FGC): gabbro (G); hornblende gabbro (Hbl-G); diorite
(D). b Neunkirchen magmatic suite (NMS): diorite (D); dioritic
cumulate (DC). c Neunkirchen magmatic suite (NMS): quartz
diorite (QD). d Neunkirchen magmatic suite (NMS): quartz
diorite (QD); diorite (D). e Neunkirchen magmatic suite (NMS):
granodiorite (Gdr); granite (Gr). f Weschnitz pluton (WP): quartz

monzodiorite (QMD); granodiorite (Gdr); granite (Gr). g Wesch-
nitz pluton, mafic enclaves (WPE): quartz diorite (QD); quartz
monzodiorite (QMD); diorite (D). h Heidelberg intrusive
complex (HIC): quartz diorite (QD); granodiorite (Gdr); granite
(Gr). i Tromm pluton (TP): granite (Gr); j Younger intrusives in
unit II (NMSY, MP): tonalite (T), granitic dike (GrD); k Younger
intrusives in unit III (HICY): granodioritic dike (GdrD), granitic
dike (GrD)
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Table 3 Sm–Nd, Rb–Sr and O isotope data for Odenwald grani-
toids. 87Rb/86Sr values were calculated from XRF data. Initial εNd

values [εNd(I)] and initial Sr isotope ratios [87Sr/86Sr(I)] are based

on 360 Ma (FGC), 340 Ma (NMS) and 335 Ma (WP, HIC, HICY,
TP, MP). d18O values are relative to V-SMOW. For rock types
see Table 2. For errors see “Analytical techniques”

Sample Sm
(ppm)

Nd
(ppm)

147Sm/144Nd 143Nd/144Nd εNd

(I)

87Rb/86Sr 87Sr/86Sr 87Sr/86Sr
(I)

d18O
(‰)

FGC-42 1.62 5.90 0.1665 0.512743 c3.5 0.23 0.704448 0.7033 6.86
FGC-85 4.86 22.78 0.1289 0.512651 c3.4 0.076 0.704429 0.7040 7.53
FGC-134 6.00 q26.70 0.1358 0.512686 c3.8 0.13 0.705315 0.7046 7.97
FGC-44 3.03 12.48 0.1467 0.512709 c3.7 0.002 0.703503 0.7035 6.83
NMS-37 4.44 24.83 0.1080 0.512439 0.0 0.24 0.706412 0.7052 8.65
NMS-126 4.28 17.38 0.1488 0.512514 P0.3 0.27 0.706354 0.7050 7.42
NMS-125 1.90 13.32 0.08638 0.512312 P1.5 0.44 0.707708 0.7055 9.52
NMS-50 7.88 51.77 0.09201 0.512280 P2.4 0.64 0.707508 0.7044 9.35
NMS-13 5.02 22.23 0.1366 0.512372 P2.5 0.17 0.706380 0.7055 7.27
NMS-12 10.25 42.87 0.1446 0.512443 P1.5 0.28 0.706702 0.7053 8.03
NMS-91 1.43 5.18 0.1664 0.512464 P2.1 0.06 0.705859 0.7056 7.81
WP-79 5.75 34.04 0.1021 0.512298 P2.6 0.426 0.708227 0.7062 7.80
WP-27 9.19 53.39 0.1041 0.512335 P1.9 0.274 0.709109 0.7078 8.12
WPE-19 9.42 55.48 0.1027 0.512338 P1.8 0.37 0.707983 0.7062 7.62
HIC-64 5.87 27.07 0.1310 0.512439 P1.1 0.40 0.707318 0.7054 7.25
HIC-77 5.47 30.36 0.1089 0.512272 P3.4 0.881 0.710952 0.7068 8.49
HIC-1 4.08 24.20 0.1019 0.512314 P2.3 1.28 0.711675 0.7056 9.07
HICY-62 7.80 53.27 0.08854 0.512197 P4.0 0.503 0.709075 0.7066 9.50
HICY-63 5.85 35.47 0.09973 0.512229 P3.8 1.14 0.712274 0.7068 9.95
TP-67 7.51 52.31 0.08682 0.512221 P3.5 0.352 0.707872 0.7062 9.97
MP-68 2.43 15.28 0.09627 0.512463 c0.8 0.351 0.706367 0.7047 8.02

garnet-free spinel-peridotitic mantle metasomatized by
slab-derived fluids.

Genesis of unit-II magmas

As for mafic compositions Mg# shows more variation
than SiO2, the abundances of some oxides and elements
in the non-cumulate NMS samples have been plotted in
variation diagrams with Mg# on the abscissa (Fig. 7). It
is evident that the NMS comprises at least two groups
of rocks characterized by different fractionation
behavior. Despite some scatter, the mafic rocks
(diorites and quartz diorites) form relatively coherent
trends whereby Al2O3, TiO2, P2O5, Sr, Nb, La, Yb, Eu,
and Y increase, but MgO and CaO decrease with
decreasing Mg#. For most elements (e.g., TiO2, P2O5,
Sr, Nb, Yb, Eu, Y), the felsic rocks (granodiorites and
granites) do not follow these trends. Such behavior
rules out a comagmatic relationship of felsic and mafic
NMS rocks.

Mafic non-cumulate NMS rocks (diorites and quartz
diorites) are characterized by relatively high Mg# (69 to
40) and low Na2O contents (~3.8 wt.%). Several
experimental studies (e.g., Wolf and Wyllie 1994; Rapp
1995; Rapp and Watson 1995) have shown that
extremely high temperatures in excess of F1100 7C are
needed to produce mafic meta-aluminous low-silica
(~58 wt.%) melts by dehydration melting of metabasic
crustal rocks. In marked contrast to the mafic NMS
rocks, such melts are generally characterized by low
Mg# (~44) and high contents of Na2O (14.3wt%).
Therefore, an intracrustal origin of the mafic NMS

magmas is unlikely and we favor a derivation from a
mantle source.

Isotopic characteristics of mafic NMS samples, such
as εNd(I) values between 0.0 and –1.5, 87Sr/86Sr(I)
values between 0.7050 and 0.7053, and d18O values
between 7.4 and 8.6‰ (Fig. 6c–e; Table 3), suggest an
enriched rather than a depleted mantle source for the
mafic NMS magmas. This is in marked contrast to the
older, subduction-related FGC magmas, for which a
more depleted mantle source is proposed. High abun-
dances of Yb and Sc (Fig. 2l,m) and low ratios of Sr/Y,
Zr/Y, and (Tb/Yb)cn (Figs. 3a–c, 5b–d) suggest a spinel
peridotite, rather than a garnet peridotite, source.

As the mafic and felsic NMS rocks are genetically
unrelated, an origin by dehydration melting of crustal
source rocks has to be considered for the latter.
Compositional diversity among crustal-derived magmas
may arise from both different source compositions and
variation of melting conditions such as pressure and
temperature (e.g., Beard et al. 1994; Wolf and Wyllie
1994; Patiño Douce and Beard 1995, 1996; Patiño
Douce 1996; Thompson 1996; Stevens et al. 1997, and
references therein). Compositional differences of
magmas produced by partial melting of different source
rocks, such as amphibolites, metagraywackes, and
metapelites, under variable melting conditions, may be
visualized in terms of molar oxide ratios such as Al2O3/
(MgOcFeOtotal), K2O/Na2O and CaO/(MgO
cFeOtotal). Partial melts derived from mafic sources,
for example, have lower K2O/Na2O and Al2O3/
(MgOcFeOtotal), but higher CaO/(MgOcFeOtotal)
than those derived from metapelites (Fig. 8). The felsic
NMS rocks plot into the low-Al2O3/(MgOcFeOtotal)
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Fig. 6a–e Nd, Sr and O isotopic compositions of selected samples
from the Odenwald intrusive suites. a Initial εNd values [εNd(I)] vs
initial Sr isotope ratios [87Sr/86Sr(I)]; b Bulk-rock d18O values
(relative to SMOW) vs 87Sr/86Sr(I); c–e εNd(I), 87Sr/86Sr(I) and
d18O vs SiO2, respectively. εNd(I) and 87Sr/86Sr(I) values are
based on assumed intrusion ages of 360 Ma (FGC), 340 Ma
(NMS) and 335 Ma (MP, WP, HIC, HICY, TP)

part of the field for partial melts from metagraywackes.
Whereas an origin from a mixed metabasaltic/meta-
graywacke source also seems possible, metapelitic
sources can safely be excluded because all samples have
high CaO/(MgOcFeOtotal) ratios.

Important constraints on the depth of magma segre-
gation may be obtained from trace element characteris-
tics. Crustal lithologies show a depth-dependent miner-
alogy. For any fixed bulk-rock composition the amount
of garnet increases and the amount of plagioclase
decreases with increasing depth. Certain trace element
abundances and ratios may be used as indicators for the

relative amounts of garnet, plagioclase, and hornblende
as fractionating phases during either magma segrega-
tion or differentiation. Fractionation of garnet will
lower the relative abundances of HREE, Y, and Sc in
the remaining melt phase. Plagioclase fractionation will
result in low relative abundances of Ba and Sr, low Sr/
Nd ratios, and negative Eu anomalies in the chondrite-
normalized REE patterns of the melts. Fractionation of
hornblende will cause an increase in LREE/HREE in
the residual melt, but the resulting chondrite-normal-
ized REE pattern of the melt should be characterized
by a concave-upward shape (e.g., Romick et al. 1992).
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Fig. 7a–l Variations of
selected oxides and elements
with Mg# [p100!molar
MgO/(MgOc0.9FeOtot)]
within the NMS. Note that
mafic and felsic samples
represent two genetically
unrelated fractionation suites
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Fig. 8a,b Chemical compositions of I-type granitoids from the
Odenwald. a Molar Al2O3/(MgOcFeOtot) vs molar CaO/
(MgOcFeOtot). Outlined fields denote compositions of partial
melts obtained in experimental studies by dehydration melting of
various bulk compositions (Vielzeuf and Holloway 1988; Conrad
et al. 1988; Carroll and Wyllie 1990; Rushmer 1991; Beard and
Lofgren 1991; Patiño Douce and Johnston 1991; Skjerlie et al.
1993; Wolf and Wyllie 1994; Beard et al. 1994; Vielzeuf and
Montel 1994; Gardien et al. 1995; Skjerlie and Johnston 1996;
Patiño Douce and Beard 1995, 1996; Patiño Douce 1996; Singh
and Johannes 1996; Thompson 1996; Stevens et al. 1997). See text
for further explanation. b Molar K2O/Na2O vs molar Al2O3/
(MgOcFeOtot). See text for discussion

The felsic (SiO2–rich) NMS rocks have relatively high
abundances of Yb and Sc (Fig. 2l,m), low abundances
of Sr (Fig. 2k), and low values of Sr/Y, Sr/Nd, Zr/Y,
and (Tb/Yb)cn (Fig. 3). Chondrite-normalized REE
patterns of these samples display variable negative Eu
anomalies and are characterized by moderate concave-
upward shapes (Fig. 5e). These features preclude the
involvement of substantial amounts of garnet either in
the residue during partial melting or as a part of the
fractionating assemblage during an AFC process
(DePaolo 1981) in the deeper parts of a thick crust.

Instead, plagioclase and amphibole (in addition to
clinopyroxene) have to be envisaged as major fraction-
ating phases during magma genesis at relatively shallow
depths.

Relative to the older NMS rocks, the younger intru-
sives of unit II (MP tonalite; NMSY granodioritic and
granitic dikes) display similar abundances of large ion
lithophile elements (LILE), but higher abundances of
Sr (Fig. 2k), lower abundances of Yb and Sc (Fig. 2l,m),
and higher ratios of Sr/Y, Sr/Nd, Zr/Y, and (Tb/Yb)cn

(Fig. 3). These features, in conjunction with the
apparent lack of negative Eu anomalies in the REE
patterns (Fig. 5j), suggest an increasing amount of
garnet and a decreasing amount of feldspar in the frac-
tionating phase assemblages during magma segrega-
tion. This change in the modal compositions of the frac-
tionating assemblages may be explained by an
increasing depth of magma segregation and may indi-
cate an increase in the thickness of the crust by basal
accretion or underplating. Whereas the NMSY rocks
have molar ratios of Al2O3/(MgOcFeOtotal), K2O/
Na2O, and CaO/(MgOcFeOtotal) that are similar to
those of the older felsic NMS rocks, the samples from
the MP are characterized by higher CaO/
(MgOcFeOtotal) and lower K2O/Na2O ratios (Fig. 8)
suggesting a mafic meta-igneous, rather than a meta-
graywacke, source. This hypothesis of different source
rock compositions is further substantiated by the higher
εNd(I) and lower d18O values of the MP as compared
with the felsic NMS rocks (Fig. 6c,e).

Genesis of unit-III magmas

Common features of most unit-III rocks (WP, WPE,
TP, HICY) are relatively high abundances of LILE,
low abundances of Yb and Sc (Fig. 2), and high values
of Sr/Y, Sr/Nd, Zr/Y, and (Tb/Yb)cn (Fig. 3). Chon-
drite-normalized REE patterns of samples from the TP,
WP, and HICY suites are characterized by significant
LREE/HREE and MREE/HREE fractionations and
the apparent lack of Eu anomalies (Fig. 5f,i,k). All
these features indicate that garnet was a major fraction-
ating phase and that fractionation of plagioclase was
limited. The HIC rocks also have elevated abundances
of K, Rb, and Pb (Fig. 2g–i), but otherwise show char-
acteristics that are more similar to those of the older
unit-II (NMS) rocks, suggesting somewhat higher
degrees of feldspar and lower degrees of garnet frac-
tionation. The younger HICY granites, however,
display the highest (Tb/Yb)cn and Zr/Y values of all
Odenwald granitoids (Fig. 3b,c) and show no Eu
anomalies (Fig. 5k) suggesting that garnet played a
dominant and plagioclase an insignificant role during
magma segregation.

As for the felsic rocks of unit II, the Al2O3/
(MgOcFeOtotal) vs CaO/(MgOcFeOtotal) relation-
ships preclude an origin of the felsic unit-III magmas
from a metapelitic source (Fig. 8a). Whereas a meta-
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basaltic to metatonalitic source seems most appropriate
for the HIC and WP magmas, the higher Al2O3/
(MgOcFeOtotal) ratios of the younger TP and HICY
rocks suggest derivation from an Al-poor metagray-
wacke source.

The WPE samples included in this study were all
taken from the central parts of large (meter-sized)
mafic microgranular enclaves within the WP host rock.
Field relationships and rock textures suggest that these
enclaves originated from globules of mafic magma
which mingled with and chilled against the felsic host
magma. We assume that these samples represent
primary magma compositions that were not modified
by chemical exchange between enclave and host
magmas. Relative to the mafic NMS rocks of unit II,
the WPE samples are characterized by lower abun-
dances of CaO, Yb, and Sc, but higher abundances of
Na2O, K2O, Rb, Pb, and Sr (Fig. 2). Furthermore, the
WPE samples show higher values of Sr/Y, Zr/Y, and
(Tb/Yb)cn (Fig. 3) and higher abundances of the high
field strength elements Ti, P, Zr, Hf, Nb, and Ta
(Fig. 9). Such features are typical of rocks belonging to
the shoshonitic (monzonitic) series (Fig. 2g). Relatively
high values of Mg# (60 to 48) in combination with low
contents of SiO2 (48.7–60.0 wt.%; most samples
~55.0 wt.%) and moderate Na2O contents
(3.1–4.9 wt.%) preclude an origin of the WPE magmas
by dehydration melting from normal mafic lower crust.
Instead, these magmas were probably derived from a
relatively deep-seated enriched lithospheric mantle
domain. An origin from an enriched mantle source is
also substantiated by the isotopic signatures of one
representative WPE sample (Fig. 6; Table 3).

Tectonic setting of Odenwald intrusive magmatism

Variscan plutonism in the Odenwald which is located at
the northern edge of the MGCR could be either
subduction related or syncollisional. At present, there
are poor constraints on the duration of south-directed
subduction beneath the Saxothuringian domain (Armo-
rica) and the final closure of the Rhenohercynian ocean
(Fig. 1, inset). The culmination of high-P/low-T meta-
morphism in the Northern Phyllite zone and southern
Rhenohercynian zone must be slightly older than
F328 Ma (Ahrendt et al. 1983; Massonne 1995). In the
lower (parautochthonous) units of the Rhenohercynian
zone (East Avalonia) synorogenic sedimentation
started at latest during the Early Carboniferous IId/IIIa
(i.e., F335 Ma ago; Gradstein and Ogg 1996). This
period, therefore, represents an upper time limit for the
emplacement of allochthonous flysch units derived
from the northern margin of Armorica (e.g., the
Giessen-Harz nappe) and, hence, for the closure of the
Rhenohercynian ocean (Franke 1995). Therefore, the
F362-Ma-old FGC (unit I) must have been generated
at least 20 Ma before the Rhenohercynian ocean was
closed, most likely in an arc-type setting. For the F340-

to 335-Ma-old magmatic rocks from units II and III, a
syncollisional, rather than an arc-type setting, has to be
envisaged.

Numerous studies suggest that trace elements may
serve to discriminate between different tectonic settings
of granitoid magmas. Pearce et al. (1984), for example,
demonstrated that the Rb–Y–Yb–Nb(–Ta) space is
most effective in identifying ocean-ridge granitoids
(ORG), volcanic-arc granitoids (VAG), within-plate
granitoids (WPG), and syn-collisonal granitoids (syn-
COLG). Applying their discrimination criteria, the
Odenwald intrusive rocks are all classified as VAG
(Fig. 10a–c). In all diagrams, granitoids from unit III
plot nearer to the field of syn-COLG than those from
units I and II. Furthermore, there is a temporal evolu-
tion within unit II with the younger MP tonalite
sample(s) and the NMSY dike rocks plotting nearer to
the field of syn-COLG than the older NMS rocks.
Harris et al. (1986) studied chemical characteristics of
collision-related granitoid rocks and used Rb–Hf–Ta
relationships to distinguish volcanic-arc or pre-colli-
sional (pre-COLG), syn-collisional, and post-collisional
granitoids. Using their discriminating frame, the Oden-
wald rocks classify as pre-COLG or VAG (Fig. 10d).
Again, rocks from unit III plot nearer to the fields of
syn-COLG and post-COLG than those from units I and
II. Further arguments in favor of a volcanic-arc nature
of the Odenwald granitoids derive from their Rb/Cs
and Rb/Zr values. Similar to arc magmas (Hart and
Reid 1991), the Odenwald granitoids display low ratios
of Rb/Cs (^56). Low Rb/Zr values (~1.1) in almost all
samples, with only some granites from the HIC and TP
suites (unit III) showing slightly higher values (up to
2.9), are also compatible with a pre-collisional or
volcanic-arc nature (Harris et al. 1986).

It should, however, be kept in mind that conclusions
drawn from tectonic discrimination diagrams are ambi-
guous, as trace element signatures of magmas are also
dependent on protolith composition (e.g., Roberts and
Clemens 1993). Therefore, we conclude that (a) the
chemical signatures of the FGC rocks suggest an arc-
type setting of unit I at F362 Ma B.P. (Famennian),
and (b) the compositions of the younger
(F340–335 Ma) granitoids from units II and III allow
for, but do not necessarily demand, a subduction-
related origin. In any case, the chemical data suggest an
evolution from a more subduction-related to a more
syn-collisional nature of the magmas, which is in line
with geological constraints.

Crystallization pressures obtained by Al-in-horn-
blende barometry (Table 1) imply significant syn- to
post-intrusive vertical displacements between units I,
II, and III. Kinematic indicators suggest divergent sinis-
tral strike-slip movements within unit II and between
units I, II, and III during and after the emplacement of
unit-II magmas, i.e., between approximately 340 and
335 Ma (Krohe 1991, 1992, Krohe and Willner 1995).
An overall transtensional setting during this time span
is also compatible with the chemical nature of unit-III
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Fig. 9 Variations of some high field strength elements (HFSE)
with Mg# [p100!molar MgO/(MgOc0.9FeOtot)] within the
mafic rocks from the NMS (unit II) and WPE (unit III) suites.
Note that the WPE samples tend to have higher abundances of
HFSE than the NMS rocks

magmas which belong to the shoshonitic series
(Fig. 2g). It has repeatedly been suggested that
shoshonitic/monzonitic magmatism occurs during the
termination of an oblique subduction phase and coinci-
dent with the onset of arc extension (e.g., Morrison
1980; Rapela and Pankhurst 1996, and references
therein).

Contribution of Avalonian material to the felsic
Odenwald magmas?

It has been suggested that the various tectonic blocks
forming the MGCR can be assigned to two groups with
different tectonic identity. Most of the Saxothuringian
(Armorican) units (e.g., units I–III from the Odenwald)
should be underlain by tectonically underplated
Rhenohercynian (Avalonian) material, whereby unit
IV of the Odenwald (Böllstein Odenwald) and the
entire Spessart (Fig. 1) are thought to represent such

basally accreted fragments (Oncken 1997). As time
constraints suggest a syncollisional nature of the grani-
toids from units II and III, a contribution from under-
plated Avalonian material to the felsic granitoids has to
be envisaged.

Recent studies on the Sm–Nd isotopic systematics of
the Rhenohercynian units (Küstner et al. 1999) reveal
that both the parautochthonous passive-margin
sequences (Old Red Continent, Avalonia) and the
nappes derived from the northern margin of the Saxo-
thuringian domain (Armorica) have εNd (340 Ma)
values that are considerably lower than those of the
Odenwald granitoids. A significant contribution of
underplated Rhenohercynian graywackes to the Oden-
wald magmas can therefore be ruled out. Felsic meta-
igneous rocks from unit IV of the Odenwald and from
equivalent units of the Spessart (Rotgneiss and
Haibach gneiss) can also be excluded as possible
sources for the Odenwald magmas, because these rocks
display high 87Sr/86Sr (340–335 Ma) ratios (0.710–0.715)
and peraluminous compositions (Lippolt 1986; Alten-
berger and Besch 1993; Anthes and Reischmann 1995;
Dombrowski et al. 1995; Reischmann et al. 1999). Volu-
metrically less abundant amphibolites and related
metaluminous gneisses from the Böllstein Odenwald
and the Spessart represent the only possible Avalonian



440

Fig. 10a–d Chemical compositions of granitoids from the Oden-
wald in tectonic discrimination diagrams with fields of within-
plate granitoids (WPG), volcanic-arc granitoids (VAG) or pre-
collisional granitoids (pre-COLG), syn-collisional granitoids (syn-
COLG) and post-collisional granitoids (post-COLG). a–c Rb vs
(YcNb), Rb vs (YbcTa) and Ta vs Yb discrimination diagrams
of Pearce et al. (1984). d Rb–Hf–Ta triangular plot of Harris et al.
(1986)

protoliths for the felsic granitoids from units II and III.
These mafic rocks show chemical characteristics similar
to island-arc basalts (Altenberger et al. 1990; Okrusch
1995). As yet, no isotopic data are available for these
rocks.

Possible equivalents of the Odenwald granitoids in
other parts of the Saxothuringian domain

The initial isotopic signatures and chemical characteris-
tics of the syncollisional Odenwald granitoids (units II
and III) are similar to those of contemporaneous grani-
toids from other parts of the Saxothuringian domain. In

the northern Vosges and Schwarzwald (Fig. 1 inset),
early high-K I-type diorites, granodiorites, and granites
are followed by shoshonitic granites (Altherr et al., in
press). Using the tectonic frame of Edel and Weber
(1995), the Central Bohemian batholith (CBB) is in an
equivalent position to the plutons of the northern
Vosges and northern Schwarzwald. For the CBB, U–Pb
single-zircon dating by stepwise evaporation has estab-
lished that successive intrusions were emplaced
between approximately 351B11 and 343B6 Ma (Holub
et al. 1997), whereby an evolution from early medium-
K to later high-K and monzonitic magmas with more
evolved isotopic signatures is observed (Janousek et al.
1995).

Conclusions

The results of this study allow for the following major
conclusions:
1. Latest Devonian to early Carboniferous plutonism

of the Odenwald documents the transition from
subduction to collision. The F362-Ma-old Franken-
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stein gabbroic complex (FGC) in the northernmost
tectonometamorphic unit I was generated as a part
of a magmatic arc during oblique south- to SSW-
directed subduction of oceanic lithosphere (Rheno-
hercynian ocean). During oblique collision between
East Avalonia (Rhenhercynian domain) and Armo-
rica (Saxothuringian domain) at 340–335 Ma B.P.,
normal to high-K (unit II) and high-K to monzonitic
magmas (unit III) were emplaced in a transtensional
setting.

2. The FGC magmas (unit I) were derived from a rela-
tively shallow depleted mantle source metasoma-
tized by subduction-related H2O-rich fluids. A
contribution from the continental crust cannot be
detected.

3. The NMS of unit II comprises two different magma
series for which a comagmatic relationship can be
excluded. Mafic NMS rocks represent variably frac-
tionated melts derived from a relatively shallow
enriched mantle source. For the volumetrically
subordinate felsic NMS rocks an origin by dehydra-
tion melting of metaluminous crustal protoliths
(metagraywacke, metabasalt, metatonalite) seems
most plausible. Trace element signatures suggest a
relatively shallow depth of magma segregation.
Trace element characteristics of the younger intru-
sives from unit II (MP, NMSY), however, suggest a
greater depth of magma segregation from metalumi-
nous mafic meta-igenous (MP) or metagraywacke
(NMSY) sources.

4. Mafic and felsic magmas of the shoshonitic/monzon-
itic series emplaced in unit III (WP, WPE, HIC,
HICY, TP) suggest the termination of oblique
subduction and increasing arc extension. Trace
element and isotopic signatures of the mafic rocks
are best explained by a deep-seated enriched (lithos-
pheric) mantle source. Higher initial Sr ratios and
d18O values in conjunction with high Sr/Y, Zr/Y, and
(Tb/Yb)cn ratios of the felsic rocks suggest a substan-
tial contribution from a garnet-rich crustal source.

5. The chemical and isotopic characteristics of the
Odenwald granitoids do not support the hypothesis
that large parts of the MGCR are underlain by
tectonically underplated Avalonian material.
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