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SHRIMP dating of zircons from high-grade metasediments
of the Schwarzwald/SW-Germany and implications for the evolution

of the Moldanubian basement

Abstract Four metasedimentary zircon populations
from different tectonometamorphic units of the Central
and the Northern Schwarzwald (Variscan belt, SW-
Germany) were investigated using SEM, cathodolumi-
nescence and SHRIMP dating. Despite partially strong
modifications of primary internal morphologies during
Variscan metamorphism at amphibolite (750 °C, 0.4—
0.6 GPa) and granulite-facies conditions (950-1,000 °C,
1.4-1.8 GPa), many grains show well-preserved proto-
lith ages. The detritus indicates a northern Gondwana
origin and different Palaeozoic episodes of sediment
deposition and consolidation. Two of the studied sedi-
ments were deposited in Cambrian/early-Ordovician
times and consolidated in positions close to northern
Gondwana. Late Ordovician and rare Devonian detritus
from sediments of two other tectonometamorphic units
indicates much later sedimentation close to the leading
edge of Gondwana or a terrane assemblage during
northern drift towards Laurussia. Subsolidus growth of
new zircon due to Variscan granulite facies metamor-
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phism of one of the tectonometamorphic units is pre-
cisely dated at 335+2 Ma.

Introduction

Single zircon dating is a powerful tool for investigating
sediment provenances and estimating sedimentation
ages (e.g. Aleinikoff et al. 1988; Lork et al. 1990; Robb
et al. 1990; Davis et al. 1990; Ross et al. 1991; McLen-
nan et al. 2001). Where sedimentary sources have suit-
able lithological characteristics it is possible to constrain
the duration of sedimentation episode(s) by evaluating
the detrital zircon age distribution (e.g. Nelson 2001).
Detritus ages and times of sediment deposition are
important for discussions of sediment sources and con-
tinental drift models (e.g. Gebauer et al. 1989; Nance
and Murphy 1996; Friedl et al. 2000). Sediment prove-
nance and sedimentation ages are crucial to unravelling
the orogenic and pre-orogenic history of mountain belts.
In the Variscan fold belt detritus ages have been suc-
cessfully used to detect ancient terranes and to recon-
struct the geodynamic and geotectonic evolution of
Europe during the Palaeozoic (e.g. Franke 2000; Hegner
and Kroner 2000; Linnemann et al. 2000; Sollner et al.
1997; Tichomirova et al. 2001; von Raumer et al. 2002,
2003). The contribution of detrital zircon dating is most
important in the understanding of the internal parts of
orogens where complex internal nappe structures and
high-grade metamorphism often impede the application
of palacomagnetic, stratigraphic and palaeontological
methods. In the Variscan belt, however, there are only
few studies of detrital components from high-grade
metasediments (e.g. Zeh et al. 2001). The present work
focuses on detrital zircon ages from high-grade meta-
morphic sediments of the Schwarzwald as part of the
internal Variscan belt. We will show that even zircons
from granulite-facies metasediments can serve to char-
acterize sediment provenance and to constrain the
premetamorphic evolution of these rocks.



Fig. 1 Sketch map showing a
the position of the Schwarzwald
and other units in the crystalline
basement rocks of Central
Europe; b the Central
Schwarzwald Gneiss Complex
(CSGC) and the northern
Schwarzwald (Omerskopf,
OGC), tectonometamorphic
units of the Central
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Geodynamic and palaeogeographic context

The Variscan fold belt can be traced from the Appala-
chian and Ouitchita Mountains in the west via Europe
to the Caucasus in the east. It formed by Devonian to
Carboniferous accretion and collision processes between
Laurussia in the north, Gondwana in the south and
different terranes and microcontinents in between. The
latter are generally seen as derived from the northern
margin of Gondwana (e.g. Franke 2000; von Raumer
et al. 2002) during Palaeozoic rifting events. From the
Neoproterozoic to the Ordovician, they are viewed as an
EW-trending belt comprising from west to east Avalo-
nia, the Amorican terrane assemblage (ATA) and the
Cadomian terranes, the future Alpine realm, and parts
of future Asia (e.g. Scotese and McKerrow 1990, Tait
et al. 1994, 1995; Stampfli et al. 2002, von Raumer et al.
2002, 2003). In the Silurian, Avalonia had already col-
lided with the northern continents, whereas the other
parts of the belt remained close to Gondwana. The
subsequent motion of the microplates and opening or
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closure of ocean basins has been modelled by alternative
concepts (e.g. Scotese and McKerrow 1990; Tait et al.
2000; Matte 2001; Cocks and Torsvik 2002; Stampfli and
Borel 2002). For a critical discussion e.g. of the Armo-
rica microplate concept we refer to Robardet (2003) and
references therein.

In central Europe, the isolated Variscan basement
outcrops found today have been divided into several
EW-trending zones according to their grade of meta-
morphism and their magmatic intrusions (Kossmat
1927). Within this scheme, the southern margin of the
Northern Phyllite Zone is thought to represent the Rheic
suture, separating the Avalonia-derived Rhenohercy-
nian Zone in the north from the Armorica- or
Hun-derived Mid-German Crystalline High and the
Saxothuringian and Moldanubian zones in the south
(Fig. 1). However, due to large-scale lateral transfer and
escape along the Eurasian margin in Carboniferous
times (Stampfli et al. 2002) these zones do not necessarily
correspond to ancient terrane boundaries. Also, the pre-
Variscan provenance of the predominantly high-grade



Saxothuringian and Moldanubian zones is only poorly
understood. Within this context, the Schwarzwald and
the Vosges in the southwestern part of the Moldanubian
zone are of particular interest. Geographically, they are
located between the Armorican Massif, classically con-
sidered to represent the terrane Armorica, and the
Moldanubian zone of the Bohemian Massif, seen as a
more easterly part of the European Hunic terrane by
several authors (Stampfli et al. 2002; von Raumer et al.
2002). Lithologically, apart from granites, the Sch-
warzwald and Vosges are dominated by high-grade
metamorphic gneisses and migmatites.

Geological setting and samples

The samples for this study were taken from the Central
Schwarzwald Gneiss Complex (CSGC) and the Omers-
kopf Gneiss Complex (OGC). Both complexes belong to
the southwestern part of the Moldanubian zone (e.g.
Franke 2000, Fig. 1). On the basis of metamorphic
grade, lithology and high-grade metamorphic relics the
CSGC was divided into three different tectonometa-
morphic units (Hanel and Wimmenauer 1990; Hanel
et al. 1999; Fig. 1). Unit 1 of the CSGC is dominated by
paragneisses and migmatites with relics of eclogite-facies
and mantle-derived rocks. Unit 2 consists of more var-
iegated gneisses and is devoid of high-pressure relics, but
with rare evidence for an older medium-pressure med-
ium-temperature stage (Rehfeld 1983). Unit 3 is char-
acterized by granulite-facies relics and rare eclogites and
mantle-derived rocks, and is mainly found in the
northern part of the CSGC (Fig. 1, Hanel et al. 1993).
Peak equilibration conditions of the granulites were
approximately 950-1,000 °C and 1.4-1.8 GPa, and the
entire unit is interpreted as part of the lower crust of a
hanging continental plate in a convergent Variscan set-
ting (Marschall et al. 2003). While Unit 1 is in the tec-
tonically uppermost position, there is some evidence that
Unit 3 overlies Unit 2 (Kalt et al. 2000). All three units
were subjected to a final high-temperature low-pressure
metamorphic event at about 330 Ma (Kalt et al. 1994;
Lippolt et al. 1994), with P-T conditions of 730-780 °C
and 0.42-0.45 GPa (Kalt et al. 2000). The pre-meta-
morphic history and the depositional conditions of the
metasediments in the Schwarzwald are very roughly
constrained by palynological data (Montenari 1996;
Hann and Sawatzki 1998; Hanel et al. 1999; Montenari
et al. 2000), which are consistent with sediment deposi-
tion in Neoproterozoic to Early Palaecozoic marine
environments. The genetic relations between the me-
tasediments hosted in the tectonometamorphic units, the
timing of sediment deposition, and the palacogeographic
positions of the corresponding marine basins are yet
unknown.

For this study, three paragneiss samples were selected
to represent the tectonometamorphic Units 1-3 (Fig. 1):
St-4-1 (Unit 1), SB-22 (Unit 2), 91-1c (Unit 3). A fourth
sample (OM-3-2, Fig. 1) was taken from the OGC. The
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relation of the OGC to the CSGC units is unclear be-
cause it is separated from the main part of the CSGC by
Carboniferous granites and shear zones. While sample
91-1c is a pelitic garnet-cordierite-sillimanite gneiss, the
other investigated rocks are plagioclase-biotite-quartz
gneisses, probably derived from greywackes (Miiller
1989).

Analytical procedures

Zircon grain size fractions were separated from 24 kg of each of
the rock samples following routine preparation procedures. Several
hundred zircon grains from the 100-200 um size fraction were
embedded in epoxy resin for a comprehensive SEM and cathodo-
luminescence (CL) documentation of the internal grain morpho-
logies. This documentation was a prerequisite for the recognition of
zircon subpopulations in the investigated rocks, for the preselection
of grains representative of the distribution of zircon phases in the
different zircon populations, and for the choice of suitable spot
locations on the polished internal surfaces of the grains selected for
ion probe analysis (SHRIMP, Compston et al. 1984). The proce-
dures applied for the U-Th-Pb isotope analyses using the SHRIMP
II instrument at Curtin University/Perth-Australia are described in
detail e.g. by Nemchin and Pidgeon (1997) and by De Laeter and
Kennedy (1998). Fragments of the gem Sri Lankan zircon CZ3
were embedded in the mounts together with the sample zircons and
used as a standard reference (Pidgeon et al. 1994). A 2°°Pb/?*U
value of 0.0914 corresponding to an age of 564 Ma was used for the
calculation of ages. Data were reduced using the Perth in-house
programs (Kinny, personal communication) and the ISOPLOT
program of Ludwig (2000). Broken Hill Pb isotope composition
was assumed for the common Pb correction, according to the
composition of the applied gold coating of the mounts.

Reproducibility of the normalizing standard U/Pb ratio ranged
between 1.5 and 2.3% for the different data sets. Errors given in
Table 1 and in the data plots (Fig. 2) are overall errors on the one
sigma standard deviation level, including counting statistics, 2°*Pb-
correction and the U/Pb ratio reproducibility calculated from the
repeated U/Pb measurements of the standard fragments.

Results

SHRIMP results are presented in Table 1 and on con-
cordia plots in Fig. 2. CL images of representative grains
with SHRIMP analytical spots are shown on Fig. 3.

Morphological comparisons

It can be seen that the investigated zircon populations
are complex, with subpopulations consisting of euhedral
grains with characteristic oscillatory or sector zoning,
and rounded or irregularly shaped grains with irregular
or patchwork-like internal zoning. Many grains show
core/rim associations, and/or have patchy zones with
enhanced luminescence. The preservation of euhedral
crystal shapes in the sedimentary subpopulations is
striking. A common feature of all the investigated pop-
ulations is frequent partial modification and obliteration
of igneous oscillatory zoning, and the generation of
secondary internal structures, showing transgressive
recrystallization with recrystallization fronts and
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+ /-
66
19
22
21
46
34
54
73
35
71
343
53
84
20
21
38
12

+/- Age
207/206
13 502
21 2442
21 2,420
21 2432
11 537
9 576
12 587
13 412
9 465
17 577
102 1,346
10 364
14 427
5 360
5 327
29 2,511
14 1,943

207/235

+/- Age
465
2,425
2,203
2,352
481
523
491
431
462
568
818
385
397
339
334
2,018
1,718

7
36
30
34
7
7
7
9
17
6
5
5
29
21

Age
conc 206/238
457
2,405
1,977
2,260
470
511
471
105 434
461
566
637
392
335
1,571
1,540

Y%
0.0011 91
0.0080 99
0.0063 82
0.0075 93
0.0012 87
0.0013 &9
0.0012 80
0.0011
0.0011 99
0.0015 98
0.0030 47
0.0010 107 389
0.0010 92
0.0008 93
0.0008 102 335
0.0058 63
0.0042 79

206/238-4 + -

0.1784 0.3588
0.2105 0.4200
0.0168 0.0756
0.0156 0.0825
0.0191 0.0758

0.0200 0.0697
0.0135 0.0742

0.0286 0.0918
0.0137 0.0622

0.0204 0.0626
0.2056 0.2760
0.0772 0.2699

0.0205 0.0735
0.2206 0.4522
0.2232 0.1039
0.0073 0.0534
0.0072 0.0534

207/235-4 +/-

0.0029 0.6064

0.0026 0.6737
0.0050 0.4779

0.0009 0.3958
0.0010 0.3898

0.0040 0.5808
0.0039 9.8931
0.0046 7.7524
0.0043 9.1378
0.0036 0.6221
0.0043 0.5283
0.0023 0.5763
0.0050 0.7501
0.0345 1.2371
0.0029 0.4614
0.0093 6.2939
0.0018 4.4326

208/206-4 + /-
-0.0427

0.0017 0.0230
0.0018 0.2690
0.0020 0.2790
0.0009 0.2944
0.0015 0.1074

0.0018 0.1083
0.0019 0.2546

0.0151

0.0013 0.0348
0.0021 0.0707
0.0005 0.0061
0.0005 0.0047
0.0037 0.4304

0.0020 0.2421
0.0012 0.1201
0.0009 0.1681
0.0008 0.2518

0.0573
0.1587
0.1567
0.1578
0.0582
0.0593
0.0595
0.0550
0.0563
0.0593
0.0864
0.0538
0.0554
0.0537
0.0530
0.1654
0.1191

11

0.074 27
0.978 30
0.949 28
0.843 27
0.365 29
0.841 72
0.365 48
0.336 26
0.510 59
0.792 29
0.107 3
0.119 29
0.214 19
0.013 73
0.017 92
1.070
0.818 86

28
52
59
45
138
619
219
119
379
213
67
20
31
30
221

384
53

54
377
736
600
354
742
269
2
489
311
1,494
1.883
28
270

Comment U/ppm Th/ppm Th/U Pb/ppm 207/206-4 + /-
62

Table 1 (contd.)
91-12-1b r,wil,ro
91-12-2a c,sz
91-12-2b c¢,sz
91-12-2¢ c,sz,ro
91-12-3a oz,ro
91-12-4a il
91-12-4b il,sp
91-12-5a c,oz
91-12-5b c¢,o0z,sp
91-15-1a c,oz,ro
91-15-2a c,sl,sp
91-16-1a oz
91-16-1b ozlp
91-16-2a wl
91-16-2b wl,sp
91-16-3a c.sl,ro
91-16-4a c.il,sp

Spot

7

margins. This is typical for zircon which has experienced
high-grade metamorphic conditions (e.g. Pidgeon 1992;
Nemchin and Pidgeon 1997; Pidgeon et al. 1998;
Schaltegger et al. 1999; Hoskin and Black 2000), either
in the source environments of the detrital zircons, or due
to the tectonometamorphic events which effected the
consolidating sediments.

CL images on Fig. 3 show that zircons from the dif-
ferent units display similar features. Most evident is the
presence of euhedral to subhedral fine, oscillatory zoned
zircon in samples St-4-1 (grain 20) from CSGC Unit | and
OM-3-2 (grains 28, 14-1) from the OGC. Also common to
these samples are rounded nebulously zoned zircons
consisting of central dark grey (CL) domains surrounded
by outer lighter CL mantles (e.g. St-4-1:18, 17-1 and OM-
3-2: 14-4). Also present in these populations are minor,
irregularly shaped, high U-Th, spongy CL textured grains
(St-4-1, 16-1: OM-3-2, 24-2). Zircons from sample SB-22
(CSGC Unit 2) have irregular, embayed shapes and are
finely oscillatory zoned with some zonal thickening (grain
2-3). Also present are subhedral, dark-centered (CL)
nebulously zoned zircon (e.g. SB-22, grain 2-3) sometimes
with curved zones (SB-22, grain 13-2). An important
feature of this population is that grains frequently show
metamorphic overgrowths concentrated at crystal termi-
nations (e.g. SB-22: grains 13-2, 13-3 and 5-2). Zircons
from sample 91-1c¢ from Unit 3 have irregular to rounded
oscillatory zoning (e.g. 16-1 and 6-2) but also contain
more complex grains showing cores and metamorphic
rims (grains 3-2, 6-1, 12-1 and 12-3), subdued sector
zoning (7-2), and unzoned grains (under CL) with mar-
ginal overgrowth or recrystallisation (grain 16-2).

SHRIMP zircon age results
Sample St-4-1 (CSGC Unit 1)

SHRIMP results in Table 1 show that most analyses on
euhedral fine, partially recrystallized oscillatory zoned,
and irregular-shaped nebulously zoned zircon give
206pp /2381 ages in the range 0.65-0.55 Ga, corresponding
to the Neoproterozoic. The consistency of these ages
within and between grains (e.g. 19-2, 20-2, 20-3, 22-1, 24-
1) strongly supports an episode of multiple igneous and
metamorphic events in the Neoproterozoic. On the con-
cordia plot (Fig. 2) the main body of data points is seen to
fall along concordia between 600 and 550 Ma with some
points extending down to ca. 400 Ma. This suggests that a
number of zircons have experienced minor, unsystematic
isotopic disturbances during Variscan metamorphism,
limiting our ability to make a precise analysis of the age
structure of Neoproterozoic events. Evidence for a Vari-
scan overprint may be provided by 2°°Pb/***U age values
of 400-430 Ma, observed for one grain (St-4-1, grain 16,
Table 1). This grain has the highest measured U content
of all grains analyzed (2,500 ppm) and has a uniform,
nebulously zoned, spongy structure (Fig. 3) suggesting
that the grain has enhanced radiation damage and was
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Fig. 2 Concordia diagrams displaying SHRIMP data corrected for
common Pb (using the 2**Pb concentration). Errors are plotted on
the 1 sigma standard deviation level

partially reset during Variscan metamorphism. This event
also appears to have influenced grain 22. This grain has a
euhedral, low U-Th, high CL centre with high U-Th, low
CL zircon, concentrated at the terminations. Analysis 2b,
with the highest U content of ca. 2,000 ppm, records a
significant loss of radiogenic Pb during the Variscan
event.

The oldest phase found is an oscillatory zoned and
partly transgressively recrystallized core in grain 23-1 with
a 2"Pb/**°Pb-age of about 1.9 Ga indicating a Palaeo-
proterozoic (Eburnian) minimum age. This core is sur-
rounded by nebulously zoned metamorphic zircon
corresponding in age (*“*Pb/***U age: 0.65 Ga) to the
major Neoproterozoic event(s) recorded by most zircons.

Sample OM-3-2 (OGC)

The abundance of high U grains is a marked difference
between the zircons from this and the previous sample.
Also, old zircons are more abundant in this sample, with
207pp/2%°Ph ages ranging from about 1.7 to 2.8 Ga,
mostly with only minor discordance. The late Archean/

206P /238U
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Early Proterozoic subpopulation consists of low U-Th
zircons with patchy zoning, and in the case of grain 14-3,
a uniform grey CL overgrowth (Fig. 3). One strongly
luminescent grain has very low U-Th concentrations of
about 20 ppm (grain 16-1), resulting in large uncertainty
in the U-Pb ages.

The main group of zircons has Neoproterozoic ages,
very similar to sample St-4-1. One subpopulation dis-
plays well-preserved primary oscillatory zoning, with
only local non-planar textures or blurring (cf. Hoskin
and Black 2000; e.g. grains 14-1 and 28, Fig. 3) and with
a spread of 2°°Pb/**®U ages of 0.59-0.55 Ga. On the
concordia diagram, this main population shows a con-
centration of data points at about 580 Ma, and a spread
of data points along concordia to approximately
300 Ma. From Table 1 it can be seen that zircon areas
with lower ages also have the highest U-Th contents (i.e.
grains 14-4, 16-2, 17-2, 21-2, 21-3, 23-2, 23-4, 24-2, 24-5,
24-7, 26-2, 27-1). Probably, lattice breakdown to the
metamict state and Variscan recrystallization (e.g. grain
24-2, Fig. 3) enhanced partial or complete resetting of
the primary Neoproterozoic U-Pb isotope systems dur-
ing Carboniferous metamorphism. As a consequence,
the highest **°Pb/***U age found in this subpopulation
provides a minimum estimate of the age of primary
crystallization (0.58 Ga). The lowest 2*°Pb/***U age of



Fig. 3 Cathodoluminescence
images and SHRIMP spot
analyses of selected zircon
grains from four high-grade
metasedimentary rocks from
different tectonometamorphic
units of the CSGC and from the
OGC. Samples St-4-1, OM-3-2
and SB-22 are LP-HT
metamorphic rocks; sample 917-
Ic is a granulite-facies rock.
Ages are calculated from the
238U /2%PD ratios for Paleozoic
and Neoproterozoic zircon, and
from 2°’Pb/?°°Pb ratios for
Archean/Palaeoproterozoic
zircon
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about 0.3 Ga demonstrates the significant influence of zircons with highest *°’Pb/?°°Pb ages in SB-22 are
the Carboniferous metamorphic event on the zircon strongly discordant (e.g. grain 5-2) compared to old

population from this sample.

Sample SB-22 (CSGC Unit 2)

cores in zircons from the previous samples. Nevertheless,
the 2°’Pb/?°°Pb ages support Early Proterozoic or even
late Archean zircon generation. As in the previous
samples, an important Neoproterozoic subpopulation
(*°°Pb/**U ages: 0.65-0.55 Ga) is present (Fig. 2). Be-

The zircon U-Pb systems have similar age components sides these Neoproterozoic components a number of
to those in the previous samples (Table 1). However, the grains have 2°°Pb/>**U ages in the range of 0.48-0.45 Ga



(e.g. grains 2-3, 3-2, 13-3 in Fig. 3). Some oscillatory
zoned grains (e.g. grain 3-2) are uniformly of this age.
Others have significantly younger, unzoned overgrowths
(e.g. grain 13-3), and some consist of an older 0.55 Ga
core surrounded by a 0.45 Ga oscillatory zoned rim.
These relationships, clearly indicated on Fig. 3, together
with the observed age peak at ca 0.45 Ga (Fig. 2) and
the association of oscillatory zoning with the 0.48—
0.45 Ga ages, are taken as evidence for an important
zircon-generating igneous event at this time. Such a late
Ordovician detrital component was not observed in the
previous samples. The presence of weakly zoned zircon
terminations (e.g. grains 13-2, 13-3) with °°Pb/***U ages
of 0.43-0.34 Ga is attributed to overgrowths or recrys-
tallisation during Variscan metamorphism.

Sample 91-1c (CSGC Unit 3)

Many grains of this sample are rounded and complex.
The zircons have a wide range of U and Th contents
indicating variable conditions of formation. A number
of older zircons are present, which are generally highly
discordant (Fig. 2, Table 1) but have Late Archean to
Early Proterozoic 2°’Pb/**°Pb ages (2.9-1.9 Ga). These
are interpreted as minimum ages for zircon crystalliza-
tion in igneous environments (e.g. grain 6-2). Neopro-
terozoic 2%°Pb/**®U age values (0.60-0.56 Ga) are
restricted to zircon cores where primary zoning appears
as weak sector zoning (e.g. grain 7-2). The 0.60 Ga cores
are surrounded by nebulously zoned ca. 0.46 Ga rims
(e.g. grain 12-1) and in some grains by Carboniferous
terminations (e.g. grain 3-2). On the concordia plot data
points are seen to extend along concordia from ca 600 to
340 Ma. This spread is attributed to partial disturbance
of the U-Pb systems during the Carboniferous granulite-
facies metamorphism (e.g. grain 3-2). There are, how-
ever, detrital components in this population which
clearly have been generated during Palacozoic times
(0.49-0.46 Ga). Similar to SB-22 (e.g. grain 13-3) they
occur either as cores (e.g. grains 7-1, 12-5 in Table 1) or
as monophases with partly preserved primary oscillatory
zoning, concordancy of the U-Pb system, and good
reproducibility of the 2*°Pb/>**U ages (e.g. grain 3-1 in
Table 1). One grain was found to have a Devonian age
(0.39 Ga, grain 16-1). Two spot analyses on this grain
which has well developed oscillatory zoning but a very
irregular crystal shape gave identical results within the
error limits. This grain is the youngest detrital compo-
nent found in sample 91-Ic. A similar 2°°Pb/***U age
was also found in a concordant core area of grain 6-1
whose weakly luminescent oscillatory zoning appears
strongly blurred due to recrystallization which probably
occurred during the formation of the thick Carbonifer-
ous rim on this grain.

A further subpopulation of zircon was observed in
this rock which has been generated in the course of the
Carboniferous granulite-facies event. These occur as ei-
ther euhedral and rather homogeneous grains with weak
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luminescence (grains 7-3, 10-1, 16-2), or as rims around
significantly older cores (grains 3-2, 6-1, 6-5, 7-1). The
average “°Pb/>**U ratios of zircon areas with concor-
dant U-Pb isotope systems give an age value of
335+2 Ma (1 standard deviation). This is a precise
estimate of the time of zircon crystallization, triggered
by the granulite-facies metamorphic event of Unit 3. It
agrees with the age estimate of Hanel et al. (1993) using
single zircon and the Pb evaporation method. High-
grade metamorphic growth of this subpopulation is in
agreement with the low Th/U ratios of the grains (0.01-
0.03, Table 1) which has been reported to be a feature of
granulite facies metamorphic zircons (Th/U <0.07:
Rubatto 2002). An identical age of granulite-facies
metamorphism was reported by Schaltegger et al. (1999)
for rocks of the Vosges basement, which are of igneous
and sedimentary origin. Zircons from these samples
show internal morphologies very similar to 91-1c, with
Neoproterozoic relic phases and irregular weakly lumi-
nescing 335 Ma metamorphic rims.

Discussion of general trends

The extended distribution of the data points as a whole
on the concordia plot (Fig. 2) can be explained either by
the presence of zircons from different source regions
with complex age patterns, respectively, by the partial
isotopic disturbance of zircons with a uniform age by
later metamorphic events or by a combination of both.
The consistency of U-Pb ages within individual grains
argues more for the first case. Repeated spot analyses on
the same grain in many cases yield reproducible age
values (e.g. grains St-4-1-20-2, St-4-1-18-2, OM-3-2-28,
91-1c-6-2, 91-1c-7-2: Fig. 3). This demonstrates that the
U-PDb systems in the detrital zircons have in many cases
remained closed under conditions of up to granulite-
facies. The ages recorded in these grains should thus be
significant in characterizing the sediment sources and
estimating times of sedimentation. Zircon areas that
show ages intermediate between events in the sediment
sources and Variscan metamorphism are generally high
in U and/or Th suggesting that these zircons were more
susceptible to isotopic disturbance during later events.
The generally good preservation of original age infor-
mation in the detritus is in accordance with mostly well-
preserved crystal shapes and surfaces of the detrital
individuals. This suggests generally short distances of
sediment transport and close spatial relations between
the marine sediment basins and the eroding hinterlands.

All four investigated metasedimentary zircon popu-
lations are obviously dominated by Precambrian com-
ponents which were generated during either late
Archean/Palaeoproterozoic or Neoproterozoic events.
There is no zircon phase which can be clearly attributed
to a Mesoproterozoic episode, such as for example the
Grenvillian zircons reported from the Bohemian Massif
or the Mid-German Crystalline Rise (Gebauer et al.
1989; Zeh et al. 2001; Linnemann et al. 2000;



Hegner et al. 2000; Friedl et al. 2000). This ‘Mesopro-
terozoic gap’ is typical for Gondwana sediment sources
such as for example the West Africa Craton (WAC; e.g.
Rocci et al. 1991; Nance and Murphy 1996).

There is a general lack of Cambrian and Early Or-
dovician zircon phases in the Schwarzwald metasedi-
ments, apart from a few spot analyses on zircons from
population 91-1¢c which are interpreted to have been
partially reset by the strong Carboniferous metamorphic
overprint of Neoproterozoic zircon. Younger pre-Car-
boniferous zircon phases are rare in the Schwarzwald
detritus. Only two of the analyzed samples (SB-22, 91-
Ic) contain detrital subpopulations with late-Ordovi-
cian/Silurian ages, and only in rock 91-1c has rare
Devonian zircon been found (Fig. 4). The detritus age
patterns indicate a specific history of pre-Variscan
deposition for the four studied metasediment samples
and rule out transfer of detritus from one common
source area in a single sedimentation cycle. On the other
hand all the studied sediments carry detrital zircons with
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Fig. 4 Comparison of detrital zircon age distributions of the OGC
and the CSGC (this study), with zircon data from the literature for
the Avalonian-Cadomian (4v-Cd) terrane, the Mid-German Crys-
talline Rise (MGCR), the Saxothuringian (S7) belt, the Bohemian
Massif (BM), and the intra-Alpine (/4) terranes (modified after von
Raumer et al. 2002, with additional data from Anthes and
Reischmann 2001 (MGCR); Dorr et al. 2002 (BM); Eichhorn
et al. 2001 (7/4); Guerrot and Peucat 1990 (4v-Cd); Kemnitz et al.
2002 (ST); Loth et al. 2001 (/4); Reischmann et al. 2001 (MGCR);
Schaltegger et al. 1997 (I4); Schaltegger and Gebauer 1999 (/A4)).
Hatching indicates sedimentation episodes determined from the
zircon age data of the present study
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ages < 550 Ma. This suggests that the protoliths were
deposited during Palaeozoic sedimentation episodes.

The influence of the Variscan metamorphic event(s) is
most strongly recognized in U, Th rich zircons whose
CL images indicate a high degree of metamictization and
metamorphic recrystallization of the disturbed zircon
lattices. Together with the mostly well-preserved crystal
shapes of the zircons as a whole the rare occurrence of
Variscan zircon indicates that under the given maximum
P-T conditions at 330 Ma (about 750 °C, 0.42—
0.45 GPa; Kalt et al. 2000) dissolution of detrital zircon
and crystallization of metamorphic zircon was not a
predominate phenomenon. Only in 91-1c a significant
subpopulation has been found being completely meta-
morphic and having euhedral shapes. This subpopula-
tion has been generated at considerably higher
temperatures of the granulite facies (>950 °C; Marsc-
hall et al. 2003).

Constraints on sedimentation episodes and
palaeogeographic positions

The history of the investigated metasediments started
with an episode of weathering and erosion of Pre-
cambrian crust. Different sediment source areas may
have to be assumed for the analyzed metasediments.
Rare and strongly reworked Eburnian rocks are to be
assumed for sample St-4-1, while considerable fractions
of only weakly reworked ancient crust must be invoked
for other samples (e.g. OM-3-2: various well-preserved
rimless Late-Archean/Early Proterozoic zircons). The
Neoproterozoic subgroups dominating in all studied
metasediments (Fig. 4) are e.g. typical of Morocco/
Mauretanian crustal areas (e.g. Sollner et al. 1997). The
Neoproterozoic detrital age distributions of the investi-
gated samples show significant differences, in particular
due to the presence of ca. 650 Ma components in some
samples (Fig. 4). This may suggest a somewhat different
orientation of the Early Palaeozoic basin(s) to different
types of northern Gondwana hinterlands.

The eroding hinterlands that provided the detritus of
all the investigated CSGC and OGC metasediments
were obviously subject to the late stages of the polycyclic
pan-African event. In the source areas of all the samples
studied here, magma generation and metamorphism
occurred between ca. 600 and 545 Ma. This fits well to
the concept of a Neoproterozoic active margin setting
along the entire length of the future Palacozoic micro-
continents at the northern margin of Gondwana (e.g.
Tait et al. 1997, 2000; Sollner et al. 1997; Matte 2001;
von Raumer et al. 2002; Stampfli et al. 2002 and refer-
ences therein). In Fig. 4, the ages of detrital zircons from
the high-grade metasediments of the OGC and the
CSGC are compared to magmatic episodes for the
Lower Ordovician microcontinents at the northern
margin of Gondwana. While granitoid magmatism at ca.
550 Ma is a widespread feature, older Neoproterozoic
ages seem to be a little less common. For the studied



Schwarzwald samples, magmatism and metamorphism
in the source regions was obviously terminated at the
end of the Neoproterozoic (543 Ma; Bowring et al. 1993;
Odin 1994). The prominent Cambrian magmatism
characteristic of most terranes is not documented by the
detrital zircons in the metasediments, but geochemical
data and single zircon dating on orthogneisses have been
interpreted to document a Cambrian magmatic arc for
the Schwarzwald basement (510-500 Ma; Chen et al.
2000). However, the tectonic and premetamorphic rela-
tion between these orthogneisses and the studied me-
tasediments is not clear.

From the Ordovician on, the evolution of the
investigated metasediments of the Schwarzwald differed
(Fig. 4). No Palaeozoic detrital zircons were found in
the metasediments St-4-1 (CSGC Unit 1) and OM-3-2
(OGC). A maximum sedimentation age of about
550 Ma for these samples is given by the youngest
detrital zircons. Zeh et al. (2001) suggested that late
Proterozoic to Early Cambrian sediments from the
Mid German Crystalline Rise, derived from peri-
Gondwana, have rather high epsilon-Nd values, while
sediments younger than Middle Cambrian commonly
have epsilon-Nd (T) values <-6. Liew and Hofmann
(1988) reported a value of —7 for a Schwarzwald me-
tasediment close to the location of St-4-1. This could
favour an onset of sedimentation in the basins
represented by samples St-4-1 and OM-3-2 later than
the Middle Cambrian. Hanel et al. (1999) found pal-
ynological evidence (chitinozoa) for marine sedimen-
tation of Ordovician age in amphibolite-facies
paragneisses from a borehole in the Northern Sch-
warzwald close to the OGC. A HT event at about
480 Ma, suggested for Unit 1 by various authors on
the basis of zircon dating (Steiger et al.1973; Kober
et al. 1986), Rb-Sr whole rock data (Hofmann and
Kohler 1973) and garnet Pb-Pb dating (Chen et al.
1998, cited in Chen et al. 2000), may be taken as a
further argument for Ordovician consolidation of the
metasediments of Unit 1 and the OGC. In summary,
most of the cited evidence is in favour of a sedimen-
tation episode that started after the Middle Cambrian
and terminated in the Ordovician.

In metasediment SB-22 (Unit 2), the presence of a
Late Ordovician detrital subpopulation indicates a
considerably later episode of erosion and sedimentation
for Unit 2 than for Unit 1 sediments. The igneous origin
of the youngest (Late Ordovician) detrital zircons evi-
dences melt generation in the source areas, and
reworking of Precambrian crust (e.g. grain SB-22-2-3,
Fig. 3). The metasediments of Unit 2 contain lenses and
layers of isofacial amphibolites occasionally interlayered
with fine-grained leucocratic gneisses. The chemical
composition indicates a calc-alkaline nature of the pre-
cursors (e.g. Wimmenauer 1984; Wimmenauer and Ha-
nel 1997). The igneous detrital zircons and the calc-
alkaline nature of the amphibolite intercalations agree
with an active margin setting after the Upper Ordovi-
cian. Such a setting is proposed for the western part of
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the future Hun superterrane, particularly for Cadomia,
through closure of part of the Rheic ocean and sub-
duction under the northern margin of Gondwana, be-
fore the Silurian opening of the Palaeo-Tethys and the
final detachment from Gondwana (von Raumer et al.
2002; Stampfli et al. 2002).

The Ordovician detrital subpopulation of the granu-
lite-facies metasediment 91-1c (Unit 3 of the CSGC) has
morphological and geochronological features very sim-
ilar to SB-22. However, in the case of 91-1c, an even
younger, but rare detrital component was identified
which indicates a younger episode of sedimentation in
the Devonian (<3904 10 Ma), followed shortly after-
wards by HP-HT granulite-facies metamorphism
(335+2 Ma). A Lower to Middle Devonian magmatic
episode is so far unknown for the Schwarzwald base-
ment, and also not a generally observed feature of the
Moldanubian and Saxothuringian zones of the Variscan
fold belt. However, Devonian ages of high-pressure
metamorphism, probably related to the collision of Ar-
morica/the western Hun superterrane with Avalonia or
fragments thereof, were reported from several klippen in
the Saxothuringian (e.g. Miinchberg Gneiss Massif;
Stosch and Lugmair 1990), from the Massif Central (Pin
1991) and from Galicia (e.g. Marcos et al. 2002). Schifer
et al. (1997) reported detrital zircons and debris of
crystalline rocks derived presumably from the Tepla-
Barrandian zone with an age of about 380 Ma in Sax-
othuringian flysch sediments. From single zircon anal-
yses, Anthes and Reischmann (2001) reported Lower
Devonian granitoid magmatism for the western part of
the Mid-German Crystalline Rise (MGCR, see Fig. 4),
originating presumably in response to subduction of the
Rhenohercynian ocean from the north. The lowermost
zircon ages for the MGCR (398 +3 Ma, Zeh et al. 1997;
405+ 3 Ma, Reischmann et al. 2001) are also within the
error of the Devonian age reported in the present study.
Another Lower Devonian age of detrital zircons
(386 +£2 Ma), also identical within the error limits, was
reported by Schaltegger et al. (1996) from non-meta-
morphic Famennian sediments from the Southern Vos-
ges volcano-sedimentary basin. The provenance of these
zircons is unknown.

All these findings support the suggestion that the
sediments of Units 2 and 3 of the CSGC were deposited
in marine basins during Siluro (?)/Devonian times.

Implications to zirconology

In the Schwarzwald basement, Carboniferous meta-
morphism, i.e. low-pressure high-temperature condi-
tions (about 750 °C, 0.42-0.45 GPa) in all units and the
preceding  granulite-facies  conditions  (>950 °C,
>1.5 GPa) in Unit 3 pervasively transformed the pre-
cursors of the investigated metasediments to gneisses
with metamorphic mineral assemblages. Under these
conditions the U-Pb isotopic systems of zircon are ex-
pected to be significantly modified, and in certain cases



they are more likely to record the time of metamorphic
overprint (e.g. Pidgeon 1992; Vavra et al. 1996; Hoskin
and Black (2000). The overall behaviour of the U-Pb
system of the detrital zircons from the present study
appears different. The intensity of the high-grade meta-
morphism in the study area was not sufficient to severely
obliterate the protolith age information in most of the
zircons. A more or less complete set of detrital zircon
ages could thus be derived, even in case of peak tem-
peratures approximating 1,000 °C. Various detrital zir-
con individuals show intense alteration and secondary
internal structures due to transgressive recrystallization
and element redistribution. However, in many of these
cases, the protolith ages are well preserved. The obser-
vation of closed-system behaviour of the U-Pb system of
zircon under high-grade conditions is in agreement e.g.
with the results of Kroner et al. (2000) for high-pressure
granulites from Southern Bohemia/Czech Republic. It
supports the conclusions of Moller et al. (2002) who
reported negligible resetting of Norwegian zircon pop-
ulations under dry granulite-facies conditions with
temperatures >950 °C.

In the investigated samples, only subpopulations with
high U and Th contents (several thousand ppm) and a
complete breakdown of the zircon lattice by metamicti-
zation, followed by subsequent recrystallization in the
course of a thermal event, show such a strong read-
justment of the U-Pb system that in some cases these U-
Pb systems record the subsequent metamorphic event(s).
This is relevant for discussions of the geological rele-
vance of zircon age data from high-grade metamorphic
zircon. The U-Pb stability of the low U-Th relatively
crystalline zircons is in accord with the very low diffu-
sivities of U, Th and Pb (Cherniak et al. 1997; Lee et al.
1997) and the very high closure temperatures for Pb loss
in zircon (Lee et al. 1997), indicating that volume dif-
fusion in intact zircon crystals is not the dominant
process of Pb loss (Mezger and Krogstad 1997).

In the case of the Schwarzwald samples, the
response of detrital zircons to metamorphic overprint
and/or the formation of new zircon seems to be more
pronounced under granulite-facies, nearly ultra-high-
temperature conditions, than in the amphibolite facies.
Time estimates e.g. from garnet zoning and the T-t
path of HT gneisses and migmatites from the Bayeri-
sche Wald suggest a very short thermal peak for the
Variscan HT-LP metamorphism (Kalt et al. 2000). This
may explain why there is only a minor amount of
newly formed zircon in the amphibolite-facies metase-
diments of Units 1 and 2 and the OGC in the Sch-
warzwald. The duration of Variscan granulite-facies
metamorphism, such as in Unit 3 of the Schwarzwald,
could not be estimated. The availability of partial melt
may be important. However, greywacke compositions,
as represented by the samples of Units 1, 2 and the
metasediment from the OGC do not yield much partial
melt at temperatures around 750-800 °C (e.g. Stevens
et al. 1997). In case of sample 91-1c from CSGC Unit
3, strong influence of partial melts on the genesis of the
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investigated zircons is not supported by the internal
grain morphologies with complete absence of zoning in
the Carboniferous zircon phases.

Summary and conclusions

The internal morphologies of many of the investigated
detrital zircons from metasediments of the Northern and
Central Schwarzwald basement have been considerably
modified during different episodes of high-grade meta-
morphism (up to 1,000 °C). However, in many of the
studied individuals, blurring of primary internal mor-
phologies, and generation of secondary structures by
recrystallization did not severely obliterate the original
age information. This demonstrates that SHRIMP ages
derived from detrital zircon populations in high- to
ultrahigh-grade metasediments can still reflect the age
structure of the sediment provenance.

The investigated metasediments from the OGC and
from the three investigated tectonometamorphic units of
the CSGC have been deposited during Palaeozoic sedi-
mentary cycles. The source rocks of all of the Pre-
cambrian detrital zircons have northern Gondwana
geochronological signatures, resembling for instance the
West African Craton, and related to the marginal belts
formed during the Neoproterozoic. No significant sedi-
ment influx from Grenvillian provinces (e.g. like those of
Amazonia or Baltica) has been observed in the detritus,
in contrast e.g. to basement rocks of the Bohemian
Massif. On the other hand the studied rocks are similar
to the Bohemian rocks in the dominance of Cadomian/
pan-African zircons documenting repeated crustal
reworking and magmatism in the source rock areas.

Different Palaeozoic evolutions are indicated for the
investigated tectonometamorphic units. Metasediments
of Units 2 and 3 contain Late Ordovician and Devonian
(only Unit 3) detritus. They were presumably located in
parts of Gondwana derived microcontinents (e.g. the
Hun superterrane sensu Stampfli et al. 2002) that formed
their leading edge during accretion to the northern
continents. Consolidation of these units took place
during diagenesis and metamorphic processes of Car-
boniferous age. The granulite-facies metamorphism in
Unit 3 is precisely dated at 33542 Ma. Unit 1 and OGC
metasediments lack Palaeozoic detritus. They were
probably deposited close to a continental environment
that later collided with the northern continents in the
Viséan and was consolidated for the first time by dia-
genetic and metamorphic processes in the Early Palae-
ozoic and finally metamorphosed in the Carboniferous.
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