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Abstract

Presently, little is known about the provenance and depositional ages of clastic metasedimentary rocks of the Badenweiler—
Lenzkirch Zone (BLZ), which is squeezed between high-grade gneisses of the Central and Southern Black Forest Gneiss
complexes. This lack of knowledge prevents detailed correlations with other sedimentary units and limits our understand-
ing of the pre- to syn-Variscan evolution in Central Europe. In this study, we present the first set of data combining U-Pb
ages, Hf isotope data, and shape parameters of detrital zircon populations of nine samples collected from three formations
of the BLZ: Sengalenkopfschist, Schleifenbachschist, and Protocanites Greywacke. Based on biostratigraphic record, these
formations are assumed to be deposited from the Early Ordovician to Early Carboniferous. This interpretation, however, is at
odds with the detrital zircon age record, revealing robust maximum depositional ages between 368 and 378 Ma for all three
units. Age spectra show peaks at 380-400 Ma, 480-500 Ma, 600-620 Ma, 700-750 Ma, 0.9-1.1 Ga, 1.8-2.2 Ga, and 2.6 Ga,
and Hf isotopes a juvenile input at 380—-410 Ma (eHf, up to+5). Combined zircon age-Hf isotope data point to three major
sources, which are similar to the metamorphic gneiss units exposed in southern Black Forest (Wiese-Wehra, Todtmoos, and
Murgtal), hosting relics of different Gondwana-derived terranes, in addition to a Late Devonian arc-back arc system. The
finding of abundant zircon grains of euhedral shape in all BLZ samples and similar zircon typologies additionally suggest
supply from a proximal magmatic arc source.
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Introduction

The Black Forest (Schwarzwald) in southern Germany
forms a central part of the Variscan Orogen (Fig. 1a), which
is interpreted to result from the amalgamation of several
microcontinents and terranes, and closure of oceanic basins
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in between (e.g., Stampfli et al. 2002; von Raumer et al.
2002, 2013; Franke et al. 2017; Neubauer et al. 2022). These
microcontinents were originally located along the northern
margin of Gondwana until ca. 500 Ma, and underwent a
differential drift history until 350 Ma (e.g., Tait et al. 1997;
Linnemann et al. 2000; Zeh et al. 2001, 2023; 74k et al.
2023). Some authors argue that all Variscan terranes have
been assembled within an extremely wide shelf that never
left mainland Gondwana until the Variscan collision (e.g.,
Linnemann et al. 2004; Kroner and Romer 2013; Zak and
Slama 2017; Zék et al. 2023), whereas other authors suggest
a proper rift history, with the formation of oceanic realms
between individual terranes (e.g., Haas et al. 2020; Finger
and Riegler 2022; Neubauer et al. 2022; Zeh et al. 2023). In
the Black Forest, the Paleozoic drift history is assumed to be
preserved in the low-grade metasedimentary rocks of Baden-
weiler—Lenzkirch Zone (BLZ), which forms a ca. 5 km wide
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Fig. 1 a Position of the Black Forest in the Moldanubian Zone of the slivers, CBF Central Black Forest Gneiss Complex, BLZ Baden-
European Variscan Belt (modified after Schonenberg and Neugebauer weiler-Lenzkirch Zone, SBF Southern Black Forest Gneiss Complex.
1997). b Geological Units of the Black Forest Gneiss Complex: BBZ ¢ Geological map of the Zone of Badenweiler-Lenzkirch (modified
Baden-Baden Zone, NGC Northern Granite Complex with gneiss after Sawatzki and Hann 2003)
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belt squeezed between high-grade gneisses of the Central
and Southern Black Forest gneiss complexes (Fig. 1b). Pre-
vious studies suggest that the protoliths of the BLZ meta-
sediments, mostly shales and greywackes, were deposited
in a deep marine basin between the Early Ordovician and
Early Carboniferous. This interpretation is supported by
the biostratigraphic record, comprising goniatites, cono-
donts, acritarchs, and chitinozoans, which have rarely been
found in schist and greywacke layers (Weyer 1962; Kneidel
et al. 1982; Hann et al. 1995; Giildenpfennig 1997; Mon-
tenari et al. 2000; Vaida et al. 2004; Korn and Montenari
2023). Metarhyolithic layers yielded a lower Devonian age
at 393 Ma (Pb-Pb zircon evaporation: Hann et al. 2003a),
whereas metaconglomerates, locally associated with the
greywackes, were interpreted to represent diamictites related
to the Hirnantian glaciation of Gondwana (Ziegler and Wim-
menauer 2001). Presently it remains unknown whether the
BLZ sediments result from a continuous deposition from
the Early Ordovician to the Early Carboniferous, or from
periodic input. Furthermore, nearly nothing is known about
the provenance of the clastic sedimentary rocks, and the
magmatic evolution in the pre-Variscan hinterland. Based on
Pb-Pb ages of 16 detrital zircon grains along with bulk-rock
(isotope) geochemical data, Hegner et al. (2005) postulated a
provenance located to the north of the BLZ, although barely
supported by the geological record.

To place new constraints on the evolution of the Variscan
basement exposed in the southern part of the Black Forest,
we present in this study a comprehensive set of data, com-
prising U-Pb ages, Hf isotope data, and shape parameters
of detrital zircon populations from nine samples of differ-
ent units of the BLZ. These data, along with compilations,
will place new constraints on maximum depositional ages,
sediment provenance and transport, as well as on the pre- to
syn-Variscan crustal evolution in the hinterland. Further-
more, significant inconsistencies will be revealed between
the biostratigraphic record and detrital zircon ages, which
require significant revisions of previous concepts. Finally,
a model is presented, which provides new insight into the
pre- to syn-Variscan evolution of the Moldanubian realm in
Central Europe prior to 370 Ma.

Geological setting of the Black Forest

The Black Forest (Schwarzwald) in southern Germany
forms a ca. 2000 km? basement complex of the Variscan
Belt (Fig. 1). Based on detailed mapping, the basement is
subdivided into five major units, which are designated from
north to south as: (1) Baden-Baden Zone, (2) Northern Black
Forest Granite Complex, (3) Central Black Forest Gneiss
Complex, (4) Badenweiler—Lenzkirch Zone (BLZ), and (5)
Southern Black Forest Gneiss Complex (Fig. 1b). While
the Northern Black Forest Granite Complex is dominated

by Variscan granites, the other four units mainly consist of
metasedimentary rocks of presumably Neoproterozoic to
Palaeozoic age (Wimmenauer 1988; Montenari et al. 2000;
Hanel et al. 2001; Vaida et al. 2004; Zeh et al. 2023), but
were affected by a different degree of metamorphic over-
print, from greenschist to eclogite- and granulite-facies
during the Variscan orogeny (e.g., Kalt et al. 2000; Mar-
schall et al. 2003). Locally, these units contain pre-Variscan
orthogneisses of Cambrian age (e.g., Chen et al. 2000), and
were intruded by late Variscan granites at 340-335 Ma (for
summary see Kroner et al. 2008).

The Baden-Baden Zone is traditionally considered to
be part of the Saxothuringian Zone of the Variscan Belt,
and the four southern units part of the Moldanubian Zone
after Kossmat (1927). The Baden-Baden Zone consists of
greenschist to amphibolite-facies metamorphic rocks, mostly
metagreywackes, quartzites, carbonate rocks intercalated by
mafic volcanic rocks (diabase). This assembly of rocks is
interpreted to represent accreted crustal fragments with dif-
ferent metamorphic and tectonic histories (Wickert et al.
1990; Kalt et al. 2000). Acritarchs suggest an Upper Cam-
brian to Lower Ordovician depositional age (Montenari and
Servais 2000).

The Northern Black Forest Granite Complex separates
the low- to medium-grade metamorphic rocks of the Baden-
Baden Zone from the high-grade metamorphic gneisses of
the Central Black Forest Gneiss Complex. The complex
mainly consists of Variscan granites of different composi-
tion and origin (Altherr et al. 1999, 2000), which intruded
into pre-Variscan ortho- and paragneisses mainly exposed
in the Omerskopf area.

The Central Black Forest Gneiss Complex comprises
a pile of nappes. It is interpreted as a bivergent “pop-up”
structure that has been thrust together with gneisses of the
Northern Black Forest Granite Complex over the Baden-
Baden Zone to the north and the BLZ to the south (Eisbacher
et al. 1989). Four nappes are distinguished, which are from
top to the bottom: (1) the Feldberg Nappe, representing a
monotonous gneiss unit with high-pressure relicts (unit 1
of Hanel and Wimmenauer 1990; Kalt and Altherr 1996),
(2) the Granulite Nappe, consisting mainly of retrogressed
granulites (unit 3 after Rohr 1990; Hanel et al. 1993), (3)
the Miinstertal Nappe, comprising a wide range of meta-
morphic rocks without any high-pressure relicts (unit 2 after
Flottmann and Kleinschmidt 1989; Hanel and Wimmenauer
1990), and (4) the Rand Granite Nappe (Hann et al. 2003b).
The metamorphic rocks were intruded by Variscan granites
at ca. 335-330 Ma, the largest of which is the Triberg Gran-
ite (e.g., Schleicher 1994).

The BLZ, which is the focus of this study, forms a small
belt of low-grade sedimentary and volcanic rocks (ca. 40 km
long and 5 km wide), separating the high-grade metamor-
phic rocks of the Central Black Forest Gneiss Complex from
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the Southern Black Forest Gneiss Complex (Fig. 1b, c¢). The
BLZ is interpreted as an E-W trending syncline, which was
formed in a dextral transpressional regime during Variscan
collision at ca. 340-330 Ma. It is limited to the north by
sheared granitoid rocks of the Rand Granite Nappe (Hann
et al. 2003b), with the youngest porphyritic granites dated
at 330.9 +4.8 Ma (SIMS U-Pb zircon; Altherr et al. 2019).
The BLZ is subdivided by the Stratigraphic Commission of
Germany (Hanel et al. 2001) into three units designated as
Sengalenkopfschist Formation (Northern Unit), Protocanites
Greywacke Formation (Central Unit), and Schleifenbach-
schist Formation (Southern Unit; Fig. 1c¢). The two basal
formations (Sengalenkopfschist and Schleifenbachschist)
consist of low- to medium-grade phyllites, metasiltstones,
metagreywackes, metaconglomerates, and quartzites, which
are suggested to be deposited in marine environments dur-
ing the Ordovician to Silurian/Early Devonian (Hann et al.
1995; Montenari et al. 2000; Vaida et al. 2004). Vaida et al.
(2004) subdivided the Sengalenkopfschist Formation further
into two belts: a southern belt of Early Ordovician age (late
Arenig to earliest Llanvirn) dominated by metagreywackes
and metapelites (Typ Aitern after Giildenpfennig 1997), and
a northern belt of Silurian (Wenlock to Ludlow) to early
Devonian age dominated by metasiltstones with some meta-
rhyolitic lenses, layers, and locally decameter size bodies
around Prég or at the top of the Séuling. Three zircon grains
of one metarhyolith layer from the Sengalenkopf-Prigbach
zone were dated by Pb-Pb evaporation technique at 393 Ma
(Hann et al. 2003a). Poorly preserved chitinozoans found
in the Schleifenbachschist Formation are not diagnostic
and limit the age of sediment deposition roughly between
Ordovician and Early Devonian (Fig. 2). Metaconglomer-
ates of the Sengalenkopfschist Formation were interpreted
as dropstones formed during the Ordovician (Hirnantian)
glaciation of Gondwana (Ziegler and Wimmenauer 2001).
The two basal units of the BLZ are overlain by a (meta)
greywacke sequence (Protocanites Greywacke Formation) of
Tournaisian age, as inferred from goniatites (Korn and Mon-
tenari 2023). Conodonts locally found in marine shale lenses
indicate a Late Devonian age (Weyer 1962; Kneidel et al.
1982). The Protocanites greywacke sequence is crosscut by
rhyodacite dikes and overlain by pyroclastic rocks of Viséan
age (340 +2 Ma, U-Pb zircon TIMS dating; Schaltegger
2000). Finally, the basement units of the BLZ are intruded
by Variscan granites (Miinsterhalden, Sankt Blasien, Bérh-
alde granite) at 333 +2 Ma (U-Pb TIMS: Schaltegger 2000)
and covered by molasse-type sediments (Badenweiler Con-
glomerate Formation) of Late Viséan age (Fig. 2).

The Southern Black Forest Gneiss Complex is subdi-
vided by the Stratigraphic Commission of Germany (Hanel
et al. 2001) into three major units: (1) Murgtal, (2) Todt-
moos, and (3) Wiese-Wehra Gneiss units, which underwent a
Viséan high-T/low-P metamorphism. The Wiese-Wehra unit
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is interpreted to form a nappe (Hann and Sawatzki 1998),
which has been thrust above the other two gneiss units
under ductile conditions between 342 and 333 Ma (Hegner
et al. 2001), followed by the intrusion of Variscan granites
at 334+ 3 Ma (e.g., Albtal granite: U-Pb-zircon ID-TIMS:
Schaltegger 2000). Results of a recent provenance study
indicate that the Murgtal unit hosts the oldest sedimentary
rocks of the Southern Black Forest Gneiss Complex, i.e.,
greywackes of Ediacarian age deposited at <545 Ma (Zeh
et al. 2023), perhaps overlain by Cambro-Ordovician to Silu-
rian sedimentary sequences, as concluded from acritarchs
and chitinozoans in graphite-rich (meta)sedimentary rocks
(Vaida et al. 2004). Sedimentary protoliths of the Wiese-
Wehra and Todtmoos Gneiss units were deposited during
the late Devonian at <375 Ma in different geotectonic set-
tings (Fig. 2). The Wiese-Wehra metagreywackes host relics
of a Cadomian oceanic arc formed at 610 Ma (eHf = +5
to+ 8), but also of a Late Devonian-Early Carbonifer-
ous arc-back arc system with juvenile input at ca. 375 Ma
(eHf,=0 to+ 10; Zeh et al. 2023). A juvenile arc setting is
also reflected by relics of a mafic layered intrusion (Sebert
and Wimmenauer 1992), which emplaced the Wiese-Wehra
unit at ca. 350 Ma (eNd, =6.3; Hegner et al. 2001). Detrital
zircon grains in Todtmoos metaarkoses reflect subduction-
related magmatism at 490-420 Ma, and at 380 Ma in a con-
tinental arc setting (eHf,=—2 to —8; Zeh et al. 2023).

Samples

During this study, zircon populations from nine (meta)
sedimentary rock samples of the BLZ were investigated
for U-Pb dating and zircon shape analyses. Three of these
samples were additionally analysed for Lu—Hf isotopes.
Two samples are from the Protocanites Greywacke For-
mation (PR19, PR21), one from the Schleifenbachschist
Formation (SL24), and six samples from the Sengalen-
kopfschist Formation (SK13, SK16, SK17; SK329, SK339,
SK352)—(for sample localities see Table 1 and Fig. 1c).
The samples PR19 and PR21 are weakly deformed polymic-
tic greywackes. Sample PR21 is coarse-grained with round
clasts having sizes up to 5 mm in diameter (conglomerate),
while the grains of sample PR19 are mostly <2 mm (sand
fraction). The detritus in both samples is dominated by lithic
clasts, mainly felsic volcanic rocks (K-feldspar and/or quartz
phenocrysts setting in a fine grained or glassy-recrystallized
matrix), and minor metamorphic rocks (phyllites, quartz-
phyllites). The lithic clasts are commonly embedded in a
fine-grained “clayish” matrix consisting of sericite-chlorite,
silty quartz, and feldspar clasts. The rocks of the Schleif-
enbachschist and Sengalenkopfschist formations are com-
monly well foliated, except quartzite sample SK16, which
appears compact and is composed of re-crystallised undula-
tory quartz and minor plagioclase and garnet. Three samples
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et al. 2001) and data from Kneidl et al. (1982) and Vaida et al. (2004)
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Table 1 Co-ordinates of rock samples from the Badenweiler—Lenzkirch zone

Sample Rock type Location Sample co-ordinates
Longitude S  Latitude E
Protocanites greywacke unit (central unit)
PR19 Metagreywacke (fine) Wiese valley, at northern end of 47°46'51.97" 7°54'41.06"
Schonau
PR21 Metagreywacke (coarse) Wiese valley, at northern end of 47°46'51.97" 7°54'41.06"

Sengalenkopfschist unit (northern unit)

SK13 Metagreywacke (banded), Grt

SK16 Impure quartzite, Grt

SK17 Metaconglomerate, C, Grt

SK329-5 Metaconglomerate, C, Grt

SK339-P Metagreywacke (fine), C

SK352-M Metagreywacke, Grt
Schleifenbachschist unit (southern unit)

SL24 Metagreywacke (schistous), C

Schonau

Quarry “Wacht” at road L149 near 47°48'16.59" 8°00'19.08"

Bernau
Quarry “Wacht” at road L149 near 47°48'16.59" 8°00'19.08"
Bernau
Road L.149 Bernau-Prig (small trail) 47°48'14.38" 7°59'18.30"
Utzenfeld 47°79'83.63" 7°97'31.57"
Utzenfeld 47°8029.79" 7°92'23.36"
Sengalenkopf 47°80'49.57" 7°92'79.30"

Road Schénau to Tunau 47°46'57.91" 7°54'30.17"

C—graphite-bearing, Grt—garnet-bearing

of the Sengalenkopfschist Formation are from localities
previously investigated for acritarchs and chitinozoans by
Vaida et al. (2004); (1) sample SK339: fine-grained meta-
greywacke from Utzenfeld (close to sample #1 of Vaida et al.
2004; suggested biostratigraphic age: Early Ordovician); (2)
sample SK352: metasiltstone/phyllite from the Sengalenkopf
area (close to sample #45 of Vaida et al. 2004; suggested
biostratigraphic age: Silurian; (3) sample SK329: meta-
conglomerate from the Sengalenkopf area; previously inter-
preted by Ziegler and Wimmenauer (2001) to represent a
“dropstone” deposit of Hirnantian age. The other three sam-
ples (SK13: metagreywacke; SK16: quartzite; SK17: meta-
conglomerate) are either from the quarry “Wacht” near Ber-
nau (close to the location sampled by Hann et al. (2003a) for
metarhyolith dating) or ca. 1 km east of it (Fig. 1c). These
samples are from the “Silurian northern belt” defined by
Vaida et al. (2004). All samples of the Sengalenkopfschist
Formation, except SK352 (from Utzenfeld) contain euhedral
garnet porphyroblasts up to 200 um in diameter, found in
heavy mineral concentrates.

Analytical methods
Zircon separation and imaging

Representative zircon populations were recovered from
nine samples of ca. 1 kg weight. The samples were crushed
with a jaw crusher (<3 mm) and steel disc mill to grain
sizes <500 pm (2 min in disc mill), and the heavy min-
eral fraction was enriched by panning only. Finally, zircon
grains were manually selected with a brush from the panning
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concentrates under ethanol. To select a representative popu-
lation, ca. 200 grains per sample were systematically picked
after multiple steerings (homogenization) the concentrate
for about 1 min with a brush. Subsequently, all grains were
selected from (sub)aliquots, independent of size, shape, and
degree of alteration or fracturing. The selected populations
were pipetted with ethanol on double-sided tape, sputtered
with Au for 15 s, and imaged for their morphologies by
backscattered electron (BSE) microscopy using a TESCAN
VEGAZ2 scanning electron microscope at the Department
of Mineralogy and Petrology at Karlsruhe Institute of Tech-
nology (KIT). Representative images are shown in Fig. 3.
Subsequently, the same grains were mounted with epoxy
and ground to expose their centre parts. The polished grains
were imaged again by BSE to gain information about their
internal zoning. Subsequently, each grain was numbered,
and the populations were investigated for zircon shape (all
selected grains per sample), U-Th-Pb dating (120-150
grains per sample) and Hf isotope analyses (70 grains per
sample; selected based on the results of U-Pb dating; only
grains with concordance level 90-110%).

Zircon U-Th-Pb analyses

Uranium-Th-Pb analyses were performed by laser abla-
tion— sector field—inductively coupled plasma mass
spectrometry (LA-SF-ICP-MS) during 4 sessions, using
a 193 nm ArF Excimer laser (Analyte Excite +, Teledyne
Photon Machines) coupled to a Thermo-Scientific Ele-
ment XR instrument at KIT, Karlsruhe, Germany. Zircon
grains of unknown age were analysed together with the
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(a) non-fragmented (b) fragmented

Fig.3 Representative images of zircon grains found in meta-
greywackes of the Badenweiler-Lenzkirch Zone. a-d non-fragmented,
fragmented, completely damaged, and fractured zircon grains. e zir-
con grain aggregates, f zircon grains with apatite and melt inclusions,

reference zircon BB (primary standard), PleSovice, and
KA1 (KaapValley), using a laser spot diameter of 20 um,
a laser fluence of 2.7 Jem™2, at a 10 Hz repetition rate, RF
power= 1230 W, a mixed Ar-He-N, carrier gas consisting
of Ar=0.91 Lmin™!, He=0.3 cell +0.2 cup (both Lmin™}),
and N,=0.0012 Lmin~". Three pulses of pre-ablation were
obtained prior to each analysis of 15 s duration following a
15 s background measurement. All raw data were corrected
offline using an in-house MS Excel© spreadsheet program
(Gerdes and Zeh 2006, 2009). A common Pb correction
based on the interference and background corrected 2**Pb
signal and a model Pb composition were applied (Stacey and
Kramers 1975). More detailed information about analytical
conditions are presented in ESM (Table S1), and the results
of measurements of reference zircons and unknowns in ESM
(Table S2). The results of U-Pb dating are summarized in

(c) completely damaged

(d) fractured

(f) inclusions apatite

melt incl.

g zircon crystals of perfect euhedral shape with different typologies
(typology classification Q2, J2, etc. according to Pupin 1980), h zir-
con grains disintegrated by peeling (removal of the outer shell) dur-
ing sediment transport and/or metamorphic overprint

Table 2. Concordia diagrams were plotted by means of the
software ISOPLOT 3.75 (Ludwig 2012), and age spec-
tra with the freeware AgeDisplay (Sircombe 2004), using
206pp/2381 ages for analyses with ages < 1000 Ma, and
207pp/2%Ph ages of all zircon analyses with ages > 1000 Ma,
and with a concordance level of 90-110% (Fig. 4a).

Lu-Hf isotope analyses

Lutetium—Hf isotope analysis was carried out with a Res-
olution M-50 193 nm ArF Excimer laser system coupled
to a Thermo-Scientific multicollector (MC)-SF-ICP-MS
(Neptune Plus) at FIERCE Frankfurt am Main, Germany.
The analytical protocols used are the same as described in
detail by Gerdes and Zeh (2006). Detailed operating con-
ditions for Lu—Hf isotope analyses and results of standard
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gz?ilr?gz Results of U-Pb zircon Sample n P % MDA® +26 RMDA! +26 MSWD. Probo; n°
(all) (90-110%) (Ma) (Ma)
Protocanites greywacke unit (central
unit)
PR19 119 87 73 365 6 3721 25 170 0.10 14
PR21 150 102 68 350 6 373.3 24 1.00 0.45 8
Sengalenkopfschist unit (northern unit)
SK13 120 89 74 367 6 371.2 1.8 1.12 0.30 14
SK16 117 91 76 357 6 3721 19 0.78 0.81 16
SK17 119 86 72 358 6 368.0 22 1.30 0.13 12
SK329-5 119 91 76 366 9 376.7 2.0 1.16 0.23 20
SK339-P 120 94 78 378 11 378.3 3.7 036 0.98 7
SK352-M 125 94 75 368 9 378.0 21 110 0.30 21
Schleifenbachschist unit (southern unit)
SL24 149 104 70 367 10 370.6 22 120 0.18 14

a—number of all analyses per sample

b—number of analyses with concordance level 90-110%

c—MDA—maximum depositional age defined by youngest zircon grain of 100% concordance

d—RMDA—robust maximum depositional age defined by youngest zircon age cluster (bold ages are most

reliable)

e—number of grains used for RMDA calculation

MSWD( -Mean Square Weighted Deviation (of concordance and equivalence)

Probg—Probability (of concordance and equivalence)

@) NON

PR19, n=86/117, 90-110%conc.

I PR21, n=102/149, 90-110%conc.

— -

SL24, n=102/149, 90-110%conc.

|

cumulative frequency (%)

SK13, n=88/119, 90-110%conc.

I SK16, n=91/118, 90-110%conc.

SK17, n=84/117, 90-110%conc.

Relative Probability

k352, n=92/123, 90-110%conc.

‘ SK-329, n=90/117, 90-110%conc.
. | SK-339, n=94/120, 90-110%conc.
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Fig.4 Age spectra of zircon populations in metasedimentary rocks
of the three formations (SK-Sengalenkopfschist, PR-Protocanites
Greywacke, SK-Schleifenkopfschist) of the Badenweiler-Lenzkirch

measurements are presented in ESM (Table S3). Multi-
ple measurements of reference zircon GJ1 and Temora-1
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during the analytical session yielded '"®Hf/!""Hf ratios of
0.282000 +0.000026 (26 S.D.) and 0.282650 +0.000031
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(20 S.D.) respectively, in agreement with published values
(Woodhead and Hergt 2005).

For calculation of the epsilon Hf (eHf,), the chondritic
uniform reservoir (CHUR) was used as recommended
by Bouvier et al. (2008); 7Lu/'""Hf and "°Hf/'""Hf of
0.0336 and 0.282785, respectively, and a decay constant
of 1.867x107!! (Scherer et al. 2001; Sodderlund et al.
2004). Two-stage Hf model ages (Tp,,) were calculated
by applying '7°Hf/'7"Hf =0.283181 +0.00023 (n=46) and
176 u/"""Hf = 0.038055 for the depleted mantle (DM) evo-
lutionary line (average MORB composition of Atlantic and
Indian oceans of Chauvel and Blichert-Toft 2001), result-
ing in a depleted mantle (DM) evolutionary line ranging
from + 14 (today) to zero (at 4.56 Ga). Crustal evolution-
ary trends were modelled by applying "®Lu/!"’Hf =0.0113
for continental crust (average of Taylor and McLennan
1985 and Wedepohl 1995). For all detrital zircon grains,
initial "7Hf/!""Hf, eHf, and Tp,, were calculated using the
207pp/206pp ages obtained for the respective zircon domains
(ESM: Table S3).

Zircon shape parameters and alpha decay doses

Shape parameters of zircon grains (length, width, aspect
ratios, roundness and typologies) were quantified using
BSE images. Length and aspect ratios were only obtained
from non-fragmented grains, and the width parameter from
all suitable fragments. The degree of roundness (DOR) was
estimated by applying the classification scheme of Zeh and
Cabral (2021), which distinguishes five classes: (1) all zircon
edges are perfectly angular, (2) most/all edges are slightly
rounded, (3) most edges and tips are significantly rounded,
but the typology can still be classified by applying the clas-
sification scheme of Pupin (1980), (4) all edges and tips are
strongly rounded, but faces are relic preserved, (5) com-
pletely rounded grains, without any primary faces. Zircon
typologies were classified using the classification scheme of
Pupin (1980) for all zircon grains with DOR =1-3, includ-
ing fragments having a sufficient number of faces allowing
an unambiguous identification. The average temperatures
were calculated according to Pupin (1980) as following:
avT = Y20 T; (for i=600, 650, 700, 750, 800, 850,
900°C), and alpha-decay doses by applying the equations
of Murakami et al. (1991), using the U and Th contents
analysed by LA-ICP-MS. The results are presented in ESM
(Table S4), and summarized in Table 3.

Statistical data comparison

Statistical comparison of age spectra (1D), and combined
age-eHf, data (2D) were carried out with the R-freeware
“detzrer” of Andersen et al. (2018), using an age-bandwidth
of 30 Ma, eHf,-bandwidth of 2.0, and only age data with

a concordance level of 90-110%. Agreement between age
spectra (translated into cumulative probability; see Fig. 4b)
is evaluated on the basis of two parameters: (1) “likeness”
value of Satkoski et al. (2013), and (2) “0-1" parameter
of Andersen et al. (2018). High agreement is commonly
reflected by “likeness” values >0.70, and “0-1" parameter
0.00-0.01 (for details see Andersen et al. (2018). The results
are presented in Fig. 5.

Results
Zircon U-Pb ages

From each sample 120-150 zircon grains were systemati-
cally analyzed for U-Pb dating (ESM -Table S2). Care was
taken to avoid fractures or altered domains (based on BSE
images). Most of the analyses yield ages with concordance
level 90-110% (68-78% per sample). These are the ones
used for interpretation.

The zircon age spectra of the nine investigated samples
show significant overlap but also differences, as is reflected
by the data plotted in probability density and cumulative fre-
quency diagrams (Fig. 4), as well as by significant variations
in “likeness-values” (0.47 to 0.91), and “0O-1 values” (0.00 to
0.05) presented in Fig. 5a. All samples show a pronounced
age peak at 380—400 Ma, and the youngest concordant analy-
ses (98-102%) yield Late Devonian—Early Carboniferous
ages between 378 +£ 11 and 350 + 6 Ma. Robust maximum
depositional ages based on the youngest age clusters range
from 378.3+3.7 to 368.0 £ 2.2 Ma (Fig. 6; Table 2).

All six SK samples from the Sengalenkopfschist Forma-
tion, independent of location or composition, show very sim-
ilar age spectra (“likeness value” 0.70-0.91; except SK339),
characterized by three age clusters: Paleozoic—Neoprotero-
zoic (375-750 Ma; with peaks at 380—400 Ma, 480-500 Ma,
550-570 Ma, 600-620 Ma, 700-750 Ma), Paleoproterozoic
(1.8-2.5 Ga), and Archean (2.5-3.4 Ga). The amount of zir-
con grains with Paleoproterozoic to Archean ages is variable
among the samples. Such grains are most abundant in sam-
ple SK339 (ca. 30%) and 5-15% in all other samples. The
age spectra of the SK samples significantly overlap those
of the PR samples (Protocanites Greywacke Formation), as
indicated by “likeness values” > 0.70. Although there is a
clear difference in the Neoproterozoic age spectrum, which
is significantly reduced in all PR samples, only revealing age
peaks at 550-600 Ma and at ca. 650 Ma. The most simple
age spectrum is reflected by sample SL.24 (Schleifenkopfs-
chist Formation), which is dominated by a single age peak at
ca. 400 Ma, comprising ca. 80% of the analyses. Small peaks
overlap those of the PR and SK samples. Zircon grains of
Early Tonian—Stenian age (0.9—1.2 Ga) are very rare (<3%)
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Table 3 Results of zircon shape
and U-Th analyses

Fig.5 Pairwise comparison

of a zircon age spectra and b
age-Hf isotope data of samples
from the Badenweiler-Lenzkirch
Zone. Numbers above NA-
diagonal reflected “likeness”
parameter (Satkoski et al. 2013),
and beneath NA-diagonal “0-1"
parameter (Andersen et al.
2018). The values were calcu-
lated with R freeware “detzrcr”
(Andersen et al. 2018). High
agreement is reflected by “like-
ness” value>0.70 and “0-1"
values 0.00-0.01

@ Springer

Sample PR19 PR21 SL24 SK13 SK16 SK17 SK352 SK339 SK329
No. of zircon shape analyses n= 223 208 196 200 223 180 167 195 182
Non-fragmented grains (%) 61 53 53 50 46 67 58 48 56
Shape parameters
av. length (um) 108 101 93 114 102 109 97 90 86
av. width (um) 68 61 53 67 67 64 59 55 52
av. apect ratio 1.7 1.7 1.9 1.8 1.7 1.8 1.7 1.7 1.8
DOR—degree of roundness
DOR 1 (%) 40 45 46 19 11 12 24 37 6
DOR 2 (%) 17 16 26 17 15 16 14 15 8
DOR 3 (%) 13 10 11 14 17 22 17 5 8
DOR 4 (%) 10 19 9 34 45 34 25 29 51
DOR 5 (%) 20 9 8 16 13 16 19 14 27
DOR (1 to 3)—(%) 70 72 83 50 43 49 56 57 22
av. DOR (#1) 25 23 21 3.1 33 33 30 2.7 3.9
Pupin parameter
% of population (suitable) 53 55 65 39 31 43 47 43 19
av.T (°C)—(#2) 765 779 781 753 759 768 737 769 749
CSD—Ilog normal (#3)
no. of grains considered n= 207 183 180 181 189 174 161 174 172
N* 8 8 8 8 8 8 8 7 8
DF* 6 7 7 7 7 7 7 6 7
SL* (%) >20 >20 10t020 >20 <1 >20 >20 >20 >20
X2 value 59 43 99 4.1 452 55 57 4.5 4.6
no. U-Th analyses n= 119 150 149 120 117 119 125 120 119
U ppm (median) 428 344 489 312 266 220 218 266 285
Th ppm (median) 210 191 292 88 76 86 50 100 77
Th/U (median) 0.53 0.58 0.60 039 034 043 029 049 037
#1—average DOR = (1*DOR1%/100) + (2¥*DOR2%/100) + (3*DOR3%/100) + (

4*DOR4%/100) + (5*DOR5%/100)
#2calculated according toPupin (1980)

#3_CSD—ecrystal size distribution—Ilog-normal (applied to width parameter)

parameters: N* number of used channels (bins), DF* degree of freedom, SL* significance level of agree-

ment, and x 2 value

(for more details see ESM-Fig.S1)

(a) 1D - age

339P 352-M329-5 [V}

likeness

NA 0.65 074 075 0.64 0.68 0.66 0.73 0.47

NA 081 0.71 0.70 091 091 0.79 0.60

0 NA 075 0.68 083 082 0.90  0.53

L 0 0 NA 081 072 073 072 064
‘_3 F 0 0 0 NA 070 073 070 0.76
g 0 0 0 0 NA 089 083 0.59
0 0 0 0 0 NA 0.80 062

0 0 0 0 0 0 NA 055

0.02 003 003 O 0.02 0.02 0.03 NA

0-1 values

ssauai|

(b) 2D - age-Hf

0-1 values
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Fig.6 Concordia diagrams showing robust maximum depositional ages for metasedimentary rocks of the Badenweiler-Lenzkirch Zone, derived

from the youngest detrital zircon population

and were found sporadically in the samples PR21, SL24,
SK13, SK16, SK329, SK339, SK16 (Fig. 4a).

Zircon Hf isotope analyses

Hafnium isotope analyses were only obtained from zircon
grains of three samples (PR21: n=70; SK17: n="70; SL24:
n=>50), one of each unit. The results are shown in Fig. 7
and ESM (Table S3). Zircon grains of different ages reveal
significant variations in eHf, values for all samples. Paleo-
zoic zircon grains (350-539 Ma) show a wide scatter in eHf,
from+ 13 to —15, which is mainly reflected by analyses of
sample SK17. Most zircon grains of sample PR21 and SL24
(95%), and 40% of sample SK17 form a cluster with super-
chondritic eHf, values between+ 1 and +5 at 370-420 Ma.
Neo-Mesoproterozoic zircon populations (540-1100 Ma)

reveal a wide scatter in eHf, from+ 15 to —29, Paleopro-
terozoic populations (1680-2400 Ma) from+ 8 to —20,
and Archean grains (2500-3400 Ma) from 0 to —10. We
note that the overlap of combined age-eHf, data among the
three investigated samples is relatively poor, as indicated by
“likeness-values” <0.57, and “O-1 values” >0.04 (Fig. 5b).
Nonetheless, a similar source for all samples is indicated
by the superchondritic age-eHf, cluster at 370-410 Ma
(Fig. 7b).

Zircon shape and physical parameters
In the investigated samples, zircon grains with a wide range
in shapes and typologies have been observed, compris-

ing non-fragmented, fragmented, and completely damaged
grains (Fig. 3a—c), in addition to crystals of euhedral shape,
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Fig.7 Age vs. eHf, diagram showing the data of zircon populations
from three formations of the Badenweiler-Lenzkirch Zone (BLZ, this
study), compared to data derived from nappe units of the Southern
Black Forest Gneiss Complex (SBF, data from Zeh et al. 2023), and
from Saxo-Thuringia (data from Bahlburg et al. 2010; Linnemann
et al. 2013). a all data, b only Paleozoic to Neoproterozoic data. Note
that zircon grains of all three BLZ units form a cluster with super-

rounded or disintegrated by peeling, and/or transected by
numerous fractures (Fig. 3d, g, h). Furthermore, there are
zircon aggregates and crystals intergrown with apatite and/
or melt inclusions (Fig. 3e, f). Most zircon grains in all nine
samples are non-fragmented or partly fragmented (> 90%),
and many of these show perfect euhedral shapes (DOR =1;
up to 45%)—(Table 3). The zircon sizes and size distributions
are similar in all samples, as indicated by limited variation
in average shape parameters: av. length (/=86-114 um), av.
width (w=>52-68 um), and av. aspect ratios (ar=1.7-1.9; see
Fig. 8a-d), as well as by similar grain size distributions, which
in all samples are log-normal as indicated by low Xz values
and SL>20 (Table 3; ESM-Fig. S1). The degree of round-
ness is commonly low [DOR(1 to 3)=43-83%; Table 3]. Zir-
con grains in samples from the Protocanites Greywacke and
Schleifenbachschist formations (Central and Southern units)
are commonly more angular (av. DOR=2.1 to 2.5) compared
to those from the six samples from the Sengalenkopfschist
Formation (av. DOR =2.7 to 3.9). The highest DOR is esti-
mated for sample SK352. The zircon typology after Pupin
(1980) could be quantified for 39-65% of the zircon grains per
sample, except for sample SK352 (only 19%). A wide range
of zircon typologies could be distinguished, although seven
out of the nine samples display a clear maximum at typology
S18 (Fig. 9).

@ Springer

chondritic eHf, (+1 to+5) at 370-410 Ma, pointing to a common
provenance. The black arrow marks the crustal evolutionary trend
(with L/H=""°Lu/."""Hf =0.0113) derived for the Wiese-Wehra Unit
of the Southern Black Forest Gneiss Complex by Zeh et al. (2023).
CHUR - chondritic uniform reservoir, DM-depleted mantle evolution
according to Chauvel and Blichert-Toft (2001) with 1 sigma limits
(grey field)

Discussion
Maximum depositional ages

Results of zircon U-Pb dating of the nine samples from the
three units of the BLZ yield robust maximum depositional
ages (R-MDA’s) between 368.0+2.2 and 378.3 +3.7 Ma,
which for most samples are only slightly older than ages
obtained from the youngest zircon grains, ranging from
350+6 Ma to 378 + 11 Ma (Table 2; Fig. 6). The R-MDA'’s
indicate that the detritus of all BLZ units was deposited
during the Late Devonian to Early Carboniferous. For
the Protocanites Greywacke Formation (central unit in
Fig. 1c), the new data are consistent with the biostrati-
graphic record (Fig. 2), as well as with Pb-Pb single zir-
con evaporation ages (371-384 Ma) published by Hegner
et al. (2005). Goniatites (Protocanites) rarely found in
low-strain greywacke domains indicate a Tournaisian age
(Korn and Montenari 2023), and conodonts in shale lenses
a Late Devonian age (Weyer 1962; Kneidel et al. 1982).
In contrast, acritarchs and chitinozoans rarely found in
silty schist layers of the Sengalenkopfschist and Schleif-
enbachschist formations (northern and southern units)
suggest deposition in a marine environment during the
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Ordovician to Early Devonian (Hann et al. 1995; Mon-
tenari et al. 2000; Vaida et al. 2004). This interpretation,
however, is at odds with the detrital zircon age record,
which indicates deposition during the Late Devonian to
Early Carboniferous. Thus, the results of zircon dating
require revision of at least four geological concepts estab-
lished for the BLZ during previous studies. (1) The fossil
record does not reflect the time of greywacke deposition,
but rather results from re-deposition of Ordovician to Silu-
rian strata during the Late Devonian to Early Carbonifer-
ous. (2) All sedimentary rocks of the BLZ were deposited
over less than 30 million years (from 378.3 +3.7 Ma to
350 £ 6 Ma) in marine environments immediately prior
to Variscan collision at <345 Ma. (3) Biostratigraphic
subdivision of the BLZ into three units, as suggested
by the stratigraphic commission of Germany (Hanel
et al. 2011) is obsolete, as well as subdivision of the

Sengalenkopfschist Formation into a northern and south-
ern belt as introduced by Giildenpfennig (1997). Instead,
we suggest the term Badenweiler—Lenzkirch Group com-
prising all three formations of the BLZ (Sengalenkopfs-
chist, Schleifenbachschist, Protocanites Greywacke forma-
tions; Fig. 2). Subdivision into three formations might still
be justified considering the different degrees of Variscan
structural-metamorphic overprint, and differences in the
zircon age spectra (Figs. 4, 5a). The structural-metamor-
phic overprint is lowest in the Protocanites Greywacke
Formation (central unit), and highest in the Sengalenkopf-
schist Formation (northern unit), in close vicinity to the
Rand Granite Nappe, as is indicated by the occurrence
of garnet (Fig. 1c). This points to peak metamorphic
temperatures of >450°C (e.g., Hsu 1980; Zeh 2001). (4)
Metaconglomerates within the Sengalenkopfschist For-
mation do not represent dropstones related to Ordovician
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Fig.9 Topologies of zircon populations in metasedimentary rocks of the Badenweiler-Lenzkirch Zone. a Classification scheme according to
Pupin (1980). b Typology distribution and frequency. Note that most samples show a maximum at typology S18

(Hirnantian) glaciation of Gondwana as suggested by Zie-
gler and Wimmenauer (2001), but more likely debris flows
as submarine channel fills within the greywacke sequence.

Furthermore, it is pertinent to note that the R-MDA’s of
all Sengalenkopf samples are significantly younger than the
single zircon Pb-Pb evaporation age of 393 +3 Ma obtained
by Hann et al. (2003a) on 3 euhedral zircon grains from
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a highly sheared metarhyolith within metagreywackes of
the quarry Wacht. There are several options to explain this
discrepancy. Hann et al. (2003a) already discussed that the
origin of the dated metarhyolith is ambiguous, in particular
whether it represents a highly sheared rhyolite pebble or a
deformed tephra layer. In the light of our new data, and by
considering the close spatial relationships of metarhyolith
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(Hann et al. (2003a) and metagreywacke (samples SK 13,
SK16; this study), the second option appears to be most
likely. Alternatively, it is possible that a Late Devonian
rhyolite tephra was mixed with surrounding greywacke
detritus dominated by euhedral zircon grains with ages of
about 393 Ma (see Figs. 3, 4), used for evaporation dating.
In addition, reworking of Early Devonian rhyolite ash layers
and lava flows during the Late Devonian is possible as well.

Finally, we note that the R-MDA’s obtained for the
low-grade sedimentary rocks of the BLZ overlap those
derived for high-grade paragneisses of the Southern Black
Forest Gneiss Complex (Zeh et al. 2023), in particular
those of metagreywackes of the Wiese-Wehra Forma-
tion (R-MDA =375 +4 Ma) and Todtmoos Formation
(R-MDA =373 +3 Ma) — (Fig. 2). This overlap suggests that
the BLZ greywackes were deposited contemporaneously or
slightly later than those exposed in the Southern Black For-
est Gneiss Complex, but experienced a much lower degree
of structural-metamorphic overprint during the Variscan
orogeny.

Provenance

The zircon age spectra of the nine investigated samples show
significant overlap but also differences, as reflected by vari-
able “likeness” values (0.47 to 0.91), and “0O-1" values (0.00
to 0.05; Fig. 5a). Low “likeness” values (complementary
to high “0-1" values) are reflected in particular by sample
SL24 (0.47 to 0.64), mainly due to the absence of zircon
grains with ages > 500 Ma, which are common in all other
samples, although of different abundance (Fig. 4). The age
spectra of most samples display three clusters: (1) a predom-
inant Devonian cluster at 375-410 Ma, (2) an Early Paleo-
zoic to Neoproterozoic cluster at 440-750 Ma (with peaks
at 480-500 Ma, 600-620 Ma, and 700-750 Ma), and (3) a
Paleoproterozoic cluster at 1800-2200 Ma. Some samples
additionally contain a small number of older grains of Paleo-
proterozoic to Archean ages between 2400 and 3400 Ma, and
a minor Tonian-Stenian age cluster at 900—1100 Ma (Fig. 4).
Similar age spectra (at > 550 Ma) are reported from meta-
greywackes of the Murgtal Formation of the Southern Black
Forest Gneiss Complex, as well as from many Paleozoic to
Neoproterozoic (meta)sedimentary rocks throughout Europe
and northern Africa (for compilation see Dorr et al. 2015;
and references therein). All these spectra are characterized
by a very small number of Tonian-Stenian zircon grains, and
an “age gap” between 1.1 and 1.7 Ga, which has first been
noted by Zeh et al. (2001). The age spectrum > 500 Ma is
commonly interpreted to reflect sediment supply from two
major sources: (1) the Avalonian-Cadomian Orogenic Belt
(530-750 Ma), and (2) Paleoproterozoic-Archean cratons
of Africa (1700-3400 Ma), in addition to (3) minor Neo-
Mesoproterozoic sources (900—1100 Ma) located along

the margins of proto-Africa (for a detailed discussion see
Djerossem et al. 2021). Large variations in eHf, of the detri-
tal zircon grains of distinct age groups (Paleozoic, Neopro-
terozoic, Mesoproterozoic, Paleoproterozoic, Archean) from
the BLZ indicate variable contribution of crust reworking
and new crust addition during different magmatic events
(for a detailed compilation and provenance discussion
see Zeh et al. 2023). A common feature of all BLZ sam-
ples is the predominance of a Devonian zircon population
(370-410 Ma) with superchondritic eHf, ranging from + 1
and + 5 (Fig. 7). This population provides evidence that the
greywackes of all three BLZ formations were supplied from
similar sources immediately prior to their deposition.

For the Protocanites Greywacke Formation of the BLZ,
Hegner et al. (2005) suggested detritus supply from an
Andean-type arc system located north of the BLZ, within
the Central Gneiss Unit of the Black Forest (Fig. 1b). This
interpretation, however, seems to be less likely considering
the fact that magmatic rocks of Late Devonian to Early Car-
boniferous age (370-410 Ma) are completely unknown from
the basement units exposed to the north of the BLZ. Orthog-
neisses within the Central Gneiss Unit only show Cambrian
to Early Ordovician protolith ages of c. 500-510 Ma (gra-
nitic and tonalitic orthogneisses in the Kinzigtal and Elztal;
Chen et al. 2000), or of c. 480 Ma (granites within the Rand
Granit Unit; Hann et al. 2003b), and detrital zircon grains
from all nappe units show age clusters at 460-520 Ma and
580-610 Ma (Kober et al. 2004), whereas ages between 460
and 370 Ma, which are typical for the BLZ, are very scarce
(Fig. 10b, d). Such ages, however, were found abundantly
in metagreywackes of the Southern Black Forest Gneiss
Complex, in particular in the Wiese-Wehra and Todtmoos
units (Zeh et al. 2023). Based on existing datasets, the age
spectra derived for the BLZ greywackes can be explained
by a mixture of detritus derived from the three nappe units
exposed in the Southern Black Forest Gneiss Complex
(Wiese-Wehra, Todtmoos, Murgtal). Detrital zircon grains
with ages between 370 and 550 overlap those of greywackes
from the Wiese-Wehra Unit (superchondritic eHf57 550 ma
from O to+ 10; indicative for juvenile crust formation;
Figs. 7, 10), and from the Todtmoos Unit (subchondritic
eHf375.550 Ma=—1 to —15; indicative for crust reworking).
Older grains (550-3400 Ma), comprising 5-30% of the
BLZ zircon populations, overlap those of the Murgtal Unit
(Figs. 7, 10).

Finally, we note that metagreywackes with abundant
Devonian to Cambrian zircon grains (370-500 Ma) were
also reported from the Bollstein Odenwald (Dorr et al.
2017), located ca. 200 km north of the BLZ, within the
Saxothuringian zone. Age-eHf, spectra similar to those of
the Murgtal greywackes were well known from Neopro-
terozoic to Ordovician greywackes and quartzites of the
Saxothuringian zone, e.g., from Thuringia (Gerdes and
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Zeh 2006; Linnemann et al. 2007, 2013), from the vicin-
ity of the Miinchberg Massif (Bahlburg et al. 2010), and
the Bergstriasser Odenwald (Dorr and Stein 2019) — (Fig. 7).
This overlap shows that sediment sequences of similar prov-
enance were deposited in both the Moldanubian and Saxo-
thuringian realms during the Paleozoic.

Zircon shape and physical parameters

The zircon shape parameters point to similar sources
and transport mechanisms for all investigated BLZ
greywackes. A proximal magmatic arc source is indicated
by two lines of evidence: (1) the large number of detrital
zircon grains of euhedral shape in all samples (Table 3),
and (2) great overlap in zircon topology (Fig. 9; Table 3),
highlighted by similar average zircon formation tem-
peratures (av.T =737 to 781 °C). The prevailing zircon
typologies (S18 and surrounding fields) found in all BLZ
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samples are common for calc-alkaline magmatic rocks, as
has been outlined by Pupin (1980). The large number of
zircon grains of euhedral shape further suggests that sedi-
ment transport occurred mainly in water-saturated systems
(fluvial, marine currents, turbidity flows) and directly from
source to sink (perhaps an outer shelf or continental slope
environment), without any significant inter-deposition
in desert-like (eolian-terrestrial) or shore-line parallel
(littoral) environments. These interpretations are in line
with the results of previous studies, demonstrating that
zircon grains of perfect euhedral shape (DOR = 1) and up
to 90 um diameter (width) can survive fluvial transport of
more than 600 km distance (e.g., Zoleikhaei et al. 2016;
Zeh and Cabral 2021; Zeh and Wilson 2022), but become
quickly rounded (DOR =4-5) when transported in desert-
like (e.g., Garzanti et al. 2012, 2015) or littoral environ-
ments (Zeh and Wilson 2022), due to a higher probabil-
ity of violent grain collisions caused by higher transport
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velocity and a missing cushioning effect in the lack of a
surface water film.

We further note that zircon typologies could not just
be quantified for the youngest detrital zircon grains of
Late Devonian age (370-380 Ma), but for most grains
with ages <550 Ma, whereas older grains (550-3400 Ma)
are commonly more round (DOR =3-4), although with
numerous exceptions (Figs. 8d). This hints that zircon
grains with ages <550 Ma have been exposed and trans-
ported immediately prior to greywacke deposition, whereas
older grains (Neoproterozoic, Paleoproterozoic, Archean)
were affected by several weathering-transport-deposition
cycles. This interpretation is further backed by the obser-
vation that younger grains (<550 Ma) show greater vari-
ations in aspect ratios (1.0-3.1), length (50-290 um) and
width (30-150 pm) parameters, compared to older grains
(Fig. 8a—c). Finally, it is pertinent to note that most of the
investigated zircon grains (>95%) experienced a relatively
low degree of radiogenic damage, as is indicated by alpha
decay doses <3 x 10713 mg~!, corresponding to the damage-
stage I defined by Murakami et al. (1991)—(Fig. 8d). Zircon
grains with a higher degree of radiation damage perhaps
were destroyed during transport.

Geotectonic implications

The results of this study provide evidence that the BLZ
greywackes result from detritus supply from three major

(a) 400-375 Ma

sea level

(b) 375-350 Ma

Rand Granite Complex

trondhjemite (350 Ma) BLZ /'
greywacke

sources, equivalent to the nappe units exposed in the South-
ern Black Forest Gneiss Complex. Results of Zeh et al.
(2023) indicate that these units were deposited at different
times and in different environments. Greywackes of the
Murgtal Unit were deposited during the Ediacarian (ca.
550 Ma) and mainly supplied from the Avalonian-Cadomian
Belt (550-800 Ma) and African cratons (1750-3400 Ma).
In contrast, greywackes of the Wiese-Wehra and Todtmoos
units have Late Devonian maximum depositional ages (ca.
375 Ma) and were derived either from a Late Devonian arc-
back arc system (eHf, =0 to+ 10), hosting relics of a Cado-
mian intra-oceanic arc system initially formed at 610 Ma
(eHf,= +5 to+8), or from a Cambrian to Early Ordovician
continental arc (500480 Ma) dominated by crust reworking
(eHf;=0 to —15). Metarhyolith layers (Hann et al. 2003a),
as well as combined zircon age and shape parameters, addi-
tionally point to proximal sources and to fast transport from
source to sink during the Late Devonian to Early Carbonif-
erous. Taken all information into account, this requires that
all three units of the Southern Black Forest Gneiss Complex
must have been exposed in close proximity to an oceanic
basin successively filled with BLZ greywackes during the
Late Devonian to Early Carboniferous (400-350 Ma). A
possible model is presented in Fig. 11, which also provides
an explanation for the reworking of Ordovician to Silurian
marine sediments being the sources for the acritarchs and
chitinozoans found in the BLZ greywackes by Vaida et al.
(2004). Following greywacke deposition, the oceanic basin

sedimentary rocks
[ Late Devon.-Early Carbon.
[_] cambrian-Early Devonian

|:| Ediacarian
[] pre-Ediacarian

magmatism/volcanism

BLZ - Badenweiler Lenzkirch Zone
WW - Wiese Wehra Unit
TO - Todtmoos Unit

MT - Murgtal Unit

andesite (¢Hf=0 to 10)
rhyolite (eHf=0 to -11)

acritarchs/ trondhjemite (eNd,=6.7)

chitinozoans

Fig. 11 Model explaining the sources and evolution of the BLZ
greywackes between 400 and 350 Ma. a Three terranes of different
origin (WW Wiese-Wehra, TO Todtmoos, MT Murgtal) approach each
other, whereby closing marine basins filled with Ordovician, Silurian
to Early Devonian sedimentary rocks. b A crustal stack, resulting

from the amalgamation of the three terranes, supplies detritus, as well
as acritarchs and chitinozoans to an oceanic basin located north of it.
This basin was subsequently closed by northward-directed subduc-
tion, accompanied by slab melting
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became successively closed during the Variscan orogeny,
perhaps related to northward-directed subduction, locally
accompanied by slab melting (Fig. 11b). This melting
resulted in the formation of trondhjemites with juvenile
signatures (eNd;sqy, =6.7) at 350 Ma, which intruded the
Rand Granit Unit located to the north of the BLZ (Hann
et al. 2003b).

Conclusions

(1) The protoliths of metagreywackes, quartzites and meta-
conglomerates of all BLZ units (Sengalenkopfschist,
Schleifenbachschist, Protocanites Grauwacke forma-
tions) were deposited during the Late Devonian to
Early Carboniferous at <378 Ma.

(2) Early Ordovician to Silurian-Devonian acritarchs and
chitinozoans found during previous studies are very
likely inherited and supplied from a heterogeneous hin-
terland, which is indicated by detrital zircon age spectra
with pronounced peaks during the Paleozoic-Neopro-
terozoic (380-400 Ma, 480-500 Ma, 600-620 Ma,
700-750 Ma), and Paleoproterozoic-Archean (between
1700 and 3380 Ma), and very minor peaks during the
Tonian-Stenian (950-1100 Ma).

(3) Zircon hafnium isotope data indicate new crust for-
mation from depleted mantle sources during the Late
Devonian-Early Carboniferous (eHf375_ 430 p, UpP t0+5),
in addition to new crust formation and reworking
during the Cambro-Ordovician (eHf,4g 530 pa = —22
to+ 12), Neoproterozoic (eHfs4 750 v =—28 to+12),
Tonian (eHfys)_; 109 Ma=—06 to+5), and Paleoprotero-
zoic (eHf | 700.2000 Ma = —22 t0 +5).

(4) The finding of abundant detrital zircon grains of euhe-
dral shape and with similar typologies in all BLZ sam-
ples suggest sediment supply from a proximal hinter-
land, and transport in water-saturated media (fluvial
systems, shallow marine currents, turbidity flows).

(5) Compilation of age-Hf isotope data further suggest that
all BLZ greywackes were supplied from three major
sources, equivalent to the nappe units exposed in the
southern Black Forest Gneiss Complex (Wiese-Wehra,
Todtmoos, Murgtal).
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