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Abstract Detrital zircon U-Pb age distributions derived
from samples representing ancient or relatively young
large-scale continental drainage networks are commonly
taken to reflect the geochronological evolution of the tap-
ped continental area. Here, we present detrital zircon U-Pb
ages and associated heavy mineral data from Pleistocene
Rhine River Middle Terrace sands and equivalents between
the Swiss—German border and Cologne in order to test the
commonly assumed Alpine provenance of the material.
Samples from eight localities were analyzed for their heavy
mineral assemblages. Detrital zircon U-Pb ages were
determined by laser ablation inductively coupled mass
spectrometry on selected samples from five locations along
the Rhine River. The zircon age populations of all samples
show a similar distribution, their main peaks being between
300 and 500 Ma. Minor age populations are recognized at
570 and 1,070 Ma. The 300-400 Ma maximum reflects the
Variscan basement drained by or recycled into the Rhine
River and its tributaries. The 400-500 Ma peak with pre-
dominantly Early Silurian ages points to Baltica or to the
mid-German crystalline rise as original sources. One dis-
tinct peak at c. 570 Ma probably represents input from
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Cadomian terranes. The Precambrian U-Pb ages are
compatible with derivation from sources in Baltica and in
northern Gondwana. The heavy mineral populations of
Middle Terrace sands and equivalents are characterized to
a variable extend by garnet, epidote, and green hornblende.
This association is often referred to as the Alpine spectrum
and is considered to be indicative of an Alpine provenance.
However, hornblende, epidote, and garnet are dominant
heavy minerals of collisional orogens in general and may
also be derived from Variscan and Caledonian units or
from intermittent storage units. A remarkable feature of the
detrital zircon age distribution in the Rhine River sedi-
ments from the Swiss—German border to Cologne is the
absence of ages younger than 200 Ma and in particular of
any ages reflecting the Alpine orogeny between c. 100 and
35 Ma. Sediments from rivers draining the equally colli-
sional Himalaya orogen contain detrital zircons as young as
20 Ma. Our results question the assumption that Pleisto-
cene Rhine River sediments were directly derived from the
Alps. The lag time between the formation and deposition
age of the youngest zircon in the studied Pleistocene Rhine
River deposits is 200 Ma. Together with the absence of
Alpine zircon ages, this stresses that detrital zircon age data
from ancient sedimentary units found in poorly understood
tectonic or paleogeographic settings need to be interpreted
with great care, one could miss an entire orogenic cycle.

Keywords Provenance - Heavy minerals - Detrital zircon -
U-Pb dating - Rhine River - Alps
Introduction

Heavy minerals are very useful indicators of the prove-
nance of siliciclastic sediments and sedimentary rocks
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(e.g., Morton 1991; Garzanti and Ando 2007a, b). Due to
specific mineral assemblages, they provide crucial infor-
mation on the provenance from a variety of orogenic and
other sources (Garzanti and Ando 2007a, b; Garzanti et al.
2007). Ideally, the heavy mineral assemblage in sediments
reflects their parent rock association. However, the heavy
mineral composition is affected by several critical pro-
cesses operating during a sedimentary cycle, for example
weathering in the source area, abrasion, hydrodynamic
sorting during transport and deposition, weathering during
alluvial storage on flood plains, and diagenesis (Morton
and Hallsworth 1999). Consequently, different composi-
tions of heavy mineral assemblages do not necessarily hint
at different sources, but may reflect synsedimentary and
diagenetic modifications which need to be considered
carefully (e.g., Morton and Hallsworth 1999, 2007).

The heavy mineral zircon is a particular useful mineral
in provenance research because of its chemical and
mechanical stability, its presence in siliciclastic sedimen-
tary rocks, and its capacity to act as a reliable U-Pb geo-
chronometer (Harley and Kelly 2007). The increased
availability and reliability of LA-ICP-MS U-Pb ages of
detrital zircons (e.g., Kosler and Sylvester 2003; Chang
et al. 2006) offers the possibility to analyze the geochro-
nological evolution of source terranes and the relationship
between sources and sinks of sediment. Detrital zircon ages
have been successful in discriminating between different
source regions and sediment delivery pathways (e.g., Sir-
combe 1999; Augustsson et al. 2006; Bahlburg et al. 2010).
The presence of a given zircon age population and simi-
larities in age distributions is taken as evidence of a com-
mon provenance (e.g., Cawood et al. 2003, 2007; Bahlburg
et al. 2010; Gehrels 2011; Linnemann et al. 2007).

Source-sink relationships may be obscured in ancient
sedimentary systems as source regions may be eroded
leaving the sedimentary rocks as the only and somewhat
isolated evidence of the original paleotectonic and paleo-
geographic setting. The completeness of the preserved
geochronological record of a source region depends to a
large part on the drainage area supplying sediment to the
sink. Small rivers tapping limited drainage systems likely
present only a partial record of the larger source area.
Large, potentially continental-scale river systems like the
Mississippi of North America or the Rhine River systems
in Europe, in turn, are considered to reflect the continent-
wide crustal record (e.g., Rino et al. 2008; Bahlburg et al.
2009; Condie et al. 2009). A similar, homogenized signal
may be expected from marine sediments after redeposition
and mixing.

When analyzing the detrital zircon record of ancient
sedimentary rocks, it is generally assumed that the obtained
age data qualitatively, if not quantitatively, reflect the
complete geochronological record of the larger source area.
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In order to test this assumption, we analyzed the detrital
zircon age record and associated heavy mineral composi-
tion of Pleistocene Middle Terrace sediments of the Rhine
River along the river’s course from Freiburg in the south of
Germany near the French and Swiss borders to a point
north of the city of Cologne. From the river’s headwaters in
the Cenozoic Alps, the Rhine traverses several Variscan
basement units, receives detritus from its tributaries
draining large areas covered by Mesozoic sedimentary
rocks, taps the products of the Cenozoic Eifel volcanic
field, and finally enters the modern coastal plain (Fig. 1).

This ample drainage system should ensure that a com-
plete detrital zircon age record of the geochronological
evolution of the Central European crust is contained in the
Rhine River sediments. Several studies analyzed heavy
minerals in the Rhine River sediments using their optical
characteristics only (e.g., Van Andel 1950; Hagedorn
2004). There are no single-grain geochemical data on
heavy minerals either of the Rhine River itself or of its
tributaries. Geochronlogical data are hitherto only avail-
able from a restricted study by Schirer et al. (2012) who
obtained between 15 and 33 detrital zircon U-Pb ages from
four samples of Miocene, Pliocene, Pleistocene, and
Holocene sediments of the Lower Rhine Basin. Here, we
present U-Pb detrital zircon ages of the Late Pleistocene
Rhine River covering the river between the Swiss—German
border and Cologne. We analyzed the age spectra of five
samples comprising between 76 and 174 age dates. We use
our data to test the assumption that the detritus constituting
the Pleistocene sediments of the Rhine River is derived
mainly from the Alps. However, our detrital zircon age
results demonstrate that this assumption is not entirely
confirmed. We also address a general problem concerning
the interpretation of detrital zircon age data of ancient
successions. If a drainage area is sufficiently large, such
data on ancient rocks are commonly considered to repre-
sent the entire geochronological structure of the wider
source region. In view of the good knowledge of the geo-
logical evolution and geochronological structure of the
European continent, we will test to which degree the
geochronological structure of Europe is in fact reflected in
our age data.

Geological setting and provenance
of Pliocene-Pleistocene Rhine River sediments

Since the Late Pliocene and the Early Pleistocene, the
Rhine River acted as the only drainage system that con-
nected the Alps with northern Europe and the North Sea
(Gabriel et al. 2008). The Rhine River originates in the
Central Alps of Switzerland. From the river’s headwaters
in the Alps, the Rhine traverses the Variscan basement
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Fig. 1 Simplified map of the

Rhine River drainage system of
central Europe (modified from
Bernet et al. 2004). Sample
localities: / Hartheim,

2 Nambsheim, 3 Heidelberg
Uni-Nord, 4 Pfungstadt-Hahn,
5 Miilheim-Kairlich,

6 Ariendorf, 7 Briihl,

8 Koln-Widdersdorf
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outcrops of the Black Forest and Vosges, tributaries drain
large areas of southern Germany and eastern France cov-
ered by Mesozoic sedimentary rocks, traverses the Vari-
scan Rhenish Slate Mountains where large volumes of
Paleozoic sedimentary rocks and the products of the Qua-
ternary Eifel volcanic field (215-11 ka) are exposed, and
finally continues on the northwest German and Dutch
coastal plain (Fig. 1).

The Alpine part of the Rhine River (Alpine Rhine) has
its origin in canton Graubiinden, situated in the south-
eastern part of Switzerland in the central Alps and is
bordering Italy, Austria, and Liechtenstein (Fig. 1). The so-
called Vorderrhine and Hinterrhine Rivers are the two
headwaters which combine in the Alpine Rhine flowing
into Lake Constance. The Alpine Rhine drainage system
makes up only 4 % of the total Rhine drainage network
(Allen 1997; Bernet et al. 2004). Downstream of Lake
Constance, the Rhine River is fed from the south by three
main tributaries, the Limat, Reuss, and Aare Rivers
(Fig. 1).

The complex European geology is a result of repeated
collisions between Gondwana, Laurentia, Baltica, and
numerous peri-Gondwanan terranes interchanging with
phases of continental extension (e.g., Nance et al. 2010;
Stampfli et al. 2002; Ziegler and Dézes 2006). At the end of
the Neoproterozoic and during the Early Cambrian, peri-
Gondwanan terranes drifted toward the north, either as
separate entities or as parts of Africa (Robardet 2003; Tait
et al. 1997; Linnemann et al. 2004, 2007) and were re-
assembled during the Caledonian and Variscan orogenies
(e.g., Kroner et al. 2007; Krawczyk et al. 2008; Nance et al.

2010; Zeh and Gerdes 2010). In the Early Middle Jurassic,
major rifting phases led to the formation of continental rift
zones and the opening of the Alpine Tethys and the North
Sea (Ziegler and Deézes 2006; Robertson 2007). The
development of the Alps is a result of closure of the Tethys
between Africa and Europe (Pfiffner 1992; Schmid et al.
2008; Stampfli and Hochard 2009). The collisional Alpine
orogen is characterized by highly complex nappe structures
exposing a wide spectrum of Phanerozoic lithological units
ranging from unmetamorphosed to high metamorphic
grade (e.g., Triimpy 1975; Pfiffner 1992; Schmid et al.
2008). During the Pleistocene, the Eifel hotspot led to
volcanism and the deposition of related tephra in the
Middle and Lower Rhine valley (Bogaard and Schmincke
1990; Boenigk and Frechen 2006).

The Middle Terraces of the Rhine River

The sands pertaining to the Middle Terraces and equiva-
lents of the Rhine River system were deposited in the
Upper Middle Pleistocene between c. 550 and 250 ka
(Boenigk and Frechen 2006). The Middle Pleistocene
ranges between 780 and 126 ka. This period corresponds to
marine isotope stages (MIS) 15-6 (Cohen and Gibbard
2011) and post-dates the Middle Pleistocene Event of
major valley downcutting along the northern Alps at c.
870 ka (Muttoni et al. 2003; Litt et al. 2008). Regarding the
Alpine glacial chronology, the Middle Terrace and equiv-
alent sediments interfinger with the succession of ice
advances and retreats during the most extensive glaciation
(Mohlin Glaciation) in Switzerland represented by the
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Hosskirch Glaciation in Baden-Wiirttemberg and the
Koblenz (CH) or Riss Glaciation (D). In NW Europe, this
succession of events corresponds to the Upper Cromerian
Complex, the Elsterian ice advance, and the Holsteinian
interglacial (Litt et al. 2008). The studied sediments were
furthermore deposited prior to the onset of the main vol-
canic activity in the FEifel volcanic field (Litt et al. 2008)
but may have received detritus from the erosion of older
volcanic centers.

Crucial arguments for selecting the Middle Terraces for
our study were given by (1) the case that at this time, the
major rivers originating in the northern Central Alps had
already combined with the Rhine River, and (2) that the
Middle Terrace deposits predate the glacier movement-
induced formation by overdeepening of the major lake
basins of lakes Constance, Zurich, Vierwaldstétt, and oth-
ers (Handtke 1980; Hsii et al. 1984). If these had been
present already in the Middle Pleistocene, they could have
acted as traps for sediment delivered to the Rhine River by
the Alpine Rhine Rivers, the Aare, Reuss, Limat, and Thur
(Villinger 1998). Given present accumulation rates, how-
ever, Lake Constance will be filled with sediment within
22 ka (Bernet et al. 2004) and would thus represent only an
ephemeral trap.

Middle terrace sands in the Upper Rhine Graben were
sampled from four cores from S to N at Nambsheim,
Hartheim, Heidelberg “UniNord,” and Pfungstadt-Hahn
(Fig. 1). The southernmost samples were obtained from the
cored boreholes of Hartheim and Nambsheim of the
Interegg II drilling project. The borehole at Hartheim is
located on German territory, c. 2.3 km northeast of Hart-
heim near the eastern bank of the Rhine River. The bore-
hole of Nambsheim is located on French territory, c. 1 km
northeast of Nambsheim. Nambsheim and Hartheim rep-
resent the upper Rhine valley between the Variscan base-
ment highs of the Black Forest and Vosges.

Heidelberg Uni-Nord and Pfungstadt-Hahn are near the
crystalline basement of the Odenwald and in reach of input
from the Neckar River draining the Mesozoic cover rocks
exposed extensively in the Land of Baden-Wiirttemberg
(Fig. 1). The borehole of Pfungstadt-Hahn is located in the
central Hessian part of the northern Upper Rhine Graben.

In the middle Rhine area, river sands of Miilheim-Kir-
lich, located near Koblenz between the rivers Rhine,
Moselle, and Nette (samples MK1, MK3) and Ariendorf,
located between Bonn and Koblenz (samples A1, A3) were
collected (Fig. 1). The Miilheim-Kirlich and Ariendorf
sandpits are located in the Neuwied Basin, a Cenozoic and
Quaternary basin structure within the extensively exposed
Paleozoic sedimentary rocks of the Rhenish Massif. In the
Lower Rhine embayment, Middle Terrace sands near
Briihl, located between Cologne and Bonn (Fig. 1, samples
BR1, BR3) and at Koln-Widdersdorf, located northwest of
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Cologne (Fig. 1, samples KW1, KW3) were sampled. The
Briihl and Ko6ln-Widdersdorf sandpits are located north of
the northern terminus of the Rhenish Massif (Fig. 1).

Methods

After sieving the samples to fine sand particles, the
<250 pm fractions were washed and cleaned. All grain
sizes below 250 pm are considered. Organic substances
were removed. After drying, the samples were magneti-
cally separated manually.

Heavy mineral analysis

The heavy mineral fraction <250 pm was separated using
LST (fast float) with a density of 2.8 £ 0.02 g/mL. The
heavy mineral residues were mounted on microscope slides
(Mange and Maurer 1992) and were identified under the
polarizing microscope. To determine the relative abun-
dances of the heavy minerals, they were point counted
under the polarizing microscope. For this procedure, the
microscope slide is moved by a mechanical stage and the
grains, which are intersected by the crosshair, are identified
and counted (Mange and Maurer 1992). Point counting of
500 grains/sample determined the quantitative composition
of the heavy mineral spectra. In a first table, all grains were
considered including micas, carbonates, and opaque min-
erals, which have not been removed by magnetic separation
(sal). In another table, only transparent minerals are con-
sidered (sa2).

U-Pb LA-ICP-MS geochronology

Zircons were U-Pb dated by laser ablation inductively
coupled mass spectrometry (LA-ICP-MS) at the Institut
fiir Mineralogie, Miinster University. The analytical setup
and procedure uses a New Wave UP 193HE ArF Excimer
laser ablation system in conjunction with a Thermo-Finn-
igan Element2 ICP-MS. The evaluation of the data has
been carried out using Isoplot/Ex software (K. Ludwig,
Berkeley Geochronology Center, CA, USA). Before using
the heavy mineral liquid solution, the <250 pm fractions
were magnetically separated using Frantz Isodynamic®
Magnetic Separator Model L-1 and subsequently purified
again by magnetic separation. Final selection of the zircons
was achieved by handpicking under a binocular micro-
scope. Zircons from several samples of one location were
combined in one composite sample. We randomly selected
every zircon grain in the samples of all sizes and mor-
phological types and set them in synthetic mounts. Zircon
rims were preferentially analyzed to date the last growth
state of each zircon. The spot size was either 30 or 25 pum,
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depending on the size of the grain. The GJ-1 standard
(608.5 £ 0.4 Ma, Jackson et al. 2004) was regularly ana-
lyzed after every 10th zircon analysis and used for internal
correction of the obtained sample ratios and error calcu-
lation. In addition, we periodically analyzed the 91500
zircon standard with an age of 1,065 + 0.6 Ma (Wieden-
beck et al. 1995) as an unknown. The interpreted ages are
based on °°Pb/***U ratio for grains younger than 1,000 Ma
and 2°°Pb/**’Pb ratio for grains older than 1,000 Ma
(Nemchin and Cawood 2005). Grains with a discordance
>10 % were excluded from further consideration. Internal
zoning of the zircons was observed by cathode lumines-
cence using a JEOL 840 Scanning electron microscope at
the University of Miinster. The microscope has a conven-
tional SE and BSE—and a Centaurus-BSE/CL-detector
system, equipped with an OXFORD INCA EDX-system.
The acquisition was then transferred through analySIS-
software. The zoning pattern was used to distinguish
between unzoned or sector zoned metamorphic and igne-
ous grains characterized by concentric oscillatory zoning
under cathode luminescence (Vavra 1990; Vavra et al.
1999).

Results
Heavy mineral analysis

Along the Rhine River, the principal heavy minerals are
garnet, epidote, and green hornblende. They represent
between 30 and 90 % of the transparent heavy mineral
spectra (Fig. 2). Apatite and brown hornblende also occur
in all samples with up to c. 15 %. Pyroxene occurs in small
amounts in the upper Rhine valley and becomes very
prominent in the middle and lower Rhine area, reaching
almost 40 % of the entire spectrum near Cologne (Fig. 2).
The group of minerals including monazite, spinel, and
sphene, here grouped as “others,” is more abundant in the
northern part of the river. The proportion of stable heavy
minerals zircon, tourmaline, and rutile is generally low
(Fig. 2). Staurolite, sillimanite, and disthene with a char-
acteristic metamorphic provenance are grouped here as
“metamorphic minerals” and commonly occur in single-
digit percentages (Fig. 2). Tables of groups of heavy
mineral assemblages are included in the supplementary
appendix (sa3). Carbonate grains can be abundant (up to
35 %) in the south and are absent from the northern sam-
ples (sal). Some minerals cannot be identified unequivo-
cally. They are grouped as alterites (Van Andel 1950;
Hagedorn 2004) and may make up 20 % of the spectra
(sal). They probably originated by the alteration of various
minerals and are aggregates with no well-defined miner-
alogical composition (Van Andel 1950). Carbonate,

alterites, and micas are not included in Fig. 2. Here, only
transparent minerals are considered to get the true infor-
mation of the total concentration of transparent minerals.

U-Pb dating of detrital zircons

Six-hundred and forty zircon grains from five locations
along the Rhine River were dated. Tables of La-ICP-MS
U-Pb zircon results are included in the supplementary
appendix (sa4). Most of the zircons show concentric
oscillatory zoning under cathode luminescence, usually
indicating an igneous origin (Vavra 1990; Vavra et al.
1999; Fig. 3). Some of the zircons are unzoned or show
sector zoning, which indicate a metamorphic origin (Vavra
1990; Vavra et al. 1999). Metamorphic grains make up
<10 % of each sample.

The detrital zircon U-Pb ages range between
3,083 + 33 and 201 £ 10 Ma. The ages from all samples
show very similar distributions and abundances with a
broad concentration of ages between ca. 300 and 500 Ma
(between 47 and 71 % of ages; Fig. 4; Tab. sa4). Within
this age bracket, two broad peaks occur. The older max-
imum extends from about 500 to 400 Ma (between 17 and
50 % of ages) with the main peaks between 470 and
430 Ma and an average peak value at c. 440 Ma (Figs. 4,
5). The younger age cluster is between 400 and 300 Ma
(between 21 and 37 % of ages); main peaks are at
350-300 Ma with an average peak value at c. 350 Ma
(Figs. 4, 5). For grains older than 500 Ma, a minor peak
is at c¢. 570 Ma. Except for one grain in the Pfungstadt
sample, the patterns do not show Archean ages. A par-
ticularly noteworthy feature of the age patterns is the
absence of grains younger than 200 Ma and particularly
of ages reflecting the Alpine orogeny between c. 100 and
35 Ma and subsequent tectonic processes (Froitzheim
et al. 2008).

Derivation of the detritus
Heavy minerals

The principal heavy minerals in our samples and in the
Rhine River sediments in general are garnet, epidote, and
green hornblende (Fig. 2). These minerals are commonly
grouped as the Alpine spectrum (Van Andel 1950; Boenigk
1987; Hagedorn 2004). But this mineral assemblage is not
only found in collisional orogens such as the Alps. Horn-
blende, garnet, and epidote are diagnostic minerals of
collisional orogens in general (Garzanti et al. 2007),
including ancient orogens such as the Caledonian or
Variscan orogens, the rocks of which make up large areas
of the European continent (Kroner et al. 2008). Thus, the
term A. spectrum may not be well chosen here.
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Fig. 2 Transparent heavy
mineral spectra of the sampled

Alpine spectrum
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Fig. 3 Cathode luminescence images and U-Pb ages of zircons of
the Rhine River. The scale refers to the zircons above it

Garnet most commonly derives from metamorphic
rocks, especially from medium-grade metapelites, but can
also be of plutonic origin. Epidote is typical of low-grade
metabasites but may also be common in altered granitoid
rocks. Green hornblende is common in igneous and meta-
igneous rocks and in amphibolite-grade metamorphic rocks
(Garzanti and Ando 2007a).

Throughout the whole upper Rhine province, the heavy
mineral association remains essentially the same. An
important tributary is the Aare River (Fig. 1). Sands from
the Aare River are enriched with altered minerals, garnet,
epidote and contain only minor green hornblende (Van
Andel 1950). Rivers draining the central and southern
Black Forest carry a noticeable percentage of green horn-
blende. Crystalline rocks of the Vosges contain brown and
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green hornblende (Hagedorn 2004). Garnet, hornblende,
and epidote have been derived either from the Alps, or
from the Black Forest and Vosges. Pyroxene was probably
derived from the nearby Kaiserstuhl. The small percentages
of sillimanite could be sourced by sillimanite-bearing
gneisses of the Vosges, mainly from sillimanite gneisses of
the Monotonous group, which make up the main part of
this group (Latouche et al. 1992), or from respective rocks
in the Alps (Van Andel 1950; Hagedorn 2004). In addition,
some gneisses of the southern Black Forest carry some
percentages of sillimanite (Hincke 2010); especially the
Hauensteiner Murgtal gneisses which are widely distrib-
uted in the southern and southeastern parts of the Black
Forest Granite and Gneiss Complex contains significant
amounts of sillimanite (Kroner et al. 2008). Staurolite
grains are commonly found in medium-grade regional
metamorphic rocks, for example mica shists. Staurolite is
known from rocks of the Bohemian Massif mainly from
garnet micashists of the Moravikum (Hock et al. 1990; Von
Hooshang 1993) and from glass sands from the Oligocene
Molasse of southern Germany (Mange and Maurer 1992).
Staurolite is a main component of the Melker Sande
delivered by sediments of the Bohemian Massif (Roetzel
and Kurzweil 1968). The influence of the Buntsandstein
Odenwald (OW, Fig. 1) with predominantly stable miner-
als (Van Andel 1950) is small. Generally, the ZTR index
(Hubert 1962) of the upper Rhine valley deposits is low
(ZTR = 1.2-7 %).

Sediments from the middle and lower Rhine valley are
characterized by a high pyroxene, epidote, and garnet
content. Remarkable is the high garnet content in the river
sands of Miilheim-Kirlich. Garnet grains are likely deliv-
ered by the Moselle River, which carries angular garnet
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Fig. 4 LA-ICP-MS U-Pb ages
(black) with probability curves.
On the right side details of
U-Pb ages histogram
distribution of analyzed zircons
(black) with grey probability
curves
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Fig. 5 Normalized probability plot (Gehrels 2000) for U-Pb age
distributions of all 5 studied samples. Samples are arranged from S to
N from bottom to top of the figure

from the crystalline rocks of the Vosges (Van Andel 1950).
The high garnet content could also be a result of hydro-
dynamic conditions. Garnet is slightly denser than epidote
and green hornblende. Therefore, a preferential concen-
tration of garnet grains is possible and could bias the
provenance signal. Through hydraulic processes, grains are
segregated according to their size, density, and shape.
Enrichment of specific minerals also depends on the
selected grain size window (Garzanti et al. 2009). In our
study, we use a broader size range to minimize the bias in
our data.

Some sediments of the Middle Terraces of the middle
Rhine valley in the Rhenish Slate Mountains are dominated
by basaltic hornblende, some by pyroxene (Boenigk and
Frechen 2006). The dominating mineral in our samples
from this region is pyroxene (Fig. 2). Both basaltic horn-
blende and pyroxene are probably derived from Early
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Pleistocene and Neogene volcanic centers in the Eifel area
(Boenigk and Frechen 2006). In this context, it is inter-
esting to mention Blatt (1978), who showed that in sedi-
ments covering the entire Vogelsberg area, a very rapid
decrease in volcanic fragments from the percentage of 50 to
<5 % occurs within 5 km of the basalt/Buntsandstein
contact. This is interpreted to be due to the fact that streams
on the plains surrounding the volcanic highlands contain no
terrace gravels, which would be suitable intermittent sto-
rages and sources of the eroded volcanic material. How-
ever, the noticeable percentage of pyroxene in our Rhine
River samples demonstrates that the dilution -effect
described by Blatt (1978) did not significantly operate in
the transfer of material from the Eifel volcanic centers to
the Rhine River. Zircon, tourmaline, and rutile may have
been recycled from widely exposed Paleozoic sedimentary
rocks (Sindowsky 1936; Van Andel 1950). The populations
of these heavy minerals are not prominent and are very
likely overwhelmed by the voluminous input from locally
derived volcanic pyroxene and from other unstable min-
erals derived from the south. In addition to the mentioned
garnets, the Moselle River delivers hornblende from the
crystalline rocks from the Vosges together with minerals
from the Keuper and the Buntsandstein (Van Andel 1950).
Green hornblende also occurs in every sample. Stable
mineral populations derived from Triassic sedimentary
rocks (Van Andel 1950) have no significant impact on the
heavy mineral spectrum in the middle and lower Rhine val-
ley, as already demonstrated also for the Upper Rhine area.
The ZTR index (Hubert 1962) of the lower Rhine valley
deposits is 3—11.8 % (sa2).

It is interesting to note that mid-Cenozoic sediments of
the Swiss Molasse basin are also characterized by the A.
spectrum of heavy minerals and are interpreted to have
been sourced from the exhuming Alpine regions (Spiegel
et al. 2002; von Eynatten 2007). The heavy mineral com-
position of the Middle Terrace sands and particularly the
abundance of garnet, epidote, and green hornblende are in
accordance with the commonly inferred provenance from
the Alps. However, grains may also have been derived
from the Black Forest and Vosges (Hoselmann 2008), or
may have been recycled from older Cenozoic Molasse
basin sediments.

U-Pb zircon ages

The samples from all five Middle Terrace sites have rela-
tively uniform zircon age distributions bracketed between
c. 3,100 and 200 Ma (Figs. 4, 5). The similarity of the age
distributions (Gehrels 2000) is relatively high with simi-
larity values between 0.74 and 0.86 (Fig. 6b). A perfect
similarity would have a value of 1.0. The degree of overlap
of the determined age probabilities, that is, the degree to
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which age probabilities overlap (Gehrels 2000), is inter-
mediate to high with values between 0.5 and 0.8 (Fig. 6b).
High values of up to 1.0 indicate similar proportions of
overlapping ages. From S to N, between Freiburg and
Ariendorf (Fig. 1), the relative weight of the main peaks at
440 and 350 Ma changes from a dominance of the older in
the S to a dominance of the younger in the N. This prob-
ably reflects the basement geology traversed by the river
with Caledonian age sources like the Black Forest and
Vosges being tapped in the S and Variscan sources
weighing in more strongly in the N (Figs. 1, 5). A return to
the southern pattern is displayed by the northernmost
sample from Briihl.

In view of the overall strong resemblance of the age
distributions, it is useful to combine all data in one figure
(Fig. 7) and discuss them in summary fashion. Most of the
ages fall into distinct age groups between c. 1,100 and
300 Ma (Fig. 7). A small number of individual ages cover
the time between 2,500 and 1,400 Ma, with one Archean
grain with an age of c. 3,100 Ma. The most prominent peak
including 31 % of ages is at c. 440 Ma in the lowermost
Silurian (Fig. 7; Gradstein and Ogg 2004). These ages can
be linked to several very different sources. One potential
source may be the Black Forest, and related complexes,
where Variscan and Caledonian ages are equally abundant
in late Devonian greywackes (Hegner et al. 2005). Another
option is a derivation from the mid-German crystalline rise.
In the Spessart and neighboring areas, Silurian ages such as
c. 414 and 439 Ma (Lippolt 1986; Nasir et al. 1991) and c.
418 and 410 Ma (Dombrowsky et al. 1995) were recorded
(Sommermann 1993; Reischmann and Anthes 1996; Siebel
et al. 1997). Alternatively, this age peak could be con-
nected to the main parts of the Caledonian orogen now

underlying northern Germany and being exposed in the
British Isles and Scandinavia (McKerrow et al. 2000;
Krawczyk et al. 2008). Micas of Caledonian age were
dated in Keuper (Late Triassic) sediments in Germany by
Paul et al. (2009) who postulate an origin of this detritus
from the Caledonides of southern Norway. During the
Keuper, episodic humid conditions led to the progradation
of fluvial sediments, transported by large river systems,
from Scandinavia southward into Central Europe and
onwards toward Tethys (Wurster 1964; Képpen 1997; Paul
et al. 2009). Therefore, a provenance from Baltica for the
ages around 440 Ma is also probable.

A further option is a derivation from Alpine sources as
Schaltegger et al. (2003) found that Early to Late Ordo-
vician source rocks occur in the northern Helvetic base-
ment in the Central Alps. Similar rock associations are
found in some external massifs like the Gotthard Massif
and in the Austroalpine Silvretta Unit, developed during an
evolution starting with oceanic and active margin mag-
matism in the Late Cambrian and ending with granitoid
magmatism during an Ordovician to Silurian continent
collision (e.g., Schaltegger et al. 2003). In the Penninic
units, intracontinental rifting is documented at c. 500 Ma
and followed by granitoid magmatism between 480 and
450 Ma (e.g., Guillot et al. 2002; Schaltegger et al. 2003).
Stampfli et al. (2002) and von Raumer et al. (2002, 2003)
assign different units of the Alpine basement to the
Gondwana-derived Hun Superterrane, which are now
spread over different Alpine nappes and basement units
(Schaltegger et al. 2003). The Hun Superterrane includes
all continental fragments, which were in lateral continuity
with Avalonia along the Gondwana margin and accreted
to Laurussia between the Late Devonian and Early
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Fig. 7 Summary U-Pb age
(black) distributions for all five

analyzed samples with grey

probability curves and selected

probability maxima. For
comparison the upper part of the
diagram displays the

distribution of major orogenic

events on Baltica, Amazonia,

West Africa, the Arabian—

Nubian—Shield (ANS) and
northern Africa (modified from
Linnemann et al. 2004;
Bahlburg et al. 2010). A Alpine
orogeny, V Variscan orogeny,
C Caledonian orogeny
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Carboniferous. The western part of the Hun Terrane coin-
cides with the Armorican Terrane (van der Voo 1979; Tait
et al. 1997; Stampfli et al. 2002) which also records
widespread and predominantly felsic volcanism and intru-
sive activity connected to continental rifting (Floyd et al.
2000; Schitz et al. 2002; Martin et al. 2003; Kryza and
Zalasiewicz 2008; Linnemann et al. 2008; Bahlburg et al.
2010).

The next prominent group with 28 % of the total is
between 385 and 280 Ma. The data distribution has max-
ima at 333 and 304 Ma (Fig. 7). This abundant group of
ages represents the Hercynian (Variscan) orogeny in Eur-
ope (see summary in Kroner et al. 2008).

The third major age group between 775 and 545 Ma
(16 %) with a peak at c. 570 Ma (Fig. 7) points to deri-
vation of grains from rocks originating in the northern
Gondwana Neoproterozoic Cadomian orogen (750 and
550 Ma; Murphy et al. 2000; Hirdes and Davis 2002;
Nance et al. 2002; Linnemann et al. 2004; Gerdes and Zeh
2006; De Waele et al. 2008; Figs. 7, 8). Cadomian ages are
absent on Baltica and Laurentia (e.g., Nance and Murphy
1994; Zeh et al. 2001; Linnemann et al. 2007).

Grains with ages older than c. 800 Ma are not very
abundant. This may be due to the fact that Mesoproterozoic
and older rock units do not crop out on the central Euro-
pean continent. Furthermore, detrital zircon ages reflecting
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such associations are scarce also in most Mesozoic and
Paleozoic siliciclastic sedimentary rocks in and overlying
the Saxothuringian zone (Hofmann et al. 2009; Bahlburg
et al. 2010). Meso- and Paleoproterozoic detrital zircon
ages are more abundant in sedimentary rocks of the Rhe-
nohercynian zone and here reflect an input from Baltica
(Hofmann et al. 2009; Zeh and Gerdes 2010). A Baltica
affinity would be characterized by ages between 900 and
1,800 Ma, which represent input from the Sveconorwegian
orogen, the Transcandinavian Igneous Belt (c. 1.9-1.7 Ga),
and the Sveconorwegian orogen (c. 1.0 Ga; Andersson
et al. 2004; Zeh et al. 2001, and references therein). This
input could potentially be reflected best in our northern-
most sample from Briihl (Figs. 1, 4), which, however,
shows only a slight increase in these ages. We have to
conclude that our data do not permit a conclusive distinc-
tion between a northern Gondwana or Baltica provenance
for these ages. Alternatively, the scarcity of Meso- and
Paleoproterozoic detrital zircon ages in our samples may
occur because we preferentially analyzed the rim of the
zircon and hence the last growth stage of each zircon.

Implications of the detrital zircon age data

Garzanti et al. (2007) analyze the different types of orogenic
belts and the mineralogical and geochronlogical provenance
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Fig. 8 Paleogeography of the
Cadomian—Avalonian active
margin and related major peri-
Gondwanan terranes at c.

570 Ma (Bahlburg et al. 2010;
modified from Linnemann et al.
2004). AM Armorican Massif,
FMC French Massif Central,
SXZ Saxo-Thuringian zone (part
of the Bohemian Massif), TBU
Tepla-Barrandian unit (part of
the Bohemian Massif). Numbers
in circles zircon ages from the
cratons in Ga. */ from the
compilation of Nance and
Murphy (1994 and references
therein), *2 from Avigad et al.
(2003), Kolodner et al. (2006),
Ali et al. (2009), Be’eri-Shlevin
et al. (2009), *3 from Schneider
Santos et al. (2000), *4 from the
compilation of Zeh et al. (2001).
Paleogeography of the
Gondwanan continental plates
after Unrug (1996)

Peri-Gondwana vy

signatures they produce in sediments eroded from them.
Collisional orogens can be divided into axial and external
belts. Applied to the Alps, the axial belt contains the rapidly
exhumed high-pressure metamorphic assemblages includ-
ing those of the Penninic Domain which are the product of
Cenozoic alpine neo-metamorphism. Instead, the external
belts consist of basement and cover rocks. Sedimentary
units deposited in foreland basins are derived from these
rocks, as well as from erosion of early syn-collisional arc
and subduction complexes and, in cases of rapid exhuma-
tion, dominantly from axial zone metamorphic units
(Garzanti et al. 2007). These external basin fills may also
contain significant amounts of detritus of older lithotectonic
and paleometamorphic units having a pre-Alpine and
potentially extra-orogenic tectonic provenance. Regarding
the northern Alps, the external belt consists essentially of
the Helvetic and Austroalpine domains.

Probably, the most remarkable feature of the detrital
zircon age distribution in the studied Rhine River sedi-
ments from Freiburg to Bonn, and considering the geology
of Europe, is the absence of ages younger than 200 Ma
(Figs. 4, 7). This includes the absence of any ages directly
reflecting the Alpine orogeny between c. 100 and 35 Ma
(Froitzheim et al. 2008). If one would interpret these data
as one would interpret similar data from, for example,
Paleozoic sandstones and without detailed information on
the regional geology, one would miss an entire collisional
mountain belt, that is, the Alps.

Aegean
Dobrogea

g MNeoproterozoic mobile belts of peri-Gondwana
(Cadomian and related events)

- Meoproterozoic mobile belts of Gondwana
(Pan-African and related events)

1.1 - 1.3 Ga Megashear event in Amazonia

:l Mesoproterozoic mobile belts
(Grenville and related events)

[ Cratons (Archean-Palecproterozoic)

One explanation rests in the absence of large-scale
exposures of major batholiths in the Alps which would be
prolific sources of zircons (e.g., Hawkesworth et al. 2009).
Also, the Rhine River system today drains mainly the
northern external belt of the Alps and only locally taps the
axial belt which contains the main lithological bodies
which could supply young zircons to the river system.
There are only a few intrusive and metamorphic bodies
exposed in the central Alps north of the Insubric Line,
which are within reach of the drainage network of the
Rhine River system, and the Hinterrhine in particular (e.g.,
Gebauer 1999; Bernet et al. 2004; Froitzheim et al. 1996;
Liati et al. 2003 and references therein). The Hinterrhine
taps the axial zone of the Penninic realm including the
Lepontine Dome (Fig. 9). The Aare, Reuss, and Limat
tributaries drain only the Helvetic external belt.

Considering the entire Rhine River system, indeed the
Hinterrhine tributary represents only a very small portion
of the entire system, but it is possible to deliver alpine
zircons from the axial belt directly to the Rhine system. It
is interesting to note in this context that detrital zircon age
spectra obtained from modern sediments of the Indus and
Ganges Rivers, which drain the axial zone of the Himalaya
collisional orogen to a larger extent than the Rhine River
does the Alps, contain a few percent of ages younger than
55 Ma, the time of the India-Eurasia collision (Campbell
et al. 2005; Rino et al. 2008). The youngest U-Pb zircon
age is 19.8 £ 0.7 Ma (Campbell et al. 2005). This
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Fig. 9 Map of the Alps and the
adjacent foreland basins.
External massifs: AR Aiguilles
Rouge, Mo Montblanc, Go
Gotthard after Schlunegger
(1999)

demonstrates that the denudation of such collisional oro-
gens proceeds fast and deep enough to supply “young,”
syncollisional zircons from axial zones to draining river
systems. Furthermore, for both the Himalaya and Alps
cases, (U-Th)/He and fission track ages, respectively, show
that detrital zircon grains, dated by the U-Pb method, of
river sediments were frequently polycyclic and were
exhumed und supplied to river transport since c. 30 Ma ago
in both cases (Bernet et al. 2004; Campbell et al. 2005). We
therefore do not exclude the possibility that the axial zone,
at least theoretically, could have supplied young zircons to
the river system via recycling pathways.

Quaternary sediments of the Cenozoic Lower Rhine
embayment near Cologne contain zircons with U-Pb ages
between 42 and 26 Ma, which cannot be connected to parts of
the Rhenish Massif or the Ardennes (Schirer et al. 2012). In
view of the proximity of coeval centers of felsic volcanism
including the Drachenfels trachyte of the Siebengebirge
south of Cologne with an age of 25 Ma (Wijbrans etal. 1995),
it is much more likely that these young detrital zircons were
derived locally and not from the Alps.

Detritus collected by the Alpine Rhine will today
probably be trapped by Lake Constance. Calculations
show, however, that Lake Constance would be filled with
sediment within 22 ka given present accumulation rates
(Bernet et al. 2004). In terms of the temporal resolution
considered here, which is on the order of several 100 ka, a
feature like Lake Constance can be considered ephemeral.
Consequently, we can generalize that in the Middle Pleis-
tocene, Alpine detritus including zircons should have
directly reached the Rhine River beyond Lake Constance.
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Detritus supplied to the Aare tributary would reach and
should also have reached the main Rhine system directly.
We therefore conclude that in the Middle Pleistocene, input
to the Rhine system of zircons younger than 200 Ma should
be expected and should be registered at the sampled
localities at least in small numbers. The fact that there are
none in all studied samples along the Rhine River between
Freiburg and Bonn, and bearing in mind the example from
the Himalayas (Campbell et al. 2005), allows for the
speculation that there may not have been such a supply to
the Rhine River at this particular time. This, then, makes it
very likely that the detritus representing the so-called
A. spectrum in the Rhine River sediments in fact originates
from sources outside the Alps, which prominently include
the Black Forest and Vosges mountains, and the Molasse
basin sediments.

Further implications of the zircon data

The youngest grain encountered in our samples has an age
of 201 + 10 Ma. The Middle Terrace Rhine River sands
were deposited between 550 and 250 ka (Boenigk and
Frechen 2006). There is a time lag of c¢. 200 Ma between
the ages of zircon formation and deposition. Such lags are
rather typical of rivers, which drain stable cratons and
discharge at rifted margins like some east Australian rivers
and the Yellow, Amazon, Orange, and Nile rivers (Sir-
combe 1999; Rino et al. 2008). The time lag is much
smaller or virtually absent in rivers draining tectonically
active mountain belts (Cawood et al. 2012) like the Indus,
Ganges, Mekong, and Yangtze rivers which include zircon
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grains as young as 20 Ma (Campbell et al. 2005). There the
lag time between formation and deposition gets as low as
20 Ma, an order of magnitude smaller than in the case of
the Rhine River.

Relatively short lag times on the order of a few million
years to a few tens of millions of years seem to be typical
also of strike-slip, collisional and subduction-related
ancient, and modern settings where detritus may be trans-
ferred rapidly from source to sink (e.g., Augustsson et al.
2006; Bahlburg et al. 2011; Link et al. 2005; Rino et al.
2008; Jacobson et al. 2011).

Considering the tectonic setting of the Alps and the
Rhine River, it therefore seems justified to expect at least
small amounts of Alpine age zircons to be present in
Pleistocene river sediments. If one treated the interpreta-
tion of our detrital zircon age data from the Rhine River
similar to the approach taken in the interpretation of
respective data on ancient sedimentary rocks in cases of a
comparatively limited understanding of their tectonic set-
ting (e.g., Cawood et al. 2003, 2007; Linnemann et al.
2004, 2007), one would probably conclude that the studied
sediments were draining a relatively stable continental
interior. This interpretation would miss an entire orogenic
belt and would be misleading.

Conclusion

The heavy mineral assemblages of green hornblende, gar-
net, and epidote identified in Pleistocene Middle Terrace
Rhine River deposits result either from the contribution of
sediments derived from the Alps or can be connected to the
Black Forest and the Vosges (e.g., Van Andel 1950;
Hagedorn 2004; Hoselmann 2008). The appearance of
pyroxene in the lower and middle Rhine area suggests a
sediment origin from the Eifel volcanic field (Boenigk and
Frechen 2006). The zircon age spectra of all samples from
Pleistocene Middle Terrace sands and equivalents analyzed
for this study are very similar. Most abundant are ages of
Late Ordovician/Early Silurian and of Variscan age. Late
Ordovician/Early Silurian ages point to Caledonian sources
in Baltica or in the subsurface of northern Germany, to the
mid-German crystalline rise, or to the Alps. Second-order
maxima comprise Neoproterozoic U-Pb ages compatible
with derivation from sources in northern Gondwana
including the Cadomian orogen, the Arabian-Nubian
Shield, and Baltica. Minor amounts of zircon grains of
Grenvillian or Kibaran age (c. 1.0 Ga) were derived
through recycling of intermittent sedimentary storage
either from Baltica or northern Gondwana. The absence of
detrital zircon U-Pb ages younger than 200 Ma and in
particular the absence of ages reflecting the Alpine orogeny
between 100 and 35 Ma, puts into question the generally

made assumption of a direct delivery of Alpine detritus to
the Rhine River system during at least some parts of the
Pleistocene.

Finally, our study demonstrates that great care must be
taken when detrital age spectra of ancient sandstones are
interpreted. This applies particularly to cases like sedi-
mentary units of allochthonous and exotic terranes where
the detrital zircon record may be the only hard evidence of
a deposit’s tectonic setting or paleogeographic linkage.
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