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1 Introduction

The Mülheim–Kärlich clay pit (Kärlich hereinafter) is lo-
cated along the Middle Rhine Valley (MRV), about 10 km
north-westward of the city of Koblenz (Fig. 1a). Owing to
its > 30 m thick Quaternary sequence (Fig. 1b), it perhaps
represents the most significant sedimentary profile along this
entire valley reach. The sequence provides key information
on long-term landscape evolution in the MRV, including suc-
cessive fluvial aggradation phases related to the so-called
main terraces of the Rhine and the Moselle (e.g. Boenigk
and Frechen, 2006, 1998), and is also relevant for its archae-
ological and palaeoenvironmental record (e.g. Gaudzinski et
al., 1996). Despite this importance, the quality of chrono-
logical constraints on the whole Quaternary sequence is far
from being uniform (Fig. 1b). 40Ar/39Ar dating of three
tephra layers interspersed in loess and loess-like sediments
yields ages ranging from ∼ 0.47 to ∼ 0.36 Ma (Van Den Bo-
gaard et al., 1989; Gallant et al., 2014; Fig. 1b) for the upper
part of the Middle Pleistocene sequence. Whilst intermediate
units can be tentatively correlated to Marine Isotope Stages
(MISs) 16–12 based on biostratigraphy and on the composi-

tion of volcanic mineral assemblages (Boenigk and Frechen,
1998), there is no numerical age control on the fluvial se-
quence at the base (Fig. 1b). It is merely constrained by ques-
tionable palaeomagnetic data suggesting a minimum age of
0.77 Ma (all geomagnetic boundaries are from Channell et
al., 2020), corresponding to the Brunhes–Matuyama bound-
ary (e.g. Boenigk and Frechen, 1998). Altogether, the lack
of a reliable chronological framework for the fluvial units
is highly problematic since Rhine deposits at Kärlich were
often used as a reference site for a key terrace level in the
Quaternary evolution of the river, the so-called main terraces
(Boenigk and Frechen, 2006). This study thus aims to fill
this gap by applying electron spin resonance (ESR) dating of
quartz grains from two sediment samples of the Rhine’s main
terrace. This new age control further refines the whole Kär-
lich chronostratigraphy and numerically constrains, for the
first time, the aggradation time of key terrace deposits along
the MRV.
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Figure 1. (a) Location map of the Kärlich site in the Neuwied Basin. Insert: location of the Neuwied Basin along the Middle Rhine Valley
(MRV) in Germany (Lower Rhine Embayment – LRE, Upper Rhine Graben – URG). DEMs from Sonny (sonny.4lima.de) and Copernicus
(doi:10.5270/ESA-c5d3d65) are used. (b) The simplified log and chronology of the Quaternary sedimentary sequence (units A to J) at
Kärlich are adapted from Van Kolfschoten and Turner (1996), with the red star indicating the ESR sample location (modified after Boenigk
and Frechen, 1998; Van Kolfschoten and Turner, 1996; and Gallant et al., 2014). DT1–2 and BT2–4 refer to tephra layers according to Gallant
et al. (2014). ∗ Boenigk and Frechen (1998), ∗∗ Van Kolfschoten and Turner (1996), ∗∗∗ Schirmer (1990), and ∗∗∗∗ Gallant et al. (2014). (c)
Cross-section of the Rhine Valley across the Neuwied Basin, highlighting the prominence of the main terrace (UT1, sampled at Kärlich) in
the fluvial landscape. Palaeomagnetic data and their tentative correlation to the geomagnetic polarity timescale should be treated with caution
(see main text).

2 Brief overview of Kärlich

2.1 Geomorphological setting

The ∼ 120 km long MRV is the reach deeply incised into
Palaeozoic rocks of the uplifted Rhenish Massif, and the
Neuwied Basin is roughly located at its mid-length (Fig. 1a).
Over Plio–Quaternary timescales, this basin has experienced
less uplift than the upstream and downstream reaches, re-
sulting in a smaller vertical spacing in the Rhine terrace se-
quence along this∼ 25 km long reach (Boenigk and Frechen,
2006). Among this sequence (Fig. 1c), the main terrace com-
plex (i.e. “upper terraces” of Boenigk and Frechen, 2006)
(i) is composed of three well-developed, closely spaced ter-
race levels and (ii) forms a clear morphological transition
across all major valleys draining the Rhenish Massif (i.e. up-
per broad vs. lower narrow valley walls; Fig. 1c). It thereby
represents a widespread geomorphologic marker probably
related to a massif-wide tectonic pulse (e.g. Rixhon and De-
moulin, 2018). Rhine sediments identified at the base of the
Quaternary sequence at Kärlich are traditionally assigned to
the main terrace’s older level (e.g. Gaudzinski et al., 1996),

or Ältere Hauptterrasse, also labelled UT1 (Fig. 1c; Boenigk
and Frechen, 2006).

2.2 Quaternary sequence

The Kärlich pit is located in the western part of the Neuwied
Basin (50°23′15′′ N, 7°28′10′′ E; Fig. 1a). While the top-
surface elevation lies at ∼ 200 m a.s.l. (Fig. 1c), the over-
all thickness of Quaternary sediments slightly exceeds 30 m
(Figs. 1b, 2a). As normal faulting related to tectonic activity
of the Neuwied Basin affects the pre-Quaternary sequence
and the basal fluvial gravels (Fig. 2b), elevation of the contact
between Neogene and Quaternary sediments roughly ranges
between 165 and 170 m a.s.l. (Fig. 1c). The lithostratigraph-
ical units of Brunnacker et al. (1969) for the Quaternary se-
quence are still in use today (i.e. A–J from bottom to top).
Units A, B, and C are all fluvial, and their overall thickness
can reach 10 m (Fig. 2a). Two unconformities occur between
Neogene sediments and fluvial units (Fig. 1b): the first one at
the base of unit A and the second one at the top of unit A/base
of unit B. Based on clast lithological and heavy-mineral anal-
yses, units A–Ba and units Bb–C are attributed to the Rhine
and the Moselle, respectively, with a mixed layer in between
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(Boenigk and Frechen, 2006). Abundant ice-rafted debris
(Fig. 2c) and ice-wedge pseudomorphs (Fig. 1b) are observed
at the base and top of Ba, respectively (Boenigk and Frechen,
1998; Fig. 1b). The main reverse-to-normal magnetic polar-
ity change was positioned either at the boundary between the
Rhine deposits (unit Ba) and the coarse Moselle (or mixed)
deposits (unit Bb; e.g. Gaudzinski et al., 1996) or within the
latter, more upward in the sequence (e.g. Van Kolfschoten
and Turner, 1996; Fig. 1b). Units D–J are composed of alter-
nating loess, loess-like, and slope deposits as well as tephras
(Boenigk and Frechen, 1998). Various units (from A to J)
have also delivered mammal fossil remains and lithic arte-
facts (see Supplement).

3 Material and methods

Two ESR samples (RHE1501 and RHE1502) were collected
in December 2015 from two sand lenses overlying the sec-
ond unconformity (Fig. 2a). They were collected in unit Ba,
i.e. the Rhine’s older main terrace (UT1; Fig. 2b). Sample
preparation and ESR dose evaluation were performed at the
University of Cologne (Germany) and the National Research
Centre on Human Evolution (CENIEH; Burgos, Spain), re-
spectively. Quartz grains (100–250 µm) were dated via the
multiple-aliquot additive-dose (MAAD) method and follow-
ing the multiple-centre (MC; aluminium (Al) and titanium
(Ti) centres) approach (Toyoda et al., 2000). A detailed de-
scription and explanation of the ESR methodology can be
found in the Supplement.

4 ESR dating results

4.1 Equivalent dose (DE) assessment

The Al and Ti signals show relatively strong intensities
(Fig. 3a) and return consistent dose estimates for both sam-
ples (Table S1 in the Supplement). In accordance with the
MC approach, these results show that the Al signal was most
likely fully reset (i.e. reset up to its residual, unbleachable,
ESR intensity) during sediment transport. Weighted-mean
combined Al–TiDE values of 2405±145 Gy (RHE1501) and
2163±158 Gy (RHE1502) can be calculated. The quality and
reliability of the fitting results (Fig. 3b) are thoroughly dis-
cussed in the Supplement.

4.2 Dose rate consideration

Sample RHE1501 shows higher radioelement concentrations
and gamma dose rate (by ∼ 20 %) compared to RHE1502
(Table 1). The gamma dose rate values derived from in
situ measurements and laboratory analyses are consistent
for sample RHE1502, whereas they differ by ∼ 23 % for
RHE1501. This difference most likely originates from the
heterogeneity of the surrounding environment (Fig. 2a), since
a 214Pb/238U activity ratio close to unity (within ±5 %; Ta-

ble 1) indicates that the 238U decay chain is in secular equi-
librium (for both samples).

4.3 ESR age estimates

ESR age calculations are based on two geomorphologic sce-
narios (Table 1), accounting for two extreme cosmic dose rate
evaluations. We consider a burial depth either under ∼ 8 m
of fluvial deposits only (scenario A; minimum age estimate)
or under the ∼ 30 m thick Quaternary sequence (scenario B;
maximum age estimate). Samples RHE1501 and RHE1502
yield ESR ages of 1.39± 0.11 (A) and 1.44± 0.11 (B) and
1.51± 0.13 (A) and 1.58± 0.14 Ma (B), respectively (Ta-
ble 1). For each scenario, the results of the two samples agree
at 1σ . As both samples were collected from unit Ba, average
ages of 1.45±0.08 (A) and 1.51±0.10 Ma (B) can be calcu-
lated. Both scenarios provide consistent results, showing that
the uncertainty in the cosmic dose rate has a limited impact
on the calculated ESR ages. Considering the 1σ standard de-
viations of the average ages, we thus assume an aggradation
time for the base of UT1 ranging between 1.37 and 1.61 Ma
(Fig. 1b).

5 Discussion and perspectives

The new consistent ESR age estimates obtained from the
basal part of the Quaternary deposits at Kärlich have far-
reaching implications at different geomorphic scales.

At the profile scale, ESR dating helps to further refine
the chronostratigraphy of the whole sequence by provid-
ing, for the first time, an aggradation time around 1.5 Ma
for the Rhine deposits (unit Ba). On the one hand, new
age estimates are compatible with the 40Ar/39Ar ages con-
straining multiple tephra depositions in the overlying Mid-
dle Pleistocene sequence (Fig. 1b). On the other hand,
they introduce a ∼ 0.7 Myr time gap with the long-lasting
chronological interpretations inferred from palaeomagnetic
measurements performed in the fluvial units and strongly
call these into question. Almost all previous studies have
agreed on a reverse-to-normal polarity change assigned to
the Brunhes–Matuyama boundary (Fig. 1b), positioned ei-
ther at the boundary between the Rhine and Moselle deposits
(i.e. Ba/Bb; e.g. Schirmer, 1990; Gaudzinski et al., 1996;
Boenigk and Frechen, 1998) or within Bb (e.g. Van Den Bo-
gaard et al., 1989; Van Kolfschoten and Turner, 1996). If the
ESR chronology is partly compatible with the palaeomag-
netic results by correlating the reverse polarity identified in
units A and Ba to the Matuyama Chron, any further chrono-
logical interpretation would be very speculative given obvi-
ous limitations inherent to previous palaeomagnetic datasets.
These limitations involve not only the very low sampling res-
olution (e.g. Fromm, 1987, only measured eight samples dis-
persed throughout all fluvial units) but also the impossibility
to critically assess the quality of the dataset due to insuffi-
cient reporting details. In any case, our new numerical age
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Figure 2. Field pictures of the Kärlich site. (a, b) Position of the two ESR samples (vertically and horizontally distant by ∼ 0.7–0.8 m and
∼ 10 m, respectively) in sand lenses belonging to Rhine terrace sediments overlying the second unconformity (2; Fig. 1b) and avoiding the
normal faulting (white downward arrows) affecting the pre-Quaternary sequence and basal fluvial deposits. (c) Ice-rafted debris located at
the very base of unit Ba (all photos: G. Rixhon; scales – a: ladder, b: spade and pen, c: person).

estimates call for future dating efforts to refine the overall
chronostratigraphy. This also entails more complete palaeo-
magnetic measurements, in accordance with the standards of
the field (e.g. Opdyke and Channell, 1996).

At the valley scale, the 1.37–1.61 Ma time span dating
the onset of the aggradation episode related to the Rhine’s
oldest main terrace (i.e. UT1) encompasses MISs 55 to 44
(Cohen and Gibbard, 2019). Moreover, ice-wedge pseudo-
morphs and other cryoturbations observed in the upper part
of unit Ba (Boenigk and Frechen, 1998) along with abundant
ice-rafted debris at its base (Fig. 2c) strongly point to UT1
formation during cold conditions, i.e. MISs 54, 52, 50, 48,
46, or 44. On the one hand, this new age attribution matches
Schirmer’s (1990) interpretation, for whom this unit repre-
sents the oldest evidence of full glacial conditions along the
MRV, well. On the other hand, it clearly casts doubt on the
usual correlation found in the literature between UT1 and
MIS19 (e.g. Boenigk and Frechen, 2006). UT1 aggradation,
hence the formation of the MRV’s main terraces, is much
older than previously thought. In any case, our new numeri-
cal age estimates call for future dating efforts to better con-
strain the formation time span of the Rhine’s main terrace
complex, not only along the MRV but also in the Lower
Rhine Embayment where it is recognised as well (Fig. 1a;
Boenigk and Frechen, 2006).

At the regional scale, our new age estimates must be com-
pared to the few existing ones for fluvial deposits building
the main terrace complex of the main rivers draining the
Rhenish–Ardennes Massif. First, ESR dating (based only on
the Al centre though) allocates an age of ∼ 1.2 Ma to the
younger level of the main terrace perched above the Moselle–
Saar confluence further upstream in the Rhenish Massif
(Cordier et al., 2012). While this numerical result should be
regarded as a maximum possible age (as per the MC ap-
proach), it does not seem incompatible with the present re-
sults given the ∼ 0.2–0.3 Myr time gap between UT1 along
the MRV and Moselle–Saar’s younger main terrace. Second,
cosmogenic-nuclide age estimates exist for the younger main
terrace in the Ardennian Meuse catchment located in eastern
Belgium (i.e. the western part of the Rhenish Massif). Re-
gardless of the method and the sampling location used along
the main trunk or the main intra-massif tributaries, i.e. 10Be
and 26Al depth profiles in fluvial terrace deposits (Rixhon et
al., 2011) or 26Al/10Be burial dating of alluvium trapped in
cave levels correlated to the younger main terrace (Rixhon et
al., 2020), all age estimates indicate a formation during the
Middle Pleistocene. Owing (partly) to the new results pre-
sented here, we highlight, for the first time, a massif-wide
chronological discrepancy. Age control on the widespread
geomorphologic marker that is the main terrace complex

E&G Quaternary Sci. J., 73, 139–144, 2024 https://doi.org/10.5194/egqsj-73-139-2024



M. Bartz et al.: Fluvial aggradation of the Rhine’s main terrace at Kärlich 143

Figure 3. (a) ESR spectra of the natural signals of samples
RHE1501 (red) and RHE1502 (black). Al and Ti ESR intensity ex-
traction is indicated by the dashed arrows. (b) ESR dose response
curves of Al (top) and Ti (bottom) signals in samples RHE1501
(left) and RHE1502 (right).

seems to reveal a time lag of several hundreds of kiloyears
between the Massif’s south-eastern part drained by the Rhine
and Moselle (Germany) and its north-western part crossed by
the Meuse (Belgium). Whether this diachronous fluvial inci-
sion argues for Demoulin and Hallot’s (2009) hypothesis of a
Quaternary uplift wave migrating northward throughout the
whole Rhenish–Ardennes Massif requires, anew, more nu-
merical age estimates on key geomorphologic markers.

To sum up, this short contribution presenting the first ESR
ages on optically bleached quartz grains from Kärlich high-
lights (i) the need for numerical dating methods and (ii) the
usefulness of ESR dating via the MC approach in providing
robust chronological tie points in Quaternary sedimentary se-
quences. Our consistent results provide a first constraint on
the aggradation time of a key geomorphologic marker along
the MRV. Further dating of the main terrace complex, espe-
cially its lower level (i.e. younger main terrace), and of other
terrace subsets, located both above and below this complex
in the terrace staircase, is in progress with the aim of better

Table 1. ESR age estimates and dose rate components. Details can
be found in the Supplement. Errors are 1σ .

Sample RHE1501 RHE1502

U (ppm) 0.96± 0.06 0.70± 0.04
Th (ppm) 3.92± 0.28 3.01± 0.18
K (%) 1.52± 0.02 1.17± 0.02
214Pb/238U activity ratio 0.98 1.04
Laboratory gamma dose rate (µGy a−1)b 599± 14 489± 11
In situ gamma dose rate (µGy a−1)b 487± 29 485± 29
Laboratory / in situ GDR ratio 1.23 1.01

Scenario A (depth=8± 2 m)a

Internal dose rate (µGy a−1) 30± 10 30± 10
Alpha dose rate (µGy a−1) 6± 5 5± 4
Beta dose rate (µGy a−1) 1130± 69 866± 53
Gamma dose rate (µGy a−1) 484± 37 453± 35
Cosmic dose rate (µGy a−1) 84± 8 84± 8
Total dose rate (µGy a−1) 1734± 80 1437± 65

Combined Al–Ti DE (Gy) 2405± 145 2163± 158

Combined Al–Ti ESR age (Ma) 1.39± 0.11 1.51± 0.13

Scenario B (depth=30± 5 m)a

Internal dose rate (µGy a−1) 30± 10 30± 10
Alpha dose rate (µGy a−1) 6± 5 5± 4
Beta dose rate (µGy a−1) 1130± 69 866± 53
Gamma dose rate (µGy a−1) 484± 37 453± 35
Cosmic dose rate (µGy a−1) 17± 2 17± 2
Total dose rate (µGy a−1) 1668± 79 1371± 65

Combined Al–Ti DE (Gy) 2405± 145 2163± 158

Combined Al–Ti ESR age (Ma) 1.44± 0.11 1.58± 0.14

a Depths below the top of fluvial deposits and the top of the whole sequence were
estimated to be 8± 2 m (minimum depth) and 30± 5 m (maximum depth), respectively.
b Based on the measured water content.

understanding long-term fluvial responses to complex inter-
plays between tectonic and climatic forcing.
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