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Abstract

Constraining depositional phases in braided river d<o0s's can be challenging if only based
on sedimentology or geochronology. In this parzcr, we explored how different data sources
can provide complementary information on ‘he depositional history of Pleistocene fluvial
deposits. The study was realized on t1.,~ Zutendaal gravels that outcrop in Northeastern
Belgium. In an 8 m high exposure ot jravel sheets, we collected bulk samples that were
processed for grain size, elemer*al ;eochemistry and cosmogenic radionuclides. After dry
sieving, we derived the D1C, Db, D90, gravel and sand content. From the elemental
geochemistry of the bulk scmples, we calculated the Ti/Zr and Cr/Zr ratios as proxies for

provenance, the A',N33iC, and Ba/Sr ratios for hydrolysis, and the MnO, Fe,O;

":203+Mr10

A0 ratio for oxidation. The '°Be concentration-depth profiles
2Y3

concentrations and the

are informative to identify phases of landscape stability characterized by depositional
hiatuses. To verify the existence of any aberrant variation in '°Be concentration associated to
provenance, the in-situ *°Be concentrations were contrasted with provenance and weathering
indices. Differences in grain size, elemental geochemistry and in-situ °Be between
sedimentary units were evaluated based on Mann-Whitney tests, while Spearman correlation
tests informed us on the co-variation between data sources. The outcrop in the Zutendaal

gravels contains three depositional units with significant differences in grain size and



chemical weathering extent, and representing distinct °Be accumulation phases. The
absence of correlation between provenance and oxidation proxies indicates that weathering
is essentially intraformational or post-depositional. Sedimentary hiatuses were identified
based on fining upward sequences and '°Be concentration-depth profiles, whereby local
deviation in *°Be concentration at the top of the fining upward sequence provided information
on the duration of the hiatus. The case study illustrates how co-variations in weathering,
provenance, granulometry indices and *°Be concentration are informative for the depositional

history of fluvial sediments, and landscape stability during the "“Iristocene.
KEYWORDS: braided river, aggradation mode, hiatus, weat.>riny, provenance, '°Be.
1. Introduction

Fluvial sediment sequences can preserve relevi.m information on paleo-climatic and
physiographic conditions under which the sedin <:nt, were deposited, and their source areas
through tracing of, e.g., parent lithology (V:.ndenberghe, 1995; 2008; Stange et al., 2013;
Lauer et al., 2020). Pioneer work by chumm (1985) and Miall (1996) significantly improved
the comprehension of the relation J¢.wv.-cen sequences of gravel deposits and aggradation
modes of braided rivers. More recently, major advances in the field of geochronology
permitted successful dating o fluvial deposits using in-situ produced cosmogenic
radionuclides (CRN) anc lun inescence dating (e.g., Stange et al., 2013; Claude et al., 2017;
Rizza et al.,, 2019). However, the geochronology of braided river deposits remains
challenging because of their variable deposition mode. Braided rivers are often characterized
by episodic accumulation of sediment, and an alternation of phases of fluvial aggradation
and non-deposition (e.g., Kemp et al., 2020). In pebbly braided rivers, channels and gravel
bars can migrate laterally and the sedimentary deposits can show lateral and vertical
sequences of different sedimentary facies (Collinson, 1996). Often, there is only a fraction of
the sedimentary body exposed at a given location because of depositional hiatuses within
and between the sequences. If long, these interruptions of deposition need to be considered

when interpreting fluvial archives to infer, e.g., climate cyclicity or physiographic changes.



During periods of major fluvial activity, a characteristic sedimentary sequence consists of a
series of cut-and-fill lenses of sand and gravel that extend in a parallel direction to the flow
current. An aggradation cycle typically starts with a thin gravel sheet that grows downstream
and upward by accumulation of clasts, fining upward as a consequence of an upward
decrease of stream power. The deposition of gravels is generally followed by downstream
accretion of the gravel sheet, vertical aggradation of finer sand bars and ultimately
aggradation of deposits from overbank flows that further contrir .te to the fining upward trend
(Miall, 1996). The cyclical deposition of coarse and fine-grcine  sediments has frequently
been utilized to define boundaries between aggradation cy>'es (Paulissen, 1983; Miall, 1996;

Bartz et al., 2017; Faust and Wolf, 2017).

Periods with high rates of fluvial activity ' vith episodic sediment aggradation, removal and re-
deposition are often followed by peric s of reiative quiescence. These ‘dormant’ intervals can
represent physical discontinuities in th.e Jepositional sequence. In some cases, these breaks
or hiatuses last only a few moen.hs to years when they mark the transition between cycles
that are deposited seasonan, (Miall, 1996). In other cases, they may last for tens of
thousands of years whe 1 th.y are climatically controlled (Vandenberghe, 2008). During the
time interval in which the surface of the hiatus is consolidated, the sediment source areas
can change resulting in differences in the provenance of superposed depositional
sequences. Sedimentary provenance can be analyzed based on the mineralogical and
geochemical composition of detrital sediments (Kassi et al., 2015; Mitchell and Sheldon,
2016). Trace and rare earth elements, such as Zr, Hf, Nb, La, Ce and Cr, are commonly
used for the discrimination of provenance. Because of their conservative geochemical
behavior during sedimentary and post-depositional processes, it is commonly assumed that
their element concentration reflects the signature of the source rock composition (McLennan,

2001; Hofer et al., 2013). Besides sedimentary provenance, variations in major element



compositions of sedimentary sequences can also be the result of weathering processes that
transform the source rocks into solutes and newly formed minerals (Sheldon and Tabor,
2009). The extent or degree of chemical weathering is typically assessed from compositional
data (Johnsson, 1993). Weathering indices, such as the chemical index of alteration (CIA),
are based on the proportion of metal oxides in the sediments, and assume that monovalent
and bivalent cations will preferentially be released during weathering processes (Sheldon
and Tabor, 2009). If all other conditions (e.g., climate, lithology, drainage) are equal, a higher
weathering extent is indicative of a longer period of exposure to weathering agents. Lateral
or vertical variations in weathering extent within depositional seq.'ences can inform us on the

presence of hiatuses and their length (Miall, 1996; Retalla *k, 1997; 2019).

Absolute dating of Quaternary fluvial deposits ‘s increasingly done with cosmogenic
radionuclides (Schaller et al., 2001; Goss. ~nu Philips, 2001). The cosmogenic radionuclide
(CRN) °Be forms in-situ at the earth sun.>ce during nuclear reactions between energetic
particles from the cosmic rays and %~ cunstituent atoms in the Earth’s crust. In constantly
exposed and undisturbed sedime nts ‘with no erosion, the in-situ produced '°Be concentration
will increase over time with 2 1,.aximum concentration at the surface. The concentration of
1%Be at the surface can t~n e used to derive a minimum exposure age of the sediments
(e.g., Akgar et al., 201, Ciaude et al., 2017). Braucher et al. (2009) demonstrated that it is
possible to date gravel sheets with in-situ produced cosmogenic radionuclides when the
sediments are rapidly deposited and then exposed for a sufficiently long time. This concept
was applied to fluvial sediments with complex aggradation history (Dehnert et al., 2011; le
Dortz et al., 2012; Rizza et al., 2019). Because of the variability of the deposition processes
in pebbly braided rivers, reconstructing the timing of depositional phases in such
environments is often challenging (e.g., Rixhon et al., 2014) based on sedimentology or

geochronology alone. By combining geochronological with geochemical and grain size data,



one can obtain a more comprehensive view on the geological and geomorphological history

of fluvial deposits (Claude et al., 2017; Beerten et al., 2020).

In this paper, we therefore explore the co-variation of grain size, geochemical composition,
and '°Be concentrations with depth in a fluvial gravel sheet. We hypothesize that these co-
variations generate additional information on the source, depositional mode and deposition
history of the Pleistocene deposits. To test this hypothesis, we proposed a conceptual
framework on potential co-variations between granulometrv. pi>venance and weathering
elemental indices, and CRN concentrations. We applied <:'s namework to pebbly braided
river deposits in the Campine area (northeastern Be 1ium). These deposits of the river
Meuse, the Zutendaal gravels, belong to the Main Te. are deposits and are considered to be
Middle Pleistocene in age (van den Berg, 179%). They are an attractive case study as

successional aggradational phases have ¥.c ~n \Jentified in the deposits (Paulissen, 1983).

2. Conceptual framework

In fluvial deposits that witnessed several phases of sediment aggradation, data on grain size,
sediment geochemistry =n. cosmogenic radionuclides can provide complementary
information on the fluvi..! aygradation history. Here, we develop for a simple sequence of two
sedimentary layers, the information that we can theoretically extract on aggradation modes

and rates (Fig. 1).

Grain size analyses can show uniform granulometry (a.l) or reveal fining upward or
coarsening upward trends (a.2) that are indicative of fluctuating hydrodynamic conditions
during net vertical aggradation (Miall, 1996). When two or more upward sequences are

present, it is possible to individualize the depositional events. The geochemical



characterization of the sediments can then provide insights on their provenance and
weathering. When the source of sediments does not change between two consecutive
sequences, it is expected that the conservative element concentrations - used as proxies for
provenance - remain uniform throughout the profile (b.1). On the contrary, changes in
sediment sources can result in abrupt changes in provenance between sedimentary
sequences (b.2). Measurements of ratios between major element concentrations or their
oxides can give indications about chemical weathering. Weathering processes alter the
chemical composition of sediments and can occur at differ¢ nt stages of the sedimentary
cycle (Johnsson, 1993; Tebbens and Veldkamp, 2000). Pre -de. ositional weathering (c.1 or
c¢.3) happens during sediment production and intermedia e styrage during transport towards
the sink. It can be overprinted during and after der.citicn, which may hamper the use of
weathering as a systematic tracer of, e.g., past cmhatic conditions (Johnsson, 1993).
Between sedimentary cycles, intraformatiora. wr.athering occurs when sequences are
exposed for a sufficiently long time dur'ng 1iatuses. Intraformational weathering (c.2) may
therefore depict limits between depcocition cycles separated by a period without deposition
lasting at least several thousands Jf y:ars (Retallack, 2019). After the aggradation phase
ceases, the sediments are suhj.~t to post-depositional weathering. The development of a
weathering front (c.4) is condiu~ned by spatio-temporal variations in water and solute fluxes
throughout the profile, e1d 1 >dox conditions. The extent of chemical weathering, and depth
variations in weathering ¢ xtent, can inform us on the presence and duration of sedimentary

cycles.

Cosmogenic radionuclides accumulate at the earth’s surface, and the concentration
increases with exposure time and decreases exponentially with depth below the surface
(Granger and Muzikar, 2001). When two sedimentary sequences are deposited within a time
span that is negligible compared to the time since deposition, the CRN concentration will

show a single inverse exponential function with depth (d.1). Conversely, when two or more



deposition cycles are separated by a phase without deposition that is lasting more than
several thousand years, the CRN concentrations will build up in the sequence during
exposure (Dehnert et al.,, 2011; Rizza et al., 2019). If buried under a sufficiently thick
overburden of more than 2 to 3 m, the oldest sedimentary sequence will partly be shielded
from cosmic rays (Granger and Muzikar, 2001; Erlanger et al., 2012). A local maximum of
CRN concentrations can then develop at the top of the oldest sedimentary sequence (d.2),

and it can be used to derive the duration of the corresponding hiatus.
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Fig. 1. Depth variations in (a) granulomet y, '0) sediment provenance, (c) weathering extent and (d) in-
situ produced CRN concentrations c.™ provide information on the depositional history of fluvial
sediments.

3. Geomorphological c)intext

The Campine Plateau (northeastern Belgium) is a low-standing plateau constituted of
Pleistocene fluvial deposits from the Rhine and the Meuse. It is nowadays bordered in the
west by a cryopediment forming a gentle transition from the plateau to the Scheldt Basin
(Fig. 2). In the southeast, the plateau is bordered by a flight of fluvial terraces of the Meuse
River, that represent, in total, a 50 m difference in elevation. Towards the northwest, the
Campine Plateau progressively transitions to the flat topography of the Campine area. It is
bounded in the northeast by active border faults of the Roer Valley Graben, displaying a

vertical topographical offset of up to 40 m (Vanneste et al., 2001).



The Zutendaal gravels (Fig. 2) cover the southeastern part of the Campine Plateau (Beerten
et al., 2013). This deposit is described as a 7 to 15 m thick, medium-coarse gravel sheet,
mainly consisting of material eroded from the Ardennes Massif. It follows the Winterslag
sands in the lithostratigraphy. The latter two members constitute the Zutendaal Formation.
Age control on the Zutendaal Formation is poor although they are commonly assumed to be
Cromerian in age following the northwestern European stages (Gullentops et al., 2001). The
Cromerian complex roughly coincides with the time period between 0.45 and 0.85 Ma
(Cohen and Gibbard, 2011). The time period between 0.5 an‘« 1.0 Ma was also put forward
as a potential window for deposition of the Pleistocene d¢pos'ts in the Campine Plateau

(Laloy et al., 2017; Beerten et al., 2018).
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Fig. 2. (a) The Campine area represents a region of low-laying terrain in northern Belgium and
southern Netherlands. (b) The Campine Plateau reaches a maximum altitude of almost 100 m a.s.l.,
whereas the Campine area is generally not higher than 20 to 30 m a.s.l. The plateau gently dips
towards the northwest. The Zutendaal gravels (delimited by red polygon) are present at the highest
part of the plateau at its southeastern edge. (c) Transect from the eastern border of the Campine
Plateau to the present-day Meuse valley (shown by a white line on panel b). The thickness of the
Zutendaal gravels can vary by up to 5 m over a 100 m long section. A 40 m high escarpment marks
the eastern limit of the plateau.

The Zutendaal gravels are deposits of the Meuse River that was occupying this part of the

Campine area and flowed towards the north (T1, Fig. 2). The deposition mainly occurred



under cold, periglacial climatic conditions (Paulissen, 1973), and the fluvial sediments were
likely deposited by the Meuse under the form of a braided river system (Vandenberghe,
2008). The deposition is considered to have taken place over a series of aggrading cycles as
identified in fining upward sequences (Paulissen, 1983). After this deposition phase, the
Meuse shifted its course eastward (T2, Fig. 2) and started to incise in its own deposits
leading to the stepwise development of the Meuse valley and its terrace sequence. Main
steps in the terrace sequence (Fig. 2c) are the Main Terrace with the Zutendaal gravels, the
Lanklaar terrace with sandy deposits of the Lanklaar Formaticn and the present-day Meuse

valley.

Because of lower erodibility of the Zutendaal gravels in cc™rarison to the surrounding sand
deposits, the thick gravel sequences now have an <levcted position on top of the Campine
Plateau (Beerten et al.,, 2013; 2018). Several ~'acial-interglacial cycles occurred after the
deposition of the Zutendaal Formation. At sc me places, there are clear indications of deep
and/or intense weathering: the presence >f a red-brown paleosoil (referred to as “interglacial
As soil” by Gullentops et al., 2001) anu ~oncretions or coatings of Mn and Fe oxides at the
base of the Zutendaal gravels (Fi~. C= and f; Dreesen et al., 2005). The Zutendaal gravels
and the Lanklaar terrace are ~2avei2d by Quaternary wind-dominated sandy deposits of the

Gent Formation (Beerten eu 7l., :017).

4. Material and methoas

4.1 Sampling and grain size analyses of the Zutendaal gravels

The sampling site is located in a former quarry located in the municipality of As (geosite
Hermans, 51°00'29.10” N, 5°35'46.19 E, Fig. 2), where the gravel sheet reaches a thickness
of more than 7 m and is exposed over more than 20 m width. The top of the profile (Fig. 2)
reaches an altitude of 95 m a.s.l. The profile was described in the field: six units (U1-6) were
identified based on granulometry and sorting, presence of coatings and concretions, and

sedimentary structures (Fig. 3). The sand and gravel facies classification of Miall (1996) was



applied to the sequence. Thirty-seven bulk samples (> 1 kg) were taken at depths between
70 and 660 cm below the top surface, and over depth intervals of 10 cm. All 37 samples
were processed for grain size determination. Of the 37 samples, fifteen samples were
analysed for in-situ produced cosmogenic '°Be: the samples were selected from the top,
upper middle and lower part of each unit, whereby the sampling density was highest in the
upper units (U5-U6) to facilitate exposure dating. Seventeen samples were analysed for bulk
geochemistry: three samples per unit were taken when possible (note that only one sample
was taken in U2 that was less than 50 cm thick, Fig. 3). For elemental chemistry, samples
were distributed equally over the entire thickness of the unic as to capture variation in

provenance and weathering within and between the units.

After air drying, we sieved the 37 samples in a Retsch sibratory sieve shaker with 1.2 mm
amplitude for 30 min. For each sample, we calr'aed the weight percentage of gravel (> 2
mm), medium and coarse sand (0.25 to 2 im) and fine sand, silt and clay (< 0.25 mm).
Then, the D10, D50 and D90 weight pcrr.entage statistics were obtained using Gradistat
software (Blott and Pye, 2001; Vauclin «* al., 2019). Weight percentages were plotted against
depth, which allowed us to anal'ze *r:nds in the grain size distribution (fining upward or

coarsening upward sequences:
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Fig. 3. Summary of profile observations with the descriptive log (with n.aximu.n grain size per unit) and the facies classification following Miall (1996). (a)
Picture of the exposure at As, with indication of location of detaile d =« tui 2s (b,c, d, e, f, g). View of (b) U1, (c) U2-U5, with the thin loamy sand layer (U2) at
the bottom and the gravelly sand (U5) at the top. (d) loamy <zna 'a e’ (U6) covered by 60 cm of aeolian sands. (e) gravels and sandy matrix of U1 with black

and brownish coatings. (f) Picture of a large angular boul.'2r ¢ »ated with Mn oxides (U1). (g) Picture of gravels sampled in U3. Note that a few, potentially ice-
rafted, boulders of > 50 cm diameter were found in the 1. rn_=r quarry, and are present at the outcrop.



4.2 Bulk geochemistry

The bulk elemental chemistry was realized on the sand fraction (< 2 mm). We opted for this
fraction because (1) the weathering signal is more noticeable in the finer fraction (Nesbitt et
al., 1996; Hatano et al., 2019), and (2) for consistency with the *°Be analyses that are
typically performed on the sand fraction. A potential limitation of this approach is that the
fraction above 2 mm, which represents a substantial part of most samples (see Fig. 4), is not
considered for provenance and weathering. To evaluate potential bias, we verified the
correlation between grain size and geochemical indices. Chemical element concentrations
were determined by inductively coupled plasma-atomic emissiu. spectrometry (Thermo iCAP
6000 Series) after the application of a lithium metabo ate and tetraborate fusion of the
samples at 1000°C (Chao and Sanzolone, 1992). Lnss nn ignition was recorded following
combustion of an aliquot at 1000°C. The total elemen. content is expressed in reference to
the dry weight at 105°C. We report the (cac:ntration in major elements as oxide
percentages (K,O, Ca0O, Na,O, Fe,0O3; MaO Siu, and Al,O3), and minor and trace elements
in mg kg™ (Zr, Ba, Sr and Cr). Her~. Ti was also reported in mg kg™ as it is analyzed in
combination with Zr. The accuracy o  the measurements was assessed by testing the
method with the reference m:teriai BHVO-2 (Basalt, Hawaiian Volcanic Observatory,
USGS). The uncertainties re'ative to the standard material are below 1% for all major

elements and Zr, and be’ow 5% for Ba, Sr and Cr (Table A.1).

We analyzed the provenance of the sediments based on conservative chemical elements
that can vary as a function of the source material (Retallack, 1997). We used Ti/Zr and Cr/Zr
ratios as provenance indices, as they are often used when inert minerals such as quartz are
abundant in the sediments (McLennan, 2001; Sheldon and Tabor, 2009; Kassi et al., 2015;
Mitchell and Sheldon, 2016). A global database of chemical composition of fluvial sediments,
including data from sixty different studies, reports a global average Ti/Zr ratio of 27.5 and

Cr/Zr ratio of 0.81 (Viers et al., 2009). McLennan (2001) reports average Cr/Zr values of 0.44



for the upper continental crust, a value that is often used as a reference in other studies
(Mitchell and Sheldon, 2016; Viers et al., 2009). An increase of the Cr/Zr ratio points to a
higher proportion of mafic rocks relative to felsic ones (McLennan, 2001; Varga et

Szakmany, 2004; Kassi et al., 2015).

We analyzed the weathering extent of the sediments based on major and trace element
ratios (Table 1). The chemical index of alteration (dimensionless) is a measure of the overall
weathering extent (Nesbitt and Young, 1982; Sheldon and Tabc+, 2009; Ameijeiras et al.,
2017; Vanacker et al.,, 2019). We then investigated sr.>iue weathering processes. We
measured hydrolysis with Al,03/SiO, and Ba/Sr rait>s. T'he Al,O5/SiO, ratio fluctuates
between 0.0 and 0.3 in most soils, but can reach v~lirzs that are higher than 0.3 in very
clayey layers (Retallack, 1997). The Ba/Sr ratio 1s ar indicator of leaching, and ranges from 2
in most rocks to 10 in very acidic soils (Re.llack, 1997; 2019). An intensively leached
paleosoil typically presents lower Ba/Sr v.'ues in the top horizons compared to the less

weathered deeper horizons (Shelde:: ~nu Tabor, 2009). The redox condition is analyzed by

F9203+Mn0

the ALO,

ratio (Retallack, 21119, 'vanova et al., 2019), as Fe,O; and MnO are released

from silicate minerals by hydro:/sis and can precipitate as surface coatings or concretions in

oxidized sediments (Corw e al., 2009).

The provenance and weathering indices were plotted as function of depth. For each unit (U1-
6), we determined its mean and standard deviation. Additionally, the population of each
provenance and weathering index within a unit was compared to the population from the
adjacent unit(s) with the Mann-Whitney U test (Table 2). This non-parametric equivalent of
the t-test is developed for populations with low (n < 12) number of observations (Mann and
Whitney, 1947). Significant differences between units were considered at a two-tailed level of

confidence (p-value < 0.05).



Table 1. Geochemical indices for the characterization of provenance and weathering

Ratio/index Formula Description
2+, + + 3+
Chemical index of Al,05 x 100 Ir}t:cicatort_of m?b:Iity of Ca | Kf anci l\ll;l with ref&rer)ce t_(;r,]AI _ zés result
alteration (CIA) K,0 + Na,0 + Ca0 + AL O, of formation of clay minerals from feldspar weathering. The index
increases as weathering extent advances.
Al O, _ . . .

Clayeyness Sio. Indicator of hydrolysis, clay formation and clay mineralogy.

2

T . Fe,0; + MnO Indicator of redox condition. Higher ratios are indicative of higher

Oxidation intensity _— e

Al,0, oxidation.

Indicator of leaching, determined by ratio of two chemically similar
elements of different solubility. The ratio increases with degree of
drainage and time of v eathering from 2 in most rocks to >10 in strongly
leached regolith.

Ba/Sr Ba/Sr

Indicator of sedimei t prov :nance, determined by ratio of two
Cr/zr Cr/zr conservative elerm=n.. ‘.,gher Cr/Zr ratios indicate higher contributions
from mafic sour ces ¢ ‘mparatively to felsic ones.

Indicator of sc Yiment provenance, determined by ratio of two
TilZr TilZr conserve ave lenients. The Ti and Zr concentrations in sediments vary
as a fur, ‘ion o the source materials.

4.3 In-situ produced *°Be concentrations

The '°Be concentration of a fluvial denosit c.n accurately be described by Eq. (1), where the
concentration of °Be atoms in a srurp'e, C(z,t) [at.gq. '], accumulates as function of depth
below the earth surface (z) and *me (). Erosion of the overburden, expressed by E [cm.yr™],
reduces the concentration > '°Be atoms. Sediments can contain an inherited °Be
concentration (C;,,) acct mu'ated during previous exposure in the source areas and/or during
transport and temporary “torage in fluvial systems. The measured °Be concentration is the

sum of the inherited and the post-depositional *°Be atoms per mass of quartz:

p(zg—Et) _ pE
C(zt) = Cipp(2) et + ;(j)E e (1 — e ()Y 1)
A

The production rate P(z) is described by Eq. (2):

P(2) = P(z,) el ) 2)



where P(zy) [at.gqtz'l.yr'l] is the production rate at the surface, where the depth, z [cm],
equals 0, A [g.cm™] is the path attenuation length, p [g.cm™] is the density of the overburden,

A [yr'] is the decay constant of °Be.

Sediment samples were processed for in-situ cosmogenic °Be analyses following the
procedure described in Vanacker et al. (2015). Samples were washed, dried, and sieved,
and the 500-1000 um grain size fraction was used for further lab processing. Quartz was
extracted by magnetic separation and chemical leaching with low concentration of acids
(HCI, HNOs, and HF) in an overhead shaker. Purified quartz -omples of 20-40 g of quartz
were then leached with 24% HF for 1 h to remove meteoric ™ 2e. .ollowed by spiking with °Be
and total decomposition in concentrated HF. The Beryliu.. .1 solution was extracted by ion
exchange chromatography as described in von Bl-nck nburg et al. (1996). Three blanks
were processed. About 200 pg of °Be carrier “vas added to blanks and samples. The
1°Be/°Be ratios were measured using accele.ator mass spectrometry on the 500 kV Tandy
facility at ETH Zirich (Christl et al., 2015 The *°Be/°Be ratios were normalized with the in-
house standard S2007N and corrected . ith the average '°Be/°Be ratio of three blanks of 1.3
+ 0.6 x 107, The analytical unce:ir.*zs on the °Be/°Be ratios of blanks and samples were
then propagated into the one standard deviation analytical uncertainty for °Be
concentrations. We then plu:*ed the '°Be concentrations and their respective uncertainties as

function of depth belr,. ' t1,> <urface.

4.5 Analyses of co-variation

Co-variation between granulometry, geochemical indices of sediment provenance and
weathering extent, and in-situ *°Be concentration, was studied based on Spearman
correlation analyses (Table 3). As the sampling scheme for the in-situ °Be analyses slightly
differs from the one for geochemical characterization, we matched the in-situ *°Be data with

the geochemical data of the sample(s) of the corresponding unit.



5. Results

5.1 Field observations

Based on granulometry and sorting, presence of coatings and concretions, and sedimentary
structures, we identified six units (U1-6) in the As profile that are separated from each other
by sharp contacts (Fig. 3): The lowermost unit (U1l) extends between 700 and 547 cm depth,
and is characterized by flat and low-angle cross laminations ¢ noorly sorted material. In the
gravel facies classification of Miall (1996), it corresponds to ¢ cruely bedded gravel bedform
(Gh) that ranges from gravels cemented in a sandy matri<to > 10 cm large pebbles (Fig. 3e
and f). Gravels and coarser sediments are sub-angul~ to ub-rounded, and often imbricated.
Below 6.50 m, the exposure is dark orange because o ‘ron oxide coatings. The color of the
gravel coatings changes to dark black between &0 and 547 cm depth. The second unit (U2),
between 547 and 520 cm has an incliner cor tact of low angle (<10°) with the underlying unit,
Ul. It appears as a light-colored la,<r of lvamy sand (Fig. 3c), that does not present any
particular sedimentary structure ard w-..s therefore classified as massive sand (Sm). The
third unit (U3) is then observable “etween 520 and 335 cm depth and presents a horizontally
stratified gravel facies (Gh) w.*h some imbrications. It is constituted of fine to very coarse
gravels with sub-angule - to sub-rounded shapes, in a sandy matrix with orange-brownish
coating (Fig. 3c and g). The following unit (U4, between 335 and 235 cm) has similar
granulometry as U3 but different color, i.e., light brown. The sedimentary structure shows
planar lamination and no imbrications were observed. Then, in the fifth unit (U5, between 235
and 140 cm), the fluvial deposits are arranged in mostly flat laminations with a majority of
coarse sand (Sh) and some fine and medium-sized gravels. Finally, the uppermost unit (U6,
between 140 and 60 cm) corresponds to a loamy sand (Sh) in which gravels become very
scarce (Fig. 3d). The unit U6 presents an irregular contact at the top (Fig. 3) with a
homogeneous sand package that is interpreted as the Weichselian cover sand (Beerten et

al., 2017).



5.2. Depth variation in provenance and weathering

Provenance of sediments, as measured by Ti/Zr and Cr/Zr, varies considerably within the
deposits (Fig. 4): Ti/Zr values range between 4 and 15, and Cr/Zr values between 0.12 and
0.56. The two indices are significantly correlated (r = 0.81, p-value < 0.01; Table 3) and show
a very similar pattern with depth. The Mann-Whitney test shows significant differences of
Cr/Zr and Ti/Zr values between U5 and U4, and U4 and U3. With the exception of units U4
and U5 that show little (< 15%) variation in provenance, all otho' units (U1, U3 and U6) show
considerable variation in Ti/Zr and Cr/Zr within the unit. Ren arke bly low values are reported

for the bottom part of U6.

Weathering extent, as measured by the CIA, fluctiates between 70 and 88, and exhibits
significant differences between U5 and U + ad 1.arginally significant differences between U4

and U3. The CIA is correlated to grnin size (r=0.80, p-value < 0.01), to the oxidation index

Fe203 +MnO
Alz 03

(r = 0.47, p-value < 0.1), 225 (r = 0.60, p-value < 0.05), and Ba/Sr (r = 0.61, p-
value < 0.01). The Ba/Sr ratic tiu-tuates between 10 and 26, except in the bottom of U6
where it reaches a value ~f 5., As for provenance indices, Ba/Sr values are significantly
different between U5 an.' U4 and between U4 and U3 (Table 2). The variation within the U1,

U3 and U6 units is larrar than the variation between the units. The Ba/Sr is positively

Fe,03+MnO

correlated to MnO (r = 0.58, p-value < 0.05), oxidation index Lo
2V3

(r = 0.72, p-value <

0.01), and is negatively correlated to K,O (r = -0.86, p-value < 0.01). Among all alkali and
alkaline earth elements, only the concentration of K,O is represented in Fig. 4, as similar
trends are observed for the other elements which are less abundant. The K,O concentration
decreases from 2.5% to less than 1% in U6. The Mann-Whitney test reveals that it is
significantly lower in the U3 in comparison to the U4 and does not show a specific trend in

the other units (Table 2).



The Al,Os/SiO; ratio is significantly different between all units except for U6 and U5. The
Al,O3/SiO; is correlated with Cr/Zr (r = 0.56, p-value < 0.05), Ti/Zr (r = 0.79, p-value < 0.01),
K,O (r = 0.66, p-value < 0.01) and Fe,Os3 (r = 0.46, p-value < 0.1). The concentration in iron
oxides (Fe,03) fluctuates in all units between 2 and 4%. In U3, it is significantly more
abundant than in U4, and marginally more abundant than in U1 and U2. Manganese oxide
(MnQO) concentrations vary by several orders of magnitude within the profile. The three
uppermost units do not show much variability in MnO with v_'ues close to 0.01%. In the
lower units of U1 and U3, the MnO concentration is significatly nigher than in the overlying

units (Table 2) with mean MnO concentrations of resp2c.*ey 0.42 and 1.11%. Within UL,

Fe;03+MnO

values up to 2.70% of MnO are reported (Fig. 4). T e o idation index follows the

123

same pattern as MnO, but reports stronger diffe ‘e”.c2s between U6 and U5. As expected, the

three latter indices (Al,O5/SiO,, MnO and F'—*/qf;own—o) are strongly correlated (Table 3).
2VY3

Table 2. Analyses of differences in rrov ~nance and weathering extent between the units (U1-U6). The
significance of the differences was te ted with a Mann-Whitney test with level of confidence of 95%.

Al,0, Fe,0; + MnO

Tilzr - 7 Ba/Sr S0, —aGo, MnO Fe,0, K,0

U6-U5 Statistic 3 & 3 3 1 1 2 3
P-value 0.33 1.33 0.33 0.33 0.01 0.1 0.19 0.33

U5-U4 Statistic 0 0 0 1 0 0 4 1
P-value 0.04 0.04 0.04 0.01 0.04 0.04 0.5 0.09

U4-U3 Statistic 1 0 0 0 0 0 0 0
P-value 0.01 0.04 0.04 0.04 0.04 0.04 0.04 0.04

U3-ul Statistic 2 3 4 0 3 3 2 1
P-value 0.1 0.18 0.3 0.03 0.18 0.18 0.11 0.06

U3-U1l/U2 Statistic 3 3 4 0 6 3 2 3

P-value 0.12 0.12 0.18 0.02 0.38 0.12 0.06 0.12




5.3. Depth variation in grain size

The samples of the Zutendaal deposits span a wide range of grain sizes (Fig. 4). The lowest
unit, U1, shows a bimodal grain size distribution with a medium gravel and medium to coarse
sand component. On average, more than 70% of Ul is composed of gravel. The grain size
distribution is homogeneous within the U1 unit showing no systematic trend with depth. The
U2 unit has a distinct granulometry with a unimodal grain size distribution with 90% of its
weight pertaining to the sand fraction. A fining upward trend from U1 to U2 is thus identified
by the D50. Within U2, two separate sub-layers can be ider .fied: the lowest part of U2,
composed of coarse sands, is capped by an upper layer ot abcut 10 cm composed of fine

sands.

Compared to U2, the unit U3 has a dominart > £0%) gravel component. By its unimodal
distribution with central mode in the r.edum gravels, it is distinct from Ul and U2. A
transition exists between the top of U'? and bottom part of U4, with a gradual increase in the
sand component in U4. This corres'so..ds to a slight decrease of the D50. The bimodal
distribution of U4 is comparable to Ul with a mode in the medium gravel and medium to
coarse sand fraction. At the to, o1 U4, a 10 cm thick layer of fine sands is present, similar to
what we observed at tie vp of U2. In contrast to Ul, U3 and U4, the unit U5 has a
predominantly (80%) san 1 fraction with the percentage of sand increasing at the top of the
unit, so that the D50 shows a fining upward trend from U4 to U5. The uppermost unit, U6,
has a unimodal grain size distribution with a mode in the medium to fine sand fraction, which

makes it contrastively finer compared to the U5.
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Fig. 4. Plot of field observations,provenance and weathering indices, granu .metry and °Be concentrations as function of depth. For the geochemical indices,
the results are plotted for the individual samples as dots. The boxes 1 »present the mean (black line) and standard deviation (grey line) of the measurements
per unit (U1-6). The MnO oxide data are plotted with a logarithmic *.-. xic. The granulometry is represented by the D50 (black line), and the grey area delimits
the D10 (left) and the D90 (right). The gravel (> 2mm) “ina sc=d (<2 mm) fractions are presented as horizontal stacked bar plots. The in-situ 1%Be
concentrations (mean = 1 standard deviation) are plotted , er « ample, whereby the height of the box represents the thickness of the sampling interval.

Table 3. Spearman correlation between grain si~.e \*a *tiun below 0.25 mm), geochemical indices of provenance and weathering, and '°Be concentration.

* p-value < 0.10, ** p-value <0.05 and *** p-vai.'e < 0.01.

Grain  CIA Tilzr  Crizr Ba/Sr  AlLO; Fe,03 + MnO MnO  Fe,0, K,O
size §i0, Al,03

CIA 0.80***

Ti/zr 0.21 0.16

Crlzr 0.05 0.08 0.81%+*



Ba/Sr

AL, 0,

Sio,

Fez 03 + MnO

AlL0;

MnO

Fe.O

K

10

273

,0

Be conc.

0.40

0.37

0.14

-0.12

0.24

-0.20

0.14

0.61***

0.32

0.47*

0.21

0.60**

-0.42*

-0.08

-0.33

0.79***

-0.19

0.00

0.38

0.58**

-0.19

-0.14

0.56**

0.19

0.16

0.54**

0.36

-0.60**

-0.29

0.72%**

0.58**

0.26

_0.86***

-0.37

-0.27

-0.06

0.46*

0.66***

-0.12

0.63%+*
0.65*** 0.44*

-0.70%+* G.4c* 0.06
-0.24 -2.30 -0.21

0.19




5.4. Depth variation in in-situ produced *°Be concentrations

The in-situ *°Be concentrations vary from 120 x 10° to more than 200 x 10° at.gy, " (Table 4).
Most of the uncertainties are in the range of 5 to 7% of the measured *°Be concentrations.
The observed CRN depth variation deviates from a simple exponential decrease of '°Be
concentration with depth, and points to a complex deposition history. The upper three values
(70 to 113 cm, corresponding to U6) show a steady decrease from 180 x 10° to 120 x 10°
at.gqe. " (Fig. 4). We observed an abrupt change in the concentration at 157 cm depth,
corresponding to 137 x 10° at.g,, ' measured at the top of tr.> U5 unit. The following five
samples present a slight decrease of concentration with deth. throughout the U5 and U4
units. Similar as we observed at the top of U5, the uprai ~2.nple of the U3 unit has a °Be
concentration of 135 x 10° at.gy, " at 370 cm depth, ©boL* 12% higher than the sample taken
at 300 cm depth. The following two samples in U3 show a steady decrease in '°Be
concentration with depth. At the bottom of ti>= prufile, in the upper part of U1, a third local
maximum of °Be concentration is found. TF.e value of 202 x 10° at.gqtz'l measured at 550 cm
depth is the highest value that was n.~asured in the profile and is 50% higher than the
average '°Be concentration meas:'re.' '.1 the overlying units. The samples taken in U1 show
a steady decrease of °Be cor:enu ation with depth, from 145 x 10° at.ge; " at 586 cm to 130

x 10° at.gq, " at 657 cm deph.

Table 4. Analytical results ur the in-situ produced %Be concentration.

Sample Unit  Field Depth Quartz Be carrier “Be/ Be “Be

label code (cm) (9) (mg) (x 10—12) (x 10° at.gqtz_l)
TB3824 U6 Heras-18 70 38.074 0.266 0.387 = 0.015 175.0 + 7.8
TB3823 U6 Heras-17 87 38.716 0.220 0.443 + 0.018 1628 + 7.6
TB3822 ué Heras-16 113 38.957 0.267 0.275 = 0.013 120.7 £ 6.7
TB3820 us Heras-14 157 38.123 0.264 0.309 + 0.012 137.6 £ 6.7
TB3819 us Heras-13 177 37.097 0.220 0.355 + 0.014 1349 + 6.7
TB3818 us Heras-12 197 37.774 0.266 0.280 += 0.014 126.2 + 7.3
TB3821 us Heras-15 210 38.204 0.266 0.278 + 0.012 123.8 + 6.6
TB3817 u4 Heras-11 240 38.046 0.266 0.270 += 0.013 1204 + 7.0
TB3816 u4 Heras-10 300 37.874 0.220 0.327 = 0.016 1216 = 7.1



TB3815 U3  Heras-09 370 37.399 0.267 0.295 *= 0.015 1353 + 8.0
TB3814 U3  Heras-08 432 37.850 0.268 0.258 + 0.012 1165 + 6.6
TB3813 U3  Heras-07 504 21.156 0.268 0.152 + 0.011 1184 + 10.9
TB3812 Ul  Heras-06 550 37.437 0.268 0.435 = 0.015 2025 + 8.3
TB3811 Ul  Heras-04 586 33.597 0.268 0.284 = 0.014 1451 + 85
TB4346 Ul  Heras-02 657 10.265 0.296 0.078 = 0.014 130.0 + 29.7
TB3829 n/a n/a 0.000 0.220 0.006 + 0.002
TB3830 n/a n/a 0.000 0.267 0.018 + 0.005
TB4349 n/a n/a 0.000 0.219 0.015 *= 0.004

6. Discussion

6.1 Identification of sedimentary units

Based on grain size, three fining upward cycles can be ('istir guished in the gravel deposits
(Fig. 4). Afirst fining upward sequence (700 to 520 cr., Jepth) contains Ul and U2: the gravel
dominated sediments of U1 become abruptly finer ir. U. ‘where we observe a transition from
coarse to fine sands. It is likely that U2 repre=e. s an infill of a shallow, abandoned channel
and covers earlier active channel bar d :po-.its from Ul. A second fining upward sequence
(520 to 235 cm depth) shows another, less abrupt, transition from medium gravels to medium
and fine sands. This sequence, whiicit incorporates U3 and U4, can be indicative of
shallowing of the riverbed, and p, “bably corresponds to a gravel bar top that is mantled with
sand when stream discharge ~nd competence diminish (Collinson, 1996). Finally, a third
sequence (235 to 70 cn) is Jbserved in U5 and U6, with a shift from a bimodal gravel and

sand distribution in U5 to 1 predominantly fine sand in UG6.

Looking at provenance variability, Cr/Zr values of all samples are close to the reference
value of 0.44 found in the upper continental crust (McLennan, 2001). The absolute variability
of Cr/Zr ratios in the Zutendaal gravels is low compared to global variation in Cr/Zr ratios
reported by Viers et al. (2009). Similarly, the Ti/Zr ratios show little absolute variation, and
are about two to three times lower than the global average (McLennan, 2001; Viers et al.,

2009). The relatively low variation in provenance with respect to global databases can



indicate that the deposits originate from the same source areas. Within the profile, only the
U4 unit shows different provenance values, with distinctly lower values than U5 and U3

(Table 2).

With regard to weathering extent, we found a succession of four weathering zones that
display different weathering types and extents. Chemical weathering by hydrolysis is weak
throughout the profile as shown by Al,O3/SiO, ratios that never exceed 0.3 within the
Zutendaal gravels. The Ba/Sr ratios show deviating results with v lues exceeding the critical
value of 9 that is associated by intense hydrolysis by Re*..'aun (2019). However, the exact
values of the Ba/Sr ratios are uncertain given that Si ~oncentrations in the samples were
close to the detection limit. When reading the profile ,.ar, bottom to top, the Ul and U2 units
show high oxidation and low hydrolysis. The Al. O ,SiO; ratios are consistently low compared

e

to the overlying unit U3, and the CIA anr’. |",_ show evidence of low base cation leaching.

FeZ 03 +MnO

AL,0, index. A

The three uppermost samples of U1 are in.2nsively oxidized based on

second weathering zone correspciris 0 the U3 unit and is characterized by the most
advanced weathering extent of .~e profile. Both CIA and K,O show evidence of advanced

base cation leaching. In U3, .'e observe higher-than-average concentrations of MnO and

Fe;03+MnO

FEQ03 and AIQOg/SiO”. end e AL0
2VY3

index. A third zone corresponds to U4 and U5.

Although chemically dis:.ict from each other based on the Mann Whitney test (Table 2), they
appear similar when they are compared to the other units of the profile as they have the
lowest extent of chemical weathering of the profile. A low base cation leaching and a low
oxidation level are concomitantly present in the U4 and US5. Finally, the U6 can be
considered as a separate fourth weathering zone, with base cation leaching and oxidation

higher than in the U5.



Based on the cosmogenic radionuclide analysis, we identified four °Be concentration
maxima, that are located in the upper part of U1, U3, U5 and U6. A positive deviation in the
°Be concentration-depth profile is indicative for a stable period that lasted several kyr so that
%Be nuclides accumulated at the top of the unit. It also implies that eventual erosional events
did not remove (entirely) the previously deposited material. Such pattern is particularly well
developed in the U1 unit, with (i) strong decrease of the °Be concentration with depth and (ii)
significantly higher concentrations in the two upper samples, TB 3811 and TB 3812,
compared to the samples in the overlaying unit, U3. This loce' °Be concentration maximum
likely represents the longest hiatus in sedimentation. Similar obs 2rvations were made for U3

and U5, although the local deviation in '°Be is less pronot ncet'.

6.2 Co-variation between grain size, elemental geoc.iemistry and °Be concentration

Based on co-variations between grain sizZ, piovenance and weathering indices, and in-situ
produced '°Be concentration, we can reonstruct the depositional history of Zutendaal
gravels. The correlation between Al Z-/5.D, and provenance indicates that the weak extent

of hydrolysis throughout the entirz .-aule is more related to pre-depositional weathering than

. . s . Fe,03+MnO .
to intraformational or post-de,hos:*ional weathering. In contrast, the MnO and % index
2V3

(Table 3) are not significanu / related to provenance, which indicates that the deposits have

F9203+Mn0

1,0, and MnO

been weathered by oxid: tion after their final deposition. Moreover, as

are highest in U1 and U3 that contain individual decreasing exponential *°Be concentrations
with depth, the two lower oxidation zones likely developed during hiatuses between
aggradation phases. Weathering by oxidation can be intraformational. However, we cannot
exclude that the iron and manganese coatings developed later on, after the Meuse River
shifted its course eastward (Fig. 2) and started to incise in its own deposits. Chemical

weathering during this period can have overprinted earlier weathering signals.



The absence of a systematic co-variation between provenance and in-situ produced ‘°Be
concentrations is indicative of changes in the aggradation mode that are not associated with
changes in sedimentary provenance. This is particularly clear in the three lowermost units
(U1, U2 and U3) where the two exponentially decreasing *°Be concentration-depth profiles
(at the top of Ul and U3) are not associated with changes in Cr/Zr and Ti/Zr ratios. This
observation affirms the existence of two long hiatuses, marked as H1 and H2 in Fig. 5, in the
sedimentary sequence during which the provenance of sediments remained unchanged. On
the other hand, aberrant provenance values for individual samples can be indicative of
uncommon sample sources, and be associated to particular sa ple sourcing, deposition or
erosion events. This can be the case for the sample taken at 133 cm depth in U6, for which
provenance indices are strongly different from the t.c o.varlying (U6) and three underlying
(U5) geochemical datapoints (Fig. 4). The adjacent '“b> sample of the same unit, U6, also
shows a lower-than-expected '°Be concentrat'oi. wr.en fitting Eq. (1) through the *°Be data of
the unit (Fig. 5). Further analyses are nez:ded to study the potential effect of aberrant
provenance on in-situ '°Be values, whereby paired samples are analyzed for CRN,

provenance and weathering.

The absence of a correle.do,” between grain size and provenance shows that grain size is not
related to the source of . e sediments (Table 3). This is also exemplified by the observation
at the limit between U3 and U4 where a change in provenance is not associated with a
change in grain size (Fig. 4). Similar observations were made for grain size and weathering

indices where, except for CIA, no correlation is found (Table 3).

6.3. Relating co-variation information to the depositional history of fluvial sediments.

Co-variations between grain size, provenance and weathering, and in-situ '°Be

concentrations can enhance our understanding of the (post-)depositional history of fluvial



deposits. Here, we applied the conceptual framework (Fig. 1) to the exposure of the
Zutendaal gravels (Fig. 5). First, we explored the aggradation mode of the deposits. Fining
upward sequences witness individual aggradation phases, while in-situ CRN concentration-
depth profiles can provide information on the duration of the interruptions of deposition during
which CRN accumulated at the top of the fining upward sequence. Therefore, combining
grain size and CRN data allows one to grasp the history of the sedimentary sequences.
When the upper limit of fining upward sequences does not coincide with a local maximum in
the CRN concentration-depth profile, i.e., the U4-U5 boundary in the Zutendaal gravels, then
the hiatus (indicated by H3 in Fig. 5) can be as short as a fev da,'s (Miall, 1996). Conversely,
when a CRN maximum is observed at the top of a fining '1pw wrd sequence, the surface was
exposed for a prolonged period of time and the lenc.. o the hiatus can be estimated from
the °Be concentration-depth profile. In the study sit’., & 'ang hiatus is observed at the top of
Ul. When assuming that the sediments in 'J. ard U3 have equal inheritance and were
subject to a negligible amount of der.udedon and post-burial °Be production, we can
estimate a minimum duration of expo.tire of the U1 surface of about 19 kyr. Erosion of U1 or
U2 after deposition, or slow aggradc.tion of U2, would result in a longer hiatus’ duration, even
up to a glacial cycle. The anal/s.~ of presence and absence of co-variations between CRN

and granulometry can therefore <ontribute to decipher fluvial dynamics over the Pleistocene.

Second, if the pre-depositional history of sediments differs, they can have a different
inherited CRN concentration. Such differences can produce local anomalies in the CRN
concentration-depth profiles. Co-variation of such CRN anomalies with provenance proxies
can provide insights in different origin, exposure history or transport time of the sediment
(Fig. 6). Besides, by analyzing correspondence between CRN concentration and
provenance, it is possible to identify aberrant samples where the CRN concentration deviates
from the expected one because of differences in nuclide inheritance. In such a case, the

inheritance can be used as a measure of the pre-depositional history and denudation rate in



the source area (e.g., Schaller et al., 2001). The third uppermost sample (taken at 133 cm

depth in U6, Fig. 4) shows evidence of unusual inheritance, and might have an effect on the

°Be concentration determined for the lower part of U6.
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Fig. 5. Conceptual summarv L _o-variation between in-situ %Be concentrations, grain size, and
weathering extent in the cutcre p of fluvial deposits. When a local maximum of CRN concentration
coincides with the top of « finug upward sequence (like H1 between U1-U2 and U3, and H4 between
U6 and the Weichselian sar ds from the Gent Formation), there is evidence for a hiatus that lasted at
least several thousands of years. Conversely, short hiatuses will not leave any particular imprint in the
°Be concentration, as shown in case H3. The same is true for the chemical weathering extent that
shows little variation over short hiatuses (like in U4-U5).
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Fig. 6. Sketch showing how differences in exposure to cosmic rays in t=~ su.rce areas can affect the CRN
concentration-depth profiles in a sedimentary sink. Two sub-catchments with lifferent provenance (Prov.1 and
Prov.2) and erosion rate supply sediments to the river system. During ~. 7St pnase of aggradation; t1, sediments
are mainly supplied from Prov.1 sources and stored in a sedimentary < 'nk. 7 hen, during a second phase, t2, most
of the sediments are supplied from the Prov.2 source area. Given tt. t erosion rates are lower in Prov.1 compared
to Prov.2, the sediments were longer exposed to cosmic rays « 1 1.ave higher CRN concentrations. Such a
difference in exposure in the source area can be propagatea nto 'ae inherited “°Be concentration (Inh.1 and
Inh.2) of fluvial sediments.

Finally, in climate-controlled river terrace for nation, the absence of deposition rather occurs
during warm-cold and cold-warm t/ansitions (Vandenberghe, 2015), although periglacial
conditions may also induce hiatisz:: in the deposition process during cold phases.
Intraformational weathering patt.*ns wnat co-vary with CRN concentration-depth profiles can
inform us on the past envircnmental conditions that prevailed during the corresponding
hiatus. Such a co-variat'on \as observed in U1-U2, Fig. 5) generates additional information
on the climate during the ‘ransition periods, as it differentiates them from hiatuses that would
occur over colder phases during which weathering was essentially inhibited in northwestern

Europe.

7. Conclusion

We explored co-variations between grain size, geochemical indices of weathering and
provenance and in-situ *°Be concentrations to assess how they can generate complementary
information on the source, depositional mode and deposition history of braided river deposits.

We developed a conceptual framework that was applied to the Zutendaal gravels, a



Pleistocene fluvial deposit in northeastern Belgium. Data were acquired from bulk samples
collected in the geosite Hermans, in the municipality of As. Based on grain size, provenance
and weathering indices, and in-situ %Be concentrations, we defined sedimentary units with
distinct depositional history. The case study demonstrated how an integrated analysis can
provide new insights on the fluvial dynamics and landscape stability during the Pleistocene.
The main findings are (1) co-variation between grain size and '°Be concentration can be
used to constrain the duration of hiatuses in sedimentary records, (2) anomalies in °Be
concentration caused by inheritance can be flagged based or nrovenance analysis, and (3)
co-variation between chemical weathering extent and °Be con.entration can inform us on
the environmental conditions during hiatuses. The conce otue' framework can be applied to
fluvial sediments to study climate-controlled fluvial <,-te,1 change and incision during the

Pleistocene.
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Highlights:

e Fluvial dynamics of Pleistocene braided river from northwestern Europe.

e Grain size, chemical weathering and provenance complement *°Be depth profiles.
e Hiatuses in deposition are identified based on *°Be depth profiles and grain size.
e Environmental conditions can be reconstructed based on weathering proxies.

e Analysis of provenance allows one to flag samples before **Be analyses.
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