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Abstract

The transfer and storage of chemical elements nticpkate matter are controlled by physical,
chemical and biological processes. Their dynamresveell understood, especially in environments
that show strong tectonic and/or geomorphic pressuand are frequently reconstructed over centuries
or decades to evaluate climate change effectsxtmmple. However, observations carried out at high
spatial and temporal resolutions are less commartjcplarly in lowland areas. The present study
aimed to better understand the links between eanface processes, such as soil weathering and
erosion, by combining pedology, geochemistry amdrdipgy at a small catchment scale. It focuses on
the transfer of selected chemical elements (Cd&iKke, Mn, Rb and Sr) associated with particulate
erosion and transport. The first (topsoil) and (agbsoil) soil horizons from different soil prefd and
stream bed-load sediments of the Egoutier catchr(ferkm?, Loiret, France) were studied. The
objective was to investigate the relationship betwthe weathering and erosion processes. The soils
are developed on ancient alluvium as evidencedhby physical and chemical properties, which
clearly displayed a weathering profile from bedrtzhopsoil layers. Ca, Fe and Rb showed migration
dynamics from the topsoils to the subsoils, wheras appeared immobilized within topsoils.
Enrichments of all investigated elements increasdzed-load sediments. Topsoil erosion is the main
source of sediment. However, Fe and Rb enrichmalsts highlight the remobilization of subsoils
during periods of enhanced precipitation. Furtheend-e and Rb enrichments show a selective
erosion of clay minerals. K and Sr contents evidemieral break-up processes favoring mechanical
erosion of all mineral phases. Moreover, their @mrients can be interpreted as the result of higher
erosion rates and deposition during high rainfarés. The same conclusion can be drawn for Mn

and Ca although their spatial variabilities depe@mdcontributions from runoff in urban areas, as
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rainwaters from anthropized areas supply Ca mingrakes and diluted Mn depleted bearing phases

from topsoil layers.

Keywords

Weathering, Erosion, Soil, Sediment, Geochemistry

1. Introduction

The Critical Zone (CZ) is defined as the thin lapéthe Earth’s surface and near-surface terréstria
environment. This zone forms the link between rpskils, atmospheric gases and meteoric waters,
which are the habitat of humanity and biodiverginderson et al., 2007). The storage and trangfer o
waters and chemical elements in these compartnagatgontrolled by complex physical, chemical
and biological processes (Négrel et al., 2018ajitepto vertical and lateral heterogeneities of@ze

To better understand the behavior of this sensitorapartment, we need to combine disciplines such
as geochemistry, pedology and hydrology (Richtemlet 2015) and to evaluate the spatial and

temporal evolutions of its physical and chemicalparties (Pierret et al., 2018).

At catchment scale, some CZ compartments, sucbiks act as a sink with large capacities
of storage for many chemical elements (Kabata-Rendind Pendias, 2001), while other
compartments, such as river bed-load sedimentssracgal vectors for element transport (Oelkers et
al., 2011). As underlined by Nesbitt et al. (19868)prder to achieve full knowledge of sedimentary
cycle geochemistry, documentation about the behasicchemical elements during weathering is
required. In the 1®century, soils were defined as dynamic sensitisesns responding to natural
environmental forcings, whose weathering mainly eshejs on climate forcing (Pickering, 1986;
Richter et al., 2015) and rainfall amounts (Defarahd Melesse, 2012), especially in tropical (Séta
al., 2018; Yang and Zhang, 2019) and glacial (Bsroai et al., 2008; Heindel et al., 2018; Maretro e
al., 2018) environments. Considering that soil e&etal composition is also driven by the bedrock
composition (Pickering, 1986), detailed descriptiai weathering processes were done on specific

bedrocks and/or mineral phases (Harriss and Adag&s; Johnson et al., 1968; Cleaves et al., 1970).
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As strong links exist between chemical weathering ahysical erosion (Emberson et al., 2016),
integrated studies evaluating the geochemistryedflbad sediments related to their direct bedrack o
soil sources thus started to be developed (Martth Meybeck, 1979; Cullers et al., 1987; Cullers,
1988). Nevertheless, most of the studies wereethout at a global scale and encountered diffesilti
making the link between weathering and erosion ggses because of the complexity induced by the
potential interaction of different phenomena : apson, retention, fractionation, transport, and
deposition (Bormann and Likens, 1967; Nesbitt et 380; Cullers, 1988). As these processes can
operate independently, together or sequentiallytt(Bi992), their respective effects are difficudt t
distinguish. This is even more the case in envirems with variable lithologies and a relationship
between surface and groundwaters (Bormann and &jk&867) where the contributions of the

different bedrocks and elemental cycles througlugdavaters are hard to establish.

To assist in the characterization of soil and wajepnchemical cycles, the concept of
individual catchment units was defined (Likens a@owan Jr, 1992). In a watershed ecosystem,
geochemical inputs have meterological and bioldg@#ins, while outputs have biological and
geological ones. The differences between the inpuis outputs therefore provide insight into
weathering and erosion dynamics (Bormann and Likd®€7). Catchment outputs are linked to
dissolved and particulate material originating fronemical and physical erosion (Nelson, 1973). At
catchment scale, multi-elemental chemistry analysisater, soils and bed-load sediments, compared
to the bedrock signature (Cullers et al., 1988; riégnd Deschamps, 1996; Grosbois et al., 2000)
become widely used. Given the crustal abundaneséicdte rocks (Parker, 1967) and their weathering
recycling role for atmospheric CO2 (Brady, 199liyerine particulate transport associated to
weathered silicate bedrocks has recently receittedtion (Viers et al., 2009). Directly linked toeir
geochemistry, sediment rates, textural and mingiedb characteristics are driven by soil erosion.
Because erosion rates are enhanced under stroogrambic and anthropogenic forcings (Delmas et
al., 2012), many studies have focused on mountai{@aillardet et al., 1999; Emberson et al., 2016)
or agricultural areas (Marshall and Bayliss, 1964osbois et al., 2000; Cerdan et al., 2002). As a

result of increasing urbanization, urban geology btarted to emerge as a discipline (Wilson and
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Jackson Jr., 2016). Growing funds and legislatiemahds to improve knowledge of urban areas has
enabled the development of geochemical mappingignkind of environment (Johnson and Ander,
2008). Nevertheless, only a few studies on erds&me been carried out in peri-urban areas (Rowntree
et al., 1991; Grau et al., 2008). Although subje¢terapid transformations, these anthropogeniegzon

are nevertheless important actors in modificatiminsiogeochemical cycles (Douglas, 2012).

To evaluate the horizontal and lateral evolutiond ansportability of chemical elements in
the sedimentary cycle, from bedrock to sedimentsreninformation is needed. It is necessary to
distinguish whether existing observations are ubdgg or site-dependent, suggesting specific
controlling factors. The determination of the pnadlwant controlling factors is possible by observing
of weathering and erosion processes in small pbaru catchments. Small watershed studies are
manageable (Nelson, 1973), present fewer varigsiliLikens and Cowans Jr, 1992) and avoid scale
effect smoothing, thus enabling high spatial andpteral characterization of the processes driving

biogeochemical cycles.

The present study was conducted at a small catchmese (Egoutier, 8 km?2) with
homogeneous bedrock to decipher weathering dynaamidshe continuum of erosion processes and
to improve the understanding of particle evolutlmnthe textural, mineralogical and geochemical
characterization of soil and sediments. Conductedasying landscapes on hydromorphic sandy-clay
soils and on bed-load sediments derived from differainfall events in a small stream, this redearc
defines forcing effects in a peri-urban lowland aardt allowed the source contributions to be

reconstructed and/or specific processes to bedraica low temporal scale.

2. Materialsand methods

2.1 Study site and sampling

The Egoutier stream is located in the Loire Rivasib near Orleans (Loiret, France, Fig. 1). The
Egoutier is a tributary of the Loire River drainiagsmall catchment (27 km?) collecting pluvial and
sewage networks. In this study, we restricted theestigation area to the upstream part of the

catchment covering 8 kmz2. It has a temperate cémaith an average annual rainfall in the area of
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650 mm (Soucémarianadin and Verbeque, 2007). Dépgioth stormwaters and soil saturated runoff,
the location of the Egoutier source can vary adogrtb the season and/or the rainfall regime. The
upstream eastern stream (dotted line, Fig. 1)rigniiance only effective during periods of enhahce

precipitation. In the northern part, the streanalso fed by two sewage water effluents: one from a

Central Army Pharmacy (CAP, Fig. 1), and anothemfia psychiatric hospital (PH, Fig. 1).

[Figure 1]

Figure 1: Characteristics of the study site and location of the samples: types of soils and location of the soil surveys (A), land

covers, location of the artificial supplies to the watercourse and of the bed-load sediment samples (B)

The mean slope gradient of the catchment is 0.5Hé.upstream to downstream substratum is
composed of Sologne sands and clays (SSC), Orkeaaads (OS), Burdigalian fluvial deposits dated
21.5 to 16.3 Ma and Beauce limestone dated 2323 .to» Ma (Berger and Desprez, 1969, Fig. 1). The
streambed is impermeable because of clay-rich dubsdzons (Soucémarianadin and Verbéque,
2007; Fig. 1). Land cover is mainly forests (74 #ihe total surface, Fig. 1) and anthropized areas
with residential (12 %, Fig. 1), agricultural (7 %ig. 1) and industrial zones (4 %, Fig. 1). Onago

(the Beulie pond) is present in the central pathefcatchment area.

Soil surveys (yellow stars, Fig. 1) were condudmdeach type of soil and under each land
cover type. Following Soucémarianadin and Verbé(R@07), Redoxisol, Planosol and Brunisol
(French classification; Baize et al., 2009) covBrig, 4% and 1 % of the area, respectively. 13 sail
profiles were collected in April 2018 with a harall ®uuger and the maximum depth was limited to the
homogeneous impermeable subsoil layer. Each homashdescribed and sampled but only the top
and bottom layers of each profile were analyzegs@idd and subsoil, respectively). Bed-load
sediments (BLS) were collected from upstream to rektream all along the watercourse (orange
circles, Fig. 1), paying attention to each confee2rA total of 8 samples were collected in February

and March 2017 and replicated in April 2018 (Fig. 1
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2.2 Quantification of chemical elements

Elemental concentration measurements of all catesamples (soils and BLS) were performed by X-
Ray Fluorescence spectrometry (XRF) with a NITON3¥80 GOLDD fitted with a 50 kV X-ray
tube (max. 50 kV, 10QA, 2 W) with an Ag anode target excitation sournd a Large Drift Detector
(LDD). As part of the standard set-up routine amcvtoid contamination, the analyzer was initially
Energy calibrated using the embedded Silver taigamples were dried at 50 °C during 48 hours,
crushed in an agate mortar and sieved under 20@opmave a homogeneous overview of the bulk
geochemistry. XRF sample cups with 10-15¢g of powdere analyzed through 6 um Mylar films and
with an average analyzed spot diameter of 8 mm. ifin@ing mode calibration done by the
manufacturer was used for all analyses and sowustdime was fixed at 90 seconds using the 3
filters of the pXRF in the laboratory (30 seconds fach filter). Three certified standards
(NIST2710a, NIST2711a, NIST2780) were used to yetiife calibration and calculate correction
factors (Table 1). Each sample was analyzed thireestto determine the reproducibility of the
measurements (Table 1). In order to highlight d#fé processes, only seven elements were selected
in this study in relation with their particular kfior: soluble elements such as calcium (Ca),
potassium (K), strontium (Sr) and rubidium (Rb); iasoluble one: titanium (Ti); and two redox
sensitive ones: iron (Fe) and manganese (Mn). Thé=mments enable mineral contributions to be
tracked as they are often associated to silicéte®, Ti), carbonates (Ca, Sr, Negrel and Grosbois
1999), clays (K, Fe, Mn, Pickering, 1986), and rheta-hydroxides (Fe, Mn, Kabata-Pendias and

Pendias, 2001).
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Table 1: Certified standards mean contents (mg/g) and % standard deviations (National Institute of Standards and
Technology), derived correction factors and % samples mean deviations

Element Certified Certified standard Correction factors| Samples meal
standards = meandeviations deviations
contents (NIST2710a/

(NIST2710a/ NIST2711a/
NIST2711a/ NIST2780)
NIST2780)

K 21.7/253/33.8| 6.0/39/7.7 1.0/1.00 1. 0.6

Ca 9.6/242/19 47/25/10.3 0.8/1.07/ 0. 0.5

Ti 3.1/3.2/x 2.2/251x 0.8/1.1/x 1.2

Fe 43.2/28.2/27.8| 18/1.4/29 1.0/1.0/0 0.6

Mn 2.1/0.7/0.5 2.8/27145 0.2/1.2/09 |49

Rb 0.12/0.12/x 26/05/x 09/1.1/x 14

Sr 0.26/0.24/0.22| 2.7/4.1/8.3 0.8/1.19/0 1.7

Multivariate statistical analysis can provide poes informations about the correlations
between different variables (Zhang and Selinus818&imann et al., 2002). A Principal Component
Analysis (PCA) was therefore conducted using XLST#th topsoil and subsoil layers geochemical
results to visualize any correlations between edwmical element and its distribution in the soil
sample set. Moreover, soil typologies, land covel lbedrock were represented as additional variables
to see their potential effect on the distributidrcloemical elements. The PCA had a p-value < 0.0001

at the Bartlett sphericity test, and a Kaiser-Me@édin sample adequacy of 0.437. Data set stadistic

parameters are resumed in Table 2.
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Table 2: Variables contribution (%) to the first (F1) and the second (F2) principal components of the PCA before and after the
varimax rotation, and the p-value of the Shapiro-Wilk test

K Ca Ti Fe Mn Rb Sr
Variables contribution to 26.9 0.1 59 28.7 17.2 8.6 12.6
F1
Variables contribution to 5.0 31.6 14.8 55 1.6 27.1 14.4
F2
Variables contribution to 30.9 8.4 17.2 10.0 7.7 0.2 25.6
F1 after varimax rotation
Variables contribution to 3.8 18.0 1.2 29.1 14.2 33.6 0.1
F2 after varimax rotation
p-value of the Shapirg-0.289 0.031 0.032 0.120 0.002 0.59( 0.050
Wilk test

Enrichment factors (EF) are traditionally used valeate chemical changes due to alteration-
erosion processes (Ghadiri and Rose, 1991; Négrdl Reschamps, 1996; Négrel, 1999) and
contamination levels (Barbieri, 2016), or to highli losses (nutrients, Palis et al., 1990). Folissoi
sediments, EF are calculated by dividing the eléroentent in the eroded sediment by its content in
the original soil (Barrows and Kilmer, 1963). Ba&iE can be improved by a normalization with a
conservative element such as Al, Li, Sc, Zr, or This conservative element must show weak
variability within the sample set and should notdffected by weathering processes (Reimann and
Caritat, 2005). Moreover, it must be free from [edet size effects and/or fractionation by any
processes. Ti is often a good candidate to carryhisinormalization (Zr being another one). Hekre

were calculated as follows:
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(4]
l/[Ti] sample
EF = Eq. 1

VAR -

2.3 Mineralogical and textural analysis

Bulk mineralogy was determined by X-Ray Diffractigmectrometry (XRD) at ISTO laboratory on ten

samples (two topsoils, two subsoils and three BiS@es from each of the two surveys dating from
2017 and 2018, respectively, Fig. 1). The BLS sacph 2017 were analyzed using a Thermo-
Electron Bruker D8 Advance diffractometer, wherdfas others were characterized using an INEL
diffractometer with a Debye-Scherrer configuratidine diagrams obtained were compared to the
characteristic diagrams of the ICDD (Internatioraéntre for Diffraction Data) PDF (Powder

Diffraction File). It allowed to identify the presee of mineral phases but this method was only

gualitative.

Textures were determined by granulometric analy=s.all samples, the moistened fraction
under 1.6 mm was analyzed by a laser particle dilzstersizer 3000. The relative percentages of four
grain-size classes were quantified: 0-2 um as slag fraction, 2-63 um as silt size fraction, 63-

200/250 um as fine sand size fraction and 200/88B um as medium to coarse sand size fraction.

3. Results

3.1 Soils and sedimengsochemistry

K and Fe were the most abundant elements in tapswith concentrations ranging from 15.7 to 23.8
mg/g and from 4.6 to 24.6 mg/g, respectively (mediantent of 19.0 and 13.8 mg/g, respectively;
Fig. 2). Ca content did not exceed 9.4 mg/g (medmrtent of 4.4 mg/g; Fig. 2) and was the lowest
major element. Ti ranged from 5.2 mg/g to 8.6 m@tgdian content of 6.4 mg/g; Fig. 2). Considered
as trace element because of its concentrationsyadnthe most abundant but also the most dispersed,

with concentrations ranging from 0 to 1.24 mg/g dime content of 0.39 mg/g; Fig. 2). Sr was the
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least abundant, with values between 0.05 and 0d@)g (median content of 0.06 mg/g; Fig. 2) and Rb

ranged from 0.10 to 0.16 mg/g (median content b8 @ng/g; Fig. 2).

Similar variations in a higher range of concentriagi were observed in the subsoils. Fe and K
were still the two most abundant elements, withceotrations ranging from 17.8 to 42.8 mg/g and
from 14.7 to 21.4 mg/g, respectively (median contdr29.0 and 17.1 mg/g, respectively; Fig. 2). Ca
was still the least abundant varying from 2.5 tB81fdg/g (median content of 5.1 mg/g; Fig. 2), while
Ti concentrations ranged from 5.7 to 7.3 mg/g (rmediontent of 6.1 mg/g; Fig. 2). Trace elements
also presented similar variations to the topsomh@as. Mn was still the most dispersed element
ranging from 0 to 0.57 mg/g (median content of Gridg; Fig. 2) but had the highest concentrated in
only two soil surveys (S9 and S12, Fig. 1). In otbail profiles, Rb presented higher concentrations
between 0.15 and 0.21 mg/g (median content of l@8); Fig. 2). Sr was still the least abundant

element with ontents varying from 0.05 to 0.07 m@igdian content of 0.06 mg/g; Fig. 2).

[Figure 2]

Figure 2: Median values (and standard deviation values) of iron, calcium, potassium, titanium, strontium, rubidium and
manganese in topsoils (a) and subsoils (b) of each soil described in the catchment area and bed-load sediment samples (BLS,

c). The typology of each soil is mentioned in figure 1.

The BLS samples showed different trends (Fig. 22017, Ca was the major element, with
concentrations ranging from 2.7 to 130.0 mg/g (mediontent of 28.6 mg/g; Fig. 2) but also the most
dispersed. Ti concentrations were the lowest, naryiom 1.1 to 8.2 mg/g (median content of 5.5
mg/g, Fig. 2). In these samples, K and Fe presantedmediate concentrations with values between
14.9 and 26.8 mg/g, and between 4.0 and 27.5 mgggectively (median content of 23.2 and 16.9
mg/g, respectively; Fig. 2), whereas the trenddrafe elements were the same as in soils. Mn
presented the highest concentrations and scatteanging from O to 1.65 mg/g (median content of
0.24 mg/g; Fig. 2). Sr was the least abundant mgrfiiom 0.06 to 0.13 mg/g (median content of 0.08

mg/g; Fig. 2) and Rb ranged from 0.11 to 0.16 (mediontent of 0.13 mg/g; Fig. 2).

10
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In 2018, concentrations were generally lower bujuite the same trends as observed in the
2017 campaign. Ca again presented the highest mwatens, between 1.5 and 82.7 mg/g (median
content of 9.4 mg/g; Fig. 2), Ti was again the fedmindant, with concentrations between 0.4 and 6.6
mg/g (median content of 1.9 mg/g; Fig. 2), whilead Fe ranged between 14.4 and 26.7 mg/g, and
between 2.5 and 37.4 mg/g, respectively with a arediontent of 19.0 and 9.2 mg/g, respectively
(Fig. 2). Among the three trace elements, the autnatons of Mn were still the highest and the most
widely scattered, varying from 0.02 to 0.43 mg/ge@mn content of 0.11 mg/g; Fig. 2). The lowest
concentrations were again found in Sr, with betw@®42 and 0.11 mg/g (median content of 0.075
mg/g; Fig. 2), while the concentrations of Rb remeai moderate, ranging between 0.073 and 0.13

mg/g (median content of 0.11 mg/g, Fig. 2).

3.2 Mineralogical composition

All the samples are made of quartz, albite andogitise, which is consistent with the geological
context in the catchment (e.g. fluvial deposits aadds). Smectite is found in all samples with the
exception of one topsoil sample (S7; Table 3) amel BLS sample, collected downstream the Beulie
pond (BLS-6; Table 3). Calcite and kaolinite are¢ eeidenced in the soil profiles, but appear in the
composition of BLS samples (BLS-1 and 6b, respebtivTable 3). These two BLS samples were
collected close to artificial drainage discharges the watercourse of the Egoutier stream (FigAl)

very low presence of micas or illite was suspedtethe BLS sample analyzed with the Thermo-
Electron diffractometer (BLS-1 collected in 2017t bgiven the overlapping of their peaks, the
discrimination of their type could not be charaizted. In the other samples, the presence of mieas w
not evidenced but small amounts could be hiddenndebther mineral peaks. No difference was
observed between the two years of sampling foradrtile BLS samples except for sample BLS-1 in

which kaolinite was only detected in 2017 (Table 3)

Table3: Observed mineral species in selected samples of soil profiles and BLS (X: presence)
Soll horizons Quartz Calcite Albite Orthoclase Smectite Kaolinite

profiles or year of

11
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/ BLS campaign

samples
2 A X X X X
(topsail)
C X X X X
(subsoil)
S7 A X X X
(topsail)
C X X X X
(subsoil)
1 2017 X X X X X
2018 X X X X
6 2017 X X X
2018 X X X
6b 2017 X X X X X
2018 X X X X X

3.3 Particle size characteristics

In topsoils, the grain-size classes 2-63 pm (afij 200-1600 pm (medium to coarse sands) presented
the highest proportions and dispersion varied f@gnto 56 % and from 24 to 51 %, respectively
(average percentages of 38 and 37 %, respectikady;3). The clay size fraction (0-2 um) was the
lowest ranging between 0 to 3 % (average percergggel to 2 %; Fig. 3). 63-200 pum (fine sands)
particle size fraction presented intermediate prbmus ranging between 18 and 30 % (average
percentage of 23 %,; Fig. 3). Despite high propodiof the silt size fraction, most topsoils were
mainly made of coarse particle$3 um in size. Only topsoils S3 and S10 had a nzaptribution of

fine particles (< 63 um; Fig. 3).
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Subsoils presented different trends. The grain-dass 2-63 um (silt) had the highest and the
most dispersed values, varying from 29 to 78 %ré&ye percentage of 50 %; Fig. 3). Despite higher
proportions than in topsoils, the clay size fratti®-2 um) was still the least abundant, ranging
between 1 and 8 % (average percentage of 3 %3Figoarser grain-size classes 63-200 and 200-
1600 um ranged from 10 to 28 % and from 9 to 5te4pectively (average percentages of 20 and 27
%, respectively; Fig. 3). Subsoils were also mambde of fine particles (< 63 um) except for soils

S5, S10, S11 and S12 which presented a major bation of coarse particles (> 63 um; Fig. 3).

Particle size distributions in BLS showed differéneinds. In 2017, the grain-size classes 2-63
pm (silt) and 200-1600 um (medium to coarse samasented the highest proportions and dispersion
varying from 16 to 79 % and from 1 to 73 %, respety (average percentage of 42 and 35 %,
respectively; Fig. 3). Proportions of the clay sfeaction (0-2 pm) ranged between 1 and 12 %
(average percentage of 4 %; Fig. 3). The grain-sizss 63-250 um (fine sands) showed an
intermediate range between 6 and 35 % (averagemege of 19 %; Fig. 3). Textural characteristics
were very variable in BLS depending on the locatidnthe samples in the watercourse and no

systematic composition of fine (< 63 pm) or cogragicles (> 63 pm) appeared in a BLS sample set.

[Figure 3]

Figure 3: Proportion of the size fractions in (a) the topsoils, (b) the subsoils, (c) the bed-load sediments (BLS) of 2017 and (d)

the bed-load sediments (BLS) of 2018. The typology of each soil is mentioned in figure 1.

The sample set dating from 2018 was coarser. Tgteekt contributions were only observed in
the grain-size class 250-1600 pm, ranging betw&ean® 89 % (average percentage of 65 %; Fig. 3).
The clay size fraction was the least abundant,ingrigetween 0 and 1 % (average percentage of 0.1
%; Fig. 3), and was even absent in some sampldsinpstream part of the watercourse and at the

outlet (BLS-2, 3, 4 and 7, respectively; Fig. 3gdpite a high dispersion, medium proportions of the
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intermediate grain-size classes 2-63 um and 63425@vere found, ranging from 6 to 43 % and from

4 to 49 %, respectively (average percentages ahtl8L6 %, respectively; Fig. 3).

4. Discussion

4.1 Vertical textural and geochemical soil varidto#ls: a weathering effect ?

4.1.1 Test of the bedrock uniformity

The presence of quartz, feldspar and clay minddastified in soil samples (Table 3) is
consistent with eroded material from granitic fotimas. Besides, SSC (i.e. Sologne Sands and Clays)
and OS (i.e. Orleanais Sands) are ancient alluvihe Loire River and thus correspond to detritic
sediments resulting from the erosion of bedrocksnfithe Massif Central (Soucémarianadin and
Verbéque, 2007). The fluvial origin of those bedchowever involves a potential spatial

heterogeneity in their deposits, particularly ia ttase of SSC (Soucémarianadin and Verbéque, 2007).

Soil chemical composition is driven by bedrock sesrand weathering processes (Négrel et
al., 2018b). To investigate elemental behavior rdunveathering at the catchment scale, potential
bedrock heterogeinities should not be sources xititel and geochemical variabilities within soll
profiles. Bedrock uniformity can be demonstratechbynogeneous rock sources. Ternary diagrams of
major and trace elements with highly similar geacital properties, against an insoluble one, were

therefore plotted with bedrocks and ContinentalsCoompositions according to Parker, 1967.

K and Ca are soluble major elements concentratediffarent mineral phases and with
different geochemical behaviors. By being mainlsted in K-feldspar (Beaucaire and Michard,
1982), K can trace silicate weathering (Négrelle2818a). Ca is concentrated in plagioclaseskand
feldspar (Beaucaire and Michard, 1982) and is kighbbile (De Vos et al., 2006). These elements
were thus plotted with Ti contents, a weatherirgistant element (Cornu et al., 1999), to traceitdétr
phase rock sources and the weathering effectsndikacontents in soil samples were distributed

between granite and shist end-members (Fig. 4)estigg different contributions from the Loire

14



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

River alluvial formations. These variations canwhwger, be the result of weathering as soil samples
showed Ca losses compared to bedrock sources,iimgpGa leaching (Fig. 4). The weathering of
chemical elements within soil profiles results he tconcentration of Ti in weathering products,
because of its resistance to those processes @Vime Fitzpatrick, 1989). No significant
differentiation was observed between topsoil antbssil samples (Fig. 4), highlighting low
weathering rates. Moreover, K mobility can be atdcby different processes such as plant uptake
(Kuhlmann et al., 1985) and release (Laskowskilet1®95), and/or affinity with secondary clay
minerals (Négrel et al., 2018a). In this contelie spread towards schist parent material (Figad) c
be explained by heterogeneities in the spatial wezatg effects. These variabilities can be linked t
different weathering rates according to soil typeé/ar different biological weathering depending on
land cover. Since K and Ca play a role in plantdgal cycles (Boyle and Voigt, 1973; Poszwa et
al., 2000; ), their contents clearly showed différenigration trends between topsoil and subsoil

samples depending on land cover (Fig. 4).

The same ternary diagram was constructed with tedements (Rb and Sr) having similar
behaviors to those of K and Ca during geochemioatgsses (Huntley and Hancock, 2001; Kabata-
Pendias and Pendias, 2001; Négrel et al., 2018g)inAthe first diagram Ti contents showed
enrichment compared to bedrock compositions andgigoificant differences between topsoil and
subsoil samples (Fig. 4), evidencing low weathemages. Sr and Rb showed the same ranges in
granite and in subsoil samples but enrichment apdetion, respectively, in topsoil. However, this
suggests quite different cycles to those of K aadRb losses in topsoil could be the result ofngro
incorporation in secondary clay minerals (Négredlet2018a) that are present in higher proportions
subsoil samples3(3, Fig. 3). Despite being a plant nutrient, Rb niiigra presented similar trends
according to land cover type, possibly linked te tlow remobilization of its bound mineral
(Kuhlmann et al., 1985). Sr is assumed to be rechavehe same rates as Ca during weathering but is
preferentially incorporated in clay minerals (Nésbt al., 1980). Moreover its release from deltrita

feldspar is slow (De Vos et al., 2006) and it canstrongly fixed in organic matter (Kabata-Pendias
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and Pendias, 2001). These factors can explain dbd differentiation between topsoil and subsoil

samples and confirm that geochemical variationsltes from weathering processes.

[Figure 4]

Figure 4: Major (Ca, K, Ti) and trace elements (Rb, Sr) signatures of the soil investigated compared to bedrock and

Continental Crust (CC) compositions according to Parker, 1967

Both diagrams show a principal granitic source (FY, corresponding to the soll
mineralogical composition3(2, Tab. 2) and to the geological bedrock signatdrthe upstream part
of the Loire River catchment area. Ti enrichmenmghlight low weathering rates and Ca, K, Rb and Sr
dispersion shows different behaviors associatel thi¢ biological cycle of nutrients and weathering.

It suggests low lateral variabilities but the alzseaof vertical ones created by bedrock heterogeseit

4.1.2 Homogeneity of the soil characteristics

The catchment area is mainly covered by neutrabkRedl (Soucémarianadin and Verbeque, 2007)
characterized by hydromorphic conditions because permeabilities are observed in the subsoll
leading to the presence of a temporary perchedruatiée (Baize et al., 2009). Water table variagion
within soil profiles imply redox reactions modifgnsoil components mobility (Favrot and Vizier,
1994). Moreover, clays (particles < 63um) are stibj to illuviation processes from topsoil to

subsoil layers (Pollet, 2009).

To confirm that soil geochemical variations reflacil weathering, we investigated the Ti
contents because Ti-bearing minerals are frequdatind in sedimentary rocks as detrital phases
resulting from erosion of magmatic rocks (Milnes dfitzpatrick, 1989). Moreover, because Ti resists
weathering, Ti content is used to understand sikegis (Kabata-Pendias and Pendias, 2001) and to
estimate the degree of weathering (Cornu et aB919n our case, mean Ti content was 6.4 mg/g
(Fig. 5), which is a slightly higher than but inetlame order of magnitude as the median content
measured in European top- and subsoil layers (®/g;nDe Vos et al., 2006). Likewise, Ti content

ratios between topsoil and subsoil were similawken soil profiles developed on SSC (i.e. Sologne
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Sands and Clay§Ti] topsoil / [Ti] subsoil ratio of 1.03, Fig. 5) and European soils (eqtml.02; De
Vos et al., 2006; Reimann et al., 2014a; Reimarel.e2014b). Lower enrichments of Ti in topsoils
are therefore consistent with a slow weatheringhebe soils. Conversely, profiles developed on OS
(i.e. Orleanais Sands) had a mdai] topsoil / [Ti] subsoil ratio of 0.95 (Fig. 5), due to higher
concentrations of Ti in the suboil, already demiaistl by Larue and Etienne (2000) who documented
higher Ti contents in OS than in SSC. FollowingrRain and De Caritat (2000), this difference can
lead to Ti-rich “geogenic” dust in deeper soil fzons. Furthermore, the depth at which the subsoil
occurred was deeper in OS (from 48 to 90 cm wittean value of 71 cm) than in SSC (from 22 to 65
cm with a mean value of 39 cm). This greater deyftthe OS soil profiles could thus balance the
enrichment of Ti in topsoil layers. In spite offdifent bedrock signatures, Ti contents at the Egout

scale showed low variability and were quite simitaall soil profiles.

[Figure 5]

Figure 5: Proportions of titanium in top- and subsoils developed on (a) Sologne sands and clays (SSC) and (b) Orleanais sands

(0S). Differences in fine grain-size fraction proportions between top- and subsoils

In Redoxisol profiles, clay contents derive frone4axisting minerals but the weathering of
initial minerals is far from complete (Righi and Meer, 1995). Montmorillonite-type smectite is for
instance a secondary mineral formed by the wealhenf feldspar in neutral to alkaline conditions
where poor drainage occurs (Pickering, 1986). Tlag contents in topsoil and subsoil samples
(llustrated by the0-63 pm subsoil / 0-63 pum topsaifitio, Fig. 5) can therefore highlight
heterogeneities inherited from the underlying filivdeposits or the degree of soil weathering.
Depending on the soil types investigated, threedseof the0-63 um topsoil / 0-63 pum subsailtio
were observed (Fig. 5). The Redoxi€eb63 pm topsoil / 0-63 pm subsddltio ranged between 1.00
and 1.73 (mean value of 1.39, Fig. 5). The Plan0s8 um topsoil / 0-63 um subsdiltio was the
highest with a mean value of 1.83 and the Brurose was the lowest, at 0.51 (Fig. 5). These results
suggest both low weathering and illuviation proessand low heterogeneities in the clay contents

within Redoxisol profiles but an enrichment in dag subsoil and in topsoil within the Planosol and
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Brunisol ones, respectively (Fig. 5). These obd@wma are consistent with the vertical dynamic of
these types of soils: although Planosol and Bruns® both hydromorphic, Planosols are
characterized by high textural differentiation vehiBrunisols are not (Baize et al., 2009). In this
context, the smectite (Table 3) was formed by teativering of primary minerals and the soil vertical

dynamics controls its migration from topsoil to saib layers.

Given the uniformity of bedrocks and the processtigencing the soil characteristics.), it
can be concluded that the different textural anacgemical characteristics of the soils evidence the

effects of homogeneous low weathering rates atabehment scale.

4.2 Geochemical signature of the weathering praeess

4.2.1 Factors having an impact on soil geochemistry

Pedogenesis starts with bedrock alteration, botatk, soil organisms, vegetation and time dististgui
the different horizons with specific geochemicalsitures (Sucharova et al., 2012). The first ppaici
component of the PCA explained 40 % of the totalavece, the second 30 % and the third one, only
10 %. Around 70 % of the signal distribution wasglexplained by two principal directions (Fig. 6).
The first one results from K and Fe distributioniletthe second only from Ca and Rb distribution
(Table 2). The PCA was therefore considered asgbeipresentative with two principal directions
which were enough to explain the observed variatibetween top- and subsoil layers. Moreover,

despite showing a high variability, PCA results o observations already made (sdelg

Three main behaviors were identified. K, Sr andw&re not specific to topsoil or subsoll
samples, suggesting homogeneity of those eleménite grofile scale, whereas Ca, Rb and Fe were

only found in subsoil samples. On the contrary, Mesented a specificity to topsoil layers (Fig. 6).

Compared to European soil signatures (De Vos €2@06), K (topsoil set), Ti and Fe (subsaoil
set) contents were similar. However, the investidasoils were less concentrated in K (subsoll

samples), Sr, Ca, Fe (topsoil set) and Mn, buteridh Rb.
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K and Sr contents seem to be influenced by the gdmaromena (Fig. 6) and these differences
with European trends could be due to low weatheratgs, few interactions with secondary minerals
and/or a mineral phase effect, rather than to It effects. Indeed, the mineralogical composition
(quartz, albite, orthoclase and smectite) of thetswizons does not vary according to soil ty@d
cover and/or bedrock. However, as seen in4ar2,Ti presented an independent behavior influenced

by bedrock types (Fig. 6), which could explain tiigher concentrations than in European soils.

Rb, Fe and Mn were not influenced by soil type,rbek or land cover type, while Ca seemed
to be linked with the latter (Fig. 6). Given theotggical context of the Egoutier catchment, calanel
plagioclase are the two main bearing phases ofNEgrél and Grosbois, 1999) and low contents of Ca
could therefore be partly explained by the virtabtence of calcite at the catchment scale (Table 3)
Ca is highly soluble (De Vos et al., 2006), mosihlyder low pH conditions (Bailey et al., 1996).
Topsoils pH values ranged between 6.5 and 8.3 @medilue of 7.1, Soucémarianadin and Verbéque,
2007) suggesting than Ca leaching was not the praicess involve in its distribution. Ca is a crlicia
element for the mineral nutrition of trees (Droaatl Herbauts, 2008) and this could explain why Ca
was mainly representative of subsoil samples afiakeinced by land cover types (Fig. 6). Rb is mainly
hosted by K-feldspar (Beaucaire and Michard, 198#) shows strong affinity with clay minerals
after weathering (Négrel et al., 2018a). Highendieethan European soils can thus be linked with the
granitic sources of the fluvial bedrocks providingh supplies in K-feldspar and sandy-clay soils
offering high stocks of secondary minerals. Regardte, its depletion in topsoil compared to the
European soils can be caused by its high mobititfRedoxisol because of redox reactions (Pollet,
2009). Dissimilarities in Mn contents can be catetl with the mineralogical and physicochemical

characteristics of the investigated soils.

[Figure 6]

Figure 6: PCA of the geochemistry and characteristics of the soil horizons

Surprisingly, couples of chemical elements known fétlow the same trends during

weathering, biochemical and redox processes, ssi€@aéSr (Bailey et al., 1996), K/Rb (Huntley and
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Hancock, 2001) and Fe/Mn (Kabata-Pendias and Pen2ii®1) were not observed. In our case, the
observed chemical elements distribution was mairilyen by parent mineral composition, weathering
resistance, potential interaction with secondargsels, or the inherent dynamic of hydromorphic
sandy-clay soils, leading to these dissimilariti@sly Ca, and particularly Ti were slightly influgsd

by study-case parameters, such as land cover anddie

4.2.2 Behavior of the chemical elements in the [zafiles

Numerous chemical processes occur during weathatiegolution, hydration, hydrolysis, oxidation,
reduction and carbonatization (Kabata-Pendias agmdiBs, 2001), implying changes in mineral
chemical composition by the leaching of alkalinkd#ihe earth cations. Parent minerals thereford ten
to disappear depending on their weathering resistawhile secondary ones are created (Oludare,
2017). Comparing soil elemental composition with frarent material, Kabata-Pendias and Pendias
(2001) highlighted element mobility during pedogepiocesses. As bedrock was not sampled during
the present survey, the geochemistry of one selexibsoil was taken as representative of the local
geochemical background. The S8 profile subsoilrldl&y. 1) was thus chosen since its composition
was representative of all soil profiles. The ermeimt factors (EF, Eg. 1) were therefore calculated
both using S8 composition as a reference, and @ersg Ti as a conservative element. EF should be
used with caution since the behavior and weathesfngpme chemical elements in soil profiles can
reflect fractionation through uptake by plants, d&eh to organic material or forming new minerals
(Sucharova et al., 2012). For instance, ReimannGaritat (2000) suggested that EF mainly reflect
the relative solubility of elements. In this stud@®F were therefore considered as reflecting bo¢h th
fractionation and continuity of near-surface preess weathering and erosion. To visualize general
elemental behaviors at catchment scale, boxplotsatifulated EF were constructed (Fig. 7). To
distinguish retention, fractionation or illuviatioprocesses causing these observations, elemental

contents were normalized to fine grain-size pati¢D-63 um) as follows:

[EI]Norm = [El]sample/ (O - 63 Hm) Eq 2
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With [El]sampie the elemental concentration of each sample in pgth(0 — 63 pm) the percentage of
this grain-size fraction. Normalized contents wegpresented as binary plots (Fig. 8). Given the
uncertainties on micas low presence and type, theiential role in the geochemical effects of

weathering is not discussed. Three behaviors wsteguished in topsoil layers (Fig. 7).

K and Sr presented a mean EF of 1.1 (Fig. 7), ooifg no enrichment in topsoil layers,
which is consistent with European trends (De Voale2006; Reimann et al., 2014a; Reimann et al.,
2014b). K and Sr are highly mobile elements (De ¥bal., 2006) whose main parent minerals are
different: K-feldspar for K (Négrel and Grosboi€99) and plagioclase and K-feldspar for Sr (Blum
and Erel, 1997), respectively. K-feldspars are mmesistant than plagioclases to weathering prosesse
(Goldich, 1938) but Sr release from detrital felmispis a slow process (De Vos et al., 2006). Efren i
Sr is known to be incorporated in clay mineralsi{&ta-Pendias and Pendias, 2001), cations with low
hydration energy, such as®Kare preferentially fixed by clays (Sawhney, 197Rpspite that,
preferential incorporation of K in subsoil clay remls can be balanced by high rates of K released i
topsoil layers by decomposing leaf litters (Laskkiwat al., 1995). Similarly, Sr mobility can be
limited by its strong interaction with organic natimainly contained in topsoils (Kabata-Pendias and
Pendias, 2001 K and Sr normalized contents were linear and shosiilar evolutions (Fig. 8).

Nevertheless, a phase effect illustrates theiraateon with clay minerals in subsoil layers (F).

Fe, Ca and Rb presented mean EF lower than 1 Tigllustrating a depletion of these
elements in topsoil samples, also consistent wittoean trends, except for Rb (De Vos et al., 2006;
Reimann et al., 2014a; Reimann et al., 2014b).H@nohe hand, results reflected the effect of redox
reactions on Fe vertical distribution (Favrot anidi&, 1994) and its strong interactions with clay
minerals (Pollet, 2009). Indeed, in spite of theakvenobility of Fe (Négrel and Deschamps, 1996), its
solubility is favored in saturated hydromorphiclsaas is its precipitation as oxi/hydroxydes andi
adsorption on clay minerals (Kabata-Pendias andiBen2001), mostly located in subsoil layers (Fig.
3). Fe normalized contents evidenced a low difféagion between topsoil and subsoil layers (Fig. 8)
confirming the combination of secondary mineralscjpitation and its adsorption on clays. On the

other hand, the results plotted in Fig. 7 demoist@a and Rb leaching by weathering of their
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primary minerals. The high variability of EF for {fig. 7) can be explained by different mean values
according to land cover types: 0.28 in topsoil tayender coniferous forests, 0.42 in those under
hardwood forests, and 1.15 in those under agri@lltparcels.These differences suggest liming of
agricultural parcels given the importance of Cadoil exchange complexes (Drouet and Herbauts,
2008), favouring nutrient availability (Holland &, 2018). Furthermore, Ca leaching appeared highe
in topsoil layers under coniferous forests whichgimibe the result of a typical soil acidification
(Hornung, 1985). Nevertheless, normalization dermatess a matrix effect responsible for higher
contents in subsoil layers (Fig. 8). Negativelyrgea clay surfaces can adsorb divalent ions more
strongly than monovalent ones (De Vos et al., 2006 distribution of Ca is thus also driven by
interactions with secondary phases. Rb distribuirdriven by a combination of unaltered K-
feldspars in topsoil, highlighted by K distributioand illuviation of clay minerals to subsoil lager
confirmed by the absence of phase effect after alization (Fig. 8). This could elucidate the
difference with European top-/subsoil ratios whareonstant Rb content is observed at profile scale

(De Vos et al., 2006).

Mn presented a mean EF of 3.3, demonstrating a éigithment in topsoil layers. This is
consistent with previous resulbsit not with constant European trends (De Vos .e2806). Soluble
and exchangeable, Nfnare dominant cations under strongly acidic coadgj and are immobilized in
neutral to basic soils (Adam and Beaugelin-SeiR8Q5; De Vos et al., 2006). The soil profileshe t
Egoutier catchment have a mean pH value of 7.36d&uarianadin and Verbéque, 2007), Mn could
thus form insoluble oxides under oxidizing condiBo(De Vos et al., 2006), which cannot be
destabilized afterwards. It could explain the digfece with the Fe pattern. Moreover, normalization
with fine grain-size particles (0-63 um, Eq. 2)Hlighted low differences between topsoil and subsoi

layers concentrations (Fig. 8), suggesting a benalightly influenced by phase effects.
[Figure 7]

Figure 7: Enrichment factors (EF) calculated for topsoil samples and for the two bed-load sediment (BLS) sample sets dating

from 2017 and 2018
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Weathering processes have variable consequendegaesipect to local climate, mineralogic
and pedogenic characteristics of the studied Blireover, the element distribution demonstrated
different influencing factors. Some elements presgiow mobility because of biological supplies (K)
or immobilization by redox reactions (Mn) and orgamatter fixation (Sr), while others showed high
mobility induced by high leaching rates (Fe, Ca) Bbhanced by redox reactions (Fe), illuviation
processes (Rb) and soil acidification (Ca). Inespit low weathering rates and variable mobilitia,
the investigated elements are at least slightlyestdd to leaching processes and interactions with

secondary mineral phases, except strongly immeilanes.

4.3 Geochemical impact of erosion processes

4.3.1 Behavior of the geochemical elements in #albad sediment

Suspended particulate matter carried by streamsrigads is the result of rock and soil erosion
processes. Particles are therefore composed oftesgleesistant primary minerals and secondary
phases, controlling the transport and depositionadycs of associated elements over continental
areas (Viers et al., 2009) and controlling the bahra of these elements in the sedimentary cycle
(Neshitt et al., 1980). Grain size distributiordaemental sediment contents (Defersha and Meglesse
2012) represent two key parameters to decipheetkiesls of patterns. To visualize erosion effects o
elemental behaviors at catchment scale, boxplotsedfload sediments EF were compared to topsoil
ones (Fig. 7). Moreover to distinguish selectivesern, transport or deposition processes causing
these observations, elemental contents normalizdihé grain-size particles (0-63 um, Eqg. 2) were

represented as binary plots (Fig. 8).

Firstly, all the investigated elements except for pfesented higher EF in BLS than in topsoil

layers (Fig. 7).

Mn contents were similar in topsoil, in BLS andsimbsoil layers after normalization (Fig. 8),
evidencing a behavior resulting from phase effddtslower enrichments in BLS are therefore due to
dilution by other mineral phase supplies. Ghadid Rose (1991) demonstrated that eroded sediments
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generally present higher contents in chemical eldsnthan soils. Erosion processes can destabilize
aggregates in soils, but aggregates can also beébdirectly in streams. However, the proportiohs o
this second type of aggregate appear to be lessd{ffnd Rose, 1991). Higher EF for Fe, K, Ca, Rb
and Sr in BLS could imply, for instance, a phadeatfoy selective erosion of secondary clay mirgeral
as these minerals fixed the weathered chemicalegitsrand are preferentially transported by runoff.
However, that does not explain the large enricheignCa. Higher BLS contents could also be linked
with a preferential deposit of coarser particleig(B) made of K-feldspars and plagioclases (Tap. 2
rich in K, Rb and Ca, Sr, respectively. Althouglayciminerals are more prone to be exported by
erosion, the transport of other mineral phase<esafacilitated by break-up processes (Andersoh,et a
2007) and a matrix effect should also be considaseii changes the mineral phases composing each

particle size fractions.

Secondly, all the chemical elements except Fe ptedemean EF higher than 1 in BLS
compared to subsoil layers (Fig. 7). Apart fromtkese results are consistent with European stream
sediments (De Vos et al., 2006). K and Sr followadilar dynamics with mean EF of 2.6 and 2.4 in
2017, 5.8 and 5.4 in 2018, respectively (Fig. 8}ifying to K and Sr contents in BLS and higher
inputs in 2018. Besides, Négrel (1999), demonglrai@t Sr is subject to depletion in sediments
because of the presence of K-feldspars, but Stentsican also be caused by detrital feldspars (De
Vos et al., 2006). Moreover, K and Sr associatat oth unaltered feldspars and clay minerals seem
to have the same sensitivity to erosion. While hage effect was observed between the two years of
sampling, K and Sr demonstrated different BLS phlatsizes. The difference observed with European
soils for K contents could therefore be explainethbby low weathering rates and high feldspar

content within the Egoutier catchment.

The Rb behavior in BLS was similar to that of K a®dbut enrichments were lower with
mean EF of 1.1 and 2.3 in 2017 and 2018, respégti#ey. 7). The same Rb contents in BLS and in
topsoil in 2017 after normalization (Fig. 8) evided its enrichment in sediments by a selective
erosion of clay minerals. Moreover, Négrel and Deasgps (1996) observed Rb depletion in

sediments compared to the average contents ofticgsalent rocks while Négrel (1999) observed Rb
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enrichment in sediments compared to the averagemsnof granitic parent rocks. The Rb mean EF
close to 1in 2017 (Fig. 7) and the same evoluimorK suggest the contribution of additionnal toijbso

layers supplied by almost unaltered K-feldspar ftbmerosion of granitic bedrocks.

[Figure 8]

Figure 8: Evolution of the chemical elements between soils and bed-load sediments (BLS) normalized by fine grain-size

particles (0-63 um, Eq. 2)

Fe enrichments in BLS remained below 1 (mean EP.8fand 0.5, respectively, Fig. 7)
suggesting its depletion in BLS compared to subsgirs. Indeed, lower Fe contents in sediments
were already demonstrated by Négrel (1999) and deelre caused by higher proportions of K-
feldspar. Despite the selective erosion of clayerats, leading to higher enrichments in BLS than in
topsoil (Fig. 7), the dilution of Fe contents susigethat topsoil layers are the main contributors t

BLS.

Ca presented very high enrichments in BLS with meknof 9.2 in 2017 and 16.2 in 2018,
respectively (Fig. 7). These values are surprigingn the absence of carbonaceous phases (Table 3)
and the leaching of this element in soils. The égghenrichments were observed on the release of
rainwaters from anthropized areas (sample 6b) &mideoPH sewage waters (sample 3), respectively.
These enrichments could therefore be due to amtigeapc supplies, and more particularly to runoff

on artificial surfaces made of calcareous graBdsides, calcite was observed in sample 6b (Tgble 3

Natural fractionation of the investigated elemeayipears to be driven both by weathering and
erosion. The combination of these two processeswaasover already demonstrated by Reimann and
De Caritat (2005). On the one hand, erosion indwestions of the mineral phases occurring in each
grain-size fraction, except for highly insoluble nmials; on the other hand, supplying layers and
selective erosion explained variations in elememtents (K, Sr, Rb and Fe). Other elements, such as
Mn, seem to remain independent from preferentiagien: diluted in BLS (Mn), or artificially added

by the runoff on anthropized areas (Ca).
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4.3.2 Annual variability of bed-load sediment gesristry

Erosion and deposition processes depend on numdogas factors such as rainfall intensity,
infiltration, runoff rates, soil properties and Issurface conditions (Defersha and Melesse, 2012).
These factors differed throughout the two yearsavfipling, especially the amount of rain. Only 0.8
mm of rain fell 48 hours before the field campaign2017, while 7.3 mm fell before the 2018
campaign. This difference enables visualizationeadsion rates, potential selectivity as well as
transportation and deposition variabilities at lmporal scales to be visualized. To evidence the
geochemical influence and spatial variabilitiesrain amounts, binary plots with the enrichment
factors (EF) of elements with different observetdsors were constructed (Fig. 9).
[Figure 9]
Figure 9: Evolution of geochemical enrichment factors (EF) between 2017 and 2018 bed-load sediment (BLS) sample sets
Globally, no difference was observed for Mn mearnobments between the 2017 and 2018
sample sets (Fig. 7), demonstrating quite similgypties in Mn oxides during erosion, as topsoil
layers were the main source of BLS. However, thiseovation depends on rainwater flow paths, as
shown by the spatial evolution of Mn EF: all thengdes presented increasing EF in 2018 except those
collected at sewage and stormwater outfalls (BL3:5,and 6b, Fig. 9). Topsoil supplies to BLS were
thus locally diluted where runoff from urban areastributed. The Mn geochemical signature thus

appeared constant at catchment scale but was niivign by topsoil contributions to BLS, which

were highly dependent on permeable areas.

Contrary to Mn, EF calculated for the 2018 sampgtevgere always higher for all the other
elements investigated (Fig. 7 and 9), highlighting strong covariation between element contents and

rainfall amounts.

The mean EF for K and Sr were more than twice gis ini BLS dating from 2018 than those
from 2017 (Fig. 7), evidencing higher inputs. Saesplcollected in 2018 presented a coarser
composition (Fig. 3), confirming higher feldsparogion rates and deposition. Moreover, these

differences were not linked with a potential phefect (Fig. 8) supporting K and Sr incorporation i
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different mineral phases and break-up processdaipim their presence in all grain-size fractions.
Nonetheless, K EF spatial evolution showed thedsgincreases where fewer fine grain-size particles
deposited (BLS-2, 3, 4 and 7, Fig. 9 and 3), supggsnfluence of longer fine particle (< 63 um)
transportation distances in 2018. Likewise, 2018EBrdecreased only on both sides of the pond

(BLS-5 and 6, Fig. 9), where the proportions oéfgrain-size particles declined the least (Fig. 3).

The Rb evolution in BLS was quite similar but lowwkan K and Sr, with mean EF that were
twice as high in 2018 as in 2017 (Fig. 7). Strorigorporated in K-feldspar as in clay mineralg th
2018 increase was due to enhanced particle suppigselective erosion of clay. Its presence in the
two mineral phases is evidenced by well differé¢atiaRb contents between topsoil and subsoil layers,
not resulting from higher contents of clay miner@gy. 8). Moreover, its spatial evolution was quit
similar to that of K and Sr ones, with the highesteases in the coarser samples of 2018 (BLS4, 3,
and 7, Fig. 9). EF for Rb in 2018 may thus evidetiee contribution of subsoil layers and coarser

deposits in transportation zones because of higliriall.

Fe presented a higher EF in 2018 than in 2017, loatly (Fig. 9) and at catchment scale
(Fig. 7), but the increase was lower than that lof Re is mainly hosted by clay minerals from sulbsoi
layers. Like Rb, 2018 enrichments could be thelrediselective erosion of clay minerals combined
to higher contributions from the Fe-rich layer &.& BLS had a coarser composition (Fig. 3) and Fe

dynamic was not due to phase effects (Fig. 8).

Ca behaves similarly to Fe but the higher mean B$eiwed in 2018 is driven by a phase
effect (Fig. 8), reflecting higher supplies by thumoff on anthropized areas due to rain amounts, an
the concentration of Ca in one particular grairedimaction. These effects are visible in the local
evolution of Ca EF: samples collected from urbd@nwater contributions presented a higher increase
in Ca (BLS-1 and 3, Fig. 9) and in the coarserrgsize fraction (250-1600 um, Fig. 3). This
evolution was not observed in sample 6b, highlightmore transportation in 2018, as the highest

increase in Ca was shown at the catchment ouilgt 9l
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The sediment geochemistry is also influenced by hbotlepletion and the
transportation/deposition dynamic of selected gsie fractions and mineral phases. Therefore, rain
amounts drive the supplying quantities but alsosthigrces of particles within soil profiles and le t
catchment. Deviations of each element from theiamEF (Fig. 7) evidence high deposition zones
and input heterogeneities. These differences akedi with the pond and the impermeable urban areas

for some elements (Mn, Ca).

5. Conclusions

Despite a bedrock fluvial origin and low chemicalriations according to land cover and bedrock
types, the small scale of the Egoutier catchmdatvala good visualization of silicate weathering an

erosion processes, as well as stream transport@tidrdeposition dynamics. Enrichment factor (EF)
calculation was a useful tool to understand boghfthctionation and continuity of these near-swgfac

processes as soil geochemical profiles were ndtdifdrentiated.

In the case of low weathering rates, except chdrelements that were strongly immobilized,
because of redox reactions for example, most otlbments are only slighlty subjected to leaching.
However, slow weathering enabled the identificatidrdifferent forcing factors. Egoutier catchment
hydromorphic soils are strongly controlled by reaeactions, but the main characteristic driving the
specific elemental distribution within soil profilés necessarily the weathering resistance of pyima
minerals. Combined to that, some characteristiash @s plant uptake and release, play ubiquitous

roles, while others, such as illuviation processesoil acidification, are site-dependent.

Influencing factors during erosion processes haweeentomplex consequences. Firstly, as
already known, a selection of depleted particlasigfavoring a prefential erosion of fine graines,
such as clay minerals. However, modifications afienal grain sizes through disaggregation or break-
up processes can encourage the erosion of othegrahiphases. Beyond that, the main factors

controlling sediment geochemistry are erosion ratgsarticle sources, and stream
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transportation/deposition dynamics. Logically, matepleted particles are supplied to sediments
during periods of higher rainfall. This leads tgher enrichments in every chemical element except
those mainly contained in topsoil, because sultepdr particles also contribute to bed-load sedisen
(BLS) when soils are saturated and higher contiobstof urban rainwaters buffered topsoil supplies
to BLS. Moreover, longer transportation distancien@ grain-size particles lead to local enrichrgen
of elements carried by coarser particles. Furtheemoaution must be taken concerning some

elements which can be artificially supplied in tkisd of peri-urban stream.

BLS geochemistry results thus from the combinatbitextural and mineralogical selectivity
during erosion, but also from sources within saibfies and waterflow equilibrium between
deposition and transportation, which are directypehdent on the characteristics of rainfall events.
Therefore, BLS EF scattering highlights differeatl profile sensitivities to erosion and sedimeptar
dynamic variations along the watercourse. Theseerghtions provide useful information to
understand and predict sediment behavior and atedcigeochemistry. It could therefore be
interesting to conduct similar studies on suspengadicle geochemistry correlated with more
detailed pluviometric characteristics than justnramounts. A better characterization will allow
geochemical modeling to be applied to erosion mees and river particulate transportation. The peri
urban context of this watershed also allows theesapplication for the geochemistry of contaminants,

supplied by sewage water inputs and urban strommwaneff.
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Highlights

e Geochemical effects of silicate weathering and erosion continuum processes

e Hydromorphic soils slow weathering allows detailed forcing factors visualizing

e Particles sources, erosion selectivity, disaggregation and rates drive sediment geochemistry

e Stream transportation/deposition dynamic controls sediment geochemistry temporal
evolution

¢ Sediment geochemistry is modified by stormwaters contributions from urban areas
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