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Abstract In Northern France, land use is dominated by agriculture. Erosion by runoff results in heavy
loss of fertile soil into surface waters. There is a need for cost-effective tools to trace the sediment flux in
catchments. This study highlights the potential of environmental magnetism to provide rapid
non-destructive parameters to characterize the spatiotemporal runoff versus bedload signal in a watershed.
Between 2015 and 2017, within the Canche River watershed, several spatiotemporal sampling campaigns
of suspended particulate matter (SPM) were undertaken and two distinct “snapshot campaigns” of flood
events were conducted at key locations acquiring, in addition, hydrodynamical observations (discharge,
turbidity, sediment load, etc.). Agricultural soils and SPM within the watershed have similar values for bulk
magnetic concentration (isothermal remanent magnetization, IRM). The magnetic mineral assemblage of
the SPM is dominated by soft ferromagnetic (sensu lato) minerals during low water conditions and is
enriched in high-coercivity phases during high water stages associated with rainfall events.
Low-temperature remanence experiments identified goethite and hematite as the high-coercivity phases.
IRM acquisition component analysis of the room temperature results quantify the relative input of

high- versus low-coercivity components focused on a given confluence site. Results from snapshot
campaigns highlight the link between the enhanced runoff input of high-coercivity particles during flood
events and show that the S ratio parameter is an effective tool to trace erosion of topsoils.

1. Introduction

Numerous studies on the complex aspects of sediment flux in fluvial systems have been undertaken (e.g.,
review of Haddadchi et al., 2013) in response to demands for efficient land use management and sediment
control strategies. Different geochemical and sedimentological tracers have been investigated (geochemistry
(Carter et al., 2003; Theuring et al., 2015; Vale et al., 2016), radionuclides (e.g., Evrard et al., 2010; Le Gall
et al., 2016), and sediment color (Martinez-Carreras et al., 2010; Poulenard et al., 2009) and used to estimate
and model transported sediment yields as well as to identify diffuse or point sources over time and space.
Despite these efforts, the need for rapid and easy to interpret proxy parameters persists (Guzman et al., 2013).
Environmental magnetic fingerprinting techniques applied to fluvial catchment studies have diversified
over the last decades (e.g., Caitcheon, 1993; Dearing, 1987; Hatfield & Maher, 2008; Maher et al., 2009;
Motha et al., 2004; Oldfield et al., 1979; Russell et al., 2001; Slattery et al., 1995; Walling et al., 1979).
Environmental magnetism provides the advantage of tracing the iron-bearing mineral fraction of the sedi-
ment. The ubiquity of iron in the environment leads to iron-bearing minerals being a traceable reactive
phase in fluvial processes (e.g., runoff, sediment flux, accumulation, diagenesis of iron (hydr)oxides;
Evans & Heller, 2003; Maher, 2007). The most important challenge for magnetism-based proxies is
determining the correct interpretation of the magnetic proxy parameters with respect to sampling protocol,
sediment type, magnetic mineral phase assemblage, and range of particle size.

This study aims to develop a straightforward magnetic proxy parameter to trace the erosion of topsoils at the
scale of a catchment in order to quantitatively model spatiotemporal sediment flux. The presented results are
akin to the studies of Patault (2018), Patault, Alary, Franke, & Abriak (2019), and Patault, Alary, Franke,
Gauthier, & Abriak (2019) in which other, more routinely used sediment tracer parameters (such as grain
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Figure 1. (a) Overview of the study area, (b) land cover of the Canche River watershed (source: Corine Land Cover 2012), and (c) location of sediment sampling
sites in the Canche River watershed and in the Planquette River catchment.

size and geochemical elements) were used. We take advantage of the fact that soil particles have been found
to carry a distinct magnetic mineral signature (e.g., Maher, 1998, 2007) compared to the average bedload of
rivers. This is particularly true for catchments with relatively homogeneous lithology across its drainage
area, as is the case for the Canche River catchment in Northern France.

2. Materials and Methods

2.1. Study Area and Sampling Strategy

2.1.1. Context of the Canche River

The Canche River watershed (1,274 kmz; latitude: 50°25"53"N, longitude: 2°02'24”E; Figure 1a) is located in
the European loess belt in Northern France. This region is characterized by oceanic climate conditions with
amean annual temperature of 10.3 + 0.7 °C and a mean annual rainfall of 779 + 141 mm over the 1923-2017
time period (Abbeville station, NOAA-NCEI database; Lawrimore et al., 2016). Daily cumulative rainfall is
recorded at two strategic locations in the catchment: Touquet-Paris-Plage and Radinghem (Figure 1b).
Altitudes range from sea level at the catchment outlet to 207 m in upstream areas and slopes in the landscape
commonly range around 2-3%. The basin drains Pleistocene silts sitting on top of Seno-Turonian chalks.
Land use is dominated by arable farming (>80%; Figure 1b).

The watershed is characterized by a meandering drainage network dominated by the Canche River (88 km
length) and seven main tributaries: the Ternoise, the Planquette, the Créquoise, the Bras de Bronne, the
Course, the Dordogne, and the Huitrepin (Figure 1c). The discharge at each sampling site was quantified
using three low-frequency monitoring stations (At = 1 day) on the Ternoise, the Course, and the Canche
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(positions indicated in Figure 1c as LF). Discharge for the ungauged catchment (Qungaugea) Was calculated
assuming similar rainfall and hydrological regimes in the entire Canche catchment. Values were extrapo-
lated from the closest monitoring station by multiplying the discharge of the gauged catchment (Qgauged)
with the appropriate fraction related to the ratio between the closest catchment area (Aypgaugea) and the
catchment area at the monitoring station (Agauged):

Aun, d

gauge

Qungauged = anuged A (1)
gauged

where Q represents the discharge in m® s~ and A the area of the catchment in km?. For more details on the
calculation of the flow discharge, please see also Patault, Alary, Franke, and Abriak (2019).

According to Andréassian et al. (2012), this method provides meaningful discharge estimates for ungauged
catchments. Cross validation with the high-frequency monitoring station (At = 15 min; position indicated in
Figure 1c as HF) on the Canche River at Attin suggests that the temporal variability in discharge is pre-
served, and the associated error was quantified to be 17%. Mean annual discharge for the Canche River is
estimated at 21 m> s~' with contributions from main subcatchments: Ternoise (7 m® s™), Planquette
(1.5 m> s™Y), Créquoise (2 m* s™%), Bras de Bronne (2 m® s™%), Course (4 m> s™), Dordogne (2.5 m>s™),
and Huitrepin (2 m3s™h). Considering the area of the Canche watershed (1,274 km?) and the annual sedi-
ment export estimation provided by the Artois-Picardie Water Agency (29-185 kt), the specific sediment
yield (SSY) was estimated to range from 22.7-145 t km ™2 yr~*. The high amount of sediment flux in this ter-
ritory is a direct consequence of soil erosion and surface runoff, which cause infrastructure damages and an
important economic cost for local communities.

2.1.2. Sediment Sampling

Suspended particulate matter (SPM) was collected using sediment traps installed at each tributary outlet and
confluence, as well as upstream of the Planquette River (Figure 1c). Sampling campaigns were conducted in
winter 2015, winter 2016, spring 2016, summer 2016, autumn 2016, and one specific flood event on 3
February 2017. Cumulatively, 75 “seasonal SPM samples” were collected during these five sampling cam-
paigns and are summarized in detail in Table 1. In addition, 24 SPM samples were collected at the Attin site
during the 8 June 2016 flood event using a fixed automatic sampler (Aquamax 2; Table 2).

SPM samples were recovered using an experimental device adapted from previous studies described by
Tessier (2003) and Kayvantash et al. (2017). The sediment traps (Figure 2) consist of 2 L polyethylene bottles,
perforated at 5 cm from the top with two opposite bores (diameter 5 cm). The bottle is attached to the river-
bank with a rope and deposited in the channel. The device is held in place using either an additional rope or
the combination of a wooden beam and rope. The whole device is weighted vertically in the water column (at
~1 m depth below the surface) using ballast that is adapted to the river flow speed. Traps usually capture
between 50 and 100 g of sediment during a 5 to 7 day collection period. Kayvantash et al. (2017) observed a
homogeneous grain size selection when sampling near the water surface at different locations and a variable
grain size selection when the sampling bottle is positioned at difference vertical positions in the river channel.

The comparison of SPM samples recovered by sediment traps and by an automatic sampler in this study
allowed estimation of the sampling efficiency of the finest grain size fraction. Results are presented and dis-
cussed in section 3.2.

During the winter 2017 flood event, the following sampling strategies were deployed and realized. Two dis-
tinct surface runoff samples were sampled using sediment traps installed at the outlet of the Pommeroye
River (Figure 1c). These surface runoff samples, M1 and M2 (Table 2), are topsoil (A-horizon) material laden
runoff (see image in Figure 3a) collected by traps hooked to an existing Venturi channel designed to monitor
hydro-sedimentary transfer in the small Pommeroye agricultural catchment (Figure 2; see also Patault et al.,
2019b). Sampling sites T3 and T3’ downstream of the confluence with the Planquette River (see Figure 1c for
locations) were equipped with parallel sediment traps from which SPM were collected from four traps (a, b,
¢, and d) at each site. Finally, an SPM sample was collected at site C2 downstream of the confluence of the
Planquette River with the Canche River (see Figure 1c). Sediment traps were deployed 1 day before the start
of the erosive event (3 February 2017) and were recovered at the end of the event (6 February 2017). Each
trap recovered 200-500 mg of sediment. A total of six channel bank (Cb) sediment samples representing
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Table 2

Coordinates and Periods of Surface Runoff (M), Channel Bank (Cb), River Bed (Rb), and Suspended Particulate Matter (SPM) Sampled in the Canche River
Catchment During the Winter 2017 and Spring 2016 Flood Events

Sample Coordinates Catchment Nature Device Date of sampling Drop off Recovery

M1 50°28'12.6"N; 2°03'44.5"E  Planquette Surface runoff Sediment trap 3 Feb 2017

M2 50°28’12.6"N; 2°03'44.5"E  Planquette Surface runoff Sediment trap 3 Feb 2017

Cbla 50°25'56.3"N; 2°02'05.0"E  Planquette Channel bank PVC pipe 3 Feb 2017

Cblb 50°25’56.3”Nj; 2°02'05.0”  Planquette Channel bank PVC pipe 3 Feb 2017

Cb2a 50°24'26.0"N; 1°58'11.0"E ~ Planquette Channel bank PVC pipe 3 Feb 2017

Cb2b 50°24'26.0"N; 1°58'11.0"E  Planquette Channel bank PVC pipe 3 Feb 2017

Cb3a 50°24'45.5"N; 1°55'43.3"E Canche Channel bank PVC pipe 3 Feb 2017

Cb3b 50°24'45.5"N; 1°55'43.3"E Canche Channel bank PVC pipe 3 Feb 2017

Rb1 50°25'56.3"N; 2°02'05.0"E  Planquette River bed Grab sampler 3 Feb 2017

Rb2 50°2426.0"N; 1°58'11.0"E  Planquette River bed Grab sampler 3 Feb 2017

Rb3 50°24'45.5"N; 1°55'43.3"E Canche River bed Grab sampler 3 Feb 2017

C2 50°24'45.5"N; 1°55'43.3"E Canche Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3a 50°2426.0"N; 1°58'11.0"E ~ Planquette  Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3b 50°24'26.0"N; 1°58'11.0”"E ~ Planquette  Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3c 50°2426.0”N; 1°58’11.0"E ~ Planquette ~ Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3d 50°2426.0”N; 1°58’11.0"E ~ Planquette ~ Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3'a 50°25'56.3"N; 2°02'05.0”"E ~ Planquette  Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3'b 50°2556.3”Nj; 2°02'05.0"E ~ Planquette ~ Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T3'c 50°25’56.3"N; 2°02'05.0”"E  Planquette  Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
T 3'd 50°25'56.3"N; 2°02'05.0"E ~ Planquette  Suspended matter Sediment trap 3 Feb 2017 6 Feb 2017
samples 1 to 24  50°28'43.7"N; 1°44'54.3"E Canche Suspended matter Automatic sampler 8 Jun 2016 19:30 11 Jun 2016 16:30

topsoils B-horizon material were collected in February 2017 at three different locations: two within the
Planquette River catchment (Cb1 and Cb2) and one within the Canche River catchment (Cb3; Figure 1c).
At each location, one sample was collected above the water table (Cbla, Cb2a, and Cb3a) and a second
below the water table (Cb1b, Cb2b, and Cb3b) by pushing a 5-cm diameter PVC pipe about 10 cm into the
channel bank face (Figure 2). River bed sediment samples (Rb1, Rb2, and Rb3) were also collected at the
above described three sites using a 2.4 L zinc-plated heavy steel benthic grab sampler (Figure 2, Table 2).
The benthic grab sampler is deployed at the midpoint of the channel's width. At a given location, three
grabs are recovered, each rendering between 100 and 300 g of sediment, and mixed. Both the channel
bank and river bed sediments were sampled 1 day before the start of the winter 2017 flood event. In total
11 SPM, 6 channel bank, and 3 river bed samples were taken during the winter 2017 flood event (Table 2).

The 119 samples analyzed in this study are listed in Tables 1 and 2 and sampling specifications (method, per-
iod, location) summarized. Supporting information Table S9 lists a selection of topsoil samples from the
Canche River catchment previously studied by Patault (2018) and used in the present study.

In the laboratory, collected SPM samples were passed through a flow-through centrifuge (Ultra centrifuge
Beckman Coulter optimal L 90 K; flow rate = 18,000 rpm during 15 min) to separate water from the solid
fraction. The supernatant was filtered using cellulose nitrate filters (0.45 um pore size) to check for any sedi-
ment residuals. The SPM recovered after centrifugation and all other sediment samples were sieved with a
2 mm mesh to remove coarse debris and macro organics. Sieved samples were then dried for 72 hr in an oven
at 30 °C.

Weather conditions show temporal variability between the different sampling campaigns (sc; Figure 4). For
scl (winter 2015), rainfall amount was measured at 24.5 mm at Radinghem and 17.2 mm at
Touquet-Paris-Plage. The mean discharge of the Canche River was 26 m> s™". For the second campaign
(sc2) in winter 2016, rainfall amount was estimated at 6.8 and 12.3 mm, respectively at the same reference
stations and a mean flow discharge of 25 m* s™* for the Canche River. During sc2, three sediment traps were
vandalized (T2, C3, C5), new traps immediately redeployed and sampled the following week. Rainfall was
higher during the second week with 61 and 42.2 mm recorded at Radinghem and Touquet-Paris-Plage,
respectively. For sc3 (spring 2016), the amount of rainfall was relatively high (33.7 and 23.8 mm, respec-
tively), yet the mean discharge in the Canche River was lower (19 m> s™'). One trap (C1) was resampled
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Figure 2. Experimental devices used to sample the different sediments of this study.

due to vandalism the following week during which the rainfall amount was 15.1 and 7.8 mm at Radinghem
and Touquet-Paris-Plage, respectively. During the fourth campaign (sc4) in summer 2016, the rainfall
amount was significantly different between the two stations with 43.3 mm at Radinghem and 6 mm at
Touquet-Paris-Plage due to very localized precipitations. Three traps were resampled the following week
(C1, C2, and C6) during which both stations received 50 mm of rainfall. For the last sampling campaign
(sc5) in autumn 2016, both rainfall reference stations received 30 mm and the Canche River flow
discharge was relatively low (14 m® s™"). For the two specific flood events occurring between 8-11 June
2016 (fel) and 3-6 February 2017 (fe2), the rainfall amount was quantified at 36 and 30 mm, respectively.

2.2. Laboratory Methods

2.2.1. Room Temperature Magnetic Measurements (Magnetic Hysteresis Loops)

Magnetic properties were obtained from hysteresis loops using an alternating gradient force magnetometer
(AGFM 2900) at the Laboratoire des Sciences du Climat et de I'Environnement (LSCE). Hysteresis loops
were measured at room temperature on 2 to 25 mg of dried and sieved bulk sediments (see section 2.3) by
cycling the field to maximum applied field of +0.3 T (first low-field loop), and subsequently between +1 T
(high-field loop) both at a 10 mT step resolution. For the SPM samples, one to three subsamples were ana-
lyzed depending on the sample mass available.

Magnetic parameters derived from the high-field (1 T) slope corrected hysteresis loop data are as follows:
saturation magnetization (M), saturation remanent magnetization (M,s), and coercive force (H.). In a sepa-
rate experiment, a stepwise increasing backfield (max. field 1 T) is applied to M, to determine the remanent

Figure 3. (a) Surface runoff in the upstream part of the Planquette catchment, picture (a) was taken during a typical flood event, (b) the Planquette River at site
T3, and (c) the Canche River at site C2; photos (b) and (c) were taken during intermediate water conditions.
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Figure 4. Daily discharge (m3 s_l) and daily rainfall (mm) in the Canche River catchment and its tributaries during
the different sampling campaigns. (Acronyms: Suspended particulate matter (SPM); surface runoff (SR); channel bank
(CD); river bed (RDb)).

coercive force (H,). Mg and M, values are normalized to the sample mass. The S ratio is calculated according
to the equation proposed by King and Channell (1991):

Sratio = ~RMosr

/ SIRM 7 @
The alternating gradient magnetometer is known to be very sensitive to the mass of the sample (Shah &
Wakai, 2013). To ensure that there is no major bias in our magnetic hysteresis data and that our samples
are representative of the respective SPM obtained in the traps, we compared the results of four different sea-
sonal samples from site C2 obtained on the alternating gradient force magnetometer AGFM 2900 at the
LSCE to the magnetic hysteresis parameters obtained using a Vibrating Sample Magnetometer (VSM) at
the Institut de Physique du Globe de Paris (IPGP), which has a maximum applied field of 1.8 T, dictated
by the pole spacing and enables the analysis of larger sample masses (about 200 to 350 mg of SPM). For each
tested samples, the single VSM measurement falls within the error bar of the multiple aliquots (3 to 5)
AGFM measurements (Figure S1 in the supporting information). The discrepancy between the VSM and
the mean AGFM values lies between 4.5% and 26% of the standard deviation error, with exception of sample
C2 autumn 2016, where it is 42%. Thus, the AGFM data, despite being acquired on a few milligrams may be
considered representative of a larger sample mass.

2.3. Decomposition of IRM Components

The analysis of isothermal remanent magnetization (IRM) acquisition curves based on Cumulative Log
Gaussian (CLG) analysis was first proposed by Robertson and France (1994) to discriminate
remanence-carrying minerals in mixtures. Later, Kruiver et al. (2001) demonstrated that magnetic coercivity
distributions could be determined based on the CLG appearance of isothermal remanent magnetization
(IRM) acquisition curves even if acquisition is far from saturation. A typical example of IRM acquisition
curve is shown in Figure S2 of the supporting information. Many approached have been proposed to unmix
IRM acquisition curves (see review by Heslop, 2015), in the present study we used the approach described in
Kruiver et al. (2001).

The IRM curve is decomposed into several CLG curves, which can be individually characterized by (i) their
saturated isothermal remanent magnetization (SIRM), (ii) their mean coercivity (H,,,) and (iii) their disper-
sion parameter. The CLG analysis is realized with the model used by Kruiver et al. (2001) in an Excel
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worksheet (http://www.geo.uu.nl/~forth/). Three different representations from the IRM acquisition curve
can be plotted. Initial values for SIRM, H;,, and dispersion parameter are estimated from the Linear
Acquisition Plot (LAP), the Gradient of Acquisition Plot (GAP), and the Standardized Acquisition Plot
(SAP) respectively. LAP referred to the analysis of IRM curves on a linear ordinate scale, GAP as the gradient
curve, and SAP as the probability scale.

2.4. Thermomagnetic Measurements

Room temperature saturation isothermal remanent magnetization (RT-SIRM) experiments were performed
on dry bulk sediments using the Quantum Design XL-5 EverCool Magnetic Properties Measurement System
(MPMS; noise level ~10-11 Am?) housed at the IPGP. A 2.5 T field was applied at room temperature (RT),
subsequently the sample was cycled from 300 to 10 K (cooling) and back to 300 K (warming) at a 5 K min™"
sweep rate in zero field, and the remanent magnetization monitored at 5 K increments.

Low-temperature (LT) SIRM after zero-field cooled (ZFC) and field-cooled (FC) pretreatments from 400 to
10 K were acquired at 10 K. The ZFC and FC LT-SIRM are monitored at a 5 K increments upon warming
from 10-400 K at a 5 K min~" sweep rate.

To obtain further knowledge on the individual magnetic components present in the natural mixture of the
SPM and sediment samples, a recently proposed experimental protocol (Lagroix & Guyodo, 2017), was
applied on four selected samples from sample site C2. It begins with a classic RT-SIRM experiment as
described above (i.e., a 2.5 T IRM acquired at 300 K is monitored while cycling the temperature from 300
to 10 K and back to 300 K). A 2.5 T field is then applied as the sample is warmed to 400 K and cooled back
to 300 K resulting in an “enhanced” RT-SIRM. Lagroix and Guyodo (2017) state that if any goethite is present
in the sample, the “enhanced” RT-SIRM pretreatment will result in goethite acquiring a thermoremanent
magnetization (TRM) as the sample cools in the presence of a magnetic field through the Néel temperature
for stoichiometric goethite (393 K; Ozdemir & Dunlop, 1996).

The enhanced RT-SIRM is monitored while cycling the temperature from 300 to 10 K and back to 300 K.
Subsequently, the cycled “enhanced” RT-SIRM is partially demagnetized by exposing the sample to a
decreasing oscillating field from a peak field of 0.3 T to zero. Low coercivity remanences removed, the
remaining remanent magnetization is monitored while cycling temperatures from 300 to 10 K and back to
400 K. Finally, the remaining remanent magnetization is cycled one last time from 400 to 10 K and back
to 300 K. Throughout, temperature sweep rate is kept constant at 5 K min~* and measurement interval con-
stant at 5 K.

3. Results

3.1. Identification of the Magnetic Carriers

3.1.1. LT Magnetic Behavior (MPMS Experiments)

LT warming curves of ZFC and FC remanence (Figure 5) before and after demagnetization from a peak field
of 300 mT of the LT-SIRM show a sharp drop in remanence between 10 and 30 K corresponding to the pre-
sence of ultrafine-grained (3-5 nm) superparamagnetic phase (Guyodo et al., 2003, 2006; Ozdemir
et al., 1993). The Verwey transition observed at ~110 K in the nondemagnetized warming curves
(Figure 5, solid lines) indicates the presence of slightly oxidized magnetite (Kosterov, 2003; Ozdemir
etal., 2002). The demagnetized LT-SIRM ZFC and FC warming curves (Figure 5, dashed lines) show no signs
of a Verwey transition. From the difference in remanence loss before and after demagnetization, we can
deduce that the remanence fraction carried by low-coercivity minerals is greater in winter and spring
2016 at site C2 than in summer and autumn 2016 at the same site. The difference between the ZFC and
FC curves, which persists in all curves and is even accentuated in the demagnetized LT-SIRM warming,
attest to the presence of high-coercivity minerals and is characteristic of nanocrystalline goethite
(Guyodo et al., 2003).

Figures 6a-6d (first column) show the RT-SIRM results for site C2 in the Canche River for all sampled sea-
sons in 2016. The “classic” and “enhanced” RT-SIRM curves show a Verwey transition on cooling character-
istic of magnetite (Kosterov, 2003; Ozdemir et al., 2002). All curves show a continuous increase of remanence
with decreasing temperature throughout the entire measurement range, which is accentuated in the
“enhanced” RT-SIRM. This behavior can be attributed to the presence of goethite (Dekkers, 1989; Lowrie
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Figure 5. Low-temperature SIRM acquired at 10 K in a 2.5 T field warming curves after zero-field cooling (ZFC; blue
solid line) and 2.5 T field cooling (FC; red solid line) from 400 to 10 K of four selected seasonal SPM samples (panels
a to d) from site C2 (Canche River downstream confluence Planquette River) compared to the remaining ZFC

and FC LT-SIRM after demagnetization over the 0 to 300 mT window (same color code, dashed lines) following the
protocol in Lagroix and Guyodo (2017).

& Heller, 1982). The cooling and warming cycles are reversible in the 10 to 100 K temperature range except
for the spring 2016 sample which is reversible only in the 10 to 70 K range.

Comparison of the classic and enhanced RT-SIRM cycles (Figures 6a—6d, first column) with the demagne-
tized enhanced RT-SIRM (Figures 6e-6h, second column) show the successful elimination of the (dominant)
magnetite component using the protocol proposed by Lagroix and Guyodo (2017). This is particularly help-
ful for the identification of the presumed remaining high-coercivity carriers, such as goethite and hematite.
The resulting first cooling-warming cycle (between 300 to 10 K and back to 400 K) of the enhanced then 0.3 T
demagnetized RT-SIRM clearly shows a steadily increasing goethite-dominated signal that is perfectly rever-
sible in the summer and autumn 2016 samples and shows a slight irreversibility above 100 K in the winter
and spring 2016 samples. The slight irreversible behavior is likely due to partially oxidized magnetite, which
was not demagnetized by the 0.3 T peak oscillating field. The remanence loss on heating to 400 K could result
from the thermal demagnetization of goethite as it is heated above its Néel temperature (393 K). Another
possible source of remanence loss between 300 and 400 K could be the unblocking of superparamagnetic
particles that are likely to be present in the samples.

The zooms of the second run (Figures 6i-61, third column) corresponding to the enhanced 0.3 T peak oscil-
lating field demagnetized and thermal-demagnetized RT-SIRM display magnetizations that increase with
decreasing temperature and reversible in the summer and spring C2 samples. The winter sample displays
an even smaller irreversibility in the 100 to 300 K range, while the spring sample displays a small but
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Figure 6. Cooling and warming cycle of a room temperature saturation isothermal remanent magnetization (RT-SIRM) acquired in a 2.5 T field at 300 K (solid
lines in a-d) for four selected seasonal SPM samples from site C2 (Canche River downstream confluence Planquette River) and an enhanced RT-SIRM
acquired by exposing the sample to a 2.5 T field over the 300 to 400 K temperature range prior to cooling-warming cycle (closed circles in a-d). Plots (e) through
(h) show the cycling of the remaining enhanced RT-SIRM after demagnetization over the 0-300 mT field window (open circles) and further thermal
demagnetization by heating to 400 K (dashed lines). Plots (i) through (1) are a zoomed view of the enhanced RT-SIRM after both 300 mT and thermal
demagnetization. The measurement protocol follows Lagroix and Guyodo (2017).
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Figure 7. Low-temperature SIRM acquired at 10 K in a 2.5 T field warming curves after zero-field cooling (ZFC; blue
solid line) and field cooling (FC; red solid line) of two surface runoff samples M1 (panel a) and M2 (panel b) samples
from the Venturi channel, Pommeroye River (see section 2.3) compared to the remaining ZFC and FC LT-SIRM

after demagnetization over the 0 to 300 mT window (same color code, dashed lines) following the protocol in Lagroix and
Guyodo (2017). Panels (c) and (d) show the first derivatives of the respective curves shown in the panels above (using the
same color code) to highlight the mentioned temperature (Verwey) transitions.

perceptible thermal hysteresis between 190 and 270 K, which may be the result of hematite's Morin
transition.

The same MPMS measurement protocol was applied to the surface runoff samples from the Pommeroye
River, which originate from the runoff eroding the topsoils A-horizon during the winter 2017 rain event.
The LT ZFC and FC warming curves (Figure 7) before and after demagnetization in a 300 mT field show
all the same features as in the SPM samples of site C2. Intensities most resemble those of the winter 2016
SPM at C2 (Figure 5a) but the Verwey transition prior de demagnetization is much less prominent and
the amount of magnetization lost after demagnetization is significantly less in the surface runoff samples
than the winter SPM, resembling more the summer 2016 SPM sample (Figure 5c).

The RT-SIRM series of cooling and warming cycles of the surface runoff samples (Figure 8) show very
similar results observed for the SPM samples of site C2 (Figure 6), with the remanent magnetization
increasing steadily as temperature decreases, a total remanence loss through the Verwey transition of
about 10% (similar to the summer 2016 C2 site sample, Figure 6) and almost perfect reversibility after
demagnetization in 300 mT oscillating field. The last cooling and warming cycle of M2 displays slight
irreversibility (or thermal hysteresis) between 150 and 300 K, which may be an expression of the
hematite's Morin transition.

Lastly, a representative topsoil sample (CAN3) from the Planquette River catchment was analyzed follow-
ing the above described MPMS protocols, as well as coarser and finer than 200 um separates of the bulk
CANS3. The source of the SPM is postulated to be the topsoil; the data acquired on CAN3 and its separated
grain size fractions provides means to test the postulate. The series of ZFC, FC, and RT-SIRM experiments
(Figures S3 to S5) display the same temperature dependent behavior as in the SPM and surface runoff
samples from which a magnetic mineral assemblage of goethite, magnetite and possibly hematite
is evidenced.
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Figure 8. Cooling and warming cycle of RT-SIRM acquired in a 2.5 T field at 300 K (solid lines) and an enhanced
RT-SIRM acquired by exposing the sample to a 2.5 T field over the 300 to 400 K temperature range prior to
cooling-warming cycle (filled circles) for the surface runoff samples M1 and M2. Cycling of the enhanced RT-SIRM
remaining after demagnetization over the 0-300 mT field window (open circles) and further thermal demagnetization by
heating to 400 K (dashed lines) are plotted. The right-hand panels show the respective zoomed views of the last cycle
(remaining enhanced RT-SIRM after both 300 mT and thermal demagnetization). The measurement protocol follows
Lagroix and Guyodo (2017).

3.1.2. RT Magnetic Hysteresis Results

First, we focused on a restricted area of the Canche River catchment to validate our rock magnetic approach
and to test certain assumptions before interpretating the large data set acquired on dry bulk samples across
the Canche River watershed.

Figure 9 presents the results from the RT magnetic hysteresis analyses performed on the SPM samples col-
lected at site C2 downstream of the confluence of the Planquette and the Canche rivers (see also map
Figure 1). Magnetic concentration, evaluated by My (Figure 9a), through the five sampled seasons vary
between ~5 and 30 X 107> Am” kg™' and are comparable to published values from upstream of the Seine
River (Franke et al., 2009; Kayvantash, 2016) in a similar land use and lithological context (agricultural
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Figure 9. (a) Saturation magnetization (Ms), (b) saturation remanent magnetization (Mrs), and (c) S ratio values of seasonal samples collected at site C2 in the
Canche River watershed between 2015 and 2017 are presented. C2 is located just downstream from the Canche-Planquette confluence. Data derived from
0.3 and 1 T maximum field hysteresis loops are drawn without and with a rim, respectively.

rural area, Jurassic chalk or marls). For samples from winter 2015, summer 2016, and winter 2017, M values
obtained from maximum field hysteresis loops of 0.3 and 1 T are very similar (AM; < 2 x 10~> Am* kg™).
Winter 2016 sample shows an intermediate AM; of ~5 x 10~> Am* kg™", while spring 2016 and autumn
2016 samples show a large (AM; > 5 x 10~ Am? kg™ ') difference in M. High maximum fields enable to
saturate or come closer to saturating higher coercivity minerals. The remanent magnetization derived
from the 0.3 and 1 T maximum field hysteresis loops are much more consistent with the largest difference
(~0.5 x 103 Amz/kg) shown by the autumn 2016 sample. The more consistent values obtained for M
may indicate that additional high-coercivity mineral phases included by probing to high fields are in part
superparamagnetic at room temperature. A mineral phase in the superparamagnetic states carries no
remanence (Butler & Banerjee, 1975; Dunlop & Ozdemir, 1997).

The S ratio is equal or close to one for a monomagnetic mineralogy, carried by low-coercivity magnetite. As
the S ratio decreases significantly from a value of 1.0 the relative proportion of high-coercivity minerals, for
example, hematite or goethite increases. These minerals do not reach total saturation in an applied field of
0.3 T (nor in 1 T for goethite), thus the remanent magnetization M, acquired at 0.3 and at 1 T shows a sig-
nificant difference indicative of the presence of high-coercivity magnetic minerals in the sample. Frank and
Nowaczyk (2008) showed that for a bimodal mixture with magnetite and hematite, the hematite content
must exceed 80 wt% of the magnetic fraction to become visible in the IRM acquisition curves. All samples
of this study have S ratios <1 (Figure 9c) corresponding to a contribution of high-coercivity minerals to
M. Agricultural soils, which dominate the studied watershed, are well oxidized and are a major source of
SPM transported by runoff surface waters to rivers. The spring 2016 and autumn 2016 samples have the high-
est M, values (Figure 9b) and S ratio values are 0.95 and 0.89, respectively (Figure 9c). These S ratio values
are comparable to mean values stated in Kayvantash (2016) for the upstream segment of the Seine River
(~0.92). Based on the low-temperature result the high-coercivity phase is dominated by goethite and some
evidence for hematite is suggested.

3.2. Grain Size Analysis

Considering that the magnetic carriers are dominantly present in the fine fraction (<200 pum) of the samples,
supported by the low temperature remanence data acquired on the CAN3 topsoil sample (Figures S3 to S5;
and section 3.1.1.), we present here a comparison of the sedimentary grain size distribution of all different
sample types (SPM, surface runoff, channel bank, river bed, topsoil). The sedimentary grain size analyses
were previously published in Patault (2018) and Patault, Alary, Franke, and Abriak (2019) using a
Beckman Coulter LS 13320 laser particle sizer (for further details please see supporting information section).
Mean values for the different sediment types are summarized in Figure S6. Patault, Alary, Franke, & Abriak
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Figure 10. Comparison of D50 versus Mg values of (a) all different sample types (SPM, channel bank, river bed, surface runoff, soil), (b) zoom on the soil samples:
Bulk fraction, fine/coarse fraction of the same soil samples >200 um fraction, <200 pum fraction, note that the x axis of panel (b) is given in log scale for

better visibility.

(2019)also state that the grain size (D50 median particle size values) shows no significant difference between
all SPM samples taken in 2015/2016 from the Canche River and its tributaries.

Figures S7a to S7d show the comparison of the gradient of the sedimentary grain size distributions between
the five different sample types of this study (SPM, channel banks, river bed, mud flow, topsoils). This com-
parison shows that the grain size distribution is very similar between the different sample types, but the top-
soil samples have D50 values that are slightly finer (mean D50y, = 38.5 pm) than the rest of the “river
samples” from whatever sample type (mean D50,ye; = 64.4 pm).

The comparison of the SPM seasonal campaigns (Figure S7b) also shows that in general the grain size dis-
tributions are very similar, in particular between the flood event from winter 2017 and the rest of the SPM
sample campaigns in 2016. There is a small exception for the SPM samples from autumn 2016 that have a
slightly coarser D50 value than the rest of the SPM samples. Comparing the D50 values and grain size dis-
tribution of the SPM autumn 2016 campaign and the mean values of the river bank samples, there is a strong
resemblance when regarding the mean river/water flow rate Qcap in Figure 14. We can see that the Q mean
value is lowest for the autumn 2016 season. When the Qpuean is low but the flow in the river is high, the
erosion/contribution of the river bed deposit is stronger, thus the percentage of river bed particles in the
water column and thus in the SPM samples increases. This is further discussed in the “seasonal mapping
approach” of section 3.4.2.

In Figure 10a the sedimentary grain size distribution is compared to the respective magnetic signal of the
different sample types, plotting the respective D50 value versus the M; value (Table S9). This highlights
the fact that most of the “river samples” (channel bank, river bed, surface runoff) plot well in the data cloud
of the SPM samples (with some few exceptions). Surface runoff samples have slightly lower M; values, which
is likely due to the enriched composition of antiferromagnetic carriers compared to low-coercitive magnetite
(compare section 3.1.1.).

To be able to compare the grain size data of the different “river samples” to those of the topsoil from the
arable land, we selected representative samples from the Planquette catchment fields. In section 3.1.1., the
magnetic carriers in the SPM and surface runoff samples were identified. Analyzes of the sieved fractions
of the topsoil samples (Figures S3 to S5) confirmed that the majority of the magnetic carriers, in particular
from the high-coercivity magnetic minerals are present in the fine grains size range <200 um. The remaining
magnetic remanence of the coarser grain size fraction is mainly carried by low-coercivity magnetite.

The topsoil samples clearly plot at lower D50 values, outside the SPM data cloud, which is expected due to
the grain size distribution that is mentioned above (Figures S7a to S7d). Nevertheless, the M values of the
topsoil samples correspond very well to those of the rest of the sample set. An additional test was
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Figure 11. Comparison of the turbidity, flow discharge, S ratio, and SPM concentration at the automatic sampling
station in the Canche River at Attin.

performed on four topsoils from the Planquette catchment (samples PLA2, PLA4, CAN3, and CAN7;
Table S9), for which the Mg values were obtained on the bulk soil and sieved coarser and finer fractions
(>200 and <200 pum). These values are given in Figure 10b; the D50 values have been theoretically
recalculated for the sieved fractions and thus represent approximate values. Nevertheless, the above
comparison (Figure 10) shows that the finer fraction <200 um plots well among the bulk soil values,
whereas the coarser fraction >200 um has slightly higher My values, probably due to the contribution of
coarse magnetite/maghemite grains present in this fraction.

3.3. Temporal Monitoring of the S Ratio During a Specific Flood Event

The relationships between rain events, runoff/sediment particle transport and S ratio are studied with the
high-resolution sampling campaign performed at the Attin automated monitoring station in June 2016.
Figure 11 shows the in situ turbidity of the water column compared to the S ratio of the SPM samples col-
lected during the flooding event.

The climax of the rain event occurred on 8 June 2016 at ~12:00 hr when turbidity is highest and S ratios are
low, indicative of a high concentration of high-coervicity minerals. Turbidity decreases rapidly over the first
24 hr of the rain event then slowly toward a baseline, which coincides with an abrupt increase in S ratio
values reaching equal or close to 1. Between early morning and midday of 10 June 2016, the S ratio drops
twice reflective and increase in high-coercivity minerals in the SPM of the Canche River channel.

The relationships between the amount of suspended particles (SPM), the flow discharge and the evolution of
the magnetic material in the water column of our data set are similar to those observed in Walling et al. (1979)
and Slattery et al. (1995). The authors deduced from the coercivity profiles that the sampled storm material
originated from cultivated topsoil sources. Likewise, we interpret low S ratios as tracing high-coervivity
minerals originating from runoff induced soil erosion.

3.4. IRM Component Analysis: Mapping the Spatial Quantification of the Magnetic Carriers
3.4.1. Case Study of the Canche-Planquette River Confluence

The LT remanence data of the four selected samples form site C2 (section 3.1.) identified magnetite as the
dominant low-coercivity component and two distinct high-coercivity components, goethite and hematite.
These three mineral components were used as a priori knowledge to unmix the IRM acquisition curves fol-
lowing the method of Kruiver et al. (2001).

The IRM unmixing results for the five seasonal sampling campaigns are shown in Figure 12. We observe that
the remanence carried by the high-coercivity (HC) fraction is more important in spring 2016, summer 2016,
and autumn 2016 than in winters of 2015 and 2016 for the sampled periods. For example, at point T3, the
winter 2015 Planquette River sample (T3) shows that 68% of the IRM is carried by a HC component and
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Winter 2015 Winter 2016 Spring 2016

Figure 12. Results of the component analysis of IRM acquisition curves for the five different seasons between 2015 and 2016. Pie charts color code:
brownish = high coercivity components in %; gray = low-coercivity components in %. Sample site C1 is located upstream of the Canche-Planquette
confluence. Sample site T3 is in the lower part of the Planquette catchment. Sample site C2 is located downstream of the Canche-Planquette confluence.

32% by the LC component. In autumn 2016, at the same site (T3), 85% of the IRM is carried by HC minerals
and 15% by LC minerals. We observed that the remanence carried by the HC component at the outlet of the
Planquette (T3) is generally greater than in the Canche River, except for summer 2016 where the two values
are approximately equal. We also observe that the HC remanence fraction is generally greater in the
downstream part of the Canche (C2) indicating mixing of the signal between the upstream part of the
Canche (C1) and the Planquette (T3). For the specific flood event of winter 2017 (Figure 14), results
showed that the HC remanence component is greatest in surface runoff (>76%) compared to channel
banks and river beds (48-73%). For this event, SPM samples also show a high contribution of the HC
remanence fraction (>70%) indicating the transfer of soil surface particles in the stream water suspended
load. This result supports the hypothesis that the HC component traces soil erosion.

Channel bank and river bed deposits store previously eroded material, available for resuspension and there-
fore are another potential sediment source of SPM in the water column that must be considered in the eva-
luation of the HC component as a tracer of surface soil erosion. Maher (1998) highlights that once soils
become waterlogged dissolution of magnetic minerals can occur (e.g., resulting in low concentrations of
magnetic minerals). To this end, IRM acquisition curves of the samples show that the HC component is
greatest in surface runoff samples (>76%) compared to channel banks and river bed values (48-73%;
Figure 13c). The magnetic concentration (Mg, Figure 13a) and magnetic mineralogy (S ratio, Figure 13b)
of these different sample types show that surface runoff samples are characterized by the lowest magnetic
concentrations and the lowest S ratios. Surface runoff samples thus have a high proportion of their IRM car-
ried by goethite and hematite compared to the channel bank and river bed samples. This is consistent with
the fact that surface runoff samples are recovered in the Venturi channel at the outlet of the Pommeroye
catchment during the actual flood event and thus represent the direct runoff of the drained agricultural
fields just upstream the Venturi channel.

The channel bank samples and river bed samples (Cb 1-3 and Rb 1-3) all show higher M; and S ratio values,
indicating a greater contribution of magnetite. Channel bank and river bed deposits being a less oxic
environment than that of surface soils, a higher proportion of more reduced iron oxide phases, such as
magnetite, is coherent.
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Figure 13. (a) Results of the component analysis of IRM acquisition curves of the flood event in winter 2017 and (b, ¢) magnetic parameters of the sediment
samples of the flood event. Pie charts color code: brownish = high coercivity components in %; gray = low-coercivity components in %. . Signification of
acronyms: T = tributary; C = confluence; M = surface runoff; Cb = channel bank; and Rb = river bed. Samples sites T3, T3’, M1, M2, Cbl, Rb1, Cb2, and Rb2 are
in the upper and lower parts of the Planquette catchment. Sample sites C2, Cb3, and Rb3 are located downstream of the Canche-Planquette confluence.

The SPM samples at point T3’, T3, and C2 (Figure 1) have M, and S ratio values similar to those of the chan-
nel bank and river bed samples. However, IRM unmixing results indicate that SPM at T3, T3, and C2 have
slightly higher proportion of HC component (~70% HC and 30% LC) suggesting that the SPM at these sites
have contributions from both runoff material and deposited material (channel banks and river bed).

Results presented so far demonstrate that high-coercivity minerals are present in higher concentration in
runoff transported eroded topsoil during rainfall events enabling the use of an IRM unmixing approach at
the scale of a watershed.

3.4.2. Seasonal Mapping on the Canche Watershed Scale

The IRM component analysis focusing on the area of the Canche-Planquette confluence (section 3.4.1.) sup-
ports our interpretation of the HC fraction as a tracer for soil erosion/sediment flux obtained from the ana-
lysis of hysteresis parameters. In the following, we attempt an upscaling to monitor the sediment flux
mapped along a linear Canche River catchment profile. Therefore we use a larger data set of spatiotemporal
variations in magnetic concentration (M) and magnetic mineralogy (S ratio) during the afore mentioned
five sampling seasons.

Figure 14 presents the spatiotemporal results for both, the M, and S ratio parameters along the upstream to
downstream profile for all five seasonal sampling campaigns. The continuous blue line in the figure panels
shows the mean water discharge along the profile with respect to the seasonal water conditions during the
respective sampling campaign. Note that solely the winter 2015 and winter 2016 sampling campaigns fall
within periods of high water discharge (compare to Figure 4). During the spring and summer 2016 cam-
paigns the river had intermediate water conditions, whereas the autumn 2016 campaign corresponds to a
low-water stand.
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Figure 14. (a-j) Magnetic concentration (Mg) and S ratio along the Canche River for the five seasonal sampling
campaigns.

In all sampled seasons the magnetic concentration of the Canche River is slightly below or close to an
empirical value of 14 x 10" >Am? kg™ ", which is highlighted for orientation purposes in all graph M; panels
of Figure 14 as a gray dotted line. This value corresponds to the mean value (M mean) Of all five analyzed
SPM from sediment trap samples, whatever the water discharge conditions. Only 25% of all individual M
values lie above this line. This observation seams independent of the respective water discharge during
the sampling season. Under the hypothesis that this threshold presents a sort of “empirical background sig-
nal” of the magnetic concentration in the Canche River catchment, we may consider that samples that show
distinctively higher M, values, are outliers of this general background trend of the fresh water Canche trans-
ect (between Hesdin and Attin, location see Figure 1).

Results of sample sites downstream of Attin (points T7, C6, T8, and C7) fall into the area which is strongly
influenced by tide activity of the English Channel. In this zone, the M values of the downstream tributary
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rivers Dordogne (T7) and Huitrepin (T8) are always below the so-called background line, which is not the
case for the sample sites directly downstream of Canche (C6 and C7) that show strong variations of their
magnetic concentration values.

In general, the quantity of the transported suspended material is controlled by the water flow (Hickin, 1995;
Knighton, 1998; Williams, 1989). For the Seine River, Estébe (1996) and Vilmin (2014) state short concentra-
tions peaks in SPM when flooding passes a certain threshold (that might be individual for each river).
Estébe (1996) also state that the total flux of transported iron is proportional to the total SPM, leading
Kayvantash (2016) to deduce that the concentration in magnetic minerals should not be biased. In fact,
Kayvantash et al. (2017) studied an upstream section of the Seine River following the same sampling proto-
col as for our present study of the Canche River. The environmental magnetic results for the upstream Seine
River section showed that sampling was representative for the granulometric fraction of the respective
low-water and high-water conditions and the recovered magnetic fraction. Kayvantash (2016) also state that
variations in magnetic concentrations (M) at the studied upstream site in the Seine River (Marnay) are
between 3.2 and 15.3 x 10">Am? kg™* depending on the respective sample period. Rock magnetic analyses
showed a magnetite dominated magnetic assemblage, with a mean S ratio close to 1 suggesting a minor con-
tribution of goethite and hematite. As stated above, the annual sediment flux at the Canche estuary
(Artois-Picardie Water Agency) is estimated at 29-185 kt yr™" for the period between 1998-2016. Using
the sediment fingerprinting model applied in Patault, Alary, Franke, and Abriak (2019), the calculated the
sediment flux contributions for the different tributaries in the Canche River catchment, ranging from 0.87

to 40.7 kt yr .

From the interpretation of the IRM unmixing results in section 3.4.1. (Figure 12), that zoom on the
Planquette-Canche confluence, we concluded that the magnetic signal is carried here by a relatively high
percentage of HC components (between 52-85%). Thus, when regarding the magnetic concentration para-
meter M, we need to keep in mind the fact that Mg might be carried by varying proportions of magnetite
and HC magnetic carriers. The combination of M and S ratio is therefore helpful to estimate not only the
concentration of magnetic particles but also the mixing of the different magnetic carriers in the respective
SPM sample (e.g., Frank & Nowaczyk, 2008). The S ratio of the five sampled seasons in the Canche River
(Figures 14f-14j) show a pure magnetite composition (S ratio = 1) only for the sampling sites C4 and C7
in summer 2016, all other spatiotemporal samples show S ratios <1.

Thus, as already employed for the Mg mean parameter before, we calculated an “empirical marker value” that
corresponds to the mean value of the S ratio (S ratioyean = 0.93) for all SPM samples (gray dotted line in
Figures 14f-14j). In the following we use this S ratioy,eap, line as a relative orientation within a sample cam-
paign and between the different seasons.

In winter 2015, all tributary samples are close to this S ratiomean threshold, whereas the samples from the
main river Canche clearly lie above this line. In winter 2016, this trend seems inversed for most of the sam-
ples, despite the very upstream and downstream tributary sites (T1, T3, and T8). In spring 2016, only the
Planquette site T3 and the middle part of the Canche samples (C3-C5) show values below S ratio < 0.92.
In summer 2016, all samples show values above S ratio > 0.92, whereas in autumn 2016 all samples show
values between 0.96 and 0.92, with exception of T2, C2, C6, and T8. If we now try to resume the combination
of the two possible offsets from the mean background trend lines for magnetic concentration and magnetic
mineralogy, in terms of river conditions, values with M; far from the background line and with very low S
ratios should correspond to samples of high particle flux and high proportions of HC minerals.

In contrast, the sample set of summer 2016 shows only a small offset from the background line(s) would then
correspond the closest to a “no erosion scenario” in the Canche River catchment, which is confirmed by the
intermediate to decreasing water discharge and no-rain fall conditions during this time period (Figure 4). M
values of this season have a mean magnetic mineralogy close to an S ratio ~ 0.96. Comparing this to the
results from section 3.4.1, e.g., Figures 12b and 12c point Rb3 this corresponds approximately to an IRM
unmixing of 48% HC and 52% LC components.

Therefore we assume that as soon as runoff conditions change due to rainfall events that drain the topsoil
into the surface water, a larger contribution of HC components is obtained in the SPM samples and S ratio
values drop. Depending on weather conditions in a given season, this might be a very local rainfall event,
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restricted to a small area of the catchment. For example in winter 2016 S ratio values are lower (i.e., higher
runoff) only for upstream sites (Ternoise and Planquette tributaries) and similarly in spring 2016 where S
ratios were low for sites in the middle of the Canche catchment. Site T5 in spring 2016 shows high magnetic
concentration values and S ratio values attests to an additional input of a LC component originating from
channel bank or river bed sediments. The spatiotemporal mapping of winter 2015 and autumn 2016
corresponds to catchment-wide rainfall events during which runoff eroded surface soil particles reached
all sample sites in the Canche catchment.

4. Discussion and Conclusion

Many studies on suspended sediments in fluvial systems use a multitude of different tracers to identify
sources and to quantify the flux in a given catchment. Sediment fingerprinting approaches struggle with
the fact that the comparison of source material and suspended load is not always evident (grain size effects
or organic matter corrections, diagenetic alterations, conservative behavior, spatial variations, statistical
underrepresentation; e.g., Pulley et al., 2015; Laceby et al., 2017) and many criterions must be fulfilled to
run robust unmixing models. This usually imposes huge logistical and budgetary efforts to the respective
study. Therefore, straightforward and easily applied methods offer facilitation to environmental manage-
ment of catchments.

The presented nondestructive environmental magnetic methods (RT hysteresis analyses in combination
with LT MPMS experiments) provide a tool to treat a relatively large number of samples, even in small mate-
rial quantity without any laborious sample preparation. The achieved parameters may then serve as robust
tracers to run unmixing or confluence-based sediment fingerprinting models to calculate sediment flux bud-
gets. Magnetic tracers are robust under the condition that the ferruginous (iron-bearing) fraction sampled is
representative, the spatiotemporal sampling frequency is adapted to the hydrodynamic regime of the studied
catchment and some calibration (ground truthing) of the magnetic parameters is undertaken.

This study focuses on estimating inputs within the Canche River catchment of sediment originating from
agricultural soils eroded by runoff using variations in magnetic mineralogy assemblages. Comparison with
M and S ratio values from the rural upstream area of the Seine River watershed (Kayvantash, 2016;
Kayvantash et al., 2017) are in the same range of order, possibly due to the fact that the drained lithologic
units of the Paris Basin (marley silts and chalks) are very similar to those of the Canche River catchment that
corresponds also to the upstream Seine River size channel/mean flow rate. In comparison, other similar
sized agricultural catchments with various background lithology state published (S)IRM values for the
Jackmoor Brook basin, SW England UK (SIRM = 2.5t0 9 X 1073 Amzkg_l; Walling et al., 1979), several small
rivers in New South Wales Australia, IRM =1 to 8 X 10_3Am2kg_1; Caitcheon, 1993), a small agricultural
basin in Oxfordshire UK (IRM = 1.5 to 4.4 Amzkg_l; Slattery et al., 1995), the Slapton Ley/Old Mill catch-
ment in South Devon UK, (IRM = 4 to 10 X 10_3Am2kg_1; Foster et al., 1998), the Leadon River catchment
in Herefordshire UK (IRM = 6 to 0.02 X 10_3Am2kg_1; Gruszowski et al., 2003), the Bassenthwaite catch-
ment in Cumbria, UK (SIRM = 21 to 37 X Amzkg_l; Hatfield & Maher, 2008), and several small sandy rivers
from Martinique Island (SIRM = 159 to 17 x 10 >Am?kg™"; Salomé & Meynadier, 2004),.

Thus the conclusions of Kayvantash et al. (2017) on the grain size dependence between magnetic fraction
and bulk sediment as well as the assumptions on the deconvolution between runoff and base flow in the stu-
died meander belt of the upstream Seine River may be taken into account for comparable fluvial systems,
such as the Canche River as shown by the respective grain size analyses shown in section 4.2. Our results
highlight that S ratio values of a given sample site are sensitive to local weather conditions during the sam-
pling period. Thus, interpretations of the S ratio at a given site, requires that a catchment-wide “no erosion
background value” be determined that may differ depending on the hydrodynamic regime of the river and
the lithology and topography of the catchment. Thereafter, positive or negative variations of HC and LC
component input can be observed and interpreted as inputs of specific sources eroded into the river water
column (surface soil particle or channel banks/river bed deposits), which is of particular interest for quanti-
fying relative sediment flux.

The present study shows the potential and limits of the employed environmental magnetic parameters as a
function of the different tested spatiotemporal scales and sampling campaign design. For example, it is
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feasible to perform high-resolution snapshot sampling during distinct flood events when focusing on a small
catchment area, such as the Planquette-Canche confluence, or when disposing of an automated sampling
station such as at Attin or at the outlet of the Pommeroye catchment. Snapshot sampling of an entire
catchment such as the Canche River is a heavy logistical and financial burden; regular seasonal sampling
campaigns are better adapted if sampling sites are chosen strategically and deemed representative. If
possible, water flow and velocity, and precipitation rates must be considered when interpreting the signal
of transported particles caught in the sediment traps. Ideally, these conditions should be constant during
the sampling period if conclusions on the sediment flux are to be drawn. The optimum between sampling
logistics and spatiotemporal resolution must be adapted with respect to the catchment size and reactivity
of the fluvial system.

Comparison with other complementary rapid nondestructive techniques, such as spectrocolorimetry would
be interesting, since the latter technique detects the HC magnetic minerals hematite and goethite (e.g.,
Balsam et al., 2014; Debret et al., 2011; Torrent & Barron, 2003) in addition to other sediment components
(quartz, carbonates, clay minerals, etc). As observed in Patault (2018), the soil sample color signature in
the Canche River catchment is typical of the goethite, which supports our interpretation of the S ratio
magnetic parameter as a tracer of soil surface erosion.
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