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Weathering and erosion dynamics show major changes at 4.2 kyr BP
Terrigenous vs. autochthonous OM inputs are driven by Holocene climatic variations
U binding to terrigenous organic matter controlled U sedimentation over 9.2 kyr

Lake bottom water oxygenation did not influence U fluxes to the sediments



ABSTRACT

Uranium (U) isotopic signatures and concentration in sediments are widely used as
paleo-redox proxies, as the behavior of U is often controlled by bottom water oxygenation. Here,
we investigated the processes controlling U accumulation in the sediments of Lake Negre
(Mediterranean Alps, South-East France) over the past 9200 years. Exceptionally high natural U
concentrations (350-1250 pg.g1) allowed the measurement of U along with other elements by
high-resolution X-Ray Fluorescence core-scanning. Weathering and erosion proxies (Ti content,
Zr/Al and K/Ti ratios) indicate that sedimentary inputs were controlled by Holocene climatic
variations. After a period of low erosion during the Holocene Climatic Optimum, a major regime
shift was recorded at 4.2 kyr BP when terrigenous fluxes consistently increased until present
with high sensitivity to centennial-scale climatic events. Sedimentary organic matter (OM)
inputs were dominated by terrigenous OM from the catchment soils until 2.4 kyr BP, as attested
by carbon to nitrogen (C/N) and bromine to organic carbon (Br/TOC) ratios. From 2.4 kyr BP to
present, lake primary production and soils equally contributed to sedimentary OM. Uranium
fluxes to the sediments were well correlated to terrigenous OM fluxes from 7 kyr BP to present,
showing that U supply to the lake was controlled by U scavenging in the soils of the watershed
followed by transport of U bound to detrital organic particles. Higher U/OM ratios before
7 kyr BP likely reflect the development of the upstream wetland. The fluctuations of U
sedimentary inputs appear to be independent of bottom water oxygenation, as estimated from
constant Fe/Mn ratios and §238U isotopic signatures, and rather controlled by the production,
erosion and sedimentation of terrigenous OM. This finding confirms that the use of U (and
potentially other metals with high affinity to OM) concentrations alone should be used with

caution for paleo-redox reconstructions.
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1 INTRODUCTION

Uranium (U) is a redox-sensitive element, very soluble in oxic conditions and poorly
soluble when reduced (Langmuir, 1978; Maher et al,, 2013), which accumulation and isotopic
composition in sediments have been widely used in paleo-redox studies to reconstruct past
changes in bottom ocean water oxygenation (e.g., Lau et al,, 2019; Tribovillard et al., 2006). In
comparison to marine settings, the uranium content of lake sediments is less documented and
records more local variations in water oxygenation or U inputs from lake watersheds. Hence, most
studies on lacustrine systems have focused on present-day processes of U accumulation at the
sediment-water interface in pristine (Chappaz et al., 2010; Och et al, 2016) and U mining-
impacted lakes (Dang et al., 2018; Stetten et al.,, 2018; Wang et al., 2019). Only a few studies have
investigated the U distribution in lake sediments over long time scales as a tracer of paleo-
environmental conditions (Edgington etal., 1996; Goldbergetal.,, 2010; Whitlock etal., 2012; Yang
etal, 2015). U inputs to lakes could be related to past climate variations, as shown for Lake Baikal
with higher U fluxes during interglacial than glacial periods (Edgington et al,, 1996; Goldberg et
al,, 2010). Fluctuations in U inputs to the oxic waters of this lake were attributed to regional-scale
hydrological variations that impacted the contributions of various U supplying rivers. The various
possible mechanisms of U transport and sedimentation in lakes and their response to climatic
forcing remains however to be clarified. They may indeed include dissolved or particulate
transport/sedimentation, as well uranium trapping via its reduction in the water column or at the
sediment-water interface (Anderson etal., 1989; Barnes and Cochran, 1990; Chappaz etal., 2010;
McManus et al.,, 2005). To this end, the Lake Negre catchment (Mediterranean Alps, South-East
France) was chosen as case study since the lake sediments were previously shown to naturally

contain exceptionally high U concentrations (Lefebvre et al., 2021).

Climatic variations (hydrology, temperature) have a direct impact on sedimentary inputs
into lakes (Arnaud et al., 2016), especially in mountainous areas that are particularly sensitive to
environmental changes (Beniston, 2006). As they drain small watersheds with usually quite
simple geologic settings, high-altitude lakes are able to directly and specifically record climatic
impacts on elemental inputs, which result in fluctuations between detrital/terrigenous and
dissolved/authigenic elemental fluxes (Brisset et al., 2013; Giguet-Covex et al,, 2011; Wilhelm et
al,, 2013). In particular, climate controls the relative intensity of physical and chemical erosion
(Arnaud et al, 2012). This physicochemical effect is further complemented by the effect of
temperature (T) on the development of land vegetation and lacustrine primary productivity, the
latter being also constrained by nutrient availability. In addition, vegetation has an ambivalent
impacton erosion as plant root development both facilitates soil weathering and chemical erosion

through extension of erodible surfaces and secretion of acidic substances, and limits soil physical



erosion through soil stabilization (e.g., Bajard et al,, 2017a, 2017b). The development of human
activities (agriculture and pastoralism often coupled to deforestation) in accessible mountainous
areas induced increasing soil erosion especially in the past two millennia, until exceeding the soil

formation rate (Bajard etal.,, 2017a, 2017b; Brissetetal.,, 2013, 2017; Giguet-Covex et al., 2014).

The evolution of temperatures in the Alpine region during the Holocene can be inferred
from reconstructed patterns obtained from chironomid records (Heirietal.,, 2015; Samartin etal,,
2017) and speleothems fluid inclusions in the Central Alps (Affolter et al., 2019) among others.
Briefly, after a rapid T increase (> +5 °C) at the end of the Younger Dryas, the beginning of the
Holocene (~11.5 kyr BP) was marked by a progressive warming until 9.6 to 9 kyr BP, followed by
stable T during the Holocene Thermal Maximum until 6.4 to 4 kyr BP, interrupted by the
8.2kyr BP cold event. Since 4 kyr BP under the Neoglacial period, temperatures have
continuously and slowly decreased until the 20t century, influenced by temporary cold events
with variable regional significance (Affolter etal., 2019; Bini etal.,, 2019; Martratetal., 2014). The
last 2000 years are better documented over the Northern Hemisphere, with cold periods during
the so-called “Dark Ages” (1400-1100 cal BP) and especially the Little Ice Age (700-100 cal BP)
and warmer periods during the Roman era and the Middle Ages (e.g, Affolter et al., 2019).
Absolute T variations in the Northern Hemisphere are still debated (e.g., Marsicek etal., 2018) but

consistent relative climatic variations are widely reported.

The evolution of rainfall intensity over time was inferred from occurrences of flood
deposits in sediments from several alpine lakes and was thus quantified by the evolution of the
flood frequency and intensity (Brissetetal., 2017; Sabatier etal., 2017; Wilhelm etal., 2012; Wirth
etal,, 2013). The general pattern of flood activities in the Southern Alps over the Holocene shows
relatively rare extreme rainfall events until shortly before 4 kyr BP, followed by a sharp increase
to higher flood frequencies, with variations following short-term climatic variations (Sabatier et
al, 2017; Wirth et al, 2013). This global evolution is mainly attributed to the orbital-driven
decrease in summer insolation during the Neoglacial (after ~ 4.2 kyr BP) leading to higher rainfall

events (Magny etal., 2013; Vanniere etal., 2013).

Another major impact of climate changes on mountainous environments is the glacial
activity that has a large impact on the production and export of fresh mineral surfaces. In the
Mediterranean Alps, the last deglaciation occurred rapidly between 14,500 and
13,000 years cal BP (calibrated age Before Present, i.e., before AD 1950) during the Lateglacial
Interstadial (Brissetetal,, 2015, 2014) with the last influence of glaciers registered 11,000 years
ago (Brisset et al,, 2015). Major glacier retreats at the beginning of the Holocene allowed the
formation of high-altitude lakes in the Alps, such as Lake Négre (2354 m above sea level). On the



scale of the Alps, global glacier advances are described after 4.2 kyr BP, corresponding to the onset

of the Neoglacial period (Le Roy etal., 2017, 2015).

Owing to its small catchment area and negligible anthropic activities, Lake Neégre offers
the opportunity to study direct effects of climatic variations in the Mediterranean Alps on U fluxes
to the sediments. In particular, its low sedimentation rate (Lefebvre et al., 2021) reflects its low
sensitivity to physical erosion events (Arnaud et al., 2016), hence allowing to decipher the specific
impact of chemical erosion and of the dynamics of land vegetation and lake productivity on U
inputs. Exceptionally high U concentrations in Lake Neégre sediments enable the use of X-Ray
Fluorescence (XRF) core-scanning to measure high-resolution (1-mm steps) sedimentary U
profiles, together with other elements. In our previous study (Lefebvre et al, 2021), we
investigated the solid-state speciation of U using X-ray absorption spectroscopy on a sediment
core from Lake Negre dating back to 3300 years BP and found that U initially deposits as non-
crystalline organic-bound U before transforming to U-Si polymers through diagenetic aging. As U
is thus thought to be deposited after binding on lake biomass or terrigenous organic matter (OM),
variations in U sedimentary content are expected to be constrained both by (i) U inputs from the
watershed to the lake water, and by (ii) the relative development of soil vegetation and lacustrine

biomass.

In this multi-proxy study, we first investigated the responses to climatic variations of
physical and chemical erosion processes, as well as inputs from different organic matter sources
over the Holocene, as recorded in Lake Négre sediments. The fluctuations of U inputs to the
sediments are then described and interpreted in the light of the reconstructed lake paleo-

environmental history.



2 MATERIALS AND METHODS
2.1 Study site

As Lake Negre was previously described to investigate U mineralogical transformations in
sediments over 3300 years, a full description of the study site is provided in the main text and SI
appendix of Lefebvre et al. (2021). Briefly, Lake Negre is located in a remote, high-altitude glacier-
carved watershed, at the border between France and Italy in the Mercantour-Argentera Massif,
~50 km north of the Mediterranean Sea (Figure 1). This small watershed is essentially granitic
and partially covered by scree and scarce alpine meadows, with rare occurrences of pine trees
(Figure 1c). The bottom of the 28-m deep, stratified lake water column was shown to be suboxic

at the time of sampling in September 2018.

wetland
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& Photograph viewpoint and NEG18-06

Figure 1 — Lake Négre location and core sampling locations. (a) Location of Lake Negre in the
Mercantour-Argentera massif, South-East France. (b) Topographic map of the Lake Negre watershed;
the watershed is delimited by a yellow dashed line, sampling locations of cores NEG18-05 and
NEG18-06 are indicated by red crosses; map from BRGM (http.//infoterre.brgm.fr), updated
02/11/2020. (c) Photograph of Lake Negre, which viewpoint is indicated in (b), showing positions of the
lake inlet and outlet and of the wetland right upstream of the lake, delimited by a white dashed line.
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2.2 Sampling and lithology

A series of sediment cores was sampled in September 2018 at the deepest point of Lake
Negre using a hammer-equipped Uwitec gravity corer (63 mm internal diameter). This study
focuses on cores NEG18-05 (187.5 cm long, sampled at N 44°9.49926’; E 7°14.1516’) and NEG18-
06 (216 cm long, sampled 20 m southward at N 44° 9.48966’; E 7°14.1576’), taken in addition to
cores NEG18-04 and NEG18-07 that were specifically stored in anoxic conditions for U speciation
analysis and described in Lefebvre et al. (2021). Both cores studied here (NEG18-05 and 06) were
cutin two halves in the open air; one half was preserved for sedimentological description and XRF
core-scanning, and 1 cm slices were sampled on the other half for chemical analysis. Most analyses
were performed on core NEG18-06; the data presented in this article consequently refer to this

core, unless stated otherwise.

As described previously (Lefebvre et al, 2021), the cores consist of three main
sedimentary units. Bottom sediments (Unit B) are homogeneous and typical of brown, silty gyttja
deposits widely observed in high elevation Alpine lakes following the last deglaciation (Brisset et
al,, 2015). Two series of seismic shots in the northern part of the lake in 1958 and 1966, performed
in an attempt to determine the Moho depth below the Alps (Perrier, 1980), caused slope
destabilization of the sediments, leading to the accumulation of thick mass wasted deposits
(denoted as Unit S) above the pristine Unit B. The top unit (Unit T) corresponds to the last
~50 years of regular sedimentation and is composed of uncompacted clayey-silty sediments. This

study focuses on pristine sediments from Unit B, deposited until the mid-twentieth century.

2.3 Geochronology

Radiocarbon dating of 16 and 3 terrestrial plant macro-remains was performed by
accelerator mass spectrometry at the Poznan Radiocarbon Laboratory (Poland) along cores
NEG18-06 and NEG18-05 respectively in order to build an age-depth model using the R software-
package “clam” (R version 3.6.2, (R Core Team, 2019))(Blaauw, 2010) with the IntCal20
calibration curve (Reimer et al., 2020) and smooth spline interpolation (degree of smoothing of
0.4 and 0.2 for cores NEG18-06 and NEG18-05 respectively). For the age-depth model of core
NEG18-05, we used two additional 14C dates from core NEG18-06 thanks to core correlation based
on XRF core-scanner data ( ' ). The latter was complicated by accidental drying of the
half core before XRF measurements, leading to several fractures that were artificially corrected

(see Sl textand Figure SI-2) to obtain a continuous profile, albeit with higher uncertainties.



2.4 Chemical characterization

The elemental composition of core NEG18-06 was investigated at high resolution (1 mm
steps) with an Avaatech XRF core-scanner at EDYTEM laboratory. Because of its poor
conservation, core NEG18-05 was analyzed every 5 mm. Light elements were measured with tube
settings at 10 kV and 0.175 mA for 15 s, and heavy elements (including U) at 30 kV and 0.245 mA
for 35s. On core NEG18-06, the data noise was reduced with 3-point moving averages.
Uncertainties (2 relative standard deviations — RSD) were calculated from 4-point replicates
measured every 4 cm. In order to account for potential matrix effects, element ratios are
expressed as logarithms (In) of XRF counts ratios that are linearly related to the log ratios of
corresponding absolute concentrations (Weltje and Tjallingii, 2008). Major, minor (Al Ca, Fe, Na,
K, Mg, Mn, P, Ti) and trace elements (U and Th) concentrations were measured by Inductively
Coupled Plasma Atomic Emission and Mass Spectrometry (ICP-AES and ICP-MS) respectively at
the LUTECE laboratory (IRSN), following acid digestion according to protocols detailed in
Lefebvre et al. (2021). Silica and other major elements were determined on four samples at the
Service d’Analyse des Roches et Minéraux (SARM-CRPG, Nancy, France) by optical emission
spectrometry (ICP-OES) after LiBO, alkali fusion. Calibration of U and Ti XRF counts was
performed with 13 sediment samples using concentrations measured by ICP-MS, with respective

correlation coefficients (R?) of 0.95 and 0.87 and p-values < 10-5 (Figure SI-3).

Organic matter characterization (total C and N concentrations, 613C and &8'SN) was
performed by the P6le [sotopie-Chimie (UMR SILVA) of INRAE (Champenoux, France) with a Vario
Isotope Elemental Analyser - [sotope Ratio Mass Spectrometer (EA-IRMS). Additional organic and
inorganic carbon contents were measured with a Vario TOC Elementar carbon analyzer at LUTECE
following procedures described in Stetten et al. (2018). No inorganic carbon could be detected,
which is consistent with the absence of carbonate rocks in the Lake Negre watershed, implying

that total C is equivalent to total organic carbon (TOC).

Because of the differential solubility of U (highly soluble) and Th (insoluble) in oxic
environments (Missiaen et al., 2018; Nuttin et al, 2013; Yu et al,, 1999), detrital U fractions
(Ugetrita, In % of the total U pool) could be determined from the U/Th ratios of samples and
background rocks as detailed in Lefebvre et al. (2021), following

(U/Th)rocks

(U/Th)sample

Radio-elements (238U (from 234Th), 230Th, 228Th, 228Ra, 226Ra, 210Pb, 137Cs, #0K) were

Udetrital [%] = x 100 (1)

measured on core NEG18-05 by gamma spectrometry at IRSN using a HP Ge detector (EGPC 20,



Intertech) according to the protocol described in Mangeret et al. (2018) and a well-type high-
purity/low-noise Ge ORTEC GWL Series detector following Reyss et al. (1995). 238U activities
measured by gamma spectrometry (in Bq/kg) were converted to U concentrations (in pg/g) using

the 238U mass activity (12.44 kBq/g).

The sediment dry bulk density (DBD) was determined at 27 depths in Unit B of core
NEG18-06 by determining the dry weight of a known volume. Relative uncertainties were
arbitrarily set at 10 %. The ratio of Incoherent (Compton) over Coherent (Rayleigh) scattered
intensities (Inc/Coh) obtained from XRF scanning (Figure SI-4), which is a rough proxy of
sediment texture (density, porosity, water content), has been shown to correlate with organic
matter content (TOC, loss on ignition) in some sediments (Chawchai et al.,, 2016; Liu et al., 2013;
Saez etal.,, 2009; Woodward and Gadd, 2019) but not well enough in organic-rich gyttja sediments
(Chawchai et al.,, 2016) such as those of Lake Negre. Here, we found the Inc/coh ratio to be
satisfyingly correlated to DBD (r* = 0.75, p<10-5; Figure SI-5), probably thanks to the
homogeneity of Unit B sediments. A high-resolution (1-mm step) DBD profile was reconstructed
by linear regression using the relationship between DBD and the Inc/Coh ratio, with an average
propagated uncertainty of 14 % (Figure 2). The reconstructed profile is in good agreement with
measured DBDs, except at the bottom of the core (210-216 cm) where a little discrepancy is noted

but lies within uncertainties.
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Figure 2 — Sediment dry bulk density (DBD) of core NEG18-06. Discrete measurements (red circles) and
reconstructed high-resolution DBD profile (orange line) inferred from the ratio of XRF
Incoherent/Coherent scattered intensities. Error bars and grey shading represent 25D uncertainties.
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In order to take into account (i) the effects of sediment compaction and (ii) the variations
in sediment accumulation rates, we calculated the flux or mass accumulation rate Fx (in g.m-2yr1)

of element X following
Fyx = [X] X 140 X DBD (2)

Where [X] is the concentration of element X in the dry solid phase of the sediment (in
weight % (wt%) or ug/g), Tac is the sediment accumulation rate (in mm.yr1) inferred from the
age-depth model and DBD is the dry bulk density of the sediment (in g.cm-3), reconstructed via
linear regression. For fluxes calculations, uncertainties on accumulation rates were estimated at

5 %.

2.5 Isotopic measurements

In order to correct from instrumental and analytical mass biases, samples from core
NEG18-06 were double-spiked with IRMM-3636a standard with a spike/sample ratio (236U /235U)
of ~ 2-3, right after sample digestion. Following procedures detailed in Lefebvre et al. (2021), U
was then separated from other dissolved elements using column chromatography with UTEVA
resin (Eichrom Technologies, LLC). [sotopic ratios 234U /238U and 238U /235U were measured on the
ThermoScientific Neptune Multi-Collector (MC) IPC-MS of the PARI platform (IPGP) with
1011-ochm amplifiers for 235U and 238U and a 1013-ohm amplifier for 234U. (234U /238U) activity ratios
were calculated by multiplying isotopic ratios with the ratio of the respective radioactive decay
constants. The 238U /235U ratios of the samples are presented in the delta-notation (6238U, in %o)

following

(238U/235U)
(238U/235U)

sample

5238 =

—1 | x 1000 3)
IRMM-184

The bracketing standard IRMM-184 was used for the delta-notion calculation and in order to refer
our data to the internationally recognized §-zero standard CRM-145/CRM-112a (Andersen et al,,
2017), all 238U data were corrected with an offset of -1.10 %o (IRMM, 2005; NBL, 2010).
Uncertainties were calculated as two standard deviations (2SD) of all 3-5 replicates per sample.
Three standards (BCR-2, AGV-2, HU-1) were measured along with the samples in order to control
the method accuracy, and correspond to previously published values (see Lefebvre et al., 2021).
Procedural blanks were found to be negligible in U contents (< 0.2 ng) compared to the U amounts

processed for sample isotopic analyses (> 3000 ng).
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3 RESULTS AND DISCUSSION
3.1 Geochronology

The calibrated radiocarbon dates obtained with the IntCal20 calibration curve are
displayed in Table 1. Six dates showing age inversions due to the large mass wasted deposit (Unit
S) were rejected, as well as one outlier date in UnitB (166.3 cm) which was obviously too old and
probably reworked from the watershed (Table 1). The age-depth model of core NEG18-06 is
shown in Figure 3a. The model provides a very low sedimentation rate that increased over time
from 0.06 mm/yr to 0.11 mm/yr with smooth variations (Figure 3b). The deeper radiocarbon age
measured at 212.5 cm was determined to be 8700 + 110 cal BP. By extension of the age-depth
model, the bottom of the core (216 cm depth) was dated at ~ 9184 cal BP. The age of the most
recent Unit B sediments actually corresponds to the period of seismic shots in the second half of
the 20t century. The mass wasted deposit seemingly did not significantly erode surface sediments
as peak lead (Pb) accumulation corresponding to modern emission (Renberg et al., 2001; Elbaz-
Poulichetetal.,, 2020) is still present (Figure SI-1).

Table 1 — Radiocarbon datation of core NEG18-06. *C ages (years BP) and associated ranges of calibrated **C
ages (cal BP) thanks to the IntCal20 calibration curve on cores NEG18-06 and NEG18-05. Calibrated age ranges
correspond to the most probable age intervals. Rejected ages are indicated in italic grey. The sample age at
48.5 cm is expressed as percent modern carbon (pMC), indicating a modern age posterior to 1950 AD. Nine
consistent dates were validated and used in the age-depth model of core NEG18-06; 3 consistent dates were

used for core NEG18-05, in addition to two dates from core NEG18-06 (*) thanks to core correlation based on
XRF profiles (Figure SI-1).

Core Lab. code  Depth (cm) 'Cage (years BP) Calibrated *C age 20 range
(cal BP)
NEG18-06 Poz-108396 38 3375+ 35 3548 — 3693
NEG18-06 Poz-108398  48.5 104.92 + 0.33 pMIC (modern)
NEG18-06 Poz-108399 66.5 370+ 30 424 — 498
NEG18-06 Poz-108400  94.5 5170 + 40 5888 — 5999
NEG18-06 Poz-108401 105.4 3445 + 30 3620—-3734
NEG18-06 Poz-108402 140.5 1820 + 30 1695-1797
NEG18-06 Poz-118687 156.4 570+ 30 588 -642
NEG18-06* Poz-118688 160.4 1070 £ 30 925 - 1006
NEG18-06 Poz-118565 164.4 1615 £ 30 1410- 1539
NEG18-06 Poz-108403 166.3 2385 + 30 2345 - 2491
NEG18-06* Poz-118566 1734 2595 + 35 2701-2771
NEG18-06 Poz-108477 178.2 3480 + 35 3686 — 3838
NEG18-06 Poz-118567 191.4 4550 £ 40 5050-5197
NEG18-06 Poz-108404 199 5660 + 35 6388 — 6503
NEG18-06 Poz-118568 204.4 6130+ 40 6931-7158
NEG18-06 Poz-108453 212.5 7890 + 50 8590 - 8810
NEG18-05 Poz-126158 122 3645 + 35 3874 - 4085
NEG18-05 Poz-126159 147 7160 + 50 7920-38039
NEG18-05 Poz-126160 186 9680 + 70 11,060-11,233

12
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Figure 3 — Geochronology of core NEG18-06. (a) Age-depth profile of core NEG18-06 as modeled by
the R “clam” package (Blaauw, 2010) using calibrated **C ages, with uncertainties in grey shading;
validated dates are shown in blue, rejected dates in red; Unit S (instantaneous mass wasted deposit) is
represented in grey. (b) Sediment accumulation rate (Tuc, in mm.yr?) of core NEG18-06 inferred from
the age-depth model and extrapolated as constant over the last 600 years (dashed line).

Because of the use of correlated 14C dates from another core in its upper part, along with
uncertainties on correlated depths caused by accidental drying, the age-depth model of core
NEG18-05 (Figure SI-1) presents high age uncertainties estimated at + 300 years. Thanks to a
thinner Unit S (bottom at 90.3 cm depth), sediments of core NEG18-05 extend down to the
beginning of the Holocene, the deepest radiocarbon age (186cm) being measured at
11147 + 87 cal BP. As for core NEG18-04 (Lefebvre et al., 2021), the top of Unit B on core 05 is
marked by a hiatus of ~11.2 cm (corresponding to ~ 980 years) due to erosion by the mass

wasted deposit, as attested by the absence of the modern Pb peak (Figure SI-1).

3.2 Weathering and erosion fluctuations over the Holocene
3.2.1 Physical erosion fluxes indicated by terrigenous inputs

High-resolution elemental XRF core-scanner profiles (14-year average steps) displayed in
Figure 4 provide complementary information on the evolution of element fluxes over the last

9200 years in Lake Négre. Titanium (Ti), which is well measured by XRF, is known to be a
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lithogenic conservative element as well as Al, Zr and Rb for example (Boés et al,, 2011) and is
therefore a relevant proxy of terrigenous silicate inputs to lake sediments (Arnaud et al., 2012).
Terrigenous fluxes inferred from Ti fluxes variations (Figure 4a) were stable between 9.2 and
5.7 kyr cal BP, during the Holocene Thermal Maximum, then slightly increased to a plateau until
4.2 kyr BP where a major rise in erosive fluxes is recorded. This shift is synchronous with the so-
called “4.2 kyr BP event” recorded elsewhere in the Mediterranean area (Bini etal., 2019; Brisset
et al, 2013) and characterized by global drying and cooling along with an intensification of
extreme rainfall events (Sabatier et al,, 2017; Wirth et al., 2013). After a short period of stability,
erosive inputs increased again at 3.7 kyr BP before fluctuating until 1600 cal BP (AD 350), when
a major erosive peak - with a twofold increase of Ti fluxes - is recorded until 1200 cal BP (AD 750)
during the Early Middle Age (“Dark Ages”). The Mediaeval Climate Anomaly, corresponding to
slightly increasing temperatures over Europe (Affolter et al.,, 2019), is characterized at first by
lower terrigenous inputs between 1200 and 850 cal BP (AD 750-1100), followed by a bump of
detrital fluxes at 850 cal BP (AD 1100) with a peak between 700 and 650 cal BP (AD 1250-1300).
Detrital inputs then decrease at the onset of the Little Ice Age (LIA) before rising ultimately at
300 cal BP (AD 1650) to reach high modern levels. Most of the major increases in erosive fluxes
coincide with glacier advances in the Southern Alps as recorded in the Ecrins-Pelvoux massif,

especially at 4.2, 3.6, 1.3 and 0.87 kyr cal BP (Le Roy etal., 2017).
3.2.2 Characterization of the terrigenous inputs

Variations of the Ti content that reflects terrigenous inputs (Figure 3a) are well correlated
to those of the Zr/Al ratio (Figurt , Fig 5) that is a raw indicator of grain size, as Zr is
essentially incorporated in coarse zircon grains and Al in finer-grained minerals (clays) (Arnaud
etal, 2016; Sabatier et al,, 2017). In addition, negative correlations are observed between both Ti
and Zr/Al and the K/Ti ratio (Figure 4c, Figures ! 8) that is known to decrease when
increasing the degree of weathering of terrigenous inputs ( e 3¢, Figure SI-7) (Arnaud et al.,

2012; Bajard etal,, 2017a).

This indicates that the global rise of terrigenous inputs over the Late Holocene was
accompanied by both a growing supply of coarse grains and of chemically weathered material
from the watershed regolith. Such a rise has been evidenced in many other lakes in the Alps
(Arnaud etal., 2016). This evolution corresponds to the onset of the Neoglacial and appears to be
directly linked to climatic forcing such as rainfall and temperature, and more specifically to the
increase in flood frequency as described in other Alpine lakes (Brissetetal,, 2017; Sabatier et al,,
2017; Wilhelm et al,, 2012; Wirth et al., 2013). Globally, the trend of soil erosion in the Lake Négre
watershed can be described as follows, in agreement with other lakes in the French Alps (Brisset

et al,, 2013; Bajard et al,, 2015): (i) very low detrital inputs in the Early to Mid-Holocene (9.2 to
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4.2 kyr BP), probably due to soil stabilization by a developed vegetation and low extreme
precipitation events; (ii) strong destabilization at the onset of the Neoglacial (4.2 kyr BP) due to
increasing flood activity, resulting in inputs of moderately weathered material, originating from
the incision of deeper soil horizons; (iii) globally increased erosion during the last 4200 years,
supplying consistently more weathered material corresponding to soil sheet erosion. This regime
shift is further strengthened by changes in the correlation relationships at 4.2 kyr BP (Figures
SI-6, SI-7 and SI-8).
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Figure 4 — XRF profiles of erosion and weathering indicators in Lake Négre sediments over 9200
years. (a) The flux (mass accumulation rate) of Titanium (Ti) is a proxy for terrigenous inputs; (b)
In(Zr/Al) (log ratio) is roughly correlated to the average grain size of terrigenous material; (c) In(K/Ti)
indicates the degree of weathering of terrigenous inputs; (d) In(Fe/Mn) is an indicator of lake bottom
water oxygenation at the time of deposition. Vertical grey dashed lines indicate major rises of
terrigenous inputs and the concomitant evolution of other indicators. Grey shading corresponds to 25D
uncertainties.
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The global rise of terrigenous inputs over time resulted in a concomitant upcore increase
of the sediment DBD (Figure 2), hiding the effects of sediment compaction that would have
normally induced an inverse density profile. Anecdotally, peak inputs of coarser material could
have resulted in slightly increasing sediment accumulation rates that could not be resolved in the
smooth age-depth profile (Figure ): such potential effects would have further amplified

elemental fluxes during peak terrigenous inputs.

In parallel to these climatic variations, oxygenation of the lake bottom water remained
quite stable with a little decrease recorded at 3.7 kyr BP as witnessed by a slightincrease of Fe/Mn
in the sediments (Naeher et al., 2013) (Figure 4d). This trend is consistent with observations in

Lake Robert in the French Alps (Elbaz-Poulichet et al.,, 2020).

The impact of human activities on erosion in the Lake Negre catchment is hard to
distinguish from climatic causes. Overall, the anthropogenic influence is thought to be low (if any),
as the lake is remote from the current inhabited valleys and rather difficult to access. Moreover,
the catchment relief and rocky cover prevents any crop culture. The human footprint should
therefore have been restricted to limited pastoralism and deforestation. Although climatic factors
should have been of primary importance in the variations of erosive fluxes described above, it is
impossible to rule out anthropogenic impacts, that could have participated to or even triggered
erosion increases, especially during the Bronze Age and the Middle Ages (Brisset et al., 2013;

Giguet-Covex et al.,, 2014; Walsh et al,, 2007).

3.3 Reconstructing past contributions of land-derived and autochthonous organic matter

In our first study on Lake Négre sediments on two other cores spanning 3300 years
(Lefebvre et al, 2021), we observed a strong correlation between total organic carbon and
uranium accumulation. Additionally, ultrafiltration of the lake water showed that U was
transported in the colloidal (< 0.2 um) fraction. Based on these indicators, we inferred that U was
transported into the lake via organic colloids that were subsequently deposited in the sediments.
This hypothesis was strengthened by invariant 238U /235U isotopic ratios and by the association of
non-crystalline U to organic moieties in the upper sediments. This finding shows that organic
matter probably plays a major role in U mobility within the lake watershed, and in turn in U inputs
to the sediments. In order to understand the variations in U accumulation through the Holocene,

it therefore appeared necessary to characterize OM inputs and sources to the sediments.
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3.3.1 Variations of bulk sedimentary OM inputs

The evolution of TOC deposition in Lake Négre sediments over the last 9200 years is
displayed in Figure 5. We observe substantial variations in the OM flux (Fr¢) over the Holocene,
starting with an initial drop from 1.7 groc.m2.yr! to 1.2 groc.m2.yr-! between 8.4 and 8.1 kyr BP,
which could correspond to the 8.2 kyr BP cold event (Alley et al., 1997). After that, TOC inputs
progressively increased twofold (up to 2.3 grocm2.yrt) from 8.2 to 3.5 kyr BP, with a period of
peak OM accumulation between 7.2 and 6.3 kyr BP resulting in up to 19.4 wt% TOC. The
deposition of organic compounds then decreased down to low levels (1.5 groc.m-2.yr-1) stable from
2.2 to 1.0 kyr BP, before a slow increase over the last 1000 years up to 20t century levels of
~ 2 groc.m2.y1-1. Such variations over the Holocene may be caused by climate-driven fluctuations
in OM production. For instance, the net decrease of OM inputs in the Late Holocene (after
3.5 kyr BP) could be related to lower temperatures during the Neoglacial that reduced vegetation
development in the watershed or biomass productivity in the lake. In order to decipher the
relative impact of OM sources variations, we estimated the contributions of global OM sources to

total OM sedimentary inputs over the Holocene, as described in the next section.
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Figure 5 — Organic matter supply to Lake Négre sediments over the Holocene. Temporal evolution of
Total organic carbon (TOC) content (wt%, in green) and TOC flux Froc (g.m™2.y™, in orange). Error bars
correspond to 25D uncertainties.

3.3.2 Contributions of autochthonous and terrigenous OM sources

Organic matter sources can be described at first order by two categories: autochthonous
OM from primary production (algae and macrophytes) and terrigenous/land-derived OM from
soils and land vegetation (Meyers and Teranes, 2001). Relative contributions from both sources
can be assessed from biogeochemical proxies for which these sources have distinct signatures.

Among such proxies are the widely-used C/N atomic ratio and 613C isotopic signature. Lacustrine
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autochthonous OM resulting from primary production (phytoplankton and aquatic macrophytes)
in the water column has a low C/N ratio typically between 6 and 9, while terrigenous OM
originating from the watershed (in our case from the wetland zone at the lake inlet (Figure 1c),
from meadows and poorly developed soils across the watershed) displays higher C/N ratios
(Meyers and Teranes, 2001). From a paleo-environmental perspective and in the case of high-
altitude alpine environments, terrigenous OM may originate from meadow-type environments
with low-cellulose plants that are characterized by intermediate C/N ratios (typically between 13
and 15), and from heathland /forest environments with more cellulose-rich plants that will result
in OM with higher C/N (ca. 17 and higher) (Meyers and Teranes, 2001; Seeber and Seeber, 2005).
Even if at present only scattered trees are present in the watershed, during the early to mid-
Holocene when temperatures were milder we cannot exclude the presence of more abundant
trees at this altitude (Talon, 2010). The §13C signatures of lacustrine OM is less clearly defined in
the literature and may be site-dependent. In their review, Meyers and Teranes indicate that, in
contrast to marine OM, the §13C of lacustrine algae may not be clearly distinguishable from
terrigenous OM, with comparable values between -25 and -30 %o; under certain circumstances
(supply of dissolved inorganic carbon with low 613C), lacustrine algae may display lower isotopic
signatures as low as -32 to -33 %o (Meyers and Teranes, 2001). On the other hand, modern algae
from alpine Meidsee lake displayed less negative §13C signatures of ~ -15 %o (Thevenon et al,,
2012). C4 plants have higher C/N and §!3C compositions but they are not expected to be in
significant proportion in the Alps (Pyankov etal.,, 2010). The isotopic signature of nitrogen (61°N)
may also be an indicator of OM sources but with more complicated interpretations (Meyers and

Teranes, 2001).

All analyzed sediments (n = 22) display intermediary C/N ratios (between 9.8 and 15.8)
and low 613C (-26.0 to -31.2 %o0) as shown in Fig 6a. The measured C/N ratios indicate at first
order that the Lake Négre sedimentary OM has always been composed of a mixture of
autochthonous and land-derived organic material in comparable proportions over the Holocene.
Nevertheless, the lack of clear co-variations between C/N, §13C and 815N (Figure 6a, Figure SI-9)
prevents the use of isotopic signhatures as an indicator of OM sources. In order to better decipher

between terrigenous and autochthonous OM sources, we used Br as an additional proxy.

Because of the high affinity of bromine (Br) to organic matter (Leri et al., 2010; Leri and
Myneni, 2012) and to diatoms in particular (Kerfootetal., 1999; Phedorin etal.,, 2000), it has been
shown that sedimentary Br amounts are closely related to OM accumulation, the Br/OM ratio
being dependent on OM sources (Gilfedder et al,, 2011; Guevara et al.,, 2019; Mayer et al., 2007,
1981; Ziegler et al., 2008). We therefore calculated semi-quantitative Br/TOC ratios by dividing

Br obtained by XRF analysis (in fluorescence counts) by TOC contents (in wt%). No reliable
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Br/TOC endmember values for OM sources in lacustrine environments could be found in the
literature - in part because Br XRF signal depends on XRF counting time without Br calibration -
but autochthonous organic matter is expected to accumulate more Br (i.e., display a higher

Br/TOC) than terrigenous OM (Gilfedder etal.,, 2011; Mayer etal.,, 2007, 1981; Ziegler et al., 2008).
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Figure 6 — Signatures and sources of organic matter (OM) in Lake Négre sediments. (a) §°C versus
C/N signatures with OM sources endmembers from the literature (Meyers and Teranes, 2001; Seeber
and Seeber, 2005; Thevenon et al., 2012); the §3C isotopic signature of lacustrine algae is expected
between -25 and 30 %o or even down to -32 %o (Meyers and Teranes, 2001), but could also be less
negative, up to -14 %o (Thevenon et al., 2012). (b) Evolution over time of C/N (red) and Br/TOC (yellow)
signatures compared with TOC contents (green). (c) Br/TOC versus N/C signatures (to highlight
potential mixing lines) with OM sources endmembers constrained by literature and experimental data;
terrigenous OM comprises OM from both meadow- and heathland/forest-type environments; dashed
ovals indicate sediments deposited before (orange) or after (green) 2.4 kyr cal BP. (d) Evolution over
time of organic carbon (OC) fluxes to the sediments from the identified OM sources; terrigenous fluxes
(dashed green) correspond to the sum of meadow- (light olive green) and heathland-originating (dark
olive green) OM fluxes; total OC fluxes (black) correspond to the sum of autochthonous (blue) and
terrigenous OM. Error bars indicate 25D uncertainties.

Consequently, the observed variations in the C/N and Br/TOC ratios over time in Lake
Negre sediments (Figure 6b) can be attributed to fluctuating contributions of OM sources. Br/TOC
ratios appear to be roughly correlated to N/C ratios (Figure 6¢), an observation that is consistent

with literature data (e.g., Ziegler et al, 2008). Sediments deposited before ~ 2.4 kyr BP that
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display low Br/TOC and relatively high C/N (i.e.,low N/C) ratios can be clearly distinguished from
those deposited after 2.4 kyr BP that show higher Br/TOC and lower C/N (i.e., higher N/C) ratios.
These observations indicate that the relative contribution of terrigenous OM to total OM has
decreased after 2.4 kyr BP. However, the data point scattering on Figure 6¢ suggests thata simple
two-endmember mixing model - that would have resulted in a straight mixing line - cannot
account for all samples. Three endmembers appear necessary to describe the whole dataset, as
reported previously in marine sediments from the Gulf of Mexico (Gordon and Gofii, 2003). We
thus ran a three-endmember mixing model, involving autochthonous OM and two terrigenous OM
sources corresponding to past environments: meadow- and heathland/forest-type soils.
Terrigenous contributions were consequently obtained by summing both contributions. The
endmember values intervals displayed in Figure 6¢ were constrained both by literature data and
by the sample values (see the discussion in SI). We took into account a range of endmember values
( >[-1, Figure ) that all show similar variations in the proportions of OM sources
contributions (Figure SI-11). The results presented in ure 6d correspond to the average
contributions obtained with two representative sets of endmembers, namely “tight endmembers”
with C/N and Br/TOC values as close as possible to the sediment data and “wide endmembers”
with extreme values (Figure ). The respective average endmember C/N and Br/TOC couples
are 7 and 600 for autochthonous OM, 13.5 and 35 for meadow-derived OM and 60 and 225 for
heathland /forest-derived OM. For comparison, a simple two-endmember mixing model (with a
single terrigenous OM source) was also ran and showed comparable trends (

6). It should be noted that the resulting contributions of the different OM types are associated to
high uncertainties on their absolute values but are thought to be qualitatively consistent in terms

of relative variations over the Holocene.

Our results indicate that the organic matter of Lake Negre sediments has been dominated
(between 70 and 100 %) by terrigenous inputs - especially from meadow environments - over
most of the Holocene before 2.4 kyr BP, whereafter terrigenous and autochthonous OM reached
similar proportions (~ 50 % each) ( e 6d, Figure SI-12). Fluctuations in sedimentary OM
contents were driven by variations in terrigenous OM inputs until 2.4 kyr BP, as lake primary
production remained relatively low and stable over this period. A peak input of terrigenous OM
occurred at 6.9 kyr BP, likely originating from the development of heathland or even forest soils,
in agreement with the most important conifer forest extension in altitude in the Southern French
Alps with an upper forest belt elevation between 2400 m and 2810 m (Talon, 2010). Another
remarkable event is the period between ~ 4.5 and 2.4 kyr BP, when the watershed was covered
by heathlands or forests. The quick drop of these land plant contributions after 3.5 kyr BP - that
resulted in a global decrease of sedimentary OM accumulation - occurs simultaneously with a

sharp increase of erosive inputs ( ‘a) and could indicate a rapid forest opening as reported

20



elsewhere in the French Alps (Giguet-Covex et al,, 2011; Bajard et al., 2017b), potentially due to
either natural factors (e.g., treeline lowering due to decreasing temperature in the Neoglacial) or
human-induced deforestation. This drop of terrigenous OM inputs starting at 3.5 kyr BP is
concomitant with a progressive threefold increase of autochthonous primary production until
reaching half of the sedimentary OM accumulation from 2.4 kyr BP to present. The growing
diatom abundance resulting from increasing primary production is however not observable in the
Si/Ti ratio variations ( sl ), probably because of the major rise of erosive inputs that
occurs simultaneously (Figure 4) and hides Si/Ti variations induced by diatom blooms (Chawchai
et al,, 2016; Martin-Puertas et al.,, 2012). One should keep in mind that although high relative
variations in the quantity and composition of sedimentary inputs have been recorded over time,

the sedimentation rate in such a high-altitude lake remained as low as ~0.1 mm.yr- ( e 3b).

The dominance of terrigenous OM inputs in the Mid-Holocene has been observed
extensively in the Alps and corresponds to a period of enhanced soil development and soil
stabilization by vegetation (Bajard et al., 2017b, 2015; Brisset et al., 2013; Elbaz-Poulichet et al,,
2020; Mourier et al,, 2010) that has been designated as the “Holocene Pedogenetic Optimum” in
the French Northern Alps (Poulenard, 2011). The onset of the Neoglacial (Late Holocene) with a
colder and wetter climate led to increasing erosion and a drop of sedimentary TOC coupled to a
relative increase in the proportion of autochthonous OM (Elbaz-Poulichet et al.,, 2020; Giguet-
Covexetal, 2011). Our observations are however contrasting with those recorded in sediments
of more distant Lake Meidsee (Southwestern Swiss Alps) where organic matter was dominated
by primary production prior to 5.1 kyr BP, the proportion of terrigenous OM increasing only after

5 kyr BP (Thevenon etal., 2012).
3.3.3 Responses of the lake watershed to climate changes over the Holocene

In the light of our results, in agreement with another study in this alpine area (Brisset et
al., 2013), a history of the Lake Négre catchment responses to climatic variations over the last

9200 years can be synthesized as follows:

1. From 9.2 to 4.2 kyr BP, corresponding to the Holocene Pedogenetic Optimum, the Lake
Negre watershed was characterized by low erosion and increasing terrigenous OM from
alpine meadows, as a consequence of soil stabilization due to vegetation development and
overall low precipitation. This stable period was occasionally marked by lower-scale
variations, such as short-term fluctuations in OM accumulation (lowering during the
8.2 kyr BP event, increasing at 6.9 kyr BP) and a slight increase in terrigenous inputs at

5.7 kyr BP.
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2. A major change in the lake environment occurred at the onset of the Neoglacial period,
starting at 4.2 kyr BP with a major rise of erosive fluxes, and the sustained development
of a heathland/forest-type vegetation. This change was further emphasized by another
erosive event at 3.7 kyr BP associated to forest opening, probably responsible for the
destabilization of the catchment soils. The latter event is also associated to a slight
decrease of the lake bottom water oxygenation, that could be due to enhanced oxygen
consumption by the coincidently growing primary production, caused by increasing
nutrients supply by chemical erosion.

3. From ~3.5 kyr BP to present, the lake catchment showed a higher sensitivity to climatic
changes, as soil erosion remained at higher levels than prior to 4.2 kyr BP and even further
increased over the last 1600 years, with a high sensitivity to centennial climatic variations
(Dark Ages, Middle Ages, LIA). Primary production continuously increased, as a probable
consequence of persisting higher nutrient supply by erosive inputs. The impact of human
activities on this erosion increase cannot be deciphered and may have played a significant
role like elsewhere in the Mediterranean Alps, especially in the past 1600 years (Brisset

etal, 2017, 2015, 2013).

3.4 Fluctuations of OM-bound uranium inputs to Lake Négre over the Holocene
3.4.1 Assessment of U sources, transport and deposition in the sediments

Over the past 9200 years, sedimentary U concentrations of core NEG18-06 were
exceptionally high and continuously decreased by a factor of three, from ~ 1100-1200 to
~ 350 ug.gt (Fig a). Such U contents in natural lake sediments are unexpected compared to
typical sedimentary ranges and to the watershed background rocks (Lefebvre etal., 2021). Thanks
to these high U amounts, we could measure the uranium profile at high temporal resolution (time
steps 10-20 years) using the quick and cost-effective XRF core-scanner technique. A 20-year
resolution U profile was measured in Lake Baikal sediments by (Phedorin and Goldberg, 2005)
but with less accessible and more time-consuming synchrotron-radiation XRF (SR-XRF). In the
latter study, low U concentrations (< 30 pg/g) resulted in a higher discrepancy between XRF and

ICP-MS measurements.

The XRF profile of U, calibrated with ICP-MS data, for the well-preserved and long core
NEG18-06 is consistent with similar measurements performed on the NEG18-07 core (Lefebvre
etal, 2021) and by gamma spectrometry data on core NEG18-05 (this study), as shown in

. The high resolution profile from core NEG18-07 spanning 3300 years closely matches that of

core NEG18-06, with a little offset attributed to differences in sedimentation rates and/or
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sediment density. In particular, centennial-scale U fluctuations due to climatic variations over the
last 2000 years as described above are also recorded on this core. Furthermore, the first order
variations of U profiles in cores NEG18-05 and NEG18-06 are in good agreement. Core NEG18-05
additionally offers the opportunity to go further back in time, up to 11.2 kyr BP. Gamma
spectrometry measurements show a net increase of U accumulation between 11.2 and 9.1 kyr BP,

at the onset of the Holocene, up to ~ 1250 ug/g at 9.1 kyr BP.
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Figure 7 — Evolution of uranium geochemical proxies in Lake Négre sediments over 9200 years.
(a) Uranium concentrations (ug/g) measured in three sediments cores taken in the same area of Lake
Negre: NEG18-06 (blue), NEG18-07 (orange) and NEG18-05 (purple); U signals from XRF were
calibrated with concentration data from ICP-MS for cores NEG18-06 and -07 (triangles); on core
NEG18-05, U was measured by gamma spectrometry (purple diamonds). (b) 6?*4U isotopic signatures,
with an average value of -0.31 + 0.06 %o (blue line, 25D uncertainties in blue shading). (c) (**U/?*U)
activity ratios, with an average value of 1.142 + 0.007 (orange line, 2SD uncertainties in orange
shading). (d) Detrital U fraction (Udewa;, in % of total U) inferred from U/Th ratios. In (b) to (d) figures,
dark diamonds correspond to samples from core NEG18-06 (this study), light diamonds from NEG18-07
(Lefebvre et al., 2021). Error bars indicate 2SD uncertainties.

23



The sources and modes of deposition of U in Lake Négre sediments were investigated
using U isotopic signatures (Figure 7). The trend observed over 3300 years on core NEG18-07
(Lefebvre et al,, 2021) is consistent over the entire 9200-year period on core NEG18-06. Mixing
equations based on 238U /232Th ratios showed that the exceptional amounts of sedimentary U are
non-detrital (> 99 %, Figure 7d). We observe a slight increase in detrital U fractions over time that
is attributed to the concomitant global increase in detrital inputs as inferred from Ti fluxes (

a). Constant (23*U/238U) activity ratios along the core, with an average value equal to
1.142 + 0.007 ( ' ), indicate that U consistently originated from chemical weathering of the
watershed granitic rocks and was initially transported under dissolved forms (Andersen et al,
2009; Chabaux et al., 2003). 238U /235U ratios (expressed as §238U) also display constant values
(average -0.31 + 0.06 %o) along the core within uncertainties (Figure 7b). This signature, which is
a proxy of U redox and sorption reactions (see the review by Andersen etal.,, 2017), is in the range
of the watershed granite and slightly lower than the lake inlet water (Lefebvre etal.,, 2021). This
result underlines the potential role of U adsorption onto suspended particles in the lake water
column (Hinojosa et al., 2016) and excludes any substantial contribution from dissolved U(VI)
reduction when penetrating the sediment pore water (e.g., Andersen et al., 2014). In conclusion,
despite variations in amplitude, the nature of U inputs (from transport to deposition) to Lake

Negre sediments remained comparable over the last 9200 years.

Although climatic variations occurred through the Holocene, we do not observe variations
in the (234U/238U) signature like those noted by Goldberg et al. (2010) in Lake Baikal sediments
over the past 150 kyr. In the latter study, significant variations in authigenic (234U/238U)
concomitant with major climatic changes such as Glacial and Interglacial periods were explained
by climate-induced redistribution of rivers discharge over the large Lake Baikal watershed,
resulting in variable U sources to the lake. The small size of the Lake Négre catchment and the
relative homogeneity of its bedrock (Lefebvre et al.,, 2021), combined with less intense climatic
variations during the Holocene with respect to those of the last 150 kyr, explain the absence of

resolvable isotopic variability in non-detrital U inputs.
3.4.2 Variations in U fluxes to the sediments

The evolution of U inputs to Lake Negre sediments over most of the Holocene can be
interpreted in the light of the variations in the sediment biogeochemical characteristics described
above. A high-resolution profile of U mass accumulation rate - i.e., U flux (Fy) — over the Holocene,
as calculated from calibrated XRF core-scanner data, is shown in Fig 8a. Uranium fluxes varied
less than U concentrations because sediment density and accumulation rates globally increased
over time, balancing the decreasing U contents. A major decrease in U accumulation is observed

from 9.2 to ~7 kyr BP, followed by an increase until ~4.5 kyr BP, a second drop from 4.5 to 2.5 kyr
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BP and a last increase until present, especially in the last 500 years. Overall, the Holocene trend
of U flux roughly resembles that of temperature in the Alpine region (Figure 8 oure SI-18;
adapted from Heiri et al. (2015)). The most remarkable common feature is the main bump around
4.5 kyr BP in both U flux and temperature. Shorter-scale U fluctuations are also recorded,
especially in the past two millennia, that coincide with climatic variations not well recorded in the
chironomid record of Heiri et al. (2015) (Figure 8b) but widely reported in Europe (e.g., Affolter
et al., 2019): higher U supply occurred during warm periods (Roman, Mediaeval and modern
periods) and lower U flux during colder phases (Dark Ages, LIA) (Figure 8a). Although U fluxes
could not be calculated on low-resolution core NEG18-05, an increase in U concentrations was
noted in the Early Holocene (Fi; 1). During this period, temperatures continued to rise after
the quick warming at the end of the Younger Dryas, up to maximal temperatures corresponding
to the Holocene Thermal Maximum (Affolter etal., 2019; Heiri et al., 2015; Samartin et al., 2017).
This finding is again in agreement with the correspondence between increasing temperature and

higher U accumulation.

Overall, the average U flux to Lake Négre sediments over the Holocene was equal to
10.7 £ 3.0 mgy.m-2yr-1, equivalent to 4.5 + 1.3 nmoly.cm-2.yr-L. Although on a different spatial
scale, this flux is for instance ~ 20 times greater than U fluxes to the California margin (McManus
et al, 2005) and more than two orders of magnitude higher than U fluxes to the Black Sea
sediments (Anderson et al., 1989).

25



Age (kyr cal BP)
10 9 8 7 6 5 4 3 2 1 o0

-120——.
s ¥
d —
-10g—:
vy
g-ri
=3
-6 ‘T m
> N
=
10 g 3 ©
—_ L 4
o o
% 8 - *
ﬂPQ .t 00’»\
~ | L R 4 \ ® e
64 = | |eT® PY | WAL,
— — ¢ ¢ 1»
(@] * \ 7’ s
S 4
|
=
2 r T v T T T T T T

0 9 8 7 6 5 4 3 2 1 0
Age (kyr cal BP)

Figure 8 — U flux (Fu) to Lake Negre sediments, compared to temperature and OM supply. (a)
Evolution over time of U fluxes over 9200 years, at high resolution from XRF measurements (thin blue
line) and with 5-point averages (thick blue line). (b) Evolution of July air temperatures at 2350 m above
sea level (a.s.l.) for the Alpine region over the past 10,000 years inferred from chironomid records,
adapted from Heiri et al. (2015) with a temperature lapse rate of 6 °C per 1000 m. (c) Evolution of
U/TOC ratios over the past 9200 years, with an average value of 5.8 + 1.2 mgu.groc™ for the last 7 kyr BP
(blue line). Error bars and shading correspond to 25D uncertainties.

3.4.3 Organic matter controls on U supply and deposition in the sediments

Lefebvre et al. (2021) demonstrated from sequential ultra-filtration analysis along with
geochemical and isotopic proxies that U was probably associated to organic colloids in the Lake
Negre water before settling down in the sediments. This finding was consistent with the solid-
state U speciation of recently deposited sediments in this lake, consisting of non-crystalline U
bound to organic moieties (Lefebvre et al., 2021). In this light, the association of U to OM was

investigated through the evolution of U/TOC ratios. Sedimentary U/TOC decreased in the Early
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Holocene until ~7 kyr BP and then remained rather stable until present, with an average value of
5.8 £ 1.2 mgu.groc! (Figure 8c, F \ ). Such a correlation between non-detrital U and TOC
accumulation was observed in the sediments of Lake Holland in Eastern Canada (Chappaz et al,,
2010) and in oceanic environments (Anderson et al.,, 1998; Chase et al,, 2001; McManus et al,,
2005; Zheng et al., 2002). Considering the substantial fluctuations of U and TOC contents alone
(Figu 1 8a), this observation tends to show that after a transitory period in the aftermath of
the Late Glacial period, U association to organic matter followed a similar pattern over the last

7000 years.

In more detail, it appears that U accumulation is well correlated to the contribution of
meadows to bulk OM (R*=0.88, p < 10-5), and more globally to terrigenous OM (R?=0.89,
p <10-5) after 7 kyr BP (Fig )). For heathland/forest environments, periods of negligible
contributions (=2 wt%) show no relationship with U, while periods of forest development
(especially at 6.9 kyr BP and between 4.5 and 2.4 kyr BP) are associated to a similar U enrichment
than meadow-type environments. In contrast, there is no apparent link between lake primary
productivity and U accumulation. Overall, these trends tend to demonstrate that U supply to Lake
Negre sediments has been controlled by the supply of terrigenous OM for the last 7000 years.
Moreover, one may infer that U was initially trapped in soils because of its affinity to the soil
organic compounds (e.g., Owen and Otton, 1995), before being exported to the lake by soil erosion,
under the form of U bound to organic colloids and particles (Regenspurg et al.,, 2010; Wang et al.,
2013). This hypothesis is consistent with the ability of mountainous soils and wetlands to
naturally accumulate high quantities of U (Owen and Otton, 1995; Pefia et al., 2020; Regenspurg
et al, 2010). However, it is seemingly contrasting with data from Lake Baikal where U seems to

preferentially bind - if at all - to autochthonous OM (Och et al., 2016).

In this light, fluctuations of the U flux ( e 8a) after 7 kyr BP can be directly linked to
variations in the development of soils and vegetation and thus in terrigenous OM supply to the
lake (Figure 6d). The period of high U flux values culminating at ~4.5 kyr BP corresponds to the
Holocene Pedogenetic Optimum (Poulenard, 2011) where soils were more developed and
accumulated more U, resulting in higher U supply to the lake through soil erosion. At the onset of
the Neoglacial, the lower development and accentuated weathering of soils (Figure 4) caused a

global lowering of U fluxes, with slight increases during warmer periods.
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Figure 9 —Impact of OM sources on U supply to the sediments. Relationship between bulk sedimentary
U and OC contribution from each OM source, as calculated from C/N and Br/TOC ratios (section 3.3.2,
Figure 5d), before (open triangles) and after (solid circles) 7 kyr BP: (a) Heathland/forest environments,
(b) Meadows, (c) Terrigenous OM (sum of heathlands and meadows) and (d) autochthonous OM. For
meadow environments and terrigenous OM after 7 kyr BP, a linear relationship is observed (black
dashed lined), with corresponding correlation coefficients R2 For heathland environments, a potential
trend (when the OC contribution is significant) is indicated by a grey dashed line. Error bars correspond
to 25D uncertainties.

After U entered the lake water, carried by terrigenous organic particles, additional
processes may occur such as desorption followed by adsorption on other particles such as algae
(Fisher et al,, 1987; Kalin et al., 2005; Mann and Fyfe, 1985, 1984). The potential involvement of
inorganic particles in U sedimentation is considered minor as no positive correlation was
observed between U and Fe, Zr, Si or Al (Figure SI-20). However, understanding the processes
controlling U deposition in the sediments from the lake water would require further investigation
of the water column with isotopic proxies (6238U). It is noteworthy to indicate that U scavenging
in the lake sediments is not quantitative, as a significant dissolved U proportion is exported
through the lake outlet that contains U concentrations only slightly inferior to those of the lake

inlet water (2.3 £ 0.1 and 2.6 £ 0.1 pg L respectively (Lefebvre etal., 2021)).
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In summary, organic matter probably plays a dual role in the control of sedimentary U
accumulation, through (i) the control of U supply to the lake (bound to terrigenous OM) and (ii)
the hypothetical control of U fixation and settlement in the water column (by all types of OM)
through exchanges between the dissolved and suspended U pools. A minor contribution from

dissolved U(VI) reduction at the sediment-water interface cannot be excluded.
3.4.4 A transitory period in U association to OM before 7 kyr BP

A period of particular interest is the transitory interval between 9.2 and 7 kyr BP when
U/TOC decreased before reaching its constant level of 5.8 + 1.2 mgu.groc? (Figure 8c). No
significant change in erosion and weathering processes is detected during this period ( ).
This drop appears to be caused by a decrease of the U supply (-30 % of the U flux, Figure 8a) that
is relatively higher than the terrigenous organic carbon (OC) decrease (-15 % of the terrigenous
OC flux, Figure 6d) and may thus find its origin in the evolution of a specific U-controlling process.
Considering that the main evolution in the distribution of OM sources is a moderately growing
contribution of meadow-type OM inputs (Figure 6d), a possible explanation is that this transition
reflected the development of the wetland upstream of the lake (Figure 1c). This wetland may act
as a hotspot of U scavenging among the soils of the watershed (Regenspurgetal., 2010) and retain
a significant fraction of U fluxes (Owen and Otton, 1995) before exporting lower U amounts
associated to OM, by erosion. A less developed wetland in the Early Holocene after the Late Glacial
period would have been less efficient in terms of U filtration on its path to the lake, resulting in
exceeding U inputs to the lake. In such a case, this excess fraction of U inputs would not be
associated to terrigenous OM and would enter the lake as dissolved (potentially complexed) U
species. An additional mechanism of U scavenging in the sediments may then have been at stake,
ultimately resulting in a higher U/OM ratio, such as adsorption to OM with higher U affinity (such
as autochthonous OM), or another unidentified mechanism such as dissolved U(VI) reduction and
precipitation at the sediment-water interface that could not be detected with our low temporal
resolution §238U analysis (only two data points older than 7 kyr BP). In this scenario, the wetland
would have been fully established about 7000 years ago, with a stable U scavenging process,

leading to constant U/TOC ratios in the sediments until present.

Another hypothesis is that the deglaciation 13,000-14,500 years ago (Brisset et al., 2015,
2014) could have exposed an important source of U-enriched material, resulting in excess U
supply compared to terrigenous OM production. Under such circumstances, the transitory period
would have lasted several thousand years, until U supply from the watershed reached a stable

level.
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4. Environmental implications

Through the description of the fluctuations in mineral and organic inputs to the sediments
of Lake Neégre, our study underlines the major impacts of Holocene climatic variations on
weathering and erosion regimes as well as vegetation development in a small, high-altitude
watershed. Regime shifts in rainfall and temperature such as those recorded at 4.2 and 3.7 kyr BP
have substantial impacts on the supply of detrital material and on the relative development of

terrestrial vegetation and lacustrine biomass.

One of the main findings of this study is that U accumulation in Lake Négre sediments is
not controlled by water oxygenation. High fluctuations in U supply are recorded while the lake
bottom water oxygenation remained almost constant as attested by the Fe/Mn ratio (Fig d).
This observation questions the use of U concentrations (and potentially of other redox-sensitive
metals with high affinity to OM, such as molybdenum) as a reliable proxy for bottom water O..
Other tracers such as U and Mo isotopes (6238U and 698Mo) (Asael et al,, 2013; Briiske etal., 2020)
or Fe/Mn ratio (e.g, Naeher et al,, 2013) should be measured in parallel to ensure that U (or Mo)
variations are not driven by OM fluxes rather than bottom O,. For example, intervals of high U, Mo
and S accumulation in sediments of Crevice Lake (USA) are interpreted as markers of past year-
round anoxia (Whitlock et al, 2012). However, these elements are well correlated to TOC

contents, and might thus be indicators of high OM supply rather than water oxygen deficiency.

Our multi-proxy study also strengthens the identification of factors controlling U
enrichments and may contribute to the understanding of the formation of sedimentary U ores,
which often display an association between U and OM (Cumberland et al,, 2016; Landais, 1996;
Spirakis, 1996).

Several questions about the U cycle in the Lake Négre watershed remain unanswered. For
example, the original source of uranium is still unidentified. (234U /238U) activity ratios show that
U initially originates from weathering of the watershed granites. However, as sampled granites
contain relatively low U amounts (Lefebvre et al,, 2021), it is impossible to determine if such a
high U supply to the lake is caused either by weathering of large volumes of background rocks, for
example through an extended network of fractures, or by U dissolution from an unidentified U-
enriched rock body. Additionally, intermediate U accumulation zones between the bedrock and
the lake - acting as secondary U sources to the lake - may be at stake, especially the wetland
located right upstream of the lake which potential role in U sequestration has been discussed
above. Finally, a persisting grey area is the behavior of U within the water column, between its

supply through the lake inlet and wetland to its deposition in the bottom lake sediments.
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