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Abstract: To avoid the improper disqualification of a watershed for which the water-rock interaction
(WRI) may produce trace element concentrations exceeding established guidelines, it is of the utmost
importance to properly establish natural geochemical backgrounds. Using the example of the crys-
talline Upper Loire River Basin, we are proposing a methodology based on the selection and chemical
characterization of water and sediment samples from 10 monolithologic watersheds supposedly
lowly impacted by anthropogenic inputs. We collected water samples from each watershed’s spring
down to its outlet and measured dissolved major, minor and selected trace elements (Al, As, Ba, Cd,
Co, Cr, Cs, Cu, La, Ni, Pb, U, V and Zn) at low- and high-water stages. Results show that the chemical
signature of the stream waters is controlled by mineral weatherability rather than by the available
rock stock. As a result, the variability in dissolved metal concentrations between the principal
lithologies is similar to that observed within each of them. While some elements mostly result from
WRI, others clearly identify high inputs from topsoil leaching. Comparison with published data
evidences the need to subdivide studied watersheds into distinct sectors, according to the distance
from the spring, in order to define reliable natural backgrounds.

Keywords: trace metals and metalloids; stream waters; dissolved concentration; geochemical back-
ground; monolithologic watersheds

1. Introduction

Environmental quality standards (EQS) are generally used by regulatory institutions
to evaluate the quality of stream waters at a national scale. In order to prevent the eventual
disqualification of waterbodies subject to high concentrations solely resulting from natural
water—rock interaction, the European Water Framework Directive (2000/60/EC [1] and
2013/39/EC [2]) proposes an approach coupling geochemical background concentrations
and EQS for dissolved trace metals and metalloids (TMM). As the geogenic distribution
of TMM is controlled by the occurrence of a particular lithology or of a mineral deposit, a
geochemical background that has been established at a large scale (e.g., region) may not be
representative of any given area independently of its geological history. Additionally, the
definition of the geochemical background needs to be established before any major human
activity interferes with the water chemistry of the area of interest and its vicinity. In stream
waters, TMM concentrations originate from water—rock, topsoil leaching and erosion [3]
and from riparian and floodplain interactions [4,5]. While some areas may not currently be
impacted by anthropogenic inputs, historical human activities still have to be considered
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because of the retention of trace elements in soils and because of past and/or present
atmospheric depositions [6-9]. It follows that the definition of a regional geochemical
background cannot solely be based on the water-rock interaction (WRI) process but needs
to integrate both the geology and historical human activities [10,11].

Previous studies have focused on establishing the geochemical background of topsoils
and stream sediments at variable scales. Some have aimed at mapping trace element
concentrations at national (G-Base [12]; FOREGS [13]) and regional scales [14] or for an
entire ecosystem [15]. Instead of defining a geochemical background, others used geo-
chemical thresholds to identify sites at environmental risk, using statistical analysis on
large databases [16,17]. Finally, some choose to define the natural background at a local
scale in “pristine” areas [18,19]. For stream waters, to our knowledge, studies intending
to define their natural backgrounds are still scarce and usually correspond to premining
surveys [20-22]. Studies at large or more local scales [13,23,24] highlighted the important
variability of trace element concentrations in stream waters. Trace element concentrations
in pristine stream waters depend on (i) the nature of the rocks and soils they are draining;
(ii) the surface exchange and the exchange duration time between water and rocks, and
between water and soils; (iii) the nature and quantity of atmospheric deposition stored in
topsoils and (iv) the physical and biogeochemical conditions prevailing in the waterbody.
For monolithologic watersheds, the geochemical signature originates from the same mate-
rial all along the stream. From upstream to downstream, the concentration distribution is
linked to the connections with the underlying aquifers, to the physicochemical reactions
(and biological activity) occurring within the waterbody (both in the water and at the
sediment/water interface) and to the surface runoff.

The Upper Loire River Basin, France (Figure 1), is characterized by crystalline rocks
rich in polymetallic ores and coal deposits [25]. Its geochemical background should thus
reflect trace metal anomalies associated with these mineralizations that may be considered
as natural. Geological history (i.e., rock formation and hydrothermal activities associated
with the ore formation) and weathering processes (rock weathering and soil formation)
also have to be taken into consideration. Since the Neolithic period, the presence of
these deposits favored the development of mining activities, historically followed by the
implementation of metal industries and the subsequent development of large cities. It thus
appears crucial to develop reliable tools to characterize the geochemical background of
the Upper Loire Basin to ultimately be able to detect any eventual contamination of its
stream waters.

Figure 1. Locations of the selected watersheds and of the sampling sites (full circles). Open circles
represent the FOREGS and ISOP Allier monitoring stations.
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Lead (Pb) isotopes have been widely used to study drinking water supply systems [26]
and groundwater circulation patterns [27] and to investigate the impact of pollution on
water resources [28]. Moreover, the study of isotope systematics, such as strontium, radium
or lead isotopes, demonstrated their added value for characterizing water—rock interaction
(WRI) processes and for providing valuable information on the water source(s), the types
of minerals water interacted with and the duration of this interaction [29]. Pb isotope ratios
in water mimic those of their parent mineral hosts since dissolution and other natural pro-
cesses do not fractionate them [30]. Among all of the naturally occurring Pb isotopes, while
only 2%Pb is nonradiogenic, 2%Pb, 27Pb and 2%Pb isotopes are daughter products from
the radioactive decay of 238U, 235U and 232Th, respectively. This produces small variations
in the distribution of Pb isotopes in nature, and these are dependent on their parent ore
bodies. Thus, an approach coupling dissolved Pb isotope ratios and concentrations reveals
itself to be a reliable approach for characterizing geochemical interactions between water
and its lithology [29].

We selected several trace elements (Al, As, Ba, Cd, Co, Cr, Cs, Cu, La, Ni, Pb, U,
V and Zn) representative of the diversity of TMM behaviors in aquatic systems [31].
Naturally present in granitic and gneissic rocks, As and U can also be accumulated in
soils on crystalline rocks [32] and aquifers [33] and, accordingly, could act as a lithology
signature. Some geological formations of the studied area exhibit mineral deposits rich in
Ba, Cu, Pb and Zn. The selected elements have strong affinities for iron and manganese
oxyhydroxides, but Cd is rather controlled by complexation with organic molecules [34] or
adsorption on particulate organic matter [35]. These TMM form dissolved cations, except
As, Cr and V, which form oxyanions. Barium is the most soluble (alkaline earth element)
when Cs is weakly in the dissolved form because of high affinities for clay particles [36,37].
These TMM are directly (existing under different oxidation numbers) or/and indirectly
(by sorption on Fe or Mn oxyhydroxides) controlled by redox conditions. The rare earth
elements form strong complexes with phosphates [38,39] and can be tracers of phosphate
fertilizer contamination [40]. We selected La, the lighter REE. Six elements (As, Cd, Cu, Cr,
Pb, Zn) are among the UE’s (European Union) priority substances [1,2].

With this in mind, the main goal of this study is to provide an operational protocol to
define trace metal backgrounds in headwater streams. To fulfill this objective, we use the
example of the Loire Basin, evaluating and discussing the eventual limitations of a geo-
chemical approach based on: (i) the selection of monolithologic watersheds representative
of the upper basin facies, (ii) the analysis of sediments at the springs (to determine the
average upstream rock composition) and of several stream water samples to characterize
the TMM concentrations as well as their distribution along the river flow and (iii) the
study of lead (Pb) isotope ratios (204pPp, 206pp, 207pp, 208Ph) measured in the dissolved
phase of the stream waters, in sediments (average upstream geogenic signature) and in
representative rocks (geogenic signature) of each watershed, as these isotope systematics
have demonstrated their added value for distinguishing between the different sources
of Pb [41-43]. Finally, we compare our TMM concentration data with those reported by
previous studies in the Loire Basin [44,45], FOREGS program [13] and ISOP program [46].

2. Regional Context

The Loire River Basin (110,000 km?) covers 20% of the French territory (Figure 1)
and can be divided into three distinct parts, according to their hydrologic and geologic
characteristics: the upper crystalline, the mid-sedimentary and the down crystalline basins.
The upper crystalline basin (about 45,000 km?) is located in the Massif Central (Hercynian
massif) and is characterized by various plutonic and metamorphic rocks (mainly granitic
and gneissic rocks) and volcanic formations (mainly basaltic and trachytic lavas). In
this part, different types of metal mineral deposits (Ag-Cu-Pb-Sn-Zn, Ag-Pb-Sb, Sn-W,
Au-As-Sb, U, Ba, ... ) and coal beds are present and have been exploited. Still, most
of the mining activities have ceased for numerous years. The upper basin hydrologic
regime is pluvial with some snowmelt influences because of its continental location and
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high headwater elevation (mountainous area). The average population density is low
(<100 inhabitants km~2). The three main cities are Saint-Etienne (170,000 inhabitants),
Clermont-Ferrand (142,000 inhabitants) and Limoges (134,000 inhabitants) (2015 census
by the French National Institute of Statistics and Economic Studies, INSEE [47]). The
headwater areas are mostly forested (forestry activity) or pastured (cattle farming) (Corine
Land Cover database [48]).

3. Methods
3.1. Watershed Selection

To characterize the average rock signature of the catchment area, sediments were
collected at the spring of each basin, i.e., resurgence of the underground stream, for major
and trace element compositions. Stream waters were sampled from the spring down
to an outlet defined according to the stream channel length and drainage area, and at
two contrasting hydrologic periods (high- and low-water stages). During the high-water
stage, waters originate from the stream channel but derive mainly from surface runoff.
Water circulation time in the channel is short. Trace element concentrations are thus
expected to be linked to the average rock signature of the drainage basin and to soil
leaching: concentrations should increase with distance from the spring as the surface
exchange increases. During the low-water stage, waters come from upstream via the main
channel. The rock signature is thus expected to be recorded mainly at the spring but to
be overprinted further downstream, as connections with different aquifers can occur as
well as mixing with tributaries exhibiting distinct chemical signatures. Physicochemical
reactions occurring in the stream channel and in riparian soils (such as redox reactions,
complexation with organic matter, sorption on particles) control the distribution of the
trace element concentrations.

The selection of 6 small monolithologic headwater streams, (i) representing the main
lithologies of the Upper Loire Basin (granite, gneiss and volcanic formations) and (ii)
undergoing low anthropogenic pressure, was made using the ArcGIS™ software version 9.3
(ESRI). In order to test our approach, we also included 4 small headwater streams suspected
to suffer from local agriculture (mainly cattle farming) or road traffic contamination. All
headwater streams were first identified using a digital terrain model with a 25 m resolution
(BD ALTI® 25m, IGN). The final selection was made using the following protocol. First,
watersheds with a surface area > 100 km? for a stream length > 10 km were selected.
From there, watersheds with a population density > 40 inhab/km? were discarded using
the 2008 census (INSEE [47]). This limit was seen as a reasonable compromise for the
population density observed within the study area. According to two national databases
listing polluting industries [49], watersheds that may be subject to industrial trace element
contamination were excluded. Ninety-one basins remained in the selection pool at this
stage. To limit the agriculture impact, watersheds with more than 50% of their land use
dedicated to agriculture were rejected (selection based on the Corine Land cover [48]).
This threshold is used by the Geographical Intercalibration Group to determine reference
area for Central and Baltic Europe ecosystems [50]. In this area, agricultural land use
mainly consists of pastures and meadows for extensive livestock farming. Using the open
access Infoterre database (i.e., 1/50,000 geological maps [51]) provided by the French
Geological Survey (BRGM), we created georeferenced simplified geologic maps for each of
the preselected watersheds where each similar rock facies was clustered: granite-like rocks,
gneiss-like rocks... This allowed the covering percentage for each lithology to be estimated.
Ultimately, watersheds with a single lithology covering more than 75% of the surface area
were considered as monolithologic, except for the basaltic facies for which the Sioule Basin
that we selected presented the highest covering at 54%, with an associated agriculture
land use of 69%. Finally, local contamination was evaluated for each selected watershed
through an initial survey consisting of on-field sampling of filtered water for trace metal
analysis at the outlet. Ultimately, two granitic, two gneissic, one mixed micaschist and
granite and one basaltic watershed were selected as “pristine” watersheds, representative
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of the upper basin (Table 1). According to the Agence de I’'Eau Loire-Bretagne (personal
communication), 4 monolithologic watersheds (granitic, gneissic, thyodacitic to andesitic
cover) suspected to be impacted by agriculture practices (3 watersheds; cattle farming) or
road traffic (1 watershed) were added at this stage.

Table 1. Characteristics of the selected watersheds: surface of the drained area, length between the spring and the outlet,
main covering lithology, population and population density (between brackets, expressed in inhabitant km~2) and land-use.

Surface Lmax Main . Population .
Watershed (km?) (km) Lithology Proportion (Density) Urban. Agricul. Forest Ore
La DurolleMW 116 14 granite 89% 4991 (43) 2% 32% 66% none
Les Echets® 15 4 granite 81% 984 (66) 2% 68% 30% none
La Couze 116 30 granite 100% 2338 (20) 1% 37% 58% U-Be
Le Chapeauroux 396 54 granite 93% 3544 (9) 0.1% 33% 66% U
La Petite Briance® 64 15 gneiss 82% 2289 (36) 2% 84% 13% none
Le Doulon 140 34 gneiss 89% 1305 (9) 0.3% 20% 80% none
L’Allier 249 34 gneiss 90% 1775 (7) 0.3% 19% 81% Ba-F
La Combade 138 o5 Micaschist g, 2712 (20) 1% 50%  50%  Zn-Cu-Sn
+ granite
La Sioule 138 25 Basalt 54% 3717 (27) 2% 69% 29% none
Le Richaufour® 27 g  thyodacite- g4 300 (1) <0.1% 74% 26% none
andesite

Out of the 137 watersheds that corresponded to the first criterion, the final selection
comprised a total of 10 watersheds complying with all criteria. For each selected river,
we defined between 3 and 6 sampling sites, depending on the total river length (Table 2).
Sample #1 always corresponded to the outlet, and the sample numbers increased towards
the spring, with the highest number in Table 2 corresponding to the spring itself. The
geographic characteristics of the sampling sites (X and Y coordinates, length and drained
area) are given in Table S1 (Supplementary Material). Simplified geology and land cover
are given in Figure 2 for two watersheds (the Allier and the Couze).
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Table 2. Dissolved major and minor element concentrations measured in the stream water samples. See text for pe calculations. A: high water stage; B: low water stage; DL: detection limit;
DOC: dissolved organic carbon.

Stream Label T pH TDS O, HCO;~ H;8i0; Na* K*' Ca* Mg¥* CI- SO2 NO;~ po pin DOC pe pe
High Water Survey °C mg/L % mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L pg/L pug/L mg/L Fe?*/Fe(OH); Mn**/pyrolusite
La Durolle 01-1A 75 701 69 40 12.26 35.76 412 117 4.43 070 511 242 328 166 9 1.36 24 10.1
01-2A 77 721 100
01-3A 76 690 91
01-4A 68 23.97 16.91 459  1.09 7.97 113 783 236 229 196 24 3.29
Les Echets 02-1A 78 747 83 78 37.07 20.79 372 184 10.07 094 278 3.06 267 167 12 3.96 1.0 9.1
02-2A
02-3A 77 718 78
La Couze 58-1A 123  6.47 42 115 6.60 12.56 4.67 149 3.07 071 654 432 241 149 13 5.35 4.1 11.1
58-2A 85 710 32 63 6.28 9.67 320 115 2.81 057 398 358 1.10 57 5 291 2.6 10.0
58-3A
58-4A 75 635 27 175 2.81 14.05 221 0.89 1.32 034 263 178 1.38 114 13 3.81 4.6 11.3
58-5A
58-6A 103 5.58 48 80 213 34.96 218 0.74 1.26 024 329 178 181 134 12 6.55 6.8 129
Ch Le 137-1A 65 7.75 52 39 15.50 17.80 333 097 4.11 1.04 355 316 208 55 5 3.14 0.7 8.7
apeauroux
137-2A 58 742 51 37 13.97 20.14 359 082 3.64 085 382 203 1.89 78 6 2.90 1.5 9.3
137-3A 51 751 37
137-4A 34 722 49 27 12.36 21.38 326 0.80 3.33 080 367 191 1.81 - 14 2.73 1.2 9.5
137-5A 32 7.02 27
137-6A 21 6.30 35 30 12.68 15.54 131 041 1.27 035 112 171 094 103 3 2.36 47 11.7
Iﬁgﬁéze 04-1A 11.7 748 91 100 42.26 24.62 3.88 148 7.24 269 348 257 274 125 16 6.29 1.1 9.0
04-2A
04-3A
04-4A
Le Doulon 117-1A 83  7.69 81 53 28.50 32.76 375 122 5.14 158 333 315 164 187 2 2.30 0.3 9.0
117-2A 76 761 64 48 22.52 23.26 4.61 1.04 3.78 1.09 312 295 174 113 3 2.49 0.8 9.1
117-3A 76  7.30 53
117-4A 83 743 68 48 17.81 30.87 352 1.08 4.32 1.00 415 272 208 59 6 2.54 1.6 9.3
117-5A 78 7.23 42
117-6A 53  6.69 37 33 5.59 22.19 1.75 0.34 1.55 042 137 228 151 192 8 5.33 3.3 10.7
L’Allier 136-1A 69 757 31 37 6.95 12.42 203 045 222 061 291 222 157 74 4 0.64 1.1 9.1
136-2A 8.0 7.26 32
136-3A 7.7 7.23 50
136-4A 55 698 29
136-5A 57 717 38
136-6A 52 643 22 30 2.04 13.92 073  0.28 0.97 032 09 214 082 14 3 <DL 52 11.5
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Table 2. Cont.

Fe

Mn

Stream Label T pH TDS O, HCO3;~ HySiO; Na* K* Ca%* Mg?>* ClI- SO42 NO;3;— Diss Diss POC pe pe
High Water Survey °C mg/L % mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L ug/L ug/L mg/L Fe*/Fe(OH); Mn2*/pyrolusite
La Combade 96-1A 9.6 7.00 45 90 10.87 18.81 247 121 2.66 093 255 1.60 3.83 87 6 3.11 2.7 10.2
96-2A 10.0 6.95 37 57 7.22 15.78 2.32 1.09 2.21 073 241 146 345 86 6 3.01 29 10.3
96-3A 10.1 6.70 57
96-4A 9.9 695 26 55 4.57 11.65 197  0.90 1.34 040  2.09 1.30 222 105 6 3.40 2.8 10.3
96-5A 9.2 6.67 47
96-6A 10.7 6.44 34 45 8.68 12.02 1.88 3.32 1.87 0.38 2.04 1.98 1.61 77 14 3.35 44 11.1
La Sioule 97-1A 6.0 7.65 97 39 59.08 7.53 515  3.09 9.07 339 422 256 275 223 12 1.40 0.4 8.7
97-2A 53 734 133 30 65.28 40.03 432 228 9.54 325 352 262 232 52 15 1.92 1.9 9.3
97-3A 53 743 33
97-4A 6.8 7.71 111 9 48.56 37.65 3.48 191 9.10 238 320 203 3.04 191 18 0.90 0.2 8.5
97-5A 76 7.55 38
97-6A 72 750 84 29 28.83 38.34 3.05 1.71 5.27 112  2.65 1.11 1.76 18 9 <DL 1.9 9.1
Le Richaufour 03-1A 6.0 730 59 73 25.42 16.97 2.36 1.37 5.74 1.08 1.64 246 1.93 38 17 2.57 2.2 9.3
03-2A 58 735 75
03-3A 64 7.26 74
stream label T pH TDS O, HCO;~ H4Si0O4 Na* K* Ca%* Mg?>* ClI= SO04% NO3;— dI;:s gi[;; DOC pe pe
low water survey °C mg/L % mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L pg/L ug/L mg/L Fe?*/Fe(OH); Mn?*/pyrolusite
La Durolle 01-1B 122 7.67 97 98 18.42 46.06 6.90 1.15 524 122 923 344 560 136 10 2.00 0.5 8.7
01-2B 115 7.35 99
01-3B 111 753 96
01-4B 112 7.50 138 97 29.22 43.24 12.81  1.66 11.64 229 28.01 252 6.88 118 9 2.22 1.1 9.1
Les Echets 02-1B 156 7.24 115 98 30.44 50.76 727  1.86 6.88 1.34 710 357 5.38 644 44 4.12 1.1 9.2
02-2B 158 7.09 99
02-3B 151 7.08 97
La Couze 58-1B 183 7.05 58 98 5.84 28.76 4.95 1.27 2.88 095 678 414 210 453 8 491 1.9 10.0
58-2B 19.8 694 42 95 7.99 14.29 4.60 1.09 2.66 078 6.00 437 052 1181 80 4.56 1.8 9.7
58-3B 17.0 7.00 98
58-4B 16.5 6.78 41 97 5.33 19.46 393 090 1.43 057 525 227 226 286 58 3.87 2.9 10.1
58-5B 155 6.32 96
58-6B 22 3.00 7.70 2.08 0.18 1.98 044 359 279 0.31 223 17 9.45
Le
Chapeauroux 137-1B 204 7.73 77 100 23.79 22.56 5.61 1.36 5.48 206 6.07 724 251 129 8 341 0.4 8.6
137-2B 209 7.70 63 101 21.96 15.13 6.26 1.25 4.40 146 834 273 1.49 255 11 3.25 0.1 8.6
137-3B 193 7.36 109
137-4B 16.3 7.25 100
137-5B 13.8 7.63 99
137-6B 94 6.86 54 98 10.68 33.75 230 036 1.89 068 130 179 0.87 221 8 3.52 2.7 104
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Table 2. Cont.

Fe

Mn

stream label T pH TDS O HCO3;~ H4Si0;y Nat K* Ca%* Mg?>* ClI= SO04% NO3;— diss diss POC pe pe
low water survey °C mg/L % mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L pg/L pug/L mg/L Fe?*/Fe(OH); Mn?*/pyrolusite
Iﬁ-gﬁgf 04-1B 184 7.80 150 99 51.24 51.70 9.06 1.48 9.24 5.01 845  5.99 8.18 204 9 2.05 -0.1 8.5
04-2B 182 7.79 98
04-3B 153 7.50 98
04-4B 157 7.29 104 94 24.46 47.94 6.28 343 4.12 1.62 607 294 6.88 37 4 0.97 2.2 9.7
Le Doulon 117-1B 13.1 751 91 99 32.45 29.05 5.70 1.49 6.00 265 5.61 4.89 2.86 90 2 2.57 1.2 9.4
117-2B 12.3 7.58 76 99 24.46 24.35 5.41 1.31 5.32 195 568 447 3.09 171 3 2.97 0.7 9.1
117-3B 121 7.63 100
117-4B 11.3 741 99 101 22.63 45.40 5.93 1.52 5.76 1.79 863  3.89 3.92 314 5 3.56 0.9 94
117-5B 122 744 99
117-6B 119 6.18 71 65 10.07 49.82 375  0.66 1.75 0.63 2.64 1.62 029 737 29 12.82 4.2 11.5
L’Allier 136-1B 175 739 51 100 12.38 19.36 444 077 2.70 120 543 280 223 61 5 1.41 1.7 9.4

136-2B 169 6.94 96
136-3B 164 6.82 96
136-4B 154 7.36 98
136-5B 151 7.78 97
136-6B  10.8 6.33 25 98 1.95 15.23 091 041 0.69 056 151 3.01 0.66 11 4 1.37 5.6 11.6

La Combade 96-1B 162 7.68 78 99 14.21 37.79 4.69 1.45 3.26 1.60 5.15 1.88  8.12 336 10 2.03 0.1 8.7
96-2B 170 7.79 59 100 10.74 25.29 4.35 1.29 2.60 128 476 1.67  7.07 306 9 1.95 -0.2 8.5
96-3B 16.8 7.01 99
96-4B 18.7 6.98 44 99 5.40 23.12 3.52 0.90 1.47 0.64 3.83 1.27 4.33 235 3 2.76 2.3 10.3
96-5B 21.8 6.54 112
96-6B 10.0 5.99 40 100 6.71 23.78 347 035 0.67 030 3.26 0.79 066 <DL <DL <DL

La Sioule 97-1B 133 790 203 102 79.91 69.09 1047 551 10.40 6.73 955 491 6.26 141 6 1.34 -0.2

97-2B 134 7.34 191 100 80.52 60.63 9.94  3.86 11.24 6.44 760 498 578 120 17 1.63 1.6 9.3
97-3B 135 7.61 98
97-4B 13.7 7.77 145 99 49.04 62.60 5.41 2.75 8.56 3.21 518 212 583 83 10 1.07 0.4 8.5
97-5B 138 7.77 99
97-6B 83 7.65 96 100 30.87 46.44 437 187 476 148 264 1.06 293 12 <DL <DL 1.6

Le Richaufour 03-1B 144 7.29 120 96 41.18 46.15 5.04 328 8.64 255 643 360 290 255 20 3.73 1.4 9.3
03-2B 128 7.57 99
03-3B 119 7.33 99
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Figure 2. The Allier watershed: (a) simplified geological map; (b) land-cover. The Couze watershed: (c) simplified geological
map [51]; (d) land cover [48]. The standard CLC colors were modified for clarity.

3.2. Materials and Methods
3.2.1. Sampling and Analytical Chemistry

We used the HYDRO-MEDDE/DE [52] hydrological database, available from the
French regulatory institution Eaufrance, to determine the most accurate high- and low-
water stage sampling periods. Statistical calculations were made on data collected over
the 396 monitoring stations of the Upper basin during the last 30 years for the high-water
stage and during the last 10 years for the low-water stage. Maximum peak flows were
recorded from February to April and low ones in August. Due to the geographical locations
of the selected watersheds (head waters), we selected the following periods for the high
and low flow surveys: March to April 2015 and mid-July 2016, respectively. For each
stream water, water samples were collected from bridges in the middle of the river channel,
except for spring samples. Springs were sampled after the different water outlets formed a
stream channel. To determine reaction conditions controlling the trace element speciation,
electrical conductivity, pH, temperature and dissolved oxygen were measured in situ in the
stream. Major cations and anions, dissolved silica, dissolved organic carbon (DOC), Fe, Mn
and selected trace elements (Al, As, Ba, Cs, Cd, Co, Cu, Cr, La, Ni, Pb, U, V, Zn) were also
analyzed in filtered waters. Samples were filtered on site through 0.45 um cellulose acetate
membrane filters that were first rinsed with the sample using a hand pump. Aliquots
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for major cations, DOC, Mn and Fe, and for trace elements were acidified to pH = 2 with
Suprapur® grade nitric acid (Merck). Samples were collected in polypropylene bottles
previously washed with the same nitric acid and stored at about 4 °C until further analysis.
Alkalinity was measured by titrimetry (Gran method calculation) on the day of sampling.
All standard solutions were certified (Certipur® Merck). Each analysis of 10-sample batches
was bracketed between two standard calibration runs. Ionic balances ranged from 2 to 13%
for the less mineralized waters. Major cation (Na, K, Ca, Mg) concentrations were deter-
mined by atomic absorption or emission flame spectrometry (detection limit = 0.04 mg L~!
forK, 0.23 mg L1 for Na, 0.40 mg L1 for Caand 0.24 mg L1 for Mg), and anion (Cl~,
SO42~ and NOj3 ™) concentrations by ionic chromatography using a chemical suppressor
(detection limit = 0.71 mg L~! for CI~, 1.92 mg L~! for SO42~ and 1.24 mg L~! for NO3 ™).
H,45i04 was measured by colorimetry (detection limit = 1.88 mg L b. Typical measure-
ment uncertainties were £5% for major elements. DOC was determined on a Shimadzu
TOC/TN analyzer via a nonpurgeable organic carbon (NPOC) measurement that involved
acidification, sparging (inorganic carbon removal) and combustion of the sample at 680 °C.
The accuracy of DOC concentration measurements was +0.1 mg L™}, estimated on blank
samples and standards with a detection limit of 0.5 mg L~!. Due to an instrument failure
during the project, Fe and Mn concentrations had to be measured with distinct techniques.
Fe and Mn in high-water samples were determined by GFAAS, and in low-water samples
by ICP-MS (Laboratoire Départemental de Touraine, Tours, France). Some of the low-water
samples were also analyzed by GFAAS, allowing accuracy between the two techniques
to be crosschecked: deviations were calculated < 10%. For the analysis by GFAAS, the
detection limits were 2.2 ug L lforFeand 1.6 ug L~ ! for Mn, and by ICP-MS, they were
5.0 ug L=' and 1.1 pg L1, respectively. Analytical results are presented in Table 2. Trace
element analysis was performed by the SARM laboratory (SARM-CRPG UMR 7358, Nancy,
France). Accuracy and precision of determinations were checked at regular intervals with
certified reference materials (NRC-CNRC SLRS-6). Detection limits and accuracy on trace
element measurements are presented in Table 3. Table 4 reports concentrations for the
different trace elements as well as the corresponding EQS values [53,54].

Table 3. Detection limits and accuracy on measurements of trace element concentrations.

Al* As Ba Cd Co Cr Cs Cu Ni Pb U A% In La

>100 ug/L  <5% <5% <5% <5% <5% <5% <5% <5% <5%
>10 ug/L  <15% <10% <10% <10% <15% <5% <5% <10% <5% <10%
A y >lugll  *  <15% <10% <20% <10% <15% <10% <10% <15%
ceuracy (%) .0 1071, B 0% <20% <20% o <D0% <20% * <20%  * <20%
according to >0.01 pg/L *% *% *% *% *% *% *%
concentration .. g/L <10%
>10ng/L <15%
>Ing/L *
Deltif:;‘t“ DLug/L 060 0.025 0.003 0005 0005 0.04 0001 001 001 0002 0001 0015 0.015
DL ng/L 0.3

* isotope of mass 27
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Table 4. Dissolved trace element concentrations (expressed in pg L~1). A: high waters; B: low waters; DL: detection limit.
For a given element, extreme values are highlighted (light grey: minimum; rectangle: maximum).

Label Al As Ba Cd Co Cr Cs Cu Ni Pb U \'% Zn La
01-1A 306 0651 1084 0032 0059 045 004 100 056 0237 0251 0190 230 0.220
01-2A 665 0546 1006 0024 0047 016 0033 08 014 0125 0224 015 613 0189
01-3A 464 0382 1289 0022 0051 013 0042 060 014 0131 0183 0160 128 0.184
014A 259 0489 1483 0019 0131 018 0035 079 025 0193 0071 0164 215 0.187
02-1A 297 1345 0024 0273 059 0255 148 090 0630 0171 0865 543 0230
023A 174 0714 1162 0038 0129 033 111 037 0369 0175 0454 713  0.086
581A 725 0572 3132 0025 0123 021 0077 123 048 0362 0935 0225 334 0114
582A 352 0388 2463 0005 0033 018 0076 056 020 0056 122 0088 258  0.143
583A 178 0640 2066 0.027 0166 028 0133 101 031 0.8 0218 725 0333
584A 101 0484 970 0.027 0097 015 0151 050 032 0223 127 0139 155 0.095
585A 200 0590 736 0027 0130 022 0161 086 023 0256 0334 0279 455 0.141
586A 245 0815 766 0035 0140 030 0179 157 024 0379 0416 0483 654 0210
1371A 110 108 1688 0019 0094 035 0073 116 080 0131 114 0353 810 0.174
1372A 561 0949 2464 0016 0067 027 0077 059 023 0102 0233 0301 078 0.146
1373A 528 0954 2316 0021 0079 028 0071 = 040 022 0123 0244 0282 102 0.143
1374A 117 0893 2763 0028 0095 030 0084 091 023 0135 0255 0298 991 0.138
1375A 915 0962 1626 0029 0048 038 0078 049 016 0178 0105 0256 543 0.103
137-6A 107 0620 894 0047 0046 025 0095 046 015 | 263 | 0050 0245 1686 0077
041A | 568 | 232 2371 0031 | 0499 | 171 | 0052 | 288 | 250 | 0472 0123 211 584 | 0360
042A 317 260 248 0021 0359 124 0031 227 228 0654 0114 149 605 0251
043A 131 263 2645 0015 0250 073 0014 152 187 0188 0099 0850 1407 0.174
04-4A 200 154 5054 0053 042 0017 077 033 0175 0114 0402 230  0.602
117-1A 519 224 1432 0016 0081 027 0017 101 054 0219 0078 0291 105 0.104
1172A 473 1233 0006 0061 022 0008 076 038 0069 0060 0249 074 0.061
1173A 587 335 1178 0007 0065 027 0011 088 045 0113 0068 0282 118 0.069
117-4A 800 198 1357 0007 0066 029 0019 123 048 0107 0065 0278 0.069
1175A 537 0963 1651 0008 0.097 029 0025 104 036 0098 0073 0320 0977 0.083
117-6A 244 0817 1096 0017 0206 041 0071 123 043 0230 0162 0434 1978 0.189
136-1A 602 0424 2609 0022 0055 015 0066 052 038 0151 0069 0174 114 0079
1362A 565 0438 3159 0011 0029 012 0068 082 013 0074 0048 0110 339 0025
1363A 262 0460 3397 0008 0023 | 007 0063 055 010 0057 0042 0092 095 0019
136-4A 490 0400 4567 0013 0024 013 0130 062 028 0089 0040 0061 1579  0.020
13654 313 0499 4664 0014 0029 008 0158 068 016 0054 0035 0087 159  0.023
136-6A | 245 0676 1586 0011 0081 = 007 0035 045 023 0030 0006 0051 103  0.098
96-1A 865 161 3552 0020 0122 030 0032 085 040 0144 0051 0372 212 0132
962A 956 119 2751 0014 0110 023 0033 065 030 0118 0059 0302 149  0.085
963A 862 113 2909 0015 0087 017 0032 060 023 0139 0062 0226 167  0.079
96-4A 995 0810 19.65 0013 0086 015 0040 052 018 0150 0077 0204 131  0.057
965A 161 0799 1323 0011 0118 026 0059 104 023 0133 0067 0228 980  0.055
96-6A 178 0707 2577 0016 0138 018 0091 092 023 0108 0102 0156 1973  0.040

£
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Table 4. Cont.

Label Al As Ba Cd Co Cr Cs Cu Ni Pb U v Zn La

97-1A 114 1.54 12.64 <DL 0.113 0.16 0.063 0.82 0.33 0.121  0.059 3.87 5.28 0.098
97-2A 176 0.662 9.15 <DL 0.131 0.27 0.078 1.00 0.36 0.053 0.044 1.68 1793  0.113
97-3A 137 0.356 8.38 <DL 0.110 0.26 0.048 1.08 0.34 0.065 0.042 1.65 10.29  0.094
97-4A 159 0.244 6.60 <DL 0.112 0.16 0.033 0.95 0.27 0.055  0.020 1.66 6.41 0.091
97-5A 201 0.234 4.46 <DL 0.132 0.18 0.025 0.51 0.23 0.083 0.012 2.37 0.583 0.157
97-6A 494 0.247 1.02 <DL  0.012 0.13 0.028 0.46 0.05 0.017  0.007 3.57 6.83 0.012
03-1A 206 1.62 67.37 0.017 0.167 0.40 0.116 1.47 0.53 0.356 0.048 0.453 5.61 0.190
03-2A 140 1.61 7490 0.037 0.124 0.25 0.113 0.83 0.33 0295 0.028 0.258 9.28 0.097
03-3A 131 1.60 50.49 0.032  0.069 0.26 0.155 0.83 0.21 0.225 0.025 0.310 221 0.104
01-1B 27.8 1.40 10.04 0.015 0.059 0.17 0.042 3.12 0.35 0.170 0.234 0.324 1.10 0.184
01-2B 194 0992 10.85 0.020 0.042 0.07 0.038 2.58 0.13 0.113  0.201 0.174 1.35 0.174
01-3B 16.4 0573 1291 0.023 0.036 0.06 0.056 2.73 0.11 0.115 0.154 0.160 1.25 0.136
01-4B 12.8 0.648 16.84 0.014 0.059 0.11 0.027 0.22 0.145 0200 0.173 1.03 0.100
02-1B 131 2.93 1169 | 0.018 0.195 0.220 1.15 0.61 0.655 0.166 1.01 4.65 0.189
02-2B 68.7 2.23 91.48 0.11 0.160 0.13 0.297 1.27 0.56 0349 0.156 0.551 8.58 0.072
02-3B 54.1 0999 59.26 0.016 0.101 0.13 1.64 0.22 0202 0.155 0.441 2.18 0.049
58-1B 262 0.813 2865 0.009 0.055 013 0.098 6.61 025 0167 0948 0.201 1.30  0.043
58-2B 55.3 113 2665 0.009 0105 0.09 0109 0.60 022  0.126 0.196 1346 0.034
58-3B 99.3 1.87 2335 0.011 0.144 0.13 0.273 1.05 0.26 0.448 1.23 0.417 9.72 0.063
58-4B 42.8 2.02 10.53  0.007  0.153 0.15 0.304 0.90 0.27 0.261 1.06 0.240 0.63 0.057
58-5B 118 0.903 8.65 0.025 0.075 0.10 0.155 0.48 0.18 0.153 0300 0.186 0.078
58-6B 139 1.74 6.64 0.033  0.094 0.12 0.061 1.37 0.39 0.300 0.146 0.107 2.68 0.067
137-1B 31.6 3.09 17.61  0.022 0.107 0.22 0.126 0.72 0.84 0.176  0.931 0.463 1.04 0.126
137-2B 36.7 2.81 26.02 0.012 0.088 0.18 0.128 0.50 0.21 0.197 0.185 0.494 0.54 0.124
137-3B 30.6 2.67 25.07  0.017 0.17 0.116 0.94 0.24 0209 0.170 0.388 1.00 0.093
137-4B 37.2 2.23 31.77  0.027 0.123 0.22 0.120 0.78 0.22 0.207  0.164 0.375 5.99 0.096
137-5B 34.4 2.17 21.31 0.033 0.046 0.21 0.110 0.33 0.13 0.163 0.094 0.297 7.73 0.077
137-6B  86.0 127 1090 0.060 0109 023 0.083 027 0.20 5.39 0.060 0257 1040 0.094
04-1B 39.9 3.09 2693 0.013 0.107 0.31 0.009 0.78 0.83 0.147  0.062 1.19 3.49 0.104
04-2B 241 3.49 2794  0.010 0.088 0.31 0.006 0.71 0.83 0.118  0.051 1.04 0.64 0.075
04-3B 13.6 3.90 29.45 0.009 0.129 0.29 0.005 0.66 0.093 0.048 0.851 0.53 0.061
04-4B 20.2 3.62 4120 0.010 0.048 0.15 0.007 0.92 0.41 0.101  0.018 0.341 2.47 0.033
117-1B 27.2 20.60  0.008  0.080 0.13 0.008 1.29 0.76 0.094 0.045 0407 1.78 0.052
117-2B 26.2 5.73 18.05  0.009  0.062 0.16 0.008 0.79 0.45 0.114 0.060 0.317 9.97 0.067
117-3B 53.0 5.75 17.03  0.012  0.093 0.24 0.015 1.16 0.54 0.210 0.083  0.368 2.45 0.092
117-4B 28.8 1.96 17.85 0.011 0.073 0.32 0.014 1.14 0.49 0.208  0.091 0.366 0.86 0.094
117-5B 443 1.82 19.27  0.011  0.099 0.29 0.025 1.75 0.42 0274 0.084 0.400 1.51 0.099
117-6B 270 2.66 682 0.017 0679 038 0020 0.35 052 069 0174 0709  2.09
136-1B 14.2 0.603 3021 0.012 0.037 0.07 0.089 0.41 0.31 0.118 0.046 0.193 1.24 0.027
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Label Al As Ba Cd Co Cr Cs Cu Ni Pb U A% In La

136-2B 221  0.835 4412 0013 0047 005 0115 051 017 0073 0042 0125 1070 0.021
136-3B 136  0.788 4810 0.013 0036 <DL 0.098 063 036 0093 0034 008 304 0.019
136-4B 311  0.849 7591 0.017 0043 005 0221 118 030 0204 0046 0104 1746 0.033
136-5B 324  0.756 5497 0.013 0049 005 0196 066 024 0149 0039 0105 1224 0.029
136-6B  36.6 0.815 1648 0.016 008 <DL 0.051 027 045 0.039 0008 0036 329 0.124
96-1B 363 264 3974 0013 0070 018 0034 046 027 0142 0042 039 110 0.072
96-2B  40.6 226 3000 0010 0064 017 0036 037 021 0122 0054 0345 060  0.059
96-3B 159 259 3296 0015 0130 023 0063 053 028 0408 0.098 0438 328  0.129
96-4B 629 196 2245 0013 0051 008 0052 039 019 0167 008 0238 112  0.046
96-5B 121 194 1373 0009 0149 012 0078 047 020 0172 0.080 0276 0.047
96-6B = 558 300 412 | 0005 0012 <DL 0125 030 <DL 0015 0336 0048 033 | 0.001
97-1B 695 332 1511 <DL 0113 007 0.098 075 028 0174 0104 | 862 | 093 0.124
972B 1715 190 1163 <DL 0.133 <DL 0.158 062 028 0023 0075 330 168 0.044
97-3B 2022 0.679 998 <DL 0.08 <DL 0059 057 020 0037 0064 315 051 0.048
97-4B 1798 0374 659 =~ <DL 0.08 005 0031 059 015 0027 0020 275 038 0.040
97-5B 381 0330 331 <DL 008 <DL 0028 027 010 0015 0009 328 031 0.043
97-6B 1249 0310 110 <DL 0.022 007 0026 = 005 002 0014 0008 411 = 025 0.015
03-1B 2394 404 9199 0.010 0151 016 0028 343 051 0445 0054 0457 140 0.137
032B 1898 344 1004 0.021 0124 013 0074 141 038 0284 0035 0216 624 0.060
03-3B 338 325 6867 0034 0077 013 0148 188 026 0208 0.023 0271 581  0.087
EQS 2000  0.832 602 <0.08° 032 342 12 43 1.23 0.32 2.52 3.12

(1) Quality standard for drinking waters [53]; (2) Annual average Quality Standard for freshwater ecosystems [53]; (3) Priority sub-
stances [54].

Sediments were sampled at the spring, in the stream channel, of each of the 10 selected
rivers. About 10 g of sediments was taken using a plastic shovel and transported in clean
plastic bags back to the laboratory. After air drying, sediments were homogenized and
then digested by alkaline melting until further analysis for their major and trace element
concentrations by the SARM laboratory. Accuracy and precision were evaluated at regular
intervals with certified reference materials (CAL-S (carbonate), UB-N (serpentinite), BR
(basalt), AN-G (anorthosite), GH (granite), DR-N (diorite)). Data are presented in Table 5.
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Table 5. Chemical analysis of bulk sediments. LOI: loss on ignition. For a given element, extreme values are highlighted
(light grey: minimum; rectangle: maximum).

% g/g Si02 A1203 Fe203 MnO MgO CaO Na20 K20 Ti02 P205 LOI Total

La Durolle-01 7928 1028 131 002 037 015 205 477 017 <DL 091 99.30
Les Echets-02 8246 927 0.61 D<L 014 031 132 472  0.09 0.11 0.82  99.85
La Couze-58 8495 826 079 002 013 0.09 1.01 3.03 0.10 0.12 1.80  100.30

Le Chapeauroux-137 68.19 1522 643 006 184 005 027 326 077 <DL 424 10031
La Petite Briance-04 8164 956 124 004 024 029 1.78  3.81 009 <DL 111 9981

Le Doulon-117 5196 1215 1013 0.14 6.79 812 249 2.21 2.48 0.66 253  99.65
L’Allier-136 7552 1090 251 0.05 1.37 1.19 1.61 490 0.42 0.14 1.61 100.21
La 81.53 997 0.85 0.02 0.21 0.08 094  4.68 0.17 <DL 135 99.80
Combade-96
La Sioule-97 4830 1453 1148 0.16 5.64 872 265 146  2.68 0.80 293  99.36
Le Richaufour-03 7130 14.04 377 0.08 127 023 132 443 0.53 0.11 2.85 99.92
ug/g As Ba Cd Co Cr Cs Cu Ni Pb U \% Zn La
La Durolle-01 5.0 432 0.06 1.74 13.05 4.06 22 4.2 31.15 2.73 1045 = 241 1294
Les Echets-02 43 438 0.06 1.42 643 11.10 3.6 2.8 47.01 241 625 294 13.07
La Couze-58 10.5 53.6 002 044 271 | 5545 3.4 D<L 9.82 5.67 2.45 68.3 6.38

Le Chapeauroux-137 58.6 617 0.09 933 7131 748 26.6 311  17.06 3.38 85.4 735
La Petite Briance-04 176 1025 0.06 256 1202 2.05 3.8 5.2 17.40  0.95 1049 30.3

Le Doulon-117 3.9 679 0.12 | 37.77 [ 221 ‘ 1.80 | 38.1 [ 132 10.87 1.90 [ 201 95.6 | 47.57 ‘
L'Allier-136 7.5 1210 0.24 6.57 4324 5.6 8.2 18.2 98.2 1.72 38.71 138 16.43
La 8.1 363 0.04 1.09 8.85 6.37 3.0 2.8 24.73 2.99 11.68 319 15.94
Combade-96
La Sioule-97 13.9 578 0.16 | 3447 | 14539 1.64 61 6.03 1.73 249 [ 121 [ 49.55 ‘
Le Richaufour-03 37.0 [ 1112 [ 0.25 4.38 12.63 16.90 9.2 5.6 39.69 [ 5.92 43.09 969
DL 0.5 55 0.02 0.08 0.50 0.02 2.0 2.0 0.45 0.01 0.85 7.0 0.02

3.2.2. Lead Stable Isotopes

All water and sediment samples were prepared in a clean laboratory (class-100). After
the water samples were centrifuged [55], the Pb isotope ratios (*°°Pb /2Pb, 207Pb /204Pb,
208pp, /204pp, 207pY, /206Ph and 208Pp / 206Pb) were measured in the supernatant by HR-ICP-
MS (Attom; Nu Instruments) with an Aridus II desolving membrane as the introduction
system. For the sediment samples, Pb digestion (HF/HNOs3) and chemical purification on
an anion exchange resin (BioRad AG1X-8, 200-400 mesh) HBr/HCl medium followed the
procedure described in Manhes et al. [56]. Pb isotope ratios were then measured by MC-ICP-
MS on a NuPlasma II with an Aridus II desolving membrane as the introduction system.
All samples were doped with thallium (T1) to correct for the mass bias [57]. Measurement
of the NBS-981 standard every five samples throughout the analytical sequence allowed
for obtaining a T1-Pb mass bias relationship [58]. Measurements of the in-house CGPb-
1 standard yielded the following long-term averages (20, n = 22, over several years):
208pp, /205Pb = 2.0425 =+ 0.0003, 2%°Pb /2**Pb = 18.596 + 0.008, 2”Pb/2**Pb = 15.702 + 0.005,
208pp /204pp = 37.98 + 0.02 and 207 Pb /296Pb = (.8444 + 0.0002. For the water samples, errors
were: 2%Pb/2%Pb = 0.003, 2%Pb/?Pb = 0.057, 2”Pb/?**Pb = 0.050, 2*®Pb/2**Pb = 0.07
and 207Pb /296Pb = 0.0013. For the sediment samples, errors were: 208pp, /206Pp = 0.0004,
206Pb /204Pb = 0.006, 27Pb /2*Pb = 0.005, 2%Pb/?**Pb = 0.014 and *’Pb/2**Pb = 0.0001.
Data are presented in Table S2 (Supplementary Material).

3.2.3. Reaction Conditions

Redox reactions play an important role in defining the chemistry of natural waters
and drive the mobility of many elements. As redox systems never reach equilibrium in
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natural waters, we did not measure the redox potential of the stream water samples. This
happens because several reactions, each one at a distinct rate, can occur simultaneously,
resulting in a competition for matter, and they can also be driven by biota [59,60]. We
elected to use the following 3 parameters to assess the redox conditions of our river waters:
(i) dissolved O, saturation index, (ii) dissolved Fe concentration and (iii) dissolved Mn
concentration. Redox potential (pe) values were calculated for each stream water using the
thermodynamic data provided by the WATEQ4F database [61]. Dissolved Mn was assumed
to be solely under the form of the Mn?* free ion and, accordingly, dissolved iron to be solely
Fe?* free ion, considering that our pH varied from 5.58 to 7.80 (Table 2). As no Fe(OH),
can precipitate over this pH range, we considered that the solid phases were pyrolusite
(MnO3,) and ferrihydrite ((Fe3*),03, 0.5H,0), respectively. Table 2 presents the pe values
we calculated for each element (equilibrium between Fe?* / Fe(OH)3amorphous and between
Mn2* /MnO,). Speciation calculations were made using PHREEQC Version 3.4.0.12927
(2017 version; [62]) with the MINTEQ.V4 database, based on MINTEQAZ2 [63].

4. Results
4.1. Spring Sediments

The chemical characteristics of the sediment samples are reported in Table 5. The two
samples from the Doulon (gneiss) and the Sioule (basalt) rivers exhibited low SiO, and rich
Ca, Mg, Fe, Mn and Ti concentrations compared to the other sediments. This is consistent
with the basaltic substratum of the Sioule watershed but not with the gneissic nature
of the Doulon one, which is mainly composed of gneissic rocks intruded by numerous
amphibolite dikes. This suggests that major and trace metal concentrations in the spring
sediments mostly reflect the weathering of amphibolitic rocks rather than of gneissic ones.

The granitic and the rhyodacite-andesitic sediments yielded the lowest concentrations
for transition metals but were enriched in As and U when the Doulon and Sioule sediments
were rich in transition elements. The Allier sediments exhibited Ba, Cd, Pb and Zn con-
centrations that were consistent with the presence of polymetallic sulfide deposits. The
Combade sediments exhibited the lowest trace element contents.

4.2. Reaction Conditions

Stream waters were lowly mineralized (EC ranged from 17 to 180 uS/cm) and at
near-neutral pH values (Table 2). As these waters circulated on crystalline rocks, mineral
weathering provided mainly cations (except some chloride released from the dissolution of
micas and amphiboles). Figure 3 shows that Ca>* and Na* are the main cations, and HCO3 ~
is the dominant anion. HCO3 ™~ comes from the dissolution of atmospheric CO,, which acts
as an electroneutrality buffer. This is consistent with the fact that Ca-bearing minerals are
more easily weatherable than Na-bearing ones. Ca is thus usually the dominant cation in
young waters circulating over crystalline rocks [64—67].
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Figure 3. Ion characteristics of the stream water samples according to their lithology. Low-water stage: open symbols;

high-water stage: plain symbols.

Results from Figure 3 also show that some rivers were enriched in Na* and C1~ during
the low-water stage, which may result from the winter recharge of the aquifers. Based
on the study of the major element characteristics, no distinction could clearly be made
between the main lithologies of the studied watersheds. Redox conditions recorded by
the dissolved oxygen saturation index were distinct between the two sampling seasons
(Table 2): from (i) moderately to slightly oxygenated waters during the high-water stage
to (ii) oxygenated waters during the low-water stage. The high dissolved Fe (from 5 to
1000 pug L~!) and dissolved Mn (from 2 to 38 ug L~!) concentrations suggest that these
waters were highly reductive for both seasons, with their reductive character increasing
towards the downstream of the rivers. While the pe calculated using these two elements
(i.e., Fe and Mn) gave distinct values, the respective pe distributions remained similar.
The apparent discrepancy between redox conditions recorded by dissolved oxygen and
dissolved Fe and Mn can be attributed to different reaction rates: while the dissolved
oxygen saturation index records the presence of dissolved oxygen at the time of the
measurement, the dissolved Fe and Mn concentrations integrate redox conditions for a
longer period of time, according to temperature, pH and ionic strength [68-70], for kinetics
reasons. The redox conditions we measured favored the presence of Fe and Mn in the
dissolved fraction, implying that trace elements usually associated with oxyhydroxide
particles were also present in the dissolved fraction.

The DOC concentrations were somewhat identical between the two seasons, with an
average value of 3 + 2 mgC L~! (Table 2), but the brownish color of the water samples
indicated an important presence of humic substances during the high-water stage.

Under these chemical conditions, the speciation calculations showed that the trace
elements presenting different oxidation states were: As(+V), Cr(+III), Cu(+1II) to Cu(+I)
downstream, U(+VI) and V(+V). At the springs, Cd, Co, Cu, Ni, Pb and Zn were mainly
present under their free forms, but downstream, the proportion of the complexes they
form with OH~, CO32~ or SO,42~ increased. Ultimately, our results indicated that both
major and minor dissolved elements showed no specific signatures that may have been
used to discriminate the different watershed lithologies. This may be explained by the fact
that rivers are fed by groundwater, which has minimally circulated through the aquifer,
meaning that they underwent a low WRI rate. Thus, water composition is controlled by the
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weatherability of minerals present rather than by the available stock in the host rock. This
explains the low differences we observed for the major elements. During the low-water
stage, springs were assumed to be representative of the top aquifer.

4.3. Dissolved Trace Metals and Metalloids

As expected, most of the dissolved trace element concentrations were below the
environmental quality standard (EQS) values, except both As and Zn concentrations,
which were above for almost all watersheds (Figure 4). The exceptions (Table 3) were As in
(i) the Allier river (WS 136; gneiss; both sampling campaigns), (ii) the upper Sioule (WS 97;
basalt; high water stage) and (iii) the Couze (WS 58; granite; high water stage), and Zn in
the Sioule river at the low-water stage. The highest Ba concentrations were observed in the
Echets river (WS 02; outlet: granite) but were not correlated to the chemical composition of
the spring sediments (Table 4) nor to the presence of a Ba ore deposit. The Sioule River (WS
97, basalt) exhibited the lowest trace element concentrations except for V. For all monitored
rivers, Cr and Ni concentrations were significantly below their respective EQS values.

Even if granitic watersheds were richer in Pb (e.g., the Chapeauroux spring, WS 137)
and in U (e.g., the Couze station #3), no significant correlation could be made between
the main lithology and the trace element concentrations. These two watersheds comprise
U-rich mineralization deposits (Table 1).

Most studies dealing with the mobility of trace elements based on sequential extrac-
tions concluded with their long-time storage in soils and thus attributed a minor importance
to leaching losses [71]. Dynamic studies on drainage water assessed important inputs of
trace elements from topsoils to the river during rain events [72,73]. Comparing elemental
concentrations between the high- and low-water stages and using their differences, ex-
pressed as [high-water stage concentration]-[low-water stage concentration], allowed us to
better constrain the origin of TMM (Table 6): A negative value indicated a dilution effect
occurring during the high-water stage, whereas a positive one indicated an important
input of the considered element during the high-water stage, which may result from topsoil
leaching and/or atmospheric deposition. Values inferior to the corresponding analytical
error were not considered in the calculation.

For all watersheds, while As, Ba and V were not brought by running waters, Al and,
to a lesser extent, La were (Table 6). Cd concentrations displayed no seasonal contrasts,
and the corresponding background levels seemed to depend on the considered watershed
but not on the hydrologic conditions (Table 4). Higher Cd concentrations were generally
measured at the spring of each river, except for the Durolle River (WS 01, which was
expected to be impacted by local road traffic). The Allier River (WS 136) exhibited the
smallest seasonal variations. In areas where agricultural activities were more pronounced,
this translated into higher Cr, Cu, Ni, Pb, U and Zn (WS 02, 04, 97 and 03) inputs in the
running waters. The same trend was observed for Al and La.

Except for As, our results were consistent with those reported in the literature for
other watersheds from the Loire Basin (Figure 4; Table 7; geographic coordinates are given
in Table S3 in Supplementary Material). Similar to our results, previous studies concluded
that differences in concentrations between the main lithologies were not greater than those
recorded within a single lithology facies. This confirms that the chemistry of the watershed
depends on local trace element signatures.
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pressed in ug L~L. The dashed lines mark the environmental quality standard (EQS) values for each
element. No EQS is available for Cs and La. For granitic, gneissic and basaltic watersheds, the black
dash marks the maximum concentration measured in the collected data, for available elements.

Figure 4. Boxplots showing the concentration distributions for trace elements in the stream water
samples according to the main lithology of the corresponding watershed. Concentrations are ex-
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Table 6. Difference between trace element concentrations between the high- (grey) and low-water stages (expressed as

ug L~1). The difference equals the concentration measured during the high-water stage minus the one measured during the

low one. AE: analytical error.

Lithology Label Al As Ba Cd Co Cr Cs Cu Ni Pb U A\ Zn La
01-1 3  —075 080 002 <AE | 028 <AE -—2.13 021 007 002 -013 120 0.036
01-2 | 47 —045 —0.79 <AE <AE 009 000 -172 <AE | 001 002 <AE | 478 0014
01-3 30 —0.19 <AE <AE <AE <AE -001 —-213 <AE 002 003 <AE <AE 0.048
01-4 13 —0.16 —2.01 <AE 007 <AE 001 -7217 003 005 -0.13 <AE /112 0.087
02-1 167 —1.58 4575 <AE 008 019 003 033 029 —0.02 001 -015 078 0.041
02-3 | 120 -0.28 5697 0.02° 003 020 000 -053 015 017 002 <AE 495 0.037
58-1 46 —024 268 002 007 <AE -0.02 —-538 022 020 -001 <AE 205 0.071
582  —20 —0.74 —2.03 <AE —0.07 009 -0.03 —0.04 <AE —0.07 —032 —0.11 —10.8 0.109
granite 58-3 79 —123 —2680.02 002 015 -0.14 —0.03 004 —026 011 —020 —2.47 0271
58-4 58 —154 —0.83 0.02 —0.06 <AE —0.15 —0.40 005 —0.04 022 —0.10 093 0.039
585 81 —031 —129 <AE [0.05 012 001 038 005 010 003 009 —139 0.063
58-6 106 —0.921.02 <AE 005 019 012 020 -0.14 008 027 038 385 0.143
137-1 = 78 —2.02 —0.73 <AE <AE 013 -0.05 044 —0.04 -004 021 -0.11 706 0.048
1372 19 —1.87 —138 <AE —0.02 0.09 —005 009 <AE -0.10 0.05 —0.19 023 0.022
137-3 22 —-172 —191 <AE —-0.12 011 —0.05 —054 <AE —009 0.07 —0.11 <AE 0.049
137-4 79 —134 —414 <AE —0.03 0.09 —0.04/ 013 <AE -007 0.09 —0.08 392 0.042
1375 = 57 —120 —5.05 <AE <AE 017 -—0.03 0.6 003 001 001 —004 —2.29 0.026
137-6 21 —0.65 —196 <AE —0.06 <AE [ 001 019 -005 -275 —001 <AE | 646 —0.017
04-1 528 —0.77 —323 002 039 141 004 210 1.67 033 006 092 235 0256
042 293 —0.88 —-3.12 <AE 027 094 002 156 145 054 006 045 541 0.176
04-3 117 -127 -299 <AE 012 044 001 08 090 010 005 <AE 1354 0.113
04-4 180 —2.08 934 007 <AE 026 001 -—0.15 —0.08 007 0.10 006 —0.17 0.569
117-1 = 25 —548 —628 <AE <AE 013 001 -028 —023 013 003 -012 —0.73 0.053
1172 21 —1.83 —572 <AE <AE <AE <AE -003 —007 —005 <AE —0.07 —9.23 —0.006
. 117-3 =~ 6  —240 —525 <AE 0.63 <AE 000 -027 —010 —0.10 —0.01 —0.09 —127 —0.023
gneIss 117-4 = 51 <AE —429 <AE <AE <AE 1001 009 <AE —0.10 —003 —0.09 2502 —0.025
1175 = 9  —0.86 —276 <AE <AE <AE <AE -071 —0.06 -0.18 —001 —0.08 —0.53 —0.016
117-6  —26 —1.84 413 <AE —047 <AE [ 005 088 —009 -047 —001 —028 17700 —0.028
136-1 |46 —0.18 —4.12 <AE 002 <AE -—0.02 0.1 008 003 002 <AE -0.10 0.052
1362 = 34 —040 —1253<AE —0.02 <AE —0.05 031 —0.04 <AE 001 <AE -7.31 0.004
1363 = 13 —033 —1413<AE <AE <AE —0.04 —0.08 —026 -004 001 <AE —2.09 —0.001
136-4 18 —0.45 —3023<AE —0.02 <AE —0.09 —056 <AE —0.11 —0.01 —0.04 —1.68 —0.014
136-5 <AE —026 —833 <AE —0.02 <AE —0.04 <AE —0.08 -0.10 0.00 <AE —10.65—0.007
1366 —12 —0.14 —0.62 <AE <AE <AE —0.02[ 017 -023 -001 <AE <AE -226 —0.026
96-1 | 50 —1.04 —422 <AE | 0.05 012 <AE 038 013 <AE | 001 <AE | 1.02 0.060
962 55 —1.07 —249 <AE 005 <AE 000 027 009 <AE 000 -004 089 0.027
micaschist+granite 963 —73 —146 —387 <AE —0.04 <AE —0.03 0.08 —0.05 -027 —0.04 —021 —1.60 —0.050
96-4 |37 —1.15 —280 <AE [ 003 <AE -001 013 <AE —002 —0.01 <AE [ 018 0.010
965 41 —1.14 —050 <AE —0.03 014 —0.02 057 003 —004 —0.01 —0.05 —9.00 0.008
96-6 172 —230/ 2165 <AE 013 018 -—003 061 023 009 -023 011 1940 0.039
97-1 | 44 —179 —247 <AE <AE | 0.09 —004 007 005 -005 —005 —476 435 —0.025
972 159 —123 —248 <AE <AE 027 -008 038 008 003 -003 —1.62 16.24 0.069
97-3 | 117 -032 —159 <AE [ 002 026 -001 050 014 003 —0.02 —1.50 9.78 0.046
basalt 97-4 | 141 -0.13 <AE <AE | 003 0.11 <AE 036 012 003 <AE -1.09 6.03 0.052
97-5 163 —0.100 115 <AE 005 018 000 024 013 007 000 -092 027 0.114
97-6 37 —0.06 —0.08 <AE <AE <AE <AE 040 003 <AE <AE -054 658 —0.003
03-1 | 182 -—242 —2462<AE | 0.02 023 009 -196 003 —009 —001 <AE 421 0.053
rhyodacite 032 | 121 —1.83 —254/0.02 <AE 0.11 004 —058 —0.05 001 —001/004 3.04 0.037
03-3 97 —165 —18.17<AE <AE 013 001 -105 —0.05 002 <AE 004 -3.60 0.018
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Table 7. Data from the literature. Concentrations are expressed in pg L~!. Text in bold italic corresponds to considered river region.

Lithology Spring-River Sampling Al As Ba Cd Co Cr Cs Cu Ni Pb U A\ Zn La refs.
granite Limousin
sp. Les Tenelles jan. 1991 030 011 <0.01 0.018 3.11 0.082 0.29 1
sp. Sagnes jan. 1991 034 <0.01 0.056 127 0487 0.17 1
Margeride
sp. Mazel fountain June 1991 <0.01 0.015 <0.63  0.640 1
sp. Ranc fountain June 1991 <0.01  <0.003 <0.63 0.141 1
sp. Valat des Trois Sceurs June 1991 0.09  0.008 <0.63 0.188 1
sp. Valat des Trois Sceurs (main) June 1991 0.01 0.030 <0.63 0.076 1
sp. Lavadous fountain June 1991 <0.01 0.012 <0.63 0.170 1
sp. Ravin de Prat Chalio June 1991 0.01  <0.003 <0.63  0.047 1
sp. La Truyere June 1991 <0.01  0.034 <0.63  0.246 1
sp. Faje-Méjane June 1991 <0.01  0.047 <0.63  0.528 1
sp. Montagnac June 1991 0.02  <0.003 <0.63  0.041 1
sp. Massouses June 1991 0.03  <0.003 <0.63 0117 1
sp. Massouses (west) June 1991 <0.01  0.010 <0.63  0.205 1
sp. Charpal June 1991 <0.01  0.060 <0.63  1.456 1
sp. Combe des Morts June 1991 <0.01 <0.003 <0.63  0.076 1
sp. Combe des Anes June 1991 <0.01  0.008 <0.63  0.217 1
sp. Fouon del Rougio June 1991 <0.01  0.031 <0.63  0.963 1
sp. Valat del Cros June 1991 <0.01 <0.003 <0.63  0.053 1
sp. Valat de Prat de Maraous June 1991 <0.01  0.263 3.18 4.472 1
sp. Valat de la Chan de la Bronchios June 1991 <0.01  0.036 <0.63  0.217 1
sp. Valat de la Combe Grosse June 1991 <0.01  0.048 <0.63 0.112 1
sp. Viaderme June 1991 <0.01  0.006 <0.63  0.041 1
sp. Florac (fountain) June 1991 <0.01 0.030 0.95 0.229 1
Allier at Condres 2005 2040 052 1530 0.010 0.050 0.117  0.031 099 0500 046 0.09 028 375 0.032 2
gneiss Vallée de Chaudefour
sp. Couze de Chaudefour 1980-1982  27.00 0.12 0.05 0.30 1.00 029 3.07 3
Livradois-Forez
Dolore at Arlanc 2005 100.60 4.06 9.80 0.045 0.190 0291 0.022 107 0700 028 014 034 3.60 0.180 2
basalt Cantal
sp. Mandre June 1991 <0.01 <0.003 <0.63 0.135 1
sp. Imbiquerou June 1991 <0.01 0.016 <0.63  0.029 1
sp. Siniq June 1991 <0.01  <0.003 <0.63  0.117 1
Cézalier

Couze d’Ardes 1980-1982 24.57  104.89 0.20 0.31 0.43 0.70 3.50 3
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Table 7. Cont.
Lithology Spring-River Sampling Al As Ba Cd Co Cr Cs Cu Ni Pb Zn La refs.
mixed Loire River
at Aurec sept. 2012 0.030 0.21 1.63 4
at Villerest sept. 2012 0.040 0.34 5.88 4
at La Motte St Jean sept. 2012 0.030 0.27 22 4
at Nevers sept. 2012 0.040 0.16 1.85 4
at Aurec ap. 2013 0.014 0.12 1.37 4
at Villerest ap. 2013 0.014 0.12 1.66 4
at La Motte St Jean ap. 2013 0.022 0.11 3.95 4
at Nevers ap. 2013 0.014 0.13 1.02 4
Loire tributaries
Furan at Andrezieux-Boutheon sept. 2012 0.070 0.29 129 4
Aroux at Rigny sept. 2012 0.080 0.24 1.96 4
Allier at Langeron sept. 2012 0.030 0.20 2.24 4
Furan at Andrezieux-Boutheon ap. 2013 0.033 0.23 13 4
Aroux at Rigny ap. 2013 0.017 0.21 1.95 4
Allier at Langeron ap. 2013 0.010 0.12 1.01 4

(1) Gassama, [45]; (2) Salminen et al., [13]; (3) Criaud, [44]; (4) stations are sorted out up to downstream, Millot and Desaulty, [46].
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The ISOP study site, located downstream in the Upper Loire Basin and draining
a larger surface area, showed a dilution effect by running waters for Cd and Pb (i.e.,
September: low waters; April: high waters), in contradiction with our results.

For the Allier River watershed, we used published data from one FOREGS (the Allier
River at Condres) and one ISOP (the Allier River at Langeron) station to complement our
dataset (Figure 1). Results (Figure 5) show that Cr, Cs, Pb, U and V follow two distinct
trends upstream and downstream of station #2. No particular trend was observed for
Cd. Downstream station #2, the important volume of water coming from the tributaries
smooths the Allier headwater chemical signature. This results in the need to use distinct
geochemical baseline values according to the distance from the spring.
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Figure 5. The Allier watershed. Black symbols: this study for low-water stage; grey: FOREGS;
empty: ISOP.

4.4. Lead Stable Isotopes

Figure 6a reports the lead isotope ratio ranges we measured for the main lithologies
of the studied watersheds: granite, quartzitic diorite, rhyolite, gneiss, micaschist and
amphibolite. Results show that no clear isotope discrimination can be made according
to the nature of the rocks. In stream waters, Pb can originate from WRI, topsoil leaching
and atmospheric deposition. Due to its low mobility in most soils [7,71,74], Pb deposited
from the atmosphere and emitted by agricultural activities accumulates in topsoils. For a
given area, this can imprint the topsoil with a Pb isotope signature that is distinct from the
geogenic one [75]. Rainwater data in Figure 6a are taken from Roy and Négrel [76] and
correspond to samples collected in the nearby city of Clermont-Ferrand (Massif Central,
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France). Négrel et al. [77] chemically characterized rainwater for the same region and
showed that while the order of cation abundance was Ca?* > Na* > K* > Mg?", the order
of anion abundance was NO3;~ > SO,42~ > Cl1~. The Ca?* and Na* species typically gave
mean weighted concentrations of 18 and 14 umol L1, whereas those for NO3~, SO,42~ and
Cl~ were very similar (26, 23 and 19 umol L, respectively). To our knowledge, only few
Pb isotope ratios have been published on fertilizers and manure. Still, we are reporting
data here corresponding to several types of phosphate fertilizers (nitrogenphosphate,
tripplesuperphosphate and diammoniumphosphate [74]), NPK fertilizers (from the ISOP
program; nitrogen-phosphate-potassium: N-P-K 17-15-15) and manure (dairy cattle, pig
and poultry). Pb isotope ratios for leaded gasoline were taken from Véron et al. [78] and
Widory et al. [79], as they represent the typical ranges for gasoline sold in France and agree
with the ranges recently published by Resongles et al. [80]. Results show that fertilizer
and manure samples display radiogenic ratios (i.e., high Pb isotope ratios) comparable
to the highest isotope ratios we measured for the different lithologies (Figure 6a) and in
the same range as that of regional rainwater [76]. Gasoline is characterized by the most
radiogenic values (208Pb /2%6Pb > ~2.12 and 207Pb /206Pb > ~0.885), higher than the ones
measured in our water and sediment samples. This suggests that road traffic did not
significantly contribute to the Pb budget of the studied stream waters as well as to their
adjacent topsoils. Water and sediments mostly yielded Pb isotope ratios similar to those
we measured /reported for rainwater, fertilizer /manure and lithologies (Figure 6b). The
exceptions were some water (the Couze, the Chapeauroux; granite lithology) and sediment
(the Couze, the Allier, the Combade, the Sioule, the Echets; mixed lithologies) samples
that have lower 2%Pb /2°Pb and 2%Pb /2%Pb ratios. The three watersheds suspected to
be impacted by agriculture practices (the Echets, the Petite Briance, the Richaufour) do
not exhibit particular isotope signatures. For all sampling locations, Pb isotope ratios are
lower at the low-water stage than at the high-water stage, suggesting that running waters
are characterized by more radiogenic ratios, except for the Sioule and the Petite Briance
watersheds that exhibit higher Pb ratios at the low-water stage. Isotope ratios generally
decrease with distance from the spring before increasing at the outlet, as exemplified in
Figure 6¢ For all watersheds, except the Petite Briance and the Chapeauroux, stream waters
show higher isotope ratios compared to the spring sediments (Figure 6¢). For the Petite
Briance and the Chapeauroux, spring water and spring sediments have similar Pb isotope
ratios, which are higher than those measured in the corresponding water samples collected
downstream. If we consider that the spring sediments are not impacted by Pb coming
from topsoil leaching, then Pb can be considered as solely controlled by the water-rock
interaction (WRI) for these two watersheds. For the other streams, the upper watersheds
seem impacted by agricultural activities (mainly pasture rearing), as we concluded that
road traffic does not contribute, that generate higher Pb isotope ratios. The isotope ratios
then decrease downstream when the streams circulate in more forested areas (Figure 2). As
the aggregated drained area increases along the stream, the Pb flux resulting from topsoil
leaching becomes more important. It follows that at the outlets, the topsoil signature
overprints the geogenic one. For the Allier watershed, the dilution of the Pb concentrations
recorded at station #3 is well correlated to the decrease in the Pb isotope ratios observed at
downstream stations (Figure 5).
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Figure 6. Lead stable isotopes. Plots of 207Pp /206Pb versus 298Pb /2%Pb (a) in bulk rocks, fertilizers, manure and leaded
gasoline; (b) in waters and sediments; (c) focused on the three watersheds of the Couze, the Allier and the Chapeauroux.
Blue: high-water stage; red: low-water stage; black: sediments; grey: standard deviation. (1) Roy and Négrel [76];
(2) Walraven et al. [74]; (3) Millot and Desaulty [45]; (4) Véron et al. [78]; (5) Widory et al. [79].

5. Discussion

Our results show that the presence and abundances of TMM in the stream waters of
the Upper Loire Basin are not uniquely controlled by WRI. No upstream/downstream
trend or direct correlation with the redox conditions was observed. The difference in the
TMM concentrations between the high- and low-water stages clearly indicates inputs from
running waters (i.e., soil leaching + atmospheric deposition) and/or dilution by meteoric
waters. At the low-water stage, the quality of stream waters is driven by the water—rock
interaction process and by land cover and atmospheric inputs. If we assume that the
chemistry of each water sample collected at the spring is, during this period, solely derived
from that of the underlying aquifer, our results demonstrate that most of the watersheds we
selected, even if their agriculture practices were < 50%, are likely impacted by agricultural
practices for some of the TMM.
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5.1. Origin of TMM in Stream Waters

In crystalline areas, watersheds > 20-50 km? cannot be considered as truly mono-
lithologic, as granitic rocks occur as massive bodies associated with acid and basic rock
dikes [81]. Moreover, the distribution of trace metals can highly vary within a granite body
and between granites [82-84]. In addition, basic rocks contain more trace metal-bearing
minerals, which are more easily weatherable compared to granite minerals (feldspar and
quartz). The same features can be observed in gneissic or micaschist areas, but fracturing
adds an additional layer of heterogeneity. The relationship existing between the main
fracturing direction and runoff is also critical: the more the runoff is perpendicular to the
fracturing, the more the waters are mixed and exhibit a homogeneous chemical composi-
tion. If plutonic and metamorphic rocks occur as massive bodies, volcanic rocks of several
tenths to hundreds of meters in thickness can be found in the basin. Waters may thus
circulate not only within lava rocks, even if their permeability favors water circulation, but
also within granitic or gneissic rocks (basement), ultimately influencing their chemistry.

Superficial aquifers are encountered at small dimensions in crystalline areas: they
have developed in the rock fracturing and in weathering product lenses (i.e., alterites).
Although the water-rock interaction is low, the chemical composition of water circulating
in these aquifers is controlled by the more easily weatherable minerals, which may not
correspond to the most abundant ones. Thus, relationships may not be established between
the main lithology (i.e., monolithology) and the geochemical background of the considered
watershed. In our study, only Pb concentrations can be directly linked to the granite
lithology, independently of the water stage. The same conclusion can be drawn for U, but
only when WRI controls the water chemistry, i.e., during the low-water stage.

Trace elements in water can originate from four distinct sources: (i) water—rock inter-
action, (ii) soil leaching (for which solubility can be enhanced through the formation of
organic complexes), (iii) fertilizers and manure spreading and (iv) atmospheric deposition.
Our results show that the TMM we studied could be divided into four distinct groups:
Group A) elements mainly directly coming from the underlying aquifer and the stream
channel (As, Ba and V); Group B) elements mainly acquired from running waters (Al
and La); Group C) elements acquired to a lesser extent by running waters (Cr, Cu, Ni,
Pb, U and Zn), a behavior we observed for all watersheds except the Doulon and the
Allier ones, which correspond to gneissic watersheds with a forested land cover > 80%
(Figure 6a,b) and Group D) Cd, whose concentrations showed variations between the
watersheds but a relative seasonal consistency between the two hydrological stages. As
the concentrations measured in Group A did not increase during the period when topsoil
leaching was contributing, As, Ba and V can be assumed to be representative of the natural
geochemical background. For elements in Group B, the strong Al/La relationship observed
may result from the association of these two elements with humic substances leached
from the soils, which enhances their solubility by forming complexes [85-88]. Due to the
possible formation of phosphate-REE complexes [38,39], La can originate from both rock
weathering and the spreading of mineral fertilizers [89,90]. For elements in Group C, a
previous study estimated that in our study area, more than 50% of As and Cr and more than
75% of Cu, Ni, Pb and Zn in soils are released by animal manure and that more than 40%
of the Cd comes from mineral fertilizers (ADEME, [91]). In our watersheds, the agriculture
practice is mostly confined to extensive livestock farming. Therefore, mineral fertilizers are
not heavily used, which may explain the low Cd concentrations recorded. The chemical
composition of the agricultural soils in the study area is thus mostly impacted by livestock
feeding, including the medical treatments the animals receive. In addition, atmospheric
deposition has to be considered as a potential source for these elements. Unfortunately,
our dataset cannot unambiguously identify the primary origin for the elements in Group C.
The stability of the Cd concentrations (group D) for each watershed suggests that none of
the potential emission sources is dominating nor that dilution affects its concentrations in
the water.
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Isotope geochemistry has widely demonstrated its added value for tracking sources of
metals, e.g., Cd, Cr, Cu, Pb, U and Zn, in the environment (e.g., [92] and references therein).
This is based on the fact that metal isotope ratios/compositions usually show specific
signatures representative of the reservoir they are originating from [93,94]. However,
processes such as oxidation/reduction, sorption, dissolution/precipitation reactions or
biological assimilation can modify some of these isotope distributions and induce isotope
fractionation (i.e., modify isotope ratios/compositions). This can make the identification
of the corresponding emission source(s) more difficult. Still, some of these metal isotope
systematics, especially Pb, are not subject to isotope fractionation and can thus be directly
linked to their source reservoir. However, the ability for Pb isotope ratios to discriminate
parent lithologies highly depends on the type of facies in presence. Figure 6b shows that
for the Upper Loire Basin, the isotope distinction can mostly be made between stream
waters draining granites (having the lowest 2/Pb/2Pb and 2%8Pb/2%°Pb ratios) and those
draining basalts (that yield more radiogenic isotope ratios). All other lithologies give
dissolved Pb intermediate isotope signatures that may not be interpreted as representative
of the lithology the water is interacting with.

5.2. Trace Elements Geochemical Baseline

The studied watersheds were carefully selected to represent the least polluted wa-
tersheds of the upper crystalline Loire River Basin. However, our results show that the
distribution of most of the TMM is impacted by anthropogenic activities from both local
(agriculture practices, but not road traffic) and long (atmospheric deposit) ranges. Only
As, Ba and V concentrations measured at the low water stage can be considered as rep-
resentative of the natural geochemical background, but the main lithologies cannot be
discriminated by specific signatures. For the other elements, while establishing constant
values for the natural geochemical background is not feasible, individual baselines can still
be defined at the time of the water quality assessment for a given area and period. These
can then be used as reference values for further regulation monitoring.

6. Conclusions

For regulatory institutions, defining the geochemical background or natural baseline
is of the utmost importance for detecting water contamination. With the example of
10 monolithologic watersheds selected in the Upper Loire Basin (France), we implemented
a geochemical approach coupling water chemistry and the isotope ratios of dissolved Pb
to better constrain the sources and dynamics of TMM in the surface waters. Our results
demonstrate that because of the low water—rock interaction rate, the chemical signature
of the surface waters is mostly regulated by the minerals” weatherability rather than by
the available TMM stock. Moreover, while stream waters from watersheds with identical
dominating lithologies can exhibit different chemical characteristics, those from watersheds
having distinct crystalline lithologies can show similar chemical characteristics, as their
dissolved TMM will derive from the weathering of the same minerals (i.e., pyroxene,
amphibole, mica). This shows that the main lithological characteristics of a watershed do
not control the concentrations of dissolved trace elements in stream waters. Ultimately, this
highlights the need to define in the future natural baselines at the watershed scale rather
than at the national or European level.

This study also shows the importance of considering river discharge when designing
the sampling strategy of studies aiming at monitoring surface water quality, as for most
trace elements, topsoil leaching can significantly contribute to and impact the TMM budget.
The protocol we are proposing also allows a geochemical baseline for the head of a given
watershed to be defined with the assurance of a minimum impact from anthropogenic
activities. This is of particular importance, as after a certain distance from the spring, inputs
from tributaries can overprint the signature of the head water. This implies that several
baseline values may need to be defined downstream and, more importantly, demonstrates
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the inappropriateness of defining a regional baseline when the length of the considered
river becomes important.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13131845/51, Table S1. Geographic characteristics of sampling sites. Geographic coordinates
are expressed according to the Lambert 93 projection. Site 1: outlet; higher number: spring; Site P:
preparative survey if distinct, Table S2. Pb isotope ratios measured in stream waters and in sediment,
Table S3. Geographic characteristics of sampling sites from previous studies. Geographic coordonates
are expressed according to the Lambert 93 projection.
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