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Abstract. Tracing the origin of sediment is needed to improve our knowledge of hydro-sedimentary dynamics
at the catchment scale. Several fingerprinting approaches have been developed to provide this crucial informa-
tion. In particular, spectroscopy provides a rapid, inexpensive and non-destructive alternative technique to the
conventional analysis of the geochemical properties. Here, we investigated the performance of four multi-proxy
approaches based on (1) colour parameters, (2) geochemical properties, (3) colour parameters coupled with geo-
chemical properties and (4) the entire visible spectrum to discriminate sediment source contributions in a mining
catchment of New Caledonia. This French archipelago located in the south-west Pacific Ocean is the world’s
sixth largest producer of nickel. Open-cast nickel mining increases soil degradation and the downstream trans-
fer of sediments in river systems, leading to the river system siltation. The sediment sources considered in the
current research were therefore sediment eroded from mining sub-catchments and non-mining sub-catchments.
To this end, sediment deposited during two cyclonic events (i.e. 2015 and 2017) was collected following a trib-
utary design approach in one of the first areas exploited for nickel mining on the archipelago, the Thio River
catchment (397 km?). Source (n = 24) and river sediment (n = 19) samples were analysed by X-ray fluores-
cence and spectroscopy in the visible spectra (i.e. 365-735 nm). The results demonstrated that the individual
sediment tracing methods based on spectroscopy measurements (i.e. (1) and (4)) were not able to discriminate
sources. In contrast, the geochemical approach (2) did discriminate sources, with 83.1 % of variance in sources
explained. However, it is the inclusion of colour properties in addition to geochemical parameters (3) which
provides the strongest discrimination between sources, with 92.6 % of source variance explained. For each of
these approaches ((2) and (3)), the associated fingerprinting properties were used in an optimized mixing model.
The predictive performance of the models was validated through tests with artificial mixture samples, i.e. where
the proportions of the sources were known beforehand. Although with a slightly lower discrimination potential,
the “geochemistry” model (2) provided similar predictions of sediment contributions to those obtained with the
coupled “colour + geochemistry” model (3). Indeed, the geochemistry model (2) showed that mining tributary
contributions dominated the sediments inputs, with a mean contribution of 68 425 % for the 2015 flood event,
whereas the colour + geochemistry model (3) estimated that the mining tributaries contributed 65427 %. In a
similar way, the contributions of mining tributaries were evaluated to 83 &= 8 % by the geochemistry model (2)
versus 88 &= 8 % by the colour 4 geochemistry model (3) for the 2017 flood event. Therefore, the use of these
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approaches based on geochemical properties only (2) or of those coupled to colour parameters (3) was shown
to improve source discrimination and to reduce uncertainties associated with sediment source apportionment.
These techniques could be extended to other mining catchments of New Caledonia but also to other similar

nickel mining areas around the world.

1 Introduction

At the dawn of a fourth industrial revolution, demand for
metalliferous minerals continues to increase and impact the
world market (Prior et al., 2013; Highley et al., 2004). Cur-
rently, open-cast mining generates more than three-quarters
of the world’s metal ores. However, the extraction of these
minerals is associated with deleterious impacts on the envi-
ronment. In particular, these mines are responsible for the
increase in soil erosion and the accelerated transfer of sedi-
ment in the river systems. Indeed, bare soil areas generated
by mining activities including exploitation sites, prospection
areas and access roads significantly increase runoff produc-
tion (Yellishetty et al., 2013; Dumas et al., 2010; Abel et al.,
2000). Moreover, the extraction of mineral ore is accompa-
nied by a sharp production of mining waste. Until the 1980s,
no environmental regulation had been implemented to store
this mining waste, and it was dumped directly onto the moun-
tain slopes (Valette-Silver, 1993). Currently, this legacy of
mining waste provides an active source of sediment as it can
progressively be remobilized (Coulthard and Macklin, 2003;
James, 2013).

New Caledonia, an island located in the south-western Pa-
cific Ocean and currently the world’s sixth-largest producer
of nickel, is in particular challenged with the problems of sil-
tation of its river systems. Several studies outline how min-
ing activities, which started in 1875, are generally responsi-
ble for these river morphological changes (Bird et al., 1984;
Iltis, 1992; Garcin et al., 2017). In this case, excessive in-
puts of fine and coarse sediment triggered mainly during ex-
treme rainfall events (e.g. cyclones and tropical depressions)
have led to the disturbance of the sediment cascade in the
river systems. A raising and widening of the riverbed has in
particular been observed in the New Caledonian river sys-
tems by Garcin et al. (2017), leading to the increased oc-
currence of flooding events in these tropical regions. Ow-
ing to the occurrence of major cyclones in New Caledonia
(i.e. on average one cyclone every 2.7 years; Garcin, 2010),
the local population regularly has to deal with the damage
generated by these flood events: damage to human settle-
ments, public infrastructure and agricultural land and human
casualties. Moreover, suspended sediment is known to trans-
port large quantities of contaminants in river systems (Kumar
and Maiti, 2015; Priadi et al., 2011; Varol, 2011). Hedouin
et al. (2007), and, more recently, Baudrimont et al. (2019)
observed high concentrations of trace metals, including Ni
and Cr, in marine and freshwater organisms in New Cale-
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donia. These observations raise many questions about the
health impact of mining activities on populations who eat a
lot of fish. On a more global level, this anthropogenic activ-
ity also threatens the second largest coral reef in the world,
listed as a UNESCO World Heritage site (Davis and Fox,
2009). In particular, the increased turbidity associated with
sediment supply could disrupt coral metabolism (i.e. photo-
synthetic processes) (Juillot, 2019). These coral reefs provide
an exceptional biological diversity and deliver several es-
sential ecosystem services to the local population, including
fisheries, coastal protection and tourism (Pascal, 2010). The
implementation of effective and long-term sediment con-
trol measures on mining sites (e.g. sediment retention basin,
revegetation) is therefore required to reduce sediment in-
puts into the lagoon. To this end, quantifying the sediment
source contributions from mining activities becomes partic-
ularly important as the mining industries are subject to the
“polluter pays” principle applied since 1975, i.e. the obliga-
tion to fund remediation according to the extent of the dam-
age generated by mining activity to the environment (Clarke
and David, 2010). Discriminating between sediment sources
generated by mining activities and other potential sediment
sources is therefore a real social, environmental, political and
financial challenge in New Caledonia.

Indeed, other sediment sources that are not associated with
mining activities, such as deforestation, farming and pasture,
may contribute to sediment inputs in river systems. The use
of fires to clear landscapes also increases the area of bare
soils (Dumas et al., 2010). Moreover, several invasive species
such as deers or wild pigs threaten soil stability through tram-
pling and overgrazing (Shellberg et al., 2010). Soils that are
left uncovered with vegetation are more sensitive to erosion,
and they may be exposed to landslides (Blake et al., 2009;
Smith et al., 2011).

Sediment fingerprinting techniques have been developed
since the 1970s to determine the spatial origin of sediment
sources and quantify their contributions (Klages and Hsieh,
1975; Walling et al., 1979; Brown, 1985). These techniques
are based on the analysis of multiple conservative proper-
ties, both in the sediments and their potential sources. The
properties must necessarily be conservative; i.e. the ranges
of variation of these properties in the river material have
to be predictable based on those measured in the sediment
sources. The ability of one or more of these properties to
discriminate between sources then allows the relative contri-
bution of each source to be estimated through the use of a
mixing model (Collins and Walling, 2002). Fallout radionu-
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clides (Wallbrink, 2004; Evrard et al., 2015, 2020; Wall-
brink et al., 1998) and geochemical (Laceby and Olley, 2015;
Batista et al., 2018) and mineral properties (Gruszowski et
al., 2003; Motha et al., 2004) are the most frequently used
tracers to quantify sediment source contributions. The use
of fallout radionuclides and geochemical properties as po-
tential tracers was investigated to quantify the sources of
suspended sediment in the Thio River catchment (397 km?),
one of the first catchments in New Caledonia to be mined
for nickel. Fallout radionuclides proved to be unsuitable
(i.e. non-discriminatory), while geochemical properties pro-
vided promising results, i.e. 83.1 % of variance explained
in sources (Sellier et al., 2019). The discrimination offered
by geochemical properties was particularly explained by the
differences in geochemical composition outlined by Sevin
(2014) between the two dominant lithologies found in the
archipelago: volcano-sedimentary formations covering two-
thirds of the archipelago and peridotite massifs covering the
remaining third, where mining activities are located. Mining
erosion dominates 95 % of eroded areas identified on peri-
dotite massifs of the Thio River catchment according to the
remote sensing study carried out by Garcin et al. (2017). As
a result, using geochemical properties is effective to indi-
rectly quantify the sediment contributions from mining ac-
tivities and from areas devoid of mining activities. In this
case, K provides a straightforward tracer to discriminate
the sediment sources (Sellier et al., 2019). Indeed, volcano-
sedimentary rock formations naturally contain high K ele-
mental contents, whereas peridotite massifs are depleted in
this element in New Caledonia (Sevin, 2014). Although these
initial study results were very promising, other less expen-
sive, faster and possibly more efficient techniques than the
more conventional methods previously tested could be envis-
aged. For example, spectroscopy in the mid-infrared (MIR)
(Poulenard et al., 2009), the visible near-infrared (VNIR) and
the shortwave-infrared (SWIR) (Brosinsky et al., 2014) spec-
tra has been used to quantify the sediment source contribu-
tions. Spectroscopy is also non-destructive and requires low
quantities of sample material. Spectroscopy could therefore
meet the need for a simple, inexpensive, fast and portable
sediment tracing method in a context where flood events are
frequent. This analysis technique could also be more easily
transferred to local populations so that they can carry out
long-term environmental monitoring of sedimentary contri-
butions themselves.

Moreover, the geological specificity of the archipelago
provides a strong contrast in terms of soil colours ob-
served either on the peridotite massifs or on the volcano-
sedimentary formation rocks and, by extension, on the
eroded sediments derived from these soils. On the one hand,
the weathering of peridotite massifs naturally enriched in
Fe and transition metals such as Mn, Ni, Cr and Co results
in the formation of laterite profile composed of peridotites,
saprolites, yellow laterites and red laterites (from the bot-
tom to the top). Hypermagnesian and ferrallitic ferritic soils
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that are rich in goethite and hematite and that are formed
on the surface provide a particularly reddish-orange colour
to sediment derived from these exploited soils (i.e. mining
sources; Fig. 1). The weathering of volcano-sedimentary for-
mation rocks generates the formation of altered horizons rich
in goethite and clay horizons rich in kaolinite (from the bot-
tom to the top) (Denis, 1988). The eroded sediment derived
from fersiallitic soils formed on the surface is characterized
by a yellow-grey colour (Fig. 1). The differences made visu-
ally between the two sources further encourage the analysis
of sources by spectroscopy and especially spectroscopy in
the visible region of the spectrum (i.e. 365—735 nm). In par-
ticular, the colorimetric parameters derived from the visible
spectrum have been shown to be effective in discriminating
sediment sources. Their discrimination power has been tested
both individually (Evrard et al., 2019; Martinez-Carreras et
al., 2010; Uber et al., 2019) and in combination with other
tracers (e.g. geochemical properties; Tiecher et al., 2015) ac-
cording to the conventional fingerprinting approach (i.e. sta-
tistical analysis and use of a mixing model) (Collins et al.,
1996). A more alternative approach based on the entire visi-
ble spectrum with the partial least-squares regression (PLSR)
models has also been developed to trace the origin of sedi-
ment sources in the literature (Legout et al., 2013; Tiecher et
al., 2015).

As part of this study, four sediment fingerprinting meth-
ods based on (1) colour parameters, (2) geochemical proper-
ties, (3) colour parameters coupled with geochemical prop-
erties and (4) PLSR models based on the whole visible spec-
trum were tested in the Thio River catchment. A tributary
design approach was implemented to trace the origin of sedi-
ments; i.e. sediment samples collected on different tributaries
were used as potential sources of the river sediment col-
lected further downstream on the Thio River (Laceby et al.,
2017). Source (n = 24) and river sediment (n = 19) samples
were collected and analysed by X-ray fluorescence and spec-
troscopy in the visible spectra (i.e. 365-735 nm). For each
of these sediment fingerprinting methods, the associated po-
tential tracing properties were used in an optimized mixing
model. Tests with artificial mixture samples, i.e. where the
proportions of the sources were known beforehand, were car-
ried out to evaluate the predictive performance of each model
in order to select the best technique to be applied in the Thio
River catchment and possibly in other mining catchments of
New Caledonia.

2 Materials and methods

2.1 Study area

Located in the south-western Pacific Ocean, New Caledo-
nia (18 500km?) is made up of several islands, the largest
of which is La Grande Terre (17 000 km?2). The Thio River
catchment (397 km?) is located on the east coast of this is-
land (Fig. 2a). It has a mountainous relief, with an average al-
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(a)

(b)

Figure 1. Photographs of river material deposited on the channel banks of a mining tributary (a) and a non-mining tributary (b) in the Thio

River catchment.

titude of 416 ma.s.l. (i.e. minimum: 0 m, maximum: 1392 m;
Fig. 2a) and an average slope of 45 %. Two dominant litholo-
gies are present in the catchment: volcano-sedimentary for-
mations, mainly located on the western part of the catch-
ment, and peridotite massifs, concentrated in the eastern part
of the catchment. Cherts (22 %), sandstone (9 %), a mix
of basalt, dolerite and gabbro (6 %) and polymetamorphic
rocks (6 %) mainly constitute volcano-sedimentary forma-
tions, whereas peridotite massifs are composed of laterites
(18 %), peridotites (17 %), serpentines (10 %) and hazbur-
gites (1 %) (Garcin et al., 2017) (Fig. 2b). The rock formation
of these lithologies plays a key role in determining their de-
gree of soil erodibility. In this case, Dumas (2010) described
that volcano-sedimentary formations are less sensitive to soil
erosion than peridotite massifs. Indeed, rocks from volcano-
sedimentary formations such as basalts and cherts provide
a certain resistance to erosion, whereas laterites at the top
of the profile are extremely sensitive to erosion processes,
which explains why most forms of concentrated erosion (e.g.
gullies, rills) and mass movements are mainly observed on
peridotite massifs (Fig. 3). However, the permanent vegeta-
tion covering 96 % of the Thio River catchment surface of-
fers a relative protection against soil erosion across the catch-
ment. Peridotite massifs naturally enriched in heavy metals
have a low soil fertility, which explains why farming or pas-
ture activities are not implemented on these soils (Quantin
et al., 1997). Peridotite massifs have been exploited exclu-
sively for their nickel resources since 1875. According to the
mining registry, active and abandoned mining sites and ex-
ploration cover 21 % of the catchment area (Fig. 2c).

The Thio River catchment is subject to a tropical cli-
mate characterized by the alternation of a hot wet season
(November—April; mean temperature of 27 °C) and a cooler
dry season (May—October; mean temperature of 20 °C). The
mean annual rainfall in the Thio River catchment is 1620 mm
despite strong seasonal fluctuations, with the highest levels
of precipitation recorded during the cyclonic season between
January and March (700 mm, 1981-2008; Alric, 2009). Al-
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though they only occur on average once every 2.7 years, cy-
clones or tropical depressions may supply more than 20 % of
the annual rainfall in only 1 d according to local meteorolog-
ical records (Météo France).

A total of 12 major tributaries flow into the main stem
of the Thio River (28 km long) (Fig. 2a). A proportion of
92 % of the river channel length is characterized by slopes
lower than 5 %. According to Surell’s classification (1841),
the Thio River can be considered torrential, except in its estu-
arine section. In addition, the longitudinal connectivity is ex-
acerbated by the 8 km? of bare soils associated with past min-
ing activities (~ 10 sites), ongoing mining operations (e.g.
two sites: Thio Plateau, Camps des Sapins; Fig. 2¢) and the
occurrence of 6 km? of mining roads. Bare soil areas increase
soil erosion processes on peridotite massifs, which, once ini-
tiated, are difficult to contain (Fig. 3). Heavy rainfall and the
associated runoff exacerbate the widespread occurrence of
rills, gullies and landslides (Danloux and Laganier, 1991),
thus contributing to connect the sediment sources to the trib-
utaries and consequently to the main river (Fig. 3). For low-
intensity floods (i.e. <200m3s~!), a strong remobilization
of sediments in New Caledonian river systems has been ob-
served (Allenbach et al., 2020), thereby indicating that a lat-
eral connectivity occurs in the Thio River catchment through
the occurrence of channel bank erosion.

2.2 Hydro-sedimentary monitoring

Three rainfall stations (Thio Plateau, Thio village, Camps
des Sapins; Fig. 2a) are operated by Météo France, and five
others are managed by the DAVAR (Direction des Affaires
Vétérinaires Alimentaires et Rurales; i.e. Kouaré, Bel-Air,
Ningua, Kuenthio, Mont Do), with daily records available
since 1952 for some stations (e.g. Thio village). Daily dis-
charge has been monitored at a river gauging station located
on the main stem of the Thio River (at Saint-Michel) since
1981 by the DAVAR (Fig. 2a).

https://doi.org/10.5194/s0il-7-743-2021
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Figure 2. Location of the rainfall and river monitoring stations (a), main lithologies (b) and location of the sediment samples collected along
with tributary source classifications (c¢) conducted in the Thio River catchment, New Caledonia.

2.3 Sources and river sediment sampling

In this study, two extreme events were investigated: Cy-
clone Murcia on 25 February 2015 and Cyclone Cook on
10 April 2017. These cyclones respectively contributed to
7% of annual rainfall in 2015 and 25% in 2017. They
generated floods with a return period of 10 years (i.e.
3500 m>s~!). To trace the origin of sediment, lag deposits
were collected as an alternative of suspended sediment sam-
pling on channel bars of mining tributaries (n = 16), non-
mining tributaries (n = 8) and the Thio River (n = 19) ac-
cording to the tributary design approach recommended by
Laceby et al. (2017) (Fig. 2¢). Lag deposits were sampled
after the two major floods generated by Cyclone Murcia
(n =31) and Cyclone Cook (n = 12). These two sample sets
were respectively sampled between 30 April and 5 May 2015
and between 16 and 17 May 2017. At each sampling site, 5
to 10 subsamples of fine sediment were collected depend-
ing on the amount of observed sedimentary material. They
were sampled across a 10m? surface with a plastic trowel
at exposed subaerial sites free of vegetation on channel bars.
The subsamples were composited into one sample, represen-
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tative of the fine sediment deposited on the channel bars. The
samples were oven-dried at 40° C for ~48h. Particle size
selectivity may occur during the erosion, transport and depo-
sition processes, inducing an overall finer particle size dis-
tribution in the river material compared to the sources. This
selectivity can lead to a non-conservation of the fingerprint-
ing properties. For example, certain properties are preferen-
tially contained in a given particle size fraction, which can
create a relative enrichment or conversely a relative deple-
tion of these properties in the river material according to the
particle size fraction analysed. In order to avoid this particle
size effect, river sediment and source samples were sieved to
63 um, which is the most commonly used fraction in sedi-
ment tracing research (Owens and Walling, 2002; Navratil et
al., 2012).

2.4 Preparation of artificial mixture samples

Equal quantities of all mining tributary samples (0.4 g for
each sample, n = 16) were mixed together to create a com-
posite sample which would have an overall geochemical and
colour signature of the mining sources in the Thio River

SOIL, 7, 743-766, 2021
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Figure 3. Photographs of concentrated erosion and mass movement processes observed on peridotite massifs of the Thio River catchment.

catchment (i.e. “mining source” pole). The same process
was carried out with non-mining tributary samples (0.4 g
for each sample, n =8, “non-mining source” pole). Min-
ing source and non-mining source pole samples were then
mixed in known proportions to create artificial mixture sam-
ples (n =21, 0 %—100 % with a 5 % step; Table 1).

2.5 Source, river sediment and artificial mixture sample
analyses

Spectroscopy measurements in the visible (i.e. 365-735 nm)
were carried out with a portable diffuse reflectance spec-
trophotometer (Konica Minolta 2600d) at the Institut des
Géosciences de I’Environnement (IGE, Grenoble, France).
To this end, between 0.1 and 4 g of Thio River sediment
(n = 19), source (n = 16) and artificial mixture samples (n =
20) was stored in 60 mL polystyrene tubes. In order to per-
form the analyses, the spectrophotometer was installed on a
flat surface with the measuring window facing upwards. The
tubes were then placed on the 3 mm radius circle measuring
cell. Because of the rather small measuring area, and to take
into account the possible heterogeneity within the samples,
three measurements were carried out on river sediment and
sources samples for each tube. For artificial mixture samples,
the experimenter who conducted the analyses performed four
measurements. Spectral reflectances were measured between
365 and 735nm with a 10nm resolution. Several parame-
ters were applied for each measurement: D65 illuminant,
10° angle observer and specular component excluded. Raw
data collected correspond to the spectral reflectance percent-
age for each of the 39 wavelength classes. From these raw
data, 15 variables of various colorimetry models were de-
rived. Among these components, XY Z tri-stimulus values

SOIL, 7, 743-766, 2021

Table 1. Proportions of mining and non-mining sources (%) in ar-
tificial mixture samples (M;). M6 was withdrawn from this study
because an error occurred at the time of its completion (not consid-
ered in the study, given in italics).

M; Proportions of mining Proportions of non-mining
source pole (%) source pole (%)

M1 0 100
M2 5 95
M3 10 90
M4 15 85
M5 20 80
M6 25 75
(not considered in the study)  (not considered in the study)

M7 30 70
M8 35 65
M9 40 60
M10 45 55
M1 50 50
MI12 55 45
MI13 60 40
M14 65 35
MI15 70 30
Mi16 75 25
M17 80 20
M18 85 15
M19 90 10
M20 95 5
M21 100 0

https://doi.org/10.5194/s0il-7-743-2021
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were calculated based on the colour-matching functions de-
fined by the International Commission on Illumination (CIE
1931). The standardized tri-stimuli were then converted into
CIELab and CIELu’v" Cartesian coordinate systems using
the equations provided by CIE (1976) and then into CIELch,
CIEL*a*b* Cartesian coordinate systems using the equations
provided by CIE (1994) (Rossel et al., 2006). The first deriva-
tive reflectance of the visible spectra (FDVS) of each sample
was also derived from the initial reflectance spectrum. Ac-
cording to Tiecher et al. (2015), the use of FDVS avoids dif-
ferences in baseline positions and allows us to get rid of the
small differences due to uncontrolled sources of variation,
such as sample packaging. A zero and a white calibration
were performed before each set of measurements. In addi-
tion, and in order to evaluate a potential drift of the device’s
signal, control measurements were carried with red, green
and yellow panels and three contrasted sediment samples be-
fore and after each set of measurements.

Measurements of 11 geochemical elements (i.e. Mg, Al,
Si, K, Ca, Ti, Cr, Mn, Fe, Ni and Zn) on the samples were
conducted by pre-calibrated energy-dispersive X-ray fluores-
cence spectrometry (Epsilon 3, Malvern PANalytical) with
certified reference samples including International Atomic
Energy Agency (IAEA) standards. Correlations between the
determined and the standard elemental contents were com-
prised between 0.90 and 0.99. The associated mean relative
error was 9 % (SD 8 %). Between 0.2 and 0.5 g of the sam-
ples was packed in small mass holder (SMH) cells with an
air double X-ray Mylar film and analysed at the Laboratoire
des Sciences du Climat et de I’Environnement (LSCE, Gif-
sur-Yvette, France). Samples were irradiated with a primary
beam generated by an Rh anode X-ray tube emitting elec-
tromagnetic waves between 100 eV and 1 MeV, with a maxi-
mum power, typical current and voltage fixed to 15 W, 3mA
and 50kV respectively. The associated Si drift detector had a
Be window thickness of 8 ym and recorded the sample spec-
trum in a 2D optical geometry configuration. X-ray inten-
sities were converted into concentrations using the Epsilon 3
software program through the application of the fundamental
parameters method.

2.6 Statistical analysis and sediment tracing
2.6.1 Conventional mixing model

In general, the sediment source fingerprinting approach is
composed of four main steps: (1) range test, (2) the Mann—
Whitney U test, (3) a stepwise discriminant function analysis
and (4) a mixing model (Collins et al., 1996; Laceby and
Olley, 2015). For the range test, all variables exhibiting val-
ues in the river sediment samples that were outside of the
range found in the potential sources (i.e. between the min-
imum and maximum values found in source samples) were
excluded from the analysis. It is important to restrict the trac-
ing parameters to those that show a conservative behaviour
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to avoid incorrect source prediction and consequently inac-
curate estimations of source contributions (Sherriff et al.,
2015). Thereafter, the Mann—Whitney U test (« = 0.05, p
value < 0.01) was performed to evaluate whether conserva-
tive variables could discriminate mining tributary samples
versus non-mining tributary samples. A stepwise discrimi-
nant function analysis (DFA) was independently run on three
sets of potential tracing properties: (1) colour parameters (i.e.
“colour”), (2) geochemical properties (i.e. “geochemistry”)
and (3) colour parameters and geochemical properties (i.e.
“colour + geochemistry”). For the last set, the raw values of
the variables were normalized in order to make them compa-
rable. Indeed, several colour parameters were within an order
of magnitude of around 0.01, whereas for the geochemical
parameters the difference was around 10® mgkg~!, which re-
sulted in a poorly conditioned matrix for the DFA.

The following calculation was therefore applied on the
variable values to normalize them: X; — Xmin/Xmax — Xmin»
where x; was the value found in the source sample (i), and
Xmin and xmax Were respectively the minimum and maximum
values found in the source samples. The DFA was carried out
to select the optimal number of potential tracers to discrimi-
nate the sources for each modelling approach with the opti-
mal number of potential tracers which must provide the low-
est Wilks lambda value from analysis of variance. Indeed, the
closer the Wilks lambda value is to 1, the lower the variabil-
ity within the sources compared to the total variability. The
DFA was performed in the backward mode with a p > 0.01
used to select a tracer and p < 0.01 used to remove a tracer.
The Statistica software was used to carry out the DFA be-
cause it has the advantage of automatically identifying and
eliminating collinear variables.

Finally, a classical solver-based mixing model was used
to model the source contributions from the mining and non-
mining tributaries to target sediment through simultaneously
minimizing the mixing model difference (MMD) (Evrard et
al., 2019):

MMD =Y " (C; —(Aix + Bi(1—x)) /C)). )

where n is the number of parameters in the model chosen by
the selection process (i.e. steps 1, 2, 3); C; is the Thio River
sediment sample parameter (i); x and (1 —x) were respec-
tively the contributions of source A and B (i.e. mining and
non-mining tributaries); and A; is the mean of parameter (i)
in source A and B; is the mean of parameter (i) in source
B. The proportional contribution from each source (x) was
modelled by solving Eq. (1) with the Solver function in Mi-
crosoft Excel, with x being between 0 and 1 and the sum of
source contributions (i.e. x and 1 — x) equalling 1. The GRG
non-linear solving method was used with automatic scaling
in Solver, ignoring integer constraints, with a maximum run
time of 5000 and allowing for 2500 iterations. For each of the
2500 iterations, the values of the variables were determined
randomly with respect to their initially fixed ranges of values.
A constraint precision and convergence of 1.0 x 107® were
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selected for each of the model runs. To test the reliability of
the colour, geochemistry and colour 4+ geochemistry models,
these were tested on artificial mixture samples.

2.6.2 FDVS- PLSR model

FDVS-PLSR models were built following the methodology
described in Poulenard et al. (2012). The first step consisted
in applying a principal component analysis (PCA) to evaluate
the overall variability between FDVS values (i.e. 38 wave-
length classes) of source samples. Subsequently, a discrimi-
nant analysis (DA) was conducted based on the PCA scores.
The purpose of this analysis was to compare the Mahalanobis
distance between sources samples and to determine if the
FDVS of source samples could discriminate the sources. Re-
lationships between FDVS (x variate) and the correspond-
ing weight contribution of the sediment source data sets (y
variate) were analysed using PLSR. The PLSR models were
carried out based on the component set providing the lowest
predictive error (PRESS, option on XLStat software). Two
independent PLSR models were built to estimate the two sed-
iment source contributions. As the artificial mixtures were
measured four times by spectroscopy, 84 FDVS values of ar-
tificial mixture samples were generated, including 50 values
that were randomly selected to build the models (training set
(ST)) and 34 to validate the models (validation set (SV)).
The SV : ST ratio used was approximately 1 : 2, which is in
agreement with recommendations provided in the literature
(Daszykowski et al., 2002). To evaluate the performance of
PLSR models, several indicators such as the coefficient of
linear regression (r2), root mean square error of calibration
(RMSEC) and root mean square error of prediction (RMSEP)
values were calculated. Unlike the conventional fingerprint-
ing approach, the estimated contributions of sources were not
limited to be in the range of 0 % and 100 %. In a similar way,
the sum of source contributions was not constrained to be
equal to 100 %. As a result, another way to control the relia-
bility of predictions was to sum the prediction proportions of
both models (Legout et al., 2013). FDVS values of river sed-
iment samples were then introduced into these PLSR models
to estimate the contribution of sediment sources.

3 Results

3.1 Source description

The ranges of values of all colour parameters measured in
the Thio River sediment samples systematically lay within
the range of values observed in the two potential sources
(i.e. mining and non-mining tributaries; Fig. 4 and Table 2).
The range test results confirmed the conservative character
of these parameters. For geochemical properties, elemental
concentrations measured in the river sediment also plotted
within the range of concentrations found in sources (Sell-
ier et al., 2019). In a similar way, the range tests applied on
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geochemical properties showed that all these properties were
also conservative.

3.2 Selection of parameters/properties for modelling
3.2.1  Colour model

According to the Mann—Whitney U test results, six colour
parameters (i.e. b*, C*, x, y, z, v') provided significant
discrimination between the two sediment sources (i.e. p
value < 0.01; Table 2). The backward DFA selected only v’
as the optimal tracer of mining and non-mining source sed-
iments (Fig. 4, Table 3). Although this parameter correctly
classified 79.2 % of sources, the high Wilk’s lambda value
obtained (i.e. 0.7209, Table 3) showed that only 27.9 % of
variance was explained by v’. The low Mahalanobis distance
value obtained (i.e. 1.6) confirmed that sediment sources
were not well separated. Accordingly, and owing to the high
error percentage of the source discrimination provided by
this approach (i.e. 72.1 %), source contributions were not
modelled with the colour model.

3.2.2 Geochemistry model

When considering the two potential sediment sources, all
geochemical properties (except Zn) were selected as po-
tentially discriminant by the Mann—Whitney U test (i.e. p
value < 0.01, Table 2). Among the 10 potential tracers, K
was selected by the backward DFA to model sediment source
contributions from mining and non-mining tributaries, with
95.3 % of sources correctly classified and 83.1 % of variance
explained by K. This percentage of variance explained was
deduced from the final Wilk’s lambda value obtained (i.e.
0.1691). Moreover, the Mahalanobis distance value showed
that the sediment sources were well separated from each
other, with a significant distance of 20.3 (Table 3) (Sellier
et al., 2019).

3.2.3 Colour + geochemistry model

When combining colour parameters and geochemical proper-
ties, the DFA selected five optimal tracers (i.e. K, Ca, Ti, b*,
C*) able to correctly classify 100 % of the sources. A sig-
nificant improvement in the source discrimination was ob-
served with the lowest Wilk’s lambda value obtained (i.e.
0.0734) and the highest percentage of variance explained (i.e.
92.6 %). Moreover, the Mahalanobis distance value obtained
(i.e. 52.1) was more than 2.5 times higher than that estimated
with the geochemistry model (Table 3), thus resulting in a
better separation between sediment sources than the previ-
ous approach (i.e. geochemistry).
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Figure 4. Box plots of colour parameter values in the < 63 um fraction of sediment collected on the mining tributaries (mining), non-mining
tributaries (non-mining) and the main Thio River (Thio River sediment (TRS) flood events of 2015 and 2017). The box indicates the location
of the first and third quartiles; the black line indicates the median value; the red line indicates the mean value.
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Table 2. Mean values of geochemical element contents and colour parameters in the < 63 pm fraction of sediment sources and Thio River
sediment (SD: standard deviation); results of Mann—Whitney U test and individual DA used to identify the potential tracers to differentiate

sources supplying sediment to the Thio River.

Fingerprinting property =~ Mann—Whitney U test | DA — correctly Mean £ SD
Mining tributaries classified
versus non-mining samples (%)
tributaries
U value p value Mining Non-mining Thio River Thio River
tributaries tributaries  sediment 2015  sediment 2017
(n=16) (n=218) (n=11) (n=28)
Geochemical tracers
Al (gkg’l) 8 0.000 87.5 21421 6718 43+15 29+6
Ca (mgkg™1) 21 0.007 62.5 3731 £470 9286 £ 5194 5281 £ 1201 3945 £ 666
Cr (mgkg™1) 124 < 0.0001 83.3 7480 + 4606 706 + 967 4359 +£2185 5715+ 1786
Fe (gkg™!) 121 0.000 91.6 14470 62+24 43+15 2946
K (mgkg™1) 2 < 0.0001 95.8 1657 £2160 14019 +£3702 5944 £3294 3750 £974
Mg (gkg™1) 119 0.000 83.3 99 £ 59 1613 88133 117£21
Mn (mgkg™1) 108 0.006 83.3 2531+ 1317 1439 + 606 2068 + 667 1786 £ 516
Ni (mgkg™1) 125 < 0.0001 91.6 6576 5075 358 £339 4218 £1938 4341 +1239
Si (gkg™1) 6 < 0.0001 91.6 178 £42 254 £28 221+15 204 £7
Ti (mgkg™!) 13 0.001 87.5 1409 £ 2077 5446 + 835 2771+ 1197 1663 +457
Zn (mgkg~ 1) 68 0.834 - 146 £47 125+4 134£17 125£8
Colour parameters
L* 24 0.013 - 41.6£4.6 45.7+£3.9 43.1+1.7 43.0£2.0
a* 104 0.013 - 9.7+3.8 57+12 73+£19 6.5+1.7
b* 106 0.009 70.8 245+45 200£25 22.5+£3.0 219+£1.6
Cc* 108 0.006 66.6 264+£55 20.8£2.7 237+£35 229+£20
h 26 0.019 - 69.2+4.8 742+19 722+£22 73.8+29
X 107 0.007 75 0.42+0.03 0.39+0.01 0.41+0.01 0.40+0.01
y 111 0.003 79.2 | 0.396+£0.008 0.387+0.005 0.393+0.005 0.394+£0.004
Z 19 0.005 75 0.18 £0.04 0.22+0.01 0.20£0.02 0.20+£0.02
L 27 0.013 - 35.1+4.2 38.9+3.7 364+1.6 36.3+1.9
a 103 0.016 - 73+29 44+1.0 56+15 49+12
b 91 0.106 - 13.1£15 120£1.5 127+£14 125+£04
u* 101 0.023 - 248+£69 17.8£2.8 209+4.0 194+£27
v* 93 0.081 - 247+2.8 22.5+2.7 24.1+£2.6 23.7+0.8
u 105 0.011 - | 0.245+£0.016 0.2284+0.005  0.235+0.007  0.233£0.007
v/ 111 0.003 79.2 | 0.516£0.008 0.507+£0.004 0.513+£0.004 0.512£0.003

3.3 Assessment of model performance on artificial
mixture samples

Prior to applying mixing models to river sediments, prelimi-
nary tests were conducted to control the validity of the mod-
els (i.e. geochemistry and colour 4 geochemistry) and the
associated estimations of source contribution errors. When
applying these models on the artificial mixture samples, ac-
tual and predicted proportions were well correlated for both
models (i.e. 7> =0.99 and r> = 0.98 respectively for geo-
chemistry and colour 4 geochemistry models, SDy,x = 3 %)
(Fig. 5).

However, the geochemistry model described in Fig. 5a
showed that the contributions of mining tributaries were

SOIL, 7, 743-766, 2021

overestimated. With 100 % of actual mining contributions,
100 % of mining contribution was predicted by the model.
However, instead of 0% of actual mining contributions,
a mining contribution of 15.5% was predicted by the
model. It means that the more the estimated mining source
contribution tends towards 0%, the greater the associ-
ated overestimation (i.e. maximum 15.5 %) (Fig. 5a). The
colour + geochemistry model also provided a slight overes-
timation of the contribution of mining tributaries (i.e. 7 %
intercept of the regression line; Fig. 5b). Given the slope of
the regression line calculated is close to 1 (i.e. 0.98), this 7 %
overestimation remains constant over the entire range of po-
tential contributions.
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Figure 5. Comparison between actual mining source proportions prepared in artificial mixtures and the mining source proportions predicted

by the geochemistry (a) and colour 4 geochemistry (b) models.

3.4 Building partial least-squares models based on
FDVS

Mining sources are characterized by a red-orange colour,
while sediments originating from non-mining sources have
a yellow-grey colour (Fig. 1). The colour contrasts may
be explained by the distinct geochemical composition of
these sources. Mean FDVS values indicated the presence of
goethite (i.e. at 445 and 525 nm), hematite (i.e. at 555, 565
and 575nm) and organic matter (i.e. between 600—700 nm)
(Debret et al., 2011) in both mining and non-mining sources
(Fig. 6). In a similar way, the Thio River sediment samples
(2015, 2017) showed similar characteristics since the vari-
ations of the mean FDVS remained between those found
in the sources (Fig. 6). Nevertheless, some differences can
be observed between the sources. The spectral signature of
goethite is slightly stronger at 445 nm in non-mining tribu-
taries compared to mining tributaries. No difference between
sources was observed at 525 nm, the second wavelengths
characterizing the presence of goethite. In contrast, the spec-
tral signature of hematite (i.e. at 555, 565 and 575 nm) was
stronger in mining tributaries than in non-mining tributaries.

To test the potential discrimination offered by FDVS, a
PCA was applied on the source data set. The first 10 princi-
pal components from PCA explained 99 % of the total varia-
tion in the spectra. The DFA performed on these components
resulted in a final Wilks lambda value of 0.1585. In other
words, 84.1 % of variance is explained by these 10 compo-
nents. Moreover, 100 % of the source samples were correctly
classified. The performances of FDVS-PLSR models are pre-
sented in Fig. 7. The mining and non-mining tributary FDVS-
PLSR models provided an excellent correlation between ac-
tual and predicted proportions, with 7> and slopes close to 1
and intercepts of linear regression close to 0. The root mean
square error of calibration (RMSEC) values estimated for
both models were low, i.e. 3.4 % and 3.1 % respectively for
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mining (Fig. 7a) and non-mining tributary models (Fig. 7b).
These models also provided a good predictability of source
contributions, with low root mean square error of prediction
(RMSEP) values (i.e. 8.0 % and 4.7 % respectively for min-
ing and non-mining tributary models). Another way to con-
trol the reliability of predictions was to sum the predicted
proportions of both models (Legout et al., 2013). Consider-
ing the whole data set used in the construction of the partial
least-squares regression models (i.e. calibration and valida-
tion) led to a mean sum of the predicted source proportions
of 102 % (SD 3 %, range: 98 %—114 %), thus highlighting the
effective prediction performance of FDVS-PLSR models.

3.5 Source apportionment modelling

3.5.1 Geochemistry model

The geochemistry model estimated that the mining tribu-
taries contributed an average of 65 &+ 27 % of the Thio River
sediment during the 2015 flood event; they therefore domi-
nated sediment inputs overall during this event. Nevertheless,
non-mining tributaries mainly contributed to the sediment in-
puts at three sampling points along the Thio River (Fig. 8a,
Table 4, sampling points 3, 5, 7). These contributions did
not, however, compensate for those provided by mining trib-
utaries in the estuary (63 %—89 %). Indeed, the dominant
mining contributions found in upstream river reaches (96 %,
Fig. 8a, Table 4, sampling point 1) gradually decreased along
the Thio River, fluctuating between 17 %—77 % before in-
creasing again at the confluence between the Thio River and
the mining tributaries draining the Thio Plateau mining area
(i.e. 85 %, Fig. 8a, Table 4, sampling point 8) and reaching
60 %—64 % in the estuary.

The geochemistry model also demonstrated that mining
tributaries dominated sediment inputs, with a mean contribu-
tion of 83 + 8 % during the 2017 flood event (Table 5). The
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Table 3. Results of DFA used to identify the optimum tracer combination to differentiate sources supplying sediment to the Thio River.

Fingerprint property Wilks’ Variance Squared Correctly

selected lambda explained by = Mahalanobis classified
the variables (%) distance  samples (%)

Colour

v 0.7209 279 1.6 79.2

Geochemistry

K 0.1691 83.1 20.3 95.3

Colour + geochemistry

K, Ca, Ti, b*, C* 0.0734 92.6 52.1 100
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Figure 6. FDVS measured in the < 63 um fraction of sources and
Thio River sediment samples.

lowest mining tributary contributions estimated (i.e. 69 %)
was found after the confluence with the Kouaré non-mining
tributary (Fig. 8b, Table 5, sampling point 4). Nevertheless,
further downstream, the proportions of the mining sources
increased again to reach 77 %—83 % in the estuary (Fig. 6b,
Table 5, sampling points 7, 8).

3.5.2 Colour+ geochemistry model

Similar results were obtained with the colour + geochemistry
model. The contributions of mining tributaries were esti-
mated to an average of 68 =25 % for the 2015 flood event.
Mining tributary contributions provided almost all the sedi-
ment transiting the uppermost reach of the Thio River (i.e.
99 %, Fig. 9a, Table 4, sampling point 1). However, after
the confluence with the Kouaré tributary, non-mining tribu-
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taries dominated, with a contribution of 83 % (Fig. 9a, Table
4, sampling point 3). Further downstream, the contribution of
mining tributaries increased again, with supplies varying be-
tween 34 %—89 % to reach 58 %—70 % in the estuary (Fig. 9a,
Table 4). The largest difference between geochemistry and
colour + geochemistry model outputs was 18 % for the 2015
flood event.

The colour + geochemistry model also demonstrated that
88 £ 8 % of the sediment supply originated from mining trib-
utaries during the 2017 flood event. Along the Thio River,
mining tributary contributions varied between 100 % in the
uppermost reach, 74 % after the Kouaré river confluence and
83 %—85 % in the estuary (Fig. 9b, Table 5). The largest
difference between geochemistry and colour + geochemistry
model outputs was 10 % for the 2017 flood event (Table 5).

3.5.3 FDVS-PLSR model

Unlike the conventional fingerprinting approach, the esti-
mated contributions of sources were not limited to vary in
the range between 0 % and 100 %. In a similar way, the sum
of source contributions was not constrained to be equal to
100 %. As a result, another method to control the reliabil-
ity of predictions was to sum the predicted proportions of
both models and to verify that this sum was close to 100 %
with an acceptable error of 20 %. If this point is not ver-
ified, it is likely that a potential source has not been sam-
pled and considered in the study or that the behaviour of the
fingerprinting properties is not conservative (Legout et al.,
2013). When applying the FDVS-PLSR models (i.e. mining
and non-mining tributary contributions) to the river sediment
samples (2015, 2017), the mean sums of the source contri-
butions were 92+ 8 % and 80 * 13 %, respectively, for the
2015 and 2017 flood events (Tables 4 and 5), which are sat-
isfactory results. However, for the 2017 flood events, three
river sediment samples collected at sampling points nos. 1,
2 and 3 showed sums of source contributions below 70 %,
indicating a lack of reliability of the model. The results ob-
tained at these three points must therefore be interpreted with
great caution. Moreover, and because the predicted sums
were slightly different from the expected 100 %, a bar plot
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Figure 7. Building of FDVS-PLSR models for mining sources (a) and non-mining sources (b).

display of the source contributions has been chosen to facili-
tate the interpretation of the results (Fig. 10).

According to the FDVS-PLSR model results, 34 £22 %
of sediment supply originated from mining tributaries, while
non-mining tributary contribution provided 58 = 18 % of the
sediment input for the 2015 flood event (Fig. 10a, Table 4). In
the upper part of the Thio River catchment, non-mining trib-
utaries largely dominated, with a contribution of 80 % versus
6 % for mining tributaries. Along the Thio River, mining trib-
utary contributions gradually increased to reach 70 % after
the Mué tributary confluence (i.e. one of the tributaries drain-
ing the Thio Plateau mine; Fig. 8a, Table 4, sampling point
9). The non-mining tributary contributions fluctuated along
the Thio River between 41 %—85 % (Fig. 8a, Table 4, sam-
pling points 2-8) and reached a minimum of 28 % (Fig. 10a,
Table 4, sampling point 9) after the Mué tributary confluence.
In the estuary, sediment supply was originated from 51 %—
70% of mining tributaries and 28 %—52 % of non-mining
tributaries (Fig. 10a, Table 4, sampling points 9, 10, 11).

The FDVS-PLSR models also indicated that mining and
non-mining tributaries respectively contributed a mean of
29+20% and 51 & 11 % of sediment (Fig. 10-b, Table 5)
during the 2017 flood event. In a similar way, mining contri-
butions gradually increased along the Thio River from 11 %
in upper parts to reach 52 %-58 % in the estuary. On the
contrary, non-mining contributions gradually decreased from
56 % in uppermost parts to reach 35 %-36 % in the estuary
(Fig. 10b, Table 5).

In summary, the FDVS-PLSR models provided opposite
results to those of the conventional sediment fingerprinting
approach (i.e. geochemistry and colour + geochemistry mod-
els). According to the FDVS-PLSR models, non-mining trib-
utaries contributed the majority of the sediment supply for
the 2015 (58 £ 18 %) and 2017 (51 & 11 %) flood events. In
contrast, the geochemistry and colour + geochemistry mod-
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els demonstrated that mining tributary contributions dom-
inated sediment supply for the 2015 (i.e. 65+27 % and
68 £ 28 % respectively) and 2017 flood events (i.e. 83 £8 %
and 88 £ 8 % respectively).

3.6 Complementary tests: representativeness of
artificial mixture samples used for the FDVS-PLSR
models compared to source samples

The FDVS-PLSR models provided contradictory results
compared to those obtained with the geochemistry and
colour + geochemistry models. In order to explain these re-
sults, complementary analyses were carried out with this
model. This model was built from the mining and non-
mining tributary samples (i.e. mixture of source sam-
ples > source poles > artificial mixture samples > FDVS-
PLSR models). The objective of these analyses was to check
whether the model is “well built”, in other words whether it
is representative of the sources identified and whether it is ca-
pable of correctly “classifying” the sources. To this end, we
applied the FDVS-PLSR models on source samples to esti-
mate their composition in terms of source contributions with
FDVS-PLSR models. In the same way as we did above for
the river sediment samples, we assessed the reliability of pre-
dictions by summing the source contributions predicted by
both models (Legout et al., 2013). A mean sum of the pre-
dicted source proportions of 94 + 17 % was calculated from
the source sample data set, which again is an excellent result.
However, for the three mining tributary samples collected on
the Koua tributary, the corresponding sums remained below
65 % with a minimum of 49 %, whereas for one of the non-
mining tributary samples collected on the Kouaré tributary,
the sum reached 131 % (Fig. 11). These results indicate that
the FDVS-PLSR models provide unreliable predictions when
dealing with river sediment samples with a colour signature
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Figure 8. Relative contributions of mining and non-mining tributaries to the sediment collected in the Thio River during the 2015 (a) and

2017 (b) flood events using the geochemistry model.

partly impacted by these four samples. The colorimetric sig-
nature of the mining tributary samples collected on the Koua
tributary in particular is not fully recognized by the models.
The compositions of mining and non-mining tributary sam-
ples in Figs. 11 and 12 also show that artificial mixture sam-
ples built from a mix between the composite mining source
sample and the composite non-mining source sample did not
cover the range of values found in all the source samples en-
tirely, which may explain why some source samples showed
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mining and non-mining tributary composition lower than 0
and/or higher than 100 %.

Moreover, we observed that two sub-groups of mining
tributary samples can be distinguished, the first one corre-
sponding to samples collected on the mining tributaries lo-
cated in the uppermost part of the catchment and the sec-
ond to samples collected on the mining tributaries located
further downstream. The FDVS-PLSR differentiated the sec-
ond group rather well since the mining tributary composition
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Figure 9. Relative contributions of mining and non-mining tributaries to the sediment collected in the Thio River during the 2015 (a) and

2017 (b) flood events using the colour + geochemistry model.

is dominant in these samples. In contrast, the first group re-
ferred to as “upstream” overlapped with the non-mining trib-
utary samples (Fig. 11). Indeed, Fig. 12 shows the mining
tributaries located in the upper part of the catchment were de-
fined as “non-mining tributaries” by the FDVS-PLSR mod-
els.

The low K contents found in these samples confirmed,
however, that they were mainly supplied by mining sources
(Fig. 13). Indeed, only tributaries draining peridotite mas-
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sifs (i.e. mining areas) can show such low K contents in
source samples (Sellier et al., 2019). Nevertheless, a colour
difference could be observed visually and through variations
of the a* parameter: the a* values increased from upper to
lower parts, which results in an increasingly red coloration
of mining tributary samples in downstream direction. Figure
13 shows also that the a* values found in samples collected
in the upper catchment part overlapped with those of non-
mining tributary samples.
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Figure 10. Relative contributions of mining and non-mining tributaries to the sediment collected in the Thio River during the 2015 (a) and

2017 (b) flood events using the FDVS-PLSR models.

4 Discussion

4.1 Advantages and limits of models
4.1.1 Colour model

One of the objectives of this study was to test the contri-
bution of spectrocolorimetry for improving the source dis-
crimination. Indeed, visual observations indicated that min-
ing tributary samples were red-orange, whereas non-mining
tributary samples were rather yellow-grey (Fig. 1). However,
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the results showed that the colour parameters, when used in-
dividually, did not provide sufficient discrimination between
sources (Table 2) to meet this objective. Indeed, some min-
ing tributary samples showed colour parameter values sim-
ilar to those found in non-mining tributary samples (e.g. v’
at Table 3, or a* shown at Fig. 13). This overlap of value
ranges could explain in particular the inability of the colour
model to provide satisfactory source discrimination. In the
case of mining sources, minerals such as hematite or goethite
have a reddish-orange colour (Quantin et al., 1997). Indeed,
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Table 4. Source contributions calculated by FDVS-PLSR, geochemistry and colour + geochemistry approaches for sediment deposited

during the flood of 25 February 2015.

Mining tributary contributions (%)

‘ Non-mining tributary contributions (%) ‘

Sum of source contributions (%)

Sampling FDVS-  Geochemistry Colour+ | FDVS-  Geochemistry Colour+ | FDVS-  Geochemistry Colour +
point PLSR geochemistry PLSR geochemistry PLSR geochemistry
1 6 96 99 80 4 1 86 100 100
2 33 95 96 51 5 4 84 100 100
3 4 17 17 85 83 83 90 100 100
4 32 65 65 64 35 35 96 100 100
5 22 41 59 63 59 41 85 100 100
6 42 77 74 41 23 26 83 100 100
7 12 29 34 79 71 66 91 100 100
8 47 85 83 46 15 17 93 100 100
9 70 88 89 28 12 11 98 100 100
10 51 64 70 44 36 30 94 100 100
11 59 60 58 52 40 42 111 100 100
Mean (%) 34 65 68 58 35 32 92 100 100
SD (%) 22 27 25 18 27 25 8 - -
Minimum (%) 4 17 17 28 4 1 84 - -
Maximum (%) 70 96 99 85 83 83 111 - -

SD: standard deviation.

Table 5. Source contributions calculated by FDVS-PLSR, geochemistry and colour + geochemistry approaches for sediment deposited

during the flood of 10 April 2017.

Mining tributary contributions (%)

‘ Non-mining tributary contributions (%) ‘

Sum of source contributions (%)

Sampling FDVS-  Geochemistry Colour+ | FDVS-  Geochemistry Colour+ | FDVS-  Geochemistry Colour +
point PLSR geochemistry PLSR geochemistry PLSR geochemistry
1 11 90 100 56 10 0 66 100 100
2 9 94 98 58 6 2 68 100 100
3 11 89 92 52 11 8 63 100 100
4 16 69 74 66 31 26 82 100 100
5 32 82 89 54 18 11 86 100 100
6 44 81 84 51 19 16 95 100 100
7 52 77 83 36 23 17 88 100 100
8 58 83 85 35 17 15 92 100 100
Mean (%) 29 83 88 51 17 12 80 100 100
SD (%) 20 8 8 11 8 8 13 - -
Minimum (%) 9 69 74 35 6 0 63 - -
Maximum (%) 58 94 100 66 31 26 95 - -

SD: standard deviation.

hematite is a red-coloured oxidized mineral, while goethite is
a yellow-coloured oxidized mineral (Trescases, 1973). Ac-
cording to Fig. 6, non-mining tributary samples also have
high contents of goethite, which could interfere with the dis-
crimination of the colour signatures of the two sources. The
non-mining tributaries drain areas devoid of mining activ-
ities, and they are mainly located in zones which underlie
the volcano-sedimentary rocks. In these zones, soil profiles
are characterized by clay horizons in upper layers and oxi-
dized horizons enriched in goethite at depth (Denis, 1988).
According to Sellier et al. (2019), subsurface erosion pro-
cesses were shown to dominate in the Thio River catchment.
In other words, landslides provide the main supply of sedi-
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ment in non-mining tributaries flowing across this catchment.
As a result, the oxidized horizons found at depth of these
soil profiles are likely being preferentially eroded,which may
explain the widespread occurrence of goethite and material
with a yellow-grey colour in non-mining tributary samples.
Results obtained with colour parameter analyses coupled
to visual observations highlighted the occurrence of two
groups of mining tributary samples (i.e. upstream and down-
stream). The coloration differences (i.e. orange—upstream
and red—downstream) observed between these two groups
could be due to the fact that on the one hand, the reddish
colour does not provide a highly conservative signature as it
may be altered by the oxidoreduction of iron minerals during
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Figure 11. Relative compositions of mining and non-mining
sources estimated by the FDVS-PLSR models applied to the indi-
vidual source sediment samples.

the periods of submersion of sediments under water. On the
other hand, the presence of different types of laterite profiles
could explain these coloration differences. Indeed, the lat-
erite profile is classically described in the literature as com-
posed of peridotites at the bottom > saprolites > yellow la-
terites rich in goethite > red laterites rich in hematite at the
top (Trescases, 1973). However, minor different features may
be found in the laterite profile depending on the type of par-
ent rock found at the base of the peridotite massifs (Sevin,
2014). The mineral composition found in the different lay-
ers of the laterite profile may vary depending on whether
serpentines or peridotites are the source rocks. Laterite pro-
file formation depends partly on the morphological context,
for instance on whether nickel ores are located in a basin,
on a plateau or on a hillslope. This morphological context
influences the weathering level of peridotites and the for-
mation of laterite profile: the more the laterite profile is al-
tered, the higher the thickness of red laterites. In the Thio
River catchment, the laterite profile from the Thio Plateau
mine located in the downstream part of the catchment shows
“plateau nickel ores”, whereas the laterite profiles from the
Camps des Sapins mine located in the upstream part of the
catchment are “slope nickel ores” (Mardhel et al., 2018). No
information is provided in the literature on the types of lat-
erite profiles that were mined in abandoned mining sites in
the Thio River catchment (Fig. 2¢). The red coloration of the
downstream mining tributary samples could then be associ-
ated with more altered laterite profiles, with a thicker layer
of red laterites characteristic of plateau nickel ores compared
to the upstream mining tributary samples, which could be as-
sociated with a laterite profile, with a thinner layer of red
laterites characteristic of slope nickel ores. The red laterites
are the final stage of alteration of the peridotite massifs. It
therefore appears likely that the less altered slope nickel ore
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probably contains more yellow laterites enriched in goethite
compared to the plateau nickel ore. This hypothesis could
explain the similar colour signature of the mining tributary
samples collected on the Koua tributary draining the Camps
des Sapins mine and the non-mining samples.

4.1.2 Geochemistry model

The geochemistry model based on K provided significant
discrimination between sources (Table 2), regardless of the
types of nickel ores that may be found in the Thio River
catchment. K is a lithological tracer discriminating sediments
originating from the erosion of the two dominant lithologies
(i.e. peridotite massifs vs. volcano-sedimentary formations)
in the Thio River catchment. As anthropogenic erosion (i.e.
due to mining activities) dominates on the peridotite massifs
(Garcin et al., 2017), K therefore provides an optimal dis-
crimination between mining and non-mining tributary con-
tributions.

The parameter K classified the source samples very well
(i.e. 95.3 % of correct classification; Table 3). Indeed, the 16
mining source samples were all correctly classified (100 %),
and only one non-mining source sample was not correctly
classified (87.5 %); it corresponds to the Watou tributary
sample (Fig. 13). This sample showed a K content similar
to that found in mining tributary samples. The Watou trib-
utary is unique because it drains both volcano-sedimentary
formations and peridotite massifs that were not exploited for
mining, which justifies it being considered a non-mining trib-
utary. The K content measured in this sample could be repre-
sentative of that found in sediment sources characterized by a
mix between the two dominant lithologies. Again, when ob-
serving Fig. 13, two mining tributary samples (i.e. Thio up-
stream) showed similar K contents to those found in the Wa-
tou tributary sample. The Thio upstream tributary also drains
both areas associated with volcano-sedimentary formations
and exploited peridotite massifs (i.e. mining prospection),
which justifies it being considered a mining tributary.

The analysis of colour parameters coupled with that of
geochemical elements indicated that these samples collected
on the Thio upstream tributary showed less red coloration,
not because they are associated with a different type of ore,
as could be the case for the samples collected on Koua trib-
utary draining Camps des Sapins mine (Fig. 13), but be-
cause they are characterized by a mix of both lithologies.
As a result, the geochemistry model showed a certain limi-
tation in classifying source samples characterized by a mix
of both lithologies. The performance of the geochemistry
model described in Table 2 remains, however, excellent. The
application of this model on artificial mixture samples pro-
vided very satisfactory results (Fig. 5a), with a good corre-
lation between the predicted and the actual source propor-
tions (r> = 0.99). Estimations of mining tributary contribu-
tions may, however, be overestimated. This overestimation
evaluated to a maximum at 15.5 % is greater when the mining
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contributions estimated by the model tend towards 0 % (max-
imum: 15.5 %, Fig. 3a). The geochemistry model has diffi-
culties in discriminating sediment contributions from sub-
catchments with mixed lithologies. It classifies these types
of samples as originating from mining tributaries, such as
the Watou River sample. As a result, as the K concentrations
decrease in the samples analysed, the model will tend to over-
estimate the contributions of mining sources by default com-
pared to their actual contributions.

4.1.3 Colour + geochemistry model

The colour+ geochemistry (i.e. K, Ca, Ti, b*, C*)
model provided the best discrimination between sources
(Table 3). The inclusion of colour parameters in the
colour 4 geochemistry approach allowed for the discrimi-
nation of source samples (i.e. 100 % of correctly classified
source samples) that a geochemistry approach alone could
not achieve. Results of the tests carried out on the artificial
mixture samples also showed an excellent correlation be-
tween the predicted and the actual source proportions (i.e.
r? =0.98). A slight overestimation of the mining tributary
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contributions (7 %) was observed with this approach, which
remains rather reasonable (Fig. 3b). In this model, K is the
lithological tracer which has the higher discriminant pow-
erful (Table 2), which may explain the similarity of results
obtained with the colour + geochemistry and the geochem-
istry models. Indeed, mining tributaries contributed an aver-
age of 65=+27 % for the colour 4 geochemistry model and
68 =25 % for the geochemistry model (Table 4). For the
2017 flood event, mining source contributions largely dom-
inated the sediment production, with a mean contribution of
83 £ 8 % for the geochemistry model and 88 &= 8 % for the
colour 4 geochemistry model.

4.1.4 FDVS-PLSR models

The FDVS-PLSR models built from artificial mixture sam-
ples showed excellent theoretical predictive performances
(e.g. r2, RMSEC, RMSEP; Fig. 7). However, the application
of these models on river sediment samples provided ques-
tionable results. Indeed, the artificial mixture samples did
not cover the ranges of values found in all sources samples
entirely, thus resulting in an overestimation (i.e. superior to
100 %) and an underestimation (i.e. inferior to 0 %) of source
composition (Fig. 11) in several source samples. Similarly
to what was previously observed, three sub-groups of min-
ing tributary samples can be distinguished, one of which (i.e.
Thio upstream) is partially merged with the non-mining trib-
utary samples (Fig. 11). When modelling the source contri-
butions with the FDVS-PLSR models, a bias was created be-
cause the contributions of the Thio upstream tributary may be
mainly considered contributions of non-mining tributaries.
As a result, an overestimation of non-mining tributary con-
tributions may be found in the entire Thio River catchment
and particularly in the upper part of the study area. Third,
the properties measured in the Koua tributary (i.e. draining
Camps des Sapins mine) samples were not in the ranges of
values covered by the artificial mixture samples (Fig. 11).

Given the particular colour signature of this tributary
(Fig. 13), its contributions are therefore not taken into ac-
count at all by the FDVS-PLSR models. Indeed, the sums of
the source contributions by FDVS-PLSR models are lower
than the expected 100 %, particularly in the uppermost part
of the catchment (Tables 4 and 5), which may indicate that
a source is not accounted for. Artificial mixtures were con-
structed from a homogenized spectral signature of all min-
ing source samples. However, two distinct spectral signa-
tures were observed between the upstream and downstream
mining source samples. Homogenizing the spectral signature
of the mining samples led to a loss of information in terms
of spectral signature, in particular that of the mining sam-
ples located upstream. As a result, three-source FDVS-PLSR
models (i.e. non-mining, upstream and downstream mining
sources) would have been more appropriate than two-source
FDVS-PLSR models in this context.
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4.2 Spatial and temporal variations of sediment source
contributions

Among the four models tested in this study, the
colour + geochemistry model is the most appropriate to
estimate mining and non-mining tributary contributions in
the Thio River catchment. According to the results of this
model, mining tributaries provided the main sediment supply
to the river system with a mean contribution of 68 £ 25 %
for the 2015 flood event and 88 &8 % for the 2017 flood
event (Tables 4 and 5). The variability of mining tributary
contributions between these two flood events with a return
period of 10 years (3500m>s~!) could be explained in
particular by the variability of rainfall distribution (Sellier
et al., 2019). Indeed, during the 2015 flood event, the
Kouaré River sub-catchment received twice the rainfall than
observed in the rest of the Thio River catchment, which
may explain a higher contribution of non-mining tributaries
for this event than for the 2017 flood event, where rainfall
was more intense in the eastern part of the catchment in the
vicinity of the mines currently in operation (Thio Plateau,
Camps des Sapins). In addition, the inhabitants of Thio
reported that bushfires had occurred in the Kouaré and
Fanama sub-catchments in 2015, which could have led to
an increase in soil erosion processes, particularly landslides,
in these sub-catchments. This could also explain why the
sediment contributions of the Kouaré tributary are higher
in 2015 compared to 2017. However, it is likely that, as for
low-intensity floods (i.e. <200m?>s™!), sediment generated
during previous floods has been remobilized (Allenbach
et al.,, 2020). The current research does not allow this
proportion of remobilized sediments to be quantified. Future
studies based on the measurement of the "Be / 210pp,  ratio
could provide information on this question as both isotopes
are supplied by rainfall and "Be is short-lived, while 2!0Pb
is much longer lived. Indeed, this ratio has been used in
previous research to determine whether sediment has been
eroded recently (i.e. with a high ratio of "Be / 2!%Pby) or
whether it has been remobilized from the channel (i.e. with
a low ratio of 7Be/ZIOPbXS) (Le Gall et al., 2017; Evrard et
al., 2015).

Although the FDVS-PLSR models were unable to prop-
erly estimate the source contributions, they provided qual-
itative indications about the proportion of sediment contri-
bution between upstream and downstream mining tributaries
at the level of the estuary. Indeed, only downstream mining
tributaries were finally identified by the FDVS-PLSR models
as mining sources. Mining contributions gradually increased
in a downstream direction. The predicted proportion sums of
river sediment samples also tend to reach the expected 100 %,
which could result in a better predictability of the models.
As a result, these models indicated that sediment contribu-
tion from downstream reaches dominated that of upstream
reaches at the level of the estuary for both events.
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Moreover, the analysis of colour parameters coupled to
that of geochemical elements highlighted the occurrence of
three sub-groups of mining tributary samples, (1) down-
stream samples characterized by high a* values and low K
contents, (2) Koua tributary samples located in the upstream
characterized by low a* values and low K contents and
(3) Thio upstream samples corresponding to a mix of both
dominant lithologies (i.e. peridotite massifs and volcano-
sedimentary formations) characterized by low a* values and
higher K contents (i.e. 4 times higher than for the two pre-
vious sub-groups) (Fig. 13). Owing to the low K contents
found in Thio River sediment samples collected in the upper-
most part (i.e. ~2200mgkg~" in 2015 and ~ 2600 mg kg ™!
in 2017), which were similar to those measured in samples
of sub-group (2) (~ 2400 mgkg™"), it would appear that the
Koua tributary draining Camps des Sapins mine dominated
the sediment supply in the upstream river reaches for both
events.

5 Conclusions

One of the objectives of this study was to evaluate the
performance of sediment tracing methods based on spec-
troscopy (i.e. colour parameters and FDVS). However, the
results showed that the individual fingerprinting approaches
based on spectroscopy did not provide sufficient discrim-
ination between sources to be used for the modelling of
sediment source contributions. Nevertheless, the inclusion
of colour properties in addition to geochemical parameters
turned out to be the optimal combination of tracers providing
the highest discrimination between sediment sources. This
colour 4 geochemistry model is, however, largely based on
the discriminatory power provided by K, which explains why
the results obtained between both models are so similar. In-
deed, the contributions of mining tributaries were estimated
to be 65+27 % by the colour + geochemistry model ver-
sus 68 =25 % by the geochemistry model for the 2015 flood
event. In a similar way, the contributions of mining tributaries
were estimated to be 88 &+ 8 % by the colour + geochemistry
model versus 83 + 8 % by the geochemistry model for the
2017 flood event. Moreover, both approaches have been ex-
perimentally validated through tests with artificial mixture
samples. As a result, the use of these approaches could be
extended to other mining catchments of New Caledonia but
also possibly to other similar nickel mining areas (i.e. Ni ox-
idized ores based on peridotite massifs) around the world. In
addition, although the individual fingerprinting approaches
based on spectroscopy were not able to discriminate sedi-
ment sources in the current research, spectroscopy measure-
ments provided complementary information to that delivered
by the geochemical properties alone to discriminate between
sediment sources at the estuary. In the future, additional de-
velopments could be considered to improve this technique.
The concept of a two-source sediment tracing approach (i.e.
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mining vs. non-mining tributary contributions) is maybe too
simplistic in a mining context. The initial hypothesis that
red-orange eroded sediment comes from mining tributaries
whereas yellow-grey material originates from non-mining
tributaries could not be fully confirmed in New Caledonia.
Indeed, soils found in both mining and non-mining areas are
all highly weathered and share similarities in terms of oxi-
dized mineral composition (e.g. goethite), which likely gen-
erates confusion for discriminating their respective colori-
metric signatures. Soils found across all mining areas across
a single catchment are not necessarily identical, as differ-
ent depths of their respective weathering profiles may crop
out and result in variable colorimetric signatures. A prelim-
inary identification of these soils characteristic of different
weathering stages could be considered to improve the results
of sediment tracing approaches based on spectroscopic mea-
surements, both in New Caledonia and in other similar nickel
mining catchments around the world.
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