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Abstract

Purpose The threat of trace elements (TE) stored in sediments depends on total concentrations, their chemical form, and also on the
type of TE—particle association and their resultant stability. The present study aimed at identifying the major TE-bearing phases in river
sediments and quantifying their in situ concentrations once total concentrations of TE had been determined in order to understand
potential TE mobility and ensuing environmental risk during early diagenesis mechanisms and the sediment cascade.

Materials and methods Several TE-enriched layers of sediment cores were selected in a polymetallic-contaminated river basin
(Loire basin, France). Selected samples were taken from up- and downstream areas far from sites of specific mining, or heavy
industrial or urban activities. They thus represent non-site-dependent sediments which were not modulated or controlled by
specific mineralogy or anthropogenic activities. Detailed microscale investigation techniques (SEM, EPMA, and uSXRD) were
used to characterize directly the complex TE—solid phase association within river sediments. Despite Bi, Cd, and Hg representing
the highest enrichment of the studied sediment layers, these elements were not detected at a microscale and only ubiquitous TE
such as As, Cu, Pb, and Zn could be quantified on polished thin sections (EPMA quantification limit = 1000 mg kg ', n=111).
Results and discussion Three mineralogical groups were evidenced by PCA, EPMA, and uSXRD data. (i) Fine-grained aggre-
gates of aluminosilicates were frequently detected, appearing multiphased in organic matrices. They were mostly enriched with
Zn and Pb without any As or Cu. (ii) (Mn, Ti)-rich Fe oxyhydroxides were predominantly SEM observed, either as isolated
grains, silicate coatings, or included in aggregates. They represented the highest detected in situ concentrations for all the studied
TE. And finally, (iii) Mn-rich particles were not frequently observed with SEM but when present were characterized by the
highest TE concentrations. Phosphates, carbonates, and S-rich particles (sulfides and/or sulfates) were also determined by PCA as
a potential mineralogical group. However, due to their very low TE concentrations and frequency, they could not be considered
representative of a TE-bearing mineralogical group.

Conclusions This fine sorting classification, combining different techniques at the particle scale, was used to visualize and quantify
complex mineralogy and particle associations of TE-bearing phases in river bed sediments under no specific mineralogical control. It
represents an interesting approach to understand TE mobility during sediment cascade and post-depositional processes in sediments.
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1 Introduction
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11368-019-02355-x) contains supplementary

material, which is available to authorized users. Over recent decades, many trace elements (TE) have been

identified as major harmful elements with significant ecolog-
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Forstner et al. 2004; Horowitz and Stephen 2008; Frau et al.
2009; Larrose et al. 2010; Bednarova et al. 2013; Garcia-
Lorenzo et al. 2014) and the temporal dynamics in soils and
river sediments (Audry et al. 2004; Le Cloarec et al. 2009;
Zhou et al. 2014; Dhivert et al. 2016) and have also differen-
tiated detrital from anthropogenic sources (Novakova et al.
2013; Miler and Gosar 2015).

The chemical properties of TE result in them being con-
centrated mainly in the solid fraction (Horowitz and Elrick
1987) and enable a variety of bonds to be formed with parti-
cles (Charlet and Manceau 1993; Sparks 2005; Du Laing et al.
2009). Trace elements can be sorbed or included in the crystal
lattice, in anthropogenic alloys, airborne particles, primary or
secondary minerals, or organic matter complexes.

According to variations in river conditions (changes of pH,
ionic strength, oxic and anoxic conditions, and/or microbial
communities) which influence the stability of TE—particle
bonds, the fate of TE can vary greatly in rivers. Trace elements
can be (i) kept in a crystal lattice (detrital primary phases) and
transported downstream with sediment particles, (ii) released
slowly into surface waters when bearing phases are altered
during sediment transport, (iii) released easily into interstitial
waters in naturally occurring suboxic—anoxic transition zones
due to the dissolution of host phases, and (iv) trapped post-
deposition during early diagenetic processes and the forma-
tion of secondary phases (i.e., sulfides, hydroxides). Hence,
TE cycling is highly dependent on the resultant stability of
bearing phases under sediment transport conditions. The
threat of trace elements stored in sediments depends on total
concentrations, geochemical behavior of the TE, and also on
the type of TE—particle association and stability.

Four main types of TE-bearing phases are commonly de-
scribed in the literature: (Fe, Mn) oxyhydroxides, clay min-
erals, sulfides, and organic matter. They are usually character-
ized by geochemical models (Ryan et al. 2008; Blute et al.
2009; Drahota et al. 2009; Potsma et al. 2010) and/or sequential
and selective extraction protocols (e.g., Ciffroy et al. 2003;
Frau et al. 2009; Favas et al. 2011) in order to quantify the
percentage of TE associated with each type. Specifying TE
through sequential extraction provides an overview of the be-
havior of the elements according to geochemical changes in the
environment such as pH or Eh variations. Although numerous
protocols exist, they are not necessarily selective and in partic-
ular, clay minerals can change and secondary minerals can be
formed during extraction procedures (Gleyzes et al. 2002;
Hudson-Edwards et al. 2004; Ryan et al. 2008; Villanueva
et al. 2013; Jack et al. 2015). Few studies have determined
TE-bearing mineralogy in sediments at a microscopic scale
(Drahota et al. 2009; Frau et al. 2009; Grosbois et al. 2011;
Montarges-Pelletier et al. 2014; Byrne et al. 2017; Costa-
Miguens et al. 2016). However, regarding environmental stud-
ies, policymakers, and stakeholder management reports, it is
important to be able to assess potential TE sources and their

@ Springer

fate over time for future sediment management. Mineralogical
characterization should become a mandatory step to link TE-
bearing mineral stability to future TE release into the water
column. In fact, elemental composition does not provide infor-
mation concerning the reactivity or behavior of a mineral but
by using mineralogical characterization, it is possible to identi-
fy how an element is bound to an organic or inorganic phase.
This thus provides information about its stability regarding the
chemical bond involved, the conditions of formation, and the
geochemical parameters required for this phase to be stable.

In this context, the present study addressed different and
ubiquitous TE in sediments. The main purpose was to identify
TE-bearing phases at a particle observation scale in order to
assess TE mobility during early diagenesis mechanisms and
sediment transport once total concentrations of TE had been
quantified. This approach was applied at a basin scale in Loire
river sediments (France). This basin presents some specific
geochemical anomalies and lithology (Carroué 2010;
Macaire et al. 2013). The sediment layers selected were TE
enriched but were located far from any areas of specific min-
ing, heavy industrial, or urban activities (Grosbois et al. 2012;
Dhivert et al. 2016).

2 Materials and methods
2.1 Study area and materials

The Loire river basin is the largest drainage basin in France
(1013 km long with a drainage surface of 117,800 kmz), pre-
senting contrasting geology and hydrology between up- and
downstream sections. Over the last decade, studies investigat-
ing the quality of Loire river sediments regarding TE on mul-
tisite sedimentary cores throughout the basin have highlighted
the high levels of contamination compared with other French
river basins (Grosbois et al. 2012). Different contamination
periods have also been well-documented (Dhivert et al.
2016). Firstly, an important but local Sb contamination was
evidenced in the upper Loire basin between the early 1900s
and the 1950s, related to local Sb mining and associated activ-
ities. A second general polymetallic contamination phase oc-
curred at the basin scale, in the upper part between the 1940s
and 1950s, and the most downstream part of the basin between
the 1950s and 1980s. Since the 1980s, a global decline in trace
metal concentrations can be observed related to de-industriali-
zation, mine and industry closure, and improvements in waste-
water treatment (Grosbois et al. 2012; Dhivert et al. 2016). In
addition, it is necessary to take into account the sediment cas-
cade in this basin, as well as the hydro-sedimentary dynamic
which is also an important factor in the reactivation of old and
temporary trace-element sources during major flood events as
shown by Dhivert et al. (2015). These mechanisms have been
reported in other basins (Le Gall et al. 2017).
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The material studied came from two sediment cores taken
from up- and downstream sites of the Loire river basin: the
upstream station at Villerest dam (KP 741-6516 km?, about
40% of the total drainage basin) and the downstream station
situated immediately upstream of the estuary entrance at
Montjean (KP 0-109,930 km?; Fig. 1). The location of these
two stations can be considered as representative of the lithol-
ogy drained by the whole Loire river basin. The upstream core
station mostly drains Paleozoic/Variscan granites, gneiss, and
micaschists (500300 Ma), covered by sedimentary bedrock
of Carboniferous sandstones and Oligocene—Miocene
fluviolacustrine deposits, sandstones, marls, and clays
(infoterre.brgm.fr, 2017). The downstream station includes
the geology drained from this upstream section, and also
marine and continental sedimentary bedrock of the Parisian
basin including ~30% of limestones, chalk, and marl layers;
~24% of detrital siliceous rocks; and less than 5% of present-
day alluvial deposits (BRGM 2017).

The two sampling stations studied were also far enough
from any geochemical anomaly or associated specific

The downstream station
(dataset from Grosbois et al. 2012)

mineralogy such as barite, fluorite, or sulfides (Carroué
2010). The stations were specifically chosen to be far from
any potential input of heavy minerals (density >2.89 such as
kyanites, garnets, sphenes Macaire et al. 2013). According to
petrographic analysis of Loire sediments by Macaire et al.
(2013), sandy sediments stored in channels and floodplains
of the Loire river are mainly composed of quartz, potassic
feldspars, and plagioclases as well as plutonic, metamorphic,
and volcanic bedrock fragments. These sediments are relative-
ly immature compared with other fluvial basins under similar
climatic conditions. Furthermore, the upstream crystalline part
of the Loire basin is a larger contributor to sediments than the
sedimentary area, particularly because of sedimentary
reworking and anthropogenic activities (dam building and
sand mining). According to X-ray diffraction analyses con-
ducted on the bulk fraction of the sediment core levels studied
and on the clay fraction (Electronic Supplementary Material,
SI 1), sediments are mostly composed of quartz, K-feldspars
(orthoclase-type), micas, clays, and clay minerals such as
kaolinite, chlorite, and illite, in line with the clay mineral

The upstream station

(dataset from Dhivert et al. 2015)

____ Studied levels
7 O EF (As) 1000
B gr(pb) ) )
6 T -+ EF (Zn) | E |
s +++ A EF (Cu) 100 : : : |
. R Hhlga : : "
g ! i i i I
& ¢ u% : + Y : [ = : c-l.
- | ’ [ - . H
g, g L)y mgn Ags . h 10 " m " w : -
c. ’5’ b, S | L8 o : 00T an P4 il D00
5 o) of : (o8 S o = ps 1 + +t -t + H—## f+++++++*‘HTH’+‘HJ+‘++++
1o | | |
0 1 O 1 1 1
140 120 100 80 60 40 20 0 250 200 150 100 50 0
Depth (cm) Depth (cm)

Fig. 1 Variations according to depth of sediment enrichment factors for As,
Cu, Pb, and Zn at both stations of the Loire river basin (location marked on
the associated maps). Enrichment factors were calculated in the < 63-pum

fraction with a double normalization to Al concentrations and to the local
geochemical background (Grosbois et al. 2012). Sediment layers for in situ
characterization in this study are identified with dashed lines
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the most TE enriched, depending on the TE considered (Fig.
1). In each core studied, the highest enrichment factors were
detected for Bi, Cd, and Hg, with EF values above 6 at the
upstream station (Dhivert et al. 2015, 2016) and above 10 at
the downstream station (Grosbois et al. 2012). High enrich-
ment factors (EF > 3) were also observed for some frequent
and ubiquitous TE, for example, As, Cu, Pb, and Zn. All the
EF showed the same temporal variations along the sediment
cores, but the intensities varied (Fig. 1). At the upstream sta-
tion, the sediment level showing the highest EF was the 118—
120-cm level (< 1980s). At this level, Zn was the most
enriched TE, followed by Cu > Pb > As. At the downstream
station, three sediment levels were selected according to EF
variations: 50-55 (early 1980s), 100—105 (early 1950s), and
220-230-cm levels (< 1900s). The most enriched TE in these
selected layers were Pb > As > Cu as was the case throughout
the whole sediment core. Throughout the Loire basin, Zn is
the most enriched TE (Dhivert et al. 2016); however, it was
not enriched at this most downstream station, where its con-
centrations were close to the background level.

2.3 In situ characterization methods

In situ characterization was carried out on sediments that had
been air-dried and 63 pum sieved. Shortly after sampling, polished
thin sections of embedded sediments were formed using epoxy
resin. Sections were mounted on a carbon sample holder, coated
with a carbon layer of about 10 A for observation under a scan-
ning electron microscope (SEM) and electron probe microanal-
ysis (EPMA). SEM observations were conducted using a
backscattered electron beam with a working distance of
10 mm, a probe current set at 10 nA and 20 kV with a counting
time of 60 s per analysis. Under these conditions, TE could be
detected at concentrations greater than 10001500 ppm depend-
ing on the element. EPMA analyses were performed on SEM-
selected particles at 15 kV with a 4-nA beam current; under these
conditions, the detection limit ranged between 800 and
1000 ppm according to the TE of interest (Fialin et al. 1999).
For the sake of representativeness, three to six analyses were
carried out on each particle when it was long enough (>
10 um) and mineralogically homogeneous. When the area ana-
lyzed combined several particles, each particle was analyzed two
to three times according to its size.

In situ mineralogical characterization was carried out on
selected particles/aggregates which could not be defined by
chemical composition alone (Fe-Mn oxyhydroxides) or
whose aggregate mineralogy was too complex.
Microscanning X-ray diffraction (LSXRD) was performed at
the ALS beamline 12.3.2 (Lawrence Berkeley National Lab,
Ca, US; Kunz et al. 2009) with an analytical procedure de-
fined in Courtin-Nomade et al. (2010) on the same polished
thin sections as those used for SEM and EPMA analyses after
the carbon coating had been removed. Each analyzed area was

first mapped for Fe using microscanning X-ray fluorescence
(LSXRF) on the same beamline and using a similar configu-
ration as that used for uSXRD analyses. MicroSXRD patterns
were then collected using a monochromatic mode because of
the small size of the analyzed particles. Thin sections were
mounted onto an XYZ stage horizontally tilted at 6°, with an
incident X-ray energy of 10 keV, a beam size of 2 um (H) x

20 um (V) (beam footprint size on the sample of 20 um (H) x

20 um (V) FWHM), and a DECTRIS Pilatus 1M CCD detec-
tor (1 A~1 k pixels binned mode). Acquisition times for micro
X-ray patterns varied from 30 to 300 s according to the nature
of the phase analyzed and its crystallinity in order to obtain
significant intensity for each peak. Acquisition time for
microXRD mineralogical maps varied from 6 to 8 h per
map, depending on the size of the surface analyzed. Results
were extracted using XMAS software (Tamura et al. 2005)
and NIST corundum powder calibration material.

3 Results and discussion
3.1 Chemical characterization of TE-bearing phases

A first step involved statistical analysis of all the EPMA data to
define the main representative groups of TE-bearing phases
and their respective chemical composition. The EPMA analy-
ses presented were validated according to two criteria: totals
had to be greater than 50% to be significant, and representative
concentrations were set to be higher than the quantification
limit for all the TE studied (1000 mg kg '; MEN/
CAMPARIS platform, pers.com.). For these reasons, in situ
Bi, Cd, and Hg concentrations could not be detected
significantly in individual grains with selective EPMA
procedures even though these TE represented the highest
enrichment factors in the bulk sediment fractions. Only in situ
concentrations of As, Cr, Cu, Pb, and Zn were quantified
significantly. Among 245 SEM-detected particles, 56 particles
were selected for quantitative EPMA analyses. Among the 226
EPMA analyses performed, 111 were validated for both up-
and downstream stations (53 and 58, respectively; Table 2)
according to the criteria selected initially (totals and in situ
TE concentrations higher than quantification limits).

A principal component analysis (PCA) was performed with
in situ concentrations of all the analyzed particles. In situ
concentrations were not replaced by any low value when be-
low the detection limit. The chemical compositions of all the
particles were included as objects (rows) in the data matrix,
while major and trace element concentrations were used as
variables (columns). The PCA was first performed for all the
data and then divided into two different subgroups according
to the location of the core site (up- or downstream site).

Among all the particles analyzed, six principal components
(PCs) with eigenvalues greater than 1 explained 67% of the
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Table3  Principal component analysis for major and trace element in situ compositions of sediments (a) for both up- and downstream stations, (b) for

the upstream station, and (c) for the downstream station

F1 F2 F3 F4 F5 F6
(a) All the dataset (both stations), n =111
Si 0.870
Al 0.774
Fe —0.663 -0.388
Mn 0.714
Ti -0.301 -0.377 -0.515
P 0.376 0.616
S 0.791
Mg -0.327 -0.367 0.507
Ca 0.809
Na 0.367 0415
K 0.675 —0.407
As 0.877
Cr -0.397 —0.495
Cu —0.301 0.617
Ni -0.317 0.832
Pb 0.876
Zn 0.715
Eigenvalues 3227 2.566 1.993 1.376 1.269 1.026
% explained variance 18.986 15.096 11.727 8.095 7.464 6.034
% cumulative variance 18.986 34.083 45.811 53.907 61.371 67.405
(b) At the downstream station, n = 58
Si 0.883 -0.359
Al 0.826 0.301
Fe -0.822 —0.305
Mn 0.909
Ti -0.583 0452
P 0.621 -0.394
S —0.305
Mg —0.408 0.678
Ca 0.765 -0.374
Na 0.491
K 0.644 -0.39%4
As 0.817 0411
Cr —0.544 0.380
Cu 0.751
Ni 0.934
Pb 0.898
Zn 0.803
Eigenvalues 3.6 3.1 24 1.4 1.2
% explained variance 21.0 18.4 14.4 8.5 7.1
% cumulative variance 21.0 394 53.8 62.3 69.4
(c) At the upstream station, n =53
Si 0.777
Al 0.761 —0.375
Fe -0.599 0.447
Mn -0435 —0.361 0.575
Ti 0.564 -0.371 -0.369
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Table 3 (continued)

F1 F2 F3 F4 F5 F6
P —0.479 0.563 —0.336
S -0473 0.367
Mg 0.326 -0.334 0.708
Ca -0.357
Na —0.299 0.649 -0419
K 0.632 —0453
As —0.529
Cr —0.642 —0.473
Cu —0.402 -0.419
Ni —0.483 —0.489
Pb —0.459 —0.564 -0477
Zn —0.567 -0.397 -0.522
Eigenvalues 3.6 2.3 1.9 1.6 13
% explained variance 214 13.7 11.5 94 7.9
% cumulative variance 21.4 35.1 46.5 56.0 63.9

Figures in italics when significantly high when > 0.7, non-italicized font when moderately significant with 0.5 <7< 0.7, and omitted when < 0.3 for

clarity

be observed with the techniques used in this study. Maximum
levels of these elements were quantified in (Fe, Ti)-rich alu-
minosilicates: P concentrations reached up to 6.1 %wt, Ca
concentrations up to 14.0 %wt, and S concentrations up to
2.5 %wt. None of the grains analyzed could be considered
representative of these mineralogical groups.

This first statistical step determined three main mineralog-
ical groups: aluminosilicates, Fe and Ti oxyhydroxides, and
Mn-rich particles. However, specific associations with repre-
sentative quantified TE were not clearly determined, probably
due to the wide range of TE-bearing phase chemistry. Hence,
in situ chemical compositions required finer sorting in order to
classify all the particles studied into these three TE-bearing
groups. The following criteria were added:

i. Aluminosilicates were characterized with their in situ sum
(Si+Al) higher than 20 %wt and up to 41.4 %wt (Table 2),
and they represented 42 of the 111 significant EPMA anal-
yses. K and Na represented the most and least concentrated
cations, respectively (Table 2). Some of these silicate ag-
gregates also occasionally included elements such as Ti
and Fe, with levels up to 5.5 and 30.3 % wt, respectively.
A subdivision was then identified in this group: alumino-
silicates and (Fe, Ti)-rich aluminosilicates. The latter were
distinguished from Fe oxyhydroxides and Ti-rich Fe
oxyhydroxides according to their (Fe+Ti) sum (Fig. 2).
The (Fe+Ti) sum of aluminosilicates and (Fe, Ti)-rich alu-
minosilicates was below 30 %wt, while, for Fe
oxyhydroxides and Ti-rich Fe oxyhydroxides, it was
higher than 40 %wt.

The most concentrated TE quantified in this type of

@ Springer

bearing phase were Zn, up to 3810 mg kg ' in (Fe, Ti)-
rich silicate aggregates (Table 2) and Pb (26,010 mg kg ")
in aluminosilicates. Concentrations of Cr and Ni were low
with a maximum of 1100 mg kg . In general, As and Cu
could not be quantified through EPMA (detection limit =
1000 mg kg M.

ii. The second significant PCA group was (Fe, Ti)
oxyhydroxides, and during SEM sessions, they were the
most frequently observed type of TE-bearing grains. All
the particles assigned to this group had Fe as the most
concentrated element, with concentrations ranging from
36.5 to 70.2 %wt. The Fe oxyhydroxides contained some
minor elements such as Mn (up to 0.8%wt) and Ti (up to
0.6 %wt; Table 2). Mn-rich Fe oxyhydroxides had Mn
concentrations ranging from 1.0 to 7.5% wt with a molar
Mn/Fe ratio up to 0.3. (Ti, Fe) oxides showed Ti concen-
trations up to 14.8 %wt, Fe concentrations up to
62.9 %wt with a molar Ti/Fe ratio up to 0.3.

All these (Fe, Ti) oxyhydroxides contained some of
the studied TE, and in general, these TE showed maxi-
mum in situ concentrations in all the analyses performed.
Detected Zn concentrations reached up to 1.69% in Fe
oxyhydroxides and 2.29 %wt in Mn-rich Fe
oxyhydroxides. In this type of particle, Pb was the second
most concentrated TE. Its concentrations varied between
1950 mg kg ' in Mn-rich Fe oxyhydroxides and
8180 mg kg' in (Ti, Fe) oxides. The other four TE de-
tected (As, Cr, Cu, and Ni) were occasionally present in
these oxyhydroxides. Arsenic was only present in Fe
oxyhydroxides, with concentrations up to
2040 mg kg '. Copper was present in all the types of
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Fig. 2 In situ (Fe+Ti) 80
concentrations versus in situ (Si+
Al) concentrations (EPMA 70 A

determined) in various TE-
bearing phases of Loire sediments

(Fe, Ti) oxyhydroxides, and its concentrations varied
from 1210 to 2000 mg kg '. Maximum concentrations
of Cr and Ni were in (Ti, Fe) oxides (2060 mg kg_l) and
Fe oxyhydroxides (1650 mg kg 1), respectively. No sig-
nificant binary relationship could be determined between
TE and Fe contents at the particle scale.

iii. Mn-rich grains were identified as the third PCA group.
Manganese was mainly detected as a trace element dur-
ing this study, at a level below 1.2% in aluminosilicates
and (Fe, Ti)-rich silicate aggregates, Fe oxyhydroxides,
and (Ti, Fe) oxides (Table 2). It was enriched up to
7.5 %wt in highly localized areas of Mn-rich Fe
oxyhydroxides (Table 2). However, a few particles
contained Mn as the major element, ranging from 21.1
to 31.9 %wt and these particles were classified as Mn
oxyhydroxides. They did not occur frequently as only
eight EPMA analyses corresponded to this class. Trace
elements associated with these Mn oxyhydroxides such
as Cu, Ni, Pb, and Zn were quantified, but no As or Cr
was detected in this type of mineral. Maximum concen-
trations of Cu, Ni, and Pb were 2570 mg kg_l,
7550 mg kg_l, and 5190 mg kg_l, respectively, and for
Zn maxima ranged from 2590 to 16,910 mg kgﬁl; one of
the highest Zn concentrations was found with Mn-rich Fe
oxyhydroxides (Table 2). Mn-rich particles showed the
highest quantified TE concentrations among all the
EPMA analyses.

3.2 Mineralogical characterization of TE-bearing
phases

In addition to the in situ chemical composition, mineralogical
characterization carried out using pSXRD and EPMA

@ Silicate agregates

<O Mn-rich grains

A Fe oxyhydroxides
AMn-rich Fe oxyhydroxides
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A
A
A A AA A
N
g 0% o
° ® o ° °
L P eceg, g .
@ & 4 L") ° o:o
o T
10 15 20 25 30 35 40 45

Si +Al (%)

analyses did not enable two mineralogical species to be dif-
ferentiated due to (i) EPMA-pear interactions and (ii) a same
chemical composition corresponding to different crystal lat-
tice organization. In this study, tSXRD analyses were carried
out on the same zones which were studied by EPMA in order
to provide combined chemical and mineralogical information.
Mineralogical uSXRD maps were also very useful to define
the mineralogy of aggregates in detail as this type of grain
combination was very common in the sediments studied.

3.2.1 Mineralogy of aluminosilicates

As highlighted above (section 3.1), the first and main PC was
associated with aluminosilicates for both the stations of the
Loire river basin studied. When considering SEM images
for all significant EPMA concentrations, these aluminosili-
cates were linked to fine-grained, highly divided aggregates
(Figs. 3 and 4a). They appeared complex, very heterogeneous,
and with multiphases. They were usually associated with low-
contrast materials, attributed to a matrix of organic matter. At
first glance, these organo-silicates represented a clay mix of
illite-muscovite, phlogopite, chlorite, montmorillonite, and
kaolinite compared with the in situ chemical composition of
major elements composed of various clays described by Velde
(1985). This clay assemblage is quite representative of the
mineralogical composition of bulk sediments of the Loire riv-
er basin (Brossé¢ 1979).

At a grain scale, some occasional Fe, Mn, and/or Ti enrich-
ments could be noticed in these organo-silicated aggregates,
linked to the presence of small grains of (Fe, Mn)
oxyhydroxides and Ti oxides. For example, the EDS-SEM
elemental map in Fig. 3 clearly shows clay sheets associated
with the microscale distribution of Si, Al, and K and an en-
richment of Fe and Mn located between the clay sheets. In the
uSXRD-associated map (40 x 72 um?), kaolinite was
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EPMA

in Fe oxyhydroxides in silicates
Si (%) 1.8-7.5 9.2-18.4
Al (%) 12-59 6.4-7.4

Fe (%) 22.2-35.2 2.3-10.6
Mn (%) 3.2-7.5 0.1-4.4

in Fe oxyhydroxides in silicates

As (ppm) - -
Cu (ppm) up to 1200 -
Pb (ppm) up to 1300 -
Zn (ppm) up to 2400 up to 2300

Fig. 3 In situ characterization of a silicate aggregate (BSE-SEM image)
in Loire sediments showing the distribution of magnetite/hematite and
rhodocrosite grains associated with (Fe, Mn) enrichment EDS-SEM and
(Mgt, Rds, and Hem) uSXRD maps (40 x 72 urn2). These grains were
embedded in clay sheets, mostly kaolinite associated with (Si, Al, K)

identified and represented clearly distinct clay sheets. The
magnetite and hematite signals corresponded to the well-
marked micrograins and associated with the Fe-enrichment.
These Fe-oxides also showed some local Mn-enrichment. A
rhodocrosite uXRD signal was detected and could be linked
to this local Mn-enrichment.

Some trace elements were EPMA quantified in these select-
ed organo-silicate aggregates. The presence of As, Cr, Cu, Ni,
Pb, and Zn was detected, but their respective in situ concentra-
tions were usually below quantification limits except for Zn,
whose concentration was often above quantification limits.

Relationships between various major elements and in situ
Zn concentrations were tested in order to identify which fine-
grained minerals could represent Zn-bearing phases.
Regarding in situ concentrations among all the organo-
silicate aggregates mentioned in the previous paragraph (21
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enrichment EDS-SEM and Kln pSXRD maps (40 x 72 pum?).
Minimum and maximum concentrations determined by EPMA are given
for both types of grain. Mineral abbreviations for uSXRD maps are a-
Kln, kaolinite; b- Mgt, magnetite Fe;04; c- Rds, thodochrosite MnCO3; d-
Hem, hematite Fe,O5

aggregates, 42 in situ analyses including 26 Zn in situ concen-
trations above the QL), Zn was more significantly correlated
with Fe and P (+*=0.277 and #*=0.401, respectively) than
with (Si+Al) ( <0.1; Electronic Supplementary Material, SI
2). However, this seems to depend on the aggregate at this
grain scale. In Fig. 3, in situ Zn concentrations, ranging from
1200 to 2400 mg kg ', appear to be more closely related to the
in situ concentrations of (Si+Al) and P (* = 0.236, 7 = 0.190;
16 analyses with Zn > QL) than to those of Fe or Mn <
0.15). Zinc-bearing phases would be P-rich clays rather than
magnetite/hematite in this particular case.

3.2.2 Mineralogy of Fe oxyhydroxides

Based on in situ chemical characterization, Fe oxyhydroxides
were the easiest TE-bearing phases to visualize as their SEM
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detection was related to a very characteristic chemical compo-
sition, iron being the major element detected. They contained
between 36.5 and 70.2 %wt in situ Fe concentrations
(Table 2). In addition, some of these Fe oxyhydroxides
contained minor elements of Ti and Mn (Table 2).

In this study, Fe oxyhydroxides present in Loire river bed
sediments occurred in other particles (Figs. 3 and 4a, b), as sili-
cate coatings (Fig. 4c) or as isolated grains (Fig. 4d). They varied
from quite small (< 10 um) to large particles (> 50 um), depend-
ing on their habitus. When isolated, they were relatively large
grains, at least 10 pm in their longest axis and they were more or
less weathered (Fig. 4d). These were mostly identified as goethite
or hematite through HSXRD. Even if ferrihydrite is one of the
most ubiquitous and frequent Fe(Ill) oxyhydroxides in sediments
(Jambor and Dutrizac 1998; Cismasu et al. 2011), no ferrihydrite
or amorphous Fe oxides were detected by pSXRD in the selected

Fe-rich particles studied here and if present, they may only have
been nano-particles. The Fe oxyhydroxides observed as isolated
grains were included within other grains or aggregates (Figs. 3
and 4a, b). In this case, Fe-oxyhydroxide grains were smaller (<
10 um), identified as goethite, magnetite, and/or hematite de-
pending on the sample. A few Fe-hydroxide coatings were also
clearly observed (Fig. 4c): Goethite was always determined as
the coating mineral in the few uSXRD analyses performed.
These oxyhydroxides contained trace elements such as As
(up to 2040 mg kg "), Cr (up to 1300 mg kg "), Cu (up to
2000 mg kg™ "), and Ni (up to 1650 mg kg '; Table 2). The
most concentrated TE in this type of mineral were Pb and Zn
(up to 2540 mg kg ' and 16,910 mg kg™ ', respectively).
However, at a particle scale, no significant Fe-TE relationship
could be determined despite the large number of EPMA anal-
yses for these types of bearing phases (61 analyses in total)
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Fig. 4 In situ characterization of various representative oxyhydroxides
observed in Loire sediments (BSE-SEM image, EDS-SEM elemental

map, EPMA concentrations, and uSXRD mineralogical identification).

Mineral abbreviations for uSXRD patterns are Ant, anatase; Chl-Srp,

chlorite-serpentinite; En, enstatite; Gt, goethite; Hd, hedenbergite; Hem,
hematite; Kln, kaolinite; Mgt, magnetite; Mnt, montmorillonite; Ms, mus-
covite; Rds, rhodocrosite; Qtz, quartz. Scale bar for SEM image
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EPMA in the Mn-rich area of the grain
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Fig. 5 In situ characterization of a Mn-rich grain observed in Loire sed-
iments (BSE-SEM image, EDS-SEM elemental map, EPMA concentra-
tions), associated with jacobsite (uSXRD identification with

and no link between oxyhydroxide mineralogy and in situ TE
concentrations could be found either.

3.2.3 Mineralogy of Mn-rich grains

Manganese was detected mainly as a trace element in various
types of TE-bearing phases (< 1.2 %wt) and also enriched in
the so-called Mn-rich Fe oxyhydroxides (Table 2). When Mn
concentrations ranged from 21.2 to 31.9 %wt, these minerals
were clearly Mn-rich particles. However, they were rarely
found in the Loire sediments studied here. Only two Mn-
rich particles were detected by uSXRD and corresponded to
eight validated EPMA analyses. Using uSXRD, one was
identified as jacobsite (MnFe,O,4) and contained between 26
and 32 wt% Mn (Fig. 5) and the other was a Mn-silicate
belonging to the braunite group (Mn>*Mn>*4SiO;,).
Although these minerals were not representative of Mn-rich
grains due to their very low occurrence among all the in situ
observations, they were unusual enough to be mentioned here
as they contributed greatly to the bulk Mn concentrations in a
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diffractogram and map). Mineral abbreviations for uSXRD are Cal, cal-
cite; Jb, jacobsite; Kln, kaolinite; Mgt, magnetite; Ms, muscovite; Qtz,
quartz. Scale bar for SEM image

sediment sample. In addition, these Mn-rich minerals were
among the most TE-concentrated phases, especially in Zn
(2.3 %wt Zn in Mn-rich Fe oxyhydroxides, Table 2) and they
also actively contributed to the bulk TE concentrations in
sediments.

4 Conclusions

This approach which combines several microscale techniques
is a relatively common methodology to assess the environ-
mental impacts of mining ore and waste alteration (i.e.,
Courtin-Nomade et al. 2005, 2010; Moberly et al. 2009;
Kierczak et al. 2013). In the present study, it was interesting
to adapt it to identify TE-bearing phases and their state in
sediments and to quantify in situ concentrations in grains by
combining both chemical and mineralogical analyses. Three
main mineralogical groups were evidenced through PCA per-
formed on in situ concentrations and fine sorting classification
based on in situ concentrations and uSXRD data. Fine-
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grained aggregates of aluminosilicates were frequently detect-
ed, consisting of multiphases associated with an organic ma-
trix. They were mostly Zn and Pb enriched (up to 3810 and
2610 mg kg ', respectively), with Cr and Ni levels lower than
1100 mg kg™!, but no As or Cu. Through SEM, Fe
oxyhydroxides enriched with Mn and Ti were predominantly
observed as isolated grains or silicate coatings, or included in
aggregates. They presented the highest in situ concentrations
detected in all the TE studied. In contrast, Mn-rich particles
were statistically significant as a mineralogical group but were
not very frequently observed. When present, they contribute
greatly in concentrating TE and especially Zn. All these char-
acterized non-organic TE-bearing phases are quite common,
non-site specific and can be considered representative of a
commonly studied river basin as already described
(Grosbois et al. 2007; Courtin-Nomade et al. 2009, 2016).
Phosphates, carbonates, and S-rich particles such as sulfides
and/or sulfates were also identified as a potential mineralogi-
cal group using PCA but could not be considered representa-
tive of a major TE-bearing group because of the very low in
situ concentrations of P, Ca, and S.

The approach presented in this study demonstrates both
advantages and limitations. It gives an overview of the major
TE-bearing phases, providing simultaneously both elemental
and mineralogical information about the same particle or ag-
gregate. It is non-destructive and reveals a much more com-
plex mineralogy and particle association of TE-bearing phases
than could ever be obtained through operationally defined
procedures. Isolated particles, multiple grain aggregates and
coatings were evidenced showing how heterogencous they
can be at a microscale. However, this analytical procedure
has some limitations: (i) it has to be used randomly and with
accuracy to be truly representative, and this is time-
consuming; (ii) it does not consider organic matter as a major
TE-bearing phase, another main component of sediments,
which reacts readily with trace elements. This type of associ-
ation is therefore under-estimated. Besides, SEM and EPMA
techniques mainly provide information about the nature of
bearing particles but they do not give direct information about
the type of bonding between TE and bearing phases. This
approach has been completed with uSRXD, and additional
in situ techniques including transmitted electron microscopy
(TEM), X-ray fluorescence mapping, or X-ray absorption
spectroscopy such as EXAFS could also be investigated;
(iii) the ratio between the EPMA/USXRD beam size and the
particle analyzed is a very important parameter to take into
account. Bearing phases, presenting just a few microns, could
not be studied, nor could nano-Fe oxides and highly divided
particles in organo-silicate aggregates, and (iv) it is important
to quantify the representativeness of the main mineralogical
groups. Previous studies have used calibrated SEM equipped
with an automated particle counting and classification system
(Franke et al. 2009; Grosbois et al. 2011; Marchandise et al.

2014). Grosbois et al. (2011) showed good correspondence for
frequency determination between the method using calibrated
SEM (automation using about 1000 individual analyzed par-
ticles) and the methodology presented in this study.

This in situ and non-destructive approach is accurate at
determining the precise microscale distribution of trace ele-
ments. It represents the first step in assessing long-term con-
tamination risk throughout trace element cycles. Determining
the potential mobility of TE during the sediment cascade and
post-depositional processes in sediment reservoirs can be in-
vestigated further when these results are combined with other
approaches such as TEM and spectroscopic methods.
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