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H I G H L I G H T S

G R A P H I C A L A B S T R A C T

• Ni, Cr, Fe and Mn show a bioavailability
gradient from the shore to the reef.
• Bioavailability decreases in the order
Mn > Fe > Ni > Cr.
• Sediment sources, trace metal speciation
and TOC content appear as the major
drivers of trace metals bioavailability.
• No ecological risk is expected from Cr
regarding its very low bioavailability
and the absence of Cr(VI).
• The possible ecological risk arising from
moderate Ni and high Fe/Mn bioavail
ability should be further investigated.
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Coastal sediments downstream of ultramafic catchments can show Ni and Cr concentration well above sediment
quality guidelines. Despite their potential ecological impact, the bioavailability of these trace metals in such
sedimentary settings has been poorly investigated. In this study, we tried to fill this gap by performing kinetic
EDTA-extractions across a shore-to-reef gradient in lagoon sediments downstream of an ultramafic catchment in
New Caledonia and interpreting the results in regard of synchrotron-derived speciation. Measured bioavailability
ranged from very low for Cr (below 1% of total Cr) to medium for Ni (below 5% of total Ni). Both trace metals
showed a decreasing shore-to-reef bioavailability gradient reflecting the larger deposition of ultramafic sedi
ments close to the shore. According to synchrotron-derived speciation data, the very low bioavailability of Cr is
attributed to its major occurrence as Cr(III)-bearing Fe-(oxyhydr)oxides and phyllosilicates, with no evidence of
Cr(VI). Considering the low occurrence of Fe-sulfides, the medium bioavailability of Ni is considered to arise
mainly from the reductive dissolution of Ni-bearing Fe-(oxyhydr)oxides during early diagenesis. This reaction
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also explains the medium bioavailability of Fe (up to 15% of total Fe) and the positive correlation observed with
Total Organic Carbon (TOC). In this regard, this latter parameter appears as a major driver of Ni and Fe
bioavailability in coastal sediments downstream of ultramafic catchments. On the opposite, in the absence of Mnoxides, TOC has no influence on Mn bioavailability (up to 30% of total Mn) that appears more likely driven by
sediment sources. From an ecological point of view, considering the Australian and New-Zealand High Interim
Sediment Quality Guidelines (ANZ-ISQG-H), Cr should not represent a significant risk towards benthic com
munities in coastal sediments downstream of ultramafic catchments. On the opposite, Ni, Fe and Mn might
represent an ecological risk that should be further investigated in such sedimentary settings.

1. Introduction

New Caledonia where sequential extractions studies reported a major
hosting of Cr and Ni by Fe-(oxyhydr)oxides and clay minerals in sedi
ments from the Southern part of the lagoon (Ambatsian et al., 1997;
Fernandez et al., 2006). Recently, X-Ray Absorption spectroscopy (XAS)
and Electron Microscopy analyses of sediments from the Northern part
of the lagoon confirmed the occurrence of Ni-bearing Fe-(oxyhydr)ox
ides and showed a major contribution of clays minerals to Fe and Ni
speciation (Merrot et al., 2019). These studies also showed that
Mn-bearing clay minerals and Mn-carbonates control Mn speciation,
whereas chromite, Fe-(oxyhydr)oxides and clay minerals dominate Cr
speciation (Merrot et al., 2021). Lagoon sediments from New Caledonia
can thus be considered as a good representative of coastal sedimentary
settings downstream of ultramafic catchment where bioavailability ap
proaches relying on pyrite and AVS contribution to trace metal specia
tion are not relevant and where alternative approaches are required.
In the present study, we used di-sodium Ethylenediaminetetraacetic
acid (Na2-EDTA) extraction to evaluate the bioavailable fractions of Cr,
Ni, Fe and Mn across a shore-to-reef gradient in the sediments from the
Northern part of the New Caledonia lagoon. EDTA extraction is among
the most frequently used approaches to evaluate the bioavailable frac
tion of trace metals in soils and sediments (Menzies et al., 2007; Degryse
et al., 2009). When performed kinetically, it allows to quantify the
labile, the less labile and the non-labile fractions of trace metals and to
determine the extraction rate-constants for each of these fractions
(Bermond et al., 1998, 2005; Fangueiro et al., 2002a,b; Bermond and
Varrault, 2004; Labanowski et al., 2008; Chakraborty, 2012; Costa and
Wallner-Kersanach, 2013; Pasquet et al., 2018; Kouassi et al., 2019). We
thus performed time-dependent EDTA extractions on selected samples
from a set of sediments previously characterized for trace metals con
centration and speciation by Merrot et al. (2019, 2021). The kinetic
extraction curves obtained were modeled with a combination of two
first-order rate laws, in order to quantify the labile and the less labile
fractions of Cr, Mn, Fe and Ni and to determine the respective extraction
rate-constants of these fractions in the investigated sediments. The re
sults of this modeling are discussed with respect to both the speciation of
these trace metals and their potential threat towards the benthic
biodiversity in lagoon sediments from New Caledonia. For that purpose,
we also performed a quantitative analysis of the first-derivative of the
X-ray Absorption Near Edge Structure (XANES) spectra collected at the
Cr, Mn, Fe and Ni K-edges in the sediments. Thanks to its enhanced
sensitivity to the structural environment of the studied trace metals
(including redox state and local structural symmetry), this approach
provided a more accurate evaluation on the possible contribution of
sulfide mineral species to their speciation previously estimated by
Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy at the
Fe and Ni K-edges (Merrot et al., 2019) and XANES spectroscopy at the
Cr and Mn K-edges (Merrot et al., 2021).

Lateritic catchments are ubiquitous pedogeological settings in the
tropics (Tardy, 1997). When developed upon ultramafic rocks, they are
enriched in chromium (Cr), and nickel (Ni) because these trace metals
are abundant in such bedrocks and they accumulate upon weathering,
especially through incorporation in Fe-(oxyhydr)oxides, Mn-oxides and
secondary phyllosilicates (de Oliveira et al., 2001; Gleeson et al., 2004;
Yongue-Fouateu et al., 2006; Fandeur et al., 2009a; Dublet et al., 2012,
2015, 2017; Butt and Cluzel, 2013; Raous et al., 2013; Villanova-de-
Benavent et al., 2017; Fu et al., 2018; Putzolu et al., 2018; Ratié et al.,
2018). Such ultramafic catchments can be found in New Caledonia
(Cluzel et al., 2001), Brazil (Raous et al., 2013; Ratié et al., 2018), Cuba
(Oliveria et al., 2001), Indonesia (Golithtly and Arancibia, 1979; Fu
et al., 2018), Colombia (Gleeson et al., 2004), Cameroon (Yongue-
Fouateu et al., 2006) and Australia (Elias et al., 1981). Regarding their
high contents in Cr, Ni, Fe and Mn, these pedological settings can be a
significant source of these trace metals for coastal ecosystems, when
located close to the shoreline. This is especially the case in New Cale
donia where ultramafic catchments deliver large amounts of Cr, Ni, Fe
and Mn to the mangrove (Noël et al., 2014, 2015, 2017) and the lagoon
settings (Merrot et al., 2019, 2021). Although these inputs have been
related to natural continental erosion for millions years, they are
considered to have been enhanced during the last 150 years because of
open-cast mining of laterite-type Ni-ores (Bird et al., 1984). Conse
quently, Cr and Ni concentrations in the lagoon sediments from New
Caledonia downstream of lateritic ultramafic catchments (Ambatsian
et al., 1997; Dalto et al., 2006; Fernandez et al., 2006; Merrot et al.,
2019, 2021) are higher than in other lagoon settings around the world
(Pacifico et al., 2007; Morrison et al., 2010; Lewis et al., 2011; Coat
es-Marnane et al., 2016; Birch, 2017; Saravanan et al., 2018; Zonta et al.,
2018). Considering the potential toxicity of these trace metals (Di Toro
et al., 1992; Kabata-Pendias, 2010), this situation calls for dedicated
studies aimed at evaluating their speciation and bioavailability in this
fragile shoreline environment that is partially registered as a World
Heritage thanks to its exceptional biodiversity (UNESCO, 2008).
In coastal sedimentary settings, trace metals interact with mineral
species such as pyrite and acid volatile sulfides (AVS) (Morse et al.,
1987; Di Toro et al., 1990; Huerta-Diaz et al., 1998; Noël et al., 2014,
2015, 2017), Fe- and Mn-(hydr)oxides (Chapman et al., 1998; Noël
et al., 2014, 2015), authigenic clay minerals (Noël et al., 2014, 2015;
Merrot et al., 2019), as well as particulate organic carbon, through
complexation or sorption/precipitation reactions. These interactions
play a key role in trace metals speciation and directly drive their
bioavailability and ecotoxicity (Chapman et al., 1998; Di Toro et al.,
1992; Di Toro et al., 2005; Lee et al., 2000; Costello et al., 2011; Nguyen
et al., 2011; Campana et al., 2013; Zhang et al., 2014). Based on these
considerations, the amounts of simultaneously extracted metals upon
chemical extraction of AVS and organic carbon have been proposed as
indicators of trace metals bioavailability and ecotoxicity in sediments
(Burton et al., 2005; Costello et al., 2011; Nguyen et al., 2011). How
ever, these approaches might not apply to sedimentary settings where
the contribution of pyrite and AVS to trace metals speciation is low. In
such settings, other types of chemical extractions might be required
(Menzies et al., 2007; Degryse et al., 2009). This is notably the case in

2. Materials and methods
2.1. Study site and sampling
New Caledonia is located in the South-West Pacific Ocean under
oceanic tropical climate (Fig. 1). The main island (Grande Terre) is
surrounded by a lagoon of about 30,000 km2 which is closed by the
2
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second largest reef barrier in the world (i.e. about 1500 km long; Cab
ioch et al., 1999, Cabioch, 2003; Andréfouët et al., 2009; Debenay and
Fernandez, 2009; Anderfouët and Wantiez, 2010; Ouillon et al., 2010).
This lagoon is characterized by oligotrophic to mesotrophic waters
(Jacquet et al., 2006; Torreton et al., 2007, 2010; Dupouy et al., 2010;
Fichez et al., 2010; Grenz et al., 2010b) and the studied site is located on
its North-Western part (Fig. 1), where about 90% of the water depth is
less than 20 m (Wattelez et al., 2016). The samples studied were
collected in the Vavouto Bay, which is located downstream of one of the
largest ultramafic catchment in New Caledonia (Koniambo, Northern
Province - West coast; Fig. 1). Three sediments cores were sampled
across a shore-to-reef gradient in this bay: one close to the shore (i.e.
VE2), one at an intermediate position (i.e. WR2) and one close to the
coral reef (i.e. LG2B; Fig. 1).
To prevent oxidation of the samples, top water was preserved in each
core until it was opened and sampled under N2 flow on field. Samples
were collected every centimeter from 0 to 20 cm depth and stored in
sealed vials under anoxic conditions at 4 ◦ C. Re-opening of the sample
vials for further preparation and manipulation was done at the labora
tory in a Jacomex™ glove box under N2 atmosphere ([O2] ≤ 1 ppm).
Each sediment sample was vacuum-dried within the glove box, before
being ground with a mechanical grinder at a 30 Hz frequency during 20
min. Powder samples were stored in anoxic vials within the glove box
before chemical analyses and kinetic EDTA extractions. A more detailed
description of the samples can be found in Merrot et al. (2019) and
Merrot et al. (2021). The samples considered for the present study are
those collected at the surface (i.e. 10-20 mm for all stations) and bottom
(i.e. 160-170 mm depth for VE2, 195–205 mm depth for WR2 and
175–185 mm depth for LG2B) of the sediment cores.

fusion. Total organic carbon (Corg) and nitrogen (Norg) concentrations
were measured using a SERCON® Integra analyzer. All analyses were
performed at the Laboratoire des Moyens Analytiques (LAMA-IMAGO)
at IRD Noumea (New Caledonia). This laboratory is ISO 9001 certified
and member of the Global Soil Laboratory Network that was established
in 2017 by the Food and Agriculture Organization (FAO) to respond to
the need for harmonizing worldwide soil analytical data (http://www.
fao.org/global-soil-partnership/glosolan/en/). In the present paper,
only Cr, Mn, Ni and Fe concentrations are discussed, but a larger dis
cussion on other major and trace elements concentrations can be found
in Merrot et al. (2019, 2021). Quality control of the chemical analyses
performed on the WEPAL 986 Sandy Soil Certified Reference Material
are also referenced in Merrot et al. (2021).
2.3. Kinetic Na2-EDTA extractions and modeling
Kinetic Na2-EDTA extractions of Cr, Mn, Fe and Ni were performed
under N2 atmosphere in the glove box to avoid any change in the redox
state of the sediments. All solutions were prepared with anoxic milli-Q
water (degassed for 45 min at 80 ◦ C under N2 bubbling). For each
extraction, 150 mg of dry sample were suspended in 1.5 mL of 0.05 M
Na2-EDTA solution adjusted at pH 6.9 with a 2 M NaOH solution. These
conditions correspond to the 1/10 (m/v) ratio reported in Bermond et al.
(2005) and Labanowski et al. (2008). Trace metals extractions were
performed for different reaction times (i.e. 5min, 15min, 30min, 1h, 2h,
4h, 8h, 16h, 24h and 48h) in parallel experiments. At the end of each
experiment, the suspension was centrifuged at 10,000 rpm during 3 min
and the supernatant was recovered after filtration through a 0.2 μm
nylon membrane. All supernatants were acidified with 1–2 droplets of
Suprapur® HNO3 (67%) and stored in the glove box until chemical
analysis. These analyses were performed at the Institut de Physique du
Globe de Paris (IPGP) using an ICP-MS (ThermoScientific Element II)
after a 200-fold dilution and the results were treated with the uFREASI
program (Tharaud et al., 2015).
For each sample, the kinetic Na2-EDTA extraction curve of each trace
metal was modeled with the sum of two first-order rate laws according
to equation (1).

2.2. Bulk chemical analyses
Bulk chemistry of the sediments was determined by ICP-OES ana
lyses (VARIAN® 730 ES ICP optical emission spectrometer) for major
elements (Ca, Mg, Na, K, Ti, Fe, Al and Si) and ICP-MS analyses (PERKIN
ELMER® NexION 350x ICP mass spectrometer) for trace elements (Co,
Cr, Mn, Ni, Cu, P and Zn). Both analyses were performed after alkaline

Fig. 1. Map of the studied area showing the sediment cores locations in the Vavouto Bay (labelled VE2, WR2 and LG2B) displayed on a topographic map of the
studied area (source: google.com) with added geological setting (source: georep. nc/explorateur-cartographique).
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Q(t) = Q1 1 − e−

λ1

)
t

(

+ Q2 1 − e−

λ2

)
t

(1)

In this equation, Q(t) (in %) corresponds to the total amount of trace
metal released at time t (in s), and Q1 and Q2 (in %) correspond
respectively to the labile (quickly released) and less labile (slowly
released) fractions, with their respective rate-constants λ1 and λ2 (in
s− 1).
The percentage of residual trace metal (i.e. non-extractable with the
0.05 M Na2-EDTA solution) Q3 (in %) was obtained according to equa
tion (2).
(2)

Q3 = 100 − (Q1 + Q2 )

Modeling was performed with the solver program of the Excel®
software by minimizing the sum of squared residuals (SSR) between the
experimental and modeled concentrations, Ci,meas and Ci,mod, respec
tively, over the n time-steps i of the kinetic experiment, according to
equation (3).
SSR =

n [
∑
(

Ci,meas − Ci,mod

)2 ]

(3)

i=1

During SSR minimization, no specific constraints were applied to the
Q1, Q2, λ1 and λ2 adjusted parameters.
2.4. X-ray absorption spectroscopy (XAS) data collection and analysis
Trace metals speciation in the studied lagoon sediments was assessed
by Fe and Ni K-edges Extended X-ray Absorption Fine Structures
(EXAFS) data collected on the BL 4–1 and BL 9-3 beamlines at the
Stanford Synchrotron Radiation Laboratory (SSRL, Stanford, USA), on
the FAME beamline at the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) and on the SAMBA beamline at the Source
Optimisee de Lumiere d’Energie Intermediaire du LURE (SOLEIL, Orsay,
France), as well as Mn and Cr K-edges X-ray Absorption Near-Edge
Structures (XANES) data collected on the FAME beamline (ESRF, Gre
noble, France). Detailed information on the experimental setups used for
these measurements, as well as data analysis, can be found in Merrot
et al. (2019) for Fe and Ni K-edges EXAFS data, and in Merrot et al.
(2021) for Mn and Cr K-edges XANES data. In the present study, Fe, Ni,
Mn and Cr quantitative speciation was assessed by Linear Combination
Least-Square Fitting (LC-LSF) of the first-derivative of XANES spectra.
This procedure was performed with the ATHENA software, using the set
of model compounds spectra displayed as first-derivative in Figure A1.
This set of model compounds is a subset of our larger database of Fe, Ni,
Mn Cr K-edges XANES spectra for clay minerals, Fe-oxyhydroxides,
Mn-oxides, carbonates, phosphates, sulfides, but also sorption samples
onto various mineral surfaces and organic complexes (Dublet et al.,
2012, 2015, 2017; Noël et al., 2014, 2015; Merrot et al., 2019, 2021).
Considering the high sensitivity of XANES spectroscopy to the redox
state and local symmetry, the LC-LSF procedure was performed on the
XANES energy range (i.e., from ca. 20 eV before the edge to ca. 60 eV
after the edge) for all trace metals studied (Fig. 4 and A1).

Fig. 2. Total concentration (mg.kg− 1) of Mn, Fe, Ni and Cr along the sediments
cores collected at the VE2 (shore), WR2 (intermediate) and LG2B (reef) stations
in the Vavouto Bay (New Caledonia).

analyses than to biogeochemical processes upon early diagenesis.
Mean concentrations along each core were used to compare the
chemical trends across the shore-to-reef gradient. These mean bulk
concentrations decreased from the shore (i.e. VE2 station) to the reef (i.e.
LG2B station) (Fig. 2), from 50,094 mg kg− 1 to 27,070 mg kg− 1 for Fe,
from 1722 mg kg− 1 to 230 mg kg− 1 for Cr, from 918 mg kg− 1 to 309 mg
kg− 1 for Ni and from 489 mg kg− 1 to 334 mg kg− 1 for Mn (Table A1). For
Cr and Ni, these concentrations were much higher than those reported in
other lagoon sediments in the Pacific region (2–129 mg kg− 1 for Cr and
1–190 mg kg− 1 for Ni; Morrison et al., 2010) and worldwide (1–128 mg
kg− 1 for Cr and 1–241 mg kg− 1 for Ni; Pacifico et al., 2007; Lewis et al.,
2011; Coates-Marnane et al., 2016; Birch, 2017; Saravanan et al., 2018;
Zonta et al., 2018). In addition, comparison with Australian and
New-Zealand Sediments Quality Guidelines Values (ANZ-SQGV) indi
cated an excess compared to the Low Interim Sediment Quality Guide
line (ISGQ-L) of 80 mg kg− 1 for Cr and 21 mg kg− 1 for Ni in all samples
(Table A1; ANZECC/ARMCANZ, 2000). More importantly, bulk Ni
concentrations also exceeded the High Interim Sediment Quality
Guideline (ISGQ-H) of 52 mg kg− 1 in all samples, and bulk Cr concen
trations exceeded the ISGQ-H of 370 mg kg− 1 in the samples collected at
the VE2 and WR2 stations (Table A1; ANZECC/ARMCANZ, 2000). Since

3. Results
3.1. Concentrations of trace metals in the studied sediments
Major and trace metals concentration in Vavouto lagoon sediments
were already described in previous studies (Merrot et al., 2019, 2021).
The trace metals selected for this study (i.e. Cr, Mn, Fe and Ni) show
fairly homogeneous concentration with depth along the two cores
collected at the intermediate position (i.e. WR2 station) and close to the
reef (i.e. LG2B station) (Fig. 2; Table A1). On the opposite, the core close
to the shore (i.e. VE2 station) shows a slight decrease of the concentra
tion of Ni, Fe and Mn with depth (Fig. 2; Table A1). This core also shows
two marked concentration artefacts around 5 and 7 cm depth, but these
are more likely related to sub-sampling heterogeneities for chemical
4
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ISGQ-H corresponds to the concentration above which an adverse effect
to benthic communities is expected to frequently occur, Ni and Cr con
centrations in the studied lagoon sediments pointed to a potential
ecological risk.

globally decreased in the order Mn > Fe > Ni > Cr (Fig. 3; Table A2).
Modeling of these kinetic extraction curves allowed to quantify the
labile fraction Q1, the less labile fraction Q2 and the residual fraction Q3
of all trace metals (Table 1). This latter fraction Q3 was much higher
than the bioavailable fraction (Q1 + Q2) for all trace metals and for all
samples (i.e. between 72.6 and 99.8% of total trace metals contents;
Table 1). This indicated a moderate to very low bioavailability for the
studied trace metals in the Vavouto lagoon sediments. Among the
studied trace metals, the labile Q1 and less labile Q2 fractions of Mn (i.e.
respectively 6.3% and 10.3% of total Mn; Table 1) were significantly
higher than those of Fe (i.e. respectively 1.5% and 5.4% of total Fe;
Table 1), Ni (i.e. respectively 0.6% and 1.5% of total Ni; Table 1) and Cr
(i.e. respectively 0.1% and 0.4% of total Cr; Table 1). This result
confirmed that the EDTA fractions could be sorted as Mn > Fe > Ni > Cr.
Finally, decreasing EDTA fractions were observed for all trace metals

3.2. Distribution of trace metals among the bioavailable and residual
fractions
Kinetic EDTA extractions were used to provide a first assessment of
this potential ecological risk related to the high Ni and Cr concentration
measured in the studied lagoon sediments. Kinetic EDTA extraction
curves showed a similar trend in all samples and for all trace metals,
with first a rapid increase followed by a slower one towards a plateau
(Fig. 3; Table A2). Despite this similarity in the global trend, some dif
ferences between trace metals were observed with an EDTA fraction that

Fig. 3. Kinetic EDTA extraction curves for Mn, Fe, Ni and Cr obtained on the surface and bottom sediment samples collected at the VE2 (shore), WR2 (intermediate)
and LG2B (reef) stations in the Vavouto Bay (New Caledonia). Values are expressed as % of total concentration.
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Table 1
Parameters values retrieved from the kinetic EDTA extraction curves obtained on the surface and bottom sediment samples collected at the VE2 (shore), WR2 (in
termediate) and LG2B (reef) stations in the Vavouto Bay (New Caledonia).
Sample
Mn
VE2 surface
VE2 bottom
WR2 surface
WR2 bottom
LG2B surface
LG2B bottom
Fe
VE2 surface
VE2 bottom
WR2 surface
WR2 bottom
LG2B surface
LG2B bottom
Ni
VE2 surface
VE2 bottom
WR2 surface
WR2 bottom
LG2B surface
LG2B bottom
Cr
VE2 surface
VE2 bottom
WR2 surface
WR2 bottom
LG2B surface
LG2B bottom

Conc. (mg.kg-1)

Q1 (%)

Q1 (mg.kg-1)

λ1 (s-1)

520
431
403
358
307
337

8.5
2.2
7.1
6.2
6.4
7.6

44.2
9.5
28.6
22.2
19.7
25.6

3.21 × 10−
1.41 × 10−
2.64 × 10−
1.75 × 10−
1.75 × 10−
4.87 × 10−

2

57359
48571
33546
33677
25563
27436

3.1
1.7
1.7
0.8
1.0
0.6

1778.1
825.7
570.3
269.4
255.6
164.6

5.58 × 10−
5.29 × 10−
3.16 × 10−
4.11 × 10−
3.74 × 10−
5.61 × 10−

3

1003
953
620
633
325
376

1.8
1.7
0.1
0.1
0.0
0.0

18.1
16.2
0.6
0.6
0
0

1.06 × 10−
7.58 × 10−
1.56 × 10−
5.38 × 10−
8.88 × 10−
7.40 × 10−

4

1367
1835
778
829
288
324

0.1
0.0
0.1
0.1
0.3
0.2

1.4
0
0.8
0.8
1.2
0.6

5.94 × 10−
6.90 × 10−
6.15 × 10−
7.75 × 10−
3.04 × 10−
5.26 × 10−

3

2
2
2
2
3

3
3
3
3
3

5
4
4
4
4

3
3
3
3
3

across the shore-to-reef gradient, with an average residual fraction Q3
that increased from 72.6% to 90.9% for Mn, from 87.0% to 97.9% for Fe,
from 94.3% to 99.6% for Ni and from 99.1% to 99.8% for Cr (Table 1).

Q2 (%)

Q2 (mg.kg-1)

λ2 (s-1)

18.9
15.4
12.7
8.3
4.8
1.5

98.3
66.4
51.2
29.7
14.7
5.1

9.70
9.40
9.39
6.80
9.34
1.35

× 10−
× 10−
× 10−
× 10−
× 10−
× 10−

5

9.9
10.6
5.2
2.0
3.1
1.5

5678.5
5148.5
1744.4
673.5
792.5
411.5

3.74
6.13
1.29
2.47
2.09
2.00

× 10−
× 10−
× 10−
× 10−
× 10−
× 10−

5

3.9
3.3
0.6
0.4
0.7
0.4

39.2
31.4
3.7
2.5
2.3
1.5

9.21
2.38
9.52
1.10
7.51
1.07

× 10−
× 10−
× 10−
× 10−
× 10−
× 10−

6

0.8
0.6
0.2
0.1
0.2
0.2

9.6
11.0
1.6
0.8
1.2
0.6

3.22
4.75
1.03
1.12
2.80
1.99

× 10−
× 10−
× 10−
× 10−
× 10−
× 10−

5

5
5
5
5
4

5
5
5
5
5

5
6
5
6
5

5
5
5
5
5

Q3 (%)

Q3 (mg.kg-1)

R2

72.6
82.4
80.2
85.5
88.8
90.9

377.5
355.1
323.2
306.1
272.6
306.3

0.9366
0.9841
0.8287
0.7287
0.6467
0.5960

87.0
87.7
93.1
97.2
95.9
97.9

49902.3
42596.8
31231.3
32734.0
24514.9
26859.8

0.9859
0.9958
0.9662
0.8955
0.9875
0.9979

94.3
95.0
99.3
99.5
99.3
99.6

945.8
905.4
615.7
629.8
322.7
374.5

0.9955
0.9976
0.9841
0.9713
0.9949
0.9969

99.1
99.4
99.7
99.8
99.5
99.6

1356.1
1824.0
775.7
827.3
285.7
322.7

0.9895
0.9875
0.9826
0.9605
0.9697
0.9521

analysis of Ni speciation (Merrot et al., 2019) and XANES analysis of Mn
and Cr speciation (Merrot et al., 2021) in the same sediments. However,
a difference can be noticed for Fe speciation, which showed a larger
contribution of sulfides in the sediments at the intermediate position and
close to the reef compared to our previous Fe K-edge EXAFS analysis
where no sulfides could be detected (Merrot et al., 2019). Despite this
difference, the present approach based on LC-LSF analysis of the
first-derivative of XANES data (Fig. 4; Table A3) confirmed the
decreasing contribution of sulfides to Fe speciation across the
shore-to-reef gradient previously revealed by Fe K-edge EXAFS analysis
(Merrot et al., 2019).

3.3. Kinetics of trace metals extraction
The rate-constants derived from kinetic EDTA extraction curves
modeling provided additional information on the labile Q1 and less
labile Q2 fractions. The λ2 kinetic constants determined for the less labile
fraction Q2 were similar for all trace metals, with values in the 10− 5
sec− 1 range (Table 1). In contrast, the λ1 kinetic constant was in the 10− 2
sec− 1 range for Mn, in the 10− 3 sec− 1 range for Cr and Fe and in the 10− 4
sec− 1 range for Ni (Table 1). These latter results indicated that the labile
fraction of Mn was the most quickly bioavailable, followed by Cr and Fe,
and then Ni.

4. Discussion
4.1. A shore-to-reef bioavailability gradient likely related to sediments
sources

3.4. XANES-derived speciation of trace metals

Kinetic Na2-EDTA extractions indicated a similar trend across the
shore-to-reef gradient for all the studied metals, with the largest labile
fraction close to the shore (i.e. VE2 station) and the lowest one close to
the reef (i.e. LG2B station; Fig. 5; Table 1). Despite this similar trend, the
overall proportion of labile metal differed for each metal in the order
Mn > Fe > Ni > Cr, with a very low bioavailability for Cr (i.e. less than
1% of total Cr). One may also note that the fraction of labile Ni decreased
strongly between the shore and the intermediate position, whereas the
fractions of labile Mn, Fe and Cr decreased more progressively from the
shore to the reef (Fig. 5; Table 1). This decreasing shore-to-reef
bioavailability gradient might have been related to the granulometric
sorting of the studied sediments reported in Merrot et al. (2021).
However, with a concomitant increase of the most reactive clay fraction
and decrease of the less reactive sandy fraction, the global granulometric
trend measured across the shore-to-reef gradient in this previous study
does not support such hypothesis. The decreasing shore-to-reef
bioavailability gradient observed in the studied sediments appears
thus more likely related to the variation of the sediments sources
recently proposed by Merrot et al. (2019). In this previous study, three

LC-LSF analysis of the first-derivative of XANES data was used to
quantify trace metals speciation in the studied lagoon sediments. The
contribution of the major mineral families to each metal speciation
retrieved from this analysis are displayed in Fig. 4 and detailed fitting
results including the proportion of each component are reported in
Table A3. These results indicated a major hosting of Fe, Ni and Cr by clay
minerals and Fe-(oxyhydr)oxides, whereas Mn was hosted by clay
minerals and carbonate minerals. For Fe and Ni, the contribution of clay
minerals to speciation decreased across the shore-to-reef gradient in
favor of Fe-(oxyhydr)oxides (Fig. 4; Table A3). For Mn speciation, the
contribution of clay minerals was progressively replaced by that of
carbonates from the shore to the reef. Finally, the reverse trend was
observed for Cr speciation, with a major contribution of chromite close
to the shore and Cr mostly included in the clay minerals pool close to the
reef (Fig. 4; Table A3). These variations were attributed to a shift from a
major continental source for the sediments close to the shore to a major
marine source for those close to the reef (Merrot et al., 2019). The
present results are in full agreement with those of our previous EXAFS
6
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Fig. 4. Result of the LC-LSF analysis per
formed on the first-derivative of Fe, Ni, Mn
and Cr K-edges XANES data obtained on the
surface and bottom sediment samples
collected at the VE2 (shore), WR2 (inter
mediate) and LG2B (reef) stations in the
Vavouto Bay (New Caledonia). The experi
mental and fitted data are presented as black
and red lines, respectively. Each circle in
dicates the relative contribution of carbon
ates, clay minerals, Fe-(oxyhydr)oxides and/
or sulfides to trace metals speciation in the
corresponding sample. The detailed quanti
fication for each model compound used as
fitting component is given in Table A3. For
Cr quantitative speciation, chromite is
included in the Fe-(oxyhydr)oxides pool.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

sources of trace metals in the Vavouto lagoon sediments were identified,
including ultramafic/lateritic soils from the Koniambo regolith, soils
developed upon the volcano-sedimentary setting around the Koniambo
regolith and marine carbonates (Fig. 1). These previous results revealed

that the station close to the shore downstream of the Koniambo regolith
(i.e. VE2) was the most exposed to the ultramafic/lateritic source,
whereas the station close to the reef (i.e. LG2B) was the most exposed to
the marine source. The intermediate station (i.e. WR2) was considered to
7
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Fig. 5. Stack plots of the labile fraction Q1, the less labile fraction Q2 and the non-labile fraction Q3 for Mn, Fe, Ni and Cr in the surface and bottom sediment samples
collected at the VE2 (shore), WR2 (intermediate) and LG2B (reef) stations in the Vavouto Bay (New Caledonia). A = VE2 surface, B = VE2 bottom, C = WR2 surface,
D = WR2 bottom, E = LG2B surface and F = LG2B bottom (Fig. 1).

receive a mixed contribution from the three sources (Fig. 1). These
conclusions were further supported by those from a second study on Cr
and Mn speciation (Merrot et al., 2019), which interpreted the
increasing contribution of carbonates to Mn speciation across the
shore-to-reef gradient in the Vavouto Bay as an evidence for an
increasing fraction of marine sediments towards the reef.
In the present study, the decreasing bioavailability of Mn, Fe, Ni and
Cr from the shore to the reef could be explained by such a variation in
the source of sediments. In this regard, the ultramafic/lateritic source
would hold a larger fraction of bioavailable trace metals than the
volcano-sedimentary and marine sources. Although less relevant for Cr
regarding the less marked bioavailability gradient of this trace metal
(Fig. 5; Table 1), this hypothesis would indicate that the ultramafic/
lateritic source represents the highest potential ecological risk for
benthic communities. This latter point is discussed below with respect to
the molecular-level speciation of the investigated trace metals.

(Quantin et al., 2002; Becquer et al., 2003, Becquer et al., 2006; Fandeur
et al., 2009a, 2009b). Considering the well-known oxidizing capacity of
Mn-oxides towards Cr(III) (Eary and Rai, 1987; Fendorf and Zasoski,
1992; Manceau and Charlet, 1992; Fendorf, 1995; Nico and Zasoski,
2000; Oze et al., 2007; Landrot et al., 2010, 2012), a partial oxidation of
Cr(III) to Cr(VI) could possibly occur in the studied lagoon sediments if
Mn-oxides were present. However, as indicated above, Mn K-edge
XANES data indicated the absence of contribution of Mn-oxides to Mn
speciation in the studied sediments (Fig. 4; Table A3; Merrot et al.,
2021). Our results thus suggest that partial oxidation of Cr(III) to Cr(VI)
is unlikely in tropical lagoon sediments downstream of lateritic ultra
mafic catchments, where Cr bioavailability should remain very low.
4.3. A bioavailability of Mn driven by the Mn-carbonate/Mn-clays ratio,
in absence of Mn-oxides
Comparison of Mn speciation (Fig. 4; Table A3) with its bioavailable
fraction (Q1+Q2) (Fig. 5; Table 1) suggests that Mn bioavailability could
be favored when this trace metal is associated with clay minerals (i.e.
close to the shore) and reduced when it is associated with carbonates (i.
e. close to the reef). Although Mn K-edge XANES data on the studied
lagoon sediments indicated a major incorporation of Mn(II) in the
octahedral layer of clay minerals (Fig. 4; Merrot et al., 2021), the
concomitant increase of bioavailable Mn and Mn-bearing clay minerals
suggests that a fraction of Mn(II) could also be sorbed onto clay-minerals
surfaces. In the same way, the concomitant decrease of bioavailable Mn
and increase of Mn-bearing carbonates supports the hypothesis of a
structural incorporation of Mn(II) in this mineral species. This Mn(II) for

4.2. A low bioavailability of Cr related to its redox state
Our XAS and Na2-EDTA results suggest that the very low bioavail
ability of Cr in the studied sediments (i.e. below 1% of total Cr; Fig. 5;
Table 1) is related to the absence of detectable Cr(VI), which is generally
considered more soluble than Cr(III) (Fig. 4; Table A3; Merrot et al.,
2021). Indeed, Cr occurs as a mixture of chromite and Cr(III)-bearing
Fe-(oxyhydr)oxides close to the shore and then as a mixture of Cr
(III)-bearing clay minerals and Fe-(oxyhydr)oxides close to the reef
(Fig. 4; Table A3). This latter result is in agreement with the Cr speci
ation already determined in the upstream ultramafic catchment
8
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Ca(II) isomorphous substitution is a well-known process for
Ca-carbonates and it is considered as one of the major drivers of Mn
accumulation in marine sediments (Mucci, 1988; Paquette and Reeder,
1995; Böttcher, 1998; Bamforth et al., 2006; Soldati et al., 2016; Barras
et al., 2018; Son et al., 2019). For instance, a recent study on Mn sedi
mentary deposits up to 2 billion years old revealed that kutnohorite (Ca,
Mn(CO3)2) and rhodocrosite (MnCO3) were the earliest mineral species
to form upon diagenesis in marine sedimentary settings (Johnson et al.,
2016). Finally, it is important to note that Mn K-edge XANES data did
not allow to detect any contribution of Mn-oxides to Mn speciation in the
studied lagoon sediments (Fig. 4; Table A3; Merrot et al., 2021). This
lack of Mn-oxides in sediments downstream of an ultramafic catchment
where these mineral species have been identified (Llorca and Monchoux,
1991; Fandeur et al., 2009a; Dublet et al., 2012; Ploquin et al., 2019) is
considered to result from their fast reductive dissolution upon early
diagenesis (Shaw et al., 1990; Burdige, 1993; Canfield et al., 1993;
Davison, 1993; Thamdrup et al., 1994; Wang and Van Cappellen, 1996;
Slomp et al., 1997). As a conclusion to the above-mentioned consider
ations, Mn bioavailability appears to be mainly driven by the
Mn-carbonates/Mn-clays ratio, with limited role of Mn-oxides, in trop
ical lagoon sediments downstream of lateritic ultramafic catchments.

(Merrot et al., 2019). Ni-bearing Fe-(oxyhydr)oxides might thus provide
easily accessible Fe and Ni, which could also contribute to the
bioavailable fractions of these trace metals, when subjected to microbial
reductive dissolution. However, when microbial activity is reduced in
areas depleted in organic carbon, this mineral species might represent a
non-bioavailable pool of Fe and Ni. Accordingly, in addition to
Fe-sulfides, Fe-(oxyhydr)oxides should also be considered as relevant
minerals species to evaluate Fe and Ni bioavailability in shallow lagoon
sedimentary settings downstream of lateritic ultramafic catchments.
However, the contribution of this latter mineral species to Fe and Ni
bioavailability should be conditioned to TOC, as detailed in the
following section.
4.5. Questioning the influence of TOC on the bioavailability of trace
metals upon early diagenesis
Microbial oxidation of organic matter is a major process of early
diagenesis. In marine sedimentary settings, it results in anoxic condi
tions that are favorable to pyritization of Fe-bearing minerals (Lovley
and Chapelle, 1995; Huerta-Diaz and Morse, 1992; Lovley and Chapelle,
1995; Wang and Morse, 1996, Morse and Wang, 1997). This assumption
is supported by the correlation between TOC and S-pyrite reported by
Berner and Raiswell (1983, 1984) for modern marine sediments. How
ever, anoxic conditions resulting from microbial oxidation of organic
matter are also favorable to reductive dissolution of Fe-(oxyhydr)oxides
and Mn-oxides (Shaw et al., 1990; Burdige, 1993; Canfield et al., 1993;
Davison, 1993; Thamdrup et al., 1994; Wang and Van Cappellen, 1996;
Slomp et al., 1997). Total organic carbon (TOC) appears thus as a major
driver of Fe-(oxyhydr)oxides and Mn-oxides transformations that could
yield loosely bound Fe(II) and Mn(II) species in marine sedimentary
settings. Regarding the significant contribution of Fe-(oxyhydr)oxides to
Ni speciation (Fig. 4; Table A3; Merrot et al., 2019), reductive dissolu
tion of such minerals may also yield loosely bound Ni(II). TOC is thus
expected to play an important role on Fe, Mn and Ni bioavailability in
the studied lagoon sediments. Such an importance of organic matter on
the bioavailability of trace metals through the control of Fe/Mn-(ox
yhydr)oxides stability was already proposed for Pb in continental shelf
sediments of India, considering also the affinity of Pb for organic matter
(Chakraborty et al., 2017).
In order to evaluate the actual role of organic matter on Fe, Mn, Ni
and Cr bioavailability, the bioavailable fraction (Q1 + Q2) of these trace
metals was compared to TOC values in the studied samples (Fig. 6). This
comparison indicated a positive correlation between TOC and the
bioavailable fraction of Ni (r2 = 0.91), Fe (r2 = 0.85) and Mn (r2 = 0.77).
Considering the major contribution of Ni-bearing Fe-(oxyhydr)ox
ides and Mn-oxides to Fe and Ni speciation, a possible interpretation for
the correlation between the bioavailable fraction of these trace metals
and TOC (Fig. 6) could rely on the presence of low amounts of loosely
bound sorbed ion species that would result from the TOC-fueled partial
reductive dissolution of these mineral species. The lack of detection of
these sorbed ion species in the studied sediments would be due to their
occurrence below the XAS detection threshold (i.e. 10-20% depending
on the sample matrix and trace metal considered; O’Day et al., 2004).
Alternatively, the correlation between the bioavailable fraction of Fe
and Ni, and TOC could also indicate that a small fraction of these trace
metals is organic-bound and that this fraction is bioavailable. As for Fe
and Ni sorbed ion species, this organic-bound fraction of Fe and Ni
would occur below the XAS detection threshold. This hypothesis is
supported by a partial survey of published data at various location
worldwide, which suggests that the fraction of organic-bound Fe and Ni
in marine sediments is not expected to exceed 15–20% for both trace
metals (Yuan et al., 2004; Morillo et al., 2005; Pacifico et al., 2007;
Passos et al., 2010; Delshab et al., 2017; Nasnodkar and Nayak, 2017;
Kouassi et al., 2019). Moreover, this fraction actually corresponds to the
‘‘oxidizable fraction’’ of the BCR (Rauret et al., 1999) or Tessier (Tessier
et al., 1979) sequential extraction schemes, which includes both

4.4. A bioavailability of Fe and Ni controlled by Fe-sulfides and Feoxyhydroxides
Quantitative analysis of the first derivative of Fe K-edge XANES data
indicated a decreasing contribution of pyrite to Fe speciation across the
shore-to-reef gradient (Fig. 4; Table A3). This result is in agreement with
the similar decreasing contribution of pyrite to S speciation previously
revealed by S K-edge XAS data (Merrot et al., 2019). These trends can be
compared to the decreasing Q1 and Q2 fractions of bioavailable Fe across
the shore-to-reef revealed by our kinetic Na2-EDTA extractions (Fig. 5;
Table 1). Hence, despite the low contribution of Fe-sulfides to Fe
speciation, the reactivity of early-diagenetic pyrite (Noël et al., 2014)
and the possible occurrence of AVS (Burton et al., 2005) could account
for a significant part of the labile fractions of Fe in the studied sediments.
Moreover, although this fraction seems too low to be detected by Ni
K-edge XAS data, Ni-bearing Fe-sulfides were scarcely detected by
SEM-EDS (Merrot et al., 2019). Regarding the significant contribution of
Fe-sulfides to Ni speciation in adjacent mangrove sediments (Noël et al.,
2015), one may infer that a small fraction of Ni could also be associated
with pyrite or AVS in the studied sediments. Consequently, Ni-bearing
Fe-sulfides could also contribute to the labile fraction of Ni. This hy
pothesis would be in agreement with the decreasing Q1 and Q2 fractions
of bioavailable Ni across the shore-to-reef gradient shown by our kinetic
Na2-EDTA extractions (Fig. 5; Table 1). The importance of Fe-sulfides on
Fe and Ni bioavailability in the studied lagoon sediments would be
related to the sensitivity of these mineral species to oxidative dissolution
upon frequent sediments re-suspension in these shallow sedimentary
settings (Merrot et al., 2019). These considerations suggest that
bioavailability approaches based on simultaneously extracted metals
and AVS and organic carbon (Burton et al., 2005; Costello et al., 2011;
Nguyen et al., 2011) might be relevant to evaluate Fe and Ni bioavail
ability and subsequent ecotoxicity in lagoon sedimentary settings
downstream of ultramafic catchments, even when the contribution of
Fe-sulfides to Fe and Ni speciation is low. In addition, Fe and Ni K-edge
XANES data indicated a significant fraction of Fe and Ni hosted by
Ni-bearing Fe-oxyhydroxides, with an increasing trend for both trace
metals across the shore-to-reef gradient (Fig. 4; Table A3). Since these
mineral species are sensitive to microbially driven reductive dissolution
in the presence of organic carbon as electron donor, the observed trend
could indicate a decrease in microbial activity from the shore to the reef
in the studied sediments. This hypothesis is supported by the decreasing
concentration of total organic carbon (i.e. from 3,1 to 1,1%) and
concomitant increasing dissolved oxygen penetration depth (i.e. from 2
to 5 mm) measured in the surface layers of the studied sediments
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ecological risk associated with Fe and Ni bioavailability upon early
diagenesis in tropical sediments downstream of lateritic ultramafic
catchments. In the absence of redox sensitive Mn-oxides, this conclusion
is not relevant for Mn, for which bioavailability appears more likely
driven by sediments sources. It is also not relevant for Cr, for which the
very low bioavailability (i.e. below 1% of total Cr; Fig. 5; Table 1) ap
pears more likely due to the lack of detectable Cr(VI).
5. Environmental implications
In the studied lagoon sediments, kinetic Na2-EDTA extraction data
indicated the highest bioavailable fraction for Mn, followed by Fe, and
then Ni and Cr. However, when scaled to the total concentration of each
of these trace metals, the same kinetic Na2-EDTA extraction data indi
cated the highest labile amounts for Fe (i.e. 644 and 2408 mg kg− 1 as
mean Q1 and Q2 fractions, respectively), followed by Mn (i.e. 25.0 and
44.2 mg kg− 1 as mean Q1 and Q2 fractions, respectively), Ni (i.e. 5.9 and
13.4 mg kg− 1 as mean Q1 and Q2 fractions, respectively) and Cr (i.e. 0.8
and 4.1 mg kg− 1 as mean Q1 and Q2 fractions, respectively; Table 1).
These results suggest that the investigated trace metals have to be
ranked as Fe > Mn > Ni > Cr in terms of potential ecological risk to
wards benthic communities in the studied lagoon sediments. Concerning
Cr, comparison with ANZ-SQGV indicates that the highest total Na2EDTA amount (i.e. 11 mg kg− 1 for Q1 + Q2 in sediments at the VE2
station; Table 1) is significantly below the ISGQ-L of 80 mg kg− 1
(ANZECC/ARMCANZ, 2000). Since ISGQ-L is the concentration below
which adverse biological effect are expected to rarely occur, this com
parison suggests that Cr should not represent a significant ecological risk
in the studied lagoon sediments. This assumption is supported by the
absence of detectable Cr(VI) by XAS spectroscopy (Fig. 4; Table A3;
Merrot et al., 2021). However, this absence of Cr(VI) has to be consid
ered in regard of the concomitant absence of Mn-oxides in the studied
sediments, which is considered to result from the rapid reductive
dissolution of these mineral species in the very early stages of diagenesis.
A possible transient occurrence of Cr(VI) resulting from the redox
interplay at the microscale between Cr(III)-bearing minerals and
Mn-oxides at the very early stages of diagenesis in tropical lagoon sed
iments downstream of ultramafic catchments can thus not be totally
ruled out and further studies should be engaged in order to test this
hypothesis and assess the related potential impact of Cr(VI) on the
biodiversity of these sedimentary settings. Concerning Ni, comparison
with ANZ-SQGV indicates that the total Na2-EDTA amounts in the sur
face and bottom sediments at the shore station (i.e. respectively 57.3 and
47.6 mg kg− 1 for Q1 + Q2; Table 1) are significant, largely above the
ISGQ-L of 21 mg kg− 1 (ANZECC/ARMCANZ, 2000). More importantly,
the highest total Na2-EDTA amount found for Ni in the surface sediments
at the shore station is higher than the ISGQ-H of 52 mg kg− 1 (ANZEC
C/ARMCANZ, 2000). Since ISGQ-H corresponds to the concentration
above which an adverse effect is expected to frequently occur, this
comparison suggests that Ni might represent a significant threat for
benthic communities in the studied lagoon sediments. This conclusion is
supported by the threshold value of 46 mg kg− 1 acid extractable Ni that
was recently determined for the disappearance of sensitive benthic
species in sediments collected in the Vavouto Bay (Gillmore et al., 2021).
This latter point emphasizes the strong need for further ecotoxicological
studies aimed at better assessing the actual influence of Ni towards
benthic biodiversity in tropical lagoon sediments downstream of ultra
mafic catchments. Although these metals are not currently targeted by
the ANZ-SQGV, similar studies should also be considered for Fe and Mn
regarding their significant Na2-EDTA-extractable amounts in the studied
lagoon sediments (i.e. up to 7000 mg kg− 1 and 150 mg kg− 1, respec
tively, in surface sediments at the shore station; Table A2).

Fig. 6. Correlations between TOC and the total bioavailable fraction (Q1 + Q2)
of Mn, Fe, Ni and Cr in the surface and bottom sediment samples collected in
the Vavouto Bay (New Caledonia).

organic-bound and sulfides-bound trace metals. The actual fraction of
organic-bound Fe or Ni in marine sediments, including the studied
sediments, might thus be well below the XAS detection threshold of
10–20%. As a consequence, both loosely-bound sorbed Ni and Fe after
TOC-fueled partial reductive dissolution of Ni-bearing Fe-(oxyhydr)ox
ides and Mn-oxides, as well as organic-bound Ni and Fe resulting from
complexation by organic matter, can not be ruled out to explain the
correlation between TOC and the bioavailable fraction of Ni and Fe
observed in the studied sediments (Fig. 6).
In the same way, the correlation between TOC and the bioavailable
fraction of Mn (Fig. 6) could be interpreted as the result of TOC-fueled
partial reductive dissolution of Mn-oxides or complexation of Mn by
organic matter. However, on the opposite to Ni and Fe, the lack of
detection of Mn-oxides or organic-bound Mn by our LC-LS analysis of Mn
K-edge XANES data (Fig. 4; Table A3; Merrot et al., 2021) forces to an
alternative explanation. Indeed, the bioavailable fraction of Mn
measured in the studied sediments (i.e. up to 30% of total Mn; Fig. 5;
Table 1) is above the XAS detection threshold. As a consequence, if the
bioavailable fraction of Mn was related to organic-bound Mn or
Mn-oxides, these Mn species should have been detected by our LC-LS
analysis of Mn K-edge XANES data. Considering this absence of contri
bution from organic-bound Mn and/or Mn-oxides, a remaining hy
pothesis is that the correlation observed between TOC and bioavailable
fraction of Mn in the studied sediments (Fig. 6) would not reflect a causal
relation between both parameters, but rather a concomitant increasing
contribution of carbonates to Mn speciation and decreasing TOC con
centration across the shore-to-reef gradient.
Finally, the lack of correlation between bioavailable Cr and TOC (i.e.
r2 = 0.22; Fig. 6) is interpreted as the result of the occurrence of this
trace metal as Cr(III)-bearing chromite and phyllosilicates (Fig. 4;
Table A3; Merrot et al., 2021), which are much less sensitive to
TOC-fueled reductive dissolution upon early diagenesis, as well as to the
insolubility of Cr(III)-oxyhydroxides that may result from the microbial
reduction of Cr(III)-bearing ferric minerals.
All the above-mentioned results thus support the influence of TOC on
the production of labile Fe and Ni in the studied lagoon sediments. Total
organic carbon has thus to be considered as a major driver of the
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