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ABSTRACT: Formation of Fe-sulfides in anoxic horizons of mangrove
sediments makes this ecosystem a potential long-term sink for metal
contaminants in the intertropical region. Increasing anthropogenic pressure
on coastal areas can alter the physicochemical of mangrove sediments by
modifying their redox state, affecting directly the rate of Fe-sulfides that
mediate accumulation of metal contaminant. Here, we show that isolation ] T
from the sea, due to land use planning, directly modify the redox state of o . I
mangrove sediments from reducing condition to oxidizing condition,

affecting the stability of Ni-accumulating Fe-sulfides. Unusual suboxic/oxic
conditions are indeed observed at intermediate depths in these mangrove
sediments and favor the oxidative dissolution of Ni-pyrite (Fe,_,Ni,S,) that
initially formed under anoxic/suboxic conditions. This reaction leads to a
significant release of aqueous HS™, Fe*" and Ni*" at the redox boundary.
HS™ and Fe** oxidize into SO,>” and Fe** and precipitate as schwertmannite
(FegO3(OH)(S0,), leading to acidification of the pore-waters. Meanwhile, aqueous Ni*" is mostly leached downward in the
underlying anoxic layers of the sediment where it sorbs at the surface of pyrite and/or incorporates in the structure of newly
formed pyrites. These results emphasize the potential of Fe-sulfides for mitigating the impact of the oxidation of former Ni-rich
mangrove sediments, as long as the anoxic conditions are preserved at depth. This assumption can be expanded to other divalent
metals and should be applicable to a larger set of mangrove ecosystems worldwide.
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1. INTRODUCTION

Mangroves cover more than 70% of tropical and subtropical
coastlines and act as ecological filters between land and sea,
especially for metals.”* However, due to their persistence,
potential toxicity, and bioavailability, the inputs from natural or
anthropogenically impacted watersheds of various metals such
as Cu, Cd, Cr, Pb,s‘6 Ni, Pb, V, and Zn® can represent a major

potential threat to mangrove biodiversity.” "' The accumu-
lation of metals in mangrove sediments is partly attributed to

the ability of these sediments to efficiently trap suspended

materials from the water column'? and to their large
concentrations of dissolved or solid organic matter and of
fine-grained mineral particles with large specific surface areas
(e.g., clay minerals) both of which are known for their strong
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affinity for metals."* '® Furthermore, recent studies suggest



that bottom-water oxygen concentration is one of the key
factors governing stability and lability of metals complexes in
the underneath sediment."”'® More specifically, the organic-
rich mangrove sediments are redox-stratified with more
reducing conditions at depth in response to organic matter
decomposition and sulfate reduction processes.'”*® Such
biogeochemical cycles were emphasized in the mangrove
sediments to play a direct role in iron mineral transformations
(dissolution/precipitation of sulfides and oxides). Conse-
quently, the chemical forms of Fe exhibit dramatic variability
tied to redox gradients generated by both the topographic
position across the intertidal zone and the depth within the
sediments.”"?* As a result of this redox stratification, the
mineral transformations enhance with increasing depth>** and
therefore can also play an indirect role on the redistribution and
mobility of metals associated with minerals and organic matter
inherited from detrital sedimentation.”> The increasing
precipitation of Fe-sulfide minerals with increasing depth has
been found to efficiently incorporate the remobilized metals
during the chemical and mineral transformations of sulfidic
environments.”> >® The relative stability of Fe-sulfides in the
anoxic horizons of mangrove sediments can then lead
mangrove ecosystems to act as long-term sinks for metals,
provided that reoxidation processes are limited.”>**~3>

The formation and preservation of Fe-sulfides in mangrove
sediment horizons can be considered as a key factor that
control metal scavenging at the land—sea interface in tropical
regions. However, in the context of increasing demographic
pressure and urbanization of coastal areas, artificial isolation of
mangroves from the sea can significantly modify their biogeo-
hydrological functioning.” In particular, shortening of the
flooding period can result in reoxidation of the upper horizons
of mangrove sediments and subsequent destabilization of Fe-
sulfides. For example, the formation of Coastal Lowland Acid
Sulfate Soils (CLASS)*' 7> has been demonstrated to counter-
act the ability of pyritization to sequester metals in mangrove
sediments.”*>*>%> Such an issue is potentially of major
importance in New Caledonia, where a large fraction of
mangroves accumulate metal-rich particles due to intense
erosion of massive lateritic deposits enriched in transition
metals such as Fe, Ni, but also to a lesser extent Cr, Co, and
Mn**%® because of the tropical climate” and local mining.*”

In the present study, we have evaluated the extent to which
Fe and Ni can be mobilized by the reoxidation of a former
mangrove stand now isolated from the sea. The composition of
pore-waters along a representative sediment core is interpreted
in the context of the solid-state speciation of Ni and Fe, which
was determined using X-ray absorption spectroscopy (XAS)
and mineralogical analysis.

2. EXPERIMENTAL SECTION

2.1. Field Site and Sampling of Solid Sediment and
Pore-Waters. The mangrove sediments investigated are
located on the west coast of the New Caledonia main island
(20°S—23°S), which has a semiarid tropical climate. Sampling
was performed at the beginning of the dry season in June 2009
in a former mangrove stand that developed at the mouth of the
Dumbea River. The catchment of this river is composed of
ultramafic rocks and lateritic soils> that have been mined from
the end of the 19th century to the middle of the 20th century
for their large Fe and Ni contents. The former mangrove stand
initially developed as an Avicennia marina forest, the second
major mangrove species found across the whole island.>® It has

been artificially isolated from the sea after road construction
about 10 years ago, and it is now covered with the herbaceous
species Acrostichum aureum (Figure SI-1).

After extraction of a 70 cm long sediment core with an
Eijkelkamp gouge auger, sediment samples were collected at
fineer vertical resolution (~$ cm), along with a segment of
neighboring over- and underlying sediment, under nitrogen
flow and preserved from oxidation in N,-purged serum vials
(crimp-sealed with rubber stoppers). All samples were
immediately stored in the dark at 3 °C and shipped on ice to
the laboratory where they were introduced in a glovebox in 5%
H,/95%N, atmosphere in order to be vacuum-dried.

Pore-waters were extracted from a second sediment core
collected in a PVC tube with Rhizon soil moisture samplers.*’
After being collected in PVC tube, each sediment core was
immediately placed in a field glovebag filled with N,
atmosphere. The soil moisture samplers were then directly
inserted into the core through holes into the PVC tube and
they were connected to a syringe using luer-lock fittings.
Around 15 mL of pore-water was collected for a section of core
of 150 cm?, and each pore-water volume was divided into two
aliquots. The first aliquot was immediately introduced in liquid
nitrogen prior to analyzing the dissolved iron and sulfur
speciation, as well as quantifying total sulfate and chloride
concentrations. The second aliquot was placed in acid-cleaned
sealed polypropylene tubes, acidified to pH 2 with Suprapur
HNO;, and stored in a cold room (T = 4 °C) until
quantification of total dissolved Fe and Ni. Pore-water salinity,
pH, and redox potential (Eh) were measured in the field.
Detailed information on sampling and analytical procedures is
available in the Supporting Information (SI).

2.2. Chemical Composition and Mineralogical Anal-
yses. All analyses for dissolved species were performed at the
Institut de Physique du Globe (IPGP). Dissolved Fe and Ni
concentrations were respectively measured in the pore-waters
by inductively coupled plasma-atomic emission spectroscopy
(ICP-AES) with an ICAP (ThermoFisher Scientific) spec-
trometer after 100 times dilution and by high-resolution
inductively coupled plasma - mass spectrometry (HR-ICP-MS)
with a Element2 (Thermofisher Scientific) equipped with an
integrated FAST (ESI) injection system after 300 times
dilution. Certified reference materials (SLRS4) were interca-
lated during the analytical series. Aqueous Fe** and H,S were
measured in the pore-waters by colorimetric methods using a
SpectroDirect (AQUALYTIC) spectrophotometer. These
analyses were carried out in a glovebag filled with N,
atmosphere, 48 h after collection. Finally, sulfate and chloride
concentrations were quantified by ion chromatography with a
Dionex TonPac AS12 analytical column.

Bulk concentrations of major (Si, Mg, Fe, Al, K, Ca) and
trace (Ni, Cr, Mn) elements in the dried solid samples were
measured at the Institut de Mineralogie, de Physique des
Materiaux et de Cosmochimie (IMPMC) with a XEPOS
(Spectro X Lab) X-ray fluorescence spectrometer equipped
with a Pd cathode and operating at 50 kV and 40 mA. Total
organic carbon (TOC) in solid sediments was determined at
IPGP with a SSM-S000A combined with TOC-L Series
analyzer on powdered samples. Mineralogical compositions of
the solid samples were determined by powder X-ray diffraction
(XRD) using an XPert Pro (Panalytical) diffractometer
equipped with an X'celerator detector, and scanning electron
microscopy (SEM) coupled with energy dispersive X-ray
spectroscopy (EDXS) using a GEMINI UltraSS (ZEISS)



Field Emission Gun Scanning Electron Microscope. All of these
analytical procedures are detailed in the Supporting Informa-
tion.

2.3. Fe and Ni K-Edge XAS Data Collection and
Analyses. Fe and Ni K-edge X-ray absorption spectra of the
sediments were collected at 10 K on beamline 11-2 at the
Stanford Synchrotron Radiation Lightsource, California, U.S.A.
Fe K-edge XAS data were collected in transmission detection
mode, whereas Ni K-edge XAS data were collected in
fluorescence detection mode using a Canberra high-throughput
Ge 30-element solid-state array detector. The energy of the X-
ray beam was calibrated by setting the first inflection point in
(i) the Fe K-edge spectrum of a Fe foil to 7112 eV and (ii) the
Ni K-edge spectrum of a Ni foil 8333 eV. For all samples, only
2 scans were needed for Fe K-edge data, whereas 6 to 17 scans
were needed to achieve an acceptable signal/noise ratio for Ni
K-edge. For each bulk sediment sample, Fe and Ni K-edge XAS
data were averaged and normalized using the ATHENA
software package.”’ Fe and Ni K-edge EXAFS spectra were
then background-subtracted from these normalized data using
the XAFS code.” Fourier transforms (FT) of these EXAFS
spectra were obtained by fast Fourier transformation of the k*-
weighted experimental y(k) function using a Kaiser-Bessel
window with the Bessel weight fixed at 2.5.

Fe and Ni K-edge EXAFS spectra of all sediment samples
were least-squares fit by linear combination (LC-LS fitting) of
experimental EXAFS spectra of appropriate model compounds
selected from a large database,?“z’m’sé’43 as detailed in
Supporting Information. Briefly, principal component analysis
(PCA;***) was performed with the SIXPACK code™ prior to
LC-LS fitting in order to estimate the minimum number of
components necessary to fit the Fe K-edge EXAFS spectra of
our mangrove sediments*” (‘Table SI-3). Model compounds for
the LC-LS fitting procedure were then selected by target
transform (TT) analysis of our large set of Fe K-edge EXAFS
spectra from natural and synthetic model compounds (Table
SI-4). Ni K-edge model compounds were selected on the basis
of our previous PCA-TT and LC-LS analysis of a large set of
mangrove sediment samples from New Caledonia.*® LC-LS fits
were performed with custom-built software based on the
Levenberg—Marquardt minimization algorithm™ and fit quality
was estimated using an R-factor parameter (Rf) of the following
form: Rf = Y [Yery — Yeute) /2 [ep)”- The accuracy of this
fitting procedure ranges between +5% and +25% of the stated
values for each individual contribution, and the detection limit
for minor species is estimated to be ~10%. Contributions
below this limit are not considered to be statistically
significant.*®

3. RESULTS

3.1. Environmental Parameters. The measured phys-
icochemical parameters, including redox potential, pH, and
salinity, are reported as a function of depth in Figures 1 and 2
and Table SI-1. Salinity is around 21 for the first 20 cm and
increases to 40 below 45 cm (Figure 1a; Table SI-1). Eh values
increase from 270 mV to 495 mV within the first 30 cm of the
mangrove sediment core and then progressively decrease to
their lowest value (ie., about 100 mV) at 65 cm. Although
acidic along the entire core studied, the pH values show an
evolution opposite to that of Eh values. These pH values
decrease from S5.5 to 3 within the first 30 cm of sediment and
then progressively increase to their highest value (i.e., about 6)
at 65 cm (Figure 2b; Table SI-1). Finally, total organic carbon
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Figure 1. Vertical changes of (a) the salinity (purple line), (b) the
dissolved SO,>~/Cl™ molar ratio (blue line), (c) the total dissolved Fe
concentration (red line), and (d) the total dissolved Ni concentration
(green line) as a function of depth in the pore-waters of the studied
mangrove sediments. The blue and green bars in (c) represent the
proportion of dissolved Fe®* and Fe¥, respectively. All dissolved
SO,*~/Cl™ molar ratios measured in the pore-water were greater than
those of seawater (0.05*°). Depths below ground surface are noted
numerically.
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Figure 2. Evolution of iron and nickel solid-phase speciation and of
physicochemical parameters as a function of depth in the mangrove
sediment core studied. (a) Picture showing the vertical changes in the
sediment color; (b) vertical profiles of pH (pink line) and Eh (gray
line) in the pore-waters; (c) Fe speciation derived from LC-LS fit of Fe
K-edge EXAFS data; and (d) Ni speciation derived from Ni K-edge
EXAFS data. Proportions of the fit components have been normalized
to the total concentration of Fe or Ni in the solid fraction. Depths
below ground surface are noted numerically. The brown shading
shows the location of the oxidation front and the gray shading shows
the location of the pyritized horizon.

(TOC) ranges between 2% and 9% for the sediment core as a
fanction of depth (Table SI-1).

3.2. Dissolved Fe, S, and Ni in the Pore-Waters. The
sulfate (SO,*7) to chloride (CI™) molar concentration ratio in
the pore-waters follows the vertical change of the dissolved iron
concentration. With an average value of 0.16 from 0 to 20 cm,
this ratio increases from 25 to 45 cm where it reaches a value of
0.2 (ie, four times that of seawater;’') and then decreases
slightly to a value of 0.16, with a maximum of 0.2 at 60 cm
(Figure 1b; Table SI-2). Total dissolved iron is roughly
constant around 0.14 mmol L™" from 0 to 20 cm (Figure 1c;
Table SI-2), then it increases from 25 cm depth to reach a
maximum of <30 mmol L™" at 45 cm depth and 33 mmol L™
at 60 cm depth, and finally drops to <10 mmol L7 at 70 cm
depth. Colorimetric measurements indicate that aqueous Fe
consists mainly of aqueous Fe** species, although the pore-
waters between 30 and 40 cm also contain ~10 mmol L™" of



dissolved Fe(IIT) species. A large part of the Fe’' in the
dissolved phase likely corresponds to colloidal Fe-oxyhydroxide
and/or Fe organic complexes because the solubility of Fe-
oxyhydroxides and oxyhydroxysulfates does not exceed 0.1 mM
at pH 3.*°° In contrast to total dissolved Fe and S
concentration, total dissolved Ni concentration increases from
69 pumol L™ to a high of ~719 ymol L™" from surface to 25 cm,
then it decreases from 25 to 45 cm down up an average of 112
umol L™ below 45 cm. Finally, the aqueous hydrogen sulfide
(HS™) concentration was below the detection limit in all pore-
waters analyzed.

3.3. Fe and Ni Concentrations in the Solid Fraction.
Because the mangrove stand investigated is located downstream
of formerly mined Ni-rich lateritic regoliths, the Fe and Ni
concentrations in the sediments are elevated (Figure 2c,d)
compared to concentrations reported for mangroves world-
wide.*"** Fe concentration in the dry sediment samples ranges
from 8 to 30 wt % Fe (Figure 2c; Table SI-2). This
concentration is ~13 wt % Fe from $ to 15 cm and it reaches
its maximum value (29 wt % Fe) at 20 cm. Finally, it ranges
from 11 to 17 wt % Fe from 25 to 40 cm, and it reaches its
lowest value (~9 wt % Fe) below 50 cm. Ni concentration is
~2900 mg-kg ™' Ni from § to 20 cm (Figure 2d; Table SI-2). It
decreases to a mean value of ~1100 mg-kg™" Ni from 20 to 40
cm, then increases to its maximum value of ~6000 mg-kg™" Ni
at 50 cm before dropping to ~4500 mg-kg™" Ni from 60 to 70
cm.

3.4. Distribution and Quantitative Speciation of Fe in
the Solid Fraction. Fe K-edge EXAFS spectra of the samples
down to 40 cm depth (Figure 3) compare well with those of
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Figure 3. Vertical changes of Fe K-edge (a) k’-weighted EXAFS
spectra and (b) their corresponding Fourier-transforms as a function
of depth in the studied mangrove sediments. The black and red lines
correspond to the experimental data and the LC-LS fits, respectively.
See Figure 2c and Table SI-6 for quantitative results. Depths below
ground surface are noted numerically.

Fe-bearing phyllosilicates and Fe-bearing goethite (Figure SI-
3). Accordingly, the Fe K-edge XANES of these samples show
features characteristic of the Fe-bearing phyllosilicate and Fe-
bearing goethite XANES spectra (i.e., the shape of the white
line at 7130 €V and feature around 7150 eV; Figure SI-5a). In
contrast, Fe K-edge EXAFS and XANES spectra of the deeper
horizons of the sediments (from SO to 70 cm) (Figures 3 and

SI-Sa) compare well with the Fe-XAS spectra of pyrite (Figures
SI-3, SI-Sa). These observations suggest that Fe speciation
changes from Fe-bearing phyllosilicates and goethite above 40
cm depth to pyrite below that depth, in agreement with PCA-
TT (Tables SI-3, SI-4) and XRD results (Figure SI-2).

Thus, the best LC-LS fits of the Fe K-edge EXAFS spectra
were obtained with goethite, Fe-Illite, and pyrite model
compound spectra as fitting components (Figure SI-3). This
result is in agreement with our previous Fe-EXAFS study of
mangrove sediments at the Vavouto Bay in the Northern
Province of New Caledonia.”” Accordingly, Illite has to be
considered here as a proxy for dioctahedral 2:1 phyllosilicates,
such as Fe-smectite that was directly identified in the Vavouto
sediments.”> In addition to these three components, ferrihy-
drite (FesO;(OH),) and schwertmannite (FegO4(OH)SO,)
were also tested as components of the LC-LS fits. Indeed, the
TT procedure performed on Fe K-edge EXAFS data retained
these two mineral species as possible components (Table SI-4).
Moreover, ferrihydrite has been previously reII)orted as a major
Fe-bearing phase in mangrove sediments®”* and schwert-
mannite is known to occur as a major Fe-bearing species in
acidic sulfate soils.*>* Adding ferrihydrite as a fitting
component improved the goodness of fit for the samples
collected above 20 cm depth by about 30% (Table SI-S),
whereas adding schwertmannite improved the fit quality of the
Fe K-edge EXAFS spectra of samples collected in the oxic/
suboxic horizon at 25 and 30 cm by 30 and 38%, respectively
(Table SI-S). Distinguishing between ferrihydrite and schwert-
mannite as minor components of the Fe K-edge XAS data is
not straightforward because of the similarities in their EXAFS
and XANES spectral features. However, the dramatic evolution
of the color of the mangrove sediment (Figure 2a) and the
strong increase of the dissolved iron and sulfates concentrations
measured in the pore-waters (Figure 1b,c) above and below 25
cm depth support the hypothesis of a preferential precipitation
of ferrihydrite above 20 cm and a preferential precipitation of
schwertmannite between 25 and 40 cm.>**> In contrast, adding
other Fe-oxyhydroxides retained as reasonable components
during the TT procedure (i.e., lepidocrocite or maghemite;
Table SI-4), did not improve the fit quality (Table SI-S).
Finally, despite the large TOC of the mangrove sediments
investigated, addition of Fe(IlI)-humate as a possible model
compound did not improve the fit quality of the Fe-EXAFS
spectra of the mangrove sediment.

LC-LS fitting of the Fe K-edge EXAFS spectra show that Fe
in the sediments collected between 5 and 40 c¢m is mainly
hosted by Fe-oxyhydroxides (~74% of total Fe) with goethite
representing between 32 and 65%, ferrihydrite accounting for
14—36% above 20 cm depth, and schwertmannite accounting
for 10—33% between 25 and 40 cm depth (Figure 2¢; Table SI-
6). Phyllosilicates (17—39% of the total Fe) also represent a
significant fraction of Fe speciation in these samples. In
contrast, pyrite is the main Fe-bearing species between depths
of 50 and 70 cm (57—88% of total Fe) as observed by SEM in
Figure 4. The remaining fraction of Fe in these bottom samples
is incorporated in Fe-bearing phyllosilicates (12—28% of total
Fe; Figure 2c; Table SI-6).

3.5. Distribution and Quantitative Speciation of Ni in
the Solid Fraction. As for the Fe K-edge EXAFS spectra, the
Ni K-edge EXAFS spectra and their FTs show some changes
with depth, indicating a vertical change in Ni speciation (Figure
5). Indeed, the FTs of the samples above 25 cm exhibit first-
and second-neighbor peaks at ~1.62 and ~2.78 A, respectively
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Figure 4. SEM image and SEM-EDS analyses of pyrite grains from the
sample collected at 70 cm depth. The SEM image in (a) shows two
types of pyrite: a first one constituted of cuboctahedral pyrites of
approximately 10 ym (red) and a second one constituted of spherulitic
pytites of a few hundreds of nanometers (green). The SEM-EDS
spectra corresponding to these two types of pyrite are displayed in

(b,c).
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Figure 5. Vertical changes of the Ni K-edge (a) k>-weighted EXAFS
spectra and (b) their corresponding Fourier-transforms as a function
of depth in the studied mangrove sediments. The black and red lines
correspond to the experimental data and the LC-LS fits, respectively.
See Figure 2d and Table SI-9 for quantitative results. Depths below
ground surface are noted numerically.

(uncorrected for phase shift; Figure Sb), that are characteristic
of the Ni—O and Ni—cation distances found in Ni-bearing Fe-
oxides and Ni-bearing phyllosilicates*>**>” (Figure SI-4). In
contrast, the FTs of the samples below 50 cm exhibit first-,
second-, and third-neighbor peaks at ~1.83, ~ 2.98, and ~3.56
A, respectively, (uncorrected for phase shift; Figure Sb), that
are characteristic of the distances found in Ni-bearing iron
sulfides™ (Figure SI-4). This change with depth from Ni-
bearing Fe-oxides and Ni-bearing phyllosilicates to Ni-bearing
iron sulfides is also observed for Ni K-edge XANES spectra

(Figure SI-Sb). These observations suggest that Ni speciation
changes from Ni-bearing phyllosilicates and Ni-bearing Fe-
oxides above S0 cm to Ni-bearing Fe-sulfides below that depth.
SEM-EDXS analyses of the samples collected in the bottom
horizons (below SO cm) confirm the presence of Ni in pyrite
and indicate the occurrence of two pools of Ni-bearing pyrite
more or less enriched in Ni (Figure 4; more information is
detailed in Section 7 of the SI, Figure SI-6).

In a previous study on the mangrove sediments at the
Vavouto Bay (Northern Province, New Caledonia), Ni-
goethite, Ni-bearing talc and montmorillonite, Ni-pyrite, and
Nirich pyrite have been shown to be the major Ni species
beneath the Avicennia stand.>* The LC-LS fits of the Ni K-edge
EXAFS spectra of the sediment samples studied were also
initially performed with these five Ni species (Figure SI-4).
Following this procedure, the Ni-pyrite and Ni-rich pyrite were
found to be good model compounds for the LC-LS fits of the
Ni K-edge EXAFS spectra from most of the reduced samples of
the present study. However, the Ni-sorbed pyrite was found to
be the best model compound for the samples collected at 30
cm (Table SI-7; Figure SI-7) and 40 cm depth (Table SI-7;
Figure SI-8). Moreover, addition of the Ni EXAFS spectrum of
the Ni-sorbed pyrite model compound to the LC-LS fits from
the samples collected in the deepest horizons of the sediments
studied (i.e., between 50 and 70 cm) also improved significantly
the goodness of fit (mean improvement ~45%; Table SI-8). As
a consequence, in order to compare the whole set of Ni-EXAFS
spectra on a same basis, the Ni K-edge EXAFS spectrum of Ni-
sorbed pyrite was systematically included as a sixth model
compound in the LC-LS fits from all sediment samples studied.

The results of this LC-LS fitting procedure show that the
sediments collected above 25 cm are characterized by a major
incorporation of Ni in phyllosilicates, such as montmorillonite
and talc (around 60% of total Ni) and a significant
incorporation in goethite (around 40% of total Ni; Figure 2d;
Table SI-9). These two Ni mineral hosts also occur in the
samples collected between 30 and 40 cm, with Ni-
montmorillonite and Ni-goethite representing about 35% and
21% of total Ni, respectively. In addition, these samples also
hold a significant fraction of Ni-sorbed pyrite (ie., between
35% and 40% of total Ni; Figure 2d). Finally, the sediments
collected between S0 and 70 cm are characterized by a major
fraction of Ni associated with pyrite (both as sorbed and
incorporated Ni; Table SI-9).

4. DISCUSSION

4.1. Consequences of Mangrove lIsolation on the
Physicochemical Characteristics of the Sediments. The
sediments studied were sampled beneath an Avicennia stand,
which usually develops at intermediate elevation along the tidal
zone and exhibit pore-water salinities usually higher than that of
seawater because of evapo-transpiration processes.7’58’59 How-
ever, the salinity measured within the top 25 cm of the
mangrove sediment studied here is intermediate between those
of seawater®® and freshwater (<0.5; Figure 1a). This low salinity
compared to that of sediments beneath a conventional
Avicennia stand suggests that the upper horizons of the
sediments investigated are no longer recharged by seawater
but only by rainwater. This process is thought to occur because
of the isolation from the sea after a road construction. In
Guyana mangrove, Lamb et al.* suggested that the freshwater
inflows can dissolve the salts precipitated in the sediment

horizons during dry periods, providing high salinity of their



pore-waters. Thus, in the present study we propose that the
salinity decrease observed within the first 25 cm depth of the
sediments results from such a repeated alternation of saturated/
unsaturated conditions that lead to alternative salts dissolution/
precipitation events. This phenomenon is not observed at
depth (Figure la) either because the salts dissolved near the
surface are transported downward with percolating rainwater®'
or because the bottom horizon of these sediments is still under
tidal influence through groundwater flow within permeable
horizons.”” Further research is needed to define the exact
mechanism that provides the high salinities of pore-waters at
depth.

Redox potential measurements were widely described in the
mangrove sediments as biogeochemical tracers of redox
scale”**>” and were thus chosen to compare redox state of
mangrove sediments isolated from the sea with that of
mangrove sediments that are still connected with the sea.
The sediments beneath Avicennia stands in New Caledonia
exhibit usually a gradually decrease from suboxic conditions
(lack measurable oxygen or sulfide but contain dissolved iron or
manganese, no reduction of sulfate’”*”) to anoxic conditions
(sulfate reduction®>*”) along the first 20 cm depth (from 300
to 0 mV7?**%%) However, the high redox potential values
(300—490 mV; Figure 2b) measured within the top 40 cm of
the mangrove sediment studied here could translate the
presence of oxidizing conditions.*”*® This values range was
previously described to translate the presence of measurable
dissolved oxygen, however this statement require further
research in order to better understand the dissolved oxygen
cycling in the mangrove sediments and will be cover in a
separate paper. These observations corroborate the results of
salinity distribution that suggest a repeated alternation of
rainwater inputs followed by unsaturated conditions. Such
inputs of oxic rainwater in the surface horizons of the mangrove
sediments, together with the lack of replenishment by seawater
after evaporation during dry periods, could thus explain their
high redox potential values (Figure 2b). In such a context the
very low pH values (i, between 2.9 and 5.2; Figure 2b)
compared with those usually measured in sediments beneath
Avicennia stands in New Caledonia (close to 6;”°%*”) might be
due to oxidative dissolution of Fe-sulfides previously formed
under reducing conditions,?"*%%*

4.2. Consequences of the Reoxidation on Fe Cycling
in the Mangrove Sediments. Above 50 cm, Fe K-edge XAS
data indicate that Fe is hosted by goethite, ferrihydrite,
schwertmannite, and illite, as a proxy for smectite (Figure 2c;
Table SI-6). The occurrence of Fe-bearing smectite has already
been demonstrated in mangrove sediments of New Caledonia,
and it is considered to result either from in situ formation®” or
to have been inherited from past marine transgressions.”®
Goethite is the most abundant Fe(IIl)-species in lateritic
regoliths developed upon ultramafic rocks in New Caledo-
nia**®® and it is thought to have been directly inherited from
the erosion of these lateritic regoliths‘zz’23 In contrast,
ferrihydrite and schwertmannite have not been reported in
the lateritic regoliths of New Caledonia and these two mineral
species are considered to result from in situ precipitation in the
mangrove sediments studied. The precipitation of ferrihydrite
along the first 20 cm depth is expected to result from the
complex and cyclic interplay between the reduction of Fe(III)-
oxyhydroxides that releases dissolved Fe** in the pore-waters
and the partial reoxidation of this dissolved Fe*" in a sulfate-
limited environment, as usually observed in conventional

sediments beneath Avicennia stands.”"*> The precipitation of
schwertmannite between 25 and 40 cm is proposed to result
from similar processes, although dissolved Fe** is not provided
by the reductive dissolution of Fe(IIl)-oxyhydroxides but rather
by the oxidative dissolution of pyrite,"”*® which may be
considered to take place in three major steps: (1) oxidation of
sulfur (eq 1); (2) oxidation of ferrous iron (eq 2); and (3)
hydrolysis and precipitation of ferric complexes and schwert-
mannite (eq 4)

8FeS, + 280, + 8H,0 — 8Fe’' + 1650,”” + 16H"
(1)

8Fe’* + 20, + 8H — 8Fe’* + 450,”” + 16HY ()

FeS, + 14Fe’* + 8H,0 — 15Fe’* + 2580,”” + 16H"
®3)

8F63+ + 8042_ + 14H20 - FeSOS(OH)é(SO4) + 22H+
(4)

This hypothesis is supported by the high Eh values measured in
the horizons between 25 and 40 cm (Figure 2b), combined
with the high SO,*"/Cl™ molar ratio and total Fe concentration
measured in the corresponding pore-waters (eqs 1—3; Figure
1b,c). The traces of dissolved Fe*" revealed in the pore-waters
collected at 30 and 40 cm depths (Figure 1c) indicate that the
local conditions are favorable to the oxidation of dissolved Fe**
to Fe** (eq 2). Moreover, the very low pH values measured in
these horizons (ie., between 3 and 4; Figure 2b) strongly
support the in situ precipitation of secondary Fe(III)-
oxyhydroxy-sulfates (eq 4). The net reaction of complete
oxidation of pyrite, hydrolysis of Fe*" and precipitation of
schwertmannite (sum of reactions 1, 2, and 4, ie, eq S)
produces 30 mol of H* per 8 mol of pyrite

8FeS, + 300, + 18H,0
— FeyO5(OH)4(SO,) + 30H™ + 1550, ($)

In addition, in such acidic to near-neutral pH sulfate-rich
waters, precipitation of schwertmannite is favored compared to
other secondary Fe(Ill)-oxyhydroxy-sulfates and Fe(III)-oxy-
hydroxides.*””

Below 50 cm, the situation is very different because the
anoxic conditions (Figure 2b; Table SI-1) favor the pyritization
of the goethite inherited from erosion of the lateritic regoliths,
as already demonstrated in other mangrove sediments from
New Caledonia.”*** These anoxic conditions explain the major
occurrence of Fe in the form of pyrite (i.e., 55—87% of total Fe;
Figure 2c), especially in the form of cuboctahedral pyrites with
diameters larger than 10 mm (Figure 4). These conditions also
explain the absence of goethite and of secondary Fe(III)-
oxyhydroxides and/or Fe(III)-oxyhydroxy-sulfates (Figure 2c;
Table SI-6). Results obtained below 50 cm indicate that the
anoxic conditions usually observed at shallow depths in
mangrove sediments beneath Avicennia stands, which are
favorable to pyrite formation and preservation,”** are currently
observed in the mangrove sediments studied. In this context,
partial oxidation of pyrite is unlikely, and the high SO,*~ and
dissolved Fe?* concentrations measured in the pore-waters of
these bottoms horizons (Figure 1b,c) are likely explained by
downward diffusion of these solutes toward the bottom layers
of the sediment.



4.3. Consequences of the Reoxidation on Ni Cycling
in the Mangrove Sediments. Above 25 cm, the reoxidation
of the mangrove sediments seems not to have had any influence
on Ni speciation in solids. Indeed, Ni K-edge XAS data indicate
that Ni is associated with goethite, talc, and montmorillonite
(Figure 2d; Table SI-9). Our observations corroborate the
results of Marchand et al,” which showed from sequential
chemical extractions that Ni in the upper part of sediments
(from surface to 20—30 cm) beneath Avicennia stand from the
Dumbea Bay that is still connected with the sea is only
bounded with oxides and residual phase. Moreover, this
distribution of Ni species is similar to that reported for the
uppermost horizon of the mangrove sediments at the Vavouto
Bay (Northern Province, New Caledonia™). Ni-bearing
goethite>*®® and Ni-bearing talc®®”" are inherited from erosion
of the lateritic regolith.”* The origin of Ni-bearing smectite in
the upper horizons of the mangrove sediments is more difficult
to establish. Tt could form in situ as Fe-rich smectite® or could
be eroded from lateritic regoliths. Indeed, Ni-smectite is known
to form Ni-ores referred as clay silicate deposits in poorly
drained lateritic regoliths developed upon ultramafic rocks in
Australia, Ural, Burundi, and Brazil.”? It is also known to occur
in the Tiebaghi regolith in New Caledonia, further north than
the area studied here.””

Below 25 cm depth, Ni-sorbed pyrite occurs in addition to
Ni-bearing goethite and phyllosilicates (Figure 2d; Tables SI-7,
S1-9). Sorption of Ni*" onto pyrite can be explained by the
affinity of this divalent cation for the surface of Fe-sulfides.”*”*
Although previous laboratory studies indicate that Ni** could
also sorb onto the surface of goethite and phyllosilicates,”~”
our Ni K-edge XAS data indicate that it is not a dominant
process in these mangrove sediments. This result is in
agreement with the preferential sorption of several divalent
cations onto Fe-sulfides rather than onto Fe(Ill)-hydroxides
under acidic pH,” that is, pH ~ 3 in the sediment horizons
considered here (Figure 2b; Tables SI-1). Such a high affinity of
Ni** for pyrite could explain why Ni-sorbed pyrite could be
detected by Ni K-edge EXAFS analysis in the mangrove
sediment samples at depths of 30 and 40 cm (Figure 2d; Tables
S1-7, SI-9), whereas pyrite was found to be below the detection
limit of Fe K-edge XAS (<10% of total Fe) in the same samples
(Figure 2c; Table SI-6).

The presence of Ni-sorbed pyrite is interpreted as resulting
from the release of aqueous Ni(II), due to oxidative dissolution
of pyrite at the redox boundary (25—40 cm depth) and
subsequent readsorption of Ni(II) onto remaining pyrite, at the
same depth and downward in the sediment profile (below 40
cm depth). Accordingly, Ni-sorbed pyrite was previously
identified close to the shore, under a Rhizophora stand in the
Vavouto mangrove sediments, where it was interpreted as
resulting from the oxidative dissolution of Ni-pyrite, due to tide
cycles.*** Moreover, if pyrite would have formed in the
presence of the high dissolved Ni that were measured in the
pore-waters collected around 30 cm (up to 790 umol L7,
Figure 1d), Ni-incorporated pyrite should have been favored
over Ni-sorbed pyrite. Hence, Ni-sorbed pyrite in the samples
at 30 and 40 cm depths result from sorption of dissolved Ni on
remnants of pyrite rather than from sorption of dissolved Ni on
newly formed pyrite. The horizons between 25 and 50 cm
depth are thus interpreted as former pyritized horizons that are
reoxidized as a consequence of the isolation of the mangrove
stand from the sea. At this reoxidation front, the low pH
(Figure 2b), high SO,*7/Cl™ ratio (Figure 1b) and dissolved

Fe®" concentration (Figure lc), as well as the occurrence of
schwertmannite (Figure 2c), likely result from oxidative
dissolution of Fe-sulfides. The large amounts of dissolved Ni
are thus considered to originate from the oxidative dissolution
of former Ni-bearing pyrites.

In the sediment samples below S0 cm depth, Ni K-edge
EXAFS results indicate that about half of the total Ni is
incorporated in the pyrite structure, in addition to sorbing on
pyrite surfaces (Table SI-9). Incorporation of Ni in the pyrite
structure is not surprising, as pyrite is known to form solid
solution with transition metal ions and acts as a sink for these
elements in anoxic sediments.”>**”® In the bottom horizons of
the sediment studied here, Ni content is significantly higher
than in the overlying reoxidation zone (Figure 2d) and it is also
significantly higher than that measured in the fraction of the
mangrove sediments from the Dumbea Bay that is still
connected with the sea.” This comparison suggests a Ni
enrichment of the deep horizons of the mangrove sediments
that could result from the downward percolation of dissolved
Ni from the overlying reoxidation front. This hypothesis is in
agreement with the very large amount of dissolved Ni measured
in the pore-waters at this overlying reoxidation front (Figure
1d). These observations corroborate the results of Marchand et
al,®* which showed in the Guyana mangroves that dissolved
organic matter near the surface are transported downward with
percolating rainwater. The larger body of Fe®* in the dissolved
phase suggesting the formation of colloidal Fe-oxyhydroxide
and/or organic-Fe colloids, which could complex with this
dissolved organic matter (Figure 1) and act a carrier
facilitating Ni transport. The mechanisms responsible for this
accumulation at depth requires additional research to be fully
understood, however such a percolation of dissolved Ni from
the reoxidation front to the deepest horizons would explain the
significant fraction of Ni-sorbed pyrite in these horizons where
pyrite is considered to be stable because of the anoxic
conditions (Figure 2).

4.4. Environmental Implications. The concentration of
dissolved Ni measured in pore-waters just above and at the
reoxidation front (Figure 1d) is larger than that previously
measured in pore-waters of other mangrove sediments from
New Caledonia.”** More importantly, it is up to 100 times
higher than that measured in the same mangrove sediments
that are still under the influence of tidal reinundation.” The
reoxidation of the mangrove sediments studied here in
response to their isolation from the sea leads to dramatic
release of dissolved Ni in pore-waters of the oxygenated
horizons. As suggested by XAS data, this release of dissolved Ni
is likely due to the oxidative dissolution of Ni-bearing pyrite
that formed when the same sediments were anoxic/suboxic.
Such a mechanism is similar to that already proposed for the
mobilization of metals in relation to oxidation and acidification
during acid sulfate soil formation in Australia.*>>

At the reoxidation front, only a small fraction of dissolved Ni
released by the oxidative dissolution of Ni-bearing pyrite is
sorbed on surfaces of residual pyrite. This dissolution of Ni-
bearing pyrite results in a significant leaching of dissolved Ni
toward the bottom anoxic/suboxic horizons where it
accumulates through a combination of coprecipitation with
pyrite and sorption on pyrite surfaces. These reactions lead to
an accumulation of Ni at depth in the sedimentary column,
whereas the concentration of dissolved Ni is significantly lower
than at the overlying reoxidation front (ie., < 100 ymol L™’
compared to 790 umol L7'; Figure 1d). This latter point



emphasizes the importance of Fe-sulfides in mitigating the
dispersion of Ni upon reoxidation of former pyritized mangrove
sediments, provided that the anoxic/suboxic conditions are
maintained in the deeper horizons of the sediment. In addition,
the occurrence of Ni-sorbed pyrite at depth raises the question
of the possible effect of a reconnection of the mangrove
sediments to tidal reinundation that would yield an increased
jonic strength of the pore-waters, and then, a possible
desorption of Ni from Fe-sulfides in these horizons due to
competitive effects of other ions.””*

5. CONCLUSION

We surveyed Fe and Ni behavior in mangrove sediments
subjected to isolation from the sea in response to increasing
anthropogenic pressure, resulting in strong oxidation of
sediment. A previous study shown that Ni-incorporation in
pyrite formed under anoxic/suboxic conditions of mangrove
sediments beneath Avicennia stand can efficiently trap Ni,
protecting marine ecosystem against Ni clispersion.22 In this
study, the quantitative distribution and speciation of Fe and Ni
species in solid fraction was compared with their concentration
in pore-water as a function of redox gradients in order to
evaluate impact of oxidation of Ni-rich mangrove sediments
beneath Avicennia stand on the Ni remobilization. The image
that our results arises in this study is one in which (i) unusual
suboxic/oxic conditions favor the oxidative dissolution of Ni-
pyrite and (ii) leads to dramatic release of dissolved Ni in pore-
waters. Considering the known affinity for the surface or
structure of Fe-sulfides,”®*”*”"* our results suggest that (iii) Ni
remobilization is mitigated by interaction with pyrite preserved
into the underlying anoxic horizons as long as the anoxic
conditions are preserved at depth. These conclusions can likely
be extended to other divalent metals like Co, Cu, and Zn and to
a large set of mangrove sediments worldwide. Taking into
account tidal pumping on the export of elements from
mangrove sediments toward adjacent ecosystems,*"® pore-
water seepage enriched in dissolved metals after such oxidation
may have severe effects on coastal communities. This study
emphasizes the need for further long-term monitoring of
mangrove sediments after completed or ongoing reoxidation in
order to evaluate the consequences of this anthropogenic
forcing on the mobility of metals at the land—sea interface.

1) Site studied; 2) Analytical methods; 3) Chemistry and
mineralogy of the mangrove sediments; 4) Model
compounds for X-ray absorption spectroscopy analysis;
5) Fe and Ni K-edge XANES data: evidence for a vertical
change of Fe and Ni redox states along the studied
mangrove sediments; 6) Fe K-edge EXAFS data analysis
by principal component analysis (PCA) and target
transform analysis (TT); 7) Ni K-edge EXAFS signature
of Ni incorporated in pyrite; 8) Test and results of linear
combination least-squares (LC-LS) fitting of Fe and Ni
K-edge EXAFS data (PDF)
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