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ABSTRACT

Mangrove sediments act as natural biogeochemical reactors, modifying metals partitioning after
their deposition. The objectives of the present study were: to determine distribution and partitioning
of metals (Fe, Mn, Ni, Cr, Cu, Co and As) in sediments and pore-waters of Can Gio Mangrove; and
to assess their ecological risks based on Risk Assessment Code. Three cores were collected within
a mudflat, beneath Avicennia alba and Rhizophora apiculata stands. We suggest that most metals
had a natural origin, being deposited in the mangrove mainly as oxyhydroxides derived from the
upstream lateritic soils. This hypothesis could be supported by the high proportion of metals in the
residual fraction (mean values (%): 71.9, 30.7, 80.7, 80.9, 67.9, 53.4 and 66.5 for Fe, Mn, Ni, Cr,
Cu, Co, and As respectively, in the mudflat). The enrichment of mangrove-derived organic matter
from the mudflat to the Rhizophora stand (i.e. up to 4.6 % of TOC) played a key role in controlling
metals partitioning. We suggest that dissolution of Fe and Mn oxyhydroxides in reducing condition
during decomposition of organic matter may be a major source of dissolved metals in pore-waters.
Only Mn exhibited a potential high risk to the ecosystem. Most metals stocks in the sediments were
higher in the Avicennia stand than the Rhizophora stand, possibly because of enhanced dissolution
of metal bearing phases beneath later one. In a context of enhanced mangrove forests destruction,
this study provides insights on the effects of perturbation and oxidation of sediments on metal

release to the environment.

Keywords: Mangrove; Sequential extraction; Metal geochemistry; Partitioning; Ecological risk;
Vietnam.
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1. Introduction

Mangrove ecosystems are closely tied to anthropogenic activities. Due to their specific
characteristics, i.e. their richness in fine particles and organic matter, mangrove sediments can act
as natural sinks for metals originating from natural and anthropized watersheds (Clark et al. 1998,
Marchand et al. 2011a, Tam and Wong 1996). In mangrove sediments, the partitioning of metals
between different phases, i.e. organic matter, iron-manganese oxyhydroxides, sulphides, carbonates
(Tam and Wong 1996, Zhang et al. 2014) is strongly influenced by sediment characteristics, i.e.
pH, redox potential, particle size (Otero et al. 2009). Accordingly, the mangrove zonation, the
hydrological conditions and the presence of different tree species will influence the above
characteristics (Marchand et al. 2004, Marchand et al. 2003) which will in turn influence metal
accumulation and speciation in the sediments. In fact metals can be released from sediments into
pore-waters in suboxic/anoxic conditions by the dissolution of bearing phases (Chakraborty et al.
2016, Marchand et al. 2012) during diagenetic processes, which can subsequently re-precipitate
with another bearing phase (Noél et al. 2014). Then, dissolved metals can be exported to adjacent
surface waters (Holloway et al. 2016, Sanders et al. 2012) and also be transferred to mangrove’s
living organism such as fishes, crabs, snails and mangrove’s leaves and roots (Chakraborty et al.
2014, De Wolf and Rashid 2008, Parvaresh et al. 2011). In a context of enhanced mangrove forests
destruction at a worldwide scale i.e. at a rate close to 1 % per year (Duke et al. 2007), the
perturbation and oxidation of sediments can induce the dissolution of sulfide minerals, which can
result in sediment acidification (Dent 1986) and can enhance the release of metals from the
sediment into the aquatic environment. Thus, the understanding of metal behaviors in mangrove
ecosystems is highly relevant for the environment itself but also for human, as mangroves provide
important ecosystem services (Lee et al. 2014, M. Brander et al. 2012).

In Vietnam, large mangrove areas were devastated by herbicide mixture during the war in the
70’s, and the Can Gio Mangrove was one of the most heavily sprayed areas (Hong 2001, Ross
1975). However, mangrove restoration efforts have been realized and almost 40 years after, the

rehabilitated mangrove is now more diverse in community structure than prior to the war (Hong
3



80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

2001). Nowadays, this mangrove is largely dominated by Rhizophora apiculata and Avicennia alba
species, the latter one developing at lower elevation along tidal creek. The Can Gio Mangrove is
located downstream Ho Chi Minh City, the economic capital of Vietnam with almost 10 million
inhabitants. Mangrove river network acts as a unique gate for water outlet from Ho Chi Minh City
to the South China Sea. Industrial activities, economic developments and rapid population growth
are inducing high pressure on water and sediment quality of the adjacent river, the Sai Gon River
(Babut et al. 2019, Nguyen et al. 2018, Strady et al. 2017). Strady et al. (2017) stated that the main
rivers and canals in the city were moderately contaminated by major metal(oid)s. Recently, Thanh-
Nho et al. (2018) highlighted that metals can be transferred over long distance from upstream to
the mangrove forest, and that elevated inputs of metals in the estuary were the result of enhanced
runoff and soil leaching during the monsoon season. Consequently, taking into account the
mangrove specific geochemical characteristics, the lack of wastewater treatment plants in emerging
countries as Vietnam and the important local ecosystem services provided by the Can Gio
Mangrove (Cormier-Salem et al. 2017, Kuenzer and Tuan 2013), more attention should be paid on
metals distribution, speciation, bioaccumulation and transfer in mangrove ecosystems. We note that
so far, in the Can Gio Mangrove, only total metal concentrations in surface water, suspended
sediment and surface sediment were investigated (Costa-Boddeker et al. 2017, Thanh-Nho et al.
2018) and the evaluation of the metal speciation in the sediment has not yet been assessed. It can
be evaluated by the technique of sequential extraction (Tessier et al. 1979) which provides a
classification of metals bound to different geochemical fractions. This technique also allow to
characterize the diagenetic processes taking place in the sediment over a depth profile and to
characterize the geogenic components and so origin of the sediments.

Within this context, the objectives of this study were: i) to investigate the geochemistry of Fe,
Mn, Ni, Cr, Cu, Co and As in sediment cores of the Can Gio Mangrove by focusing on the metal
speciation in the sediments and their concentrations in pore-waters; and ii) to assess the potential
ecological risks of these metals accumulated in the sediments on the mangrove ecosystem by using

Risk Assessment Code (Benson et al. 2017). The sediment cores were sampled on three specific
4
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environments characterized by different elevation (i.e. tidal inundation), organic matter content,
redox stratification and plant cover: in the mudflat, beneath Avicennia stand and beneath
Rhizophora stand.
2. Materials and methods

2.1. Study site

The Can Gio Mangrove (approximately 35,000 ha, extending from 10°22’-10°44°N and
106°46°-107°01’E (Tuan and Kuenzer 2012)) is located in the south of Vietnam, at the downstream
part of the Sai Gon and Dong Nai Rivers watershed and in the South China Sea coastal zone (Fig.
1). It is a Biosphere Reserve of UNESCO since 2000 and it is also a well-known example of
“mangrove afforestation and reforestation area’’ (Blasco et al. 2001). The Can Gio Mangrove is
home to more than 20 mangrove species with two dominant ones: Rhizophora apiculata and
Avicennia alba (Luong et al. 2015), and 200 species of fauna (e.g. amphibians, fishes, benthic
organisms, etc.). The main economic activities of the local people are forest management,
aquaculture, fishing and salt production (Kuenzer and Tuan 2013). The Can Gio Mangrove is
subject to the typical tropical monsoon climate, with two distinct seasons. The dry season lasts from
November to April and the monsoon season from May to October. The annual mean precipitation
is about 1,300 to 1,400 mm, with ~ 90 % of the precipitation falling during the monsoon season
and the annual mean temperature ranges from 26.5 °C to 30 °C. It is also subject to a semi-diurnal
tidal regime. The topography of the Can Gio Mangrove is generally low-lying. Average vertical
accretion rates in the Can Gio Mangrove are similar between fringe (1.06 + 0.12 cm year™) and
interior mangrove (0.99 + 0.09 cm year™) (MacKenzie et al. 2016). The sediment is composed of
alluvial deposits and lateritic soils (Luong 2011) from the Sai Gon and Dong Nai Rivers. The
lateritic soils originate from the physico-chemical weathering of basaltic rocks in the Central

Highland of Vietnam (Egawa and Ooba 1963).
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Fig. 1. Location of the Can Gio Mangrove and the three cores (90 cm depth) collected in the mudflat, beneath the
Avicennia stand and the Rhizophora stand.

2.2. Sample collections and preservations

Sampling was carried out in the center area of the Can Gio Mangrove during the monsoon
season (October 2016). Three cores (90 cm depth) were collected with an Eijkelkamp gouge auger
at low tide in the mudflat (lower elevation than the mangrove stands), beneath an Avicennia alba

6
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stand and a Rhizophora apiculata stand (Fig. 1). Cores were immediately sectioned into 10 samples:
every 5 cm from the surface to 30 cm depth, every 10 cm from 30 to 50 cm depth, and every 20 cm
from 50 to 90 cm depth. Samples were stored in polythene bags, preserved in a cooler box for their
transfer to the laboratory and were then stored frozen (-20 °C) until drying. Dried samples were
grinded using an agate pestle and mortar, and sieved using 100 pum pore size for sequential
extraction of metals fractions and for total organic carbon (TOC) analysis.

For dissolved metal analysis, pore-waters were extracted on the day of coring with soil moister
sampler Rhizon®, which were directly inserted into the center of the cores (Marchand et al. 2012).
All samples were then filtered through 0.45 pm Sartorius® filter membranes and acidified to pH <
2 by Suprapur® concentrated HNO3 (Merck). The samples were then preserved in cleaned 14 ml
polypropylene (PP) tubes at 4 °C until analysis.

2.3. Analytical methods and calculations

2.3.1. Salinity, pH and redox measurements

Additional cores beneath each mangrove stand and in the mudflat were collected to measure
salinity, pH and redox. These parameters were measured in-situ. Salinities were determined using
an ATAGO refractometer (S-10, Japan) after extracting a drop of pore-water from each sediment
layer. pH was measured using a glass electrode (pH 3110-WTW), which was pre-calibrated using
pH 4, 7 and 10 standard buffer solutions (NIST scale). Redox potential was measured using digital
voltmeter with Pt and Ag/AgCl (reference) electrode connected to pH/mV/T meter (pH100-YSI),
which was periodically checked using 0.43V standard solution and deionized water. Redox data
are reported relative to a standard hydrogen electrode i.e. after adding 194 mV to the original mV
values obtained with an Ag/AgCl (reference electrode) at 30 °C. The redox scale was fully
described by Marchand et al. (2011a), as follows: (i) oxic > 400 mV, containing measurable
dissolved oxygen; (ii) 100 mV < suboxic < 400 mV, with a lack of measurable oxygen or sulfide,
containing dissolved iron or manganese, with no reduction of sulfate; (iii) anoxic < 100 mV, with
sulfate reduction.

2.3.2. Metal concentrations in pore-waters
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Dissolved Fe, Mn, Ni, Cr, Cu, Co and As concentrations were directly measured by Thermo
Scientific ICAPQ ICP-MS with a Kinetic Energy Discrimination-Argon Gas Dilution module
(KED - AGD mode) (Kutscher et al. 2014) using internal standard calibration (AETE-1SO platform,
OSU-OREME/Université de Montpellier). Accuracy and precision were controlled using the
certified reference material SLEW-3 (Table 1a).

Table 1. Quality control of analytical methods applied for dissolved and total metals concentrations analysis
respectively: a) accuracy, precision and detection limit using estuarine water SLEW-3; b) total metal concentrations

were calculated by summing the four single fraction (F1 + F2 + F3 + F4) from CRM (BCR-277R).

a) Dissolved metal concentration analysis.

Element Detection limit Certificated values Measured values Recovery Relative standard deviation

(ng L7) of SLEW-3 (ug L) (ug L-1) (%) (%)

Fe 0.031 0.568 + 0.059 0.661 +0.073 116 11

Mn 0.013 1.61+0.22 1.469 £ 0.016 91 1

Ni 0.011 1.23 +0.07 1.230+£0.014 100 1

Cr 0.022 0.183 +0.019 0.0182 +£0.020 99 11

Cu 0.011 1.55+0.12 1.491 +0.041 96 3

Co 0.0092 0.042 +0.010 0.0464 + 0.0025 110 5

As 0.0062 1.36+0.09 1.569 + 0.013 115 1

b) Total metal concentration analysis

Element Certificated values of BCR-277R Measured values Recovery Relative standard Analytical
(mg kg) (mg kg, n=9) (%) deviation (%) method
Fe NA 50,843 + 3,029 - 5.8 FAAS
Mn NA 897 + 37 - 4.2 FAAS
Ni 130+8 1259+6.1 96.9 4.9 ICP-MS
Cr 188+ 14 179.9+16.1 95.7 9 ICP-MS
Cu 63+7 58.9+4.6 93.6 7.9 ICP-MS
Co 225+14 23.1+1.7 102.6 7.5 ICP-MS
As 183 +1.8 18.1+1.5 98.9 8.2 ICP-MS

2.3.3. Sequential extraction: metal fractions
To evaluate the geochemistry and availability of metals (Fe, Mn, Ni, Cr, Cu, Co and As) in the
sediment cores, a sequential extraction procedure was carried out based on the method developed
by Tessier et al. (1979) and Ure et al. (1993). Each element was divided into four operationally-
defined geochemical fractions: exchangeable/carbonate fraction (acid-soluble phase), Fe — Mn
oxides fraction (reducible phase), organic fraction (oxidizable phase) and a residual fraction.
Briefly, the various single extractions were performed as following: 1 g of fine dry sediments were

8
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put into 50 mL PP tubes with caps, which were also used for shaking time and centrifugation to
minimize the possible loss of the centrifuge — washing step. For the determination of the acid-
soluble fraction (F1), we used 8 mL of 1 M buffer acidic solution (CH3COOH/CH3COONHg4, pH
= 5) at room temperature during 5 h; for the reducible fraction (F2), we used 20 mL of 0.04 M
NH2OH.HCI in 25 % CH3COOH (m/v) at 96 °C during 6 h; for the oxidizable fraction (F3), we
used 3 mL of 0.02 M HNO3 and 8 mL of 30 % H20.. 5 mL of 3.2 M CH3COONH4 was added into
the solution to prevent reabsorb of these metals onto particles surface; for the total metals
concentration in the residual fraction (F4), the samples was digested using 10 mL of concentrated
HNO3z/HCI/HF (3:1:1 = v/v) in polytetrafluoroethylene (PTFE) vessel at 110 °C for 48 h. After
cooling, 2 mL of concentrated HNO3 (n = 2) was added into these samples for eliminating residual
HF. For each adding, the solution were evaporated near to dryness at 160 °C. The samples were
filtrated and adjusted using deionized water into 25 mL, and were then stored in pre-cleaned
polypropylene tubes at 4 °C until analysis.
2.3.4. Total metal concentration

Total metal concentrations were obtained by summing the four single fractions (F1 + F2 + F3
+ F4). The quantifications of Fe and Mn concentrations were performed by Flame Atomic
Absorption (Shimadzu AA-6650) while the other metals (Co, Ni, Cu, As and Cr) were analyzed by
ICP-MS (Agilent 7700x) using spiked °*Rh and '*’Au as internal standard (Table 1b). The
analytical precision and accuracy were insured by analyzing certified reference material estuarine
sediment (BCR-277R) intercalated in each batch of sample digestion. All reagents were analysis
grade (Merck) and all containers were de-contaminated by soaking in 5 % nitric acid for 24 h and
rinsed in deionized water.

2.3.5. Total organic carbon (TOC)

TOC analysis was carried out on a Shimadzu® TOC-L series analyzer combined with a solid
sample module (SSM-5000A) heating at 900 °C. Glucose standard (40 %, Sigma Aldrich) was used
for calibrations. Repeated measurements of the standards at different concentrations indicated a

measurement deviation < 2 %.
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2.3.6. Sediment bulk density and metal stock estimation

The bulk density is defined as the ratio of dry sediment mass to sediment volume (including
pore space) and is typically expressed in g cm. The sediment bulk density was calculated for each
layer (i.e. every 5 cm from 0 to 30 cm depth and every 10 cm from 30 to 50 cm depth) of the three
cores (i.e. the mudflat, the Avicennia and the Rhizophora stands) by taking subsamples of known
volume sediment, drying them at 45°C during 24h and by weighing them.

The determination of the metal stocks may help to understand if a mangrove stand can be a sink
or a source of metals, by taking into account that diagenetic processes influence the stocks.
Considering that the stands develop very close to each other (with the same sediment inputs), the
difference of metals stocks between them should be related to diagenetic processes, to dissolution
of bearing phases, and thus to metals export to adjacent tidal creek and/or subject to plant uptake.
Thus, the metal stocks present in the Can Gio Mangrove sediment were estimated from the average
total metal concentrations and average bulk density determined in each core from surface to 50 cm
depth (e.g. the depth was chosen at 50 cm depth in order to compare it to the estimated stocks from
the literature), according to the following equation.

Metal Stock (t ha®) = (Csediment* BD * 50 * 100)/10°
where:
Csediment: average total metal concentration in the upper 50 cm (mg kg?)
BD: average bulk density in the upper 50 cm (g cm™)
50: length of the core used for estimation of metal stock (cm)
100: conversion factor from g cm? to t ha
108: conversion factor of a metal concentration in mg kg
2.3.7. Data analysis

Pearson correlation coefficients were performed using statistical package software (SPSS:

version 23) to identify major relationships between metal concentrations and physico-chemical

parameters as well as interrelationships between metals together.
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Fig. 2. Depth distributions of pH, Eh, Salinity and TOC in the mudflat, the Avicennia and the Rhizophora stands
in the Can Gio Mangrove.
3. Results
3.1. Physico-chemical parameters in the sediment cores
The depth evolutions of pH, redox potential (Eh), salinity and total organic carbon (TOC) in
the mudflat and the mangrove stands are presented in Fig. 2. pH was stable with depth whatever

the sites, being lower in the Avicennia stand (5.6 to 6.0) than in the Rhizophora stand (6.5 to 6.8)

and in the mudflat (6.8 to 7.1). Eh distributions and values differed in the three environments. The
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mudflat was characterized by anoxic condition in whole core, ranging between 73 mV and -88 mV.
The sediments beneath mangroves stands were characterized from suboxic to anoxic conditions
toward the bottom of the cores. In the Avicennia stand, Eh values decreased from 254 mV at the
top of the core to 43 mV at 30 cm depth, and then slightly increased without being higher than 140
mV. In the Rhizophora stand, redox values decreased from the top of the core (224 mV) to 20 cm
depth (- 90 mV) and then fluctuated between of -20 mV to -115 mV. Salinity increased with depth
in the three cores with similar distribution patterns, from 14 to 22. TOC contents varied with depth
in the mudflat (from 2.7 % to 2.1 %) and in the Avicennia stand (from 2.8 % to 2.3 %) without
specific distributions patterns, while in the Rhizophora stand TOC concentrations were higher than
in the other sites, and decreased with depth (from 4.62 % to 2.1 %).

3.2.Total metal concentrations in the sediment cores

The total metal concentrations (Fe, Mn, Ni, Cr, Cu, Co and As) in the three cores were obtained
by summing the four single fraction (i.e. F1 + F2 + F3 + F4). The depth’s distribution of each metal
in the mudflat, the Avicennia stand, the Rhizophora stand and their mean concentrations are
presented in Fig. 3 and supplementary data (Table SD).

Total Fe concentrations did not exhibit specific distribution with depth in the three
environments. The mean values of total Fe concentration decreased from the mudflat (53,146 +
1,422 mg kg1) to the mangrove stands (49,305 + 2,198 mg kg™ and 47,135 + 2,370 mg kg in the
Avicennia stand and Rhizophora stand, respectively). The total Mn concentrations decreased with
depth in each environment, from 653 mg kg* to 310 mg kg in the mudflat, from 800 mg kg™ to
227 mg kg! in the Avicennia stand and from 350 mg kg™ to 160 mg kg™ in the Rhizophora stand.
Total Ni and Cr concentrations presented small amplitude with depth in the three environments but
their mean concentrations in each core evidenced higher mean values in the Avicennia and
Rhizophora stands (62.5 + 2.6 mg kgt and 61.1 + 1.7 mg kg™ for Ni; 95.3 + 1.4 mg kg™ and 95.8
+ 4.2 mg kg for Cr, respectively) than in the mudflat (52.7 + 3.7 mg kg'* for Ni and 86.6 + 3.8 mg
kg™ for Cr). Total Co concentrations showed similar distributions between environments, being

stable values in the upper horizons from 0 to 40 cm depth and then increasing to reach a maximum
12
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values of 24.2 mg kg2, 29.7 mg kg and 25.8 mg kg in the mudfiat, the Avicennia stand and the
Rhizophora stand, respectively. Finally, total As and Cu concentrations did not present any specific
vertical distribution patterns, and their mean concentrations were similar to all environments

(supplementary data, Table SD).
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Fig. 3. Vertical distributions of metals concentrations (square dots) in the mudflat, the Avicennia stand and the
Rhizophora stand (expressed in mg kg1), with gray line presenting mean metal concentrations of each core.

Rhizophora apiculata

3.3. Metal stock estimation
The metal stocks were estimated over the 50 cm depth profile of the cores. Interestingly, the

metal stocks differed between the mangrove stands and the mudflat (Table 2). The Fe stock
13
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presented decreasing values from the mudflat (169.2 + 4.2 t hal) to the inner mangrove (i.e. the
Rhizophora stand, 126.4 + 6.2 t ha*). Conversely, the stock of Mn was higher beneath the Avicennia
stand (1.62 + 0.57 t hal) than in the mudflat (1.44 + 0.41 t hal) and was even lower in the
Rhizophora stand (0.74 + 0.12 t ha'). Except As stock, which was higher in the mudflat, the stocks
of Co, Ni, Cr and Cu showed higher values in the Avicennia stand than in the Rhizophora zone and
in the mudflat. They varied (expressed in t ha™') from 0.16 + 0.004 to 0.19 + 0.01 for Ni, from 0.25
+0.01 to 0.29 £ 0.003 for Cr, and from 0.053 + 0.003 to 0.057 + 0.002 for Cu, from 0.060 + 0.004

to 0.067 £ 0.010 for Co, from 0.035 + 0.005 to 0.045 + 0.008 for As.

Table 2. Metal stocks in the sediments of the mudflat, the Avicennia stand and the Rhizophora stand in the Can
Gio Mangrove (expressed in t ha?, values were obtained based on the average total metal concentration and average
bulk density of each core on 50 cm depth). The metal stocks beneath Avicennia and Rhizophora stands were
compared with those measured in the mudflat (%).

Stand Bulk density (g cmrs) Fe Mn Ni Cr Cu Co As
Mud flat 0.64 169.2+42 144041 0.16+001 0.28+001 0.053+0003 0.063+0006  0.045 +0.008
Avicennia 0.61 150.9+75 1.62057 0.19:001 0.29£0003 0.057 +0.002 0.067 +0.010 0.035 +0.005
(% mud flat) 89 112 116 105 107 106 79
Rhizophora 0.53 126.4+62  0.74:012 0.16+0004 0.25+001 0.055+0002  0.060+0.004  0.039 +0.005
(% mud flat) 75 51 97 91 103 95 87

3.4. Metal partitioning in the sediment cores

The metals (Fe, Mn, Ni, Cr, Cu, Co and As) partitioning in each layer of sediment core collected
in the mudflat, the Avicennia stand and the Rhizophora stand was determined based on their
concentrations in the exchangeable/carbonate fraction (F1), the oxides fraction (F2), the organic
fraction (F3) and the residual fraction (F4). Their respective percentages/ proportions in each phase
were evaluated based on their total concentrations (i.e. summing of metal concentrations in four
fractions), being presented in Fig. 4.

3.4.1. Feand Mn

The Fe and Mn partitioning exhibited different vertical distributions according to environments.
In the mudflat and in the Avicennia stand, the Fe partitioning was F4 > F2 > F3 ~ F1 (Fig. 4a)
whereas for Mn it was: F4~ F1 > F2 > F3 (Fig. 4b). Fe in F4 was stable with depth, representing
72 % in the mudflat and 78 % in the Avicennia stand, whereas Mn in F4 increased with depth, from

22 % to 38 % in the mudflat and from 18 % to 62 % in the Avicennia stand. Mn was characterized
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by an important exchangeable/carbonate fraction, which decreased from 42 % to 27 % in the
mudflat and from 51 % to 22 % in the Avicennia stand. F2 of both Fe and Mn decreased with depth
in the mudflat and in the Avicennia stand, respectively from 20 % to 12 % and 20 % to 12 % for
Fe, and respectively from 42 % to 27 % and 51 % to 22 % for Mn. F3 of Fe and Mn presented
increasing values with depth in the mudflat, from 8 % to 15 % for Fe and from 6 % to 13 % for
Mn, while it is stable in the Avicennia stand with a mean value of 3 % for Fe and values ranging
from 2 % to 6 % for Mn. F1 of Fe was stable with depth with mean values of 2 % and 3% in the
mudflat and in the Avicennia stand, respectively.

In the Rhizophora stand, Fe and Mn exhibited the same partitioning: F4 > F3 > F2 > F1. The
residual fraction was stable from the top to the 40 cm depth, and then gradually increased with
depth from 62 % to 78 % for Fe and from 35 % to 66 % for Mn. The organic fraction of both Fe
and Mn was higher in the Rhizophora stand than in the Avicennia stand and the mudflat. Conversely
to F4, the proportion of Fe and Mn in F3 increased from the top to 40 cm depth (i.e. ranging from
18 to 36 % for Fe and 21 to 54 % for Mn), then decreased to the bottom of the core (i.e. ranged
from 35 to 16 % and from 52 to 17 % for Fe and Mn, respectively). Fe and Mn in F2 decreased
toward the bottom of the core, from 15 % to 3 % for Fe and from 23 % to 8 % for Mn. Eventually,
the exchangeable/carbonate fraction of Fe represented less than 1 % of total Fe concentrations,
while F1 of Mn decreases with depth from 16 % to 3 %.

3.4.2. Ni, Cr, Cu, Co and As

The Ni partitioning was characterized by F4 > F2 ~ F3 > F1 in the mudflat and the Avicennia
stand and by F4 > F3 > F2 > F1 in the Rhizophora stand (Fig. 4c). F4 was in the same range (from
76 % to 84 %) in the mudflat and in the Rhizophora stand, but higher (from 83 % to 91 %) in the
Avicennia stand, without clear vertical distributions in all cores. F3 was stable with depth and
presented a higher proportion in the Rhizophora stand (11 %) than in the mudflat (8 %) and in
Avicennia stand (5 %). F2 and F1 were stable with depth at all sites, and represented less than 8 %

for F2 and less than 3 % for F1.
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The Cr partitioning was F4 > F3 > F2 > F1, without any clear depth evolution (Fig. 4d). The
residual fraction ranged from 78 % and 84 % in the mudflat and the Avicennia stand and from 72
% to 79 % in the Rhizophora stand. The organic fraction was characterized by higher proportion in
the Rhizophora stand (16 % to 24 %) than in the mudflat (11 % to 17 %) and in the Avicennia stand
(10 % to 13 %). The oxides fraction and the exchangeable/carbonate fraction presented low
proportion (less than 5 %) and same range of values in all environments.

The Cu partitioning differed between sites: F4 > F3 > F1 > F2 in the mudflat, F4 > F3 > F2 ~
F1 in the Avicennia stand, and F4 > F3 > F2 > F1 in the Rhizophora stand (Fig. 4e). For the F4, the
proportion of Cu was higher in the Avicennia stand (85 % to 94 %) than in the Rhizophora stand
(44 % to 73 %) and in the mudflat (57 % to 75 %). In the mudflat, the proportion of Cu in F4
decreased with depth while no specific distribution was observed beneath the mangrove stands. F3
ranged from 24 % to 41 % in the mudflat and Rhizophora stand, and from 6 % to 14 % in the
Avicennia stand. F1 and F2 fractions were characterized by low proportion (< 2 %) in all
environments except in the Rhizophora stand where the F2 increased from 20 cm depth until the
bottom of the core.

The Co partitioning also differed between cores: F4 > F2 ~ F3 > F1 in the mudflat, F4 > F2 >
F1 ~ F3inthe Avicennia stand and F4 > F3 > F2 > F1 in the Rhizophora stand (Fig. 4f). The residual
fraction was closed to 50 % in both the mudflat and the Rhizophora stand, but ranging from 50 %
to 76 % in the Avicennia stand with lower proportion at depth. F3 presented opposite pattern than
F4 in the mudflat and the mangrove stands. F2 and the F1 were stable in all environments with
lower proportion in the Rhizophora stand for F2 and increasing F1 proportion from 40 cm depth in
the Avicennia stand.

The As partitioning was F4 > F2 > F3 > F1 in the mudflat, F4 > F2 > F3 ~ F1 in the Avicennia
stand and F4 > F2 ~ F3 > F1 in the Rhizophora stand (Fig. 4g). In the upper part of the core in the
mudflat (to 25 cm depth), all fractions presented stable proportions. Then, As in F3 and F4
increased with depth while As in F1 and F2 decreased. In the core beneath the Avicennia stand, As

proportion in F4 gradually decreased from the top to the 40 cm depth and dramatically increased
16



360 in deeper layers while the opposite distribution was observed for F3. F2 and F1 did not exhibit any
361  specific distribution along the core. In the Rhizophora stand, the residual and the organic fractions
362  were stable from the top of the core to 40 cm depth, then F4 increased toward the bottom while F3
363  decreased. The F2 and F1 fraction did not exhibit any specific distribution along the core.
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366 mudflat, the Avicennia stand and the Rhizophora stand in the Can Gio Mangrove (to be continued).
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371 3.5. Dissolved metal concentrations in the core’s pore-waters
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Dissolved Fe concentrations (Fep) in pore-waters presented lower level of concentration in the
Rhizophora stand (14 to 3,055 pg L) and the mudflat (1,621 to 10,303 g L1) than in the Avicennia
stand (333 to 40,771 pg L™Y). The Fep distributions were characterized by decreasing Fep from the
surface to 15 cm depth and then increasing values with depth in the stands (Fig. 5a). Dissolved Mn
concentrations (Mnp) presented higher levels in the mudflat (from 6,812 to 15,106 pg L) and in
the Avicennia stand (25 to 13,648 pg L) than in the Rhizophora stand (from 542 to 643 pg L™?)
(Fig. 5b). The Mnp concentrations decreased from the top to 10 cm depth (in Avicennia stand) and
to 40 cm depth (in Rhizophora stand) and then increased again with depth.

The dissolved Ni (Nip), Cr (Crp) and Cu (Cup) concentrations in pore-waters presented similar
patterns in the three cores (Fig. 5¢, 5d and 5e). In the mudflat and the Avicennia stand, Nip, Crp
and Cup were stable with depth with increasing concentrations at 30 cm depth in the mudflat and
at 15 cm depth in the Avicennia stand. In the Rhizophora stand, Nip, Crpand Cup presented higher
concentrations with a decreasing pattern from the top to the surface for Nip and Cup and a stable
pattern with two peaks at 15 cm and 30 cm depth for Crp. The dissolved Co (Cop) and As (Asp)
concentrations in pore-waters (Fig. 5f, 5g) presented a stable vertical distribution with a peak at 30
cm in the mudflat core while in the Avicennia stand, they presented decreasing concentrations from
the top to 10 cm depth, increasing concentrations until reaching a peak at 30 cm and 40 cm depth
for Cop and Asp respectively, and then decreasing concentrations towards the bottom. Finally in
the Rhizophora stand, Cop decreased with depth with a peak at 15 cm depth while Asp is stable

with two peaks at 25 cm and 50 cm depth.
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Fig. 5. Depth profile of dissolved metals concentrations (ug L) in the pore-waters of the mudflat, Avicennia and

Rhizophora stands. Asterisks highlight extreme values that could not be shown in the graph even with cut axis (i.e.

values of 14.4 for Cr and 13.9 for Cu) (to be continued).
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4. Discussions

4.1. Mangrove sediments characteristics

Mangrove forests are known to be highly productive ecosystems (Bouillon et al. 2008), storing
huge quantity of carbon in their sediments. Kristensen et al. (2008a) showed that TOC values in
mangrove sediments usually range between 0.5 % and 15 %, with a median value around 2.2 %. In

the Can Gio Mangrove, TOC reached up to 4.6 % with increasing values from the tidal creek (the
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mudflat core) to the inner mangrove (the Rhizophora stand core) (Fig. 2). The higher values
measured beneath the Rhizophora stand than beneath the Avicennia stand may result from a higher
productivity of the first species, including a more developed root system as it was observed in
Australia (Alongi et al. 2000) or in New Caledonia (Marchand et al. 2011b). It may also be related
to the elevation of the sediment: the Avicennia trees in the Can Gio Mangrove developing at lower
elevation than the Rhizophora ones may thus be subject to a more intense tidal export of leaf litter,
which limits organic matter accumulation in the sediment. Additionally, the oxygen released by the
roots of Avicennia trees may induce more efficient organic matter decomposition (Marchand et al.
2004). Beneath the two mangrove stands, the redox values decreased with depth probably as a result
of organic matter decay and the lack of electron acceptors renewal at depth (Otero et al. 2009). In
the upper part of the sediments, the suboxic condition (100 < Eh < 260 mV) may be explained by
biological or physical factors (i.e. length of emersion, crab activity and bioturbation by mangrove
roots) (Marchand et al. 2012). The radial cable roots of Avicennia trees can also be important factor
inducing higher Eh values than in the Rhizophora stand (Marchand et al. 2004). Whereas the
mudflat is flooded almost all the time, the absence of air diffusion into the sediment can result to
anoxic condition despite its low organic content. We suggest that more intense organic
decomposition and possible sulfide oxidation may cause lower pH in the Avicennia stand than in
the Rhizophora stand and in the mudflat (Marchand et al. 2004). Finally, the upper sediment of
every core was characterized by lower salinity values than deeper sediment, which can be related
to the period of coring, i.e. the end of the wet season, the rainwater inducing a dilution of the saline
pore-waters. The rainwater may also be responsible of an enhanced renewal of electron acceptors,
influencing OM diagenesis.

4.2. Lateritic soil as a main source of trace metal in the mangrove sediments.

Mean metal concentrations (Fe, Mn, Ni, Cr, Co, Cu and As) in the Can Gio Mangrove sediments
(supplementary data, Fig. 3) are in the range of other mangroves around the world (see review
papers of Lewis et al. (2011) and Bayen (2012)) but are lower than those measured in mangroves

subject to strong anthropogenic pressure as in India (Fernandes and Nayak 2012). Furthermore,
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these metal concentrations were also close to those measured in total suspended matter (TSM) in
the Can Gio Mangrove Estuary (Thanh-Nho et al. 2018). These authors stated that TSM acted as
main carrier for metals during their transport to the ocean, and that metal distribution changed due
to the physical mixing by the seawater and/or organic matter decay processes. Consequently, most
metal concentrations in TSM collected in the estuary were lower than upstream, specifically during
the monsoon. We suggest that despite being downstream of a developing megacity characterized
by low urban wastewater treatments (only 10 %, (FAO 2014)), metal accumulation inside the
mangrove forest was relatively limited. Thus, we consider that the main source of metals in the Can
Gio Mangrove is natural and originates from the rivers’ watershed in the Central Highland of
Vietnam, composed of lateritic soil originating from the physico-chemical weathering processes of
basaltic rocks (Egawa and Ooba 1963) rich in hematite and goethite minerals. This hypothesis may
be supported by the high proportion of metals in the residual fraction (Fig. 4) and interrelationships
of total metals concentrations in the mudflat, which reflect sediment inputs without the influences

of mangrove trees (Table 3).

Table 3. Pearson correlation matrix of total metal concentrations together in the mangrove mudflat. Metal

concentrations were expressed in mg kg™

Fe Mn Ni Cr Cu Co As
Fe 1
Mn -476 1
Ni 875 -.483 1
Cr 538 .155 .544 1
Cu 842 -.495 854 674 1
Co 831 -673 936 .300 828 1
As 537 -.447 424 271 757 562 1

**_Correlation is significant at the 0.01 level (2-tailed).

*_ Correlation is significant at the 0.05 level (2-tailed).

4.3. Trace metal geochemistry in the sediment cores.
4.3.1. Redox sensitive elements (Fe and Mn)

Iron geochemistry
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As suggested earlier, the erosion of lateritic soils upstream the Can Gio Mangrove may induce
the transfer of these Fe-oxyhydroxides towards the estuary and then their deposition in the
mangrove. In the main channel of the Can Gio Estuary, we measured iron concentration up to
55,302 mg kg during the monsoon (Thanh-Nho et al. 2018), which comfort our hypothesis.
However, in mangrove sediments, the oxide fraction was not the dominant one. This may be
attributed first to the limitation of the selective extraction method offered by Tessier et al. (1979),
which is inefficient to extract iron from highly crystallized oxides and oxyhydroxides, like iron
crystalized forms e.g. ferrinydrite or lepidocrocite (Ferreira et al. 2007), and which may explain the
dominance of the residual fraction. In the studied mangrove sediments, Fe partitioning in sediments
and Fep concentrations varied with depth and between stands (Fig. 4a and 5a), which could result
from the different redox conditions and driven by OM decomposition, bioturbation or root system
activities. Iron partitioning beneath the Avicennia stand and the mudflat was similar, but the one
beneath the Rhizophora stand was different and showed higher Fe concentrations in the oxidizable
fraction but lower dissolved iron concentrations and lower Fe concentrations in residual, reducible
and exchangeable/carbonate bound fractions. Thus, as Fe can form stable chelate complexes with
organic matter (Thamdrup 2000), the increase of TOC in anoxic condition which were observed
toward the landside of the mangrove could be responsible of the increasing Fe binding with organic
phases in the mangrove sediment (Chakraborty et al. 2016). This phenomenon could be affirmed
by negative correlation of Fe proportion in the oxidizable fraction with those in the reducible and
the residual phases (r = - 0.67 and - 0.85, Fig. 6a and 6b respectively). We also suggest that Fe-
oxihydroxydes originating from the lateritic soil of the watersheds were dissolved during diagenetic
processes because of increased organic content (Froelich et al. 1979) and that the dissolved iron
was subsequently complexed with OM as observed in other mangroves (Marchand et al. 2012). In
anoxic conditions, Fep can also precipitate as sulphides, which can be reflected by the increased
concentrations of Fe in the residual fraction at depth in the Rhizophora stand. Unfortunately, we
were not able to measure neither total sulfur (TS) nor sulphide in the studied mangrove sediments.

However, it is known that mangrove sediments are characterized by high rate of sulfate reduction
24
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(Kristensen 2008b) and elevated TS content and pyrite are commonly observed in mangrove forest,
especially at depth (Marchand et al. 2011a, Marchand et al. 2006). Eventually and in addition to
these reduction processes, the re-oxidation of aqueous Fe(lI1) and pyrite could lead to the formation
of poorly ordered ferrihydrite, lepidocrocite (c-FeOOH) and likely goethite (Noél et al. 2014) in
the upper suboxic sediments, but cannot be confirmed with the selective extraction used.

Manganese geochemistry

Manganese is known as a highly redox sensitive element (Lacerda et al. 1999). Like for Fe, the
presence of Mnp in the pore-waters may result from the reductive dissolution of Mn-oxyhydroxides
during the diagenetic processes (Froelich et al. 1979). This process can be responsible for the
presence of high Mnp concentrations in pore-waters, reaching more than 10,000 pg L* in the
mudflat (Fig. 5b). The lower Mnp observed in the Avicennia and Rhizophora stands than in the
mudflat sediments may be related (i) to the loss of Mnp by tidal drainage (Lacerda et al. 1999),
Mnp release from mangrove pore-waters being as a significant component of Mn oceanic budget
(Holloway et al. 2016), (ii) to an uptake by mangrove plants (Wang et al. 2002), or iii) to more
intense reprecipitation of Mn with other bearing phases after oxyhydroxides dissolution. We
suggest that those processes were more pronounced for the Rhizophora stand, with 5-fold lower in
mean concentration of dissolved Mn than those in the Avicennia stand (Fig. 5b). However and
conversely to Fe, the dominant Mn fraction was the carbonate one in the two mangrove stands.
Unlike Fe, Mn sulphides are unstable (pKsp = 1.3) and the precipitation of Mn as sulphides may be
severely limited by the presence of dissolved Fe?* and carbonate. Because of similar ionic radii, Ca
can be substituted by Mn in carbonate minerals (Costa-Boddeker et al. 2017, Rath et al. 2009).
Previous studies, e.g. concerning mangrove sediments in the West coast of India (Noronha-D'Mello
et al. 2015) or in Brazilia (Otero et al. 2009), reported that a considerable quantity of the free
manganese was associated with carbonate (i.e. up to 2.5 pumol g). Marchand et al. (2008) suggested
that the decomposition of organic matter in mangrove sediments leads to the production of
dissolved inorganic carbon (DIC) that can migrate at depth, where carbonate minerals can

precipitate because of the marked anoxic conditions that prevail there compared to the upper
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suboxic layers. This carbonate precipitation can be a sink for some elements, including Mn. In the
Rhizophora stand, within the organic rich-layers, oxidizable fraction was the predominant one for
Mn, suggesting that Mn was adsorbed onto OM (Thamdrup 2000). This hypothesis may be
supported by negative correlation between Mn concentrations in the oxidizable fraction with those
in the reducible and in the residual phase (i.e. r =-0.69 and — 0.79, Fig. 6¢ and 6d respectively).

4.3.2. Geochemistry of Cu, Ni, Cr, Co, and As

Copper geochemistry

Copper may be released in pore-waters upon OM decay processes and/or reductive dissolution
of Fe-Mn oxyhydroxides under suboxic conditions. Cu is a chalcophile element, being easily
chemisorbed on or incorporated in several minerals such as chalcopyrite (CuFeS.), covellite (CuS)
and malachite Cu.CO3(OH)2 (Pickering 1986). However, chalcopyrite and malachite are not stable
under acidic conditions, especially at pH values ranging from 5 to 6. Therefore, the high Cu
concentrations in the residual fraction beneath the Avicennia stand (where pH values < 6),
compared to the mudflat and the Rhizophora stand, may result from the intense precipitation of Cu
as sulphides, mainly CuS and/or CuzS (Fernandes 1997, Morse and Luther 1999). In the Can Gio
Mangrove sediment, the negative correlation observed between the organic fraction and the residual
one whatever the sites (i.e. r =-0.89, Fig. 6e), evidenced that the control of organic matter on Cu
partitioning (Chakraborty et al. 2015, Marchand et al. 2016, Silva et al. 2014) subsequently induces
the opposite trend of Cu concentrations in the other fractions (i.e. exchangeable/carbonate and
oxides bound, Fig. 4e). We note that beneath the Rhizophora stand, Cu concentrations in the organic
fraction were higher than in the two other sites (Fig. 4e). Interestingly, the Cup in the three cores
are in the same range than those measured in the Can Gio Mangrove Estuary surface water (Thanh-
Nho et al. 2018). Cu is known to be an essential element for plant growth (Yruela 2009) and to
bioaccumulate up to a bioconcentration factors of 9 in leaves and 5 in roots of mangrove trees
(MacFarlane et al. 2003, Usman et al. 2013). Therefore, its low contents in pore-waters in addition
to its precipitation with OM and sulphides may be related to its uptake by the mangroves root

systems (Chakraborty et al. 2014, MacFarlane and Burchett 2002). However, some peaks of
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increasing Cup are observed at 5 cm, 10 cm and 20 cm depth (1.4 pg L1 2.9 pg L't and 13.8 ug L
! respectively) in the Rhizophora stand (Fig. 5€), which may be attributed to a limited re-
precipitation with oxides-bearing and supported by the Cu decreasing in the oxides fraction at these
layers (Fig. 4e).

Nickel and Chromium geochemistry

The high proportions of Ni and Cr in the residual fractions from the mudflat to the inner
mangrove stands may be attributed to more intense precipitation of Ni pyrite and/or Ni sulphide
(Clark et al. 1998, Noél et al. 2015), reflecting their natural sources linked to iron minerals. This
hypothesis could be supported by positive correlation between Ni, Cr and Fe proportions in the
residual fractions respectively (r = 0.65 and 0.87, Fig. 6f and 6g). In the Can Gio Mangrove, the
OM increase in the Rhizophora stand’s sediment implies intense diagenetic processes which could
lead to the formation of organocomplexes with dissolved Ni and Cr at the adequate pH (i.e. 3.4 %
of mean TOC concentrations and pH ranging from 6.4 to 6.8). Doig and Liber (2006) demonstrated
that the organonickel complexes may be formed at pH 6 to 8, which may explain the higher
concentrations of Ni in the organic fraction beneath Rhizophora than beneath the two other stands
(i.e. 11.4 % in the Rhizophora stand vs. 5.4 % in the Avicennia stand and 8.2 % in the mudflat, Fig.
4c). In fact, the variation of organic matter with depth in the Rhizophora stand induces the
modification of Ni partitioning between bearing phases (e.g. a negative correlation was observed
between Ni proportion in F3 and F4, r = - 0.6, Fig. 6h). Similar phenomenon was observed for Cr
partitioning, being supported by a negative correlation between Cr proportion in F3 and F4 beneath
the Rhizophora stand, r = - 0.96, Fig. 6i) like demonstrated in New Caledonia (Marchand et al.
2012). Lacerda et al. (1991) also observed in a Brazilian mangrove that Cr was immobilized in
sediment as organochromium complexes.

Cobalt and Arsenic geochemistry

Conversely to Cu, Ni, and Cr, the concentrations of Co and As in the exchangeable/carbonate
bound fraction were elevated, reaching up to 23 % and 5.4 % respectively. As explained earlier for

Mn partitioning and the presence of Mn-carbonates, we suggest that the decomposition of organic
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matter can lead to DIC production, which can precipitate in specific redox-pH values, incorporating
some elements, mainly Mn but also Co and As. Co and Mn proportions in the
exchangeable/carbonate fraction showed the opposite distribution patterns with depth whatever the
sites (Fig. 4f) which implies considerable competition of dissolved Mn on the formation of
carbonate cobalt (i.e. negative correlation observed in the mudflat, r = - 0.50, Fig. 6j; in the
Avicennia stand, r = - 0.64, Fig. 6k ). In fact, Co (I11) can be substituted to Mn in Mn (111/1V) oxides
because of their similar ionic radii, (Manceau et al. 1997). This process can occur in the same Eh-
pH space in which Mn (11) oxidation occurs (Murray and Dillard 1979). However, it was not the
case for Co behavior in the Rhizophora stand which may be attributed to the influence of OM. As
a consequence, a negative correlation between the Co proportion in the residual fraction and the
organic one was observed (r = - 0.83, Fig. 6l), which evidenced one more time the key role of
organic matter in trace metal partitioning in mangrove sediments. Beneath the Avicennia stand, Co
concentrations in the organic fraction were the lowest of the 3 stands despite similar range of TOC
in the mudflat, which may result the precipitation of dissolved Co into sulphides forms (Charriau
et al. 2011). In the case of As, we suggest that the increasing concentrations of As in the residual
fraction with depth in every sites may result from the incorporation of As into pyrite. In fact, the
most common iron sulphide minerals have strong affinity for, and can incorporate large amounts
of arsenic in its structure, up to 10 wt % (Abraitis et al. 2004, Qiu et al. 2017). Noél et al. (2014)
stated that pyrite was the predominant Fe bearing phase at depth in mangrove sediments. Notably,
dissolved As concentrations were relatively high in the mudflat and at depth in the Rhizophora
stand, reaching almost 20 pug L (Fig. 5g). We suggest that the presence of Asp in pore-waters
results from the reductive dissolution of As bound to oxides under suboxic/anoxic conditions
(Masscheleyn et al. 1991, Nickson et al. 2000). Recent studies also supported that the reduction of
Fe-oxyhydroxides was a cause of As release into ground water in Bangladesh (Anawar et al. 2003,

Zheng et al. 2004).
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Fig. 6. Interrelationships of metals proportions in the different fractions of the sediment cores in Can Gio Mangrove:
(a and b) Fe proportions beneath the Rhizophora stand; (c and d) Mn proportions beneath the Rhizophora stand; (e)
data of Cu proportion beneath mangrove stands and mudflat; (f and g) Fe proportion in F4 correlated to Ni and Cr
proportion in F4 of all sites from the mudflat to inner the Avicennia and Rhizophora stands, respectively; (h and i) Ni

and Cr proportions beneath the Rhizophora stand; (j and k) Co and Mn proportions selected from the mudflat and

the Avicennia stand, respectively; (1) Co proportions from all cores.

4.4. Assessment of metal stocks and ecological potential risks

The estimated metal stocks in the upper 50 cm sediment were lower in the Rhizophora stand

compared to the Avicennia one and the mudflat and could be related to two processes. Firstly, the
increase organic matter content in the sediment could induce a decrease in the bulk density of the

sediments (0.55 g cm™ in the Rhizophora vs. 0.61 g cm™ in the Avicennia and 0.64 g cm™ in the
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mud flat). Secondly, it may be related to a more reactive substrate like described in the previous
discussions, which can induce the dissolution of some bearing phases and the export of dissolved
metals through pore-water seepage, or the uptake of dissolved metals by mangrove plants.
Compared to mangrove of New Caledonia (Marchand et al. 2016), the estimated metal stocks of
the Can Gio Mangrove sediments were lower confirming the moderate metal inputs in this system.

The bioavailability and potential toxicity of metals in the different geochemical fractions are
expected to decrease in the following order: exchangeable/carbonate fraction > oxides fraction >
organic fraction > residual fraction (Ma and Rao 1997). To assess the metal availability and
associated potential ecological risks of the Can Gio Mangrove sediments, we used the Risk
Assessment Code - RAC (Perin et al. 1985) and guideline (Benson et al. 2017, Passos et al. 2010)
(Fig. 7).

Very high risk
50

40 4 High risk

30

20 4 || Medium risk
10 - I _l
II| II\ Low risk
o) HEE . WEE mo.
Fe Mn Co Ni As

Cr Cu

Risk Assessment Code (RAC)

W Mudflat B Avicennia Rhizophora

Fig. 7. Risk Assessment Code of metals in the sediment cores of the mudflat, the Avicennia stand and the
Rhizophora stand in the Can Gio Mangrove.
The RAC is evaluated based on the percentage of metal concentrations that is representative in
the bioavailable fraction (exchangeable/carbonate bound) to the total trace metal concentrations.
According to the RAC guideline, metal with less than 1 % of exchangeable/carbonate fraction

would be at no risk to the environment while higher ratio suggest: 1 % to 10 %: low risk; 11 % to

30 %: medium risk; 31 % to 50 %: high risk and > 50 %: very high risk. Consequently, in the Can
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Gio Mangrove sediments, only Mn presented a high risk in the mudflat and in the Avicennia stand
(i.e. RAC > 33) and a low risk in the Rhizophora stand (i.e. RAC < 7). We note that in plants, Mn
excess can damage the photosynthesis apparatus (Millaleo et al. 2010) and thus the plants
productivity (Nguyen et al. 2018). Arsenic presented a low risk but its high dissolved concentrations
in pore-waters, reaching up to ~20 pg L™, may potentially be an additional ecological risk to
organisms. Ni, Co, Fe, and Cu showed low risks to the ecosystem while Cr was in the no risk
category whatever the sites. Along the mangrove, the RAC was lower in the Rhizophora stand than
in the Avicennia stand and the mudflat, which may result from the competition of organometallic
complexation (see earlier discussion), reflecting the important role of organic matter in scavenging
metals in mangrove sediments. Eventually, as a result of mangrove conversion for agriculture
and/or aquaculture (i.e. salt production and shrimp farming, etc.), these sediments may be subject
to an oxidation resulting in enhanced OM decomposition (Grellier et al. 2017), sulphide oxidation,
and thus sediments acidification. Noél et al. (2017) showed that increasing anthropogenic pressure
on coastal areas altered the redox state of mangrove sediments from reducing condition to oxidizing
condition, affecting the stability of Ni-accumulating Fe-sulfides and releasing significant dissolved
metals at the redox boundary. Consequently, metals which were associated with OM and sulphides
will be released in pore-waters, but also those associated with the exchangeable/carbonate bound
due to the acidification, conducting all metals to be potentially at high ecological risks in the Can
Gio Mangrove sediments.
5. Conclusions

The Can Gio Mangrove sediments did not present high metals concentrations. Their contents,
close to those of the crust, associated with their high proportion in residual fractions suggested that
studied metals originated from the lateritic soils of the Sai Gon and Dong Nai River watersheds.
These metals were deposited mainly as Fe-Mn oxyhydroxides in the sediment, which were
subsequently dissolved by bacteria in suboxic to anoxic conditions during diagenetic processes,
releasing them in pore-waters. The OM enrichment in the sediments from the mudflat to the

Rhizophora stand played a key role in metals partitioning, either because its decay modifies the
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redox conditions (inducing oxyhydroxides dissolution and sulphides precipitation) or because of
the formation of organometallic compounds. Most metals presented low ecological risks to the
mangrove ecosystem except Mn, and possibly As due to its elevated dissolved concentrations. We
would like to underscore that any anthropogenic perturbation in the redox state of those mangrove
sediments may result in a release of metal contents in the adjacent ecosystems i.e. mangrove uptake
or export to surface water. We suggest that a further detailed investigation on dissolved metal
transfer and their accumulation into mangrove biota should be carried out to get a better

understanding of metal dynamic in the Can Gio Mangrove ecosystem.
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