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• 14,488 mg/kg Pb, 62,097 mg/kg Zn
found in mangrove sediment near Port
Pirie smelter.

• Highest Pb & Zn values exceeded sedi-
ment quality guideline values by 60 &
151-fold.

• A. marina leaves closer to smelter
contained up to 319 mg/kg Pb; 1033
mg/kg Zn.

• Transfer of non-essential elements (As,
Cd, Pb) into fruits were low (≤5.23
mg/kg).

• Labile As, Cd, Cu, Pb, Zn near smelter
exceeded 95 % species protection guide-
line values.
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From 1889, aerial emissions and effluent from a coastal lead‑zinc smelter at Port Pirie, South Australia, have led to the
accumulation of lead (Pb), zinc (Zn), arsenic (As), cadmium (Cd) and copper (Cu) in the surrounding marine environ-
ment. Despite this, extensive stands of grey mangrove (Avicennia marina) inhabit coastal areas at Port Pirie, right up to
the smelter's boundary. To understand the contamination level themangroves are living in there, elemental concentra-
tions were measured in mangrove sediments, leaves, pneumatophores and fruits at sites 0.30–43.0 km from the
smelter. Plant health was assessed via leaf chlorophyll content at four sites with contrasting contamination, as well
as in situ labile elemental concentration using diffusive gradients in thin films (DGT). Sites < 1.7 km of the smelter
exceeded Australian and New Zealand Environment and Conservation Council (ANZECC)& Agriculture and Resource
Management Council of Australia and New Zealand (ARMCANZ) (2000) sediment quality guideline values for As
(78.3–191 mg/kg), Cd (5.17–151 mg/kg), Cu (80.7–788 mg/kg), Pb (2,544–14,488 mg/kg) and Zn (281–62,097
mg/kg), while sites further away showed less enrichment above background. Similarly, elevated elemental concentra-
tions in leaves and pneumatophores occurred closer to the smelter (up to 319mg/kg Pb; 1,033mg/kg Zn), while fruits
had little contamination of non-essential elements (≤ 5.23mg/kg). Relationship between sediment and leaf elemental
concentrationwas isometric for Pb and anisometric for others. Labile As, Cd, Cu, Pb and Zn exceeded the 95%and 80%
iversity of South Australia, Building X, Mawson Lakes Campus, Adelaide, SA 5095, Australia.
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level of species protection in marine water by ANZECC& ARMCANZ (2000) near the smelter, but chlorophyll content
did not vary significantly among sites (p > 0.05). These results reveal that A. marina tolerate high elemental contam-
ination at Port Pirie, contributing to lesser but still high contamination in plants, warranting further investigation into
non-lethal impacts on mangroves or additional biota inhabiting this ecosystem.
1. Introduction

Worldwide,mangrove forests occupy large areas of tropical, subtropical
and temperate intertidal coastlines, in part, because of their abilities to tol-
erate extreme variation in salinities, temperatures, inundation, and anoxia
(Besley and Birch, 2021; Tonhá et al., 2020). Mangrove forests, tidal
marshes and seagrass meadows contribute to blue carbon ecosystem, stor-
ing >30,000TgC across ~185millionhectares and potentially reducing
~3 % of global carbon emissions (Macreadie et al., 2021). Mangroves are
highly productive primary producers, playing a significant role in prevent-
ing coastline erosion against natural disasters and serving as nurseries/
breeding grounds to many marine species including crustaceans and juve-
nile fish (Besley and Birch, 2021; Macreadie et al., 2021). Mangroves also
offer significant economic benefits directly (approximately $181 billion
per year), by providing local communities with fishing and tourism oppor-
tunities, medicine, fuel and building materials (Worthington et al., 2020).

Despite providing extensive ecological and economical services, man-
groves face considerable threat from a range of stressors including climate
change and destruction/modification from coastal developments (Ferreira
et al., 2022). Another important and pervasive stressor is pollution via in-
dustrial emissions, including effluent, stormwater runoff, agriculture or
aquaculture, spillage from shipping, and atmospheric deposition (Besley
and Birch, 2021). Unfortunately, due to their extensive and intricate root
systems (i.e., wide spreading lateral roots, interwoven with fine nutritive
roots and vertical pneumatophores), mangroves act as a natural trap for
contaminants in coastal environments. Moreover, the high clay and organic
carbon content of the sediments around their roots often create anoxic and
sulphidic conditions, which results in mangrove sediments ending up as a
sink for many elements (Parida and Kumari, 2021). Potentially toxic ele-
ment exposure has been shown to cause oxidative/osmotic stress, impaired
photosynthesis, reduced biomass/height, inhibit/delay seedling emer-
gence, and may cause mortality in mangroves (Caregnato et al., 2008;
MacFarlane and Burchett, 2002).

Avicennia marina (grey mangrove) is the most widely distributed man-
grove species worldwide, found in temperate and tropical regions and
both in arid and wet environments (Besley and Birch, 2021). This man-
grove species is also well-known for its apparent high tolerance to poten-
tially toxic elements (Besley and Birch, 2021; MacFarlane and Burchett,
2002; MacFarlane et al., 2007). At least in part, A. marina achieves this tol-
erance via enhanced iron plaque formation on root surfaces, which acts as a
barrier/scavenger of toxic elements and reduces their uptake into the root
(Jian et al., 2019; Lin et al., 2018). A. marina also selectively excludes
non-essential toxic elements (e.g., Pb) at the root epidermis, while
restricting movement of others (e.g., Cu, Pb and Zn) using the endodermal
casparian strip (MacFarlane and Burchett, 2000). Although A. marina may
excrete excess nutrients via leaf salt glands (e.g., Zn) as a copingmechanism
to high elemental stress (Natarajan et al., 2021), a recent study linked
porewater salinity of >100 to a dieback event of A. marina in South
Australia (~9 ha), indicating physiological tolerance limit of hypersalinity
in this species (Dittmann et al., 2022).

A. marina extensively populates Upper Spencer Gulf, South Australia,
which also hosts one of the world's largest Pb and Zn smelter at Port Pirie
(220 km north of Adelaide, the capital city of South Australia, Fig. 1).
Port Pirie has a Mediterranean climate, and the estuary has no riverine
input, leading to hypersaline conditions (Taylor et al., 2019; Vandeleur,
2020). An example of the continuous Pb exposure can be cited from the
National Pollution Inventory (2018), which reported that approximately
50,000 kg of Pb was released into the atmosphere and 9600 kg into the
2

estuary during 2016–17. Previous studies reported that elevated Arsenic
(As), Cd, Cu, Silver (Ag) and Manganese (Mn) are detectable in the marine
ecosystem up to 65 km from Port Pirie (Vandeleur, 2020; Ward, 1987;
Ward et al., 1984; Ward and Young, 1981; Ward and Young, 1983; Ward
and Hutchings, 1996; Ward and Young, 1982). This persistent elevated el-
emental contamination of Port Pirie's sediments has prompted several in-
vestigations into its adverse effect on epibenthic seagrass and benthic
infauna (e.g., bivalve molluscs, polychaetes and crustaceans) (Edwards
et al., 2001; Ward, 1987; Ward and Young, 1983; Ward and Hutchings,
1996; Ward and Young, 1982). Those studies found that bioaccumulation
shows a strong relationship with distance from effluent discharge sites
with clear impacts on species richness/diversity (Ward, 1987; Ward and
Hutchings, 1996; Ward and Young, 1982). Yet, studies assessing the extent
of contamination in themangrove sediments or its effect on plant health has
received limited attention, except for a recent report indicating that man-
groves at Port Pirie seemed “healthy and abundant” (Stockbridge, 2017).

The overarching aim of this study was to investigate elemental contam-
ination of mangrove sediments, its bioaccumulation in A. marina at Port
Pirie, and how these change with distance from the smelter or affect plant
health. To achieve this aim, total and labile elemental concentrations in
mangrove sediment and plant tissues were assessed, along with differences
in leaf chlorophyll content across sites with contrasting contamination. It
was hypothesized that total and labile elemental concentration will corre-
late with distance from smelter and the health of mangroves will be more
adversely affected in the vicinity of the smelter.

2. Materials and methods

2.1. Sediment/mangrove tissue collection

Nine sites were sampled around Port Pirie smelter in the upper Spencer
Gulf of South Australia according to Fig. 1. Sites were chosen to represent a
range of distances (0.34–43 km) from the smelter (−33.169917,
138.011694) and thuswere expected to represent a gradient of sediment el-
emental contamination. Sites 1–5 were 0.3–1.7 km from the smelter (here-
after referred to as ‘adjacent to smelter’) and expected to contain high
contaminant concentrations. Three more locations (sites 7–8) were at a dis-
tance between 7.5 and 18.3 km to the north of the smelter (hereafter re-
ferred to as ‘within influence of smelter’) and were expected to have
medium to low contaminant concentrations. Lastly, site 6 was 43 km
away to the south (Fisherman's Bay), and thus expected to represent ‘not in-
fluenced’ sediment, with background (natural) concentrations of elements.
Initial sample collection was conducted in October 2019, with GPS coordi-
nates recorded for future re-sampling. For one tree at each site (~20) leaves
and (~10) pneumatophores (aerial roots) from healthy mature plants (>2
m tall) were collected randomly from across the tree, as well as a sample
of the surface sediment (0–10 cm depth) directly under the tree. Sediment
and plant tissue samples were placed in Ziplock bags and frozen until fur-
ther processing. Trees from the sites adjacent to the smelter were noted to
be of unhealthy appearance, leaves coveredwith dust (Fig. S1) and without
fruiting.

2.2. Sediment processing and analysis

A subsample from each sediment was thawed and particle size analyzed
using Mastersizer 2000 (Malvern Panalytical). The remaining material for
each sample was oven-dried at 60°C, ground to homogenize and used dur-
ing subsequent analysis. Total organic matter content (TOC) of the
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Fig. 1. Mangrove sample site locations in Port Pirie, Upper Spencer Gulf, South
Australia. The city of Port Pirie is indicated with the black circle in the bottom
panel, while the Pb-Zn smelter is indicated by the yellow star in the insert of the bot-
tom panel.
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sediments (0.2 g, n = 3) was analyzed by taking the difference between
total carbon and total inorganic carbon after reacting with Sulphurous
acid (H2O3S) solution (> 6%) in LECO TruMac CNS as detailed in Kastury
et al. (2021). Sediments were pre-digested (0.5 g, n = 4) overnight in 5
mL reverse aqua regia [3:1 = 70% Nitric acid (HNO3): 36% Hydrochloric
acid (HCl)], followed by digestion in a Mars6 microwave (CEM) according
to USEPA method 3051 (USEPA, 1998). A standard reference material
(SRM) 2702 - Inorganics in Marine Sediment, from the National Institute
of Standards and Technology (NIST)was used to confirm the accuracy of di-
gestion (n= 5, Recoveries of elements of interest were: As= 71.5%, Cd=
122%, Cu= 76.6%, Fe = 80.0%, Pb = 84.3% and Zn = 78.5%). Follow-
ing digestion, samples were made up to 50 mL using MQ water (>18 MΩ),
syringe filtered (0.45 μm, cellulose acetate) and stored until analysis using
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES,
Perkin Elmer Avio 500) according to US EPA method 6010D (USEPA,
2018).

2.3. Mangrove tissue processing and analysis

A. marina leaves and pneumatophores were washed with MQ water to
remove particles, oven-dried (60°C) and ground to homogenize. Tissues
were pre-digested (0.5 g, n = 4) with 5 mL 70% HNO3 overnight and
digested in Mars6 microwave using method described in Kastury et al.
3

(2021), with post-digestion processing conducted as described above. To
assess the accuracy of tissue digestion, NIST SRM 1573a: Tomato leaves
was used (n = 4, Recoveries of elements of interest were: As = 106%,
Cd = 78.3%, Cu = 84.5%, Fe = 92.6%, and Zn = 91.4%, while certified
value for Pb was not available). Elemental concentration analysis was con-
ducted using Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
Agilent, Triple Quad 8800) using USEPA method 6020A (USEPA, 2007).

2.4. Re-sampling at four sites

Four sites were re-visited in January 2021 to assess mangrove health,
contamination in fruits (which were present this time at each site), as
well as to assess labile elemental concentrations. Two of these sites were se-
lected from adjacent to smelter: corresponding to site 1 and 3 during 1st
sampling. The third site was within influence of smelter (site 8 during 1st
sampling), while the last site, Fisherman's Bay (site 6 during 1st sampling),
acted as a site not influenced by smelter.

2.4.1. Collection of leaves, fruit and chlorophyll measurement
At each site, three trees (≥2 m tall) were randomly chosen for sam-

pling; shorter trees were excluded to avoid recruits/young trees, as were
trees with obvious dieback (dead branches). Up to twenty leaves and fruits
were collected from each tree, including all sides of the tree and from
branches at the outer, sunnier extremes and inner, shaded areas. Leaves
from each tree were put into one bag, mixed, then five leaves from each
tree measured for chlorophyll content using SPAD 502 Chlorophyll meter
(Spectrum Technologies Inc). Five SPAD measurements were taken from
each leaf, starting at the base/to one side and then evenly spaced around
the circumference to the base of the leaf on the other side, each measure-
ment set about 7–8 mm in from the edge. Samples were processed and ele-
mental concentration analyzed as Section 2.3.

2.4.2. Labile elemental concentration analysis in the mangrove sediment
Diffusive Gradients in Thin Films (DGT) was deployed (n= 3, ~18–24

h) to measure labile or freely bioavailable elemental concentrations (here-
after referred to as CDGT). Sediment DGT probes (LSPX for metals cationic
and oxyanion measurement using chelex and titanium oxide) were pur-
chased from DGT Research (Lancaster, UK). More details regarding DGT
characteristics and deployment conditions are given in Supplementary ma-
terials. At the end of deployment, DGT gel layers were retrieved from each
probe and sliced into fifteen sections (1 cm/section). The 1st and 2nd sec-
tions were exposed to the water column and sediment-water interface re-
spectively, and the following thirteen sections exposed to sequentially
deeper sediments. Cations from each section was eluted in 1 mL HNO3 (1
M, baseline, Seastar) for 24 h, and then anions were eluted in 1 mL NaOH
(1 M, high purity, Sigma-Aldrich) for another 24 h. The eluents were com-
bined and diluted to a final volume of 5mL using 2%HNO3, syringefiltered
(0.45 μm, cellulose acetate), and elemental concentration analyzed in ICP-
MS (Agilent, Triple Quad 8800) (USEPA method 6020A). During analysis
by ICP-MS, at least 7 points were used to construct calibration curve, the
lowest point being at least 3× above the calibration blank. Limit of detec-
tion for the elements of interest during the analysis using ICP-MS are: As=
1 μg/L, Cd=0.5 μg/L, Cu=50 μg/L, Fe=50 μg/L, Pb=0.5 μg/L, and Zn
= 10 μg/L. All field blank values were below LOD. Based on Fick's first law
of diffusion, CDGT was determined according to Eq. (1) (Amato et al., 2014,
2016):

CDGT ¼ M Δg=DtA (1)

whereM is the accumulatedmass of analyte in the binding gel;Δg is the dif-
fusion layer thickness (0.09 cm, including 0.08 cm APA gel layer and
0.01 cm filter membrane); D is the analyte diffusion coefficient in the diffu-
sive layer at the certain temperature; t is the deployment time in seconds; A
is the exposed surface area of the DGT device (1.8 cm2).
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Fig. 2. Particle size distribution of mangrove sediment samples at Port Pirie, Upper
Spencer Gulf, South Australia.
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2.5. Statistical analysis

All statistical analysis was conducted using SPSS version 25 (IBM) and
Graphpad Prism 9.3.0. Normality of elemental concentration across the
nine sites was investigated using Shapiro-Wilk normality test (α = 0.05).
Log10 transformation was applied to sediment elemental concentrations
for As, Cd, Cu, Fe, Pb and Zn (as themain elements of concern) and distance
from the smelter measured on Google maps as the straight-line distance
from the site to the center of the Port Pirie smelter. Linear regression was
performed between log10 distance and log10 sediment elemental concentra-
tions to test their relationship.

Regression analysis was also conducted to investigate if sediment ele-
mental concentration is a good predictor of leaf elemental concentration
and if the relationship between elemental concentrations in sediment and
leaves differ among the elements of interest. Log10 transformation was ap-
plied to leaf and sediment elemental concentrations for As, Cd, Cu, Fe, Pb
and Zn (as the main elements of concern); transformed values passed
Shapiro-Wilk Normality test atα=0.05. Analysis of covariance (ANCOVA)
was used to test for differences in the slopes of the relationship between leaf
and sediment concentrations among the different elements and to test
whether the slopes of those relationship were isometric (slope = 1) or
anisometric (slopes ≠ 1). Given that there were differences in slopes, the
relationship between leaf and sediment elemental concentration was then
assessed separately by linear regression to generate confidence intervals
for the slope of the relationship for each element. Comparisons of these in-
dividual slope confidence intervals suggested that the slope of the relation-
ship in Pb was possibly the only difference among elements and thus the
reason for the initial significant interaction (elements x slopes) in the
ANCOVA. To test whether this was the only difference among elements,
the ANCOVA was re-analyzed excluding Pb, followed by of pairwise com-
parisons of slopes among elements, using a Dunn Sidak adjustment for mul-
tiple comparisons (α = 0.05).

To ascertain the impact of elemental bioaccumulation on mangrove
health, five chlorophyll measurements from each leaf were averaged and
then all the averaged leaf chlorophyll measurements from each tree per
site was averaged again, giving an average of chlorophyll measurement
for each tree. ANOVA (one factor = site) was used to test for differences
in chlorophyll a measurement among sites (n = 3 trees per site).

3. Results and discussions

3.1. Elemental concentrations in sediments

Table 1 summarizes distance of each site from the smelter and gives the
TOC and concentrations of elements of interest (As, Cd, Cu, Fe, Mn, Pb and
Zn) in the mangrove sediments collected during the first sampling period,
while Fig. 2 depicts the particle size distribution. The sites adjacent to the
smelter (sites 1–5, 0.34–1.72 km), were expected to receive direct smelter
Table 1
Mean± SEM concentrations of As, Cd, Cu, Fe, Mn, Pb and Zn, distance of each site from
Spencer Gulf, South Australia. n = number of replicates; NA = not available.

Site Expected
contamination level

Distance from
smelter (km)

n TOC
(%)

As
(mg/kg)

Cd
(mg/kg)

1 Adjacent to
smelter

0.71 4 4.28 ± 0.06 191 ± 7.10 39.3 ± 1.94
2 0.74 4 1.24 ± 0.04 614 ± 61.6 151 ± 15.9
3 0.88 4 1.45 ± 0.02 89.4 ± 5.30 9.56 ± 0.61
4 1.72 4 2.57 ± 0.07 78.3 ± 1.55 89.3 ± 2.86
5 0.34 4 2.51 ± 0.02 132 ± 2.97 5.17 ± 0.13
6 Not influenced by

smelter
43.0 4 6.22 ± 0.13 3.07 ± 0.09 0.06 ± 0.00

7 Within influence of
smelter

18.3 4 6.30 ± 0.03 15.8 ± 0.57 0.26 ± 0.01
8 17.1 4 5.74 ± 0.09 5.24 ± 0.26 0.41 ± 0.02
9 7.46 4 3.37 ± 0.08 2.34 ± 0.11 0.99 ± 0.05
ANZECC/ARMCANZ (2000) SQGV low 20 1.5
ANZECC/ARMCANZ (2000) SQGV high 70 10

4

stack emissions, evident as dust covered mangrove leaves (Fig. S1), and
site 4 received additional effluent discharge into the river. Sites 7–9
(7.46–18.3 km) were not expected to receive direct aerial emissions, but
were known to be influenced by sediment contamination in a recent
study by Vandeleur (2020). Particularly, site 8 (Weerona Island) was situ-
ated near a dredge spoil dump area and may have been influenced via
stormwater run-offs. In contrast, site 6 (Fisherman's Bay) was not expected
to be influenced by either stack emissions/effluent discharge, or
stormwater run-off based on Vandeleur (2020) because of the 43.0 km dis-
tance from smelter, and therefore considered to represent the background
(natural) elemental concentration in this region. As shown in Table 1, Pb
concentrations in sites adjacent to the smelter ranged from 2,544 ± 61.0
mg/kg (site 4) to 14,488± 2,728mg/kg (Site 2). Compared to an assumed
background of 9.81± 0.29 mg/kg in sediments at site 6 (not influenced by
smelter), Pb concentration in sediments at sites 1–5 (near the smelter) were
enriched between 128 and 1,477 times. Overall, Fig. S3 showed a statisti-
cally significant, negative relationship between distance from the smelter
and Pb concentration (r2 = 0.95, p < 0.0001), which was also observed
for Zn (r2 = 0.81, p < 0.01). Zn concentrations near the smelter (sites
1–3) ranged between 3,232 ± 220 mg/kg to 62,097 ± 7,356 mg/kg,
while it decreased sharply in sites 4 and 5 to 506 ± 20.1 mg/kg and 281
± 5.64 mg/kg respectively. Further away, Zn concentrations continued
to decline ranging between 39.5 ± 2.22 mg/kg to 67.3 ± 3.78 mg/kg at
sites 7–9, down to a background value of 10.7 ± 0.83 mg/kg (site 6).
Thus, not surprisingly around a Pb-Zn smelter, there was clear evidence
of distance-dependent Pb and Zn contamination in the sediments associated
with mangroves at Port Pirie. A similar negative relationship was also ob-
served for As (r2: 0.77), Cd (r2: 0.90), Cu (r2: 0.83); however this relation-
ship was not observed for Fe (r2: 0.14), suggesting that sediment
contamination of As, Cd and Cumay also be associatedwith the legacy/cur-
rent smelter activities.

The distribution of particles (Fig. 2) infine grains [clay (< 2 μm) and silt
(> 2 μmand< 63 μm)], medium grains (> 63 μmand< 250 μm) and coarse
smelter and total organic carbon (TOC) in mangrove sediment at Port Pirie, Upper

Cu
(mg/kg)

Fe
(mg/kg)

Mn
(mg/kg)

Pb
(mg/kg)

Zn
(mg/kg)

183 ± 12.8 21,734 ± 1,457 498 ± 38.1 5,205 ± 292 16,495 ± 1,122
788 ± 64.5 24,450 ± 3,894 934 ± 109 14,488 ± 2,728 62,097 ± 7,356
104 ± 6.71 15,143 ± 1,256 866 ± 60.0 3,367 ± 215 3,232 ± 220
80.7 ± 3.33 1,811 ± 77.1 44.4 ± 2.67 2,544 ± 61.0 506 ± 20.1
175 ± 4.04 1,257 ± 24.8 40.3 ± 0.37 5,365 ± 118 281 ± 5.64

2 1.33 ± 0.07 1,008 ± 33.6 17.8 ± 0.67 9.81 ± 0.29 10.7 ± 0.83

7.34 ± 0.25 12,146 ± 822 125 ± 3.95 19.8 ± 0.60 41.8 ± 1.21
2.12 ± 0.10 3,151 ± 145 74.2 ± 3.80 36.0 ± 1.89 39.5 ± 2.22
1.41 ± 0.07 777 ± 54.4 43.9 ± 2.12 55.8 ± 3.26 67.3 ± 3.78
65 NA 50 200
270 220 410
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(> 250 μm – 2 mm) grains were variable among the nine sites. Fig. 2 shows
that sites 6 and 9 contained mostly (> 50%) coarse particles, while sites 1,
2, 4 and 7 were dominated by fine particles size fractions (61.5–68.1%).
Fine particle size fractionmay have a significant role in elemental retention
via providing higher surface area for sorption onto clay particles (Parida
and Kumari, 2021). However, the high variability of fine particles observed
among the 9 sites in this study indicates that fine particle fraction may play
a minor role in controlling elemental enrichment in mangrove sediments
adjacent to the smelter; presence of phases such as Fe/Mn oxyhydroxides
and organic matter possibly exerting a greater effect on elemental retention
(Marchand et al., 2016).

For reference, sediment quality guideline values (SQGV) are also given
in Table 1 according to Australian and New Zealand Environment and Con-
servation Council & Agriculture and Resource Management Council of
Australia and New Zealand (ANZECC/ARMCANZ, 2000). According to
the ANZECC/ARMCANZ (2000), elemental concentrations below SQGVlow

are not expected to cause aquatic toxicity, while concentrations between
SQGVlow and SQGVhigh indicate potential toxicity on aquatic life, requiring
additional environmental investigations for specific species (Besley and
Birch, 2021). However, sediments displaying elemental concentrations
above SQGVhigh suggest possible adverse effects to biological receptors
inhabiting this marine environment (Besley and Birch, 2021). This study
found that concentrations of both Pb and Zn exceeded the SQGVhigh limits
for sites 1–5 for Pb and sites 1–4 for Zn. Moreover, the greatest concentra-
tions found were up to 60 times the SQGVhigh for Pb and 151 times the
SQGVhigh for Zn.

Elevated Pb and Zn concentrations at non-mangrove associated sites ad-
jacent to the smelter was reported previously from (non-mangrove associ-
ated) muddy sediments around Port Pirie by Vandeleur (2020), Ward and
Hutchings (1996), Ward (1987), Ward et al. (1984), Ward and Young
(1981), Ward and Young (1983) andWard and Young (1982). The most re-
cent study among these by Vandeleur (2020) included non-mangrove asso-
ciated sites adjacent to 1–3 in the present study. Compared to the results by
Vandeleur (2020), where maximum of 9,166 mg/kg of Pb and 21,036
mg/kg of Zn was observed, maximum Pb and Zn at mangrove associated
sediment in this study were 1.8 and 2.9 times higher (site 2). Higher ele-
mental concentration in this studymay be attributed to the higher expected
Fe and Mn plaques on the mangrove root surfaces in response to the ele-
vated elemental contamination as a coping mechanism; Fe and Mn plaques
providing surface areas for adsorption (Marchand et al., 2016). Accord-
ingly, this study found elevated concentrations of Fe and Mn where Pb
and Zn concentrations were the greatest (near the smelter, Table 1). In par-
ticular, given background concentration of Fe andMn (at site 6) of 1,008±
33.6 mg/kg and 17.8 ± 0.65 mg/kg respectively, Fe and Mn concentra-
tions were elevated 15–55-fold at sites 1–3 (15,143 ± 1,256 to 24,450 ±
3,894 mg/kg and 498 ± 38.1 to 934 ± 109 mg/kg respectively). Also of
note, is a study by Tonhá et al. (2020), who reported a maximum of
20,050 mg/kg of Zn in Laguncularia racemose sediments near an
electroplating plant in Sepetiba Bay, State of Rio de Janeiro (southeastern
Brazil). Among other non-mangrove associated coastal sediment studies
reporting highly elevated Pb and Zn concentrations include Boughriet
et al. (2007), where maximum concentration of 10,079 mg/kg of Pb and
12,895 mg/kg of Zn was observed in Deûle-canal sediments near
Metaleurop smelter (Northern France).

Enrichment of other potentially toxic elements at sites near the smelter
includedAs (89.4±5.30 to 614±61.6mg/kg), Cd (5.17±0.13 to 151±
15.9mg/kg) and Cu (80.7±3.33 to 788±64.5mg/kg). Table S1 presents
concentrations of other major elements [Aluminium (Al), Calcium (Ca),
Magnesium (Mg), Sodium (Na)] and trace elements [Silver (Ag), Cobalt
(Co), Chromium (Cr), Molybdenum (Mo), Nickel (Ni), Antimony (Sb), Sele-
nium (Se), Vanadium (V)]. Among these, Ag exceeded the SQGVhigh of 4
mg/kg at site 1 (9.30 ± 0.54 mg/kg) and site 2 (15.6 ± 0.47 mg/kg), al-
though even the background concentration (1.88 ± 0.17 mg/kg) was
higher than SQGVlow of 1 mg/kg. Vandeleur (2020) suggested that the
most likely source of elevated Ag near the smelter is a historic leak in the
silver recovery plant at the smelter which previously allowed Ag to make
5

its way into groundwater and surrounding sediments. Vandeleur (2020) re-
ported that non-mangrove sediments near First creek recorded 0.09–3.11
mg/kg of Ag, while that in the Port Pirie River (directly next to the smelter
and the historic leak site) ranged from0.10 to 41.8mg/kg. Thus, in contrast
to Pb and Zn, there is little evidence that Ag concentrations are higher in
mangrove associated sediments than other, adjacent soft sediments.

Although well-known for their high tolerance to inorganic pollutants,
the survival of A. marina at sites near the Pb-Zn smelter suggests that this
species is living in elemental concentrations that far exceed those previous
ecotoxicological studies suggested should kill or significantly harm man-
groves. In particular, the field results here contrast with the findings of
MacFarlane and Burchett (2002), who investigated the effects of Cu, Pb
and Zn bioaccumulation and toxicity of A. marina propagules in carefully
controlled, glasshouse-based studies. Using a combination of single, binary
and tertiary mixtures across a range of concentrations of these elements,
they found that 800 mg/kg Cu may result in total emergence inhibition
and 1,000 mg/kg Zn may lead to 100% mortality in A. marina, while
these effects were not observed at the highest Pb concentration of 800
mg/kg. These contrasting results may be attributed to the fact that
MacFarlane and Burchett (2002) used spiked sediment aged for 2 weeks
to assess toxicity in A. marina seedlings, whereas this study included field
data of mature trees where elements were most likely strongly sorbed to
the sediment because of the extended contamination period. Another note-
worthy factor is the very high salinity of the waters of the Upper Spencer
Gulf, which range between 42 and 47‰ according to Vaz et al. (1990); per-
sonal observations by one of the authors (CAS) indicated salinity as great at
54‰ in shallow areas around Port Pirie. High salinitymay promote the for-
mation of element-chloride complexations, which are less bioavailable spe-
cies (MacFarlane et al., 2007). Therefore, Pb/Zn-chloride complexation in
the mangrove sediment may have lowered the freely available Pb and Zn
concentration for plant uptake in this study.

3.2. Elemental concentration in mangrove tissues and its relationship to sediment

Table 2 presents concentrations of As, Cd, Cu, Fe, Pb and Zn inA.marina
tissues, including leaves and pneumatophores collected from nine sites dur-
ing the 1st sampling period, and leaves and fruits collected from four sites
during the 2nd sampling period (Tables S2 and S3 details additional detect-
able elements). Essential elements were higher in sites 6–9 (maximum leaf
concentrations of 11.6 ± 0.33 mg/kg of Cu in site 6; 154± 5.33 mg/kg of
Fe in site 7; and 60.4 ± 2.88 mg/kg of Zn in site 8) compared to the non-
essential elements (maximum leaf concentrations of 0.80 ± 0.02 mg/kg
of As in site 9, 0.20 ± 0.11 mg/kg of Cd in site 8; and 7.95 ± 0.06
mg/kg of Pb in site 9). A similar trend was observed in Besley and Birch
(2021) who reported that essential element uptake into the nutritive
roots, leaves and pneumatophores of A. marina were higher than non-
essential elements across the Sydney estuary site. However, to the best of
the authors' knowledge, the maximum Pb and Zn concentrations in the
leaf (319 ± 24.7 mg/kg and 1033 ± 78.6 mg/kg respectively) recorded
in site 1 in this study has not been previously recorded and reflects the
high sediment contamination discussed earlier. High leaf Zn concentration
is most likely the result of a synergistic response to elevated Pb and Zn in
the sediment, which was first suggested in a six-month laboratory trial
using A. marina propagules by MacFarlane and Burchett (2002). Notably,
translocation of non-essential elements in fruit was lower than both leaves
and pneumatophores (maximum concentration of 0.18±0.05mg/kg As in
site 1; 0.05±0.02mg/kg Cd in site 3; and 5.23±4.12mg/kg Pb in site 3),
showing thatA.marina exerts an additional level of regulation for the trans-
fer of non-essential element into the fruit.

The overall trend of elemental bioaccumulation in pneumatophores
followed the trend of leaf bioaccumulation, however, the magnitude of
the former was smaller. This result is in contrast to the finding of Besley
and Birch (2021) who reported that elemental bioaccumulation followed
the trend of roots > pneumatophores > leaves. However, lower elemental
concentrations in pneumatophores compared to leaves can be explained
by the high expression of aquaporins in pneumatophores, which allow
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Table 2
Mean± SEM concentrations of As, Cd, Cu, Fe, Pb and Zn in leaves, pneumatophores (aerial roots) and fruits (selected sites) in A. marina at Port Pirie, Upper Spencer Gulf,
South Australia. n = number of replicates.

Site Expected level of
contamination

n As
(mg/kg)

Cd
(mg/kg)

Cu
(mg/kg)

Fe
(mg/kg)

Pb
(mg/kg)

Zn
(mg/kg)

1st sampling October 2019
1 Adjacent to smelter Leaves 4 11.0 ± 0.81 2.20 ± 0.14 38.8 ± 2.59 548 ± 37.7 319 ± 24.7 1033 ± 78.6

Pneumatophores 4 1.52 ± 0.07 0.30 ± 0.02 9.43 ± 0.81 205 ± 12.3 94.5 ± 4.78 168 ± 7.85
2 Leaves 4 9.93 ± 0.14 1.76 ± 0.02 27.0 ± 0.10 698 ± 13.0 317 ± 5.04 743 ± 9.79

Pneumatophores 4 1.52 ± 0.04 0.35 ± 0.01 13.1 ± 0.39 104 ± 0.56 122 ± 1.96 233 ± 3.17
3 Leaves 4 4.80 ± 0.08 1.68 ± 0.01 31.8 ± 0.16 264 ± 2.63 109 ± 1.23 382 ± 6.48

Pneumatophores 4 0.32 ± 0.04 0.16 ± 0.01 6.23 ± 0.64 46.9 ± 3.82 32.1 ± 2.76 57.1 ± 4.67
4 Leaves 4 1.40 ± 0.01 0.432 ± 0.004 12.8 ± 0.13 138 ± 2.93 32.9 ± 0.24 86.3 ± 0.93

Pneumatophores 4 0.18 ± 0.02 0.06 ± 0.01 3.76 ± 0.63 18.6 ± 2.38 10.6 ± 1.27 35.8 ± 3.69
5 Leaves 4 4.66 ± 0.06 1.12 ± 0.03 24.4 ± 0.47 231 ± 5.98 108 ± 2.09 244 ± 3.80

Pneumatophores 4 0.67 ± 0.11 0.30 ± 0.02 7.89 ± 0.65 72.9 ± 6.62 66.8 ± 4.97 86.2 ± 7.19
6 Not influenced by smelter Leaves 4 0.60 ± 0.01 0.04 ± 0.001 11.6 ± 0.33 64.1 ± 0.88 0.35 ± 0.02 26.0 ± 0.78

Pneumatophores 4 0.13 ± 0.01 0.04 ± 0.003 8.31 ± 0.31 19.3 ± 0.86 0.217 ± 0 15.9 ± 0.61
7 Within influence of smelter Leaves 4 0.65 ± 0.02 0.13 ± 0.001 9.54 ± 0.54 154 ± 5.33 0.40 ± 0.01 48.2 ± 0.98

Pneumatophores 4 0.36 ± 0.04 0.04 ± 0.005 7.49 ± 0.51 114 ± 6.08 0.27 ± 0.02 21.1 ± 1.35
8 Leaves 4 0.75 ± 0.03 0.20 ± 0.11 2.91 ± 0.31 119 ± 5.09 1.30 ± 0.04 60.4 ± 2.88

Pneumatophores 4 0.09 ± 0.002 0.04 ± 0.003 1.33 ± 0.04 22.4 ± 0.51 0.34 ± 0.02 43.6 ± 1.68
9 Leaves 4 0.80 ± 0.02 0.16 ± 0.003 1.75 ± 0.04 141 ± 1.81 7.95 ± 0.06 56.5 ± 0.88

Pneumatophores 4 0.32 ± 0.03 0.04 ± 0.006 3.26 ± 0.25 44.3 ± 3.64 3.40 ± 0.29 31.8 ± 3.52

2nd sampling January 2021
Site 1 Adjacent to smelter Leaves 3 7.15 ± 1.33 1.17 ± 0.20 14.9 ± 1.34 301 ± 9.41 153 ± 25.8 528 ± 88.6

Fruits 3 0.18 ± 0.05 0.02 ± 0.001 10.2 ± 0.24 11.8 ± 0.68 0.70 ± 0.18 16.3 ± 0.49
Site 3 Leaves 3 4.80 ± 0.47 1.68 ± 0.37 17.8 ± 1.91 216 ± 12.8 81.2 ± 8.70 187 ± 12.2

Fruits 3 0.17 ± 0.02 0.05 ± 0.02 17.5 ± 0.03 21.5 ± 2.79 5.23 ± 4.12 1.2 ± 0.38
Site 6 Not influenced by smelter Leaves 3 0.86 ± 0.02 0.09 ± 0.004 7.24 ± 0.11 142 ± 6.53 1.05 ± 0.03 43.0 ± 7.68

Fruits 3 0.07 ± 0.001 0.01 ± 0.001 8.52 ± 1.7 12.9 ± 0.89 0.71 ± 0.07 10.7 ± 1.26
Site 8 Within influence of smelter Leaves 3 0.74 ± 0.05 0.83 ± 0.28 2.58 ± 0.33 153 ± 20.3 7.44 ± 2.05 38.0 ± 1.17

Fruits 3 0.04 ± 0.002 0.04 ± 0.01 4.79 ± 0.71 12.5 ± 1.56 0.48 ± 0.05 10.8 ± 0.06
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them to absorb water, while repelling excess salt (Nelson et al., 2022). It is
possible that in addition to salt, aquaporins in pneumatophore also repel ex-
cess elements, keeping their overall concentration low in pneumatophores.
In contrast, because leaves are adapted in A. marina to excrete excess salt
Fig. 3. Linear regression (±95 % confidence interval) of the relationship between log
Spencer Gulf, South Australia using data from 9 sites collected during 1st sampling peri
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via leaf salt glands, excess elements presumably translocate to the leaves
in order to be excreted, making their concentration higher in the leaves.

The relationship between leaf and sediment elemental concentrations
was further investigated using ANCOVA (α = 0.05) to test for an
10sediment and log10A. marina leaf elemental concentrations at Port Pirie, Upper
od. The dashed black line represents a 1:1 relationship for visual comparison.



F. Kastury et al. Science of the Total Environment 857 (2023) 159503
interaction between the slope of the regression lines for As, Cd, Cu, Fe, Pb
and Zn concentrations. A significant interaction (p < 0.001) was found
(Table S4), indicating that a difference exists among the relationships be-
tween leaf and sediment elemental concentrations among these six ele-
ments. Therefore, separate regression analysis for each element was
performed (Fig. 3). Table S5 summarizes the regression modeling, includ-
ing slope, y and x intercept and r2 values. While strong relationships were
observed for As (r2: 0.81), Cd (r2: 0.72), Cu (r2: 0.68), Pb (r2: 0.94) and
Zn (r2: 0.90), the strength of the relationship for Femay be consideredmod-
erate (r2: 0.59). However, the results highlight that for Pb only, there may
be a simple, consistent and isometric relationship between leaf and
sediment concentration (slope 0.9296, 95 % confidence interval
0.8465–1.0130). The slope was observed to be within 0.3670–0.5436 for
all other elements, indicating that when sediment elemental concentration
increases, leaf elemental concentration increases, but the relative amount
in leaves decreases as sediment concentration increases (anisometric rela-
tionship). To confirm the findings from above, the test for interaction be-
tween slope of the relationship between sediment concentration and leaf
elemental uptake was re-analyzed without Pb. No significant interaction
was found (p = 0.777, Table S7), corroborating that only the slope of Pb
was significantly different among the six elements tested. This unexpected
result suggest that mechanisms involved in regulating Pb uptake may be
different to the other elements studied, warranting further investigation.

Post-hoc comparisons among elements (summary in Table S8) showed
no detectable difference between As and Cd (p = 0.22). Additionally, no
difference was observed between Fe and Cu (p = 0.634) and between Fe
and Zn (p = 0.226), although the concentrations of these elements varied
widely between sediment and leaf. Notably (excluding Pb), the two non-
essential elements (i.e., As and Cd) were present at lower concentrations
than the three essential elements at all sites, which also indicates different
uptake and regulation mechanisms between essential and non-essential el-
ements. However, pairwise comparison highlights that among the essential
elements, there were significant differences (e.g., Cu vs Zn, p < 0.001). In
addition to very high sediment concentration, elevated Zn in leaves at
sites near the smelter may be attributed to the linear trend of Zn leaf bioac-
cumulation that was observed in the laboratory experiments withA. marina
propagules in MacFarlane and Burchett (2002). Presence of Pb in sediment
was also found to cause a synergistic increase of both Pb and Zn uptake into
leaves in MacFarlane and Burchett (2002), which may also be attributed to
the higher Zn concentration in the leaves compared to other essential ele-
ments such as Cu and Fe.

Overall, these regression relationships show that leaf elemental concen-
tration may be predicted by sediment concentrations, however, the rela-
tionship may depend on whether the element is essential or non-essential,
or is taken up in a linear fashion or tends to plateau at and above a specific
sediment concentration. These results are also important in wider sense in
terms of interpreting bioaccumulation factors or ratios, which are routinely
reported in many similar studies. Our regressions (and estimates of the
slope of the relationship) illustrate that care needs to be taken when inter-
preting the significance of “bioaccumulation factor/ratio” in other studies
as any factor or ratio is likely to be contingent on sediment concentration.

3.3. Assessment of mangrove health

Chlorophyll a fluorescence analysis has been indicated to be a good bio-
marker for Zn stress, which may lead to inhibition of photosynthesis
(MacFarlane, 2003). According to Zhen et al. (2021), leaf chlorophyll con-
tent measured by a handheld SPAD 502 m is good indicator of mangrove
health and nutritional status and field collected leaf SPAD values yields re-
liable measurement of relative chlorophyll content. Therefore, a handheld
SPAD 502 Chlorophyll meter was utilized in this study (in selected sites)
to test whether high elemental load in sediments might affect the health
of A. marina. No significant difference in leaf chlorophyll content was ob-
served among the four sites during the 2nd sampling period (p = 0.77; av-
erage SPAD unit of 57.1 at site 6: 57.1, 50.6 at site 8, 51.6 at site 1 and
59.2 at site 3). The absence of any adverse health effect of chlorophyll
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content at these four siteswith contrasting leaf elemental concentration dis-
agrees with thefinding ofMacFarlane and Burchett (2002) that 100%mor-
tality can occur at>400mg/kg Zn in the sediment. The results in this study
show instead thatmature trees underfield conditions may bemore tolerant
to Zn toxicity than propagules. Shen et al. (2019) found that, Zn and Cu bio-
accumulation in Kandelia obovate mangrove species may alleviate toxicity
of elevated non-essential elements (e.g., Pb). Although similar research
has not been conducted in A. marina, it is possible that high Zn and Cu bio-
accumulation in sites closest to the smelter may play a protective role from
the toxicity of non-essential elements in A. marina leaves. However, further
research using chlorophyll a/b ratio and/or antioxidant activity
(e.g., reactive oxygen species, peroxidase)may be needed to confirm the ex-
tent of potential toxic effects of non-essential elements such as As, Cd and
Pb at these sites in the Upper Spencer Gulf (MacFarlane, 2002).

3.4. Labile elemental concentration using DGT

Labile elemental concentration [DGT(CDGT)] was measured to elucidate
the fraction of freely available elements in the mangrove sediment, which
was correlated to toxicity in other biota (e.g., bivalves and amphipods)
(Amato et al., 2014, 2016). Vertical profiles of labile As, Cd, Cu, Fe, Pb and
Zn CDGT (μg/L) collected at the four sites during the 2nd sampling period
are given in Fig. 4 and the corresponding leaf and fruit elemental concentra-
tions are given in Table 2. Toxicant default guidelines values (80% and 95%
level of species protection inmarinewater) for Cd, Cu, Pb and Zn are given as
orange and red vertical lines according to ANZECC/ARMCANZ (2000). Be-
cause of an absence of a comparable value for As in ANZECC/ARMCANZ
(2000), the Canadian Water Quality Guideline for the Protection of Aquatic
Life (marine) for As (CCME, 1997) is given by the red vertical line. The results
are discussed starting with Fe to provide an overview of redox cycles perti-
nent to sediment biogeochemistry, and then in the order of exceedance of
these limits (i.e., Pb and Zn, As, Cd and Cu).

3.4.1. Fe
Despite having the highest total Fe concentrations in the sediments

(Table 1), sites adjacent to smelter resulted in the lowest CDGT values
(geomean ± SD factor of 8.14 ± 5.83 μg/L in site 1, 3.52 ± 2.49 μg/L in
site 3), compared to the sites further away (91.8 ± 2.08 μg/L in site 8
and 130 ± 2.78 μg/L at site 6). A combination of factors causes daily
redox cycles in mangrove sediments, which may be attributed to the vari-
able Fe CDGT. Oxygen (O2) consumption during microbial organic matter
degradation at the sediment surface and low solubility in water during
high tide results in anoxic conditions, promotingH2S formation by sulphate
reducing microbes (Araújo et al., 2018). At night, the absence of microbial
photosynthetic activity leads to the diffusion of H2S to the surface, causing
reduction of free ions, Fe (and Mn) oxyhydroxides or weakly bound
element-organic matter complexes, which precipitate as sulfides (Araújo
et al., 2018). However, greater diffusion of O2 during low tides, micro-
bial/pneumatophore photosynthesis during daytime and bioturbation pro-
cesses promote oxic conditions of the sediment. Under oxic conditions, a
fraction of the sulfides may be re-oxidized by microbial activities, which
re-precipitates as Fe (and Mn) oxyhydroxides (Araújo et al., 2018;
Machado et al., 2014). Increase in sulfide oxidation rate has been reported
in summer (Dang et al., 2015), which coincides with the DGT deployment
time for this study. Thus, low labile Fe concentration at the sites adjacent
to the smelter may indicate high redox cycling of Fe (i.e., presence of Fe
oxyhydroxides during low tide, and FeS in high tide). However, it is note-
worthy that despite having lower labile Fe, mangroves leaves during the
2nd sampling period contained marginally higher Fe in sites adjacent to
smelter (301 ± 9.41 mg/kg in site 1 and 216 ± 12.8 mg/kg in site
3) when compared to sites further away (153 ± 20.3 mg/kg in site 8 and
142± 6.53 mg/kg in site 6), which shows that mangrove plants are highly
efficient at taking up this essential element, even at low bioavailable con-
centrations. Fruit Fe concentrations did not differ according to distance or
smelter influence among the 4 sites, ranging from 11.8 ± 0.68 mg/kg
(site 1) to 21.5 ± 2.79 mg/kg (site 3).



Fig. 4. Vertical profile of elemental concentrations measured using sediment DGT probe (CDGT) in mangrove sediments at four sites at Port Pirie, Upper Spencer Gulf, South
Australia. Concentration is expressed as mean ± SEM (μg/L). Sites adjacent to smelter include = site 1, = site 3. Sites within the influence of smelter is represented by
=site 8,while site not influenced by smelter is indicated as = site 6. S/W-I refers to sediment-water interface and is given as dashed black line. Toxicant default guidelines values
for 95%and 80% level of species protection inmarinewater are given as dashed orange and red vertical lines respectively for Cd, Cu, Pb and Zn according toANZECC/ARMCANZ
(2000). Water quality guidelines for As for marine water is given by the red vertical line according to Canadian Environmental Quality Guidelines (CCME, 1997).
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3.4.2. Pb and Zn
Sites adjacent to smelter exceeded the 95% level of species protection of

12 μg/L of Pb and 21 μg/L of Zn according to ANZECC/ARMCANZ (2000)
at all depths for sites 1 and 3, while it exceeded this level at a depth
8

of −13 cm only. Geomean ± SD factor for Pb CDGT at sites 1, 3 and 8
(at −13 cm) were 300 ± 2.88 μg/L, 488 ± 1.79 μg/L and 35.3 ±
12.3 μg/L respectively (25–41-fold higher in sites 1 and 3 than the 95%
species protection level). The Zn CDGT was 2,710 ± 4.04 μg/L (site 1) and
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914 ± 2.01 μg/L (site 3), which are 43–129-fold higher than 95% species
protection level, while that was 53.0 ± 21.9 μg/L (site 8 at −13 cm).
Higher labile Pb and Zn explains the high bioaccumulation of these ele-
ments in A. marina leaves at the sites adjacent to smelter (Table 2, 2nd sam-
pling). Leaf Pb concentrations at sites 1 and 3 were 153± 25.8 mg/kg and
81.2 ± 8.70 mg/kg respectively, while that of Zn was 528 ± 88.6 mg/kg
and 187± 12.2 mg/kg respectively. While these values were considerably
lower than those observed during the 1st sampling period, high bioaccumu-
lation of Pb and Zn at sites adjacent to smelter shows repeatability across
time. Although higher Pb CDGT at site 8 resulted in higher leaf Pb bioaccu-
mulation of 7.44 ± 2.05 mg/kg compared to that of site 6 (1.05 ± 0.03
mg/kg), higher Zn CDGT at site 8 did not cause a difference in leaf Zn bioac-
cumulation between the two sites, indicating different regulatory mecha-
nisms between essential and non-essential elements which was previously
discussed (38.0 ± 1.17 mg/kg and 43.0 ± 7.68 mg/kg respectively). Of
particular note, fruit Pb and Zn concentrations all sites were several times
lower than that of the corresponding leaf values and did not differ signifi-
cantly. Fruit Pb concentration ranged from 0.70 ± 0.18 (site 1) to 5.23
± 4.12 mg/kg (site 3) and fruit Zn concentration ranged from 1.2 ±
0.38 mg/kg (site 2) to 16.3 ± 0.49 mg/kg (site 1). These results indicate
that elemental translocation into fruits is regulated in A. marina; this mech-
anism should be further explored in future research.

Using sequential extraction technique, Clark et al. (1998) classified Zn
as a Type I element, present in sediments principally as sulfides and com-
plexed to organic matter, indicating low lability. Clark et al. (1998) also
classified Pb as a Type II element, predominantly adsorbed onto minerals,
clays and organic matter, indicating that they may be weakly bound and
show higher lability. In contrast to Clark et al. (1998), results of this
study suggests that Zn was present as more labile species in the mangrove
sediment than Pb, which was also observed by the rapidly decreasing
total Zn concentrations with increasing distance from the smelter
(Table 1). It may therefore be possible that Pb is present in the mangrove
sediments as mostly sulfide complexes, while Zn may be weakly bound to
minerals, clays and organic matter. Nonetheless, both bioaccumulation
and labile Pb and Zn concentrations suggest that elemental enrichment at
sites adjacent to and within the influence of the smelter may pose consider-
able risk to the marine species.

3.4.3. As
Higher labile As species was observed at site 1 (geomean±SD factor=

9.00 ± 1.99 μg/L) compared to the other three sites (site 3: 3.11 ± 1.09
μg/L; site 8: 1.81±1.55 μg/L; site 6: 3.69±1.51 μg/L). Site 1was also dis-
tinct from other sites in terms of displaying a subsurface peak of 16.2 ±
4.43 μg As /L at −3 cm, followed by increase in CDGT with depth to reach
28.8±11.4 μg As/L at−13 cm,which exceeded the CanadianWater Qual-
ity Guidelines for the Protection of Aquatic Life (marine) of 12.5 μg/L
(CCME, 1997). High labile As species in site 1 may have contributed to its
higher leaf bioaccumulation (7.15 ± 1.33 mg/kg). The partitioning of As
from solid phase into water may be dependent on As speciation (AsIII

being more mobile than AsV), ion displacement, microbial reduction of
AsV to AsIII, as well as reductive dissolution of Fe and Mn (oxy)hydroxides
(Kumar et al., 2022). Lower than 12.5 μg/L As CDGT values at sites 3, 6
and 8 indicate that As may not be harmful to its aquatic species. In contrast,
the mangrove sediment at site 1 may act as a source of As to A. marina (and
other biota). Similar to Pb and Zn, As concentrations in fruit were similar
across the four sites [0.04 ± 0.002 mg/kg (site 6) to 0.18 ± 0.05 mg/kg
(site 1)], indicating a regulatory control of this non-essential element dur-
ing translocation into fruits.

3.4.4. Cd
Similar to Pb and Zn, labile Cd concentration was the highest at sites 1

and 3 (geomean ± SD factor = 13.3 ± 3.68 μg/L and 6.74 ± 1.75 μg/L
respectively), exceeding the toxicant default guidelines values for 95%
(5.5 μg/L) level of species protection according to ANZECC/ARMCANZ
(2000). Lower CdCDGTwas observed for sites further away from the smelter
(0.05±1.39 μg/L at site 6 and0.09±2.43 μg/L at site 8). The higher labile
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CDGT at sites 1 and 3 may be attributed to the higher leaf Cd concentration
at these sites (1.17 ± 0.20 and 1.68 ± 0.37 mg/kg respectively), while
lowest CDGT at site 6 resulted in very low leaf bioaccumulation of 0.09 ±
0.004 mg/kg. Sediment Cd may be distributed between weakly adsorbed
onto clay, organic matter, and mineral phases (e.g., Fe, Al) or strongly
bound, non-labile Cd-S complexes (Clark et al., 1998; Gao et al., 2021).
Therefore, the elevated Cd CDGT in this study at sites adjacent to smelter
may be a combination of oxidation of CdS in oxic conditions or desorption
fromweakly bound Fe (andMn/Al) oxyhydroxides. Fruit Cd concentrations
were very low across the four sites [0.01± 0.001 mg/kg (site 6) to 0.05±
0.02 mg/kg (site 3)], indicating restricted translocation mechanisms simi-
lar to As and Pb.

3.4.5. Cu
In contrast to all other elements analyzed in this study, CuCDGT at sites 6

and 8 was below the level of detection of 1 μg/L. However, CDGT values
exceeded the 80% and 95% species protection levels of 8 and 1.3 μg/L at
lower than −5 cm at site 1 (4.34 ± 2.64 μg/L) and lower than −1 cm at
site 3 (6.78 ± 2.46 μg/L). Similarly, low leaf Cu concentrations were ob-
served at sites 6 and 8 (2.58± 0.33mg/kg and 7.24± 0.11mg/kg respec-
tively) compared to that in sites 1 and 3 (14.9 ± 1.34 mg/kg and 17.8 ±
1.91 mg/kg respectively). Fruit Cu concentrations followed the leaf bioac-
cumulation pattern, indicating that Cu translocation into fruit may not be
as tightly regulated as the non-essential As, Cd and Pb. According to Clark
et al. (1998), Cu may exhibit a range of speciation in sediments, including
Cu-S complexes and sorbed onto clay/TOC/mineral phases. In addition to
the potential release of Cu into the water from solid phases during the
redox cycling of mineral phases as previously discussed, Cu mobilization
near the surface of sediment may also result due to microbial activities
(i.e., organic matter oxidation) (Clark et al., 1998).

4. Conclusions

This study assessed total and labile elemental concentrations in man-
grove associated sediments at Port Pirie, South Australia, correlating con-
tamination level in A. marina with distance from the smelter and
translocation into plant tissues. The results showed that the total Pb and
Zn concentrations in sediments at sites adjacent to smelter exceed the
ANZECC/ARMCANZ (2000) SQGVhigh values by 60 and 151-fold. Labile
concentrations of Pb and Znwere also found to exceed the regulatory guide-
lines for the 95% protection of marine biota in the mangrove sediments ad-
jacent to the smelter. Although leaf and pneumatophore elemental
concentrations correlated with total sedimental concentrations, transloca-
tion of elements into fruit differed based onwhether the element was essen-
tial or not. Despite not finding any adverse effects on mangrove health
based on the chlorophyll content of the leaves, further research into the tox-
icity of these elements (e.g., antioxidant and lipid peroxidation assay) is
needed to confirm these results in A. marina and other marine species
that use this mangrove forest for food and shelter. Additionally, because
A. marina roots may extend to a depth of 1m, further research using deeper
mangrove sediment layers may be necessary to fully ascertain the implica-
tions of elevated labile toxic elements to this ecosystem.
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