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HIGHLIGHTS GRAPHICAL ABSTRACT

Twenty-five 2'°Pb dated sediment cores
were examined for contaminant accumu-
lation.

Contaminants (trace metal, metalloid, and
P) in soils increase with development.
>30 % development resulted in a 20 to
350 % increase in P, Cd, Zn, Pb, Mn and
As accumulation.

Our results demonstrate the capacity of
blue carbon habitats to sequester contam-
inants.

ARTICLE INFO ABSTRACT
Editor: Julian Blasco Coastal blue carbon habitats perform many important environmental functions, including long-term carbon and an-
thropogenic contaminant storage. Here, we analysed twenty-five >!°Pb-dated mangrove, saltmarsh, and seagrass sed-
Keywords: iment cores from six estuaries across a land-use gradient to determine metal, metalloid, and phosphorous sedimentary
SM;ZETOV; fluxes. Cadmium, arsenic, iron, and manganese had linear to exponential positive correlations between concentrations,
ars!

sediment flux, geoaccumulation index, and catchment development. Increases in anthropogenic development (agricul-

ier:f:a:et Al tural or urban land uses) from >30 % of the total catchment area enhanced mean concentrations of arsenic, copper,
Metalloid iron, manganese, and zinc between 1.5 and 4.3-fold. A ~ 30 % anthropogenic land-use was the threshold in which
Phosphorus blue carbon sediment quality begins to be detrimentally impacted on an entire estuary scale. Fluxes of phosphorous,
cadmium, lead, and aluminium responded similarly, increasing 1.2 to 2.5-fold when anthropogenic land-use increased
by at least 5 %. Exponential increases in phosphorus flux to estuary sediments seem to precede eutrophication as ob-
served in more developed estuaries. Overall, multiple lines of evidence revealed how catchment development drives

blue carbon sediment quality across a regional scale.

1. Introduction
Seagrass, saltmarsh, and mangrove habitats play an important role in
the global marine carbon (C) cycle (Lovelock and Duarte, 2019). While
* Corresponding author. much of the literature has focused on C sequestration in blue carbon sedi-
E-mail address: christian.sanders@scu.edu.au (C.J. Sanders). ments (Macreadie et al., 2019; Wang et al., 2021b), their ability to improve
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estuarine water quality via contaminant removal is also a valuable ecosys-
tem service (Teuchies et al., 2013; Lee et al., 2019; Wadnerkar et al.,
2019). Sediments of blue carbon habitats bury anthropogenic contami-
nants, such as phosphorous, trace metals, and metalloids (Williams et al.,
1994; Nicolaidou and Nott, 1998; Conrad et al., 2019b) along with carbon,
preventing terrestrially derived pollutants from reaching ecologically and
commercially important coastal waters (Alongi and McKinnon, 2005).
Catchment urbanisation and agriculture can accelerate the accumulation
of contaminants in coastal sediments (Brush, 1989). Development disturbs
soils by leaching contaminants from fertilizers, industrial, and natural
sources (Walling, 1999; Das et al., 2009), which eventually reach estuaries
(Conrad et al., 2019b; Conrad et al., 2020). Due to their low-lying topogra-
phy and ability to accumulate sediments in pace with relative sea level rise,
blue carbon habitats consistently receive and accrete sediments (Mcleod
et al., 2011) which can reflect the development in the adjacent terrestrial
environment (Machado et al., 2016; Conrad et al., 2017).

Several techniques have been used to resolve contaminant history in
blue carbon sediments. Radionuclide dating, such as with 21°Pb, is a valu-
able tool to date sediments and link sedimentary profiles to historical an-
thropogenic development (Valette-Silver, 1993). By comparing nutrient
and trace metal/metalloid concentrations in sediments dated before devel-
opment, the deviation from pre-industrial sediment quality can be assessed
(Sanders et al., 2014; Machado et al., 2016). Other metrics, like the
geoaccumulation index (I,e,), are often-used to assess the difference be-
tween recent sediments from their previous natural (background) state
(Muller, 1969; Liu et al., 2011; Chaudhary et al., 2013). Multivariate statis-
tical methods, such as principal component analysis (PCA), can then be
used to determine the specific impacts of different land uses on sediment
quality (Vaalgamaa and Conley, 2008; Duodu et al., 2017). Combined,
these geochronological and statistical analyses may reveal the role blue car-
bon sediments have in retaining anthropogenic contaminants across tempo-
ral, spatial, and land use gradients.
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Here, we hypothesize that increasing catchment development will
accelerate the burial of contaminants in blue carbon habitats. We rely
on ?1°Pb dated sediment cores from mangrove, saltmarsh, and seagrass
habitats across a land use gradient in six estuaries. To resolve linkages
and thresholds in catchment development resulting in a response in sed-
iment quality, we measured contaminant concentrations, flux rates, and
geoaccumulation indices. Our study identifies the extent to which an-
thropogenic development influences contaminant burial in blue carbon
ecosystems.

2. Materials and methods
2.1. Study area

This study was undertaken in six estuaries with similar geomor-
phology and climate, spanning ~140 km along the subtropical New
South Wales (NSW) north coast (Fig. 1). All estuaries contained
Avicennia marina mangrove, Sporobolus virginicus and Juncus krausii
saltmarsh, and Zostera marina seagrass vegetation with organic-rich
sandy to fine-grained sediments (Conrad et al., 2019a). In this region
of Australia, strong episodic rainfall promotes the mobilisation of con-
taminants into estuaries (Eyre, 1998; Conrad et al., 2020), with estuary
sediments retaining contamination histories (Conrad et al., 2017;
Conrad et al., 2019b). The upstream catchments contain mostly pod-
zol, ferrosol, and humic clay soils. Land use varies in each catchment
from peri-urban residential and agricultural (Boambee and Coffs), in-
tense horticulture and large-scale livestock grazing (Hearnes and
Clarence), to a high degree of land conservation with undisturbed Na-
tional Park and native vegetation (Corindi and Wooli) (Fig. 1). Coffs,
Hearnes, Corindi, and Wooli estuaries hydraulically connect with an
area of biodiversity and commercial importance, the state-protected
Solitary Islands Marine Park.
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Fig. 1. Location, land use, and sample sites (stars) for and mangrove, seagrass, and saltmarsh sediment cores (n = 16, 4, and 5, respectively) of 6 estuary catchments on the
subtropical coast of Eastern Australia. Agricultural land use is green. Urban land use is brown. Catchments range from conserved (Corindi, Wooli) to heavily developed

(Boambee, Coffs).
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Table 1
Sediment core sample coordinates (decimal degrees) and type (M = mangrove
core, SM = saltmarsh core, SG = seagrass core).

Estuary Cores Core ID Lat. Long.
M, SM, SG Decimal °

Clarence 2,1,1 M1 —29.41837 153.32988
M3 —29.42176 153.33186
SM3 —29.42096 153.33060
SG3 —29.42194 153.33136

Wooli 2,1,0 M2 —29.859730 153.255659
SM3 —29.860057 153.265607
M4 —29.848819 153.253448

Corindi 2,1,1 M1 —29.980404 153.225302
SM1 —29.980404 153.225034
M2 —29.975674 153.222179
SM2 —29.976269 153.221941

Hearnes 3,0,0 M1 —30.123888 153.195873
M2 —30.123600 153.195862
M3 —30.123471 153.197855

Coffs 4,1,1 M1 —30.298783 153.124431
M2L —30.298911 153.124808
M2H —30.30339%4 153.129606
SG2 —30.303631 153.129383
M3 —30.303875 153.129156
SM3 —30.301008 153.133953

Boambee 3,0,2 SG2 —30.349720 153.100035
M3U —30.347940 153.097810
M3L —30.347730 153.098340
SG6 —30.339679 153.097092
M7 —30.336820 153.093830

2.2. Sample collection and metal, metalloid, and phosphorous determination

We collected 25 sediment cores (16 mangrove, 5 saltmarsh, and 4
seagrass) from six sites across a land use gradient (Fig. 1, Table 1) using a
50-cm long, 5-cm diameter Russian peat auger or 6.7-mm inner-diameter
PVC pipes. Peat auger cores were sectioned into 2 cm intervals upon return
to the lab. Cores taken in the PVC pipe were extruded from the top of the
tube and sectioned into 2 cm intervals in the field. Compaction was ac-
counted for in core depth measurements on-site (Morton and White, 1997).

Metal, metalloid (As, Cu, Pb, Cd, Zn, Cr, Hg, Fe, Al), and phosphorus
(P) contents were measured in each sediment interval. The total quantity of
sediment intervals analyzed were based on the age, up to 100 years, of
which may vary between sites. To extract contaminants from sediments, we
used a one hour 1:3 HNO3/HCI hotplate (120 °C) acid digestion (Sastre
et al., 2002). The extract was analysed on a Perkin Elmer NexION 350D induc-
tively coupled plasma mass spectrometer (ICP-MS) using American Public
Health Association (APHA) 3125 In-House S6 methodology (Garbarino
et al., 2006). Kinetic energy discrimination (KED) mode was used to remove
interferences (Yamada, 2015). The ICP-MS was calibrated using standard
curves (R? = 0.999) from certified stock solutions diluted to working concen-
trations. To confirm accuracy and precision of the instrument, sediment refer-
ence materials were digested (AGAL 12) with each sample batch. Instrument
drift was routinely monitored by re-analysing our mid-point calibrations every
20 samples using internal Sc, Ge, Rh, and Ir standards. Recovery ranged be-
tween 85 and 105 %. Raw results were corrected based on independent cali-
bration verification standards. Raw instrument data was calculated using by
dividing the final digest volume (25 mL) by the sample weight used in the di-
gest, then multiplying by ten to account for dilution pre-analysis (i.e., 25/sam-
ple weight) *10)), yielding a mass per mass result (i.e. mg kg~ ). All
concentration data are available in the supporting information.

2.3. 219pp analysis and dating

21%b and ??Ra gamma emission activities from core samples were
counted in Canberra High Purity Germanium (HPGe) gamma detectors.
Each sample was counted until the 2!°Pb counting errors were < 10 %, fol-
lowing the protocols outlined in Brown et al., 2019 (Brown et al., 2019). Sam-
ples were packed into 99.34 cm® plastic petri dishes (30 to 115 g of sediment
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for broad energy detectors) or 13 mm diameter plastic vials to a height of
27 mm (14.3cm™ 3,210 8 g of sediment, well detectors). To obtain sufficient
sample mass, we combined two 2-cm sediment intervals from Wooli, Corindi,
Coffs, and Boambee cores. Sediment from these adjacent intervals was com-
bined immediately after homogenisation. The combined sample was physi-
cally agitated before being packed into the vials. All samples were sealed
with PVC electrical tape (petri dish) or epoxy resin (vials) for at least
21 days to establish secular equilibrium between **?Rn and its granddaughter
214pp, 210ph and 22°Ra decay was counted from the 46.5 keV and 295,2,
351.9, and 609.3 keV gamma peaks, respectively. Radionuclide counts per
minute were multiplied by a correction factor that integrates background
gamma ray intensity and detector efficiency determined from standard
(USGS Rocky Flats) calibrations. Unsupported (or excess) 210pp, (210pp, )
was calculated by taking the difference of *'°Pb and %?°Ra activities for
each dated sediment interval. Radionuclide counts from samples analysed
in broad energy Ge detectors were corrected for self-absorption (Cutshall
et al., 1983) before sedimentation rates were calculated. The vial samples
did not require self-absorption due to the all-encompassing surface area pro-
vided by the cylindrical geometry of the well detector.

We calculated sediment ages using the constant initial concentration (CIC)
model due to limited sample mass for radionuclide counting in some sediment
intervals and occasionally insufficient sampling depth to reach the 2'°Pb and
226Ra equilibrium horizon. While the CIC model does not account for potential
changes in sedimentation after anthropogenic development, it enables spatial
comparisons of sedimentation and contaminant fluxes across a land use gradi-
ent. Furthermore, as sediment cores were taken within vegetated habitats, sed-
imentation rates would not be expected to change significantly as may be
expected in bare sediments, such as mudflats (Wang et al., 2021b).

The CIC model generates an average rate of sediment accumulation
down the entire core. Sedimentation rate was calculated:

Cn=Co-e ™

Where C, is initial excess '°Pb activity, C, is activity at depth, and A is
the 2'°Pb decay constant (0.031) at sediment age t (Robbins and Edgington,
1975).

Sediment ages were calculated as:

average interval depth

interval age = Year of collection — - -
sediment accumulation rate

When surface mixing was evident in sediment radionuclide profiles,
these surface mixing layers were excluded (Arias-Ortiz et al., 2018).
While all data from Boambee, Corindi, Wooli, Clarence, and 5 of the 6
Coffs cores are specific to this study, the 2!°Pb data from Hearnes Lake
and 1 Coffs mangrove core were originally reported elsewhere (Conrad
et al., 2017; Conrad et al., 2019b).

To estimate contaminant fluxes to the sediment we first calculated sed-
iment dry bulk density (DBD) by drying sediments at 40 °C until complete
desiccation. The dry mass was divided by the wet sediment sample volume
to obtain DBD. Finally, flux was calculated as

Flux = SAR=DBDx|Conc,|

Where SAR = mean sediment accumulation rate for the core, as deter-
mined by the CIC dating model, DBD is dry bulk density, and [Conc,] is sed-
iment concentration of contaminant x. Flux product is reported as mass of
contaminant per area of mangrove sediments per unit time (ex: pg
m~2yr~1) (Sanders et al., 2014).

2.4. Data analysis
Geoaccumulation index (Ige,) was calculated to assess the extent of pol-

lution in the sediment cores (Muller, 1969). Geoaccumulation index was
calculated for each contaminant using the equation:

Ca
Ieeo = log, (ﬁ)
-9Dn
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where C, is the measured contaminant content in sample n and B, is the
background concentration from n's sample location. The factor of 1.5 is in-
troduced to compensate for variability in background concentrations due to
natural lithogenic fluctuations. There are 7 classes of pollution in the
geoaccumulation index: Class 0 (Ige, < 0, unpolluted) ranging to Class 6
(Igeo > 5 = severely polluted). To assess geological background values at
the most local scale, contaminant contents from the bottom interval of
each sediment core were used as background values for all calculations.

Delineations for each catchment were obtained from government data-
bases (DPIE, 2019) and confirmed flow path tools in ESRI ArcMap v 10.5.1
on the upper limits of 1 m interval contour layers (ELVIS, 2021). Land use
data was obtained from NSW DATABASE and modified by-hand by creating
polygon shapefile layers from satellite imagery in ArcMap v. 10.5.1 (based
on December 2018 imagery). We quantified land use in 3 categories: Urban-
roads, communication infrastructure, commerce, manufacturing, indus-
trial, mining, and residential areas (including rural residential, houses,
apartments, lawns, parks); Agricultural- grazing, horticulture, farm infra-
structure, production forestry, animal husbandry, and abandoned horticul-
tural land that remained cleared and had no current urban use; and
Conserved- undisturbed land cover with native vegetation, protected and
maintained land (residential and/or national park, municipal nature re-
serve, state and/or national forest), and wetlands. Waterways were not con-
sidered in land use cover calculations.

Principal components analysis (PCA) was performed in XLSTAT (v
2021.1) software to reveal complex correlations between multiple contam-
inant concentrations, land use percentages, and estuary/catchment areas.
Contaminant concentrations (in mg kg~ 1) and sedimentation rate
(cm yr~ 1) data were found to be normally distributed after Box-Cox trans-
formation (Zhang, 2006) and used as explanatory variables. Land use per-
centages (agricultural, urban, and conserved), estuary size (km?), and
catchment to estuary ratios (catchment km?: estuary km?) were entered
as supplementary variables to observe how different land use categories
correlate with contaminant concentrations in the PCA space. Best fit lines
were calculated for land use with mean contaminant concentrations, fluxes,
and I, using regression analysis.

We initially conducted all analyses with land uses (agriculture or urban)
categorised separately, however there was a lack of distinct effects between
specific land uses, as evident by the lack of correlation between sediment con-
taminant concentrations and agricultural or urban land use individually.
Since peri-urban land use (rural/urban clash) is prominent throughout the re-
gion we combined cumulative agricultural and urban land uses. A clear trend
of contamination across estuaries when cumulative total anthropogenic land
use (agricultural + urban) was compared to sediment contaminant concen-
trations. Therefore, we combined agricultural and urban land uses, and
hereby refer to this combination as ‘developed’ land use for further analyses.

3. Results and discussion
3.1. Land use and sedimentation rates
Land uses in each catchment ranged from highly conserved (Table 2)

(Corindi and Wooli: > 85 % conserved land) to highly developed (Coffs,
Boambee, and Clarence: 50 to 90 % agriculture and/or urban land use).

Table 2
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All cores displayed exponential decay of >'°Pb, (Fig. 2). Sedimentation
rates ranged from 0.03 to 1.54 cm yr ' (mean of 0.46 + 0.10 cmyr~').The
mean and upper limit of our estimated sedimentation rates are high com-
pared to the literature, however within the range of sedimentation rates
from other blue carbon systems reported (Miyajima et al., 2015; Sasmito
et al., 2016; Woodroffe et al., 2016; Wang et al., 2021a). Year to depth
models (Fig. 2) revealed that some bottom sediments date from beyond
the range of *'°Pb dating (Corindi saltmarsh, 19 cm depth, year <1900)
to 1990s (Boambee M3L and SG6 cores).

There was possible sedimentation rate variability along certain cores, as
evidenced by deviations from the best fit line in 2!°Pb,, profiles (Fig. 2).
Therefore, the intervals that deviate from the best fit line may not be repre-
sentative of the overall mean sedimentation rate estimates and subsequent
flux calculations should be interpreted with caution. However, the CIC dat-
ing method allowed for direct comparisons between cores and estuaries.
There was also high variability in sedimentation rates across cores and hab-
itats within each estuary as expected for estuarine sedimentary environ-
ments (McCave, 1984). Mean sedimentation rates in each estuary
displayed no clear trend with land use percentages (R*> = 0.06). Boambee
cores had mean elevated sedimentation rates (0.95 = 0.22 cm yr’l) com-
pared to the other cores (0.36 + 0.02 cm yr’l).

3.2. Concentrations, fluxes, and geoaccumulation indices

For most metal and metalloids, the estuaries with more combined urban
and agriculture land uses (Coffs or Boambee) had the greatest mean concen-
trations. Mean As, Mn, and Fe concentrations were greatest in Boambee
sediment cores, while Coffs Creek had the most highly elevated trace
metal concentrations (Pb, Cd, and Zn) typically reflective of industrial or
agricultural activities. The elevated mean concentrations of these trace ele-
ments in blue carbon sediments likely reflect the high degree of anthropo-
genic development in these estuaries (>70 % of land cover).

Although the blue carbon sediments of the further developed estuaries
were generally more concentrated with trace and major metals/metalloids,
there were several occurrences of isolated pollution within the less devel-
oped estuaries. Several sediment cores contained stray layers of contamina-
tion. For example, Corindi SM2 core had anomalously high concentrations
of Al, As, Cu, P, and Zn at 29 cm depth, while Clarence SM3 had spikes of Al,
As, Cr, Cu, Fe, Hg, and Zn at 9 cm depth. These layers are likely contami-
nated to high concentrations of trace elements due to redox-driven migra-
tion throughout the sediment column, including pyritization (Andrade
etal., 2012). Spikes in these layers drove the Clarence and Corindi estuaries
to have the greatest Cr and P concentrations, respectively. These layers of
metal-rich sediment demonstrate how geochemical processes may distort
interpretations of blue carbon sediment quality from localised (core) to
catchment-scales.

Concentrations of Cd, Zn, Pb, Cu, and Fe increased exponentially, and
Mn increased linearly with developed land use (Fig. 3). A similar relation-
ship was observed for P, with the exception of the Corindi estuary, driven
by the peculiarly polluted Corindi SM2 core (see concentration data for in-
dividual cores in Fig. 3). Catchment land use cover >30 % resulted in con-
centration increases between 1.5 and 4.25-fold for Zn, As, Cu, Fe, and Mn.
This result suggests a catchment land use threshold of ~30 % development

Characteristics and land use (Ag = agricultural) of six estuaries sampled in this study. Predominant impact was determined by the percentage and proximity of land uses in

the upstream catchment.

Estuary Catchment area  Estuary area  Catchment to estuary ratio M SG Conserved  Ag Urban  Total developed  Predominant impact
km? km? ha ha ha % % % %

Clarence  22,716.00 0.02 1.10E+06 521 195 1907 45.2 50.7 1.7 52.4 Ag

Wooli 184 3.7 49.7 86 66.9 94 98 0 0.5 0.5 None

Corindi 148 1.9 77.9 37.1 52.7 2.4 85 1.9 1.2 3.4 None

Hearnes 6.8 0.1 68 6.1 3.2 0.1 248 24.4 8.8 33.2 Ag

Coffs 24.5 0.5 49 20.1 1.4 0.2 8 28.4 621 90.5 Urban

Boambee 48.5 1 48.5 33.1 29 6 24 28.6 46.2 74.8 Urban
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Fig. 2. Natural-log of excess >'°Pb (LN ?!°Pb,) decay and year-to-depth profiles from 25 sediment cores. Circled ‘X’ data points in Clarence and Hearnes cores represent
surface mixing layer observations excluded from constant initial concentration dating model calculations. Error bars represent propagated 2'°Pb,, error (Harvard, 2007).
M = mangrove core; SM = saltmarsh core; SG = seagrass core. Please note different scales of each axis for each core.

after which blue carbon sediment contaminant concentrations increase sig-
nificantly.

Chromium, Hg, and Al concentrations lacked any apparent relationship
with development (Fig. 3). This region lacks a major manufacturing indus-
try and sources of Hg and Cr. The lack of relationship between development
and Hg is probably due to relatively uniform atmospheric deposition across
this region (Nelson et al., 2012). The anomalous Cr and Hg pollution ob-
served within and across estuaries may reflect the great localised variability
in metal, metalloid, and nutrient deposition and diagenesis within these
constantly evolving blue carbon sedimentary environments (Spencer,
2002). Overall, sediment contaminant concentrations were lower than sed-
iments of more developed estuaries in major metropolitan areas in
Australia (Mackey and Hodgkinson, 1995; Irvine and Birch, 1998; Rate
et al., 2000).

Despite no direct relations between development and sedimentation
rates, the influence of development on contaminant flux was clear. Abun-
dant lithogenic metals (Fe, Al, Mn) displayed positive correlations between
fluxes and catchment development (Fig. 3), likely reflective of greater de-
position of terrestrially-derived minerals (Fernandes and Nayak, 2020).
Dissolved fractions of Cd, Zn, and Pb probably bind with these lithogenic

metals during aquatic transport (Sholkovitz, 1978; Wen et al., 2008). Cd,
Zn, and Pb may be introduced from roads, agriculture, and industrial activ-
ities (Alloway, 2013). While P concentrations and Iy, varied across the
land use gradient, P fluxes had an exponential increase with development
(Fig. 3). The negative trend of P I;, may be driven by recent relatively
large deviations from background P concentrations in more pristine sedi-
ments of less disturbed catchments. As development continues to expand
in this region, increasing P fluxes may be antecedent to eutrophication
that has persisted in more impacted subtropical Australian estuaries
(Hodgkin and Hamilton, 1993; Davis and Koop, 2006). These fluxes of P,
Cd, Zn, Pb, Cu, Hg are relatively low compared to areas with a higher pop-
ulation density or more intense industrial activities where fluxes of these el-
ements were orders of magnitude greater (Ip et al., 2004; Sanders et al.,
2006; de Carvalho Gomes et al., 2009; Baptista Neto et al., 2013; Sanders
et al., 2014; Alvarez-Vézquez etal., 2017).

Mean I, values for most elements across all estuaries were negative or
near 0 (Fig. 3), indicating minimal sediment pollution. The one exception to
this trend was the severe contamination of Hg observed in the Clarence sed-
iments (mean Lg., > 4, Fig. 3) related to the extremely low contents of Hg (<
1 ngkg ") at the bottom of the Clarence M3 core. Indeed, the relatively low
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Fig. 3. Mean concentrations, fluxes, and geoaccumulation indices (Ig.,) of metals, metalloids, and phosphorus from sediment cores compared to developed land use
percentage from six estuaries. All habitat types (mangrove, saltmarsh, and seagrass) were averaged together here to obtain means for all sediment cores within each
estuary. Lines of best fit (linear or exponential) are presented for elements with significant relationships with land use. I e, values range from <0 (no pollution), to

Lgeo > 4 (heavy pollution). Note the different scales of each axes.

sedimentation rate in this core (0.19 cm yr ™!, Fig. 2) indicate the age of
bottom sediments (35 cm depth) is beyond the ~150 year scope of *'°Pb
dating (Breithaupt et al., 2018) and may predate the onset of intensified an-
thropogenic atmospheric Hg emissions (Cooke et al., 2010). When data
from this core are excluded, mean I, in the Clarence sediments indicate
no Hg contamination (Ilge, = —0.1 + 0.3).

Although negligible pollution for most elements was observed through-
out the six regional estuaries, development was often related with the de-
gree of contamination. There were strong positive correlations between
Igeo and development for Cd, As, Cu, Fe, and Mn (Fig. 3). Despite no signif-
icant pollution, the evident influence of development on increasing Igeo
with respect to certain metals and metalloids demonstrates that this mea-
sure of contamination is especially sensitive to minor deviations from the
geological background and may be a valuable tool to assess contamination
across smaller (regional) scales. Furthermore, this study did not measure
parameters required to determine ecosystem health, such as the Soil Man-
agement Assessment Framework, important in determining the quality of
specific habitats (Jimenez et al., 2022).

3.3. Principal component analysis

Two principal components (PC1 and PC2) were extracted representing
36.8 and 19.5 % of the variability, respectively. Factor loadings indicate el-
evated sedimentation rates and increasing concentrations of elements asso-
ciated with increased sedimentation (i.e. Al, Fe) (McCave, 1984),
agrochemicals (P, Cd, Zn, As, Hg) (McLaughlin et al., 1996), or industrial
activities (Pb, Zn, Hg Cd) (Birch et al., 1996) were strongly positively corre-
lated with PC1. The small angles between these metals on the PCA biplot
(Fig. 4) imply an association and similar source. The factor loadings of con-
taminants and total anthropogenic land use in the catchment (agricultural
and urban land use) reflect the influence of anthropogenic development
on the PCA scores of sediment samples. Therefore, we interpreted the cor-
relation of samples with PC1 to represent the geochemical signature from
anthropogenic development within the blue carbon sediments.

There was a distinct lack of PCA score grouping among samples indicat-
ing no separation between estuarine sediments across locations and land
uses. However, the PCA scores showed a gradient of increasing contamina-
tion in the recent sediments of the more developed catchments. The

estuaries affected by urban or agricultural development had greater con-
centrations of contaminants typically associated with agriculture, urbanisa-
tion, or lithogenic origin indicative of sediment deposition (i.e. P, Cu, Pb,
Zn, As, Cd, Hg, Fe, and Al), as indicated by correlations between PCA scores
of superficial sediments with the explanatory variables of PC1 (Fig. 4). The
observations most strongly correlated with PC1 were the top ~20 cm of the
Hearnes, Coffs, Boambee, and Clarence samples. Thus, the PCA revealed
that the recently deposited sediments from the more developed catchments
had elevated sedimentation and concentrations of metals, metalloids, and
phosphorous.

While the geophysical processes governing catchment erosion and estu-
arine sedimentation are likely similar, catchment size (and thus fluvial
transport distance necessary before deposition) and estuary morphology
appear to drive sediment contaminant accumulation. The size of the catch-
ment and estuary, in addition to less development, has likely preserved blue
carbon sediment quality in the larger catchments of Corindi and Wooli. Ob-
servations from larger catchments (Wooli, Corindi, Clarence) clustered
away from the smaller, more developed catchments (Fig. 4), and were
strongly associated with catchment to estuary ratios (PC2) rather than the
influence of development and associated lithogenic contaminant inputs
(PCD).

Catchment size and estuary surface area explained elevated contami-
nant flux in one highly cultivated estuary of the Baltic sea, while anthropo-
genic land use drove increased contamination in larger catchments
(Vaalgamaa and Conley, 2008). Despite similar estuary size and intense
urban land uses, recent ICOLL sediments of a 7.5 km? catchment in nearby
southeast Australia were more enriched than the adjacent 20.8 km? catch-
ment (Hollins et al., 2011). Episodic catchment erosion and deposition
were suggested to govern sedimentation. Our PCA results and the existing
literature imply terrestrially derived contaminant mobilisation to blue car-
bon sediments may occur on a slower timescale in larger catchments. Com-
paring our results to the literature provides further evidence that these
small blue carbon system still function as important filters of pollution to
commercially and ecologically important marine ecosystems.

While development may accelerate sediment deposition into estuaries
by 5-10 % (Dearing and Jones, 2003) and increase estuarine contaminant
loads (Comeleo et al., 1996), erosion and deposition processes will natu-
rally contribute terrestrial materials to blue carbon sediments (Meade,
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Vector length of variables represents their contributions to the principal components. Numbers next to observations represent depth of sample.

1972). Sediment deposition is most strongly focused at the upper reaches of
tidal intrusion, where fluvial discharge meets the salt wedge (Yellen et al.,
2017). Hence, trace metals/metalloids from less disturbed catchments may
take longer to reach the lower reaches of estuaries or coastal oceans.

4. Implications

Our results demonstrate the capacity of blue carbon habitats to sequester
contaminants and ultimately preserve estuarine and nearshore ocean water
quality while facing increasing anthropogenic pressures (Newton et al.,
2020). Multiple lines of evidence (concentrations, fluxes, and I.,) converge
to the conclusion that catchment land use drives blue carbon sediment accu-
mulation of Cd, As, Fe, and Mn (Fig. 3), but not necessarily Al, Hg, Cu, or Cr.
Cadmium and As are environmentally toxic (Tchounwou et al., 2012), and
sediment redox conditions control the mobilisation of all of these elements
to estuarine surface and groundwaters (Guo et al., 1997; Turner and Olsen,
2000). Our results showed that >30 % development in our catchments led
to a > 50 % increases in Zn, As, Cu, Fe, and Mn concentrations.

Other elements had less pronounced, but environmentally significant,
relationships with land use. Increasing P flux with regional development
(whether agricultural or urban land use) may be a precursor to persistent
estuarine eutrophication as sediments may turn from a P sink to a P source
as observed elsewhere (Harris, 2001; Carpenter, 2005). Reduction of fertil-
izer use, sediment trapping and removal, and flocculation with inorganic
particles are possible mechanisms to reduce P input into estuaries (Robb
et al., 2003; Conley et al., 2009; Fox and Trefry, 2018). Cu contamination
(as revealed by increasing concentrations and L) is persistent in more de-
veloped estuaries likely driven by fungicide use or industrial activities
(Conrad et al., 2017). Accelerated sediment delivery and subsequent
infilling of these regional estuaries may reclaim tidal areas leading to the re-
striction of mangrove and saltmarsh growth, burial of seagrass, and con-
striction of fish habitats (Roy et al., 2001).

Catchment geomorphology was also an influence on blue carbon sedi-
ment contamination. Contaminant accumulation in sediments of large
catchments and estuaries is slower than in small catchments with higher an-
thropogenic land use cover. In these regional coastal areas, land use con-
flicts are still incipient compared to larger urban areas. Thoughtful
development may preserve estuarine ecosystem health until extensive and
intensive development takes place (Birch et al., 2015; Liu et al., 2017).
Dense urbanisation or agriculture should be avoided in small coastal

catchments and established in upper catchments if blue carbon ecosystem
health preservation is to be prioritised.

What will happen to these buried contaminants as other indirect anthro-
pogenic impacts, such as climate change driven sea level rise, affect blue
carbon sediments? Coarse marine sediment delivery to estuaries is expected
to increase with sea level rise (Wolanski and Chappell, 1996; Boski et al.,
2002). The displacement of fine-grained sediments (that more efficiently
retain anthropogenic metals) by coarse (sandy) sediments may cause an ob-
served landward migration of contaminated sediments, due to increased ac-
cumulation of sandy sediments associated with land reclamation from the
current estuary mouths in a seaward direction (Niu et al., 2021). The redis-
tribution of specific metals/metalloid/nutrient contaminants are likely to
vary based on oxidation state, grain size, and suspended solid concentration
within the brackish water mixing zone (Niu et al., 2021; Wang et al.,
2021c¢).
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