Environ Earth Sci (2015) 73:1169-1177
DOI 10.1007/512665-014-3539-4

ORIGINAL ARTICLE

Monitoring changes in salinity and metal concentrations in New
Jersey (USA) coastal ecosystems Post-Hurricane Sandy

Yves Robert Personna - Xiaolong Geng - Firas Saleh - Zhan Shu -
Nancy Jackson - Michael P. Weinstein - Michel C. Boufadel

Received: 13 March 2014/ Accepted: 18 June 2014 /Published online: 19 July 2014

© Springer-Verlag Berlin Heidelberg 2014

Abstract Temporal changes in pore-water salinity and
metal concentrations were investigated in soils from two
sites (residential and wetland areas) located in the Old
Bridge Township, NIJ, after Hurricane Sandy hit the
Northeast of the United States of America. Core and sur-
face soil samples were collected in both the residential and
wetland sites and then analyzed by field portable X-ray
fluorescence (NITON XL3t-600 series FP-XRF). Pore-
water salinity was determined from continuous measure-
ments (every 10 min) of conductivity in a single sampling
well installed in the wetland site. One month after Hurri-
cane Sandy, pore-salinity was as high as 27 g/L, but
gradually decreased to 15 g/L in approximately 3 months.
Then, it increased gradually to 26 g/L. 3 months later. High
metal concentrations (lead, arsenic, copper, chromium, and
iron) were measured in the surface and top 2-cm soil layer
in both residential and wetland sites, often exceeding
background levels within weeks of Hurricane Sandy. These
metal contaminations were interpreted as being associated
with storm surge from Hurricane Sandy that caused sub-
stantial flooding of the coastal areas by large amounts of
seawater, loaded with dissolved metal and adsorbed metals
to suspended sediments from the Raritan Bay Slag Super-
fund site. The changes in salinity in wetland areas indicated
the intrusion of seawater, thus providing evidence for
metal-contaminated seawater altering the wetland’s geo-
chemistry. The transport and deposition of metal
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contaminants in the coastal areas by Hurricane Sandy

increased the risk of human exposure to these
contaminants.
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Introduction

Hurricane Sandy made landfall on October 29, 2012 in
southern New Jersey (NJ). As part of the efforts to inves-
tigate the effects of the hurricane, a team was dispatched to
conduct measurements in the quadrant area of Fig. 1,
which is located in Laurence Harbor, NJ. In the proximity
of the measurement locations exists the Raritan Bay Slag
Site, located in the Laurence Harbor section of Old Bridge
and in Sayreville, Middlesex County, New Jersey. The site
is a major source of metal contamination including lead
(Pb), arsenic (As), copper (Cu), chromium (Cr), and anti-
mony (Sb) in site sediment, surface water and groundwater,
and the site was included in the federal Superfund site list
in 2009 (EPA 2012). The potential release and transport of
metal contaminants, and subsequent exposure to them by
potential receptors, have raised concerns regarding their
impacts to the environment and human health. The risk to
human health concerned particularly residents in the
vicinity of the site, recreational users of the beaches and
construction and utility workers. It was also important to
measure the variation of the salinity with time as the
change in salinity affects ecosystems (Hart et al. 1990;
Jolly et al. 2008), especially when systems change from
methanogenesis to sulfate reduction (Wang et al. 1996).
Two sites (a residential and a wetland area) in the
coastal areas of Old Bridge Town, NJ, were elected for
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Fig. 1 Location of the two
investigated sites at Laurence
Harbor, Old Bridge Township,
NJ

monitoring the potential impact of Hurricane Sandy.
Flooding of these areas occurred traditionally from inland
flows, bringing freshwater to the low land. However, in
October 2012, the storm surge from Hurricane Sandy
caused substantial flooding of the NJ coastal areas with
large amounts of seawater whose salinity is ~32 g/L. This
anomaly of a large volume of water of different chemistry
has undoubtedly stressed the coastal ecosystems, and could
conceivably lead to substantial alterations in their geo-
chemistry and ecology. It is important to evaluate whether
these ecosystem alterations are reversible with time. The
rate of these system transformations is equally important as
a slow return to a pre-hurricane state could be tantamount
to no recovery. This study was directed at (1) monitoring
temporal changes in pore-water salinity in the wetland area
and metal concentrations in soil samples from wetland and
residential areas, and (2) identifying potential trend in
coastal ecosystem resilience and recovery. The results
indicate that the coastal ecosystems were negatively
impacted as a result of metal accumulation and an increase
in pore- water salinity due to seawater intrusion. Temporal
changes in metal concentrations suggest a partial recovery
of the studied sites.

Site description

The study took place at Laurence Harbor, Old Bridge
Township, NJ (Fig. 1). The studied area has a topographic
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level of 1.83 m, while the measured water level exceeded
3.35 m during Hurricane Sandy (USGS 2013). As a result,
it was completely inundated by large amounts of seawater
from the storm surge. The selected area has a particular
importance as it lies within the Raritan Bay Superfund Slag
Site (EPA 2012). The latter spans approximately 2.10 km
in length and consists of the water front area between
Marquis’ Creek and the area just beyond the western jetty
at the Cheesequake Creek Inlet (Fig. 1). The major stream
in the vicinity of the site is the Cheesequake Creek which is
a tidal creek that drains tidal wetlands located southwest of
the creek outlet and discharges to Raritan Bay between two
jetties referred to as the Cheesequake Creek western and
eastern jetties (Fig. 1). The contaminants at the site include
lead, arsenic, copper, chromium, iron and antimony that are
found in site soils, surface water and groundwater.

Materials and methods
Determination of pore-water salinity

Water salinity was measured using a stainless steel single
port sampling well (I m below ground) installed in the
wetland area (Fig. 1). A hand auger was first used to drill a
hole and then the well was set up in the hole. The well was
made of 0.46 x 10.97 m galvanized drive point (J48-12-
HomeDepot). It was extended to the surface using galva-
nized steel pipes and couplings. The drive point was
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perforated to allow water passing through it. A self-logging
Schlumberger CTD-diver was placed at the bottom of the
well to record the pressure and electrical conductivity of
water at 10-min intervals. The measured electrical con-
ductivity was converted to salinity as described by Fofo-
noff (1985).

Soil sample collection, preparation and measurements

Soil samples were collected in both residential and wetland
areas. A stainless steel core sampler was driven into the
soil using a sliding hammer; then, a plastic liner was used
to collect each core sample. The core samples were kept on
ice in coolers, which were transported to the laboratory at
NIJIT within 2-3 h. The samples were then placed into
fridges and kept at O °C. until analysis by field portable
X-ray fluorescence (FP-XRF). Prior to XRF measurements,
the samples were air-dried and loaded into the sample
holders. The measurements were performed using the
NITON XL3t-600 series FP-XRF following EPA Method
6200 (EPA 1998) operating either in soil mode (metal
concentrations <2 wt%) or mining mode (metal concen-
trations >2 wt%). Field portable XRF is reported as an
effective tool for rapid, quantitative assessment of soil
metal contamination and for monitoring the efficacy of
remediation strategies (Kilbride et al. 2006; Markey et al.
2008; Radu and Diamond 2009). In this study, FP-XRF is
applied to determinate the metal concentrations in the
surface and subsurface soil. Each element in the periodic
table has a unique characteristic X-ray spectrum. Basically,
high-energy X-rays or gamma rays (primary source) are
used to excite metals in the samples, and their emission
characteristics are detected or measured by the instrument
(e.g., NITON XRF- XL3t 600 series).

Soil samples in both residential and wetlands were tes-
ted for organic matter content based on the weight loss-on-
ignition method (e.g., Schulte and Hoskins 2009). The
samples were dried for 2 h at 105 °C, and further heated at
550 °C for 1.5 h. Then, the percent weight of soil organic
matter loss-on-ignition (SOM-LOI) was calculated. The
rationale beyond this test is that the soil organic matter
content influences the adsorption/desorption processes of
metals.

Results

Temporal changes in pore-water salinity

The pore-water salinity of samples collected in the wetland
area after Hurricane Sandy is reported in Fig. 2. This

concentration gradually decreased from 27 to ~ 15 g/L in
approximately 3 months. Then, the salinity increased again
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Fig. 2 Temporal changes in pore-water salinity in the wetland site
after Hurricane Sandy

to 26 g/L 3 months later (Fig. 2). Measurements performed
during a week after 15 months of Hurricane Sandy (data
not shown for brevity) indicated a gradual decrease again
from 22 to 20 g/L, confirming temporal increase and
decrease in salinity.

Temporal changes in metal concentrations

The temporal changes in selected metal (lead, arsenic,
copper, chromium, iron, and antimony) concentrations are
plotted in Figs. 3, 4, 5, 6 and 7, for both the residential and
wetland areas investigated during this study. Error bars
shown on the figures represent instrumental errors in
measurements. Within a week of Hurricane Sandy, the
concentration of lead (Pb) in both residential (Fig. 3a) and
wetland (Fig. 3b) areas was elevated (~ 150-300 ppm) in
surface sediments (SS) and the top 2-cm soil layer (TL),
while remaining ~ 100 ppm in the middle layer (ML:
14-16 cm) and ~40 ppm in the bottom layer (BL:
28-30 cm). In the residential area (Fig. 3a), the observed
concentrations in the SS and TL dramatically dropped to
~ 30 ppm within days and remained <50 ppm for the last
measurement performed a year later. Lead concentration
returned rapidly (approximately a month) to values rela-
tively comparable to background concentrations (Fig. 3a)
(EPA 2012). However, in the wetland area (Fig. 3b), the
concentrations in the SS and TL remained elevated
3 months after the hurricane. Figure 3b also shows that the
lead concentration increased with time in the ML and BL,
reaching values as high as 335 ppm within a month. After
1 year, the concentrations in the TL, ML and BL were
comparable to the upper limit of measured background
concentration (193 ppm) (EPA 2012), while the concen-
tration in the SS remained substantially higher
(~300 ppm).

Arsenic (As) concentrations were much higher in the
wetland area (0—45 ppm) (Fig. 4b) than in the residential
area (0-24 ppm) (Fig. 4a) despite the observed large
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Fig. 3 Temporal variation in
lead (Pb) concentrations at
different depths (from surface to
30 cm below ground):

a Residential area, and

b wetland area. Solid red lines
represent reported background
concentrations for residential
sediment (1.1-6.9 ppm) and
wetland sediment

(71.6-193 ppm) (EPA 2012).
Error bars represent
instrumental errors in
measurements

Fig. 4 Temporal variation in
arsenic (As) concentrations at
different depths (from surface to
30 cm below ground):

a residential area, and b wetland
area. Solid red lines represent
reported background
concentrations for residential
resident (0.3-3.1 ppm) and
wetland sediment

(13.7-49.5 ppm) (EPA 2012).
Error bars represent
instrumental errors in
measurements

Fig. 5 Temporal variation in
copper (Cu) concentrations at
different depths (from surface to
30 cm below ground):

a residential area, and b wetland
area. Solid red lines represent
reported background
concentrations for residential
sediment (0.4-2.4 ppm) and
wetland sediment

(42.5-176.0 ppm) (EPA 2012).
Error bars represent
instrumental errors in
measurements

variability in the measurements as shown by the instru-
mental error bars. These concentrations were ~20—45 ppm
in all layers within a week of Hurricane Sandy. In the
residential area, As concentrations rapidly decreased in all
layers within a 3-week period (Fig. 4a). An increase
(~10 ppm) was observed in the SS and ML after
~73 months of the hurricane, but the concentrations were
low (<3.6 ppm) after 1 year. These values were compa-
reported  background
0.3-3.1 ppm (EPA 2012) (Fig. 4a). In the wetland areas,

rable to
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As concentrations were higher (>30 ppm) in the SS and TL
compared with 12.4 ppm and 20.7 ppm in the ML and BL
approximately a week of Hurricane Sandy, respectively. A
temporal decrease from 32.6 to 22.7 ppm was observed in
the SS. The TL decreased dramatically from 44.6 to
12.2 ppm approximately a week of Hurricane Sandy, then
increased to 36.8 ppm within a month, followed a dramatic
drop to 11.26 ppm 1 year later. In the ML and BL, As
concentrations showed a dramatic drop to 0 ppm a week of
Hurricane Sandy, but the values relatively increased with
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time. Although the large variability and temporal changes
in measurements, As concentrations overall returned to
values comparable with reported background concentra-
tions (13.7-49.5 ppm) approximately a year of Hurricane
Sandy (Fig. 3b).

Copper (Cu) showed concentrations between 0 and
~90 ppm in both residential (Fig. Sa) and wetland
(Fig. 5b) areas. In the residential area, the concentrations of
Cu were 88.4 ppm in the SS, 54.6 ppm in the TL,
62.6 ppm in the ML, and O ppm in the BL within a week of
Hurricane Sandy. Then, the concentration dropped to
0 ppm in the SS, TL and ML within 2 weeks despite some
variability in the measurements as shown by the instru-
mental error bars. Except for the ML that showed an
increase to 24.1 ppm approximately a month later followed
by a decrease, Cu concentrations remained in general
between 0 and ~ 12 pm including the last measurement
1 year later. Copper concentrations at approximately a year
of Hurricane Sandy were comparable to reported back-
ground concentrations (0.4-2.4 ppm) (EPA 2012). In the
wetland area (Fig. 5b), Cu concentrations in the SS
decreased from 90.1 ppm a week after Hurricane Sandy to
64.0 ppm 2 months later. It seems to have remained rela-
tively constant as the measurement after 1 year gave

62.4 ppm. The Cu concentration in the TL was 76.9 ppm a
week after the hurricane, and decreased to 22.9 ppm within
3 days. It then rebounded to a concentration of 76.5 ppm a
month later. After 1 year, the observed concentration was
38.1 ppm in the TL i.e. lower than the measured values at
SS. Copper concentration was at 0 ppm in the ML a week
after Hurricane Sandy, but a rapid increase occurred within
a month to 62.3 ppm, followed by a decrease to 50.5 ppm a
year later. In the BL, Cu showed a concentration of
24.2 ppm a week after Hurricane Sandy. The concentration
decreased to O ppm in 1 month, and increased again to
41.5 ppm a year later. Overall, the concentrations of Cu
varied substantially with time in the wetland area, but
measurements at approximately a year of Hurricane Sandy
indicated that the values were comparable with the lower
background concentration (42.5 ppm) (EPA 2012).
Chromium (Cr) concentrations varied between 0 and
~100 ppm in both residential (Fig. 6a) and wetland
(Fig. 6b) areas. Some variability was observed in the
measurements as shown by the instrumental error bars. In
the residential area, the Cr concentrations were as high as
63.4 and 101.7 ppm after a week of Hurricane Sandy in the
SS and TL, respectively. These concentrations decreased
rapidly to 0 and 36.7 ppm in the SS and TL, respectively.
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In the ML, the concentration of Cr (26.4 ppm after a week
of Hurricane Sandy) increased to 40.8 ppm within a month;
then decreased to O ppm 1 year later. In the BL, the con-
centration was at 0 ppm after a month of Hurricane Sandy,
but increased at 32.6 ppm approximately a year later.
About a year of Hurricane Sandy, the concentration in the
TL and ML fell within the range of reported background
concentrations (1.1-7.8 ppm). However, the observed
values in the SS and BL slightly exceeded the background
concentrations. In the wetland area (Fig. 6b), the temporal
variations in concentrations were small
(37.4 < Cr < 45.3 ppm) in the SS, while significant vari-
ations were observed in the other layers. The TL remained
at 0 ppm within a month of Hurricane Sandy, but increased
to 43.64 ppm approximately a year later. The ML showed a
concentration of 36.0 ppm within a week of Hurricane
Sandy, but increased to 100.2 ppm within a month fol-
lowed by a decrease to 40.9 ppm approximately a year
later. In the BL, the concentration showed a sequence of
abrupt increase and decrease with time, but remained
between 0 and 52.2 ppm. About a year of Hurricane Sandy,
the measured concentrations in all layers were comparable
(~42 ppm) and fell within the range of reported back-
ground concentrations (30.1-84.2 ppm) (EPA 2012).

Iron (Fe) concentrations varied from 0 to ~6 % and O to
~9 % in the residential (Fig. 7a) and wetland (Fig. 7b)
areas, respectively. In the residential area, Fe concentra-
tions were substantially higher in the SS (6.23 %) than the
other layers (<4 %) within a week of Hurricane Sandy. In
the SS, the concentration abruptly decreased to 0.95 % in a
month, but increased at 1.52 % approximately a year later.
The TL showed a decrease from 2.97 to 1.91 % a week of
Hurricane Sandy, followed by increase to 2.31 % in a
month and then remained at 1.89 % approximately a year
later. In the ML, temporal changes in Fe concentrations
were small as the values remained between 2.68 and
3.67 % within approximately a year of Hurricane Sandy.
The concentration in the BL was at 2.43 % a week of
Hurricane Sandy, decreased to 1.61 % a month later, then
rebounded at 3.04 % 2 months later. A year later, the
concentration remained at 3.09 %. Overall, Fe concentra-
tions in the residential area were mostly in the range of
1.52-3.09 %, thus largely exceeding the background con-
centration of 0.1 (EPA 2012). In the wetland area (Fig. 7b),
higher Fe concentrations (~9 %) were measured in the SS
and TL compared with ~4.3 % in the ML and BL within a
week of Hurricane Sandy. Iron concentrations in the SS
decreased from 8.51 % to 6.41 % within a month, but
returned to 8.00 % approximately a year later. A dramatic
drop from 9.11 to 2.04 % was observed in the TL within a
week of Hurricane Sandy, but Fe concentrations increased
again to 5.62 % in a month, and remained at 4.70 %
approximately a year later. In the ML, Fe concentrations
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remained between 2.69 and 4.29 % within approximately a
year of Hurricane Sandy. In the BL, temporal changes were
characterized by an abrupt drop from 4.31 ppm a week of
Hurricane Sandy to 1.15 % a month later, followed by a
dramatic increase to 5.09 % approximately a year later. In
the wetland area, except for the ML, the concentration in
all layers approximately a year of Hurricane Sandy
exceeded the range of background concentrations
(1.6-4.1 %) (EPA 2012).

Antimony (Sb) concentrations remained at 0 ppm for all
samples analyzed in this study, except for two samples
collected in a month of Hurricane Sandy: a sample from the
BL with 18.8 ppm and a sample from SS with 27.2 ppm.
These two values seem to be outliers as their corresponding
replicate measurements were O ppm. For comparison,
background concentrations were 0.2 ppm for site-specific
soils (concentrations detected only in two samples) and
varied from 0.8 to 2 ppm in wetlands, respectively (EPA
2012).

Discussion

The pore-water salinity in the wetland was characterized by
an alternating increase and decrease in salinity over several
months (Fig. 2). The temporal increase in salinity could be
plausibly explained by inundation of the wetland with high
salinity water from the Raritan Bay (20-25 g/L) and the
Stump Creek (20-22 g/L) during extreme events such as
Hurricane Sandy or at a given high tide (mixture of Stump
Creek-Bay Shore water). As the high salinity water slowly
infiltrated in the ground, the pore-water salinity increased.
The temporal decrease in salinity most likely resulted from
precipitations (snow and rainfall) which accumulated
important amounts of freshwater in the wetland. As
freshwater from rainfall and melting snow slowly infil-
trated into the ground, the salinity gradually decreased.
Several episodes of precipitations and subsequent fresh-
water filtration in the ground would likely cause a steady
decrease in the pore-water salinity until an extreme event
causing again the flooding of the wetland by high salinity
water. Other complex hydrodynamic interactions involving
surface and groundwater could play a role in the observed
temporal changes in salinity. For instance, earlier studies
have reported the extensive interaction between ground-
water and surface water in the site (EPA 2012). In this
context, an extensive geochemical monitoring coupled with
hydrogeological investigations is needed to quantify and
better understand the dynamics of potential ground and
surface water interactions, potential intrusion of seawater
and subsequent changes in the wetland.

A striking observation is that elevated metal concen-
trations occurred in both residential and wetland sites
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studied during this investigation within a week of Hurri-
cane Sandy. These metal concentrations could conceiv-
ably be associated with (a) a redistribution of existing
metals in the soil profiles and/or (b) an accumulation of
metals that were transported from the Raritan Bay Slag
Superfund site as a primary source of contaminants.
Seawater incursion into the studied sites could potentially
induce a rapid mobilization of trace metals from macki-
nawite-rich sediments (benthic sediments with high con-
centrations of acid volatile sulfide) as a result of increased
ionic strength of seawater-sediment suspensions and
highly soluble metal-chloride complexes (Wong et al.
2013). Subsequently, mobilized metals could be redis-
tributed and resorbed along the soil profiles. However, it
does not seem that this was the dominant process
although acid sulfate soils could be a significant source of
metal contamination as they are widely distributed along
the US Mid-Atlantic region including New Jersey coast-
line (Fanning et al. 2010). The effects of seawater on
mackinawite sediments in the benthic zone would unli-
kely result rapidly in highest metal concentrations in
surface sediments and the top soil layer as observed in
this current study. That the surface sediments and the top
2-cm soil layer showed the highest metal concentrations
within a week of Hurricane Sandy rather suggested that
sediments loaded with high metal concentration were
recently transported and deposited. This increase in metal
concentration in the studied sites was interpreted as being
mostly resulted from metal-rich water and sediments from
run-off and inundations associated with Hurricane Sandy.

Fig. 8 Illustration of potential
metal migration pathways from
the Raritan Bay Slag Superfund
site until reaching our
investigated sites (modified
from EPA 2012). Solid contour
lines (in black) and
corresponding number (in red)
represent the surface elevation

(m)

A \ Jetty

5- High tides transported
sediment into the tidal
wetland.

Based on aerial photographs and chemical data, previous
studies have demonstrated the potential release of metals
from the Raritan Bay Slag Superfund site into the envi-
ronment as a result of two mechanisms: erosion of par-
ticulates and leaching of metals (USACE 2010; EPA
2012). For instance, toxicity characteristic leaching pro-
cedure (TCLP) tests revealed that Pb and selected As
values at the site exceeded the criteria to classify material
as hazardous waste under the Resource Conservation and
Recovery ACT (RCRA). Leachability tests, using a sim-
ulated seawater solution to verify the behavior of the slag
from potential exposure to seawater, also revealed con-
siderably high levels of leachable Pb (EPA 2012). Thus,
existing leaching and chemical data in soils and surface
waters support the interpretations that the slag heap could
be the primary source causing the metal contamination in
the studied residential and wetlands areas. The measured
water-level rise at Laurence Harbor, Old Bridge Town,
NJ, exceeded 3.35 m during Hurricane Sandy due to a
combination of storm surge and astronomical tide (USGS
2013) compared with the site topographic level of 1.83 m
(Fig. 8). The studied sites were completely inundated, and
the measurements of pore-water salinity (27 g/L) in the
wetlands a month after the hurricane confirm seawater
intruding landwards. The Raritan Bay Slag Superfund
site, located in the vicinity of the studied sites, is highly
contaminated with metals (as high as 198,000, 2,400,
4,630, and 3,120 ppm for Pb, As, Cu, and Sb, respec-
tively) (EPA 2012) that could plausibly be transported, as
dissolved species or slag particles incorporated in

4- Contaminated sediment
falled from water column
in depositional areas

Raritan Bay

3- Hurricane Sandy transported
contaminated sediments.

2- Dissolved metals sorb to suspended sediment.

P T

locatlons X < als sp s leach from the slag into surface water.
Slag particles erode into surface water.
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sediments, to the studied sites. The potential migration
pathways of metals from the source to the studied sites
are illustrated in Fig. 8. The dominant wind and wave
direction during the storm was from the northeast. The
strong wave action eroded the contaminated sediments
close to the seawall slag and displaced them. The trans-
port of the sediments was offshore and in the western
direction, following the long-shore current. The contami-
nated sediments accumulated in a depositional area close
to the Cheesequake Creek inlet western jetty that inter-
rupted the long-shore current. As the storm surge water
moved inland from the Raritan Bay, it started transporting
the suspended sediments into the Cheesequake Creek. The
latter started to fill up with water and its capacity to
contain the flow was reduced until the water eventually
overtopped the creek banks. Due to site topography, the
contaminated water moved to the adjacent wetland site
while crossing the studied residential site. The wetland
acted as a detention basin and stocked large amounts of
the overtopped volume of water containing dissolved
metals along with the contaminated sediments.

Another interesting observation is the discrepancy in
temporal and spatial changes in metal concentrations
between the residential and wetland sites. In the residential
site, metal concentrations appeared to rapidly decrease and
mostly reached comparable values for all investigated
depth (SS, TL, ML, and BL). However, in the wetland site,
changes in metal concentrations were more complex: either
a decrease or increase with time at investigated depths. A
plausible explanation for the observed difference in the
residential and wetland sites could be (a) their difference in
soil composition/structures and (b) the behavior and
dynamics of individual and group metal adsorption/
desorption on soil particles. Specific metal forms and soil
characteristics largely determine soil-metal interactions
(Dermont et al. 2008). For instance, metal adsorption is
strongly dependent upon the presence or clay minerals and
organic matter (Walker and Hurl 2002). Their large surface
area and variable charges on the surface offer greater
potential for selective reactions or ion exchanges with
metals. In general, wetland soils tend to accumulate more
organic matter than upland soils. Wetland soils commonly
comprise organic-rich surface layers, and the organic layer
can extend in depth to the greatest portion of the soil zone
(Reddy et al. 2000). The measured weight of soil organic
matter loss-on-ignition (SOM- ;) was an order of mag-
nitude higher in the wetland (5.076 & 3.648 %) than the
residential (0.649 &+ 0.372 %). This indicates that the
wetland has significantly higher SOM as a positive linear
correlation can be established between SOM and SOM-
LOI (Wang et al. 2011). The higher SOM in the wetland
site could favor more long-term metal adsorption in com-
parison with the residential site. In the latter, the elevated
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metal concentration in soil samples was transitory, sug-
gesting that the metals were weakly adsorbed and rapidly
washed out. Thus, their concentrations rapidly decreased
within weeks and remained thereafter more comparable at
all depths. Temporal changes in other abiotic factors (e.g.,
salinity and pH) could also influence the observed temporal
and spatial fluctuations in metal concentrations in the
wetland site. As seawater (7.5 < pH < 8.4, salinity
~32 g/L) intruded the wetland, both salinity and pH could
increase, thus promoting metal sorption. It has been dem-
onstrated that a negative correlation exists between soil pH
and heavy metal (e.g., Pb, Cd, Cr, Cu) mobility (Suk-
reeyapongse et al. 2002; Antoniadis et al. 2008; Zeng et al.
2011).

Conclusions

Elevated metal concentrations were observed in the studied
residential and wetland sites within a week of Hurricane
Sandy. The contamination source appeared to be the Ra-
ritan Bay Superfund site, a heavily metal-contaminated
site. A combination of storm surge, astronomical tide, and
wind direction associated with Hurricane Sandy presum-
ably transported the contaminants to the residential and
wetland sites. Unlike the residential site where the elevated
metal concentrations rapidly decreased, the wetland site
showed more complex temporal and spatial changes. This
discrepancy between the two sites could be related with
their difference in soil composition and the complexity and
dynamics of adsorption/desorption processes for each
metal species. The wetland ecosystem contains more
organic matter to support more long-term and dynamic
metal-soil adsorption/desorption processes. The trend in
pore-water salinity suggests temporary supply of the wet-
land with seawater from the Raritan Bay and freshwater
from precipitations. While the residential site suggests a
recovery from the metal accumulation, the wetland eco-
system has shown no evidence of such recovery. The
wetland apparently served as a depository for the metal
contaminants that came from the Raritan Bay Slag Super-
fund during the Hurricane Sandy. Therefore, continuous
monitoring of the wetland ecosystem and its proper man-
agement is important for reducing potential risk to people
and the environment.
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