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Abstract
Contaminated surface sediments were removed from a coastal marsh and replaced with clean engineered sediments 
before marsh vegetation was replanted and the site was reopened to the tide. Differences in trace metal concentrations 
(Cd, Cr, Cu, Fe, Hg, Mn, Ni, Pb, Zn) were monitored for 11 years at different sediment depths, under two types of engi-
neered sediments (with and without compost), and at three marsh surface elevations. Except for Hg and Cd, all others 
followed the patterns of Fe and Mn of decreasing concentration during drought years and increasing concentration 
during wet years. Metals in deep sediments (> 25 cm) are always higher than on the surface. Surfaces higher in the ter-
rain had fewer metal concentrations compared to lower elevations. The compost treatment had no insignificant effect 
on metal concentration. The main pathways involved in remobilization from the buried legacy sediments are organic 
metal complexation, reductive dissolution, and oxidation of metal sulfides. Hg showed an enrichment pattern through-
out the study period suggesting atmospheric deposition as the main pathway. Similarly, sources of Cd are most likely 
from atmospheric wet deposition since most of the Cd variation is explained by changes in the amounts of rain. Metal 
concentration in the sediments decreased up to 50% from pre-restoration conditions; the only exceptions were Hg and 
Cd which continue to accumulate. Increasing dry periods and storm frequencies from changing global weather patterns 
have the potential to create conditions for greater bioavailability of metals from this and similar world estuaries.
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1  Introduction

More frequent and stronger storms is impacting coastal 
areas and industrialized estuaries around the world and 
threatening the ecological services marshlands provide 
[1]. New thinking in shoreline management is shifting from 
building massive coastal barriers to allowing floodwater 
from big storms to inundate predetermined areas, to pre-
vent the flooding of developed areas [2]. In estuaries with 

a history of industrial pollution, increased frequency of 
storms, sea-level rise and the reopening of low lying areas 
to the tides can increase the bioavailability of legacy met-
als buried in the sediments [3]. Marshlands of industrial-
ized estuaries act as sinks of metals [4]. They are adsorbed 
into organic and inorganic particulates and find their way 
up tidal creeks and marsh surfaces where they accumulate 
[5]. Once buried, H2S(aq), Fe2+, and dissolved organic car-
bon (DOC) have a significant effect on their mobility [6].

 *  Ying Yao, cyao@njsea.com | 1Meadowlands Environmental Research Institute, New Jersey Sports and Exposition Authority, Lyndhurst, 
NJ 07071, USA. 2Rutgers University, Department of Earth and Environmental Science, Newark, USA.

http://crossmark.crossref.org/dialog/?doi=10.1007/s42452-020-03577-2&domain=pdf
http://orcid.org/0000-0003-0781-7462


Vol:.(1234567890)

Research Article	 SN Applied Sciences          (2020) 2:1767  | https://doi.org/10.1007/s42452-020-03577-2

In most tidal systems, contamination from the 1950s 
and 1960s is buried about 30 cm deep in the sediments 
[7]. It is a known practice not to disturb these sediments. 
Undisturbed anoxic sediment promotes metal sulfide pre-
cipitation and increases metal stability against reoxidation 
and remobilization [8].

Examples of estuarine metal contamination worldwide 
include the Scheldt River estuary in the Netherlands where 
high levels of trace metals associated with the finer sedi-
ment fractions have known anthropogenic sources [9]. The 
Yangtze River estuary has naturally occurring trace metals, 
and near Shanghai, high copper and cadmium levels are 
easily traced back to industrial and agricultural activities 
[10]. Anthropogenic sources of trace metals also exist in 
the Ganges river in India which contributes a dispropor-
tional amount of dissolved metals to the Ganges estuary 
[11]. Studies in the Thames River estuary by Pope and 
Langston (2011) found that trace metals in sediments rou-
tinely exceed the established criteria and in most cases are 
bioavailable [12]. Similar studies in Spain by Morillo and 
Usero (2008) in Algeciras Bay and Huelva estuary report 
high levels of metals that were also positively correlated 
with concentrations in nearby test organisms [13]. Recent 

studies of the mechanisms involved in the fate of metals 
in estuarine systems seek to determine how grain size and 
point sources contribute to enrichment levels [14–17]. 
Other studies look at the partitioning between dissolved 
and particulate fractions with organic matter, aluminum, 
iron, clay minerals, and sulfides [5, 18, 19]. In North Amer-
ica, the establishment of sediment regulatory guidelines in 
the 1970s prompted studies on risk assessment, pollution 
indices, and reporting on the levels of metals in marine 
sediment compared to established criteria [10, 19–21].

The Meadowlands of New Jersey (Fig. 1) has a long 
history of environmental impacts [22–27]. Overlooking 
industrial parks and transportation corridors, the Mead-
owlands marshlands are interspersed among maritime 
terminals, warehousing complexes, power plants, and 
high-density residential. They are the first line of defense 
to hold waters back against rising tides and floods. With 
climate change and rising sea levels, there are concerns 
among residents, regional and city planners, and wildlife 
managers about the long-term fate of metals and their 
possible impact on human health, ecosystem health, and 
property values. In North America, the Clean Water Act of 
the 1970s had the effect of removing many known point 

Fig. 1   Location of the study site along the Hackensack River and by the Town of Secaucus (adjacent to Secaucus High School) in New Jersey. 
The map shows the north–south transect where samples were collected
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sources of pollution and significantly helped reduce the 
amount of runoff reaching nearby waterbodies [28, 29]. 
However, it did not affect pre-existing contaminants from 
past human effluents and emissions that for the most part 
remain trapped in the sediments of estuaries all over the 
world. What happens after important sources of contami-
nants are eliminated? Overtime, do legacy levels of con-
taminants in surface sediments remain the same, decrease, 
or do they continue to increase? If they increase, does this 
reflect new sources, or is it the result of the remobiliza-
tion of a preexisting pool within the sediment profile? 
This long-term study is meant to help understand possi-
ble contaminant pathways overtime. We measure changes 
in metal concentration after the Clean Water Act where 
presumably, most outside sources have been controlled 
or eliminated. In 2006, a degraded 17.4 ha marshland was 
selected for restoration and the entire sediment profile, 
about 50 cm deep, was removed and replaced and with 
“clean engineered sediment.” This restoration created a 
unique opportunity for a long-term study of metal path-
ways in impaired marshlands. The objective of this study 
is to determine whether metals continue to accumulate in 
the absence of new sources, measure the effect on metal 
mobility by adding compost to the “clean engineered sedi-
ment”, and finally, as a result of metal cycling within the 
sediment profile, measure the changes of the surface sedi-
ment concentration overtime.

2 � Methods and materials

2.1 � Study area

The study area is located in New Jersey (USA) along the 
Hackensack River and by the Town of Secaucus (40° 47′ 
22.36″ N; 74° 03′ 23.51″ W) (Fig. 1). In 2006, the first 50 cm 
of the sediment profile and associated vegetation and rhi-
zomes (Phragmites australis) were removed from a 17.4 ha 
site and replaced with a combination of offshore dredge 
sand and compost. The compost was mainly freshwater 

pond dredge and leaves. We refer to this as “clean engi-
neered sediment.” Most of the site was graded to 60 cm 
a.s.l. (NAVD88) to accommodate a low marsh plant com-
munity. Two smaller areas divided into north and south 
(total of 3.2  ha) were graded to ~ 1  m a.s.l. The north 
side was capped with 50 cm of sand and the south side 
with 50 cm of a 1:5 mixture of compost to sand (Fig. 2). 
These two areas were planted with high marsh species: 
Spartina patens (salt meadow hay), Distichlis spicata (salt-
grass), Spartina cynosuroides (big cordgrass), and Juncus 
gerardii (salt meadow rush). The low marsh area (~ 14 ha) 
was planted with Spartina alterniflora. The tidal exchange 
was restored in 2007 after regrading and planting were 
completed.

2.2 � Sampling method

Sampling points were located along a 200 m transect per-
pendicular to a tidal creek separating north and south high 
marsh areas. Samples were collected at elevations: 1.1 m, 
0.9 m, and 0.6 m (NAVD88) to coincide with the spring 
high water level (MHWS, high marsh), mean high water 
level (MHW), and mean tide level (MTL low marsh), respec-
tively. Three replicate samples from surface sediments and 
depths greater than 25 cm were collected for all sampling 
points with a soil auger and Russian peat corer that were 
cleaned with deionized water between samples. Deep 
samples at elevation mean tide level (0.6 m) and close to 
the creek have a thinner cap, and legacy sediments are 
closer to the surface (Fig. 2).

The first sampling took place October of  2007 and 
represents the starting condition before the tidal flow 
was restored and reached the engineered sediments. 
Subsequent samplings occurred once per year during 
April–June. A total of 36 sediment samples were collected 
every year from 2007 to 2016 and 2018. Samples were kept 
in labeled plastic bags in a cooler and transported to the 
laboratory for grain size and chemical analysis. No samples 
were collected in 2017, and additional samples were col-
lected in 2013 immediately after Hurricane Sandy. Water 

Fig. 2   Transect profile showing 
the north and south treatment 
areas and sampling point loca-
tions at mean tide level (MTL), 
mean high water (MHW), 
and mean high water spring 
(MHWS)
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samples for metal analysis were grabbed samples using 
acid-washed and pre-labeled plastic bottles. The same 
instruments, analysis methods, and procedures were used 
consistently throughout this 11-year study.

2.3 � Chemical analysis

A YSI Model 6820 multi-parameter probe was used to 
measure turbidity, conductivity, dissolved oxygen (DO), 
pH, salinity, and temperature from the water column in 
the main stem of the Hackensack River in proximity to the 
site. Before each sampling event, the pH sensor was cali-
brated using a 3-point calibration (4.0, 7.0, and 10.0); the 
conductivity sensor was calibrated using 10 μS/cm and 
1.1 μS/cm standards, and the dissolved oxygen sensor was 
calibrated using 100% oxygen and a 0% standard.

The percentage of moisture of sediment samples was 
measured by Standard Method D 2974. For the sediment 
samples with the percentage of moisture higher than 
20%, we used EPA Method 9040C to measure pH, and for 
the sediment samples with less than 20% of moisture, we 
used EPA Method 9045C to measure the pH value. The per-
centage of organic matter was determined using weight 
loss on ignition (LOI) method [30]. Metals from sediment 
samples were digested using EPA Method 3051A [31]. 
In a microwave digestion vessel (Bucks Scientific, BMS-
1), 0.2 g of sediment sample was digested with 7 mL of 
ultrapure nitric acid (HNO3, 67–70%, w/w, EMD). Standard 
reference material 1944 (New York/New Jersey Waterway 
Sediment, NIST) was digested with samples for qual-
ity control. After digestion, the samples were diluted to 
50 mL with ultrapure water and stored in polypropylene 
centrifuge tubes at 4 °C for further analysis. Water sample 
digestion was performed using the Hotblock (Environmen-
tal Express) procedure (EPA Method 1638). For dissolved 
metal analysis, the 100 mL of water sample was filtered 
with a 0.45 μm Whatman filter and then acidified with 
nitric acid. For total recoverable metals, water samples 
were acidified and digested in the container directly. Final 
solutions were analyzed using graphite furnace atomic 
absorption spectrometry (GF-AAS). Cadmium, chromium, 
copper, iron, manganese, nickel, lead, and zinc were ana-
lyzed using the flame atomic absorption spectrometry, 
and mercury was analyzed using the cold vapor method. 
Dissolved metals were only measured after 2011.

2.4 � Statistical analysis

Parametric and nonparametric tests were used to deter-
mine differences between surface and sub-surface sedi-
ments, terrain elevations, and compost treatment. Specifi-
cally, we used two-sample t tests, the analysis of variance 
(ANOVA) F tests (equal and unequal variances), and the 

Wilcoxon and Kruskal nonparametric test. Multi-variable 
linear regression analysis was used to explore the rela-
tionship between metal concentration and precipitation 
amounts. The confidence interval for all tests was set to 
p < 0.05.

3 � Results and discussion

3.1 � Site and water column conditions

The estuary is a mesohaline environment with close to 
neutral pH and 50% oxygen saturation (Table  1). The 
average tidal amplitude ranges from 1.2 to 1.8 m. Analysis 
of sediment fluxes based on 2 years of near-continuous 
monitoring indicates that approximately 14 percent of 
suspended solids carried into marshlands from the Hack-
ensack River and tidal creeks are trapped by the marsh 
surface [32]. Sediment measurements above a feldspar 
marker between 2008 and 2019 revealed the average verti-
cal accretion rate is ~ 5.5 mm/year. In the water column, Cd, 
Cr, Cu, Pb, and Fe are largely bound to suspended material 
(< 50% dissolved), and Mn, Ni, and Zn exist predominantly 
in the dissolved fraction (> 50% dissolved) (Table 2). Our 
metal concentrations are comparable to what is found 
in Shanghai estuary [10], estuaries in Spain [13], and the 

Table 1   Water quality parameters averages, standard deviations, 
minimum and maximum values (2007–2018). Hackensack River 
next to the study site

N Average Max. value Min. value

Turbidity (NTU) 94 20.0 ± 10.4 54.3 4.9
Temperature (°C) 96 15.2 ± 8.6 28.6 0.8
Conductivity (mS/cm) 94 8.3 ± 4.3 22.8 0.6
Salinity (ppt) 94 4.7 ± 2.6 13.7 0.3
pH 96 7.6 ± 0.3 8.4 6.9
DO (mg/L) 96 7.2 ± 2.6 14.8 2.7

Table 2   Average total and dissolved metals from the water column. 
(2012–2018, N = 56). Hackensack River next to the study site

Total, μg/L Dissolved, μg/L % Dissolved

Cd 0.157 ± 0.224 0.0736 ± 0.0706 47
Cr 7.35 ± 4.78 2.76 ± 3.16 38
Cu 8.77 ± 10.1 4.26 ± 7.48 49
Fe 1035 ± 696 105 ± 61.4 10
Mn 264 ± 87.8 208 ± 74.4 79
Ni 4.52 ± 2.84 3.28 ± 2.15 72
Pb 4.55 ± 2.50 1.08 ± 1.24 24
Zn 22.8 ± 10.2 13.5 ± 8.29 59
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Netherlands [33]. Our site has greater enrichment of Hg, 
Pb, and zinc compared to the Thames river estuary [12] 
and slightly lower concentrations of Pb and zinc compared 
to the Ganges estuary in India [11]. Overall, Meadowlands 
metal concentrations in the water column and sediments 
are similar or higher than values found in similar estuaries 
worldwide.  

3.2 � Sediments profile conditions

The sediment profile has ~ 50  cm of engineered sedi-
ments overlaying the original sediments. The per-
cent of fine grains (clay + silts) averaged about 10% for 

surface sediments (< 25 cm) and 23% for deep sediments 
(> 25 cm). Higher silts and clay content from deep samples 
explains the higher concentration of metals deeper in the 
sediments [33]. As expected, moisture is always greater 
lower in the profile (> 25 cm). The pH was consistently 
lower in deep sediments compared to surface samples and 
reflects the effect of seawater frequently reaching surface 
sediments from tidal inundation [34]. The percent organic 
matter (OM) was consistently higher (~ 6%) in the deeper 
sediments. Overtime, there was a significant decrease, i.e., 
a net export, in organic matter from the sediment profile 
to the estuary (Table 3). As plant communities continue 
to develop and reach a steady-state, the net export rate 
should be a fraction of the primary productivity. This pat-
tern is in agreement with Teal (1996) who predicted that 
marshlands are effective pumps of detritus and dissolved 
organic matter into the estuary and as such, play a critical 
role in supporting the primary consumer community [35].

3.3 � Metal concentrations by sediment depth

Except for Hg, all metals had significantly higher concen-
trations at depths > 25 cm where the silt and clay fractions 
are twice that of surface sediments. For Ni and Zn, which 
exist mainly in the dissolved phase, concentrations at 
depth where there is more moisture are almost doubled 
compared to surface concentrations (Table 4). Lead, which 
occurs mainly as a precipitated sulfide mineral, also had 
concentrations at depth that was twice as high compared 
to the surface. Most metals (i.e., Cd, Cr, Cu, Fe, and Mn) 
showed ~ 20% higher concentrations deeper in the pro-
file. The exception was Hg. No significant differences in 

Table 3   Average pH and % organic matter of surface and deep sed-
iment over time

Measurements represent the average of the surface and deep sam-
ples (N = 18)

pH surface pH depth % OM surface % OM depth

2007 6.41 ± 1.09 5.99 ± 1.19 7.14 ± 8.39 14.61 ± 7.68
2008 6.68 ± 0.52 6.53 ± 0.56 8.94 ± 9.57 19.16 ± 9.20
2009 6.04 ± 0.38 5.78 ± 0.65 9.50 ± 10.88 16.23 ± 12.96
2010 7.62 ± 0.23 7.37 ± 0.34 9.97 ± 11.81 13.94 ± 7.19
2011 7.62 ± 0.34 7.38 ± 0.39 9.97 ± 1.93 13.94 ± 0.81
2012 7.62 ± 0.23 7.37 ± 0.34 9.97 ± 11.81 13.94 ± 7.19
2013 7.24 ± 0.47 7.29 ± 0.41 5.94 ± 5.91 16.35 ± 12.48
2014 6.87 ± 0.55 7.01 ± 0.20 7.88 ± 5.83 12.18 ± 5.33
2015 6.75 ± 0.65 6.85 ± 0.29 8.01 ± 6.09 13.77 ± 5.23
2016 6.81 ± 0.37 6.81 ± 0.27 5.94 ± 4.55 13.39 ± 9.30
2018 6.50 ± 0.53 6.55 ± 0.50 4.98 ± 4.47 10.76 ± 5.02

Table 4   Mean metal concentration (mg/kg) by pre-restoration, depth, capping type, and marsh surface elevation

a ERM: Effects range medium [40]

mg/kg Cd Cr Cu Fe Hg Mn Ni Pb Zn

Pre-restoration 1.74 475 145 7.88 101 225 356
Surface/depth, N = 72
 Surface 1.95 ± 1.54 146 ± 200 67.7 ± 80.5 16,218 ± 11,387 3.14 ± 3.72 423 ± 594 29.5 ± 27.1 97.2 ± 79.8 131 ± 119
 Depth 2.83 ± 1.8 171 ± 220 86.1 ± 51 20,279 ± 8958 3.57 ± 3.74 644 ± 963 51.1 ± 34.5 183 ± 67.3 242 ± 111
 p value (t test) < 0.001 0.001 < 0.001 < 0.001 0.06 < 0.001 < 0.001 < 0.001 < 0.001

Capping type, No compost (north)/compost (south), N = 72
 No compost (north) 2.44 ± 1.73 185 ± 264 85.9 ± 85.1 18,666 ± 10,977 4.02 ± 4.29 680 ± 1087 42.4 ± 36.1 149 ± 92.7 198 ± 149
 Compost (south) 2.34 ± 1.85 132 ± 177 67.9 ± 52.7 17,830 ± 11,091 2.69 ± 3.58 387 ± 516 38.1 ± 33.9 131 ± 86.6 176 ± 119
 p value (t test) 0.94 0.92 0.28 0.91 0.15 0.59 0.84 0.78 0.38

Marsh surface elevation, N = 48
 1.1 m 1.7 ± 1.25 23.8 ± 17.4 49.4 ± 75.2 11,436 ± 6181 1.14 ± 1.44 135 ± 84 15.7 ± 8.58 107 ± 79 114 ± 86.1
 0.9 m 1.88 ± 1.34 64.6 ± 71.7 57.3 ± 54.3 14,530 ± 9118 1.85 ± 1.85 697 ± 1270 29.8 ± 27 127 ± 99.6 144 ± 102
 0.6 m 3.59 ± 2.02 387 ± 261 125 ± 56.7 28,907 ± 8209 7.08 ± 4.63 772 ± 621 75.5 ± 30.1 187 ± 68 303 ± 125
 p value (Anova-equal) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
 ERMa 9.6 370 270 0.71 52 218 410
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Hg concentration were observed between the surface and 
deep sediments (3.14 ± 3.72 mg/kg and 3.57 ± 3.74 mg/kg, 
respectively). The average Hg levels exceeded the effects 
range medium criteria (ERM) [34] everywhere in the sedi-
ment profile and at different marsh elevations. As a result, 
the average Hg concentration in our study area exceeded 
all other comparable estuaries investigated.

The percent change (C/C0) of the average metal con-
centration in surface and depth sediment over time is 
showed in Fig. 3. Throughout the study period, the per-
cent changes of most metals fluctuated around 100% in 
the surface sediment. However, there are peaks in 2012, 
2015, and 2018 which are the very wet years. In 2010 and 
2016 (drought years), the percent changes of most met-
als decreased. In the depth sediment samples, most metal 
concentrations, except Cd, have less variation compared 

to surface sediment samples. Metal concentration in deep 
sediment decreased from 2007 to 2010 and increased 
gradually from 2010 to 2018. The variation of percent 
change increased from 2015 to 2018 and probably related 
to extreme weather events (drought years and wet years).

3.4 � Metal concentrations by compost treatment

Metals had lower concentrations in the south side where 
the compost amendment was added; however, these dif-
ferences were not statistically significant (p < 0.05). The 
organic matter with its large surface area and sizeable 
cation exchange capacity should promote the mobility 
of metals through organic ligands even in the presence 
of sulfides [6, 18]. The sediments at the study site have 
Sulfihemists kind of conditions and contain high levels of 

Fig. 3   Percent change (C/C0) 
of the average metal concen-
tration in surface sediments 
(< 25 cm) and depth (> 25 cm) 
throughout the 2007 to 2018 
study period. *Drought years, 
2010 and 2016. **Very wet 
year, 2012, 2015, and 2018
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naturally occurring organic matter [36]. The effects of the 
added compost if any were hidden by the high quanti-
ties of naturally occurring organic matter already present. 
According to our results, we cannot conclude that the 
added organic matter (1:5 compost to sand) had any effect 
on the concentration of metals (Table 4).

3.5 � Metal concentrations by terrain elevation

The marsh surface was sampled along a transect covering 
a range of elevations from 1.1 m to 0.6 m a.s.l., and where 
the north and south segments of the transect sloped 
toward a tidal creek (Fig. 2). We found a highly significant 
(p < 0.001) and a negative relationship between marsh 
surface elevation and metal concentration. For example, 
the average Cr concentration for surface and deep sam-
ples, at elevation 0.6 m (near the creek), is ~ 3 times higher 
than that at elevation 0.9 m, and 16 times higher than at 
elevation 1.1 m (Table 4). The thicknesses of the added cap 
taper off as it reaches the creek at elevation 0.6 m. Sam-
ples collected at these lower elevations captured mostly 
metals from the legacy sediment profile (Fig. 2). Mercury 
showed lower concentrations at higher terrain elevations 
and away from the creek (1.14 ± 1.44  mg/kg at 1.1  m; 
1.85 ± 1.85 mg/kg at 0.9 m) and much higher concentra-
tion (7.08 ± 4.63 mg/kg) at the elevation of 0.6 m, where 
most of the sediments are not from the engineered cap 
but from the original sediment profile that remains under 
anoxic conditions most of the time (Table 4).

Figure 4 shows the percent change in metal concentra-
tion at different elevations after the engineered sediments 
were exposed to the tides in 2007. At lower elevations 
(0.6 m), the percent change (C/C0) shows that overtime, 
metal concentrations decreased compared to the initial 
2007 levels. Only Cu, Mn, and Fe end up slightly higher 
than the initial conditions after 11 years of exposure to 
the tide. The variations in metal concentration at elevation 
0.9 m are larger compared to elevation 0.6 m. Compared to 
2007 levels, and by the end of the study period, at eleva-
tion 0.9 m there is an increase in the concentration of all 
metals. At 1.1 m elevation, the percent change over time is 
small. The exception is the last 3 years where a significant 
increase in the concentration of all metals coincided with a 
very dry year (2016) followed by a very wet year (2018). At 
all three elevations, Cd and Hg showed the greatest varia-
bility over time. These two trace metals were present in the 
smallest quantities compared to all other metals (Table 4). 
The greatest variability in metal concentration over time 
is from the intermediate 0.9 m elevation. At this elevation, 
alternating oxic and anoxic conditions is consistent com-
pared to elevation 0.6 m where anoxic conditions prevail, 
and elevation 1.1 m where oxic conditions tend to prevail.

3.6 � Metal concentrations over time

The variation in metal concentration over time (average of 
the surface and deep) is showed in relation to the initial 
2007 conditions in Fig. 5. All metals except for Fe dropped 
in concentrations during the drought years of 2010 and 
2016. On the other hand, metal concentration in the sedi-
ments increased relative to 2007 during 2012 and 2018 
which were among the top 5 wettest years in New Jersey 
since 1895. There is a clear pattern of increasing metals 
in sediments when dry years are followed by wet years 
(Fig. 5). During wet years, there is greater complexation of 
metals with dissolved organic matter in pore water which 
increases their mobility along the sediment profile. The 
most likely mechanism for the movement of metals up 
and down the sediment profile is metal complexation with 
organic matter and tidally influenced oxidation of metal 
sulfides [37]. We also observed that trace metals closely 
follow the ups and downs of Fe and Mn. This confirms 
that Fe oxides and Mn oxides along with organic ligands 
play an important role in the movement of trace metals. 
Close to 53% of the variation in Fe concentration can be 
explained by Mn levels in the sediment. Similarly, approxi-
mately 50% of the variation in the concentrations of Cr, 
Cu, and Zn can be explained by the variations in Fe and/or 
Mn (Table 5). Under anoxic conditions, Fe oxides and Mn 
oxides containing Fe(III) and Mn(IV) are used by microbes 
as terminal electron acceptors in respiration which leads to 
reductive dissolution where Fe(II) and Mn(II) are released 
into the pore water solution along with their associated 
trace metal sorbates. 

The yearly averages for Cr, Cd, and Ni show no signifi-
cant trends of accumulation as their slopes over time are 
not significantly different from zero (p > 0.05). On the other 
hand, Pb, Zn, Mn, Fe, and Cu show slight positive slopes 
over time. No net increase or accumulation in trace metals 
over time is observed when spikes from dry to wet year 
are removed from the analysis. Removing spike years (e.g., 
2018 data not included) eliminates the effects of remobi-
lization due to weather. We suspect that the formation of 
soluble organic ligands, reductive dissolution, and oxida-
tion of metal sulfides are the main mechanisms by which 
the same pool of metals moves up and down the sediment 
profile. Contrary to all the other metals, Hg did not spike 
during wet years and showed a significant positive slope 
(p < 0.001) throughout the study period. The main pathway 
for Hg is atmospheric deposition [38, 39]. Similarly, cad-
mium showed an enrichment trend over time regardless 
of the year, and 40% of Cd variation is explained by the 
amount of rain. We conclude that Hg and Cd enrichment 
patterns can be explained by active contributions from 
outside sources in the form of wet and dry atmospheric 
deposition.
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Fig. 4   Percent change (C/C0) of 
the average metal concentra-
tion at different marsh surface 
elevations (0.6 m, 0.9 m, and 
1.1 m) throughout the 2007 to 
2018 study period. *Drought 
years, 2010 and 2016. **Very 
wet year, 2012, 2015, and 2018
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4 � Conclusion

After restoration and 11 years under the influence of 
the tides, the overall metal concentration in the sedi-
ments from our study site decreased by up to 50%; the 
only exceptions were Hg and Cd which continued to 
accumulate throughout the study period. pH was con-
sistently higher in surface sediments compared to deep 
sediments and reflects the influence of higher salinity 
from the tidal exchange and surface water evaporation. 
There was a net loss of ~ 5% in organic matter through-
out the study period that resulted in a net export of 
comparable amounts of organic matter that provides 
energy to the estuary. Deeper sediments with greater 
silt and clay fractions contain 25% to 50% more metals 
than surface sediments. The majority of legacy metal 
contaminants from industrial and transportation activi-
ties from the 1950s and 1960s are buried in anaerobic 
sediments and have limited mobility as they mostly exist 
as precipitates of sulfide minerals. Marshlands are highly 
productive, and adding small amounts of compost (i.e., 
1:5) did not affect the mobility of metals. We suggest 

that over time, the same pool of metals moves up the 
sediment profile during wet years and down during dry 
years. The mechanisms facilitating this mobility are the 
formation of organic ligands, reductive dissolution of Fe 
and Mn oxides, and the oxidation of metal sulfides. The 
exceptions were mercury and cadmium that showed a 
clear and steady enrichment pattern by entering the sys-
tem through a combination of wet and dry atmospheric 
deposition. These findings show that over decadal peri-
ods, the main driver mobilizing metals through the sedi-
ment profile are dry periods followed by wet periods. 
This study demonstrates that an increasing frequency 
and duration of dry periods along with increased fre-
quency and severity of storms from changing global 
weather patterns have the potential to create conditions 
for greater bioavailability of legacy metals from this and 
similar estuaries worldwide.
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Table 5   Coefficients of 
determination (R2) between 
metal concentrations

Coefficients of determination with a moderate effect (R2 > 0.49) are shown in bold indicating that 49% 
or more of the variation in the concentrations of Cr, Cu, and Zn can be explained by the variations in Mn 
and Fe

Cd Cr Cu Fe Hg Mn Ni Pb Zn

Mn 0.13 0.49 0.58 0.53 0.16 0.27 0.05 0.71
Fe 0.01 0.09 0.82 0.03 0.53 0.09 0.21 0.58
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