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Abstract: The leaching behavior of arsenic (As), lead (Pb), nickel (Ni), iron (Fe), and manganese (Mn)
was investigated from subsurface core sediment of marine and nonmarine depositional environments
in central Kanto Plain, Japan. A four-step sequential extraction technique was adopted to determine
the chemical speciation, potential mobility, and bioavailability of metals under natural conditions in
variable depositional environments. In addition, a correlation of these properties with pore water and
total metal content was carried out. The concentration of As in pore water was found to be 2–3 times
higher than the permissible limit (10 µg/L) for drinking water and leachate in fluvial, transitional, and
marine environments. The trend of potential mobile fractions of As, Pb, and Ni showed Fe–Mn oxide
bound > carbonate bound > ion exchangeable bound > water soluble in the fluvial environment.
However, in the marine environment, it showed Fe–Mn oxide bound > water soluble > carbonate
bound > ion exchangeable bound for As. The leaching of As in this fluvial environment is due to the
organic matter-mediated, reductive dissolution of Fe–Mn oxide bound, where Mn is the scavenger.
The amount of total content of As and sulfur (S) in transitional sediment reflects an elevated level of
leachate in pore water, which is controlled by S reduction. However, the leaching of As in marine
sediment is controlled by pH and organic matter content.

Keywords: marine and nonmarine sediments; hazardous trace metal; leaching behavior; sequential
extraction

1. Introduction

Soil and sediment, which play a key role in geochemical cycling, are widely known as the sink and
source of potentially hazardous trace metals [1]. Metals are bound with soil or sediment particles by a
variety of mechanism with different metal phases. As a result, assessments of toxicity and bioavailability
cannot be comprehensively undertaken by measuring only the total metal content [2]. It is important
to perform specific speciation analyses. Sequential extraction analysis has become the most widely
used method to determine precise chemical speciation, leaching behavior, and the potential mobility of
metals in sediment [3–6]. It is also known as “operationally defined” when selected chemical reagents
are used to extract metal from different phases or bindings of the soil/sediment particles [7–11].

As and Pb are recognized as highly toxic metalloids. These elements show persistent and
toxic characteristics, even at very low concentrations, if they are ingested by humans and animals
through air, water, or food intake [12]. There are many examples of the carcinogenic effects of As and
Pb [13,14]. Groundwater is one of the main sources of drinking water due to freshwater scarcity and
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geomorphological differences in certain places. On the other hand, soil/sediment has a ubiquitous
influence on human life. Soil, sediment, and groundwater can be polluted due to the leaching of metals,
and it may become harmful for living beings and for the environment. The leaching behavior of As and
Pb, along with other metals from sediment, also depends on various influencing factors such as pH,
electrical conductivity, oxidation reduction potential, organic matter content, the adsorption capacity
of some minerals, and type of clay mineral, along with different metal phases [15,16]. It is necessary
to consider changes in any natural environmental condition after the direct or indirect influence of
anthropogenic activities. The role of the depositional environment on the leaching behavior of metals
cannot be ignored.

Several investigations were performed on the chemical speciation, potential mobility, and
bioavailability of As and Pb in the core sediment of various characteristics and different depositional
environments [7,17–21]. However, the sediment of different depositional environments (marine,
nonmarine, and peat) and their correlation with pore water concentration in a single profile have not
been largely considered by researchers. Understanding and assessing the toxicity of these metals will be
very helpful for future soil, groundwater, and city development, where similar geological distribution
of marine sediment exists at shallow depths. Moreover, the influence of marine sediment on the
nonmarine shallow aquifer has not yet been properly investigated. Sediment was often investigated
after oxidation or aeration due to improper handling and preservation after collection. In such a
way, the original state of the metal phases changes and produces a vague or incorrect picture of the
toxicity and availability of these metals. Therefore, a special preservation method is required to avoid
strong oxidation and to keep its properties in place. However, it is impossible to maintain the original
subsurface conditions in a laboratory set up. Partial or semi-oxidation takes place at the time of sample
preparation and processing.

In this research, attempts were made to keep sediment core samples in their near original condition.
A special chemical was added with an indicator to avoid oxidation, and samples were kept sealed before
preparation. Non-air dried or semi-oxidized core sediments of different depositional environments
(marine, nonmarine, and peat) were investigated after special preservation technique. Pore water
chemistry was also compared with the total content and potential mobility of metals. The objective
of this work was to understand the leaching behavior of the selected metals (As, Pb, Ni, Fe, and Mn)
after assessing the chemical speciation, bioavailability, potential mobility. It is also aimed to assess the
pollution risk from marine and nonmarine sediment to the environment under natural conditions.

For this study, one sediment core was selected from a low land valley between the Omiya upland
area of Saitama City, Japan (Figure 1). This area is in Kanto lowland, which is the largest plain in
Japan. The Kanto Plain is in the Neogene sedimentary basin [22]. The basin is filled with Neogene and
Quaternary sediments, where the maximum thickness is greater than 3000 m [23–25]. The uplands are
well distributed in the central Kanto plain, and are composed of mainly upper Pleistocene strata [26–28].
Holocene alluvial lowland/valleys occupy the space between the Pleistocene upland. Geologically,
marine sediments are widely distributed at shallow depths beneath a thin layer of nonmarine fluvial
and alluvial sediment [29,30].
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Figure 1. Location map of sampling site.

2. Materials and Methods

2.1. Sediment Sample Collection and Site Description

The sampling site is located at 35◦52′40.74′′ N and 139◦37′50.35′′ E at Yono, Saitama City, in the
central Kanto plain, Japan (Figure 1). The area of Saitama City is 217.43 km2, and the population
density is 5830 per km2. Saitama City is only about 15 to 30 km from the capital; therefore, this city is
strongly affected by the increased population and development of the past decades. Soil dredging
has become a common phenomenon in this area for different kinds of underground development.
Regarding the Saitama City municipal water supply, 86% comes from treated river water and 13%
from groundwater (Saitama prefecture 2017). Thus, groundwater and subsurface soil pollution are
becoming an environmental concern for further development. Groundwater is often used to water
gardens or for agricultural activities when surface water scarcity occurs in the dry season. Therefore, a
borehole location was selected inside Saitama City for this research. The borehole location is in a park
beside a small river, the Konuma; this place was undisturbed from development activities, and it is
assumed that the original depositional environment still exists in its original form. The borehole depth
was extended from 2 to 27 m.

The study area is in the incised valley system near the Omiya upland area, where Kioroshi
formation is distributed. Kioroshi formation under the Shimousa group of the Pleistocene age was
formed at marine isotope stage (MIS) 5.5 sea-level highstand. This formation is comprised of some parts
of the lower incised valley system and the upper barrier island system of the Kanto plain [31–33]. Thus,
it was easier to obtain naturally occurring sediment samples of marine and nonmarine environments
from a single vertical profile. In total, 25 sediment samples were collected at intervals of 1 m. Borehole
samples were collected by applying the rotary drilling method. Lithologic reconstruction was carried
out by correlating with nearby borehole environments and observing the physicochemical properties
of the obtained samples.

2.2. Sediment Sample Preservation and Preparation

Sediment samples were collected from the inner part of the boring core just after drilling.
Each sample was preserved in a plastic bag and sealed with an oxygen absorbent solution pack (RP
System TM; Mitsubishi Gas Chemical Company, Inc., Japan). This solution pack helps to prevent
oxidation and to keep moisture content at its original level. A pink tablet was used in each plastic bag
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as an indicator of oxidization; a change in color from pink to purple indicates a change of oxidation. It
was ensured that the indicators in all samples showed pink color before sample analyses.

2.3. Physicochemical Property Analysis

The water content, organic matter content, pH, and electrical conductivity (EC) of the leachate of
preserved soil/sediment were measured in the laboratory. Samples were preserved with the RP System
TM just after sample collection from the borehole area, and leachate was collected from preserved
samples at the laboratory. It was assumed that the physicochemical properties remained in their original
state, i.e., without the influence of oxidation. The leachate was prepared by mixing the soil/sediment
with distilled water at a ratio of 1:10. The leachate was centrifuged to avoid contamination with the
electrode of the pH and EC meter. The leachate was analyzed for pH, EC, and oxidation-reduction
potential (ORP). The percentage of total organic matter (OM) was determined by applying the LOI
method, where temperatures of 110 ◦C and 600 ◦C were chosen.

2.4. Pore Water Collection

Pore water was extracted using Rhizon soil moisture samplers (Rhizosphere Research Products,
Netherlands) just after sample collection. The pH and EC were measured immediately after collection;
the samples were preserved in a refrigerator before testing.

2.5. Total Metal Content Analysis

For total metal and S content in the sediment, about 10 g of sample was taken from the packets and
dried in an oven overnight at 60 ◦C. Then, the dried samples were crushed using an automatic magnetic
grinder to obtain homogenized powdered samples. The Ringaku x-ray fluorescence technique was
used to measure the total chemistry at the Center for Environmental Science in Saitama (CESS). For this
machine, 3 g of dried powdered samples were mixed with 0.3 g of cellulose powder to bind and make
a circular pellet. Three different types of standard samples from the geological survey of Japan were
used to measure the unknown samples.

2.6. Chemical Speciation Using Sequential Extraction Method

A four-step modified Wenzel’s and BCR sequential extraction method was applied to measure the
potential mobile fractions and chemical speciations of sediment. Water soluble (step 1), ion exchangeable
(step 2), carbonate bound (step 3), and Fe–Mn oxide bound (reducible, step 4) phases are, together,
considered as potential mobile phases/fractions. These inorganic phases are loosely bound to the
sediment which can easily leach into the environment [34–38]. On the other hand, residual and organic
(org.) bound/oxidizable phases are complex and much stronger than the potential mobile phases. In this
research, organic matter bound and residuals were together considered as residuals. This four-step
method was adopted in this research work. For each step, samples were thoroughly mixed with
distilled water and other analytical grade chemical solutions at a ratio of 1:12.5. Finally, leachates
were sequentially extracted in centrifuge tubes. After each extraction, samples were measured to
determine metal concentrations using an inductively coupled plasma mass spectrometer (ICP-MS) and
an inductively coupled plasma atomic emission spectrometer (ICP-AES). The leachates were extracted
in the following order:

Step-1 Water soluble phase/speciation: Distilled water was mixed and shaken for 4 h.
Step-2 Ion exchangeable phase/speciation: 0.05 M (NH4)2SO4 was mixed with the residue from

step 1 and shaken for 6 h.
Step-3 Carbonate bound phase/speciation: 0.11 M acetic acid was mixed with the residue from

step 2 and shaken for 16 h.
Step-4 Fe–Mn oxide bound phase/speciation: 0.2 M of ammonium oxalate and oxalic acid solution

were mixed with the residue from step 3 and shaken for 4 h.
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2.7. Risk Assessment Code

The application of the risk assessment code (RAC) is useful to assess the bioavailability of metals in
sediment. The sum of water soluble, ion exchangeable, and carbonate bound fractions are considered as
the total bioavailability of the metals. Metals of these phases are weakly bonded, which may equilibrate
with the aqueous phase and leach easily [39–41]. According to the RAC guidelines, any metal from
soil/sediment can leach into the bioavailable fraction; less than 1% of total metal will be considered
safe for the environment, and 11–30% is considered to present a medium risk for the environment.
A bioavailable fraction of more than 50% of the total metal content in soil/sediment is considered a
very high risk for the environment (Table 1) [39].

Table 1. Criteria of risk assessment code.

Grade Water Soluble + Exchangeable + Carbonate Risk

I <1 No risk
II 1–10 Low risk
III 11–30 Medium risk
IV 31–50 High risk
V >50 Very high risk

2.8. Correlation Matrix

A Pearson correlation analysis was conducted on the metal content in sediment, pore water, and
leachate, with physical parameters to identify the predominant factors from one data set to another.
This relation helps to determine the interactive relationship between metals and other physicochemical
parameters. The statistical software, PSPP (GNU PSPP 1-2.0), was used, where p < 0.01 and p < 0.05
were set as the level of significance.

3. Results and Discussion

3.1. Lithologic Reconstruction

A lithological column was performed after correlating with the relevant references of nearby areas
and collecting physicochemical data of the sediment samples, e.g., visual observations of the color,
particle size distribution, electrical conductivity, and S content (Figure 2). The lithostratigraphic
reconstruction and landform evolution in the Kanto Plain have been studied by different
parties [29,32,42–44], and research there is ongoing. For this research, the sediments of different
depositional environments were identified and described, along with the chemical characteristics.
Marine sediment thickness was confirmed from the EC value, S content, the presence of marine
shell fragments, and correlation with other references [30,32,43,44]. Marine sediment is separated
from nonmarine sediment by 3 m of transitional sediment (Figure 2). The upper part consists of
nonmarine sediment; it includes 2–3 m of organic matter-rich, alluvial soil, underlain by about 1.5 m of
peat and organic-rich clayey silt. From a depth of 6.2 to 7.8 m, tuff mixed clays are distributed over
fluvial sediment.

Fluvial sandy sediments occur from about 7.8 to 16 m in depth. They consist of yellowish-brown,
medium to fine sand, which is distinct from the 3 m thick, bluish gray, medium to coarse sand and 1 m
thick, light gray, fine sand. A yellowish-brown color is an indication of an oxidizing environment for
sand, which is clearly distinct from the reduced, bluish-gray sand.

This thick, fluvial sandy layer can be considered as the shallow aquifer for this area. Clayey silt is
present from a depth of 16 to 20 m; it could be described as transitional sediment after confirming its
physicochemical data from Figure 3 and with reference [30]. Marine sediment is distributed from 20
to 27 m.
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The marine sediment consisted of light gray-colored, silty clay with fragments of marine shells.
At a depth of 22 m, the content of the marine shell fragment was relatively higher than in the other
part. The sediment color was bluish gray from a depth of 24 to 27 m, which is an indication of more
reductive condition than here than elsewhere.

3.2. Physical and Chemical Characteristics of Soil and Sediment Leachate

The pH, EC, ORP, and OM content (%) of sediment leachate were determined. The pH ranged
from a minimum of 6.37 to a maximum of 8.04. The marine sediment showed a relatively lower pH
than the nonmarine sediment. In the marine sediment, the pH ranged from 6.55 to 6.95. In the fluvial
sediment, the pH ranged from 6.65 to 8.04. The pH was 6.65 in peat, which was relatively lower than
that of the upper and lower alluvial sediment layers. The marine sediments showed several times
higher EC values than the nonmarine fluvial, tuffaceous, and alluvial clays. The EC was relatively
higher than that in other part in topsoil up to a depth of 3 m. Though it is difficult to get the ORP under
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laboratory conditions, an attempt was made to measure it from the leachate. Marine sediment showed
a relatively lower ORP value (less than 200 mV) than nonmarine sediment.

Soil Eh (ORP) less than 300 mV is generally considered to be anaerobic [45]. As the measurement
was performed on the leachate, it does not actually represent the soil/sediment ORP. The value of the
ORP of the upper fluvial sediment was relatively higher (299–307 mV). The color of these samples was
yellowish-brown, which is also an indication of relatively oxidized conditions compared to the other
samples. The OM content was very low in the fluvial sediments. Upper alluvial and peat showed
relatively higher percentages, i.e., 21% and 67%, respectively. Tuffaceous clay at a depth of 6.2 m
showed a relatively higher value, i.e., 31%, whereas the range in the fluvial sediment was 1–2%. In the
marine and transitional sediment, the OM content showed a range of 3–8%. However, sediment at
depths of 25 m and 26 m showed relatively higher values, i.e., 23% and 16%, respectively.

3.3. Total Content of As and other Elements in Vertical Profile

The total concentration of As, Pb, Ni, Fe, Mn, and S in soil and sediment of the vertical profile
is plotted in Figure 3. The concentration range of As in the vertical profile was far below that of the
general soil standard limit (150 mg/kg) [46]. The concertation range indicates natural origin, although
it is relatively higher than the world soil average content of As, i.e., 6.83 mg/kg [45]. In the transitional
sediment, the As content was 26 mg/kg at a depth of 17 m, which was higher than any other layer in
the vertical profile. In the marine sediment, the range of As concentration was 7 to 17 mg/kg. It has
been reported that As in lowland sites often exists in sediment, as it is adsorbed on the surface of clay
minerals, iron oxyhydroxide, or arsenopyrite (FeAsS) as an impurity in framboidal pyrite [47].

The distribution of Pb is similar throughout the vertical profile, except in alluvial clay.
The concentration of Pb was 69 mg/kg at 3 m, which was much higher than that of the other
part in the profile. The lowest value in the marine sediment was 10 mg/kg at a depth of 22 m, where the
marine shell fragment content was relatively high. The world average soil content of Pb is 27 mg/kg [45].
The average concentration in the vertical profile did not exceed the world average, except in the surface
alluvial clay at a depth of 3.2–3.4 m [45]. The Pb content in the surface soil, alluvial clay, peat, and
tuffaceous clay was higher than in any other part, i.e., 117 to 158 mg/kg. The highest concentration in
the profile was 158 mg/kg in the tuffaceous clay at 6.2–6.4 m. The occurrence of As and Pb in sediment
in lowland sites occurs due to the adsorption on iron oxyhydroxide and clay minerals [48]. The total
Ni content in the vertical profile exceeded world soil average concentrations, i.e., 29 mg/kg, as well as
the average agricultural soil concentration of Japan [45].

The concentrations of Mn and Fe were high at a depth of 8 to 12 m. The color of the sediment
at this depth is brownish gray to yellowish brown. It is different from other portions of the vertical
profile, which were assumed to be oxidized. In the marine sediment, Mn ranged from 248 mg/kg to
728 mg/kg. The content of Mn was 395 mg/kg in peat, which is below the world average value of
488 mg/kg [45]. The content of Mn was 1255–1386 mg/kg at a depth of 2–3 m in the surface soil and
sediment, which is higher than the world average value.

The distribution of Fe in the vertical profile ranged from 3 to 7%. In the fluvial sediment, Fe content
was 4 to 7%, whereas in the marine and transitional sediment, it was about 4%. At a depth of 22.2–22.4 m,
the Fe content was about 3%, which was the lowest value in the profile.

The S content was 0.16 to 0.72% and 0.41 to 0.57% in the marine and transitional sediment,
respectively. At a depth of 22–27 m, the content was relatively lower than the upper part of the marine
and transitional sediment. In the fluvial sediment, the range was from 0.4 to 0.6%, which was much
lower than the other part in the vertical profile. Generally, the S content in the terrestrial sediment was
lower than 0.3%. Terrestrial sediment can be differentiated from marine sediment when it displays a
range of S mass % of 0.3–3% [49,50]. However, the S content was 0.76% in the peat, which was higher
than any other nonmarine deposit.
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3.4. Chemical Speciation and Potential Mobility of As and other Elements (Pb, Ni, Fe & Mn) in Marine and
Nonmarine Sediment

In this study, four inorganic chemical speciations were determined using a four-step sequential
extraction analysis. The residual concentration (residual, sulfide, and organic matter bound) was
calculated by subtracting all four inorganic speciations from the total content and calculating the
percentage with potential mobile fractions (Figures 4 and 5). The percentages of all four steps is shown
in Figures 4 and 5. The residual and oxidizable bound percentages were more than 97–99% for As in
the marine sediment. In the marine sediment, the speciation followed a trend, i.e., Fe–Mn oxide bound
> water soluble > carbonate bound > ion exchangeable bound. However, in some parts, e.g., at a depth
of 21 m, the trend was Fe–Mn oxide bound > carbonate bound > water soluble > ion exchangeable
bound. On the other hand, in fluvial (nonmarine) sediment, the trend was Fe–Mn oxide bound >

carbonate bound > ion exchangeable > water soluble. Reducible (Fe–Mn oxide) bound seemed to be
the most dominant fraction after the oxidizable and residual fractions for As; this is in agreement with
other studies, as the reductive dissolution or desorption of iron oxide is the main mechanism for the
leaching of As in nonmarine/terrestrial environments [51–53].
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Potential mobile fractions were up to 5% at a depth of 11 m; in contrast, they were less than 1 to 3%
of the total content in other parts. Fe–Mn oxide bound was the main dominating speciation between
the potential mobile fractions in peat, alluvial clay, and tuffaceous clay. These were less than 2% of
the total concentration. The potential mobile fractions in the fluvial environment showed maxima
of 375.6 µg/L at a depth of 11.2–11.4 m, 297. 49 µg/L in tuffaceous clay at 7.8–8 m, and 34.42 µg/L in
peat, which was relatively far lower than elsewhere. The highest concentration was 427.52 µg/L in the
transitional environment at 17.2–17.4 m, and 234.7 µg/L in the marine environment at 21.2–21.4 m.

The potential mobile fraction of Pb was mainly Fe–Mn oxide bound in the fluvial and transitional
sediment. The percentage was less than 1% of the total concentration. This indicates a lower possibility
of Pb leaching from sediment, as 99% of the total content comprised residual and oxidizable fractions.
On the other hand, the potential mobile fractions of Pb in marine sediment were negligible, i.e., less than
0.1%. So, the leaching possibilities of Pb from marine sediment are negligible under natural conditions.
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The trend of the potential mobile fractions of Ni was different to those of As and Pb, i.e., carbonate
bound ≥ Fe–Mn oxide bound > water soluble > ion exchangeable bound in the marine, transitional,
and lower part of the fluvial sediment. The potential mobile fractions were less than 1% in all of the
vertical profile. The percentage of the potential mobile fractions was relatively higher (0.5%) at a depth
of 22 m in the marine sediment and 14 m in the fluvial sediment compared to other parts of the vertical
profile. Residual and organic matter bound fractions comprised more than 99% of the total content,
which indicates a low probability of leaching from sediment.

For Fe, the fractions in the core sediment followed the trend Fe–Mn oxide bound > carbonate
bound, whereas water soluble and ion exchangeable fractions were unavailable from the potential
mobile fractions. Residual and organic matter bound were the main parts, i.e., more than 99% of the
total concentration. The higher amount of Fe in the residual and organic matter bound reflects its strong
immobile bonds in crystalline structures (e.g., magnetite, goethite, and hematite) [54]. Moreover, the
speciation trend implies very poor leaching behavior of both marine and nonmarine sediment under
various environments (neutral, oxidizable or reducible, etc.). The Fe–Mn oxide bound percentage was
relatively high (up to 1%) in the upper part of the core, where alluvial, tuffaceous clay and peat were
distributed up to 8 m from the top (Figure 5).

The speciation trend of Mn was different from that of Fe in the peat; the carbonate bound was
the dominating fraction after the residual fractions. The trend was Fe–Mn oxide bound ≥ carbonate
bound in the marine sediment; in contrast, water solubility and ion exchanges are negligible among the
potential mobile fractions. In the fluvial sediment for Mn, ion exchange was the dominant speciation;
this indicates easy leaching of Mn into the environment; this trend reflects the possible mobility and
leaching behavior in soil or groundwater under acidic or reducible environments. The potential mobile
fractions were lower in percentage (~1%) for the fluvial sediment compared to the marine, upper
alluvial, peat, and tuffaceous clay (1–2%). The presence of carbonate bound percentage in the alluvial,
peat, lower fluvial, marine, and transitional sediment implies the possibility of some Mn leaching
under low pH values.
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3.5. Risk Assessment Code (RAC)

Bioavailable fractions are a combination of very weakly-bonded chemical fractions, so it is easy,
compared to other chemical speciation fractions, to leach them into the environment. According to the
RAC percentage, the possible risk of leaching of bioavailable fractions to the subsurface environment
is presented in Figure 6. When the RAC category results in a value between 0 to 1%, it is considered as
being of no risk or safe. On the contrary, 1% to 10% is considered as showing a low risk of leaching.
Figure 6 shows that all five metals fall under 2%. Most of the samples showed no risk of leaching as
their bioavailable percentages were below 1%. However, the low risk of leaching of Mn was at the
depth of 4.2–4.4 m from the peat and 10.2–10.4 m in the fluvial sediment under natural subsurface
environmental conditions. The risk of Fe and Pb leaching was negligible, as the RAC percentage is
almost 0 for all sediments. As, Ni, and Mn showed relatively similar risk levels of leaching behavior
for both marine and nonmarine sediment.
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3.6. Chemical Properties of Pore Water

The pore water concentrations of As and other elements are plotted in Figure 7. The concentration
of As exceeded the permissible limit of 10 µg/L [55,56] for leachate and drinking water in some samples.
A concentration was 29.79 µg/L was observed in the nonmarine tuffaceous clay at a depth of 7.8–8 m,
which was about 3 times the permissible limit. In fluvial sediment, which was just below the tuffaceous
clay, the concentrations were 23.99 µg/L and 15.95 µg/L at a depth of 8.2 and 9.2 m, respectively.
The concentration exceeded the permissible limit.

Sediments at this depth might be influenced by leaching from tuffaceous clay. The sediment
pore water concentration above the tuffaceous clay also exceeded the permissible limit. This might
have influenced the elevated value at a depth of 11.2 m. The pore water concentrations of all other
nonmarine sediment were below the permissible limits. However, the As concentration of the pore
water was 39.44 µg/L at a depth of 17.2 m in the transitional sediment, i.e., about 4 times higher than
the permissible limit. At this depth, the Fe concentration was also relatively higher than in other parts.
Therefore, it is possible that Fe acts as scavenger for As leaching in transitional sediment, although this
must be cross checked.

The concentrations of As in the pore water of the marine sediment were 53.62, 25.59, 54.5, and
41.85 µg/L at depths of 21, 24, 25, and 26 m, respectively. These concentrations were several times
higher than the permissible limit. However, there was no clear relationship between the Fe and Mn
concentrations for the elevated concentration of As. In this case, sulfate concentrations or other factors,
such as pH or EC might play an important role in As leaching from marine sediment [48]. The Pb
concentrations in the pore water for all sediments were much lower than the permissible limit (10 µg/L).
Therefore, the leaching behavior of Pb and As was different, according to their chemical characteristics.
The Ni, Fe, and Mn concentrations in pore water were not so high, and no fixed permissible limits have
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been set for Fe and Mn in primary drinking water. However, in the tuffaceous clay and transitional
sediment at depths of 6.2–6.4 m and 17.2–19.4 m showed higher concentrations than the permissible
limit for Fe (300 µg/L) for secondary drinking water. The Mn concentration in the pore water showed
several times higher values in fluvial, transitional, upper 2 m of marine, and tuffaceous clay than the
permissible limits for secondary drinking water (50 µg/L) [56].Geosciences 2019, 9, x FOR PEER REVIEW 11 of 18 
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3.7. Correlation

A Pearson correlation was observed among As and other metals in pore water in terms of the total
content. Other physicochemical parameters were measured in the sediment of the fluvial, transitional,
and marine depositional environments (Tables 2–4). The number of observation points for peat,
tuffaceous clay, and alluvial sediment in the nonmarine depositional environment were very few; as a
result, they were not considered for Pearson correlation. Another set of correlations was measured
between the pore water of As and other metals with potential mobile fractions of different depositional
environments (Tables 5–7).
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Table 2. Correlation of As and other metals in pore water and sediment with physical parameters of (a) fluvial environment.

Variables As Pb Ni Fe Mn S pH EC ORP OM% As Pb Ni Fe Mn

Total Leachate P.W = Pore water

(a) Fluvial

As total 1
Pb total −0.4 1
Ni total −0.4 1 ** 1
Fe total 0.7 * −0.61 −0.61 1
Mn total 0.66 * −0.6 −0.6 0.91 * 1

S total −0.06 0.39 0.39 −0.12 −0.28 1
pH 0.49 −0.36 −0.36 0.61 0.7 * −0.5 1
EC 0.36 0.37 0.37 0.19 −0.06 0.63 −0.34 1

ORP −0.51 −0.17 −0.17 −0.15 0.03 −0.47 0.2 −0.71 1
OM % 0.73 * 0.07 0.07 0.59 0.59 −0.06 0.71 * 0.33 −0.43 1
As P.W 0.9 ** − 0.3 − 0.3 0.71 * 0.76 * −0.26 0.76 * 0.14 −0.28 0.9 ** 1
Pb P.W −0.1 0.04 0.04 0.23 0.42 0.03 0 0.11 0.21 0.07 0.01 1
Ni P.W −0.13 −0.02 −0.02 −0.46 −0.3 0.07 −0.14 −0.49 0.21 −0.37 −0.5 −0.5 1
Fe P.W −0.18 0.59 0.59 −0.17 −0.36 0.68* −0.41 0.67 * −0.08 −0.06 −0.3 0.06 −0.15 1
Mn P.W 0.11 0.17 0.17 0.12 0.41 −0.32 0.73 −0.39 0.34 0.56 0.48 0.31 0.05 −0.2 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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Table 3. Correlation of As and other metals in pore water and sediment with physical parameters of (b) transitional environment.

Variables As Pb Ni Fe Mn S pH EC ORP OM% As Pb Ni Fe Mn

Total Leachate P.W = Pore water

(b) Transitional

As total 1
Pb total −0.54 1
Ni total 0.06 0.8 1
Fe total −0.93 0.2 −0.42 1
Mn total −0.52 −0 −0.89 0.79 1

S total 0.92 −0 0.44 −1 ** −0.8 1
pH 0.64 −1 −0.73 −0.3 0.33 0.29 1
EC −0.95 0.3 −0.38 1 * 0.76 −1 * −0.4 1

ORP 0.92 −0 0.46 −1 * −0.81 1 * 0.28 −1 * 1
OM % −0.54 1 ** 0.8 0.2 −0.44 −0.18 −1 0.25 −0.2 1
As P.W 1 * −0 0.13 −1 −0.57 0.95 0.59 −1 0.94 −0.5 1
Pb P.W −1 * 0.5 −0.11 0.95 0.56 −0.94 −0.6 0.96 −0.9 0.5 −1 1
Ni P.W −0.13 0.9 0.98 −0.2 −0.78 0.26 −0.9 −0.2 0.28 0.9 −0.1 0.08 1
Fe P.W 0.72 0.2 0.74 −0.9 −0.97 0.93 −0.1 −0.9 0.94 0.19 0.76 −0.8 0.6 1
Mn P.W 0.99 −0 0.17 −1 −0.6 0.96 0.55 −1 0.95 −0.5 1 * −1 * −0 0.79 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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Table 4. Correlation of As and other metals in pore water and sediment with physical parameters of (c) the marine environment.

Variables As Pb Ni Fe Mn S pH EC ORP OM% As Pb Ni Fe Mn

Total Leachate P.W = Pore water

(c) Marine

As total 1
Pb total 0.79 * 1
Ni total 0.73 0.98 ** 1
Fe total 0.75 * 0.98 ** 0.97 ** 1
Mn total 0.73 0.97 ** 0.92 ** 0.98 ** 1

S total −0.69 −0.28 −0.22 −0.3 −0.3 1
pH 0.65 0.36 0.31 0.37 0.37 −0.9 1
EC 0.77 ** 0.4 0.33 0.45 0.43 −0.9 0.82 ** 1

ORP −0.06 0.38 0.4 0.46 0.47 0.52 −0.39 −0.3 1
OM % 0.51 0.44 0.34 0.46 0.56 −0.7 0.82 * 0.64 −0.18 1
As P.W 0.21 0.38 0.45 0.43 0.39 −0.4 0.63 0.22 0 0.59 1
Pb P.W 0.3 0.29 0.19 0.26 0.37 −0.6 0.58 0.41 −0.42 0.87 ** 0.42 1
Ni P.W 0.37 0.34 0.27 0.36 0.44 −0.7 0.83 * 0.52 −0.22 0.96 ** 0.75 * 0.82 * 1
Fe P.W −0.08 0.23 0.16 0.2 0.31 0.66 −0.62 −0.4 0.69 −0.25 −0.5 −0.2 −0.37 1
Mn P.W −0.29 0.18 0.19 0.19 0.25 0.82 * −0.7 −0.6 0.87 ** −0.39 −0.3 −0.4 −0.42 0.89 ** 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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Table 5. Correlation of potential mobile fractions, pore water concentration, and some parameters of As and other metals in (a) the fluvial environment.

Variables As Pb Ni Fe Mn S Fe Mn OM% As Pb Ni Fe Mn

P.M = Potential mobile Total P.W = Pore water

(a) Fluvial

As P.M 1
Pb P.M 0.22 1
Ni P.M −0.41 0.31 1
Fe P.M −0.35 0.63 0.43 1
Mn P.M 0.53 −0.27 −0.33 −0.52 1
S total −0.4 −0.02 0.27 0.42 0.04 1

Fe total 0.42 −0.36 −0.53 −0.26 0.74 * −0.12 1
Mn total 0.48 −0.48 −0.7 −0.56 0.72 * −0.28 0.91 ** 1
OM % 0.43 −0.15 −0.39 −0.48 0.9 ** −0.06 0.59 0.59 1
As P.W 0.74 * −0.24 −0.53 −0.63 0.9 ** −0.26 0.71 * 0.76 * 0.88 ** 1
Pb P.W −0.06 0.03 −0.28 −0.1 0.14 0.03 0.23 0.42 0.07 −0.01 1
Ni P.W 0.02 −0.34 −0.09 −0.28 −0.35 0.07 −0.46 −0.3 −0.37 −0.15 −0.49 1
Fe P.W −0.13 0.57 0.05 0.74 −0.16 0.68 * −0.17 −0.36 −0.06 −0.26 0.06 −0.15 1
Mn P.W 0.14 −0.3 −0.56 −0.66 0.31 −0.32 0.12 0.41 0.56 0.48 0.31 0.05 −0.24 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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Table 6. Correlation of potential mobile fractions, pore water concentration, and some parameters of As and other metals in (b) the transitional environment.

Variables As Pb Ni Fe Mn S Fe Mn OM% As Pb Ni Fe Mn

P.M = Potential mobile Total P.W = Pore water

(b) Transitional

As P.M 1
Pb P.M −0.99 1
Ni P.M 0.42 −0.54 1
Fe P.M −0.71 0.8 −0.94 1
Mn P.M −0.51 0.62 −1 0.97 1
S total 0.97 −0.99 0.63 −0.86 −0.7 1

Fe total −0.98 1 −0.61 0.85 0.69 −1 1
Mn total −0.64 0.74 −0.97 1 0.99 −0.8 0.79 1
OM % −0.41 0.28 0.65 −0.35 −0.58 −0.18 0.2 −0.44 1
As P.W 1 −0.97 0.34 −0.65 −0.43 0.95 −0.95 −0.57 −0.49 1
Pb P.W −1 0.97 −0.33 0.64 0.42 −0.94 0.95 0.56 0.5 −1** 1
Ni P.W 0.02 −0.16 0.92 −0.72 −0.87 0.26 −0.24 −0.78 0.9 −0.06 0.08 1
Fe P.W 0.81 −0.89 0.87 −0.99 −0.91 0.93 −0.92 −0.97 0.19 0.76 −0.75 0.6 1
Mn P.W 1* −0.98 0.38 −0.68 −0.47 0.96 −0.96 −0.6 −0.45 1* −1* −0.02 0.79 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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Table 7. Correlation of potential mobile fractions, pore water concentration, and some parameters of As and other metals in (c) the marine environment.

Variables As Pb Ni Fe Mn S Fe Mn OM% As Pb Ni Fe Mn

P.M = Potential mobile Total P.W = Pore water

(c) Marine

As P.M 1
Pb P.M 0.89 ** 1
Ni P.M 0.67 0.68 1
Fe P.M 0.23 0.15 0.79 * 1
Mn P.M −0.03 −0.11 −0.37 −0.42 1
S total 0.49 0.62 0.75 * 0.53 −0.67 1

Fe total 0.4 0.4 −0.28 −0.61 0.72 −0.3 1
Mn total 0.32 0.35 −0.29 −0.65 0.77 * −0.28 0.98 ** 1
OM % −0.32 −0.25 −0.45 −0.55 0.84 * −0.72 0.46 0.56 1
As P.W 0.35 0.36 0.15 −0.16 0.51 −0.4 0.43 0.39 0.59 1
Pb P.W −0.52 −0.26 −0.5 −0.61 0.52 −0.56 0.26 0.37 0.87 ** 0.42 1
Ni P.W −0.2 −0.16 −0.27 −0.41 0.76 * −0.67 0.36 0.44 0.96 ** 0.75 * 0.82 * 1
Fe P.W 0.29 0.38 0.23 −0.01 −0.08 0.66 0.2 0.31 −0.25 −0.51 −0.23 −0.37 1
Mn P.W 0.64 0.7 0.61 0.28 −0.16 0.82 * 0.19 0.25 −0.39 −0.26 −0.43 −0.42 0.89 ** 1

* Correlation is significant at the p < 0.05 level (2-tailed); ** Correlation is significant at the p < 0.01 level (2-tailed).
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As content in the pore water showed a significant positive correlation with total As content in the
fluvial and transitional sediment. However, these didn’t exhibit any correlation in the marine sediment
(Tables 2–4). Moreover, a significant (p < 0.05) positive correlation was observed with the total Fe, Mn,
and pH of the leachate (R2 = 0.71, R2 = 0.76 and R2 = 0.76) and the OM % in the fluvial environment
(p < 0.01). This result indicates that the leaching of As in the terrestrial fluvial environment depends
on Fe, Mn, and organic matter content. The main binding of potential mobile fractions (Figure 3) in
the fluvial sediments was also Fe–Mn oxide bound; this suggests that the leaching of As occurred
in the fluvial sediment due to the change of the oxidation-reduction environment of amorphous
binding with Fe and Mn oxide. The organic matter content influenced the environmental conditions.
This result shows good agreement with other research, especially concerning fluvial environments
such as the Bengal delta [57–60]. In the transitional and marine environment, the As in the pore
water did not exhibit any correlation with Fe and Mn. However, the As in the pore water showed a
positive correlation with total S content (R2 = 0.95) and ORP of leachate (R2 = 0.94) in the transitional
environment. In contrast, it showed a positive correlation with pH (R2 = 0.63) and significant positive
(p < 0.05) correlation with the Ni concentration in the pore water (R2 = 0.75) in the marine environment.
Moreover, the total As content showed significant (p < 0.01) positive correlation with the EC of leachate
in the marine environment (Table 4).

The As content in the pore water exhibited a significant (p < 0.05) positive correlation with
potential mobile fractions in the fluvial and transitional environment. The As in the pore water also
showed a significant (p < 0.01) positive correlation with the potential mobile fractions of Mn (R2 = 0.9)
in the fluvial environment. However, there was no significant correlation between the pore water
and the potential mobile fractions of As in the marine environment. The potential mobile fractions of
As showed a significant (p < 0.05) positive correlation with the Mn content in the pore water and a
positive correlation with the total S and pore water Fe concentration in the transitional environment.

In the transitional sediment, it seems that the leaching of As was controlled by S content and ORP.
S reduction, along with As enrichment, may play important roles in leaching from the transitional
sediment to environments such as pore water. In contrast, Mn plays the role of the scavenger in the
fluvial and transitional environment for As. It is difficult to understand the leaching behavior of
As in the marine environment, as it is different from that in the nonmarine fluvial and transitional
environment. The potential mobile fractions of As had a significant (p < 0.01) positive correlation
with the fraction of Pb in the marine environment. However, this research showed that pH and EC
had important effects on the leaching of As from the marine sediment (Tables 6 and 7). There was a
significant (p < 0.01) positive correlation between the total Pb, Ni, Fe, and Mn in the marine sediment,
as most of the parts were strongly bound with residual and organic matter (Figures 3 and 4).

Pb had a significant positive correlation with Ni in the fluvial and transitional sediment and
did not show a good relationship with total Fe and Mn content. The potential mobile fractions of
Pb and Ni showed a positive correlation with the pore water concentration (R2 = 0.97 and R2 = 0.92,
respectively) in the transitional sediment. Pb also had a positive correlation with the total content in
the marine environment.

Pb in the pore water showed a significant (p < 0.05) positive correlation (R2 = 0.87) with the OM
content (%) in marine environment. There were only a few data in the transitional sediment which
affected the significance level of the correlation. Therefore, it seems that the reductive dissolution of
Fe–Mn oxide bound of Pb is the main process associated with its leaching in the fluvial and transitional
environments. However, a significant positive correlation with OM content (%) and total content of Pb
in the marine environment implies a tendency for a low level of leaching in the pore water.

Ni in the pore water had a positive correlation without any significance with total Pb, Ni, OM
content (%), and the potential mobile fractions of Ni in the transitional sediment. Ni showed a
significant (p < 0.05) positive correlation with the potential mobile fractions of Mn, pH of the leachate,
pore water As, and Pb; it exhibited a significant (p < 0.01) correlation (R2 = 0.96) with pore water OM
content (%) in the marine environment (Tables 6 and 7).
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This implies that the leaching of As, Ni, and Pb in the marine environment is controlled by pH and
OM content (%), where organic matter plays an important role in lowering pH or reducing conditions.
It is also evident that a medium degree of mobility of Ni, Mn, and As occurs under acidic or reducing
environments with variable potentials [45].

4. Conclusions

The leaching behavior of As, Pb, and Ni from soil/sediment is different, due to their individual
chemical characteristics in response to various potentials in different depositional environments.
Though the total contents of As and other metals were within the ranges of soil standards, the pore
water concentration of As exceeded the permissible limit in some layers of the fluvial (aquifer),
transitional, and marine environment. The chemical characteristics of the upper part of the fluvial
sediment were influenced by the overlaying tuffaceous clay, and by oxidation. The leaching of As,
Pb, and Fe in the fluvial environment was mainly controlled by the oxidation-reduction process of
the Fe–Mn oxide bound percentage, which was influenced by the organic matter content. However,
the leaching of As was relatively high in the transitional environment due to As enrichment, and was
controlled by sulfur reduction. Mn played an important role, i.e., that of the scavenger, to leach As
in the fluvial and transitional environment. On the other hand, the leaching of As, Pb, and Ni in the
marine environment was controlled by pH and organic matter content. The pore water As content in
peat indicated poor leaching due to a higher amount of organic matter content. The overall risk of
bioavailable percentage of all metals was less than 1%, except for Mn (RAC > 1%) in the peat layer;
this indicates that there is no risk of these metals leaching into the subsurface environment. In the
fluvial environment, the Mn content in the pore water was several times the secondary drinking water
permissible limit; this indicated poor water quality in terms of Mn in the shallow aquifer. There was
no/low risk of pollution from these metals in the subsurface environment, as most of the metals
are bound to residual and complex binding processes with organic matter. However, a change of
oxidation/reduction or acidic conditions may leach considerable amounts of As to the environment
from the peat, transitional, and marine environments. Special measures should be taken if these
sediments are excavated for underground development.
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