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Abstract

We investigated the speciation, bioavailability, and mobility of metals in soils from selected states on
oil palm plantations in southwest Nigeria. Soils were analysed for total metal content and speciation on all
sampling locations. Metal concentrations were compared against pH, electrical conductivity (EC) and soil
organic matter (SOM), which were high at all the sampling locations. The speciation results deduced that
the concentrations of the different fractions vary widely at each sampling location. Cd is mostly abundant
in the exchangeable phase in all the samples analysed in the various locations. Ni in the Iresa-apa plantation
(29.9%) and Co in the Acharu plantation (29.9%) also showed appreciable concentrations in the Fe/Mn
oxide fractions. The concentrations of Pb and Cu were highest in the organic fraction. Metals in the organic
phase are more released into soil solution when compared to the residual phase fractions. Chromium and
Zinc were mostly associated with the residual phase when the values of the residual phase were compared
with other geochemical fractions. The plantations under study, which recorded the highest concentrations of
Crand Zn in the residual fractions, were 87.9% (Okitipupa), 86.3% (Ikire), 82.7% (Apoje), 90.3% (Onishere),
89.7% (Benin City), and 85.6% (Nsukka).The results of the sequential extraction show that mostly Cr and
Zn were strongly bound to the residual/inert phase in all the soils under investigation. The potential mobility
of the metals with high fractions in the residual phase is as follows: Cr (74.8%), Zn (74.0%), Pb (73%),
Fe (69.5%), Ni (67.0%), Cu (63.8%), Mn (30.5%), Co (30.7%), and Cd (25.9%). These values were high
when compared to the values of other metals in the other mobile and potentially mobile fractions.

Keywords: oil palm plantation, bioavaliability and bioaccessibility, heavy and trace metals, sequential
extraction
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Introduction

Palm oil (Elaeisguineensis) is edible oil that requires
freshness prior to storage. It must be free from contaminants
— especially metals. Metals have been investigated for ac-
celerating the deterioration of fresh oils, causing rancidity.
The oil palm tree is a tropical tree grown mainly for the
industrial production of vegetable oil. For optimal growth
and production, the crop requires high and year-round
rainfall with minimal dry season and high temperatures.
The soils in which the palm oil trees thrive are deep and
well drained clay and humus of small particle size.

The socio-economic impacts of oil palm plantations
are numerous in a good number of countries. Nigeria
is known for the production of red palm oil, and is one
of the largest exporters, with a yearly average export of
more than 10,000 tons [1]. The oil palm is cultivated on
large hectares of land, which are usually collected from
small-scale farmers and controlled by state or local
government areas. Problems that often arise include
conflict of land ownership, and ecology and forest and
wildlife conservation. There is also a controversy of food
versus wildlife as loss of wildlife and plant species — as for
example the orangutan in the case of Asian plantations — is
lost when large forrests are cut down for propagation of oil
palm plantations [2].

Oil from the palm fruit has considerable concentrations
of vitamins A, C, and E. Palm oil has been shown by
researchers to have the potential to cure some forms of
cancer and heart disease [3]. The palm is an economic
tree in Nigeria and no part of the tree is wasted. The
oils extracted from the fresh fruit bunch and the kernel
are used for culinary purposes. The oils are also useful
as feedstock in agro allied and chemical industry. The
leaves of the tree are used for the production of brooms,
thatching for roofs, and the making of baskets in some
parts of Africa. The palm kernel shells are converted into
fuel, compost manure, and fertilizers, and can be used for
mulching and in some pre-planting operations and for
industrial purposes. The trunk of the oil palm contains sap,
which is used for wine and the production of yeast in some
parts of the world. Being an economic crop, less energy
is expended in its cultivation and processing compared
to yield. Palm oil plantations provide benefits for farmers
and their families and employment for the rural populace
[4].

The ostensible environmental effects of the cultivation
and management of palm oil trees cuts across land and
water contamination. Many physical, biological, industri-
al, and agricultural processes bring about the pollution of
soils, since soils represent a vibrant and vigorous structure.
The contamination of soils may arise from the buildup of
metals, since metals have the ability to accumulate and
bioaccumulate in soils. According to Orisakwe et al.,
the accumulation of metals in soils is an ecotoxicology
issue that adversely affects the environment. Metal
contamination in the environment is irreversible; it persists
and is usually non-biodegradable. Metal contamination
leads to long residence time in the environment, which

ends up in the food chain. Natural factors such as geology
of metal contamination of the environment is minimal.
Mostly, contamination arises from anthropogenic sources
such as unwholesome farming practices, which include
bush burning and the use of fertilizers and pesticides
containing metals. Mining, smelting of metals and ferrous
ions, galvanizing, electroplating, automobile and energy
emissions, fuel production, pesticide use, and the use
of slush and fertilizers on farmlands have polluted soils
extensively [5].

The study area comprises several oil palm plantations
situated close to petroleum- and non-petroleum-based
industries, plus mining and agricultural industries. These
pollutants alongside domestic effluents are deposited into
the plantations from runoff. The indiscriminate discharge
of petroleum- and non-petroleum-based products into
water and apparently the percolating of metals into soil
have polluted such soils. Metals such as Cd, Pb, Hg, and
As are considered environmental pollutants because they
have no known benefits to life [6]. Others, such as Cu, Cr,
Ni, and Zn — although toxic at elevated concentrations —
are essential to plants and animals.

The pH of Nigerian soil, which is acidic, is a major
contribution to the toxicity of metals in soils. Plants like the
oil palm tree are important components of the ecosystem
as they aid in the transportation of metals from abiotic into
biotic environments [7]. The bioavailability of metals to
plants is controlled by factors such as climate, sorption,
and desorption processes, speciation, redox reactions,
soil type, and the response of plants to nutrients. Only
metals in aqueous soil solutions are available to plants.
Whether soil metals will form complexes with organic or
inorganic matter, mineral colloids, or exist as free ions in
soil solution depend on factors such as pH, root respiration
organic matter, and redox reactions. Soil acidity is a useful
indicator of the availability of metals to plants. This
property is described as the soil pH, but actually it is the
pH of the solution of the soil [8]. When measured, this
describes a useful property and gives information about
the soil. At low pH metals such As, Zn, and Mn compete
with H" and AI** in the cation exchange complex, and Fe**
and AI** are released into the soil solution. These ions are
toxic to plants and animals but at higher pH these metals
are readily soluble and freely available in the soil solution
[9]. A high organic matter and clay content suggest that
metals can be retained in these soils as these properties
increase the adsorption capacities of these metals in soil.
For metals to be translocated by water through the soil
profile, they have either to be in the soluble phase or bound
to mobile particles. Metals can also form complexes with
particles of organic matter in topsoil and profile depth [10].

Speciation has been defined by a few researchers as
the identification and the speciation of different species,
forms, or phases in which an element occurs. Metals
are bound in soils in various oxidation states [11-16].
The toxicity of such metals differs with oxidation states.
A major concern of regulatory agencies worldwide is the
susceptibility of metals in the environment. Biological, geo-
logical, and anthropogenic factors affect the bio-availability
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and bio-accessibility of the concentrations of metals
in soils [12]. Bio-availability of metals in soils differs
extensively from bioaccessibility. The speciation of the
metals, its biotransformation, the weathering of the parent
material and its adsorption, electrical conductivity, cation
exchange capacity (CEC), and pH are factors responsible
for its bioaccessibility and bioavailability. Total metal
concentration is not sufficient to qualify and quantify metal
speciation or the behavior of metals in soils because such
metals are present in soils in various oxidation states that
influence their availability and uptake by plants. Total metal
concentration is of interest for geochemical implication,
but speciation is more important for agriculture. This
is described in terms of what is available for plant
uptake from soil solution [13-15]. If bioavailability is
proportional to mobility, then mobile toxic metals will be
readily available for plant uptake of soil solution through
the root hairs. Metals are usually present in different forms
or fractions, such as exchangeable fractions, carbon-
ate-bound fractions, iron- and manganese oxide-bound
fractions, organic bound fractions, and residual fractions.
Metals can form complexes with particles of organic
matter in topsoil, and as such can be located vertically
along the profile depth. Water-soluble and exchangeable
fractions and sometimes organic fractions and iron- and
manganese-bound fractions are the bioavailable forms. A
consequence of organic matter concentration is the metal
binding to dissolved organic carbon (DOC). An increase
of DOC concentration increases the metal complexation
with organic matter. Consequently, the proportion of the
concentrations of metals in the liquid phase increases the
mobility of the metals [16].

Therefore, knowledge of the total concentrations of
metals alone is not adequate to evaluate the environmental
effect of these metals in soils. In order to qualify and
quantify the fractions or forms in which a metal exists
in soils, it is crucial to obtain detailed knowledge and
perception of the probable and genuine effects of the
concentrations of these metals in the soils. Other factors
to consider include high concentrations of the metals
under study, translocation and transportation, and altering
climatic situations. The extraction scheme developed
by Tessier et al. 1979, established an extraction
procedure that permits the classification of the total metal
concentration into five segments: exchangeable fractions,
carbonate-bound fractions, iron/manganese oxide-bound
fractions, organic bound fractions, and residual fractions.
Initially this scheme was applied for sediments, but
it has now been used extensively in soil speciation [11-
13].

Much research has been conducted on the speciation
of metals in soils in some parts of the world [10-23].
Heavy metal speciation and its bioavailability and
bioaccessibility in Nigerian soils have been studied [15,
24-26]. A biomonitoring update on a review written by
Orisakwe et al. (2014) reveals that Nigerian soils are
polluted. He performed a comprenhensive review of
Nigerian soils revealing that a million people die each year
across Africa due to environmental risk factors, of which

metal pollution is the highest [27]. Due to this reason, a
study on the total content of metals, speciation of met-
als, and the bioavailability and mobility of these metals
in soils from selected states on oil palm plantations in
southwestern Nigeria was investigated.

Experimental Procedure
Sampling

Soil sampling was accomplished on 15 main sites in
land areas in the southern states in Nigeria. These sites
are the nine sub-stations of the Nigerian Institute for Oil
Palm Research (NIFOR) in Abak, Akwa Ibom State,
Acharu, Kogi State, Agbarho, Delta State, Onishere, Ondo
State, Ubiaja, Edo State, Umuabi, Enugu State, Nsukka,
Enugu State, Ago-Emokpae, and Edo State, and from their
headquarters at Benin. Five samples were also collected
from other locations in Nigeria’s southern States from
oil palm plantations suffering from substantial pollution
from metals. These locations were Ogbomoso, Oyo State,
Igede-Ekiti, Ekiti State, Ikire, Osun State, Okitipupa oil
palm plantation in Ondo State, and Apoje oil palm farm
settlement in Ogun State. A composite sample was used
for analysis, which was achieved by partitioning the
sampling locations into four parts in each state, and soil
samples were collected from each part in each state. The
sampling locations were centered on reasons such as
population density, farming communities, and regions
receiving major contamination. An auger was used for
soil sample collection and the samples were stored in
sterilized tight plastic bags. This was preserved instantly
in an ice chest at 4°C. Soils were air-dried, sieved using a
2 mm aperture sieve, preserved in plastic bags, and further
dried at 105+£5°C for three hours. The apparatus used
were properly washed in nitric acid and rinsed in distilled
water [28]. Generally, soils are made of a lot of materials
that comprise mostly of silt, with a high degree of clay.
Tropical soils — especially on oil palm plantations — are
deep and well drained. Soils also contain some degree of
organic matter arising from the decomposition of dead
plant and animal matter.

Reagents and Standards

The solutions used for analysis were prepared from an-
alytical-grade reagents using high purity deionized water
(Milli-Q water purification system, Millipore, Belford,
MA, USA). Analytical grade chemicals from Merck,
Darmstadt, Germany and Sigma-Aldrich were used for
all analyses. Reference materials for standard calibration
curves were prepared from single element standards
(1000 mg/L). The starting materials for the standards
were measured against a certified reference material
and are traceable to NIST. Lower concentrations were
prepared in the same matrix using the non-serial dilution
method [28].
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Electrical Conductivity and pH Determination

Aqueous extracts of samples were obtained by
dissolving 20 g of soil sample with 100cm? of ultra-pure
water (Millipore distilled water 18.2 um) in a beaker
for the determination of electrical conductivity and pH.
A digital pH meter was used for this purpose. The soil
mixture was stirred for 30 minutes at 40°C and allowed
to cool for about an hour. The suspended soil mixture was
used to determine pH and conductivity [29-30].

Organic Matter Determination:
Loss on Ignition Method

The routine estimation of soil organic matter by the
loss of weight was achieved using the loss on ignition
(LOI) method. This involves heating the sample to as high
as 600°C to decompose most or all organic matter and
carbonates. The previously dried and sieved samples were
oven-dried at 105°C, cooled in a desiccator, and weighed.
The weighed samples were further combusted in a muffle
furnace (Memmert oven, Model 380) at 600°C for 4 hours,
cooled in a desiccator, and reweighed [29-30].

Total Metal Extraction Using
Microwave-Assisted Digestion Method

Digestion was performed using the Milestone Ethos
Microwave Lab Station. Total metal extraction using
microwave assisted digestion was performed as follows:
1 g of finely ground and homogenized soil was digested
using the aqua regia digestion method (HNO,/HCl in 1:3
ratios). Millipore distilled water (18.2 um) was added
to the digested soil volume and the volume increased to
100 mL. The contents in the Teflon tubes after microwave-
assisted digestion were transferred to centrifuge tubes
(50 mL). These were centrifuged at 3,000 rpm for 30 mins
and filtered through a filter paper (0.45 um). The extract
volume (10 mL) was put in polypropylene tubes (15 mL)
and stored at 4°C for ICP-OES instrumental analysis.

Sequential Extraction Procedure

The sequential extraction procedure consists of the
following fractions [15, 24-27]:
— Exchangeable;
— Bound to carbonates and sulphides;
— Bound to manganese and iron oxides;
— Bound to organic matter;
— Residual/Inert fraction.

Exchangeable Fraction

The samples (1 g) of soil were weighed and extracted
with 16 mL magnesium chloride at pH 7 under room
temperature. The soils were shaken and centrifuged at
3,000 rpm for 30 minutes. The top liquid layer was poured
into a 15 mL polypropylene tube and stored at 4°C prior
to elemental analysis in the fraction. The residue from the

first step was washed with 10 mL ultra-pure distilled water
(Millipore water 18.2 um). The residual soil was used for
the subsequent extraction. This process involves an ad-
sorption-desorption process where weak adsorbed metals
in soils are released through ion exchange processes.

Fraction Bound to Carbonates
and Sulphides

The second step of the analysis consists of the acid-
soluble fraction, which is bound to carbonates and
sulphides. Metals extracted in this fraction are affected by
ion exchange and pH since carbonates can be precipitated
with metals at appropriate pH. To the residue of the
first step, 0.11 mol/L of acetic acid (20 mL) was added
to the polypropylene tubes. The polypropylene tubes
were shaken for 16 hours at room temperature prior to
centrifuging. Centrifugation was performed at 3,000 rpm
for 30 minutes. The top liquid layer was poured into a
15 mL polypropylene tube and stored at 4°C prior to
elemental analysis in the fraction. The residue was
washed with 10 mL ultra-pure distilled water (Millipore
water 18.2 um). The residue was shaken for 10 minutes
and centrifuged at 3,000 rpm. This was done to remove all
traces of the acetic acid.

Bound to Manganese and Iron Oxides

Magnesium and iron oxides have large surface areas
for absorbing metals. Under the reducing conditions of
the analysis, iron (III) and manganese (IV) ions could be
released and adsorbed by the metal. The third fraction
of the analysis consists of the reducible fraction, which
is bound to iron and manganese oxides. The metals
bound to iron and manganese oxides were separated
from the residue of the second step by using 0.5 mol/L
hydroxylaminehydrochloride (20 mL) and adjusted to
pH 2 with nitric acid.The contents in the polypropylene
tubes were shaken for 16 hours, and further centrifuged
for about 10 minutes. The supernatant from the third
fraction was poured into a 15 mL polypropylene tube and
stored at 4°C prior to metal analysis. The soil residue from
this step was washed with 20 mL ultra-pure distilled water
(Millipore water 18.2 pm) centrifuged, and the supernatant
discarded and the residue was used for the next analysis.

Bound to Organic Matter

The oxidizable fraction is the fraction that is bound to
organic matter in the soil samples. Metals may undergo
complexation and bioaccumulation of organic matter
from decayed and dead organisms. Degradation through
oxidation has the potential to release the bound metals,
making it bioassessible to plants. Approximately 10 mL
of 8.8 mol/L hydrogen peroxide adjusted to pH 2 with
nitric acid was added drop-wise to the residue from the
third fraction and digested in a water bath at 30°C for
one hour. The 50mL centrifuge tube was lightly capped
and digestion was continued at 85°C for 30 minutes



An Assessment of the Bioavailability...

1129

until the volume of liquid in the centrifuge was reduced
to 2 mL. The procedure was continued with 5 mL of
8.8 mol/LHydrogen peroxide until the volume was
reduced to near dryness. The contents were cooled and
25 mLof 1.0 mol/L ammonium acetate was added.This
was shaken and centrifuged at 3,000 rpm for 16 hours.
It was decanted and the extract stored at 4°C for metal
analysis.The residual soil from the extraction was washed
and used for the next extraction.

Residual/Inert Fraction

This fraction is the inert or residual fraction. In this
fraction, metals are bound to the crystalline lattice, which
consists of mineral compounds. The analysis of the
residue was done using the aqua regia method. The extract
from the fourth fraction was digested using the microwave
assisted digestion method. This was done for metals that
were not soluble in the preceding step.

The results of the sequential extraction procedure
were validated by comparing the sum of the various
geochemical fractions for each element in the various
sampling locations with the result obtained from the
microwave-assisted acid digestion. The microwave-
assisted acid digestion was used to as an extraction method
to determine the total metal contents in the samples.

Validation and Quality Assurance
of the Analytical Method

The repeatability or precision of the method was
established with an evaluation of the percentage residual
standard deviation of the sample microwave-assisted
digestion procedure. Digested samples were analyzed in
triplicate. The mean standard deviation and percentage
residual standard deviation were calculated from this data.
The acceptable criterion for repeatability and percentage
residual standard deviation results should be below 10
for elements determined by ICP-OES. The accuracy of
the sequential extraction procedure was validated by
comparing the results obtained from the analysis with a
certified reference material (CRM 218-225G), Sigma
Aldrich-certified material. The results were compared and
the recovery rates were satisfactory at between 85% and
90%.

Internal recovery checks on the results of the
microwave extraction procedure on the sequential
extraction procedure were performed. This was achieved
by comparing the total of the four fractions (exchangeable
+ carbonates and sulphides + manganese and iron oxides
+ organic matter and sulphides + residual /inert fraction)
with the results of total metal extraction that was performed
on the results obtained from the microwave extraction
procedure. The formula used is:

Fraction 1+Fraction 2+Fraction 3+Fraction 4+Fraction 5 100

Total digestion

Q)

Table 1. Chemical properties of soils (mean+standard deviation)
at different sampling locations.

Code Location pH (“f/gm) (Z(lggl\'/ll)
S1 Abak 5.124+0.03 | 105+0.01 | 3.26+0.01
S2 Acharu 5.5840.02 | 134+0.01 | 7.86+0.02
S3 Agbarho 5.15+0.02 | 23+0.02 | 3.39+0.02

S4 | Ago-Emokpae | 5.414+0.01 | 190+0.01 | 9.73+0.02

S5 Apoje 5.5120.05 | 1040.03 | 3.54+0.01
S6 Badagry | 5.01+0.03 | 229+0.02 | 4.06+0.02
S7 | BeninCity |5.06+0.01 | 30£0.02 | 3.45+0.01
S8 | Igede-Ekiti | 7.01£0.01 | 137+0.01 | 3.82+0.03
S9 Tkire 5.47+0.02 | 122+0.01 | 4.08+0.01
S10 Iresa-apa | 5.37+0.01 | 225+0.01 | 5.03+0.01
S11 Nsukka 5.16+0.03 | 171£0.02 | 3.45+0.01
S12 Onishere | 5.02+0.02 | 22+0.02 | 3.79+0.03
S13 | Okitipupa | 5.1840.01 | 11120.01 | 3.24+0.02
S14 Ubiaja 4.96+0.01 | 216+0.01 | 4.47+0.01
S15 Umuabi 5.4120.03 | 19£0.01 | 2.76+0.01

n = 3; EC = Electrical Conductivity;
SOM = Soil Organic Matter.

Results

Table 1 presents the results of the chemical
characteristics of the soils. This shows the mean and
standard deviation values for pH, electrical conductivity
(EC), and soil organic matter (SOM) of soils at various
sampling points. Mean and standard deviation values
(mgkg™!) for total metal extraction using the microwave-
assisted digestion method in soils is presented in Table 2.
Table 3 shows values for the mobility of metal speciation.
Table 4 presents the mean and standard deviations (mgkg™!)
of the sequential extraction procedure on all soil samples.

Discussion of Results
Chemical Properties of the Soils

Table 1 shows the mean and standard deviation values
of the chemical characteristics of soils at the various
locations on the oil palm plantations in southwest Nigeria.
The pH values of the soils were less than 6 and were
generally acidic on all the soils of the locations sampled.
The soil organic matter values were also relatively high
at all the locations under study. The results on the soil
properies were in agreement with the results obtained by
Murungi et al. (2013) [31], who invesigated soils around
open-air automobile mechanic workshops in the Ngara
area of Nairobi, Kenya. It was also in agreement with the
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Table 2. Mean concentrations and standard deviation values (mgkg™') (n = 2) for total metal extraction using the microwave-assisted

digestion method in soils.

Code Cd Co Cr Cu Fe Mn Pb Ni Zn
S1 1.09+0.2 9.42+0.3 | 109.56+0.1 | 39.11+0.2 | 30.99+0.3 | 0.88+0.1 6.84+0.2 | 40.66+0.1 | 63.11+0.1
S2 1.16+0.1 2.17+0.1 | 45.67+0.1 | 12.92+0.1 | 40.34+0.1 | 19.22+0.1 | 7.03£0.1 | 37.24+0.2 | 89.33+0.2
S3 1.66+0.1 3.98+0.2 | 132.21£0.1 | 45.06+0.4 | 12.34+0.1 | 0.23+0.2 11.01+0.1 | 39.11+0.1 | 23.01x0.1
S4 0.64+0.2 2.07+0.1 | 25.50+0.3 | 35.08+0.1 | 9.11£0.2 9.42+0.3 10.92+0.2 | 30.27+0.1 | 92.48+0.1
S5 1.28+0.1 1.03£0.1 | 99.92+0.1 | 33.22+0.1 6.6+0.1 0.45+0.1 12.32+0.1 | 35.67+0.1 | 96.67+0.1
S6 4.26+0.2 2.61+0.1 | 108.67+0.1 | 69.11+0.1 1.81+0.2 1.33£0.2 | 12.43+0.2 | 49.08+0.1 | 53.82+0.2
S7 1.33+0.1 1.3240.2 | 78.11+0.1 | 23.02+0.2 | 2.02+0.1 | 29.38+0.1 | 12.53+0.3 | 32.35+0.3 | 107.33+0.2
S8 0.39+0.2 1.4540.1 | 56.45+0.1 | 33.41+0.1 | 0.05+0.1 0.76+0.1 11.51+0.1 | 39.46+0.2 | 78.62+0.2
S9 0.27+0.1 1.05£0.2 | 34.99+0.2 | 22.63+0.1 1.10£0.1 1.49+£0.2 | 10.35+0.1 | 44.76+0.2 | 94.42+0.1
S10 1.32+0.1 2.55+0.1 | 111.08+0.1 | 30.82+0.2 | 1.03+0.1 0.75+0.1 13.61+0.1 | 45.34+0.1 | 12.36+0.1
S11 1.12+0.1 2.23+0.1 | 124.42+0.3 | 28.56+0.1 1.01+0.2 0.12+01 10.46+0.1 | 49.22+0.1 | 37.43£0.1
S12 0.12+0.1 2.61£0.2 | 66.89+0.1 | 33.78+0.2 | 1.01+0.1 0.99+0.2 | 12.32+0.1 | 34.04=0.1 | 60.28+0.1
S13 0.37+0.1 0.80+0.1 | 111.11+0.3 | 37.99+0.1 | 2.02+0.1 0.62+0.1 11.69+0.2 | 50.62+0.2 | 75.07+0.1
S14 0.32+0.1 2.45+0.1 | 42.90+0.2 | 30.22+0.1 1.06+0.2 1.51+0.1 11.24+0.1 | 59.11£0.1 | 91.64+0.3
S15 0.32+0.1 1.14£0.1 | 111.02+0.1 | 25.52+0.1 1.13+0.1 0.18+0.1 9.61£0.1 | 51.02+0.1 | 90.88+0.2

results in a review written by Orisakwe et al. (2014) on
the status of metal pollution in Nigeria [a biomonitoring
update — 32].

EC describes the ability of the soil to release cations
and represents a crucial factor in locations polluted
by metals. pH and EC are the most important factors
that affect the chemical properties of soils [32]. This is
because under acidic conditions metals will be released
into soil water bodies. The pH acidic value of soils is
an indication of high metal content establishment in the
studied zone, which signifies weathering of the soils in
the tropical regions. Soils on oil palm plantations are
generally affected by the type of vegetation, agronomical
factors, biological activity, and climate change [33]. High
conductivity results were propably due to the significant
presence of some soluble inorganic salts in the soil
samples under analysis.

Acidic values of the soils and SOM confirms the
presence of microbiological activities. Soil organic matter
can be considered as an electron donor, which aids in the
reduction reaction of metals in the presence of low pH.
Soil samples were involved in a series of biological and
chemical reactions that affect their availability. Hence,
the acidity of the soils was a crucial factor controlling
the mobility of the metals in the soils. There was a
positive correlation between metal concentrations and soil
acidity, and this was in accordance with results obtained
by [31-34]. In addition, abiotic and biotic factors affect
the mobility and toxicity of metals. Hence pH, EC, and
SOM are the limiting factors that determine the mobility
and bioavailability of metals. Low pH values may reduce
the availability of most of the nutrients available in soil
to plants. This can be corrected with the use of fertilizers
containing high organic matter [35].

Table 3. Mobility of heavy metals speciation showing the recovery of total metals to BCR speciation.

S/No Fractions (%) Cd Co Cr Cu Fe Mn Pb Ni Zn
1 Exchangeable 44.7 15.4 4.5 7.6 5.6 15.6 14.4 5.9 10.4
2 Bound to Carbonates 4.8 49 7.5 11.9 10.5 7.3 6.5 7.2 9.7
3 Bound to Fe and Mn oxides 19.6 26.8 5.1 5.6 6.5 34.8 10.8 16.0 8.5
4 Bound to Organic Matter 25.6 16.5 7.0 222 2.5 20.7 24.0 59 7.6
5 Residual/Inert 259 30.7 74.8 63.8 69.5 30.5 73.0 67.0 74.0
6 Sum of Metals (mgkg™) 0.26 2.5 81.7 335 22.1 4.6 10.9 30.2 65.1
7 Potential Mobility (%) 94.5 61.1 57.6 13.8 7.0 73.8 44.8 4.8 28
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Total Metal Concentration

Table 2 shows the mean and standard deviation values
(mgkg™") for the total metal extraction using microwave
assisted digestion method in soil from 15 locations on oil
palm plantations. Plants take up metals via the soil solution,
and idealy this should be reflected in environmental
quality objectives. Usually environmental quality limits
are based on total metal concentrations rather than the
bioavailable concentrations of metals in soils. Hence total
metal concentrations in soils do not present the true value
because, athough they present the readily exchangeable
ions, they do not include the metals that are strongly
bound within the solid phases. The pollution can also be
from metals loosely bound to organic matter and clays in
the form of precipitates.

Speciation of Metals in Soils

Table 4 presents the mean and standard deviation
values (mgkg™) for the various fractions of metals in soil
from different locations on oil palm plantations in southern
Nigeria. From the results obtained, it can be deduced
that the concentrations of the different fractions vary
widely at each sampling location. Cd is mostly abundant
in the exchangeable phase in all the samples analysed
in the various locations. The abundance of Cd in the
exchangeable phase is 54.3% on Nsukka plantation. In the
residual phase the concentration of Cd is 17.6% (Acharu
plantation). It can be seen that the abundance of Cd in the
other geochemical fractions was very low. This proves that
Cd is more available in soil solution when compared to the
other metals in all the geochemical fractions under study.
The concentration of Mn was high when bound to oxides
(49.0%) in Agbarho plantation, while in the residual
fraction it was 37.5% (Ago-Emokpae plantation). Ni in
Okitipupa plantation (34.7%) and Co in Acharu plantation
(29.9%) also showed appreciable concentrations in the Fe/
Mn oxide fractions [36]. Metals associated with oxides
experience a change in redox of the soil environment, and
an increase in acidity of the soil will release the bound
metals into soil solution.The concentrations of Pb and Cu
were highest in the organic fraction, which is in agreement
with various researchers who have done similar work on
soils [14, 17, 24]. Metals in the organic phase are more
released into soil solution when compared to the residual
phase fractions. Lead recorded appreciable concentrations
of metals in Onishere (33.8%) and Okitipupa (28.9%)
plantations. Copper concentration was highest in Agbarho
(39.3%). Copper and lead can easily complex with organic
matter because of the ease of these metals in forming
organometallic compounds [37].

Metals in this phase are more available to be released
into soil solution when compared to the other metals in
the residual phase. Chromium and Zinc were mostly
associated with the residual phase when the values of the
residual phase were compared with other geochemical
fractions. The plantations under study that recorded
highest concentrations of Cr and Zn in the residual

fractions were 87.9% (Okitipupa), 86.3% (Ikire), 82.7%
(Apoje), 90.3% (Onishere), 89.7% (Benin City), and
85.6% (Nsukka). Lead also recorded a high concentration
of metals in the residual fractions. This is in agreement
with similar works by Anju et al. (2011) and Ashraf et
al. (2012), who recorded similar concentrations of soil
binding properties and metal concentrations [36-37]. The
results of the sequential extraction show that mostly Cr and
Zn were strongly bound to the residual/inert phase in all the
soils under investigation. Metals in this phase are adsorbed
unto the crystal lattice with secure bindings and invariable
will not be released into soil solution. Changes in the
dissolution of meals bound to carbonates and oxides can be
seen from an anthropogenic point of view, and oxidation
and reduction reactions will invariably cause the bound
metals in these fractions to be released into soil solution
[38-39]. Metals that present in the residual fractions are a
measure of the environmental pollution of the soil in that
area. High concentrations of metals in this fraction present
a lower degree of pollution for metals there [40].

Potential Mobility of Metals in Soils

Potential mobility can be calculated by the difference
between the sum of the concentrations of the fractions and
the total concentrations. The fractions consist of potential
mobile fractions, which include exchangeable, carbonate,
Fe, and Mn oxide and organic matter phases as shown in
Table 3. The potential mobility of Cd is 94.5%, and this is
found in the exchangeable phase. This phase is comprised
of the mobile and bioavailable metal phases. The metal
binding is loosely held and metals are easily released into
the soil solution and are readily assessible by plants. The
presence of metals in this phase is the most harzardous to
the environment and the ecosystem because plants easily
assess such metals. As seen in Table 4, the results of our
present study show that low concentrations of Cr, Fe, Ni,
and Cu were found in the exchangeable phases.

Cd was mostly mobile and the abundance of Cd as seen
in Table 4 was low in the residual/inert fraction. A metal is
said to be mobile when its percentage in the residual phase
is low compared to the other geochemical phases. This
is an indication of Cd being released to the environment
and its toxicity [40-43]. The abundance of metals in the
Fe/Mn, carbonate, and organic fractions is an indication
of potential mobility. The high potential mobility of Mn
in the oxide fractions is an indication that, under reducing
and oxidizing conditions, bound metals to this fraction
will be released. Copper and lead bound to the organic
fractions also have the tendency to become mobile when
the bound organic matter decomposes under the acidic
conditions of the soil.

Invariably, Mn, Cu, and Pb will be released into
soil solution and will be bioavailable to plants. These
metals will be toxic to plants, the environment, and the
ecosystem. Metals whose origins were anthropogenic
were mainly extracted in the first steps of extraction, which
was mobile steps. Mobility was reduced further when the
potentially mobile metals were extracted. Anthropogenic
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Table 4. Mean and standard deviation values (mgkg™") for the various fractions of metals in soil from sampling locations on oil palm
plantations.

Location Fraction Ccd Co Cr Cu Fe Mn Pb Ni Zn

Abak Exchangeable | 44.7+0.1 | 12.7+0.1 | 3.9+0.1 8.9+0.1 3.1£0.1 | 16.3+£0.1 | 14.5£0.1 | 7.5+0.1 | 10.9£0.1

Bound to

6.2+0.1 12.4+£0.2 | 28.5+0.1 | 20.1+£0.1 | 39.4+0.1 | 7.5+0.1 16.7£0.1 | 29.7+0.2 | 32.8+0.2
carbonates

Bound to Fe

. 18.1+£0.2 | 29.9+0.1 | 1.5+0.1 4.5+0.1 4.7+0.1 | 35.6+0.1 | 13.9+0.1 | 8.5+0.1 | 9.7+0.1
and Mn oxides

Bound to
organic matter

Residual 20.840.1 | 42.3£0.2 | 65.2+0.1 | 69.4+0.1 | 53.84+0.2 | 21.1+0.1 | 44.2.0+0.1 | 56.3.£0.1 | 47.9.40.1
Acharu | Exchangeable | 49.0+0.1 | 19.7£0.1 | 3.040.1 8.2+0.1 5.3+£0.1 | 20.0£0.1 | 19.6+£0.1 | 6.9+0.1 | 13.4+0.2

20.5+0.1 | 18.2+0.3 | 9.0+0.1 10.6+0.1 1.8£0.1 | 17.5£0.1 | 22.7+0.1 | 8.1+0.1 | 9.2+0.1

Bound to
carbonates

Bound to Fe
and Mn oxides

9.3£0.1 | 8.0.£0.1 | 10.0+£0.1 | 17.8+0. | 12.3£0.1 | 12.4+0.1 | 8.4+£0.2 | 20.4+0.1 | 19.4+0.2

18.44+0.1 | 29.7+0.1 | 4.8+0.2 8.8+0.1 3.6£0.1 | 40.5£0.1 | 11.4£0.1 | 6.1+0.1 | 9.9+0.1

Bound to
organic matter

Residual 17.6+0.1 | 33.8+0.1 | 61.5+0.1 | 48.1+0.1 | 65.2.£0.1 | 27.6+0.1 | 50.6£0.1 | 53.3£0.1 | 43.9+0.1
Agbarho | Exchangeable | 44.9+0.1 | 16.9£0.1 | 6.8£0.1 | 14.6£0.1 | 6.10.1 | 13.120.1 | 12.4+0.1 | 8.8+0.2 | 18.0+0.1

26.5£0.2 | 24.2+0.1 | 28.1+0.1 | 27.2+0.1 | 27.4+0.1 | 15.8+0.1 | 23.2+0.1 | 29.7+0.1 | 36.6+0.1

Bound to
carbonates

Bound to Fe
and Mn oxides

10.8.1= | 16.8+0.2 | 18.1£0.2 | 12.6+£0.2 | 29.8+0.2 | 12.5£0.2 | 9.1+0.1 2.6£0.3 | 17.8£0.2

18.1+0.1 | 28.6+0.1 | 4.6+0.1 6.8+0.1 5.3+£0.1 | 49.0£0.1 | 11.7£0.3 | 4.3+0.1 | 7.7+0.1

Bound to
organic matter

Residual 19.240.1 | 41.9+0.1 | 67.0+0.1 | 54.1+0.1 | 52.0+0.1 | 30.9+£0.2 | 42.9+0.2 | 70.1+0.1 | 51.9+0.1

Ago- Exchangeable | 43.9+0.1 | 22.7£0.4 | 4.7+0.1 6.9+0.1 5.6+0.1 | 13.7+0.1 | 15.1+0.1 | 7.4+0.1 | 13.940.1
Emokpae

22.4+0.1 | 13.1+0.1 | 22.6+0.1 | 39.3£0.2 | 3.4+0.1 | 16.7+0.1 | 19.8+0.1 | 7.7£0.2 | 33.2+0.1

Bound to
carbonates

Bound to Fe
and Mn oxides

34+0.2 | 2.8+0.1 | 6.5£0.1 | 12.6+0.1 | 20.8+0.2 | 15.8+0.2 | 10.3+0.1 | 13.7+0.1 | 3.4+0.2

18.0+0.1 | 30.1£0.1 | 1.8+0.1 4.8+0.1 6.1+0.1 | 43.4+0.1 | 12.3+0.1 | 4.6+0.1 | 2.0+0.1

Bound to
organic matter

Residual 19.3+£0.1 | 38.7+0.1 | 74.0+0.2 | 54.9.9+0.1 | 75.1+0.2 | 37.5£0.1 | 44.2+0.1 | 77.3£0.2 | 69.4+0.1

22.5+0.1 | 13.8+0.1 | 29.6+0.1 | 33.4+0.1 | 9.6+0.1 | 18.9+0.2 | 12.4+0.1 | 29.5+0.1 | 6.5+0.1

Apoje | Exchangeable | 45.1+0.1 | 17.120.1 | 3.4+0.1 | 7.9+0.1 5.7+0.1 | 14.2+0.1 | 13.540.1 | 9.1x0.1 | 18.9+0.1

Bound to

5.7+0.1 2.7+0.1 3.840.1 3.7+0.1 12.3+£0.2 | 4.7+0.2 6.540.1 2.0£0.1 | 2.24+0.1
carbonates

Bound to Fe

. 22.5+0.1 | 25.0+£0.1 | 8.1+0.1 1.2+0.1 9.9+0.1 | 37.1£0.1 | 18.0£0.1 | 2.2+0.1 | 5.7+0.1
and Mn oxides

Bound to
organic matter

Residual 30.3+0.1 | 41.7+£02 | 82.740.1 | 58.3.+0.2 | 78.1+0.1 | 32.4+0.1 | 54.1£0.1 | 82.3+0.1 | 81.9+0.1
Badagry | Exchangeable | 48.440.1 | 12.1x0.1 | 1.3£0.1 9.1+0.1 1.1£0.1 | 16.5£0.1 | 12.2+0.1 | 6.2+0.1 | 8.1£0.2

Bound to
carbonates

24.0+£0.1 | 12.7+0.1 | 3.4+0.1 | 25.7+£0.1 | 2.7+£0.2 | 19.8+0.1 | 19.2+0.1 | 5.3+0.3 | 4.8+£0.2

2.8+0.1 | 3.7£0.2 | 2.4+02 4.9+0.1 19.6+0.1 | 5.9+£0.2 5.7£0.1 4.5+0.2 | 2.5+0.2

Bound to Fe

. 28.2+0.1 | 19.5+£0.1 | 9.8+0.1 5.8+0.1 9.7+0.2 | 39.7+0.1 | 9.840.1 3.4+0.1 | 6.3+0.1
and Mn oxides

Bound to
organic matter

Residual 25.240.1 | 37.940.1 | 82.6+0.1 | 68.1+0.1 | 78.3+0.1 | 31.7£0.2 | 44.3+0.1 | 80.3+0.1 | 84.3+0.1

24.5£0.2 | 19.8£0.1 | 7.6+0.3 | 33.7+0.2 | 3.9+0.1 | 18.6+0.1 | 17.0+0.1 | 4.1£0.1 | 5.0+0.1
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Table 4. Continued.

Benin City| Exchangeable | 44.2+0.1 | 12.1£0.1 | 3.5+0.1 | 8.3x0.1 3.4+0.1 | 16.4+0.1 | 14.4+0.1 | 8.6+0.1 | 8.8+0.1
Boundto | 50 00 | 26001 | 23402 | 159401 | 2.6602 | 4.6£0.1 | 2.540.1 | 2.3402 | 3.5+0.1
carbonates
BoundtoFe 116501 | 164202 | 62603 | 62601 | 57401 | 369:02 | 88:0.1 | 42+0.1 | 7.9+0.1
and Mn oxides
Boundto | no 2101 22.000.1 | 54401 | 65:01 | 21201 | 19320.1 | 220401 | 63+0.1 | 7.3+02
organic matter
Residual | 20.140.2 | 41.9£0.1 | 78.240.1 | 66.7+0.1 | 85.6£0.2 | 20.8+0.3 | 54.6+0.1 | 82.3+0.1 | 89.7+0.1

Igede- | Exchangeable | 47.9+0.1 | 11.120.1 | 3.440.1 | 7.3+0.1 | 6.540.1 | 18.120.1 | 13.240.1 | 4.140.1 | 9.7+0.1

Ekiti

Bound to 29401 | 32+0.1 | 12.4+02 | 54401 | 104+0.1 | 3.7+0.1 | 4.8+02 | 6.2+0.1 | 42+0.1

carbonates
BoundtoFe 1) 501 | 173001 | 64401 | 9.6:0.1 | 3.6£0.1 | 27.950.1 | 2.6:0.1 | 3.2+0.1 | 8.5£0.1

and Mn oxides
Boundto | o 00| 17.500.1 | 83401 | 68401 | 2.6:0.1 | 187201 | 22.940.1 | 2.740.1 | 9.2+0.1

organic matter
Residual | 38.3£0.1 | 33.30.2 | 59.8+0.1 | 76.0£0.3 | 76.5£0.1 | 30.9+0.1 | 50.3+0.1 | 82.8+0.2 | 78.4+0.1
Ikire | Exchangeable | 49.5£0.1 | 12.8£0.1 | 2.240.1 | 6.840.1 | 3.9+0.1 | 14.740.1 | 13.020.1 | 9.2+0.1 | 6.3%0.1
Boundto |1 401 | 36200 | 47401 | 12.540.1 | 12.040.1 | 2.6£0.1 | 27401 | 2.3+0.1 | 7.0402

carbonates

Bound to Fe
. 16.1£0.1 | 23.140.1 | 3.7£0.1 | 7.120.1 | 5.7+0.1 | 27.120.1 | 5202 | 7.8£0.1 | 5.1+0.1

and Mn oxides
Boundto | s 03| 16020, | 49401 | 28.240.1 | 27.440.1 | 264+0.1 | 27.8+0.1 | 2.040.1 | 9.8+02

organic matter
Residual | 29.320.1 | 33.120.2 | 86.3£0.2 | 67.2+0.1 | 62.6+0.1 | 34.9£0.2 | 50.9+0.1 | 95.3+0.3 | 80.240.1

Iresa-apa | Exchangeable | 45.2+0.1 | 13.2+0.1 | 4.6+0.1 | 7.8£0.1 | 4.2+0.1 | 14.020.1 | 13.520.1 | 6.4+0.1 | 6.7%0.1
Bound to 2440.1 | 3.9402 | 57+0.1 | 3.8+0.1 | 44402 | 5302 | 73402 | 3.2+0.1 | 4.5+0.1
carbonates
BoundtoFe |1 001 | 244501 | 9.0£0.1 | 3.1401 | 81401 | 227401 | 8.6£0.1 |29.9+0.1 | 4.8+0.1
and Mn oxides
Boundto | 36,01 | 155001 | 67401 | 229401 | 1.840.1 | 29.6£0.1 | 242401 | 3.240.1 | 7.3+0.1
organic matter
Residual | 25.940.1 | 26.2%0.1 | 79.3£0.2 | 70.4+0.1 | 74.8+0.1 | 21.8+0.1 | 41.940.3 | 62.3+0.2 | 77.8+0.3

Nsukka | Exchangeable | 54.2+0.1 | 14.940.1 | 3.24¢0.1 | 5.7+0.1 | 7.120.1 | 17.0+0.1 | 12.5£0.1 | 3.5£0.1 | 9.6+0.1
Boundto 1) 05 | 3302 | 53201 | 9302 | 37602 | 65502 | 3.040.1 | 52+0.1 | 8.0+0.1
carbonates
BoundtoFe 115501 | 234001 | 45601 | 32403 | 9.8:0.1 | 358401 | 8.6+0.1 |27.3£0.1 | 72+0.1
and Mn oxides
Boundto | 76 01| 161202 | 91401 | 266401 | 373201 | 232202 | 27.040.1 | 9.440.1 | 7.5+0.1
organic matter
Residual | 25.740.2 | 24.3£0.1 | 80.2+0.1 | 47.3+0.1 | 61.4+0.1 | 38.30.1 | 67.3+0.1 | 59.9+0.1 | 85.620.1

Okitipupa | Exchangeable | 44.5+0.1 | 14.6£0.1 | 8.3+0.1 | 6.0+0.1 4.940.1 | 14.9+0.1 | 12.0+0.1 | 1.5£0.1 | 9.3+0.1
Boundto 155 01 | 12001 | 384202 | 1301 | 33:02 | 48102 | 2.8:0.1 | 1402 | 3.9+02
carbonates
BoundtoFe 15 0001 200501 | 57601 | 34401 | 8.6£0.1 | 382401 | 7.140.1 |34.740.1 | 5.5:0.1
and Mn oxides
Boundto | 43 001 | 18.640.1 | 3.040.1 | 28.940.1 | 1.140.1 | 23.740.1 | 27.640.1 | 68.8+0.1 | 6.740.1
organic matter
Residual | 29.7+0.1 | 18.7£0.1 | 87.940.2 | 70.4+0.1 | 55.7+0.1 | 37.9£0.1 | 55.1:0.1 | 44.8+0.1 | 62.120.1
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Table 4. Continued.

Onishere | Exchangeable | 41.940.1 | 13.740.1 | 8.6£02 | 4.7#0.1 | 7.8%0.1 | 12.140.2 | 16.3+0.1 | 1.9+0.1 | 7.0+0.1
Bound to 13+02 | 1.740.1 | 1.320.1 | 2.120.1 | 13203 | 2.5+02 | 1.9+02 | 1.10.1 | 1.9+0.1
carbonates
BoundtoFe |15 061 | 338202 | 5.140.1 | 59401 | 34+0.1 | 358401 | 59401 |33.140.1| 8.140.1
and Mn oxides
Boundto oy o101 | 127401 | 27201 | 68201 | 32:03 |22.740.1 | 338201 | 6.6:0.1 | 2.4+0.1
organic matter
Residual | 24.1£0.1 | 20.020.1 | 77.2+0.1 | 82.120.1 | 65.3+0.1 | 32.8+0.1 | 54.8+0.2 | 76.3+0.3 | 90.3%0.1

Ubiaja Exchangeable | 38.7+0.1 | 15.8£0.1 | 7.940.1 | 5.140.3 | 6.2+0.1 | 15.240.1 | 14.6£0.1 | 3.7+0.1 | 5.9+0.1
Bound to 1.4£02 | 49402 | 4302 | 3.8+02 | 2.3+03 | 3.9+02 | 2.8+0.1 | 5.9+0.1 | 3.20.2
carbonates
BoundtoFe 11611 330001 | 21401 | 82401 | 6.840.1 | 33.4£0.1 | 5.5:02 |33.240.1 | 5.0402
and Mn oxides
Boundto 10 c05 | 194202 | 9.9:0.1 | 28.040.1 | 2.4402 | 18.740.1 | 30.70.1 | 9.0£0.1 | 2.6+0.1
organic matter
Residual | 37.4+0.1 | 26.5£0.1 | 66.4+0.1 | 553202 | 61.320.1 | 38.4+0.1 | 49.8+0.1 | 76.3+0.1 | 84.0£0.1

Umuabi | Exchangeable | 35.440.1 | 21.320.1 | 3.120.1 | 6.0£0.1 | 6.5£0.1 | 17.240.1 | 19.7+0.1 | 4.120.3 | 9.6+0.1
Bound to 16402 | 24401 | 33402 | 1.6£0.1 | 2.120.1 | 1.0202 | 72402 | 2.2+0.1 | 2.8+0.1
carbonates
BoundtoFe |, 5,65 | 386101 | 2.850.1 | 47202 | 8.0£0.3 | 18.7£0.1 | 33.020.2 | 37.50.1 | 33.120.1
and Mn oxides
Boundto 1 56,01 | 18.140.1 | 55501 | 82¢0.1 | 2.940.1 | 24.650.1 | 28.6£0.1 | 5.440.1 | 6.5:0.1
organic matter
Residual | 25.8+0.1 | 9.7£0.1 | 76.3+0.1 | 73.9+0.1 | 96.9+0.2 | 21.240.1 | 50.8+0.2 | 98.5+0.2 | 76.3%0.1

sources were mostly from crude oil exploration and
spillage, urbanization, and industrialization. Zn and Ni
were relatively immobile and probably were extracted in
the residual or inert phases. This comprises the lithogenic
regions of the environment.

The potential mobility of the metals with high fractions
in the residual phase is as follows: Cr (74.8%), Zn (74.0%),
Pb (73%), Fe (69.5%), Ni (67.0%), Cu (63.8%), Mn
(30.5%), Co (30.7%), and Cd (25.9%). These values were
high when compared to the values of other metals in the
other mobile and potentially mobile fractions. This is in
agreement with various researchers, who have conducted
similar studies. Mobility and mobility are affected by
various soil properties and the values of pH, EC, and
SOM showed a positive correlation with metal contents
and speciation, and this agrees with researchers who have
conducted similar studies [11, 36-37].

Metal speciation is of importance in the mobility of the
metals in the soil solution. Metals in complex forms are
less toxic to plants and animals as compared to metals in
the free ion state. Metals that are complexed are not readily
available for uptake by plants and soil organisms. Total
metal analysis is useful for determining the horizontal
and vertical pollution of the soils sampled in a particular
area and does not give a measure of the bioavalibility
of these metals to plants and animals nor its speciation.
Neither does it give a measure of the available nutrients
or toxicity of such nutrients. The extraction of total metal

in the samples using a mixture of acids probably leaches
metals that are exchangeable or from a pollution source,
which is very recent. Pollution can also be from metals
loosely bound to organic matter and clays in the form of
precipitates [41-43].

The distinctions between these soil properties are
unclear, but are mostly controlled by soil pH. Redox
reactions play a major role in the biotransformation of the
reactions of iron and manganese oxides in soils. The sinks
for metals are their potentially active role in clays, minerals,
and manganese oxides, which affect the geology of the soil.
Bound metals are frequently found in the organic fractions
and can be released into soil solution by the decomposition
and recycling of organic matter. Microorganisms play an
active role in decreasing the mobility and hence toxicity
of some metals by reducing very toxic metals to less toxic
forms, and hence their mobility and toxicity is limited
[36-38]. Generally, metals with high binding capacities
are available in low concentrations for soil organisms
and transport into freshwater systems. Plant uptake of
metals presents the primary entry into the food chain. This
is dependent on the translocation of metals from soils to
plants via the root hairs and epidermal cells. Subsequently,
the metals are translocated via the xylem to the shoots and
stored in the storage tissues, which is practically food to
man and animals. These processes are controlled by soil
factors though chemical speciation, and fractionation also
has a role to play in the bioavailability of metals in soil.
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The movement of metals in soils has the potential to
primarily depend on the speciation of the metal. Sequential
extraction procedures have been used to selectively
remove metals at each extraction stage. Although the
procedures cannot identify the actual form of the metal,
it selectively classifies them into exchangeable metals,
metals bound to carbonates, metals bound to iron and
manganese oxides, metals bound to organic matter, and
metals bound to the residual fraction. The exchangeable
fraction is of paramount importance when considering
the movement of metal ions in soil solution. This fraction
represents the potentially mobile fraction of the metals
and the mobility of these metals decreases in accordance
with the sequence of extraction. Theoretically, mild
chemicals can extract metals that are easily released into
soil solution as compared to those ions that are strongly
adsorbed into crystalline lattices or precipitated. Oxides
help in cementing metals together. Under reducing and
acidic conditions, oxides can be mobilized and release
the bound metals into soil solution. The organic fraction
is stable to some extent but can also be oxidized by the
decomposition of organic matter, which releases the
bound metals [11-20].

Mobile Element
Cadmium (Cd)

In the speciation studies, the concentration of Cd was
high in all the plantations. This was above the standard
regulatory limits/background levels of metals in soil in
the environment, which was 0.5 mgkg!. Phosphate rock
fertilizer is extensively used on oil palm plantations and
is a major contributor of cadmium to agricultural soils [5].
Plants — especially oil palms in soils polluted with metals
— can accumulate high concentrations of such metals since
the oil palm tree is used in bioremediation of polluted
soils. The results obtained in this study were in agreement
with Okoronkwo et al. (2005), who investigated elevated
concentrations of metals and its accumulated consequence
on urban refuse and sewage disposal on a site used for
agriculture in Abakaliki, Nigeria, and Iwegbue (2011),
who determined Cd pollution in Nigerian soils [15, 24].

Elevated levels of Cd in soil under investigation could
probably be because of unwholesome farm practices, such
as the use of Cd-containing fertilizers and insecticides.
Other unwholesome practices include the burning of
bushes and forest fires. Redox potential of sediment-
water systems can also be a factor that exerts controlling
regulation on the chemical association of particulate Cd,
where pH and salinity affect the stability of its various
forms [43]. In anoxic environments, particulate Cd
usually complexes with insoluble organic matter or that
bound to sulfide minerals. Oxidation of reduced sediment
or exposure to an acidic environment will result in the
transformation of the insoluble sulfide-bound cadmium
into more mobile and potentially bioavailable hydroxide,
carbonate, and exchangeable forms.

Studies of lake and fluvial sediment indicate that
most Cd bound to exchangeable sites, carbonate fraction,
and iron-manganese oxide minerals can be exposed to
chemical changes at the sediment-water interface and
are susceptible to remobilization in water [22-24]. In
oxidized, near neutral water, CdCO limits the solubility
of Cd*[22-24]. Since cadmium was the most available
and assessable metal in the four fractions, it invariably
shows that Cd is mostly found in the soluble fraction
or the non-residual fractions, and not the insoluble or
residual fractions. It was the most available metal in soils
studied and therefore mainly bound to the acid soluble and
carbonate fractions. This demonstrates that Cd is easily
available in the soil and transferable to humans through
the food chain. Intensive review has been conducted on
the toxic effect of Cd in the environment because it is an
experimental animal carcinogen [22, 24, 44]. Natural and
anthropogenic sources of Cd in the environment could be
from the weathering of rocks, volcanoes, and bush fires.
Effects of Cd in humans include osteomalacia, pulmonary
emphysema, infertility, and renal tubular damage [45].

Fairly Mobile Elements
Cobalt (Co)

In the speciation studies, the concentrations of Co were
also high in all the plantations investigated. The value was
highest in Acharu plantation, which was above 8 mgkg!
— the maximum permissible limit for Co in polluted soil.
The values obtained on all the plantations were above
the standard regulatory limits/background levels Co in
soil in the environment. This essential metal becomes
toxic at elevated concentrations [46]. Natural factors such
as Co occurrence in seawater, volcanic eruptions, and
forest fires contribute to the concentration of Co in the
environment [46]. Some forms of Co are also radioactive
[47]. Contamination of soils by Co in investigated soils
could also be from effluents and runoff where indiscrimate
disposal of porcelain-clad casseroles and paints have been
discarded. Symptoms of Co poisoning in humans are
vomiting/nausea; eye, heart, and thyroid gland damage;
sterility; hair loss; diarrhea; and even death. Other effects
of high concentrations of Co may be manifested by signs
such as skin and breathing disorders. Co is also known to
cause some forms of cancer [48].

Lead (Pb)

In speciation studies the concentrations of Pb were
high in all the plantations, but recorded the highest
concentration n Nsukka. The maximum permissible limit
of Pb in the environment is 10 mgkg™'. The results of the
study agree with those obtained by Ajala and Onwukeme,
who conducted speciation studies in flood plain soils of
Eke-Mgbom Efikpo, Nigeria [27]. The concentration of
Pb found in the soil was high and was basically in the
exchangeable fractions. Soluble Pb, which is dissolved
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in soil, is bound to organic matter and carbonates. This
greatly reduces the solubility and mobility of Pb in soils
making it strongly held by soil constituents to a greater
degree. High concentrations can be harmful, leading to
blood and nervous system disorders, kidney damage,
diarrhea, infertility, miscarriages, and lethargy [49]. Pb in
the environment can be from sources such as the exhaust
pipes of petrol engines, bitumen, and lead acid battery
recycling. Soils may also be contaminated with Pb when
located close to Pb mines, glass factories, pesticides,
fertilizers, smelting operations, and the combustion of
fossil fuels.

Organic and inorganic lead compounds — especially
from mines — may pose serious health risks to all forms
of life [50-51]. Lead was less mobile when compared to
Cd. Ingestion of Pb via food in humans has a tendency
to cause nervous disorders, blood cancer, and decreased
fertility, among other factors [49].

Manganese (Mn)

The concentration of Mn was not above the standard
permissable level in soil. This is of importance because Mn
is an essential metal with antioxidant properties beneficial
to plants and animals [50-51]. This functions in the
mitochondria providing oxygen to the cells. Mn enzymes
are active in the metabolism of food, such as proteins and
lipids. Mn is also a co-factor in the active sites of enzymes
such as glycosyltransferases and prolidase, which are
responsible for the development of strong bones, tissue,
and cartilage production [52, 53]. Although an essential
metal, it can be toxic at elevated concentrations and it
plays an important role in enzyme synthesis [53].

Chromium (Cr)

The total metal concentrations of Cr in our study were
slightly above the maximum permissible levels for Cr in
soils. The plantations, which recorded high levels of Cr,
were Abak, Badagry, Iresa-apa, Okitipupa, and Umuabi.
Okitipupa recorded the highest concentration of Cr at
111.02 mgkg!, while the maximum permissible limit of
Cr in soils is 100 mgkg'. In the speciation studies, Cr
was associated with the residual phase. Metals in this
phase are less mobile compared to Cd and are usually
associated with the lithogenic phase. The results were
in agreement with studies conducted by Osu et al. in
a speciation study [26]. They studied the distribution
of metals in the soils of an automobile workshop. The
toxicity of metals depends on the present oxidation states.
For instance, Cr (VI) is a known carcinogen and toxic to
plants and animals [53], whereas when Cr (VI) is reduced
to Cr (II), Cr (III) becomes useful for plant nutrition and
is of great importance. Cr (VI) is mobile under acidic
conditions and hence bioavailable to plants. The high
value of organic matter and sulphides in the soils is also a
contributory factor to the immobility of Cr (III) because it
forms organic complexes with Cr (III) when it is reduced,
making it unavailable for plant nutrition.

Cr is one of the essential elements needed in trace
amounts that prominently takes part in metabolism. It
is required in enzyme activity and acts as a cofactor in
the regulation of sugar levels in the body. High levels
of Cr are toxic, especially Cr VI, which is known to be
more toxic and carcinogenic when compared to Cr III.
Symptoms of acute Cr toxicity are related to convulsion,
and respiratory and stomach disorders. Improper disposal
of electronic waste and the illicit disposal of used oils and
automobile waste have contributed to increases in the
concentration of Cr in most plantations [54]. It has high
antioxidant properties, which is crucial for carbohydrate
metabolism, and the prevention of some forms of diabetes
and cardiovascular diseases.

High consumption of Cr-containing foods may lead
to gastrointestinal and blood disorders and convulsions.
Research has proven that cancer of the respiratory
tract is common in occupational settings where a high
concentration of Cr is prevalent [22].

Copper (Cu)

Most of the plantations recorded elevated levels
of Cu, but the highest concentration was recorded in
Badagry with a value of 61.11 mgkg™'. Cu is usually held
in soils through adsorption and exchange processes. It is
an essential element possessing antioxidant properties
that protect organs in animals and plants against free
radicals. It is a component of hemoglobin, ferroxidase,
tyrosine, cytochrome oxidase, and ascorbic acid oxidase.
Coupled with vitamin C, these enzymes help in the proper
functioning of the organs and carbohydrate metabolism.

Under elevated concentrations Cu becomes toxic to
plants and animals. The total metal concentrations were
high coupled with a factor; Cu was bound to the organic
fraction in soils in our study. Invariably, Cu in these soils
poses toxicity and environmental risks [55]. Plants need
Cu for the production of chlorophyll and proteins and for
various biochemical processes. Concentrations of Cu in
our study were toxic and lethal [56]. Symptoms of Cu
toxicity include liver and kidney damage, nausea, and
diarrhea.

Although Cu occurs naturally in the environment, the
concentrations were small compared to the anthropogenic
sources. Anthropogenic sources of Cu in our study may be
from the random use of Cu pesticides. The indiscriminate
disposal of electronic waste found in household and
industrial appliances is also a major contributor of Cu
pollution in these soils [57].

Iron (Fe)

The total metal concentrations in all the plantations as
seen in Table 2 were below the maximum permissible limits
for Fe in soils. An exception was Acharu plantation, which
recorded a concentration of 40 mgkg!. The maximum
permissible level for Fe in soils is 38 mgkg™'. Fe is a very
essential element, especially in cells, for the production of
hemoglobin. It promotes strong mental alertness. Fe is an
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essential element that is toxic at elevated concentrations.
Symptoms of Fe toxicity are manifested in oxidative
stress and metabolic disorders. In plants, symptoms of Fe
deficiency are manifested in stunted growth and eventual
death of the plant. [58].

Natural sources of Fe in the plantation under study
may be from the weathering of rocks, mica and clay. An
anthropogenic source of Fe in Acharu may be from the
Fe smelting company in the vicinity of the plantation.
Contamination may also be from industries involved in
the casing of wells, pipes, and pumps [59]. Other sources
of iron contamination of soils could be from the effluents
of acid mines, drainage, and landfills located near the
plantation [60].

Immobile Elements
Zinc (Zn)

Total concentrations of Zn in all the plantations
under study as seen in Table 2 were below the maximum
permissible levels of Zn in soils. The exceptions were
for Apoje, Badagry, Benin City, Ikire, Ubiaja, and
Umuabi plantations, which recorded about 92 mgkg’,
96 mgkg!, 107 mgkg! , 94 mgkg!, 91 mgkg!, and
91 mgkg™!, respectively. The maximum permissible levels
of Zn in soils is 90 and these plantations recorded slightly
higher concentrations of Zn above the permissible limits.

Total Zn in contaminated soils was associated with the
residual fractions. Zn is an essential element with high
antioxidant properties, which protects the actions of free
radicals. It is required for metabolism of cells, DNA, and
development of the foetus. A deficiency of the essential
element in the diet may cause growth and reproductive
disorders, nausea, and lethargy [61]. Zn can be released
into soil solution from the bound crystalline lattice in
acidic environments. High concentrations of soluble Zn
are available in oxidized conditions and at pH 5 to 6.5,
whereas low abundances of soluble Zn will be at a pH of
eight.

In polluted river environments Zn is less mobile
than cadmium (and perhaps less mobile than lead).
The bioavailability of Zn may depend on factors such
as chemical, biological, and environmental processes.
These processes may include time and the action of
microorganisms and pH, as bound Zn can be released to
soil solution for plant uptake [62-63].

Nickel (Ni)

The total metal concentrations of Ni in most of the
plantations under study as seen in Table 2 were above
the maximum permissible levels of Ni in soils. The
plantations were Abak, Badagry, Ikire, Iresa-apa,
Nsukka, Okitipupa, Ubiaja, and Umuabi, which recorded
Ni concentations of about 41 mgkg!, 49 mgkg!,
44 mgkg!, 45 mgkg!, 49 mgkg!, 50 mgkg!, and
59 mgkg!, respectively. The maximum permissible level

of Ni in soils is 40, and the mentioned plantations recorded
slightly higher concentrations of Ni.

Nickel in Okitipupa plantation showed appreciable
concentrations of 29.9% and 68.8% in the Fe/Mn oxide
and organic matter fractions, respectively. Materials
containing Ni play an important role in our daily lives
through electronics, batteries, mobile phones, preparation
of food, equipment manufacturing, transportation,
infracstructure, energy generation, etc.

Ni is a metal of interest in industry because of its
excellent anticorrosion properties and tensile strength. It
is an excellent choice in alloy manufacture, especially in
the manufacture of stainless steel, and it is also an esential
element required by humans for healthy growth. It is a
constituent of enzymes and proteins and also is required
for the absorption of iron. It is also essential for seed
germination and improves crop yield since it is used as
a component of fertilizers. A minute concentration of Ni
is naturally found in rocks and soils in the environment.
Anthropogenic sources of Ni in the plantations under
study were probably from forest fires, fertilizers, industrial
wastes and sludge, and nuclear power. Effluents from
electroplating, electronics and metal manufacturing
industries may also contain high levels of Ni ions.

Although Ni is an essential element it is toxic at
elevated concentrations that can result in organ damage,
skin and pulmonary lesions, allergies, and some forms of
cancer. In plants, acute toxicity results in such signs as
leaf necrosis, stunted growth, low yield, and general plant
deformation [64].

Conclusion

Oil from the palm fruit has a considerable concentration
of vitamins A, C, and E. Palm oil has been shown by
researchers to have the potential to cure some forms of
cancer and heart disease. A biomonitoring update on a
review written by Orisakwe et al. (2014) on Nigerian soils
revealed that millions people die each year in the 46 African
countries due to environmental risk factors of which metal
pollution is the highest. Due to the importance of the oil
palm tree and the fact that Nigerian soils are polluted, the
speciation, bioavailability, and mobility of metals in soils
from selected states on oil palm plantations in southwest
Nigeria were investigated. But knowledge about the total
concentrations of metals alone is not adequate to evaluate
the environmental effects of metals in soils. In order to
qualify and quantify the fractions or forms in which a metal
exists in soils, it is crucial to obtain detailed knowledge
and perception of the probable and genuine effects of the
concentrations of these metals in the soils.

Other factors to consider include high concentrations
of the metals under study, pH, electrical conductivity,
soil organic matter, translocation and transportation,
and altering climatic situations. The extraction scheme
developed by Tessier et al. (1979) established an extraction
procedure that permits the classification of the total metal
concentration into five segments: exchangeable fractions,
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carbonate-bound fractions, iron/manganese oxide-bound
fractions, organic bound fractions, and residual fractions.
Initially, this scheme was applied for sediments but it has
now been used extensively in soil speciation. The analysis
was performed to obtain the fractions using analar-grade
chemicals, and metal concentrations were measured using
the ICP-OES machine. The speciation results deduced
that the concentrations of the different fractions vary
widely at each sampling location. Cd is mostly abundant
in the exchangeable phase in all the samples analysed
in the various locations. Ni in the Iresa-apa plantation
(29.9%) and Co in Acharu plantation (29.9%) also
showed appreciable concentrations in the Fe/Mn oxide
fractions. The concentrations of Pb and Cu were highest
in the organic fraction. Metals in the organic phase are
more released into soil solution when compared to the
residual phase fractions. Chromium and Zinc were mostly
associated with the residual phase when the values of the
residual phase were compared with other geochemical
fractions. The plantations under study that recorded highest
concentrations of Cr and Zn in the residual fractions were
87.9% (Okitipupa), 86.3% (Ikire), 82.7% (Apoje), 90.3%
(Onishere), 89.7% (Benin City), and 85.6% (Nsukka).
The results of the sequential extraction show that
mostly Cr and Zn were strongly bound to the residual/inert
phase in all the soils under investigation. The potential
mobility of the metals with high fractions in the residual
phase is as follows: Cr (74.8%), Zn (74.0%), Pb (73%),
Fe (69.5%), Ni (67.0%), Cu (63.8%), Mn (30.5%), Co
(30.7%), and Cd (25.9%). These values were high when
compared to the values of other metals in the other mobile
and potentially mobile fractions. The bioavailability of the
metals in soils were linked to their benefits or toxicity.
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