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Abstract Environmental pollution has received consid-
erable attention over the last 50 years. Recently, there has
been an increasing interest in pollution of the Nile Delta,
Egypt, which is one of the longest settled deltaic systems
in the world. Pollution in the delta is increasingly recog-
nized as a serious health concern that requires proper
management of ecosystems. Therefore, this project aimed
to study the distribution and assess the risk associated
with selected trace elements (TEs) in different soils (i.e.,
marine, fluvial, and lacustrine parent materials) in the
northern Nile Delta. Mehlich-3 extraction was used to
determine the availability of antimony, vanadium, stron-
tium, and molybdenum in agro-ecosystems in this area
and their spatial distributions were investigated. Five
indices were used to assess ecological risk. Results
showed that TEs were higher in the southern part of the
study area because it is affected by multiple pollution
sources. The available concentrations of TEs were Sr < V

< Sb < Mo. The bioavailability of Sr was highest among
the studied TEs. The studied indices suggested the study
area was moderately polluted by Sr and Sb. Furthermore,
the results showed that marine soils had higher TE levels
then lacustrine and fluvial soils. The ecological risk as-
sessment indicated that Vand Mo were of natural origin,
while Sr and Sb were anthropogenically linked. There-
fore, the situation calls for planning to reduce pollution
sources, especially in the protected north Nile Delta, so
these productive soils do not threaten human and ecolog-
ical health.

Keywords Trace elements . Risk assessment . Spatial
distribution . Nile Delta . Kafrelsheikh

Introduction

The Egyptian Nile Delta supports one of the oldest civ-
ilizations based on a deltaic system in the world. This
delta was developed by fluvial sedimentary processes
beginning in the Miocene and continuing through the
current time, built up by the alluvium transported by the
seven active Nile branches. It occupies approximately 2%
of Egypt’s area; however, it holds around 41% of the
population of the country and approximately 63% of its
agricultural land. The delta is the major green belt area in
the country and is regarded as the basic agricultural
wealth of Egypt. However, it is also one of the most
densely populated agricultural areas in the world, with
1360 inhabitants per km2. More than 80 million people
are mainly dependent on the agricultural and aquacultural
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products of the Nile Delta (Abu Khatita 2011; El Banna
and Frihy 2009; Gu et al. 2013; Elbehiry et al. 2017;
Negm et al. 2017; Elbasiouny and Elbehiry 2019).

Trace elements (TEs) are found naturally in soils, but
they can also be introduced and accumulate due to their
use in industry and agriculture. Various TE indices can
be used as indicators to monitor natural variability in
soil composition, the probability of anthropogenic con-
tamination, and the toxicological health risks associated
with soil pollution (Mehr et al. 2017). For instance,
antimony (Sb) released from coal combustion is of
environmental concern due to its high solubility and
reactivity (Feng et al. 2013). Vanadium (V), which can
be introduced through metallurgical enterprises, can
have negative effects on human health and crop yields
(Vodyanitskii 2016), and excess molybdenum (Mo) in
the human diet has been linked to stomach cancer
(Xianmao et al. 1990). The effects of stable strontium
(Sr) on bone are dose dependent; low doses may induce
bone formation, while high doses of this element may
stimulate a mineralization defect. The young are more
sensitive to excess strontium than older individuals
(Kabata-Pendias and Mukherjee 2007). However, the
concentrations, availability, and mobility of TEs in soils
from many parts of the world, particularly developing
countries, are largely unknown, and thus, their impacts
on ecosystems can hardly be forecasted.

Human activities may significantly increase concen-
trations of trace elements in soil and the environment
(Steffan et al. 2018). Once contaminated, soils typically
remain in this condition for a long time due to the
sorption of metals on soil solids, limiting their mobility.
Trace elements that are mobilized can be transferred into
the food chain, which produces potential human expo-
sure (Telford et al. 2009; Feng et al. 2013; Munthali
et al. 2015; Vodyanitskii 2016; Mehr et al. 2017).
Hence, TE contamination in agricultural soils is a major
concern.

Delineating the spatial and temporal distribution of
TEs enables the recognition of sources of such elements
in the soil and allows determination of the positions and
ranges of over-limit samples in soils for better environ-
mental assessment and management (Khalil and El-
Gharabawy 2016; Wang et al. 2016). However, infor-
mation on the distribution of TEs in the Nile Delta is still
quite limited. Trace element data can be used to produce
predictive indices, such as the geoaccumulation index
(Igeo) and enrichment factor (EF), to evaluate risks
posed by TEs based on their total content ,

bioavailability, and toxicity including the spatial distri-
butions of these risks (Gu et al. 2016). The literature has
mainly depended on total (or pseudo-total) analyses of
trace elements, whereas environmental monitoring and
assessment needs to consider specific elemental mobil-
ity and phytoavailability (Giuseppe et al. 2014). The
risks associated with TEs are primarily controlled by
their mobility and bioavailability, rather than by total
amounts (Tiberg et al. 2017). However, the environmen-
tal legislation for many countries is based on total soil
TEs to define contamination levels and determine any
required interventions to mitigate environmental and
human health risks (Morgan 2013). Therefore, there is
an increasing interest in using the concept of bioavail-
ability in risk assessment and management of contami-
nated sites because pollutant linkages promoted by TE-
contaminated soils do not always correlate with total soil
TEs, but rather to TEs’ bioavailability, and it is possible
to reduce the exposure of humans and other living
organisms with sustainable phytotechnologies
(Kumpiene et al. 2017).

This study focused on the availability of selected TEs
(Mo, Sb, Sr, and V) because these TEs have been
identified as emerging contaminants (ADEQ 2016),
but their availability and distribution have not previous-
ly been studied in the Nile Delta. In addition, other TEs
have been studied (Aitta et al. 2019); therefore, this
study adds to that body of knowledge. The primary
goals of this study were to:

1. Provide a database for the studied TEs
2. Evaluate the spatial (horizontal and vertical) distri-

bution of these TEs
3. Establish a better understanding of the ecological

risk assessment for the TEs that will contribute to
sustainable management of this vital area

Material and methods

Study area

The study area is part of the north Nile Delta, Egypt (i.e.,
Kafrelsheikh Governorate), which is located south of
the Mediterranean Sea (Fig. 1). The area is situated
within longitudes 30° 20′ E and 31° 20′ E and latitudes
31° 00′ N and 31° 40′ N, covering 3748 km2. Burullus
Lake is an important feature in the study area. Other
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important natural features and major landforms include
flood plain, coastal plain, urban and industrial commer-
cial centers, and some sand dunes in the coastal sections.
The main physiographic units include alluvial plain,
lacustrine plain, and marine plain (71.08, 19.34, and
9.57% of the total area, respectively). The main soils
in this region, classified by US Soil Taxonomy (and
World Reference Base), respectively, are as follows:
Vertic Torrifluvents (Vertic Eutric Fluvisols), Typic
Torrifluvents (Eutric Fluvisols), Typic Natrargids
(Solonetz), and Typic Aquisalids (Gleyic Solonchaks)
in the alluvial plain; Sodic Aquicambids (Sodic Irragric
Cambisols) and Typic Natrargids (Solonetz) in the la-
custrine plain; and Typic Torripsamments (Eutric
Arenosols) as the most common soils in the marine
plain. The main parent materials in the study area are
marine (M) (next to the Mediterranean Sea), lacustrine
(L) (around Burullus Lake), and fluvial (Fl) (in the
southern part of the study area) (Elbasiouny et al.
2014; Elbehiry et al. 2017; Fig. 1). The soil temperature
regime is defined as thermic with a torric soil moisture
regime (Elbasiouny et al. 2014). The mean temperature
of the study area is 19.5 °C, while the mean precipitation
is 138 mm/year (Elbasiouny et al. 2014). Most of the
area surrounding the Mediterranean Sea is barren with
degraded soil; however, there are some cultivated soils
in this area that have been reclaimed by local people.
The main cropping systems in the reclaimed area are
sweet corn, watermelon, and clover in addition to palm
and fruits. The area south of Burullus Lake is largely
cultivated, with the main crops being rice, cotton, and
corn in the summer and wheat, sugar beet, and clover in
the winter.

Soil sampling and preparation

Samples were collected from 15 profiles in three differ-
ent depositional environments, namely M, Fl, and L
(Fig. 1). The soil samples were collected in triplicates
at three depths (i.e., 0–30, 30–60, and 60–90 cm). The
samples were composited, homogenized, air-dried at 25
to 35 °C, crushed, and sieved to 2 mm. Soil properties
were determined using the prepared samples as present-
ed in Table 1.

The Mehlich-3 (M3) method was used to extract
trace metals in this study, because this method is well
correlated with the double acid, 0.1MHCl or diethylene
triamine pentaacetic acid-triethanol amine (DTPA-TEA)
(Mehlich 1984). This also avoided the use of certain

extraction analyses with harsh reagents (aqua regia) or
weak chelating agents (DTPA) that are commonly used
to simulate chelating solutions in soils (Giuseppe et al.
2014). The M3 method was developed as a multi-
element soil extractant and the M3 extraction was pre-
pared according to Mehlich (1984). The extraction (2 g
of soil: 20 ml of Mehlich 3 extractant) was analyzed
after 5 min of shaking and filtering withWhatman grade
42 (2.5 μm membranes) filter paper (Mehlich 1984;
Yildiz et al. 1998). Elemental analysis was conducted
utilizing inductively coupled plasma spectrometry (ICP-
OES) with wavelengths of 202.032, 206.834, 421.552,
and 292.401 forMo, Sb, Sr, and V, respectively, and low
detection limits (LOD) of 0.026, 0.0126, 0.0198, and
0.056 μg g−1 obtained for Sb, Sr, V, and Mo,
respectively.

Pollution indices

Five indices were used for the comprehensive evalua-
tion of soil pollution at the study area. These pollution
indices were calculated for all collected samples for the
0–30-cm interval based on the formulas given in
Table 2.

Enrichment factor

The EF was used to estimate the status of TEs’ contam-
ination and to distinguish between the possible sources
(anthropogenic or natural origin). Aluminum (Al) is
most often selected for normalization to minimize par-
ticle size effect on the TE values (Roussiez et al. 2005;
Xia et al. 2012; Hu et al. 2013). It was utilized as a
reference element and the mean EF values for each of
the investigated TEs were calculated. Theoretically, EF
values of less than 1.5 indicate that the element is
completely from crustal sources (e.g., a weathering
product), while EF values of more than 1.5 indicate that
an important contribution came from noncrustal sources
(e.g., biota and/or pollution) (Zhang and Liu 2002; Chen
et al. 2007). In this study, the metal pollution level was
also determined according to the criteria suggested by
Sutherland (2000), where an EF of less than 2 indicates
no to minor contamination, 2–5 moderate contamina-
tion, 5–20 significant contamination, 20–40 very high
contamination, and greater than 40 extremely high
contamination.
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Geoaccumulation index

This index is a geochemical parameter used to evaluate
the level of pollution in soils or sediments by comparing
current TE levels to the expected natural values
(Table 3) (Müller 1979).

Contamination factor

The contamination factor (CF) is a single-element index
that describes the contamination level of a given

potentially toxic substance in the environment
(Hakanson 1980). The categories used to describe CF
are given in Table 3.

Degree of contamination

Degree of contamination (DC) is the sum of CF for all
examined elements to assess the extent of multi-element
contamination in the surface layers at a certain sampling
site. The DC values can be categorized according to the
degree of contamination as follows: ≤ 6, 6–12, 12–24,

Fig. 1 Location of the study site within Egypt (left) and sampling sites in the study area; northern Nile Delta Egypt (right). Letter and
number combinations show sampling sites. Parent materials—M, marine; Fl, fluvial; L, lacustrine soils

Table 1 Physiochemical characterizations of soil samples from the study area

Soil property Basic procedures Ref.

pH Soil suspension (1:1) soil to water, pH meter, Orion now
Thermo-Scientific

Sparks et al. (1996)

EC Salinity was measured in 1:5 soil to water, EC meter Jenway Sparks et al. (1996)

OM Determination by wet digestion by K2Cr2O7
–H2SO4 (Walkley and Black

method)
Nelson and Sommers (1996)

PSD Determined by the pipette method Rowell (1995)

CEC Percolation of a 1.0-mol-L−1 ammonium acetate solution, pH = 7 Sumner and Miller (1996)

P Available soil phosphorus was extracted using sodium bicarbonate
Olsen P and determined calorimetrically by the ascorbic acid method
using + 80 UV–Visible spectrophotometer

Murphy and Riley (1962)

C exch. Extraction with a 1.0-mol ammonium acetate solution, pH = 7.
Determination by ICP-OES, Agilent 5110

Sumner and Miller (1996)

TEs (Al, Mn, Fe, Sb, Sr, V,
Mo)

Extracted by Mehilch-3 extraction, determination by ICP-OES,
Agilent 5110

Mehlich (1984), Yildiz et al.
(1998)

EC, electric conductivity;OM, organic matter;PSD, particle size distribution;CEC, cation exchange capacity;C exch, exchangeable cations;
P, available soil phosphorus; TEs, trace elements
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and > 24 as low, moderate, considerable, and very high
degree of contamination, respectively (Hakanson 1980).

The pollution load index

The pollution load index (PLI) provides a simple com-
parative mean for assessing the level of element contam-
ination (Tomlinson et al. 1980). The PLI was obtained as

a concentration factor of each trace element with respect
to the background value of that element in the soil. The
PLI can give an estimate of the element contamina-
tion status and the necessary action that should be
taken (Angula 1996). Two classes of PLI were pro-
posed by Tomlinson et al. (1980): PLI > 1 and PLI ≤
1 in the cases of pollution and no element pollution,
respectively.

Table 2 Pollution indices that were calculated for this study

Index Formula Explanations (ref.)

Enrichment factor
(EF) EF ¼ C

Al sample
C

Al background
f C
Al } sample—content of trace elements in analyzed soil sample

C
Al

� �
background—geochemical background of trace elements and Al

(Chen et al. 2007)

Contamination
factor (CF) CF ¼ C sample

C bachground

C—trace elements current content in topsoil (Hakanson 1980)

Geoaccumulation
index (Igeo) Igeo ¼ log2

C
1:5 B

� � B—content of trace elements in geochemical background
1.5—constant, allowing the analysis of fluctuations of trace elements

content because of natural processes (Li et al. 2014)

Degree of
contamination
(CD)

CD ¼ ∑
n

i−1
CF

n—number of studied trace elements
CF—contamination factor (Hakanson 1980)

Pollution load
index (PLI) PLI ¼ ∑n

i¼0 CF1� CF2� CF3� CF4ð Þ1=n
PI—single pollution index of trace elements (Tomlinson et al. 1980)

using reference data according to Kabata-Pendias (2011)

Table 3 The meanings of
geoaccumulation index values
according to Li et al. (2014) and
contamination factor according to
Hakanson (1980)

Geoaccumulation index

Class Description Igeo value
range

0 Sediments or soils are uncontaminated Igeo ≤ 0

1 Sediments or soils are uncontaminated to moderately
contaminated

0 < Igeo ≤ 1

2 Sediments or soils are moderately contaminated 1 < Igeo ≤ 2

3 Sediments or soils are moderately to heavily contaminated 2 < Igeo ≤ 3

4 Sediments or soils are heavily contaminated 3 < Igeo ≤ 4

5 Sediments or soils are heavily to extremely contaminated 4 < Igeo ≤ 5

6 Sediments or soils are extremely contaminated Igeo > 5

Contamination factor (CF)

CF value Description

CF < 1 Low level of contamination

1 ≤ CF < 3 Moderate level of contamination

3 ≤ CF < 6 Considerable level of contamination

CF ≥ 6 Very high level of contamination
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Spatial variation and geostatistical analysis of metals
in the studied soils

To interpolate the sampled points for mapping spatial
variation of the studied elements, inverse distance
weighting (IDW) was applied. The data were processed
in ArcGIS 10.1 using a topographic map (1:25,000) of
the study area as the base map.

Quality assurance

Glassware and plastic ware for lab work were usually
new. They were cleaned using a 10% (v/v) HNO3 soaked
for a minimum of 24 h, then they were rinsed well with
distilled water. All applied chemicals were analytical
reagent grade or equivalent. All equipment was calibrated
and uncertainties were calculated. Blanks, measurements,
triplicate measurements of measured elements in extracts,
and certified reference materials analysis for each metal
(Merck) were utilized for quality control. The recovery
percentage ranged from 92 to 103% and the mean of
relative standard deviation (RSD) was < 3%. The RSD of
replicate analysis was < 5%. In very limited cases, the
standard deviation (SD) of the measurements was > 5%.
These values were excluded from the statistical analyses.

Descriptive statistics for the studied elements were per-
formed using the JMP 11 software (SAS Institute, Cary,
NC, USA). All results were analysed using one-way
ANOVA to compare the means of differences between soil
types. The individual means were compared by Duncan’s
test to a level of 5%. A principal component analysis
(PCA) was conducted to investigate the relationship be-
tween the TEs and the soil chemical and physical charac-
teristics. All tests were performed at p < 0.05.

Results and discussion

Physiochemical characterization of the representative
soil samples

The results showed different particle size distribution by
depositional environment. The M soils were dominated
by a sandy texture, while the Fl and L soils were dom-
inated by silty loam and silty clay, respectively
(Table 4). Soil pH was > 7.5 for all samples and there
was no significant difference between depositional en-
vironments (i.e., M, Fl, and L). The electrical conduc-
tivity (EC) values differed significantly between soils,

especially in the first layer (0–30 cm) where they ranged
from 0.14 to 8.89 dS m−1. The M soils had the highest
mean value of EC because of their proximity to the
Mediterranean Sea coast.

Soil organic matter (SOM) ranged from 0.2 to 6.7,
5.7 to 30.6, and 7.4 to 21.8 g 100 g−1 in the M, Fl, and L
soils, respectively, and decreased with depth. The lowest
mean value for SOM was in M soils and was highest in
Fl soils, although there was no significant difference in
SOM between Fl and L at all studied depths (Table 4).
The cation exchange capacity (CEC) ranged from 4.71
to 16.15, 30.37 to 61.64, and 32.94 to 46.92 cmolc kg

−1

soil for M, Fl, and L, respectively. The values of CEC
for Fl and L soils were significantly higher than the M
value for all depths.

The phosphorus (P) concentration was significantly
higher in L compared to Fl and M soils with means of
1.48, 2.68, and 6.17 μg g−1 inM, Fl, and L surface soils,
respectively. Phosphorus followed a similar trend in the
lower layers, where the value was significantly higher in
L than in M and Fl (Table 4). Maguire et al. (2009)
stated that considerable amounts of sludge cakes are
usually utilized in degraded soils in Mediterranean
areas. However, the amount of P added with these
sludge cakes exceeds crop nutrient requirements and
may cause unfavorable changes in soil chemical prop-
erties and subsequent environmental contamination. Ac-
cumulations of P can impact water bodies through sur-
face run-off or leaching, whichmay threaten surface and
ground waters through eutrophication. Burullus Lake
collects agricultural, industrial, and domestic drainage
in the delta area, and its water is saturated by elements
such as P which in turn affects the P percent in the
adjacent soils (i.e., L). Sodium (Na) was the dominant
cation in M soils followed by calcium (Ca) and Mg,
while Ca was the dominant cation in Fl and L soils.
Aluminum, Fe, and Mn were significantly higher in Fl
and L soils compared to M soils; they were present in
the order Al > Fe > Mn in all studied soils (Table 4).

Availability and spatial variability of studied trace
elements

The geospatial distribution of surface soil (0–30 cm) Sb,
Sr, V, and Mo is shown in Fig. 2. Due to the different
depositional environments and pollution sources, the
variability of TEs was different as shown in the
geospatial maps for the study area.
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Antimony

Antimony is classified as a nonessential element for
plants, animals, and humans (Cidu et al. 2013). It is
toxic at low concentrations and its excess intake results
in many diseases for humans, such as cancers, cardio-
vascular disease, liver disease, and respiratory disease
(Feng et al. 2013). Soil contamination by Sb has caused
health problems in regions such as Australia and China
(Feng et al. 2013). The soils in this study had low levels
of Sb (Table 5). The mean available concentrations in
surface soil were 0.44, 0.90, and 0.82 μg g−1 in M, Fl,
and L soils, respectively. Antimony levels were higher
in Fl and L soils than inM soils; however, no significant
difference was found between Fl and L. The available
concentrations of Sb in the studied soils were an order of
magnitude lower than the lower limit of the maximum
allowable concentrations (MAC) in agricultural soil
(i.e., 10 μg g−1; Kabata-Pendias 2011). However, the
Sb concentrations in the Fl and L soils were higher than
the typical background (uncontaminated locations)
levels of this element in continental crust and surface
soils (0.2–0.61 μg g−1; Kabata-Pendias 2011).
Kumpiene et al. (2017) reported that several metalloids
such as Sb frequently occur at higher concentrations in
TE-contaminated soils than their background values,
although they are less studied because they are not
subjected to mandatory thresholds in most national pol-
icies. The background value (geochemical baseline con-
centration) is defined as the natural level of an element
in soils that have not been affected by human activities.
These values can vary widely between regions due to
diverse geological properties and dominant soil-forming
factors. Because of a lack of true background values for
most regions, data such as the average concentration in
the continental crust or in shale, preindustrial concen-
trations, etc. have commonly been used as baseline data
when studying metal contamination of soils (Tian et al.
2017). The mobilization of Sb is controlled by soil
factors such as metal (hydr)oxides, pH, oxidation–
reduction potential (Eh), organic matter (OM), and clay
content (Wilson et al. 2010; Huang et al. 2012; Herath
et al. 2017). Antimony was once considered to be quite
unreactive and immobile in soils, but its behavior in
soils has been increasingly highlighted over the last
decade (Feng et al. 2013). According to Casado et al.
(2007), Sb concentration under oxidizing conditions in
soils is not limited by solubility reactions and Sb should
be highly mobile under basic pH and oxidizingT
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conditions. Because soils in Fl and L are mostly culti-
vated by rice (reducing condition), the opposite will be
true and Sb is not highly mobile in the studied soils.
Antimony was weakly positively correlated with Eh in a
study by Frohne et al. (2014). It mainly occurs in the
environment as Sb(III) and Sb(V). Compared with
Sb(V), Sb(III) is more toxic and less mobile. Antimony
in our studied profiles may behave in the same manner.

The geospatial distribution for Sb in the surface layer
indicated less spatial variability in the northern part of
the Nile Delta (M soils), while the highest available Sb
levels were found in the southern part of the study area
(Fl soil) (Fig. 2). The higher levels of available Sb in the
south may be attributed to the use of agrochemicals and
irrigation by wastewater for more than 50 years, both of
which are considered pollution sources in this region
(Cidu et al. 2013). Other sources of Sb in this region
include waste incineration, fossil fuel combustion, ore
smelting, and road traffic (Cidu et al. 2013). Antimony
and its compounds are hazardous to human health and
may be carcinogenic (Cidu et al. 2013; Cheng et al.
2014). The United States Environmental Protection
Agency (USEPA), the European Union (EU), the World
Health Organization (WHO), and many other countries
consider Sb a pollutant of priority interest. For such

reasons, this study highlighted the spatial variability of
Sb for environmental monitoring purposes in the Nile
Delta, a crucial area for food production in Egypt.
Although Sb levels do not currently indicate contami-
nation in the study area, values are higher than the
expected background values in the surface soils and this
work provides a baseline against which future studies of
Sb in the northern Nile Delta can be compared.

Strontium

Many anthropogenic activities, including fertilizer applica-
tion, nuclear power generation, and the burning of coal to
generate power, have led to elevated levels of Sr in soil
(Burger and Lichtscheidl 2019; George et al. 2015). Stron-
tium is radioactive and the 90Sr isotope has a half-life of
around 29 years. Its high potential to accumulate in plants
and animals causes serious environmental and human
health hazards such as cancers and nervous system disor-
ders (Burger and Lichtscheidl 2019; Sun 2018). The aver-
age content of Sr in select materials commonly used in
agriculture include 610 mg kg−1 in limestone, 80 mg kg−1

in manure, 75mg kg−1 in sewage sludge, and 270mg kg−1

in industrial sludge (Munthali et al. 2015). Phosphate
fertilizers can also be a local source of soil Sr

Fig. 2 Geospatial distribution of TEs at the study site
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contamination (Abdi et al. 2015). There are many soil
factors that can lead to releasing immobilized Sr to ground-
water such as acidification, dissolution of the solid phase,
competitive adsorption with other cations, and complexa-
tion by ligands. Therefore, soil contamination by Sr creates
concerns for the safety of agricultural soils, irrigation and
drinking water, and crops (Munthali et al. 2015).

Strontium concentrations in the surface soils (0–30 cm)
ranged from 8.51 to 31.37, 9.05 to 82.62, and 14.27 to
75.49 μg g−1 in the M, Fl, and L soils, respectively
(Table 5). Themeanworldwide background concentration
for Sr in soil is 147mg kg–1 (147μg g−1) (Kabata-Pendias
2011). Thus, all Sr concentrations for all soil types in this
studywere under the background value, indicating there is
no pollution by Sr in the study area. Strontium values
were highest predominantly in the middle section of the
study area (i.e., in Fl and L soils). Because this is an active
agricultural area, the higher levels here may be attributed
to the use of soil amendments (e.g., phosphors fertilizers,
sewage sludge, and lime).

Vanadium

Vanadium is a potentially toxic metal whose soluble
salts can adversely affect plant, animal, and human
health when present in sufficient amounts (Evans and
Barabash 2010; Vodyanitskii 2016). Vanadium primar-
ily creates anionic complexes; nevertheless, it forms
neutral and cationic complexes in acidic environments.
This variance in charge is caused by the wide variation
of chemical properties of this metal. The vanadyl cation
(VO2+) is more stable in acidic soils and tightly fixed by
humus; however, in neutral environments, the situation
becomes more dangerous. In such soils, the vanadate
anion (VO−3) increases in importance, and it is more
highly mobile and toxic to biota and plants than
vanadyl. Subsequently, the hazard of vanadium is higher
in cities, where alkalized soils are common
(Vodyanitskii 2016). The anions VO3

–, VO4
2–, and

H2VO4
– are most commonly found in soils. Vanadium

mobility in soils appears to be associated mainly with Fe
hydrous oxides, clay minerals, and SOM (Kabata-
Pendias and Sadurski 2004).

The mean available concentrations of V in the surface
soils (0–30 cm)were 1.37, 6.15, and 5.70μg g−1 inM, Fl,
and L soils, respectively, with values that were signifi-
cantly higher in the Fl and L soils than in the M soils
(Table 5). These values are lower than the lower limit of
the maximum allowable concentrations in agricultural

Table 5 The statistical parameters for Sb, Sr, V, and Mo in soils
from the different depositional environments; n = 15 for each soil
type and depth interval

Soil type Sb Sr V Mo
μg g−1

0–30 cm

M Mean 0.44b 19.13b 1.37b 0.09b

Max 0.71 31.37 2.17 0.17

Min < 0.026 8.51 0.89 < 0.056

SD 0.25 8.73 0.52 0.08

Fl Mean 0.90a 66.17a 6.15a 0.20a

Max 1.25 82.62 7.52 0.24

Min 0.57 54.02 5.07 0.12

SD 0.22 9.05 0.85 0.04

L Mean 0.82a 58.74a 5.70a 0.26a

Max 0.98 75.49 7.79 0.29

Min 0.65 41.38 4.94 0.20

SD 0.14 14.27 1.16 0.03

30–60 cm

M Mean 0.17b 13.24b 1.27c 0.17a

Max 0.66 27.02 1.85 0.33

Min < 0.026 6.79 0.80 < 0.056

SD 0.29 7.37 0.45 0.13

Fl Mean 0.66a 55.72a 8.78a 0.17a

Max 0.94 79.67 11.29 0.28

Min 0.43 34.02 4.55 < 0.056

SD 0.18 14.41 2.35 0.10

L Mean 0.63a 64.18a 6.70b 0.20a

Max 0.79 77.99 7.95 0.33

Min 0.53 52.93 4.94 < 0.056

SD 0.09 9.75 1.16 0.13

60−90 cm
M Mean 0.23b 13.66b 1.32c 0.13a

Max 0.58 29.83 2.15 0.24

Min < 0.026 7.48 0.92 < 0.056

SD 0.28 8.44 0.45 0.08

Fl Mean 0.76a 53.13a 10.89a 0.22a

Max 1.05 91.64 13.21 0.32

Min 0.57 30.80 8.71 0.12

SD 0.16 19.26 1.51 0.08

L Mean 0.62a 52.51a 8.38b 0.22a

Max 0.92 62.02 10.72 0.26

Min 0.36 40.87 4.88 0.17

SD 0.23 8.44 2.20 0.04

M, marine soil; Fl, fluvial soil; L, lacustrine soil

*Different letters in each column of the table indicate significant
differences at p < 0.05 (based on Duncan test) between soil types
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soil (150 μg g−1; Kabata-Pendias 2011). The global av-
erage contents of V in soils vary from 10 μg g−1 in sandy
soils to 500 μg g−1 in calcareous soils (Kabata-Pendias
2011). The geospatial distribution map indicated that V
levels increased toward the southern portion of the study
area, with the lowest V contents mainly observed in soils
of light texture (the northern section; Fig. 2). Clay dom-
inates the texture of the southern portion of the study area
and likely represents a controlling factor on V mobility
and availability in this area.

Molybdenum

Molybdenum is an important micronutrient anion as it is
involved in various physiological and enzymatic activ-
ities in plants (Mishra et al. 2006) and humans (Schwarz
and Belaidi 2013). However, Mo is also a potentially
toxic metal in high concentrations and can adversely
affect the health of both plants and animals (Evans and
Barabash 2010). Available Mo concentrations in the
surface soils were 0.09, 0.2, and 0.26 μg g−1 in M, Fl,
and L soils, respectively (Table 5). These values were
lower than the lower limit of the maximum allowable
concentrations in agricultural soils (4–10 μg g−1) and
lower than the mean background content of Mo in
surface soils as an average of worldwide soils (1.1 μg
g−1; Kabata-Pendias 2011). Kumpiene et al. (2017) re-
ported that Mo generally exceeds its background con-
centration and national guideline values in TE-c
ontaminated soils.

Dehghani et al. (2017) explained the low mobility
and bioavailability of Mo in soils by its propensity to
form various complex compounds and minerals in soil.
Differential adsorption of Mo by Fe, Al, and Mn hy-
drous oxides contributes to the retention of Mo in sur-
face soils, which may determine its behavior in the
environment. Molybdenum from wet alkaline soils is
most easily taken up, but the geochemical processes
involved in this phenomenon are not completely under-
stood (Kabata-Pendias 2011). The mobile fraction of
Mo might be affected by pH and Eh values and is
dominated by the MO4

2− form in moderately alkaline
soils. These easily mobile anions are readily co-
precipitated by OM, CaCO3, and several cations.

The geospatial distribution of Mo in the surface soils
was less variable than Sb and V, but there were high
concentrations of Mo in some soils south of Burullus
Lake (Fig. 2). The Mo concentrations of our soils were

usually similar to those of other studies (e.g., Kubota
1977; Kadunas et al. 1999; Kabata-Pendias 2011).

Vertical distribution of TEs in the soil

To assess the potential transfer or mobility of heavy
metals to deeper parts of the soil, samples were collected
at three different depths (0–30, 30–60, and 60–90 cm) in
all 15 locations. Results of the Sb, Sr, V, and Mo
analyses are given in Table 5. In general, the Sb con-
centrations were highest in the surface interval. In all
cases, Sb was lowest in the M soils, with no statistical
differences between the Sb values in the Fl and L soils at
any depth interval. Antimony has been found to be
poorly mobile in soil. In a leaching experiment,
Shangguan et al. (2016) found that Sb concentration in
the soil solution decreased with depth in each lysimeter
they studied, which is similar to the results in our pro-
files. However, there is a paucity of quantitative data on
the distributions of Sb in soil profiles (Shangguan et al.
2016). The results of our study support the idea of
restricted mobility of Sb within the soil and lack of
movement to deeper parts of the profile.

Strontium levels increased with depth in two M
and in one Fl profile. This was due to high concen-
trations observed in the third layer (60–90 cm
depth). Vanadium results indicated mobility to lower
depths in the Fl and L soils (Table 5), in contrast
with the Sb and most of the Sr results. The distri-
bution pattern of Mo fluctuated sharply with depth
(Table 5). These findings are essential for under-
standing TEs’ mobility and fate in such soils.
Kabata-Pendias (2011) explained the mobility of
the studied elements (i.e., Mo, Sb, Sr, and V) as
follows: Sr is moderately mobile in soils and Sr2+

is the predominant cation form of Sr. Sr2+ is likely
to be sorbed in hydrated form by clay minerals and
Fe oxides and hydroxides. However, Sb was found
to be mostly immobile in the soil near industrial
sites and mobility decreases with depth, indicating
that it is not likely to contaminate groundwater.
Furthermore, Kabata-Pendias (2011) explained that
V mobility during weathering depends on the host
minerals, with V being adsorbed or incorporated
into mineral clay structures or remains in the resid-
ual rock-forming minerals or Fe oxides. On the other
hand, the mobility of Mo and its availability to
plants is highly controlled by soil pH and drainage
conditions.
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Ecological risk assessment of TEs in the studied soils

Five indices were used to evaluate ecological risk as-
sessment for Sb, Sr, V, andMo in the agricultural soils in
the study area. The indices allowed the assessment of
pollution by individual elements (EF, Igeo), evaluation
of holistic soil quality (CF, DC), and an estimation of
ecological risk (PLI). These indices were calculated for
all collected samples and spatial representations of the
results are presented in Figs. 3, 4, 5, and 6.

The EF is used to assess the possible impact of
anthropogenic activities on the TEs’ concentrations in
the soil (Fig. 3). The EF calculated for Sb indicates that
some anthropogenic enrichment of this element has
occurred, as many of the values were > 1.5 which indi-
cates noncrustal (non-natural) source(s). The EF values
for Sr were roughly equally split between not enriched
(EF < 1.5) and enriched (EF > 1.5). On the other hand, V
and almost all of the Mo values were below 1.5 except

for a very small area in the northwestern part of the
study area, indicating that the Mo and V came from
natural sources. The mean EF values for VandMo were
all lower than 1.5, while the mean EF values for Sb and
Sr were higher than 1.5 in all studied soils. This indicat-
ed that V and Mo were scarcely influenced by anthro-
pogenic impact and almost entirely came from natural
weathering process or crustal materials, while there was
an anthropogenic influence on Sb and Sr. Generally, an
EF value less than 1.5 suggests that a given element may
be entirely from crustal materials or natural weathering
processes, and an EF value greater than 1.5 indicates
that a significant portion of the trace element was deliv-
ered from noncrustal materials or non-natural
weathering process (Zhang and Liu 2002; Mazurek
et al. 2017). Therefore, contamination by the studied
TEs was not of primary concern because almost all the
studied soils showed deficiency to minimal enrichment
of all elements except Sr.
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Fig. 3 Risk assessments for the metals using enrichment factor index (EF). Values of EF < 1.5 indicate that the element is entirely from
crustal contribution, while EF > 1.5 indicates that an important proportion of the TE is from noncrustal materials
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The Igeo allows the assessment of soil pollution
by TEs based on the comparison of TE contents in
the surface layer with the geochemical background
of the deep soil layers (Kowalska et al. 2016). The
TEs were characterized by a narrow range of Igeo
values (Fig. 4), with all calculated Igeo values being
less than 1. This classifies the soils studied as un-
contaminated to moderately contaminated (Zhao
et al. 2013).

Spatial depictions of the CF values are shown in Fig.
5. All CF values indicated low to moderate contamina-
tion for all studied TEs. Similar to EF, the CF mean
values for Sb, Sr, and V were highest in the M soils,
while Mo was highest in the L soils.

The calculated PLI values for the four elements in the
surface interval are presented in Fig. 6. The values of
PLI ranged from 0.03 to 23.36 in all studied soils. The
surface soil can be classified as nonpolluted in most of
the study area and polluted in some sites in the

northeastern part (Tomlinson et al. 1980). The PLI
values were higher in Fl and L than M soils.

The DC values ranged from 0.11 to 8.82, indicat-
ing low (in most of the study area) to moderate
(small area of in the northeastern part of the study
area) contamination levels (Fig. 6). The level of
pollution differed between TEs and soil types. The
DC was greater than 6 in M soil, which was classi-
fied as a moderate degree of contamination. The DC
evaluation indicated a higher level of pollution than
the EF and Igeo indices. This might be explained by
the fact that the DC considers multiple TEs that
could show higher toxicities and contamination due
to the interactions between them (Pekey et al. 2004;
Fu et al. 2013).

Based on the different pollution indices (EF, Igeo,
CF, PLI, and DC), the M soils are the most polluted
followed by the L and Fl soils. The ecological risk
assessment indicated that V and Mo were of natural

Fig. 4 Risk assessments for the metals using geoaccumulation index (Igeo). All values are in the uncontaminated to moderately
contaminated range (0 < Igeo ≤ 1)
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origin, while human activities affected Sr and Sb. Of the
studied TEs, Sb and Sr had moderate ecological risk
indicators. According to Kabata-Pendias (2011), coal
combustion is the main source of Sr pollution. Sr may
be concentrated at levels up to 2000 mg kg−1 in phos-
phorites and is a common source of soil contamination
as a result of phosphate fertilization. Because soil alka-
linity fixes P, P fertilizers are heavily used in the study
area. Antimony contamination can result from construc-
tion activities that use concrete and leaded paint, coal
combustion products such as ash, and contamination
from road traffic (Appleton and Cave 2018). These
activities are widespread in the study area, especially
construction activities and road traffic which increased
dramatically over the last 10 years. Furthermore,
Jiménez-Ballesta et al. (2017) studied Sb and Sr, among
other TEs, in a similar ecosystem (flood plain soil) in
Spain and found that high concentrations of these ele-
ments could be attributed to traditional soil fertilization,
municipal waste disposal, and urban wastewater

treatment discharge into their study area. All these con-
ditions are also present in the Nile Delta.

Source analysis of heavy metals in the surface soils

Correlation matrix

The results of correlation analysis revealed that Sb, Sr,
V, and Mo were positively significantly correlated (p <
0.01), suggesting that these elements have similar
sources (Lin et al. 2018, Liu et al. 2018; Table 6). Many
authors have found strong correlation between some of
these elements, such as Dehghani et al. (2017) and Tapia
et al. (2018), who found strong correlations between Sb
and Mo.

The major factors controlling Sb concentration in
soils are P, soil pH, and Ca, which effectively influence
mobility and solubility of Sb in the soil solution (Feng
et al. 2013). The strongest correlation in this study was
observed between Sb and Ca (R2 = 0.72), which is in

Fig. 5 Risk assessments for the metals using contamination factor index (CF)
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Fig. 6 Risk assessments for the metals using pollution load index (PLI) and degree of contamination index (DC)
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accordance with Appleton and Cave (2018), whereas Sb
was negatively correlated with both pH and P. To form
Ca2(SbO3), Ca in soil can co-precipitate with Sb.
Ca2(SbO3) is highly insoluble and the dissolution of
romeite (Ca[Sbx(OH)y]Z) will govern antimonate
leaching at pH values ranging from 8 to 11 (Cornelis
et al. 2012; Feng et al. 2013). It is worth noting that the
studied soils had pH values between 7.79 and 8.87.
Feng et al. (2013) stated that a considerable amount of
the Sb in soil is retained by organic matter. They added
that Sb solubility has been observed to decline with
increasing clay and SOM. However, the results of the
current study indicate positive significant correlation
between Sb and OM. Furthermore, the concentration
of Sb in the soil solution was negatively correlated to
the concentration of Na in all studied soils (p < 0.01).
Previous studies indicated that Sb and Na2S react to
form Na3SbS3. Sb concentration in soil will be affected
by the dissolution of Na3SbS3 (Anderson 2012;
Shangguan et al. 2016).

The strongest positive correlations with TEs were
observed with clay, silt, OM, Na, Mg, and CEC, while
the strongest negative correlations were observed be-
tween TEs, sand, and pH (Table 6). Other researchers
have also documented SOM as an important character-
istic affecting TEs’ availability (Khaledian et al. 2017),
with SOM having the ability to both increase and de-
crease the mobility of soil metals (Giuseppe et al. 2014).
This is further supported by molybdenum’s significant
positive correlation with organic carbon (OC) (r =
0.795**; Mishra et al. 2006). A spatial correlation was
also noticed between Ca and Sr at the 0.01 significance
level (R2 = 0.91), which indicates the potential for a
common origin in the studied soil.

All studied elements were significantly correlated
with Mn, while the opposite was true with Fe. Feng
et al. (2013) explained, based on several studies (i.e.,
Leleyter and Probst 1999; Ilgen and Trainor 2011; Guo
et al. 2014), that a considerable portion of the Sb in soil
was sorbed to iron hydroxides. They alsomentioned that
powerful evidence indicated that complexes of inner-
sphere surfaces favored binding of Sb to iron oxides, as
has been shown by measurements of extended X-ray
adsorption of fine structures. In addition, there is direct
evidence for strong interactions between Sb and Fe–O in
red earth soils (Vithanage et al. 2013). This is in contrast
to the current study, maybe because of the difference
between the study designs. The study of Vithanage et al.
(2013) was a spiked experiment performed to study the

sorption of Sb(V) in soil on specific mineral surfaces at
different pH values, as opposed to this study which
investigated Sb in the soil environment at fairly consis-
tent pH values. They also noted that Sb was negatively
correlated with Fe and Mn in their four lysimeters and
they explained this by the ability of Fe and Mn
compounds to strongly adsorb Sb. Therefore, the
Vithanage et al. (2013) study partially agrees with ours.

All studied TEs were negatively correlated with EC,
Na, and sand except Mo, which was positively correlat-
ed with EC. This was attributed to the increase in Mo in
sites adjacent to the M soils. Sr had the highest signif-
icant negative correlation to EC, Na, and sand. The
lowest negative significant correlation with EC, Na,
and sand was V with EC and Na and Mo with sand.
On the other hand, all studied TEs had significant pos-
itive correlations with CEC, silt, clay, K (except Sb and

Table 7 Principal component analysis (PCA): rotation compo-
nent matrix for TEs and soil properties

Component matrix

Element PC1 PC2 PC3 PC4

CEC 0.97 0.02 0.07 0.06

Sand − 0.94 − 0.16 − 0.11 − 0.19
Sr 0.93 − 0.15 0.12 − 0.13
Mg 0.92 − 0.06 0.19 − 0.02
Ca 0.91 0.16 0.02 0.20

Silt 0.89 0.23 0.10 0.09

Clay 0.88 0.09 0.11 0.25

V 0.86 − 0.27 0.05 − 0.12
OM 0.84 0.25 0.05 0.08

EC 0.68 − 0.39 0.13 − 0.11
K 0.67 0.37 − 0.08 0.39

Sb 0.48 0.15 0.32 − 0.44
Mo 0.07 0.90 − 0.07 0.01

Mn 0.06 0.85 − 0.02 − 0.04
Al 0.06 0.82 0.07 − 0.05
Fe − 0.38 0.24 − 0.83 0.01

pH − 0.58 0.11 − 0.73 − 0.12
Na − 0.37 0.30 0.72 − 0.06
P 0.23 − 0.01 0.07 0.86

% of variance 50.37 15.70 9.24 6.07

% of cumulative 50.37 66.07 75.31 81.38

Extraction method: principal component analysis, rotation meth-
od: varimax with Kaiser normalization
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Mo), and Ca. Sr was the highest positively correlated
element with the abovementioned soil properties
followed by V > Sb > Mo.

Principal component analysis

PCA, which has been shown to be an effective tool
for source identification of TEs and to verify the
major potential sources of pollution in soils (Anju
and Banerjee 2012; Lin et al. 2018), was performed
to further identify the source of TEs in the investi-
gated soils. Four principal components were obtain-
ed (Table 7 and Fig. 7), and those accounted for
81.38% of the total variation in the data matrix. This
indicated that TEs and soil physiochemical charac-
terizations can be described by these four principal
components. The TEs and soil properties (CEC, Ca,
Mg, K, OM, clay, and silt) were included in the first
principal component (PC1), explaining the largest

amount (50.37%) of the total variance. The first
principal component was mainly characterized by
heavy positive loading of Sr and V, indicating that
they have similar distribution patterns and sources.
Hence, PC1 supported earlier conclusions about the
predominant role of geogenic processes from
weathering of rocks in determining the concentra-
tions of these elements (Liu et al. 2015). The second
principal component (PC2) was composed of Mn,
Al, and Fe and explained 15.70% of the total vari-
ance. The sources of this second set of elements are
considered different than that of the elements in
PC1. The third principal component (PC3) included
Na and EC and explained 9.24% of the total vari-
ance. The fourth principal component (PC4) includ-
ed only P, explaining 6.07% of the total variance.
The results of the PCA were consistent with TEs’
distribution in the studied soils and this further con-
firmed the source of TEs in the studied area.

Fig. 7 The principal component analysis loading plot of TEs and soil properties in the studied soil profiles of the north Nile Delta, Egypt
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Conclusion

This study was developed to provide baseline informa-
tion on the spatial variability and a risk assessment of
selected trace metals in different depositional environ-
ments in the northern Nile Delta of Egypt. The results
showed variability between available TEs in the differ-
ent soils in the study area. Sb and Vare concentrated in
the southern part of the study area, while Sr was dom-
inant in the center of the study area. Mo showed less
variability than Sb and V, and high levels of available
Mo were recorded mainly in some spots south of
Burullus Lake. The risk assessment evaluation of the
studied elements indicated V and Mo were of natural
origin and not introduced by human activities. The
opposite was true for Sr and Sb, where both TEs had
moderate ecological risk indicators. Although these TEs
do not currently pose a high risk, the continuous mon-
itoring of such elements is necessary because human
activities may disturb the dynamics of the ecosystems in
the study area. This area is one of the most populated,
fertile, and cultivated areas in Egypt, meaning it sup-
ports many people. Additionally, this area is subjected to
many stresses because it is located close to the sea and
hosts many of the industrial and agricultural resources of
Egypt as well as many domestic drainages in the Nile
Delta. Subsequently, regular TE monitoring and ecolog-
ical risk assessment in this area is essential to avoid
potential environmental and health risks.
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