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Abstract The distribution of 10 macronutrients and
trace metals in the arable soils of Isfahan Province, their
phytoavailability, and associated health risks were in-
vestigated; 134 plant and 114 soil samples (from 114
crop fields) were collected and analyzed at harvesting
time. Calculation of the soil pollution index (SPI) re-
vealed that arable soil polluted by metals was more
severe in the north and southwest of the study area.
The results of cluster analysis indicated that Pb, Zn,
and Cu share a similar origin from industries and traffic.
The concentrations of macronutrients and trace metals
in the sampled crops were found in the order of K>Ca>
S>Mg>P and Fe>Mn>Zn>Cu>Pb, respectively,
whereas calculation of the bioconcentration factor
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(BCF) indicated that the accumulation of the investigat-
ed elements in crops was generally in the order of S~
K>P>Mg>Ca and Zn>Cu>Mn>Pb>Fe, respectively.
Thus, various parameters including crop species and the
physical, chemical, and biological properties of soil also
affected the bioavailability of the elements besides the
total element contents in soil. Daily intake (DI) values of
elements were lower than the recommended daily intake
(RDI) levels in rice grains except for Fe and Mn, but for
wheat grains, all elements displayed DI values higher
than the RDI. Moreover, based on the hazard index (HI)
values, inhabitants are experiencing a significant poten-
tial health risk solely due to the consumption of wheat
and rice grains (particularly wheat grains). Mn
health quotient (HQ) also indicated a high risk of
Mn absorption for crop consumer inhabitants.

Keywords Macronutrients - Bioavailability - Trace
metals - Soil - Crops - Health risk

Introduction

Humans require a number of mineral nutrients known to
play key roles in maintaining human health (Gupta and
Gupta 2014). Hence, the quality of human life depends
in part on the chemical composition of the consumed
food (Kabata-Pendias and Mukherjee 2007). In trace
amounts, most heavy metals are necessary in living
organisms. However, excessive metal concentrations in
polluted soils can result in soil quality degradation, crop
yield reduction, and poor quality of agricultural products

@ Springer



4113, Page 2 of 22

Environ Monit Assess (2015) 187:4113

(McGrath 1998). Considering the nonbiodegradability
and the persistent nature of heavy metals in soil, they
may enter the human body via dust inhalation, direct soil
ingestion, or consumption of food crops. Compared
with inhalation and dermal contact exposure, food con-
sumption has been identified as the major pathway
(Zheng et al. 2007). In agricultural soils, the presence
of metals is of increasing concern because they have the
potential to be accumulated in less soluble forms, trans-
ferred into soil solution, and subsequently deteriorate
the groundwater and crop quality (Kelepertzis 2014).
Increasing soil heavy metal concentrations may result in
increased uptake by plants and potentially cause serious
health problems such as stomachache, renal dysfunc-
tion, pulmonary emphysema, and the notorious Itai-Itai
to humans (Yeung and Hsu 2005) mostly via food
chains (Jackson and Alloway 1992).

In addition to the natural weathering-pedological
(geogenic) inputs, anthropogenic activities are said to
be significantly responsible for elevated trace metal
concentrations in soils (Devkota and Schmidst 2000;
Frost and Ketchum 2000; Singh et al. 2004; Mapanda
et al. 2005). Soil to plant transfer is a key process that
exposes humans to heavy metals through the food chain.
When a plant grows on a heavy metal-contaminated
soil, the heavy metals will be first absorbed by the roots
of the plant and then transferred to the aboveground
organs such as the stem, leaf, and grain (Li et al.
2009). Trace metal mobility depends on soil character-
istics including soil pH and texture, the type and quan-
tity of the oxyhydroxides present, the content of organic
matter, and soil main constituents such as carbonates,
phosphates, and clays which are responsible for toxic
metal and metalloid sorption (e.g., Holm et al. 2003;
Marcussen et al. 2009) and trace metal-specific chemi-
cal form or strength of binding to the solid phase
(Bermond et al. 2005).

Understanding and the prediction of the accu-
mulation of heavy metals and metalloids in crops
grown on contaminated croplands were motivated
to secure crop quality and food safety
(McLaughlin et al. 1999; Adamsa et al. 2004).
Therefore, based on the above background, the
aims of this study are to (a) evaluate the spatial
variability of macronutrients and trace metals in
surface soil and crops, (b) assess the transfer of
elements from soil to plant, (c) determine soil
factors influencing the availability of macronutri-
ents and trace elements to crops, and (d) evaluate
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noncarcinogenic risk of wheat and rice grain con-
sumptions in Isfahan Province of Iran.

Materials and methods
Study area, geological setting, and soil type

The study area is located in Isfahan Province (within
50 km from the Isfahan City center). The surface area is
about 7850 km®. The geographic coordinates are 32°
11'-33° 6’ N and 51° 8'-52° 12" E. Several populated
cities including Najafabad, Shahinshahr, Mobarakeh,
Khomeynishahr, and Isfahan are located in the study
area (Fig. 1). Isfahan is the largest industrial city in Iran,
well known for its steel mills and chemical plants.
Arable lands surround different industrial centers such
as steel and cement-making mills and also the famous
Shahkuh Pb mine. Climate in the northern, eastern, and
central parts of the study area is hot and dry and
semihumid in the western parts, while toward the south,
it is cold and semiarid. The mean annual precipitation is
120 mm. Annual mean temperature is 16.7 °C, ranging
from a minimum of 10.6 °C in the winter to a maximum
0f40.6 °C in the summer. Geologically, the study area is
covered by sedimentary rocks (limestone, dolomite,
evaporite, sandstone, and shale), along with
Zayandehrud River alluvium. The soils in the study area
are mostly composed of immature calcaric regosols,
lithic teptosols, and haplic calcisols with undeveloped
horizons.

Sampling and chemical analysis

Sampling was carried out in the period of April to July
2011. A total of 134 crop samples (rice and wheat
grains, alfalfa, lettuce, cabbage, beet, celery, radish,
coriander, basil, parsley, leek, and dill) and 114 topsoil
samples (1-10 cm) were collected at harvest time. The
reason for the smaller number of soil samples is that on
several occasions more than one crop type was collected
from the same farm. Moreover, due to water resource
limitations, arable lands in the study area are confined to
areas surrounding the Zayandehrud River. The sampling
locations are shown in Fig. 1.

Each soil sample was prepared by first randomly
collecting several subsamples at each sampling site,
followed by thoroughly mixing the subsamples to form
a composite sample of approximately 1 kg using the
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Fig. 1 Sampling stations in the study area

quartile method. Collected samples were sealed in
clean polyethylene bags and transported to the labo-
ratory. The soil samples were air dried at room tem-
perature, part of each sample was sieved through a
0.63 um screen for the determination of macronutri-
ents and trace metals, and for the rest of the physico-
chemical parameters, the soil was sieved to 2 mm.
The total concentrations of macronutrients Ca, Mg, P,
K, and S and trace metals Cu, Zn, Pb, Fe, and Mn
were measured following aqua regia digestion for
low to ultralow determinations by using inductively
coupled plasma mass spectrometry (ICP-MS)
method in a certified commercial Canadian laboratory
(Acme Analytical Laboratories, Ltd.).

Soil pH and electrical conductivity (EC) were mea-
sured in aqueous suspensions (1:2.5 and 1:5 soil/water
ratios, respectively). Soil organic matter was determined
following potassium dichromate wet combustion proce-
dure. Cation exchange capacity (CEC) of soil was mea-
sured using 0.1 M NaCl according to the ion retention
method of Schofield (1949). CaCO; was determined by

the titrimetric method in which two equivalents of
acid are assumed to react with 1 mol of CaCO;
(Ryan et al. 2001). Soil particle size distribution
(sand, silt, and clay content) was determined using
the hydrometer method.

Crop samples (rice and wheat grains and some
green vegetables) were collected along with growing
media soils. The distribution of the samples reflects
the dominant crop type at each sampling site and the
fact that no farming is practiced in the eastern and
northeastern parts. After sample collection, the food
crops were immediately transported to the laboratory
and cleaned with deionized water. Crop samples
were air dried, and their edible parts were ground
using a precleaned steel grinder and passed through
a 250 um sieve. Each fine crop powder was then
stored in a polythene zip bag. The samples were
measured for their Ca, Mg, P, K, S, Cu, Zn, Pb,
Fe, and Mn contents using 1 g aliquots digested in
aqua regia and then analyzed by ICP-MS in the
Acme Analytical Laboratories, Ltd.
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Data analysis
Soil pollution index (SPI)

SPI; was calculated at each sampling station and then
interpolated to better visualize pollution sources
(Lee et al. 2000):

MC;
J TCj
_ 1
a 0

SPI, =

where i = the sampling locations, j = the enriched trace
metals, MC; = the metal concentrations at the sampling
location, TC; = the target concentrations of jth metals
that are highly enriched, and N = the number of enriched
trace metals.

Bioconcentration factor (BCF)

Bioconcentration factor is a parameter used to describe the
transfer of trace elements from soil to plant. It was calcu-
lated as the ratio between the concentration of elements in
the crops and that in the corresponding soil (all based on
dry weight) for each crop separately (Liu et al. 2000).

BCF = Cplant/csoil (2)

where Cpan is the concentration of the element in the
plant, and C is its concentration in the soil.

Daily intake (DI,) of elements

The DI, of elements was calculated based on the equa-
tion presented by Jung et al. (2005) as follows:

DI; =C; x Q (3 )

where C; is the concentration of the 7 element in crop
(mgkg ™), and Q is the daily consumption of crop in the
area (kg day ).

Risk of individual trace metals

A potential noncancer risk for individual trace metals is
expressed as the hazard quotient (HQ) (EC 2002) and is
calculated as follows:

CDI
" RfDo )

HQ
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- - CF x IR x EF x ED
CDI (mgkg ™' day™') = BW < AT (5)

where chronic daily intake (CDI) exposure is expressed
as mass of a substance contacted per unit body weight
per unit time, averaged over a long period of time
(lifetime in this study); RfDo is the oral reference dose
(mg kg ' day ). Units of CDI and RfDo are the same
(US EPA 1989). CF is the median concentration of
elements in plant (mg kg '); IR is the ingestion rate of
plant (kg person” ' day™"); EF is the exposure frequency
(365 days year "); ED is the exposure duration (70 years
for adults and 6 years for children in this study), equiv-
alent to the average lifetime (Bennett et al. 1999); BW is
the average body weight (61.6 kg for adults) (Yuan et al.
2007) and 18.7 kg for 0—6 year old children is presumed
(Xu 2001); and AT is the average exposure time for
noncarcinogenic effects (ED 365 days year ') (Huang
et al. 2008).

If the CDI exceeds the threshold (i.e., if HQ exceeds
unity), potential noncancer effects may be a concern. In
addition, to determine the noncancer hazard for all ex-
posure routes and pathways, the HI which consists of
the sum of the HQ determined for individual pollutants
was calculated (Bermudez et al. 2011). The RfDo values
are 4.0x107%, 7.0x107", 1.4x1077, and 3.0x
10 ' mgkg ' day ' for Cu, Fe, Mn, and Zn, respectively
(US EPA 2010). Since US EPA is yet to establish an
RfDo for Pb, the RfDo for Pb in this study was taken as
4.0x107° mg kg ' day ' calculated from the tolerable
weekly Pb intake limit (25 ug kg ' body weights)
recommended by the FAO/WHO for adults (FAO/
WHO 1984; Ostapczuk et al. 1987).

Statistical analysis

The data is statistically analyzed using Statistical
Package for the Social Sciences (SPSS), version
19. In order to better describe and interpret the
results of analysis and also to classify objects into
categories or clusters based on their nearness or
similarity, cluster analysis was employed.
Hierarchical cluster analysis was used to assess
relationships between variables and possible pat-
terns in the distribution of the measured data.
Also, principal component analysis (PCA) was
employed to the data set with the aim to identify
associations and common origin among elements
(Lu et al. 2012). Moreover, Pearson’s correlation
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coefficients between soil physicochemical parame-
ters and elements in crops were calculated to eval-
uate the possible influence of these parameters on
the bioavailability of elements.

Geographic information system (GIS)

In order to display the spatial distribution of the ele-
ments in soil, spatial interpolation technique was used.
There are several spatial interpolation techniques, in-
cluding inverse distance weighting (IDW), radial basic
functions, local polynomial interpolation, etc.
Compared with the others, IDW is the simplest and most
practical interpolation method (Wang 2006). Using ele-
mental concentrations and soil physicochemical
parameters as variables, in this study, IDW was
applied to create a model for presenting spatial
patterns in the area.

Results and discussion
Results of soil analysis
Chemical characteristics of soil samples

The summary statistics for each soil parameter and con-
centrations of the investigated elements are presented in
Table 1. The soil pH ranged from 7.42 to 8.62, suggesting
slightly to strongly alkaline soil. Ryan et al. (2001) sug-
gested that soils with pH ranging from 7.5 to 8.4 usually
have free carbonate and excellent infiltration and percola-
tion of water resulting from high Ca saturation of clays.
They also proposed that soil pH values higher than 8.5
indicate sodic soil with poor physical conditions, low
infiltration and percolation, and possible root deterioration
and organic matter dissolution. EC was variable (261 to
13,890 uS/cm) averaging 2267.35 pS/cm. Based on
HACH Company (1993), 64, 27, 8, and 1 % of soil

Table 1 Summary statistics of trace and major elements concentrations of agricultural soils

Parameter Min Max Mean Std. error  Std. deviation ~ Skewness =~ World average  Guideline for
of mean in soil agricultural use
Cu (ppm) 0.82 97.80 35.28 1.01 10.75 2.30 23" 63°
Pb (ppm) 12.62 362.97 32.17 4.12 43.84 6.16 32¢ 70°
Zn (ppm) 21.53 963.40 100.96 8.09 85.95 9.20 59.8¢ 200°
Mn (ppm) 15.60 796.00 600.49 9.32 99.07 -1.90 437° NL
Fe (%) 1.82 3.56 2.74 0.04 0.38 0.04 3.20¢ NL
Ca (%) 1.47 15.54 13.10 0.17 1.86 —2.47 1.96° -
P (ppm) 510.00  3750.00 1168.05  52.10 553.83 242 620¢ -
Mg (%) 1.15 12.86 1.75 0.10 1.10 9.31 0.826¢ -
K (%) 0.26 1.87 1.06 0.04 0.47 -0.71 1.83¢ -
S (ppm) 100.00  10,600.00 102947  164.32 1746.76 441 4334 -
pH 7.42 8.62 8.03 0.03 0.26 0.14 - -
EC (uS/cm) 261.00  13,890.00 2267.35  296.92 2412.17 3.61 - -
CaCO; (%) 21.48 45.40 34.29 0.65 5.26 -0.07 - -
CEC (meg/100 g)  1.63 34.26 17.96 0.84 6.85 -0.97 - -
OM (%) 0.97 6.62 2.87 0.14 1.11 1.15 - -
Sand (%) 3.70 79.60 29.55 2.09 16.94 0.74 - -
Clay (%) 5.20 51.80 26.18 1.13 9.18 —-0.02 - -
Silt (%) 15.20 62.70 44.27 1.45 11.74 —0.55 - -
NL no limit

#Mean content in calcareous soils (Kabata-Pendias and Mukherjee 2007)

® Canadian Council of Ministers for the Environment (CCME) (2007)

“World average (Kabata-Pendias and Mukherjee 2007)

4'World average (Bowen 1982)
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samples in the area bear very low, low, medium, and high
hazard crop growth, respectively. Soil calcium carbonate
contents ranged from 21.48 to 45.40 % with a mean value
of 34.29 %, indicating that almost 84 % of the samples
should be classified as very strongly calcareous (Avery
1980). Organic matter content of soil varied from 0.97 to
6.62 % (mean 2.87 %) revealing that 58 % of the samples
have medium levels of organic matter (OM %) (Metson
1961). In general, the measured CEC was variable (1.63—
34.26 meq/100 g), averaging 17.96 meq/100 g.

Major and trace metals

The ranges of the concentrations of macronutrients and
trace metals in the soil samples were as follows: Fe 1.82—
3.56 %, Ca 1.47-15.54 %, Mg 1.15-12.56 %, K 0.26—
1.87 %, P 510-3750 mg kg ', S 100-10,600 mg kg ', Cu
0.82-97.80 mg kg !, Pb 12.62-362.97 mg kg !, Zn
21.53-963.40 mg kg ', and Mn 15.60-796.00 mg kg .
The ranges were above the soil world average for Cu, Pb,
Zn, Mn, Ca, P, S, and Mg and below the world average for
K and Fe. An efficient method for the evaluation of soil
quality is to compare the data with guidelines published by
environmental bureaus. Figure 2 illustrates a comparison
between concentrations of trace metals in soils of the study
area and guideline values for agricultural use. There are no

published guidelines by environmental agencies for Fe and
Mn in agricultural soils; however, as shown in Fig. 2, the
determined Cu, Pb, and Zn contents in agricultural soils of
the study area are higher than those in the published
guidelines, especially in Shahinshahr, Zarrinshahr,
Talkhuncheh, and Ghahderijan cities. These cities are close
to some big industries such as petrochemical complexes,
steel mill, and industrial towns which can cause soil con-
tamination in these areas.

Soil pollution index was calculated for the enriched
trace metals in the area, i.e., Cu, Pb, Mn, and Zn. In
general, the range of SPI spanned from 0.37 to 8.31,
with a mean value of 1.40. The relatively highly
enriched areas are located close to inhabited districts in
Isfahan, Shahinshahr, and Zarrinshahr cities, probably
reflecting rapid population growth and urban develop-
ment. Industries such as the Zobe-ahan steel mill and
Shahinshahr petrochemical complex along with munic-
ipal waste landfills and irrigation of farmlands with
treated wastewater also contribute to the observed soil
pollution. The Shahinshahr freeway as a transit road was
found to be a hotspot for Cu, Pb, Mn, and Zn concen-
trations, probably resulting from high traffic load. The
spatial distributions of the studied macronutrients and
trace metals along with the calculated SPI in the area are
shown in Figs. 3 and 4, respectively. The figures
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Fig. 2 Comparison between concentrations of trace metals in soils of the study area and guideline values
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Fig. 4 Spatial distribution of trace elements and calculated SPI in agricultural topsoil: a Cu, b Fe, ¢ Mn, d Pb, e Zn, f SPI
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Table 2 Literature data on mean concentrations of the common metals determined in agricultural soils of various areas around the world

Area Cu (ppm) Fe (%) Mn (ppm) Pb (ppm) Zn (ppm) References

This study 3228 2.74 600.49 32.17 100.96 This study

Huizhou (China) 21.82 65.38 66.15 Cai et al. (2012)

Thiva (Greece) 32 1010 24 67 Antibachi et al. (2012)
Argolida Basin (Greece) 74.68 2.65 1020.5 19.74 74.88 Kelepertzis (2014)
Dhaka (Bangladesh) 60 3.04 339 27.6 209 Rahman et al. (2012)
Dehui (China) 18.9 354 58.9 Sun et al. (2013)

Yangtze (China) 324 33.9 94.9 Xu et al. (2014)

Alicante (Spain) 22.5 1.36 295 22.8 52.8 Mico et al. (2006)
Zagreb (Croatia) 20.8 613 25.9 77.9 Romic and Romic (2003)

indicate that arable soil pollution and trace metal enrich-
ment are more severe in the northern and southern parts
of the study area.

Numerous studies have been reported on metal con-
tamination in agricultural soils around the world, the
data of which can be used for comparison with the

results of the present study. Table 2 compares the con-
centrations of trace metals in agricultural soils sampled
in Isfahan with those reported from other areas in the
world. The mean concentration of Cu is higher in agri-
cultural soils of the study area than that in Zagreb and
Alicante, Thiva, Huizhou, and Dehui and lower than

Dendrogram using Ward Linkage

Rescaled Distance Cluster Combine
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Fig. 5 Hierarchical dendrogram for soil parameters and elements obtained by Ward’s method
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that in Argolida, Dhaka, and Yangtze. Also, when com-
pared with Argolida and Alicante agricultural soils, the
study area soils are richer in Fe. Manganese levels in the
study area of agricultural soils are higher than those in
Dhaka and Alicante and lower than those in Thiva and
Argolida, whereas the mean concentration of this metal
is similar to those obtained in Zagreb. Moreover, Pb and
Zn concentrations are obviously richer in agricultural
soils of Isfahan Province than all areas mentioned in
Table 2 (except Huizhou, Dehui, and Yangtze for Pb).

Relationship between soil parameters

The soil parameters, i.e., macronutrients (Ca, K, Mg, P,
S), trace metals (Cu, Pb, Zn), along with Fe, Mn, pH,
EC, CEC, CaCOs;, organic matter, and clay, silt, and
sand contents, were used for cluster analysis (CA). The
normality of all elements and parameters were checked
using the Kolmogorov-Smirnov normality test (p>0.01)
and, all data were log transformed prior to CA because
the normality test indicated that the data are not normal-
ly distributed. In CA, the data was standardized to Z
score and then classified using Ward’s method. The
distance measured used in CA is the squared
Euclidean distance. Ward’s method uses an analysis of
variance approach to evaluate the distance between
clusters (Kim et al. 2005). The result of CA is illustrated
in the dendrogram (Fig. 5). The relationship between
Pb, Zn, and Cu indicates that the metals originate from
two major sources, i.e., industry and traffic. The
correlation between Cu and OM is probably the result
of the stabilizing effects induced by the organic matter
through adsorption and complexation with insoluble
humic substances. Adriano (1986) also showed that
Cu forms the most stable complexes with organic mat-
ter. On the other hand, the association of Cu, Pb, and Zn
with CEC, clay, silt, and OM supports the assumption
that these metals have anthropogenic sources in the area
and had been adsorbed by clay and silt particles and
organic matter (especially for Cu). Fe, Mn, and Mg are
strongly correlated and fall within one group/cluster.
This is because metals with an ionic potential slightly
lower than that required to form M—O bonds, namely
Mg2+, Fe?’, Mn*", Li', and Na", are strongly hydrated
elements, and hydration significantly affects the chem-
ical properties of an ion and its capacity to be adsorbed
or enter into the crystal structure of a mineral (Bjerlykke
2010). On the other hand, as with iron, manganese
geochemistry in sedimentary environments is largely

@ Springer

governed by redox reactions. However, Mn behavior
in low redox potential (Eh) is controlled by carbonate
minerals, contrary to Fe, which is controlled more by the
sulfides (Maynard 1983).

The relationship between K, P, and S in the soil
samples is probably related to the application of ammo-
nium sulfate, potash, and phosphate fertilizers in the
croplands of Isfahan Province. Ca, CaCO;, pH, and
sand are strongly correlated, indicating that the high
pH of the soil is the result of the presence of calcium
carbonate and also local lithological characteristics.

The principal component analysis aims to explain
most of the data variance while reducing the number
of variables to a few uncorrelated components and is an
effective method to determine human impacts on a
spatial scale. In this study, PCA was conducted using
factor extraction with an eigenvalue >1 after varimax
rotation with Kaiser normalization. To eliminate the
potential influences of positive skewness in the distri-
butions of the parameters (Table 1), a logarithmic trans-
formation was applied. The results of PCA for heavy
metal contents were presented in Table 3. Three princi-
pal components with eigenvalues higher than 1

Table 3 Varimax-rotated factor model for agricultural soil
samples

Elements PClI  PC2 PC3

Cu 0.06 0.92 021
Pb -0.19 095 -0.09
Zn -0.03  0.97 0.01
Mn 082 0.15 0.25
K 048 0.10 0.59
Ca -0.79 0.06 —0.05
Mg 0.85 —0.05 0.15
Fe 0.87 0.008 0.03
P -0.06 0.32 0.66
S 042 0.05 0.66
pH -0.88 —0.19 0.24
EC 0.67 -0.01 -0.02
CaCO; -083 0.15 -0.26
CEC 053 0.64 035
oM 038 0.70 0.34
Sand -0.81 —0.20 0.30
Clay 048 0.50 -0.58
Silt 0.01 0.02 -0.89

Cumulative proportion of variance (%) 38.73 60.90  76.84
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Table 5 Comparison of the concentrations (mg kg ' dry matter) of the elements in wheat and rice grains in this study with data available

from some previous studies and the allowed levels of toxic metals in crops or foodstuffs

Area Cu Pb Zn Fe Mn Ca Mg K P S Reference

Isfahan Wheat grain 7.93 0.31 37.83 170 40.14 7070 2020 11,540 3460 3340 This study
Argentinean pampas 5.80 0.98 37.65 4600 1900 1100 Lavado et al. (2001)
Greenhouse pot 499 0.08 3470 37.7 275 530 1310 2510 2960 Shtangeeva et al. (2011)
Figgia 6.53 32.69 43.64 54.85 498.62 1182.04 5100.66 720 Ficco et al. (2009)
Fiorenzuola D’Arda 6.62 35.17 39.78 39.29 43470 1156.97 4029.22 450 Ficco et al. (2009)
Isfahan Rice grain  2.97 0.75 27.06 360 29.06 10,840 2420 6470 2810 5870 This study

Japan 102 1270 2480 3070 Ogiyama et al. (2008)
Macedonia 3.00 0.19 27.86 Smuc et al. (2012)
Pakistan 1.40 1.78 637 227 Abbas et al. (2007)
Changshu 3.84 0.17 19.10 Hang et al. (2009)
Thailand 21.80 7.30 40.50 618 Parengam et al. (2010)
Guideline 10" 02° s50° - - - - - - -

#Tolerance limits of Chinese standards (source: Huang et al. 2008)
® Maximum levels for contaminants in foodstuffs (EC 2006)

Dendrogram using Ward Linkage
Rescaled Distance Cluster Combine

0 S 10 15 20 25
1 1 1 1 1
Rice 4
Beet 5
Alfalfa 3
Wheat 2 J
Celery 1
Cabbage 7
> Lettuce 8 —
Coriander 9
Basil 1"
Radish 6
Dill 10
Parsley 12
Leek 13

Fig. 6 Groupings of plants on the basis of elemental concentrations in their edible parts
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explaining more than 76 % variance of the data were
extracted. PC1 explained 38.73 % of the total variance
and comprises Mn, Fe, Mg, and EC. PC2 explained
60.90 % of the total variance and loadings on Cu, Pb,
Zn, and OM. The third component (PC3) included P and
S. Potassium and clay (%) did not demonstrate a clear
association with any of the components, but higher
loading plots were observed for PC3 (0.59) and PC2
(0.50), respectively. The results of PCA confirmed the
results obtained by CA. In general, all parameters in the
study area except pH, CaCO3, Ca, and sand were affect-
ed by anthropogenic activities to some extent, but their
potential sources, which are mentioned above, are
different.

Nutrients and trace metals in crops

Table 4 summarizes the elemental concentrations
in the agricultural crops (rice and wheat grains,
alfalfa, lettuce, cabbage, beet, celery, radish, cori-
ander, basil, parsley, leek, and dill) collected from
where the agricultural soil samples were also col-
lected. The overall concentrations of macronutri-
ents and trace metals in the crops displayed the
following decreasing order: K>Ca>S>Mg>P and
Fe>Mn>Zn>Cu>Pb.

The mean concentration of Cu in selected crops
varied between 2.61 and 49.02 mg kg ' (Table 4). The
lowest Cu concentration (1.17 mg kg ') occurred in rice
grains and the highest (441 mg kg ') in lettuce. The
overall mean concentration of Pb varied between 0.05
and 2.56 mg kg ', with the lowest and highest
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concentrations being in rice grains (0.01 mg kg™ ') and
cabbage (15.25 mg kg "), respectively. The mean con-
centration of Zn varied from 24.03 to 63.77 mg kg ' and
for Mn from 14.65 to 75.83 mg kg ' (Table 4). The
lowest and highest concentrations of Zn also occurred in
rice grains (12.80 mg kg ') and alfalfa (123 mg kg ")
and for Mn in rice grains (9 mg kg ') and cabbage
(267 mg kg "), respectively. Similarly, the mean con-
centrations of Fe varied between 23.33 and
667.06 mg kg ', with the lowest and highest concentra-
tions (10 and 6440 mg kg ') being in rice grains. The
mean concentrations of Ca varied from 0.23 to 26.86 g
kg !, with the lowest and highest concentrations being
in rice grains, celery, and beet (0.1 g kg ') and in rice
grains and cabbage (56.50 g kg ') respectively. For P
and Mg, the mean concentrations ranged from 2.79 to
551 gkg ' and 0.97 to 9.23 g kg ', respectively. The
lowest and highest P concentrations occurred in cabbage
(1.70 g kg") and basil (4.64 g kg ') and for Mg in
cabbage (0.55 and 17.22 g kg ). In addition, the mean
concentrations of K and S in selected crops varied from
2.63 10 51.15 g kg ' and 1.63 to 10.50 g kg ', respec-
tively (Table 4). Also, the lowest and highest concentra-
tions of K and S were observed in rice grains and
cabbage (1.40 g kg™") and leek (66.70 g kg') and in
rice grains (0.7 g kg™') and cabbage (29.70 g kg ),
respectively (Table 4).

Table 5 shows a comparison of the elemental con-
centrations of wheat and rice grains (as the dominant
consumed crops in the area) in this study with data from
other studies around the world and guidelines for trace
metal concentrations in crops or foodstuffs. Compared
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Fig.7 Mean bioconcentration factors (BCF) of a macronutrients and b trace elements measured in collected crops grown in different parts

of the study area
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with available data presented in Table 5, the concentra-
tions of Cu, Pb, Fe, and all five macronutrients were
higher in wheat grain samples of the study area. Pb and
Mn concentrations in wheat grains of Isfahan Province
were lower than those for Argentinean pampas and
Figgia, respectively. Based on the table, rice grains
cultivated in Pakistan had lower Cu, Zn, Fe, and Mn
concentrations than Isfahan. Also, Zn, Mn, Mg, and K
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concentrations in Thailand rice grains were lower than
those for Isfahan Province. Besides, Pb concentrations
in rice samples of the area were higher than those in
Macedonia and Changshu (China). Rice grains in
Macedonia also had higher Cu and Zn concentrations.
Moreover, compared with Japan, rice samples in the
study area had higher Ca, Mg, and K concentrations
and lower P contents. According to Chinese standards,
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32.08 and 22.38 % of crop samples exceeded tolerance
limits for Cu (mostly in wheat, alfalfa, and vegetables)
and Zn (particularly in vegetables), respectively. In ad-
dition, 52.98 % of the samples exceeded the maximum
levels for Pb (except in celery) when compared with the
European Commission standards.

Knowing the overall elemental contamination in
agricultural crops (Table 4), CA with Ward’s method
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was adopted to divide the agricultural crops into
several groups as shown in the dendrogram in
Fig. 6. Various clusters were formed between differ-
ent selected crops; the crops in each group were of
similar nature (Khan et al. 2013). Moreover, on the
basis of elemental concentrations, some food crops
showed strong significant correlations by forming
primary groups/clusters (Fig. 6).
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Elements in the soil-plant system

In order to understand the accumulation difference
for the analyzed elements in crops, bioconcentration
factor was determined for all sampled species in this
study. Figure 7a, b shows the calculated
bioconcentration factors for macronutrients and trace
metals in the collected crops, respectively. In gener-
al, the values for macronutrients (particularly P, S,
and K) were much higher than those for trace
metals. The accumulation trend for macronutrients
and trace metals is S*K>P>Mg>Ca and Zn>Cu>
Mn>Pb>Fe. However, different crops display dif-
ferent BCF values, indicating that element availabil-
ity to the crop’s edible parts besides the total metal
content of the soils is affected by plant species.
Moreover, based on the study of Zhao et al.
(2009), the physical, chemical, and biological prop-
erties of soil also affect the bioavailability of the
elements. Soil pH is the most important factor that
controls the uptake of elements (Jung and Thornton
1997; Basta et al. 2005). Therefore, the alkaline
nature of the soil in Isfahan Province was probably
the main reason for the observed high BCF for S, P,
and K. It must be pointed out that plants exude
many low molecular organic acids, which can influ-
ence the speciation of elements in soil solutions and
the uptake of elements by plants. The rhizosphere is
a small but important subsystem of the pedosphere,
and the properties of the rhizosphere are largely
different from those of bulk soils (Kraffczyk et al.
1984; Curl and Truelove 1986). Soil-plant interac-
tions in the rhizosphere determine metal speciation,
transformation, uptake, and accumulation in plants,

which in turn determines the overall metal bioavail-
ability (Wenzel et al. 1999).

Sulfate and phosphate (SO42_, H,PO, , or HPO42_)
are generally the dominant species of sulfur and phos-
phorous in vast ranges of pH and Eh (Brookins 1988).
As in the case for phosphate, sulfate anions are also
adsorbed by aluminum and iron oxides at low pH.
Phosphate is even more strongly adsorbed than sulfate,
but it is usually present at such low levels that it does not
compete with sulfate for adsorption sites (Eby 2004).
Potassium uptake is related to the uptake of bicarbonate
ions present in the alkaline solution; the additional po-
tassium ions accumulated through accompanying bicar-
bonate anions taken up (Hurd 1958). Moreover, increas-
ing concentrations of NaNO, have resulted in decreased
K" uptake through the root system. The inhibitory effect
of NO, s strongly influenced by the H" concentration
of the outer medium. pH decrease in external solution
has apparently led to increased inhibitory effect of NO,
on both ion uptake and the growth of seedlings (Zsoldos
et al. 1994).

Figures 8 and 9 depict the relations between soil and
crops for selected macronutrients and trace metals, re-
spectively. Only soil P contents were positively corre-
lated with those in crops. For most of the investigated
elements, there was no significant correlation between
the concentrations of elements in soil and those in crops.
As already noticed by Zhao et al. (2009), it may be
concluded that the total element content in soil is not
solely responsible for the observed concentrations in
crops. For further evaluation, Pearson’s correlation co-
efficients were calculated between soil physicochemical
parameters and elemental concentration in crops after
normalizing the data (Table 6). There were no obvious

Table 7 Dietary intake estimates

for elements from rice grain (mg Element Mean (mg kg ™) Dietary intake RDI, mg day™' (M) RDI, mg day ™" (F)
day ™)
Ca 10,842 1188.16 1000 1300
Mg 2417 264.88 420 320
P 2812.80 308.25 700 700
K 6472 709.26 4700 4700
S 5866 642.85 - —
Fe 355.20 38.93 8 18
Cu 297 0.33 0.90 0.90
Mn 29.06 3.18 2.30 1.80
Zn 27.06 2.97 11 8
Pb 0.75 0.08 - -

M male, F female
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Table 8 Dietary intake estimates

for elements from wheat grain Element Mean (mg kgﬁl) Dietary intake RDI, mg dayfl ™) RDI, mg dayf' F)
(mg day )
Ca 7071.43 3758.51 1000 1300
Mg 2015.71 1071.36 420 320
P 3460 1839.01 700 700
11,842.86 6294.56 4700 4700
S 3335.71 1772.95 - -
Fe 174.29 92.64 8 18
Cu 7.93 421 0.9 0.9
Mn 40.14 21.33 23 1.8
Zn 37.83 20.11 11 8
Pb 0.31 0.16 - -

M male, F female

correlations between most of the parameters, likely due
to the complicated conditions and various parameters
affecting the transfer of elements from soil to plant such
as soil total element concentrations and plant species
as already mentioned. There are clear correlations
between soil pH and concentrations of P, S, K, Ca,
and Mg in crop samples. Ca and Mg are the major
components of calcite and dolomite which can
increase soil pH. Also, the positive correlations
between S, K, and P levels in crops with soil pH
are due to the fact that these nutrients are more
bioavailable in alkaline soils than acidic soils. Soil
OM contents showed slightly negative correlations
with almost all element concentrations in crops,
indicating that OM may decrease the mobility
and bioavailability of the elements in soil.
Further, there are negative correlations between
soil EC and elemental concentrations in crops
which could indicate that soil salinity may inhibit
the transfer of nutrients and trace metals from soil
to plant.

Health risks in the consumption of crops

To assess the human health risks of metals, it is
essential to estimate the level of exposure by
quantifying exposure routes. Therefore, to evaluate
the potential human health risks in the area, both
the DI and HQ were calculated. Because rice and
wheat are the dominant cultivated and consumed
crops in the area, DI and HQ were only calculated
for these two agricultural products.

Per capita consumption of wheat and rice in Iran on
the basis of an unpublished regional dietary intake

@ Springer

survey is 194 and 40 kg hab ' year ', respectively.
Tables 7 and 8 display estimated DI for macronutrients
and trace metals through consumption of rice and wheat
grains. The results were compared with the recommend-
ed daily intake (RDI) level as suggested by the NIH or
HHS (HHS 2010).

Daily intake of the investigated elements was lower
than the RDI levels for rice grains, except for Fe and
Mn. However, for wheat grains, all elements had higher
DI values than the recommended daily intake levels. It
may be suggested that macronutrient deficiency should
be compensated by consuming foods rich in nutrients.
Moreover, all investigated elements had high DI rates in
wheat grains and, hence, could pose a serious threat to
human health in time.

Although there are numerous pathways of hu-
man exposure to trace metals, wheat and rice
consumption is the major pathway. Risk to human
health from the intake of metal-contaminated food
crops was characterized through calculating the
health quotient. Results for individual elements
are shown in Table 9. HQ for the majority of the
elements was lower than unity, with an exception
for Cu (in wheat grains) and Mn (in rice and

Table 9 HQ of individ-

ual trace metals for adults Element Rice Wheat
(in rice and wheat grains)
Cu 0.102 1.319
Fe 0.067 0.434
Mn 2.011 22.779
Pb 0.002 0.021
Zn 0.124 0.942
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Fig. 10 Total hazard index (/) for aggregate noncancer risk through the consumption of wheat and rice grains

wheat grains). A high dose of Mn and Cu is
reported to cause mental diseases such as
Alzheimer’s and manganism (Dieter et al. 2005).
The HQ of trace metals resulting from rice and
wheat consumption displays the following decreas-
ing trend: Mn>Zn>Cu>Fe>Pb and Mn>Cu>Zn>
Fe>Pb, respectively.

The overall potential for noncarcinogenic effects of
elements can be estimated by the HI. When the hazard
index exceeds unity, there should be concern for poten-
tial health effects (Bermudez et al. 2011). In this study,
both rice and wheat, the most widely used crops in Iran,
had HI values greater than unity, suggesting that inhab-
itants are experiencing a significant potential health risk
solely from the consumption of wheat and rice grains
(particularly wheat grains) (Fig. 10).

Conclusions

Chemical analysis of arable soils in the study area
revealed that concentrations of Cu, Pb, Zn, Mn, Ca, P,
S, and Mg are higher than the world average. Also,
compared with soil quality guidelines, Cu, Pb, and Zn
showed higher concentrations in samples located in
industrial zones such as petrochemical complexes, steel

Rice

mill, and industrial townships. Cluster analysis indicated
that Pb, Zn, and Cu share the same sources, i.¢., industry
and traffic. In addition, the application of ammonium
sulfate, potash, and phosphate fertilizers is believed to
be the major source of S, K, and P in croplands. The
calculated soil pollution index for enriched trace metals
in the soil samples (Cu, Pb, Mn, and Zn) indicates that
arable soil is enriched in trace metals in the north and
south of the study area. This may be related to the
Shahinshahr petrochemical complex and Shahinshahr
freeway in the north and the industrial plants such as
the Zobe-ahan steel mill in the south. The overall order
of macronutrients is K>Ca>S>Mg>P, while the order
for trace metal concentrations in the crops is Fe>Mn>
Zn>Cu>Pb. When compared with standards, a large
proportion of the crop samples seem to be contaminated
with Cu, Pb, and Zn. In this study, no direct rela-
tionship between metal concentrations in soils and
crops was found, and we believe that besides the
total metal content, parameters such as the physical,
chemical, and biological properties of soil and plant
species also play a role in the bioavailability of
elements to crops. Our findings showed that the
alkaline nature of soil in Isfahan Province plays a
major role in the observed high BCF values for S, P,
and K. Some soil parameters such as EC and OM
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also play a critical role in the bioavailability of
elements to crops.

The results show that DI values are lower than the
RDI levels in rice grains except for Fe and Mn.
Therefore, nutrient deficiency (especially macronutri-
ents) may occur in the habitants through consumption
of rice grains. On the other hand, all investigated ele-
ments displayed high DI in wheat grains and not only
compensate for the deficiencies in rice grains but also
pose a threat to human health through excessive intake.
Calculation of HQ in rice and wheat grains revealed that
immediate health risk from individual trace metals is not
serious except for Cu (in wheat grains) and Mn (in
wheat and rice grains). However, the calculated HI for
most metals is more than unity, indicating that con-
sumers of the investigated crops may experience health
risks in time.
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