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Abstract
The total concentration of major oxides and trace elements, sequential extraction of heavy metals, and Pb isotope signatures 
of park soils were investigated in Mashhad, the largest city in northeastern Iran. The geochemical characteristics of park 
soils show two different trends: high silica soils (HSS) and low silica soils (LSS). The elements such as Mg, Fe, As, Co, 
Cr, Cu, Mn, Ni, Pb, Sn, and Zn were concentrated in LSS, while HSS samples were enriched of Si, Ga, Li, Nb, Ta, Th, U, 
Y, Z, and rare-earth elements (REE). The REE composition and chondrite—normalized patterns of LSS [low ∑REE (20–
68 mg kg−1) and low LaN/YbN (1.9–7.4)]—are compatible with ultramafic-derived soils. The HSS samples display distinct 
REE composition with high ∑REE (102–336 mg kg−1) and LaN/YbN (13–51) which would be originated from granitoid, 
metamorphic, and sedimentary derived soils. The available percentage of heavy metals in the park soils is much higher 
than natural samples. The Pb characteristics of park soils are distinct from natural soils. These samples are less radiogenic 
than natural soils with lower 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 206Pb/207Pb, and higher 208Pb/206Pb ratios. The calculated 
contributions of possible sources in Mashhad park soils release 6.6 and 93.4% for natural and anthropogenic (industrial and 
leaded petrol) sources, respectively. The central parks exhibit the highest pollution of heavy metals in Mashhad indicating 
high traffic intensity in this area. The concentration of potentially toxic elements in the surface soils of Mashhad parks is 
lower than the national maximum permissible concentration, but many of them such as Cd, Cu, Mo, Pb, Sn, Se, and Zn are 
highly enriched relative to non-urban soils.
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Introduction

Urban areas have wide anthropogenic impress on the envi-
ronment. Urban soil acts as an important reservoir for accu-
mulation of human-induced pollutants in the urban areas. 

The chemical changes in urban soils are emanated by dif-
ferent factors such as industrial, traffic and domestic emis-
sions, construction and atmospheric deposition. Therefore, 
urban soils differ greatly and demonstrate more variations 
than natural soils (Morel et al. 2015). The study of urban 
soils and their geochemical traits has grown in recent years, 
but many of these studies focused on the risk assessment 
of heavy metal concentrations (e.g., Andersson et al. 2010; 
Yang et al. 2011, 2014; Kelepertzis and Argyraki 2015; 
Horvath et al. 2016; Bourliva et al. 2017). Urban effects on 
the soil geochemistry are not limited to the heavy metals 
and other elements could be changed by urbanization, too. 
The abundance measurement of element contents and their 
chemical trends are used to obtain the properties, origin and 
geochemical evolution in the urban soil systems (Alekseenko 
and Alekseenko 2014).

Mashhad is the second super-city in Iran and has 
more than 3 million residents and over 20 million annual 
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pilgrimage tourists. This city is surrounded by numerous 
factories and the high growth of urbanization led to high 
air pollution, so that Mashhad had 92 day impure air with 
AQI (air quality index) > 200 in 2016 (EPMC 2017). Recent 
data on Mashhad plain (urban area includes a small part of 
this plain) indicate that the concentration of Zn, Ni, and Pb 
in the urban area is higher than background values (Karimi 
et al. 2017). The comprehensive geochemical characteris-
tics of the soil samples in Mashhad parks will be defined in 
this study, which would be the first scientific work in this 
regard at Mashhad urban area. The similarities and differ-
ences between natural and park soils, anthropogenic, and 
lithogenic origin of elements and bioavailability and envi-
ronmental assessment of Mashhad urban soils will be dis-
cussed in this article.

Materials and methods

Study area

Mashhad city is located at the NE of Iran (36°14′–36°22′N 
latitudes–59°29′–59°41′E longitudes) and is the capital of 
the Khorasan Razavi province. This area falls in the north-
eastern slopes of Binaloud Mountains and is dominated by 
relatively flat topography with an altitude of 950–1150 m. 
This region is situated in Binaloud Zone (between Cen-
tral Iran and Kopeh Dagh zones: Fig. 1a). The Binaloud 
Zone includes Paleo-Tethys remnants and is composed of 
structurally deformed ophiolitic rocks and low-to-medium-
grade metamorphosed rocks. This zone was produced by 
obduction of the Paleo-Tethys oceanic crust over the Iranian 
microcontinental margin during terrane accretion (Alavi 
1991). Metamorphic rocks (layered slate, phyllite, schist, 
marble, and carbonate meta-conglomerate of Permian age) 
encompass ophiolitic rocks. Alavi (1979, 1991) suggested a 
deep-water setting such as turbidite deposits for the original 
sedimentary environment of Binaloud Zone, which formed 
in a trench—forearc basin over a north-dipping subduction 
zone. In addition to these rock units, granitoid rocks are 
widespread in the Mashhad area. They outcrop as a large 
batholith to the south of Mashhad and a smaller isolated 
stock to the northwest of the city (Fig. 1b). These batholite 
and stocks consist of complex plutonic rocks which intruded 
during arc-related activity in late-Triassic (Mirnejad et al. 
2013). Granitic, ultramafic, and meta-sedimentary rocks are 
the main lithological units which appear in the west–south 
of the city. The north and east sections of Mashhad city are 
covered by alluvium deposits (Fig. 1b).

Sampling and analysis

The main aim of this work focused on the urban areas of 
Mashhad to study park soil geochemistry. For this pur-
pose, 23 parks were selected. At each selected park, top-
soils (5–20 cm) were collected by a stainless-steel hand 
trowel. Each sample (average weight of 3 kg) was taken 
by mixing of five subsamples. For each park, 1 kg of soil 
was prepared from the mixed samples using a quartile 
method. In addition to park samples, four soil samples 
were collected from areas which were far from the urban 

Fig. 1   a Geological map showing tectonic units of Iran (modified 
after Nabavi 1976). b Simple map which illustrates lithological units 
of the study area. (modified from Taheri and Ghaemi 1994)
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range and considered to be unpolluted (after this would 
be named as non-urban samples). The position of these 
samples is shown in Fig. 1b. The sample of HM-30 was 
taken from Sisabad village which considered as a pristine 
area for main soil supply in some parks of Mashhad. The 
samples of HM-31, HM-32, and HM-33 collected from 
in-situ soils derived from ultramafic, metamorphic, and 
granitoid rocks, respectively. These samples were used to 
compare urban and non-urban soils and define pollution 
and the original source of Mashhad park soils. Finally, 27 
soil samples were stored in polyethylene bags for transport 
and storage. Each sample was air-dried and sieved to sepa-
rate the < 2-mm fraction for geochemical analyses. To get 
a better understanding of soil chemistry, parameters of pH 
and total organic carbon (TOC) were determined.

To measure soil pH, a solution of water and 1 M KCl with 
1:2.5 ratio of soil/solution was used. The TOC was measured 
by the Modified wet oxidation method (Walkley–Black). 
Soil samples, after being sieved to < 2 mm, were ground 
to fine powder (< 180 nm). All samples were analyzed for 
major and 48 trace elements, including 14 rare-earth ele-
ments (REE). Total major oxides and trace elements of the 
soil samples were determined by X-ray fluorescence (XRF) 
and inductively coupled plasma mass spectrometry (ICP-
MS), respectively. These analyses were done at the accred-
ited Activation Laboratories (ActLabs.), Canada. The XRF 
performed after fusion with lithium tetraborate. Precision 
was calculated on in-house replicates and 20 blind dupli-
cates. Typical precision was better than ± 1.5% for an analyte 
concentration of 10 wt%. For ICP-MS analysis, a multi-acid 
digestion procedure was used. In this method, 0.25 g of the 
soil sample was heated in a mix of HF–HNO3–HClO4 to 
fume and made it dry. Then, the residue was dissolved in 
HCl. The accuracy of analyses was evaluated by quality 
assurance and quality control (QA/QC) included reagent 
blanks, analytical duplicates, and analyses of in-house refer-
ence materials (multi-element soil standards GXR-1, GXR-
4, GXR-6, SDC-1, OREAS 45d, and SdAR-M2). The blanks 
method results were totally below the detection limits. The 
recovery rates were estimated within ± 10% of the certified 
value, and analytical precision was better than ± 5%.

To determine labile and bioavailable fraction of heavy 
metals (Cd, Co, Cr, Cu, Ni, and Pb), the modified BCR 
sequential extraction (European Community Bureau of 
Reference) was applied to determine four fraction concen-
trations in the soil samples: weak-acid soluble (F1), reduc-
ible (F2), oxidizable (F3), and residual (F4) fractions (Rauret 
et al. 2000; Ferri et al. 2012). In the first step, a 40 mL of 
0.11M acetic acid was used to extract weak-acid-soluble (the 
exchangeable and carbonates fraction) metals. Then, 40 mL 
of 0.5 M hydroxylammonium chloride was added to soil 
residue from the previous step at pH 1.5 to extract fraction 2. 
Next, the solution of 20 mL of 8.8 M hydrogen peroxide and 

50 mL of 1.0 M ammonium acetate was added to soil residue 
to extract fraction 3. In the last step, the residual soils were 
digested in 5 mL of 7.5 N HNO3 at 80 °C and fraction 4 was 
extracted. In each step, the filtrate was analyzed for heavy 
metals by flame atomic absorption spectrometer (FAAS). 
BCR-100 standard was used to determine the precision and 
accuracy of element concentration analysis. The precision 
which determined after three repeated measurements was 
± 5%. The detection limits of heavy metals defined by ICP-
MS were not profit (Table 1, Supplementary). Therefore, 
the total concentration of Cd, Cr, Co, Cu, Ni, and Pb was 
analyzed by FAAS.

The Pb isotopes were measured in all samples by a 
Thermo-Finnigan Neptune high-resolution multi-collector 
inductively coupled-plasma mass spectrometry (MC-ICP-
MS). A mixed acid solution of HF + HClO4 + HNO3 was 
used to digest powdered samples. Afterward, the solution 
was heated in 45 ml ultra-clean PFA digestion vessels to 
remove silicate fraction and then dissolved it with HCl and 
HBr, and the digestion solution was diluted to a final Pb 
concentration of ca. 2 ng/ml with 2% high-purity HNO3. The 
extracted Pb was re-purified in an AG1 × 8 anion-exchange 
column. To correct mass bias, Tl spike to each sample was 
added using the 205Tl/203Tl value of 2.3875. Mass frac-
tionation was closely checked by continuous analysis of 
the NIST standards under identical running conditions as 
samples. The values measured for the NIST 981 standard 
were 16.9411 ± 0.001, 15.4958 ± 0.0008, 36.7216 ± 0.003 
and 2.1677 ± 0.00008 (1σ) for 206Pb/204Pb, 207Pb/204Pb, 
208Pb/204Pb, and 208Pb/206Pb, respectively. Analytical uncer-
tainties for Pb were calculated as the relative standard devia-
tion of 20 replicate samples. The precision (1σ) was 0.06% 
for 206Pb/204Pb, 0.05% for 207Pb/204Pb, 0.08% for 208Pb/204Pb, 
and 0.02% for 208Pb/206Pb.

To perform chemical analyses, deionized water (with 
16–17 MΩ cm−1 resistivity) and Sigma-Aldrich ACS grade 
products were used. The purity of these reagents was as fol-
lows: HNO3 (≥ 90%), HF (≥ 48%), HCl (37%), HBr (48%), 
acetic acid (≥ 99.8%), HClO4 (70%), KCl (> 99%), hydroxy-
lammonium chloride (99%), hydrogen peroxide (> 30), and 
ammonium acetate (99.9%).

Pearson correlation coefficients and principal component 
analysis (PCA) are used to investigating elemental associa-
tions and extract latent factors for analyzing relationships 
among the observed variables (Yang et al. 2011; Argyraki 
and Kelepertzis 2014). In this regard, the statistical analyses 
of park soils data were done with SPSS 16.0 for Windows 
software. PCA was performed via Varimax with the Kaiser 
normalization rotation method. This method considers only 
factors with eigenvalues > 1 and minimizes the number of 
variables, so that the interpretation of output results would 
be facilitated (Bourliva et al. 2017). The geochemical maps 
were plotted by a geographical information system (GIS) 
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using ArcMap v.10.0 (ArcGIS) to show the overall spatial 
distribution patterns of total and available heavy metal con-
centrations. For the drawing of maps, the inverse distance 
weighted (IDW) interpolation method with a power of 2 
was used.

Results and discussion

Major and trace‑element composition of soils

The major oxides and trace-element concentration of the 
studied soils along with their pH and TOC values are listed 
in Supplementary Table 1. All soils have weakly alkaline pH 
values (7.72–9.11) and low TOC range (< 2.2% in non-urban 
soils and 2–5.5% in park soils). The pH and TOC variability 
in soil samples are limited and there is not any meaning-
ful relation between pH–TOC and element concentrations. 
Therefore, these parameters did not have a major role in the 
geochemical evolutions of Mashhad soils.

In non-urban samples, the element concentrations in 
Sisabad soil (HM-30), granitoid-derived soil (HM-32), and 
metamorphic rock-derived soil (HM-33) are similar, while 
ultramafic-derived soil (HM-31) shows distinctive composi-
tion. The first three samples have a higher concentration of 
SiO2, Al2O3, Na2O, K2O, Ba, Ga, Hf, Li, Nb, P, Sn, Ta, Th, 
U, Y, and REE than the HM-31. On the other side, ultramafic 
soil shows the higher content of FeOt, MgO, Ag, Co, Cr, Cu, 
Mn, Ni, S, Sb, Ti, and V relative to other non-urban samples 
(Supplementary Table 1).

The chemical composition of Mashhad parks soils shows 
striking changes between different samples. By detail con-
sideration of analytical data, the soils of Mashhad parks 
could be divided into two groups: high silica soils (HSS) 
and low silica soils (LSS). These two groups have mean 
SiO2 values of 53.93 and 47.57 wt%, respectively. The mean 
concentration of MgO (7.07 wt%), FeOt (6.25 wt%), As 
(4.66 mg kg−1), Co (31.28 mg kg−1), Cr (206.26 mg kg−1), Cu 
(83.08 mg kg−1), Mn (937 mg kg−1), Ni (167.76 mg kg−1), 
Pb (112.13 mg kg−1), S (1612 mg kg−1), Sc (16.35 mg kg−1), 
Sn (22.26 mg kg−1), Ti (8158 mg kg−1), V (75.41 mg kg−1), 
and Zn (166.5 mg kg−1) in LSS are significantly higher 
than HSS with mean values of MgO (4.08  wt%), FeOt 
(4.07 wt%), As (3.87 mg kg−1), Co (18.61 mg kg−1), Cr 
(119.12 mg kg−1), Cu (57.23 mg kg−1), Mn (366 mg kg−1), 
Ni (110.2 mg kg−1), Pb (87.6 mg kg−1), S (1180 mg kg−1), 
Sc (9.71 mg kg−1), Sn (15.49 mg kg−1), Ti (3595 mg kg−1), 
V (23.45 mg kg−1), and Zn (125.4 mg kg−1). On the other 
hand, The HSS samples have a higher content of SiO2, Ga, 
Li, Nb, Ta, Th, U, Y, Zr, and REE than LSS samples. These 
differences could be elegantly demonstrated in binary dia-
grams (Fig. 2).

Table 1   Principle component analysis (PCA) of geochemical vari-
ables for park soils of Mashhad city

a Rotation method: Varimax with Kaiser normalization

Rotated component matrixa

PC1 PC2 PC3 PC4 PC5

SiO2 − 0.898 − 0.168 − 0.268 − 0.216 − 0.084
Al2O3 − 0.927 0.230 − 0.054 − 0.088 − 0.225
FeOt 0.944 − 0.041 − 0.095 − 0.044 0.109
MgO 0.945 0.172 0.198 0.960 0.062
CaO 0.311 0.280 0.894 0.056 0.070
Na2O − 0.355 − 0.128 − 0.117 − 0.465 0.236
K2O − 0.033 0.159 0.094 0.945 0.057
Ag 0.890 0.171 0.322 − 0.012 0.066
As 0.907 0.213 0.262 0.086 0.077
Ba 0.380 0.217 0.861 0.112 0.123
Cd 0.116 0.958 0.178 − 0.007 0.071
Co 0.825 0.447 0.264 0.127 0.034
Cr 0.928 0.317 0.100 0.097 0.066
Cu 0.550 0.791 0.048 0.073 − 0.017
Ga − 0.947 − 0.160 − 0.182 − 0.033 − 0.116
Hf − 0.920 − 0.171 − 0.130 0.059 0.181
Li − 0.845 − 0.347 − 0.213 − 0.056 − 0.106
Mn 0.886 0.137 0.218 − 0.280 − 0.020
Mo 0.050 0.976 0.117 0.074 − 0.025
Nb − 0.804 − 0.333 − 0.328 0.054 − 0.028
Ni 0.863 0.412 0.134 0.058 0.090
P − 0.195 − 0.134 − 0.079 − 0.090 − 0.914
Pb 0.166 0.952 0.111 0.119 0.041
Rb − 0.113 0.127 − 0.007 0.922 0.136
S 0.937 0.184 0.223 0.028 0.024
Sb 0.942 0.197 0.193 0.048 0.013
Sc 0.955 − 0.002 0.112 − 0.008 0.029
Se 0.185 0.950 0.021 0.145 0.004
Sn 0.107 0.974 0.144 0.102 0.009
Sr 0.301 0.257 0.892 0.009 − 0.075
Ta − 0.957 − 0.047 − 0.181 − 0.086 − 0.036
Th − 0.915 − 0.155 − 0.307 − 0.092 0.077
Ti 0.892 0.122 0.312 − 0.214 0.083
U − 0.830 − 0.119 − 0.392 − 0.226 0.061
V 0.943 0.068 − 0.003 − 0.123 0.078
Y − 0.925 − 0.188 − 0.222 0.068 0.069
Zn 0.177 0.945 0.186 0.019 0.090
Zr − 0.939 − 0.132 − 0.031 − 0.018 0.176
∑REE − 0.642 0.038 − 0.550 − 0.085 − 0.012
% Variance 

explained
54.174 19.260 10.143 6.090 3.004

Cumulative % 
variance

54.174 73.434 83.576 89.666 92.670
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The spatial variation of some heavy metals concentrations 
in park soils is shown in Fig. 3. There is a clear correlation 
between metal distributions, so that central parks generally 
have higher content in all heavy metals that could be related 
to high traffic and air pollution in these areas.

The comparison of park soils and non‑urban soils

The soil samples collected from Mashhad parks are remark-
ably enriched in some elements, especially heavy metals. 
These soils contain higher concentrations of As, Cd, Cu, 
Mo, P, Pb, S, Sb, Se, Sn, and Zn than non-urban soils 
(Fig. 4). In several park samples, the enrichment of some 
elements such as Pb and Cd is more than ten times of non-
urban soils (Fig. 4). These data indicate that urbanization 
growth of Mashhad city is the most important factor in the 
accumulation of these elements. The concentration of Co, 
Cr, and Ni in Mashhad parks is notably higher than three 
samples of non-urban soils (HM-30, HM-32, and HM-33). 
The only exception is the ultramafic-derived soil (HM-31) 
which is highly concentrated in Co, Cr, and Ni (Supplemen-
tary Table 1). The soils derived from ultramafics (peridotite 
or serpentinite rocks) normally have high concentrations of 
these three elements (Alexander 2004). This issue is also 
obvious in other ultramafic derived soils of Khorasan prov-
ince (Mazhari et al. 2013, 2017). Therefore, the origin of 
Cr, Co, and Ni in the soils of Mashhad parks could be both 
of anthropogenic or lithogenic sources. This subject will be 
discussed in the next sections.

The rare-earth elements (REE) are used to interpret geo-
chemical phenomena such as earth’s crust evolutions, the 
genesis of rocks and minerals and sediment origin (e.g., Rol-
linson 1993). The use of REE in the studying of soil weath-
ering and pedogenetic processes has been increased in recent 
years (e.g., Schilling et al. 2014; Mazhari and Sharifiyan 
Attar 2015; Jin et al. 2017). Although REE are used in some 
materials (batteries, computer monitors, catalysts, fiber-optic 
telecommunication cables, etc), they are considered to have 
a natural origin and derived mostly from the soil parent 
material. However, other sources (such as fertilizers and 
atmospheric emissions) may impress on the REE composi-
tion (Giusti 2013). The REE composition of Mashhad soils 
displays interesting differences between various samples. In 
non-urban soils, ultramafic-derived soil has lower REE abun-
dance (∑REE = 11.50 mg kg−1) relative to other samples 
(∑REE = 191.45–391.23 mg kg−1). Furthermore, chondrite-
normalized REE diagram trends are different between ultra-
mafic and other non-urban soils (Fig. 5a). The ultramafic soil 
(HM-31) shows W-like pattern with depleted LREE (LaN/
YbN = 0.73) and positive Eu anomaly (Eu/Eu* = 1.22), while 
the other samples exhibit more evolved REE patterns with 
enriched LREE (LaN/YbN = 13–49) and slight negative Eu 
anomaly (Eu/Eu* = 0.8–0.9) (Fig. 5a). The variation of REE 

content in Mashhad parks soils is more extensive and HSS 
and LSS groups show different trends. The HSS group has 
a higher REE abundance (∑REE = 102–336 mg kg−1) than 
LSS (∑REE = 20–68 mg kg−1). These two groups depict 
distinct patterns in the chondrite-normalized REE diagrams, 
too (Fig. 5b, c). In a general respective, the REE patterns 
of LSS are more similar to the HM-31 sample, while HSS 
samples have REE patterns near to the other non-urban soils. 
However, the REE patterns of park soils are not so regular 
and show wide variation, especially in LSS group (Fig. 5c). 
The addition of fertilizers and high content of clay miner-
als would lead to change REE concentration of serpentine 
and ultramafic-derived rocks (Mazhari and Sharifiyan Attar 
2015). This issue is true about LSS samples. Furthermore, 
the geochemical compositions of LSS samples and HM-31 
are not completely the same (Supplementary Table 1), but 
it should be said that ultramafic rocks had more influence 
in the REE content of LSS group. Urbanization and mixing 
with other soils are the most important factors which make 
the difference between LSS and HM-31 samples.

Statistic assessment of geochemical data in the park 
soils

Principle component analysis (PCA), as the most appli-
cable multivariate statistical method in the environmental 
studies, is an effective technique to identify the source of 
trace elements in soils (Loska and Wiechuya 2003; Reid 
and Spencer 2009; Gu et al. 2016). In this study, PCA was 
performed on 23 samples of Mashhad soil parks and the 
results, including factor loadings, are presented in Table 1. 
Five principal components (PC) with eigenvalues > 1 were 
determined which explain 92.67% of total variance. The first 
component (PC1) is the main component which accounted 
for 54.17% of total variance. This component shows two 
different associations (Table 1): (1) elements with strong 
positive factor loadings (FeOt, MgO, Ag, As, Co, Cr, Mn, 
Ni, S, Sb, Sc, Ti, and V) and (2) elements with strong nega-
tive factor loadings (SiO2, Al2O3, Ga, Hf, Li, Nb, Ta, Th, U, 
Y, Zr, and REE). The results of Pearson correlation coeffi-
cients and binary diagrams affirm the same adverse relations 
between these two groups (Table 2; Fig. 2). These associa-
tions are in accordance with natural geochemical trends, so 
PC1 could be considered as the natural source component 
which is originated from parental materials. The elements 
of Cd, Cu, Mo, Pb, Se, Sn, and Zn have strong positive loads 
in PC2, which accounted for 19.26% of the total variance 
(Table 1). They also show strong correlation coefficients 
(Table 2). This component includes typical urban contami-
nation indicators (i.e., Cd, Cu, Pb, and Zn) and may reflect 
anthropogenic pollution of park soils. The positive factor 
loadings of CaO, Ba, and Sr in PC3 could be interpreted 
as the influence of calcareous content in soil samples. PC3 
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accounted for 10.14% of the total variance (Table 1). In the 
last two components, positive factor loadings of K2O and Rb 
(in PC4) and negative loading of P (in PC5) were extracted 
(Table 1). These components accounted for < 10% of the 
total variance and may be resulted by complex natural and 
anthropogenic sources.

The BCR sequential extraction

Although the total concentration of trace elements has been 
used in many studies to define environmental risk assess-
ments in the soils, it is recognized that the toxicity and 
environmental effects are essentially related to the mobil-
ity and availability of these elements (Liu et al. 2015). The 
total concentration of elements is not a suitable indicator 
of bioavailability, mobility, or toxicity, because these char-
acteristics are mainly depending on the different chemical 
forms of binding between trace elements and solid phases 
of the samples (Ferri et al. 2012). To investigate the trace 
element (especially heavy metals) availability and mobility 
in soils, a number of extraction methods have been exten-
sively used (Liu et al. 2015). Different studies suggest that 
the sequential extraction method could be an important and 
useful approach (Ure and Davidson 1995). In this study, the 
BCR sequential extraction was applied to define toxicity 
and bioavailability of six soil heavy metals (Cd, Co, Cr, Cu, 
Ni, and Pb) in Mashhad urban and non-urban soils. These 
heavy metals were selected, because they display two dif-
ferent groups in the PCA diagram (Fig. 6). Four fractions 
that extracted in this method have different availability: the 
exchangeable and carbonates forms (F1) are considered as 
the most labile fraction. Reducible bounded to Fe/Mn oxides 
(F2) and oxidizable bounded to organic matters (F3) are less 
mobile, but may be potentially available, while the residue 
bounded to the soil matrix (F4) is not labile and is known 
as an unavailable fraction (Rodríguez et al. 2009). There-
fore, the F1 content (the most labile fraction) and the sum 
of F1, F2 and F3 fractions (non-residual or potentially avail-
able fraction) are considered as effective parameters in the 
environmental availability of Mashhad soils. The results of 
BCR sequential extraction are presented in Supplementary 
Table 2.

Cadmium

The concentration of the most labile fraction (F1) of Cd in 
non-urban soils is lower than detection limit and the average 

potentially available of these soils is 26% of total Cd content. 
In contrast, Mashhad park soils show various F1 content 
which differs from less than 12% to more than 42% of total 
Cd concentration. The average Cd in F1 and (F1 + F2 + F3) 
fractions of park soils are 26 and 72% of the total Cd, respec-
tively. There is a positive correlation between the total and 
available fraction of Cd concentration (Fig. 7a). As it is 
clear, the park soils reveal very high availability that would 
be resulted by anthropogenic pollution. The most concentra-
tion of available Cd occurred in the soil samples of central 
parks (Fig. 8a) which have > 90% of available Cd (Supple-
mentary Table 2).

Cobalt

In the non-urban soil samples, Co is mainly associated with 
residual (F4) fraction (average 78% of total Co). The Co 
availability is similar in all non-urban soils, so that F1 frac-
tion is composed of < 6% of total Co and available concen-
tration of cobalt is low. The highest measured non-residual 
Co is 18.25 ppm in the serpentine derived sample (Supple-
mentary Table 2).

The variance of the exchangeable fraction in urban sam-
ples is obvious (6.4–24% of total Co) and the non-residual 
fractions constitute 32–60% of total Co. The positive cor-
relation of total and available fraction of cobalt in Mashhad 
park soils are more irregular (Fig. 7b). The distribution of 
non-residual Co in park samples (Fig. 8b) exhibits somewhat 
different pattern relative to total Co (compare Fig. 3).

Chromium

The non-residual fractions of Cr in non-urban soil samples 
form less than 1% of total Cr. Therefore, Cr could be consid-
ered as a non-available element in these soils. The highest 
Cr chemical partitioning percentages of park soils occurred 
in residual fraction, too (average 74% of total Cr). However, 
the soils exhibit palpable differences in the distribution of 
non-residual Cr (17–49% of total Cr). The total and non-
residual association is negative for Cr concentration of park 
soils (Fig. 7c). The soil samples with higher non-residual Cr 
appeared in the southern parks of Mashhad (Fig. 8c).

Copper

The non-urban soil samples release 7–8 and 23–24% of total 
Cu in the F1 and non-residual fractions, respectively (Sup-
plementary Table 2). The exchangeable fraction of park soils 
is more than three times of non-urban samples (15–26%) and 
non-residual fractions include 48–90% of total Cr in these 
soils (Fig. 7d). The highest values of potentially available 
Cu are visible in the central park soils of Mashhad (Fig. 8d), 
which has good relevance to total Cu distribution (Fig. 3).

Fig. 2   Binary diagrams show the relation of SiO2 (in wt%) v. other 
elements (in mg kg−1) in the soil samples of Mashhad parks. Note the 
different trends of metals (positive correlations) and HFSE (high field 
strength elements; negative correlations). Filled triangle: LSS, open 
triangle: HSS

◂
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Nickel

The labile percentage of Ni in the non-urban soils is as 
low as 5–6% of total Ni (Table 4). These samples have 
7–216 mg kg−1 concentrations in the non-residual frac-
tions (20–22% of total Ni). The labile and potentially 

available fractions in park soils increase to 9–20 (average 
13%) and 33–61% (average 43%) of total Ni, respectively. 
The correlation between non-residual fractions and total 
Ni is negative similar to Cr (Fig. 7e). The distribution 
pattern of non-residual fractions of Mashhad soil parks 
(Fig. 8e) is different from total Ni (Fig. 3).

Fig. 3   Spatial distribution of heavy metal concentrations in the soil samples of Mashhad parks
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Lead

Similar to other heavy metals, Pb in the exchangeable frac-
tion of non-urban soils is fairly small (5–7% of total Pb). The 
potentially available fractions vary between 22 and 32% of 
total Pb in these soils. The labile fraction of Pb in urban soils 
includes 15–34% (average 30% of total Pb). The soil samples 
of Mashhad parks show high available Pb (67–93%, average 
87% of total Pb), which positively related to the total Pb 
(Fig. 7f). Pb has the highest non-residual fractions relative 
to other heavy metals that is manifested in the distribution 
map (Fig. 8f).

As discussed above, park soil samples have higher avail-
able heavy metal contents than non-urban soils. The poten-
tially available fractions of non-urban samples are more 
or less similar for all heavy metals (20–25% total concen-
tration), with exception of Cr that is unavailable in these 
soils. On the other hand, the non-residual/total ratio is not 
the same for all extracted heavy metals in the park soils. 
The heavy metals of Pb, Cu, and Cd have high non-residual 
fractions, while Cr, Ni, and Co exhibit lower availability. 
High total concentration, strong association, and positive 
correlation between total and non-residual fractions testify 
to the anthropogenic origin of Pb, Cu, and Cd. As men-
tioned before, serpentinite derived soils (HM-31 sample) 
has high concentrations of Cr, Ni, and Co. Furthermore, 
PCA results show that these elements were included in PC1 
which is thought to be derived from natural sources (“Statis-
tic assessment of geochemical data in the park soils”). How-
ever, detailed consideration of PCA analysis indicates that 
although Co, Cr, and Ni have strong factor loadings in PC1, 
they also display moderate loadings (Co = 0.45; Cr = 0.32; 
Ni = 0.42) in PC2 (with anthropogenic source). Therefore, 
both anthropogenic and natural sources were involved in the 
Co, Cr, and Ni concentrations of Mashhad park soils.

Lead isotope composition of soil samples

There are significant Pb isotopic differences between geo-
genic materials and pollutants comprising Pb of industrial 
origin (Pb ore). Pb ores have very high Pb/U and Pb/Th 
relative to ordinary rocks and consequently, their Pb isotopic 
content remained constant since their formation. Therefore, 
Pb ores are specified by distinguished, age dependent iso-
topic compositions with relatively unradiogenic signatures 
(206Pb/204Pb from 16 to 18.5, Hansmann and Kӧppel 2000). 
In contrast, Pb composition of unpolluted soils is originated 
from weathered bedrocks in which the Pb isotopic composi-
tion changed with time reflecting the U/Pb and Th/Pb of the 
parent rocks. Therefore, the Pb isotopic characteristics of 
unpolluted soils are generally more radiogenic (206Pb/204Pb: 
18.5–19.5) than those of industrial Pb (Hansmann and 
Kӧppel 2000).

The Pb isotope ratios (Supplementary Table 3) vary in 
ranges between 1.206 and 1.237 (206Pb/207Pb), 2 and 2.064 
(208Pb/206Pb), 38.681 and 38.839 (208Pb/204Pb), 15.541 and 
15.562 (207Pb/204Pb), and 18.737 and 19.420 (206Pb/204Pb) 
for the non-urban soils. These ratios vary between 1.1163 
and 1.161 (206Pb/207Pb), 2.1066 and 2.162 (208Pb/206Pb), 
37.405 and 37.964 (208Pb/204Pb), 15.4823 and 15.5248 
(207Pb/204Pb), and 17.284 and 18.024 (206Pb/204Pb) for the 
park soil of Mashhad. As it is clear from isotopic signatures, 
park soils show distinct composition from non-urban soils. 
These samples are less radiogenic than non-urban soils with 
lower 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, 206Pb/207Pb, and 
higher 208Pb/206Pb ratios. The wide range of isotope ratios 
in park soils indicates that the Pb content in the soils is pro-
duced by the combination of different sources including 
natural or anthropogenic origins and that it has also been 
accumulating over time because of the enormous use of Pb 
in fuel, industrial activities, etc. (Galušková et al. 2014). 
The low 206Pb/204Pb values in park soils restate a possible 
anthropogenic origin from the use of fossil fuels (Komárek 
et al. 2008).

Lead source identification

Different equations have been established for determining 
the contribution of possible Pb sources (natural or anthropo-
genic) by their contents and isotopic ratios (Li et al. 2011). 
The most prominent approach is the simple binary model 
which calculate the contribution of two end-members (i.e., 
natural or geogenic Pb vs. leaded petrol Pb) (Monna et al. 
1999). Another approach is the three-end-member model 
which presents the information needed to identify possible 
sources of natural (F1), industrial emissions (F2), and leaded 
petrol (F3) emissions in soil samples by means of Pb con-
tent and isotopic ratios (Li et al. 2011). The contribution 
percentage of each source could be calculated according to 
the following three equations (Rodríguez-Seijo et al. 2015):

In these equations, F1, F2, and F3 are the contributions 
of natural, industrial and leaded petrol sources in the soils, 
respectively. R1 is the 206Pb/207Pb ratios of natural (1.2252) 
source and R2, R3, and Rsoil are the 206Pb/207Pb values of 
industrial (1.1427–1.1576), leaded petrol (1.097), and soil 
samples (Rodríguez-Seijo et al. 2015).

The Pb isotope ratios of non-urban soils are very radio-
genic and have similar values to average content of the 
earth’s continental crust (206Pb/207Pb = 1.20, Frostick et al. 
2008). Therefore, these samples could be considered as 

F1 + F2 + F3 = 1

(F1 × R1) + (F2 × R2) + (F3 × R3) = Rsoil

(F1∕C1) + (F2∕C2) + (F3∕C3) = 1∕Csoil.
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non-contaminated soils with natural or geogenic origin. 
The three-end-member model was used to determine pos-
sible Pb sources in the park soils of Mashhad. The calculated 

contributions of F1, F2, and F3 are shown in Fig. 9a. The 
average contribution was 6.6 and 93.4% for natural and 
anthropogenic (industrial and leaded petrol) sources, respec-
tively. The contribution of industrial and leaded petrol in 
the Pb isotope signatures of park soil samples is not so sim-
ple. The correlation between Pb content with F2 (industrial 
source; Fig. 9b) is generally negative, while this correla-
tion is positive for Pb and F3 (leaded petrol; Fig. 9c). Detail 
investigation of Pb isotope and Pb content of park soils 
(Fig. 9b, c) suggests that industrial source is the main origin 
of samples with relatively low Pb content (< 90 ppm). The 
contribution of leaded petrol increases in the samples with 
high Pb. These soils were collected from the central parks 
of Mashhad which have high traffic intensity.

Environmental assessment of park soils

There are some parameters which are used as the index for 
estimation of soil pollution. The geoaccumulation index 
(Igeo) and enrichment factor (EF) were selected to evaluate 
the soil pollution of Mashhad parks. The geoaccumulation 
index was calculated by Muller (1969) equation:

where Igeo is the geoaccumulation index, log2 is log base 2, 
Cn is the concentration in the soil, and Bn is the geochemi-
cal background or reference concentration. In this study, the 
concentration of elements in the earth’s crust (Taylor 1964) 
was chosen as Bn. The geoaccumulation index is classified 
as follows:

Igeo ≤ 0 practically unpolluted environment; 0 < Igeo ≤ 1 
unpolluted to moderately polluted; 1 < Igeo ≤ 2 moder-
ately polluted; 2 < Igeo ≤ 3 moderately to strongly pol-
luted; 3 < Igeo ≤ 4 strongly polluted; 4 < Igeo ≤ 5 strongly to 
extremely polluted; and Igeo > 5 extremely polluted.

The enrichment factor (EF) was calculated by following 
equation (Buat-Menard and Chesselet 1979):

where Cn is the content of the element in the soil, Cref is the 
content of the reference element in the soil, and Bn and Bref 
are the concentration of the element and reference elements 
in the background. Th was chosen as a reference element 
in this study, because the concentration of this element is 
similar to crust content and show negligible variation in the 
studied samples (Supplementary Table 1). Evaluation cat-
egories for EF:

EF < 1 indicates no enrichment; EF < 3 minor enrich-
ment; EF = 3–5 moderate enrichment; EF = 5–10 moder-
ately severe enrichment; EF = 10–25 severe enrichment; 
EF = 25–50 very severe enrichment; EF > 50 extremely 
severe enrichment.

Igeo = log2(Cn
∕1.5 B

n
),

EF = C
n
∕Cref(sample) = B

n
∕Bref(background),

Fig. 4   Binary diagrams of Se and other elements (in mg kg−1) illus-
trate composition differences between non-urban soils (filled square) 
and park soils (filled triangle) in Mashhad area

◂

Fig. 5   Chondrite-normalized REE plots of soil samples (normali-
zation values from Sun and McDonough 1989). a Non-urban soils: 
filled square: ultramafic derives soils, open square: other samples, b 
HSL, c LSS
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The calculated values of EF and Igeo for heavy metals in 
the soils of Mashhad parks are presented in Tables 3 and 4, 
respectively. The major part of soil samples shows no enrich-
ment or minor enrichment (EF < 3) for Co, Cr, Cu, Ni, and 
Mo; moderate enrichment of As and Zn; severe enrichment 
of Pb and Zn (mean EF = 12–15); and very severe enrich-
ment of Se (mean EF = 47). The geoaccumulation index cal-
culations indicate that there is no sign of heavy metal pollu-
tion in the Mashhad park soils, except Pb (mean Igeo = 2.1) 
and Sn (mean Igeo = 2.3) which exhibit moderate-to-strong 
pollution (Table 4).

The standard limits or maximal permissible concentra-
tions (MPC) for potentially toxic elements of soils differ 
based on several factors such as regional geology, bedrock 
lithology, climate, and redox condition and bioavailability 
(Hooda 2010). Therefore, different countries present distinct 
standards for environmental programs. The PMC values 
determined by the Iranian Department of Environment (IDM 
2013) and the Canadian Council of Ministers of the Environ-
ment (CCME 2007) are included in Supplementary Table 1. 
The comparison of the soil composition of Mashhad parks 
with these standards indicates that all elements have lower 
concentrations than Iranian MPC, while Cr, Cu, Ni, and Se 
contents in most samples and Pb and Zn concentrations in 
some samples are higher than CCME limits.

Conclusion

1.	 The chemical analyses of Mashhad park soils indicate 
that they could be divided into high silica soils (HSS) 
and low silica soils (LSS). The HSL group has high con-
centration of SiO2 (mean 54 vs. 48 wt% in LSS) and 
HFSE (high field strength elements), while the LSS 
samples show high contents of metal elements such as 
MgO (mean 7 vs. 4 wt% in HSS), FeOt (mean 6 vs. 
4 wt% in HSS), Co (mean 31 vs. 19 mg kg−1 in HSS), 
Cu (mean 83 vs. 57 mg kg−1 in HSS), Mn (mean 940 

Table 2   Pearson correlation coefficient matrix for heavy metals in the park soil samples of Mashhad city

**Correlation is significant at the 0.01 level (two-tailed)
*Correlation is significant at the 0.05 level (two-tailed)

As Cd Co Cr Cu Mn Mo Ni Pb Se Sn Ti V Zn

As 1
Cd 0.35 1
Co 0.91** 0.57* 1
Cr 0.94** 0.43 0.96** 1
Cu 0.67* 0.81** 0.86** 0.77** 1
Mn 0.84** 0.27 0.82** 0.85** 0.60* 1
Mo 0.29 0.97** 0.51* 0.37 0.79** 0.19 1
Ni 0.92** 0.50* 0.95** 0.97** 0.81** 0.83** 0.45 1
Pb 0.4 0.94** 0.59 0.48 0.84** 0.28 0.96** 0.57* 1
Se 0.38 0.91** 0.60* 0.48 0.89** 0.28 0.93** 0.57* 0.98** 1
Sn 0.34 0.97** 0.58* 0.44 0.85** 0.24 0.98** 0.53* 0.91** 0.96** 1
Ti 0.89** 0.29 0.86** 0.88** 0.58* 0.96** 0.19 0.84** 0.21 0.26 0.24 1
V 0.83** 0.19 0.80** 0.9** 0.58* 0.94** 0.11 0.85** 0.21 0.23 0.17 0.90** 1
Zn 0.41 0.99** 0.63* 0.49 0.84** 0.32 0.96** 0.56* 0.94** 0.92** 0.97** 0.35 0.24 1

Fig. 6   PCA diagram of the total concentration of Cd, Co, Cr, Cu, Ni, 
and Pb in the park soil samples. These two PC components explain 
94.49% of total variance. The PC1 and PC2 are accounted for 78.36 
and 18.13% of total variance, respectively
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vs. 370 mg kg−1 in HSS), Pb (mean 112 vs. 86 mg kg−1 
in HSS), Sn (mean 22 vs. 15 mg kg−1 in HSS), and Zn 
(mean 170 vs. 125 mg kg−1 in HSS). The REE com-
position of soil samples suggests that the LLS is more 
similar to ultramafic derived soils and HSS samples are 
derived from other soils (granitoid, metamorphic and 
sedimentary derived soils).

2.	 The concentrations of potentially toxic elements in the 
park soils of Mashhad city are highly enriched relative 
to non-urban soils. The PCA results show that the ele-

ments which were originated from natural sources were 
loaded in PC1. This component exhibits two different 
positive and negative loadings of metal elements and 
HFSE, respectively. The anthropogenically derived ele-
ments (Cd, Cu, Mo, Pb, Se, Sn, and Zn) were loaded in 
PC2.

3.	 The BCR sequential extraction analyses show that park 
soil samples have higher available heavy metal con-
tents than non-urban soils. The Pb isotope composition 
of non-urban soils (206Pb/204Pb = 18.737–19.420 and 

Fig. 7   Binary diagrams display 
total heavy metal concentrations 
and non-residual percentage 
(NRP) of these elements. The 
ultramafic-derived soil sample 
(HM-31) is not shown in Co, 
Cr, and Ni diagrams because of 
very high concentrations. The 
symbols are similar to Fig. 2
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Fig. 8   Spatial distribution of potentially available (non-residual) fractions of Mashhad park soils
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Fig. 9   a Calculated contribution 
of natural (F1), industrial (F2) 
and leaded petrol (F3) sources 
in the soil samples of Mashhad 
parks. The contribution percent-
age of industrial (b) and leaded 
petrol vs. total Pb content (in 
mg kg−1) of park soil

Table 3   Calculation of 
enrichment factors for heavy 
metals of Mashhad park soils

Sample EFAs EFCd EFCo EFCr EFCu EFNi EFMo EFPb EFSe EFSn EFZn

HM-23 3.45 0.57 1.38 2.43 1.70 2.72 2.10 16.09 50.81 17.72 4.09
HM-18 2.42 0.41 1.02 1.45 1.60 1.82 1.61 11.25 26.78 14.46 3.04
HM-9 3.00 0.24 1.00 1.55 1.09 1.84 0.97 4.04 28.92 3.81 1.80
HM-20 1.91 0.18 0.37 0.78 0.61 1.07 0.72 3.13 22.22 3.03 1.21
HM-12 2.70 0.22 0.94 1.48 0.95 1.70 0.92 3.80 58.86 2.43 1.69
HM-21 3.40 0.76 1.52 2.51 2.50 2.94 3.68 25.76 44.51 32.97 4.76
HM-19 2.91 0.25 1.11 1.74 1.40 1.94 1.06 10.09 34.90 10.22 1.84
HM-16 2.47 0.23 0.93 1.33 1.23 1.71 0.97 5.11 35.99 6.66 1.70
HM-2 2.31 0.22 0.83 1.17 1.11 1.55 0.96 7.60 30.06 7.63 1.67
HM-11 2.14 0.18 0.63 0.99 0.93 1.28 0.77 3.82 27.12 3.70 1.29
HM-1 1.85 0.18 0.34 0.68 0.84 1.13 0.77 3.52 35.25 4.21 1.19
HM-15 5.81 0.70 3.25 5.88 4.34 5.49 2.63 18.06 72.51 22.19 5.03
HM-17 4.49 0.56 2.26 3.41 2.86 3.76 2.18 15.13 63.98 19.79 3.96
HM-22 3.75 0.51 1.60 2.76 2.39 3.15 2.36 17.72 32.99 18.45 3.76
HM-6 4.00 0.28 1.61 2.67 1.49 2.76 1.12 5.54 35.19 4.40 2.21
HM-14 3.64 0.25 1.27 2.17 1.23 2.07 1.09 2.71 67.03 2.44 1.90
HM-8 5.22 1.18 3.14 4.90 4.10 5.64 4.80 31.30 83.97 51.60 8.27
HM-4 4.16 1.13 2.15 3.10 3.02 3.58 4.04 27.22 68.32 37.02 7.09
HM-7 3.15 0.71 1.69 2.37 2.42 2.57 2.87 18.80 40.55 28.46 4.54
HM-5 5.33 0.46 2.78 5.24 2.76 5.52 1.59 14.13 52.69 14.31 3.71
HM-13 5.95 0.49 2.99 5.32 3.05 5.47 1.82 13.50 66.96 11.94 3.52
HM-3 4.65 0.35 1.96 3.40 2.24 4.10 1.48 13.46 48.86 11.26 2.64
HM-10 4.04 0.37 1.80 2.85 1.94 3.41 1.28 8.67 48.72 8.90 2.76
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208Pb/206Pb = 2–2.064) indicates that they have a natural 
source, while park soil samples (206Pb/204Pb = 17.284–
18.024 and 208Pb/206Pb = 2.107–2.162) are originated 
from anthropogenic sources. The soils which sampled 
from central parks of Mashhad have the highest heavy 
metal pollution due to high traffic intensity in these 
areas.

4.	 The concentration of heavy metals in this region is lower 
than the national standards but the available percentage 
of these elements is high in the park soils which could 
be considered in the environmental assessments.
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HM-17 0.83 1.36 − 0.16 0.43 0.18 0.57 − 0.21 2.58 1.18 2.97 0.65
HM-22 0.74 1.40 − 0.49 0.30 0.09 0.49 0.07 2.98 1.34 3.04 0.74
HM-6 0.74 0.45 − 0.57 0.16 − 0.69 0.20 − 1.10 1.21 0.55 0.87 − 0.12
HM-14 0.67 0.34 − 0.85 − 0.08 − 0.90 − 0.14 − 1.07 0.24 0.55 0.09 − 0.26
HM-8 0.80 2.20 0.06 0.71 0.45 0.91 0.68 3.38 1.55 4.10 1.46
HM-4 0.77 2.43 − 0.18 0.35 0.31 0.55 0.73 3.48 1.49 3.92 1.54
HM-7 0.64 2.04 − 0.27 0.22 0.26 0.34 0.50 3.21 1.49 3.81 1.16
HM-5 0.92 0.93 − 0.02 0.89 − 0.04 0.97 − 0.83 2.32 1.00 2.34 0.40
HM-13 0.83 0.77 − 0.16 0.67 − 0.14 0.71 − 0.88 2.01 0.90 1.83 0.07
HM-3 0.83 0.65 − 0.42 0.38 − 0.22 0.65 − 0.83 2.36 1.00 2.10 0.01
HM-10 0.80 0.90 − 0.37 0.30 − 0.26 0.55 − 0.86 1.90 0.90 1.94 0.25
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