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Abstract To assess the geochemical and environ-

mental baseline as well as the availability of the heavy

elements in soils around the hematite–barite–galena

veins in the Baghin area, a total of 70 soil samples

were collected and analyzed by ICP-OES for 43 heavy

metals and metalloids. Compared to the global soil

level or crustal abundance, the calcareous soils are

2–26 magnitudes enriched in Ca, Cu, Pb, Zn, Cd, Se,

As, Sb and Sr. The ferruginous soils are highly

enriched in Fe, Mo, Pb, Zn, Cd, As, Sb, Ba and Sr,

almost 2–49 orders higher than the crustal abundance

and global soil level. Additionally, the baritic soils are

3–94 times higher than the crustal and global soil

values for Ba, Cu, Mo, Pb, Zn, Ni, Co, Cd, Se, As, Sb

and Sr. However, the soils developed on the shale

layers are moderately enriched in As, Zn, Se, Sb, Ba,

Pb and Sr. The high concentrations of heavy metals are

possibly related to the presence of minor sulfide

minerals in barite–rich soils or adsorption by Fe-oxy-

hydroxides formed by oxidation of sulfide minerals.

Therefore, the oxidation of minor sulfide minerals in

barite veins may be prone to acid mine generation and

of environmental concern. The inhalation of silica

dusts released by silica–rich barite ores (20% SiO2)

during crushing, milling, as well as using in drilling

mud may trigger silicosis. Despite the high baseline

values of some heavy metals and metalloids, the

presence of Fe-oxy-hydroxides and clay minerals in

the soils could play significant roles in sequestering

the toxic effects of heavy metals contamination in soil,

groundwater, plants, wildlife and humans.

Keywords Geochemical baseline of heavy metals �
Hematite–barite–galena veins � Environmental

availability and soil fertility � Baghin area

Introduction

Soils developed on mineralized host rocks of the

barite-rich Mississippi Valley-Type (MVT), sedex and

massive sulfide ores are characterized by high values

of heavy metals (Fe, Cu, Zn, Pb, Cd), metalloids (As,

Sb, Se) and other major and trace elements (Filipek

and Plumlee 1999). In this regard, the normal back-

ground concentrations of the elements are modified

due to the geogenic hydrothermal mineralization and

alteration. Despite considerable invaluable geochem-

ical data on the environmental geochemistry of base
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metal sulfide ores, less attention has been given to the

geochemical and environmental assessment of heavy

metals around the hematite–barite–galena mineraliza-

tion. The exploration, mineralization, mining and

metallurgical processing and environmental assess-

ment of barite associated with base metal sulfide

minerals could generate potentially toxic heavy met-

als, metalloids and sulfates into soils, sediments and

groundwater (Simini et al. 2002; Vlaardingen et al.

2005; Suresh et al. 2007; Menzie et al. 2008; Oden

2012; Lamb et al. 2013; Zarei et al. 2014; Adamu et al.

2015; Shahab et al. 2016). The bioavailability and

toxicity of barite ores in soils and plants have been

noticed by Simini et al. (2002) and Lamb et al. (2013),

who suggested that barite ores may contaminate water,

soil and plants.

Although there are more than 33 barite mines

(Fig. 1) in Iran (Ganji 2015), no environmental

investigation has been proposed, regarding the geo-

chemical baseline of heavy metals and metalloids in

soil and their environmental impacts around the barite

deposits.

In this investigation, a total of 70 soil samples were

collected and analyzed by ICP-OES for total concen-

trations of 43 elements (Al, Ti, Fe, Mg, Ca, Na, K, P,

Mn, Ba, Rb, Sr, Cu, Mo, Pb, Zn, Ni, Co, Cr, Cd, V, Se,

Li, Cs, Zr, W, As, Sb, Bi, Be, Ga, Nb, Se, Y, Ce, Nd,

Sm, Eu, Gd, Dy, Er, Yb). The details of methodology,

regarding the samples and analysis will be described in

the section of sampling and analysis. The main

objectives of this investigation are as follows: (1) to

determine the geochemical baseline of heavy metal

concentrations in soils developed on carbonate rocks,

shale and hydrothermal barite–hematite–galena veins;

(2) to assess the bioavailability, and soil fertility

implications of heavy metals released from rock to soil

during chemical weathering and soil formation; (3) to

assess the possible contamination and hazardous

impacts caused by the heavy metals, metalloids and

other elements.

Geological setting and distribution of barite

deposits in Iran

As shown in Fig. 1, the most important barite deposits

mostly occur in central Iran and Sanandaj–Sirjan zone

(Aftabi and Abbasnejad 1990; Kashfi 1997; Khoshjou

1999; Rajabzadeh 2007; Gholami 2011; Ghorbani

2013; Zarasvandi et al. 2014; Haji Babaei and Ganji

2018). The total reserve of barite deposits in Iran is

estimated to be about 122 Mt (Ganji 2015). The barite

deposits of Late Precambrian–Early Cambrian in Iran

are known in Alborz and Azerbaijan area. Fluorine-

bearing barite deposits of Permian and Triassic age

have been reported in Komeshcheh (Rajabzadeh

2007), Farsesh (Zarasvandi et al. 2014), Aligodarz

(Khoshjou 1999; Zaheri-Abdehvand et al. 2012),

central Iran and Alborz (Elika, Donna and Pachi

Miana) (Khoshjou 1999; Zaheri-Abdehvand et al.

2012). The barite deposits of Cretaceous age were

mostly formed in central Iran and Sanandaj–Sirjan

zone and often are associated with lead and zinc

deposits in Mehdi Abad and Malayer–Isfahan struc-

tural zone. Tertiary barite deposits are located in

central Alborz, Azarbaijan and Orumieh-Dokhtar

[Qom, Saveh, Kashan, Delijan and Qazvin, Khoshjou

(1999)]. These deposits are mostly associated with

volcanic and volcano-sedimentary rocks and formed

Fig. 1 Structural map of Iran, showing distribution of the most

distinguished barite deposits [ Modified from Kashfi (1997);

Aghanabati (2004); Rajabzadeh (2007); Ehya (2012); Ghorbani

(2013); Zarasvandi et al. (2014)]. (1) Elite, (2) Seplark, (3)

Ardekan, (4) Garmab, (5) Chah Shirin, (6) Dasht-e Deh, (7)

Chenarvardeh, (8) Bijgan, (9) Tang-abad, (10) Jasb, (11)

Tappeh-sorkh Bichegan, (12) Vavan, (13) Darreh Kashan,

(14) Kamshacheh, (15) Farseh, (16) Khaneh Hozeh-abad, (17)

Haft-har, (18) Hoodeh, (19) Lar, (20) Haji Abad, (21) Ahoorak

Taleghen, (22) Dorbid, (23) Niyook, (24) Chari-Abtorsh, (25)

Baghin, (26) Goly Choupaan, (27) Ghara Gheytan
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as stratiform, lens shape and hydrothermal vein

deposits (Ghorbani 2013). Also, hematite–barite

hydrothermal vein deposits of Tertiary age have been

reported in Ahmadabad, northeast of Semnan, Iran

(Haji Babaei and Ganji 2018).

In Kerman province, the barite deposits are located

in Chah Makaan-Chari Baghin area (Aftabi and

Abbasnejad 1990), Abtorsh (Kashfi 1997) and Bolbu-

louieh (Porchangiz 2011) areas. Other vein-type

hydrothermal barite–hematite–galena deposits have

also been reported in Gaz Dareh, Abtrosh, Arjasb,

Estakhroeiah-Arjasb, Kuh-e-Gabri, Daarssinoieh,

northwest of Baghin, northeast of Kerman, (Gholami

2011 and Zienalipour-Heidarabadi 2011).

Geology and climatology

The studied area is a part of Baghin geological map

1:100,000 scale, Kerman province, southeastern Iran

at 56�300 and 56�350E and 30�220 and 30�260N
(Fig. 2). The maximum and minimum annual temper-

atures in the area are 37 �C (July) and 8 �C (January),

respectively (Atapour 2015). Average annual rainfall

in the study area is about 149.1 mm, which mainly

takes place between November and March; thus, the

climate is classified as arid–semiarid climate type

(Atapour 2015). The prevailing wind direction in this

area is west and northwest (Hamzeh et al. 2011).

Based on geological investigation (Djokovic and

Dimitrijevic 1972; Alizadeh-Kouskuie 2019), the area

is composed of different geological rock units that are

summarized in Fig. 2. The oldest Paleozoic rock units

include Ordovician metamorphic limestone and dark

grey marbles that are intruded by hornblende diorite

and gabbro intrusive bodies. Silurian–Devonian units

are composed of basal reddish brown sandy conglom-

erate, sandstone, dolomite, dolomitic limestone, shale,

phosphatic layers and dark grey limestone with thin

dolomitic interlayers. Carboniferous rocks are mainly

composed of marl, limestone and dolomite.

The Mesozoic rocks are predominantly composed

of sandstone and marl-limestone, shale and quartz

sandstones of Jurassic age (Djokovic and Dimitrijevic

1972). These are covered by reefal limestone of Upper

Cretaceous age (Huckriede et al. 1962; Atapour and

Aftabi 2002; Atapour 2015). Most of the Upper

Neogene units include conglomerate, breccia, sand-

stone, and marl (Djokovic and Dimitrijevic 1972). The

most frequent pebbles of the Neogene conglomerate

consist of Paleozoic and rarely Jurassic sandstones and

carbonate rocks, which formed during post-Alpine

orogenic activities in the area (Aftabi and Abbasnejad

1990). The upper part of these units includes grey marl

with lenses of gypsum of Pliocene age. According to

Dimitrijevic (1973), Atapour and Aftabi (2002),

Atapour (2015) and Alizadeh-Kouskuie (2019), the

Quaternary units include: (1) alluvial fans, gravel fans,

and terraces; (2) sand dune; and (3) alluvial sediments,

which are composed of recently transported alluvium

from the neighboring bed rocks. The Pleistocene

conglomerate covers Jurassic and Cretaceous units

(Aftabi and Abbasnejad 1990). Aeolian sands cover

southern part of the studied area. Also, there are some

outcrops of post-Eocene andesitic and diabasic dikes

which have been intruded into the Upper Cretaceous

rocks. Structurally, the studied area is formed by a

long and narrow anticline and strike-slip faults

(Djokovic and Dimitrijevic 1972; Dimitrijevic 1973;

Aftabi and Abbasnejad 1990).

Ore mineralization

Hematite–barite–galena mineralization occurs as pri-

mary hydrothermal veins crosscutting the carbonate

and shale host rocks of Paleozoic–Mesozoic age

(Fig. 2) (Aftabi and Abbasnejad 1990; Kashfi 1997;

Gholami 2011; Alizadeh-Kouskuie 2019). The vein

mineralization is controlled by faults in the host rocks

and the thickness of the veins ranges from few

centimeters to a meter. Mineralogically, the

hydrothermal veins include the following subdivi-

sions: (1) hematite–goethite–siderite–limonite

(Fig. 3a), (2) hematite–limonite–barite (Fig. 3b–d)

and (3) barite–galena (Fig. 3e), (4) barite and mala-

chite (Fig. 3f) and (5) fluorite–barite–limonite

(Fig. 3g) (Aftabi and Abbasnejad 1990; Kashfi 1997;

Gholami 2011; Alizadeh-Kouskuie 2019). The purple-

blue or violet colored fluorite (Fig. 3g) in the studied

area is similar to the Blue John fluorite reported by

Galwey et al. (1979).

Other minor minerals include sphalerite and pyrite.

Goethite, limonite, malachite and azurite are formed

by supergene oxidation of the sulfides, although

goethite has also been formed by the hydration of

hematite. The ore structures occur mainly as open

space fillings in veins and zebra-type barite–galena.
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The zebra ore structure suggests a Mississippi Valley–

Type barite mineralization (Fig. 3e). The average ore

grade of Abtorsh mine includes 33% BaO, 15% SO3,

20% SiO2, 1.3% Fe2O3, 1.6% Pb, 0.2% Zn, 2.2 ppm

Cd, and 6.3 ppm Bi, respectively (Kashfi 1997).

Soil formation

Carbonate and shale host–rocks as well as hydrother-

mal veins have been subjected to chemical weathering

processes. Due to the arid–semiarid climate of the

area, no distinguished soil horizons are formed. In this

regard, the soils are very young and since lack

significant profile development, they could be classi-

fied as Entisol (USDA 2014). This is reflected by the

presence of little modified parent rocks in the soils.

Therefore, the most important soils can be subdivided

as follows: (1) soils developed on the carbonate rocks

(calcareous soils) (Fig. 4a), (2) soils formed on the

hydrothermal iron oxide veins (ferruginous soils)

(Fig. 4b), (3) soils derived from the weathering of

Fig. 2 Geological map of the studied areas of Baghin 1:100,000 scale map, a Iran map, b simplified map of Baghin 1:100,000 scale

map and c studied area (modified after Djokovic and Dimitrijevic 1972; Anonymous 2001; Alizadeh-Kouskuie 2019)
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barite veins (baritic soils) (Fig. 4c) and (4) the soils

originated from the weathering of shale outcrops

(Fig. 4d). The main mineral compositions of the soils

are clay minerals, barite, calcite, dolomite, quartz,

chert, hematite, goethite, limonite with very minor

sulfide minerals. Hematite occurs in primary

hydrothermal veins, but goethite is a secondary iron

oxide formed as a result of hematite hydration and

oxidation of minor sulfide minerals. However, as the

soils are of Entisol type, they contain minor fragments

of hematite, but with higher modal of goethite.

Therefore, they have no relation to either old soil in

the mining area or sediments.

Sampling and analytical methods

Soil sampling

The soil samples were performed by random sampling

method, which is a flexible design for surveying the

average baseline and pollutant concentration of poten-

tially harmful elements (IAEA 2004). The samples

were taken in a circle of 1 m in diameter and at 0–5 cm

depth (IAEA 2004). Due to the homogenous nature of

the soils developed on different host rocks, a total of

70 samples including calcareous soils (20 samples),

ferruginous soils (16 samples), baritic soils (14

samples) and soils developed on shale layers (20

samples) were collected. The location of sampling

sites is shown on the geological map (Fig. 2).

Analytical methods

The soil samples were powdered to 200 mesh size,

fused by lithium metaborate (LiBO2) and cesium

chloride (CsCl), decomposed by aqua regia digestion,

using designation of EPA International Standards, in

particular an American National Standard (2001), and

analyzed by ICP-OES method (Varian-Agilent 700

Series) in Applied Research Laboratory of Geological

Survey of Iran, Karaj, Iran. The accuracy against the

certified reference materials (American National

Standard 2001) ranges from 93.84 to 99.81%, respec-

tively. The precision for repeated analysis for different

elements is less than 10 percent of the relative standard

deviations (RSD %).

Geochemical results

The geochemical results for major and trace elements

are shown in Tables 1 and 2 and compared to those of

the crustal abundance, carbonate-shale (host rocks in

the area), global soil level, soil permissible limits and

plant permissible limits. The mean, maximum, min-

imum, enrichment factor, geo-accumulation index,

frequency diagrams as well as box-whisker plot

diagrams for the heavy metals in soil samples are also

given in Tables 1, 2 and Fig. 5. The statistical

parameters were performed by SPSS and Excel

software. In order to explore the geochemical and

environmental signatures of each element, they are

described as the following:

Fig. 3 The outcrops of hydrothermal veins in studied area,

a hematite and barite veins, b association of hematite and barite

in veins, c boxwork structure in hydrothermal veins, d gos-

sanized hematitic and baritic veins, e zebra texture and

mineralization of galena in baritic veins, f malachite mineral-

ization in baritic veins and g purple fluorite mineralization in

hydrothermal veins, Abtorsh mine
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Aluminum (Al)

The mean baseline values of aluminum in calcareous

soils, ferruginous soils, baritic soils and soils devel-

oped on shale layers are 80,502, 54,940, 48,321 and

114,696 mg/kg, respectively (Table 1). These values

appear to be almost similar to crustal abundance and

global soil level (Lindsay 1979; De Vos and Tarvainen

2006; Salminen et al. 2005). The frequency histogram,

box plot and cumulative percentage diagrams

(Fig. 5a) show a normal distribution, reflecting four

different soil populations. Large quantities of Al in

soils occur as aluminosilicates and only easily mobile

and exchangeable fractions of Al play an important

role in soil fertility (Kabata-Pendias and Mokherjee

2007), although such low level of soluble Al can have

beneficial effect on plant growth (Kabata-Pendias

2011) and increase the phosphorus availability as well

as alleviating Fe and Mn toxicity (Muhammad et al.

2018). Aluminum has a low mobility under most

environmental conditions, although below pH 5.5 its

solubility increases as it is released from silicate rocks

and may also be mobilized in anionic form under

strongly alkaline conditions at pH values above 8

(Shiller and Frilot 1996). Since the aluminum values

in different soils are similar to the normal global soil

level, no hazardous impact can be expected via plant

nutrition in the studied area.

Iron (Fe)

Iron is considered as the fourth abundant heavy metal

on the earth crust-soil, an essential nutrient for soil

fertility and plant growth, an activator for respiration

and plays a significant role in the production of

chlorophyll and green color of growing plants (Levin-

son 1980; Kabata-Pendias 2011; Colombo et al. 2013).

The average iron baseline concentration in order of

increasing includes 43,162 mg/kg, 50,324 mg/kg,

86,558 mg/kg 136,205 mg/kg in calcareous soils,

soils developed on shale layers, baritic soils and

ferruginous soils, respectively (Tables 1 and 2), almost

2 magnitudes greater than the crustal abundance and

global soil level. The highest baseline value of iron

reaches up to 300,000 mg/kg and is related to the

ferruginous soils, indicating the presence of hematite,

goethite and other Fe-oxy-hydroxide minerals. The

frequency histogram, box plot and cumulative per-

centage diagrams (Fig. 5b) show anomalous positive

skewness and lognormal distribution of iron, reflecting

four different soil populations. The common range of

Fe contents in soils is between 0.1 and 10%, and its

distribution in soil profiles is variable and controlled

Fig. 4 Field outcrop of the

four types of soils in studied

area, a calcareous soils,

b ferruginous soils, c baritic

soils and d soils developed

on shale layers
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Table 1 Major, minor and trace elements (mg/kg) in soil samples analyzed by ICP–OES methods in Geological Survey of Iran

(Karaj)

Elements Al Ti Fe Mg Ca Na K P Mn Ba Rb Sr

Crustal content 81,300 5700 50,000 20,900 36,300 28,300 25,900 1200 950 425 90 375

Calcareous soils (20) Mean 80,502 3684 43,162 17,016 129,920 11,831 18,140 637 774 564 84 531

Max 98,840 7319 60,384 45,574 221,011 16,733 41,463 955 1522 2660 159 887

Min 38,979 1336 20,877 8903 23,391 2764 8763 316 282 191 43 307

Ferruginous soils(16) Mean 54,940 2448 136,205 13,822 91,101 11,415 14,530 462 464 889 69 982

Max 90,054 4170 300,000 25,385 201,168 50,374 28,564 843 948 2660 150 4215

Min 3510 151 34,627 4788 35,210 383 892 118 0.02 258 8.2 328

Baritic soils (14) Mean 48,321 1438 86,558 12,783 59,037 5137 13,275 514 1055 1823 55 1886

Max 166,184 3926 228,419 34,389 187,593 16,383 46,921 1911 2915 2660 153 4332

Min 1376 189 4519 600 16,451 212 132 73 0.02 266 2.9 286

Soils on shale (20) Mean 114,697 4410 50,324 12,014 29,527 6246 30,195 562 800 860 148 388

Max 160,914 5402 66,843 30,899 118,435 24,805 48,629 825 2891 2660 209 2660

Min 76,362 2571 31,045 6071 3179 2442 16,268 312 118 269 84 119

Elements Cu Mo Pb Zn Ni Co Cr Cd V Se Li Cs Zr W As

Crustal content 55 1.5 12 70 75 25 100 0.2 135 0.05 20 3.0 165 1.5 1.8

Calcareous soils (20) Mean 67 1.2 41 100 33 14 73 0.4 116 0.2 24 10 151 0.9 26

Max 665 3.5 130 161 48 20 146 1.7 172 0.8 45 14 194 3.7 140

Min 14 0.6 9.4 65 17 8.7 33 0.2 48 0.1 9.5 4.3 66 0.5 9.9

Ferruginous soils(16) Mean 53 6.8 40 106 38 13 55 0.3 96 0.2 19 32 127 0.9 30

Max 119 28 73 180 50 18 105 0.5 157 0.5 39 120 231 1.9 59

Min 23 0.5 8.7 40 26 8.3 5.6 0.2 33 0.1 2.7 7.7 28 0.5 4.9

Baritic soils (14) Mean 290 6.2 45 168 188 51 100 1.0 90 0.4 18 16 75 0.9 114

Max 1207 37 77 770 2036 478 494 5.7 289 3.6 78 46 196 2.3 800

Min 17 0.5 14 22 4.5 2.6 4.3 0.2 9.8 0.1 1.1 0.5 12 0.5 4.3

Soils on shale (20) Mean 39 1.4 39 115 41 18 114 0.4 147 0.3 53 8.8 267 1.4 17

Max 75 2.9 70 425 55 22.70 163 1.0 201 1.0 108 11.7 393 2.0 33

Min 6.2 0.7 9.8 32 22 12.15 52 0.2 105 0.1 7.3 5.2 100 0.9 6.4

Elements Sb Bi Be Ga Ge Nb Sc Y Ce Nd Sm Eu Gd Dy Er Yb

Crustal content 0.2 0.2 2.8 15 1.5 20 16 30 60 28 6.0 1.2 5.4 3.0 2.8 3.0

Calcareous soils (20) Mean 9.0 0.3 1.4 16 1.8 19 11 19 39 26 4.3 1.1 5.6 3.4 2.1 3.4

Max 140 0.6 2.7 23 2.5 53 14 22 69 36 6.2 1.3 7.4 4.5 3.8 4.1

Min 0.8 0.1 0.9 12 1.0 11 5.5 11 22 18 2.5 0.7 3.5 2.2 0.9 1.9

Ferruginous soils(16) Mean 9.4 0.3 1.8 29 7.9 14 8.5 19 32 23 8.5 1.3 22 4.7 1.4 3.6

Max 52 0.4 5.8 64 24 19 14 24 69 35 20 2.0 66 11 2.3 5.0

Min 0.4 0.1 0.5 14 1.3 9.5 1.1 6.2 3.0 11 3.9 0.8 4.8 1.8 0.1 2.8

Baritic soils (14) Mean 42 0.6 3.7 19 3.9 32 9.2 17 34 22 5.1 1.2 10 3.6 1.7 2.4

Max 228 2.9 30 36 10 129 35 75 141 54 12 2.7 30 20.5 6.3 5.7

Min 0.6 0.2 0.1 27 0.4 1.9 0.5 3.2 2.2 5.8 0.5 0.2 0.4 0.2 0.2 0.5

Soils on shale (20) Mean 1.8 0.5 3.1 24 2.4 25 15 22 76 32 5.8 1.4 6.3 3.3 2.2 3.1

Max 8.5 0.8 5.5 33 3.6 35 19 33 116 45 6.7 1.8 7.9 7.2 2.7 3.9

Min 0.5 0.2 1.5 17 1.5 16.9 12 13 46 25 5.0 1.0 4.5 1.4 1.4 2.3

*Faure (1992)
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by several soil parameters, inherited from parent

materials and/or resulted from soil processes that are

affected by climatic factors (Kabata-Pendias and

Mokherjee 2007). The solubility of iron in weathering

condition is related to Eh–pH conditions of iron oxy-

hydroxides (De Vos and Tarvainen 2006). Iron is

considered as one of the essential nutrients for plant

growth (Kabata-Pendias 2011); therefore, the high

contents of iron in the soils of the studied area may

have significant safeguard effects on the growing

plants. Although the solubility and availability of iron

from Fe-oxy-hydroxides in ferruginous soil is low, the

interaction of iron oxy-hydroxides with plant and

organic substances could increase the availability of

soluble Fe3? complexes for plant growth (Kabata-

Pendias 2011; Colombo et al. 2013). The health effect

associated with deficiency of iron is anemia, and

excess for the dominant exposure to this element

includes ingestion, hemochromatosis, siderosis, car-

diac failure, and cancer (Plumlee and Ziegler 2005).

Calcium (Ca)

Calcium is reported to be the sixth abundant (3.6%)

element in the earth’s crust, essential nutrient in plant

growth and plays an important role in cell division and

elongation (Mason and Moore 1982; Kabata-Pendias

2011). The variation of the average calcium baseline

in calcareous soils, ferruginous soils, baritic soils and

soils developed on shale layers appears to be 129,920,

91,101, 59,036 and 29,527 mg/kg, respectively

(Table 1). These values are 3.5–6.7 times higher than

the crustal abundance and global soil level (Table 2).

This is supported by lognormal distribution of Ca with

four different soil populations (Fig. 5c). The highest

value of Ca (almost 13%), especially in association

with Sr, Mg and Ba (Mielke 1979), indicates the

presence of calcareous parental rocks in the studied

area. This also reflects the presence of calcite,

dolomite as well as minor replacement of calcium

for Ba (Levinson 1980) in the structure of barite and

dolomite in the soils of the area. Calcium has generally

a high mobility, except under strongly alkaline

conditions, occurs in solution as dissociated Ca2?

ions (De Vos and Tarvainen 2006), is mobile and

available by the water circulation from the roots

through the leaves of the plants, is considered as an

essential soil fertility nutrient for plant growth and is

not commonly reported to be toxic to plants (Kabata-T
a
b
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Pendias 2011). However, excess values of Ca in soils

can reduce uptake of P, K, Mg, B, Cu, Fe and Zn for

plant growth (Kabata-Pendias and Mokherjee 2007).

This may be a possible reason for the limitation of the

stunted flora in the Baghin area. Health effects

associated with the excess of prolong exposures of

calcium are ingestion, atherosclerosis, cataracts and

gall stones (Plumlee and Ziegler 2005).

Copper (Cu)

Copper is considered as an essential trace and heavy

element in soil, plant nutrition and growth that

regulates several plant enzymes (Rose et al. 1979;

Kabata-Pendias 2011; Selinus 2013). The mean base-

line concentrations of Cu range from 38.1 mg/kg in

soils developed on shale layers to 290 mg/kg in baritic

soils. Average copper values between 53 and 68 mg/

kg occur in calcareous and ferruginous soils and are

close to the soil and plant permissible limits (Table 2)

reported by WHO (1996) and Plumlee and Logsdon

(1999). It is noteworthy that only copper content in

baritic soils is 5.3–9.7 times higher than the crustal

abundance and average global soil level (Table 1).

This could be due to the presence of chalcopyrite,

malachite and azurite associated with barite and

Fig. 5 Histogram, box plot and cumulative percentage diagrams of elements in all soil samples
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galena in hydrothermal veins. The frequency his-

togram, cumulative percentage and box plot diagrams

(Fig. 5d) indicate anomalous positive skewness and

lognormal distribution for four soil populations. The

average content of Cu in global soil varies from 13 to

24 mg/kg and is usually accumulated in the surface

horizons of soils due to its uptake by organic matter

(De Vos and Tarvainen 2006). Copper occurs in most

soils as the Cu(H2O)6
2? ion adsorbed on clay minerals

or co-precipitated on other mineral and organic soil

components (Kabata-Pendias and Mokherjee 2007).

During chemical weathering of parent rocks and soil

formation, Cu is associated with clay minerals,

organic carbon and iron and manganese oxy-hydrox-

ides. In oxidizing environments, Cu is likely to be

more soluble under acidic and reducing conditions

(Callender 2003). Natural attenuation of Cu occurs as

an effect of Cu substituting for Ca in the structure of

calcite in calcareous soils and precipitation of

Cu(OH)2 and/or Cu2(OH)2CO3 in other soils (Ka-

bata-Pendias and Mokherjee 2007). Although copper

is an essential metal for plant growth, somewhat

higher concentrations than the permissible levels are

toxic to plants (Brooks 1972; Kabata-Pendias 2011).

Since the concentration of copper in baritic soils of the

studied area is higher than the global permissible

levels, it is considered as an environmental concern in

the area. The deficiency of copper in human causes

anemia and Menke’s syndrome. Excess exposure of

this element includes Wilson’s disease (associated

with Cu buildup in organs), intestinal and liver

inflammation, hemolysis (destruction of red blood

cells, with diffusion of hemoglobin into surrounding

fluids) and hyperglycemia (Plumlee and Ziegler

2005).

Molybdenum (Mo)

Molybdenum is a minor heavy element in soil and

plant growth (Brooks 1972; Kabata-Pendias 2011).

The mean baseline content of molybdenum is

1.15 mg/kg in calcareous soils and 1.45 mg/kg in

soils developed on shale layers, which are lower than

crustal content (Table 1). The ferruginous and baritic

soils contain 6.8 and 6.2 mg/kg, respectively, 3 to 4.6

times higher than the crustal abundance and global soil

content (Tables 1 and 2), although these values appear

to be close to the soil and plant permissible levels.

Maximum values of Mo (37 mg/kg) are reported from

the baritic soils due to substitution Mo in structure of

sulfides such as pyrite (De Vos and Tarvainen 2006)

and chalcopyrite (Yin et al. 2017), which occur as

minor sulfide minerals in hydrothermal veins of the

studied area. Figure 5e shows positive skewness and

lognormal distribution with two distinguished soil

populations. The behavior of Mo in soils differs

greatly from that of the other trace metals as it is

readily mobilized in alkaline soils (pH[ 6.5) (Ka-

bata-Pendias and Mokherjee 2007). However, rela-

tively easily soluble Mo anions are readily co-

precipitated by organic matter, CaCO3, Fe–Mn

hydroxides. It is also adsorbed by freshly precipitated

Fe(OH)3 (Brooks 1972; Kabata-Pendias 2011).

Although high Mo values ([ 10 ppm) are moderately

toxic to plants and livestock (Kabata-Pendias 2011),

its low values in the studied area are not in the

environmental risk level. Health effects associated

with deficiency of molybdenum in human are growth

depression, keratinization effects, hyperuricemia. The

excess of this element leads to high uric acid in serum

and urine, loss of appetite, diarrhea, slow growth,

anemia, ‘‘gout-like’’ lesions and molybdenosis (Plum-

lee and Ziegler 2005).

Lead (Pb)

Lead is reported to be a toxic heavy metal in

contaminated soils with severe toxicity to plants

(Brooks 1972; Kabata-Pendias 2011; Selinus 2013).

The mean baseline variations of Pb concentrations in

different soils range from 39 mg/kg in the soils

developed on shale layers to 45 mg/kg in baritic soils,

which are close to the soil and plant permissible limits

(Tables 1 and 2). However, the highest content of lead

(130 mg/kg) is found in calcareous soils, reflecting the

occurrence of galena in hydrothermal veins crosscut-

ting the carbonate rocks. Figure 5f shows positive

anomalous skewness, lognormal distribution of Pb as

well as four soil populations. The high Pb values in

soils are related to the presence of galena associated

with barite in hydrothermal veins (Kashfi 1997).

Callender (2003) and Krauskopf (1967) suggested

that concentration of Pb and other trace metals in soil

and sediments is controlled by adsorption onto the

ferric and manganese oxy-hydroxides, clay mineral

and organic matter. During weathering, Pb sulfides are

slowly oxidized and have an ability to form carbonates

and also to be fixed by clay minerals, Fe-oxy-
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hydroxides, and soil organic matter (Kabata-pendias

2011). The extent of Pb adsorption onto hydrous Fe–

Mn oxides is influenced by the physical characteristics

of the adsorbent and the composition of the aqueous

phase (pH, Eh and ion complexing, Kabata-pendias

2011). Since lead is a severe toxic element for plant

growth, the high values of Pb in the Baghin area are of

great environmental concern. Lead is not an essential

element and health effects associated with excess of

this element are acute poisoning, renal failure and

severe distress. Chronic poisoning leads to central

nervous system problems, impaired neurobehavioral

function, diminished gross and fine motor develop-

ment in children, kidney disease, hypertension, ane-

mia, and other hematologic effects (Plumlee and

Ziegler 2005).

Zinc (Zn)

Zinc is a minor essential heavy metal for plant growth,

transports calcium through the plants and an activator

for the production of the chlorophyll (Brooks 1972;

Kabata-Pendias 2011; Selinus 2013). The mean base-

line zinc value in baritic soils is 168 mg/kg, almost 3

magnitudes higher than crustal abundance and global

soil, but similar to the permissible soil and plant limits

(Table 1 and 2). Nonetheless, the average baseline for

calcareous soils is 100 mg/kg zinc. The mean baseline

Zn variations in ferruginous soils and the soils that

develop on the shale layers are 66 mg/kg and 115 mg/

kg, respectively. Figure 5g shows an anomalous

positive skewness and lognormal distribution for zinc.

The maximum value of Zn in the baritic soils (767 mg/

kg, Table 1) is due to the presence of sphalerite (ZnS)

associated with hydrothermal veins. Although Zn is

very mobile in most soils, clay fractions and soil

organic matter are capable of holding Zn quite

strongly, especially at neutral and alkaline pH regimes

(Kabata-Pendias 2011). Zinc mobility in the environ-

ment is greatest under oxidizing and acidic conditions,

but more restricted under reducing conditions. The

weathering of sulfide minerals in oxidizing conditions

may give rise to high concentrations ([ 100 ppb) of

dissolved Zn sulfates and carbonates (Massey and

Barnhisel 1972). At pH values above 7, aqueous

complexed Zn begins to partition to particulate Zn as a

result of sorption onto iron oxy-hydroxides (Callender

2003). Given the fact that Zn is a moderately toxic

heavy metal (Brooks 1972; Kabata-Pendias 2011), the

high values of Zn (up to 796 mg/kg) in soils of the

studied area are of possible environmental concern.

The deficiency of Zn is shown by anorexia, dwarfism,

anemia, hypogonadism, hyperkeratosis, acrodermati-

tis, enteropathica, depressed immune response and

teratogenic effects. The excess values of Zn cause

hyperchronic anemia, and metal fume fever at high

doses (Plumlee and Ziegler 2005).

Nickel (Ni)

The mean baseline value of nickel in the baritic soils is

188 mg/kg (Table 1), 7.5, 3.9 and 37 magnitudes

higher than the global soil level, soil permissible limits

and plant permissible limits (Tables 1 and 2), respec-

tively, while the nickel content in the other soil

samples does not show significant variations (Table 1).

The frequency histogram, box plot and cumulative

percentage diagrams (Fig. 5h) show anomalous pos-

itive skewness and lognormal distribution for nickel.

The increase of nickel content in the baritic soils may

be due to the substitution of this element in the

structure of sulfides, in particular pyrite (Levinson

1980) in hydrothermal barite–galena veins. A close

relationship between Ni and clay content in soils is

observed, although iron oxides could adsorb Ni at pH

5.5 condition (Kabata-Pendias 2011). Nickel is a

minor essential element to plant growth, plays an

important role to overall nitrogen metabolism, but

contaminated soils with high Ni values may cause

severe toxicity to plants (Brooks 1972; Kabata-Pen-

dias 2011). The excess of Ni leads to chronic

bronchitis, emphysema, reduced lung capacity, can-

cers of the lungs and nasal sinus, death (due to cardiac

arrest), gastrointestinal effects (nausea, cramps, diar-

rhea, vomiting) and also neurological effects (giddi-

ness, weariness) (Plumlee and Ziegler 2005).

Cobalt (Co)

The average Co baselines are 14, 13, 51 and 18 mg/kg

in calcareous soils, ferruginous soils, baritic soils and

the soils formed on shale outcrops, respectively

(Table 1). These baselines are very close to the global

soil level, crustal abundance and permissible soil

limits (Table 2), but almost 20 orders higher than the

plant permissible limits. The mean value of cobalt in

baritic soils (51 mg/kg), is two times higher than the

crustal abundance (Table 1). This may be due to Co
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substitution for Fe?3 in the structure of hematite and

goethite or replacing the structure of pyrite (Levinson

1980). Figure 5i shows histogram, box plot and

cumulative diagrams of Co, which illustrates a posi-

tive anomalous skewness and lognormal distribution,

reflecting three populations. Several soil factors

govern the Co distribution in soils of which Fe–Mn

oxy-hydroxides are of the greatest importance (Ka-

bata-Pendias 2011). Fe-oxy-hydroxides have strong

affinity for the selective adsorption of Co. This is well

reflected in the Co distribution in soil profiles that

shows a close relation between the levels of Fe and Co

in a particular soil horizon (Kabata-Pendias and

Mokherjee 2007). The low values of Co in the soils

of the studied area are not in the level of environmental

risk. Health effects associated with deficiency of

cobalt are anemia, anorexia and excess values for the

dominant exposure of this element are ingestion,

cardiomyopathy, hypothyroidism, polycythemia (ex-

cess of red blood cells) and cancer (Plumlee and

Ziegler 2005).

Chromium (Cr)

The mean baseline chromium values in ferruginous,

calcareous, and baritic soils as well as the soils

developed on shale layers are 55 mg/kg, 73 mg/kg,

100 mg/kg and 114 mg/kg, respectively (Table 1).

These values are almost close to the crustal abun-

dance, global soil level and soil permissible limits,

but much higher than the plant permissible limits

(Table 2). During chemical weathering, the behavior

of Cr3? resembles that of Fe3? and Al3? (Mielke

1979), leading to widespread accumulation in sec-

ondary Fe-oxy-hydroxides and clays. Highly oxi-

dized Cr6? is much more mobile than Cr3?,

especially under very acid and alkaline ranges of

pH, although readily soluble Cr6? in soils is much

more toxic than Cr3? to both plants and animals

(Kabata-Pendias and Mokherjee 2007). The toxic

effects, caused by Cr6? however, are highly depen-

dent on soil properties, soil textures and pH (Kabata-

Pendias and Mokherjee 2007). The frequency his-

togram, box plot and cumulative percentage dia-

grams (Fig. 5j) show anomalous positive skewness

and lognormal distribution of chromium for four soil

populations. The sorption of Cr in soil is associated

primarily with the clay content, and to a lesser extent

with Fe-oxy-hydroxides and the organic matter

content. Since Cr contents of the soils in the studied

area are within the global soil level, no environmental

hazard is expected. Chromium (III) is an essential

element for human health and has important effect on

glucose metabolism. Deficiency of Cr may cause

hyperlipidemia, corneal opacity. The excess of Cr

causes percutaneous absorption, irritation of gener-

ation of lesions in skin, respiratory tract, gastric and

intestinal mucosa, contact dermatitis, pulmonary

edema, acute kidney failure and long-term risk for

lung cancers (Plumlee and Ziegler 2005).

Cadmium (Cd)

The average Cd concentration in soils follows 0.4 mg/

kg in ferruginous soils, 0.3 mg/kg in baritic soils,

1.0 mg/kg in calcareous soils and 0.4 mg/kg in soils

developed on shale layers (Table 1), respectively, and

are almost similar to the crustal abundance, global soil

level, soil permissible limits and plant permissible

limits (Table 2). However, few samples show positive

anomalous skewness and lognormal distribution

(Fig. 5k). The maximum amount of Cd (5.7 mg/kg)

in baritic soils could be due to presence of sphalerite

associated with baritic veins and substitution of Cd for

Zn in sphalerite structure. The cationic adsorption of

Cd by clay minerals and Fe oxy-hydroxides (Kabata-

Pendias 2011) is another possible reason for high Cd

values in ferruginous and baritic soil samples. The

precipitation of Cd may occur at high Cd2? activities

under alkaline (pH[ 7.0) and anaerobic conditions.

As the majority of soil samples in the studied area

show Cd concentration similar to those of the soil and

plant permissible limits, no environmental hazard is

expected. Cadmium is not an essential element, and

health effects associated with the excess of this

elements are acute exposure, gastroenteritis, liver–

kidney damage, cardiomyopathy, metabolic acidosis,

irritation of nasopharyngeal tract, and pneumonitis.

Chronic exposure can lead to obstructive lung disease,

bronchitis, emphysema, lung cancer, kidney damage

and secondary skeletal system effects (Plumlee and

Ziegler 2005).

Selenium (Se)

Selenium is a heavy metalloid with very low crustal

concentration (0.05 mg/kg) and has a significant

interaction with soils, plants, animals and humans,
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and it is considered to be moderately toxic element

(Brooks 1972; Kabata-Pendias 2011; Selinus 2013).

The mean Se baselines in calcareous soils, ferruginous

solis, baritic soils and the soils developed on shale

layers are 0.2, 0.2, 0.4 and 0.3 mg/kg, respectively,

4–7 times more than the crustal abundance (Table 1).

The maximum value (1.0 mg/kg) of Se is related to the

soils developed on shale layers, which may be related

to the adsorption by clay minerals (Levinson 1980).

Figure 5l shows positive anomalous skewness and

lognormal distribution with two populations. During

chemical weathering of rocks, Se is easily oxidized

and the state of its oxidation as well as its solubility is

controlled by the pH–Eh soil system (Kabata-Pendias

and Mokherjee 2007). A high Se mobility can be

expected in soils with high pH and Eh. In alkaline Se-

rich soils, the predominated Se species is Se6?, which

is very weakly adsorbed. Hence, selenates occur in

soluble forms in soil of arid–semiarid regions (Kabata-

Pendias and Mokherjee 2007). Although Se is a

moderately toxic heavy metalloid in the geochemical

cycle, its high values in the Baghin area may be of

environmental concern. The deficiency of Se causes

liver necrosis, endemic cardio-myopathy (Kesham

disease), osteoarthropathy (Kashin’s Beck disease)

and membrane malfunction. The excess values of Se

lead to birth effects fetal toxicity, liver–kidney dam-

age, cancer, brittle hair and nails, skin lesions and

selenosis (Plumlee and Ziegler 2005).

Arsenic (As)

Arsenic is a non-essential heavy metalloid that is

reported to be generally toxic and carcinogenic to

plants, animals and humans (Brooks 1972; Kabata-

Pendias 2011; Selinus 2013). The mean arsenic

baseline values in calcareous soils (26 mg/kg), fer-

ruginous soils (30 mg/kg), baritic soils (114 mg/kg)

and soils developed on shale layers (17 mg/kg)

(Tables 1 and 2) are 5, 5, 22 and 3 magnitudes higher

the crustal abundance, global soil level, soil permis-

sible limits and plant permissible limits (Table 2).

Importantly, the maximum arsenic values belong to

the baritic soils (800 mg/kg), much higher than the

maximum soil permissible level in soils (55 mg/kg)

(Selinus 2013). This is reflected in histogram, box plot

and cumulative diagrams of As (Fig. 5m), which

illustrates a positive anomalous skewness and lognor-

mal distribution for As. The high arsenic levels in soils

could be due to the replacement of arsenic in the

structure of galena and sphalerite (Levinson 1980)

associated with hydrothermal barite veins. Colloidal

adsorption of arsenic by clay minerals and Fe–Mn

oxy-hydroxides may be the other causes for high As

values in the soils. In this respect, Reimann et al.

(2003) suggested that arsenic minerals and compounds

are readily soluble, but arsenic migration is limited,

because of the strong sorption by clays, Fe–Mn oxy-

hydroxides and organic matter. Although arsenate ions

are readily fixed by clays, phosphoric gels, humus and

hydrated Fe oxides (goethite), the Al oxides are the

most active for As retention (Kabata-Pendias 2011;

Reimann et al. 2003). Since arsenic is a toxic and

carcinogenic element for plants and human through

soil, air and water, the high contents of arsenic in the

studied soils of the area are highly of environmental

concern. Arsenic is not an essential element and health

effects associated with the excess of this elements are

acute poisoning that can lead to a wide variety of

maladies, including systemic hypotension, pain,

bleeding, pulmonary edema, anemia, destruction of

red blood cells, liver necrosis, kidney failure;

encephalopathy and other central and peripheral

nervous system disorders (Plumlee and Ziegler 2005).

Antimony (Sb)

Antimony is a heavy metalloid; its excessive concen-

trations in soils are of potential harm to plants,

animals, and humans (Brooks 1972; Kabata-Pendias

2011; Selinus 2013). The mean Sb baseline concen-

trations in calcareous soils, ferruginous soils, baritic

soils and the soils developed on shale layers include

9.0 mg/kg, 9.4 mg/kg, 42 mg/kg and 1.8 mg/kg,

respectively, 18, 19, 84 and 3.5 magnitudes higher

than the global soil value, crustal abundance, soil

permissible limits and plant permissible limits

(Tables 1 and 2). The maximum antimony value in

baritic soils (228 mg/kg) is more than 209 magnitudes

higher than the global soil level (0.5 mg/kg, Table 3).

Figure 5n shows histogram, box plot and cumulative

percentage diagrams of Sb, where the data show a

positive anomalous skewness and lognormal distribu-

tion with three distinctive soil populations. Antimony

is a chalcophile element that could replace in structure

of galena and sphalerite (Levinson 1980), which are

the minor associated sulfide minerals in barite veins in

the studied area. In the secondary environment, Sb has
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a strong tendency to sorb by Fe–Mn oxy-hydroxides,

organic residues and clay minerals (Reimann et al.

2010). Antimony is a toxic heavy metalloid to plants

and humans; thus, its high values in the soil of the

studied area should be considered as an environmental

concern.

Barium (Ba)

Barium is an alkaline earth heavy metal with a crustal

abundance of 425 mg/kg, and its ingestion in soluble

forms is reported to be toxic to plants, animals and

human beings (Brooks 1972; Nogueira et al. 2010:

CCME 2013). The mean baseline variations of barium

in calcareous, ferruginous, baritic soils and the soils

developed on shale layers are 564, 890, 1823 and

860 mg/kg, respectively (Table 1). The mean value of

Ba in baritic soils is 4 times more than the crustal

abundance and global soil level (Table 2). The

frequency histogram, box plot and cumulative per-

centage diagrams (Fig. 5o) show anomalous positive

skewness and lognormal distribution for Ba, reflecting

three anomalous soil populations. The reported Ba

values for soils on the world scale range from 84 to

960 mg/kg, being the lowest in organic soils and the

highest in loamy and clay soils (Kabata-Pendias and

Mokherjee 2007). Ba is insoluble, and it is easily

precipitated as sulfate and carbonate, strongly

adsorbed by clays and Mn–Fe oxy-hydroxides (Ka-

bata-Pendias 2011). Therefore, the transport, fate and

toxicity of barium in the environment are largely

controlled by its solubility (Menzie et al. 2008).

Despite the low solubility of barite, the Ba concentra-

tions in soils of the Baghin area are anomalous and

may be of environmental concern. In this regard,

Nogueira et al. (2010) reported that among the plants,

only legumes, forage plants, tomatoes, soybean and

mushrooms can accumulate certain amounts of Ba.

Although the toxicity of barium sulfate is slight to

moderate through soils and air–water cycle, the

exposure of barium compounds causes hypertension,

gastrointestinal disturbances, renal function, muscular

weakness, swelling of the brain and liver, high blood

pressure and heart damage (Choudhury and Cary

2001; Nogueira et al. 2010). However, experiment on

animals revealed no evidence of carcinogenic symp-

toms of Ba salts (Shahab et al. 2016).

Strontium (Sr)

Naturally occurring strontium belongs to the heavy

alkaline earth elements, accumulate in soils, plants and

humans (Selinus 2013). The mean baseline content of

strontium follows 531 mg/kg in calcareous soils,

982 mg/kg in ferruginous soils, 1886 mg/kg in baritic

soils and 388 mg/kg in the soils developed on shale

outcrops (Table 1). These baseline variations in Sr are

2.6 and 5 orders higher than the crustal values, but 26,

49, 94 and 19 magnitudes more than the average

global soil level. The enrichment in Sr could be due to

replacement of Sr2? for Ca2? and Ba2? in calcareous

and baritic soil samples (Rose et al. 1979). Figure 5p

shows anomalous positive skewness and lognormal

distribution for strontium, representing background

and anomalous populations. Strontium content of soils

is highly controlled by parent rocks, sulfates, carbon-

ates and climate (Kabata-Pendias 2011). Strontium is

moderately mobile in soils, and the predominate Sr2?

is likely to be adsorbed by clay minerals and Fe-oxy-

hydroxides (Kabata-Pendias 2011). It is noticeable

that strontium is strongly associated with calcium and

is indicative of carbonate rocks, especially in associ-

ation with Sr, Mg and Ba (De Vos and Tarvainen

2006). Although limited data are available on slight

toxicity of natural strontium to humans and plants,

high strontium exposure to soils leads to childhood

rickets (Brooks 1972; Watts and Howe 2010). Stron-

tium in low quantities is beneficial along with Ca and

vitamin D to strongly bind the bone tissues and

increase bone density, thus reducing the process of

osteoporosis in humans. On the contrary, cumulative

consumption of high Sr (4 mg/l) may interfere with Ca

in bones and often causes fractures and osteodystrophy

(Shahab et al. 2016).

Other elements

According to Tables 1 and 2, the concentrations of Ti,

Mg, Na, K, P, Mn, Rb, V, Li, Cs, Zr, W, Bi, Be, Ga,

Ge, Nb, Sc, Y, Ce, Nd, Sm, Eu, Gd, Dy, Er and Yb in

soil samples are within the soil permissible limits,

plant permissible limits, crustal abundance and global

soil levels and thus have no adverse environmental

effects to plants, wildlife and humans.
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Statistical approach

Statistical interpretations of geochemical data provide

a better understanding of elemental associations in

different soils. The statistical data analyses were

calculated by SPSS and Excel software and are

described as follows:

Correlation coefficients

The Pearson correlation coefficient has been applied

for different elemental associations (Levinson 1980).

The results of correlation coefficients are shown in

Table 3. Accordingly, in calcareous soils, the positive

correlation of Al with Fe (0.7), Cu (0.7), Ni (0.7), Co

(0.9) and Cr (0.8) in ferruginous calcareous soils is

related to the adsorption of Fe3?, Fe2?, Cu2?, Ni2?,

Co2?, by iron oxy-hydroxides and clay minerals.

Significant correlation of iron with copper (0.7), nickel

(0.6) and cobalt (0.739) is also due to the presence of

iron oxy-hydroxides in the above-mentioned soils.

Positive correlation of Cu–Co (0.6), Cu–Cr (0.6), Mo–

Sb (0.9), Pb–Zn (0.8), Pb–Cd (0.6), Pb–Se (0.6) is

reflected on their chalcophile affinity, adsorption by

iron oxy-hydroxides as well as their replacements in

the structure of minor sulfide minerals associated with

barite veins. The Zn–Cd correlation (0.8) is probably

related to the substitution of Cd in sphalerite structure.

Also, correlation of Ni–Co (0.8), Ni–Cr (0.8) and Co–

Cr (0.9) could be due to geochemical similarity of

these elements in oxide minerals, minor sulfide

minerals and/or adsorption by Fe-oxy-hydroxides

(Levinson 1980). Table 3A illustrates the correlation

of the chalcophile elements (Mo–Sb–As) is related to

their occurrence in sulfide minerals and partly due to

adsorption of Al–Co–Cr–Ni–Fe–Cu–Ba–Sr by Fe

oxy-hydroxides and clay minerals. In soil samples

developed on hematitic veins (Table 3B), aluminum

has a strong correlation with Co (0.9) and Cr (0.9) but

shows a weak correlation with most of the other

elements. This may indicate the adsorption of these

elements by iron oxy-hydroxides. Strong geochemical

correlation between Fe–Cu (0.9), Fe–Mo (0.7), Fe–Ba

(0.8), Ca–Zn (0.5), Cu–Se (0.6), Mo–Ba (0.9), Pb–Zn

(0.7), Co–Cr (0.9) and As–Sb (0.7) is caused by the

occurrence of minor sulfide minerals in hydrothermal

veins or possibly adsorption by Fe-oxy-hydroxides

(Rose et al. 1979; Levinson 1980). Elemental corre-

lation analysis in soils derived from weathering ofT
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hematite–barite veins shows an interesting feature

(Table 3C). There is a correlation coefficient greater

than 0.9 between Al–Cr, Cu–Zn, Cd–As and Cd–Sb.

The correlation coefficients of Mo–As (0.8) and Mo–

Sb (0.8), Mo–Cd (0.7), Zn–Ni (0.6), Zn–Co (0.6), Fe–

Pb (0.5), Fe–Ni (0.5), Fe–Co (0.5) and Pb–Cr (0.5) are

possibly due to cationic adsorption of these elements

by Fe oxy-hydroxides (goethite, limonite) and clay

minerals. In soils developed on shale layers, there is a

significant correlation between Al–Cr (0.7) and Zn–

Cd (0.7), Ni–Cr (0.7) Pb–Zn (0.6), and Ba–Sr (0.6),

but a moderate association exists for Cu–Mo (0.6)

(Table 3D). This may be related to chalcophile affinity

of these elements as minor sulfide minerals in the

barite veins (Rose et al. 1979; Levinson 1980; Shao

et al. 2018).

Cluster analysis

Cluster analysis explains the possible similarity of the

elemental groups (Fig. 6). The Pb–Zn–Cd–Se cluster

(Fig. 6a) is linked to Ca in calcareous soils and

possibly, indicating the presence of these elements as

minor sulfide inclusions in carbonate rocks. In Fig. 6b,

the associations of Al, Cr, Co, Cd, Ca are probably due

to adsorption of these cations by clay minerals derived

from weathering of the shale layers. The cluster

association of As, Sb, Pb, Zn, Ni is possibly caused by

the cationic adsorption by Fe oxy-hydroxides as well

as the presence of minor sulfide minerals. The Mo–

Ba–Fe–Cu–Se–Sr cluster represents the presence of

minor sulfide minerals in barite-rich hydrothermal

veins. The main cluster link for Ba–Sr–Ca (Fig. 6c) is

due to the abundance of barium in baritic soils and the

replacement of Sr?2 in calcite and barite. Sub-clusters

of Al–Cr–Pb, Ni–Co–Cu–Zn and Cd–As–Sb–Mo–Fe–

Se may indicate adsorption of these elements by clay

minerals and iron oxy-hydroxides. It also could be

related to the presence of minor chalcopyrite, galena

and sphalerite in the barite-rich soils. Figure 6c

indicates 4 elemental clusters in the soils developed

on shale layers. These include Zn–Cd–Pb–As–Mo–Se,

Al–Cr–Ni–Cu–Co, Fe–Se and Ba–Sr–Ca clusters

(Fig. 6d), which show elemental associations that

were adsorbed by clay minerals or Fe-oxy-hydroxides

during soil formation.

Principal components analysis (PCA)

The results of principal component analysis (PCA) in

calcareous soils (Fig. 7a) illustrate the presence of 5

major components, which include 86% of the total

variance. This shows similarity of Al–Fe–Ni–Co–Cr

link (34% variance) with Pb–Zn–Cd–Se–Ba link (21%

variance) and Mo–Sb association (14% variance),

indicating the occurrence of the above-mentioned

elements as minor sulfide minerals or adsorption by Fe

oxy-hydroxides in the soils. Figure 7b indicates the

association of Fe–Cu–Mo–Ba (37.9% variance), Ca–

Pb–Zn–Ni (37.9% variance), As–Sb link (13.7%

variance), and Pb–Se link (9.0% variance), respec-

tively. These elemental associations in soils may occur

either as minor sulfide minerals or adsorbed the heavy

metals by Fe oxy-hydroxides. The results of principal

component analysis (PCA) in baritic soils (Fig. 7c)

show the presence of 5 major components, including

Mo–Cd–As–Sb (21% variance), which is probably due

to the replacement of chalcophile elements in the

structure of pyrite and chalcopyrite (Levinson 1980;

Yin et al. 2017). Fe–Cu–Zn–Ni–Co component

includes 18.77% variance and indicates the presence

of minor sulfide minerals associated with barite in

veins. Al–Pb–Cr link (14% variance) and Fe–Se link

(8.5% variance) may suggest the substitution of Se for

S in sulfide minerals and the adsorption of other

elements by clay minerals and Fe oxy-hydroxides in

the soils (Levinson 1980). The data of principal

components analysis (PCA) in the soils developed on

shale layers (Fig. 7d) include the presence of 5 major

components and illustrate Al–Cu–Ni–Co–Cr (28%

variance), Pb–Zn–Cd (20% variance), Fe–Sb (11%

variance), Mo–Pb–Se (9.9% variance) and Ba–Sr link

(8.80% variance) associations. These elemental asso-

ciations possibly explain the adsorption of these

elements mainly by clay minerals and/or Fe-oxy-

hydroxides.

Discussion

Barite is an industrial mineral, which is used as an

aggregate in cement, filler, weighting agent in

petroleum drilling mud, sound reduction in engine

compartments, radiation-shielding cement, glass cera-

mic and medical application for CT scan (Choudhury

and Cary 2001). The main barite deposits are
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associated with Mississippi Valley-Type ores (MVT)

as well as some with SEDEX and massive sulfide

mineralization (Filipek and Pumlee 1999). The chem-

ical weathering of the above-mentioned base metal

sulfide ores (pyrite, marcasite, sphalerite, galena and

chalcopyrite) associated with barite ores generates

acid to near-neutral waters with elevated concentra-

tions of heavy metals and metalloid, which are of

environmental concern. Despite the low solubility of

barite, its associated sulfide minerals may pose serious

environmental adverse effects during weathering in

the geochemical cycle. This study demonstrates that

barite mineralization at studied area is associated with

hematite, galena and sphalerite, minor amounts of

chalcopyrite and pyrite veins that crosscut the carbon-

ate and shale host rocks. Heavy metal distribution in

different soils developed over host rocks and veins

gives interesting geochemical baseline for the envi-

ronmental surveys in the Baghin area, and this could

be generalized for similar global geological model of

barite mineralization.

Among the major oxides, the concentration of SiO2

in barite is of environmental concern. The mean

content of SiO2 in barite ore in the area is 20%wt

(Kashfi 1997). This amount is higher than the limit

proposed by API (2010) and reflects the presence of

quartz and chert in barite veins. High SiO2 values as

quartz or other silica polymorphs cause adverse effects

Fig. 6 Dendrograms of cluster analysis of the elements in soil samples, a calcareous soils, b ferruginous soils, c baritic soils and d soils

developed on shale layers
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Fig. 7 Varimax-related

factor for soil samples,

a calcareous soils,

b ferruginous soils, c baritic

soils and d soils developed

on shale layers
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during exploration-drifting, stripping, crushing,

milling and pulverization of the barite ores. It is well

known (Salisu et al. 2015; Shahab et al. 2016) that

prolonged exposure of fine grained silica powder or

dust (\ 10 lm) may cause pneumoconiosis and lung

silicosis in the miners.

Figure 8 illustrates important points regarding the

enrichment factor of heavy metals and metalloids in

different soils. The calcareous soils (Fig. 8a) are

highly enriched in Ca, Cu, Mo, Pb, Zn, Co, Cd, Se, As,

Sb, Ba, and Sr, respectively. The enrichment factors

are 2–50 magnitudes greater than the crustal abun-

dance and global soil level. Among the above-

mentioned elements, the chalcophile elements, partic-

ularly Pb, Cd, Se, As, Sb, and Zn, are considered to be

toxic to plants, animals and humans (Lollar 2004).

Furthermore, Craig et al. (2017) suggested that high

values of Ba in soils inhibit growth in some terrestrial

plants. The calcareous soils in the studied area are

derived from the weathering of marls and carbonates.

From an environmental standpoint, carbonate rocks

have high neutralization potential or acid buffering

potential to counteract the generation of acid mine

drainage, formed by chemical weathering of sulfide

minerals in Mississippi Valley-type barite ores

(Filipek and Plumlee 1999). This process is conduc-

tive to the formation of near-neutral drainage waters

with low heavy metal content, which reduces the

heavy metals contamination into the geochemical

cycle. The ferruginous soils are up to 20 magnitudes

enriched in Fe, Cu, Mo, Pb, Zn, Cd, Se, As, Sb, Ba and

Sr (Fig. 8b), respectively. The iron enrichment is

related to the presence of iron oxides and Fe-oxy-

hydroxides with a very minor contribution from

sulfide minerals. The high values of chalcophile

elements are released during chemical weathering of

minor sulfide minerals (galena, sphalerite, chalcopy-

rite and pyrite) in barite veins are of environmental

concern. Another factor for the enrichment of the

chalcophile elements is due to the colloidal adsorption

of the elements by Fe-oxy-hydroxides. With the

exception of iron, which is slightly toxic, other

chalcophile heavy metals and metalloids are reported

to be toxic for plants, wildlife and humans through soil

Fig. 8 Bar graph of enrichment factor normalized to crustal abundance and average global soil, a calcareous soils, b ferruginous soils,

c baritic soils and d soils developed on shale layers
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exposure (Brooks 1972; Kabata-Pendias 2011; Selinus

2013). Pourret et al. (2016) suggested that soils with

high concentrations of Fe-oxy-hydroxides could coun-

teract as a protective effect for reducing the toxicity of

the other toxic elements. This is related to the

adsorption of heavy metals by Fe-oxy-hydroxides in

soils (Rose et al. 1979; Levinson 1980; Filipek and

Plumlee 1999). Barite ores having iron oxides are also

considered to be beneficial for drilling mud as iron

oxides increase the density of the mud (Shahab et al.

2016). It is highly significant that the baritic soils are

almost enriched in all elements except aluminum

(Fig. 8c). This indicates the co-occurrence of minor

sulfide minerals in the barite veins in the area. The

high concentrations of Sr and Ca are caused by

substitution of these elements in the structure of barite

and calcite. In the absence of carbonate rocks, which

have a high potential of neutralization (Filipek and

Plumlee 1999) and depending on the abundance of

sulfide minerals, these minerals could generate acid

mine drainage waters with high contents of heavy

metals that could have adverse effects on the envi-

ronmental life. In this regard, sulfide-rich barite ores

are not environmentally safe for drilling mud. In

contrast to the calcareous, ferruginous and baritic soil,

the soils developed on shales are moderately enriched

in As, Zn, Sb, Ba, Pb and Sr (Fig. 8d), but contain high

values of Al. Some high values of heavy metals are

due to the adsorption by clay minerals (Kabata-

Pendias 2011). One of the most remarkable roles of

clay minerals is their excellent feasibility in depollut-

ing different heavy metals that cause adverse effects in

plants and humans (Kashif Uddin 2017).

One of the best criteria to show the environmental

impact of different soils on plants and humans is the

use of index of geoaccumulation. The index of geo-

accumulation (Igeo = log2 (Cn/1.5 Bn), Muller 1969;

Barbieri 2016) in soil samples of the studied areas

were calculated for potentially harmful elements

(Table 2). Given the fact that the host rocks in the

area contain very thin veinlets of barite–galena and

since there are no reports on the pre-industrial

background soil values in the area, we preferred to

use the crustal abundance of the elements as the soil

background values. In this regard, Martinez et al.

(2007) and Bam et al. (2020) considered the crustal

abundance of the elements as the regional background

concentration for the soil survey. The results show that

the index of geoaccumulation for Sb and Sr is 3.6 and

4.1 in calcareous soils. This indicates that these

elements are enriched geogenically compared to the

global soil (Muller 1969). In ferruginous soils, the

index of geoaccumulation for Sb and Sr is 3.7 and 5.0;

thus, these elements are highly enriched. In baritic

soils, the index of geoaccumulation for As, Cd, Sb, and

Sr is 3.9, 3.7, 5.8 and 6.0, respectively, and these

elements extremely enriched in baritic soils. Also, this

index for Sr in soils developed on shale is 3.7

indicating a heavily geogenic enrichment of the soils

(Table 2). However, elements differ considerably in

the relative extent to which they are taken up from the

soil and accumulated in plant tissues, even allowing

for the differences in soil properties and plant geno-

type (Kabata-Pendias 2011). The soil–plant transfer of

different elements varies in orders of magnitude from

relatively unavailable metals such as barium to the

more readily accumulated elements such as cadmium

(Selinus 2013).

Overall, although the chalcophile heavy metals and

metalloids are much higher than the crustal abun-

dance, global soil level, soil permissible limits and

plant permissible limits in different soils of the Baghin

area, the presence of carbonate and shale host rocks

possibly neutralizes and buffers the generation of acid

mine waters and could conduct to the formation of

near-neutral drainage waters with low heavy metals

and metalloid concentrations. This is indicated by the

low modal content of sulfide minerals associated with

barite veins in the studied area and around several

barite-bearing Mississippi Valley-Type ores (MVT)

(Filipek and Plumlee 1999), although further studies

on the hydrogeochemistry of the groundwater in the

Baghin area are needed.

Conclusions

The soil geochemical survey in Baghin area gives the

following conclusions:

1. The host rocks and hydrothermal veins are cov-

ered by calcareous, ferruginous and baritic soils

and the soils developed on shale layers.

2. According to Soil Taxonomy, the soils are of

entisois and the mean baseline values for Pb, As,

Sb, and Sr in calcareous soils are 4–26 times more

than the crustal abundance and global soil level.
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3. The concentrations of Cu, Mo, Pb, Zn, Ni, Co, Cd,

Se, As, Sb, Ba and Sr in baritic soils are almost

more than 3 magnitudes greater than the global

soil and crustal abundance.

4. The high values of chalcophile elements in soils

reflect the presence of minor sulfide minerals

(galena, sphalerite, chalcopyrite and pyrite) or

partly are enriched by adsorption of Fe-oxy-

hydroxides and clay minerals.

5. The ferruginous soils are highly enriched in Mo,

Pb, Cd, As, Sb, Ba and Sr mainly due to adsorption

by Fe-oxy-hydroxides.

6. Despite the low solubility of barite, minor asso-

ciated sulfide minerals are possibly prone to acid

mine generation and thus are of environmental

concern, although this drainage-water system may

be neutralized by the presence of carbonate rocks

or calcareous soils.

7. The enrichment factors for Cu, Mo, Pb, Zn, Ni,

Co, Cd, Se, As, Sb, Ba and Sr in baritic soil are

classified as medium to heavily enriched heavy

metals and metalloids by geogenic accumulation.

8. The high content of SiO2 in barite veins is of

highly environmental concern for different indus-

trial and medical uses or drilling mud because the

silica dust may trigger silicosis.
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