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Abstract A new index is proposed to determine the

affinity of heavy metals (HM) to their carrier phases

(AHM-fraction), which, in contrast to the traditional

index CHM = 100 CHM-fraction/CHM-soil, consid-

ers the sum of all metals in the fraction as a share of the

bulk content of all HM in the soil. The metal has

affinity for the given phase if AHM-fraction[ 1; vice

versa, the affinity is absent if AHM-fraction\ 1.

Comparison of the affinity series of metals for a certain

phase based on two indices revealed their discrepancy

in most cases. The new index can take into consider-

ation the discrepancy in affinity of the given metal for

phases extracted by different strength reagents. The

effect of the new indicator was tested on several

contaminated soils: Haplic Chernozem, Stagnic

Phaeozems, and Calcaric Fluvic Arenosol, as well as

on two Spolic Technosols. Compared with the index

CHM, the results of the new analysis of contaminated

soils with the ATM fraction demonstrated that the Zn

content in Calcaric Fluvic Arenosol is decreased

considerably due to its low buffer capacity. Since the

content of organic matter in Calcaric Fluvic Arenosol

is insignificant, only organophile elements, such as Cu

and Pb, can make up complexes with organic ligands,

in contrast to the fixation of Ni and Mn by organic

matter in Chernozems. Due to the low buffering

capacity of Calcaric Fluvic Arenosol, the mobile

forms of Cd and Zn increased, and these forms of Cr

decreased. Therefore, the low buffering soil cannot fix

Cd and Zn. Increase in contamination in Spolic

Technosols (approximate permissible concentration,

APC[ 5) as compared to the index CHM, the value of

the AHM-fraction of metals in the residue (except for

cadmium) increased. In addition, the share of Pb and

Cu increases in the organic matter. Thus, the use of a

new indicator—the affinity of heavy metals to the

carrier phases showed their advantage over the

traditional index CHM.
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Introduction

Heavy metals (HM) contained in air, water, and soil

are hazardous for the human organism (Kabata-

Pendias, 2011). If the anthropogenic HMs are accu-

mulated in soil, their input to the soil–groundwater

system is hampered, on the one hand, and they

contaminate the agricultural products consumed by

humans and animals, on the other hand (Acosta et al.,

2015; Huang et al., 2018). HMs are persistent toxic

pollutants that are characterized by latent, long-term,

cumulative, and irreversible parameters (Zhao et al.,

2019). Therefore, soil scientists pay great attention to

the study of HM content in soils (Kabata-Pendias,

2011; Karim et al., 2014; Minkina et al., 2008;

Vodyanitskii, 2006; Wang et al., 2021).

Initially, attention was focused on determination of

the bulk HM content in soils. It turned out, however,

that this bulk content is not an accurate indicator of the

hazard level, as it only provides limited information on

their chemical behavior and availability (Bacon &

Davidson, 2008; Vodyanitskii, 2006). It is also

necessary to know the degree of mobility and acces-

sibility of metals for plants, and low buffer capacity of

soil to contaminate the soil–groundwater system

(Kartal et al., 2006; Reimann & Caritat, 1998). Thus,

in addition to the bulk HM content in soils, knowledge

about the affinity of metals for the chemical carrier

phases of different nature is essential for estimating

their hazard level.

Most commonly, the content of HM associated with

carrier phases is determined by the sequential chem-

ical extraction from soils (Fedotov et al., 2019; Hasan

et al., 2018; Land et al., 1999; Vodyanitskii, 2006).

The sequence and type of reagents vary in different

techniques, but researchers apply mainly reagents

intended for dissolving three or four different carrier

phases of metals, for example, exchangeable met-

als ? metals associated with carbonates; metals asso-

ciated with organic matter; metals associated with

differently crystallized Fe–Mn oxides; and metals

retained in the insoluble residue (He et al., 2013;

Strawn & Baker, 2008). Their role of phases–carriers

in the HM fixation depends on the soil type and

strength of the bond with the metal (Nevidomskaya

et al. 2020). The obtained results—content of HM

associated with carrier phases—are processed in such

a way that the share of each metal (pCHM-fraction)

associated with the given phase is expressed in

percentage of its bulk content in soil (Fedotov et al.,

2019; Ladonin, 2016; Land et al., 1999).

Index pCHM is used very widely. Most commonly,

pCHM values for different metals in a single fraction

are compared, and this parameter is considered an

indicator of the affinity of metal for one of the

fractions. Values of pCHM are used to determine a

series of the affinity of metals for different fractions:

the higher the share of the given metal (greater than

pCHM), the higher is its affinity for the fraction under

consideration and vice versa. A high pCHM value

suggests selectivity of the metal contained in the given

fraction. The indices pC do not take into account the

share of metals in the given chemical fraction, relative

to the initial content of the sum of all metals in the

initial soil. Therefore, these parameters are unsuit-

able for estimating the degree of metal enrichment/

depletion in the fraction relative to the initial sample.

This is an obvious shortcoming of indices pC—they

do not yield the critical metal content in each fraction.

Therefore, they do not provide the boundary, above (or

below) which the fraction is selective (or nonselective)

for the given metal.

The aim of this paper is to apply a new indicator of

the affinity of metals to their carrier phases (AHM-

fraction) and to compare it with the traditional

indicator of selectivity (pCHM-fraction, %) using

the example of contaminated soils in the south of

European Russia.

Objects

Pollution zone near the Novocherkassk Power

Plant

We studied soils at monitoring sites subjected to the

influence of emissions from the Novocherkassk Power

Plant (NPP), one of the largest thermal power stations

in southern Russia. During the power station con-

struction, sanitary-protective zone was not outlined,

and wind rose was ignored—99% of aerosol emissions

from the power station falls into the City of

Novocherkassk; more than 50%, into the Rostov

region (Minkina et al., 2009). Such significant volume

of emissions from the NPP creates a tense ecological

situation in the region. The power station consumes

annually 4.5–4.7 Mt of the high-ash anthracite

briquette, 0.7 Mt of heavy oil, and 380 mln m3 of
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gas (Linnik et al., 2020). Emissions from NPP consist

mainly of ash, sulfurous anhydride, nitrogen oxides,

carbon black (over 30 tons/year), hydrogen fluoride

(7 kg/year), vanadium pentoxide (about 8 tons/year),

iron oxides (over 5 tons/year) and HMs (among which

Cu, Zn and Pb dominate), chromic anhydride (about

0.1 tons/year) and others (Ecological, 2020).

In 2000, 12 monitoring sites (nos. 1–12) were

deployed at different distances (1–20 km) from the

NPP. The sites are assigned to air sampling points

outlined for the organization and arrangement of a

sanitary-protective zone in the northern industrial

cluster of Novocherkassk. Three soil monitoring sites

are discussed in the present paper. The soils of the

monitoring sites are located in the most typical

landscape conditions and represented by various soil

types. Monitoring site 10 located near the NPP is

represented by the common, heavy loam chernozem

(Haplic Chernozem); site 3, by the low-clay, meadow-

chernozem soil (Stagnic Phaeozems); and site 2, by

sandy alluvial soil (Calcaric Fluvic Arenosol) of the

Tuzlov River floodplain. Sites 3 (2.7 km SW from the

NPP) and 2 (3.0 km SW from the NPP) are located,

respectively, in the near 5-km zone of influence of

plant emissions. Monitoring site 10 (located at a

distance of 20 km NW from NPP) is located between

two highways at 400 m from one of them. Data on the

soil type differ significantly in terms of physicochem-

ical properties (Table 1).

The content of silt (\ 0.001 mm) in the surficial

soil horizon varies significantly from 2.1 to 37.0%; the

content of clay (\ 0.01 mm), from 7.5 to 68.2%. The

highest content of these fractions is recorded in the

low-clay, Stagnic Phaeozems variety developed in

alluvial sediments (site 3); the lowest content, in

Calcaric Fluvic Arenosol (site 2). The latter soil is also

marked by low content of organic carbon Corg (0.9%)

and low position in the European Waste Classification

(15 cmol( ?)/kg). Values of pH in soils at the

monitoring sites are similar and correspond to the

low-alkaline variety with neutral reaction. The content

of carbonates in them is 0.5–0.9%.

Pollution zone near Lake Atamanskoe

The lake is located on the floodplain of the Seversky

Donets River, the main tributary of the Don River. The

lake represents a dried oxbow of the Seversky Donets

River with a pulsating water regime. Since the early

1960s until the mid-1990s, Lake Atamanskoe was

exploited as waste reservoir for chemical plant ‘‘Ka-

menskvolokno’’ (Privalenko et al., 2000). The plant is

the largest and oldest manufacturer of chemical fibers

in the south of Russia. It is the most hazardous textile

enterprise that produces semi-synthetic and synthetic

fibers, since the effluents from this process contain

high concentrations of organic pollutants and metal

ions (especially Zn), in excess of the permissible

values (Ghosh et al., 2011). Total reserves of Zn in

technogenic sediments of Lake Atamanskoe were

estimated at 30 kt (Privalenko & Cherkashina, 2012).

Hydrological changes in the recent 20–30 years due to

the cessation of industrial waste disposal and a more

prolonged drought period provoked the disappearance

of water in the lake, leading to the beginning of active

soil formation (Bauer et al., 2018).

Soils at the monitoring sites characterized by a high

degree of technogenic pollution are qualified as Spolic

Technosols, according to theWorld Reference Base of

Soil Resources (IUSS Working Group WRB, 2015).

The monitoring sites were grouped according to the

excess of the approxible permissible concentration

(APC) of HMs in soils (HN 2.1.7.2511-09, 2009) and

corresponded to high (2–5 APC of metal) and very

high levels of contamination (5–10 APC of metal).

Based on the analysis of physicochemical properties

of soils, the content of organic carbon in them is

sufficiently homogeneous (1.7–1.8%); the pH value is

Table 1 Main physicochemical properties of soils at monitoring sites in the NPP area

Number and location of

monitoring sites

pHwater Clay (particle

size\ 0.01 mm)

Silt (particle

size\ 0.001 mm)

Corg, % CaCO3, % CEC,

cmol( ?)/kg

No 10. 20 NW 7.7 ± 0.2 53.5 ± 2.4 25.8 ± 2.3 2.5 ± 0.2 0.7 ± 0.04 35 ± 2

No 2. 3.,0 SW 7.5 ± 0.2 7.5 ± 0.2 2.1 ± 0.1 0.9 ± 0.05 0.5 ± 0.03 15 ± 1

No 3. 2.,7 SW 7.5 ± 0.2 68.2 ± 2.7 37.0 ± 1.9 2.4 ± 0.1 0.9 ± 0.05 46 ± 6
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7.0–7.4%, suggesting a neutral and low-alkaline

reaction of the medium; the absorbing complex is

dominated by Ca2?; the grain size composition is

mainly loamy; and the content of silt particles

(\ 0.001 mm) varies from 16.4 to 20.0% (average

16.7%) (Table 2).

Methods

Soil properties

The soil particle size distribution analysis was per-

formed according to the pipette method with

pyrophosphate procedure of soil preparation (ISO

13317-2, 2001) to obtain the content of clay soil size

fraction (particles\ 0.001 mm) and physical clay

(particles\ 0.01 mm). Soil properties were deter-

mined using standard methods: pH of soil suspension

in water by ISO 10,390 (2005); the organic matter

(OM) content by sulfochromic (ISO 14235, 1998);

carbonates content by a Scheibler apparatus, ISO

10693 (1995), the cation exchange capacity (CEC) and

exchangeable cations by hexamminecobalt trichloride

solution, ISO 23470 (2011). All laboratory tests were

performed in triplicate.

Sequential extraction procedures

In soils of the NPP area, we analyzed seven metals: Cr,

Ni, Mn, Cd, Zn, Cu, and Pd; in soils of the Lake

Atamanskoe area, five metals: Cr, Cd, Zn, Cu, and Pd.

The composition of HM compounds in soils of these

areas was analyzed with the sequential fractionation

method proposed by Tessier et al., (1979). This

method is widely known and applied often in Russia

and Europe for evaluating the fractional HM compo-

sition in soils (Evans et al., 2019; Orecchio &

Polizzotto, 2013; Rosado et al., 2016). The method

guarantees the extraction of five fractions of HM

compounds: exchangeable fraction (1 M MgCl2);

fraction associated with carbonates (1 M CH3-

COONa); fraction associated with Fe–Mn (hydr)ox-

ides (0.04 M NH2OH�HCl in 25% CH3COOH);

fraction associated with organic matter (at first

0.02 M HNO3 ? 30% H2O2 with pH = 2, then

3.2 M CH3COONH4 in 20% HNO3); and residual

fraction (at first HF ? HClO4, then HNO3conc. and

evaporation).

New index of the affinity of HM for carrier phases

During the chemical fractionation, the initial soil is

separated into several (five or six) fractions, in

accordance with the formula (Land et al., 1999;

Silveira et al., 2006):

pCHM � fraction ¼ 100CHM � fraction= CHM � soil ; ð1Þ

where CHM is the share of metal associated with the

given phase, %; CHM-phase is the metal content in the

given phase, mg/kg; and CHM-soil is the bulk metal

content in soil, mg/kg.

If index pC is used for comparing the metal content

in each fraction with the initial soil, this parameter

does not show the critical value. Therefore, we cannot

determine the boundary, above (or below) which the

fraction is selective (or nonselective) for the given

metal, relative to the initial soil. To negotiate this

issue, it is necessary, first of all, to adjust metals with

different Clarke values based on the normalizing index

as in formula (2).

Let us transform formula (2). Leaving all elements

in the normalized form and taking into consideration

the contents of all elements, let us write indicator of

the affinity of metals A relative to the sum of all

normalized metals. Then, indicator of the affinity of

HM for the given soil phase AHM-phase is obtained from

formula:

Table 2 Main physicochemical properties of Spolic Technosols at monitoring sites in the Lake Atamanskoe area

Number of

monitoring site

pHwater Clay (particle

size\ 0.01 mm)

Silt (particle

size\ 0.001 mm)

Corg, % CaCO3, % Exchangeable cations,

cmol( ?)/kg

Ca2? Mg2?

No 20 7.4 ± 0.2 49.2 ± 2.4 20.0 ± 0.7 1.7 ± 0.1 0.3 ± 0.01 30.0 ± 1.2 3.5 ± 0.1

No 21 7.0 ± 0.1 57.6 ± 1.4 16.4 ± 1.5 1.8 ± 0.2 0.3 ± 0.01 28.0 ± 2.4 4.0 ± 0.5
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AHM ¼
CHM � phase=

P
CHM � phase

� �

CHM � soil=
P

CHM � soilð Þ ; ð2Þ

where CHM-phase is the normalized HM content in the

given fraction; RCHM-phase is the sum of all HMs in the

given fraction; CHM-soil is the normalized content of

the given HM in the initial soil; and RCHM-soil is the

sum of all HMs in the initial soil.

Thus, the new formula based on index A takes into

consideration the content of all elements in computa-

tions of the metal content. This index can determine

the affinity of different metals for the given carrier

phase. The new index can substitute the traditional

indicator of affinity pCHM based on formula (1).

First, we accept Clarke values of each metal in the

European soil, according to A. Kabata-Pendias (2011),

as normalizing values for the chemical analysis.

Clarke of chemical elements for European soils can

be used in comparison with the studied soils in the

European part of Russia. Then, all further operations

are accomplished with metals in the nondimensional

mode. When analyzing contents of different metals in

the given phase, index AHM-fraction[ 1 suggests that

the phase is selective for the given metal; vice versa, if

AHM-fraction\ 1, the phase is nonselective for this

metal. When analyzing contents of the given metal in

different phases, AHM-fraction[ 1 suggests that the

metal is more selective than other metals for the given

phase; vice versa, if AHM-fraction\ 1, the metal is

‘‘repulsed’’ more strongly than the remaining metals.

To exclude values of AHM-fraction * 1, we shall accept

that values of AHM-fraction[ 1.2 and\ 0.6 are

significant.

Reliability of index A of metal shows direct

correlation with the number of metals used in the

calculations—the higher their number, the more

reliable is the calculation of index A. Therefore, the

new method is not suitable for rare cases of soil

contamination with one metal.

Results and discussion

Pollution zone near the NPP

Tables 3–5 present the data for calculating index of

affinity of HM to the carrier phases. Based on index

pCHM, affinity of HM (e.g., Cr) for phases increases in

the following succession: exchangeable metals

(0.93)\ carbonates (3.18)\ organic matter

(11.96)\ iron minerals (18.88)\ residue (62.71)

(Table 4). Note that the number in parentheses does

not indicate boundary values. Based on index AHM-

phase, however, affinity of Cr for phases increases in a

different succession: carbonates (0.53)\ organic

matter (0.87)\ residue (0.98)\ exchangeable met-

als (1.24)\ iron minerals (1.3) (Table 5). Position of

Cr relative to the residue is markedly different: level 1

versus level 62.7 according to index pCHM. Similar

results were also obtained for other metals: Table 5

shows that correlation coefficient between indices pC

and A is marked by an insignificant variation from

0.843 to 0.864.

Use of index A makes it possible to: (1) obtain

numeral characteristics that discriminate the affinity of

metals for the given phase or indicate their deficit; (2)

record position changes in the affinity of metals for

carrier phases: transition of the affinity of metals from

the last position (‘‘residue’’) based on index pCHM to a

higher position and vice versa.

Thus, we believe that index pCHM does not reflect

the affinity of metals for fractions in most cases.

Calculations of the affinity of metals for different

fractions based on the new index AHM-phase are

described below. Table 5 presents comparisons of

index A in Haplic Chernozem, Stagnic Phaeozems and

Calcaric Fluvic Arenosol with a low buffering capac-

ity and Corg content. In contrast to Chernozems,

Calcaric Fluvic Arenosol are marked by the following

metal fixation patterns. Note that the Zn content

decreases appreciably (to 1.04) in the residual fraction

of Calcaric Fluvic Arenosol.

Because of a low content of organic matter in

Calcaric Fluvic Arenosol, only organophiles, such as

Cu (A = 1.36) and Pb (A = 2.12), can make up

complexes with organic ligands, in contrast to the

fixation of Ni (to 1.58) and Mn (to 1.32) by organic

matter in Chernozems. Lead discussed in many works

is considered a highly hazardous element, because it is

consumed with food and water (Bol’shakov et al.,

2004). However, thanks to the buffer capacity of soils,

the hazard level of Pb is decreased strongly. The most

representative data were obtained with the syn-

chrotron technique (Manceau et al., 1996, 2002;Morin

et al., 1999; Ostergren et al., 1999). Most commonly, a

significant share of Pb is associated with organic

matter: the EXAFS spectrum indicates a mixture of

80% Pb-humate and 20% Pb adsorbed on goethite

123

Environ Geochem Health (2022) 44:1387–1398 1391



(Morin et al., 1999). The predominance of Pb-humates

is consistent with the high content (77%) of Pb

extracted by Na4P2O7 from the silt fraction. Evidently,

organic matter seals the mineral particle surface and

hampers the sorption of Pb from the forest humus soil

(Morin et al., 1999).

The share of mobile Cd speciations is increased in

the light soil fraction. Thus, soil with weak buffer

capacity cannot fix heavy metals, and they are

transported to the Tuzlov River.

Pollution zone in the Lake Atamanskoe area

The calculation of the HM affinity index to carrier

phases is given in Tables 6–8. Let us examine based

on pCHM values the affinity of Ni for soil phases in

sites with the contamination level corresponding to

2–5 approximate permissible concentration (APC).

Affinity of metals increases in the following succes-

sion: exchangeable metals (4.02)\ carbonates

(18.7)\ organic matter (13.9)\ iron minerals

(25.2)\ residue (41.2) (Table 7). Note that the

number in parentheses does not indicate boundary

values. Based on index AHM-phase, however, affinity of

Table 3 Data for calculating index A in soils at monitoring sites in the NPP area

Element Clarke Initial Exchangeable Carbonates Iron

minerals

Organic

matter

Residue

Ppm n Ppm n Ppm n ppm n ppm n ppm n

No 10 Haplic chernozem

Cr 94.8 107 1.13 1.00 0.01 3.40 0.04 20.20 0.21 12.80 0.14 67.10 0.71

Ni 37 37 1.00 0.05 0.00 1.50 0.04 5.80 0.16 6.60 0.18 26.00 0.70

Mn 524 681 1.30 2.00 0.00 50.00 0.10 109.00 0.21 52.00 0.10 380.00 0.73

Cd 0.28 0.3 1.07 0.01 0.04 0.01 0.04 0.04 0.14 0.02 0.07 0.13 0.46

Zn 68.1 72 1.06 0.50 0.01 4.00 0.06 8.50 0.12 4.90 0.07 61.90 0.91

Cu 17.3 37 2.14 0.40 0.02 2.50 0.14 4.00 0.23 7.00 0.40 28.70 1.66

Pb 32 37 1.16 0.70 0.02 3.90 0.12 6.60 0.21 8.40 0.26 16.40 0.51

R 8.85 0.10 0.53 1.28 1.22 5.68

No 2 Stagnic Phaeozems

Cr 94.8 85 0.90 1.3 0.01 5.2 0.05 23.9 0.25 3.2 0.03 38.4 0.41

Ni 37 36 0.97 0.8 0.02 6.4 0.17 7.7 0.21 3.7 0.10 20.3 0.55

Mn 524 604 1.15 5.0 0.01 106 0.20 122 0.23 52 0.10 352 0.67

Cd 0.28 0.5 1.79 0.02 0.07 0.17 0.61 0.17 0.61 0.02 0.07 0.1 0.36

Zn 68.1 79 1.16 5.5 0.08 11.1 0.16 22.8 0.33 3.5 0.05 45.9 0.67

Cu 17.3 45 2.60 0.9 0.05 3.1 0.18 6.3 0.36 3.3 0.19 20.9 1.21

Pb 32 21 0.66 0.9 0.03 1.7 0.05 5.8 0.18 1.7 0.05 6.6 0.21

R 9.23 0.28 1.43 2.18 0.60 4.07

No 3 Calcaric fluvic arenosol

Cr 94.8 111 1.17 1.1 0.01 6.6 0.07 18 0.19 21.9 0.23 69.7 0.74

Ni 37 47 1.27 0.6 0.02 5.6 0.15 7.9 0.21 8.9 0.24 28.5 0.77

Mn 524 628 1.20 2 0.004 92 0.18 108 0.21 106 0.20 299 0.57

Cd 0.28 0.5 1.79 0.01 0.04 0.15 0.54 0.14 0.50 0.03 0.11 0.21 0.75

Zn 68.1 99 1.45 2 0.03 10 0.15 24.4 0.36 12.8 0.19 56.5 0.83

Cu 17.3 51 2.95 0.9 0.05 2 0.12 11.9 0.69 13.9 0.80 32 1.85

Pb 32 28 0.88 0.3 0.01 2.3 0.07 7.9 0.25 11.9 0.37 10.9 0.34

R 10.70 0.16 1.27 2.40 2.14 5.85

(ppm) initial metal content, ppm; (norm) normalized Clarke value of the metal
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Ni for phases increases in a different succession:

organic matter (0.57) = exchangeable metals

(0.58)\ iron minerals (0.97)\ residue (1.05)\ car-

bonates (1.70) (Table 8). Relative to the residue, Ni

occupies a markedly different position: level 1 versus

51.1 based on index pCHM. Relative to organic matter,

Ni also occupies a different position (level 0.57).

Similar results were also obtained for other metals.

When calculating index A for soils in the NPP area,

reliability of values based on a small number (n = 5)

of metals is worse than those based on a greater

number (n = 7). This is reflected in higher values of

the correlation coefficient between indices pC and

A. For soils with different levels of contamination in

the Lake Atamanskoe area, this parameter varies from

0.227 to 0.941 (Table 8), and the majority of R values

are unreliable.

Let us examine the results of strong contamination

(5–10 APC), relative to a lower level of contamination

(\ 5 APC) (Table 8). Owing to intensification of

contamination, the residue is enriched in the majority

of metals (except Cd). The increase is prominent for

Pb: from 0.80 to 1.23. For Ni, Zn, Cu, and Pb, the share

of reagent-insoluble compounds increases dramati-

cally. For Pb, the share of organic matter increases

from 1.79 to 2.17; for Cu, from 1.28 to 1.41.

The proposed method is marked by a low influence

of hydroxylamine hydrochloride on metal extraction.

As shown in (Ladonin, 2016), treatment with hydrox-

ylamine hydrochloride is weakest for iron minerals:

application of Tamm’s reagent (under the ultraviolet

radiation) accepted in the McLaren-Crawford method

(1973) yielded a much greater amount of Cu, Zn, and

Pb than the hydroxylamine hydrochloride (Ladonin,

2016).

The share of Cd increases to 1.44–1.47 in the

exchangeable form of Spolic Technosols (Table 8),

which indicates its weak absorption by the soil.

Table 4 Values of index

pC in soils at sites in the

NPP area

Element Exchangeable Carbonates Iron minerals Organic matter Residue

No 10 Haplic chernozem heavy loam chernozem

Cr 0.93 3.18 18.88 11.96 62.71

Ni 0.14 4.05 15.68 17.84 70.27

Mn 0.29 7.34 16.01 7.64 55.80

Cd 3.33 3.33 13.33 6.67 43.33

Zn 0.69 5.56 11.81 6.81 85.97

Cu 1.08 6.76 10.81 18.92 77.57

Pb 1.89 10.54 17.84 22.70 44.32

No 2 Stagnic phaeozems low-clay meadow-chernozem soil

Cr 1.53 6.12 28.12 3.76 45.18

Ni 2.22 17.78 21.39 10.28 56.39

Mn 0.83 17.55 20.20 8.61 58.28

Cd 4.00 34.00 34.00 4.00 20.00

Zn 6.96 14.05 28.86 4.43 58.10

Cu 2.00 6.89 14.00 7.33 46.44

Pb 4.29 8.10 27.62 8.10 31.43

No 3 Calcaric fluvic arenosol fluvisols

Cr 0.99 5.95 16.22 19.73 62.79

Ni 1.28 11.91 16.81 18.94 60.64

Mn 0.32 14.65 17.20 16.88 47.61

Cd 2.00 30.00 28.00 6.00 42.00

Zn 2.02 10.10 24.65 12.93 57.07

Cu 1.76 3.92 23.33 27.25 62.75

Pb 1.07 8.21 28.21 42.50 38.93
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Conclusions

Estimation of the hazard level of HMs in soil is based

on not only their bulk content but also mobility, which

is governed by the affinity for HM-carrier phases.

Index of the affinity of heavy metal pCHM for the given

phase is based on the share of metal (% of its bulk

content in soil). High pCHM value suggests the affinity

of this metal for the phase under consideration; vice

versa, low value suggests the lack of affinity. Index

CHM, however, has the following shortcoming: it does

not suggest the critical value CHM(crit), above (or

below) which the affinity is present (or absent).

Therefore, the degree of metal extraction (CHM) shows

a maximum dependence on the strength of reagent, but

not on the affinity of metal for the extracted phases.

The new indicator of the affinity of metals for their

carrier phases (AHM-phase) is distinguished from the

traditional index pCHM by an additional constant that

takes into account the sum of all HMs in the given

phase as a share from the total bulk content of all HMs

in the soil. The metal has affinity for the given phase if

AHM-phase[ 1; vice versa, the affinity is lacking if

AHM-phase\ 1. The new index can take into consider-

ation discrepancy in the affinity of the given metal for

phases extracted by different strength reagents. The

degree of metal analysis shows a positive correlation

with the number of metals involved in the procedure––

the higher the number, the more reliable is the

calculation of index A. This method cannot be used

for soils contaminated with one metal.

Data obtained for contaminated soils in the Rostov

region (Russia) revealed an appreciable decrease in

the residual and organic matter-associated fractions of

Zn in Calcaric Fluvic Arenosol. Because of a low

content of organic matter, only organophiles, such as

Table 5 Values of index A in soils at sites in the NPP area

Element Exchangeable Carbonates Iron minerals Organic matter Residue R (A * pC)

No 10 Haplic chernozem heavy loam chernozem

Cr 0.80 0.53 1.3 0.87 0.98 0.401

Ni 0.12 0.67 1.08 1.29 1.1 0.530

Mn 0.25 1.22 1.1 0.58 0.87 0.280

Cd 2.84 0.33 0.92 0.48 0.68 - 0.464

Zn 0.59 0.92 0.81 0.49 1.34 0,873

Cu 0.92 1.12 0.75 1.37 1.21 0.421

Pb 1.61 1.75 1.23 1.64 0.69 - 0.843

No 2 Stagnic Phaeozems low-clay meadow-chernozem soil

Cr 0.51 0.39 1.19 0.58 1.02 0.846

Ni 0.74 1.14 0.90 1.58 1.28 0.282

Mn 0.28 1.13 0.85 1.32 1.32 0.574

Cd 1.33 2.19 1.44 0.62 0.45 0.583

Zn 2.32 0.90 1.22 0.68 1.32 - 0.019

Cu 0.67 0.44 0.59 1.13 1.05 0.475

Pb 1.43 0. 52 1.17 1.25 0.71 - 0.295

No 3 Calcaric fluvic arenosol fluvisols

Cr 0.67 0.50 0.72 0.98 1.15 0.864

Ni 0.86 1.01 0.75 0.95 1.11 0.676

Mn 0.22 1.24 0.77 0.84 0.87 0.431

Cd 1.35 2.53 1.25 0.30 0.77 0.244

Zn 1.37 0.85 1.10 0.65 1.04 - 0.032

Cu 1.19 0.33 1.04 1.36 1.15 0.413

Pb 0.73 0.69 1.26 2.12 0.71 0.631
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Cu and Pb, can react with organic ligands, in contrast

to the fixation of Ni and Mn by organic matter in

Chernozems. Light soils are marked by increase in the

share of mobile Cd and Zn speciations and decrease in

the share of Cr. Thus, soils with low buffer capacity

cannot withhold metals (e.g., Cd and Zn).

Intensification of Spolic Technosols pollution (up

to 5–10 APC) increases the share of metals (except

Cd) in residue. This is particularly prominent for Pb.

The share of Pb in the organic matter increases from

1.79 to 2.17; the share of Cu, from 1.28 to 1.41. The

proposed method is distinguished by a weak influence

of hydroxylamine hydrochloride on metal extraction.

Thus, the use of a new indicator—the affinity of HMs

to their carrier phases AHM-phase showed its advantage

over the traditional Index CHM.

Table 6 Values of index A for metals in Lake Atamanskoe soils with different levels of contamination

Element Clarke Initial Exchangeable Carbonates Iron minerals Organic matter Residue

Ppm n Ppm n Ppm n ppm n Ppm n ppm n

No 20. Spolic technosol with contamination 5–10 APC of metal

Ni 37 373 10.08 15 0.41 69.8 1.89 94 2.54 52 1.41 153.6 4.15

Cd 0,28 7.4 26.43 0.75 2.68 0.83 2.96 2.25 8.04 0.98 3.50 3.53 12.61

Zn 68.1 928 13.63 72.7 1.07 85.9 1.26 293.6 4.31 127.8 1.88 387.1 5.68

Cu 17.3 625 36.13 40.3 2.33 62.2 3.60 149.5 8.64 195.1 11.28 215.4 12.45

Pb 32 494 15.44 16.7 0.52 46.6 1.46 94.4 2.95 216.1 6.75 155 4.84

R 101.70 7.00 11.16 26.48 24.81 39.74

No 21. Spolic technosol with contamination 5–10 APC of metal

Ni 37 560 15.14 30.2 0.82 123.6 3.34 168.5 4.55 86.8 2.35 185.5 5.01

Cd 0,28 34 121.43 4.97 17.75 5.13 18.32 14.23 50.82 4.95 17.68 5.97 21.32

Zn 68.1 4746 69.69 424.3 6.23 539.5 7.92 1737.6 25.52 706.5 10.37 1482.7 21.77

Cu 17.3 1263 73.01 88.6 5.12 132.9 7.68 305.8 17.68 388.6 22.46 287.3 16.61

Pb 32 1014 31.69 51.5 1.61 107 3.34 192.8 6.03 479.3 14.98 297 9.28

R 310.95 31.53 40.61 104.59 67.84 74.00

(ppm) initial metal content, ppm; (norm) normalized Clarke value of the metal

Table 7 Values of index

pC for metals in Lake

Atamanskoe soils with

different levels of

contamination

Element Exchangeable Carbonates Iron minerals Organic matter Residue

No 20. Spolic technosol with contamination 5–10 APC of metal

Ni 4.02 18.71 25.20 13.94 41.18

Cd 10.14 11.22 30.41 13.24 47.70

Zn 7.83 9.26 31.64 13.77 41.71

Cu 6.45 9.95 23.92 31.22 34.46

Pb 3.38 9.43 19.11 43.74 31.38

No 21. Spolic technosol with contamination 5–10 APC of metal

Ni 5.39 22.07 30.09 15.50 33.13

Cd 14.62 15.09 41.85 14.56 17.56

Zn 8.94 11.37 36.61 14.89 31.24

Cu 7.02 10.52 24.21 30.77 22.75

Pb 5.08 10.55 19.01 47.27 29.29
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