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Received: 04.01.2019 Abstract. In soils after fires trace metals sharply change their migration ability and can form
Received in revised form: 27.05.2019 poorly-soluble hydroxides which are hazardous chemical formations, the nature of which
Accepted: 22.06.2019 has not been fully explored until now. In addition, in interstitial water, there is a probability

of the formation by metals of hydroxocomplexes with different amounts of hydroxide ions.
We studied the range of dynamics of migration capacity of sedimentation of hydroxides and the region of predominance of soluble
hydroxocomplexes by developing logarithmic concentration diagrams (LCD). We developed logarithmic concentration diagrams, the
equation of formation of prevailing forms, using which it is possible to clearly determine the regions of maximum sedimentation
(accumulation) of hydroxides and hydroxocomplexes of heavy metals after the influence of the pyrogenic factor. The obtained
calculations of the results of the predictive modeling of the dynamics of migration capacity and postpyrogenic migration geochemical
processes in ecogeosystems have been organized and systematized. The determined patterns can be useful for the analysis of possible
geochemical migration (accumulation) of heavy metals in ecological systems in the study of technogenic and ecological situation after
fires. Based on the calculations made, mathematical models of heavy metals® behaviour are developed, which are useful for drawing up
a forecast estimation of the dynamics of their geochemical migration and accumulation in ecological systems as a result of the influence
of the technogenic loading of the pyrogenic factor. The conditions of concentration and migration of compounds of heavy metals were
determined, and the equation for calculating the concentration of mobile forms of trace metal compounds has been developed. The
developed map of the activity of geochemical migration of heavy metals under the influence of the technogenic loading of pyrogenic
factor will make it possible to elaborate the migratory capacity of trace metals and provide a forecast of their behaviour in ecological
systems after fires. This will allow preventive measures to be taken to ensure environmental safety and prevent adverse effects on human
health and the condition of the components of the environment. The creation of similar cartographic material may be extrapolated to
other regions of Ukraine, affected by technogenic loading of pyrogenic factor. The development of logarithmic concentration diagrams
allows us to predict the capacity of compounds of lead, nickel, chromium,and copper for migration or accumulation of heavy metals
due to changes in the acidity of soils under the influence of the pyrogenic factor. Having used the map of the soils of the Kharkiv
region, we analyzed and provided a forecast of the migration ability of lead compounds in cases of fire in different types and subtypes
of different environmental conditions.

Key words: natural fires, heavy metals, migratory properties of chemical element, map of soils.
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AHoTamist. Y rpyHTax MiCJIst II0XKEXK BAKKI METAJIN PI3KO 3MIHIOIOTh CBOIO MIrPaLliifHy 3/[aTHICTB | MOXKYTh YTBOPIOBATH BaXKKOPO3UMHHI
T1IPOKCHIH, SIKI € HeOe3IeUHNMH XIMIYHUMHU YTBOPEHHSIMH, NIPUPOAA SKUX JO [HOTO 4Yacy MOBHICTIO HE JociijkeHa. KpiM Toro,
y IPYHTOBOMY PO3YMHI € HMOBIPHICTH YTBOPCHHSI METalaMHU TiIPOKCOKOMIUIEKCIB 3 PI3HOIO KIUIBKICTIO TifpoKcHI-ioHiB. [liama3zoH
JUHAMIKH MIrpamiifHol 34aTHOCTI OCa/DKEHHS TiAPOKCHIIB 1 00JacTi MepeBakaHHs PO3YMHHHX TiAPOKCOKOMIUICKCIB BHBYEHI HAMHU
3a J0TOMOTroI0 MoOYI0BH KOHIEHTpaliiHo-norapudmidaux aiarpam (KJI). [To6ynoBano koHIEHTpaLiiHO-T0rapudMivHi aiarpamy,
BUBE/ICHO PIBHSHHS YTBOPSHHSI IIEPEBaXKAIOUMX (hOPM 32 JTOIIOMOTI0I0 YO0 MOXKHA YITKO BU3HAUYUTH 00J1aCTi MAKCUMAJIbHOTO 0Ca PKEeH-
Hs (akyMyJsiii) TiIpOKCHAIB Ta T'iJPOKCOKOMIUICKCIB BaKKMX METAIIB MICIIsl BIUIMBY MipOTeHHOTO YHMHHHMKA. OTpUMaHi pO3paxyHKH
Pe3yabTaTiB MPOrHOCTHYHOTO MOJICTIOBAHHS IMHAMIKH MirpaniifHoi 34aTHOCTI Ta ITOCTHIPOTeHHUX MirpaniifHuX TeoXiMidHIX IPOIeciB
B €KOr€OCHCTeMax HaMH OyJIH YHOPSIKOBAHO Ta CHCTEMAaTH30BaHO. BUBE/ICHI 3aKOHOMIPHOCTI MOXKYTh OyTH KOPHCHUMH JUIS aHAJI3Y
MOXITUBOI T€0XiMi4HOI Mirpamii (aKkymyJsmii) BaXKKUX METaliB B €KOT€OCHCTEMax NP BHBYEHHI TEXHOT€HHO-EKOJOTIYHOI CHUTYyalii
micist nokesx. Ha mizicraBi mpoBeieHUX po3paxyHKiB po3po0IeH0 MaTeMaTH4HI MOJEI MOBEIIHKHA BOKKUX METAJIB, SIKI KOPHCHI IS
CKJIJIaHHs IPOTHO3HOI OLIHKY JMHAMIKH 1X TeOXIMiYHOI Mirparii Ta akyMyJsilii B €KOreoCHCTeMax B Pe3yJibTari BIUTUBY TEXHOTCH-
HOTO HAaBaHTAXEHHS MiPOTEHHOTO MMOXO/UKEHHS. BCTaHOBICHO YMOBH KOHIIEHTPYBAHHS 1 Mirpamii CIIOJIyK Ba)KKHX METaliB, BUBEIE-
HO PIBHSHHS JUISl PO3PaxyHKY KOHIEHTpAIii pyXoMuxX (opM CHONYK BaKKHX MeTaiiB. [ToOynoBaHa kapTa akTHBHOCTI IeOXiMigHOT
Mirpaiii BaJKKAX METaJiB ITiJ BIUINBOM TEXHOTCHHOTO HABAHTAKEHHS TIPOT€HHOTO MOXOIKEHHS TO3BOJIUTH JETATi3yBaTH MirpamiiiHy
3[aTHICTb BOKKMX METAJIB TA HAJATH MPOrHO3 iX MOBEIIHKHM B €KOTeOCHCTEMaX Iicis Hoxkex. Lle J03BONUTh BKUTH MPEBEHTHBHUX
3aXO0[IiB 110710 3a0€3MeUECHHS eKOJIOTT4HOT OS3M1eKH Ta HEraTHBHOTO BIUTMBY Ha 3710pPOB’ St JIFOMHH Ta CTAH KOMIIOHEHTIB HABKOJIUIIIHBOTO
npupozaHoro cepenopuina. CTBopeHuil mopiOHMI kKaprorpadivHui MaTepiaa MOXKIJIMBO EKCTPAIIOIIOBAaTH Ha iHINI perioHH YKpaiHH, 110
3a3HAIOTh TEXHOTEHHOTO HABaHTaKCHHs IIPOT€HHOTO MoXoykeHHs. [1o0ynoBa KOHIEHTpaliifHO-IorapuMIidHIX AiarpaM J03BOJISIE
MIPOTHO3YBATH 3JIATHICTH CIIOIYK TUTIOMOYMY, HIKEITI0, XpOMY, KYIPyMy J0 Mirparii abo akyMyJsilii BaKKUX METaIB YHACIIIOK 3MiHA
KHCJIOTHOCTI IPYHTIB TiJI Ji€f0 MPOreHHOr0 YNHHHUKA. BUKOpHCTAaBIIN KapTy IPyHTIB XapKiBCHKOTO PETi0OHY, HAMH IMPOAHAJi30BaHO Ta
HA/IaHO MTPOTHO3 MIrpariifHoi 31aTHOCTI CHOMYK IUIIOMOYMY ITPH BUHUKHEHH] HOXKEXX1 Yy PI3HUX TUIAX Ta MiATHIIAX Pi3HUX €KOJIOTTYHUX

YMOB.

Kniouosi crnosa: npupooHni nodicesict, 6axcKki memanu, Migpayitiii 61acmueocmi XiMiuHUX eleMeHmis, Kapma IpyHmis.

Introduction. The dynamics of geochemical
peculiarities of migration of heavy metals under the
influence of the pyrogenic factor has been studied
in our previous works (Buts et al., 2018, Buts, Y.,
Kraynyuk, O. 2018), where we proved that after a fire,
acidity of soil increases. No doubt, first of all, this is
related to increase in the amount of ash and remains
of combustion products which have alkaline reaction
(Suchikova Y., et al., 2017). Also, an important role
in migration or accumulation of elements belongs to
the condition of flammable materials, particularly —
moisture of forest litter. Increase in alkalinity to 15%
was reported by the authors (Burlakova et al., 2002).
This study is a continuation of our study published
earlier (Buts, 2018, Asotskyi V., 2018).

The objective of this study was analysis of the
dynamic of migrational ability of heavy metals in
soils of Kharkiv Oblast under the impact of the
pyrogenic factor. For this purpose, we solved the
following tasks: suggesting a mathematical model of
behaviour of heavy metals for predictive assessment
of their geochemical migration and accumulation in
ecogeosystems as a result of impact of technogenic
load caused by the pyrogenic factor; determining
conditions of concentration and migration of
compounds of heavy metals and their dynamic,
finding a mathematical description of concentration
of mobile forms of compounds of heavy metals.
Materials and methods. Reduction of acidity of
the soil column contributes to increase in oxidizing-
restorative potential, which reflects in maintaining of

exchangeable Ca?" and Mg?*. Change in soil pH also
410

affects the migration property of heavy metals.

As we know, different plants differently
accumulate various microelements, including heavy
metals. That is, one should take into account also the
pattern of distribution of heavy metals in the above-
ground organs of plants. This pattern is related to
various parameters of dynamics of geochemical
migration of chemical elements during and after
fire .The most characteristic parameter is radial
distribution of most heavy metals (HM ) in soil section,
including the upper soil horizons with interlayers
of fragments of plant litter and forest litter. In this
case, HM concentration in radial differentiation in
the soil column significantly fluctuates, which is well
described in scientific publications (Neshovorova,
2014).

Obviously, heavy metals in soils can form poorly-
soluble hydroxides. Furthermore, in soil sections, there
is a possibility of metals to form hydroxocomplexes
with different amounts of hydroxide-ions. We studied
the range of sedimentation of hydroxides and the
area of predominance of soluble hydroxocomplexes
by developing logarithmic concentration diagrams
(LCD) (Buts, 2018).

The obtained calculations can be used for
predicting dynamics of geochemical migration of
heavy metals in soils after technogenic consequences
of disasters caused by pyrogenic factors.

Using such calculations, we have developed
a logarithmic concentration diagram, according to
which one can clearly designate areas of maximum
sedimentation of hydroxides of metals.
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Predicted model of migration of compounds
of lead in ecogeosystems. We have conducted a
study attempting to determine the probability of
mathematical regularity and its dynamic in formation
of migration of poorly-soluble compounds of heavy
metals in soils after technogenic impact caused by the
pyrogenic factor. For lead, the following pattern is
observed: at pH<7, all lead in the soil will be present
in soluble form; at pH=8, concentrations [Pb*] will
equal higher than 0.01 mol/l, i.e. at shift of pH to
more alkaline area, solubility of plumbum compounds
steeply decreases. At pH=9, concentrations [Pb*']
will not exceed 10 mol/l. At pH=9-13, in the soil
environment, particles of [Pb(OH)], Pb(OH), and
Pb(OH), will be present, solubility of which is very
low, i.e. in low-alkaline and alkaline environment,
compounds of lead accumulate, and therefore their
migration is not possible (Fig. 1).

Developing dependency of concentration of
most probable ions [Pb(OH) *"] on pH environment
and line of trend (Fig. 1) allows one to make a
predictive assessment of migration or accumulation
of compounds of lead in the soil column. Dependency
of soluble compounds of lead on pH can be described
by the following pattern:

Ig[Pb(OH), >]= 0.0109-pH* — 0.0888pH, —

1.891+pH + 13.064 (1)
Reliability of approximation R>=0.99.
Thus, among all particles [Pb(OH)_ *"], Pb**

are dominant in acidic and neutral environment.
Their concentration in interstitial water is described
by the equation (1) which is applicable for pH>6.5.

lg[Pb(OH],*

At pH<6.5 all lead in interstitial water will be
present in soluble form as Pb*". At pH=9-13, non-
soluble particles [Pb(OH) *"] form, mainly Pb(OH),,
migration of lead compounds does not take place, and
its accumulation is observed.

Predictive model of migration of compounds
of chrome in ecogeosystems. In acidic environments,
all chrome present in the soil section will be in soluble
form (Fig. 2): at pH=4, concentration [Cr**] can reach
1 mol/l, but at increase in pH to 5, concentration of
this chemical element [Cr**] will equal only 0.01
mol/l; at pH=7-10, non-soluble Cr(OH),, Cr(OH)**
predominate. In alkaline environments at pH>9,
soluble hydroxocomplexes Cr(OH),” begin to form,
concentration of which at pH=11 will equal 0.001
mol/l, and at pH=12 increases by 10 times to 0.01
mol/l.

Development of dependency of concentration of
most probable ions [Cr(OH) *"] on pH environment
and trend line (Fig. 2) allows one to make a predictive
assessment of migration or accumulation of chrome
compounds in interstitial water. Dependency of
soluble compounds of chrome on pH can be described
with the following pattern:

1g[Cr(OH) *7=0.002spH* +0.0599+pH’> —
0.4087+pH>—0.9691+pH + 6.6899 )

Reliability of approximation is R*=0.99. Thus,
among all particles [Cr(OH) °*], predominating
are Cr’* predominate in acidic environments. Their
concentration in interstitial water is described by
equation (2) applicable for pH>4. At pH<4, all
chrome present in soil will be in soluble form as
Cr*. At pH=7-10, non-soluble particles [Cr(OH)
2" form, mainly Cr(OH),, migration
of chrome compounds does not occur,
its accumulation is observed, and only
in highly alkaline environments will

1 n

chrome again change to soluble form as
negatively charged hydroxocomplexes

with a high number of hydroxide ions.

Predictive model of post-pyrogenic
geochemical migration of compounds
of copper in ecogeosystems. According

to the LCD that we developed, one can

predict dynamic of mobile forms of
compounds of copper depending on

5

pH of environment (Fig. 3). Diagram
indicates formation of ions [Cu(OH)

. 2"]. In acid environments, Cu**ions
will be present, the quantity of which in

Fig. 1. Dependency of formation of particles [Pb(OH), *"] on pH of soil

environment
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lg[Cr(OH],*
1 n

Thus, dependency of soluble

copper compounds on pH can be
described as follows:

1g[Cu(OH) >"]=0.0068+pH*—
0.0089+pH>+2.2185-pH+9.251

3)

This dependency correlates

well  with  the  developed
logarithmic concentration diagram,

6 T R?=0.9938

y =-0.002x* + 0.0599x3- 0.4087x2- 0.9691x +6.6899

which  indicates reliability of

Fig. 2. Dependency of formation of particles [Cr(OH)_*"] on pH of soil environment

interstitial water will steeply decrease after increase
in pH. For example, at pH=4.5, concentration of ions
[Cu?'] can reach 1 mol/l; at pH=5, 1g[Cu*']= -1, i.e.
concentration of ions [Cu?'] will not exceed 0.1 mol/l;
and at pH=6, 1g[Cu**]=-3, and therefore concentration
of ions [Cu,,] will not exceed 0.001 mol/l; further
at pH higher than 7, the amount of [Cu?'] becomes
insignificant, and non-soluble Cu(OH), forms; and
only at pH close to 14, do ions of [Cu(OH),] form
in insignificant amount, solubility of which is slightly
higher than solubility of Cu(OH),, but is still low.

Foroptimizing predictingmigration of compounds
of copper, we have developed a separate dependence
of concentration of most probable ions [Cu(OH)_*"]
on pH of environment and also developed the trend
line. Using the latter, let us demonstrate the tendency
in this model and make a probable prediction of the
dynamics of their behaviour (Fig. 3).

lg[Cu(OH],?™"

approximation R?=0.99.

It should be noted that

among all particles [Cu(OH),
2], the dominant are Cu®". Their
concentration in interstitial water is described using
equation (3), which is applicable at pH=3. At pH<3,
all cuprum present in interstitial water is present in
insoluble form.
Predictive model of migration of compounds
of nickel in ecogeosystems. In acidic and neutral
environments, mobile forms of nickel compounds
predominate. At pH<S, all nickel will be present
in soluble form as Ni**; at pH=5, Ig[Ni*]=0, i.e.
concentration [Ni*] can reach 1 mol/l; at shift of pH
to 5.5, concentration [Ni*"] will not be higher than 0.1
mol/l; and at pH=6, amount of [Ni*] will not exceed
0.01 mol/l (Fig. 4). At pH>8, compounds of nickel
will be present in non-soluble form.

For predictive assessment on dynamics of
migration or accumulation of nickel compounds in
interstitial water, we have specifically developed a
dependency of concentration of most probable ions

3

B

R?=0.9939

7+

-5

Fig. 3. Dependency of particles [Cu(OH), >"] on pH on soil environment

412



Y. Buts, V. Asotskyi, O. Kraynyuk, R. Ponomarenko, P. Kovalev

Journ.Geol. Geograph. Geoecology,28(3),409-416.

[Ni(OH)_*"] on pH of environment and developed a
trend line (Fig. 4). Dependency of soluble compounds
of nickel on pH can be described as follows:

Ig[Ni(OH) 2"]=0.0147+pH* — 0.1968+pH> —
1.1505+pH + 8.5013 (4)

all nickel in interstitial water will be present in soluble
form as Ni?*. At pH=8-14, non-soluble particles
[Ni(OH)_ *"] form, mainly Ni(OH),, migration of
compounds of nickel is almost impossible. Nickel
concentrates.

We have systematized calculations of the results
of predictive modeling of post-pyrogenic migrational
geochemical processes in ecogeosystems (Table 1),

therefore they can be useful for

lg[Ni(OH],> oH analysis of probable dynamic

1 m \ of geochemical migration

:::::::....::.ﬁ.:....:........:.:..: (accumulation) of heavy

-1 2 4 6 g 10 12 14 metals in ecogeosystems in

\ the study of technogenic-

-3 ecological situations after
V=\XR\147><3— 0.1968x2-1.1505x + 8.5013 fires.

-5 R?=0.9956 Results and their analysis.

¢ /0 Predicted activity of

7 & dynamics of geochemical

migration of heavy metals

9 he * in ecogeosystems under the

T influence of technogenic

11 =L load caused by pyrogenic

Fig. 4. Dependency of formation of particles [Ni(OH)_*"] on pH of soil environment

This dependency correlates well with the
developed logarithmic concentration diagram, which
is indicated by reliability of approximation R=0.99.

Thus, amid all particles [Ni(OH) *"], Ni*"
predominate in acidic and neutral environments. Their
concentration in interstitial water is described by
equation (4) which is applicable for pH>5. At pH<S5,

factors (on the example
of Kharkiv region). Let us
consider, on the example of
Kharkiv region, map of soils,
obtained using interactive map of soils of Ukraine
(Interactive map of soils of Ukraine), comparing
which with an atlas of soils (Krupskij, 1979) allowed
us to thoroughly study properties of soil in the region,
including their acidity. Parameter of pH of soils in
Kharkiv region ranges from 4.5 to 9.6 (Table 2).

Table 1. Table of results of predictive modeling of post-pyrogenic migratory geochemical processes in ecogeosystems

Equation of dependency of concentration Conditions Note. Conditions of mieration or
of soluble forms of metals on pH of soil of using ) .l ! igratt
Me . . accumulation of heavy metals
environment equation
At pH<3, all cuprum in soluble form
C lg[Cu(OH) >"]=0.007+pH? — 0.009+pH* + H>3 Cu*
U +2.22+pH + 9.25 p At pH=7-14, all copper accumulates
in soil in non-soluble form
] At pH<S5, nickel is in soluble form
Ig[Ni(OH)_*"]=0.015¢pH’ — 0.20*pH* — Niz*.
Ni | —1.15+pH +8.50 pH>5 At pH=8-14, nickel accumulates in
soil
At pH<6.5, Tead is in soluble form
Ig[Pb(OH) **]= 0.011*pH* —0.089+pH> — Pb2".
Pb | —1.89+pH +13.06 pH>6,5 At pH=9-13, all lead accumulates
in soil
\ \ X At pH<4, all chrome is in soluble
Cr lg[Cr(OHZ)n ]=—-0.002+pH* +0.06°pH> — pH>4 form Cr3*.
—0.41+pH*-0.97+pH+ 6.69 At pH=7-10, it accumulates
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Table 1. Soil acidity of Kharkiv region

Soil pH Soil pH
Sod-podzolized soils 4.6-5.7 Chernozems on common loess
rocks
Podzolized soils: Average humus 6.9-7.2
Grey 4.5-5.1 Low-humus 7.2-7.3
Dark-grey 6.8-7.0 De.posit—solonetzic chernozem 6.9-7.6
soils on loess rocks
Podzolized chernozems 7.0-7.1 Meadow-chernozem soils 9.5-9.6
Regradated soils 7.2 Meadow soils 9.5-9.6
Deep chernozems on loess rocks 6.7-6.8 Sod soils 5.7-6.7

For meadow-chernozem and meadow soils,
characterized by pH>9, migrational property of most
HM after effect of a pyrogenic factor will not change
in any way(Fig. 5). There is observed accumulation of
HM compounds in soil.

Most likely, in soils of podzolized dark-
grey, podzolized chernozems (with pH close to
neutral), there will be observed formation of soluble
compounds of HM, which will lead to activation of
migration in soil, or introduction or accumulation of
them in plants. As a result of fire, pH can increase up
to 7.5-7.8, which indicates decrease in solubility of
HM compounds and their accumulation in soil. These
soils are mostly located in Zhovtneve forestry.

A similar situation is characteristic of regradated
chernozems (Fig. 5) located in the north and north-east
of Kharkiv Oblast (Hutiansky, Kupiansky, Zhovtnevy
forestries).

Such prediction can be made also for common
chernozems on loess parent rocks which dominate
in the northern part of Kharkiv Oblast (Balakliisky,
Krasnohradsky, [ziumsky, Blyzniukivsky forestries).

Most likely, for soils of podzolized dark grry
chernozems (with pH close to neutral), formation
of soluble compounds of lead will be observed,
leading to its migration in soil and introduction and
accumulation in plants. After fire, pH can increase
up to 7.5-7.8, causing reduction in solubility of
compounds of lead and their accumulation in soil.
These soils are mostly located in Zhovtneve forestry.
Conclusions. According to the conducted
assessments, we have developed mathematical models
of dynamic of behaviour of heavy metals, useful for
making predictive assessments of their geochemical
migration and accumulation in ecogeosystems as
a result of impact of technogenic load caused by
the pyrogenic factor. We determined conditions of
concentration and migration of compounds of heavy
metals, and formulated an equation for calculation of
mobile forms of heavy metal compounds (Table 1).

414

The mathematical models were developed on
the basis of logarithmic concentration diagrams
which take into account formations of equal-weight
concentrations of different compounds of heavy
metals in conditions of technogenic load caused by
the pyrogenic factor.

The developed interactive map of activity of
geochemical migration of heavy metals under the
impactoftechnogenic load caused by pyrogenic factors
will help provide more details for the assessment
of migrational properties of HM and prediction of
the dynamic of their behaviour in ecogeosystems
after fires. Similar cartographic material can be
extrapolated for other regions of Ukraine, which are
affected by technogenic pyrogenic load.

Development of logarithmic concentration
diagrams allows prediction of the property of
compounds of lead to migrate or accumulate as a result
of acidity of soils under the impact of the pyrogenic
factor. We analyzed the map of soils in Kharkiv region
and made a prediction of the migrational property of
heavy metals in the event of fire in different forestries.
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Fig. 5. Activity of geochemical migration of heavy metals under the influence of technogenic load caused by the pyrogenic factor (on

example of Kharkiv region)
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