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Abstract. The study of geochemical aspects of the transformation of migration properties
of heavy metals under the influence of anthropogenic loading of pyrogenic origin has been
given insufficient attention. We studied the concentration of heavy metals in soils by
atomic absorption analysis. The results indicate the transformation of their migration prop-
erties. The diversity and versatility of behaviour of chemical elements in environmental

components after fire was noted. In different ecological conditions, it is possible to observe a wide range of quantitative values of
geochemical migration or accumulation of any particular chemical element. The analytical results show that the contents of migrant
elements, pH values, areas of disasters which are approximately in the same conditions, but passed by the grass or upper fire differ
quite tangibly. Heavy metals that hit the environment can form difficult soluble hydroxides. In addition, in the soil solution, there is a
probability of the formation of hydroxocomplexes with different amounts of hydroxide ions by metals. The range of precipitation of
hydroxides and the region of predominance of soluble hydroxocomplexes have been studied by constructing concentration-logarithmic
diagrams. On the basis of the calculations it can be argued that the influence of  technogenic loading of pyrogenic origin influences the
geochemical migration of heavy metals . Compounds Fe3+ at the pH = 4.5-14, Cu2+ at pH = 7-14, Cr2+ at pH = 7-9, Zn2+ at pH= 8-11,
Ni2+ at pH = 8-14 have the lowest migration potential. Compounds Pb2+ at pH = 9-12, Fe2+ - pH = 9.5-14 have the lowest migration
potential also. In a more acidic environment, soluble substances are formed, but at a pH increase of only 0.5-1, they can decrease their
mobility by an order of magnitude which contributes to their concentration in the soils after the fire. In a neutral soil reaction, most of
the heavy metals (Al, Cr, Zn, Cu, Fe (II), Ni) are in a slightly soluble form (in the form of hydroxides), with insignificant, migration
capacity which leads to the accumulation of these chemical elements in the soil. It is necessary to allocate heavy metals moving in a
neutral environment (Fe (II), Cd, Co, Mg, Mn) into a separate group. Any increase in pH values contributes to their fixation. The
obtained calculations can be used to predict the geochemical migration of heavy metals in soils which result from anthropogenic
disasters of a pyrogenic origin.

Key words: natural fires, migratory properties of chemical elements.
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Aнотація. Дослідженням геохімічних аспектів трансформації міграційних властивостей важких металів за впливу техноген-
ного навантаження пірогенного походження приділено недостатньо уваги. Проведено дослідження концентрації важких ме-
талів у ґрунтах методом атомно-абсорбційного аналізу. Результати вказують на трансформацію їх міграційних властивостей.
Відмічено різноманітність та різнобічність поведінки хімічних елементів у компонентах довкілля після ураження пожежами.
У різних екологічних умовах можна спостерігати широкий діапазон кількісних значень геохімічної міграції або акумуляції
будь-якого конкретного хімічного елемента. Аналітичні результати доводять, що за вмістом елементів-мігрантів, величин pH,
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ділянки згарищ, які перебувають приблизно в однакових умовах, але пройдені низовою або верховою пожежею, розрізня-
ються досить відчутно. Важкі метали, що потрапили у довкілля, можуть утворювати важкорозчинні гідроксиди. Крім того, у
ґрунтовому розчині є ймовірність утворення металами гідроксокомплексів із різною кількістю гідроксид-іонів. Діапазон оса-
дження гідроксидів і області переважання розчинних гідроксокомплексів вивчені за допомогою побудови концентраційно-
логарифмічних діаграм (КЛД). Отримані розрахунки можна використовувати для прогнозування геохімічної міграції важких
металів у ґрунтах як наслідків техногенних надзвичайних ситуацій пірогенного походження.

Ключові слова: природні пожежі, міграційні властивості хімічних елементів.

Introduction. In Ukraine, up to the present, there
have been insufficient studies focused on the techno-
genic loading caused by the impact of the pyrogenic
(literally - "generated by fire") factor on the environ-
ment. At the same time, the number of natural fires
and their consequences continues to increase.
Materials and methods. The objective of this pub-
lication was the study of geochemical aspects of
transformation of migration properties of heavy met-
als under the influence of technogenic pyrogenic
loading.

There is no definite explanation of the condi-
tions which influence the behaviour of microele-
ments, particularly heavy metals (HM), under tech-
nogenic impact. The analysis of literature data does
not allow determination of the diversity and multidi-
mensional character of chemical elements in envi-
ronmental components which have been affected by
fires. In different ecological conditions, the range of
the numerical values of the geochemical migration
or accumulation of a particular chemical element can
be large (Buts, Krajnjuk, 2009). For example, the
concentration of mercury in soil after a ground fire
ranges from +27.3% to 64.3%. Almost 2.36 times
difference (Alekseenko, Gamova, 2015).

The greater part of the mass of the emissions
of HM (Hg, Cd, As, Pb, etc.) released into the atmos-
phere migrates in the compound of dust and aerosols.
But when the analysis involves single cases of mi-
gration of ore elements (Cr, Ni, Co, Mg, etc) which
usually passively accumulate in the burned area or
adjacent areas, determination of the role of large dust
particles is required.

Certainly, the migration of chemical elements
occurs in relation to the type of a fire, its intensity.
The higher the intensity of the fire, the higher is the
numerical assessment of the air migration of chemi-
cal elements. It is pretty obvious that there are other
factors which determine the behaviour of HM during
fires in ecosystems.

The analytical results demonstrated that in re-
lation to the content of migrant elements (mg/kg),
pH values, the burned areas in nearly similar condi-
tions but affected by ground or the crown fire signif-
icantly differ.

During a general fire, a number of chemical
elements, for example mercury, cadmium, selenium
and artificial radionucleoids are released from the
territory of the fire , their content is 30-45% of their

concentration in the areas of a ground fire (Ale-
kseenko, Gamova, 2015). The pH value increases by
6-10%. This is certainly related to increase in the
amount of ash, which causes an alkaline reaction,
though it could be partly removed from the ground
surface of the burned area by aeolian or hydrologic
processes. Therefore, it is not possible to exactly de-
termine the relationship between the amount of ash
and the pH value in the burned areas once a certain
time has elapsed after the fire. The provided exam-
ples of the processes of geochemical migration
clearly indicate that apart the type of the fire as a fac-
tor of chemical elements` migration from the burned
areas, a major role is also played by the condition of
easily combustible materials, particularly - the mois-
ture level of the forest litter. This allows us to define
another condition related to the behaviour of HM
during forest fires: the physical condition of above-
ground combustible materials also serves as one of
the factors which determines the geochemical migra-
tion during a forest fire.

It is known that different plants differently ac-
cumulate various microelements. Therefore, one
should take into account the pattern of heavy metals`
distribution in the above-ground parts of plants. This
determines the quantitative indicators of geochemi-
cal migration of chemical elements during the fire.
The most distinctive indicator is radial distribution
of the HM amount in the soil section, including up-
per soil horizons and interlayers of felt and forest lit-
ter. In this case, there is a significant fluctuation of
the HM concentration in the radial differentiation in
the soil profile.

The burning-out of the upper parts of the
steppe felt, mosses, lichen and forest litter is fol-
lowed by weak emission of migrant microelements
not only because the upper layers of above-ground
combustible materials dry-out quicker than the
lower, but also because in these horizons, their in-
creased content is in the lower intervals, and not in
the upper ones.

Therefore, it should be emphasized that the
complex interaction of different chemical elements,
the condition of the above-ground combustible ma-
terials and distribution of elements in the vertical
sections of the soil correspond to the behaviour of
chemical elements during fires in ecosystems.

During still weather when fires are spreading
within ecosstems, the chemical elements held by the
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fire convectional flow migrate vertically to the upper
atmospheric layers and settle down on the burned out
area depending on the extent of their cooling. Wind
contributes to the distribution of the smoke plume
outside a pyrogenically affected area. This allows
use of weather conditions to determine the role of a
factor which determines the migration of chemical
elements from the burned areas. However, in our
opinion, this factor can be used only for small fires,
for general crown fires are followed by formations
of whirlwind flows which drag the cold air from the
areas around the area of fire. The horizontal advec-
tional flow of the smoke plume during such fires not
only can be predicted, but could be taken into ac-
count during the fire. At the same time, dry and
warm weather will be favourable for atmospheric
migration, and misty and rainy weather will contrib-
ute to quick washing-out and settling of the dust and
aerosolic particles of the smoke plume. All provided
analyzed data indicate the presence of another factor,
which the distribution of the smoke plume is related
to during the fire in the ecosystem: weather condi-
tions which influence the migration or accumulation
of separate chemical elements within the burned-out
territory.

No doubt that this transformation of steppe
felt, forest litter, mosses, lichens, etc into different
combustion products (ash, coal, dust, aerosols, etc)
under the impact of high temperatures of natural
fires should influence all chemical elements.

It is given that the chemical elements in the
components of natural chemical complexes occur in
different conditions: sorption, absorption, complex
organic-mineral compounds, etc. However, in the
case of forest fires, therefore high temperatures, Ale-
kseenko I. V. (Alekseenko, Gamova, 2015) analyzes
their behaviour depending on their boiling and evap-
oration temperatures. He assumes that active migra-
tion of cadmium and mercury is related to their low
boiling temperatures , whereas because HM such as
copper, chromium, nickel and cobalt have a ten
times higher boiling temperature, they tended to ge-
ochemically accumulate the lithogenous base of the
burned area (°С): Hg – 357, As – 610, Cs – 690, Cd
– 765, Zn – 907, Mg – 1107, Pb – 1744, Mn – 2151,
Sr – 1384, Cr – 2482, Cu – 2595, Ni – 2732, V and
Co – 3000.

The described tendency does not involve man-
ganese - having a high boiling temperature, it easily
migrates. On the other hand, a low level of migration
is demonstrated by arsenic, despite the fact that this
chemical element sublimates already at the tempera-
ture of 610°С. The low values of this indicator could
be caused by its position in the mineral part of the
litter thickness and its close relationship with iron.
The pattern also does not explain the behaviour of
natrium and potassium, which accumulate in soil of

burned areas, but have a low temperature gradient.
Therefore, the analysis of the data provided

above suggests that the behaviour of heavy metals
during  fires in ecosystems depends on many factors,
of which the main are: the type of fire, condition of
forest combustion materials, meteorological condi-
tions, geochemical properties of the chemical ele-
ments and the pattern of their distribution in the com-
ponents of the ecosystem.

During forest fires, the high temperatures first
of all affect the upper few centimeters of soil, there-
fore the most radical changes occur in the litter and
the upper part of the humus horizon. In the process
of combustion, a significant loss in the soil organic
compound occurs. Affected by high temperatures,
most of the carbon from the organic compound oxi-
dizes to gaseous forms (mostly СО2)  and evapo-
rates. During intense fires, elimination of organic
compounds of above-ground horizons and the upper
part of humus horizon occurs, and also formation of
a significant amount of carbon compound of alkaline
and alkaline-soil elements, which causes intensifica-
tion of the pH reaction. According to U. M. Kras-
noshhekov et al (Krasnoshhekov, Valendik, Bez-
korovajnaja, 2005), the change in the acidity of soils
after fires can be significant: there are recorded cases
when the level of pH equaled from 5.7...5.9 before
the fire to pH=8.7 after the ground fire. Two months
after the fire, pH of the surface horizon equaled 8.0,
and only in the ten year old burned areas did the re-
action of the upper organogenic horizons recover.
Apart from the microelements necessary for the
plants, which are provided to the soil from the fire, a
large amount of Fe, Al, Zn, Mn and other heavy met-
als are provided with the ash.

Let us more accurately analyse the conditions
of formation of mobile forms of heavy metals in soil,
which would allow us to draw a conclusion about
their migration or accumulation in the geochemical
environment.

Heavy metals which were released to the en-
vironment can form poorly soluble hydroxides.
Also, there is a possibility that in the interstitial wa-
ter, the metals will form hydroxo complexes with
different amounts of hydrooxid ions (Buts, Krajnjuk,
2008). The range of sedimentation of hydroxides and
the area of soluble hydroxo complexes were studied
using a development of logarithmic concentration
diagrams (LCD). The solution of metal hydroxide
(on the example of cuprum hydroxide formation)
and formation of its complex compounds is de-
scribed by three main reactions:

Cu(OH)2 = Cu2++2OH– lgKs= –19.66
(2 –n) OH–+H+ = H2O –lgKw=14
Cu2++nOH– = Cu(OH)n

2-n lgβn
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Total reaction Сумарна реакція:
Cu(OH)2 +(2-n)H+= Cu(OH)n

2-n +(2-n)H2O
lgK=lgKs+ lgβn– (2-n) lgKw

n=1 Cu2++OH– = Cu(OH)+ lgβ1=6.0
n=2 Cu2++2OH– = Cu(OH)2 lgβ2=13.18

n=3 Cu2++3OH– = Cu(OH)3
– lgβ3=14.42

n=4 Cu2++4OH– = Cu(OH)4
2– lgβ4=14.56

For calculating the constant of balance of total
reaction, we used logarithms of product of solubility
of hydroxides and the constant of stability of the
metal complexes with hydroxides (Table 1).

Table 1. Logarithms of constants of stability of complexes with hydroxides (Goronovskij, Nazarenko, Nekrjach, 1974; Rabinovich,
Havin, 1991)

Cation Кs lgβ1 lgβ2 lgβ3 lgβ4

Al3+ -32 9.0 18.7 27 33
Cd2+ -13.7 6.08 8.70 8.38 8.,42
Co2+ -14.7 4.4 9.2 10.5
Cr3+ -30.18 10.1 17.8 24 29.9
Cu2+ -19.66 6.0 13.18 14.42 14.56
Fe2+ -15.0 5.56 9.77 9.67 8.56
Fe3+ -37.42 11.87 21.17 30.67 –
Mg2+ -9.2 2.60 16.3 – –
Mn2+ -12.7 3.90 5.8 8.3 7.7
Ni2+ -18.06 4.97 8.55 11.33 12
Zn2+ -17 6.31 11.19 14.31 17.70
Hg2+ -25.44 10.59 21.82 20.89 10.67
Pb2+ -14.9 6.29 10.87 13.39 •

Equivalent concentrations of metal-contain-
ing particles in this case will be as follows:
lg [Сu(OH)n

2-n]= lgKs+ lgβn– (2-n) lgKw–(2-n)pH
n=0 lg [Сu2+]= lgKs– 2lgKw – 2pH=8.34 – 2pH
n=1 lg [Cu(OH)+]=lgKs+lgβ1–lgKw–pH=0.34– pH
n=2 lg [Cu(OH)2]= lgKs+ lgβ2 = –6.48
n=3   lg[Cu(OH)3

–]=lgKs+lgβ3+lgKw+pH=
=–19.24+ pH

n=4 lg[Cu(OH)4
2–]=lgKs+lgβ4+2lgKw+2pH=

=–33.1+2 pH

Therefore, in the provided diagrams (Fig. 1),
we can clearly determine the areas of maximum sed-
imentation of metal hydroxides (Fig, 2). The condi-
tion of Меz+ sedimentation was assumed its concen-
tration in the interstitial water equaling 10–5 mol/l.
Therefore (Fig. 1), below pH6.8, cuprum is in a dis-
solved state, and at higher pH values, cuprum settles
down as a hydroxide Cu(OH)2, and at significantly
high pH13 values, develops Cu(OH)3 hydroxo
complexes, but their concentration is low, so
one can conclude that cuprum compounds have
a high level of migration activity to a neutral en-
vironment and their fixations at pH6.8. We de-
veloped assessments and diagrams for a number
of metals (Figs. 1-6).
Results and their analysis. The LCD intervals of

hydroxide sedimentation, which we developed, co-
incide with the data by U. U. Lur`e (Lur'e, 1989).

In a neutral soil, most metals (Al, Cr, Zn, Cu,
Fe (II), Co, Ni) occur in heavy soluble form (hydrox-
ides). At the same time, their migrational property is
not significant, which leads to accumulation of
chemical elements in soil (Fig. 2). In such condi-
tions, heavy metals do not become washed-out from
the soil, are not consumed by plants, but accumulate
in the soil.

A significant change in the pH, for example
the one recorded by U. M. Krasnoshhekov et al
(Krasnoshhekov, Valendik, Bezkorovajnaja, 2005)
causes radical changes in the behaviour of the cu-
prum compounds. At pH=5.7 before the fire, the
concentration [Cu+2]=0.01 mol/l, whereas at рН=8.7
after the fire, all cuprum accumulates in soil in non-
soluble form.

Ions of Fe2+ easily migrate in acidic, neutral
and even insignificantly alkaline environments to
pH=9.5, forming Fe(OH)2 hydroxide only in a highly
alkaline environment (Fig. 2).

Radically different behaviour was observed in
ions of Ferum (III). In a highly acidic environment,
they occurred in the form of Fe3+ and Fe(OH)2+, and
already at pH˃5, non-soluble Fe(OH)3 hydroxide
forms. That means at increasing level of pH after the
fire, Ferum (III) will always accumulate in soil (Fig.
3).
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Fig. 1. Logarithmic concentration diagram (LCD) of forming of hydroxo complex of cuprum

Fig. 2. Logarithmic concentration diagram of formation of hydroxo complexes of ferum (II)

Fig. 3. Logorithmic concentration diagram of formation of hydroxo complexes of Ferum (III)
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Zinc compounds behave in different environ-
ments as follows (Fig. 4): in acidic and neutral envi-
ronments, there are ions of Zn2+, and at pH=8–11.5,
a non-soluble Zn(OH)2 hydroxide forms; in highly
alkaline environments, zinc becomes mobile in the
form of Zn(OH)2

2- hydroxo complexes.
In conditions, as for example described by U.

M. Krasnoshhekov et al. (Krasnoshhekov, Valendik,
Bezkorovajnaja, 2005), at pH=5.7...5.9 acidity be-
fore the fire, the concentration of mobile zinc can be
up to lg[Zn2+]=-1, i.e. to 0.1 mol/l, and lg[Zn2+]=-4
at рН=8.7 after the fire, i.e. the mobile forms in the
soil environment equaled only 0.0001 mol/l, i.e. zinc
transforms into non-soluble forms and accumulates.

For nickel compounds, we observed the fol-

lowing relationship (Fig. 5): in acidic and neutral en-
vironments, the mobile forms of nickel compounds
dominate, but after a change in pH, for example even
5.5 to 6.0, the number of mobile forms of nickel de-
creased by 10 times from lg[Ni2+]=-1 to  lg[Ni2+]=-
2, i.e. the concentration of Cu2+ ions changed from
0.1 mol/l to 0.01 mol/l at pH increase from 5.5 to 6.0.
At pH˃8, the nickel compounds remained in non-
soluble form.

At pH˂9, plumbum is in a mobile form, non-
soluble complexes and hydroxides can dominate
only in alkaline and highly alkaline environments
(Fig. 6). With increase in pH, the concentration of
mobile forms rapidly decreases.

Fig. 4. Logorithmic concentration diagram of formation of zinc hydroxo complexes

Fig. 5. Logarithmic concentration diagram of formation of hydroxo complexes of nickel
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Fig. 6. Logarithmic concentration diagram of formation of hydroxo complexes of plumbum.

Chromium compounds (III) will behave as
follows (Fig. 7): in acidic environments, soluble, i.e.
mobile forms of Cr3+ dominate, but their concentra-
tion rapidly decreases with increase in pH. For ex-
ample, if at pH=5, the concentration of mobile forms
of chromium could equal 0.01 mol/l, at pH=5.7 it

equaled 0.001 mol/l. That means that during the im-
pact of fire, chromium will accumulate in soil. In
neutral environments, chromium forms a non-solu-
ble hydroxide, in alkaline environments, at
pH=8.5…9, it starts forming soluble Cr(OH)4

- hy-
droxo complexes.

Fig. 7. Logarithmic concentration diagram of forming of chromium hydroxo complexes.

Conclusions. According to our assessments, we can
state that technogenic loading of pyrogenic origin
has an impact on the geochemical migration of
heavy metals . The lowest migration properties were
demonstrated by the Fe3+ compounds at pH=4.5–14,
Cu2+ – at pH=7–14, Cr2+ – at pH=7–9, Zn2+ at pH=8–
11, Ni – at PH=8–14, Pb2+ – at pH=9–12, Fe2+ – at
pH=9.5–14. In more acidic environments, soluble
compounds form, but a mere 0.5-1 times increase in
the pH can decrease their mobility ten times, causing
their accumulation in soil after a forest fire.

In the soil which is neutral in relation to reac-
tion, most heavy metals (Al, Cr, Zn, Cu, Fe (II), Ni)

are present in hard-soluble form (hydroxides), at the
same time their migrational ability is low, thus caus-
ing accumulation of these chemical elements in soil.

В окрему групу слід виділити важкі метали
рухомі у нейтральному середовищі (Fe (II), Cd,
Со, Mg, Mn).  Будь-яке підвищення значень рН
сприяє їх фіксації.

Отримані розрахунки можна використову-
вати для прогнозування геохімічної міграції важ-
ких металів у ґрунтах після техногенних наслід-
ків надзвичайних ситуацій пірогенного похо-
дження.

The heavy metals which are mobile in neutral
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environments (Fe (II), Cd, Со, Mg, Mn) should be
united in a separate group. Any pH increase contrib-
utes to their fixation.

The developed calculations can be used for
predicting geochemical migration of heavy metals in
soils after technogenic impacts of a disaster of a py-
rogenic origin.
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