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Three-dimensional distribution of heavy metalsin the areas of tailing pits
of the Kryvyi Rih mining and processing objects

Sofiia Kosharna®, Alena Stetsenko?, Vitaliy Glon®and Lubica Kozakova®

It was determined the regularity of distribution of heavy metals in areas adjacent to the ore-dressing and mining objects, which have
the largest impact on pollution of the environment in Krywyi Rih. As the objects of research, soils from ravines and tailing pits located close
to mining and processing objects were taken. Specification of geochemical concentrations of heavy metals was done by atomic emission
spectral analysis and atomic absorption spectral analysis. The results were correlated with the maximum allowable concentrations
established by the normative documents. The results of the performed studies have confirmed that the accumulation of heavy metals in the
geologic environment is affected by mining and processing plants, as well as by domestic waste and municipal wastewater. As an additional
factor of the distribution of heavy metals in soils, prevailing winds and ground relief have been taken into account. Also, the trend to active
absorption of some part of heavy metals by vegetation has been confirmed. In combination with periodic recultivation works, it significantly
reduces concentrations of heavy metals to the levels not exceeding the maximum allowable concentrations.

Key words: heavy metals, atomic emission spectral analysis, maximum allowable concentrations, atomic absorption spectral analysis,
tailing pits

Introduction

One of the basic principles of the balanced managéerof natural resources is the development of
industrial metallurgy-related objects in such a wlagt favourable ecological conditions for futuengrations
will be provided. This principle began to be impkmted in the system of the subsurface resourceagearent
only recently and now is not sufficiently populén. the majority of countries with metallurgy indosgtthe
following method of mineral recourses managemenséed: if there is a need in a mineral product,ifadch a
mineral product is available, the mineral prodgcmined without control. The principle above medresdtrict
monitoring of works for mining and processing i@ in such a way that the iron ore production reuvould
be sufficient for satisfying the minimum requiredlume at present, the remaining iron ore would ufécsent
for satisfying future needs, and there would bdigaht time for the environment self-restoring. rSadering
this, it is arguable that the population carryiragpacity of the geologic environment of the KryvyhRron-ore
region is closely related to the problem of théoratl use of mineral recourses in the iron-oreargi

It is evident that the situation in the studiedioegat present is close to environmentally unsafee
anthropogenic impact on the geological environmeteeds the maximum level allowed for the poputatio
carrying capacity of the region. According to @sh (Hrin, 1980), (Korzhnev, 2000, 2008Kurilo, 2014),
(Sadovnikov, 198y (Taranov, 2001) the basic hazardous substances gratimi waste products of imperfect
production processes, such as gas emission produattewaters, and mine waters, which contain toxic
substances and enter soils and water-storage ogser8ome analyses showed tkapecially technogenically
loaded natural objects are sedimentary rocks ostindiedarea. In scientific studies (Stetsenko and Ivankbgen
2016) it is stated that the sedimentary complexeesented by quaternary and prequaternary (Raiepg
Neogene) deposits that overlap the complex of metphic rocks of the Krivoy Rog series. Their powsenot
sustained, and, mainly, depends on the relief @finldigenous species. In the eastergions, it is 20-25 m, in
the western - it reaches 55-60m.

The city of Kryvy Rih is located in the central paift the Ukrainian crystalline massif. The geologica
construction of the city and its vicinity consisfisthe Quaternary loams (3-25m of thickness), wiaigh bedded
with Neogene clay, sand or cracked limestones (B}1X0ver the Neogene sediments, the Precambrian
crystalline rocks (granites) which extend to thefae only in river valleys are lying. Common cherams are
the primary genetic group of soils in the suburbad urban areas of Kryvyi Rih. As Kryvyi Rih Regimnthe
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largest iron ore mining and processing region imdifie, these soils become the primary objectsefrifluence
of all iron processing enterprises, such as Arddittal Kryvyi Rih, Kryvbasshakhtozakryttia,
Mekhanobrchermet, and Central Mining and Procedsitegjrated Plant. All these enterprises are latat¢hin
the townsite and pollute the environment to a langent (Fig. 1).
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Fig. 1. Summarised map of the research objects.

Material and methods

To determine the three-dimensional distribution efvy metals in Kryvyi Rih, Ukraine, some literary
sources were studied (Klos, 2012; Kurbatova, 2@girishkin, 1984; Voskresenskaya, 2013) and fdas $or
studies were chosen. These sites are the Red Rauwhieh is located at a distance of 3 km from Arcilittal
Kryvyi Rih; the Svystunov Ravine, which is virtuwalthe containment pond of Kryvbasshakhtozakryttiee
tailing pit, used for hydro projection now, which Iocated between Mekhanobrchermet, South Operafit,
Hihant-Glyboka Mine, and the area adjacent to N@pEn Pit, including the tailing pit of the CentMining
and Processing Integrated Plant. At these sitesplsa were taken from soils presented by black salustrial
silt, loam, aqua-gel, sand with the addition ofpidducts and bottom sediments, and mud.

Specification of geochemical concentrations of ygaetals was done by atomic emission spectral aisaly
and atomic absorption spectral analysis following $cientific research (Jovinskiy and Kruchenkd)70The
results were correlated with the maximum allowatdecentrations established by the normative doctsnen

To determine the concentrations of chemical elemargamples of soils, bottom sediments and vegetati
in them, an atomic-emission spectral analysis veasluvhich was performed in the laboratory of thetitute of
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Geochemistry, Mineralogy and ore formation namedrdfl.P Semenenko National Academy of Sciences of
Ukraine on the STE-1 spectrograph of large disperélo7 A0 / mm). Investigated sample, roughly 208sm

(to powder form), are burned in a vertical arc ofaternating current of 20 A, 220 V from a coaatiode
crater. The received spectra of samples are fixed photographic plate. After that, the interpretatof the
spectra by the method of comparison of blackenfrthelines with the reference samples is carrigtdBig. 2).

50-100 g

Sieve 1 mm |

Grinding
(less 0.1 mm)
10-15¢g
Sample that comes
to the analysis

Fig. 2. The scheme of preparation of samples.

The density of the line of each element in the spettis proportional to its content in the samplel an
corresponds to the standard described by Rusa®d\d)1Preliminary preparation of samples was caroigt in
the same laboratory.

For a more accurate understanding of the conteiieaf’y metals in the selected samples, the resiilts
atomic emission spectral analysis were compareh thié results of the atomic-adsorption spectralyaiga The
last one was done with the help of the ground-bngaiCE 3300 AA Spectrometer (Fig. 3) which makesrev
the most complicated analyses simple.

Fig. 3. Thermo Scientific iCE 3300 AA Spectrometer.

It was chosen because among its characteristics #re: high precision, exceptional optical stapidind
new universal titanium burner with improved solpability increases the efficiency and accuracyair
flame analysis. The ICE 3300 has an unrivalled flageesitivity which is achieved by high-efficiency
nebulization through a fully inert impact bead, ilgroand spray chamber. The new finned universahitim
burner ensures exceptional atomization, even \aghntost difficult samples. The fully automatic dex uses
binary flow control for safe, reliable and repedtadnalysis with all flame types. All critical panaters can be
optimised automatically if required — burner hejolps flows, even optical instrument parameters. iU
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3300 accepts the GFS33 Integrated Graphite FuraadeAuto-sampler Module which offers the best in
detection limits with minimum interferences. Dynanaiptical temperature feedback ensures accuratinhea

rates up to 3000 °C per second regardless of euagé.

The GFS33 has unrivalled graphite furnace automatiuge capacity and infinite solution preparation
facilities cater for all needs. The auto-samplenams permanently in alignment with the furnacengiating the

need to re-align the probe every time the furnadited.

Results and discussion

Red Ravine
Tab. 1. The content of heavy metalsin Red Ravine.
Sample Height [m] Ni Cr Cu Pb Zn
1 90 60 60 100 60 80
2 87 50 100 60 80 60
3 83 50 60 50 30 0
4 84 50 80 60 30 30
5 74 50 80 50 40 0
6 74 50 60 80 60 80
7 80 50 80 50 40 50
8 73 50 60 60 40 80
9 73 50 0 60 40 0
10 73 50 0 50 30 50
11 73 50 80 0 0 0
12 35 50 60 60 60 80
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Fig. 4. Distribution of Pb along the Red Ravine depending on Fig. 5. Distribution of Cu along the Red Ravine depending on
therelief. the relief.
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Fig. 6. Distribution of Zn along the Red Ravine depending on Fig. 7. Distribution of Cr along the Red Ravine depending on
therelief the relief.
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Fig. 8. Distribution of Ni along the Red Ravine depending on the relief.
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As is seen from the plot of lead (Pb) (see Tab.Higk 4) distribution at the Red Ravine, the leadtent in
soil is not characterised by large differences.ngléhe whole length of the relief, excluding seVewints, the
lead content ranges from 30 — 32 mg/kg to 60 mgrkeg maximum values 60 — 80 mg/kg are characteffistic
the estuary and end of the ravine. Such lead concentratiomiloligion is caused by the accumulation of a large
amount of domestic waste in the ravastiary (Fig. 9) and by the neighbourhood of ArcelorMittalyvyi Rih.

Fig. 9. Theestuary of the Red Ravine.

The lead-containing elements are transferred tanttuglle part of the ravine due to water flow andteas
wind, which, according to archival meteorologicatal is prevailing in this geographical area. At thiddle
part of the ravine, the gradual washout of lead@iomg elements also takes place, as well as #ehaut due
to periodical recultivation works provided by tloedl municipal administration. These two factorsseathat the
lead concentration in the middle part of the ravamdy slightly exceeds the maximum allowed concasidn,
notwithstanding the immediate vicinity of Arcelortéil Kryvyi Rih. The high lead concentration at thed of
the ravine profile is caused by the dam locatethatend of the ravine (Fig. 10), which prevents film¢her
migration of heavy metals.

Fig. 10. The end of the Red Ravine.

According to some study works, there is an opirtlwat the lead distribution is caused by the waslobut
lead-containing elements by plants and further medation of the lead-containing elements in the hstayer.

It is arguable that this opinion is correct duette vicinity of the park area. Unfortunately, ngpermental data
are confirming this opinion.

The distribution of copper (Cu) (Tab. 1 & Fig. 5) centration along the ravine profile is similar tet
distribution of lead concentration, but with somiéfedences. According to the study results, the peop
concentration, as well as the lead concentrat®migh at theestuary of the ravine (100 mg/kg), that is, the
copper concentration is twice as large as the maxinallowable concentration in soil (55 mg/kg). FRert
along with the ravine profile, the copper distribatis almost uniform, with a slight excess of thaximum
allowable concentration in some areas. At the ehdhe ravine, the copper-containing elements do not
accumulate, in contrast to the lead-containing el@m It is possible that this feature is causedhay the
copper concentration depends on vegetation in atgrelegree than the lead concentration. Accortiintpe
results of studies (published electronically), éhex a direct relationship between copper concgotran soil
and copper absorption by vegetation. Copper coret@m of 60 mg/kg is considered excessive. A&ensrom
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the results of the atomic emission spectral analgsithe soil samples taken at the ravine, theagescopper
concentration conforms to this limit value. So, twpper-containing elements that could reach ttok and
accumulate at the end of the ravine are absorbede@gtation due to the copper absorption capadithe
vegetation.

According to the effective normative documents, #pproximate allowable concentration of zinc (Zn)
(Tab. 1 & Fig. 6) in soil is 100 mg/kg. Relying onetresults of the atomic emission spectral analysis
possible to state that the copper concentratiotiseirsoils of the Red Ravine do not exceed théksiad limit
values. However, the results of the comparativena@mission spectral analysis witM2HNO3 and 0,5 HCI
demonstrate that this statement is not corredivasnalysis procedures have shown that the zincergration
is from 154.87 mg/kg through 670.73 mg/kg for thajanity of soil samples. The average zinc conceioinas
about 200 mg/kg, that is, exceeds the approximde/able concentration two-fold. The zinc concetitma at
the ravineestuary is as high as the concentrations of the other etlldeavy metals. The zinc concentration does
not change along the ravine profile. The concemnatioes not depend on ground relief, prevailingdsjrand
water flows. The conclusion, which is possible be basis of the data characterising the zinc cdratéon at
the ravine end, is that recultivation works in camation with the absorption of migrating zinc-cantag
elements by vegetation have a positive impact enréauction of zinc concentration at the ravine, eaglno
maximum concentration values were registered iratka adjacent to the dam.

Chromium (Cr) (Tab. 1 & Fig. 7) is somewhat distimetamong the elements analysed. The established
maximum allowable chromium concentration is 100 kgg/According to the results of the atomic emission
spectral analysis, the chromium concentrationsaterceed the maximum allowable values. The resiiltse
atomic emission spectral analysis usingM),HCI confirm this conclusion and demonstrate tiha&t ¢hromium
concentrations are relatively low. The results bé tatomic emission spectral analysis witkl ZHNO;
demonstrate that the concentrations are higheramgke from 104 mg/kg through 159 mg/kg, that is,étror is
relatively low as compared with the preceding dateerefore, it is possible to state that the frsalysis results
are reliable.

Considering the special properties of chromiuns ftossible to assume that the sources of pollufdhe
Red Ravine are ArcelorMittal Kryvyi Rih and sedingwnf residential wastewater, as the ravine begirthe
town district with private houses. According to stady results (Kovda, 1985, Baiseitiva, 2014, Dobiskiy,
1983), chromium in soils easy forms compounds withanic substances. Chromium migrates as a colloid
component of a mechanical suspension. Usuallychiaeacteristic feature of chromium is lack of itegenic
accumulation in a humus layer, as is confirmedhgyresults obtained by the authors of this pap®iofoium
concentrations do not exceed the maximum allowabtecentration). Chromium is almost evenly distréult
along the ravine profile depending on humus confiena lesser extent), on grain-size compositiora(greater
extent), and, particularly, on the accumulatiorsitiffraction, which is present in the Red Ravinaisufficient
amount.

According to the normative documents, the approtémalowable concentration of total nickel (Ni)
(Tab. 1 & Fig. 8) in soils is 20 — 80 mg/kg. Thedstuesults demonstrate that the average nickekooiin the
soils of the Red Ravine does not exceed the maximllowable value along the whole ravine profile asd
50 mg/kg and, occasionally, 60 mg/kg. It is statedrelman, 1984; Chertko, 2008; Drug@d07; Cholodov,
2006), that nickel in soils is not characterisedhiiyh mobility. Nickel basically concentrates idt $raction.
Depending on the thickness of soil covering, nickegrates, in cationic form, in molecular solutioasd
compounds, although migration in mechanical suspessis also possible. The properties above are
characteristic, with sufficient accuracy, for thedRRavine, and make it possible to explain the oumif
distribution of nickel along the ravine profile. i also possible that the low nickel concentratian the Red
Ravine are only caused by ArcelorMittal Kryvyi Rias there are no other plants and any enterpribesew
waste, oil, or gasoline might be burned. It is pdok that there are other factors, specificallyjulte@tion
works, which have a positive effect of the dynact@aracteristics of accumulation of heavy metalthatRed
Ravine.

Ravine of Svystunova
Tab. 2. The content of heavy metalsin Ravine of Svystunova.

Sample Height [m] Ni Cr Cu Pb Zn
18 88 50 0 50 0 80
19 86 50 0 10 0 0
20 88 50 20 8 10 0
21 84 50 30 10 0 0
22 83 50 50 20 30 0
23 96 50 30 10 10 80
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Fig. 11. Distribution of Pb along the Ravine of Svystunova depending Fig. 12. Distribution of Cu along the Ravine of Svystunova
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Fig. 15. Distribution of Ni along the Ravine of Svystunova depending on the relief.

The Ravine of Svystunova is used as a containmemtt fw the discharge of mine waters from four Kryvy
Rih mining plants (Fig. 16).
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Fig. 16. Ravine of Svystunova.

According to the results of the ecological inspatiperformed in 2015, the annual volume of accutadla
highly mineralised mine waters in the Svystunov iRavis 12 million cubic meters. In the Ravine of
Svystunova, mine waters are settled, additivebénntine waters are deposited, and then the cleeatsts are
discharged into the Ingulets River. Due to the dodischarge of mine waters from the Svystunov Ravin
according to the established limits, the conceiatnabf heavy metals accumulated at the ravine heenb
significantly reduced. As is shown in Table 2, tlmmaentration of each of the analysed elements does

exceed the maximum allowable concentration. It Ehte noted that there are some characteristicifestof
the heavy metal distribution along the ravine.
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The concentrations (see Tab. 2 & Fig. 11, 14) of mlmm and lead increase from the ravastiary to the
ravine’s end, so it is possible to assume the Bigmt impact of water and air flows on the concatibns.

The distribution of nickel (Fig. 15) along the ra@iis as uniform as that at the Red Ravine, configniihe
statement that nickel in soils is not characteribgchigh mobility. The continuous sedimentation efigus
impurities along the ravine promotes the formatdmrextensive silt deposits as basic environmentternickel
concentration. Because of this, the nickel conedion distribution along the ravine is uniform,iashown on
the plot of distribution.

The copper (Fig. 12) concentration along the rayirdile is significantly reduced in the area neae t
ravine end. The analysis results demonstrate tledlasility of fluctuations of copper concentratidf —
20mg/kg) due to the absorption of part of nickekteining elements by vegetation additionally to discharge
of excessive mine waters into the Ingulets River.

Tailing pit between M ekhanobr chermet, South Open Pit, and Hihant-Glyboka Mine

Tab. 3. The content of heavy metalsiin tailing pit between Mekhanobrchermet, South Open Pit, and Hihant-Glyboka Mine.

Sample Height [m] Ni Cr cu Pb n
24 80 50 50 20 20 60
25 78 50 30 10 20 50
26 81 50 3 2 - 5
27 76 50 30 20 20 100
28 71 50 0 10 20 100
29 71 50 0 30 20 100
30 80 50 0 20 20 80
31 83 50 30 0 20 0
. 5 7~ 7~
2 — e \/ \/ \
Height, m 8 ” 8 7:|eigh(, r: n 8 s

Fig. 17. Distribution of Pb in tailing pit between Mekhanobrcher met, Fig. 18. .Distribution of Cu in tailing pit between
South Open Pit, and Hihant-Glyboka Mine depending on the relief. Mekhanobr chermet, South Open Pit, and Hihant-Glyboka Mine
depending on the relief.
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Fig. 19. Distribution of Zn in tailing pit between Mekhanobrchermet, Fig. 20. Distribution of Cr in tailing pit between
South Open Pit, and Hihant-Glyboka Mine depending on the relief. Mekhanobrchermet, South Open Pit, and Hihant-Glyboka Mine
depending on the relief.
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Fig. 21. Distribution of Ni in tailing pit between Mekhanobrchermet,
South Open Pit, and Hihant-Glyboka Mine depending on the relief.
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The third study area that is the tailing pit (Fi@) 2located between Mekhanobrchermet, South Opgn Pi
and Hihant-Glyboka Mine is characterised by re&tiwuniform ground relief with altitude differencast more
than 8 — 10m.

ot . s 3 5 L

Fig. 22. Tailing pit between Mekhanobrchermet, South Open Pit, and
Hihant-Glyboka Mine.

The location of the tailing pit is the cause of #adaility of various sediments and formations withire
tailing pit. The samples taken within the pit aregamted by various bottom deposits, products of-ame
dressing, mud mixed with mine waste, sediments fmime water, and ordinary quartz sand.

When analysing the plot of lead (Tab. 3 & Fig. 1@heentration distribution along the tailing pit jpeeter,
No. 26 point should be distinguished. At this ppitite lead concentration is 50 mg/kg, that is, lded
concentration is one and a half the maximum alldev@bncentration. As compared with the other valtigis
maximum value is abnormal and may be considereeliabte. The other factor, which does not allow lded
concentration distribution plot to be acceptedthis low lead concentrations (lower than the corrediohs
determined by atomic emission spectral analysitgined by atomic absorption spectral analysis @NMhHNO;
and 0,5M HCI. The difference between the resultgiobd by using these analysis procedures is & ds
compared with the results of the atomic emissiatspl analysis. The results of the atomic absanpdjmectral
analysis are more reliable. Therefore, the leacceotnation along the perimeter of the tailing gituiniform,
probably due to lack of any express factors promgotnigration of lead.

According to the results (Tab. 3 & Fig. 18) of thtoraic emission spectral analysis, the copper
concentration distribution along the tailing pitofile is characterised by periodical changes ireations of
increase and decrease. Although the lead concemsado not exceed the maximum allowable conceairat
the sampling inspection of the data by atomic eimisspectral analysis has demonstrated that theeatatome
points should be rejected. As a result, the coppacentration distribution is more uniform and sthoand is
15 — 20mg/kg on the average. Such low copper cdratems can be caused by a large amount of vegetat
which absorbs lead-containing elements, and thaityicof the Saksagan River. Lead-containing element
reaching the river does not have a significant ichpan the ecological state of the river but contiébto the
unfavourable ecological state of the environmenised by the tailing pits of the Motherland Mine dtexd
down-stream of the river.

The zinc (Tab. 3 & Fig. 19) concentrations obtaimethie studied area are contradictory. Accordinth&
plot of zinc concentration distribution obtainedrfr the results of atomic emission spectral anaglykis zinc
concentrations are close to the maximum allowablecentration at the west edge of the tailing phjaolv is
located nearer to the South Open Pit and far away the Saksagan River. At the other points aldrey t
perimeter of the tailing pit, the zinc concentraticare significantly lower. It is possible thatstheature is
caused by the transfer of settled particles of-zimataining elements by the east wind from the digkast bank
to the lower (by 10m) west bank of the tailing giccording to the results of the sampling atomidssion
spectral analysis, the zinc concentration distrisuplot is not correct, so the maximum allowald&centration
at the west bank of the tailing pit is not achigvadd the average zinc concentration is 20 — 6kgnghese
data demonstrate that there are no active extdatabrs affecting the process of accumulation afczi
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containing elements. According to the opinion @& &uthors of this paper, such factors are imprebhd#cause
of this, the zinc concentration distribution pldit@ined according to the results of the atomic simisspectral
analysis is accepted.

The plot of chromium (see Tab. 3 & Fig. 20) concdidradistribution is also doubtful. According toeth
results of the atomic emission spectral analyhisaccumulation of chromium-containing elementsedep on
the change of the relief height along the perimefethe tailing pit. There is the trend to the anclation of
zinc-containing elements in the higher north-easés of the tailing pit. There is virtually no zioencentration
in the south-west areas of the tailing pit. Thesalte were considered as doubtful. Therefore, dmepses were
additionally analysed by performing atomic absamptspectral analysis procedure. The analysis seebtained
were absolutely different. The conclusion is that filst method and the method with atomic absonpsipectral
analysis procedure withM HNO; are not correct, because the first method providederestimate
concentration values, and the second method prewiderestimate values. The optimal is the methdt wi
atomic absorption spectral analysis withN,BICI because the results of the atomic absorpii@ttsal analysis
with 0,5M HCI correspond to the actual chromium concentnatib 30 — 60 mg/kg to the greater extent. The
location of ore mining and processing plants clms¢he river with a water storage basin positivetpmotes
processes of accumulation and deposition of gititfon. From the preceding description, it is knahvat these
processes are more characteristic for chromiumraatation as compared with hummus.

The fourth study area encompasses sufficiently artelétory (Fig. 23). For this reason, the area was
divided into three parts: the tailing pit of therfr@l Mining and Processing Integrated Plant, wisclocated at
the thalwegs of the Great Lozovatka and Small Lod@veavines; the perimeter of the tailing pit of.NloOpen
Pit, and the west edge of No. 1 Open Pit.
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Fig. 23. An overview map of the northern research objects.

"\u 1 Open Pit

The results of the study of the distribution of heavetals within the tailing pit of the Central Mng and
Processing Integrated Plant by using the aforemeed methods have demonstrated the inaccuracyeof th
method with atomic emission spectral analysis, bgeaboth the procedures of atomic absorption sgectr
analysis with 2 HNOs; and 0,51 HCI has confirmed the presence of higher concgoirsof heavy metals, as
compared with atomic emission spectral analysis. résalts of the analysis of the distribution of heaetals
along the tailing pit profile have demonstratedyotile excess of the maximum allowable concentratibn
chromium (the average chromium concentration is 45060 mg/kg). The concentrations of other elements
fluctuate (except nickel) but do not exceed theimar allowable values. These results confirm thectusion
that heavy metals do not have a significant impacthemical processes possible for deposit accuiomlan
the current conditions.

When analysing the three-dimensional distributibheavy metals, such as copper, lead, and nickédjrw
the tailing pit of No. 1 Open Pit, the trend is etged for the accumulation of heavy metals in highe
concentrations if the study areas are located dlms$ke tailing pit. The more is the distance betwte study
areas and the tailing pit; the lesser is the camagon of heavy metals in the area. Analysing piat of
chromium distribution (Tab. 4 & Fig. 24), the incseaof chromium concentration at a distance fromtafimg
pit margin is caused by the effect of municipal tsaster but not the impact of No. 1 Open Pit.
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Tab. 4. Distribution of heavy
metals along the tailing pit of

No. 1 Open Pit.
Height [m] Cr

14 43
17 10
19 20
23 25
24 8

73 32
70 59
45 76

It should be noted that the concentrations of ladl €lements do not exceed the maximum allowable
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Fig. 24. Distribution of Cr along thetailing pit of No. 1 Open Pit depending on the

relief.

concentrations for these elements. It is possiblexplain this feature by the vicinity of the sifigantly larger
tailing pit of the Central Mining and Processingelgrated Plant, which receives the most amount iafrigp

waste.

The last object studied is the west edge of No. &nCRit (Tab. 5). This area is unique by that sampkre

taken directly at the mining plant.

West edge of No. 1 Open Pit

Tab. 5. Distribution of heavy metals along the edge of No. 1 Open Pit.

Sample Height [m] Ni Cr Cu Pb Zn
40 69 100 200 100 40 80
41 72 300 50 100 30 200
42 71 40 60 60 40
43 70 50 50 50 50
44 76 10 10 10 10
45 78 20 30 20 20
46 81 80 50 50 40 50
47 79 20 40 20 40
48 79 80 50 40 40
49 79 80 60 40 40 50
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Fig. 25. Distribution of Pb along the edge of No. 1 Open Pit
depending on therelief
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Fig. 27. Distribution of Zn along the edge of No. 1 Open Pit
depending on therelief
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Fig. 26. Distribution of Cu along the edge of No. 1 Open Pit
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Fig. 28. Distribution of Cr along the edge of No. 1 Open Pit
depending on therelief
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Fig. 29. Distribution of Ni along the edge of No. 1 Open Pit depending on the relief.

In the south-west part of the pit edge, the comedinns of all the heavy metals (see Fig. 25-28)dase
and exceed the maximum allowable concentrations. Wést part of the pit edge is characterised byetien
distribution of heavy metals, which concentrati@re close to the maximum allowable concentratidins
possible that the accumulation of heavy metalhesé areas is caused by the impact of prevailimtheast
winds, which promote the transfer of deposits withumulated heavy metals.

Conclusions

The results of the performed studies have confirthatlithe accumulation of heavy metals in the gdolog
environment is affected by mining and processingnid, as well as by domestic waste and municipal
wastewater. Additionally, prevailing winds and gndurelief have been taken into account as additifaciors
in the distribution of heavy metals. The trend ttvacabsorption of some part of heavy metals byetatipn has
been confirmed. The absorption of heavy metalspmbination with periodic recultivation works, sificantly
reduces concentrations of heavy metals to the demet exceeding the maximum allowable concentrafion
excluding the concentrations of heavy metals imsxhich are located close to mining sites.

In our opinion, in order to achieve more significarsults, the reclamation works of the geological
environment in Kryvy Rih has to be complementedsbine additional measures. Regarding the objectsddc
in the centre of the city (Red Ravine, the tailpig used for hydro projection now, which is lochteetween
Mekhanobrchermet, South Open Pit, and Hihant-Glgbbkne), regular annual removal and replacement of
contaminated soil would be appropriate. As follogayeral goals could be achieved: the risk to huhesith
could be significantly reduced because, despitegtbgimity to the metallurgical enterprise, theaedong the
ponds in the Red Ravine is still considered asc¢htanes. Also, the probability of intensive suleside and
failure within the tailings storage could be redilibecause the regular flooding by mine water cseateonstant
risk in those areas. Another additional measunemeediation works may be the active use of plaaptation
possibilities. Namely, the practical use of theesrsh results of the Orlovsky breeding institut&igvy Rih. In
the city boundaries, the use of plant-concentratdgeavy metals may be appropriate, because, srctse, it is
possible to remove their subterranean and undengrmasses regularly (the best would be every 2aBsyand
plant the area with new green plantations. On thiekirts of the city, it would be more appropri&teuse plants
that are not characterised by the accumulatioreaf metals in fruits and are relatively stabléhi conditions
typical for the vicinity of quarries and tailingosages. Among such plants, according to climatit geological
conditions of the Kryvyi Rih, the most suitable M@dbe sea buckthorn, currant, raspberry and cherry.

These measures can significantly improve the effigteof remediation works, and therefore reduce the
level of anthropogenic load on the geological emvinent, allowing assimilation processes proceedgifaster.
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