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MODIFICATION AND DEVELOPMENT OF WATER, SOIL AND VEGETATION
POLLUTION INDICES FOR ENVIRONMENTAL MONITORING OF COPPER MINE
INFLUENCE ZONE
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The article addresses some methodical questions connected with generalized
pollution indices application in the mining enterprise environmental monitoring when
assessing their environmental impact. Many large mines include a whole set of studies in
their environmental monitoring programs to assess the impact on all natural components to
provide full compliance with environmental norms as well as to show the audience their
environmental responsibility and commitment to saving nature. In this regard, the article
assesses the prospects of generalized indices use when processing complex monitoring
data for water, soil and vegetation obtained in the vicinity of copper mine. As a first step
widely known weighted arithmetic water quality index was modified using enhanced set of
parameters, contemporary Russian norms and corresponding hazard classes for drinking
and natural water pollutants. Evaluation of the modified index using environmental
monitoring data confirmed that it is an effective tool for comparing river water pollution levels
at different sampling points in different years. Using the Safyanovsky copper mine (Middle
Urals, Russia) as a case study, it was concluded that mine water discharge into the Rezh
River has no noticeable impact on river water quality, which remained virtually constant over
the three-year study period (2017-2019) that confirmed by summarized data from
Roshydromet's annual reports. On the next step a complex index of soil and vegetation
pollution with copper and zinc was assessed. Based on the calculation results using soil and
vegetation sampling data, it was found that this index can provide clearer identification of
anomalous points for outlining the pollution zone from the waste rock dump, since its
amplitude is 30 % greater than for any of individual indices for copper and zinc. In general,
the use of environmental pollution indices represents a promising direction for development
the methods for processing integrated environmental monitoring data at mining enterprises.
They can be recommended to obtain additional generalized information for municipal
authorities and local population, confirming the admissibility of an enterprise’s impact on the
environment and its environmental responsibility.

Key words: pollution index; water quality index; soil; vegetation; copper; zinc.
1. Introduction

Pollution (or quality) indices of natural environment components are widely used in
environmental studies. They integrate indicators for individual pollutants in water, soll,
vegetation and others to provide a characteristic of each sample of a natural object in the
form of a single number [1-3].

Many large mines include a whole set of studies in their environmental monitoring
programs to assess the impact on all natural components to provide full compliance with
environmental norms as well as to show the audience their environmental responsibility and
commitment to saving nature.

Pollution indices application in complex environmental studies allow for a significant
reduction in the volume of output data and makes it easier for non-professionals to
understand the results of environmental pollution assessments for providing local population
and municipal authorities with objective environmental information.
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In this concept frames the article assesses the prospects of generalized indices use
when processing monitoring data for water, soil and vegetation monitoring in the vicinity of
copper mine to possible widen the information outcomes of complex environmental
monitoring studies.

Heightened pollution levels are often observed in areas where metal ore mining
enterprises are located and pollution indices may be useful in environmental monitoring in
these areas [4, 5].

This article presents some results in the field having a scientific and practical meaning
including the following:

— assessing the feasibility of using generalized environmental pollution indices when
processing integrated environmental monitoring data to significantly reduce the volume of
output data;

— modifying a weighted arithmetic water quality index, which is promising for use in
Russia, based on incorporation an expanded set of indicators using specific for copper
mines parameters, Russian MPC standards, and hazard classes for drinking and surface
water;

— assessing the effectiveness of using a water quality index using real data from a
copper mine;

— assessing the feasibility of jointly processing soil and vegetation pollution assessment
data based on complex pollution index in the impact zone of a copper pyrite mine.

The monitoring studies were conducted under a contract with JSC Safyanovskaya
Med, under which the contractor may use only summarized data for scientific purposes and
publications. Therefore, raw data is not provided in the article.

Sampling of natural environments was carried out by employees of Institute of
Industrial Ecology of the Ural Branch of the Russian Academy of Sciences in 2017-2019. In
subsequent years, the monitoring program was significantly reduced due to environmental
legislation changes, so more recent complex data are absent. Chemical analysis of samples
was made in the analytical laboratory of the Safyanovsky mine.

2. Modification of the weighted arithmetic water quality index

The weighted arithmetic water quality index (hereinafter WQI) was proposed in 1965
by Horton R. K. [6] and developed by Brown R. M. and others [7]. It is the sum of a set of
pollution indicators normalized to standard values and taken with certain weights. Calculating
the WQI does not require multiple measurements of the pollutants content in water, so it is
often used to conduct one-time assessment of both surface and groundwater pollution [8—
13]. In this regard, we consider the WQI as promising tool for assessing the water quality of
natural water bodies in the zone of mining enterprises influence in Russia.

The literature analysis shows that national water quality standards, various sets of
pollutants and weight values for each of them are used to calculate the WQI. Therefore, the
calculation results are linked to the national regulatory framework in the field of natural water
guality control and may differ due to the use of different scales for finding the weights of the
same pollutants. In this study, we propose to modify the WQI using Russian drinking water
guality standards (maximum permissible concentrations MPC) and hazard classes [14].

2.1. Modification and calculation of WQI: materials and methods

The modification and assessment of the WQI was performed using data of chemical
analysis of water samples taken at three points in the Rezh River, which is affected by
wastewater from the Safyanovsky copper mine. The mine has two treated wastewater
outlets: Outlet 1 — surface water from the copper ore crushing facility site; Outlet 2 — the
water from quarry and surface water from the quarry and waste rock dump area. The
location of sampling points and wastewater outlets is shown in Fig. 1.
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Fig. 1. Location of sampling points and wastewater outlets in the area of the Safyanovsky
copper mine, Middle Urals, Russia. The image source — Google Earth Pro, 7.3.6.10201 (64-
bit)

To modify the WQI, the following changes are proposed:

1. The list of pollutants used in [8, 13] was expanded by a number of indicators
included in the environmental monitoring program of the Safyanovsky mine, for a more
adequate assessment of the impact of wastewater on the water body, namely, the following
indicators were added: copper, nickel, lead, silicon, oxidizability.

2. To calculate the relative pollution for each pollutant, Russian MPC of chemical
substances in water bodies for drinking water are used [14].

3. The weights for pollutants are calculated using the hazard classes of pollutants
given in [14]. The weight value for each substance is defined as 1/Hc, where Hc is the
hazard class.

The WQI calculation was performed in accordance with [8, 13] using the formulas 1-4
given below for the pollutants listed in Table 1.

The approach of [8, 13] was adopted because it is proposed for groundwater (the
authors mean — underground sources of drinking water) and in our case we deal with the
river pollution by purified quarry waters, which are underground ones. Therefore, it allows
more adequate assessing of the mine impact on the river as the calculation includes ore
metals. The use of scale based on the hazard class of a pollutant, in our opinion, allows
taking into account, first of all, pollution by more hazardous substances, since they are
included in the calculation with bigger weight values, which seems important for the overall
assessment of the hazard of pollution using WQI because its value will be bigger too.

WQI = X, SI, (1)
SI; = W; x Q;, (2)
Qi =100 x (Ci/Si), (3)
Wi = Wi / Zin=1 wi, (4)

where,

Sl; — pollution index for each pollutant i, dimensionless;
Qi — relative pollution for each pollutant, dimensionless;
Ci — measured concentration for each pollutant, mg/dm?;
Si — MPC for each pollutant, mg/dm?® [14];
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W, — relative weight for each pollutant, dimensionless;

w; — weight for each pollutant equal to 1/Hc, where Hc is the hazard class of the
pollutant [14], dimensionless;

n — number of pollutants used.

Table 1. Pollutants, MPC and hazard classes for calculating WQI [14]

Pollutants MPC, Mg/Dm?® Hazard
Class, Hc
Hydrocarbonates 1000 4
Iron 0,3 3
Hardness 7 4
Calcium 100 4
Silicon 10 2
Magnesium 50 3
Manganese 0,1 3
Copper 1,0 3
Nitrates 45 3
Nickel 0,01 2
Oxidizability 7 4
Lead 0,03 2
Sulfates 500 4
Dry residue 1000 4
Zinc 1 3

2.2. Modification and calculation of WQI: results and discussion

The water quality index was calculated for three sampling points (Fig. 1) using formula
(1). At each point, the sampling was performed 3 times during the summer period of 2017,
2018, and 2019. For the calculation, the average values of pollutant concentrations for three
samplings in each year were taken. The calculation results are presented in Table 2.

Table 2. Calculated values of WQI for sampling points 1-3 in 2017-2019.

Year of sampling
Sampling point 2017 2018 2019
1 28,43 27,81 30,77
2 33,45 33,23 35,70
3 27,26 27,18 35,79

So as the WQI is modified, there is no special scale of pollution ratings for it now. Due
to this one can make a very approximate assessment of water quality in terms of its possible
use for drinking purposes based on the scale of pollution levels given in [8]. Such
assessment may be used for water pollution levels comparison for different points and years.
The water quality rating levels depending on the calculated WQI value are there as follows:
0-25 — Excellent; 25-50 — Good; 50-75 — Poor; 76-100 — Very poor; >100 — Unfit for
drinking. According to this scale, water in all three points can be classified as "Good", that is,
it can be used for drinking purposes after standard water treatment.

For adequate of water quality rating using modified WQI in accordance with Russian
norms, additional research is required to develop an appropriate scale.

The data in Table 2 show that the maximum WQI values were obtained in sampling
point 2 and 3 in (downstream of the treated wastewater outlets) in 2019 and were equal to
35.70 and 35.79 that may indicate the presence of the river water pollution connected with
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mining waters. But in 2017 and 2018 point 3 has minimal values in comparison with points 1
and 3 that doesn't confirm the above.

The average WQI value for all measurements is 31.07 and deviations from the
average range from minus 12.5% to plus 15.2 %, which does not exceed relative
measurement error for most pollutants (20 %).

The result obtained allows concluding that discharge of treated wastewater from the
copper mine has an insignificant effect on the water quality of Rezh River and the pollution
remained almost constant in terms of compliance with environmental norms for drinking
water.

This conclusion corresponds to the generalized data of the Roshydromet (annual
reports "Quality of Surface Waters of the Russian Federation" for 2017-2019), where it is
noted that the water in the Rezh River in the indicated years was consistently classified as
"dirty", that is, the quality of the water in the river did not change.

The difference between estimations of Roshydromet and those ones made on the
scale [8] confirms the need of development a scale for the modified WQI for providing the
possibility of using it as an absolute index.

Thus, the modified WQI can be proposed for use in environmental monitoring of the
mining enterprises influence zone in Russia as a relative indicator of water pollution: to
compare the results of testing at different points within a year, as well as to assess changes
in water pollution levels in different years. The results of WQI calculation can be used by
municipal authorities to assess the impact of the mining enterprise on a water body, as well
as to inform the local population.

3. Soil and vegetation pollution indices

The operation of mining enterprises is usually accompanied by emissions of ore
metals into the environment, which leads to pollution of soil and grassy vegetation in the
surrounding areas [15-19].

At copper pyrite ore deposits, zones of soil and vegetation pollution with copper and
zinc may form near quarries and waste rock dumps, and the accumulation of these metals in
soil and vegetation may differ [16, 17, 19, 20]. In this regard, the pollution of both soil and
vegetation with ore metals is simultaneously studied for a more reliable identification and
assessment of the mining operations’ impact on the environment.

To summarize the monitoring data and possibly increase its informativeness, we
propose to calculate pollution indices for two environments for copper and zinc individually,
as well as a complex index integrating data for two environments and two metals. The
assessment and comparison of such indices are presented below.

3.1. Soil and vegetation pollution indices: materials and methods

To calculate the indices of soil and vegetation pollution, we used data from chemical
analysis of copper and zinc content in the soil and vegetation samples collected around
Safyanovsky copper mine. The sampling was carried out in July 2018 at 8 points located on
a profile running near the quarry and waste rock dump (Fig. 2).

The metal concentrations were measured using inductively coupled plasma
spectrometry. The relative error in finding of metal content in the samples was 20 %.
Russian environmental norms for copper and zinc are as follows: maximum permissible
concentration for soil close to neutral, neutral (loamy and clayey) [22]: copper — 132 mg/kg,
zinc — 220 mg/kg; maximum permissible level (MPL) for grassy vegetation used as animal
feed [23]: copper — 30 mg/kg, zinc — 50 mg/kg.
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Fig. 2. Location of soil and vegetation sampling points in the area of the quarry and waste
rock dump of the Safyanovsky copper mine, Middle Urals, Russia. The image source —
Google Earth Pro, 7.3.6.10201 (64-bit)

3.2. Soil and vegetation pollution indices: results and discussion

Using the measurement data, the individual indices of copper and zinc accumulation
in soil and vegetation were calculated (Fig. 3) (all indices are dimensionless).
1. Indices of copper ISCu and zinc 1ISZn accumulation in soil:
ISCu = CSCu/MPCCu, (5)
ISZn = CSZn/MPCZn, (6)
where:
CSCu and CSzn — concentrations of copper and zinc in soil samples,
MPCCu and MPCZn — maximum permissible concentrations of copper and zinc in

soil.
2. Indices of copper IVCu and zinc IVZn accumulation in vegetation:
IVCu = CVCu/MPLCu, (7)
IVZn = CVZn/MPLZn, (8)

where:
CVCu and CVZn - concentrations of copper and zinc in vegetation samples,
MPLCu and MPLZn — maximum permissible levels of copper and zinc in vegetation.

Indices of copper and zinc accumulation in soil and vegetation
3
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Fig. 3. Indices of copper and zinc accumulation in soil and vegetation
115



Tpaekmopus uccriefogaHull — Yesoeek, npupoda, mexHosoauu, ebinyck 3, 2025

As Fig. 3 shows, the concentrations of copper and zinc in the soil are significantly
lower than MPC (by 3-5.5 times). The presence of waste rock dump on the profile at points
2—4 is not seen. The minor (from 5 to 20 %) multidirectional fluctuations in the copper and
zinc accumulation indices are observed, not related to the location of the sampling points
relative to the quarry and waste rock dump. Relatively high values of the ISCu (5) and 1SZn
(6) indices are observed both near the waste rock dump (point 3) and at a significant
distance from it (points 5 and 7 for copper, 1 and 7 for zinc).

Copper concentrations in vegetation are significantly lower than MPL (2-2.8 times)
and vary slightly along the profile from 0.36 to 0.48 MPL, i. e. within 14 % of the average with
relative error of chemical analysis of 20 %.

Thus, the ISCu (5), 1SZn (6) and IVCu (7) indices do not provide reliable information
on the pollution of the area near the waste rock dump.

At the same time, on the graph of zinc accumulation index in vegetation 1VZn (8),
points 2—4, located at a distance of 20 m from the waste rock dump, are clearly visible,
where an increase in this index by 2.5-4.5 times is observed. Zinc concentration in points 2—
4 exceeds MPL by 1.5-2.5 times. This result shows that the study of vegetation pollution is a
more informative type of study in the conditions of the Safyanovsky copper mine compared
to the study of soil pollution. Moreover, useful information is provided by the data on zinc
pollution, which is consistent with the conclusions of other studies [17, 19, 20]. This fact is
explained by the greater mobility of zinc compared to copper in the soil-plant system for
many types of grassy vegetation [20, 21].

Next, the indices of copper and zinc accumulation in soil and vegetation were
calculated (Fig. 4) and a complex index for two metals and two environments:

3. Complex index of copper accumulation in soil and vegetation ISVCu:

ISVCu = ISCu + IVCu. (9)
4. Complex index of zinc accumulation in soil and vegetation ISVZn:

ISVZn = ISZn + IVZn. (10)
5. Complex index of copper and zinc accumulation in soil and vegetation ISVCu-Zn:

ISVCu-Zn = ISVCu + ISVZn. (11)

Complex indices of copper and zinc accumulation in soil and
vegetation

~M@=1SVCu
~@=1SVZn
- 1SVCu-Zn

Indices, units

1 2 3 4 5 6 7 8

Observation point number

Fig. 4. Complex indices of copper and zinc accumulation in soil and vegetation

As Fig. 4 shows, the graphs of the copper ISVCu (9) and zinc I1SVZn (10)
accumulation indices practically repeat the shape of the graphs of the individual copper IVCu
(7) and zinc IVZn (8) accumulation indices in vegetation with an insignificant increase in the
general level by 0.15-0.25 units due to the contribution of the individual copper ISCu (5) and
zinc 1SZn (6) accumulation indices in soil (Fig. 3).

The ISVCu (9) index does not provide useful information, since the relative changes in
its values along the profile are within the error of chemical analysis of 20 %.
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The graph of the complex index of copper and zinc accumulation in soil and
vegetation ISVCu-Zn (11) repeats the shape of the IVZn (8) (Fig. 3) and ISVZn (10) (Fig. 4)
graphs.

In the points 2—4 closest to the dump, there are 1.6-2.2 times higher ISVCu-Zn (11)
index values compared to the background values (points 1, 6—8), which is less than for the
IVZn (8) index (2.5—-4.5 times higher than the background values, Fig. 3), but the amplitude
of the ISVCu-Zn (11) index is up to 30 % greater than for the 1IVZn (8) index. Thus, the
results of assessing the indices of soil and vegetation pollution with copper and zinc show
that the most informative type of research at the copper pyrite mine is the study of vegetation
pollution with zinc. If one has the data on soil and vegetation, it is advisable to use the
proposed complex index, which can provide a clearer allocation of anomalous points on the
profile for outlining the pollution zone from the waste rock dump.

4. Conclusion

This article addresses some methodical issues related to the potential application of
generalized environmental pollution indicators in processing complex environmental
monitoring data, using the example of a mining enterprise.

As a first step, the widely known weighted arithmetic water quality index was modified
using an expanded set of indicators, Russian MPC and hazard classes for pollutants in
drinking and natural waters.

Evaluation of the modified index using environmental monitoring data confirmed its
effectiveness as a tool for comparing river water pollution levels at different sampling points
in different years. Using the Safyanovsky copper mine (Middle Urals, Russia) as a case
study, it was concluded that mine water discharge into the Rezh River has no noticeable
impact on river water quality, which remained virtually constant over the three-year study
period (2017-2019). This is confirmed by summarized data from Roshydromet's annual
reports, "Quality of Surface Waters of the Russian Federation".

The next step involved evaluating the proposed integrated index of copper and zinc
contamination of soils and vegetation. Calculations revealed that this index allows for more
precise identification of anomalous points for delineating contamination zones in the area of
overburden and host rock dumps, as its amplitude is 30 % greater than that of any of the
individual copper and zinc indices.

Overall, it can be concluded that the use of environmental contamination indices
represents a promising direction for development the methods for processing integrated
environmental monitoring data at mining enterprises. Such indices can be recommended to
obtain additional generalized information in particular for municipal authorities and local
population, confirming the admissibility of an enterprise’s impact on the environment, its
environmental responsibility and commitment to the development of cleaner production.
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Y[K 504.3.054

MOAUNDPUKALINA U PASBUTUE MHOEKCOB 3AIrPA3HEHUA BOAbI, MNOYBbI U
PACTUTENBbHOCTU ANA 3KOJIOTMYECKOIO MOHUTOPUHI'A 30HbI BJITUAHUA
MEAOHOIO PYOHUKA

A. H. MegBeges
WHcmumym npombiwneHHou akonoauu YpO PAH, EkamepuHbype, Poccusi

B cmambe paccmampusatomcs HeKomopble Memodu4yecKue 80rpocChkl, C8s3aHHbIe C
npumeHeHuUeM 0606WeHHbIX UHOEKCO8 3agpsi3HEHUS 8 3KOJI02U4YEeCKOM MOHUMOpPUHae
20pHOO0bbIsaroWUX npednpussmul rnpu OUeHKe ux 8030elicmeusi Ha OKpyXXaruwyr cpedy.
MHozue KpynHble pyOHUKU 8KM0Yarm 8 Ceou rnpozpamMMbl IKOSI02UHECKO20 MOHUMOPUHaa
Komrinekc uccrnedosaHul Onisi OUeHKUu eo3delicmeusi Ha ece rpupOOHble KOMMOHEHMEb,
umobbl obecriequmb osiHoe CcobrOeHUE 3KO/I02UYECKUX HOPMamueos, a makxe
rnpodemMoHcmMpuposams 0bUW,ECMBEHHOCMU CBOK 3KOJI02UYECKYH OmMeemcmeeHHoOCMb U
rpusepxeHHocmb 0erly coxpaHeHusi npupodsl. B amol ces3u 8 cmambe oueHusaromcs
rnepcriekmuebl UCrosib3ogaHusi 0606WeHHbIX UHOeKkco8 rpu obpabomke KOMIMIEKCHbIX
0aHHbIX MOHUMOpPUH2a 800kl, MOY8bI U pacmumesibHOCMU, ros1y4eHHbIX 8 palioHe MeOHO20
pyOHUKa. B kayecmee repgoz2o waaa WupoKo U38ECMHbIU 838€UWEHHbIU apugmemuyeckul
UHOeKc kayecmea 800kl bblr1 MOOUGhULUPOBaH C UCMOb308aHUEM paculupeHHo20 Habopa
rnapamempos, COBPEMEHHbLIX POCCULCKUX HOPMamugos8 U COOMBEemMcmeyouwuX Kiaccos
ornacHocmu 01 3a2psA3HAWUX 8ewecme numbesbiX U MpupoOHbiXx 600. OueHKa
MoOughuyuposaHHO20 UHOEKCa C UCMOb308aHUEM OaHHbIX 9KO/I02UHECKO20 MOHUMOPUHaa
noomeepousna, 4mo OH sernsiemcs 3PEKMUBHBbIM UHCMPYMEHMOM Ol CpasHeHUs
ypoBHel 3a2psi3HEHUsT peyHOoU 800kl 8 pa3HbiX moykax ombopa rnpob 6 pasHble 200bl. Ha
npumepe CaghbsiHogcko20 MedHo20 pyOHuKa (CpedHul Yparn, Poccusi) cdenaH 6bi800 O
mom, Yymo cbpoc waxmHbIX 800 8 peKy Pex He oka3dblgeaem 3aMemHOo20 6/1USHUS Ha
Kayecmeo pe4yHoUl 800bl, KOmopoe 3a mpexremHul nepuod uccredosaHut (2017-2019 ee.)
ocmaesarsoch rnpPakmu4yecku HeUu3MeHHbIM, 4Ymo rnoomeepxdaemcst 0606WeHHbIMU OaHHbIMU
€Xe200HbIx om4yemos Poceudpomema. Ha cnedyruwem samarne bbina npogedeHa oueHKa
KOMI/IEKCHO20 UHOeKca 3a2psi3HeHUsi ro4ye u pacmumesibHocmu medblo U YuHKoMm. Ha
OCHOBaHUU pe3yrnbmamos pacyemos C UcCrofib308aHuUeM OaHHbIX orpobosaHus no4ys u
pacmumernbHOCMuU yCmaHo8s/1eHo, 4mo OaHHbIU UHOEKC no3gosisem bornee 4Yemko
udeHmMugbuyuposamb aHomarslbHble MOYKU Ofi1 OKOHMypueaHusi 30Hbl 3a2psi3HEHUs om
omearsna nycmou rnopoosbl, NocKkosbKy e2o amnnumyda Ha 30% 6onbwe, Yyem y noboz2o u3
omoeribHbIX UHOeKco8 0511 Medu U UUHKa. B uenom, ucrnonb3o8aHue UHOEKCO8 3a2ps3HEeHUs
OKpyXxatowel cpeldbl s8r19emcsi MepcrieKmusHbIM HarpasieHueM pasgumusi Memooos
0bpabomku OaHHbIX KOMIMIEKCHO20 3KOJ/I02U4ECKO20 MOHUMOPUH2a Ha 20pHOO0bbI8arowUX
npednpusimusix. OHU mMoaym O6bimb PeKOMEHO0B8aHbl Oris Mosly4eHuUs1 AoMosTHUMes1bHoU
0606weHHoU uHgopmayuu Ol op2aHO8 MECMHO20 CaMOyrpasfieHUsi U HacesleHUs,
rnoomeepxdarowieti dornycmumocme 8030elicmeusi npednpusimusi Ha OKpyxarouwlyro cpedy u
€20 3K0J102U4ECKYH 0meemcmeeHHOCMb.

KnroueBble cnoBa: MHOEKC 3arpsi3HEHUS; MHOEKC KayecTBa BoAbl; NOYBA; pacTUTENbHOCTb;
Meab; LINHK.
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