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Abstract—Problems with environmental accidents are increasing worldwide, which generates great damage to the environment. In fact,
in July 2019, a tailing spill occurred that flowed into the Mantaro River, contaminating it with thousands of liters of waste. This had
environmental consequences and social ones since there were people for and against mining, which is the principal economic activity in
the area. In this way, this study proposes to quantify the damage caused by the tailing spill using the grey clustering method, which is
based on grey systems theory. For this purpose, two sampling points were chosen for data collection and evaluation both before and
after the accident, which allowed to measure the impact of metal concentrations and other physical-chemical parameters caused by
accident. The results obtained from the study revealed increases in the concentration levels of metals such as aluminum, arsenic, among
others, in some cases very high that exceeded the maximum permitted limits. Such findings could help local and national government
authorities, people living and transiting near the river, and activities related to the use of the water in this river; since the quality of the
river water can be lethal if the necessary measures are not taken. In addition, the method used in this study showed to be very practical
and efficient during its application. Finally, it is advised that future research investigate each point along the Mantaro River and show
the areas where the disaster had the most impact to develop some mitigating techniques.
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lives, and those who prefer that this project be stopped as soon
I. INTRODUCTION as possible [5].

In addition, tailings, and their management, are the greatest
environmental concern in mining [2]. Since these are mixtures
of crushed rocks and mill processing fluids, washing
machines or concentration left over after the extraction of
metals, minerals, mineral fuels, or economic coal from the
mining resource [6]. Another definition is that tailings are
fine-grained, particulate solids consisting of ground rock
slurry, water, and chemical residues that remain after the
minerals or commercial elements have been removed from the

The department of Huancavelica, Peru, has a small and
medium-scale mining activity. Likewise, it is the seventh
producer of silver at a national level, eighth at a national level
in the lead, ninth in zinc at a national level, among others [1].
Among its mining projects, the Cortiza project provides 30%
of the copper concentrate processed by the Metallurgical
Complex of La Oroya. Although we have found out that
mining is essential, it is not an environmentally friendly
activity [2], [3], either directly or indirectly [4]; as has been : . . .
observed on July 10, 2019, in the district of San Pedro de ore [7.]' Thus, mine failings and associated accu.ients have
Colis (Huancavelica), when more than 67,400 cubic meters of been identified as one of the most dangerous environmental
tailings fell from their treatment area and affected a large area prpblems World,WIde [8]. Therefore, they are controlled by the
until they reached the Mantaro River. This had consequences, mining companies because Whgn there is a problem related to
reported by the citizens in the surrounding areas, on their Fhem, they can generateanegatlve apdharmful environmental
fruits, plants. Likewise, this caused a social separation 1mpgf:t, which can be b‘?th immediate and lgng-term [9]. In
between those who support mining, since they recognize the adqmon, th?‘ .quantlf.icatlon of the damage is cqntrolled by
vitality and economic influence that the Cobriza mining unit, natlonall entities, asm the Per“,‘",afl case the National Water
owned by the Doe Run Peru SRL company, has on their daily Authority (ANA in its Spanish initials).
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Nevertheless, during the last decades, due to the growing
awareness of the quality of water resources by the scientific
community and the scarcity of water in all parts of the world
[10], river basins are being evaluated by international
organizations considering the existing water crisis. Therefore,
it is important to recognize the influence of water on life on
earth, such as its presence in the life cycle of all plants and
animals, in the preservation of the various ecosystems, in the
control of climate, and in the continuous remodeling of the
Earth [11], [12].

In turn, the objective of this study is to carry out a
quantitative analysis that can determine the possible existence
of risk. To achieve this, different methodologies have been
considered as fuzzy comprehensive evaluation [13],
Unascertained measure [14], or grey clustering method [15].
It was decided to use Grey Clustering Methodology since
traditional methods cannot solve the complicated nonlinear
relationship between evaluation indicators and water quality
grade [16]. Since the monitoring data provided by finite
monitoring points are limited and ignored in assessing the
water environment, it may be considered a grey system [17].

As previously mentioned, the National Water Authority
(ANA) has constantly evaluated water quality, including the
Mantaro River. Thus, two of these points (RMantl and
RMant2) were chosen to analyze the present study
considering the records obtained before and after the tailing
slide, which allow the measurement of the most opportune
contrast that consents to catalog the water quality for each
evaluation parameter under the provisions of Peruvian
legislation [18]. This study evaluated nine among six
parameters are chemical elements such as Aluminum, Arsenic,
Manganese, Copper, Iron, and Lead. Additionally, the OD,
pH, and Conductivity parameters were evaluated.

II. MATERIALS AND METHOD

The grey system theory is a method of systems analysis,
which could make full use of known information to diminish
unknown information, and finally reflect impersonally and
truly the essence of the system [19]. Grey system theory was
developed by Deng in 1985, studying the problems of small
samples and limited and true information. For this reason, it
has served as the basis for the method of grey clustering, a
widely used methodology, since in the real world, there are
various problems with the characteristics mentioned; this
influences its application to various fields such as water, air,
soil, or social aspect evaluations, among others. The Grey
Clustering procedure is detailed below.

First, the variables that depend on the analysis performed
are defined as follows.

o The objects of analysis are defined (in this case, they
were defined as (P, P,, ..., B,).

o The evaluation criteria or parameters to be measured of
the objects of analysis are defined (C;, Cs, ..., C},).

e The grey classes in our studio are defined
(A1, 44, ..., 4.

Then, the steps of the methodology process are presented
in Fig. 1.
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Step 1: The standard values are adjusted

v

Step 2: The whitenization functions

v

Step 3: The weights of each criterion

v

Step 4: The clustering coefficients

v

Step 5: The results of the evaluation

Fig. 1 Schema of the methodology

After defining these variables, we proceed to the following
steps:

Step 1: The standard values are adjusted, according to the
Peruvian legislation, and the values of the information
obtained from ANA, due to the different units that have the
analysis criteria.

Step 2: The triangle graphic functions of the Whitenization
are assembled based on the number of classes of Grey, as seen
in Fig. 2.

v

A2

Fig.2 Center-point Triangular Whitenization Weight Functions (CTWF) [20]

Where:

fjl =A; Waters that can be purified with
disinfection.

sz =4, Waters that can be treated with

conventional treatment.
f]-3 = A5 : Waters that can be treated with advanced
treatment.
Next, the Whitenization functions of the study method are
applied as presented on the equations 1-3.
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Step 3: The determination of the weights of each criterion
is calculated objectively by using equation 4.
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Step 4: The clustering coefficients are defined in
accordance with equation 5 for each point studied or object of
study.

G? =X fjk (xij)nj %)

Where f/* (x; j) are the functions of whitenization and n;
are the weights.

Step 5: Finally, the results of the evaluation are analyzed.
The maximum values are considered and associated with their

respective Grey classes in order to determine the classification.

III. RESULTS AND DISCUSSION

On July 10, 2019, in the district of San Pedro de Coris
(Huancavelica, Peru), more than 67,400 cubic meters of
tailings fell from their treatment area and affected a
considerable area until they reached the Mantaro River itself.
According to the mining official, contingency and emergency
systems were developed in the environmental implications of
the project cycle [21]. The protocols were activated
immediately after the tailing slide. The provincial prosecutor
was informed of the incident and coordinated with the
Environmental Evaluation and Inspection Agency (OEFA in
Spanish), the National Police, municipal authorities, and
representatives of the mining company to carry out the
investigation [5]. However, according to the OEFA, the spill
affected 41,574 square meters and damaged the Cobriza II
electrical substation and the mining unit's maintenance
workshop, leading to one of the most important rivers in the
center of the country, which was already mentioned Mantaro
River.

Finally, the tailings slide, coming from the collapsed
tailings storage facility, were discharged at two different
points. First in a surrounding area that affected the electrical
substation; and then, on the cliff, where the rapeseed flowed
dragging gravel-sand material, discharging into the Mantaro
River and settling on its bank, making an alluvial fan and a
dam of diverse material, blocking the water flow and causing
a 1200-meter long spillway. It is estimated that after this event,
the Mantaro River in the affected area had a flow of 2 m3 /(s ),
a width of 30 m and a slope of 0.4%.

On the other hand, the dam was 5m high and 40m long.
Fortunately, there was no reference to existing populations or
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water users of the Mantaro River in the vicinity of the lower
part that could have been affected first hand. As a result, the
Mantaro River was classified as "Category N°1: population
and recreational" according to the Environmental Ministry
[18]. It was evaluated that category comparing the values
obtained with the Environmental Quality Standards of the
Waters of the D.S N° 004-2017-MINAM [18]. The ANA
carried out two sampling points, RMantl (upstream) and
RMant2 (3700m downstream of the tailings discharge) would
give us the values we need for the present work. For a better
appreciation of their locations, see Fig. 3.
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Fig. 3 Location of the case study in a global map

In the following, the applied steps of the methodology in
the case study is shown:

Step 1: Standardized, non-dimensional values are
presented for each evaluation parameter under the provisions
of Peruvian legislation [18]. The size data for each parameter
at each monitoring point collected by the government from
the National Water Authority (ANA), both before and after
tailings spill, are displayed in Table 1.

TABLEI
SAMPLED VALUES NON-DIMENSIONED BEFORE AND AFTER TAILINGS SPILL

Before Tailings Spill After Tailing Spills

Parameter

RMantl RMant2 RMantl  RMant2
Aluminum c; 0.117 0.146 0.012 3.220
Arsenic C, 0.131 0.237 1.536 12.478
Manganese C; 0.363 0.707 0.037 2.782
Copper c, 0.011 0.017 0.001 0.160
Iron Cs; 0.329 0.565 0.010 13.738
Lead Ce 0.667 1.287 0.013 4.980
OD C, 1.2% 1.350 1.140 1.142
pH Cg 1.433 1.438 1.430 1.367
Conductivity Cq 0.200 0.218 0.504 0.479

The data presented in Table I are substituted in the
equations that describe the triangular functions to obtain the
values of each grey class. Based on equations 1, 2, and 3, the
following Whitenization functions for the first parameter are
developed as an example of its application.
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The same procedure is performed for the remaining eight
parameters. With these Whitenization functions, the values
for each function are determined.

Step 2: Whitenization values were calculated at each
sampling point (RMantl and RMant2). The results of before
tailings spill are provided in Table IL

;x € [1,695; 00)

TABLE II
CENTER-POINT TRIANGULAR WHITENIZATION FUNCTIONS OF THE DATA
BEFORE THE TAILING SPILL
RMantl f} f ]Z f? RMant2 f} f ]Z f?
Cy 1 0 0 Cy 1 0 0
C, 0.56 0.44 0 C, 0 0.98 0.02
C; 1 0 0 C; 1 0 0
C, 1 0 0 C, 1 0 0
C; 044 056 0 Cs 0 095 005
Cc, 05 05 0 Co 0 057 043
C, 1 0 C, 1 0 0
Cs 1 0 Cg 1 0 0
Co 1 0 Co 1 0 0

Likewise, the results of after tailings spill are shown in
Table II1.

TABLE III
CENTER-POINT TRIANGULAR WHITENIZATION FUNCTIONS OF THE DATA
AFTER THE TAILING SPILL

RMantl f} f ]Z f? RMant2 f} f ]Z f?
Cy 1 0 0 Cy 0 0 1
C, 0.47 0.53 0 C, 0 0 1
C; 1 0 0 C; 0 0 1
C, 1 0 0 C, 1 0 0
Cs 1 0 0 Cs 0 0 1
Ce 1 0 0 Cq 0 0 1
¢, 07 03 0 c, 071 029 0
Cg 1 0 0 Cg 1 0 0
Co 1 0 Co 1 0 0

Step 3: For all previously obtained data, the weight must
be calculated for each parameter, a weight is obtained, which
is shown in Table I'V.
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TABLE IV

PARAMETERS WEIGHTS
Category 1
Parameter /1} /1]; /1]3
Cy 0.112 0.068 0.083
C, 0.376 0.375 0.051
C; 0.041 0.071 0.117
C, 0.037 0.069 0.128
Cs 0.239 0.143 0.059
Cq 0.102 0.068 0.084
C, 0.028 0.068 0.175
Cg 0.029 0.068 0.168
Co 0.035 0.068 0.136

Step 4: With the previously calculated data, the clustering
coefficients were calculated. These results can be visualized
in Table V.

TABLE V
CLUSTERING COEFFICIENTS BEFORE AND AFTER THE TAILINGS SPILL

Before Tailings Spill After Tailings Spill

Al AZ A3 Al AZ A3
RMantl = 0.651 0.278 0.000 (792 0219 0.000
RMant2 0.283  0.543 0.040 (.122 0.020 0.393

Step 5: Finally, the maximum value in each scenario was
considered, which is the grey class category. The results
revealed that the water in RMantl was of category A, (4,),
meaning water that can be purified with disinfection, both
before and after the tailings spill. Nevertheless, before the
accident, the water at RMant2 was category A,(4,), namely,
Waters that can be treated with conventional treatment; a
situation that changed after the accident, according to the
results, since it became A (1;) Waters that can be treated with
advanced treatment.

A. About the Case Study

After analyzing the results obtained and summarized in
Table V, it was observed that there were changes concerning
water quality, with the most likely cause of contamination
being the tailings slide from the Cobriza mining unit, owned
by the Doe Run Peru SRL company, that occurred in the
Mantaro River.

On the one hand, at point Rmantl it was observed that its
initial category is A; (water that can be treated with
disinfection) and after the accident, it maintained its initial
category. However, it should be noted that the analysis point
of the Rmant1 is upstream, so it has not been significantly
impacted by accident, but it provides a monitoring point for
future comparison.

On the other hand, it was observed at point Rmant2 that
there was a change, as it went from category A, (water that
can be treated with conventional treatment) to category A,
(water that can be treated with advanced treatment). In
addition, it was noted that the content of metals such as
aluminum, arsenic, manganese, copper, iron, and lead
increased and even surpassed the values of water quality



standards and maximum permissible limits defined by D.S.
055-2010-EM of the Ministry of Energy and Mines [22].

Furthermore, it can be seen that the increase in metal
content was only more pronounced at point Rmant2, which,
as indicated in Fig. 2, is downstream of the river under
analysis, which helped us to determine the contamination
produced by the waste slides.

Finally, a comparative graph (Fig. 4) with the six chemical
elements (Aluminum, Arsenic, Manganese, Cooper, Iron and
Lead) was developed, in which the values obtained before and

after the accident are shown for point RMant2, since this is
the area where the variation in content occurred with a higher
average of the values concerning the three scenarios. Finally,
it was observed that the most critical metal contents are
aluminum and iron, which greatly exceed the Maximum
Allowable Limit or MPL; at the same time, all the criteria
were increased and exceeded the proposed limits, except for
the case of Cooper C,, where there was an increase, but the
limits were not exceeded.

30
25
20
15
10
ol
0 -— ity e e = m—
Aluminum Arsenic Manganese Copper Iron Lead
[(62)) (€2) (C3) (C4 (C5) (Co6)
m Average ECA 2,95 0,055 0,417 1,833 2,1 0,03
Before the accident 0,432 0,013 0,295 0,031 1,187 0,039
After the accident 9,498 0,686 1,159 0,294 28,85 0,149
u Average ECA Before the accident After the accident

Fig. 4 Metal content at the RMant2 sampling point

B. About the Methodology

Regarding the Grey Clustering methodology, its usefulness
and versatility against the development of analysis with
limited amounts of data were confirmed. This was particularly
beneficial as the existing results were for two sampling points
that were very well located as these enabled the analysis
before and after the tailings spill into the Mantaro River. This
feature differentiates it from other methodologies that could
have been applied in the study, such as Delphi, Shannon
entropy, and AHP, since the objective of the investigation was
to determine the contamination of the Mantaro River
quantitatively due to the accident that occurred on July 2019.
Some of the advantages of the methodology are described
below.

« Since environmental conflict is a fickle and subjective
social issue, one of the criteria for its evaluation must
be its cost [23]; in this regard, it should be noted that an
approach of the Grey Clustering methodology fully
covers this need since it would have a lower cost than
the statistical approach, as the sample size influences
the research field expense [24].

« Ithas been demonstrated that the predictive accuracy of
the Grey Model is generally superior to that of the
regression model by contrasting the mistakes in the
predictions of both models and the real sightings [20].

o Compared to other methodologies, the theory of Grey
Systems highlights the exploration of those objects that
handle clear expansions and uncertain intent [20].
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IV. CONCLUSIONS

In the case study, two points from Mantaro River, RMant!
and RMant2, were determined as good and moderate-quality
water respectively before the accident, and the point after the
accident, Rmant2 showed a poor quality. In addition, the
information of this study is highly recommended to be made
known to the Peruvian citizens, especially those who reside
or circulate in the affected area, and their local authorities for
them to take the necessary precautions and measures.

Finally, for future studies, it is suggested to analyze each
point of the Mantaro River and show the points where the
accident had more impact on creating some mitigation
technique. This analysis can be done when the respective
authorities display all the results of every point of the Mantaro
River before and after the accident. In addition, the grey
clustering method could be tested on other environmental
accidents.

REFERENCES

A. Delgado, A. Espinoza, P. Quispe, P. Valverde, and C. Carbajal,
“Water quality in areas surrounding mining: Las Bambas, Peru,” Int.
J. Innov. Technol. Explor. Eng., vol. 8, no. 12, pp. 4427-4432, Oct.
2019, doi: 10.35940/ijitee.1.3807.1081219.

R. Gao, K. Zhou, J. Zhang, H. Guo, and Q. Ren, “Research on the
Dynamic Characteristics in the Flocculation Process of Mineral
Processing Tailings,” IEEE Access, vol. 7, pp. 129244-129259, 2019,
doi: 10.1109/ACCESS.2019.2940236.

E. Innocenti, C. Detotto, C. Idda, and D. Prunetti, “Urban, agricultural
and touristic land use patterns: Combining spatial econometrics and
ABM/LUCC,” Apr. 2019, doi: 10.1109/1CoCS.2019.8930776.

L. Cirrincione, M. La Gennusa, C. Marino, A. Nucara, A. Marvuglia,
and G. Peri, “Passive components for reducing environmental impacts

(1]



[10]

[11]

[12]

[13]

of buildings:analysis of an experimental green roof,” in 20th IEEE
Mediterranean Electrotechnical Conference, MELECON 2020 -
Proceedings, Jun. 2020, pp. 494-499, doi:
10.1109/MELECON48756.2020.9140546.

RPP Noticias, “Huancavelica: Fiscalia abrio investigacion a Doe Run
por derrame de relave minero al rio Mantaro,” 2019.

E. Ferreira, M. Brito, R. Balaniuk, M. S. Alvim, and J. A. D. Santos,
“Brazildam: A Benchmark Dataset for Tailings Dam Detection,” in
2020 IEEE Latin American GRSS and ISPRS Remote Sensing
Conference, LAGIRS 2020 - Proceedings, Mar. 2020, pp. 339-344,
doi: 10.1109/LAGIRS48042.2020.9165620.

S. Cao, G. Xue, and E. Yilmaz, “Flexural Behavior of Fiber
Reinforced Cemented Tailings Backfill under Three-Point Bending,”
IEEE  Access, vol. 7, pp. 139317-139328, 2019, doi:
10.1109/ACCESS.2019.2943479.

B. Bieda, K. Grzesik, R. Kozakiewicz, and K. Kossakowska, “Life
Cycle Environmental Assessment of the Production of Rare Earth
Elements from Gold Processing,” in Proceedings of 8th International
Conference on Energy and Environment: Energy Saved Today is Asset
for  Future, CIEM 2017, 2017, pp. 134-137, doi:
10.1109/CIEM.2017.8120854.

Kristina Thygesen, “Impacts of tailings dam failures on biodiversity
and associated ecosystem services,” A4 UNEP rapid response
assessment. United Nations Environment Programme, GRID-Arendal.
2017.

G. Bejarano, M. Jain, A. Ramesh, A. Seetharam, and A. Mishra,
“Predictive Analytics for Smart Water Management in Developing
Regions,” in Proceedings - 2018 IEEE International Conference on
Smart Computing, SMARTCOMP 2018, Jul. 2018, pp. 464-469, doi:
10.1109/SMARTCOMP.2018.00047.

L. L. N. Reeve, “Transboundary pollution in the new legally binding
instrument under the U.N. Convention on the law of the sea: The case
for anthropogenic underwater mnoise,” Oct. 2019, doi:
10.23919/0CEANS40490.2019.8962803.

A. Delgado, B. Ayala, and I. Romero, “Applying grey systems to
assess social impact on a mining project in Peru,” in 2019 IEEE World
Conference on Engineering Education (EDUNINE), Mar. 2019, pp. 1-
5, doi: 10.1109/EDUNINE.2019.8875839.

L. Liu, J. Liu, C. Jiang, and H. Xiao, “Research on data acquisition
method of water quality detection based on revolving door algorithm,”
in Proceedings - 2019 International Conference on Smart Grid and
Electrical Automation, ICSGEA 2019, Aug. 2019, pp. 382-386, doi:
10.1109/ICSGEA.2019.00093.

922

[14]

[15]

[16]

[17]

[24]

S. Yan and Z. Yu, “Application of distinguishable weight based
unascertained measure model in water quality Assessment,” in IET
Conference Publications, 2013, vol. 2013, no. 637 CP, pp. 124-130,
doi: 10.1049/¢cp.2013.2106.

A. Delgado, D. Vriclizar, and E. Medina, “Artificial intelligence
model based on grey systems to assess water quality from Santa river
watershed,” in Proceedings of the 2017 Electronic Congress, E-CON
UNI 2017,2018, vol. 2018-Janua, doi: 10.1109/ECON.2017.8247310.
W. Wang, D. Luo, and W. Mao, “Regional differences of Chinese
environmental protection institutional system’s operation — An
empirical analysis based on hybrid todim method,” Oct. 2017, pp. 14—
14, doi: 10.1109/gsis.2017.8077661.

W. Zhuang, X. Zhao, F. Zhu, J. Liu, and H. Y. Xu, “Application of
water quality evaluation model based on gray correlation analysis and
artificial neural network algorithm,” in Proceedings of 2017 9th
International Conference On Modelling, Identification and Control,
ICMIC 2017, Mar. 2018, vol. 2018-March, pp. 993-997, doi:
10.1109/1CMIC.2017.8321601.

MINAM, “Estandares de Calidad Ambiental (ECA) para Aire y
establecen Disposiciones Complementarias,” E/ Peru., pp. 6-9,2017.
L. Sifeng and L. Yi, Grey Systems, Theory and Applications. Chennai;
India: Springer, 2010.

W. Qin, “A study on real estate price by using probability statistics
theory and grey theory,” in Proceedings - 2019 18th International
Symposium on Distributed Computing and Applications for Business
Engineering and Science, DCABES 2019, Nov. 2019, pp. 153-156,
doi: 10.1109/DCABES48411.2019.00045.

G. Kupalova, N. Goncharenko, and J. Khrutba, “Information and
Analytical Support for Organizing Commodity Flows on the
Environmental and Economic Basis,” in 2019 9th International
Conference on Advanced Computer Information Technologies, ACIT
2019 -  Proceedings, Jun. 2019, pp. 374-379, doi:
10.1109/ACITT.2019.8779976.

Ministerio de Energia y Minas, “DS 055-2010-EM,” 2010.

A. Delgado and I. Romero, “Environmental conflict analysis on a
hydrocarbon exploration project using the Shannon entropy,” in
Proceedings of the 2017 Electronic Congress, E-CON UNI 2017, Jun.
2017, vol. 2018-January, pp. 1-4, doi: 10.1109/ECON.2017.8247309.
M. G. B. Borja, A. Delgado, S. Lescano, and J. E. Luyo, “New
Approach to Develop Knowledge-Based System for Environmental
Conflicts Analysis Using Fuzzy Logic and Grey Systems,” Dec. 2018,
doi: 10.1109/ANDESCON.2018.8564666.





