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Abstract—Mining operations have a significant impact on
environment, where the quality of water is an important affected
issue that needs to be controlled. In that way, the Grey
Clustering Method based on center-point triangular
whitenization weight (CTWEF), is an artificial intelligence
criterion that evaluates water samples according to selected
parameters, in order to realize an effective water quality
assessment. In the present study, the analysis is made on the
Crisnejas River Basin, by using fifteen monitoring points based
on an investigation realized by the National Water Authority
(ANA) in 2019, based on the Peruvian law (ECA) about water
quality standards. The results reveal that almost all of the
monitoring points on the Crisnejas River Basin were classified as
“irrigation of vegetables unrestricted”, but only one point was
classified as “animal drink”, which is ubicated in an urbanized
area. This implies that mining discharges are being well treated
by the company, but another deal is the contamination generated
in towns. Further, the present study might be helpful to audit
processes made by the state or companies, to justify the quality of
surface waters using a more accurate methodology.

Keywords—Grey clustering method; mining company; water
quality; artificial intelligence

I.  INTRODUCTION

Yanacocha is a well-known mining district in Cajamarca,
Pert, characterized by an extensive disseminated gold
mineralization [1]. Therefore, the operations and processes
used to obtain this metal have an important environmental
impact over superficial waters like rivers, which are an
important source for people, livestock and plantations [2].
Consequently, there is a necessity to analyze the water quality
to assure that concentrations of diverse contaminants are in the
range of permitted limits.

For this reason, the need of using a grey clustering
evaluation method is proposed, as used in other superficial
water quality analysis for rivers [3] [4]. The method is based on
grey systems theory, which overcomes the problem about the
lack of information of evaluated objects [5]. Also, there is an
importance in determining the whitenization weight function;
and in that way, the center-point triangular weight function
(CTWEF) is applied [6].

Yanacocha is located in Cajamarca at 3600 m.a.s.l., in the
northern part of Perd. In addition, is at the top of the Crisnejas
River Basin [7], which delivers a watershed system

downstream the rivers that cross the city of Cajamarca and
communities that live nearby dedicated to livestock [8]. So, the
transportation agents are rivers, that depending of their shape,
flow rate, width, drainage area and topography, reduce or
concentrate a varied record of contaminants.

For the study, we used 15 monitoring points taken from
field by ANA [7], and Peruvian law [9]. In that way, the
specific objective was to redefine a more accurate classification
based on grey clustering, applied to the Crisnejas River Basin,
were the results obtained using this methodology determine the
grade of negative impact of upstream mining. Furthermore, this
study can help people that live along the watershed to have
more control over water management.

The structure used for the study is developed as follow:
literature review, methodology of the grey clustering system,
case of study, results — discussion and conclusions.

1. LITERATURE REVIEW

Grey Systems focuses on the effective processing of
available data, in order to deal with the uncertainty, they
present. In this way it is necessary to lay a firm methodological
foundation for the scientific paper since water quality
monitoring and assessment is highly influenced by uncertainty
[10]. Other paper about the quality of the Rio Cau provided a
way to characterize a river in order to analyze the decision-
making process. Furthermore, the Crisnejas River Basin
assessment can serve as a model for other mining projects in
terms of water resource management [11].

In “The Use of Grey Systems Theory to Analyze the Water
Supply Systems Safety”, the use of the grey clustering method
based on the grey systems theory is made to evaluate water
quality with artificial intelligence criteria. This is due to the
fact that in other papers, the limitations of data collection for
water supply companies in order to extend the analysis of the
matrix, risk in water safety plans [12]. The evaluation uses the
monitoring offered published by the National Water Authority
(ANA) and the parameters established by MINAM-Peru (DS
N° 015-2015), which will be taken into account for this work.
The study will focus on the evaluation of the quality of the
Santa River and how it can be used for the consumption of the
population through different types of water treatment. On the
contrary, our study will focus on the management of the water
resources of the Yanacocha mine based on the evaluation of
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the water quality of the Crisnejas River Basin with the purpose
of being a model for the current and future mining projects
nearby [5].

“Water Quality Assessment using the Grey Clustering
Analysis on a river of Taxco, Mexico” is a research which
evaluates the impact of wastewater from a mine on a river in
Taxco (Mexico) and how it has been impacted by the mining
activity. For this reason, the grey clustering classification
method was used to evaluate water samples in 4 different
points. Also, this work shows how the proximity to the mining
operation impact in the degree of contamination. Another study
which is similar as the latter, is “Water Quality in Areas
Surrounding Mining: Las Bambas, Peru” which used the Grey
Clustering Method in order to evaluate the impact in the area
that includes the Challhuahuacho and Ferrobamba rivers where
the las Bambas mine operate [13]. This information is
important to stablish the relationship between mining and
water pollution, which is decisive because in the present study
case the Crisnejas River is close to mining operations [14].

In the article “Water Quality Assessment of the Mining-
Impacted Elqui River Basin, Chile” [15], the water quality
assessment is done by using multivariate data analysis to
characterize the main impacts (mining, agriculture and
hydrothermal pollution) on Elqui River in Chile. Also, the use
of factorial indices like mining pollution and salinization help
to highlight and identify the sections of the river that were
more influenced. For the study, this will be useful to consider
some statistical methods like principal component analysis,
determine the threats for the Crisnejas River Basin.

According to the paper “Hydrochemical evaluation of the
influences of mining activities on river water chemistry in
central northern Mongolia” [16], different concentrations of
studied parameters give information about the setting of
potential environmental activities, like mining and erosion
processes. In the present work, a similar situation is studied by
analyzing a river basin that is connected at the top of the
watershed with a mine, and downhill with agriculture and
livestock zones.

Additionally, the article “Finding water quality trend
patterns using time series clustering: A case study” [17],
explains the use of time series clustering to find time quality
trend patterns in Zhejiang Province, China. In that way, there
can be analyzed geographically distant regions, which may
present similar patterns according to certain physicochemical
parameters. As a result, finding root causes of water pollution,
by anthropogenic factors would be more identifiable.

I1l. METHODOLOGY

Grey System theory is a methodology used in studies with
small samples or lack of information. The grey clustering
evaluation method based on CCTWF is used in evaluation of
water qualities as used in previous studies [18].

A. First Step: Setting of Central Points

The central points are calculated by using a standard rule
for water as delimitation points. Consequently, the need to
convert the ranges into three Grey Classes (L1, A2 and A3) used
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in Peruvian regulation, makes important to calculate central
points as averages and limits.

B. Second Step: Nondimensional Convertion

Converting original values to non-dimensional values is
necessary for both standards and monitoring points. Then, they
follow a matrix arrangement: Z = {Z;;; i = 1,2,..,m; j =
1,2,..,n}, and for each criterion C; (j = 1,2,..,n). The
nondimensional conversion is calculated using (1).

— _Zi
Pi. - Z?:lzl‘]‘ (l)
C. Third Step: Set the Grey Functions or Triangular

Functions

The functions will be defined under the parameters
established in previous step using Grey System functions (as
shown in Fig. 1).
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Fig. 1. CTWF Representation.

According to the categories assigned to each function, those
established in the Peruvian DS were applied, which are the
following:

y= fjl = Al = water for unrestricted vegetable irrigation

y= sz = A2 = water for restricted vegetable irrigation

y= fj3 = A3 = water for animal drinking

Under these conditions the functions are as shown in (2) — (4).
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D. Fourth Step: Determination of the Weight for each
Criterion
In this step the clustering weight of the grey class

parameters will be determined using the harmonic mean
method expressed in (5).

=
2k
k _
nj — gn ! 1 (5)
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E. Fifth Step: Determination of the Clustering Coefficient

Next step is to calculate the clustering coefficient for each
monitoring point i, i =1,2,...,m , using (6), and their
corresponding grey class k, k = 1,2,3.

af = Xjos i (xij)-my (6)

Where f]-"(xij) the value from the CTWF and n; is the
weigth for each parameter.

F. Sixth Step: Determination of the Max Coefficient

Finally, to determine the category for each monitoring point
using the maximum value of coefficient, (7) will be applied.

max;<x<s{o¥} = {a}} (7

IV. CASE STUDY

The analysis of superficial water quality was carried out in
the Cuenca Crisnejas - Subcuenca Cajamarquino - ALA
Cajamarca, located at the northern part of PerG [7]. Therefore,
the closeness and influence of the watershed with Minera
Yanacocha Project is important to be analysed. Furthermore,
three principal rivers were considered for the study: river
Mashcon, river Chonta and river Cajamarquino.

A. Definition of Objects Study

~ The study conducted by the “ALA Cajamarca” and the
“Area Técnica de la Autoridad Administrativa del Agua V1
Marafion”, considered thirty monitoring points along the
watershed. However, for the study we took only fifteen
monitoring points (as shown in Table 1), as they were
considered to be strategically located (see Fig. 2).

B. Definition of Evaluation Criteria

The evaluation criteria used for the present study is
determined by water quality parameters according to the the
study made by “ALA Cajamarca” and the “Area Técnica de la
Autoridad Administrativa del Agua V1 Marafion” (shown in
Table 1I). In addition, the criterions selected are chemically
correlated to the type of deposit of Minera Yanacocha, which is
a High Sulphidation Epithermal gold deposit.

C. Definition of Grey Classes

The definition of Grey Classes was based on the criterions
of ECA 2017 (Table I1I) [9]. The analysis was made for
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Category 3: Watering of vegetables and drink for animals,
because Minera Yanacocha treats its waters for agriculture and
livestock. In this study it is taken into account that “not
restricted” irrigation values are more rigorous than the
“restricted” irrigation water, and even more than “drink for
animals”. Therefore, each category corresponds to A1, A2 and
A3 as it corresponds from the highest, towards the lowest water
quality.

TABLE I. SELECTED MONITORING POINTS
Point Code Coordinates (UTM WGS 84)
East North
1 RQuill 766920 9220901
2 RQuil2 767783 9216458
3 RRong2 772043 9208237
4 RMash1 773157 9212710
5 RMash2 778523 9207039
6 RPorcl 771112 9214183
7 LMamal 796178 9226257
8 MVentl 787251 9222367
9 RChonl 787130 9216458
10 QHierl 789525 9227548
11 QArnal 780689 9227007
12 QChaql 780760 9224459
13 RCajal 798143 9193896
14 RQuinl 797025 9213249
15 QChull 796890 9213344
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Fig. 2. Map of Study.
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TABLEIL.  NOTATION OF CRITERIONS order to obtain the functions that will be used to evaluate all
Criterion Units Notation the monitoring points. It is presented the functions of the
oD mg 0L o1 dissolved oxygen parameter (OD) and in the same way the
other parameters will be developed.
pH 1-14 c2
1,x € [0,0.889]
DBO5 mg/L C3 L 1—x
DQO mg/L C4 fer = 1—osss’ X €< 0.889,1> ®)
Al mg/L. cs 0,x €[1,+00 >
Fe mg/L Cc6 X089 €< 0.889,1 >
1-0.889
2 _ 1.111-
Mn mg/L cr fé = — x e [1,1.111 > )
Thermotolerant Coliforms NMP/100mL C8 v
0,x €[0,0.889] U [1.111, 4+ >
Esterichia Coli NMP/100mL Cc9 1
x—
As mg/L c10 i ———,x €< 1,1111 >
Pb mg/L c11 fCl = 1,x € [1111,+00 > (10)
0,x € [0,1]
TABLE Ill.  ORIGINAL CRITERIONS FOR GREY CLASSES
TABLE IV. MODIFIED CRITERIONS FOR GREY CLASSES
Quiality Index Condition - —
Quality Index Condition
Parameters Irrigation of Irrigation of - — —
vegetables vegetables An_lmal Parameters Irrigation of Irrigation of _ )
not restricted restricted Drink vegetables vegetables Animal Drink
not restricted restricted
OD (mg/L) >4 >5
C1 4 45 5
pH (1-14) 6.5-8.5 8.4
c2 6.5 7.45 8.4
DBO; (mg/L) 15 15
C3 10 125 15
DQO (mg/L) 40 40
c4 30 35 40
Al (mg/L) 5 5
C5 3 4 5
Fe (mg/L) 5 -
C6 3 4 5
Mn (mg/L) 0.2 0.2
c7 0.1 0.15 0.2
Thermotolerant
Coliforms 1000 2000 1000 c8 1000 1500 2000
(NMP/100mL) co 500 750 1000
Esterichia Coli 1000 ) )
(NMP/100mL) C10 0.1 0.15 0.2
As (mg/L) 0.1 0.2 Cl1 0.003 0.004 0.005
Pb (mg/L) 0.05 0.05
TABLE V. NON — DIMENSIONAL STANDARD VALUES
D. Calculations by using CTWF Method - —
] . . . Quality Index Condition
1) First step: Setting of central points: In this step, some | Codes
. i a2 3
adjustments are necessary to be made, to create standards for
diverse classes (Table IV). For example, take the higher and | 1 0.889 1.000 1.111
lower value to calculate the average as a medium index. c2 0.872 1.000 1.128
2) Second step: Non — dimensional conversion: c3 0.800 1.000 1.200
e Standard Values: For each criterion, and considering the c4 0.857 1.000 1.143
three Grey Classes, it is calculated an average. Then, cs 0.750 1.000 1.250
the new nondimensional standard value is the result of o6 0750 1000 1250
dividing the original value by the average (Table V). : : '
L i . c7 0.667 1.000 1.333
e Monitoring Points: Using each average calculated
above, the new non-dimensional monitoring point | ©& 0.667 1.000 1.333
value, is the result of dividing the original value by the c9 0.667 1.000 1.333
average (Table V). c10 0.667 1.000 1.333
3) Third step: The values (A1, A2, A3) of each type of cu 0.750 1.000 1.250
variable (pH, OD and more) are substituted in (8) — (10) in
560 |Page
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TABLE VI.  NON — DIMENSIONAL MONITORING POINTS VALUES

Code Quality Index Condition

C1 Cc2 C3 C4 C5 C6 Cc7 Cc8 C9 C10 Cl1
Gl 1.538 0.787 0.160 1.114 0.033 0.053 0.130 0.001 0.002 0.000 0.050
G2 1.607 1.000 0.160 0.486 0.499 0.487 1.924 2.333 2.267 0.007 0.250
G3 1.591 1.164 0.160 0.286 0.117 0.101 0.130 0.307 0.227 0.003 0.100
G4 1.669 1.050 0.160 0.057 0.424 0.323 1.029 0.733 0.440 0.006 0.275
G5 1.396 1.126 1.360 2.486 3.178 3.365 3.769 73.333 9.333 0.081 0.710
G6 1.573 1.066 0.160 0.514 1.035 0.845 1.967 0.867 0.653 0.009 0.375
G7 1.218 0.728 0.160 0.000 0.033 0.293 0.104 0.001 0.002 0.014 0.050
G8 1.060 1.031 0.160 0.086 0.001 0.000 0.000 0.001 0.003 0.000 0.05
G9 1.616 1.114 0.160 0.286 0.156 0.152 0.392 1.133 1.467 0.011 0.175
G10 1.551 1.150 0.160 1.457 0.015 0.024 0.075 0.042 0.061 0.008 0.050
G1l1 1.460 0.580 0.320 0.571 0.276 0.456 0.066 0.003 0.003 0.051 0.050
G12 1.549 0.830 0.400 0.200 0.162 0.078 0.241 0.001 0.002 0.038 0.600
G13 1.549 1.111 0.160 0.343 0.757 0.721 1.347 7.333 0.009 0.017 0.550
G14 1.633 1.153 0.160 0.514 0.050 0.056 0.118 0.047 0.061 0.004 0.050
G15 1.551 1.122 0.160 0.286 0.052 0.064 0.062 0.187 0.293 0.000 0.050

The following tables present the evaluation of the
parameters in the monitoring points established at the
beginning. In Table VII, the non-dimensional values are
shown.

4) Fourth step: As already mentioned in the methodology,
below (Table VIII) are the weights for each parameter using
the harmonic mean method through (5).

5) Fifth step: The clustering coefficient was calculated
using (6). Table IX shows the results for each parameter.

6) Sixth Step: Finally, the highest value of the clustering
coefficients for each point is chosen, then it determines the
grey class which it belongs (7). For each point, the results are
shown in Table X.

TABLE VII. PARAMETERS EVALUATED AT ALL MONITORING POINTS
Code Egs. c1 c2 C3 c4 C5 ol
f1(x) 0 1 1 0 1 1
RQuill 2 (x) 0 0 0 0.20 0 0
3 (x) 1 0 0 0.79 0 0
f1(x) 0 0 1 1 1 1
RQuil2 2 (x) 0 1 0 0 0 0
3 (x) 1 0 0 0 0 0
f1(x) 0 0 1 1 1 1
RRong2 2 (x) 0 0 0 0 0 0
3 (x) 0 1 0 0 0 0
f1(x) 0 0 1 1 1 1
RMash1 2 (x) 0 0.61 0 0 0 0
3 (x) 1 0.39 0 0 0 0
f1 (x) 0 0 0 0 0 0
RMash2 2 (x) 0 0.02 0 0 0 0
3 (x) 1 0.98 1 1 1 1
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Weight A A2 A3

C1 0.077 0.091 0.101

c2 0.078 0.091 0.100

C3 0.085 0.091 0.094

c4 0.079 0.091 0.098

C5 0.091 0.091 0.090

Cé 0.091 0.091 0.090

c7 0.102 0.091 0.084

Cc8 0.102 0.091 0.084

C9 0.102 0.091 0.084

C10 0.102 0.091 0.084

c1u1 0.091 0.091 0.090

TABLE IX.  CLUSTERING COEFFICIENT

Points A A2 23

G1 0.844 0.018 0.180

G2 0.539 0.091 0.354

G3 0.818 0.000 0.100

G4 0.723 0.156 0.147

G5 0.102 0.001 0.914

G6 0.557 0.211 0.250

G7 0.844 0.000 0.101

G8 0.845 0.111 0.079

G9 0.641 0.064 0.308

G10 0.766 0.000 0.299

G11 0.844 0.000 0.200

G12 0.923 0.000 0.101

G13 0.639 0.015 0.356

G14 0.845 0.000 0.201

G15 0.845 0.004 0.196
TABLE X. VALUE OF MAX. CLUSTERING COEFFICIENT

Points Max-Coef Category

G1 0.8439 Al

G2 0.5389 Al

G3 0.8181 Al

G4 0.7230 Al

G5 0.9140 A3

G6 0.5565 Al

G7 0.8439 Al

G8 0.8453 Al

G9 0.6411 Al

G10 0.7659 Al

G11 0.8439 Al

G12 0.9234 Al

G13 0.6385 Al

G14 0.8453 Al

G15 0.8453 Al

www.ijacsa.thesai.org
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V. RESULTS AND DISCUSSION

A. About the Case Study

In this report, grey clustering was used to classify the
different monitoring points taken by ANA during 5 to 10 April,
2019. They were classified according to Peruvian legislation in
the ECA — Category 3, “Irrigation of vegetables and animal
drink” which is divided from more towards less rigorous: Al,
A2 and A3.

Table X indicates the classification of each monitoring
according to the category assigned. It is observed that 14 points
belong to the category of water for “unrestricted irrigation”,
which allows its use for irrigation of food crops that can be in
direct contact with water and that can be consumed raw. On the
other hand, one monitoring point (G5) belongs to “animal
drinking” waters used for drinking by large animals such as
cattle, horses or camelids, and for smaller animals such as pigs,
sheep, goats, guinea pigs, birds and rabbits.

Fig. 3 shows that most of the monitoring points, even the
ones that are close to the mines, present good water quality
with few physicochemical variations, pH, etc. However, further
downstream the point G5 is a monitoring point from Mashcon
River located near to an urbanized area, and has low water
quality because of the impact of direct sewage discharges.
Besides, it can be verified by observing its high COD value
[19].

B. About the Methodology

By way of comparison, the method used considers the
uncertainty in its analysis unlike other methods that do not
include it in their development. For example: Delphi or the
Analytic Hierarchy Process (AHP). This is considered
important in the study topic since the degrees of evaluation
develop accuracy and decrease the uncertainty.

One of the advantages of using grey clustering is the
simplicity of mathematical modeling, as beyond the results are
more simple to understand the entire process (using the CTWF)
[20]. In addition, the application of weights by means of the
harmonic mean method makes the study more straightforward
and uncomplicated. Additionally, the method is very useful,
since it allows to classify and weight the data of the sample.

On the other hand, the development of the principal issue is
subjected to the legislation of the country (which may or may
not be well defined), in which was determined to carry out the
study. And that is why the variability presented by this method
is disadvantageous if it is to be compared with other studies.

100.00%
80.00%
60.00%
40.00%
20.00%

0.00%

VALUEY

Al A3

Fig. 3. Comparison of Monitoring Points according to their Categories.
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Finally, the subject of study develops real problems that in
its absence are always altered or are very changeable within the
environment. That is where decisions will have to be made
about negative anomalies detected under a dynamic process
over time [21]. However, Grey Clustering is an effective
methodology for environmental impact studies on surface
water qualities [22][23].

VI. CONCLUSION

From the results obtained in the present study, it can be
determined that in general there is good water quality in all
areas, except in one point. This monitoring point is located in
the urbanized area and is polluted due to sewage. On the other
hand, although monitoring points related to the Yanacocha
mine were taken into account, the results show that they are
qualified waters that can be used for food consumption that is
consumed raw.

With regard to the method used for this research, the Grey
Clustering Method is one of the most effective options for
classifying water monitoring points based on the information
provided by the National Water Authority (ANA) and the
parameters (ECA) established in Peruvian legislation.
Unfortunately, the information only provides with values with
no well stablished parameters and limits. Even though the
samples taken lack of certainty, the method considers that flaw
and mitigate it. On the other hand, the mathematical advantage
of carrying out the study was seen, due to the fact that it is
simple to apply triangular functions and to use the harmonic
mean to establish the weights of the parameters. However, it is
not efficient to use the Excel software to carry out such
calculations required by this method, that is why a
programming software should be used or without going so far
as to use the Visual Basic that comes included in Excel.

Although the results indicate that water resource
management is being carried out efficiently, with this study
only random points belonging to the Crisnejas River Basin
have been monitored. For this reason, it is proposed to carry
out other investigations taking into account the discharge
points of the Yanacocha mine in order to verify that the
maximum permissible discharge limits are being accomplished.
This is suggested because there is a possibility of dilution of
pollutants by other effluents that when they converge with
effluents directly affected by the Yanacocha mine; do not
really reflect the problematic of water quality.

In addition, other studies of this area could be carried out
using other methods similar to grey clustering in order to
obtain another perspective and corroborate the results.
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