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Abstract:



Concentrations of seven heavy metals (Cd, Cr, Cu, Hg, Ni, Pb, and Zn) and one metalloid (As) as well as various parameters (pH, organic carbon, granulometric analysis and cation exchange capacity) were analyzed in 77 soil samples collected in the mining areas of La Zanja and Colquirrumi (Department of Cajamarca) and Julcani (Department of Huancavelica). Our study proposed geochemical baseline values for heavy metals in a natural region (La Zanja) from samples collected during the period of the environmental impact study (2006), that is, from an earlier period which occurred at the beginning of the exploitation of the current gold mine. The baseline values obtained were as follows: 8.26 mg·kg−1 for Cr; 56.97 mg·kg−1 for Ni; 22, 20 mg·kg−1 for the Cu; 47.42 mg·kg−1 for Zn; 27.50 mg·kg−1 for As; 4.36 mg·kg−1 for Cd; 4.89 mg·kg−1 for Hg, and 44.87 mg·kg−1 for Pb. Through the use of different indices of heavy metal contamination (geo-accumulation index (Igeo), improved Nemerow index (IIN) and potential ecological risk index (RI)), the degree of pollution caused by mining activities in two areas, Colquirrumi and Julcani, which have a high density of mining sites in operation, was determined. The values obtained from these indices indicated that the Colquirrumi region was the most contaminated, followed by Julcani. The area of La Zanja, despite being free of mining operations, presented slight diffuse pollution. Several positive correlations were obtained, with a high level of significance, between pH, organic carbon content, cation exchange capacity, and the Cr, Pb and Ni concentrations of the soils. The spatial distribution of the heavy metals was realized by means of the interpolation method of ordinary kriging. The results obtained and the experience gained in this work were necessary to facilitate the identification of soil contamination processes in high altitude areas of the Andes Western Cordillera (Peru) as a basis for taking appropriate measures when restoring soils, during mine closure processes, and to protect the quality of soil resources.
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1. Introduction


Heavy metals in soils have been identified as essential components of the environment and the food chain and as important factors inhuman health [1,2,3,4,5,6]. The term geochemical baseline—officially presented in 1993 under the International Geological Correlation Program as the Global Geochemical Baselines—refers to the natural variation in the concentration of an element in the surface environment, at a determined place and time. This concept includes natural geographic concentrations (background level) and the diffuse anthropogenic contribution in soils.



Background level is a measure that is used to differentiate between the concentration of the natural compound and the concentrations with an anthropogenic influence in a given environmental sample [7,8]. The concentrations of heavy metals in the natural soil background depend on the geological substrates and the processes that form the soils [9,10]. Rocks have a large influence on the content of heavy metals in soils, with concentrations sometimes above critical values [11]. However, it is almost impossible to establish natural background levels, i.e., the geochemical composition of virgin soils, since atmospheric deposition can contaminate soils with certain trace elements [12,13]. The calculation of the geochemical baseline is therefore more useful, since it represents conditions where a certain human impact on the environment already exists [14,15,16]. The soil compartment receives significant amounts of contaminants from different sources each year. Therefore, this compartment acts as a sink for a wide variety of emissions comprising several heavy metals, some of which are toxic. Sources of heavy metals in the environment include aerial deposition of particles emitted by different human activities, including mining.



The calculation of environmental geochemical baselines is necessary to assess the current state of the environment and to provide guidelines and quality standards in environmental legislation and policy-making, especially in the evaluation of contaminated soils and in environmental risk assessment [17]. Numerous studies have been carried out in different regions worldwide to estimate the geochemical background concentration and the baseline of heavy metals, and there are two main methods used to estimate the background level: direct (geochemical), and indirect (statistical). In this study, we followed the direct method, which uses samples not affected by industrial or mining activities, or samples from relatively pristine sites. This method generally uses simple statistical values, such as the median or the mean, to estimate background concentrations [18,19]. A geochemical baseline should be determined separately for each heavy metal in geologically different regions, otherwise the limit values for contaminated soils may be lower than the natural concentrations (background levels) calculated for an extensive area [20]. As a result, the soil trace element content is very variable, which makes the use of normative values of environmental legislation of other countries or regions inappropriate, as they must be determined locally. Currently, published studies that have determined the concentrations and patterns of spatial distribution of heavy metals in soils located at high altitudes in the Peruvian Andes are extremely limited.



The analysis of the environmental impacts of a mining activity is made through the difference between the situation of the environment before the activity was conducted, and after the development and cessation of mining activity. The investigation of the baseline of a territory represents a measure of the geochemical variations of its surface formations (rocks and soils) and is considered of great interest, not only from a scientific and mining point of view, but also constitutes a very important tool for environmental planning, environmental health, and sustainable development policies worldwide [21]. If an exploration campaign is successful (i.e., the location of an economic mineralized body has been discovered), at that time, the mining company must begin an investigation of the environmental baseline. This allows the development of a frame of reference to be able to properly control the environmental changes generated during and after the mining activity. To do this, baseline research has to be conducted before the activity in question has significantly affected the environment. This was the case of our study of the mining project of La Zanja (Cajamarca), which was carried out in 2006, during the period of the Environmental Impact Study and prior to the beginning of mineral extraction.



The first step in a baseline study is to define the thresholds of toxicity for the different pollutants, where the normal values of potentially polluting substances present in natural soils without human influence (known as the background level) are calculated, which corresponds to the normal value of an element in a given environment [22,23]. The calculation of the background level is often a complicated task since soils without any type of contamination are almost impossible to find due to atmospheric deposition of long distance trace elements and human activity [19]. Given these difficulties, the baseline values should show an average value and a range of concentrations of heavy metals for a specific area and at a specific time, as well as considering the diffuse entry of these elements into soils [24]. The value of the baseline should correspond to a statistically significant deviation from the addition to the arithmetic or geometric mean twice the value of the standard deviation for each element studied [25]. From the identification of the geochemical baseline values of a region, soil quality standards can be established (e.g., reference and intervention levels). The current methodology for assessing environmental quality through the content of metalloid and heavy metals in the soil includes the calculation of several pollution indices such as they geo-accumulation index (Igeo), the potential ecological risk index (RI), the improved Nemerow index (IIN), etc., of the surface horizons of soils.



In this study, a geostatistical approach was adopted to calculate the spatial distribution of the geochemical anomalies of this region of the Peruvian Andes, specifically, the spatial distribution of the concentrations of seven heavy metals and one metalloid (Cu, Zn, Pb, Cr, Cd, Ni, As, and Hg) in soils using the Inverse Distance Weighting (IDW) and ordinary Kriging interpolation methods [26]. The spatial variability of heavy metal concentrations in soils contains basic information used to identify possible sources of contamination [27], to control and evaluate environmental risks [28], and outline the remediation strategies of the place. Considering the cost of extensive and repeated soil sampling and analysis is impractical and mapping with the spatial distribution of soil contamination requires spatial interpolation methods; consequently, interpolation techniques such as kriging are widely used in the investigation of contaminated soils [29,30,31].



Studies of soil contamination by heavy metals need to focus on identifying areas with a high risk of contamination. Samples from these types of areas usually have atypical spatial values at the local level [32]. The fundamental pollution problems (natural and/or anthropic) in the watersheds studied in Cajamarca and Huancavelica (Peru) are mainly derived from the removal of heavy metals from alteration zones and mining operations located at high altitude. During the rainy season, these materials go directly to the lower agricultural valleys and to the main river flows of this region. Therefore, it was considered necessary to conduct a heavy metal investigation, both in the soils and in the surface waters of these mining areas to provide baseline information on the impact of anthropogenic environmental pollution. Furthermore, the generation of acidic waters has been recognized as an important problem of environmental pollution in the last three decades [33].



The main objective of this study was: (1) to analyze the concentrations of eight heavy metals (Cr, Ni, Zn, Cu, Pb, As, Cd, and Hg) to calculate the background level in three mining areas of the provinces of Cajamarca and Huancavelica (La Zanja, Colquirrumi and Julcani) and calculate the geochemical baseline in La Zanja; (2) for purposes of comparison, to calculate several indices of heavy metal contamination (Igeo, IIN, and RI) in the superficial horizons of soils; (3) to obtain geochemical maps revealing the degree of contamination of soils by heavy metals; and (4) to evaluate the correlations between heavy metal concentrations and soil properties (pH, organic carbon, cation exchange capacity, etc.). This environmental research study aimed to understand the influence of mining activity on the environmental contamination of high altitude areas within the provinces of Cajamarca (3200–3900 m) and Huancavelica (4100–4400 m) in the Western Cordillera de Los Andes (Peru). The results of this study will contribute to the creation of an environmental database of the soils and waters of the Cajamarca and Huancavelica regions (Peru), which will provide the authorities with monitoring data on the pollution caused by mining activities and will assist in the development of appropriate management strategies to control the contamination of heavy metals in soils and waters.




2. Materials and Methods


2.1. Study Area


The department of Cajamarca is in the extreme north of Peru, in the northern zone of the Western Cordillera de los Andes. It is limited in the North with the neighboring country of Ecuador, the South with the Department La Libertad, the East with the Department of Amazonas, and the West with the Departments Piura and Lambayeque (Figure 1). The most important border of the Department of Cajamarca is marked towards the east by the river basin of the Marañón that separates it from the Department of Amazonas.


Figure 1. Situation of the study area: Cajamarca and Huancavelica.
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The mining site of Colquirrumi is in the district of Hualgáyoc (Cajamarca), 88 km north of the city of Cajamarca and south-west of the district of Bambamarca. The La Zanja Project is in the village of La Zanja (also called La Redonda), in the district of Pulán, Province of Santa Cruz de Succhabamba, Department of Cajamarca. The Department of Huancavelica is in the south-central zone of the Western Cordillera of the Andes. It has borders in the North with the Department of Junín, in the East with Ayacucho, the South with the Departments of Ica and Ayacucho, and in the West with Ica and Lima. The mining site of Julcani is in Angaraes Province (Huancavelica), District of Cochaccasa.



The Departments of Cajamarca and Huancavelica are located at high altitudes above sea level (between 3200–4400 m), with very rainy climates (between 800–1300 mm) and cold temperatures (average temperature of the year between 5–13 °C), with an evapotranspiration between 900–1140 mm. The climate is sub-humid, with seasonal rains and frequent periods of drought. Seasons of intense rain occur between the months of November and April. In the upper parts of the mountain range, temperatures drop below 0 °C.



From a geological perspective, the mining area of Colquirrumi-Sinchao is constituted by folded sedimentary rocks from the Cretaceous period that have been improved by stocks, dykes and sills composed of diorite and granodiorite of the Miocene Half-Superior. All these bodies are located within a NW-SE regional course that includes the well-known mineral deposits of Colquirrumi, Hualgayoc, San Agustín, Shinchao, Constancia, Cerro San José, Cerro Corona, Minas Congas, Galeno, Michiquillay-Lambayeque, Mansita, San Agustín, Tres Cruces, etc.



The mineral deposits of the Hualgáyoc district are of different types: veins, mantles, bodies and porphyries with disseminated mineralization, and in stockwork which contain complex ores of Ag-Zn-Pb (Colquirrumi) and Cu-Ag-Au-Zn (Sinchao) from meso to epithermal. The Colquirrumi-Sinchao deposit is a replacement in the form of limestone and sandstones, which are covered with volcanic materials. Towards the NE appears a stock of medium-fine grain diorite and quartz-diorite porphyries. The igneous activity continues with the location of dacite domes and volcanic rhyolites and/or dacites that partially cover the other units. The final phase consists of rhyolitic dikes that cut epithermal mineralization. The ore is composed of chalcopyrite, tetrahedrite, galena, sphalerite and as gangue pyrite, quartz, chalcedony, and iron oxides [34,35]. In Hualgayoc and Julcani, there have been clearings, dumps and other liabilities as a result of decades of past mining that are currently unrecovered.



In the deposit of the Zanja are rocks of volcanoclastic origin, consisting of a sequence of tuffs, tuffs and lavas, of andesitic, dacitic, and rhyolitic nature, belonging to the Llama, Porculla and Volcanic Huambo formations (Figure 2). The geological ages of these rocks vary from the Upper Eocene to the Upper Miocene and Late Pliocene. Near the project area, there are also subvolcanic bodies associated with a volcanic-magmatic event contemporaneous with pyroclastic deposits. Cretaceous sedimentary rocks belonging to the Goyllarisquizga group, strongly folded and faulted, are in an inward position and discordant to previous sequences. On the volcanoclastic sequence, and influenced by the subvolcanic bodies, minerals of economic value (Au and Ag) have been identified, as was the case of San Pedro Sur and Pampa Verde, which corresponded to epithermal processes of high sulfidation. This type of deposit is characterized by a clearly zoned hydrothermal alteration, with the presence of silicification in the central part and a gradation to argillic rocks (quartz-alunite-dickite, quartz-kaolinite, and illite-smectite-kaolinite-sericite) towards the edges.


Figure 2. Geological context and mining areas with clearing of Colquirrumi (A); clearing of the Maruja, Tres Mosqueteros, Constanza and Cleopatra mines in La Zanja (B); and Julcani clearing in the Tingo creek (C).
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The studied area of Julcani was geologically formed by a series of sedimentary rocks of Paleozoic-Mesozoic age including: (1) phyllites and sandstones of lower Devonian age (Excelsior Group), where these rocks are strongly deformed in syncline folds and anticline orientations NW; (2) a sequence of conglomerates, sandstones and shales, known as red layers (Mitu Group) that overlie, in erosive discordance, the metamorphosed and folded rocks of the Excelsior Group from the Permian period; (3) limestones and sandstones (Pucará Group) that usually contain abundant chert from the Triassic-Jurassic age; and (4) a volcanic sequence that occurred in the surroundings of Julcani comprised of dacites to rhyolites in a grouping of volcanic centers orientation WNW-ESE (Julcani Formation), and these volcanic materials have been dated to 10.4 Ma (upper Miocene).



In Julcani, deposits of economic value have been identified (including Au, Ag and polymetals, Cu, Pb) in mineralization located and genetically related to the Julcani volcanic center, which comprises a grouping of volcanic dacitic centers to the WNW-ESE, composed of pyroclastic rocks, lavas, endogenous domes and dikes. It is a filonian type deposit of fracture fillings with metallic content of Ag, Pb, Cu in the form of a system of irregular veins with bonanza bodies and gaps placed in pyroclastic rocks of the Julcani Formation. Most deposits in this mining district are within a volcanic sequence (Miocene), among them we have the following mines: Herminia, Mimosa, Sacramento, Estela, Temtadora, Nuestra Señora del Carmen, Rita, Achillia, etc. Another mineralized zone is of phyllites (Lower Devonian), where the mines are the Pucará, Bernabé and Contaglapampa [36].




2.2. Soil Samples and Analysis


The morphological inventory and the sampling of the soils has been realized by considering all units of soils that have been developed based on different types of rocks that exist in this territory. Thus, the selection of sampling points of the soil profiles has been based on lithological criterion, since in natural soils, the heavy metals present are inherited directly from the parent rock. In addition, the content of heavy metals (Pb, Cu, Zn, Ni, Cd, As, Hg, and Cr) produced by primary dispersion caused by the mineralization of the parent rock (background level) has been characterized, independently of that produced for mining activity, for this purpose, all horizons (A- and B- and subsurface-C or R-) of the soils were sampled. The sampling strategy focused specifically on the surface horizons (A and B) and deep or bedrock (C or R); the latter being unlikely to be contaminated by atmospheric deposition.



Four sub-samples of replicate soils were randomly collected at each sampling point within a 1.5 m × 1.5 m grid and mixed to obtain a composite sample of about 750 g in weight. In this study, a total of 77 soil samples were collected (77 × 4 subsamples = 308). Samples were air-dried and sieved through a 2 mm mesh. The determination of the physical and chemical properties was carried out as per traditional methods of soil analysis: organic matter by oxidation with potassium dichromate, granulometric analysis using the Robinson pipette method, pH (water 1:1) and capacity cation exchange (CEC) using the ammonium acetate method. The total contents of heavy metals in soil were analyzed as per the procedure recommended by the European Union International Organization for Standardization (ISO) standard 11466. Extraction was performed with a mixture of nitric acid and hydrochloric acid in a microwave oven, with determination by inductively coupled plasma mass spectrometry (ICP-MS) (Elan 6000, Perkin-Elmer, Waltham, MA, USA). The analysis was carried out by the Chemical Analysis Service of the University of Salamanca through the digestion of samples in a microwave oven (Ethos Plus Microwave Lastation, Milestone Inc., Shelton, CT, USA), using the standard USEPA method 3052. To calibrate the equipment, standard solutions (panreac) of 1000 mg/L of all metals were used, which were calibrated from 10–100 ppb.




2.3. Statistical Analysis Samples


SPSS software v.23.0 (IBM, Armonk, NY, USA) was used for statistical analysis. The results have allowed us to obtain different values of interest: arithmetic mean, geometric mean, median, range, standard deviation, coefficient of the variable, kurtosis, correlation analysis between heavy metals and soil properties. In addition, various pollution indices have been calculated in order to determine the levels of contamination of heavy metals in soils. The geographic information system (GIS) analysis (ArcGis v10.4, Esri, Redlands, CA, USA) with extensions Spatial analysis tools and geostatistical analyst has calculated the degree of spatial variability of each heavy metal using ordinary kriging [37]. Kriging is an advanced geostatistical procedure that generates a surface estimated from a set of dispersed values, generating an interactive investigation of the spatial behavior, in our case of soil contamination by heavy metals. Unlike the deterministic interpolation methods IDW and Spline (which depend directly on the surrounding measured values, which determine the smoothness of the resulting surface), the geostatistical kriging interpolation method is based on statistical models that include autocorrelation, i.e., The statistical relationships between the measured points. In the evaluation of soil contamination, this technique of geographic statistics generates a prediction surface of the distribution of heavy metals, providing certainty or precision in the prediction. For the creation of the prediction surface map, it uses an equation (Equation (1)) that discovers the rules of dependence between points and then performs the prediction of spatial or geographical distribution.





[image: there is no content]



(1)




where (Si) = the measured value at the location i; λi = an unknown weight for the measured value at location i; S0 = the location of the prediction; and N = the number of measured values.



In this work, the applied kriging method was the ordinary one which assumes that the distance or direction between the sample points reflects a spatial correlation that can be used to explain the surface variation.





3. Results and Discussion


3.1. Soil Study


The predominant soils in these sectors located at high altitudes of the Andes Mountains are of little development, being located in steep areas with strong slopes (Figure 3). Most soils have been classified as Haplic Umbrisols (hyperdystrics and andics), which are acidic soils (average value of pH = 4.7) that have developed on volcanic rocks and are constituted by a surface horizon (Horizon A) that is very dark to black and high in organic matter (average content of 16.44%), with a low degree of saturation in bases (mean value = 9.5%). Some of these umbrisols have Andean properties (low bulk density and thixotropy) and can even be classified as umbric andosols.


Figure 3. Morphology of the soils most representative of the studied areas.
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The Andes mountain range is subject to intense erosive processes that increase sediment and soil trawling to the bottoms of valleys or depressions. It is in these zones where erosion processes dominate over edaphic processes, where soils have small development (Dystric Regosols and Gleyic Cambisols) and are developed on sloping landslides. These soils differ from the previous ones in that the superficial horizon has a low or moderate content of organic matter (4.65%) and, therefore, a brown color. Cambisols are characterized by having a subsurface horizon (Bw), of alteration (horizon of diagnostic cambium), and are brownish-gray or yellowish-brown color.



In the studied area, rocky outcrops that are associated to soils with little thickness with the denomination of Umbric Leptosols are also frequent, and limestone rocks have been observed with Rendzic Leptosols and Calcic Kastonozems. In some areas, there are small depressions where water accumulates (bofedal), and the reducing environment favors the accumulation of organic matter, giving rise to Fibric Hemic and Sapric Histosols (Pebbles). In the “valley bottoms” originating from rivers, streams and streams that run through the studied area, recent alluvial sediments have been deposited, consisting of gravel and sand with a thickness to the order of two meters. The soils that have developed in the current channel of streams and rivers are classified as Dystric Fluvisols.



A classification of these soils has been made by considering their morphology and analytical data, by the taxonomy of the World Reference Base (WRB). The statistical data of the main studied properties of the soils of the Zanja, Colquirrumi, and Julcani are presented in Table 1. In the analyzed samples, the physical and chemical properties of the soils have been discarded those that are compact and hard of some horizons C and R, giving a total of 59 samples analyzed.



Table 1. Statistical data of the main properties of the soils studied in La Zanja, Colquirrumi, and Julcani.







	
Area

	
Sand (%)

	
Silt (%)

	
Clay (%)

	
pH (H2O)

	
Organic C (%)

	
CEC cmol·Kg−1






	
La Zanja N = 21

	
M: 22.9 ± 11.94 R: (2.5–47.5)

	
45.2 ± 10.62 (24.5–65.6)

	
31.8 ± 14.22 (6.1–58.8)

	
4.6 ± 0.43 (4.0–5.7)

	
4.2 ± 4.74 (0.13–15.2)

	
31.8 ± 14.22 (5.1–68.9)




	
Colquirrumi N = 20

	
29.5 ± 13.76 (6.6–53.6)

	
41.5 ± 20.16 (24.0–98.96)

	
30.8 ± 8.52 (17.4–47.8)

	
4.6 ± 0.85 (3.1–6.8)

	
5.04 ± 5.69 (0.25–19.7)

	
31.7 ± 22.49 (8.3–82.1)




	
Julcani N = 18

	
46.3 ± 10.99 (22.4–68.3)

	
33.4 ± 6.28 (22.2–49.2)

	
20.3 ± 7.04 (9.4–34.6)

	
5.4 ± 0.81 (4.8–7.5)

	
3.86 ± 3.34 (0.23–8.2)

	
27.8 ± 10.01 (10.0–48.5)








M: mean ± standard deviation, R: rank. CEC: capacity cation exchange.









3.2. Concentration of Heavy Metals in Soils of La Zanja, Colquirrumi, and Julcani


In this study, our aim was to understand the natural contents of the soils (pedogeochemical background) to detect the intensity of the contamination of the soils and to compare the results with norms or regulations of other countries worldwide [38,39].



In the statistical analysis of this study, the data of the most superficial horizons (A and B) and underlying (C) horizons were treated separately. The more superficial horizons or solum were those that provided information on the levels of pollution caused by the processes of soil formation and by anthropogenic sources, whereas the underlying horizon (bedrock) exclusively represents the lithogenic contributions, since there is little probability of contamination through atmospheric deposition [40]. It is for this reason that samples of soil bedrock were used to determine the level of the natural geological background.



The average values of the heavy metals obtained from the statistical analysis of the soils of La Zanja can be seen in Table 2, where other bibliographical data of levels obtained in other countries have also been attached for purposes of comparison.



Table 2. Statistical analysis of heavy metals in the surface horizons of soils.







	
La Zanja

	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
6.10

	
64.10

	
17.16

	
45.94

	
30.29

	
2.28

	
0.30

	
51.84




	
Geometric mean

	
5.33

	
58.08

	
10.71

	
42.41

	
18.23

	
2.27

	
0.21

	
38.89




	
Median (Me)

	
5.21

	
57.30

	
12.50

	
44.00

	
15.15

	
2.27

	
0.15

	
35.00




	
Standard deviation (SD)

	
3.39

	
30.38

	
15.05

	
21.36

	
29.48

	
0.10

	
0.34

	
48.40




	
Minimum (min)

	
2.20

	
28.40

	
1.90

	
26.80

	
3.00

	
2.14

	
0.10

	
11.60




	
Maximum (max)

	
12.07

	
119.70

	
35.80

	
80.20

	
81.00

	
2.43

	
1.05

	
170.70




	
Variable coefficient

	
0.56

	
0.47

	
0.88

	
0.46

	
0.97

	
0.04

	
1.12

	
0.93




	
Kurtosis

	
0.44

	
−0.23

	
−2.59

	
1.52

	
−0.79

	
−1.15

	
5.33

	
5.39




	
Skewness

	
0.92

	
0.80

	
0.42

	
1.23

	
0.92

	
0.14

	
2.28

	
2.23




	
Percentil 25

	
3.56

	
39.10

	
3.70

	
28.15

	
8.70

	
2.20

	
0.12

	
24.25




	
Percentil 75

	
9.19

	
86.60

	
32.95

	
64.70

	
59.30

	
2.36

	
0.37

	
64.70




	
Natural Geological Background

	
3.39

	
49.84

	
23.60

	
44.51

	
23.25

	
2.18

	
0.35

	
41.40




	
Colquirrumi

	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
16.58

	
39.94

	
197.70

	
1893.06

	
428.32

	
13.03

	
7.97

	
2068.76




	
Geometric mean

	
12.00

	
22.16

	
125.64

	
979.02

	
253.33

	
7.44

	
4.34

	
1421.09




	
Median (Me)

	
14.37

	
18.30

	
222.30

	
2650.85

	
477.20

	
17.75

	
4.00

	
1296.10




	
Standard deviation (SD)

	
13.39

	
39.31

	
142.90

	
1415.80

	
333.48

	
9.65

	
12.23

	
2033.25




	
Minimum (min)

	
1.87

	
1.10

	
8.70

	
29.10

	
10.00

	
0.37

	
1.00

	
255.60




	
Maximum (max)

	
55.05

	
151.20

	
509.00

	
3764.40

	
1231.10

	
27.10

	
57.26

	
8414.70




	
Variable coefficient

	
0.81

	
0.98

	
0.72

	
0.75

	
0.78

	
0.74

	
1.54

	
0.98




	
Kurtosis

	
2.41

	
1.54

	
−0.68

	
−1.82

	
0.57

	
−1.83

	
14.39

	
4.30




	
Skewness

	
1.53

	
1.26

	
0.30

	
−0.20

	
0.82

	
−0.13

	
3.58

	
2.06




	
Percentil 25

	
6.57

	
7.55

	
40.55

	
185.65

	
141.05

	
3.18

	
1.50

	
983.75




	
Percentil 75

	
18.19

	
64.30

	
301.15

	
3087.18

	
603.80

	
20.19

	
9.67

	
2244.15




	
Natural Geological Background

	
2.62

	
12.05

	
147.20

	
165.63

	
218.10

	
5.84

	
7.15

	
1538.70




	
Julcani

	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
16.34

	
13.93

	
11.29

	
139.36

	
61.69

	
5.78

	
5.95

	
473.81




	
Geometric mean

	
15.62

	
12.58

	
9.91

	
94.90

	
28.05

	
5.52

	
2.99

	
301.68




	
Median (Me)

	
16.40

	
11.10

	
9.40

	
90.40

	
24.40

	
5.96

	
4.60

	
238.40




	
Standard deviation (SD)

	
8.70

	
7.20

	
5.00

	
29.60

	
3.40

	
3.12

	
0.41

	
95.60




	
Minimum (min)

	
24.12

	
29.00

	
29.09

	
358.03

	
201.40

	
9.36

	
22.01

	
1921.60




	
Maximum (max)

	
4.97

	
7.08

	
7.19

	
123.50

	
77.72

	
1.82

	
6.75

	
577.95




	
Variable coefficient

	
0.30

	
0.51

	
0.64

	
0.89

	
1.26

	
0.31

	
1.13

	
1.22




	
Kurtosis

	
−0.69

	
1.54

	
5.72

	
−0.84

	
0.16

	
1.51

	
4.36

	
6.11




	
Skewness

	
0.01

	
1.28

	
2.25

	
0.91

	
1.35

	
0.36

	
1.92

	
2.40




	
Percentil 25

	
12.25

	
8.31

	
7.20

	
38.40

	
11.35

	
4.61

	
0.63

	
159.15




	
Percentil 75

	
20.24

	
17.90

	
12.95

	
265.30

	
131.09

	
6.28

	
8.11

	
622.63




	
Natural Geological Background

	
12.13

	
9.08

	
5.13

	
54.87

	
10.94

	
5.84

	
3.43

	
195.88




	
World Mean [41]

	
50

	
25

	
12

	
40

	
20

	
0.40

	
0.10

	
15




	
World Ranks [10]

	
2–1500

	
2–500

	
1–200

	
1–800

	
0.1–50

	
0.01–2

	
0.01–0.5

	
2–200




	
World Ranks [42]

	
1–1500

	
1–1500

	
0.1–250

	
1–1500

	
0.1–250

	
0.01–2

	
0.01–2

	
1–1500










Background levels of the Ni, Cu, Hg, As, and Pb metals were above the world average. The Zn content was equivalent to the world average, and the concentration of Cr was lower than the world average. The highlight of the mining area of La Zanja was the high content of Cd soils, since it had a value higher than the world's top ranking sample.



As for the values obtained from the Colquirrumi soils, it is worth noting the abnormally high values across all samples for Pb content, where the background level was 1539 mg·kg−1, compared to the world average of 15 mg·kg−1 and a global range between 2 and 200 mg·kg−1 [10], although the range has reached as high as 1500 mg·kg−1 [42]. Obtaining such high values in Pb content forced us to repeat the sample analysis several times, given the incredulity regarding the resulting high values. In contrast, Cr metal had values considered inferior to the background levels reported in other parts of the world. Regarding the Ni content, the background level was lower (12.05 mg·kg−1) when compared to the world average. Furthermore, in numerous soil samples, Cu content exceeded the values of the world average (12 mg·kg−1), and in some soils Cu values reached between 100 and 500 mg·kg−1. As for Zn, the background level (165.6 mg·kg−1) obtained in this study exceeded the world average values of 40 mg·kg−1. In some soil samples, values higher than 3000 mg·kg−1 were reached. Of the soil samples collected in Colquirrumi, only three did not exceed the world average (20 mg·kg−1) regarding As content, where the background level (218.1 mg·kg−1) was up to 11 times higher than most other countries in the world, although the range reached as high 250 mg·kg−1. Large As abnormalities have been observed in some soil samples, with values to the order of 1000 mg·kg−1. Finally, it was noted that the values of the background levels of Cd and Hg were high, to the order of 15 and 70 times above the world averages. To summarize, from the study of heavy metals in soils in the mining area of Colquirrumi, we must highlight the geochemical anomalies in Pb, As, Cd, Hg, Cu, and Zn.



In relation to the values obtained in the soils of Julcani, it is necessary to point out the following: Cr, Ni, and Cu metals presented background and reference levels considered inferior to those described in the literature regarding other parts of the world. None of our soil samples exceeded the world average values, in terms of the Cr content. For Ni content, only two soil samples exceeded the values of the world average fund level (25 mg·kg−1). However, the concentrations of Zn and As were slightly higher than those obtained in other countries. The background levels of Pb, Cd, and Hg obtained from Julcani were 13, 14, and 34 times higher, respectively, than the levels obtained in soils from other parts of the world.



3.2.1. Box and Whisker Plots of Heavy Metal Concentrations in La Zanja, Colquirrumi and Julcani


The box and whisker plots in Figure 4 show a summary of the basic statistics of the concentrations of heavy metals studied in the soils of the Western Cordillera of the Peruvian Andes. When comparing the concentrations of heavy metals in the three areas studied, it can be described better graphically through several box plots. In La Zanja the contents were lower with respect to Colquirrumi and Julcani, which was justified by the null or weak contamination of soils of La Zanja, given the lack of mining activities in the sampling year (2006) when compared to areas with extensive and ancient mining activities such as Colquitrumi and Julcani. Only the area of Julcani (Huancavelica) had lower Ni and Cu contents than La Zanja (Cajamarca) as both zones belong to two different metalogenic belts.


Figure 4. Box and whisker plots of heavy metal concentrations.
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3.2.2. Geochemical Baseline Study of the Soils of La Zanja


To calculate the geochemical baseline, the geometric mean was used with a normal logarithmic heavy metal distribution, and in cases where the variables were strongly asymmetric and their transformation could not be adjusted to normal, then the median was used [43]. The normal distribution of metal concentrations was investigated by performing the Kolmogorov-Sminov test, although this can also be inferred by the existence of high kurtosis values.



In the case of Zanja soils, concentrations of heavy metals from the surface horizons were used to calculate the baseline, which was conducted by adding the geometric mean to twice the standard deviation [25] (Table 3).



Table 3. Statistical analysis of heavy metals in all horizons (surface and mother rock) of the soils of La Zanja and the geochemical baseline.







	
La Zanja

	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb






	
Mean ([image: there is no content])

	
5.26

	
60.13

	
24.41

	
52.11

	
37.82

	
2.26

	
0.35

	
56.03




	
Standard deviation (S)

	
3.49

	
27.43

	
18.99

	
31.48

	
38.03

	
0.12

	
0.31

	
48.20




	
Median (Me)

	
3.88

	
57.30

	
13.10

	
45.05

	
18.80

	
2.23

	
0.22

	
35.95




	
Geometric mean

	
4.20

	
53.59

	
16.48

	
43.62

	
20.86

	
2.26

	
0.25

	
40.25




	
Standard deviation geometric

	
2.03

	
1.69

	
2.86

	
1.90

	
3.32

	
1.05

	
2.32

	
2.31




	
Minimum (min)

	
0.97

	
14.40

	
1.90

	
13.50

	
3.00

	
2.10

	
0.10

	
11.10




	
Maximum (max)

	
12.07

	
119.70

	
52.40

	
106.50

	
111.60

	
2.50

	
1.05

	
170.70




	
Percentile 25

	
2.52

	
40.70

	
9.80

	
27.48

	
8.18

	
2.16

	
0.12

	
19.82




	
Percentile 75

	
8.46

	
81.30

	
45.90

	
77.85

	
68.02

	
2.36

	
0.60

	
86.45




	
Proposal of baseline values

	
8.26

	
56.97

	
22.20

	
47.42

	
27.50

	
4.36

	
4.89

	
44.87










Soils studied from La Zanja were characterized by high baseline values for Ni, Cu, Pb, Cd, and Hg. The application of the regional geochemical baseline values proposed in this study will allow the rapid identification of sites that could be affected by pollution processes due to current mining exploitation in the area of La Zanja. In addition, this information will also be very useful in the future, when it is time to close the mine and implement a restoration plan to try to reproduce the environmental conditions that existed prior to mining.





3.3. Assessment of Environmental Risks: Pollution Rates


The state of heavy metal contamination in soils from the areas studied in this work were evaluated using different quantitative contamination rates.



3.3.1. Pollution Factor and Nemerow Index


Using the pollution factor and Nemerow Index to determine pollution levels in the La Zanja area showed that most soil samples (70%) were contaminated, 20% were moderately contaminated, and 10% were strongly contaminated, mainly by Cr, As, and Pb. These data does not represent the reality observed on the land itself of the environmental conservation status of the territory, since La Zanja was a natural area without any type of mining when the samples were collected in 2006. Therefore, the soil samples obtained in this area were expected to appear low or very low on the contamination indices. These results question the validity of these indices to calculate the degree of soil contamination. In agricultural soils and in less industrialized areas of the Northern Plateau of Spain [44], the use of these pollution indices showed that the soils were between contaminated and heavily contaminated. That is, these results proved similar to those obtained in the Peruvian Andes that also did not adjust to the existing degree of contamination. As a result, with the experience already obtained, we verified that the assessment of environmental risks was better reflected reality by using other similar pollution indexes, such as the geo-accumulation index (Igeo) and the improved Nemerow index (IIN).




3.3.2. Geo-Accumulation Index and the Improved Nemerow Index


The Igeo is calculated from equation (Equation (2)) [45]:


Igeo = log2(Ci/1.5Bi)



(2)




where Ci is the measured concentration of the i metal examined in the soil, and Bi is the background level of the i metal. The factor 1.5 was used to correct possible variations in the background values of a particular metal in the environment. The Igeo for the eight heavy metals studied are summarized in Table 4. The Igeo of the analyzed heavy metals allowed the analysis of the single factor contamination index to evaluate the presence of each individual metal and its level of contamination in the study area.



Table 4. Indexes of geo-accumulation (Igeo) of heavy metals and improved Nemerow index (IIN).







	
La Zanja

	
Igeo

	
Igeoave

	
Igeomax

	
IIN




	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
0.07

	
−0.36

	
−1.73

	
−0.65

	
−1.10

	
−0.52

	
−1.80

	
−0.68

	
−0.72

	
0.68

	
0.80




	
Median (Me)

	
0.03

	
−0.38

	
−1.50

	
−0.60

	
−1.44

	
−0.53

	
−2.29

	
−0.83

	
−0.77

	
0.69

	
0.83




	
Minimum (min)

	
−1.21

	
−1.40

	
−4.22

	
−1.32

	
−3.70

	
−0.61

	
−2.88

	
−2.42

	
−1.28

	
−0.07

	
0.33




	
Maximum (max)

	
1.25

	
0.68

	
0.02

	
0.26

	
1.05

	
−0.43

	
0.51

	
1.46

	
−0.19

	
1.46

	
1.05




	
Standard deviation (SD)

	
0.79

	
0.68

	
1.76

	
0.63

	
1.65

	
0.06

	
1.21

	
1.11

	
0.41

	
0.51

	
0.24




	
Colquirrumi

	
Igeo

	
Igeoave

	
Igeomax

	
IIN




	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
1.61

	
0.29

	
−0.81

	
1.98

	
−0.37

	
−0.24

	
−1.31

	
−0.70

	
0.00

	
3.02

	
2.21




	
Median (Me)

	
1.87

	
0.02

	
0.01

	
3.42

	
0.54

	
1.02

	
−1.42

	
−0.83

	
0.28

	
3.41

	
2.46




	
Minimum (min)

	
−1.07

	
−4.04

	
−4.67

	
−3.09

	
−5.03

	
−4.57

	
−3.42

	
−3.17

	
−1.96

	
1.81

	
1.39




	
Maximum (max)

	
3.81

	
3.06

	
1.20

	
3.92

	
1.91

	
1.63

	
2.42

	
1.87

	
0.86

	
3.92

	
2.79




	
Standard deviation (SD)

	
1.28

	
1.80

	
1.71

	
2.22

	
1.93

	
1.99

	
1.53

	
1.30

	
0.77

	
0.78

	
0.50




	
Julcani

	
Igeo

	
Igeoave

	
Igeomax

	
IIN




	
Cr

	
Ni

	
Cu

	
Zn

	
As

	
Cd

	
Hg

	
Pb




	
Mean ([image: there is no content])

	
−0.22

	
−0.12

	
0.36

	
0.21

	
0.77

	
−0.67

	
−0.78

	
0.04

	
−0.05

	
1.64

	
1.36




	
Median (Me)

	
−0.15

	
−0.30

	
0.29

	
0.14

	
0.57

	
−0.56

	
−0.16

	
−0.30

	
−0.14

	
2.10

	
1.52




	
Minimum (min)

	
−1.06

	
−0.92

	
−0.62

	
−1.48

	
−2.27

	
−1.49

	
−3.67

	
−1.62

	
−1.15

	
−0.58

	
0.27




	
Maximum (max)

	
0.41

	
1.09

	
1.92

	
2.12

	
3.62

	
0.10

	
2.10

	
2.71

	
0.94

	
3.62

	
2.56




	
Standard deviation (SD)

	
0.47

	
0.68

	
0.73

	
1.38

	
2.00

	
0.48

	
2.02

	
1.34

	
0.59

	
1.53

	
0.89










However, the IIN shows the degree of general pollution caused by the simultaneous presence of the nine heavy metals. In La Zanja, considering the Igeo, most soils were included in Class 0 (Igeo ≤ 0) and Class 1 (0 < Igeo ≤ 1), that is, uncontaminated to slightly contaminated, with 67.7% and 17.8% of the samples, respectively, and only some soils in Class 2 (1 < Igeo ≤ 2), which were moderately contaminated by Cr, As, and Pb in 5.45% of the samples. Soils were not included in Classes 3, 4, 5, and 6 (from moderately contaminated to extremely contaminated). In Colquirrumi, samples of the soils studied were included in all classes ranging from uncontaminated to extremely contaminated soils: Class 0 (48.1% of the samples), Class 1 (16.3%), Class 2 (20.9%), Class 3 (5.4%), Class 4 (9.3%), Class 5 (0%), and Class 6 (16.3%). In Julcani, the soils, were classified as Class 0 (54.2%), Class 1 (30.5%, Class 2 (6.9%), Class 3 (5.6%), and Class 4 (1.4%), which ranged from uncontaminated to heavily contaminated.



By considering the Igeo, the levels of contamination (from low to high) of the heavy metals in the superficial horizons of the soils was as follows: La Zanja < Julcani < Colquirrumi.



The IIN was calculated by Equation (3):
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(3)




where Igeomax is the maximum Igeo value of all metals in a sample, and Igeoave is the arithmetic mean of the Igeo. In La Zanja, when considering the IIN, the soils ranged from non-contaminated to moderately contaminated: 20% of samples were in Class 0 (IIN < 0.5), 50% in Class 1 (0.5 ≤ IIN < 1), and 30% of soils in Class 2 (1 ≤ IIN < 2). However, it should be pointed out that the small degree of contamination indicated by this index may be due to anthropogenic processes (atmospheric deposition of metals, medium or long distance), which led to an increase in geological concentrations in the soils of La Zanja. The main external sources of heavy metals in the soils of this area are through diffuse pollution, and wet and dry deposition caused by metallic mining and the processing of minerals from bordering areas that has led to the accumulation over the long-term use of heavy metals. In Colquirrumi, all soil samples were classified as moderately contaminated Class 2 (33.3% of soil samples) to the highly contaminated Class 3 (2 ≤ IIN < 3, 66.7% of the samples) based on the IIN. The soils of the Julcani area were considered as non-contaminated to highly contaminated: Class 0 (22.2% of the samples), Class 1 (22.2%), Class 2 (22.2%), and Class 3 (33.3%). By using the IIN, heavy metal contamination levels (from low to high) from soil surface horizons are as follows: La Zanja < Julcani < Colquirrumi.




3.3.3. Potential Ecological Risk Index


The ecological risk index (Eri) evaluates the toxicity of trace elements in sediments and has been extensively applied to soils [46]. Soils contaminated by heavy metals can cause serious ecological risks and negatively impact human health due to various forms of interaction (agriculture, livestock, etc.) where highly toxic heavy metals can enter the food chain. Excessive accumulation of heavy metals in agricultural soils can affect the quality and safety of food and further increase the risk of serious diseases (cancer, kidney, liver damage, etc.), as well as impact ecosystems, thus combining environmental chemistry with biological toxicology and ecology [47].



To calculate the Eri for individual metals, we used Equation (4):


Eri = Tri * Cfi



(4)




where Tr is the toxicity coefficient of each metal whose standard values are Hg = 40, Cd = 30, As = 10, Co = 5, Cu = 5, Ni = 5, Pb = 5, Cr = 2, and Zn = 1 [48,49]; and Cfi is the contamination factor (Cfi = Ci/Bi), where Ci is the measured concentration of the pollutant, and Bi is the level of geological background.



To calculate the potential response rate to the toxicity of all the studied heavy metals (RI), we use Equation (5):


RI= ∑ mi=1 Eri



(5)







The potential ecological risk index (RI) index reflects the general situation of pollution caused by the simultaneous presence of the eight heavy metals (Table 5).



Table 5. Ecological individual risk (Eri) and potential ecological risk index (RI) of the soils studied.







	
La Zanja

	
Er Cr

	
Er Ni

	
Er Cu

	
Er Zn

	
Er As

	
Er Cd

	
Er Hg

	
Er Pb

	
RI




	
Mean ([image: there is no content])

	
3.60

	
6.43

	
3.64

	
1.03

	
11.65

	
31.32

	
24.84

	
6.26

	
75.38




	
Median (Me)

	
3.07

	
5.75

	
2.65

	
0.99

	
5.83

	
31.17

	
12.24

	
4.23

	
65.30




	
Minimum (min)

	
1.30

	
2.85

	
0.40

	
0.60

	
1.15

	
29.45

	
8.16

	
1.40

	
53.75




	
Maximum (max)

	
7.12

	
12.01

	
7.58

	
1.80

	
31.15

	
33.44

	
85.71

	
20.62

	
130.45




	
Standard deviation (S)

	
2.00

	
3.05

	
3.19

	
0.48

	
11.34

	
1.37

	
27.90

	
5.85

	
24.70




	
Colquirrumi

	
Er Cr

	
Er Ni

	
Er Cu

	
Er Zn

	
Er As

	
Er Cd

	
Er Hg

	
Er Pb

	
RI




	
Mean ([image: there is no content])

	
12.66

	
16.57

	
6.72

	
11.43

	
19.64

	
66.93

	
44.57

	
6.72

	
167.35




	
Median (Me)

	
10.97

	
7.59

	
7.55

	
16.00

	
21.88

	
91.16

	
22.38

	
4.21

	
175.31




	
Minimum (min)

	
1.43

	
0.46

	
0.30

	
0.18

	
0.46

	
1.90

	
5.59

	
0.83

	
51.12




	
Maximum (max)

	
42.02

	
62.74

	
17.29

	
22.73

	
56.45

	
139.21

	
320.34

	
27.34

	
362.41




	
Standard deviation (S)

	
10.22

	
16.31

	
4.85

	
8.55

	
15.29

	
49.59

	
68.42

	
6.61

	
65.95




	
Julcani

	
Er Cr

	
Er Ni

	
Er Cu

	
Er Zn

	
Er As

	
Er Cd

	
Er Hg

	
Er Pb

	
RI




	
Mean ([image: there is no content])

	
2.69

	
7.67

	
11.00

	
2.54

	
56.39

	
29.71

	
69.41

	
12.09

	
191.51




	
Median (Me)

	
2.70

	
6.11

	
9.16

	
1.65

	
22.30

	
30.62

	
53.64

	
6.09

	
154.82




	
Minimum (min)

	
1.43

	
3.96

	
4.87

	
0.54

	
3.11

	
16.05

	
4.73

	
2.44

	
84.03




	
Maximum (max)

	
3.98

	
15.97

	
28.35

	
6.53

	
184.10

	
48.08

	
256.68

	
49.05

	
348.17




	
Standard deviation (S)

	
0.82

	
3.90

	
7.01

	
2.25

	
71.04

	
9.33

	
78.71

	
14.75

	
85.80










Considering the individual ecological risk index (Er), the levels of heavy metal contamination of the surface horizons of La Zanja soils were considered to be of low contamination risk (Er < 40), with only one soil sample (14.3%) with a considerable risk of contamination (80 ≤ Er < 160) per Hg.



In Colquirrumi, a majority of the samples (87%) were considered to have a low risk of contamination (Er < 40); a small percentage of samples (4.2%) were considered to have a moderate contamination risk (40 ≤ Er < 80) from Cr, Ni, As, and Hg; 8.2% of the samples presented a considerable risk of contamination (80 ≤ Er < 160) for Cd and Hg; and only 0.6% of the soil samples had a very high risk of contamination (160 ≤ Er < 320) per Hg.



In Julcani, it was also seen that the majority of the samples (86.1%) were considered to be at low risk of contamination (Er < 40); a small percentage (6.9%) of samples were considered to have a moderate contamination risk (40 ≤ Er < 80) from metals As, Cd, Hg, and Pb; 2.8% of samples presented a considerable risk of contamination (80 ≤ Er < 160) for Hg; and 4.2% of soil samples had a high risk of contamination (160 ≤ Er < 320) from As and Hg.



If we consider the individual ecological risk (Er) index, the levels of contamination (from lowest to highest) by heavy metals from the surface horizons of soils were as follows: La Zanja < Julcani < Colquirrumi.



When considering the RI of all the metals studied, the contamination levels were as follows: in La Zanja, all soil samples (100%), present low ecological risk of potential contamination (RI < 150). In Colquirrumi, 38.1% of the samples had a low ecological risk of potential contamination (RI < 150); 57.1% presented a moderate ecological risk potential (150 ≤ RI < 300); and 4.8% faced a significant potential ecological risk (300 ≤ RI < 600). In Julcani, 44.4% of soil samples presented a low ecological risk of potential contamination (RI < 150); 44.4% had a moderate ecological risk of potential contamination (150 ≤ IR < 300); and soils with a considerable risk of contamination (300 ≤ RI <600) were in the minority (11.1%).



Furthermore, when considering the potential ecological risk index (RI), the levels of contamination (from low to high) from heavy metals from the superficial horizons of soils were as follows: La Zanja < Julcani < Colquirrumi.





3.4. Spatial Distribution of Heavy Metal Content in Soil


The use of the geostatistical method of ordinary kriging spatial interpolation allowed us to predict the spatial distribution of the concentrations of each metal in the areas not sampled (Figure 5), based on the values from samples collected in the field campaign, so samples closer to each other presented better correlations and similarity than the more distant ones.


Figure 5. Lithological map-sampling points (soil profiles) and spatial distribution of heavy metals in soils of the Zanja (top), Colquirrumi (middle) and Julcani (bottom).
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In the area of La Zanja, the distributions of the heavy metals Ni, Cd, and Pb were similar as they had the highest concentrations in the NW and W of the studied area, in the superficial horizons of Profiles 13 and 17–19, which developed on rock alterations (quartz-alunite, quartz-kaolin, etc.) and on a porphyritic rhyolitic dome. These anomalies were located in two current areas of exploitation in Au and Ag mines (in the San Pedro Sur and Pampa Verde fields). The highest concentration of Cu was in the SW quadrant of the zone in Sample 14. The Cr content was abnormally high in the NE quadrant of the zone (Soil 15, developed on porphyritic lavas). The highest concentration of Zn occurred as a concentric circle in the SW quadrant of the studied area in Sample 14, and As dominated in the W-limit of the zone (Soil 12). With regard to Hg content, a geochemical anomaly existed where Profile 18 was sampled.



In the Colquirrumi zone, the Zn and Cd heavy metal distributions were quite similar since they presented the highest concentrations in the NE and N corners of the studied area, in the surface horizons of the Profiles 6 (developed on sandstones and intercalated shales with sills in the Inca Formation) in the case of Zn, and in Profile 9 (developed on limestones and marls of the Pariatambo Formation) in the case of Cd. Furthermore, the distributions of heavy metals As and Hg (given their abnormally high concentrations in the SE quadrant of the studied area) in soils developed on marls, shales and limestones of the Chulec Formation. The highest Pb content was in the NW quadrant in Sample 5 (soil developed on monzonites and granodiorites). The Cu value identified a geochemical anomaly in the form of two concentric circles located in the N (Soil 6) and SE (Soil 8). Ni was present in the SW quadrant (Soils 4 and 7), and finally, the highest concentration of Cr was in the NW quadrant (Soil 4) and in the eastern half of the area (Soils 8 and 9).



In the Julcani zone, the distributions of the heavy metals Ni, Cd, Hg, and Pb were similar and showed a decrease in the form of concentric circles, from the center of the zone towards the periphery (the highest concentrations were Soils 22 and 23, developed on dacitic rocks and riodacites). The contents of Cu, Zn, and As were abnormally high in the SE part of the studied region (Soil samples 27, 26 and 22, developed on dacites and riodacites), which meant that there may have been several contaminations from point sources. The Cr value indicated a higher distribution in the form of two concentric circles located in the SE and E of the investigated area (Soil samples 26, on dacites and riodacites; and 20, on Triassic-Jurassic age limestones).



In addition, using both the ordinary kriging interpolation method and ArcGIS 10.4 (Esri), soil contamination rates (IIN and RI) were depicted that reflected the overall pollution situation caused by the simultaneous presence of the eight heavy metals in the three areas studied (Figure 6).


Figure 6. Spatial distribution of the improved Nemerow index (IIN) and the potential ecological risk index (RI).
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4. Conclusions


Soils studied in the Andes Mountains (Peru) were characterized by geochemical baselines with high concentrations of potentially toxic heavy metals. The average concentrations of some elements were much higher than the values obtained from other parts of the world, particularly for Pb, Cu, Zn, As, Cd, and Hg.



Several pollution indices (Igeo, IIN, and RI) have been used as tools to diagnose pollution. Data revealed that the soils were uncontaminated, or slightly contaminated at La Zanja (Cajamarca, Peru); significantly contaminated at Colquirrumi (Cajamarca, Peru); and moderately contaminated in Julcani (Huancavelica, Peru).



If we conducted an environmental risk assessment using the Nemerow index, the soils of La Zanja (virgin zone without the presence of mining operations) have values ranging between contaminated and heavily contaminated soils; however, using the improved Nemerow index IIN, most soils fit within Classes 0 and 1 (not contaminated to moderately contaminated). Therefore, there was a great difference in calculating the percentage and the degree of contamination in soils, through the use of different contamination indices. Thus, it is our belief that the INM was much more accurate in assessing the environmental risks of heavy metal contamination.



The distribution patterns of heavy metal concentrations were mainly influenced by the lithology and geochemistry of the parent rock and by the existence of metallogenic belts in the studied area.



It is our goal to see that the results of this study contribute to the creation or be added to an environmental database of soils in this mining region of the Peruvian Andes, and to facilitate the development of management strategies and remediation of soils contaminated by heavy metals.








Supplementary Materials


The following are available online at http://www.mdpi.com/1660-4601/14/8/859/s1, Nemerow Index Kmz, RI Index Kmz.





Acknowledgments


The authors would like to thank the mining company Buenaventura S. A. A. and Dr. Nicole Bernex, Director of the Applied Geography Research Center of the Pontificia Universidad Católica de of Perú for their help and support. This work has been supported by the Salamanca University (USAL) research projects CGL2012-37281-C02.01, CGL2015-67169-P and CGL2015-69919-R (MINECO-FEDER).




Author Contributions


Fernando Santos-Francés and Antonio Martínez-Graña performed the geostatistic analysis. Pilar Alonso Rojo, Fernando Santos-Francés, and Antonio García Sánchez brought the soil samples, and assisted in analyzing heavy metal concentration as well as in field sampling. Fernando Santos-Francés and Antonio Martínez-Graña participated in the design of the sample map with ArcGis. All the authors revised the final version of the manuscript.




Conflicts of Interest


The authors declare no conflict of interest. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	1. 
Giaccio, L.; Cicchella, D.; De Vivo, B.; Lombardi, G.; De Rosa, M. Does heavy metals pollution affects semen quality in men? A case of study in the metropolitan area of Naples (Italy). J. Geochem. Explor. 2012, 112, 218–225. [Google Scholar]

	2. 
Morton-Bermea, O.; Hernandez, E.; Martinez-Pichardo, E.; Soler-Arechalde, A.M.; Lozano Santa-Cruz, R.; Gonzalez-Hernandez, G.; Beramendi-Orosco, L.; Urrutia-Fucugauchi, J. Mexico City topsoils: Heavy metals vs. magnetic susceptibility. Geoderma 2009, 151, 121–125. [Google Scholar] [CrossRef]

	3. 
Mielke, H.W.; Wang, G.; Gonzales, C.R.; Powell, E.T.; Le, B.; Quach, V.N. PAHs and metals in the soils of inner-city and suburban New Orleans, Louisiana, USA. Environ. Toxicol. Pharmacol. 2005, 18, 243–247. [Google Scholar] [CrossRef] [PubMed]

	4. 
García Sánchez, A.; Contreras, F.; Adams, M.; y Santos Francés, F. Mercury contamination of surface water and fish in a gold mining region (Cuyuni river basin, Venezuela). Int. J. Environ. Pollut. 2008, 33, 260–274. [Google Scholar] [CrossRef]

	5. 
Santos Francés, F.; García Sánchez, A.; Alonso Rojo, P.; Contreras, F.; y Adams, M. Distribution and mobility of mercury in soils of a gold mining region, Cuyuni river basin, Venezuela. J. Environ. Manag. 2011, 92, 1268–1276. [Google Scholar] [CrossRef] [PubMed]

	6. 
Martínez-Graña, A.M.; Goy, J.L.; De Bustamante, I.; Zazo, C. Characterisation of environmental impact on resources, using strategic assessment of environmental impact and management of natural spaces of “Las Batuecas-Sierra de Francia” and “Quilamas” (Salamanca, Spain). Environ. Earth Sci. 2014, 71, 39–51. [Google Scholar] [CrossRef]

	7. 
Matschullat, J.; Ottenstein, R.; Reimann, C. Geochemical background—Can we calculate it? Environ. Geol. 2000, 39, 990–1000. [Google Scholar] [CrossRef]

	8. 
García Sánchez, A.; Alonso Rojo, P.; y Santos Francés, F. Distribution and mobility of arsenic in soils of a mining area (Western Spain). Sci. Total Environ. 2010, 408, 4194–4201. [Google Scholar] [CrossRef] [PubMed]

	9. 
Alloway, B.J. Heavy Metals in Soils; Blackie Academic & Professional: London, UK, 1990. [Google Scholar]

	10. 
Kabata Pendias, A.; Pendias, H. Trace Elements in Soils and Plants; CRC Press Inc.: Boca Raton, FL, USA, 2001. [Google Scholar]

	11. 
Salonen, V.; Korkka-Niemi, K. Influence of parent sediments on the concentration of heavy metals in urban and suburban soils in Turku, Finland. Appl. Geochem. 2007, 22, 906–918. [Google Scholar] [CrossRef]

	12. 
Cicchella, D.; De Vivo, B.; Lima, A. Background and baseline concentration values of elements harmful to human health in the volcanic soils of the metropolitan provincial area of Napoli (Italy). Geochem. Explor. Environ. Anal. 2005, 5, 29–40. [Google Scholar] [CrossRef]

	13. 
Albanese, S.; De Vivo, B.; Lima, A.; Cicchella, D. Geochemical background and baseline values of toxic elements in stream sediments of Campania region (Italy). J. Geochem. Explor. 2007, 93, 21–34. [Google Scholar] [CrossRef]

	14. 
Chen, M.; Ma, L.Q.; Harris, W.G. Baseline concentrations of 15 trace elements in Florida surface soils. J. Environ. Qual. 1999, 25, 1173–1181. [Google Scholar] [CrossRef]

	15. 
Facchinelli, A.; Sacchi, E.; Mallen, L. Multivariate statistical and GIS-based approach to identify heavy metal sources in soils. Environ. Pollut. 2001, 114, 313–324. [Google Scholar] [CrossRef]

	16. 
Wei, C.; Wen, H. Geochemical baselines of heavy metals in the sediments of two large freshwater lakes in China: Implications for contamination character and history. Environ. Geochem. Health 2012, 34, 737–748. [Google Scholar] [CrossRef] [PubMed]

	17. 
Baize, D.; Sterckeman, T. On the necessity of knowledge of the natural pedo-geochemical background content in the evaluation of the contamination of soils by traces elements. Sci. Total Environ. 2004, 264, 127–139. [Google Scholar] [CrossRef]

	18. 
Blonda, M.; Valenzano, B. Proposal of procedure to determine metals and metalloids background values in contaminated soils. Case study of a national interest site in South Italy. Desalination Water Treat. 2014, 52, 1171–1176. [Google Scholar] [CrossRef]

	19. 
Cabral Pinto, M.M.S.; Silva, E.F.; Silva, M.M.V.G.; Melo-Gonçalves, P. Heavy metals of Santiago Island (Cape Verde) top soils: Estimated background value maps and environmental risk assessment. J. Afr. Earth Sci. 2015, 101, 162–176. [Google Scholar] [CrossRef]

	20. 
Alonso Rojo, P.; Santos Francés, F.; García Sánchez, A.; y Álvarez Ayuso, E. Baseline concentrations of heavy metals in native soils of the Salamanca and Valladolid provinces, Spain. Arid Land Res. Manag. 2004, 18, 241–250. [Google Scholar] [CrossRef]

	21. 
Cabral Pinto, M.; Silva, M.; Ferreira Da Silva, E.A.; Dinis, P.A.; Rocha, F. Transfer processes 86 of potentially toxic elements (PTE) from rocks to soils and the origin of PTE in soils: A case study on 87 the island of Santiago (Cape Verde). J. Geochem. Explor. 2017. [Google Scholar] [CrossRef]

	22. 
Salminen, R.; Gregorauskiene, V. Considerations regarding the definition of a geochemical baseline of elements in the surficial materials in areas differing in basic geology. Appl. Geochem. 2000, 15, 647–653. [Google Scholar] [CrossRef]

	23. 
Tack, F.M.G.; Verloo, M.G.; Vanmechelen, L.; Van Ranst, E. Baseline concentration levels of trace elements as a function of clay and organic carbon contents in soils in Flanders (Belgium). Sci. Total Environ. 1997, 201, 113–123. [Google Scholar] [CrossRef]

	24. 
Adriano, D.C. Trace Elements in Terrestrial Environments: Biogeochemistry, Bioavailability and Risks of Metals; Springer: New York, NY, USA, 2001. [Google Scholar]

	25. 
ISO/DIS 19258. Soil quality. In Guidance on the Determination of Background Values; International Standard Organisation (ISO): Switzerland, Geneva, 2002. [Google Scholar]

	26. 
Gotway, C.A.; Ferguson, R.B.; Hergert, G.W.; Peterson, T.A. Comparison of kriging and inverse-distance methods for mapping soil parameters. Soil Sci. Soc. Am. J. 1996, 60, 1237–1247. [Google Scholar] [CrossRef]

	27. 
Webster, R.; Atteia, O.; Dubois, J.P. Coregionalization of trace metals in the soil in the Swiss Jura. Eur. J. Soil Sci. 1994, 45, 205–218. [Google Scholar] [CrossRef]

	28. 
Senesil, G.S.; Baldassarre, G.; Senesi, N.; Radina, B. Trace element inputs into soils by anthropogenic activities and implications for human health. Chemosphere 1999, 39, 343–377. [Google Scholar] [CrossRef]

	29. 
Imperato, M.; Adamo, P.; Naimo, D.; Arienzo, M.; Stanzione, D.; Violante, P. Spatial distribution of heavy metals in urban soils of Naples city (Italy). Environ. Pollut. 2003, 124, 247–256. [Google Scholar] [CrossRef]

	30. 
Amini, M.; Afyuni, M.; Khademi, H.; Abbaspour, K.C.; Schulin, R. Mapping risk of cadmium and lead contamination to human health in soils of Central Iran. Sci. Total Environ. 2005, 347, 64–77. [Google Scholar] [CrossRef] [PubMed]

	31. 
Lee, S.L.; Li, X.; Shi, W.; Cheung, S.C.N.; Thornton, I. Metal contamination in urban, suburban, and country park soils of Hong Kong: A study based on GIS and multivariate statistics. Sci. Total Environ. 2006, 356, 45–61. [Google Scholar] [CrossRef] [PubMed]

	32. 
Zhang, C.; Tang, Y.; Luo, L.; Xu, W. Outlier identification and visualization for Pb concentrations in urban soils and its implications for identification of potential contaminated land. Environ. Pollut. 2009, 157, 3083–3090. [Google Scholar] [CrossRef] [PubMed]

	33. 
Kleinmann, R.L.P.; Hedin, R.S.; Nairn, R.W. Treatment of mine drainage by anoxic limestone drains and constructed wetlands. In Acidic Mining Lakes: Acid Mine Drainage, Limnology and Reclamation; Geller, A., Klapper, H., Salomons, W., Eds.; Springer: Berlin, Germany, 1998; pp. 303–319. [Google Scholar]

	34. 
Cabos, R. Potencial Minero de la Región de Huancavelica; Compañía de Minas Buenaventura S.A.A.: Lima, Perú, 2005. [Google Scholar]

	35. 
Rodriguez, I.; Huanacuni, D.; Villarreal, E. Informe de las Franjas Metalogénicas y áreas Potenciales de la Región de Cajamarca; Instituto Geológico, Minero y Metalúrgico (INGEMMET): San Borja, Perú, 2011. [Google Scholar]

	36. 
Acosta, J.; Rodriguez, I.; Flores, A.; Villarreal, E.; Huanacuni, D. Memoria Sobre la Geología Económica de la Region de Huancavelica; Instituto Geológico, Minero y Metalúrgico (INGEMMET): San Borja, Perú, 2011; p. 48. [Google Scholar]

	37. 
Yasrebi, J.; Saffari, M.; Fathi, H.; Karimian, N.; Moazallahi, M.; Gazni, R. Evaluation and comparison of ordinary kriging and inverse distance weighting methods for prediction of spatial variability of some soil chemical parameters. Res. J. Biol. Sci. 2009, 4, 93–102. [Google Scholar]

	38. 
Pils, J.R.V.; Karathanasis, A.D.; Mueller, T.G. Concentration and distribution of six trace metals in northern Kentucky soils. Soil Sediment Contam. 2004, 13, 37–51. [Google Scholar] [CrossRef]

	39. 
Sterckeman, T.; Douay, F.; Baize, D.; Fourrier, H.; Proix, N.; Schwartz, C. Trace elements in soils developed in sedimentary materials from Northern France. Geoderma 2006, 136, 912–929. [Google Scholar] [CrossRef]

	40. 
Tarvainen, T.; Kallio, E. Baselines of certain bioavailable and total heavy metal concentrations in Finland. Appl. Geochem. 2002, 17, 975–980. [Google Scholar] [CrossRef]

	41. 
Berrow, M.L.; Reaves, G.A. Background levels of trace elements in soils. In Proceedings International Conference on Environmental Contamination; CEP Consultants: Edimburg, UK, 1984. [Google Scholar]

	42. 
Bowen, H.J.M. Environmental Chemistry of the Elements; Academic Press: New York, NY, USA, 1979. [Google Scholar]

	43. 
Tidball, R.R.; Ebens, R.J. Regional geochemical baselines in soils of the Powder River Basin in Montana-Wyoming. In Geology and Energy Resources of the Powder River Basin. 28th Annual Field Conference Guidebook; Laudon, R.B, Ed.; Wyoming Geological Association Publications: Casper, WY, USA, 1976; pp. 299–310. [Google Scholar]

	44. 
Santos-Francés, F.; Martínez-Graña, A.; Avila Zarza, C.; García Sánchez, A.; Alonso Rojo, P. Spatial Distribution of Heavy Metals and the Environmental Quality of Soil in the Northern Plateau of Spain by Geostatistical Methods. Int. J. Environ. Res. Public Health 2017, 14, 568. [Google Scholar] [CrossRef] [PubMed]

	45. 
Muller, G. Heavy metals in the sediment of the Rhine River. Umsch. in Wisse. Tech. 1979, 79, 778–783. [Google Scholar]

	46. 
Liang, J.; Liu, J.Y.; Yuan, X.Z.; Zeng, G.M.; Lai, X.; Li, X.D.; Wu, H.P.; Yuan, Y.J.; Li, F. Spatial and temporal variation of heavy metal risk and source in sediments of Dongting Lake wetland, mid-south China. J. Environ. Sci. Health 2015, 50, 100–108. [Google Scholar] [CrossRef] [PubMed]

	47. 
Suresh, G.; Sutharsan, P.; Ramasamy, V.; Venkatachalapathy, R. Assessment of spatial distribution and potential ecological risk of the heavy metals in relation to granulometric contents of Veranam lake sediments, India. Ecotoxicol. Environ. Saf. 2012, 84, 117–124. [Google Scholar] [CrossRef] [PubMed]

	48. 
Hakanson, L. An ecological risk index for aquatic pollution control of sediment ecological approach. Water Res. 1980, 14, 975–1000. [Google Scholar] [CrossRef]

	49. 
Xu, Z.; Ni, S.; Tuo, X.; Zhang, C. Calculation of Heavy Metals Toxicity Coefficient in the Evaluation of Potential Ecological Risk Index. Environ. Sci. Technol. 2008, 31, 112–115. [Google Scholar]





























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
BRASIL






nav.xhtml


  ijerph-14-00859


  
    		
      ijerph-14-00859
    


  




  





media/file2.png
8170w BO"0'0"W 79°00"W 78°00"W 75°00'W
1 1 1 1
N Tumbe: :
GUYANA
5 UMBEES Loa *}"\ﬁ/
\ ]
\
- AMAZONAS
BRAZIL
5°0'0"S= A X "< & 50078
Plura Sk X -y X
d ™
PIURA -~ - A
p W ¥ o
{ Lﬂ &7 sH
B
™
uRu
LA MBAY EQUS B
Chachapoy a
CAIAMARCA
hclayba@ Zanja
ol o] Colquirrumi
SAN
hamarca MARTIN
PERU
i
Nacons oe! -
LA LIHERTAD Rio Abisec ~
Trupll:
Fu
himbote
ANCASH
Huaraz
HUANUCO
Huans
10°0'0"S- =10"0'0"S
PASCO
=
o P
Huacho
JUNIN
LIMA
Huancayo
Lima
. Study area
Huancavelica
Julcani lll
0 200 400 HUANCAVELICA
Ve
JINIT
hincha
"
1 \J J ) 1 )
aroow BO*0'"W 79°00'W 7erorw 770w 76'0'0"W 75°00°W

9400000

9000000 9100000 9200000 9300000

8900000

8
5
2
©

8700000

8600000

600000

600000

700000

700000

800000

900000

Colquirrumi

800000

900000

100?000

1 102000

1000000

Juicani

1100000

8700000 8800000 8900000 9000000 9100000 9200000 9300000 9400000

8600000





media/file13.png





media/file5.jpg





media/file3.jpg





media/file1.jpg





media/file7.jpg
FE I I B R |

4 B R

E_i ”_é_E






media/file10.png
Rocks with alteration
Sandstones and shales
Bituminous limestones and maris

Dacite

[ Sandstones and conglomerate b
Shale and sandstones

colluvial and debns






media/file12.png
La Zanja Colquirrumi Julcani

Potential Ecological Risk Index -RI-





media/file9.jpg





media/file0.png





media/file8.png
S0 A

)
2 40 -
(®)]
E fo
X ™
.
O
2 - %
0 —
T T T
La Zanja Colquirrumi Julcani
400
'-é) l
—
o 300
E
O 200
100~ [
O
I I — R a1
T T T
La Zanja Colquirrumi Julcani
4000~
&
= 3000~
E
0§ 2000
1000+ -
0 - —— - é
T T T
La Zanja Colquirrumi Julcani
20000+
:\ o
2 15000~
o
E
& 10000-
5000+
(@)
0= e —
T T T
La Zanja Colquirrumi Julcani

120+ O
&~ 100+ -];
o
R4
() -
E 80
Z 60 |
40—
O
il —
0 -
1 1 ]
La Zanja Colguirrumi Julcani
1200 i
:C'g? 1000
(®)]
E  soo-
m - & 4
< (00—
400+
200+ T e
o - = -
T T T
La Zanja Colquirrumi Julcani
25+
4 o
2 20-
(@)}
E
15+
©
O
10- o
———
s-
- B o
0-
T T T
LaZanja Colguirrumi Julcani
40+
e o)
o))
=< 30
(®))
E
O
T 44
10+
0 o W E
T | T
La Zanja Colquirrumi Julcani






media/file11.jpg
La Zanja Colquirrumi

Potential Ecological Risk Index -RI-





media/file6.png
il






