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Abstract

This study assesses the environmental damage caused by copper mining on surface water bodies in
Chile. The few official records on the discharges and concentrations of arsenic and copper only allow
for identifying the impacts of some mining operations in the regions of Coquimbo, Valparaiso, and
O’Higgins. The economic valuation is carried out through the impact pathway approach, which
relates copper production, discharges, concentrations, and dose-response coefficients to establish
effects on health and agriculture. The results show that the economic damage due to water pollution
occurs mainly in the regions of Coquimbo and O’Higgins. The above is explained because the greatest
externalities are generated in agricultural areas, while the damage to health is low because of the
small population exposed (97.6% versus 2.4%). Finally, total damages represent 0.43%, 0.26%, and
0.0001% of copper sales in the mining operations analyzed in the regions of Coquimbo, O’Higgins,
and Valparaiso, respectively.
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Resumen

Este estudio tiene como objetivo evaluar el dafio ambiental provocado por la minerfa del cobre sobre
cuerpos de agua superficiales en Chile. Los pocos registros oficiales sobre las descargas y concentra-
ciones de arsénico y cobre solo permiten identificar los impactos de algunas operaciones mineras en
las regiones de Coquimbo, Valparaiso y O’Higgins. La valoracién econdmica se realiza a través del
método de la funcién de dafio, la cual relaciona la produccién de cobre, descargas, concentraciones
y coeficientes de dosis-respuesta para establecer los efectos sobre la salud y agricultura. Los resul-
tados muestran que el dafio econémico por la contaminacién del agua ocurre principalmente en las
regiones de Coquimbo y O’Higgins. Lo anterior, se explica porque las mayores externalidades se pro-
ducen en las zonas agricolas, mientras que el dafio a la salud es bajo por la escasa poblacién expuesta
(97,6% versus 2,4%). Finalmente, los dafios totales representan respectivamente el 0,43%, 0,26% y
0,0001% de las ventas de cobre en las operaciones mineras analizadas en las regiones de
Coquimbo, O'Higgins y Valparafso.
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Mining is among the human activities that generates the greatest environmental damage
(Paraguassu et al. 2019) and among the productive activities most intensive in water use
(Burritt and Christ 2018). Water is a scarce resource in areas where there is mining activity
(Santana et al. 2020), which may explain the growing protests against the expansion and
practices of some mining companies (Taylor and Bonner 2017). This is especially so in
Chile, for the aridity of its mining areas, which reduces current and future availability
of water for human consumption and agricultural use (Pizarro et al. 2010). Consequently,
the economic evaluation of the impacts of mining on surface water bodies is critical to
properly managing these resources and correcting the negative externalities generated.

The primary mining activity in Chile is copper, whose production reached 5.8 million
fine metric tons in 2019. Furthermore, Chilean copper production represents almost a
third of the world’s production (de Solminihac, Gonzales, and Cerda 2018). Copper mining
operations are located mainly in the northern part of the country, in places with limited
water supply (Pino-Vargas, Montalvan-Diaz, and Avendafio-Jihuallanga 2019). This has
generated overexploitation of water resources, as the consumption of water by the mining
sector can represent more than 50% of total consumption in northern Chile (Aitken et al.
2016). However, at the national level, water consumption by the mining sector reaches
only 3%, according to the General Water Directorate (Direccién General de Aguas).!

Water pollution in mining is mainly explained by heavy metal discharges that affect
water quality (Northey et al. 2019) and erosion in exposed soils that generate sediments
in surface waters (Bokar et al. 2020). In Chile, mining operations discharge arsenic and
copper into surface waters. These pollutants are toxic, cumulative, and persistent, altering
water quality even decades after the closure of mining operations (Baeten, Langston, and
Lafreniere 2018). Metalloids and heavy metals pollution on hydric resources imply severe
risks for the ecosystem and human health (Santana 2020; Reis et al. 2019).

Some studies have suggested that mining discharges can explain the increase in the
concentrations of copper, arsenic, and other pollutants in rivers of north-central Chile
(Ribeiro et al. 2014; Pizarro et al. 2010; Oyarzun et al. 2006; Dittmar 2004). However, it
is challenging to link mining discharges to concentrations in surface waters since high
concentrations could also be associated with natural conditions (Bokar et al. 2020), pollu-
tion from agriculture (Donoso, Cancino, and Magri 1999), and abandoned tail deposits from
old mining activities (Oyarzun et al. 2012). Consequently, it is necessary to establish how
mining production changes the concentrations of pollutants in water bodies to identify the
damage generated by the activity (Valenzuela-Diaz et al. 2020) and thus avoid attributing
environmental damage to the natural conditions of the study area. This study economi-
cally evaluates the externalities to health and agricultural production caused by copper
mining in the regions of Coquimbo, Valparaiso, and O’Higgins in Chile. Specifically, the
effects of arsenic and copper discharges on surface water bodies are quantified through
the impact pathway approach, which has been widely used in the literature to evaluate
the impact of atmospheric pollutant emissions (Swirdh and Genell 2020; Mardones and
Mena 2020; Mardones and del Rio 2019; Silveira et al. 2016).

Although the methods for quantifying the impacts of water use have developed signifi-
cantly over the past decade, few studies have applied these methods to mining activity, as
there is limited understanding of their impacts on water resources (Northey et al. 2018).
Ossa-Moreno et al. (2018) state that the application of hydro-economic analysis in mining
regions is scarce for lack of data, which is a general problem for hydro-economic models.
However, the lack of data is particularly challenging for mining regions, as ores are
typically found in remote areas with few long-term climate observations. Also, there is uncer-
tainty about the impacts after closure of operations, difficulty in accounting for cumulative

! Direccién General de Aguas, Atlas del agua, November 20, 2021, https://dga.mop.gob.cl/DGADocumentos/
Atlas2016partel-17marzo2016b.pdf.
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impacts, extreme events such as floods, dam failures, and infiltrations (Northey et al. 2016). In
contrast, mining companies tend to be confidential about economic and environmental data at
the project level. Consequently, few studies relate economics and water resources in mining, so
more studies in this area are essential to improve water use.

Material and methods

Mining activity in Chile

Mining is the engine of exports in Chile and other Latin American countries (Manky 2019).
In Chile, copper production is carried out by three types of companies: large-scale mining,
represented by private companies and the state company CODELCO, which contribute with
96% of national production; medium-sized mining, represented by mainly national com-
panies that contribute 3%; and small mining that contributes 1%.

After identifying the main mining operations in this country (Figure 1), it is necessary
to determine the mining discharges to surface waters, including their location, concentration,
and effect on the receiving water body. For this, the web pages of the different mining oper-
ations, government information reported by the Pollutant Emissions and Transfer Register
(Registro de Emisiones y Transferencias de Contaminantes, RETC),> and reports from the
Superintendency of the Environment (Superintendencia del Medio Ambiente, or SMA) requested
through the Transparency Portal (Portal de Transparencia) were consulted.* Also, information
was reviewed about the concentration of pollutants in the receiving water body at the discharge
points through the reports of the DGA.> Based on the scant information available, it was possible
to determine that Coquimbo, Valparaiso, and O’Higgins regions are the only ones for which
there is information that allows for the study of mining activity, wastewater discharges, and
concentrations of pollutants such as arsenic and copper. Specifically, there are data for the oper-
ations of the Tres Valles mine and Panulcillo mine in the Coquimbo region, which began oper-
ations in 2011 and 1848, respectively. There are also data for the Andean Division (Divisién
Andina) of CODELCO, which began operations in 1970 in the Valparaiso region, and for the
El Teniente mine in the O’Higgins region, whose industrial operations began in 1905.

Mining activity and data in Coquimbo

In the Coquimbo region the total copper production was 487,396 fine metric tons in 2019.
In this region, Panulcillo, Pelambres, and Carmen de Andacollo mining operations are cat-
egory A, while Tres Valles, Coca-Cola, Altos de Punitaqui, 21 de Mayo, La Bocona, and
Tambillos mining operations are category B.® Based on the review of the limited informa-
tion available for all mining operations, the following conclusions can be obtained. The
Tres Valles mine is located in the middle course of the Choapa River and began its pro-
duction in 2010. The RETC only reports mining discharges for 2013-2018, but the SMA
reports mining discharges for 2016-2018. However, in the DGA, there is no information
regarding the monitoring points and data on the concentrations of pollutants in the

% Servicio Nacional de Geologfa y Minerfa, Anuario de la Mineria Chilena, November 20, 2021, https://www
.sernageomin.cl/pdf/anuario_2019_act100720.pdf.

3 Registro de emisiones y transferencias de contaminantes, Emisiones al agua, November 20, 2021, https://
datosretc.mma.gob.cl/dataset/emisiones-al-agua.

* Portal de Transparencia, Acceso a informacién publica de agencias estatales, November 20, 2021, https://www
.portaltransparencia.cl/PortalPdT/.

5 Direccién General de Aguas, Informacién oficial hidrometeorolégica y de calidad de aguas en linea, November 20,
2021, https://snia.mop.gob.cl/BNAConsultas/reportes.

6 Category A includes mining companies in which more than one million man-hours are worked in the year.
Category B includes mining companies in which between one million and two hundred thousand man-hours are
worked in the year.
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Figure |. A geographic analysis of copper mining operations in Chile.

receiving water body. Table 1 shows the tons of copper (Cu) and arsenic (As) discharged
reported by the RETC and the annual average concentration (mg/1) in the discharge flow
monitored by the SMA.

The data in Table 1 allow estimating functions that relate the production of the Tres
Valles (thousands of fine metric tons) to discharges of As (ton) and Cu (ton), as described in
the following equations (standard errors in parentheses):

Discharges of As (ton) = 0.0000152 * Production R* = 0.6729 (1)
(0.00000475)
Discharges of Cu (ton) = 0.0001897 * Production R> = 0.6465 (2)

(0.0000627)

In Equations 1 and 2, there is a positive and statistically significant relationship between
copper production (thousands of fine metric tons) and discharges (ton).

Pelambres mining company informs in its sustainability report that the operation does
not discharge into surface waters.” However, the surface waters adjacent to the mining
facility (Choapa River basin) have historically presented low pH levels and high levels
of metals (Parra et al. 2011).

In the case of the Panulcillo mining company, there are no official data on possible dis-
charges of As and Cu. However, a report made for the DGA determines a change in Cu
concentration upstream and downstream of the Limar{ River.® Specifically, the measure-
ments are 0.18 mg/l upstream and 5.3 mg/l downstream; that is, 5.12 mg/1 variation attrib-
uted to this mining operation. A 2016 report carried out by the National Mining Company
(Empresa Nacional de Minerfa, ENAMI) states that copper concentrates corresponding to
the Panulcillo mine is 50,000 tons, which is equivalent to approximately 180,000 fine met-
ric tons of copper by year.’

7 Antofagasta PLC, Reporte de Sustentabilidad 2017, November 20, 2021, https://www.aminerals.cl/media/5649/
antofagasta-minerals_reporte-sustentabilidad_2017.pdf.

8 Direccién General de Aguas, Diagnéstico y clasificacién de los cursos y cuerpos de agua segtin objetivos de calidad—
Cuenca del Rio Limari, November 20, 2021, https://mma.gob.cl/wp-content/uploads/2017/12/Limari.pdf.

° Empresa Nacional de Minerfa, Informe técnico vida titil mina Panulcillo, November 20, 2021, https://www
.comisionminera.cl/seminarios-talleres-y-cursos/presentaciones-de-seminarios-y-talleres/category/66-taller-
estimacion-de-vida-util-para-el-cierre-de-faenas-mineras-30-abril-2014?download=460:06-informe-tecnico-
vida-util-mina-panulcillo-a-munoz-m-moreno-enami.
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Table |. Mining production and discharges of As and Cu generated by Tres Valles mine.

Production (thousands of Discharges of Discharges of ~ Discharges of  Discharges of

Year fine metric tons) As (tons) Cu (tons) As (mg/l) Cu (mg/l)
2013 12.5 0.000096987 0.001098339 NA NA
2014 82 0.000270835 0.003187209 NA NA
2015 58 0.000080100 0.001285460 NA NA
2016 54 0.000167244 0.002474959 0.010 0.114
2017 5.9 0.000052426 0. 000579282 0.007 0.126
2018 5.9 0.000000022 0.000000154 0.001 0.007

Source: SMA, COCHILCO, CODELCO, and RETC.
Note: Not available (NA).

Following previous data, this study assumes that each fine metric ton of copper pro-
duced by the Panulcillo mining operation raises the concentrations of Cu by 0.00002844
mg/1 in the waters of the Limarf{ River (5.12 mg/1 divided by 180,000 tons). In the absence
of data to establish the As concentrations contributed by the Panulcillo mining operation,
data from the mining operations in the Valparaiso and O’Higgins region are used to extrap-
olate a relationship between As and Cu concentrations in Panulcillo.

Mining activity and available data in Valparaiso
In the Valparaiso region, there are eight mining operations, of which five correspond to
copper exploitation.'® This region contributes 3.2% to the national production of copper,
with 253,135 fine metric tons in 2019.'' The main copper mining operation in the
Valparaiso region corresponds to the Andina Division of CODELCO in the Los Andes district.
The Andina Division exploits this mineral in the Rio Blanco underground mine and the
South-South open-pit mine in the Andes mountain range at over 3,000 meters above
sea level. The copper is then transported by rail to CODELCO’s Ventanas Smelter, located
on the coast and north of the Puchuncavi district. The geographic locations of the waste-
water discharge points were obtained from the RETC and CODELCO sustainability reports.'?

According to the information reported by CODELCO, the Andina Division carries out
mining discharges in the Rio Blanco, which belongs to the Aconcagua River basin. A report
prepared to the DGA affirms that the points affected by the mining discharges are Central
Hidroeléctrica and Rio Blanco (CADE 2004). From the DGA, it is only possible to obtain geo-
chemistry information at the Rio Blanco point. The RETC does not record mining dis-
charges from the Andina Division, while the SMA reports mining discharges from 2014
to 2018. Table 2 shows the flow rate and concentrations of Cu and As in the annual dis-
charges generated by the Andina Division, as well as the annual averages for geochemistry,
flow rate, and precipitation reported by the DGA at the discharge receiving point Rio
Blanco.

It should be noted that there are no data on mining discharges registered in the RETC or
SMA regarding other mining operations in the Valparaiso region. However, according to

10 Servicio Nacional de Geologfa y Minerfa, Mapa minero de Chile, November 20, 2021, https://biblioteca
.sernageomin.cl/opac/DataFiles/mapa-minero-de-chile.pdf.

1 Servicio Nacional de Geologfa y Minerfa, Anuario de la mineria chilena, November 20, 2021, https://www
.sernageomin.cl/pdf/anuario_2019_act100720.pdf.

12 CODELCO, Reporte de sustentabilidad 2018, November 20, 2021, https://www.codelco.com/prontus_codelco/
site/artic/20190805/asocfile/20190805110519/reporte_sustentabilidad_2018_codelco.pdf.
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Table 2. Mining production, discharges, and concentrations of the Andina Division and geochemistry of the Blanco River.

Production [thousands of fine

Discharge of As

Discharge of Cu

Flow rate of discharge

Average concentration of

Average concentration of

Flow rate of river

Precipitation

Year metric tons] [mg/l] [mg/l] [thousands m3/year] As [mg/l] Cu [mg/l] [m?/s] [mm]
1995 145.8 NA NA NA 0.0245 5.80 2.70 NA
1996 154.4 NA NA NA 0.0135 0.56 0.82 NA
1997 145.4 NA NA NA 0.015 0.83 3.63 NA
1998 164.0 NA NA NA 0.018 11.80 4.15 NA
1999 2493 NA NA NA 0.024 0.93 1.71 NA
2000 258.0 NA NA NA 0.0175 0.48 3.85 NA
2001 2533 NA NA NA 0.0255 4.92 5.53 NA
2002 2187 NA NA NA 0.0085 4.525 5.67 NA
2003 235.8 NA NA NA 0.01 6.405 6.06 NA
2004 2399 NA NA NA 0.0125 3.58 226 NA
2005 2482 NA NA NA 0.008 7.02 5.95 NA
2006 236.4 NA NA NA 0.0135 1.665 7.82 NA
2007 2184 NA NA NA 0.007 0.30 4.45 NA
2008 2195 NA NA NA 0.0055 0.09 5.21 NA
2009 209.7 NA NA NA 0.0075 0.83 227 NA
2010 188.5 NA NA NA 0.0075 0.0895 2.08 NA
2011 2344 NA NA NA 0.0125 0.3405 1.37 NA
2012 249.9 NA NA NA 0.009 0.186 1.50 NA
2013 236.7 NA NA NA 0.005 0.0965 2.01 NA
2014 2324 0.0031 0.0695 14,664 0.0035 0.141 336 13.63
2015 2243 0.0065 0.0581 13,678 0.0085 0.0485 3.10 35.59
2016 193.4 0.0077 0.0441 10,851 0.006 0.3885 423 51.65
2017 220.0 0.0065 0.1178 9,856 0.0085 0.012 2.58 21.35
2018 195.5 0.0060 0.06612 9,856 0.0075 0.0375 0.94 21.08

Source: Based on data from COCHILCO, SMA, CODELCO, and DGA.
Note: Not available (NA).
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the SMA, Ventanas Smelter records wastewater discharges on the shores of this region
between 2017 and 2019. The effects on sea waters that the Ventanas Smelter generates are
not economically quantified in this study because there are no data to determine the impact
on the volume of marine resources affected, extracted, and marketed, nor the cumulative
effect on the population’s health due to the possible consumption of these products.

The data reported in Table 2 were used to estimate a linear regression between copper
production and discharges of Cu and As on surface water bodies.!® In Equation 3, there is a
positive and statistically significant relationship between copper production (thousands of
fine metric tons) and discharges of Cu (ton). In Equation 4, there is a positive and statisti-
cally significant relationship between copper production (thousands of fine metric tons)
and discharges of As (ton) (standard errors in parentheses). Consequently, both equations
make it possible to project As and Cu discharges from the production volume in periods
with no available data, for example, 2013.

Discharges of Cu = 0.0038997 * Production R* = 0.05 (3)
(0.0004671)

Discharges of As = 0.003167 * Production R> = 0.94 4)
(0.0000425)

Mining activity and available data in O’Higgins

The following mining operations are in the O’Higgins region: Divisién El Teniente of CODELCO
and Valle Central Mine. The Divisién El Teniente owns the largest underground copper mine
globally, which is in the Andes mountains range, between 2,200 and 3,200 meters above sea
level. 1t also has a surface operation that began operations in 2012. The Divisién El Teniente
industrial complex’s primary operations are the mines and the Caletones smelter, which
reached 459,744 fine metric tons of copper during 2019.* Valle Central Mine is in charge
of processing mining tailings mainly from the Divisién El Teniente. Table 3 shows the mining
discharges (ton/year) and production (thousands of fine metric tons/year) of Divisién El
Teniente based on data obtained from the RETC and CODELCO, as well as the concentrations
and precipitation recorded by the DGA at the Rio Coya point.

Copper production (thousands of fine metric tons) is related to discharges of Cu (ton)
and As (ton) through linear regressions with the data reported in Table 3. The coefficients
estimated in Equations 5 and 6 are used in the impact pathway approach to determine the
effects of mining production on the discharges of As and Cu. Specifically, in the years for which
there is information on mining production, but there are no official discharge records.

Discharges of Cu = 197646.9 + 9.096003 * Production — 100.1369 * Year R*> =0.62 (5)
(52005.6) (3.197963) (26.43251)

Discharges of As = 2388.8 + 0.1119063 * Production — 1.210544 % Year R> = 0.54 (6)
(749.15) (0.0460671) (0.3807643)

13 Discharges of Cu and As in tons are obtained by multiplying the discharges of Cu and As (mg/1) by the dis-
charge flow rate (thousands m*/year). In addition, conversion factors are used to obtain ton/year.

14 CODELCO, Divisibn El Teniente, November 20, 2021, https://www.codelco.com/division-el-teniente/
prontus_codelco/2016-02-25/155825.html#:~:text=E1%20Teniente%20es%20el%20yacimiento,de%20la%20ciudad
%20de%20Rancagua.
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Table 3. Mining production, discharges, concentrations, and geochemistry of the Coya River.

Production [thousands

Discharges of

Discharges of

Flow rate of discharge

Discharges

Discharges

Concentrations of

Concentrations of

Precipitation

Year  of fine metric tons] As [tonlyear] Cu [tonlyear] [thousands of m3/year] of As [mg/l] of As [mg/l] As [mg/l] Coya River Cu [mg/l] Coya River [mm]
2006 4183 12.43 930.72 63,314 0.1963 14.7001 0.14 18.40 44.33
2007 404.7 0.39 188.25 51,176 0.0075 3.6784 0.0l 3.38 20.36
2008 381.2 1.02 11.53 74,762 0.0136 0.1542 0.09 3.72 35.40
2009 404.1 0.45 2.58 58,401 0.0077 0.0442 0.03 3.57 29.87
2010 403.6 0.37 1.73 41,741 0.0088 0.0415 0.03 1.62 22.58
2011 400.3 0.09 1.81 24,247 0.0036 0.0747 0.12 18.06 19.06
2012 417.2 0.27 201 42,464 0.0063 0.0474 0.04 1.99 33.00
2013 450.4 1.04 5.92 38,648 0.0270 0.1533 0.04 2.00 16.70
2014 455.5 NA NA 22,505 NA NA 0.05 1.89 18.72
2015 471.2 0.33 0.58 41,976 0.0079 0.0139 0.04 2.24 28.14
2016 475.3 0.15 0.90 45,976 0.0032 0.0196 0.02 6.15 33.62
2017 464.3 0.43 5.36 50,380 0.0086 0.1063 0.02 2.19 31.37
2018 465.0 0.14 I.16 39,318 0.0034 0.0294 0.05 0.54 18.99

Source: COCHILCO, RETC, CODELCO, and DGA.
Note: Not available (NA).

MIINFY YIAD2SaY UDIILoWY UDT

6v¢


https://doi.org/10.1017/lar.2022.16

350 Levi Campos and Cristian Mardones

' Copper mining operation that discharges

0510 20 30 40
RO — T

Figure 2. A geographic analysis of mining operations and affected areas in the Coquimbo region.

Relationship between discharges and concentrations

The data reported in Tables 2 and 3 were also used to estimate panel data regressions that
relate the discharges (ton) and concentrations (mg/1) of both pollutants on surface water
bodies, controlling for the effect of precipitation. Specifically, in Equation 7, it is observed
that there is a positive and significant relationship between discharges of Cu (ton) and
concentrations of Cu (mg/1). In equation (8), there is a positive and significant relationship
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Figure 3. A geographical analysis of mining operations and affected areas in the Valparaiso region.

between discharges of As (ton) and concentrations of As (mg/1) (standard errors in paren-
theses).

Concentration of Cu =3.2380 + 0.0152 x Discharges of Cu — 0.0170 * Precipitation R*> =0.43

(3.2795) (0.0053) (0.1150) ?)
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Figure 4. A geographical analysis of mining operations and affected areas in the O’Higgins region.

Concentration of As = 0.0368 + 0.0079 * Discharges of As— 0.0002 x Precipitation R*> = 0.43

(0.0214) (0.0027) (0.0007) (8)

The coefficients estimated in Equations 7 and 8 are used in the impact pathway approach
to determine the effects of mining discharges on the concentrations of Cu and As, control-
ling for the effect of precipitation throughout the period analyzed. The previous applies to
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all mining operations and pollutants analyzed in this study, except for concentrations of
Cu and As attributable to Panulcillo.

Area dffected by mining discharges

The impact of mining operations has been studied for many years in the literature through
different methodologies. For example, life cycle assessment (LCA), life cycle sustainability
assessment (LCSA) (Kuipers et al. 2018), and the use of geographic information systems (GIS)
tools help determine the extent of such pollution (Werner et al. 2019). Several empirical stud-
ies agree that the 5 km surrounding the mining exploitation would be the reference range for
the impact of mining (Lessmann et al. 2019; Shen et al. 2017; Stein et al. 2002). Consequently,
this study analyzes the 5 km closest to the mining discharge points, which allows determining
the population that lives in that area and the affected agricultural properties. The analysis is
carried out with GIS tools using layers of mining operations, population, watersheds, agricul-
tural production, and mining discharge points (Figures 2-4).

However, the definition of the affected area depends on the dispersion of pollutants in
the environment, such as ground conditions, river flow, and soil permeability. Therefore, this
study performs a sensitivity analysis based on Monte Carlo simulation that explicitly incor-
porates the probability distribution of the statistical relationships estimated for production
and discharges and also for discharges and concentrations. In addition, three scenarios are
considered on the distance of the pollution impacts (1 km, 5 km, and 10 km). Although it
is reasonable to think that water pollution could affect downstream areas beyond the radius
of the scenarios established in the study, there is no in situ data to support this claim.

Economic valuation using the impact pathway approach

A method traditionally used to estimate the costs of environmental degradation is the
impact pathway approach, which comprises a sequence of interrelated models (Swérdh
and Genell 2020; Silveira et al. 2016; Mardones et al. 2015).

To economically quantify health damage, a first model is required that estimates how
changes in production from emitting sources affect emissions or discharges of pollutants. Then
a second model that estimates how the change in emissions or discharges modifies environ-
mental concentrations. Subsequently, epidemiological models are required that link changes
in pollutant concentrations with morbidity and/or mortality in the affected population
through dose-response (D-R) functions. Finally, health expenses and premature mortality must
be economically valued. Thus, the impact pathway approach can be summarized in Equation 9:

/ AC; AE;

1
COSt:Z VIZ*BJZ*P’*’BJZ*E*A—)/7 (9)
i 1

J

where

Cost = Total cost of health damage,

V;; = Unitary economic valuation of the health effect j associated with pollutant I,
B; = Base rate of cases per year of the health effect j associated with pollutant i,"
P; = Population exposed to pollutant i,

Bii = D-R coefficient of health effect j associated with the concentration of

pollutant i,

15 The base rate is the number of cases of illness or death divided by population (sometimes defined as the
number of cases per 100,000 inhabitants) in a given period. Thus, the base rate multiplied by the population gives
the number of cases of illness or death in a certain period.
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22‘ = Factor that relates changes in the concentration of pollutant i with the varia-
tion in the discharges of pollutant i, and

oh = hat relates ch the disch f pollutant i with

Ay Factor that relates changes in the discharges of pollutant i with mining

production.

It is important to note that £ —E’ is specific to the geographic location of the discharge
since topography, river flow, or other conditions affect how a variation in discharges
modifies concentrations. Similarly, % Ay‘ is specific to each mining operation, and this rela-
tionship may vary over time due to technological progress, changes in the mineral grade,
environmental regulations, and so on.

In the case of environmental damage to agricultural production, the impact pathway
approach requires determining how the change in pollutant concentrations affects the
economic benefits of the agricultural production (McConnell and Bockstael 2005), which
is summarized in Equation 10:

An—XK:XI: BV o WA A, (10)
- - pk qu Vi qu qH

where

Am = Variation in the benefits of agricultural production,
= Price of agricultural product k,
i—}; = Change in the production of the agricultural product k associated with the
" change in the environmental concentration of the pollutant i,
C,,= Marginal cost of production of agricultural product k, and
Ag; = Variation in the concentration of pollutant i.

<
A

The economic valuation of changes in environmental quality seems straightforward
through the impact pathway approach. However, the environmental impacts on health,
crops, and the ecosystem are cumulative, incremental, and often come from different
sources of pollution. For example, Figure 5 shows that the aggregation and interaction
of impacts can be produced by various mining activities and other economic activities,
natural conditions, or exogenous past, present, or future factors, which vary in intensity
according to spatial and temporary terms (Franks et al. 2010). Thus, environmental
impacts are difficult to identify in the real world because of the multiple causal relation-
ships interacting simultaneously, introducing uncertainty about the dose-response func-
tions (Silveira et al. 2016). Consequently, the impacts are not necessarily generated from a
simple causal relationship, as the impact pathway approach assumes. In addition, it must
be emphasized that the regressions estimated to calibrate the model do not necessarily
imply causality (Havens 1999).!° Despite these limitations, the impact pathway approach
may be the only option available to quantify the economic damages of pollution roughly.

Data to estimate health damage

The population affected by the discharges from Tres Valles and Panulcillo belongs to the
Salamanca and Ovalle districts. The exposed population in the Valparaiso region only lives
in the districts of Los Andes and San Esteban. Finally, the population affected by the dis-
charges of Divisién El Teniente belongs to the districts of Requinoa, Machalf, Olivar, and

16 In consequence, the paper’s approach can be considered, using the proposed classification of Sureau,
Neugebauer, and Achten (2019), as a type 1 model owing to its lack of identification of explicit cause-effect chains
into the analysis.
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Table 4. The affected population within 5 km of the discharge points, according to the district.

Year  Salamanca  Ovalle  San Esteban  Los Andes  Requinoa  Machali  Olivar  Rancagua
2013 293 614 9 920 169 287 36 126
2014 294 534 9 926 175 297 36 126
2015 296 464 10 931 182 306 37 127
2016 297 404 10 936 191 314 37 127
2017 191 351 8 682 122 272 23 112
2018 179 355 8 706 158 289 26 109

Exogenous factors
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— (ume & space) |

Activity

Cumulative

specific :

Non-mine i]{: acts impacts 1
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(riggers & I
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1

Non-mine Feedback 1 .

activity Z e e e Figure 5. Conceptual framework of

the cumulative impacts of mining
(Franks et al. 2010).

Receiving Environment

Rancagua. The 2017 Census reports that these districts have a total population of 574,004
inhabitants. However, to determine the population that lives within the 5 km closest to the
discharge points, GIS tools with the layers published by the Chilean Geospatial Data
Infrastructure (Infraestructura de Datos Geoespaciales de Chile, IDE Chile) were used.’”
Besides, the number of houses within 5 km that receive water directly from a well, water-
wheel, river, or spring is determined. Then, the average number of people by house is
multiplied by the number of houses that receive water without treatment. The number
of people affected in the rest of the period analyzed is calculated through the population’s
growth rate in each district, obtained from the National Institute of Statistics (Instituto
Nacional de Estadisticas, INE) (Table 4).

The dose-response studies on health effects have established significant increases in
mortality due to As in drinking water and morbidity by Cu and As. The dose-response coef-
ficients for As and Cu are reported in Table 5. However, all the cited studies report the
relative risk (RR), for which the dose-response coefficient (8) can be obtained through
the following formula: RR = e(#*AP ”””t“'”B‘g/ L),

The unit costs of each disease were obtained from the Superintendency of Health
(Superintendencia de Salud) and scientific studies (Lépez-Montecinos, Rebolledo, and
GOémez 2016), while the statistical value of life in Chile (US$3.73 million) is obtained from
Mardones and Riquelme (2018). Finally, the annual base rates for each health effect are

17 Infraestructura de Datos Geoespaciales de Chile, Informacién territorial, November 20, 2021, http://www.ide
.cl/index.php/informacion-territorial/descargar-informacion-territorial.
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Table 5. Epidemiological studies on health effects by intake of As and Cu through water.

Pollutant  Effect Relative Risk (RR) B References
As Mortality by all 1.6 (95% CI 1.1-2.3) 0.00470 Liaw et al. (2008)
cancer
Mortality by 1.387 (95% Cl: 1.135-1.695) for 10 pg/L 0.00033 Xu, Mondal, and
coronary heart Polya (2020)
disease
Mortality by stroke 1.192 (95% CI: 0.746—1.902) for 10 pg/L 0.00018 Xu, Mondal, and
Polya (2020) (2020)
Mortality by 1.015 (95% CI: 0.986—1.043) for 10 pg/L 0.00001 Xu, Mondal, and
cardiovascular Polya (2020) (2020)
disease
Cu Morbidity by 1.9 (95% Cl: 1.02-2.79) for 6 pg/L 0.00107 Araya et al. (2004)
gastrointestinal
effects
Morbidity by nausea  7.67 (95% Cl: 2.14-27.49) for 6 pg/L 0.00340 Araya et al. (2001)
As Morbidity by lung 1.03 (95% CI: 0.99—1.06) for 10 pg/L 0.00003 Boffetta and Borron
cancer (2019)
Morbidity by bladder 1.02 (95% Cl: 0.97-1.07) for 10 pg/L 0.00002 Boffetta and Borron
cancer (2019)
Morbidity by kidney  1.18 (95% Cl: 0.95-1.44) for 2 to 5 pg/L 0.00047 Saint-Jacques et al.
cancer (2017)
Morbidity by 1.30 (95% Cl: 1.04-1.63) 0.00262 Chowdhury et al.
coronary heart (2018)
disease
Morbidity by stroke  1.23 (95% Cl: 1.04-1.45) 0.00207 Chowdhury et al.
(2018)
Morbidity by 1.15 (95% Cl: 0.92—1.43) 0.00140 Chowdhury et al.
cardiovascular (2018)
disease

calculated from the Department of Health Statistics and Information (Departamento de
Estadisticas e Informacién de Salud, DEIS) and population projections from the INE.

Data to estimate agricultural damages

The affected hectares of fruit and vegetables within the 5 km closest to the mining dis-
charge points are determined with GIS tools. For this, the maps of the Fruit Cadastre avail-
able on the website Sistema de Consulta Estadistico Territorial, and data from the
agricultural census are used.'® However, the specific crops on each affected hectare are
unknown, so an estimate is based on the share of each crop in production at the district
level. This procedure might overestimate the economic value of the negative impacts
because the proximity to the discharge of pollutants points likely drives cultivation deci-
sions. Still, this approximation is necessary considering the lack of data. Finally, the yield
of crops is determined by the Office of Agrarian Policies (Oficina de Politicas Agrarias,

18 Oficina de Politicas Agrarias, Sistema de consulta estadistico territorial, November 20, 2021, https://icet.odepa
.gob.cl/.
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Table 6. Production of affected fruits.

Affected
Fruit Average farm Affected farms Yield Percentage planted in  production
species Region size [ha/farm] [No. of farms]  [ton/ha] affected districts [ton/year]
Walnut Coquimbo 12.38 7 4.5 50.8% 86.59
Avocado  Coquimbo 14.02 2 15 60% 251.02
Grape O’Higgins 35.07 7 28 41.2% 2,832.56
Red apple O’Higgins 11.55 4 50 4.0% 93.20
Japanese  O’Higgins 9.41 3 25 8.1% 56.95
plum
Green O’Higgins 5.22 | 50 1.0% 2.60
apple
Nectarine O’Higgins 7.13 | 30 3.1% 6.54
Almond  O’Higgins 19.21 4 25 5.5% 10.55
Pear O’Higgins 10.12 5 45 4.5% 102.46
Peach O’Higgins 8.87 5 32 13.1% 185.91
European O’Higgins 16.88 5 8 4.6% 30.76
plum
Cherry O’Higgins 10.99 2 9 15.0% 29.66

ODEPA) and the Food and Agriculture Organization of the United Nations (FA0).' The
same agricultural yield (baseline scenario) is assumed for the entire period analyzed in
the affected hectares owing to the lack of information. From the data, it is concluded that
there are no affected crops in the Valparaiso region (Tables 6 and 7).

The average price of fruits is calculated from the export data of the National Customs
Service (Servicio Nacional de Aduanas).”’ The prices of vegetables are obtained from the
Observatory for Agricultural, Agrifood, and Forestry Innovation (Observatorio para la
Innovacién Agraria, Agroalimentaria y Forestal, OPIA).?' These prices are available for
the entire period analyzed (2013-2018). Finally, the marginal cost of each affected agricul-
tural crop is approximated through the average costs of agricultural products available in
the Chilean Input-Output Tables.

The literature of dose-response studies for agriculture has established that crops irri-
gated with waters that have high concentrations of As and Cu present a decrease in their
yield (Yafiez et al. 2019; Sandil et al. 2019; Martins and Mourato 2006). However, there is no
risk to humans from consuming the edible parts of these crops (Sancha et al. 2005; Herrera
et al. 2017). The impact on agricultural yields is calculated from the literature review and
the available data to establish the relationship between concentrations and production.
Specifically, this study assumes that irrigation with water that has a concentration of
As of 1.4 mg/] implies a 31% reduction in crop yields (Yafiez et al. 2019), while irrigation
with water that has a concentration of Cu of 9.5 mg/l implies a 73% reduction in crop yields

19 Oficina de Politicas Agrarias, Matriz de labores de cultivos por macro zonas, November 20, 2021, https://www.odepa
.gob.cl/wp-content/uploads/2017/04/matriz_labores_macro_zonas2017.pdf; Food and Agriculture Organization,
FAOSTAT, November 20, 2021, http://www.fao.org/faostat/es/#data/QC.

20 Servicio Nacional de Aduanas, Exportacién por productos,” November 20, 2021, https://www.aduana.cl/
exportacion-por-productos/aduana/2020-04-02/091449.html.

21 Observatorio para la Innovacién Agraria, Agroalimentaria y Forestal, Boletin de hortalizas, abril 2020, November
20, 2021, https://www.opia.cl/601/w3-article-112830.html.
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Table 7. Production of affected vegetables.

Coquimbo region O’Higgins region Total
Affected Affected Affected
Affected  Yield production Affected  Yield production production
Crop crop [ha] [kg/ha] [ton/year] crop [ha] [kg/ha] [ton/year] [ton/year]
Chard 27 6,090 16.4 9.2 6,090 56.0 725
Chili pepper  369.2 22,500 8307 — — — 8,307
Garlic 0.1 8510 0.9 — — — 0.9
Artichoke 180.4 7,593 1369.7 0.3 7,593 23 1,372
Celery — 40,000 — 3.0 40000 120.0 120.0
Green pea 28.7 6,720 192.9 3.1 6,720 20.8 213.7
Beet 6.9 30,750 2122 1.3 30,750 3475 559.7
Onion 4.1 26,730 109.6 20.8 60,000 1248.0 1,357.6
Early onion 99 26,730 264.6 0.5 60,000 30.0 294.6
Corn 53.9 10,600 571.3 35.6 11,660 415.1 986.4
Cauliflower 1.2 24,000 28.8 20 24000.0 48.0 76.8
Broad bean 99.9 12,600 1258.7 0.2 12,600 2.5 1,261.3
Lettuce 385 13,435 5173 9.5 13,435 127.6 644.9
Cantaloupe 188 12,947 242.7 0.3 12,946 3.9 246.6
Pepper 572 32,450 1857.4 — — — 1,857.4
Beans 39.2 7,230 283.4 30.6 7160 219.1 502.5
Green bean 140.8 8,540 1202.0 49.3 7150 3525 1,554.5
Cabbage 1.2 70,000 84.0 13.5 70,000 945.0 1,029.0
Watermelon 15.9 17,982 285.9 1.9 17,982 342 320.1
Tomato 543 30,800 1672.7 85 58,730 500.4 2,173.1
Carrot 54 28,840 155.7 539 23,630 1273.7 1,429.4
Zucchini 16.8 29,250 490.8 0.3 29,250 8.8 499.6
Pumpkin 0.5 18,660 9.3 12.7 18,660 237.0 246.3

(Martins and Mourato 2006). These studies were chosen because they are relatively current
and within the concentration range of water bodies receiving mining discharges. The selected
coefficients are used as linear approximation considering the lack of data to other levels of
concentration, because the coefficients of other reviewed studies did not allow obtaining
the dose-response relationship given the data available in the present study. Finally, it can
be mentioned that the effects of As are considered independently of the impact of Cu; thus,

the total impact on crops is the sum of the effects generated by both pollutants.

Results

Coquimbo

In the Coquimbo region, the discharges from the Tres Valles and Panulcillo mining oper-
ations are analyzed. Discharges of As and Cu from Tres Valles affect certain areas in the
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Table 8. Environmental damages associated with discharges of As and Cu in the Coquimbo region (USD/year).

Cost of Cost of
medical medical Cost of Cost in production Cost in Cost in Cost in Total cost
care by care by premature Total cost by of production production production by
discharges of  discharges of mortality by health fruits by of fruits by of vegetables by  of vegetables by  agriculture
Distance Year Cu As discharges of As damage discharges of As discharges of Cu  discharges of As  discharges of Cu damage
I km 2013 76 59 144,799 144,935 535 50,162 12,200 502,162 565,059
2014 20 16 84,746 84,781 609 57,120 11,587 480,842 550,159
2015 103 15 61,991 62,109 480 44,993 11,907 493,245 550,626
2016 86 15 138,254 138,355 313 29,355 12,348 513,476 555,492
2017 46 29 60,667 60,742 389 36,445 11,962 496,729 545,525
2018 18 14 60,667 60,699 336 31,475 11,828 493,247 536,886
5 km 2013 120 93 227,066 227,279 5,560 249,719 101,375 4,628,065 4,984,719
2014 31 25 132,893 132,949 5,999 277,701 94,797 4,489,550 4,868,047
2015 161 24 97,211 97,397 5,526 256,804 92,109 4,344,412 4,698,852
2016 134 24 216,802 216,960 5012 238,129 88,274 4,207,890 4,539,306
2017 73 45 95,134 95,252 5,884 276,598 104,665 4,961,951 5,349,099
2018 28 22 95,134 95,184 5,034 239,362 85,907 4,108,924 4,439,226
10 km 2013 448 279 773,859 774,586 14,570 659,516 147,309 6,739,284 7,560,679
2014 Ié 75 432,403 432,593 15,759 702,498 136,661 6,487,367 7,342,284
2015 568 77 378,042 378,687 14,416 705,163 138,093 6,534,003 7,391,675
2016 399 73 740,774 741,246 12,922 661,389 133,600 6,392,812 7,200,723
2017 328 142 447,887 448,357 15,197 688,226 150,568 7,154,311 8,008,302
2018 174 76 392,880 393,130 13,004 631,278 130,456 6,263,343 7,038,080

MIINFY YIAD2SaY UDIILoWY UDT

Note: The mining operations considered are Tres Valles and Panulcillo.
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Table 9. Environmental damages associated with discharges of As and Cu in the Valparaiso region (USD/year).

09¢
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Cost of Cost of Cost of Cost in Cost in Total cost
medical care by medical care premature Total cost  production of production of  Cost in production Cost in production by
discharges of by discharges mortality by by health fruits by fruits by of vegetables by of vegetables by agriculture

Distance Year Cu of As discharges of As damage discharges of As  discharges of Cu discharges of As discharges of Cu damage
I km 2013 0 0 1,337 1,338 0 0 0 0 0

2014 | 0 1,924 1,925 0 0 0 0 0

2015 | 0 809 810 0 0 0 0 0

2016 | 0 453 454 0 0 0 0 0

2017 | 0 1,182 1,183 0 0 0 0 0

2018 0 0 1,280 1,280 0 0 0 0 0
5 km 2013 0 0 1,701 1,702 0 0 0 0 0

2014 | 0 2,448 2,449 0 0 0 0 0

2015 | 0 1,031 1,032 0 0 0 0 0

2016 | 0 578 580 0 0 0 0 0

2017 | 0 1,500 1,501 0 0 0 0 0

2018 0 0 1,623 1,624 0 0 0 0 0
I0km 2013 0 0 1,972 1,973 0 0 0 0 0

2014 | 0 2,838 2,840 0 0 0 0 0

2015 | 0 1,197 1,199 0 0 0 0 0

2016 | 0 676 678 0 0 0 0 0

2017 | 0 1,729 1,730 0 0 0 0 0

2018 0 0 1,871 1,872 0 0 0 0 0

Note: The only mining operation considered is the Andean Division of CODELCO.
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Table 10. Environmental damages associated with discharges of As and Cu in the O’Higgins region (USD/year).

Cost of Cost of Cost of Cost in Cost in Total cost
medical care medical care premature Total cost  production of production of  Cost in production Cost in production by
by discharges by discharges mortality by by health fruits by fruits by of vegetables by of vegetables by agriculture

Distance Year of Cu of As discharges of As damage discharges of As  discharges of Cu discharges of As discharges of Cu damage
I km 2013 0 0 24 24 3,325 163,213 2,950 100,427 269,915
2014 0 0 107 107 3,384 188,150 2,626 99,184 293,344
2015 0 0 79 79 2,819 153,609 2,979 112,164 271,571
2016 0 0 185 185 2,863 159,478 2,891 113,345 278,577
2017 0 0 70 70 2,819 155,522 2,878 109,402 270,622
2018 0 0 211 211 2,594 147,855 2,861 112,594 265,903
5 km 2013 0 0 60 60 19,270 624,660 14,880 506,489 1,165,300
2014 0 0 217 217 19,454 696,054 11,935 450,800 1,178,243
2015 0 0 173 173 16,366 586,051 15,203 572,489 1,190,109
2016 0 0 383 383 16,740 627,004 14,052 550,925 1,208,721
2017 0 0 136 136 16,247 587,556 13,886 527,799 1,145,488
2018 0 0 411 411 15,029 562,563 14,877 585,526 1,177,994
I0km 2013 0 0 314 314 86,440 4,243,538 21,083 717,629 5,068,690
2014 0 0 922 922 87,985 4,891,903 18,161 685,972 5,684,021
2015 0 0 909 910 73,295 3,993,836 21,640 814,870 4,903,640
2016 | 0 1,833 1,835 74,431 4,146,436 20,277 794,990 5,036,134
2017 0 0 548 548 73,299 4,043,578 20,410 775,762 4,913,050
2018 | 0 1,659 1,660 67,435 3,844,218 21,675 853,109 4,786,437

MIINFY YIAD2SaY UDIILoWY UDT

Note: The only mining operation considered is the “El Teniente” Division of CODELCO.

19¢
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Table | 1. Sensitivity analysis of total environmental damages (USD/year).

Total damage in the Coquimbo Total damage in the Valparaiso Total damage in the O’Higgins

Distance region region region
| km 709,994 1,338 269,939
(95% Cl: 608,919-821,383) (95% Cl: 422-2,549) (95% Cl: 266,675-273,292)
634,940 1,925 293,451
(95% Cl: 574,055-702,284) (95% Cl: 620-3,369) (95% Cl: 289,897-297,108)
612,735 810 271,650
(95% Cl: 569,306-660,707) (95% Cl: 253-1,402) (95% Cl: 268,308-275,135)
693,846 454 278,762
(95% Cl: 596,749-800,872) (95% Cl: 150-792) (95% Cl: 275,329-282,320)
606,266 1,183 270,692
(95% Cl: 562,122-655,109) (95% Cl: 370-2,061) (95% Cl: 267,411-274,081)
597,584 1,280 266,114
(95% Cl: 553,459-646,440) (95% Cl: 400-2,230) (95% Cl: 262,840-269,493)
5 km 5,211,998 1,702 1,165,360
(95% Cl: 5,039,407-5,419,862) (95% Cl: 583-3,187) (95% ClI: 1,151,176-1,181,868)
5,000,996 2,449 1,178,460
(95% Cl: 4,889,108-5,135,244) (95% Cl: 882—4,344) (95% Cl: 1,163,820-1,195,510)
4,796,249 1,032 1,190,282
(95% Cl: 4,706,873—-4,898,778) (95% Cl: 360-1,839) (95% Cl: 1,175,409-1,207,602)
4,756,266 580 1,209,104
(95% Cl: 4,591,498-4,952,795) (95% Cl: 211-1,026) (95% Cl: 1,193,979-1,226,742)
5,444,351 1,501 1,145,624
(95% Cl: 5,352,548-5,551,926) (95% Cl: 532-2,658) (95% Cl: 1,131,607—1,161,964)
4,534,410 1,624 1,178,405
(95% Cl: 4,448,507—4,634,353) (95% Cl: 574-2,876) (95% Cl: 1,163,671-1,195,598)
10 km 8,335,265 1,973 5,069,004
(95% Cl: 7,793,999-8,892,041) (95% Cl: 624-3,479) (95% Cl: 5,008,056-5,129,643)
7,774,877 2,840 5,684,943
(95% Cl: 7,461,233-8,088,278) (95% Cl: 956-4,728) (95% Cl: 5,616,262-5,753,729)
7,770,362 1,199 4,904,550
(95% Cl: 7,492,457-8,063,143) (95% Cl: 403—1,980) (95% Cl: 4,843,876—4,964,784)
7,941,969 678 5,037,969
(95% Cl: 7,418,701-8,470,116) (95% Cl: 231-1,130) (95% Cl: 4,975,328-5,100,026)
8,456,659 1,730 4,913,598
(95% Cl: 8,129,872-8,803,870) (95% Cl: 579-2,867) (95% Cl: 4,854,099-4,972,708)
7,431,211 1,872 4,788,097
(95% Cl: 7,144,878-7,741,706) (95% Cl: 626-3,103) (95% Cl: 4,728,772—4,846,985)

district of Salamanca within the 5 km closest to the discharge point, and some areas of
Salamanca and Illapel districts when an expansion of the influence of mining discharges
up to the 10 km closest to the discharge point is considered. Discharges of As and Cu attrib-
utable to Panulcillo affect certain areas in the district of Ovalle within 5 km closest to the
discharge point, and some areas of the Ovalle and Rio Hurtado districts when an expansion
in the influence of mining discharges up to the 10 km closest to the discharge point is
considered.
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Table 8 shows the environmental damage considering the different ranges of influence
of the As and Cu discharges. In the scenario of 5 km, the damage to agriculture represents
97.1%, and the damage to health is only 2.9%. Health damages are relatively low owing to
the small population exposed in the affected area. However, the cost of premature mor-
tality attributed to the consumption of water with excess As represents 99.9% of the health
damages. The contribution of each pollutant to the total damage is 95.1% for Cu discharges
and 4.9% for As discharges.

The total environmental damage is much lower when a distance of 1 km is considered,
as there is no exposed population in the district of Ovalle, and fewer hectares of crops
would be affected. When a distance of 10 km is considered, the total environmental dam-
age increases significantly, which is mainly explained by the increase in agricultural costs
due to the greater number of potentially affected hectares. However, in the three scenar-
ios, 97.9% of agricultural damages are attributed to Cu discharges, and 99.9% of health
damages are associated with premature mortality by As.

Valparaiso

The environmental externalities generated by the mining discharges of the Andina
Division only include health damages since there are no agricultural activities affected
by mining discharges to surface waters. The affected population corresponds to those peo-
ple without access to drinking water who live in the districts of Los Andes and San Esteban.

Table 9 shows that practically 100% of health damage is attributed to premature mor-
tality by As, while discharges of Cu produce meager costs in medical treatments. Note that
Cu does not induce premature mortality, according to the literature reviewed. The results
show that health damages do not increase significantly when the distance changes since
the area of influence is located in the Andes mountain range, and there is a small exposed
population.

O’Higgins

The mining discharges of the Divisién El Teniente negatively affect some crops located in
the districts of Machali, Olivar, Requinoa, and Rancagua when impacts up to 5 km from the
discharge point are considered. In the case of 1 km, the affected crops are located in some
areas of Machali, Olivar, and Requinoa. For a distance of 10 km, the affected hectares
increase and cover areas of Machali, Olivar, Requinoa, Rancagua, Graneros, Donihue,
and Codegua.

Table 10 shows the environmental damage considering the different ranges of influence
of the As and Cu discharges. In the scenario of 5 km, the damage to agriculture represents
99.98%, and the damage to health is only 0.02%. The contribution to total damage of each
pollutant is 97.3% for Cu discharges and 2.7% for As discharges. According to the distance
analyzed, there are relevant changes in the environmental damages, which is mainly
explained because longer distances imply more agricultural areas potentially affected
by mining discharges.

Sensitivity analysis with Monte Carlo simulation

A Monte Carlo simulation is carried out to sensitize the results considering the contribu-
tion of each variable on the total damages of mining. The standard deviation of the param-
eters that statistically relate production and discharges, discharges and concentrations,
the statistical value of life, and dose-response coefficients are used for the above. Thus,
it is possible to obtain confidence intervals for the estimated environmental damage
by region and year (Table 11).
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Moreover, the analysis of variance determines that 57.5% of the variability in the
results is associated with the parameter that relates discharges and concentrations of
As, 28.0% with the dose-response coefficient of cancer mortality, 9.8% with the dose-
response coefficient of mortality from stroke, 2.9% to the parameter that relates Cu dis-
charges and Cu concentrations, and the remaining 1.8% to other dose-response coefficients
of health effects and statistical value of life.

Conclusion

In this study, an effort is made to economically estimate the environmental damages of
copper mining on surface waters in the regions of Coquimbo, Valparaiso, and O’Higgins,
Chile. Because of the scarcity of data, only the discharges of As and Cu from some mining
operations are evaluated since other mining operations do not report discharges or there
are no official records.

The results obtained through the impact pathway approach show that the higher envi-
ronmental costs of mining discharges are associated with negative impacts on agriculture
(97.6%), especially by the increase in concentrations of Cu. This is because discharges of Cu
are much greater than discharges of As, and because the dose-response functions for Cu
concentrations imply a greater decrease in the yield of crops. Also, damage to fruit crops is
greater than damage to vegetable crops, which is mainly associated with the higher mar-
ket price of fruits, as the number of hectares affected is similar and even higher in some
vegetables. Moreover, 2.4% of the environmental cost is explained by health damage,
mainly associated with premature mortality induced by the intake of As through polluted
water and marginally associated with diseases caused by the intake of Cu and As.

A sensitivity analysis shows that 57.5% of the variability in the results is associated with
the parameter that relates discharges and concentrations of As, and 28.0% with the dose-
response coefficient of cancer mortality. The previous demonstrates the need to collect
data to estimate more precise functions between discharges and concentrations in rivers
where mining wastewater discharges are carried out and long-term epidemiological stud-
ies to identify cumulative impacts on the exposed population.

When comparing the environmental damages to the copper sales in the analyzed min-
ing operations, it is concluded that the relative shares are low in the scenario that assumes
an impact of up to 5 km. Specifically, the percentages are 0.43%, 0.26%, and 0.0001% in the
regions of Coquimbo, O’Higgins, and Valparaiso, increasing to 0.70%, 0.39%, and 0.0001% in
the scenario of 10 km. The previous implies that the mining operations could perfectly
compensate the affected economic agents and exposed population for their damage to sur-
face waters, without the risk of the economic unfeasibility of these operations. To contex-
tualize these percentages, a mining royalty project equivalent to 3% of mining sales is
currently being discussed in the Chilean Parliament.

This study’s estimation of environmental damage could help construct cost-benefit
indicators or socially evaluate public or private investments that avoid environmental
damage in surface waters. It could also be a crucial instrument for solving the growing
conflicts among local communities, national authorities, and multinational extractive
companies (Maillet et al. 2021). However, it is necessary to clarify that this study has quan-
tified only reported discharges and does not consider possible unreported or illegal dis-
charges, which could substantially increase estimated costs. Neither impacts associated
with extreme events such as floods, infiltrations, overflow of tailings dams are considered.
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