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Chapter 12
Water and Mining

Orlando Acosta

Abstract Mining is one of the main activities of the Chilean economy, contributing
11.2% of GDP. Most mining operations in Chile occur in (semi-) arid zones and at
geographical high-altitude sites, aspects that are critical for mining water
management. Although national mining is the productive sector that consumes the
least amount of water, in some arid areas of Northern Chile it is a relevant user
ranking first or second followed by the agricultural sector. In arid northern regions,
water withdrawal from mining is mainly from aquifers that recharged hundreds or
even thousands of years ago, which are also hydraulically connected with important
High-Andes wetlands. Water use in mining has generated various social and
environmental conflicts in the past two decades. Chile’s Water Code of 1981 (WC81)
and its 2005 reform, as well as its Environmental Law of 1993 and its 2010 reform,
allowed for a vigorous development of the mining industry at unseen growth rates.
However, currently this legal framework is challenged by Chilean society. To meet
future challenges, both the regulatory framework of water and the way the mining
industry designs and implements mining projects in Chile must adjust to ensure that
the Chilean mining activity can develop successfully and sustainably.

Keywords Chile - Mining - Mining water use - Water sources

12.1 Introduction

As a consequence of Chile declaring independence from the Spanish Crown in
1810, the country’s mining industry gradually opened up to international trade.
Since that time, stronger relationships were forged with foreign businesses introduc-
ing improved technologies, and foreign immigration as well as rural migration from
Chile’s center and south towards the mining north were generated (Guajardo 2007).

Forty years later, midway through the nineteenth century, the mining industry
had already begun to change demographic and social characteristics of the country,
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marking widely the course of the economy and even the national politic framework.
By 1870 Chile had positioned itself as the leading copper exporter worldwide
(C. Minero 2015a), as the country benefited from the growing demands of the
Industrial Revolution. The chief mining product of the nineteenth century was
undoubtedly Chilean nitrates (salitre), which by 1890 had come to represent 56% of
the country’s revenues through export customs duties.

Chile’s favorable natural conditions for mining are due to the geological struc-
ture of its territory. The subduction of the oceanic crust below the continental plate
causes continuous magmatic activity which has been especially significant during
the last 200 million years. This activity is also responsible for hydrothermal
processes, which create the majority of the country’s mineral deposits and account
for their size and metal grade (Guajardo 2007).

This chapter presents a brief description of Chile’s mining sector, focusing on its
relationship with water resources as well as the major future challenges it will face
to ensure sustainable water use.

12.2 General Characteristics of Chilean Mining

Chilean mining is characterized by a varied production of mineral compounds,
which include iron, sodium chloride, calcium carbonate and copper. Categorized
according to their metallic or nonmetallic origin, the contribution of each of these
compounds in relation to Chile’s national production is displayed in Fig. 12.1. Of all
the metallic elements, iron and copper stand out most at 9.15 and 5.76 MMT
annually, while the leading non-metallic composites include sodium chloride, at
11.83 MMT and calcium carbonate, at 6.69 MMT.

To this day, mining continues to be one of the country’s most important eco-
nomic activities. Between 2011 and 2015, the mining industry contributed 11.8% to
Chile’s GDP and produced 58.9% of the total export value (COCHILCO 2016a, b).
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Fig. 12.1 Mining production in Chile in 2015 (COCHILCO, 20164, b)
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Fig. 12.2 Mineral composite production, 2015, in terms of export percentages (COCHILCO,
2016a, b)

Of all the mineral compounds exported, copper represents the largest percentage
(Fig. 12.2), reaching 88.3% ($30,371,000) of Chile’s total mining exports
($34,400,000), followed far behind by molybdenum and ore at 2.6% (906,000) and
2.3% ($800,000), respectively.

On a global scale, Chilean mining has historically occupied a prominent posi-
tion. In 2015 Chile was the world’s leading producer of copper and iodine and was
second in lithium and third in molybdenum production. Chile has the largest copper
and lithium deposits on the planet, representing 29% and 52% (respectively) of the
world’s total reserves. Table 12.1 presents Chile’s global ranking in mineral
composites production and its contribution to production and reserves worldwide.

Chilean mining — especially copper mining — solidified its prominent position on
the global scene beginning in the 1990s. During this period, copper mining
experienced an unprecedented exponential growth that was driven by Chile’s stable
regulatory framework and a favorable environment for private investment. This
expansion process began to stabilize between 2005 and 2015 during a worldwide
upswing in copper prices. Figure 12.3 shows the evolution of Chilean copper
production beginning in the year 1960.

The rapid increase in copper production brought with it an equally exponential
increase in water demand needed for processing this element. Most water
consumption associated with copper and other mineral mining is located in the
semi-arid zones of the country where the vast majority of mining operations have
taken place.



182 O. Acosta
Table 12.1 Production, shipping, and reserves for leading mineral composites
2015
Global Contribution to | Contribution to shipping
production global production | global reserves | 2015 values (M
Element ranking (%) (%) production | FOB)
Copper #1 30 29 5.76 30,371
(MMT)
Iodine #1 66 24 21.17 507
(kMT)
Lithium #2 36 52 56.370 245
(TMT)
Molybdenum | #3 18 17 52.58 906
(TMT)
Silver #5 6 13 1.50 (TMT) 213
Gold #14 1 7 42.50 (MT) | 800
Iron s/i 1 1 9.15 718
(MMT)

Source: Prepared by the author based on information from COCHILCO (2016a, b) and USGS
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Fig. 12.3 Progress of Chilean copper mining (MMT) (COCHILCO 2016a, b)
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12.3 The Geographic and Hydrological Characteristics
of Chile’s Mining Regions

The most important mining operations developed between the Tarapaca Region (I)
in the north and the O’Higgins Region (VI) in the central/southern zone (Fig. 12.4).
Figure 12.5 shows the distribution of each region’s leading mining products. The
Antofagasta Region (II) is highlighted here as the region producing the most copper,
molybdenum, gold, silver, and lithium. Only in iron production does the Coquimbo
Region (IV) outstrip the Antofagasta Region (II).
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Fig. 12.4 Locations of Chile’s mining regions
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Table 12.2 Location and elevation (MAMSL) of the major copper mines

Job name 2015 production (kMT in fine copper) | Region Elevation (MASL)
Escondida 1152.5 Antofagasta 3100
El Teniente 471.2 O’Higgins 2500
Collahuasi 455.3 Tarapaca 4400
Los Bronces 401.7 Metropolitana | 3500
Los Pelambres 375.8 Coquimbo 3200

Source: Prepared by the author based on information from COCHILCO (2016a, b)

Chile’s mining operations are distributed across an area approximately 2000 km
of latitudinal extension. They can be found at many altitudes, from near sea level to
the Altiplano and the Andes Mountains, where they reach considerable heights
exceeding 4000 MASL. As an example, Table 12.2 shows the location and elevation
of the country’s major copper mines.

The geographic diversity of the Chilean territories where mining takes place can
be differentiated into three main areas in terms of their access to water resources,
the security of the water supply, and the environmental risks associated with its use.
These areas, or macrozones, the North, Central-North, and the Central-South, are
described in detail below.

12.3.1 Northern Macrozone

This area includes the extreme north of Chile but does not include the Arica and
Parinacota Region (XV), where there is very little mining activity. It is comprised of
the Tarapacd, Antofagasta, and Atacama regions. This highly arid area has three
major geographic traits: the Chilean Coastal Range, the Central Valley, and the
Andean Mountains.

Water supply is defined by the extreme conditions of the Atacama Desert, one of
the most arid landscapes in the world which extends over 180,000 km?. This covers
the administrative regions that comprise this macrozone. The coastal zone is hyper-
arid with precipitations close to zero. The Central Valley is also characterized by an
arid climate with precipitation under 10 mm/year. In the Andes altiplano,
precipitation occurs during the summer months and varies between 100 and
250 mm/year. These conditions have triggered some permanent surface water flows
which harbor the zone’s arid-climate vegetation and wildlife (DGA 2016), thus
acting as a small pluvial and nival recharge to the aquifers located above 3500
MAMSL (Acosta et al. 2013).

Despite the relatively higher precipitation in the area encompassing the altiplano
mountains, the surface drainage is very poor due to the high permeability of the
unconsolidated volcanic formations covering these areas. Salt flats, lagoon bodies
and wetlands have formed in the depocenter of these drainage basins. The wetlands
are the discharge site for major underground hydrodynamic systems (Acosta and
Custodio 2008; Acosta et al. 2013). Between 1980 and 1990, the water resources
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associated with these basins attracted the attention of project developers because of
their close proximity to mineral reserves and the more secure water source in an
area characterized by interannual climatic variations.

The average availability of surface and groundwater resources in the northern
macrozone is precarious, estimated at 14.7 m*/s (DGA 1987) and 19.4 m*/s (DGA
2016), respectively. However, these values may be too high to be used as indicators
of availability in practice, as they do not take into account the high interannual
variation affecting superficial runoff. It is also impossible to make use of a certain
fraction of groundwater that is associated with wetlands of environmental interest.
Due to the current levels of demand for water in this macrozone, it has been recently
determined that many of the basins in the Tarapacd, Antofagasta, and Atacama
regions have structural water deficits (INH 2016).

12.3.2 Central-Northern Macrozone

The Central-North macrozone is comprised of the Coquimbo and Valparaiso
regions. The desert climate presents gradual increases in winter rainfall in a southerly
direction, towards the dry steppe. The annual precipitation varies between 100 mm/
year in Coquimbo and 300 mm/year in the Anconcagua basin — the most important
basin in the Valparaiso Region — while south of the Valparaiso Region’s mountain
range, rainfall can exceed 500 mm/year.

In this macrozone, the Central Valley and altiplano terrain disappear in the middle
of the Atacama Desert. The most salient geographic features of the area include the
inner mountain range, with its narrow transverse valleys furrowed by the erosion of
water from the Andes, and coastal plains marked by marine abrasions (DGA 1986).

The water structure is dominated by transversal valleys housing permanent run-
off and exoreic basins open to the sea; the most import of these within reach of the
Andes, present a mixed, regime, but fundamentally nival, with increasingly- volu-
metric flow rates, ranging between 2 and 30 m*¥/s (DGA 1986).

The water availability in the Central-Northern macrozone is estimated at
63.2 m*/s from superficial sources (DGA 1987) and approximately 24.6 m?/s from
groundwater sources (DGA 2016). Although the water availability of this macrozone
is better than that of the North macrozone, it faces structural and intermittent water
deficits in the majority of basins (INH 2016).

12.3.3 Central-South Macrozone

The central-south macrozone includes the Metropolitan and O’Higgins regions,
being comparatively smaller than the previously described (29,939 km?). Although
this macrozone is also semiarid, average precipitation ranges between 350 and
1200 mm/year (DGA 2016).
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In Chile’s central-south zone, river basins expand considerably as the Central
Valley expands. The high peaks of the Andes mountains in this sector accumulate
snowfall, acting as natural reservoirs, which feeds rivers during the spring and
summer when it melts.

The availability of water in the central-south zone is estimated at 308.0 m*/s from
superficial sources (DGA 1987) and around 65.8 m%/s from groundwater sources
(DGA 2016). Intermittent water deficits are a frequent occurrence during dry years.
The severity of such deficits depends on the magnitude and duration of the drought
(INH 2016).

12.4 Water Consumption in the Mining Industry
12.4.1 Water Sources and Flows

In 2015, total mining industry’s water consumption in Chile reached a flow rate of
almost 22.6 m*/s (DGA 2016; COCHILCO, 2016a, b; C. Minero 2017). Eighty-
eight percent of these flows was supplied by continental water resources, while raw
sea water and desalinated seawater supplied the remaining 12%. Figure 12.6
indicates total water consumption of the mining industry in 2015, disaggregated by
source type.

Although Chile engages in a significant amount of mining activity, the total con-
tinental water consumption (19,99 m?s) of this sector represents only 3% of the
consumptive water use from natural sources. Despite this, water consumption for
mining purposes can be comparatively significant in some northern regions
(Fig. 12.7), such as in the Antofagasta Region (II), where the mining industry is the
main consumer of water resources with a flow rate of 6.26 m*/s (DGA 2016).

The majority of the water consumed by Chile’s mining industry is consumed in
copper mining, with a total flow rate of 15.2 m*/s (COCHILCO, 2016a, b; C. Minero

Fig. 12.6 Total water 1:33
consumption by the 1,28
Chilean mining industry in
2015, disaggregated by
source of origin (m?/s)
(Prepared by the author
based on information from
DGA, 2016; COCHILCO
2016a, b; C. Minero 2017)

Total 22.6 m3/s

® Continental water m Sea water

m Desalinated sea water
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Fig. 12.7 Consumptive water use by productive sector and region (DGA 2016)

Fig. 12.8 Water
consumption in Chilean
copper mining in 2015, by
source of origin (m?/s)
(Prepared by the author
based on information from
COCHILCO, 20164, b;
and C. Minero 2017)
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2017). Groundwater is the main water resource in areas where copper mining takes
place, accounting for 49% of the flow rate required by this economic sector, while
surface water accounts for 37% (Fig. 12.8). These percentages are consistent with
the relative availability of groundwater and surface water in the previously
mentioned mining macrozones, thus confirming the relevance of these
hydrogeological water sources for Chilean mining.

It is relevant to highlight the increase in raw and desalinated seawater usage dur-
ing the period spanning 2010-2015. During this time, its usage in copper mining
doubled, such that sea water comprised 14% of all water employed for these
purposes in 2015 (COCHILCO, 2016a, b). It is estimated that by 2026, seawater
will represent 50% of the total water used in Chile’s copper mining industry
(COCHILCO, 2016b).

Of the many processes associated with copper mining, the concentration process
requires the most water at about 9 m?/s, followed far behind by hydrometallurgy at
2 m%/s (see Fig. 12.9). No significant changes in the relative importance of the
different copper processing are expected in the future.
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Fig. 12.9 Consumption of continental waters by process type in copper mining (COCHILCO
2016a, b)

Table 12.3 For reference purposes: the chemical quality of groundwater in the II, IV and VI
regions

Element II region IV region VI region
Sodium (mg/L) 100-600 50-100 20-30
Magnesium (mg/L) 30-50 30-40 10-20
Calcium (mg/L) 50-150 100-200 70-100
Chloride (mg/L) 100-1500 40-100 20-30
Sulfate (mg/L) 300-400 200-300 300-500
Conductivity(pmhos/cm) 1500-5000 700-1500 300-800

Source: www.dga.cl

12.4.2 Age and Quality of Used Water

Continental waters used by Chilean mining companies possess diverse chemical
qualities, which depend on geographic location and the geologic and hydrologic
characteristics of each basin. Generally speaking, waters from the north of Chile are
more mineralized than those in the south. The degree of water mineralization is
directly related to the climate hydrodynamics of each zone. The chemical quality of
groundwater from the II, IV and VI regions is shown in Table 12.3 as a reference.
The waters have a lower concentration of ions as they progress towards the southern
regions where the climate is comparatively more humid, with a higher annual
precipitation.

The surface water and groundwater used in mining is often freshwater; with an
electric conductivity below 1500 pmhos/cm, which is suitable for human
consumption and agricultural use. However, some of the current mining operations
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have adapted their processes using brackish continental waters or saltwater, with
total dissolved solids reaching 40,000 ppm (Acosta et al. 2010).

In the northern hydrologically closed basins, where salt flats have developed,
significant groundwater reserves exist (both brackish and salt); these are used in
mining in the context of management plans approved by environmental authorities
(Acosta 2010), which seek to reduce fresh groundwater usage to protect the basins’
wetlands.

To manage groundwater resources well in terms of quality and long-term supply
security, it is important to understand that the resource’s availability relates directly
to its recharge rate and therefore its age. Diverse studies show that during past
geological periods, Chile’s north was not always arid (Abbott et al. 2003; Nester
et al. 2007; Herrera and Custodio 2013; Acosta et al. 2013). It is relevant here to
mention two periods or “climate windows” characterized by higher rainfall: one
more pronounced in the Late Pleistocene era (13,000-17,000 years BP) and a
smaller one in the recent Holocene era (1100-700 years BP), which has been
associated with Pre-Columbian archaeological remains (Nester et al. 2007). Outside
of these two epochs, Chile’s northern climate has remained as arid as it is currently,
and sometimes dryer (Abbott et al. 2003; Acosta et al. 2013).

The apparent radiometric age of certain basins in the north (JICA-DGA 1995;
Herrera and Custodio 2013; Acosta et al. 2013) confirm that groundwater reserves
stored in Chile’s northern aquifers were recharged thousands of years ago during the
rainy climate periods. A carbon isotope study of these waters indicates groundwater
renewal times between 5000 and 15,000 years, which is compatible with a heavy
paleo-recharge period and current, low-intensity recharge rates. The oldest age
measurements obtained are from deep borehole samples, a result of their long, slow
circuit flows; meanwhile, the most superficial groundwaters are associated with
more recent recharges and shorter circuits (Acosta et al. 2013).

It is thus plausible to propose that a significant proportion of groundwater used in
Chilean mining is a mixture of recent and millenarian waters, some superficial and
others deeper, extracted many times over from full-slotted screen borehole water
wells. However, it is important to note that the fact that extracted apparently old
groundwater does not necessarily imply that only non-renewable, fossilized water
resources are being pumped (Acosta et al. 2013). The sustainable use of millenarian
water reserves is possible with well-designed hydrogeologic management plans.

12.4.3 Water Rights

As presented in (Vergara and Rivera 2018), in Chile, the use of continental waters
from natural sources requires granted water rights (WR). While a great number of
WR have been granted for mining purposes since the beginning of the twentieth
century, the majority were granted during the 1990s and 2000s. Tejos and Proust
(2008) found that by 2006, the mining industry already possessed consumptive
water rights equivalent to a flow rate of 30.7 m?%s. This study considered mining
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Table 12.4 Water rights granted for Chilean mining between the Tarapacd and O’Higgins regions

Region Groundwater rights Surface water rights Total (m?/s)
I — Tarapacd 3.162 553 3.715
II — Antofagasta 13.035 2.039 15.074
III - Atacama 9.080 3.045 12.125
IV — Coquimbo 3.031 2.532 5.563
V — Valparaiso 2.458 1.211 3.669
RM — Metropolitana 1.696 2.255 3.951
VI - O’Higgins 306 9.001 9.307
Total (m?/s) 32.768 20.636 53.404

Source: Prepared by the author based on information from the Public Water Registry (DGA 2016)

companies from the Tarapaca (I) and the O’Higgins (VI) Region, which together
represent about 96% of the country’s metal production and 70% of its non-metal
production.

At present, an estimation of the number of consumptive water rights granted to
the mining industry up to 2016, has been possible with information available from
the Public Water Registry (CPA), administered by the DGA. This registry shows
that WR granted to mining before 2016 were approximately 53.4 m?/s. Table 12.4
shows the regional distribution of surface and groundwater water rights granted to
mining. Groundwater rights outweigh surface water rights in the northernmost
regions extending up to the Valparaiso Region (V); this predominance changes in
the Central-South macrozone as surface water becomes more available, which is
easier to obtain, and cheaper to extract.

The increase in total granted water rights for mining since Tejos and Proust
(2008) report is explained by new water rights granted for approximate 11 m?s,
between 2008 and 2016, and regularized water rights not considered in the 2008
study. It is important to consider the estimate of granted water flow 53.4 m%/s as a
reference, as the CPA is currently being updated by DGA.

It is also relevant to highlight that the nominal granted water flow for mining is
more than two times greater than this industry’s average consumption. This fact is
not abnormal when one considers that nominal granted water flow sets an extraction
cap, which is higher than the median extracted water flow.

12.4.4 Environmental Evaluation on Water Usage

Following the enactment of the 1993 Environmental Law, Ley 19300 — Bases del
Medio Ambiente, new mining projects had to undergo an environmental impact
evaluation according to the Environmental Impact Assessment System (SEIA). This
assessment considers an initial technical evaluation phase conducted by a licensed
body of governmental agencies that have environmental competence, and a final
qualification phase by a multi-sectoral board comprised of political authorities.
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Thus, the rapid growth experienced by Chile’s mining industry in the 1990s was
coincident with a young and inexperienced environmental institutionality, which
had to assume the challenge of evaluating a high number of large-scale mining
projects, many of which were to take place in extreme geographic and climatic
environments. In many occasions, the complexity of the presented projects exceeded
the technical capability of the governmental agencies evaluating them, since they
had to take on the new responsibilities without the qualified manpower and financial
resources needed to do so. During this first decade of SEIA’s operations, acquiring
the permit became a goal in itself for many project developers, while the reality of
the projects’ decades-long existence in context of the proposed hydro-environmental
hypotheses and commitments went largely unappreciated. As a result, it was not
uncommon for badly-designed environmental follow-up plans and weak evaluation
processes to be accepted. In many cases, these measures did not include appropriate
contingency plans for unexpected events and continuous rigorous monitoring was
not guaranteed for some projects.

In order to correct these (and other) situations, environmental law was reformed
in 2010, to the effect that current projects must undergo more rigorous evaluations
and more stringent follow-up activities. In addition, the Superintendence for the
Environment (SMA) was created, a new devoted exclusively to overseeing
environmental standards compliance, monitoring projects approved in the SEIA
framework, and apply sanctions for non-compliance. However, there appears to be
an incongruity between the wide scope of SMA’s national mission and its tight
budget and staffing, which in 2015 consisted of $9 MM/y and 154 staff members.
(Ministerio de Medio Ambiente 2015). Before the 2010 legal reform, monitoring
was conducted by about 15 sectoral agencies, with an operational network spread
across the entire national territory. At present, these agencies currently just provide
technical support according to SMA specific requirements.

12.5 The Future of Chilean Mining: Water Challenges
and a Model for Future Development

The WC81 and the Environmental Law of 1993, reformed in 2005 and 2010, respec-
tively, allowed the Chilean mining industry to grow at an unprecedented rate. The
most relevant case is copper mining, which more than tripled its production in the
last 25 years, increasing from 1.6 MMT in 1990 to 5.8 MMT in 2015. The enormous
effort of the private and public sector behind the high growth of the Chilean mining
industry can be evidenced when one considers that it normally takes more than 10
or even 20 years between a project proposal and its implementation. The mining
growth contributed directly and indirectly to the important increase in Chile’s per
capita income, which during this period grew fourfold from $6106/capita in 1990 to
$23,564/capita in 2015.
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Meanwhile, during this final stretch of the second decade of the twenty-first cen-
tury, the Chilean mining industry is confronted by the paradox facing the mining
industry worldwide: although this industrial activity is indispensable to the
continuance of our civilization, it seems that citizens look on the sector with a
critical eye. The regulatory framework that permitted the growth of the industry is
currently being challenged by Chilean society, which has expressed a lack of
confidence in it.

The use of water in mining has produced several socio-environmental conflicts
over the past two decades (Acosta 2005, 2010; Ch. Sustentable 2010). These
problems mainly concern the environmental impacts on wetlands and riparian areas
which have been affected to varying degrees; these include changes in the area’s
water security, in the chemical quality of water as a result of mineral and metallurgical
extraction processes, and in the groundwater and surface water runoff systems
impacting previous water right holders.

Oftentimes, the impact of large mining operations establishment affecting the
sociocultural dynamics of towns and cities, increase the local community’s negative
perspective about mining’s water usage, based more on emotions than empirical
data.

It is likely that Chile’s regulatory framework and environmental institutionaliza-
tion, as well as the way in which the mining industry designs and implements
projects, will have to undergo adjustments in order to ensure that Chilean mining
can continue sustainably developing.

The impacts of the mining industry’s water usage will be minimized, contribut-
ing to greater public consent, in the extent that water management plans are devel-
oped by experts on the basis of high-level scientific and technical information,
accountability and transparency regarding water usage, and under strict
environmental monitoring in full view of the community.
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