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ABSTRACT

The aim of this work was to establish the intervention requirements of 30 tailings depos-
its located in the region of Antofagasta, Chile, identified in the National Tailings Survey
carried out by the National Service of Geology and Mining of the Chilean government
in2017. For the evaluation, the data of 49 geochemical characterizations of the samples
registered as of October 2017 were considered. The methodology used for evaluation
was based on the Dutch Soil Regulation Circular, from which two ways of assessment
were developed. The first approach uses a simple graphic method that depends only
on the concentration of the elements in the solid phase of tailings and the percentage
of clay in the soil. The second approach considers that the information related to the
clay percentage is not available, therefore, this work defines the concepts of threshold
factor and adjusted threshold factor. Using the proposed method, this work presents the
analysis carried out on the elements of environmental significance related to mining
activity in Chile: Cu, Cr, Ni, Zn, Pb, As, Cd and Hg. The methodology allows delimit-
ing areas of foreseeable risks for people and/or environment, resulting in three criteria
for each element: 1) requires intervention, 2) requires conditional intervention, 3) does
not require intervention. These results are summarized by means of a final score that
determines the level of priority assigned to each sample. The analysis of results indicates
that Hg intervention is not required, there being only one case requiring conditional
intervention. Regarding Cu and Zn, 100 % of the measurements indicated at least the
requirement of a conditional intervention. Within the region, the commune of Sierra
Gorda contains 67 % of the tailings whose intervention must be prioritized according
to the score obtained (greater than four out of a possible maximum of eight). On the
other hand, the two tailings of greater tonnage (the sites of Talabre and Laguna Seca)
do not present a requirement for priority intervention at the moment.

Palabras clave: responsabilidad ambiental, industria minera, normativa holandesa para el suelo
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RESUMEN

El objetivo de este trabajo fue determinar los requisitos de intervencion en 30 depdsitos
de relaves localizados en la region de Antofagasta, Chile, identificados en el Inventario
Nacional de Relaves elaborado por el Servicio Nacional de Geologia y Mineria del
gobierno chileno en 2017. En la evaluacion se consideraron datos de 49 caracteriza-
ciones geoquimicas de muestras registradas a partir de octubre de 2017. Se utilizé una
metodologia de la evaluacion basada en la normativa holandesa para la ordenacion del
suelo, a partir de la cual se desarrollaron dos formas de evaluacion. El primer enfoque
utiliza un método grafico simple que depende s6lo de la concentracion de elementos en
la fase solida de los relaves y el porcentaje de arcilla en el suelo. El segundo enfoque
considera que la informacion relacionada con el porcentaje de arcilla no esta disponi-
ble, por lo que el trabajo define los conceptos de umbral factorial y umbral factorial
ajustado. Con base en el método propuesto, este trabajo presenta el analisis realizado
a los elementos de relevancia ambiental relacionados con la actividad minera en Chile:
Cu, Cr, Ni, Zn, Pb, As, Cd y Hg. La metodologia utilizada permite delimitar areas de
riesgos predecibles para la poblacion y/o el ambiente, con el resultado de tres criterios
para cada elemento: 1) requiere intervencion, 2) requiere intervencioén condicionada
y 3) no requiere intervencion. Estos resultados se sintetizan mediante un puntaje final
que determina el nivel de prioridad asignado a cada muestra. El andlisis de resultados
indica que el Hg no requiere intervencion, excepto en un caso que necesita intervencion
condicionada. Respecto al Cu y el ZN, el 100 % de las mediciones indicaron que se
requiere al menos intervencion condicionada. En términos regionales, la comuna de
Sierra Gorda contiene el 67 % de los relaves en los cuales debe priorizarse la interven-
cion, de acuerdo con el puntaje obtenido (mayor de cuatro de un maximo de ocho). Por
otra parte, los dos relaves con mayor tonelaje (los sitios de Talabre y Laguna Seca) no

requieren intervencion prioritaria por el momento.

INTRODUCTION

In a mine site, the mineral of interest constitutes
only a small fraction of the mined material (Wills and
Finch 2015). As a consequence, the mining process
generates large volumes of tailings and mine waste in
general, which contain a high variety of heavy met-
als in a diversity of concentration levels (Burges et
al. 2015, Pourret et al. 2016, Lam et al. 2016, 2017).

This process renders many hectares of soil unsuit-
able for agriculture and generates highly contami-
nated areas in which substances will move depending
on the physicochemical properties of the substrate.
Mobility will also depend on the climate conditions
of the area in which the deposit is located (Alloway
2013, Chadwick et al. 1987, Li et al. 2014, Pandey
et al. 2016, Antoniadis et al. 2017).

According to the survey carried out in December
2016 by the Chilean National Service of Geology
and Mining (SERNAGEOMIN), there are 696 tailing
deposits in Chile, of which 16.1 % are catalogued as
active, 62.6 % as inactive and 21.3 % as abandoned.
They are distributed from the Tarapaca region up to
the Metropolitan region (Tarapacéd 1.00 %, Antofa-
gasta 6.18 %, Atacama 22.27 %, Coquimbo 52.87 %,

Valparaiso 10.49 %, Bernardo O Higgins 2.59 %,
Maule 0.43 %, Aysén 0.72 % and the Metropolitan
region 3.45 %).

In Chile, there have been several episodes of
environmental impact on the marine environment
due to the presence of mine tailing deposits which
hamper port activities, generating geomorphologi-
cal modifications on the coast and affecting coastal
ecosystems and recreational activities (Castilla and
Nealler 1978, Castilla 1983).

The environmental costs of the mining industry
have become a liability for current and future genera-
tions that the Chilean state needs to solve. The great
amount of mining environmental accountabilities is
the product of historical mining, which was developed
under deficient legislation. Furthermore, once the
companies’ possibilities of extracting ore have been
exhausted, the irresponsible closing of mines using
low technology and inadequate plans fails to ensure
the health and safety of people and the environment.

This brings about socio-environmental, financial
and economic liabilities, affecting mainly com-
munities close to the mining sites, where processes
associated to extraction and processing of minerals
are carried out, including electric generation, mineral
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transportation and waste disposal, among others
(Marnika et al. 2015, Ettler et al. 2016, Lechner et
al. 2016, Schoenberger 2016, Espinoza and Morris
2017, Garcia-Ordiales et al. 2017).

Abandoned and/or paralyzed mining sites that
are distributed along the country constitute potential
sources of air, water and soil pollution, as well as
potential harm to the environment and population’s
health (Obiora et al. 2016, Antoniadis et al. 2017,
Ghorbani and Kuan 2017, Christou et al. 2017, Es-
pinoza and Morris 2017, Unger 2017).

It is imperative to face these issues, which require
identifying the contaminated sites and the concentra-
tion and variability of contaminants present in them.
It is necessary to give a solution to these liabilities as
soon as possible, since they have generated chronic
problems to the population, posing an even more
serious threat to future generations.

Although there are no Chilean regulations for
existing environmental liabilities, it is important to
remark that given the rigorous normative established
by the Ministry of Infrastructure and Water Manage-
ment (MIWM) in the Dutch Soil Regulation Circular
(MIWM 2013), this standard was applied in Chile
by SERNAGEOMIN, in the same manner that it
was used in other countries (Milenkovic et al. 2005,
Swartjes et al. 2012).

Another important consideration is the Mine Clo-
sure Law, oriented to prevent the generation of future
mining liabilities. Currently, Chile has a specific law
that regulates the closure of mining operations and
facilities. This law requires that once all the facilities
finish their operations, a closure plan must be submit-
ted to SERNAGEOMIN. This plan has to ensure the
physical and chemical stabilization of every facility.

According to their monthly extraction, the com-
panies will have to develop a mine closure plan,
which must be submitted to the general application
procedure (medium and large-scale mining), or to the
simplified application procedure (small-scale min-
ing). Undoubtedly, the law 20551, which regulates
mine closures, is a milestone for the mining sector.
The stringent regulations of this law require that
companies deliver financial guarantees to ensure the
fulfillment of the activities and measures proposed
in the closure plan.

SERNAGEOMIN measured geochemical data
from 477 tailings deposits, out of 696 identified
deposits, obtaining a total of 1324 records of the
samples, whose results correspond to samples ex-
tracted from the surface of tailings ponds, walls
and sediments downslope from the deposits (SER-
NAGEOMIN 2017).

The information available in the survey database
corresponds to the concentration of 56 elements and
species of each sample, which in turn are distributed
into 12 major elements that constitute the minerals
which make up the rocks (SiO2, Al,03, TiO2, Fe20s3,
Ca0, etc.); percent of sulfur content; 14 rare earth
elements, and 30 common elements in traces (0.82 %
in mass). Although major elements are harmless to
the environment, trace elements are not, and their
concentrations could affect ecosystems and the
population.

Information about the geochemical characteriza-
tion, provided by SERNAGEOMIN, includes the
concentration of precious and base metals, which is of
interest for the valuation of these tailings. However, it
also incorporates the main elements of environmental
concern (EECs) related to mining activity in Chile:
Cu, Cr, Ni, Zn, Pb, As, Cd and Hg. These elements
are important for taking better decisions on public
and environmental health and will be the focus of
interest of this study.

The size of the deposits is of great interest, consid-
ering that the concentrations of the geochemical data
are in g of element (or compound) per ton of tailing,
which when multiplied by the mass of the deposit,
provides the mass of the element or compound.
Regarding the scale of the deposits, the smallest in
the region of Antofagasta correspond to two dams
belonging to EPV, one located in the commune
of Sierra Gorda and the other in the commune of
Taltal (Quebrada El Hueso), with 600 and 900 tons
respectively, both are in an abandoned state. On
the other hand, there are the deposits of Laguna
Seca (Antofagasta) and the tailings dam Talabre
(Calama), the largest in Chile, which belong to the
mining company Escondida Ltda. and CODELCO
respectively, both located in the Antofagasta region,
with an approved capacity of 4500 and 2100 million
tons, respectively.

The aim of this study was to analyze the geo-
chemical data of the 30 mining tailings identified in
the survey carried out by the SERNAGEOMIN in
the Antofagasta region and, based on these results,
to establish the feasibility of an intervention.

CASE STUDY

The analyzed tailings are located throughout
the Atacama Desert in northern Chile. This region
(Antofagasta) is characterized by a desert climate
with high levels of solar radiation. The soils of the
Antofagasta region have been developed under
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fundamentally abiotic conditions, as a consequence
of the scarce rainfall and the high average annual
temperatures, which are typical features of the Ata-
cama Desert.

This desert is characterized by its unique and
extreme climatic and geomorphological conditions;
in this area, the world’s lowest annual precipitation
values are reported, with an average of less than 1
mm/year. It is thus classified as a hyper-arid envi-
ronment, characterized by extremely low levels of
microorganisms, and low concentrations of organic
material, with only refractory organic elements.

The studies developed in this area have deter-
mined the variability of the surface organic carbon
content. The distribution of the concentration of labile
organic carbon is bimodal, with an average of 17 +
9 ng/g of soil and 69 + 3 pg/g of soil for the lower and
upper levels, respectively (de los Rios et al. 2010).

The conditions of the Atacama Desert have been
maintained for around 150 million years, making it
the oldest desert in the world. Most of the microor-
ganisms found in the soils may have been preserved
from a time when the climate was wetter or may have
been transported from other areas by wind (Fletcher
et al. 2012). The information above supports the as-
sumption that will be applied in the method for the
specific case of the Antofagasta region, which consid-
ers a percentage of organic matter lower than 2 %.

In Chile, the main generating sources of tailings
have been copper and gold mining, and to a lesser
extent, iron and zinc mining. The survey identifies
43 tailings deposits in the Antofagasta region (SER-
NAGEOMIN 2017). Information is available on 30
of these deposits, with a total of 49 records of the
samples, which were obtained from tailings ponds
(39), walls (3), sediments downslope from the deposit
(2), filtered tailings (2), paste tailings and samples of
pulp from flotation plant (3).

The data utilized corresponds to the geochemi-
cal characterization of tailing deposits carried out
by SERNAGEOMIN. The present work focuses on
the elements considered critical for the environment,
presenting the analysis carried out to the following
elements of environmental relevance related to min-
ing activity: Cu, Cr, Ni, Zn, Pb, As, Cd and Hg.

Figure 1 presents the distribution of tailings in the
Antofagasta region, showing the size of the tailings
and the presence of human settlements. The purpose
of figure 1 is to give an overview of the local distribu-
tion of the tailing deposits and their positions relative
to populated zones. Also, figure 1 shows the location
of the tailings deposits in the region, indicating their
size. However, their status should be considered,

since in the case of active deposits (15), they will
continue to increase in volume and weight, unlike
those abandoned (2) or inactive (32).

In this work, the following three phases are pro-
posed as a methodology for the evaluation of tailings
deposits: (1) tailings identification and prioritization,
(2) tailings intervention ranking and (3) preliminary
assessment of the environmental risk of sites contain-
ing tailings. The proposed methodology will allow
complying with the first phase. The following two
phases require an analysis and evaluation of more
information; among them, it is important to highlight
the size of the tailings and the presence of the human
settlements that surround them.

Figure 1 shows that the presence of the largest
deposits is found in Antofagasta, Calama, Sierra
Gorda, and Taltal. The one observed in Calama cor-
responds to the Talabre deposit, currently with more
than 1600 tons of tailings. As an example, consider
the Talabre deposit in figure 1 in the municipality of
Calama. This deposit is located near several settle-
ments, which must be considered in phase 2 and 3
of the risk assessment of the tailings.

Therefore, after performing the analysis with
the proposed methodology, in order to perform an
environmental risk assessment, it is imperative to
consider these two factors (tailings size and relative
position with regard to human settlements), which
are not directly included in the definition of the ad-
justed threshold factor proposed by the methodology.
However, these data are of crucial importance for the
subsequent analysis of the tailings that have been
cataloged with intervention requirements, which will
need an evaluation of environmental risks.

It is also important to consider the state of the
tailings (active, abandoned or inactive), since if the
deposit is active when evaluating the results of in-
tervention requirements, it represents a potential risk
because the size of the deposit continues to increase
over time. In the case of inactive and abandoned
tailings, the risk persists; however, an increase in
the deposit is not expected. In the case of abandoned
tailings, funds of the Chilean state will be required
for its treatment and control.

In Figure 2, the diagram shows the distribution
of tailings surveyed in the region of Antofagasta,
distributed in its five communes; its purpose is to
give an overview of the different kind of tailings and
the extracted resources associated with each one.
The type of deposit, the state of the tailings and the
resource are indicated in the diagram.

The diagram in figure 2 shows 43 tailing deposits
in the Antofagasta region, which are then classified by
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the type of deposit, with the following distribution:
tailing dams (27), tailing reservoirs (9), thickened
tailings disposal (4) and filtered tailings disposal
(3). The extracted resources are Cu, Au, Au-Cu, Cu-
Mo and Au-Ag. For all kind of deposits, Cu is the
most common extracted resource. It is important to
note that out of the 43 deposits, 11 are in a state of
abandonment.

The information given in figure 2 is usable in
later phases to carry out a preliminary investigation
regarding the environmental risk that these tailings
represent. The preliminary investigation begins with
the compilation of the existing antecedents and the
collection of additional information on the tailings,
with the purpose of minimizing the required field
efforts and guiding the tailings assessment process,
using at the same time the least amount of resources.

Figure 3 shows the amount of tailings deposits
found in the Antofagasta region, distributed by com-
mune, the type of sampling that was carried out and
the number of samples taken for each kind of tailing.
It also indicates the elements and compounds consid-
ered in the geochemical characterization, in which it
is observed that only 0.94 % of the material by weight
could pose a potential risk for the ecosystems and for
human health.

The same figure presents the EECs for the mining
activity in Chile that are the object of this study. These
elements represent only 0.82 % in mass of the tail-
ings. Figure 3 also provides relevant information at
the moment of selecting removal, recovery or control
technologies for the tailings that require intervention.

Table I shows the concentration ranges for the
eight EECs found in the tailings deposits analyzed.
The information provided in table I is important in
order to understand the magnitude of the concentra-
tion ranges that are present in the tailing deposits of
the Antofagasta region. It can be observed that the
highest concentrations correspond to As and Cu,
while Hg shows the lowest concentrations.

The objective of table I is to provide additional
information on the characteristics of the tailings stud-
ied, in order to show the high level of heterogeneity
among them. This can be observed through the large
differences between the maximum and minimum
values, which effectively show that there is a large
chemical variability between tailings deposits.

APPLICATION OF THE METHODOLOGY

The first regulations for estimating the degree of
soil contamination were created in the Netherlands

(Boekhold 2008). This legislation provides proce-
dures and standards for the short-term sanitation
of contaminated soils. This law established limits
depending on several factors: the nature and con-
centration of the contaminants and the conditions
of the place where the contaminants are found (e.g.,
soil characteristics).

This work is based on the 2013 update of the
Dutch Soil Regulation (MIWM 2013) standard to
analyze the particular situation of the tailings in the
Antofagasta region. The Dutch legislation (MIWM
2013) has been used because it provides a math-
ematical formula that allows adapting its intervention
values according to the nature of each soil.

The methodology applied allows defining areas of
foreseeable risks for people and/or the environment,
classified into three criteria: (1) requires intervention,
(2) requires conditional intervention, and (3) does
not require intervention. Intervention requirements
are associated with the potential existence of con-
tamination that would affect the human population
and/or the environment, so some form of sanitation
or control measure would be required to reduce the
risks. These measures should be able to stabilize to
the metals in question.

Metals and metalloids are subject to changes in
chemical speciation under certain physical-chemical
conditions, such as changes in pH, redox potential,
substrate composition or others. The aim is to mini-
mize the mobility of metals developing remediation
strategies. In the particular case of chemical stabiliza-
tion as a remediation strategy, different materials have
been tested, which contain functional groups that have
the capacity to absorb, adsorb and/or retain metals.

Dutch regulation and graphical methods

In order to evaluate the soil quality, standard
values must be converted to values applicable to the
characteristics of the soil that is being evaluated. This
is done by considering the measurements of organic
matter and clay. The converted values are then com-
pared with the concentrations measured in the soil.
The soil intervention value (SIV) is defined as:

A+Bex,tBex,,

SIV = SSIV + (1)
A+254B+10C

where the following terms are defined:

» SSIV corresponds to the standard soils interven-
tion value, which is defined for each element of
environmental concern assuming a soil with 10 %
of organic matter and 25 % clay. Table II presents
the SSIV values for each one of the EECs.
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TABLE I. BASIC STATISTICS OF THE CONCENTRA-
TIONS OF Cu, Cr, Ni, Zn, Pb, As, Cd AND Hg IN
THE 30 TAILINGS DEPOSITS ASSESSED

Element Concentration in mg/kg

Max Min Average
Cu 45394 96 3683.653
Cr 677 19 132.833
Ni 146 13 71.025
Zn 30199 38 6009.408
Pb 12287 20 2592.755
As 11821.42 49.84 5222.761
Cd 21.66 1 8.0198
Hg 5.83 0.01 0.756

* Constants A, B and C correspond to parameters
based on the characteristics of each element.
Table I presents the values of these constants for
each element.

» The variable x4 corresponds to the percentage of clay
in the substrate that is being evaluated, expressed as
a number between 0 and 100. In case that the clay
content is less than a 2 %, the value 2 is assigned
to x4 (that is, the lowest value it can take is 2 %).

* The variable x)s corresponds to the percentage
of organic matter in the substrate that is being
evaluated, expressed as a number between 0
and 100. In case that the content of organic
matter is less than 2 %, the value 2 is assigned
to xa (that is, the lowest value that it can take
is 2 %).

Bearing in mind all previous observations, in this
work a referential table of the intervention values has
been built. These values are presented in table I1I.
SIVs have been calculated using the method provided
by the Dutch guidelines (MIWM 2013) under the
assumption that the organic matter percentage in
a tailing is negligible (<2 %). If the concentration
in mg/kg exceeds the values indicated in this table
for the composition of a given soil, then the tailings
deposit must be intervened.

In the case that the clay percentage in the soil
is not found in table III, a linear interpolation can
be used to obtain the result. This will produce the
correct result (because the base calculation model is
linear). In case that the clay percentage is less than
2 %, it must be assumed that it takes the value of 2 %
(in accordance with the Dutch guidelines [MIWM
2013]), so it must not be extrapolated.

The results of table II are graphically represented
for each element in figure 4. The clay percentage
is on the abscissa axis and the concentration of the

TABLE II. EQUATION PARAMETERS* FOR THE CAL-
CULATION OF SOIL INTERVENTION VALUES

FOR EACH ELEMENT
Element a b c SSIV
Arsenic 15 0.4 0.4 76
Cadmium 0.4 0.007 0.021 13
Mercury 0.2 0.0034 0.0017 4
Lead 50 1 1 530
Nickel 10 1 0 100
Zinc 50 3 1.5 720
Copper 15 0.6 0.6 190
Chromium 50 2 0 78

*Defined by the Dutch soil regulation circular (MIWM 2013)
(see equation 1)
SSIV: standard soil intervention value

corresponding element in mg/kg is on the ordinate
axis. These graphs show the straight line determined
with the formula of intervention value for tailings
(intervention threshold), calculated in the same way
as in table II. Two zones can be observed in the
graph: the zone above the intervention threshold
that indicates the necessity of intervention and the
zone below that represents the safe zone that does
not require immediate intervention.

To use these graphs, it is necessary to have data
about the percentage of clay and the concentration of
the element of interest. By using this information, the
sample must be located in the corresponding graph
to see in which zone it lies. However, as the direct
application of this method requires knowing the clay
percentage; it is not possible to apply it directly to
the data provided by the available database of SER-
NAGEOMIN.

If a sample falls within the red zone of figure 4,
then it means that it is necessary to intervene the
corresponding soil. Likewise, if the sample falls in
the green zone of figure 4, it would not be necessary
to plan an intervention at the moment. If the sample
falls directly on the intervention threshold, it could
be argued that doing something to mitigate the en-
vironmental impact would be better than assuming
the tailing does not require an intervention. Note that
as the percentage of clay increases, the intervention
threshold rises. Thus, for higher values of clay per-
centage, a higher concentration of the metal would
be needed to require an intervention in the tailing.

Threshold factor

With the purpose of addressing the limitation
of the evaluation method shown above, this work
defines the concept of threshold factor (Cr), corre-
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TABLE III. SOIL INTERVENTION VALUES FOR EACH ELEMENT ACCORDING TO CLAY
PERCENTAGE, ASSUMING ORGANIC MATTER IS <2 %

Element
Porcentage ¢ cd Heg Pb Ni Zn Cu Cr
of clay
SIV (mg/kg)

2 43.50 7.55 2.78 336.71 34.29 303.43 91.83 42.12

5 46.65 7.90 2.92 35541 42.86 349.71 101.33 46.80
10 51.89 8.48 3.14  386.59 57.14  426.86 117.17 54.60
15 57.13 9.06 337 417.76 71.43 504.00 133.00 62.40
20 62.37 9.64 3.59 44894 85.71 581.14 148.83 70.20
25 67.61 10.22 3.82  480.12 100.00  658.29 164.67 78.00
30 72.86 10.80 4.05 511.29 114.29 735.43 180.50 85.80
35 78.10 11.38 427 542.47 128.57 812.57 196.33 93.60
40 83.34 11.96 4.50 573.65 142.86 889.71 212.17 101.40
45 88.58 12.54 4.72 604.82 157.14  966.86  228.00 109.20
50 93.82 13.12 4.95 636.00 171.43 1044.00  243.83 117.00
55 99.06 13.70 5.17 667.18 185.71  1121.14  259.67 124.80
60 104.30 14.28 540 69835  200.00 1198.29  275.50 132.60
65 109.54 14.85 5.62 729.53 21429 127543 291.33 140.40
70 114.79 15.43 5.85 760.71 228.57 1352.57  307.17 148.20
75 120.03 16.01 6.07 791.88 242.86  1429.71 323.00 156.00
80 125.27 16.59 630  823.06  257.14 1506.86  338.83 163.80
85 130.51 17.17 6.52 85424 27143 1584.00  354.67 171.60
90 135.75 17.75 6.75 885.41 285.71 1661.14  370.50 179.40
95 140.99 18.33 6.97 916.59  300.00 1738.29  386.33 187.20
100 146.23 18.91 7.19 94777 31429 181544  402.16 195

sponding to the minimum percentage of clay accept-
able in function of the concentration of the element
measured according to the parameters of the Dutch
standard (MIWM 2013). If the real percentage of clay
in the soil exceeds this value, then intervention of the
soil will not be required. In case the clay percentage
is lower than the threshold factor then the soil will
require intervention.

The threshold factor is obtained setting x)s =2 (be-
cause it is assumed that the organic matter content is
negligible) and solving the SIV equation for x4. From
this procedure, the following equation is obtained:

(4 +20)
B

2)

- SIV [ A+25-B+10-C \
PSSy B

Note that although this formula can deliver val-
ues lower than 0 or higher than 100, these have no
sense physically. However, according to the chemical
characteristics of the tailings, which are typically very
heterogeneous, intervention values (SIVs) lower than
the minimum and greater than the maximum might
be generated in relation to the area defined between
2 and 100 % of clay.

The minimum SIV values projected to the zone
(2 £ x4 <100) will always be located in the safety
zone, regardless of the percentage of clay. On the
other hand, the STV maximum values projected to the
zone (2 <x4 <100) will always be in the intervention
zone, regardless of the composition.

In fact, these values are utilized as limits to
determine if the tailings deposit does not require in-
tervention or if the intervention is strictly necessary,
regardless of the real percentage of clay in the soil.
It must be taken into account that in a preliminary
analysis of the tailings the information on the percent-
age of clay is not available and, in this context, the
Cr facilitates the analysis of the tailings deposits by
the following considerations:

* If Cr<0 then the tailings deposit does not require
intervention, regardless of the soil composition.

o If Cr > 100 then the tailings deposit requires
intervention, regardless of the soil composition.

* If 0 < Cr <100 then the tailings deposit may or
may not require intervention, depending on soil
composition. In this case it is necessary to obtain
an additional characterization of the soil, spe-
cifically, to determine the clay percentage (x4) by
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sampling the soil. Once the real value is obtained,

there are two possible cases:

* Ifx4 < Crthe soil must be intervened because
it exceeds or equals the intervention value
specified for this type of soil.

» If x4 > CF it is not necessary to intervene the
soil because it is under the intervention value
specified for this type of soil.

Bearing this in mind, it is recommended that
samples are obtained to evaluate the clay percent-
age of the soils in the tailings deposits that have a
threshold factor between 0 and 100.

Considering the heterogeneity of tailings, the
threshold factor in its original definition brings
about problems of scale by graphically representing
its distribution. It is therefore necessary to define a
non-dimensional scale to create analysis scenarios
that allow the evaluation of a wide variety of tail-
ings. In order to simplify the graphical analysis of
the results, the adjusted threshold factor (ACF) is
proposed. This minimizes the problems of scale and
facilitates interpretation.

ACr = sign (Cr) * log(1 + abs(Cy)) 3)

It should be noted that this is similar to a logarith-
mic scale, but admits negative values. The evaluation
by means of ACF is carried out as follows:

* IfACr<0then it is not necessary to intervene (it
corresponds to the cases where Cr < 0).

* IfACr>2thenitis necessary to intervene (it cor-
responds to the cases where Cr> 100). It must be
noted that ACr = 2.004 when Cr = 100, but for
practical purposes the difference is negligible, and
the analysis is much simpler in this way.

* If0<ACr<1itcorresponds to the cases in which
the unadjusted threshold factor is between 0 and
10 approximately. In this case the need of inter-
vention is unlikely, however it is considered as a
conditional intervention.

* If1<ACr<2itcorresponds to the cases in which
the unadjusted threshold factor is between 10 and
100 approximately. In this case the need of inter-
vention is already more likely, and it is considered
as a conditional intervention.

ANALYSIS OF RESULTS

The ecological vulnerability of soils has been
evident for decades. However, to date, Chile has no

regulations to promote their protection, nor does it
have the technological tools that would allow effec-
tive protection of the soils against anthropogenic
contamination. The legal gaps together with the in-
adequate management of this resource have brought
about the appearance of potentially contaminated
soils. This has been a clear limitation to the recovery
of polluted soils, and it is imperative to have stan-
dardized contamination criteria to assess whether a
system requires intervention or not.

The methodology applied in this work considers
three factors as significantly influential variables in
the evaluation of the need of intervention in areas
affected by mining activities: (1) the concentration
of metals, (2) the percentage of clays (texture) and
(3) the percentage of organic matter. These factors
influence the SIV value, corresponding to the concen-
tration of the metal analyzed, from which the safety
and intervention zones are defined.

The effect of the evaluated elements’ concen-
tration must consider that the data of the chemical
analysis correspond to the metal’s total concentration.
However, the bioavailability of an element is a func-
tion of the chemical and physical form in which it is
found in the environment. It should also be taken into
account that the soil acts, in general, as a protective
barrier of the hydrological and biological environ-
ment; do not consider the bioavailability of metals
through processes such as filtration, decomposition,
neutralization or storage of contaminants. In this
context, it is important to analyze the characteristics
of the substrate in which the potentially contami-
nating elements are found. The mobility of a metal
depends not only on its speciation, but also on some
characteristics of the soil such as pH, organic mat-
ter, concentration of carbonates, and clay minerals,
among others (Briimmer 1986).

Regarding the texture, clayey soils retain more
metals by adsorption or in the exchange complex of
the clay minerals; on the contrary, sandy soils lack
this fixing capacity. In particular, each clay mineral
is characterized by a specific surface area value and a
degree of electrical decompensation, which influence
its ability to adsorb or exchange metals.

On the other hand, organic matter reacts with
metals forming exchange complexes or chelates. Ad-
sorption may be so strong that they remain stabilized
or form chelates that are also very stable. However,
in many cases organometallic complexes are formed
that facilitate metal solubility, availability and dis-
persal, considering that they might be degraded by
soil organisms (Huertos and Romero-Baena 2008). In
the case of tailings originating from metallic mining
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in the Antofagasta region, these are predominantly
alkaline, due to the content of carbonates and other
elements that induce alkalization and lack organic
matter or have a very low content of it. Previous
studies of tailings located in the study area report
high concentrations of heavy metals in a substrate
characterized as saline-sodic and clayey, with a pH of
8.39 (£ 0.08), electrical conductivity of 23.6 (+ 3.5)
mS/cm and an organic matter content of 0.06 %; all
these average values were obtained from sampling in
the top 30 cm of substrate (Lam et al. 2016).

The methodology applied to the assessment of
tailings in the Antofagasta region is a useful tool, in
a context that considers saving monetary resources.
It allows prioritizing intervention requirements and
management of the tailings must be based on the char-
acterization of the study area and the evaluation of
potential risks to the environment and human health.

The results obtained from the different elements
studied are presented and discussed. The samples
have been identified following the identification num-
ber of the tailings deposit and its origin, which can
the tailings pond or the wall. Concentration values
reported as lower than a number 7 (in mg/kg) were
assigned the value » mg/kg to obtain an estimate
corresponding to the worst case. Subsequently, the
same scheme is applied when data have that format.
Specifically, the state of each tailing is analyzed based
on the criterion defined by the threshold factor, which
is summarized in the following lines:

E. J. Lam Esquenazi et al.

* ACFr < 0: No intervention required (below the
green line in figure 5 to figure 12).

* 0 < ACF<2: Conditional intervention (between
the green and red lines in figure 5 to figure 12).

* ACFr > 2: Unconditional intervention (above the
red line in figure 5 to figure 12).

* In figure 5 to figure 12, the samples have been
identified following the identification number
of the tailing deposit and its origin (e.g., from
the tailings pond or the wall). All the samples
are represented by a point in the graph, and its
intervention requirements depend on the previous
criteria. For example, in figure 5, sample TP-1595
is above the unconditional intervention threshold.
Sample 1606-S falls between the two lines and is
a conditional intervention. Sample 1598-TP falls
below the green line and thus, it does not require
an intervention.

Arsenic

The threshold factors obtained for each sample
are shown in figure 5. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV. The concentration values
reported as lower than 20 mg/kg were assigned the
value of 20 mg/kg to obtain an estimate correspond-
ing to the worst case. Subsequently, the same scheme
is applied if the data have that format.

For arsenic, most active deposits do not require
intervention, with only four out of 15 being in the

Adjusted Threshold Factor

d1-86G) |
dL-665L
dLvovl

......................

S EER EEEE R 333553 33535
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-2
Samples
| Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted thresholdfactor‘

Fig. 5. Adjusted threshold factor for As



527

TAILINGS INTERVENTION REQUIREMENTS IN ANTOFAGASTA

My T

=~

[ T1606-7P)
_1708-TP|
_1710-TP|
_1709-TP|
_1706-TP|
| leeatP| |
[ 11604-TP|
TS =N —
_1459-TP|
_1458-TP|

L —

| e>TP |
"1596-TP)

1597-TP
[1595-TP)
| [teosTr]
_1707-TP)
661-TP
_660-TP
_662-TP
_1594-TP)

| L 1594-TP)
_1593-TP|

| [14e5-Tp)
_667-TP
_668-TP
_670-TP
_669-TP
_671-TP
|  ee5.TR |
_1600-TP|
_1601-TP|
_1602-TP|
L 1603-TP|
_1610-TP|
_1608-TP|
_1609-TP|
| 1607.TP|

EENETSIER

| 1612-TP
_1460-TP|
_1461-TP|

——0

1 1462-TP)
| 857 TP
| 1464.TP|
_666-TP
|858-TP

_1599-TP)

— |

N

I

il

—

25
2

1.5

- re} o
S

| 1598-TP|

-0.5

10J0E4 ploysely L paisnipy

-1
15

Samples

| Conditional intervention threshold ~— Unconditional intervention threshold o Adjustedthresholdfactor|

Fig. 6. Adjusted threshold factor for Cd

v

[ 1606-TP

1708-TP

_1710-TP
_1709-TP

1706-TP

[663-TP
" 1604-TP
[664-TP

1459-TP

[ 1458-TP
[673-TP
_672-TP

1596-TP

" 1597-TP
_1595-TP
"1605-TP

1707-TP

_661-TP
|660-TP
[662-TP
[1594-TP
[1593-TP

1465-TP

_667-TP
_668-TP
_670-TP
_669-TP
_671-TP
_665-TP
_1600-TP
_1601-TP
_1602-TP
_1603-TP
_1610-TP
_1608-TP
_1609-TP
_1607-TP
_1611-TP
_1612-TP
_1460-TP
[1461-TP
| 1463-TP
[ 1462-TP
_857-TP
_1464-TP

666-TP

[ 858-TP

4.5

3.5

) 0 o~ [to)
-

Jojoe pjoysaiy pejsnipy

bt
o

o

1599-TP
1598-TP

Samples

‘ Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor‘

Fig. 7. Adjusted threshold factor for Cu



E. J. Lam Esquenazi et al.

528

1606-TP
1708-TP
1710-TP
1709-TP
1706-TP
663-TP

[ Rt AT

1604-TP

1459-TP
1458-TP
673-TP
672-TP
1596-TP
1597-TP
1595-TP
1605-TP
1707-TP
661-TP
660-TP
662-TP
1594-TP
1593-TP
1465-TP
667-TP
668-TP
670-TP
669-TP
671-TP
665-TP
1600-TP
1601-TP
1602-TP
1603-TP
1610-TP
1608-TP
1609-TP
1607-TP
1611-TP
1612-TP
1460-TP
1461-TP
1463-TP
1462-TP
857-TP
1464-TP
666-TP
858-TP
1599-TP
1598-TP

664-TP |

RRRARRRPAV L ARRARRRRRRRRRARRBZ AN A At

25

1.5

-~ 0 o 0
e T

10joB 4 ploysaly L paisnipy

-1.5

-2

Samples

| Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor|

Fig. 8. Adjusted threshold factor for Hg

T1606-TP

[ —TToeT—

1710-TP

“1709-TP

"1706-TP

|  [eeaTP |
71604-TP

| eeaTe——

I

—— 1459-TP

.Kmmhu
L S —
| . 672-TP 4
_1596-TP
_1597-TP
1595-TP
[ Te05TP—]
[1707-TP
[661-TP
_660-TP
[662-TP
[1594-TP
"1593-TP

‘\\Lhmuh_uu\l\

— | [667-TP

_668-TP

— |
— 0% TR |

_670-TP

| 669-TP
_671-TP

|  665TP
_1600-TP
_1601-TP
_1602-TP
_1603-TP
_1610-TP
_1608-TP
"1609-TP
_1607-TP
_1611-TP
_1612-TP
| TaeoTP—
_1461-TP
_1463-TP

1462

A 857-TP

F— weete |

' 666-TP

|  858TP

| 1599-TP

L el

N

| 1598-TP
-~ o

J0)0E ploysaly L parsnipy

1

Samples

’ Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor‘

Fig. 9. Adjusted threshold factor for Pb



529

TAILINGS INTERVENTION REQUIREMENTS IN ANTOFAGASTA

o—| 1606-TP

1710-TP

—

13
1709-TP | ¢
1706-TP |

663-TP

1604-TP

664-TP

1459-TP

1458-TP

673-TP

1Y
)
~o—] 672-TP

1597-TP

1595-TP | )

Om——] 1605-TP

T 661-TP

660-TP

662-TP

1594-TP

1593-TP

1465-TP

b
4
X
b 667-TP
&

668-TP

Samples

670-TP

669-TP

r
1N 671-TP
=~y

665-TP

d_ 1600-TP

1601-TP

1602-TP

So—— 1603-TP

1610-TP

1608-TP

1609-TP

1607-TP

1611-TP

1612-TP |

L

1460-TP

1461-TP

1463-TP

1462-TP

857-TP

1464-TP

666-TP

(T

858-TP

T500TP———

1598-TP

25

1.5

- [t} (=} [t}
e T

J0)0€ ployseiy L peisnipy

-1

-1.5

|7 Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor|

Fig. 10. Adjusted threshold factor for Ni

4.5

AN
o
—
—|
T
—
—
P
So—|
——
IO/
Ju
<
[~
P
<
IO/
A\
S
[
3
—
—
[)
[
&
>
<
<
N
>
|
[ —
o=
—
-
ST o © o © S © S
<t [se} [s2} N N ~ ~ o

J0)0E4 ployseiy L peisnipy

1606-TP
1708-TP
1710-TP
1709-TP
1706-TP
663-TP
1604-TP
664-TP
1459-TP
1458-TP
673-TP
672-TP
1596-TP
1597-TP
1595-TP
1605-TP
1707-TP
661-TP
660-TP
662-TP
1594-TP
1593-TP
1465-TP
667-TP
668-TP
670-TP
669-TP
671-TP
665-TP
1600-TP
1601-TP
1602-TP
1603-TP
1610-TP
1608-TP
1609-TP
1607-TP
1611-TP
1612-TP
1460-TP
1461-TP
1463-TP
1462-TP
857-TP
1464-TP
666-TP
858-TP
1599-TP
1598-TP

Samples

|7 Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor|

Fig. 11. Adjusted threshold factor for Zn



530 E.J. Lam Esquenazi et al.

3
25
VA
2
¥ =
X\ 1 T\/\
5 15 ! v v X
T i ~
2 VY v
g n A
o
£ 05 L :
3 v
[%]
2 0
. JERG N o N 9 R Y A A g 2 | I g VL VGV AV > = | = = = s
A v e N N AT S cpu ok (g i o R a el oot e g R il

05 %‘%“"’%‘g%‘%‘%‘%‘%‘%‘%‘%‘%‘%‘%‘%‘%‘%‘“’"‘”" i I A A I °3°43ddd
-1.0

-1.5

Samples
Conditional intervention threshold ~— Unconditional intervention threshold o Adjusted threshold factor

Fig. 12. Adjusted threshold factor for Cr

TABLE IV. SUMMARY OF RESULTS FOR EACH ELEMENT

Element Deposit status  (no intervention) conditional intervention)  (intervention)

Active 11 0 4
As Inactive 14 1 17
Abandoned 0 0 2
Active 9 6 0
Cd Inactive 19 12 1
Abandoned 2 0 0
Active 0 2 13
Cu Inactive 0 2 30
Abandoned 0 0 2
Active 15 0 0
Hg Inactive 31 1 0
Abandoned 2 0 0
Active 11 2 2
Pb Inactive 15 0 17
Abandoned 0 0 2
Active 4 11 0
Ni Inactive 10 22 0
Abandoned 2 0 0
Active 0 9 6
Zn Inactive 0 13 19
Abandoned 0 0 2
Active 3 12 0
Cr Inactive 2 26 4
Abandoned 0 2 0
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unconditional intervention zone. On the other hand,
for the 32 inactive deposits, the majority of the tail-
ings require an unconditional intervention, while only
one requires a conditional intervention.

However, since its autocorrelation function (ACF)
is slightly less than one, there is a reasonable chance
that it does not require an intervention. The remaining
14 inactive deposits do not require any intervention
regardless of the clay percentage of the soil. For the
two abandoned tailings an unconditional intervention
is required in both cases. The fact that active deposits
do not require many interventions could be because
they are still growing larger and perhaps because of
stricter imposed regulations, while older deposits
that are either abandoned or inactive could have been
created with previous more lenient environmental
restrictions.

Considering the total number of deposits, from
table IV it can be observed that 51 % of the samples
with As available in the SERNAGEOMIN database
do not require intervention, while 2 % require a con-
ditional intervention and 47 % an unconditional in-
tervention. The five highest values shown in figure 5
correspond to the following samples:

1596-TP from Sierra Gorda 1 (mass: 14 080 ton).
1601-TP from Caracoles 1-2 (mass: 600 000 ton).
1602-TP from Caracoles 1-2.

1597-TP from Sierra Gorda 1.

1600-TP from Caracoles 1-2.

Nk W=

Note that all these sites are located in the com-
mune of Sierra Gorda.

Cadmium

The threshold factors obtained for each sample
are shown in figure 6. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

For cadmium, none of the active deposits require
an unconditional intervention and out of the 15 depos-
its only six are in the zone of conditional intervention.
For the inactive deposits, only one of them requires
an unconditional intervention, and 12 require a con-
ditional intervention. Most conditional intervention
values are on the upper range (i.e., greater than one)
and thus there is a considerable chance they actually
require an intervention. The remaining 19 inactive
deposits do not require any sort of intervention. Fi-
nally, the two abandoned deposits do not require an
intervention in view of their cadmium levels.

Considering the the total number of deposits, it
can be observed in table I'V that 61 % of the samples

with Cd available in the SERNAGEOMIN database
do not require intervention, while 37 % requires a
conditional intervention, and 2 % an unconditional in-
tervention. The five highest values shown in figure 6
correspond to the following samples:

1. 1605-TP from Minera Sierra (mass: no informa-
tion available).

2. 1611-TP from Tranque 3 (mass: 579 000 ton).

3. 1462-TP from Mantos Blanco (mass: 8000000
ton).

4. 1459-F from El Pefion (mass: 14 800000 ton).

5. 1458-F from El Pefion.

Note that the first two sites are located in the
commune of Sierra Gorda, while the other three are
located in the commune of Antofagasta.

Copper

The threshold factors obtained for each sample
are shown in figure 7. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

The analysis of the data reveals the need to in-
tervene the tailing deposits with regard to copper
concentration. For this element, all deposits require
either an unconditional intervention (practically all
of them) or a conditional intervention (only four).
This is expected due to the fact that copper mining
is the main activity of the region; however, it could
still pose a heavy environmental risk, especially in
those tailings that are close to population centers.

Considering the total number of deposits, from
table IV it can be observed that 0 % of the samples
with Cu available in the SERNAGEOMIN database
do not require intervention, while 8 % requires a
conditional intervention and 92 % an unconditional
intervention. It is important to remark that the copper
ore law from these tailings is high, thus the interven-
tion could be considered from both the perspectives
of remediation or metal valorization, which could be
particularly relevant in this case given the importance
of copper for the national economy.

The five highest values shown in figure 7 cor-
respond to the following samples:

1. 1594-TP from Dofia Ada 1-2-3 (mass: no informa-
tion available).

2. 1611-TP from Tranque 3 (mass: 579 000 ton).

1593-TP from Dofia Ada 1-2-3.

4. 1465-TP from Embalse de Relaves 3A (mass: 15
366460 ton).

5. 1464-TP from Embalse de Relaves 3A.

W
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Note that the first three sites are located in the
commune of Sierra Gorda, while the other two are
located in the commune of Antofagasta.

Mercury

The threshold factors obtained for each sample
are shown in figure 8. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

The particular case of mercury is different from
the previous ones, because there are no uncondi-
tional interventions required. In fact, there is only
one conditional intervention case with ACr~ 1.84,
which is really close to the threshold of uncondi-
tional intervention (so it is probable that it actually
requires an intervention). However, given the low
ACF values for all the other samples the tailing
deposits would not pose environmental problems
in the short term.

Considering the total number of deposits, in table IV
it can be observed that 98 % of the samples with Hg
available in the SERNAGEOMIN database do not
require intervention, while only 2 % require a con-
ditional intervention. None of the samples indicate
an unconditional intervention requirement.

Lead

The threshold factors obtained for each sample
are shown in figure 9. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

Most active deposits of this element do not
require intervention, with only two out of 15 be-
ing in the unconditional intervention zone and two
requiring a conditional intervention. On the other
hand, regarding the 32 inactive deposits, the ma-
jority of the tailings (17) require an unconditional
intervention and the remaining 15 do not require
intervention at all. Regarding the two abandoned
tailings, an unconditional intervention is required
in both cases.

Considering the total number of deposits, in table IV
it can be observed that 53 % of the samples with Pb
available in the SERNAGEOMIN database do not
require intervention, while 4 % require a conditional
intervention and 43 % an unconditional intervention.
The five highest values shown in figure 9 correspond
to the following samples:

1596-TP from Sierra Gorda 1 (mass: 14 080 ton).
1601-TP from Caracoles 1-2 (mass: 600 000 ton).
1602-TP from Caracoles 1-2.

1597-TP from Sierra Gorda 1.

bl o

5. 1600-TP from Caracoles 1-2.

Note that in this case all the sites are located in
the commune of Sierra Gorda.

Nickel

The threshold factors obtained for each sample
are shown in figure 10. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

As with Hg, none of the extreme values previously
observed are present. All of the tailings have been
classified as either requiring conditional intervention
or no intervention at all. In the cases where a condi-
tional intervention is required, it is necessary to de-
termine the percentage of clay to decide whether they
must be intervened or not according to this criterion.

Considering the total number of deposits, in table IV
it can be observed that 33 % of the samples with Pb
available in the SERNAGEOMIN database do not
require intervention, while the other 67 % requires
an unconditional intervention. The five highest val-
ues shown in figure 10 correspond to the following
samples:

1. 1605-TP from Minera Sierra (mass: no informa-
tion available).

2. 673-TP from Tranque de Relave 2 (mass: 55725
ton).

3. 661-TP from Punta Morado (mass: 1 682496 ton).

4. 669-TP from Tranque 1 (mass: 2085000 ton).

5. 660-TP from Embalse de Relave (mass: 157500
ton).

Note that the first tailing sample is located in the
commune of Sierra Gorda; however, all the other
samples are located in the commune of Taltal.

Zinc

The threshold factors obtained for each sample
are shown in figure 11. The results obtained for each
sample available in the SERNAGEOMIN data are
summarized in table IV.

As in the case of copper, the data analysis reveals
the need to intervene the tailing deposits with regard
to this element’s concentration. All Zn deposits re-
quire intervention either unconditional or conditional.
Six of the active deposits require unconditional inter-
vention and nine are in the conditional intervention
zone. In the case of inactive deposits, 13 are in the
conditional intervention zone and 19 in the uncon-
ditional intervention zone. The remaining two aban-
doned deposits require unconditional intervention.
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Considering the total number of deposits, in table IV
it can be observed that 0 % of the samples with Zn
available in the SERNAGEOMIN database do not
require intervention, while 45 % requires a condi-
tional intervention and 55 % an unconditional inter-
vention. The five highest values shown in figure 11
correspond to the following samples:

1. 1599-TP from NN 37 (mass: 600 ton).

2. 1597-TP from Sierra Gorda 1 (mass: 14080
ton).

3. 1596-TP from Sierra Gorda 1.

4. 1606-S from Minera Sierra (mass: not ap-
plicable).

5. 1608-TP from Tranque 2 (mass: 2025000
ton).

Note that in this case, all the sites are located in
the commune of Sierra Gorda.

Chromium

The threshold factors obtained for each sample of
Chromium are shown in figure 12. The results ob-
tained for each sample available in the SERNAGEO-
MIN data are summarized in table IV.

For this element, most active deposits fall in the
conditional intervention zone, with only three do
not require intervention. However, none of them
requires an unconditional intervention. Regarding
inactive deposits, most of them fall in the condi-
tional intervention zone, with only four require an
unconditional intervention and two do not require
intervention. Finally, for the two abandoned tail-
ings a conditional intervention is required in both
cases.

Considering the total number of deposits, in table IV
it can be observed that 10 % of the samples with Cr
available in the SERNAGEOMIN database do not
require intervention, while 82 % requires a condi-
tional intervention and 8 % an unconditional inter-
vention. The five highest values shown in figure 12
correspond to the following samples:

1607-TP from Tranque 1 (mass: 1875000 ton).
1608-TP from Tranque 2 (mass: 2025000 ton).
1612-TP from Tranque 3 (mass: 579 000 ton).
1609-F from Tranque 2.

661-F from Punta Morado (mass: 1682496 ton).

Al S i

Note that in this case, all the samples but the last
one come from tailings located in the commune of
Sierra Gorda. The fifth sample in the list comes from
a tailing located in the commune of Taltal.

DISCUSSION

Considering the complexity of the system ana-
lyzed, classifying a soil as contaminated is not an
easy task. It depends on many factors; therefore, on
the complete physical and chemical characterization
of the evaluated substrate. In the case of aconditional
intervention, it is essential to determine the compo-
sition of the clays, which controls the mobility and
potential toxicity of the associated metals.

The maximum permitted values for uncontami-
nated soils are considered as pollution thresholds, and
they must be contrasted with toxicological studies
that show they are not dangerous. On the other hand,
in the case of soils that exceed these thresholds, they
should not necessarily be considered as contami-
nated; the toxicity depends on its mobility, therefore
in its bioavailability.

In a context of limited resources, the methodol-
ogy applied has the advantage of defining reference
and contamination thresholds. Precise characteriza-
tion of soils with intermediate values is required
considering soil parameters such as texture, organic
matter content, carbonates, free iron oxyhydroxides
and clay mineralogy. In addition, it is recommended
to determine the content of water-soluble metals
extractable by EDTA.

Having carried out the analysis for each element,
table V shows a summary of the results obtained for
each sample of the SERNAGEOMIN data. It should
be noted that in general it is necessary to carry out an
intervention in every tailing, although the causes can
be different in each case. Even if the particular case
of copper, which requires intervention in practically
all the tailings, is not considered, a conditional inter-
vention is still required in the majority of the cases.

The analysis has allowed to identify and prioritize
tailings deposits installed in different sites of the
Antofagasta region in terms of intervention require-
ments. As shown in figure 2, tailings can be found in
three different states: active, inactive and abandoned.
Until a few decades ago, the commercial exploitation
of copper was only possible when the mineral had a
law over 3.5 %.

However, due to technological development, it is
now economically viable to exploit minerals of much
lower laws. In particular, some abandoned deposits
may have a higher law than active deposits because
they were abandoned before the extraction processes
allowed for the exploitation of lower laws. This is
important to mention, because the intervention of
tailings deposits could consider an environmental
dimension, related to control and remediation, and
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an economic dimension, focused on the valorization
(i.e., the recovery of elements of commercial interest).

Using the intervention data from table V, a simple
measure is devised in order to determine the most
critical tailings. For each sample, a zero score is as-
signed to a sample that does not require intervention,
a 0.5 score is assigned to a sample that require a con-
ditional intervention and a score of one for samples
that require an unconditional intervention. Thus, for
each sample we define the intervention value as the
sum of these values for each element. The results
from these calculations are shown in table VI, sorted
from the highest to the lowest scoring sample.

In figure 13 a summarizing box plot is shown for
each commune. Based on these results, the samples
from Sierra Gorda suggest a highest necessity of
intervention, especially considering the closeness of
rural settlements. The tailing deposit Relave Cara-
coles 1-2 has the highest intervention value (5.5),
which implies that practically every metal falls in
the unconditional intervention zone in the previous
analysis. Another site in this situation is Relave

Minera Sierra, also with a score of 5.5. Most of the
samples with higher intervention are come from the
Sierra Gorda site, thus it is critical to intervene the
tailings in this commune.

In the commune of Antofagasta, intervention
values show a high variance, however most deposits
seem to be distant from population centers, although
special care should be given to tailings of El Pefion
(1459-F) and Embalse de Relaves 3A (1464-TP), both
of which have intervention values of 5.

In the commune of Taltal, intervention values are
not as high, therefore the need for intervention is not
as critical although the tailings are close to some hu-
man settlements. The highest scoring sample comes
from Soledad II (668-TP) with a score of 4.5. How-
ever, most the other tailings have values lower than 3.

Only one sample has been analyzed in the com-
mune of Calama, corresponding to the tailing of
Talambre (857-TP), with a score of 3.5, which
could be considered a moderate environmental risk,
especially taking into account its location close to
population centers.

TABLE V. SUMMARY OF RESULTS BY SAMPLE FOR EACH ELEMENT

1D Cr Zn Ni Pb Hg Cu Cd As ID Cr Zn Ni Pb Hg Cu Cd As
1598-TP C Y N Y N Y N Y 667-TP N C C Y N Y N Y
1599-TP C Y N Y N Y N Y 1465-TP N Y C N N Y C C
858-TP C C C N N Y N N 1593-Tp C Y C N N Y C N
666-TP C C C N N Y N N 1594-TPp  C Y C N N Y N N
1464-TP C Y C C N Y C Y 662-TP C C C N N Y N N
857-TP N C C C N Y N Y 660-TP C C C N N Y N N
1462-TP C C C N N Y C N 661-TP c C ¢C N N Y N N
1463-TP C C C N N Y N N 1707-TP  C C N N N Y N N
1461-TP  C C C N N Y C N 1605-TP C Y C N N Y Y N
1460-TP  C C C N N Y C N 1595-Tp C Y N Y N Y C Y
1612-TP Y Y N Y N Y N Y 1597-Tp  C Y N Y N Y C Y
1611-TP  C Y N Y N Y C Y 1596-TP C Y N Y N Y C Y
1607-TP Y Y N Y N Y N Y 672-TP C C C N N Y N N
1609-TP Y Y N Y N Y N Y 673-TP C C C N N Y N N
1608-TP Y Y N Y N Y N Y 1458-F N Y C Y N C C Y
1610-TP C Y N Y N Y N Y 1459-F N Y C Y N Y C Y
1603-TP C Y C Y N C C Y 664-W c C ¢C N N Y N N
1602-TP C Y C Y N Y C Y 1604-W C Y C Y C C C Y
1601-TP C Y C Y N Y C Y 663-W c C ¢ N N Y N N
1600-TP C Y C Y N Y C Y 1706-P CcC Y N N N Y N N
665-TP C C C N N Y N N 1709-P C Y N N N Y N N
671-TP C C C N N Y N N 1710-P C Y N N N Y N N
669-TP C C C N N Y N N 1708-S C C N N N C N N
670-TP C C C N N Y N N 1606-S C Y C Y N Y C Y
668-TP C C C Y N Y N Y

N: no intervention, Y: unconditional intervention, C: conditional intervention)
The ID column contains an identifier given by the sample number and the type of sample (TP: tailing pond, W: wall, F: filtered, P:

pulp, S: sediment)
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TABLE VI. SUMMARY OF RESULTS BY SAMPLE AND COMMUNE FOR THE INTERVENTION VALUE

Sample Score Tailing Commune Sample Score Tailing Commune
1602-TP 5.5 Caracoles 1-2 Sierra Gorda 857-TP 3.5 Talabre Calama
1601-TP 5.5 Caracoles 1-2 Sierra Gorda 1594-TP 3 Doiia Ada 1-2-3 Sierra Gorda
1600-TP 5.5 Caracoles 1-2 Sierra Gorda 1462-TP 3 Mantos Blanco Antofagasta
1604-W 5.5 Caracoles 1-2 Sierra Gorda 1461-TP 3 Mantos Blanco Antofagasta
1606-S 5.5  Minera Sierra Sierra Gorda 1460-TP 3 Sierra Gorda Sierra Gorda
1459-F 5 El Pefion Antofagasta 662-TP 2.5 Embalse de Relave Taltal
1464-TP 5 Embalse de Relaves 3A° Antofagasta 660-TP 2.5 Embalse de Relave  Taltal
1603-TP 5 Caracoles 1-2 Sierra Gorda 858-TP 2.5 Esperanza Sierra Gorda
1595-TP 5 Sierra Gorda 1 Sierra Gorda 1706-P 2.5 Laguna Seca Antofagasta
1597-TP 5 Sierra Gorda 1 Sierra Gorda 1709-P 2.5 Laguna Seca Antofagasta
1596-TP 5 Sierra Gorda 1 Sierra Gorda 1710-P 2.5 Laguna Seca Antofagasta
1607-TP 5 Tranque 1 Sierra Gorda 665-TP 2.5 LasLuces 1 Taltal
1609-TP 5 Tranque 2 Sierra Gorda 663-W 2.5 Las Luces 1 Taltal
1608-TP 5 Tranque 2 Sierra Gorda 666-TP 2.5 LasLuces2 Taltal
1612-TP 5 Tranque 3 Sierra Gorda 664-W 2.5 Las Luces 2 Taltal
1611-TP 5 Tranque 3 Sierra Gorda 1463-TP 2.5 Mantos Blanco Antofagasta
1458-F 4.5  El Pefon Antofagasta 661-TP 2.5 Punta Morado Taltal
1598-TP 45 NN37 Sierra Gorda 671-TP 2.5 Tranque 1 Taltal
1599-TP 45 NN37 Sierra Gorda 669-TP 2.5 Tranque 1 Taltal
668-TP 4.5 Soledad Ii Taltal 670-TP 2.5 Tranque 2 Taltal
1610-TP 4.5  Tranque 2 Sierra Gorda 672-TP 2.5 Tranque De Relave 1  Taltal
1605-TP 4 Minera Sierra Sierra Gorda 673-TP 2.5 Tranque De Relave 2 Taltal
667-TP 4 Soledad Ii Taltal 1707-TP 2 Hamburgo Antofagasta
1593-TP 3.5 Dofia Ada 1-2-3 Sierra Gorda 1708-S 1.5 Laguna Seca Antofagasta

1465-TP 3.5 Embalse de Relaves 3A° Antofagasta

The sample column contains an identifier given by the sample number and type (TP: tailing pond, W: wall, F: filtered, P: pulp,
S: sediment)

Intervention scores box plots

5
v

L

Intervention score
w
(e}

Sierra Gorda Antofagasta Taltal Calama
Commune

Il Sierra Gorda  [1] Antofagasta [ Taltal 1] Calama

Fig. 13. Intervention scores box plot for the four communes. Error bars represent
the interquartile range
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Figure 14 summarizes the functioning of the
methodology and its application. Considering the
development of the previous case study, it can be said
that the methodology has been successfully applied
in this first instance of evaluation in the Antofagasta
region.

According to the results presented in table VI,
based on the score assigned to each of the 49 samples
analyzed, it is concluded that the tailings deposits
located in the commune of Sierra Gorda are those
that mostly require a priority intervention, with a
score between 4 and 5.5 out of a maximum of 8,
corresponding to 67 % of the deposits classified as
in need of priority intervention.

The two largest tailing deposits in Chile, Talabre
(commune of Calama, with more than 1600 tons of
tailings currently) and Laguna Seca (commune of
Antofagasta, with more than 1050 million tons), ob-
tained scores of 3.5 and 2.5, respectively. Therefore,
the Talabre dam was classified with an intermediate
level of intervention requirement. However, consider-
ing that it requires conditional intervention regarding
Zn, Ni and Pb, and intervention concerning Cu and
As, the dam is categorized as a candidate for priority

PROTOCOL

intervention, given its high tonnage and the presence
of Pb and As.

Finally, in the case of the Laguna Seca deposit,
which obtained a score between 1.5 and 2.5, a con-
ditional intervention is required for Cr and an inter-
vention for Zn and Cu. It can be concluded that this
deposit, despite its large tonnage, does not require a
priority intervention.

CONCLUSIONS

This work has studied the need for intervention
in tailings deposits in the region of Antofagasta. To
accomplish this, the Dutch regulation for soil re-
mediation (MIWM 2013) and the data provided by
SERNAGEOMIN have been used.

The analysis of classic intervention values has
been adapted to the particular case of the tailings,
where organic matter is negligible. Graphs have been
provided to directly apply this approach, assuming
that the concentration level of the element studied, and
the percentage of clay are available. However, as the
SERNAGEOMIN data does not include the clay per-

Organic
matter
o % Clay
30 Common trace elements < 2 %|(supossed value)
Cu, V, Cr, Co, Ni, Zn, Rb, Sr, Zr, Nb, Ba, Pb,
Cs, Hf, Ta, As, Sc, Y, Mo, Sb, Sn, Th, Ag, Cd, Available )
Bi, W, U, Au, Hg. Not Available
0.82 % i
— Calculate tue
threshold factor
v Application of the y N\ and the adjusted
proposed thres hold factor
methodology _| Analysis of

| each metal

Compounds of
Environmental
Connotation (CEC)
- Intervention
Tailings
priority list |
7y l

It is required to
apply technology Yes

Intervention?

| l

Conditional Intervention

l No further
Implement a representative action required
sampling process, considering the for now.
heterogeneity of the tailings, to

No Intervention

Calculate SIV |<— for the stabilization |« l
No

of the critical
metals.

Safety
zone

determine the composition of the
substrate in relation to the
concentration of the analyzed metal
and the concentration of clays.

Fig. 14. Visual summary of the methodology and protocol description (SIV: soil intervention value)
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centage, it was necessary to define another approach
for the evaluation of the deposits. In this context, the
adjusted threshold factor has been proposed and the
data has been analyzed with this new method.

In this work, a simple and practical methodology
is applied, which allows developing a prioritized
survey of sites affected by tailings. It is expected that
the results obtained will be relevant for designing
policies, programs and projects that allow executing
interventions oriented to strengthening the manage-
ment of sites with presence of inorganic pollutants,
the main source of which are tailings deposits.

The methodology is based on the Dutch Soil
Protection Act (MIWM 2013). However, there is
evidence for the need of local guidelines and regula-
tions, since these would allow the assessment of risks
to the population’s health, considering that, when
non-local guidelines or regulations are used, they
might be more (or less) restrictive or require more
(or less) complex technical solutions.

Currently, Chile has a specific law that regulates
the closure of mining operations and facilities. This
law requires, when all facilities finish their opera-
tions, that a closure plan must be submitted to SER-
NAGEOMIN. This plan must ensure the physical and
chemical stabilization of every facility.

According to their monthly extraction, mining
companies have to develop a closure plan that must
be submitted to a general application procedure
(medium and large-scale mining) or to a simplified
application procedure (small-scale mining). Law
20551 (which regulates mine closures), is certainly
amilestone for the mining sector. Its stringent regula-
tions require that companies deliver financial guar-
antees to ensure the fulfillment of the activities and
measures proposed in the closure plan.

In addition to the country’s mining history and
lack of rigorous closure processes, gaps in legislation
are in part responsible for the great number of min-
ing environmental liabilities, which are scattered and
distributed throughout the country. These liabilities,
comprised mainly by tailings, pose great risks for the
health and safety of people.

Those risks are primarily associated to physical
and chemical destabilization caused by the tailings’
exposure to natural phenomena such as seismic
events or rains that cause movements of large vol-
umes of tailings, generation of mine acid drainage,
dispersion of pollutants to surface and underground
waters, contamination of soils and emission of fine
particulate matter, among others.

The Chilean state has great challenges to face.
Thus, it is necessary to formulate public policies

regarding environmental mining liabilities, specifi-
cally in relation to their prevention and remediation,
which could allow the solution of this problem. It is
urgent to generate action-oriented policies as soon as
possible, since risks and dangers associated to mining
environmental liabilities increase with time, as do
people’s exposure to pollution and the uncertainty
whether there is a need or not of intervention to deal
with the liability.

As it can be seen from this analysis, almost all
the records indicate that intervention regarding
Hg is not compulsory, inasmuch as only one value
was found which requires conditional intervention.
Regarding Cu and Zn, 100 % of the measurements
indicated these elements were in the intervention or
conditional intervention zone, which is consistent
with the fact that mines in the study area mainly
extract copper and present high concentrations of
these two elements.

Finally, the limitations of this method must be ad-
dressed, in particular, that the availability of metals
in the tailings is not just a function of organic matter
content, as is shown by sequential extraction studies
that identify the way metals are present in soil. So, in
this context, even if metals are found in great quanti-
ties in the tailings, it is possible that only a fraction
is actually available, which would greatly reduce
its environmental impact. While this is a limitation
of the current method, it should be noted that given
the close location of some of the tailings to human
settlements in the Antofagasta region, it could still
be environmentally irresponsible not to intervene
certain tailings as shown above.
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