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Abstract: This paper intends to validate the application of magnetic techniques, particularly magnetic
susceptibility, as sampling tools on a copper tailings terrace, by correlating them analytically. Magnetic
susceptibility was measured in both the field and laboratory. Data obtained allowed for designing
spatial magnetic susceptibility distribution maps, showing the horizontal variation of the tailings.
In addition, boxplots were used to show the variation of magnetic susceptibility and the concentration
of the elements analyzed at different depths of the copper tailings terrace. The degree of correlation
between magnetic and chemical variables was defined with coefficient R2. The horizontal and vertical
variations of magnetic susceptibility, the concentration of elements, and the significant correlations
between them show a relationship between magnetic susceptibility and the chemical processes
occurring in the tailing management facility, such as pyrite oxidation. Thus, the correlation functions
obtained could be used as semiquantitative tools to characterize tailings or other mining residues.

Keywords: copper mine tailings; magnetic susceptibility; sampling; metals

1. Introduction

The treatment of extensively distributed solid wastes generated by metallurgical processes is
a challenge for the environmental sustainability of mining regions [1,2]. Soil characterization is a
relevant process for subsequent environmental treatments such as decontamination, stabilization,
or remediation [3,4]. The physical (pH, density) and the chemical properties of soils are a forcing
factor for the growth and pollutant metabolism of plants during phytoremediation, particularly heavy
metal content in the sediments at the (superficial) upper levels [5,6]. In this context, heavy metal
concentration is commonly determined by a chemical analysis involving a high cost and a long period
of analysis [7–9]; however, a low-cost and fast-application method is necessary for effective sediment
characterization prior to remediation.

For a reliable tailing storage facility characterization, a large number of sampling points is required
so that results can be representative, a fact that has been limited due to the extensive economic
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resources needed. Sampling quality is essential for estimating the extent of contamination on-site
and, therefore, establishing intervention requirements to protect human health and the ecosystem
integrity [10]. In this regard, sampling design plays a fundamental role in the tailing characterization
stage and must be based on the spatial contamination distribution hypothesis formulated from the
results of the exploratory phase of the study. This allows for making an appropriate assessment of the
site and its management [11,12]. It is necessary to design a sampling methodology to establish their
presence in the mineral species contained in the tailings [13,14]. There are no general rules for soil
sampling because each site requires a particular strategy. Therefore, it is important to design a scheme
appropriate for each of the tailing storage facilities, considering the optimal location of the sampling
points. This scheme must be flexible enough to make adjustments during field activities, owing to, for
example, lack of access to preselected sites, unforeseen soil formations, and climatic conditions [15].
The characterization stage involves sampling and the analysis of physical and chemical properties to
determine the nature, extent, and extension of contamination. These data are essential for developing,
projecting, analyzing, and selecting cost effective technologies to mitigate contamination [16].

Magnetic techniques and methodologies are notable for characterizing soils since they can be
validated with a small number of fast chemical analyses at a low cost [17,18]. Although the magnetic
phenomenon was recognized in the early 19th century, its application in the different fields of science
and technology has increased in the last few decades [19–21]. The magnetic characterization and
mapping of the magnetic susceptibility of soils have been widely applied as a proxy to characterize
heavy metals and pollutants in soils in urban and industrial areas [22–29]. This type of study allows
for determining the origin and extension of contaminant agents and their effect on natural soils.
Magnetic properties, particularly magnetic susceptibility, are useful tools for identifying and describing
ferromagnetic elements (Fe, Ni, Cr). They allow an indirect characterization of the study area because
a small number of chemical analyses are needed later.

Magnetic susceptibility is the ability of a material to magnetize itself under the effect of an induced
magnetic field, which has a range of values characteristic of the different ferromagnetic elements. It is
possible to measure this property in the field by using easy-to-use portable susceptometers at a low
cost [30]. Despite the wide use of magnetic techniques for natural soil contamination, they have been
scarcely used for detecting and determining the concentration of metals present in tailing deposits [31].
Therefore, the application of magnetic techniques is a good alternative for the chemical characterization
of tailing storage facilities due to their high resolution and low cost. In addition, these techniques have
important advantages such as short measurement time and the repetition of analyses at a low cost.

Several factors take part in the control of the retention and mobility of heavy metals in the soil,
mineralogy playing an important role among them [32]. The bioavailability of most of the elements,
particularly heavy metals, is determined by adsorption–desorption, complexation, precipitation,
and ion-change processes. The most important surfaces involved in soil metal adsorption are active
inorganic colloids such as clayey minerals, metal oxides and hydroxides, metal carbonates and
phosphates, and organic colloids [33]. Regarding texture, clayey soils retain more metals by adsorption
or in the exchange complex of the clayey 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 [34].

Chilean mining is paramount for the country’s development and has become part of its identity.
Chile has become a world’s copper production leader, with mining being the productive activity
contributing most to GDP [35]. However, it also holds a negative aspect due to the large output
of residues and toxic wastes resulting from different operations and processes. Copper sulfide ore
processing produces residues called tailings, which contain high heavy metal concentrations [36].
Many solid tailing deposits extend for kilometers, their characterization currently being made via
chemical analyses at a high cost [9]. There are 742 mine tailing disposal sites in Chile; some of them are
abandoned and require an urgent management plan [37]. To propose remediation plans in order to
reduce potential risks associated with tailings, their physicochemical and mineralogical characterization
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is a priority. These data are not available or are rather scarce, as in the case of geochemical data
reported by National Geology and Mining Service (SERNAGEOMIN, for its acronym in Spanish)
that determined the geochemical characterization of a number of tailing disposal facilities, based on
samples from one to four sampling points [10].

The aim of this work is to discard or validate magnetic susceptibility measurement as a technique for
determining the contaminants, concentrations, and/or mobility of the elements in tailing storage facilities.
This study, conducted by examining copper mine tailings, intends to validate the techniques measuring
magnetic properties as sampling tools, correlating them with a limited number of physicochemical
analyses. The objective of this study is to validate the measurement of magnetic susceptibility in the
tailing terrace of a copper porphyry-type ore deposit. To attain the objective, heavy metal concentration
values in the tailings are correlated with magnetic susceptibility to determine if this technique can be
used as a fast and cost effective tool for identifying contaminated areas. Our results are relevant and
offer a low cost and effective method to characterize solid wastes generated by copper metallurgical
processes prior to their management and treatment in an extensive mining region like northern Chile.

2. Methodology

2.1. Site

This study was conducted in the Atacama Desert, located in Antofagasta Region, Chile. This region
is characterized by high solar radiation, high saline soil concentrations, extremely high daytime
temperatures, and a wide day–night temperature range. Some areas of the Atacama Desert show
zero recorded rainfall in 400 years. In general, rainfall occurs every 100 years. All these conditions
produce scarce vegetation. Samples were collected from a copper mine tailings site located at latitude
24◦9′58.33” S and longitude 69◦2′33.36” W, at 3200 masl The terraces where the tailings are disposed
show high concentrations of heavy metals such as Cu, Cd, Fe, Zn, Mn, and Pb because the tailings are
generated in the sulfide concentration process. The total area of the terrace is about 10,000 m2 (135 m ×
77 m). This site was used as a tailings dump from 1995 to 2006. Figure 1A,B shows the location of the
tailings called CMZ.
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Figure 1. (A,B) CMZ tailings location, (C) regular sampling grid with 80 sites on CMZ tailings,
(D) spatial distribution of tailings samples for chemical analyses. Green: depth a; blue: depth b; red:
depth c; purple: three depths; yellow: depths a and b; light blue: depths a and c. The black box
represents the study area within the tailing terrace.
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CMZ is a copper porphyry with low-grade hypogenic mineralization, where a long continuous
supergene enrichment process favored by the predominating tectonic regime during the Upper
Oligocene–Lower Miocene [38,39] resulted in the formation of economically exploitable ore deposits.
The later decrease of the erosion rate and the increase of regional aridity since the Middle Miocene
allowed for the preservation of these ore deposits [40]. Intrusive Oligocene, genetically related to CMZ,
includes an early phase of rhyolitic porphyries associated with mineralization and a more intense
hypogenic alteration. The later phase corresponds to dioritic porphyries.

According to its mineralization, the ore deposit consists of an upper leached zone associated
with quartz–sericitic and copper oxide traces; an oxidation area with brochantite and antlerite; and
an extremely sericitized secondary rich zone consisting of pyrite, chalcocine, bornite, covelline, and
chalcopyrite. The hypogenic mineralization associated with sericitic alteration and a weak silicification
consists mainly of pyrite with small amounts of bornite, chalcopyrite, and molybdenite.

2.2. Sampling In Situ

To collect the samples, the terrace was divided into a grid of 15 m × 7 m, covering an internal area
of 6615 m2, to create 80 equidistant sampling points, as shown in Figure 1C. Due to the rough terrain
and to facilitate sample collection, the profiles corresponding to the external points of the terrace were
not considered. For the 80 internal points, magnetic susceptibility intensity was measured at three
different depths: depth a (0–10 cm deep); depth b (10–20 cm deep); and depth c (20–30 cm deep).
This property was used to estimate the points with larger metal concentrations [41]. According to this
criterion, 33 sample points were selected.

The samples were collected at the first 30 cm, considering characterization as the preliminary
analysis of a phytoremediation system. Plant growth and trace element absorption generally occurred
at a 10–30 cm depth [42–44].

2.2.1. Sampling Grid Design

The tailings terrace studied is 160 m long and 80 m wide (Figure 1C). For the sampling to include
the whole study area, a regular grid was designed, with a 7 m support in the direction of the tailings
walls (N05E), while in the W–E direction, they are at a 15 m distance from each other, heading N85E.
This area was chosen according to the terrace dimensions so that the sampling could be representative
in both directions (nonrandom sampling).

Distances were measured with a 60 m measuring tape, while the direction was obtained with a
Brunton compass. The sampling grid was integrated into a geographic data system over a rectified
Quickbird image from Google Earth, using ArcGis 10 software.

2.2.2. Sampling

From each tailings sediment site, 1 kg was obtained. The total number of samples amounted
to 240. The sediment was extracted with a plastic shovel to avoid altering magnetic measurements.
Later, the material collected was stored in clean sealed polyethylene bags, labeled according to site and
depth. Table 1 exemplifies the spatial identification of each tailings sample.

Table 1. Example of sample identification.

Type of Sample Depth (cm) Sampling Site Depth
Identification

Final
Identification

Disaggregated
material

0–10 A10 a A10 a
10–20 A10 b A10 b
20–30 A10 c A10 c
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2.3. Measurement Methodology

2.3.1. Magnetic Susceptibility Measurement

Magnetic susceptibility measurements were made with an SM-30 portable susceptometer (Heritage
Geophysics, Littleton, CO, USA) to make quick measurements in the field with a 1 × 10−7 magnetic
susceptibility (SI) precision. The measurements were made on dry samples, using the mode 517 of
the device at a 43.8 cm3 fixed volume. Magnetic susceptibility measurements were made at the three
depths of the 80 sampling points. At each sampling depth, magnetic susceptibility was measured three
times at different points. It was possible to check the validity of the susceptometer data by repeating
measurements by horizon. Next, the average value was obtained.

2.3.2. pH Measurement

pH was measured in situ with a pH/◦C measuring kit, Model HI 99121 (Hanna Instruments,
Woonsocket, RI, USA), which is used for measuring both soil pH and a solution prepared with a soil
sample directly.

2.3.3. Heavy Metal Concentration Determination

A total of 33 sampling points were selected for chemical analysis. To do this, the following criteria
were considered:

(1) Tailings pH variation; this property conditions metal bioavailability.
(2) Magnetic susceptibility variation in tailings sediments; samples were selected to make a

representative subsampling of all the values observed in the distribution of this property.
(3) The three depths were established so as to obtain representative results of the whole

tailings volume.

Substrate samples, properly labeled and packed in polyethylene bags, were collected. They were
oven-dried at 40 ◦C until reaching a constant weight [45,46]. Gravel-sized rocks (>2 mm) were removed
and the remaining particles reduced in size with mortar and pestle. Particles were then screened with a
2-mm sieve (US N◦ 10 mesh), which is the standard particle size for most soil testing methods [45,47].

Bioavailable Fe, Mn, Zn, Cr, Cu, Cd, and Pb contents were measured with an atomic absorption
spectrophotometer (AAS) after extraction by using a diethylenetriaminepentaacetic acid (DTPA)
solution [48]. These metals were collected by shaking 0.01 kg of oven-dried soil for 2 h in 20 mL of
0.005 M DTPA. The filtrate was analyzed for Fe, Mn, Zn, Cr, Cu, Cd, and Pb by AAS. Cadmium, copper,
chromium, lead, zinc, and iron were measured by ASS, with detection limits of 0.05 mg kg−1 for Cd,
Cr and Zn, 4.3 mg kg−1 for Pb, 7.5 mg kg−1 for Cu, and 24 mg kg−1 for Fe. As analysis was conducted
separately by hydride generation–atomic absorption spectrometry (HGAAS). Hydride was generated
by using a Perkin-Elmer 100 FIAS FIA 100 apparatus (0.005 mg kg−1 detection limit). All solutions
were filtered with Whatman GF/C fiberglass filter paper [9].

3. Results

Data selected according to the three criteria above (Section 2.3.3) are shown in Table 2. The spatial
distribution of the sampling points for the three depths are shown in Figure 1C.

Tables 3–5 show the results of the concentration analyses of eight heavy metals (As, Cd, Cr, Cu, Fe,
Ni, Pb, and Zn) and the magnetic susceptibility (MS) values for the three points measured in the field.
The denomination is based on the names of the wells and the sampling depth, as shown in Table 1.
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Table 2. Samples selected according to pH classes and magnetic susceptibility variability.

Depth pH Range Sample pH Soil K (µSI)

Depth a 0–10 cm

pH < 5 A30 3.65 389.3

5 < pH < 6.5

B80 5.45 532.7
C30 5.32 655.3
D70 5.43 672.0
H50 5.65 619.7
I20 5.12 735.0
J60 5.97 334.3

6.5 < pH < 7.5
E40 6.54 520.0
F60 7.20 655.3
I80 6.97 679.0

pH > 7.5 D10 7.99 488.0

Depth b 10–20 cm

5 < pH < 6.5

A30 5.79 618.3
B70 5.58 1090.0
D70 5.92 991.0
E40 6.12 297.0
E70 6.18 256.8
G80 6.35 826.0
I20 6.17 583.0

6.5 < pH < 7.5
C50 6.58 393.0
F30 6.89 637.0
J50 7.02 490.3

pH > 7.5 D10 7.97 326.7

Depth c 20–30 cm

5 < pH < 6.5 I40 6.35 272.7

6.5 < pH < 7.5

A50 7.50 186.0
D70 6.82 434.3
E40 6.95 160.0
F20 7.30 816.0
F60 7.12 682.7
H70 6.93 1159.0
I20 6.98 369.3
J80 7.07 246.3

pH > 7.5 B30 7.59 364.0
D10 7.61 479.0

Table 3. Results of chemical analyses for the first stratum at a 0–10 cm depth.

Site
Cd As Zn Cu Fe Ni Pb Cr Soil K

µSImg·kg−1

A30 a 2.09 26.3 426.7 12,118 33,050 58.3 412.3 27.2 389.3
B80 a 2.10 33.6 446.4 10,395 36,913 96.2 452.3 29.3 532.7
C30 a 1.90 28.3 473.2 12,090 34,653 77.3 376.6 41.2 655.3
D10 a 2.60 21.8 398.8 14,426 31,278 68.4 420.2 17.6 488.0
D70 a 3.20 21.9 306.6 9323 41,923 67.2 289.5 14.8 672.0
E40 a 2.80 32.1 287.2 8225 33,607 88.2 322.2 32.4 520.0
F60 a 4.10 27.3 327.6 8454 34,756 59.6 254.2 29.5 655.3
H50 a 3.70 21.8 333.6 8857 35,656 72.3 322.1 19.3 619.7
I20 a 2.40 32.5 328.8 12,160 36,675 49.4 312.2 22.4 735.0
I80 a 4.20 20.6 425.3 9519 38,137 88.2 453.8 26.7 679.0
J60 a 2.80 23.4 399.5 10,712 33,716 77.3 408.1 33.9 334.3
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Table 4. Results of chemical analyses for the second stratum at a 10–20 cm depth.

Site
Cd As Zn Cu Fe Ni Pb Cr Soil K

µSImg·kg−1

A30 b 0.848 21.2 373.7 10,728 34,470 32.5 221.2 17.3 618.3
B70 b 1.187 18.3 375.3 8231 33,219 34.6 245.2 12.8 1090.0
C50 b 0.699 15.6 207.7 10,321 30,846 28.3 282.8 21.4 393.0
D10 b 0.899 18.2 450.8 12,658 31,950 41.2 198.4 19.4 326.7
D70 b 0.599 22.4 280.3 16,296 34,781 19.6 187.5 18.6 991.0
E40 b 0.900 23.9 240.6 14,533 31,733 22.2 201.4 22.6 297.0
E70 b 0.352 21.2 200.1 14,701 27,625 28.3 167.4 21.9 256.8
F30 b 0.798 28.3 500.6 9003 37,297 32.2 135.3 18.2 637.0
G80 b 2.298 12.4 271.2 17,203 36,731 31.4 194.9 19.6 826.0
I20 b 1.797 15.6 300.9 11,096 37,095 17.8 217.8 14.3 583.0
J50 b 2.298 17.8 299.5 12,398 38,489 28.2 175.9 18.8 490.3

Table 5. Results of chemical analyses for the third stratum at a 20–30 cm depth.

Site
Cd As Zn Cu Fe Ni Pb Cr Soil K

µSImg·kg−1

A50 c 0.698 10.8 225.4 9186 30,433 12.8 222.7 13.6 186.0
B30 c 0.897 17.3 288.3 9798 35,816 23.9 198.6 17.2 364.0
D10 c 1.800 15.4 458.5 12,207 37,001 21.8 178.5 17.4 479.0
D70 c 0.797 14.1 190.9 8181 23,457 17.5 218.7 9.6 434.3
E40 c 0.900 18.3 200.5 8234 30,839 19.8 218.4 22.5 160.0
F 20c 2.791 28.3 495.4 9452 41,652 21.4 198.4 18.4 816.0
F60 c 2.342 17.9 394.4 10,247 36,012 31.2 219.2 28.3 682.7
H70 c 2.021 15.8 313.5 13,939 33,667 18.9 178.9 12.4 1159.0
I20 c 2.396 13.8 483.2 12,591 39,608 24.8 228.9 17.2 369.3
I40 c 1.879 21.2 393.5 13,872 39,540 22.9 178.4 21.9 272.7
J80 c 2.394 17.4 328.4 14,171 34,704 17.9 189.6 19.4 246.3

3.1. Relationship between Magnetic Susceptibility and Depth

Considering the 240 samples, there is a statistical correlation between sampling depth and
magnetic susceptibility. For the three depths, the standard deviation and the variance show high
values, indicating a high dispersion of the magnetic susceptibility data measured. The mean value
of magnetic susceptibility for the three horizons tends to 411–518 µSI, showing a decrease in depth,
as illustrated in Figures 2 and 3, showing a boxplot and an interval plot, respectively. Given a certain
relationship between depth and magnetic susceptibility, a hypothesis test was conducted.

The relationship between MS and depth was analyzed with ANOVA. This test shows the influence
of one or more factors, in this case depth, over the mean of a continuous variable, in this case MS.
Table 6 shows the mean, standard deviation, and 95% CI for the mean of each profile. The ANOVA test
was conducted with a 95% CI. Results reveal statistically significant differences between at least two
groups (df = 2; F = 7.85; p-value = 0.001). According to the results of the Tukey’s post hoc test [49],
the group under 30 cm present statistically significant differences in the magnetic susceptibility mean
when compared with the other two.



Minerals 2020, 10, 939 8 of 18

Minerals 2020, 10, x FOR PEER REVIEW 8 of 19 

Table 5. Results of chemical analyses for the third stratum at a 20–30 cm depth. 

Site 
Cd As Zn Cu Fe Ni Pb Cr 

Soil Κ 

µSI 
mg·kg–1 

A50 c 0.698 10.8 225.4 9186 30,433 12.8 222.7 13.6 186.0 

B30 c 0.897 17.3 288.3 9798 35,816 23.9 198.6 17.2 364.0 

D10 c 1.800 15.4 458.5 12,207 37,001 21.8 178.5 17.4 479.0 

D70 c 0.797 14.1 190.9 8181 23,457 17.5 218.7 9.6 434.3 

E40 c 0.900 18.3 200.5 8234 30,839 19.8 218.4 22.5 160.0 

F 20c 2.791 28.3 495.4 9452 41,652 21.4 198.4 18.4 816.0 

F60 c 2.342 17.9 394.4 10,247 36,012 31.2 219.2 28.3 682.7 

H70 c 2.021 15.8 313.5 13,939 33,667 18.9 178.9 12.4 1159.0 

I20 c 2.396 13.8 483.2 12,591 39,608 24.8 228.9 17.2 369.3 

I40 c 1.879 21.2 393.5 13,872 39,540 22.9 178.4 21.9 272.7 

J80 c 2.394 17.4 328.4 14,171 34,704 17.9 189.6 19.4 246.3 

3.1. Relationship between Magnetic Susceptibility and Depth 

Considering the 240 samples, there is a statistical correlation between sampling depth and 

magnetic susceptibility. For the three depths, the standard deviation and the variance show high 

values, indicating a high dispersion of the magnetic susceptibility data measured. The mean value of 

magnetic susceptibility for the three horizons tends to 411–518 µSI, showing a decrease in depth, as 

illustrated in Figures 2 and 3, showing a boxplot and an interval plot, respectively. Given a certain 

relationship between depth and magnetic susceptibility, a hypothesis test was conducted. 

 

Figure 2. Boxplots for magnetic susceptibility (MS) values at three sampling depths. Figure 2. Boxplots for magnetic susceptibility (MS) values at three sampling depths.Minerals 2020, 10, x FOR PEER REVIEW 9 of 19 

 

Figure 3. MS values at three sampling depths for a 95% confidence interval (CI). 

The relationship between MS and depth was analyzed with ANOVA. This test shows the 

influence of one or more factors, in this case depth, over the mean of a continuous variable, in this 

case MS. Table 6 shows the mean, standard deviation, and 95% CI for the mean of each profile. The 

ANOVA test was conducted with a 95% CI. Results reveal statistically significant differences between 

at least two groups (df = 2; F = 7.85; p-value = 0.001). According to the results of the Tukey’s post hoc 

test [49], the group under 30 cm present statistically significant differences in the magnetic 

susceptibility mean when compared with the other two. 

Table 6. Mean value, standard deviation, and confidence interval per sample depth. 

Profile Mean SD 95% CI 

0–10 cm 0.5230 0.1100 (0.4822; 0.5638) 

10–20 cm 0.4872 0.1934 (0.4464; 0.5280) 

20–30 cm 0.4095 0.2311 (0.3687; 0.4503) 

3.2. Relationship between Magnetic Susceptibility and pH 

MS decreases as tailing depth increases. Kapikca et al. [50], Hoffmann et al. [51], Boyko et al. 

[52], and Magiera et al. [53] observed this tendency, associated with the enrichment of anthropogenic 

particles on the most superficial layers of the soil from nearby industries or plants. The main 

difference between this study and those mentioned above is the type of soil where samples are 

collected, since samples are taken from the tailings mass in this study. For this reason, MS decrease 

is related to chemical processes occurring within the tailings. MS decrease with depth may be 

explained by the most important reaction in the tailings, i.e., pyrite oxidation (Equations (1)–(3)). As 

explained by Dold and Fontboté [54], atmospheric oxygen eruption into the system begins sulfide 

oxidation, in this case pyrite, the main gangue in the ore deposit. 

Figure 3. MS values at three sampling depths for a 95% confidence interval (CI).



Minerals 2020, 10, 939 9 of 18

Table 6. Mean value, standard deviation, and confidence interval per sample depth.

Profile Mean SD 95% CI

0–10 cm 0.5230 0.1100 (0.4822; 0.5638)
10–20 cm 0.4872 0.1934 (0.4464; 0.5280)
20–30 cm 0.4095 0.2311 (0.3687; 0.4503)

3.2. Relationship between Magnetic Susceptibility and pH

MS decreases as tailing depth increases. Kapikca et al. [50], Hoffmann et al. [51], Boyko et al. [52],
and Magiera et al. [53] observed this tendency, associated with the enrichment of anthropogenic
particles on the most superficial layers of the soil from nearby industries or plants. The main difference
between this study and those mentioned above is the type of soil where samples are collected, since
samples are taken from the tailings mass in this study. For this reason, MS decrease is related to
chemical processes occurring within the tailings. MS decrease with depth may be explained by the
most important reaction in the tailings, i.e., pyrite oxidation (Equations (1)–(3)). As explained by Dold
and Fontboté [54], atmospheric oxygen eruption into the system begins sulfide oxidation, in this case
pyrite, the main gangue in the ore deposit.

FeS2 +
7
2

O2 + H2O → Fe+2 + 2 SO2−
4 + 2 H+ (1)

Fe+2 +
1
4

O2 + H+
→ Fe3+ +

1
2

H2O (2)

Fe3+ + 3 H2O → Fe(OH)3 + 3 H+ (3)

Pyrite oxidation is the main acidity producer of the system (Equation (1)). The acidity produced by
these processes may result in a pH decrease [55–59]. Tailings from copper porphyry-type ore deposits
show 1–3% pyrite concentrations [54]. Therefore, ions such as Fe3+ precipitate at pH > 3.5. The ferric ion,
when not involved in sulfide oxidation, precipitates as secondary mineral such as goethite. Dold and
Fontboté [60] conducted chemical, mineralogical, and microbiological analyses on three Chilean copper
porphyry ore deposit tailings in different climatic contexts (arid, semiarid, and humid). These tailings
were classified as having low sulfidization and carbonate content. The comparison of the behavior of
these three tailings shows that the climatic factor controls the direction in which the elements move,
free from the chemical reactions in the tailings. For example, in a humid climate, the chemical elements
in the tailings move from an oxidizing environment on the upper part to a reducing environment in the
direction of the phreatic level. Meanwhile, in regions with an arid climate such as the Atacama Desert,
transport is expected to occur in the inverse direction, which is toward a more oxidizing environment
due to capillarity, thus forming secondary sulfates on the surface. This effect has also been observed
in arid and semiarid environments, favoring oxidation processes and allowing efflorescent mineral
formation (hydrated sulfates) on the tailing surface [61,62].

In the tailings studied, horizons a and b show a slightly acid pH, while at depth c, the pH is
neutral. This suggests:

(i) As horizon a is more superficial, pyrite oxidizes, resulting in greater acidity (average pH = 6.1).
(ii) There is an enrichment of diamagnetic minerals such as silica toward horizon c; i.e., there is a

greater neutralization potential (pH = 7.05), which is supported by Si concentration increase
with depth.

(iii) The formation of iron hydroxide should occur at the initial stage (pseudominerals) because,
if minerals such as goethite were present in horizon c, the signal would increase owing to the
high susceptibility of this mineral, which is not correlated with the MS tendency.

Horizontally, MS shows the highest concentration values at the ends and the lowest concentration
values in the middle part of the terrace. Dold [63] indicates that, although tailings particle size is
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relatively homogeneous, there is a deposition controlled by sedimentological processes resulting in
coarse granulometry near the deposition point (sulfides are heavier than silicates). According to this
analysis, MS distribution maps show a certain coherence. High MS values may involve the presence of
pyrite with positive susceptibility, while low values would be associated with diamagnetic materials
such as silica or carbonates.

3.3. Depth Variation of Chemical Elements

As to the variation of chemical elements in the terrace, two factors control element mobility:
solubility and pH [64,65]. Solubility is a function of the chemical element concentration of the metal.
In lower concentration systems, the elements are more mobile than in those with a higher concentration.
Thus, mineralogical composition determines what chemical environment predominates and what
elements are liberated and can mobilize [66–68]. In the terrace, Cu and Cd increase their concentration
towards horizon c, similarly to the pH. These behaviors are consistent, as reported by Dold and
Fontboté [54], who determined that in tailings out of operation, the oxidation process occurs in its
initial stage. Metals such as Cu, Pb, Cd, Ni, and Ca are quite mobile at a low pH and are adsorbed
when pH increases, explaining the lower concentration in horizon a, as compared with horizons b
and c. The opposite is observed for Zn behavior, which mainly concentrates in horizon a. Dold and
Fontboté [60] observed the same tendency in Zn and Mg in El Salvador tailings, which concentrate on
the most superficial layer, corresponding to an evaporitic horizon with a high pH.

3.4. Relationship between Magnetic Susceptibility and Heavy Metal Concentration

This relationship was analyzed with a MARS (multivariate adaptive regression splines) model
suitable for this data structure. MARS was calculated by using the earth [69] library of the statistical
package R [70], while the other statistical calculations were made with Minitab. Using data from
Tables 3–5, the relationship between MS and the concentrations of eight heavy metals was analyzed by
using MARS, as in other engineering applications [71–75] because it fits these data better than other
models [76,77].

The model is a MARS analysis, i.e., a type of regression introduced by Jerome Friedman [78]. It is a
nonparametric regression technique that may be understood as a linear model extension automatically
modeling nonlinear relationships and interactions between variables. In other words, it automatizes
prediction model construction by selecting relevant variables, transforming predictive variables,
treating missing values, and avoiding overfitting by means of an autotest. MARS is similar to a linear
regression without splines.

It is mainly used for predicting a continuous variable
⇀
y (nx1), here MS, from a set of explanatory

variables
⇀
X(nxp), here the concentration of heavy metals. So, the MARS model may be represented by

the expression
⇀
y (nx1) = f

(⇀
X
)
+
⇀
e , where

⇀
e is an (nx1) error vector.

MARS analysis results in both a linear and a second-grade linear model, without
higher-grade models.

In the linear model, a correlation is established between MS and the concentrations of four metals,
Cu, Fe, Ni, and Cr, and no correlation obtained with the other heavy metals Cd, As, Zn, and Pb,
meaning that the latter are not relevant for MS.

The correlation in this model is given by Equation (4):

MS = 0.55 + 7.2 e−05
× pmax (0, Cu − 12207) − 5.8 e−05

× pmax (0, 34756 − Fe) −

0.02 × pmax (0, 31 − Ni) + 0.076 × pmax (0, 19 − Cr)
(4)

where pmax is 0, if the other value is not positive. For example, pmax (0, 19-Cr) becomes 0; i.e., Cr
does not influence the correlation until Cr concentration does not exceed 0.19 mg·kg−1.
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MARS model parameters GCV = 0.047, RSS = 0.82, GRSq = 0.26, and RSq = 0.58 show the model
goodness of fit, RSq = 0.58, is not low for spread data.

The linear model, represented by pmax functions, shows that as Fe and Ni concentration increases,
MS increases up to a certain value and then remains constant. For Cu concentration, MS remains
constant up to a certain value and then increases. As for Cr, MS decreases to a certain concentration
value and then remains constant (Figure 4).Minerals 2020, 10, x FOR PEER REVIEW 12 of 19 
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In the second-grade model, the correlation is established between MS and the concentrations of
three metals, Cu, Zn, and Cr, the latter only as a second-order term. No correlation is obtained for the
other heavy metals. This means that they are not relevant for MS. The fit is better than the one for the
first-order model, with RSq slightly over 0.67. The correlation of the second-grade model is given by
Equation (5):

MS = 0.43682171 + 0.00981946 × pmax (0, Zn–287.2) + 0.00981946 × pmax (0, Cu–0.9323) +

pmax (0, 287.2–Zn) × Cu − 0.00000040 × pmax (0, Zn–287.2) × Cu −

0.00000089 Zn × pmax (0, 17.3–Cr) × 0.00022912

(5)

MARS model parameters GCV = 0.05631133, RSS = 0.6488601, GRSq = 0.112011,
and RSq = 0.670256 show that the model goodness of fit, RSq = 0.67, is better than in the linear model.

Figure 5 shows Zn and Cu linear relationships and Cr second-order relationship.
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3.5. MS Advantages over Metal Concentration

The great advantage of susceptibility measurements is their promptness and low cost [79–81].
MS was directly measured in the substrate at 0–10, 10–20, and 20–30 cm depths. For each level,
MS was measured at least three times at three different points. Then, the average was determined.
The sediment was extracted with a plastic shovel to avoid changing magnetic measurements [82].
The technique results in the lowest cost, as compared with every other type of test and is little invasive
for the environment. The chemical analysis was more complex, involving soil homogenization, clod
disaggregation, and the removal of larger stones and residues. This was followed by clay content
drying and sample sieving. Pretreatment for chemical analysis took about 3 days per sample [5,6].
So, preparing the sample for magnetic susceptibility is much simpler than preparing it for a chemical
analysis. In addition, time must also be considered. As to MS, it is possible to measure 6 samples in 1 h
on an average, considering the pretreatment stage. So, 40 h are required for the 240 sampling points.
Thus, by working 8 h/day, 5 days are needed to obtain results. As to concentrations, pretreatment is
more demanding and takes longer. For a further description, 6 samples can be collected each hour,
the samples requiring at least a 3-day treatment. So, if 48 samples are collected daily, considering 8 h of
work/day and 3 additional days for pretreatment, 4 days are required for collecting and treating 48
samples. Hence, for the 240 sampling points 20 days are required. In brief, the MS measurement of 240
points takes 5 days, while collecting and pretreating the 240 samples for measuring concentration takes
20 days. In addition, 3 months are necessary to measure the samples in the laboratory. So, for the time
ratio required, concentrations:MS = 110:5 = 22, i.e., 2100% extra time for the characterization process.
Table 7 shows the time necessary for measuring magnetic susceptibility and the chemical analysis of
240 sampling points. The chemical analysis considers the determination of eight heavy metals (As, Cd,
Cu, Fe, Hg, Pb, and Zn).
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Table 7. Time for determining MS and the concentration of 8 heavy metals in 240 samples.

No. of Samples
MS Measurement Time Time for the Concentration Measurement of 8 Heavy Metals

Sample Collection and
Measurement in Situ Sample Collection Pretreatment Measurement

6 1 h 1 h 3 days 45 days
48 1 day 1 day 3 days 45 days
240 5 days 5 days 15 days 90 days

Time for MS
measurement of

240 points
5 days Time for collection, pretreatment, and

concentration measurement of 240 points 110 days

The cost of measuring each MS is about 3 USD, while the cost of the chemical analysis of a sample
is about 150 USD. For the cost required relationship, chemical analysis:MS = 1:50 USD, i.e., the cost of
chemical analyses would be about 4900% higher than the cost of measuring an MS point.

Although it is not possible to measure all the sampling points only with MS, the number of points
may decrease if MS can be correlated with the concentration. This renders significant savings, as in this
study, where only 33 out of the 240 points were measured, producing savings of more than 30,000 USD.

4. Conclusions

MS measurements may provide further data about soil pollution to estimate the environmental
situation in a study area; i.e., magnetic properties show depth variations, which reflect concentration
changes, depth being an environmental soil pollution indicator.

A positive linear correlation of magnetic susceptibility with Cr, Fe, Ni, and Cu was observed
in the tailings studied, while in the second-grade model a correlation was found for Cu, Zn, and Cr.
These heavy metals, well-known as the most hazardous elements, are easily extracted by plants from
the soils in the area studied [9]. In addition to traditional geochemical mapping, magnetic susceptibility
could be successfully used for determining heavy metal soil pollution in the neighborhood of the site
under study.

In the second-grade model, R2 is 0.67. For this kind of problem with spread data, this is not a low
value and, therefore, indicates a value correlation between heavy metal concentration and magnetic
susceptibility. This correlation is important because the cost of measuring MS is much lower than
making chemical analyses for heavy metal concentration. Therefore, an indirect method can be used to
assess the presence of heavy metals in tailings without conducting chemical analyses, or perhaps just
making a few analyses that may serve as a pattern to calibrate magnetic susceptibility, which has been
shown to vary with depth.

The concentration and mobility of chemical elements in the tailings is mainly controlled by pH.
The interpretation of this and magnetic data enables detecting the chemical processes in the tailings,
such as pyrite oxidation. MS is a good indicator because, as it decreases with depth, it is possible to
interpret a greater concentration of diamagnetic minerals toward horizon c, which is complemented by
the increasing depth of Cu concentrations.

Tailings sediments correspond to paramagnetic rather than diamagnetic arrangements, where
ferromagnetic materials are present in small amounts within the paramagnetic matrix. The grain
size of the tailings sediments does not allow a macroscopic recognition. So, for interpreting and
understanding the magnetic signal, a detailed mineralogy control is necessary.

The correlation functions obtained can be used as semiquantitative tools for detecting toxic
substance formations resulting from chemical reactions.

Magnetic methodologies, along with a small number of chemical analyses on representative
samples, make it possible to develop sampling grids with a high spatial resolution at a low cost, thus
decreasing costs associated with characterization.

Moreover, the potential use of these measurements to assess the metallic values contained in
disposal facilities makes up an issue for further studies.
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