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ABSTRACT

In Cananea, Sonora (northwestern Mexico), occurred a spilling of 40 000 m* of an acid
solution coming from the Buenavista del Cobre mine, which reached some tributaries
and the main water stream of the Sonora River basin. This study aims to evaluate mag-
netic properties as proxies to assess residual pollution in soils and sediments affected
by this kind of events. Particularly, the study focused on the temperature dependence
of magnetic susceptibility. Measurements of volume magnetic susceptibility vs tem-
peratures were performed, heating samples to 700 °C and cooling them back to room
temperature. A strong increase (from three to six times the initial value) of magnetic
susceptibility during heating was observed on precipitates of the acid solution dam, and
on affected soils and sediments, starting at ~330 °C, and reaching a maximum at ~430 °C.
An even stronger increase was observed during cooling. These increases are due to
the transformation of iron bearing minerals (as jarosite, goethite and ferrihydrite) to
ferrimagnetic iron oxides (as magnetite). Samples of non-affected soils and sediments
did not exhibit this increase during heating, but a decrease at ~550 °C related to (titano)
magnetite Curie temperature, and they presented lower x values during cooling. The
transformation of these iron-bearing minerals (commonly occurring in mine wastes
and acid drainage) marked by a strong « increase during heating, can be used as an
indicator of the presence of residual pollution.

Palabras clave: curvas termomagnéticas, residuos mineros, jarosita.
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RESUMEN

En Cananea, Sonora (noroeste de México), ocurrié un derrame de 40 000 m? de solucion
4cida proveniente de la mina Buenavista del Cobre, el cual alcanzé algunos tributarios y
el cuerpo principal de agua de la cuenca del Rio Sonora. El objetivo de este estudio fue
evaluar el uso de propiedades magnéticas como indicadores de contaminacion residual
en suelos y sedimentos afectados por este tipo de eventos. El estudio se enfoco particu-
larmente a la dependencia de temperatura de susceptibilidad magnética. Se llevaron a
cabo mediciones de susceptibilidad magnética volumétrica vs temperatura, calentando
las muestras hasta 700 °C y enfriandolas despuésa temperatura ambiente. Se observo un
fuerte aumento de la susceptibilidad magnética durante el calentamiento en muestras
de precipitados del represo de la solucion acida, y en muestras de suelos y sedimentos
afectados, comenzando a ~330 °C y alcanzando su méximo a ~430 °C. Se observé un
incremento atin mayor durante el enfriamiento, el cual se debi6 a la transformacion de
minerales portadores de hierro (como jarosita, goethita y ferrihidrita) en 6xidos de hierro
ferrimagnéticos (como magnetita). Las muestras de suelos y sedimentos no afectados no
exhibieron este incremento durante el calentamiento, sino una disminucion a ~550 °C,
relacionada con la temperatura de Curie de la (titano)magnetita. Dichas muestras pre-
sentaron valores de k mas bajos durante el enfriamiento. La transformacion de estos
minerales portadores de hierro (muy comunmente encontrados en desechos de mina
y drenajes acidos), marcada por el fuerte incremento de k durante el calentamiento,

puede utilizarse como indicador de la presencia de contaminacion residual.

INTRODUCTION

The use of magnetic properties of rocks as indirect
indicators of the presence of residual pollution due
to metallurgic activities is a widely used method to
assess contaminated areas. Several studies report a
strong correlation between anthropogenic magnetic
particles and heavy metals in different depositional
environments as urban dust (Zhu et al. 2013), soils
(Strzyszcz and Magiera 1998), and lake and river
sediments (Scholger 1998, Yang et al. 2007, Chaparro
et al. 2011). These studies have also been applied
in areas affected by mining and smelting activities
(Magiera et al. 2016, 2018) and metallurgic and min-
ing wastes (Pefia et al. 2013).

However, most of the cited literature reports an
enhancement of magnetic susceptibility because the
process that generates magnetic particles implies
roasting over 350 °C of iron-bearing minerals that
alter to iron oxides. But when the extraction process
is carried out at room temperature, as in hydro-
metallurgic processes of metals extraction, the
magnetic susceptibility enhancement is not clearly
reflected (Matasova et al. 2005, Pérez 2015). Min-
eralogy of iron-bearing secondary products from
hydro-metallurgic processes is well characterized
(Jambor and Owens 1993; Blowes et al. 2003), but
their magnetic properties are not deeply studied

because of their paramagnetic behavior, and they
do not significantly contribute to a magnetic sus-
ceptibility enhancement.

In September 2014, a leak from a dam containing
a solution of sulfuric acid occurred in a mine near
Cananea, Sonora, northwestern Mexico, affecting
the hydrological basin of the Sonora River (Fig. 1).
Lixiviation and electro-gain in acid solution is a
common hydrometallurgy method used by mining
companies to extract copper from a copper porphyry.
After the spilling incident, the company tried to re-
mediate and mitigate the impact by neutralizing the
solution using lime and by recollecting manually
(with shovels) the spilled material from the fluvial
sediments in the riverbank.

Afterwards, some geochemical studies have been
performed trying to assess the presence of residual
pollutants that may represent a risk for flora, fauna
and human health in the area. Nevertheless, those
studies did not get conclusive results, due to the
geochemistry of the area that naturally presents high
contents of heavy metals (Calmus et al. 2018). Some
studies have used geophysical indirect indicators as
electrical conductivity and magnetic susceptibility
(Ramos 2017), but it was also observed that the
natural presence of some minerals with high values
of these properties makes difficult to distinguish the
contribution of pollutants.
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Fig. 1. Location of Cananea, Sonora (left), and Google Earth image with the location of sampling sites and spilling

course (right).

In previous studies it has been concluded that
the most suitable trackers of residual pollution are
iron oxyhydroxysulfates such as jarosite, and iron
oxyhydroxides such as ferrihydrite, which precipi-
tated in the acid solution from the dam and dragged
down to the fluvial sediments during the leak. It is
easy to detect the presence of these materials in field
due to their ochre-yellowish pigmentation (Rivera
et al. 2018). However, these minerals are not easy
to characterize analytically due to their amorphous
structure and very small particle sizes.

The temperature dependence of magnetic suscep-
tibility is widely used to identify magnetic mineral-
ogy, but it is more commonly used for the identifica-
tion of iron oxides. It is also well known that some
iron-bearing minerals undergo mineralogical trans-
formation into strongly magnetic iron oxides during
heating. For instance, Mitov et al. (2002) studied the
transformation of synthetic samples of iron oxyhy-
droxides (goethite, lepidocrocite and ferrihydrite) to
iron oxides (magnetite and hematite). Other works
(e.g., Hanesch et al. 2006, Abrajevitch and Kodama
2011, Quijano et al. 2014) studied the thermomagnet-
ic behavior of soil and sediment samples and reported
an increase in magnetization during heating due to
the transformation of iron oxides and hydroxides to
ferrimagnetic iron oxides. The magnetic properties
of iron sulfates have been less studied since they are

weakly magnetic, but thermochemical studies have
reported that they transform to iron oxides due to
heating (Frost et al. 2005, 2007). Some authors have
studied the temperature dependence of magnetic
properties and proposed parameters to quantify the
degree of mineral alteration of iron minerals (e.g.,
Bohnel et al. 2002, Hrouda 2003, Abrajevitch and
Kodama 2011).

This work aims to detect the presence of residual
material from the acid solution spilling in fluvial
sediments of the Tinajas river (a tributary seasonal
stream of the Sonora river), using the thermomagnetic
properties of the material. In this case, pollutants are
not strongly magnetic and their magnetic signal is
masked by the magnetic properties of natural ma-
terial. However, the presence of pollutants can be
detected by the transformation of iron oxyhydroxi-
sulfates (as jarosite) into iron oxides (as magnetite
and hematite), as this transformation occurs at a
specific temperature during heating.

MATERIALS AND METHODS

Study area
The study area is located in northwestern Mexico
(Sonora state), in the Cananea mining district (Fig. 1).
This area is part of the Sierra Madre Occidental
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mountain range, formed by batholitic and volcanic
rocks from the Mesozoic to Paleogene ages (80 to
40 Ma), emplaced over Precambrian granitic and
metamorphic rocks (Ochoa-Landin et al. 2011). The
type of mineral deposits is copper porphyry and it in-
clude large areas of hydrothermal alterations, mostly
related to sub-volcanic and hypabyssal bodies, vary-
ing in composition from monzonite to quartz-diorite
(Ochoa-Landin and Echavarri 1978).

The Buenavista del Cobre mine has a 7140 Mt
deposit with 0.42% of Cu. The mineralization is
found mainly in volcanic rocks of the Henrietta and
Mesa formations, intruded by porphyry bodies. The
Cu mineralization is almost horizontal, extended over
an area of 15 km? and reaching a maximum thickness
of 500 m (del Rio-Salas et al. 2015).

Hydrologically, the study area is in the basin of
the Sonora river, in which Quaternary alluvial de-
posits and Tertiary conglomerates, limestones and
silts are considered as the main producers and the
transmitters of water. The mountains limiting the
valley are formed by Tertiary volcanic rocks with
good permeability due to the presence of fractures
and cretaceous igneous rocks (Vega-Granillo et al.
2011). The Sonora River basin comprises a net of
tributary rivers and creeks, of which the Tinajas River
(a seasonal tributary in the northwestern part of the
basin) is our specific study area, due to its proximity
to the Buenavista del Cobre mine, so it constitutes
the area most directly affected by the spill.

According to Calmus et al. (2018), rocks from
the area have a high content of heavy metals and,
in consequence, river sediments in the area have
inherited a high amount of heavy metal content
from the rocks.

Sampling

To carry out this study three sampling points
along the Tinajas River were selected. A sample of
the dam precipitate was taken to characterize the
material coming from the mine. To characterize
natural materials, samples of soil and sediments out
of the course of the leak were taken, these samples
were selected for their topographical position, high
enough to be sure the leak did not affect them. To
assess the residual pollution in the affected area,
samples on the river margin were taken. This last
sampling point was selected for its marked yellowish
coloration, very characteristic of the spilled material,
contrasting with the reddish-brown coloration of soil
and sediments of the zone.

The sampling from dam precipitates consisted
of one composed sample of sediments from the

bottom of the Tinajas I acid solution dam, within
the Buenavista del Cobre mine facilities, where the
spilled material came from, located in the upper-
most part of the Tinajas River (UTM coordinates X:
0562460, Y: 3421922). It presents a clay-silty texture
and an orange-yellowish coloration (Ramos 2017).

The samples of the non-affected materials were
taken from a profile named TIIZ2 (UTM coordinates:
X: 0563755, Y: 3408446), which consists of an ap-
proximately 10 m thick sequence paleosols, alluvial
sediments and a poorly developed modern topsoil.
The modern topsoil and the alluvial sediments di-
rectly beneath it are around 10 m above the stream
level, so one sample from each of these two layers
were taken and are considered as non-affected mate-
rial (Romero 2018).

The samples of the material to evaluate were
taken from the profile named TIIZIB (UTM
coordinates: X: 0563986, Y: 3415429), which
consists of a 130 cm thick profile, formed by five
horizons (AC, C, 2AC, C and 3C) with poorly de-
veloped pedogenic features (Fig. 2). A sharp color
change was visible in this profile. While the upper
part exhibited a dark brownish color (10YR2/2-
10YR2.5/2, according to the Munsell scale), the
lower part, from 70 to 124 cm, presented a yellowish
pigmentation (10Yr3/3-10YR3/6, Munsell scale)
(Romero-Lazaro et al. 2019). This suggests that the
lower part was affected by the acid solution leak
(based on the presence of yellowish precipitates),
while the upper part was not affected (based on the
lack of yellow precipitates). In order to detect the
extension in which the lower part was affected, a
horizontal profile was dug from the surface to 34
cm of depth inside the 2C horizon, at 90 cm from
the top. During this procedure, it was observed
that the yellow pigmentation was superficial in the
horizon and disappeared at 24 cm of depth (Fig. 2).
A total of five samples were taken from the TIIZ1B
vertical profile, one for each horizon, and five more
from the TIZ1B horizontal profile, one each 6 cm.

Low-frequency mass normalized magnetic sus-
ceptibility (yur) and frequency-dependent magnetic
susceptibility (yav)

For magnetic susceptibility measurements, sam-
ples were air-dried, gently crushed, tightly packed
into acrylic boxes of 8 cm® volume and weighted.
A MS2 Bartington Magnetic Susceptibility Meter
was used to measure volume magnetic susceptibility
(), with a dual sensor MS2B in low (0.47 kHz) and
high (4.7 kHz) frequency. Low-frequency magnetic
susceptibility was calculated by
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Fig. 2. (a) Image of the TIIZ1B profile, a poorly developed edaphic sequence formed by AC-
C-2AC-2C-3C horizons. (b) Vertical profile showing the location of samples 41 to 45.
(c) Horizontal profile showing the location of samples 45 to 49. (d) The difference in
color between the affected (ocher) and not affected (olive gray) material is notorious.

= Kif - (volume/mass) (D)

Frequency dependent magnetic susceptibility was
calculated by

xfa% = [(kif — Knf)/Kie] - 100% 2)

Volume magnetic susceptibility (k) vs temperature
(T) curves

To measure k vs T curves, 3 to 5 g of each sample
were heated from room temperature to 650 °C,
and then cooled to 50 °C at a rate of 10 °C/min,
using a Bartington MS2WFP temperature control-
ler. Magnetic susceptibility was measured with
a Bartington MS2 magnetic susceptibilimeter and a
Bartington MS2W sensor. The k vs T obtained data
were smoothed by an adjacent-averaging method
and derived to analyze the thermomagnetic behavior
in terms of increasing-decreasing behavior and/or
maxima-minima values.

X-ray diffraction

To assess the mineralogy of the materials, samples
were milled, sieved with a 150 greed and analyzed
with a portable Olympus Terra X-ray diffractometer,
in an angular range from 5° to 55°, with a scanning
of 50 exposures of a Co radiation source. Analysis of

data and identification of mineral phases was made
with the XPowder software 2010.01.35 PRO and the
PDF2 data basis.

RESULTS

it and yfae, measurements

The results from yir and yrae, measurements are
shown in Table I. The lowest yir value is from the
dam precipitates sample, which is an order lower than
the rest of the samples collection. The highest value
is exhibited by the non-affected alluvial sediments
of the TIIZ2 profile, which presents a very low yfa
value. On the other side, the topsoil has a lower yir
than the alluvial sediment, but a higher yfq. In the
TIIZ1B profile we can observe that yir values are
similar along the vertical and horizontal profiles:
vertically, there is a slight increase downwards, reach-
ing a maximum in the 45 sample; horizontally, the
maximum is reached on the surface. In this profile,
Xifvalues are low in general, but a slight increase can
be noticed around samples 43 and 45.

K vs T curves

During heating, the bulk magnetic susceptibil-
ity of samples from the acid solution precipitates
showed a strong increase around 280 °C (Fig. 3, red
line), reaching a maximum four-fold increase of the
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TABLE I. yr AND yt% MEASUREMENT* VALUES OB-
TAINED FROM THE SAMPLE COLLECTION
USED IN THIS STUDY.

Sample ID Vertical Horizontal e Ked%
depth depth  (10°m’/kg) (%)
(cm) (cm)
DamPrecipitates — — 0.014 *
TIIZ2 Topsoil 17 — 0.092 1.74
TIZ2 Upper
sediments 292 — 0.147 0.91
TIIZ1B 41 35 — 0.106 0.75
TIHZ1B 42 55 — 0.114 1.15
TIIZ1B 43 85 — 0.114 2.07
TIIZ1B 44 115 — 0.105 1.05
TIZ1B 45 95 1 0.146 1.39
TIZ1B 46 — 8 0.120 0.70
TIIZ1B 47 — 15 0.132 0.62
TIIZ1B 48 — 21 0.123 0.38
TIZ1B 49 — 26 0.121 0.67

*Measurement are uncertain due to low y values.
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Fig. 3. Magnetic susceptibility vs temperature of acid solution
dam precipitates. Red line represents heating, and blue
line cooling.

initial k at around 380 °C, and then quickly decreasing
between 400 and 500 °C. During this decreasing pro-
cess, a change in the curve slope is observed around
450 °C. Another small susceptibility drop is observed
near 600 °C. During cooling (Fig. 3, blue line) the
susceptibility increases, reaching its maximum at
150 °C, which is five times the initial value.

On the other hand, the behavior of magnetic sus-
ceptibility vs temperature curves from non-affected
soil and sediment samples is completely different from

that of the dam precipitates (Fig. 4). The magnetic sus-
ceptibility of non-affected soil sample shows a slight
increase during heating at a constant rate from room
temperature, reaching a maximum value at around 200
°C. Afterwards, an important decrease of magnetic
susceptibility is observed at around 510 °C, indicat-
ing that the Curie temperature of (titano)magnetite
has been reached. During cooling, k values are lower
than during heating. For non-affected fluvial sediment
samples, the behavior of k values during cooling is
similar to their heating behavior (Fig. 4).

The samples from TIIZ1B vertical and hori-
zontal profiles exhibit clear differences de-
pending on their location within the profile.
In the vertical profile, samples from the lower
part, which have visible signs of being affected

a) Topsoil TIIZ2
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b) Alluvial sediment Tl1Z2
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Fig. 4. Magnetic susceptibility vs temperature of (a) non-affec-
ted soil samples and (b) non-affected sediment sample.
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(yellowish pigments), present a sudden strong
raise of k values during heating at around 330 °C,
reaching a maximum value around 430 °C, and a quick
decrease of susceptibility around 500 °C (Fig. Sb).
This behavior indicates that a transformation of
a weak magnetic mineral into a strong magnetic
mineral occurs. On the other hand, samples from the
non-affected part do not show such behavior. Non-
affected samples initially exhibit a small increase
due to the unblocking of SP magnetite particles, and
a strong loss of magnetic susceptibility around 550 °C
(Fig. 5a), which indicates that magnetic behavior
of non-affected samples is dominated by magnetite.
During cooling, both samples exhibit a similar ten-

13

dency, that is a strong increase in k values, reaching
a maximum at around 400 °C. It is remarkable that
the magnetic susceptibility of the affected sample is
twice the value of the non-affected one after heating
and cooling cycle at room temperature, while k values
of both materials are very similar before heating.
Comparing the different affected samples from the
horizontal sampling, it is observed that the increase
during heating of the superficial sample is higher
than the increases of inner samples (Fig. 6b), but
it decreases with depth. In consequence, the inner
sample does not present any increase and its behavior
is identical to that shown by the non-affected sample
from the upper part of vertical profile (Fig. 6a).

a) Topsoil TIIZ2 b) Alluvial sediment Tl1Z2
350 700
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© ©
= =
< 150 T 300
100 200
50 —p 100
0 0
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700

Temperature (°C)

Temperature (°C)

Fig. 5. Magnetic susceptibility vs temperature of two samples from the TIIZ1B profile form (a) ssthe non-affected upper part
and (b) the affected lower part, which shows a strong increase of k values during heating.
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Fig. 6. Magnetic susceptibility normalized by the initial value, comparative for heating curves among samples from (a) vertical and

(b) horizontal profiles.
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Mineral assemblage by XRD

Based on x-ray diffractograms, mineralogically
the sample from the acid solution dam precipitates
is constituted by silicate minerals, such as quartz,
intermediate plagioclase, mica and phyllosilicates,
a high content of jarosite, and some content of iron
oxides has hematite and goethite (Fig. 7a). After
heating at 400 °C, it is observed that jarosite peaks
decrease, indicating the partial loss of this mineral.
Asslight increase of hematite content is also observed

600

400
300

200

Counts per second

100

(Fig. 7b). After heating at 600 °C jarosite peaks
disappear and new peaks appear that correspond to
a strong increase in hematite content (Fig. 7¢).

The diffractogram of the TIIZ1B43 sample (af-
fected) show a mineralogy basically constituted by
silicate minerals, but the presence of jarosite is not
detected by the XRD measurement (Fig. 8a), which
could be due to a low concentration and/or crystallinity
of this mineral. Very similar mineralogy is observed
in diffractograms of non-affected samples (Fig. 8b).
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Fig. 7. X-ray diffractograms of the dam precipitates sample at different temperature treatments. (a) The non-
heated sample presents a strong signal of jarosite. (b) The sample heated at 400 °C exhibits a decrease
in jarosite signal. (c) In the sample heated at 600 °C jarosite lines disappear and hematite lines appear.
ab: albite, al: alunite, fs: feldspar, go: goethite, hm: hematite, ill: illite, J: jarosite, ka: kaolinite, mm:

montmorillonite, Q: quartz.
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Fig. 8. X-ray difractograms of samples from (a) TIIZ1B 43, with presence of dam precipitates, and (b) TIIZ2,
where topsoil samples with no presence of dam precipitates show the same mineralogy. ab: albite, al:
alunite, fs: feldspar, hm: hematite, ill: illite, Mm: montmorillonite, Q: quartz.

DISCUSSION

wr is the lowest value of the acid solution dam
precipitates (0.014 x 10°m?3/kg), one order lower than
soils and sediments samples, indicating that this is
one of those cases in which contamination does not
contribute to the content’s increase of ferrimagnetic
particles, which are naturally found in soils and
sediments in the area. This is observed in the k vs T
curves of non-affected samples that exhibit the (ti-
tano)magnetite behavior. The presence of magnetite
has been reported in rock formations from which
the sediments of the basin come (del Rio-Salas et
al. 2013).

In general, 40 values are very low (from 0.38 to
2.07 %), indicating a poor presence of SP particles
(magnetic nanoparticles), being slightly higher in
the non-affected topsoil. Comparing yra, values of
samples from the TIIZ1B vertical profile, a slight
increase of this parameter is detected in samples
43 and 45 (2.04 and 1.39 %, respectively), which
are located in the area most notoriously impregned
by the spilled material, contrasting with the values
rest of the vertical profile, which that do not exceed

1.15%. In the horizontal profile, the highest value
corresponds to the superficial sample 45, while the
rest of the profile does not exceed 0.7%. This may
indicate that materials coming from the spilling carry
a small amount of SP particles.

The trends for both yir and ¥ do not coincide
with those generally reported in pollution studies
using magnetic properties, where y and other parame-
ters are commonly enhanced by MD (course grained)
magnetite particles of anthropogenic origin (Yang et
al. 2007, Zhu et al. 2013). In this case, anthropogenic
activity does not produce such particles but generates
very fine-grained particles of iron minerals whose
magnetic behavior is paramagnetic, as in the cases
of jarosite and ferrihydrite, or antiferromagnetic, as
in goethite.

Mineral transformation during heating

Jarosite and other oxyhydroxy-sulfites, which are
very common in mine acid drainage environments
(Murad and Rojik 2004), are generated under low
pH conditions and high sulfate concentrations (pH
1.5-3<, [SO] > 3000 mg/l). They also occur in the
hydro-metallurgic process, due to the acid solution
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used to lixiviate the minerals of economic interest
from the extracted materials.

It is reported that jarosite presents different re-
actions during heating, at different temperatures,
depending on cation content. Thermogravimetrical
studies of this mineral have reported that a series of
mass losses are observed during heating, the fist at
130 °C due to dehydroxylation, and others at 330, 500
and 620 °C due to desulphation (Frost et al. 2005).
The second mass loss coincides with the temperature
at which « starts increasing in our samples. Then, if
iron has been desulphated in presence of an oxygen
atmosphere, the formation of iron oxides occurs,
which explains the rise of k values.

Another mineral that displays a transition at simi-
lar temperature is ferrihydrite. Thermogravimetric
and differential thermal analyses of this mineral
reported by Eggleton and Fitzpatrick (1988) showed
that an exothermic reaction occurs at 340°-355° C as
a result of maghemite growth. A second exotherm at
450 °C is interpreted as a result from the conversion
of maghemite to hematite. This mineral was not de-
tected by XRD in any sample, but it is well known
that ferrihydrite is elusive to this method due to is
amorphous structure and small grain size (close to or
below 10 nm) (Murad and Rojik 2004).

It is also known that jarosite is a meta-stable
mineral and it is easily transformed by whetering
into other minerals. Jarosite is a precursor of some
iron oxyhydroxides such as ferrihydrite and goethite,
therefore the presences of both jarosite and ferrihy-
drite is possible in acid solution dam precipitates and
contaminated samples.

Another iron mineral that can be altered during
heating is goethite. Hanesch et al (2006) reported that

this mineral, when heated above 400 °C in the pres-
ence of organic matter, transforms into maghemite,
and without organic matter, it transforms directly to
hematite.

Therefore, the k increase during heating may be
due to the alteration of this group of iron bearing
minerals, which has been reported as occurring very
commonly in acid solution drainage and mine wastes
(Murad and Rojik 2004). Jarosite and goethite were
directly identified by XRD in the dam precipitates.
Ferrihydrite was not detected by this technique, prob-
ably due to its characteristic poor crystallinity and
nanometric particle size, but it is very likely that it
plays an important role in k increasing during heat-
ing. It was also observed that the temperature from
which « values start increasing coincides with the
temperature reported for beginning of the alteration
of jarosite, goethite and ferrihydrite to maghemite,
a ferrimagnetic mineral, which explains the increase
of magnetic susceptibility.

Alteration index

Some works have proposed alteration indexes
based on « ratios during heating and cooling (e.g.,
Bohnel et al. 2002, Hrouda 2003, Abrajevitch and
Kodama 2011). In this study, an alteration index
Kmax/Ko (Which is the ratio of the maximum « value
reached during heating and the value of k at room
temperature before heating) is proposed. This index
aims to quantify the k value increase due to alteration
of iron bearing minerals during heating, and, in the
same way, to assess qualitatively the impact degree.

Values of k and some characteristic temperatures
of THE TIIZ1B profile samples are shown in Table I1.
Ko is the magnetic susceptibility at room temperature

TABLE II. MAGNETIC SUSCEPTIBILITY VALUES DURING HEATING OF SAMPLES FROM
THE TIIZ1B VERTICAL AND HORIZONTAL PROFILES, TEMPERATURES AT
WHICH SOME CHANGES IN MAGNETIC SUSCEPTIBILITY BEHAVIOR OCCUR,
AND Kmax/o RATIOS AS INDICES OF ALTERATIONS.

Ko T when « increase Kmax T of Kmax (°C)  Kmax/Ko
(T=30°C) starts (°C) (during heating)

Dam precipitates 13 265 44 380 3.38
TIIZ1B 41 33 385 48 480 1.45
TIIZ1B 43 46 320 296 420 6.72
TIIZ1B 44 38 330 179 435 4.71
TIIZ1B 45 48 330 235 435 4.89
TIIZ1B 46 47 330 197 430 4.19
TIIZ1B 47 30 420 42 490 1.4

TIIZ1B 48 29 450 33 506 1.13
TIIZ1B 49 45 395 56 485 1.24
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before heating. The temperature when « values start
increasing is also shown for its correlation with some
iron-bearing mineral transformation. Kmax represents
the highest value of magnetic susceptibility reached
during heating. The proposed index of alteration is
the kmax/Ko ratio, where higher values mean a greater
amount of material coming from the acid solution
leak.

Samples 41 (from the upper part of the verti-
cal profile), 47, 48 and 49 (from the deeper part of
horizontal profile) show a low value of Kmax/Ko ratio
(from 1.13 to 1.45). The increase is not attributed to
the transformation of iron-bearing minerals but to
ferrimagnetic minerals present in the sample. Values
of the Kmax/Ko ratio in samples 43, 44, 45 and 46 (4.19
to 6.72) are three to five times higher than those of
non-affected samples. Comparing the index between
samples at the surface of the profile (43, 44 and 45)
and deeper samples in the horizontal profile (46 to
49), it is observed that the latter exhibit lower values.
In general, it is observed that samples closer to the
surface have higher values of this ratio. Therefore,
the kmax/Ko ratio is useful for quantifying roughly
the content of material coming from an acid solution
leak. It is also observed that the kKmax/K, ratio for dam
precipitates is lower that in samples 43 to 46. This
may be due to the organic matter content in the soil
and sediment samples, which promotes the alteration
of iron-bearing minerals (Hanesch et al. 2006).

Table III shows a comparison between the al-
teration index proposed in this paper and the one
from by Abrajevitch and Kodama (2011), which is
calculated with saturation magnetization data, but
it is also possible to calculate it with k data. It con-
sists of approximating the area under the k vs T plot
(which corresponds to k increase due to the mineral
transformation) by means of a triangle with base of

TABLE III. COMPARISON BETWEEN THE ALTERATION
INDEX PROPOSED IN THIS STUDY AND (Tmax
- To) X (Kmax - KTo)-

Kmax/Ko (Tmax - To) X (Kmax - KTo)

Dam precipitates 3.38 3565
TIIZ1B 41 1.45 1425
TIIZ1B 43 6.72 24600
TIIZ1B 44 4.71 14910
TIIZ1B 45 4.89 19110
TIIZ1B 46 4.19 14700
TIIZ1B 47 1.4 1050
TIIZ1B 48 1.13 392
TIIZ1B 49 1.24 900

2(Tmax— To) and height of (kmax — ko). The compari-
son shows that trends for both indices coincide, and
samples with a higher value of the Kmax/K, ratio also
present a greater area under the alteration peak.

CONCLUSION

Magnetic behavior during heating of affected and
not-affected samples were successfully contrasted.
Affected materials exhibited a k increase while heat-
ing, corresponding to the transformations of jarosite,
ferrihydrite and goethite coming from the acid solu-
tion leak. It was also observed, in TIIZ1B profile, that
stronger affected samples exhibited a higher increase
in magnetic susceptibility, and this behavior can be
quantified by the kmax/«o ratio. On the other hand,
XRD allowed to identify jarosite in dam precipitates
where it is found in high concentrations, but it was
not possible to identify it by XRD in other affected
samples due to its low concentration. Then, the ther-
mal magnetic behavior could be an auxiliary indirect
indicator for the presence of iron-bearing materials
generated by mine activities, and the proposed ratio
could be a qualitatively indicator for concentration
of these minerals.
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