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ABSTRACT

As a result of the mining activity at
Taxco, seven mining waste dams have
been generated, which could represent
severe health problems for the commu-
nity and environment. The study’s goal
comprises the El Fraile I mining-wastes
dam (the oldest of the region), located
south of Taxco de Alarcon, in the
northern sector of the Guerrero State,
Mexico. In this investigation, we present
the results of a vertical magnetic-pa-
rameters prospecting and chemical
characterization of 26 tailing samples
from the El Fraile I. Magnetic-method
results stand out diverse deposit layers
of variable mineral concentration and
composition, as easily identified in the
stratigraphic column. The old dam’s
long evolution period is corroborated
by the variable and much lower than 1
S, ratio values (high oxidation degree
of the magnetic mineralogy) and the
mostly acid pH character through the
whole dam. Most maximum potential
toxic elements concentration values are
under the maximum permissible levels
for agriculture/residential use, except
for those of Pb, Ciu, and Zn. An advan-
tageous proxy method for a quick and
cost-effective heavy metal evaluation
of mining-wastes dams results from
simple sample preparation and fast
magnetic and elemental concentration
estimations, together with a suitable
systematic sampling distribution.
Keywords: rock-magnetic
parameters, potentially toxic
elements, Taxco tailings,
Guerrero state.

RESUMEN

Como resultado de la actividad minera en
Taxco se han generado siele represas de dese-
chos mineros, lo que podria representar graves
problemas de salud para la comumidad y el
medio ambiente. El objetivo del estudio com-
prende la presa de desechos mineros El Fraile
I (la mds antigua de la region), ubicada al
sur de Taxco de Alarcén, en el sector norte
del estado de Guerrero, México. En esta
tnvestigacion  presentamos  los  resultados
magnéticos y la caracterizacion elemental
de una prospeccion vertical de 26 muestras
de relaves de El Fraile 1. A partir de los
resultados del método magnético se destacan
dwersas capas de depisito de concentracion y
composicion magnética variable, claramente
identificables en la columna estratigrdfica.
El largo periodo de evolucion de la antigua
presa podria estar asociado con el alto grado
de oxidacion de la mineralogia magnética,
con valores del pardmetro S, mucho meno-
res a 1, y el pH predominantemente dcido
en toda la presa. La mayoria de los valores
mdximos de concentracion de  elementos
potencialmente toxicos estdn por debajo de los
nweles mdximos permitidos para uso agri-
cola/residencial, excepto los de Pb, Cu y Zn.
Un método alternativo y ventajoso para una
evaluacion rapida y rentable de las presas de
desechos mineros resulta de una preparacin
simple de muestras y estimaciones rdpidas de
concentracion magnética y elemental, junto
con una distribucion sistemdtica adecuada
del muestreo.

Palabras clave: parametros de
magnetismo de roca, elementos
potencialmente téxicos, relaves
de Taxco, estado de Guerrero.
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1. Introduction this period, 5.6 Mt of tailings were generated and

INTRODUCTION
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Among the different economic activities in Mex-
ico, mining stands as one of the most traditional
of them, practiced since pre-Hispanic times (Pol-
lard, 1987; Maldonado and Rehren, 2009). It is
also a regional expansion source since the Colony
and plays a critical modernization and expansion
role, contributing 2.05% of the country’s gross
domestic product (Secretaria de Economia, 2024),
by supplying raw materials to virtually all sorts of
industries (eg, construction, metallurgical, steel,
chemistry, electronics).

Due to its long mining history of more than
450 years (Corona-Chavez et al., 2010), Taxco de
Alarcén rises as one of the most important Mex-
ican mining towns. It is located in the Guerrero
State’s northern area (Figure 1). The Taxco Min-
ing District (TMD) is situated south of Taxco de
Alarcon. Throughout the colonial period (1521-
1810), Taxco mines produced huge silver and gold
amounts to be considered among America’s rich-
est mines (Talavera-Mendoza et al., 2005). During

Pt ’ "
= Taxco de Alarcon
Jaa S
*
Study site
N

60 km

deposited in two valleys near the Cacalotenango
River (Détor-Almazan et al., 2017).

Its extensive mining history has produced seven
mining waste deposits in the region (El Iraile I,
La Concha, El Solar, Guerrero I, Guerrero II, Los
Jales, and San Antonio), encompassing more than
55 million tons (Détor-Almazan et al., 2017).

The El Fraile I impoundment is an abandoned
tailings dam (470 m X 372 m X 60 m) located 5
km SW of Taxco, showing a high oxidation degree
and a yellow-reddish color. It was formed from the
exploitation of Ag-Cu-Pb-Zn ores during 1940-
1970 (Talavera-Mendoza et al., 2016).

However, this activity also has some negative
impacts on the environment and health (Armienta
et al., 2003; Ramos-Arroyo et al., 2004; Talave-
ra-Mendoza et al., 2005), which frequently repre-
sent a severe problem for mining districts. Such
waste accumulations have great polluting potential
due to their high potentially toxic element (PTE)
concentrations, as reported in various studies like
Armienta et al. (2003), Talavera-Mendoza el al.

m Location map of the study area. The hollow star highlights the Taxco de Alarcén locality, while the solid one indicates the El
Fraile | tailings.
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(2005), Talavera-Mendoza ¢t al. (2006), Méndez y
Armienta (2012). For this reason, the study of the
distribution and concentration of potentially toxic
elements contained in mining wastes (tailings) is
currently an issue of significant relevance (Talave-
ra-Mendoza et al., 2006).

Although different investigations: Armienta
et al. (2003), Talavera-Mendoza et al (2005),
Doétor-Almazan et al. (2017), have been carried out
on mine tailings in Taxco, waste-dump physical
characteristics (color, oxidation state, etc.) on the
one hand, and a limited number of samples per
waste-dump (10, between 5 - 15, and 2, respec-
tively) on the other hand, seems to have guided
the sampling strategy, rather than a systematic and
an exhaustive one. The low number of samples
per waste dump taken could be justified due to
standard methodologies used normally require
ultra-pure facilities, high-purity reagents, and long
processing time, making them generally expensive.
Therefore, an alternative economic and rapid
procedure allowing reliable PTE concentration
estimation would be desirable; this would allow

GoogleEarth YK 189 31.5N: 99° 38.01W.

Distribution of the sampling points at the El Fraile | dam.

economic resources, time, and effort to be directed
toward areas with the most significant impact or
interest.

Different investigations have shown the correla-
tion between magnetic susceptibility and heavy
metal content (Petrovsky et al., 1998; Petrovsky et
al., 2001; Duria, 1999; Shu et al., 2001). This cor-
relation has been attributed to the incorporation
of heavy metal elements into the lattice structure
of the ferrimagnetics during combustion, or
alternatively to their adsorption onto the surface
of the ferrimagnetics present in the environments
(Petrovsky et al., 1998).

Even though magnetic methods are now
broadly applied in most areas of environmental
investigation as a proxy for heavy metal pollution
in industrial (e.g, Petrovsky ez al., 1998; Petrovsky et
al.,2001; buria, 1999) and urban regions (¢.g, Shu
et al., 2001; Aguilera et al., 2020), mining wastes,
nevertheless, have hardly been investigated by
magnetic methods (Matasova et al., 2003).

In the case of Mexican mining wastes, mag-
netic methods have only been systematically
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employed in a metallurgical area in the San Luis
Potosi State, Mexico (Pérez et al, 2014), and in
two western Mexico mining districts: Tlalpuja-
hua-El Oro (Morales ¢t al., 2016), and Angangueo
(Hernandez-Bernal et al., 2016).

In this study, the results of a methodical and
comprehensive rock-magnetic and geochemical
vertical survey of the El Iraile I mining-waste
deposits (the oldest of the region) are presented,
emphasizing their variations with the dam’s depth.
To achieve this aim, magnetic, physicochemical,
and geochemical methods were applied.

2. Materials and methods

2.1. MATERIALS

Twenty-six tailing samples from the El Fraile I
dam were collected during a field campaign at
the TMD. A vertical (from top to dam’s base)
sampling was carried out, visually identifying the
different horizons. At each horizon, approximately
half a kilogram was collected and deposited into
previously labeled and georeferenced polyethylene
bags. Figure 2 shows the sampling points at the
El Fraile I dam. The samples were kept for two
weeks in a dry room away from direct sunlight and
wind to avoid possible microorganism growth and
cross-contamination at the laboratory facilities.
Mineralogy identification was carried out by
microscopic observation of the samples spread
on a petri dish. Sample preparation consisted of
manually crushing ~250 g of the sample up to a
particle size of clay using an agate mortar.

2.2. MAGNETIC METHODS

Half of the material of each bag was manually
crushed using an agate mortar and sieved using
a #10 plastic mesh (nominal aperture of 2 mm).
Standard paleomagnetic acrylic cubes (8 cm?)
were filled with the milled samples for magnetic
analysis.

An assortment of standard magnetic tech-

e | Boletin de la Sociedad Geoldgica Mexicana | 76 (3) / A230124 / 2024

niques was employed to magnetically characterize
the samples under study:

(1) Magnetic susceptibility measurements at
low (x, ) and high (x,,) frequency using a Barting-
ton MS2 susceptibilimeter. From these low- and
high-frequency results, the percent frequency-de-
pendent magnetic susceptibility was determined

(Dearing et al., 1996).

100 x (ki p — K
Krp% = —( KL; 2 <1>

(i) Induction of a laboratory anhysteretic mag-
netization (ARM) through the superposition of a
100 mT" AC magnetic field over a 50 p'T' DC mag-
netic field using an AGICO LDA 3 demagnetizer.
(1) Stepwise acquisition of isothermal remanent
magnetization (IRM) curves up to 1 T using an
ASC Scientific IM-10 pulse magnetizer. Magne-
tization acquired at this last step was considered
as saturation isothermal magnetization (SIRM).
(vi) Backfield magnetization induction at 300 mT
(IRM_, ,) for the S, ' ratio estimation employing
the following formula (Thompson and Oldfield,
1986):

IRM_300r
SIRM <2>

S_300 = —

(v) Acquisition of magnetization vs temperature
(M—T) curves using a variable field translation
balance (VI'TB) up to 600°C, at a heating/cooling
rate of 20°C/min.

In all cases, the remanent magnetizations
were measured using an Agico JR-6 spinner

magnetometer.

2.3. ELEMENTAL COMPOSITION

Pressed-pellet samples were prepared for geochem-
ical analysis by mixing and homogenizing within
the same agate mortar 3 g of the milled material
with 0.5 g of wax-C micro powder (Hoechst). A

3-mm-diameter stainless-steel die and an Atlas
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(Specac) hydraulic press were employed for press-
ing up to 20 tons for two minutes the material
deposited into the die.

The samples’ chemical composition (both
major and trace elements) was obtained through
energy dispersive (ED) X-ray fluorescence using
a Xenemetrix 50-kV-tube X-Calibur ED-XRF
spectrometer.

2.4. PHYSICOCHEMICAL ANALYSIS

Five grams of the milled material were dissolved
into 50 ml of distilled water and stirred for half
an hour for physicochemical analyses. An HI
2020 multi-parametric kit was used for the physi-
cal-chemical properties: pH and electrical conduc-

30
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tivity (EC) determination.

All analyses were carried out at the Labo-
ratorio Universitario de Geofisica Ambiental
(LUGA) facilities, Instituto de Geofisica Unidad
Michoacan.

3. Results

3.1. PHYSICAL AND MAGNETIC RESULTS

The El Fraile I dam’s surface shows a series of
contrasting and intercalated red, ochre-reddish,
green, ochre-greenish, and green-yellowish layers
(Figure 3). This sequence presents an alternation
of partially well-consolidated sand layers of coarse,
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m Representative IRM plots for the El Fraile | dam (a). Example of a saturated (b) and unsaturated (c) IRM plot.
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Table 1. Textural and mineralogical characteristics. Py: pyrite; Qz: quartz; Hm: hematite; Mt: magnetite; Ca: calcium; Gy: gypsum.

Depth Color Consolidation Mineralogy Structure
[m] state

w
Fr 23-I  Reddish coarse to medium size consolidated Qz + Hm + Mt |:
sands a
B2 Fr22-I1  Yellow fine size sands to clays slight Qz + Hm + Mt g
greenish consolidated
8.9 Fr21-II  Ochre-reddish  coarse size sands well consolidated ~ Qz + Hm + Mt + Gy
10.0  Fr3-IC  Green coarse to fine size sands partially Qz + Hm + Mt
yellowish consolidated
10.3  Fr3-IB  Green coarse to fine size sands
yellowish
12.2 Fr24-I1  Greenish fine sands partially Qz + Hm + Mt
consolidated
12.7  Fr4-1 Green very coarse to fine size partially Qz + Mt
yellowish sands consolidated
16.1  Fr2-I Green coarse to fine size sands partially Qz + Mt peak shape
yellowish (few clays) consolidated structures
18.5 Frl-I Red ochre coarse to fine size sands partially Qz + Hm + Mt + Ca
consolidated
21.9  Fr20-I  Red ochre coarse size sands consolidated Qz + Hm + Mt+ Ca+ Gy peak shape
structures
254  Fr19-I  Red greenish coarse to fine size sands well consolidated ~ Qz + Hm + Mt + Ca + Gy
25.7  Fr18-I Reddish medium size sands well consolidated ~ Qz + Hm + Ca + Gy fine n
(=)}
lamellae £
30.0  Fr17-I Reddish medium size sands well consolidated  Qz + Hm + Mt + Ca fine 5
lamellae ;
30.6  Fr25-I  Ochre-reddish  medium to fine size sands  consolidated Qz + Hm + Mt + Ca + Gy E
[T
31.8 Fr16-I Greenish fine size sands to clays partially Qz + Hm + Mt peak shape T
consolidated structures )
32.3  Fr15-I  Ochre-reddish  medium size sands to consolidated Qz + Hm + Gy Y=
clays 2
32.7  Frl14-II Red medium size sands - clays  well consolidated ~ Qz + Hm + Ca + Gy peak shape °
L4
3
structures 2
33.0 Fr13-I Green ochre fine sands to clays consolidated Qz + Hm + Ca peak shape .E
structures ]
0
34.5 Ir8- Red fine to very fine size sands ~ well consolidated ~ Qz + Hm + Mt + Ca ©
L
36.5 TFro9-1 Ochre fine to very fine size sands  consolidated Qz + Hm + Ca + Gy qE)
38.5 Fr1l-I  Light brown medium size sands - clays  consolidated Qz + Hm + Mt+ Ca+ Gy peak shape ;
reddish structures g
39.6  IFr12-I  Ochre-reddish  medium to very fine size  petrified Qz + Mt + Py + Ca + Gy o]
sands ﬁ
39.7 Fr10-I  Ochre-reddish medium to fine size sands  petrified Qz + Hm + Ca + Gy &
[
39.9 Fri-l Green medium to very fine size ~ well consolidated  Qz + Hm + Ca + Gy peak shape ]
yellowish sands structures §
L
43.1  Frb-I Yellow reddish ~ medium size sands - clays  partially Qz + Hm + Ca + Gy peak shape g
consolidated structures i)
s s =
[
50.9 Fre_l Red medium to fine size sands ~ well consolidated ~ Qz + Hm + Ca + Gy peak shape g,
structures g
=
"]
=]
o
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medium, and fine grain sizes. Table 1 summarizes
the textural and mineralogical characteristics of
the analyzed samples.

IRM acquisition curves show that (in most
cases) low fields between 200-300 m'T" can produce
IRM values close to 90 % of saturation (Figure 4a,
4b), pointing to low coercivity minerals as rema-
nence carriers. In some other cases, IRM acquisi-
tion curves display a slight increase at higher fields,
possibly related to a small contribution of a high
coercivity mineral, likely hematite (Figure 4c).

From the M-T curves, it is evident that mag-
netite or low Ti titanomagnetite (Ic ~ 575°C) is
the main responsible for the magnetization. In
the specific case of sample It-2-1 (Figure 5b), a
notorious Hopkinson peak is observed, which
indicates the magnetic carrier is pure magnetite.

Also observed are intermediate temperature (Tc <

)
2
E
<
(o))
O
=
0 100 200 300 400 500
Temp [°C]
S
<
E
<
(o)}
(o]
=

0 100 200 300 400 500

Temp [°C]

Mag [Am?/kg]

Mag [Am?/kg]
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500°C) magnetic phases, which are not present at
the cooling branch (Figure 5a, 5c). Quite irrevers-
ible M-T curves are obtained in almost all samples
analyzed, which suggests the formation of new
magnetic mineralogy.

Magnetic susceptibility shows an average value
of 1 x 107 through the entire vertical profile (~
50-m-depth), with a moderate peak value at 8.9 m,
and other three more pronounced peaks at inter-
mediate depths of 25.4 m, 30.6 m, and 32.3 m
(Figure 6a). The aforementioned peak values are
associated with reddish-ochre color layers.

ARM acquisition curves show a similar trend
to that followed by «, except in the intervals from
10 to 22 and 35 to 40 m depth (Figure 6b). ARM/
K, curves show a marked peak at 16.1 m depth,
which is not present at the ARM plot (Figure 6¢).

A general fining of the magnetic grain-size will

0 100 200 300 400 500
Temp [°C]

Fr7-|
(d)

0 100 200 300 400 500

Temp [°C]

MRepresentative M-T curves of the samples from the El Fraile | dam, collected at (a) 10.0, (b) 16.0, (c) 18.5, and (d) 39.9 m depths.
The inset in (d) shows that the plot is similar to that displayed in (c). Red/blue branch corresponds to the heating/cooling process.
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Kip ARM [A/m] ARM/ic - [A/m] SIRM [A/m] SIRM/ic.r [kA/m]

(a) (b) g © (@) (e)
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show an increase in this ratio (Vigliotti e al., 2008).

A very similar tendency to that of « is followed
by the SIRM plot (Figure 6d). The above-men-
tioned (moderate and more pronounced) peak
values observed in the x plot are also present in
the SIRM log, but not in the SIRM/x, . plot,
indicating a concentration- rather than a compo-
sition-variation origin of these out-of-trend values.
On the contrary, two noticeable peaks at the inter-
vals 10.0 to 18.5 and 34.5 to 39.9 m depth are seen
in the SIRM/x_ , plot (Figure 6e¢), which suggests
a composition- rather than a concentration-vari-
ation origin of these out-of-trend values. These
peak values could also be interpreted as variations
in the grain size of the magnetite (Thompson et al.,
1980; Evans and Heller, 2003).

K., /0 shows more considerable variations, up to

7% (Figure 7b), especially at the upper part of the
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dam. These high % values suggest a significant
contribution of (fine particle-size) superparamag-
netic ferrimagnetic minerals —in good agreement
with the stratigraphic column—, especially at the
dam’s upper part (12.2-18.5 m-depth), and with
the peak value (16.1 m depth) present in the
ARM/x, . plot. The middle part is characterized
by close to zero values.

Large variations (0.92-0.48) of the S, ratio
are observed at the upper part of the El Fraile I
dam (Figure 7c¢), particularly at the interval 12.2-
18.5 m-depth, suggesting variable and significant
hematite contribution. The middle part shows a
more consistent behavior with an average value of
0.92%, except at 31.8 m depth. Worth noting is
that maxima in the x,,% plot are associated with

minima at the corresponding S, plot.

EC [uS/cm]

(©)

Depth [m]

35 ™ —

40

45

oL

|
55 ‘ |
0.E+00 2.E-03 4.E-03 6.6-03 8.E-03 0 2

6 0 2000 4000 6000

Corresponding physicochemical parameters (pH and EC) in the vertical ground profile of the El Fraile | dam. Figure 5a is again
reproduced for comparison purposes
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Table 2. Elemental composition and statistical description of k. and PTEs concentration in the El Fraile tailing samples. Concentration
values in mg/kg, except for Fe (wt./%). RBC: Regional background concentration; MPL: Maximum permissible levels according to
SEMARNAT (2007); AEF: Average enrichment factor; N.A.: Not available.

E’
0.0 Fr 23-11 6.13E-04 7892.6 185.1 585.9 18.5 o
5.2 Fr 22-11 8.12E-05 3824.1 40.8 23.5 529 999.0 9.9
8.9 Fr 21-11 2.46E-03 8041.1 29.7 16.4 217.3 1786.0 13.4
10.0 Fr3-1C 2.61E-05 5514.3 46.0 26.3 72.8 3774 14.3
10.3 Fr3-1B 1.67E-05 3876.8 40.6 22.6 62.8 163.6 10.6
12.2 Fr 24-11 2.54E-04 6414.0 28.3 0.5 138.0 283.8 12.5
12.7 Fr 4-1 2.79E-05 6509.5 30.3 22.6 98.3 520.0 13.1
16.1 Fr 2-1 7.30E-06 8423.2 40.0 29.0 132.3 586.0 10.7
18.5 Fr1-1 8.77E-05 5828.5 35.8 24.2 163.1 744.5 17.4
21.9 Fr 20-11 5.33E-04 5094.6 38.0 14.9 151.2 1888.1 20.0
25.4 Fr 19-11 2.44E-03 6214.8 32.0 0.0 155.0 427.5 15.0
25.7 Fr 18-11 5.15E-04 5788.1 26.3 0.0 131.8 1231.5 15.4
30.0 Fr 17-11 2.13E-03 5655.8 21.1 5.9 169.4 27447 14.1
30.6 Fr 25-11 4.47E-03 5233.5 23.0 6.9 158.8 985.3 10.4
31.8 Fr 16-11 1.56E-04 4294.8 14.7 18.3 148.1 866.6 9.7 n
323 Fr 15-11 6.61E-03 8022.0 23.1 15.4 277.2 2008.3 14.1 g
32.7 Fr 14-11 2.94E-03 5990.1 17.3 11.0 145.3 626.5 15.0 E
33.0 Fr 13-11 9.85E-04 8642.8 26.2 2.5 169.5 370.7 11.6 ;’
34.5 Fr 8-1 1.38E-04 5660.9 34.9 17.2 103.7 1074.6 15.9 E
36.5 Fr 9-1 1.32E-04 3772.7 24.1 17.7 80.8 1103.2 18.5 w
38.5 Fr1l1-1 1.72E-04 6693.3 47.9 22.1 261.2 967.1 18.9 g
39.6 Fr 12-1 3.09E-04 5906.7 33.2 0.0 99.8 544.8 18.8 E
39.7 Fr 10-1 1.64E-04 4479.6 25.3 15.8 113.4 1214.2 21.0 g
39.9 Fr 7-1 1.67E-04 4607.7 30.7 19.6 88.5 261.5 14.1 .§
43.1 Fr 5-1 2.23E-05 4502.9 23.7 20.5 68.7 741.2 14.9 ‘3
50.9 Fr 6-1 7.39E-05 6237.7 18.7 16.7 214.4 2196.7 17.9 z
# Samples 26 26 26 26 26 26 26 g
Average 9.8E-04 5966.2 30.2 14.9 140.7 973.0 14.8 E
Standard deviation 1.6E-03 1361.3 8.7 8.8 58.3 661.4 3.3 §
Coef. of variation [%] 1.7E+00 22.8 28.7 59.1 41.4 68.0 22.1 i
Minimum 7.3E-06 3824.1 14.7 0.0 529 163.6 9.7 §
Maximum 6.6E-03 8642.8 47.9 29.0 277.2 27447 21.0 E
Range 6.6E-03 4818.7 33.2 29.0 224.3 2581.1 11.3 g
Standardized bias 4.73 0.92 0.54 -1.16 1.31 2.39 0.26 g
RBC N.A. 26 40 N.A. 25 64 2.7 E
MPL N.A. 400 78 1600 N.A. N.A. N.A. g
AEF N.A. 93 0.7 N.A. 2.8 50.1 5.9 g
g
<
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3.2. PHYSICOCHEMICAL RESULTS

The El Fraile I presents an average acid pH of 3.3
through the entire vertical profile, with two mark-
edly maximum values at 12.7 and 39.7 m-depth
(Iigure 8b). Figure 5a is again reproduced for
comparison purposes.

While pH is the measurement of a specific ion
(i.e., hydrogen) within a sample, EC is a non-spe-
cific measurement of the concentration of both
positively and negatively charged ions within it. As
shown in Figure 8c, EC shows a mirrored trend to
that of pH. This opposite behavior could be likely
explained by considering that the presence of any
hydrogen ions present in a substance will affect
the pH level and, most probably, also influence
conductivity levels. Nevertheless, hydrogen ions
make up only a small part of the ion concentration
measured by a conductivity meter.

3.3. GEOCHEMISTRY RESULTS

Depth [m]

50

Heavy metal elemental composition variations
correlate, in general, with that of x,; peak/trough
values in half of the elements correspond to x
peak/trough values, exceptfor V,Ni, and Zn. Those
of Pb, Ni, and Zn show significant variations. On
the contrary, within the lowermost k stable trend
(34.5-50.9 m-depth), all elemental compositions

show a uniformly increasing or decreasing trend,

X Pb [ppm] V [ppm]

(@) (b) (c)

0£100 7£0) 400) GLO) &lo) O %000 10000 0 20 w0 ®w o 10

except Ni, which remains almost constant (Figure
9b-g). Worth noting is the high total Fe values,
between 10 and 20 wt./%, throughout the entire
vertical profile.

Following Talavera-Mendoza et al. (2005), metal
concentrations of tailings are compared against
regional background concentrations (RBC) of
crop soils to estimate enrichment ratios of tail-
ings relative to regional pristine soils. Through
this comparison (Table 2), it is evident that the El
Fraile I tailings are highly enriched in all reported
elements —mainly in Pb and Zn—, except in V. A
summary of the elemental composition and the
corresponding statistical description of x . and
PTEs concentration in the El Fraile I tailing sam-
ples is presented in Table 2.

4. Discussion

Both low- and high-coercivity minerals are present
in the El Fraile I dam as remanence carriers, as
shown by the IRM curves (Figure 4).

As evidenced from the M—T curves, magnetite,
or low Ti titanomagnetite is the main responsible
for the magnetization, although intermediate tem-
perature magnetic phases are also present. Quite
irreversible M—T curves are obtained in almost all
samples analyzed, which suggests the formation of
new magnetic mineralogy (Figure 5).

Cu [ppm] Zn [ppm] Fe (W/%)

(e) ® (@

@ o 100 200 300 ° 1000 2000 000 © 10 20 30

MSsociated heavy metal concentrations through the El Fraile I profile. Figure 5a is again reproduced for comparison purposes.
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Table 3. Correlation matrix. Concentration values in mg/kg, except for Fe [wt./%]. Cell’s colors reflect the correlation factor value between

the corresponding parameters; Green means a total correlation (1.000), while red a total inverse correlation (-1.000). Intermediate colors P4

meaning lower than + 1.000. g

(%)

I = I A et e P el e e I P R SR N N 3

[m] [A/m] | [A/m] |[A/m] [A/m] [A/m] [unitless] [ps/cm] A

Depth [m] [ HNOGO0N o

XLF 0.0769 [JNOOO0N

Kk -0.3376 -0.3830 |JIO000N

ARM 0.3059 (OGN -0.2544 [NNOOGON
SRIM 0.2319 [JOIES5N -0:4522  [JON09%N IG000N

S:300 0.1999 0.3672 [0.7986] 0.0512 0.4597 [HEO000N

SRIM/xr  0.2423 [F0M5891 0.0384 -0.2207 -0.2103 0.0791 |NCO0ONN

ARM/xzp -0.1397 -0.2875 [JOGZ0EN -0.1424 -0.2952 [1006024  0.4306

SRIM/ARM 0.1682 0.5239 [006544] 0.0486 0.5690 [ONE2SE -0.0383 -0.4342  [[T10000

pH -0.1211 [-0.2908 0.2360 0.0024 '-0.1909 0.0363  0.4872 0.1883 -0.2190

EC 0.1594 02294 -0.0384 -0.0350 0.0973 -0.1156 [120:6507 " -0.2550 0.1072  [20:7435  [NNO000N

Pb 201547 0.3238 -0.0251 0.3596 0.2581 0.0994 ~ -0.1250 02158 0.0482  -0.0409 -0.2175

A 048551 -0.3743 0.0776 [H04722] -0.3223 0.0203  0.3594 0.2262 -0.0877  0.1243  -0.3483  0.0183 |HEIG000N

Ni -0.2398 -0.3250 0.3186 -0.2905 -0.3079 -0.3692  0.4365 0.4782 203393 0.1333  -0.1774 -0.1320 0.4250 [NINOO00ON

Cu 0.1535 05548 -0.3172 05213 05159 0.2908 = -0.3201  -0.1844 0.2743  -0.2438 0.1601 [JOIGE88N -0.1746 -0.1669 |GOO0N

Zn 0.2641 03637 -0.2779 0.1315 03529 0.2587 = -0.2973  -0.2328 03279 03278 0.5951  0.078%¢ -0.3396 -0.0839 0.4985 [HNGOOON

Fe 0.3515 -0.1845 [H04635] -0.0813 -0.0247 0.5874  0.3238  -0.2806 0.2066  0.1311 -0.0464 0.0250 0.0858 -0.0587 0.1909 0.2612 [JEOGOEN

A general fining of the magnetic grain size at
the first third part (top up to 20 m depth) is evi-
denced by the ARM/x, . plot (Figure 6c).

Magnetic susceptibility (and SIRM, as well)
vertical survey stands out different layers of vari-
able ferrimagnetic mineral concentration or com-
position, in good agreement with the stratigraphic
column. However, the concentration-indepen-
dence character of the SIRM/x, . points to grain
size or mineralogical differences rather than con-
centration variations as the cause of the observed
trends (Figure 6d).

As in the case of the ARM/x, . plot, a general
fining of the magnetic grain size is evidenced by
the x,,% plot and the S, ratio values for the
same section (first upper part of the sequence)
(Figure 6Ge).

The results above mentioned highlight the
usefulness of the magnetic methods as a proxy for
stratigraphy and mineral concentration of a depo-
sitional sequence.

The old dam’s long evolution period could be
suggested by the variable and significantly low
value of the S,

-300
the magnetic mineralogy) and the mostly acid pH

ratio (high oxidation degree of

character throughout the whole dam.

As noted above, peak values in half of the ele-
ments correspond to ¥, peak values throughout
the whole deposit, although at the lowermost x

stable trend (34.5-50.9 m-depth), all elemental
compositions show a uniformly increasing or
decreasing trend.

Because of the scarce number of rock-magnetic
investigations on this kind of anthropogenic origin
systems, no regional background concentration
(RBC) for x 1s available for this investigation, pre-
cluding the estimation of an average enrichment
factor (AEF). Nonetheless, considering the com-
plex metal speciation within the layers (sulfides
and/or sulfosalts), an estimation of an AEF would
be likely nonsense.

As seen in Table 2, Pbh, Cu, and Zn are the ele-
ments with a major variability within the profile
(range of 4818.7, 224.3, and 2581.1, respectively).
Pb and Zn are the elements with a significantly
average enrichment factor (AEF).

From Table 3, the strong positive correlation
between x . and SIRM (cc = 0.9425) suggests
either that a single magnetic mineral is respon-
sible for carrying the SIRM, causing the ¥, . in
the samples, or that the dominant minerals were
in constant proportions throughout the different
layers (Thompson et al., 1975).

The general fining of the magnetic grain size
observed in Figure Gc is corroborated by the
strong positive correlation coefficient (cc = 0.6205)
between % and ARM/x .

As expected, a strong negative correlation exists
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between pH and EC.

Also observed from Table 3 is a moderate
negative correlation (cc = -0.4635) between %
and Fe. As mentioned by Kanu ez al. (2017), “The
significant negative correlation between Ie and x,,,%o further
confirmed that Fe is of anthropogenic origin.” As well,
from Table 3, x, ,, ARM, and SIRM could be used
as a proxy for V, according to the negative correla-
tion coeflicients obtained (-0.3743, -0.4722, and
-0.3223, respectively). Similarly, most magnetic
parameters seem to be good enough proxies for
the evaluation of Ni, Cu, and Zn. A strong direct
correlation between Pb and Cu contents is evident
from the results presented in the matrix correlation
(Table 3). Because of its long evolution period,
health hazards are mainly due to the high Pb, Cu,
and Zn concentrations.

As mentioned in the introduction, the El I'raile
I impoundment is located 5 km SW of Taxco de
Alarcon, and one could be tempted to think that
the pollution problem is confined to the dam’s
surroundings. However, there is an adjacent prob-
lem directly linked to particulate matter (PM), the
material accumulated in the dams; street dust (SD)
pollution. SD is mainly composed of particles
derived from anthropic processes (Dearing et al.,
1996). As stated in Morales ez al. (2020), “SD consists

of a heterogeneous assortment of materials; some originated

Jrom natural processes...”, but also from “Anthropic

activtties. . ., which is later released to the environment.” .

Fine particles of anthropic origin, particulate
matter 10 pm in diameter or less (the so-called
PM10 particles), are hosted by the SD, which con-
tain magnetic minerals and traces of heavy metals
(Cr, Cu, Pb, Zn, etc.) (Bautista et al., 2018). Due
to their particular size and shape, PM10 particles
can be inhaled by humans, which is why SD is
considered a significant source of breathable air
pollution (Amato et al., 2014).

5. Conclusions

The results presented agree with those of previous
studies. However, the systematic sampling distri-
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bution employed in this investigation enables us to
obtain a broader view of the concentration and
distribution within these deposits.

Considering that tailings of abandoned mining
districts in Mexico are nowadays occupied and
serve as settlements for various inhabitant groups
(Hernandez-Bernal et al., 2016), the study of the
distribution and concentration of PTEs contained
In mining wastes is currently an issue of significant
relevance, as properly noted by Talavera-Mendoza
et al. (2006). Unfortunately, as properly mentioned
by Morales et al. (2023), .. .wasle impoundments are,
at least in Mexico, unattended entities...” and ... .neither
a government nor a particular company would invest time,
effort, and economic resources to investigate the dam’s inter-
nal structure”. This fact highlights the usefulness of
magnetic susceptibility, and associated magnetic
parameters, as a proxy for the investigation of
waste dams.

Simple (and non-destructive) sample preparation,
and fast rock-magnetic and elemental concentra-
tion estimations, together with a suitable system-
atic sampling distribution, make XRF measure-
ments an advantageous proxy method for a quick
and cost-effective evaluation of contamination by

heavy metals.

List of abbreviations

IRM: isothermal remanent magnetization
IRM_, ;: backfield magnetization at 300 mT
PTEs: potentially toxic elements

SIRM:  saturation  isothermal  remanent
magnetization

TMD: Taxco Mining District

Wt./%: weight percent

K., %0 percent frequency-dependent magnetic
susceptibility

K- Magnetic susceptibility measurements at high
frequency

K, - magnetic susceptibility measurements at low

frequency

EC: electrical conductivity
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