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Highlights

-Radioactivity and heavy metals have been measured in two mining zones in the Zacatecas State of Mexico
-Radiation poses a higher health threat in both regions according to the analysis

-The analysis of heavy metals revealed that some areas have arsenic and lead contamination. All samples have
a higher concentration of selenium than the global average.

Abstract: The State of Zacatecas (Mexico) is one of the places most affected by pollution from the mining
industry. 21 samples from two areas have been collected (6 samples from zone A and 15 samples from zone B)
to evaluate the level of radioactivity and the degree of contamination by heavy metals. The activity concentration
for 28U and #2Th is within typical values, but ?2Ra exceeds the value of 60 Bq kg'! in both areas. In some places,
the concentration of 4K is higher than the world average, according to UNSCEAR. The radium equivalent
activity Raeq and outdoor gamma exposure dose (D) indicate that some sites present a radiological risk for the
population. Excess lifetime cancer risk (ELCR) presents a higher risk than the world average in both sampled
areas. Other parameters, such as the radiation index R, the external risk index Hex, and the internal risk index
Hin, also indicate that there is a greater risk due to radiation exposure in these areas. In the case of heavy metals,
some parameters, such as the enrichment factor (EF), the geoaccumulation index (Igeo), and the contamination
factor (CF), show that some places in zone A and zone B are contaminated with As and Pb. However, the
concentration of selenium obtained by ICP-MS in the sampled soil is higher than the average in the Earth's crust,
both in mine waste dumps and in unaltered soil, which indicates that the background concentration for selenium
in these places is higher than the world average.

Keywords: Soil contamination. Zacatecas; Mexico. Level of radioactivity. Heavy metals

1. Introduction

Radioactivity and heavy metal content in soil have been investigated by many authors because
it is known the health effects of some local populations induced by exposure at these chemicals [1].
So, in soils, simultaneously with the study of radioactivity, the issue of high levels of bioavailable
heavy metals (HMs), should be addressed, as recommended by the International Atomic Energy
Agency technical report 419 [2], since they can have both technological and regulatory implications.
One of the sites where these issues are of high interest are mining areas. In this context, the present
paper refers the data of radioactivity and total metal content of silver mines located in Zacatecas
(México). This study is the basis on which measures can be taken to alleviate pollution due to mining
activities in the area.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Human exposure to radiation comes primarily from natural sources: cosmic radiation and
terrestrial radionuclides present in the environment since the formation of the Earth [1][3]. The
natural radioactivity of the soil is mainly due to the presence of the parent series 238U, 22Th and 4K
[4][5]. Specific terrestrial radiation levels depend on geological and geographic conditions. On the
other hand, the most important artificial radionuclide is ¥Cs, which is found in the soil because of
anthropogenic activities, that is, tests and accidents with nuclear weapons in the atmosphere and
represents a persistent environmental pollutant due to its long half-life. (T12=30.1 years) and its strong
affinity for binding to the soil [1]. Soil radioactivity studies can provide baseline data to assess the
exposure of local populations due to external irradiation by gamma rays and internal irradiation
caused by transfer of radionuclides from soil to plants used in the human diet [6]. In addition, the
concentrations of 2Ra and »?Th in the soil directly influence the concentrations of the gases 22Rn and
20Rn that are alpha emitters in the air. These radioactive gases and their short-lived decay products
can cause serious deleterious effects on human lung tissues and represent the main source of internal
radiation exposure [7].

Heavy metals are present in the environment in natural concentration. The main natural sources
of HMs in soils are volcanic eruptions and the weathering of metal-rich rocks [8]. However, the levels
of HMs present in the environment have increased considerably during the last decades mainly due
to human activity [9]. Among the anthropogenic activities that are considered as sources of toxic
metals in the environment are industry in general, atmospheric deposition, agriculture (fertilizers,
pesticides, and amendments), waste and landfills and mining activities. Contamination from the
mining industry represents an important problem in many countries since it induces serious harmful
impacts on the health of the local environment due to the release of HMs, which are the most
dangerous anthropogenic contaminants due to their toxicity and persistence in nature [10]. When we
talk about toxicity, we must emphasize that more than the total concentration of the element, we must
consider its bioavailability, that is, that amount that is available for living organisms. The prolonged
exposure to heavy metals is associated with chronic health problems. One of the main environmental
pathways leading to human ingestion of radionuclides and heavy metals is the soil-plant-human
pathway [11].

There are several processes that govern metallic behavior in the soil and that interact
dynamically, making the predictability of the fate and effects of metals in the environment a complex
task. Processes such as adsorption, absorption, redox reactions, parent rock alteration and the
acidification buffering capacity, is influenced by biogeochemical factors such as the pH value, the
cation exchange capacity -CEC-, the redox potential, the element in question and its chemical
speciation — those elements that can be in various oxidation states or chemical compounds [12].

As previously stated, mining is considered one of the most important sources of heavy metals.
During the last decades, most of the attention has focused on pollution from large-scale mining.
However, environmental pollution related to artisanal and small-scale mining has been neglected.
Most established companies have substantially improved their production techniques and taken
responsibility for remediation of contaminated land to meet increasingly stringent regulatory
requirements and public pressure [13]. Mining activities are prone to release toxic elements into soils
through tailings, worthless ores, and subsequent smelting operations, which have caused
unfavorable consequences to human health and aquatic environments [14]. The residues of old mines
have a high impact and pose a threat to the environment and health, because of the rustic extraction
method and its high content of heavy metals such as As, Pb, Cd, Hg, Cu, Zn and Fe, which can cause
a significant damage to aquatic biota and human health [15].

The soil acts as a physical, chemical, and biological filter against contamination and is a purifying
agent by acting as a sink for contaminants. The soil, then, plays a cleaning role in the environment of
surface and underground waters as well as our crops and ultimately our food and that of all living
organisms. As an important part of the terrestrial ecosystem, soil is the most basic natural resource
for the human being living in it, which could be constantly regenerated and recycled. The rational
utilization of soil resources and the protection of the soil environment are worldwide concerns [16].
In this sense, the objective of this work is to present the results of radioactivity and heavy metal
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content in soil samples collected in mining areas of the State of Zacatecas, Mexico, as an example of
artisanal and small-scale mining and its impact in the environment.

2. Materials and methods
2.1. Study area

Mexico is one of the countries most affected by soil contamination by heavy metals, especially
the state of Zacatecas, which is also the most important silver producer in the country [17]. With
77,684 km?, Zacatecas is the eighth largest state of the 32 states that make up the Mexican Republic.
Three quarters of the territory of the State of Zacatecas correspond to arid and semi-arid zones.
Among these, 14% offer beneficial conditions for agriculture, 79% for livestock, and 7% are covered
by timber and non-timber forests. In the central part of the state there are chestnut soils, abundant in
semi-arid zones and characterized by having a layer of caliche or loose lime. This type of soil is
promising for the development of agriculture and livestock. Towards the northeast of Zacatecas there
are soils characteristic of the arid and semi-arid zones of central and northern Mexico [18].

Figure 1. Locations of the sampling places in zone A near the city of Zacatecas (Google Earth Pro).

For this work, two mining areas of the state of Zacatecas were sampled. zone A (Error! Reference
source not found.) is located on the outskirts of Zacatecas City, the state capital. zone B (Error!
Reference source not found.) is located 260 km northeast of the capital in the municipality of
Concepcion del Oro. Both areas have a mining tradition of at least 200 years. In each area, two kinds
of samples were collected: a) mine tailing soils and b) undisturbed soils. In total, 21 samples were
collected during July and August 2021, transferred to the laboratory, and dried at 50 °C for five days.
2 kg of sample was collected from each site for the various analyses. All samples were homogenized
and sieved at 2 microns. The official Mexican standard NOM-141-SEMARNAT-2003 [19] defines
tailings as: solid waste generated in primary mineral separation and concentration operations.
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Figure 2. Locations of the sampling places in zone B near the city of Concepcion del Oro (Google Earth

Pro).
Table 1. Location of zone A and B samples.
Sample Type of sample Location
S1 Mine tailings 22°47'15"N 102°36.36"W
52 Mine tailings 24°36'48"N 101°24'51"W
Zone A S3 Undisturbed soil 22°46'52"N 102°32'42"W
54 Undisturbed soil 22°46'36"N 102°33'52"W
S5 Mine dump 22°47'25"N 102°34'46"W
S6 Undisturbed soil 22°79'31"N 102°55'53"W
S7 Mine tailings 24°37'12"N 101°24'40"W
S8 Mine tailings 24°37'16"N 101°24'30"W
59 Mine tailings 24°37'16"N 101°2427"W
510 Mine tailings 24°37'15"N 101°24'45"W
511 Undisturbed soil 24°36'20"N 101°25'60"W
512 Mine tailings 24°36'49"N 101°25'37"W
513 Mine tailings 24°36'23"N 101°2528"W
Zone B S14 Mine tailings 24°36'43"N 101°25'20"W
515 Mine tailings 24°36'57"N 101°2726"W
516 Undisturbed soil 24°37'17"N 101°24'48"W
517 Undisturbed soil 24°36'42"N 101°24'41"W
518 Undisturbed soil 24°36'46"N 101°2528"W
519 Undisturbed soil 24°37'30"N 101°24'90"W
520 Undisturbed soil 22°46'54"N 102°36'50"W
521 Mine tailings 24°37'20"N 101°27'23"W

Error! Reference source not found. show the sampling location, type of sample, as well as the
pH value of the collected samples for both zone A and zone B.

2.2. Radioactivity analysis.

Radioactivity was measured in the laboratory of the Unidad Académica de Estudios Nucleares
de la Universidad Auténoma de Zacatecas, México. For radioactivity determination, ~500 g was
weighed and allowed to sit for 30 days in a sealed Marinelli container to allow 2°Ra and its progeny
to reach equilibrium.
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The activity concentrations in the samples were measured using a high-purity germanium
(HPGe) detector with a relative efficiency of 38%. The energy resolution of the HPGe detector is 1.8
keV at 1.33 MeV ©Co gamma line. A 16K multichannel analyzer was used to obtain the spectrum,
and the analysis was performed using the GENIE-2k software (Canberra Industry). The samples were
measured for 80 000 s with an operating voltage of 3900 volts. The system was previously calibrated
for energy and efficiency using calibrated sources.

Considering the complexity of the samples, the gamma radiation-emitting radionuclides
analyzed in this work were conveniently grouped. The grouping of radionuclides proposed by
Murray et al. [20] and Gil-Pacheco et al. [21] was considered; the classification of radionuclides used
for this work is shown in Error! Reference source not found..

Table 2. Groups of gamma-emitting radionuclides used in this work, based on the classification of
Murray et al., [20] and Gil-Pacheco et al. [21]. The shaded groups have not been considered in this

work.
Grou Radionuclide Long Gamma emitting =~ Gamma-ray Gamma-emitting
) half-life nuclide energy (keV) nuclides included
63.30 +0.02
234Th 238U, 234Th
A 28 2umPy 1001.30 + 0.02 24P, 2imPa
B A 20Th 67.67 +0.01 A
186.21 +0.01
e 351.932 +0.002 226Ra, 22Rn
Ra
C 26Ra 2P 609.312 + 0.007 24P, 214Bj
22Rn 24 1120.29 + 0.01 210T]
1764.49 + 0.01
D 210Pp, 20ph 46.539 + 0.001 210Pp,
143.767 + 0.003
E 25y Z5Y 163.356 + 0.003 25U series
205.316 + 0.004
22Th
. R ¢) ) 22Th, 228Ra
28Ac 911.196 + 0.002 28Ac
zngh 224Ra (_) 228Th, 224Ra
G 20Rn 22Pp 238.632 +0.002 20Rn, 212Pb
208T] 583.187 + 0.002 212Bj, 208T]

In group A only 28U has been considered, and the gamma-emitting radionuclides selected were
24Th and 2*mPa. 20Th belonging to group B was not considered for this work due to its low
concentration. Group C includes ?Ra and ??Rn and their progeny; the activity concentration of 2Ra
was determined from the y peak at 186 keV by suppressing the gamma interference of the 25U peak
at 185.7 keV. The activity concentration of 2Pb and 2“Bi was determined by measuring the vy energies
at 351 and 609 keV, and 1120 keV and 1764.5 keV respectively. 2°Pb belonging to group D and 25U
from group E were not used for this work either due to their low concentration in nature, or to the
fact that some photopics of these radionuclides are interfered with by others of greater importance.
The critical element of group F is 28Ac, and the y peak at 911 keV was selected to determine the
activity concentration. The 22Th activity concentration of group G was averaged with the y-rays at
238.6 keV and 583.2 keV emitted by 22Pb and 208T], respectively.

In addition to the natural gamma-emitting radionuclides of the 28U, 25U, and 22Th series, other
natural and artificial gamma emitters were analyzed, such as ¥K and '¥Cs, which were measured
using the photopics at 1460.83 and 661 keV, respectively.
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Different parameters and radiological hazard indices were calculated from the data obtained
from the radiation measurements of the samples: Radio Equivalent Activity (Raeq) [11], Absorbed
Dose (D) [21,22], Effective Dose (E) [21], Excess Lifetime Cancer Risk due to gamma-ray radiation
(ELCR) [1], External Risk Index (Hex) [11], Internal Risk Index (Hin) [11] and finally, the Radioactivity
Index (Ri) [21].

The Radio equivalent activity (Ra.q) describes the gamma emission of different naturally occurring
radionuclides in a material and was calculated using the following formula:

Raeq = Crq + 1.43Crp + 0.077Cy @

where Cr,, Crp, and Cx are specific activities of 2¢Ra, #2Th, and %K, respectively. The
recommended limit of Raeq, given by UNSCEAR 2000, is 370 kg [4].

The absorbed dose (D) by gamma radiation at 1 m above the ground surface is determined using
the following formula:

D = 0.0417Cx + 0.462Cg, + 0.604Cyy, @

where Cy, Crq, and Cry are, respectively, the activity mass concentrations (in Bq kg1) of K,
26Ra and #?Th in nGy h-.

The absorbed dose rate in the air due to the measured activity concentration values of the
different groups (DP, nGy h-') in the samples under study was converted into the effective dose rate (E),
in units of mSv y-! using the following expression:

E=D%0x%C+8760%10°° 3)

where O (equal to 0.2) is the outdoor occupancy factor, C (equal to 0.7 Sv Gy™) is the conversion
factor from the dose absorbed in the air to the effective dose received by an adult person.

The excess lifetime cancer risk (ELCR) [27] due to gamma-ray radiation per 100 000 people is
estimated using the following expression:

ELCR = E * DL * RF + 1073 “)

where E is the annual effective dose in mSv, DL is the lifespan (equal to 70 years), and RF is
the risk of fatal cancer per Sv (equal to 0.057 Sv'). The ELCR is used to characterize the elevated risk
of cancer due to chronic exposure to gamma rays.

The external risk index (H,,) provides an assessment of the health risk associated with the
emission of gamma radiation by various natural radionuclides, while the internal risk index (H;,)
estimates the internal exposure of living cells to radon and its progeny [11].

H,,and H;, were calculated as follows:

Cra  Crn  Cxg )
H.. =
X 370 + 259 + 4810
Cra  Crn  Cxg ©6)
H. =
185 + 259 + 4810

where Cr,, Crp, and Cy are specific activities of 26Ra, 22Th, and #K, respectively. The limit of
these indexes should be less or equal to unity, as reported by UNSCEAR and ICRP [23,24].

The radioactivity index (Ri) proposed by Gil-Pacheco et al. [21] has been calculated using the
following formula:

Cea Coc | Coe | Cer | Coq Cx Ces @)
30000 + 375 + 4200 + 800 + 450 + 4200 + 1400

Which Ccx is the activity concentration of group X, and Ck and Ccs are the activity concentrations
of K and Cs, respectively.

Ri:

2.3. Chemical and structural characterization
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Fifty grams of each sample were transported to the Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas (CIEMAT), Spain, for chemical and structural characterization.

Major elements were determined by Wavelength Dispersive X-ray Fluorescence (WDXRF) with
an AXIOS Spectrometer (Malvern-PANalytical), in pressed powder pellets previously prepared in an
automatic press HTP-40 (Herzog). The pellets were analyzed with a semi-quantitative method
developed by Malvern-PANalytical.

A previous acid digestion of the samples in a temperature control microwave oven was required
by using a Milestone Ethos 1 device to put the sample into solution for the following determinations:

Sodium and potassium were determined by Flame Atomic Emission Spectroscopy (FAES) in a
Perkin-Elmer 2280 equipment. Minor and trace elements were determined by Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) and Inductively Coupled Plasma Mass
Spectrometry (ICP-MS) as a function of the element concentrations: ICP-OES was used for
concentrations higher than 0.05 mg/L and ICP-MS for lower concentrations.

ICP-OES measurements were performed by using a benchtop dual view ICP-OES with a vertical
torch, Agilent 5110 model (Agilent Technologies Spain, S.L. Spain). Two or three different
wavelengths were used for each element quantification and the averages of each element lines were
considered in the cases of non-interferences.

ICP-MS analyses were made with a Thermo iCAP-RQ (Thermo Scientific, Darmstadt, Germany)
spectrometer equipped with a quadrupole mass analyzer and an electron multiplier detector. A
Meinhard nebulizer (Meinhard, Colorado, USA) with a baffled cyclonic spray chamber and a
peristaltic pump were used for sample introduction.

The crystalline phases identification was made by X-ray diffraction (XRD) in an X'Pert Pro
diffractometer (Malvern-PANalytical) with Cu Kradiation (A =1.54 A) operating at 45 kV and 40 mA.
XRD data were collected in 0-0 configuration in the angular range of 5 < 20 < 80 with a 0.017 step
size.

2.4. pH in water and CaCl2

The pH determination was carried out according to Technical Norm ASTM-D4972-13 [25]. The
pH measurements were carried out in water and a calcium chloride solution (CaClz 0.01 M) because
calcium displaces part of the exchangeable aluminum. The low ionic strength counteracts the dilution
effect on the exchange equilibrium by setting the salt concentration of the solution closer to that
expected in the soil solution. The pH values obtained in the calcium chloride solution are slightly
lower than those measured in water due to the release of more aluminum ions, which are then
hydrolyzed. Therefore, both measurements are required to define soil pH character entirely. The
measurement was made with an Orion model 550 pHmeter, using an Orion 8102BN electrode. The
pHmeter was calibrated at 3 points (4, 7 and 10) using certified buffer solutions from Mettler-Toledo.
Soil samples were dried and sieved to 2 pm. Two solutions were prepared in a 1:1 liquid to solid
ratio:10 ml of water/10 g of soil and 10 ml of 0.01 M CaCl2/10 g of soil. Both solutions were left stirring
for 2 hours and allowed to rest for one hour; then, the pH of each of the solutions was measured to
obtain the soil pH value. Each solution was measured twice.

2.5. Impact parameters for heavy metals

To measure the degree of impact of heavy metals in the sampled soils, three parameters were
determined:

Enrichment factors (EFs): EFs are used to evaluate the degree of heavy metal contamination. EF is
estimated by using the following equation:

(@s)
pF = T sample ®)

G
Cref

Background
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where C; is the concentration of the target element, and C,.r is the concentration of the
reference element [26]. [ron was chosen as the reference element due to its low coefficient of variation
(CV) in these samples.

The baseline metal concentrations from standard pre-industrial reference level (in mg kg') [26]
considered in this work are: 15 for As, 1.0 for Cd, 90 for Cr, 68 for Ni, 70 for Pb, 0.6 for Se, 0.9 for TI,
2.7 for U and 10.5 for Th. EF classification is as follows: EF<1 indicates no enrichment, EF<3 is minor
enrichment, EF=3-5 is moderate enrichment, EF=5-10 is moderately severe enrichment, EF=10-25 is
severe enrichment, EF=25-50 is a very severe enrichment and EF>50 is an extremely severe enrichment
[26].

The geoaccumulation index (Ige,) [26]: Igeo is applied to quantify metal contamination in soils and
is calculated using the following equation:

Cn ] ©)
1.5B,

where C, is the metal concentration measured in soil samples in the study area, B, is the
background value of the corresponding metal (the values mentioned in the previous parameter), and

Igeo = log, [

1.5 is the background matrix correction due to lithological effects. Izeo determines seven degrees or
classes of contamination: i) Iy, >5 = extremely contaminated, (ii) I;., =4-5 = heavily to extremely
contaminated, (iii) Ize, = 3-4 = heavily contaminated, (iv) I, = 2-3 = moderately to heavily
contaminated, (v) Iz, = 1-2 = +moderately contaminated, (vi) Ije,= 0-1= not contaminated to
moderately contaminated, and (vii) Ige, <0 =not contaminated [26].

The Contamination Factor (CF): CF is the relationship obtained by dividing the concentration of
each metal in the soil (Cyy,) by the base or background value (concentration in uncontaminated soil
(Car) [26]

cF = tim (10)

Chik
Pollution levels can be classified according to their intensities on a scale ranging from 1 to 6 (0 =
none, 1 = none to medium, 2 = moderate, 3 = moderately to strongly contaminated, 4 = heavily
contaminated, 5 = strongly to very strong, 6 = very strong) [26].

3. Results and discussion
3.1. Radioactivity levels and their impact

Activity concentrations of natural and man-made radionuclides in mine tailings and
undisturbed soils were evaluated. The radioactivity evaluation was carried out in order to estimate
various parameters, such as the absorbed dose and the probability of cancer risk due to continuous
exposure to ionizing radiation as a result of the ingestion and inhalation of radionuclides from the
soil matrix collected in the study area.

The results obtained in the gamma spectrometry system of zone A and B samples are shown in
Error! Reference source not found..

Table 3. Results of the specific activity concentration (Bq kg') of zones A and B samples and world
average radionuclide content in soil in Bq kg, UNSCEAR 2000 [4.].

Sampl GroupA GroupC GroupF GroupG

e 238U 226Ra 232Th 228Th 40K 137CS

S1  62.81+1.44 165.48 + 0.9824.35 + 0.5523.94 + 0.61967.58 + 13.11 0.68 + 0.02
1356.02 £

52 5226 +1.48 259.98 + 1.6440.77 + 0.9248.22 + 1.24 18.37 0.63 £0.02
Z A 12+

one S3  51.22+1.18171.46 +1.0525.92 +(0.58 27.49 £ 0.7 1112;) 2112 * 0.07 £0.01
1348.26 £

54 80.71+1.49 303.45+1.9 58.93 +1.3269.26 +1.79 348.26 £ 2.87+£0.08

18.26
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S5 1125':32' * 124.26 £ 1.0915.18 + 0.4914.92 + 0.54845.92 + 16.56 0.16 + 0.01
S6  86.79+192 177.86+1.1 24.92 +0.5629.14 + 0.75812.99 + 11.01 1.89 + 0.05
124.26- 812.99-
Range 51.22-115.92 303.45 15.18-58.93 14.92-69.26 1356.02 0.07-2.87
Mean 74.95 200.42 31.68 35.5 1075.65 1.05
57 10;'113 * 259.98 +2.3112.44 + 0.28 9.64 = 0.24 401.35 +5.44 0.58 +0.02

S8 97.91+1.98 259.98 +2.1327.41 + 0.6226.69 + 0.68949.28 + 12.86 2.10 + 0.06
S9  59.41+1.80105.76 £ 0.62 9.66 £ 0.22 6.70 £0.16 324.17 +4.13 2.00 + 0.06
S10 60.13 +1.54 242.20 +1.5018.22 + 0.4113.49 + 0.33 597.77 + 8.10 1.07 + 0.03

1121.25 +
S11 87.11+1.81 31591 +2.0537.02 +0.8642.80 + 1.14 15.69 0.69 £ 0.02
120.25 +
512 372 276.49 +1.7223.97 + 0.5422.39 + 0.57 732.21 £9.92 2.09 = 0.06
160.18 =
513 299 292.74 +1.8224.95 + 0.5622.94 + 0.58 851.84 + 11.54 0.57 + 0.02
152.28 +
S14 1.98 596.26 + 3.8615.72 + 0.3514.23 + 0.36 354.92 +4.81 1.10 +£0.03
106.03 =
515 308.47 +1.8926.24 + 0.5727.11 + 0.67 824.09 + 10.732.12 = 0.06
Zone B 2.09
112.86 + 1237.67 +
S16 544 324.65 +1.6330.14 + 0.5432.92 + 0.67 13.28 0.41 +£0.01
517 95.43 +2.05 281.92 +2.0123.19 + 0.5822.84 + 0.65658.66 + 10.01 6.35 + 0.21
518 1521 563 " 503.49 + 2.6148.32 + 0.8857.07 + 1.19929.78 + 10.200.39 + 0.01
1309.66
S19  99.94 +1.64 251.54 +1.0743.49 + 0.6750.98 + 0.90 1211 0.14 +0.01
120.99 + 1086.02 +
520 154 190.07 + 0.7931.63 + 0.4832.23 + 0.56 10.04 2.10 £0.04
521 82.55+1.18 390.56 +2.5244.97 +1.0153.31 + 1.37 13;18729: *0.59+0.02
105.76- 324.17-
Range 59.41-160.18 506.26 9.66-48.32 6.70-57.07 1347 95 0.14-6.35
Mean  107.32 306.67 27.82 29.02 883.69 1.48
World Range 16-110 17-60 11-64 140-850
average Mean 35 35 30 400

The specific activity of 28U varied from 51.22 to 160.18 Bq kg in the 21 samples collected in the
two studied areas. For 26Ra a range between 105.76 and 596.26 Bq kg was found, 22Th varied from
9.66 to 58.93 Bq kg'and the specific activity concentration for 2Th ranged between 6.70 and 69.26 Bq
kg. The “K showed a range from 324.17 to 1356.02 Bq kg!. The anthropogenic radioisotope of 1¥Cs
presents a range between 0.07 and 6.35 Bq kg

Error! Reference source not found. also resents the range and mean of global activity
concentrations of ¥K, 228U, 26Ra, and 22Th according to UNSCEAR 2000 [4]. Comparing these values
with those showed in-zones A and B, it is observed that there is a high concentration of “K activity in
zone A. Unlike zone B, some sampled zones present low concentrations of K, and others have high
concentrations.

In the case of 28U (group A), almost all the activity concentrations are found above the
UNSCEAR global range, as did 26Ra (group C). However, 22Th (group F) is in the world range
reported by UNSCEAR.
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More recent specific activity data is shown in the UNSCEAR 2008 report Annex B, page 233,
paragraph 77 [27]. Current global average values are 33 Bq kg for 238U, 32 Bq kg for 226Ra, and 45 Bq
kg for 22Th. The mean value for #K, 412 Bq kg7, is also close to the previous value (400 Bq kg™).
Although average concentrations of natural radionuclides in soils are low, there is wide variation,
with reported levels of up to 1000 Bq kg for 28U, 360 Bq kg for 22Th, and 3200 Bq kg for K [27].

The activity concentration of K is widely distributed across the study area. The highest activity
concentration of natural radionuclides in soil was obtained from sample S6 in zone A, this area is
characterized by limestone. The study revealed a non-uniform distribution of these radionuclides
which is due to the geological variability of the area.

Error! Reference source not found. shows the average specific activity concentrations in various
places worldwide. It can be concluded that the four main natural radionuclides have very variable
activity concentrations from one place to another. In our samples, 28U, 226Ra, and “K are found in
high concentrations concerning the average shown in this table, but 22Th is within the average of this
same table.

Table 4. Average specific activity concentration of the radionuclides studied in this work and other

parts of the world [3].
»0 (Bqkg!) 2Ra(Bqkg!) 2Th(Bqkg!) %K (Bqkg?)
This work zone A 75 200 35 1076
This work zone B 107 307 28 884
Algeria 30 50 25 370
Egypt 37 17 18 320
Costa Rica 46 46 11 140
United states 35 40 35 370
China 33 32 41 440
Hong Kong 84 59 95 530
India 29 29 64 400
Japan 29 33 28 310
Kazakstan 37 35 60 300
Malaysia 66 67 82 310
Thailand 114 48 51 230
Armenia 46 51 30 360
Syrian Arab Republic 23 20 20 270
Norway 50 50 45 850
Ireland 37 60 26 350
Switzerland 40 40 25 370
Bulgaria 40 45 30 400
Hungary 29 33 28 370
Poland 26 26 21 410
Romania 32 32 38 490
Russian Federation 19 27 30 520
Slovakia 32 32 38 520
Croatia 110 54 45 490
Greece 25 25 21 360
Portugal 49 44 51 840
World average 40 37 36 369

3.2. Contamination assessment by radionuclides

The activity concentration of 226Ra, 22Th, and “K in soil samples varies significantly. The radius
equivalent (Raeq) is used to address this issue. The Raeq represents the activity of a sample in terms of
an equivalent amount of 26Ra [28]. This assumes that all radiation from other radionuclides in the
sample can be attributed to the presence of )Ra. The formula for Raeq considers the specific activities
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of 226Ra, #2Th, and “K in the soil sample. Raeq provides a more straightforward way to compare the
radiation levels of different soil samples despite their non-uniform distribution of radionuclides [29].

The average Raeq value of soil samples in Error! Reference source not found. was in many
samples above the internationally recommended limit of 370 Bq [29], and there are sites that double
this value. Thus, we conclude that there is a risk for the population in some places.

Table 5. Parameters obtained from the activity concentration of the samples from zones A and B.

Sampl  Raeq (D) E ELCR Hex Hin Ri
e Bq kg nGyh? mSvy! mSv mSv y! mSvy?! nGy h?!
S1 275.23 134.69 0.16 0.00065 0744 1191 0.76

52 422.70 201.28 0.25 0.00100 1.142  1.845 1.18
Zone A S3 295.01 141.70 0.17 0.00070 0.797  1.260 0.82
S4 491.53 232.01 0.28 0.00115 1.328  2.148 1.37
S5 211.11 101.85 0.12 0.00050 0.570  0.906 0.59
56 276.10 131.13 0.16 0.00065 0.113  0.113 0.77
211.11- 101.85- 0.0005-
Range 491,53 23201 0.12-0.28 0.0012 0.11-1.330.11-2.150.59-1.37
Mean  328.61 157.11 0.19 0.0008 0.78 1.24 0.92

57 409.54 190.96 0.23 0.00095 1107 2.082 1.10
S8 443.37 209.10 0.26 0.00104 1.198  2.093 1.21
S9 144.54 68.22 0.08 0.00034 0391 0.676 0.39
510 314.28 147.83 0.18 0.00073 0.849 1.504 0.85
511 455.18 215.07 0.26 0.00107 1230 2.084 1.26
512 367.14 172.75 0.21 0.00086 0992  1.739 1.00
513 393.86 185.77 0.23 0.00092 1.064 1.855 1.07
ZoneB S14 646.07 299.77 0.37 0.00149 1.746  3.358 1.73
515 409.45 192.73 0.24 0.00096 1.106  1.940 1.12
516 463.06 219.81 0.27 0.00109 1251  2.129 1.28
517 365.80 171.72 0.21 0.00085 0.988  1.750 1.00
518 644.18 300.57 0.37 0.00147 1.741  3.101 1.76
519 414.57 197.09 0.24 0.00098 1.120  1.800 1.16
520 318.92 152.20 0.19 0.00076 0.862 1.375 0.88
521 558.67 263.81 0.32 0.00131 1.509  2.565 1.55

144.54- 0.0003-
Range 646.07 68.22-300.570.08-0.37 0.0015 0.39-1.750.68-3.360.39-1.76
Mean  423.24 199.16 0.24 0.001 1.14 2.00 1.16

Most samples from zone A and B have an outdoor gamma exposure dose value (D) above 100
nGy h-l. According to UNSCEAR, the average outdoor gamma exposure dose is calculated at 54 nGy
h1[27].

All samples from both areas present an effective dose ratio (E) below or within the normal range
according to UNSCEAR [27] from 0.3 to 1.0 mSv y-'. Average worldwide exposure to natural radiation
sources is 2.4, ranging from 1 to 10 mSv y' (UNSCEAR 2000) [4]. According to the values obtained
from the annual effective dose from natural radionuclides shown in Table 5, it is low for the
population.

Long-term exposure to radiation could have some risks of causing cancer. This implies that every
individual has a risk of getting cancer at a time in his lifetime. The world’s average ELCR per 100 000
people is 2.9 x10 [11] and in Error! Reference source not found. ELCR values are above this value
in all the studied samples.
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Figure 3. The values of the parameters obtained from zones A and B are shown. The units for the
graphed parameters are radius equivalent Bq kg, absorbed dose nGy h, effective dose ratio mSv y-
1, lifetime excess cancer risk mSv, external risk mSv y*!, internal risk mSv y*!, radioactivity index nGy
h-1. Graphs a) and b) correspond to the data obtained from the six samples of zone A. Graphs c) and

d) are the results of the 14 samples of zone B .

The radiation index Ri was close to 1 in all samples from zone A, but in zone B the value was
slightly higher than 1, which implies that there is a little more risk of irradiation in zone B.

The average of the external risk index Hex in zone A is less than 1, but there are 2 samples that
exceed 1, and the average of Hex in zone B exceeds the value of 1. The average of the internal risk
index Hin exceeds the value of 1 in zone A, while the average of Hi» in zone B is equal to 2.

3.3. Chemical and structural characterization

The results of the chemical analysis of the major elements by XRF are shown in Error! Reference
source not found.. In sampling points located in zone A (Error! Reference source not found.), the
major elements are Si, Fe, Al, and Ca, which are elements normally found in soils with average values
corresponding to 20 %, 6.5 %, 6.2 % and 3.8 %, respectively. K and S are also found in high
concentrations with average values of 1.6 % and 1.5 %, respectively. These elements are not normally
found in such high concentration in soils.

Table 6. pH and concentration of major elements (%) obtained by XRF belonging to zones A and B.

Sample pH pH . .
Id Water  CaCla Si S Fe Ca Al Mg Na K Ti P
Zone A S1 3.4 3.4 23 43 37 26 21 073 - 0.64 0.06 0.02
S2 8.3 7.9 19 032 81 09 86 1.1 039 2.2 0.71 0.07
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S3 7.5 5.1 21 015 31 63 6.2 049 0.70 2.2 0.34 0.29
S4 9.6 9.2 22 0.057 46 05 9.1 095054 24 046 0.11
S5 4.8 4.5 25 13 23 15 8.0 0.67 025 1.5 0.14 0.27
S6 8.3 7.7 11 28 17 11 29 040 042 0.52 0.12 -
Mean 7 6.3 20.16 1.48 6.46 3.8 6.15 0.72 0.46 1.57 0.3 0.15
S7 7.2 6.9 66 74 19 15 1.0 0.20 0.10 0.27 0.05 0.04
S8 7.8 74 93 31 15 20 0.7 0.38 0.07 0.12 0.04 0.03
S9 7.8 7.4 87 31 15 19 0.7 029 - 0.10 0.04 0.02
S10 7.3 7.2 76 59 21 14 11 024 - 0.23 0.06 0.05
S11 8.3 7.6 16 40 80 67 54 0.7 068 1.8 0.27 0.18
S12 6.9 6.7 16 17 12 52 59 0.39 0.27 0.70 0.30 0.22
S13 7.5 7.7 11 19 14 18 1.4 045 0.23 033 0.05 -
Zone B S14 7.6 7.3 93 046 78 27 04 055 - 048 0.02 0.01
S15 79 72 10 046 86 24 06 047 - 0.13 0.03 0.01
S16 8.4 8.0 10 0.083 34 25 35 045014 16 026 -
517 8.3 7.7 32 0.036 1.0 40 1.1 0.750.11 0.14 0.08 0.04
S18 8.2 7.8 44 011 30 35 1.3 0350.09039 - 0.08
S19 8.1 7.7 88 011 33 27 2.8 0.550.13 0.86 0.21 0.09
S20 8.1 7.6 88 012 31 26 26 043 0.18 1.0 0.21 0.10
S21 8.3 7.7 22 025 51 10 92 19 022 2.8 0.54 0.08

Mean 7.84 746 10.11 1.91 9.28 20.19 2.51 0.54 0.2 0.73 0.15 0.07

The results for zone B (Error! Reference source not found.) also show Si, Fe, Ca and Al
concentrations associated with major elements found in common soils. However, in this case, Ca
concentration is higher than Si concentration, which is normally the major element in natural soils.
Calcareous soils often contain more than 15% CaCQO:s in the soil, which can occur in different forms
(powdery, nodules, crusts etc.). Soils with a high CaCOs content belong to the WRB group of Calcisols
and related calcareous subgroups. They are found in arid areas of the earth, such as a part of the
territory of the State of Zacatecas. Calcareous soils often suffer from micronutrient deficiencies,
especially zinc and iron. It can be seen from Error! Reference source not found.: as Ca content
increases, Fe content decreases. In this case, high concentrations of the elements S and K are also
found.

Error! Reference source not found. show the results obtained by the ICP-OES and ICP-MS
techniques in mg kg for heavy metals present in the collected samples.

Table 7. Concentration of heavy metals obtained by ICP-MS belonging to zones A and B (mg kg-1)
and total reference concentrations by soil type [30].

S "’“I'(‘iple As cd Cr Ni Pb Se Tl U Th
s1 180.08+ 5.20+ 24.44 + 1822+ 533.74 + 2.65 + 120+ 072+ 0.80 + 012
0.55 0.65 0.21 0.14 3.00 0.06 0.15 0.10
s 169.78+ 054+ 111.61+ 4123+ 1465.76+ 1.98 + 3.20 + 1.10+ 023+ 0.02
0.43 0.39 0.28 0.08 3.20 0.03 0.21 0.07
3 58.39 + 0.15+ 43.51 + 1413+ 16292 + 246 + 114+ 139+ 1.85 +0.20
Zone A 0.16 0.22 0.07 0.03 0.32 0.02 0.12 0.18
60.31 + 0.08 = 6031+ 2457+ 124.08 + 0.55 + 085+ 080«
S4 0.17 +0.01
0.28 0.11 0.28 0.05 0.36 0.01 0.10 0.10
S5 82.27 + 0.17 = 28.61 + 11.71+ 101.26 + 1.21 + 140+ 192+ 110+0.14
0.29 0.24 0.20 0.10 0.74 0.04 0.13 0.25
S6 23.01 + 258+ 14941+ 5853+ 0234015 141+ 150+ 146+ 1.21 +

0.11 0.14 1.3 0.45 0.02 0.07 0.07 0.007



https://doi.org/10.20944/preprints202410.1265.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 October 2024 d0i:10.20944/preprints202410.1265.v1

14

23.01- 2444-  11.71-
Range o0 008520 N0 LT 0231465 055265 0.85-320072-192 0.17-185
Mean  90.22 145  69.65  28.06 398 171 155 123 0.89
517.05 + 1412+ 2151+ 76840+ 1458+ 098+ 668+
57 1 918 g0y 0.03 2.60 015 012 105 02+003
20037+ 029+ 2097 + 765+ 029+ 537+ 003+
58 11 017 /89x005 40y 87AME0TL e 003 071 0.005
47647+ 035+ 1245+ 10314+ 543+ 023+ 431+ 001+
> 2.0 013 /28003 0.24 011 001 019 0002
45719+ 030+ 1327 + 564+ 020+ 455+ 0003+
510 2.0 013 OBEO0 405 BA22039 00 001 031 0.001
21973+ 029+ 27+ 12390+ 991+ 036+ 523+ 002+
St 03 016 O13£005 40 051 019 002 045 0002
18321+ 0.18+ 14.50 + 8.88 + 5.10 + 0.95 + 3.62 +
512 0.6 0.24 0.06 004 DMEOD ol 017 o 034067
13541+ 009+ 1312+ 991+ 336+ 035+ 2954
S13 0.7 0.04 0.06 006 222*0I5 00 g1 oo 3P0*0®
19933+ 0.09+ 10.98 + 405+ 026+ 371+ 001+
Zone B S14 14 004 017005 i, 90932046 00 001 030 0.002
039 + 211+ 22419+ 112+ 014+ 243+ 0003+
S15 4425401 o, 1782001 )0 1.01 004 001 008  0.001
34074+ 063+ 193+ 34583+ 722+ 017+ 303+ 0003+
516 37 024 277003400 408 006 001 015 0001
21777+ 612+ 2192+ 1637+ 332+ 485+ 304+ 1.050+
517 16 0.42 0.18 011 #3304 033 023 0008
5198+ 237+ 528+ 153+ 025+ 105+ 0170
518 0.28 008 62003 5 08060 00 b0 005 0.001
18249+ 557+ 13.09 + 13.78 + 2.70 + 0.59 + 226+ 0.390 +
519 13 0.41 0.13 014 2BE26Ea0c 004 016 0.003
14125+ 409+ 1395+ 1236+ 264+ 126+ 185+ 0970+
520 05 0.29 0.07 006 BEO8L o0 007 013 0.004
15387+ 536+ 1394+ 13.15+ 270+ 357+ 185+ 0.620+
521 1.0 0.29 0.08 007 IB*232 403 015 011 0.004
Range 4435177 0161 17219 19273 08768 11146 0148 1167 0.003-350
Mean  234.7 1.8 10.2 12.7 126 5.1 096 35 0.70
Agricultural/
residential/ Mean 22 37 280 1600 400 390 5.2
commercial use
Industrial use Mean 260 450 510 20000 800 5100 67

According to the official Mexican standard NOM-147-SEMARNAT/SSA-2004 [30] Error!
Reference source not found., there would be an average concentration of As higher than that
permitted for soil for residential use, but for soil for industrial use, the average concentration of As is
within the allowed values. According to this official standard, the average concentrations of Cd, Cr,
Ni, Pb, Se and Tl are within the values permitted for residential use.

Error! Reference source not found. show the crystalline phases identified in zone A. The
compound common to all of them is S5iO: (mostly quartz). In some of the samples Fe2Os and CaCO:s
are also present. The silicates present are those normally found in association with quartz, i.e. albite,
muscovite, and orthoclase. Other compounds found are CaF: in S1 sample and CaSOs in S6 sample.

Table 8. Crystalline characterization of zones A and B samples.

SampleId Oxides Carbonates Silicates Hydroxides Other compounds
Zone A S1 SiOz, Fe20s CaCOs LiAISiOa CaF:
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KAISisOs
Na(AlSisOs)
Naos(Al,Mg)25isO10(OH)2.H20
CaAl:Si20s4H20
K(Al,Fe)Si2Os
Ca0.8850.12A11.77512.230s
KAISisOs
Naos(Al,Mg)25i4O10(OH)2.H20

S2 Si0O2, Fe20s

S3 5102 CaCOs

(Nao9sCao.02)(Al1.025i2980s)
K(ALsSi20s(OH)s)
K4AlsSi120s2
KAISizOs
KAILSisAlO10(OH)2
CasFe1ss8(5104)3
S6 SiO2, Fe20s CaCOs KAISisOs CaSOxs
Cao.s850.12Al1.77512230s
CasFe1.83(5104)3
K(Al Fe)Si2Os
S8 SiO, Fex0s CaCOs CasFe1.83(S104)3 CaSOu
S9 SiOz, Fe20s CaCOs CasFe1.83(5104)3 CaSOu
510 510z, Fe20s CaCO:s CasFe1.s3(5104)3 CaSOs
K(Al Fe)Si2Os
S11 SiOz, Fex0s CaCOs CasFe1.83(S104)3 CaSOu
(Na,Ca)Al(Si,Al)sOs
K(Al Fe)Si2Os
Cas(Al. s325Feo. 6675)Si3On2
CasFe1.83(5104)3
Cao.8850.12Al11.77512.230s
S14 SiOz, Fe20s CaCOs CasFe1.83(5104)3
515 510z, Fe20s CaCO:s CasFe1.s3(5104)3
K(Al Fe)Si2Os
KAILSisAlO10(OH)2
. Mg Al5(Si Al)sO20(OH)8H-0
Zone B 516 SI0: Cacos e C22045350.12211477552.2302
K(AISisOs)
CasAlz(SiOs)2(OH)4
CasAl2SiOs
CaMgs(5i04)3
CasAl2(SiO4)2(OH)4
518 5i0:2 CaCOs CaAl25i20s Fe(OH)s
K(AISisOs)
Caz.964(Al1.026F€0.974) Si2.979011.844(OH )o.156
519 510z CaCO:s KAIls(Si Al)sO10(OH)4H20
Cao:s8S012Al1.77 512.230s
Ca0.885012A11.775i2.230s
KAIl4(Si Al)sO10(OH)4H20
Caz.964(Al1.026F€0.974) Si2.979011.844(OH )o.156
Ca2AlSi0s(OH):2
KAILSizAlO10(OH):2
521 Si0:2 ALSi205(OH)4
CaAlzSi7O1s.7.5H20

S4 SiO2

S5 Si0Oz, Fex03 CaCOs

57 Si0Oz, Fe20s CaCOs CaSOs

S12 SiOz, Fe20s CaCOs CaS0Oxs

513 5i0z, Fe20s CaCOs CaSOs4

S17 SiO2 CaCOs

520 5i0: CaCOs
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(Mg Fe Al)sSi Al)sO10(OH)s
KAISisOs

The crystalline phases identified in zone B are also shown in Error! Reference source not found..
In this case, in most of the samples CaCO:s is present, corroborating XRF results. This phase is
representative of arid soils as those found in this sampling zone. SiOz2and Fe20s phases are typically
found in soil samples. Some of the samples present CaSOs (anhydrite) that could be natural or
added to the soil (as gypsum). CaSOs addition is considered as a good initial procedure to prepare a
non-arable soil, as it allows the permeability of the soil to last for several years, helping fertilizers
applied on the surface to penetrate more. The silicate phases present are those normally found in
association with quartz, i.e. albite, muscovite, and orthoclase as in zone A.

3.4. Contamination assessment by heavy metal

Enrichment factors (EF) are summarized in Error! Reference source not found.. Only samples
S1 and 516 to S21 have severe As enrichment (EF=10-25) and S2 for Pb. A large number of samples
(52, 55,57, 59, 510 and S12) reflect a moderately severe As enrichment (EF=5-10). Other elements also
present moderately severe enrichment: S1, S17-519, S21 for Cd; S1 for Pb; S3, S7, 516-521 for Se; S17
and 521 for TL It is also worth noting those samples with moderate enrichment (EF=3-5): S3 and S14
for As; 520 for Cd; S1, S5, S11 and S12 for Se.

Table 9. Enrichment factor (EF) of zones A and B.

SampleId As Cd Cr Ni Pb Se Tl U Th

S1 1271 551 029 028 807 468 141 028 0.08
52 547 026 060 029 1013 1.60 1.72 020 0.01
Zone A S3 492 019 061 026 294 518 16 065 0.22
54 158 0.07 057 031 151 078 0.8 025 0.01
S5 934 029 054 029 246 342 266 121 0.18
S6 118 198 128 0.66 000 181 128 041 0.09
57 794 032 004 0.07 253 560 025 057 0.01
58 275 006 002 006 026 263 007 041 <0.01
S9 83 009 0.02 005 038 237 007 042 <0.01
510 796 008 0.02 005 037 245 006 044 <0.01
511 273 005 002 007 033 3.08 008 036 <0.01
512 598 009 008 006 042 416 052 066 0.16
513 295 003 005 005 011 183 013 036 0.11
Zone B 514 372 003 002 005 020 189 0.08 038 <0.01
515 148 020 0.01 002 161 094 008 045 <0.01
516 1035 029 001 0.01 225 548 0.09 051 <0.01
517 1673 705 028 028 007 638 621 130 0.12
518 1358 929 033 030 005 997 1.08 153 0.06
519 1589 727 019 026 005 588 085 1.09 0.05
520 11.18 486 018 022 003 522 166 081 0.11
521 1296 6.78 020 024 006 568 501 0.87 0.08

The most critical element is As. EFs for As indicate that all samples are enriched in As, from
minor to severe enrichment (S1 in zone A and S16-521 in zone B). It is clear that this element has high
natural concentration, and given this is easy to mobilize, it is enriched in many areas due to the
antropogenic activity. Only sample S1 from zone A presents a moderate to severe EF for Cd, however
in zone B, samples 517-521 also present a moderate to severe EF for Cd. These last samples are from
undisturbed soil, except for sample 21, which is mine waste. This fact indicates that Cd is present in
high natural concentrations in zone B. Cr is minor enriched in sample 56, belonging to zone A, but it
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does not represent a risk. Ni, U, and Th show a lower EF, so it is concluded that there is no enrichment
of these elements in both areas. In the case of Pb, samples S1 and S2 from zone A present from
moderate to severe EF, both samples being mine waste. However, in zone B all the samples indicate
no enrichment or minor enrichment of Pb. With respect to Se, only EFs for S4 and S15 indicate no
enrichment, the rest have EF that state from minor to moderately severe enrichment in both zones. It
can be concluded that, as in the case of As, the area has high concentrations of Se. In fact, sample S3,
which is the most enriched sample in zone A, is an undisturbed soil. In zone B among the samples
with moderately severe enrichment are S16 to 20 which are undisturbed soils and 57 and 521 which
are from mine tailings. Finally, there are only two samples, 517 and S21 from zone B, that contain a
moderate to severe EF of TL

The results of the Geoaccumulation Index (Ig0) obtained are shown in Error! Reference source
not found.. Samples S1, S2, S3 and S5 from zone A and almost all samples from zone B are from
moderately to heavily As contaminated. No samples from both areas present a significant level of

geoaccumulation of Cd, Ni, TI, U, and Th. In addition, in Error! Reference source not
found. it is observed that Pb has a moderate to heavy contamination in samples S1
and S2 from zone A, and in S7 from zone B, and in a moderately contaminated in
S15 and 516. In addition, almost all samples from zone A and B show a moderate to
heavy Se contamination.

Table 10. Geoaccumulation index (Igeo) of zones A and B.

Sampleld As Cd Cr Ni Pb Se Tl U Th
S1 300 179 -247 -249 235 156 -017 -249 -4.30
S2 292 -148 -027 -131 380 114 124 -1.89 -6.08
S3 138 -332 -1.63 -285 0.63 145 -024 -155 -3.09
S4 031 -417 -116 -205 024 -072 -0.67 -234 -6.55
S5 187 -313 -224 -312 -0.05 042 006 -1.08 -3.84
S6 003 078 015 -0.80 -881 065 015 -147 -3.70
S7 452 -0.11 -326 -225 287 | 402 -046 072 -584
S8 315 -2.35 -410 -228 -026 | 3.09 -220 041 -9.01
S9 440 -210 -421 -3.03 -0.03 259 -255 0.09 -10.61

S10 434 -234 -450 -294 -009 265 -278 0.17 -1242
S11 329 -238 -405 -190 024 | 346 -1.89 037 -934
S12 3.03 -3.04 -322 -352 -0.82 250 -0.51 -0.16 -2.24
S13 259 -409 -336 -336 -222 190 -195 -046 -2.17
Zone B S14 315 -399 -445 -322 -1.04 217 -238 -0.12 -10.15
S15 098 -193 -624 -560 1.09 031 -331 -0.74 -13.94
S16 392 -126 -5.60 -572 172  3.00 -298 -042 -12.59
517 327 203 -262 -264 -459 188 184 -042 -391
S18 121 066 -415 -427 -699 076 -244 -195 -6.51
S19 3.02 189 -337 -289 -534 159 -1.20 -0.84 -534
520 265 145 -327 -3.05 -580 155 -0.10 -1.13 -4.02
S21 277 184 -327 -296 -502 158 140 -1.13 -4.66

Zone A

The results of the contamination factor (CF) are presented in Error! Reference source not found..
Considering this parameter, it is observed that there is a great As contamination in both areas. Only
some samples present a CF less than 3, which would mean a moderate to none contamination level.
The Cd contamination is limited. Only some samples, such as S1 from zone A and S17 to 521 from
zone B, present substantial Cd contamination. Samples S1 and S2 from zone A and samples S7, S15,
and 516 show from extreme to strong Pb contamination. Most samples from zones A and B have very
strong Se contamination; only sample S4 from zone A does not present Se contamination. Sample S2
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from zone A and samples S17 and S21 from zone B present moderately strong to extremely strong Tl
contamination. In zone A, no U contamination is found, but in zone B, we have sample S7 that has
moderate. The rest of the heavy metals analyzed do not present significant contamination.

Table 11. Contamination factor (CF) of zones A and B.

Sampleld As Cd Cr Ni Pb Se Tl U Th

S1 1201 52 027 027 7.62 442 133 027 0.08
52 11.32 054 124 061 2094 330 355 041 0.02
Zone A S3 389 015 048 021 233 410 127 051 0.18
54 1.85 0.08 067 036 177 091 094 030 0.02
S5 548 0.17 032 017 145 201 156 071 0.10
S6 153 258 1.66 0.86 <0 235 167 054 0.12
57 3447 139 016 032 1098 2430 1.09 248 0.03
S8 13.36 029 009 031 125 1274 033 199 <0
S9 3176 035 008 0.18 147 9.06 026 160 <0
510 3048 030 007 020 141 940 022 168 <0
511 1465 029 0.09 040 177 1652 040 194 <0
512 1221 018 016 013 085 850 106 134 0.32
513 9.03 009 015 015 032 560 039 1.09 033
Zone B S14 1329 0.09 0.07 016 073 675 029 138 <0
515 295 039 002 003 320 187 015 090 <0

516 2272 063 003 003 494 1203 019 112 <0
517 1452 612 024 024 0.06 554 539 112 0.10

518 347 237 008 0.08 001 254 028 039 0.02
519 12.17 557 015 02 0.04 451 065 084 0.04
520 942 409 015 018 0.03 440 140 0.69 0.09

521 10.26 536 0.15 019 0.05 449 397 0.68 0.06

4. Conclusions

The concentrations of radionuclides and heavy metals were measured in soils from two mining
areas in Zacatecas, Mexico. The specific activity concentrations for 28U in zones A (near the city of
Zacatecas) and B (near the city of Concepcion del Oro) was within the world range proposed by
UNSCEAR but is much higher than the world average. The concentration of 226Ra activity is very high
in both areas, exceeding the maximum value (60 Bq kg') recommended by UNSCEAR [4]. Several
samples from both areas show a concentration above the maximum limit for K, and the total average
is also high. The activity concentration of 22Th is within the UNSCEAR range from 11 to 64 Bq kg

The recommended limit for radium equivalent activity Raeq is 370 Bg; sites that exceed that value
were found, indicating a risk for the population in some places. The absorbed dose (D) value of 54
nGy h is exceeded in almost all samples. The effective dose rate (E) is within the normal range,
according to UNSCEAR [27]. The excess lifetime cancer risk (ELCR) presents a higher risk than the
world average in both sampled areas. The average radioactivity index R;, the average external risk
index Hex, and the average internal risk index Hin exceed the value of 1, presenting a greater risk to
health by radiation.

Major components found in all samples comprises Si, Fe, Al, and Ca, but in zone B, the
concentration of Ca, which is normally the major element in natural soils, is higher than that of Si.
This fact is characteristics of calcareous soils present in arid areas, such as part of the territory of
Zacatecas.

According to the official Mexican standard NOM-147-SEMARNAT/SSA-2004, the average
concentration of As in soils for residential use is higher than allowed, and the average concentration
of Pb is within the permitted, in both zones.

Some areas have a severe Enrichment Factor for As and Pb. Some sites show anthropogenic As
enrichment. Se is found in high concentrations in both undisturbed soil and mine tailings in both
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areas. Cd is also present in some samples from both zones, but especially in zone B, which indicates
that Cd is found in high natural concentrations. Cr, Ni, U, and Th have a low enrichment factor.

The Geoaccumulation Index indicates that some samples from zone A and almost all samples
from zone B have moderate to heavy contamination of As. Pb is only in strong geoaccumulation in

two samples from zone A and one sample from zone B. This index for Se is moderately to heavily
contaminated in almost all samples from both areas. Important contaminations by Cd, Ni, Tl, U, and
Th were not found in any sample.

Considering the Contamination Factor, it is observed that both areas are highly contaminated
by As. Most samples from zones A and B have very strong Se contamination (high EF, Igeo, and CF
values); this agrees with the fact that Se is found in high natural concentrations in this region of
Mexico. Some samples from both areas present strong contamination by Pb. The other analyzed
elements do not present excessive contamination.

This study seeks to evaluate the concentrations of radionuclides and heavy metals to propose
future solutions for mitigate their effects, which will benefit the population and their ecosystems.
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