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Mining activities can release large amounts of potentially toxic elements (PTE) and radionuclides in
an uncontrolled manner, causing environmental contamination. This work looks at the PTE and ra-
dionuclide levels in Huancavelica, a Peruvian Andean city where the ancient mercury mine Santa
Barbara operated for about five centuries, from 1573 to 1970. Although the mine closed in 1970,
reports indicate that PTE contamination persists. Five representative soil samples were collected
from the north, south, east and west sides of the city near the Huancavelica River. The samples
were analyzed by X-ray fluorescence spectroscopy (XRF), Inductively Coupled Plasma — Mass Spec-
troscopy (ICP-MS) and Gamma Spectroscopy. High contamination levels of As, Cd, Pb, Zn, Ni and Cu,
while low levels of Hg and Cr were found compared to the local and international standards. The
highest concentration Ni (184.3 mg kg™), Cu (1223 mg kg, Zn (1526 mg kg™), Cd (11.41 mg kg*) and
Hg (6.2 mg kg) were found in Yananaco, the district closest to the mine. This area also showed the
presence of calcite. In addition, the specific activities of the three naturally occurring radioactive
materials (NORM) varied: ?2Ra from 38.0 to 137.3 Bq kg, #*2Th from 40.1 to 50.5 Bq kg, and “°K
from 505.5 to 793.3 Bq kg'. The average absorbed dose rate (D) for the samples was 85.9 nGy/h,
which is 1.7 times higher than the global average. Similarly, the average Annual Effective Dose (E)
was 0.105 mSv/y, 1.5 times higher than the world average. Furthermore, the data reveal strong posi-
tive Pearson correlations for Hg-Ni pairs (0.981) and ??°Ra-**2Th (0.960). Negative correlations were
found for ?Ra-As pairs (-0.984) and 2*Th-As (-0.962). These results indicate that historical mercury
extraction activities increased exposure of PTE and NORM in Huancavelica. This contamination
remains in areas near the abandoned mine today.
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1. Introduction ly through mineral degradation, volcanic eruptions, and evap-

oration from land and water, among other ways (Bishop, 2020).

Potentially toxic elements (PTE) are released from soils ei-
ther naturally (e.g., through erosion) or anthropogenically (e.g.,
mining activities). Environmental and biological samples have
often the highest concentration close to mines, with levels de-
creasing as distance increases (Puga et al., 2006; Hunter et al.,
2024). In the case of mercury (Hg), its exposition occurs natural-

Natural mercury mainly occurs in the form of cinnabar (HgS),
originated from hydrothermal mineralisation processes asso-
ciated to volcanic activity (Steinnes, 1995; Kabata et al., 2007).
Whereas, the main sources of anthropogenic contamination
with Hg results from mining, smelting of minerals, combustion
of fossil fuels, waste incineration and the industrial production
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of sodium hydroxide and chloride. Trace amounts also come
from fertilisers used in agriculture (Steinnes, 1995; Dev Singh
et al,, 2023). It is also well known that Hg does not degrade in
the environment. It can move easily due to its high volatility
and be transported within air masses over very long distances
(Torres et al., 2022; Dev Singh et al., 2023). Its volatilization to
the air occurs in the form of Hg® (Gworek et al., 2020). Typically,
the background concentration of Hg in soil ranges from 0.03 to
0.1 mg kg, with an average value of 0.06 mg kg™ (Gworek et
al., 2020). In rural soils, total Hg concentrations vary from 0.07
to 1.22 mg kg, with a mean value of 0.13 mg kg. Urban soils
show higher total concentrations, ranging from 0.07 to 1.53 mg
kg, with a mean of 0.35 mg kg! (Wang et al,, 2012; Agency,
2007; Li et al.,, 2018). Soils with Hg levels 2- to 4 times higher
than background values are considered contaminated (Agen-
cy, 2007; Wang et al.,, 2012; Li et al.,, 2018; Gworek et al., 2020).
According to the Land Use and Coverage Area frame Survey
(LUCAS) program from the European Commission, the average
Hg concentration in over 23,000 topsoil samples (upper 20 cm)
collected across Europe is 0.04 mg kg™, with a range of 0 to 159
mg kg™ (Téth et al,, 2016). The natural/background Hg levels in
other parts of the world are similar, such as 0.08 mg kg™ in Bra-
zil (Lima et al., 2015), 0.05 mg kg in India (Sharma et al, 2015),
0.23 mg kg in New Zealand (Taylor, 2015), 0.11 mg kg in the
Norwegian Arctic (Halbach et al., 2017) and 0.4 mg kg in Paris
(Bailey et al., 2002).

The highest levels of Hg are found in soils nearby Hg mines.
For example, Almaden, Spain, has a Hg concentration of 83889
mg kg™ from its 2000 years-old operating mine (Higueras et al,,
2003). In Indrija, Slovenia, a mine that has operated for 500 years
shows up to 2759 mg kg of Hg concentration (Gnamus et al.,
2000; Gosar et al., 2006). In Alaska Paris, the Hg concentration
reaches 5326 mg kg (Bailey et al., 2002). In contrast, non-mining
areas report much lower results. For example, soil from Chang-
chun, China, has a median Hg concentration of 0.018 mg kg™,
ranging from 0.012 to 0.036 mg kg (Cheng et al., 2014). Oslo,
Norway, shows a median of 0.06 mg kg™, with a range of 0.01to
2.3 mg kg (Tijhuis et al., 2002). The highest median value con-
centrations in non-mining areas have been reported in Palermo,
Italy, with 1.85 mg kg™ (range: 0.004-2.61 mg kg!) (Manta et al.,
2002), and Glasgow, Scotland, with 1.2 mg kg™ (range: 0.312-5.2
mg kg) (Rodrigues et al.,, 2006).

In addition to PTE, mining activities also release natural ra-
dioactivity (Hamlat et al., 2001; Al-Saleh el al., 2008; Gazineu et
al., 2008; Adukpo et al., 2010; Matisoff et al., 2011; Choudhury et
al.,, 2022; Choudhury et al,, 2022). Metallic ores contain transi-
tion metals for industry, but also naturally occurring radioactive
materials (NORM). These include uranium, thorium, and their
radioactive progenies like radium and radon gas (Douglas et al,,
2023). NORM can be found not only in uranium mines but may
also in mines for non-radioactive ores (Liu et al., 2021). For ex-
ample, they are present in gold mining (Choudhury et al., 2022;
Atibu et al, 2022; Moshupya et al., 2022; Mohuba et al., 2022),
metal mines in the copper belt (Matisoff et al., 2011; Rollog et
al., 2020), zinc mining (Parmaksiz et al., 2023), phosphate rock
mining (Al-Saleh et al., 2008), potassium salt mining (Perevosh-
chikov et al., 2022), and coal mining (Gazineu et al., 2008; Kim et
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al., 2011; Galhardi et al., 2017). There is not much information
about the release of radionuclides nearby Hg mines.

The Huancavelica Region sits at 3,600 meters above sea
level (m a.s.l) in the central Andes of Peru. For about 500 years,
one of the main activities there was the mining of mercury.
The Santa Barbara mercury mine was found and exploited by
the Spanish Crown in 1573 (Robins, 2011). From 1564 to 1810,
around 17,000 metric tons of Hg vapor were released into the
environment (Robins, 2011). The mine closed in 1970 and is now
abandoned. Today, the main economic activity in Huancavelica
is agriculture, focusing on barley, wheat, corn, peas, bean, po-
tato, opuntia, alfalfa, among others (MIDAGRI, 2009). The region
is crossed by the Ichu River from South-West to North-East, cov-
ering an area of 1383.82 km? to discharge on the Mantaro river
in the Junin Region. Whereas, the capital of the region is Huan-
cavelica City, which is crossed by the river from West to East
(Ayala, 2020) (Fig. 1).

Hagan et al. (2014) evaluated the residential Hg contami-
nation in Huancavelica City by simulated gastric fluid (GI) ex-
tractions and sequential selective extractions (SEEs) analysis of
powder from adobe bricks and dirt floors. The authors surveyed
four different areas in the city: Santa Ana, Ascencion, Yananaco
and San Cristobal (Hagan et al., 2015). They reported total mer-
cury concentrations in adobe bricks ranging from 8.00 to 1070
mg kg and in dirt floors from 3.06 to 926 mg kg'. There were
significant differences between the four neighbourhood. These
values exceed the Peruvian permissible standards for agricul-
tural and residential soils, which is 6.6 mg kg (MINAM, 2017).
This means that people in Huancavelica are exposed to Hg lev-
els higher than what is safe for humans (1 to 13 mg) (Ramirez,
2008). High level of Hg in the organism can damage the kidneys,
stomach, lungs and the central nervous system (CNS) (Gaioli et
al,, 2012). Based on the extensive work performed on more than
forty samples by Hagan et al. (2014) and Robins (2011), the pres-
ent study discusses the presence of both PTE and NORM in rep-
resentative soil samples from the same areas.

Potential toxic elements and radionuclides in the soil can
be absorbed by local plants. Animals consume these plants, al-
lowing toxins to enter the food chain. This can harm the health
of the local population. Therefore, assessing the levels of PTE
and radionuclides in the area city is crucial. This is the objective
of the present work, with an additional attempt to find a rela-
tionship between potential toxic elements, radionuclide activity
and past mercury mining activity.

2. Materials and methods
2.1. Sample collection and preparation

The collection sites were decided following the previous as-
sessment reported by Hagan et al. (Hagan, 2014). Hagan et al.
surveyed the soil samples collected from four neighborhoods
in Huancavelica City (Hagan, 2014): Santa Ana, Asencion, Ya-
nanaco and San Cristobal. The present work also includes the
Quintanilla Pampa District. The sites of collection chosen for this
research are semi-urbans areas with a recent agricultural past
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Fig. 1. Map of Huancavelica. The red points represent the sites of sample collection. The samples are labelled as M1 (collected from Quintanilla Pampa),
M2 (collected from San Cristébal), M3 (Yananaco), M4 (Santa Barbara) and M5 (Asencion)

(Fig. 1). Approximately 2 kg of soils was taken from the surface
(5 cm deep) of each site (5 sites in total), placed in sterilized zip-
lock bags, sealed, labelled, stored at 20°C and transported to the
laboratory. Some photos taken during samples collection are
presented in Fig. 1S in the Supplementary materials. The points
of collection and initial details of the samples are also given in
Table 1S in the Supplementary materials. Further characteristics
of the samples, such as morphology and mineralogical composi-
tion are described in detail by Castillo et al. (2022). In the labora-
tory, the samples were dried in air to reduce humidity. For the
gamma spectroscopy measurements, the samples were sieved at
200 pm to eliminate stones, followed by drying in an oven at
a temperature between 105-110°C for 24 h. The samples were
then weighed, placed in Petri dishes, sealed to finally leave them
between 20 to 30 days to obtain the radioactive secular equilib-
rium. (Baeza et al., 2003; IAEA, 2012; ISO, 2015; ISO, 2019).

2.2. Analytical methods

2.2.1. X-ray fluorescence analysis

The X-ray fluorescence (XRF) measurements were per-
formed in a BRUKER brand total reflection X-ray Fluorescence
Spectrometer, model S2-PICOFOX with a Mo tube as X-ray
source. The measurement time was 2000 s. Ga was taken as the
international standard for quantification and concentration of
1x10° kg/L. For the characterization, 2.5 x10-° kg of the pulver-
ized powder was sieved, obtaining an approximate particle size
of 44 microns. The samples were diluted in 2.50 ml of 1% triton
(detergent) to achieve particles suspension. In addition, 5 yL of
1x10-® kg/L gallium was added as an internal standard, which
allowed quantifying the elements present in the sample. The
amounts mentioned above for both, triton and gallium, were ap-
propriate calculated for the used mass (2.5x10- kg). The solution

composed of these three elements was homogenized in a shaker
(vortex) for 15 min at 2500 RPM. After this process, 10 uL of the
solution was pipetted onto an acrylic sample holder, which was
taken to a vacuum desiccator to dry the solution. Finally, the
samples were mounted in the equipment for its subsequent mea-
surement. Considering that the measurement time per sample
was 2000 s, three measurements were made for each sample.

2.2.2. Inductively Coupled Plasma - Mass Spectroscopy
measurements

The soil samples were also analyzed by Inductively Coupled
Plasma — Mass Spectroscopy (ICP-MS) (Li, Be, Na, Mg, Ca, V, Cr,
Mn, Ni, Cu, Zn, Ga, As, Se, Rb, Sr, Ag, Cd, In, Cs, Ba, T, Pb, Bi
and U) and Inductively Coupled Plasma Optical Emission Spec-
troscopy (ICP-OES) (AL, K, Fe, P and Si) following a reverse aqua
regia digestion (EPA Method 3051A] in a microwave digestion
system. A certified reference material (CRM-016) was used to
assess the recovery of analytes in the sediment samples which
was satisfactory (78% to 130%) for most analytes apart from Al
(464%), K (276%), Ca (9%), V (186%) and Cr (183%), which were
unsatisfactory.

2.2.3. Atomic absorption spectroscopy analysis

For the determination of the Hg component, the samples
were measured in a SHIMADZU AA-7000 atomic absorption
spectrometry equipment. The samples were mechanically ho-
mogenized, then 3 g of each sample were loaded in crucibles and
placed in a muffle oven to be calcined. The temperature slowly
increased to 150°C and then at intervals of 150°C up to 550°C,
until obtaining white ashes. Once the calcination was finished,
they were cooled and subjected to an acid digestion with 5 ml
of HNO, (CC) (1:1) in a thermal plate at 700°C (moderate heating
to avoid total evaporation of the acid). The crucible containing
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the sample was constantly shaken to eliminate the nitrous va-
pors until they dry. Then, the samples were cooled and distilled
water was added to dissolve the contents of the glass. To pre-
pare a 1x10* kg/L. Hg standard, 10 mL of the 1x10- kg/L certi-
fied standard was poured in a 100 mL phial, measured and then
quenched with ultrapure water. The lifetime of the standard is
6 months. Similar procedures were followed to obtain the cali-
bration standards 1x10-® kg/uL, 2x10-8 kg/L, and 4x10-® kg/L.

2.2.4. Gamma spectroscopy analysis

The radioactivity was measured by gamma spectroscopy,
using a scintillation detector of sodium iodide doped with thal-
lium NalI(T1), with a 3” x 3” crystal size, Canberra model: 802-4.
The detector was connected to a Spectech brand multichannel
amplifier (1024 channels) and enclosed in a 50 mm thick lead
shield case to minimize background radiation. For calibration
of the energy and efficiencies, reference materials from the
International Atomic Energy Agency (IAEA) were used (IAEA-
412, IAEA-447, RGK-1, RGU-1 and RGTh-1). Some corrections for
self-absorption and random addition were also made for the
calculation of the activity. All the samples were sealed in Petri
dishes of approximately 100-95 g volume and left under normal
conditions of pressure and temperature for 30 days. This allows
the uranium-238 family and the intermediate daughters (such
as radium-226 and radon-222) to reach the secular equilibrium,
and thus to obtain representative activity values for the father
uranium by the detector for 86400 s (Quintana et al., 2004; In-
ternational Agency Atomic Energy, 2011; International Agency
Atomic Energy, 2016; International Agency Atomic Energy, 2016;
International Agency Atomic Energy, 2019; International Agency
Atomic Energy, 2021).

For the identification of the most natural occurring radioac-
tive materials (NORM) ??Ra, K and 2*?Th, the following photo-
peaks: 351.9 keV corresponding to ?“Pb; 1460.8 keV correspond-
ing to “K, and 2614.5 keV corresponding to 2°°T1 were analyzed
(IS0:18589-3 , 2015). In the present work, any presence of tech-
nologically enhanced naturally occurring radioactive materials
(TENORM) has been considered. For the determination of the
activity per unit of mass (A) of K-40, Ra-226 and Th-232 for the
soil samples, the following relation was applied:

NTL

4=1 emty f, )
where N_is net counts of the photo-peak, I is the probability for
the gamma transition, ¢ is the efficiency of the detector for the
determination of the photo-peak, m is the mass of the sample,
t, is the time counting for the samples and f. is the correction
factor where after calibration a value of 0.981 was determined,
where self-absorption, decay, random sum and sum by coinci-
dences were considered. (IS0:18589-3, 2015; ISO: 19581, 2019).
The specific activities in Bq kg of the main naturally occurring
radioactive materials (NORM), such as “°K, #26Ra, and 2*2Th, in the
soil samples were also obtained by gamma spectroscopy. By ana-
lyzing the spectra, the distribution of NORM across the sites of
samples collection was studied. The photopeaks were analyzed
using Equation (1) providi ng precise quantification of these ra-
dionuclides in the samples.
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The measurement of the radiological risk linked to radionu-
clides exposure in the ground (up to 1 m), is carried out using the
Absorbed Dose Rate (D) or the gamma dose rate in the air. In this
way, the following equation relates the activities between ?*Ra,
232Th and “K in Bq kg.

D(Gy/h) = 0.462 Agg + 0.604A7, + 0.0417 @)

The Annual Effective Dose (E) is a parameter used in radia-
tion protection that quantifies the radiation absorbed by a per-
son per year. Its application is common in research on environ-
mental radiation, allowing the potential risk of exposure to be
evaluated and establishing the safe dose limits. In the present
work, it is determined by the following equation.

E(mSv/y) =D x 8760 x 0.2 X 0.7 x 107° 3)

where D represents the absorbed dose rate. The annual time is
8760 h; while 0.7 (mSv/y) and 0.2 are the conversion factors for
converting the absorbed dose in the air into the effective dose in
air, and the proposed occupational factor, respectively (Baeza
et al., 2003).

Radium equivalent activity (Ra,,) is a term used to describe
the content of #26Ra, 232Th and “K in a radioactive substance (in
Bq kg™). This concept is based on the idea that radiation from ra-
dium, thorium and potassium can have a biological effect, simi-
lar to that of a specific amount of the radium and radon descend-
ants. Its calculation is carried out using the following equation:

Raeq(Bakg™) = Ag, + 1.43 Aqy, + 0.077 A o)

where A, is the activity of *°Ra, A, is the activity of 2*Th and A,
is the activity of “K.

3. Results and discussion

The soil samples contain grains with different colour, shape
and sizes as discussed in our previous work (Castillo et al., 2022).
These differences depend on the chemical composition of the
grains (De Los Santos et al., 2024). The present work focuses on
the PTE and radionuclides present in the samples. Other compo-
nents, like transition metals, are detailed in the Supplementary
materials (Section 1S). The main elements in the soil samples
include Si, Ca, Al K, Fe and Ti, as expected since the main com-
position of soils are quartz (SiO,) and aluminium silicates (De
Los Santos et al., 2022). The next sections will cover the PTE and
radionuclides in the samples and how their amount may have
been enhanced by the mercury mining activities in the past.

3.1. Potentially toxic elements

In addition to the transition metals, Table 2S in the supple-
mentary materials also reveals the presence of the potential
toxic elements: arsenic (As), lead (Pb), and cadmium (Cd) in the
samples. However, the concentration data obtained by XRF rep-



SOIL SCIENCE ANNUAL

resents localized information on the concentration in selected
areas of the samples surface. The total concentration of the PTE
in the samples was obtained by ICP-MS technique and are listed
in Table 1. The differences between the information obtained by
XRF (shown in Table 2S) and those obtained by ICP-MS are ex-
plained in further detail elsewhere (De Los Santos et al., 2024).

Arsenic was detected on the surface of all five samples us-
ing XRF. According to Table 2S (see Supplementary materials),
sample M2 has the highest amount of arsenic, measuring 0.38(2)
x10 mg kg, while sample M4 contains the lowest amount,
at 0.06(1) x10*® mg kg. These results are consistent with the
measurements obtained by ICP-MS, which show the highest total
As concentration in samples M2 (815.7 mg kg!) and the lowest in
sample M4 (33.4 mg kg?), as noted in Table 1. Arsenic does not
exist as a pure element; it tends to bond chemically with many
other elements (Nazari et al., 2017). It is derived from natural
enargite (Cu,AsS,) which can be found in certain soils, rocks and
river sediments throughout the Peruvian Andes (De Los San-
tos et al,, 2022) and is distributed through fluvial and aeolian
transport processes (Schnitzer et al., 1964). The permissible level
of arsenic in agricultural and residential soils in Peru is 50 mg
kg, as indicated in Tables 1 and 3S, as well as in the reference
(MINAM, 2017). This suggests that, except for Sample M4, soils in
Huancavelica City are contaminated with As. The high levels of
As found in this study indicate that the San Cristébal neighbor-
hood is the most polluted area concerning arsenic contamina-
tion. Thus, in addition to the natural As, present in the Andean
mountains (Bech et al., 1997; Tapia et al., 2019), the high levels
reported in the present work should have been caused during
mercury extraction, as it is well-known that it is enhanced by
mining activities (Williams et al., 1996; Bissen et al., 2003; Satoshi
et al,, 2003; Paktun et al., 2004; Cances et al., 2008).

The ICP-MS analysis reveals that the levels of Pb in most
sites exceed 140 mg kg?, which is the maximum permissible
limit for urban areas (see Tables 1 and 3S). The only exception is
site M4, where the Pb level is approximately 20 mg kg. Accord-
ing to the data, lead contamination in the area is distributed as
follows: M2 > M5 > M3 > M1 > M4, with sample M2 showing the
highest level at approximately 1700 mg kg'. Lead contamina-

Table 1

Toxic elements and radionuclides in soils near ancient mercury mine in Peru

tion around the world comes from gasoline, welding used in wa-
ter pipes, ammunition, and lead-based paints (Bergdahl, 2022).
However, this does not seem to apply in Huancavelica, where
houses are typically constructed with plumbing made of plastic,
there is minimal use of paints, and the number of cars per thou-
sand inhabitants is only 3 (MTC, 2022). Therefore, other natural
or anthropogenic sources of lead should be considered. If the
source is natural, the high Pb concentrations may originate from
cerussite, a lead (II) carbonate (PbCO,) that is insoluble in water.
The solubility product is approximately [Pb*][CO,*] = 1.5x107"3
at 25°C, as discussed in section 4S of the Supplemental material.

If the Pb contamination in Huancavelica is anthropogenic,
it could originate from various sources (Ponce et al., 2024). One
possible source is the past smelting of ores, as Pb has a low melt-
ing point (approximately 327°C) and is easily released into the
environment. However, the highest level of Pb are found in the
northeastern part of Huancavelica City, particularly in San Cris-
tobal neighborhood (Site M2), crossing the Ichu River and away
from the abandoned mine. This suggests that Pb might have
been transported by rainfall and erosion. Similar situations have
been reported in other parts of the world (Foulds et al., 2014).
Other potential source of lead contamination could be related to
agricultural activities. For example, elevated Pb concentrations
(> 1200 mg kg™) have been detected in cultivated fields nearby
a similar mine in Huaral, located on the coast of Peru (Van Geen
et al., 2012). In that case, the high levels of lead may have origi-
nated from lead arsenate (Pb,(AsO,),), which local farmers ex-
tensively used as an insecticide against pests affecting potatoes
until a decade ago. This insecticide is highly persistent, and its
use was banned by the Peruvian Ministry of the Environment at
the end 2013 (SENASA, 2012).

The average concentration of Pb in the blood of healthy, un-
exposed adults is estimated at 0.9 pug/dL (Bakr et al., 2023). The
reference values for permissible blood Pb levels are less than
5 pg/dL in adults and less than 3.5 pg/dL in children. In contrast,
critical or hazardous levels are defined as70 pg/dL and above in
adults, and 20 ug/dL in children (CDC, 2022). Alarmingly, over
80% of children living near mining areas in Peru have been
found to have blood levels higher than10 pg/dL (Van Geen et al,,

Contents of trace elements (in mg kg™) in soils collected from Huancavelica and environmental quality standards

for classifying agricultural, urban and industrial soils from Peru (in mg kg™)

Sample Cr Ni Cu Zn As cd Pb Hg
M1 80.7 137.6 301.7 955.0 706.5 1.5 186.6 4.5
M2 28.1 31.0 44.5 1344 815.7 6.0 1699 2.7
M3 57.2 184.3 1223 1526 480.8 11.4 140.5 6.2
M4 30.0 20.2 20.02 114.3 334 Bdl 20.3 1.7
M5 51.3 90.6 454.6 622.4 638.4 1.3 304.9 3.8
Agricultural soil NI NI NI NI 50 14 70 6.6
Urban soil 400 NI NI NI 50 10 140 6.6
Industrial soil 1000 NI NI NI 140 22 800 24

Explanations: Bdl= Below detection limit; NI: There is no information.
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2012; Castro et al., 2013), which may also be the case in Huan-
cavelica. Lead is toxic because it can mimic calcium in the body,
as the ions Pb?" and Ca?* are of similar size. Consequently, lead
can replace calcium in various critical processes that depend on
this mineral.

As indicated in Table 2S, Hg was detected on the soil surface
from Yananaco (~143.6 + 14.4) mg kg and Asencién (21.37
+ 2.24) mg kg districts. According to the ICP-MS data pre-
sented in Table 1, sample M3 (Yananaco) contains the greatest
concentration of total mercury (~6.2 mg Kg1), whereas sample
M4 (Santa Ana) has the lowest amount (~1.7 mg kg?). These re-
sults are consistent to those obtained by Robins et al. (2011) and
Hagan et al. (2014, 2015), indicating that the concentration of Hg
is highest near the mine, and diminishes with distance (see Ta-
ble 5S). Metallic mercury is rarely found in natural conditions;
instead, it typically forms complexes in soil minerals because of
its absorption by either inorganic mineral surfaces or organic
matter. Mercuric cation Hg?* (Hg(II)) has a strong tendency to
form covalent bonds with ClI, OH-, and S* anions which are
usually present in the humic matter presents in soils (Steinnes,
1995; Agency for Toxic Substances and Disease Registry, 1999;
Steinnes et al,, 2003). Thus, Hg?" with electronical valence con-
figuration 6s? is the most frequent mercury ion. Besides, Hg° is
not detected in soils (Biester et al., 2002; Gilli et al., 2018; Oster-
walder et al., 2019). However, it precipitates as Hg?'S?- (mercuric
sulphide, cinnabar, red in colour) at increased redox potential.
This is the most significant natural source of mercury and is in-
soluble in water. Nevertheless, Hg® can also be formed by mi-
crobial transformation (reduction) from Hg(II) and, due to its
high volatility, it is one of the main components in the cycling of
mercury between soil and air activity (Steinnes, 1995; Schliiter,
1993). Moreover, it has been reported that the volatilisation of
mercury increases with increasing soil moisture content (Kaba-
ta et al., 2001), which is also the case for the agricultural soils in
Huancavelica. Therefore, the fact that the total Hg levels listed
in Table 1 do not exceed the permissible Peruvian norm (~6.6
mg/kg) (MINAM, 2017) confirms its high mobility/volatility. Fur-
ther discussion of Hg in soils is provided in the Supplementary
material 5S.

The results presented in this work also agree with those re-
ported by Hagan et al., (2014) in which Santa Ana District (M4)
presents the lowest level of mercury. According to Hagan et al,,
(2014), the smelting plants of the mine were located in San Cris-
tébal, Yananaco and Asencién Districts, but not in Santa Ana.
This should be the reason why the level of mercury in sample
M4 is the lowest (1.7 mg Kg™), in contrast to the other sites.

Geogenic Cd is more commonly abundant in sedimentary
rocks than in igneous or metamorphic rocks (He et al., 2015; Ku-
bier et al., 2019). Cadmium in soils can be present as hydroxide
Cd(OH), and carbonate (CdCO,), specially at elevated pH (>11).
The standard level of cadmium in Peru for agricultural and ur-
ban soils are 1.4 and 10 mg.kg™, respectively (see Table 1). The
values of Cd obtained by ICP-MS were expected since the sample
collection sites are urban. However, the area nearby the aban-
doned mine (Yananaco, M3) presents the highest level of Cd (11.4
mg kg1), resulted from the past mineral exploitation. As for zinc,
up to date, there is no information about permissible levels in
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the Peruvian regulations. Thus, the values presented in Table 1
are compared to the worldwide standards (200-400 mg Kg, see
Table 4S in the Supplementary materials) and other works per-
formed in other southern areas in Peru. Those work report aver-
age Zn values of 30 and 59.5 mg kg with maximum concentra-
tions of 40 and 67.1 mg kg for the Arequipa City and the Suches
River (Puno), respectively (Salas et al., 2022; Huerta et al., 2023).
In contrast, the Zn concentration for all the collecting sites in the
present work are very much higher (see Table 1); and similar to
the case of Cd, the highest level of zinc is found in site 3 which
is nearby the abandoned mine. These values reveal that Huan-
cavelica is contaminated with Zn.

Both, cadmium and zinc are +2 ions, locate in the same sub-
group of the periodic table and are usually found together in
areas with industrial activities (Krishna, 2007). The fact that in
the present work high concentration levels are found nearby
the abandoned mine, suggests that both elements were released
to the environment during the mining activity. Cadmium enter-
ing water bodies can combine with inorganic or organic ligands
to form various soluble complexes, such as Cd(OH)', Cd(OH),,
HCdO?- and CdOZ, and the solubility of cadmium in natural wa-
ter is mainly controlled by the concentration of a carbonate or
hydroxyl groups present in the soils (Gussone et al., 2005). Mines
produce toxic cadmium oxide (CdO) during the refinement of
lead and zinc (Ramirez, 1986) and thus, it might be one of the
origins of Cd in the present work. However, cadmium can also
form precipitates with S, P, As, Cr, and other anions, although the
solubility of these compounds varies depending on the pH and
other chemical factors (Rahim et al., 2022).

It is well-known that Cd easily accumulates in some plants
reaching higher concentration than in the soil (Florida, 2021), as
might happen with the barley, wheat, corn, peas, bean, potato,
opuntia and alfalfa grown in Huancavelica. After crops absorb
Cd, it enters the food chain, progressively accumulating in hu-
mans, impairing kidney function, affecting the liver, and caus-
ing bone demineralization. The average range in blood level of
healthy, unexposed-Cd adults is 0.1-4 ug/L (NIOSH, 2022) and
despite there are no available reports about the intake levels of
Cd in the population of Huancavelica, a recent study in Andean
camelids (alpacas) in the area reports a mean concentration of
0.335 + 0.088 mg kg™ of Cd in their muscles which exceeds the
maximum level allowed by the FAO (0.2 mg kg?) and the Euro-
pean Commission (0.05 mg kg™) (Orellana et al., 2021). Further
discussion on Cd and Zn is provided in section 6S of the supple-
mental material.

The permissible Cu levels in soils around the world are
c.a. 50-150 mg kg (see Table 3S) and there is no correspond-
ing information for the case of Peru up to date. However, in the
present work, Tables 1 and 2S reveal the presence of copper in
all the samples. This was expected since Cu is common in some
regions of Peru (De los Santos, et al., 2022).

Similar to the case of Cu, there is no information about
standard levels of Niin Peru. However, the available information
for other countries states c.a. 50-100 mg kg (see Table 1). In the
present work, the lowest level of Ni is found in sample M4 (20.2
mg kg1), while the highest level is found in Sample 3 (184.3 mg
kg™). These levels are very high when compared to those found
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in other areas of Peru. For example, Fernandez et al.
(2022) found that the medium and maximum levels
of Ni in Tiquillaca, Puno (Southeastern Peru) are 1.72
and 3 mg kg, respectively. These findings reveal that
Huancavelica is also polluted with Ni. Furthermore, it
suggests that the historical mining activities enhanced
the exposition of different potential toxic elements in
the area. In this regard, it has been well documented
that Ni compounds, such as nickel subsulfide (Ni,S,),
nickel oxide and nickel carbonyl induce acute pneu-
monitis, central nervous system disorders, skin disor-
ders (such as dermatitis), and cancer of the lungs and
nasal cavity (Waldron, 1980; Smialowicz et al., 1984;
Benson et al., 1995). As an example from other cases
around the world, pregnant female workers at a Rus-
sian nickel hydrometallurgy refining plant showed a
marked increase in frequency of spontaneous and
threatening abortions and in structural malformations
of the heart and musculoskeletal system in their born
babies (Chashschin et al., 1994).

According to Table 1, the permissible level by the
Environmental Ministry of Peru for Cr in urban and
industrial soils are 400 and 1000 mg kg, respectively.
There is no information for the case of agricultural
soils. However, the corresponding level in other coun-
tries lies between 100 to 200 mg kg™ (see Table 4S in
the Supplementary materials). The levels of chromium
found for the soil collected in the present work are
lower than 100 mg kg? (the lowest concentration is
28.1 mg kg for Sample 2 and the highest one is 80.7
mg kg for Sample 1). These values reveal that Huan-
cavelica city is not contaminated with chromium.

3.2. Radionuclides

The gamma spectra for all the samples are shown
in Fig. 2. They have been inspected in three energy
ranges located at 351.92 keV (corresponding to 2Pb,
a decay product of **Ra), 1460.81 keV (corresponding
to %K) and 2614.50 keV (corresponding to 2%¢T1, a decay
product of 22Th). Figure 2 reveals different intensities
and shape of the gamma spectra among the different
soil samples. This is caused by the differences in the
composition and concentration of the radionuclides
in the samples. However, the intensities of the photo-
peaks for “°K, ?*Ra, and 2**Th in the present samples
are consistent with those found in other regions with
similar geological activity (Handbook of Radiatioativ-
ity, 2020). The samples from Quintanilla Pampa (M1),
Yananaco (M3), and Asencién (M5) exhibit higher ?*Ra
peak intensities than the other samples. This observa-
tion is confirmed with the data presented in Table 2,
which indicates that these samples present high ?2Ra
activity. In contrast, the samples from San Cristébal
(M2) and Santa Ana (M4) show moderate intensities in
the ??°Ra peaks, reflecting a medium activity for this
radionuclide (see Table 3).

Toxic elements and radionuclides in soils near ancient mercury mine in Peru
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Fig. 2. Gamma spectra of the samples M1, M2, M3, M4 y M5 where the photo-peaks
can be identified. a) Photo-peak at 351.92 keV for the identification of Pb-214 de-
scendent of ?2Ra. b) Photo-peak at 1460.81 keV for the identification of K. c) Photo-
peak at 2614.50 keV for the identification of T1-208 descendent of ??Th, Where no
significant variation is seen in the samples

Considering specific activities, the present samples are divided into
two groups: those with high ??6Ra activity (Quintanilla Pampa (M1), Yana-
naco (M3), and Asencién (M5)), and those with medium activity (San Cris-
tébal (M2) and Santa Ana (M4)), with the values listed in Tables 2 and 3.
The first group shows an average *°Ra activity of 97.2 Bq kg, which is 2.8
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Table 2
Activities of soils samples collected from Huancavelica, Peru

SOIL SCIENCE ANNUAL

SAMPLES 40K AA 226Ra AA 2Th AA

(Bq kg™ (Bq kg?) (Bq kg™ (Bq kg?) (Bq kg?) (Bq kg™
M1 792.3 111 66.9 4.2 40.1 1.4
M3 534.3 11.1 137.3 7.1 44.8 1.6
M5 544.4 9.4 87.5 2.5 39.5 1.5
MEAN 624.0 10.5 97.2 4.6 41.5 1.5

Explanations: Activities of the soil samples M1, M3 y M5 for the NORM “K, **Ra and ***Th. Where AA is the uncertainty
of the activity. Note the high values compared to the worldwide range given by UNSCEAR-2008. (UNSCEAR, United

Nations Scientific Committee on the Effects of Atomic Radiation, 2008).

Table 3
Average activity of soils collected from Huancavelica, Peru

Samples 40K AA 226Ra AA Z2Th AA

(Bq kg™ (Bq kg™ (Bqkg™) (Bq kg™ (Bg kg™ (Bg kg™
M1 505.5 10.9 51.9 2.3 40.1 14
M2 576.5 9.4 38.0 2.5 50.1 1.5
MEAN 541 10.15 44.95 2.4 45.3 1.45

Explanations: Average activity of the soil samples M1 and M2 for NORM “K, ??Ra and ?*?Th. Note the values lie on

the worldwide range given by UNSCEAR-2008, except 2*2Th.

times higher than the global average (35.0 Bq kg) and exceeds
the global range (17-60 Bq kg). These results are similar to those
previously reported by Rani et al. (2005) for regions with similar
soils. The authors highlight the influence of geological charac-
teristics on the soil’s radioactive activity (Rani et al., 2005). Simi-
larly, El-Taher A et al. (2010) reports ??Ra activities significantly
higher than the global average in soils from agricultural areas
in Upper Egypt due to phosphorus accumulation (El-Taher et al,,
2010). Furthermore, Al-Jundi et al. found that *Ra concentra-
tions are high because the soils are close to a phosphate mine
(Al-Jundi et al., 2003).

About the “K and #2Th photopeaks, they also show varia-
tions among the samples. For the 2*2Th peak, the samples yield
an average of 41.5 Bq kg, which is 1.4 times higher than the
global average (30.0 Bq kg), but within the global range (11-64
Bq kg ). These 2%2Th values are similar to those reported by
Karahan et al. for soils from urban areas in Turkey, reflecting
regional geological variability (Karahan et al., 2000). Eventu-
ally, for “°K, the samples yielded an average of 624.0 Bq kg,
which is 1.6 times higher than the global average (400 Bq kg™
but within the global range (140-850 Bq kg™). Similar to other
studies, the *°K peak presents a broad energy distribution due
to its high presence in common soil minerals such as igneous
rocks, feldspars, and natural micas. This is consistent with the
findings of Lu Xinwei et al. (2012), where high %K values in
soils were reported (Xinwei et al., 2006). There are also simi-
larities with the findings of Beretka and Mathew (1985), who
reported high 4K values in soils derived from igneous rocks
(Beretka et al., 1985).
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For M2 and M4, the ?*Ra activity showed an average of
45 Bq kg, which is 1.3 times higher than the global average
(35 Bq kg™ and within the global range (17-60 Bq kg™). The
22Th activities in these samples have an average activity of
45.3 Bq kg, which is 1.5 times higher than the global average
(30 Bq kg?), but within the global range (11-64 Bq kg™). This
value is slightly higher than the average for the samples from
the first group, indicating greater variability in the distribution
of 22Th in these areas of study. The K activity in this group
shows an average of 541.0 Bq kg, which is 1.4 times higher
than the global average (400 Bq kg?), also within the global
range of (140-850 Bq kg') (UNSCEAR, 2008; Tsolova et al., 2022;
Uzarowicz et al., 2024).

The Table 4 reveals that the absorbed dose rate (D), ana-
lyzed using Equation (2), resulting for the samples ranges from
69.3 nGy/h (M2) to 112.8 nGy/h (M3); with an average value of
85.9 nGy/h. The global average for outdoor terrestrial radia-
tion is approximately 60 nGy/h (UNSCEAR, 2000). Therefore, the
mean value in these samples is significantly higher, suggesting
elevated background radiation levels compared to global av-
erages. These high dose rates align with those found in areas
with high natural radioactivity, such as in Kenya, in which Ka-
niu M.I et al. reported dose rates ranging between 60 and 965
nGy/h (Kaniu et al.,, 2018). Likewise, the present data are related
to the highest dose found in the world by Vasconcelos (2011) in
Guarapari beach, Brazil (Vasconcelos et al., 2011).
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Table 4

Natural radioactivity of soil samples from Huancavelica, Peru

Toxic elements and radionuclides in soils near ancient mercury mine in Peru

SAMPLES D (nGy/h) E (mSv/y) R, (Bq.Kg?)
M1 88.2 0.108 185.3
M2 69.3 0.085 148.2
M3 112.8 0.138 242.5
M4 72.1 0.088 154.6
M5 87.0 0.107 185.9
MEAN 85.9 0.105 183.3

Explanations: Natural radioactivity in absorbed dose rate (D), effective annual equivalent
dose (E) and equivalent activity in radio (Ra,) for soils samples collected from Huancavelica

City, Peru.

The Annual Effective Dose, analyzed using Equation (3),
results in values ranging from 0.085 mSv/y (M2) to 0.138 mSv/y
(M3); with an average value of 0.105 mSv/y. UNSCEAR 2000 re-
ports a global average of 0.07 mSv/y for outdoor exposure due
to natural sources. The higher values in the soil samples suggest
a greater annual exposure, comparable to studies in Turkey,
where high natural radioactivity in soil resulted in annual ef-
fective doses up to 0.2 mSv/y (Karahan et al., 2000).

Radium equivalent activity, analyzed using Equation (4),
results in values ranging from 148.2 Bq kg (M2) to 242.5 Bq
kg (M3); with an average value of 183.3 Bq kg'. The UNSCEAR
2000 recommends that the safety limit for Ra,_, is 370 Bq kg,
which ensures that the radiation dose does not exceed 1 mSv/y.
The values for all samples are well below this limit, indicating
that, despite higher absorbed dose rates and annual effective
doses, the soil does not pose a significant radiological hazard
based on Ra,. This finding is consistent with studies reported

Table 5

Pearson correlation in elements contained in soils from Huancavelica, Peru

in Egypt, where soils from agricultural regions showed Ra,,
values ranging from 200 to 300 Bq kg are still below the safety
threshold (El-Taher et al., 2010).

3.3. Multivariate statistical results

In order to examine possible connections between the
presence of PTE and NORM, a Pearson correlation analysis was
carried out. The considered variables include the activity of
226Ra, *2Th and “°K along with the concentrations of Cr, Ni, Cu,
Zn, As, Cd, Pb and Hg for all the samples. From the obtained
data (see Table 6), it is observed that there are positive cor-
relations (P<0.05) for the pairs of metals Cu-Ni (0.888) and Cu-
Hg (0.917). There is also positive correlations (P<0.01) for the
Hg-Ni pairs (0.981), 226Ra-?*?Th (0.960) and negative correlations
(P<0.01) for **Ra-As pairs (-0.984) and 2**Th-As (-0.962).

Cr Ni Cu Zn As Ccd Pb Hg 226Ra 40K 22Th
Cr 1 0.800 0.433 0.240 0.335 -0.289 -0.487 0.702 -0.442 0.787 -0.410
Ni 0.800 1 0,880" 0.568 0.253 0.397 -0.443 0,981 -0.407 0.318 -0.246
Cu 0.433 0,880" 1 0.571 0.058 0.695 -0.381 0,917 -0.219 -0.146 -0.026
Zn 0.240 0.568 0.571 1 0.672 0.909 0.460 0.692 -0.714 -0.145 -0.491
As 0.335 0.253 0.058 0.672 1 -0.537 0.616 0.349 -0,984™ 0.114 -0,962"
cd -0.289 0.397 0.695 0.909 -0.537 1 0.065 0.559 0.669 -0.516 0.912
Pb -0.487 -0.443 -0.381 0.460 0.616 0.065 1 -0.292 -0.494 -0.402 -0.469
Hg 0.702 0,981 0,917 0.692 0.349 0.559 -0.292 1 -0.498 0.163 -0.317
26Ra -0.442 -0.407 -0.219 -0.714 -0,984™ 0.669 -0.494 -0.498 1 -0.129 0,960
40K 0.787 0.318 -0.146 -0.145 0.114 -0.516 —-0.402 0.163 -0.129 1 -0.177
22Th -0.410 -0.246 —-0.026 -0.491 -0,962" 0.912 -0.469 -0.317 0,960 -0.177 1
Explanations:

* The correlation is significant at the P < 0.05 level (bilateral).
** The correlation is significant at the P < 0.01 level (bilateral).

Pearson correlation matrix between the different determined elements found in soil samples collected from Huancavelica, Peru.
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4. Conclusions

The concentrations of potential toxic elements and natu-
rally occurring radioactive materials in soils from five districts
in Huancavelica (Quintanilla Pampa (M1), San Cristébal (M2),
Yananaco (M3), Santa Ana (M4) and Asencién (M5)) have been
assessed by XRF, ICP-MS and Gamma Spectroscopy. The results
reveal that the past mining activities released high levels of As,
Cd, Pb, Zn, Ni and Cu and perduring with time in all Huancavel-
ica City. The highest levels of potential toxic elements are located
in the Yananaco District which is closer to the abandoned mine
than the other sites. However, the low levels of Hg in compari-
son to the local and international standards suggest that it has
been moved although some amount remains maybe trapped in
the soils, especially in the Yananaco District. The soil samples
can be classified into two groups, depending on their radioac-
tivities: M1, M3 and M5, with activity values above the world av-
erage, and group M2 and M4 showing average activities within
the world range. The average dose rate (D) for the soil samples
is 85.9 nGy/h, which is 1.7 times higher than the world average
dose rate. Similarly, the average effective annual equivalent
dose (E) is 0.105 mSv/y, which is 1.5 times higher than the world
average. The overall results suggest that past mercury extraction
in the mine enhanced the exposure of PTEs and NORM which
remains spread around the City of Huancavelica today.
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