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Abstract
We present the magnetic, structural and 57Fe Mossbauer characterization of soils collected 
from an ancient mercury contaminated city named Huancavelica in Peru. The characteriza-
tion results indicate that silicates and carbonates are the main mineralogical constituents 
in the samples. In addition, 57Fe Mössbauer spectra at room temperature reveal, the pres-
ence of two components: a magnetic component related to magnetic Fe-oxides (magnetite, 
hematite, goethite) and a high non-magnetic component related to  Fe+3 in high spin config-
uration and tetrahedral coordination in silicates. The magnetization measurements present 
screening of paramagnetic, ferromagnetic and antiferromagnetic signals, typical from soils 
containing different silicates and iron minerals. Remarkably the Verwey and Morin transi-
tions corresponding to magnetite and hematite, respectively, are screened by the paramag-
netic signal corresponding to the major silicate components in the samples. Overall, the 
soils are mainly composed of crystalline and amorphous silicates, calcites and iron bearing 
which are typical from Andean soils.
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1 Introduction

Huancavelica is a region located in the central highlands in the South of Peru where one of 
the main ancient activities is the mining of mercury, gold, silver, zinc and copper. In 1564, 
the mercury mine called Mina de Santa Barbara was discovered and exploited in 1573 by 
the Spanish Crown [1]. Since then, between 1564 and 1810 about 17,000 metric tons of 
mercury vapor (Hg) were released into the environment during the refining of mercury in 
Huancavelica [2].

Recently, Hagan et  al. [2] studied the powder from adobe bricks and dirt floors from 
different areas in Huancavelica: Santa Ana, Quintanilla Pampa, Yananaco and San Cris-
tóbal in order to evaluate residential Hg contamination [3]. This work is focused on simu-
lated gastric fluid (GI) extractions and sequential selective extractions (SEEs) of surface 
dust without inspecting buried soils which is expected to preserve more information of the 
chemical composition with time. There are no other attempts to characterize contaminated 
soils from this area.

We present the characterization of soils collected from five different areas in Huancave-
lica city: Quintanilla Pampa, San Cristobal, Yananaco, Santa Ana and Asención. The sam-
ples were collected 200 to 250 m adjacent to the Ichu River. Four samples were obtained by 
digging 20 cm deep the sites of collection and one from a wall adobe. This is a first report 
about the characterization of soils samples from Huancavelica by Mӧssbauer spectroscopy 
and other techniques which is the main contribution and novel support of our work.

2  Experimental

Five samples were collected from the Ichu River, Huancavelica Region, Peru with the posi-
tions listed in Table 1. The points of collection lie approximately 200 to 250 m away from 
the Ichu River as shown in Fig. 1. The morphology of the samples was inspected through 
optical microscope (Olympus CX23) with three objectives ×10, ×40 and ×100 magnifi-
cation and scanning electron microscope (SEM) Philips XL30. The samples were passed 
through a sieve of 300 mesh in order to select the fine grains before SEM inspection. SEM 
resolution was 10 nm under 30 kV applied voltage and ×300000 magnification. The SEM 
attached with energy dispersive X-ray (EDX) spectrometer (OXFORD Xplorer).

The X-ray diffraction (XRD) measurements for all the samples were carried out in a 
Bruker (D8 Focus model) diffractometer in Bragg Brentano geometry using a Cu (λKα1 = 
1.54056 Å) in the interval 10° ≤ 2θ ≤ 70°, with a step of 0.04° and accumulation time of 
4 s/step. The samples were previously ground and sieved (300 mesh) in order to homog-
enizing the powder. Program Xpert HighScore Plus version 3.0 was used to identify the 
mineral components.

Mössbauer spectroscopy was carried out at room temperature (RT) using a Mössbauer 
spectrometer in transmission geometry with a 50 mCi 57Co/Rh radioactive source moving 
in constant acceleration. The Mössbauer parameters [isomer shift (δ), magnetic hyperfine 
field  (Bhf), quadrupole splitting (ΔEQ), quadrupole shift (2ε), and absorption area (A)] in 
different Fe sites were obtained fitting the Mössbauer spectra with WinNormos program. 
The δ-values are relative to RT α-Fe value.

The magnetic measurements were carried out using a direct current magnetic prop-
erties measurement system (DC-MPMS) which contained a superconducting quantum 
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interference device (SQUID) from Quantum Design Inc. The temperature was set to 8 K in 
zero field cooling (ZFC). Then, the data were collected in field heating (FH) and field cool-
ing (FC) modes. The magnetization response as a function of temperature was collected 
from 5 to 400 K under an applied magnetic field of 500 Oe. The magnetization response as 
a function of the external magnetic field was also measured in the range ±10 kOe and at 5 
and 300 K.

3  Results and Discussions

Figure  2 shows the SEM micrographs of the samples together with the EDX mapping 
micrographs and the chemical analysis obtained by EDX. The SEM image for the sample 
collected from Quintanilla Pampa (M1) shows dispersed particles of different shapes. The 
borders of the particles are not round, confirming the results obtained by the optical micro-
scope given in the supplemental material. Despite the samples were not sieved, the size of 
the particles is approximately 100 μm, similar to the value obtained by optical microscope 
above (see supplemental material). In contrast, the SEM micrograph of the sample col-
lected from San Cristobal (M2) shows different particles with different sizes. The biggest 
one is bigger than 500 μm. Note that the borders of the particles are not round, confirm-
ing the analysis from the optical microscope above (see supplemental material). The SEM 
micrograph of the sample collected from Yananaco (M3) shows larger broken particles 
together with tiny particles smaller than 10 μm. This is not the case for the sample col-
lected from Santa Ana (M4) which shows small particles with sharp and irregular borders 
with different sizes. For the case of the sample collected from Asención (M5), the micro-
graph shows two large particles with cracks, suggesting that they are fragile.

Finally, the optical microscope images of the particles shown in Figure S1 (see supple-
mental information), indicate that the samples of smaller particles are M4 and M5, the par-
ticles range from 0.090 to 0.0727 mm. These types of particles possibly have the ability to 
retain water. Note that all of the micrographs present bright parts probably caused by over-
charged areas due to the contains of less conductive components or the presence of organic 
material. Thus, since the sample M1 presents more bright areas, it might have more insu-
lating components than the other ones. This observation match well with the assumption 
of larger contains of amorphous silicates than in the other samples observed in the XRD of 
sample M1 below.

Fig. 1  Map of Huancavelica, Peru. The Ichu River (represented in blue line) cross all the city from West to 
East. The sites for sample collection are marked as M1, M2, M3, M4 y M5 and listed in Table 1
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Fig. 2  EDX mapping micrographs (left) and EDX spectra (right) of soil samples collected from an ancient 
contaminated area, Huancavelica, Peru
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The EDX mapping of the samples are presented in the left column in Fig. 2 and was 
taken over the selected rectangular areas marked in the micrographs. For the sample col-
lected in Quintanilla Pampa (M1), the highlighted colors are yellow, pale blue and scat-
tered pink, corresponding to iron (Fe), silicon (Si) and calcium (Ca), respectively; which 
are some of the most abundant elements in the sample, as detailed in Table  2. For the 
sample collected in San Cristobal (M2), the most prominent colors are pink, orange and 
yellow corresponding to silicon (Si), calcium (Ca) and potassium (K), respectively. Thus, 
the large pink area in the center is rich in silicon which might correspond to  SiO2 as noted 
in the XRD analysis below. Note that below this zone, there is a remarked orange area, rich 
in calcium. Other elements, such as manganese (Mn), magnesium (Mg) and Iron (Fe) are 
spread over all the sample.

For the samples collected in Yananaco (M3) and Santa Ana (M4), the most prominent 
colors that we observe are: yellow, light blue, green and low intensity pink, all of them 
correspond to elements such as: calcium (Ca), silicon (Si), aluminum (Al) and potassium 
(K), respectively. In the sample M3 we can observe the great accumulation of the colors 
sky blue and green in much of the area shown in the figure suggesting the presence of 
silicates which is confirmed by XRD below. Due to the presence of oxygen and silicon, the 
presence of quartz is also inferred and confirmed by XRD below. Likewise, potassium can 
be observed with very little intensity as detailed in Table 2. In the micrograph correspond-
ing to the sample M4, we can also observe in the EDX mapping that part of the surface 
is yellow, light blue and dark green and light green corresponding to Ca, Si, Al and Fe, 
respectively.

For the sample collected in Asención (M5), the most prominent colors according to 
the EDX micrograph are pink and light green corresponding to Si and Ca, respectively, 
which are the most abundant component. There are large areas with scattered points of 
light blue corroborating that it also contains Fe.

Overall, we observe and identify some chemical elements that are contained in all the 
samples, such as silicon, calcium, iron, these are typical components of the soils (see 
Fig.  3). We observe that the most incident and repetitive element in the five samples 
analyzed is Fe, in greater proportion, which gives us an idea of that soils are found with 
iron-based compounds, which are identified with other techniques below.

Figure  3 depicts the most abundant elements found by EDX in all the samples. A 
complete list of elements found by EDX is given in Table 2. The amount in wt% for Si 
element (represented in red line in the plot) varies in the five samples. According to the 

Table 2  Elemental composition 
in percentage for soil samples 
collected from Huancavelica, 
Peru, obtained by EDX (in wt%)

Samples M1 M2 M3 M4 M5

Fe 14.25 24.14 2.75 10.15 12.37
Si 18.77 15.10 31.26 22.50 18.58
Ca 3.68 2.78 3.59 2.27 1.85
Al 0.59 2.06 6.86 ------ 6.05
K ------ 1.03 0.91 0.97 1.95
Mn ------ 2.94 ------ 0.06 ------
Pb 0.99 0.55 ------ ------ 0.02
O 47.33 42.83 54.18 44.87 49.00
Br 14.38 6.50 ------ 18.75 7.22
Mg ------ 1.94 ------ ------ 1.20
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XRD results, Si is present in all the samples, but in EDX we observed a lower amount 
of Si in the M2 sample, because it presents other phases such as goethite and calcium 
carbonate. Whereas, according the EDX analysis of the M3 sample is corroborated with 
the XRD below which quartz is one of the main phases.

The amount of the Fe element (black line) varies with sample. The iron signal in the 
EDX could mainly come from non-magnetic iron silicide minerals and minor amount 
of iron oxides and hydroxides present in the samples, as suggested by the magnetom-
etry and Mössbauer analysis below. In fact, this is in concordance to the XRD analy-
sis below, in which the presence of Fe is verified in some silicate minerals in samples 
M1and M3, while in samples M2, M4 and M5 it is not observed. In contrast to the above 
elements, the abundance of Ca (blue line) is almost constant in all the samples. This 
result is in correspondence to the XRD analysis below, in which Ca is found in almost 
all samples with an almost constant percentage, except in sample M4, where Ca cannot 
be observed, possibly due to the presence of muscovite and albite. Similarly, XRD of 
samples M2 and M3 reveals the presence of Ca as calcium carbonate (see Fig. 4). Thus, 
the EDX analysis agree well with the XRD analysis below.

Figure 4 shows the XRD analysis for all the samples. All the diffractograms reveal sili-
cates as main components since all the samples are soils. Among the diffractograms, M1 
presents the biggest background, indicating that the soils collected from Quintanilla Pampa 
(M1) contains more amorphous silicates than the other samples as also suggested by its 
paramagnetic property discussed in more detail below. In addition, the sample contains 
crystalline silicates such as quartz  (SiO2, PDF2 card No. 00-001-0649), sanidine ((K,Na)
(Si,Al)4O8, PDF2 card No. 00-010-0353) and andradite  (Ca3(Fe3+)2(SiO4)3, PDF2 card No. 
01-084-1936). Andradite belongs to the group of silicates called nesosilicates containing 
iron and calcium and is found in various colors, mainly yellow [4].

Andradite is composed of: Ca, Fe, Si and O, and it has chemical composition: silicon 
oxide (35.47%), calcium oxide (33.11%) and iron oxide (31.42 %), which is detected in the 
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Fig. 3  Major elemental composition of soils samples collected from the districts Quintanilla Pampa (M1), 
San Cristobal (M2), Yananaco (M3), Santa Ana (M4) and Asención (M5), Huancavelica, Peru
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XRD of M1 sample. Whereas, sanidine is high temperature feldspar, characteristic of vol-
canic lava that crystallize at high temperatures [5].

The sample M2 corresponding to San Cristóbal contains goethite (α-Fe3+O(OH), PDF 
card No 00-029-0713). Goethite is a thermodynamically stable iron hydroxide, gener-
ally found in soils as a product of the weathering of  Fe2+ silicates and commonly found 
together with quartz, calcite, hematite, among others [6]. In fact, in the present work, 
quartz, calcite  (CaCO3, PDF2 card No 01-085-1108), microcline  (KAlSi3O8, PDF card No 
00-019-0932) and magnetite  (Fe2.950O4, PDF card No 01-086-1357) are also detected in the 
corresponding x-ray diffractogram. The presence of goethite and magnetite are confirmed 
by Mӧssbauer analysis below.

The M3 sample corresponding to Yananaco contains cristobalite  (SiO2, PDF card No 
01-076-0938) which has the same formula of quartz but with different crystalline struc-
ture and it is commonly found in soils. Augite is also detected in the XRD of this sample 
with the chemical formula ((Ca, Na) (Mg, Fe, Al) (Si, Al)2O6, PDF card No 00-024-0203) 
which explains the presence of the iron, silicon, calcium, aluminum and oxygen in the 
EDX analysis above. In the augite structure,  Fe2+ share occupancy with Mg and Al but in 
low percentage (~4%) preventing the arrangement of spins in a strong magnetic manner. 

Fig. 4  X-ray diffractograms for 
five soil samples collected from 
ancient contaminated area, in 
Huancavelica-Peru
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Moreover, its remanent magnetization and low saturation field, implies that its electronic 
magnetic moment is weak and it would produce small hyperfine fields in addition to the 
little amount of Fe. That is why it is not detected in the Mossbauer analysis below [7]. This 
sample, also presents higher amount of calcium carbonate ((CaCO3, PDF card No 01-085-
11-08) than the other samples suggesting that it might come from rest of bones. Note that 
this place is close to the municipal graveyard of the city.

The M4 sample corresponding to Santa Ana contains quartz, albite and muscovite 
((KAl2  (AlSi3O10) (OH)2), PDF card No 01-082-0577) common from soils. The highest 
reflection corresponds to quartz indicating its higher amount than the other components. 
This is in agreement with the EDX analysis above which gives high wt% of its correspond-
ing Si and O atoms composition.

According to the XRD analysis, the M5 sample corresponding to Asención contains 
grossular  (Ca3Al2  (SiO4)3, PDF card No. 01-073-2372), quartz and kaolinite  (Al2  (Si2O5) 
(OH)4, PDF card No. 00-029-1488). About kaolinite, it is rarely, if ever, pure, but gener-
ally contains a small percentage of Fe which occupies primarily the octahedral sites in the 
structure or isomorphically replacing Al [8], [9] and [10]. which are classical components 
of soils. Note that similar to the sample M1 above, the background of the XRD for this 
sample suggests that it contains a high number of amorphous silicates. Overall, the XRD 
analysis of the samples indicate that Fe is found as a constituted element in silicate miner-
als rather than in iron oxides or hydroxides, especially in the samples M1, M2 and M3. No 
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iron oxides such as magnetite or hematite are detected by XRD maybe by its low amount 
making their reflections to lost in the background of the diffractograms. Nevertheless, they 
are recognized by their magnetic transitions and Mossbauer analysis, as being discussed in 
more detail below. Therefore, the major composition of the samples is silicate, as expected 
since they are soils.

Figure 5(a) shows the field heating (FH) and field-cooled (FC) curves of the tempera-
ture dependence of the magnetization (M(T)) of the samples taken under 500 Oe applied 
field. Note that the curve for the sample M1 shows the most paramagnetic behavior among 
the other samples. In fact, the FH and FC loops are almost reversible without revealing 
any magnetic transition over the whole range of temperature. This was expected, since the 
XRD analysis discussed above revealed that this sample contains high amount of amor-
phous silicate. Moreover, the Mӧssbauer spectroscopy below also suggests that the  Fe3+ 
ions are in paramagnetic state (doublets). The presence of superparamagnetic particles is 
discarded since the values of the magnetization are very low and there is not any signal at 
low temperatures suggesting blocking magnetic states.

The applied field dependence of the magnetization (M(H)) loops taken at 5 and 300 K 
(See Figs. 5(b) and (c), respectively) corresponding to this sample do not show hysteresis, 
confirming the paramagnetic behavior.

For the sample M2, the paramagnetic signal, assumed to come from the silicates, is 
observed at low temperatures until 25 K. Above this temperature the FH M(T) curve 
becomes nearly constant because the presence of antiferromagnetic goethite found by 
XRD above and ferrimagnetic magnetite suggested by Mӧssbauer spectroscopy below. 
Their magnetic alignment prevents the magnetization values to decay with temperature. 
Note that at 300 K, the M(H) presents hysteresis with the highest remanence magnetiza-
tion (Mr) and coercive fields (HC) than the other samples indicating that this is the most 
magnetic sample than the other ones at room temperature. Table  3 lists the magnetic 
parameters obtained from the M(H) curves for all the samples. Note that the remnant 
magnetization (Mr) and the coercive field (HC) values taken when reversing the direc-
tion of the applied field do not match, to name Mr(+) is 0.039(3) emu/g and Mr(-) is 
-0.017(1) is emu/g, whereas, HC(+) is 75(5) Oe. and HC(-) is 220(1) Oe. These differ-
ences reveal exchange bias (ΔHC=-145(5)) at 300 K coming from the magnetic compe-
tition between the ferrimagnetic and antiferromagnetic domains.

Note that sample M3 shows a similar magnetic signal to sample M2. The FH M(T) 
curve also presents a small kick at around 270 K which is the Morin temperature cor-
responding to hematite. Thus, even though hematite has not been detected by the XRD 
analysis above, its presence in this sample is revealed by its magnetic transition from 
antiferromagnetic to weak ferromagnetic (see corresponding inset in the plot) and it is 
also confirmed by the Mӧssbauer analysis below. However, in the plot, the magnetic 

Table 3  Magnetic parameters 
obtained from the M(H) loops 
shown in Fig. 5

Sample T = 300K T = 5K

Mr (emu/g) Hc (Oe) Mr (emu/g) Hc (Oe)

M1 0.0028(2) 51(5) 0.0045 (1) 15(3)
M2 0.028(3) 148(5) 0.023(2) 151(5)
M3 0.013(2) 50(4) 0.038(3) 150(7)
M4 0.011(2) 50(3) 0.081(3) 201(3)
M5 0.015(2) 40(3) 0.028(2) 90(5)
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signals of the other components increase the magnetization values and thus the Morin 
transition seems screened. Furthermore, the M(H) loops show hysteresis at 5 and 300 
K. The hysteresis observed at 300 K is mainly caused by the weak ferromagnetic align-
ment of the hematite. Besides, at 5 K the hysteresis becomes hard because the presence 
of ferrimagnetic domains belonging to magnetite which is suggested by the Mӧssbauer 
spectroscopy analysis below.

The M(T) curves for the sample M4 show the coexistence of paramagnetic and ferri-
magnetic phases. The paramagnetic signal is better detected at low temperatures. How-
ever, in the temperature range 15 K to 50 K, the magnetization values increase because the 
presence of the ferrimagnetic domains. This might come from magnetite as suggested by 
the Mossbauer spectroscopy below and prevents an abrupt exponential decay of the mag-
netization values with temperature in the ZFC curves. At higher temperatures than 50 K, 
the magnetization values decrease since the thermal energy of the crystals increases and 
the ferrimagnetic alignment of the spins weakens. In fact, this behavior is also confirmed 
by the hysteresis formed in the M(H) loops which decreases with increasing temperature. 
Remarkably, the strong hysteresis loop shown at 5 K for sample 4, indicates that this sam-
ple is more ferrimagnetic than the others at this temperature.

The M(T) curve for the sample M5 shows a strong paramagnetic signal which might 
come from the amorphous silicates present in this sample. However, a transition is 
observed at 120 K which is the Verwey temperature (TV). This indicates that in addition 
to paramagnetic components, the sample contains magnetite which is not be able to be 
detected by the other techniques because its low amount. The corresponding M(H) loops 
shows typical hysteresis of  Fe3O4 coexisting with other magnetic domains. In general, in 
contrast to the XRD analysis above, the magnetic measurements suggest the presence of 
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iron oxides in many of the samples since their magnetic alignment persist although being 
screened by the paramagnetic signals from the majority silicates components.

Considering that all soils samples in the present work contain Fe and Mössbauer spec-
troscopy is sensitive to changes on Fe environments by measuring their hyperfine interac-
tions thus, the local Fe environment changes in the samples were systematically studied by 
taking RT transmission Mössbauer spectra of 57Fe.

Figure 6 shows the RT Mössbauer spectra for all the samples. For the fitting, the results 
obtained by EDX, XRD and magnetometry above were considered. In general, the spectra 
show magnetic and non-magnetic parts, except for the spectrum corresponding to the sam-
ple M1, which has only a non-magnetic part. The magnetic part of each spectrum in Fig. 6 
display broad six-line patterns due to nuclear Zeeman interaction [an interaction between 
nuclear magnetic moment and magnetic hyperfine field  (Bhf) at Fe nucleus], whereas 
the non-magnetic part in the central areas display broad doublets taking into account the 
decoupled Fe magnetic moments in all soil samples [11].

The magnetic components of the Mössbauer spectra for the samples M2, M3, M4 and 
M5 were fitted using three sextets related to the crystalline magnetic Fe sites, two of them 
correspond to magnetite. Moreover, in the fitting of the spectra for the samples M2 and M5 
a magnetic distribution P(Bhf) of 40 non-equivalents of Fe sites associated to disordered Fe 
phases was considered. To account for small asymmetries of the spectra, a linear correla-
tion between  Bhf and the isomer shift (δ) was assumed for the 40 magnetic sub-spectra in 
P(Bhf). Hyperfine parameters for all the soils samples are listed in the Table 4 [isomer shift 
(δ), quadrupole shift (2ε), quadrupole splitting (ΔEQ), hyperfine magnetic field  (Bhf), and 
relative absorption area (RAA)]. The δ values are given relative to α-Fe obtained at room 
temperature (RT).

RT Mössbauer spectrum of the sample M1 was fitted using two paramagnetic doublets 
associated with  Fe3+ cations in silicates such as andradite [12], as suggested in the XRD 
above. M1 is the only sample that has no magnetic order at RT. This result is in agreement 
with the ZFC magnetization curve discussed above.

The Mössbauer spectrum at RT for the sample M2 was fitted using: (1) two magnetic sex-
tets associated to magnetite, (2) one sextet with quadrupole shift corresponding to goethite 
[13], (3) one distribution of 40 magnetic hyperfine fields P(Bhf) associated to disordered Fe 
oxides and hydroxides, and (4) one paramagnetic doublet. The two sextets of magnetite  Bhf = 
46.8(5) T and  Bhf = 49.2(2) T correspond to the mixed valence  Fe2.5+ (in octahedral site) and 
to  Fe3+ (in tetrahedral site), respectively (see Table 4). The majority absorption area in the M2 
spectrum corresponds to magnetite (32.8%). The sextet with δ = 0.35(6) mm/s,  Bhf = 38.9(3) 
T and 2ε = -0.29(4) mm/s is associated to the goethite which is characterized by its antifer-
romagnetic behaviour below its Neel temperature (~ 400 K). Note that the relative content of 
magnetite to goethite in M2 is 2.54 This supports the reason why the paramagnetic signal in 
the corresponding M(T) curve above does not decay exponentially with temperature, since 
it is screened by ferrimagnetic and antiferromagnetic signals corresponding to the magnetite 
and the goethite, respectively. The inset of the Mössbauer spectrum presents the hyperfine 
magnetic field distribution P(Bhf) on the left axis. The linear correlation between  Bhf and the 
isomer shift (δ) of the 40 magnetic sub-spectra used in P(Bhf) are shown on the right axis.

The Mössbauer spectra for the samples M3 and M4 were both fitted by using: (1) one 
paramagnetic doublet, (2) two crystalline sextets assigned to magnetite and (3) a sextet cor-
responding to hematite. In both samples M3 and M4, the main component is a paramagnetic 
doublet. The RAA of the doublets for samples M3 and M4 are, respectively, equal to 73.8% 
and 68.0%. Moreover, the proportion of hematite (weak ferromagnetic) is higher to magnetite 
(ferromagnetic) in both samples. The presence of hematite in the M3 sample is confirmed by 
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the Morin transition detected in the corresponding M(T) curve above. However, in the case of 
the M4 sample, it should be screened by the large number of paramagnetic silicates. In fact, 
the corresponding XRD above shows more silicates (amorphous and crystalline) contained in 
sample M4 than in sample M3. The differences between hyperfine parameters are described in 
Table 4.

The Mössbauer spectrum for the sample M5 was fitted using: (1) two paramagnetic dou-
blets associated with  Fe3+ cations in silicates, (2) two magnetic sextets associated to magnet-
ite, and (3) a distribution of 40 magnetic hyperfine fields P(Bhf) similar to that one for sample 
M2 and associated to disordered Fe oxides and hydroxides. The majority absorption area in 
the spectrum corresponds to  Fe3+/silicates (50.2%). The RAA for magnetite is equal to 35.0%. 
The sextets corresponding to the magnetite in the Mössbauer spectrum for this sample is 
assumed taking into account the corresponding M(T) measurements above in which magnetite 
is detected by its Verwey transition. The inset of the Mössbauer spectrum for sample M5 pre-
sents the hyperfine magnetic field distribution P(Bhf) with RAA = 14.8%.

Correlating the similarities and differences between samples, the only primary macro-
nutrient for plant found in all of the samples is K. The lack of the other primary macronu-
trients might confirm the impact of contamination of the soils in Huancavelica reported by 
other authors [14]. Moreover, the most Western sample (M1) contains more amorphous sil-
icates than the rests suggesting that the original sedimentary rocks might be composed by 
amorphous silicates and other different minerals are predominant downstream the Ichu River 
(which flows from West to East). In this way, in the case of iron oxides, magnetite is found in 
all the other samples, mainly in those located in the North side of the Ichu River (sites M2 and 
M5). Other elements and minerals, such as Mn and K-silicates are found in the Eastern sites of 
collection (M2 and M4) which might be associated with the relative high amount of iron and 
iron oxides in these samples [15]. Thus, the Eastern sites of collection seems to contain dif-
ferent types of iron oxides and other minerals than in the Western sites. However, since it has 
been reported that iron oxides tend reduce in swamped soils [16], the goethite found in sample 
M2 might have been formed by the reduction of magnetite swamped in the thermal spring 
pond located nearby the site of collection.

4  Conclusions

Soils samples from an ancient mining city in Peru was characterized by different tech-
niques. Microscopy analysis indicates that soils are composed of two types of particles, 
one with sharp edged coming from static places, and a second type of traveling particles 
due to their rounded shape formed by collision between them. The different colours and 
contrast of the grains indicate that they are composed of different chemical elements and 
some bright areas suggest the presence of organic materials. The EDX analysis identi-
fies Si, Ca and Fe as the main element, which are typical of soils. XRD analysis identifies 
amorphous and crystalline silicates for all the samples. The main mineralogical composi-
tion identified by XRD are quartz, sanidine, and andradite in sample M1; goethite, cal-
cium carbonate, and microcline in sample M2; augite, cristobalite, calcium carbonate, 
and quartz in sample M3; muscovite, albite, and quartz in sample M4; and quartz, kao-
linite, and grossular in sample M5. About Fe, found as one of the main constituting ele-
ments by EDX, it is detected mainly as component in some silicate such as andradite and 
augite by XRD and iron oxides such as magnetite, hematite and goethite by magnetometry 
and Mössbauer spectroscopy. The magnetometry analysis for most of the samples reveal 

3   Page 14 of 16 Hyperfine Interactions (2022) 243:3



1 3

magnetic competition between ferrimagnetic and antiferromagnetic domains embedded in 
a paramagnetic matrix. Thus, the coexistence of magnetite, hematite and goethite results in 
an apparent magnetic alignment signal in the magnetic loops, whereas, the paramagnetic 
signal should correspond to the non-magnetic minerals present in the samples. In this way, 
the Verwey and Morin transitions corresponding to magnetite and hematite, respectively 
are screened by the paramagnetic signal of the silicates. This is confirmed by Mössbauer 
spectroscopy which detects doubles mainly corresponding to the paramagnetic compo-
nents, sextets corresponding to the presence of iron oxides such as, magnetite, hematite and 
goethite. The overlapping between sub-spectra supports the reason why the paramagnetic 
signals in the magnetization curves do not decay exponentially with temperature, since it 
screens the ferrimagnetic and antiferromagnetic signals of the iron oxides. Remarkably, in 
the case of the samples M3 and M4, the ferrimagnetic and antiferromagnetic signals corre-
sponding to the magnetite and hematite, respectively, should be screened by the large num-
ber of paramagnetic silicates. This is confirmed by their corresponding XRD which shows 
more silicates (amorphous and crystalline) contained in sample M4 than in sample M3, 
and thus the Morin transition slightly appears in the M(T) curve. In general, the analysed 
soils are mainly composed of crystalline and amorphous silicates, calcites and iron bearing 
which are typical from Andean soils.
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