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Abstract
We studied diverse minerals found in the magnetic fraction of clays from medicinal sediments collected
in two Peruvian lagoons, La Milagrosa (MML) and La Mellicera (MELL). The clay fraction was
separated by the sedimentation method. The analytical physical techniques we used were energy
dispersive X-ray �uorescence (EDXRF), X-ray di�ractometry (XRD) and transmission Mössbauer
spectroscopy (TMS). We complemented them with a physical chemical analysis to determine texture,
pH and electrical conductivity. We have observed, via XRD, minerals such as illite, calcite and
maghemite. Speci�cally, for MML, by XRD we observed two minerals phases: quartz and dolomite.
TMS allowed us to observe the magnetic fraction of the sediments. In the spectra we observed four
magnetic sextets and three paramagnetic doublets. The sextets were assigned to hematite/goethite,
two sites of magnetite (Fe3+ and Fe2.5+) and maghemite. Likewise, the doublets were assigned to Fe2+

and Fe+3, sites assigned to illite and pyrite, respectively.

Keywords: energy dispersive X-ray �uorescence, X-ray di�ractometry, transmission Mössbauer spec-
troscopy.

Un estudio actualizado de la fracción magnética en sedimentos
medicinales provenientes de dos lagunas Peruanas

Resumen
Estudiamos diversos minerales encontrados en la fracción magnética de arcillas de sedimentos medici-
nales recolectados en dos lagunas peruanas, La Milagrosa (MML) y La Mellicera (MELL). La fracción
de arcilla se separó por el método de sedimentación. Las técnicas analíticas físicas que utilizamos fueron
la �uorescencia de rayos X por energía dispersiva (FRXED), la difractometría de rayos X (DRX) y la
espectroscopía Mössbauer de transmisión (EMT). Éstas técnicas las complementamos con un análisis
físico-químico para determinar la textura, pH y conductividad eléctrica de las muestras recolectadas.
Así, hemos observado, a través de DRX, minerales como ilita, calcita y maghemita. Especí�camente,
para MML, por DRX observamos dos fases minerales: cuarzo y dolomita. La EMT nos permitió
observar la fracción magnética de los sedimentos. En los espectros observamos cuatro sextetos mag-
néticos y tres dobletes paramagnéticos. Los sextetos fueron asignados a hematita/goethita, dos sitios
de magnetita (Fe3+ y Fe2.5+) y maghemita. Asimismo, los dobletes se asignaron a Fe2+ y Fe+3, sitios
asignados a ilita y pirita, respectivamente.

Palabras clave: �uorescencia de rayos X por energía dispersiva, difractometría de rayos X, espectro-
scopía de transmisión Mössbauer.
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Introduction

The study of the mineral-medicinal lagoons is important,
since it is necessary to know if people put their health at
risk by immersing themselves in these types of lagoons
(Cerón et al. 2015 [Cer15], Pérez & Segarte 2001 [Per01],
Furet et al. 1996a [Fur96], Furet et al. 1996b [Fur96b],
Herrera et al. 1996 [Her96]). In this work, we present
updated results on the study of two mineral-medicinal
e�uents named 1) La Milagrosa (MML) with GPS-
coordinates 12◦ 32

′
40.7328

′′
S and 76◦ 43

′
24.0528

′′
W,

and 2) La Mellicera (MELL) with GPS-coordinates 12◦

32
′

34.8504
′′
S and 76◦ 43

′
31.0044

′′
W. Both of them

are located in the Chilca District, Cañete Province, Lima
Region, Perú.

The results of an earlier study (Cerón et al. 2015)
[Cer15] show variations with respect to the results of
much earlier studies: such as pH, (Cerón et al. 2005a,
2005b [Cer05]). Thus, herein, we introduce an updated
study. In the two lagoons, the depth has not changed.
The samples were collected in situ with an extractor that

allowed obtaining samples at di�erent depths and extrac-
tion points (Figure 1a). The extracted samples present
di�erent characteristic colors, texture and composition.
These samples were called MML-VER, MML-CR, MML-
PCL and MML-NEG, all extracted from the central part
of the lagoon, except MML-EXT, extracted from the end
of the lagoon (Figure 1b). The �rst extraction was made
in a warmer season at high temperatures (∼ 23◦C to
28◦C ); the second extraction was made in May, when
the weather is colder (∼ 15◦C to 18◦C).

The results we obtained correspond to the sand frac-
tion (<2 mm particle diameter), clay fraction (<2 µm
particle diameter) and the magnetic fraction.

Finally, since the magnetic phases are frequently not
detected with analytical techniques (such as XRD, due to
their low concentrations), we have used TMS, an isotopi-
cally selective technique, which made possible to identify
the magnetic minerals contained in the corresponding
sample. The microbiological and pharmacological stud-
ies to complete the results have not yet been completed.

Figure 1: In situ extraction of the samples from the lagoons by using an extractor.

Samples Code Characteristic Depth Color

La Milagrosa (MML)

MML- CR Has organic matter.Extracted from
the central part of the lagoon.

∼ 40 cm cream

MML- VER Has organic matter.Extracted from
the central part of the lagoon.

∼ 40 cm greenish

MML- NEG Has organic matter.Extracted from
the central part of the lagoon.

∼ 40 cm blackish

MML- PCL Has organic matter.Extracted from
the central part of the lagoon.

∼ 10 cm leaden

MML- EXT Has organic matter.Extracted from
the central part of the lagoon.

∼ 10 cm leaden

La Mellicera (MELL)
MELL Has organic matter.Extracted from

the central part of the lagoon.
∼ 10 cm blackish

Table 1: Samples Analyzed.
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Materials and Methods

After the corresponding extraction, the samples were
taken to the Laboratory of Soil Analysis of the Faculty
of Physical Sciences (UNMSM). Now, we must indicate
that we called MML-EXT5 the MML sample extracted
in 2014. In Table 1 we have the primary identi�cation of
the samples with their respective characteristics.

Preparation of the samples

The samples were prepared in the Soil Analysis Labora-
tory, dried at room temperature (∼22◦C), then grounded
with a mortar and, afterwards, sieved to obtain the dif-
ferent granulometric fractions, that is, sand-, silt-, and
clay-size fractions. This last fraction was obtained by
the sedimentation method (Figure 2), which delayed ap-

proximately 2 weeks for each sample (Manual de Labo-
ratorio de Análisis de Suelos, UNMSM (2000) [Bra00]).
Likewise, the procedure had to be repeated, in order
to obtain more samples and continue with the analy-
sis. Besides, the magnetic part was extracted using a
routine technique; speci�cally, using a magnetic stirrer
and some magnets, for samples MML-EXT-MAG and
MELL-MAG.

Physical-chemical measurements

Measurement of the degree of alkalinity

The preparation of the samples for the pH analysis was
carried out by following the Soil Laboratory Manual of
the Faculty of Physical Sciences of the UNMSM. We used
a pHTester BNC/OAKTON instrument, model 35624-10
(Table 2).

Figure 2: Instruments used to obtain the clay fraction by the sedimentation method.

Measurement of electrical conductivity

To measure the electrical conductivity, it was necessary
to prepare a saturated paste and extract it through a
pressure �lter, that is, by using a vacuum pump. This
way, we obtained an extract that was subjected to mea-
surement with a conductivity meter. This allowed us
to estimate an approximate quantitative amount of salts
contained in the samples (Table 3).

Samples pH (in the Lab) Temperature of
the liquid (◦C)

MML-CR 8.6 20.9
MML-VER 8.7 20.0
MML-NEG 8.5 21.3
MML-PCL 9.3 21.3
MML-EXT 9.8 22.1
MELL 9.9 22.3

Table 2: pH and temperature obtained from the samples

Physical Techniques Applied

Energy Dispersive X-ray Fluorescence
(EDXRF)

The analysis of the elemental composition was carried
out in two di�erent stages by using EDXRF (Jenkins
2012) [Jen12]. Concerning the �rst one, for MML-EXT5,
the results of Table 4 were obtained with the support of
the EDXRF team of Dr. Paula Olivera in the Peruvian
Institute for the Nuclear Energy (IPEN is its Spanish
acronym). Concerning the second one, Table 5 shows
updated results obtained by using a portable EDXRF
equipment brand, which uses an X-rays tube with a silver
target. This tube operates at 30 kV and 50 µA. EDXRF
allowed us to recognize chemical elements having Z>12
(greater than magnesium). Thus, the elemental com-
position, qualitative and quantitative, was determined.
The uncertainty in the measurement of the concentra-
tions was 10% approximately.
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Samples Elect. cond. (µS) Temperature of
the liquid (◦C)

MML-CR 182.7 21.6
MML-VER 1388 18.8
MML-NEG 1415 18.7
MML-PCL 1180 20.0
MML-EXT 1577 18.9
MELL 1356 19.3

Table 3: Electrical conductivity of the samples.

Percentage of metal MML-EXT5

K (%) < 3
Ca (%) 31± 1
Fe (%) 3.23±0.05
Co (ppm) 447±85
Cu (ppm) 1515±40
Zn (ppm) 150±19
As (ppm) < 134
Sr (ppm) 4664±75
Zr (ppm) 101±7
Y (ppm) < 7
Pb (ppm) 205±17

Table 4: Quantitative analysis by EDXRF of the MML-

EXT5 sample extracted in 2014, in percentage by mass

X-ray di�ractometry (XRD)

We used this technique to make a structural analysis of
the minerals present in the sample (Lipson 1970 [Lip70],
Cullity 2001 [Cul01]). Speci�cally, for MML-EXT5, we
used a MINIFLEX RIGAKU di�ractometer, which uses
radiation from Cu-Kα (λ=1.54178 Å). For MML-EXT
and MELL, we used a Bruker di�ractometer, model D8-
Focus, with a Cu-Kα radiation (λ=1.54178 Å). The two
di�ractometers operated at 40 kV and 40 mA in a vertical
goniometer; the range of the angle scale was 4◦<2θ<70◦

and the 2θ advance was 0.02◦/step with an interval of 3
s per step.

57Fe transmission Mössbauer spectroscopy
(TMS)

This technique was used to obtain detailed information
about minerals that contain iron (Yoshida and Lan-
gouche 2013 [Yos13], Stevens et al. 2005 [Ste05]). We
used a conventional Mössbauer spectrometer with a si-
nusoidal velocity modulation signal and 1024 channels.
The Mössbauer spectra were taken at room temperature
(∼ 298 K) in a transmission geometry using a 57Co source
in a rhodium matrix. These spectra were analyzed by us-
ing the Normos program, created by Richard Brand in
1995, at the Archeometry Laboratory of the Faculty of
Physical Sciences of the UNMSM.

Elements
Samples

MML-EXT MML-PCL MML-VER MML-CR
Al 0.0002 15.1734 0.0002 0.0002
Si 11.3744 2.2006 0.00 0.00
P 0.00 0.00 0.00 0.00
S 0.6520 1.9491 1.2551 0.70
Cl 1.9103 10.0932 3.9749 3.2212
K 1.2964 1.5761 1.5663 1.7859
Ca 4.7555 8.8050 11.8307 14.0876
Ti 0.1670 0.0572 0.00 0.0503
V 0.00 0.00 0.00 0.00
Cr 0.0092 0.0107 0.00 0.00
Mn 0.0866 0.0477 0.0171 0.0452
Fe 1.8213 1.2055 0.4364 1.0209
Co 0.0342 0.0199 0.0303 0.0583
Ni 0.00 0.00 0.0017 0.00
Cu 0.0037 0.0014 0.0049 0.0052
Zn 0.0112 0.0096 0.0097 0.0098
Br 0.0028 0.0233 0.0051 0.0044
Rb 0.00 0.00 0.00 0.00
Sr 0.0988 0.2858 0.2788 0.4423
Zr 0.0045 0.0070 0.0155 0.0133

Table 5: Updated quantitative analysis by EDXRF of the di�erent samples, in percentage by mass.
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Figure 3: (a) X-ray di�ractogram of the MML-EXT5 sample extracted in 2014. X-ray di�ractogram of the MML-EXT sample

corresponding to (b) the clay fraction and (c) the magnetic fraction.
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Results and Discussions

Physical-chemical analysis

Table 2 shows the obtained results concerning the degree
of alkalinity of the samples. Table 3 shows the cor-
responding conductivity results. All these values were
recorded both in situ in extracting the samples and ex
situ in the soils analysis Laboratory after three days.
All samples have a high degree of alkalinity; this is due
to the high concentration of basic ions present in the
samples.

Energy dispersive X-ray �uorescence
(EDXRF)

In Table 5 we observe the following: the major per-
centage of Al is presented by the MML-PCL sample;
for Si, it is noticed that MML-EXT>MML-PCL; for
S, we have MML-PCL>MML-VER>MML-CR>MML-
EXT; for Cl, we observe that the MML-PCL sample has
the major percentage when it is compared with the all
other samples; K is invariable. Also, concerning Ca, we
have MML-CR>MML-VER>MML-PCL>MML-EXT;
concerning Fe, we have MML-EXT>MML-PCL>MML-
CR>MML-VER. Besides, the MML-EXT sample has
more concentration of Si and Fe, whereas the MML-PCL
sample has more concentration of S and Cl followed by
Fe and Si. These last samples are the most representa-

tive of La Milagrosa lagoon.

X-ray di�ractometry

In all the di�ractograms shown in Figure 3, the pres-
ence of quartz (SiO4) is observed in the samples; it is
a primary mineral di�cult to dissolve. In Figure 3 a,
we observe the results for the clay fraction in MML-
EXT5, where the additional structural phases illite, ver-
miculite and calcite are registered. In Figure 3 b, for the
MML-AR-EXT sample, we observe one structural phase,
dolomite [CaMg(CO3)2], which is observed with its main
peaks. In Figure 3 c, for the magnetic fraction of MML-
EXT-MAG, we observe the structural phases of hematite
(Hem) and maghemite (Mgh); it is also noticed the su-
perimposed main peaks of Hem + Mgh, well de�ned at
2θ= 35.5◦, and the primary mineral quartz.

Transmission Mössbauer spectroscopy (TMS)

In Figure 4, we observe the Mössbauer spectra for the
MELL samples. In Figure 4a, for MELL-AR, we have
the clay fraction Mössbauer spectrum recorded at speed
v = 11 mm/s. In this spectrum, with an absorption per-
centage of 7%, we observe a unique magnetic sextet S1
assigned to goethite and three paramagnetic doblets D1,
D2 and D3. Doblets D1 and D2 were assigned to sites
Fe3+ and Fe+2, both corresponding to illite. Doblet D3
was assigned to the Fe3+ site, corresponding to pyrite.

Figure 4: TSM spectrum of the MELL sample recorded at v = 11 mm/s (a) MELL-AR, clay fraction, and (b) MELL-MAG,

magnetic fraction.
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In Figure 4b, for MELL-MAG, with an absorption
percentage of 10%, we have the TMS spectrum for the
magnetic fraction. The mineralogical composition was
attributed to the presence of four magnetic sextets (S1,
S2, S3 and S4) and three magnetic doblets (D1, D2 and
D3). Sextet S1 was assigned to hematite/goethite. Sex-
tet S2 and sextet S3 were assigned to magnetite (Mag),
these sextets are partially resolved on the tetrahedral
sites (site A, Fe+3), with Bhf=49.53 T and the octahe-
dral sites (sites B, Fe+2.5 due to Fe3+ and Fe2+), with
Bhf=46.72 T. The population of iron on the octahedral
site is approximately two times the corresponding to the
tetrahedral site; this is observed in Table 6 (where we
have the areas). Sextet S4 was assigned to maghemite
(Mgh). Concerning to the doblets, D1 and D2 corre-
spond to the Fe+2 and Fe+3 sites assigned to illite, and
D3 corresponds to Fe+3 assigned to pyrite.

In Figure 5, we observed the MML-EXT TMS spec-

tra. In Figure 5a, we have the clay fraction spectrum
recorded at low speed, v = 2 mm/s; with an absorp-
tion percentage of 0.5%, we observed one paramagnetic
doublet corresponding to one site Fe+3 assigned to the
dolomite.

In Figure 5b, with an absorption percentage of 20%,
we have the magnetic fraction, whose mineralogical com-
position is attributed to the presence of four magnetic
sextets S1, S2, S3 and S4. These ones were interpreted
thus: sextet S1 is hematite; S2, the tetrahedral mag-
netite contribution; and S3 and S4 combined, the oc-
tahedral magnetite contribution. This is because when
the magnetite is impure or poorly crystalline, it always
has the octahedral contribution broadened. Likewise, we
observed three paramagnetic doublets D1, D2 and D3.
Doublets D1 and D2 correspond to the Fe+2 and Fe+3

sites assigned to illite; doublet D3 corresponds to the
Fe+3 site assigned to pyrite.

Figure 5: Transmission Mössbauer spectrum of the MML sample. (a) Clay fraction recorded at v = 2 mm/s, and (b) magnetic

fraction at v = 11 mm/s.

We realized the magnetic composition of MELL-
MAG and MML-EXT-MAG did not change even though
these samples were registered in di�erent extraction
points. This must be because they are samples from
neighboring lagoons.

For MML-EX-AR, by XRD we observed the presence
of dolomite and by TMS we do not observe this min-
eral; however, this does not imply that this mineral is
not present in the sample. That is, we know that TMS
is a selective isotopically technique, which allows us to
observe minerals having too little Fe, and we know that
dolomite has Ca and Mg in its structure; it is probable
that an ion exchange of Mg and Fe has not happened.
Likewise, by TMS we observed the presence of one para-
magnetic doblet corresponding to pyrite, which is not ob-

served by XRD because it has less than 5% of Fe present
in the sample.

Likewise, Table 6 shows the Mössbauer parameters of
the MML and MELL samples, clay and magnetic frac-
tions. In this table, δ stands for the isomer shift ε, the
quadrupole shift ∆EQ, the quadrupole splitting; Bhf

is the hyper�ne �eld; A, the spectral area; and Γ, line
width.

Conclusions

In the studied mineral-medicinal e�uents, we registered
a high degree of alkalinity, this due to the presence of a
high concentration of basic ions. The elemental composi-
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tion shows more concentration for Si and Fe, followed by
S and Cl. The dominant clays would have in its structure
sites of Fe+2 and Fe+3, corresponding to illite.

The mineralogy of the magnetic fraction was obtained
for both set of samples studied; their respective mag-
netic composition did not change; it was the same even
when we had registered samples from di�erent extraction
points. The reason for this is due to the samples from the

same lagoon. This magnetic composition corresponds to
sites of Fe+3 and Fe+2 oxides assigned to hematite and
magnetite.

Likewise, we suggest complementing these studies in
an interdisciplinary way, with researchers from the bi-
ological and medical areas, to give more precise results
and authorize if people can dive into the lagoons without
risking their health.

Sites Parameters
Samples

MML-EXT-AR MML-EXT-MAG MELL-AR MELL-MAG

Sextet S1
hematite/goethite

δ(mm/s) 0.286 0.33 0.286
2ε

∆EQ
-0.221 -0.10 -0.221

Bhf (T ) 51.88 41.0 51.88
A(%) 10.302 88.31 10.56

Γ(mm/s) 0.21 0.31 0.26

Sextet S2 magnetite
sites B, Fe+3

δ(mm/s) 0.211(4) 0.21
2ε

∆EQ
-0.021(7) -0.021

Bhf (T ) 49.53(4) 49.53
A(%) 31.41 29.68

Γ(mm/s) 0.328 0.33

Sextet S3 magnetite
sites B, Fe+2.5

δ(mm/s) 0.587 0.59
2ε

∆EQ
-0.073 -0.073

Bhf (T ) 46.72 46.72
A(%) 20.81 17.50

Γ(mm/s) 0.258 0.258

Sextet S4 maghemite
δ(mm/s) 0.541(1) 0.35

2ε
∆EQ

0.056(1) 0.028
Bhf (T ) 45.86() 45.36
A(%) 26.40 26.37

Γ(mm/s) 0.39 0.39

D1 illite Fe2+
δ(mm/s) 1.01 1.026 0.60

∆EQ 2.44 2.63 2.1
A(%) 4.38 25.97 7.1

Γ(mm/s) 0.56 0.50 0.48

D2 illite Fe3+
δ(mm/s) 0.11 0.226 0.40

∆EQ 1.34 1.14 2.78
A(%) 1.46 22.13 3.54

Γ(mm/s) 0.44 0.55 0.45

D2 pyrite Fe3+
δ(mm/s) 0.192 0.164 0.22 0.201

∆EQ 0.714 0.88 0.62 0.66
A(%) 100.0 5.24 40.22 5.27

Γ(mm/s) 0.412 0.51 0.384 0.38

Table 6: Mössbauer parameters of the MML and MELL samples, clay and magnetic fractions.
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