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The state of Chihuahua, Mexico, has several uranium deposits. The most important is the Peña Blanca deposit at north of the Chihuahua
City. After an intensive exploration in the 80’s, the mineral extracted and unprocessed was confined in rock stacks exposed to weathering.
To characterize the transport of uranium by surface water in the form of particles or dissolved, a sampling was carried out in the bed of the
stream “El Tigre”. Nine sediment samples were collected near the Nopal 1 mine, and separated into coarse sand, fine sand, silt, and fine silt
+ clay fractions. The activity concentration of the uranium series isotopes was determined by gamma spectrometry, applied to the different
fractions of each sample. The fine silt + clay and fine sand fractions were analyzed by X-ray diffraction in the 2 most active samples, Nopal 1
and Nopal 2. The phases are quartz, calcite, montmorillonite, sanidine, orthoclase, albite, kaolinite and magnetite. Particles ofd < 100 µm
(P1-Bulk) were extracted from the fine sand fraction of Nopal 1 with the help of ultraviolet light fluorescence; uranium and silicates were
confirmed in them by SEM-EDS. P1-Bulk sample was subjected to X-ray absorption spectroscopy measurements on the U L3-edge, as well
as to the samples fine silt + clay fraction of the Nopal 1 (P1-Clay) and Nopal 2 (P1-Silt). The X-ray absorption near edge (XANES) region
analyzed indicates the presence of hexavalent uranium in the three samples. The fit of the Extended X-ray absorption fine structure (EXAFS)
spectrum of the P1-Bulk sample indicates that it isα-uranophane. This result is consistent with the reports of the area.

Keywords: Uranium; Radiation synchrotron; environmental; Mexico.

DOI: https://doi.org/10.31349/SuplRevMexFis.5.011202

1. Introduction

The Sierra Pẽna Blanca is located approximately 80 kilome-
ters northeast of Chihuahua City (Fig. 1) [1]; it contains three
main uranium deposits: El Nopal, Puerto 3 and Margaritas.
The Nopal 1 mine was active between 1969 and 1981, until U
mining activity stopped in the region, leaving exposed clus-
ters of material and both surface and subway mines. This de-
posit consists mainly of minerals such as uranophane, week-
site, carnotite and schoepite, with minor amounts of primary
uraninite [2]. It is also located in the Nopal Formation where
the upper zone of the formation consists of rhyolitic ash flow
tuff, with abundant crystals [3]. The mining district is lo-
cated in the physiographic province of Basin and Range [4],
so its geomorphology corresponds to the characteristics of
this, with sierras separated by extensive plains filled with al-
luvial material from these. Hydrologically, it is located in the
region RH34 “Cuencas Cerradas” del Norte [5], which is

FIGURE 1. a) Location of Sierra Pẽna Blanca and Laguna del
Cuervo with respect to Chihuahua city. b) Location of major
streams and mining prospects in the study area.

characterized by torrential rains followed by long periods of
drought. Since it is an endorheic basin, the hydrology of the
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FIGURE 2. Sierra Pẽna Blanca and Laguna del Cuervo. The location of the sampling points is shown on the right.

area favors the transport of minerals through the main streams
in the zone, such as El Tigre stream, which flows into Laguna
del Cuervo.

Uranium oxidation states are +3, +4, +5 and +6. In oxi-
dizing environments, uranium is usually found with valence
+6 as the highly soluble uranyl ion UO2 [6]. The dissolution
of this element and its presence in the environment depends
entirely on the weathering processes of rocks and sediments,
as well as its level of exposure to them. The study of environ-
mental radioactivity provides information on the mechanism
of uranium transport through surface waters in this particular
study.

The isotopes present in nature are234U, 235U and238U,
the last two being the parents of two radioactive series of suc-
cessive decays. The238U presents alpha, beta and gamma
successive decays until the isotope206Pb, which is stable [7].
In geological time, all members of the U decay chain in a
deposit are in secular equilibrium,i.e., parent radioisotope
activity is equal to that of the daughter radioisotope. This par-
ticular study focused on the activities of the members214Pb,
214Bi and226Ra.

Due to the health consequences of environmental radioac-
tivity in the Chihuahua’s Desert, the sources and their evolu-
tion must be characterized from different approaches (chem-
ical, geological, environmental). For this purpose, we will
obtain phase analysis of the sediments, morphology and ele-
mental analysis. As well as the radioactivity, the identifica-
tion of the U oxidation state and the preponderant uraniferous
phase in the most active samples of the Tigre stream.

2. Materials and methods

2.1. Sediment sampling

Seven sediment samples were collected along the main
stream “El Tigre”. The samples Nopal 1 and Nopal 2 were
collected from tributaries of streams nearby the Nopal 1 mine
(Fig. 2).

TABLE I. Sampling points.

Sample Coordinate

East North

Tigre-1a 397590 3221365

Tigre-1b 397498 3221389

Tigre-2 398857 3221895

Tigre-3 399452 3222261

Tigre-4 400334 3222138

Tigre-5 401633 3222151

Tigre-Abanico 402722 3221291

Nopal-1 399098 3220334

Nopal-2 399418 3220253

FIGURE 3. Sampling in El Tigre main stream.

It was carried out in the least invasive way possible to the
geological environment, following the procedure reported by
Colmeneroet al. [8]. The sample collection area was defined
by a square structure with a side of 50 cm (Fig. 3), and each
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FIGURE 4. Flowchart of the methodology for each sample.

sample was stored in high-density polypropylene bags. Its
location coordinates are shown in Table I.

The particle size separation was carried out by vibrating
mesh sieving with sizes 16 (1.19 mm), 50 (0.279 mm), 100
(0.149 mm), 200 (0.074 mm) and 400 (0.037 mm), for ob-
taining coarse sand, fine sand, coarse silt, fine silt and clay
particle sizes.

The work plan for the El Tigre mainstream sediment sam-
ples is shown in Fig. 4

2.2. Scanning electron microscopy (SEM)

Morphological and composition characterization of the sam-
ples were performed using a Jeol JSM 7401F equipment with
the microanalysis energy-dispersive spectrograph (EDAX).
The acquisition of digital images was performed with sec-
ondary (SE) and backscattered (BSE) electrons.

2.3. X-ray diffraction (XRD)

The sediment analysis by XRD was performed using the
XPERT-PRO PANalytical equipment. The diffractograms
ware collected from 4.9 to 90◦ in 2θ angle with a step of
0.0130◦. CuKα radiation was used (λ=1.5405).

2.4. Gamma spectrometry

The activity concentration of the uranium series isotopes was
determined by applying gamma spectrometry to the different
fractions of each sample. A hyper pure germanium high res-
olution gamma spectrometer Canberra model GC2020 with
a relative efficiency of 20% was used. The determination of
the activities was carried out by the relative method, using as
standard the IAEA certified material RGU-1.

The escape of radon gas from the sample container may
be a possible cause of the radioactive disequilibrium between
226Ra isotope and its daughters. To avoid this disequilib-
rium, the vials must be hermetically closed, for around 30
days. The dry sediment samples were deposited in hermet-
ically sealed Teflon vials, to prevent the222Rn gas escape.
After this procedure, the activities of238U radioactive series

FIGURE 5. a) Vial in beamline I20; b) sample P1 bulk; c) sample
holder.

may be obtained considering the234U in radioactive equilib-
rium with the226Ra isotope and its daughters.

For the relative method were used the energy lines from
the 238U: 234Th (63.28 keV),226Ra (186.21 keV) +235U
(185.72 keV),214Pb (351.93 keV), and214Bi (609.51 and
1764.49 keV). Then, the activity concentrations of224Th
(equivalent to 238U) and226Ra by its daughters214Pb and
214Bi were obtained.

2.5. X-ray absorption spectroscopy

The XAS measurements were performed on the Diamond
Light Source (United Kingdom) I20-scanning beamline. For
XAS measurements a disc of 6 mm (sample) was enclosed
in a sealed plastic vial that was fixed in sample holder and
frozen with liquid nitrogen (Fig. 5). X-ray absorption mea-
surements were performed, under normal operating condi-
tions, using a double-crystal Si (111). The measurements
were performed in fluorescence mode with individual scans
resulting from the average of 11 channels of a Ge fluo-
rescence detector. The energy interval for each point was
∆E = 0.3 eV from the pre-edge zone to the EXAFS region.
Then the individual scans were averaged in order to obtain
the final experimental spectrum [9]. The normalized absorp-
tion signal was obtained through usual data reduction anal-
ysis using the program IFEFFIT. The XANES and EXAFS
data were processed and analyzed using the suite of programs
Demeter (Athena and Artemis) by B. Ravel and M. Newville
[10]. The theoretical modeling code FEFF6.0 was used to
calculate the backscattering phases and amplitudes of the in-
dividual neighboring atoms for the purposes of curve-fitting
the data.

3. Results and discussion

3.1. SEM analysis

To identify possible U in the sediments, specific samples of
fine silt + clay and particles of fine sand were selected, be-
cause they fluoresced under short-wave and long-wave UV
light with yellow-green hues (Fig. 6).

Figure 7 shows elemental analysis of a fine sand sedi-
mentary particle (size∼ 0.25 mm) by BSE. The selected
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FIGURE 6. Uranium minerals: uranophane and weeksite, covered
of chalcedony observed by the stereographic microscope, corre-
sponding to the Nopal mine. In the left image under UV light and
in the right image under visible light [11].

area 3 presents 26.48% of uranium in weight. This particle
represents a hard agglomerate of different compositions as
observed.

3.2. XRD analysis

Figure 8 shows the experimental diffraction patterns of fine
sand and fine silt + clay samples, extracted close to Nopal 1
mine. The patterns are similar; eight crystalline phases were
identified: quartz, calcite, feldspar (orthoclase, sanidine, al-
bite), montmorillonite, kaolin and magnetite. These results
are consistent with previous report by Faudoa F. [11].

FIGURE 7. Top: Backscattered electron image of Nopal 1 sediment
in fine sand. Bottom: Elemental analysis by EDS.

3.3. Gamma spectrometry analysis

Table II displays the activity concentrations and uncertainties
for the sedimentary samples of fine sand, and silt-clay. The
activities and their uncertainties were obtained according to

TABLE II. Activity concentration in Bq/kg for sediment samples by gamma spectrometry.

Sample Granulometry Isotopes

Pb-214 Ra-226 Bi-214

Tigre-1a
Fine silt+clay 120±2 102±7 123±3

Fine sand 123±2 109±5 123±2

Tigre-1b
Fine silt+clay 133±2 103±7 131±3

Fine sand 142±2 118±5 145±2

Tigre-2
Fine silt+clay 98±2 75±7 101±3

Fine sand 79±1 L.D. 90±2

Tigre-3
Fine silt+clay 96±2 65±6 91±3

Fine sand 85±2 65±5 89±2

Tigre-4
Fine silt+clay 76±2 61±6 72±2

Fine sand 77±1 54±4 79±2

Tigre-5
Fine silt+clay 82±2 73±7 82±3

Fine sand 71±1 52±4 73±2

Tigre-Abanico
Fine silt+clay 83±2 59±6 85±3

Fine sand 73±2 55±4 78±2

Nopal-1 Fine sand 95±2 98±5 100±2

Nopa2-1 Fine sand 217±2 214±6 223±9
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FIGURE 8. Diffraction patterns of sediment samples from Nopal 1,
fine sand (green) and fine silt + clay (blue).

Gilmore’s recommendations [12]. The activity of234U
(which also cannot be calculated directly in gamma spec-
trometry) can be assumed equal to the activity of its ra-
dioisotope daughter,226Ra, if the environment is oxidizing.
The 226Ra activity was calculated according to the Gilmore
method [12] through the intensity of the 186 keV doublet.

It may be observed that the samples taken in points from
Nopal 2 and Tigre 1b present the greatest activities. They
were collected near the Nopal I and Nopal III mines, re-
spectively. The activity concentrations in the samples of fine
sand, closer to the “Peña Blanca” mountain are higher than
the clays. According to the results presented, the fine sands
could contain mineral uranium in fragments.

3.4. X-ray absorption spectroscopy analysis

XAS was applied at the U L3 - edge to the most radioactive
samples to identify the uranium phases. The silt + clay frac-
tion 17177 eV (P1 - Silt) and 17179 eV (P1 - Clay). Above
17200 eV start the EXAFS oscillations associated with the
photoelectron scattering from the closest oxygen atoms to the
absorbing U.

FIGURE 9. Absorption spectra for the P1-Clay and P1-Silt visual-
ized in Athena.

FIGURE 10. The Fourier Transforms (R space) and the k3-
weighted (k space) of experimental (solid) and fitted (dashed line)
U LIII EXAFS.

TABLE III. EXAFS parameter for P1-Bulk.

Name Path N S02 σ2 E0 ∆R Reff Reff+∆R Uncert.

Oax O3.1 2 1.05 0.0063(6) 9 0.009 1.8045 1.814 0.004

Oeq1 O9.1 1 1.05 0.0035(9) 9 -0.039 2.2411 2.202 0.007

Oeq1 O7.1 2 1.05 0.0035(9) 9 -0.039 2.2952 2.256 0.007

Oeq2 O7.2 2 1.05 0.014(5) 9 -0.038 2.4498 2.412 0.019

triangle O1.1O9.1 6 1.05 0.010(1) 9 0.010 3.4707 3.481 0.001

Rattle O3.1O3.1 2 1.05 0.013(1) 9 0.018 3.6089 3.627 0.008

Si Si1.1 1 1.05 0.010(4) 9 0.003 3.1444 3.145 0.031

Forward through absorber O3.1U O3.1 2 1.05 0.013 (1) 9 0.018 3.6089 3.627 0.008

U U1.1 2 1.05 0.02(1) 9 -0.164 3.9241 3.760 0.059
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FIGURE 11. The Fourier Transforms (R space) and the k3-
weighted (k space) of experimental (solid) and fitted (dashed line)
U L III EXAFS.

The inflection point E0 has been found at 17172.5 eV (P1
-Clay), which is similar to E0= 17172.3 eV, reported by Bes
et al., [13] for U6+ valence state. The uncertainty of this
determination is of order of the step∆E = 0.3 eV, men-
tioned above. For fitting the experimental spectrum for P1-
Bulk the structural modeling for the fitα-uranophane (Gin-
derow) [14] is shown in Fig. 10. The Fourier transforms and
the k3-weighted of the EXAFS spectra and fits for the P1-
Bulk sample can be seen in Fig. 11. The peaks around 1.3 -
2.5Å arise from the backscattering caused by oxygen atoms

nearest to the uranium. A peak at 3.1Å is attributable to the
backscattering from the nearest Si neighbor. The best fit to
the data parameters are shown in Table III. These results are
consistent with a previous report by Kelly [15]. The results
of the fit suggest that the model is correct, and therefore, that
the oxidation state in U6+ and that the radioactivity of these
sediments is probably due to the presence ofα-uranophane
particles.

4. Conclusions

The uranium radioactivity concentration is higher in the sam-
pling points closest to the Nopal I and Nopal III mines.
Gamma spectrometry has shown that the location of samples
in relation to uranium sources (mines) influences the isotope
concentration.

The EXAFS spectrum in P1-Bulk suggests that the uran-
iferous material present in the sample point Nopal 1 is ura-
nophane. It was also found that the uranium present in the
samples silt - clay samples close to Nopal I mine is oxidized
(with valence +6).
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