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Article 
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Abstract: Some of the largest uranium deposits in Mexico are located in Chihuahua. The most im-

portant is in Sierra Peña Blanca, northwest of the capital, which was explored and partially exploited 

in the 1980s. After the closure of activities, the mining projects were left exposed to weathering. To 

characterize the drift of uranium minerals towards the neighboring Laguna del Cuervo, sediment 

samples were collected in the main streams in the drainage pattern of the largest deposits. The ura-

nium mineral fragments from the fine sand portion were extracted using fluorescence at 365 nm 

light. These particles' morphology and elemental composition were analyzed by focused ion beam 

microscopy (FIB) and scanning transmission electron microscopy (STEM). The particle density in 

samples close to the uranium sources was quantified using gamma spectrometry. The highest den-

sity was 2500 part./g, and the lowest was 124 part./g. X-ray absorption spectrometry (XAFS) allowed 

to establish the speciation of U in the uranium particles, confirming U(VI) through the XANES spec-

trum. Theoretical fitting of the EXAFS spectrum confirmed the presence of uranophane. Finally, the 

Fe, Sr, and U distribution in the particle and its matrix was obtained by X-ray fluorescence microto-

mography (CT-µXRF). It was concluded that the particle is composed of uranophane, imbricated 

with quartz and other oxides. 

Keywords: Uranium; Sierra Peña Blanca; mineral particles; isotopes; gamma spectrometry; XANES; 

EXAFS; CT-µ-XRF 

 

1. Introduction 

The state of Chihuahua, Mexico, has significant uranium deposits. Among them, the Sierra Peña 

Blanca (SPB) site, located approximately 50 km northeast of the state capital (Figure 1) [1], stands out 

for its economic importance. As it contains about 40% of the country’s uranium, important uranium 

exploration and mining activities were undertaken there. The main deposits were exploited until the 

early 1980s when mining activities in the region were closed. The extracted and unprocessed uranium 

ore, confined in a repository, and the ore in open-pit mines were left exposed to the area's climatic 

conditions, with subsequent weathering, erosion, and deposition phenomena.  
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Figure 1. Left: Location of Sierra Peña Blanca and Laguna del Cuervo north of Chihuahua City. Right: Main 

streams in the study area. 

SPB is located in the Basin and Range physiographic province [2]. The origin of the province is 

the folding of Mesozoic marine sequences, developed on a Paleozoic and Precambrian basement, as 

well as the filling of tectonic trenches with continental sediments and igneous spills. The SPB topog-

raphy is characterized by internally drained basins surrounded by steep mountain ranges that rise 

500 to 1000 m above the plains and 2000 to 3000 m above sea level [3]. Hydrologically, the province 

is part of the Northern Closed Basins sub-region and the Laguna del Cuervo (Laguna de Hormigas) 

sub-basin [4]. 

Tectonically, SPB belongs to a larger fragmented block, Sierra del Nido [5]. In the southern part 

of the Sierra, the oldest rocks are Paleozoic sedimentary outcrops, while in the north, the rock consists 

mainly of reef limestone from the El Abra formation outcrop. Different geological units stand out in 

the area; however, the main ones presenting uranium mineralization are those of the Escuadra and 

Nopal formations [6]. 

The SPB mining district contains three main U deposits: Nopal I, Margaritas, and Puerto 3, which 

are composed of volcanic rocks of felsic composition, such as rhyolitic tuffs [7]. Their most repre-

sentative uraniferous minerals are uranophane, which is predominant, and carnotite-margaritasite, 

weeksite, and schoepite, with minor amounts of primary uraninite [8]. Faudoa, in a recent study [9], 

identified and characterized the following minerals in the Nopal 1 mine: α-uranophane 

[Ca(UO2)2(SiO3OH)2 ·5H2O], accompanied by parauranophane (earlier named β-uranophane) and 

weeksite in veins, as well as quartz, feldspars, and iron oxides, such as hematite. In [9], para-

uranophane crystals were extracted from the Nopal 1 mine in what is described as “cavities in the 

rock” in a hematite-goethite matrix. The uranyl sulfates natrozippeite and uranopilite were also re-

ported [9]. 

The origin of uranium mineralization in the SPB deposits has been the subject of many publica-

tions. Reyes-Cortés [6] indicated that the uranium-molybdenum deposits in the SPB are distributed 

at 55 - 100 m depth in rocks of the Escuadra geological formation. Goodell [5] explained that uranium 

has migrated there following the weathering and erosion processes of peralkaline rocks with uranium 

content that outcrops in the Sierra del Nido. This was accompanied by a hydrological transport (un-

derground-surface) of the sediments containing U and some interaction with hot solutions. Then, the 

geological gradient and the structures with a southeast tendency allowed these solutions to flow to-

ward the Peña Blanca block. Finally, the geochemistry of the formations in Peña Blanca and the faults 

and fractures present enabled the formation of a reducing environment where uranium could be de-

posited in the mineralized zones. George-Aniel et al. [10] established that mineralization occurs 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2025 doi:10.20944/preprints202502.1817.v1

https://doi.org/10.20944/preprints202502.1817.v1


3 of 6 

mainly in the lower units of a Cenozoic volcanic package (the rhyolites of the Escuadra and Nopal 

formations) under three genetic types. First, a hydrothermal type, where the primary mineralization 

and the associated kaolinization of the rock are the results of the circulation of hydrothermal fluids 

in the breccia and fault systems; the uranyl minerals being produced there at later stages with oxi-

dizing conditions. Second, a mixed-exhalative genetic type, common in geothermal environments or 

in sedimentary basins with active hot springs, in which the U-Mo minerals were precipitated due to 

the mixing of oxidizing and uranium-rich groundwater with reduced and H₂S-rich fluids in a tectonic 

valley. Third, a supergene type, in which the uranophane mineralization is performed between two 

impermeable layers. The precipitation of this uranyl silicate, together with kaolinite and quartz, is 

due to an enrichment of SiO₂ in low-temperature solutions. 

The area of SPB is located in the Chihuahuan Desert, where the average annual temperature and 

precipitation are about 18 °C and 235 mm, respectively [11]. The weather is characterized by periods 

of torrential rain followed by long periods of drought [12]. When the geological formations are phys-

ically weathered, their rocks begin their sedimentary cycle. The decomposition and fragmentation of 

the rock-forming minerals allow for its subsequent erosion and displacement [13]. This later can be 

caused by natural agents such as water, wind, and mass flows. In this work, we focus on the transport 

of U minerals through surface water. Being an endorheic basin, the area's hydrology favors the me-

chanical transport of the material exposed in the mines through the main streams - Peña Blanca, Boca 

la Colorada, and El Tigre - to Laguna del Cuervo. Evaluating the potential environmental contami-

nation from acid drainages generated by mining processes is important. In the case of the Peña Blanca 

mining activities, the presence of elements such as As, Cd, Co, Cr, Cu, Mo, Ni, Pb, Sb, V, and Zn was 

reported in granulometric fractions with d < 2 mm sampled from the streams of the area, but U was 

not [14]. 

Schindler et al. [15] studied amorphous silica glazes at the Nopal 1 mine in SPB. They determined 

the oxidation states of uranium and the concentration of U and Ca in green and yellow opals. These 

are 0.08-0.15% in the opal and are in a 1:1 ratio. They observed silica coatings in fractures and/or 

cracks on uranium minerals, mainly uranophane, weeksite, and becquerelite (filling small fissures). 

It is concluded that microparticles of weeksite and uraninite have been incorporated into the glazes 

during the gelation and hardening of silicic acid to form opal. A more recent study by Schindler et al. 

[16] suggests that microcrystalline quartz-opal can retain uranium for millions of years under stand-

ard pressure and temperature conditions and low fluid activities. 

In nature, three isotopes of uranium are found: 234U, 235U, and 238U. The last two isotopes are 

parents of two radioactive decay series. The radioactive decay series of 238U generates alpha, beta, 

and gamma radiation with daughter radionuclides [17]. Uranium is a lithophile element that may 

present the oxidation states +3, +4, +5, and +6. The valence +6 sometimes indicates that uranium is 

present as the uranyl ion UO2+2, which is highly soluble [18]. The presence of this soluble ion is linked 

to uranium's exposure to physical and chemical weathering processes. Hence, its characterization 

provides information about the transport mechanism(s) to which it was subjected. In geological en-

vironments, the radioactive activities of the isotope members of the uranium series are usually all 

equal in “radioactive equilibrium.” For the 238U series, the Activity Ratio AR=A(234U)/A(238U) is gen-

erally calculated. It is affected by the solubility of 234U due to the α-recoil phenomenon, which extracts 

the U+4 ion from the crystalline bond. Variations in AR have been related to the mobility of surface 

waters and the intensity of weathering in sediment production [16]. More recently, however, Bosia et 

al. [19] suggested that the high concentration of refractory minerals in the sediment composition 

modifies the dissolution of U and Th. They proposed that isotope activity concentrations in surface 

waters are mainly controlled by variations in the sediment mineralogical and grain-size compositions 

rather than by variations in their degree of weathering during transport. In this study, we focus on 

analyzing the concentration and distribution of uranium mineral fragments from the deposits in sed-

iments and the isotopes produced by the 238U series. 

The exploration of uranium isotopes in rocks by radioactive methods has been reported since 

the 1950s [20–23]. In the 1960s, the characterization of uranium and/or thorium minerals by such 
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methods was well established, as described by J.L. Mero [24]. In Chihuahua, the first application of 

gamma spectrometry was performed in 1984 during the investigation and mitigation activities fol-

lowing the "Radiation accident of 60Co contamination" in 1983 [25]. Then, dismantling a radiotherapy 

unit led to the deposition of 16.65 GBq of cobalt-60 in a junkyard, from where it dispersed in the 

environment [25].  Gamma spectrometry was used to determine the background levels of uranium 

activity in soils sampled from the principal localities of the state [26]. 

Rodríguez-Guerra [27] and Hernández-Hernández [28] studied the transport of uranium series 

isotopes from Peña Blanca to Laguna del Cuervo through the El Tigre and Boca la Colorada streams, 

respectively. They characterized sediments in the area and found the following mineral phases: 

quartz, calcite, clays, potassium feldspars, and iron oxides. They provided evidence that the uranium 

ore from the Nopal I mine moves in a particulate manner in sands that are in secular equilibrium. 

Pérez-Reyes et al. [29], studied the activity ratio of the isotopes 234U/238U and the sediment-water dis-

tribution coefficient of these isotopes. He found activity concentrations of the isotopes up to 35 times 

higher than those determined for other samples in the same study. He attributed this to a contribution 

of uranium from the water to the sediment through a reduction zone due to the affinity of this element 

as a ligand to organic matter. Under these redox conditions, uranium in solution can precipitate.  

Pérez-Reyes et al. [30] simulated the transport of uranium minerals by surface water through columns 

with sediments that reproduced granulometrically the channel and alluvial fan of the Boca la Col-

orada stream, Sierra Peña Blanca. The experiments confirmed the difficulty of dissolving uranophane 

and uranyl's adsorption capacity by the area's clays. These results suggested the natural mechanism 

of uranium transport by surface water in SPB is through fragmented uranium mineral particles. 

Since 1945, as a result of the production of uranium, nuclear fuel, tests of nuclear weapons, and 

nuclear accidents of various kinds, radioactive particles into the environment has been released. In 

the case of nuclear accidents, these radioactive particles are called "hot particles." According to IAEA-

TECDOC-1663 in 2011, radioactive particles are “localized aggregation of radioactive atoms with an 

inhomogeneous distribution of radionuclides significantly different from that of the matrix back-

ground.” Particles are considered grains of aerosols, soil, or sediments with 0.45 µm < d < 2 mm, and 

fragments have d > 2 mm [31]. The study of these hot particles shows a gruesome example: the acci-

dent involving USAF B-52 bombers with nuclear bombs in 1966 in the Palomares area, Spain. The 

work of Lind et al. [32] demonstrates the characteristics of the radioactive particles containing ura-

nium (U) and plutonium (Pu) dispersed on the ground by the accident. Hot particles from the Palo-

mares accident have then been subjected to destructive and non-destructive analysis [32–36]. Polla-

nen et al. [33], through gamma spectrometry, imaging plates, and scanning electron microscopy, 

identified the presence of U, Pu, Pb, and Fe in particles of ~10 μm in diameter in soil samples from 

Palomares, demonstrated that single particle analysis provides information that cannot be obtained 

from bulk samples. ICP-MS studies on Palomares hot particles have demonstrated the isotopic com-

position of U and Pu, which allows the identification of the type of nuclear fuel [32,33]. Raiwa et 

al.[37], employing resonant laser secondary neutral mass spectrometry performed multi-element 

measurements (uranium, plutonium, and americium) on hot ten-micrometer particles from the Cher-

nobyl exclusion zone. Recent reviews on hot particle identification and analysis techniques have been 

produced in the 2020s. Salbu et al. [31] have presented among the non-destructive ones there is a 

wide range: SEM with EDX, TEM/STEM with EDX, nano- or micro-XRF, XAFS, XRD, all with and 

without mapping, micro-X-ray tomography without or with XRF (CT-micro-XRF), and scanning 

transmission X-ray microscopy (STXM). Zhao et al. [38] included the physical character of hot parti-

cles, localization techniques, screening, and extraction, focusing on mass spectrometry technology 

for hot particle analysis. 

X-ray beams provided by synchrotron facilities are ideal for measuring samples with low ele-

mental concentrations and are widely used to study geological and environmental materials. Spec-

troscopic techniques such as X-ray fluorescence (XRF) or X-ray absorption spectroscopy (XAS) pro-

vide information about the elemental composition and distribution, as well as the oxidation state of 
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the element of interest in the sample [39,40]. Hernández-Herrera et al. and Pérez-Reyes et al. [12,30] 

using XAS confirmed the presence of U+6 in fine sediments (d ≤ 0.037 mm) from SPB. 

Micro-X-ray fluorescence computed tomography (CT-µXRF) provides non-destructive infor-

mation on the composition and structure of geological materials [41]. Recently, the composition and 

structure of uranium and plutonium particles in silicon matrices, products of nuclear tests or nuclear 

power plant accidents, have been obtained [42,43]. 

This work investigates the transport of uranium by surface water through the three main streams 

from the deposits in SPB to Laguna del Cuervo. The activity concentration of the 238U series of the 

different granulometries of the sediments extracted from the three streams was determined or com-

piled from previous works [12,27,28]. The particles produced by the fragmentation of the uranium 

mineral were extracted, by optical fluorescence, from the fine sand fraction of samples from the area. 

The particles' morphology and elemental composition were analyzed using Focused Ion Beam (FIB) 

electron microscopy and Scanning Transmission Electron Microscopy (STEM). The particle density 

in samples close to the uranium sources was quantified by gamma spectrometry. Finally, the mineral 

phases present in the fluorescent particles were characterized by XAFS and the U distribution in the 

particle and its matrix was unraveled using CT-µ-XRF. 

2. Materials and Methods 

2.1. Sampling and Conditioning of Sediments 

Forty-eight sediment samples were collected from the tributaries and alluvial fans of the main 

streams as identified in the study area (Figure 2) and from the drainage pattern of the mining projects. 

Among those, 27 were sampled from the Peña Blanca stream, the longest on the site, originates from 

the upper area of SPB, and is part of the drainage pattern of the Peñón Blanco mine. Further, 9 sam-

ples were taken from the El Tigre stream, which directly drains the Nopal 3 mine. Another 9 samples 

were selected from the Boca la Colorada stream, originating near the repository. Finally, two samples 

were taken from the drainage of the Nopal 1 mine and the last one from the drainage of the Puerto 3 

mine. 

Sampling was conducted using the guidelines as reported in the ISO standard 18400-102: 2017 

[44] for taking samples so that these can subsequently be examined to provide information on soil 

quality. The sampling frame was 50 cm square, large stones were avoided, and about 5 kg per sample 

were collected and placed in labeled polypropylene bags. Figure 2 shows the location of the samples 

in the area of study. 
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Figure 2. Left: Location of sampling points along the Peña Blanca (APB), El Tigre (Tigre), and Boca la Colorada 

(BC) streams. The Puerto 3 sampling point is also shown. 

The sediments were classified by their grain sizes, using the subdivision based on the Udden-

Wentworth scale [45–47], which differentiates four major classes of sediments: coarse sand (CS), fine 

sand (FSD), coarse silt (CSC), and fine silt + clay (FSC). Vibrational meshing was used at 15-minute 

intervals, with mesh sizes of 16 (1.19 mm), 50 (0.279 mm), 100 (0.149 mm), 200 (0.074 mm), and 400 

(0.037 mm), respectively. 

2.1. Characterization of Sediment Samples 

2.2.1. X-Ray Diffraction (XRD) 

The mineralogical phases of the sediments were determined by X-ray diffraction employing a 

PANalytical® X’Pert-Pro diffractometer, The Netherlands, at a current of 40 mA and voltage of 40 

kV, and using a Cu Kα radiation (λ=1.540560 Å). The 2θ interval was set to 4.9 – 90° with Δ2θ = 0.013°. 

The obtained patterns were analyzed using the Data Collector® software version 7.2b. For the quan-

tification of the mineral phases, the Rietveld method, as available in the Fullprof suite software [48], 

was applied. 

2.2.2. High-Resolution Gamma Spectrometry on Granulometric Fractions of Sediments 

Scintillation and solid-state detectors in gamma spectrometry are used to study environmental 

radioactivity and radioactive materials in general. The major advantages of gamma spectroscopy are 

the following: high intrinsic efficiency, non-destructive testing, multi-isotopic analysis, no chemical 

process for samples, and allowing for the analysis of various types of samples [49]. 

In the high-resolution spectra of the present work, the following radioisotopes were identified: 
238U, 226Ra, 214Pb, 214Bi, and 234Th series in equilibrium with 238U. The activity of 226Ra in equilibrium 

with its daughters was determined to estimate the activity of 238U via the relative method. Teflon vials 

(d = 7 cm) sealed with parafilm were used. To ensure secular equilibrium, the vials were left still for 

30 days before undergoing measurement, and the spectrum measurement time was set to a minimum 

of 7 days. To secure good geometry to the detector for samples and the reference materials, 1 cm of 

sedimentary material was filled into each vial; all samples met this condition. 
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The following certified reference materials (CRMs) were employed: IAEA-RGU-1 and a mixture 

of IAEA-RGU-1, IAEA-RGTh-1, and IAEA-RGK-1 in known proportions. The matrix of the CRMs is 

silicon oxide, and their contents in uranium, thorium and potassium are certified. The details of the 

calculation procedure for determining the isotopes’ concentrations using the relative method is pre-

sented in Appendix A.  

High-resolution gamma spectrometry measurements were performed on coaxial germanium 

detectors HPGe Canberra GC2020 and XtRa Canberra GX1020 with a carbon window. The measure-

ments were carried out using a Canberra Multiport II analyzer and the Genie 2000 software version 

3.2.1 to record the spectra. Gamma spectra analysis was performed using bGamma software, version 

1.6.2, 2024, BrightSpec N.C., Niel, Belgium. Figure 3 shows the details of a typical spectrum of a sed-

iment sample. 

 

Figure 3. Left: Characteristic spectrum of sample APB-11, fine sand. The isotope identification corresponding to 

each gamma-ray energy is shown on the spectrum line. The purple bars below the peaks represent the regions 

of interest (ROI) for each fitting. The red lines represent the fitting by Gaussian least squares. The measurement 

time was 288000 s with the HPGe detector Canberra GC2020. 

2.3. Selection of Uranium Mineral Particles 

The granulometric fraction of 0.279 mm > d > 0.149 mm was examined using a 365 nm ultraviolet 

light to identify the uranium particles in the samples collected from points near mineralized zones 

(Figure 4). The identified particles were extracted from the sediment with tweezers. 

 

Figure 4. Particles extracted from the sand fraction of the sample APB-11. 
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2.4. Quantification of Uranium Particle Density in Fine Sand by Gamma Spectrometry with a Scintillation 

Detector 

NaI(Tl) detectors for gamma-spectrometry, with lower resolution than HPGe detectors but 

greater portability and high intrinsic efficiency, are used for measurements where isotopes are pre-

sent in predominant quantities in the samples. The analysis can be performed using the relative 

method described in Appendix A.  

The density of uranium particles was calculated from the activity concentration of the isotope 
214Bi (238U series) obtained with a NaI(Tl) detector and using the relative method. The activity concen-

tration attributable to the mineral particles of the sample under study was compared with a known 

uranium particle density in a reference sample acquired in the same geometry of the setup. A char-

acteristic spectrum of the samples is presented in Figure 5. A blank and two samples of reference 

were prepared as follows: 

1. A fine sand sample was selected from a remote position outside the mine drainage pattern, which 

displayed the lowest uranium activity concentration in the study area obtained separately by γ-ray 

spectrometry. This sample is a sediment “blank” with the inherent uranium content of igneous rocks, 

of activity concentration (1.79 ± 0.02) Bq/g. 

2. From the fraction with grain size 0.279 mm > d > 1.19 mm of sample APB-11, 3336 particles were 

identified and extracted according to the procedure mentioned in section 2.3, and the resulting total 

mass was 0.3764 g. The extracted particles were added to an aliquot of the blank matrix. The mixture 

was homogenized, placed in a vial, and measured in the same geometry. The added activity due to 

the particles was 0.26 ± 0.02 Bq. The estimated mass per particle was 0.112 ± 0.001 mg, and the assessed 
238U activity per particle was Acteach particle = (0.77 ± 0.06) x 10-4 Bq/part. 

3. An activity concentration reference sample was prepared with the same matrix used for the blank. In 

this case, a mass of 0.9554 g of pure parauranophane crystals extracted from Peña Blanca was added, 

and its purity was determined by XRD. The diffraction pattern of parauranophane (URP) reference 

material analyzed by the Rietveld method is presented in Appendix A, Figure A1. The activity of the 

added 238U was ActURP = 6565 ± 65 Bq. 

 

Figure 5. Spectrum of the URP reference sample for determining particle concentration. The isotope identifica-

tion corresponding to each gamma-ray energy is shown on the spectrum line. The purple bars below the peaks 

represent the regions of interest (ROI) for each fitting. The red lines represent the fitting by Gaussian least 

squares. The measurement time was 40000 s. 

The reference and blank samples were encapsulated and sealed in polypropylene vials, ensuring 

a height of 1 cm of material. The particle densities were determined in Tigre 5, APB-11, APB 12, Puerto 

3, and Nopal 1-d samples. The sediment samples were also hermetically sealed in vials and measured 

under the same geometry used to investigate the reference materials. The masses of each sample and 
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the reference materials were documented. To ensure secular equilibrium, the vials were left still for 

30 days before undergoing measurement with a Bicron 3M3/3 NaI(Tl) Gamma Detector and a 6 cm 

of (Pb + inner Cu) shield. The acquisition was accomplished using an Accuspec Canberra card and 

the Canberra Genie 2000 basic software model S502C. Gamma spectral analysis was performed using 

the bGamma software, version 1.6.2, 2024, BrightSpec N.C., Niel, Belgium. 

The count rate of all measurements was obtained with a relative standard deviation of less than 

0.5 %. Appendix A presents the calculation procedure for particle density in the samples. 

2.5. Morphology and Composition of Individual Particles 

2.5.1. Focused Ion Beam and Scanning-Transmission Electron Microscopes 

The analysis followed approximately the procedure reported in Cook et al. [42]. Morphological 

analysis and elemental composition were obtained on selected particles of the APB-11 sand sample 

(0.279 mm > d > 1.19 mm) following the method presented in section 2.3. The selected particles were 

placed in Eppendorf vials and encapsulated in a Mbed-812 resin. The content of the vials was solidi-

fied at 60°C for 24 hours. Sections of an individual particle were obtained by cutting the blocks in a 

JEOL JEM-9320 Focused Ion Beam microscope. Selected sections were then transferred into a JEOL 

JEM 2200FS+CS TEM instrument operated under the scanning-transmission electron microscope 

(STEM) mode to determine their morphology and elemental content. 

2.5.2. X-Ray Absorption Fine Structure Spectroscopy (XAFS) 

X-ray absorption spectroscopy (XAFS) measurements were performed at the I20-scanning beam-

line of the Diamond Light Source. Particles from the sediment samples taken at Nopal 1, with d < 100 

µm, were extracted from the fine sand fraction according to the procedure reported in section 2.3. 

These particles were assumed to be composed of uranophane to calculate the proper attenuation 

length, λ = 97 μm, at the energy 17166 eV of the U-LIII absorption edge. The particles were grounded 

to a powder of grain size < λ, and approximately 50 mg of it was pressed onto a 6 mm diameter pellet 

with cellulose as a binder. The pellet was placed in a sealed Nalgene® cryovial. At the I20-scanning 

beamline, it was fixed to a sample holder, and the vial was placed in a cryostat with liquid nitrogen. 

X-ray absorption spectroscopy measurements were accomplished employing a Si(111) four-bounce 

monochromator in fluorescence mode, with single scans obtained on each of the 64 elements of the 

germanium (Ge) detector. The energy interval for each point was ∆E = 0.3 eV from the pre-edge zone 

to the EXAFS region. Those scans were averaged to get the final spectrum [50]. The normalized ab-

sorption signal was obtained using the data reduction analysis available in the IFEFFIT.22 program. 

XANES (X-ray Absorption Near Edge Structure) and EXAFS (Extended X-ray Absorption Fine Struc-

ture) spectra were processed using the Demeter toolkit (ATHENA and ARTEMIS) developed by B. 

Ravel and M. Newville [51]. In addition, the ARTEMIS FEFF6.0 theoretical modeling code was used 

to calculate the backscattering phases and amplitudes from neighboring atoms, allowing the fitting 

of the experimental data to the corresponding theoretical curves. 

2.5.3. CT-µXRF at Diamond Synchrotron  

2.5.3.1. Sample Preparation 

A fluorescent particle was separated from the sand of sample APB-11 and placed on the Kap-

ton® tip of a needle-shaped sample holder. The particle was then covered with EMbed-812 resin and 

kept at 60°C for 24 hours to solidify. Figure 6 shows the sample holder with the particle.  
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Figure 6. Fragment of the uranium mineral from APB-11 at the tip of the sample holder for analysis at beamline 

I18 at the Diamond Light Source. 

2.5.3.2. Data Collection at I18 Beamline, Diamond Light Source 

The chemical composition of the particle was characterized using µXRF tomography. The data 

were collected at the I18 beamline at the Diamond Light Source in Oxfordshire, UK. I18 is an undu-

lator beamline with a Si(111) double crystal monochromator, providing an energy resolution of ΔE/E 

= 1.4 x10-4 at 10 keV. Kirkpatrick-Baez mirrors focused the beam on the sample to a spot size of 2 x 2 

µm². µXRF tomography data were collected using a four-element Si-Drift detector with a 130 eV en-

ergy resolution. µXRF tomography was obtained at an incident photon energy of 17.5 keV with an 

incident photon flux on the sample of roughly 2 x 10¹² photons per second. Each CT slice was collected 

with 5 µm translation steps and 1° rotation step. After each slice, the sample was translated 5 µm in 

the vertical direction, and the slice data collection was repeated until most of the particle volume CT 

dataset was measured. The obtained XRF spectra were processed using PyMCA 5.4.1 [52]. The to-

mography reconstructions were automatically processed using a Jupyter© Notebook Python script 

with the TomoPy plugin [53].The data were further processed with Fiji [54] and visualized with the 

Dawn software [55] and Avizo [56]. 

3. Results 

3.1. X-Ray Diffraction 

The crystalline phases of the samples issued from the fine silt + clay fraction of the Peña Blanca 

stream were identified. Those include quartz, calcite, potassium feldspars (sanidine, albite, anorthite), 

magnetite, and clays such as montmorillonite and kaolinite. The concentration of minerals in the 

samples varies along the stream. Table 1 shows some representative examples of the phases identified 

in the fine silt + clay fractions of sediments from the SPB streams. Figure 7 presents a characteristic 

XRD pattern modeled with FullProf by the Rietveld method. 

Table 1. Mineral phase concentrations in the fine silt + clay fractions of sediments (APB-11, Tigre 3 and Nopal 1 

samples) and bulk (M2 mud sample) obtained using the Rietveld method. Generic identification of each stream 

in the area: Peña Blanca stream (APB), El Tigre stream (AET), and Boca la Colorada stream (ABLC). 

Author Sample Stream 
Mineral Phase (%) 

Qz Cal Mnt Mag Ab Sa Kln An 

This work APB-11 APB 
26.7 

(0.2) 
8.4(0.2) 4.1(0.2) 2.6(0.2) 

32.6(0.7

) 

15.8(0.7

) 
3.9(0.9) 

5.3(0.9

) 

Rodríguez- 

Guerra [27] 
Tigre 3 AET 

19.8(0.4

) 
16.(0.9) 1.0(0.2) 1.0(0.5) 

10.4(0.1

) 

11.2(0.4

) 
1.8(0.5) - 

Rodríguez- 

Guerra [27] 
Nopal 1 AET 

26.7(0.3

) 
9.0(0.7) 11.0(0.9) 2.3(0.7) 

12.3(0.1

) 
9.6(0.1) 4.3(0.9) - 

Pérez- Reyes 

[29] 
M2 ABLC 

23.5(0.7

) 

22.8(0.4

) 
- - - 

22.7(0.9

) 

14.7(0.2

) 
16(1) 
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Figure 7. XRD normalized to 100 patterns of the fine silt + clay fraction of the M2, APB-11, Tigre 3, and Nopal 1 

samples. The most intense peaks of the detected phases are identified. 

The most abundant mineral in the area is quartz, which represents more than 20% of the present 

phases in most cases. Feldspars such as albite, sanidine, and anorthite are also observed. As these 

feldspars form solid solutions, their composition may vary slightly, complicating their identification 

and modeling using the Rietveld method. 

The identified phases are consistent with those described by Hernández-Hernández and Pérez-

Reyes et al. [28,29] in the Boca la Colorada stream and Rodríguez-Guerra [27] in the El Tigre stream. 

The mineral phases identified in the streams' sediments agree with those described by Reyes-Cortés 

and Cárdenas-Flores [6,7]. 

The site's extrusive igneous rocks contain minerals such as quartz, feldspars argillitized to kao-

linite, and alunite. Quartz veinlets and clay minerals of the Montmorillonite and the Kaolin groups 

are also observed in the Escuadra formation. The Nopal formation contains quartz and sanidine crys-

tals, hematite, calcite (in veinlets), biotite, and pyrite [6]. 

3.2. High-Resolution Gamma-Ray Spectrometry 

The activity concentrations (AConc) were determined by gamma spectrometry for the different 

particle sizes of the sediment samples studied. The highest and lowest AConc for the Peña Blanca, El 

Tigre [27], and Boca la Colorada [28] streams are shown in Table 2. 

Table 2. The activity concentration (AConc) of the 214Pb isotope in Bq/kg. Generic identification of each stream 

in the area: Peña Blanca stream (APB), El Tigre stream (AET), and Boca la Colorada stream (ABLC). Generic 

identification of each granulometry of sediments: Fine sand (FSD), Coarse silt + clay (CSC), and Fine silt + clay 

(FSC). 

Author Stream Activity concentration of 214Pb 
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* The average AConc in fine sand. 

The AConc values obtained show that the concentrations of the isotope 214Pb, in equilibrium with 
226Ra, are related to the distance between the sampling point and the mining projects and/or mineral-

ized geological formations. In the Peña Blanca stream, this is most clearly observed in the AConc of 

fine silt + clay: the highest AConc corresponds to those close to mining projects in their drainage 

patterns, and the lowest AConc is found in the alluvial fan of the stream, close to Laguna del Cuervo. 

These results are consistent with what was reported in the other SPB streams [27,28] and as described 

above, where the AConc is higher at points close to the mines and lower at the end of the alluvial 

fans. 

Examination of the activity concentration results concerning the location of sampling points with 

respect to uranium sources and the results of Pérez-Reyes et al. [29] and Pérez-Reyes et al [30] sug-

gested the importance of studying fragmented material produced by the weathering of uranium ore. 

This study is presented in the following sections. 

3.3. Quantification of Uranium Particle Density 

The density of uranium particles was assessed for five selected samples from the study area. 

Figure 8 shows the location of samples relative to the streams and the sources of uranium minerals. 

The particle density results are presented in Table 3. 

Table 3. Assessed particle density of fine sand samples (Particles per gram). 

Sample Particle density (g-1) 

Puerto 3 2500±250 

Nopal 1-d 828±82 

APB-11 386±39 

APB-12 187±18 

Tigre-5 124±12 

Granulo-

metry 
Highest AConc Lowest AConc 

This work APB 

FSC 100±2 50±1 

CSC 77±2 51±1 

FSD 51* 51* 

Rodríguez- 

Guerra [27] 
AET 

FSC 133±2 76±2 

FSD 217±1 71±1 

Hernández- 

Hernández 

[28] 

ABLC 

FSC 79±1 33±1 

CSC 71±1 31±1 
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Figure 8. Detailed location of samples for determining mineral particle density, relative to main streams and 

mining prospects in the study area. 

Sample Puerto 3 is located in the drainage pattern of the Margaritas mine (open pit) and the 

Puerto 3 underground mine. Sample Nopal 1-d was extracted from a tributary with water and sedi-

ment input from the Nopal 1 deposit, one of the most important in SPB. Sample Tigre 5, the one with 

the lowest particle density, belongs to the El Tigre stream bed and is not directly influenced by any 

mining project. Samples APB-11 and APB-12 are located on the Peña Blanca stream, approximately 

100 m and 1 km from the Peñón Blanco mining project. In these last three samples, it was observed 

that the proximity of the samples to the mining projects scales with the particle density. 

3.4. Morphology and Composition of Individual Particles 

Weathered U mineral particles from the fine sand collected at APB-11 were chosen for morpho-

logical and elemental analyses, which also allowed for probing the particle’s matrix. Several particles 

were extracted by the procedure described in section 2.3 and prepared for each high-resolution ex-

periment by the procedures described in sections 2.5.1, 2.5.2, and 2.5.3.1. 

3.4.1. Microscopic Characterization of Fragmented Mineral Particles by FIB-STEM 

Figure 9(a) shows the cut made in the particle using the FIB technique. STEM analysis (Figure 

9(b)) confirmed the elemental content, which was similar to that of the sediments.  Figure 10 presents 

the elemental spectrum obtained by STEM. 
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Figure 9. STEM analyses. a) Micrograph and b) elemental map of the observed elements in the matrix of a particle 

selected from the sand fraction of the APB-11 sample. 

 

Figure 10. Semi-quantitative elemental analysis of the same sample from Figure 9. 

The elemental analysis of the sample revealed the presence of elements such as O and Si, which 

suggests that the particle matrix is primarily composed of quartz (SiO2) (Figure 9b). Additionally, 

elements such as Ga, Au, and Fe were detected. Because of the spatial distribution found for Ga and 

Au, it is most likely that these elements are contaminations produced by the FIB cutting process and 

sample preparation artifacts. Iron (Fe) is concentrated in some regions of the sample and may be part 

of the matrix, potentially as hematite (Fe2O3) or magnetite (Fe3O4) (Figure 9b). 

Quartz was previously reported in the sediments of the region by Hernández-Hernández and 

Pérez-Reyes et al. [28,29]in the Boca la Colorada stream and by Rodríguez-Guerra [27] in the El Tigre 

stream. Magnetite was documented in the Boca la Colorada stream by Pérez-Reyes et al. [29]. Both 

phases were identified in this study through X-ray diffraction (XRD) (Table 1). The analyzed sample 

section did not reveal any presence of U or Th; however, this does not imply that these elements are 

not present in these minerals, as the cut was made in the selected particle envelope. 
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3.4.2. X-Ray Absorption Fine Structure Spectroscopy (XAFS) 

X-ray Absorption Spectroscopy (XAS) measurements were undertaken to unravel the environ-

ment and speciation of U in fragmented mineral particles from the Nopal 1 sample at the U-LIII edge. 

Extended X-ray Absorption Fine Structure (EXAFS) was used to identify the mineralogical phase. At 

the same time, X-ray Absorption Near Edge Structure (XANES) was employed to distinguish be-

tween U(IV) and U(VI) species.  

Figure 11 (a) shows the normalized absorption spectrum of the particles from sample Nopal 1. 

The XANES spectrum exhibits a key feature: the white line is positioned at 17177.7 eV, with the in-

flection point E0 at 17174.2 eV. A minor peak appears 2 eV after the white line, along with an oscilla-

tion at 17218 eV. These spectral features are characteristic of the U(VI) oxidation state, as reported by 

Bes et al. and Catalano et al. [57,58].  

The determination of U(VI) in the particles provides insight into the transport mechanism to 

which uranium is subjected. Lloyd et al. [59] mention that the U(IV) species is of low solubility, less 

bioaccessible, and less mobile than the U(VI) species, which exhibit higher solubility.  

 

Figure 11. XAFS of Nopal 1 particles: a) Normalized XANES spectrum; b) fluorescent particles and cellulose 

pellet with crushed particles on it; c) Fourier transforms in radial distribution function; and d) k3-weighted ex-

perimental (black solid line) and fitted (blue solid line with crossed) spectra for U LIII EXAFS. 

The uranophane structural model [60] was applied to fit the EXAFS experimental spectrum of 

the particulate mineral sample. Figures 11 c) and d) present the Fourier transforms, k³-weighted EX-

AFS spectra, and corresponding fits for the Nopal 1 sediment sample. The peaks around 1.3 - 1.8 Å 

are typically attributed to backscattering from the oxygen atoms closest to uranium (U_Oax), while 

the peaks at a bond distance around 2.3 - 1.8 Å correspond to the five equatorial oxygen atoms (5U-

Oeq). A peak at 3.1 Å is assigned to backscattering from the nearest silicon neighbor. The best-fit 

parameters are summarized in Table 4. The parameters represent the usual "path" [58] corresponding 

to the interatomic distances in the crystal structure of uranophane. Pérez-Reyes et al. [30] identified 

the uranophane phase in typical regional sediments. Figure 11 (d) shows the main undulations in the 
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k-space from 2 to 10 k(A⁻¹). These features align with previous results reported by Catalano et al., 

Kelly, and Brown et al. [58,61,62] for uranophane. 

Table 4. EXAFS parameter for the fitting of uranophane structure [60] for particles of sample Nopal 1. 

Name N S02 σ2(Å2) E0 ΔR  Reff(Å) Reff+ΔR(Å) 
Uncertainty 

(Å) 

U_Oax 2 1.05 0.0053(6) 9 0.009  1.8045 1.814 0.004 

U_Oeq1 1 1.05 0.004(1) 9 -0.04  2.2411 2.201 0.01 

U_Oeq2 2 1.05 0.004(1) 9 -0.04  2.2952 2.255 0.01 

U_Oeq3 2 1.05 0.009(5) 9 -0.056  2.4498 2.394 0.019 

U_Si 1 1.05 0.012(3) 9 0.03  3.1444 3.174 0.02 

Symbols: N—coordination number; S02—amplitude reduction factor; σ2—mean square displacement in R; E0—

energy shift of the photo electron; ∆R—change in path length of the photo electron; Reff—effective radius. 

3.4.3. X-Ray Fluorescence MicroTomography (CT-µ-XRF) 

The fluorescent particle separated from sample APB-11 was analyzed by CT-µ-XRF at beamline 

I18 at the Diamond Light Source. The fluorescence spectra obtained at each rotation were examined 

and fitted, allowing for the identification of the sample's elemental composition as obtained for an 

excitation energy of 17.5 keV. 

 

Figure 12. Representative X-ray fluorescence spectrum of a part of the particle containing uranium, Excitation 

energy: 17.5 keV fitted in the PyMCA software [52]. 

The following main elements were found in the selected particle, as visible in Figure 12: Cl, K, 

Ca, Ti, Cr, Mn, Fe, Co, Cu, Zn, Ga, As, Br, Rb, Sr, Y, Pb, and U. As the analysis was performed under 

ambient conditions, and that Ar is a component of air, the detection of lower Z elements, such as Si, 

was impaired as strongly absorbed by the air present between the sample and the detector. Finding 

Si was expected as part of the matrix of the particle, but even though Si lines were detected in the 

spectrum, these are not reliable as the XRF detector itself is also made of silicon. The elements that 

were of particular geological significance and which presented the most intense X-ray lines in the 

spectrum, i.e., Fe-Kα, Sr-Kα, and U-Lα were selected, their volume reconstructed, and some repre-

sentative slices of this volume extracted. 

The spatial distribution of strontium in the particle is essential in this research. As an alkaline 

earth element, Sr may replace Ca in natural matrices, suggesting the presence of Ca and Sr crystalline 
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phases in the samples. According to Thompson and Chow [63], Sr contents in marine organisms have 

been investigated since the 19th century. Turekian and Kulp [64] presented the geochemistry of Sr in 

1956. Montero et al. [65] determined the Sr/Ca mass ratio in quaternary paleoclimate geological sam-

ples and related these ratios to the temperature at which the samples were precipitated and formed. 

Figure 13 displays different virtual cross-sections extracted from the particle's reconstructed vol-

ume and illustrates the spatial distribution of uranium within these slices. Iron (Fe) appears to encap-

sulate uranium (U), suggesting its integration into the particle matrix. This observation is consistent 

with the STEM results (see Figure 9b). 

The Supplementary Information contains three videos of the uranium content in the particle 

volume. The file "U_Sr_slices.mpg" presents each slice successively, one by one. The file "U_Sr_par-

ticle_slicing.mpg" successfully presents the slices' superposition until the volume is formed. The file 

"U_Sr_particle_rotation.mpg" presents the volume of the particle rotating on a vertical axis. In the 

last two videos, the blue color corresponds to U, and the orange color represents Sr. Figure 14 com-

pares two rotations of the reconstructed volumes. 

Considering that Sr replaces Ca in natural compounds, the Sr detected in the same positions in 

the reconstructed volume as U in Figures 13 and 14 suggests that Sr is incorporated into uranophane 

(Ca(UO2)2(SiO3OH)2·5H2O) within the particle. The areas of greater Sr intensity suggest the presence 

of calcite (CaCO₃) in the matrix that surrounds or is entangled in the particle. 

The fluorescent particle selected from the APB-11 sample exhibits results consistent with EXAFS 

data (Figure 12) obtained for particles from the Nopal 1 sample, where the primary uranium-bearing 

phase was identified as uranophane. Faudoa [9] previously reported the presence of uranophane, 

accompanied by parauranophane and weeksite, in the Nopal 1 mine. 
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Figure 13. µ-XRF fluorescence of slices 50, 70, and 95 of the particle CT scan, showing the distribution of Fe, U, 

and Sr. The tricolor map presents all three elements simultaneously for each slice. 
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Figure 14. Virtual cross sections of U (blue) and Sr (orange). The areas of high Sr intensity (in white) suggest that 

calcite in the matrix is embedded in the particle. 

4. Discussion 

This study raises the importance of characterizing the uranium mineral particles found in the 

fine sand fraction originating from the main streams near the mining projects of the Peña Blanca 

mining district. These characteristics impact the environmental implications of the uranium particles, 

depending on the climatic conditions to which they are exposed. 

The characterization of the finest fraction of fine silt + clay by XRD (section 3.1) confirmed that 

quartz and potassium feldspars are the most abundant mineral phases [27–29]. This agrees with the 

geology reported by [6,7]: the area mainly presents volcanic rocks (tuffs) of felsic composition, with 

minerals such as quartz, feldspars, and iron oxides. Clay minerals such as kaolinite and montmoril-

lonite were also found. These clays are important due to their capacity to adsorb uranium in their 

structure. [30] reports an equilibrium value of 44.8 mgU/g as the upper limit for sediments' uranyl 

ion adsorption capacity in the study area. Furthermore, [30] indicates that uranyl ions precipitate 

under neutral to alkaline conditions. In the case of the fragmented mineral under study, it can be 

argued that, in the case of dissolution of these particles, uranium could be transported in solution 

and eventually adsorbed on clay minerals in the area under reducing conditions. 

The estimation of particle density per gram in fine sand (0.279 mm > d > 1.19 mm), through the 

concentration of activity of the 238U – 226Ra disintegration chain (section 3.3), showed that they have a 

direct relationship with the distance of the sampling point in the drainage pattern to the mining pro-

jects. The analysis of the activity concentration of 214Pb in the Peña Blanca stream (section 3.2) suggests 

that the fine silt + clay particle size fraction is consistent with the concentration in fine sand. The 

relationship between each sample and its location in relation to the mining projects is observed again. 

The sample with the highest particle concentration is Puerto 3 (2500±250 part./g). This sample is lo-

cated in the drainage pattern of the Margaritas mines (open pit) and Puerto 3 (underground). The 

results found for both particle sizes agree with the authors' activity concentrations reported in the El 

Tigre and Boca la Colorada streams [27,28]. 
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The presence of uranium-containing particles in the environment, resulting from accidents, nu-

clear tests, or natural processes like those studied here, is relatively common. A morphological anal-

ysis of these particles reveals differences depending on their origin. In the case of natural particles, 

irregular shapes are observed, as noted in section 3.4.3. Particles originating from nuclear accidents, 

such as those from Fukushima [38,43,66] and Chernobyl [67], exhibit a morphology similar to the 

ones presented in this study. However, particles from nuclear tests display a semi-spherical shape 

[68]. 

The uranium mineral in the form of fine particles corresponds to the uranophane phase 

(Ca(UO2)2(SiO3OH)2·5H2O) with oxidation state U(VI). Schindler et al. [16] report that uranium can 

be retained for millions of years within opal and microcrystalline quartz assemblages, so the presence 

of this mineral in a silicon matrix accompanied by elements such as Sr and Fe explains why there are 

no high concentrations of activity in samples far from uranium sources. This matrix type does not 

present a high dissolution because uranium is unavailable for transport in solution or very little avail-

able. The environmental implications of having uranium in this type of natural matrix are described 

by Byrnes et al. and Johansen et al.  [68,69]. The possible release of uranium from this type of particle 

into the environment, although not a cause for concern in the short term, could be, especially if re-

ducing conditions for the precipitation and concentration of this element are given in places where it 

is available for living organisms. 

5. Conclusions 

In this work, uranium mineral particles were extracted, quantified, and characterized in mor-

phology and speciation from the fine sand in the drainages of the main uranium deposits of SPB. The 

concentration of 238U activity decreases as the sampling point moves away from the main streams 

towards Laguna del Cuervo. 

Using gamma spectrometry, the density of particles in the sediments of that fraction was esti-

mated, and it was shown that the concentration of mineral particles is higher in the areas close to the 

mining projects. 

The analysis of the composition and morphology of the uranium particles by FIB+STEM showed 

the predominance of Si in the matrix that surrounds or is imbricated with the uranium. The analysis 

by XANES and EXAFS clarified the U(VI) oxidation state in the form of uranophane. By CT-µ-XRF, 

it was observed that Sr is part of the matrix of the sample and of the fragmented uranium mineral. 

The presence of Sr in the same volume as U suggests that this element replaces Ca in the uranophane 

structure (Ca(UO2)2(SiO3OH)2·5H2O). The mineral is covered by a matrix with abundant Si, Ca, and 

some Fe. The morphology and composition of the particles are in agreement with the geology and 

characterization of the uranium minerals in SPB, described by various authors, who mention 

uranophane as the most abundant uranium mineral in the deposit and the silicates and aluminosili-

cates of the igneous rocks in the sediments. 

The fragmented uranophane in the particle surrounded by a matrix of Si, Ca, Sr, and Fe explains 

why the concentration of 238U activity in the sediments of the areas near the mines is high and de-

creases as they approach the flood plain. This provides the reason for the low dissolution of the ura-

nium mineral. On the other hand, it is known that if the water encounters structural barriers and 

reducing conditions, such as the organic matter of the floodplain, U can be adsorbed or precipitated 

eventually at isolated points. In conclusion, the transport of uranium minerals through the drainage 

pattern of the area is fragmented in the form of particles, and the water does not carry high concen-

trations of activity. Uranium in stagnant rainwater under special conditions can be adsorbed or pre-

cipitated.  

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Uranium mineral particles SPB.rar: Video S1: U_Sr_slices.mpg; Video S2: U_Sr_parti-

cle_slicing.mpg; Video S1: U_Sr_particle_rotation.mpg. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

SPB Sierra Peña Blanca 

XRD X-ray diffraction 

ICP-OES Inductively coupled plasma atomic emission spectroscopy  

FIB Focused ion beam microscopy 

STEM Scanning transmission electron microscopy 

XAFS X-ray absorption spectrometry 

XANES X-ray Absorption Near Edge Structure 

EXAFS Extended X-ray Absorption Fine Structure 

CT-µ-XRF X-ray fluorescence microtomography 

CIMAV Centro de Investigación en Materiales Avanzados 

SEM Scanning electron microscopy 

EDS Energy dispersive X-ray spectroscopy  

RM Rietveld method  

Ab Albite 

An Anorthite 

Cal Calcite 

Hly Halloysite 

Kln Kaolinite 

Mag Magnetite 

Mnt Montmorillonite 

Ms Muscovite 

Or Orthoclase 

Qz Quartz 

Sa Sanidine 

DL Detection Limit 

Appendix A. Details of the Mineral Particles Characterization 

Appendix A.1. XRD Pattern of Parauranophane. 
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Figure A1. Diffraction pattern of pure parauranophane, with a Rietveld method fitting. Observe the counting 

statistics. The high-intensity peaks correspond to the (020), (040), (060) and (080) family planes. The inset stere-

omicroscopy image shows the druses of parauranophane crystals (Microscope ME Zeiss Stemi DV4). The dif-

fraction inset shows a zoom of the weaker peaks in the magnified range. 

Appendix A.2. Calculation of Activities of the Isotopes 214Pb and 214Bi by the Relative Method in the HPGe 

and XtRa Spectrometers 

The lines of 214Pb (351.93 keV) and 214Bi (609.51 and 1764.49 keV) were used. The calculation by 

the relative method is based on the following expressions [49] 

𝑅0  =  𝑅𝑠𝑜𝑢𝑟𝑐𝑒  – 𝑅𝐵𝐺  

Poisson variance:  2  =  𝑠𝑜𝑢𝑟𝑐𝑒
2 + 𝐵𝐺

2   

𝐴𝑐𝑡𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑅0

𝑠𝑎𝑚𝑝𝑙𝑒 
𝐴𝑐𝑡𝑠𝑡𝑑 

𝑅0
𝑠𝑡𝑑  

  

R0 is the net count rate of a line in the gamma spectrum of the given sample or a reference one. When 

the laboratory background rate is subtracted, Rsample and RBG are the sample and background rates, 

respectively. 

Appendix A.3. Calculation of Particle Concentration in Sediment Samples in the NaI(Tl) Detector 

R0 is the net count rate of the line in the gamma spectrum from any given sample. Rsample is the 

count rate of the sample, and Rblank is the count rate of the igneous matrix. The blank represents the 

activity of the sediments of igneous origin, which, being part of the sample, must be proportionally 

subtracted from their contribution to obtain the contribution in each case of the “pure uranophane” 

(URP, from the reference sample) or of the “pure particles” (unknown). To do this, the blank count 

rate corrected by the mass of the sample is subtracted. 

𝑅𝑛𝑒𝑡,𝑠𝑎𝑚𝑝𝑙𝑒  =  
(𝑛𝑒𝑡 𝑎𝑟𝑒𝑎 𝑜𝑓 609 𝑘𝑒𝑉 𝑝𝑒𝑎𝑘, 𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑠𝑎𝑚𝑝𝑙𝑒)

(𝑐𝑜𝑢𝑛𝑡𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)  (𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠)
  

𝑅0
𝑠𝑡𝑑,𝑈𝑅𝑃  =  𝑅𝑛𝑒𝑡,𝑈𝑅𝑃  – 𝑅𝑛𝑒𝑡,𝑏𝑙𝑎𝑛𝑘   
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𝑅0
𝑢𝑛𝑘𝑛𝑜𝑤𝑛  =  𝑅𝑛𝑒𝑡,𝑢𝑛𝑘𝑛𝑜𝑤𝑛  – 𝑅𝑛𝑒𝑡,𝑏𝑙𝑎𝑛𝑘  

Poisson variance:  2 = sample2 + blank2  

URP activity of the unknown sample: 𝐴𝑐𝑡𝑢𝑛𝑘𝑛𝑜𝑤𝑛,𝑈𝑅𝑃 =  
𝑅0

𝑢𝑛𝑘𝑛𝑜𝑤𝑛 𝐴𝑐𝑡𝑠𝑡𝑑,𝑈𝑅𝑃 

𝑅0
𝑠𝑡𝑑,𝑈𝑅𝑃 

 

Number of particles in an unknown sample = 𝐴𝑐𝑡𝑢𝑛𝑘𝑛𝑜𝑤𝑛,𝑈𝑅𝑃/𝐴𝑐𝑡𝑒𝑎𝑐ℎ 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  

Appendix B. Additional XRD Results 

Table B1. Mineral phase concentrations in different fractions of sediments and mud. Generic identification of 

each stream in the area: Peña Blanca stream (APB), El Tigre stream (AET), and Boca la Colorada stream (ABLC). 

Generic identification of each granulometry of sediments: Fine sand (FSD), Coarse silt + clay (CSC), Fine silt + 

clay (FSC). 

Location 

Total 

number of 

samples 

Type 

Mineral Phase (%) 

Qz Cal Mnt Mag Ab Sa Kln An 

APB 

This work 
19 FSC X X X X X X X X 

AET 

Rodríguez- 

Guerra [27] 

9 

FSD         

CSC         

FSC X X X X X X X X 

ABLC 

Hernández- 

Hernández [28] 

7 

FSD X X    X X  X 

CSC X X    X X  X 

FSC X X X   X X   X 

ABLC 

Pérez- Reyes [29] 
4 Mud X X   X X X  X 
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