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In Chihuahua, an important source of environmental radioactivity is found in the SidieaBtanca, in the center of the state. The site
comprises about 70% of uranium reserves in Mexico. The uraniumfa Benca was explored and partially exploited in the '80s. Due to

the closure of operations, the extracted and unprocessed ore (hundreds of tons) was confined to rocky stacks, exposed to weathering. Subje
to leaching, this uranium is transported from the mountains to Laguna del Cuervo. The mineral exposed in the repository and the uranium
transport by surface water and recent sediments must be studied, to assess the effects on the environment, with radiometric and materia
science techniques in conventional laboratories and synchrotron light. This work presents the study of sediment and pore water samples &
various points along the lagoon, the values of the activity ratio of the 234U/238U isotopes and the sediment-water distribution coefficient of
these isotopes, obtained by applying uranium liquid scintillation alpha spectrometry, gamma-ray spectrometry, scanning electron microscopy
and X-ray diffraction methods.
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1. Introduction sub-basin; physiographically it belongs to the “Sierras y Lla-
nuras del Norte” province. The origin of the province is the
The Sierra P@&a Blanca is located 50 km north of the city folding of marine sequences (Mesozoic) formed on a Pale-
of Chihuahua [1]. In the mountains range, there are uraezoic and Precambrian basement. In addition, continental
nium deposits associated with volcanic igneous rocks, thgediments and lava spills filled the tectonic basins, which
result of hydrothermal activity from high to low tempera- generated the formation of endorheic basins such as Laguna
ture, added to a high degree of volcanic activity, mainly fel-del Cuervo. This area is characterized by a relief of alluvial
sic [2]. The rocks that host most of the uranium depositglains and lacustrine plains surrounded by elongated volcanic
in Peia Blanca are the Escuadra, Nopal and Coloradas fomountains. The lacustrine plain is of the intermittent type,
mations. The principal deposits are Puerto Ill, Nopal | andbecause it only contains water in rainy seasons, which are
Margaritas [3]. In the mentioned deposits, the primary uradisolated, of short duration but of high intensity, with average
nium mineral (Uraninite) is scarce; secondary minerals arannual rainfall of 312.8 mm. The prevailing climate is arid
more frequent in high concentrations, such as the silicateand extreme. Surface water has agricultural uses, especially
alpha and beta-uranophane [Ca (1)§SiO3)2(OH),-5H, O] as a watering hole for livestock, so organic waste is regularly
and weeksite [K (UO3)2(Six0s5)s5-4H20], the vanadates present in the area [5].
carnotite [K, (UO;)2(VO)4-3H,0] and tyuyamunite [Ca Uranium can exist in five different oxidation states, of
(UO5)2(VO4),-5-8H,0], and the phosphate autunite [Ca which only two species are stable. The U (IV) ion forms
(UO2)2(POy)2-12H,0] [4]. The uranium of Pga Blancawas  UQ,, hydroxide, hydrated fluorides, and phosphates of very
explored and partially exploited in the '80s. After the closurelow solubility, so it is common to find them in particulate
of operations, hundreds of tons of the extracted unprocessedatter, either suspended or precipitated and also adsorbed on
ore were confined to rocky stacks as a repository, then exnineral surfaces and organic matter. The U (VI) ion forms
posed to weathering. the uranyl ion (UQ)?*, UO; y U3Og where the uranylion is
Laguna del Cuervo is located in the hydrological regionsoluble in water [6]. Most of the uranium minerals reported
RH34 “Cuencas Cerradas del Norte”, Laguna del Cuervon Peha Blanca form uranyl ion compounds.
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FIGURE 1. Satellite image of the study area. Distribution of the sample points, from 1 to 4 along the lacustrine plain of Laguna del Cuervo;
the Boca Colorada stream is highlighted in red and the arrows indicate the flow of surface water from the repository to the deepest part of the
lagoon.

The activity ratio (AR) is used as a geochemical tooltoin-2. Materials and methods
vestigate the transport and flow relationships of uranium iso-
topes in waters [7]. If the activity concentrations Act (AU) of The Sierra de Hea Blanca is located north of the city of Chi-
the corresponding isotopes are known, the activity ratio (ARhuahua at the coordinates 392758.94 m E, 3210556.22 m N

is defined as: (Fig. 1). Sample collection was performed at four points,
Act(?34U) which were selected on the path of the Boca Colorada stream
AR = Act(Z#0)" (1) following the natural flow of runoff water towards the deep-

dioi fracti b 4 sedi est part of Laguna del Cuervo. This stream probably has the
How radioisotopes fractionate between water and sedimentg, oo ot sedimentary contribution with uranium content, as itis

both suspended and precipitated, is described by the distriby ¢’ mediate drainage route from the uranium ore repository
tion or partition coefficientX;), which expresses the concen- in the Sierra de Fea Blanca. The samples were deposited in

tr_at_ion of radioisotopes aQSorbed p(_er_unit mass of the SOIidpreviously washed plastic containers, which were filled with
divided by the concentration of radioisotopes dissolved pef, 4 to the brim. At sampling points with surface water pres-

unit volume of water [8]. ence, a sample was taken separately in another container. Al
<m3) Isotope concentration in soli% ) samples were preserved on ice from the collection during the

d\ 7~ | — . T . i -

kg Isotope concentration in “qma‘% transfer to the laboratory. There, the samples were refriger

S ) ) ated at O to 4C for subsequent analysis. The parameters to
Radioisotopes, when decaying, may successively genefe gptained are activity concentration AtS), AR, k.

ate other radioisotopes, which are known as families or decay Figure 2 shows the scheme of the characterization and

series. Radioisotopé8®U and®*°U are the heads of the nat- |, aasurement techniques used

ural radioactive decay series, along witiTh. The health

damage associated with uranium depends on its chemical and . )

physical form, the route of incorporation, and the concentra2-1.  Scanning Electron Microscopy (SEM)

tion of their radioactive isotopes. The uranium series radioac- ) o

tivity more dangerous to health by ingestion or inhalation isMorphological and -elemental characterization was per-

due to the short-lived alpha-active progeny isotopes, such 48rmed using a Jeol JSM 5800 LB equipment with the RX-
Ra, Rn, Po, and Bi, among others. The main concern of ure200/DX90  microanalysis energy-dispersive spectrograph

nium is its direct chemical toxicity, as it is a heavy metal that(EPS) The acquisition of digital images was performed with
obstructs the renal tissue [9]. secondary (SE) and backscattered (BSE) electrons.

In the present work the uranium-series isotope activities,
activity ratios, and distribution coefficients from sediment2.2. X-ray diffraction (XRD)
and pore water samples at various points along the lagoon
were determined, to clarify the distribution of uranium in the The mineralogical analysis was performed by X-ray diffrac-
Laguna del Cuervo. tion, using the XPERT-PRO PANalytical equipment. The
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2.4. Uranium extraction and measurement
u SEM - - . .
Uranium is presumed to be adsorbed or precipitated in sedi-
ments. To disintegrate the silicates and to avoid possible in-
g — DRX terferences in the liquid scintillator by organic materials, an
g L acid digestion was carried out in an open system. Previously,
S Gamma the sample is taken to dryness for 24 h atG@nd to cal-
“ M Spectrometry cined for 24 h to 600C. The digestion was performed using,
HF, Aqua regia and HCLO[12]. Once free of color and
| Radiochemistry sediment, the sample is evaporated to incipient dryness, sub-
sequently, it is acidified with HCLQand dried. The solid
| residue is dissolved with HNSBM. The result is brought to
Acid digestion total dryness.
; Once the sample has been digested, the isotopes of in-
| terest are extracted. The sample is brought to medium sul-
} Measurement fate, a necessary condition for the URAEX liquid scintillator-
B (LSC) extractor to obtain the highest efficiency. The liquid scin-

tillation alpha spectrometry measurement was made in the
FIGURE 2. Methods used in the analysis of the samples. PERALS MODEL OP-312 spectrometer with an AIM-312
analyzer (ORDELA). The measurement time of each sample
analysis of the diffractogram was done using the Datawas 24 hours.
Collectof® software. Cuk: radiation was used (current
40 mA and voltage 40 kV). 2.5. Liquid scintillation alpha spectrometry (LSC)

) LSC is a versatile and sensitive technique for the detection
2.2.1. Rietveld method and measurement of radioactivity [13]. lonizing radiation in-
. ) . teracts with the scintillating liquid, exciting and ionizing a
The method quantifies th_e concentration of the crystalllne}arge number of atoms and molecules, which when de-excited
phases of the sample, using a least-squares approach 10 it photons in the visible spectrum. The liquid scintillator
fine a theoretical profile to fit a measured diffractogram [10].i5 the first transducer, its photons are captured by a photo-
multiplier tube, whose signals are digitalized and further pro-

2.3. Gamma spectrometry (GS) cessed [14].

For thg GS measurement, a hyper pure germanium higr’gl Results and discussions
resolution gamma spectrometer Canberra model GC2020
with a relative efficiency of 20% was used. The determinatiornThe collection of samples was achieved in two periods, the
of the activities was carried out by the relative method, usindirst in June and the second in September 2018, at four sedi-
as standard the IAEA certified reference material RGU-1.  ment sampling points (Table I).
For the?8U activity calculations, radioactive equilibrium Samples M1S and M4S were analyzed by SEM. Figure 3
of the 234U or 226Ra isotope is assumed. In closed geochemshows particles of different morphologies: spherical with di-
ical systems, the cause of the radioactive disequilibrium beameters~ 10 pm, tabular with lengths~ 50 um, clays
tween?2%Ra isotope and its daughters can be##&Rn gas ~ 1 um, as well as particles of irregular morphology. The va-
escape from the sample container. Then, the dry sedimenmiety of observed morphology and sizes suggests that the par-
samples were deposited in hermetically sealed Teflon vialgjcles have been transported by saltation and/or rolling, and
to prevent thé’?2Rn gas to escape. After 28 to 30 days theit is attributed to chaotic and intermittent behavior in the wa-
222Rn reaches equilibrium with the parent isotGpéRa. ter flow. A semi-quantitative analysis was performed by EDS
The evaluation of thé?’Ra and®3®U equilibrium is es-  with BSE. Elemental analysis was used as a contribution to
sential due to their mobility differences. However, the ener-
gies of 186.21 keV of?Ra and 185.72 keV df°U lines are
so close that reliable deconvolution cannot be don&®Ra  TABLE |. Sampling points.
is guaranteed in equilibrium with its paref¥fU, and if the Sample Coordinate Matrix
natural isotopic ratic>U/?3%U is assumed, then from the

. . M1S 404281 E, 3224208 N Dry mud
appropriate nuclear data the number of counts corresponding
to 226Ra can be known. G. R. Gilmore [11] calculates the ~ M2S 407813 E, 3227513 N Wet mud
ratios of counts of the 186 keV peak area corresponding to ~ M3S 412610 E, 3234022 N Dry mud
226Ra and?3°U. M4S 412166 E, 3238054 N Wet mud

Supl. Rev. Mex. Fis3 010606



4 V. PEREZ-REYESet al.,

FIGURE 3. a) BSE image, magnification x1100. Sample M1S, grains of spherical ghap&0 um, tabular ~50 um, and clays) ~ 1 um,
b) BSE image, magnification x200. Sample M4S.

TABLE Il. Concentrations of mineral phases in sediments, obtained by the Rietveld method.

Mineral Phase (%)

Sample
Quartz Calcite Sanidine Anorthite Albite Montmorillonite Kaolinite
M1S 41.5(0.8) 10.4 (0.4) 23.9(0.9) - 20.5(0.3) 3.8(0.2) -
M2S 23.5(0.7) 22.8 (0.4) 22.7 (0.9) 16 (1) - - 14.7 (0.2)
M3S 44 (1) - 25.6 (0.7) 21 (1) 5.4 (0.4) - 3.7 (0.8)
M4S 62 (2) 6.6 (0.2) 16.7 (0.8) 7.9 (0.5) 6.5(0.4) - -

NOTE: Uncertainties are presented in parentheses (1

identify the crystalline phases in the sediments. The diffracfor the four samples. It can be observed that e = 1.37
tograms of the four samples were similar. The presencebtained in the M4S sample has verified the results of GS
of quartz, calcite, feldspars (sanidine, anorthite, albite) andliscussed above. The sample M4S is in disequilibrium.
clays (montmorillonite and kaolinite), was observed. Since a  As observed in Table 1V, the activity concentrations of
wet separation of the clays was not carried out, the quantifi233y and?3*U of the M2S sample in the sediment are up to
cation was achieved by the Rietveld method analysis for th@5 times higher than the rest of the results. Although Act
sediment samples, performed by the FullProf program (Ta¢34U) > Act (232U), the kd values have a higher sediment-
ble 11) [10]. pore water ratio foP38U (kd: 4.7) thar?3*U (kd: 4.3). This
Radioactivity of samples was measured by GS as welsuggests a contribution of uranium from the water to the sed-
as LSC. The**Ra activity was calculated according to the iment by a reduction zone.
Gilmore method [11] through the intensity of the 186 keV  The high uranium concentration can be explained by a
doublet, in addition to being obtained by equating the activi-stryctural barrier present in the sampling area, approximately
ties of >'*Pb and*'*Bi, resulting from assuming radioactive 1.5 km wide and a height that varies from 6 to 7 m. The
equilibrium. barrier causes the stagnation of the retained runoff water, the

From this comparison, an estimate of the AR'U/***U)  presence of more plants and possible reducing agents.
can be made by GS. The results of these calculations are pre-

sented in Table 111

The samples M1S, M2S and M3S have an AR close tor,g e 1. Activity concentrations o
1, while in M4S the AR is above 1. When the activity of AR (231y/2380), determined by GS.
226Ra obtained by the Gilmore relationship [11] is signifi-

38U isotope progenies and

cantly lower than that obtained from the radioactive equilib- Sample Radioisotope AR
rium, it can be deduced that the effective area calculated for 214pp (Bg/kg) 2'°Bi (Bg/kg) 2?°Ra (Bg/kg)
,TS 25U ir;tenggl)/ is greater than the real one. Therefore,” ;15 941 7442 69+ 5 ~1
> 1is feasible.
- _— . M2 4+1 +2 + ~
The activity determinations obtained by LSC are shown S 6 o7 £S5
in Table IV. They cover a range frosi £+ 1 to 1740 + 62 M3S 7T+l 7542 79+4 ~1
Ba/kg in 238U and from43 + 2 to 1940 + 69 Bag/kg in 234U M4S T2 7642 6745 > 1
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TABLE IV. Comparison of results by sampling points.

Sample Radioisotope Sediments (Bg/kg) AR Pore water (Byy/m AR ka (m3/kg)

288 _ _

M1S v U£2 1.00 £ 0.05 -
2ty 50 +2 - -
238

M2S ) v 1740+ 62 1.11 £ 0.06 srdx 14 1.240.1 4.7
234y 1940 + 69 447 + 16 4.3
238 41 1 _ _

M3S v + 1.03 £ 0.05 -
By 43 +2 - -
238

M4S v ST+l 1.37 + 0.06 332+ 12 2.24+0.1 01
B4y 50 4 2 719 4 22 0.1

This area is used as a watering hole for local livestockfall event occurs, it is when there is mobility of the uranium,
which produces organic waste that contributes to oxidationdissolved or particulate, and the reduction conditions are pro-
reduction conditions. duced. Therefore, uranium can be deposited in the area. Un-

The strong affinity that organic matter presents as a ligandler these conditions the study was carried out. Thus, it is a
for U has been studied by various authors (Chabaux, 2008/pical case of uranium transport by surface waters from a
and authors cited there) [8]. During the early stages of denatural uranium repository in an endorheic basin.
position of organic debris, chemical-structural changes are |n sediments, thé3U activity concentrations were from
produced by microbial decomposition [15,16]. One conses7 4 1 to 1740 + 62 Bg/kg and in?**U, from 43 + 2 to
quence of microbial activity is that, as oxygen is limited, re-1940 4+ 69 Bqg/kg, producing AR from 1.00 to 1.37. The kd
ducing conditions are created in organic matter [15,17].  results of each radioisotope for different samples suggest that

In this potential reduction zone, uranium can be precipithe runoff water carries particulate minerals from the reposi-
tated or dissolved depending on the redox process it has ufery towards the flooded lagoon together with dissolved ura-
dergone. For this reason, it is necessary to use moleculagium.
scale methods of characterization in the different uranium  From Act U), AR, k4, and the local topography of the

compounds. _ _ _extraction point of the four samples, it is concluded that:
Currently, there are different techniques for the analysis

tion fine structure spectroscopy (XAFS). This consistis of the zone.
modulation of the X-ray absorption coefficient at the absorp-
tion edges of the element. The regions of the spectrum are
a) X-ray absorption near the edge structure (XANES); b) Ex-
tended X-ray absorption fine structure (EXAFS), from ap-
proximately 50 eV above the absorption edge. XANES is
selective for chemical elements and allows the identification
of uranium species and substrates. Synchrotron radiation is
used to apply these methods [18].

A d!ﬁere.”‘ option is X-ray photoe_lt_actron spect_r(_)scopy From the gamma spectrometry, it is corroborated that the
(XPS), in which the elemental composition, the empirical for- __. . .

. ' : xidized water does not carry dissolved Ra and that the ac-
mula, and the electronic configuration of the elements found. . : o
on the surface of the sample (10 nm) are measured, in whic ivity concentrations of the Ra correspond to the equilibrium
. ’ of U and Ra in the bulk.

synchrotron light may or may not be used [19]. , ) ) L

To perform the above mentioned methods, it is necessar The species and the existence of different oxidation states
to preserve the natural oxidation state of uranium in the sedl-f uranium in the bUI_k ar_1d_ 't? fractlons should be_ identified,
ment from its sampling. For this, the samples must be kept relate them to their origin in the mineral deposit or repos-

low temperatures and in an anaerobic atmosphere with coae"y: by applying X-ray absorption fine structure techniques

ing. In this way, the oxidation state is preserved for later®t synchrotrons.

analysis.

- The runoff water avenues with dissolved uranium are
accumulated in the study area. There, uranium is re-
duced at this structural barrier.

- The particulate mineral does not pass the barrier, the
uranium in bulk remains in that area.
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