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Abstract

The Nopal I uranium deposit of the Sierra Pefia Blanca, Mexico, has been the focus of numerous studies because of its
economic importance and its use as a natural analog for nuclear-waste disposal in volcanic tuff. Secondary uranyl minerals
such as uranophane, Ca[(UO,)(SiO;0H)}L(H,0)s, and weeksite, (K,Na),[(UO,),(Sis0,3)](H,0)3, occur in the vadose zone of
the deposit and are overgrown by silica glaze. These glazes consist mainly of opal A, which contains small particles of ura-
ninite, UO,, and weeksite. Close to a fault between brecciated volcanic rocks and welded tuff, a greenish silica glaze coats the
altered breccia. Yellow silica glazes from the center of the breccia pipe and from the high-grade pile coat uranyl-silicates, pre-
dominantly uranophane and weeksite. All silica glazes are strongly zoned with respect to U and Ca, and the distribution of
these elements indicates curved features and spherical particles inside the coatings. The concentrations of U and Ca correlate
in the different zones and both elements inversely correlate with the concentration of Si. Zones within the silica glazes contain
U and Ca in a 1:1 ratio with maximum concentrations of 0.08 and 0.15 at.% for the greenish and yellow glazes, respectively,
suggesting trapping of either Ca;U;-aqueous species or -particles in the colloidal silica. X-ray photoelectron spectroscopy
(XPS), Fourier-transform infra-red spectroscopy (FTIR), and oxygen-isotope ratios measured by secondary-ion mass spec-
trometry (SIMS) indicate higher U®"/U*" ratios, higher proportions of Si-OH groups and lower 5'%0 values for the greenish
silica glaze than for the yellow silica glaze. These differences in composition reflect increasing brecciation, porosity, and per-
meability from the center of the breccia pipe (yellow silica glaze) toward the fault (green silica glaze), where the seepage of
meteoric water and Eh are higher.
© 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The recent decision to discard Yucca Mountain in
southern Nevada as a potential site for the repository of
high-level nuclear waste (Long and Ewing, 2004; MacFar-
lane and Ewing, 2006; Ewing and von Hippel, 2009) leaves
open questions about future potential sites for high-level
nuclear waste in the US. Potential sites may occur in vari-
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ous geological media such as granite, shale, salt, and volca-
nic tuff. Numerous studies on the volcanic tuff at Yucca
Mountain showed that calcite and amorphous silica (opal)
are the dominant secondary minerals within fractures and
that these secondary minerals formed during evaporation
of meteoric water (e.g. Szabo and Kyser, 1990; Paces
et al., 2001; Whelan et al., 2002). Precipitation of amor-
phous silica may also occur where solutions are mobilized
through heat generated by nuclear waste inside a reposi-
tory. Laboratory experiment and numerical simulation on
mineral dissolution and precipitation in the volcanic tuffs
(Dobson et al., 2003) indicate flow of water through the tuff
at 80 °C that resulted in the precipitation of amorphous sil-
ica, sealing most of the fractures inside the tuff unit within
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5 days. These studies indicate that calcite and amorphous
silica (opal) are the dominant secondary phases, which
would form in geological and climatic settings similar to
that of Yucca Mountain.

Once released from nuclear-waste containers, radionuc-
lides could either adsorb or co-precipitate with both miner-
als. Adsorption and co-precipitation of (UO,)*" with
calcite and the formation of secondary U-minerals on the
surface of calcite have been investigated in numerous stud-
ies (e.g. Reeder et al., 2001; Schindler et al., 2004). There
has been work on the interaction of (UO,)*" with silicic
acid in aqueous solution (Moll et al., 1998) and its adsorp-
tion onto colloidal silica (e.g. Michard et al., 1996; Reich
et al., 1998). However no work has been done on the speci-
ation of U in opal, a feature that is critical to our under-
standing of

(a) the trapping of U during the gelation of silicic acid to
form colloidal silica;

(b) the incorporation of U into opal during hardening of
the colloidal silica;

(c) immobilization of U by opal over a longer (geologi-
cal) time.

U-bearing opals can occur on the surface of exposed
rocks and as fillings in fractures and cavities in the vadose
zone of uranium deposits. For example, a thin layer of opal
coats minerals and rocks at the exposed part of the vadose
zone of the U ore deposit Nopal I at Pefia Blanca, Mexico,
(Cesbron et al., 1993). These thin layers of opal are com-
monly referred to as silica glaze and form a more or less
continuous coating on many exposed rocks and minerals
at the Earth’s surface (Dorn, 1998). In contrast, opals
formed in the subsurface at Yucca Mountain and Nopal I
commonly occur as fillings in fractures, pores, and cavities,
and form a discontinuous coating on coarse crystal aggre-
gates of chalcedony, quartz, calcite, and Fe-oxides (e.g.
Whelan et al., 2002; Dobson et al., 2008).

The goal of this study is to mineralogically, chemically,
and isotopically characterize U-bearing silica glazes from
the vadose zone of the uranium ore deposit at Nopal 1.
We will use the terms opaline coating for coatings formed
in pores and fractures at the subsurface and silica glaze
for coatings formed on exposed rocks in the vadose zone.
The term opal will be used when discussing specific proper-
ties of the mineral.

1.1. Occurrence of silica glazes in arid settings

Silica glazes are common in arid and semi-arid regions
and their formation on exposed rock surfaces is accelerated
in regions of low precipitation (Dorn, 1998; Perry et al.,
2006 and references therein). They can occur as thin, col-
ourless, transparent, highly lustrous coatings that are also
described as desert glaze. Silica glazes vary in appearance
and chemical composition; they can contain large amounts
of detrital material and up to 30 and 40 wt.% Al,O3 and
FeO, respectively (Dorn, 1998). Desert varnish is a silica-
rich coating with significant amounts of Fe, Mn, and organ-
ic material. On the basis of trace-metal ratios (Y/Ho and

Ce/La), Thiagarajan and Lee (2004) showed that the com-
ponents inside the varnish originates from external sources
(i.e. windborne particles) rather than from the underlying
rock. Similarly, Curtiss et al. (1985) argued that silica glaze
from the dry-lands of Hawaii forms through an abiotic
solution-deposition process in which particulate matter on
the rock surface partly dissolves in water films formed as
a result of light rain, dew or fog. Rapid evaporation of
the water film on the rock surface favours formation of col-
loidal material and gels rather than well-ordered crystalline
material. The colloidal silica eventually dries and dehy-
drates at rock-surface temperatures of ~60 °C or higher.
Shrinking and drying during the transformation of colloi-
dal silica to silica glaze causes local curvature and partly
sintered assemblages of spheres and multilayers (Van
Damme, 2000), a possible explanation for the botryoidal
morphology of silica glaze (Perry et al., 2006).

1.2. Geological considerations of the uranium ore deposit of
Nopal I, Peiia Blanca

The volcanic-hosted uranium deposit of Nopal I, Penia
Blanca, is a natural analog for the formerly proposed
high-level nuclear-waste repository at Yucca Mountain,
Nevada (Ildefonse et al., 1990; Muller et al., 1990; Petit,
1990; Pearcy et al., 1994a,b, 1995; Prikryl et al., 1997,
Murphy, 2000; Calas et al., 2008). Both sites are located
in semi-arid regions and are embedded in Tertiary rhyolitic
ash-flow tuffs overlying carbonate rocks within an unsatu-
rated zone (Fig. 1a).

The Nopal I uranium deposit is hosted by brecciated
Nopal (44 Ma) and Coloradas rhyolitic ash-flow tuffs.
These two units overlie the Pozos conglomerate and Creta-
ceous limestone. The dimensions of the Nopal I deposit at
the ground surface are ~25 by ~70 m, and it extends down-
ward about 90 m; the base of the deposit is about 130 m
above the water table. Two dominant fault and fracture
systems bound the southwestern and eastern margins of
the deposit (Fayek et al., 2006). The southwestern fault is
nearly vertical and strikes 305°, and slickensides on the
fault surface dip 20°. The fracture system that bounds the
eastern margin of the deposit strikes ~350° and shows very
little vertical or horizontal movement. A third fault system
is exposed along the +10 level (the top) of the deposit. This
fault is subhorizontal with a dip of ~20° to the west, and
has slickensides that trend 260°. The southwest and east-
bounding fault and fracture systems occur throughout the
Nopal I deposit and appear to have channeled subsequent
hydrothermal fluid flow which resulted in the formation
of the breccia pipe that currently hosts the uranium ore.
Detailed mapping of the Nopal I deposit shows that brecci-
ation intensifies toward the south where the west- and east-
bounding fault and fracture systems intersect. Movement
along the southwest-bounding fault seems to have increased
brecciation, which in turn enhanced permeability. As a re-
sult, the deposit is zoned, with increasing oxidation toward
the southern part. Other minor and younger fault and frac-
ture systems (e.g. the E-W fracture system described by
Pearcy et al., 1994a.,b) also occur throughout the deposit.
These younger fracture systems appear open and permeable
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Fig. 1. (a) Geological setting of the Nopal I uranium deposit in the Sierra Pena Blanca, Chihuahua, Mexico (modified from Cesbron, 1993);
(b) vertical section of the breccia pipe of the Nopal I deposit (modified from Calas et al. (2008)); (c) photo of the open pit of the breccia pipe;

locations of the sampled silica glazes are indicated.

to meteoric fluids and the fractures are lined with secondary
U®" minerals where they intersect the main ore body.

The ore body is primarily a breccia zone that contains
uraninite in association with pyrite and secondary uranyl
minerals (Calas, 1977). Uraninite occurs as dense and

massive black cores with an alteration crust of soddyite,
[(UO,)x(Si04)(H,0),], uranophane, Ca[(UO,)(SiO30H)},
(H;0)s, and becquerelite, Ca[(UO,);0,(OH);](H,0)g
(Ildefonse et al., 1990). Other secondary uranyl minerals
such as uranophane-f, Ca[(UO,)(SiO;O0H)L(H,O)s weeksite,
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(KxNal,X)z[(UOg)z(SEOl3)](H20)3, boldwoodite, (K, Na)
[(UO,)(Si0;0H)(H,0); 5 and carnotite, K,[(UO,)x(V,0s)]
(H0);, occur along fractures. Here, K-rich minerals
(weeksite, boldwoodite, and carnotite) occur in the center
of the pipe and the calcic uranyl-silicate uranophane is lo-
cated in the periphery (Pearcy et al., 1994a,b). All uranyl
phases can be overgrown by paragenetically late urano-
phane-f and coated by silica glaze (Cesbron et al., 1993). A
detailed description of the occurrence and paragenesis of
the secondary uranyl minerals in the weathered zone of the
Nopal I deposit is given by Pearcy et al. (1994a.b). In addition
to the Nopal I uranium deposit, uranium mining throughout
the Sierra Pena Blanca has resulted in a stock-pile of high-
grade ore ~2 km N'W of the Nopal I deposit. This stock-pile
consists of U-rich boulders that range in size from a few
centimeters to several meters.

2. EXPERIMENTAL
2.1. Sampling and sample preparation

Silica glazes of botryoidal morphology were sampled
from the high-grade pile and from breccia surfaces between
the +10 level and the +0 level at the Nopal I mine site
(Fig. 1b and c) and on U-rich boulders from the high-grade
pile.

Cross-sections of the coating were embedded in epoxy
discs and polished with a mixture of diamond paste and
oil emulsion. The polished discs were subsequently washed
with ethanol and distilled water, dried in air, and immedi-
ately transferred to an X-ray photoelectron spectrometer.

2.2. X-ray photoelectron spectroscopy

The near-surface chemical compositions of the rock
coatings were characterized with a Kratos Axis Ultra
X-ray photoelectron spectrometer (XPS) equipped with a
magnetic-confinement charge-compensation system. The
advantages of this system for insulators (e.g. uranyl miner-
als) have been described in detail by Schindler et al.
(2009a,b). Spectra of the U 4f, O 1s, Si 2p, Ca 2p, N s,
and Fe 3d electrons were collected in high-resolution using
monochromatic Al Ko radiation (1486.6e¢V) and the
charge-compensation system. Spectra were recorded using
20 sweeps, scan rates per sweep of 200 ms with analyzer
pass energies of 10eV (Si 2p) and 160eV (U 4f), small
and large spot sizes and with an aperture size of 110 pm.

Table 1

Resolution for the different pass energies, spot sizes, and
aperture are listed in detail in Schindler et al. (2009a,b)
and their effect on the FWHM values (FWHM = full-width
at half maximum) of the U 4f peaks is described below.
Shirley background corrections (Shirley, 1972) and Gauss-
ian—Lorentzian peak shapes of 60 £ 10% were used to fit
the U 4f spectra. We also measured Si 2p spectra for syn-
thetic silicic acid (Sigma) and several silicates: opal-CT,
a-quartz, and forsterite. The latter specimens were obtained
from the mineral collection of the Department of Geologi-
cal Sciences, University of Manitoba.

The electrostatic sample-charging (which was not com-
pletely compensated by the charge neutralizer) was cor-
rected by setting the binding energy of the C 1s electrons
of adventitious C-H species on the sample surface equal
to 285 eV (Wagner et al., 1979, Handbook of X-ray photo-
electron spectroscopy). We use the word band to indicate a
specific fitted component of the envelope of the U 4f peak,
and we use the word species to indicate U atoms of different
valence and ligancy.

2.3. The U 4f spectra

The presence and relative proportions of Utand U*"
were determined by peak fitting of the U 4f;, spectra
and examination of the satellite peaks of the U 4fs/, peak
using the software Vision 2.2.6 (2006). The binding energies
and the relative intensities of the bands in the U 4f;/, enve-
lope are listed in Table 1. The FWHM values of the bands
in the U 4f spectrum vary in the range 1.70-2.00 eV, but
were constrained to be equal in each individual spectrum
(Table 1). More details on fitting of the U 4f;,, spectra
and standard deviations of the binding energies and relative
proportions of the U-bands are given by Schindler et al.
(2009a).

2.4. Electron microprobe analysis and scanning electron
microscopy

Chemical compositions of the different types of coatings
and element maps for U, Si, Ca, Fe, and Al were measured
with a Cameca SX-100 electron microprobe operating in
wavelength-dispersion mode with an accelerating voltage
of 15kV, a specimen current of 10 nA, and a beam diame-
ter of 5 um. The following standards were used: diopside
(Ca, Si), UO; (U), fayalite (Fe), albite (Na), sanidine (K),
and scapolite (Al). Raw intensities were converted to

Pass energies (PE), apertures (A), spot size (SP, L = large, S = small), binding energies (BE), full-width at half maximum (FWHM), and
proportion (%) of bands in the U 4f;/, peak of the rock coatings and weeksite.

Mineral PE/A/SP U™ [eV](BE/FWHM)  [%]  U*"[eV](BE/EWHM) [%] U*' 7 [eV](BE/FWHM)  [%]
Hematite 160/110/S  382.2/1.7 54 380.8/1.7 46 -

Yellow Opal ®  160/110/L  381.9/2.0 54 380.3/2.0 29 378.0/ 2.0 7
Yellow Opal ®  160/110/S  382.3/1.7 56 380.8/1.7 30 379.5/1.7 14
Green Opal 160/110/L  382.4/2.0 68 380.7/2.0 32

Weeksite 160/55/S 382.4/1.2 83 380.7/1.2 17

% From the center of the breccia pipe at the +3 level.
® From the high-grade site at the +10 level.
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concentrations using the PAP (Pouchou and Pichoir, 1985)
matrix-correction software.

2.5. Infra-red spectroscopy

Fourier-transform infra-red (FTIR) spectra were col-
lected with a Hyperion 2000 spectrometer from Bruker.
The spectra of the silica glazes were measured in non-diffuse
reflectance mode with a 6 mm aperture in the scan range
4000-600 cm~!. Each spectrum and the corresponding
background spectrum of the epoxy disc were scanned 100
times. The spectra were processed with the OPUS v. 4.2
software and transferred in ASCII format to the statistical
program Sigma Plot 5.0.

2.6. Secondary-ion mass spectroscopy (SIMS)

Prior to SIMS analysis, the mounts were re-polished and
cleaned to remove the carbon coatings and subsequently
coated with Au. The mounts were placed in stainless-steel
sample holders, and the entire assembly was then placed in
the SIMS sample lock and held at high vacuum for a mini-
mum of 8 h prior to the start of the analysis. Oxygen isotopic
compositions of standards and uranium minerals were mea-
sured with a CAMECA ims 7f secondary-ion mass spectrom-
eter (SIMS) at the University of Manitoba using a Cs"
primary beam and monitoring O-secondary ions with ex-
treme energy filtering of 200 eV. The ~2 nA primary ion
beam was focused to a 10 x 20 pm spot using a 100 um aper-
ture in the primary column. A Brazil quartz standard with a
3"%0v.smow value of 15.1 + 0.3%, was used to correct for
IMF. The spot-to-spot reproducibility on the quartz stan-
dard was +0.6%, (10). The overall precision and accuracy
for each isotope analysis include errors arising from counting
statistics of each individual analysis, calibration to a known
standard, and uncertainty in deadtime corrections arising
from variable count rates. In general, the overall precision
is +19%, (20). Values are reported in units of 9, relative to
Vienna-standard mean ocean water (V-SMOW).

3. RESULTS

All rock samples were coated with a continuous layer of
silica glaze. These glazes were found only on the surface of
exposed parts of the vadose zone; i.e. they were not found
in the subsurface or in dust-protected parts of the surface
(i.e. vertical fractures or cracks), where they could have
been formed through evaporation of infiltrated meteoric
water. Dorn (1998) showed that silica glazes have many
internal fractures which promote their detachment from
the underlying rock. This observation suggests that any
kind of mining activity would produce either cracks in silica
glazes or their complete detachment from the underlying
rock. However, silica glazes on the U-rich boulders from
the high-grade pile do not display any of these features,
which suggests that these glazes were formed after the min-
ing activities at Nopal 1.

Rock samples collected from the breccia zone can be dis-
tinguished from samples collected elsewhere by the number
and thickness of coatings on their surface:

(a) samples from the inner part of the breccia pipe con-
tain kaolinite-hematite and uranyl-mineral coatings
overlain by a yellow silica glaze with a maximum
thickness of ~500 pm.

(b) samples close to the fault contain thin patches of kao-
linite and hematite overlain by a greenish silica glaze
with a maximum thickness of ~1 mm.

(c) samples from the high-grade site at the +10 level con-
tain a layer of uranyl minerals overlain by a yellow
silica glaze with a maximum thickness of ~1 mm.

3.1. Compositions and spatial distribution of minerals in the
coatings

Fig. 2a shows the occurrence of hematite and kaolinite
as coatings, replacing feldspar on the surface of a breccia
from the center of the breccia pipe. Here, hematite and
kaolinte are spatially separated whereas chemical maps also
show kaolinite patches overlain by hematite (Figs. 3a—d).
Kaolinite also occurs in patches where uranophane,
Ca[(UO,)(Si0O30H),(H,0)s, has partly replaced kaolinite.
These patches are sandwiched between layers of kaolinite
and uranyl minerals and are labeled “transition zone” in
Fig. 2a.

The predominant minerals in the coating of secondary
uranyl-silicates are uranophane and weeksite, (K,Na),
[(UO,)1(Sis013)(H,0)3. Uranophane dominates the inner
part of the coating, whereas a mixture of weeksite and urano-
phane with an average ratio of weeksite:uranophane = 8:1 is
present in the outer part of the coating. This layering of ura-
nyl minerals is accompanied by a change in colour and crystal
morphology (Fig. 2a and c): massive dark-yellow urano-
phane is overgrown by pale-yellow fibrous crystals of week-
site. The occurrence of the minerals in the sequence
uranophane—(weeksite + uranophane)—opal results in an in-
crease in the ratio of Si:U from the inner to the outer parts of
the coating, which is also observed in the chemical maps for
both elements and in the variation of the atomic concentra-
tion of U as a function of Si (Fig. 4a). The latter plot further
indicates small variations in the ratios of Si:U = 1.0(1) in
uranophane and U:Si = 0.005(2) in the silica glaze, and lar-
ger variations (2.4 + 0.2) in the layer of weeksite and urano-
phane (Fig. 4c).

Needle-like crystals of weeksite may be sandwiched be-
tween massive precipitates of uranophane and weeksite
(Fig. 2a). These crystals are enriched in Na (average com-
position K; gNag 4[(UO,)»(SigO;5)]) whereas the surround-
ing weeksite and uranophane are depleted in Na. Small
inclusions of a uranyl mineral with a composition similar
to becquerelite were also found in these layers (Fig. 3b).
Micrometer size particles of weeksite and cubes of uraninite
were identified in the silica glaze (Fig. 3e). Fig. 3f shows
small fissures filled with becquerelite (identified on the basis
of a Ca:U ratio of 1:3) which occur at the interface between
the silica glaze and the layer of uranyl-silicates.

Concentrations of U vary in the different types of coatings:
silica glazes and hematite coatings contain up to 2.0 and
1.4 wt.% U, respectively (Figs. 2a and 3a). The kaolinite
coating overlain by hematite contains only traces of U,
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hematite 0 - 1.4 wt% U

glaze
0-2wt% U

Na-rich weeksite
uranyl minerals

kaolinite <0.1 wt% U

(a) Yellow silica glaze,

center of breccia

500 um

(b)
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proximity to fault

(c)
Yellow silica glaze,
high grade site
+10 level

Fig. 2. (a) Photo of a sample from the center of the breccia pipe at the +0 level with a yellow silica glaze overlying layers of uranyl-silicate;
various coatings and their U concentration (wt.%) are indicated; (b) greenish silica glaze overlying a breccia with small patches of kaolinite
and hematite on the surface; (c) sample from the high-grade site at the +10 level with a yellow silica glaze overlying layers of uranyl-silicates.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.)

whereas the transition zones between kaolinite and uranyl
minerals contain up to 15 wt.% U (Fig. 2a and 3a). Closer
inspection of the chemical maps in Fig. 3a—d also indicates
that

(a) parts of the hematite coatings are enriched in Al

(b) variations in the concentration of U in the layer of ura-
nyl minerals indicate the relative abundance of urano-
phane, weeksite, uraninite and becquerelite (see below);

(¢) low concentrations of Si in the layer of uranyl miner-
als indicate the presence of uraninite and, most likely,
becquerelite;

(d) Al- and Fe-bearing phases occur between the layers
of uranyl minerals and the silica glaze.

Electron microprobe analysis of the silica glaze shows
that concentrations of common elements such as Al, Fe,
Na, K, Mg, S, P, and Ti in the Nopal I deposit are below
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Fig. 3. Chemical maps of (a) U, (b) Si, (c) Al, and (d) Fe for the sample with the yellow silica glaze from the center of the breccia pipe at the
+0 level; occurrence of Ca-uranyl oxides (becquerelite), kaolinite, and hematite are indicated; (e and f) optical-microscopy image of a thin
section under cross-polarized light, indicating detritus material of uraninite and weeksite (e) and fissures filled with becquerelite (f) inside the

silica glaze.

the detection limit of the instrument, and high-resolution
scans of the C 1s peak by XPS did not indicate the occur-
rence of (COs3)>~ groups. The silica glazes are strongly
zoned with respect to Si, U, and Ca (Fig. 4b and c). Here,
zones can display various geometric forms: circular
(Fig. 4b), layered (Fig. 4e), and rectangular to circular
(Fig. 4c). The circular and layered zones follow the botryoi-
dal morphology of the silica glazes. Closer inspection of the
chemical maps for Si, U, and Ca shows that the concentra-
tions of U and Ca are positively correlated (Fig. 4b) and
both are negatively correlated with the concentration of

Si (Fig. 4c). The yellow silica glazes contain Ca and U in
~1:1 ratios and with an average concentration of
0.15 at.% (Fig. 4d).

Fig. 4e shows a backscattered-electron image of the
greenish silica glaze. Chemical analysis along a traverse per-
pendicular to the layering also indicates positive correlation
between the concentrations of U and Ca and negative cor-
relations between U and Si and Ca and Si. The greenish sil-
ica glaze also contains Ca and U in a ratio of ~1:1 but the
concentrations (0.08 at.%) of the elements are lower than in
the yellow glaze (Fig. 4f).
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Fig. 4. (a) Plot of the atomic% of Si versus U, indicating distinct U:Si ratios for the minerals in the coatings, arrows in the element maps
indicate the sequence of coating from the bottom (uranophane) to the top of the silica glaze; Chemical maps of (b) U and Ca, and (c) U and Si,
taken from the sample with the yellow silica glaze from the center of the breccia pipe at the +0 level; (d) plot with the atomic% of U versus Ca
in various zones inside the latter silica glaze; a Ca:U ratio of 1:1 is indicated by a solid line; (e) Image taken in backscattering mode of the
greenish silica glaze; (f) plot with the atomic% of U versus Ca in different zones of the latter glaze; the U:Ca ratio of 1:1 is indicated by a solid
line. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this paper.

3.2. Valence of U in the coatings

Fig. 5 shows the U 4f;/, spectra for the hematite and yel-
low silica glaze from the center of the breccia pipe and for
the greenish silica glaze. All U 4f;/, spectra have a promi-
nent maximum at 381.9-382.4 eV and a broad shoulder at
380.0-381.0 eV.

Schindler et al. (2009a) reported typical binding energies
for U™ and U*' bands in the U 4f7/, peak of 382.0-382.3
and 380.4-380.7 eV for uranophane and uranophane-f3 and
for various uranyl-hydroxy-hydrates without divalent cat-
ions, respectively. We additionally measured the U 4f spec-
trum of weeksite (Fig. 5), which has a higher Si:U ratio (5:2)
than uranophane (1:1). Here, the bands for U®" and U**
occur at higher binding energies (382.4 and 380.7 eV) than
in the spectra of uranophane, indicating a shift of the U-
bands to higher binding energy with the number of silicate
polyhedra around U. Note that the satellite peaks for Ut
and U*" are not resolved in most of the spectra, a typical
feature in U 4f spectra taken from either samples with
low concentrations of U or from small U-bearing crystals
(Schindler et al., 2009a).

Considering the binding energies for U*" and U*" in U
4f spectra of uranyl minerals, bands below the maximum
and the broad shoulder in the U 4f;,, spectrum for the
hematite and silica glazes were assigned to U®" and U**.
The presence of U" in the silica glaze samples cannot be
ruled out, but resolution of the U 4f peaks and its satellite
peaks were not conclusive in term of occurrence and pro-
portion of the U>" bands. An additional U-band at the low-
er-binding-energy side of the U 4f spectrum (378.4-
378.7 eV, Table 1 and Fig. 5) occurs in the spectra of the
yellow silica glaze; this band could not be assigned to any
known U*" species in U-bearing minerals.

3.3. Structural characterization of the silica glaze by X-ray
diffraction

Opal has the general composition SiO,-nH,0. Although
only opal is recognized as a mineral species, it is commonly
subdivided into opal A (A =amorphous) without any
short-range order of the silicate tetrahedra, and opal-CT
and opal-C (CT = cristobalite-trydimite) with medium-
range order of the silicate tetrahedra as six-membered rings
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(Smith, 1998). These opal modifications can be distin-
guished by X-ray diffraction (XRD) as the location and
full-width at half maximum (FWHM) of the peak at 20—
23° 20 (Cu Ka) vary with the degree of short-range order
(e.g. Smith, 1998; Herdianita et al., 2000; Lynne and Camp-
bell, 2004). For the transition opal A to opal-CT, Lynne
and Campbell (2004) observed a shift in the maximum of
the peak from 22.2 +0.15° 20 to 21.7 £0.20° 20 and a
decrease in FWHM from d=1.30-1.33 to 0.21-0.33 A.
Furthermore, Lynne et al. (2005) reported a shift of the
X-ray diffraction peak with incorporation of Fe into opal
A from 22.2° 20 for Fe-poor samples to 22.6° 20 for Fe-rich
samples. The XRD patterns of all silica glazes from the
Nopal I deposit and the high-grade pile show a broad peak
from 15 to 35° 260 with a maximum at 22.6 + 0.20° 20

(CuKo) and an average FWHM value of d=
1.5 A £+ 0.10 (Fig. 6a). The latter two values clearly indicate
that all silica glazes are composed of opal A and that, sim-
ilar to the XRD patterns of Fe-rich samples, the presence of
U and Ca in the silica glazes produces a shift of the maxi-
mum to higher values of two-theta.

3.4. Structural characterization of silica glaze by X-ray
photoelectron spectroscopy

The degree of polymerization of silica tetrahedra in
amorphous material can be determined by nuclear magnetic
resonance (NMR) spectroscopy, Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). For the latter
method, structural differences on the surface of silicates
can be explored by examining the binding energies of the
Si 2p peak (Si 2p;, and Si 2py,,), which shifts to higher
energies with an increase in the number of polymerized sil-
icate tetrahedra (Wagner et al., 1979) and with the degree of
protonation of the O-atoms of the silica tetrahedra (e.g.
Schindler et al., 2009¢). For example, Fig. 7a and e show
the Si 2p spectra of opal-CT (identified in an XRD pattern)
and synthetic silicic acid (H,SiO3-nH,0). Silicic acid has a
higher degree of hydration than opal-CT and consequently,
the peak in the Si 2p spectra shifts from 103.2 ¢V in opal-
CT to 104.0 eV in silicic acid. Fig. 7d and f show further
the Si 2p spectra of quartz, SiO,, and forsterite, Mg,SiOy,.
The polymerization degree of the silicate tetrahedra is high-
er in quartz (framework) than forsterite (isolated tetrahe-
dron) and consequently, the peak in the Si 2p spectra
shifts from 102 eV in forsterite to 103.2 eV in quartz.

Fig. 7b and ¢ show the Si 2p spectra of silica glazes from
the Nopal I deposit. Here, the Si 2p peak of the greenish
coating occurs at the same binding energy (104.0 eV) as
the Si 2p peak of silicic acid, whereas the peaks of the yel-
low silica glazes occur at binding energies (103.5-103.6 eV),
half way between the peaks for opal-CT and silicic acid.
These differences in binding energy suggest that the number
of Si-atoms bonding to OH and H,O groups increases from
the yellow glaze to the greenish glaze.

The proportions of OH and H,O with respect to other O
species on the surface can be determined by fitting an O 1s
spectrum to bands between 530 and 534 eV (Schindler
et al., 2009b). However, surfaces often contain contamina-
tion such as adventitious species containing C, N, H, and
O. The silica glazes were polished with mixtures of diamond
paste and oil emulsion, and subsequently washed with eth-
anol and distilled water. C 1s and N 1s spectra taken from
the silica glazes indicate the presence of C-N, C-0O, and
N-O species on their surface. The latter O-bearing species
overlap with OH and H,O bands in an O 1s spectrum
and therefore can lead to misinterpretation with respect
to the presence and proportions of O species on the surface.

Surface contamination can be removed with acids or
with an ion-sputtering system prior to XPS measurement.
However, dissolution experiments on uranyl minerals with
acidic solutions and sputtering of surfaces containing U
and O show that both procedures affect the valence of U
and the chemical environments of U and O (Schindler
et al., 2009a,b).
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3.5. FTIR-spectroscopy

Fig. 6b shows an FTIR spectrum taken in reflectance
mode of the yellow silica glaze from the outer rim, close
to the layer of uranyl minerals that contains small inclusion
of weeksite crystals. The spectrum shows four prominent
bands at 795, 915, 1055, and 3650 cm ™! and small bands
at 3000-3500 and 1400-2000 cm~'. Vochten et al. (1997)
and Cejka (1999) reported IR spectra of synthetic weeksite
crystals. They assigned the bands at 795 and 1055 cm™! to
the v1 symmetric stretching vibration and v3 anti-symmetric
stretching vibration of the silicate tetrahedron, respectively.
Furthermore, they assigned the band at 915 cm ™' to the v3
anti-symmetric stretching frequency of the UO,** ion and
the band at 3640 cm™! to vibrations of H,O groups which
are strongly bonded to cations in the structure. Cejka

(1999) also showed that the small bands in the regions
1400-2000 and 3000-3500 cm™' correspond to further
vibrations of OH and H,O groups.

Fig. 6¢c shows a typical FTIR spectrum in the region
30004000 cm™! of silica glazes with no visible inclu-
sions of uranyl minerals. The broad band at 3680 cm™!
indicates the presence of weakly bonded H,O groups and
Si—-OH groups on the surface of the opaline nanospheres
(Graetsch, 1994). We can use the ratio of the intensities
of the broad band at 3680 cm ™' (I3650) and the prominent
band at 1055cm™! for v3 SiO,*~ (Z10s5) to express the
change in the amount of weakly bonded H,O groups and
Si-OH groups in the silica glaze. Here, the intensities of
the bands were calculated by subtracting an average
background from the corresponding peak height. The
ratio between these calculated intensities increases from
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13680/11055 :0010(5) for the yellow silica glaze to 13680/
I1ps5s = 0.030(5) for the greenish silica glaze, in accord with
the shift of the Si 2p peak in the corresponding XPS-spec-
tra, which also indicates a higher number of Si-OH groups

on the surface of the nanospheres in the greenish silica glaze
(see Fig. 8).

3.6. 8'%0 in the silica glaze

Stable-isotope measurement using a secondary-ion mass
spectrometer gave an average 5'°0 value of 26.5 & 1.1%,
for the yellow silica glaze and 21.2 + 1.19, for the green
silica glaze of the outer rim. The §'%0 value of the yellow
coating agrees with a previously reported 8'%0 value for
silica glaze of ~269, by Calas et al. (2008). Assuming a
meteoric fluid composition of §'%0 = —8%,, the authors
calculated a temperature of formation of 29 °C for the yel-
low opal using the fractionation values of Kita et al. (1985).
Assuming a similar meteoric fluid composition, the lower
5'%0 value of the green silica glaze indicates either a higher
temperature of formation (51 °C) or a higher water/rock
ratio relative to the conditions of formation of the yellow
silica glaze. Isotope measurements on yellow opal from
the high-grade site resulted in extreme variations in the
3'%0 value (4.6-349%,), most likely the results of small inclu-
sions of weeksite and uraninite inside the silica glaze.

4. DISCUSSION

Examination of the yellow and greenish silica glazes
with various analytical methods showed the occurrence of
U-bearing species and particles in the silica glazes, which
contain less Fe, Al, K, Na, Mg, Ti than the underlying
rock.

4.1. Mineral particles in the silica glazes

The presence of microparticles of uraninite and uranyl-
silicates in the outer parts of all silica glazes are the result
of the properties of amorphous silica prior to its hardening
to opal A. Freshly precipitated amorphous silica is a gel-
like material with a lower viscosity than secondary phases
such as iron-hydroxides and clays. As a result, the gel can
entomb particles during its gelation and condensation.
Perry et al. (2006) argued that this silica-binding character
explains the incorporation of detrital grains, organics, and
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undefined cation).
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aerosols from local environments into silica glazes (silica
glazes) and coatings composed of opal, clays, organics,
manganese, and iron oxides (desert varnish).

4.2. Chemical composition and conditions of formation of the
silica glazes

The silica glazes from Nopal I contain low concentra-
tions of Al, K, Na, Fe, S, P, and (CO3)27 relative to Si,
Ca, U, and S. These lower concentrations relative to Si
are common in colourless, clear and translucent silica glazes
(Dorn, 1998). To understand the absence of clays, iron-
hydroxides or carbonates in the silica glazes, Curtiss et al.
(1985) modeled the formation of Si-rich coatings in the arid
zones of Hawaii using data from dissolution experiments of
local windborne material to calculate the proportions of
phases that would form during evaporation of water films
on rock surfaces. They showed that prior to the formation
of carbonates and sulfates, amorphous silica is the predom-
inant product of the evaporation process, followed by min-
or amounts of kaolinite and hematite. Calculated amounts
of hematite in the precipitate were higher than the observed
amounts of iron oxides in the coatings. This was explained
by precipitation of the latter minerals on non-dissolved
mineral grains and subsequent removal of these grains dur-
ing strong rainfall events. Other dissolved species in the
water film, such as alkaline and alkaline-earth cations and
sulfate and carbonate ions, precipitate as soluble sulfates
and carbonates on top of the amorphous silica coatings.
Curtiss et al. (1985) explained their absence in the silica
glazes from Hawaii by dissolution of these phases during
strong rainfall events.

The model of Curtiss et al. (1985) explains the absence of
clays and iron-hydroxide within colourless silica glazes.
However, the source of silica for the glazes from the Nopal
I uranium deposit must not be exclusively windborne. Pore
and surface water dissolving the welded tuff at higher levels
percolated downward and deposited some of the silica on
the surfaces of the exposed rocks. However, the absence
of opaline coatings in deeper parts of the vadose zone (frac-
tures and cracks) suggests that most of the silica originates
from fine particles dissolved on surface of exposed rocks.
Here, potential windborne particles at the U ore deposit
most likely originate from (a) breccia and tuff, (b) minerals
of the ore body (uraninite and pyrite), (c) uranyl minerals
(e.g. uranophane, weeksite), and (d) secondary minerals
inside the breccia pipe: sulfates (e.g. jarosite, gypsum), sili-
cates (e.g. kaolinite), and Fe-oxides (e.g. hematite). The
proximity of the collected coatings to breccia, tuff, and ura-
nyl minerals suggests that partial dissolution of windborne
particles from these sources significantly contributed to the
formation of silica glaze. For example, the occurrence of fis-
sures filled with becquerelite between the silica glazes and
layers of uranyl-silicates indicate dissolution of the latter
minerals and subsequent precipitation of becquerelite at
an earlier stage of silica glaze formation. Hence, dissolved
species in the water film prior to the precipitation of colloi-
dal silica originated from the dissolution of windborne par-
ticles (uranyl-silicates, tuff, breccia). Consideration of the
latter material as a source for silicic acid in the water film

could explain the occurrence of silica glazes on urano-
phane-p single crystals (Cesbron et al., 1993). Here, the
coatings mimic the prismatic morphology of the urano-
phane-f crystals, the result of dissolution—precipitation in
a thin water film covering the entire external surface of each
crystal.

The low concentrations of Al, K, Na, Fe, S, P, and
(CO4)*~ with respect to Ca and U in the silica glazes must
be attributed to (a) the higher proportion of the latter ele-
ments in solution, and (b) removal of clay and iron-hydrox-
ide particles prior to hardening of the opal (see above). The
observed Ca:U ratio of 1:1 suggests trapping of either Ca-
(UO,)-bearing aqueous species or particles within the col-
loidal silica. Zellerite, Ca[UO,(CO3)](H,0)s and metazelle-
rite, Ca[UO,(CO3)[(H,0); are the only known minerals,
which contain Ca and U as the only cationic species in a
ratio of 1:1. Other minerals with Ca:(UO,)>" ratios of 1:1
are Cu-, Na-, and Mg-bearing minerals, namely ulrichite,
Cu(H,0)4[Ca(UO,)(POy),], swarzite, CaMg(H,0),[(UO,)
(CO3)3], and andersonite, Na,Ca[(UQO,)(CO3);](H,0)s
(Burns, 2005). These examples show that one cannot rule
out the trapping of nanoparticles of an uranyl-carbonate
or uranyl-hydroxy-hydrate with a Ca:(UO,)*" ratio of
1:1. Note that the occurrence of (CO3)>~ in the colloidal
silica coatings cannot be ruled out completely because (a)
vibration bands of (CO3)>~ groups in IR spectra can over-
lap with bands for (SiO4)*", H,O, and (UO,)*" (Cejka,
1999), and (b) the low sensitivity factor of C limits the
detection of (CO3)*~ groups in C ls spectra to samples of
high (CO3)*>~ concentration.

4.3. Incorporation of U and Ca aqueous species into colloidal
silica

To understand the possible incorporation of a Ca-U-{O/
OH/H,0/(CO;)*~} aqueous species into the colloidal silica,
one must examine the stability of complexes of Si-O poly-
mers and Ca and U. Colloidal silica has a high surface area
(>400 m* g~!, Goworek, 2000), promoting low diffusion of
ionic species through its water-filled pores. This property of
colloidal silica is used in growth experiments of single crys-
tals, where the slow diffusion of ionic species limits the
number of seed crystals (Henisch, 2005), and in the contain-
ment of ionic species in contaminated sites where colloidal
silica is used as a barrier material (Hakem et al., 2004).

Dugger et al. (1964) examined the adsorption of cations
on terminal silanol groups in colloidal silica. The sorption
process of a cation M can be described as

M** + (-Si-OH) = Si-O-M + H* (1)
Reaction (1) is the sum of the two reactions:

Si-OH = Si-O~ + H" (2)

M +Si-0O” = Si-O-M (3)

Fig. 8 shows the variation of log K for Eq. (1) as a func-
tion of the normalized free energy of reaction (3) (for details
see Dugger et al., 1964). It is apparent that terminal Si-O~
species have a high affinity to sorb high-strength cations
such as UO,**. This property can be explained with
bond-valence theory (Brown, 2002) and its application to
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the adsorption of cations on mineral surfaces (e.g. Schindler
et al., 2009¢c). The Si—O~ surface termination is a strong Le-
wis base, which forms a stable bond with strong Lewis acids
such as UO,2T, Fe*t, Al etc. Considering these properties
of colloidal silica, the strong Lewis acid (UO,)*" forms
stronger complexes with Si-O polymers and diffuses more
slowly through the colloidal silica than the weaker Lewis
acid Ca®*. Hence, diffusion of the species (UO,)*" and
Ca®" into colloidal silica or the trapping of Ca®*- and
(UO,)*"-species with colloidal silica are unlikely to result
in a ratio of 1:1 in the different zones of the silica glazes.

4.4. Aqueous species with a Ca:U ratio of 1:1

Another possibility for incorporating Ca and U would
be the trapping or diffusion of an aqueous species with a
Ca:U ratio of 1:1 into colloidal silica. To our knowledge,
there has been no spectroscopic study on the occurrence
of aqueous species in the Ca-U-Si system for solutions
supersaturated with respect to amorphous silica. However,
studies on the speciation of U in calcite-equilibrated solu-
tions showed the presence of a Ca,UO,(CO3); aqueous spe-
cies (Bernhard et al., 1996, 2001), indicating that Ca-U
aqueous species do occur in certain natural environments.
We showed above that during the earlier stage of silica-
gel formation, becquerelite precipitates as a result of the
dissolution of uranophane and weeksite. The precipitation
of becquerelite indicates the co-existence of a Ca-U-en-
riched solution with amorphous silica. Hence, the occur-
rence of an Ca-U aqueous species and its trapping in the
colloidal silica could be an alternative mechanism to the
incorporation of Ca-U particles and could explain the
Ca:U ratio of 1:1 in the different zones of the silica glazes.

4.5. Conditions of formation of the silica glazes

4.5.1. A. Moisture content

The relatively constant 3'®0 values in the different zones
of the green and yellow silica glazes from the breccia pipe
indicate that conditions such as temperature and moisture
did not change during formation of the coatings. The green-
ish silica glaze was sampled proximal to a fault where the
volcanic rocks are more highly brecciated than in the center
of the ore body. As a consequence of this intense breccia-
tion, the rocks have higher permeability and allow en-
hanced percolation of meteoric water (with a 5'%0 value
of (—8Y%,)) relative to the breccia in the center of the pipe.
Hence, the lower 8'%0 values of the greenish silica glazes
suggest a more water-dominated system (i.e. higher mois-
ture content) relative to the conditions of formation of
the yellow silica glaze.

The green silica glazes are on average twice as thick as
the yellow silica glazes from the center of the breccia (see
above). The greater thickness of the green coating may also
be the result of a higher moisture content during its forma-
tion, because an increase in the latter content results in an
increase in the dissolution rate of windborne particles on
the surface of rocks and minerals. Curtiss et al. (1985) draw
a similar conclusion when they compared the thickness of
silica glazes from areas of higher and lower precipitation

on Hawaii. The higher moisture contents around the fault
may also be the reason for a higher proportion of terminal
Si—OH groups and molecular water in the green coating, as
higher moisture in the proximity of amorphous silica can
slow down its dehydration in an arid or semi-arid
environment.

4.5.2. B. Eh conditions

The XPS-measurements indicate US":U** ratios in the
range 54:46 to 68:32 on the surfaces of the silica glazes
and hematite coatings (Table 1). Although XPS is a surface
analytical method, it is reasonable to assume that the lower-
valence cation U*' occurs in similar or even higher propor-
tions inside the coatings. We are confident that the ratios of
US:U*" in the U 4f spectra for hematite, and the yellow
and greenish silica glazes reflect the redox potentials (Eh)
during formation of the coatings.

We described above the higher amount of water perco-
lating through pores and fissures of the breccia closer to
the fault. As a consequence, the breccia in this region shows
a higher degree of weathering and oxidation than the brec-
cia in the center of the pipe (Figs. 1b and 2b). The corre-
sponding increase in Eh from the center of the pipe
toward the fault is reflected in the increase in the
UST:U*" ratio from 54:46 to 68:32 from the yellow to the
greenish silica glaze.

4.6. The internal structure of the silica glazes

The internal structure of sintered silica reflects the mech-
anism of coalescence of the silica nanospheres during dehy-
dration of the colloidal silica. In a diffusion-limited
aggregation of nanoparticles, the contact regions between
the nanospheres gain local curvature, and strings of pea-
nut-shaped units or spherical particles are generated
(VanDamme, 2000).

Variable concentrations of U and Ca inside the silica
glazes illustrate their internal structure (Fig. 4). Local cur-
vatures and spherical particles of silica occur in all zones,
and indicate trapping of Ca, U species or particles with dif-
ferent generations of colloidal silica, followed by the forma-
tion of curves and spheres during dehydration. Closer
inspection of the zonation of U in the silica glazes shows
the occurrence of spherical features in the yellow coatings
and curved-layered features in the greenish coating (Figs.
4b, ¢, and e). Spherical features display a higher degree of
curvature than curved-layered features. If we assume that
the degree of curvature in the silica glazes correlates with
the aggregation state of the nanoparticles, then the particles
in the yellow coating occur in a more advanced aggregation
state. This state may be related to the dehydration of the sil-
ica glaze and would explain the lower amount of Si-OH
groups in the yellow coating relative to the green coating.

4.7. Retardation of U and organic components by Si-rich
coatings

We showed above that all silica glazes contain U*' spe-
cies, although the greenish glaze occurs in a moist oxidative
environment. Furthermore, the occurrence of the curved
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and spherical zones of U (formed during hardening of the
colloidal silica) indicates that U was not leached from the
silica glazes after their formation. These observations sug-
gest that silica glazes and opaline coatings of the subsurface
are able to (a) protect reduced radionuclides from oxida-
tion, and (b) prevent their mobilization over time.

Perry and Kolb (2003) and Perry et al. (2004) showed
that Si-rich rock coatings (Si-rich desert varnish) contain
amino acids and DNA, and Perry et al. (2003, 2006)
discussed a possible binding mechanism of colloidal silica
with respect to those organic constituents. This work and
our studies show that Si-rich rock coatings are able to pre-
serve organic and inorganic components from the atmo-
sphere, important aspects not only with respect to the
retardation of radionuclides but also in terms of gaining
paleohydrologic, palacobiologic, and palacoenvironmental
information.

4.8. Can opaline coatings retard radionuclides over geological
time-scales?

Dorn (1998) pointed out that silica glazes are unstable
over a time frame of thousands of years. He showed that
silica glazes have many internal fractures, which promote
detachment of the coatings from the rock. Moreover, they
are susceptible to biochemical erosion. However, opaline
coatings in fractures and cavities at the subsurface are less
exposed to such erosion. For example, Paces et al. (2004)
showed that the age of finely laminated opals in the frac-
tures of the welded tuffs at Yucca Mountain range from
40 to 700 ka. These ages indicate that opaline coatings in
the subsurface of a semi-arid environment are quite stable
and that retardation of radionuclides by opaline coatings
may occur over this timeframe.

5. SUMMARY

Examination of silica glazes from the uranium ore de-
posit at Penia Blanca showed that

(a) the glazes are strongly zoned with respect to Ca and
U;

(b) Ca and U occur in the ratio of 1:1, most likely the
result of the trapping of Ca,U;-particles or aqueous
species by colloidal silica;

(c) microparticles of weeksite and uraninite have been
incorporated into the glazes during gelation and
hardening of silicic acid to opal;

(d) the US":U*" ratios in the glazes reflect the change in
Eh conditions from the center of the breccia pipe
toward the fault;

(e) the lower 8'%0 value and the higher proportion of Si-
OH terminal groups in the glazes reflect the change in
moisture content from the center of the breccia pipe
toward the fault;

(f) opals formed as fillings in fractures in close prox-
imity to a potential nuclear waste repository may
retard radionuclides in a time frame of 40 to
700 ka.
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