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Isotopic Constraints on Radionuclide Transport at Pefia Blanca

David A. Pickett and William M. Murphy
Center for Nuclear Waste Regulatory Analyses
southwest Research Institute
6220 Culebra Rd.

San Antonio, TX 78238 USA

ABSTRACT

238U-series and U/Pb isotopic systematics have been interpreted at the Nopal I natural
analog, Pefia Blanca, Mexico, in terms of U mineral history and the nature and timing of U
transport. The analog consists of a vertical, roughly cylindrical uranium deposit, hosted by
fractured. silicic tuff, with U contained chiefly in uranyl phases. Three samples of
uranophane. the most abundant urany| phase in the deposit, yield 238U/206Pb and 235U/207Pb
internal and external isochron ages of 3.4 and 3.2 Ma, respectively. These ages represent an
episode of oxidation of uraninite. Activity data on uranium-series nuclides 2*Th, 234U, and
238U from rocks surrounding the deposit indicate a relatively recent, episodic history of U
mobilization. 234U and 230Th excesses point to a multistage, and in some cases shifting,
history dominated by early mobilization of U out of the primary uranium deposit and
deposition outside, followed by episodic partial U depletion from rocks outside the deposit.
The data indicate that these processes acted over the past few hundred thousand years to the
present. Uranium transport in percolating, oxidizing meteoric waters is the preferred
dominant process, consistent with isotopic data on present-day perched and seep waters
collected at the site. The isotopic and chemical data reveal a history of (1) uraninite deposition
several million years ago, (ii) deposition of uranyl silicates during a single period around 3 Ma,
and (ii1) complex episodic U mobilization and remobilization in the past few hundred
thousand years. Because of the strong analogy between conditions at Pefia Blanca and Yucca
Mountain, the demonstrated timing, episodicity. and complexity of transport at Pefia Blanca
suggest that such conditions can be expected at Yucca Mountain and are likely to be important
to radionuclide transport at the proposed repository.

INTRODUCTION

The natural analog at the Nopal | uranium deposit, Pefia Blanca district, Chihuahua,
Mexico, has been studied for years due to features that are remarkably analogous to the
proposed US site for disposal of high-level nuclear waste at Yucca Mountain, Nevada
(Murphy and Pearcy, 1992; Pearcy et al., 1994; Pearcy et al., 1995; Pickett et al., 1997). A
summary of this work is included in an article in this volume by Murphy et al. This article
presents a summary of uranium-series and U/Pb 1<ntopic data. which have helped in
interpreting the history of uranium transport at the site, and a discussion of implications for
radionuclide transport at Yucca Mountain,



['he rationales for studying Nopal | as a natural analog, the geologic setting, and studies
of mineralogy, fracture geometry, transport, and geochemistry have been reported previously
(Murphy and Pearcy, 1992; Pearcy et al., 1994; Pearcy et al.. 1995: Murphy et al., 1997;
Pickett et al., 1997). The isotopic data discussed here are reported in detail by Prikryl et al.
(1997) and Pickett et al. (1997). The vertical. roughly cylindrical uranium deposit is
characterized chiefly by U-bearing phases uranophane. soddyvite, and schoepite. Previous
studies (Pearcy et & . 1995; Prikryl et al.. 1997) reported evidence that aqueous transport of
U away from the deposit occurred chiefly along meso-scale fractures. The host rock at the
level of investigation is fractured silicic tuff. Uranium-series data were obtained by alpha and
gamma spectrometry on rock samples from both the uranium deposit and the surrounding
tuff, and by mass spectrometry on water samples from the vicinity. Locations of U-senes
sampling traverses are shown in Figure | the sampled surfaces had been exposed during
exploratory mining. In addition, U/Pb * otopic data were obtained by mass spectrometry on
uranophane (Figure 1) in order to determine the timing oi oxidation of uraninite, and the
stability of this potentially solubility-limiting uranyl mineral in an oxidi7ing, unsaturated
setting.

URANOPHANE U/Pb DATA

Three samples of uranophane-bearing rock were collected from Level +10 (numbers
494 and 102; Figure 1) and from the wall adjoinir  evel ~00 (291), and uranophane-rich
material was removed by scraping trom fractures and voids. Uranophane from these textural
settings grew late in the uraninite oxidation petrogenetic sequence (Pearcy et al., 1994). One
sample (494) was checked by X-ray diffraction and treated by heavy liquid separation and
mild leaching; five fractions of apparently varying uranophane purity were produced by hand-
picking. Two other samples were subjected only to hand- picking for wanophane. U/Pb
analysis was performed by L. Mack, University of Texas, by thermal-ionization mass
spectrometry. All but one of the samples have U concentrations within 5 percent of the
stoichiometric mass value of 56 percent [nominal formula Ca(U0,),8i,04+6H50]: this
agreement is excellent considering weighing uncertainties on these very small samples. The
five sample 494 fractions define U'Pb isochrons (Figure 2) yielding “0oPb-23%U and
207Ph-2351) age - of 3.4 and 3.2 Ma, respectively. The other two samples also plot on the 494
isochrons.

“he range of U/Pb ratios in the uranophane fractions indicates mixing between
uranophane and other minerals due to the impurity of the separates. This is supported by the
nature of the two samples plotting closest to the 238U/204Pb = 0 and 235U/204Pb = 0 axes in
Figure 2: the low-1U/Pb 494 separate received no hand-picking after gravity and leaching
treatments, and sample 291 uranophane was contained in an amorphous mass with no visible
coarse crystals, neces: 'ating hand-picking by yellow color alone. Because of the prevalence
of near-stoichiometric U contents, s me contaminants must be Pb-rich in order to lower U/Pb
ratios appreciably; candidates incluge Fe oxides and perhaps kaolinite. The effect of mixing
obscures the true initial Pb isotope ratios of the uranophane and affe ts the slopes of the
isochrons, from which ages are calculated. In the case of the 494 separates, the “isochron™




spread is due to mixing between uranophane with high Pb isotope and U/Pb ratios, and a low-
U/Pb component with Pb isotope ratios close to the calculated initial values. The linearity of
the plots suggests that the pure uranophane end-member varied little in its U/Pb and Pb
isotope ratios. Because of the high U/Pb ratios, initial 2060Pb/204Pb and 207Pb/204Pb ratios
lower than the calculated values would affect the slopes of the mixing lines negligibly.
However, if uranophane imtial Pb isotope ratios were higher, the true ages would be /ess than
the calculated values of around 3 “la. Two lines of evidence suggest this is not the case.
First, sample 102 lies on the isochron: it would be fortuitous for this separate sample to do so
given the possible ranges of initial Pb isotope and U/Pb ratios among different hand samples
(291 lies too near the intercept to provide a strong constraint). Second, and more importantly,
differences in Pb isotope ratios between uranophane and the other phases requires that
contaminant phases be closed to Pb exchange during vranophane formation. The most Pb-rich
phases were probably Fe oxides and oxvhydroxides, which were also initially formed during
the oxidation of U phases (Pearcy et al., 1994; Prikryl et al., 1997). It is difficult to envision a
major oxidizing event which would not cause Pb mobilization and Pb isotope homogenization
at the hand-sample scale.

For these reasons, the isochron ages are interpreted to represent a single event of
uranophane formation at around 3 Ma. Areal coverage is insufficient to conclude that all
uranyl phases are this age, but consistency among three samples from a deposit only 30 m
across is strongly suggestive. A similar age of 3.6x0.4 (20) Ma on the secondary phase
jarosite from another U deposit in the district [P. Goodell, written communication| suggests
that this may have been a regional event.) Pearcy et al. (1994) reported a chemical U/Pb age
on precursor uraninite of 825 Ma, consistent with a probably younger age for uranophane
generated by oxidation of uraninite.

URANIUM-SERIES DISEQUILIBRIUM DATA

Uranium-series disequilibrium data on sample< from both inside and outside the
uranium deposit are useful for discerning the history of « mobility subsequent to uranophane
formation. I[nfilling materials along major fracture sets from traverses B and E (Figure 1) are
dominated by goethite, amorphous Fe-oxyhydroxides, hematite, jarosite. kaolinite, and quartz,
and contain no detectable U minerals (Prikrvl et al., 1997). In the other traverses, bulk rocks
were sampled consisting of generally fractured silicic tuff with an alteration assemblage
dominated by kaolinite and Fe oxides. Uranium concentration data in horizontal traverses
demonstrate U/ transport at least tens of meters from the deposit (Pickett et al., 1997); the
vertical component of transport was not studied. but may have been greater. Mesofractures
have accommodated more distal U transport. Microprobe data from one of the fractures
(traverse B in Figure 1) demonstrate that U was incorporated in the fracture infilling minerals
iuring their growth by adsorption and/or coprecipitation, accommodating U contents of up to
thousands of ppm (Prikryl et al., 1997). It is also apparent that more highly fractured tuff
accommodated more U transport than less fractured rock. Pearcy et al. (1995) showed data
indicating that there is little transport of U from fractures into tuff: therefore. matrix diffusion
has apparently been unimportant in the studied portion of the system.



Figure 3 shows profiles of uranium-series radionuclide activity ratios along the Level
*10 traverses. Most fracture and matrix rocks from outside the deposii exhibit
230Th-234U-238U disequilibrium relationships, i.e.. activity ratios not equal to one. Inside the
deposit, bulk rocks have equilibrium activity ratios and fracture materials show disequilibrium.
I'he observation of uranium-series disequilibrium requires open system U transport within the
last few hundred thousand years. >34U/2'8U ratios greater than unity (Figure 3a) indicate
addition of water-mobilized U during this period. However, 230Th/234U ratios significantly
greater than unity (Figure 3b) require a subsequent U removal event. A general model is
shown in the 234U/238U versus 230Th/23%U plot in Figure 4. Initial secular equilibrium is
assumed. followed by (i) addition of U mobilized frcn the deposit (with a 234U/238U ratio of
2 for illustrative purposes), (i1) ciapse of at least 2U 000 years with evolution back toward
secular equilibrium, and (iii) partial U removal with or without 234U-238U fractionation.
Points in the “forbidden zone™ require multiple stages of U mobilization (Osmond and
Ivanovich, 1992: Scott et al., 1992). Samples plotting near or above the upper bound of this
zone can be explained without resorting to later U depletion. Initial U addition is likely to
have occurred in a more complex, rather than single-event, manner, requiring longer times than
shown (Scott et al., 1992).

lhe most notable acuvity ratio trends with distance (Figure 3) are decreasing
2MU/238U (traverses B and E) and increasing 210Th/238U (E). The simplest explanations for
these trends are that (i) there has been multistage and differential U deposition along the
fractures (e.g.. less frequent and older U deposition at greater distance). and (ii) greater
fractional U depletion is possible in lower-U rocks. The general picture is on= of wide spatial
variation in the timing and episodicity of U transport.

Sequential extraction results on Fe oxide-rich fracture infillings reveal distinct histories
for different phases/sites within the rocks (Pickett et al., 1997). Most notably, uranium-series
distributions demonstrate that U sequestered in secondary phases - chiefly Fe oxides and
oxyvhydroxides - is incorporated in the minerals, through either coprecipitation or
dissolution/reprecipitation. Crystalline Fe oxides contain a majority of the U budget of the
rocks, and amorphous Fe phases and adsorbed U account for 10-20 percent each. Currently
accessible surface sites do not contain a large proportion of the U budget.

U/Th isotopic data on unsaturated zone waters from Nopal | are consistent with the U
transport model. Two waters collected from a perched water zone in 10 meter-deep BH-12
(Figure 1) have 234U/238U of 2.2, ard seep waters collected in the adit 8 m below Level +10
gave values of 5.1 and 2.8. Tran.ported U in the oxidizing unsaturated zone at Nopal |
therefore has the high 234U enrichments implied by the high ratios in rocks and fracture
:nfillings outside the U deposit.

In summary, uranium-seri=s data imply a complex, episodic history of U mobility,
with periods of both U deposition and U removal over the last few hundred thousand vears.
Uranium transport in percolating, oxidizing, meteoric waters is the preferred dominant
process, ewing chiefly to the association between U mobilization and Fe oxide precipitation



resulting from oxidation of reduced Fe species such as pyrite (Pearcy et al., 1994; Prikryl et
al., 1997). This regime is also consistent with the heterogeneity of transport histories over a
small area and the isotopic data from present-day water. The multistage nature of transport
implies shifts in geochemical and/or hydrologic conditions since the initial mobilization of U
from the deposit. These shifts could be related to geologic (e.g., uplift) and/or climatologic
changes (Pickett et al., 1997).

An event of possible significance in the late-stage history occurred at 54 ka; that age
has been determined from 30Th-234U-238U analyses of U-rich opal (B. Leslie, personal
communication) and caliche (Pearcy et al., 1994) that precipitated on and adjacent to the
uranium deposit. Although the nature of the event is unknown, it was clearly marked by
water movement and U mobilization in a weathering environment. Because the initial U
enrichment in the studied rocks from outside the deposit is constrained by U-series activity
ratios to have occurred at least a few hundred thousand years ago, the 54 ka event may
represent U removal from the altered tuffs and fracture assemblages.

SYNTHESIS

The i1sotopic and chemical data reveal a his..ry of (1) uraninite deposition several
million years ago, (11) deposition of uranyl silicates during a single period around 3 Ma, and
(i11) complex episodic U mobilization and remobilization persisting through the past few
hundred thousand years. These 1sotopic data constrain interpretation of transport at Nopal |
in three important ways. First, the uranophane age demonstrates the long-term stability of
uranyl phases in limiting release of U. Second, the U-series data constrain the timing of U
transport in the host rock. Finally. the U-series systematics reveal multiple episodes of U
mobilization and remobilization. The episodicity of recent U transport is likely related to
environmental factors affecting groundwater tlux, with climate variation likely to have had a
strong influence (Pickett et al., 1997).

Because of the strong analogy between conditions at Pefia Blanca and Yucca
Mountain, the demonstrated uming, episodicity, and complexity of transport at Pefia Blanca
suggest that such conditions can be expected at Yucca Mountain and are likely to be important
to radionuclide transport at the proposed repository.
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Figure | - Map of the Level 00 and Level +10 exposures at Nopal |, showing sampling
traverses (heavy lines A-H). Water was collected at Borehole 12 and in the Level +00 adit at
projected locations marked by X's. The circled U’s denote numbered uranophane samples.
Light gray denotes the area cleared of debris for detailed study, and the dark gray area is the
zone of visible uranium mineralization, or uranium deposit. Contour interval is 2 m. referenced
to zero at Level +00; axes (in meters) correspond to a NS-EW field grid.
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Figure 2 - 206Pb-2381) and 207Pb-235U plots for Nopal | uranophane, with calculated ages and
initial Pb isotope ratios based on linear fits to the five 494 data points.



Figure 3 - Uranium-series activity ratios (a) 2341)/238U and (b) 230Th/24U along the Level

+10 traverses.
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Figure 4 - 234U/238U versus - h/238U plot of Nopal | traverse bulk rock samples, with

mode! for evolution. Symbols as in Figure 3, with the addition of crosses for traverse D.
Note the different axis scales. The model assumes an initial rock at or near secular equilibrium
i.¢., both ratios equal to one) to  ich high-234U/238U U 1s added from an aqueous phase.
ollowed by significant time evolution (note time labels on curve), and finally by partial U
removal with or without U isotope fractionation. Not all rocks would have followed the same
path, and U addition and removal likely occurred in a more continuous or episodic manner.
Thus. the times involved could have been much longer than those shown. The “forbidden
zone” reflects combinations of the two activity ratios which require multistage histories.



