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Natural analogues provide a line of evidence that supports the understanding of how natural and engineered processes could occur over long time frames and large spatial scales at the proposed Yucca Mountain, Nevada nuclear waste repository.  Studies of uranium-series disequilibria within and around uranium deposits can provide valuable information on the timing of actinide mobility and hence the stability of a potential repository over geologic time scales.  The Nopal I uranium deposit at Peña Blanca, Mexico, is situated in unsaturated tuff that is similar in composition to the Topopah Spring Tuff of Yucca Mountain and closely matches other evaluation for suitable natural analogues.  By modeling the observed radioactive isotope disequilibria at Nopal I, it is possible to estimate the rates of sorption-desorption and dissolution-precipitation of the radionuclides over time.  Such information is vital to the testing of and confidence-building in performance assessment models for geologic nuclear waste disposal.  Since 1999, Los Alamos National Laboratory and Lawrence Berkeley National Laboratory (under the auspices of the Yucca Mountain Project), in cooperation with the Autonomous University of Chihuahua and the University of  Southern California, have been engaged in a study of radionuclide transport at Peña Blanca.  Results of this study to date are reported herein.

Background

In the 1970s, the Peña Blanca region, approximately 50 km north of Chihuahua City, was a major target of uranium exploration and mining by the Mexican government, because the region contains numerous uranium deposits.  Over the past thirty years, the Nopal I deposit in the Peña Blanca region has been studied by numerous institutions as an analogue for evaluating the fate of spent fuel, associated actinides, and fission products at a geologic repository in fractured, unsaturated volcanic tuff (CRWMS M&O 2000).  The Nopal I uranium deposit represents an environment that closely approximates that of the proposed high-level nuclear waste repository at Yucca Mountain in a number of ways: (1) both Yucca Mountain and Nopal I are located in regions of arid to semi-arid climate; (2) both are parts of a basin-and-range horst structure composed of Tertiary rhyolitic tuffs overlying carbonate rocks; (3) both are located in a chemically oxidizing unsaturated zone, 200 m or more above the water table; (4) the alteration paragenesis of uraninite at Nopal I may be similar to the alteration of spent fuel rods in a repository similar to that proposed at Yucca Mountain, according to results of spent fuel alteration experiments (Wronkiewicz et al., 1996).

Earlier studies at Peña Blanca dealt with surface water samples and with bulk samples and fracture-filling materials collected at the +10 level of the Nopal I uranium deposit (Figure 1). These studies, summarized in CRWMS M&O (2000), focused on the extent and timing of uranium-series mobility and transport at this site.  Some of these studies reported open-system behavior, suggesting mobility of uranium and its daughter products (e.g., Pickett and Murphy, 1999).  In contrast, our previous uranium-series thermal ionization mass spectrometry (TIMS) work at Nopal I (CRWMS M&O 2000) found closed-system behavior for many of the long-lived uranium-series members in fracture filling materials.  Briefly, the TIMS results indicated that the uranium (235, 238), thorium (230, 232), and protactinium (231) in the fracture-filling minerals have remained stable for more than 300 k.y. at Nopal I. In contrast, we observed open system behavior for radium (226), indicated by loss of radium from the fractures. 
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Figure 1.  View of the Nopal I uranium deposit, Peña Blanca, Chihuahua, Mexico. Terraces are 10 meters apart.

Pickett and Murphy (1999) presented measurements of U-Th isotopic composition and concentration in various water samples collected near Nopal I during relatively wet summer conditions. Their observed uranium and thorium concentrations generally correlate with concentrations of major cations and anions and total conductivity, which may reflect evaporation-dilution or rock dissolution effects on all of these species. Thorium and uranium concentrations also correlate strongly with each other, which is surprising given the expected differences in solution chemistry and potential solubility controls for these two elements. Pickett and Murphy (1999) interpreted these concentrations in the context of solubility control by various uranium silicate minerals (haiweeite, soddyite) and thorianite. They found that a perched water sample was close to solubility for haiweeite, a calcium uranyl silicate mineral. All of the other waters are undersaturated with respect to uranium mineral phases. However, all of the waters are supersaturated with respect to thorianite, which is attributed to the presence of colloidal thorium in the <0.2 um fraction of these samples. The occurrence of undersaturation for uranium and supersaturation for thorium indicates that radionuclide transport in the unsaturated zone may be controlled by kinetic factors such as evaporation, rock dissolution, and colloid formation, which complicate the interpretations based on thermodynamic (solubility) considerations. The incorporation of kinetic factors is discussed below in regard to the generalized radioisotope transport model of Ku et al. (1992). 

Surface Water Sampling 

The work of Pickett and Murphy (1999) has been extended to include repeated water sampling at Nopal I, mainly during the dry season. Samples were collected in February and/or March in 2000, 2001, and 2003. These data provide new information on temporal and seasonal variations at the site. As with the previous work, samples are of three different types: (1) perched water trapped in an old borehole about 20 m outside the deposit, (2) seep water obtained from an old adit approximately 8 m below the +10 m surface, and (3) groundwater samples from three wells in the regional carbonate aquifer located 0.6 km southeast of the deposit, 1.3 km southeast of the deposit, and 7 km north of the deposit.  In the adit, the water is collected by plastic sheets that funnel into collection bottles where it remains until sampled. The adit is comparatively cool and damp so evaporation effects seem to be relatively small, as confirmed by chloride and bromide measurements In many cases, the new data show higher uranium concentrations ratios than samples collected during the wet season. This could be a result of longer fluid/rock interaction times.

Stable isotope data were obtained for some of these samples in order to evaluate the source and history of the water samples. These data are shown in Figure 2. When water evaporates, the isotopic composition of the resulting vapor will be shifted to lower values and the residual water will be shifted to higher values on a plot of D versus 18O. The stable isotope data for the wells and a sample from a drill hole into a perched water horizon have significantly lower values than other samples. They fall on the Global Meteoric Water Line (GMWL) and probably represent the average composition for the precipitation at the site. The adit samples all lie much higher on this plot. Of these, three fall significantly to the left of the GWML and may represent atmospheric water vapor that has diffused into the adit and condensed in the cooler, underground environment. One1 lies on the GMWL, but probably does not represent a rainwater sample, as it is relatively high for meteoric water at this latitude; it is closer to the opening of the adit and may represent a more evaporated version of the three-sample cluster. The evolution of stable isotopes for the adit samples appears to have at least three components: 1) evolution of vapor from GMWL, 2) modification by water/rock interaction, and 3) evaporation in the adit collection system (BSC, 2002). We have also measured  87Sr/86Sr values for many of these samples. These results are consistent with waters derived from a carbonate aquifer. 
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Figure 2. Stable isotope composition of Peña Blanca waters.

The new radium data are notable for the large range of disequilibrium observed. Radium is apparently extremely mobile in the UZ environment directly around the deposit showing large excesses of 226Ra in the adit waters (and generally large depletions in the fracture filling materials noted in our previous work). Conversely, we observe depletion of 226Ra in the borehole and well waters. This can be modeled in terms of rock-water interaction during transport in the SZ. 

Note that some of the well waters were collected from holding tanks subject to chemical modification (i.e., evaporation or biological activity).  The adit waters are also subject to possible post-collection effects (chemical reactions with solids). This provides more of a basis for the current drilling of new wells and collection of better samples.
Radioisotope Transport Modeling 

A model based on naturally occurring uranium- and thorium-series disequilibria is being tested for characterization of the in-situ migration of actinide nuclides in and around the Nopal I uranium deposit. Estimates can then be made of the rates of sorption-desorption, hence retardation factors, and dissolution-precipitation of the isotopes over a range of time scales, in both saturated and unsaturated zones. 

Current models utilizing uranium- and thorium-series disequilibria for radioisotope transport in geologic systems are primarily based on the steady-state assumption (Ku et al., 1992). These models, while elucidating the behavior of radioisotopes in the phreatic zone, may not sufficiently constrain the isotope transport in unsaturated vadose layers where the concentration and transport behavior of radioisotopes are often governed by non-steady-state conditions. Ku and Luo have extended the uranium-series transport model of Ku et al. (1992) to include non-steady state situations. This new, generalized radioisotope transport model has the two important features of being applicable to saturated as well as unsaturated conditions, and providing simultaneous constraints on the behavior of radioisotopes in their dissolved, colloidal, sorbed, and solid pools of a groundwater system. The model provides a means to characterize kinetically controlled radionuclide transport at Pena Blanca.

Seasonal Variability of Uranium Dissolution Rate in UZ

The perched and adit seep waters were sampled during late February 2000 and in early March 2001, in order to assess temporal variations in the transport of uranium in the unsaturated zone.  Compared with samples collected during the September wet season of 1995, many of the dry period measurements show much higher 238U concentration and lower 234U/238U, suggesting increased uranium dissolution and/or lower -recoil associated 234U enrichment rates during dry seasons. 

The data collected during the winter dry season depart considerably from the linear relationship between 234U/238U and 1/238U predicted by the model for the wet season of 1995. Linear regressions on data for the perched and adit seep waters collected during March 2001 give a 234U -recoil-related weathering rate (Pr) of ~5.7 dpm/L/y. Compared to the ~9 dpm/L/y for the wet season, this lower -recoil rate estimate may reflect incomplete flushing of waters through the vadose layers during the dry season. We estimate dissolution rates of uranium to be about 24 dpm/L/y for 238U and 234U (or 136(10-9 mol/L/y for 238U and 7.5(10-12 mol/L/y for 234U). These rates are about three times higher than those in the wet season, possibly suggesting a favorable physiochemical condition (e.g., increased oxygenation) for uranium dissolution during dry periods. In this context, it should be noted that the samples collected 15 m from the adit entrance show 234U/238U values lower than secular equilibrium, which suggests dissolution of material previously preferentially depleted in 234U by (-recoil effects.

Large variations in the 238U concentration and 234U/238U ratio are also found in samples collected from the saturated zone near Nopal I . The effects of mixing will be evaluated in modeling these new data. 

Ongoing Studies
As previously summarized, prior work at Peña Blanca contrasts the long-term stability of uranium and thorium in fractures and the ore body against the ongoing dissolution of uranium by surface waters, as evidenced by elevated uranium and 226Ra- concentrations and high 234U/238U in adit seepage waters. The net flux off-site is not well-constrained other than by the 8 m.y. age of the primary uranium mineralization at Nopal 1 (Pickett and Murphy, 1997). The goal of current work is to extend geochemical studies to the third dimension by drilling wells at Nopal I.  

Three boreholes around and through the ore deposit are presently being drilled to the water table, at a depth of 240-250 m from the surface.  From borehole PB-1, which penetrates the ore deposit, solid core and water samples are being taken. From the other two boreholes, PB-2 and PB-3, situated approximately +50 m and –50 m from the deposit, cuttings and water samples are being taken. Monitoring wells will be installed to sample ground water on a regular basis.

In addition to the core and fluid samples from the borehole and wells, we will continue to re-sample the perched, seep, and aquifer waters from the sites previously sampled (see above). Where adequate samples can be obtained, we will measure isotopes of U (234U and 238U), Th (232Th, 230Th, 228Th, and 234Th), Ra (226Ra, 228Ra), Po (210Po) and Pb (210Pb) in the fluid samples. We will also study radioactive disequilibria in sorbed phases using leaching methods on the core samples. Since it may be difficult to collect enough fluids from the unsaturated zone for all of the proposed measurements, data on the sorbed phases should provide an alternative way to assess the radionuclide transport in the unsaturated zone

The U-series modeling effort will be extended to the Th and Ra isotopes. Measurements of Po and Pb isotopes will be applied to the Th model to further evaluate the role of colloids in the transport of these nuclides. The model sensitivity and validity will be tested and ways to evaluate the uncertainties of model parameters will be sought. Results from the Peña Blanca analogue study will be provided for testing the unsaturated zone process model.

Future Work

The Science and Technology program within the Office of Radioactive Waste Management has provided funding for expanded natural analogue studies at Peña Blanca, commencing in 2004. Currently in the planning stages, the enhanced studies will include investigations of colloid transport, saturated zone transport, secondary mineral sequestration, process modeling, and applications to total system performance assessment. 
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