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ABSTRACT 

Uranium and neptunium desorption were studied in long-term laboratory 

experiments using four well-characterized volcanic tuff cores collected from southeast of 

Yucca Mountain, Nevada. The objectives of the experiments were to 

1. Demonstrate a methodology aimed at characterizing distributions of sorption 

parameters (attributes of multiple sorption sites) that can be applied to 

moderately-sorbing species in heterogeneous systems to provide more realistic 

reactive transport parameters and a more realistic approach to modeling transport 

in heterogeneous systems. 

2. Focus on uranium and neptunium because of their high solubility, relatively weak 

sorption, and high contributions to predicted dose in Yucca Mountain 

performance assessments.  Also, uranium is a contaminant of concern at many 

DOE legacy sites and uranium mining sites.  
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3. Focus on desorption measurements rather than classic emphasis on sorption 

measurements.  Desorption measurements are the key to interrogating the desired 

multi-site distributions of sorption parameters. 

4. Investigate the effects of mineralogy on the sorption/desorption of uranium and 

neptunium to obtain mechanistic insights into the measured distributions of 

sorption parameters. 

In the long term desorption experiments, the percentages of uranium and 

neptunium sorbed as a function of time to zeolitic and devitrified volcanic tuffs of 

varying mineralogy were determined. In addition, the desorbed activity as a function of 

time was fit using a multi-site, multi-rate model to demonstrate that different desorption 

rate constants ranging over several orders of magnitude exist for the desorption of 

uranium and neptunium from Yucca Mountain volcanic tuff.  To evaluate the 

applicability of rate constants obtained from the long-term desorption experiments under 

more realistic flow conditions and with more realistic solid to solution ratios, scaled up 

experiments were conducted in which uranium and neptunium were eluted at different 

flow rates through columns packed with one of the volcanic tuffs used in the desorption 

experiments.  The up-scaled column breakthrough curves and sorbed concentration 

profiles (obtained after the experiments were terminated) were fit using a multi-site, 

multi-rate advection-dispersion-reaction model.  However, this model could not 

simultaneously provide a good description of both the column profiles and the 

breakthrough data (using the same rate constants) for either the uranium or neptunium 

columns.  In general, the combined breakthrough and profile data suggest that while the 

majority of the radionuclide mass was strongly retarded (profile data), there was a minor 
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fraction that was less strongly retarded (breakthrough data).  The inability to 

simultaneously model these two fractions of radionuclide mass might be explained by (1) 

disequilibria of uranium and neptunium solution species and/or (2) a dual porosity flow 

regime within the up-scaled columns. 

To further investigate the possibility of multiple sorption sites for uranium in the 

volcanic tuff, the average local structural features of uranium freshly sorbed to and after 

one week of desorption from volcanic tuff was compared using Extended X-ray 

Adsorption Fine Structure (EXAFS) measurements.  To complement the EXAFS, 

Electron Probe Microanalysis and x-ray mapping of similar samples was used to probe 

uranium spatial distributions and elemental associations within the volcanic tuff.   

The multiple methods employed in this study provide many more insights and 

more realistic parameterization of sorption and desorption than simple batch experiments.  

When coupled with knowledge of mineralogical and geochemical heterogeneities along 

groundwater flow paths, this multi-method approach should result in significant 

improvements to predictions of subsurface contaminant transport. 
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1. INTRODUCTION 

Yucca Mountain, Nevada is the proposed site of a geologic repository for the 

disposal of spent nuclear fuel and high-level radioactive waste. In the event repository 

engineered barriers fail, the unsaturated volcanic tuffs underlying the repository and the 

saturated volcanic tuffs and alluvium beneath and to the south of Yucca Mountain are 

expected to retard the migration of radionuclides to the accessible environment. The 

purpose of this study is to improve the understanding of uranium and neptunium 

retardation in the saturated tuff at Yucca Mountain.  In particular, this study focuses on 

kinetically controlled reactions that will ultimately control the transport of radionuclides 

over long-distance and time scales.  Focusing on desorption and the associated desorption 

rate constants instead of the classic emphasis on sorption increases understanding of 

kinetically slower reactions that are not observable in short term batch studies.  In 

addition, studying the geochemical processes and mechanisms controlling sorption and 

desorption enhances the ability to predict subsurface transport and fate of contaminants 

with greater accuracy in a variety of host media and geochemical conditions. 

1.1. Research Motivation and Objectives 

Understanding partitioning of contaminants between aqueous and solid phases in 

the subsurface at the macro- and molecular-scale is essential to estimating the risk 

associated with a potential release of radionuclides to the environment (Arai, McBeath et 

al. 2006).  Often the partitioning of radionuclides in the subsurface is estimated using 

batch sorption and short-term desorption experiments, which are typically designed to 

yield only a single distribution coefficient or equilibrium partition coefficient (ratio of 

sorbed radionuclide per unit mass of solid to non-sorbed radionuclide per unit volume of 
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solution, or Kd value, ml/g) suitable for incorporation into models that assume reversible, 

linear, first-order sorption kinetics (Scism (Dean), Reimus et al. 2006).  Kd distributions 

used for the saturated tuff and alluvium in the Yucca Mountain flow and transport models 

are based largely on batch sorption experiments (Arnold, Kuzio et al. 2003; Eddebbarh, 

Zyvoloski et al. 2003).    These experimental methods do not effectively interrogate 

stronger sorption sites with slower desorption kinetics because the influence of stronger 

sites is not readily apparent during a short-term batch sorption or desorption experiment.  

This behavior is observed in column experiments where there is an apparent increase in 

the retardation of radionuclides in the column as the flow rate through the column is 

decreased (Keller 2004).  Consequently, Kd values obtained from short-term batch 

experiments may underestimate Kd values that radionuclides will experience over long 

time and distance scales, and if the short-term Kd values are used in models, they will 

result in conservative predictions.  In addition, a mechanistic determination of 

radionuclide sorption associated with stronger sorption sites present in the host media 

will help reveal key mineral characteristics that govern strong sorption and slow 

desorption, thus allowing quantitative links to be made between sorption behavior and 

media properties.   

1.1.1. Objectives 

The objective of this work is to build on a previous study of radionuclide 

desorption from alluvium taken from the saturated zone down gradient of Yucca 

Mountain (Scism (Dean) 2005; Scism (Dean), Reimus et al. 2006).  Experiments were 

conducted to interrogate strong sorption sites with slow desorption kinetics in addition to 

the weaker sorption sites in the tuffs.  These experiments were used to develop effective 
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Kd values and an easily-implemented modeling approach capable of accounting for such 

distributions.  U and Np were selected because of their significant contributions to off-

site doses in many Yucca Mountain performance assessment scenarios due to their long-

half lives and relatively weak sorption under ambient geochemical conditions. The 

experiments were conducted under both static (batch) and flowing (column) conditions 

using water chemistries and geologic materials representative of potential flow pathways 

in the saturated volcanic tuff.  In addition to the batch and column studies, various 

methods were utilized to further evaluate the mechanisms involved in the attenuation of 

uranium in the tuff materials.  Extended X-ray Adsorption Fine Structure (EXAFS), 

XAS and Electron Probe Microanalysis (EPMA) were performed with materials from 

sorption and desorption experiments to better understand the elemental associations and 

local bonding environment of uranium.  X-ray Diffraction Analysis (QXRD) was used to 

quantify crystalline mineral phases present in the tuff.  The isoelectric point and surface 

area were also measured to support possible mechanisms of uranium and neptunium 

attenuation in the tuff materials. 

1.1.2. Conceptual Model 

A conceptual model was developed to consider the effects of stronger sorption 

sites with slower desorption kinetics.  Figure 1.1 shows the results of a simplistic analysis 

to illustrate the impact of strong sorption sites over long time and distance scales.  In this 

example, a large-scale flow system is conceptualized as a large number of ideally-mixed 

reactors in series, each containing the same solid mass to solution volume ratio.  The 

solid is considered to have two types of sorption sites, with the first site having a Kd value 

of 3 ml/g and representing 80% of the total available sites, and the second site having a 
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Kd value of 1000 ml/g and representing 20% of the available sites. These values are 

consistent with previous results (Scism (Dean) 2005; Scism (Dean), Reimus et al. 2006) 

where frequently 20% or more of the sorbed radionuclide tended to desorb very slowly 

(i.e., high Kd value), but the slowly desorbing fraction would not be noticed in a batch 

sorption experiment or short-duration desorption experiment.  The apparent Kd value in 

each reactor (a.k.a., small batch sorption experiment) would be ~3 ml/g, or approximately 

the value corresponding to the weaker sorption site.  If it is assumed that transport in the 

saturated zone over a small distance unit (i.e., distance associated with one reactor) 

results in an 80:20 split of radionuclide mass experiencing the 3 and 1000 ml/g Kd values, 

respectively, then transport over n distance units will result in only 0.8n of the 

radionuclide mass experiencing a Kd value of 3 ml/g, with the remaining radionuclide 

mass experiencing much greater Kd values. Figure 1.1 shows the fraction of mass 

experiencing different effective Kd values for different values of n, the number of 

distance units. For large values of n, all of the mass converges toward experiencing a 

weighted average of the Kd values, in this case 0.8(3) + 0.2(1000) = 202.4 ml/g. That is, a 

Kd value of 3 ml/g will be effectively experienced over 80% of the transport distance, 

while a Kd value of 1000 ml/g will be experienced over 20% of the transport distance. 

This simple analysis illustrates how effective Kd values will be much larger over long 

time and distance scales if stronger sorption sites with slower desorption kinetics are 

present and are interrogated in experiments other than batch sorption and short-duration 

desorption experiments.  
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Figure 1.1.  Conceptual model of the fraction of radionuclide mass experiencing 
different Kd values as a function of number of distance units through which 
transport occurs.  Calculations assume a simple two-site model with 80% of the sites 
having a Kd value of 3 ml/g and 20% of the sites having a Kd value of 1000 ml/g. 

 

1.2. Background and Literature Review 

1.2.1. Previous studies in Yucca Mountain Saturated Zone Volcanic Tuffs 

Batch sorption results suggest that Yucca Mountain devitrified and zeolitic tuff 

materials have a low affinity for neptunium and uranium (Triay 1997).  In addition, a 

hysteresis effect was observed during subsequent batch desorption of these radionuclides, 

where desorption of the radionuclides from the tuff materials often resulted in larger Kd 

values than those obtained from sorption experiments.  This behavior suggests that 
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uranium and neptunium sorption to these materials is not an entirely reversible process or 

has slow desorption kinetics (Triay 1997).  In another study comparing batch sorption 

results with that of columns packed with vitrified, devitrified and zeolitic crushed tuff 

(same size fraction and material used in batch studies), it was found that the first arrival 

time of the Np in the column breakthrough could be predicted from a value for Kd 

obtained from batch studies.  However, incomplete recovery of the neptunium and long 

tailing of the column Np breakthrough curve suggests that sorption to zeolitic tuff is not 

linear or possibly not even entirely reversible and can not be described using a sorption 

distribution coefficient.  It was also found that the Np did not break through prior to a 

non-sorbing tracer, tritium, indicating that ion exclusion of the neptunyl carbonate anion 

was not taking place in the crushed tuff columns (Triay 1996). 

1.2.2. Previous Studies in Yucca Mountain Saturated Zone Alluvium 

Kd values were estimated through batch sorption of uranium and neptunium to 

alluvium from the saturated zone at Yucca Mountain.  To complement the batch sorption 

experiments, uranium and neptunium transport experiments were carried out under fully-

saturated, steady flow conditions in columns packed with the same alluvial materials used 

in the batch experiments.  Uranium was eluted through three columns at the same flow 

rate, each packed with alluvium samples collected from different boreholes.  In all cases, 

a small fraction of the uranium broke through at almost the same time as the conservative 

tracer (tritium), but the vast majority of the radionuclide mass was significantly retarded, 

resulting in a breakthrough curve with a long tail and incomplete recovery of the tracer 

(Ding 2003). These observations suggest that some of the uranium was slow to desorb 

from the columns within the time frame of the experiments.  A long-tailing curve may 
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also indicate the presence of stagnant areas and preferential flow within the column 

(Schweich and Sardin 1981), but this possibility can be ruled out because the 

conservative tracer did not exhibit this behavior.  In a separate set of experiments, 

neptunium was eluted through columns packed with alluvium from the same borehole at 

different flow rates.   Neptunium breakthrough at the slower flow rates also exhibited 

long tailing behavior and incomplete recovery.  In addition, the retention of neptunium 

increased as flow rate through the column decreased, suggesting a residence time 

dependence of neptunium sorption.  The observed behavior may be a consequence of 

radionuclides having a greater probability of encountering stronger sorption sites as the 

transport time through the column increased.  Both the uranium and neptunium column 

experiments do not correlate well with the batch experiments in that the column transport 

of these radionuclides could not be explained by either slow sorption kinetics or 

equilibrium sorption with a single Kd value (i.e., a single sorption and desorption rate).  

Rather, the column experiments suggested a distribution of Kd values for uranium and 

neptunium that appear to be governed by a distribution of desorption rates (or Kd values) 

that result in long-tailed responses and incomplete recovery of the radionuclides from the 

columns.   

To better understand the early breakthrough of a portion of the radionuclide mass 

and long tailing behavior of the recovery curves from the column transport experiments, 

specially designed column experiments were performed after one to fourteen days of 

batch sorption of uranium (Scism (Dean) 2005).  Several alluvium and groundwater 

combinations were used in the experiments to study the effects of water chemistry and 

secondary mineral phases on radionuclide desorption behavior.  Sorption and desorption 
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rate constants from these experiments were obtained by fitting the desorption data with a 

multi-site explicit kinetic model.  The multiple sorption and desorption rates obtained 

from the fit of the data were used to calculate an effective Kd value for each of the 

experiments that would account for strong sorption sites with slow desorption kinetics 

while also accounting for weaker uranium and neptunium sorption sites in the alluvium.   

For almost all groundwater/alluvium combinations, a four-site model with desorption 

rates ranging over three orders of magnitude was required to fit the data.  

As the batch sorption period for neptunium was increased, the portion of 

radionuclide desorbing from the alluvium decreased for all groundwater/alluvium 

combinations.  The strong sorption sites are believed to be associated with smectite clays 

and zeolites in the alluvium, which is consistent with batch and column experiments that 

result in higher attenuation of uranium and neptunium in alluvium with a higher zeolite + 

smectite weight percent.  In addition, the strength of sorption increases as carbonate 

concentrations in the groundwater decrease.  This observation is consistent with a surface 

complexation sorption process that is suppressed by carbonate complexation in solution.  

The uranium and neptunium desorption rate constants decreased as a function of 

desorption time, suggesting that the alluvium has multiple types of active sorption sites 

with different affinities for uranium and neptunium.  While a significant fraction of the 

initially sorbed radionuclide desorbed from the alluvium quite rapidly, a roughly 

equivalent amount remained sorbed after several months of testing.  The information 

obtained through this research suggests that uranium and neptunium may experience 

greater effective retardation in the alluvium than simple batch sorption experiments 

would suggest.   In addition, Electron Probe Microanalysis showed that uranium was 
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associated with both clay minerals and iron oxides after sorption to alluvial material.  

These results provide further evidence that the alluvium contains heterogeneous sorption 

sites for uranium and neptunium.  It is believed that the saturated volcanics from which 

the alluvium is derived, will also have heterogeneous sorption sites for these 

radionuclides and that the same type of long-term desorption behavior will be observed. 

1.2.3. Uranium and neptunium solution speciation  

The aqueous speciation of U and Np is a major factor in how they will be 

attenuated by a host media whether by cation exchange, surface complexation, or 

precipitation on or co-precipitation with other mineral phases.  A sodium bicarbonate 

groundwater from well J-13 was used in the current study.  The literature reports a 

measured Eh of  J-13 groundwater of 482±10 to 497±10 (mV vs. NHE) at pH 6.9 and 

8.5, respectively, and 25˚C (Nitsche 1993), 340 mV (sampled using an evacuated 

stainless steel bottle in the field) (Ogard and Kerrisk 1984; Orgard and Kerrisk 1984; 

Triay 1997) and 700 mV (Orgard and Kerrisk 1984).  A pH value of 6.9 was measured in 

the field (Orgard and Kerrisk 1984) and the laboratory measured pH is 7.4, as shown in 

Table 2.1.  Figure 1.2 below indicates that the dominant aqueous uranium species 

expected at a pH of ~7.0 are 2
2 3 3( )CaUO CO   and 0

2 2 3 3( )Ca UO CO  (Dong and Brooks 

2006).  According to the Eh-Ph diagram shown in Figure 1.3a below, the stable 

neptunium species at a pH of 7 to 8 under oxidizing conditions (Eh = 430V) at 25˚C, 1 

bar of pressure and a neptunium concentration of 10-5 M and a carbonate concentration of 

10-2.6 M in J-13 groundwater is the neptunyl cation ( 2NpO ).  In the speciation diagram 

shown in Figure 1.3b, the dominant neptunium species in solution under the same 

conditions is 2NpO  and 2 3NpO CO  (Kaszuba and Runde 1999).   Nitsche (1993) reported 
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a neptunium speciation of 46% 2NpO  and 54% 2 3NpO CO  at a pH of 7 and at pH 8.5, 

38% 2NpO  and 62% 2 3NpO CO  for J-13 groundwater at 25˚C and oxidizing conditions. 

Neptunium tends to form complexes with carbonate species at higher pH than uranium 

and therefore a less pronounced effect of carbonate complexes on sorption is expected at 

the pH of the groundwater (7 to 8.5). The experiments in this study were performed under 

ambient conditions and the groundwater/tracer solutions used in the experiments are 

assumed to be in equilibrium with the ambient atmosphere (oxidizing conditions, 
2COP = 

10-3.5).  The prevailing oxidation states for U and Np in J-13 groundwater are VI and V, 

respectively (Triay 1997). 

 
Figure 1.2. Uranium Aqueous Speciation.  Aqueous 
(VI) speciation distribution in the absence and presence of Ca2+ at 
[U(VI)]= 1 mol/L, I=0.1 mol/L NaNO3, PCO2

= 10-35 atm, and 

25˚C. (Dong and Brooks 2006). 
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Figure 1.3 (a).  Neptunium Eh-Ph Stability Diagram (Kaszuba and 
Runde 1999) 

 

 
Figure 1.3 (b).  Neptunium Speciation Plot (Kaszuba and Runde 1999) 
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1.2.4. Uranium and neptunium sorption mechanisms 

Stammose et al. (1992) performed batch sorption and desorption measurements of 

uranium and neptunium to purified clay minerals (mixture of smectite and kaolinite) for 

potential use as an engineered barrier in radioactive waste disposal.  Surface 

complexation at hydroxyl groups and cation exchange within the smectite lattice and at 

exposed edge sites are two mechanisms considered in their study.  Neptunium and 

uranium sorption was carried out while varying the pH and ionic strength in solution.  

The Kd for neptunium increased between pH 3 to 6 with decreasing ionic strength and 

increased with increasing ionic strength above pH 6.  The desorption of neptunium 

exhibited a hysteresis effect at 0.5M ionic strength from pH 3 to 7, suggesting that 

neptunium sorption is not entirely reversible and/or encounters slow desorption kinetics 

in the purified clay at these conditions.  The neptunium sorption data as a function of pH 

was fit well with a 2-site cation-exchange model.  For uranium, the Kd increased from pH 

3 to pH of 6 and then decreased from pH 6 to 10.  The higher ionic strength solution 

resulted in higher Kd values for uranium from pH 5 to 6, with the lower ionic strength 

solutions resulting in higher Kd values for pH 3 to 5 and pH 6 to 9.  Desorption of 

uranium was found to be reversible for an ionic strength of 1M from pH 3 to 9 in the 

purified clay mineral.  The sorption of uranium as a function of pH was fit well with a 1-

site cation exchange model, although above pH of 8, the model fails to describe the data.  

The authors conclude that the model failed at higher pH because polynuclear uranium 

species were not considered. 

Attenuation of species by cation exchange in zeolites is dependent on the diameter 

of the pore channel opening of the zeolite (average of 5Ǻ)  being greater than that of the 
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ionic radius of the cation in solution (Krestou, Xenidis et al. 2003).  The hydrated ionic 

radius of the 2
2UO  cation (estimated by Krestou to be 6.5 Ǻ) is greater than that of the 

pore channel diameter of the zeolite, therefore cation exchange is not a likely uranium 

sorption mechanism in zeolites.  The hydrated ionic radius of neptunium was not found in 

the literature although, neptunium’s ionic radius is .02 Ǻ greater than uranium’s ionic 

radius, therefore the hydrated ionic radius of neptunium is mostly likely similar to 

uranium.  In addition, cation exchange would be expected to be pH dependent in that 

above a pH of 7.5 (Figure 1.2) the uranium in solution is dominated by negatively 

charged uranyl-carbonate complexes.  The most likely mechanism for uranium 

attenuation between pH 5.4 to 9 (range of maximum attenuation) in zeolites is adsorption 

to edge sites via silanol groups.  In this pH region, the silanol groups have a positive 

charge and the negative uranyl carbonate complexes in solution are attracted to these 

groups (Krestou, Xenidis et al. 2003).  However, by adding 400 mg/L of 2
3CO   to 

solution in a closed system, the attenuation of uranium was suppressed at pH 5.9 and 

totally inhibited at pH 9, due to sorption of carbonates altering the surface potential of the 

zeolitic tuff.   Triay (1997) also found that sorption to zeolites could not be predicted by 

the materials cation exchange capacity.  A large amount of sorption would be expected if 

cation-exchange is the dominant mechanism in a material with a large cation-exchange 

capacity (such as clinoptilolite).  This was not the case for either uranium or neptunium, 

suggesting a surface complexation reaction rather than ion exchange mechanism for these 

radionuclides in zeolitic tuff materials.  In addition, uranium and neptunium Kd’s are 

more positively correlated with tuff surface area than cation exchange capacity, which 

further suggests a surface complexation reaction mechanism (Triay 1997). 
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Several groups (Hsi and Langmuir 1985; Ho and Miller 1986; Waite, Davis et al. 

1994; Duff 1996; Lenhart and Honeyman 1999) have speculated that U(VI)-carbonato 

complexes adsorb on Fe oxides (i.e., forming Fe oxide-U(VI)-carbonato ternary 

complexes), greatly retarding U(VI) transport.  Bargar, Reitmeyer et al. (2000) used 

Extended X-Ray Adsorption Fine Structure (EXAFS) spectroscopy and electrophoresis to 

study U(VI) complexes sorbed onto hematite.  The electrophoresis mobility 

measurements suggest that uranium complexes are anionic and bond strongly to hematite 

to form inner-sphere ternary complexes.  EXAFS analysis of the adsorbed U(VI) species 

indicate that they are predominately monomeric (no near U neighbors).  This finding is 

not consistent with a precipitation or co-precipitation of ordered solids as a mode of 

sorption for U(VI).  The authors concluded that U(VI)-carbonato-hematite ternary 

complexes occur and are important species between pH 4.5 and 8.5.  Catalano and Brown 

(2005) used EXAFS analysis to investigate the adsorption of the uranyl ion onto 

montmorillonite.  In solutions containing 10-3 Na NO3 at pH 4.2 to 7.2 in CO2 containing 

systems, the formation of uranyl-carbonato ternary surface complexes on edge sites of 

montmorillonite appears to dominate the sorbed speciation of uranium.  Sample EXAFS 

spectra were compared to the spectra of uranyl adsorbed onto hematite and uranyl was 

found to preferential bind to Fe(O,OH)6 sites over Al(O,OH)6 sites on the edges of 

Wyoming montmorillonite in CO2 containing systems, most likely to Fe(O,OH)6 present 

in clay octahedral sheets.  Bostick, Fendorf et al. (2002) studied uranium sorption on 

natural soils and sediments from the DOE facilities.   Spectroscopic examination 

suggested the presence of disordered inner-sphere complexes and outer-sphere 
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complexes, both ternary in nature.  Iron (hydr)oxides were found at least partially 

responsible for uranyl retention.  

Jerden and Kropf (2007) studied surface complexation of Np(V) on goethite.  

Their X-ray absorption spectroscopic data indicate that the neptunium uptake in a sodium 

chloride solution is significantly influenced by outer-sphere surface complexation. 

Another set of experiments performed in simulated groundwater solutions show evidence 

for inner-sphere complexation of neptunium on goethite. Desorption tests indicate that 

samples in which neptunium is bound as inner-sphere complexes show significant 

sorption hysteresis relative to samples in which neptunium is bound largely as outer-

sphere complexes.  Reich, Reich et al. (2007) studied the sorption of neptunium onto 

kaolinite.  EXAFS data indicated inner and outer-sphere sorption of neptunyl carbonate 

in experiments equilibrated with the atmosphere and inner-sphere sorption of the 

neptunyl cation in a CO2 –free system.  Combes, Chisholm-Brause et al. (1992) studied 

sorption of aqueous Np(V) on goethite by EXAFS. Their data provide evidence for the 

formation of inner-sphere complexes of Np at the goethite/water interface.  EXAFS 

spectroscopic data for Np(V) sorption onto goethite indicated that Np(V) solution species 

sorbed to the surface of the goethite as the solution species, namely 2NpO .  The study 

did not rule out the possibility that the surface complex included hydroxide or carbonate 

ligands.  The study did rule out the possibility of diffusion into the solid and precipitation 

or co-precipitation of ordered solids as modes of sorption for Np onto goethite because 

the XANES and EXAFS spectrum for a crystalline NpO2 standard were different from 

the spectra of the unknown samples.  
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1.2.5. The Yucca Mountain Project approach to modeling uranium and 

neptunium transport 

Various transport codes such as FEHM (Finite Element Heat and Mass Transfer) 

(Zyvoloski 1997) have been used to model transport of uranium and neptunium 

(Viswanathan, Robinson et al. 1998) species in the saturated zone at Yucca Mountain.  

These models consider only a single Kd value for the partitioning of uranium between the 

solid and solution phases.  This is a conservative approach to modeling uranium transport 

because Kd values assume fast, reversible sorption, and they tend to significantly 

underestimate sorption if they are derived from short-duration batch experiments.  

Desorption rates likely control radionuclide fate and transport to a much greater degree 

than sorption rates.  Based on the available background information, it is expected that 

uranium sorption to Yucca Mountain tuffs will be dominated by surface complexation of 

uranyl ions that are present in solution predominantly as metal-uranyl-carbonate 

complexes.  The sorption/desorption equilibria and rates are expected to depend most 

strongly on groundwater pH and alkalinity as well as on clay, zeolite and iron oxide 

content of the host matrix.  Freundlich and Langmuir isotherms, cation exchange models 

and surface complexation models have been used successfully by Hsi and Langmuir 

(1985) and Davis and Kent (1990) and many others to explain uranium sorption behavior 

in heterogeneous systems. 

1.2.6. Component Additivity Methodology 

The component additivity approach is a method of determining the sorption of a 

solute in a complex mineral assemblage by determining its partitioning to well-

characterized pure mineral phases.  The “component” for each pure mineral phase is 
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added together proportionately for each phase present in the mineral assemblage to 

predict the solute transport within the complex media (Davis, Coston et al. 1998).  There 

are several limitations to this method, most notably the presence of surface coatings on 

mineral grains or secondary mineral phases such as iron and aluminum oxides not present 

in the pure mineral phases and that represent only a small weight percentage of the 

complex assemblage.  Davis, Coston et al. (1998) were unable to predict radionuclide 

transport behavior by employing the component additivity model to U(VI) adsorption 

onto aquifer sediments.  Additional parameters were needed to fit the experimental data.  

The errors identified in their study arose from their inability to quantify the proportion 

and type of surface functional groups available for sorption in surface coatings, 

interacting double layers of heterogeneous particles and competing ions in solution.  The 

component additivity method underestimates overall radionuclide retardation in aquifer 

materials through the use of Kd values obtained from pure mineral/radionuclide batch 

reaction experiments and neglecting surface coatings and non-equilibrium sorption 

reactions.   

1.2.7. More complex models of sorption/desorption (non-species specific) in 

heterogeneous media  

Hull, Grossman et al. (2004) developed a semi-empirical theoretical model based 

on partition coefficients and surface complexation theory to predict sorption isotherms 

for uranium in a heterogeneous material.  Partition coefficients were experimentally 

derived through batch sorption of uranium at varying concentrations to material samples 

from the Subsurface Disposal Area (SDA) at Idaho Engineering and Environmental 

Laboratory.  The log transform of the experimental data were fit using a Freundlich 
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isotherm ( log[ ] log[ ] log[ ]ads f solC K n C   ).  A Kf  (intercept) value and n (slope) was 

determined from the isotherm for each sediment sample.  The best fit model uses a 

unique Kf for each sample set, while keeping n constant over all sample sets.  The 

empirical coefficient, n, was found to correlate more closely with surface area, rather than 

cation exchange capacity, suggesting a surface site mechanism.  A theoretical surface 

complexation model was used to account for the aqueous solution chemistry.  The 

formation of metal-ligand complexes in solution is described by a Langmuir isotherm 

which includes terms describing the thermodynamic adsorption coefficient, solution 

chemistry and total surface sites.  The semi empirical theoretical model was found to 

predict log Kads for uranium in samples from the SDA within an uncertainty of log Kads 

±1.8.  The model does not account for changes in surface charge as a function of pH and 

therefore it is valid over a limited range of pH values. 

Culver, Brown et al. (2000) proposed a variation of the Advective Dispersive 

model with multiple site mass transfer to fit packed column recovery data for 1,2-

Dichlorobenzene (DCB) in a natural sand soil column.  The authors conclude that 

allowing gamma-distributions of rates to differ between uptake and desorption improved 

the ability to fit the observed data.  Previous DCB batch studies indicated irreversible 

sorption or extremely slow desorption.  Culver concluded that extremely slow desorption 

was not present in the DCB columns and that the mixing action of batch reactors may 

cause an increase in sorption to sites that are not available in a packed soil column and 

that the effects of advection and dispersion may be masking the effects of sorption 

hysteresis in a packed column system. 
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A gamma distribution based on a uranium Kd value assigned to a specific site 

group has been used (Yabusaki, Fang et al. 2007; Yabusaki 2008) to populate a rate- 

limited mass transfer model to fit uranium transport data collected from the Hanford 300 

Area based on the laboratory results of Qafoku, Zachara et al. (2005) that suggested 

U(VI) release and transport in the field are likely to be kinetically controlled.  The 

kinetically controlled sorption and desorption of uranium has been attributed to 

intraparticle diffusion, sites with different reactivities and surface precipitation.  In the 

Qafoku, Zachara et al. study, a series of columns packed with U-contaminated Hanford 

sediment were used to perform desorption and sorption experiments.  Two of the columns 

were leached of uranium while 3 were left contaminated to look at sorption-desorption 

coupling by effectively simulating a groundwater rise into the capillary fringe (a source 

of U contamination).  The stop flow technique was used to evaluate whether the U 

transport process was at equilibrium by looking at the concentration in solution both 

before and after a stop flow event, which revealed significant non-equilibrium sorption 

behavior.  CXTFIT (Toride 1999) was used to calculate transport parameters based on Br 

breakthrough curves.  An equilibrium adsorption model (assuming physical equilibrium) 

in CXTFIT was used to calculate a dispersion and retardation coefficient.  The authors 

tried to fit Br data with a physical non-equilibrium model (2 domain or dual porosity 

model) and the results indicated that all water was mobile and that physical non-

equilibrium played no significant role in Br transport.  A one-dimensional distributed rate 

coefficient model (Culver, Hallisey et al. 1997) was used fit the U column data.  Mass 

transfer coefficients were obtained from a gamma distribution and a single value of Kd 

was assumed for all sorption sites.  The governing equations included terms for 
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advection, hydrodynamic dispersion and the sorption/desorption terms.  The authors 

found that the use of the gamma distribution for time-dependent processes in soil and 

sediments is consistent with two conceptual models: (i) a chemically controlled system 

containing a large number of binding site groups that exhibit similar sorption but 

different desorption rates and (ii) a mass transfer controlled system containing a wide 

distribution of pore or diffusion path lengths, but the latter can be ruled out based on the 

lack of a diffusion signature from the conservative tracer, bromide in this study.  The 

authors found that the mean rate constant for desorption was greater in the fast-flow 

column (shorter residence time) suggesting that either the attenuation processes are 

diffusion limited or kinetically slow.  Retardation was found to decrease with increasing 

U concentration in the injecting solution.  The authors believe that a possible conceptual 

model to explain the observed behavior is that poorly accessible sorbent domains exist 

within the sediment fine fraction and are responsible for the non-equilibrium sorption-

desorption behavior of U(VI).  Thin sections showed sand grains and lithic fragments 

were coated with layers of phyllosilicates (smectite, vermiculite, chlorite).  These may be 

sorbent domains that exhibit limited diffusivity, although the two-region model used to fit 

the Br breakthrough indicated that all water was mobile.  Under oxidizing conditions 

chlorite weathers to soluble Fe(II) that oxidized to form ferrihydrite which is a strong 

U(VI) adsorbent.  The authors hypothesize that ferrihydrite existed in the sediment in 

both accessible and restricted domains.  Model calculations based on extractable FeOX 

concentrations suggested a higher Kd than observed, supporting this hypothesis.  This 

model was updated recently by replacing the linear sorption isotherm (Kd) with uranyl 

surface complexation reactions (Liu, Zachara et al. 2008) and accounting for changes in 
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pH, and calcium and carbonate concentrations in solution by adding multi-rate ion 

exchange reactions (Liu, Shi et al. 2009).  

Culver, Hallisey et al. (1997) found that the fraction of initial mass of organic 

contaminants remaining on contaminated sediment versus time indicated an increase in 

resistance to desorption with time.  The authors found that a compartmentalized model 

representing soil mass fractions with different mass transfer rates taken from a lognormal 

or gamma distribution fit tailing behavior in column experiments more accurately than a 

one or two-site model, which assumes that mass transfer rates do not vary.  To fit the 

data, up to 100 compartments, each representing a single site in a one-site model, were 

used although it was found that after 50 compartments, the fit was not greatly improved. 

To reduce the number of variables, each kinetic compartment is assumed to occupy an 

equal fraction of the soil.  This method does not weight mass transfer rates based on the 

fraction of the contaminant desorbed at a particular rate; therefore, many equally-

weighted compartments are needed to fit the desorption curve.  Although this method is 

useful in developing a continuous distribution of mass transfer rates that describe a 

particular system, it is not useful in understanding the underlying mechanisms of mass 

transfer or sorption/desorption.  

The research of Deitsch, Smith et al. (2000) focuses on the rate limited 

sorption/desorption of an organic pollutant 1,2-Dichlorobenzene from 5 different soils.   

The authors propose that sterically hindered diffusion through the intra-particle pore 

network and/or through the soil organic matter results in kinetically controlled sorption 

and desorption.  Some studies have shown that the resistant fraction of the sorbed 

contaminant appears to increase with longer soil/contaminant contact times.  This 
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phenomena has been attributed to solute/soil system not reaching a true equilibrium 

before the desorption phase was initiated.  To test this hypothesis, efforts have been made 

to compare the rate of solute uptake with solute desorption.  An intraparticle diffusion 

model with parameters determined from uptake experiments was able to account for the 

majority of sorption hysteresis (Miller and Pedit 1992).   

Cunningham and Deitsch et al. (2005) quantify sorption and desorption time 

scales for an organic contaminant onto four natural sorbents from the previous study 

above (Deitsch, Smith et al. 2000) using temporal moment analysis.  The authors develop 

a probability distribution by integrating the mean and variance of sorption and desorption 

time scales obtained from batch experimental data.  The first temporal moment, the mean 

time scale, is assumed to be the time to reach equilibrium.  The higher the value of the 

first temporal moment, the slower the desorption kinetics.  The second temporal moment 

is the variance and represents the range of sorption time scales.  While this method is 

useful in quantifying observations made from short-term batch sorption and desorption 

experiments, it still relies on the equilibrium assumption.  In fact, one of the sorbents in 

the original batch experiments was not analyzed with this method because it did not reach 

the assumed equilibrium during the sorption experiment.  The authors admit that this 

method is not useful in describing more complicated processes like sorption/desorption 

hysteresis.  When comparing results of the temporal moment analysis to a curve fitting 

method, one of the sorbents (a silty clay) exhibits both the fastest (moment analysis) and 

the slowest sorption rates (best gamma-fit).   



23 

1.2.8. Mineralogical Effects on Uranium and Neptunium Sorption 

Clay minerals are expected to sorb uranium and neptunium to a greater extent and 

more strongly than other mineral phases due to their high surface area and negative 

surface charge.  Previous batch sorption experiments performed by the author and 

colleagues suggest a positive correlation between the increased presence of smectite in 

the alluvium and sorption of uranium and neptunium.   Reimus et. al. (2005) also 

performed batch sorption of uranium and neptunium onto purified clay minerals at 

varying pH.  The results were similar to Stammose (1992) in that sorption increased from 

a pH ≈ 3 up to around pH ≈ 6.5 and decreased toward more alkaline pH for uranium.  

Although there is a positive correlation between clay mineral content and sorption of 

uranium and neptunium, water chemistry also plays an important role in uranium sorption 

to clay minerals.  

Iron or manganese oxides or hydroxides present in the alluvium as crystalline 

mineral phases or as amorphous coatings on mineral grains are expected to have a high 

affinity for heavy metals (Drever 1997).  It has been shown by Hsi and Langmuir (1985) 

that Fe(III) oxyhydroxides play an important role in U(VI) adsorption.  Their study also 

indicated that carbonate played a critical role in the distribution of U(VI) between the 

surfaces of iron oxide phases and solution.  Microscopy performed by Stewart et. al. 

(2000) on pre- and post-leach roll-front uranium deposits indicated that uranium was 

widely associated with pyrite and pyrite partially dissolved by a mine leaching solution. 

Pyrite is known to reduce U(VI) to U(IV), thus decreasing solubility and increasing 

sorption. 
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1.2.9. Influence of Natural Organic Matter and Microbial Processes on 

Uranium Attenuation. 

Lenhart et. al. (1999) found that Uranium (VI) sorption to hematite in the 

presence of humic acid is increased at lower pH and decreases at more alkaline pH when 

compared to experimental sorption results of a binary Uranium (VI)/hematite system.   

Microbial activity may affect the solubility of uranium directly by enzymatic 

oxidation/reduction or biosorption.  Yabusaki et al. (2007) used a multi-component 

reactive transport to model the immobilization of hexavalent uranium by bio-reduction to 

the less soluble U(IV) in a acetate-stimulated system at the Old Rifle UMTRA field site.   

It was found in this study that the bio-reduction and immobilization of U(VI) was most 

efficient in the presence of Fe(III) reducing bacteria in an Fe (III) rich environment.  The 

depletion of Fe(III) in a high sulfate groundwater posed serious implications for the 

effective bio-reduction/immobilization of uranium because the acetate was consumed by 

sulfate reduction reactions before reaching the iron-reducing bacteria down-gradient of 

the injection site (Yabusaki, Fang et al. 2007).  Microbes may also indirectly affect 

uranium sorption by changing the geochemistry of the system including pH and the 

formation of organic acids and chelates (Francis 1998).  These processes can either 

precipitate uranium minerals, increasing retardation or cause mobilization of uranium, 

decreasing retardation. The survival and effectiveness of microbes is dependent on 

several factors (i.e. pH, redox conditions, and nutrients) and it is difficult to explain the 

effect that microbes may have on one system by studying another.  Microbes and 

organics are not expected to play a significant role at Yucca Mountain because of the arid 

environment and deep water table. 
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2. EXPERIMENTAL MATERIALS AND METHODS 

2.1. General Approach 

The primary objective was investigation of the distribution of desorption rate constants of 

uranium and neptunium from Yucca Mountain volcanic tuff.  This was accomplished by 

performing uranium and neptunium sorption/desorption experiments that involved a 

sorption phase followed by a desorption phase that was conducted under continuous flow 

conditions.  The experimental results were interpreted using a multi-site kinetic model.  

In addition, the effects of mineralogy on sorption and desorption were studied using four 

volcanic tuff samples of varying mineral composition.  The volcanic tuff was 

characterized to quantify minerals such as clays and zeolites to investigate possible 

correlations with sorption/desorption behavior.  Extended X-ray Adsorption Fine 

Structure (EXAFS) spectroscopy was used to determine the local structure surrounding 

freshly sorbed uranium, and uranium remaining sorbed after the desorption phases.  

Electron probe microanalysis (EPMA), micro X-ray absorbance spectroscopy (-XAS) 

and x-ray mapping on paired thin sections subjected to sorption and desorption treatments 

were conducted to investigate the spatial distribution and elemental associations of 

sorbed uranium on the tuffs. 

Up-scaled experiments, in which radionuclides were eluted at different flow rates 

through columns packed with crushed tuff, were conducted using one of the volcanic 

tuffs from the long-term desorption experiments.  The purpose of the up-scaled column 

experiments was to evaluate the applicability of rate constants obtained from the long-
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term desorption experiments under more realistic flow conditions with more realistic 

solid to solution ratios.   

2.2. Characterization of Groundwater 

Groundwater from well J-13 at the Nevada Test Site was used in the experiments 

and is shown on the location map in Figure 2.1.  The groundwater was collected from the 

site in 55 gallon drums and transported to Los Alamos National Laboratory.  The 

groundwater was filtered with a .2 m filter before use in the experiments.  Major ion 

analysis of the groundwater was used determine the speciation of uranium and neptunium 

in the tracer solution with the geochemical code PHREEQC Version 2.15.05 using the 

default database and updated uranium thermodynamic data from Dong and Brooks 

(2003).  Knowledge of the aqueous speciation is helpful in determining sorption 

mechanisms and the speciation of sorbed radionuclides.   

2.2.1. Water Chemistry 

A recent analysis of J-13 well water (0.22-m-filtered) collected from the field 

and stored at Los Alamos in a sealed 55 gallon plastic drum is provided in Table 2.1.  J-

13 is a sodium bicarbonate-dominated water with a near neutral pH.  The carbonate 

equilibrium is stable from field to laboratory and the chemistry of J-13 well water has 

changed little over the past thirty years (Triay 1997). 

2.2.2. Uranium and Neptunium Speciation 

The dominant uranium species in J-13 groundwater (pH 7.8) calculated using the 

PHREEQC geochemical code is shown in Table 2.2 and PHREEQC output is attached as 

Appendix 1.  The dominant Np species in solution has been previously determined for J-
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13 groundwater by Kaszuba and Runde (1999) and are 2NpO  and 2 3NpO CO  as shown 

in Figure 1.3b.   

Table 2.1.  Chemistry of Water from 
Well J-13 
Parameter Concentration (mg/l) 
Na+ 44.6 
HCO3

- 128.0 
Ca2+ 12.5 
K+ 4.66 
Mg2+ 1.97 
SO4

2- 21.0 
NO3 8.57 
Cl- 8.33 
F- 2.28 
SiO2 64.9 
Sr2+ 0.038 
Ba2+ 0.002 
pH 7.4 
Ionic Strength 0.0035 M 

 
 

Table 2.2.  Speciation of uranium (10-6M U(VI)) in J-
13 groundwater calculated by PHREEQC at pH=7.8 

Species Concentration (m) % of Total 

2
332 )(COCaUO

 

5.841e-07 59.66% 

0
3322 )(COUOCa

 

3.442e-07 35.15% 

4
2 3 3( )UO CO   2.495e-08 2.55% 

2
332 )(COMgUO

 

1.300e-08 1.33% 

2
2 3 2( )UO CO   1.198e-08 1.22% 
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Figure 2.1.  Location Map of the C-Wells and Well J-13. 
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2.3. Preparation and characterization of volcanic tuff materials 

The samples used in this study were taken from boreholes completed in the 

saturated volcanic tuff at Yucca Mountain.  Core samples were chosen from wells UE-

25c#2 and UE-25c#3 shown in the location map in Figure 2.1.  The samples were taken 

from the Bullfrog and Prow Pass members of the Crater Flat Tuff, selected to cover a 

wide range of smectite and zeolite content in the tuffs.  The four samples used in the 

experiments were: 

(1) A zeolitic volcanic tuff core taken from the UE-25c#2 borehole from 

640.32 to 640.6 meters below land surface from the Bedded Prow Pass 

member.  This sample will be referred to as the “analcime-rich” tuff.   

(2) A zeolitic volcanic tuff core taken from the UE-25c#3 borehole from 

802.26 to 802.63 meters below land surface from the Lower Bullfrog 

member.  This sample will be referred to as the “mordenite-rich” tuff. 

(3) A devitrified volcanic tuff core taken from the UE-25c#2 borehole from 

733.50 to 735.18 meters below land surface from the Central Bullfrog 

member.  This sample will be referred to as the “smectite-rich” tuff. 

(4) A devitrified volcanic tuff core taken from the UE-25c#2 borehole from 

532.15 to 533.28 meters below land surface from the Upper Prow Pass 

member.  This sample will be referred to as the “illite-rich” tuff. 
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The volcanic tuff cores were pulverized to a size fraction less than 2 mm.  The tuff 

was sieved into three size fractions of 500-2000m; 75-500 m; and a fine fraction (less 

than 75 m).   The materials for the long-term desorption and dynamic transport 

experiments consisted of the wet sieved 75-500 m portion of each sample.  Previous 

experiments using 63-500 and 75-500 m fraction were considered experimentally ideal, 

providing optimum compromise between sampling error due to too large a grain size and 

creation of active surfaces and mineral fractionation through excessive grinding (Rogers 

and Meijer 1993).  This same study also found that grinding does not influence the 

sorption behavior of tuff samples until the particles size falls below 63 m.  

2.3.1. Surface Area. 
 
Surface area measurements were used to determine if surface area plays a role in 

sorption and long-term desorption behavior of uranium and neptunium.  Smaller particles 

sizes have greater surface area per unit mass resulting in increased properties such as 

surface charge density or sorption site density per unit mass (Langmuir 1997).  The 

increase in the surface charge and site densities should result in an increase in uranium 

and neptunium sorption per unit weight of material.  The surface area for each tuff 

reported in Table 2.3 was measured using the 6-point Brunauer Emmett Teller (BET) N2 

adsorption method adapted from Brunauer (1938) with a NOVA 1200 high-speed gas 

sorption analyzer.  Approximately 1 gram of material was used for the BET 

measurements to obtain an optimal total surface area between 2 cm2/g and 50 cm2/g. 
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Table 2.3.  Volcanic Tuff Surface Area 

Sample 
Surface Area 

(m2/g) 
Wt. % 

Smectite Wt. % Zeolite 
Analcime-rich 2.7201 none detected 19.9 
Mordenite-rich 7.5085 none detected 30.5 
Smectite-rich 4.2017 2.2 none detected 
Illite-rich 1.9962 none detected none detected 

 

Surface area is expected to be positively correlated with smectite clay and zeolite 

content in the tuff.  The mordenite-rich tuff is the only sample that follows this trend, 

having the highest zeolite weight percent and the highest surface area.  This correlation is 

not seen in the analcime and smectite-rich tuffs.  The surface area is higher in the 

smectite-rich tuff, which has only 2.2% smectite.  Analcime is a microporous material 

that has one of the smallest pore diameters in the zeolite class of minerals (Kim and 

Kirkpatrick 1998).  Adsorption of gases in microporous materials occurs at lower relative 

pressures to those in macroporous material such as clay, resulting in slower diffusion into 

pores, increasing the time required to reach sorption equilibrium.  The mordenite and 

analcime-rich samples were run at a lower range of N2 pressure; the equilibration time 

may have been inadequate for the nitrogen gas to diffuse into the pores, resulting in an 

underestimation of surface area for both of these tuffs.  The 6-point BET results, plots 

and sorption isotherms are included in Appendix 2.   

2.3.2. Quantitative X-ray Diffraction (QXRD) 

To study the effects of mineralogy on sorption and desorption of uranium, QXRD 

analyses were used to determine the weight percent of mineral phases present in the 

volcanic tuff samples.  The quantitative mineral abundances summarized in Table 2.4 

were obtained from the x-ray powder diffraction data using the FULLPAT procedure 

developed by Chipera and Bish (2002).  In addition, the mineral abundances in a finer 



32 

fraction of the tuff representing the materials used in the EXAFS, -XAS, x-ray mapping 

were also determined by QXRD and are summarized in Table 2.5.  The X-ray Diffraction 

Patterns are included as Appendix 3. 

The major mineral phases common to all of the samples in the 75-500 m size 

range include quartz, K-feldspar and plagioclase.  The tuffs selected for this study differ 

primarily in their zeolite and smectite content.  By varying the amount of these mineral 

phases a possible correlation may be developed between sorption and long-term 

desorption of uranium and neptunium and clay and zeolite abundance in the tuff.  In 

addition, the structure of the zeolite framework can influence the sorption and desorption 

behavior of radionuclides.  The analcime-rich volcanic tuff includes 20% analcime and 

the mordenite-rich tuff includes 12% analcime and 18% mordenite.  These minerals are 

both in the zeolite group but the mordenite elliptical pore dimensions are 6.7 x 7 Ǻ and 

2.6 x 5.7 Ǻ (Hincapie, Garces et al. 2004) and the average pore diameter of analcime is 

2.6 Ǻ, one of the smallest pore zeolites (Kim and Kirkpatrick 1998).  If molecular 

adsorption is the dominating mechanism, sorption would tend to be greater in the sample 

with the larger surface area.  A brief summary of the mineral properties of each mineral 

phase, and the chemical formula are provided in Table 2.6.   



 

 

Table 2.4  Quantitative X-ray Diffraction Analysis of wet sieved tuff samples (75m -500m) used in the long-term desorption 
and saturated column experiments. 

Well/Depth (m) Mineral Phase Abundance (wt%) Sample I.D. 

 Quartz K-
Feldspar 

Plagioclase Analcime Illite/Mica Smectite Mordenite Kaolinite Total % 

 
Analcime-rich C2/640.32-640.6 29.5 28.3 17.6 19.9 7.2 --- --- --- 102.5 
 
Mordenite-rich C3/802.26-802.63 24.1 22.4 11.2 12.2 13.0 --- 18.3 --- 101.2 
 
Smectite-rich C2/733.50-735.18 26.2 29.1 31.1 --- 11.2 2.2 --- --- 99.8 
 
Illite-rich C2/532.15-533.28 36.0 27.0 26.6 --- 4.6 --- --- 5.9 100.1 

 

Table 2.5  Quantitative X-ray Diffraction Analysis of tuff samples used in the EXAFS, -XAS and X-ray mapping 
Well/Depth (m) Mineral Phase Abundance (wt%) Sample 

I.D./description 
 Quartz K-

Feldspar 
Plagioclase Analcime Illite/Mica Smectite Mordenite Kaolinite Total % 

Mordenite-
rich/fine matrix C3/802.26-802.63 3.3 9.5 2.4 1.6 5.0 19.5 59.0 --- 100.3 
Mordenite-
rich/black fines C3/802.26-802.63 0.8 6.8 6.9 1.4 --- 49.4 34.4 --- 99.7 
 
Smectite-rich/fine 
matrix C2/733.50-735.18 9.5 37.6 37.4 --- 4.7 12.6 --- --- 101.8 
 
Smectite-
rich/black fines C2/733.50-735.18 2.2 23.8 29.3 --- --- 45.4 --- --- 100.7 
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Table 2.6  Summary of Mineral Properties/Sorption Mechanisms for U and Np. 
Mineral Phase Formula Properties/Potential Sorption Mechanisms 

Quartz SiO2 

Sorption of Np and U occurs as surface complexes 
(Triay, Robinson et al. 1993) (Froideval, Del Nero 
et al. 2003). 

K-Feldspar K0.75Na0.25AlSi3O8 

Aluminosilicate framework with a net negative 
charge-subgroup of Feldspars containing K.  
Sorption of U and Np occurs as ion exchange and 
surface complexes. (Walter, Arnold et al. 2005; 
Chardon, Bosbach et al. 2008). 

Plagioclase Na0.5Ca0.5Si3AlO8 

Aluminosilicate framework with a net negative 
charge-subgroup of Feldspars containing Na and 
Ca.  Sorption of U and Np occurs as ion exchange 
and surface complexes. (Walter, Arnold et al. 2005; 
Chardon, Bosbach et al. 2008) 

Illite 
K0.6(H3O)0.4Al1.3Mg0.3Fe2+

0.1Si3.5O10(OH)2·(H2O) 

Dioctahedral, interlayer-deficient clay (non swelling 
clay)-interlayer potassium ions prevent liquids, as 
well as other cations from entering the structure.  A 
small amount of cation exchange can occur at 
crystal edges.  Basal plane has no silanol or 
aluminol groups; metal sorption occurs at defects in 
the crystal structure. (Deer 1966)

Smectite 
(Montmorillonite) 

Na0.2Ca0.1Al2Si4O10 

(OH)2(H2O)10 

2:1 layer type clay-high CEC.  Sorption may occur 
via cation exchange or surface complexation at the 
basal layer, amphoteric edge sites of aluminol and 
silanol groups and metal hydroxide species.  There 
is also the possibility of interlayer sorption. 
(Thompson, Parks et al. 1994) 

Kaolinite Al2Si2O5(OH)4 

1:1 layer type clay mineral with an aluminol sheet 
and siloxane sheet.  Low cation exchange capacity 
compared to other clays.  Sorption may occur as 
cation exchange edge sites and as surface 
complexes at amphoteric edge sites.  Sorption of 
cations occurs at structural O and OH.  Additional 
sorption sites can be found at imperfections in the 
crystal structure.  Impurities may also contribute to 
sorption. (Thompson, Parks et al. 1994) 

Mordenite 
Na1.1Ca0.5K0.1Al2.2 

Si9.8O24•5.9(H2O) 

Hydrated aluminosilicate (Zeolite Group).  Cation 
exchange is unlikely because the hydrated radius of 
the uranyl and neptunyl cations are estimated to be 
larger than that of the zeolitic channel opening.  
Surface complexation can occur at the negatively 
charged zeolite surface, or at amphoteric edge sites 
of aluminol and silanol groups. (Triay, Robinson et 
al. 1993; Krestou, Xenidis et al. 2003) 

Analcime Na(AlSi2O6)•(H2O) 

Hydrated aluminosilicate (Zeolite Group).  Cation 
exchange is unlikely because the hydrated radius of 
the uranyl and neptunyl cations are estimated to be 
larger than that of the zeolitic channel opening.  .  
Surface complexation can occur at the negatively 
charged zeolite surface, or at amphoteric edge sites 
of aluminol and silanol groups. (Triay, Robinson et 
al. 1993; Krestou, Xenidis et al. 2003) 
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2.3.3. Isoelectric Point (IEP) 

The zeta (potential of a dilute suspension of the smectite and mordenite-rich tuff 

samples in J-13 groundwater at a range of pH values bracketing the expected IEP was 

measured using a Malvern Instruments Zetasizer Nano with auto titration.  The Zeta 

potential versus pH curve is normally positive at low pH and lower or negative at high 

pH.  The point where the plot passes through zero Zeta potential is called the IEP (or the 

pH at the point of zero charge, pHPZC).  Zeta potential is determined by the 

electrophoretic mobility using Smoluchowski’s equation ( /   , where mu is the 

electrophoretic mobility, epsilon is the electric permittivity of the liquid and eta is the 

viscosity) and the Malvern Zetasizer Software 6.01.  Smoluchowski’s equation assumes 

that the ionic strength of the solution is sufficiently large and/or that the particle size is 

large enough that the thickness of the electrical double layer is small compared to the 

mean diameter of the particles. Smoluchowski’s equation is valid for most particles in 

polar solvents with a dielectric constant (ε) greater than 20 (Malvern Instruments 2008).  

The dielectric constant is a unitless number and is a measure of the relative effect a 

solvent has (relative to that of free space in a vacuum) on the force with which two 

oppositely charged plates attract each other.  It is also known as the electric permittivity.  

For the measurements in the J-13 groundwater, a dielectric constant of 79.6 was used.  

The reported dielectric constant of water is 80.20 at 20˚C (Dean 1999).  It is important to 

note that zeta potential is a measure of the potential drop within the electric double layer 

of the particle between the shear plane and the bulk solution, not the actual charged 

surface.  The behavior of the zeta potential in the pH range of this study (pH = 7-8.5) can 

be used to determine if the amphoteric edge sites of smectite and zeolite are becoming 
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protonated.  The edge sites are more likely to sorb the negatively charged uranyl and 

neptunyl carbonate species from solution in the protonated state.  

The samples were prepared by agitating the <45m size fraction of the tuff in J-

13 groundwater, and allowing the solution/tuff mixture to settle for approximately 24 

hours at room temperature.  The suspension was removed with a plastic syringe and 

dispensed into the sample container.  The pH was adjusted by adding increasing amounts 

of standardized 0.1 M HNO3 to the sample and measuring the  potential at 1 pH unit 

decrements from a pH of approximately 8 to a pH of approximately 1.7. 

Plots of the zeta potential as a function of pH are presented in Figures 2.2 (a) and 

(b) for the smectite and mordenite-rich zeolitic tuff samples, respectively.  The complete 

Zeta Potential report is included in Appendix 4.  There is no observable isoelectric point 

for either the smectite and mordenite-rich tuffs between a pH of 1.75 to the ambient pH 

of the suspensions (approximately pH 8.4).  The smectite-rich sample contains significant 

weight percents of smectite, K-feldspar and plagioclase and the mordenite-rich sample 

contains significant weight percents of smectite and mordenite, as shown in the QXRD 

analysis in Table 2.5.  The surface charge of zeolites is altered through protonation and 

deprotonation of silanol and aluminol groups.  For zeolites, the number of silanol and 

aluminol groups within the crystal structure influences the IEP.  As the ratio of Si/Al 

decreases, the IEP shifts to lower pH.  In addition, deprotonated silanol groups result in a 

negative surface charge over a wider range of pH vales (Kuzniatsova, Kim et al. 2007).  

Smectites have been shown to remain negative with no observable IEP between pH 2 to 

12 due to permanent basal plane charge, and overlapping of negative charges masking 

amphoteric edge sites.  As the pH is decreased the edge sites, which constitute about 1% 
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of the total site density, become protonated causing a shift in the zeta potential toward 

less negative values.  The theoretical IEP of the edge sites calculated from a weighted 

linear combination of silica and alumina occurs at a pH of 7 (Çelik, Fernando et al. 

2004).  The zeta potential of the smectite and mordenite-rich samples show a significant 

decrease in zeta potential between the lowest pH up to a pH of 5.  The zeta potential 

gradually becomes more negative after pH 5.  This is in agreement with acid-base 

titrations of a natural zeolite suspension in the presence of 1M NaNO3 where the specific 

edge surface charge decreased from pH ~4 to ~5.5, remained close to 0 (albeit positive) 

between pH 5.5 and 9 and decreased to a negative or deprotonated state beyond a pH of 9 

(Krestou, Xenidis et al. 2003). 

At a pH of 7 under oxidizing conditions, neptunium is predominately present as 

2NpO  and 2 3NpO CO  (See Figures 1.3 a and b).  The dominant aqueous uranium species 

at a pH of ~7.0 are 0
2 2 3 3( )Ca UO CO  and 2

2 3 3( )CaUO CO   (See Figure 1.2 and Table 2.2).  

Under these conditions, the positively charged neptunyl cation would be attracted to the 

negatively charged surfaces and deprotonated edge sites.  The negatively charged 

neptunyl and uranyl carbonate aqueous complexes would favor the weakly positive edge 

sites.    
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Figure 2.2 (a).  Zeta Potential of a Smectite-rich tuff as a Function of pH.  
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Figure 2.2 (b).  Zeta Potential of a Mordenite-rich Zeolitic Tuff as a Function of pH.  
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2.3.4. Cation Exchange Capacity (CEC) 

Minerals in the zeolite group (analcime and mordenite) and smectite have 

attributes important to radionuclide sorption that include a high cation exchange capacity 

and a large specific surface area.  Although illite has a surface area comparable to that of 

smectite and zeolite, interlayer potassium ions prevent water, organic liquids and other 

cations from entering the structure.  Radionuclide cation exchange is likely to only take 

place at crystal edges where unsatisfied valences may exist, resulting in a CEC of illite 

that is much less than that of smectite and zeolite.  The cation exchange capacity or 

“CEC” was not measured directly on the samples used in this study.  Previous 

measurements of CEC on volcanic tuff samples adjacent or very close to the samples 

used in this study were reported in Anghel, Turin et al. (2002).  Table 2.7 is the reported 

total cesium CEC (CEC-CsT) and the location of the samples relative to those used in this 

study.  The Bedded Prow Pass has the largest total CEC, followed by the Lower Bullfrog, 

Central Bullfrog and Upper Prow Pass.  The CEC appears to be correlated with the clay 

and zeolite weight percent in the tuff.   
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Table 2.7  Cation Exchange Capacity Measurements of samples from the same 
volcanic tuff members as the samples used in this study. 

Sample 
Depth 
(m)a  

Depth (m) 
(study 

sample)  

Depth 
Difference 

(m) 

Smectite 
+ Zeolite 

Difference 
(wt %) 

CEC-CsT 

(meq/100g)a 

 
Analcime-rich 642.21 640.6 1.61

39% 
(more than 

study 
sample) 47.5

 
Mordenite-rich 794.92 802.26 7.34

10% 
(more than 

study 
sample) 29.5

 
Smectite-rich 715.06 733.50 18.44 0 9.7
 
Illite-rich 531.88 532.15 0.27 0 7.5

a(Anghel, Turin et al. 2002) 

2.4. Sorption and Desorption Experiments 

2.4.1. Batch Sorption and Flow Desorption Experiments 

233U(VI) tracer solution was prepared by adding 4 ml of 2.43 x 10-4M 233U(VI) 

stock solution (UO2(NO3)2 in dilute HNO3) obtained from Isotope Products Laboratories 

to the filtered J-13 groundwater described above to a total volume of 500 ml.  The 

237Np(V) tracer solution was prepared by adding 4.6 ml of 2.13 x 10-4M 237Np(V) stock 

solution (NpO2
+ in HCl) obtained from Los Alamos National Laboratory to the filtered J-

13 groundwater to a total volume of 422 ml.  Approximately 30 ml of Np or U tracer 

solution was added to the batch sorption tubes which contained approximately 10 g of 

volcanic tuff sample.  The initial sampling of the Np tracer solution was below the target 

activity/concentration for the experiment; therefore 1.3 ml of stock solution was added to 

the tracer in each Np batch sorption tube before the second sampling, for a total Np 

concentration of 3.58 x 10-6 M.  The molarity of the stock solution was re-calculated 
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based on the measured activity and was found to be 1.9 x 10-4M. The exact Np 

concentration, as long as it is below the solubility limit, is not important because the 

activity in the sample solutions is normalized to the activity in control solutions.   

The concentrations of the 233U(VI) and 237Np(V) tracer solutions of ~10-6 M is an 

order of magnitude below the measured solubility limits of ~10-5 M (Langmuir 1997) and 

3x10-5M (Efurd, Runde et al. 1998) for U and Np, respectively at the pH and temperature 

of the experiments.  The experiments were performed at ambient laboratory temperature 

and pressure (~23°C and ~0.8 bars, respectively) and it was assumed that the 

groundwater/tracer solutions used in the experiments were in equilibrium with the 

ambient atmosphere (oxidizing conditions, ~0.033% CO2).   

For the sorption phase of the experiments, 10 g (as well as the additional 3-gram 

smectite-rich samples) of volcanic tuff was equilibrated with approximately 30 ml of 

tracer-free J-13 groundwater in 50 ml Oakridge centrifuge tubes for a period of 10 days 

before it was brought into contact with 30 ml of tracer solution containing one of the 

radionuclides of interest (233U or 237Np) for two weeks.  In addition, control samples 

containing 30 ml of uranium or neptunium tracer solution and no solid phase were also 

treated in the same manner as the samples.  The control samples are used to verify that 

sorption to container walls is insignificant, and to normalize sample Kd calculations based 

on the activity in the control samples.  Periodic sampling (1 day, 2 days, 3 days, 1 week, 

2 weeks) and determination of the activity in solution was performed during the sorption 

phase by centrifuging the samples and removing approximately 1 ml of tracer at each 

sampling.  The periodic samples were analyzed for radionuclide concentration (using a 
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2500TR Packard liquid scintillation counter) to determine the rate at which the 

radionuclide was sorbing to the volcanic tuff.   

After the sorption phase was complete, the samples were centrifuged, the 

supernatant removed, and the remaining solid was re-suspended with approximately 30 

ml of tracer-free groundwater.  The sample was then shaken by hand and poured into the 

flow desorption column in Figure 2.3 (a).  The control samples were also poured into 

desorption columns.  The volume of the column was approximately 50 ml, leaving space 

in the column for the solid and solution to mix, as the column was placed on an end-over-

end shaker as shown in Figure 2.3 (b) to maximize tuff-solution contact, minimizing 

concentration gradients within the column.  Flow was initiated through the columns at 1 

ml/hr and collected in fractions.  The activity in the eluant was measured using a Packard 

2500TR liquid scintillation counter.  The radionuclide was desorbed from the samples 

until the activity of the eluant was less than 1 cpm/g above background activity in the J-

13 groundwater.  The activity remaining sorbed at the conclusion of the experiment was 

then leached from the tuff sample by eluting a sodium bicarbonate enriched J-13 

groundwater (pH ~11) through the column, followed by a nitric acid enriched J-13 

groundwater (pH ~2).   
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Figure 2.3.  Schematic (a) and photo (b) of batch sorption reactor/flow desorption 
CSTR.  The volcanic tuff is pre-sorbed with uranium and neptunium (separately) prior to 
the column flow desorption.  The column is placed on an end-over-end shaker to 
maximize tuff-solution contact during both the sorption and desorption phases. 
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2.4.2. Up-scaled Column Experiments 

Uranium (233U(VI)) tracer solution was prepared by adding 0.812 ml of 2.43 x 10-

4M 233U(VI) stock solution (UO2(NO3)2 in dilute HNO3) obtained from Isotope Products 

Laboratories to the filtered J-13 groundwater to a total volume of 200 ml.  3.373 ml of 

8.12 x 10-11 M tritium (H3) was also added as a conservative tracer to evaluate the 

hydrologic properties of the column.  The neptunium (237Np(V)) tracer solution was 

prepared by adding 4.759 ml of 2.13 x 10-4M 237Np(V) stock solution and 0.910 ml of 

8.12 x 10-11 M H3 to the filtered J-13 groundwater to a total volume of 200 ml. 

Three glass columns (Figure 2.4) were packed with crushed, sieved and J-13 

groundwater-washed 75-500 m size fraction of the smectite-rich volcanic tuff.  Two 

separate columns were injected with approximately 50 ml of uranium/tritium tracer 

solution, one at 7 ml/hr and the other at 28 ml/hour.  Another column was injected with 

approximately 50 ml of neptunium/tritium tracer solution at 7 ml/hour.  Prior to the tracer 

injection, the columns were saturated by evacuating the air from the column and flushing 

CO2 through the column and then switching from the gas to a reservoir containing the J-

13 groundwater to slowly saturate the column under a vacuum.  The columns were then 

equilibrated by slowly (~.5 ml/hr) flowing J-13 groundwater through the column for 

approximately 1 month (7 ml/hr columns) and 4 days (28 ml/hr column).  After the tracer 

injection was complete the columns were flushed with tracer-free J13 groundwater at the 

injection flow rates.  The column eluant was collected in fractions and the activity in the 

samples was measured using a Packard 2500TR liquid scintillation counter.  Samples 

were collected in the following manner during the 7 ml/hr column runs: 
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 0-3 pore volumes: ~2 ml samples were collected and every sample was 

analyzed; 

 3-18 pore volumes: ~4 ml were collected and every fifth sample was 

analyzed; 

 18-264 pore volumes: ~6 ml were collected and every fifth sample was 

analyzed; 

 264-350 pore volumes: ~13 ml were collected and every third sample was 

analyzed. 

Samples were collected in the following manner during the 28 ml/hr uranium column 

run: 

 0-3 pore volumes: ~2 ml samples were collected and every sample was 

analyzed; 

 3-29 pore volumes: ~6 ml were collected and every tenth sample was 

analyzed; 

 29-40pore volumes: ~6 ml were collected and every fifth sample was 

analyzed; 

 40-144 pore volumes: ~13 ml were collected and every fourth sample was 

analyzed. 

Solution parameters (e.g., pH, carbonate concentrations, ionic strength, U/Np 

concentrations) were held constant.  Previous studies with Yucca Mountain tuff materials 

indicate that surface complexation reactions dominate (Triay 1997) as discussed in 

Section 1.2.4, Uranium and Neptunium Sorption Mechanisms.   
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Because of very low recovery in both the uranium and neptunium column 

experiments, the columns were frozen, segmented and the tuff in each segment leached of 

activity using J-13 groundwater adjusted to a pH of approximately 2 with HNO3.  Each 

segment was batch leached until no measureable activity (or the majority of the activity) 

was recovered.  Figure 2.4 shows a photo of the frozen-segmented column. 

 



47 

 (b) 
 

Figure 2.4.  Schematic of Up-scaled Columns.  The volcanic tuff is washed, crushed 
and packed into a glass column (a).  After the columns were stopped, they were 
frozen and segmented and leached of any remaining activity (b). 
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2.5. Spectroscopic Methods Used to Probe Uranium Sorption/Desorption 

Heterogeneity on Volcanic Tuff  

2.5.1. X-Ray Absorption Fine Structure Spectroscopy (EXAFS) Sample 

Preparation 

The objective of this work was to probe the average local structure surrounding 

uranium sorbed to a zeolitic and smectite-rich volcanic tuff, both at the conclusion of a 

sorption experiment (prior to desorption) and at the conclusion of a desorption 

experiment.  Comparisons of the EXAFS spectra of the sorption and desorption samples 

were expected to reveal differences in the bonding environments of the surface species 

remaining on the samples, with the desorption sample presumed to have a greater fraction 

of more strongly bound species because weakly-bound species would desorb more 

readily.  These measurements were conducted to provide evidence to support the theory 

of “strong” and “weak” sites for uranium sorption in heterogeneous tuff materials. 

The EXAFS samples were prepared by sorbing U-238 to each of two volcanic tuff 

samples and in a separate experiment desorbing the U-238 from a portion of the sorption 

sample under continuous flow conditions for 1 week prior to EXAFS measurement.  A 

total of 4 samples were prepared, smectite-rich tuff sorption (1), smectite-rich tuff 

desorption (2), mordenite-rich tuff sorption (3) and mordenite-rich tuff desorption (4).  

The total uranium concentration on the solid for the sorption samples was approximately 

230-250 PPM, and approximately 20-50% less for the desorption samples.   

The tuffs were physically separated prior to introducing the U-238 by agitating and 

settling out the larger particles in J-13 groundwater leaving the very fine material from 

the bulk sample in the supernatant.  The samples were decanted into Oakridge tubes and 
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centrifuged.  The very fine fraction was used to maximize surface area, increasing surface 

coverage of U-238 in an attempt to achieve the lower limit U concentration of 

approximately 100 PPM required for the measurements.   

The tracer solution used in the sorption phase of the experiments consisted of U-238 

stock solution made by dissolving solid depleted UO2 in strong HNO3.  The stock was 

diluted with J-13 groundwater for a final U-238 concentration of 10-5 M.  The tracer 

solution was adjusted to a pH of 7-8 to match the original groundwater solution pH.  The 

tracer solution was replaced periodically during the sorption phase until no significant 

decrease in U-238 concentration in solution was observed; indicating the concentration of 

U-238 on the solid phase was maximized.  U-238 was desorbed from the sample by 

flowing tracer-free groundwater through a .22 micron Millipore cartridge filter containing 

a portion of the sorption sample.  The concentration of U-238 in the sorption and 

desorption solutions was measured using ICP-OES and the concentration on the solid 

phase post sorption and desorption was calculated by mass balance.  XAS data were 

measured at the Stanford Synchrotron Radiation Lightsource (SSRL) on beamline 11-2 

under dedicated operating conditions (3.0 GeV, 80-100 mA) using a Si(220) double 

crystal monochromator. The U LII absorption edge (20948 eV) was measured at room 

temperature in fluorescence mode using a 30-element Ge solid state detector.   

2.5.2. X-ray Mapping 

X-ray mapping was used to investigate the spatial distribution and elemental 

associations of uranium sorbed to thin sections of volcanic tuff.  Clay mineral 

components were physically separated to the extent possible from the volcanic tuff by 

agitating and settling out the larger particles in J-13 groundwater leaving the very fine 
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material from the bulk sample in the supernatant.  The samples were decanted into 

Oakridge tubes and centrifuged.  Two polished thin sections were prepared by embedding 

the smectite-rich mineral sample in an epoxy resin, and polishing to a thickness of 

approximately 23 m, and mounting on a pure quartz slide.  The thin sections were 

exposed to a 10-5 M depleted uranium solution by submerging the microscope slide in the 

solution inside a Teflon container.  The bottle containing the depleted uranium solution 

and the thin section slide was rocked back and forth on a shaker for a period of one week.  

Depleted uranium from one thin section was then desorbed for a period of 1 week by a 

batch method.  The samples were taken to Beam Line 2-3 at the Stanford Synchrotron 

Radiation Laboratory.  Data were collected at the U LIII-edge.  The concentration of 

uranium on in the samples was too low to collect useable EXAFS data, but it was 

possible to obtain qualitative information on elemental associations and spatial 

distribution of uranium on the thin sections.   

2.5.3. Electron Probe Microanalysis (EPMA)  

Electron Probe Microanalysis was used to investigate the elemental associations 

of uranium sorbed to thin sections of volcanic tuff.  Two polished thin sections were 

prepared for each of the smectite-rich and mordenite-rich mineral samples consisting of a 

dry-sieved fine particle size fraction (>75m) with an epoxy resin and polished to a 

thickness of approximately 23 m.  The thin sections were exposed to a 10-5 M depleted 

uranium solution by submerging the microscope slide in the solution inside a Falcon tube.  

The bottle containing the depleted uranium solution and the thin section slide was rocked 

back and forth on a shaker for a period of one week.  Depleted uranium from one thin 

section from both the smectite and mordenite-rich samples was then desorbed for a 
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period of 1 week by a batch method.  EPMA of the samples was performed using a JEOL 

8200 electron microprobe at the Department of Earth and Planetary Science/Institute of 

Meteoritics, University of New Mexico. The microprobe is equipped with 5 wavelength 

dispersive x-ray spectrometers (WDS) and an ultrathin-window energy dispersive 

spectrometer (EDS). Natural mineral standards from C.M. Taylor Corporation 

(Sunnyvale, CA) were used as calibration standards, except U, which is calibrated on a 

U-metal also from Taylor.  A ZAF correction program (Yakowitz, Myklebust et al. 1973) 

from Oxford was used to reduce the raw data. 
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3. INTERPRETIVE METHODS 

To estimate effective Kd values for uranium and neptunium, the long-term column 

desorption data were fit with a multi-rate first-order kinetic model in which different 

types of sorption sites were assumed to have different sorption and desorption rate 

constants.  Effective Kd values were estimated from mass-weighted averages of the ratios 

of forward to reverse rate constants (kf/kr) for each site.  To model U and Np transport in 

the saturated columns packed with the clay-rich tuff, a one-dimensional advection-

dispersion-reaction model that simulates first-order reactions onto multiple sorption sites 

was employed.  This model was used in conjunction with the sorption and desorption rate 

constants estimated from the long-term desorption experiments to evaluate whether the 

effective Kd values from the desorption experiments described reactive transport at two 

different flow rates in the columns. 

3.1. Batch Sorption/Long-Term Desorption Column Data Modeling  

The batch sorption/long-term desorption column experimental data were fit using a 

mathematical model written in FORTRAN that simulates adsorption and desorption onto 

multiple sorption sites with different first-order forward and reverse reaction rate 

constants.  The model provides a least-squares fit to the data by adjusting the sorption and 

desorption rate constants and maximum sorption capacities for up to four different types 

of sites. The experimental data were initially fit as well as possible with one site, and then 

sites were incrementally added to improve the fit.  Effective Kd values were calculated by 

taking weighted means of the Kd values (Kd = kf/kr) for the individual sites in the model.  

The weighting factors used to calculate the weighted means were the fractions of 

radionuclide activity on each site type at the beginning of the desorption experiment.  
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Equations 3.1 and 3.2 below were used in the model to fit the experimental column 

desorption data with up to four different sites.  In equation 3.1 it is assumed that the 

reaction vessel is a well-mixed volume. 
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3.2. Up-scaled Column Data Modeling  

The uranium and neptunium breakthrough curves from saturated columns packed 

with the smectite-rich mineral volcanic tuff were fit using an advection-dispersion-

reaction solute transport model (Equation 3.3) that simulates first-order reactions onto 

multiple sorption site types.  The model parameters (forward and reverse reaction rates 
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and maximum sorption capacities for each site) from the fits of the batch sorption/long-

term desorption column data were used in the model (Equation 3.3).  Mean water 

residence time (), bulk density (and porosity (were calculated or measured for each 

column.  The Peclet number (Pe) and mean water residence time () was estimated by 

fitting the tritium breakthrough data for each column using the ReLap modeling program 

(Humphrey 2001).  Pe and  are related to the mean pore velocity (v) and the solute 

dispersion coefficient (D) by /Pe vL D , where L is the length of the column 

and /L v  .     
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3.3. CSTR Model 

The cumulative activity flushed from the column in long-term desorption control 

experiments was compared to the predicted cumulative activity flushed using an ideal 

continuous-stirred tank reactor (CSTR) model (equation 3.4).  Equation 3.4 is the 

solution to equation 3.1 when there are no reactions and with V = Qt.  The purpose of the 

control experiment was to confirm that the activity leaving the column (tracer with no 
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solid phase present) was not influenced in any way by the column materials (glass barrel, 

filters, fittings and tubing).  The model was also used to subtract the un-sorbed residual 

activity in solution after the sorption phase of the experiment from the activity eluted 

from the columns in the long-term desorption phase.   

0 1 exp
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V
C C

V

  
      

          (Equation 3.4) 
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4. RESULTS AND DISCUSSION 

4.1. Sorption and Desorption Experiments 

4.1.1. Uranium Batch Sorption and Flow Desorption Experiments 

Uranium was sorbed for a period of approximately 14 days to each of four 

volcanic tuff samples with the varying mineralogical properties described in Section 

2.3.2.  The uranium was then desorbed from each sample for a period of over 1900 hours 

(~79 days).  The method of sorption and desorption are described in Section 2.4.  The 

sorption and subsequent desorption results for each sample are shown in Figures 4.1 

through 4.4, along with the fit to each data set using the multi-site kinetic model 

described in Section 3.1.   The uranium sorption/desorption experiments for each of the 

analcime, mordenite, smectite and illite-rich tuffs were carried out with duplicate 10 

grams samples.  Additionally, a second set of smectite-rich experiments were conducted 

using duplicate 3 gram samples.   

Uranium Sorption.  Sorption in each of the uranium/tuff combinations appears to 

be kinetically controlled up until about 100 hours when apparent equilibrium is 

established.  Greater partitioning of uranium to the solid phase was observed in the 

smectite-rich sample (Table 4.1), followed by the analcime, mordenite and illite-rich 

samples.  These results do not correlate with the measured surface area, reported CEC, or 

smectite and zeolite abundance.  One possible explanation for the lack of correlation to 

any of these parameters is the predominance of calcium uranyl-carbonate complexes in 

solution (Table 2.2).  The negatively charged complexes would not favor a cation 

exchange mechanism, nor would an electrostatic (outer-sphere) mechanism be 
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energetically favored on the negatively-charged clays and zeolites.  Both smectite clays 

and zeolites have amphoteric edge sites.  A comparison of the Zeta potential results in 

Figures 2.2 (a) and (b) for the smectite-rich and mordenite-rich tuffs, respectively, shows 

that the surfaces have approximately the same charge at a pH of 7, indicating that the 

protonated edge site density for these two samples are approximately the same.  As 

mentioned above, as the ratio of Si/Al decreases, IEP shifts to lower pH.  Analcime has a 

lower Si/Al ratio, and the edge sites would be less protonated than those of mordenite so 

one would expect that analcime would sorb less negatively charged uranyl complexes.  

The question remains as to why the smectite-rich sample (2 wt % smectite) sorbed more 

uranium than both the zeolites (20-30 wt % zeolite), and why the analcime-rich (20 wt % 

analcime) sample sorbed more uranium than the mordenite-rich (18 wt % mordenite, 12 

wt% analcime) sample.  If cation exchange was a viable mechanism, the analcime sample 

would sorb more than both the smectite-rich and mordenite-rich samples due to its higher 

CEC, but this mechanism has been ruled out due to the lack of uranyl cations in solution 

and steric limitations imposed by the narrow channel structure of zeolites, especially 

analcime.  One possibility for the greater amount of sorption in the smectite-rich sample 

could be that the smectite edge sites are more accessible than the edge sites of zeolites.   

Smectite has a 2:1 layer structure in contrast to the complex ring-like structure of 

zeolites.  The edge sites of zeolites may exhibit steric limitations once an upper limit 

surface coverage of uranyl-carbonate is reached (Catalano, Trainor et al. 2005).  The 

sorbed complexes may crowd adjacent edge sites and prohibit additional complexes from 

approaching the surface.  This effect may be more pronounced in mordenite than in 

analcime.  Another possibility is sorption to plagioclase, which is more abundant in the 
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smectite-rich sample than in any of the others.  This can be ruled out due to the relatively 

low uranium sorption (42% less than smectite) in the illite-rich sample, which has only 

4.5% less plagioclase than the smectite-rich sample.  If plagioclase were playing an 

important role in uranium sorption, it stands to reason that higher uranium sorption in the 

illite-rich sample would have been observed.  The relatively low amount of uranium 

sorption in the illite-rich sample is most likely due to uranyl cation sorption occurring 

predominately at unsatisfied valences at defects in the crystal structure, where sorption of 

negatively charged complexes would not be energetically favored.  The uranyl cation is 

not a dominant solution species in J-13 groundwater.  Given the chemistry of the systems 

in this study and the unchanging concentrations in control experiments, precipitation 

reactions can most likely be ruled out as a mechanism of uranium removal from solution. 

 
Table 4.1   Percent Uranium Sorbed 

Mineralogical I.D. 
Sample 

No. 
% U 

sorbed 

Average 
% U 

sorbed 

% of 
initial U 

tracer not 
desorbed 

Average 
% of 

initial U 
tracer not 
desorbed 

1 32.80 8 
Analcime-rich 

2 33.39
33.09

9 
8.50

1 18.67 5 
Mordenite-rich 

2 17.80
18.23

5 
5.00

1 53.80 26 
2 50.06 23 
3 51.58 16 

Smectite-rich 

4 51.75

51.80

10 

18.75

1 9.44 2 
Illite-rich 

2 10.06
9.75

2 
2.00

 

Uranium Desorption.  All of the samples had a fraction of uranium remaining 

sorbed at the conclusion of the experiments (2-26%) suggesting very slow desorption, or 

irreversible sorption.  As in the sorption phase of the experiments, the smectite and 
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analcime-rich samples had the greatest fraction of uranium remaining sorbed to the solid 

phase at the conclusion of the desorption phase.  The greater amount of uranium 

remaining in the smectite and analcime-rich samples compared to that of the mordenite 

samples could be due to the low likelihood of cation exchange being a predominant 

sorption mechanism in these samples.  For instance, mordenite has a more open cage 

structure than analcime and would allow more cation exchange type reactions, which 

exhibit a higher degree of reversibility.  Even though the illite-rich sample had little 

uranium sorbed initially, a very small fraction of uranium remained sorbed at the end of 

the desorption period (~1900 hours).  This is most likely due to inter-layer sorption of a 

small fraction of uranyl cations which are very strongly bound (Helios Rybicka, Calmano 

et al. 1995).  As a fraction of what sorbed, the smectite-rich sample retained the most 

uranium after desorption (~36%), followed by the mordenite-rich (~27%) and analcime-

rich (~26%) samples, while the illite-rich sample retained the least (~20%).  Figure 4.5 

contains plots of the sorption and desorption data normalized to the measured surface 

area in Table 2.3 to establish that the differences in sorption/desorption of uranium in the 

tuffs are not strictly due to differences in surface area.  The normalized data suggest that 

mineralogy is important in the sorption and desorption of uranium, although surface area 

may play a role in sorption and desorption of uranium in the illite-rich tuff. 

There is good agreement between all duplicate sample runs for both the sorption 

and desorption of uranium, with the exception of one of the 10-gram clay samples where 

the uranium desorbed faster as shown in Figure 4.3.  It is also interesting to note that both 

the 10-gram samples and the 3-gram samples sorbed similar fractions of uranium and 

exhibited similar desorption behavior.  These observations are most likely due to mineral 
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or surface area heterogeneities between the samples.  At the conclusion of the long-term 

desorption experiments, the remaining activity was leached from the solid phase.  The 

initial leaching solution consisted of the J-13 water adjusted to a pH of greater than 11 

using sodium hydroxide.  There was very little recovery of the uranium with this solution 

as shown in Figure 4.6.  The solid phase was then subsequently washed with J-13 water 

adjusted to a pH of less than 2 with nitric acid.  Most of the remaining activity was 

desorbed (within 10% of the original activity sorbed for all samples except for mordenite-

rich (~20%)) from the solid phase.  A good mass balance indicates that the fraction not 

desorbed from the tuff is distinguishable from zero.  This is especially important in the 

illite-rich sample where only 20% of the uranium sorbed was retained at the conclusion 

of the experiment and ±4 % of the 20% remaining sorbed was recovered from the 

leaching solutions.  

Control samples consisting of tracer solution with no solid phase were run 

concurrently with the long-term desorption experiments.  The cumulative recovery of 

uranium from the control samples shown in Figure 4.7 follows that predicted by an ideal 

CSTR model indicating that the desorption of uranium was not being influenced by the 

column, filters or tubing used in the experiments.   

Uranium Multi-site Kinetic Modeling.  The sorption and desorption experimental 

data were fit using the multi-site kinetic model described in Section 3.1 to determine 

sorption and desorption rate constants that were consistent with the observed behavior.  

Although the sorption and desorption rate constants given in Table 4.2 are not unique, 

they show that desorption rate constants that vary over several orders of magnitude are 

required to fit the data.  This suggests that while a fraction of the sites may be in 
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equilibrium with the solution phase, not all of the sites are, and the equilibrium 

assumption inferred by the use of a Kd value is not valid in this case.  For the analcime, 

mordenite and smectite-rich samples, the slow desorbing fraction of the data were 

initially fit using an irreversible site (kr=0).  The desorption rate constant for this site was 

then incrementally increased to an upper limit, while still providing a good fit to the data, 

thus providing an upper bound for the effective Kd value.  The use of an irreversible site 

for the illite-rich desorption data resulted in overprediction of the activity remaining on 

the solid phase at the conclusion of the long-term desorption experiment, therefore a 

slower, reversible rate constant was initially used for the slow desorbing fraction of 

uranium. 

The effective Kd values in Table 4.2 are an average of the Kd values for each site 

weighted by the fraction of the total sorbed concentration on the site at the start of 

desorption.  These results indicate that the Kd values inferred from the sorption phase of 

the experiment are much less than those obtained from the long-term desorption 

experiments.  Batch–derived Kd values are typically determined from batch sorption and 

short-term desorption experiments that do not effectively interrogate stronger sorption 

sites with slower desorption kinetics because the effects of the stronger sites are not 

evident during a batch sorption or sort-term desorption experiment.  The results of the 

uranium long-term desorption experiments suggest that there are multiple types of sites 

for uranium sorption reactions with widely-varying desorption kinetics.   
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Figure 4.1.  Uranium batch sorption and column desorption in the analcime-rich 
tuff.  The data are fit by using the multi-site kinetic model described in Section 3.1 and 
the parameters given in Table 4.2.   
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Figure 4.2.  Uranium batch sorption and column desorption in the mordenite-rich 
tuff.  The data are fit by using the multi-site kinetic model described in Section 3.1 
and the parameters given in Table 4.2.   
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Figure 4.3.  Uranium batch sorption and column desorption in the smectite-rich 
tuff.  The data are fit by using the multi-site kinetic model described in Section 3.1 
and the parameters given in Table 4.2.    
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Figure 4.4.  Uranium batch sorption and column desorption in the illite-rich tuff.  
The data are fit by using the multi-site kinetic model described in Section 3.1 and the 
parameters given in Table 4.2.   
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Figure 4.5.  Fraction of uranium sorbed normalized to surface area.  The fraction 
remaining sorbed is normalized to the measured surface area for each tuff in Table 2.3.   
 

Alkaline/Acid Leach of Remaining U in Desorption Columns 
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Figure 4.6.  Alkaline/acid leach of remaining uranium in desorption columns.  The 
uranium that remained on the volcanic tuff at the conclusion of the experiment was more 
effectively leached by the acid solution from all of the volcanic tuffs.   
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Figure 4.7.  Uranium batch sorption and column desorption control samples.  The 
eluted activity in the control samples compare well to the CSTR model described in 
Section 3.3 suggesting that the uranium desorption behavior is not affected by the 
experimental apparatus.   



 

Table 4.2  Parameters used in uranium multi-site kinetic model, calculated effective Kd and experimental batch Kd 
 

Mineralogical I.D.
Sample 
No. Site No. Kf Kr Smax W*

Effective Kd 

from 
desorption 
modeling 
for each 
site (ml/g)

Effective Kd 

Total (ml/g)

Kd from 
Batch 
Sorption 
(ml/g)

analcime-rich 1 1 0.03 0.0095 10000 0.59 1.9
2 0.022 0.0015 1000 0.36 5.3
3 0.0025 0.0001 3000 0.05 1.3 8.41 2.95

analcime-rich 2 1 0.03 0.0095 10000 0.59 1.9
2 0.022 0.0015 1000 0.36 5.3
3 0.0025 0.0001 3600 0.05 1.3 8.41 3.03

mordenite-rich 1 1 0.06 0.02 4050 0.55 1.7
2 0.06 0.001 1300 0.42 25.3
3 0.0025 0.00001 1000 0.03 6.6 33.56 1.38

mordenite-rich 2 1 0.06 0.02 4050 0.55 1.7
2 0.06 0.001 1300 0.42 25.3
3 0.0025 0.00001 1145 0.03 6.6 33.58 1.27

smectite-rich-3 g 1 1 0.5 0.1 20000 0.42 2.1
2 0.5 0.0052 27000 0.49 46.9
3 0.08 0.00001 17000 0.09 706.9 755.95 6.13

smectite-rich-3 g 2 1 0.5 0.1 20000 0.43 2.1
2 0.5 0.0052 23238 0.48 46.4
3 0.08 0.00001 15000 0.09 711.8 760.28 6.10

smectite-rich-10 g 3 1 0.5 0.1 10500 0.50 2.5
2 0.5 0.0052 5000 0.39 37.2
3 0.08 0.00001 4000 0.11 872.2 911.90 6.48

smectite-rich-10 g 4 1 0.5 0.1 14500 0.53 2.7
2 0.5 0.0052 5000 0.37 36.0
3 0.08 0.00001 2000 0.09 722.9 761.59 6.31

illite-rich 1 1 0.04 0.024 2500 0.97 1.6
2 0.001 0.00034 1000 0.03 0.1 1.70 0.63

illite-rich 2 1 0.04 0.024 2500 0.97 1.6
2 0.001 0.00034 1189 0.03 0.1 1.70 0.69

*Fraction of total sorbed concentration on site at start of desorption

66 
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4.1.2. Up-scaled Uranium Column Experiments 

Scaled up experiments using 50-cm long, 1.5-cm diameter, fully packed 

columns were conducted to complement the long-term desorption experiments.  

Tritium and uranium tracers were introduced into the columns packed with the 

smectite-rich tuff and saturated with J-13 groundwater as described in Section 2.4.2.  

Two separate columns containing the smectite-rich tuff were run at two different flow 

rates, one at 7 ml/hr (column 1) and the other at 28 ml/hr (column 3).  The purpose of 

these experiments were two-fold: 1) to study the residence time dependence of 

uranium transport by conducting the experiments at different flow rates; and 2) to 

evaluate the applicability of the sorption and desorption rate constants determined in 

the long-term desorption experiments under dynamic transport conditions. 

Tritium Breakthrough.  Tritium was used as a conservative (non-sorbing) 

tracer in the column experiments.  The breakthrough of tritium and the fit of the 

experimental data using the modeling program ReLap are shown in Figures 4.8 and 

4.9.  The column parameters are detailed in Table 4.3.  C/C0 = .5 occurred at 1 pore 

volume and .95 pore volumes for the 7 and 28 ml/hr columns, respectively.  

Approximately 96% of the tritium was recovered from the two columns within 2.3 

pore volumes.  The ReLap models of the tritium breakthrough curves were used to 

obtain the Peclet number (Pe) and mean water residence time () (Table 4.3) used in 

the multi-site transport model.  The symmetric breakthrough curve and near complete 

recovery of tritium in both columns indicates that preferential flow paths and dead 

volume were not major contributors to flow within the column.       
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 Uranium Breakthrough.  From past observations (Ding 2003) it was expected 

that a small fraction of the uranium tracer would break through at almost the same 

time as the conservative tracer (tritium) and that a vast majority of the tracer mass 

would be significantly retarded and that all of the tracer would not be recovered 

within the time-frame of the experiment (see Section 1.2.2.).  The previous 

experiments also used materials that had a higher smectite and zeolite weight percent 

than the materials of the current study, so an even larger fraction of early-arriving 

uranium was expected in the columns used in this study.  However, based on a simple 

calculation of the retardation factor (Equation 4.1) using the batch Kd value for the 

smectite-rich tuff (Table 4.2), uranium breakthrough at approximately 14 and 15 pore 

volumes was predicted for columns 1 and 3, respectively.  When the effective Kd 

(Table 4.2) was used to calculate the retardation factor, uranium breakthrough at 

approximately 1,600 and 1,750 pore volumes was predicted for columns 1 and 3, 

respectively.  Differences in the predicted breakthrough between the two columns are 

a result of differences in the bulk density (b) and porosity (n) of the crushed tuff 

within the columns. 

1i i b
d d

c c

v X
R K

v X n

      
 

 (Equation 4.1) 

where i iX v t  
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retardation factor

average groundwater velocity (determined by ReLap fit of tritium breakthrough) (cm/s)

average velocity of adsorbed species at location i in the column profile (cm/s)

X migratio

d

i

R

v

v






3

n distance of the conserved species (cm)

X migration distance of the adsorbed species at location i in the column profile (cm)

dry bulk density (g/cm )

porosity

distribution coeficient (ml/g)

t = 

i
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d

n

K








duration of column experiment (hr)

 

Not only did uranium not break through at the same time as the conservative 

tracer, but significant breakthrough was not observed until 100 pore volumes for both 

the 7 ml/hr and 28 ml/hr columns (Figure 4.10).  It is difficult to determine by 

inspection of the breakthrough curve if the elevated recovery of uranium around 100 

pore volumes in column 3 is significant (see inset Figure 4.10).  A Student’s t-test 

indicated that the mean activity in the samples collected after 100 pore volumes is 

greater than the sample means (95% confidence level, 2-tailed probability) of the 

samples collected prior to 100 pore volumes, indicating that the breakthrough 

observed after 100 pore volumes is significant.  In addition, elevated activity in 

column 3 prior to 100 pore volumes (as well as column 1) occurred in only a few 

sporadically distributed samples, and filtration of samples adjacent to the elevated 

activity to remove colloids (0.22 m filter) reduced the activity in the filtrate to below 

or very close to background levels.  In both columns a Students t-test indicated that 

the mean activities in the filtered and unfiltered samples after breakthrough are not 

equal (95% confidence level, 2- tailed probability) suggesting that at least some of the 

activity was associated with colloids, although the activity in the filtrate consistently 
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increased above background.  A Students t-test in the filtered and unfiltered samples 

in both columns prior to 100 pore volumes indicated that the means are equal for 

column 1, and not equal in column 3 (95% confidence level, 2- tailed probability), 

suggesting that the faster flow column had more activity associated with colloids 

prior to breakthrough.  These results suggest that the small amount of elevated 

activity observed before 100 pore volumes in column 3 was due to breakthrough of 

uranium associated with colloidal material (most likely uranium attached to clay 

colloids) and the elevated activity after 100 pore volumes in column 1 was due to 

both uranium in solution and uranium associated with colloidal material.  Filtered 

samples were not measured in column 3 after 100 pore volumes; therefore the 

contribution from uranium associated with colloidal material after breakthrough in 

this column was not determined.  

The observed behavior in the earlier alluvial columns discussed in Section 

1.2.2 (Ding 2003) could have been the result of experimental column design.  To 

avoid local velocity effects such as channeling and wall effects, the ratio of the 

column diameter to the largest particle diameter should be 30-40 (Relyea 1982).  This 

ratio in the previous alluvial experiments was only 12.5 and could have resulted in the 

observed behavior.  The ratio of column diameter to largest particle diameter used in 

this study was 30, which was apparently large enough to avoid early breakthrough 

caused by wall effects (assuming that was the cause in the earlier experiments).  In 

both of the columns, a vast majority of the uranium was retarded, and very low 

recovery was observed (Table 4.3).  There did not appear to be a residence time 

dependence due to the concurrent breakthrough in both columns at 100 pore volumes, 
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despite that fact that column 1 had a residence time four times that of column 3.  

Column 1 ran over ten times longer and eluted 207 more pore volumes than column 

3.  A higher relative recovery of uranium may have been observed from column 3 if 

the experiment were allowed to continue.     

Uranium Concentration Profile.  At the conclusion of the up-scaled 

experiments the columns were frozen, segmented and the sorbed uranium leached 

from the solid material as described in Section 2.4.2.  Although not apparent from the 

uranium breakthrough curves, a residence time dependence is observed in the 

uranium concentration profiles in Figure 4.11.  The mean residence time for column 1 

was four times that of column 3.  In column 1 the majority of the uranium mass (71% 

of total leached) was in the first 0 to 8 cm from the column inlet, while column 3 had 

the majority of uranium mass (47% of total leached) between 10 and 20 cm from the 

column inlet.  Column 1 also ran 10 times longer than column 3.  If column 3 had run 

longer, the profile might have shifted toward the end of the column, and a higher 

uranium recovery would have been observed.  This behavior can be explained by a 

fraction of the uranium mass being sorbed to slow or irreversible sites, while a 

fraction desorbs much faster and continues to travel through the column.  The faster 

traveling uranium may have different speciation in solution that does not sorb to the 

slower desorbing sites.  As the solution equilibrium adjusts to accommodate for the 

loss of the stronger sorbing species, the weaker sorbing species are converted to more 

strongly sorbing species, resulting in the low uranium recovery from the column.  

Another explanation could be a dual porosity flow/transport regime within the 

column.  Although the tritium breakthrough curves suggest very minimal secondary 
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porosity in the columns (porosity in which water is not flowing; e.g., dead-end pores), 

it is possible that diffusion occurred over relatively short distance scales into 

secondary porosity without having much effect on tritium transport.  However, if the 

secondary porosity contained an abundance of strong uranium sorption sites relative 

to the primary porosity, the secondary porosity could have a dramatic effect on 

uranium transport through the column.  This could result in a portion of the uranium 

being held up in “dead-end pores” while the other portion continues to flow through 

the column with less retardation.  Such behavior could conceivably result in the 

residual profiles observed in the columns at the conclusion of the experiments. 

In addition, the column 1 profile reflects a very large amount of uranium 

within the first 8 cm, then a drop off in uranium concentration and a small spike in 

concentration about midway through the column.  The spike can be explained by 

either mineral or surface area heterogeneities within the column (with a greater 

density of strong sorbing sites at the location of the spike), or flow heterogeneities 

such as a crack in the porous medium, effectively creating a fracture flow regime over 

a small portion of the column.  Flow within the fracture would be greater than that 

within the porous matrix, resulting in a region of relatively stagnant water in the 

matrix into which uranium could diffuse and sorb, thus becoming effectively 

immobilized in that part of the column (Wu, Ye et al. 2009).  Interestingly, the 

column 3 concentration profile also shows a dual peak, although less resolved, 

suggesting that column 3 also had these same types of heterogeneities.   

Uranium Multi-site Transport Model.  The up-scaled column experimental 

data were fit using the advection-dispersion-reaction transport equation described in 
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Section 3.2, modified to include up to 4 parallel reactions.  The rate constants 

obtained from the long-term desorption experiments were used in the multi-site 

transport model along with the column parameters provided in Table 4.3.  Use of 

these rate constants resulted in an over-prediction of initial uranium breakthrough and 

recovery from the up-scaled columns (Figure 4.10).  There are four conceivable 

explanations for this behavior: 1) abrasion of the crushed tuff due to the end-over-end 

mixing in the long-term desorption experiment enhanced the desorption rates by 

disrupting the surfaces and providing the extra energy needed to cause desorption 

and/or created colloids to which uranium was attached; 2) more strong sites were 

available per unit mass in the up-scaled columns to sorb the 2
2 3 3( )CaUO CO   solution 

species; 3) the number of strong sites per unit mass of tuff is limited, and these sites 

were close to fully occupied in the desorption experiments, but they were not fully 

occupied in the up-scaled column experiments and 4) Ca removal from solution via 

cation exchange with Na in the clay resulting in a lower concentration of Ca in 

solution available to complex 4
2 3 3( )UO CO   and  2

2 3 2( )UO CO  , resulting in a lower 

percentage of the non-sorbing solution species ( 0
2 2 3 3( )Ca UO CO ) (Meleshyn, Azeroual 

et al. 2009).  The enhancement of desorption rates by disrupting the surfaces in the 

first explanation is more feasible than generation of uranium attached-colloids in that 

the colloid particle size would have to be less than 0.22 m in order to pass through 

the filter cartridge attached to the end of the desorption column.  The second 

explanation would require a more reactive mineralogy or greater surface area per unit 

mass of material in the up-scaled columns than in the long-term desorption 

experiments.  The third explanation would result in the suppression of sorption and 
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apparent desorption enhanced in the desorption experiments relative to the up-scaled 

columns because there would be many more strong sites per mole of uranium 

introduced to the up-scaled columns than in the desorption experiments.  Based on the 

injection volumes and concentrations and the solid masses in the two types of 

experiments, at least 6 times as many sites are available per mole of U in the up-

scaled experiments as in the desorption experiments.  The fourth explanation 

involving the Ca-Na cation exchange scenario would require disequilibrium between 

the solid and solution phases of the column.    Although the volcanic tuff had been in 

equilibrium with groundwater in-situ, QXRD analysis of the crushed and sieved 

smectite-rich tuff indicated that the clay mineral phase is largely Na-montmorillonite.  

The intact tuff core might have been in equilibrium with the J-13 groundwater, but 

the crushing of the tuff cores in preparation for these experiments could have created 

new surfaces for cation exchange to take place (Rogers and Meijer 1993). The tuff 

samples used in the long-term desorption experiments were equilibrated with 30 ml J-

13 groundwater for a period of 10 days prior to the batch sorption phase of the long-

term desorption experiments.  The up-scaled columns were equilibrated with J-13 

groundwater for approximately 1 month (7 ml/hr columns) and for 4 days (28 ml/hr 

column), which represents considerably more volume of equilibration solution 

coming in contact with the rock than in the desorption experiments.  Based on the J-

13 equilibration volumes, solution calcium concentration and the cation exchange 

capacity of the bulk material, it is likely that the solution and solid phases of the all 

the experiments were in equilibrium prior to introduction of uranium.  Additionally, 

re-establishment of the solution species equilibrium would have to be kinetically 
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limited for the cation-exchange scenario to be a valid explanation for the observed 

concentration profiles.   

Sorption rate constants ranging over an order of magnitude and desorption 

rate constants ranging over several orders of magnitude were required for the fit of 

the uranium breakthrough curves.  The data for both the column breakthrough and 

profile were initially fit using an irreversible site (kr=0) for the 3rd and slowest site.  

The desorption rate constant for this site was then incrementally increased to an upper 

limit, while still providing a good fit to the data, thus providing an upper bound for 

the slowest desorption rate constant.  The use of an upper limit rate constant is based 

on the hypothesis that if the experiment were allowed to continue, the sorbed uranium 

may have desorbed and eventually broken through, resulting in a slow but non-zero 

desorption rate constant.  The fitting parameters providing good fits to the 

breakthrough curves result in predicted column profiles that do not match the 

observed behavior of the uranium that remained in the column (Figure 4.11).  For 

both of the columns, the predicted profiles were flattened, and the large mass of 

uranium sorbed at the front of the column was not reproduced using the column 

breakthrough fitting parameters.  To obtain a better fit to the uranium profiles in 

Figure 4.11, a Kd value was estimated from Rd using equation 4.1 and the uranium 

concentration profile and breakthrough from the 7 ml/hr column.   

A total of three sites were used to initially account for the large uranium 

concentrations in the column 1 profile at 0-2 cm from the column inlet (X1), the small 

spike in concentration mid-way through the column (X2), and the actual breakthrough 

of uranium after 100 pore volumes of elution.  Average velocities were calculated for 
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the concentration spikes in the uranium column using the migration distance Xi, and 

the duration of the experiment t, to obtain a Kd value for location i in the column 

profile.  The Kd for the third site was calculated from the estimated Rd value for the 

uranium breakthrough at 100 pore volumes, using equation 4.1.  The ratios of kfi to kri 

were set equal to the resulting Kd values and the values of kfi and kri were adjusted 

while maintaining this ratio to fit the profile data.  The long-term uranium sorption 

and desorption data from the smectite-rich sample are again presented in Figure 4.12, 

along with desorption predicted by the breakthrough and profile fitting parameters for 

column 1 and 3.  In generating the predicted curves, the number of sites (Smax) were 

allowed to vary from what provided the best fits to the breakthrough and profile data, 

but the rate constants were fixed.  Although the fit to the data is quite good, both the 

breakthrough and profile parameters underestimate the fraction of uranium sorbed in 

the sorption phase, and predict a slower rate of desorption in the desorption phase.  In 

both cases, the value of Smax for the slower sites providing the best fit to the long-term 

desorption data was an order of magnitude lower than the value of Smax that provided 

the best fit to the up-scaled column data.  This may suggest that either slower sites 

were more available in the up-scaled experiments than in the long-term desorption 

experiments, or that stronger sorbing species were more abundant in the up-scaled 

experiments than in the long-term desorption experiments, or both.  

 Other Transport Models.  The multi-site transport model was modified to 

simulate first order reactions in series and 2nd order reactions in parallel in an attempt 

to better fit the experimental data.  The reaction-in-series model was not able to fit the 

profile data and the breakthrough data with the same fitting parameters, and thus it 
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offered no improvement over the first-order reactions-in-parallel model (the base 

model presented above).  Reactions in series cannot be ruled out, although evidence 

supporting such a conceptual model was not found in the literature.  A time-resolved 

spectroscopic study would aid in determining surface species, and if sorption 

complexes change from outer-sphere to inner-sphere as the bond ages.  Although the 

2nd order reaction model was able to reasonably fit both the breakthrough and the 

profile in column 1, it was unable to reasonably fit the column 3 data with the same 

parameters, where it over-predicted both the breakthrough time and recovery and 

under-predicted the amount remaining sorbed in the column profile.  In addition, 

there is a lack of spectroscopic evidence that second or higher order reactions occur 

for uranium on montmorillonite (Catalano and Brown 2005), so a second-order 

mechanism cannot be defended as plausible for uranium sorption in the volcanic tuff 

samples and groundwater used in this study. 

The results of the up-scaled columns suggest that there are multiple site types 

for uranium sorption reactions with varying desorption kinetics.  Although not 

apparent in the breakthrough curves, the uranium concentration profiles indicate that 

there is residence time dependence for uranium migration in the column.  Because the 

multi-site kinetic and transport models were unable to simultaneously fit the long-

term desorption data and the up-scaled column breakthrough and profile data using 

the same fitting parameters, further explanation is needed to fully understand uranium 

transport in the smectite-rich volcanic tuff.  Previous experiments examined only 

sorption and short-term desorption batch results and uranium breakthrough from up-

scaled columns such as the ones conducted in this study.  Although a multi-site 
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transport model can account for the early breakthrough and long-tailing behavior 

observed in the previous up-scaled columns described in Section 1.2.2 where uranium 

was eluted through columns packed with alluvium, the behavior of the uranium 

remaining sorbed within the column has not been previously considered.  The new 

information obtained from this study provides evidence that batch derived Kd values 

over-predict the transport of uranium in volcanic tuff, and that the use of a simple 

multi-site model is not adequate in describing uranium transport.  This study suggests 

that to fully understand the behavior of uranium in volcanic tuff a model that accounts 

for very strong sites for uranium, as well as the possibility of kinetically limited re-

establishment of uranium solution speciation and dual porosity flow regimes, must be 

considered. 
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Figure 4.8.  Tritium breakthrough from the 7 ml/hr (Column 1) flow rate 
experiments in the smectite-rich tuff up-scaled columns.  The data are fit by using 
the ReLap Program described in Section 3.2.  The dashed line at C/C0=.5 occurs at 1 
pore volume.  
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Figure 4.9.  Tritium breakthrough from the 28 ml/hr (Column 3) flow rate 
experiments in the smectite-rich tuff up-scaled columns.  The data are fit by using 
the ReLap Program described in Section 3.2.  The dashed line at C/C0=.5 occurs at 
0.95 pore volumes.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10.  Uranium breakthrough from the 7 ml/hr and 28 ml/hr flow rate 
experiments in the smectite-rich tuff up-scaled columns.  The data are fit by using 
the multi-site kinetic transport model described in Section 3.2 and the parameters 
given in Table 4.3.   
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Figure 4.11.  Uranium concentration profiles in the 7 ml/hr (column 1) and 28 
ml/hr (column 3) flow rate experiments in the smectite-rich tuff up-scaled 
columns.  The data are fit by using the multi-site kinetic transport model described in 
Section 3.2 and the parameters given in Table 4.3.   
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Figure 4.12.  Uranium batch sorption and column desorption in the smectite-rich 
tuff.  The model fits are from the packed column model fit parameters for both the 
breakthrough and concentration profile for the 7 ml/hr column and are listed in Table 
4.3.  Note that the number sites (Smax) were allowed to vary to obtain the best fit to 
the data using the pre-defined forward and reverse rate constants. 
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Table 4.3  Uranium up-scaled column parameters. 
Parameter Column 1 (7 ml/hr flow rate) Column 3 (28 ml/hr flow rate) 

Material Smectite-rich Volcanic Tuff  Smectite-rich Volcanic Tuff 
Particle size 75-500 m 75-500 m 
Mass 105.1 g 116.5 g 
Column 
Diameter 1.5 cm 1.5 cm 
Column Length 50 cm 50 cm 
Porosity 0.59 0.57 
Calculated Pore 
Volume 52.13 ml 50.36 ml 
Dry Bulk Density 1.19 g/cm3 1.32 g/cm3 
Calculated Flow 
Rate 6.68 ml/hr 26.62 ml/hr 
Mean residence 
time (tau) 7.4 hr 1.7 hr 
Duration of 
Experiment 2731 hr (351 PV) 267 hr (144 PV) 
Peclet No.* 220 175 

Column #1 (7 ml/hr) Column #3 (28 ml/hr) 

Site 

Kf  
(ml/g-
hr) 

Kr 

(1/hr) 
Smax 

(CPM/g) Site 

Kf  
(ml/g-
hr) 

Kr 

(1/hr) 
Smax 

(CPM/g) 
1 13.5 .1 5000 1 13.5 .1 30000 
2 0.125 .002 1100 2 0.125 .002 11000 

Multi-site 
Transport Model 
Parameters-
breakthrough fit 

3 0.25 0.00001 55000 3 0.25 .00001 5000 
Column #1 (7 ml/hr) Column #3 (28 ml/hr) 

Site 

Kf  
(ml/g-
hr) 

Kr 

(1/hr) 
Smax 

(CPM/g) Site 

Kf  
(ml/g-
hr) 

Kr 

(1/hr) 
Smax 

(CPM/g) 
1 .06 .001 1000 1 .06 .001 1000 
2 1.5 .003 50000 2 1.5 .003 50000 

Multi-site 
Transport Model 
Parameters-
profile fit*** 

3 .82 .00001 50000 3 .82 .00001 50000 
Percent Recovery 11 1.3 
Kd ** 49.1 43.2 

*Obtained from ReLap fit of tritium data. 
**Retardation factor (Rd) is calculated as the ratio of the conserved species average velocity to that of 
the adsorbed species.  This measurement is normally made at C/C0=.5.  The U recovery did not reach 
C/C0=.5, therefore this measurement was made at the first significant solute breakthrough at 
approximately 100 pore volumes. 
***The profile fit parameters were estimated by using Equation 4.2. 
  



 

82 

 
4.1.3. Neptunium Batch Sorption and Flow Desorption Experiments 

Neptunium was sorbed for a period of approximately 14 days to each of the 

four volcanic tuff samples with the varying mineralogical properties described in 

Section 2.3.  The neptunium was then desorbed from each sample for a period of over 

1500 hours (~63 days).  The method of sorption and desorption are described in 

Section 2.4.  The sorption and subsequent desorption results for each sample are 

shown in Figures 4.13 through 4.16, along with the fit to each data set using the 

multi-site kinetic model described in Section 3.1.  The neptunium sorption/desorption 

experiments for each of the analcime, mordenite, smectite and illite-rich tuffs were 

carried out with duplicate 10 grams samples.   

Neptunium Sorption.  Sorption in each of the neptunium/tuff combinations is 

very fast, reaching apparent equilibrium within 24 hours.  The partitioning of 

neptunium to the solid phase is high for all of the samples (86-93% sorbed), 

regardless of the tuff surface area, reported CEC, and smectite and zeolite abundance.  

Greater partitioning of neptunium to the solid phase was observed in the smectite-rich 

and mordenite-rich samples (Table 4.4), followed by the illite and analcime-rich 

samples.  Neptunium speciation in solution is predominately 2NpO  and 2 3NpO CO  in 

J-13 groundwater (Kaszuba and Runde 1999).  Although the positively charged 

neptunyl ion would favor a cation exchange mechanism, a surface reaction 

mechanism is more likely in the zeolitic samples due to the size and shape of the 

neptunyl cation limiting its access to cation exchange sites within zeolitic cages 

(Triay 1997).  It is possible that the initial sorption of the 2NpO  species in the 

smectite-rich sample was by outer-sphere electrostatic sorption to negatively charged 
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surfaces, followed by desorption and re-sorption via an inner-sphere chemisorption 

mechanism to negative edge sites, or a bond-aging mechanism that converts from an 

outer-sphere complex to an inner-sphere complex on the same site over time.  The 

negatively charged neptunyl-carbonate complex would favor positively charged edge 

sites.  Given the chemistry of the systems in this study and the unchanging 

concentrations (within error for LCS measurements of neptunium activity) in control 

experiments, precipitation reactions can be ruled out as a mechanism of neptunium 

removal from solution. 

Table 4.4   Percent Neptunium Sorbed 

Mineralogical I.D. 
Sample 

No. % sorbed 
Average 
% sorbed 

% of 
initial 

tracer not 
desorbed 

Average 
% of 
initial 

tracer not 
desorbed 

1 88 77 
Analcime-rich 

2 84
86.0

72 
74.5

1 93 86 
Mordenite-rich 

2 93
93.0

86 
86.0

1 93 91 
Smectite-rich 

2 93
93.0

90 
90.5

1 88 78 
Illite-rich 

2 87
87.5

78 
78.0

 

Neptunium Desorption.  Very little neptunium desorbed from the volcanic 

tuff, with 72 to 91% remaining sorbed at the conclusion of the experiments.  These 

results suggest very slow desorption, or irreversible sorption of this fraction of 

neptunium.   The smectite and mordenite-rich samples had the greatest fraction of 

neptunium remaining sorbed to the solid phase at the conclusion of the experiments.  

There is good agreement between all duplicate sample runs for both the sorption and 

desorption of neptunium.  At the conclusion of the long-term desorption experiments, 

the remaining activity was leached from the solid phase.  The initial leaching solution 
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consisted of the J-13 water adjusted to a pH of greater than 11 using sodium 

hydroxide.  There was very little recovery of the neptunium with this solution as 

shown in Figure 4.18.  The solid phase was then subsequently washed with J-13 water 

adjusted to a pH of less than 2 with nitric acid.  In this step approximately 60-80 

percent of the neptunium was desorbed from the samples.  Continued leaching with 

nitric acid did not remove significant amounts of additional neptunium.  This implies 

that a portion (20 to 40%) of the neptunium is very strongly sorbed to the samples, 

even under acidic conditions.  As a fraction of what sorbed, the smectite-rich sample 

retained the most uranium after desorption (~97%), followed by the mordenite-rich 

(~92%) and illite-rich (~89%) samples, while the analcime-rich sample retained the 

least (~87%).  Figure 4.17 contains plots of the sorption and desorption data for each 

of the tuffs normalized to the measured surface area in Table 2.3 to establish that the 

differences in sorption/desorption of neptunium in the tuffs are not strictly due to 

differences in surface area.  Normalization of the data to surface area results in the 

highest fraction of neptunium being sorbed in the illite-rich sample, bringing out the 

strong-sorbing character of this tuff.  The increase in normalized fraction of sorbed 

neptunium in the analcime-rich sample is most likely due to the underestimation of 

the surface area for this tuff by the N2 BET method as described in Section 2.3.1. 

Neptunium Multi-site Kinetic Modeling.  The sorption and desorption 

experimental data were fit using the multi-site kinetic model described in Section 3.1 

to determine sorption and desorption rates constants that were consistent with the 

observed behavior.  Although the sorption and desorption rate constants given in 

Table 4.5 are not unique, they show that desorption rate constants that vary over 
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several orders of magnitude are required to fit the data.  This suggests that while a 

fraction of the sites may be in equilibrium with the solution phase in these 

experiments, not all of the sites are, and the equilibrium assumption inferred by the 

use of a Kd value is therefore not valid for these experiments.  For all of the tuff 

samples, the slow desorbing fraction of the data were initially fit using an irreversible 

site (kr=0).  The desorption rate constant for this site was then incrementally increased 

to an upper limit, while still providing a good fit to the data, thus providing an upper 

bound for the effective Kd value.    The results of the neptunium long-term desorption 

experiments suggest that there are multiple types of sites for neptunium sorption 

reactions with widely-varying desorption kinetics.   
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Figure 4.13.  Neptunium batch sorption and column desorption in the analcime-
rich tuff.  The data are fit by using the multi-site kinetic model described in Section 
3.1 and the parameters given in Table 4.5.   
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Figure 4.14.  Neptunium batch sorption and column desorption in the 
mordenite-rich tuff.  The data are fit by using the multi-site kinetic model described 
in Section 3.1 and the parameters given in Table 4.5.   
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Figure 4.15.  Neptunium batch sorption and column desorption in the smectite-
rich tuff.  The data are fit by using the multi-site kinetic model described in Section 
3.1 and the parameters given in Table 4.5. 



 

87 

   

Np Batch Sorption and Column Desorption
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Figure 4.16.  Neptunium batch sorption and column desorption in the illite-rich 
tuff.  The data are fit by using the multi-site kinetic model described in Section 3.1 
and the parameters given in Table 4.5.   
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Figure 4.17.  Fraction of neptunium sorbed normalized to surface area.  The 
fraction remaining sorbed is normalized to the measured surface area for each tuff in 
Table 2.3.   
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Alkaline/Acid Leach of Remaining Np in 

Smectite-rich Desorption Columns
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Alkaline/Acid Leach of Remaining Np in Illite-

rich Desorption Columns
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Figure 4.18.  Alkaline/acid leach of remaining neptunium in desorption Columns.  The 
neptunium that remained on the volcanic tuff at the conclusion of the experiment was more 
effectively leached by the acid solution from all of the volcanic tuffs.   
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Table 4.5  Parameters used in neptunium multi-site kinetic model, calculated effective Kd and experimental batch Kd 
 

Mineralogical 
I.D. Sample No. Site No. Kf Kr Smax W*

Effective Kd 

from 
desorption 
modeling 
for each 
site (ml/g)

Effective 
Kd Total 
(ml/g)

Kd from 
Batch 
Sorption 
(ml/g)

analcime-rich 1 1 0.4 0.035 518 2.49E-01 2.84E+00
2 0.4 0.0001 800 3.19E-01 1.28E+03
3 0.4 0.00001 2409 4.32E-01 1.73E+04 6187 22.52

analcime-rich 2 1 0.4 0.035 518 2.67E-01 3.05E+00
2 0.4 0.0001 800 3.14E-01 1.26E+03
3 0.4 0.00001 2214 4.19E-01 1.67E+04 6002 16.08

mordenite-rich 1 1 0.5 0.1 5000 4.25E-01 2.12E+00
2 0.5 0.0004 239 1.25E-01 1.57E+02
3 0.5 0.00001 3325 4.50E-01 2.25E+04 7553 40.87

mordenite-rich 2 1 0.5 0.1 5000 3.78E-01 1.89E+00
2 0.5 0.0004 569 2.26E-01 2.82E+02
3 0.5 0.00001 3052 3.97E-01 1.98E+04 6706 41.79

smectite-rich 1 1 0.5 0.025 50 3.69E-02 7.38E-01
2 0.5 0.0007 418 2.86E-01 2.04E+02
3 0.5 0.00001 3323 6.78E-01 3.39E+04 34082 43.10

smectite-rich 2 1 0.5 0.025 97 3.57E-02 7.15E-01
2 0.5 0.0007 292 3.16E-01 2.25E+02
3 0.5 0.00001 3400 6.49E-01 3.24E+04 32660 42.09

illite-rich 1 1 0.4 0.035 782 2.56E-01 2.92E+00
2 0.4 0.0001 635 2.94E-01 1.18E+03
3 0.4 0.00001 2579 4.50E-01 1.80E+04 6390 23.14

illite-rich 2 1 0.4 0.035 518 2.79E-01 3.19E+00
2 0.4 0.0001 635 2.80E-01 1.12E+03
3 0.4 0.00001 2579 4.40E-01 1.76E+04 6247 21.96

*Fraction of total sorbed concentration on site at start of desorption  
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4.1.4. Up-scaled Neptunium Column Experiments 

A scaled up experiment using a 50-cm long, 1.5-cm diameter, fully packed 

column was conducted to complement the long-term desorption experiments.  Tritium 

and neptunium were introduced into the column packed with the smectite-rich tuff 

and saturated with J-13 groundwater as described in Section 2.4.2.  One column 

(column 2) containing the smectite-rich tuff was run a at 7 ml/hr flow rate.  The 

purpose of this experiment was to evaluate the applicability of the sorption and 

desorption rate constants determined in the long-term desorption experiments under 

dynamic transport conditions.    

Tritium Breakthrough.  Tritium was used as a conservative or non-sorbing 

tracer in the column experiment.  The breakthrough of tritium and the fit of the 

experimental data using the modeling program ReLap are shown in Figure 4.19.  The 

column parameters are detailed in Table 4.6.  C/C0 = .5 occurred at .95 pore volumes 

and 100% of the tritium was recovered from the column within 2.3 pore volumes.  

The ReLap model of the tritium breakthrough curve was used to obtain the Peclet 

number (Pe) and mean water residence time () (Table 4.6) used in the multi-site 

transport model.  The symmetric breakthrough curve and near complete recovery of 

tritium in the column indicates that preferential flow paths and regions of dead 

volume (i.e., secondary porosity) were not major contributors to flow within the 

column. 

 Neptunium Breakthrough.  Based on a simple calculation of the retardation 

factor (Equation 4.1) using the batch sorption Kd value for neptunium in the smectite 

rich tuff (Table 4.5) breakthrough at 97.6 pore volumes is predicted.  A small amount 
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of neptunium breakthrough (~8% total recovery) began at around 100 pore volumes 

(Figure 4.20).  Nevertheless, a vast majority of the tracer was retarded, and low 

recovery was observed (Table 4.6).  A Students t-test indicated that the mean 

activities of the samples between 100 to 160 pore volumes are above the mean 

activity of the background at a 95% confidence level.  A few samples had elevated 

neptunium activity prior to 100 pore volumes, but in each case, filtration of adjacent 

samples (0.22 m filter) reduced the elevated activity in the filtrate to below or very 

close to background levels.  These results suggest that the elevated activity observed 

before 100 pore volumes was due to neptunium associated with colloidal material, 

most likely neptunium attached to clay colloids.  A Students t-test indicated that the 

mean activities in the filtered and unfiltered samples taken after 100 pore volumes 

were equal at the 95% confidence level suggesting that the activity recovered after 

100 pore volumes is due to neptunium in solution. 

Neptunium Concentration Profile.  At the conclusion of the up-scaled 

experiment, the column was frozen, segmented and the sorbed neptunium leached 

from the solid material as described in Section 2.4.2.  In contrast to the 7 ml/hr 

uranium profile in Figure 4.11 where most of the uranium was at the inlet of the 

column (0-2 cm), more of the neptunium mass sorbed 2 to 4 cm from the column 

inlet.  The dominant solution species are 2NpO  and 2 3NpO CO .  One possible 

explanation for the difference in the uranium and neptunium profiles is that in the 

neptunium column, 2NpO  is sorbing via an outer-sphere mechanism at the negatively 

charged basal plain, followed by desorption and re-sorption via an inner-sphere 

mechanism at positively charged edge sites.  This scenario would not have been 
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apparent in a batch experiment, where the desorption and re-sorption could have 

taken place between sample collections and was not noticed.  Another possibility is 

that the more favored species for strong sorption, either 2 3NpO CO  or 2NpO , is 

sorbing as inner-sphere complexes on edge sites and as the 2 3NpO CO  (or 2NpO ) is 

removed from solution the speciation shifts to accommodate the change, and more 

2 3NpO CO  (or 2NpO ) is formed at the expense of 2NpO (or 2 3NpO CO ).  Another 

explanation could be a dual porosity flow/transport regime within the column.  

Although the tritium breakthrough curves suggest very minimal secondary porosity in 

the columns (porosity in which water is not flowing; e.g., dead-end pores), it is 

possible that diffusion occurred over relatively short distance scales into secondary 

porosity without having much effect on tritium transport.  However, if the secondary 

porosity contained an abundance of strong neptunium sorption sites relative to the 

primary porosity, the secondary porosity could have a dramatic effect on neptunium 

transport through the column.  This could result in a portion of the neptunium being 

held up in “dead-end pores” while the other portion continues to flow through the 

column with less retardation.  Such behavior could conceivably result in the residual 

profile observed in the column at the conclusion of the experiment. 

In any case, 28% of the neptunium recovered from the acid leach was sorbed 

to the first 0 to 2 cm of the column, while 45% was sorbed 2 to 4 cm from the inlet of 

the column.  In the uranium columns the solution speciation was even less favorable 

for sorption due to the presence of both a negatively charged and neutral species in 

solution, yet somehow 42% of the uranium was sequestered in the first 0-2 cm of 

column 1.  Although a shift in equilibrium is thought to be a rapid process, a kinetic 
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limitation is necessary for this to be considered as a possible explanation for the 

observed residence time dependence between the concentration profiles in the fast 

and slow flow columns.  A shift in equilibrium would also be expected in the 

neptunium column if one of the species ( 2 3NpO CO or 2NpO )  is considered to be a 

stronger sorber.  Because a large fraction of neptunium traveled a greater distance in 

the column than uranium, it is reasonable to assume that a slower chemical process 

than re-establishment of the aqueous speciation of neptunium is responsible.  A 

slower process would be that of sorption via outer-sphere to the surface of the mineral 

followed by desorption and re-sorption via inner-sphere complex on edge sites, 

conversion of the complex form outer-sphere to inner-sphere on the same site, as 

described above.  Much care was taken in the preparation of the columns to eliminate 

differences in mineral phase and particle size distribution.  The tritium breakthrough 

in the 7 ml/hr uranium and neptunium columns is very similar.  This leaves the above 

chemical explanation as the most likely reason for differences in the column profiles. 

Neptunium Multi-site Transport Model.  The packed and saturated (up-scaled) 

column experimental data were fit using the advection-dispersion-reaction transport 

equation described in Section 3.2, modified to include up to 4 parallel reactions.  The 

rate constants obtained from the long-term desorption experiments were used in the 

multi-site transport model along with the column parameters outlined in Table 4.6.  

Use of these rate constants resulted in a model that predicted no breakthrough within 

420 pore volumes.   A possible explanation is that the 14-day sorption period in the 

long-term desorption column experiments was adequate for the desorption and re-

sorption process (described in the previous section) to reach equilibrium.  This 
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suggests a residence-time dependence of sorption for neptunium.  Other neptunium 

complexing ligands exist in the J-13 groundwater such as F- and SO4
2-, but account 

for less than 1% of the solution species and are not expected to affect the solution 

equilibrium.   

The data for both the column breakthrough and profile were initially fit using 

an irreversible site (kr=0) for the 3rd and slowest site.  The desorption rate constant for 

this site was then incrementally increased to an upper limit, while still providing a 

good fit to the data, thus providing an upper bound for the slowest desorption rate 

constant.  The use of an upper limit desorption rate constant is based on the 

hypothesis that if the experiment were allowed to continue, the sorbed neptunium 

may have desorbed and eventually broken through, resulting in a slow but non-zero 

desorption rate constant.  The sorption rate constants did not vary much and given the 

very fast sorption that occurred in the batch sorption experiment, this is not 

surprising.  Desorption rate constants ranging over several orders of magnitude were 

required to fit the data.  This, along with the long-term desorption column results, 

give further evidence that there are multiple sorption sites for neptunium and that the 

sorption/desorption kinetics vary between these sites.  The fitting parameters 

providing good fits to the breakthrough curve results in a predicted column profile 

that does not match the observed behavior of the neptunium that remained in the 

column (Figure 4.21).  The predicted profile was flattened, and the large mass of 

neptunium sorbed at 2-4 cm from the inlet of the column was not reproduced using 

the column breakthrough fitting parameters.  To obtain a better fit to the neptunium 
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profile in Figure 4.21, a Kd was estimated from Rd using equation 4.1 and the 

neptunium concentration profile and breakthrough from the column.   

A total of two sites were used to initially account for the spike in neptunium 

concentration at 2 to 4 cm from the column inlet and the actual breakthrough of 

neptunium at 100 pore volumes.  An average velocity was calculated for the 

neptunium 2 to 4 cm from the column inlet using the migration distance X, and the 

duration of the experiment t, to obtain a Kd value.  The Kd for the third site was 

calculated from the estimated Rd value for the neptunium breakthrough at 100 pore 

volumes, and equation 4.1.  The ratio of kfi to kri was set equal to the calculated Kd 

value for the neptunium remaining in the column and for the breakthrough, and the 

values of kfi and kri were adjusted while preserving this ratio to fit the profile data.  It 

was necessary to include a 3rd slower site to capture the high neptunium concentration 

2 to 4 cm from the column inlet.  The long-term neptunium sorption and desorption 

data from the smectite-rich sample are again presented in Figure 4.22, along with 

desorption predicted by the breakthrough and profile fitting parameters for the up-

scaled column.  In generating the predicted curves, the number of sites (Smax) was 

allowed to vary from what provided good fits to the breakthrough and profile data, 

but the rate constants were fixed.  The value of Smax providing a good fit to the long-

term desorption data using the profile parameters was approximately 3 times lower 

than that for the profile.  The breakthrough parameters fit the long-term desorption 

data well using the same value of Smax.  Both the breakthrough and profile parameters 

provide a good fit to the long-term desorption data, only slightly over-predicting the 
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fraction of sorbed neptunium at the start of the desorption phase, and the profile 

parameters slightly overestimate the rate of desorption. 

 The range of desorption rate-constants required to fit the neptunium 

breakthrough and sorbed profile data from the up-scaled column provide evidence of 

multiple types of sites for neptunium sorption reactions with varying desorption 

kinetics.  In addition, the batch sorption Kd value predicted the initial breakthrough of 

neptunium at around 90 to 100 pore volumes in the up-scaled column, although only 

approximately 8% of the neptunium was recovered, whereas a Kd value predicts 

breakthrough of 100% of the solute concentration.  The incomplete recovery of 

neptunium in the up-scaled column cannot be described by a single sorption and 

desorption rate constant, suggesting again that there are multiple sites involved in 

neptunium retardation.  The good fit of the long-term desorption data obtained from 

the breakthrough parameters indicates that a multi-site model is adequate in 

describing these data, although the same parameters were unable to describe the high 

fraction of neptunium sorbed 2 to 4 cm from the inlet of the column in the post-

mortem concentration profile.   
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Figure 4.19.  Tritium breakthrough from the 7 ml/hr (Column 2) flow rate 
experiments in the smectite-rich tuff up-scaled columns.  The data are fit by using 
the ReLap Program described in Section 3.2.  The dashed line at C/C0=.5 occurs at 
0.95 pore volumes. 
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Figure 4.20.  Neptunium breakthrough from the 7 ml/hr flow rate experiment in 
the smectite-rich tuff up-scaled columns.  The data are fit by using the multi-site 
kinetic transport model described in Section 3.2 and the parameters given in Table 
4.6.   
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Figure 4.21.  Neptunium concentration profiles in the 7 ml/hr flow rate 
experiment in the smectite-rich tuff up-scaled columns.  The data are fit by using 
the multi-site kinetic transport model described in Section 3.2 and the parameters 
given in Table 4.6. 
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Figure 4.22.  Smectite-rich batch sorption and column desorption data with fits 
using up-scaled column parameters.  The model fits are from the packed column 
model fit parameters for both the breakthrough and concentration profile and are 
listed in Table 4.6.   
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Table 4.6  Neptunium up-scaled column parameters. 
Parameter Column 2(7 ml/hr flow rate) 
Material Smectite-rich Volcanic Tuff  
Particle size 75-500 m 
Mass 112.57 g 
Column Diameter 1.5 cm 
Column Length 50 cm 
Porosity 0.56 
Calculated Pore Volume 49.48 ml 
Dry Bulk Density 1.27 g/cm3 
Calculated Flow Rate 6.45 ml/hr 
Mean residence time (tau) 6.9 hr 
Duration of Experiment 2561 hr 
Peclet No.* 220 

Column #2 (7 ml/hr) 

Site 
Kf  (ml/g-
hr) Kr (1/hr) Smax (cpm/g) 

1 5.0 0.5 5000 
2 5.0 0.07 5000 

Multi-site Transport Model 
Parameters-breakthrough fit 

3 0.2 0.00001 100000 

Column #2 (7 ml/hr) 

Site 
Kf  (ml/g-
hr) Kr (1/hr) Smax (cpm/g) 

1 15.0 0.05 10000 
2 15.0 .005 10000 

Multi-site Transport Model 
Parameters-profile fit*** 

3 0.5 0.00001 1800 
Percent Neptunium Recovery 8 
Kd ** 46.6 
*Obtained from ReLap fit of tritium data. 
**Retardation factor (Rd) is calculated as the ratio of the conserved species average velocity to that of 
the adsorbed species.  This measurement is normally made at C/C0=.5.  The Np recovery did not reach 
C/C0=.5, therefore this measurement was made at the first significant solute breakthrough at 
approximately 100 pore volumes. 
***The profile fit parameters were estimated by using Equation 4.2. 
 
 
 
4.2. Spectroscopic Methods to Probe Uranium Sorption/Desorption 

Heterogeneity with Volcanic Tuff 

4.2.1. Extended X-Ray Absorption Fine Structure Spectroscopy (EXAFS)  

Sample preparation for the EXAFS spectroscopy is described in detail in 

Section 2.5.  The objective of this work is to probe the average local structure 

surrounding uranium sorbed to a zeolitic and smectite-rich volcanic tuff, both at the 

conclusion of a sorption experiment (prior to desorption) and at the conclusion of a 
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desorption experiment.  Comparisons of the EXAFS spectra of the sorption and 

desorption samples were expected to reveal differences in the bonding environments 

of the uranium surface species remaining on the samples, with the desorption sample 

presumed to have a greater fraction of more strongly bound species because weakly-

bound species would desorb more readily.  These measurements were conducted to 

provide evidence to support the theory of “strong” and “weak” sites for uranium 

sorption in heterogeneous tuff materials.   

EXAFS Spectroscopy. XAS data were measured at the Stanford Synchrotron 

Radiation Lightsource (SSRL) on beamline 11-2 under dedicated operating 

conditions (3.0 GeV, 80-100 mA) using a Si(220) double crystal monochromator. The 

U LII absorption edge (20948 eV) was measured at room temperature in fluorescence 

mode using a 30-element Ge solid state detector with 3 Al and Zr3 filters. Energy 

calibration was accomplished using an internal monochromator calibration.  Eight to 

twelve scans were collected for each individual sorption sample and sixteen to twenty 

scans were collected for each individual desorption sample.  The data were then 

averaged and analyzed using standard procedures (Conradson, Manara et al. 2004; 

Conradson, Begg et al. 2005). The extended x-ray absorption fine structure (EXAFS) 

was extracted from the spectra by first subtracting the absorption edge using a sum of 

an arctangent and a Gaussian fit to the absorption edge and peak. Then, a polynomial 

spline function was fit to the rest of the spectrum.  Fourier transforms (FT) were 

performed over the range k ~ 3.4 -12.0 Å-1 for the smectite-rich samples and k ~ 2.6 -

12.0 Å-1 for the mordenite-rich samples.  The resulting Fourier Transformed k3-

weighted EXAFS χ(R) spectra are shown in Figures 4.23 through 4.25.  
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Figure 4.23.  Fourier Transform Moduli and Real Components of the smectite-
rich volcanic tuff EXAFS data comparing the sorption and desorption sample.   
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Figure 4.24.  Fourier Transform Moduli and Real Components for the 
mordenite-rich volcanic tuff EXAFS data comparing the sorption and 
desorption sample.   
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Figure 4.25.  Fourier Transform Moduli and Real Components for the 
smectite-rich sorption and desorption sample and the mordenite-rich sorption 
sample EXAFS data.  The mordenite sorption sample shows more similarities with 
the smectite samples, than it does with its own mordenite desorption sample.    
 

The peak position in the FT is related to the uranium distance to neighboring 

atoms (R), and the peak amplitude is related to the number of neighboring atoms (N) 

and the thermal and static disorder () for that shell, where a reduction in N and/or an 

increase in results in a decrease in amplitude.  Because the measurements were 

taken isothermally in this study, an increase in is most likely due to an increase in 

the mean-square disorder () of nearest neighbor distance within a single shell.  The 

larger peak in the FT magnitude near R ≈ 1.3 Ǻ in all the (R) spectra is the 

contribution of the axial oxygen atoms in the basic uranyl (UO2
2+) building block.  

The next peak around R ≈ 1.9 Ǻ is the contribution from equatorial oxygen atoms, 

which comprise the next nearest neighbor shell.  Inspection of the (R) spectra for the 

smectite-rich tuff sample (Figure 4.23) reveals no distinguishable changes to the 



 

103 

average local structure of uranium between the sorption and desorption sample out to 

the equatorial oxygen shell distance.  Because EXAFS provides only average 

structural parameters for sorbed uranium, it is difficult to separate out structural 

features of individual sorption complexes (Chisholm-Brause, Conradson et al. 1994).  

Approximately 50% of the uranium from the sorption phase of the experiment 

remained sorbed at the conclusion of the desorption phase.  The structural features for 

sorbed uranium contributing to the average EXAFS in the sorption sample may also 

be present in the desorption sample, although the number of complexes of the weaker 

bound species may be somewhat reduced at 50% of the coverage.  Further analysis of 

the EXAFS spectra, however, may be conducted in the future to distinguish any small 

changes present in the equatorial and axial oxygen shells of the sorption and 

desorption samples that the qualitative evaluation presented here did not (Chisholm-

Brause, Conradson et al. 1994). 

Chisholm-Brause, Conradson et al. concluded through spectroscopic studies 

that there are at least three distinct sites for uranium sorption on montmorillonites.  

Although it is not apparent from the qualitative analysis of the EXAFS in this study, 

the uranium is most likely sorbed to smectite, more specifically sodium and calcium 

montmorillonite in the smectite-rich sample (see X-ray diffraction patterns in 

Appendix 3B).  QXRD analyses of samples prepared in the same manner as those 

used in the EXAFS measurements are presented in Table 2.5.  The bulk matrix of the 

smectite-rich sample contains 12.6% smectite, with 37.6% K-feldspar, 37.4% 

plagioclase, 9.5% quartz and 4.7% illite/mica.  The samples also contain a non-

settling black residue which was floating on top of the water during the settling phase 
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of the sample preparation and deposited on the top of the bulk matrix when 

centrifuged (See Section 2.5.3 for the sample preparation method).  The black residue 

makes up less than 1% of the bulk sample and contains smectite (45.4%), plagioclase 

(29.3%), K-feldspar (23.8%) and quartz (2.2%).  The sorption phase of the long-term 

desorption experiments in Section 4.1.1 suggests that the smectite clay played the 

most significant role in uranium sorption in the smectite-rich volcanic tuff sample.  

This is evidenced by a comparison of the QXRD results in Table 2.4 from both the 

illite and smectite-rich samples.  The illite rich volcanic tuff contains the same 

mineral phases in similar proportions as the smectite-rich sample, with the exception 

that it contains no detectible smectite.  The illite sample sorbed 42% less uranium 

(Table 4.1) than the smectite-rich sample suggesting that smectite is responsible for a 

large percentage of the uranium removal from the tracer solution in the sorption phase 

of the experiments.  The EXAFS samples contain an even higher percent of smectite 

and it is reasonable to assume that smectite is responsible for a large majority of the 

uranium uptake in the EXAFS experiments as well.  This is further evidenced by the 

X-ray mapping of sorbed uranium on a thin section of the smectite-rich sample post- 

desorption presented in Section 4.2.2. 

Inspection of the (R) spectra for the mordenite-rich tuff sample (Figure 4.24) 

reveals distinguishable changes to the average local structure of uranium between the 

sorption and desorption sample out to R ≈ 2.3 Ǻ.  The amplitudes of the moduli and 

real parts of the FT in Figure 4.24 within the region from 0.19 to 1.9 Ǻ show an 

increase in the axial oxygen amplitude and slight decrease in equatorial oxygen 

amplitude from the sorption to the desorption sample.  Further inspection of the real 
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part of the FT shows that the nodes (at (R) = 0) do not match between the sorption 

and desorption sample at the equatorial oxygen shell at R ≈ 1.9 Ǻ.  These 

observations indicate that although the local structure around uranium is similar in 

both the sorption and desorption sample (presence of axial and equatorial oxygen 

shells) the average complexes between these samples are not identical.  In fact, the 

(R) spectra of the mordenite-rich sorption sample are more similar to those of the 

smectite-rich samples (Figure 4.25) than to the mordenite-rich desorption sample.  

This is interesting because the smectite-rich sample contains a high percentage of 

smectite clay and no detectable zeolite.  The QXRD analysis presented in Table 2.5 

indicates that the fine particle size fraction (and black residue) separated out of the 

mordenite-rich sample concentrated a high percentage of smectite from the bulk 

matrix (although not detected in the larger particle size faction QXRD in Table 2.4).  

The fine fraction matrix of the mordenite-rich sample used for EXAFS contains 59% 

mordenite and 34.4% smectite (as sodium montmorillonite) and the black residue 

(which, like the residue in the smectite rich sample, contributes less than 1% to the 

bulk sample) contains 19.5% mordenite and 49.4% smectite.  Due to the similarity 

between the mordenite-rich sorption sample and the smectite-rich samples it appears 

that a greater fraction of the uranium in the mordenite-rich sorption sample is sorbed 

to smectite clay.  The differences in the (R) spectra of the mordenite-rich desorption 

sample suggest that the average local structure of the uranium remaining sorbed after 

1 week of desorption is different than that of the freshly sorbed uranium.  Further data 

reduction and analysis of these samples and EXAFS measurements of uranium sorbed 

to mordenite model compounds may reveal that the stronger desorption sites for 
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uranium are associated with a mordenite mineral phase.  This cannot be determined 

with any certainty by the qualitative analysis presented here. 

 
4.2.2. X-Ray Mapping  

Micro x-ray absorption spectroscopy imaging.  The uranium sorption and 

desorption in the smectite-rich tuff were further analyzed by x-ray microprobe at 

SSRL Beam Line 2-3 to spatially map the presence and distribution of uranium.  

Spatial maps for uranium were collected and processed at the U LIII absorption edge 

(17200 eV). The samples were measured at room temperature in fluorescence mode 

using a Ge 3 detector and the U LIII absorption edge was calibrated to the yttrium 

edge, with the first inflection point defined as 17038 eV.  Six maps total were 

collected, 3 of the smectite-rich sorption thin section and 3 of the smectite-rich 

desorption thin section.  The maps were processed using Microtoolkit Version 0.50, 

Copyright Samuel Webb, 2006, Stanford Synchrotron Radiation Laboratory.  Due to 

interference of rubidium at the uranium adsorption edge, the rubidium contribution (at 

17100 eV) was subtracted from the uranium maps using the “Map Math” function in 

Microtoolkit.  Thin section features associated with high uranium counts were 

identified using a transmitted light optical petrographic scope. 

Microprobe Spatial Maps.  Microprobe data were collected on a thin section 

of the smectite-rich tuff freshly sorbed with uranium and on another duplicate thin 

section that was desorbed of uranium for a period of 1 week.  These measurements 

were used to compare the spatial distribution of uranium within the sorption and 

desorption thin sections, and uranium elemental/mineral phase associations.  The 

spatial maps in Figure 4.26 consistently show the highest uranium “hot spots”, or 
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densely concentrated areas, in the freshly sorbed uranium associated with epoxy 

bubbles and zircons.  Otherwise, the uranium is ubiquitous throughout the sample in 

lower concentrations.   

The epoxy bubbles were identified optically by a circular white rim with a dark center 

in transmitted light and zircons by their high refractive indices and high 

birefringence.  The hot spots in the epoxy bubbles are most likely uranyl-carbonate 

precipitates formed from droplets of uranium tracer solution trapped in bubbles after 

batch sorption and drying of the thin section.  The hot spots associated with zircons 

are more complicated to explain.  Zircons typically have uranium incorporated into 

their structure (Deer 1966).  Sorption of uranium by zircons has also been 

demonstrated by complexion with the Si-O sites on zircon edges (Lomenech, Simoni 

et al. 2003).  Uranium can exist in the U(IV), U(V) and U(VI) oxidation state in 

zircons (Zhang and et al. 2003).  The uranium in the tracer solution was in the U(VI) 

oxidation state and a determination of the oxidation state of uranium associated with 

the zircons (by X-ray Absorption Near-Edge Spectroscopy) in the thin section may 

have offered evidence as to whether uranium existed in the zircon structure prior to 

exposure to the uranium tracer solution or post exposure.  In hindsight, an x-ray map 

of the background uranium in the smectite-rich tuff could have established if uranium 

was associated with the zircons prior to exposure to the uranium tracer solution. 
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Figure 4.26.  -XAS images of freshly-sorbed U (a,b,c) and post-desorption U (d,e,f) thin sections 
of smectite-rich tuff.  Colors from blue to red indicate lowest to highest uranium counts and are 
unique to each map as indicated by the “max scale”.  The white-bordered insets are magnifications of 
the clay matrix/iron oxide areas showing the spatial distribution of U and Fe.  
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The desorption thin section maps show uranium hot spots associated with the 

clay matrix, iron oxides and zircons.  The clay matrix was identified optically as the 

fine-grained aggregates.  The iron oxides are identified by their inability to transmit 

light, and are typically present as amorphous coatings on minerals grains.  Iron is 

widely distributed in all of the maps (not shown), although it is not possible to 

distinguish between crystalline and amorphous phases using only a spatial 

distribution map.  The area of high uranium concentration in the desorption thin 

section map in Figure 4.26 (d) was examined optically and was found to be an area of 

clay matrix bordered with amorphous iron oxides.  Upon closer inspection of the 

uranium and iron spatial distribution maps in the insets of Figure 4.26 (d) the uranium 

is correlated with spots of relatively lower iron counts, suggesting that uranium is 

associated with the clay minerals, rather than with the iron oxides.  Additional maps 

from the same thin section also showed higher concentrations of uranium correlated 

with areas of clay matrix and iron oxides (optically identified).  Closer inspection of 

the x-ray maps (Figure 4.26 (e) and (f)) shows that uranium is more highly correlated 

with areas of lower iron counts in these maps as well.   

A comparison of the spatial distribution of uranium in the x-ray maps of the 

sorption and desorption samples suggest that uranium was more widely distributed in 

the sorption sample and more concentrated in certain spots in the desorption sample.  

The maximum uranium counts in the maps from the sorption sample range from 41 to 

47 and high counts are only associated with epoxy bubbles and zircons.  The 

maximum uranium counts in the maps from the desorption sample range from 31 to 

452 and are associated with zircons and the clay matrix.  The highest uranium count 
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mapped on the desorption thin section was associated with the clay matrix suggesting 

that the uranium is more highly correlated with clay minerals in the desorption 

sample because weakly-bound species would have desorbed from the sample during 

the desorption phase of the experiment.  Spots of higher uranium counts were found 

in the desorption sample, even though there was more overall uranium sorbed to the 

sorption sample.  This may suggest that the uranium that desorbed from the weaker 

sites became more associated with the strong sites during the desorption phase of the 

experiments.  Although the EXAFS data presented in Section 4.2.1 did not show any 

qualitative differences in the average local structure of uranium between a sorption 

and desorption sample, consideration of the results from the x-ray mapping gives 

further evidence that the smectite mineral phase is responsible for a greater fraction of 

the uranium uptake and retention in the smectite-rich volcanic tuff.  An increase in 

the concentration of uranium on the thin section and/or an increase in the number and 

duration of scans would result in an improvement in the EXAFS data quality.  Better 

data quality would allow for the determination of the average local structure about the 

uranium atom including the presence, type and number of complexing ligands and 

whether the uranium complex is bound via outer or inner-sphere sorption at the basal 

plane or silanol/aluminol edge sites, respectively. 

4.2.3. Electron Probe Microanalysis 

Electron Probe Microanalysis (EPMA) data were collected on thin sections of 

the smectite and mordenite-rich tuff freshly sorbed with uranium and on duplicate 

thin sections that were desorbed of uranium for a period of 1 week.  These 

measurements were used to complement the x-ray mapping and to compare the 
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spatial distribution of uranium within the sorption and desorption thin sections, and 

uranium elemental/mineral phase associations.  Uranium spatial distribution maps are 

shown in Figures 4.27 and 4.28 for the smectite and mordenite-rich samples, 

respectively.   
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Figure 4.27.  Electron Probe Microanalysis images of freshly-sorbed U (left) and 
post-desorption U (right) thin sections of smectite-rich tuff.  Concentrated spots 
are indicated by a white circle and unless otherwise indicated are associated with 
mostly sodium, aluminum and silicate, most likely smectite.  Each pixel represents a 
4 x 4 m spot. 
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Figure 4.28.  Electron Probe Microanalysis images of freshly-sorbed U (left) and 
post-desorption U (right) thin sections of mordenite-rich tuff.  Concentrated spots 
are indicated by a white circle.  Each pixel represents a 4 x 4 m spot unless indicated 
otherwise. (b) is a K-feldspar grain with no visible U associated with it most likely 
due to the anomalously high uranium counts from a uranyl-carbonate precipitate.  

 

Elemental associations at concentrated uranium spots were analyzed by 

wavelength dispersive x-ray spectrometers (WDS) and an ultrathin-window energy 

dispersive spectrometer (EDS).  These data were not sufficient to confirm that the hot 

spots were either associated with smectite in the smectite-rich sample or zeolite in the 

mordenite-rich sample.  The material used for EPMA consists of the fine particle 

fraction of less than 75 m from the smectite and mordenite-rich volcanic tuff.  The 
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QXRD analysis for these samples indicates that the materials are different from those 

used in the EXAFS and x-ray mapping, most notably the lack of smectite in the 

mordenite-rich sample.  The Smectite-rich sample contains 24.6% quartz, 29.9% K-

feldspar, 32.7% plagioclase, 7.6% illite/mica and 5.2% smectite.   The mordenite-rich 

sample contains 29.4% quartz, 22.1% K-feldspar, 8.2% plagioclase, 9.7% illite/mica, 

23.3% mordenite and 7.5% analcime.  The iron-rich spots in the maps were 

determined by comparing the uranium spatial maps with those of iron (not shown).  

The uranyl-carbonate precipitates were identified by comparison with the carbon 

spatial maps and backscatter images (not shown).  The remaining spots were 

associated with sodium, alumina, and silicate, which made up the bulk of all the 

samples.  The samples used in the x-ray mapping presented in Section 4.2.2 indicate 

that uranium is associated with zircons.  Zircons were not spatially mapped in the 

EPMA and are not identified as being associated with the concentrated uranium spots, 

although further investigation would be needed to confirm that zircons were not 

present in the thin sections. 

Comparing the smectite-rich samples in Figure 4.27 maps (a) and (b) show 

uranium is ubiquitous throughout the sorption samples, where map (c) shows the 

uranium is concentrated in hot spots in the desorption sample.  Map (d) has very low 

uranium counts, and no hot spots were detected.  The uranium hot spots were found 

to be associated with iron, sodium, alumina and silicate.  The maps for the mordenite-

rich sample in Figure 4.28 show that uranium is also associated with iron, sodium, 

alumina and silicate, as well as phosphate in map (d).  The uranium counts for the 

mordenite-rich sample maps in Figure 4.28 was either very low (maps (a) and (c), or 
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very high (maps (b) and (d)), making it difficult to draw conclusions as to whether the 

uranium was ubiquitous throughout the sorption samples and concentrated in spots in 

the desorption samples.  The map in figure 4.28 (c) is a K-feldspar grain on which 

uranium was not found, although the scale is thrown off by the anomalously high 

uranium counts due to the uranyl-carbonate precipitate found in the upper right corner 

of the map.  The EPMA results for smectite-rich samples corroborate the x-ray 

mapping data in Section 4.2.4 in that the uranium is ubiquitous in low concentrations 

throughout the sorption sample, and concentrated in hot spots in the desorption 

sample.   

4.2.4. Proposed Uranium Surface Complexes 

Based on the spectroscopic evidence and known number and type of 

uranyl carbonate surface complexes on clay minerals (Chisholm-Brause, 

Conradson et al. 1994; Sylwester, Hudson et al. 2000; Bostick, Fendorf et al. 

2002; Catalano and Brown 2005; Arai, McBeath et al. 2006; Schlegel and 

Descostes 2009), there are four possible surface complexes proposed for uranium 

sorption in the smectite-rich sample.  The first is an electrostatic interaction via an 

outer-sphere surface complex in which the 2
2 3 3( )CaUO CO   species remains intact, 

and is planar to the protonated edge site surface (Figure 4.29 (a).  The remaining 

proposed surface complexes are U(VI)-biscarbonato ternary complexes via inner-

sphere bonding to silanol and aluminol groups.  These include a monouclear 

U(VI)-O-Si bidentate complex, and a monouclear U(VI)-O-Al monodentate 

complex which are shown in Figure 4.29 (b) and  (c) and a bidentate mononuclear 

U(VI)-O-Al complex shown in Figure 4.29 (d).  In figure 4.29 (d) the aluminum 
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Figure 4.29.  Structural Representation of Proposed Uranium Surface 
Complexes on smectite clay.  (a) Planar U(VI) tris-carbonato outer-sphere surface 
complex.  (b) U(VI) bis-carbonato inner-sphere complex via U(VI)-O-Si bidentate 
linkage.  (c) U(VI) bis-carbonato inner-sphere complex via monodentate U(VI)-O-Al 
linkage.  (d) U(VI) bis-carbonato inner-sphere complex via U(VI)-O-Al bidentate 
linkage.   
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octahedral sheet has been isolated and the structure has been rotated 90˚ 

clockwise to obtain a better view of the bidentate U(VI)-O-Al linkage.  The 

weaker bonding sites are most likely associated with the outer-sphere bonding of 

uranium to the protonated edge sites.  The stronger sites are most likely associated 

with the inner-sphere surface complexes, with some complexes being stronger 

than others.  Zeolites also contain aluminol and silanol groups having amphoteric 

edge sites (Kuzniatsova, Kim et al. 2007) and uranium sorption is most likely 

similar to what is proposed in the smectite clay.  
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5. CONCLUSIONS  

The extent to which uranium and neptunium will migrate from a high level 

nuclear waste repository depends on the ability of engineered barriers and natural 

systems to retard their migration.  Migration of uranium and neptunium in the 

saturated zone depends ultimately on two major factors: (1) The rate and direction of 

groundwater flow and (2) the ability of the host rock materials to adsorb uranium and 

neptunium.  This study focuses on the second factor, the ability of the saturated 

volcanic tuff to retard the migration of these radionuclides.  The kinetics of U(VI) and 

Np(V) sorption/desorption is an important factor controlling uranium and neptunium 

fate and transport.  The results of this study imply that the use of a single Kd value for 

the partitioning of uranium between the solution and solid phases over-predicts 

transport rates for uranium in the saturated volcanic tuff.  In addition, although the 

first arrival time of neptunium is predicted well by the batch sorption Kd value, the 

recovery of neptunium is over-predicted by use of this parameter. 

Uranium.  An average of 2 to 19% of the uranium initially brought into 

contact with the various tuffs in the batch sorption and long-term desorption 

experiments remained sorbed to the solid phase at the conclusion of the experiments.  

A multi-rate model was effective in describing the kinetics in long-term desorption 

experiments, where desorption rate constants spanning several orders of magnitude 

provided the best fit to the data.  Mineralogical variability in the tuff will have 

significant effects on U(VI) adsorption/desorption kinetics and consequently, U(VI) 

concentration within the contaminant plume.  Greater sorption and slower desorption 
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rate constants will be experienced by uranium in aquifer regions containing 

devitrified tuffs with high smectite content and zeolitic tuff.  When the experiments 

were scaled up to columns packed with the smectite-rich tuff, the sorption and 

desorption rate constants used in the multi-rate model for the long-term desorption 

experiments over-predicted the transport of uranium in the columns.  In the up-scaled 

columns, the amount of sorption increased resulting in a majority of the activity being 

sorbed in the first few centimeters from the inlet of the column, and when the flow 

rate was increased (in a separate experiment) the uranium migrated further down the 

column, suggesting a residence time dependence for uranium sorption/desorption.  A 

small percentage of the uranium broke through starting at approximately 100 pore 

volumes at both flow rates.  The apparent retardation of uranium deduced from the 

different methods results in the least retardation predicted by batch sorption, followed 

by the long-term desorption and up-scaled columns, with the greatest apparent 

retardation predicted from the column profiles. 

EXAFS spectra of uranium freshly sorbed to smectite-rich tuff and of uranium 

after one week of desorption, resulting in 50% of the initial surface coverage, are 

similar.  These results indicate that the average local bonding structure of uranium in 

the sorption and desorption samples are the same.  Spatial mapping of uranium in 

smectite-rich tuff indicated that the freshly sorbed uranium was distributed 

throughout the thin section.  Localized areas of higher uranium counts were found in 

the desorption thin section that appear to be highly correlated with smectite minerals.  

Comparison of the EXAFS spectra of uranium freshly sorbed to the mordenite-rich 

tuff and uranium after one week of desorption, resulting in approximately 50% of the 
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initial surface coverage, showed obvious differences.  These results indicate that 

uranium freshly sorbed to mordenite-rich tuff has an average local bonding structure 

different from that of uranium remaining sorbed after 1 week of desorption.  The 

EXAFS spectra of uranium freshly sorbed to the mordenite-rich tuff showed more 

similarities to the EXAFS spectra of uranium sorbed to the smectite-rich tuff, 

suggesting that the smectite fraction that was concentrated in the mordenite-rich tuff 

during sample preparation may be responsible for the uranium sorption observed in 

the mordenite-rich tuff, as smectite was the only common mineral present in large 

quantities in both of the smectite and mordenite-rich samples.  Uranyl carbonate 

surface complexes are most likely similar in both the zeolite and smectite clay, with 

an outer-sphere mechanism on protonated edge sites being the weaker of the 

complexes and inner-sphere complexes with silanol and aluminol edge sites being the 

stronger sites with slower desorption kinetics.    

Neptunium.  An average of 75 to 91% of the neptunium initially brought into 

contact with the tuff in the batch sorption and long-term desorption experiments 

remained sorbed to the solid phase at the conclusion of the experiments.  A multi-rate 

model was effective in describing the kinetics in long-term desorption experiments, 

where desorption rate constants spanning several orders of magnitude provided the 

best fit to the data.  Mineralogy appears to be less important for neptunium sorption 

than for uranium as the amount of neptunium sorbed and retained was within 7% and 

16%, respectively, between the different tuff samples.  Although the smectite-rich tuff 

sorbed and retained the greatest fraction of neptunium in the batch sorption and long-

term desorption experiments, normalization of the data to the surface area of the tuff 
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sample brings out the strong-sorbing character of the illite-rich tuff.  When the 

experiments were scaled up to columns packed with the smectite-rich tuff, the 

sorption and desorption rate constants used in the multi-rate model for the long-term 

desorption experiments under-predicted the transport of neptunium in the columns.  

The model did not predict any breakthrough within 420 pore volumes, thus not 

describing the small percentage of the neptunium that broke through starting at 

approximately 100 pore volumes.  These parameters also did not capture the large 

fraction of neptunium sorbed 2 to 4 centimeters from the inlet of the column at the 

conclusion of the experiment.  The parameters providing the best fit to the neptunium 

breakthrough data provided a good fit to the long-term desorption data, but was 

unable to fit the large fraction of neptunium 2 to 4 cm from the inlet of the column in 

the post-mortem concentration profile.  The post-mortem concentration profile 

parameters under-predicted the breakthrough data and required a lower Smax value to 

fit the long-term desorption data.  Even with the Smax value allowed to vary, these 

parameters over-predicted the amount of neptunium sorbed at the initiation of the 

long-term desorption experiment and the final rate of desorption was greater than 

actually observed (so the predicted fraction remaining sorbed would have been much 

less than the observed remaining fraction at longer times).  The main difference 

between the methods not accounted for in the models was the end-over-end mixing in 

the long-term desorption experiment, where there were no solids in motion in the up-

scaled columns.  The apparent retardation of neptunium deduced from the different 

methods results in the least retardation predicted by batch sorption, followed by the 
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up-scaled columns and long-term desorption, with the greatest apparent retardation 

predicted from the column profiles. 

Field Scale Implications of this Study.  The expected transport scenario in the 

volcanic tuff is fracture flow.  Attenuation of species in a fraction flow system would 

result from diffusion into and sorption onto matrix materials.  It is overly simplistic to 

explain the sorption of uranium and neptunium in a heterogeneous media, such as the 

volcanic tuff in this study, by a single partition coefficient.  Variability in desorption 

rates are not always considered, but it may ultimately control uranium and neptunium 

transport behavior.  The Kd approach implies a continuous displacement of the center 

of mass of the contaminant plume along the direction of groundwater flow, with both 

sorbed and aqueous components advancing at the same rate governed by reversible 

local equilibrium conditions (Lichtner 2010).  At least for the smectite-rich volcanic 

tuff, the results of this study suggest that the uranium and neptunium would persist at 

high surface concentrations very close to its original source location until U(VI) and 

Np(V) is removed by dissolution, desorption, and diffusion, only to re-sorb a short 

distance down-gradient of the source location. This is consistent with the conceptual 

model presented in Section 1.1.2. 

The multi-rate advection-dispersion-reaction transport model used in this 

study could not simultaneously provide a good description of both the column 

profiles and the breakthrough (using the same rate constants) for either the uranium or 

neptunium columns, indicating that the model was not fully able to describe the rate 

and extent of U(VI) and Np(V) adsorption/desorption reactions taking place in the up-

scaled columns.  In general, the combined breakthrough and profile data suggest that 
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while the majority of the radionuclide mass is strongly retarded (profile data), there is 

a minor fraction that is less strongly retarded (breakthrough data).  Multiple first-

order reactions are unable to explain this combined behavior.  The inability to 

simultaneously model the breakthrough and profile data might be explained by (1) 

disequilibria of uranium and neptunium solution species and/or (2) a dual porosity 

flow regime within the up-scaled columns.  The multiple methods employed in this 

study provide many more insights and more realistic parameterization of sorption and 

desorption than simple batch experiments.  When coupled with knowledge of 

mineralogical and geochemical heterogeneities along groundwater flow paths, this 

multi-method approach should result in significant improvements to predictions of 

subsurface contaminant transport.  

 

6. RECOMMENDATIONS FOR FUTURE WORK 

Further analysis and modeling is required to fully understand the behavior of 

uranium and neptunium in the saturated volcanic tuff.     Future work to gain this 

understanding would include: 

 Investigation of uranium and neptunium complexes in solution at different 

contact times with volcanic tuff using time resolved fluorescence 

spectrometry to investigate the kinetic limitations of solution equilibrium re-

establishment. 

 Improvement of EXAFS sample preparation and data collection techniques to 

isolate strong sorption sites for uranium (and neptunium) and to determine the 

local bonding environment on volcanic tuff. 
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 Improvement of -XAS sample preparation and data collection techniques to 

determine the oxidation state of uranium (and neptunium) through XANES 

and collect high quality EXAFS at grain size resolution. 

 Investigation of the background contribution of zircons with structurally 

bound uranium in the smectite-rich volcanic tuff using -XAS spatial 

distribution maps.   

 Investigation of uranium and neptunium sorption and desorption in iron and 

manganese oxides to evaluate their effect on transport when present as 

amorphous grain or fracture coatings. 

 Utilization of Transmission Electron Microscopy (TEM) analysis to 

complement other spectroscopic studies to determine atomic level 

associations of uranium and neptunium-sorbed volcanic tuff samples. 

 Improvement of the multi-rate model to describe the uranium and neptunium 

sorbed concentration profiles and breakthrough simultaneously in dynamic 

transport columns fully packed with crushed volcanic tuff, possibly by 

coupling with a dual porosity and/or solution equilibrium or cation exchange 

model.  

The results of the current study and the proposed future work can be used to 

improve models for transport and fate of uranium and neptunium in a heterogeneous 

material such as the saturated tuff found at Yucca Mountain. The understanding of the 

desorption behavior of uranium and neptunium in heterogeneous systems would 

result in less conservative performance assessment models than those based solely on 

Kd values.  Other benefits include the ability to predict uranium and neptunium 
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transport behavior in other heterogeneous systems based on bulk mineralogy and 

water chemistry information with a decreased need for extensive sorption and 

desorption experiments.  In addition, the increased understanding of the governing 

mechanisms of uranium and neptunium transport would increase confidence in 

laboratory studies to accurately describe field transport behavior.  This field of 

research can potentially have application in homeland defense, groundwater quality 

issues and environmental remediation.  
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APPENDIX 1-PHREEQC Output-uranium speciation in J-13 groundwater 
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APPENDIX 2A-BET Surface Area Measurements-Bedded Prow Pass (SMF 
#01006006) 
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APPENDIX 2B-BET Surface Area Measurements-Lower Bullfrog (SMF #01006012) 
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APPENDIX 2C-BET Surface Area Measurements-Central Bullfrog (SMF #0016536) 
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APPENDIX 2D-BET Surface Area Measurements-Upper Prow Pass (SMF #0047478) 
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APPENDIX 3A-QXRD Analysis and XRD Patterns-75-500 m grain size fraction 
used in column experiments 
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APPENDIX 3B-QXRD Analysis and XRD Patterns-fine fraction from settling 
procedure for EXAFS samples 
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APPENDIX 4-Zeta Potential Analysis 
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