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Surface complexation modeling (SCM) could be of significant value to performance 
assessment modeling if the SCM were used to determine the range of KI values that need to be 
considered and provide a scientific basis for the range of values chosen. The uncertainties in 
SCM parameters are less than the uncertainties in Ki values (when considered over a range of 
chemical conditions), and these uncertainties are more easily quantified. Thus, if used properly, 
surface complexation models for radionuclide sorption could increase the confidence and 
scientific credibility of PA transport modeling, by reducing the uncertainty in quantifying 
sorption and providing a means of quantifying that uncertainty.  

Project Objectives. The objectives of the research in this Interagency Agreement 
are as follows: 

1) Select and characterize a remediation site where U(VI) is the primary 
mobile radionuclide and is present in groundwater at concentrations greater than 200 
parts per billion.  

2) Investigate the role of U(VI) sorption (in host sediments and rock) in 
controlling U(VI) transport at the field site.  

3) Compare U(VI) transport predicted from laboratory batch and column 
experiments with that actually occurring at the field site.  

4) Develop a multisite surface complexation adsorption model which 
incorporates contributions from surface structure. Collaborate with USNRC staff to apply 
surface complexation models within the USNRC performance assessment modeling 
framework.  

To attain the objectives of this work, a series of batch and column studies will be 
conducted in the laboratory to investigate U(VI) adsorption and transport using sediments 
obtained from the selected field site. Subject to regulatory and landowner approvals, 
field experiments will also be conducted to investigate U(VI) transport in small scale 
tracer tests at the field site. Multispecies reactive solute transport modeling will be 
conducted to design and interpret both the laboratory scale and field scale data and to 
synthesize knowledge gained at the different experimental scales. Reactive transport 
modeling will be cQnducted to simulate the existing and future U(VI) contamination 
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using site specific data. These simulations will be used to develop performance 
assessment (PA) model calculations conducted in collaboration with USNRC staff.  

Task 1 (site selection) has been completed; the Naturita, Colorado UMTRA site 
was selected for study. The detailed experimental tasks that will be conducted to address 
the research objectives are as follows: 

Task 2: Characterization of field site and field sampling 
Task 3: Develop Kd and Surface Complexation Models from Batch U(VI) 

Adsorption Data 
Task 4: Develop Kd and Surface Complexation Models from U(VI) Transport 

Data in Column Studies 
Task 5: Field studies and Comparative Modeling of U(VI) Transport 

Progress during the period of July 1, 1999 - September 30, 1999.  

Task 2: 

Field Activities: 

Well installation. Twenty-two additional monitoring wells were drilled at the 
study site from June 27 to July 7, 1999 (Fig. 1). Many of these wells were multiple 
completions, resulting in a total of 44 additional sampling points. The wells were drilled 
with the USGS drill rig using a casing advancement system New wells were developed 
approximately 1 to 2 days after drilling. Because of the large cobbles in the aquifer, the 
casing advancement system drilling method was superior to the auger drilling method 
used in October 1998.  

Water levels. Elevation and location of the 22 new wells were surveyed using a 
total station laser. Water levels were measured in all wells twice, during early and late 
September 1999. The potentiometric surface map for water levels measured in late 
September are shown in Figure 2.  

Hourly water levels were recorded at wells NAT-08 and NAT-02 during the July 
through September (Figs. 3 and 4). It was a wet summer at the study area as evidenced by 
the elevated water levels during July and August 1999 in well NAT-08 (Fig. 3). At least 6 
large storm events (increased river stage) are recorded as sharp increases in water levels 
in well NAT-08 during July and August (Fig. 3). Water-levels began to steadily decrease 
in both wells beginning in early September (Figs. 3 and 4).  

Minimonitor data. Deployment of the 2 minimonitors in wells NAT-02 and 
NAT-08 was discontinued at the end of September 1999. The hourly pH and specific 
conductance results (not yet corrected for drift) from the 2 minimonitors provide some 
useful insight into the vertical variability in water quality and permeability at the study 
site (Figs. 5 and 6). The minimonitor in well NAT-02 was set at 3 different depths that 
appear to have different pH and specific conductance values (Fig. 5). The pH and specific 
conductance values at 5.4 and 2.4 feet from the bottom of well NAT-02 are higher than 
the same values measured at 0.5 feet from the bottom of the well. The portion of the 
alluvial aquifer near the bottom of well NAT-02 appears to be the most permeable 
because the pumped quarterly samples appear to most similar in pH and specific 
conductance to the minimonitor values taken at 0.5 feet from the bottom of the well.
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After pumping well NAT-02 for quarterly sampling there was a slow recovery to 
pH and specific conductance values of the "proposed" lower permeability units (Fig. 5).  
For example, after the quarterly sampling in April 1999, the pH and specific conductance 
values measured by the hydrolab (downhole) were very similar to the values measured 
during the quarterly sampling. The pH and specific conductance values continued to 
increase after the quarterly sampling. This increase may be due to the influence of water 
with higher salinity and pH influencing the borehole chemistry at the particular depth that 
the hydrolab was set. Once the hydrolab was moved to a depth of 0.5 feet from the well 
bottom in early September, the measured hydrolab values were very similar to the 
pumped sampled taken during the September quarterly sample (Fig. 5). This also 
indicates that the most permeable part of the aquifer in the vicinity of well NAT-02 may 
be in the lower part of the well (around 0.5 feet from the well bottom).  

Similar trends were observed with the hydrolab data collected from well NAT-08 
(Fig. 6). In well NAT-08 it appears that specific conductance and pH values were larger 
toward the bottom of the well and decreased in the upper part of the aquifer 
(approximately 2.5 feet from the bottom). Once the hydrolab was moved from the 0.5- to 
2.5-feet level, the measured pH and specific conductance values were similar to the 
values obtained during the quarterly sampling (Fig. 6). This could suggest that this is the 
location of a higher permeability zone in the alluvial aquifer.  

Although the hydrolab data are not conclusive, we believe they suggest some 
small-scale vertical variability in the aquifer permeability and water quality at the study 
site that should be assessed in greater detail with additional tools.  

Quarterly sampling. A fourth quarterly sampling was conducted at the site from 
September 20-25, 1999. Samples were collected for major ions, selected trace elements, 
and uranium. Field parameters determined during sampling included pH, specific 
conductance, water temperature, ORP, alkalinity, and dissolved oxygen. Field kits 
(Chemetrics) were used to determine ferrous iron and dissolved oxygen concentrations 
during the sampling. A total of 71 monitoring points and 1 surface-water site were 
visited. Samples could not be obtained from 11 monitoring points because of water-level 
decreases.  

Thermodynamic Calculations: 

Geochemical speciation calculations. Geochemical speciation calculations were 
performed to evaluate the saturation indices for selected mineral phases. The saturation 
index (SI) is defined by: 

SI = log (Q/K) 
where Q is the ion activity product for the formation of a mineral phase and K is the 
equilibrium constant for the formation of that same phase. SI is negative if a solution is 
undersaturated and is positive if the solution is supersaturated. The saturation indices 
shown here were calculated using the results of analyses of groundwater samples taken 
during the November 1998 quarterly sampling. The calculations were made with 
RATEQ and the activity coefficients were calculated using the Davies equation. The 
temperature of the groundwater was used to adjust the equilibrium constants for those 
reactions where an enthalpy of reaction was known. Otherwise, the value of log K at 
25°C was used in the calculations.
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The speciation calculations were conducted for major mineral phases (e.g., 
calcite, dolomite, quartz) as well as for several phases containing U(VI). The complete 
list of solid phases considered is shown in Table 1. This list also includes the formation 
of a separate CO2 gas phase. This permitted the computation of the partial pressure of 
CO2 in equilibrium with the groundwater, given the measured pH and alkalinity.  

In general, the thermodynamic data for the uranium phases are not as well know 
as that for the major mineral phases. Only the log K value for rutherfordine (UO2CO3) 
and two U(VI)-P minerals were available in the NEA critical review by Grenthe et al 
(1992). For all other U(VI) phases, the log K values were taken from either newer 
references, or from studies that were not cited in the critical review. Thus, the log K 
values for these other studies are somewhat less reliable than the critically accepted 
values.  

Table 1: Phases considered in saturation indice calculations.  
Mineral Reaction Log K* Ref

Major Phases 
Calcite 
Dolomite 
Gypsum 
Anhydrite 
Strontianite 
Celestite 
Quartz 
Chalcedony 
SiO2(am) 
C0 2 (g) 

Uranium Phases 

Rutherfordine 
Schoepite 
Soddyite 
Uranophane 

Camotite 

Tyuyamunite

CaCO3 
CaMg(C0 3)2 

CaS0 4 .H20 
CaSO4 
SrCO 3 

SrSO4 
Si0 2 + H 2 0 

SiO2 + H20 
SiO2 + H20 
CO2(g) + H20

U0 2C0 3 
U0 2(OH)2 H2 0 +2H+ 
(U0 2 ) 2 SiO 42H 2 0 + 4H+ 
Ca(U0 2 )2 (SiO3OH)2 + 6W

K 2(U0 2) 2(VO 4 )2 

Ca(U0 2) 2(VO 4) 2

= Ca+2 + CO3-2 
= Ca+2 + Mg+2 + 2CO3"2 

= Ca+2 + SO4"2 + H20 
= Ca+2 + S04"2 

= Sr+2 + C03"2 

= Sr+2 + SO 4 "2 

= H4 SiO4 
= H4SiO4 
= H4 SiO4 

= H2CO3
0

= UO 2+2 + CO 3 "2 

= U02+2 + 3120 
= 2UO2+2 + Si0 2 + 4H20 
= Ca+2 + U02+2 + 2H-4SiO 4 

= 2K÷ + 2UO2+2 + 2VO4 "3 

= W+2 + 2UO2+2 + 2VO4"3

*. log K values are for I = 0.  
References: (1) Ball and Nordstrom, 1991, (2) Grenthe et al., 1992; (3) Nguyen et 
al., 1992; (4) Zhil'tsova et al, 1998; (5) Langmiur, 1978.  

The list of minerals containing uranium in Table 1 is relatively limited. A more extensive 
listing that includes many uranium hydroxides, carbonates, silicates, vanadates, and 
phosphates is given by Grenthe et al, (1992). However, as noted in that study, there is 
rarely adequate thermodynamic data for each phase. The phases listed above, however, 
should be the phases most pertinent to the Naturita site.
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Uranium-vanadium minerals. Most ofthe uranium ore minerals from the 
Colorado Plateau contain both uranium and vanadium, and high concentrations of 
vanadium are observed in the some of the Naturita groundwater samples. Uranium forms 
two significant minerals with vanadium: carnotite (K 2(UO 2) 2 (VO4) 2) and tyuyamunite 
(Ca(UO2)2(VO4)2). Equilibrium constants were found for both species in 
Langmuir(1978) and Zhil'tsova et al. (1998). The equilibrium constants from these two 
references agree to within 1.5 log units or less as shown in Table 1. Saturation indices 
were calculated for carnotite, which is often considered one of the more common U-V 
minerals in the Colorado Plateau ore deposits. In addition, SI values were calculated for 
tyuyamunite, the Ca analog of carnotite, because of the large concentrations of Ca at the 
Naturita site.  

The aqueous geochemistry of vanadium is complex because vanadium can exist 
in several oxidation states and because it tends to form polynuclear species at fairly low 
concentrations. In oxidizing ground waters, vanadium is most likely to be present in the 
+5 oxidation state, commonly referred to as vanadate. Vanadium(V) in dilute solutions is 
present as H3VO4, H2VO4", HVO4"2 and V0 4 -3. At the near neutral pH values observed at 
Naturita, the predominant species is H2VO4 " (which is sometimes written as V0 2(OH)2).  
At near-neutral pH values, vanadate forms polynuclear "metavanadate" as described by 
the general formula (V0 3)xX" where x in the number of vanadate groups in the species.  
V30 9"3 is the dominant species in oxidizing waters at approximately 0.2 to 1 mM V and 
pH 7. Vanadium can also exist in the +4 oxidation state and the predominant species is 
VO÷2 (vanadyl). VO÷2 is stable primarily below pH 6 and in mildly reducing conditions.  
Under more reducing conditions, vanadium may also exist in the +3 oxidation state. For 
the purposes of the speciation calculations shown below, vanadium measured in 
groundwater samples was assumed to be present only in the +5 oxidation state. This is 
the most pertinent oxidation state with respect to forming carnotite and tyuyamunite. In 
addition, the formation of polynuclear species was ignored, even though these species 
may be important for some of the higher vanadium concentrations observed which were 
approximately 0.1mM. Langmuir (1978) notes that by analogy to phosphate (P0 4

3), it is 
possible that aqueous uranyl-vanadate complexes may exist, but their stability constants 
are not known.  

Speciation Results. The concentrations used in the calculations were presented in 
the last quarterly report. However, only the data for the November 1998 quarterly 
sampling were included. The standard database available with the PHREEQC program 
was used in the calculations, except that it was supplemented with the reactions for U 
minerals listed in Table 1.  

Major Ion Chemistry: The calculated saturation indices involving the 
major ions are listed in Table 2. The order of the results is roughly in accordance with 

increasing distance from well 547, which is upgradient from the site. In general, the 
groundwaters are nearly at equilibrium with calcite (SI = -0.1 to 0.4) and slightly 
supersaturated with respect to dolomite for wells NAT-01 to NAT-12 (SI = 0.0 to 0.7) 
and slightly undersaturated for wells MAU-01 to MAU-05(SI = -0.4 to 0.5). The slight 
tendency for supersaturation with respect to dolomite and near saturation with respect to 
calcite, coupled with an increase of Mge2 concentration across the site suggests that 
dolomite is dissolving and calcite is precipitating for NAT-01 to NAT-12 wells. All 
waters are undersaturated with respect to strontianite.  

The waters are undersaturated with respect to gypsum, anhydrite, and celestite 
(typically SI < -0.5 ). In the case of silica, the waters are nearly in equilibrium with
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Table 2. Calculated saturation indices of major ion phases for Naturita ground waters.

Calcite Dolomite Strontianite Celestite Gypsum Anhydrite Quartz Chalcedony SiO2(a) Log P C0 2(9) 
CaCO3  CaMg(CO 3)2  SrCO 3  SrSO4  CaSO4H20 CaSO4  SiO2  SiO2  SiO 2  (atm) 

NAT-01-1 0.1 0.1 -1.3 -0.7 -0.5 -0.7 0.6 0.2 -0.7 -1.6 
NAT-01-2 0.4 0.7 -1.0 -0.3 -0.1 -0.4 0.6 0.2 -0.7 -1.9 
NAT-02 0.3 0.5 -1.0 -1.0 -0.8 -1.0 0.5 0.0 -0.9 -2.0 
NAT-03 0.2 0.2 -1.3 -0.9 -0.6 -0.9 0.7 0.2 -0.7 -1.7 
NAT-04-1 0.1 0.0 -1.5 -0.9 -0.6 -0.8 0.6 0.1 -0.7 -1.4 
NAT-04-2 0.1 0.0 -1.5 -0.9 -0.6 -0.8 0.6 0.1 -0.7 -1.4 
NAT-04-3 0.1 0.0 -1.5 -0.9 -0.6 -0.8 0.6 0.1 -0.8 -1.4 
NAT-05 0.0 0.0 -1.3 -0.8 -0.7 -1.0 0.7 0.2 -0.7 -1.7 
NAT-06-1 0.3 0.4 -1.3 -0.8 -0.4 -0.7 0.6 0.2 -0.7 -1.6 
NAT-06-2 0.2 0.3 -1.3 -0.8 -0.4 -0.7 0.6 0.2 -0.7 -1.6 
NAT-09 0.2 0.3 -1.3 -0.9 -0.6 -0.9 0.6 0.2 -0.7 -1.8 
NAT-10 0.2 0.2 -1.3 -0.8 -0.5 -0.8 0.6 0.2 -0.7 -1.7 
NAT-11 0.2 0.3 -1.2 -0.6 -0.4 -0.7 0.7 0.2 -0.7 -1.5 
NAT-12 0.1 0.1 -1.3 -0.8 -0.6 -0.8 0.6 0.1 -0.8 -1.4 
MAU-01 0.2 0.5 -1.1 -0.7 -0.6 -0.9 0.7 0.2 -0.7 -1.3 
MAU-02-2 0.1 0.0 -1.4 -0.9 -0.6 -0.9 0.6 0.1 -0.8 -1.6 
MAU-02-3 -0.1 -0.2 -1.5 -0.9 -0.7 -0.9 0.7 0.2 -0.7 -1.5 
MAU-03 -0.1 -0.4 -1.7 -1.4 -1.1 -1.3 0.6 0.1 -0.8 -1.8 
MAU-04 -0.1 -0.3 -1.6 -1.4 -1.1 -1.3 0.5 0.0 -0.8 -1.8 
MAU-05 0.0 -0.1 -1.4 -0.9 -0.6 -0.8 0.7 0.2 -0.7 -1.1



chalcedony and therefore supersaturated with respect to quartz and undersaturated with 
respect to amorphous SiO2 . Finally, for C02(g), the saturation index gives the partial 
pressure of CO2 that is in equilibrium with the ground water. The calculated equilibrium 
partial pressures of CO2 ranged from 0.01 to 0.07 atm. These partial pressures are 
significantly larger than that for air (0.00035 atm) but not uncommon for groundwaters.  

Uranium Minerals: The speciation calculations show that the minerals 
rutherfordine, schoepite, soddyite, and uranophane are all significantly below saturation 
in all of the wells (Table 3). The saturation indices ranged from -9 to -3 for all minerals 
and all groundwater samples.  

For the uranium-vanadium minerals, the results show a significantly different 
pattern. As mentioned in the last progress report, vanadium concentrations are as high as 

0.1mM in a localized region roughly bounded by wells NAT-05, NAT-03, NAT-02 and 
NAT-11. Inside this region, the saturation index for carnotite indicates that the water is 
very close to saturation (SI = -2 to 0.6) when the equilibrium constant from Langmuir is 
used in the calculations. If the Log K from Zhil'tsova et al is used, the SI values tend to 
be approximately 1 unit larger, suggesting more strongly that the waters are at 
equilibrium with carnotite. In the case of tyuyamunite, the SI values for the wells with 
high vanadium show the reverse pattern. Calculations with the log K from Zhil'tsova et 
al show that the nearly all waters are slightly undersaturated with respect to tyuyamunite.  
The log K taken from Langmuir, however, show that the waters are typically 
supersaturated (SI = 0.4 to 1.8). These saturation indices change significantly over 
relatively short distances. For example, the SI values at NAT-10 ranged from 0 to 1 for 
carnotite and tyuyamunite while at NAT-12, which is approximately 250 feet 
downgradient of NAT-10, the SI values are less than -4. The U concentration in these 
two wells differed by approximately 10% and the cause of the difference in SI values is 
the change in concentration of both K and V. These initial speciation calculations 
suggest that the U-V phases may be important in the center of the U-contaminated area, 
but they are not likely to be important in the migration in the downstream areas.  

In the next quarter we will attempt to refine these calculations for carnotite and 
tyuyamunite. Specifically, we will search for additional thenriodynamic data for the 
formation of these phases. In addition, the vanadium speciation in solution will be 
refined to account for the formation of polynuclear 'metavanadates' which were ignored 
in the calculations above. Finally, the calculations will be repeated for more groundwater 
analyses including those from the wells installed in the past quarter.  

Laboratory Activities: 

Organic carbon content. Table 4 shows the results of inorganic and organic 
carbon analysis for the uncontaminated composite sample and for aliquots of that sample 
extracted with HCl or acetic acid. The organic carbon content of the whole composite 
sample before and after extractions by 1.2M HCI or 1M acetate buffer was 0.11 weight 
percent. Carbonate minerals were extracted efficiently by the carbonate buffer if the 
sample was ground.
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Table 3. Calculated saturation indices of selected Uranium phases for Naturita ground waters.  
Rutherfordine Schoepite Soddyite Uranophane Carnotite Tyuyamunite 

U02C03 U0 2 (OH)2 H 20 (U0 2 )2 SiO 4  Ca(U0 2 )2  K 2 (U0 2 )2 (VO4) 2  Ca(U0 2 )2 (VO4 )2 

2H20 SiO3OH)2 
Langmuir Zhir'tsova Langmuir Zhir'tsova 

NAT-01-1 -2.9 -3.0 -3.8 -8.2 -5.3 -4.2 -3.9 -5.5 
NAT-01-2 -3.7 -3.5 -4.9 -8.7 -5.5 -4.4 -4.3 -5.9 
NAT-02 -3.4 -3.0 -4.1 -8.0 -0.2 0.8 0.4 -1.1 
NAT-03 -2.9 -2.8 -3.4 -7.6 0.9 1.9 1.8 0.3 
NAT-04-1 -2.7 -3.0 -3.8 -8.4 0.0 1.1 1.1 -0.4 
NAT-04-2 -2.7 -2.9 -3.8 -8.4 -0.1 1.0 1.0 -0.3 
NAT-04-3 -2.8 -3.0 -3.9 -8.5 0.1 1.2 1.2 -0.4 
NAT-05 -3.1 -3.0 -3.9 -8.3 -0.1 1.0 1.2 -0.4 
NAT-06-1 -2.9 -3.0 -3.8 -8.1 0.0 1.0 0.8 -0.7 
NAT-06-2 -2.9 -3.0 -3.8 -8.1 0.3 1.3 1.2 -0.4 
NAT-09 -3.0 -2.8 -3.5 -7.7 0.6 1.7 1.6 0.1 
NAT-10 -2.9 -2.9 -3.6 -7.9 0.0 1.1 1.2 -0.4 
NAT-11 -2.9 -3.1 -4.0 -8.3 -1.1 -0.1 0.0 -1.6 
NAT-12 -2.9 -3.1 -4.1 -8.8 -5.9 4.9 -4.3 -5.8 
MAU-01 -3.2 -3.6 -5.0 -9.5 -7.7 -6.6 -5.8 -7.4 
MAU-02-2 -3.1 -3.1 -4.0 -8.5 -5.9 -4.9 -4.2 -5.8 
MAU-02-3 -3.0 -3.2 -4.2 -8.8 -6.2 -5.2 -4.3 -5.9 
MAU-03 -3.2 -2.9 -3.9 -8.4 -5.8 -4.7 -3.4 -4.9 
MAU-04 -3.2 -3.0 -4.0 -8.5 -6.5 -5.5 -4.1 -5.7 
MAU-05 -3.2 -3.8 -5.4 -10.3 -3.3 -2.2 -1.5 -3.0



Table 4. Carbon analyses of the Uncontaminated Composite Sample and Extracted 
Samples 

Sample % Carbon by weight 
Total Carbon Inorganic Carbon Organic Carbon 

Uncontaminated Composite 0.36 0.25 0.11 
1.2M HCl-extracted 0.11 0.0 0.11 
1.2M HCI-extracted (ground) 0.10 0.0 0.10 
IM acetate buffer - extracted 0.14 0.03 0.11 
1M acetate buffer- extracted 0.12 0.00 0.12 
(ground) 

Uncontaminated Sediment Composite Extraction with Acetic Acid Buffer. In 
order to examine the sorption of U(VI) in the absence of carbonate minerals, a procedure 
was developed to dissolve carbonate minerals in the uncontaminated sediment composite.  
Figure 7 shows the rate of dissolution of some elements into an acetic acid buffer solution 
from ground samples of the uncontaminated sediment composite sample. However, the 
final procedure used in preparing a "carbonate-free" composite sample did not involve 
grinding the material.  

U-Contaminated Sediment extractions.  
Methods: Sediment material collected during the drilling in October 1998 

was air dried and sieved through 3 mm sieves. Experiments were performed on the 
<3mm fractions of the sediments collected in the holes drilled for wells NAT-03, NAT
06, NAT-08, NAT-11, NAT-12 and MAU-02. Two types of extraction solutions were 
contacted with the sediment. The first was a hydroxylamine hydrochloride solution in 
hydrochloric acid, HA*HCI (0.25M NH 2OH*HCI/0.25M HCQ). This treatment was done 
at 50°C. The second was a pH 9.4 carbonate solution with an alkalinity of 20 meq/L and 
an ionic strength of 0.02M (done at room temperature). The composition of this solution 
was designed so that it should be in equilibrium with the partial pressure of CO2 in the 
air. For both cases 10 grams of sediment were contacted with 200 mL of solution and 
agitated for a period of up to 290 hours. Samples of the supernatant were periodically 
withdrawn, filtered through a 0.45 gm filter and analyzed for U(VI) with a kinetic 
phosphorescence analyzer (KPA) and for other elements with ICP-AES.  

Results: Figure 8 shows the time dependence of the HA*HC1 extracted U 
for the <3 mm materials. A constant value for the U(VI) concentration was reached after 
approximately 8 hours. However, more than 80% was extracted within 0.5 hours. The 
amount of extractable U per gram obtained by this method can be compared to the total U 
concentration present in the sediment. The latter concentration was determined by 
measuring the 63.3 keV y-line of 234Th which was assumed to be in secular equilibrium 
with its parent, 23SU. Figure 9 shows a comparison between HA*HC1 extractable U and 
total U. If all U was extractable with this method the data points for each core would lay 
on a straight line with slope 1.  

Figure 10 shows the time dependence of other extracted elements. Two 
general trends can be observed. For Ca, V, Mn and Sr, constant concentrations were 
reached very quickly (within a few hours). For elements AL, Fe, Si and Mg, a continuous 
increase in concentration over time was observed. Mg was somewhat intermediate in that
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it showed both behaviors, a rapid increase followed by a slower, steady increase over 
time. Surprisingly little variation among the samples was observed for SL 

Figures 11-13 show the results from extractions with the carbonate solution. The 
pH evolution for each sample is depicted in Figure 11. Relatively stable pH values for 
each material were obtained, except for material from NAT-06. The reasons for a 
continuing decrease in pH for the NAT-06 material is not yet known. Weathering 
reactions of the sediment material (feldspars, clay minerals, etc.) can cause changes in 
pH.  

Figure 12 shows the amount of U extracted with the carbonate solution.  
Relatively constant values were obtained after two days. The relative amounts of U 
extracted for each material by the carbonate solutions is similar to that obtained by the 
HA*HC1 method, i.e., NAT-06 > MAU-02 > NAT-12 > NAT-08 =_ NAT-03 > NAT-I11, 
however, HA*HC1 treatment extracted about 50% more U than the carbonate solution.  
The former treatment is clearly more aggressive and dissolves amorphous iron oxides.  
Materials from NAT-03 and NAT-08 are from two wells that are located very close 
together, and the extractions yielded similar amounts of U. NAT-06 is approximately 
located where the former mill yard used to be.  

Figure 13 shows the concentration of dissolved elements during the 
extractions with the carbonate solution. One to two orders of magnitude less was 
dissolved with the carbonate solution than by the HA*HC1 treatment for most of the 
elements, except for V. The decrease in Ca could reflect precipitation of calcite, which 
may explain the decrease in pH shown in Figure 11.  

Uranium(VI) desorption studies with Contaminated Sediments. A third type of 
experiment was carried out using the same contaminated core materials as in the 
HA*HC1 and carbonate extractions described above, except that synthetic groundwater, 
AGW-3, was used as the extractant. The AGW-3 (pH 7.88 at atmospheric pCO 2, 
saturated with respect to CaCO 3, similar major ion chemistry as on-site groundwater) was 
pre-equilibrated with the uncontaminated Naturita composite sample. The same 
solid/liquid ratio (lOg / 200 ml) was used as in the other extractions.  

Results are presented in Figure 14. Only about one tenth as much U was 
dissolved by the artificial groundwater in comparison to the HA*HC1 extractions.  
Vanadium was significantly above detection limits only for the NAT-06 material. The 
amount of V desorbed from the NAT-06 sediments (2.5 x 10e mol /g) was about 30% of 
the V dissolved by the HA*HCI extraction and 75% of the V in the carbonate extract.  

The relative amounts of U extracted from the different materials was nearly the 
same in the AGW-3 desorption experiments as in the other two extractions, with the 
important exception of NAT-06. In the previous two extractions, the greatest amount of 
U was dissolved from the NAT-06 material. However, in the AGW desorption 
experiments, the greatest amount of U desorbed was from the MAU-02 sample. The 
amount of U desorbed from NAT-06 was similar to that desorbed from NAT-12. This 
difference may be due to the lower pH in the NAT-06 desorption experiment (Fig. 15).  
Why the pH for NAT-06 evolved towards more acidic values is presently unknown.  

For the samples other than NAT-06, the pH rose from 7.88 upon contacting the 
sediments. One possible explanation for this rise in pH is CaCO 3 dissolution, since Ca 
did rise for all samples over the course of the experiment, from an initial value of 189 
ppm to a maximum of 240 ppm for NAT-12. But this hypothesis is weak for several 
reasons: the AGW-3 used in this experiment was pre-equilibrated with the CaCO3
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containing composite sample for 21 days; the relative orders of the pH increases and Ca 
increases are different; and Ca apparently increased slightly even for NAT-06, where pH 
dropped. Other weathering processes could be responsible for these changes.  

Characterization of the Uncontaminated Composite Sample by SEM.  
Instrumentation and sample preparation: A selection of grains were 

examined with a Schottky field-emission SEM (FE-SEM; LEO 982-Gemini column 
model) at Lawrence Livermore National Labs (Fig. 16). Sediments from the <64 and 
500-1000 micron fractions were imaged. These sediments were prepared by wet sieving 
with artificial groundwater AGW-1, and then oven dried at 60°C. Grains were mounted 
to an aluminum stub with double-sided tape and examined uncoated. The same grains 
were also examined (coated with Au-Pd) using the thermionic SEM at Menlo Park (e.g., 
see Fig. 8 in the 5t quarterly report).  

Additional FE-SEM secondary and backscatter electron images of microprobe 
thin sections were collected after a LEO-982 instrument was installed at the USGS Labs 
in Menlo Park, CA (operator: Robert Oscarson). All thin sections were coated with Au
Pd to prevent the sample from beam damage under the 15 keV beam accelerating voltage 
required to collect X-ray spectra. EDS (X-ray spectra) data were collected in preparation 
for constructing element maps of the grains with the analytical electron microprobe 
(AEM), (Figs. 17-20).  

Results: Quartz appears to be the major constituent of the grain size 
fractions less than 500 microns in diameter. Larger size fractions contain lithic fragments 
of igneous, metamorphic, and sedimentary origin. Under crossed-polars, chalcedony and 
quartz (both deformed and undeformed) were easily distinguished. Crystal sizes ranged 
from cryptocrystalline (below the resolution of the light microscope, about 2-5 microns) 
up to hundreds of microns. Under plane-polarized light, quartz grains were often stained 
orange-brown along the perimeter, indicating that a thin (<5 micron thick) coating of Fe
oxides was present. The prevalence of monocrystalline quartz increased in the smaller 
grain size fractions, which is consistent with classical mineral stability systematics.  

Grains exhibiting morphologies typical of calcite were observed on many mineral 
surfaces. The presence of Ca in these grains was confirmed by EDS (Fig. 8 in the 51 
quarterly report). The calcite was not present as cement but as individual crystals or 
clusters of disseminated crystals, usually between 2 and 10 microns in size. When thin 
sections were examined under crossed-polars using an optical microscope, calcite was 
observed as small masses of finely crystalline material, sometimes partially coating 
quartz grains and sometimes associated with a cryptocrystalline groundmass of iron 
oxide, quartz and calcite. It was also observed as fragmentary single crystals. The amount 
of calcite present increased in the smaller size fractions. In contrast to the quartz, which 
often had embayments indicating dissolution, calcite usually appeared sharp and angular, 
implying precipitation.  

The larger grain size fractions contained significant amounts of feldspars. The 
full range of common feldspar twinning patterns was observed in thin section: 
microcline, perthite, sanidine, anorthoclase, and plagioclase. Feldspar was rarely 
identifiable firom the < 125 micron fractions. Iron oxide staining was also common on 
these grains, both at the surface and in the interior of the grains, indicating permeability 
to altering fluids (Figs. 17 and 18d). Further study of the internal porosity of the 
composite material is being undertaken.  

Bright regions on the thin sections invariably contained Fe, Ba, or Ca (Figs. 18
20). In one location, Th was detected (Fig. 18c). Botryoidal Fe with a strong sulfur 
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signal was found in the < 63 micron dry-sieved sediment sample, implying that reduced 
Fe was present (Figs. 19c-e). Other sources of iron in these sediments included olivine 
and homblende. Biotite was not observed: the only micaceous mineral seen was talc.  
Some unidentified siliceous fossil material was also found.  

Smooth, conchoidally fractured surfaces and occasional rhomboidal crystals were 
established as quartz by EDS analysis. However, the most common surface morphology 
observed was a rougher texture of angular platy shapes, suggestive of clay mineralogy 
(Fig. 16). This material (EDS spectral analysis showed K, Al, and Si) appeared to coat 
and cement grains together into an aggregate. The extremely textured and porous 
surfaces of larger grains strongly resembled the textures of the < 64 micron fraction and 
was consistent with the high surface areas measured for the 500-1000 micron and .1-3 mm 
size fractions. This conclusion was further substantiated by SEM examination of the thin 
sections: the majority of large grains had exterior coatings of adhered fine-grained 
minerals tens of microns thick (Fig. 20). Thus, the sorbing surfaces of the composite 
material are likely to be a mixture of quartz, clay, calcite, and an as yet unidentified iron 
oxide.  

Task 3: 

Kinetics of U(VI) uptake by the uncontaminated composite sample 

Batch sorption experiments were carried out to determine the length of time 
necessary to achieve steady state solution concentrations for U(VI)-spiked artificial 
groundwater (AGW-3) in contact with the uncontaminated composite sample. This time 
period will be used as the equilibration time in future adsorption studies. Results from 
this experiment should also apply to upcoming sorption experiments with individual 
grain size fractions.  

Two types of batch experiments were employed to evaluate the effects of a 
number of methodological variables. The first used 50 ml polycarbonate centrifuge tubes 
containing either zero (blanks) or 0.5 g of sample and 20 ml of AGW-3. The AGW-3 
solution was pre-equilibrated with the composite material for 11 days, and at least 20 
hours was allowed for U(VI) to equilibrate after spiking to a final concentration of either 
10-5 or 10-7 M. Tubes were mixed on an end-over-end rotator at 14 rpm, removed at the 
designated times and centrifuged at 23,500 rcf for 30 minutes. 5 ml aliquots of the 
supernatant were acidified with 50 jtl concentrated HNO 3 in glass scintillation vials.  
U(VI) was determined using KPA.  

In the other experiment, 5 g of sample was combined with 200 ml of the same 
spiked AGW-3 solutions in 250 ml polycarbonate centrifuge bottles. These "big batches" 
were mixed on a shaker table at ~-180 oscillations per min for the designated time before 
being removed and allowed to settle for 30 minutes. The 30 minutes allowed for settling 
or centrifugation is included in the sample time. After settling, 3 ml aliquots were 
removed by syringe, filtered (0.45 14m), and acidified and analyzed as above. In both 
methods pH rose over the course of the experiment, from 7.85 to 7.95.  

The big batch method was developed to overcome the difficulty of having a 
coarse, heterogeneous material of relatively high specific surface area for use in these 
experiments. The solid/liquid ratio used in the above experiments (25 g/l) yields -125
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m 2/1 of surface, while the 0.5 g samples size in the individual centrifuge tubes is possibly 
too small to be representative.  

Results of this study are presented in Figure 21. The concentrations of the 10-7 M 
U(VI) data have been multiplied by 100 to fit to scale. The blank 50 ml centrifuge tubes 
showed negligible (-I to 3%) U(VI) sorption. A blank 200 ml big batch bottle at 10"7 M 
U(VI) (data not shown) did show considerable (up to 33%) sorption, probably explaining 
why the results using that method were slightly lower than in the individual tube method.  
These bottles will not be used in future studies without further evaluation. However, the 
utility of the larger sample size is apparent in these data. The tube-to-tube variability of 
the amount sorbed using the 0.5 g samples would make it far more difficult to determine 
where the U(VI) concentrations became constant. Future individual tube experiments 
will either include replicates, a 1.0 g sample size, or a sub-sample of the composite, 
sieved to remove the largest rock fragments (2-3 mm) that make the larger masses 
necessary for homogeneity. 48 hours appeared to be sufficient time for the system to 
obtain a reasonable approximation of adsorptive equilibrium.  

Assuming adsorptive equilibrium was achieved in these experiments, the Kd 
values for this system (uncontaminated composite, air-equilibration, pH 7.9) were about 
20 mL/g (10"TM total U(VI)) and 7 mL/g (105M total U(VI)).  

U(VI) Adsorption by a "Carbonate-free" Uncontaminated Sediment Composite 
Sample 

A 500 g sample of "carbonate-free" material was prepared by extraction of the 
composite sample with 1M acetate buffer. The sample was not ground, and thus the 
inorganic carbon content of the material was probably not reduced completely to zero 
(Table 4). Experimental procedures to study U(VI) adsorption by this sample were 
similar to that used for the whole composite sample, with the exception that a different 
artificial groundwater (AGW-4) was prepared for these experiments.  

Figure 22 shows the kinetics of U(VI) sorption by the "carbonate-free" sample at 
two different total U(VI) concentrations at pH 7.9. Constant U(VI) concentrations were 
achieved after about 12 hours of reaction time. Figure 23 shows a sorption isotherm at 
pH 7.9 plotted on a log-log scale; the isotherm is a Freundlich-type isotherm with a slope 
near 0.8.  

Assuming adsorptive equilibrium was achieved in these experiments, the Kd 
values for this system (uncontaminated "carbonate-free" composite, air-equilibration, pH 
7.9) were about 280 mL/g (10-7M total U(VI)) and 81 mL/g (I0"'M total U(VI)). These 
values are more than ten times greater than the Kd values found for the uncontaminated 
composite sample before the extraction. Thus, it appears that the acetic acid extraction 
increased the capability of the material to adsorb U(VI). Possible reasons for this include 
an increase in surface area, and the dissolution and subsequent precipitation of Al and Fe 
as coatings.  

Kd values estimated from U(VI) desorption experiments with artificial groundwater 
and U-contaminated sediments 

If the final data point for the U desorption in AGW-3 is taken to be in equilibrium 
with the sediment, and the U extracted with HA*HCl is used as an estimate of sorbed
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U(VI), a Kd value in solutions equilibrated with air can be calculated for each of the cores 
(Table 5).  

Table 5. Kd values estimated from U(VI) desorption experiments with U
contaminated sediments 

Material HA*HCl U concentration U remaining on Kd 
extractable U in AGW-3 solid (ml/g) 

(Moyg) (mo/mi) (mol/g)

Nat 03 
Nat 06 
Nat 08 
Nat 11 
Nat 12 
Mau 02

7.56E-09 
2.911E-08 
9.16E-09 
6.36E-09 
1.03E-08 
1.62E-08

7.62E- 11 
1.78E-10 
8.45E- 11 
6.66E-11 
1.72E-10 
2.30E-10

6.04E-09 
2.56E-08 
7.47E-09 
5.03E-09 
6.87E-09 
1.16E-08

79 
144 
88 
76 
40 
50

The Kd values shown in Table 5 may be overestimated if equilibrium was not 
achieved during the desorption experiments (Fig. 14). Also, it must be remembered that 
pH is an important variable that affects an experimental Kd value. Although the pH 
values in the desorption experiments were near 7.9 (as was used in the adsorption 
experiments described above), they were not exactly at 7.9 (Fig. 15), and the pH value for 
NAT-06 drifted down to 7.7, possible increasing the Kd value significantly.  

Task 4: 

No work was completed on this task this quarter.  

Task 5: 

In addition to the Kd values estimated above under Task 3, "in-situ" Kd values can 
be estimated from the U extracted with HA*HC1 (as an estimate of sorbed U(VI)) and the 
concentrations of dissolved U(VI) measured in the groundwater in each of the wells.  
These values are shown in Table 6.  

Table 6. Estimation of "In-situ" Kd Values 
Dissolved Adsorbed* U(VI) 

Well U(VI) (ppb) (nanomoles/g) Kd (ml.J) 
NAT 11 1240 6.4 1.2 
NAT06 1370 29.1 5.0 
NAT03 1150 7.6 1.6 
NAT12 1040 10.3 2.4 
MAU02 330 16.2 11.8 

The Kd values shown in Table 6 are considerably smaller than those estimated by 
various means above under Task 3. One of the likely reasons for this is that the 
groundwater appears to be in equilibrium with a partial pressure of carbon dioxide much 
higher than is present in air (Table 2). Thus, the alkalinities in the groundwater are
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higher than those in the batch experiments which were in equilibrium with air. The 
higher concentrations of dissolved bicarbonate mean that U(VI) is more strongly 
complexed in solution by carbonate, and the adsorption of U(VI) will be reduced, thus 
lowering the Kd value.  

Field Tracer Tests 

In June and July 1999, seventeen bromide (Br) tracer tests were conducted at the 
field site. Two types of tests were conducted. First, Br disappearance tests were 
conducted, in which Br was injected into a well, and then the disappearance of Br from 
that well was monitored. The second type of test involved the injection of Br into one 
well, followed by monitoring the appearance of Br in multilevel samplers at 
approximately 7 and 14 feet downgradient. This second type of test also included 
monitoring the disappearance of Br from the injection well. Results from both types of 
tracer tests are summarized below. In several cases, the geochemical conditions (pH, 
alkalinity, and decreases in the U(VI) concentration) were changed while conducting 
these Br tests in an attempt to probe the factors controlling U(VI) transport. However, 
samples from these tests are still being analyzed for U(VI), and these results will be 
discussed in the next quarterly report.  

The Br tracer tests were conducted by pumping groundwater into either large 
plastic buckets or a water-bed liner. Br was added to give an approximate initial 
concentration of 500 mg/L, and in some cases, the geochemical conditions were altered.  
After completely mixing the groundwater with the Br tracer, the water was pumped or 
siphoned into a groundwater well. Samples were taken over time from the injection well, 
and when available, from downgradient, multilevel samplers. For 2-inch wells, the wells 
were purged by pumping 2 gallons of groundwater prior to sampling, and for 0.5 inch 
wells, the wells were purged by pumping 0.5 gallons. After purging, the groundwater 
was sampled for Br and other constituents.  

Bromide disappearance from injection wells. Three typical Br disappearance 
curves for tests at wells NAT-02, NAT-08, and NAT-20 are shown in Figure 24, which 
shows the concentration in the injection well normalized by the injectate concentration 
versus time after the injection was completed. The value of zero time was taken as the 
time at the end of the injection. The points plotted at negative time values show the 
concentration in the injectate. The volumes injected in these three tests were 82 gal, 88 
gal and 203 gallons, respectively.  

These results show a wide range of behavior that spans the range of observed Br 
disappearance behavior. The disappearance from NAT-02 was the slowest of all tests.  
After 90 hours, the Br concentration in NAT-02 was still approximately 30% of the 
injected value. In contrast, at NAT-20, the Br concentration in the injection well was less 
than half of the injected concentration 0.25 hours after the injection stopped. The Br 
disappearance at NAT-08 showed a gradual decay over 84 hours. This range in behavior 
is almost certainly the result of local variations in hydraulic conductivity. In the case of 
NAT-20, the well probably intercepts a highly conductive gravel layer which is capable 
of transporting the Br away from the well nearly as fast as it is injected. Conversely, the 
slow disappearance at NAT-02 is consistent with a relatively impermeable aquifer at that 
site.  

Figure 25 shows a summary of all Br disappearance tests superimposed on a-base 
map of the site. Each of the graphs is located close to the well where the test was
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conducted. A quantitative interpretation of these Br disappearance tests is difficult 
because of the heterogeneity of the subsurface. In the 5th quarterly report, we assumed 
that the injected Br formed a cylinder around the injection well with a radius calculated 
from the known injection volume and an assumed porosity. The velocity was then 
estimated from the radius of the cylinder and the time required for Br to drop to 10% of 
the injected concentration. This empirical approach was based on observations at the 
sandy aquifer in Cape Cod, Massachusetts. It is now clear that the aquifer at Naturita is 
more heterogeneous than at Cape Cod, and that this simplified approach is probably not 
appropriate. Layering in the Naturita aquifer may cause the injected Br to form a large 
disk in the more permeable zones, rather than a cylinder. With the simplified analysis 
outlined above, it is difficult to distinguish between a fast moving disk and a slow 
moving cylinder.  

The disappearance data do show, however, that Br disappeared slowly in some of 
the wells, while in others the Br disappeared rapidly. This trend has been quantified by 
interpolating the disappearance curve for each well to obtain the time required for the 
concentration to drop to 50% of the injection concentration. The results of this 
interpolation are shown in Figure 26, which shows a plot of the half-life of each 
disappearance curve in ascending order. The median and average half-lives are 8.9 and 
15.2 hours, respectively, and most wells fall in the range from 4 to 26 hours. There is 
perhaps some trend in the data, in that two of the three shortest half lives are at the 
upgradient portion of the aquifer and two of the three longest half lives are near the 
downgradient extent of the aquifer, and far from the river.  

In several instances, Br disappearance studies have been conducted more than 
once at a given well. Two disappearance tests have been conducted at NAT-02 and 
NAT- 11, and three tests have been conducted at NAT-04. Figure 27 shows a comparison 
of the different tracer tests at each of the wells. The figure shows that the disappearance 
is reasonably reproducible at NAT-02 and NAT-04-3. The observations at NAT-04-1 for 
October 1999 and July 6, 1999 also agree closely. However, at NAT-04-1 Br 
disappeared faster in the test started on July 12, 1999. Similarly, the disappearance at 
NAT-I l was also faster in the second test that was started on July 10, 1999. One 
possible explanation for the increased disappearance rate is that in the second set of tracer 
experiments, the downgradient wells were sampled more frequently (even during the 
injection) than in the previous study.  

The Br disappearance experiment conducted in well NAT-02 during July 1999 
also involved pH modification. A Hydrolab minimonitor was deployed to monitor pH, 
specific conductance, and water temperature (Figs. 28, and 29). The pH and specific 
conductance values did not appear to stabilize until approximately 180 hours after the 
injection (Fig. 28). Water temperature appeared to stabilize approximately 17 hours after 
the completion of the injection (Fig. 29).  

The pH and specific conductance values showed some small-scale variance 
during sampling events after the tracer was injected into well NAT-02 (Fig. 28). For 
example, small-scale variations in the specific conductance values occurred at the 
following time intervals: July 8:1700; July 9:1100; July 9:1900; July 10:1100; July 
10:1830; July 11:1300; July 12:1510. It is likely that sampling events were causing a 
small return of the injectate water with higher specific conductance and pH values back 
into the well casing.  

Bromide transport to downgradient wells. Of the 17 Br disappearance tests, 8 
also involved sampling downgradient wells for the appearance of Br. As discussed
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below, it was found that the groundwater velocity was larger than expected, and therefore 
2 of the 8 tracer tests were duplicate injections, where in the second test, the 
downgradient wells were sampled more frequently during, and soon after, the injection.  

The results of tracer tests 7 and 9 conducted at NAT-08 and NAT-i 1, 
respectively, show very similar results (Figs. 30 and 31). Br disappeared gradually from 
the injection wells over the course of one to two days. At the downgradient monitoring 
wells, the concentrations of Br were nearly zero, with the exception of well NAT-13-2.  
In this case, the highest Br concentrations were observed within the first 12 hours after 
the injection was completed, and after 24 hours, the concentration in NAT-13-2 was 
nearly zero. These results suggest that most of the Br was not sampled and instead was 
passing by the monitoring wells before the first samples were taken. This was confirmed 
in a second tracer test conducted at NAT- 1 shown in Figure 32. Detailed sampling, in 
particular at NAT- 14, showed that Br concentrations started to increase even while the 
injectate was still being pumped into the ground. The concentrations at NAT-14 peaked 
at between 0.7 to 2.1 hours after the injection was completed, which is equivalent to 2.6 
to 4 hours after the injection started. The Br at NAT-14 then decayed to near background 
concentrations after 24 to 48 hours. Very roughly, the observed breakthrough at NAT-14 
corresponds to a velocity of approximately 5 ft/hour.  

Downhole Br electrodes and a hydrolab minimonitor were used to provide detailed 
data during the tracer injection/pH modification experiment conducted in the NAT
08/NAT-03 well cluster. The Br electrode deployed in well NAT-08 was programmed to 
determine the Br concentration every 15 minutes. The downhole Br electrodes were 
calibrated with a series of Br standards prior to deployment; however, the Br 
concentrations determined with the downhole electrode were significantly lower than Br 
concentrations determined in the laboratory (Fig. 33). To correct for this discrepancy, a 
regression equation was developed using duplicated samples between the downhole 
probe and laboratory concentrations of Br. The r2 value for this equation was 0.98 (Fig.  
33). The regression equation was used to "correct" the Br electrode data and the half- life 
for Br disappearance in well NAT-08 was determined (Fig. 34). Because of the 
discrepancies between the actual and corrected Br concentrations, the C/C0 values 
displayed in Figure 34 exceed a value of 1.0. The calculated half-life for Br 
disappearance in well NAT-08 was calculated to be 9.7 hours. This half-life is 
comparable to the Br half-life determined using Br data determined in the laboratory.  

.Although the downhole Br electrodes appeared to respond in a linear fashion to Br 
activity, the absolute concentration needs to be verified with selected samples that are 
analyzed in the laboratory. If the downhole Br electrode was deployed during the 
injection phase of the tracer, a realistic half-life could have been determined without 
using corrected Br values.  

A Hydrolab minimonitor was deployed in well NAT-08 during the tracer test to 
monitor changes in pH, specific conductance, and water temperature during the tracer test 
(Figs. 35-37). In general all three parameters returned to "background" values within 55 
to 65 hours after the injection. It is interesting to note the increase in pH values and Br 
concentration observed in well NAT-08 approximately 65 hours after the completion of 
the injection. It appears that this change may be due to a pumping event in well NAT-08 
that may have pulled some of the injectate back into the well. This same process was 
observed during sampling events conducted on well NAT-08 during the first tracer test in 
May 1999 (see previous progress report).
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Duplicate tracer tests were also conducted at NAT-04. Unlike all other injection 
wells, NAT-04 is a multilevel well. In the first experiment, 119 gallons of Br was 
injected in equal proportions into all three levels of the multilevel sampler. The results 
from this test are shown in Figure 38. As in tracer test 19 (Fig. 32), Br concentrations 
increased in the downgradient well (NAT-16) while the Br was still being injected and 
the maximum concentrations at NAT-16 reached 80% of the injected concentration.  
After the injection was completed, the Br concentration rapidly decayed to zero.  
Interestingly, the Br in NAT-04-1 decayed more slowly relative to the other injection 
wells and relative to NAT-16. This slow decay was not observed in any of the 
downgradient wells, suggesting that water passing NAT-04-1 is not directly sampled by 
any of the NAT-16 wells. Similar results can also be seen for wells NAT-11, 13 and 14 
in Figure 30.  

The second test was designed to repeat the conditions of the original tracer test 
conducted at NAT-04 in October 1998. To match those conditions, approximately 24 
gallons were injected into only the lower (NAT-04-1) and upper (NAT-04-3) levels, and 
no Br was injected into NAT-04-2. As discussed above, the disappearance of Br from 
NAT-04 agreed reasonably well with the previous results. The breatkthrough of Br in 
NAT-16 shown in Figure 39 shows similar trends to tracer test 13 (Fig. 38) in that the 
concentration of Br reached a maximum as the injection was nearly completed. The peak 
concentration was somewhat lower than in Figure 38, probably because the volume 
injected in that previous test was more the double the amount for the injection in Figure 
39.  

The results for a tracer test conducted at NAT-05 are shown in Figure 40. In this 
test, the concentration of the injectate was only measured on one sample, and this 
concentration was less than several subsequent samples at NAT-05 and NAT-15. This 
low concentration was corroborated by Br determinations made in the field with a Br 
electrode. This low concentration was probably the result of poor mixing of the solution 
in the water bed liner. For plotting purposes, the concentrations were normalized by the 
target concentration of 500 mg/L rather than the measured concentration. The peak 
concentration at NAT-15-2 occurred at 3.8 hours after the injection was completed. If 
this concentration corresponds to the midpoint of the injection, the total travel time is 
approximately 5 hours which corresponds to a velocity of 1.2 ft/hr.  

A tracer test conducted at NAT-19 showed slightly different results (Fig. 41). Br 
disappeared very quickly from the injection well as in the other tracer tests. The Br in 
NAT-18 responded rapidly to the injection at NAT-19 as in other tracer tests, but the Br 
peak at NAT- 18 showed significantly more tailing. At NAT- 17, which is further 
downgradient, relatively little Br was observed.  

Figure 42 shows the results of a tracer test conducted at NAT-20 in the 
upgradient, uncontaminated zone in the aquifer. The Br disappearance from the injection 
well was the fastest observed in any of the tracer tests conducted. As noted above, the Br 
was less than half of the injected concentration 0.25 hours after the injection stopped.  
Moreover, only very small concentrations of Br were ever observed in NAT-21 and 
NAT-22. These low concentrations are particularly surprising because 203 gallons were 
injected at NAT-20, which is the largest of all injections conducted at the site to date.  

In summary, the Br disappearance and tracer tests show that velocities in the 
aquifer vary significantly. This is exemplified by the distribution of half-lives for Br 
disappearance as shown in Figure 26. Further indication of the variability in velocity is 
given in the tracer tests that shown significant Br tailing in the injection well that extends 
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beyond any response in the downstream observation wells (Figs. 32 and 38) and by 
observed Br tailing in the downstream observation wells (Fig. 41).
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U extracted in carbonate solution
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pH Development during Extraction
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U desorption in AGW-3
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pH's during Desorption
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FIGURE 16. A. Grain mount of wet seived <63 micron Naturita 
sediment. B. Grain mount of wet seived 500-1000 micron 
Naturita sediment. Both sediment fractions are from the 
uncontaminated composite and were imaged by FE-SEM 
uncoated. Note the similarity in surface textures. Unidentified 
fossiliferous material is present in the lower left of image B.  

J. Coston and R. Oscarson 

01-FEB-1999 USGS 
Naturita.01 Feb99.ai science for a changing world



FIGURE 17. Double polished thin sections of dry-sieved 1-3 mm 
Naturita sediment (Slide #10). Secondary electron (SE) image 
shown of Fe-S mineralization in internal porosity.  

J. CGston and R. Oscarson 

24-aSEPT1999 sienc- US S G 
Naturita.sections.24Sep99.ai scienefor8 a~ chaningwol



FIGURE 18. Double polished thin sections of wet seived <63 micron Naturita sediment 
(slide #7). Back scatter electron images collected with LEO 982-Gemini FE-SEM. Bright 
regions indicate higher Z-contrast, usually Ba-sulfate in this sample. Th signal in X-ray 
spectrum collected on bright grain in C. Image D shows a typical distribution of internal 
porosity observed in silicates from this sample.  

J. Coston and R. OscarsonlE1USGS 
17-SEPT- 1999 i rhgw 
Nalurita~sections. 1 7Sep99.ai sinefrcagn ol



FIGURE 19. Double polished thin sections of dry-sieved <63 micron Naturita sediment 
(Slide #8). Secondary electron images collected with LEO 982-Gemini FE-SEM. The grain 
in images A and B may be authigenic barite. Images C through E are of framboidal 
Fe-sulfide showing the oxidation rind formed during weathering. Framboidal texture was 
not observed in the wet seived sample of this size fraction.  

J. Coston and R. Oscarson 
1N7-SEPT-o1999 eU gg 
Naturita~sections. I 7Sep99.ai scne r haggwol



FIGURE 20. Double polished thin sections of dry-sieved 1-3 mm Naturita sediment (Slide 
#10). The edge of a 3 mm grain is shown in image A (SE). The edge of the lithic fragment 
is "coated" with adhered clay-size particles. Images B is a close up of one of the bright 
Fe-rich grains showing the internal porosity. Image C is a backscatter electron image of 
the same view in image A. The bright regions are apparently Fe oxide mineralization, the 
large uniform gray region is quartz. The fine grained material has a mix of Al, K, Ca, and 
Si signals in the X-ray-spectra.  

J. Coston and R. Oscarson W4 
24-SEPT- 1999 acngi 
Naturita.sections.24Sep99.ai ,cec o acagn 1t



Kinetics of U uptake by Naturita composite 
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Uranium Adsorption onto Carbonate-Free Composite Sample 

100 - 2g of Sample in 20 mL of AGW-4 at pH =7.9 

= 90-: 

0 

c 80
<o 

E 
"- 70

U = 1E-05 M 
60* U= 1E-07 M 0 60

50
0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Time (hours)



1.OE-06 

I.OE-07 
o 
0 
E 
C 1.OE-08 
0 
0 
C,) 
D 1.OE-09 

1.OE-10

Uranium Sorption Isotherm onto Carbonate-Free Composite 
Sample 

20 mL AGW-4, pH = 7.9 (Log scale)

# 2g Composite Sample 
m 1 g Composite Sample.

1.OE-09 1.OE-08 1.OE,07 I.OE-06 1.OE-05

Equilibrium U Concentration (mole/L)



1.2 

1 

0.8 
0 0.8 

0.  
0.4 

0.2 

0

D3

LII

x

* NAT-20 
D NAT-08 
x NAT-02N XX>�K 

x

X X

x
L-I------ ,.., I ., ----

S r-1 , F-I -iI 4 I "-I

-12 0 12 24 36 48 60 72 84 96

Time (hr)
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Figure 25. Summary of Br disappearance tests conducted at Naturita, CO in June and July, 1999.
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Figure 28. Comparison of pH and specific conductance values determined by a minimonitor deployed in well NAT02 

during the tracer injection/pH modification experiment conducted during July 1999. Logging interval is 15 minutes.
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Figure 29. Comparison of pH and water temperature values determined by a minimonitor deployed in well NAT02 during 

the tracer injection/pH modification experiment conducted during July 1999. Logging interval is 15 minutes.
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Figure 30. Tracer test 7 results. Br tracer injection started at -2.53 hr, 
injection volume = 88 gal; well NAT 03 is approximately 5 feet down 
gradient and NAT 09 is approximately 10 feet down gradient.
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Figure 31. Tracer test 9 results. Br tracer injection started at -2.50 hr, 
injection volume = 88gal; well NAT 13 is 6.8 feet down gradient and 

NAT-i 4 is 14 feet down gradient from NAT-11.
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Figure 32. Tracer test 19 results. Br tracer injection started at -1.95 hr, 
injection volume = 99 gal; well NAT 13 is 6.8 feet down gradient and 
NAT-14 is 14 feet down gradient from NAT-11.
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Figure 33. Comparison of bromide concentrations determined in samples collected from well NAT08 to bromide 

concentrations calculated from a downhole bromide electrode during June 29 through July 5, 1999.
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Figure 34. Disappearance of bromide from well NAT08 during the tracer test conducted during June and July 1999 near 

Naturita, CO. Bromide data are from a downhole bromide probe. Concentration values were corrected according to the 

regression equation determined in Figure UT-3. C/Co values exceeding 1.0 are a result of this correction.
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WATERBED INJECTION INTO NAT08/JUNE 1999
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Figure 35. Comparison of bromide concentrations determined by downhole probes in wells NAT08 and NAT03 to pH 

values determined by a minimonitor deployed in well NAT08 during the tracer injection conducted during June/July 1999.  

Logging interval is 15 minutes. Bromide concentrations are not corrected to laboratory values.
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WATERBED INJECTION INTO NAT08/JUNE 1999 
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Figure 36. Comparison of bromide concentrations determined by downhole probes in wells NAT08 and NAT03 to specific 

conductance values determined by a minimonitor deployed in well NAT08 during the tracer injection conducted during 

June/July 1999. Logging interval is 15 minutes. Bromide concentrations are not corrected to laboratory values.
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Figure 37. Comparison of bromide concentrations determined by downhole probes in wells NAT08 and NAT03 to water 

temperature values determined by a minimonitor deployed in well NAT08 during the tracer injection conducted during 

June/July 1999. Logging interval is 15 minutes. Bromide concentrations are not corrected to laboratory values.
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Figure 38. Tracer test 13 results. Br tracer injection started at -2.78 hr, 
injection volume = 11 9gal; well NAT 16 is 8.6 feet down gradient.
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Figure 39. Tracer test 22 results. Br tracer injection started at -158 hr, 
injection volume = 23.5gal in Nat04-1 and 24.1 gal in Nat04-3; well 
NAT 16 is 8.6 feet down gradient.
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Figure 40. Tracer test 12 results. Br tracer injection started at -2.58 hr, 
injection volume is approximately 120gal; well NAT 15 is 

approximately 7 feet down gradient. Analysis of the injectate was lower 

than expected suggesting that the solution was not completely mixed.
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Figure 41. Tracer test 14 results. Br tracer injection started at -3.25 hr, 
injection volume = 174gal; well NAT 18 is 7.2 feet down gradient and 
NAT 17 is 14.7 feet down gradient of NAT 19.
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Figure 42. Tracer test 15 results. Br tracer injection started at -4.42 hr, 
injection volume = 203 gal; well NAT 21 is 6.3 feet down gradient and 
NAT 22 is 13.5 feet down gradient.
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