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EXECUTIVE SUMMARY 
As a consequence of producing enriched uranium for the nuclear industry, soils at 

former Department of Energy (DOE) uranium production sites have been contaminated with 
uranium. Much of the uranium used in nuclear weapons manufacturing was processed by 
various chemical and metallurgical operations at a facility formerly called the Feed Materials 
Production Center, at Fernald, Ohio. This facility, now called the Fernald Environmental 
Management Project (FEMP) facility, consists of 1050 acres approximately 18 miles 
northwest of downtown Cincinnati, Ohio. The manufacturing processes included uranium 
and thorium metal production as well as uranium hexafluoride reduction. Production peaked 
in 1960 (processing approximately 10,000 metric tons of uranium) and began to decline in 
1964 to a low of approximately 1230 metric tons in 1975. In the mid-1980s, production 
increased slightly but was terminated in 1989 due to decreased demand. 

Because of the production efforts, soils at the FEMP site are contaminated with 
uranium from a variety of sources. These sources include the spillage of uranium-laden 
effluents and solvents that were generated from many aqueous and nonaqueous 
extraction/treatment processes as well as the airborne deposition of uranium particulates from 
an incinerator used to burn low-level radwaste. An estimated 2,000,000 m3 of soil are 
believed to contain unacceptable levels (>35 pCi/g or 52 mg/kg) of uranium. To avoid the 
disposal of these soils in conventional low-level radwaste burial sites, a specific technology is 
needed to extract/leach and concentrate the uranium from the soil into small volumes of an 
acceptable waste form and return the soil to its original location. 

In response to this need, DOE initiated the Uranium Soils Integrated Demonstration 
(USID) project. The objective of the USID project is to develop a remediation strategy that 
can be adopted for use at other DOE sites requiring remediation. Four major task groups 
within the USID project were formed, namely the Characterization Task Group (CTG), the 
Treatability Task Group (TTG), the Secondary Waste Treatment and Disposal Task Group 
(SWTDTG), and the Risk and Performance Assessment Task Group (RPATG). The CTG is 
responsible for determining the nature of the uranium contamination in both untreated and 
treated soil. The TTG is responsible for the selective removal of uranium from these soils in 
such a manner that the leaching does not seriously degrade the soil's physicochemical 
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characteristics or generate a secondary waste form that is difficult to manage and/or dispose. 
The SWTDTG is responsible for developing strategies for the removal of uranium from all 
wastewaters generated by the TTGs. Finally, the RPATG is responsible for developing the 
human health and environmental risk assessment of the untreated and treated soils. 

Because of the enormity of the work required to successfully remediate uranium-
contaminated soils, an integrated approach was designed to avoid needless repetition of 
activities among the various participants in the USID project. Researchers from Oak Ridge 
National Laboratory (ORNL), Los Alamos National Laboratory (LANL), Argonne National 
Laboratory (ANL), and Idaho National Engineering Laboratory (INEL) were assigned 
characterization and/or treatability duties in their areas of specialization. All tasks groups are 
involved in the integrated approach; however, the thrust of this report concentrates on the 
utility of the integrated approach among the various members of the CTG. 

The objectives of this report are to illustrate the use of the integrated approach for the 
overall CTG (i.e., define the duties of the CTGs at ORNL, LANL, and ANL) and to provide 
the results generated specifically by the CTG at ORNL from FY1993 to the present. 

Through the integrated approach, all soils (background, untreated, and treated soils) 
are initially received by the ORNL CTG to determine a number of initial soil properties 
(e.g., organic matter content, pH, cation exchange capacity). Uranium contents of the bulk 
soil are then determined using either gamma spectroscopy, inductively coupled plasma-mass 
spectroscopy, or neutron activation analysis. Next, particle-size and particle-density 
separations are performed. These size and density fractions are then analyzed for their 
uranium contents to discern the partitioning of uranium throughout these fractions. 
Subsamples of these fractions are analyzed by the ORNL CTG for mineralogical 
determinations (X-ray diffraction, scanning electron microscopy) and are also sent to the 
LANL CTG for spectroscopic/chemical speciation analysis and to the ANL CTG for 
transmission electron microscopy analysis. Finally, modelling of chemical speciation from 
uranium solubility experiments on the untreated soils (Lee et al., 1993) and treated soils 
(Elless et al., 1994) is also conducted by the ORNL CTG. Comparison of all 
characterization data between the background soils and the untreated soils yields information 
on the nature of the contamination, whereas a similar comparison between the untreated and 
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treated soils yields information on the performance assessment of the treatment. All 
information gathered by the CTGs is made available to the other task groups for aiding the 
development of their remedial technologies. 

Two contaminated soils (representing the two source terms of the contamination), two 
background soils (Henshaw and Fincastle soils), and selected core samples from various "hot 
spot" areas at the FEMP site were analyzed by the ORNL Characterization Task Group. The 
first treatability study soil, the incinerator area (IA) soil, was contaminated through the 
airborne deposition of uranium-bearing particulates ejected from the stacks of the nearby 
incinerator that was used to burn low-level uranium waste. The second treatability study 
soil, the storage pad area (SPA) soil, was contaminated through the spillage of uranium-
bearing effluents and solvents. Both soils have uranium contamination between 400 and 550 
ppm uranium, approximately 8 to 10 times the unofficially proposed cleanup limit (35 pCi 
U/g soil ~ 52 ppm U). The two background soils were examined as a baseline comparison 
for the untreated and treated soils. The core samples were analyzed because these samples 
contain much higher levels of uranium contamination than the two treatability study soils. 
Their higher uranium concentration might allow mineralogical identification of the dominant 
uranium phases. Such information will allow prediction of its extractability for each 
proposed lixiviant because its solubility behavior will be known. 

Post-treatment samples were also examined to (1) assess the efficacy of each treatment 
and (2) determine the reasons a particular treatment was successful in removing uranium. 
The following treated soils have been analyzed by the ORNL CTG: (1) soils treated by the 
ORNL TTG using sodium carbonate, sulfuric acid, citric acid, or distilled water treatments 
and (2) soils treated by the LANL TTG using tiron/dithionite as well as heap leaching with 
sodium carbonate/bicarbonate. Pilot plant-treated soils, using sodium carbonate/bicarbonate 
or citric acid as the lixiviant, are currently being analyzed. Sulfuric-acid treated soils and 
leachates from the Fernald site have been received by the ORNL Characterization Task 
Group and will be processed. Following all fractionation, subsamples have been or will be 
sent to the other Characterization Task Groups for their analyses. 

Five cores from the DOE Portsmouth facility were received by the ORNL CTG and 
examined under the scope of the USID project. Each core was 60 cm long and sectioned 
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into a surface (from 0 to 30 cm in depth) and subsurface (from 30 to 60 cm in depth) 
sections. Each section of the five cores was examined, and abbreviated soil descriptions of 
each were recorded. The samples were then air dried at ambient laboratory conditions. This 
was done because the samples "as received" were saturated with water and because it is 
easier to obtain representative samples from air-dried soils. Following air-drying, the cores 
were loaded in 500-mL Marinelli beakers for gamma spectroscopic analysis of uranium. 
Samples were also taken for particle-size analysis. 

Based on the results obtained from gamma spectroscopy, the two cores that exhibited 
the highest activity were selected for use in the leachability tests. Thus, the upper depth 
increments (0-30 cm) from cores 2 and 3—containing uranium concentrations of 144 and 391 
jtg/g, respectively—were combined for use. The lower depth increments (30-60 cm) from 
the same two cores were also combined. This was done to provide sufficient sample quantity 
and uranium activity to allow reliable evaluation of the leachability data. The composited 
soils were leached with the following three extractants: citric acid, tannic acid, and sodium 
carbonate/bicarbonate. All three solutions were 0.25 molar in concentration. The soils were 
mixed with sufficient extracting solution to yield a 2:1 ratio of solution to soil. All 
extractions were carried out for 12 to 14 h on a rotary shaker at room temperature. 
Solid/liquid separations were made by centrifuging the samples for —45 min at 2500 rprn. 
The liquids were decanted and stored for analysis. 

Because of some degree of inhomogeneity associated with the IA soil originally 
distributed to the various TTGs, five 5-gal barrels of soil A-11 from the incinerator area and 
soil B-24 from the storage pad area were collected and shipped to the Characterization Task 
Group at ORNL for homogeneity testing prior to shipment to the various Treatability Task 
Groups. Each barrel was subsampled using a composite of three cores, placed in tared 
500-mL Marinelli beakers, weighed, and analyzed for uranium content by gamma 
spectroscopy. Statistical analysis was then performed on the uranium contents to determine 
whether differences occurred either within or among the barrels for each soil. 

Soil pH was determined using a combination glass electrode on the <0.020-mm 
suspension following particle-size analysis on the untreated and treated soil samples. Cation 
exchange capacity (CEC) and percent base saturation were determined for the two 
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background soils and the two treatability study soils by using 1 N NH4OAc saturating 
solution and an acidified 0.005 N NaCl replacement solution. Due to the potential 
dissolution of the carbonate minerals in the treatability study soils by the saturating solution, 
the carbonate minerals were removed using an acidified sodium acetate solution prior to CEC 
determination. The effect of carbonate and acid treatments on the CEC were also 
investigated. 

Particle-size separations of background soil (Henshaw and Fincastle soils), untreated 
contaminated soils (A-14 and B-16) and cores (SP2-1, SP2-3, and SP9), and treated 
contaminated soils were performed by wet sieving and elutriation (Follmer and Beaver, 1973) 
following dispersion with 5% sodium carbonate and shaking. Comparison of the particle-size 
distributions between the treated and untreated soils is important for deteraiining whether 
significant physical degradation of soil particles resulted from each of the treatment 
strategies. It is important to note that any pretreatment that would affect the oxidation state 
of the uranium in these soils was avoided. Therefore, the oxidative destruction of organic 
matter and the reductive dissolution of iron oxides that are commonly employed for most 
pedological investigations were not performed on these soils prior to their fractionation. 

Particle-size separations of the two FEMP treatability study soils that passed the 
homogeneity test (A-ll and B-24), the two background soils, several FEMP core samples, 
and the two combined soils from the Portsmouth facility were also performed by wet sieving 
and centrifugation (Jackson, 1965). This fractionation scheme was necessary because finer 
particle-size classes than those which elutriation can readily achieve were needed for 
assessing the human health risk of these soils. 

Particle-density separations were performed by using the Magstream™ density 
separator (Elless et al., 1993). The sand (2.0 to 0.053 mm) and coarse silt (0.053 to 0.015 
mm) fractions from the background soils, the homogeneity soils, and several cores were used 
in this separation. Split points used in the density fractionations of these samples were 2.8 
and 3.2 g/cm3. Particle density fractionations are important for further characterization, 
particularly the treated soils, because this fractionation concentrates the uranium-bearing 
particulates in the heavier density fractions. 
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Following particle-size and particle-density fractionations, the uranium content of each 
fraction was determined either by gamma spectroscopy (Larsen et al., 1992) or by neutron 
activation analysis (Wade et al., 1993). This allows partitioning of the uranium among these 
particle-size and particle-density fractions, which aids in the performance assessment of each 
treatment when compared with the uranium partitioning of the untreated samples. 

Scanning electron microscopy (SEM) using backscattered electron (BSE) image 
analysis was used to discern the nature and association of the contamination in both treated 
and untreated samples. Samples were impregnated using epoxy resin, polished, and carbon 
coated prior to examination by a Topcon SEM equipped with Tracor Northern image analysis 
software. Color-enhanced SEM images were utilized to determine the mineral distribution in 
each area scanned. Energy dispersive X-ray analysis was utilized to determine the elemental 
composition of each phase of interest. 

Transmission electron microscopy (TEM) was also utilized to examine the effect of 
the treatments on the clay fraction. Because the clay fraction has the largest amount of 
exposed surface area for chemical attack of any size fraction, these investigations will 
determine whether the treatments have affected this size-fraction that is most responsible for 
many of the physicochemical characteristics of soils. 

X-ray diffraction (XRD) analysis was performed on the background, untreated, and 
treated soils from the FEMP site and on the untreated soils from the Portsmouth site to 
determine both the mineralogy (with emphasis on the identification of uranium-bearing 
minerals) and the degree of artificial mineral weathering caused by each treatment. XRD . 
analysis was also performed on the particle-density separates to identify the uranium-bearing 
minerals concentrated in these fractions. Identification of uranium minerals is important 
because once the mineral form of the contamination is known its behavior (i.e., solubility, 
mobility in various media) can be predicted from its known properties. 

The solubility/mobility of uranium in untreated and treated soils from the FEMP 
facility using acid rain and groundwater simulants was determined to assess the potential 
environmental impact to the underlying Miami aquifer if the treated soils were returned to 
their original location as planned. 
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The following conclusions can be derived from this work: 
1. The integrated approach of the CTG has provided and will continue to provide support 

for the Treatability and Risk Assessment Task Groups. 
2. When compared with the untreated soils, acid-based treatments affected several soil 

properties (pH, CEC, carbonate and clay mineralogy, particle-size distributions, uranium 
partitioning) more than the carbonate-based treatments. 

3. Carbonate minerals in the Fernald soils will play an important role in selecting a 
decontamination technology as well as the process optimization of the technology. 

4. The Magstream™ density separator concentrated U-bearing minerals for soil mineralogical 
characterization and indigenous mineral distribution in soils. 

5. The sequence for uranium mineral abundance, as determined by microprobe analyses, is 
U, Ca-phosphates > U-phosphate > U associated with the carbonate minerals > 
uraninite > U-silicate/silicide. 

6. The pilot-scale attrition scrubber effectively abraded most particles to <75 pixa.. 
7. The lack of carbonate minerals in the new incinerator soil (A-ll) should allow a more 

successful acid-based extraction of the uranium. 
8. The uranium mineralogy of the FEMP soils is dominated by very insoluble minerals (i.e., 

uraninite, autunite, coffinite). 
9. Sodium carbonate/bicarbonate treatment greatly lowers the amount of leachable uranium 

from the FEMP soils. 

The following is a list of the future work planned for the ORNL CTG: 
1. Bench-scale treatability investigation support for tiron and heap leaching by the LANL 

TTG and microbial extraction by INEL TTG. 
2. Characterization support for the pilot-scale test facility at the FEMP site. Currently, this 

plant is employing the carbonate leaching strategy devised by the ORNL TTG. All 
candidate processes will be characterized. 

3. Continue characterization work for risk assessment and cleanup limit development. This 
work will include uranium solubility measurements for pre- and post-treatment soils 
(groundwater, acid rain, simulated lung and stomach solution) and the effect of the 
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treatments on radon generation from the soils. 
4. Provide leachate chemistry and uranium speciation to the Secondary Waste Treatment and 

Disposal Task Group. The ORNL CTG will also characterize the secondary waste form 
produced by the secondary waste treatment technologies and will provide support for the 
stabilization of the generated waste form. 

5. Provide uranium and technetium distribution as well as bench-scale leaching for the 
Portsmouth Soil Characterization Project. 

6. Prepare draft report for solubility-based assessment and cleanup limit for FY 1995. 
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1. INTRODUCTION 

1.1 BACKGROUND 
As a consequence of producing enriched uranium for the nuclear industry, soils at 

former Department of Energy (DOE) uranium production sites have been contaminated with 
uranium. Much of the uranium used in nuclear weapons manufacturing was processed by 
various chemical and metallurgical operations at a facility formerly called the Feed Materials 
Production Center at Fernald, Ohio. This facility, now called the Fernald Environmental 
Management Project (FEMP) facility, consists of 1050 acres approximately 18 miles 
northwest of downtown Cincinnati. The manufacturing processes included uranium and 
thorium metal production as well as uramum hexafluoride reduction. Production peaked in 
1960 (processing approximately 10,000 metric tons of uranium) and began to decline in 1964 
to a low of approximately 1230 metric tons in 1975. In the mid-1980s, production increased 
slightly but was terminated in 1989 due to decreased demand. 

Because of these production efforts, soils at the FEMP site have become contaminated 
with uranium from a variety of sources. These sources include the spillage of uranium-laden 
effluents and solvents that were generated from many aqueous and nonaqueous 
extraction/treatment processes as well as the airborne deposition of uranium particulates from 
an incinerator used to burn low-level radwaste. An estimated 2,000,000 m3 of soil are 
believed to contain unacceptable levels (>35 pCi/g or 52 mg/kg) of uranium. To avoid the 
disposal of these soils in conventional low-level radwaste burial sites, a specific technology is 
needed to extract/leach and concentrate the uranium from the soil into small volumes of an 
acceptable waste form and return the soil to its original location. 

In response to this need, DOE initiated the Uranium Soils Integrated Demonstration 
(USID) project. The objective of the USID project is to develop a remediation strategy that 
can be adopted for use at other DOE sites requiring remediation. Four major task groups 
within the USID project were formed, namely the Characterization Task Group (CTG), the 
Treatability Task Group (TTG), the Secondary Waste Treatment and Disposal Task Group 
(SWTDTG), and the Risk and Performance Assessment Task Group (RPATG). The CTG is 
responsible for determining the nature of the uranium contamination in both untreated and 
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treated soil. Characterization of the contamination is vital to the success of the remediation 
effort because a priori knowledge of the speciation of the contaminants and the nature of the 
contamination, such as whether the contaminants mainly exist in a particulate or surface-
adsorbed form, is crucial for designing the most selective strategy for removing uranium 
from these soils. The speciation of the contaminants, in particular, allows researchers to 
predict the success of each lixiviant for uranium removal because the behavior of uranium, 
especially its solubility /mobility, is strongly influenced by its speciation (i.e., oxidation state, 
presence or absence of complexing ions). Post-treatment characterization will also provide 
important information concerning the nature of the residual uranium phases and the effect 
that the leaching strategy had on the removal of the contaminants from the soil. All data 
generated by the CTG are given to the TTG for optimization of their leaching strategy. The 
overall responsibility of the TTG is the selective removal of uranium from these soils in such 
a manner that the leaching does not seriously degrade the soil's physicochemical 
characteristics or generate a secondary waste form that is difficult to manage and/or dispose. 
Lixiviants commonly employed by the mining industry for uranium recovery (e.g., 
carbonate- and acid-based leachants) have been tested for uranium removal from FEMP soils. 
The SWTDTG is responsible for developing strategies for removing uranium from all 
wastewaters generated by the TTGs, whereas the RPATG is responsible for developing the 
human health and environmental risk assessment of the untreated and treated soils. 

Because of the enormity of the work required to successfully remediate uranium-
contaminated soils, an integrated approach was designed to avoid needless repetition of 
activities among the various participants in the USID project. Researchers from Oak Ridge 
National Laboratory (ORNL), Los Alamos National Laboratory (LANL), Argonne National 
Laboratory (ANL), and Idaho National Engineering Laboratory (INEL) were assigned 
characterization and/or treatability duties in their area of specialization. All tasks groups are 
involved in the integrated approach; however, the thrust of this report concentrates on the 
utility of the integrated approach among the various members of the CTG. 

The objectives of this report are to illustrate the use of the integrated approach for the 
overall CTG (i.e., define the duties of the CTGs at ORNL, LANL, and ANL) and to provide 
the results generated specifically by the CTG at ORNL from FY 1993 to the present. 
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1.2 INTEGRATED APPROACH FOR THE USD) CHARACTERIZATION 
An integrated approach utilizing the strengths of each CTG has been developed to 

eliminate repetition of characterization analyses among the principal investigators for the 
Uranium Soil Integrated Demonstration. A flow diagram illustrating the integrated approach 
is shown in Fig. 1. By this approach, all soils (background, untreated, and treated soils) are 
initially received by the ORNL CTG for determination of initial soil properties (e.g., organic 
matter content, pH, cation exchange capacity). Uranium contents of the bulk soil are then 
determined using either gamma spectroscopy, inductively coupled plasma-mass spectroscopy, 
or neutron activation analysis. Next, particle-size and particle-density separations are 
performed. These size and density fractions are then analyzed for their uranium contents to 
discern the partitioning of uranium throughout these fractions. Subsamples of these fractions 
are analyzed by the ORNL CTG for mineralogical determinations (x-ray diffraction, scanning 
electron microscopy) and are also sent to the LANL CTG for spectroscopic/chemical 
speciation analysis and to the ANL CTG for transmission electron microscopy analysis. 
Finally, modelling of chemical speciation from uranium solubility experiments on the 
untreated soils (Lee et al., 1993) and on the treated soils (Elless et al., 1994) is also 
conducted by the ORNL CTG. Comparison of all characterization data between the 
background soils and the untreated soils yields information on the nature of the 
contamination, whereas a similar comparison between the untreated and treated soils yields 
information on the performance assessment of the treatment. All information gathered by the 
CTGs is made available to the other task groups for aiding the development of their remedial 
technologies. 

Specific examples of this integrated approach are: 
1. The ORNL CTG received the A-ll and B-24 soils from the Fernald site and 

investigated the degree of homogeneity among five 5-gal containers of each soil. 
Statistical analyses, based on triplicate uranium analysis by gamma spectroscopy, 
concluded that no statistical differences were observed in the mean uranium content 
either between or among the buckets. One 5-gal container of each of these homogenous 
soils and a letter stating the mean uranium content of that container were then shipped 
to the Treatability Task Groups (TTG) at ORNL, LANL, ANL, and Westinghouse. 
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Fig. 1. Flow diagram illustrating the integrated approach for the Uranium in Soils Integrated 

Demonstration characterization. 
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Sample identification of each container followed the proposed sample control and 
tracking strategy as stated in the Sample Characterization Plan for FY 1993 (Morris, 
1993). 

2. The ORNL CTG received the following sets of samples for particle-size and particle-
density fractionation: 

(a) Four treated soils following attrition scrubbing with sodium carbonate/bicarbonate 
or citric acid treatment at room temperature from the ORNL TTG. These soils 
included the .incinerator area and storage pad area soils. 

(b) Fourteen treated soil samples following tiron/dithionite treatment from the LANL 
Chelate TTG. 

(c) Several sulfuric acid-treated soil samples from the FERMCO pilot plant in 
operation at the site. 

(d) Seven untreated soils or cores from FERMCO. These samples were the A-11 soil 
from the incinerator area (IA), the B-24 soil from the storage pad area (SPA), two 
background soils (the Henshaw and Fincastle soils), and several cores (SP2-1, 
SP2-3, SP9) that were taken from preliminary site characterization (Lee and 
Marsh, 1992). 

(e) Three sections of a heap leaching column from the LANL Heap TTG. The IA soil 
(designated specifically as the SP9 core by the Heap TTG) was used for this study 
and leached with 0.1M sodium carbonate/bicarbonate at a loading rate of 0.02 
mL«cm2»min. 

(f) Sixteen soils treated at the on-site pilot plant operated by both ORNL and 
FERMCO. Sodium carbonate/bicarbonate was the primary lixiviant; however, 
citric acid was used to treat two of these soils. These two lixiviants were tested on 
both the incinerator and storage pad soils. The remaining four tests of the 20 
initially proposed will test the efficacy of citrate/bicarbonate/dithionite and sulfuric 
acid. The extraction conditions for each of these Phase II batch tests were given 
by Wilson et al. (1994). 

(g) Five surface and five subsurface cores were received from the Portsmouth site. 
Uranium quantification of untreated and treated samples will be performed. 
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A summary of the contribution to the integrated approach by the ORNL CTG for FY 
1994 is shown in Table 1. 

Table 1. Sample processing by the ORNL CTG for FY 1994 in support of the 

integrated approach 

No. of Samples 

No. of particle- Total no. sent to 

No. of particle--size density of samples LANL 

Sample samples fractions fractions processed and ANL 

Untreated soils 7 2 3 42 Yes 

and cores 

(ORNL) 

Tiron/dithionite 14 2 2 56 Yes 

(LANL) 

2 28 Yes 

Heap leaching 3 2 2 12 Yes 

(LANL) 

2 6 Yes 

Pilot plant soils 5 5 25 No 

Portsmouth cores 10 3 30 No 

Total 39 199 

1.3 ACTIVITIES OF THE ORNL CHARACTERIZATION TASK GROUP FOR FY 
1993 AND FY 1994 

This report will also provide an update on the activities of the ORNL CTG for FY 
1993 and FY 1994. The ORNL CTG has been primarily involved in determining the effect 
of the various treatments on the physicochemical properties of the contaminated soils and 
studying the nature of the residual uranium phases. Specifically, the effect of each lixiviant 

6 



on soil pH, particle-size distributions, uranium partitioning, and carbonate and silicate 
mineralogy has been investigated since FY 1993. 

To date, the ORNL CTG has primarily examined soils that were treated by the ORNL 
TTG. Their treatments included attrition scrubbing at a 55% solids content with the 
following lixiviants: distilled water, sodium carbonate/bicarbonate, citric acid, and sulfuric 
acid. Recently, the ORNL CTG received tiron/dithionite-treated soils and sodium 
carbonate/bicarbonate heap leached cores from the LANL TTG and has completed their 
particle-size and particle-density fractionations as well as mineralogical examination. 
Particle-size fractionation is continuing on the 16 treated soils from the pilot plant at the 
Fernald site. Uranium quantification and mineralogical examination of selected particle-size 
and particle-density fractions will be initiated shortly to document the nature of the residual 
phases in the treated soils. Quantification of the uranium contamination of five surface and 
five subsurface cores from the Portsmouth site has also begun. In addition, the solubility of 
uranium in both acid rain and groundwater simulants of pre- and post-treatment soils from 
the pilot plant at Fernald was measured for environmental risk assessment. 

2. MATERIALS AND METHODS 
2.1 SOIL SAMPLES 

Two contaminated soils (representing the two source terms of the contamination), two 
background soils (Henshaw and Fincastle soils), and selected core samples from various "hot 
spot" areas at the FEMP site were analyzed by the ORNL Characterization Task Group. The 
first treatability study soil, the incinerator area (IA) soil, was contaminated through the 
airborne deposition of uranium-bearing particulates ejected from the stacks of the nearby 
incinerator that was used to burn low-level uranium waste. The second treatability study 
soil, the storage pad area (SPA) soil, was contaminated through the spillage of uranium-
bearing effluents and solvents. Both soils have uranium contamination between 400 and 550 
ppm uranium, approximately 8 to 10 times the unofficially proposed cleanup limit (35 pCi/g 
soil = 52 ppm). The two background soils were examined as a baseline comparison for the 
untreated and treated soils. The core samples were analyzed because these samples contain 
much higher levels of uranium contamination than the two treatability study soils. Their 
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higher uranium concentration might allow mineralogical identification of the dominant 
uranium phases. Such information will allow prediction of its extractability for each 
proposed lixiviant because its solubility behavior will be known. 

Post-treatment samples were also examined to (1) assess the efficacy of each treatment 
and (2) determine the reasons a particular treatment was successful in removing uranium. 
The following treated soils have been analyzed by the ORNL CTG: (1) soils treated by the 
ORNL TTG using sodium carbonate, sulfuric acid, citric acid, or distilled water treatments 
and (2) soils treated by the LANL TTG using tiron/dithionite as well as heap leaching with 
sodium carbonate/bicarbonate. Pilot plant-treated soils, using sodium carbonate/bicarbonate 
or citric acid as the lixiviant, are currently being analyzed. Sulfuric-acid treated soils and 
leachates from the Fernald site have been received by the ORNL Characterization Task 
Group and will be processed. Following all fractionation, subsamples have been or will be 
sent to the other Characterization Task Groups for their analyses. 

Five cores from the DOE Portsmouth facility were received by the ORNL CTG and 
examined under the scope of the USID project. Each core was 60 cm long and sectioned 
into a surface (from 0 to 30 cm in depth) and subsurface (from 30 to 60 cm in depth) 
sections. Each section of the five cores was examined, and abbreviated soil descriptions of 
each were recorded. The samples were then air dried at ambient laboratory conditions. 
This was done because the samples "as received" were saturated with water and because it is 
easier to obtain representative samples from air-dried soils. Following air-drying, the cores 
were loaded in 500-mL Marinelli beakers for gamma spectroscopic analysis of uranium. 
Samples were also taken for particle-size analysis. 

Based on the results obtained from gamma spectroscopy, the two cores that exhibited 
the highest activity were selected for use in the leachability tests (Table 2). Thus, the upper 
depth increments (0-30 cm) from cores 2 and 3, containing uranium concentrations of 144 
and 391 fig/g, respectively, were combined for use. The lower depth increments (30-60 cm) 
from the same two cores were also combined. This was done to provide sufficient sample 
quantity and uranium activity to allow reliable evaluation of the leachability data. The 
composited soils were leached with the following three extractants: citric acid, tannic acid, 
and sodium carbonate/bicarbonate. All three solutions were 0.25 molar in concentration. 
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The soils were mixed with sufficient extracting solution to yield a 2:1 ratio of solution to 
soil. All extractions were carried out for 12 to 14 h on a rotary shaker at room temperature. 
Solid/liquid separations were made by centrifuging the samples for —45 min at 2500 rpm. 
The liquids were decanted and stored for analysis. 

Table 2. Uranium concentrations in Cores 1 through 5 from the Portsmouth facility 

Core number Depth 2 3 5 u 238u Total U 

(cm) (cm) A^g/g fcuii 

1 0-30 3.0 32.8 35.8 

30-60 1.5 33.3 34.8 

2 0-30 7.3 137 144 

30-60 1.4 40 41.4 

3 0-30 13 378 391 

30-60 1.4 34 35.4 

4 0-30 2.7 35 37.7 

30-60 0.7 11 11.7 

5 0-30 4.0 59 63 

30-60 2.4 . 40 • 42.4 

2.2 HOMOGENEITY TESTING 
Because of some degree of inhomogeneity associated with the IA soil originally 

distributed to the various TTGs, five 5-gal barrels of soil A-11 from the incinerator area and 
soil B-24 from the storage pad area were collected and shipped to the Characterization Task 
Group at ORNL for homogeneity testing prior to shipment to the various Treatability Task 
Groups. Each barrel was subsampled by using a composite of three cores, placed in tared 
500-mL Marinelli beakers, weighed, and analyzed for uranium content by gamma 
spectroscopy. Statistical analysis was then performed on the uranium contents to determine 
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if differences occurred either within or among the barrels for each soil. 

2.3 GENERAL SOIL PROPERTIES 
Soil pH was determined using a combination glass electrode on the <0.020-mm 

suspension following particle-size analysis on the untreated and treated soil samples. Cation 
exchange capacity (CEC) and percent base saturation were determined for the two 
background soils and the two treatability study soils using 1 N NH4OAc saturating solution 
and an acidified 0.005 N NaCl replacement solution. Because of the potential dissolution of 
the carbonate minerals in the treatability study soils by the saturating solution, the carbonate 
minerals were removed using an acidified sodium acetate solution prior to CEC 
determination. The effect of carbonate and acid treatments on the CEC were also 
investigated. 

2.4 PARTICLE-SIZE AND PARTICLE-DENSITY SEPARATIONS 
Particle-size separations of background soil (Henshaw and Fincastle soils), untreated 

contaminated soils (A-14 and B-16) and cores (SP2-1, SP2-3, and SP9), and treated 
contaminated soils were performed by wet sieving and elutriation (Follmer and Beaver, 1973) 
following dispersion with 5% sodium carbonate and shaking. Wet sieving of these samples 
isolated the 4.75 to 2.0-mm fraction, the 2.0 to 1.18-mm fraction, and the 1.18 to 0.075-mm 
fraction. The <0.020-mm fraction was separated from the <0.075-mm fraction by 
elutriation, resulting in the final two fractions, 0.075 to 0.020-mm fraction and the < 0.020-
mm fraction. Comparing the particle-size distributions between the treated and untreated 
soils is important for determining whether significant physical degradation of soil particles 
resulted from each of the treatment strategies. It is important to note that any pretreatment 
that would affect the oxidation state of the uranium in these soils was avoided. Therefore, 
the oxidative destruction of organic matter and the reductive dissolution of iron oxides that 
are commonly employed for most pedological investigations were not performed on these 
soils prior to their fractionation. 

Particle-size separations of the two FEMP treatability study soils that passed the 
homogeneity test (A-11 and B-24), the two background soils, several FEMP core samples, 

1 0 



and the two combined soils from the Portsmouth facility were also performed by wet sieving 
and centrifugation (Jackson, 1965). This fractionation scheme was necessary because finer 
particle-size classes than those which elutriation can readily achieve were needed for 
assessing the human health risk of these soils. For the FEMP and background soils, the 
following fractions were isolated: 4.75 to 2.0 mm, 2.0 to 0.053 mm, 0.053 to 0.015 mm, 
0.015 to 0.005 mm, 0.005 to 0.002 mm, and < 0.002 mm. The 0.015 to 0.005 mm 
fraction is considered the respirable size fraction and will be important in the final risk 
assessment of these soils. The Portsmouth samples were fractionated into sand (2 to 0.053 
mm), silt (0.053 to 0.002 mm), and clay (<0.002 mm). 

Particle-density separations were performed using the Magstream™ density separator 
(Elless et al., 1993). This technique allows for the rapid gravimetric/magnetic separation of 
particles having densities from 1.5 to 21 g/cm3. The sand (2.0 to 0.053 mm) and coarse silt 
(0.053 to 0.015 mm) fractions from the background soils, the homogeneity soils, and several 
cores were used in this separation. Split points used in the density fractionations of these 
samples were 2.8 and 3.2 g/cm3. Particle-density fractionations are important for further 
characterization, particularly the treated soils, because this fractionation concentrates the 
uranium-bearing particulates in the heavier density fractions. 

2.5 URANIUM PARTITIONING AMONG PARTICLE-SIZE AND PARTICLE-
DENSITY FRACTIONS 

Following particle-size and particle-density fractionations, the uranium content of each 
fraction was determined by either gamma spectroscopy (Larsen et al., 1992) or neutron 
activation analysis (Wade et al., 1993). This allows partitioning of the uranium among these 
particle-size and particle-density fractions, which aids in the performance assessment of each 
treatment when compared with the uranium partitioning of the untreated samples. 

2.6 ELECTRON MICROSCOPY INVESTIGATIONS 
Scanning electron microscopy (SEM) using backscattered electron (BSE) image 

analysis was used to discern the nature and association of the contamination in both treated 
and untreated samples. Samples were impregnated using epoxy resin, polished, and carbon 
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coated prior to examination by a Topcon SEM equipped with Tracor Northern image analysis 
software. Color-enhanced SEM images were utilized to determine the mineral distribution in 
each area scanned. Energy dispersive X-ray analysis was utilized to determine the elemental 
composition of each phase of interest. 

Transmission electron microscopy (TEM) was also utilized to examine the effect of 
the treatments on the clay fraction. Because the clay fraction has the largest amount of 
exposed surface area for chemical attack of any size fraction, these investigations will 
determine whether the treatments have affected this size-fraction that is most responsible for 
many of the physicochemical characteristics of soils. 

2.7 X-RAY DIFFRACTION ANALYSIS 
X-ray diffraction (XRD) analysis was performed on the background, untreated, and 

treated soils from the FEMP site and the untreated soils from the Portsmouth site to 
determine both the mineralogy (with emphasis on the identification of uranium-bearing 
minerals) and the degree of artificial mineral weathering caused by each treatment. All non-
clay (> 0.002 mm) fractions were ground in a corundum mortar and pestle for crystallite size 
reduction and homogeneity. These ground powders were then back-packed in plastic sample 
holders prior to XRD analysis. The clay fractions were saturated with both potassium and 
magnesium chloride salts and examined by XRD after the following treatments: (1) Mg-
saturation and ethylene glycol solvation at room temperature, (2) K-saturation and air dried at 
room temperature, (3) K-saturation and oven dried at 300°C for 2 h, and (4) K-saturation 
and oven dried at 550°C for 2 h. All clay samples were prepared on glass petrographic 
slides using the oriented filter membrane peel technique (Drever, 1973). 

XRD analysis was also performed on the particle-density separates to identify the 
uranium-bearing minerals concentrated in these fractions. Identification of uranium minerals 
is important because once the mineral form of the contamination is known, its behavior (i.e., 
solubility, mobility in various media) can be predicted from its known properties. 

Quantitative mineral analysis on a whole-soil basis for the A-ll, A-14, B-16, and B-
24 soils was determined using the reference intensity ratio (RIR) method of Chung (1974a, 
1974b, 1975). RIR constants for quartz, calcite, and dolomite were determined using 
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integrated intensities from triplicate powder mounts of each mineral standard and triplicate 
profile fitting measurements (using the Split Pearson profile function) per powder mount. 
Scan rates of 1° 20/min were used for this analysis. 

All XRD was performed on a Scintag XDS2000 diffractometer equipped with either 
CuKa or CoKa radiation. Except for the RIR measurements, all scans were run at 2° 
29/min. 

2.8 MEASUREMENT OF URANIUM SOLUBILITY FOR ENVIRONMENTAL RISK 
ASSESSMENT 

The solubility/mobility of uranium in untreated and treated soils from the FEMP 
facility using acid rain and groundwater simulants was determined to assess the potential 
environmental impact to the underlying Miami aquifer if the treated soils were returned to 
their original location as planned. The acid rain simulant was composed of 67% (v/v) 
0.0001 N sulfuric acid and 33% (v/v) 0.0001 N nitric acid, with a resulting pH of 4.1. 
Slightly saline water, having a composition of 0.002 M sodium bicarbonate, 0.002 M 
magnesium sulfate, and 0.001 M calcium sulfate with a pH of 7.9 was used as the 
groundwater simulant. This composition and ionic strength is similar to the groundwater 
chemistry at the FEMP site as noted by Cunnane et.al. (1994). 

The <2-mm fraction was used for all soils in this study. Approximately 20 g of <2-
mm soil materials and 200 mL of the extractant were placed in 250-mL Nalgene bottles. 
Blanks were also included and run identically to the samples. Each suspension was manually 
shaken twice each workday and sampled according to the following schedule (in days after 
the initial mixing): 0.04, 1, 5, 10, 20, 50, and 75. To avoid any change in the liquid-to-
solid ratio due to sampling, each sampling period (except the 75 d) had its own duplicate 
samples. All extractions were performed at room temperature (=20 to 32°C). 

At each sampling episode, samples were centrifuged and the supernatant was 
decanted. The supernatant was then vacuum filtered through a 0.45-^m membrane filter. 
Following filtration, the samples were immediately analyzed for the following species: pH by 
glass electrode, alkalinity by acid titration, anion (CI", F", S0 4

2 \ P04

3") concentrations by ion 
chromatography, cations (Na+, K + , Ca 2 +, Mg 2 +, total Fe, Al 3 + , Si 4 + , and many others) by 
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ICP spectroscopy, and radionuclide concentrations ( ^ U and 2 3 8 U) by ICP-mass spectrometry. 

3. RESULTS AND DISCUSSION 

3.1 HOMOGENEITY TESTING AND U PARTITIONING 

Mean values of 2 3 5 U , 2 3 8 U , and 4 0 K for the incinerator soil (A- l l ) and the storage pad 

area soil (B-24) are shown in Tables 3 (a and b). Results of the statistical analyses showed 

no significant differences either within or among each soil sent to a participating laboratory. 

Generally, higher uranium values were observed in the A - l l soil than in the B-24 soil. This 

higher level of uranium contamination in the incinerator area soil was also observed in the 

earlier A-14 and B-16 soils (Francis et al., 1993). In comparison with these earlier soils, 

higher levels of total uranium were reported for the A-14 soil than the A - l l soils (except that 

given to LANL, where total uranium was 545-mg U/kg soil) and for the B-16 soil than the 

B-24 soils. 

Table 3a. Mean values of ^ U , mU, and 4 0 K for the incinerator area homogeneity soil 

A - l l (All means were from triplicate analyses) 

Laboratory 2 3 5 U 238U 4 0K 

< _pCi/g r- > 

Argonne 8.66 174 13.06 

Los Alamos 9.01 180 12.81 

Oak Ridge 8.33 166 12.50 

Westinghouse 8.41 172 12.59 

Idaho 8.96 176 13.31 
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Table 3b. Mean values of 2 3 5U, ^U, and 4 0K for the storage pad area homogeneity soil 

B-24 (All means were from triplicate analyses) 

Laboratory 2 3 5 u 2 3 8 U 
4 0K 

< _pCi/g > 

Argonne .6.14 130 14.24 

Los Alamos 6.26 134 14.60 

Oak Ridge 6.27 129 14.85 

Westinghouse 6.18 132 13.93 

Idaho 6.14 136 14.50 

Particle-size distribution and uranium partitioning results for the A-11 and B-24 soils 
are shown in Table 4. Both soils are silty (>50% silt) and contain <25% sand and coarse 
fragments (>0.053 mm). Uranium concentrations for the A-11 soil were highest in the sand 
(2.0-0.053 mm), fine silt (0.005-0.002 mm), and clay (<0.002 mm) fractions. However, 
the low percentage of fine silt in this soil results in a lower contribution of this fraction 
relative to the other fractions. The sand and the clay fractions then become the two largest 
contributors to the overall contamination of this soil. It should be noted that if the individual 
silt fractions were combined as total silt (0.053 to 0.002 mm), the total silt fraction would be 
the largest contributor to the uranium contamination in this soil (43%). In terms of human 
health risk the respirable size fraction, operationally defined as 0.015 to 0.005 mm for this 
study, represented 13% of the total uranium contamination in this soil. 

For the B-24 soil, uranium concentrations were highest in the two finest size fractions 
(fine silt and clay). This uranium-size partitioning is appropriate for a soil contaminated 
through the spillage of uranium-laden effluents and solvents. However, the low content of 
fine silt in this soil causes a lower contribution of this fraction relative to the clay fraction, 
resulting in the clay fraction as the dominant contributor to the overall uranium 
contamination of this soil. The total silt fraction would account for 30% of the total 
contamination, leaving the sand fraction as the smallest contributor to the overall 
contamination in this soil. In terms of human health risk, the respirable size fraction 
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represented 10% of the total uranium contamination in the B-24 soil. 

Table 4. Uranium partitioning among particle-size fractions for the untreated A-11 and 

B-24 soils (Values in table represent means of triplicate analyses) 

Soil Particle size Size distrib. U concen. U contribution 

mm % mg/kg mg/kg % 

A-11 4.75-2.0 1 < 1 < 1 < 1 

2.0-0.053 10 1271 123 25 

0.053-0.015 44 134 59 12 

0.015-0.005 22 290 65 13 

0.005-0.002 8 1038 87 18 

< 0.002 14 1116 154 31 

B-24 4.75-2.0 3 < 1 < 1 < 1 

2.0-0.053 21 90 19 7 

0.053-0.015 26 59 15 6 

0.015-0.005 17 152 26 10 

0.005-0.002 9 417 39 14 

< 0.002 24 717 169 63 

For the Portsmouth samples, the uranium concentrations were low compared with 
levels at Fernald. Activity data indicated that the uranium was enriched in 2 3 5U. In one 
sample the 2 3 5U/ 2 3 8U activity ratio was 58%. The average ratio across all cores and all 
depths was 36.7%. In comparison, the activity ratio for these radioisotopes' in natural 
uranium is 4.6%. 

The particle-size data indicated that the Portsmouth soils have textures similar to those 
at Fernald (Table 5). The average texture of the surface samples was a loam. The average 
subsoil texture was silt loam. Uranium-size partitioning results of the two combined samples 
before treatment show that the silt fraction of the combined surface sample and the clay 
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fraction from the combined subsurface sample are the largest contributors to the overall 
uranium contamination of these samples (Table 6). Also evident is that the sand fractions of 
both the surface and subsurface samples contain the greatest levels of enriched uranium. The 
silt fraction of the subsurface sample is also an important contributor to the uranium 
enrichment. 

Table 5. Particle-size data for the Portsmouth core samples (Surface and subsurface 
data are the means of all five core samples) 

Sample Sand Silt Clay 

Surface 

Subsurface 

< 

38.7 

20.0 

-— %-

49.4 

66.4 

11.9 

13.7 

> 

Combined sample 

Surface 

Subsurface 

29.7 

33.3 

50.7 

54.1 

19.7 

12.5 

3.2 EFFECT OF TREATMENTS ON GENERAL SOIL PROPERTIES 
Because of the large quantities of distilled water used in the particle-size fractionation 

procedure, soil pH was determined on the <0.020-mm suspension to predict the long-term 
effect of each treatment on the soil pH. Results of this analysis indicated that all treatments 
lowered the pH of this suspension (Table 7). The <0.020 mm suspension had a pH of 7.3 
and 8.1 for the untreated IA and SPA soils, respectively. Attrition scrubbing with distilled 
water and sodium carbonate slightly lowered the suspension pH approximately 0.5 pH units. 
As expected, the citric acid and sulfuric acid treatments caused a greater pH reduction, 
particularly in the IA soil. The lower soil pH observed for the IA soil than for the SPA soil 
is probably a result of the lower buffering capacity of this soil, due mainly to its lower 
carbonate mineral content (Lee et al., 1993). 
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Table 6. Uranium-size partitioning of the combined samples from the Portsmouth site 

Particle- Particle-

size size U U 
Sample fraction distrib. concen. contrib. 235U 2 3 8 u 235u/238yt 

mm % mg/kg % % 

Surface >2 0.9 NA NA 

2-0.053 29.4 365 10 9.7 118.8 8.2 

0.053-0.002 50.2 1066 52 13.2 349.8 3.8 

< 0.002 19.5 1988 38 17.1 653.5 2.6 

Subsurface >2 0.0 NA NA 

2-0.053 33.3 20 9 0.6 6.6 9.8 

0.053-0.002 54.1 23 18 0.7 7.6 9.4 

< 0.002 12.5 411 73 1.4 135.3 1.0 
Note: T Activity ratio of natural uranium is 4.6%. 

Table 7. Effect of treatments on the soil pH for both FEMP soils 

Incinerator area Storage pad 
Treatment soil area soil 

< - -pH* > 

Untreated 7.3 8.1 

Water 6.8 7.7 

Na Carbonate 7.0 7.4 

Sulfuric Acid 2.9 6.7 

Citric Acid 3.5 4.8 
Note:T pH of < 0.020-mm fraction 

Cation exchange capacities (CEC) of the untreated soils are comparable to the 
background soils (Table 8). The IA soil (A-14) has a CEC of 8.9 cmolc/kg soil, whereas the 
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SPA soil (B-16) has a CEC of 12.9 cmolc/kg soil. In comparison, the Henshaw and 
Fincastle soils have CEC values of 12.7 and 13.4 cmolc/kg soil, respectively. Calcium and 
magnesium dominate the exchange complex on both the contaminated and the background 
soils. The high base saturation of the contaminated soils is expected due to the addition of 
calcite and dolomite to these soils during road construction and erosion control activities. 
The high base saturation of the background soils may be the result of liming and fertilizer 
input during agronomic practices. 

Table 8. Effect of treatment on the cation exchange capacity (CEC) of the FEMP soils 

< CEC— > 

Incinerator Storage pad 
Treatment* area soil area soil 

< —cmolc/kg- > 

Untreated 8.9 12.9 

Water 13.3 12.7 

Sodium carbonate/bicarbonate 12.8 9.9 

Citric acid 14.4 12.7 

Sulfuric acid 4.1 7.3 

Dithionite/citrate buffer 17.0 13.8 
Note: treated soils were attrition scrubbed at 2000 rpm for 15 minutes at room temperatu 
The CEC of the Henshaw and Fihcastle background soils are 12.7 and 13.4 cmolc/kg soil, 
respectively. 

A large treatment effect on the CEC was observed for the IA soil. Because of the 
lower carbonate mineral content of the IA soil, the IA soil has a correspondingly lower 
buffering capacity than the SPA soil. The lower buffering capacity causes this soil to be 
more vulnerable to attack by the lixiviants, particularly the sulfuric acid treatment. For the 
IA soil, citric acid and citrate-bicarbonate-dithionite (CBD) treatments caused the greatest 
increase in the CEC of this soil. This increase is expected because both treatments remove 
iron (hydr)oxide coatings from the surfaces of the soil particles, thereby liberating additional 
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exchange sites. The distilled water and sodium carbonate/bicarbonate treatment also caused 
an increase in the CEC values of this soil. This increase is believed to be attributed more to 
the physical degradation of the soil particles by the attrition scrubbing, thereby increasing the 
reactive surface area of the degraded particles. Sulfuric acid treatment was the only lixiviant 
that caused a decrease in the CEC of this soil. Because of the lower buffering capacity of 
this soil, the extraction pH for this treatment was <2. This low-extraction pH was able to 
cause some clay mineral dissolution (i.e., chlorite) thereby eliminating former exchange 
sites. Also, aluminum is very soluble at these low pH and can cause the irreversible collapse 
of the vermiculite interlayer. After this collapse, future participation of these sites in 
exchange reactions is unlikely, resulting in a noticeable decrease in the CEC. 

A smaller treatment effect was observed for the SPA soil. Both the water and citric 
acid treatment gave similar CEC values to the untreated SPA soil. The CBD treatment 
produce the largest increase in the CEC due to the removal of iron oxide coatings that were 
previously blocking potential exchange sites. The sulfuric acid treatment again lowered the 
CEC of this soil due to clay mineral dissolution and the collapse of the vermiculite interlayer 
with aluminum. 

3.3 EFFECT OF TREATMENTS ON THE PARTICLE-SIZE DISTRIBUTION AND 
THE URANIUM-SIZE PARTITIONING 

For both the A-14 and B-16 soils, noticeable increases in the <0.020-mm fraction at 
the expense of the 0.075 to 0.020 mm fraction were evident in all treatments, except the 
sulfuric acid-treated SPA soil (Fig. 2, Tables 9 and 10). The acid treatments of the IA soil 
affected these two fractions most, probably due to the lower buffering capacity of this soil. 
Because attrition scrubbing is the sole constant among these various treatments, this abrasive 
process is believed to have primarily caused these differences. Ancillary dissolution of the 
0.075 to 0.020-mm particles to < 0.020 mm particles probably also occurred, particularly 
with the acid lixiviants. Documentation of the treatment effect on the particle-size 
distribution is important because this data are necessary for the calculation of post-treatment 
uranium partitioning, data which are crucial for the performance assessment of each 
treatment. 
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Fig. 2. Effect of treatments on the particle-size distribution of the (a) IA and (b) SPA soil. 

21 



For the IA soil, lower overall uranium concentrations were observed for the acid-
treated and carbonate-treated soil as compared with the untreated soil (Table 9). However, 
the size partitioning of the uranium contamination among these treatments changed very 
little, reflecting a proportionate dissolution with each treatment per size fraction. Sodium 
carbonate lowered the contribution of the < 0.020 mm fraction the most, from 70% in the 
untreated soil to 59% in the carbonated-treated soil. Conversely, sulfuric acid raised the 
contribution of this fraction the most (77%). This increase in the uranium contribution of the 
finest size fraction by the sulfuric acid treatment is probably the result of the physical 
degradation of larger uranium-bearing particles to this size fraction by acid attack. 

For the SPA soil, lower overall uranium concentrations were observed for the citric 
acid-treated and carbonate-treated soil as compared to the untreated soil (Table 10). Distilled 
water was not an effective extractor of uranium, whereas sulfuric acid was effective only for 
the two coarsest fractions analyzed. The observed increase in the uranium concentration of 
the sulfuric acid-treated 0.075 to 0.020-mm fraction and the <0.020-mm fraction is probably 
the result of the physical degradation associated with the acid attack of larger uranium-
bearing particles, particularly the uranium associated with larger carbonate minerals. In 
terms of uranium contribution, distilled water, sodium carbonate, and sulfuric acid did not 
appreciably affect this distribution. Citric acid treatment, however, drastically altered the 
uranium contribution of each examined particle-size fraction. The contribution of the 
< 0.020-mm fraction toward the overall uranium contamination of this soil decreased from 
81% in the untreated soil to 52% in the citric acid-treated soil. Concomitant increases in the 
other three analyzed fractions resulted from this substantial decrease. The "mobilization" of 
the uranium contamination to the coarser fractions is probably related to the formation of 
calcium citrate in the coarser fractions of this soil. This by-product of the citric acid attack 
on the carbonate minerals may have incorporated solubilized uranium during its formation. 
Results of the uranium partitioning among the particle-size fractions from the three sections 
of the soil column that were heap leached with sodium carbonate/bicarbonate by the LANL 
Heap TTG show that the removal of uranium is most effective on the sand fraction of the 
lower column section (Table 11). The uranium levels associated with the sand fraction of 
the upper and middle sections were 210 and 190 mg/kg, respectively; however, this level 
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Table 9. Effect of treatment on uranium-size partitioning for the IA soil 

Size 

mm % mg/kg mg/kg % 

Untreated 4.75-2.0 1.5 nd f nd nd 

2.0-1.18 1.1 nd nd nd 

1.18-0.075 5.8 1341 78 16 

0.075-0.020 35.4 179 63 14 

< 0.020 56.2 579 326 70 

Water 4.75-2.0 0.6 nd nd nd 

2.0-1.18 0.8 nd nd nd 

1.18-0.075 5.9 1941 115 18 

0.075-0.020 33.6 178 60 10 

< 0.020 59.1 753 445 72 

Na-carbonate 4.75-2.0 0.6 nd nd nd 

2.0-1.18 1.0 nd nd nd 

1.18-0.075 5.7 494 28 19 

0.075-0.020 33.3 97 32 22 

< 0.020 59.4 146 87 59 

Sulfuric acid 4.75-2.0 0.9 nd nd nd 

2.0-1.18 0.5 nd •nd nd 

1.18-0.075 4.1 148 6 8 

0.075-0.020 29.0 36 10 15 

< 0.020 65.5 85 56 77 

Citric acid 4.75-2.0 0.1 nd nd nd 

2.0-1.18 0.5 nd nd nd 

1.18-0.075 4.7 351 17 16 

0.075-0.020 23.5 69 16 16 

< 0.020 64.8 109 71 68 
Note: T nd = not determined due to the low (< 2%) particle fraction percentage. 
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Table 10. Effect of treatment on uranium-size partitioning for the SPA soil 

Size 

Treatment Particle size distrib. U concen. U contrib t 

mm % mg/kg mg/kg % 

Untreated 4.75-2.0 3.3 nd+ nd nd 

2.0-1.18 2.3 98 2 1 

1.18-0.075 16.3 112 18 10 

• 0.075-0.020 23.8 65 16 8 

< 0.020 54.2 283 153 81 

Water 4.75-2.0 1.9 nd nd nd 

2.0-1.18 1.4 281 4 2 

1.18-0.075 15.1 96 14 5 

0.075-0.020 22.1 77 17 6 

< 0.020 59.5 405 241 87 

Na-carbonate 4.75-2.0 2.5 nd nd nd 

2.0-1.18 2.1 20 0 0 

1.18-0.075 14.8 21 3 5 

0.075-0.020 19.6 16 3 5 

< 0.020 61.0 102 62 90 

Sulfuric acid 4.75-2.0 3.9 nd nd nd 

2.0-1.18 3.1 28 1 0 

1.18-0.075 17.7 87 15 6 

0.075-0.020 20.5 117 24 9 

< 0.020 54.8 403 221 85 

Citric acid 4.75-2.0 3.5 nd nd nd 

2.0-1.18 2.5 46 1 4 

1.18-0.075 16.6 25 4 16 

0.075-0.020 19.0 38 7 28 

< 0.020 58.4 23 13 52 
Note: T nd = not determined; assumed no uramum m 4.75 to 2.0 mm fraction. 
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Table 11. Effect of treatment on uranium-size partitioning for the heap leached column 

sections 

Column -

position Fraction Fraction U content U contribution 

% mg/kg mg/kg % 

Upper CF 4.0 0 0 0 
Sand 7.2 210 15 16 
Silt 69.4 76 53 54 

Clay 19.3 150 29 30 
Middle CF 1.8 0 0 0 

Sand 6.2 190 12 11 
Silt 73.4 80 59 57 
Clay 18.6 174 32 31 

Lower CF 10.5 0 0 0 
Sand 4.9 115 6 5 
Silt 66.3 106 70 67 

Clav 18.2 160 29 28 

decreased nearly by half in the lower column section. Heap leaching performed similarly 
throughout the three-column sections for both the silt and clay fractions. Even though the 
silt fraction contained the lowest uranium concentrations following heap leaching, the silt 
fraction remains the largest contributor of the residual uranium because of the extremely silty 
nature of the soil (i.e., 65-75% silt). When placed on a whole-soil basis and compared with 
sodium carbonate/bicarbonate treatment by the ORNL TTG, lower residual uranium levels 
were observed with the heap leaching (Table 12). Additional comparisons should be made to 
verify this preliminary result. 

Results of the uranium partitioning among the particle-size and particle-density 
fractions of both untreated and tiron/dithionite-treated soils by the LANL Chelate TTG show 
that this treatment substantially reduced the uranium burden of the sand and coarse silt 
fractions of both FEMP soils (Table 13). Uranium levels near 70 mg/kg were reached by 
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Table 12. Comparison of sodium carbonate-treated soil by heap leaching vs attrition 

scrubbing (Bench scale data only) 

Residual uranium 

Sample whole-soil basis 

mg/kg 

LANL column study 
Upper column 107 
Middle column 103 
Lower column 105 

ORNL attrition scrubbing 

Replicate #1 132 
Renlicate #2 164 

Table 13. Uranium partitioning among particle-size and particle-density fractions of 

tiron/dithionite treated FEMP soils 

U U Total U 

Light Heavy content content in 

Soil Treatment Fraction Fraction fraction fraction light heavy fraction 

% % % mg/kg mg/kg mg/kg 

IA Untreated Sand 11.9 98.6 1.4 290 1800 320 

C. Silt 15.1 94.8 5.2 100 300 110 

Treated Sand 5.0 98.7 1.3 74 28 73 

C. Silt 22.3 93.5 6.5 44 430 70 

SPA Untreated Sand 26.3 98.6 1.4 75 16 74 

C. Silt 19.0 97.2 2.8 68 NA 66 

Treated Sand 15.3 98.9 1.1 4 48 5 

C. Silt 22.8 93.1 6.9 3 20 4 
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this treatment on the IA soil and near 5 mg/kg on the SPA soil. Comparing these data on a 
whole-soil basis with CBD-treated soils by the ORNL TTG cannot be made at this time 
because the uranium content of the fine silt and clay fractions has not yet been determined. 
Preliminary results of the treatment strategy at the on-site pilot plant on the particle-size 
distribution show a decrease in the percentage of >75 ^m fraction following treatment (Fig. 
2). This decrease of the coarser size fractions is probably due to the physical abrasion 
caused by the attrition scrubbing. Even though the desired effect was accomplished by the 
attrition scrubber, the QRNL TTG reported no significant increase in the amount of uranium 
extracted' following the attrition. The particle-size fractionation of these soils is still 
continuing. Once all fractionation is completed, subsamples of each fractions will be sent for 
uranium determination by neutron activation analysis and to the other CTGs for their 
analyses. 

For the Portsmouth soils, the combined samples (the two cores that contained the 
highest uranium activity) for the surface and subsurface soils were extracted with citric acid, 
tannic acid, and sodium carbonate/bicarbonate (pH 9.5). These leaching studies 
wereconducted using duplicates. The average uranium activities in the surface samples were 
32 and 132 pCi/g of 2 3 SU and 2 3 8U, respectively, whereas average activities in the subsurface 
soil were considerably lower, 3.2 and 11.6 pCi/g for 2 3 5U and 2 3 8U, respectively. For the 
surface soils, the citric acid extractant appeared to remove slightly more uranium ( — 80% 
compared with —70%) than the carbonate extractant (Table 14). Tannic acid extractions 
were the least effective. The addition of an oxidant, KMn04, to these soils did not increase 
uranium removal, thereby suggesting that the uranium contaminants are already in the 
oxidized hexavalent state. X-ray absorption spectroscopy of these soils have also confirmed 
this interpretation (P. M. Bertsch, personal communication, 1994). 

In contrast to the Fernald soils, these soils did not contain large quantities of 
limestone and for this reason the citric acid may be slightly more effective. The 
effectiveness of carbonate to remove uranium from the Portsmouth surface soil is similar to 
its effectiveness for removing uranium from the incinerator soil at Fernald. However, 
additions of KMn04 to the Fernald incinerator soils increased extraction approximately 10 to 
15%. 
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Table 14. Leaching effectiveness of various extractants for ^U and ^U on surface and 
subsurface Portsmouth soils 

Soils Extractants U-235 U-238 

< % extracted > 

Surface 

Citric acid 74 82 

Tannic acid 27 17 

Na-carbonate 70 68 • 

Subsurface 

Citric acid 102 69 

Tannic acid 71 56 

Na-carbonate 73 58 

3.4 EFFECT OF TREATMENTS ON THE SOIL MINERALOGY 
Results of quantitative XRD for the A-11, A-14, B-16, and B-24 soils are shown in 

Table 15. The B-16 soil and its corresponding homogeneity soil, B-24, gave similar mineral 
percentages. However, the A-14 soil and its corresponding homogeneity soil, A-11, showed 
substantial differences in the mineral percentages. Most striking is the absence of carbonate 
minerals in the A-11 soil, although the A-14 soil possessed a carbonate mineral content of 
22%. The lack of carbonate minerals in the A-11 soil is important for treatability 
considerations because the diminished removal of the uranium by the acid treatments due to 
the presence of the carbonate minerals in the A-14 soil would be obviated by the absence of 
those minerals in the A-11 soil. Also noticeable is the greater carbonate content (calcite and 
dolomite) in the SPA soils (i.e., B-16, B-24) than the IA soils (A-11, A-14). The higher 
buffering capacity of the SPA soils due to its greater carbonate mineral content must also be 
taken into account prior to treatability, especially acid-based lixiviants. Some feldspar (both 
sodium plagioclase and potassium feldspar) was also apparent in some particle-size fractions, 
but not in the bulk soil. The clay fraction for both soils consisted of illite, vermiculite, 
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chlorite, and kaolinite. Minor levels of quartz were also observed in the clay fraction of 

both soils. 

Table 15. Quantitative mineralogy of FEMP soils by XRD 

Soil Quartz - Calcite Dolomite Clay 

< -%- > 

A-14 65 20 2 13 

A-11 86 0 0 13 

B-16 46 15 19 20 

B-24 37 17 22 24 

On a nonfractionated whole-soil basis, the mineralogy of the untreated Portsmouth soil 
consists dominantly of quartz and dolomite. After fractionation, calcite was also observed in 
the sand fraction of the surface sample but remained absent in the sand fraction of the 
subsurface sample. Quartz and feldspars were common to the silt fractions of both the 
surface and subsurface samples. However, minor quantities of dolomite were also present in 
the silt fraction of the surface sample but was absent in the subsurface sample. The clay 
fraction of both the surface and subsurface samples consisted of illite, kaolinite, vermiculite, 
quartz, and goethite. In addition, both calcite and dolomite were also' present in the clay 
fraction of the surface sample but were absent in the subsurface sample. No uranium 
minerals were identified by XRD in any of these fractions. However, scanning electron 
microscope analysis of the whole soil indicated that the dominant uranium phase present in 
the soils is uranium oxide. 

To determine the effect of each treatment on the soil mineralogy, XRD analysis of each 
particle-size fraction was performed. Except for the occurrence of a calcium citrate 
precipitate in the citric acid-treated SPA soil, no changes in the mineralogy of the two 
coarsest fractions were observed in any treatment when compared with the mineralogy of the 
corresponding untreated fractions (calcite, dolomite, quartz, and feldspars) (Table 16). SEM 
examination of the calcium citrate precipitate, formed as a result of the citric acid and the 
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calcite dissolution/precipitation reaction, showed a fibrous, needle-like habit (Plate 1). This 
phase is quite insoluble and its formation must be acknowledged if citric acid is to be used in 
any treatability study of these carbonate-rich FEMP soils. In the finer fractions, however, 
carbonate mineral dissolution was observed in the two acid treatments of this soil, primarily 
the citric acid. No such dissolution caused by either distilled water or sodium carbonate was 
observed in these fractions. For this soil, it appears the carbonate minerals were 
preferentially attacked, as no silicate mineral, even in the clay fraction, was noticeably 
dissolved. The lack of noticeable silicate clay mineral weathering in this soil by the acid 
treatments may be due to the poising of the extraction pH above pH 2 due to its greater 
carbonate content (Table 8). 

Table 16. Effect of treatment on the mineralogy of the storage pad area soil 

Size 
Effect of treatment on mineralogy1 

Size Sodium Sulfuric Citric 
fraction Untreated Water Carbonate Acid acid 
(mm) 

4.75-2.0 Cc,Do,Qz,Fd nc nc nc nc 
2.0-1.18 Do,Qz,Cc,Fd nc nc nc nc 

1.18-0.075 Qz,Fd,Do,Cc nc nc nc Cc absent 
0.075-0.020 Qz,Do,Fd,Cc nc nc Cc trace Cc absent 

Do absent 
0.020-0.002 Qz,Do,Fd,Cc nc nc Cc absent Cc absent 

Do absent 
< 0.002 Il.Vm.Ch.Ka.Oz nc nc nc nc 

Note: TCc=Calcite, Do=Dolomite, Fd=Feldspars, Qz=Quartz, Il=Illite, 
Vm=Vermiculite, Ch=Chlorite, Ka=Kaolinite, nc=no change 

For the IA soil, carbonate mineral dissolution was observed in the acid treatments, 
again primarily by citric acid (Table 17). Neither distilled water nor sodium carbonate 
noticeably attacked carbonate or silicate minerals; however, dolomite was observed in the 
1.18 to 0.075-mm fraction and the 0.075 to 0.020-mm fraction of these two treatments even 
though this carbonate mineral was not observed in the corresponding fractions for the 
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Plate 1. SEM micrograph of calcium citrate, a by-product of citric acid attack on the 
carbonate minerals of the storage pad area soil. Sample taken from 4.75 to 2.0-mm fraction. 
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untreated soil. The occurrence of dolomite in these treated fractions is believed to be the 
result of the physical degradation of larger sized dolomite caused by the attrition scrubbing 
process. Dolomite was present in the 4.75 to 2.0-mm fraction and the 2.0 to 1.18-mm 
fraction in the untreated soil. During the attrition process, a portion of the dolomite was 
broken down into these small size fractions. Undoubtedly, the physical degradation of 
dolomite occurs in all treatments; however, in the acid treatments, the dolomite was 
dissolved as it was degrading to these smaller sizes and therefore did not exist in these 
fractions of the acid-treated soils. In terms of layer silicate mineral weathering, chlorite 
dissolution in the clay fraction was observed in both acid treatments. The dissolution of 
chlorite in such strong acids is expected as chlorite is typically removed with weaker acids 
for some soil mineralogical analyses (Ross, 1969). Apparently, the lower carbonate content 
of this soils allows the extraction pH to remain low enough for a sufficient period to cause 
chlorite dissolution. A low pH remains in the <0.020-mm fraction, even after extensive 
washing via elutriation for particle-size analysis (Table 7). 

Table 17. Effect of treatments on the mineralogy of the incinerator area soil 

Size 
Effect of treatment on mineralogy1 

Size Sodium Sulfuric Citric 
fraction Untreated Water carbonate acid acid 
(mm) 

4.75-2.0 Qz,Do,Cc,Fd nc nc nc Cc absent 
Do absent 

2.0-1.18 Qz,Do,Cc,Fd nc nc nc Cc absent 
Do absent 

1.18-0.075 Qz,Cc,Fd Do present Do present Cc trace Cc absent 
0.075-0.020 Qz,Fd,Cc Do present nc nc Cc absent 
0.020-0.002 Qz,Fd nc nc nc nc 

< 0.002 Il,Vm,Ch,Ka,Qz nc nc Ch absent Ch absent 
Note: TCc=Calcite, Do=Dolomite, Fd=Feldspars , Qz=Quartz, Il=Illite, 
Vm=Vermiculite, Ch=Chlorite, Ka=Kaolinite, nc=no change 
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Transmission electron microscopy of the untreated and acid-treated clay fractions also 
revealed a greater weathering of the clay fraction in the IA soil (Plate 2). Morphologically, 
the coatings in the untreated soil were removed by the acid treatments, resulting in cleaner, 
more angular clay particles. Apparently, the acid treatments in combination with the attrition 
scrubbing had removed the coatings responsible for the roundness of the untreated clay. 
Also, an increase in finer clay particles was evident in the acid-treated clays when compared 
with the untreated clays. Compositionally, a loss of aluminum and iron was noted by energy 
dispersive X-ray spectroscopy in the acid-treated clays as compared with the untreated clays. 
The dissolution of chlorite and/or amorphous coatings may account for the loss of these two 
elements in the acid-treated clays. 

Mineralogical analyses by XRD of the three-column sections from the heap leaching 
experiment showed no differences in the mineral suite of each size fraction. The sand 
fractions consisted of mainly quartz with minor albite, dolomite, and calcite. The carbonate 
minerals were confined solely to the sand fraction as the silt fraction consisted of mainly 
quartz with minor albite and the clay fraction consisted mainly of kaolinite and illite, with 
minor quartz and vermiculite. No uranium minerals were observed in any fraction of these 
treated soils. 

Mineralogical analyses by XRD of the 14 tiron/dithionite-treated samples also showed 
no differences in the mineral suite of each size fraction as compared with the untreated 
samples. The sand fractions of both the treated and untreated IA and SPA soils consisted of 
quartz, dolomite, calcite, and feldspar. The carbonate minerals were confined solely to the 
sand fraction for the IA soil; however, both dolomite and calcite were present in the silt 
fraction of the SPA soils. Quartz and feldspar were also present in the silt fractions of both 
soils. The clay fraction of both soils were free of carbonate minerals. Illite and kaolinite 
dominated this fraction, with lesser quantities of quartz and vermiculite/chlorite. The acid 
associated with the dithionite treatment may have attacked a small portion of the carbonate 
minerals, but not enough to cause complete dissolution of these minerals. No uranium 
minerals were observed in any fraction of these soils. 

Mineralogical analyses of the treated Portsmouth soils has not yet been performed but 
will begin after all treatability investigations on these soils are completed. 

33 



ORNL-PHOTO-7442-94 

f fQ^c^ • .* 
J 

l+JZ 

{/ 

J n J r X "' fifeV <;-';• M M A &•'• •••§ 

% -

C 
•s 

« 

1/ 

I * . - - s i : 
57«<-j *MHX5I8* 

i.ft ..at k>;f 

:-»-.yir/r>* 

Mb 
it •(« MM* 

</ 

i n 

**&P^ 
si . 

^iJtlm « *• 

Plate 2. TEM micrographs of (a) untreated IA soil, (b) citric acid-treated LA soil, (c) 
sulfuric acid-treated IA soil, (d) untreated SPA soil, (e) citric acid-treated SPA soil, and (f) 
sulfuric acid-treated SPA soil. 
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3.5 URANIUM CONCENTRATION AND MINERAL IDENTIFICATION 
Mineralogical examination of the bulk soil and of each particle-size fraction failed to 

identify uranium-bearing minerals in these soils. Because knowledge of the mineral form 
allows the researcher to predict the mineral's behavior under a variety of conditions (e.g., 
solubility in water, acid, and base), any effort to concentrate the uranium contaminant and 
enhance the probability of uranium mineral identification is important for the development of 
a successful treatability strategy. Comparison of the mineral identification from both the pre-
and post-treatment samples will allow the Characterization Task Groups to know (1) the 
uranium mineral solubilized by each treatment, (2) the uranium mineral resistant to each 
treatment, and (3) a performance assessment of each treatment for solubilizing tetravalent-
versus hexavalent uranium-bearing minerals. 

In the past, the ORNL CTG performed density fractionations on the FEMP soils using 
lithium metatungstate (p = 3.0 g/cm3) to concentrate the uranium contaminants based on the 
higher specific gravity of uranium than the common elements that comprise most soil 
minerals (Ca, Al, Si, K, etc). Uramum concentration was observed by these fractionations; 
however, uranium mineral identification was still difficult because the density of the lithium 
metatungstate was very similar to the carbonate minerals (~ 2.7 to 2.9 g/cm3). 
Mineralogical analysis of the density fractions identified uraninite (U02) and xanthoxenite 
[ideally Ca4Fe2(P04)4(OH)2»3H20, but believed to have uranium for iron substitution] in only 
the SP-9 heavy nonmagnetic sand fraction. No other uranium mineral was identified in these 
density fractions. In an effort to.enhance the concentration of the uranium contaminants in 
heavy density fractions, the Magstream™ density separator was purchased. 

The Magstream™ density separator is capable of the gravimetric/magnetic separation of 
particles having densities of 1.5 to 21 g/cm3. Because any split point density can be chosen 
from this density range, a better concentration using a slightly higher density than that 
capable by lithium metatungstate should result. The sand (2.0 to 0.053 mm) and coarse silt 
(0.053 to 0.015 mm) fractions of the A-ll, B-24, the two background soils, and three soil 
cores (SP2-1, SP2-3, and SP9) were fractionated using split points of 2.8 and 3.2 g/cm3 with 
the Magstream™ density separator. Results of the density fractionations revealed that the 
light fraction remained the dominant density fraction in terms of weight percentage; however, 
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weight percentages from 1 to 20% were observed in the medium and heavy density fractions 
(Table 18). Uranium levels in each of the three density fractions revealed a definite 
concentration of the uranium contaminants in the medium to heavy density fractions for all 
samples (Table 19). Concentration of the uranium contaminants as high as nearly 3% (w/w) 
was observed in the SP9 sand fraction. Because the Magstream™ density separator 
effectively concentrated the uranium in the medium and heavy fractions of all the samples 
fractionated, mineralogical analyses (X-ray diffraction, scanning electron microscopy with 
EDX, and microprobe spectroscopy) were performed to identify the uranium minerals in 
these fractions. 

Table 18. Weight percentages of each density fraction for selected soils and cores 

< Density (g/cm3) separates > 
Size Fraction Light Medium Heavy 

Sample fraction distrib* <2.8 2.8-3.2 >3.2 
< % > 

Henshaw Sand 17 81 2 2 
C. Silt 40 69 19 4 

Fincastle Sand 23 92 1 1 
C. Silt 38 64 22 5 

IA Sand 10 83 3 3 
C. Silt 44 63 20 10 

SPA Sand 22 92 1 2 
C. Silt 27 63 21 7 

SP9 Sand 24 74 3 11 
C Silt nd* 74 18 3 

Notes: T results placed on a <2 mm basis. 
* not determined. Total silt was 61% on <2 mm basis (Lee and Marsh, 1992). 
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Table 19. Uranium-density partitioning of selected soils and cores 

< Density (g cm"3) separates > 
Size Light Medium Heavy 

Sample fraction <2.8 2.8-3.2 >3.2 
< m g u/kg soil > 

Henshaw Sand 4 11 29 
Silt 2 4 27 

Fincastle Sand 4 19 87 
Silt 2 4 14 

IA Sand 2,790 2,726 6,140 
Silt 49 4(5 214 

SPA Sand 78 125 120 
Silt 27 26 44 

SP9 Sand 4,592 27,979 18,844 
1 Silt 1.021 1.119 16.810 

Scanning electron microscopy of several density fractions have illustrated the particulate 
nature of the uranium contamination in these soils. Uranium oxide (presumably uraninite, 
U02) and uranium phosphate (presumably autunite, [CaOUO^OPO^^S-^E^O]) particles 
were shown to exist as either cavity fillings or as discrete particles (Plates 3a-3c). Discrete 
particles of uranium silicate/silicide (presumably coffinite, USi04) were also observed (Plate 
3d). These uranium minerals were commonly associated with iron phosphate minerals 
(presumably strengite, FeP04»2H20), iron and chromium oxide (presumably chromite, 
FeCr204), calcium phosphate (presumably apatite, [Ca5(P04)3OH]), pyroxenes, quartz, and 
iron oxides. 

X-ray diffraction results of these density fractions revealed uraninite in only the SP2-3 
medium density, coarse silt fraction and the medium and heavy density fractions of the B-24 
sand. No other uranium minerals were identified in the density fractions. The failure to 
find uranium minerals in additional fractions is not a reflection of the density separation but 
is probably a result of the X-ray tube used in the analysis. The X-ray diffractometer 
employed by the ORNL CTG uses CuK-a radiation. Copper radiation causes fluorescence in 
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Plate 3. Micrographs of several density fractions: (a) uranium oxide (perhaps uraninite or 
schoepite) inclusions in iron phosphate mineral. Iron and chromium oxide constitute the 
"bumps" seen on the iron phosphate particle. From SP9 core, >5.0 g/cm3 sand fraction, (b) 
discrete (1) uranium phosphate particles (perhaps autunite) and (2) uranium oxide particle 
(perhaps uraninite or schoepite). From SP9 core, 3.2 to 5.0 g/cm3 sand fraction, (c) 
uranium phosphate "strands" and uranium oxide megacrystals within an iron, chromium 
phosphate mineral. From SP9 core, >5.0 g/cm3 sand fraction, (d) uranium and silicon 
particle (perhaps coffinite). From SP2-3 core, heavy sand fraction. The micron marker bar 
represents 80 [im for all the micrographs. 
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iron minerals, resulting in intensity attenuation of the reflected beam from the sample. 
Because iron minerals will also be concentrated with the uranium minerals during density 
fractionations, XRD analysis of these fractions using copper radiation is problematic. To 
circumvent this problem, a cobalt tube source was installed by the ORNL CTG. Cobalt 
radiation does not induce fluorescence of the iron-bearing minerals; therefore, a more intense 
beam will be detected from the sample. This should greatly aid in the identification of 
uranium minerals in the sample. Using cobalt radiation, coffinite (USi04) was identified in 
the medium density fraction of the SP-9 core. A sample has also been sent to Brookhaven 
National Laboratory for further mineralogical analysis using high-energy X-ray diffraction 
from a synchrotron source. 

Identification of uranium minerals by microprobe analysis revealed that uranium-
bearing phosphate minerals were the dominant uranium mineral form in these FEMP soils. 
In decreasing order of relative abundance, the following phases were observed: U,Ca-
phosphate, U-phosphate, uranium precipitation on carbonate minerals, uranium associated 
with the iron oxides, uraninite, and uranium silicate/silicide. These results are important 
because they show that the more insoluble forms of uranium minerals (uranium phosphates) 
dominate over more soluble forms of uranium minerals (Table 20). The dominance of the 
insoluble uranium phosphate minerals (e.g., autunites) in these soils is ironic. Their 
insoluble nature will restrict their mobility if placed back in their original location; however, 
their insoluble nature will also restrict their extraction. This irony may explain the difficulty 
encountered by the TTGs in reducing the uranium concentration of the treated soils 
(particularly the incinerator area soil) to the proposed cleanup level of 52 mg/kg soil. 
Similar examination of the pilot-plant treated soils will be performed during FY 1995. 

Uranium abundance can also be determined using color-enhanced SEM imaging. In 
this technique, a different elemental assemblage is associated with a different color. Because 
differing mineral groups have different elemental assemblages, discrimination of mineral 
groups can be made with this technique. Spectral analysis of each color within a given area 
was performed using a histogram, and the percentages of each color within that area were 
calculated. In one example, four colors (blue, green, deep blue, and white) responsible for 
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Table 20. Solubility of common soil and uranium minerals 

Mineral Solubility1 

mg/L 

Halite, NaCl 135.0001 

Gypsum, CaS0 4»2H 20 2742 

Amorphous Silica 1922 

Uranophane, Ca(U0 2) 2(Si0 3) 2(OH) 2 »5H20 1203 

Rutherfordite, U0 2 C0 3 271-3 

Quartz, Si0 2 192 

Calcite, CaC0 3 3 2 

Autunite, Ca(U0 2) 2(P0 4) 2»8-12H 20 0.1-0.2 3 

Apatite, Ca5(P04)3(OH) 0.021 

Coffmite, USi0 4 <0.00001 3 

Uraninite, U 0 2 <0.00001 3 

Note: T Solubility calculated on basis of the dissolved cation concentration. 
1 Calculated from thermodynamic data taken from Krauskopf (1979). 
2 Calculated from thermodynamic data taken from Stumm and Morgan (1981). 
3 Calculated from thermodynamic data taken from Langmuir (1978). 

four mineral groups having different elemental assemblages were observed in the A-11 heavy 

sand fraction (Table 21). EDX chemical analysis revealed the following chemistry associated 

with each of these four colors: (1) the blue color was associated with the lighter elements 

(Al, Si, K) associated with common soil minerals (feldspars, quartz), (2) the green color was 

associated with Fe, Mg, and Si (e.g., pyroxenes), (3) the deep blue color was associated with 

Ti and Fe (e.g., ilmenite, rutile, iron oxides), and (4) the white color was associated with 

uranium-bearing minerals. Once the percentages of the mineral groups were known, 

thorough EDX analysis of each color permitted identification and abundance of specific 

minerals in each colorized mineral group. By knowing these volume percentages as well as 

the particle size and density fractionation percentages for each sample, volumetric mineral 

percentages on a whole soil basis can be calculated. For this example, the sand fraction of 
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the A-11 soil represented 10% of the total sample and the heavy sand fraction represented 
3% of the total sand fraction. Therefore, the uranium contamination represented 2.2% of the 
whole soil, based on this imaged SEM area. Similar analysis on more areas would be 
needed to more accurately predict the contamination level on a whole soil basis. Comparison 
of pre- and post-treatments samples in this fashion will allow yet another method for 
assessing the performance of each treatment in terms of uranium removal and artificial 
mineral weathering caused by each treatment. 

Table 21. Mineral abundances using color-enhanced SEM imaging 

Color 
% % 

Blue 70.4 K-feldspar 17.8 
Quartz 22.5 

Plagioclase 1.5 
Pyroxene 27.1 
Miscell. 1.5 

Green 16.9 Fe-pyroxene 16.9 
Deep Blue 11.9 Ilmenite 1.9 

Fe-oxide 9.0 
Miscell. 1.0 

White 0.8 U-bearing 0.8 

3.6 MEASUREMENT OF URANIUM SOLUBILITY FOR ENVIRONMENTAL RISK 
ASSESSMENT 

Data provided by the ORNL TTG showed the presence of a residual phase even after 
five successive extractions of the same soil with sodium carbonate/bicarbonate. The labile 
uranium is easily removed with the first two extractions; however, extraction efficiency 
rapidly declines afterwards, regardless of the lixiviant concentration (Fig. 3). Up to 35% of 
the original uranium contamination remains even after five successive extractions. Because 
these residual phases imply an insoluble character about them, the solubility of both untreated 

41 



ORNL-DWG 94-13354 

100 

03 

a> 

80 

60 

40 

20 

DLeach 1 a Leach 4 
• Leach 2 • Leach 5 
• Leach 3 

0.1 0.25 0.5 
Total Carbonate Concentration (M) 

Experimental Conditions 
Incinerator Soil; 15 h extraction; 40°C; 3:1 soln:soil 

Fig. 3. Average uranium removed from the incinerator soil after each of five successive 
leachings using sodium carbonate. 
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and treated soils using acid rain and groundwater simulants was determined to assess the 
potential environmental impact of these soils if the untreated soils had remained or the 
treated soils are returned to their original location. The data generated by the acid rain 
simulant will assess the impact of meteoric waters percolating through these soils and the 
data generated by the groundwater simulant will assess the impact of a seasonally high water 
table in contact with the contamination in these somewhat poorly drained soils. Even though 
a clay liner may be required to fully encompass the treated soils if they are returned to their 
original location, the data generated by the groundwater simulant for the treated soils will 
provide a worst-case scenario if the clay liner fails. 

Results indicated that for the untreated soils, the solubility of uranium was greater in 
the groundwater simulant; however, for the treated soils, the solubility of uranium was 
greater in the acid rain simulant (Fig. 4). Uranium levels as high as 740 mg/kg were 
solubilized from the untreated SPA soil by the groundwater simulant; however, after 
treatment these levels dropped to 47 mg/kg, signifying the importance of the treatment for 
removing the most labile forms of uranium (Fig. 5). Similarly for the IA soil, a near 100-
fold reduction was observed in the uranium levels solubilized by the groundwater simulant 
between the untreated (96 mg/kg) and treated (1 mg/kg) soils (Fig. 6). 

It is also important to note the significant contribution of the uranium solubilized within 
the first hour to the 75-d total value. For the untreated IA soil, approximately 25% of the 
total extractable uranium was solubilized in the first hour. Similarly, for the untreated SPA 
soil, approximately 40% of the total extractable uranium was solubilized in the first hour. 
This high degree of solubilization within the first hour of the study represents the extraction 
of the most labile forms of the uranium contaminants. These labile forms are probably 
surface-absorbed uranium particles that can easily be detached by shaking and complexed by 
carbonate. For the treated SPA soil, approximately 75% of the total extractable uranium was 
solubilized in the first hour of the study. The high degree of solubilization within the first 
hour of the study for this soil most likely represents entrained uranium that was not removed 
by the two water rinsings at the pilot plant. For the treated IA soil, the uranium extracted 
within the first hour is actually greater than the 75-d total because of the probable formation 
of an insoluble uranium phase controlling the uranium at near detection levels. 
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• 
n 

/* / S 
\J 

Untreated Carbonate-Treated 
Incinerator Soil 

Fig. 6. Effect of sodium carbonate treatment on the soluble uranium levels from the IA soil 
using the groundwater simulant. 
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Except for the treated IA soil, all solubility tests exhibited a logarithmic nature of 
uranium solubility with time. When the datapoints of those displaying such a response are 
curve-fitted to obtain the best regression line, the upper y-intercept of the asymptote gives the 
maximum leachable uranium for that particular soil and simulant. An example of such a 
curve-fitting procedure is shown in Fig. 7. Following similar curve fitting for each test, a 
direct comparison of the effect of treatment and simulant on uranium solubility for each soil 
can be made. Results indicate that the sodium carbonate/bicarbonate treatment greatly 
lowered the amount of .leachable form these two FEMP soils (Table 22). However, when 
compared with the average uranium concentration in municipal sourcewaters, U.S. streams, 
and seawater, the extractable uranium levels of even the treated soils are approximately 100 
times greater. Such levels will require wastewater treatment (e.g., anion exchange, alkaline 
precipitation) to lower the soluble uranium levels to acceptable levels. Soluble calcium, 
magnesium, and alkalinity levels for all tests also displayed a similar logarithmic response. 
The similarity of the curves to the soluble uranium imply that the dissolution of calcite and 
dolomite aids the extractability of uranium by increasing the dissolved carbonate 
concentration under these alkaline conditions. Carbonate is known to form very stable and 
mobile complexes with uranium (Langmuir, 1978). 

For the treated IA soil, the uranium solubility appeared to be logarithmic for the first 
20 d; however, the levels of solubilized uranium dramatically decreased to near detection 
levels after 50 and 75 d. This drop is believed to be due to the formation of an insoluble 
uranium phase controlling the uranium levels. Because the IA soil had greater phosphate 
levels than the SPA soil, the formation of an autunite-like phase may be responsible for the 
observed decrease in the uranium solubility for this simulant. 

47 



ORNL-DWG 94-13358 

Fig. 7. Leachable uranium as a function of time from the untreated IA soil using the 
groundwater simulant. 
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Table 22. Effect of sodium carbonate/bicarbonate treatment on the leachable uranium 
levels from both FEMP soils 

Total Maximum Uranium 
Simulant Soil Treatment uranium leachable cone, in 

cone. uranium leachate 

mg/kg mg/kg mg/L 

Untreated 848 21 2 

Treated 106 13 2 

Untreated 1862 471 46 

Treated 119 32 4 

Untreated 848 56 5 

Treated 106 16 2 

Untreated 1862 570 65 

Treated 119 37 4 
Note: Average uranium concentration of municipal sourcewaters : 1-16 /*g/L 

Average uranium concentration of U.S. streams: 0.1 /*g/L 
Average uranium concentration of seawater: 3.3 jiig/L 

4. CONCLUSIONS 
The following conclusions can be derived from this work: 

1. The integrated approach of the CTG has provided and will continue to provide support for 
the Treatability and Risk Assessment Task Groups. 

2. When compared with the untreated soils, acid-based treatments affected several soil 
properties (pH, CEC, carbonate and clay mineralogy, particle-size distributions, uranium 
partitioning) more than the carbonate-based treatments. 

3. Carbonate minerals in the Fernald soils will play an important role in selecting a 
decontamination technology as well as in the process optimization of the technology. 

4. The Magstream™ density separator concentrated U-bearing minerals for soil mineralogical 
characterization and indigenous mineral distribution in soils. 

Acid rain IA 

SPA 

Groundwater IA 

SPA 
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5. The sequence for uranium mineral abundance, as determined by microprobe analyses, is 
U, Ca-phosphates > U-phosphate > U associated with the carbonate minerals > 
uranmite > U-silicate/silicide. 

6. The pilot-scale attrition scrubber effectively abraded most particles to <75 iim. 
7. The absence of carbonate minerals in the new incinerator soil (A-11) should allow a more 

successful acid-based extraction of the uranium. 
8. The uranium mineralogy of the FEMP soils is dominated by very insoluble minerals (i.e., 

uraninite, autunite, coffinite). 
9. Sodium carbonate/bicarbonate treatment greatly lowers the amount of leachable uranium 

from the FEMP soils. 

5. FUTURE WORK 
The following is a list of the future work planned for the ORNL CTG: 

1. Bench-scale treatability investigation support for tiron and heap leaching by the LANL 
TTG and microbial extraction by INEL TTG. 

2. Characterization support for the pilot-scale test facility at the FEMP site. Currently, this 
plant is employing the carbonate leaching strategy devised by the ORNL TTG. All 
candidate processes will be characterized. 

3. Continue characterization work for risk assessment and cleanup limit development. This 
work will include uranium solubility measurements for pre/post treatment soils 
(groundwater, acid rain, simulated lung and stomach solution) and the effect of the 
treatments on radon generation from the soils. 

4. Provide leachate chemistry and uranium speciation to the Secondary Waste Treatment and 
Disposal Task Group. The ORNL CTG will also characterize the secondary waste form 
produced by the secondary waste treatment technologies and provide support for the 
stabilization of the generated waste form. 

5. Provide uranium and technetium distribution as well as bench-scale leaching for the 
Portsmouth Soil Characterization Project. 

6. Prepare draft report for solubility-based assessment and cleanup limit for FY 1995. 
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