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Abstract

Samples of disposed wastes at three U.S. Nuclear Regulatory Commission (NRC) Site
Decommissioning Management Plan (SDMP) sites were studied to determine 1) the key
radionuclides and their concentrations present in the waste, 2) the solubility limits and solubility
limiting phases for these radionuclides, 3) the rate of attainment of solubility equilibrium, 4) the
observed leaching rate for radionuclides which may or may not be solubility controlled. and 5)
identify, if possible, the potential for radiocolloid formation. In order to achieve these gouls
batch studies of ground or fractured samples were conducted over ranges of solution pH values
(2 - 12), solid to solution ratio, and particle size. In addition, flow-through column studies were
conducted of selected samples to help verify the mechanisms and predictive relations identitied
in the batch experiments. The resuits show that the major radionuclides present in the wastes
were Th and U with their associated daughter products. Th daughters were in secular
equilibrium with the parent Th-232 in all samples. U-238 daughters were in secular equilibrium
in certain highly solidified non-porous samples but escape of Rn-222 had occurred from more'
porous samples perturbing the U-238 secular equilibrium. Analysis of solution phase
concentrations and solid phase composition indicated that aqueous Th concentrations are
solubility controlled, most likely by thoranite, ThO,(c), which sets an upper limit on the
dissolved Th concentrations. U also appears to be solubility controlled in certain waste samples
(thoriated slags) high in pH and alkaline earth cations (Ca, Sr, Ba), upper limits on the obsend
solubilities apparently being set by the secondary formation of alkaline earth uranates However.
in samples composed predominately of depleted U, Chemetron samples, no solubility controlling
phase was present and adsorption or ion-exchange processes appear to control the leachable {
concentrations in these samples. Comparisons of filtered and unfiltered analyses of samples
from flow-through columns did not show any evidence for the presence of radiocolloids
Maximum dissolved concentrations (solubility limits) and radionuclide leaching rates have been
calculated for all three sites for use in performance assessment calculations.



Introduction:

The U.S. Nuclear Regulatory Commission (NRC) has identified 51 sites around the U S. that
have radionuclide contamination that exceeds NRC criteria for unrestricted use (NRC 1993) All
of these sites require some degree of remediation before the sites can be released for unrestricted
use. Two of the principal types of contaminants present at these sites are thoriated slags
produced as byproducts from processing ferrocolumbium alloys or tin slag and depleted
uranium(DU) produced during the processing of uranium hexafluoride. The thoriated slags o
DU were then mixed with site material (i.e. soils, building rubble, or other wastes) and disposed
either in unlined slag piles, over embankments, or by other means (NRC 1993). As a resull. the
NRC is currently in the process of conducting performance assessments of these sites to better
ascertain the potential for radionuclides solubilization, leaching or migrate off site. As part of
this overall effort, the Pacific Northwest National Laboratory (PNNL) was contracted to obtain
selected samples from different SDMP sites and conduct batch and flow-through column
leaching studies of these wastes to determine the radionuclides present in the waste, the
maximum leachable concentrations (solubility limits) for important radionuclides, the tine
required for radionuclides to reach solubility equilibrium, the overall radionuclide leachiny rates.
and, if possible, identify the potential impact of colloids in transporting radionuclides

This preliminary report presents the results of the PNNL studies for three selected SDNMI” sites
Molycorp Inc., Washington PA; Chemetron Corporation (Bert Ave.), Newburgh Heights OHL
and Cabot Corporation, Reading PA. The radionuclide containing wastes at Molycorp and
Cabot are principally thoriated slags produced from processing tin slag (Cabot) or producing
ferrocolumbium alloys (Molycorp). The waste at the Chemetron site primarily consists o DU
mixed with soil and other material. The following sections of this report describe the site
sampling and sample selection, chemical analysis, radiological analysis, solubility and leachmy
studies, and investigations of radiocolloids.

Site Sampling and Sample Selection:

Samples from the Molycorp site were sent to PNNL following a site visit to the Washington PA
site on September 27, 1996. Four samples of the disposed slags with the highest radionuclide
content (~1200pCi/g) at the site were obtained. All of the samples were large pieces ( ~1-
1.5kgs)of grayish slag with a rust and white coating. The samples from the Chemetron site were
collected by the Oak Ridge Institute for Science and Education (ORISE). Five samples were
received by PNNL. All samples consisted of a fine brown clay material with a consistent total U
concentration (reported by ORISE)' varying from 14 to 39pCi/g. Samples from the Cabot site
were obtained by both PNNL and NRC staff. A total of 21 samples from the site were obtained
and shipped to PNNL. Preliminary gamma scans were performed on alt samples and threv ot the
samples with the highest radioactivity were selected for detailed study. These samples were 1) 2
kgs of slag pieces mixed with some soil (sample C-9), 2) a relatively small (280g) grayish green

L etter from Mr. Wade Adams (ORISE) to Dr. Andrew Felmy (PNNL) dated November
11, 1996.



(280g) grayish green sample of slag/ore (sample C-19), and 3) 1 kg of sandy soil mixed with
pieces of slag (sample C-20).

Methods and Materials

The selected samples from the different sites were treated in the following manner

First, for the samples from Molycorp and Cabot that contained large pieces of slag it was
necessary to fracture the material into smaller pieces in order to conduct column or batch studies
This fractured material is subsequently referred to as “coarse” (2mm < particle size < 7mm)
material. In adddition, samples of the fractured material were ground to a very fine size (< 2mm)
for chemical analysis, radiological analysis, and for use in the solubility studies. The use of tine
material in the solubility studies was necessary to speed the reaction rate and achieve, it possible,
equilibrium between solid phase components of the samples and the solutions. Sample
fracturization was not necessary for samples from the Chemetron site since this material was
originally a fine particle soil-like material. Surface area analysis was conducted on both the
coarse and fine material using a Micrometrics Model 2010 BET analyzer.

Following sample fracturization the materials were used in the following general manner
Samples of fine material were sent for chemical, radiological, particle size (selected samples
only) analysis and were used in all solubility studies. In addition, selected samples were used
“fine” batch studies to contrast the leaching characteristics of the fine and coarse material
Coarse material was used only in the batch and column studies. The following discussion
provides more details on the analyis procedures and the sample preparation for the solubility.

batch, and column studies.
Chemical Analysis Procedures

Total chemical analysis of solid materials was performed by energy dispersive x-ray
fluorescence (EDXRF) with low (ppm) detection limits for most elements from Al to Ce.
Chemical analysis of solutions was performed by inductively coupled plasma spectroscopy (1CP)
analysis, except for samples with low concentrations of Th, U, or Nb, which were determined by
inductively coupled plasma mass spectrometry (ICP-MS). Selected samples for anion analysts
were also conducted using a model 4000i Dionex ion chromatrograph.

Radiological Analysis

Radiological analysis of solid and solution samples were conducted using a high-etliciency
intrinsic Germanium detector calibrated over the energy range 60 to 2000 kev.  The following
energy peaks was used to determine the radionuclide concentrations: Ac-228, 911 kev, Bi-212.
727 kev: Pb-212, 239 kev; Ra-226, 186 kev; Bi-214, 609 kev; Pb-214, 352 kev, Th-234. 02 3
kev. All analyses were performed on duplicate or triplicate samples. The Ra-226 values
reported for the Molycorp site were corrected by a factor of 0.57 to account for the coincident

natural U-235 peak.



Results and Discussion

Chemical Analysis

The total chemical analysis of the soil and slag samples at all three sites, Tables | and 2. show u
bulk composition dominated by Al, Si, and Ca characteristic of alumino-silicate minerats or
calcium alumino-silicate minerals with significant amounts of Fe and, with the exception ol’
Chemetron, significant amounts of Nb. The presence of high concentrations of Nb, and to «
lesser extent Ta, at least the Cabot site, being a clear indication of materials originating trom the
ferro-columbium smelting process. Also, of interest is the presence of significant amounts ot Z1
in Cabot samples which is correlated with the presence of zirconate minerals (L. Veblen personil
communication) and a relatively high Mo content in slags from Molycorp.

The element in highest concentration with radioactive isotopes is Th. Th occurs in significan
concentration in all samples, as high as 1.4% in Molycorp samples. The only exception beiny
the Chemetron samples which have a higher U content than Th content. The concentration ot U
is fairly uniform in all samples averaging approximately 200ppm, though as we will show. the
chemical form and leachability of the U differs significantly between the different materiuls

Radiological Analysis

Radiological analyses of site materials yields the isotopic composition of the radioactiv ¢
elements. Such analyses are important not only for more detailed analyses of possible heulil:
effects but also the relative ratios of the various isotopes yields important information on isotoy.s
separation processes that may have occurred at the site. This information is key to understanainy

the site history and waste disposal practices at the site.

The ferrocolumbian slag at Molycorp contains about 1.3% Th-232 (Table 1 and 3) and is in
secular equilibrium with all of its daughter products (see Table 3). The U-238 appears to be
secular equilibrium with Ra-226 but not with the Ra-226 daughters, presumably as a result of the
continuous escape of Rn-222 gas since disposal. These facts indicate the slags have a certiin
porous structure that allows escape of the Rn-222. This fact contrasts sharply with the results Lo
the Cabot slags, described below, where do not show such a porous structure

The Chemetron samples showed only the Th-234 peak (first daughter of U-238) at a very low
level. There are no signs at all of any other daughter products of the U-238 or U-235 decuy
chains. Thus this sample seems to say U was very cleanly separated from its daughters at somw
time in the past and only the U ended up getting mixed with the waste. This is in agrecment with
the site characterization report (Koh and Associates 1995) which shows that much ot the U

et}

originates from depleted uranium disposed at the site. There was no signs of natural Th-232 o
its daughters in this sample.



Solubility and Batch Studies

Solubility and batch studies were conducted in a controlied atmosphere chamber under an
atmosphere of ultrapure argon. Solubility studies were conducted over a broad range ot pl|
values extending from approximately 1 to 12 depending upon the specific samples examined
The batch studies were conducted at the “natural” pH of the sample which varied with reaction
time as the samples dissolved. Both fine and coarse material was used in the batch experiments
All of the fine batch and solubility suspensions were prepared in the following manner. For each
site sample a solid/solution suspension was prepared by placing approximately one gram of fine
material in 30m! of deionized water in each 50ml centrifuge tube. Approximately 24 such
suspensions were prepared for each sample in the solubility studies. Each sample was
independently adjusted to a different pH value within the prescribed range using reagent grade
HCI or NaOH. The batch samples were prepared in the same manner but only two suspensions
(duplicates) were prepared for each site sample. All suspensions were then placed on an orbital
shaker and shaken until sampling. Sampling of the solubility and batch suspensions consisted of’
pH measurements followed by centrifugation at 2000 x g for 7 to 10 min. A sample ot the
supernatant was then filtered through Amicon type F-25 Centriflo membrane cones with
effective 2500-molecular-weight cutoffs and approximately 0.0018-pm pore sizes The
membrane were pretreated by washing with pH adjusted deionized water (to the approxinuite pli
of the sample) followed by filtration of 2 0.5 ml to 1.0 ml aliquot of sample to saturate wny
adsorption sites. The aliquot of the sample was then discarded. This pretreatment process Wwis
then followed by filtration of approximately Sml of sample. Approximately Iml ot this s
was then withdrawn and acidified for ICP or ICP-MS and radiological analysis. The rentuning
unacidified sample was retained for anion analysis by IC.

The coarse batch studies were conducted in the identical manner to the fine batch studies except
that approximately 6g of sample were added to 180ml of deionized water in 500mi
polypropylene bottles. This procedure maintained the same solid/solution ratio as in the fine
batch but allowed more particles of the larger material to be included in each sample

‘Column Studies

Flow through column experiments were conducted using 32ml Savelex® tetlon colummns, Figure
1, connected to 3M modular infusion pumps operating at a flow rate of 0.1 mi/hr. Porous trits
were placed at the top and bottom of each column to prevent any fine suspended material from
passing through the column. The solutions entered the columns through the bottom and pusscd
out the top into a sealed collection bottle. Samples from the collection bottle were taken. pil
measurements made, and filtered as described for solubility and batch studies. Filtrates v
split into acidified and unacidified aliquots for analysis by ICP or 1CP-MS and 1C Radiological

analysis was also performed on acidified samples
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Figure 1. Schematic of Column Apparatus



Results and Discussion

Chemical Analysis

The total chemical analysis of the soil and slag samples at all three sites, Tables | and 2. show a
bulk composition dominated by Al, Si, and Ca characteristic of alumino-silicate minerals or
calcium alumino-silicate-minerals with significant amounts of Fe and, with the exception ol
Chemetron, significant amounts of Nb. The presence of high concentrations of Nb, and to a
lesser extent Ta, at least the Cabot site, being a clear indication of materials originating trom the
ferro-columbium smelting process. Also, of interest is the presence of significant amounts 0i 71
in Cabot samples which is correlated with the presence of zirconate minerals (L. Veblen personal
communication) and a relatively high Mo content in slags from Molycorp.

The element in highest concentration with radioactive isotopes is Th. Th occurs in significant
concentration in all samples, as high as 1.4% in Molycorp samples. The only exception being
the Chemetron samples which have a higher U content than Th content. The concentration ot U
is fairly uniform in all samples averaging approximately 200ppm, though as we will show. the
chemical form and leachability of the U differs significantly between the difterent materials

Radiological Analysis

Radiological analyses of site materials yields the isotopic composition of the radivactive
elements. Such analyses are important not only for more detailed analyses of possible health
effects but also the relative ratios of the various isotopes yields important information on isotopic
separation processes that may have occurred at the site. This information is key to wnderstanding

the site history and waste disposal practices at the site.

The ferrocolumbian slag at Molycorp contains about 1.3% Th-232 (Table 1 and 3) and 15 m
secular equilibrium with all of its daughter products (see Table 3). The U-238 appears t be i
secular equilibrium with Ra-226 but not with the Ra-226 daughters, presumably as a result ovthy
continuous escape of Rn-222 gas since disposal. These facts indicate the slags have a certan
porous structure that allows escape of the Rn-222. This fact contrasts sharply with the results o
the Cabot slags, described below, which do not show such a porous structure.

The Chemetron samples showed only the Th-234 peak (first daughter of U-238) at a very low
level There are no signs at all of any other daughter products of the U-238 or U-233 decuay
chains. Thus this sample seems to say U was very cleanly separated from its daughters at sonw
time in the past and only the U ended up getting mixed with the waste. This is in agreement with
the site characterization report (Koh and Associates 1995) which shows that much of the U
originates from depleted uranium disposed at the site. There was no signs of natural Th-232 or

its daughters in this sample.



Table 1. Chemical composition of slags at Molycorp and the highest activity sample at Chemetron

Element Molycorp Molycorp Molycorp Molyvcorp Chaerneti i
(ppm) Slag 1 Slag 2 Stag 3 Slag 4 sonl f
Al 200000£17000 | 19200017000 | 234000£19000 | 229000£1800 30100=0200 ;
Si 888007400 928000+7900 | 86100£7500 90400£7600 C23NuGo= ]

K 1110£160 1450+180 1050170 1130160 20000z FUu |
Ca 757005300 85100+6000 85100+6000 8220035800 13970z o

Mn 840160 950180 690£170 660v160 4otz

Fe 27300+1900 312002200 260001900 267001900 12700z o I
Ni <3757 <64+64 <64+64 <37£37 OUNZ32 |
Cu 218+34 250£39 223436 43647 {77£20

Zn 66£20 84423 <38+38 103£20 241222 .
Ga <32+32 <34£34 <35%35 <32432 20437 !
Hg <2323 <2424 21421 <22422 <273 j
Se <35%35 <3333 <354335 <332%33 “3 3255 I
Br <I8+18 <17x17 <17+17 <|7%17 <A Tz T i
Rb <19+19 <|8+18 <18+18 <18+18 o0 vz | |
19) 248422 218+20 230+21 262423 G3.2zX 3

Sr 169+28 33025 38228 372428 LIS 4=b 4 ;
Y 68=x11 67.3£10 64+10 7611 RIESRY ‘i
Nb 275001900 23600£1700 26900%1900 2680021900 T3nmo b ‘;
Mo 2980+210 3530230 2260£160 2460£170 IR ER '
Th 13290£940 12060+850 141901000 137602970 ADERTY g




Table 2. Chemical composition of Slag A (96T

-.C-9),Grayish Green Ore( 96T-C-19), and Soil site BS{ 96T-C-201 i L i,

Element Cabot Cabot Cabot Cabot

(ppm) Slag A Ore Soil B> Ore 96-1-C-21

Al 450003900 315000223000 5430005000 95200=740

Si 337000824000 | 1194008700 28100020000 164000=12000

P <1500+1500 290042900 <2600£2600

cl <110£110 <250+250 <190+190 60=260

K 6500460 3640270 6200450 1510=140

Ca 265001900 137500£9600 98900£6900 217000= 1 5000

Ti 82702580 198001400 257001800 66000=4600

Mn 24204180 2270£190 5600410 5070=380

Fe 594004200 2650021900 917006400 137302970
Ni 71215 8224 77432 <5353
Ta 1230100 5070£360 77504560 121302860
Pb 461234 2810022000 1600110 28228
As 280422 106292 616248
U 75 816 243=18 213216 264000
Th 364227 2240160 110879 76211
St 12529 144=11 165=12 26800 190
Y 27419 1312292 84960 24602190
Zr 4070£290 156001100 11740820 2360021600
Nb 3860270 71204500 13290£930 80503560

Mo <7.0£7 <16£16 287473 <18=18 \
w 803167 191463 2330190 19702150 \
s 12902200 2060610 1110233 |
cd 26210 66.949 <17£82 87287 \
Sn 1059276 1490110 1970=140 205212 |
sb ©3:23 93166 183216 YT '
Ba 40241 197228 24331 <4848

La 598261 2690200 1600120 32202170

Ce 1540130 63402450 3970290 73702380




———-

Table 3. Radiological analysis of slags at Molycorp and the highest activity soil sample at Chemctron. Al
analyses represent the average of three subsamples of each slag. Values in pCi/g.
Nuchde Molycorp Molycorp Molycorp Molycorp Chemation
Slag 1 Slag 2 Slag 3 Slag 4 Sonl i
Th Series (1460) (1330) (1560) (1510)
Ac-228 1,270 1,100 1,360 1,250 :
Bi-212 1,530 1,310 1,610 1,510
Pb-212 1,390 1,200 1,490 1,370
Ra-224 1,440 1,300 1,500 1,390
Th-228 1,190 980 1,200 1,200
U-238 Series (80) (70) (75) (85) 20, f
_
Ra-226 90 75 90 80
Bi-214 40 45 35 40
Pb-214 45 45 40 45
Th-234 30+ 1V
U-235 Series | ** '-
** Uranjum values are close to detection hmit and because of mterferences are hard 1o quantity with e
are calculated from the XRF data for thorium and Uriniun assaiy .

counting system. Values in parenthesis

of the Th is Th-232 and all of the U is U-238.



In the case of Cabot samples (Table 4), all four samples have Th-232 and U-238 in seculur
equilibrium with all their daughter products. Apparently the processing conditions at the Cabot
site did not result in the separation of the U-238 daughters. In addition, unlike at Molycorp. the
Ra-226 daughters are in secular equilibrium, indicating only negligible escape of Rn-222 has
occurred since disposal. This is apparently related to the refractory nature and low perimeability

of the Cabot slag samples.

Solubility, Batch Leaching, and Column Studies
Molycorp-Th

The solubility data for Th at Molycorp show very low solubilities except at low pH values (- 5)
where the solubilities increase rapidly (Figure 2). A comparison of these solubility data with the
calculated solubilities for possible Th solid phases, solid and dashed lines in figure 1. show that
the aqueous Th concentrations are most likely controlled by thorianite (ThO,(c)) or possibly.
very low pH a Th-silicate (i.. ThSiO,(gl)). Mineralogical analysis of these samples. L. Veblen
personal communication, show the presence of some thorianite. The presence of this phase leuds
credence to the possibility that this phase is the primary solubility control. If a ThSiO,(gh) pluse
does form it is most likely a secondary phase precipitated as a result of the dissolution of large
concentrations (> 200mg/l) of Si at low pH. The difference in observed solubility between the
thorianite solubility at the somewhat higher observed solubilities between pH 4 and 5 also
indicates the presence of a small amount of amorphous ThO,(am). In any event, the Th
concentrations in Molycorp samples appear to be solubility limited, either by ThSiO,(gl) at ver
low pH, ThO,(c), or by trace amounts of ThO,(am), and show very low solubilities over a broud

range of pH values.

The batch leaching data for Molycorp samples show that the slag materials tend to butler the
solution pH values in the alkaline region (> 10, see Table 5). Although we cannot be sure, these
high pH values are most likely related to the dissolution of alkaline earth compounds containig
either Ca or Ba that are present in these samples. As seen from the solubility data, these high plt
values are expected to maintain the dissolved Th concentrations at very low levels The
observed Th concentrations in the batch leaching studies, Figure 3, follow this expected trend
Th concentrations are uniformly low in both the coarse and fine material with maximum
concentrations about 107°M (3.2x10*M). As expected, if a solubility controlling solid was
present, there is no clear differences between coarse and fine material (i.e. no surtace wred ot

particle size effect).

The pH values in the column experiments, Table 6, show a trend of much lower values than in
the batch experiments. This results from the leakage of small amounts of atmospheric CO, nto
the sampling bottle during the duration of the column study. However these pH values also tull
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Table 4. Radiological analysis of Cabot samples. Slag A(96T-C-9),Grayish Green Ore(96T-C-

B5(96T-C-20), and Ore (96T-C-21). Results in pCi/g.

Nuclide Cabot Cabot Cabot Cabot
Slag A Ore Soil BS 96T-C-21 Ore

Th Series (40) (246) (120) (262)
Ac-228 43 176 97 246
Bi-212 49 197 112 266
Pb-212 42 160 100 238
U-238 Series (25) 80y (70) (123)
Ra-226 33 121 78 180
Bi-214 27 101 63 192
Pb-214 29 111 70 210
Th-234 140
U-235 Senies ok

#* Uranium values arc close to detection limit an
counting system. Values in parenthesis are calculate
of the Th is Th-232 and all of the U 1s U-238.

19). >oil Site

T because of mterferences are hard to quantity with the

4 from the XRF data for thorium and uranium assuming all



Table 4. Radiological analysis of Cabot samples. Slag A(96T-C-9),Grayish Green Ore(96T-C-19). Soul i
B5(96T-C-20), and Ore (96T-C-21). Results in pCi/g.

Nuclide Cabot Cabot Cabot Cabot
Slag A Ore Soil B> 96T-C-21 Ore

Th Series (40) (246) (120) (262)
Ac-228 43 176 97 246
Bi-212 49 197 112 266
Pb-212 42 160 100 238
U-238 Series (25) (80) 70) (123)
Ra-226 33 121 78 180
Bi-214 27 101 63 192
Pb-214 29 111 70 210
Th-234 140
U-235 Series *k

countin

. ** Uramum values are close to detection limit and because of interferences are hard t
g system. Values in parenthesis are calculated from the XRF data for thorium and urinminn a~suiiiy
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Table 5. Measured pH values in batch leaching studies as a function of time.

Leaching Time Molyvcorp Molycorp Chemetron

Fine Material Coarse Material
2 hrs. 9.39 7.62 8.57
6 hrs. 9.75 8.57
3 days 10.15 10.33 8.53
7 days 10.45 10.33 8.81
15 days 1031 984 8.57
37 days 10.23 8.55
45 days 10.66

Table 6. Measured pH values in column studies as a function of time.

Leaching Time Molvcorp - Chemetron
4 days 7.96
5 days 823
8 days 821
11 days 7.64
30 days 822 8.43
72 days 838
78 days 8.29




in the low solubility region, see Figure 2. The observed Th concentrations in the column
experiments, Figure 4, follow this expected trend with all of the Th concentrations all al or beivw
the analytical detection limit of approximately 10™**M.

In summary, the aqueous Th concentrations in the Molycorp samples are solubility conitrollea
either by ThO,(c), ThO,(am), or at very low pH, ThSiO,. The presence of a solubiliy ity
phase results in the leachable Th concentrations being independent of total sample purticiv siev
or surface area. The apparent rapid dissolution of the solubility limiting phase(s) results »..
consistent results between the solubility, batch, and column studies. The solubihity coitrondi .
solid phases for Th are all very insoluble at pH values > 5

Molycorp - U

Uranium, even if present as insoluble U(IV) solid phases, is easily oxidized in solution to vy,
The majority of U(VI) containing solid phases (Krupka and Serne ) are highly soluble ¢ 107"\
One of the major exceptions to this rule of insoluble U(V1) phases is in solutions of high pit o
carbonate, and high concentrations of alkaline earth cations. These solutions result ui i
precipitation of insoluble alkaline earth uranates {i.e. strontium uranate (SrUO,(c)). v
becquerelite (CaU;0,, 1 lH,0)}. These are precisely the conditions found tor the Maoiveo.
samples, Table 5 and Figure 5. As a result, such phases, particularly the calcium uranates couid
limit U(VI) solubilities at the Molycorp site. Unfortunately, experimental data on the solubiliis
of these phases is very limited. As a result, in another task of this project, the solubility ol
becquerelite was measured over a broad range of pH values and dissolved Ca concentrutions
Details on these studies will be reported in a subsequent report, however a summary ot the
results is presented in Figure 6. Interestingly, these data show that solid phases such s
bequerelite can maintain quite low (10"M) dissolved U(V1) concentrations at the high pli il
dissolved Ca concentrations that could occur at the Molycorp site  The actual solubihiy wats b
U in samples from the Molycorp site, Figure 7, show quite low solubilities across the cutire il
range. Although these concentrations are obviously not limited by becquerelite at fow pi.
values, the solubilities at higher pH (>8) could be limited by the solubility of such piases

The batch leaching data for U also show low dissolved concentrations (Figure 8) with sounw
difference between fine and coarse material. The “solubility™ data at the same pH appeanng o
be intermediate between the fine and coarse batch results. The differences do not appear o v
due to differences in Ca concentrations which are very consistent between the course batcin NI
batch, and solubility studies (i.e. 100 - 120mg/l as Ca). The results tfor the column studios
Figure 9. also show quite low solubilities and are in excellent agreement with the coarse vatvi

studies.

In summary, although the solubility controlling mechanism for U in the Molycorp sumpics is i
precisely known, the fact that the U concentrations are relatively low is not entirely unexpevted
for these high pH, low carbonate, high alkaline earth solutions. The solubilities can be hinuted
by becquerelite at high pH values. The dissolved concentrations of U are consistent between the
coarse batch and the column studies which allows useful calculations to be made on solubihiy

and leaching rates (see below).
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Molycorp - Other radionuclides

Only very low concentrations of other radionuclides were detected in the solubility studies, batan,
studies or column studies. All Th-232 or U-238 daughters were either completely undvicainiic
or found to be very low, typically <2pCi/ml. The only exceptions were the 14 pCirml ot 13- 21
and 11pCi/ml of Pb-212 were found in the most acid solubility point analyzed (pH = 5 5 i
Ra-226 which showed soluble concentrations in the solubility studies as high as 1opCi il

There was also evidence for some Pb-210, but the uncertainties of these analyses wore so tizh as
to prevent quantitiation, and Cs-137 from fallout at concentrations <2pCi/ml.

Chemetron - Th

The total Th concentrations in the Chemetron samples, Table 1, was very low relative to the
other sites sampled. This very low Th concentration is reflected in very low observed Tl
solubilities, Figure 10, which seldom exceeded 10*M even at very low pH values. This rosuit
agrees with the batch leaching data that shows maximum Th concentrations ot 107 "M 1.
all dissolved Th concentrations in the column studies were at or below the analviical actectio.

limit of approximately 10™°M

Table 7. Th concentrations in batch leaching studies of Chemetron samples

Leaching Time Chemetron

-log [Th]
2 hrs. -8.29
6 hrs. <-8.50
3 days -7.45
7 days <-8.50
15 days < -850
37 days -7.54

Chemetron - U/

The total U concentration in Chemetron samples, Table 1, is also less than that found at oiaa
sites. However, the chemical form of the U is quite different. The chemetron provess iesativa -
the conversion of depleted UF, to depleted U;0;. This difference in chemical torm rea
quite different observed U solubilities, Figure 11, than those observed at Molycorp vlo.v U
was relatively insoluble even at very low pH. The U in the chemetron samples is relatn el
easily solubilized by acid with essentially 100% of the U soluble at low pH values. The
observed U concentrations in solution also do not appear to correspond to any known salubilit.
controlling solid phase for a U(VI) solid. The dramatically reduced soluble U concentrutios
over the pH range 3 to 5 seem to correspond more to adsorption edges for U(V]) on atunan.
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oxide or silica oxide surfaces (McKinley et al. 1995) than to expected solubility trends e
also reasonable given the clayey nature of the chemetron samples. The observed L
concentrations in the batch leaching studies, Figure 12, show very similar trends to the soictao.
studies at the same pH values. This is expected. The chemetron samples were all a tine iaves
soil No fracturization of “coarse” batch studies were conducted. These studies therciv, o v
mimic the solubility studies except that no pH adjustments were made in the batch stuidics o
results for the column studies were however dramatically difterent, Figure 13. These data st
very high dissolved U concentrations. These increases in concentration are clearhy relutea to by
much higher solid/solution ratio in the column studies as opposed to the solubility or bt
studies. Clearly, the U in chemetron samples is highly reactive and not controtled Ly suicitl,
phenomena. It appears likely that the observed U concentrations in solution are controliad 1.
adsorption or ion exchange processes on the soil minerals. X-ray absoprtion fine stiuctuay
(XAFS) studies are planned to help further define the chemical form of the U in these leached!
soils. Never-the-less, as described in subsequent sections, the more soluble form of U i
chemetron samples results in significantly increased leaching rates and higher upper bourds o
soluble U than for the Molycorp or Cabot slag type materials.

Chemetron - other radionuclides

The radiological analysis of the solubility and column data did not show signitican
concentrations of any Th-232 or U-238 daughter. Bi-212 and Pb-212 were detedted viv ivs
samples, but the concentrations were so low and the uncertainty of the analysis so ingii .. .
quantification of concentration was impossible. Such low concentrations are CONSISICI i iy
radiological analysis of the solid chemetron samples, Table 2.

Th - Cabot

The solubility data for Th in three samples from the Cabot site, Figure 14, show a very oo
trend of very low solubilities, except at the very lowest pH values Sample C-19. the wreis
green slag showed the highest solubilities consistent with the total analvzed Th concentiaicn ...
these samples. Interestingly. the observed Th solubilities for the Cabot samples are 1 o
even lower than for the Molycorp slag, with only the solubility in the C-19 sample apparcath.

limited by thorianite, ThO,(c)

In the case of the batch leaching experiments, the solution pH values were generally busic bu
highly variable, Table 8. This variability is apparently related to the changing nature ot tiic
solutions as a result of a very slow dissolution rate. The slow dissolution rate is apparent troii.
the dissolved Ca concentrations, the dominant cation, which increase only very slowh . i
The fact that the solutions are so poorly buffered may also impact the pH meter readinies i

event, the pH values are in general between 8 and 10. The corresponding Th concent.oim
these batch leaching samples, Figure 15, show quite low solubilities and bracket the e ol

concentrations expected from the solubility studies.

The column studies, Figure 16, also show very low dissolved concentrations with the i v
the samples at the analytical detection limit of 10**M. As was true in the previous colunn
studies of the Molycorp and Chemetron samples, the measured pH values varied only over a
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very narrow range (i.e. 7.9 to 8.8).

Table 8. Measured pH values and Ca concentrations in batch leaching studies as a tunction o
time for Cabot samples.

Leaching Time C-9 C-19 C-20
pH Ca(mg/l) | pH Ca(mg/l) | pH Ca(mg/l)
2 hrs. 7.86 1.5 7.83 1.5 7.57 |29
3 days 9.97 47 105 |51 990 |63
7 days 9.12 6.9 930 |87 893 |86
14 days 8.37 14.4 8§70 |11.8 803 |99
45 days 9.12 14.6 9.70 243 8.54 15.1
Cabot - U
Uranium solubilities in Cabot samples. Figure 17, show very low solubilities in a sumlar tishon

to the slag samples at Molycorp. At very high pH values, the solubilities could becont e
by becquerelite, although the Ca concentration in these samples is about an order of mugnituay
lower than in the Molycorp samples (see Figure 18). The observed U concentrations it thie
batch leaching studies, Figure 19, also show very low dissolved U concentrations which v i
good agreement with the U solubility studies. Similarly, the U concentrations in the colwtn
studies, Figure 20, correspond to the batch leaching studies No particle size of SUFTCY Lk

effect is seen. In summary. the concentration controlling mechanism for U in Cabot smirpies o~
not precisely known. Becquerelite could limit the solubility at high pH values, but thns s o~
likely than in Molycorp samples owing to the lower dissolved Ca concentrations i~ prossit

that the U concentrations are simply controlled by slow dissolution of the solid phase matci .
but this also appears unlikely since the dissolved concentrations in the solubility studies. whict
used ground, very small particle size material yielded similar results to the batch and culumn
studies with different particle sizes and higher solid/solution ratios (column studies) Uappea..
more likely that the U is tightly bound in either a very insoluble or refractory phasc

Cabot - other radionuclides

The very refractory nature of the Cabot samples was also reflected in the leaching ot'L =253 o
Th-232 daughters. As was true with the chemetron samples, no Th-232 or U-238 dauzine.~ e
detected at significant concentration in the solubility, leaching. or column studies  131-21 2
Pb-212 were detected in a few samples, but the concentrations were so low and the uncertann
of the analysis so high that any quantification of concentration was impossible.
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Calculations of solubility limits and leaching rates.
Molycorp: Solubility controlled for both Th and U.

Th - data from the coarse batch study were used (Figure 3) The highest solubility vbseryed wos
107*M Th after 2hrs contact time. The solution volume svas 30ml. This yields the tollovwiny

- maximum solubility = 3.2x10°M
- leaching rate = 1.1x107gThvhr ?

U - data from the coarse batch study were used (Figure 8). The highest solubility obscivod e
1075M U after 2hrs contact time. The solution volume was 30ml. This vields the Lottow iz

- maximum solubility = 2.5x10*M
- leaching rate =8.9x10*%¢U/hr*

Chemetron: Solubility controlled for Th not U.

Th - data from the coarse batch study were used (Table 7). The highest solubility obscivea s
1075M Th after 3 days contact time. The solution volume was 30ml This yields the totow iy

- maximum solubility = 3.2x10*M

- leaching rate =3 I1x10”gTh'hr

U - data from the column study (Figure 13) were used to define a “solubility” hmit owing to e
high solid/solution ratio and U concentration. Data from the batch study (Figure 12) wete tsed
to give a maximum leaching rate. The highest U concentration observed in the column study
was 10-3M U after 4 7 days of leaching and this was selected as the solubility fimit The
leaching rate was calculated from the batch data at 2hrs of leaching (steady state already
obtained). The solution volume was 30ml and the specific surface area was 19m e This vicias

the foliowing:

- maximum solubility = 1. 6x10°M
- leaching rate = 75x10%gU/m2 hr *

2The leaching rates are calculated as follows:
(3.2x10*moles Th/l)(.031)(232gTh/mole)/2hrs.= 1.1x1079Tn/ny.

ollows:

3The leaching rates are calculated as f
8.9x10%gU/nhr.

(2.5%x10%moles U/1) (.031) (238gU/mole) /2hrs.=

tThe leaching rate are calculated as follows:
(4xloqmoles U/l)(.031)(238gU/mole)/((2hrs.)(l9m2/gsoil)(1qsoil);

= 7.5%x10°8gU/m?.hr.



Cabot: Solubility controlled for both Th and U.

Th - data from the coarse batch study were used (Figure 15). The highest solubilitv viooo o
was 107*M Th after 14 days contact time. The solution volume was 30m!l  This vicic. o

following:

- maximum solubility = 4x10°*M
- leaching rate = 8.3x10"%Th/hr.

U - data from the coarse batch study were used (Figure 19). The highest solubility obscryv
was 107*M U after 7 days contact time. The solution volume was 30ml. This yields the

following:

- maximum solubility = 6.3x10*M
- leaching rate =2.7x10°gU/hr.

Radiocolloids

A comparison of filtered and unfiltered Th and U concentrations in the column studies (it
show any evidence for the formation or transport of radiocolloids in any of the sumples wodics

Table © Filtered and unfiltered Th and U concentrations in column studies. UF - unnthiered o -
filtered.

Analysis Molycorp Chemetron Cabot Ciabon

(C-19) -2 |

Th - UF < 10%3 < 10%3 < 10%° o .

Th-F. <1083 < 108 < 10%3 - ?
U-UF < 10*3 10%% < 10%? Ve

U‘- F 10°¢S 10756 103 L J
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