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ABSTRACT 

The Sedimentary Rock Program at the Oak Ridge National Laboratory is 
investigating shale to determine its potential suitability a s  a host 
rock for the disposal of high-level radioactive wastes (HLW). 
support of this  program, preliminary studies were carried out on 
sorption of cesium, strontium, technetium, neptunium, and uranium onto 
Chattanooga (Upper Dowelltown), Pierre, Green Rives Formation, 
Nolichucky, and Pumpkin Valley Shales under oxic conditions (air 
present). Three simulated groundwaters were used. One of the 
groundwaters was  a synthetic brine made up to simulate highly saline 
groundwaters in the Pumpkin Valley Shale. The second was  a 100/1 
dilution of this groundwater and the third was 0.03 M NaHC03. Moderate 
to significant sorption w a s  observed under most conditions for all of 
the tested radionuclides except technetium. Moderate technetium 
sorption occurred on Upper Dowelltown Shale, and although technetium 
sorption was  low on the other shales, it was higher than expected for 
Tc(VII), present a s  the anion TcO4-. Little sorption of strontium onto 
the shales was observed from the concentrated saline groundwater. 
These data can be used in a generic fashion to help assess the sorption 
characteristics of shales in support of a national survey. 

In 
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The Sedimentary Rock Program (SERP)  a t  the Oak  Ridge National 
Laboratory (ORNL) is investigating the use of sedimentary rocks (other 
than salt) a s  part  of a national effort to broaden the range of choices 
of hydrologic environments and rock types available to the U. S ,  
Department, of Energy (DOE) as a potential second host medium for a high- 
level w a s t e  repository. Recent geochemical investigations a t  ORNL have 
focused on shales as  possible host rocks for t,he disposal of high-level 
radioactive wastes (HLW). 

Shales are among the most common and widespread rock types in the 
IJnited States (Gonzales and Johnson, 1984). Thick deposits of shale can 
be found in almost every state of the United States, and these deposits 
encompass a wide range of geologic times, from the  Precambrian, (0.6 - 
3.0) x 109 years B.P. (before the present) to the Miocene Epoch of the 
Cenozoic E r a ,  (1 .3 - 2.5) x 107 years B.P. Clastic sedimentary rucks, 
even those as  fine-grained as  shales, may exhibit a great diversity in  
chemical composition. For example, on the small scale of a hand 
specimen of shale from t h e  Green River Formation (Garfield County, 
Colorado), local fluctuations in composition are  visible as laminae 
resulting f r o m  variations in the rate of sedimentation a s  the rock was 
formed (Longwell e t  al., 1969). Thus, it  was  expected that the various 
shales to be investigated in the SERP would show a number of interesting 
geochemical differences, with important implications for nuclear waste 
repositor y performance. 

The interactions of radionuclides, groundwaters, and host rocks provide 
the dominant controls for limiting the mobility of radionuclides that 
will be released from the waste packages of a HLW repository. 
of the  interactions will be determined by the geochemical conditions of 
the  repository environment (e.g., temperature, pressure, groundwater 
chemistry, p H ,  redox conditions, host-rock mineralogy and chemistry). 
The geochemical conditions associated wi th  the shales being evaluated in 
the SERP show a number of differences among the members of the group, 
and the shales themselves may prove to have varying capabilities for the 
retention of radionuclides. 

The extent 

2. OBJECTIVE AND SCOPE 

The objective of the work presented here is to acquire data to begin the 
characterization of the sorption properties of shales. Therefore, 
sorption tests are  being performed to identify some of the more 
important geochemical parameters that contribute to the retention of 
radionuclides. 
extremes and using a variety of synthetic groundwater compositions, this 
type of sorption information can be used to plan fur ther  experiments 
designed to aid in a national survey to help select the most, suitable 
shales for detailed site-specific consideration. 

B y  selecting shales representative of compositional 
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The first  series of tests performed was  designed to begin to 
elucidate the sorption behavior of cesium, strontium, technetium, 
uranium, and neptunium f r o m  appropriate synthetic groundwaters onto 
montmorillonite and illite. 
shales and probably constitute the principal sorbing phases in many 
shales. 
elements with Chattanooga (IJpper Dowelltown) Shale, Pierre Shale, shales 
from the Green River Formation, and with Nolichucky and Pumpkin Valley 
Shales from the Conasauga Group. 
which a re  being determined in a companion study (Lee, e t  al., 19871, are  
representative of the compositional extremes of shales; a summary of the 
mineralogies is presented below, A limited number of tests were 
conducted with shales that, had been heated in air at 250°C for six 
months in an attempt to acquire preliminary data on the effects of the 
heating of shale likely to occur in a HLW repository. 

These two clay minerals a re  present in many 

The second series of sorption tes ts  was  made using the s a m e  

The mineralogies of these shales, 

One of the most important parameters to the retention of radionuclides 
is the ionic strength and chemical composition of groundwater. 
Groundwaters associated with shales a re  highly variable in composition 
and range from dilute bicarbonate types to concentrated NaCl brines (Von 
Damm, 1987). Considerable literature exists on the geochemical behavior 
of radionuclides in dilute groundwaters in contact w i t h  typical rocks 
being considered for PILW repositories ( e . g B p  basalt, granite, tuff) .  
However, there is relatively little information on the interaction of 
shale-related minerals and radionuclides, especially in  concentrated 
brines. The synthetic groundwaters selected for study were designed to 
be representative of the groundwaters found in various shale formations. 

Cesium and strontium, although not key elements for long term storage of 
HLW, were chosen for study because they typically sorb by ion exchange, 
and their sorption behavior is therefore indicative of the extent to 
which the shales act as ion exchange sorbents. Also,  cesium is thought 
to be permanently fixed by the illitic clays present in many shales, 
while strontium is normally sorbed reversibly. Uranium is a key 
radionuclide because spent fuel is  expected to be stored in the 
repositories. 
conditions and was chosen to model anion behavior. Neptunium, wartiurn, 
and technetium are  all sensitive to redox conditions to some extent, and 
their behavior can serve to indicate the ability of shales to reduce the 
valence of these radionuclides and thereby decrease their mobility. 
From the results of these preliminary tests,  it will be possible to 
design more sophisticated tests to measure the ability of shales to 
retard nuclides. Such tests might include tes ts  in anoxic environments, 
migration of elements through columns of shale, and systematic variation 
of groundwater composition parameters such a s  pH and concentration. A s  
these data a re  obtained, other types of experiments may be found to be 
helpful. 

Technetium normally exists as an anion under oxidizing 
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3. MATERIALS AND METHODS 

3.1 SHALES 

The five core samples of Chattanooga Shale, Pierre Shale, Green River 
Formation Shale, Nolichucky Shale, and Pumpkin Valley Shale were 
characterized by Lee, e t  al. (19871, and the description below 
summarizes their conch sions. 

The Chattanooga Shale sample w a s  from the Upper Dowelltown Member of 
the shale in Fentress County, Tennessee, at a depth of 141-142 m. This 
unit may be described as interbedded medium light gray claystone and 
dark gray shale beds, varying in thickness, but only 3 - 12 cm thick. 

The samples of Pierre Shale were representative of the Mobridge Member 
of Pierre Shale in Gregory County, South Dakota and were  retrieved from 
a drill hole a t  a depth of 88.2 to 88.9 M. 
described the cores as  claystone, thickly bedded to massive, nonfissle, 
slightly to moderately calcareous, soft, moist, medium gray with slight 
olive tinge, dense, solid, bedding a t  low angle, nonweathered. 

Lee, e t  al. {1987) have 

The samples from the Green River Formation originated in Garfield 
County, Colorado, and were drilled from the roof of the Colony mine. 
The  samples were described as thinly bedded calcareous marl, very hard 
and compact. 

Samples of Nolichucky and Pumpkin Valley Shales were from the Joy 2 
well, in Oak Ridge, Tennessee, a t  depths of 181 to 182 and 604 to 605 m, 
respectively. Both shales a re  part  of the Conasauga Group, a complex 
sequence of Middle to Upper Cambrian clastic and carbonate strata. The 
Nolichucky section is described as 3 gray to brown shaley limestone with 
discontinuous parallel bedding. The Pumpkin Valley section is maroon to 
gray, glauconitic, laminated silty mudstone. 

The approximate mineralogical composition of the five whole-rock 
samples is given in Table 3.1, from the summary by Lee, et  al. (1987). 
All of the shales contain organic matter; the Green River Formation 
Shale appears to have the most, while the representatives of the 
Conasauga Group, Nolichucky and Pumpkin Valley Shales, appear to have 
the least. 
with shales that had been heated to 250°C in air for six months. 
Analyses of the heated shales are  not yet complete, but such treatment 
should oxidize or volatilize m o s t  of the organic matter, possibly 
oxidize sulfides and other reduced material, and alter the layer-type 
clays. 

Some of the experiments to be described were carried out 
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T a b l e  3.1. Estimated mineralogical composition of whole-rock samples" 
~~ _ _ _ ~  

b Percent by Weight 

Component Green 
Chattanooga Pierre  R i v e r  Nolichucky Purnplrin 

Shale Shale Formation Shale Valley 
Shale Shale 

Organic Matter 11 5 13 t t 

Chlorite/Kaolinite 4 t t 1 4  15 

I l l i te 49 t 10 43 57 

M i c a s  t 4 t t t 

Smec ti t e  nd 59 nd nd nd 

Carbonates t 15 42 11 t 

&ILwt,z/Feldspars 25 11 28 29 22 

Pyrite 6 2 t t t 

Weight Loss (105°C) 1 4 2 2 2 
-_ . . .. ..-. .- ~ ......... 

8 ~ e e ,  et  al. (1987) 

bt. = trace ( 5  2%) observed f r o m  thin section and electron micrographs; 
nd = not detectable. 

3.2 GROUNDWATER 

A synthetic brine groundwater was prepared to simulate saline 
groundwaters found at the 427-m depth of test  wells in the Pumpkin 
Valley Shale. The  composition of the synthetic groundwater is given in 
Table 3.2. This groundwater has  a density of about 1.13 and can be 
characterized as an acidic, highly saline groundwater containing 
considerable quantities of allraline earth ions. The ionic strength of 
this groundwater is 3.30 mol/L or about 3.42 mol/kg HzO. Sorption tes ts  
were made w i t h  this groundwater (concentrated brine) and a 100-fold 
dilution (dilute brine), each adjusted initially to pR 5. 'To simulate 
alkaline carbonate conditions, measurements were also made with 0.03 
rnol/L NaHC03 (bicarbonate). A few sorption measurements with clays were 
made w i t h  a 10-fold dilution (intermediate brine) of the concentrated 
brine; i t  w a s  also adjusted initially to p H  5. 
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Table 3 . 2 .  Composition of synthetic brine groundwater 

Concentration 
Component 

Na 
K 
M g  
ca 
sra 
c1 
Br 

2.00 46.00 
0.0089 0.348 
0.230 2.79 
0.599 12.0 
0.027 1.20 
2.86  101.29 
0,009 0 . 7 1  

pH adjusted t o  5 w i t h  HC1 

"In some of the experiments t o  measure strontium sorption, the 
strontium was eliminated from the synthetic groundwater so tha t  
trace levels of strontium could be studied. 

3.3 NUCLIDES 

The tracers used in this study are  listed in Table 3.3, along with some 
of the pertinent data on their radioactive decay properties. 

Concentrations of strontium, cesium, and technetium were determined by 
measuring the gamma radiation of aliquots of traced solutions with a 
well-type N a I (  TI) scintillation detector and comparing the counting 
rates to those of reference standard solutions of the same tracer 
nuclide. 
were also determined with the well-type NaI(T1) detector and compared to 
reference standard solutions of this nuclide. The concentrations of 
uranium solutions were determined by liquid scintillation alpha counting 
of tracer 233U in solutions of natural uranium. Limitations imposed by 
detection sensitivity and specific activity were such that 
concentrations of 233U less than about 10-6 mol/L could not be used as 
starting solutions. 

The K-series x-rays f r o m  t h e  electron-capture decay of 235Np 
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Table 3.3. EMS-lives, decay modes, and radiations zmitted by tracers 
used i n  t h i s  studv" 

Nuclide Half-Life Principal Decay Mode M i a t i o n s  Detected 

8 5Sr 64.84 d Electron capture 514.0-keV gamma ray 

1 3 7cs 30.17 y Beta decay 661.6-keV gamma ray 
( i n  decay of 1 3 7 m t j ; t )  

9 5 "TC 61 d Electron capture 204.1-keV gnmana r a y  

2 3 5Np 396.2 d Electron capture No gama; K-series 
x-rays a t  94.7,  98.4, 
and 111 keV 

2 3 3C' 1.59 x 105 y Alpha decay 4.824- and 4.783-keV 
alpha particles 

"Data from Kocher (1981). 

3.4 EXPERIMENTAL PROCEDURES 

Sorption of the radionuclides w a s  measured by determining the sorption 
ratio after exposure of the sorbent to traced groundwaters. The 
sorption ratio, which is here designated Rs, is defined as the 
concentration of the nuclide in the sorbent divided b y  the concentration 
of the nuclide in the groundwater, each determined after the test. In 
this study, the unit for concentration in the sorbent is  moles/kg, and 
tha t  in the solution is moles/L. Thus, the units of Rs a r e  L/kg. The 
amount adsorbed is determined by comparison of the concentrations of the 
sorbate (adsorbing nuclide) in the solution before and after the test. 
I t  is then assumed tha t  any reduction in concentration in the solution 
is a result of sorption onto the sorbent. 
carried out simultaneously with solutions that do not contain the solid 
sorbent to see whether there a re  other processes such as sorption on the 
container or precipitation that could remove the sorbate from the 
solution. 

Control experiments a re  

The sorption ratios are  calculated from the equation 

where Ci is the initial concentration of the sorbate in the solution, 



7 

Cp is the  final concentration in the solution, V is the initial volume 
of groundwater, and W is the weight of the shale sorbent (shale). 

In most of the experiments, 2 mL of groundwater w a s  used. 
of shale used depended upon the amount of sorption expected in the 
experiment. Enough shale is needed to cause substantial sorption, but 
too much of a highly-sorbing shale removes essentially all of the 
nuclide and a precise value of Rs cannot be determined. 

The amount 

A typical procedure is as follows: 
tared tubes and the tubes are  reweighed to determine the shale weight. 
The groundwater is then added and the tubes are  reweighed; the 
groundwater volume is calculated from the weight and density. All 
determinations of groundwater volume are  based on weight, The  tubes 
are  weighed a t  the beginning and end of every equilibration to 
determine any solution loss. 

The shale samples are  added to 

The tubes containing the shale and groundwater are then shaken for a 
three day preequilibration period. 
solutions are  centrifuged and the supernatant is carefully decanted to 
avoid loss of sorbent. The shales, which at this time are packed 
at the bottom of the tube, are  resuspended in fresh groundwater 
and the pre-equilibration is repeated twice. In general, atomic 
absorption analyses of the centrifugates for the principal cations in 
the groundwaters have shown that three preequilibration periods are 
sufficient to reach compositions within 5% of the initial composition. 

After the preequlibration periods, traced groundwater is added dong  
with enough untraced groundwater to bring the volume to the desired 
level. The preequilibrated shale and the traced groundwater are  then 
gently shaken, usually for 14 days. 
for 3 days because only a short time is generally necessary to reach 
equilibrium with the clay samples that we used (Shiao e t  al., 1979). 
Test samples and controls (tubes containing traced groundwater but no 
sorbent) are  done in triplicate. 
samples are  centrifuged and the tracer content of the final solutions is 
assayed. Values of Rs are  then calculated using Eq. 1. 

After each preequilibration, the  

Tests with clay samples were shaken 

After the test contact period, the 

Desorption ratios are  determined from samples that have been 
equilibrated and the sorption ratios calculated. 
the groundwater is then carefully decanted after which the tube is 
weighed to determine the amount of solution still in the test tube. 
Enough untraced groundwater is then added to make up to a solution 
volume equal to that used in the sorption portion of the experiment. 
The amount of tracer present a t  the beginning of the desorption 
experiment is equal to the volume of the residual groundwater times the 
final concentration in  the sorption experiment plus the amount on the 
solid, which is calculated from the sorption ratio. The  tubes are  then 
shaken for an appropriate length of time and the concentration of the 
tracer in the  solution is then determined. Desorption ratios are  
calculated from Eq. 1; Ci is calculated by dividing the amount of tracer 
originally present by the solution volume. 

A s  much a s  possible of 
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Values of Rs can be calculated on the basis of the initial radionuclide 
concentration of the standard solution (corrected for decay if 
necessary) or  of the radionuclide concentration of control samples 
carried along with the test  samples. 
or precipitation, there will sometimes be a reduction in the 
radionuclide concentration of the control samples. 
sorbing phase, sorption on tube walls may not be significant compared 
to the sorption on the sorbing phase. 
control samples is often different from the final p H  of the test  
samples, it is not known whether precipitation occurs with the test  
samples. 
concentration on i t  should be determined directly. However this is 
difficult to do and could easily lead to large errors. For these 
reasons in these initial tests, we  chose to report sorption ratio values 
calculated using the initial t-adionuclide concentration of the standard 
solutions as Ci. Values given are  averages of three determinations; 
standard deviations a re  also provided. 

Because of sorption on tube walls 

In the presence of a 

A l s o ,  because the final pB of the 

Ideally, the sorbing phase should be removed and the tracer 

All equilibrations were carried out a t  room temperature, approximately 
23OC, in the presence of air. Thus, the groundwaters were oxidizing. 
In most cases, no attempt was  made to keep the p H  of the solutions 
constant during the experiment, but i t  w a s  allowed to adjust  to a value 
determined by the interactions between the shale and the groundwater. 
A s  shown below the pH changed during the experiments, sometimes 
significantly. 

In the measurements of the effect of the pf-1 on cesium and strontium 
sorption, the pH in the first equilibration was allowed to "float," then 
it w a s  adjusted upward by adding sodium hydroxide solution to the same 
samples, and finally it was  adjusted downward by adding hydrochloric 
acid solution. 
each value. 

The samples were equilibrated for at least seven days at 

4. RESULTS AND DISCUSSION 

The experiments summarized in the sections below are  preliminary 
investigations of the sorption of cesium, strontium, technetium, 
neptunium, and uranium onto samples of montmorillonite, illite, and 
shale. In these acidic groundwaters, cesium and strontium are  expected 
to exist as  the singly- and doubly-charged aquo ions, respectively. 
Because the experiments were carried out under mildly oxidizing 
conditions, technetium is expected to be present as the pertechnetate 
ion, TcOa-, and neptunium as  the neptunyl ion, N p 0 2 + .  Uranium was  added 
as the uranyl ion, U022+. 
groundwaters, if any, has not yet been determined or calculated. 

The extent of complexation in these 

It  should be stressed that, only a limited number of shale samples were 
studied, and only batch contact sorption techniques were used. A 
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complete study of sorption using batch contact techniques should include 
investigation of desorption, kinetics, and anoxic conditions. Further,' 
only a limited number of solution variables were studied, and in most 
cases the pH was allowed to "float" to a final value without any 
control. 
considered to be indicative and serve mostly to suggest future 
investigations, 
to be useful and informative. 

The pH of the concentrated brine and the intermediate brine was adjusted 
initially to 5. 
to 6.5 - 7.0 during the course of the experiments for the Pierre, Green 
River Formation, Nolichucky, and Pumpkin Valley Shales. The p H  of the 
intermediate brine generally increased significantly more than the  p H  of 
the concentrated brine. The groundwaters in contact with the 
Chattanooga (Upper Dowelltown) Shale became quite acidic with time, an 
effect which can be attributed to the production of acid by oxidation of 
the large amount of pyrite (FeS2) and to the very small concentration of 
carbonate in the shale. 
sufficient concentration, could prevent the solution f r o m  becoming 
acidic.) 
sulfate is illustrated by Eq. 2. 

Thus, some of the  experiments reported here can only be 

Nevertheless, the results from these tests have proved 

In general, the pH of the concentrated brine increased 

(Carbonate neutralizes acid, and, if present in 

The production of acid by the  oxidation of pyrite to ferric 

4FeS2 i 1502 t 14Hz0 = 4Fe(OH)3 f 16H+ t 85042- (2 )  

In this equation we have assumed that ferric iron in the groundwaters is 
present as Fe(OH)3; this is a simplification because a t  the pH levels of 
the  final solutions (ca. 3 to 4) ,  hydrolytic aqueous species of Fe(II1) 
will be present. 
8 for the  tests with Upper Dowelltown Shale because of the buffering 
action of the  bicarbonate ion. 

The pH of the 0.03 M NaHC03 solution remained above p H  

4.1 CESIUM 

The data presented in Table 4.1 show that cesium sorbs strongly on 
montmorillonite and illite. I t  is important to note that sorption was  
more pronounced on illite than on montmorillonite and that sorption 
increased with dilution of the brine. Such a trend with dilution is 
strongly suggestive of an ion exchange mechanism. These observations 
will be important in the  discussion below, because the five shales 
chosen for study contain varying amounts of clays (Table 3.1) .  

Sorption ratios obtained for cesium on the five shales are  given in 
Tables 4.2 - 4.6 and in Figs.  4.1 and 4.2 for a relatively wide range of 
conditions and types of experiments. Examination of these data shows 
that cesium is sorbed rather strongly under all conditions, although 
relatively low sorption ratios were observed for Green River Formation 
Shale in the  concentrated brine. For the diluted brine, the sorption 
ratios were consistently higher, usually by approximately two orders of 
magnitude, suggestive of a simple ion exchange mechanism. The 
mineralogy of the shale samples summarized in Table 3.1 shows some 
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interesting correlations with these results. 
sorption ratios observed for the Green River Formation Shale appear to 
correlate with the low clay mineral content. 
show stronger sorption of cesium, either a re  high in illite 
(Chattanooga, Nolichueky, Pumpkin Valley) or a re  high in smectite 
(Pierre). 

The relatively low 

The other shales, which 

Over the range of initial cesium concentrations tested (Tables 4.2 and 
4.3) ,  there appear to be no significant differences in the sorption 
ratios determined at cesium concentrations of 1 x 10-6 and 5 x 10-11 
nlOl/L" 

Experiments OAI the desorption of cesium from these shales a re  
instructive, since it might be suspected that  sorption processes 
involving clay minerals, which manifest large sorption ratios, might not 
be reversible, and so would tend to "fix" cesium. However, the data in  
Table 4.4 do not show any systematic or significant differences between 
sorption ratios and desorption ratios in the concentrated brine. This 
indicates that a nearly reversible, ion-exchange-like process is  
involved. For the other groundwaters, the values of R d  are  consistently 
higher than the values of Rs. This observation suggests a 
nonequilibrium process. 

Table 4.5 shows a comparison between the sorption of cesium on unheated 
shales and on shales heated for six months at 250°C. Unfortunately, the 
amount of heated shale available was  insufficient for conducting 
experiments with all of the groundwater compositions shown in the other 
tables. Thus, it was  decided to carry out, experiments only with the 
concentrated brine groundwater composition. Except for the Green River 
Formation Shale, which contains little illite or  smectite, heating of 
the shales consistently resulted in an increase in the sorption ratio 
for cesium, which suggests that cesium sorption occurs on the mineral 
(Le., inorganic) components of the shales. 

The results of studies on the pH dependence of cesium sorption from the 
diluted brine are summarized in Table 4.6. To date, only a limited 
range of p H  has been covered in these experiments, and the e r rors  are  
large, especially for the large values of the sorption ratio. The data 
hnvc been plotted in Figs. 4.1 and 4.2 to guide the reader in discerning 
t rends in the data. The results for the Green River Formation Shale 
appear to s h o w  little pII dependence above p H  6, while the results for 
the other three shales appear to show a general increase in sorption 
ratio with increasing pH. However, because of the poor precision 
resulting from the almost complete removal of cesium from the 
groundwater, i t  is not possible to analyze the p H  dependence 
quantitatively on the basis of these results. 



Table 4.1. Cesium(I) sorption on montmorillonite and illite 
from concentrated and diluted brine groundwater. a 

Montmr i 1 loni te Illite 
RS (L/kg) ( L / k g )  

Initial Cs 
Groundwaterb concentration 

( m l / L )  std Stca 
avg dev aw dev 

Concentrated 1 x 10-8 14.5 2 308 22 

Intermediate 1 x 10-8 106 8 3740 123 

Dilute 1 x 10-8 476 28 > 10000 -- 
8 x 10-11 610 30 > 10000 -- 

"Solid/solution ratios were 0.10 for concentrated brine, 0.025 
for intermediate brine, a,nd 0.005 for dilute brine. The 
samples were preequilibrated three times for three days each, 
and the final equilibration was for three days at 25°C. 
Samples were separated by centrifugation at 25,000 rcf for 30 
minutes. 

bConcentrated groundwater composition is given in Table 3.2. 
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a Table 4.2.  Cesium(1) sorption on shale samples. 
Initial C s  concentration: 1 x 10-8 mol/L. 

Final std 
Shale Groundwater avg PH =% dev b 

U p p e r  Dowelltown concentrated brine 
diluted brine 
b i. carbona te 

Pierre concentrated brine 
diluted brine 
bicarbonate 

Green River concentrated brine 
Formation diluted brine 

bicarbonate 

Nolichucky concentrated brine 
dilute3 brine 
bicarbonate 

Pumpkin Valley concentrated brine 
diluted brine 
bi.carbonate 

3.90 
4.24 
8.31 

6.37 
7.86 
8.00 

6.93 
8.31 
9.03 

6.95 
8.27 
9.16 

6.55 
6.79 
8.79 

152 
> 10000 
> 10000 

107 
> 10000 

9493 

5.2 
182 

1317 

93.9 
> 10000 

6570 

70.0 
> 10000 
> 10000 

2.4 
-- 
-- 

9 .1  
-- 

993 

2.4 
4 . 7  

56 5 

1.1 
_- 

1363 

14.6 
-- 
I- 

“Each s a m p l e  contained approxim3tely 0 . 2  g of shale and 2 n&, of 
gi-oundwater. 
least three days each, and the final equilibration was for 15 days at 
25°C.  The sam-pl-es were separated by centrifugation at 25,000 rcf fo r  
90 minutes. 

The samples were preequilibratd three times for at 

bComposition of the concentrated brine is given in Table 3.2. The 
diluted brine is a 100/1 dilution of the concentrated brine, and the 
concentration of the bicarbonate solution is 0.03 mol&. 
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Table 4 . 3 .  Cesim(1) sorption on shale samples.a 
Initial Cs concentration: 5 x 10-11 mol&. 

Final std 
Shale Groundwater avg PH avg dev b 

Upper Dowelltown concentrated brine 
diluted brine 
bicarbonate 

Pierre concentrated brine 
diluted brine 
bicarbonate 

Green River concentrated brine 
Format ion diluted brine 

bicarbonate 

Nolichucky concentrated brine 
diluted brine 
bicarbonate 

Pumpkin Valley concentrated brine 
diluted brine 
bicarbonate 

3.81 
3.82 
8.22 

6.12 
7.87 
8.36 

6.87 
8.35 
9.05 

6.76 
8.58 
9.10 

6.77 
6.93 
9.37 

123 
> 10000 

8260 

102 
> 1QOOO 

7740 

12.1 
413 
683 

94.5 
> 10000 

2635 

79.1 
> 18000 

9580 

3.2 
-- 

1107 

3 . 5  
-- 

601 

4.1 
39.7 
61.0 

6.1 -- 
351 

10.3 
-... 

1086 

aEach sample contained approximately 0.2 g of shale and 2 mJ., of 
groundwater. 
least three days each, and the final equilibration was for 15 days at 
25°C. The samples were separated by centrifugation at 25,000 rcf for 
90 minutes. 

The samples were preequilibrated three times for  at 

bComposition of the concentrated brine is given in Table 3.2. The 
diluted brine is a t00/1 dilution of the concentrated brine, and the 
concentration of the bicarbonate solution is 0.03 mol/L. 
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a Table 4.4.  Cesim(1) sorption and desorption on shales. 

std s td 
Groundwaterb Shale p H  avg dev PH dev 

Concent, rated D 
brine P 

G 
N 
V 

Dilute brine D 
P 
G 
N 
V 

Bicarbonate D 

6.77 
6.97 
6.88 
6.76 
6.89 

5.09 
7.30 
7.51 
7.38 
7 .23  

8.05 

33 1 1 .4  
238 5.8 

4.0 0.1 
251 2 .1  
149 6 .2  

2677 117 
2442 119 

3130 205 
2146 192 

61.0 1.1 

6668 1492 
P 8.05 >10000 -- 
G 8.60 1452 45.8 
N 8 .69  1333 443 
v 8.57 721. 59.4 

4.18 32 1 
6.37 234 
6.67 4 .9  
6.63 238 
6.46 149 

3.70 3927 
7.31 3036 
7.56 75.0 
7.49 4582 
7.26 2484 

7.39 >10000 
7.47 >10000 
7.93 1791 
8.06 5483 
7.97 1224 

5.7 
1 .5  
0.1 
3.7 
2.9 

655 
521 

500 
237 

2 * 2  

-- 
_- 

117 
1267 
181 

?he syiibols for the shales are: D, Upper Dowelltown; P, Pierre; G, 
Green River Formation; N, Nolichucky; V, Pumpkin Valley. The samples 
contained approximately 0 .2  g of shale and 2 mL of groundwater with an 
initial Cs concentraticn of 1 x 10-8 rnol/L. The samples were 
preequilibrated 3 times €or at least 3 days each and the final 
equilibration was for 14 days at 25°C.  
centrifugation at 25,000 rcf for 90 minutes. 

The samples were separated by 

bCornposition of the concentrated brine is gjven i n  Table 3 .2 ,  The 
d i l u t t d  brine is a 100/1 dilution of the concentrated brine, ,and the 
concentration of the bicarbonate solution is 0.03 mol/L. 
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Table 4 . 5 .  Comparison of cesium(1) sorption on heated and unheated 
shales from concentrated brine groundwater. a 

Shale 

Heated shale Unheated shale 

final s M  final s td 
PH avg dev PH avg dev 

Upper Dowelltown 3.48 226 1 .o 3.90 152 2 . 4  

Pierre 6.74 143 0.9 6.37 107 9 . 1  

5 . 2  2 . 4  Green River 6 . 9 5  1 . 8  0 . 1  6 . 9 3  
Format ion 

Nolichucky 6 . 7 1  181 1 .0  6 .95  9 3 . 9  1 . 1  

mpkin Valley 6.62 111 2 . 1  6 .55  70.0 14.6 

Vhe solid/solution ratios were abut 0 . 0 5  kg/L with heated shales and 
0.10 kg/L with unheated shales. 
months at 250°C. The initial Cs concentration was 1 x 10-8 mol/L at 
initial pH 5 .  
least three days each and the final equilibration was for 15 days at 
25°C. 
90 minutes. 

Shales were heated in air for  six 

The samples were preequilibrated three times for at 

The samples were separated by centrifugation at 25,000 ref fo r  
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Table 4.6. Effect of pH on cesium sorption from 
brine groundwater diluted 100/1 .a 

PH R s  ( L / k g )  
.___ ._I._- 

s td s t d  
Shale avg aev dev 

Pierre 

Green River 
Format ion 

Nolichucky 

7.50 
8.30 
8.93 
7.24 
6 .25  
5.16 

8 .03  
8 . 2 1  
8.80 
7.36 
6.41 
5.53 

8.16 
8.33 
8.89 
7 . 2 1  
6.34 
5.41 

bpkin Valley 8.16 
8.48 
8.94 
7.00 
3.69 
5.12 

0.01 
0.03 
0.03 
0.03 
0.04 
0.03 

0.02 
0.01 
0 .01  
0.01 
0.04 
0.02 

0.07 
0.05 
0.04 
0.03 
0.03 
0.02 

0.04 
0.05 
0.04 
0.09 
0.02 
0.00 

5098 
5955 
6730 
4989 
31 10 
2786 

244 
216 
257 
250 
2 48 
161 

6889 
6056 
9865 
8243 
4955 
6174 

6437 
> 10000 

7255 
5111 
3250 
5007 

262 
864 
592 
196 
171 
66 

3 
3 
7 
4 
5 
3 

659 
489 

2014 
717 
63 

784 

468 

254 
439 
109 
697 

--- 

aEach sample contained approximately 1 . 5  g shale and 
1.15 mL groundwater. 
preequilibrated three times for three days each and 
the first equilibration was for 7 days at 25°C. The 
initial C s  concentration was 1 x 10-8 mol/L at 
initial pH 5. 
centrifugation at 5000 rcf for 90 minutes. 
was then increased by adding sodium hydroxide 
solution to the same samples and then it was 
decreased by addim hydrochloric acid solution. 
samples were equilibrated for at least 7 days at 
each pH. 

The samples were 

The samples were separated by 
'The pH 

The 
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Fig. 4.1. Effect of pH on sorption of cesium(I1 from brine groundwater 
diluted 100/1 on (a) Pierre Shale, and ( b )  Green River 
Formation Shale. 
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4.2 STRONTIUM 

Results of experiments to measure sorption of strontium, assumed to be 
present as the aquo ion Srz+, on montmorillonite and illite are  given in 
Table 4.7. Little sorption was observed from the concentrated brine 
groundwater. 
sorption ratios increased significantly, consistent with ion exchange 
behavior. 
on montmorillonite than on illite. 

However, as the groundwater was  diluted, the values of the 

For strontium, the sorption ratios were consistently higher 

The data from a series of tests designed to study the sorption of 
strontium on the five shale samples are  shown in Tables 4.8-4.11 and in 
Figs. 4.3 and 4.4. Unlike cesium, significant sorption of strontium was  
observed only from the 0.03 M NaHC03 solutions, and sorption ratios for 
the concentrated brine groundwater were particularly low (cf. J 

Table 4.8). 
shale contain significant amounts of illite, which was found to sorb 
strontium relatively poorly. The Pierre shale, on the other hand, 
contains smectite (montmorillonite) , which sorbs Sr2+ more readily than 
illite (Table 4.71, and this  may account for the larger sorption ratio 
in Table 4.8 from the diluted brine groundwater. The higher sorption 
ratios observed with 0.03 M NaHC03  solutions m i g h t  he expected to be a 
consequence of the higher values of pH associated with the presence of 
bicarbonate ions; however, the studies of the effect of pH on sorption 
of Sr2* discussed later indicate that the pH alone does not appear to 
account for all of the increased sorption observed in the bicarbonat,e 
solutions. 
bicarbonate solutions will require additional studies. 

A s  mentioned earlier, all of the shales except the Pierre 

A better understanding of the sorption behavior in 

The sorption and desorption experiments summarized in Table 4.9 did not 
reveal any meaningful trends in the concentrated brine, since the 
sorption and desorption ratios were  too small and the errors  large in 
proportion. However, in the diluted brine and in the 0.03 M NaHC03 
solution, values of the desorption ratios Ra were consistently larger 
than the corresponding values of the sorption ratios Rs, which implies 
that  some of the strontium is "fixed" to the shales and is not sorbed 
and desorbed by an equilibrium ion exchange process. Such a 
nonequilibrium process would work to immobilize a portion of the 
available strontium in the presence of a dilute groundwater, 

The comparison between the sorption of strontium on heated and unheated 
shales is shown in Table 4.10. 
little sorption by the unheated shales from concentrated brine 
groundwater. After the shale was heated in air at  250°C for six months, 
there was no strontium sorption a t  all; in fact, slightly negative 
sorption ratios were measured, an observation which might be due to 
experimental error  but which could also be due to some ion exclusion by 
the shales. 
by the shales was  apparently lost by heating, 

A s  shown previously, there is very 

Thus, the little sorption ability for strontium possessed 

Data from studies on the p H  dependence of strontium sorption from the 
dilute (100/1) groundwater are presented in Table 4.11 and in Figs. 4.3 
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and 4.4. 
has been investigated to date; 
sorption between the shales already discussed, all of the shales 
manifested a rise in sorption ratio with increasing pW. On some 
sorbents, the sorption ratio €or strontium has been shown to increase 
sharply with increasing p H  (Shiao, e t  al., 19811, similar to the 
behavior shown in Table 4.11 and in Figs. 4.3 and 4.4. 
this pH dependence with t h e  strontium sorption from 0.03 mol/L NaIICO3 
solutions in Table 4.8 shows that the p H  effect alone does not seem to 
account for all of the sorption observed for the cases shown in 
Table 4.8. 
complex system in terms of chemical speciation. 

A s  w a s  the  case with cesium, only a limited range of pH values 
however, in spite of the differences in 

A comparison of 

Further work remains to be done in attempting to model this 
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Table 4 . 7 .  Strontium(I1) sorption on montmorillonite and 
illite from concentrated and diluted brine 
groundwater. a 

Mon tmori 1 loni te Illite 
b ( L / k g )  Rs L/kg ) 

-_ 
Initial Sr 

Groundwaterb concentration S t d  std 
(mol/L) avg: dev avgc dev 

Concentrated 1 x 10-8 0.55 0.2 -0.26 0.1 

3.0/1 dilution 1 x 10-8 6.8 1 , O  0.29 0.5 
0.0135 10.8 0.8 2.7 0.4 

100/1 dilution 1 x 10-8 97.2 6.3 10.7 2.7 
0.0135 112 5 19.5 6.8 

aSolid/solution ratios : 
( 1 )  For 1 x 10-8 mol/L initial Sr, the solid/solution 
ratios in preequilibration were 0.025 for  concentrated 
brine, 0.0125 for  intermediate brine, and 0.005 for dilute 
brine; the ratios in the final equilibration were 0.050 
for concentrated brine, 0.025 for intermediate brine, and 
0.010 for dilute brine. 

(2) For 0.0135 mol/L initial Sr, the solid/solution 
ratios in preequilibration and final equilibration were 
0.025 for intermediate brine and 0.005 for dilute brine. 

The samples were preequilibrated three times for three 
days each and the final equilibration was for three days 
at 25°C. The samples were separated by centrifugation at 
25,000 rcf for 30 minutes. 

bConcentrated groundwater cornposit ion is given in Table 3.2. 

%egative sorption ratios could be an indication either of 
small experimental errors or ion exclusion by the sorbents. 
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Table 4.8. Strontium( 11) sorption on shale samplesa 

Shale 
Final std 
avg pH avg dev b Groundwater 

Upper Dowelltown concentrated brine 5.46 1.3 0.2 
diluted brine 3.37 3.5 0.3 
bicarbonate 8.69 146 18 

Pierre concentrated brine 6.22 1.2 1.5 
diluted brine 7.21 36.6 0.5 
bicarbom te 8.41 534 245 

Green River Concentrated brine 6.86 3.9 3.5 
Formation diluted brine 7.52 3.3 1.4 

bicarbonate 9.09 138 12 

Nolichucky concentrated brine 6.97 0.7 0.4 
diluted brine 7.73 13.8 0.7 
bicarbonate 9.42 390 74 

Pumphin Valley concentrated brine 6.88 4.0 2.8 
diluted brine 7.65 10.9 0.8 
bicarhnate 9.45 713 117 

Each sample contained approximately 0.2 g of shale and 2 mL of 
groundwater with an initial Sr concentration of 1 x 10-8 mol./L. The 
samples were preequilibrated three times for at least three days each 
and the final equilibration was for  19 days at, 25°C. 
separated by centrifugation at 25,000 rcf for 90 minutes. 

a 

The samples were 

%he strontium normally present in the concentrated brine and the 
dilute brine was omitted in these tests, 
concentrated brine is gi-ven in Table 3.2. The diluted brine is a 100/1 
dilution of the concentrated brine, and the bicarbonate solution is 
0.03 mol/L. 

Composition of the 
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Table 4.9. Strontium(I1) sorption and desorption on shales. 

Sorption Desorption 
- 

Rs W k g )  Rd (L/&) 
- 

std std 
Groundwaterb Shalea pH avg dev PH avg dev 

Concentrated D 
brine P 

G 
N 
v 

4.33 0.0 0.0 
6.83 0.0 0.0 
6.80 0.0 0.0 
6 . 6 9  0 .0  0 . 0  
6.84 -0.1 0.1 

Diluted 
brine 

D 
P 
G 
N 
v 

Bicarbonate D 
P 
G 
N 
v 

3.21 3.3 0.1 
7.61 38.1 1.1 
7.77 4 . 9  0.1 
7.54 17.1 0.1 
7.52 12.4 0.1 

8.30 122 2.6 
8.33 522 19.5 
8.84 478 31.9 
8.79 161 2.8 
8.69 220 4.2 

3.64 
6.78 
6.82 
6.57 
6.70 

2.75 
7.63 
7.73 
7.54 
7.49 

8.40 
8.54 
8.99 
8.87 
8.79 

0.0 1.0 
0.4 0.3 
0.3 0.6 
0.0 0.4 

-0.4 1.7 

11.2 0.4 
43.7 2.9 
10.1 0.2 
22.2 0.0 
1 6 . 3  0.1 

185 3 . 7  
832 18.8 

245 1.8 
280 15.2 

1101 106 

%e symbols for the shales are: D, Upper Dowelltown; P, Pierre; G, 
Green River Formation; N, Nolichucky; and V, Fbmpkin Valley. Each 
sample contained approximately 0.2 g of shale and 2 mL of groundwater 
with an initial Sr  concentration of 1 x mol/L. The samples were 
preequilibrated 3 times for at least 3 day5 each, and the final 
equilibration was for  14 days at 25°C. The samples were separated by 
centrifugation at 25,000 rcf for 90 minutes. 

bComposition of the diluted brine is given in Table 3 . 2 .  The diluted 
brine is a 100/1 dilution of the concentrated brine, and the bicarbonate 
solution concentration is 0.03  mol/L. 
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Table 4.10. Comparison of strontium(I1) sorption on heated and 
a unheated shales from concentrated brine groundwater. 

Shale 

Heated shale Unheated shale 

final std final std. 
avg dev PH avg dev PI1 

Upper Dowelltown 3.54 -0.6 0 .1  5.46 1.3 0.2 

Pierre 6.84 -0.2 0.1 6.22 1 .2  1.5 

Green River -- -- I- 6.86 3.9 3 .5  
Formation 

Nolichucky 7.00 -0.6 0.3 6.97 0 .7  0 . 4  

Pumpkin Valley 6.74 -0.4 0.2 6.88 4.0 2.8 

"The solid/solution ratio was about 0.05 kg/L with heated shales 
and 0.10 with unheated shales. The shales were heated in air for 
six months at 250°C. The initial Sr concentration was 1 x 10-8 
mol/L at initial pH 5 .  
times for at least three days each and the final equilibration was 
for 1 4  days at 25°C.  The samples were separated by centrifugation 
at 25,000 rcf for 90 minutes. 

The samples were preequilibrated three 
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Table 4.11. Effect of pH on strontim(I1) sorption 
from dilute brine groundwater." 

Shale 

Pierre 

Green River 
Formation 

Nolichucky 

F'umpkin Valley 

7.32 
8.27 
8.96 
7.12 
6.25 
5.73 

7.95 
8.29 
9.02 
7.06 
6.23 
5.84 

8.07 
8.30 
9.00 
7.12 
6.25 
5.97 

8.10 
8.35 
8.99 
7.00 
6.12 
4.34 

0.01 
0.01 
0.01 
0.09 
0.00 
0.01 

0.00 
0.00 
0.02 
0.09 
0.01 
0.01 

0.02 
0.00 
0.02 
0.10 
0.00 
0.05 

0.01 
0.01 
0.05 
0.13 
0.13 
0.18 

40.9 
244 
519 
63.1 
17.3 
10.6 

5.2  
20.5 
53.3 

8.4 
3.0 
4.5 

20.2: 
32.7 
55.3 
14.5 
5.0 
4.6, 

15.0 
22.0 
35.7 
12.6 
9.6 
7.3 

0.5 
0.0 
1.6 
0.3 
0.4 
0.1 

0.1 
0.5 
0.9 
0.3 
0.1 
0.1 

0.0 
0.2 
0.5 
0.1 
0.1 
0.1 

0.1 
0.2 
0.6 
0.1 
0.0 
1 .2  

aEach sample contained approximately 1.5 g shale and 
15 mL groundwater. 
three times for three days each and the first 
equilibration was for 7 days at 25°C. 
Sr  concentration was 1 x 10-8 mol/L at initial pH 
5. 
5,000 rcf for 90 minutes. 
increased by adding sodium hydroxide solution to 
the same samples and then it was decreased by 
adding hydrochloric acid solution. 
were equilibrated for at least 7 days at each pH. 

The samples were preequilibrated 

The initial 

The samples were separated by centrifugation at 
The pH was then 

The samples 
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4.3 TECHNETIUM 

For elements like technetium, which exists as Tc(VI1) in oxidizing 
environments and in lower valence states if conditions are sufficiently 
reducing, there could be a significant difference between anoxic and 
oxic tes ts  with minerals or groundwaters that  have reducing properties. 
For the experiments reported here with relatively pure montmorillonite 
and illite, and a synthetic groundwater that contains no possible redox- 
active agents, reduction of Tc(VI1) would not be expected even if anoxic 
conditions were used. The results for technetium given in Table 4.12 
show that essentially no sorption w a s  observed, Le., Rs < 1 for all 
cases studied. This result is not surprising, because Tc(VI1) exists as 
the pertechnetate anion Tc04- under these conditions. Anions are  not 
sorbed significantly by illite or montmorillonite, which sorb mainly by 
a cation-exchange process. 

Small but measurable sorption of technetium occurred on all of the 
shales except the Chattanooga (Upper Dowelltown) Shale, and relatively 
high sorption ratios w e r e  measured for this shale from both of the brine 
groundwaters and from the bicarbonate groundwater (cf., Table 4.13). 
These results were surprising, because little or no technetium sorption 
was expected under the oxic conditions of t h e  tests. Sorption onto the 
shales could occur if components of the shale had sufficient reducing 
ability. Under these conditions, lower valence states of technetium 
could be produced, and insoluble oxides or other compounds could be 
formed. 
the technetium and the organic components of the shales. The 
observation that all of the shales showed a t  least some capability of 
removing technetium from both of the brine groundwaters suggests tha t  a 
inaterial common to all the shales is  responsible. Since all of the 
shales lost their ability to remove technetium from the concentrated 
brine after they had been heated to 250°C for an extended period (cf., 
Table 4.14), the organic material, which is expected to have been 
greatly reduced by the heating, appears to be the most likely reductant 
or adsorbent. Evidently the Upper Dowelltown shale contains more of 
this unknown component than the other shales. A companion study ( H o  
and Meyer, 1987) is underway to separate and identify the organic 
constituents in these shales. Technetium sorption measurements with 
these separated materials when they become available will be needed to 
determine whether organic compounds a re  responsible for the technetium 
sorption, and if so, to identify the compound(s). 

Such a reduction might be a consequence of reactions between 

Another possibe reason for the high technetium sorption with Vpper 
Dowelltown shale may be the relatively high pyrite content of this shale 
(cf., Table 3.1). However, the current  experiments were run  under oxic 
conditions (air present),  and Palmer and Meyer (1981) measured a 
technetium sorption ratio of only 1.6 L/kg  under oxic conditions with 
samples of pyrite in 0.1 mol/I, NaC1. This is  more than two orders  of 
magnitude lower than the sorption ratio measured with Upper Dowelltown 
shale from the diluted brine. This difference does not necessarily 
eliminate pyrite as the reason for the high sorption ratio on the Upper 
Dowelltown shale because the experimental conditions were not exactly 
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the same for the two different results. 
that  some components of the shale m a y  be acting as ion exchangers under 
the acidic conditions found for the brine groundwaters, although 
sorption from the bicarbonate groundwater might not be expected if this 
were the case. 

Yet another explanation may be 

The  shale was  leached with 1 mol/L HCB to look for reduced technetium 
adsorbed on the shale. The leached technetium in the HCI was then 
subjected to  valence analysis by extracting the solution with 
tetraphenylarsonium chloride in chloroform (Meyer, et al., 1984). This 
extractant removes all of the TcO4-, leaving reduced technetium in the 
solution. A f t e r  12 hours of leaching, only about 5 to 10% of the 
technetium present on the shales w a s  removed, and of the  amount removed 
all but a few percent was  TcOa-. 
controlled atmosphere of argon containing less than 1 ppm 0 2 .  

Nevertheless, the adsorbed technetium could have been reduced and 
remained bonded strongly to the shales. Further experimentation is 
required to determine whether the adsorbed technetium was actually 
reduced. 

These operations were carried out in a 

Technetium sorption from the concentrated brine groundwater w a s  also 
studied on heated and unheated shales. The results (Table 4.14)  show 
that the ability of the shales to sorb technetium w a s  lost in heating. 
A s  discussed above, the organic fraction of the shales is suspected to 
be the most likely reductant for technetium, and loss of the organic 
fraction during heating is likely to have caused the loss of sorption 
ability. The slightly negative sorption ratios observed for the heated 
s h a l e s  may be indicative of ion exclusion effects as was proposed for 
the strontiuin experiments. 
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Table 4.12. Technetium(VI1) sorption on 

diluted brine groundwater. 
montmorillonite and illite from concentrated and 

a 

std std 
Rs dev RS dev 

b Groundwater 

Concentrated 0.41 0.22 0.42 0.22 

Intermediate 0.20 0.07 0.44 0.14 

Dilute -0.47 0.50 0.35 0.24 

"Solid/solut,ion ratios in preequilibration were 
0.1; in final equilibration the ratios were 0.075 
for concentrated and intermediate brines, and 0.10 
for dilute brine. The initial Tc concentration was 
1 x l o - *  mol/L at initial pl-1 5. 
preequilibrated three times for three days each and 
the final equilibration was for three days at 25°C. 
The samples were separated by centrifugation at 
25,000 rcf for 30 minutes. 

bComposition of the concentrated brine is given in 

The samples w e r e  

Table 3 . 2 .  The intermediate brine is a 10/1 dilution 
of the concentrated brine and the dilute brine is a 
100/1 dilution. 
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Table 4.13 Technetium( VII) sorption on shale samples ea 

I- 

Shale 
Final s td 
avg PH avg d€?V b Groundwater 

U p p e r  Dowelltown concentrated brine 3.68 22.9 3 . 1  
diluted brine 3.54 266 18.1 
bicarbonate 8.42 14.8 1.1 

Pierre concentrated brine 6.57 4.1 1.8 
diluted brine -- 3 . 0  0.7 
bicarbonate 8.52 1.7 0.4 

Green River concentrated brine 6.98 1 .6  0.6 
Formation diluted brine -- 1.8 0.0 

bicarbonate 9.09 0.3 0.3 

No]. ichucky concentrated brine 6.99 0.5 0 . 3  
diluted brine -- 1.2 0.3 
bicarbonate 9.61 1.3 0.3 

Pumpkin Valley concentrated brine 6.93 1.1 0.9 
diluted brine -- 0.9 0.5 
bicarbonate 9.59 1 .o 1 .o 

aFach sample contained approximately 0.2 g of shale and 2 mL of 
groundwater with an initial Tc concentration 1 x 10-8 mol/L.  
samples w e r e  preequilibrated three times f o r  at least three days each 
and the final equilibration was for 19 days at 25°C. 
separated by centrifugation at 25,000 rcf for 90 minutes. 

The 

The samples were 

bComposition of the concentrated brine is given in Table 3.2. 
dil-uted brine is a 100/1 dilution of the concentrated brine, and the 
concentration of the bicarbonate solution is 0.03 rnol/L. 

The 
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Table 4 . 1 4 .  Comparison of technetium(VI1) sorption on heated and a unheated shales from concentrated brine groundwater. 

Shale 

Heated shale Unheated shale 

final std final Std 
PkI avg dev. PH avg dev 

Upper Dowelltown 3.55 -0.9 0.0 3.68 22.9 3.1 

Pierre 6.79 -0.8 0 . 1  6.57 4 . 1  1.8 

Green River -- -- -- 6.98 1 .6  0 . 6  
Formation 

Nolichucky 6.92 -0.9 0.2 6.99 0 . 5  0 .3  

Pumpkin Valley 6.71 -1.0 0.0 6.93 1.1 0 .9  

aSolid/solution ratios were about 0.05 kg/L with heated shales and 
0.10 with unheated shales. Shales were heated in air fo r  six 
months at 250°C. The initial Tc concentration was 1 x 10-8 mol/L 
at initial pH 5. 
at least three days each and the final equilibration at 25°C was 
14 days for heated shale and 19 days for unheated shale. The 
samples were separated by centrifugation at 25,000 rcf for 90 
minutes. 

The samples were preequilibrated three times for 
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4.4 NEPTUNIUM 

Because of limited availability ~f 235Mp, no experiments were done for 
neptunium sorption on montmorillonite and illite. We decided that  it 
would be more informative to use the limited amount of 23Wp for 
experiments with the shales. 

For most of the test  conditions listed in Tables 4.15 and 4.16, sorption 
of neptunium, introduced as NpOz+, w a s  significant, 
cesium, the sorption ratio for the dilute brine w a s  always significantly 
larger than that of the concentrated brine, which is suggestive of 
sorption by an ion exchange process. 
ratio for the dilute brine obtained with the Green River shale, which 
has a very low clay content, suggests that  other mechanisms may be 
involved. 

A s  observed for 

However, the very  hign sorption 

Perhaps the organic material iri the shales interacts with 
N p ( V ) *  

A comparison between the sorption of neptunium on heated and unheated 
shales from concentrated brine groundwater is summarized in Table 4.16, 
The large, singly-charged NpO2+ ion seems to behave like Cs* on the 
Pierre and Nolichucky shales, as slightly higher sorption occurred OH 

the heated shales. However, heating reduced the ability of the Pumpkin 
Valley Shale to sorb neptunium, in n manner somewhat analogous to the 
behavior observed for strontium and technetium. Data a re  lacking for 
the sorption of neptunium on heated Green River Formation and on 
unheated Chattanooga (IJpper Dowelltown) Shales, so that comparisons 
cannot be made. 
of heated and unheated samples of these two shales. 

Further information is therefore needed for comparison 
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a Table 4.15. Neptunium(V) sorption on shale samples. 

Shale 
Final std 
avg PH avg dear b Groundwater 

IJpper Bowelltown concentrated brine 
diluted brine 
bicarbonate 

Pierre concentrated brine 
di 1uttx.i brine 
bicarbonate 

Green River Concentrated brine 
Formation diluted brine 

bicarbonate 

Nolichucky concentrated brine 
diluted brine 
bicarbonate 

Pumpkin Valley concentrated brine 
diluted brine 
bicarbonate 

-- 
-- 

7.79 

6.66 
7.38 
7.67 

6.85 
7.78 
8.29 

6.81 
7.88 
8.17 

6.84 
7.73 
8.33 

-- 
-- 

145 

151 
1980 
1470 

137 
> 10000 

2620 

33.2 
472 
368 

6.7 
59.6 
42.5 

-- 
8 . 4  

5.5 
216 
335 

4.2 
-- 

746 

0.7 
27.1 

110 

0.1 
2 .1  
0 .7  

aFhch sample contained approximately 0.2 g of shale and 2 mI, of 
groundwater at an initial Np(V) concentration of 5 x 10-11 mol/L. 
samples were preequilibrated three times for at least three days each 
and the final equilibration was for 19 days at 25°C. 
separated by centrifugation at 25,000 rcf for 90 minutes. 

The 

The samples were 

bComposit;ion of the concentrated brine is given in Table 3 . 2 .  The 
diluted brine is a 100/1 dilution of the concentrated brine, and the 
concentration of the bicarbonate solution is 0.03 mol/L. 
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Shale 

Heated shale U n h e a t e d  shale 

final std f irfiL std 

Pierre 6.74 300 6 . 2  6.66 151 5 . 5  

Green River Formation -- -- 6.85 137 4 .2  

N o 1  ichuclry 6.90 37.0 0 . 3  6.81 33 .2  0.7 

Pumpkin Valley 6.62 1.5 0.0 6.84 6 . 7  0.1 

"Solid/solution ratios were about 0.05 with heated shales and 0.10 
with unheated shales. The shales were heat,& in air for six 
months at, 250°C. The initial Np concentration was 5 x 10-11 mol/L 
at an initial pH 5. The samples were preequilibrated three times for 
at least three days each, and the final equilibration was for 1 4  days 
at 25°C. 
for 80 111inutes. 

The samples were separated by centrifugation at 25,000 rcf 
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4.5 URANIUM 

Determinations of sorption ratios for uranium on montmorillonite and 
illite were m o r e  complicated than for the other ions, because losses of 
uranium were observed from the control solutions. The losses were much 
larger for the 10-6 mol/L solutions, in s o m e  cases as much as 70%. For 
the 10-4 solutions, the losses were much lower. Losses could be caused 
either by sorption on the tube walls or by precipitation, and the losses 
appear to be a function of pH with the greatest losses around pH 6. 
Above and below pH 6 ,  losses gradually decrease. Therefore, sorption 
ratios for monmorillonite and illite were calculated both by using the 
original concentration (10-6 mol/L) and the concentration in the control 
solution after three days (-7 x 10-7 mol/L) as the term Ci in Eq. 1. 
The data from these studies a re  summarized in Table 4.17. 

The results for sorption of uranium on shales are  given in Tables 4.18 
and 4.19 for two different initial uranium concentrations. The values 
of the sorption ratio were calculated assuming that the original 
standard Concentration (10-4) was  equal to the term Ci in Eq. 1. The 
uranium w a s  present in the form of TJ(V1) and added as  U 0 ~ 2 + .  For the 
initial uranium concentrat,ion of 10-4 mol/L, moderate sorption was  
observed for most cases; comparatively low sorption ratios (2.3 to 2.5 
L/kg) were observed from 0.03 M NaHC03 for the Nolichucky, Pumpkin 
Valley, and Chattanooga (Upper Dowelltown) Shales. A t  the pH of these 
tests (8.40 to 9.27), the uranium is probably, at least in part, in the 
form of a negatively-charged carbonate complex which would not be 
expected to sorb strongly. To obtain an adequate understanding of the 
effects of speciation, these experiments should be extended by measuring 
sorption as a function of p H .  

For the smaller concentration of 10-6 mol/L, the results varied 
significantly among the shale/groundwater combinations. Losses from the 
control solutions suggest that precipitation and/or sorption on the tube 
walls were occurring. However, the term Ci was assumed to be 10-6 
rnol/L. I t  is evident that the uranium/shale system is quite 
complicated, and fur ther  experimentation with careful control of p1-I is 
required to understand the processes involved. 

In the experiments discussed above for sorption of uranium onto 
montmorillonite and illite, significantly larger sorption ratios were 
observed in most cases compared to those shown in Tables 4.18 and 4.19 
for sorption onto shales in the concentrated and dilut,ed brines. Thus, 
for uranium it  is  difficult to correlate the sorption results with the 
data shown in Table 3.1 for the illite content of the shales. 
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Concentrated 1 x io-& 5 29 Sf 243 e6 
3 3 I54 11 

P x 1 0 - 4  142 I 2 4 - 3  1.8 n 
"7 x 1 0 - 7  334 

Intermediate 1 x 10-6 1830 E 18 673 136 
-7 x 10-7 1190 77 430 89 
1 x 10-4 350 21 3 % .  6 7.5 

Dilute 1 x 10-6 >10000 2870 390 
-7 x 1 0 - 7  6840 85 1655 235 

I 10-4 6 13 145 51.5 2.8 

%olid/sulution ratios i n  preequilibration were  o 025 fo r  
concentrated brineI 0.04'25 for i n t e m d i a t r  b r ine  'and 0.005 
for d i l u t e  b r ine ;  i n  the f ina l  equilibration the ratios were 
0,050 for eoneeiitratt4 brine, 0 025 for intermediate brine 
and 0.01 (3 for. d i l u l ~  brine. 
t h r w  times foi. three cjlays each rind the final equilibration 
was for three days at 25°C. 
cent-rxfugat ion at 25 000 rcf for 30 minutes. 

The sap3  es were preequilibrated 

The samples were sepaated by 

%he uranium concentration decreased from 
1 Y 10-6 mol/L to tibout 7 s IO- '  n m l / L  soon after the 
solutions we're  prepared. The resu l t s  in the  1 0 - 6  mol,% row 
tierc' calculated assmirig C ,  (Eq .  1 )  to be L0-6 mol/L. 'I%e 
rt;sul t s  t h e  7 x 10-7 rnnl /L rot< ~ ~ ( x r c  calculated from the 
rn~asrised roncentra-tjon of t h e  control solutions ai, the end of 
the tests ( three d a y s )  , 
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Table 4.18. U r m i u m ( V 1 )  sorption on shale samples. a 
Initial U concentration 1 x 10-4 mal/&. 

Shale 
Final 
a% pH avg b Groundwater 

U p p e r  Dowelltown concentrated brine 3.25 6 . 5  
diluted brine 2.90 4.0 
bicarbonate 8.40 2 . 3  

Pierre concentrated brine 6.47 19.2 
diluted brine 7.75 21.1 
bicarbonate 8.58 9 .5  

Green River concentrated brine 6.70 10.9 
Formation diluted brine 7.99 44.4 

bicarbonate 9.10 1 9 . 3  

No 1 ichucky concentrated brine 6.88 8 .6  
diluted brine 7.67 6.0 
bicarbonate 9.27 2 . 3  

E'umpkin Valley concentrated brine 6.70 10.6 
diluted brine 7.77 182 
bicarbonate 9.16 2.5 

std 
dev 

0.9 
3.3 
0 . 4 

1 .3  
2 .5  
2.6 

0.9 
6.7 
1 .7  

1.9  
1.3 
0 .1  

1 . 7  

0 .3  
17 

aEach sample contained approximately 0.2 g of shale and 2 mL of 
groundwater. The samples were preequilibrated three times for at 
least three days each and the final equilibration was for 15 days 
at 25°C. The samples were separated by centrifugation at 25,000 rcf 
for 90 minutes. 

bCompsitions of groundwaters are the same as for Table 4.15. 



Shale 

Upper Dowelltom concentrated brine 3. 16 5.4 0.7 
diluted brine 2.88 1.9 0.4 
bicarbonate 8.63 6.0 0.7 

Pierre concentrated brine 6.45 39.0 3.1 
diluted brine 7.59 96.2 2.3 
bicarbonate 8 :34 23.7 2.6 

Green River concentrated brine 
Format, ion diluted brine 

bicxirbonat,e 

N o 1  ichuck y concentrated brine 
diluted brine 
bicarbonate 

Pwnplrin Val ley  concentrated brine 
diluted brine 
bi carbona t e 

6.78 
8.01 
9.18 

6 . 8 3  
8 . 2 4  
9.30 

6.80 
8.12 
9.45 

53.6 
4880 
1042 

7 . 3  
71.8 
11.5 

10.4 

19.3 
26 7 

0.9 
145 
107 

1.3 
6.0 
0.3 

6.4 
29.4 
1.1 

aEach sample containt* appoximately 0.2 g of shale and 2 of 
groundwater. 'fie samples were preequilibrated three times for 12, 13, 
nnd 22 days, respectively, arid the final equilibration was for 15 days 
at 25O.C. 
190 minutes. Significant, mounts of uranium w e r e  lost from the control 
so lu t ions ,  poss ib ly  by precipitation. 

The s(mples were sepnrat,& by centrifugation at 25,000 rcf for  

"Compsitions of the groundwaters are the same as for Table 4.15. 
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Table 4.20. Cfimparison of uranium(V1) sorption on heated and a unheated shale samples. 

Heated shale Unheated shale 

Rs 
Shale Groundwater PH (L/kg 1 PH ( I J / k  
___...._._.I_. I_ ... ... 

Upper Dowell town 

Pierre 

Green River 
Formation 

Green River 
Formation 
(uranium conc . 
1 x 10-4 mol/L) 

Nolichucky 

Plmpkin Valley 

conc. brine 3.61 40.6 
diluted brine 2.74 9 .9  
bicarbonate 8.18 15.5 

conc. brine 6.98 70.6 
diluted brine 7.69 318 
bicarbonate 8.42 4 .3  

conc. brine 7.13 64.7 
diI.uted brine 8.02 4490 
bicarbonate 8.60 57.4 

conc. brine 7.24 16.0 
diluted brine 8.02 153 
bicarbonate 8.60 7.4 

conc. brine 6.90 35.1 
diluted brine 7.78 68.4 
bicarbonate 8.61 1.6 

conc. brine 6.64 773 
diluted brine 7.06 2680 
bicarbonate 8.56 7 . 2  

3.16 6.4 
2.80 1 .9  
8.63 6 .0  

6.45 39.0 
7 . 5 9  96.2 
8.34 23.7 

6.78 53.6 
8.01 4880 
9.18 1042 

6.70 10.9 
7.99 44.4 
9.10 19.3 

6.83 7.3 
8.24 71.8 
9.30 11.5 

6.80 10.4 
8.12 267 
9.45 19.3 

"Each sample contained approximately 0.2  g of shale in 4 mL of 
groundwater. "he shales were heated for six months in air at 250°C. 
The initial U ( V 1 )  concentration was 1 x 10-6 mol/L for all tests 
except the second with Green River shale. 
preequilibrated three times for at, least three days each and the 
final equilibration was for 14 days at 25°C. The samples were 
separated by centrifugation at 25,000 rcf for 90 minutes. 
Significant mounts of uranium were lost, possibly by 
precipitation, from the control solutions that initially contained 
1 x 10-6 rnol/L uranium. 

The samples were 

bGroundwater compositions are those of Table 4.15. 
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5. CONCLUSIONS SWD REGOMPIENDATIONS 

For cesium, there w a s  strong sorption for practically all conditions 
onto the shales that contained illite or smectite. Sorption ratios were 
relatively low only for Green River Formation Shale, which has a low or 
negligible clay mineral content as reported by Lee, e t  al. (1987). The 
sorptiow’desorption experiments demonstrated cesium is most probably 
sorbed by an ion exchange mechanism. Heating the shales generally 
resulted in an increase in sorption ratio. Thus, insofar as the shales 
selected may be representative of shales to be considered for a HLW 
repository, cesium would be retained b y  these shales. 

For strontium, and probably for other divalent ions with similar 
chemical properties such as radium, little sorption would be expected if 
the groundwaters a re  concentrated brines. The tested shales had little 
ability to retard strontium from the concentrated solutions; the results 
with the heated shales suggest that there would be even less sorption 
for shales that have been heated under aerobic conditions such as could 
occur following emplacement of nuclear waste. 
sorbed by many sorbents more strongly a t  high p33 levels; thus, if the 
groundwaters are  alkaline, there is a much greater likelihood that 
strontium would be  retained by the shales. 

Strontium tend6 to be 

Small but measurable sorption of technetium occurred on all shales 
studied except the Chattanooga (Upper Dowelltown) Shale, which yielded 
comparatively high sorption ratios for all experimental conditions. It 
was expected that under oxic conditions technetium would be present as 
the pertechnetate ion, TcOa-, which would sorb very little. 
possible that organic material in the shales has the ability to reduce 
Tc(V1I) to a lower oxidation state, which may immobilize the technetium 
by formation of insoluble compounds such as hydrous oxides, or to sorb 
TcO4-. When the organic constituents of shales have been identified, it 
will be important to determine the role of the organic compounds in 
technetium reduction/sorption. 
in the Chattanooga (Upper Dowelltown) Shale contributed to the retention 
of technetium. Studies of technetium sorption under anoxic conditions 
would be very useful in measuring the shales’ ability to reduce 
pertechnetate ion and fix the reduced technetium. Such studies might 
also elucidate the behavior of N p ( V )  and U ( V I ) ,  both of which can be 
reduced to form relatively insoluble oxides. Thus, a primary 
recommendation of this study is to perform systematic experiments with 
reducible nuclides under anoxic conditions. 

It is 

Another possibility is that the pyrite 

Neptunium was  introduced into the groundwaters as  the neptunyl ion, 
N p 0 2 + ,  a large, singly-charged ion. Sorption was significant for all 
tested conditions. 
Shale and the Green River Formation Shale. The Pierre Shale has 
considerable sniectite which could sorb the neptunyl ion by an ion 
exchange mechanism. The Green River Formation Shale has a negligible 
clay mineral content but  a high organic content. 
matter could act to reduce the neptunium to an insoluble oxide of a 

Sorption ratios were especially large for the Pierre 

Perhaps the organic 
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lower valence state or  affect the sorption ratio by complexation with 
organic ligands. 

The results with uranium are indicative of a rather complex system. 
The key to understanding sorption of uranium is first to investigate the 
solution chemistry and speciation of U ( V I  1 in the appropriate ground- 
water and then to conduct systematic experiments as a function of p H  
and other groundwater variables. Without this information, i t  is  very 
difficult to interpret  the results of sorption experiments with uranium. 

Comparing the results of experiments with unheated and heated shales 
proved to be informative. Further experiments with the heated shales 
would be useful because only a limited range of solution compositions 
have been used for most of the elements tested. Also, only one method 
of heating has  been used SO far  (heating in air  at 250" for six months). 

These experiments also have served to suggest the need for more detailed 
information on the organic constituents in shales. 
will be important to nuclear waste repository performance to identify 
those organic compounds in shales which may be able to reduce polyvalent 
elements to insoluble compounds of lower oxidation state and to study 
the complexation of radionuclides by particular organic compounds, which 
might lead to mobilization of the nuclides in the groundwater. 

In particular, it 

More sytematic studies of groundwater parameters a re  needed. These 
include variation of ionic strength a t  constant pH and variation of pIi 
a t  constant composition. These studies, in combination with the 
preliminary results presented in this report, should help elucidate the 
sorption mechanisms and provide better correlation of sorption with the 
mineral content of the clay. 

In comparing the shales that we have studied so far, no one of them 
sorbs all of the tested elements strongly, and only one (Chattanooga 
Shale, Upper Dowelltown Member) exhibited any ability to sorb 
technetium. They all sorb cesium strongly and show fairly small 
sorption ratios for strontium. However, cesium and strontium are  not 
key elements, and therefore the ability of the shales to sorb these 
elements is not a significant criterion for selection of a suitable 
shale. The Pierre Shale strongly sorbed neptunium and showed some of 
the higher sorption ratios for uranium and strontium; these observations 

be correlated with the large percentage of smectite in this shale. 
The Pumpkin Valley Shale, which has the highest illite content among the 
tested shales, sorbed cesium very strongly, and except for technetium, 
sorbed the other tested elements moderately. I t  is interesting that the 
Green River Formation Shale, which according to Table 3.1 has the lowest 
clay content, also sorbed cesium, neptunium, and uranium with moderate 
to very large sorption ratios. 
correlate sorption with the mineralogy of the shales would be useful to 
help explain these effects. 

Further studies which would attempt to 



4 3  

ACKNOWLEDGMENTS 

This  work was supported by the Sedimentary Rock Program (SERP) 
through the Repository Technology Program, U. S. Department of Energy. 
This report was improved by reviews by B. 2. Egan, L. M. Ferris, G. K. 
Jacobs, and S .  H. Stow. 



44 

REFERENCES 

Gonzales, S., and K. S.  Johnson (1954). Shales--and Other .Irgillaceous 
_I Strata in the United States, Oak Ridge National Laboratory Report 
ORNL/ SU b /8 4 -64 '7 94 / 1. 

Ho, P. C., and R. E. Meyer (1987). A Review of the Organic Geochemistry 
p_f Shales, Oak Ridge National Laboratory Report ORNL/TM-104'74; 110, P. C. 
(1987), unpublished data. 

Kocher, D. C. (1981 ).  Radioac.tive---gecay Data Tables, Technical 
Information Center, U. S. Department of Energy, DOE/TIC-11026. 

Lee, S .  Y., L. K. Hyder, and P. D. Alley (1987). 
Characterization-of Selected Shales in Support-.gf Nuclear.---Waste 
Repository Studies, Oak Ridge National Laboratory Report ORNL/TM-10567, 
in press,  Septernbt?r, 1987. 

Mineralogical 

Longwell, C. R., 11. F. Flint, and J. E. Sanders (1963). Physical 
Geolog-x, John Wiley and Sons, p. 614. 

Meyer, R. E., W. D. Arnold, and F. I. Case (1984). Valence Effects on the 
Sorption of_ Nuclides.-.-o-n Rocks---and Minerals, NUREG/CR-3389, QRNL-5978. 

Palmer, D. A. and R. E. Meyer (1981). "Adsorption of Technetium on 
Selected Inorganic Ion Exchange Materials and on a Range of Naturally 
Occurring Minerals under Oxic Conditions," J. Inorg. Nucl. @hem. 43, 
2979. 

Shiao, S .  Y., Y. Egozy, and R. E. Meyer (1981). "Adsorption of Cs(I), 
Sr(II) ,  Eu(III), Co(II), and Cd(I1) by A1203," J. Inorg. Nucl. Chern., 
43, 3309. 

Shiao, S. Y., P. Rafferty, R. E. Meger, and W. J. Rogers (1979), "Ion- 
Exchange Equilibria between Montmorillonite and Solutions of Moderate- 
to-High Ionic Strength," ACS Sy-m-pGsium Ss-r-ies, No. LOU, Sherman Fried, 
ed., American Chemical Society, Washington, D. C., p. 297-324. 

Von Damn), K. L., (1987). Geochemistry of shale  Groundwaters: Survey 
of Avaijable I>ata--.gnd Postulated Mineralogic Chntrols on..-c.nnpositiG& 
Oak Ridge National Laboratory Report ORNL/'I'M-10488. 



45 

ORNL/TM-10634 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

15-19. 
20. 
21. 
22. 
23. 

24-25. 
26. 
27. 

29. 
30. 

31-32. 
33. 
34.  

28. 

INTERNAL DISTRIBUTION 

W. D. Arnold 
T. Baer 
C. Bajo 
F. I. Case 
A. G .  Croff 
N. H. Cutshall 
L. M. Ferris 
T. M. Gilliam 
P. C. Ho 
G. K. Jacobs 
A. D. Kelnaers 
S. Y. Lee 
T. F. Lomenick 
R. E. Mesmer 
R. E. Meyer 
G. D. O'Kelley 
M. L. Poutsma 
D. E. Reichle 
T. H. Row 
S. H. Stow 
K. L. Von Damm 
V. C. A. Vaughen 
R. G .  Wymer 
Central Research Library 
Document Reference Section 
Laboratory Records Department 
Laboratory Records, RC 
ORNL Patent Office 

EXTERNAL DISTRIBUTION 

DOE-ORO, P. 0 .  Box E, Oak Ridge, TN 37831 

35. Office of Assistant Manager f o r  Energy Research and 
Development 

DOE-Off ice .  of Civilian Radioactive Waste Management, 1000 
Independence Avenue, SW, Washington, DC 20585 

36. D. Alexander 
37. I. Alterman 
38. S. J. Brocoum 
39. R. Cady 
40. N. Eisenberg 
41. G. Faulkner 
42.  M. Frie 
4 3 .  K. Mihm 



46 

44 .  R. Stein 
45.  R. Wallace 

DOE-CHOY 9800 S. Cass Avenue, Chicago, IL 60439 

46 .  R. Baker 
47.  J. Kasprowicz 
4 8 ,  S .  Mann 
49.  E. Patera 
50.  E. Price 
51.  R. Rothman 
5 2 .  A. W. Smedes 

Battelle Memorial Institute, Office of Waste Technology Development, 
Battelle Project Management Division, 7000 South Adams Street, 
Willowbrook, IL 60521.  

53 .  R. Laughon 
54.  W. Newcomb 
55.  R. Robinson 
56.  G. Stirewa1.t 
5 7 .  A. Yonk 

Berkeley Hydrotechnique, Inc., 2150 Shattuck Ave., Berkeley, CA 94704 

58. B. Y. Kanehiro 

Earth Sciences Division, Lawrence Berkeley Laboratorv, One Cycl.otron 
Road, Berkeley, CA 94720 

5 9 .  J. Long 
6 0 .  L. Myer 
6 1 .  P. A.  Witherspoon 

RE/SPEC, Inc., P. 0. KQX 7 2 5 ,  Rapid City, SD 57701 

62. A. Fossum 
63.  P. F. Gnirk 

Center f o r  Tectonophysics, Texas ACvM University, College Station, TX 
77843 

6 4 .  P. A .  Domenico 
6 5 .  J. E. Russell 

Roy F. Weston, Iiic., 2301 Research Boulevard, Rockville, MD 20850 

66 .  M. K. Cline 
6 7 .  K. Czyscinski 
6 8 .  R. E. Jackson 



47 

69.  W. C. McClain 
70. D. Siefken 
71. W. Wowak 

72. D. G. Brookins, 3410 Groman Ct., N. E. Albuquerque, NM 87110 

73. Serge Gonzales, Earth Resource Associates, Inc., 295 E. 
Dougherty Street, Suite 105, Athens:, GA 30601 

74. K. S. Johnson, Earth Resource Associates, 1321 Greenbriar 
Drive, Norman, OK 73069 

75. T. Pigford, Department of Nuclear Engineering, College of 
Engineering, University of California, Berkeley, CA 94720 

76.  Paul Potter, Department of Geology, university of Cincinnati, 
Cincinnati, OH 45221 

77. Mfng-Kuan Tu, Central Geological Survey, Box 968,  Taipei, 
Taiwan, Republic of China 

78. Frank J. Wobber, Ecological Research Division, Office of 
Health and Environmental Research, Office of Energy Research, 
MS-E201, Department of Energy, Washington, DC 20545 

79-80. Technical Information Center, Oak Ridge, TN 37831 


