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Abstract-:-Reactions of ,Sr, ~a, and Nd (the latter two elements simulating Am and Cm) with potential 
~ackfill mmera~s for radIOactive waste storage and with repository wall rocks, such as shale, were inves
tigated under slmu!ated repos!tory con,ditions of 200° and 300°C for 12 weeks under a confining pressure 
of 30 MPa, The solid and solution reaction products were characterized to determine the nature and extent 
of reaction, Chlorite, illite, kaolinite, montmorillonite, mordenite, and c1inoptilolite and four shales re
moved as much as 61,2 and 98.5% of the added SrCl2 and Sr(OH). from solution, respectively, by ion 
e.xc~ange and/or b;: forming new strontium compounds such as SrAI2Si20 8, Sr2MgSi20 7, SrC03 (stron
tIamt~), and SrA12S140'2' 2H20 (Sr-wair~kite), The formation of these sparingly soluble Sr phases by the 
reactI~n of ~e soluble Sr comp.ounds with such backfill materials indicates that the backfill may serve as 
a bamer dunng the thermal penod of the waste in the life of a repository, These same minerals and shales 
removed as much as 99.99% of the added La or N d from solution at 300°C by forming new phases such as 
LaOHC03, NdOHC03, and possibly La or Nd oxides and hydroxides. Zeolites reacted with La and Nd 
to form smectite, Thus, if La and Nd truly simulate the reactivity of Am and Cm, properly designed backfills 
can serve as a barrier to the migration of transuranic elements of nuclear wastes. 

Key :Words-Chlorite, Clinoptilolite, Hydrothermal treatment, Illite, Lanthanum, Montmorillonite, Neo
dymIUm, Nuclear waste, Shale, Strontium, Zeolite. 

INTRODUCTION 

Chemical reactions between nuclear waste elements, 
such as Cs, Mo, and U, and potential backfill materials 
or wall rock under simulated repository conditions 
(McCarthy et al., 1978) were reported by Komarneni 
and White (1981), Molecke et al. (1981), and Chapman 
e t at. (1981). The identification of the reaction products 
of nuclear waste elements with such backfill materials 
or wall rock is important in determining the migration 
of elements from the repository site. Strontium is one 
of the most hazardous nuclear waste elements; it is re
leased as Sr(OHh from spent fuel elements (Komar
neni, 1981), from proposed synroc2 waste (Nesbitt et 
al., 1981), and probably as a neutral salt from other waste 
forms. Among the transuranic waste elements, Am and 
Cm cause significant biohazard (Cohen, 1977) and are 
of concern in nuclear waste disposal. Because stable 
isotopes of Am and Cm do not exist and because Am 
and Cm are highly radioactive, trivalent rare earth ele
ments are commonly used as chemical stand-ins for 
these nuclides in waste-fixation research (McCarthy and 
Davidson, 1975). Trivalent La and Nd were therefore 
used in the form of chlorides to simulate trivalent Am 
and Cm because of the similarity of their ionic radii (Pe
pin and Vance, 1981; Ringwood, 1982). 

'Also associated with the Department of Geosciences, The 
Pennsylvania State University. 

2 An acronym for synthetic rock which is a titanate ce
ramic (Ringwood, 1982) waste form consisting of hollandite 
(BaAI2Ti60,J, zirconolite (CaZrTi20 7), and perovskite (Ca
Ti03)· 
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The objective of this paper is to determine the extent 
and nature of reaction of Sr, La, and Nd (the latter two 
elements simulating Am and Cm) with potential backfill 
materials, such as clay minerals and zeolites, and shale 
wall rock in repository environment. Decaying nuclear 
waste serves as a heat source, whereas infiltrating 
ground water and/or hydrated minerals serve as a water 
source in a nuclear waste repository. The hydrothermal 
experiments used here simulate the conditions and re
actions expected during the early thermal period in a 
sealed, water-intruded repository after the waste can
ister has been breached. The results of these studies are 
relevant to any waste form and to any repository rock 
(with the exception of salt) where clay minerals and/or 
zeolites are used as a barrier to nuclide migration. 

These experiments conducted in sealed noble metal 
capsules represent a closed-system in which the total 
mass is conserved and provide data for exploring solid
liquid reactivity. No attempt was made to control the 
Eh or pH which depended on the bulk composition of 
the reaction mixtures. High concentrations of Sr, La, 
and Nd were used in these experiments to produce 
enough reaction products for identification by X-ray 
powder diffraction. The product solutions were ana
lyzed to determine the partitioning of waste elements 
between solid and solution phases. 

EXPERIMENTAL 

Materials 

The clay minerals, zeolites, and shales used in this 
research are listed in Table 1. The clay minerals and 
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Table J. Names, locations, sources , and particle size of 
samples . 

Chlorite. Anderson soapstone pit, Saline County, Arkansas 
(courtesy G. W. Brindley). < 105 Mm. 

Illite . Fithian, Illinois, Illinois Clay Products Company, Jo
liet, Illinois. <lOS Mm. 

Kaolinite. Morro de Felipe deposits, Brazil, Yara Engineer
ing Corporation, Georgia (courtesy G. W. Brindley). Pul
verized. 

Montmorillonite. Cheto, Arizona, SAz-1 , Source Clays Re
pository , The Clay Minerals Society. Pulverized . 

Clinoptilolite. Castle Creek, Idaho , Reference zeolite 27034, 
Minerals Research P.O. Box 591 , Clarkson, New York 
14430. < 75 Mni. . 

Mordenite . Union Pass, Arizona, Reference zeolite 27134, 
Minerals Research, P.O. Box 591, Clarkson, New York 
14430. < 75 Mm. 

Shale. Antrim Formation, Alpena County, Michigan. <75 ,.,m. 
Shale. Brallier Formation, Huntingdon County, Pennsylva-

nia. < 75 Mm. , 
Shale, Conasauga Formation, uak Ridge Reservation, 'Ten

nessee . < 75 Mm. 
Shale. Salona Formation, Huntingdon County, Pennsylvania: 

< 75 Mm . ' 

zeolites used here represent a variety of potential back
fill materials. The four shales used in this study have 
distinctly different chemical and mineralogical com
positions (Ko~arneni and White, 1981) and represent 
the range of shales considered to b~.pote'ntiaI repository 
rocks . The SrCI2,Sr(QHh,LaCla, and NdCla com
pounds were obtainedJrom a chemical supply compa
ny. These startingmaterials were characteri~ed by X-ray 

powder diffraction (XRD) analysis. Blank hydrother
mal runs were made of these materials without the ad
dition of Sr, La, or Nd. The results are summarized in 
Table 2. 

Methods 

AU starting materials were gently dry ground and 
sieved to obtain <75-p,m or <105-p,m fractions. XRD 
analysis of air-dried samples deposited on glass slides 
as slurnes was carned out with a Philips APD-3600 X-ray 
diffractometer using Ni-filtered, CuKa radiation. The 
chloride salts of Sr, La, and Nd were dissolved sepa
rately in deionized water to give concentrations of 
-50,000 p,giml of the respective cations; their exact 
concentrations were later determined by atomic emis
sion spectroscopy (AES). Sr(OHh is only slightly sol
uble in deionized water at room temperature (Seidell, 
1965), and therefore, a solution of 50,000 .p,giml of Sr 
could not be prepared from this Sf compound. A 100-
mg portion of each sample was sealed with 200 pl of the 
above Sr, La, or Nd solutions in gol~ capsules by cold
weld sealing (Komarneni et al., 1979) and hydrother
mally treated at 200° and 300°C for 12 weeks under a 
confining pressure of 30 MPa. Reaction of Sr(OHh with 
each sample was accomplished by adding 30.3 mg of 
Sr(OHh' 8H20 and 200 pl of deionized water to 100 mg 
of sample in a gold capsule, sealing the capsule, and 
treating it by the hydrothermal technique described 
above. The capsules were weighed before and after hy
drothermal treatment to check for their integrity. Four 
runs leaked·out of a total of eighty runs; the leaked runs 
are indicated in the tables. 

Table 2. X-ray powder diffraction analysis of the, untreated and hydrothermally treated backfill materials without the addition 
of Sr, La, or Nd. 

Sample' 

Chlorite 
t~lite 

Kaolinite 
Montmorillonite 
qinoptilolite 
Mordenite 
Antnm shale 

Brallier shale 

Conasauga shale 

Salona shale 

Untreated 

Chlorite 
Illite, quartz, kaolinite 

Kaolinite 
Montmorillonite 
Qinoptilolite 
Mc;>rdenite 
Illite, qllartz, pyrite, feld

spars 

Illite, quartz, kaolinite, chlo
rite 

Illite, quartz, kaolinite, feld
"spars, chlorite 

Calcite, quartz , illite , feld
spars 

" J See Table l-for descriptions and s'ources. 

Mineralogical changes after hydrothermal treatment at ' 

200"C/30 MPaJ28 days 

No obvious change 
No obvious change 

No obvious change 
No obvious chilnge 
No obvious change 
No obvious change 
No obvious change 

No obvious change 

No obvious change 

. Hlite better crystallized; no 
other obvious ' changes 

300"CI30 MPaJ28 days 

'No obvious change 
Illite better crystallized; no 

other obviolis changes 
No obvious Change 
No obvious change 
No obvious change 
N~ obvious change 
Illite better crystallized; pyrite 

decomposed ; 'no other .ob
vious changes 

Illite ,better cyrstallized; no 
other obvious changes 

Illite better crystallized; no 
other obvious ,~hanges 

Illite better crystallized ; no 
other obvious changes 
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Table 3. Analyses of Sr remaining in solution and X-ray powder diffraction analysis of hydrothermaP products. 

Weight of Sr 200'C 
addedilOO mg 

sample % Sr in Mineralogical 
Sample (mg) solution! changes by XRD 

SrCl2 source 
Chlorite 9.46 108.2 No obvious change 
Illite 9.46 100.1 No obvious change 
Kaolinite 9.46 52.7 No obvious change 
Montmorillonite 9.46 74.4 No obvious change 

Clinoptilolite 9.46 55 .6 No obvious change 
Mordenite 9.46 73 .8 No obvious change 
Antrim shale 9.46 96.3 No obvious change 

Brallier shale 9.46 104.5 No obvious change 
Conasauga shale 9.46 100.5 No obvious change 

Salona shale 9.46 38.8 Strontianite formed 

Sr(OH), source 
Chlorite 10.0 35.7 Sr2MgSi 20 7 formed 
Ulite 10.0 3 .6 SrAI2Si 20.5 formed 
Kaolinite 10.0 3.6 SrAI2Si 20. formed 
Montmorillonite 10.0 2.2 SrAI2Si20. and 

Sr2MgSi20,(?) formed 
Clinoptilolite 10.0 1.8 Sr-wairakite formed 

Mordenite 10.0 3.1 SrAI2Si20. formed 
Antrim shale 10.0 4.6 Sr-wairakite(?) formed 

Brallier shale 10.0 2.1 SrAI2Si 20. formed 

Conasauga shale 10.0 1.6 SrAI2Si 20. formed' 
Salona shale 10.0 2.5 Strontianite formed 

1 Hydrothermally treated at 200° and 300°C130 MPa for 12 weeks. 
2 Greater than 100% indicates experimental error. 
3 May have been present in starting material. 
4 Indicates leaked runs. 
S Indicates Sr-anorthite. 

300'.C 

% Sr in Mineralogical 
solution changes by XRD 

.... _-- --

94.5 No obvious cbange 
86.2 No obvious change 
79.6 No obvious cbange 
70.2 15.5-A spacing collapsed 

to 12.4 A; quartz fonned 
56.2 Cristobalite(?) formed 
64.1 Cristobalite(?) formed 3 

43 .84 Feldspar disappeared; 
illite and chlorite better 
crystallized 

62.0 No obvious change 
69.0 Feldspar disappeared; 

illite. and chlorite better 
crystallized 

35.8 Strontianite formed; illite and 
chlorite better crystallized 

2.6 Sr2MgSi20 7 formed 
L5 SrAI2Si 20. formed 
1.2 SrAI2Si 20. formed 
1.1 SrAI2Si20 . formed 

4.2 Plagioclase, Sr-wairakite 
and SrAI 2Si20 8(?) formed 

5.1 Sr paracelsian(?) formed 
3.94 Illite and chlorite better 

crystallized ; SrAI2Si2O. 
formed 

1.1 Illite better crystallized; 
Sr paracelsian formed 

1.8 SrAI2Si 20 . formed 
L5 Strontianite and 

SrAI2Si 20. formed 

After the hydrothermal treatment, the capsules were 
cooled to room temperature and the solid and solution 
reaction products separated as follows: one end of the 
gold capsule was cut open in a long glass vial, and 25 
ml of deionized water was added. The glass vial was 
capped, and the contents were mixed i'n a shaker for 
about 15 min. The opened gold capsule free of sample 
was then removed from the vial with tweezers. The vials 
were then centrifuged, and a portion of the supernatant 
was collected in polyethylene bottles without disturb
ing the sediment. The solid samples were washed once 
with 95% acetone or ethanol to remove any soluble salts 
and dried in an oven at 40°C prior to XRD analysis. The 

solutions in the polyethylene bottles were analyzed for 
Sr, La, Nd, Si, AI, Ca, Na, and K by AES using a com
puter-interfaced SpectraMetrics SpectraSpan III in
strument. Some of the Na and K analyses were made 
by atomic absorption spectrophotbmetry (AAS) using 
a Perkin Elmer PE703 instrument. 

The cation-exchange capac\ty (CEq of the non-zeo
lite samples was determined by Ca2+-ion saturation 
(Dolcater et al., 1968). The CEC values of the zeolites 
were determined by Cs+-ion saturation followed by 
washing the excess CsCI with 95% acetone, decom
position of sample (Buckley and Cranston, 1971), and 
determination of Cs by AAS. 
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Table 4. Cation-exchange capacities of samples and analyses of Sr, Na, K , and Ca in solution of mixtures' of Sr sources 
with samples. 

200'C JOO'C 
Cation 

exchange Na + K + Ca Na + K + Ca 
capacity Sr uptake released Sr uptake re1eased 

Sample (meq/lOO g) (meq/lOO g) (meq/l OO g) (meq/lOO g) (meq/lOO g) 

SrCI2 source (Sr(OH)2 source) 

Chlorite 0.8 ND2 (146.6) 0.8 (0.5) 1I.8 (222.3) 1.5 (2.2) 
Illite 25 .5 ND (220.0) 3.8 (1.6) 29.7 (224.8) 1 5.0 (4.5) 
Kaolinite 2.4 102.1 (220.0) 0.7 (0.3) 43 .8 (225 .5) 8.6 (2.6) 
Montmorillonite 120.0 55.4 (223.0) 57.6 (0.9) 64.0 (225.7) 78.1 (7 .1) 
Clinoptilolite 159.0 95.8 (224.0) 7.1 (1.4) 94.2 (218.7) 168.2 (3 .9) 
Mordenite 135.0 56.7 (221.0) 47.2 ( 1.1) 77.2 (216.4) 114.5 (2.4) 
Antrim Shale 7.9 (217.6) 5.3 (1.4) 120.8(219.4) 21.3 (6.0) 
Brallier shale ND (223.4) 3.0 ( 1.2) 81.8 (225.7) 5.6 (4.0) 
Conasauga shale 12.0 ND (224.6) 4.0 (1.2) 66.6 (224.0) 34.6 (5.0) 
Salona shale 132.1 (222.5) 99.4 (3.2) 138.0 (224.8) 157.6 (12.5) 

I Hydrothermally treated at 200° and 300°C/30 MPa for 12 weeks . 
2 ND == No uptake detected . 

RESULTS AND DISCUSSION 

Reactions with SrCI2 at 200° and 300°C 

Among the clay minerals examined , only kaolinite and 
montmorillonite reacted with Sr as indicated by the 52.7 
and 74.4%, respectively, of added Sr remaining in so
lution after the reaction (Table 3). The reaction of Sr 
with kaolinite is clearly not an exchange phenomenon, 
because the CEC of kaolinite is too small to account for 
the total Sr uptake (Table 4). The Sr uptake by kaolinite 

is therefore likely due to the formation of new Sr alu
minosilicate phases. However, no such phases were 
detected by XRD (Table 3), suggesting that if such ma
terials were formed, they are probably poorly crystal
line. The reaction of Sr with montmorillonite seems to 
be one of ion exchange as indicated by the equivalent 
release of interlayer cations at both temperatures (Ta
ble 4). No Sr uptake was detected with chlorite and illite 
at 200°C, but 5.5 and 13.8% of the added Sr was taken 
up at 300°C. The Sf uptake at 300°C by these minerals 

Table 5. Concentrations of Si and AI in the original capsule fluid from mixtures of Sr or La or Nd sources with samples. 

SrCI, source Sr(OH), source LaCI3 source NdCI, source 

Si Al Si Al Si AI Si AI 
Sample (!'Wml) ( lLgiml) (!'Wm\) (!'Wm!) (!'Wml) (!'Wml) (IJ.g/ml) (IJ.g/ml) 

200°C runs 
Chlorite 30 0.9 28 2100 36 <0.13 46 12 
Illite 28 2.4 730 100 31 <0.13 52 37 
Kaolinite 25 3.9 59 16.5 90 18 64 130 
Montmorillonite 73 2.4 310 16.0 170 <0.13 150 27 
Clinoptiiolite 38 0.8 870 9.0 77 <0.13 88 16 
Mordenite 30 5.2 580 13.0 59 < 0.13 57 36 
Antrim shale 34 3.7 370 13.5 56 < 0.13 66 38 
Brallier shale 23 2.8 500 51 8 <0.13 19 39 
Conasauga shale 31 3.5 420 65 25 < 0.13 19 34 
Salona shale 49 9.2 690 170 28 < 0.13 55 13 

300°C runs 

Chlorite 26 < 0. 13 76 < 0.13 30 <0.13 47 < 0.13 
Illite 31 < 0. 13 1690 725 125 <0.25 58 <0.13 
Kaolinite 75 22 150 90 14 34 45 57 
Montmorillonite 51 < 0.13 310 29 44 <0.13 45 < 0.13 
Clinoptilolite 8 < 0.13 450 3 47 <0.13 57 < 0.13 
Mordenite 9 < 0.13 710 5 46 <0.13 47 < 0.13 
Antrim shale 38 13 375 39 125 <0.25 140 < 0.4 
Brallier shale 29 < 0. 13 1150 310 2 < 0.13 22 I 
Conasauga shale 75 20 540 170 14 < 0.13 15 < 0.13 
Salona shale 100 17 440 130 38 < 0. 25 100 < 0.25 

1 Hydrothermally treated a t 200° and 3000C/30 MPa for 12 weeks . 
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Iiliil SrzMgS,zO, 

~ Sr-WAIRAKITE 

~ Sr AI 2Si20s 

CHLORITE + 
Sr!OHlz 

CLlNOPTILOLlTE + 
SdOHl2 

MOROENITE + Sr(OHlz I ; 
14 18 22 26 

DEGREES TWO 

200·C 
30MPo 
12 Weeks 

Figure J. Portions of X-ray powder diffractograms of reac
tion products of minerals with Sr(OHI2 source. 

was not by ion exchange alone because the Sr uptakes 
exceeded their CECs (Table 4) . Formation of new 
strontium phases may account for some of the Sr up
take. The zeolites removed from 26.2 to 44.4% of the 
added Sr from solution (Table 3). Ion exchange alone 
cannot account for Sr reaction with zeolites because Sr 
uptake of some of the runs exceeded the amounts of 
cations released to solution (Table 4). New phases may 
have formed, but none were detected, except cristo
balite (Table 3). Cristobalite was not detected in the un
treated zeolites and did not form upon hydrothermal 
treatment without the addition of Sr at 2000 and 300°C 
(Table 2). Shales, with the exception of the Salona sam
ple, did not take up much Sr at 200°C but removed as 
much as 38% of the added Sr out of solution at 300°C 
(Table 3). The carbonate-rich Salona shale (Komarneni 
and White, 1981) was very reactive with Sr by the for
mation of SrC03 (strontianite) at 200° and 300°C. No 
SrSOt (celestite) was detected in the reaction products 

H 

G 

F 

E 

o 

C 

B 

A 

300°C 
30 MPa 
12 Weeks 

4 

Figure 2. Portions of X-ray powder diffractograms of reac
tion products of clinoptilolite and mordenite with La and Nd 
sources: A. Clinoptilolite + LaCI.; B. Same as A but exposed 
to ethylene glycol; C. Mordenite + LaCl 3; D. Same as C but 
exposed to ethylene glycol; E. ClinoptiJolite + NdCls; F. Same 
as E but exposed to ethylene glycol; G. Mordenite + NdCI3 ; 

H. Same as G but exposed to ethylene glycol. 

because the materials used here contained little or no 
sulfate. These results show that the uptake of Sr was 
strongly influenced by the mineralogy, chemistry, and 
temperature of reaction. The reaction time used here is 
an instant compared to the thermal period (-200 years) 
in the life of a repository (Cohen, 1977); hence, further 
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Table 6. Analyses of La and' Nd remaining in solution and X-ray powder diffraction analysis of mixtures' of La or Nd 
sources witho samples. 

Weight of 
200"C 30ifC La or Nd 

added! 100 mg 
Mineralogical % La or Nd Mineralogical sample % La Or Nd 

Sample (mg) in solution changes by XRD in solution changes by XRD 

LaCl3 source 
Chlorite 9.73 47.7 No obvious change 5.9 New peaks at 2.63 A, 3.10 A 
Illite 9.73 64.8 No obvious change 23.1 Illite better crystallized; new 

peaks at 3.14 A, 3.11 A, 2.86 A, 
2.64 A, 2.62 A, 1.82 A 

Kaolinite 9.73 94.3 No obvious change 90.7 No obvious change 

Montmorillonite 9.73 40.0 No obvious change 0.3 No obvious change 
Clinoptilolite 9.73 34.8 No obvious change 0.1 Smectite formed 
Mordenite 9.73 54.2 No obvious change 11.5 Cristobalite2 and smectite(?) 

formed 
Antrim shale 9.73 64.8 La20P) formed 25.73 Illite and chlorite better crystal-

lized; new peaks at 2.85 A, 3.12 
A, 3.49 A, 2.64 A, 2.19 A, 4.62 
A, 2.01 A 

Brallier shale 9.73 77.1 No obvious change 28.1 No obvious change 
Conasauga shale 9.73 66.7 LaC030H(?) formed) 1.0 Feldspar and pyrite disappeared; 

new l'eaks at 2.84 A, 3.11 A, 
2.63 A, 2.98 A, 2.27 A, 2.19 A 
and 2.00 A 

Salona shale 9.73 1.2 LaC030H formed <0.01 LaC030H formed 

NdCl3 source 
Chlorite 9.68 20.8 No obvious change 0.8 New peaks at 3.08 A, 2.35 A, 3.68 

A, 5.73 A 
Illite 9.68 63.6 No obvious change 6.1 New peaks at 3.08 A, 2.87 A, 3.48 

A, 2.96 A 
Kaolinite 9.68 96.4 No obvious change 86.5 No obvious change 
Montmorillonite 9.68 37.4 No obvious change 0.04 Nd(OH}.Cl(?) 
Clinoptilolite 9.68 27.3, NdzOl?) formed 0.0 Nd(OH)2CI(?), cristobalite and' 

smectite formed 
Mordenite 9.68 57.5 One strong unidentified 10.6 Cristobalite and smectite(?) 

peak at 4.139 A formed 
Antrim shale 9.68 57.4 Feldspar disappeared; 19.42 Illite and chlorite better crystal-

Nd20:j(?) formed lized; feldspar decreased; 
Nd20P) formed 

Brallier shale 9;68 62.7 No obvious change 25.3 New peaks at 3.09 A, 2.51 A 
Conasauga shale 9.68 54.1 Feldspar disappeared; 0.8 New peaks at 2.81 A, 3.08 A, 

Nd20 3(?) formed 2.34 A 
Salona shale 9.68 0.01 NdC030H formed 0.02 NdC030H formed 

, Hydrothermally treated at 2000 and 300°C/30 MPa for 12 weeks. 
2 May have been present in starting material. 
3 Indicates leaked runs. 

reactIon or Sr wI,th theSe matenals may take place 10 
the natural system. The formation of new Sr phases is 
a desirable waste-backfill or waste-rock interaction 
because soluble Sr was taken out of solution under the 
simulated repository conditions. 

Reactions with Sr(OH)2at 200 0 and 300°C 

All of the Clay minerals, zeolites, and shales reacted 
extensively with Sr(OHh at both temperatures as in
dicated by the very low percentages (1.1 to 35.7%) of 

added Sr rema101l1g in solutIOn and by the tormatlOn of 
new strontium compounds such as SrAI 2Si20 s, 
SrtMgSi207' SrA12Si40122H20, and SrC03 (Table 3; 
Figure 1). Despite the low solubility of the starting 
Sr(OH)2l no Sr(OH)2 was detected in the products by 
XRD indicating that it had reacted with the alumino
silicates to ..form Sr-aluminosilicates ,and other Sr com
pounds (Table 3). That Sr(OH)2 reacted strongly with 
the minerals and 'shales is not surprising because the 
high pH (~J 2) Sr(OHh probably decomposed alumi-
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Table 7. Cation-exchange capacities of samples and analyses of La, Nd, Na, K, and Ca in solution of mixtures' of La or 
Nd sources with samples. 

200'C 300'C 
Cation~ 

exchange La or Nd Na + K + Ca La or Nd Na + K + Ca 
capacity uptake released uptake re]eased 

Sample (meqiIOO g) (meq/IOO g) (meq/iOO g) (meq/IOO g) (meq/lOO g) 

LaCI3 source (NdCI3 source) 

Chlorite 0.8 110.0 (159.5) 1.1 (0.3) 197.3 (199.7) 0.4 (0.7) 
Illite 25 .5 73.9 (73.2) 7.8 (9.0) 161.4 (189.1) 31.3 (30.2) 
Kaolinite 2.4 11.9 (7.3) 12.4 (0.3) 9.8 (13 .6) 0.9 (0.9) 
Montmorillonite 120.0 126.1 (126.0) 17.6 (18.0) 209.4 (201.2) 68 .7 (47.7) 
Clinoptilolite 159.0 137.0 (146.4) 5.3 (7 .0) 209.8 (201.2) 187.5 (169.4) 
Mordenite 135.0 %.3 (85.5) 16.7 (17.3) 185.8 (179.9) 164.6 (160.7) 
Antrim shale 73.9 (85 .7) 6.9 (9.3) 156.0 (162.3) 36.7 (35 .2) 
Brallier shale 48.2 (75 .1) 3.0 (4.2) 150.9 (150.4) 10.7 (14.0) 
Conasauga shale 12.0 70.0 (92.5) 5.9 (6.7) 208.0 (199.7) 27 .3 (30.4) 
Salona shale 207.6 (201.2) 14.7 (40.3) 210.0 (201.2) 58.2 (209.3) 

• Hydrothermally treated at 200° and 300°C/30 MPa for 12 weeks . 

nosilicate minerals, releasing large quantities of Si and 
AI into solution to form new phases such as SrAlzSizOs, 
Sr2MgSiz07' and SrAlzSi40 ,2 ' 2H20 (Table 3). Large 
concentrations of Si and Al were detected in capsule 
fluids (Table 5) which supports the above decomposi
tion process by Sr(OH)z. No correlation was found be
tween the Sr-uptake and the cations released (Table 4), 
indicating that ion exchange alone cannot account for 
these reactions. These results point out that the Sr re
leased as Sr(OH)z from either SrZr03 of spent fuel ele
ments (Komameni, 1981) or SrTi03 of synroc waste 
(Nesbitt et al., 1981) may be extremely reactive with 
such backfill materials or surrounding shale wall rocks 
to form relatively insoluble Sr compounds such as SrC03 
and SrAlzSizOs (Seidell, 1965; Fleer and White, 1981). 

R eactions with LaCla at 200° and 300°C 

The samples generally removed less than half of the 
added La at 200°C (except for the Salona shale) and more 
than 75% at 300°C, as indicated by the low percentages 
of the added La remaining in solution (Table 6). The 
principal mechanism of La-uptake does not appear to 
be ion exchange, because the uptake of La exceeded 
the CEC of the samples (by as much as 200 times in the 
case of chlorite) , as well as by the amounts of ex
changeable cations released into solution (Table 7). 
Lanthanum was probably taken out of solution as 
La(OH)3 or LazOa at 200°C by reaction with most of the 
minerals and shales, except the Salona shale where La 
hydroxy carbonate crystallized by reaction with cal
cite. The prediction of La(OHh formation is based on 
an analogy with the behavior of Mg which formed bru- . 
cite by hydrolysis and reaction with SrZr03 (Komar
neni, 1981) due to a decrease in pH (Braithwaite and 
Molecke, 1980) under hydrothermal conditions. At 
300°C, unidentified crystalline phases developed with 
chlorite , illite, and the Antrim and Conasauga shales. 
Clinoptilolit~ and mordenite transformed to clay-like 

phases in the presence of La at 300°C C?igur.e 2) but did 
not alter in the blank runs (Table 2) . The d spacing of 
this clay phase expanded from 15.5 A to about 17 A with 
ethylene glycol treatment indicating that it is a smectite 
(Figure 2). The mechanism of smectite formation prob
ably involves hydrolysis of La to form La(OHhand H+
exchange Saturation of the zeolite , followed by its de
composition (Breck, 1974) and recrystallizatiqn, Stud
ies are in progress to test the above hypothesis of smec
tite formation. The calcite-rich Salona shale reacted 
almost completely with La to form La hydroxy car
bonate both at 200° and 300°C (Table 6). 

R eactions with NdCla at 2000 and 300°(: 

Significant amounts of Nd were taken out of solution 
by all the shales and minerals except kaolinite as indi~ 
cated by the fractions (0 to 86.5%) of added Nd re
maining in solution (Table 6). A comparison of the La 
and N d results indicates that both of these elements be
haved similarly in their reaction with the various min
erals and shales (Table 6). Several mechanisms are 
probably involved in Nd uptake by the various minerals 
and shales. Some ion exchange may be involved; but it 
is not the principal mechanism becaus.e the Nd uptake 
is very much greater than the CECs of most of the sam
ples (Table 7) . The amounts of cations· released by the 
minerals are much· smaller than the am~)Unts of Nd up
take by the various minerals imd ' shales at both tem
peratures (Table 7), further supporting the above hy
pothesis. The reaction ofNd with the shales and minerals 
at 200°C probably resulted in the precipitation of Nd20 a 
or Nd hydroxy carbonate" as in the case of Salona shale 
by reacting With calcite (Table 6). At 300°C, more than 
80% of the added Nd was taken out of solution by most 
samples by the formation of unidentified new phases 
whose d-spacings are listed in Table 6. Such phases were 
not formed in the control funs without the addition of 
Nd (Table 2). The clinoptilolite-Nd reaction formed a 
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smectite clay mineral (Table 6, Figure 2), similar to the 
clinoptilolite-La reaction. 

CONCLUSIONS 

Backfills, such as clay minerals and zeolites, and wall 
rocks, such as shale, removed Sr from solution by ion 
exchange and/or by forming new Sr phases under sim
ulated repository conditions. The reaction of soluble Sr 
with backfills or wall rocks to form sparingly soluble Sr 
phases, such as SrAI2Si20 s, SrCOa, Sr2MgSiz01' and 
SrAI2Si4012·2H20, is significant because these phases 
fix Sr, one of the most mobile and hazardous elements 
in nuclear wastes. 

The reaction of La and Nd (simulating Am and Cm) 
strongly depend on temperature and mineralogy of the 
reactant materials. La and Nd were taken out of solu
tion almost completely by some of the investigated 
backfill and wall rock materials by the formation of 
LaOHCOa, NdOHCOa, and, possibly, oxides and hy
droxides of La and Nd. The zeolites, clinoptilolite and 
mordenite were transformed to smectite in the presence 
of La and N d. If La and N d are good simulators of Am 
and Cm, the present data suggest that Am and Cm can 
be immobilized (taken out of solution) under repository 
conditions. 

Among the backfill and wall rock materials tested, 
Salona shale containing calcite was found to be the most 
reactive with Sr, La, and Nd under the simulated re
pository conditions used in this study. 
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Pe3IOM~l1cCJIeJlOBaJlHCb peaKl\HH Sr, La, H Nd (nOCJIep;HHe p;Ba 3JIeMeHTbI CHMYJIHpYlOIl\He Am H 
Cm) c rrOTeHl\HaJlbHbIMH MHHepaJIaMH AJI» 3aCbIllKH XpaHHJIHIl\a paJlHoaKTHBHbIX OTXOJlOB H C rropOJlaMH 
CTeH XpaHHJIHIl\a, TaKHMH KaK Cp;aHl\eBaTble rJIHHbI B YCJIOBH»X CHMYJIHPYIOIl\HX XpaHHJIHIl\e, rrpH 
TeMrrepaTypax 2000 H 300°C B TeqeHHe 12 Hep;eJIb, rrpH p;aBJIeHHH 30 Mila. TBepJlble rrpoP;yKTbI 
peaKl\HH H rrpop;YKTbI, Bblp;eJIeHHble H3 pacTBopoB, HCrrOJIb30BaJlHCb. AJI» orrpeJleJIeHH» npHpOJlbI H 
cTerreHHrrpoTeKaHH»peaKl\HH.XJIOPHT,HJIJlHT,KaOJIHHHT,MOHTMOPUJIJIOHHT,KJIHHOrrTHJIOJIHT,MOpp;eHHT, 
H qeTblpe CJIaHl\a YJlaJI»JIH H3 pacTBopa 61,2 H 98,5% Jl06aBJIeHHbIX SrC12 H Sr(OH)z, COOTBeTCTBeHHO, 
rrYTeM 06MeHa HOHOB WHJIH rrYTeM 06pa3i:lBaHH» HOBbIX coep;HHeHuH CTPOHQH» TaKHX, KaK SrAI2Si20 s, 
Sr,MgSi 20 7, SrC03 (CTpOHl\HaHliT), U SrAlzSi.O,z ·2HzO (Sr-BaHpaKHT). 06pa30BaHHe 3THX ep;Ba 
pacTBop»eMblx ¢a3 Sr rrYTeM peaKlIHH paCTBop»eMbIX coep;HHeHHH Sr c TaKHMH 3aCbIllKOBbIMH 
MaTepHaJlaMU YKa3bIBaeT Ha TO, qTO 3aCbmKU MoryT CJIY)l(HTb B KaqeCTBe 6apbepa B TeqeHHe 
TepMaJIbHOrO rrepHOJla OTXOJlOB BO BpeM5I CYIl\eCTBOBaHH» XpaHHJIHIl\a. 3TH caMble MHHepaJIbI H 
cJIaHlIbl YP;aJI»JIM H3 paCTBopa 99,99% p;06aBJIeHHOrO La HJIH Nd rrpH 300°C rrYTeM o6pa30BaHH» 
HOBbIX ¢a3 TaKHX, KaK LaOHCOa, NdOHC0 3• H, Bepo»THo, oKHceH H mp;pooKHceH La HJIH Nd. 
UeOJIHTbI peampOBaJlH C La H Nd, o6pa3Y» CMeKTHT. TaKHM o6pa30M, eCJIH La H Nd p;eHCTBHTeJIbHO 
CHMYJIHPYlOT peaKTHBHOCTb Am H Cm, 3aCbIIIKH, rrpHrOTOBJIeHHble cooTBeTcTBYlOIl\HM o6pa30M, 
MoryT CJIY)l(HTb B KaqeCTBe 6apbepa rrepeJl MHrpal\Heil TpaHcypaHoBblx 3JIeMeHTOB »p;epHbIX OTXOJlOB. 
[E.C.] 
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Resiimee-Reaktionen von Sr, La, und Nd (die beiden letzten Elemente simulieren Am und Cm) mit mog
lichen Triigermineralen fiir die Lagerung radioaktiver Abfalle und mit lagerungsgesteinen, wie z.B . Schie
ferton, wurden unter simulierten Lagerungsbedingungen von 200°C und 300°C iiber 12 Wochen und bei 
maximalen Driicken von 30 .MPa untersucht. Die festen Reaktionsprodukte und die Reaktionslosungen 
wurden untersucht, urn die Art und das AusmaB der Reaktion zu bestimmen. Chlorit, Illit, Kaolinit, Mont
morillonit, Mordenit, und Klinoptilolith sowie Schiefertone entfernten bis zu 61,2 bzw. 98,5% des zuge
fiigten SrCl2 und Sr(OH)2 aus der Losung entweder durch Ionenaustausch und/oder durch die Bildung neuer 
Strontium-Verbindungen wie z.B. SrAI2Si20., Sr2MgSi20 7, SrC03 (Stronatianit), und SrAI2Si.O ,2 ·2H20 
(Sr-Wairakit). Die Bildung dieser kaum loslichen Sr-Phasen durch die Reaktion von loslichen Sr-Verbin
dungen mit derartigen Triigerstoffen deutet daraufhin, daB die Aufnahme durch diese Minerale als Schranke 
wiihrend der thermischen Periode des Abfalles wirken kann. Die gleichen Minerale und Schiefertone ent
fernten bei 3()()OC bis zu 99 ,99% des zugefiigten La oder Nd aus der Losung durch die Bildung neuer Phasen, 
wie LaOHC03, NdOHC03, und moglicherweise La- oder Nd-Oxide und -Hydroxide. Zeolithe reagierten 
mit La und Nd unter der Bildung von Smektit. Wenn daher La nnd Nd wirklich die Reaktivitiit von Am 
und Cm simuliert, dann kann eine richtig durchgefiihrte Riickfiillung als eine Schranke gegen die Wan
derung von Transuranen aus radioaktiven AbfaUen wirken . [U.W.] 

Resume-Les reactions du Sr, La, et Nd (Ies deux derniers elements simulants Am et Cm) avec des mi
neraux pouvant servir de rembourrage (backfill) pour Ie stockage de dechets radioactifs, et avec les surfaces 
des roches du milieu de depot telles l'argilite, ont ete etudiees sous des conditions de depot simulees de 
2000 et 3()()OC pendant 2 semaines sous une pression du milieu de 30 MPa. Les produits des reactions, soli des 
et en solution, ont ete identifies pour determiner la nature et I'etendue de la reaction. Chlorite, illite, ka
olinite, montmorillonite, mordenite, et c1inoptilolite, et quatre argilites ant extrait de la solution jusqu'a 
61 ,2 et 98,5% du SrCI2 et Sr(OH)2 ajoutes, respectivement par echange ionique etlou par formation de 
nouveaux composes de strontium tels queSrAl2Si20 8, Sr2MgSi207' SrC03 (strontianite), et SrAI 2Si.012 • 

2H.O (Sr-wairakite). La formation de ces phases peu solubles du Sr par la reaction des composes solubles 
du Sr avec de tels elements de rembourrage indique qu ' il peut servir de barriere durant la periode thermique 
du dechet dans Ie cycle d 'un depot. Ces memes mineraux et argilites ant extrait jusqu'a 99,99% du La au 
Nd ajoutes, de solution a 300°C par formation de nouvelles phases telles LaOHC03 , NdOHCOa, et peut
etre d'oxydes et hydroxydes de La au Nd. Les zeolite's reagissent avec La et Nd pour former de la smectite. 
D'ou, si La et Nd reffetent reellement la reactivite d'Am et de Cm, un rembourrage approprie peut servir 
de barriere a la migration des elements transuraniens des dechets nucleaires. [D.J.J 
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