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BASIC RESEARCH FOR ASSESSMENT OF GEOLOGIC NUCLEAR WASTE 
REPOSITORIES: WHAT SOLUBILITY AND SPECIATION STUDIES OF 

TRANSURANIUM ELEMENTS CAN TELL US 

HEINO NITSCHE 
Lawrence Berkeley Laboratory, Earth Sciences Division, 1 Cyclotron Road, Mail Stop 
70A-1150, Berkeley, California 94720 

ABSTRACT 

Solubility and speciation data are important in understanding aqueous radionuclide 
transport through the geosphere. They define the source term for transport retardation 
processes such as sorption and colloid formation. Solubility and speciation data are useful in 
verifying the validity of geochemical codes that are part of predictive transport models. 
Results from solubility and speciation experiments of "NpOj*, MPu**, and M'Am'7NdJ* in J-13 
groundwater (from the Yucca Mountain region, Nevada, which is being investigated as a 
candidate high-level nuclear waste disposal site) at three different temperatures (25', 60", and 
90'C) and pH values (6, 7, and 8.5) are presented and compared with published modeling 
calculations. The comparison results indicate that there is a great need for experimental data 
on the solubility and speciation of transuranium elements under a wide range of conditions, for 
example, pH, Eh, temperature, and composition of groundwaters. Additionally, the influence 
of alpha radiation and the radiolysis of the secondary transuranium solids on solubility and 
speciation should be studied. Solubility studies and model calculations should be extended to 
other important long-lived nuclear waste radionuclides such as nickel, zirconium, cadmium, 
radium, and thorium. 

INTERCONNECTIONS OF SOLUBILITY AND SPECIATION STUDIES WITH OTHER 
TRANSPORT-CONTROLLING PROCESSES 

Gaseous and aqueous transport are two principal mechanisms of radionuclide transport 
from a potential nuclear waste repository to the environment Aqueous radionuclide migration 
through the geosphere is controlled by several chemical and physicochemical phenomena, 
including the dissolution rate of the waste package, formation of secondary solids, 
radionuclide complexation in the solution phase, and sorption processes on the geomedia. 
These processes are interconnected and depend strongly on each other. 

Solubility may limit the concentration of radionuclides in the aqueous phase. It is 
controlled by the formation of solubility-controlling secondary solids that are in equilibrium 
with soluble species. The soluble species in turn can form solution complexes by reacting 
with ligands that are present in the groundwater. Complex formation is dependent on the 
oxidation state and charge of the radionuclide in the solution phase, as well as the nature and 
the amount of potentially complexing ligands presenr in the groundwater. The electrical 
charges of the solution complexes can vary widely. Detailed knowledge of the species and 
associated charges are very important for understanding their sorption on the g-omedia. 
Differently charged species adsorb differently. For example, many mineral surfaces act as 
weak acids; they are protonated at lower pH values, and they deprotonate at environmental pH 
levels, at pH 6 and above, to form negatively charged surfaces. Such surfaces readily adsorb 
cations like Am" [1]. They do not adsorb uncompleted anions such as TcO,- [2]. However, 
when anionic potentially complexing ligands are present in the solution, the negatively 
charged surfaces compete with the ligands for the metal ion complexation. These phenomena 
are described by surface complexation theories, which are based on double- or triple-layer 
models [3-5]. Understanding of sorption processes is also very beneficial in understanding 
colloidal transport. Colloid transport can be seen as a special form of aqueous transport in 
which colloidal polynuclear radionuclides and radionuclides that attach themselves to 
suspended solid material can be transported. 
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APPLICATIONS OF SOLUBILITY AND SPECIATION DATA 

Solubility studies of radionuclides yield good estimates of uppermost radionuclide 
concentrations in groundwaters from the region of potential waste repositories. Such 
measurements will provide upper concentration limits because die secondary steady-state 
solids formed can still change from a higher to a lower free energy, which would result in 
lower solution concentrations. These changes may be very slow and may require very long or 
even infinite experimental times, which are not practical. 

Model Verification. Data Base Validation, and Risk Assessment 

Data derived from solubility studies are important for validating geochemical codes 
that are part of predictive radionuclide transport models. Such codes should be capable of 
predicting the results of solubility experiments. Furthermore, agreement between geochemical 
calculations and experimental results can validate me thermodynamic data base used with the 
modeling calculation. 

To predict behavior at higher temperatures, data bases used for modeling calculations 
must contain data on thermodynamic functions at elevated temperatures. To date, many of 
these data are unavailable and are therefore estimated by extrapolation from lower temperature 
data. Agreement between modeling calculations and experimental results would also validate 
such estimates, whereas significant discrepancies would identify the need for data base 
improvement. Improvements can be made by filling the gaps with generic experimental data. 

In addition, experimental solubility data also provide the source terms or the starting 
concentrations for experimental sorption studies. To be valid, sorption studies should be 
conducted at or below die solubility limit because only soluble species can be transported and 
participate in the sorption process. 

SOLUBILITY MEASUREMENTS FOR THE YUCCA MOUNTAIN PROJECT 

Concept 

The concept of solubility and speciation measurements has been discussed and 
illustrated [6], In quintessence, meaningful thermodynamically defined solubility studies 
should satisfy four criteria: (1) equilibrium conditions, (2) accurate solution concentrations, 
(3) a well-defined solid phase, and (4) knowledge of the speciation/oxidation state of the 
soluble species at equilibrium. This study was conducted according to these criteria. 

Experimental Approach 

The solubilities of a 'NpOj*, *»Pu4\ and »>Am3VNdJ* were determined in J-13 
groundwater from die Yucca Mountain region in Nevada. To bracket a variety of possible pH 
and temperature conditions, solubility and speciation data were obtained for each radionuclide 
solution at three different pH values (pH 6,7, and 8.5) and at three temperatures (25", 60*, and 
90"C). Further experimental details are described elsewhere [6,7]. 

Modeling Calculations 

Recently, Wilson and Bruton [g] published results of modeling calculations for 
actinides in J-13 water at pH 7 and at 25"C and 90*C. The data were derived by using the 
geochemical modeling code EQ 3/6 (version 3245) [9J and the supporting thermodynamic data 
base (version 3270R13). The simulation process yielded the precipitating solids and the 
corresponding actinide concentration in solution. 
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Speciation calculations for neptunium, plutonium, and americium in J-13 water (pH 7 
is the natural pH of J-13 water) at 25'C were performed by Miller and Silva [10], who also 
used the EQ 3/6 code (version 3245) and a modified thermodynamic data base. Modifications 
of the data base were necessary because many data are unavailable in the original data base for 
possible solution species in J-13 groundwater. Tables I to IVb show the stability constants 
used in the calculations for the reactions of neptunium, plutonium, and americium with ligands 
present in J-13 groundwater. Italic numbers indicate that no data were available arid that 
estimates were used instead; the estimates were derived from other actinide systems of the 
same oxidation state. 

Table I. Complex Stability Constants for Selected Trivalent Actinides 

Uimfc 

Ligfttf 

Uimfc oir V cr NO; HIK>: cot' SO, ™°r < 
w» l.f! 3.13 1.13 Ml 2.61 7.90 3.93 -
Np 3* 7.19 3.73 1.13 IA1 1J9 IX 3S3 
ft,3* 151 3.73 0.91 1.09 161 7SV 3.71 
Am3* 113*8 713 om /.» 3.91 • 1720 5.45 
Kp 3* list 7X3 on vn 3,73 1220 5.45 
fu3* IIS8 713 on m <0I 1320 6.32 
Am 3* ll.Ot 11.01 252 4.99 1170 
Sp 3 * 18.08 11.08 2J2 5.64 12.70 
R. 3* 18.08 11.08 152 3.04 12.70 
Am3* 5JS ' 
«p 3 * 3JS 
r. 3* it! 
vaiatx i n log P'r, iximixn in iiiita wntminmm 

Table II. Complex Stability Constants for Selected Tetravalcnt Actinides 

$f*XH* UlKKlf 

Li$md 

$f*XH* UlKKlf orr F cr NO^ iwo. .CO,*" sol" HPQ,*" ">t Am 4* 1 13.43 9.24 1.71 ;.45 4.92 1230 6.40 16.00 
Kp 4* i 1195 161 1.15 1.15 492 (2J5 6JI 16M> 
to" 1 13*7 • 45 l.U 1.17 4.92 1130 6.76 16.00 
Am4* 2 2*20 M.0J IM 72S 830 2JJ5 1026 28.13 
W 2 29.20 13.70 l.U 131 830 2JJ5 9.79 26.13 
B. 4 * 2 21.20 15.92 U S 3.30 tso 2345 10,36 21.13 
Am"* 3 3815 2IM 2.4/ 331 J0.00 »J0 37M 
Sp 4 * 3 3815 2134 141 3.51 30.00 830 37S0 
P. 4 * 3 3115 20.70 0.09 3.15 30.00 830 37.90 
Am 4* 4 JMS 232t 2.75 1315 tut 45.65 
Np 4* 4 sits 15.25 175 1315 33.00 45.45 
n.4* 4 49.20 25.00 2.75 13.15 33.00 45.65 
Am 4* 5 53.M 2M5 34.00 48.60 
Np 4* 5 5J.M 2MJ 34.00 48£0 
P. 4 * 5 13.H 2611 34.00 41.60 
Am 4* 6 28M 
N , 4 * 6 28M 

»4* t ItM 
vain* are lag p'n faimbvs in imlict arc < 
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Table III. Complex Stability Constants for Selected Pentavalent Actinides 

SptciM Uimfc 

Uiand 

SptciM Uimfc oir F" cr NOl H»K>; «T srf" Wof 
AfflO^ 4X8 0X2 -IM -;.« 1.04 J.07 /JJ SJ4 6.78 

NpOf 4.11 on - u i -1.42 1.04 5.07 1JJ 334 5.7t 

»oT 4.44 OH -151 -/.« /.« 3.07 /JJ i n t5.7* 

AJUCC -3.00 -2.12 .'.« 
NpCs - 3 . 0 0 - 1 1 2 « .62 

-** -J .W -2 .12 tf^2 

AmOj 7J» 

NpCs U S 

P-C 7J< 

vikMBHVlOf P'S munbam intuit E* *TC • M i f T U U g 

Tabic IVa. Complex Stability Constants for Selected Hexavalem Aoiinides 

S p c d a 

i 
L i p n d 

S p c d a 

i 

QW F" cr NO, H,PO, CO.'" so/" HPO/~ < A-of 1 8.78 4.05 0.15 02« 4.49 9.SS J.M «J4 

N p O . " 1 1.90 5.10 0.20 -0.30 2.43 PJ» 2.00 1.54 

PS* 1 S.62 4.61 0.50 024 *«9 9.31 3.31 854 

Amof* 2 I5S7 854 - U 2 0.01 7JJ 16.96 J.99 

NpOf* 2 15.97 7.56 0.10 0.01 7JJ 16.96 4.64 

PS* 2 15.54 %yt -0.lt 0.01 755 14.10 J.99 

Ap*L" 3 27.72 10.78 2158 

N p O * 3 2J.72 9.67 2158 

P S ' 3 2/.T2 10.78 11.35 

**> 4 22.9J 1124 

NPO," 4 22.9J 11.54 

fccC* 4 22.9J ttS4 
vaktai are log fl'c munbare in italic* a n M J P M U I 

Table IVb. Comple* Stability Constants for Selected Hexavalcnt Actinides 

S p e c * 

* 
Radionuclide 

* 
Lifindf 

LigamJ 

S p e c * 

* 
Radionuclide 

* 
Lifindf oir cor 

A n * , " 2 11.18 

N p O , " 2 11.18 

P!O? 2 11.18 

A S * 2 22J2 

NPO," 2 2232 

P S 2 20.lt 

A S * 4403 

NpO," 44.03 

P 3 ; 44.03 

A.O," 54JS 

NPO," S4J5 

PS* 49.75 

AmO," 53.73 

NpO," S1.7S 

PS* S1.73 

AnO," 66J88 

NpOf* 66X8 

P S 1 
66X8 

AmO? 73.98 

NpO, 2 ' 75.98 

«< 75M 

tbtp'K 

http://-0.lt
http://20.lt
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COMPARISON OF EXPERIMENTAL AND MODELING RESULTS 

Neptunium 

Results of the neptunium solubility experiments are shown in Figure 1. The steady-
state solids in each experiment were sodium neptunium carbonate hydrates with different 
water content. The solid formed at 90'C and pH 7 was a mixture of sodium neptunium 
carbonate hydrate and neptunium pentoxide. The solubility decreased at each temperature 
with increasing pH; this is due to the increasing concentration of CO,2- with increasing pH, 
resulting in lower solubilities through the formation of more insoluble sodium neptunium 
carbonate hydrates. The comparison of the experimental results with the modeling 
calculations is shown in Figure 2. The experimental solubilities are significantly higher than 
the calculated ones. This is not surprising because the model predicted NpO, (c) instead of 
NaNpOjCO, • 2.5 HjO as the solubility-controlling solid. The EQ 3/6 thermodynamic data 
base does not contain solubility data for NaNp02CO,- 2.5 Hfi. 

Measured and calculated solution species are compared in Figures 3, 4, and 5. 
Uncomplexed NpOj* and the NpOjCO,- complex were correctly predicted as being the major 
species. Good agreement was obtained for pH 6 and 8.5. At pH 8.5, small amounts of higher 
neptunyl(V) carbonate complexes and of NpO,OH were calculated by the model. At pH 7, the 
simulation overestimated the amount of Np0 2 ' and underestimated the Np02CO,-
concentration. 

1.0E-2n 

"1.0E-3 

,1 .0E-4 

z i .OE-5 

1.0E-6 

CD 
CS3 

25 °C 
60 °C 
90 °C 

A: Noo.eNpOztCOjJo.sHjO 
8 : No0.6Np02(CCIj)o.e-2.5H20 
C : No 2 x_,NpO 2(C0j) t ' nHjO 
0 : Np 2O s 

PH5.9 pH7 pM 8.5 

Figure 1. Results of Neptunium(V) Solubility Experiments in J-13 Groundwater as a Function 
of pH and Temperature. 

25"C 90'C 

C ^ Experiment 
NaNpO,C0)-2.5H,O 

£23 Calculation 
KpCl, 

Figure 2. Neptunium Solubility in J-13 Groundwater at pH 7; Comparison Between 
Experimental Results and Modeling Calculations. 
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1 
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E 3 Calculation 

n 
Npq Npo,ccf 

Species 
Figure 3. Neptunium Speciation in J-13 Groundwater at pH 6 and 25°C; Comparison Between 
Experimental Results and Modeling Calculations. 

• 4 1 

C D Experiment 
%Z& Calculation 

NpCJ NpO,CCf 

Species 

Figure 4. Neptunium Speciation in J-13 Groundwater at pH 7 and 25°C; Comparison Between 
Experimental Results and Modeling Calculations. 

100 

80 I I Experiment 
E 2 Calculation 

NpOj NBUJCO," NpOjtCOjj1,- NpO.tCOjf NpO,OH 

Species 

Figure 3. Neptunium Speciation in J-13 Groundwater at pH 8.5 and 25°C; Comparison 
Between Experimental Results and Modeling Calculations. 
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Results of the tetravalent plutonium solubility study are shown in Figure 6. The 
solubility-controlling solids were mixtures containing mainly polymeric plutonium(IV) and 
smaller portions of plutonium carbonates. This explains the drastic decrease in plutonium 
solubility with increasing temperature. The plutonium(IV) polymer peptizes with increasing 
temperature and becomes more stable; over extremely long times it may possibly convert to 
Pu02. The comparisons are shown in Figures 7 and 8. Very large discrepancies exist between 
the experiment and the simulation. The simulation results improved when amorphous hydrous 
plutonium dioxide (PuO, • H 2 0 or Pu(OH),) was assumed as the solid phase instead of 
crystalline plutonium dioxide. Hydrous plutonium dioxide or plutonium(IV) polymer, 
however, is thermodynamically ill-defined, and the solubility product constant used in the data 
base may not be applicable to other polymeric plutonium(IV) precipitates. Such precipitates 
may differ in their amorphous composition, which may result in higher or lower solubilities. 

S 
2> 1 0E-6-
I j 

t l.OE-7-i 
o 

I IOE-BJ 

I ! 
i j 1.0E-9-I 
Z I 
o 

' 0 E - 1 0 -

CD 25°C 
C3 60 °C 
ZZJ 90°C 

I ^. 

P5 ( ! ! : S ! ' i ^ j W3 P t o s e s con ta in P u ( i V ) -

\\:% is \W». 
•'•% 

JVJ poi/mer ona carDonote 

pM 5.3 pr 5 t 

Figure 6. Results of Plutonium(IV) Solubility Experiments in J-13 Groundwater as a Function 
of pH and Temperature. 

1E-4 

!E-S 

IE-6 

IE-7 
IE-« 

1E-9 

1E-10 

iE-11 

1E-12 • 
1E-U 

15-14 

[*1 

w. 

— ^ Experiment 
Pu(IV) polymer (a) 
ond corbonotea (c) 

S 3 Coicuiotion 
PuCI,(c) 

25'C 90'C 
Figure 7. Plutonium Solubility in J-13 Groundwater at pH 7; Comparison Between 
Experimental Results and Modeling Calculations. 

Measured plutonium oxidation-state distributions of the steady-state solutions and the 
comparison with modeling calculations are shown in Figures 9, 10, and 11. Due to the low 
plutonium concentrations, we could not apply direct speciation techniques, such as laser-
induced photoacoustic spectroscopy. We used an indirect method of combined extraction and 
coprecipitation techniques instead, which can identify only the oxidation state and not the 
individual solution species [7]. Both the experimental measurements and the speciation 
simulations identified plutonium(V) and plutonium(VI) as the major oxidation states; the 
plutonium was added initially to the groundwater as Pu4*. This is mainly due to a revised, 
more reasonable value of log B = 12.3. Experiments by Silva and Nitsche [11] identified this 
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IE-4-. 

1E-S-

IE-S-

1 E R 

IE'S • 

1E-9-

IE-ID-

1E-11-

1E-12-

IE-13-

1E-M- -

? 

C 3 Exp«rimtnt 
Pu(IV) polymir (a) 
and cartoonottt (c) 

BZ3 Calculation 
Pu(OH],(o) 

25*C 90"C 

Figure 8. Plutonium Solubility in J-13 Groundwater at pH 7; Comparison Between 
Experimental Results and Modeling Calculations. 

100 

80 

60 

*0 

20 

C3 Experiment 
ZZ2 Calculation 

ill 

_n!_ l 
Pii(»l)+polym<r pu(|V) p„(v) 

Oxidation State 
Pu(w) 

Figure 9. Plutonium Oxidation State Distributions in J-13 Groundwater at pH 6 and 25°C; 
Comparison Between Experimental Results and Modeling Calculations. 

100, 

80 

60 

40 • 

20 

CD Experiment 
EZ3 Calculation 

rfl 

r*i -OJ 
Pu(lll)+polymcr Pu(IV) Pu(V) 

Oxidation State 

Pu(Vl) 

Figure 10. Plutonium Oxidation State Distributions in J-13 Groundwater at pH 7 and 25°C; 
Comparison Between Experimental Results and Modeling Calculations. 
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40 

20 
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rfl 

_CL 
1 

Pu(lll)+polymtr Po(IV) Pu(V) Pu(vi) 
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Figure 11. Plutonium Oxidation State Distributions in J-13 Groundwater at pH 8.5 and 25°C; 
Comparison Between Experimental Results and Modeling Calculations. 

value as an upper limit; the actual number is as yet undetermined and may be substantially 
smaller. Values ranging between 17.0 and 47.0 for log B can be found in the literature [12, 
13]. Using such extremely high and unrealistic stability constants would result in the 
tetravalent plutonium carbonate complex being the predominant solution species at steady 
state; this would completely disagree with the experimental results. Large differences exist, 
however, between experiment and simulation in the individual oxidation-state distribution. 
Although the measurements indicated relatively large amounts of plutonium(V) and smaller 
quantities of plutonium(VI), the simulation predicted nearly reversed distributions for all three 
pH values-large quantities of plutonium(VI) and smaller amounts of plutonium(V). The 
plutonium species distributions, as calculated by Miller and Silva [10], are shown in Table V. 

Table V. Speciation Calculations for Plutonium in J-13 Groundwater 

Species 
DH6 

Distribution (%) 
pH7 pH8i 

Pu(HPO,»)J" 10 12 — 

PuOj 
P11O2CO3 

32 17 2 
9 

P11O2CO3 

Pu02(C03)f" 

<Pu02)3(C03)£~ 

34 53 

3 

6 
8 

P11O2CO3 

Pu02(C03)f" 

<Pu02)3(C03)£~ - 2 
7 

15 

PUO2OH* 3 — — 
Pu02(OFf)j 

(PuO2)3(0H^ - — 
8 

45 

PUO2F" 4 — — 
P11O2F2 2 — — 
PUO2HPO4 15 6 — 
Others - 7 -
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The main species at pH 8.5 are plutonium(V) and plutonium(VI) carbonate complexes and 
plutonium(IV) hydrolysis products. At pH 7, Pu02CO, and uncotnplexed Pu02* are present 
together with plutonium(IV) and pIutonium(VI) hydrogen phosphate complexes. Phosphate 
complexation in J-13 groundwater may be somewhat surprising, because many analyses of J-
13 groundwater do not list phosphate, although it was found to be present at a level of 0.12 
ppm [14]. At pH 6, the major species are plutonium(IV) and plutonium(VI) hydrogen 
phosphate, plutonium(V) carbonate, and uncomplexed Pu02*; minor species are pluton'ium(VI) 
fluorides and Pu02OH\ 

Amcricium 
Results of the americium solubility experiments are shown in Figure 12. No clear 

trend of the solubility was found with increasing temperature and increasing pH. Much higher 
solubilities were found for 60"C compared with 25*C and 90*C. All solids were AmOHCO,, 
with orthorhombic structure for all temperatures at pH 7 and 8.5 and for 60'C at pH 6 and with 
hexagonal structure for 25'C and 90*C at pH 6. Orthorhombic AmOHCO, appears to have a 
much higher solubility at pH 6 and 60'C than the hexagonal form at the same pH and 25*C or 
90'C. 

Comparisons between the experimental results and the modeling calculations are 
shown in Figure 13. Reasonable agreement was achieved at 25'C, where the simulation 
identified AmOHCOj as the solubility-controlling solid. The modeling calculation predicted 
the 90"C solid incorrectly as Am(OH)j, resulting in too high a solubility. 

Because of the low americium concentration, we could not determine the solution 
speciation, but we found that the soluble americium(III) did not change its oxidation state 
during the experiment. Simulation calculations indicated that at pH 6, Am3*, AmCO * 
AmOH2*, and AmSO„* are major species and that AmF2* and AmF2* are minor species. The 
pH 7 calculation showed that AmC03* and, to a lesser extent, AmOH2* and Am3* are the 
major species. At pH 8.5, AmCO,* and Am(COa)2" were major and hydrolytic americium 
species minor solution components. 

l.OE-5 

I 1.0E-7 4 

8 1.0E-8-
I 
S 1.0E-9 

1.0E-10 
1 

pH 6 pH 7 pH 8.5 

CD 25 *C 
E 3 60'C 
S3 90 *C 

AmOHCO, solids 
H: hexagonal 
0: orthorhombic 

Figure 12. Results of Americium(III) Soubility Experiments in J-13 Groundwater as a 
Function of pH and Temperature. 
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Figure 13. Americium Solubility in J-13 Groundwater at pH 7; Comparison Between 
Experimental Results and Modeling Calculations. 

CONCLUSIONS AND RECOMMENDATIONS 

The comparison of results from experimental solubility measurements with modeling 
calculations indicates that there is great need to improve the presently existing thermodynamic 
data base. This study, though limited in scope, shows that data for steady-state solids of some 
radionuclides are missing in the data base (e.g., NaNpO.CO,- 2.5 H,0, hexagonal AmOHC03, 
a range of amorphous plutonium(IV) hydrous oxide solubility products instead of one single 
value). Very limited data are available for higher temperatures. Speciation calculations 
indicate that complex stability constants for neptunium and americium are sufficiently well 
represented in the data base. But application of comprehensive sensitivity analyses for these 
systems are indicated, because relatively small changes in the stability constants may improve 
agreement with the experimental findings. 

Generally, solubility and complexation studies at higher temperatures, up to 150'C, are 
recommended in order to improve predictive modeling capabilities for scenarios that represent 
temperatures in the near field. 

It is also of great interest to know how alpha self-irradiation affects the solubility of 
secondary solids. For example, is the solubility of short-lived "Pu significantly higher than 
that of M 2Pu, with a 4483 times longer half-life? 

Furthermore, model and data base validation should be extended through intermediate-
scale experiments and field tests. Kinetic limitations and heterogeneity of the geomedia 
should be incorporated in chemical/transport models. Solubility studies and subsequent 
comparison with results from modeling calculation should be extended to other important 
nuclear waste radionuclides, such as nickel, zirconium, cadmium, radium, and thorium. 

In summary, we have shown in this paper that experimental solubility and speciation 
studies are useful and very important in understanding radionuclide transport through the 
geosphere. 
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