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Abstract

Recent progress in the study of actinide colloid generation in
groundwaters is summarized and discussed with particular ex-
amples relevant 1o an understanding of the migration behaviour
of actinides and natural aquifer systems, The first part deals with
the characterization of colloids: groundwater colloids, actinide
real-colloids and actinide pseudocolloids. The second part con-
centrates on the generation processes and migration behaviour of
actinide pseudocolloids, which are discussed with some notable
examples available in the literature. Importance is stressed more
on the chemical aspects of the actinide colloid generation in
groundwater.

1. Introduction

Natural colloids are ubiquitous in all groundwaters.
The chemical composition, structure and particle size
of natural colloids vary widely depending on the geo-
chemical nature of given aquifer systems [1, 2] and
their particie concentration likewise varies to a great
degree from 10% to 10'7 particles per liter of water
i2, 3.

These colloids are chemically surface-active and
therefore readily adsorb metal ions of higher charge
(Z=2+4) through complexation and/jor ion exchange
processes [1, 4, 5]. The actinide ions with high electric
charges (Z=2-) are unstable in groundwater due to
their strong hydrolysis reactions [1] and thus easily
adsorbed on natural colloids. The generation of such
colloids, called “psendocolloids” of actinides, may in-
crease the amount of actinides in groundwater much
higher than their thermodynamic solubilities [1] and
may thus enhance the possibility of their migration in
a given aquifer system [4, 6].

For these obvious reasons, much attention has
been attracted recently to the chemistry of ground-
water colloids in the field of the migration study
of actinides [1—17] and environmental contami-
nants [18] in the geosphere. The role of colloids is
being appraised as of critical importance for the near
and far field assessment of the migration behaviour of
actinides [4, 6, 7, 9, 11, 19]. Failure to account for
colloid transport, as a carrier of actinides, can lead to
serious underestimates of the actinide migration. For
example, at Los Alamos, plutonium and americium
were detected in monitoring wells over a kilometer
from a liquid waste outfall and the transported radio-

nuclides were characterized as being bound on colloids
of 25 nm to 450 nm particle size [20].

This paper reviews the present state of the ground-
water colleid chemistry, the potentially critical role
of groundwater colloids for transport of actinides,
generation processes of actinide pseudocolloids, their
geochemical interactions and migration of actinide
pseudocoiloids.

2. Characterization of colloids

The colloids under discussion are classified into three
kinds: “groundwater colloids™, “real colloids™ of
actinides and “pseudocolloids™ of actinides [1, 4, 10,
14]. Groundwater colloids are naturally occuring in
all groundwaters, real colloids are produced by the
aggregation of hydrolysed actinide ions and pseudo-
colloids are generated by sorption of actinide ions,
or colloids, on groundwater colloids. Whether or not
the naming of pseudocolloids is appropriate is con-
tended by some authors [17], on the grounds that
the prefix “pseudo” may perceptibly misrepresent the
state of the colloid under discussion. For the clear
distinction between the colloid of an actinide itself and
a groundwater-colloid-borne actinide [4—14], we are
going to use the above given classification for different
kinds of colloids in the text throughout. The three
kinds of colloids in question are distinctively different
from one another from a chemical viewpoint [5, 8,
14, 17]. The proper characterization of each of these
colloids is an essential prerequisite for understanding
their role in the migration process of actinides in a
variety of aquiler systems.

2.1. Groundwater colloids

Groundwater colloids are composed of inorganic and
organic molecular constituents [4, 5, 15, 17, 18, 21, 24,
26), a mixture of both [5, 21], or microorganisms {18].
They include detritus of weathering mineral products
{15,26], hydrolysed precipitates of mixed metalions [4,
24], macromolecular components of dissolved organic
carbon (DOC), ¢.g. humic substances, loaded with
metal ions [1, 5], and biocolloids composed probably
of microorganisms [18]. Experiences show that col-
loids of inorganic or organic nature, besides biocol-
loids, are relatively small in size (<450 nm diameter)
[3, 7, 15, 19, 21], so that the characterization of these
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Table 1. Major ions and trace elements in Gorkben ground-
waters with different DOC concentrations 5, 23, 24] {an average
accuracy of analytical data given here is 5%)

Element Gohy-73 Gohy-1012  Gohy-1011
(pH=78) (pH=82) (pH=79)
DOC (mg C/)* 97.3 7.8 <0.5
Major jons {mol 1™ 1)
Na* (1079 25.3 10.9 0.8
Ca?* {1074 2.6 2.6 16.5
Mg?* (107%) 10.5 6.2 2.2
Ct~ (£073) 8.2 9.4 1.7
NOjy {107%) 96.8 <0.5 2.2
503~ (1079 0.3 18.4 60.4
Si03~ (10™% 26 6.0 2.7
HCO; (1073) 16.3 33 1.4
Trace element {mol 1™1)
Ba (107% 3.0 1.0 54.5
Cr {10°%) 301 4.2 0.23
Ce (107% 70.4 32 -
Bu (107 10.9 1.8 0.05
Fe {1079} 48.6 3.7 0.16
Hf (1079 6.2 0.4 -
La (107 26.3 1.6 0.04
Nd (107% 27.0 23 -
Sm (107" 45.0 4.2 0.24
S (1077 20.7 8.4 15.8
Th {10~%) 105.0 3.2 24
U (1079 11.0 5.5 -
Zr (1078 128.0 12.0 -

* DOC is mainly composed of humic and fulvic acids {23].

colloids requires modern ultrafiltration techniques or
high power ultracentrifugation. In Gorleben aquifer
systems the major part of colloids is found to have an
average size smaller than 100 nm {2, 3, 21]. Colloids
composed ol microorganisms might be relatively large
in size (> 450 nm) {18, 22] and therefore can be easily
distinguished from other groundwater colloids. A little
knowledge is available for such biocolloids in deep
aquifer systems. For this reason, this paper deals only
with colloids of inorganic and organic constituents.

For the purposes of demonstration, three particu-
lar groundwaters from the Gorleben arca, which shall
be the future German repository site, are chosen to
characterize colloids in these waters and later to eluci-
date geochemical interactions of groundwater colloids
with actinide ions [4, 23, 24].

The analytical data of the major ions and trace
elements in the groundwaters of different DOC con-
centrations are given in Table 1. DOC in these
groundwaters are found to be composed of humic
and fulvic acids [23]. Taking into account an average
carbon content of humic or fulvic acid, i.e. 57% [25],
the aquatic humic substance concentrations in each of
the groundwaters are 170.7 mg in Gohy-73, 15.7 mg
in Gohy-1012 and <0.9 mg in Gohy-1011 [23, 24].
With its exceptionally large concentration of humic
subsiances, Gohy-73 does not represent an ordinary
groundwater. However, its content of heavy trace el-
ements, particulary tri- and tetravalent elements, are

of interest for comparison with those in Gohy-1012
and Gohy-1011. As shown in Table 1, the concen-
trations of trace elements (valence states of 1Il and IV)
show a certain proportionality to the amount of humic
substances (or DOC) in the three groundwaters. Thig
fact implies that many of the trace elements are bound
on humic substances through either complexation or
ion exchange.

Since actinide ions bound on aquatic humic sub-
stances cannot be characterized spectroscopically as
humate complexes [23], their chemical state can only
be colloidal [5]. Such pseudocolloids of actinides are
called “humic colloids™ [3, 23] in order to distingunish
from other colloids. This kind of colloid is composed
of large organic polyelectrolyte molecules with car-
boxylic, phenolic and other minor functional groups
with a certain proton exchange capacity [25]. Metal
ions can be sorbed on humic colloids by monodentate
or multidentate complexation. Real colloids of actinides
can also be sorbed on humic colloids in accordance
with the following dehydration process [26]:

(&)
1l
O OH HOOC O\ /O—— C
\M/ \|i/ M C— + 2HOH
/N N\ /A 4
(l) OH HO 1 0—-?
(?) + (ll%) —F Q) (Ii%)
OH HO 0-C
\tv{ \H/ \M/ \\C--— + 2 HOH
/N /N /N /7
0 OH HOOC O o—-fl.;
8]

Wherein (Q) and (R) are the cores of the
polynuclear metal hydroxide and humic substance,
respectively. By their chemical nature humic colloids
thus produced are more stable in aqueous solulion
than colloids of inorganic composition, since the latter
are composed of oxygenbridges with hydroxide sur-
faces and hence tend towards sorption on mineral
surfaces.

As shown in Table 1, concentrations of heavy el-
ements in Gohy-1011 are much lower than in other
groundwaters because of a very small amount of hu-
mic substances (or DOC). However, there is a substan-
tial amount of colloids to be observed by laser induced
photoacoustic spectroscopy (LPAS) with its light scat-
tering measurements [3, 24]. The number of colloid
particles counted, taking into account an average size
of 100 nm diameter, is 3.4 x 10" particles 17*, This
number is comparable with that in the granitic
groundwater from Grimsel Switzerland [15} measured
by the same technique, i.e. 3.2 x10'! particles 17'.
Since the average sizes of groundwater colloids are
smaller than 100 nm, the actual numbers in both
groundwaters would be at least one or two orders of
magnitude larger [3, 15)].

In the presence of humic substances the particle
number of colloids increases substantially, Semiquan-
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Fig. 1. Colloid characterization by photoacoustic measurement of light scattering in two different Gorleben groundwaters: one with
organic colloids {Gohy-1012) and another with inorganic colloids {Gohy-1011): Filtration at different pore sizes shows a decrease
of colloids in filtrates [24].

Table 2. Analysis of trace elements in the Gohy-1012 groundwater and colloids (concentration in mol 17 ) [1, 4]

Element Groundwater Groundwater-colloids™®
{0.45 pm)
XM 300%* XM 100 A XM 30 YM S5
(15 nm} {5 nm} (3nm) {~1 nm)
Ba 7.0x107% ND 27x1078 ND 3.7x1078
Br 1.9x10"° 77%10"? 1A1x1078 1.1x10" 8 1.2x107%
Ca 26x107% 2.5%x107°3 3.7x10°3 57 %1073 79%x10°%
Ce 3.2x 1078 0.7%x10°8 1.2x 1078 1.3x10"8 1.6x10°8
Co 22x1078% ND 34x10"° 1.3x 1072 22x10°°
Cr 42x10°8 10x10™8 14x1078 1.5%x10°% 1.6x10°8
Eu 1.8x10°° 6.7x 10710 9.4 %1010 8.2x10710 11x107?
Fe 3.7x10"¢ 31x10°9 34x107° 3.5%10"¢ 3.6%107%
Hf 38x10710 0.7xt0"1% 12x10"10 1.2%1071° 1.5%10°10
La 1.6x10"8 31x10"° 4.8x107% 52x107? 6.2x107°
Nd 2.3%x1078 SAx107° ND 5.4x107° 6.3x10°°
Sb 1.6%107° 1.3x10°1¢ 23%x10710 31x{01° 12x107%
Sm 4,2x10°° 6.3%x 10710 1.0x10"% 1.1x10°? ND
Th 32x107°7 1.5%x107° 22x107° 2.6%107° 27x1077
U 5.5x107° 6.3x 1010 5.3x10710 54x10"1° 2.1%x107?

#:

Groundwater is filtered by a Millipore filter of 0.45 um and groundwater-colloids are collected by different Amicon fifters as

indicated. The concentration of cach element in colloids corresponds to its amount in 1 liter groundwalter,

ek .

ND: Not determined.

titative illustrations of colioid numbers measured by
LPAS [24] for Gohy-1012 and Gohy-1011 are shown
in Fig. 1. The relative intensities of light scattering
measured by LPAS in filtrates from ultrafiltration at
450 nm and 1.3 nm pore sizes demonsirate unambigu-
ously the amounts of colloids in both groundwaters.
According to Fig. 1, the amount of colloids in a size
group from 1.3 nm — 450 nm is approximately 50
times larger in Gohy-1012 than in Gohy-1011. The
cheinical composition of colloids in Gohy-1012 is
found to be predominantly of organic nature whereas
those in Gohy-1011 are of inorganic nature [24].
Most humic colloids contain a major part of metal
ions of higher oxidation states (Z=3+) present in
groundwater. This has been proved by analysis of

: Amicon filter description {estimated pore size in parentheses) above columns.

metal ion concentrations in groundwater colloids col-
lected on various ultrafilters with decreasing pore size
[4, 21]. A typical example is shown in Tabie 2 for Gohy-
1012 [4], which compares metal ion concentrations
in groundwater with those in colloids separated on
ultrafilters of different pore sizes. A substantial
amount of each element (£ 3+) is found in colloids
of sizes larger than ca. 1 nm, while Fe 1s present quanti-
tatively in colloids. Since in this groundwater
33%x 1073 M HCOj3 and 1.4 mg C 17! fulvic acid [1]
are present, apart of metal ions (Z =3+ ) is complexed
with them and remain unfilterable at a pore size of ca.
1 nm.

Humic colloids with their strong absorption ca-
pacity of metal ions of higher oxidation state (Z=3+)
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Fig. 2. Natural concentrations of elements (M(III} and M(1V)) as a linear function of the DOC concentration (mainly humic
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Fig. 3. A linear relationship of the DOC concentration {86%
humic acid and 14% fulvic acid) with the fltration pore size in
one of the Gorleben groundwaters (Gohy-2227) [213.

considerably increase concentrations of such elements
in groundwater [5, 21, 23]. A typical example [5] is
shown in Fig. 2, which illustrates a linear correlation
between the concentrations of trivalent and tetravalent
elements, i.e. Fe, Ce, Eu, Sm, Hf, Zr and Th, and the
DOC concentration in various Gorleben groundwa-
ters [23). The linear correlation with an average slope
of one found for all elements suggests that trivalent
and tetravalent elements are present as being DOC-
bound. This means, they are bound to aquatic humic
substances [5], since in Gorleben groundwaters DOC
is mainly composed of humic and fulvic acids [23].
The filtration characteristics of DOC in one of the
Gorleben groundwaters are demonstraied in Fig. 3
[21]. About 94% of DOC can be filtered at a pore size

of ca. 1 nm, infering that the major part of DOC is
larger than 1000 Dalton in molecular size.

The interesting facts revealed in Fig. 2 (see also
Table 2) are the association of heavy metal ions
(Z=3+4) with DOC {mainly humic substances in the
case of Gorleben groundwaters), especially trivalent
and tetravalent ions. These elements are chemically
analogous to actinides in aquatic solutions, as regards
to their hydrolysis and complexation reactions. A close
examination of such natural analogues under in-situ
natural conditions is of cardinal importance for the
assessment of the migration behaviour of actinides in
a given aquifer system [21].

2.2, Actintde colloids

The hydrolysis properties of actinide ions under
aquatic conditions are mainly governed by the effec-
tive charge of a given lon, so that the tendency to
hydrolysis of actinide ions follows [27]:

An** > AnO%* > An®* > AnOj.

A linear configuration of the (O=An=0)"" jon lo-
calizes a relatively high effective charge at the equa-
torial space. Hydrolysis is a primary step to
polynucleation and thus generation of actinide col-
loids, which are known as real colloids [1, 13]. The
relative tendency to generate real colloids of actinide
ions is the same as the hydrolsis order indicated above.

Tetravalent actinide ions are most unstable in
aqueous solution and readily undergo colloid gener-
ation [28 — 31] even at pI =1 [30]. Colloids of An{(IV),
particularly Pu(IV), are rather intractable to revertion
to monomer species. As the colloids age the decompo-
sition process entails increasingly rigorous treatment
[29]. The ageing process of An(IV) colloids is pictured
by a simple model {27], wherein hydroxo bridges are
replaced by oxo bridges. For example, Pu(IV) colloids
give a distinctive absorption spectrum which remains
the same, unaffected by the nature of the solutions in

B

i i e i S 00

F

N R Y i R A,

i i, i o s i R

U o .

e T

B



{m

s

ilso
ons
the

lent

ally
wrds
lose

situ
the :

:5 in

wder
Tec-

1 lo-
Jua-
{0

col-

The
nide
Ve,
e in
ner-
av),
rtion
npo-
ment
ured

loids
1ains
ns in

Actinide Cotloid Generation in Groundwater

75

(- J—

1 I T 1 T

— : Pu{iV} Colloid

== 1 Pu{i¥) lon

rel. Absorbance
[~
d,
E]

0.0

1 1
400 500 &00 700
wavelength [nm]

Fig. 4. Absorption specirum of the Pu(IV)-colioid compared
with that of the Pu** jon [1].

which the colloids are produced [1, 28, 30]. A typical
spectrum of Pu(1V) colloids [1] is shown in Fig. 4.

Such a colloid generation increases the solubility
of Pu hydroxide or oxide, many orders of magnitude
higher than expected thermodynamically in a wide
range of pH [30, 31]. Therefore, the dissolution of Pu
hydroxide or oxide in aqueous solution involves a
quasi equilibrium among three components: ions-col-
loids-precipitates [30, 31]. A further complication
arises from disproportionation or redox reactions of
Pu(1V}[28, 31]. Such a chemical system results in great
difficuities for the theoretical prediction of Pu(lV)
solubilities in natural aquatic solutions. The same situ-
ation applies, though to a lesser extent, to other
actinides of tetravalent oxidation state.

Following the hydrolsis properties of tetravalent
actinide ions, the second strong hydrolsis tendency
goes with hexavalent actinyl ions, AnQ3* [27], which
is also conducive to colloid generation. The poly-
nucleation of hydroxides of AnO3" in aqueous solu-
tion has been reported in the literature [32], but its
real colloid generation has not been discussed. In the
solubility experiment of PuO,(OH),(am) [33], it is ob-
served that Pu concentrations in near neutral solutions
of NaClO, and NaCl (pH=4-9) remain stable at
107*—1073 mol 17!, which is much higher than ex-
pected thermodynamically. Spectroscopic verification
suggests no involvement of redox reactions, but pre-
sumably the generation of Pu(VI) colloids [33]. The
study is still in progress for positive verification.

As for trivalent actinide ions, there is clear evidence
of their colloid generation. Experimental evidence is
available only for Am®* [1, 24]. Am(I1I} colloids are
normally observed from dissolution of the Am hy-
droxide precipitate in neutral solutions (pH > 6) and
can be separated by ultrafiltration at a pore size of ca.
1 nm. A typical absorption spectrum of the Am®*
solution containing its colloids [24] is illustrated in

[Am{n] = 3.9 -10°% moliL
[NaClOg1=0.1M

photoacoustic signal [rel. units]
E-9
I
B g
.ﬁ%
(o]
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o
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Fig. 5. Comparison of photoacoustic spectra (equivalent to ab-
sorplion spectra): The Am** ion and Am(II)-colloid [24].

Fig. 5 together with the spectrum of the Am>* ion. A
consecutive ultrafiltration with decreasing pore size
reveals the gradual appearance of the Am** ion in
spectra [1]. Am(III) colloids are found to be much less
stable in aqueous solution than Pu(lV) colloids and
prone to sorption on solid surfaces, especially on ex-
perimental vessels. This is the reason why difficulties
arise in keeping the Am>* solution at neutral pH.
With respect to colloid formation, pentavalent
actinyl ions, AnQF, are the most stable against hy-
drolysis among all actinide ions in aqueous solution.
Because of their low effective charge, pentavalent
actinyl ions are not hydrolysed up to pH =10 [34], so
that these ions, if not undergoing redox reactions,
remain very stable in neutral solution. For example
the NpOJ ion appears stable as an unhydrolysed ion
up to 1072 mol 17! at pH=7 in NaClQ, without
undergoing polynucleation or colloid formation {341

2.3. Actinide pseudocolloids

Actinide ions are readily sorbed on groundwater col-
loids in natural aquifer systems [4— 9] and thus gener-
ate their pseudocolloids. Experiment with colloidal
alumina of 20 nm average diameter has demonstrated
that trace quantities of *?3Th(IV), ***Am(III) and
213Np(V) are quantitatively sorbed on alumina in the
pH range studied, where each ion becomes strongly
hydrolysed [8]. Fig. 6 shows the sorption behaviour of
the ions on alumina colloids as a function of pH [8].
The results from this study indicate that the generation
of actinide pseudocolloids is closely related to the hy-
drolysis process of each ion of different oxidation
states and available surface charge and area of alumina
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colloids. A similar investigation with different mineral
colloids is in progress under the CEC project MIR-
AGE [2]. Further discussion on actinide pseudo-
colloids will be made extensively in the following sec-
tion, as this subject is of great importance for the
migration of actinides.

3. Generation and migration of actinide
pseudocolloids

3.1. Generation

The generation of actinide pseudocolloids is easily
examined by introducing trace quantities of actinide
ions in groundwater containing natural colloids [4—
8, 14, 23, 24]. As discussed in section 2.3, on surface
active mineral colloids (alumina), actinide ions of tri-
valent and tetravalent oxidation states are sorbed
quantitatively at acidic or neutral pH, whereas the
AnQ? ion is sorbed quantitatively only at alkaline pH
(> 8) [8]. Thus adsorbed actinide ions can be desorbed
partiatly by addition of 50 mM NaHCOj at pH=>§,
while the desorption by humic acid takes place with a
high humic acid concentration {50 ppm)alsoatpH > 8
[9]. These resuits suggest a strong binding of the
actinide ions on alumina colloids,

The water leaching of simulated HIW-glasses
(high level waste) [7,19] or cement products [10] results
in actinide pseudocolloids in leachates, which can be
characterized by ultrafiltration. In leachates of a simu-
lated HLW-glass actinide pseudocolloids with sizes
smaller than ca. 1 nm are also observed [19]. The
presence of such colloids is verified by laser induced
photoacoustic spectroscopy (LPAS) and ultrafiltra-
tion. The average size of colioids generated in cement
leachates is normally larger than that in glass leachates
[10}. The long term stability of both kinds of colloids
is still not well known.

The generation of actinide pseudocolloids has been
demonstrated by a number of experiments in
groundwater [4— 9, 14] as well as in surface water [33].
The colloid-borne natural radioactivities, e.g. Th and
U [21, 36], or fall-out activity, e.g. 23%24°Py [35), have

pH

Fig. 7. Reversible exchange reaction of the Am®* ion on natural

humic colloids in Gorleben groundwater (Gohy-1012): The

Am(II) concentration in unfiltered and filtered (at 1.3 nm pore
size) groundwaters as a function of pH [3].

also been investigated in groundwater and surface
waters, respectively. Actinide ions are readily sorbed
on groundwater colloids of either organic [23] or inor-
ganic [8, 24] nature.

The generation of actinide pseudocolloids can be a
reversible reaction, as though the reaction takes place
with a soluble ion exchanger [5]. A typical reversible
reaction of the actinide pseudocolloid generation [5]
is illustrated in Fig. 7. This experiment involves the
#1Am3* jon and humic colloids in the Gohy-1012
groundwater from Gorleben. The groundwater traced
with the Am®* ion 0of 2.63 x 10" ® mol 1" ! at pH=28.4
is titrated with 0.1 M HCl down to pH=2 and back
titrated with 0.1 M NaOH up to pH="7.8. Along with
titration, Am concentrations are determined both in
unfiltered solutions and filtrates at a pere size of 5060
Daiton (ca. 1.3 nm) at each given pH. The concen-
tration profiles of Am(III) as a function of the pH in
filtrates and unfiltered solutions suggest conclusively
a reversible ion exchange process for the Am ion in-
volved. Such a reaction process can be explained as a
complexation of the Am** ion with humic acid, which
is the major constituent of the organic colloids in the
Gohy-1012 groundwater.

3.2. Speciation

Groundwater colloids are polydispersive in their size
and structure and consist of a wide variety of physical
forms depending on their chemical composition [26].
The speciation of groundwater colloids involves the
characterization of their chemical composition, deter-
mination of size distribution and particle number
counting. The chemical composition of colloids can be
analysed by a combination of diverse micro-analytical
methods [4, 21, 23, 24], whercas the size distribution
can be determined only by a limited number of
methods, e.g. ultrafiltration, scanning electron mi-
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Fig. 8. Speciation of Am{II]) in Gorleben groundwater (Gohy-1011) with a low DOC concentration {<0.5 mg CI7!; see
Table 1): a} Am carbonate (1% CO, partial pressure); b) Am colloid (0.035% CO,); ¢y Am?* ™ jon (1 M HCI) [241.

croscopy (SEM) [t5] and photon correlation spec-
troscopy (PCS) [10]. Ultrafiltration facilitates the
characterization of a number of size groups, down to
ca. T nm diameter, while SEM determines the particle
number at different sizes down to ca. 50 nm. PCSisa
useful technique for number counting of monodisper-
sive colloids in relatively large concentrations but has
not yet been successfully applied to the characteriza-
tion of groundwater colloids. Apart from SEM (or
TEM: transemission electron microscopy), the num-
ber counting of colloids can be performed by
photoacoustic detection of light scattering (PALS) [3],
which can provide, in combination with ultrafifira-
tion, colloid numbers directly in solution in different
size groups. The colloid number counted in the
Grimsel groundwater by SEM and PALS is shown
here as an example:

SEM: 3.3 x 10'® particles 1™ * [15]
PALS: 3.2 x 10! particles 1™ [3].

Both rumbers are evaluated by assuming the average
size of colloids to be 100 nm. If the average size is
found to be smaller, the number counted by PALS will
then increase. The number counted by PALS [3] is ten
times larger than by SEM. Since the preparation of
samples for SEM requires filtration and drying, colloid
coagulation in the course of this process is inevitable
and therefore the number counted by SEM can be
smaller than in real groundwater [15].

The presence of actinide pseudocolloids can be
verified by LPAS [24] with submitting the solution to
some chemical alteration. For example, the Am®* ion
traced in the Gohy-1011 and Gohy-1012 groundwaters
{cf. Fig. 1) is speciated in order to elucidate the behav-
iour of the ion in these groundwaters [24]. The Am
traced groundwaters are stored under Ar atmosphere
with 1% CO, partial pressure for six months. The
applied CO, partial pressure approximately corre-

sponds to the conditions found in Gorleben aquifer
systems. Fig. 8 shows the chemical states of Am**
speciated by LPAS in Gohy-1011. The LPAS spectrum
{a) indicates that the Am carbonate ion (AmCO73 ) is
a predominant species under the given conditions,
showing its absorption peak at 506 nm {24]. On releas-
ing the CQ, partial pressure by opening the cuvette
and contacting with laboratory atmosphere (CO,:
0.035%}, as shown by spectrum (b), the Am carbonate
ion decomposes and Am pseudocolloids are generated.
Due to the change in partial pressure of CO,, the
groundwater pH is changed accordingly from 7.9 to
8.25. Am pseudocolloids are identified by recorded
signals of light scatiering as demonstrated already in
Fig, 1. The process of changing the CO, partial pres-
sure, as shown by spectra (a) and {(b), is a situation
comparable to normal sampling of deep groundwater,
The CO, release during the sampling of groundwater
will produce groundwater colloids, which will then
falsify subsequent laboratory experiments. The Am
concentration in the sample of spectrum (b) is de-
creased to about 32% of the original one [spectrum
{(a)]) presumably due to either precipitation or sorption
on the cuvette surface. On acidification to 1 M HCI,
the total amount of americium is transformed to the
Am?* jon, showing its absorption peak at 503 nm [24]
[spectrum (c)]. The Am concentration diminished in
the sample of spectrum (b), is recovered by acidifi-
cation to 6.0 x 1077 mol 17, A small difference from
the original concentration of 6.2x1077 mol1™! is
atiributed to a slight dilution by acidification.

The other groundwater (Gohy-1012) containing
humic colloids shows the different behaviour of Am
[24]. LPAS spectra of Am traced Gohy-1012 are given
in Fig. 9. The LPAS spectrum (a) illustrates the pres-
ence of colloids in the solution but the Am carbonate
ion is not visible, unlike Am in Gohy-1011, although
the CO, partial pressure is maintained at 1%. Since
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Fig. 9. Speciation of Am(III) in Gorleben groundwater (Gohy-1012) with a high DOC concentration (7.8 mg CI™ 'y see
Table 1); 8) humic colloid (Am pseudocolloid in original groundwater}; b) Am-EDTA complex (107* M EDTA); ¢} Am®* ion
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the Am concentration remains stable at 2.0x 107¢
mol 17! for a period of six months, the presence of
Am pseudocolloids (humic colloid) is evident. To a
portion of this solution EDTA. is added to make a con-
centration of 1072 mol 17!, The reason for addition
of EDTA is not to destroy humic colloids but to
extract only the Am?* ion out of colloids, because the
complexation power of EDTA with Am** is much
stronger [1, 2] than of humic acid in colloids. After six
months of conditioning with EDTA, the Am-EDTA
complex is observed in the LPAS spectrum (b) with
its absorption peak at 506 nm [24]. A steep inclination
of the base line with decreasing wave length suggests
the presence of humic colloids in the solution. Another
portion of the Am traced groundwater is at the same
time conditioned to 1.2 M HCI. Again after a period
of six months, the complete release of the Am®* ion
from humic colloids is observed [spectrum (c)] with 1is
absorption peak at 503 nm. In the case of acidification,
the humic colloids are precipitated by an excess pro-
tonation; the behaviour is comparable with the pre-
cipitation of humic acid by acidification [24]. Because
of humic colloid precipitation, the spectrum (c) ap-
pears devoid of a high base line under the absorption
peak.

The spectroscopic speciation shown above demon-
strates the generation of two different Kinds of actinide
pseudocolloids in groundwaters with and without hu-
mic substances. As evidenced by Fig. 7, the generation
of actinide pseudocolioids is reversible. Pseudo-
colloids of organic nature are more stable than those
of inorganic nature. For the latter, the CO, partial
pressure plays an important role in their generation.

3.3. Geochemical interactions and
migration

Geochemical interactions of actinide pseudocoloids
are of main interest to the migration study of actinides

in natural aquifer systems [4, 6, 7, 10]. The challenge
is how to quantify the migrational colloids, and sub-
sequently how to use these quantities for the geochemi-
cal and hydrodynamic modelling. For the moment,
neither quantification abilities nor modelling capabili-
ties of the colloid migration are developed sufficiently
to deal with the safety assessment of the actinide mi-
gration. However, much effort has been concentrated
on solving these challenging problems [6, 12, 14, 17,
37} and experiments are underway at the moment in
various laboratories [2].

Geochemical interactions of actinide pseudo-
colloids have been studied in laboratory systems by
either static or dynamic processes, e.g. batch and
column experiments. Colloidal Pu and Am leached
from a simulated vitrified waste are examined for their
retention in a glauconitic sand column [9, 12] and
the retention process is adequately described by the
Langmuir isotherm [12]. In a batch experiment for
evaluating the retention processes of radiotraced metal
ions, i.e. 1¥7Cs, ?°Sr and '#*Ce, only the trivalent
cerium is found to be clearly associated with
groundwater colloids [17]. The retention of cotloidal
Ce(I11) on sediment is described mathematically. Geo-
chemical interactions of actinide pseudocolloids in as-
sociation with the migration study have been inten-
sively investigated in Gorleben aquifer systems [4—6,
23, 24]. Regardless of different redox fronts, the sol-
uble Pu and Am are always associated with colloids
[4--6] and their pseudocolloids are found to play a
major role in the migration or retention process. For
the well known reason of redox properties, the involve-
ment of Np in colloids is dependent on the redox
potential of a given aquifer system.

The quantification of geochemical interactions of
colloids is roughly pictured in Fig. 10. Assuming that
a given aquifer system of a certain permeability is
involved in the migration of actinides, there are three
phases to be conceived [37], i.e. true actinide solution
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phase consisting of ionic, molecular and polynuclear
species which can be well defined thermodynamically;
colloids composed of migrational and non-mi-
grational components, which can be considered as
soluble-solid phases; immobile sclid phases composed
of various geomatrices. The actinide ions introduced
into such an aquifer system undergo interactions with
groundwater colloids as well as immeobile solid phases
and a part of the generated actinide pseudocolloids
also interact with immobile solid phases. Colloid to
collotd interactions as well as generation and regener-
ation of colloids are not considered for the moment.
The soluble-solid phases (colloids) is a dynamic system
which cannot be simply divided into mobile and immo-
bile phases. For this reason, the phase boundary be-
tween solution and solid or migrational and non-mi-
grational colloids is difficult to define for a given
aquifer system.

A typical example of the three component interac-
tion system is demonstrated in Fig. 11, in which the

© ®

actinide
solution
with fonic,
molecular -
and poly- ————= | colloid |
nuclear ! particles
species ! -~
<1lom il !
I

~f————f

geo-
matrix

hO,EE

|
variable phase boundary
liquid phase |

soltd phase

Fig. 10. A conceptional diagram of three component interactions

in colloid-containing groundwater: (1) trace actinide solstion

phase; (2) colloid phase (soluble-solid phase); (3) immobile solid

phase. The phase boundary is variable depending on the aquifer
system [37].

Ig [Am{I)] ( mol LF)

diagram on the left shows the solubilities (mol1™!) of
Am(OH)s(s) in two different Gorleben groundwaters
while the diagram on the right shows the sorption
coefficients (em? g™!') of Cm** determined by batch
experiment on the corresponding aquifer systems con-
taining porous sediments. One groundwater is saline
(Gohy-2122: 2.5 M NaCl) and the other is non-saline
(Gohy-1061). Both solubility and sorption data are
directly dependent on the phase boundary of the so-
Iuble-solid phases discussed above (cf. Fig. 10), namely
the colloid separation. The colloid effects on solubili-
ties and sorption data are reciprocal, e.g. in unfiltered
systems the highest solubilities on the one hand and
the lowest sorptions coefficients on the other hand. In
the saline system (Gohy-2122), the colloid effect is
smaller than in the non-saline system (1061). However,
colleids are also present in the saline system [19] as
verified below.

The presence of Am pseudocolloids in the saline
groundwater is examined by LPAS [38] as shown in

-6

/ 1°
7+
Gohy 2122 Gohy 2122 -
o oo f/n —
el 3 o
8 |- %
Gohy 1061 T8
2 o
9 L Gohy 1061 -
-1
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I 1 1 1 2 . 1 1 ], I,.:l
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Ig & [nm} (filter pore size)

Fig. 11, Colloid effects on solubilities (mol 171) of Am(III) and

sorption coelficients (em® g™ ') of Cm(IIT) determined in saline

{Gohy-2122) and non-saline (Gohy-1061) aquifers by separation

at different filter pore sizes (e.g. different phase boundaries as
illustrated in Fig. 10) {6].
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Fig. 12. Colloid confirmation in saline groundwater (Gohy-2122) (see Fig. 11} by LPAS: a) Am(I1l) pseudocolioids in original
groundwater; b) Am(II) pseudocolioids after filtration at 30 nm pore size; ¢) Am-EDTA complex (506 nm) after addition of EDTA
to the solution (b) [38]).
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Fig. 12, The spectrum () illustrates a relatively high
base line due to lght scatiering with a fail indication
of the broad peak at 505 nm. After filtration at a pore
size of 30 nm the base line is decreased to less than
one half of the unfiltered seolution, but there is no
indication of Am absorbances in the region of 503 —
505nm (cf. Fig. 8). On addition of EDTA (1072
mol171) the peak of Am-EDTA at 506 nm is dis-
tinguished (spectrum {c)}. The concentration decrease
is due to dilution by the EDTA solution. Fig. 12 ex-
plains the presence of Am pseudocolloids even in the
saline groundwater (Gohy-2122). As shown in Fig. 11
the colloid effecis in this groundwater are to be ob-
served only at smaller pore sizes of filters (<10 nm),
In the medium of high ionic strength, groundwater
colloids of larger size are found to be unstable.

In a static batch experiment, due to the presence
of actinide pseudocolioids, retention coefficients of
actinides are variable within a determined modus op-
erandi, e.g. ultrafiltration with different pore sizes [4,
6, 37]. A column experiment gives a better assessment
of retention processes of actinides associated with col-
loids [9, 12]. However, a combination of both methods
gives an insight into the geochemical interactions of
actinide pseudocolloids and their migration behav-
iour.

The migration behaviour of actinide pseudo-
colloids can be understood only in conjunction with
knowiedge of the permeability of the colloids in a
given aquifer system. Such a permeability is, by a first
approximation, related to ultrafiltration as shown in
Fig. 11. However, the permeability of an aquifer sys-
tem over a long distance is difficult to assess especially
for actinide pseudacotloids, because there are always
geochemical multilayers involved even in a short
aquifer distance. Much work is stiil necessary to under-
stand the migration behaviour of actinide
pseudocolloids in the real geochemical world.

Conclusions

— Groundwater colloids are ubiquitous; their
amount and chemical composition differ from one
groundwater to another.

— Colloids of inorganic and organic nature ate pre-
sent and organic colloids appear more stable in
aqueous solution than inorganic colloids.

— A great part of M(IIL}, M(IV) and M(VI} present
in groundwater are colloid-bound {Actinide ana-
logues).

-~ Actinides of all oxidation states generate their
pseudocolloids unless they are stabilized by strong
complexation {(e.g. actinide carbonates cte.).

— Characterization methods especially for colloid
size distribution and population counting have to
be further improved.

— Geochemical interactions of actinide pseudo-
colloids with geomatrices (sorption, diffusion, fii-
{ration) are poorly understood.

I 1. Kim

— Quantification of the collod-borne actinide mi-
gration requires basic knowledge of groundwater
colloids as well as aguatic chemistry of actinides
in general.

—~ Quality assurance of the safety analysis entails pre-
diction capability of the colloid-borne actinide mi-
gration,

References

1. Kim, J, L.: Chemical Behaviour of Transuranic Elements in
Natural Aquatic Systems, In; Handbook on the Physics and
Chemistry of the Actinides, eds. A. Y. Freeman and C. Keller,
Elsevier Science Publishers B. V., 1986, Chap. &.

. Kim, J. I.: Geochemistry of Actinides and Fission Producis
in Natural Aquifer Systems. In: CEC Project MIRAGE,
Sccond Swmmary Progress Repori, EUR 12229 EN, ed. B,
Come, Brussels, 1989, p. 1t —-72,

3. Klenze, R., Wimmer, H., Kim, J. 1., Zeh, P.: Colloid Charac-
terization by Laser-induced Photoacoustic Spectroscopy in
Groundwater, 1o be published.

4. Kir, J. 1, Buckau, G., Baumgirtner, F., Moon, H. C.,
Lux, D.: Colloid Generation and the Actinide Migration in
Gorleben Groundwaters, Mat. Res. Soc. Symp. Proc. 26, 31
(1984).

5. Kim, J. I, Buckau, G., Klenze, R.: Natural Coiloids and
Generation of Actinide Pseudocolloids in Groundwater, In:
Natural Analogues in Radieactive Waste Disposal, eds. B.
Come, N. Chapman, Graham + Trotman, London 1987,
p. 289—299.

6. Kim, J. L, Buckau, G., Rommel, H., Sohnius, B.: The Mi-
gration Behaviour of Transuranium Elements in Gorleben
Aquifer Systems: Colloid Generation and Retention Pro-
cess, Mat, Res. Soc. Symp. Proe. 127, 849 (1989).

7. Avogadro, A., Lanza, F.: Relationship between Glass
Leaching Mechanism and Geochemical Transport of Radio-
nuclides, Mat, Res. Soc. Symp. Ser. Proc. 11, 103 (1982).

8. Righetlo, L., Bidogiio, G., Marcandalli, B., Beliobono, R.:
Surface Interactions of Actinides with Alamina, Radiochim.
Acta 4445, 73 (1988).

9. Bidoglio, G., Dc Plano, A., Righetto, L.: Interactions and
Transport of Plutonium - Humic Acid Particles in
Groundwater Environment, Mat. Res. Soc. Symp. Proc.
127, 823 (1989).

10, Ramsay, 1. D. F., Avery, R, G., Russel, J.: Physical Charac-.
teristics and Sorption Behaviour of Colloids Generated from
Cementiiious Systems, Radiochim. Acta 44/45, 119 (1988).

11. Ramsay, I. D. F.: The Role of Colicids in the Release of
Radionuclides from Nuclear Waste, Radiochim. Acta 44f
45, 165 {1988).

12. Satelli, A., Avogadro, A., Bidoglio, G.: Americium Fil-
tration in Glauconitic Sand Columns, Nucl. Technol. 67,
245 (1984).

13. Olofsson, K., Allard, B., Bentsson, M., Torstenfelt, B.,
Anderson, K.: Formation and Properties of Actinide Col-
loids, SKBF/KBS Report, TR 83-08 (1983).

14. Qlofsson, U., Allard, B.: Formation and Transport of
Americium Pseudocoiloids in Aqueous Systems, SKB Re-
port TR 86-02 {1986).

13, Degueldre, C.: Grimsel Colloid Exercise, PSI/NAGRA-Re-
port NTB 1-90, Switzerland, 1989; CEC Report EUR 12660
EN.

16, Degueldre, C., Wernli, B.: Characterization of Natural Inor-
ganmic Colloids from a Reference Granitic Groundwater,
Anal. Chim. Acta 195, 211 {1987).

17. Lieser, K. H., Gleitsmann, B., Peschke, S., Steinkopf, Th.:
Colloid Formation and Sorption of Radionuclides in Natu-
ral Systems, Radiochim. Acta 40, 39 (1986).

18. McCathy, 1. F., Zachara, J. M.: Subsurface Transport of
Contaminants, Environ. Sci. Technol. 23, 496 (1989).

(=)

™ st e

i i AL, T T bbb, .

.

i



4 of
Re-

~Re-
2660

{nor-
rater,

Th.-
Jatu-

wt of

ST

bt i,

Actinide Colloid Generation in Groundwater

81

. Kim, 1.1, Treiber, W., Lierse, Ch.. OfTermann, P.: Solubility

and Colleid Generation of Plutonium from Leaching of a
HLW Glass in Sall Solutions, Mat. Res. Soc. Symp. Proe.
44, 359 (1985).

Nelson, D. M., Orlandini, K. A.: Source Effects on Actinide
Movement in Groundwater, Argonne National Laboratory
Report: ANL 86-15 {1986), p. 3/8 —~12.

. Dearlove, J. P, L., Longworth, G., Ivanovich, M., Kim, J.

I.. Delakowitz, B., Zeh, P.: A Study of Groundwaler-Col-
loids and their Geochemical Interactions with Natural
Radionuclides in Gorleben Aquifer Systems, Radiochim.
Acta 52/53, 83 (1991}

. Stupmm, W.: Chemical Interaction in Practical Separation,

Environ. Sci. Technol. BL, 1066 (1977).

. Kim. J. I., Buckau, G., Zhuang, W.: Humic Colloid Gener-

ation of Transuranic Elements in Groundwater and their
Migration Behaviour, Mat. Res. Soc. Symp. Proc. 84, 747
(198D.

. Buckau, G., Stumpe, R., Kim, J. [.; Americium Colloid

Generation in Groundwater and iis Speciation by Laser-
induced Photoacoustic Spectroscopy, J. Less-Common Met.
122, 555 (1986).

25, Kim, J. L., Buckau, G.: Characterization of Relerence and

Site Specific Humic Acids, Institut fiir Radiochemie, TU
Miinchen Report: RCM 02188 (1988).

. Yariv, S., Cross, H.: Geochemisiry of Colloid Systems,

Springer-Verlag, Berlin 1979, p. 365.

. Choppin, G. R.: Solution Chemistry of the Actinides,

Radiochim. Acta 32, 43 (1983).

. Newton, T. W., Hobart, D. E., Palmer, P. D_: The Forma-

tion Pu(IV) Colicid by the Alpha Reduction of Pu(V} or
Pu{VI) in Aquecus Solutions, Radiochim. Acta 39, 139
(1986).

30.

31

32.

33,

34.

35

3o

37.

38.

. Newton. T. W., Rundberg, V. L.: Disproportionation and

Polymerization of Plutonium(1V) in Dilute Aqueous Solu-
tions, Mat. Res. Soc. Symp. Proc, 26. 867 (1984),

Kim, }. [., Kanellakopulos, B.: Solubility Products of Plu-
tonium({IV) Oxide and Hydroxide, Radiochim. Acta 48, 143
{1989).

Rai, D.: Solubility Product of Pu{fV) Hydrous Oxide and
Equilibrium Constants of Pu(IV)/Pu(V), Pu(1V)/Pu{VI) and
Pa{V)/Pu(VI) Couples. Radiochim. Acta 35, 97 (1984).
Kim, I. 1., Bernkopl, M., Lierse, Ch., Koppold, F.: Hydroly-
sis Reactions of Am([11} and Pu(VI) fons in Near Neutral
Solutions, ACS Symp. Ser. 246, 7 (1984) and Relerences
therein.

Pashalidis, J., Kim, 1. L, Sullivan, J.: Solubility of PuQ,-
(OH}(s) in Aqueous Solution, to be published.

Lierse, Ch., Treiber, W., Kim, J. I.; Hydrolysis Reactions
of Neptunium({V), Radiochim. Acta 38, 27 {1985).
Orlandini, K. A., Penrose, W. R., Harvey, B. R., Lovett, M.
B.. Findlay, M. W.: Colloidal Behaviour of Actinides in an
Oligotrophic Lake, Environ. Sci. Technol. in press.

Shert, S. A., Lowson, R. T, Ellis, J.: U-234/238 and Th-230/
U-234 Activity Ratios in the Colloidal Phases of Aquifers in
Lateritic Weathered Zones, Geochim. Cosmochim. Acta 52,
2555 (1988).

Rommel, H., Kim, J, 1.: Colioid Generation and Selid-
Liquid Distribution of Transuranic Elements in Natural
Aquifer Systems. In: Application of Distribution Coefficients
to Radiologival Assessment Models, eds. T. H. Sjbley, C.
Myttenacre, Eisevier Applied Science Publishers, 1986, p.
120-130.

Kienze, R., Kim, J. I.: A Direct Speziation of Transuranitim
Elements in Naturzl Aguatic Systems by Laser-Induced
Photoacoustic Spectroscopy, Radiochim. Acta 44/45, 77
{1988).



