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AUTORADIOGRAPHIC STUDIES OF ACTINIDE SORPTION IN GROUNDWATER SYSTEMS
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ABSTRACT

Autoradiography is a convenient and sensitive technique
for the study of spacial d istr ibut ions of alpha radioactive
nuclides on slabs of rock or on other planar surfaces. The
autoradiographic "camera" contains an arrangement for placing
in f i rm contact Polaroid sheet f i l m , a p last ic s c i n t i l l a t o r
screen, and the radioactive face of the specimen. As an
example of the use of the autoradiographic method, a series
of sorption experiments were carried out in which synthetic
groundwater solutions of americium, neptunium, uranium, and
plutonium were contacted with Climax Stock granite under
aerated and anoxic conditions at pH 8-9. The sorption ob-
served at specif ic mineral sites was correlated with data
on sorption of these actinides on pure minerals.

INTRODUCTION

The actinide elements are expected to dominate the biological hazards of
high-level nuclear wastes at long storage times, from about 300 years a f te r d is-
charge from the reactor up to mi l l ions of years. For th is reason, the environ-
mental chemistry of actinide elements is a major consideration in the design and
safety analysis of geologic repositories for high-level nuclear wastes.

Various concepts of nuclear waste isolat ion have generated a need for data
regarding the sorption behavior of actinides on rocks and minerals. Experiments
have most often taken the form of batch equi l ibrat ion or column measurements on
crushed rocks or pure minerals, with the ultimate aim of modeling actinide
sorption on whole rocks.

Two objections have been raised to the use of data from batch equ i l ib ra-
tions to predict sorption behavior of whole rocks. Some investigators have
suggested that studies on pure minerals can not be used for such purposes,
because factors such as grain boundary and surface area effects are ignored.
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A related objection is that, in the past, many studies on crushed rocks which
have attempted to correlate particular sorption mechanisms with the individual
minerals contained in them have required rather indirect reasoning, with
inconclusive results. These objections prompted the present study, in which
an autoradiographic technique was employed to study the sorption of actinide
ions on Climax Stock granite in various groundwater systems, from which quali-
tative comparisons could be made between literature data on pure minerals and
the sorption patterns observed. Further details on experimental procedures and
results will be found in a forthcoming report (1).

EXPERIMENTAL

All sorption experiments were carried out on the same slab of Climax Stock
granite, with dimensions 2.7 x 3.1 x 0.3 cm. Before each experiment, the pol-
ished face was cleaned with 6 M HC1, followed by washing with distilled water.
Occasionally, an additional step of decontamination was included, using a solu-
tion of detergent and EDTA. After final polishing with grade 600 emery paper,
the surface was washed again with distilled water, dried with tissue, and mount-
ed in the sorption apparatus. Tests demonstrated that negligib:e residual radio-
active contamination remained on the specimen from one experiment to another.

The aqueous medium used in the sorption experiments was a synthetic ground-
water (2) with principal concentrations as listed in Table I. In equilibrium
with air, the pH was about 7.8 and was largely determined by the equilibrium
between C02 and HCO3" ion. To conduct experiments under anoxic conditions, N 2

Table I. Composition of Synthetic Groundwatera (pH = 7.8)

Species Concentration Species Concentration
(mg/L) (nig/L)

HCO3" 123 Ca 2 + 18

SO,,2" 9.6 Mg2+ 4.3

Cl" 70 K+ 3.9

SiO2 (total) 12 Ne+ 65

Reference 2

gas was first bubbled through the solution to remove 0 2 and C02. In a typical
experiment under anoxic conditions, the pH attained a steady value of about 9.3
before the granite specimen was lowered into contact with the solution.

The specimen was immersed in the groundwater solution until the polished
face was submerged to a depth of about 2 mm. Contact with the stirred solution
was maintained for about 20-21 hours, which yielded K<j values approximately 80%
of those obtained in a batch equilibration of five days. Radioactive concentra-
tions, chosen to insure adequate sorption for an autoradiograph, were: 2 3 3 U ,
6 x 10"7 M; 2 3 7Np, 4 x 10"5 M; 2 3 8Pu, 2 x 10~9 M; and 21tlAm, 8 x 10'10 M.

Following an experiment, the specimen was washed with distilled water,
dried, and installed in the autoradiographfc "camera". As sketched in Fig. 1,
the camera consisted of a light-tight box with a Polaroid* 4 x 5 film holder,
* Polaroid Corporation. Cambridge, MA 02139.
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Fig. 1. Simpl i f ied diagram of autoradiograph camera, showing essential parts.

a pressure plate on which the specimen was mounted and covered by a s c i n t i l l a -
tor screen, and (not shown) a mechanism for actuating the pressure plate from
outside. To load the Polaroid type 57 sheet f i l m , the pressure plate was re-
tracted. When the envelope was pulled back to uncover the f i l m , the pressure
plate was then pressed down so the radioactive face of the specimen, the scin-
t i l l a t o r screen, and the Polaroid f i lm were a l l in f i rm contact. Provision was
made for constant contact pressure during the exposures.

The high sens i t i v i t y of th is method for alpha part ic les arises from the
use of the s c i n t i l l a t o r as a transducer, combined with 3000 ASA panchromatic
f i l m . The s c i n t i l l a t o r sheet** was conventional s i lver-act ivated zinc sul f ide
IZnS(Ag)] coated on one side of a 0.004-in. (0.1 mm) polyester f i l m , as is used
extensively in low-level alpha-part icle counting. Several other types of Polar-
oid f i l m were t r i e d , but type 57 yielded by far the best resolution at the low
l i gh t levels of these experiments.

The arrangement jus t described has proved 10 be very convenient and repro-
ducible. Once the s c i n t i l l a t o r screen, specimen, and p last ic foam pad have been
mounted on the pressure p la te , any number of autoradiographs can be made wi th-
out exposing the s c i n t i l l a t o r to room l i g h t . This is an important feature, be-
cause af ter exposure to strong room l i gh t about one hour is required for the
long-l ived phosphorescence in the ZnS(Ag) s c i n t i l l a t o r to decay to an acceptable
leve l .

RESULTS AND DISCUSSION

As shown in Fig. 2, the Climax Stock granite specimen employed in this
study is composed pr imari ly of quartz, feldspar, b i o t i t e , and py r i te . In the
ref lected l i gh t optical photograph (Fig. 2a) the white grains are pyr i te (FeS2),
the l i g h t grey are quartz, the dark grey are feldspars, and the black are bio-
t i t e . These mineral components are ident i f ied in the t rac ing , Fig. 2b. This
par t icu lar granite was chosen spec i f ica l ly fo r i t s grain s ize , i t s reasonably
simple, representative mineralogical composition, and i t s two ferrous minerals.
On the basis of mineralogical composition (3) and grain s ize , this specimen
might be more appropriately termed a monzonite. Analyt ical data also exhibited
substantial trace impurit ies of clay minerals (4) that formed from weathering
of tho feldspars. These clays appeared to be most abundant along cracks in the
grani te.

* * Available from Will iam B. Johnson & Associates, I nc . , Research Park,
Montv i l le , NJ 07045.
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PYRITE BIOTITE 1 MAJOR QUARTZ GRAINS

FELDSPARS AND SMALL QUARTZ GRAINS
Fig. 2. Mineralogy of the Climax Stock granite specimen, (a) Optical photograph in ref lected

l i g h t ; (b) tracing of the photograph coded to ident i fy principal minerals.



The first actinide element chosen for study was americium, since the tri-
valent state is very stable and a large body of data exists for sorption of amer-
icium on pure minerals (2,5).

In Fig. 3 autoradiographs of the specimen are shown after sorption of amer-
icium under aerated and anoxic conditions. It appears from these results that
slightly reducing conditions (Fig. 3b) do not greatly affect the sorption of amer-
icium. A detailed examination shows (cf., Fig. 2) that although there is general
sorption over the entire surface, the pyrite and biotite grains sorb most strongly;
the feldspars exhibit lower sorption; and finally, quartz shows almost no sorption.
This trend for sorption of americium on the whole rock is in excellent qualitative
agreement with studies on pure minerals at the same pH and in the same aquaous
medium (2).

Fig. 3. Autoradiographs after sorption of americium from synthetic ground-
water, (a) Aerated solution; (b) solution purged with nitrogen.

No grain boundary effects are evident, but there are obvious features due to
cracks. In the optical photo (Fig. 2a) a prominent crack may be seen running
from the pyrite grain in the lower right-hand corner of the slab down to the lower
edge. The same feature appears in the autoradiographs of Fig. 3, probably due to
sorption on the clay minerals present in the crack.

In the solutions employed for these studies, neptunium is expected to be pre-
sent as the NpO2+ ion. Some of the results obtained for sorption of neptunium on
Climax Stock granite from aerated and nitrogen-purged solutions are shown in
Fig. 4, including a third autoradiograph from an experiment in which the surface
of the granite was oxidized with H2O2 just prior to exposure to the neptunium sol-
ution. The strongly oxidized surface (cf., Fig. 4d) exhibits general sorption
over the whole surface that is not specific for any mineral. The sorption of
neptunium from an aerated solution (Fig. 4c) shows strong sorption on the Fe(II)-
containing minerals pyrite and biotite. Under nearly anoxic conditions (Fig. 4b),
even stronger sorption is observed on the pyrite and biotite, and the general
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(a) CLIMAX STOCK GRANITE Np IN NITROGEN PURGED
SOLUTION

(c) Np IN AERATED SOLUTION (d) Np ON OXIDIZED SURFACE

Fig. 4. Sorption of neptunium from synthetic groundwater. (a) Optical
photo as in Fig. 2a; (b) autoradiograph after sorption from
nitrogen-purged solution; (c) autoradiograph after sorption from
aerated solution; (d) autoradiograph after sorption on surface
treated with H202.

background sorption is greatly reduced. These large changes in sorption behavior
as the oxidizing or reducing conditions of the solutions change, and the strong
correlation of the sorption with the presence of Fe(II)-containing minerals, both



suggest that the mechanism of sorpt ion most l i k e l y involves reduction of NpO2
+ to

the much less soluble Np(IV) by the action of Fe ( I I ) .

The th i rd element investigated was uranium, expected to ex is t in so lut ion p r i -
marily as the ^jery soluble cation U02

2"!", which generally exhib i ts low d i s t r i bu t i on
coef f ic ients for most minerals. Analysis of a series of autoradiographs fo l lowing
sorption of uranium on an oxidized granite surface and on an untreated surface from
aerated and nitrogen-purged solut ions showed that the uranium did not sorb s i g n i -
f i can t l y on any of the minerals except b i o t i t e . A reduction reaction wi th Fe( I I )
was ruled out, because although the Fe(I I ) -conta in ing mineral b i o t i t e sorbed uran-
ium, py r i te did r.ot; moreover, the sorption was not affected by ox id iz ing or reduc-
ing conditions of the so lu t i on . The sorption on b i o t i t e appears to be re lated to
the layered structure of the mineral and i t s re la t i ve l y large cation-exchange cap-
ac i ty . Ion-exchange behavior was supported by an experiment in which uranium was
sorbed on the granite from groundwater and an autoradiograph recorded. Then, the
groundwater was made 4 M in NaCl and the granite was re-immersed fo r a time equal
to the previous experiment. An autoradiograph taken af ter th is step showed that
the uranium had been removed in qua l i t a t i ve agreement with a simple ion-exchange
mechanism.

The las t element studied was plutonium, which was expected to be predominant-
ly i n the (IV) state and, therefore, qui te insoluble. In F ig. 5 autoradiographs
are presented for plutonium sorbed on the Climax Stock granite specimen from a
solut ion oxidized with O3, and from aerated and nitrogen-purged so lu t ions. There
appears to be l i t t l e di f ference in the sorption observed fo r plutonium under
aerated or nitrogen-purged conditions (F ig . 5 c ,d) . Although some s p e c i f i c i t y
for Fe( I I ) minerals is observed, the predominant pattern is general sorpt ion
across the ent i re surface. This is consistent with the behavior expected fo r
PuO2, but implies that some PuO2

2+ was also present. Sorption from a solut ion
treated with 03, in which PuO22+ should be the dominant species, does exh ib i t a
strong correlat ion wi th the Fe( I I ) -conta in ing minerals, implying a reduction
mechanism s imi lar to that seen fo r NpO2 .

CONCLUSIONS

The results of these sorpt ion experiments demonstrate the importance of the
reduction-oxidation potent ia l o f the system, Eh, which determines the oxidat ion
state of the ion of i n t e res t , and the pH, which determines the degree of hydro lys is .
Examination of the trends expected for oxidat ion states of U, Np, and Pu as func-
t ions of reduction-oxidation potent ia l and pH (6) shows that our nitrogen-purged,
near-anoxic conditions at pH 8-9 approached the most posi t ive part of the Eh
range observed fo r deep g ran i t i c mines (1 ,7 ) . Our conditions corresponded to
potent ials in the range of zero to about -0.15 V, while in some deep g ran i t i c
mines, values of Eh as low as -0.3 to -0.4 V have been reported (7 ) . For such
negative values of the potent ia l even U02

2+ is reduced to U02, the less mobile
form (8 ) .

I t can be concluded from th i s work and the ear l ie r work on pure minerals (2)
that under aerated condi t ions, the prevalent oxidation states of the actinides
in solut ion w i l l be A m ( I I I ) , Pu(IV), U(VI) , and Np(V). Under these conditions an
appreciable amount of Np(V) appears to be reduced to Np(IV) by Fe( I I ) -conta in ing
minerals. Predominant oxidat ion states in nitrogen-purged solutions are the same
as fo r the aerated so lu t ions , but the reduction of Np(V) i s enhanced. Thus, the
autoradiographs obtained with neptunium graphical ly support the reduction mecha-
nism proposed ea r l i e r by Bondiett i and Francis (9) fo r the reduction of neptunium
and technetium by F e ( I I ) .



(a) CLIMAX STOCK GRANITE (6) Pu OXIDIZED WITH O3

(c) PU IN AERATED SOLUTION (d) Pu IN NITROGEN PURGED
SOLUTION

Fig. 5. Sorption of piutontum from synthetic groundwater. (a) Optical
photo of specimen for comparison; (b) autoradiograph of speci-
men after sorption from a groundwater solution oxidized with O3;
(c) autoradiograph after sorption from an aerated solution;
(d) autoradiograph after sorption from a nitrogen-purged solu-
t ion.



The. sorption of amen"ciurn derived from the autoradiographs also indicates
thst the sorption data obtained from batch equilibrations of pure minerals can
be used to predict sorption on whole rock samples and that grain boundary and
surface area effects are not of sufficient importance tc alter the sorption mark-
edly.
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