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Abstract 

Within the scope of a bilateral cooperation a series of Actinide Migration Experiment were 
performed by INE at the Äspö Hard Rock Laboratory in Sweden. This report covers investi-
gations on actinide migration in a single fractured granite sample (core #5) performed in the 
CHEMLAB 2 probe under in situ conditions at Äspö HRL. The same experimental setup was 
applied as in previous experiments. Investigations of the flow path properties and the break-
through of inert HTO tracer are reported. Experiments with the actinides Am, Np and Pu are 
presented. Breakthrough of actinides was not detected within the experimental time of about 
four months. The different analytical techniques for determination of sorbed actinides are 
presented. After cutting the core in slices, the abraded material is dissolved and analyzed, 
the slices are used to visualize the flow path. Effective volumes and inner surface areas are 
measured and the results compared to batch soption studies. A prediction for the break-
through of a further in-situ experiment is given planned for uranium as tracer. 
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Actiniden Migration Experiment im Untertagelabor ÄSPÖ  
in Schweden: Ergebnisse zu Core #5  

(Teil III) 

 

Zusammenfassung 

Im Rahmen einer bilateralen Zusammenarbeit wurde vom INE eine Reihe von Actiniden-
Migrations-Experimenten im Hard Rock Laboratory Äspö in Schweden durchgeführt. Im vor-
liegenden Bericht sind Untersuchungen zur Actinidenmigration in einer einfach geklüfteten 
Granitprobe (Core #5) unter in-situ Bedingungen in der CHEMLAB-2 Sonde vorgestellt. Die 
Auslegung der Experimente erfolgte wie in den vorhergehenden Berichten beschrieben. Die 
Untersuchungen erstreckten sich über den Durchbruch eines inerten Tracers (HTO) und die 
Ermittlung der Fließweg-Parameter. Die Actiniden Am, Np und Pu wurden untersucht. Ein 
Durchbruch der Actiniden konnte innerhalb des experimentellen Zeitraums von 4 Monaten 
nicht beobachtet werden. Mit verschiedenen analytischen Methoden wurden die sorbierten 
Actiniden erfasst. Nach dem Zerschneiden des Bohrkerns wird das dabei abgeschliffene 
Material aufgelöst und analysiert, die Schnitte werden bezüglich des Fließweges visualisiert. 
Die effektiven Volumina der Kluft und ihre inneren Oberflächen werden bestimmt und die 
Ergebnisse mit Batch-Sorptions-Messungen verglichen. Die Ergebnisse werden für die 
Prognose des Migrationsverhaltens von Uran benutzt, das in einem weiteren Experiment 
eingesetzt werden soll. 
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1 Background and Objectives  

The Äspö Hard Rock Laboratory (HRL) was established in Sweden in a granite rock forma-
tion for in-situ testing of disposal techniques and for investigations concerning migration and 
retention of radionuclides[Bäc91]. Groundwater flow through fractures in granite host rocks 
may cause migration of radionuclides from the repository. Within the scope of a bilateral co-
operation between Svensk Kärnbränslehantering AB (SKB) and Forschungszentrum 
Karlsruhe, Institut für Nukleare Entsorgung (FZK-INE), actinide migration experiments with 
Pu, Am, and Np are conducted at the Äspö Hard Rock Laboratory.  

The objectives of the in-situ actinide migration experiment in the Äspö HRL are directed to 
examine the applicability of laboratory data to natural conditions and to verify the laboratory 
sorption studies. The experiments aim to the reduction of uncertainties connected with the 
actinide behavior in a granitic environment. First sorption experiments are performed onto 
granite and "fracture filling material" in laboratory, then migration experiments in individual 
fractures in drill cores are performed in laboratory and in the Äspö HRL. To guarantee most 
realistic conditions - as close to nature as possible - the experiments are performed in the 
CHEMLAB 2 probe [Jan98]. An important aspect is the quantification of sorbed actinides 
after termination of the migration experiments. Therefore new methods had to be developed.  

Previous reports summarize the results of batch experiments and migration experiments with 
core #1 and core # 4 in laboratory as well as results of the first in-situ experiment ([Vej2000], 
[Vej2001], [Röm2002], [Kie2002], [Kie2002a], [Kie2003], [Kie2003a]).  

 

2 Materials 

2.1 Groundwater 

For laboratory investigations, Äspö groundwater was used, which was extracted from the drill 
hole SA 2600, whereas in the in-situ experiment natural groundwater is present in the 
CHEMLAB 2 borehole KJ0044F01. Both compositions are given in Ref. [Kie2003]. Both wa-
ters differ in the measured element concentrations by about 30-60%. Fe could not be meas-
ured in the groundwater used in laboratory (SA 2600). Fe had been precipitated during the 
transport to Germany.  

The laboratory experiments were performed in a glove box at a 99% Ar, 1% CO2 atmos-
phere. At Äspö HRL under the conditions prevailing in the CHEMLAB drill hole, the CO2 par-
tial pressure was computed to be log pCO2 = -2.6 which was only slightly different as in labo-
ratory glove box (log pCO2 = -2.0). 
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2.2 Solid materials  

A substantial prerequisite for the experiments was to get suitable drill cores containing single 
well characterized fractures. The cores #5, #6, and #7 were excavated from drill hole KOV 
01 778.50-779.25. Transmissive and reflective light microscopy and Secondary Electron Mi-
croscopy (SEM) carried out at Geovetarcantrum, Göteborg University. The fracture is de-
scribed by Ref. [Tul2002]: “The fracture is a vertical/subvertical fracture at ca 770 metres 
depth in the vertical borehole KOV 01 in Oskarshamn. The fracture is situated in a contact 
zone between fine-grained aplitic granite and a granitoid of Ävrö granite type. The wall rock 
on both sides is heavily tectonised and altered/oxidised. The breakdown of biotite is com-
plete and has resulted in formation of chlorite. The plagioclase is saussuritisised. The frac-
ture is several mm wide with different layers of K-feldspar, epidote/chlorite, (Fe(III) ox-
ide/hydroxide) and calcite. The outermost layer is K-feldspar and epidote. Small grains of 
calcite and sericite are also present. The alteration has caused voids coated with K-feldspar 
crystals and these pores/voids are partly connected with the major fracture by micro frac-
tures. The active surface may therefore be much enlarged along this fracture plane. Most of 
the surfaces seem to be covered with hydrothermally grown K-feldspar crystals (Adularia) or 
epidote but redistribution of quartz is also associated with the hydrothermal alteration and it 
is possible that other parts of the fractures are coated with hydrothermally grown quartz crys-
tals. Micrograins of Fe(III) oxides are mostly associated with the epidote. The fracture pre-
sent in the studied part of the drill core is part of a prominent hydrothermally altered fracture 
zone, which can be compared with the larger fracture zones at Äspö.”  

Granite and "fracture filling material" of the drill cores were also analyzed regarding elemen-
tal composition and mineralogical phases by FZK-INE. The material covering the fracture 
surfaces was analyzed by scanning electron microscopy (SEM). Results of element mapping 
of granite and the altered material in a fracture are shown in Fig. 2-2. In unaltered granite, 
SiO2 dominates, whereas in the altered material other main phases containing Al, K, Mg and 
Ca are present. Iron oxide containing particles showed Fe-concentrations by a factor of 200 
above concentrations in the surrounding rock. X-ray diffraction pattern showed the mineral 
chlorite as a main constituent [Röm2002]. These findings agree well with those of SKB (Ter-
ralogica AB). 
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Fig. 2-1 Voids caused by alteration of granite coated with K-feldspar crystals partly con-
nected with the major fracture by micro fractures. 
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Fig. 2-2 Results of scanning electron microscopy (EDX-SEM) analysis of the fracture 
from drill hole KOV 01 778.50-779.25 

Element mapping images and diffraction pattern of altered material (left) and of 
granite (right) 
up: Si, Al, Fe, below: Ca, K, Na 

 

 

By EDX-SEM line scan analysis, the element concen-
tration along a line from altered rock into the granite 
could be determined. This line (Fig. 2-3) had a length 
of 2.5 mm. The light part in the figure corresponds to 
altered material, the darker part to unaltered granite. 

The element composition determined along the line is 
given in Fig. 2-4. It is obvious from Fig. 2-4 that Si 
dominates in the unaltered material (right). Probably, 
the elemental line scan hits a quartz grain. The al-
tered material is characterized by a much broader 
distribution of elements, such as Al, Ca, Mg, and K. 
Si concentration scatters around 40%. Significant 
positive correlation between Si and K concentrations 
could be computed for the altered material, negative 
correlations between Si and Ca concentrations.  

 
Fig. 2-3 Line indicating elemen-

tal line scan in samples 
from drill hole KOV 
01 778.50-779.25 
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Fig. 2-4 Element distribution along a line from altered to unaltered material in KOV 
01 778.50-779.25 

1000 steps of line scan for 2.5 mm 
0 < n < 645: altered material; n ≥ 645: unaltered granite 

 

2.3 Sorption behavior of the solids 

In order to evaluate the effect of specific minerals on the sorption behavior of the rock sam-
ples, a selection of minerals including those typical for granite were investigated [Kie2003a]. 
The minerals include: biotite, chlorite, muscovite, albite, orthoclase, apatite, epidote, titanite, 
zeolites, Mn- and Fe-oxides. For batch experiments, actinide spiked groundwater SA 2600 
was prepared using the actinides 238Pu, 237Np and 233U. Concentrations applied were 1×10-9 
mol dm-3 (7.5×105 Bq dm-3) for 238Pu, 1×10-4 mol dm-3 (5×105 Bq dm-3) for 237Np and 1×10-5 
mol dm-3 (8.4×105 Bq dm-3) for 233U. The pH measured in the different spike solutions was 6.9 
to 7.1. 

Sorption experiments were performed with granite and fracture filling material. Strong sorp-
tion was observed for all actinides. Am and Pu showed marked sorption already after a very 
short contact time (1 - 2 days). Significant sorption was observed for Np in the presence of 
fracture filling material, where a redox potential of +50 mV was measured, only after 18 days. 
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While the Np concentration in the stock solution remained constant over the entire test period 
of 3 months, a continuous decrease was observed in the presence of fracture filling material. 
According to existing thermodynamic data, a reduction of Np(V) to the tetravalent state can 
be expected at redox potentials below +100 mV. This indicates clearly that reduction of 
Np(V) precedes the sorption reaction. A slow sorption kinetics is, however, also observed for 
Am(III) and Pu(IV), the origin of which at present is unknown.   

The α-autoradiographic study combined with Scanning Electron Microscopy (EDX-SEM) 
analysis revealed biotite to represent the most important affinity to actinide sorption. As an 
example the Pu(IV) distribution on a cut sheet of granite is given in Fig. 2-5. Biotite contains 
Fe(II) which most likely is responsible for the surface enhanced reduction of oxidised acti-
nides. It is well known from the literature that electron transfer is very much enhanced upon 
surfaces containing Fe(II) as a reductant [Eli1993].  

Biotite

Orthoklas (Fieldspar)

Optical Image

auto radiogram

Biotite

Orthoklas (Fieldspar)

Optical Image

auto radiogram

Fig. 2-5 Determination of minerals relevant for Pu sorption. 

The dark areas in the α-autoradiograph indicate enhanced Pu-sorption. These 
areas usually coincide with biotite phases. 

 

For comparison of sorption between the different elements, the sorption coefficient Ks is cal-
culated  
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Results of the sorption experiments (see above) onto freshly broken granite and onto altered 
material are given in Tab. 2-1. 

Tab. 2-1  Sorption coefficient of actinides on Äspö materials after 14 days of exposure 

Ks (cm) freshly broken granite altered material 
238Pu 2.50 1.30 
237Np 0.16 0.16 
233U 0.026 0.018 

 

Tab. 2-1 shows significant differences between the actinide elements, but only slight differ-
ences between freshly broken granite and altered materials. The time dependence of the 
sorption process within the period under investigation is similar for Pu and U. In contrast Np 
shows fast sorption onto altered material and retarded sorption onto granite. Np shows simi-
lar behavior as U for altered and fresh granite; Sorbed Np is also clearly correlated to some 
Fe bearing minerals. In contrast, Pu having a significant higher sorption coefficient shows no 
correlation with the Fe distribution in the slices. Pu is not sorbed homogeneously onto the 
surfaces, a correlation of sorbed Pu with the element distributions of K, Ca, Si, Al or Mg is 
not observed.  

Sorption behavior of Np and Pu onto natural minerals was determined. Significant sorption of 
Np was observed onto kryptocrystalline MnO2 and Fe2O3 (var. “kidney ore”). Epidote, titanite 
and the rough surface of chlorite - cut perpendicular to its cleavage plain - showed also re-
markable sorption. However, the smooth surface of tabular Fe2O3 and the cleavage plains of 
phyllosilicates and feldspars showed considerably less sorption. 

All mineral species showed much higher sorption of Pu than of Np, but the patterns were 
similar: Strong sorption of Np and Pu was found on the same minerals. Chlorite showed a 
comparable sorption dependence with respect to its crystallographic orientation.  

 

2.4 Retention mechanisms and speciation of sorbed actinides 

From the investigations presented here, information on the retention mechanism is obtained. 
In the cocktail injected into the cores, the actinides were present as Am(III), Pu(IV) and 
Np(V). Comparisons between the actinides showed for core #4 and #5 that Np and Am were 
retained at the same locations.  
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Two independent methods were applied for determination of the Np redox state. From slices 
of core #4, Np was dissolved with HCl and by TTA extraction Np(IV) was separated. As a 
result, it was found that more than 60% of Np was bound to the slices in the form of Np(IV). 
Np(V) in solutions, even at negative Eh (e.g. in the cocktail) remained as Np(V) for many 
months as long as no solids were present. This indicates that solid granite and/or fracture 
filling material catalyses reductive processes. Potential sites for reduction processes might 
be pyrite and Fe(II) containing clay minerals which are detected in the Äspö granite. 

XPS was applied as another method for identification of chemical valence states of Np and 
iron. A transfer vessel was used to move samples from the glovebox to the XPS spectrome-
ter (PHI model 5600ci) avoiding air contact. XPS spectra were acquired by use of Mg Kα 
(1253.6 eV), Al Kα (1486.6 eV) or monochromatic Al Kα X-ray excitation. High-resolution 
scans of elemental lines were recorded at 11.75 eV pass energy of the hemispherical capaci-
tor analyzer which yields a full-width-at-half-maximum (FWHM) of the Ag 4d5/2 line of 
0.85 eV, 1.02 eV or 0.60 eV, respectively. The energy scale of the spectrometer was cali-
brated by Cu 2p3/2, Ag 3d5/2, and Au 4f7/2 lines of pure and Ar+ sputter cleaned metal foils. 
Analyses at various areas on the samples (from batch experiments) indicated correlation of 
Np(IV) with the presence of Fe(II). More than 80% of Np could be assigned to the tetravalent 
state which is confirmed by TTA extraction method. 

XPS mapping of a 2mm x 2mm area of granite exposed for 14 days in Np spiked solution 
showed correlation between Fe(II) and Np(IV) (Fig. 2-6).   

XPS measurement was also performed with batch samples exposed to Pu and U. Concen-
trations of 238Pu are to low for this kind of investigations. Reduction of U(VI) to U(IV) retained 
on crushed high-FeO olivine rock was reported by Rodrigues at al. using XPS [Rod98]. Due 
to the groundwater composition used for our experiments, U concentration in the spiked solu-
tion was by one order of magnitude lower. This fact and the limited sorption of U (see Tab. 
2-1) prevented the detection of U phases by XPS on the surfaces. 
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Fig. 2-6 XPS maps of a 2mm × 2mm area of granite exposed for 14 days in Np spiked 
solution.  

(Bright plotted areas correspond to enhanced atomic concentrations)
Spectrum #1 and #2 are measured at the locations indicated in the maps.   
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2.5 Properties of the fractured cores 

From drill hole KOV 01 778.50-779.25, three parts could be used for migration experiments. 
Parts of the core #5, #6. and #7 were placed into cylindrical stainless steel sleeves. The de-
sign of these autoclaves is shown in ref. [Kie2003]. The periphery between cores and steel 
tube wall was filled with epoxy resin. Top and bottom ends were closed with acrylic glass 
covers. Sealing between the top / bottom ends and the stainless steel sleeve was achieved 
by O-rings. The lids were provided with fittings for feeding and extracting the groundwater. 
The length of core #5 was 150 mm and the diameter 52 mm. Tightness of the autoclaves 
was tested in subsequent laboratory experiments, indicating leak tightness up to 60 bar 
groundwater pressure. The fluid pressure in CHEMLAB 2 is about 27 bar. The fracture of 
core #5 was open and not filled with precipitates, whereas in core #2 (to an extreme extend 
in core #3) and in core #4 the fractures were more or less healed (partly closed).  

2.5.1 X-Ray tomography 

Prior to the experiments, the internal structures of the embedded drill core were investigated 
by means of nondestructive X-ray tomography. This procedure was previously applied also 
to core #3  [Vej2001].  

Fig. 2-7 Images of X-ray tomography analysis of core #5 
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X-ray computer tomographya was applied to core #5, #6 and #7. As radiation source a 
420 kV X-ray tube, having a focus diameter of 1.5 mm was applied. Measurements were 
performed by 15 detectors at collimator sizes of 0.8x1.5 mm. Evaluated volume elements of 
the core had a volume of 0.2x0.2x1.5 mm3. By these investigations, about 100 images of 
horizontal cross sections of each core were produced. In Fig. 2-7, dark areas indicate lower 
densities. Continuous flow paths are found in all cores. The steel mantle, the epoxy resin 
between steel autoclave and granite material as well as internal structures can be seen 
clearly. The aperture for the fracture in the core #5 was determined to be in the range of 
0.8 mm.   
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Fig. 2-8 Fracture sizes of the cores #5 and #7 determined by evaluation of X-ray tomo-
graphy data.  

  Vertical lines (core #5) represent error bars, derived by variation of the thres-
hold values for distinguishing between dark grey and black colour in tomogra-
phy data. 

By evaluation of the images from X-ray tomography, fracture sizes of the cores #5 and #7 
were determined. Determination was done by means of the Mathcad 2001 software, the im-
ages were processed and threshold values were applied in order to distinguish between the 
dark grey colour of the solids and the black colour of the fracture. By variation of the thres-
hold, errors of these measurements could be deduced which are indicated in Fig. 2-8. 

                                                 

a X-ray tomography including graphical representation was performed by Bundesanstalt für Material 
Forschung in Berlin (BAM) 
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For core #5, the maximum open fracture areas up 100 mm2 to are located at a distance be-
tween 14 mm and 23 mm and at 140 mm. Minima of open fracture areas occur in the range 
from 53 mm to 98 mm providing areas below 40 mm2. 

2.5.2 Analyses of local flow pathes 

The geometry of the flow path has fundamental 
influence for all flow and transportation processes 
(in all scales). The local flow path area is obtained 
by processing of the data from the computer 
tomography. The result of this processing is a 
three-dimensional structure of the internal (pore) 
area of the flow path. 

For transportation processes only the area is of 
interest which is actually involved in the flow and 
transportation processes, frequently called the 
effektive pore volume. This effective pore volume 
is computed in the model by means of percolation 
algorithms resulting in a reduced pore structure. 
Effective transport parameters are derived such as 
porosity and specific surface from the geometrical 
structural data.  

This data set (shown in Fig. 2-9) will be used as a 
basis of forthcoming work to the development of a 
transport modelling approach appropriate to de-
scribe the measured actinide migration. For the 
spatial structure, the flow can be computed by a 
Lattice Boltzmann method. The resulting zone of 
flow corresponds to a specific solution of the 
Navier Stokes equation. The hydrodynamic 

dispersion is not needed for these kind of computations, since the dispersion is contained in 
the heterogeneity of the flow path. Radionuclide transport can be computed by application of 
a Monte Carlo particle method. The substantial difference to conventional (macroscopic) 
transportation models is that only one advection term (3-D zone of flow in the fracture) and a 
molecular diffusion term (Monte Carlo implementation) are needed.  

The Fig. 2-9 and Fig. 2-10 show the complexity of fracture geometry in the drill cores. 
Especially in core #7 the fracture is splitted, showing a very complex percolation structure 
where radionuclide migration will take place. 

 

 
Fig. 2-9 3 D (voxel) representation 

of a fracture in core #5 de-
termined from X-ray tomo-
graphy data. 
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2.5.3 Hydraulic properties of core #5 

Hydraulic properties, such as effective porosity, 
dispersion coefficient, breakthrough time are 
determined by evaluating measured break-
through curves of non sorbing tracer like HTO. 
HTO breakthrough curves were measured apply-
ing flow rates between 0.1060 ml/min and 0.0047 
ml/min. Pulse injection of about 50 µl of HTO 
solution was applied. Background subtraction is 
performed by defining a minimum HTO concen-
tration of the breakthrough peak. Breakthrough 
curves for HTO are shown in ref. [Vej2001]. The 
zeroth, first and second order momentums of the 
time dependent breakthrough curves are com-
puted corresponding to the evaluation given by 
Appelo 1994. 

The hydraulic data are evaluated as described in 
[Vej2001]. The results are shown in the Tab. 2-2. 
Dividing the Darcy velocity determined from the 
flow rate by the pore water velocity v0, the effec-
tive porosity of the core in volume units is ob-
tained. The porosity value given in the table re-
lates the effective porosity to the total volume of 
the core. 

It can be seen from the table that in spite of a variation of the flow rate by a factor of about 
20, the dispersion coefficient, the porosity and the Peclet number are similar.  

Tab. 2-2  Hydraulic properties of core #5 

Flow rate  0.106 ml/min 0.047 ml/min 0.0047 ml/min 

l m 0.15 0.15 0.15 

t0 s 1448±323 3954±919 30097±6840 

v0 m/s (1.04±0.23)x10-4 (3.79±0.88)x10-5 (5.01±1.14)x10-6 

σ2
t - 1.090 1.088 1.12 

D m2/s 8.48x10-6 3.07x10-6 4.19x10-7 

α m 8.17x10-2 8.08x10-2 8.36x10-2 

Pore Volume  ml 2.6±0.6 2.7±0.6 2.3 ±0.5 

Porosity % 0.82 0.85 0.72 

Peclet Number - 1.84 1.54 1.79 

 

 
Fig. 2-10 3 D (voxel) representation 

of a fracture in core #7 de-
termined from X-ray tomo-
graphy data. 
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The HTO elution curves of these experiments are shown in Fig. 2-11. The vertical dotted 
lines represent the computed breakthrough from momentum analysis given in Tab. 2-2. 
These data take into account the tailing of the curves. 
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Fig. 2-11 Elution curves of inert HTO tracer for determination of hydraulic parameters of 
core #5. 

 

3 Actinide Migration Experiment in CHEMLAB 2 

The experiment with core #5 was the third in-situ actinide migration test performed with the 
CHEMLAB 2 probe at Äspö HRL. The second in-situ migration experiment with core #3 was 
started in November 2001. The fracture of core #3 was clogged by precipitates to a large 
extend. Consequently, this core showed a very low hydraulic conductivity. A low flow rate of 
0.03 ml h-1 was selected, the duration of this experiment was scheduled for 3 month. Due to 
a defect of the CHEMLAB 2 probe, the experiment was interrupted during the actinide cock-
tail injection phase. A breakthrough of HTO or actinides could not be measured due to the 
short injection period. However, the core #3 was contaminated by actinides and had to be 
treated accordingly. 
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It required some time to readjust the CHEMLAB probe. The next in-situ experiment was 
started at November 27, 2002. The actinide cocktail was prepared as described in the previ-
ous publications. CHEMLAB 2 was prepared with the core #5 in the autoclave and the reser-
voir containing the actinide cocktail. CHEMLAB 2 was inserted into the drill hole, coupled to 
the glove box and a test run was started. It was intended to use a constant flow rate (0.04 
ml h-1) comparable to the one chosen for the previous test. The experiment should kept run-
ning for 3 month minimum. By the CHEMLAB 2 control system, the actinide cocktail from the 
reservoir was injected for 10 days (until December 7, 2002). The composition of the cocktail 
is given in Tab. 3-1. Afterwards, natural groundwater of the CHEMLAB 2 drill hole was 
pumped. However, a technical problem of the CHEMLAB 2 probe caused fluctuations in the 
flow rate. Fig. 3-1 shows that the pressure at the packer dropped by more than 10 bars within 
the first days, and during December 2002 several collapses were recorded. Significant fluc-
tuations showed the pump pressure, too. After about 45 days (January 8, 2003), the test was 
interrupted and CHEMLAB 2 recovered. The probe could be fixed and the test was continued 
at a higher flow rate of 0.3 ml h-1 from February 12 until April 8, 2003. Afterwards, the core 
and the eluted groundwater samples were transferred to FZK-INE for analysis. 
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Fig. 3-1 Pressure log of CHEMLAB 2 during the first phase of the experiment 
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Tab. 3-1 Composition of the actinide cocktail (50 ml) used for the CHEMLAB experiment 
with core #5 

Nuclide Activity of the 
cocktail (50 ml) 

Impurities Concentration 

 Bq / 50 ml Bq / 50 ml mol / L 

HTO 9x103   
237Np 3.3x103  1.1x10-5 
242Pu 1.7x102 238Pu: 38 

239Pu: 15 
9.7x10-8 

243Am 8.0x102 243/244Cm: 1.5x103 8.9x10-9 
 

The volume of the tubingb between CHEMLAB 2 and the glove box in the tunnel (20 m) is 
about 8.8 ml. Sampling was performed at a rate of one sample per 30 h. Until January 8, 36 
samples comprising 34 ml were collected, after the restart of the experiment in February, 175 
ml of groundwater were eluted and collected in one single sample.  

After termination of the experiment, the reservoir with the remaining cocktail volume was re-
turned to FZK-INE. Between preparation and return of the cocktail, some 10 months passed. 
In this period, the concentrations changed. The differences are given in Tab. 3-2.  

Tab. 3-2 Variation of the composition of the actinide cocktail between preparation and 
return  

Nuclide Activity of the 
cocktail  

21 October 2002 

Activity of the 
cocktail  

21 August 2003 
 Bq / ml Bq / ml 
237Np 66 40 
241Am 0.06  
243Am 16 2.2 
243/244Cm 31 4.7 
 

Tab. 3-2 shows that the concentration of americium and curium was reduced by a factor of 7. 
If this reduction is attributed to sorption or precipitation in the reservoir is not yet clear.  

Following results are obtained from the 3rd actinide experiment in CHEMLAB 2. 
                                                 

b Length of the tube: 20 m, inner diameter: 0.75 mm 
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3.1 Eluted groundwater and breakthrough of tracers 

The eluted groundwater was collected by a sampler. The samples were kept sealed hermeti-
cally to avoid evaporation of water. The volume of eluted groundwater was determined by 
balancing the samples. As a consequence of the fluctuations of the groundwater flow in 
CHEMLAB 2, the HTO breakthrough curve shows disruptions, too (see Fig. 3-2). Due to the 
fluctuations of the flow rate, during the injection period from November 27 until December 7, 
2002, in total 7.8 ml of spiked cocktail was injected into core #5. 
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Fig. 3-2 HTO breakthrough in the in-situ experiment with core #5 

 

Hydraulic data could be obtained from breakthrough of HTO: Mean residence time of the 
tracer in the core was 744 ± 6 hours, σ2

t is 1.05 and α is 7.88x10-2 m. These data agree ex-
cellently with those determined in laboratory (Tab. 2-2). With respect to the disruption of the 
flow, it is not possible to derive the mean flow rate and the total porosity from this break-
through curve. 

Integrating the sample volumes, the breakthrough depending on the eluted volume could be 
obtained (Fig. 3-3). In the single sample collected after February 12, 2003, in total 230 Bq of 
HTO were found. 
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The recovery of HTO is calculated from the sum of the total measured HTO activity divided 
by the activity injected in core #5. However, due to the fact that some sampling vials were 
completely filled, evaporation of eluted water cannot be excluded to some extend. This may 
be relevant for those samples having more than 2 ml in Fig. 3-2. By comparison of the re-
covered HTO activity with the initial HTO concentration in the cocktail, the total volume of 
injected cocktail may be underestimated by about 37 %. Cumulated error for the determina-
tion of eluted volume results in a range from 34 ml to 46 ml.  

Actinides could not be detected in the eluted groundwater, neither by LSC nor by ICP MS 
techniques. 
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Fig. 3-3 HTO breakthrough curve as function of the eluted volume for core #5 in the 
CHEMLAB 2 experiment 

Cumulated error of eluted volume: 34 ml to 46 ml  

 

 

3.2 Post mortem investigations of core #5 

Investigations of the flow path of core #5 were performed as described previously [Kie2003]. 
A fluorescent epoxy resin [Fri98] (Component A: epoxy resins + dye (Fluorol yellow-088, 
BASF) Component B: amine-hardener (modifed alphatic polyamine), Viscosity: 100 mpa s  
(23 °C)) was injected into the fracture after drying the system by injection of isopropanol. 



Actinide Migration Experiment in CHEMLAB 2 

19 

After hardening of the fluorescent epoxy resin, the core was cut perpendicular to the cylinder 
axis by means of a 0.7 mm thick diamond cutting blade. The resulting slices had a thickness 
of 4 mm.  

The geometry of the flow path was analyzed by scanning the slices and discrimination of 
colors with respect to the fluorescent resin. The volumes and the inner surface areas of the 
fracture were determined from the scans by means of pixel counting and numerical evalua-
tion. The radioactivity of the slices was measured by a α-autoradiography instrument using 
α- and β-sensitive sheets. As described in ref. [Röm2002], the α-autoradiography and the 
optical information of the slices were combined. 

The abraded material from the cuts was sampled, dissolved and prepared for ICP-MS ele-
ment analysis and γ-counting.  

 

3.2.1 Actual flow path  

Analyses of the distributions of the fluorescent resin in each slice were compared with the 
results of X-ray tomography and the corresponding distribution of α-tracks in the autoradio-
graphy. From the slices, the total area of colored epoxy resin was determined. As to be seen 
from Fig. 3-4, some deviations between the non destructive and post mortem flow path 
analysis occurred.  
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In the region between 30 and 100 mm of core #5 both detection techniques agreed well. In 
the ranges between 20 and 30 mm and from 100 mm to the end significant discrepancies are 
observed. Detailed analyses of the tomography data showed, that in these ranges parts of 
the core provided lower densities which were attributed to the fracture. 

 

3.2.2 Distribution of radioactivity along the flow path 

As in for the previous experiments, different detection techniques were applied for sorbed 
actinide elements along the flow path. At first, the total α-activity was measured by 
α-autoradiography (see Fig. 3-5). 
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Fig. 3-5 Distribution of (relative) α-activity in the slices, measured by α-autoradiography 

 

Complete α-activity stuck in core #5 up to 110 mm. From this method it could not be distin-
guished between the different elements. Taking the maximum distance of the distribution 
from the injection a retardation coefficient could be derived. Following assumptions are con-
sidered: Rs is the ratio between the ground water velocity (represented by the inert tracer) 
and the migration velocity of the actinides. As the inert tracer is eluted completely, the 
groundwater velocity is computed by  

timearea
Volume

v
fracture

eluted
w ⋅
=  (3.1) 
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where the mean fracture area is computed from the resin distributions of the slices. The mi-
gration velocity is given by 

νactinides = 
distance of peak

time   (3.2) 

Xpeak: distance of peak 

peakfracture

eluted

actinides

w
s Xarea

Volume
v

v
R

⋅
==   (3.3) 

 

For data shown in Fig. 3-5, Rs = 69 ± 11 is calculated. The error is not a statistical one, but it 
takes into account the error in the determination of the eluted volume. 

 

3.2.3 Element profiles 

As reported in previous papers, depositions of 243Am and 237Np were determined by two dif-
ferent methods: γ-counting of 233Pa (daughter of 237Np) in the slices and dissolution and 
subsequent ICP-MS analysis of the abraded material from cutting the slices. 
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Fig. 3-6 Correlation of the 237Np concentrations determined by γ-counting and by disso-
lution and ICP-MS analysis 

This figure (Fig. 3-6) shows that both methods produced consistent results which agreed also 
with the α-autoradiography data (see Fig. 3-5). Am could not be detected by ICP-MS meas-
urements. From γ-counting of Am, the distribution of this element was determined and is 
shown in Fig. 3-7. Due to the different γ-decay schemes, the absolute count rate for Am is 
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lower by a factor of 40 than in the case of Np. For this reason, the distribution shows a sig-
nificant scatter, however, the maximum measured decay rate was found in the same region 
as the Np peak. 
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Fig. 3-7 Am concentrations determined by γ-counting of the slices 

 

4 Discussion 

4.1 Comparison to the breakthroughs of previous experiments 

Laboratory migration experiments using core #1 were run with pulse injections at flow rates 
between 3 and 0.06 ml/h. In 9 successive actinide migration experiments with core #1, the 
radionuclide concentrations in the eluate were determined by both α-spectroscopy and ICP-
MS measurement. The migration of Np was retarded compared to the migration of HTO; the 
breakthrough peak occurred at approx. 3 - 4 ml of eluate as compared to 1.7 ml for the HTO 
breakthrough curve. Recoveries for 237Np were between 20 and 40% for flow rates of 3 ml/h, 
and between 5 and 15% for flow rates of 0.06 ml/h. These results showed that the bulk of Np 
was retained, especially at low flow rates. Np concentration in the eluate (core #1) did not 
exceed approx. 4x10-8 mol/L. 

With core #4, three subsequent actinide experiments were performed in laboratory injecting 
14 mL of actinide cocktail at constant flow rate of 0.3 mL/h. Breakthrough of HTO and acti-
nides was recorded by collecting about 40 drops per sample (0.96 mL). Only in the first ex-
periment with core #4, a breakthrough of Np was observed. In the following tests, Np was 
found in concentrations of 0.06 and 0.2 µmol⋅dm-3 close to the detection limit. Am and Pu 
concentrations in the eluated water were below detection limit. HTO tracer was detected al-
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ready in the first fraction. The maximum HTO concentrations were observed in the samples 
between 4.8 and 14.4 ml and 3.8 and 13.4 ml, respectively.  

The same injection scheme was applied in CHEMLAB 2 with core #2. Results and compari-
sons between these experiments are reported elsewhere [Kie2002a], [Röm2002]. In both 
experiments, the breakthrough of Np followed the tendency of the HTO curve. In laboratory 
experiments as well as in the in-situ experiment, breakthrough of Np is observed to be unre-
tarded compared to the inert HTO tracer. Recovery of Np in the core #4 experiment was 
about 26 %, whereas in the CHEMLAB experiment 40 % of Np was recovered. In the peak of 
the breakthrough of the CHEMLAB 2 experiment, speciation of Np was analyzed by absorp-
tion spectroscopy. The spectrum showed only one absorption band to the free NpO2

+. Using 
the known absorption coefficient, the NpO2

+ concentration corresponded to the total Np 
measured by liquid scintillation counting, indicating the absence of colloids and carbonate 
complexes [Kie2003]. 

 

 
4.2 Comparison to actinide distributions from previous experiments 

Similar to core #5, core #1 showed an open fracture of an average aperture of 0.8 mm. Core 
#2 and #4 showed partly open fractures at both ends. In core #2 and #4, visual inspection 
showed no open fracture and parts of both cores were completely clogged. Structures which 
could be seen in the scans of core #2 and #4 slices were attributed to a healed fracture sys-
tem. Volumes of core #2 filled with fluorescent resin were generally too small to be identified 
by the fluorescence scanning technique, however, single spots of fluorescent resin could be 
identified visually throughout many slices of the core. Core #4 could not be penetrated by the 
epoxy resin. Core #3 which was used in an unsuccessful CHEMLAB experiment was com-
pletely clogged by precipitates. 

After impregnation of the fractures with a fluorescent resin and cutting, volumes and inner 
surfaces of the fracture were determined by scanning and pixel counting of the slices. The 
open fracture of core #1 was oriented in a small angle to the cylinder axis. The core was ana-
lyzed from the point of injection to a distance of 56.4 mm. In this range, the open fracture 
cross sections varied between 38 and 87 mm2 (mean value 53 mm2) and the circumferences 
of the fracture at top and bottom of each slice were determined between 72 and 96 mm 
(mean value 80 mm). In the case of core #5 the average cross section of the fracture for 30 
slices amounts to 46.3 ± 24.8 mm2. The variation of the cross sections in core #5 was be-
tween 9 and 87 mm2. 

Actinide concentrations retained in each 4 mm slice were measured. α-autoradiography re-
sulted in a strong correlation of the sorbed radioactivity with the surfaces of the fracture es-
pecially for core #1 and #5 where open fractures existed. Sorbed actinides in cores #2 and 
#4 are not directly associated to visible fractures. For interpretation and comparison of the 
data obtained for core #4, one has to keep in mind, that 3 distinct experiments were per-
formed with this core. The recovery measured for 237Np varied between 40% in the CHEM-
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LAB 2 experiment and 26% in the first laboratory experiment. Further laboratory experiments 
with core #4 showed no recovery of actinides.  

Due to the three different experiments, a higher Np content was found in the abraded mate-
rial of core #4 than for core #2. The distribution of Np in core #4 showed the highest values 
directly at the injection (distance 0 to 4 mm), a first peak at a distance between 30 and 40 
mm and a 3rd less pronounced peak between 104 and 118 mm. All these peaks were indi-
cated by several measurements of abraded material as well as by γ-counting of 233Pa 
(daughter of 237Np). In the CHEMLAB core #2, a broad Np distribution between 50 and 112 
mm was recorded. 

The 3 peaks in the spatial distribution of Np were also found in the 243Am distribution at al-
most the same locations. In core #4, highest 244Pu concentration could be detected at zero 
distance. At the distance of 30 mm, a single measurement surmounts the concentrations 
found in adjacent slices. At distances greater than 40 mm, 244Pu concentration in the abraded 
material was below detection limit. For core #2, 243Am and 244Pu was everywhere below the 
detection limit of 0.3 pmol/g (0.07 ng/g). 

Slices of both cores were analyzed by means of α-autoradiography and the α-distribution 
was compared with optical scans of the slices. In both cores, complicated distributions of 
retained α-emitters were found. At the maximum, Np activity in core #2 accounts to 5 Bq/g 
and to 20 Bq/g for core #4. The spatial patterns obtained by α-autoradiography were not 
necessarily correlated with fracture filling material which could be discriminated from granite 
by its color. The spatial resolution of α-autoradiography was constrained by the natural ra-
dioactivity arising from the U and Th content of granite. These elements are in equilibrium 
with their decay chain, including β-emitters. For the cores, the total number of Np decays 
was in the same range as the number of α-decays produced by natural decay chains of U 
and Th.  

From core #4 experiments, a lower limit for the retardation factors for Am and Pu can be es-
timated. By comparing the open volume of the fracture to the total groundwater volume 
eluted during the 3 consecutive experiments, a retardation coefficient Rs = 135 was obtained.  

In core #5, both 237Np and 243Am distributions show the maximum count rate at a distance 
between 51 and 56 mm from injection. The maximum of Np was verified by both detection 
methods. However, the maximum for Am is characterized only by very few data points show-
ing a wide scatter. 242Pu could not be detected by ICP-MS. Further analyses with respect to 
plutonium are presently under preparation. From core #5 experiments, a lower limit for the 
retardation factors for Np and Am is estimated by comparing the location of the Np peak with 
the total groundwater volume eluted (see Fig. 3-5). A retardation coefficient Rs = 69 is ob-
tained which is by a factor of 2 below the Rs coefficient determined from core #4. The differ-
ence may be attributed to the fact that in core #5 an open fracture system existed and there-
fore the specific surface area per migrated distance was significantly lower than in the almost 
clogged core #4. 
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4.3 Comparison to sorption behavior determined in batch experiments 

Tab. 2-1 shows significant differences between the actinide elements, but only slight differ-
ences between freshly broken granite and altered materials. The time dependence of the 
sorption process within the period under investigation is similar for Pu and U. In contrast Np 
shows fast sorption onto altered material and retarded sorption onto granite. 

Following relation can be obtained for the retardation coefficient Rs:  
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mass
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0  (4.1) 

Rs: retardation coefficient c0: dissolved concentration 
Ks: sorption coefficient (surface related) f: form factor for surface area 
δ: aperture of the fracture 

The form factor for surface area includes deviations of the actual surface and void volume of 
the fracture from the calculated geometrical properties. Combining the Np sorption data with 
the information obtained from sorbed Np in core #5 (see Fig. 3-5), a form factor for the sur-
face of 21.5 is calculated. Using this value together with the sorption coefficient for Pu (Tab. 
2-1), a retardation coefficient of 1075 for freshly broken granite and 560 for altered material is 
obtained. Taking as basis the distance of the Np peak at about 56 mm, the Pu peak is ex-
pected at a distance of 4 to 7 mm from the injection.  

 

 

5 Conclusions and Outlook 

Following conclusions can be drawn from this study: 

• Np is retained onto granite and altered materials by reduction to Np(IV) in presence of 
Fe(II) minerals. 

• Pu sorption takes place on a multitude of minerals. Specific sorption processes can-
not yet be presented. However, the sorption coefficient is significantly higher com-
pared to Np or U in agreement with migration experiments.  

• From the location of the Np peak in core #5 at 56 mm, a Pu peak is expected at about 
4 to 7 mm from the injection. This finding shows that Pu was almost immobile within 
the core #5 experiment. To prove this finding, the first slice of core #5 will be ana-
lyzed for Pu by additional methods.  

The next CHEMLAB experiment is planned with core #7 using U and Tc as tracers. From 
sorption data presented inTab. 2-1, U migration is increased by a factor of 6 compared to Np. 
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This means that for the same flow rate as it was intended for the core #5 experiment and 
assuming similar properties of the flow path of core #7, a breakthrough is expected after in-
jection of 15 ml.   
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Appendix A Details from slices of core #5 

Fig. 6-1 Optical image (left) and corresponding CT image (right) of slices 1 to 10 
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Fig. 6-2 Fluorescence image of the epoxy resin in the fracture (left) and corresponding 
α-autoradiographic information (right) of slices 1 to 10 
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Fig. 6-3 Optical image (left) and corresponding CT image (right) of slices 11 to 20 
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Fig. 6-4 Fluorescence image of the epoxy resin in the fracture (left) and corresponding 
α-autoradiographic information (right) of slices 11 to 20 
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Fig. 6-5 Optical image (left) and corresponding CT image (right) of slices 21 to 31 

 



Details from slices of core #5 

33 

 

Fig. 6-6 Fluorescence image of the epoxy resin in the fracture (left) and corresponding 
α-autoradiographic information (right) of slices 21 to 31 
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