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The paper presents data on the distribution coefficients (Ka ) of 137Cs, 90Sr/ 90Y, 241Am on a fractured rock sample taken 
from the exocontact zone of the Nizhnekanskiy granitoid massif. The study focuses on the micro-distribution of radio-
nuclides on mineral phases of the fractured sample. Based on the comparative analysis of radiograms and SEM- im-
ages, the data on relative sorption efficiency (RSE) were obtained, which allowed to evaluate the contribution of an 
individual mineral phase of the fractured rock sample to the sorption of the studied radionuclides. It was noted that in 
terms of cesium and strontium retention, the secondary mineral, namely, the chlorite filling the fractured zones in the 
sample (RSE = 2) should be considered as the most effective mineral phase. Cesium and strontium sorption on zeolite 
and feldspars was less effective with RSE parameters ~ 1. Americium sorbed uniformly on the surface of the fractured 
sample, which was confirmed by similar RSE values on the mineral phases of the sample.

Keywords: radioactive waste, sorption, micro-distribution of radionuclides, fractured rocks, Nizhnekanskiy granitoid massif, 
digital autoradiography.

Currently, a final disposal facility designed for RW 
Class 1 and 2 disposal is being established in Rus-
sia, namely, at the Yeniseiskiy site in the exocontact 
zone of the Nizhnekanskiy granitoid massif (NGM) 
in the Krasnoyarsk Territory [1, 2]  The preliminary 
stage of this project involves underground research 
laboratory (URL) construction with relevant R&D 
being particularly focused on geochemical research, 
including radionuclide migration in fissure wa-
ters [3]  Sorption/desorption are seen as key pro-
cesses governing radionuclide migration in the host 
rock environment  Therefore, special attention is 
paid to retention properties of crystalline rocks and 
their study 

The study of general patterns associated with 
radionuclide sorption by rocks should be supple-
mented by relevant knowledge on the role of indi-
vidual mineral phases in the retention of mobilized 
waste components  Such information will support 
more detailed modeling of radionuclide migration 
in the repository area, since in the massif, the pro-
portion of mineral phases predominantly retaining 
certain radionuclides varies significantly. Of partic-
ular importance are the mineral fillings of fractured 
zones, which may appear both the main migration 
pathways for the radionuclides and their retention 
zones in a porous rock matrix involving finely dis-
persed mineral phases [4, 5] 
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Experimental part

To study radionuclide microdistribution on the 
rock surface involving some fractured zones, a core 
sample was taken at a depth of 249 m from the R-11 
well of the Yeniseiskiy section constituting to an 
exocontact zone of the Nizhnekanskiy granitoid 
massif  The sample was a skarnoid (calc-silicate 
hornfels) of a very complex inhomogeneous com-
position  The core with a diameter of 6 5 cm was cut 
into 6 mm thick disks, which were ground on one 
side for sorption and further radiography  Under 
these experiments, particular solutions were fabri-
cated to simulate the underground natural water of 
the Yeniseiskiy site  Their composition was as fol-
lows: Cl– — 36 mg/l, SO4

2– — 15 mg/l, CO3
2– — 18 mg/l, 

HCO3
– — 79 mg/l, Na+ — 32 6 mg/l, K+ — 3 9 mg/l, 

Mg2+ — 10 2 mg/l, Ca2+ — 18 5 mg/l, solution pH 7—8, 
I = 0 01 mol/l  Sorption was considered based on 
137Cs, 90Sr/ 90Y, 241Am radionuclides with a concen-
tration of 10–9 M  The experiments were carried out 
in plastic dishes at a ratio of the solution volume to 
the surface area of the sample being equal to ~ 1 ml/
cm2 under static conditions for the time required 
to gain equilibrium  The concentration of radionu-
clides in solutions was measured by liquid scintilla-
tion spectrometry (Tri-Carb 2810 TR, Perkin Elmer) 

Mineral composition of the R-11 sample was 
studied based on one of the core disks using scan-
ning electron microscopy with X-ray spectral mi-
croanalysis (SEM with EPMA)  To study the micro-
distribution of radionuclides over the surface of the 
discs, a digital radiography system Cyclone Storage 
System (Perkin Elmer) with flexible storage plates 
was used 

After the system has reached the equilibrium 
state, based on the following equation, distribution 
coefficients (Ka, ml/cm2) per surface area of the disk 
were calculated for each radionuclide being in di-
rect contact with the solution:

 K
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I
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−
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∞
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where I0 is the count rate (сpm) of the radionuclide 
in the initial solution, I∞ is the count rate of the ra-
dionuclide in the solution at the moment of system 
equilibrium, V is the solution volume and S is the 
surface area of the disk being in contact with the 
solution 

The RSE parameter was calculated based on the 
following relationship:

 RSEi,j = (Ii,j / Ij,0)/(Si / S0), 

where Ii,j the photostimulated luminescence inten-
sity (PLI) corresponding to the radionuclide j ad-
sorbed on the mineral phase i; Ij,0 is the PLI intensity 

corresponding to the radionuclide j adsorbed on 
the entire surface of the disk (sample); Si is the sur-
face area occupied by the mineral phase i; S0 is the 
disk surface area 

Results and discussion

As a result of the study, the distribution coeffi-
cients (Ka) were calculated for each of the studied 
radionuclides: these were calculated consider-
ing the surface area of the R-11 sample disks  For 
137Cs, 90Sr/ 90Y, 241Am these accounted for 6 6; 0 9; 
26 1 (ml/cm2) respectively  Thus, with respect 
to radionuclides, sorption capacity of the stud-
ied R-11 sample increases in the following series: 
90Sr/ 90Y < 137Cs < 241Am, where maximum retention 
is provided for americium  According to the dis-
tribution coefficients, it was possible to calculate 
the total sorption capacity of the sample with re-
spect to the studied radionuclides, while the sam-
ple itself was rather heterogeneous and involved a 
number of mineral phases with different sorption 
capacities 

Based on the elemental analysis performed by 
SEM with EPMA, the mineral phases constituting to 
the R-11 skarnoid sample were identified. Accord-
ingly, the following phases were identified: quartz, 
layered aluminosilicates (chlorite), nesosilicate 
(epidote), framework aluminosilicates (feldspars, 
zeolite), oxides (rutile), carbonates (calcite) 

The microdistribution of 137Cs, 90Sr/ 90Y, 241Am on 
the surface of R-11 sample was studied based on 
the obtained black-and-white radiogram images  It 
was found that 137Cs and 90Sr/ 90Y radionuclides were 
distributed extremely unevenly over the surface of 
the R-11 skarnoid sample, while 241Am was sorbed 
with similar efficiency on all mineral phases and 
slightly less on quartz and calcite ones 

Figure 1 shows the distribution of cesium on the 
surface of the R-11 sample  It was chloride belong-
ing to the group of layered aluminosilicates that 
proved to be a most effective sorbent in this case  

Figure 1. Distribution of cesium on the surface of the R-11 sample: 
a — optical image of the R-11 well sample,  
b — radiogram of cesium sorption on the R-11 sample,  
c — optical image of the R-11 well sample with mineral phases

а	 b	 c
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Zeolite had an average sorption capacity with re-
spect to cesium, while other mineral phases did 
not produce any sufficient effect on this parameter, 
especially calcite, which has the lowest sorption 
capacity 

Based on SEM with EPMA, it was confirmed that 
strongly darkened areas on the radiogram (Fig-
ure 1b) corresponded to fracture zones filled with 
a secondary mineral, chlorite or crumbled mineral 
phases, which also featured chlorite 

The distribution of strontium over the mineral 
phases of the sample reproduced the behavior of 
cesium; strontium was also well sorbed on chlorite, 
less so on zeolite, and worst of all, on calcite  Such 
similarities in the behavior of strontium and cesi-
um could be explained by similar strontium sorp-
tion mechanism on mineral phases 

Earlier in [6, 7], a method was described that 
could be used to calculate RSE parameter charac-
terizing the contribution of each mineral phase of 
a heterogeneous system to the sorption of various 
radionuclides and could support quantitative sorp-
tion efficiency assessments considering individual 
mineral phases  This approach is based on a com-
parative analysis of a radiogram characterizing the 
microdistribution of radionuclides over the surface 
of a rock sample with a SEM image specifying the 
mineral phases  Comparative analysis was imple-
mented in two ways: using the ImageJ software 
and the Python programming language (semi-
automatic method)  For 137Cs and 90Sr/ 90Y, relative 
sorption efficiency was calculated based on the Im-
ageJ software  The semi-automatic method based 
on the scikit-image (Python) package turned out to 
be the most suitable for 241Am  Table 1 presents the 
RSE data  It should be noted that when the images 
were processed using the above methods, it was not 
possible to distinguish between all mineral phases 
since some of them were either finely mixed (quartz, 
feldspars, zeolite) or were falling into a same range 
of PLI values (quartz, calcite), therefore, a common 
RSE value was provided for them  

On the whole, the obtained RSE data did not 
contradict the earlier findings on the radionuclide 
behavior: 241Am was distributed equally over all 
mineral phases with RSE values equal to 1, whereas 

chlorite turned out to be the most effective retain-
ing phase for 137Cs and 90Sr/ 90Y with relative sorp-
tion efficiency of 2 and 1.8, respectively, which is 
two times higher than the average values 

Conclusions

This paper studied the sorption properties of an 
integral fractured rock sample taken from the R-11 
well constituting to a zone of the Nizhnekanskiy 
granitoid massif with respect to Cs, Sr/Y, and Am  
It was noted that the sorption capacity of the stud-
ied sample with respect to radionuclides increases 
in the following series Sr/Y < Cs < Am, where maxi-
mum retention is provided for americium  Con-
sidering the mineral phase surfaces of a fractured 
rock sample pertaining to the exocontact zone of 
the Nizhnekanskiy granitoid massif, RSE were cal-
culated for cesium, strontium, americium  Based 
on the RSE calculated for each of the studied ra-
dionuclides, with the exception of americium, the 
most effective sorption phases were identified. 
It has been shown that cesium and strontium were 
predominantly retained in cracks filled with chlo-
rite  Zeolite appeared to be a less effective sorbent 
in relation to cesium and strontium  Americium 
was sorbed with the same efficiency on all mineral 
phases 

Acknowledgements

This work was financially supported by the Rus-
sian Science Foundation (grant No  19-73-20051), 
the paper was prepared according to state task of 
GEOKHI RAS No. 0137-2019-0022.

References

1  Anderson E  B , Belov S  E , Kamnev S  V  et al  
Podzemnaya izolyatsiya radioaktivnykh otkhodov [Un-
derground disposal of radioactive waste]  Moscow, 
Gornaya kniga Publ , 2011  592 p  
2  Alexandrova T  A , Blokhin P  A , Samoylov A  A , 
Kuryndin A  V  Analiz dannykh po radionuklid-
nomu sostavu RAO v kontekste otsenki dolgovre-
mennoy bezopasnosti ikh zakhoroneniya [Analysis 
of the RW Radionuclide Composition in the Con-
text of Long-Term Safety of Its Disposal]  Radioak
tivnyye otkhody — Radioactive Waste, 2018, no  2 (3), 
pp  44—51  
3  Abramov A  A , Bolshov L  A , Dorofeeev A  N , 
Igin I  M , Kazakov K  S , Krasilnikov V  Y , Lin-
ge I  I , Trokhov N  N , Utkin S  S  Podzemnaya 
issledovatel'skaya laboratoriya v Nizhnekanskom 
massive: Evolyutsionnaya prorabotka oblika [Under-
ground Research Laboratory in the Nizhnekanskiy 

Table 1. Data on the relative sorption efficiency  
for 137Cs, 90Sr/ 90Y, 241Am on the R-11 sample

Mineral phases
Relative sorption efficiency

137Cs 90Sr/ 90Y 241Am

quartz, calcite 0.6 0.4 1

zeolite, feldspars, quartz 1.2 1 1

chlorite 2 1.8 1



Radioactive Waste № 4 (17), 202168

Research Activities at Radioactive Waste Disposal Sites

68

Massif: Evolutionary Design Study]  Radioaktivnyye 
otkhody — Radioactive Waste, 2020, no  1 (10), 
pp  9—21  DOI: 10 25283/2587-9707-2020-1-9-21 
4  Gupalo V  S  Spatial characterization of the 
physical process parameters in rock mass during 
construction of the underground facility for the 
RW disposal  Russ. J. Earth Sci., 2019, vol  19, no  6, 
p  ES6009  DOI: 10 2205/2019ES000670 
5  Mahmoudzadeh B , Liu L , Moreno L , Neret-
nieks I  Solute transport in fractured rocks with 
stagnant water zone and rock matrix composed of 
different geological layers-Model development and 
simulations  Water Resour. Res., 2013, vol  49, no  3, 
pp  1709—1727 

6  Rodionova A  A , Petrov V  G , Vlasov I  E  et al  
Tsifrovaya radiografiya dlya otsenki otnositel'noy 
effektivnosti sorbtsii radionuklidov razlichnymi 
mineralami skal'nykh porod [Digital Radiography 
in the Assessment of Relative Sorption Efficiency of 
Radionuclides by Various Rock Minerals]  Radiokhi
miya — Radiochemistry, 2019, no  1 (61), pp  35—40  
DOI: 10 1134/S0033831119010064 
7  Petrov V  G , Vlasova I  E , Rodionova A  A  et 

al  Preferential sorption of radionuclides on dif-
ferent mineral phases typical for host rocks at the 
site of the future Russian high level waste reposi-
tory  Appl. Geochemistry, 2019, vol  100, pp  90—95  
DOI: 10 1016/j apgeochem 2018 11 007 

Information about the authors

Rodionova Anastasiya Andreevna, engineer, Department of Chemistry, Lomonosov Moscow State Univer-
sity (1, bld  3, Leninskie Gory, Moscow, 119991, Russia); junior researcher, Vernadsky Institute of Geochem-
istry and Analytical Chemistry of Russian Academу of Sciences (19, Kosygina st., Moscow, 119334, Russia), 
e-mail: skigirla@mail ru 

Petrov Vladimir Gennadevich, PhD, associate professor, head of laboratory, Department of Chem-
istry, Lomonosov Moscow State University (1, bld  3, Leninskie Gory, Moscow, 119991, Russia), e-mail: 
vladimir g petrov@gmail com 

Vlasova Irina Engelsovna, PhD, senior researcher, Department of Chemistry, Lomonosov Moscow State 
University (1, bld  3, Leninskie Gory, Moscow, 119991, Russia), e-mail: irinaeng@gmail com 

Bibliographic description

Rodionova A  A , Petrov V  G , Vlasova I  E  Sorption and Spatial Distribution of Radionuclides on 
Fractured Rock Minerals at the “Yeniseiskiy” Site  Radioactive Waste, 2021, no  4 (17), pp  89—93  
DOI: 10 25283/2587-9707-2021-4-89-93  (In Russian) 


