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STUDY OF TRITIUM MIGRATION AND RETENTION MECHANISMS IN THE
GEOLOGICAL ENVIRONMENT (BY THE EXAMPLE OF THE KYIV RADIOACTIVE
WASTE STORAGE FACILITY)

Radioactive waste storage facilities (RWSF) are a potential source of tritium in the biosphere. Engineered concrete constructions
are not sufficiently reliable forasmuch as water leaks contaminated with tritium from the storage facilities into the geological
environment has been detected. The barrier properties of the natural environment at the storage sites are determined by the ability
to absorb and retain heavy isotopes of hydrogen during a considerable period of time and thus exclude its circulation in the
biosphere. Various elements of the natural ecosystem take part in the absorption of tritium — the geological environment, soil
organic matter, annual and perennial vegetation, micro- and macrobiota. A certain part of tritium in the gaseous and aerosol form
is released into the air. The highest concentrations of tritium are recorded in the area close to the concrete radioactive waste (RW)
storage facilities, where the vapor-gas emanation plume is least dispersed. With distance from the storage facilities, the tritium
concentration in the soil humus layer significantly decreases due to the spatial dispersion of the tritium in the atmospheric plume.
Tritium from the air enters the soil with the atmospheric precipitation and is partially retained in the humified layer of the soil. Most
of the tritium from the atmospheric precipitation is transported by the vertical infiltration flow through the sedimentary layers
represented by loess sandy loams and loams, where it is finally retained. In the area close to RWSFs, the concentration of heavy
hydrogen isotope in pore, interstitial and film water (1 fraction) is up to 87 % of its total content in an elementary block. In the more
tightly bound forms (2 and 3 fractions), it is 9 % and 4 %, respectively. Farther from the RW storage facilities in the predominant
air flow direction, the tritium concentration in free water decreases to 75 %. In this area, more intensive redistribution of tritium
between the structural sites is observed. At the more distant monitoring points (wells), from 25 % to 37 % of the total tritium amount
in the soils is retained in more tightly bound forms in the structure of rock-forming, mainly clay minerals.

Key words: radioactive waste, tritium, clay minerals, natural barriers, hydrogen.

Safe storage of radioactive waste (RW), ionizing
radiation sources and biological materials which contain
significant amounts of tritium is an impertant task to
prevent tritium circulation in natural and technogenic
biogeosystems. To solve this problem, radioactive waste
storage facilities (RWSF) for high-, intermediate- and
low-level waste have been constructed.

Such objects are a powerful potential source of tritium
in the biosphere. In RW storage facilities, significant
amount of radioactive waste of various origin with high
tritium content is deposited. Today in the world, the
storage facilities for low- and intermediate-level
radioactive waste (LLW and ILW) range from the surface
facilities to engineered geological repositories. During the
operation of the RW storage facilities, the countries that
use various options for radioactive waste disposal faced
significant problems. It turned out that the concrete
engineered constructions are not sufficiently reliable,
forasmuch as tritium contaminated water leaks from the
storage facilities into the geological environment has been
detected. To solve the problem of tritium extraction from

the hydrogeochemical migration cycle, it is necessary to
have sufficient initial data on the mechanisms of tritium
migration from the surface RW storage facilities and to
take into account the properties of the geological media as
the last barrier on the way of possible hydrogeofiltration
release of radionuclides outside the engineered barrier
structures.

The retaining properties of the natural environment at
the locations of the tritium-containing radioactive waste
storage facilities are determined by the ability to absorb
and retain this heavy hydrogen isotope during a
considerable time period and thus prevent its circulation
in the biosphere. Taking into account the relatively short
half-life of tritium, long-term deposition in the
environment results in the decrease in its absolute
concentration. Various elements of the natural ecosystem
take part in the absorption of tritium - the geological
environment, soil organic matter, annual and perennial
vegetation, micro- and macrobiota. A certain amount of
tritium in the gaseous and aerosol form is released into the
air. Thus, the comprehensive assessment of the barrier
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properties of the natural environment requires using a
differential approach, taking into account the fact that the
nature and capacity of tritium absorption and retention in
various elements of the environment are different.

The aim of the work is to determine the mechanisms
of migration and retention of tritium in the geological
environment as the last barrier for tritium
hydrogeofiltration release into the environment from the
radioactive waste storage facilities.

Materials and methods.

To assess the protective barrier properties of the top
layer of a soil profile in the area influenced by the Kyiv
RWSF (KRWSF), soil samples were taken from pits (T. 1

— T. 20) at the depth of 1.2-1.5 m, located in 3 profiles
within the sanitary protection zone (SPZ), starting from
the KRWSF fence to the bottom of the slope (Fig. 1).
Samples were taken from soil sections (pits) at intervals
of 0-25 cm (layer 1, humified podzolized sandy loam and
loam); 25-60 cm (layer 2, sandy loam and loam of the
upper part of the sections); 60-120 and 120-150 cm
(layers 3 and 4, sandy loam and loam of the lower parts of
the sections). To assess the possible release of the
hydrogeofiltration release of tritium into the aquifer
discharge zone (sands of the Novopetrivsk Formation),
soil samples were taken at monitoring points OC 1 + OC
8 (Fig. 2.1), located along the bottom of the slope
(contour profile) composed of Kyiv marl suite.
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Fig. 1 Scheme of soil sampling in SPZ
KRWSF
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In addition to monitoring of the tritium distribution in
the soil surface layers, tritium deposition was studied in
the deeper layers of the sedimentary strata (down to the
depth of 4 m from the surface) using wells. The wells
were drilled along the northeastern (C-21, C-25) and
northwestern (C-27, C-31) hydrogeomigration tritium
flows (Fig. 1). The wells C-21 and C-27 crossed the upper
parts of the sedimentary strata, which supplemented data
for the assessment of the barrier properties of the humus
layer obtained from the pits, and allowed to determine the
retaining properties of the loess sandy loam and loam
directly underlying this layer. The wells C-25 and C-31
were drilled to obtain material to determine the tritium
content in the aquifer at the interface with the
impermeable Kyiv marl suite [2].

From the soil samples, water extracts corresponding to
pore and surface adsorbed water (fraction 1; extruction
temperature 16-120 °C), hydrated water and interlayer
water of clay minerals (fraction 2; 120-300 °C) and
structural OH groups of clay minerals (fraction 3; 450-
750 °C) were prepared. After purification from organic

impurities (oxidation with an anhydrous oxidizing agent)
and distillation, the water extracts were mixed with a Hi
Sife 3 Wallac scintillator in a ratio of 8:12. The tritium
content in the emulsions was determined by a liquid low-
background scintillation B-spectrometer Quantulus 1220
(LKW Wallac).

Assessment of the barrier properties of the upper
layer of the soil profile.

The results of determining the tritium content in the
water extracts from these samples at 16-120 °C are given
in Tables 1 and 2.

Dependence of the tritium content on the spatial
location of soil samples is shown in Fig. 2.2 and 2.3.
Tritium from the steam-gas releases outside the RW
storage facilities according to the physicochemical
processes occurring in the air entered the soil surface with
atmospheric precipitation. The higher humus saturation of
the surface soil section (spacing 0-25 cm) provided more
efficient immobilization of tritium (Fig. 2).
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Ta6auus 1. [TATOMa aKTHBHICTH TPUTIO Y IPYHTOBHUX MepeTHHaX mypdis, Brxam2 [2].
Table 1. Specific activity of tritium in soil sections of pits, Bq-dm™3 [2].

Profile N Pit N Layers and intervals of soil sections (cm)
1(0-25) 2(25-60) 3 (60 -120) 4 (120 - 150)
1 1 19194 7920 9290
1 2 8200 4750 4000
1 3 3430 2850 345
1 4 122 147 178
1 5 136 345 1490
1 6 845 1570 700
1 ; 644 810 164
2 8 1940 146 130
2 9 690 1100 138
2 10 530 615 162
2 1 460 560 137 107
2 12 74 75 106 79
2 13 306 367 457 373
3 14 1300 2378 1300
3 15 917 2230 1260
3 16 930 1470 1300
3 17 1160 1450 753
3 18 450 722 574
3 19 1286 868 520
3 20 570 870 500

The highest concentrations of tritium are recorded in
the area close to the concrete radioactive waste storage
facilities, where the vapor-gas emanation plume is least
dispersed (Fig. 2.1, pits 1, 2 of profile 1 and pits 8, 9 of
profile 2). Further along the slope, the tritium
concentration in the soil humus layer decreases
significantly (Fig. 2.2, A, B) due to the spatial dispersion
of tritium in the atmospheric plume.

The loess sand and loam layers that lie under the
humus-rich soils (layers 2, 3, 4; Table 2.1) are the main
geological barrier for the surface hydrogeofiltration flows
of tritium. Thus, the layers 3 and 4 almost completely
block the vertical migration of tritium in soil sections
(Fig. 2, A, B). A decrease in the accumulation of the
organic matter in the upper soil layer can probably be
explained by the convex shape of the surface relief

(profile 3; Fig. 2, B), compared with the concave shape
(profiles 1 and 2). Nonetheless, the tritium from the
atmospheric precipitations is efficiently retained in loess
sands and loams that occur directly under the humus
layer.

Increased concentrations of tritium caused by the
hydrogeofiltration flows coming from the unsealed RW
storage facilities have been detected along the base of the
stream valley slope in the sands of the Novopetrivsk
Formation and marls of the Kyiv Formation (Table 2, Fig.
2).

These data indicate that the surface soils at the base of
the stream valley slope also partially retained tritium
coming from the atmospheric precipitation and
hydrogeofiltration flows from radioactive waste storage
facilities.
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Fig. 2. Deposition of tritium in
the soil surface layers in the
KRWSF  sanitary  protection
zone. A - profile 1, B - profile 2,
C - profile 3 (location of profiles
see Fig.1).

Taomuus 2. [IuToMa akTHBHICT TPUTIIO B TYMYCOBaHUX IpyHTaX KOHTypHOro npodimo C33 KII3PB.
Table 2. Specific activity of tritium in humus-rich soils of the SPZ KRWSF contour profile.

M.p. 10C 20C 30C 40C 50C 60C 70C 80C
Bq- dm-? 710 92 520 330 1980 200 593 287
ITpumitka: T.c. — TOUKH CIOCTEPEIKECHB.
Note: M.p. — monitoring point
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2000 Puc. 3. TlurtomMa aKTWBHICTH TpHTIIO B
1600 IPyHTaX KOHTYPHOTO TPOQLII0  B3TOBXK
- migomsu cxmry C33 KII3PB.
£1200 Fig. 3. Specific activity of tritium in the
g- soils of the contour profile along the base of
800 slope near SPZ KRWSF
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Taéauus 3. BMicT TpUTIiIO y IpyHTaX BepTUKAIGHUX IIEPETHHIB CBEPIOBHH.
Table 3. The content of tritium in soils in the vertical sections of wells

Type of soil Sampling Sample Water extract volumes, ml Tritium specific activity in soil moisture
depth, cm number fractions, Bg-dm~3
1 fraction ‘2 fraction ‘3 fraction |1 fraction ‘2 fraction ‘3 fraction
Well 21
Humus Soil 5 21/1 15.4 6.75 212 849 563 575
Humus Soil 25 2112 7.97 4.1 13 283 251 185
Sandy loam 50 2173 8.43 1.94 0.91 351 180 121
Clay sand 80 21/4a 18.43 2.3 1.4 468 283 343
Loam 160 21/5a 15.05 0.81 1.55 810 753 484
Sand loam 200 21/6a 71 1.45 1.41 591 185 105
Clay sand 230 2117 6.85 2.87 153 968 621 262
Clay sand 280 21/8 9.59 2.1 0.82 1003 610 415
Loess loam 330 21/9 13.78 1.55 1.4 1044 474 300
Loess loam 400 21/10 13.03 34 1.98 776 329 247
Well 25
Humus soil 5 25/1 29.35 5.3 1.39 230 245 72
Humus slide rock 25 25/2 14.02 9.54 1.46 130 138 158
Loam 50 25/3 16.8 8.7 15 173 96 60
Variegated loam 100 25/4 19.3 8.47 15 216 139 60
Silt loam 150 25/5 15.6 8.4 1.0 428 435 420
Wet sandy loam 200 25/6 28.3 11.8 14 774 808 432
Damp sandy loam 255 257 28.94 13.25 0.85 906 946 506
Sand 300 25/8 6.9 0.78 2.09 445 205 139
Damp mergel 350 25/9 23.76 9.44 1.67 64 46 6
Damp mergel 400 25/10 47.74 10.42 3.51 45 39 14
Well 27
Humus Soil 5 27/1 28.05 5.8 2.05 458 249 366
Humus sand loam 25 27/2 6.6 0.24 1.97 452 450 363
Humus sand loam 50 27/3 9.08 2.04 1.06 264 370 250
Clay sand 100 2714 10.27 2.18 1.57 308 327 272
Clay sand 150 27/5 9.24 2.6 1.44 215 197 184
Damp clay sand 200 2716 13.49 5.47 1.64 268 217 419
Damp clay sand 250 2717 19.73 7.2 1.8 277 224 326
Damp clay sand 300 27/8 16.31 174
Loess clayey sand 350 2719 9.35 3.95 1.7 93 148 283
Loess clayey sand 400 27/10 8.53 6.35 1.72 130 130 65
Well 31
Humus Soil 5 31/1 14.3 5.6 2.04 175 141 382
Humus Soil 25 31/2 9.76 0.71 0.89 131 605 471
Sand loam 50 31/3 3.86 214
Silt loam 100 31/4 8 14 0.42 179 329 147
Damp sand loam 150 31/5 22.18 7.14 2.94 136 123 146
Damp sand loam 200 31/6 21.33 7.4 2.83 106 83 137
Damp sand loam 250 31/7 31.9 5.81 0.99 106 221 134
Carbonate gley 300 31/8 15.38 8.41 3.84 22 80 117
Carbonate ferruginized gley 350 31/9 27.97 15.25 5.54 73 88 96
Carbonate ferruginized gley 400 31/10 28.5 9.34 5.6 73 88 96
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Estimation of barrier properties of the sedimentary
stratum in the SPZ KRWSF geological environment.

The distribution of tritium specific activity in vertical
sections up to the depth of 4 m is presented in Table 3 and
Figure 4 [2].

As it was found in the field studies, tritium extracted
from the air comes on the soil surface with atmospheric
precipitation and is partially retained in the soil humus
layer (Fig. 4, A).

Most of the tritium from the atmospheric precipitation
is transported with a vertical infiltration flow through the
sedimentary layers represented by loess clayey sands and
loams, where it is finally retained. This significantly
reduces the specific activity of tritium. A part of the
heavy hydrogen isotope infiltrates into the aquifer. While
in the vicinity of the radioactive waste storage facility the
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specific activity of tritium in the hydrogeofiltration flow
reaches nx10” Bg-m™ 3, in the area of aquifer discharge in
the local stream valley slope, it is about 900 Bq:m™ 3
(Table 3, well 25, spacing 200-300 cm). Thus, the specific
activity of tritium decreases by 4 orders of magnitude
during tritium migration with the infiltration flows from
the storage facility through the geological environment at
KRWSF site.

A slight increase in the tritium concentration to 64
Bg-dm -~ % is observed in the upper part of the local
impermeable layer due to water exchange between wet
sand loams and wet upper marl layers (Table 3). So, the
local impermeable horizon represented by marls and gleys
is an effecient barrier for the vertical migration of tritium
(Table 3).
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Fig. 4. Tritium specific activity distribution in vertical soil sections. Wells 21 (A); 25 (B); 27 (B); 31 (D). Sanitary protection zone

of KRWSF.

Estimation of the degree of tritium retention in the
geological environment.

A more adequate assessment of the geological
environment retention properties is the indicator of the
specific tritium reserve in unit mass (Bq-kg™) or volume

(Bq:dm™) in soil section components. This approach is
based on the methodological recommendations developed
by B.A. Polynov and M.A. Glazovskaya for study of the
chemical element redistribution processes from the
landscape geochemistry standpoint [3, 5]. Indicative
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parameters of the geological environment retention
properties were calculated within the elementary blocks
typical for some parts of the forest landscape at the Kyiv
SPZ RWSF. The blocks with the surface area of 0.5 x 0.5
m? and the depth of 4 m (the total volume 1 m®) were
studied. Specific tritium amout was determined separately
for each layer of the soil section from the aeration zone,
aquifer and impermeable horizons. The water extractions
(fractions) corresponding to different structural positions
in the mineral sample were examined at different
temperatures (Table 4). The tritium amount in each block
was calculated from expressions (1) (for 1 kg of soil in
each layer) and (2) (for the block as a whole):

Qim=Ai><Vi,j><mi_1

m .. . .
where: Qi — tritium reserve in the mass of the i'" layer of

1)

the soil section, Bq-kg™?; Aj— specific tritium activity in
the i layer of the soil section, Bq-dm™, V i,j— volume
of the j water extract from the sample of the it layer of

the soil section, dm; [Tj — mass of the sample from the
i" layer of the soil section, kg.

m
Quotal = 2Qj Xhix§ x0 e
where: Qtotal‘ total tritium reserve in the elementary
block, Bqg;
section, m; S - cross-sectional area of the elementary

hi - thickness of the i layer of the soil
i \

block, m% & - soil density, kg:m?.

In the natural-technogenic biogeosystem consisting of
the acceptor part of the system and the donor element that
as a result of releases from RW storage facilities forms
atmospheric and hydrogeofiltration tritium transfer plums,
the geological environment is a high capacity heavy
hydrogen isotope retention medium. In the area close to
the radioactive waste storage facility where the air plume
is least dispersed, the atmospheric precipitation contains
the highest tritium amount (elementary block C-21;
Tables 4 and 5) resulting in higher heavy hydrogen
isotope contents in free water — pore, interstitial and film
water (1st fraction) — up to 87 % of its total content in the
block.

In more strongly bound forms (2 and 3 fractions), 9 %
and 4 % are fixed, respectively. Farther from the
radioactive waste storage facilities in the predominant
direction of air flow, the concentration of tritium in free
water decreases to 75 % (block C-25; table 5). The less
powerful plume of tritium air transport from RW storage
facilities in the north-western direction caused less

o1

concentrated fallouts from the atmosphere to soil (wells
C-27 and C-31; table 4). Far from RW storage facilities, a
more intensive redistribution of tritium between structural
positions is observed. Thus, in remoter wells C-25 and C-
31 from 25% to 37% of the total tritium amount in the
soil sections is included in more strongly bound forms in
the structure of rock-forming, mainly clay minerals (table
5).

The surface humus layer is the first element in the
landscape in the path of vertical migration of tritium
which entered the soil surface with precipitation. From
1.6 % (C-25) to 3.4 % (C-31) of tritium is retained in this
layer (Table 6).

During further infiltration of the precipitation through
the sedimentary layer, tritium is most efficiently retained
by clay sands and loams. They retain respectively 15 %
and 25 % of the total content of tritium in the elementary
block of the landscape (table 2.6). It should be noted that
the main part of the tritium reserve in the elementary
blocks of the SPZ KRWSF landscapes is in loosely bound
pore and film water — from almost 87 % in C-21 block to
63 % in C-31 block (Table 2.6). The content of tritium in
other structural positions of sand and loam minerals varies
depending on the content in the sections of the clay
component, as the main component that provides the
binding of the heavy isotope in more firmly fixed
positions.

Within the local aquifer, two water flows of tritium
are probably combined — the infiltration from atmospheric
precipitations and hydrogeofiltration ones, which form
releases from unsealed RW storages. Thus, in all
structural positions of wet sandy loams, a significant
increase in the specific tritium activity was found (Table
2.4), which is due to the presence of up to 50-70 % of the
total tritium amount in the landscape elementary blocks C
- 31 and C - 25 in this horizon (Table 2.5). The clay
component in the upper part of the impermeable horizon
(carbonate ferruginized gley of Kyiv suite P2kv)
facilitates absorbtion of tritium (in general, in the
carbonate ferruginized gley layer of block C - 31 — up to
37 %). While in solid mergels the amount of tritium is up
to 9 % over the layer (block C — 25; table 2.4).

In the process of hydrogeomigration, tritiated water
filtered through the sedimentary layer can fill
intergranular pores (gravitational and capillary water),
form adsorption films around mineral particles (film and
hygroscopic water), and interact with rock-forming
minerals (Fig. 2.5).
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Ta6muus 4. [Turomi 3amacu TPUTIIO B elleMeHTapHIX Gitokax reonorigroro cepenosuina C33 [13PB Kuiscskoro JIMCK [2].

Table 4. Specific tritium reserve in the elementary blocks of the geological environment at the Kyiv SPZ RWSF [2].

Type of soil Layer Tritium reserve in soil moisture fractions,|Layer-by-layer tritium reserve in soil moisture
volume, m®  |Bq-kg™of soil fractions, Bq
1 fraction |2 fraction |3 fraction 1 fraction |2 fraction |3 fraction
Well 21
Humus soil 0.013 42.2 12.3 39 516 150 48
Humus soil 0.050 73 33 0.8 437 206 48
Sandy loam 0.063 10.0 11 0.4 1074 127 40
Clay sand 0.075 28.0 2.1 15 3756 283 209
Loam 0.200 35.0 1.7 2.1 12600 612 756
Sand loam 0.050 14.0 0.9 05 1260 81 45
Clay sand 0.125 19.0 51 11 4275 1148 248
Clay sand 0.125 27.0 37 1.0 6075 833 225
Loess loam 0.125 41.1 2.1 1.2 0248 472 270
Loess loam 0.175 28.9 32 1.4 9100 1007 440
Total (Qotal) 48341 4918 2329
Well 25
Humus soil 0.013 19.0 37 03 285 56 5
Humus slide rock 0.050 5.0 38 07 300 228 42
Loam 0.063 8.0 2.4 0.3 900 270 34
Variegated loam
0.125 10.0 2.9 0.2 2250 653 45
Silt loam 0.125 17.0 9.1 11 3825 2048 248
Damp sandy loam 0.125 55.0 42 06 12375 945 135
Damp sandy loam 0.138 66.0 31.0 11 16335 7673 272
Sand
0.113 8.0 0.4 0.7 1620 81 142
Damp mergel 0.125 4.0 11 0.0 950 261 7
Damp mergel 0125 6.0 11 01 1425 261 24
Total (Qtotar ) 40265 12475 953
Well 27
Humus soil 0.013 32.1 36 1.9 482 54 28
Humus sand loam 0.050 7.5 0.3 1.8 447 16 107
Humus sand loam 0.063 6.0 1.9 0.7 449 142 50
Clay sand 0.125 7.9 1.8 1.1 1779 401 240
Clay sand 0.125 5.0 1.3 0.7 1117 288 149
Damp clay sand 0.125 9.0 3.0 1.7 2034 668 387
Damp clay sand 0.125 13.7 4.0 1.5 3074 907 330
Damp clay sand 0.125 7.1 1596
Loess clayey sand 0.125 22 15 1.2 489 329 271
Loess clayey sand 0.125 28 21 0.3 624 464 63
Total (Quoral) 12092 3269 1624
Well 31
Humus soil 0.013 6.3 2.0 19 94 30 29
Humus soil 0.050 32 11 10 192 64 63
Sand loam 0.063 2.1 232
Silt loam 0.125 36 12 02 806 259 35
Damp sand loam 0.125 7.5 22 1.1 1697 494 241
Damp sand loam 0.125 5.7 15 1.0 1272 345 218
Damp sand loam 0.125 85 3.2 0.3 1902 722 75
Carbonate ferruginized gley 0.125 0.8 1.7 1.1 190 378 253
Carbonate ferruginized gley 0.125 5.1 34 1.3 1212 797 316
Carbonate ferruginized gley 0.125 5.2 2.1 1.3 1235 488 319
Total (Qotal) 8832 3578 1549
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Tabmuus 5. Y3araasHEHHH 3amac TPUTIO Y (PPAKISX BOJIOTH 3 TPYHTIB Ta X CIHiBBIJHOIICHHS B €JIEMEHTApHHUX OJIOKax JTiCOBOTO

nangmagTy C33 KII3PB.
Table 5. General tritium amout in soil moisture fractions and their ratio in the elementary blocks of the forest landscape near SPZ
KRWSF.
Elementary block Ratio of general tritium amout in soil
Tritium amount in landscape elementary block, Bq moisture fractions
1 fraction 2 fraction 3 fraction Qtotal Kr* Kr** Kr***
C21 48341 4918 2329 55588 0.87 0.09 0.04
C25 40265 12475 953 53692 0.75 0.23 0.02
C27 12092 3269 1624 16986 0.71 0.19 0.10
C31 8832 3578 1549 13959 0.63 0.26 0.11

Note: Quota — General tritium amout in elementary blocks, Bq; Kr* , Kr**, Kr*** Ratio of general tritium amout in soil moisture
fractions in 1t (1fr./Quota), 2™ (2 fr./Qrotar) and 3" (3 fr./Qurar) fractions, respectively.

Puc. 5. Crpykrypa TIHHHCTHX TNOpiA. Arperar — INIMHHACTA YacTHHKA, IO
CKJIQIAETHCS 3 CYKYITHOCTI eIeMEHTapHHUX CTPYKTYPHUX makeTis [18].

Fig. 5. Clay rock structure. Aggregate is a clay particle consisting of a set of
elementary structural packages [18].

ca. lym

o o 000000000
0959,9,992.0. 00000209, d

Atmosphere

Puc. 6. Po3ramyBaHHS MONEKya BOAM B Mexax AWQy3ifiHOro mapy TBepaol
YAaCTHUHKH MOPOAM. | - YaCTMHKM MOPOAM; 2 - KpaIuli BOAM Y BUIJIAIl MapH; a -
YACTHHKH 3 HEMOBHOIO TirpOCKOINYHICTIO; O - YacTHHKH 3 MaKCHMAJbHOIO
TirpOCKOMIYHICTIO; B 1 T - YAaCTHHKU 3 IUIIBKOBOIO BOJOIO (BOIA PYyXaeThCs Bif
YACTUHKH T JI0 YACTUHKH B, OTOYEHIH OiNBII TOHKOIO IUTIBKOIO); IT - YaCTHHKHU 3
rpasiTariiiaoi Bojxoro [1].

Fig. 6. The location of water molecules within the solid rock particle diffusion
layer. 1 - rock particles; 2 - water drops in the steam form; a - particles with
incomplete hygroscopicity; b - particles with maximum hygroscopicity; ¢ and d -
particles with film water (water moves from particle g to particle c, surrounded by
a thinner film); e - particles with gravitational water [1].
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Taomauus 6. [Tormaposa gacTka 3amacy TPUTIIO y paKmisx TPYHTOBOI BOJIOTH BiJl 3arajIbHOTO 3aMacy B €ICMEHTAPHHUX OJI0Kax
nicoBoro nangmadry C33 KII3PB (%).

Table 6. Layer-by-layer percentage of tritium amount in soil moisture fractions in the elementary blocks of the forest landscape in

SPZ KRWSF (%).

Type of soil in elementary blocks Liyer volume, |Percentage of tritium amount in soil moisture fractions, %
m 1fr./Quota |2 fr./Quu |3 r./Quu | Total
c21
Humus soil 0.013 0.93 0.27 0.09 1.28
Humus soil 0.050 0.79 0.37 0.09 1.24
Sand loam 0.063 1.93 0.23 0.07 2.23
Clay sand 0.075 6.76 0.51 0.38 7.64
Loam 0.200 22.67 1.10 1.36 25.13
Sand loam 0.050 2.27 0.15 0.08 2.49
Clay sand 0.125 7.69 2.06 0.45 10.20
Clay sand 0.125 10.93 1.50 0.40 12.83
Loess loam 0.125 16.64 0.85 0.49 17.97
Loess loam 0.175 16.37 1.81 0.79 18.97
Total (Qrotal) 86.96 8.85 4.19 100.0
C25
Humus soil 0.013 0.53 0.10 0.01 0.64
Humus slide rock 0.050 0.56 0.42 0.08 1.06
Loam 0.063 1.68 0.50 0.06 2.24
Variegated loam 0.125 4.19 1.22 0.08 5.49
Silt loam 0.125 7.12 3.81 0.46 11.40
Damp sandy loam 0.125 23.05 1.76 0.25 25.06
Damp sandy loam 0.138 30.42 14.29 0.51 45.22
Sand 0.113 3.02 0.15 0.26 3.43
Wet mergel 0.125 1.77 0.49 0.01 2.27
Wet mergel 0.125 2.65 0.49 0.04 3.18
Total (Qrotal) 74.99 23.23 1.77 100.0
Cc27
Humus soil 0.013 2.84 0.32 0.17 3.32
Sand loam 0.050 2.63 0.10 0.63 3.36
Sand loam 0.063 2.65 0.83 0.29 3.77
Clay sand 0.125 10.47 2.36 1.41 14.25
Clay sand 0.125 6.58 1.70 0.88 9.15
Loam 0.125 11.97 3.93 2.28 18.18
Loam 0.125 18.10 5.34 1.94 25.38
Clay sand 0.125 9.40 9.40
Loess clayey sand 0.125 2.88 1.94 1.59 6.41
Loess clayey sand 0.125 3.67 2.73 0.37 6.78
Total (Qrotal) 71.19 19.25 9.56 100.0
C3l1
Humus soil 0.013 0.67 0.21 0.21 1.09
Humus soil 0.050 1.37 0.46 0.45 2.29
Sand loam 0.063 1.66 1.66
Clay sand 0.125 5.77 1.86 0.25 7.88
Damp sandy loam 0.125 12.16 3.54 1.73 17.42
Damp sandy loam 0.125 9.11 2.48 1.56 13.15
Damp sandy loam 0.125 13.63 5.17 0.53 19.33
Carbonate ferruginized gley 0.125 1.36 2.71 1.81 5.89
Carbonate ferruginized gley 0.125 8.68 571 226 16.66
Carbonate ferruginized gley 0.125 8.85 3.50 2.29 14.63
Total (Qrotal) 63.27 25.63 11.09 100.0
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Structural and physicochemical features of quartz and
feldspar, the most common minerals among the
clastogenic part of loess rocks, determine the possibility
of formation of adsorption films and condensed
hygroscopic water on the grain surface (Fig. 6) with HTO
molecules not being a part of their structure. Hygroscopic
water covers the surface of mineral grains and structural
aggregates of the soil with a very thin film.

Hygroscopic water is formed by water vapor
deposition from the air. This water is firmly held on the
surface of the particles by molecular and electrical forces
and can be removed only at a temperature of 105-110 °C.
Quantitatively, the process of physical monomolecular
adsorption is described by Langmuir's equation (3) [4].

__aeP
l+aeP
where: © - adsorbent particle surface area fraction
occupied by the adsorbate, a - Langmuir adsorption
coefficient, P — adsorptive concentration

The adsorption equilibrium state can be expressed like

(4)
Z

(1-6)P

Hygroscopic water movement is possible only after
transition into the vapor state. Depending on the amount
of hygroscopic water retained on the rock particles,
incomplete (Fig. 6, a) and maximum hygroscopicity (Fig.
6, b) are distinguished. The maximum hygroscopicity of
fine-grained and clay rocks can reach 18 %, in more
coarse-grained rocks it drops to 1 % by dry matter weight.

Film water is formed on rock particles at a humidity
level exceeding the maximum hygroscopicity. The
surface of the particles is enveloped by a water film which
is several molecular layers thick and covers the
hygroscopic moisture (Fig. 6, ¢, d). The film water is
retained on the rock particles by molecular adhesion
forces. The thinnest layer of water immediately adjacent
to the particle is most strongly bound. As the film
thickness increases, the action of the retention forces
markedly decreases up to insignificant level on the
surface of the film. The moisture content in the rocks that
corresponds to the maximum film thickness, corresponds
to the maximum molecular moisture content.

The film water is able to move as a liquid from thicker
films to thinner ones. The maximum content of the film
water (maximum molecular moisture content) is (%):
sands — 1-7, sand loams — 9-13, loams — 15-23 and clays —
25-45. When the thickness of the film increases to the size
that does not ensure retention of its outer layers, the film
water becomes free, which under the gravity effect will
flow from the rock particles, and thus is a source of
gravitational groundwater resupply (Fig. 6, d).

(4)
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The gravitational water fills the pores in sedimentary
rocks and can move freely through the pore space in
unsaturated (aeration zone) and saturated filtration areas.
This type of water is weakly held by the mineral phase,
and though being partially imbibed in the mineral mass, it
can move through the sediments.

When migrating through the hydrogeofiltration flow
sediments, the tritium concentration in different types of
water in the pore space changes due to diffusion processes
according to Fick's 2nd law (5)

dc__D dx
dt dx?

At a low filtration rate through the loess and sandy
loam layers (5.6x107 — 2.6x10%) m-s™, this may further
tritium retention in the sedimentary layer.

The main adsorbent component in these rocks, as
shown by our study of the landscape-geochemical system
of the KRWSF site, are clay minerals [6-17], the presence
of which in the sedimentary deposits underlying the RW
storage facilities reduces the specific tritium activity in
the geofiltration flow by several orders of magnitude.

Q)

Conclusions

In the natural-technogenic biogeosystem consisting of
the acceptor part of the system and the donor element
which as a result of releases from radioactive waste
storage facilities forms atmospheric and
hydrogeofiltration tritium transfer plumes, the geological
environment is a high capacity reservoir of heavy
hydrogen isotope.

The surface humus layer is the first element in the
landscape in the path of vertical migration of tritium
which entered the soil surface with atmospheric
precipitation. Up to 3.5 % of tritium precipitated on the
soil surface is retained in this layer. Most of the tritium
from the precipitation is transferred by a vertical
infiltration flow through the sediment layer, where it is
almost completely retained. The adsorption capacity of 1
m? of soil may exceed 55,000 Bq.

The main part of the tritium reserve in the elementary
blocks of the SPZ KRWSF landscape is in loosely bound
pore and film water. In the area close to the RW storage
facilities, where the air plume is least dispersed and the
atmospheric precipitation containing the highest tritium
amount enters the soil surface, most of the heavy
hydrogen isotope — up to 87% of its total content in the
elementary block of the geological environment is
accumulated in such form, and only up to 13 % is in more
firmly fixed forms.

Father from the RW storage facilities along with
decrease in the tritium concentration in the atmospheric
migration flow in the free water, its content decreases to
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65-75 %, with more intensive redistribution of tritium
between structural positions, where from 25 % to 37 % of
the total tritium amount in soils is retained in the structure
of rock-forming, mainly clay minerals.

The amount of tritium in the more firmly fixed
positions in sands and loams depends on the clay content
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BU3HAUYEHHS MEXAHI3MIB MITPAIIIl TA IENIOHYBAHHSA TPATIIO B TEOJIOTTYHOMY CEPEJOBUIII (HA TIPUKJIAI
KHATBCHKOT'O MYHKTY 3BEPEXEHHS PAJIOAKTABHUX BIIXO/IB)
Ilywkapvoe O.B., Ceepyk 1.M.

HMymkapso O.B., cT.H.C., TOKTOp Teo0N. H, IpOB.H.C., JlepkaBHa ycTaHOBa "IHCTHUTYT reoximii HaBKkoiMImHbOro cepemosuma HAH Vkpainm",
ORCID:0000-0002-4382-8620, pushkarevigns@gmail.com

Cespyk LM., kreomH, c.H.c., JlepxxaBHa ycranoBa "[HcTuTyT reoximii HaBkomumuboro cepegosuma HAH VYxpainu", ORCID:0000-0003-2407-
0735, Irina_mihalovna@ukr.net

Ilynkmu 36epeoicenns padioakmusnux 6ioxodie (II3PB) ¢ nomyocnum nomenyitinum Ooxcepenom mpumito y 6biocgepi. Inoicenepni cnopyou 3
BUKOPUCMAHHAM OEeMOHHUX KOHCMPYKYI He € OOCMAMHbO HAOIUHUMU, OCKIIbKU HA NOOIOHUX 00 '€Kmax 6usiGleHo NPOMIKAHHS 3i CXO8UWY 6
2eono2iyne cepedosuiye 3a0pyOHenol mpumiem 6oou. Bap epri enacmugocmi npupoOHO20 cepedosuiya 8 MiCysx po3MIWeHHs CXO8ULY BUSHAYAIOMbCS
30amuicmio no2IuHAMY MA YMPUMy6amu 3HAYHULL 4ac yell 6adICKull i30Mon OOHIO | MAKUM YUHOM GUKTIOUAMU 11020 3 Kpyeoobizy y 6iocepi. V
NOSAUHAHHI MPUMIIO NPULLMAIOMb Y4ACMb DI3HI TAHKU NPUPOOHOI eKOCUCmeMU — 2e0N02iuHe cepedosuuje, IPYHMO6A Op2eaHika, OOHOPIYHA Mmda
bacamopiuna pocauHHicmb, MiKpo- ma makpobioma. Ilesna wacmuna mpumiro y 6uensdi 2azy ma aeposoneil Ha0X00umv y NOGIMPIHULL OACelH.
Hailbinbwi konyenmpayii mpumiro Qikcyromsbcsi 6 30Hi, HAbaUdNCeHiti 00 6emoHHUX cxosuwy pioioakmusHux 6ioxodie (PAB), de uwieiih napo-eazosux
eMaHayiil HauMeHw OUcnepeoeanuil. 3 6i00aIeHHIM Gi0 CXO08UW KOHYeHmpayii mpumito 8 2yMyCO8aAHOMY wiapi IPYHMY CYMMEBO 3MEHULYIOMbCs
BHACIOOK NPOCMOPOB6OI ducnepcii KoHyeHmpayii mpumiro 8 ammocgepromy wiaeidi. Tpumiil, wo suryuaemovcs 3 NOGIMpPs NOMPANJSE HA NOBEPXHIO
IpyHmy 3 AmMMOCOepHuUMU ONAdaMuU I HYACMKOB0 3AMPUMYEMbCA Y SYMYCOBAHOMY wapi Ipynmogozo nepemuny. bitvwa uwacmuna mpumino 3
ammocgepnux onaoie nepeHoCUmvcsl 3 GepMUKATLHUM THHIIGMPAYIUHUM HOMOKOM KPi3b MOSULY 0CA006UX IOKIAOI6, NPeOCMABIeHUX 1eCOBUOHUMU
cynickamu ma CyenuHKamu 0e ocmamoyHo 0enonyemvcs. Y nabaudiceniii 00 cxosuuy PAB 30mi - 0inbui 6UCOKUil 6Micm 8adcKo20 i30mMony 600HIO Y
BLIbHIL — NOPOGIH, IHmepcmuyiiHiil ma niisxkositl 600i (1 gpakyis) - do 87% 6i0 020 3a2arbH020 émicmy 6 eiemeHmapHomy 6aoyi. Y Ginbur MiyHo
36 s13anux opmax (2 i 3 ¢paxyii) zaxpinmoromecs 6ionosiono 9% i 4 %. 3 eiooanennsim 6i0 cxoseuuy PAB 6 nepesadicHomy Hanpsmky Oii
AMMOMIZPAYIIHO20 NOMOKY KOHYEHMPAayis mpumito y 6ilbHitl 600i 3MeHutyemocs 00 75% . 3 giodanenusm 6id cxosuuy PAB cnocmepicaemuvcs Oinvu
IHMEHCUBHUT NepepOo3nOOLT MPUMIIO MIdC CIMPYKMYpHUMU no3uyismu. Y 6iibur 6i00a1eHUX MoYKax cnocmepedicetv (ceeponosunax) 6io 25% oo 31%
3a2anbHO20 3anacy Mpumiio 6 IPYHMax Nepemumie 3ampumycmscs y Oinol MiyHO 36 A3aHUX GopMax 6 cmpyKmypi NOpoOOMEIPHUX, 20106HUM YUHOM
SAUHUCTNUX MIHepauis.

Knrouogi crosa: padioakmueni 6i0xo0u, mpumiil, iunucmi Minepaiu, npupooHi 6ap’'epu, 600eHb
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