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Abstract

Novel data are discussed concerning tritium content in surface, ground and underground waters in the
area the accidental pacific underground nuclear explosion �Kraton-3� in August 24, 1978. Early studies on
the object �Kraton-3� were mainly devoted to the determination of  surface contamination in the taiga
landscape at the moment of the explosion, and the further redistribution and migration of radionuclides
from contaminated areas under the influence of  exogenous and biogenic processes. For the first time,  an
issue was considered whether the underground source of  radioactivity is opened. Basing on the analysis of
radioecological and geochemical data, a conclusion is drawn that there occurs a significant delivery of
radionuclides from the cavity of the explosion to the surface of the earth.
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INTRODUCTION

The problem of spreading radionuclides in
the natural environment is one of  the most
urgent environmental challenges of our time.
Within the period of 1965�1988, in the terri-
tory former Soviet Union there was 104 un-
derground nuclear explosions performed (with
no taking into account nuclear tests at special
proving grounds): 72 of  them were of  nation-
al economic destination,  whereas 32 of  the ex-
plosions were aimed at seismic sounding of the
Earth. Such explosions were named �pacific
underground nuclear explosions� (PUNE). Ow-
ing to the worst case of wedging the radioac-
tivity out, four of the explosions were recog-
nized to be accidental.

The pacific underground nuclear explosion
�Kraton-3� with the power of 22 kt (TNT
equivalent) was performed for seismic sound-

ing on August 24, 1978. The place of explosion
was chosen at the right bank of the Markha
River, 38 km to the east from the settlement
of Aykhal (Western Yakutia), at a depth of
577 m in the clayey limestones and marls of
Middle Cambrian age (Fig. 1, a). After one year,
the total activity in the cavity of the explosion
was equal to 240 thousand Cu, whereas after
31 years (on October 2, 2009), this value dem-
onstrated a decrease down to 14.7 thousand Cu
resulting from the natural decay process [1].

Breaking down in the technology of driv-
ing the attack borehole resulted in accidental
releasing about 2 % of the total activity through
the mouth of the borehole, which, according
to our estimates, was equal to approximately
4800 and 294 Cu in one year and in 31 year
after the explosion, respectively. The radioac-
tive gas-dust cloud was moving in the north-
eastern direction (see Fig. 1, b), and its main
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Fig. 1. Schematic map of the location of object PUNE �Kraton-3� (a) and its radioactive trace (b) on the
right bank of the Markha River (c): 1 � boundary of the deadwood according to the results of decoding
the satellite imagery Landcat (b, c); 2 � contour lines of γ-radiation exposure dose rate (µR/h) according to
[4] (I � short-range trace, II � medium-range trace, III � long-range trace); 3 � the mouth of the attack
borehole on the mound, 1�4 � soil and moss-lichen cover sampling points (Table 1).
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activity fall at the first 3�4 km, which led to
the death of the adjacent woodland of the
northern taiga. The deceased forest, so-called
deadwood, still represents a dead forest consist-
ing of the Gmelin larch (Larix Gmelinii) with
weakly sprouting low shrubs; There is almost
everywhere moss and lichen cover developed (gen-
era Cladina,  race Dicranum,  Hylocomium,  etc.).

In 1981,  on this site decontamination works
have been carried out: a 10�15 m west of the
mouth of the attack borehole was constructed
combat pit volume of about 4000 m3, which
buried the contaminated drilling equipment,
machinery and topsoil from the work site. In
2006 the lake, formed above the mouth of the
attack borehole and a burial ground there was
formed mound from the alluvium of local riv-
ulet local about 1.5 m high and with the area
amounting to 0.731 hectares.

Within the period from 1981 to the 1990s,
the secret object of �Kraton-3� remained with-
out supervision. In 1984, the geologists of Yaku-
tia �discovered� the area of taiga with the ra-
dioactive cesium anomaly of unknown origin,
however further work concerning the fact were
not performed. Since 1993, at the object of PUNE
�Kraton-3� there began radioecological studies
[2, 3]. In 2002, the Ministry of Nature Protec-
tion of the Republic Sakha (Yakutia) carried out
a detailed pedestrian radiometric and gamma-
ray spectrometric survey within the �dead�
forest [4]. This investigation was followed by
studies on spreading 90Sr, 60Co, 241Am, 238Pu,
239, 240Pu isotopes and their distribution through-
out the components of ecosystems [5�8].

During the first year after the explosion of
the majority of short-lived isotopes with in-
duced and fission-fragment activity has decayed.
Further, during a long period of time (up to
100 years after the explosion) one of the main
contributors to the overall activity should be
presented by tritium, and only later on the to-
tal radioactivity would be determined by long-
lived fission-fragment radionuclides such as
90Sr, 137Cs. In the course of the period under
reporting the activity of tritium demonstrated
an approximately five-fold decrease as to com-
pare with the initial radioactivity value, whereas
the total fission-fragment activity exhibited a
several orders of magnitude decrease. There are
no data available from the literature concern-

ing the chemical species of tritium to occur in
the explosion-induced cavity. Under the surface
conditions,  the tritium occurs predominantly
in the form of water molecules 3H1HO [9],
which provides a high mobility of tritium. Thus
within the areas of PUNE the tritium could
serve as an indicator of occurring sources and
dominant aqueous mass transfer directions for
radionuclides.

The purpose of the present work consisted
in establishing the relationship between the tri-
tium content in naturally occurring waters
within the region of the PUNE �Kraton-3� and
the radioecological situation in general.

EXPERIMENTAL

The routine sampling of  naturally occur-
ring waters within the area PUNE �Kraton-3�
was performed during the period of 2008�2009:
six samples were taken within the first ten days
of August, 2008, whereas 59 samples were
taken within the first ten days of August, 2009.
Water samples of 1 L in volume were prelimi-
nary filtered through a Blue Ribbon filter pa-
per, being further acidified with concentrated
nitric acid at a ratio of 1 mL of HNO3 per 1 L
of an aqueous sample. Under the laboratory
conditions the samples were passed through
membrane filters with the pore diameter of
0.2 µm. The tritium activity in water samples
was measured by means of liquid scintillation
spectrometry technique with the use of a Tri-
Carb 2800 spectrometer (the USA). Samples
were mixed with a scintillation cocktail in plas-
tic vials (V = 20 mL) at a ratio sample/cocktail
= 8 : 12. The mixtures were prepared held in a
cool dark place for 48 h for stabilizing, with
further determining the content of tritium
therein [10]. The minimum detectable 3H ac-
tivity was equal to 1 Bq/L; when the 3H ac-
tivity was higher than 40 Bq/L the relative er-
ror did not exceed 6 %, the activity of
10�40 Bq/L resulted in the determination er-
ror ranging within 10�15 %, whereas the ac-
tivity lower than 10 Bq/L gave the relative
average error amounting to 34 %.

Within the first ten days of 2009, we took
the samples with the volume up to 80 L each
in order to determine the 90Sr, 239, 240Pu, 238Pu
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therein those were preserved with concentrat-
ed nitric acid at a ratio of 1 mL of HNO3 per
1 L of sample. Under the laboratory conditions,
the samples were previously concentrated by
means of a radiochemical method. The activity
of 90Sr was determined according the isotope
90Y by means of β-radiometry employing a
RUB-01P radiometer with the use of a low
background detection unit BDZhB-06P. The sen-
sitivity of the method is equal to 0.01 Bq. The
relative error did not exceed 10 %. The activity
of Pu isotopes was determined by means of
α-spectrometry method using a 7184 EURISYS
MEASURES single-channel α-spectrometer
(France) [11]. In order to register α-radiation
we used high resolution solid state detectors
(SSD) such as PLUS 300-15 with an active area
equal to 300 mm2 and 15 keV resolution. The
detection limits for Pu isotopes are at a level
of 5 ⋅ 10�4 Bq at a measurement time of 2 ⋅ 105 s.
Standard 42Pu and 236Pu solutions were used.

The samples of soil and vegetation, after
preliminary ashing were radiochemically con-
centrated,  with the further determination of
radionuclides by means of α-spectrometric
method for the isotopes of Pu and with the
help of β-radiometric method for 90Sr [11]. Ad-
ditionally,  for the solid samples we measured
the activity of 137Cs by means of direct semi-
conductor gamma-spectrometry with an EURI-
SYS MEASURES EGPC 192-P21/SHF 00-30A
CLF-FA well-type SSD detector (France). The
effective volume of the detector was equal to
220 cm3, the relative efficiency being of 47.5 %.
The limit of detection for radioactive cesium
was equal to 1 Bq/kg; the relative error did
not exceed 10 %. Depending on the sample ac-
tivity the measurement time ranged from 4 to
24 h. In the area under investigation we car-
ried out at least 2000 ground-based measure-
ments of γ-radiation exposure dose rate (EDR)
using a SRP-68-01 radiometer. Sampling points
and field measurement points were referred
geographically with the help of an ETREX
GPS  navigator and brought us into a GIS
project of the area basing on satellite imagery
Landcat performed in 2001.

The ionic composition of water samples was
determined in 2008: the anions were determined
by means of titration; the cations were deter-
mined using mass spectrometry with inductively cou-

pled plasma employing an Agilent mass spectrome-
ter (the USA). The determination error for ion con-
centration concentrations was less than 15 %.

RESULTS AND DISCUSSION

The area of deceased forest calculated on
the basis of satellite imagery Landcat inter-
pretation and GIS technology application
amounted to 1 million 600 thousand m2 (see
Fig. 1), the length was equal to 3.6 km, although
earlier the area was estimated to be approxi-
mately 1 000 000 m2 [3].

The activity within the �deadwood� is distrib-
uted unevenly: the distribution of EDR formed three
spots, so-called short-range trace, medium-range
trace and long-range trace (see Fig. 1, b) [4].

It was found that in 2008 the EDR within
the short-range trace ranges from 30 to 130 µR/h,
within the medium-range trace this value rang-
es from 30 to 70 µR/h, ranging from 30 to
55 µR/h within the long-range trace. The short-
range trace is contaminated to a greatest ex-
tent. As the distance from the borehole increases
the EDR value exhibits a gradual decrease,
which is confirmed by ground radiometric sur-
veys and laboratory analyses (Table 1).

In the wood of dead trees the 90Sr content
is only about 6 Bq/kg, the 137Cs content being
equal to 10�14 Bq/kg, the 239,240Pu content
amounting to 0.041�0.064 Bq/kg [5].

The content of 90Sr in the fallen bark of
dead trees appeared three orders of magnitude
greater to be equal to 200�490 Bq/kg, where-
as the concentration of 137Cs and 239,240Pu was
on the average an order of magnitude higher
(120�140 and 0.6�5.0 Bq/kg, respectively). Af-
ter falling the contaminated bark the major
depositors of radionuclides within the area
PUNE �Kraton-3� are presented by a moss-li-
chen covering and soils,  namely the forest lit-
ter and the upper part of the humus horizon
of soils (see Table 1). In the region composed
by Ordovician and Cambrian carbonate rocks
there are developed low-thickness permafrost
sod-calcareous soils [6, 12]. The thickness of
the forest litter is limited by 2�3 cm, the thick-
ness of the humus horizon amounts to only
1�6 cm. The field of EDR is formed mainly due
to the presence of radioactive cesium therein:



RADIOECOLOGICAL SITUATION WITHIN THE AREA OF PACIFIC UNDERGROUND NUCLEAR EXPLOSION �KRATON-3� 109

TABLE 1

Specific activity level of radionuclides in the samples of the object PUNE �Kraton-3�, Bq/kg

Sample, sampling depth 90Sr 137Cs 239,240Pu 238Pu

      Short-range trace, EDR 93 µµµµµR/h, 200 m to the north from the mouth of the attack borehole (see Fig. 1, point 1)

Moss ND   12 000±300à ND ND

Lichen ND 201 100±2700à 7400±700b 390±40b

Forest litter, 0�2 cm 44 400±4600à   20 000±2200à   380±20b   23±2b

Humus horizon, 2�5 cm   5800±640à       5030±510à

Soil, cm:

         5�10   3950±420à            31±4.1à ND ND

       10�15   1440±160à            15±2.8à ND ND

                 Local anomaly at the skirt of the deadwood, EDR 420-460 µµµµµR/h (see Fig. 1, point 2)

Forest litter, 0�2 cm          257790c             94579c 5900±300b 290±30b

188 000±21 000à   86 700±8700à

Humus horizon, cm:

       2�4          40610c           34089c ND ND

      4�6            8715c                990c ND ND

      6�8            2353c                  48c ND ND

Soil, cm:

      8�14            194c                   43c ND ND

     14�21              18c                  10c ND ND

           Medium-range trace, the northern boundary of the deadwood, EDR 8 µµµµµR/h, 1.6 km from the mouth
                                                of the attack borehole (see Fig. 1, point 3)

Moss  123.5±11.5         250±18 ND ND

Lichen        44±3.5          135±10 ND ND

Forest litter, 0�2  cm        98±4.9        56.2±18 5.1±0.4 <0.05

Humus horizon, 2�4 cm        46±3.3        11.5±1.5 3.8±0.15 <0.05

Soil, 4�15 cm        26±2.5              <1.5   <0.1 <0.05

       Medium-range trace, the southern boundary of the deadwood, EDR 11 µµµµµR/h, 1.75 km from the mouth
                                               of the attack borehole (see Fig. 1, point 4)

Moss      221±16       3150±220      21±1 <0.05

Lichen      102±10       1500±100     31±1.5 <0.05

Forest litter, 0�2 cm   1233±85       1030±75     15±1.0 <0.05

Humus horizon, 2�6 cm      850±70          740±60  12.5±0.8 <0.05

Soil, 6�15 cm      280±20            35±3.5        <0.1 <0.05

                              Background area, EDR 5 µµµµµR/h, 300 m upstream of the Markha River, right riverbank

Lichen         75±6             90±7     2.7±0.5 <0.05

Forest litter, 0�2 cm         80±6            50±3.5     2.7±0.5 <0.05

Humus horizon, 2�5 cm         71±5.5            46±3.3     1.2±0.2 <0.05

Soil, 5�15 cm        33±3.0               <1.5         <0.1 <0.05

Note. ND � no data.

à Samples and 2001 [7, 8, 16].

b Samples of 2002 [14].

c Samples of 2003 [6].
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the correlation coefficient between the EDR and
the content of radioactive cesium in the sam-
ple was equal to 0.87 for data sample present-
ed by 129 parallel γ-spectrometric and radio-
metric measurements. For the soils and the
moss-lichen covering the total activity of 90Sr
is almost twice greater as to compare with the
activity of 137Cs and about two orders of mag-
nitude higher comparing to the activity of
239,240Pu. The 238Pu activity amounts to approx-
imately 5�6 % of the activity 239,240Pu. Accord-
ing to the present classification [13], the upper
horizons of soils and the moss-lichen covering
in the central parts of the short-range and
medium-range traces represent solid radioac-
tive waste according to the content of radio-
nuclides therein.

The radiometric survey performed allowed
us to determine that the naturally occurring EDR
in the undisturbed natural landscapes is equal
to only 5�6 µR/h, which is inherent in limestone
and dolomite species. The EDR values equal to
8�12 µR/h determined for the exterior borders
of the deadwood indicate the presence of ra-
dioactive contamination in the edge zones: mosses
exhibit the content to amount up to, Bq/kg:
(123.5±11.5) for 90Sr, and (250±18) for 137Cs,
whereas for the forest litter the content of the
radionuclides is as it follows: 90Sr � (98±4.9),
137Cs � (56.2±18), 239,240Pu � (5.1±0.4) Bq/kg
(see Table 1). In addition, the same values of
EDR (8�12 µR/h) registered for small areas of
living forest to the south from the deadwood,
those represent local contamination spots. To all
appearance, they were formed from a substance,
carried by a wind from the main radioactive
cloud heading in the eastern direction.

All these years, under the influence of ex-
ogenous and biogenic processes there occurred
the redistribution of radioactivity activity, the
drift and redeposition of radionuclides, both
within the deadwood, and within the neigh-
bouring terrains, against the background of
decreasing the total level of radioactivity caused
by natural decay process.

In 2008, 145 m to the north from the mouth
of the attack borehole, there was contoured a
local anomaly with the EDR value ranging with-
in 400�420 µR/h located in a small closed de-
pression on a gentle slope near the skirt of the
deadwood (see Fig. 1, b, point 2). The size of

the anomaly was equal to about 3 × 3 m. In 2001,
as far as the forest litter and the first centime-
tres of the upper humus horizon are concerned,
the authors of [7, 8] revealed a very high ac-
tivity level (Bq/kg): 90Sr 188 000, 137Cs 86 700.
The investigations performed in 2003 demon-
strated [6] that the content of 90Sr appeared
37 % higher, and that of 137Cs became 9 %
higher as to compare with data obtained in 2001
(see Table 1). This indicates the fact that there
occurs a continued accumulation of radionu-
clides those are carried by surface water-flows
from the territory of the deadwood. In addi-
tion to the radioactive cesium and strontium in
the soils of this anomaly, in 2002 there were
also Pu isotopes determined: the activity level
for 239,240Pu amounted to 5900 that for 238Pu
was equal to 290 Bq/kg [14].

There is no doubt that the abnormal area at
the skirt of the deadwood could be considered
an intermediate step only on the way of the
further migration of radionuclides. The
deadwood is located in the catchment basin of
the Markha River and the Bezymyanny rivulet
(see Fig. 1). The surface water flows from the
medium-range and long-range traces under
determining by local relief (see Fig. 1, c) fall
into the Bezymyanny rivulet; the water flows
from the most contaminated short-range trace
flow directly into the Markha River, partly
falling into the same Bezymianny rivulet. In the
little rivulet that flows out of the skirt of the
forest, 68 m to the south from the anomalous
zone (Fig. 2, point 6-08) there is a high content
of tritium ((68±8) Bq/L) determined, which is
almost 13 times higher than the local
background level. The latter, according to our
data, ranges from (5±2) up (6±2) Bq/L in the
Markha River upstream, and in small rivulets,
which values are comparable with the global
level. So, according to [9], the contemporary
man-caused tritium background in surface
waters is equal to about 5 Bq/L. The background
content of tritium in the Yenisey River waters
is of the same value [10].

For the water of the small rivulet (see Fig. 2,
point 6-08) the overall β-activity amounts to
(2.11±0.08) Bq/L, which more than twice ex-
ceeds the intervention level (IL). The total α-
activity is equal to (0.54±0.06) Bq/L, which is
almost twice greater than the IL [15].
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Fig. 2. Schematic map of  sampling the naturally occurring waters in the region of  PUNE �Kraton-3�. Dashed line
denotes the boundaries of working platform (A), deadwood (B); gray background denotes the mound, asterisk marks
the location of the attack borehole mouth. The figures neat the circles denote the numbers of sampling points.

In May of 2002, there was a sample taken
from the flood waters of the Bezymyanny Riv-
ulet, wherein the following gross content of
the main radionuclides was determined (togeth-
er with the suspension) (Bq/L): 90Sr (40.2±12.9),
137Ñs (6.2±0.6) and (5.6±0.6), 239,240Pu (0.14±0.01),
238Pu (0.007±0.001) [8, 16]. In August of 2009,
we obtained the following data for the waters
of the mentioned rivulet (filtrate), Bq/L: 90Sr
(0.12±0.004), 239,240Pu  (4±0.16) ⋅ 10�4, 238Pu
(3.9±0.15) ⋅ 10�3.

For the samples of the flood water from the
Bezymyanny rivulet taken in 2002 as well as
for those taken in 2009, the ratio values were
obtained for the radionuclides such as 90Sr/137Ñs
~ 6.5, 90Sr/239, 240Pu ~ 300, which appeared
higher as to compare with the ratio between
these radionuclides in their major sources such
as soil and moss-lichen cover within the dead-
wood (~2 and 100, respectively). This indicates
the fact that there is a high mobility of aque-
ous radioactive strontium and its mass transfer
observed predominantly with water flows main-
ly in solution, including the flood season.

The 137Cs/239,240Pu ratio in the samples of
floodwater of 2002 amounts to about 40�44,
whereas the 238Pu content is equal to approxi-

mately 5 % of the 239,240Pu. These data are in
a good agreement with the corresponding pa-
rameters for these radionuclides in of their main
sources, the components of deadwood (the
137Cs/239,240Pu ratio on the average is equal to
32�39, the 238Pu content amounting to 5�6 %
of the 239,240Pu content). To all appearance, in
the course of flood the mass transfer of 137Cs
and Pu isotopes occurs mainly via mechanical
drift. Within the rest time, the mass transport
of radionuclides occurs mainly in liquid form
due to the low flow rate values waterways un-
der the conditions of flat-and-hilly terrain. In
this case, a higher mobility is inherent in 238Pu.
The content of 238Pu in the sample of the Bezy-
myanny rivulet water (2009) is comparable with
that in the sample taken in spring of
(3.9±0.15) ⋅ 10�3 and (7±1) ⋅ 10�3, respectively),
being almost 10 times greater than the content
of 239,240Pu. The latter is contained in the
amount of (4±0.16) ⋅ 10�4 Bq/L in the sample
taken in summer of 2009, being contained in
the amount of (0.14±0.02) Bq/L in the flood-
water sample of 2002 (Table 2).

In 2008, for the Bezymyanny rivulet (see
Table 2, point 3-08) we registered the 3H ac-
tivity equal to (30±5) Bq/L, which is two times
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TABLE 2

Content of  radionuclides in naturally occurring waters sampled near the mouth of  the attack borehole

of the PUNE �Kraton-3� in 1996�2009, Bq/L

Sampling place Sample Sampling 3H Total Total 238Pu
No. date β-activitye α-activity

(90Sr) (239,240 Pu)

      Surface water flow at

the skirt of the deadwood 6-08 03.08.08 68±8 2.11±0.08 (ND) 0.54±0.06 (ND)      ND

6à-08 03.08.08 ND 2.25±0.25 (ND) ND      ND

      Bezymyanny rivulet � May 2002à (0.14±0.02) (7±1) ⋅ 10�3

3-08 03.08.08 30±5 0.27±0.04 (ND) 0.023±0.02 (ND)      ND

52-09 10.08.09 57±2.8 (0.12±0.004) (4±0.16) ⋅ 10�4 (3.9±0.15) ⋅ 10�3

      Pond near the mouth � 1996b 700±250 ND ND      ND

of attack borehole (before � 2001b 320±32 38±6 (ND) ND      ND
constructing the mound in 2006) � 2003c ND 49±18 (ND) ND      ND

      Surface water flow from
under the mound of the

attack borehole 5-08 03.08.08 18±5 0.398±0.028 (ND) 0.29±0.01 (ND)      ND

      Ground water from brh No. 82007d ND (8.75±1.63) ND      ND
borehole No. 8,  depth

~1.5 m, to the west

of the attack borehole
mound borehole

      Ground water from brh No.7 03.08.08 19±6 2.39±0.07 (ND) 0.16±0.04 (ND)      ND
borehole No. 7, depth

~1.5 m, near the attack

borehole No. 7

     Slope groundwater 1-08 03.08.08 22±6 2.35±0.07 (ND) 0.15±0.04 (ND)      ND

from a test pit on the 51-09 10.08.09 67.2±1.9 (1.99±0.07) (4±0.16) ⋅ 10�4 (7.8±0.3) ⋅ 10�3

riverbank of the Markha

River

     Markha River 50-09 10.08.09 13±2.0 ND ND      ND

2-08 03.08.08 22±5 2.82±0.03 (ND) 0.42±0.02 (ND)      ND

49-09 10.08.09 14±1.5 ND ND      ND

11.08.09 48±2.4 (0.078±0.003) (6±0.24) ⋅ 10�4 (ND) (18.6±0.7) ⋅ 10�3

48-09 10.08.09 52.1±2.6 ND ND      ND

11.08.09 45.2±2.1 ND ND      ND

47-09 11.08.09 44.3±2.2 0.011±0.010 (ND) 0.026±0.013 (ND)      ND

27-09 09.08.09 9±1 ND ND      ND

26-09 09.08.09 5±2 ND ND      ND

25-09 09.08.09 6±2 ND ND      ND

     Water flow on the left
riverbank of Markha River 28-09 09.08.09 7.5±0.5 ND ND      ND

      Water IL 7700 1 (5) 0.2 (0.56)      0.6

Notes. Sample numbers correspond to the points in Fig. 2. 2. ND � no data.
à According to [16].
b According to [8].
c According to [17].
dAccording to [18].
e Excluding the contribution of 3H.
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TABLE 3

Total chemical composition of  naturally occurring waters from the region of  PUNE �Kraton-3�,  mg/L

Sampling place ðÍ Ca2+ Mg2+ Na+ K+ �
3HCO 2�

4SO Cl� Ì

Water flow on the skirt

     of the deadwood 8.0 63.5 27.95 <0.125 0.85 335.6 <1     3.55 432

Bezymyanny rivulet 8.22 53.3 26.7 <0.125 0.25 311 <1     1.8 393

Borehole No. 7 ND 11.5   6.4 145 4.25   98 <1 250 515

Borehole No. 8 ND 20.6 17 143 5.55   73 4.94 298 562

Water flow from under the mound ND 51.5 25.65     2.65 0.9 311.2 <1      3.55 315

Slope runoff ND 73.9 35     2.28 0.53 360 <1   39 511

Markha River 7.65 39 22 <0.125 0.43 229 <1      1.8 292

Note. ND  � no data, M � water mineralization level.

lower than that for a little rivulet at the edge
of the deadwood (see Fig. 2, point 6-08). The
effect could be, to all appearance, caused by a
high water content of the Bezymyanny rivu-
let, and consequently by the dilution of the
effluent water. In rainless 2009 the little rivulet
at the edge of the deadwood got dry and the
Bezymyanny rivulet became badly shallow thus
the content of 3H therein became almost two
times higher as to compare with that in 2008
to amount to (57±2.8) Bq/L (see Table 2).

It is obvious that the permanent water mass
transport of radionuclides from the deadwood
occurs by means of surface water flows, there-
by the mechanical drift of Pu isotopes and 137Cs
is significant only during the flood season.

For the waters of the Markha River near
the object PUNE �Kraton-3�, the following con-
tent of radionuclides was established (Bq/L):
90Sr 0.078±0.003, 239,240Pu (6±0.24) ⋅ 10-4, 238Pu
(18.6±0.7) ⋅ 10�3, 3H (13±2.0)�(52.1±2.6) (see Fig. 2,
Table 2, points 48-09�50-09). For the water of
the Markha River the ratio 90Sr/ 239,240Pu =
130, whereas the content of 238Pu is 31 times
greater than the content of 239,240Pu. It is a rath-
er surprising fact that the waters of the Markha
River exhibit the 238Pu activity to be 10�30
times higher than the activity of 239,240Pu. This
demonstrates a great aqueous mobility of the
238Pu isotope (see Table 2) being fundamental-
ly different from the data for lichens, dead-
wood soils (see Table 1) and for the samples of
the flood waters of the Bezymyanny rivulet
obtained in 2002 (see Table 2). According to our
estimates, the flow rate of the Markha River

is about 10�20 times greater than the flow rate
of the Bezymyanny rivulet (taking into account
the flow velocity, depth, watercourse width
values we measured). In this regard, after mix-
ing with the water the Bezymyanny rivulet as
the main supplier of radionuclides, the tritium
content should amount to only 8.4�8.8 Bq/L.
However, in the waters of the Markha River
set high tritium content � up to 52 Bq/L (see
Table 2, points 47-09, 48-09, 49-09), which is
comparable with the tritium content in the ef-
fluent water from the short-range trace in the
deadwood (see Table 2, p. 6-08) and with that
in the Bezymyanny rivulet (p. 52-09). Such high
amounts of tritium in the full-flowing Markha
River, i. e. the absence of any dilution effect
(see Table 2), appeared an unexpected fact that
requires for further studying.

Not only the water flows from the contami-
nated deadwood fall into the Markha River,
but also water flows from the burial of con-
taminated equipment do,  which burial is lo-
cated near the mouth of the attack borehole.
In 2008, on the surface of the rivulet flowing
out of the mound, there were multicoloured
spots of fuels and lubricants found, which could
be most likely caused by washing-out from the
disposal of  the equipment buried. For the sam-
ple from this rivulet (see Fig. 2, p. 5-08, and
Table 2), the following values of radioactivity
were determined (Bq/L): tritium content 18,
total β-activity level (0.398±0.028), which is al-
most by a factor of 2 less than the IL value
[15]; α-activity level (0.29±0.01), which higher
than the IL value [15].
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Fig. 3. Tritium distribution in naturally occurring waters within the valley of  the Markha River (point 50-09 located on
the slope near the mouth of the attack borehole was taken as zero point: 0�4 � downstream distance, 0...�1 � upstream
distance): 1 � river water from the right riverbank; 2 � river water from the left riverbank; 3 � water of small
rivulets and hollows flowing down from the right riverbank of the Markha River; 4 � water of small rivulets and
hollows flowing down from the left bank of the Markha River; 5, 6 � curves of anomalies revealed according to the
content of tritium in water samples taken near the right (5) and left (6) riverbanks.

For a pond formed after the explosion near
the mouth of the attack borehole (which pond
existed until constructing a mound in 2006),
the activity of tritium was determined in 1996
to be equal to (700±250) Bq/L, whereas in 2001
the mentioned parameter already amounted to
(320±32) Bq/L [8]. In 2001 and 2003, this pond
water exhibited the content of 90Sr equal to
(38±6) [8] and (49±18) Bq/L, respectively [17],
which is almost 7.5�10 times greater than the
value of IL. Down the hill, for the groundwa-
ter, the radionuclide content determined in 2007
for the dissolved 90Sr ((8.75±1.63) Bq/L) is al-
most 1.5 times higher than the IL value [18]. In
2008�2009 we determined the following con-
tent of radionuclides in groundwater (see Fig. 2,
points 1-08 and 51-09) (Bq/L): 90Sr (1.99±0.07),
3H (22±6)�(67.2±1.9), 239,240Pu (4±0.16) ⋅ 10�4,
238Pu (7.8±0.3) ⋅ 10�3. The values obtained are
lower than the IL value (see Table 2). In addi-
tion to the water flows from the deadwood and
from the burial ground, there could occur a
third source of radionuclides. Let us recollect
that the emergency object PUNE �Kraton-3�
is a complicated radiogeoecological object. In
fact, the cavity of the explosion represents an
uncontrolled underground point for depositing
the radioactive waste wherefrom radionuclides
could leak to the surface. Further, let us con-
sider the ionic composition of  naturally occur-
ring waters.

The local surface waters represent alkales-
cent magnesium-calcium hydrocarbonate ones
(Table 3) caused by the composition of the un-
derlying rocks of the region such as limestones
and dolomites. The Kurlov formula describes
them as it follows:

�
3

2+ 2+ + +

HCO 100
170 �190 pH7.2 � 8.0

Ca 74Mg 25(Na ,K )1
M

In the case of the same ionic composition there
is a successive decrease in the mineralization
level in the order from a small water low to a
greater one as it follows (mg/L): water flows
from the deadwood 430, the Bezymyanny riv-
ulet 330�390, the Markha River 290�170,
which could be explained by increasing the di-
lution effect with increasing the flow rate of
water flows in this chain.

Three monitoring boreholes near the mound
of the object PUNE �Kraton-3� were drilled to
a depth up to 2.5�3 m (see Fig. 2); among those
only borehole Nos. 7 and 8 are able of captur-
ing the waters of  the seasonally thawed layer.
The latter are mainly formed by surface and
meteoric waters, mainly in the years of ex-
ceeding the mean annual precipitation level
(high-water years). The third borehole (No. 9)
was drilled unsuccessfully (it is dry). The
groundwater of the two boreholes (see Table 3,
Fig. 2) with mineralization level amounting to
515�560 mg/L demonstrated a high concentra-
tion of chlorides (up to 250�298 mg/L) and so-
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dium (up to 143�145 mg/L); they exhibit hy-
drocarbonate-chloride water type.

� �
3

+ 2+ 2+ +

Cl 60 HCO 40
515

Na 81Ca 11 Mg 4K 4
M  (Borehole No. 7)

� � 2�
3 4

+ 2+ 2+ +

Cl 68 HCO 29SO 3
562

Na 69Ca 17 Mg 9K 5
M  (Borehole No. 8)

It is known [19] that in the region there pres-
sure saline water-bearing strata are developed.
Data concerning the ion composition of water
from the observation boreholes indicate the
leakage of underground salt water along the
column of the attack borehole to the surface.
The authors have not another explanation for
appearing sodium chloride in the groundwater
under the mound of the object PUNE �Kra-
ton-3�. The presence of significant Na+ and Cl�

concentrations in a rivulet from under the
mound (see Fig. 2, point 5-08) as well as in the
groundwater from a test pit at the foot of the
slope on the riverbank of the Markha River
(points 1-08, 51-09) also indicates the traces of
leaked underground salt waters after mixing
them with fresh groundwaters.

Thus,  the analysis of  data available indi-
cates the fact that the activity level of water
from the Bezymyanny rivulet and from small
surface water flows near the skirt of the dead-
wood (upwards from the mound according to
the relief) is formed due to the contamination
resulting from the area of deadwood, the evi-
dent surface source of radioactivity. To all ap-
pearance, the activity level of the surface and
ground water from the attack borehole and
down the slope could be contributed also by
other sources such as a radioactive burial ground
occurring under the mound, underground sa-
line water leaked through the borehole column
(in the case when the latter are contaminated
resulting from an underground source of the
explosion cavity).

As far as the Markha River is concerned,
whereto the ground waters flow down from the
slope, the radionuclide content therein is even
higher than in ground slope waters (Bq/L):
239,240Pu (6±0.24) ⋅ 10�4, 238Pu (18.6±0.7) ⋅ 10�3,
tritium (52.1±2.6) (see Fig. 2, Table 2, points 48-
09, 49-09), i. e., the concentration of radionu-
clides does not exhibit any decrease. If the high
activity level of radionuclides in the ground

waters of the slope are quite expected and log-
ically coherent, their high content in the river
water could not be explained only by slope sur-
face water-runoff. It might be assumed that
there is a second way of leaking the radionu-
clides from the underground source such as the
explosion cavity along the failure column formed
resulting from the explosion and further through
the fractured zone of the tectonic fissure with
underground rising to the river. It is just occur-
ring the permanent underwater rising the ra-
dioactivity under the slope the Markha River
most likely determines the high content of ra-
dionuclides in the river water and an insignifi-
cant effect of dilution by the river water.

According to the authors of [20], the PUNE
�Kraton-3� was performed in the immediate
vicinity of a tectonic fissure line of north-
northeast course (identified when interpreting
aerophotogrammetric data), passing through
the riverbed of the Markha River. It is known
that in the course of drilling the attack bore-
hole in 1977 at a depth of 165�186 m, a crum-
bling horizon was passed through that absorbed
drilling fluid, which horizon, in our opinion, just
represented the tectonic fracture zone. Thus, the
accidental PUNE �Kraton-3� resulted in chang-
ing not only the surface landscape, but also the
bowls and, in addition, the tectonic fracture
could burst. The fact that the radionuclides
leaked to the surface from the explosion cavity
through a crumbling zone of the tectonic fis-
sure could be revealed by means of routine sam-
pling the naturally occurring waters in the ter-
ritory of  the region with further determination
the tritium content therein, or with further per-
forming so-called tritium mapping.

In 2009,  we analyzed 59 samples from hol-
lows and rivulets at the foot of the Markha
River boards including the river water from
both riverbanks up to 3.6 km downstream and
up to 400 m upstream from the attack bore-
hole of PUNE �Kraton-3� (see Fig. 1, curve 3).
Figure 3 demonstrates the distribution of tri-
tium in the valley of the Markha River, at
that we took point 50?09 as a zero mark on the
horizontal axis, since it is located on a straight
line from the mouth of the attack borehole of
PUNE �Kraton-3�. For the river water in point
50-09 the 3H activity level amounts to (13±2.0)
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Bq/L only (see Table 2 and Fig. 2). Approximate-
ly 100 m downstream from point 50�09 there
was the first peak of high 3H activity level
(44�52 Bq/L) registered, which peak can be
traced downstream for the space of another
225 m. As far as the waters near the opposite
(left) riverbank at the same part of the river
are concerned, we revealed therein a low level
tritium activity ranging within 5�15 Bq/L, ave-
rage 9.4 Bq/L. The maximum activity of 3H
equal to 74 Bq/L was determined for the river
water near the right riverbank 1.9 km down-
stream from the object of PUNE. The river
water near the left riverbank approximately at
the same place (1.8 km downstream) also ex-
hibits an abrupt peak of tritium activity up to
48 Bq/L with the background level amounting
to 5�6 Bq/L. Nearby, in a small rivulet we reg-
istered the activity level of 52 Bq/L.

The third peak of tritium activity was reg-
istered 2.5�2.85 km downstream from point 50-
09: for the river water from both riverbanks,
there was an activity level determined amount-
ing to 50�55 Bq/L. The 3H activity in the hol-
low of the right riverbank thereat also amount-
ed to 52 Bq/L (see Fig. 1, a, point 3). The data
obtained indicate the fact that there occurs per-
manent supplying the radionuclides from a lo-
cal source, but the effluents from the dead-
wood in this case should be excluded due to
the features of the terrain relief (see Fig. 1, c).
In addition, elevated tritium content (up to
17 Bq/L) was revealed in the waters of the
Chukuka River, the left tributary of the
Markha River, which tributary flows into the
latter 4 km downstream from the object of
PUNE. This could indicate that there occurs a

flow of radionuclides from the explosion cavity
through the tectonic fissure that wedges out
along the riverbed of the Markha River, which
fault, to all appearance, could be connected with
the Chukuka River. The level of tritium in the
waters of the Chukuka River exhibits a decrease
down to 9 Bq/L only at a distance 8.5 km up-
stream the Chukuka mouth (Fig. 4).

On the right bank of the Markha River 500
m to the south of the attack borehole within
the living undisturbed forests (EDR = 5�6 µR/
h, sometimes up to 8.9 µR/h), we investigated
the waters from hollows along the profile of
about 2 km long. It was found that the tritium
activity therein also ranges over a wide range,
from 5 to 56 Bq/h (Fig. 5).

CONCLUSIONS

From the data presented, it follows that the
object PUNE �Kraton-3� represents a compli-
cated radiogeological and ecological object that
serves as a surface and underground source of
radioactivity.

1. Moss and lichen layer, forest litter and
the first few centimetres of soil humus horizon
are the main depositors of surface radioactivi-
ty within the deadwood, a high content of
137Cs, 90Sr, 239, 240Pu, 238Pu therein in the near
and middle traces can be attributed to solid ra-
dioactive wastes.

2. There is revealed a constant water-
mediated mass transport of radionuclides
presented mainly 90Sr, 137Cs , 238,239,240Pu, 3Í
by means of surface water flows from the area
of deadwood. Under the conditions of flat and

Fig. 4. Tritium content in the river water of the Chukuka River
upstream from the mouth, located 4 km to the north of object
PUNE �Kraton-3� taken as a distance reference point.

Fig. 5. Data concerning the content of tritium in the hollows
along the profile �watershed-valley� for the right riverbank
of the Markha River 500 m to the south of object PUNE
�Kraton-3� (1) and the absolute height of sampling points (2).
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hilly terrain due to low water flow rate values
the mass transfer of radionuclides occurs mainly
in a liquid form, except for spring floods, in
the course of those the mechanical drift of Pu
isotopes and 137Cs is significant. The content of
90Sr, Pu and tritium isotopes in the samples of
water from the Markha River and Bezymyanny
rivulet taken in 2009 is much than the IL [15],
however these values are 1�3 orders of
magnitude higher than the background levels
for Siberian rivers [10].

3. Shifting the ratio values for radionuclide
activity allowed us to establish that the isotopes
137Cs, 238Pu are characterized by a high mobil-
ity in water.

4. The spatial distribution of tritium con-
tent as well as that for other radionuclides in
naturally occurring waters within the region
indicates the fact that there undoubtedly oc-
curs water-flushing the radionuclides from the
underground burial located near the mouth of
the attack borehole, as well as permanent re-
leasing the radionuclides from the explosion-
produced cavity onto the surface of the earth,
together with the pressure saline underground
waters. Thereby the withdrawal of the radio-
activity from the bowels occurs as it follows: 1)
through a weakened part of the attack bore-
hole of the object PUNE �Kraton-3� with re-
leasing onto the surface near the mouth of the
borehole, and 2) through the cracked zone of
a tectonic fissure  extended along the Markha
riverbed, with wedging out along the Markha
riverbed both close to the object PUNE �Kra-
ton-3�, and at the distance of 3 km. Leaking
the radioactivity from the depths of the activ-
ity could, to all appearance, occur also in the
valley of Chukuka River, a left tributary of
the Markha River, 4 km downstream from the
object of PUNE �Kraton-3�, since the tritium
content therein is 3.5 times higher as to com-
pare with the global level.
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