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The article discusses the basics of subsoil monitoring at nuclear sites presenting the results of long-term monitoring
and forecasts for subsoil contamination associated with nuclear and radiation hazardous facilities.
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Environmental safety of operated, constructed
and decommissioned nuclear and radiation hazard-
ous facilities (NRHF) seen as an essential condition
for nuclear power and industry development relies
on the scope of information support enabling rele-
vant decision-making process. Large-scale projects
implemented by the State Corporation “Rosatom”
aimed at eliminating the radioecological conse-
quences of the First nuclear project and intensify-
ing the development of national nuclear power re-
quires the use of modern industrial environmental
monitoring methods, including those associated
with subsoil monitoring regarded as a main envi-
ronmental component.

Subsoil is considered to be part of the earth's crust,
located below the soil layer, and in its absence, be-
low the earth's surface and the bottom of water
bodies and streams extending to the depths acces-
sible for geological surveys and exploration (RF Law
On Subsoil No. 2395-1 from February 21, 1992).Ina
narrow sense, subsoil involves the upper part of the
earth's crust available for mining operations.

Facility level subsoil monitoring (hereinafter,
FLSM) is a system used to perform regular moni-
toring of the changes in characteristic indicators
describing the state of the subsoil and surface

The translation is done by N. S. Cebakovskaya
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hydrosphere being under the impact of enterprises
and organizations with NRHFs, as well as to assess
and forecast these changes in time and space. FLSM
is mainly focused on ground water monitoring con-
sidered as the most mobile subsoil element being
able to spread radioactive and chemical contami-
nants generated by NRHFs or other production fa-
cilities inside the rock mass within a short period
of time.

The main task of FLSM is to obtain reliable infor-
mation on the impact that NRHF and other facili-
ties associated with the nuclear industry can pro-
duce on the subsoil resulting in its contamination.
This information is essential for the environmen-
tal assessment of these facilities during their op-
eration and decommissioning, as well as to support
relevant decisions on the implementation of envi-
ronmental protection arrangements and etc.

The key tasks for FLSM operation are seen as
follows:

- Continuous information support on the state of
subsoil and the adjacent environments (surface
water, bottom sediments, soil);

- Identifying different types of impacts produced on
the subsoils located within the monitored facility
site;
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. Evaluating the current state of subsoils, in par-
ticular, identifying chemical and radioactive con-
taminants and assessing the quality of surface and
underground water, within sanitary protection
zones (SPZ) and/or observation zones (0Z);
Simulating the processes associated with the an-
thropogenic impacts produced on the environ-
ment in the monitored region;

Forecasting how the subsoil conditions can
change under the impact of natural and anthro-
pogenic factors;

Producing recommendations on environmen-
tal protection measures and assessing their
effectiveness.

Figure 1 provides the flow chart describing the set
of efforts implemented under FLSM system.

A network of observation stations enabling to
monitor the subsoil and other environmental com-
ponents and located within enterprise sites, SPZ
and OZ is viewed as the material basis of such
monitoring. It includes observation wells, radiation
control stations, stream gauges and other monitor-
ing and observation stations.

All available data bases involving information on
the environmental conditions at the monitored fa-
cility’s site are considered as the information base
for FLSM system development. This information is
summarized in analytical information system for
facility level subsoil monitoring (AIS FLSM). The
software was developed by Informcontact company.

FLSM enables to monitor the environmental
components subject to anthropogenic impacts:

Methodical and technical support
of AIS FLSM operation

soils, unsaturated rocks, underground water, water
bearing rocks, surface water and bottom sediments.

Production facilities pertaining to nuclear indus-
try are viewed as sources of anthropogenic impact.
Pursuant to provisions of Article 48 of the Federal
law of July 11, 2011 N2190-FZ, these facilities, as
well as the supporting hydroengineering structures
of class I and II are considered as nuclear and ra-
diation hazardous facilities. These can produce
radiation, chemical, hydrodynamical, hydrochemi-
cal, thermal and other impacts on subsoils. Some
of the facilities produce integrated impact, some
are associated with only one type of impact which
is essential for relevant monitoring arrangements.
Consequently, the following observations can be
performed under the FLSM system: radiation, hy-
drochemical, hydrodynamical, thermal, geochemi-
cal. Therefore, the following indicators are being
evaluated: specific activity of radionuclides, total
specific alpha activity, total specific beta activ-
ity, contents of chemical contaminants for under-
ground and surface water, bottom sediments and
soils; water levels, temperature, mineralization, pH
for underground and surface water; gamma dose
rate for soils and subsoils.

FLSM center has performed comprehensive eval-
uation of annual monitoring reports submitted by
nuclear enterprises, investigated and tested the ob-
servation wells, evaluated the state of ground wa-
ter and the interrelated surface water. The results
obtained were introduced into data bases of com-
munication terminals arranged at 55 enterprises

Methodical and technical support
of AIS FLSM operation

Area investigations within industrial site, SPZ and OZ boundaries

GIS project (geological data bases,
topographic base, base maps)

Conceptual
hydrogeological model

Analysis, summarization of archived and filed martials
summarizing the previous efforts

Recommendations on FLSM system enhancement

FLSM methodical support, monitoring investigations

Hydrogeological models: gedfiltration, geomigration

Forecasts on contaminant spread

Demonstrating the feasibility of engineering solutions for radiation safety

Figure 1. Flow chart describing the set of efforts implemented under FLSM system
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Figure 2. AIS FLSM functional structure

of FSBI Gidrospetsgeologiya and the Unified AIS

data base comprising events and spatial data bases.

Features of the software package are presented in

Figure 2.

Data bases developed by FLSM Center FSBI Gi-
drospetsgeologiya were used as the information
basis in the models forecasting the spread of ra-
dioactive and chemical contamination with ground
water flows.

The following forecasts have been compiled based
on annual or multiannual observation cycles:

- Migration of radionuclides and other contami-
nants with surface and ground water flows based
on the mathematical hydrogeological modelling
under different lifecycle options considered for
the monitored facilities;

- Analytical reports estimating the impact produced
by the monitored facilities on the subsoils;

- Recommendations for the enterprises on put-
ting in place the FLSM system or its further
optimization.

In 2015, in keeping with provisions of the Order
N21/431-P of the State Corporation Rosatom, as
well as updated program on the development of
industry-wide FLSM system, 55 enterprises joined
FLSM. The enterprises have developed relevant
FLSM programs approved by FLSM Center. AIS
FLSM communication terminals are engaged in col-
lecting, summarizing and evaluating the monitor-
ing results. Relevant findings are being uploaded to
the industry-wide system (Figure 1) and are used
in mathematical modelling to assess the safety of
nuclear and radiation hazardous facilities at differ-
ent stages of their lifecycle.
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Data resulting from the FLSM observations and
field surveys enabled to evaluate the current state
of subsoils at the sites of nuclear and radiation
hazardous facilities and inside their SPZs. This
evaluation was performed by comparing the values
of monitored indicators with regulatory or refer-
ence values, as well as by studying the multiannual
changes in the behavior of observed indicators.

Relevant changes in the state of ground water re-
sulting from Rosatom’s enterprises operation most
noticeably reflect the impact produced on subsoils:
changes in hydrodynamic and temperature behav-
ior, chemical and radionuclide composition. Insig-
nificant discrepancy of these values under natural
conditions from those observed within the indus-
trial site boundaries already signalizes certain im-
pact on the subsoil. If these values exceed regula-
tory limits (or control levels) by several times, a
noticeable impact is produced. Whereas in case of
10—100-fold exceedance facility’s impact on the
subsoils should be assessed as significant.

In terms of radiation safety, flooding is the most
negative process associated with hydrodynamic be-
havior disturbances. FLSM indicates that the terri-
tories of 33 enterprises have suffered ground water
flooding (Table 1). Three types of flooding can be
distinguished: permanent site-wide flooding, per-
manent local flooding (at certain sites pertaining
to particular structures), periodic local flooding
(mostly seasonal).

FLSM has indicated that radioactive and chemi-
cal ground water contamination is present at cer-
tain enterprises. According to Radiation Safety
Norms [1], radiation contamination suggests that
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Table 1. Spread of flooding at SC Rosatom industrial sites

Permanent site-wide flooding

Permanent local flooding

Periodic local flooding

1.JCVNIIHT (OKhTZ site) 1.JCIRM

2.PJSCMSZ 2.JCSCC

3. PJSC NCCP (industrial site) 3.JCUECC

4.JC ChMZ (taling) 4. Balakovo NPP

5.PPGKhO (industrial site) 5. Beloyarsk NPP

6.FSUP Atomflot 6. Kola NPP

7-9.JCRadium Institure (at all 3 sites) 7.Leningrad NPP
RosRAO divisions: 8-Rostov NPP

9.Smolensk NPP

10. Leningradsk 10. PA Mayak

11. Kirovo-Chepetsk

12. Samarsk

13. Chelyabinsk
14.Vilyuchinsk DVTs DalRAO

12.MCC

14 sites

radioactive substances are present at material sur-

face or inside, in the air, human body or elsewhere

in an amount exceeding the established regulatory
limits.

Ground water is considered to be contaminated
[2, p. 2.2] if dynamic trends reflecting alterations
in water composition and properties are revealed.
These alterations can result from the following:

- Pollutants ingression from surface soil layer, wa-
terflows, adjacent aquifers;

- Lateral flow of waters with another mineral com-
position (as compared to the background one);

- Altered recharge and discharge conditions;

- Relative position of the operated aquifer and the
one being the first from the surface.

Features of the contamination plume spreading
inside the aquifer and resulting from the source
term impact are defined by a number of factors:

- Intensity of the inflow and its pattern, chemical
and radionuclide composition, density and viscos-
ity of the seeping contaminated water;

- Hydrogeological conditions in the region (litho-
logical structure of water-bearing rocks, aeration
zone and aquifer parameters, ground water flow
direction and rate);

- The nature of physical and chemical interactions
between the contaminants, ground water and wa-
ter-bearing rocks.

In case if the seeping contaminated water has
a complex composition, a contamination zone is
formed. This zone is characterized with different
flow velocities and pathways for individual sub-
stances even though the contents and filtration
properties of the water bearing rocks seem to be
quite homogeneous. In case of radioactive solu-
tions, subsoil migration of contaminants depends
not only on the solution densities, their physical
and chemical interactions with water-bearing rocks
but also on the radioactive decay.
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11. FSUE RF NCVNIIET

13.SevRAO’s division in Andreev Bay
14. Nizhegorodsk division of FSUE RosRAO

1.JCPAECP
2. Kalinin NPP
3.FSUE RF NCVNIITF

RosRAO divisions:

4. Murmansk
5. Sverdlovsk

14 sites 5 sites

Different levels of ground water contamination
have been identified at NRHF sites: in a number
of cases exceeding the intervention level set in
NRB-99/2009 [1] by several orders of magnitude.
Thus, for 21 industrial sites specific activity of ra-
dionuclides A  ranges from background values A,
to the intervention level (first radioactivity level)
(Figure 3).

For 21 sites, the detected radionuclides specific
activity A was found to be higher than the inter-
vention level, however, did not exceed 10-fold IL
(second radioactivity level). At 15 sites, A val-
ues fell within the range between the 10-fold IL
and 0.1 x specific activity limit set for a radionu-
clide A_, (third level of radioactivity). Fourth level
of A_ activity being equal or higher than 0.1 A_,
but lower than A_, has been identified only at one
site, whereas, the fifth level (with A_ being hither
than A ) — at three sites.

1% level (A, <A, < IL)

\ 2" level (IL<A,, < 10IL)
21 /

15

21 T 3¢level (10IL <A, <0.1AL)

4" level (0.1A,, <A, < ,.)
5" level (A, <A,)

ground water state was not assessed as no observation network was
available (should be put in place)

Figure 3. Number of industrial sites with different levels of

specific activity for radionuclides found in the ground water
flows inside industrial site and SPZ boundaries in 2016
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Figure 4 exemplifies a layout of observation well  surface aquifer in the area of SCC pulp storage fa-
network and FLSM results at the sites with liquid cilities PKh-1 and PKh-2.
radioactive waste (LRW) storage facilities. The fig- Plumes characterized with intensive compound
ure shows observation well locations and contami- chemical and radiation contamination have
nation plumes associated with the closest to the been identified based on stationary observations
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Figure 4. Layout of contaminated units associated with the closest to the surface aquifer in the area of SCC pulp storage
facilities PKh-1 and PKh-2: 1, 2 — monitoring wells for upper (1) and lower (2) sub-horizons; 3, 4 — recommended wells
for the lower (3) and upper (4) sub-horizon; 5, 6 - areas with underground water contaminated with NO, and *°Sr (5); NO, (6),
7 - hydroisobath, abs. m.
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1* concentration level (not exceeding MAC)

\ 12

2" level (ranging
from 1 to 10 MAC;)

3 level (ranging

16
15 from 10 to 100 MAC)

4" level
(over 100 MAC;}

14

Lidentification of chemical composition is not provided for
by the guidelines

ground water evaluation was not performed

Figure 5. Number of enterprises with different levels of HC
contents in ground waters within the industrial sites and SPZ
as for 2016

performed using the monitoring network. These
plumes resulted from reduced sealing capacity of
protection screens at the pulp storage facilities.
Ground water radioactive contamination is mostly
associated with *Sr.

Leakage locations have been identified based on
FLSM findings enabling deliberate development of
action plans on restoring the dam’s integrity.

In addition to increased/high radioactivity of
ground water at nuclear sites, monitoring has also
indicated the presence of some harmful chemicals
(HC) in concentrations being much higher than
the maximum allowable ones (MAC). Minimal HC
concentration level (values ranging from back-
ground concentrations to MAC) is observed at 16
sites. The second level (with HC concentrations
being higher than the MAC but less than 10-fold
MAC) was identified at 12 sites. At 15 sites HC con-
centrations are higher than 10-fold MAC, but less
than 100-fold MAC (third level). Concentrations
being higher than 100-fold MAC corresponding
to the fourth level have been identified at 8 sites
(Figure 5).

JC ChMZ tailings present a good example of
an industrial site with intensive ground and sur-
face water contamination: tailing N21 put into
long-term safe configuration contains low-level
waste from uranium metal production; tailing
N¢2 — operated one with low-level waste from
uranium metal production; tailing N23 — oper-
ated one with waste from calcium and zirconium
productions.

Main negative processes taking place at these
sites and the adjacent territories are as follows:

- Ingress of seepage water through the dam body of
the tailing N2 3;
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- Discharge of seepage water into the swamp and
formerly used open pit;

- Chemical and radioactive contamination of sur-
face and ground water that has overflown the SPZ
border.

Chemical contamination associated with these
tailings is revealed via the presence of uranium,
thorium, nitrates, chlorides, sulphates, natrium,
calcium and etc. Based on FLSM results (Figure 6)
compound chemical contamination plume has
been identified in the closest to the surface aquifer.
Its surface area within MAC boundaries accounts
for some 700 ha, maximum mineralization in 2016
has reached 13 MAC; according to the availabil-
ity of nitrate-ion with maximum concentrations of
up to 195 MAC plume’s surface area accounted for
some 490 ha; as for sulphate-ion with maximum
concentration of up to 6 MAC — about 270 ha. Com-
pound chemical contamination was also identified
in the aquifer being the second from the surface —
maximum concentration was found to be equal to
11 MAC.

To assess if NRHS and other nuclear facilities can
be operated safety in the long-term, FLSM has de-
veloped 22 geological filtration and geological mi-
gration models based on the monitoring performed
in 2010—2016. These enabled to perform epignos-
tic and prognostic calculations of radionuclide and
HC migration in the ground water associated with
currently available source terms.

The following industrial sites were covered by
this modelling campaign: territories of the for-
mer Kirovo-Chepetsk chemical combine, FSUE PA
Mayak, North-Western atomic production com-
plex (LNPP, FSUP NITI named after A. P. Aleksan-
drov, Leningrad division of FSUP RosRAO), Be-
loyarsk, Kola and Novovoronezh NPPs, JC AECC,
PJSC NCCP, PJSC MSZ, JC ChMZ, JC PA ECP, JC
UEPP, FSUP MCC, PJSC PGKhO, FSUP Bazalt, FSUP
RF NC VNIIEF, FSUP Elektorkhimpribor combine,
JC NIIP, JS IRM, JC VNIIKhT, JC Radium Institute
named after V.G. Khlopin, RWSF of RosRAO’s
southern division.

Mathematical modelling of contaminant spread
in the ground water has given a clear picture of
both current contamination and its alterations
during NRHFs long-term operation. Such model-
ling can be exemplified by geological filtration and
geological migration models of PJC NCCP tailings.
These models enabled to indicate the size, struc-
ture and dynamics of current and forecasted (for
100 years) modelled plumes, as well as to evaluate
the efficiency of the drainage system and relevant
efforts on achieving the long-term safe configura-
tion for the first section of the tailing. Calculations
have shown that the spread of chlorine having
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Figure 6. Mineralization map for ground water of the quarternary aquifer at the site of JC ChMZ tailings:
1 — Cheptsa River, water reservoirs; 2 — Syga River, spillway channels; 3 — forested swamp; 4 — impassable bog;
5 —tailing; 6 — ash dump; 7 — other ChMZ facilities; 8 — MAC isolines; 9 — observation wells with relevant ID numbers

high migration capacity is characterized with the
biggest, as compared to other contaminants, sur-
face area and penetration depth. Its plume within
0.1 MAC boundaries has nearly reached the junc-
tion point of Pashensky and Garbuzovsky streams
(Figure 7).

The contamination plume structure mirrors
those of lithium and uranium, however, due to
sorption their spread with ground water flow oc-
curs much slower. According to forecasts, ground
water contaminated with these elements will not
reach low-yield aquifer Kochkovskiy and surface
stream flows within the next 100 years.

Other models have been developed (geologi-
cal filtration and geological migration) to support
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the decision-making process on the possibility of
categorizing the first tailing section as a storage
facility for non-retrievable RW. Model calculations
performed for particular radionuclides have shown
that at present time radionuclide plumes formed
in ground waters flowing within the tailing’s first
section put under long-term safe configuration
are mostly localized in its vicinity. According to
the forecast, if currently existing natural and man-
made conditions remain unchanged, plumes will be
stabilized within a few decades (Figure 8). Contami-
nated ground water will be partially discharged into
the Pashensk stream. However, this will not cause
the exceedance of the permitted contamination
level.
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Figure 7. Geomigrational model for PISC NCCP industrial site: 1 — model mesh; 2 — source terms;
3 — observation wells and their ID numbers
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Figure 8. Forecasted plume of ground water contamination
with 241Am at the industrial site of PJSC NCCP based
on 100-year modelling forecasts suggesting that current
natural and anthropogenic conditions remain unchanged:
1 — FLSM network wells; 2 — hydroisobath, abs. m
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Thus, calculations indicate that this facility after
being put under safe storage configuration will pro-
duce minimal radiation impact on the environment
due to the high protection properties of water-
bearing sediments (clay sands and loams). This
fact can support the decision making on catego-
rizing the facility as non-retrievable RW storage
facility.

Conclusion

Analysis of monitoring data covering SC Rosatom
enterprises and restricted to their SPZs enabled to
evaluate radiation and chemical contamination of
subsoils resulting from the operation of different
NRHF and other man-made sources of impact at a
total of 55 enterprises.

Subsoil state has been evaluated based on the
monitoring of a most mobile natural component —
ground water, namely, from the alterations of its
hydrodynamic behavior, chemical composition and
radionuclide activity, as well as indirect features of
some other components — soils, surface water and
bottom sediments.

Development of hydrogeological mathematical
models enabled to obtain quantitative evaluation
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for the spread of existing and potential radioac-
tive ground water contamination covering NRHFs’
long-term operation, decommissioning, RW em-
placement and disposal and different time frames.

Modern system enabling to monitor, assess
and forecast the impact of industrial facilities on
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