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ABSTRACT

Introduction. This paper sets out to justify the application of an innovative methodology for determining the rate of the
tectonic fault activity of a rocky base using complex radon measurements under the conditions of the Akkuyu Nuclear Power
Plant (NPP), Turkey.

Materials and methods. The information contained in the Environmental Impact Assessment (EIA) chapters and sections
relevant to both the site tectonics and methods for measuring radon in soil and groundwater was scrutinised. In addition, the
experience of analogues studies in the Republic of Turkey was studied.

Results. An analysis of experimental results enabled identification of individual subsoil areas of increased radon activity
across the site under investigation. Additional comprehensive studies at the NPP site are recommended in combination with
planned work aimed at clarifying the engineering and geological conditions regarding specific NPP buildings and structures
(ED stage).

Conclusions. The proposed additional studies are expected to provide a more comprehensive seismic protection of the NPP
units under construction, thus enabling a long-term trouble-free operation of the completed NPP buildings and structures.
In the framework of subsoil monitoring at the Akkuyu NPP, regulations on the application of the proposed methodology should
be introduced in job descriptions. This technique appears to be prospective for seismic monitoring in other NPP sites located
in areas with increased seismicity.
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Onpenesienne cTeneHu BO3MOKHON AKTUBHOCTH TEKTOHNYECKHX Pa3J10MOB
Ha momaake AJC «AKKYI0» 10 JaHHBIM BbIOOPOYHBIX 3aMepPOB PaJ0HA
Ha ctraguu OBOC
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AHHOTALUMUA

BBepeHue. [JaHo 060CHOBaHWe NpuMeHeHus Ha nnolanke crposienca ASC «AkKyoy», pacnonoxeHHon B Typeukon Pe-
cny6nvke, MHHOBaLMOHHON AN AaHHbIX YCIOBUI METOAMKM BbISIBIIEHUS] CTEMEHW aKTUBHOCTM TEKTOHUYECKMX Pa3fioMOB
CKarbHOrO OCHOBaHMWS HA OCHOBE KOMIMIEKCHbIX U3MEPEHUI pafioHa.

MaTepuanbl u metoabl. [MoapobHO paccMOTpeHbl MaTepuarnbl COOTBETCTBYOLWMX rmaB 1 pasgenos OBOC B oTHowweHUn
TEKTOHWKM NOWaaKu U METOAMKMA U3MEPEHMNS paoHa B MOYBE M NOA3EMHbIX Bogax. A Takke U3yyeH OMnbIT NPoBeAEeHUs No-
[o6HbIX ccnegoBaHuin B Typeukon Pecnybnuke.

PesynbraTtbl. Ha ocHoBaHUM aHanv3a pe3ynsTaToB NPOBeAEHHbIX UCCIeq0BaHNI NpeaBapuTENbHO BbISBNEHbI OTAENbHbIE
y4yacTKu MOBbILLIEHHOW paJOHOBOW akTUBHOCTW Heap B npefenax nnowagku. PekomeHaoBaHbl AONOMHUTENbHbIE Crieun-
anbHble KOMMIEKCHble uccrnenoBanns Ha nnowanke ASC, npoBeaeHne KOTOPbIX MOXET ObiTb COBMELLEHO C NMaHOBLIMU
paboTaMu Mo YTOYHEHWIO NHXEHEPHO-Te0NorMyecknx yCroBmin Nog KOHKpeTHbIe 30aHus n coopyxeHusa ASC (ctagua PLO).
BbiBoabl. [pegnonaraemblie 4ONONHUTENBHbBIE UCCNEA0BaHUS CMOryT obecnednTb Gonee NonHy CEMCMO3alLmMTy HavaTbIX
nocTpovikon 6rnokoB ASC u, Kak crneacTeue, 6ezaBapuiiHyto aKCMyaTaLyio 3aKOHYEHHbIX MOCTPONKOW 30aHWIA U COOPYXXEHWI
ASC Ha gnuTenbHyto nepcnekTusy. MNonoxeHne 0 NPUMEHEHUN LAHHOW METOLAMKM B pamMKax NpOBEAEHNS MOHUTOPUHIa Heap
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Ha ADC «AKKYI0» JOMKHO GbITh 3aKPENEHO B AOMKHOCTHLIX MHCTPYKLUMAX. [laHHas MeToAnKa MOXET BbITb UCNONb30BaHa B
pamKax CeNnCMOMOHUTOPMHIa Npounx nnotwanok ASC, pacrnonoXeHHbIX B 30HaX C MOBbILIEHHON CENCMUYHOCTbIO.

KNMIOYEBBIE CITOBA: Typeukas Pecnybnuka, ASC «AkKyo», UaMepeHusi paioHa B NoYBe, U3MEPEHNS pafoHa B BoAe

6ypOBbIX CKBaXXUH, pagoH-MOHUTOP

ond UWTUPOBAHWA: Cedun B.J1., YnbsaHos B.FO. On the possibility of evaluating the tectonic fault activity at the Ak-
kuyu Nuclear Power Plant by sample radon measurements during environmental impact assessment // BectHuk MI'CY. 2019.
T. 14. Bein. 10. C. 1272-1279. DOI: 10.22227/1997-0935.2019.10.1272-1279

INTRODUCTION

Among natural gases freely discharged into the at-
mosphere in the zones of tectonic faults, radon (**?Rn)
appears to be the most famous. Such its properties as
inertness, short half-life (up to 3.8 days) and the pres-
ence of daughter decay products distinguish radon from
other gases, e.g. methane, hydrogen, helium, etc. These
properties provided a sufficient basis for this gas to
be applied as one of the most accessible indicators in
establishing the activity rate of fault zones [1]. Moni-
toring of the stress state of the subsoil in these zones
is deemed extremely necessary, since they frequently
feature deformations of various magnitude and nature
that could lead to violations of the altitude position and
integrity of buildings, transport infrastructure facilities,
as well as structures of highly important energy facili-
ties, such as nuclear power plants (NPP) [2].

Numerous field studies undertaken in the 70—80s
of the last century established a direct relationship
between the intensity of radon anomalies and geody-
namic processes in the zones of tectonic faults. This
phenomenon served as a basis for the development of
a fundamentally new direction of applied research in
engineering geology, so-called structural-geodynamic
mapping [3].

In addition, such features of radon (**?Rn) behav-
iour in the geological space as its abnormally high or
low concentrations during the periods preceding earth-
quakes created the conditions for continuous monitor-
ing of radon as an indicator of approaching seismic
events [4]. The importance of radon monitoring for
seismic forecasting has been repeatedly confirmed in
practice. For example, the well-known events in the
Italian L’ Aquila (Abruzzo) in April 2009 had been pre-
dicted several months before by the seismologist Giam-
paolo Giuliani from his observations of soil radon [5].
The relevance of such studies in Turkey is confirmed,
in particular, by the seismic events in the province of
Mersin — the location of the Akkuyu NPP — that oc-
curred on July 30, 2015 (M = 5.2), March 19, 2017

(M = 4.5), March 28, 2019 (M = 3.0) and March 30,
2019 (M = 3.2), as well as by the relatively recent seis-
mic events in the sea near the coast of neighbouring
Antalya on September 12, 2018 (M = 5.2), September
28,2018 (M =4.0) and December 21, 2018 (M =4.1).
Nevertheless, despite the extensive evidence of the
efficiency of the abovementioned method, radon has re-
ceived undeservedly little attention as a possible indi-
cator of changes in the stress state of the subsoil at the
sites of newly built and operating nuclear power plants.
Particularly, this concerns radon in groundwater'34,
While measurements of soil radon in studying the geo-
dynamics of NPP sites by gas-emanation methods have
already been introduced in recent regulatory documents
(though mentioned as “indirect” or “auxiliary”), the
method of measuring radon in groundwater for similar
purposes is yet to prove its practical significance.

MATERIALS AND METHODS

The descriptions of seismic conditions, identified
tectonic faults and criteria for determining their activity
at the site of the NPP under construction are provided
in EIA Sections 1V.2.2.3.,1V.2.4.1., IV.2.5., V.1.11 and
others (2014 ed.).

Excerpts from EIA Section V.1.11. regarding ac-
tive faults are as follows:

' Methodological Guidelines for conducting hydrogeode-
formation monitoring for seismic forecasting (R-STEPS) /
ed. G.S. Vartanyan. Moscow, Publ. Geoinformmark CJSC,
2000; 77.

2 Seismic hazard assessment for location sites of nuclear and
radiation hazardous objects based on geodynamic data. RB-
019-01. Moscow, 2001.

3 CS 95 102-2013. Conducting object condition monitoring
of subsoil resources at the enterprises of the state corporation
ROSATOM. Moscow, Publ. SRO NP SOYUZATOMGEO,
2013.

4 CS 95 103-2013. Guidance on the methodology of inte-
grated engineering-seismometric and seismological state
monitoring of the buildings and structures, including their
placement sites. Moscow, Publ. SRO NP SOYUZATOM-
GEO, 2013.
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“... an active fault manifests itself as the one of
the most important limiting parameters that should be
taken into account in ensuring the acceptability of an
NPP site”.

In accordance with the requirements of the JAEA
safety documents, a fault is considered to be active in
the following cases:

a) when there are signs of previous repeated
movement(s) (e.g., significant deformations and/or
dislocations) over such a period that occurrence of fur-
ther movements along or near the surface could be pre-
dicted. In highly active areas, where seismological and
geological data indicate short intervals in earthquake
recurrence, assessment of active faults should rely on
periods of ten thousand years (e.g., the Upper Pleis-
tocene — Holocene, i.e. to the present). In less active
areas, it seems reasonable to consider a much longer
period (e.g., Pliocene — Quaternary, i.e. to the present);

b) when the fault under consideration demon-
strates a structural relationship with another known ac-
tive fault, so that the movement of one fault can trigger
that of another fault along or near the surface;

¢) when the maximum potential magnitude corre-
sponding to any seismogenic structure is large enough, as
defined in the corresponding section, with its depth im-
plying the possibility of surface movement (in the current
tectonic situation at the plant) along or near the surface.

In addition, for new NPPs, the TAEA regulatory
documents state that, in cases when there is reliable
evidence to suggest that an active fault could adversely
affect the safety of the plant, the applicability of the
chosen site should be reconsidered. As far as the IAEA
recommendations with respect to the timeline are con-
cerned, confirmation of the lack of movement in the
Quaternary is considered to be sufficient evidence of
the lack of activity.

In general, the scale of the site surroundings
(~5 km radius) is considered sufficient to demonstrate
the absence of active faults. For the Akkuyu NPP site,
5 km is likely to be sufficient, since the tectonic features
in the nearby region are not clearly defined, limited in
length and highly segmented.

Regarding requirement (a), numerous studies have
been carried out in land and coastal areas in the vicin-
ity of the Akkuyu NPP site, as well as in the adjacent
zone of the region. These included aerial photography,
field exploration, geophysical and paleoseismological
studies. On-land geophysical studies revealed no dis-
turbances in modern lithological strata, which could
be attributed to surface faults, i.e. no signs of tectonic
deformations were distinguished in Quaternary depos-
its (Pliocene-Quaternary breccias and Quaternary allu-
vium) with the age undoubtedly exceeding the required
one based on the geodynamic (interplate) situation at
the Akkuyu site. The old relict soil covering the entire
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territory in the vicinity of the site and across zones of
the nearby region (an area that rose above the sea level
only after the Miocene) demonstrates no faults and/or
displacements or features (such as colluvial wedges)
that could be attributed to surface faults.

Regarding requirement (b), the discharges and
folds presented in the vicinity of the site (for example,
in Axaz, Akkuy and Tashlyk bays) correlate well with
those associated with the past mountain formation (Her-
cynian Mountains) and, therefore, are not active. In ad-
dition, seismological records (including records of the
micro-earthquakes in the 1970s and 1980s) do not re-
veal any systemic groups indicating possible new faults
that could be attributed to active regional faults.

Regarding requirement (c), it should be noted that
the analysis of the catalogue of historical earthquakes
and geological field studies did not reveal any evidence
of the M > 6.5 event in the region adjacent to the site.
Taking into account this fact and the existing seismo-
tectonic conditions at the Akkuyu site, the background
earthquake with M= 6.5 is considered inactive here.

An extensive number of geological, geophysical,
seismological and paleoseismological studies have
clearly demonstrated the absence of the probability of
surface dumping at the Akkuyu site.

A general approach to performing a deterministic
and probabilistic assessment of seismic hazard is pre-
sented in Section IV.2.5. The design parameters of soil
movement were conservatively based on the results of
seismic hazard assessments. According to the compilers
of the document, the data reported by numerous studies
clearly indicate that seismic hazard poses no threat to
the acceptability of the site.

Sample radon measurements at the NPP site were
carried out using an Alphaguard radon monitor (Ger-
many). For measuring the volumetric activity of radon
in the soil, a probe was immersed in the ground. This
measurement method was applied in all 9 measuring
stations/points. Measurements of the radon volumetric
activity were also carried out in groundwater sampled
from S1 and S2 wells (up to 15 m deep). EIA section
1V.2.2.3 provides the data of these measurements at
the NPP site (tables 1V.2.2-22 and 1V.2.2-23), with the
scheme of measuring stations and wells being displayed
in Fig. IV.2.2-20.

RESULTS

As mentioned above, in EIA Section IV.2.5, seis-
mic hazard was recognised as “posing no threat” to the
site in question. However, the compilers of the EIA
seem to have ignored that territory planning always in-
volves the extraction and movement of large amounts
of solid rock featuring multiple cracks of different gen-
esis and orientation, which would inevitably change
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the rock stress state not only under seismic events of
M < 6.5 but also under subsequent additional techno-
genic flooding of fault zones and other technogenic im-
pacts (blasting, vibration, etc.). In addition, the recently
discovered specificity of the fault behaviour in aseismic
territories, to which the site of the NPP in question was
apparently attributed, has also been disregarded. More-
over, it seems that relatively recent and completely
“fresh” seismic events in the province of Mersin on July
30,2015 (M =5.2), March 19, 2017 (M = 4.5), March
28,2019 (M = 3.0) and March 30, 2019 (M =3.2), i.e.
after the publication of the document, should thus be
attributed to random, insignificant and deserving no
consideration. However, the neglect of any modern in-
formation about the geodynamics of the rocky base of
an NPP site can most negatively affect the process of
NPP construction, particularly during the construction
of powerful concrete footings and foundations of criti-
cal structures (so-called nuclear islands) that fall into
the so-called active geodynamic zones. This can also
manifest itself as a consequence in the operation of the
completed NPP facilities, primarily its extended buried
structures (cable and technological channels, galleries,
circulation conduits, etc.). Among other negative effects
should be mentioned possible intensification of karst
formation processes due to the inevitable formation
of an anthropogenic aquifer in the rocks of the base of
the NPP units, i.e. their watering with unclear conse-
quences caused by the chemical contact of constituent
carbonate rocks with waters of a composition different
from the natural one. In addition, the contribution of
the so-called cumulative effect should not be ignored,
which is formed by numerous weak (M = 1.2...2.6)
seismic events directly in the Silifke area, i.e. near the
construction site, occurring both on land and in the sea
near the coast of the Mersin province.

There is one more circumstance that has not been
mentioned in the EIA but suggests an alternative inter-
pretation of the modern solid rock geodynamics at the
NPP site. This refers to the results of measurements of
radon in soil and water from boreholes at the site prior
to construction (2012), provided in Section [V.2.2.3. It
should be emphasised that the provided sample values
are too numerically insignificant to be demonstrative
of the entire picture. However, the unexpectedly sig-
nificant scatter in the values of the volumetric activity
(VA) of radon recorded in radon stations/wells provides
a basis for an altered estimation of the stress state of
the rock mass at the base of some important NPP build-
ings and structures. In other words, this information
can point to the presence of pronounced radon anoma-
lies, presumably related to the modern geodynamics
of existing fault zones. Given the general layout of
the NPP site, the nature and configuration of the fault
zones provided in the EIA in Fig. IV.2.4-25, V1.2.4-29,

1V.2.4-74...78, as well as the location of measuring sta-
tions/wells in relation to future NPP facilities and fault
zones, it becomes possible to tentatively assess the ac-
tivity rate of fault zones within the site using data from
similar studies in other regions [6—10]. The results of
determining the possible activity rate of the identified
faults at the Akkuyu NPP site using the available rado-
nometry data are given in Table 1.

Additionally, according to a method developed at
the Institute of the Earth’s Crust SB RAS (Irkutsk), the
contrast of emanation (radon) anomalies in the zones of
existing faults was estimated using a relative indicator of

KQ = Qmax/Qmin’

where O is the maximum value of the O parameter
on the fault line, and Q . is the minimum value of the
Q parameter in rocks beyond the fault zone, with the
O parameter attracted to certain levels of this indicator.
This allows five groups of fault zones with the follow-
ing radon activity to be identified:

* low (KQ <2);

* medium (2 < KQ < 3);

* increased (3 <KQ <5);

e high (5 <KQ<10);

* super high (KQ > 10).

According to the developers of this technique, the
indicators of radon activity in fault zones assigned to the
latter two groups pose a particular danger in terms of
construction and operation of buildings and structures.

The radon activity rate of the fault zones at the
NPP site based on the contrast of the emanation (radon)
anomalies is provided in Table 2.

As follows from the data given in Tables 1 and 2
and taking into account the location of stations/profiles
on the NPP site, the maximum values of the possible
activity of fault zones are associated with the site of the
“nuclear island” of the block 3 and, in part, to individ-
ual sections of block 2 and 4. Thus, these areas should
be given increased attention during construction work,
in particular, in the construction of concrete blocks and
foundations of individual buildings and structures.

A separate and relatively little studied research
area consists in the possible impact of the identified
geodynamic structures on the welds of pipelines for
various purposes, which are numerous in NPP buildings
and structures. According to a number of researchers
(N.I. Selyukov, Yu.S. Ryaboshtan et al.), the negative
impact of such structures can be reduced to three main
factors, namely:

» mechanodynamic factor associated with local fluc-
tuations in the land surface of the solid rock mass;

» gas-chemical factor associated with an increased
emanation of corrosive gases from the fault zones of
active geodynamic structures;

+ radiation factor.
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Table 1. Fault activity rate at the Akkuyu NPP site according to sample radonometry data

Sta- Volumetric activity of soil radon, Bq/m? Fault activity rate, Comment
;iv(;?{ Measurement 1 | Measurement 2 | Measurement 3 | Mean [1, tab. 2]
No.
1 9320 + 1090 10 200 + 881 10 100 + 890 9873 medium active
2 51 000 + 2430 54300 +2500 | 50700 +2460 |52 000 active Block 3 site
3 53 000 + 2490 51000+2520 | 45700+2370 |49 900 active Block 2 site
4 17900 + 1270 18500+ 1270 | 17920+ 1260 |18 106 medium active
5 14 100 + 1410 13 400 + 996 - 13750 medium active
6 5090 + 563 6220 + 620 - 5655 medium active
7 7250 £ 1160 7510 += 734 - 9873 medium active
8 17 700 + 1240 20 800 + 1340 - 19250 medium active
9 6350 = 608 6170 =592 - 6260 medium active
S1 6911 low active well water radon at 24 °C
S2 6441 low active well water radon at 25 °C

Table 2. Radon activity rate based on the contrast of emanation anomalies

Sector/station/profile | O (on the fault 0., (on the wings of Ko=0 /0. Radon activity rate
line) the fault zone) of the fault zones in the area
1-2-S2 54 300 6441 8.43 high
S1-4-3-6 53 000 6220 8.52 high
6-7-8-9 20 800 6220 3.34 increased

The latter factor is the least studied due to the pe-
culiarities of the effect of alpha particles, resulting from
the decay of radon in the places of its intense emis-
sion from the subsoil, on a corrosive environment and,
above all, groundwater and technogenic aquifers inevi-
tably formed during the operation of NPP (the so-called
radiolysis effect). Hydrogen peroxide, ozone and radi-
cals of OH and H,O, formed during the radiolysis of
water are known to be energetic cathode depolarisers.
For the same reason, the radiolysis effect enhances the
cathode process and, consequently, the corrosion itself,
including that of metal welds of various pipelines cross-
ing such structures within the NPP site.

As follows from the above, not all issues regard-
ing fault tectonics were adequately elucidated in the
EIA report; therefore, additional comprehensive stud-
ies at the NPP site are highly desirable. These studies
can be combined with planned work aimed at clarifying
the engineering and geological conditions for specific
buildings and NPP facilities (ED stage). For a qualita-
tive analysis of the current geodynamic situation, the
list of planned geophysical surveys should additionally
include the following types of work:

» measurement of radon VA in groundwater from ex-
ploratory network wells;
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* VA measurement of soil radon in boreholes near
exploratory network wells’.

Works should also be performed across the cov-
ered areas of the bay.

In some cases, considering the specifics of fault
formation in carbonate strata, the list of works can be
expanded and supplemented by mineralogical and pet-
rographic studies of samples from cores of individual
exploratory wells, particularly those taken from frac-
ture crushing zones. To this end, the initial location of
the mouths of some exploration wells should be shifted
directly into the zones of identified faults. The wells
developed for creation of a permanent hydrogeological
monitoring network should also be included in the list
of water points tested for radon. Experience of conduct-
ing radonometry for the purpose of seismic forecasting,
seismotectonics and ecology in Turkey was reported in
[11-19]. Such studies should not be postponed, given
a sufficiently tight schedule of the entire facility con-
struction. In the future, such studies may become an
integral part of the monitoring of subsurface resources,

5 STO 95 12024-2017. Engineering surveys during the con-
struction of a nuclear power plant. Geophysical exploration.
Technical requirements for the production of work. Moscow,
SRO NP SOYUZATOMGEO Publ., 2017.



On the possibility of evaluating the tectonic fault activity at the Akkuyu Nuclear Power Plant by sample
radon measurements during environmental impact assessment

C. 12721279

including present-day crustal motion, both at the Ak-
kuyu NPP site and across the adjacent territory of the
Mersin province®. Moreover, a number of Russian re-
searchers also pay attention to the insufficient array of
available data in this area [20, 21]. These additional
studies will be important primarily for understanding
the current geodynamic situation at the NPP site under
construction. In addition, no investigations in the site
similar to single measurements of radon undertaken as
far back as in 2012 have so far been reported, with all
attempts to continue the research in this direction after
2012 being unrealised for a number of reasons.

Presuming that the proposed additional stud-
ies identified active geodynamic structures associated
with radon anomalies in certain parts of the NPP site,
timely changes should be introduced in planned design
decisions.

¢ Safety Guide for the Use of Atomic Energy. Seismological

monitoring of sites for the location of nuclear and radiation
hazardous facilities. RB-142-18: approved by order of the
Federal Service for Ecological, Technological and Nuclear
Supervision of 11/27/2018. No. 592.

CONCLUSIONS AND DISCUSSION

There is no doubt that not all issues regarding fault
tectonics of the NPP site were adequately elucidated in
the EIA report. Therefore, additional comprehensive
studies that would include radonometry are required.
Such studies can be combined with planned work aimed
at clarification of the engineering and geological con-
ditions for specific NPP buildings and structures (ED
stage). Such studies should become an integral part of
the monitoring of subsoil resources at the Akkuyu NPP
site, including monitoring of the present-day crustal
motion.

Presuming that the proposed additional stud-
ies identified active geodynamic structures associated
with radon anomalies in certain parts of the NPP site,
timely changes should be introduced in planned design
decisions.

These measures are expected to provide a more
comprehensive seismic protection of the NPP units
under construction, thus enabling a long-term trouble-
free operation of the completed NPP buildings and
structures.
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