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The pa per anal y ses re sults of spatio-tem po ral ra dio log i cal risk as sess ment sce nar ios based on
ex ist ing in-situ long-term mon i tor ing data from a nat u ral gas pro cess ing plant to ana lyse the
ef fect of dif fer ent in put data on the as sess ment out come. The ERICA As sess ment Tool was
used to es ti mate the dose rates to biota and po ten tial im pacts due to the ex po sure to ion is ing
ra di a tion. The in put data for ra dio log i cal risk as sess ment sce nar ios in cluded an nual data on
ac tiv ity con cen tra tion of radionuclides in soil from in-situ mea sure ments per formed from
1994 to 2016 and lab o ra tory gamma-spec tro met ric data re lated to the pe riod from 2014 to
2019. Pre dicted to tal dose rate to biota was gen er ally be low the ERICA Tool's screen ing dose
rate of 10 µGyh–1 or slightly above, with the high est to tal dose rate es ti mated for li chen and
bryophytes. To tal dose rates to li chen and bryophytes in the stud ied pe riod show cer tain tem -
po ral vari a tion, but a spe cific trend was not de tected. Es ti mated to tal dose rates to biota from
dif fer ent as sess ment sce nar ios were be low in ter na tion ally pro posed ref er ence lev els for which
no det ri men tal ef fects are ex pected. The over all po ten tial ra dio log i cal risk to ter res trial biota
from the op er a tion of the nat u ral gas pro cess ing plant was found to be neg li gi ble.
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IN TRO DUC TION

Nat u ral gas is be ing used world wide as a pri mary 
en ergy source, with global data show ing it con sti tutes
as more than a quar ter in the global en ergy mix [1] and
sim i larly in the en ergy mix of the EU [2]. Nat u ral gas
also has an im por tant role in the global en ergy se cu rity
[3-5]. Con se quently, the nat u ral gas in dus try has a sig -
nif i cant im pact on the qual ity of the over all en vi ron -
ment.

Nat u rally oc cur ring ra dio ac tive ma te rial (NORM)
re sults from dif fer ent in dus trial pro cesses as an in dus trial 
by-prod uct where radionuclides ac cu mu late in dif fer ent
types of waste. In dus trial ac tiv i ties that may lead to the
en hanced lev els of ra dio ac tiv ity have been gain ing at ten -
tion in the last de cades. The Eu ro pean Coun cil 2013/
59/Euratom rec og nizes pos si ble risks aris ing from nat u -
ral ra dio ac tiv ity, i. e., NORM, while pos si ble en vi ron -
men tal con tam i na tion risks as so ci ated with NORM-re -

lated in dus tries were doc u mented in de tail by in ter na -
tional com mu nity as well [6-10]. Dif fer ent as pects of
NORM gen er a tion in in dus tries, its emis sions, and pos si -
ble ef fects on health and the en vi ron ment have been stud -
ied in the last two de cades [11, 12]. Since in dus trial
NORM re leases can be as so ci ated with det ri men tal ef -
fects on pop u la tions and en vi ron ment, ra di a tion pro tec -
tion in the con text of in dus tries re lated to NORM aims to
mit i gate ad verse ef fect by us ing ra di a tion pro tec tion
prin ci ples of jus ti fi ca tion, and op ti mi za tion in oc cu pa -
tional ex po sure [13-16].

The im por tance of oil and gas in dus tries as
NORM-re lated in dus tries in es tab lish ing stan dards and
en sur ing ad e quate pro tec tion of both pop u la tions and
the en vi ron ment has been re searched in sev eral spe cific
stud ies. Koppel et al. [17] stress the po ten tial role of oil
and gas fa cil i ties that are to be de com mis sioned, risks
as so ci ated with de com mis sion ing op tions, and pos si ble 
eco log i cal im pacts. In their pa per Cowie et al. [18] pres -
ent a prac ti cal in dus trial ex pe ri ence in de vel op ing a
NORM man age ment strat egy in oil and gas in dus try.
Jodlowski et al. [19] stud ied waste from gas ex plo ra tion 
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and pro duc tion in clud ing drill cut tings, drill ing muds,
fracking flu ids, re turn, fracking flu ids, and waste
proppants, while Gafvert et al. [20] sam pled pro duced
wa ter from off shore plat forms in Nor way. Al-Masri and 
Haddad [21] used fly and bot tom ash sam ples from a
nat u ral gas power plant to study NORM emis sions.
Sev eral stud ies were con ducted on soil and sludge sam -
ples, Xhixha et al. [22] con ducted an ex ten sive study
us ing soil and sludge sam ples in or der to iden tify ar eas
for strategical plan of fu ture ra dio log i cal as sess ments in 
Al ba nia, where Barros et al. [23] sam pled scale in in -
dus trial pipe lines in Ven e zuela. Gar ner et al. [24] ex -
plored oil and gas pro duc ing re gion in the United King -
dom, Attallah et al. [25] stud ied scale sam ples from
pe tro leum in dus try in Egypt, and study from Taheri et
al. [26] used sam ples of soil and sludge from a gas field
in Iran. There are also stud ies that in clude char ac ter iza -
tion of waste aris ing from oil and nat u ral gas pro duc tion 
[27] and geo chem i cal sig na ture of NORM waste from
oil in dus try [28]. The study from Husain and Sakhnini
[29] fo cused on ra dio log i cal im pacts of NORM from oil 
and gas in dus try in Bahrein. All these stud ies dem on -
strate the im por tance of ro bust en vi ron men tal mon i tor -
ing and proper at ten tion paid to NORM waste and as -
sess ments of its po ten tial ra dio log i cal risks to the
en vi ron ment in all pro duc tion phases. Laz a rus et al.
[30] in ves ti gated pres ence of mer cury, and other sta ble
metalloids and radionuclides in biota as a part of the ex -
ten sive mon i tor ing of soil, earth worms, moss, live stock
and wild life an i mals at the nat u ral gas treat ment plant.

The main goal of en vi ron men tal mon i tor ing is
the quan ti fi ca tion of ra dio ac tive sub stances or ion is -
ing ra di a tion that arise from hu man ac tiv i ties and nat u -
ral sources in dif fer ent en vi ron men tal me dia [31]. Re -
gard ing the prac ti cal con text of en vi ron men tal
mon i tor ing programmes, Ar ti cle 35 of the Euratom
Treaty im plies im ple men ta tion of com pre hen sive na -
tional programmes of mon i tor ing the en vi ron men tal
ra dio ac tiv ity. These programmes aim at mon i tor ing
main path ways of po ten tial ex po sure of pop u la tion
and in clude sam pling and anal y ses of the en vi ron men -
tal me dia [32]. These programmes might not in clude
par tic u lar in dus trial sites re lated to NORM, but en vi -
ron men tal mon i tor ing of NORM-re lated in dus trial lo -
ca tions aligns with the over arch ing goals of na tional
en vi ron men tal ra dio ac tiv ity programmes. En vi ron -
men tal ra dio ac tiv ity mon i tor ing also has a role in ef -
fec tive risk pre pared ness and pre ven tion [33]. Study
from Riberio et al. [34] pres ents an ex am ple of ex ten -
sive en vi ron men tal mon i tor ing programme im ple -
men ta tion. Sun et al. [35] fo cused on op ti mi za tion of
long-term mon i tor ing of ra di a tion air-dose rates, while 
in clud ing the goals of long term en vi ron men tal mon i -
tor ing i.e., de tect ing pos si ble changes of con tam i nant
mo bil ity and val i dat ing the re duc tion of haz ard lev els.
Michalik [12] em pha sizes the im por tance of en vi ron -
men tal ra dio ac tiv ity mon i tor ing in clud ing non-hu man 
spe cies rep re sen ta tives, and pos si ble ra di a tion dose

and ef fects on biota. Soil ra dio ac tiv ity was also stud -
ied to es tab lish base line data for fu ture ra di a tion
im pact as sess ments [36], to es ti mate pos si ble pol lu -
tion with in dus try as a source of radionuclides and
heavy met als [37], and to es ti mate pos si ble use of or -
gan isms as biomonitors [38].

The as sess ment of po ten tial im pacts aris ing from 
ex po sure of non-hu man biota to ion is ing ra di a tion can
be per formed us ing dif fer ent ap proaches and mod els
[39, 40]. The ERICA In te grated Ap proach and ERICA 
Tool were de vel oped through EU co-funded 6th

Frame work Pro gram EURATOM pro ject En vi ron -
men tal Risk from Ion is ing Con tam i nants As sess ment
and Man age ment (ERICA). The key char ac ter is tics of
the ERICA Tool is the as sess ment-based risk quan ti fi -
ca tion through use of data on en vi ron men tal trans fer
and do sim e try, re sult ing in the mea sure of ex po sure
that is fur ther com pared to ex po sure lev els as so ci ated
with known det ri men tal ef fects of ra di a tion [41-44].
The use of ERICA Tool can be used for planned, emer -
gency or ex ist ing ex po sure sit u a tion, where
NORM-re lated ac tiv i ties are re garded as planned ex -
po sure sit u a tions [45, 46].

This pa per com pares dif fer ent spatio-tem po ral
ra dio log i cal risk as sess ment sce nar ios based on ex ist -
ing in-situ long-term mon i tor ing data from a nat u ral
gas pro cess ing plant to ana lyse the ef fect of dif fer ent
in put data on the as sess ment out come. Ad di tion ally, a
risk as sess ment us ing lab o ra tory gamma-spec tro met -
ric data from the same site was con ducted, and re sults
from both stud ies were com pared. The re sults of these
com par i sons could pro vide valu able feed back for de -
sign of fu ture ra dio log i cal risk as sess ments in
NORM-re lated in dus tries and gen eral in sight in
justifiability of con duct ing long-term ra dio ac tiv ity
mon i tor ing and us ing the re sult ing data to per form ra -
dio log i cal risk as sess ments, as op posed to us ing more
con cise en vi ron men tal ra dio ac tiv ity data sets. 

MA TE RI ALS AND METH ODS

As sess ment site

The re search area in cluded the nat u ral gas pro -
cess ing plant site Molve, lo cated in Croatia, Eu rope.
The site is part of Podravina res er voir and pres ents one 
of the larg est nat u ral gas and gas con den sate re serves
in the Re pub lic of Croatia that ac counts for the ma jor -
ity of the na tional nat u ral gas pro duc tion [47]. Af ter
ini tial re search in 1974, as a part of the pro ject
Podravina the pro duc tion at the nat u ral gas field
Molve first started in 1981 with two gas wells and was
later fur ther de vel oped in sev eral phases [47, 48]. The
on go ing pro duc tion of nat u ral gas and gas con den sate
for the last 40 years makes this the most com plex en -
ergy pro ject re lated to hy dro car bon ex plo ra tion and
pro duc tion in Croatia, as well as an ex am ple of a pro -

A. Getaldi}, et al., En vi ron men tal Pro tec tion in Nat u ral Gas In dus try: ...
136 Nuclear Tech nol ogy & Ra di a tion Pro tec tion: Year 2023, Vol. 38, No. 2, pp. 135-143



ject im ple men ta tion that ef fec tively com bined en -
ergy-re lated goals and en vi ron men tal pro tec tion prin -
ci ples [49]. The on go ing ac tiv i ties at the site in clude
the pro duc tion and pu ri fi ca tion of gas and gas con den -
sate for trans port. 

As sess ment data

In-situ gamma-ray spec trom e try mea sure ments
were per formed by Ra di a tion Pro tec tion Unit of the
In sti tute for Med i cal Re search and Oc cu pa tional
Health in the pe riod from 1994 to 2016 on three lo ca -
tions at the plant site which in cluded the lo ca tion of the 
cen tral gas sta tion (CPS) and lo ca tions of two gas
wells, sta tion M-9 and sta tion M-10, fig. 1.

In-situ gamma-spec tro met ric mea sure ments were 
car ried out to de ter mine the sources of ba sic ra di a tion,
both cos mic and ter res trial, by di rect mea sure ments in
the field us ing a semi con duc tor de tec tor ORTEC
HPGe, a multi-chan nel analyser (with 16000 chan nels)
and the as so ci ated elec tronic cir cuit with a com puter.
The char ac ter is tics of the HPGe de tec tor in cluded res o -
lu tion of 1.75 keV at 1.33 MeV 60Co and rel a tive ef fi -
ciency of 21 % at 1.33 MeV 60Co. All in-situ mea sure -
ments were con ducted dur ing 1000 sec onds and
ORTEC Gamma Vi sion soft ware was used to ana lyse
the re sult ing spec tra. The ac tiv ity con cen tra tions of nat -

u ral radionuclides in the soil were cal cu lated as sum ing
their uni form dis tri bu tion in the soil.

In the pe riod from 2014 to 2019, sam ples of soil
(0-10 cm) were taken from the lo ca tion of cen tral gas
sta tion CPS, sta tion M-9, and sta tion M-10. All the
sam ples were pre pared in the lab o ra tory and ana lysed
us ing gamma-ray spec trom e try. The sam ple prep a ra -
tion  in cluded  sam ple siev ing, dry ing of sam ples at
105 °C, and then ashing at 450 °C in a muf fle fur nace.
The sam ples pre pared in this man ner were then packed 
in sealed con tain ers of 200 ml vol ume. The sam ples
were mea sured in a gamma-spec tro met ric lab o ra tory
af ter 66 days to en sure the sec u lar equi lib rium within
the ura nium and tho rium de cay chains. De ter min ing
ra dio ac tiv ity in soil sam ples was per formed us ing
high-res o lu tion gamma-spec trom e try with a method
ac cred ited ac cord ing to HRN EN ISO/IEC 17025. HP
GMX ORTEC de tec tor sys tem was used with the fol -
low ing char ac ter is tics: res o lu tion of 2.2 keV at 1.33
MeV 60Co and a rel a tive ef fi ciency of 74.3 % at 1.33
MeV 60Co. Ef fi ciency cal i bra tion was car ried out by
the stan dards from the Czech Metrological In sti tute
cov er ing the en ergy range from 40 to 2000 keV. Data
on 238U, 226Ra, and 232Th ac tiv i ties were de ter mined
from those of their de cay prod ucts. Ac tiv ity of 226Ra
was de ter mined  from  that  of  214Bi  (photopeaks at
609 keV, 1120 keV, and 1764 keV), ac tiv ity of 232Th
from that of 228Ac (photopeaks at 338 keV, 911 keV,
and 968 keV), and ac tiv ity of 238U from those of 234Th
(photopeak at 63 keV). The mea sured ac tiv ity in all the 
sam ples was above the de tec tion limit. The qual ity as -
sur ance of radionuclide de ter mi na tion was per formed
through sys tem atic par tic i pa tion in com par a tive mea -
sure ments or ga nized by the In ter na tional Atomic En -
ergy Agency (IAEA), the World Health Or ga ni za tion
(WHO), as well as the EU's Joint Re search Cen tre
(JRC) [50].

Use of the ERICA tool

The ERICA As sess ment Tool (ver sion 2.0) was
used to cal cu late dose rates to ter res trial biota from ex -
po sure to radionuclides. The as sess ment can be per -
formed by se lect ing dif fer ent de fault eco sys tems: ter -
res trial, ma rine and fresh wa ter. The ERICA Tool uses
ac tiv ity con cen tra tions in en vi ron men tal me dia i.e.,
sed i ment, soil, wa ter and air as in put data for the as sess -
ment. The es ti ma tion of radionuclide trans fer to the en -
vi ron ment is per formed us ing the con cen tra tion ra tio
(CR) val ues [41, 43, 45]. The ERICA Tool as sesses po -
ten tial ef fects aris ing from both in ter nal and ex ter nal
ex po sure by in ter pret ing ac tiv ity con cen tra tion data in
en vi ron men tal me dia and biota which is done through
the use of in ter nal and ex ter nal dose con ver sion co ef fi -
cients (DCCint and DCCext) [44, 45]. The Tool also uses
weight ing fac tors to ad dress dif fer ent com po nents of
ra di a tion, 10 for al pha, 3 for beta and 1 for gamma ra di -
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Fig ure 1. As sess ment site and sam pling lo ca tions
(CPS, M-9, and M-10) lay out



a tion [43]. The de fault list of radionuclides in the
ERICA Tool in line with the en vi ron men tal pro tec tion
frame work of the In ter na tional Com mis sion on Ra dio -
log i cal Pro tec tion, as well as the use of ref er ence or gan -
isms as gen er al ised eco sys tem rep re sen ta tions [43]. For 
ref er ence or gan isms, the oc cu pancy fac tors de fine the
frac tion of time that the or gan ism spends in a cer tain en -
vi ron men tal me dia, and these val ues can be mod i fied by 
the user if nec es sary [44, 45].

The ERICA As sess ment Tool al lows us ers to run
as sess ment in dif fer ent as sess ment con texts, i.e., dif fer -
ent tiers. Tier 1 pres ents the ba sic highly con ser va tive as -
sess ment that re quires min i mal user data in put. The Tier
2 as sess ment con text al lows us ers to in put site-spe cific
me dia con cen tra tions and to use sin gle point or more
com plex tem po ral and spa tial data se ries. Tier 2 also of -
fers us ers to per form a less con ser va tive as sess ment and
com par i son of re sults against ta bles of ra dio log i cal ef -
fects and ex po sure due to nat u rally oc cur ring ra dio-
nuclides [45]. The de fault screen ing dose rate pro posed
by the ERICA Tool is 10 µGyh–1, and sug gested un cer -
tainty fac tors (UF) are 3 and 5 that en able the as sess ment
for 5 %, and 1 % prob a bil ity of ex ceed ing the dose rate
screen ing value, re spec tively [43-45].

All risk as sess ment sce nar ios us ing the in-situ
gamma-spec tro met ric mea sure ments from the long- term
mon i tor ing data were run at Tier 2 of the ERICA Tool for a
ter res trial eco sys tem. The rea son for this is that only Tier 2
al lows us ers to in put mul ti ple se ries data and spe cific com -
bi na tion of spa tial and tem po ral se ries of data.

The in put data in cluded an nual ac tiv ity con cen -
tra tion of radionuclides in soil (in Bqkg–1) from sam -
ples col lected at three sam pling lo ca tions, at a nat u ral
gas pro cess ing plant, in the pe riod from 1994 to 2016.
Ta ble 1 sum ma rizes ac tiv ity con cen tra tions in the soil
sam ples for the stud ied pe riod.

The as sess ments in cluded all ERICA Tool's de -
fault ter res trial ref er ence or gan isms, and the de fault
oc cu pancy fac tors, as sum ing that the se lected or gan -
isms spend 100 % of their time at the site, which could
be re garded as a con ser va tive ap proach. The se lected
screen ing dose rate for all the as sess ment sce nar ios
was the ERICA Tool's de fault value of 10 µGyh–1.
Other de fault pa ram e ters in cluded UF of 3, per cent age 
of dry weight of me dia of 100 %, and the de fault
weight ing fac tors for al pha, high en ergy betta/gamma
and low en ergy beta ra di a tion of 10, 1, and 3, re spec -
tively. The CR val ues used in the as sess ments were de -
fault val ues pro vided by the as sess ment Tool, as
site-spe cific CR val ues were not avail able. The use of
site-spe cific CR val ues by the ERICA Tool in a
NORM-re lated as sess ment con text was re searched in
de tail by other au thors and gen er ally, the re sults show
lower dose rate es ti ma tions as op posed to as sess ments
that use ERICA Tool's de fault CR val ues [51-53]. Ta -
ble 2 sum ma rizes pa ram e ters used in the risk as sess -
ments: list of radionuclides and ref er ence or gan isms.

The study per formed mul ti ple ra dio log i cal risk as -
sess ment sce nar ios us ing the in-situ gamma-spec tro met -

ric mea sure ments. The first risk as sess ment sce nario
used the com plete long-term data set on an nual ac tiv ity
con cen tra tions per sam pling lo ca tion (CPS, M-9, and
M-10) from 1994 to 2016. For the same data set sep a rate
risk as sess ment were per formed us ing an an nual av er age
radionuclide con cen tra tion from all three sam pling lo ca -
tions. Ad di tional as sess ment used the max i mum mea -
sured ac tiv ity con cen tra tions from all the sam pling lo ca -
tions in the stud ied pe riod. In or der to as sess the po ten tial
cu mu la tive ef fects, a sep a rate as sess ment sce nario used
tri pled max i mum mea sured ac tiv ity con cen tra tions from
the sam pling lo ca tions. 

A sec ond ra dio log i cal risk as sess ment sce nario
us ing the data from the lab o ra tory gamma-spec tro -
scopic mea sure ments, for the pe riod from 2014 to 2019, 
was also per formed us ing the Tier 2 as sess ment con text
with data on ac tiv ity con cen tra tion of radionuclides in
soil (in Bqkg–1) from three sam pling lo ca tions at the
Molve site. This as sess ment also in cluded the ERICA
Tool de fault ref er ence or gan isms and de fault pa ram e -
ters of the screen ing dose rate, oc cu pancy fac tors, UF of 
3, the per cent age of dry weight of me dia of 100 %, and
the de fault weight ing fac tors for an al pha, high en ergy
betta/gamma, and low en ergy beta ra di a tion. Again,
Tool's de fault CR val ues were used. Ta ble 3 sum ma -
rizes all as sess ment in put data, and tab. 4 lists ac tiv ity
con cen tra tions of soil sam ples used in the as sess ment
sce nario.
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Ta ble 1. Ac tiv ity con cen tra tions (Bqkg–1 dry mass) in soil 
the sam ples from in-situ gamma spec tro met ric
 mea sure ments in the pe riod 1994-2016, (N-num ber of
 mea sure ments, the range is given in pa ren the sis)

Ac tiv ity con cen tra tions ± SD [Bqkg–1]

Sam pling lo ca tion N 232Th 226Ra

CPS 18
40 ± 15 44 ± 19

(11-61) (26-97)

M-10 16
30 ± 20 36 ± 12

(11-90) (23-77)

M-9 18
34 ± 32 38 ± 14

(5-128) (20-69)

Ta ble 2. As sess ment pa ram e ters in ter res trial
as sess ments us ing in-situ gamma-spec tro met ric data

Radionuclides Ref er ence or gan isms

Grasses and Herbs
232Th
 226Ra

Shrub

Tree

Am phib ian

Annelid

Ar thro pod – detritivorous

Bird

Fly ing in sects

Li chen & Bryophytes

Mam mal – large

Mam mal – small bur row ing

Mol lusc – Gas tro pod

Rep tile



RE SULTS AND DIS CUS SION 

Risk quo tient (RQ), a unitless value cal cu lated
by the Tool, us ing the data on se lected screen ing dose
rate and the to tal es ti mated whole body ab sorbed dose
rate for each in di vid ual or gan ism [45], did not ex ceed
1 in risk as sess ment sce nario re lated to the in-situ
gamma spec tro met ric tem po ral data set. The risk as -
sess ment sce nario that used lab o ra tory gamma-spec -
tro met ric data de tected a RQ slightly above 1 and re -
sult ing in li chen and bryophytes as the most af fected
ref er ence or gan isms. These re sults could be ex plained
by the lab o ra tory gamma-spec tro met ric data in clud ing 
more radionuclide data which then in creases the es ti -
mated dose rates and con se quently the es ti mated RQ. 

In as sess ment sce nar ios us ing the in-situ gamma
spec tro met ric data and lab o ra tory gamma spec tro met -
ric data, Tool's out put data on ex ter nal and in ter nal
dose rate was ana lysed to de ter mine the dom i nant ex -
po sure route and key con tri bu tors to the dose rate. The
as sess ments based on the in-situ gamma spec tro met ric 
data re sulted in ex ter nal dose with 226Ra as the main
con trib u tor, with am phib ian, annelid, ar thro pod, small 
bur row ing mam mals and rep tile as the most af fected
or gan isms. The in ter nal dose rate was also pri mar ily
as so ci ated with ex po sure to 226Ra, with the high est in -
ter nal dose rate to li chen and bryophytes and shrub.

Again, the in ter nal dose rate was the pa ram e ter that
af fected the es ti mated to tal dose rate the most ir re spec -
tive of the tem po ral as pect of the in put data or if the
max i mum ac tiv ity con cen tra tions was used in the as -
sess ment. The cal cu la tion of dose rate in as sess ment
sce nar ios us ing lab o ra tory gamma-spec tro met ric data
showed that the main con trib u tor to the ex ter nal dose
rate for all ref er ence or gan isms was 226Ra, with the
high est con tri bu tion to fol low ing ref er ence or gan -
isms: am phib ian, annelid, ar thro pod, mam mals (small
-bur row ing), mol lusc, and rep tile. The data on the in -
ter nal dose rate showed that 226Ra con trib utes the most 
to the in ter nal dose rate, pri mar ily ob served in ref er -
ence to li chen and bryophytes and shrub. The to tal
dose rate es ti ma tion can al most en tirely be at trib uted
to in ter nal dose rate. The con tri bu tion of dif fer ent
radionuclides, spe cif i cally 226Ra, to the to tal dose rate
from our study is in ac cor dance with re sults from pre -
vi ous stud ies re lated to ex po sure to nat u rally oc cur -
ring radionuclides from other au thors [51, 54-57]. Ad -
di tion ally, the pres ence of 226Ra and im por tance of its
ac tiv ity con cen tra tion for the as sess ment re sults is re -
lated to the fact that 226Ra is a prev a lent radionuclide in 
scales and de pos its found in equip ment of the oil and
gas in dus try and dis charges, and as such, is a ma jor
source of ra di a tion ex po sure [13, 20, 24].

In di vid ual tem po ral as sess ments that re lied on
the an nual in-situ data from 1994 to 2016 re sulted in
es ti mated dose rates be tween the low est of 0.1 µGyh–1

to the tree as a ref er ence or gan ism and the high est to tal
dose rate of 10.13 µGyh–1 to li chen and bryophytes.
The same data set, that was tem po rally av er aged be -
fore cal cu la tion, re sulted in an es ti mated to tal dose be -
tween 0.1 µGyh–1 for tree and 4.39 µGyh–1 for li chen
and bryophytes.

Re sults from as sess ment sce nario that used lab o -
ra tory gamma-spec tro met ric data from 2013 to 2019
showed that the to tal dose rate to biota ranges from
0.05 µGyh–1 for tree to 15.20 µGyh–1 to li chen and
bryophytes. Fig ure 2 shows the com par i son of the av -
er age val ues of the es ti mated to tal dose rate in the stud -
ied pe riod for two most af fected ref er ence or gan isms
(li chen and bryophytes and shrub) from in di vid ual as -
sess ment sce nario us ing in-situ and lab o ra tory gamma
spec tro met ric data from 1994 to 2016.

Ad di tional as sess ment sce nario, per formed us ing
the max i mum soil ac tiv ity con cen tra tions from the pe -
riod 1994 to 2016, es ti mated the to tal dose rate from 0.26
µGyh–1 for tree and 10.87 µGyh–1 to li chen and
bryophytes. In or der to con duct an as sess ment con sid er -
ing the high est in put val ues, max i mum mea sured ac tiv ity 
con cen tra tions from all the sam pling lo ca tions were
used. A com par i son of es ti mated to tal dose rates to all
ref er ence or gan ism from as sess ment sce nar ios that used
tem po ral av er age and max i mum ac tiv ity con cen tra tions
from in-situ gamma-spec tro met ric mea sure ments is pre -
sented in fig. 3. To es ti mate the po ten tial cu mu la tive
radionuclide con cen tra tion ef fect, the max i mum mea -
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Ta ble 3. As sess ment pa ram e ters in ter res trial as sess ments
us ing lab o ra tory gamma-spec tro met ric data

Radionuclides Ref er ence or gan isms
238U

232Th
226Ra
210Pb

Grasses and Herbs

Shrub

Tree

Am phib ian

Annelid

Ar thro pod – detritivorous

Bird

Fly ing in sects

Li chen and Bryophytes

Mam mal – large

Mam mal – small bur row ing

Mol lusc – Gas tro pod

Rep tile

Ta ble 4. Ac tiv ity con cen tra tions (Bqkg–1 dry mass) in soil
sam ples from lab o ra tory gamma-spec tro met ric
mea sure ments in the pe riod 2014-2019, (N-num ber of
mea sure ments, the range is given in pa ren the sis)

Sam pling
lo ca tion N

Ac tiv ity con cen tra tions ± SD [Bqkg–1]
238U 232Th 226Ra 210Pb

CPS 5
38 ± 5 44 ± 17 45 ± 10 53 ± 21

(33-45) (31-74) (35-60) (28-76)

M-10 5
44 ± 12 52 ± 19 49 ± 15 49 ± 21

(28-57) (31-83) (31-73) (28-77)

M-9 5
48 ± 16 54 ± 23 33 ± 22 38 ± 28

(30-67) (14-70) (5-57) (11-84)



sured ac tiv ity con cen tra tions per radionuclide from all
three sam pling lo ca tions were tri pled and an other as sess -
ment sce nario was run with these pa ram e ters. In this
case, the pre dicted to tal dose rate to li chen and
bryophytes was 32.5 µGyh–1, which ex ceeded the
ERICA Tool's de fault screen ing value, but was be low the 
ref er ence val ues of 400 µGyh–1 for ter res trial plants [57]. 
These re sults would im ply that even in the case of cu mu -
la tive con tam i na tion the pre dicted ef fects to the biota in
the prox im ity of the fa cil ity would be be low in ter na tion -
ally rec og nized ref er ence lev els.

Since li chen and bryophytes were found to be
the most af fected ref er ence or gan isms in all the as sess -
ment sce nar ios, and given they are of ten used as
biomonitors of po ten tial en vi ron men tal con tam i na -

tion [58-60]. Fig ure 4 pres ents the es ti mated to tal dose
rate to li chen and bryophytes based on the in-situ
gamma spec tro met ric data from 1994 to 2016. To tal
dose rates to li chen and bryophytes in the stud ied pe -
riod show cer tain tem po ral vari a tion, but our anal y sis
did not de tect a spe cific trend.

Es ti mated  to tal  dose  rate value in the stud ied
pe riod was be low the se lected screen ing dose rate of
10 µGyh–1, which to gether with the as sess ments re -
sults, based on the max i mum in put ac tiv ity con cen tra -
tions, im plies that the po ten tial ra dio log i cal risk to ter -
res trial biota aris ing from the op er a tion of the nat u ral
gas pro cess ing plant is not sig nif i cant. The over all re -
sults from var i ous tem po ral as sess ments, in clud ing
in-situ and lab o ra tory data, are in ac cor dance with the
re sults from pre vi ous stud ies. Study by ]uji} and
Dragovi} [55] as sessed NORM-re lated to tal dose rate
to li chen and of 14.4 µGyh–1. Laz a rus et al. [30] re -
ported es ti mated dose rates to ter res trial biota up to 3.7
µGyh–1 to mosses and li chen. Study by MacIntosh et
al. [61] on ra dio log i cal risk as sess ment to ma rine biota 
from ex po sure to NORM re lated to de com mis sion ing
off shore oil and gas pipe line, es ti mated a po ten tial
dose rate from ex ter nal ex po sure up to 33 µGyh–1. 

Pre sented re sults from risk as sess ment sce nar ios
need to be ob served keep ing in mind cer tain un cer tain -
ties as so ci ated with per formed as sess ments. One of the
pos si ble con tri bu tors to the un cer tainty is a min i mal
data gap in avail able in-situ gamma spec tro met ric data,
i.e., miss ing data points for a spe cific radionuclide in a
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Fig ure 2. Com par i son of av er age to tal dose rates to most
af fected ref er ence or gan isms from as sess ments based on
in-situ and lab o ra tory gamma-spec tro met ric data sets

Fig ure 3. Com par i son of
to tal dose rates [µGyh–1] to
ref er ence or gan isms es ti mated by
dif fer ent in put data on
ac tiv ity con cen tra tions
(av er age or max i mum val ues)

Fig ure 4. Es ti mated to tal dose rate to
li chen and bryophytes based on the
in-situ gamma-spec tro met ric data
from the pe riod 1994 to 2016



cer tain year, but given the ob served tem po ral vari a tions
of the avail able data, ex treme ac tiv ity con cen tra tions of
the miss ing data are un likely. Other un cer tain ties are as -
so ci ated with the lack of ex per i men tal data on site-spe -
cific trans fer val ues. The ERICA Tool uses a con ser va -
tive ap proach to as sess ments, es pe cially when Tool's
de fault CR val ues are used, as was the case in all risk as -
sess ment sce nar ios con ducted in this study. Hence, the
chance of as sess ment re sults un der es ti mat ing the ra dio -
log i cal ef fects and risks should be min i mal, but an over -
es ti ma tion of the to tal dose rates due to the use of Tool's
de fault CR val ues is pos si ble. 

CON CLU SIONS

The as sess ment re sults from tem po ral as sess -
ments us ing in-situ gamma spec tro met ric data showed
that the same ref er ence or gan isms, li chen and
bryophytes, were the most af fected for in all per formed
as sess ment sce nar ios, ir re spec tive of the time pe riod se -
lected, with the high est es ti mated to tal dose rate of
10.13 µGyh–1. The ef fect of us ing av er age ac tiv ity con -
cen tra tions in tem po ral as sess ments re sulted in to tal
dose rates gen er ally be low the as sess ment screen ing
dose rate of 10 µGyh–1. As sess ments that re lied on max -
i mum ac tiv ity con cen tra tions as in put re sulted in to tal
dose rate only slightly ex ceed ing the de fault screen ing
dose rate for li chen and bryophytes. The as sess ment
sce nario that used gamma-spec tro met ric lab o ra tory
data from soil sam ples from the same lo ca tion, re sulted
in the high est to tal dose rate to li chen and bryophytes of
15.20 µGyh–1. In this con text, the re sults cor re late with
the pre vi ous stud ies re lated to NORM-re lated ex po sure
sce nar ios, rec og niz ing the li chen and bryophytes as or -
gan isms most sen si tive to po ten tial ra dio log i cal haz -
ards. Given the Tool's in her ent conservativism and the
ef fect of us ing the Tool's de fault CR val ues, which are
known to lead to over es ti ma tion of the po ten tial dose
rates, the over all ra dio log i cal risk in all as sess ment sce -
nar ios can be con sid ered neg li gi ble. None the less, the
con tin u a tion of en vi ron men tal mon i tor ing is en cour -
aged. The con clu sions of this study should be ob served
in a par tic u lar re search con text, where the as sess ment
re sults iden ti fy ing the ex po sure sit u a tion as pos ing no
sig nif i cant risk to the en vi ron ment could also be at trib -
uted to the gas in dus try in ques tion set ting and im ple -
ment ing ro bust stan dards of both ra dio log i cal and en vi -
ron men tal pro tec tion that are con tin u ously be ing
con firmed through mon i tor ing and as sess ment.
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ZA[TITA  OKOLINE  U  INDUSTRIJI  PRIRODNOG  GASA ‡
UPORE\EWE  RAZLI^ITIH  PROCENA

PROSTORNO-VREMENSKIH  RADIOLO[KIH  RIZIKA

Rad analizira rezultate prostorno-vremenskih scenarija procene radiolo{kog rizika
na temequ postoje}ih in-situ podataka dugotrajnog monitoringa na lokaciji postrojewa za preradu
prirodnog gasa, da bi se odredio u~inak razli~itih ulaznih podataka na ishod procene. ERICA As -
sess ment Tool kori{}en je za procenu doza na biotu i potencijalnih uticaja zbog izlo`enosti
jonizuju}em zra~ewu. Ulazni podaci za scenarije procene radiolo{kog rizika ukqu~ivali su
godi{we podatke o koncentraciji aktivnosti radionuklida u tlu iz in-situ merewa obavqenih od
1994. do 2016. godine, te laboratorijske gamaspektrometrijske podatke koji se odnose na pe riod od
2014. do 2019. godine. Predvi|ena ukupna ja~ina doze na biotu generalno je bila ispod ja~ine doze
alata ERICA od 10 µGyh–1 ili neznatno povi{ena, s najve}om ukupnom ja~inom doze procewenom za
li{ajeve i briofite. Ukupne ja~ine doza na li{ajeve i briofite u posmatranom razdobqu pokazuju 
odre|ene vremenske varijacije, ali u radu nije uo~en odre|eni trend. Procewene ukupne ja~ine
doze za biotu iz razli~itih scenarija procene bile su ispod me|unarodno predlo`enih
referentnih nivoa za koje se ne o~ekuju nikakvi {tetni u~inci. Utvr|eno je da je ukupni
potencijalni radiolo{ki rizik za kopnenu biotu zbog rada postrojewa za preradu prirodnog gasa
zanemariv.

Kqu~ne re~i: NORM, prirodni gas, procena radiolo{kog rizika, za{tita okoline,
                          alat Erica


