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Oil-based mud is one of the pri mary wastes pro duced in oil in dus tries that may con tain el e -
vated amounts of nat u rally oc cur ring ra dio ac tive ma te rial. In this study, MCNPX sim u la -
tions and gamma-ray spec trom e try mea sure ments were com bined and a quick and sen si tive
method was de vel oped for the non-de struc tive ra dio log i cal char ac ter iza tion of spent
oil-based mud orig i nat ing from the oil in dus try by us ing a 3.81 cm  3.81 cm LaBr3(Ce)
scintillator. By this method, one cu bic me ter of pack aged oil-based mud can be ra dio log i cally
char ac ter ized in less than 20 min utes.
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IN TRO DUC TION

Nat u rally oc cur ring ra dio ac tive ma te ri als
(NORM) ex ist nat u rally on the earth's crust. The
NORM radionuclides be long ing to the ura nium and
tho rium se ries are pres ent in gen er ally low con cen tra -
tions in al most all types of rocks, sands, and soils and
are not usu ally of spe cial ra dio log i cal con cern. How -
ever, cer tain in dus trial ac tiv i ties, such as ex trac tion of
rare earth el e ments, min ing, phos phate fer til izer pro -
duc tion, and oil and gas pro duc tion, gen er ate waste
con tain ing el e vated lev els of NORM [1, 2]. These sub -
stances are also known as tech no log i cally en hanced
NORM (TENORM).

In oil and gas pro duc tion solid TENORM wastes 
are gen er ated in clud ing sludge, sand, and hard po rous
de pos its and scales from the de con tam i na tion of tu bu -
lar and dif fer ent types of top side equip ment and drill -
ing mud [3, 4]. The con cen tra tions of 226Ra and 228Ra
in scales and sludge range from less than 0.1 Bqg–1 to
15 kBqg–1 [3, 5].

Drill ing mud (or fluid) is con tin u ously pumped
down the well through the hol low drill string and re -
turned through the well an nu lus car ry ing the rock
phase that is ex tracted from the well. Also, it cools and
lu bri cates the drill bit, sta bi lizes the well bore, and
con trols subsurface pres sures [6-9]. There are three
most com monly used drill ing muds, namely, oil-based

mud (OBM), wa ter-based mud (WBM), and syn -
thetic-based mud (SBM). The WBM mostly con sists
of brine/wa ter mixed with ben ton ite clay/poly mer and
bar ite and is said to be gen er ally less harm ful to the en -
vi ron ment than other mud sys tems. The OBM and
SBM most times are col lec tively known as non-aque -
ous or syn thetic base fluid mixed with brine and bar ite
[10]. Spent drill ing muds usu ally con sist of heavy met -
als, in or ganic salts, and hy dro car bons, which makes
the treat ment of these wastes a crit i cal en vi ron men tal
con cern [11-14]. From a ra dio log i cal point of view,
some stud ies ex am ine the ex is tence of el e vated lev els
of NORM in drill ing mud [15-18]. Ac cord ing to
Okoro et al., [14] the drill ing wastes (spent drill ing
muds, drill ing cut tings) treat ment usu ally does not
con sider the pos si bil ity of NORM and this gap should
be cap tured and used to mod ify ex ist ing reg u la tions
for wastes gen er ated dur ing drill ing op er a tions.

In Greece, ac cord ing to the na tional re port pub -
lished by the Greek Atomic En ergy Com mis sion for
in dus tries that gen er ate NORM waste [19], con cern -
ing oil in dus tries, the spent OBM quan tity be ing gen -
er ated per three years is 72 tone. Cur rently, 2000 m3 of
OBM are tem po rarily stored in con crete pits with can -
opy. The NORM radionuclides from 238U (226Ra) and
232Th (228Ra) se ries range from 0.033 to 1.355 Bqg–1

and from 0.018 to 3.558 Bqg–1 ac cord ingly. It is men -
tioned that ac cord ing to Greek leg is la tion [20], which
is adapted to Coun cil Di rec tive 2013/59/Euratom
[21], the gen eral clear ance lev els in solid ma te ri als for
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all NORM radionuclides are 1 Bqg–1, ex cept 40K
where is 10 Bqg–1. The ra dio log i cal char ac ter iza tion
of this spent OBM is of cru cial im por tance re gard ing
its clear ance and/or treat ment in spe cial in stal la tions
and cross-bor der trans fers.

The aim of this work is the de vel op ment of a quick, 
sen si tive, and cost-ef fec tive method to char ac ter ize
in-situ and no-de struc tively spent oil-based mud orig i -
nat ing from the oil in dus try by us ing a LaBr3(Ce)
scintillator. The method was mainly de vel oped for the ra -
dio log i cal char ac ter iza tion of the spent OBM amount of
2000 m3 that ex ists in Greece. The LaBr3(Ce) scin til la -
tion de tec tors have be come very prom is ing due to their
better en ergy res o lu tion com pared to NaI(Tl) de tec tors
(<3 % FWHM at 137Cs), their de cay time of 35 ns, and
their ma te rial den sity (5.29 gcm–3) [22, 23]. Also, there is 
no need for cool ing com pared to HPGe de tec tors.

The de vel op ment of the method for non-de struc -
tive OBM char ac ter iza tion was based on the de tec tor
ef fi ciency eval u a tion by MCNP-X sim u la tions af ter
tak ing into con sid er ation com mon ge om e tries of con -
tain ers used for pack ag ing of OBM as well as the ex -
per i men tal val i da tion of the MCNP-X mod els in the
field by us ing ho mog e nous con tain ers of spent OBM,
of known ra dio ac tiv ity and a gamma spec trom e try
sys tem. The de vel oped method seems to be sen si tive,
fast, and ac cu rate enough to char ac ter ize one cu bic
me ter of spent OBM in less than a 20 min ute gamma
spec trom e try mea sure ment.

MA TE RI ALS AND METH ODS

Ba sic points of OBM ra dio log i cal
char ac ter iza tion

The non-de struc tive ra dio log i cal char ac ter iza -
tion of spent OBM, orig i nat ing from the oil in dus try, is 
based on the fol low ing ba sic points:
– The OBM ra dio ac tiv ity is rel a tively low and close to

gen eral clear ance lev els (1 Bqg–1), so the method
needs to be sen si tive enough.

– The spent OBM amount is to be pack aged in three
types of con tain ers: Me tal lic Drum (250 L), Flex i -
ble In ter me di ate Bulk Con tainer – FIBC (1 m3),
and In ter me di ate Bulk Con tainer – IBC (1 m3).

– The sec u lar equi lib rium of the 238U and 232Th se ries
is dis turbed, be cause of the sep a ra tion of dif fer ent
radionuclides into var i ous pro cess streams ac cord -
ing to their prop er ties as sol u bil ity or vol a til ity [3, 5,
24]. In the 238U se ries, up to 230Th, and in the 232Th se -
ries, 232Th, are not mo bi lized from the res er voir rock, 
so there is no need for screen ing. The first
radionuclides that should be en coun tered are 226Ra
and 228Ra. Con se quently, the res to ra tion of the equi -
lib rium in both se ries needs to be ex am ined in the
spent OBM, fig. 1. Re gard ing the 226Ra subseries
that is formed, the hy poth e sis that all radionuclides,
in clud ing the 210Pb subseries, are in equi lib rium, is a
con ser va tive one. The same hy poth e sis can be ap -
plied to the 228Ra subseries, where all radionuclides
reach equi lib rium af ter ~ 5 years.

– The inhomogeneity of ra dio ac tiv ity and ma te rial
den sity in the 2000 m3 of OBM is pos si ble, be -
cause of the dif fer ent geo log i cal for ma tions that
have been used and the dif fer ent OBM den si ties
that are mixed and stored to gether in the con crete
pits. There fore, the me chan i cal ho mog e ni za tion
of the OBM is nec es sary be fore fill ing each con -
tainer.

– The ma te rial den sity of the ho mog e nous spent
OBM con tain ers of known ra dio ac tiv ity that were
used in the ex per i men tal val i da tion of the
MCNP-X mod els in the field was 1.0 gcm–3.

The Monte Carlo code MCNP-X

The MCNP-X code [25] is a gen eral-pur pose
Monte Carlo ra di a tion trans port code de vel oped at the
Los Alamos Na tional Lab o ra tory and de signed to
track dif fer ent types of par ti cles (neu trons, elec trons,
gamma rays, etc.) over a broad range of en er gies. The
Monte Carlo tech nique is a widely used sim u la tion
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Fig ure 1. Res to ra tion of the equi lib rium in
subseries of 226Ra and 228Ra. Radionuclides
of dif fer ent subseries of equi lib rium are
di vided by a straight line



tool for ra di a tion trans port, es pe cially for cases in
which mea sure ment con di tions are in con ve nient, such 
as dif fer ent source, ma trix, and ge om e try con fig u ra -
tions [26-31]. This work uses the Monte Carlo code
MCNP-X code to sim u late the LaBr3(Ce) scin til la tion
de tec tor. The pulse height tally (F8) was em ployed to
de ter mine the en ergy de pos ited in the crys tal ac tive
vol ume, in the spec i fied en ergy bin and pre dict the
LaBr3(Ce) full en ergy peak (FEP) ef fi ciency. Var i ous
sets of sim u la tions were per formed in each step of the
method de vel op ment in or der: (a) to eval u ate the
LaBr3(Ce) crys tal ac tive vol ume and (b) to pre dict the
FEP ef fi ciency of the LaBr3(Ce) in sev eral source-de -
tec tor con fig u ra tions.

The LaBr3(Ce) crys tal ac tive
vol ume eval u a tion

When cal cu lat ing FEP ef fi cien cies by us ing
Monte Carlo tech niques, it is of cru cial im por tance to
know the in ter nal and ex ter nal di men sions of the de -
tec tor crys tal. The man u fac tur ers rarely pro vide the
ex act di men sions, so the user should ex am ine the po -
ten tial dis crep an cies be tween the nom i nal and the real
di men sions of the de tec tor crys tal. Even though dead
lay ers are mainly re lated to Ge de tec tors [32-35], there
are stud ies where de ac ti vated lay ers in scintillator de -
tec tors are ex am ined due to ex ter nal fac tors such as
am bi ent hu mid ity [36-38]. In this study, a front-de ac ti -
vated layer of the LaBr3(Ce) was es ti mated.

A gamma spec trom e try sys tem is lo cated in the Ra -
dio ac tive Waste & Ma te ri als Lab o ra tory in the Na tional
Cen ter for Sci en tific Re search Demokritos. It con sists of
a Can berra scin til la tion de tec tor LaBr3(Ce) (Model
LABR-1.51.5) with a 3.81 cm  3.81 cm crys tal in a
her met i cally sealed alu mi num hous ing and a res o lu tion
2.5 % at 662 keV, in clud ing a photomultiplier tube, an in -
ter nal mag netic/light shield, a 14-pin con nec tor, a dig i tal
sig nal pro cess ing unit (Os prey Dig i tal Tube Base Multi
Chan nel An a lyzer), a high volt age sup ply sys tem (670
V) and a lead shield ing struc ture with a thick ness of 5 cm. 
The Ge nieTM 2000 Gamma Anal y sis soft ware was used
for spec trum ac qui si tion and SPECTRW soft ware for
spec trum anal y sis [39]. Apart from the crys tal di men -
sions, the crys tal-to-endcap dis tance was pro vided by the 
man u fac turer.

The LaBr3(Ce) FEP ef fi ciency was ex per i men tally
de ter mined by us ing four multi-nu clide gamma-ray vol -
ume cal i bra tion sources of dif fer ent ep oxy ma te rial den si -
ties (0.5 gcm–3, 0.9 gcm–3, 1.5 gcm–3, and 2.0 gcm–3), in -
clud ing the radionuclides 241Am, 137Cs, and 60Co that
cover a wide range of the gamma en ergy spec trum. Af ter -
wards, it was com pared to the FEP ef fi ciency de ter mined
by the MCNP-X code for each thick ness of the front de ac -
ti vated crys tal layer es ti mated by the user, keep ing all
other de tec tor pa ram e ters at their nom i nal val ues; un til an
agree ment within 6 % was reached be tween ex per i men -

tally cal cu lated and sim u lated ef fi cien cies. The rel a tive
sta tis ti cal un cer tain ties of the com pu ta tions were kept be -
low 2 %. Si mul ta neously, true co in ci dence cor rec tion
(TCC) fac tors were cal cu lated for the radionuclide 60Co
by us ing the TrueCoinc pro gram [40] and ex per i men tally
cal cu lated ef fi cien cies were cor rected and con sid ered in
the above-men tioned com par i son. The whole pro ce dure
led to the de ter mi na tion of a 120 m front de ac ti vated
crys tal layer thick ness. The MCNP-X sim u lated ge om e try 
is shown in the fig. 2. Vol ume sources are en closed in side a 
poly eth yl ene cover and are adapted to an acetal holder.
The source di men sions are pre sented in the tab. 1.

In-situ gamma
spec trom e try sys tem

The in-situ gamma spec trom e try sys tem was de -
signed in the Ra dio ac tive Waste & Ma te ri als Lab o ra tory
and con structed in the ma chin ing cen ter of the Na tional
Cen ter for Sci en tific Re search Demokritos. It con sists of
the 3.81 cm  3.81 cm LaBr3(Ce) scintillator and a lead cy -
lin dri cal struc ture placed on a trol ley ac com pa nied by a
trans port sys tem, fig. 3. The lead cy lin dri cal struc ture has a 
to tal length of 45.3 cm and in cludes the collimator, the de -
tec tor shield ing, and the end cap. The collimator is
compartmental, made of dif fer ent parts of lead, and suc -
ces sively lo cated. The al ter ation of the collimator length: 4 
cm, 9 cm, and 15 cm changes re spec tively the collimator
ap er ture di am e ter: 4 cm, 3 cm, and 2 cm figs. 4(a) and 4(b). 
The de tec tor shield ing con tains the de tec tor body and the
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Fig ure 2. Cross-sec tion view of the MCNP-X sim u lated
ge om e try

Ta ble 1. Source di men sions

Pa ram e ters Di men sion [cm]
Source height 5.52

Source di am e ter 7.83
Poly eth yl ene cover 0.05

Source-de tec tor dis tance 0.67



dig i tal sig nal pro cess ing unit. An end cap of 4.3 cm in
length is adapted to the de tec tor shield ing, fig. 4(a).

It should be men tioned that al though a
collimator is not nec es sary for the ra dio log i cal char ac -
ter iza tion of OBM, it was in cluded in the method de -
vel op ment be cause it pro vides the ap pro pri ate shield -
ing from am bi ent back ground in case other TENORM
waste of higher ra dio ac tiv ity (up to 15 kBqg–1), such
as sludg es and scales [3, 5], are to be mea sured. Am bi -
ent back ground can be in creased in sites where other
sources co-ex ist, such as stor age rooms for ra dio ac tive 
ma te ri als. The collimator use also re duces the pulse
pile-up phe nom e non when high ra dio ac tiv ity lev els
are mea sured. Fur ther more, the add ing-re mov ing of
the collimator parts changes the field of view and per -
mits the mea sure ment of inhomogeneities, if nec es -
sary.

The MCNP-X sim u la tions for the
in-situ method de vel op ment

The LaBr3(Ce) crys tal ac tive vol ume eval u a tion
was con sid ered in the MCNP-X sim u lated ge om e tries
for the in-situ method de vel op ment. The lead cy lin dri cal
struc ture of the in-situ gamma spec trom e try sys tem was
mod eled and is pre sented in fig. 5. The suc ces sive ad di -
tion of collimator parts 1, 2, and 3 changes ac cord ingly
the collimator length to 4 cm, 9 cm, and 15 cm. The
MCNP-X model ge om e try in cluded three vol ume
sources cor re spond ing to the three types of con tain ers in
which OBM is to be pack aged: Me tal lic drum (250 L),
Flex i ble In ter me di ate Bulk Con tainer – FIBC (1 m3), and 
In ter me di ate Bulk Con tainer – IBC (1 m3). The vol ume
sources di men sions are pro vided in the tab. 2. The ma te -
rial den sity and the ac tiv ity of the vol ume sources were
con sid ered ho mo ge neously dis trib uted.

The MCNP-X sim u la tions for the in-situ method 
de vel op ment are di vided into two sec tions: (a) pre -
dicted FEP ef fi ciency curves for OBM den sity 1.0
gcm–3 and (b) OBM ma te rial den sity ef fect on FEP ef -
fi ciency curves.

Pre dicted FEP ef fi ciency curves for
OBM den sity 1.0 gcm–3

The FEP ef fi ciency curves were de rived for sev -
eral source-de tec tor con fig u ra tions in the pho ton en -
ergy range  from 186  keV to 1120  keV for  an OBM
den sity of 1.0 gcm–3. The lead cy lin dri cal struc ture
was po si tioned ver ti cally to the vol ume source's main
axis of sym me try. Cal cu la tions were per formed with
and with out a collimator, for var i ous source-de tec tor
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Fig ure 3. In-situ gamma spec trom e try sys tem

Fig ure 4(a). Lead cy lin dri cal struc ture: collimator,
de tec tor shield ing, and end cap

Fig ure 4(b). Compartmental collimator

Fig ure 5. The
MCNP-X sche matic
rep re sen ta tion of the
lead cy lin dri cal struc -
ture



dis tances, source mid-height level-de tec tor dis tances,
and collimator lengths (and cor re spond ing ap er ture
di am e ters). The con fig u ra tions that were used are pre -
sented in tab. 3. The rel a tive sta tis ti cal un cer tain ties of
the com pu ta tions were 0.3-1 % in con fig u ra tions No.
1-3,  7-9  and 13-15, 1-2  %  in  No. 4,  10 and 16, 2-5 %
in No. 5, 11 and 17 and 4-9 % in No. 6, 12, and 18. An
ex am ple of MCNP-X sche matic rep re sen ta tion is
given in fig. 6.

The OBM ma te rial den sity ef fect on
FEP ef fi ciency curves

The ap pro pri ate mud den sity for drill ing is de pend ent 
on the subsurface for ma tion pres sures; strong, com pe tent 
for ma tions  can be  drilled with a den sity of 1.0 gcm–3, but
high-pres sure for ma tions may re quire mud with den si ties
ap proach ing 2.4 gcm–3. The den sity can be ad justed with
sol u ble or by the ad di tion of sol ids, such as bar ite [41]. 

In the pres ent work, the OBM den sity range
1.0-2.4 gcm–3 was con sid ered to study the den sity ef fect
on FEP ef fi ciency curves in the pho ton en ergy range
from 186 to 1120 keV. Be cause OBM ra dio ac tiv ity is rel -
a tively low, con fig u ra tions No. 1, 7, and 13 (tab. 3) were
se lected for this study (no collimator, source-de tec tor in
con tact), in clud ing the three-vol ume sources, to en sure
the max i mum sen si tiv ity in the method ap pli ca tion. The
den sity val ues that were used were 1.0 gcm–3, 1.2 gcm–3,
1.5 gcm–3, 1.8 gcm–3, 2.1 gcm–3, and 2.4 gcm–3.

RE SULTS AND DIS CUS SION

Pre dicted FEP ef fi ciency curves for
OBM den sity 1.0 gcm–3

Fig ures 7-14 show the pre dicted FEP ef fi ciency
as a func tion of pho ton en ergy for the con fig u ra tions
listed in tab. 3.  Fig ures 7 and 11 cor re spond to con fig -
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Ta ble 2. The OBM vol ume source di men sions

Vol ume source Cover ma te rial Cover thick ness [cm] Height [cm] Length [cm] Width [cm] Di am e ter [cm]
Me tal lic drum Car bon steel 0.08 95 – – 60

FIBC Poly propy lene 0.02 120 90 90 –
IBC HDPE* 0.40 104 110 93 –

*High-den sity poly propy lene

Ta ble 3. Con fig u ra tions used for FEP ef fi ciency curve pre dic tion for OBM 1.0 gcm–3

No. OBM vol ume source Source-de tec tor
dis tance [cm]

Source mid-height
level-de tec tor [cm]

Collimator
length [cm]

Collimator ap er ture
di am e ter [cm]

1 Me tal lic drum 0 0 – –
2 Me tal lic drum 5 0 – –
3 Me tal lic drum 5 15.8 – –
4 Me tal lic drum 4 0 4 4
5 Me tal lic drum 9 0 9 3
6 Me tal lic drum 15 0 15 2
7 FIBC 0 0 – –
8 FIBC 5 0 – –
9 FIBC 5 20 – –

10 FIBC 4 0 4 4
11 FIBC 9 0 9 3
12 FIBC 15 0 15 2
13 IBC 0 0 – –
14 IBC 5 0 – –
15 IBC 5 17.2 – –
16 IBC 4 0 4 4
17 IBC 9 0 9 3
18 IBC 15 0 15 2

Fig ure 6. The MCNP-X sche matic rep re sen ta tion of 
con fig u ra tion No.6
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u ra tions with out a collimator, figs. 8 and 12 to con fig -
u ra tions with a collimator length of 4 cm, figs. 9 and 13 
to con fig u ra tions with a collimator length of 9 cm and
figs. 10 and 14 to con fig u ra tions with a collimator
length of 15 cm.

Re gard ing the con fig u ra tions with out a
collimator, figs. 7 and 11, there is no so steep slope in
the  ef fi ciency  curves  af ter  the  ef fi ciency peak at
~320 keV, as is ex pected in a typ i cal FEP ef fi ciency
curve. This ob ser va tion is at trib uted to the gamma at -
ten u a tion ef fect in the large vol ume sources. It is more
in tense for low en er gies com pared to higher en er gies,
mean ing that the prob a bil ity of the low-gamma en ergy 
gamma rays reach ing the de tec tor is re duced. Fur ther -
more, a small in crease of 5 cm in the source – de tec tor
dis tance in duces a max i mum de crease of 10 % in the
ef fi ciency, when the me tal lic drum vol ume source is
used, fig. 7, and a max i mum de crease of 1-2 %, when
the vol ume sources FIBC and IBC are used, fig. 11.
Al ter ations in the vol ume source mid-height level-de -
tec tor dis tance do not af fect sig nif i cantly the ef fi -
ciency, for the same source-de tec tor dis tance of 5 cm,

be cause the solid de tec tion an gle re mains un changed
with the ver ti cal de tec tor shift ing, due to the large vol -
ume of the source.

Con cern ing con fig u ra tions with a collimator,
figs. 8-14, it is ob vi ous that the collimator, not only de -
creases the or der of mag ni tude in the FEP ef fi ciency in

Fig ure 7. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tions No. 1-3

Fig ure 8. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tion No. 4

Fig ure 9. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tion No. 5

Fig ure 10. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tion No. 6

Fig ure 11. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tions No. 7-8
and No. 13-15



all collimator lengths but also af fects the FEP ef fi -
ciency curve shape. The ef fi ciency seems to sta bi lize

or in crease af ter the pho ton en ergy of ~600 keV. This
phe nom e non is at trib uted again to the ex po nen tial in -
crease of the gamma at ten u a tion ef fect as the en ergy
de creases and the re duced prob a bil ity of the low-en -
ergy gamma rays reach ing the de tec tor shielded by the
collimator. This phe nom e non is con sis tent with
collimation beam ge om e try stud ies [42, 43].

The OBM ma te rial den sity ef fect on FEP
ef fi ciency curves

Fig ures 15-17 ex hibit the pre dicted FEP ef fi -
ciency, in the pho ton en ergy range from 186 keV to
1120 keV, for OBM den sity range 1.0-2.4 gcm–3, con -
sid er ing the con fig u ra tions No.1, 7, and 13, tab. 3.

True co in ci dence sum ming phe nom e non
in the in-situ ge om e tries

In gamma spec trom e try of nat u ral de cay se ries,
NORM radionuclides that need to be checked for the true 
co in ci dence sum ming phe nom e non are 214Pb and 214Bi
from the 238U se ries and 228Ac, 212Bi, and 208Tl from the 
232Th se ries [44]. Re gard ing the ef fect of the source den -
sity, in vol ume sources, it has been shown that the true
co in ci dence ef fect var ies with source den sity de pend ing
on the de cay theme of each radionuclide [45, 46].

In this study, the TrueCoinc pro gram [40] was
used to cal cu late the true co in ci dence cor rec tion
(TCC) fac tors for con fig u ra tions No.1, 7, and 13, tab.
3. These con fig u ra tions were se lected as the most pos -
si ble can di dates for the true co in ci dence sum ming
phe nom e non, as the vol ume source is in con tact with
the de tec tor. The phe nom e non was checked in the
OBM den sity range that was con sid ered pre vi ously,
1.0-2.4 gcm–3. The re sults in di cated that no cor rec tion
is needed for all radionuclides which are can di dates
for cor rec tion: 214Pb, 214Bi, 228Ac, 212Bi, and 208Tl.
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Fig ure 12. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tions No. 10 and
No. 16

Fig ure 13. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tions No. 11
and No. 17

Fig ure 14. The MCNP-X pre dicted FEP ef fi ciency as a
func tion of pho ton en ergy for con fig u ra tions No. 12
and No. 18

Fig ure 15. The OBM den sity ef fect on FEP curve when
the vol ume source of Me tal lic Drum in con fig u ra tion No.
1 is con sid ered



Ex per i men tal val i da tion of the
MCNP-X mod els in the field

The in-situ gamma spec trom e try sys tem figs. 3,
4(a), 4(b) was used in the con fig u ra tions listed in tab. 3 
for gamma spec trom e try mea sure ments of three spent
OBM con tain ers: Me tal lic Drum (250 L), Flex i ble In -
ter me di ate Bulk Con tainer – FIBC (1 m3), and In ter -
me di ate Bulk Con tainer – IBC (1 m3). The OBM ma te -
rial in the con tain ers was me chan i cally ho mog e nized
dur ing the pack ag ing pro ce dure, so the den sity of 1.0
gcm–3 and the ac tiv ity of the OBM were con sid ered
ho mo ge neously dis trib uted. The dose rate at the sur -
face of the Me tal lic Drum was 0.5 Svh–1 and at the
sur faces of FIBC, IBC was 1.0 Svh–1.

For the val i da tion of the MCNP-X mod els, three
rep re sen ta tive ho mog e nized sam ples of 200 g were
ob tained, one from each con tainer, and sent for anal y -
sis to the Ref er ence Lab o ra tory of En vi ron men tal Ra -
dio ac tiv ity Mon i tor ing lo cated in the Greek Atomic
En ergy Com mis sion (EEAE). The spe cific ac tiv ity re -

sults from this anal y sis were com pared to the re sults
from the in-situ gamma spec trom e try mea sure ments,
by us ing the FEP ef fi ciency curves for OBM den sity
1.0 gcm–3 de rived from MCNP-X. 

The in-situ gamma spec trom e try mea sure ments
were car ried out in the in dus trial site of Polyeco S.A.,
which is a fully li censed waste man age ment and val o -
ri za tion in dus try in Greece. An ex am ple of the in-situ
con fig u ra tion No.1 is shown in fig. 18. The mea sure -
ment du ra tions were 2 hours in con fig u ra tions No. 1-4, 
8-9, and 13-15, 3.5 hours in No. 5, 16 hours in No. 7,
24 hours in No.10, 22 hours in No. 11, 6.5 hours in No.
16 and 48 hours in No. 17. Con fig u ra tions No.6, 12
and 18 were not used in the ex per i men tal pro ce dure
be cause the OBM ra dio ac tiv ity lev els were not high
enough to pro vide ad e quate sta tis tics in the spec tra in a 
rea son able mea sure ment du ra tion. Back ground spec -
tra were ac quired with out a collimator (18 hours), with 
a collimator length of 4 cm (14 hours) and 9 cm (14
hours). Ge nieTM 2000 Gamma Anal y sis soft ware was
used for spec trum ac qui si tion and SPECTRW soft -
ware for spec trum anal y sis [39].

Anal y sis was per formed for 226Ra (186 keV),
214Pb (295.22 and 351.93 keV), 214Bi (609.31 and
1120.29 keV), 228Ac (338.32, 911.2 and 968.97 keV),
208Tl (583.19 keV), and 212Pb (238.63 keV). Back -
ground spec tra were taken into con sid er ation for net
peak area sub trac tion if needed, and deconvolution
was per formed in peaks (338.32, 351.93) keV,
(583.19, 609.31) keV, (911.2, 968.97) keV to de ter -
mine the con tri bu tion of the in di vid ual gamma emis -
sion lines in each peak. Min i mum De tect able Ac tiv i -
ties (MDA) were cal cu lated for the above-men tioned
radionuclides by us ing ISO-11929:2010 [47].

In tab. 4, the EEAE-spe cific ac tiv i ties re sults of
the three 200 g ho mog e nized sam ples, AEEAE (Bqg–1),
used for the val i da tion of the MCNP-X mod els, are
pre sented. Ta ble 5 in cludes the spe cific ac tiv ity re sults
of the in-situ mea sure ments, Ain (Bqg–1), and the  Ain
/AEEAE ra tio, for the radionuclides 226Ra, 212Pb, 228Ac,
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Fig ure 16. The OBM den sity ef fect on the FEP curve
when the vol ume source of FIBC in con fig u ra tion No. 7 is
con sid ered

Fig ure 17. The OBM den sity ef fect on the FEP curve
when the vol ume source of IBC in con fig u ra tion No. 13 is
con sid ered

Fig ure 18. In-situ gamma spec trom e try mea sure ment of
the Me tal lic drum in Con fig u ra tion No. 1



and 208Tl, in all used con fig u ra tions, tab. 3. For the Ain
(Bqg–1) cal cu la tion, FEP ef fi ciency curves for OBM
den sity 1.0 gcm–3 de rived from MCNP-X, were used.
In the es ti ma tion of the un cer tain ties, count ing sta tis -
tics, mass un cer tain ties, and com pu ta tional sta tis ti cal
un cer tain ties were taken into ac count. When a
radionuclide is not de tected, the cell of the tab. 5 is left
blank. The Ain /AEEAE ra tio is not cal cu lated for the ra -
don daugh ters, 214Pb and 214Bi, be cause their val ues
de pend on the ex haled ra don ac tiv ity, which dif fer en ti -
ates be tween source con tain ers (EEAE Lab o ra tory
and in-situ mea sure ments).

It is ob served, that in con fig u ra tions where no
collimator is used (No. 1-3, 7-9, and 13-15), the  Ain
/AEEAE ra tios are close to 1 and un cer tain ties are low
enough (4-6 %), ex cept the radionuclide 226Ra in all con -
fig u ra tions and the radionuclides 212Pb, 208Tl in con fig u -
ra tions No. 7-9. In the case of 226Ra, there were poor
count ing sta tis tics be cause the emis sion prob a bil ity of
186 keV is very low (3.6 %) and mea sured ra dio ac tiv ity
lev els are close to its MDA. Thus, Ain (Bqg–1) val ues for
226Ra are es ti mated with large un cer tain ties, ex cept the
con fig u ra tion No.7, where the mea sure ment du ra tion of

16 h was ad e quate to pro vide lower un cer tainty. Re gard -
ing 212Pb and 208Tl in con fig u ra tions No. 7-9, where the
FIBC con tainer is used, the AEEAE (Bqg–1) that were con -
sid ered had rel a tive un cer tain ties of ~11-13 %, which af -
fected the er ror trans mis sion. In the rest con fig u ra tions
(No. 4, 5, 10, 11, 16, 17), where the collimator is used, the 
count ing sta tis tics were poorer, which re sulted in larger
un cer tain ties. In the tab. 6, cal cu lated MDA for all the
radionuclides in all con fig u ra tions, ac cord ing to
ISO-11929:2010, are pre sented.

Ad di tion ally, Z-score val ues were cal cu lated for
the radionuclides 226Ra, 212Pb, 228Ac, and 208Tl, in all
used con fig u ra tions. The Z-score is a sta tis ti cal test
that ex am ines the sta tis ti cal dif fer ence be tween two
mea sured val ues af ter tak ing into ac count their un cer -
tain ties. In this case, Ain (Bqg–1) and AEEAE (Bqg–1) are
com pared. The Z-score val ues for all radionuclides
ranged be tween –2.7 and 3.0 and the ma jor ity of them
were con tained in the range from –2 to 2, which in di -
cates sat is fac tory agree ment be tween the Ain (Bqg–1)
and AEEAE (Bqg–1) val ues. Spe cif i cally, the Z-score
mean val ues were 0.8 for 226Ra, 0.3 for 212Pb, –1.3 for
228Ac and 0.3 for 208Tl.

It should be noted that, re gard ing the high un cer -
tain ties that are in tro duced in con fig u ra tions with a
collimator use (No. 4, 5, 10, 11, 16, 17), poor count ing
sta tis tics could not be avoided be cause: (a) OBM ra dio -
ac tiv ity lev els were low enough to be de tected in these
or ders of mag ni tude in FEP ef fi ciency (10–7-10–6) and
(b) mea sure ment du ra tions could not be fur ther ex tended 
be cause there was a spe cific and pre de ter mined span
limit to con duct the in-situ gamma spec trom e try mea -
sure ments in the bus tling in dus trial site of Polyeco S.A.
Over all, it can be said that there was sat is fac tory agree -
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Ta ble 5. Spe cific ac tiv ity re sults of the in-situ mea sure ments
226Ra 212Pb 228Ac 208Tl

Config. OBM
con tainer

Ain [Bqg–1] Ain /AEEAE Ain [Bqg–1] Ain /AEEAE Ain [Bqg–1] Ain /AEEAE Ain [Bqg–1] Ain /AEEAE

1 Me tal lic
drum 1.00 0.27 1.39 0.41 0.95 0.02 1.03 0.06 0.98 0.02 0.94 0.04 0.27 0.01 0.92 0.05

2 Me tal lic
drum 1.00 0.27 1.39 0.41 0.93 0.02 1.01 0.06 1.01 0.02 0.97 0.04 0.35 0.02 1.16 0.07

3 Me tal lic
drum 1.05 0.28 1.46 0.42 1.08 0.02 1.16 0.06 0.98 0.02 0.95 0.04 0.31 0.01 1.04 0.05

4 Me tal lic
drum – – 1.10 0.07 1.18 0.10 0.96 0.07 0.93 0.08 0.34 0.03 1.14 0.10

5 Me tal lic
drum – – 0.93 0.18 1.0 0.20 – – – –

7 FIBC 0.93 0.11 1.08 0.14 1.27 0.01 1.10 0.13 1.13 0.01 0.89 0.06 0.41 0.01 1.11 0.11

8 FIBC 0.92 0.25 1.07 0.30 1.14 0.02 0.99 0.12 1.13 0.02 0.89 0.07 0.34 0.03 0.93 0.12

9 FIBC 0.92 0.25 1.06 0.30 0.97 0.02 0.85 0.10 1.20 0.02 0.95 0.07 0.29 0.01 0.80 0.08

10 FIBC 0.99 0.28 1.15 0.33 1.23 0.03 1.07 0.13 1.16 0.03 0.92 0.07 0.42 0.02 1.15 0.12

11 FIBC – – 0.70 0.12 0.61 0.13 – – 0.42 0.14 1.14 0.40

13 IBC 0.97 0.27 1.25 0.35 1.08 0.02 1.03 0.06 1.07 0.02 0.94 0.04 0.34 0.01 1.05 0.06

14 IBC 1.13 0.29 1.45 0.38 1.18 0.03 1.06 0.06 1.07 0.02 0.94 0.04 0.31 0.01 0.97 0.05

15 IBC 1.18 0.29 1.52 0.39 1.08 0.02 1.03 0.06 1.07 0.02 0.94 0.04 0.31 0.01 0.96 0.05

16 IBC – – 1.05 0.05 1.00 0.07 0.91 0.07 0.80 0.07 0.23 0.14 0.70 0.42

17 IBC – – 0.83 0.12 0.83 0.12 – – 0.48 0.06 1.48 0.20

Ta ble 4. The EEAE-spe cific ac tiv ity re sults

AEEAE [Bqg–1] Me tal lic drum FIBC IBC
226Ra 0.72 0.08 0.86 0.06 0.78 0.06
214Pb 0.60 0.03 0.73 0.07 0.65 0.03
214Bi 0.56 0.03 0.69 0.06 0.60 0.03
212Pb 0.93 0.05 1.15 0.14 1.05 0.06
228Ac 1.04 0.04 1.26 0.09 1.14 0.05
208Tl 0.30 0.01 0.37 0.04 0.33 



ment be tween the Ain (Bqg–1) and AEEAE (Bqg–1) val ues
for such types of mea sure ments.

Ra dium cor rec tion fac tors

Due to its high MDA in-situ, in mea sure ment du ra -
tions of a few hours, tab. 6, 226Ra can not be de tected in
lower mea sure ment du ra tions, so it is to be es ti mated by
the ra don daugh ters, 214Pb and 214Bi. For this rea son,
226Ra cor rec tions fac tors, CRa, are cal cu lated for the three 
spent OBM con tain ers, tab. 7. The CRa fac tors were cal -
cu lated by the equa tion: CRa = ARD/ARa (1) where, ARD
(Bqg–1) is the mean spe cific ac tiv ity of the 214Bb, 214Bi,
de rived from the in-situ gamma spec trom e try mea sure -
ments and ARa (Bqg–1) the mean AEEAE (Bqg–1) value for
226Ra, tab. 4: (0.79 0.04) Bqg–1. The rea son that the lat -
ter value was used, in stead of Ain (Bqg–1) val ues for 226Ra 
that come from in-situ mea sure ments, tab. 5, is the large
un cer tain ties in Ain (Bqg–1) val ues due to poor count ing

sta tis tics. This made the use of the mean AEEAE (Bqg–1)
value for 226Ra a pref er a ble op tion for 226Ra cor rec tion
fac tors. 

Method ap pli ca tion

The de vel oped in-situ gamma spec trom e try
method is to be ap plied for ra dio log i cal char ac ter iza tion 
of ho mog e nized OBM of den sity 1.0 gcm–3, pack aged
in con tain ers, in con fig u ra tions No.1 (Me tal lic Drum),
No.7 (FIBC), and No.13 (IBC). These con fig u ra tions
(no collimator, source-de tec tor in con tact) were se -
lected to achieve the max i mum sen si tiv ity, as OBM ra -
dio ac tiv ity lev els are rel a tively low. For the method ap -
pli ca tion, the fol low ing fac tors are con sid ered:
(a) Dose rate at the sur faces of con tain ers;

As men tioned previously, the dose rate at the sur -
face of the Me tal lic Drum was 0.5 Svh–1 and at
the sur faces of FIBC, IBC was 1.0 Svh–1
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Ta ble 6. MDA in the in-situ mea sure ments

MDA in-situ [Bqg–1]
Config. OBM con tainer 226Ra 214Pb 214Bi 212Pb 228Ac 208Tl

1 Me tal lic drum 0.88 0.07 0.08 0.07 0.13 0.04
2 Me tal lic drum 0.90 0.10 0.08 0.08 0.16 0.04
3 Me tal lic drum 0.90 0.09 0.07 0.07 0.13 0.04
4 Me tal lic drum 3.67 0.23 0.27 0.24 0.44 0.13
5 Me tal lic drum 10.27 0.77 0.64 0.72 1.40 0.35
7 FIBC 0.40 0.04 0.03 0.03 0.07 0.02
8 FIBC 0.83 0.10 0.09 0.08 0.16 0.04
9 FIBC 0.88 0.07 0.07 0.07 0.13 0.04

10 FIBC 0.96 0.09 0.09 0.08 0.16 0.05
11 FIBC 5.63 0.39 0.49 0.33 1.14 0.23
13 IBC 0.95 0.10 0.07 0.08 0.12 0.04
14 IBC 1.03 0.08 0.07 0.08 0.13 0.04
15 IBC 0.92 0.08 0.06 0.08 0.11 0.03
16 IBC 1.82 0.16 0.19 0.18 0.26 0.09
17 IBC 2.70 0.27 0.32 0.21 0.81 0.16

Ta ble 7. The 226Ra cor rec tion fac tor for the three spent OBM con tain ers

 Ain [Bqg–1]
Config. OBM con tainer 214Pb 214Bi ARD  [Bqg–1] CRa Mean CRa

1 Me tal lic drum 0.55 0.02 0.52 0.02 0.53 0.02 0.68 0.03

0.70 0.03

2 Me tal lic drum 0.56 0.03 0.53 0.03 0.54 0.02 0.69 0.06

3 Me tal lic drum 0.58 0.02 0.56 0.02 0.57 0.01 0.72 0.05

4 Me tal lic drum 0.59 0.10 0.54 0.05 0.56 0.05 0.72 0.08
5 Me tal lic drum – – – –

7 FIBC 0.65 0.01 0.63 0.01 0.64 0.01 0.81 0.05

0.81 0.03

8 FIBC 0.63 0.04 0.60 0.03 0.62 0.02 0.78 0.06

9 FIBC 0.63 0.03 0.62 0.02 0.62 0.02 0.79 0.05

10 FIBC 0.68 0.04 0.65 0.02 0.66 0.02 0.84 0.06
11 FIBC – – – –

13 IBC 0.59 0.02 0.57 0.02 0.58 0.01 0.73 0.05

0.74 0.03

14 IBC 0.61 0.03 0.56 0.02 0.59 0.02 0.74 0.05

15 IBC 0.58 0.02 0.58 0.01 0.58 0.01 0.74 0.05
16 IBC – – – –
17 IBC – – – –



(b) Gen eral clear ance lev els in solid ma te ri als for all
NORM radionuclides: 1.0 Bqg–1;

(c) MDA in-situ;
The MDA that were cal cu lated in the in-situ mea -
sure ments, MDA in situ (Bqg–1), tab. 6, were stan -
dard ized to lower mea sure ment du ra tions for all
radionuclides and all OBM con tain ers figs.
19(a)-19(c). The radionuclide 226Ra is not in -
cluded in the pro cess, be cause its MDA is high
enough to pro vide sat is fac tory sta tis tics in lower
mea sure ment du ra tions and is not used.

(d) Mean ra dium cor rec tion fac tors for the three con -
tain ers.
The mean ra dium cor rec tion fac tors, mean CRa,
that were es ti mated in the in-situ mea sure ments,
tab. 7 are used to es ti mate the ac tiv ity of 226Ra. 

The afore-men tioned fac tors were com bined to
suc ceed:
– Quick seg re ga tion of con tain ers that are can di -

dates for clear ance from the ones that can not be
cleared.

– Quick full ra dio log i cal char ac ter iza tion of con -
tain ers that can not be cleared.

First, fac tors (a) and (b) were com bined. If the
ma jor emis sion prob a bil i ties of the pho ton en er gies
(gamma emis sion prob a bil ity >1 %) are taken into ac -
count of each NORM se ries, in Me tal lic Drum, 0.5
Svh–1 cor re sponds to 3.56 pho tons/sec (0.95 from
226Ra se ries and 2.62 from 228Ra se ries), in FIBC, 1.0
Svh–1 cor re sponds to 4.47 pho tons/sec (1.30 from
226Ra  se ries and 3.17 from 228Ra se ries) and in IBC,
1.0 Svh–1 cor re sponds to 3.95 pho tons/sec (1.08
from 226Ra se ries and 2.87 from 228Ra se ries). If
EEAE-spe cific ac tiv ity re sults (tab. 4) are con sid ered: 
– In Me tal lic Drum, 1 Bqg–1 from the 226Ra se ries (1.31

pho tons/sec) cor re sponds to 0.18 Svh–1 and 1 Bqg–1

from the 228Ra se ries (2.52 pho tons/sec) to 0.35 Svh–1.
– In FIBC, 1 Bqg–1 in the 226Ra se ries (1.51 pho tons per

sec ond) cor re sponds to 0.34 Svh–1 and 1 Bqg–1 from
the 228Ra se ries (2.52 pho tons/sec) to 0.56  Svh–1.

– In IBC, 1 Bqg–1in the 226Ra se ries (1.39 pho tons per
sec ond) cor re sponds to 0.35 Svh–1 and 1 Bqg–1

from the 228Ra se ries (2.52 pho tons per sec ond) to
0.64  Svh–1 . 

Con ser va tively, if dose rates at the sur faces of
Me tal lic Drum, FIBC, and IBC are lower than 0.6, 0.9,
and 1.0 Svh–1 ac cord ingly, each con tainer is a can di -
date for clear ance.

Af ter ward, fac tors (c) and (d) were com bined
with fac tor (b) to de ter mine the op ti mum mea sure ment 
du ra tion where: (1) spe cific radionuclides sat isfy the
clear ance level of 1.0 Bqg–1 if they just ap pear the
spec tra; in other words, if their MDA is reached, (2)
full ra dio log i cal char ac ter iza tion of the OBM con -
tainer is fea si ble, in case it can not be cleared.

The radionuclide 228Ac was used from the 228Ra
se ries and the radionuclides 214Pb, and 214Bi were used 
from the 226Ra se ries for the first step (1). It is ob served 
that:

– In Me tal lic Drum fig. 19(a), 228Ac with the ac tiv ity 
of 1.00 Bqg–1 and 214Pb, 214Bi with the ac tiv ity of
0.56 and 0.59 Bqg–1 ac cord ingly, just ap pear in the 
spec tra in 2 min utes.

– In FIBC fig. 19(b), 228Ac with the ac tiv ity of 1.02
Bqg–1 and 214Pb, 214Bi with the ac tiv ity of 0.57 and
0.44 Bqg–1 ac cord ingly, just ap pear in the spec tra
in 4 min utes.

– In IBC fig. 19(c), 228Ac with the ac tiv ity of 0.95
Bqg–1 and 214Pb, 214Bi with the ac tiv ity of 0.74 and
0.55 Bqg–1 ac cord ingly, just ap pear in the spec tra
in 2 min utes.

For the 226Ra ac tiv ity es ti ma tion, ARa (Bqg–1),
eq. (1) can be used: ARa = ARD/CRa, by us ing the max i -
mum MDA of 214Pb, 214Bi in each OBM con tainer for
ARD (Bqg–1) value and the mean CRa (Bqg–1) (tab. 7)
for CRa (Bqg–1) value. The ac cep tance that the ARa
(Bqg–1) will not ex ceed the clear ance level limit of 1.0
Bqg–1 is a con ser va tive one. 

For the sec ond step (2), radionuclides with the
low est MDA are se lected: 208Tl from 228Ra se ries and
the radionuclides 214Pb, 214Bi, for gamma spec trom e -
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Fig ure 19(a). The MDA in-situ (Bqg–1) for Me tal lic Drum 
in the con fig u ra tion No. 1

Fig ure 19(b). The MDA in-situ (Bqg–1) for FIBC in the
con fig u ra tion No. 7



try mea sure ment of 15 min utes for the three con tain -
ers. In this mea sure ment du ra tion MDA for 208Tl are
0.11 Bqg–1 (Me tal lic Drum, IBC), 0.13 Bqg–1 (FIBC)
and for 214Pb, 214Bi are 0.20 Bqg–1, 0.21 Bqg–1 (Me tal -
lic Drum), 0.30 Bqg–1, 0.23 Bqg–1 (FIBC), 0.27 Bqg–1, 
0.20 Bqg–1 (IBC) figs. 19(a)-19(c). Is con sid ered that
the above MDAs are low enough to pro vide a sat is fac -
tory quan ti ta tive anal y sis in gamma spec tra, as sum ing
that con tain ers that have been di rected to gamma spec -
trom e try mea sure ment in the pre vi ous step, have al -
ready ex ceeded the limit of 1.0 Bqg–1 at least in one of
the two NORM se ries. 

It should be men tioned that in both steps (1) and
(2), the con ser va tive hy poth e sis that all radionuclides
in the 226Ra and 228Ra subseries are in sec u lar equi lib -
rium is ap plied, fig. 1. There fore, at least one
radionuclide from the se ries is enough to pro vide the
re quired in for ma tion in both steps.

The whole pro ce dure that was an a lyzed is il lus -
trated in fig. 20. Firstly, OBM con tain ers are seg re -
gated into can di dates for clear ance and those that can -
not be cleared, with a dose rate mea sure ment at the
con tainer sur face. Then, a quick gamma spec trom e try
mea sure ment of 2-4 minutes is enough to de ter mine if
a con tainer can be cleared or not. If not, a 15 min ute
gamma spec trom e try mea sure ment can pro vide a full
ra dio log i cal char ac ter iza tion of the OBM con tainer. In 
this way, 250 L of OBM (Me tal lic drum) or 1 m3 of
OBM (FIBC, IBC), orig i nat ing from the oil in dus try,
can be fully char ac ter ized in a few min utes. The use of
a small-size scintillator LaBr3(Ce) 3.81 cm  3.81 cm,
which is rel a tively low cost, with out the need to take
sam ples for anal y ses, makes this method and its ap pli -
ca tion cost-ef fec tive.

Thus, the ap plied method for the ra dio log i cal
char ac ter iza tion  of  ho mog e nized  OBM  of  den sity
1.0 gcm–3, pack aged in con tain ers (Me tal lic Drum,
FIBC, IBC), is sen si tive, quick, and cost-ef fec tive to
fully char ac ter ize, in-situ and non-de struc tively, spent
oil based mud orig i nat ing from the oil in dus try. It is re -
minded that the method ap pli ca tion con di tion is the
me chan i cal ho mog e ni za tion of the OBM be fore the
pack ag ing. With out this ap pli ca tion con di tion, the
method could not ful fill the cri te rion to be quick and
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Fig ure 19(c). The MDA in-situ (Bqg–1) for IBC in the
con fig u ra tion No. 13

Fig ure 20. In-situ ra dio log i cal char ac ter iza tion flow chart of 1.0 gcm–3 pack aged OBM



cost-ef fec tive, be cause po ten tial inhomogeneities
would make the char ac ter iza tion pro cess more com -
pli cated and time-con sum ing.

Ex cept for the ra dio log i cal char ac ter iza tion of
OBM den sity 1.0 gcm–3, the method was de vel oped with
the fol low ing sup ple men tary ca pa bil i ties: (a) OBM char -
ac ter iza tion in the den sity range 1.0-2.4 gcm–3 and (b)
char ac ter iza tion of TENORM waste orig i nat ing, from
oil in dus try, of higher ra dio ac tiv ity (up to 15 kBqg–1),
such as sludg es and scales with the collimator use in the
con fig u ra tions No. 4-6, 10-12 and 16-18, tab. 3. It is
worth not ing that in case the char ac ter iza tion method is
ap plied in the afore-men tioned OBM den sity range, ex -
cept for 1.0 gcm–3, the fac tors (a), (c), and (d) should be
re con sid ered and the char ac ter iza tion flow chart, fig. 20,
should be ac cord ingly adapted.

CON CLU SIONS

In this study, a semi-em pir i cal method was de -
vel oped for the quick, non-de struc tive, and cost-ef fec -
tive, in-situ ra dio log i cal char ac ter iza tion of spent
oil-based mud orig i nat ing from the oil in dus try by us -
ing a LaBr3(Ce) scintillator. It was mainly de vel oped
for the ra dio log i cal char ac ter iza tion of the spent OBM
amount of 2000 m3 that ex ists in Greece. The method
was based on the com bi na tion of the Monte Carlo code 
MCNP-X sim u la tions with gamma spec trom e try mea -
sure ments in the field by us ing a low-cost LaBr3(Ce)
3.81 cm  3.81 cm scintillator. By this method, OBM
con tain ers of 1 m3 can be seg re gated and fully ra dio -
log i cally char ac ter ized in less than 20 min utes.

The method ap pli ca tion con di tion is the me chan i -
cal ho mog e ni za tion of the OBM be fore the pack ag ing.
Also, the method de vel op ment in cluded the pro vi sion
of OBM char ac ter iza tion in the den sity range 1.0-2.4
gcm–3 and the char ac ter iza tion of TENORM waste
orig i nat ing, from the oil in dus try, of higher ra dio ac tiv -
ity (up to 15 kBqg–1), such as sludg es and scales. 
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Eleni NTALA, Aleksandros KLOUVAS, Anastasija SAVIDOU

RAZVOJ  METODA  ZA  IN-SITU  RADIOLO[KU  KARAKTERIZACIJU
UQNOG  BLATA  POREKLOM  IZ  NAFTNE  INDUSTRIJE

Blato na bazi nafte jedan je od primarnih otpada proizvedenih u naftnoj industriji koji
mo`e sadr`ati pove}ane koli~ine prirodnog radioaktivnog materijala (NORM). U ovoj studiji
kombinovane su MCNPX simulacije i gama spektrometrijska merewa, te je kori{}ewem LaBr3(Ce)
scintilatora, dimenzija 3.81  3.81 , razvijena brza i osetqiva metoda za nedestruktivnu
radiolo{ku karakterizaciju muqa na bazi istro{enog uqa poreklom iz naftne industrije. Ovom
metodom, jedan kubni metar upakovanog blata na bazi uqa mo`e se radiolo{ki okarakterisati za
mawe od 20 minuta. 

Kqu~ne re~i: muq na bazi nafte, LaBr3(Ce), gama spektrometrija, Monte Karlo simulacija


