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Oil-based mud is one of the primary wastes produced in oil industries that may contain ele-
vated amounts of naturally occurring radioactive material. In this study, MCNPX simula-
tions and gamma-ray spectrometry measurements were combined and a quick and sensitive
method was developed for the non-destructive radiological characterization of spent
oil-based mud originating from the oil industry by using a 3.81 cm x 3.81 cm LaBr;(Ce)
scintillator. By this method, one cubic meter of packaged oil-based mud can be radiologically

characterized in less than 20 minutes.
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INTRODUCTION

Naturally occurring radioactive materials
(NORM) exist naturally on the earth's crust. The
NORM radionuclides belonging to the uranium and
thorium series are present in generally low concentra-
tions in almost all types of rocks, sands, and soils and
are not usually of special radiological concern. How-
ever, certain industrial activities, such as extraction of
rare earth elements, mining, phosphate fertilizer pro-
duction, and oil and gas production, generate waste
containing elevated levels of NORM [ 1, 2]. These sub-
stances are also known as technologically enhanced
NORM (TENORM).

In oil and gas production solid TENORM wastes
are generated including sludge, sand, and hard porous
deposits and scales from the decontamination of tubu-
lar and different types of topside equipment and drill-
ing mud [3, 4]. The concentrations of >Ra and *2*Ra
in scales and sludge range from less than 0.1 Bqg™! to
15 kBqg™! [3, 5].

Drilling mud (or fluid) is continuously pumped
down the well through the hollow drill string and re-
turned through the well annulus carrying the rock
phase that is extracted from the well. Also, it cools and
lubricates the drill bit, stabilizes the well bore, and
controls subsurface pressures [6-9]. There are three
most commonly used drilling muds, namely, oil-based
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mud (OBM), water-based mud (WBM), and syn-
thetic-based mud (SBM). The WBM mostly consists
of brine/water mixed with bentonite clay/polymer and
barite and is said to be generally less harmful to the en-
vironment than other mud systems. The OBM and
SBM most times are collectively known as non-aque-
ous or synthetic base fluid mixed with brine and barite
[10]. Spent drilling muds usually consist of heavy met-
als, inorganic salts, and hydrocarbons, which makes
the treatment of these wastes a critical environmental
concern [11-14]. From a radiological point of view,
some studies examine the existence of elevated levels
of NORM in drilling mud [15-18]. According to
Okoro et al., [14] the drilling wastes (spent drilling
muds, drilling cuttings) treatment usually does not
consider the possibility of NORM and this gap should
be captured and used to modify existing regulations
for wastes generated during drilling operations.

In Greece, according to the national report pub-
lished by the Greek Atomic Energy Commission for
industries that generate NORM waste [19], concern-
ing oil industries, the spent OBM quantity being gen-
erated per three years is 72 tone. Currently, 2000 m? of
OBM are temporarily stored in concrete pits with can-
opy. The NORM radionuclides from 233U (**°Ra) and
232Th (*?Ra) series range from 0.033 to 1.355 Bqg™!
and from 0.018 to 3.558 Bqg ™! accordingly. It is men-
tioned that according to Greek legislation [20], which
is adapted to Council Directive 2013/59/Euratom
[21], the general clearance levels in solid materials for
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all NORM radionuclides are 1 Bqg™, except “K
where is 10 Bqg™'. The radiological characterization
of this spent OBM is of crucial importance regarding
its clearance and/or treatment in special installations
and cross-border transfers.

The aim of this work is the development of a quick,
sensitive, and cost-effective method to characterize
in-situ and no-destructively spent oil-based mud origi-
nating from the oil industry by using a LaBry(Ce)
scintillator. The method was mainly developed for the ra-
diological characterization of the spent OBM amount of
2000 m? that exists in Greece. The LaBr;(Ce) scintilla-
tion detectors have become very promising due to their
better energy resolution compared to Nal(T1) detectors
(<3 % FWHM at '*’Cs), their decay time of 35 ns, and
their material density (5.29 gem™) [22, 23]. Also, there is
no need for cooling compared to HPGe detectors.

The development of the method for non-destruc-
tive OBM characterization was based on the detector
efficiency evaluation by MCNP-X simulations after
taking into consideration common geometries of con-
tainers used for packaging of OBM as well as the ex-
perimental validation of the MCNP-X models in the
field by using homogenous containers of spent OBM,
of known radioactivity and a gamma spectrometry
system. The developed method seems to be sensitive,
fast, and accurate enough to characterize one cubic
meter of spent OBM in less than a 20 minute gamma
spectrometry measurement.

MATERIALS AND METHODS

Basic points of OBM radiological
characterization

The non-destructive radiological characteriza-
tion of spent OBM, originating from the oil industry, is
based on the following basic points:

— The OBM radioactivity is relatively low and close to
general clearance levels (1 Bqg™), so the method
needs to be sensitive enough.

—  The spent OBM amount is to be packaged in three
types of containers: Metallic Drum (250 L), Flexi-
ble Intermediate Bulk Container — FIBC (1 m’),
and Intermediate Bulk Container — IBC (1 m’).

—  The secular equilibrium of the **U and **Th series
is disturbed, because of the separation of different
radionuclides into various process streams accord-
ing to their properties as solubility or volatility [3, 5,
24]. Inthe ***U series, up to 2°Th, and in the ***Th se-
ries, 2**Th, are not mobilized from the reservoir rock,
so there is no need for screening. The first
radionuclides that should be encountered are *’Ra
and **Ra. Consequently, the restoration of the equi-
librium in both series needs to be examined in the
spent OBM, fig. 1. Regarding the **°Ra subseries
that is formed, the hypothesis that all radionuclides,
including the *'°Pb subseries, are in equilibrium, is a
conservative one. The same hypothesis can be ap-
plied to the **Ra subseries, where all radionuclides
reach equilibrium after ~ 5 years.

— The inhomogeneity of radioactivity and material
density in the 2000 m’ of OBM is possible, be-
cause of the different geological formations that
have been used and the different OBM densities
that are mixed and stored together in the concrete
pits. Therefore, the mechanical homogenization
of the OBM is necessary before filling each con-
tainer.

— The material density of the homogenous spent
OBM containers of known radioactivity that were
used in the experimental validation of the
MCNP-X models in the field was 1.0 gem™.

The Monte Carlo code MCNP-X

The MCNP-X code [25] is a general-purpose
Monte Carlo radiation transport code developed at the
Los Alamos National Laboratory and designed to
track different types of particles (neutrons, electrons,
gamma rays, efc.) over a broad range of energies. The
Monte Carlo technique is a widely used simulation
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tool for radiation transport, especially for cases in
which measurement conditions are inconvenient, such
as different source, matrix, and geometry configura-
tions [26-31]. This work uses the Monte Carlo code
MCNP-X code to simulate the LaBr,(Ce) scintillation
detector. The pulse height tally (F8) was employed to
determine the energy deposited in the crystal active
volume, in the specified energy bin and predict the
LaBr;(Ce) full energy peak (FEP) efficiency. Various
sets of simulations were performed in each step of the
method development in order: (a) to evaluate the
LaBr;(Ce) crystal active volume and (b) to predict the
FEP efficiency of the LaBr;(Ce) in several source-de-
tector configurations.

The LaBr3(Ce) crystal active
volume evaluation

When calculating FEP efficiencies by using
Monte Carlo techniques, it is of crucial importance to
know the internal and external dimensions of the de-
tector crystal. The manufacturers rarely provide the
exact dimensions, so the user should examine the po-
tential discrepancies between the nominal and the real
dimensions of the detector crystal. Even though dead
layers are mainly related to Ge detectors [32-35], there
are studies where deactivated layers in scintillator de-
tectors are examined due to external factors such as
ambient humidity [36-38]. In this study, a front-deacti-
vated layer of the LaBr;(Ce) was estimated.

A gamma spectrometry system s located in the Ra-
dioactive Waste & Materials Laboratory in the National
Center for Scientific Research Demokritos. It consists of
a Canberra scintillation detector LaBry(Ce) (Model
LABR-1.5x1.5) with a 3.81 cm x 3.81 cm crystal in a
hermetically sealed aluminum housing and a resolution
2.5 % at 662 keV, including a photomultiplier tube, an in-
ternal magnetic/light shield, a 14-pin connector, a digital
signal processing unit (Osprey Digital Tube Base Multi
Channel Analyzer), a high voltage supply system (670
V) and a lead shielding structure with a thickness of 5 cm.
The Genie™ 2000 Gamma Analysis software was used
for spectrum acquisition and SPECTRW software for
spectrum analysis [39]. Apart from the crystal dimen-
sions, the crystal-to-endcap distance was provided by the
manufacturer.

The LaBr,(Ce) FEP efficiency was experimentally
determined by using four multi-nuclide gamma-ray vol-
ume calibration sources of different epoxy material densi-
ties (0.5 gem=, 0.9 gem 3, 1.5 gem, and 2.0 gem™), in-
cluding the radionuclides **'Am, '3’Cs, and *°Co that
cover a wide range of the gamma energy spectrum. After-
wards, it was compared to the FEP efficiency determined
by the MCNP-X code for each thickness of the front deac-
tivated crystal layer estimated by the user, keeping all
other detector parameters at their nominal values; until an
agreement within 6 % was reached between experimen-

Epoxy volume
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Figure 2. Cross-section view of the MCNP-X simulated
geometry

Table 1. Source dimensions

Parameters Dimension [cm]
Source height 5.52
Source diameter 7.83
Polyethylene cover 0.05
Source-detector distance 0.67

tally calculated and simulated efficiencies. The relative
statistical uncertainties of the computations were kept be-
low 2 %. Simultaneously, true coincidence correction
(TCC) factors were calculated for the radionuclide ®’Co
by using the TrueCoinc program [40] and experimentally
calculated efficiencies were corrected and considered in
the above-mentioned comparison. The whole procedure
led to the determination of a 120 pum front deactivated
crystal layer thickness. The MCNP-X simulated geometry
is shown in the fig. 2. Volume sources are enclosed inside a
polyethylene cover and are adapted to an acetal holder.
The source dimensions are presented in the tab. 1.

In-situ gamma
spectrometry system

The in-situ gamma spectrometry system was de-
signed in the Radioactive Waste & Materials Laboratory
and constructed in the machining center of the National
Center for Scientific Research Demokritos. It consists of
the 3.81 cm x 3.81 cm LaBr;(Ce) scintillator and a lead cy-
lindrical structure placed on a trolley accompanied by a
transport system, fig. 3. The lead cylindrical structure has a
total length of 45.3 cm and includes the collimator, the de-
tector shielding, and the end cap. The collimator is
compartmental, made of different parts of lead, and suc-
cessively located. The alteration of the collimator length: 4
cm, 9 cm, and 15 cm changes respectively the collimator
aperture diameter: 4 cm, 3 cm, and 2 cm figs. 4(a) and 4(b).
The detector shielding contains the detector body and the
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Figure 4(a). Lead cylindrical structure: collimator,
detector shielding, and end cap

digital signal processing unit. An end cap of 4.3 cm in
length is adapted to the detector shielding, fig. 4(a).

It should be mentioned that although a
collimator is not necessary for the radiological charac-
terization of OBM, it was included in the method de-
velopment because it provides the appropriate shield-
ing from ambient background in case other TENORM
waste of higher radioactivity (up to 15 kBqg™"), such
as sludges and scales [3, 5], are to be measured. Ambi-
ent background can be increased in sites where other
sources co-exist, such as storage rooms for radioactive
materials. The collimator use also reduces the pulse
pile-up phenomenon when high radioactivity levels
are measured. Furthermore, the adding-removing of
the collimator parts changes the field of view and per-
mits the measurement of inhomogeneities, if neces-

sary.
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Figure 4(b). Compartmental collimator

The MCNP-X simulations for the
in-situ method development

The LaB,;(Ce) crystal active volume evaluation
was considered in the MCNP-X simulated geometries
for the in-situ method development. The lead cylindrical
structure of the in-situ gamma spectrometry system was
modeled and is presented in fig. 5. The successive addi-
tion of collimator parts 1, 2, and 3 changes accordingly
the collimator length to 4 cm, 9 cm, and 15 cm. The
MCNP-X model geometry included three volume
sources corresponding to the three types of containers in
which OBM is to be packaged: Metallic drum (250 L),
Flexible Intermediate Bulk Container—FIBC (1 m?), and
Intermediate Bulk Container — IBC (1 m?). The volume
sources dimensions are provided in the tab. 2. The mate-
rial density and the activity of the volume sources were
considered homogeneously distributed.

The MCNP-X simulations for the in-situ method
development are divided into two sections: (a) pre-
dicted FEP efficiency curves for OBM density 1.0
gem™ and (b) OBM material density effect on FEP ef-
ficiency curves.

Predicted FEP efficiency curves for
OBM density 1.0 gcm™

The FEP efficiency curves were derived for sev-
eral source-detector configurations in the photon en-
ergy range from 186 keV to 1120 keV for an OBM
density of 1.0 gem™. The lead cylindrical structure
was positioned vertically to the volume source's main
axis of symmetry. Calculations were performed with
and without a collimator, for various source-detector
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End .
cap Figure 5. The

MCNP-X  schematic
representation of the
06 om lead cylindrical struc-

'l ture
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Table 2. The OBM volume source dimensions
Volume source Cover material | Cover thickness [cm]| Height [cm] Length [cm] Width [em] | Diameter [cm]
Metallic drum Carbon steel 0.08 95 — - 60
FIBC Polypropylene 0.02 120 90 90 —
IBC HDPE" 0.40 104 110 93 -
"High-density polypropylene
Table 3. Configurations used for FEP efficiency curve prediction for OBM 1.0 gcm‘3
No. | OBM volume source Source-detector Source mid-height Collimator Collimator aperture
distance [cm] level-detector [cm] length [cm] diameter [cm]
1 Metallic drum 0 0 — —
2 Metallic drum 5 0 — —
3 Metallic drum 5 15.8 — —
4 Metallic drum 4 0 4 4
5 Metallic drum 9 0 9 3
6 Metallic 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

distances, source mid-height level-detector distances,
and collimator lengths (and corresponding aperture
diameters). The configurations that were used are pre-
sented in tab. 3. The relative statistical uncertainties of
the computations were 0.3-1 % in configurations No.
1-3, 7-9 and 13-15,1-2 % in No.4, 10and 16,2-5%
inNo. 5, 11 and 17 and 4-9 % in No. 6, 12, and 18. An
example of MCNP-X schematic representation is
given in fig. 6.

The OBM material density effect on
FEP efficiency curves

The appropriate mud density for drilling is dependent
on the subsurface formation pressures; strong, competent
formations can be drilled with a density of 1.0 gem™=, but
high-pressure formations may require mud with densities
approaching 2.4 gen™. The density can be adjusted with
soluble or by the addition of solids, such as barite [41].

In the present work, the OBM density range
1.0-2.4 gem was considered to study the density effect
on FEP efficiency curves in the photon energy range
from 186 to 1120 keV. Because OBM radioactivity is rel-
atively low, configurations No. 1, 7, and 13 (tab. 3) were
selected for this study (no collimator, source-detector in
contact), including the three-volume sources, to ensure
the maximum sensitivity in the method application. The
density values that were used were 1.0 gem>, 1.2 gem™,
1.5 gem™, 1.8 gem™, 2.1 gem™, and 2.4 gem ™.

Volume | -
source L.
|

Figure 6. The MCNP-X schematic representation of
configuration No.6

RESULTS AND DISCUSSION

Predicted FEP efficiency curves for
OBM density 1.0 gem™

Figures 7-14 show the predicted FEP efficiency
as a function of photon energy for the configurations
listed in tab. 3. Figures 7 and 11 correspond to config-
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urations without a collimator, figs. 8 and 12 to config-
urations with a collimator length of 4 cm, figs. 9and 13
to configurations with a collimator length of 9 cm and
figs. 10 and 14 to configurations with a collimator
length of 15 cm.

Regarding the configurations without a
collimator, figs. 7 and 11, there is no so steep slope in
the efficiency curves after the efficiency peak at
~320 keV, as is expected in a typical FEP efficiency
curve. This observation is attributed to the gamma at-
tenuation effect in the large volume sources. It is more
intense for low energies compared to higher energies,
meaning that the probability of the low-gamma energy
gamma rays reaching the detector is reduced. Further-
more, a small increase of 5 cm in the source — detector
distance induces a maximum decrease of 10 % in the
efficiency, when the metallic drum volume source is
used, fig. 7, and a maximum decrease of 1-2 %, when
the volume sources FIBC and IBC are used, fig. 11.
Alterations in the volume source mid-height level-de-
tector distance do not affect significantly the effi-
ciency, for the same source-detector distance of 5 cm,
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Figure 7. The MCNP-X predicted FEP efficiency as a
function of photon energy for configurations No. 1-3

7.5

7.0

6.5

6.0

FEP efficiency [x1079]

5.5

5.0

T T T T T
200 400 600 800 1000 1200

Energy [keV]

Figure 8. The MCNP-X predicted FEP efficiency as a
function of photon energy for configuration No. 4

1.4

1.3

1.2.7

1.1 7

1.0'

FEP efficiency [x107°]

0.9

0.8 T T T T T T T T T
200 400 600 800 1000 1200

Energy [keV]

Figure 9. The MCNP-X predicted FEP efficiency as a
function of photon energy for configuration No. 5
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Figure 10. The MCNP-X predicted FEP efficiency as a
function of photon energy for configuration No. 6
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Figure 11. The MCNP-X predicted FEP efficiency as a
function of photon energy for configurations No. 7-8
and No. 13-15

because the solid detection angle remains unchanged
with the vertical detector shifting, due to the large vol-
ume of the source.

Concerning configurations with a collimator,
figs. 8-14, itis obvious that the collimator, not only de-
creases the order of magnitude in the FEP efficiency in
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Figure 12. The MCNP-X predicted FEP efficiency as a

function of photon energy for configurations No. 10 and
No. 16
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Figure 13. The MCNP-X predicted FEP efficiency as a
function of photon energy for configurations No. 11
and No. 17
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Figure 14. The MCNP-X predicted FEP efficiency as a
function of photon energy for configurations No. 12
and No. 18

all collimator lengths but also affects the FEP effi-
ciency curve shape. The efficiency seems to stabilize

or increase after the photon energy of ~600 keV. This
phenomenon is attributed again to the exponential in-
crease of the gamma attenuation effect as the energy
decreases and the reduced probability of the low-en-
ergy gamma rays reaching the detector shielded by the
collimator. This phenomenon is consistent with
collimation beam geometry studies [42, 43].

The OBM material density effect on FEP
efficiency curves

Figures 15-17 exhibit the predicted FEP effi-
ciency, in the photon energy range from 186 keV to
1120 keV, for OBM density range 1.0-2.4 gem™, con-
sidering the configurations No.1, 7, and 13, tab. 3.

True coincidence summing phenomenon
in the in-situ geometries

In gamma spectrometry of natural decay series,
NORM radionuclides that need to be checked for the true
coincidence summing phenomenon are >'“Pb and >'“Bi
from the 238U series and **8Ac, 2'?Bi, and 2%8T1 from the
232Th series [44]. Regarding the effect of the source den-
sity, in volume sources, it has been shown that the true
coincidence effect varies with source density depending
on the decay theme of each radionuclide [45, 46].

In this study, the TrueCoinc program [40] was
used to calculate the true coincidence correction
(TCC) factors for configurations No.1, 7, and 13, tab.
3. These configurations were selected as the most pos-
sible candidates for the true coincidence summing
phenomenon, as the volume source is in contact with
the detector. The phenomenon was checked in the
OBM density range that was considered previously,
1.0-2.4 gcm™. The results indicated that no correction
is needed for all radionuclides which are candidates
for correction: 2'4Pb, 214Bi, 228Ac, 2!2Bi, and 2%%T1.
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Figure 15. The OBM density effect on FEP curve when
the volume source of Metallic Drum in configuration No.
1 is considered
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Figure 16. The OBM density effect on the FEP curve
when the volume source of FIBC in configuration No. 7 is
considered
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Figure 17. The OBM density effect on the FEP curve
when the volume source of IBC in configuration No. 13 is
considered

Experimental validation of the
MCNP-X models in the field

The in-situ gamma spectrometry system figs. 3,
4(a), 4(b) was used in the configurations listed in tab. 3
for gamma spectrometry measurements of three spent
OBM containers: Metallic Drum (250 L), Flexible In-
termediate Bulk Container — FIBC (1 m?), and Inter-
mediate Bulk Container —IBC (1 m?). The OBM mate-
rial in the containers was mechanically homogenized
during the packaging procedure, so the density of 1.0
gem™ and the activity of the OBM were considered
homogeneously distributed. The dose rate at the sur-
face of the Metallic Drum was 0.5 uSvh™' and at the
surfaces of FIBC, IBC was 1.0 uSvh™'.

For the validation of the MCNP-X models, three
representative homogenized samples of 200 g were
obtained, one from each container, and sent for analy-
sis to the Reference Laboratory of Environmental Ra-
dioactivity Monitoring located in the Greek Atomic
Energy Commission (EEAE). The specific activity re-

Figure 18. In-situ gamma spectrometry measurement of
the Metallic drum in Configuration No. 1

sults from this analysis were compared to the results
from the in-situ gamma spectrometry measurements,
by using the FEP efficiency curves for OBM density
1.0 gem™ derived from MCNP-X.

The in-situ gamma spectrometry measurements
were carried out in the industrial site of Polyeco S.A4.,
which is a fully licensed waste management and valo-
rization industry in Greece. An example of the in-situ
configuration No.1 is shown in fig. 18. The measure-
ment durations were 2 hours in configurations 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. Configurations No.6, 12
and 18 were not used in the experimental procedure
because the OBM radioactivity levels were not high
enough to provide adequate statistics in the spectrain a
reasonable measurement duration. Background spec-
tra were acquired without a collimator (18 hours), with
a collimator length of 4 cm (14 hours) and 9 cm (14
hours). Genie™ 2000 Gamma Analysis software was
used for spectrum acquisition and SPECTRW soft-
ware for spectrum analysis [39].

Analysis was performed for 2°Ra (186 keV),
214Pb (295.22 and 351.93 keV), 2“Bi (609.31 and
1120.29 keV), 2*Ac (338.32,911.2 and 968.97 keV),
208TI (583.19 keV), and 2!?Pb (238.63 keV). Back-
ground spectra were taken into consideration for net
peak area subtraction if needed, and deconvolution
was performed in peaks (338.32, 351.93) keV,
(583.19, 609.31) keV, (911.2, 968.97) keV to deter-
mine the contribution of the individual gamma emis-
sion lines in each peak. Minimum Detectable Activi-
ties (MDA) were calculated for the above-mentioned
radionuclides by using ISO-11929:2010 [47].

In tab. 4, the EEAE-specific activities results of
the three 200 g homogenized samples, Apgax (Bqg™),
used for the validation of the MCNP-X models, are
presented. Table 5 includes the specific activity results
of the in-situ measurements, 4;, (Bqg™'), and the 4,
/Agg A atio, for the radionuclides 22°Ra, 1°Pb, 22%Ac,
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and 2%*T1, in all used configurations, tab. 3. For the 4;,
(Bqg™) calculation, FEP efficiency curves for OBM
density 1.0 gcm™ derived from MCNP-X, were used.
In the estimation of the uncertainties, counting statis-
tics, mass uncertainties, and computational statistical
uncertainties were taken into account. When a
radionuclide is not detected, the cell of the tab. 5 is left
blank. The 4;, /Agg g 1atio is not calculated for the ra-
don daughters, 2'*Pb and 2'“Bi, because their values
depend on the exhaled radon activity, which differenti-
ates between source containers (EEAE Laboratory
and in-situ measurements).

It is observed, that in configurations where no
collimator is used (No. 1-3, 7-9, and 13-15), the 4,
/Agpap ratios are close to 1 and uncertainties are low
enough (4-6 %), except the radionuclide >*°Ra in all con-
figurations and the radionuclides 2'?Pb, 28Tl in configu-
rations No. 7-9. In the case of ?°Ra, there were poor
counting statistics because the emission probability of
186 keV is very low (3.6 %) and measured radioactivity
levels are close to its MDA. Thus, 4;, (Bqg ") values for
226Ra are estimated with large uncertainties, except the
configuration No.7, where the measurement duration of

Table 4. The EEAE-specific activity results

Ageae [Bqg '] |Metallic drum|  FIBC IBC
26Ra 0.7240.08 | 0.86+0.06 | 0.78 +0.06
214pp 0.60 £0.03 | 0.73 £0.07 | 0.65 +0.03
214Bj 0.56 £0.03 | 0.69+0.06 | 0.60+0.03
212pp, 0.93£0.05 | 1.15+0.14 | 1.05+0.06
8¢ 1.04 £0.04 | 1.26+0.09 | 1.14+0.05
20871 0.30+0.01 | 0.37+0.04 | 0.33+0.02

16 h was adequate to provide lower uncertainty. Regard-
ing 2!2Pb and °*T1 in configurations No. 7-9, where the
FIBC container is used, the Az (Bqg ™) that were con-
sidered had relative uncertainties of ~11-13 %, which af-
fected the error transmission. In the rest configurations
(No.4,5,10, 11, 16, 17), where the collimator is used, the
counting statistics were poorer, which resulted in larger
uncertainties. In the tab. 6, calculated MDA for all the
radionuclides in all configurations, according to
ISO-11929:2010, are presented.

Additionally, Z-score values were calculated for
the radionuclides 2*°Ra, 2!2Pb, 228Ac, and 23T, in all
used configurations. The Z-score is a statistical test
that examines the statistical difference between two
measured values after taking into account their uncer-
tainties. In this case, 4,, (Bqg™") and Agg, (Bqg™) are
compared. The Z-score values for all radionuclides
ranged between —2.7 and 3.0 and the majority of them
were contained in the range from —2 to 2, which indi-
cates satisfactory agreement between the 4;, (Bqg™)
and Appap (Bqg™") values. Specifically, the Z-score
mean values were 0.8 for 22°Ra, 0.3 for 212Pb, —1.3 for
228Ac and 0.3 for 208T1.

It should be noted that, regarding the high uncer-
tainties that are introduced in configurations with a
collimator use (No. 4, 5, 10, 11, 16, 17), poor counting
statistics could not be avoided because: (a) OBM radio-
activity levels were low enough to be detected in these
orders of magnitude in FEP efficiency (107-107%) and
(b) measurement durations could not be further extended
because there was a specific and predetermined span
limit to conduct the in-situ gamma spectrometry mea-
surements in the bustling industrial site of Polyeco S.A.
Overall, it can be said that there was satisfactory agree-

Table 5. Specific activity results of the in-situ measurements

2261{a 212Pb 228AC ZOSTI
Config. | OBM | 4 [Bag"] | din/drea | A [Bag'] | Ai/dreas | A [Bag'] | Ai/reas | An[Bag '] | A /Areas
1 Mdifllrlllc 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
5 Metallic
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 Metallic
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 I\/iﬁtlilrlllc - - 1.10+0.07 | 1.18 £0.10 | 0.96 £0.07 | 0.93 £0.08 | 0.34 £0.03 | 1.14 +0.10
Metallic
5 drum - - 0.93 £0.18 | 1.0+£0.20 - - - -
7 FIBC | 0.9340.11 | 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 | 0.9240.25 | 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 0.9740.27 | 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 | 1.4540.38 | 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 | 1.5240.39 | 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
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Table 6. MDA in the in-situ measurements

MDA in-situ [Bqg ']

Config. OBM container 2%Ra 214pp 214Bj 212pp Ac 20871
1 Metallic drum 0.88 0.07 0.08 0.07 0.13 0.04
2 Metallic drum 0.90 0.10 0.08 0.08 0.16 0.04
3 Metallic drum 0.90 0.09 0.07 0.07 0.13 0.04
4 Metallic drum 3.67 0.23 0.27 0.24 0.44 0.13
5 Metallic 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

ment between the 4;, (Bqg™") and Agpar (Bqg™!) values
for such types of measurements.

Radium correction factors

Due to its high MDA in-situ, in measurement dura-
tions of a few hours, tab. 6, 226Ra cannot be detected in
lower measurement durations, so it is to be estimated by
the radon daughters, >'“Pb and 2'“Bi. For this reason,
226Ra corrections factors, C,, are calculated for the three
spent OBM containers, tab. 7. The Cy, factors were cal-
culated by the equation: Cy, = Axp/Ag, (1) where, Arp
(Bqg™") is the mean specific activity of the 2'“Bb, 2!4Bi,
derived from the in-situ gamma spectrometry measure-
ments and A, (Bqg ™) the mean A, (Bqg™) value for
226Ra, tab. 4: (0.79 £0.04) Bqg™". The reason that the lat-
ter value was used, instead of 4, (Bqg ™) values for >°Ra
that come from in-situ measurements, tab. 5, is the large
uncertainties in 4,, (Bqg™") values due to poor counting

statistics. This made the use of the mean Appsp (Bqg ™)
value for 2*°Ra a preferable option for 2*°Ra correction
factors.

Method application

The developed in-situ gamma spectrometry
method is to be applied for radiological characterization
of homogenized OBM of density 1.0 gcm™, packaged
in containers, in configurations No.1 (Metallic Drum),
No.7 (FIBC), and No.13 (IBC). These configurations
(no collimator, source-detector in contact) were se-
lected to achieve the maximum sensitivity, as OBM ra-
dioactivity levels are relatively low. For the method ap-
plication, the following factors are considered:

(a) Dose rate at the surfaces of containers;
As mentioned previously, the dose rate at the sur-
face of the Metallic Drum was 0.5 uSvh ™' and at
the surfaces of FIBC, IBC was 1.0 uSvh™".

Table 7. The *°Ra correction factor for the three spent OBM containers

4in [Bgg ']
Config. OBM container 214py, 24Bj Arp [Bqg 1] Cra Mean Cg,
1 Metallic drum 0.55 £0.02 0.52 +0.02 0.53 £0.02 0.68 £0.03
2 Metallic drum 0.56 +0.03 0.53 +£0.03 0.54 £0.02 0.69 +£0.06
3 Metallic drum 0.58 £0.02 0.56 +£0.02 0.57 £0.01 0.72 £0.05 0.70 £0.03
4 Metallic drum 0.59 £0.10 0.54 £0.05 0.56 £0.05 0.72 £0.08
5 Metallic drum — — — —
7 FIBC 0.65 £0.01 0.63 £0.01 0.64 £0.01 0.81 £0.05
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 0.81 £0.03
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
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 0.74 £0.03
16 IBC - — — -
17 IBC — - - -
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(b) General clearance levels in solid materials for all
NORM radionuclides: 1.0 Bqg™;

(c) MDA in-situ;

The MDA that were calculated in the in-sifu mea-
surements, MDA in situ (Bqg ™), tab. 6, were stan-
dardized to lower measurement durations for all
radionuclides and all OBM containers figs.
19(a)-19(c). The radionuclide ***Ra is not in-
cluded in the process, because its MDA is high
enough to provide satisfactory statistics in lower
measurement durations and is not used.

(d) Mean radium correction factors for the three con-
tainers.

The mean radium correction factors, mean Cg,,
that were estimated in the in-situ measurements,
tab. 7 are used to estimate the activity of *’Ra.

The afore-mentioned factors were combined to
succeed:

— Quick segregation of containers that are candi-
dates for clearance from the ones that cannot be
cleared.

—  Quick full radiological characterization of con-
tainers that cannot be cleared.

First, factors (a) and (b) were combined. If the
major emission probabilities of the photon energies
(gamma emission probability >1 %) are taken into ac-
count of each NORM series, in Metallic Drum, 0.5
uSvh! corresponds to 3.56 photons/sec (0.95 from
226Ra series and 2.62 from *2®Ra series), in FIBC, 1.0
uSvh™! corresponds to 4.47 photons/sec (1.30 from
226Ra series and 3.17 from ??®Ra series) and in IBC,
1.0 puSvh! corresponds to 3.95 photons/sec (1.08
from ??°Ra series and 2.87 from 2?®Ra series). If
EEAE-specific activity results (tab. 4) are considered:
—  In Metallic Drum, 1 Bqg™' from the *Ra series (1.31

photons/sec) corresponds to 0.18 pSvh™' and 1 Bqg™
from the **Ra series (2.52 photons/sec) to 0.35 uSvh ™.

— InFIBC, 1 Bqg ™ in the *Ra series (1.51 photons per
second) corresponds to 0.34 uSvh ™' and 1 Bqg ™' from
the “*Ra series (2.52 photons/sec) to 0.56 pSvh ™.

— InIBC, 1 Bqg'in the **°Ra series (1.39 photons per
second) corresponds to 0.35 puSvh™' and 1 Bqg™
from the **Ra series (2.52 photons per second) to
0.64 uSvh.

Conservatively, if dose rates at the surfaces of
Metallic Drum, FIBC, and IBC are lower than 0.6, 0.9,
and 1.0 uSvh! accordingly, each container is a candi-
date for clearance.

Afterward, factors (c) and (d) were combined
with factor (b) to determine the optimum measurement
duration where: (1) specific radionuclides satisfy the
clearance level of 1.0 Bqg™! if they just appear the
spectra; in other words, if their MDA is reached, (2)
full radiological characterization of the OBM con-
tainer is feasible, in case it cannot be cleared.

The radionuclide 28 Ac was used from the 2*’Ra
series and the radionuclides 2!“Pb, and 2'*Bi were used
from the *2°Ra series for the first step (1). Itis observed
that:

—  InMetallic Drum fig. 19(a), *** Ac with the activity
of 1.00 Bqg ' and *"*Pb, *'*Bi with the activity of
0.56and 0.59 Bqg " accordingly, just appear in the
spectra in 2 minutes.

— InFIBC fig. 19(b), ***Ac with the activity of 1.02
Bqg ' and *"*Pb, *'*Bi with the activity of 0.57 and
0.44 Bqg ' accordingly, just appear in the spectra
in 4 minutes.

— InIBC fig. 19(c), ***Ac with the activity of 0.95
Bqg ' and *'*Pb, *'*Bi with the activity of 0.74 and
0.55 Bqg ' accordingly, just appear in the spectra
in 2 minutes.

For the ??°Ra activity estimation, 4y, (Bqg™),
eq. (1) can be used: Ay, = Arp/Cr,, by using the maxi-
mum MDA of 214Pb, 2!4Bi in each OBM container for
Agp (Bqg™) value and the mean Cy, (Bqg™) (tab. 7)
for Cy, (Bqg™) value. The acceptance that the Ay,
(Bqg™") will not exceed the clearance level limit of 1.0
Bqg™' is a conservative one.

For the second step (2), radionuclides with the
lowest MDA are selected: 28T1 from 22Ra series and
the radionuclides 2'4Pb, 2!“Bi, for gamma spectrome-

® 2 hours
4 <
10 ® 1 hours
- A 30 minute)
2 ¥ 15 minute|
2 0.8
ﬂ—:- ® 6 minute
g <4 2 minute
S 0.64 < > & <
0.44 v
° . »
2 <
0.2+ v v v
A A : * A
H : ‘ H
0.0 T T T T T T T T

Pb-212 Pb-214 Ac-228 TI-208 Bi-214

Radionuclide

Figure 19(a). The MDA in-situ (Bqg™") for Metallic Drum
in the configuration No. 1
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Figure 19(b). The MDA in-situ (qu'l) for FIBC in the
configuration No. 7
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Figure 19(c). The MDA in-situ (qu'l) for IBC in the
configuration No. 13

try measurement of 15 minutes for the three contain-
ers. In this measurement duration MDA for 2°%T1 are
0.11 Bqg™! (Metallic Drum, IBC), 0.13 Bqg™" (FIBC)
and for 2!4Pb, >'“Bi are 0.20 Bqg ™!, 0.21 Bqg™' (Metal-
lic Drum), 0.30 Bqg ™!, 0.23 Bqg™! (FIBC), 0.27 Bqg ™,
0.20 Bqg™' (IBC) figs. 19(a)-19(c). Is considered that
the above MDAs are low enough to provide a satisfac-
tory quantitative analysis in gamma spectra, assuming
that containers that have been directed to gamma spec-
trometry measurement in the previous step, have al-
ready exceeded the limit of 1.0 Bqg™! at least in one of
the two NORM series.

Dose rate at the OBM container surface:

o Metallic Drum < 0.6 uSv/h

It should be mentioned that in both steps (1) and
(2), the conservative hypothesis that all radionuclides
in the ?*°Ra and ?2®Ra subseries are in secular equilib-
rium is applied, fig. 1. Therefore, at least one
radionuclide from the series is enough to provide the
required information in both steps.

The whole procedure that was analyzed is illus-
trated in fig. 20. Firstly, OBM containers are segre-
gated into candidates for clearance and those that can-
not be cleared, with a dose rate measurement at the
container surface. Then, a quick gamma spectrometry
measurement of 2-4 minutes is enough to determine if
a container can be cleared or not. If not, a 15 minute
gamma spectrometry measurement can provide a full
radiological characterization of the OBM container. In
this way, 250 L of OBM (Metallic drum) or 1 m® of
OBM (FIBC, IBC), originating from the oil industry,
can be fully characterized in a few minutes. The use of
a small-size scintillator LaBr;(Ce) 3.81 cm x 3.81 cm,
which is relatively low cost, without the need to take
samples for analyses, makes this method and its appli-
cation cost-effective.

Thus, the applied method for the radiological
characterization of homogenized OBM of density
1.0 gecm™>, packaged in containers (Metallic Drum,
FIBC, IBC), is sensitive, quick, and cost-effective to
fully characterize, in-situ and non-destructively, spent
oil based mud originating from the oil industry. It is re-
minded that the method application condition is the
mechanical homogenization of the OBM before the
packaging. Without this application condition, the
method could not fulfill the criterion to be quick and

Gamma spectrometry measurement:

o FIBC <0.9 uSv/h - YES » o Metallic Drum, IBC: 2 min
o IBC<1.0puSv/h o FIBC: 4 min
o
o 228Ra series > 1 Bqg'l, or NO YES
e 226Ra series > 1 Bqg™!, or ‘ ‘
e Both series > 1 Bqg!
‘ 228Ra series < 1 Bqg'! ‘ ‘ 228Ra series > 1 Bqg'! ‘

4

J 4

B“Pb, 214Bj appearance ‘ ’ No clearance ‘
NO YES
(ot | R
‘ I 226Ra series < 1 Bqg'! ‘ ‘ 226Ra series > 1 Bqg'! l

15 min gamma
spectrometry
measurement

4

Clearance

1
No clearance

Figure 20. In-situ radiological characterization flow chart of 1.0 gem™ packaged OBM
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cost-effective, because potential inhomogeneities
would make the characterization process more com-
plicated and time-consuming.

Except for the radiological characterization of
OBM density 1.0 gem™>, the method was developed with
the following supplementary capabilities: (a) OBM char-
acterization in the density range 1.0-2.4 gem™ and (b)
characterization of TENORM waste originating, from
oil industry, of higher radioactivity (up to 15 kBqg™),
such as sludges and scales with the collimator use in the
configurations No. 4-6, 10-12 and 16-18, tab. 3. It is
worth noting that in case the characterization method is
applied in the afore-mentioned OBM density range, ex-
cept for 1.0 gem, the factors (a), (c), and (d) should be
reconsidered and the characterization flow chart, fig. 20,
should be accordingly adapted.

CONCLUSIONS

In this study, a semi-empirical method was de-
veloped for the quick, non-destructive, and cost-effec-
tive, in-situ radiological characterization of spent
oil-based mud originating from the oil industry by us-
ing a LaBr;(Ce) scintillator. It was mainly developed
for the radiological characterization of the spent OBM
amount of 2000 m® that exists in Greece. The method
was based on the combination of the Monte Carlo code
MCNP-X simulations with gamma spectrometry mea-
surements in the field by using a low-cost LaBr;(Ce)
3.81 cm x 3.81 cm scintillator. By this method, OBM
containers of 1 m3 can be segregated and fully radio-
logically characterized in less than 20 minutes.

The method application condition is the mechani-
cal homogenization of the OBM before the packaging.
Also, the method development included the provision
of OBM characterization in the density range 1.0-2.4
gem™ and the characterization of TENORM waste
originating, from the oil industry, of higher radioactiv-
ity (up to 15 kBqg™), such as sludges and scales.
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Enenn HTAJIA, Anexkcanapoc KJIOYBAC, Anacracuja CABUOY

PA3BOJ METOJA 3A IN-SITU PAAJUOJOHMKY KAPAKTEPU3AIINIY
Y/BbHOI' BJATA ITIOPEKJ/JIOM U3 HA®THE MHIYCTPUJE

Buato Ha 6a3m HaTE jeaH je o IpIMapHUX OTIIajja MPON3BEIeHNX Y HA(THO] HHAYCTPHUjU KOjH
MOKe cafpsKkaTi nosehane Konm4nHe MPUPORHOT pafgnoakTuBHOT MaTepujana (HOPM). ¥Y oBoj crynujn
koMm6uHOBaHe cy MCNPX cuMysalnyje u raMa CieKTpoMeTpujcka Mepema, Te je kopulrhemeM LaBr;(Ce)
cuuHTHIaTOpa, fuMensyja 3.81 cm x 3.81 cm, pa3BujeHa 6p3a U OCETIbUBA METOA 32 HElECTPYKTUBHY
pafnoNIONIKy KapaKTepu3anujy Mysba Ha 6231 UCTPOLIEHOT yJba IIOPEKIIOM U3 HaTHE UHAYcTpHje. OBOM
METOJIOM, jeflaH KyOH! MeTap YIIaKOBaHOT 6j1aTa Ha 0a3’ yIba MOXE Ce€ PaluOJIOIIKY OKapaKTEPUCATH 32
Mamwe off 20 MUHyTA.

Kmwyune peuu: mysn na 6asu nagpitie, LaBr3(Ce), zZama ciiexitipomeitipuja, Monitie Kapao cumyaayuja




