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ABSTRACT

The production flow of oil and gas and produced water carries naturally occurring radionuclides
mobilized from reservoir rock. These radionuclides appear in various wastes arising from either
production and processing itself or from decontamination of equipment such as tubulars, separators,
pumps and valves. If the activity concentration and total activity in these wastes exceed levels specified
in Dutch Nuclear Law, storage and disposal options are limited and very costly. Therefore, the analytical
procedures to determine activity concentrations need to have proven reliability. In addition, decissions to
be made by the oil companies on routing of wastes usually require quick results. Over de years ECN
has build up a large experience in these matters. The main lessons learned are summarized in this

paper.
INTRODUCTION

Radioactive deposits from oil and gasproduction are indicated as Low Specific Activity (LSA) or
Naturally Occurring Radioactive Materials (NORM), although their specific activity is not necessarily
really low in radiological context and their arising a result of a rather complicated process, to surface
hydrocarbons from deep underground. Their presence requires specific management of equipment
maintenance and wasies [1.2].

The radionuclides primarily mobilized and carried by produced water are radioiotopes of radium,
repectivily from the U-238 decay series (Ra-226, Figure 1.) and the Th-232 decay series (Ra-228,
Figure 2.). Both parent radionuclides give rise to a series of decay products either short-lived or of
intermediate half life. The latter comprise Pb-210 in the decay series of Ra-226 and Th-228 from the
decay of Ra-228. Deposilion in the production system occurs as insoluble sulfates and/or carbonates of
Ca, Ba, Sr and Ra as temperature and pressure drops and SO, and CO, concentrations are high
enough. As a result, the radium isotopes appear in the hard deposits on the walls of tubulars and
equipment, the so-called scales, and in the sludges accumulating in separators and sumptanks. Upon
deposition the ingrowth of the longer-lived decay products of Ra-226 and Ra-228 starts, resulting in the
very slow accumulation of Pb-210 and its progeny from decay of Ra-226 and the more rapid
accumulation of Th-228 from decay of Ra-228. The rate of ingrowth is inversely proportional to the half-
lifes of Pb-210 and Th-228 (22,3 and 1,9 years).

Pb-210 not only occurs in NORM as a result of deccay of Ra-226. In particular in some gas producing
fields stable lead containing Pb-210 is mobilized from the reservoir and deposited in the production
system, appearing in sludges and as films of active lead on inner walls of tubulars and equipment.
Finally, Pb-210 and its granddaughter Po-210 appear as decay products of Rn-222 in the gas. Po-210
has been shown to oceur in high concentrations in condensate containing the low-volatile liquid
hydrocarbons separated from natural gas and Pb-210 has been found plated on inner walls of gas
transport system parts.
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ANALYTICAL PRINCIPLES (Mothers and daughters)

The only practical possibility to quickly identify and quantify the NORM nuclides in scales and sludges is
the application of high-resolution gamma spectromelry. From the summary of the relevant nuclide
characteristics based on [3] and presented in Figure 1. and 2. the main analytical principles follow can
be derived as is described below.

Ra-226

Ra-226 can be measured by its 186 keV gamma photon although not with great sensitivity because of
the relatively low emission probability. The presence of uranium would interfere as the 186 keV gamma
photon from U-235 cannot be distinghuished from the Ra-226 gamma photon. Usually uranium is
virtually absent from sludges and scales. Ra-226 can be also measured indirectly using the gamma
photons from its progency Pb-214 and/or Bi-214. This requires that the noble gas isotope Rn-222 is
kept locked gastight in the sample long enough for radioactive equilibrium between Ra-226 and the
short-lived progeny of Rn-222 to be established. If Rn-222 did escape the sample matrix it then takes
about three weeks before equilibrium is reached and Ra-226 can be measured using the gamma
photons of Pb-214 (352 or 295 keV) and Bi-214 (609keV). In samples of scale Rn-222 is normally found
locked in the matrix. As a result the Ra-226 concentration derived on the basis of radon progency is
usually not much different from the concentration derived from the 186 keV photon of Ra-226 itself.

Pb-210

The low-energy gamma photon emitted by Pb-210 can conveniently be used for the determination of
the nuclide in scales and sludges. However the rather low emission probability (4,05%) requires an
efficient geometry. Therefore a thin flat geometry directly on top of a thin window N-type high purity
germanium detector is to be preferred.

Ra-228

Radioactive equilibrium between Ac-228 and its parent Ra-228 is quickly established and can be
presumed for scale and sludge samples. Therefore, the 911 keV gamma photon of Ac-228 can reliably
be used for the measurement of Ra-228.

Th-228

The activity ratio Ra-228/Th-228 can differ widely depending on the "age” of the sample material. In
produced water, travelling from reservoir to the point of collection or release in rather short time, the
activity ratio is far above unity. In scale from tubulars kept in store or used for other purposes for many
years the activity ratio reaches its theoretical maximum of about 0.7 for unsupported Ra-228.

Because Th-228 is an alpha emitter it has to be measured by its gamma emitting progeny. In solids
such as scales and sludges radioactive equilibtium between Th-228 and its daughter Ra-224 can safely
be presumed. Radioactive equilibrium between Ra-224 and short-lived Rn-220 is very quickly attained.
Therefore, Th-228 in sludges and scales can be measured using either Pb-212 or TI-208 (see table 1.
and Figure 2.). Using the 583 keV gamma photon of the latter nuclide is more reliable, dispite of its
lower emission probability (36% branching) then using the 238 keV of Pb-212. Close to the latter
gamma photon there is a closely neighbouring peak of 241 keV from Pb-214 which may resuit in
incorrect deconvolution of both peaks.

When analysing produced water one should be aware of the presence of Ra-224 far in excess of Th-
228 because it is radium which is mobilized from the reservoir rock. As a consequence, measured
activity from Pb-212 and TI-208 could wrongly be interpreted as being in equilibrium with Th-228.
Therefore,the determination of Th-228 in produced water must be based on counting the sample about
three weeks or longer after sampling. By that time unsupported Ra-224 (by Th-228) has decayed away.



Fig. 1 Decay chain of U-238, main gamma photons and their emission probabilities (%)
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Fig. 2 Decay chain of Th-232, main gamma photons and their emission probabilities (%)
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CORRECTION FOR SELF ABSORPTION

Self absorption or self-attenuation of low-energy gamma's in the sample matrix will reduce the fraction
of emitted photons escaping the sample. This is particularly important in measuring Pb-210. Therefore
self absorption should be limited as well as being corrected for. Limitation af the extend of self
absorption is atlained by limiting sample thickness. However, self absorption of the 46.5 keV photon
from Pb-210 depends also strongly on the chemical composition of the sample matrix. High
concentrations fo Ba and Ca sulphate and stable lead cause strong self absorption [4]. To avoid high
correction factors with associated high relative uncertainties, we limit self absorption by mixing known
amounts of high-lead or high-sulphate samples with non-radioactive low-absorbing material. We use
powder of p.a. aluminiumoxide for that purpose.

Self absorption correction is carried out according to the principle described by Cutshall [5]. From the
ratio between the unattenuated count rate of a Pb-210 source and the count rate of the source
attenuated by the sample, the self-absorption correction factor can be derived. As a consequence, each
sample has to be measured twice, with and without the Pb-210 source on top.

CALIBRATION FACTORS

Quantitative gamma spectrometry usually requires the determination of the energy-dependent detection
efficiency of each specific detector/geometry combination, From the known emission probabilities of the
gamma photons emitted and the count rates in the specific photon peak areas, the activities and activity
concentrations of the radionuclides are calculated. As several of the radionuclides of interest emit a
number of gamma photons of different energies in cascade, overall relative analytical uncertainties are
dominated by coincidence phenomena [6] and not by statistical uncertainties resulting from photopeak
and background count rates. Therefore, we have chosen for establishing calibration factors for each of
the natural radionuclides of interest and each detector/geometry comnbination. Calibration samples
have been prepared directly from certified solid materials or indirectly by application of known amounts
of certified tracer solutions onto aluminium oxide powder. Calibration samples are all enclosed gas-tight
to prevent escape of radon. Counting of these calibration samples directly provides count rates in photo
peaks of the radionuclides per unit of activity in the calibration sample.



PREFERRED GEOMETRY

The preferred geometry used at ECN for solid samples of NORM from the oil and gas industry is a hard
plastic culture dish 50 mm diam. and 10 mm high with a volume of 13 cm®. Bottom and lid are perfectly
flat and allow good positioning of the sample on top of the detector and of the Pb-210 source on top of
the sample. Typical calibration factors for this geometry are given in Table 1. They apply to a coaxial N-
type high purity germanium detector of about 20% relative efficiency.

Table 1. Typical calibration factors for gamma photons from natural radionuclides in small culture dish
geometry. Coaxial, high-purity germanium detector with about 20% relative efficiency.

Nuclide Progeny to be measured Photon energy (keV) s -1faclor
cpsBq
U-238 Th-234 63.3 5,85 107 9)
U-235 - 186 5.16 107
Ra-226 - 186 3.75 10°
.Ra-226 Pb-214 295 1.17 102
Ra-226 Pb-214 352 1.90 107Y)
Ra-226 Bi-214 600 1.22 10?
Pb-210 - 46.5 6.61 107 %)
Ra-228 Ac-228 911 532 107
Th-228 Pb-212 238 3.34 107?
Th-228 TI-208 583 8.24 107 Y

) Corrected for self-absorption. °) Preferred

ANALYTICAL PROCEDURE

The standard analytical procedure applied to solid samples of NORM at ECN comprises the following

steps.

IS .

Take sample to dryness on a hot sand bath.

Homogenize with pestle in a mortar.

Dilute if necessary with Al,O,and homogenize.

Fill petri disch completely with diluted or undiluted sample.

Seal petri dish airtight. This keeps the sample safely in the dish and allows determination of Ra-
226 by its progeny if needed.

Count sample directly on top of a N-type high purity germanium detector with the Pb-210 source
centered on top of the culture dish (counting time about one hour).

Count sample again with Pb-210 source removed (counting time usually up to 16hrs.).

Calculate activity and activity concentrations using calibration factors and self absorption
correction. Calculate total activity concentration according to 6 x Ra-226 + 3 x Pb-210 +

2 x Ra-228 and 7 x Th-228.



DISCUSSION

The analytical procedures developed and routinely applied at ECN on sludges and scales from oil and
gas production and other non-nuclear industries provide a solid basis for reliable assessment of activity
concentrations of natural radionuclides, in these materials. Experience in sampling and sample
pretreatment has learned the following:

a.

Samples offered for analysis are frequently inhomogenious and compreis components of widely
different physical and chemical characteristics. Samples labeled as “sludges” not seldom contain
pieces of hard sulphate scale and samples labeled as "scale” appear to contain a substantial
fraction of aily residues.

The presence of low-volatile oily residues makes the endpoint of sample drying rather arbitrarily.
Constant weight is "never" attained and the end point in practice is compatibility with the
analytical procedure.

Representative sampling of sludge from storage tanks is difficult to be accomplished as the
distribution of acivity is inherently inhomogenious in particular in the vertical. In practice it is
usually not possible to use sophisticated sampling technigues on-site to allow for inhomogenity.
In view of the consequentes of the assessed activity concentrations in sludges and scales with
respect to their disposal options, it should be made clear that if appropriate analytical procedures
are applied the overall uncertainty in their radiological characterisation is dominated by sampling
procedures.
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