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ABSTRACT

Trace quantities of the primordial, radioactive elements uranium (***U) and thorium (***Th) have been
present in the earth’s crust since its formation. Consequently, these elements are also common in oil/gas
bearing geological strata. Both 28y and **Th are the ‘parent’ of a complex series of successive decays,
in which their radioactive ‘daughters’ are formed. Some of these daughters may be co-produced with
oil/gas well fluids and may concentrate in ordinary deposits (e.g. scale, sludge) in tubulars, flow lines and
processing/treating equipment. Combining the geochemical properties of the relevant individual Naturally
Occurring Radionuclides and an extensive world-wide literature survey on E&P NORM, its characteristics
has been determined. From the circumstantial evidence presented, it is concluded that E&P NORM is fully
characterised by analysing for 22°Ra, **Rn, 2'°Pb and (rarely) >'"°Po as well as ***Ra and ***Th (only
present due to ingrowth).

INTRODUCTION

Naturally Occurring Radionuclides (NOR's) from the ***Th- and ***U-series, which are omnipresent in the
earth's crust, can be concentrated by technological activities, particularly those in which natural resources
(e.g. coal, oil, natural gas, geothermal energy, various types of ore, mineral water) are extracted and/or
processed [1,2 ,3 ]. This may subsequently lead to an effective dose’ delivered to the workforce, which is
additional to the natural background dose. In this respect it should be noted that also technological
achievements (e.g. jet aircrafts, space exploration) [1,2,3,4 ] may lead to an increase of radiation doses.
For these phenomena a special class of radialion exposure, the so-called TENR (Technologically
Enhanced Natural Radiation), has been introduced [1,4].

The acronym TENR is only used for ‘exposures to truly natural sources of radiation (e.g. NOR's and
cosmic radiation) which would not occur without (or which are increased by) some technological activity
not expressly designed to produce radiation’ [1,4]. TENR is observed when NOR concentrations in
process streams are altered as a consequence of physical and chemical processes associated with the
applied technology, such that there exists potential for a) exposures to individuals or populations, b)
environmenial contamination, ¢) increased environmental mobility, d) incorporation of radioactivity in
products and materials (e.g. concrete additive), e) recycling or re-use of materials contaminated with
NOR's (e.g. tailings, sands, slags, equipment, scrap metals), and f} improper disposal.

The occurrence of TENR is of increasing concemn in oil and gas extraction and processing (or for short:
Exploration & Production, E&P) industry [5 ]. The substances, in which NOR's of the ®**Th- and ***U-
decay series show up in technologically enhanced concentrations, are generally denoted by the acronym
NORM (Naturally Occurring Radioactive Material). Focusing on the main waste stream, also the acronym
LSA (Low Specific Activity) scale/sludge is employed. All appearances and aspects of NORM in the E&P
industry are extensively discussed in this paper.

The world average dose of ionising radiation as received by each individual amounts to about 3.1 milli-
sievert per annum (mSv/a) in areas of normal background [4]. For regulatory and analytical purposes, this
dose is normally subdivided into a naiural, a medical, an occupational and a dose caused by
{un)controlled release of artificial radionuclides:
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Biological sensitivity of the individual organs and tissues with respect to the various types of radiation is accounted
for in the effective dose. For the remainder of this paper the generic term dose will be used.



» the world-population averaged natural dose, which for almost 70% is stemming from NOR's of the
28|J. and 2**Th-decay series, amounts to about 2.4 mSv/a and is essentially and deservedly
uncontrolled by regulatory authorities;

» the world-population averaged medical dose amounts to about 0.7 mSv/a, but typical diagnostic doses
delivered to individuals will be in the 1 to 10 mSv/a range. While efforts are made to minimise medical
diagnostic radiation exposure to patients, this exposure is uncontrolled in the tacit belief that the
practitioner is best able to balance risk-benefit;

« the world-population averaged occupational dose amounts to about 2 pSv/a. As this dose is mainly
received by so-called radiation workers, their average annual occupational doses range from 0.5t0 5
mSv/a; e.g. in the United Kingdem this amounts to 1.9 mSv/a [6 ]. The radiation exposure of workers is
regulated in (inter)national legislation. Currently, the 1980 recommendations of the International
Commission on Radiological Protection (ICRP), stating an cccupational exposure limit [7 ] of 20
mSv/a, are being implemented into (inter)national legislation;

o the world-population averaged dose caused by the (un)controlled release of artificial radionuclides
(e.g. atomic weapons testing, nuclear power production) amounts to 0.2 pSv/a, but will vary with time
and with the actual geographical location of the individual. Exposure to artificial radionuclides is
usually controlled by setting (inter)national disposal limits.

Like the other radiation doses, TENR doses are constituted from an external and an internal component.
The ICRP recommends [7] to keep any radiation dose additional to the natural background dose (vide
supra) to non-radiation workers and members of the public below 1 mSv/a.

» TENR doses to E&P industry workers are not yet been documented very well. In principle any
occupational TENR dose due to the encounter NORM must be controlled through Standard
Operational Procedures (SOP's) [5,8 ].

s Any potential TENR dose to the public at large is to be regulated by setting external dose-rate and
NORM disposal limits. Currently environmental aspects related to E&P NORM disposal are being
mapped out.

To acquire insight into the characteristics of E&P NORM an extended survey in the scattered literature
has been carried out, the outcomes of which have been supplemented with analytical results [9 ] obtained
by the Shell Research and Technology Centre, Amsterdam (SRTCA). This paper elucidates upon the
origin of the NOR's, and the E&P industry product and waste in which these NOR's may appear in
concentrations above legislatory levels.

NATURAL RADIOACTIVITY

NOR's can be subdivided into cosmogenic (e.g. Be, '*C) and primordial (e.g. “°K, ¥ Rb, '*La, '*°Pt)
radionuclides. While cosmogenic radionuclides are continuously formed in the outer atmosphere by
cosmic irradiation, primordial (or terrestrial) radionuclides have been present ever since the planet Earth
(life-time 5.5x10° y) has been formed. The primordial radionuclides 235 (natural abundance = 0.72%, tx =
7.1x10% y), 80U (99.27%, 4.5x10° y) and ***Th (100%, 1.4x10'° y), are special, as these are heading a
series of successive nuclear decays. Due to its low isotopic abundance, ***U is rarely encountered in
practice and therefore this series will not further be discussed. Apart from the members of the **®U and
22Th series, NOR's do not generate a radiation hazard by any NN activity.

Uranium and thorium are omnipresent in the Earth's crust at an average concentration of 4.2 and 12.56
ppm [10 ], corresponding to 0.05 becquerel 28U per gram (Bq[***U)/g) and 0.05 Bq[***Th)/g respectively.
Apart from specific uranium and thorium ores, various natural substances {e.g. phosphate rock; mineral
sands; aluminium, copper, lead, niobium, tantalum, tin, zinc ore) [1,2,3,4,5] show naturally enhanced
concentrations of uranium and/or thorium.

The **U and #2Th decay schemes are given in Figure 1 and 2. When a geological formation containing
238 or ¥¥Th has not been disturbed ('closed system') for more than a million years, the members of the



individual decay series will have the same activity concentration (Bg/g). In such a case the series are said
to be in secular equilibrium. However, as the chemical concentration {mole/g) is proportional to the hali-
lite time of the radionuclide, their number of atoms (concentration in [weight based] parts per million: ppm)
varies considerably; e.g. 50 mBq[‘mU] and 50 mBq[***Ra] per gram correspond to about 4 ppm(U) and
1.4x10°® ppm(Ra), respectively.

If a geological formation is not 'closed' to radionuclide migration, e.g. if #26R3a becomes mobilised and is
deposited/accumulated somewhere outside the formation, no secular equilibrium will exist. At the site of
deposition/accumulation the only way the **°Ra concentration will change, is by in/outflow through
transport phenomena and radioactive decay. No ingrowth of #5Q3 via radioactive decay of its ancestors
will occur, as all NOR’s above *®Ra (c.f. Fig. 1) remain with **U. As at the site of deposition/accumulation
ingrowth of 2°Ra by decay does not accur, ***Ra is said to be unsupported.

A NOR should 'live' long enough to develop the characteristic geochemical properties of the element, In
oil/gas production two typical time scales are important, i.c. a geological time scale (say far longer than
1,000 y) and a production time scale (order of magnitude; days to decades).

GEOCHEMICAL PROPERTIES OF URANIUM, THORIUM AND RADIUM

The formation of oil and gas is a process taking place on a geological time scale. Due to their hali-life
times only 2%8U,%*U (‘uranium’), 2°Th; #*Th (thorium’), and **Ra (‘radium’) may be encountered
unsupported in this process. In order to gel a grips on the natural occurrence of these elements with
respect to oil/gas formation, their (geo)chemical characteristics are summarised:

¢ Uranium [11,12,13 ,14 ] exists under the 4" and 6" state of valence
*  U* (as UOy) is generally insoluble and exists only in reducing, acidic (pH < 4) sulphurous hydro-

thermal waters. By oxidation, U** passes easily to valence 6* as UO.* or U.0;".

+ U® does not exists in solution, but forms the complex uranyl ion UO,**, which is very soluble and
relatively stable under oxidising and acidic (pH < 2) conditions. An increase of pH induces
hydrolysis leading to the formation of various types of ionic complexes.

In general, reducing conditions increase with the depth, because of the relatively low 'reactive’
oxygen content, the presence of metal sulphides and organic matter, the activity of anaerobic bacteria,
elc. As a consequence, the following inorganic uranium-forms are typical for sedimentary rocks, where
oil/gas reservoirs are found:

0 sandstone UO; (uranite) & USIO4 (coffinite) U contents up to 1.5 ppm (e 20 mBq[***U)/g)

0 limestone (UO2)(COs) U contents up to 2.5 ppm (= 30 mBq[***U}/g)

Owing to its solubility UO,?* is chielly transported in solution. However, under reducing conditions -
UO.** forms numerous complexes with organic compounds (e.g. humic acids), which facilitates
uranium fixation by organic sediments (i.a. peat, lignite and coal} and mineral matter. Localisation of
uranium in organic shales (up to 20 ppm or 250 mBq[**U)/g) is another typical example of this fixation.
These organic substances are particularly important in absorption of uranium from waler. Hence, the
concentration for uranium in ground waters is low (0.01 to 5 ppm corresponding to 0.1 to 60
mBg[**UYg).

Thermal diagenesis of organic matter, which produces hydrocarbons (vide infra), will enhance the
uranium concentration, as uranium remains with the residual organic matter and does not follow the
hydrocarbans produced [15 1.

e Thorium [12,13,14,16 ] exists only at valence state 4, and has a very stable degree of oxidation. All
its compounds are insoluble, the solubility product for e.g. Th(OH)s, is close to 10", During
weathering, thorium is easily hydrolysed and therefore has a limited mobility and a tendency to
concentrate in residual minerals (bauxite, clay, ete.). Owing to its large ionic radius, Th*" is likely to be
absorbed between the platelets on clay minerals. Its amount depends on the pH and on the
abundance of other cations.

Owing to its insolubility, thorium is almost wholly transported in suspension. Thus, it concentrates in
the silty fraction of shale as thorium minerals or as thorium-bearing accessory minerals. The following
thorium-forms are typical for sedimentary rocks:




¢ sandstone ThO: (thorianite) & ThSiO4 (thorite) Th contents up to 5 ppm (e 20 mBq[***Th}/g)
¢ limestone Th contents up to 1.1 ppm (=< 5 mBq[gaeTh]ig)

Humic substances are also important in absorption of thorium from water. Hence, the thorium
concentration in ground waters is very low (+ 0.007 ppb, corresponding to 0.3 uBg[***Th}/g).

s From a geological paint of view the only important isotope of radium [12,13,17 ,18 ] is ***Ra (1,600 y),
which due to its tight relation with “**U has an average concentration in the Earth’s crust of about 107
gram **®Ra per gram crust (corresponding to 40 mBg[**®Ra]/g).

Despite this low concentration in nature very often selective leaching of radium is observed, so that
radium - regardless its tight relation to uranium - shows its own geochemical characteristics. The
mohilisation of radium by leaching from minerals or rocks is governed by various factors like the
physical mineral/rock condition, the nature of the radium occurrence in mineral/rocks, the chemical
composition of the leaching waters. The primary migration or leaching process can be described in
three stages:

* as a consequence of radioactive decay of its parents («-recoil) radium isotopes get into the water
containing capillaries of the minerals/rocks;

* at the walls of the capillaries an adsorption equilibrium between radium at the wall and the radium
in the capillary water is established; and

+ caused by diffusion an equilibrium between the radium in the capillaries and the radium in so-
called gravitation waters is established.

This migration is enhanced by reducing and acidic (pH < 7) conditions. Besides, the ionic
composition of the leaching waters strongly increase radium mobility, in particular a high chlorine and
low sulphate and carbonate concentration. Also cations may increase the transfer of radium into
gravilational water, the influence decreases according the following series: H*>Ba®">
Pb**>8r**>Ca®>Mg**>Na*>K". The great radium mability in a reducing zone is in strong contrast to its
immaobility in an oxidising zone.

All processes driven by the mobility of formation waters in a porous formation, e.g. radium transpon,
precipitation, adsorption, are indicated as secondary migration. During this migration radium may be
transported as ions. Radium often attains significantly different concentrations due to its tfar better
solubility as a free ion and its tendency to become stabilised in high ionic strength solutions, yielding
#%R/a concentrations to over 100 Bg/L for saline ground waters [19 ].

OIL/GAS ORIGINATION vs. NATURAL RADIOACTIVITY

Hydrocarbons are formed [20 ] by thermal cracking of organic matter trapped in sedimentary rock (source
rock; c.f. Fig. 3). With increasing burial, the temperature of the source rock increases and, after a given
time at a given temperature ('source rock maturity'), the organic matter (kerogen) is gradually transformed
into oil and/or gas. The most important oil/gas source rocks are carbonates, limestones, shales and coal.
After expulsion from the source rock, oil and gas migrate either to a reservair formation (reservair rock)
where it is trapped, or to the Earth’s surface where it escapes as a seepage. Migration is not fully
understood, but is thought to take place along faults and minor fractures within the rock sequence
(‘carrier’ rock). As hydrocarbons are lighter than water, they generally migrate in an upwards or sideways
direction from areas of higher to lower pressure.

An oil/gas reservoir is a porous sedimentary rock formation, capped with a layer of impermeable rock or
salt (cap rock), through which liquids and gas cannot pass. The shape of a reservoir must allow gas or oil
lo accumulate, and the cap rock is essential to prevent them from migrating further upwards, Because of
capillary forces, some of the water originally in the pores could not be displaced by the accumulating
hydrocarbons (so-called connate or interstitial water). The volume of all pores and openings in a reservoir
rock (porosity) ranges from 10 to 30% of total rock volume.

Discovered oil/gas reserves stem from various geological periods: 14% of the oil and 29% of the gas is of
FPalaeozoic origin; 54% of the cil and 44% of the gas is of Mesozoic origin and 32% of the oil and 27% of
the gas is of Cenozoic (Tentiary) origin. In Western Europe, major source rocks originate from the Jurassic
[North Sea crude oil/gas)], from the Permian (Rotliegend) and Early Triassic [Southern North Sea, North
Germany] and irom the Late Carboniferous [Groningen gas]. The presence of natural radioactivity in these



geological strata has been recognised world-wide, and exploited as a means of identifying oil bearing
formations, for more than 30 years. As a result of clay minerals, the main NOR found in common
sedimentary rocks is “°K (0.0117%, 1.4x10% y). Potassium levels in shale are resulting from the clay
minerals illite and K-feldspar. Despite this, the presence of members of the decay series of 28 and ***Th
can also be shown by the Natural Gamma Tool. Some typical NOR concentrations, relevant for reservoir
strata [10,21 ], are listed in table 1.

Dependent on the original concentration of 238 and **Th in type of ‘rocks’ mentioned above, members of
the ?®U- and ***Th-decay series may become contaminants of radiological importance. As the oil/gas
migrates, NOR's may be taken up in the up-flowing fluid/gas stream. Also NOR's may be transferred into
connate waters, polentially partly co-produced with oil/gas as production water.

e Source rock: uranium is predominantly associated with organic matter [15,22 ]. In samples with high
total organic carbon (> 7%) uranium values range up to 1,100 ppm. For humic substances (as found in
peal and bog, i.e. kerogen precursars) enrichment factars relative to ground water of up to 50,000
have been reported.

During thermal cracking of the kerogen (thermal diagenesis) uranium or thorium generally remain
with the residual organic matter and, hence, are not carried with the hydrocarbons produced® [15]. In
outcrop bitumens, uranium concentrations of 0.2 - 0.8%(m/m) (25 - 100 Bq[***U)/g) have been
reported [22].

e ‘Carrier Rock: hydrocarbons, expelled from mature source rocks, may migrate along faults and minor
fractures within the rock sequence, through one or more carrier beds having similar permeability and
porosity as reservoir rocks, before being trapped by an impermeable or a very low permeability barrier
forming an cil/gas reservoir.

Since practically all pores in the subsurface are water-saturated, movement of hydrocarbons within
the network of capillaries and pores has to take place in the presence of the aqueous pore fluid. Such
movement may be due to active water flow or may occur independently of the aqueous phase, either
by displacement or by diffusion. There may be a single phase (oil and gas dissolved in water) or a
multi-phase {separate water and hydrocarbon phases) fluid system.

Leaching of uranium and thoriumn in a reducing environment from the rocks passed either into
passing fluids will not occur. Radium will also not leach into a hydrocarbon phase, but it may leach into
the aqueous phase. When in addition gravitational displacement of this phase occurs (secondary
migration), radium may ultimately be transported to the reservoir. The amount progressing into a
reservoir is dependent on the amount of uranium present in ‘carrier rock’, the amount of radium
leached, its transport time relative to the hali-life time of ***Ra and the transport efficiency. ***Ra may
appear up to a kilometre from its place of ‘birth' [19].

» Reservoir Rack: reservoir material does not contain naturally enhanced radioactivity (c.f. lable 1).
Connale waters have been trapped in a potential reservoir before actual cil/gas accumulation
occurred. As these waters have generally been at rest, i.e. no displacement during a geologically short
period of one million years, NOR's present must originate from the reservoir material itself. In such a
reducing environment only radium may leach from reservoir rock into connate water.

With a view on the geological time scale of the processes described thus far, enhanced **°Ra
concentrations in connate water will most likely be caused by the natural radioactivity present in
reservoir material. A model explaining that these concentrations are originating from normal (c.f. table
1) uranium and thorium levels in reservoir rock, has been proposed [22].

Some reservoir strata may contain thin shale or coal layers/spots containing naturally enhanced
concentrations of uranium. Sometimes these layers/spot are mentioned as the reason for the
enhanced radium concentrations in connate waters.

o Cap Rock: material is impermeable for hydrocarbons and gases and is often constituted of evaporites,
e.g. salt layers, or shales. As these salt layers are generally formed by evaporation of ancient sea
walers, the main NOR will be “°K, while leaching only occurs at the interface.

When oil/gas reservoirs are capped by black shales, containing relatively high amounts of natural

If nevertheless under production conditions uranium or thorium transport occurs, it will be contained in the heavy oil
fraction (bituminous residue), which is not produced in conventional oil recovery.



radioactivity (e.g. Kimmeridgean in the northern North Sea [23 ]), only at the interface of cap and
reservoir rock (containing connate water) radium leaching might occur.

OIL/GAS PRODUCTION

Under forced flow (or production) conditions potential exchange of NOR's with reservoir fluids has to be
re-examined on a production time scale. Next to the NOR's of the previous section **°Th; **Th (‘thorium’),
#28Ra,***Ra (‘radium’), **An (‘radon’), #%p (‘lead’) and *'"°Po (‘polonium’) have to be considered,
However, due to the half-life time of these NOR's their range of transport will be limited. Consequently,
only NOR's in reservoir material and cap rock have to be considered. Transfer ¢.q. transport phenomena
of these NOR's will shortly be discussed:

°

Transport of uranium and thorium in production water is confined to the suspended pariicles fraction
[24 .25 ,26 ]. So any activity concentration in these particles will more or less reflect the natural
uranium and therium level of the reservoir rock (c.f. table 1).

The chemistry of an element is virtually independent of its isotope. Consequently, the chemical
behaviour of thorium will not be different from the phenomena described for a geological time scale;
i.c. 2%Th (24 d) and #*2Th (1.9 y) will not be leached in reservair fluids.

Radium leaches into connate water, which may ultimately be co-produced with oil/gas as production
water. Dependent on the rate of diffusion of radium ions leached from reservoir rock into formation
waters, also **®*Ra (5.8 y) and #2%Ra (3.7 d) may be encountered unsupported in production water. The
rate of diffusion under forced flow conditions is relatively fast, because **Ra (in relative absence of
225Th) has been noticed in freshly produced water [27 .

Radon is a noble gas, which emanates from reservoir material, from cap rock or from connate water
containing ***Ra. Dependent on the filling of the pores of the reservoir, it prefers the Natural Gas (NG)
phase. In absence of NG it dissolves in the (light) hydrocarbon and aqueous phase (partitioning).
However, at low pressures 2**Rn (3.8 d) will always appear in the gas phase.

Some connate waters are containing high concentrations of lead (> 100 mg/L) and zinc (> 300 mg/L)
[28 ]. This lead is enriched in radiogenic stable lead isotopes, particularly **Pb (ex **U-series) at the
expense of the only non-radiogenic stable lead isotope (***Pb). Besides these waters appear to
contain relatively high concentrations of #1%p (22 y) in absence of high *°Ra concentrations. This
suggests that a selective lead transport c.q. leaching process is operational.

In relatively dry NG wells, sometimes lead deposits are observed, with lead stable isotope ratios [29 ]
comparable to those described in the preceding paragraph. As water can not be the transport medium
an independent transport of lead compounds via the gas phase is hypothesised. It is clear that both for
the connate water and the dry NG wells stable lead serves as carrier for *'°Pb.

Relatively light oil” (hydrocarbon condensate or Natural Gas Liquids (NGL)), which is produced from
some wells, sometimes also show enhanced concentrations of #10pp, Though several reasons for this
observation can be hypothesised, none of these has been investigated yet.

As there are no stable isotopes of polonium, knowledge of its (bulk) chemistry is scarce. The
observation of unsupported #1%0 in NGL was therefore surprising [30 ]. Fortunately, the occurrence of
unsupported 2'°Po is very rare.

NOR CONCENTRATIONS IN E&P (BY-)PRODUCTS

Next to the analytical results obtained by SRTCA [9], a world-wide inventory of NOR concentrations in
E&P (by-)products and waste streams was made. To facilitate comparison, reported concentrations have
been converted to the Sl-unit Bq, and are presented either as Bg/g, Bg/L or Bg/m°.

In line with their geochemical properties and productional transport phenomena maximum reported
concentrations of 2*U, ?°Ra, #'°Po or #*Th in (produced) crude oil are low (table 2).

technically: crude oil is a mixture of hydrocarbons existing In the liquid phase in reservoirs and remains liquid at
atmospheric pressures, while NGL being liquid in the reservoir become gaseous at almospheric pressures.



22230 will be transported to the surface with natural gas, or with crude oil, from which it will be removed
during de-gasification (associated gas). Under production conditions 22/ transport will mainly be
determined by convection (Darcy's law). For a gas well a 222pn convective transport length per half-life
time of ca. 50 m is computed (production: 5%10° m® NG (STP), reservoir: 20% porosity, 250 bar, 200
°C). Therefore, for a gas well as a rule of thumb: 222 originates from a sphere with radius 50 m
around the centre of the perforation.

The reported concentration range of **?Rn, #'°Pb and ?'°Po in Bq per cubic meter NG at standard
temperature (21 °C) and pressure (1 bar) or STP is presented in table 3.

Dependent on the pressure *22Rn will partition between all produced phases; crude oil, NG, natural
gas liquids and water. There are no reports on 2228n concentrations in crude oil and water, as it will be
released at de-pressurisation. NGL is a valuable product, it is used for the production of base
chemicals [31 ). During fractionating of NGL #**Rn concentration factors of about 20 (gas volume
base) and about 1,000 (after liquefaction) in the propane/propene fraction (table 4) have been
observed [9,30,32 ].

Despite their low levels in NG (c.f. table 3) both 2% and ™Po seem to occur unsupported in
hydrocarbon condensate/NGL. However, the reason for this phenomenon is not well understood.

In 1928 the first report on enhanced levels of radioactivity in production water, which are characterised
by their high salinity ('brine'), was published [33 ]. Following this observation, oil fields have been
extensively screened [24,34 | in the 50's as a potential source for deposits of uranium. However, it
turned out that the levels of radioactivity were due to enhanced levels of dissolved radium ions (table
5), while only minute quantities of uranium and thorium were demonstrated to be present
[23,25,26,34,35 ,36 ,37 ,38 ,39 |. Dis-equilibrium factors for **U/*°Ra and **Th/**°Ra up to 1x10°
and 4x10™ have been determined respectively [24,25,26,34,40 ]. Because of its high salinity, on-shore
produced water is re-injected into injection or disposal wells, while off-shore it may be re-injected or
disposed overboard.

A strong enhancement of radium concentrations relative to >**U or ®*Th in the agueous phase is also
observed in many other (non E&P industry) cases; in a deep drilling project in Germany (over 100
Bq[***Ra]/L) [19], in geothermal waters (up to 60 Bq[***Ra}/L) [41 ], in coal mining (up to 390
Bq[*®®Ra/L) [42 ], during ore processing (up to 10 Bq[**®*Ra)/L and 30 Bg[***Ra]/L) [43 ]. Therefore, the
occurrence of unsupported *°Ra and/or *®Ra is a frequently observed, natural phenomenon and not
explicitly/exclusively related to the oceurrence of oil/gas reservoirs.

NOR CONCENTRATIONS IN E&P WASTE STREAMS

The (sub)surface facilities for crude oil and NG production and subsequent treatment are very
schematically given in figure 4. The process can shortly be characterised as follows:

at the perforation in the reservair, entering well fluids are transported via down hole production tubing
{‘tubulars’) to the well head. The flow from several wells are commingled in the production manifold,
after which it is led to subsequent separators for de-gasification and de-hydration. Inside a flotation
cell the removed water is skimmed to remove any remnant oil. Produced oil is pumped through a
metering package to the sales terminal.

till the production manifold, a similar route is followed for gas production. The produced gas is
separated from associated fluids, in a (hydrocarbon) condensate/water separator. The separaied gas
is heat treated and sent to absorbers to remove any water and other unwanted products (e.g. CO,,
H28), after which it is transported to the sales terminal.

Produced water may be disposed off or (re)injected into injection/disposal wells. Water flooding of a
reservoir by reinjection of production water (off-shore: mostly sea water), below the ocil/gas reservoir
compensates for pressure decrease and extends the production life-time of a reservoir.

However, scales may cause problems in the operation of installations by plugging perforations, by
clogging tubulars and valves, thereby restricting flow. Such plugging ¢.q. clogging results in production
losses and necessitates costly cleaning exercises. The scales are formed at spots, where the solubility
product of a particular pair of ions is exceeded; as brine (relatively high concentrations of calcium, barium
and/or strontium, and low concentrations of sulphate and/or carbonate) is combined with injected



(sea)water, which may be relatively high in sulphate and/or carbonate, so-called scales will be
preferentially deposited at spots, where severe gradients (temperature, pressure, concentrations, flow
velocity etc.) are present [44 ]. Though the occurrence of LSA scales have frequently been reported for
water flooded reservoirs, it should be noted that the (sea)water injection is not a prerequisite for the
encounter of LSA scales [7,8,9].

The co-precipitation of radium with group lla ions in (sulphate/carbonate) scales or sludges leads to
enhanced external radiation levels. Spots in production c.g. treating facilities, where LSA scale/ sludge
has been encountered, are schematically indicated in figure 4. The occurrence of LSA scale/ sludge is
quite unpredictable and is not restricted to certain regions, but may be encountered all over the world
[8,25,26,37,38,45 ,46 ,47 ,48 ,49 ]. Roughly three types of LSA waste are distinguished:

o Hard LSA scales may be deposited in lubulars close to the perforation, at well heads, at the
production manifold and at certain spots (flanges, valves and pumps) in production flow lines
[5,8,23,25,26,35,36,45,46,50 ,51 ,52 ,53 ,54 ]. Activity concentrations are presented in table 6.

This type of scale is not limited to oil/gas production and also appears during coal mining (up to 200
Bq[***Ra/g) [42] and ore processing (up to 400 Bq[***Ra]/g and 1,600 Bq[***Ra)/g) [43].

o Further downstream in a production installation (e.g. production piping, filters, vessels, at the water
outlet of flotation cells, production water disposal/injection wells, overboard discharges) and
associated equipment, soft to medium hard scales may be deposited [8]. Again the main NOR's in
these scales are the progeny of unsupported radium isotopes (table 7).

In some gas and oil wells medium hard to soft LSA scales, constituting of more than 50%(w/w) Pb
may be encountered [5,8,25,29)]. The material is deposited at spots with disturbed flow (e.g. close to
flanges and valves, in bends, at connections in well tubing and near well heads) [52]. The first NOR of
the ®U-series encountered is (unsupported) 2'°Pb.

e LSA sludges are deposited at various spots (e.g. pipeline bottoms, close to filters), bul mainly in
voluminous equipment ([NGL] storage tanks, separator and dehydration vessels, LPG delivery
facilities) in the production train [5,8,37,52]. This material is deposited mainly because of hold up times
in the large tanks and vessels. Generally, the activity concentration of this oily sludge is comparable to
that of medium hard to soft LSA scales (table 8).

The composition of an oily sludge is very variable; it may contain fine clay, sand, silt, iron oxide (rust:
most likely acting as absorptive material for radium ions), abraded hard LSA scale. The main part of
the activity level may also be caused by unsupported *'°Pb. During oil production ***Ra/ *'°Pb ratios
[29] as low as 0.01, while during gas production *®Ra/*'°Pb ratios [9,29] far less than 0.0001 are
observed.

Sludges, in which enhanced levels of radium or lead are present, are not limited to oil/gas production
and also may appear in i.a. thermal spas (up to 1,200 Bq[***Ra)/g, 360 Bg[*'°Pb)/g and 70 Bq[***Ra)/g)
[551].

Crude oil or gas transmission lines have to be inspected at regular time intervals in order to remove flow
hampering wall deposits or to trace potential malfunctioning at an early stage. For this purpose, spheres
(‘sphering’) or pipeline inspection gauges are sent through these lines, thereby also generating debris or
scrapings. Encountered activity concentration are presented in table 9. Again the first radionuclides of the
238 and ***Th decay series encountered are #8Ra and *®Ra, respectively, but occasionally *'°Pb
concentrations higher than that of #2%Ra have been found; i.e. ***Ra/*'°Pb ratios as low as 0.1 [9,29].

The occurrence of LSA scales/sludges is also associated with contamination [21] of the inside of

equipment with NOR's:

e in crude oil production/treating facilities due to thin films of scales (initial state of formation) or to
deposition of NOR's from the various streams
0 unsupported 2*®Ra and/or ***Ra, and occasionally unsupported 2'°Pb;

e in (associated) NG production/treating due to thin, sometimes hardly visible, films of long-lived
progeny of unsupported 22\, i.c. '°Pb
0 2'%pp (after ingrowth in secular equilibrium with 2'°Po), and occasionally unsupported *'Pb;

e in NGL processing/treating facilities the additional enhancement of the ***Rn concentration level in the
propane/propene fraction may lead to thin invisible films of 21%p within propane/propene storage and



processing equipment [31,32,56 ,67 ,58 |. Severe surface contamination inside pumps (up to 7,000

Bq[*'°Pb]/cm? has been observed [31,56,57,58,59 ,60 ]

0 #°Ppb (after ingrowth in secular equilibrium with #°Po), and unsupported *'°Pb and rarely
unsupported #'°Po.

The occurrence of LSA scales/sludges inside (parts of) installations is generally associated (vide supra)

with levels of external (y-Jradiation enhanced with respect ta natural background y-radiation:

» in crude oil production/treating facilities due to short-lived progeny of unsupported ***Ra , ([via ?**Rn]
#¥pb and #"*Bi [c.. Fig 1]), and/or unsupporied #®Ra, (***Ac, [via ***Th/***Ra] *'*Pb and **TI [c.f. Fig
2]). Its occurrence may be demonstrated by standard external radiation, intrinsically safe monitoring
equipment. The external radiation level will persist until the LSA scale, sludge or contamination has
been removed.

» in NG, associated gas and NGL production/processing plants and storage tanks due to fast ingrowth
of short-lived progeny of unsupported *?Rn, (notably #'*Pb and 2"*Bi [c.f. Fig 1]). After stopping
operations the external (y-)radiation level decreases with the half-life of ?*Rn; after venting even with
an apparent half-life of about 40 minutes.

® the occurrence of unsupported 2’°Pb and/or 2'°Pa is not associated with increased levels of external
radiation. Therefore, this occurrence can only be proven through a sampling program and subsequent
dedicated analysis, or through a survey of the interior of the installations with the aid of dedicated
monitors/detectors; e.g. dedicated surface o/B-contamination monitoring equipment, which cannot be
made intrinsically safe, but may be used within the context of a permit-to-work system.

Many reports state the presence of enhanced external radiation levels. In the US even a national survey

of (increased) radiation levels associated with oil/gas production and gas processing has been carried out

[61 ]. Radiation levels as encountered in the E&P industry are presented in table 10.

RADIONUCLIDE CHARACTERISATION OF E&P NORM

From the extensive (literature) data presented above, it is observed that both #**U and ***Th are only
present in minule concentrations, mainly in production water and associated scale/sludge. The encounter
of #*U and #*Th is particularly associated with the occurrence of suspended (fine) cutting, sand and clay
mineral particulates, and hence the ***U and ***Th concentrations will be non-enhanced with respect to
their concentration in reservoir rock constituting minerals (.7, Table 1). As these U and ***Th
concentrations are far below the most stringent (proposed) levels for free disposal ne radiological hazards
are expected.

Furthermore, it is observed that the radium isotopes actually mark a clear separation line for the
encounter of NORM in oil/gas production, treating or processing facilities. The most likely cause for this
separation line is a distinct difference in geochemical properties (mobility under reservoir conditions) in
combination with the 'effective™ half-life' of 22U and **Th on one hand, and that of **Ra and ***Ra and
their progeny on the other hand. Therefore, it can be stated that no radionuclides above 2**Ra (i.c. 22U,
#4Th, #Mpg, 2%y and #°Th; c.f. Fig. 1) and *°Ra (***Th; c.f. Fig. 2), respectively, will be present in this
type of NORM. This is typical for E&P NORM in comparison with NORM encountered in ore processing
industries [4,43], where these isotopes will be present in one of the waste (or, less likely, product)
streams.

As unsupporied ***Ra may be encountered in fresh production water its activity concentration should be
applied for the characterisation of E&P NORM. As the ***Ra-subseries (c.f. Fig. 2) is rather shori-lived (3.7
d) all its activity disappears on short term. Consequently, the ***Ra activity is not required for
characterisation. Due to the half-lives involved the equilibration of the **®Ra-subseries is a slow process
as **Th (1.9y; c.f. Fig. 2) is part of this series. From a radiological protection point of view **Th is a

' The 'effective hali-life* of a radioisotope under reservoir conditions is defined as a linear combination of the
‘physical' half-life (1) of the radionuclide and its 'mean residence time' in a phase during production from the
reservoir or even during maturation, migration or accumulation processes in the subsurface.



crucial NOR. Therefore, iis activily concentration is essential for E&P NORM characterisation. As the only
way *%Th may appear at surface facilities is by ingrowth, its maximum concentration will only become
equal to the ***Ra concentration after about 7 years after initial deposition. Consequently the assumption
of secular equilibrium in the **®Ra-subseries is a conservative one.

For relatively dry NG wells, ?**Rn forms a second distinct separation line for the potential encounter of
NORM. The arguments presented above, indicate that ***Rn is stemming from reservoir rack near the
perforation. In general, the determination of the **Rn concentration in NG is included in the standard gas
analysis during well-testing. Also during the production life time of a well the ***Rn concentration is
regularly monitored. It has often been observed that with increasing depletion of a gas reservoir due 1o
production also an increasing **Rn concentration is found. In case high #**Rn concentrations are
encountered at the well head, NG and NGL treating/storage facilities should be screened on
contamination with *?Rn progeny, particularly 2'°Pb films.

Based on the literature survey presented above, it is observed that also '®Pb may mark an 'independent’
separation line in the ***U decay series, as this radionuclide can be encountered unsupported. When
carried with the water phase, this is likely caused by its specific (geo)chemical properties, but also
indications exists that #'°Pb might be transported through the gas phase [29,62 ].

Only a few cases of unsupported *'°Po in hydrocarbon condensates have been reported; however, one
should be aware that this radionuclide may be encountered.

Slarting from this radionuclide characterisation of E&P NORM, screening and surveys for its encounter
should be carried out in order to protect the workiorce from uncontrolled exposure to TENR, both during
normal operations and during maintenance stops [5]. Besides, in this way uncontrolled dispersal of
radioactive materials into the environment is prevented.

Any enhanced external radiation levels can be used as indication for the occurrence of NORM, but as
both unsupported 2'°Pb and '°Po do not give rise to enhanced external radiation levels, the absence of
external radiation is not conclusive. Therefore, both production streams -- i.c. NG (***Rn) and NGL (***An,
#1%Pb, 2'%Po) -- and waste streams -- i.c. production water, scale, sludge and scrapings (all: 2°Ra, 2'°Pb,
(rarely *'°Po), #*Ra and #**Th) — should be sampled during operations c.q. maintenance stops, and
analysed by a standardised procedure [63 ] for the relevant NOR's. The analytical results will be used for
an assessment of potential radiological safety and environmental hazards,

CONCLUSIONS

In summary, it is concluded that for a radionuclide characterisation of E&P NORM

* no screening for NOR's In the top of the ***U decay series (***U, #*Th, 2™pa, U, **°Th) and for
*2Th is required as the first radionuclides encountered will either be 2°Ra (c.f, Fig. 1), and/or *®Ra
(c.f. Fig. 2); and that

from a Health, Safety and Environmental (HSE) point of view E&P NORM is fully characterised by
analysing samples (if relevant) for

» *®Ra (secular equilibrium with #?Rn, 2'®Po, 2"*Pb, 2"Bj and 2'*Po) and/or

o *2Rn (secular equilibrium with 2'®Po, *"*Pb, 2'*Bj and 2*Po)

o *%h (secular equilibrium with 2'°8i and 2'°Po) and/or

e Y% and/or

*®Ra (secular equilibrium with #*Ac) and/or

» "Th (ingrowth via ®°Ac secular equilibrium with *°Rn, '°Po, 22Pb, 2'28j/2%°T| and 2'?Bi/2'2Po)
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Table 2 - Activity concentration of *°U, ***Ra,

21%pg and **Th in crude oil

Radionuclide Reported Range (Bqg/g) References
2oy 0.0000001 - 0.01 9,15,24,25,27,64 ,65 ,66 ,67 ,68 ,62,70
2%Rg 0.0001 - 0.04 24,27
T v i
21h 0.00003 - 0.002 9,25,72 ,73

Table 3 - Activity concentration of **Rn, *'°Pb and *"°Po in natural gas

Radionuclide

Reported Range (Bg/m®)

References

229N 5 - 200,000 4,9,25,30, 32,34,35,62,71,74 ,75 ,76
20pp 0.005 - 0.02 74
2W0pg, 0.002 - 0.08 9,30,74

Table 4 - Activity concentration of 2'°Pb and *'°Po in NGL/hydrocarbon condensate

Radionuclide Reported Range (Ba/L) References
%22pn (NGL) 0.01 - 1,500 9,30,31,32,56
22pn (Ca-liq) 0.01 - 4,200 9,30,31 ,32.5'5"“

#10pp 0s-230 | 9,31
#10pg 0.3 - 100 8,9,30,56

Table 5 - Activity concentration of **°U, *Ra, *°Pb and **Th, **Ra, **'Ra in production water

Radionuclide Reported Range (Bg/L) References

2y 0.0003- 0.1 22,25,26,27,34,38,70

25Ra 0.002 - 1,200 9,17,22,24,25,26,27,33,34,35,36,38,
77 .78 ,79 ,80 ,81

210pp 0.05-190 22,25

227h 0.0003 - 0.001 22,25,26,27,38

*’Ra 0.3-180 9,24,25,27,33,35,36,8‘6-

pa 0s-20 |

24,25




Table 6 - Activity concentration of *®U,**Ra,?""Pb, >**Th and **°Ra in hard scales

Radionuclide Reported Range (Bg/g) References
=8y 0.001-0.5 26,35,47,82
260 0.1- 15,000 B,9,23,2;,.27,34,36,-57,39,46,4?,
50,51,52,70,82,83 .
#10pp 0.02-75 9,25,39 )
#0pg 0.02-1.5 39
27h 0.001 - 0.002 26,39
*Ra 0.05 - 2,800 8,9,34,36,39,47,75,55 -----------

Table 7 - Activity concentration of *°U, ***Ra, *'°Pb, **Th and ***Ra in soft/medium hard scales

Radionuclide Reported Range (Bg/g) References
8y 0.001 - 0.05 26,38
*Ra 0.8 - 400 8,18,29,36,&38-
#0pp 005-2000 | 252931
#2Th 0.001 - 0.07 26,38
#8pa 0.05 - 300 182529

Table 8 - Activity concentration of U, *Ra, *'°Pb, 2'°Po, ***Th and ?*’Ra in sludges

Radionuclide Reported Range (Bg/g) References
=4y 0.005 - 0.01 9,26,47
#5na 0.05 - 800 8.9,18,26,47‘51“.';5“.2,83
H0pp 01-1300 | 9,24,25‘30,37.5&.-5;.-;58
#10pq 0.004 - 160 0.30,37,51,555657 |
| 0.002 - 0.01 9,26
g Ea— - = e ——

Table 10 - Activity concentration of ***Ra, *’°Pb and **’Ra in scrapings
Radionuclide Reported Range (Bqg/g) References
226 0.01-75 8,52,70
< e s
%o 0.1-4 9
*’Ra 0.01-10 9




Table 10 - Observed External Radiation Levels at the Outside of Processing Facilities

Facility Radiation Level® References
(HSv/h)

Crude oil processing/treating

down hole tubing, safety valves (internal) up to 300 8,25,38,46,47,
- well heads, production manifolds 0.1-25 48,51,61,82,84,

production lines 0.3-4 85
separator scale (internal) up to 200
separator scale (external) upto 15
waler outlets 02-05

Associated/Natural Gas processing/treating
downhole tubing 01-22 25,30,32,38,
piping, filters, storage tanks, reflux lines up to 80 46,61
sludge pits, brine disposalfinjection wells, brine up fo 50
storage tanks

NGL processing
filters up to 90 31,32,37,
NGL pump up to 200
Cj storage tanks up to 60 56,57,60
NGL/C3 shipping pumps, Cs reflux pumps, elbows, 0.1-28

flanges

Generally external radiation levels are quoted in Gy/h, but for reasons of comparison the UNSCEAR conversion

factor, 1 Gy/h p 0.7 Sw/h [4] is used.




FIGURE 1
) decay-series.
Relevant process streams, in which various NOR's may show up are indicated.

FIGURE 2
#2Th decay-series.

FIGURE 3
General Scheme for the Formation of Oil and Gas Accumulations
Schematic presentation of primary and secondary migration in the initial and advanced stage of basin
evolution [20].
I Initial phase of primary and secondary migration, //: Advanced stage of primary and secondary migration
and formation of accumulation.

FIGURE 4
Schematic Lay Out of an Offshore Facility for Crude Oil and Natural Gas Production.
Spots, where enhanced radiation levels, or LSA scales/sludges have been encountered [5],
are indicated by the radiation trefoil.



saxoq pallop Ul UMOUS aJe ‘wnugiinba Jeinaas yoeas Ajpeal 10U op Yoiym ‘salas-gns ay3 Ui sapl|anN
*S8L1as-qns 0dy,, '3 'S8UBS-qNS qdy,; '@ ‘SAAS-GNS Ul,,, 10 ‘SBLBS-qNS BHy,, 8 ‘Nge AlIgow Ajleojwayooal iy
:sauas-qns s)i pue sauas AeBIBP g, AUl :L ainbiy4

P 8EL Odgg

¢ TONZ
BIA
uodsuely

(219815) Jd gy

:p8EL Odoys

USSR AU

_ Oclg.4

ﬁ ww CKNNN
I

P BEL Odya

_mn_wm

AzzZ adg:

el

uodsuel}

Odg,z

£ 009} BYgz

uodsuel
snoanbe
‘Buiyoes|

~

vodsuen
SeQ) 1010
uoinjossip
juoneuews

aoepnsqns

I
P 8ElL Odyd
I
_mem
I
A2z Adgd
I
On_v_.w
I
19,4
I
ddy,4
I
Odg, 4
I
Pt Utz
I ‘
£ 0091 BYg;
A0l Ylod
I
A0l Ny
I
mﬁ_Eme
[
YLlee
I
| K 0l MNeeg

urewal




saxoq pajjop ul pajou ale ‘wnuqinba Jeinoas yaeal Ajipeal Jou oOp Ydiym ‘salias-gqns auyl Ul sspijonn
"S81as-qns BY,,, 1 !S31485-qNS Yy, 19 !Yl,e, 3)igoww Ajjeojwayaoab 1y isepes-qns s} pue sauas Aesap yli,,, iz 2anbig

(219218) qdgyd

_._,maw On_ﬁw |Lgoz| Odziz Ilgoz] Odzid
................ ! m_www. _mNE_ 19z,
nn_w_.w Qdz 5 Adz4
On_mﬁ On_m:m_ Odaz
. W_moww Utoe UMz
_u¢ ....... mmvmm ‘P BH,za P B,z
L Az Ul A2 Ul
............ : by
I snoanbe
IVezz o<mmm_ ‘Buiyoes)
A9 Bz : Ag mw_mL
Hodsuel :
Snoanbe | R R e ; v aoeUnsqns
‘Buiyoes) A0k Ylse ulewsal




SEA-LEVEL

PRIMARY
MIGRATION

SECONDARY
MIGRATION

T ”’i —'.\ %
ACCUMULATION ;.
N, 272> lIEHS &
SSSSwm . 0 N
: -

PRIMARY SECONDARY
MIGRATION 11 MIGRATION

FIGURE 3



G, Y,

HaGpe

e

!

P

—

HEH8ENY08

%, 20, i, i
LELLYM V38 NOLLOIMNI
A .
o
mm.m.....hﬂwn B * dANd 00
¥ 3dUNold o o
*013 SHT100D oNmEnL
_Ikm_ S3DIALTS ‘M'B NOLLINAOHd | o
_ _ NN
vosviay € —
=a
‘% : % SOVHTEM &%
diind 110 | _
GIMRDIS ——— .
| NOLVLOTd - i
T _ﬂ
i A %
S [ =l
= V " A HOLYHWES I I} aodinve
3N | amyyowd * |®.‘.Im HOLYHAAHSA - _a.wmmm Fovis L W S=2| Nailanaaud
.A‘Eo.bm_. ONRELTN



REFERENCES

1.

11

12.

13.

14

15

16.

17

18

19.

20

21

22 .

23

T.F. Gesell and H.M. Prichard, The Technologically Enhanced Natural Radiation Environment, Health
Physics 28, 1975, 361-366.

E. Stranden, Sources of Exposure to Technologically Enhanced Natural Radiation, Science of the
Total Environment 45, 1985, 27-45.

D.W. Dixon, Occupational Exposure to Natural Radiation, the Science of the Total Environment 45,
1985, 111-120.

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR),

- Sources and Effects of lonising Radiation, 1977,

- lonising Radiation: Sources and Biological Effects, 1982,

- Genetic and Somatic Effects of lonising Radiation, 1986,

- Sources, Effects and Risks of lonising Radiation, 1988,

- Sources and Effects of lonising Radiation, 1993,

UNSCEAR reports to the General Assembly with Annexes, New York, USA.

. Shell Safety and Health Committee, lonising Radiation Safety Guide, November 1993.
. National Radiological Protection Board for the Health and Safety Executive, Central Index of Dose

Information, Summary of Statistics for 1987, HMSO publications, 1992, London, UK.

International Commission on Radiological Protection, 1990 Recommendations of the International

Commission on Radiclogical Protection, Annals of the ICRP 21 1991.

Examples:

a UKOOA Reference Manual on Naturally Occurring Radioactive Substances on Off-Shore
Installations, United Kingdom Off-Shore Operators Association Ltd, London, UK, 1985.

b Low Specific Activity Scale - Origin, Treatment and Disposal, Rep. No. 6.6/127, E & P Forum,
London, UK, 1987.

¢ Bulletin on Management of Naturally Occurring Radioactive Materials (NORM) in Oil & Gas
Production, Bulletin E2, American Petroleum Institute, 1992, Washington, US.

d NOGEPA Richtlijnen voor Offshore en Onshore Operators voor het Omgaan met van Nature
Voorkomende Radioactieve Stoffen (Naturally Occurring Radioactive Materials, NORM) en met
NORM gecontamineerde installatiedelen, W.M.G.M. van Loon and J. van der Steen, KEMA 40016-
NUC 94-5562, 1994, Netherlands Oil and Gas Exploration and Production Association.

SRATCA, formerly Koninklijke/Shell Laboratorium, Amsterdam, unpublished results 1970 - 1996.

. H.A. Waollenberg and A.R. Smith, A Geochemical Assessment of Terrestrial y-ray Absorbed Dose
Rates, Health Physics. 58, 1990, 183 - 188.

. Gmelin Handbuch der Anorganischen Chemie, Uranium, System Number 55, supplements till 1989,

Springer Verlag, Berlin, Germany.

M. Gascoyne, Geochemistry of the Actinides and their daughters, in "Uranium-series Disequilibrium:

Applications to Earth, Marine, and Environmental Sciences”, Second Edition 1992, by M. Ivanovich

and R.S. Harmon, Oxford University Press, Oxford.

O. Serra, J. Baldwin and J. Quirein, Theory, interpretation and Practical Applications of Natural

Gamma Ray Spectroscopy, paper presented at SPWLA 21* annual logging symposium, 1980.

. R.W, Boyle, Geochemical Prospecting for Thorium and Uranium Deposits, Volume 16 series
“Developments in Economic Geology®, Elsevier Scientific Publishing Company, Amsterdam 1982.

. R.L. Erickson, A.T. Myers and C.A. Horr, Association of Uranium and Other Metals with Crude Oil,

Asphalt, and Petroliferous Rock, Bull. Am. Ass. Petr. Geol, 38, 1954, 2200 - 2218.

Gmelin Handbuch der Anorganischen Chemie, Thorium, System Number 44, supplements till 1990,

Springer Verlag, Berlin, Germany.

. Gmelin Handbuch der Anorganischen Chemie, Radium, System Number 31, supplements till 1987,
Springer Verlag, Berlin, FDR.

. C.J. Rutherford and G.E. Richardson, Disposal of Naturally Occurring Radioactive Material from

Operations on Federal Leases in the Gulf of Mexico, Soc. Petr. Eng. 25540, 1993.

M.lvanovich, private communication.

. B.P. Tissot and D.H. Welte, Petroleum Formation and Occurrence, 1984 Second Revised and
Enlarged Edition, Springer-Verlag, Berlin, Germany.

. 1986 E&P Environmental Course: "Radioactive Scale in E&P Operations”, Hand-out p1/2 by A.J.

Oortgiesen, SIPM EP/23.52.

8. Bloch and R.M. Key, Modes of Formation of Anomalously High Radioactivity Concentrations in Oil

Field Brines, Am. Assoc. Petr. Geol. Bulletin 65, 1981, 154 - 159,

. B. Heaton, Radioactive Scale in Off Shore Oil Installations, 1990, Proceedings of the 7" international



24 .

25

26 .

27 .

28

29.

30

31

32

33.

34

35.

36

37

a8 .

39

40

41

42

43.

44

IAPA congress, Sydney, 872 - 875.

E.S. Snavely, Radionuclides in Produced Water (a Literature Review), 1989, Report to the American
Petroleum Institute, Dallas, Texas, US.

.a W.A. Kolb and M. Wojcik, Enhanced Radioactivity due to Natural Oil and Gas Production, 6" Int.

Rad. Prot. Agency Congress, 1984, 93 - 96.

b W.A. Kolb and M. Wojcik, Enhanced Radioactivity due to Natural Oil and Gas Production and
Related Health Problems, the Science of the Total Environment 45, 1985, 77 - 84.

¢ W.A. Kolb and M. Woijcik, Strahlenschutzprobleme bei der Gewinnung und Nutzung von Erdél und
Erdgas in der Bundesrepublik Deutschland (in German), 1985, Bericht Ra-17, Physikalisch-
Technische Bundesanstalt, Braunschweig, FDR.

a C. Testa, D. Desideri, M.A. Meli, C. Roselli, A. Bassignani and P.B. Finazzi, The determination of
Radium, Uranium and Thorium in Low Specific Activity scales and in waters of some oil and gas
production plants, 8" Int. Congr. on Rad. Prot., Montreal, Canada, 2, 1992, 1286 - 1289.

b C.Testa, D. Desideri, M.A. Meli, C. Roselli, A. Bassignani and P.B. Finazzi, Aadium, Uranium and
Thorium Concentrations in Low Specific Activity Scales and in Waters of Some Oil and Gas
Production Plants, J. of Radioan. and Nucl. Chem., Articles 170, 1993, 117 - 124,

R.N. Diyashev, S.F. Takhautdinov, G.P. Antonov, |.R. Diyashev, V.. Zaitshev and F.M. Saltarova,
Disposal of NORM in Oil Production, Soc. Petr. Eng. 27216, 1994.

. A.B. Carpenter, M.L. Trout and E.E. Pickett, Preliminary Report on the Origin and Chemical Evolution

of Lead- and Zinc-Rich Oil Filed Brines in Ceniral Mississippi, Econ. Geol. and Bull. of the Soc. of
Econ. Geol., 69, 1974, 1191 - 1206.

F.A. Hartog, W.A.l. Knaepen and G. Jonkers, Radioactive Lead: An Underestimated Issue?, 1995,
Proceedings of the API/GRI NORM Conference, Houston, USA, 59 - 69.

. H. B, van der Heijde, H. Beens and A.R. de Monchy, The Occurrence of Radioactive Elements in

Natural Gas, Ecotoxicology and Environmental Safety 1, 1977, 49 - 87.

.G.L. Taylor and M. Cleghorn, NORM: Contamination and Control in a World Scale Ethylene

Manufacturing Complex, Proc. of the 8" Ethylene Producers’ Conf., AICheE 1996, 309 - 323.

.T.F. Gesell, Occupational Radiation Exposure Due to ***Rn in Natural Gas and Natural Gas Products,

Health Physics 28, 1975, 681 - 687.

A. Tscherepennikov, The Occurrence of Radioactivity in the Uchta Region (in Russian), Vest. Geaol.
Kom. Leningrad, 4, 1928, 18 - 23.

.A.P. Pierce, J.W. Mytton and G.B. Gott, Radioactive Elements and their Daughter Products in the

Texas Panhandle and other Oil and Gas Field in the United States, Proc. of the Int. Conf. on the
Peaceful Uses of Atomic Energy, Geneva, 6, 1955, 494 - 498.

B.F. Armbrust and P.K. Kuroda, On the Isotopic Constitution of Radium F**Ra”*®Ra and 8 0af*®Ra)
in Petroleum Brines, Am. Geophys. Union Trans., 37, 1956, 216 - 220.

. A.J. Oortgiesen, The Occurrence of Natural Radioactive Scale in Oil Field Equipment, SIPM-NAM-

SUKEP, Visit Report, 1986.

.a P. Gray, Radioactive Materials Could Pose Problems to the Gas Industry, Qil & Gas Journal 1990,

45 - 48.

b P. Gray, NORM Contamination in the Petroleum Indusiry, J. of Petr. Techn. 1993, 12 - 16.

A. Bassignani, G. Di Luise, A. Fenzi and P.B. Finazzi, Radioactive Scales in Oil and Gas Production
Centres, Soc. Petr. Eng. 23380, 1891.

.B. Heaton and J. Lambley, TENORM in the Oil, Gas and Mineral Mining Industry, Appl. Radiat. Isot.

46, 1995, 577 - 581.

.J.C. Laul, M.R. Smith and N. Hubbard, Behaviour of Natural Uranium, Thorium and Radium Isotopes

in the Wolfcamp Brine Aquifers, Palo Duro Basin, Texas, in C.M. Jantzen, J.A. Stone and R. Ewing
(Eds.), Scientific Basis for Nuclear Waste Management Vi, 1985, Boston, Massachusetts, USA.

. M.E. O'Connell and B.F. Kaufman, Radioactivity Associated with Geothermal Waters in the Westermn

United States, 1976, US EPA Techn. Note ORP/LV-75-BA, EPA, Washington, DC, US.

.J. Lebecka, B. Lukasik and S. Chalupnik, Purification of Saline Waters from Coal Mines, Natural

Radiation Environment V, 1991, Salzburg, Austria.

M.B. Cooper, J.R. Statham and G.A. Williams, Natural Radioactivity in the Production of Titanium
Dioxide Pigment: a Study of the Laporte Plant and Environmental Behaviour of Radionuclides at
Bunbury, Western Australia, ARL/TR 037, Australian Radiation Laboratory, Yallambie, Victoria,
Commonwealth of Australia, 1981.

. G.H. Nancollas, Oilfield Scale: Physical Chemical Studies of its Formation and Prevention, 1984,

Chem. Dept., State Un. of New York, Buffalo, New York, us.



45 .

46
47

48

49

50

51

52 .

53.

54 .

55.

56.

57.

58

59

60

61

62

63 .

64 .

65

66

67

68 .

69 .

70

71

72

- W. Tunn, Untersuchungen tiber Spurenelemente in Gasen aus deuischen Erdgas- und Erdél-Feldern

W.H. Fertl, Gamma Ray Spectral Logging: a New Evaluation Frontier, World Oil, 1983, 85 - 88.

. A.L. Smith, Radioactive Scale Formation, J. of Petr. Techn. 1987, 697 - 706.
.J. Kvasnicka, Radiation Protection in the Offshore Petroleum Industry, 1996, Proc. o/t 9" Int. IRPA

Congr., Vienna, Austria, 621 - 623.

.D. Bradley, A Two Year Study of NORM Levels in the Facilities of a Major Malaysian Oif and Gas

Exploration and Production Company, 1996, Proc. o/t 9" Int. IRPA Congr., Vienna, 618 - 620.

- G.M. Hassib, Radiation Safety Aspects in the Oil and Gas Froduction Facilities in Egypt, 1996, Proc,

o/t 9" Int. IRPA Congr., Vienna, Austria, 624.

-B. Anderson, Dealing with Radioactive Scales in Off Shore Oil Production, Ocean Industry 1990, 33 -

48.

. G. Reed, B. Holland and A. McArthur, Evaluating the Real Risks of Radioactive Scale in Oil and Gas

Production, Soc. Petr. Eng. 23383, 1991.

|. Waldram, Natural Radioactive Scale: the Development of Safe Systems to Work, 1985, paper for
the Soc. Petr. Eng. 14002/1.

A.D. Read, Minutes of E&P Forum LSA scale/NORM Issues Task Force, and Annexes, Oil Industry
International Exploration & Production Forum, London, June 23, 1994.

C. Krishnan, D. Kopperson and T. Cuthill, Discovery of Radioactive Bariurn Sulphate Scale in
PanCanadian Petroleum Producing Operations in Southeastern Alberta, J. Can. Petr. Techn. 33,
1994, 49 -54,

L. Doretti, D. Ferrara, G. Barison, R. Gerbasi and G. Battiston, Natural Radionuclides in Muds and
Waters used in Thermal Therapy in Abano Thermae, ltaly, Rad. Prot. Dos. 45, 1992, 175 - 178.

I. Drummond, P. Boucher, B. Bradford, H. Evans, J. McLean, E. Reczek and H. Thunem, Occurrence
of *2Rn and Progeny in Natural Gas Processing Plants in Western Canada, Health Physics 59, 1990,
133 - 137.

R.W. Powell and C. Winters, Naturally Occurring Radioactive Materials in a Polypropylene Facility,
1991, Facsimile from Exxon BTCP IH.

.J. Summerlin and H.M. Prichard, Radiological Health Implications of *'°Pb and *'°Po Accumulations

at LPG Refineries, Am. Ind. Hyg. Ass. J. 46, 1985, 202 - 205,

-W.F. Wilson, NORM in Chernical Plants, 1996, Energy Week '96 / PetroSafe '96 Conference,

Houston, USA, 3, 131 - 134,

-R.W. Powell and R. O’'Donel, Managing NORM in a Petrochemical Plant, 1997, Energy Week 97 /

PetroSafe '97 Conference, Houston, USA, 1, 225 -231.

. G.H. Otto, A National Survey on Naturally Occurring Radioactive Materials (NOAM) in Petroleumn

Production and Gas Processing Facilities, 1989 report to the American Petroleurn Institute, Dallas,
Texas, US.

Compendium Vortrége der Haupttagung der Deutsche Gesellschalt fiir Mineraldlwissenschaft und
Kohlechemie, 1975, 96 - 111.

W.A.I. Knaepen, W. Bergwerf and G. Jonkers, Determination of NOR’s in Samples from the Gas and
Oil Industry, 1995, Proceedings of the API/GRI NORM Conference, Houston, USA, 3 - 15,

F.A. Alekseev, V.. Ermnakov and V.A. Filonov, Radioactive Elements in Oil Field Waters, Geokhymiya
7, 1958, 642 - 649,

.J.8. Ball, W.J. Wenger, H.J. Hyden, C.A. Horr and A.T. Myers, Metal Content of Twenty-Four

Petroleums, J. Chem. Eng. Data 5, 1960, 553 - 557.

-K.R. 8hah, R.H. Filby and W.H. Haller, Determination of Trace Elements in Petroleum by Neutron

Activation Analysis, J. of Radioan. Chem. 8, 1970, 413 - 422,

-T.F. Yen, The Role of Trace Metals in Petroleum, 1975, Ann Arbor Sci. Publ. Inc., Ann Arbor

Michigan, US.

P. Jones, Trace Metals and Other Elements in Crude Oil - a Literature Review, British Petroleum
Research Centre, unclassified report, 1975.

V. Valkovic, Trace Elements in Petroleum, 1978, Petr. Publ. Co., Tulsa, Oklahoma, US.

. G.B. Gott and J.W. Hill, A Contribution to the Geology of U: Radioactivity in Some Qi Fields of

Southeastern Kansas, US Geological Survey Bull. 988, 1953, 69 - 122,

.J.T. Thingvoll and P.D. Knutsen, The Significance of Non-Hydrocarbon Constituents in Oil, Gas and

Water, Petrotech Conference paper, Haugesund, Norway, 1992.

- C. Block and R. Dams, Concentration-data of Elements in Liquid Fuel Oils as obtained by Neutron

Activation Analysis, J. Radioanal. Chem. 46, 1978, 137 - 144.



73.

74 .

75
76

77

78.

79

80.

81

82

83

84 .

85.

F.S. Jacobs, F.W. Bachelor and R.H. Filby, Trace Metals in Alberta Oil Sand Bitumen Components, in
the Proc. of the Int. Symp. Characterisation of Heavy Crude Oils and Petroleun Residues, 1984,
Lyon, France, 173 - 180.

B.T. Wilkins, The Assessment of Radon and its Daughters in North Sea Gas used in the United
Kingdom, Proc. of the 5" Int. IRPA Congress, Jerusalem, Vol. 2, 1980, 1143 - 1146.

. E. Tiemstra, Gas Pipeline Contaminants, Proc. AGA (Operations Section), 1989, 545 - 548.
.L.C. Scholten, L.M.M. Roelofs and J. van der Steen, A Survey of Potential Problems for Non-Nuclear

Industries Posed by Implementation of New European Community Standards for Natural
Radioactivity, 40059-NSC 93-5203, KEMA, Arnhem, the Netherlands, August 1993.

. M.T. Stephenson, Components of Produced Water: a Compilation of Industry Studies, Journ. of Petr,

Techn. 1992, 548 - 603.

B.E. Shannon, An Operational Perspective on the Handling and Disposal of NORM in the Gulf of
Mexico, Soc. Petr. Eng. 25936, 1993.

. W. Taylor, NOAM in Produced Water Discharges in the Coastal Waters of Texas, Soc. Petr. Eng.

25941, 1993.

P.J. Shuler, D.A. Baudoin and D.J. Weintritt, Control of NORM at Eugene Isiand 341-A, 1995,
Proceedings of the API/GRI NORM Conference, Houston, USA, 143 - 161.

. US Environmental Protection Agency, Office of Water and Office of Science and Technology,

Produced Water Radioactivity Study, final draft, 1993, EPA, Washington, DC, US.

. A.J. Wilson and L.M. Scott, Characterisation of Radioactive Petroleum Piping Scale with an

Evaluation of Subsequent Land Contamination, Health Physics 63, 1992, 681- 685.

. 8.F. Takhautdinov, B.A. Sizov, R.N. Diyashev, V.I. Zaitsev and G.P. Antonov, Influence of Radon and

Decay Products on Field Equipment Service Personnel, 1996, Soc. Petr. Eng. 35867.
. Ortiz, R.V. Anthony and D.H. Pope, Study of Mechanisms for NORM in Gas Production Facilities in
the Antrim Shale of the Michigan Basin, Soc. Petr, Eng. 26886, 1993.

E. Thayer and L.M. Racioppi, NORM Control Experience at a Production Platform Turnaround, Soc.
Petr. Eng. 27218, 1994.



