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Sour ces of Radium in the Petroleum Reservoir

Two elemental radioactive sources of concern in petroleum exploration and production
“upstream” operations are naturally occurring uranium and thorium. Both are parentsto radium,
which has been the element of focus regarding oil field radioactivity. Occurrence of these natural
radioisotopes in reservoir rock is much higher in some locales than othersin the US and
throughout the world (USGS 1999). Potassium has seen far less interest.

Historic Overview

In 1904, J.C. McClédlan presented his paper “On the Radioactivity of Mineral Oils and Gases’ to
the International Electrica Congressin St. Louis, Missouri (IAEA 2003). In 1904 the automobile
had not been commercialized on alarge scale, and there was widespread belief at that time that
radiation doses were healthful, so neither the nascent oil industry nor the rest of the world reacted
to McClellan’s revelation.

In spite of what is now more than a century of debate, the ideathat low level radiation exposures
are highly healthful persists (Hotel 2012). Analogousto the issue of the global warming
controversy today, the validity of extending the dose response curve linearly to the origin without
encountering a threshold, and thus, the actual health effect, be it good or bad, of very low levels
of radiation exposure, remains a subject of some debate today (ANS 2012). Part of the
controversy stems from the difficulties in how to handle al the variables while mechanically
fitting effect to dose, and part stems from atraditional resistance to accepting the idea that
aternative biological mechanisms that might operate in response to low radiation dose could be
quite different from those mechanisms that are important at high radiation levels, meaning dose-
response should never be extrapolated downward from high levels. For over adecade, the US
Department of Energy has been cosponsoring a reinvestigation that attempts to consider these
possibilities (DOE 2010).

By the 1930's, the automobile and oil production was coming into large scale momentum in the
Western world, while intentional radioactivity exposure had statistically fallen from grace as a
healthful practice conceptually--itsfall precipitated by news of the negative effects resulting from



very large exposures. Radioactivity from radium coprecipitated in barite was pointed to based on
datafrom Russian oil fieldsin the 1930’s, but again gained little attention. When in 1986, Eddie
Fuente with the Mississippi Health Department’ s Division of Radiological Health advised Street
Industries near Laurel, Mississippi, that radiation levels appeared to be of concern in barite scale
deposited in tubulars and equipment that Street Industries processed, the service company soon
filed suit against Chevron and Shell (Schneider 1990) and after atransition period, the oil and gas
industry universally recognized and accounted for the possibility that significant sources of
radioactive material might be present in their workplaces. Limitation of company liability
through protection of workers and the public from exposure to radioactivity remains the general
policy throughout the petroleum industry today.

Discoveries of Variability Within Natural Uranium | sotopic Proportions

The range of uranium isotopic proportions encountered in sandstones or shales typical of a
petroleum reservoir may vary less than in igneous rocks, but some significant variation still
occurs (Brennecka 2010). The uranium isotopic relative mass fractions in undisturbed rock were
once thought to be constant and known to many decimal places, but have in recent years been
shown to possess unexpected variability. While outdated, the concept that natural uranium
isotopic proportions are well-known and highly fixed can still be seen in many outdated technical
documents and are frequently propagated from those sources.

Several theories have been proposed for the variation in isotopic ratio found in natural uranium,
but recent research using state-of-the-art instrumentation supports the theory that low-temperature
redox changes are the major cause of fractionation between 2*U and U in many sedimentary
formations laid down under low-temperature conditions. Many theories involve alpha-recail
induced solubilization. Accepting latter day values measured for sandstones and black shale
deposited in alow temperature redox environment typical of much of the reservoir rock globally,
the 28U/?*U ratio was shown to vary from 137.848 to 137.918 while the 2°U/?**U ratio ranged
from 136.75to 164.17, a seemingly substantial variation based on high precision measurements
(Brennecka 2010). It might be reasonable to question whether this recently acknowledged
variation in isotopic fractions should in any way affect the toxicity or handling practices of
NORM, since the uranium assay data for petroleum reservoir formations that are not viewed as
economically viable sources of uranium could not be expected to be known to any extreme degree
of precision. On the same subject of isotopic variability, we might also ask what effect the natural
variation in radium isotopes has.

While isotopic ratios have now been shown to vary somewhat in the uranium, the more prolific
thorium ore shows negligible variation in nature. Thorium has six naturally-occurring isotopes,
but the mass fractions are so small for five that all isotopes can be neglected as components of
natural thorium ore other than *2Th, which can be considered mathematically to exclusively
constitute al thorium ore found in nature (PTB 2012). Thorium isotopes aso occur in the
uranium and actinium chains. In reservoir rock that contains any uranium at all, 2“Th will
obviously be present from % decay, > Th will be present from ?°U decay, and *°Th will be
present from %**U decay, all of which will vary in concentration with the presence of their parents.
Wherever uranium exists, there is a high probability that natural ***Th will also be present, at
times exceeding total uranium in mass fraction, and thus its 2*Th daughter will be present as well.



Scale Formation

All three natural uranium isotopes decay to thorium isotopes, and most to radium. As a pattern
exception, Z'Th undergoes beta decay to **'Pa, while %*Th, %°Th and ?*Th al decay to their
radium daughters. Since radium is a congener of barium these two el ements have been shown, as
would be expected based on chemical principles, to coprecipitate in piping, tank, and equipment
scale. Coprecipitating barium and radium together as sulfates is employed in some of the
laboratory procedures for quantifying radium (DOE 1997). Barium sulfate (AKA barite) isa
“...dense sulfate mineral that can occur in avariety of rocks, including limestone and sandstone,
with arange of accessory minerals, such as quartz, chert, dolomite, calcite, siderite and metal
sulfides. Barite is commonly used to add weight to drilling fluid...” (Schlumberger 2012).

In the upstream petroleum industry, the often in situ encountered material known as barite is both
ablessing as the common well control media of choice to control kicks by quickly overbalancing
downhole pressure when its density is added to recirculated mud, and a curse when it precipitates
in unwanted locations, from tubulars to tanks, pipelines, in gas oil water separators, and even at
times in the reservoir rock itself, reducing or destroying the reservoir’ s porosity and permeability.
Barite and other precipitant scale can be extremely hard, can precipitate rapidly over large
reaction fronts, and can wreck a producing well in as little as 24 hours after completion. The cost
of operational recovery from sudden disastrous scale precipitation can be several million dollars
(Crabtree 1999).

When produced formation water is brought to the surface during drilling, or when petroleum
product along with produced water are brought up to the production facility together, a series of
predictable changes are certain to occur given there is no unusual chemistry interfering, like
chelated water, adjusted pH, or anticorrosion constituents such as polymers added. As
temperature and pressure drop between formation conditions and the surface world' s typica
values, barium sulfate (BaSO,), barium radium sulfate [(Ba,Ra)SO,4], and at times some calcium
carbonate and magnesium carbonate and sometimes several silicates and oxides, may precipitate
asscale. Asthereservoir ages and pressure drops even more, the precipitation may occur within
the producing formation itself. Injection of a poor choice of water can likewise induce
precipitation as a reaction front moves through the reservoir rock (Crabtree 1999).

Theratio of ®Rato the other radium isotopesin il field scale cannot be cal culated from gross
measurements or uranium measurements, because no family relationship exists between %“Th and
natural uranium. This natural variability is reflected in a USGS report that Produced water
contains dissolved ?®Raat typically one-half to twice the concentration of “°Ra. Thorium and
uranium are frequently collocated in nature, but not in any predictable constant ratio (USGS
1999). One option for examining “average” mediain the face of this variability is by employing
the Amercan Petroleum Institute’'s gamma log standard, which was based on alarge amount of
data and experience. By the late 1950's, more than a generation before Eddie Fuente
“discovered” radioactivity at Street Industries, the gamma radioactivity was being measured in
about 35,000 wells per year in the US through gamma logging (Belknap 1959). In 1959, it had
been known that uranium, potassium, and thorium are generaly fine grained and their gamma
rays correlate to shale and especialy to oil reservoir confinement shale for another generation



(since 1940). What was not known, and remains unknown today given that consensus among
expertsisany indicator, isthe real effects of low levels of radiation exposure (DOE 2010).

Changes That Take Place When Radium is Orphaned

Table 1 summarizes the radium isotopes and corresponding sources encountered in upstream
petroleum production operations. Researchers from the APl subcommittee standardizing the
calibration of nuclear logs examined data from over 200 shales and concluded that the average
shal e contains approximately 6 ppm uranium (22U), 12 ppm thorium (***Th), and 2 percent
potassium (Belknap 1959). The potassium referred to is K-natural, not K-40 (APl Subcommittee
2002). The gammalog calibration standard at the University of Houston is double these
concentrations by design (Belknap 1959). This API standard remains an accepted calibration
model for wire-line gammalogs, with avariety of corrections made for casing, pipe, mud,
especially KCI and barite, tool speed, geometry, and several other factors depending on whether
thelogiswireline or log-as-you-go and on the details of data acquisition.

Table 1. Radium at the I nstant of Separation
by Coprecipitation in Mud, Sludge, Piping, and Equipment With Barium Sulfate

U “Ra 1600  Years 42.5%
=y ““*Ra 11 Days 1.9%
“2Th ““Ra 5.8 Years 27.8%
““Th ““Ra 37 Days 27.8%

The normalized radioactivity shown in Table 1 is based on the uranium to thorium ratio derived
for representative shale during derivation of the original gammalog standard (Belknap 1959)
coupled with the highest fraction for 2**U provided in the mass fraction study discussed
grevi ously (Brennecka 2010). With the long accepted “average” uranium isotopic ratios, the
“Rawould be very slightly larger and the “*Rawould be very slightly smaller. At the point of
fluid production, the four isotopes in Table 1 brought up to the surface will be forever “orphaned”
or separated from their uranium and thorium parents as they continue their natural decay chains as
orphaned parents themsel ves.

Radioactive decay has long been known to occur as afirst order function--at a constant rate of
change:

dN
—=-AN
dt
where N is the number of atoms or units of mass
tistime

and /Aisarate constant in decays per unit of time.



More importantly to the radium discussed here, we can extend this “constant rate of decay”
pattern to write alinear first order differential equation that describes a general universal parent-
daughter relationship as follows:

dN,
dt
where Ny is the number of atoms or units of mass of daughter
N, isthe number of atoms or units of mass of parent
t istime
Agisthe rate constant for the daughter
and Apistherate constant for the parent.

= 24Ny + A,N,

The most general and useful solution to thistaken fromtimeOtotis:

Ag APt gt A4t
Aj(t)=l%(0)m(e e™)+ A (0)e

Thisis often called the “ daughter equation” or the general Bateman equation. Several other
solutions are frequently employed based on case-by-case boundary conditions that can be applied,
such as the relative decay rates of parent to daughter, but since a calculator or computer will
almost always be used for calculating antilogs, and since antilogs are in every possible solution
regardless of boundary conditions, no other equations are really needed to predict the radium-
orphaning results of drilling or petroleum production. The daughter equation is a popular choice
that reduces error.

The beauty of the daughter equation is that this equation is equally useful for moving through
several generations of isotopes at once, after equilibria have been established that apply to these
chains, which in many cases occurs very quickly. The daughter equation, along with its right
hand term alone as the decay equation, can be applied to the four radiums that are always present
in freshly separated NORM, to see what happens when we orphan them as parents. One thing we
seeisthat in alittle over amonth, the common radon gas **’Ra reaches the same decay rate of its
parent in the common decay relationship called secular equilibrium.

While numerically you might see this taking around 43 days when the convergence is cal cul ated
out to severa decimal places, we can see from the plot in Figure 1 that most of the radon is
already grown in within aweek. Radon gasisfairly soluble in agueous solutions and tends to
stay in wet substrates, like freshly deposited wet precipitates--the importance being that wherever
the radon ends up, the rest of the chain will be produced there as well by subsequent decay. This
causes polonium and lead deposits in gas equipment, a subject not examined here. From the
daughter equation, we can also see that in amonth or two, “*Raand ?*Rawill disappear forever
as shownin Figure 2.



Figure 1: “?Ra Reaching Secular Equilibrium with its Parent
after Separation, per the General Daughter Equation
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Figure2: **Raand “*Ra Decay Away Quickly After Separation
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These early changes affect the source of exposure. Using MicroShield 6.02 for point source
modeling at 10 cm (4.94 inches), a comparison was made for where the gamma exposure arises at
the time barium radium sulfate [(Ba,Ra)SO,] is precipitated on piping and equipment, in mud, or
wherever it happens. MicroShield is now available at Version 9.XX in 2012 with many improved
features (Grove 2012). Figure 3 illustrates where gamma exposure originates for freshly
precipitated material if we assume the APl gammalog standard isotopic ratios. Note that most of
it is coming from “®Ra, which turns out to very weak x-rays to be discussed |ater.

Figure 3 assumes radium precipitates alone without daughters or parents, which is generally the
case based on chemistry. Since Figures 3 and 4 rely on normalizing exposure rates to examine
only the relative isotopic contribution, exposure has no units. Upon precipitation, the *®Ra
daughter of 2*Th appears to be the largest contributor to external gamma, but these are not very
energetic gammas. Decaying the radium isotopes for ten years and repeating the MicroShield
modeling, we see the total gamma exposure grow by a factor of 22. Plotting the normalized
exposure rates again as Figure 4, we see that “°Ra has become the larger source and the short-
lived ?*Raand “*Raare of course long gone. Exposure in Figure 4 has no units, but real world
exposure rates are typically very low--in the pr to tens of pr/hr range near production piping and
equipment. Some points for daughter >*?Pb are shown in the figure because it is the slowest decay
rate daughter so itsingrowth rate time might be of interest. The others will cascade to secular
equilibriaalong the chain of decay very rapidly, per the daughter equation.

Of course neither Figure 3 nor 4 illustrate even an idealized oil and gas production facility, which
might have both aged scale and newly deposited precipitate together. The typical case given the
API standard reservoir rock would be between the two and weighted temporally toward Figure 4.
Precipitation scaling can be sudden and prolific, slow and steady, or any combination. Caliper
logs have shown scaling rates like 0.1” per month while precipitation fronts can also shut down a
well completely overnight (Crabtree 1999). Fresh radium could be added at any instant during
drilling, workover, or changing operations.

In Figure 4, we see that ?°Ra dominates the activity, which is what has always been thought, so
the varying isotopic fractions in natural uranium have no consequential effect on NORM
practices. What the newly promoted higher fraction of 2*U doesisto slightly increase the *Ra
fraction shown in Table 1, after which this chain quickly expires with no interesting effect.

The natural variation between #*2Th and *®U is far greater than the variation within the natural
uranium isotopes, but before examining the radium ratio variants in natural reservoir rock vs. the
API standard, other natural isotopes that could be encountered by upstream production workers
are briefly discussed, along with how these i sotopes could be exposed.



Figure 3: Typical Nor malized Exposure Contributed by Radium I sotopes
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Potential I sotopes Other Than Radium

Obviously the cuttings from any reservoir shales or sandstones high in radium will contain the
natural uranium and thorium parents aswell. Keep in mind that these are typically at low
concentrations and in limited volume. Operational processes would be expected to sequester other
isotopes into production. If scaleinhibitors are used to reduce scal e buildup, then tank sludge can
be more concentrated in specific isotopes (Bradley 1996). Removing scale mobilizes and
relocates the radium, ideally back to an acceptable receiving formation for produced water, and in
many cases often viewed as the ideal, to the originating strata viainjection wells.



Scale can be dissolved or controlled by the use of acids, which are aso used in severa enhanced
recovery schemes. The conventional preflush technique of standard enhanced recovery involves
pumping hydrochloric acid ahead of the main treating fluid. The main fluid is amixture of
hydrofluoric and hydrochloric or organic acids for a sandstone matrix-stimulation treatment.
(Schlumberger b 2012). Formic acid may be preferred to hydrochloric for its superior corrosion
removal and corrosion-control properties (Schlumberger ¢ 2012). Fifteen per cent hydrochloricis
often used as part of the fracturing processin gas shales (Shein 2008, Arthur 2011). Phosphoric
acid may provide synergistic enhancement to hydrochloric alone (DOE 2005). Acetic, sulfamic,
or chloroacetic, are a'so commonly used in addition to formic, hydrofloric, hydrochloric,
phosphoric, and various acid blends (Cleansorb 2006).

The solubility of uranium, thorium, and potassium are significantly increased by the addition of
acids, which iswhy solution mining is a popular process for intentionally bringing concentrated
uranium up in wells. About 26% of all uranium production globally isthrough in situ leach
mining of uranium by using acid (World Nuclear, 2010). Obviously, when acids are used in the
reservoir, more isotopes than radium could at times be produced in the recovered fluids.

When scales form that compromise or halt entirely production operations, a progression of
responses are sometimes made if initial effortsfail. Inorganic acids effective on carbonates do not
work well on all sulfates. Granular media blasting effective on haliteis not very effective on hard
barite scale. (Crabtree 1999). Chelators are popular and work well on carbonate and at times on
other species (Crabtree 1999, Dietz 2008). Many scale inhibitors are based on phosphates or
organic polymers. Thermodynamic inhibitors are complexing and chelating agents, suitable for
specific scales. Scale inhibitors for barium sulfate include ethylenediaminetetraacetic acid
(EDTA) and nitrilotriacetic acid (NTA) (Dietz 2008). These are the same chelators shown to
chelate uranium and thorium in soil washing (Devgun 1993) so any treatment involving uranium-
and thorium-bearing reservoir rock could potentially result in chelated parent isotopes produced
in the fluids and holding ponds.

As deposited radium is removed from the well bore, piping, tanks, and equipment, it is expected
that other metal cations, especially potassium in large quantities, will be added to fraccing
flowback and to routine reservoir produced water. In cases where injection into disposal wellsis
not practical and water treatment is performed prior to discharge, raising the pH aswell as other
treatment process may result in nuclide concentration based on the physicochemical parameters.
With the increasing promulgation of NORM regulations by the states, use of potassium choride
and other potassium rich products in production, and the prolific availability of potassiumin
nature, this could at times pose a regulatory issue, because some NORM disposal regulations are
set near naturally occurring potassium peak levels (i.e., 35 pCi/g). Some NORM regulations
make an exception in recognition of high natural potassium while others do not differentiate, and
an exception should always be made.

Although radium has attracted the most historic attention because of its precipitation in oil field
scale with barium and calcium, if radium is present in the revervoir rock, its parents and daughters
are aso present. To the extent that they are brought up in produced water and then returned via
injection wells and remain in solution during their surface stay, thereisno real safety issue.

Again taking the “standard” radionuclide content of shale as determined by the APl subcommittee



(API 2002) and the “high” ?**U fraction (Brennecka 2010), data for the right-hand graph of Figure
5 was produced by MicroShield runs (with the chains in secular equilibrium), and is highly
correlated to radioactivity on the left hand pie. ?°Raisin the **U and *®U chains, but **U is
decaying much faster than 22U as *®U feedsit. Switching to the “low” **U fraction in the new
data produces no visually perceptible difference when the left hand and lower pie charts are
compared, showing that the trends in relative hazard are imperceptibly affected by isotopic
variation in natural uranium.

The Effectiveness of Routine Direct Radiation Exposure Surveys

Presumably, routine workplace surveys would employ common Geiger-Mueller (GM) ratemeters
and (or) micro-R sodium iodide (Nal) scintillation ratemeters, with the latter being more sensitive
at the low levels that would be expected at many well sites, but possibly going off-scale from
some thicker scal e buildups and mandating a switch to a GM detector. |f isotopes suddenly
change during acid use or as new formations are encountered during drilling, there could be
concern over whether instrument calibration is appropriate. After all, these ratemeter instruments
provide gross readings that do not differentiate between isotopes. Figure 6, approximated from
Ludlum Instrument’s Model 19 MicroR/Ratemeter specifications (Ludlum 2012) illustrates the
energy dependency of the Model 19's efficiency. The Model 19 is perhaps the most popular
micro-R range ratemeter scintillator for direct exposure surveys, because it detects very low levels
of gamma that are more commonly encountered in the upstream production work areas. The
energy response, however, is not as good or as broad for micro-R Nal scintillators as for most GM
detectors. Ratemeters with GM tube detectors will show an even better energy response and to a
lower energy range and in higher energy regions, the only problem being that they will not detect
well down in the very low abundance range of tens of pr/hr typical of production facilities, so the
combination of GM and micro-R are both valuable and best used to augment each other.

Asevident from Figure 7, which plots the decay gammas for the radium distribution shown in
Table 1 after aging 5 days for daughter ingrowth, the micro-R is highly capable of detecting this
material. It tendsto overstate radiation levels at energies around 100 to 500 keV, which is needed
due to the sparse abundance of decays there, and it still detects the pointsto the right of the red
sguare with some diminished efficiency. Given the API isotopic ratios again, in considering how
well freshly separated radium is detected upon bringing up precipitate or fluids, see Figure 8,
which depicts freshly precipitated daughterless radium. The micro-R has at |east some detection
capability on all isolated Raisotopes except *®Ra. It cannot detect *®Raat all for the first hours
after separation from its parents and daughters because it decays with an aphaand in 100% of the
decays, aweak 0.0067 MeV x-ray that is below the threshold of detection for that instrument.
Essentially, “*®Ra has no genuine gamma signal until daughters have ingrown for awhile. The
only hope of detecting this x-ray with a Micro-R would be based on secondary radiation buildup
in the casing housing the sodium iodide. The buildup factors for low-energy “soft” x-raysin this
region have been increased as aresult of modeling about ten years ago, and while outside the
scope here, significant detection of 6.7 keV x-rays with most micro-R style ratemeters will be
dismissed as highly unlikely, since the soft x-ray would not even be expected to penetrate the
robust aluminum housings employed for most designs of these rugged field instruments. Other
manufacturers produce micro-R range devices and details will vary.
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Figure5: 2*U Dominates Activity (L eft) and Normalized Gamma Exposur e Rate
(Right) in Typical Reservoir Shales Having the Highest **U Found in Nature
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Figure 6: Energy Response Curvefor the Ludlum Micro-R
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Figure7: Per Cent of Energy Activity
Vs. Energy Per Emission From 5-Day Old Radium Scale
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Figure 8: Per Cent of Decays of Freshly Precipitated Radium
Prior to Daughter Ingrowth vs. Emission Energy
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There are really two cases worth mentioning about the red squares highlighting the “best” energy
response zones. In the figures, lower energies (points shown left of the red squares) cannot
penetrate the detector’ s shielding at all, so no signal whatsoever is created, while higher energies
(points right of the red square) tend to pass through the vacuum in space between the standing
waves of condensed matter in the sodium iodide crystal without interaction much of the time, due
to the limited size of the crystal and the gamma wavelength. Some fraction of the high energy
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photons do interact, so some signals result, albeit at lower efficiency than within the ideal
energies found inside the red square. A phenomenon worth considering that is posed by the
inadvertent chemica separation of radium from its parentsin the petroleum production processis
that the presence and location of radium is hard to seein freshly precipitated scale with thefield
ratemeters, while a dose potential is presented if inhaation or ingestion of this fresh material
takes place. Lower “®Ra:?*°Ramaterial will be less understated sooner after precipitation. The
range of “?Ra:*®Raratios in different reservoirs will be discussed later.

Ingestion and Inhalation

Since we have shown that for APl gamma log standard reservoir rock, freshly precipitated “’Ra
is not detectable with a micro-R meter, we might ask hypothetically, how much ?*Ra could be
ingested on say, a contaminated sandwich and not exceed the annual occupational dose limits of 5
Rem for nuclear industry workers shown in Table 2. The annual level of ingestion corresponding
to 5 Rem is 2 uCi per the NRC in 10CFR20 Appendix B Table 1 (NRC 2012), so at a specific
gravity of 2.5 and the highest concentration reported in scale of 0.4 puCi/g, you would need to
ingest 2 cc of scale to represent the annual maximum dose limit, which is not a credible mistake
taken as a solitary ingestion event. Two cc of scaleisafair amount of material and a2 cc sample
makes atraining illustration people can easily relate to. For median concentrations, a4 cc sample
is needed and for arithmetic average radium-contaminated scale, avery very large sample.

Table 2: Allowable Intakes Equating to 5 Rem for Occupational Radiological Workers

Oral Ingestion 5.0 uCi 8.0 uCi 2.0 uCi 2.0 uCi
Inhalation 0.7 uCi 2.0 uCi 0.6 uCi 1.0 uCi

Of course pure reduced radium metal never preciptates as scale. Common scale may consist of
barium sulfate, calcium carbonate, gypsum, other sulfates, iron carbonate, iron oxides, iron
sulfides, and magnesium salts (Dietz 2008) and strontium sulfate (Crabtree 1999). Scale radium
activity concentrations have been reported to peak at about 0.4 uCi/g (EPA 1993, Smith 1998,
USGS 1999) so 2 cc of pipe or tank scale of the worst scale reported could be ingested over a year
without exceeding the allowable nuclear-industry dose maximum to aworker.

Of course inhdation isamuch more likely hazard than ingestion, and the threat of inhal ation by
the public is a good reason to plastic wrap or otherwise contain tubulars and equi pment moved
over public roadways between workover sites, since road traffic could take scattered dropped
material airborne (Swan 2004). Therisk of inhalation by workersis areason to work with wet
material when possible. Inhalation control and areliable airborne radioactivity management and
respiratory protection program is a complex subject unto itself so that discussion is deferred here.

The critical importance of a good radiation protection program is to control company liability,

because detection of an unacceptabl e radium body burden in aworker through bioassay tests
would present an unacceptable and easily avoidable risk of litigation. During the time while
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freshly precipitated radium is more difficult to detect before the daughters have ingrown, the
internal hazard remains the same. Without appropriate contamination control practices, inhalation
and ingestion of radium could be overlooked. Considering that *Rararely occurs without other
Rain nature, and that others would normally be expected in fresh precipitant and that daughters
will grow in quickly, isolated %®Ra appears unrealistic in real world operations. The gamma
abundance from the other radium isotopesis aso relatively weak immediately after precipitation,
so until daughters grow in, radium is generally more difficult to detect in any freshly separated
scale. Assoon as there is appreciable “2Ac grown in, “®Rawill be well represented in micro-R
measurements, which will bein afew hours and *?Ac will grow in completely the second day. It
is 2Tl that will continue strong gamma growth beyond that, growing with its ?*Th ancestor.
Using the daughter equation we see that it will take alittle over amonth to grow in 1/3 of the
22Th daughter that controls all lower chain members (because of their very high decay rates).

The Effect of Variability in the *®Ra to *°Ra | sotopic Ratio on Gamma Exposur e Rates

All the discussion to this point centered around reservoir rock that has the APl gammalog
standard isotopic ratios. In reality, thereis substantial variability in theseratiosin nature. As
noted previoudly, this variability is reflected in USGS report that produced water contains
dissolved ?®Ra at typically one-half to twice the concentration of “°Ra. Researchers found ?’Ra
and ?*°Ra isotopes appear to be only moderately correlated (r = 0.63) in Mississippi oilfield
NORM as compared to avery strong correlation (r = 0.98) previously seen in Texas wells (Swan
2004). In another comparison, samples from produced water from the Marcellus Shale were
usually less than 0.3 *®Rato “®Ra activity per mass, while samples from non-Marcellus
reservoirs were usually greater than 1, with 1.6 being the standard value for sandstone reservoirs
globally (Rowan 2011). A researcher of Syrian datafound a0.76 %’Rato %°Ra activity per mass
ratio there (Al-Masri 2005). Samples from sludge and scale in Brazil varied from 0.53to 2.7
while averaging 0.9 ?®Ra to ?°Ra activity per mass (Gazineu 2012). Overall, newer information
continues to support USGS' report of an order of magnitude variation reported between *®Ra and
?ZRaactivity per unit mass in radium from reservoirs. The ?®Rato *°Raratio is more of a
variability of interest than the uranium mass fractions, because it is significant enough to matter,
and is caused by the variability of ***Th to U in reservoir formations.

To examine the effect of isotopic ratio variability on exposure, alow ratio of 0.1 *®Rato “*Ra
activity per mass was sel ected from the Upper Ordivician Queenston Shale data and a high of 4.0
from the Lower Silurian Medina/ Tuscarora Sandstone, both presented by Rowan (Rowan 2011).
Most radiumin oil field NORM should fit within the range between these two values found in
nature. Normalized exposure as modeled previously for the APl gammalog standard ratios was
plotted in Figure 9 comparing these two real measured extremes. It is evident from the plot that
both cases grow exposure rate in quickly once separation from the parent nuclides occurs, both
geaking in exposure rate at about three and a half years and then gradually declining, with the

“8Ra dominated sandstone material declining much more rapidly because of the relatively shorter
2Rahalf-life. Note how much exposure rates will grow from scale with similar isotopic
fractions to the sandstone until the peak is reached.
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Figure 9: Effect of “®Ra to “°Ra Ratio on Gamma Exposure Rate Over Time
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Conclusions and Observations

The recently accepted substantial variability in isotopic fractions in natural uranium has no
effect on safe practices in the work place regarding NORM. ?°Ra dominates long term as
*2Raislost to decay. When it exists in nature, slightly higher 2*U produces
proportionatel y more %°Ra, which is commonly already dominant. Slightly higher
produces more ***Rawhich quickly disappears with no impact. In summary, the uranium
isotopic variability recognized in recent timeis of no concern.

235U

The naturally occurring 22Th to U ratio is what determines the *?Rato **Ra ratio and
will affect how long the radioactivity in waste and old scale contamination could pose a
hazard, so thisistherea variability that appearsto be significant insofar as radium in oil
field NORM. For injection wellsit may be of no consequence, but thisratio could matter
when looking at things like the long term impact of land application of radium scale and
sludge, as obvious for Figure 9, which is based on actual reservoir rock.

Micro-R type sodium iodide scintillation detector rate meters calibrated to the **’Cs
gamma are appropriate for the emission energies encountered in oil field NORM. Freshly
separated “®Ramay be “invisible” to the field ratemeters. The higher the “®Rato “°Ra
ratio the more difficult fresh radium-containing precipitant will be to detect with hand-
held gross ratemeters. All scale will be much harder to detect immediately after separation
from the parent and daughter material, but so long as there are good radiation protection
practices against ingestion and inhalation of NORM contaminants, workers are adequately
protected. Personnel should always be conscious of the diminished ratemeter detectability
in fresh precipitant. Materia that did not appear to be radioactive yesterday could be quite
detectable tomorrow.
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Conclusions and Obser vations (continued)

e \We should anticipate the possibility of isotopes other than radium, such as uranium and
thorium parents, to be produced in fluids when acidification, chelation, and other chemical
treatments are used that would obviously interact with light metal and actinide species
when these are known to be present in areservoir. Aslong asthese remain in solution and

arereinjected in wells, they would not significantly affect the contaminant profile of the
site.

References
Al-Masri, MS, and A. Aba, “Distribution of Scales Containing NORM in Different Oilfields
Equipment,” Applied Radiation and Isotopes. 63(4):pp 457-63 October 2005.

ANS, Radon Spas, The American Nuclear Society, La Grange Park, Illinois, taken from
http://www.ans.org/pi/np/spas/ on 1/14/2012 at 8:38 EST.

API, Methods for Measuring Naturally Occurring Radioactive Materials (NORM) in Petroleum
Production Equipment, Publication 7102, American Petroleum Institute, Washington,
D.C. 1997.

API RP 33: Recommended Practice for Standard Calibration and Format for Nuclear Logs,
Third Edition, April 1974, American Petroleum I nstitute, Washington, D.C. 2005.

API Subcommittee, Supplement Recommended Practice For Calibration of Gamma Ray
Spectroscopy (Potassium-Uranium-Thorium, K-U-Th) Logging Instruments and Format
for K-U-Th Logs Based on the Unpublished API Recommended Practice 65 [RP 65],
Final Draft, July 1996, written and approved by the APl Subcommittee on Logging
Cdlibration Facilities and Issued by the Well Logging Laboratory, American Petroleum
Institute, Washington, D.C., October 29, 2002.

16



Arthur, J.D.; B. Bohm, B.J. Coughlin; and M. Layne, Evaluating the Environmental
Implications of Hydraulic Fracturing in Shale Gas Reservoirs, ALL Consulting 2008,
taken from http://www.all-llc.com/page.php?5 on 1-08-2012 at 08:52 EST.

Belknap et a, “API Cdlibration Facility for Nuclear Logs,” Drilling and Production Practice
pp.289-317, API Doc. ID 59-289, American Petroleum Institute, Houston, TX, 1959.

Bradley, D.A., Land Disturbance and Environmental Pollution from Oil and Gas Well Drilling
and Extraction With Special Reference to Naturally Occurring Radioactive Materials,
School of Physics, University of Exeter, United Kingdom, in Encyclopedia of Life
Support Systems (EOLSS), Developed under the Auspices of the UNESCO, Eolss
Publishers, Oxford ,UK, 1996.

Brennecka, Gregory A., Lars E. Borg, lan D. Hutcheon, Michael A. Sharp, and Ariel D. Anbar,
“Natural variations in uranium isotope ratios of uranium ore concentrates: Understanding
the 22U/?°U Fractionation Mechanism,” Earth and Planetary Science Letters 291
(2010) 228-233.

Cleansorb Ltd., Acidizing Oil and Gas Reservoirs: Current Practice and Applications of the
Arcasolve Acidizing Process, Arcasolve Technical Document ATD-B1, Cleansorb
Limited, 2006, taken from http://www.cleansorb.com/cms/filebank/file/4a13c86a105b2.pdf
on 1/8/2012 at 9:10 EST.

Crabtree, Mike, David Eslinger, Phil Fletcher, Matt Miller, Ashley Johnson and George King,
“Fighting Scale—Removal and Prevention,” Oilfield Review, pp 30-45, Schlumberger,
Ltd., Houston, TX, Autumn 1999.

Devgun, J.S, M.E. Natsis, N.J. Beskid, and J.S. Walker, Soil Washing as a Potential
Remediation Technology for Contaminated DOE Sites, Presented at Waste Management
Tucson Conference, Tucson, Arizona, supported under DOE Contract W-31-109-ENG-
38, February 28-March 4, 1993.

Dietz, Charles, Progressin Qilfield Chemical Applications, Atlantic International University,
2008.

DOE, “Acid Stimulation to Restore Shut-In Fields,” Project Facts, Office of Fossil Energy,
National Energy Technology Laboratory, US Derpartment of Energy, March 2005.

DOE, “ISCORS Update November 2010,” The Low Dose Radiation Research Program,
Biologica and Environmental Research (BER), Biological Systems Sciences Division,
2010, taken from http://www.iscors.org/doc/Public-Meeting_11-09-
10/Low%20D0se%20Update-1SCORS2010.pdf on 1-15-2012 at 11:56 EST.

EPA, U.S. Environmental Protection Agency, Draft Diffuse NORM Wastes % Waste
Characterization and Preliminary Risk Assessment, Office of Radiation and Indoor
Air,Washington, D.C. 1993

17



Fisenne, Isabel, Radium in Bone Ash, [Laboratory Procedure] Ra-01-RC, Vol. | Rev. 0 HASL-
300, 28th Edition February 1997, taken from
http://www.nbl.doe.gov/htm/EML L egacy Website/ProcMan/Sect4/4 5-4Ra.pdf at
10:30 EST 1/5/2012 Environmental Measurements Laboratory, (now National Urban
Security Technology Laboratory) US Department of Energy, Manhattan, NY 1997.

Gazineu, M.H.P., Andressa A. de Araljjo, YanaB. Branddo, and Clovis A. Hazin, Radium-226
and Radium-228 in Scale and Sudge Generated in the Petroleum Industry, presented at
the International Radiation Protection Association Congressin Madrid, Spain, 24-28
may 2004 taken from http://irpall.irpa.net/pdfs/5k5.pdf on 1/1/2012 at 7:57 EST.

Grove, MicroShield 9.X X, Grove Software, Radi ationSoftware.com, taken from
http://www.radi ationsoftware.com/mshield.html on 01-15-2012 at 13:05 EST.

Hotel Europaischer HOF, Hotel in Bad Gastein, Bad Gastein, Austria, taken from
http://www.europaei scherhof.at/en-radon_thermal_water.htm on 1-14-2012 at 18:00
EST.

IAEA, Radiation Protection and the Management of Radioactive Waste in the Oil and Gas
Industry, Safety Report Series No. 34, International Atomic Energy Agency, Vienna,
Austria, November 2003.

Kennedy, W.E., Jr., R.C. Winslow and T.A. Ikenberry, Technical Basis for the Acceptance of
Oil Production Piping and Equipment Containing Radioactive Pipe Scale at the Deer
Trail Landfill, DMA-TR-42, Rev. 0, Dade Modller and Associates, Richland,
Washington, November, 2009.

Ludlum, Model 19 MicroR/Ratemeter Specifications, taken from
http://ludlums.com/index.php?page=shop.product details& flypage=flypage ludlum.tpl
& product id=8& category id=15& activetab=specs& option=com virtuemart& ltemid=11
6 on 1/15/2012 at 12:53 EST.

PTB, “Thorium and Uranium Activity Standards” Working Group 6.11, The National Metrology
Institute, Physikalisch-Technische Bundesanstat , Braunschweig, Germany, taken from
http://www.ptb.de/en/org/6/61/611/katal og/thundu_en.htm 1/5/2012 at 09:36 EST.

Rowan, E.L., M.A. Engle, C.S. Kirby, and T.F. Kraemer, Radium Content of Oil- and Gas-Field
Produced Watersin the Northern Appalachian Basin (USA): Summary and Discussion
of Data, Scientific Investigations Report 2011-5135, US Department of the Interior, US
Geologica Survey, Reston, VA, 2011.

Schein, G. Dale, “Hydraulic Fracturing in Gas Shale Plays — Are they all the same?’ Presented
to the Fort Worth Business Press Barnett Shale Breakfast Symposium on Feb. 29, 2008,
taken from http://www.barnettshal enews.com/documents/GarySchein-

FtWorthBusi nessPress-ShaleCompl etions-022908.pdf 1/8/2012 at 8:36 EST.

18



Schlumberger a, Qilfield Glossary, barite, taken from
http://www.glossary.ailfield.slb.com/Display.cfm?Term=barite on 1/5/2012 at 11:05
EST Schlumberger, Ltd., Houston, TX, 2012.

Schlumberger b 2012, Qilfield Glossary, enhanced oil recovery, taken from
http://www.glossary.oilfield.slb.com/Display.cfm?Term=preflush 1/8/2012 at 8:15 EST,
Schlumberger, Ltd., Houston, TX, 2012.

Schlumberger ¢ 2012, Qilfield Glossary, well workover and intervention, taken from
http://www.glossary.oilfield.slb.com/Display.cfm?Term=formic%20acid 1/8/2012 at
8:19 EST, Schlumberger, Ltd., Houston, TX, 2012.

Schneider, Keith, “Two Suits on Radium Cleanup Test Oil Industry’s Liability,” New Y ork
Times, December 24, 1990.

Smith, K.P., D.L. Blunt, and J.J. Arnish, Potential Radiological Doses Associated with the
Disposal of Petroleum Industry Norm Via Landspreading, DOE/BC/W-31-109-ENG-38-
5, 1998.

Swann, Charles, John Matthews, Rick Ericksen, and Joel Kuszmaul, Evaluations of
Radionuclides of Uranum, Thorium, and Radium Associated with Produced Fluids,
Precipitates, and Sudges From Qil, Gas, and Qilfield Brine Injection Wellsin
Mississippi, US Department of Energy Grant DE-FG26-02NT 15227, March, 2004.

USGS, Naturally Occurring Radioactive Materials (NORM) in Produced Water and Oil-Field
Equipment—An Issue for the Energy Industry, US Department of the Interior, US
Geological Survey, USGS Fact Sheet FS-142-99, September 1999.

World Nuclear Association, March, 2010, In Stu Mining of Uranium, London, UK, taken from
http://www.world-nuclear.org/info/inf27.html on 01-08-2012 at 16:04 EST.

19



