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ABSTRACT

Water from Texas oil, gas, and geothermal wells contains natural‘ radioactivjty that ranges from
several hundred to several thoqsand bloocuries per liter (pCi/L). This natural radioactiviiy in rproduoed
fluids and the scale that forms in producing and processing equipmentrcan lead to iﬁcreased concems
for worker safety and édditiohal costs for handliné ém diéposing of water and scale. |

Naturally oodurring radioactive materials (NORM) in oil and gas operations are mainly caused by
concentrations of radium-226 (226Ra) and radium-228 (228Ra), daughter products of uranium-238
(238U) and thorium-232 (232Th), respectively, in barite scale. We examined (1) the geographic
distribution of high NORM levels in oil-producing ahd gas-processing equipment, (2) geologic controls
on uranium (U), thorium (Th); and radium (Ra) in sedimentary basins and reservoirs, (3) mineralogy of
NORM scale, (4) chemical variability. and potential to form barite scale in T éxaé formation waters, {5) Ra

_activity in Texas formation waters, and (6) geochemical controls on Ra isotopeé in formation water and
-barite scale io»explore natural controls on radioactivity. Our approach Qombined extensive compilations
of published data, collection and analyses of new water samples and scale material, and geochemical
modeling of écale precipitation and Ra incorporation in barite.

Ra is ubiquitous at low levels in sedimentary reservoir rocks; significantly higher activities occur
in black shales, accessory mineral a@ﬁwlations. and carbonaceous materials derived from
hydrocarbons. Geologically short half-lives of 22°Ra and 2%Ra, coupled with slow natural fbw velocities
and relatively short transport distances during resefvoir production, result iﬁ local lithologic variations
being a major control on NORM 600urrences. '

. To evaluate geologic and geochemical controls ron NORM, we investigated‘the chemical and

radioisotopé composition of 153 formation waters from oil, gas, and geothermal wells in the Central Basin

Platform (West Texas), Delaware Basin (southeastern New Mexico), Edwards Group (south-central Texas),

Texas Panhandle, and the Texas and Louisiaha Gulf Coast. Producing strata range from pre-
Pennsylvanian to Tertiary, water salinity ranges from 1,170 to 334,000 mg/L, and Ra isotope activity

ranges from 0.1 to 5,150 pCilL.. Ra activity correlates poorly with salinity and chlorinity in Gulf Coast



reservoirs but not elsewhere in the siate. Formation water cornposition‘does, however, control the type of
scale that can form. Scale mineralogy in tumn determihes how much Ra can coprecipitate in scale miperals.
Geologic factors, such as reservoir lithology and grain size, and geochGMMI factors, such as reservoir
temperature and radiumlbariurri and barixjnvsulfate ratios, control the amount of Ra included in barite
scale. Althdugh wé find no statewide predictors of NORM levels in oil and gas operationg; there are useful
associations of NORM with geologic, geochemical, and production parameters on the pléy, field, and

reservoir scale.



INTRODUCTION
Natural Radioactivity in Oil and Gas Production

Small quantities of naturally occurring radioactive materials (NORM) occur in nearly all geologic
media and contained fluids. The sources of radiation range from loyng-lived isotopes such as potassium-40
(%K), uranium-238 (238U), and thorium-232 (232Th), each having half-lives of millions to billions of years, to
short-lived isotopes that may exist for seconds or less. Natural radioactivity can be concentrated to high
levels by both natural (for example, ore-forming) or human (for example, mining, beneficiation, and
manufacturing) processes. Potential heaﬂh and safety problems arise when sociéty is exposed to high
radioactivity levels; increased expenses 'may be incurred whén radioactive material must be safely
handled, processed, stored, and disposed.
Since the early reports of NORM in Canadian oil fields in 1904 (Wilson, 1994) and in Russian oil
fields in the 1930’s (kolb and Wojcik, 1985), it has increasingly been recognized that small amounts of
radioactive materials.commonly are produced from oll and gas reservoirs along with hydrocarbons, water,
and sludge. Health, saféty, and environmental concerns began to develop during the early 1980’s and
1990’s as measurable levelé of radioactivity were found in oil-producing and gas-processing facilities in the
North Sea and along the U.S. Gulf Coast, in hardware and playground equipment made from recycled oil-
-and gas-field tubing, and in produced waters discharged into coastal environments. A recent national
survey of NORM in oil-producing and gas-pfooessing equipmem sponsored by the American Petroleum
‘ Insﬁtﬁte (API) found mdioadMy in all major oil- and gas-producing states ;anéing from backgron_md levels
to values approaching those f.oundin uranium mill tailings (Otto, 1989). Thus, NORM production and
accumulation are a natural consequerice of extracting hydrocarbons from Earth’s crust.

NORM in oil- and gas-field dperations occurs as produoed .water; sludges, sands, and mineral
scale precipitated in downhole or éb@veg_round piping, v‘valves, or gauges; thin ’platings bn me inrner
surfacés of gas processihg and traﬁsportiné equipment; or a gas. (’Smith,r 198}; Baird and others, 1990,

' ‘White, 1992 ). ’Moét radioactivity in oil and gés field bperations Is produced by mgmbers of the 238y and

232Th decay series (fig. 1). Because the different elements in the decay series have different chemical
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Figure 1. Uranium-238 (238U) and thorium-232 (232Th) decay series and half-lives of iSotopes.' Uranium (U),
thorium (Th), protactinium (Pa), and actinium (Ac) are generally immobile under reservoir conditions; radium (Ra)
can be transported in saline waters. -



prooenies and solubilities under reservoir and production conditions, only certain radioactive species are
mobile and can be transported with hydrocarbons to surface facilities. -

- In produced water, scale, and sludge accumulations, most of the radioactivity is caused by radium-
226 (225Ra) and radium-228 (mRa). In gas-processing facilities lead-210 (21°Pb), a decay product in the
238y series, can accumulate as thin platings on the inner surfaces of pipes. Radon (Rn) gas (radon-222
[222Rn)] or radon-220 [22°Rn}]), a daughter product of radium (Ra) decay in both the 238y and 232Th series,
is also produced but is typically released to the atmosphere before it reaches hazardous levels. Effective
concentrations of radionuclides are generally reported in terms of rédioactivity in units of curie (Ci),
plcocurie (pCi = 1012 Ci), Becquerel (Ba), disintegrations per second (dps), or disintegrations per minute
(dpm), whereas radiation effects are reported in terrns of dosages (units of rad, rem, or roentgen)
(table 1). Produced water contains NORM at approximately the same concentrations or activities as
formation water in the reservoir. NéRM levels in produced water range from essentially background values
to activities as high as several thousand picocuries per liter (pCVL) (White, 1992). Sludge coatings on
reservoir grains or other particulates derived from the well system, sands, mineral scale, and pipe platings
contain elevated levels of NORM relative to produced water because radionuclides have been
precipitated as minerals or coatings on reservoir material or other particulates derived from the well system.
Sludges in production equipment typically contain 226Ra and 228Ra in amounts ranging as high as several
hundred picocuries per gram (pCi/g) (Baird and others, 1990). NORM in oil- and gas-field equipment can
reach very high activities because Ra isotooes are incorporated in mineral scale over long periods of time
and are exlracled from large volumes of produced water. NORM levels in scale can reach acnvmes as high

as several thousand pCi/g (Baird and others, 1990).

Health, Safety, and Environmental Issues

it is beyond the scope of this report to review the princio!es of radioactivity and health physics
only brief reviews are provided as background for the study Rad:oactw:ty is the process by whichthe
nuclei of unstable atoms undergo spontaneous transformations to ultlmately achieve a stable state. These

transformatlons are accomplished through emission of particles and radiant energy. Products (daughters)



Curie (Ci)
Picocurie (pCi)
vBecq‘uertvaI (Bq)
Rad

Rem

Roentgen (R)

Table 1. Units of radioactivity.

The quantity of any radioactive material that produces 3.7 x 1010
disintegrations per second (dps). ‘

The quantity of any radioactive material that produces 1 x 10-12 Ci or
3.7 x 10-2dps.

A unit of radioactivity defined as 1 dps. The Bq is the Standard
International Unit (SI) of radioactivity; equal to 27.03 pCi.

A unit of absorbed dose defined as the quantity of radiation or energy
absorbed per unit mass. One rad equals 100 ergs per gram of material.

The dosage of any ionizing radiation that will produce a biological effect
equivalent to that produced by one roentgen of X-ray or gamma-ray
radiation. .

The quantity of X-ray or gamma-ray radiation that will produce 1
electrostatic unit (esu) of charge of either sign in 1 cubic centimeter of
dry air at 0°C and 760 mm of mercury pressure; equal to 2.58 x 10-4
coulombs per kilogram of dry air.



of radioactive decay may themselves be radioactive or may be stable. Radioactive decay involves the

| emission of three different types of energy referred to as a!eha particles, beta particles, and gamma rays.
Alpha particles consist of two protons and two neutrons and so have a charge of +2. Alpha particles have
relativeiy low energy; even a single sheet of paper is sufficient to stop an alpha particle. Beta patticles are
identical to electrons in mass but may have either positive (+1) or negative (-1) charge. Beta particles have
intermediate energy; they can penetrate a piece of baper but will be stopped by a 1-cm-thick sheet of
abminum. Gamma rays are quanta of electromagnetic wave energy similar to X-rays but much more
energetic. The actual energy of gamma radiation varies as a function of radiation frequency. Gamma rays
are highly energetic; many radioactive materials produce gamma rays that can penetrate several
centimeters of lead. Gamma-ray emission may accompany alpha or beta decay if the decay product nuclei
remain in an excited state. -

Because most of the radioactivity associated with NORM is caused by 226Ra and 228Ra, studies of
the potential hazardous effects of NORM focus on the chemistry of Ra end its pmgeny in ecosystems and
organisms. Ra has an lonic charge (+2) and radius similar to that of other Group 2A elements (1.48
angstroms in 8-fold coordination, versus 1.12, 1.26, and 1.42 angstroms for calcium (Ca), strontium (Sr),
and barium (Qa), respectively (Shannon, 1876). Of the Group 2A elements, Ca is the most abundant in the
tissues of living organisms (biomass). and therefore the effects of Ra substitution for Ca are of greatest
concem. lngesied Ra has been associated with bone cancer, bone sarcoma, and head carcinoma, the last
of which is presumablylmused by production of Rn gas that accumulates in head cavities (Mays and
others, 1985). Rn, a decay product of Ra, exists as argas and is associated with occurrences of lung -
cancer (Wanty and Schoen, 1993). Polonium (Po).r a deeay product of Rn, adheres to particulates in the
air, is readify inhaled, and also is associated with lung cancer (Wanty and Schoen. 1993).

The severity»of NORM exposu’re depends on the type (energy)’of radioactive decay, the amount
of radiation exposure. vand ihe organ or tissue thatrre‘ceives radiation exposure. NORM associated with oil
and gasproduct'ion eauses heatth, safety, an_d enﬁmhmemal concern at two levels: (1) potential effects

on th‘e'general public and (2) potential effects on oil- and gas-field workers. Recent reviews of health and



safety issues have been provided by Snavely (1989), Baird and others (1880), Whjte (1992), Gundersen
and Wanty (1993), and Wiison (1994) and are only briefly summarized here.

The threat of NORM from oil and gas operations to the general public arises from ‘the way in which
produced water or NORM scale and sludge are disposed. If produced water contaminates drinking-water
supplies, NORM can be ingested and assimilated into the body. NORM may be incorporated into the food
chain as contaminated plant or animal material resutting from produced water discharge or uptake of scale,
siudge, or dust. If contaminated food is then consumed by humans, Ra is concentrated in the bones.
Exposure to radioactive equipment also poses potential low-level but long-term health problems.

| Threéts to oil- and gas-field workers are more direct. Exposure to radiation and/or inhalation of Rn
or Po during normal operations are generally limited because radioactivity is shielded by the containing
hardware and Bn gas seldom accumulates to harmfut levels in the work environment. However,
maintenance and cleaning of tubing and equipment to remove NORM scale from pipes and tubing
generate small particles that can be inhaled and also increase surface area to promote Rn emission.
Ingestion of NORM can lead to Ra accumulation in the skeleton, whereas inhalation of radioactive particles
or gases can cause radiation to accumulate in the lungs.

Because NORM can present serious health, safety, and environmental impacts, various state and
federal agencies have established or are in the process of writing regulations to control NORM production,
handling, and disposal. These regulations are currently still in a state of flux and will not be summarized in
this repont. Recent reviews are provided by Smith (1987), Snavely (1989), Baird and others (1990), and
Wilson (1994). |

Natural Radioactivity in U.S. Oil-Producing and Gas-Processing Facilities -

Prior to 1989, few published data existed to quantify the extent of NORM in U.S. oil and gas
operations. Many of the major producing cbmpanies had surveyed their equipment to evaluate the ektem
of precautions needed, but the data were not publicly available and did not exist in readily‘oomparable v |
forms. Recognizing this need for basic information, APl sponsored a nationwide sdrvey in which |

participating petroleum companies collected radiation measurements at their facilities using standardized



equipmem and measurement protocols and submitted the results for statistical analysis and aggregation.
The resuits (Otto, 1989) provided the first synopsis of NORM in U.S. oil-producing and gas-processing
facilities. Significant limitations to the API study are that (1) data were not collected in a statistically
designed sampling plain and therefore extrapolating data to unsampled areas is invalid, (2) scintillation
deteqtor readings were {aken exterﬁal to éqUipment, thus variable amounts of radiation were shielded
from the detector, (3) NORM in produced water was not measured, (4) there was no way to evaluate the
histor.y or length of time on-line of the equipment tested, (5) whether the equipment handled produced
fluids from a single formatibn or commingled fluids was not recorded, (6) readings were taken where there
was reason to suspect high NORM levels, thus the results may be biased toward high radiation readings,
(7) geologic basins or formations that yielded the NORM were not identified in the report, and (8) the forms
of NORM (scale mineralogy, sludge compositiori, pipe lining, etc.) were noi investigated (Otto, 1989).
Deépne these limitations, the study provides an important framework for evaluating the extent of NORM in
petroleum-producing and gas-processing facilities. |
The resutlts of the APl survey showed that highest median reédings above background

(greater than 33 prems/h) were found alon\g; the coast of the Gulf of Mexico from east Florida to South
Texas and ih southeast lllinois (flg.-za and 2b). Thg survey also showed that gas-processing equipment
7 tends to have higher NORM levels than oil-producing eduipmem (Otto, 1989). In gas-processing facilities,
ref[ux pumps propane pumps and tanks, rand othér pumps and product lines had the highest NORM
activﬂy levels. in oil-producing facilities, watér hahdling equipment tehde;l to have the highest NORM

activity levels (Otto, 1989).
PURPOSE AND APPROACH

The nearly universal ococurrence of NCRM in oil and gas production; the potentially serious health
and ;afety concerns associated withrhandlihg, storing, and disposing of radioactive materials; the trend
towafd increasing regulation of radioactivé ,rﬁate;ialis; and the increased costs incurred by oil and gas
companies as they comply with héaith and safety regulations raise fundamental questions about the

natural distribution of radioactivity and the various controls on NORM accumulation in oif and gas
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Figure 2a. Map showing regions of high NORM activity in U.S. oil-producing facilities. Values are aggregated
median of difference over background in units of urems/h (after Otto, 1989).
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Figure 2b. Map Showing regions of high NORM activity in U.S. gas-processing facilities. Values are
aggregated median of difference over backgkround in units of yurems/h (after Otto, 1989).
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reservoirs. If the important factors that control or influence NORM occurrence and accumulation can be
identified, exploration and production geologists and engineers will be better able t'o anticipate handling
and disposal costs and plan drilling and development. Additionally, regulating agencies will be better able
to establish rules and guidelines for handling, transporting, and disposing of oil- and gas-field NORM.
These issues motivated our investigation into the geologic and geochemical controls on NORM in Texas
oil-producing and gas-processing facilities.

Because of the potential health and economic impacts of NORM in oil and gas operations and the
relatively few published studies of the natural controls on NORM, we investigated the geochemical, -
geological, and production parameters that determine the distribution of NORM in Texas oil and gas fields.
Work summarized by Otto (1989), Snavely (1989), Baird and others (1990), and White (1992) dea,;'ly
showed that NORM are common in the oil and gas industry. However, few stt_:dies have examined the
fundamental controls on NORM in reservoirs and in production and processing facilities. Previous
investigations of geochemical oontfols on Ra in produced water or ground water have typically been
confined to specific regions or formations (for example, Adams and others, 1959; Cowart, 1981; Kraemer,

-1981, 1985, 1993; Kraemer and Reid, 1984; Kraemer and Kharaka, 1986; Gilkeson and Cowart, 1987;
Gascoyne, 1989; Szabo and Zapecza, 1993; Taylor, 1993) and have not attempted to distinguish
between local and general controls on the mobility of radioactivity in oil, gag. and geothermal production.

This study addresses two basic questions: what controls the amount of Ra in sedimentary basins
and formation waters, and what controls the precipitation of NORM-containing scale in oil-producing and
gas-processing facilities? We focused on the geologic and geochemical properties of uranium (U), thorium
(Th), and Ra because U and Th progeny are reportedly responsible for most NORM, énd Ra is the first
mobile daughter product and has the longest half-life in the decay series that ultimately leads to stable
lead (Pb) isotopes. Rn, Po, and 219Pb are in tum daughters of Ra decay (fig. 1). Our scope was focused
on Texas oil and gas operations because hydrocarbons are produced from a wide variety of geologic and
geographic environments within the state and because we have access to a large data base of produced
water chemistry from oil and gas wells throughout Texas. We addressed these questions through six

related investigations.
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Distribution of NORM in Texas oll-producing and gas-processing facilities
Our first objective was to locate arees in Texas that are known to have high NORM levels in oil- and
gas-field operations. We trsed the data submitted by participating oil and gas companies and complied
by Otto (1989) for API to identify counties where oil-producing and gas-processing equipment had
high radioactivity. We then used this information and the atlases of major Texas oil and gas fields
compiled by Galloway and others (1 983) and Kosters and others (1989), respecti\rely. to identify
geologic basins and structural elements associated with the high NORM activities. This information
helped guide our study to particular geographic regions and suggested potential areas for sample

collection.

Geologic controls on U, Th, and Ra in sedimentary basins

NORM in oil and gas fields result from accumulation of Ra isotopes; which are decay products of
parent uranium and thorium. Ra rsotopes in reservoir fluids are not supported by U and Th parent
isotopes in the fluids; that is, Ra in solution ,is not -produced by U and Th in solution. To predict areas
likely to have high potential for NORM, therefore, itis neceesary to understand the geolegic and
Iithelogic distribution of the parent isotopes and the mechanisms by which daughter products escape
to the fluid phase. Two hypotheses regarding NORM in produced water and oil-producing and gas-‘
.precessing equiprrzent scale can be evaluated. The first hypothesis is that NOﬁM is produced by
‘ bcélly highU and Th ooncerrrratione in the reservoir rocks.: If this is generally true, NORMV scale will be

-largely comrelled by geolegic formation and lithology. The second hypothesis is that NORM is

" released from ordinary geologic media during normal geologic processes. If this is generally true,vtrhe
potential for NORM scale precipitation cen be predicted largely from basin setting and history.
'Determining which of these hypothesesl prevails will errable us to improve our ability to predict where

NORM scale is most likely to accumulate in amounts that produce a health hazard. .
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. Mineralogy of NORM scale
NORM in produced water are concentrated in equipment scale. Few specific data exist conqeming the
chemical or inineralogical form of the NOR‘M-cOntaining phases. Such information is essential to
geochemically predict NORM accumulations on the basis of reservoir conditions and produoed water
chemistry. The NORM-containing phase must be known before we can predict how efficiently scale
formation removes radioactive species from produced water. These data can then be used to
geochemically model NORM accumulation. We used literature reports, geochemical evidence, and

“direct analyses to identify NORM-containing minerals in production scale.

Distribution of formation water types and pbtential to form NORM scale in Texas reéervoirs
The composition of water produced from oil, gas, and geothermal wells varies significantly within the
state. Water chemistry reﬂeds’basin lithology ‘and history and also affects Ra mobility and the type and
amount of scale that will precipitate when formation water is produced. Therefore, regional differences
in NORM accumulation could be related to regional variations in water bhemistry; To address this issue
we compiled available information to investigate the distribution of formation water types in the major
oil-producing and gas-processing regions of the state. We used the geochemical modeling program
SOLMINEQ.88 (Kharaka and others, 1988) to compute the amount of barite that would form as
pressure and temperature conditions change from those within the reservoir to those at surface
production facilities. Note that “formation water” refers to water in reservoir strata under in situ
conditions, whereas “produced water” refers to water from a well. Produced water may include water
from single or mult}iple intervals, may have been treated in the reservoir or in the well bore, and may
have changed in composition because of pressure and temperature changes during passage from
reservoir to surface. The focus of this study is on natural controls on NORM and scale formation;

therefore, we use the term “formation water” unless referring specifically to produced water.

Ra in Texas formation water

Some data already exist regarding Ra in water produced from wells drilled for geothermal research,
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hydrocarbon production, and nuclear waste isolation. The results of individual studies have been
interpreted separately, but the data have not been integrated to infer common parameters that control
radionuclide distributions regardléss of formation, lithology, or water chemistry. Existing data on Ra in
- formation water come mostly from wells in the Texas Gulf Coast and Panhandle regions. New data are
needed to explore NORM in formation water from other geologic environments and geographic areas
“throughout the state. One objective of this study was to gather published information and to collect

and analyze new samples to identify general geologié and chemical controls on Ra in formation water.

Geochemical controls on Ra in formation water and scale
Thermodynamic modeling of scale precipitation from various water types during production and the
amount of Ra copiegiﬁitated with various scale mineralogies provide insights into the factors that
promote or retard NORM scale accumulation. We estimated the amount'of Ra that would be
coprecipitated in barite scale by using formation water chemical type, the temperature of scale
formation, anq thermodynamic data published by Langmuir and Melchior (1985) and Langmuir and
Riese (1985). These results can be used to better amicipate NORM levels in'equipment scale. With
~ this information operators can be better able to plan NORM handling and disposal strategies.
Results of these six investigations are used to evaluate whether there are regional differences in
the (1) Ra content of formation water, (2) potential 61‘ produced water to form scale in produétion
equipment, (3) mineralogy of scale formed, and (4) Ra content of scalg. This evaluation is accomplished
using data on the chemical and radiological ooniposition of produced waters; the chemical and
_ mineralogical éompo’sition of production-equipment scale; a knowledge of the mineralogical composition,
. burial depth, and lemperatUre of the réservéir; and thermodynamic modéling to quantify how Ra_1 is
~ i:oprecipitated in eqUipm‘em scale. This information also provides a basis for identifying geographic,
geologlc geochemical, and production charactéristics that are likely to yield high NORM levels in

broduced water and equipment scale.:
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RESULTS
NORM in Texas Oil-Producing and Gas-Processing Facilities

The most comprehensive and consistent set of NORM data ever complied for the U.S. or any
individual hydrocarbon producing state was sponsored by API (Otto, 1989). However, the way in which
radioactivity was measured and reported severely restricts the usefulness of those data for our study
for two reasons. First, the data are readings taken external to pipes, pumps, and other equipment. The
radioactivity levels therefore reflect both the effects of some radiation shielding as well as the total
amount of NO'RM' accumulated from unknown volumes of gas, oil, and water that have passed through
the equipment for an unknown length of operation. Second, data from that study'are reported as
aggregate radioactivity values for the county in which the oil-producing or gas-processing facilities
were located. It is impossible to trace NORM levels to a particular well, field, or formation. Therefore, the
data cannot be used directly to discem how different geologic and geochemical environments or
production practices affect NORM accumulation. However, the APl survey data are useful for
identifying geographic regions where above-background radioactivity in oil-producing and gas-
processing operations have been recorded.

The API survey obtained readings from 123 of the 254 oouﬁties in Texas. Highest median
radiation values above background were found along the Gulf Coast crescent from South Texas to the
Houston area, in North-Central and west-central Texas, and in the Texas Panhandile. Oil-producing and
gas-processing facilities have the same general distribution of NORM values (fig. 3a and 3b), although
there are more data for oil-production facilities than for gas-processing plants. Highest values above
background for gas-processing facilities exist in the Texas Panhandle and the Iowér Gulf Coast;
highest values above background for oil-producing facilities occur in west-central Texas (Otto, 1989)
(fig. 3).

The Gulf Coast crescent includes production from Eocene, Oligocene, Miocene, and Plio-
Pleistocene strata from the Houston basin (northeast coast), the Central Texas coastal basin, and the

Rio Grande basin (southwest coast), as well as production from some Cretaceous strata in south-
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Figure Sa;Ma;') showing regions of high NORM activity in Texas- oil-producing facilities. Values are aggregated
‘median of difference over background in units of yrems/h (after Otto, 1989).
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Figure 3b. Map showing regions of high NORM activity in Texas gas-processing facilities. Values are aggregated
median of difference over background in units of prems/h (after Otto, 1989).
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central Texas (fig. 4). The north-central and west-central regions include the Hardeman, Fort Worth,

. and East Texas basins, as well as parts of the EaStem Shelf, Central Basin Platform, Midland Basin,

Delaware Basin, and the Southem Shelf. The Texas Panhandie area includes the Palo Duro, Dalhart,
and Anadarko Basins (fig. 4). |

Elevated NORM levels above background are not associated with all the major oil-producing
and gas-processing counties in Texas. Focusing on only those counties that have NORM levels in the
upper 75th and 90th percentiles for oil-producing and gas—proceésing facilities, respectively, provides
a clearer view 6f the location of facilities having high NORM values. By focusing on facilities that have
NORM readings within the 75th and 90th pefcentiles of all readings throughout the state, we are better
able to identify geographic regions and geologic strata whelre NORM levels are likely to be sufficiently
high to cause concern for bperators and régulators. | v
Twenty-three counties have median above-background radioactivity Values ranging from 2 to

22 prems/h (75th pércemile). and 12 counties have median above-background values greater than
22 prems/h (spth percentile) in oil-producing facilites (fig. _5a). Eight of these (Hidalgo, Willacy, Jim
Hogg, Kenedy, Brooks, Kleberg, Jim Wells, and Nueces Counties) are located in the South Texas Gulf
Coast within and adjacent to the Rid Grande basin. The major oil fields in this salt basin produce mostly
from Frio strata; with minor production fmrﬁ fields in \ﬁcksbdrg and Miocene strata (Gélloway and
others, 1983). Major oil fields in Refugiq, .Calhoun. and Jackson Counties along the gentral Texas Gulf
Coast élso produce mainly from Fﬁo strata. In and adjacent to the Houston basin along the northern
Texas Gulf Coast, _Wharton, Matagorda, Fori Bend, Galveston, Chambers, Orange, and Polk Counties
have major oil fields that produce Iarg_ely from Miocene strata with subo;dinate production from Frio
strata. Nacogdoches, Smith, and Kaufman Cc:umies in East Texas are located in and adjacevnt tothe
East Tekas basin where major oil fields ;;xroduce from the Woodbine and PaIny Formations. Atascosa
County is located in south-central Texas along the Charlotte Fault Zone; major oil fields there produce
from C(étaceoﬁs Edwards and Olmos strata. Four counties having NORM levels in the 75th percentile
- are located alpng the Amarillo Uplift énd inthe Anadarko Basin of the Texas Panhandle (Roberts,

Carson, Gray, and Wheeler). Major oil production here is from Paleozoic strata, as is major oil production
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FigUre 4. Map showing major structural elements in Texas and basins where water chemistry and Ra activity data
are available.
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Figure 5a. Map showing counties in- which NORM activity in Texas oil-producing facilities is in the 75th
(3-22 urems/h) and 90th (>22 prems/h) percentile (data from Otto, 1989). . v " '
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in Wilbarger County in the Hardeman basin, north Texas. Six counties having NORM levels in the 75th
or 90th percentile are located alone and adjacent to the Bend Arch in either the Fort Worth basin or the
| Eastem Shelf, North-Central Texas (Jack, '[hrockmondn, Young, Jones, Stephens, and Wilbarger).
Major oil fields in these counties produce from Mississippian—Pennsylvanian strata. The remaining
three counties, Mitchell, Kent, and Upton, are located in West Texas near the eastern edge of the
Midland Basin, the Horseshoe Atoll, and the western portion of the Midland Basin, respectively. A
variety of fields in middle fo upper Pennsytvanian strata ptovide major oil production in these counties.
Fewer counties reported NORM agtivities in gas-processing facilities. Five counties have
NORM levels in the 90th percentile (greater than 65 prems/h), and nine counties have median
readings in the 75th percentile (6 to 65 prems/h). Nine of the counties reporting median values greater
_ than 6 prems/h and all ceuruies réporting greater than 65 prems/h are located along the Texas Gulf
Coast (fig. 5b). Kenedy,v Brooks, Kieberg, and Jim Wells Counties in the South Texas Gulf Coast are in
or adjacent to the Rto Grande basin. Production from major gas fields in this basin is mostly from the
Frio Formation, with additional production from Miocene strata (Kosters and others, 1988). Refugio,
Cathoun, Jackson, and Kat'ne_s Counties are in tne Central Texas Gulf Coast. Maj0f gas fields in these
counties produce primarily from Cefiozoic strata (Wdeox. Reklaw, and Frio Formations and Miocene
strata) (Kosters and others, 1989). Chambers county in tne north Texas Coastal Plain is situated inthe
Houston basin. Meior gas fields in Chembers and adiacent counties in the Houston basin produce from
Frio and Miocene strata. An area ef salt piuows associated with the East Teices basin encompasses
Nacogdoches County in East Texas Major gas productnon here Is from Mesozonc strata, chiefly the
Pettet and Rodessa Formations. In North-Central Texas gas-pmcessmg facilities in Stephens and
Jones Countnes have NORM levets in the range of 610 65 urems/h. No ma;or gas fields exist in these
countles (Kosters and others 1989). Major gas fields in Mldland county in West Texas produce from
several Permian stratngraphlc intervals. Major gas productlon In Carson county Texas Panhandle is
: predominantly from Pennsylvanian and Pennian strata assoclated with the Amarillo Uphft and the

- adjacent Anadarko Basin.
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* Knowing which counties have high median radiation values in oil and gas equipment enables us
to correlate those ;ounties with major geologic features, producing strata, and méfo'r fields using the maps
prbvided by Galloway and others (1983) and Kosters and others (1989). We emphasize that these
comelations do not demonstrate a direct association of NORM thh those strata. However, assummg that
~ high NORM activity levelsina county reflect the rad:oadmty produced from the fields and formations that
account for major oil and gas production in that county leads to several tentative conclusions that should ’
be tested further. First, the geologic age of strata from which major oil and gas fields produce does not
comelate strqngly'with county-averaged NORM levels. -Seoond. many counties that have major oil and gas
ﬁelds; and in which NORM levels were measured, do not have significantly high radioactivity associated
with production and processing equipment. Third, the Rio Grande basin and the Central Texas Gulf Coast
are the only regions that have NORM levels in the 90th percentile for both oil and gas facilities. ‘

Uranium, Thorium, and Radium in Reservoirs and Formation Water

To evaluate geologic, hydrogeochemical, and production controls on NORM inoll- and gas-field
operations, it Is necessary 1o review the sources and factors that affect the mobuhty of radlonuclldes that
comprise NORM. As previously discussed, 225Ra and 228Ra are the isotopes that produce most
radioactivity in oil and gas facilities. Because the half-lives of 25Ra and 228Ra are geologiéally short
(1,600 yr and 5.75 yr, respectively), Ra originally incorporated with sediments and pore water does not
survive to be produced. Rather it is Ra generated from parent U and Th isotopes in the reservoir matrix that
leads to NORM accumulations. The geologiéally short half-lives of 226Ra and 228Ra, combined with typical
flow rates for basinal brines, indicate that Ra is not transported long distances. Typical flow rates for basinal
fluids are approximately 10 cm/yr in the Texas Panhandle (Wirojanagud jcmd others, 1986) and the Gulf
Coast Basin (Hanison and Summa, 1891). In one halt-ife, 25Ra and 228Ra would move only about 160
and 0. 6 m, respectively. Fbw rates can be much faster during reservoir production; but sﬁch conditions
are maintained only for a few decades at most. Therefore Ra iﬁ produced water must be generated

relatively near to the producing well.
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The Ra isotopes are the first mobile daughter products in the 238U and 232Th decay series
(fig. 1); hence, they present the first opportunify for transport of radioactivity from;eologic media to
surface facilities and human contact. Other sources of NORM in surface tacilities, such as 222Rn and
210pp, follow later in the decay sequence. If Ra were immobile, 222Rn and 219Pb would be much less
likely to accumulate in surface facilities. The following section briefly summarizes the geologic
occurrences of U andrTrh, mechanisms by which daughter Ra escapes to the fluid phase, and Ra
mobility in formation water. More extensive discussions are provided in Rogers (19693, b), Langmuir
and Melchior (1985), Langmuir and Riese (1985), Gascoyne (1989), and Dickson (1990).

U and Th are typically present at the parts-per-million (ppm) level in sedimentary rocks and in
the igneous and metamorphic rocks that contribute detritus to clastic sediments (Rogers, 1§69a, i))
(Gascoyne, 1989). Table 2 summarizes thé U and Th concentrations in typical reservoir strata and in
some Individual minerals that occur in clastic deposits. Sandstones genérally contain less than 3 ppm U
and less than 8 ppm Th, whereas limestones contain less than 9 ppm of either U or Th. Evaporite strata
- generally contain less than 0.1 ppm U and Iéss than 1 ppm Th. Although typicél reservoir strata
(sandstones, carbonétes, and evaporites), as well as thé common fock-fqrming minerals (quartz,
feldspars, and micas), contain U and Th in the parts-per-million range, some sedimentary strata and
accessory minerals can have parts-per-thousand concentrations (table 2). U concentrations eiceeding
100 ppm are found in black shéles, phosphates, coals, and asphaltites,‘whereas Th concentrations
greater than 10 pprﬁ ére found in shales, bauxite deposits, manganese nodules, and oceanic clays
(Table 2.2 of Gascoyne, 1989). Uraniferous asphaltite, a U-bearing carbonaceous material found in the
Texas Panhandle and in many other geologic and gebgraphic settings (Pierce and others, 1964), may .
contain several thousand parts-per-million U. Accessory minerals such as allanite, hdtionite. monazite,
and zircon oontaiﬁ Uand Th conoéntrations that range as high as several thousand parts per mfllion
(table 2). In general, therefore, typical reservoir strata canbe expected to contain parts-per-million
levels of U and Th, whereas organic-rich shales, phosphate deposits, asphaltites, and éocéssory

minerals contain concentrations of U and Th that are several orders of magnitude greater.

25



Table 2. Mean values and ranges of uranium and thorium concentrations (ppm) in selected

rocks and minerals.
Rock or Mineral U mean U range Th mean Th range Reference
Average shale 3.7 12 a
Average shale 35 30 - 40 : ) b
Common shales 3.7 1-13 12 2-47 c
Black shale 8 3-250 b
Black shales 14-80 2.8-28 c
Black shales, metal rich 20 a
Sandstones (267 samples) 24 8 . d
Orthoquartzites 0.45 2-6 1.7 7-20 c
Siltstones (52 samples) 2.7 8.8 d
Claystone/shale (176 samples) 44 115 -d
Carbonates 22 1.7 : e
Bentonites 5 1- 21 24 6 -44 c
Carbonate rocks 0.1-¢9 1.7 01-7 c
Halite . 2.2 d-2 4-5 c
Anhydrite 0.1 0.15 c
Phosphate rock 245 3.9 c
Chent 1.8-33 0.1-1.86 ¢
Minerals from igneous rocks:
Quartz 1.7 1-10 5-10 f.a
Feldspar 2.7 1-10 5-10 f,g
Biotite 8.1 1-60 5-50 f.g
Muscovite 2-8 f
Hornblende 7.9 2 -%0 5 -50 ‘fg
Pyroxene 3.6 .1-50 f
Olivine 0.05 0.02 f
Allanite 200 30 - 1000 9100 1000 - 20000 f,g
Apatite €5 10- 100 70 50 - 250 to
Epidote 43 20 -200 200 50 - 500 f,g
Garnet € -30 L
Huttonite 3000 - 70000 . - f
Magnetite, opaque minerals 1-30 3-20 t.g
Monazite 3000 500 - 3000 49700 f.g
Sphene 280 10 - 700 510 100 - 1000 f.g
Xenotime 300 - 40000 _ f
Zircon 100 - 6000 560 100 - 10000 to
Asphaltite 4000 h
References:
a: Bell, 1978

b: Swanson, 1961
c: Adams and others, 1959
d: Dypvik and Bue, 1984

e: Turekian and Wedepohl, 1961

f: Rogers and Adams, 1969a
¢: Rogers and Adams, 1969b
h: Pierce and others, 1964
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Under the reducing conditions present in hydrocarbon reservoirs, both U and Th are
essemiélly immobile, as demonstrated by ihe exceedingly low concentrations measured in formation
| watérs (for example, Kraemer, 1985). At reservoir pH, Eh, and temperature conditions, aqueous U
~ exists in the +4 valence state from which it forms the highly insoluble minerals uraninite and éofﬁnﬂe
{for example, Kraemer and Kharaka, 1986). Th occurs only in the +4 valence state and is insensitive to
redox state. The minerals that have Th as a major cation are highly insoluble under reservoir conditions
(Rogers, -1969a). Furthermore, at pH values greater than 3, Th in solution readily hydrolyzes to form
various insoluble hydroxide species (Zukin and others, 1987). Th also has a strong tendency to adsorb
onto reservoir materials (Langmuir and Chatham, 1980). For these reasons, the aqueous activities of
parent 238U and 232Th are insufficient to éupport thé activities of daughter 226Ra and 228Ra,
respectively, present in foﬁnétion waters and ground waters (for example, Kraemer, 1981; Kraemer
and Reid, 1984; Kraemer, 1985; Kraemer aﬁd Kharaka, 1986; Kraemer, 1993).

Production 6f both 26Ra and 228Ra is the reéult of alpha decay (fig. 1), and recoil damage to

- the host mineral is generally regarded as the mechanism by which Ra is released. Fleischer and Raabe

(1978), :Fleischer (1982), and Rama and Moore (1984) investigated the Qﬁectiveness of alpha-decay

» product removal from five common minerals (mica, feldspar, pyroxéne, quartz, and natural glass). They
reported that recoil ejection from grains and release by natural etching of alpha-recoil tracks are the two
principal mechanisms by which aipha—deczy pfoducts enter the pore water system. If parent U or Th
isotopes are located on grain surfaces, Ra could be ejected directly to pore water. intracrystalline
damage caused rby’ alpha recoll and subsequent removal of Ra from the grain is likely to be a more
important release mechanism because the amount of daughter product involved is not limited to that ‘
produced by parent isotopes situated on miﬁeral or grain surfaces.Coriditions/that favor escape of
-alphédecay proaﬁcls are (1) small size and large surtace—to;voiume ratio of U- arid' ThQOdmaining
rha’terials, (2) size, distribution, and connectivity of intragranular ahd intergranular vpore spaces,

(3) location of U and Th within or on grains, and (4) whether pore spaoes are filled with water or gas

(Fleischer, 1982).
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Diagenetic processes may retard or promote Ra mobilization. Precipitation of cement on grain

‘ surfaces may retard alpha-recoil release of radionuclides. Essentially no U, Th, or Ré coprecipitates with
authigenic phases because of the relatively low temperatures of formation (80° fo_ 120°C) and the lack
of significant U and Th in formation water. Therefore authigenic quartz or feldspar deposited on detril_al
grains could shield alpha-recoil products from feaching the interface between grain surface and pore
water (Kraemer, 1981). A similar situation would pre\)ail if U- and Th-containing-grains were encased in
authigenic cements that act as a physical barrier between recoil products and the pore water system.
Albitization of detrital feldspar and conversion of detrital smectite to iliite in shales and sandstones,
diagenetic reactions that affect nearly all sandstones and shales in Gulf Coast strata at temperatures
ex(:eeding aboul_ 80°C (for example, (Milliken, 1988, 1989), may promote the release of Ra and other
alpha-decay recoil products. Dissolution of detrital feldspars or clays and precipitation of authigenic
phases release trace elements into solution. Immobile species such as U and Th would be adsorbed
readily onto grain surfaces or could form traces of authigenic U- and Th-rich minerals. Alpha-recoil
products from parent U and Th isotopes that are either adsorbed onto grain surfaces (Ames and
others, 18833, b) or included in finely crystalline authigenic minerals would then be closer to the water
phase than betore diagenesis, and release to the pore water system would be more likely.

Ra released from host minerals by alpha recoil may be removed from solution by mineral
precipitation or sorption onto grain surfaces, or it may remain in solution. Previous studies have shown
that Ra concentrations in ground water and formation water are always too low for saturation with

~ respect to a pure Ra phase to be achieved (for example, Langmuir and Melchior, 1985; Langmuir and
Riese, 1985). Ra concentrations in formation waters are sufficiently low so that radium sulfate (RaSQy),
the least soluble Ra phase, is always undersaturated by several orders of magnitude. Ra
concentrations must instead be limited by solid solution formation (coprecipitation), adsorption, or
botﬁ. ‘

Langmuir and Riese (1985) evaluated the coprecipitation of Ra in various minerals from both a
thermodynamic and experimental perspective. Their findings can be summarized as an empirical . -+

distribution coefficient D.
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D = (RaXMX)/ (Ra2/M*2)

' where m indicates the molal aqueous concentration of Ra and the majorion (M) that Ra substitutes for
in the crystal, and N indicates ihe mole fraction'of Ra and M in solid solution X. If the value of D is greater
than1, Ra will preferemrally replacé M in solid solution; if D is less than 1, Ra will be excluded from the \
solid solution. Langmuir and Riese (1985) investigated Ra coprecipitation in eight sulfate and
carbranate minerals. The value of D decreases in the order anhydrite > celestite > anglesite > barite >
aragonite > strontianite > witheri@e. Coprecipitation of Ra in calr;ite was not investigated because the
Iarg_e ionic size differencé between Ra and Ca in the calcite structure precludes ready substitution. For
the minerals investigated, D decreases with increasing temperature. Values of D are greater than 1 for
anhydrite, celeétite. anglesite, and barite at 25°C and greater than 1 for anhydrite, celestite, and
anglesite at 100°C. None of the carbonate mirrerals investigated showed a preference forVRa over Cain
the crystal structure. These dara indicate that Vthe thermodynamically favored NORM scale minerals are
anhydrite, celestite, anglesite, and barite, and that, for a fixed solutioh composition, less Ra will be
incorporated in scale formed at higher temperatures ttran at lower temperatures. Whether these
minerals actually form, however, depends on formation water cdmposition and whether the phases
become 6versaturﬁ{ed during production.

‘Many workers have noted a corrélatioh between Ra concentrations and total salinity in ground
water and formation water (for example, Dickson, 1990). It has also'been obéerved that, in qirute solutions
and fresh-to-brackish grormd waters, Ra is readily remowred from solution by sorption onto grain surfaces.
’ 'High salinity appears to be a requisite for high Ra concentrations (Dickson, 1820), although not all saline
waters support high kRa activities. Expérimenral data confirrn that Ra is extremely efficiently scévenged
from drlute’ water by sorption pro¢esses (surhmarized by Dickson, 1990). In saline waters, however, high
co‘ncentraiions of cétion‘s such aé sodium, .calcium, magnesium, and potassium successfully compete for

sorption sites, and high levels of Ra cah be maintained in solution.
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Mineralogy of NORM Scale

Predicting the conditions that favor NORM scale accumulation requires knowledge of the

cheinicai composition and mineralogy of the phase containing radioactive species. Identifying

| géoiogic, geochemical, and production characteristics thai c':anﬂmitigate NORM scale accumulation;
developing scalé inhibitors; and designing waterii_ooding and commingling strategies that will not
promote NORM scale accumulation all depend on an accurate knowledge of NORM scale composition.
Unfortunately, most écale is a complex mixture of authigenic minerais, rust, and other contamination |
from the well equipment. Ideniiiying the NORM-containing phase in such material requires detailed
separation and anaiyiical procedures. Furthermoré, to quantify the rate at which NORM scale
accumulates under various reservoir and production conditions, NORM scale must be collected from
equipment that produces water from a single, untreated formation for a known amount of time or, more
specifically, for a known amount of produced water. For these reasons, little quantitative information
exists regarding the chemical or mineralogical form of the NORM-containing phase.

Most reports in the literature suggest that barite scale is the host of NORM in production
equipment (for example, Gallup and Featherstone, 1983; Matty and others, 1985; Smith, 1987;
Waldram, 1988; Snavely, 1989; Baird and others, 1990; Stephenson, 1992; Oddo and others, 1993;
Oddo and Thomson, 1994); NORM associated with calcite is less commonly mentioned (dddo and
others, 1993). However, no available reports include mineralogical, chemical, or radinlogicai analyses
to show that thevradioaciivity is clearly incorporated in barite scale.

Geochemical evidence supports the contention that Ra typically coprecipitates in barite. The
tendency for Ra to form a solid solution with barite has long been used to remove Ra from mine waters
and U mill tailings. Langmuir and Melchior, 1985 investigated the tendency for Ra form solid solutions
with sulfate and carbonate minerals that aré typically present in oil and gas reservoirs. Gnanapragasam
(1991) studied Ra partitioning in calcite, gypsum, and brushite, minerals that are likely to form in treated
U mill tailings. Because of its ionic radius (1.48 A in 8-fold coordination [Shannon, 1976]), Ra can most
readily substitute for Ba (1.42 A in 8-fold coordination) or Sr (1.26 A in 8-fold coordination). Ra

substitution for Ca in NORM scale is less likely because in caicite, the most common carbonate scale
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mineral, Ca is in 6-fold coordination with an ionic radius of 1.12 A (Shannon, 1976), is significantly
smaller tpan the Ra ion. Langmuir and Riese (1985) determined or estimated distribution coefficients

| for Ra in the minerals anhydrite, celestite, anglesite, barite,Aaragontt"e.'calcite. strontianite, witherite,
and cenjssite. On the basfs of the measured or estimated dijstribution coefficients (Langmuir and
Riese, 1985) and the abundances of Ca, Sr, Ba, and Pb in typical formation waters, barite and celestite
are the scale minerals most likely to preferentially incorporate significant amounts of Ra.

We analyzed a suite of NORM scale samples to investigate how radioactivity is incorporated in
scale minerals. Twenty scale samples were collected from a field in north Texas by Mr. Art Rood of
EG&G Engineering Idaho, Inc., with the cooperation of the producing company and API. X-ray
diffraction analysis showed that all samples contain barite and as many as four iron oxide or iron
~ oxyhydroxide minerals (goéthite, lepidocrocite, akaganeite, and maghemite). All scale samples also
contain halite, which precipitated when residual produced water evaporated after sample éollwion.
Total inorganic wrb'on analysis of acid leachates showed that the scale contained no carbonate
minerals. Concentrations of major cations and activities of selected isotope are shown in table 3.
Qualitative correlations between gross radioactivity and scale color showed that theiighter colored
scale samples were more radioactive. This suggests that radibactivity is preferentially associated with
barite (a whit‘}e'mineral) rather than with the iron-rich phases (red-brown ‘to brown color). To quantitate
this relation v\;e selected 10 scale samples that ranged from nearly white to deep red in color and
measured major cations in each. Results (fig. 6a and 6b) showed a strong positive cofrelation between
" Baand "’25Ra activity and a strong negative 'cofrelaﬁon between Fé and 225Ra activity. Thesé results |
obnﬁrm that, at least in this suite of scale sanwpleé,:radioactivity Is associated with barite scale rather than
the other phases present. o -

Literature reports and our suﬁe of X-ray diffraction mineral identifications all suggest that barite
is the typical NORM scale. Additionally, thermodynamic considerations indicate that Ra is more likely to .
form solid solutiohs with 'sulfrate4 minerals than ﬁith carbonat_e miner;als. Of the candidate su,lfate‘f
minerals, gypsurh precipitation is more |ike|y:u’nder production conditions ’than anhydrite ﬁrécipitation,

and anglésite sc%ale formation is limited by the naturally lo\)») Quantities of Pb in formation water. Celestite
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Table 3. Results of radiometric analyses provided by EG&G Engineering Idaho, inc., and chémical analyses performed at the Bureau of Econom:c
Geology Mineral Studies Laboratory. ‘

SPLID MSLID  2%Ra 232Th Rn Fe Ba Na Mg 4 Ca S0,
‘No. No. (rCi/g) (pClig) (pCig)  (g/g)  (g/o) (ug/d) (no/o) (o) (no/g) (Wt %)
PF002SC001 895.47  1508.0 0.79 , ‘
PF002SC002 94-318 2150.00  2955.0 1.60 301500 112500 51840 2440 14490 11470 241
PF002SC003 - 1977.00  2991.0 0.47 |
PF002SC004 1941.00  2789.0 0.82
PF002SC005 94-319 2156.00  2999.0 2.80 287600 159000 20520 1700 19600 8620 1.91
PF002SC006 397.70 5125 1.00 :
PF002SC007  94-320 42475 534.0 0.90 459100 27250 9900 1270 3180 8170 4.08
PF002SC008  94-321 2747.00  4063.0 1.10 262000 198000 6310 460 28560 3810 150
PF002SC009 104210 16220 0.50 ' ,
PF002SC010  94-322 2321.00  3619.0 1.10 241400 208000 6610 680 29760 5540 1.58
PF002SC011 222400  3818.0 2.30
PF002SC012 2629.00  393.0 290
PF002SC013 71680  1313.0 0.60 , v
PF002SC014  94-323 12337.00  3605.0 0.90 277300 187200 16290 1070 25600 7200 1.65
PFO02SC015 94-324 2762.00  4050.0 2.00 258100 186800 15480 1170 26600 6360 1.77
PF002SC016  94-325 707.30  1295.0 0.70 360500 89340 35910 2390 11350 9630 3.47
PF002SC017  94-326 2437.00  3974.0 1.00 246000 198000 6670 1070 27830 5810 1.69
PF002SC018 658.00  1363.0 0.50 |
PF002SC019 2256.00  3359.0 0.90

PF0025C020 94-327 §91.90  1502.0 070 398900 52080 41400 1930 7360 6940 4.37
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Figure 6. Plots of 226Ra activity versus (a) barium and (b) total iron in NORM scale. Radium activity correlates
positively (r2=0. 866) with barium content and negatwely (:2.0 901) with iron content.




is a possible scale former, but geochemical modeling of formation water compositions (following
section) shows that most waters are undersaturated with respect to celestite. Formation waters are-
typically saturated with respect to barite under reservoir conditions (following section); thus, barite is

most likely mineral to precipitate Ra in significant quantities.

Formation Water Types and Potential to Form Barite Scale in Texas Reservoirs

Previous studies have reported significantly different chemical compositions of formation water
along the Texas Gulf Coast and iﬁ the Texas Panhandle. Variations in water chemistry could directly
affect the occurrence of NORM in oil- and gas-field equipment in three ways. First, the salinity and
chemical composition of formation water influence the mobility of Ra in sedimentary basins. Seoond;
produced water chemistry, along with production techniques, controls the amount and type of scale
that forms in oil-producing and gas-processing equipment. Scale mineralogy will in turn affect the
amount of NORM removed from produced water and concentrated in equipment scale. Third, formation
water chemistry records basinal processes and history. Geologic phenomena such as thermal history
and large-scale diagenetic events may be important in determining Ra release from parent rocks and
minerals; thus, formation water chemistry may be a useful predictor of NORM activity in production and

processing equipment.

Chemical composition of water in Texas reservoirs

Studies of Texas formation water have focused primarily on the Gulf Coast and the Texas
Panhandle. The Gulf Coast has been an area of intense interest both because of the enormous
quantities of oil and gas produced from coastal and offshore reservoirs and because of the interest in
developing geopressured-geothermal energy resources. In addition to being an important energy
producing area, the Texas Panhandle was a candidate site for U.S. Department of Energy investigations
to find a suitable site for high-level nuclear waste iéolation during the 1980’s. Formation water chemistry

was investigated in both Gulf Coast and Panhandle fields to understand subsurface geochemical
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condittcns.. hydrologic flow systems, and basinal diagenetic processes. Published data from other
. hydrocarbon provinces in Texas are less abundant.

‘Morton and Land (1987) reported that four distinct types of formation water occur in Frio
Formation (Ottgccene) sandstones along the Texas Gulf Coast. These types are (1) sodium-chioride
water, typically highly saline, resulttng from dissolution of hatite, (2) sodium-acetate water resutting from
shale dewatering, (3) calctum-rich water produced by extenstve silicate diagenesls. and (4) a low-salinity
sodium-chloride water having restricted distribution. Sodium and chloride are the predominant cation
and anion, respectively, in water from 'Oligooene sandstones in the salt dome province of the Houston
Embayment. Sodium-chloride water having generally lower salinity and high organic acid concentrations
predominates along the San Marcos Arch in the Central Texas Gulf Coast. High-salinity sodium-calcium-
chioride (Ca-rich) water is produced tmnt sandstones in a small area of the South Texas Gulf Coast.
Along the Rio Grande in South Texas, low-saltnity :sodium—chlonde water prevails. Land and
Macpherson (1992) and Macphers.on (1992) extended this study to formation waters from all Cenozoic
sandstcnes that could be sampled in the Texas Gulf Coast and found the same four water types with the
same general d:stnbution as reported by Morton and Land (1987) Sulfate concentratlons are typically
~ less than 100 milligrams per titer (mg/L) in all these tormation water types because of bacterial sulfate
reductron at ambient burtal temperatures The ongln of these water types is drscussed extensrvety in
Mcrton and Land (1987) Land and Macpherson (1992) and Macpherson (1992) and Is not repeated
here Signiﬁcant to thts study are the facts that (1)oomposrtronatly distinct fonnatrcn waters exist in otl

. | -and ¢ gas reservolrs along the Texas coast (2) the same composmonal pattems exlst in all waters sampled
'7 ;,‘trom Gutt COast Cenozotc sandstones. and (3) the water composttions can be related generally to
;,;basinal geologic and hydrologlc processes - '

7' Beln and Dutton(1993) classit”ed deep-baslnat tormatron waters tnom oil and gas wells tn the -

o Texas Panhandle tnto sodrum-chtonde and catctum-chlortde types The sodnum-chlortde type bnne is

interpreted to torm as meteonc water enters the bastn and dnssotves halite. Bnnes nch in calcnum are j ;
lnterpreted to be modnt”ed connate seawater Hahte calcrum-chtortde and gypsum calcium-chtortde waters

are mterpreted fo be connate seawater that have been concentrated by evaporation to the point of ha!rte
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and gypsum saturation, respectively. Sulfate concentrations in these waters range from several tens to
several thousand milligrams per liter.

Land and Prezbindowski (1981) and Prezbindowski (1981) investigated formation waters from the
Lower Cretaceous Glen Rose and Edwards Formations, Stuart City Trend, south-central Texas. This is an
area of both gas and oil production where deep saline water is diluted With meteoric water to form a
brackish water zone between the basinal brines and fresh water of the Edwards aquifer. Chemical and
isotopic analyses (Prezbindowski, 1981) indicate that the formation waters are characterized by molal
sodium:chloride (Na:Cl) ratios less than 1 and (CI-Na)/Mg ratios greater than 1. Sulfate concentrations in
these waters range from several tens té severél thousand milligrams per liter. Production depths range
from 800 to 4,400 m. Land and Prezbindowski (1981), Prezbindowski (1981), and Land (1985)
interpreted the deep, saline brine to be a product of halite dissolution and diagenetic reactions with
silicate minerals. As the basina! brine moves upward and becomes diluted with meteoric water, additional
reactions between fluid and host rock phases produce the less saline waters observed at shallower
depths.

Kreitler and others (1987) investigated formation water chemistry as parnt of a hydrologic
characterization of the East Texas Basin. These formation waters are similar to the sodium-chloride waters
in the Texas Panhandle. The saline waters in this basin are interpreted to have a continental meteoric
origin, sodium and chloride are the predominant ions and salinity is derived primarily from salt dissolution. -
Sulfate concentrations in these formation waters range from several tens to several hundred milligrams
per liter.

Published chemica!l analyses thus indicate the presence of four volumetrically important formation
water types in Texas. These are (1) a sodium-chloride water having variable salinity and sulfate
concentration that is produced by evaporite dissolution, (2) a sodium-acetate water, generally less saline
than seawater, that originates as water is exp_elled from thick shales, (3). a calcium-rich sodium-chloride
water that results from evaporite dissolution coupled with extensive diagenesis of silicate minerals, and
(4)a wlciurh—chloride water that results from evaporative conoentiation of seawater accompanied by

diagenesis of carbonate and evaporite minerals. Mixtures of these water types with each other, with
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seawater or with meteoric water are possible. Other chemical types may exist locally, but we focused on
distribution and scalmg potentlal of the pnnclpal water types because they are most volumetrlcally

slgnlﬂcam inofl and gas production.

Scaling potential of Texas formation water

To investigate oontrols on NORM we must first determine whether there are systematic
reglonal or geologlc variations ln the amoum ot NORM scale thatcan precipitate when ofl, gas, and
water are produced Barite is the pnmary mrneral ot concern bewuse Ra readrly substitutes for Ba in the
barite crystal structure and because barrte is reported tobe the pnncrpal NORM scale material. Ra also
can coprecipitate in oelestlte (Langmulrand Rlese. 1985); however, results of geochemrcal modeling
using SOLMINEQ.88 (Kharaka and others, 1988) show that most formation waters throughout Texas
are saturated with barilebut not with celestite at reservoir temperatures. Similar results were reported
by Macpherson (1988, 1992) for Guif COast formation waters. Because the solubility of barrte
decreases as temperature decreases bante scale ls the Ra—contalnlng phase most likely to precrpitate
when water temperature drops dunng productron -

Oll and natural gas ln Texas are produced trom a wlde vanety of reservoirs havmg eorrespondrngly
drverse pressures temperatures, and water composrtlons lt is not practrcal to test geochemrcally all
: ava'lable tormatron water composltrcns lor bante saturatron parhcularly when the qualrty of analytlcal data
. tor many samples ts unknown and ln situ temperatures may be missrng or lnaocurate lnstead we used
| - SOLMINEQ 88 (Kharaka and others 1988) to compute the equrlrbnum solubrlrty oonstant of bante
FE (K=(Ba+2][SO4 2]) at1 00°C The ternperature of lormatlon water samples ranges trom about 50° to 150°C,

gE ; so 100°C represents typlcal temperature condmons We neglected pressure ettects because barite

| tsolubllrty ls only sllghtly dependent on pressure (T empleton -1960; Blount 1977 Schulren 1987) and

_r fbecause reservorr pressures are not ava‘lable tor most samples Flgure 7 shows the Ba and sulfate (804)

e 'r’{ooncemratrons tor all samples in the data base and the lme relatrng Ba and SO4 concentratrons for bante

B equilibrlum at 100°C The good agreement between Ba and SO4 in Texas fonnatlon waters compared to
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Figure 7. Plot of Ba versus SO4 concentrations (millimoles per liter [nmol/L]) in
Texas formation waters. Solid line shows the equilibrium relation between Ba and
S0, for barite equilibrium computed by SOLMINEQ.88 and corrected for typical
activity coefficients. Close agreement between predicted (line) and measured
concentrations suggests most formation waters are in equilibrium with barite at
reservoir temperatures.
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the relation predicted for equilibrium supports the hypothesis that most waters are in equilibrium with
barite under reservoir conditions. 7

We used SOLMINEQ 88 to compute the amount of barite that would precipitate from formation
waters as temperature changes from reservoir conditions to 25°C Calculatrons were performed for all
samples that reported Ba and SO4 concentrations. Results were tabulated and statistical analyses were

‘conducted to test for significant differences between basins. |

Mean values (table 4) for the amount ol barite scale that can precipitate fall into three groups.

- Waters from the Central Basin Platform and Texas Panhandle can precipitate less than 10 cubic
centimeters ot barite scale per 100 barrels of water (to cm3/100 bbl), waters from East Texas, Frio, and
Miocene reservoirs can preciprtate 30 to 40 cm®/100 bbl, and waters from the Edwards Group can
precrprtate more than 60 cm3/1 00 bbl. Statistrcal analyses (95 percent contidence interval based on

. Student’s t-Test for unpairedsample sets with unequal variances; table 4) shows that the mean value

for harite precipitated from Central Basin Plattorm wells is 'sionﬁicarnly lower than that for anv other

basin represented. The mean value tor barite precipitated trom Panhandle wells also is significantly
lower than that for any other sampie set except the Edwards Group Barite preciprtated trom East Texas
: waters is significantly lower than that preclpltated trom Panhandle waters Other differences in mean
. ivalues are not srgnrtlcant at the 95 percent confldence level Results tor the Edwards Group, however,
-are strongly aftected by one extremely htgh value Atthough there is no reason doubt the reported
: water composrtron exclusron of that one sample results in a group mean ot S 6 r:m3 barrte/t 00 bbl - _
. ; ;'water (table 4) tn thrs case the torrnatron water samples tall rnto two groups those that can precrprlate 7

- iless than 10 cm3 bante/t 00 bbl water (Central Texas Platlorm Edwards and Panhandle waters) and

: 1 . «those that can precrprtate 30 to 65 cm3 bante/t 00 bbl water (water trom East Texas Fno and Miocene .

reservorrs) The change m mean value ior bante preciprtated trom Edwards Group waters does not
E affect the statrstrcal srgnrt“mnce ot dnlterenoes between mean values tor the vanous basrns /
The bante scalrng potentlal ot lormatron waters trom the studied basrns generally retlects mean

- tormatron water temperature and the tact that most lormatnon waters are saturated wrth bante under

reservorr oondrtrons The Central Basrn Platlorm and the Texas Panhandle produce the ooolest
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Table 4. Results of statistical analysis of amount of barite scale that can form from formation water samples showing mean values of temperature,
volume of scale that can form from 100 barrels (bbl) of water, and results of Student’s t-Test to evaluate significance of differences between
mean values.

Temperature Barlte scate . East Edwards Group Edwards Group Gulf Coast Gulf Coast Frio and

Basin (°C) (cm3100 bbl) Texas n=21 n=20 Frio Miocene Miocene Panhandle
Central Basin Platform (12) 41 35 y y y y y y y
East Texas (38) 80 326 n n n n n y
Edwards Group (21) 65 62.4 n n n n
Edwards Group (20) 61 5.6 n n n n
Gulf Coast Frio (37) 107 35.3 n n y

Gulf Coast Miocene (43) 93 355 n y

Gulf Coast Frio and Miocene (80) 98 354 y
Panhandle (47) 62 9.2

n = number of samples
y = >95 percent probability that mean values are different
n = <95 percent probability that mean values are different



formation waters, with mean temperatures of about 41°C and 62°C, respectively. Mean reservoir
temperatures for water samples from the Guf Coast are 107°C (Frio), 93°C (Miocene), and 98°C (Frio
and rMiocene combined). Barite solubility increases with temperature up to about 100° fo 125°C,
depending on s’alinlty‘and pressure (Blount, 1977). Over the range of sample temperatures, hotter
'waters are therefore,expeoted to precipltate greater amounts of barite than cooler waters during

production.

Radium in Produced Water from Texas and Adjacent Areas
Data sources

Some data already exist regarding U, Th, and Ra in wells drilled for geothermal research,
hydrocarbon production, and nuclear waste isolation. The results of these studies have been analyzed
individually, but common parameters that may control radionuclide distributions regardless of basin or
llthology type have yet to be explored | |

' ln addmon to the publlshed data, new measurements were needed to study NORM in
lormatlon water throughout the state partlcularly in areas where the APl survey identmed hrgh NORM
levels in production equipment Our ob]ectrve was to oollect all avallable measurements of Raand -
other dlssolved spectes in produoed water trom Oll gas and geothermal wells ln T exas and adjacent

7 areas so that interpretatlons and oonclusrons would not be ltmtted to a slngle geologtc or geographlc
: reglon nor to only the number of new samples we could obtaln durlng the course ot thts study For this -
reason the data base ot Ra ln produced water contalns values measured on samples oollected as part -
of thrs study, results from vanous publxshed reports and recent Ra measurements performed on S
- prevrously oollected water samples ' 7' S L i ;}} : : S

i;~Prewous studnes of Ra m Texas tormatton water tocused on specmc felds or wells Plerce and i

others (1955 1964) analyzed water natural gas asphaltlte. and crude OII tor vanous radloisotopes to
lnvestlgate sources ot U and herum ln the Panhandle gas t”eld Texas Panhandle Langmulr and -

Melchior (1 985) measured radnolsotope concentratlons ln tonnatron waters from the Texas Panhandle
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as part of an investigation into the suitability of bedded evaporite strata to host a high-level nuclear
waste isolation facility. Kraemer (1981, 1985, 1993), Kraemer and Beld (1984), and Kraemer and
Kharaka (1986) measured radioisotopes, including 225Ra in test wells along the Texas and Louisiana
Gulf Coast as part of a U.S. Department of Energy program to evaluate geothermal energy potential.
Taylor (1993) plotted 225Ra activities in produced-water discharges in Texas coastal waters as part of an
investigationhconducled by the Railroad Commission of Texas in an attempt to identify parameters that
could be used to predict NORM levels.

Chemical compositions of produced water samples collected as part of this investigation were
measured at the Bureau of Ecoriomic Geoldgy M'ineral Studies Laboratory (MSL) under an existing
quality assurance/quality control program. Concentrations of major and most minor species are
reproducible to within 5 percent, whereas trace constituents are reproducible to within 10 percent.
The quality of data taken from published reports, some of which date to the mid-1960’s or report only
partial chemical analyses, is more difficult to evaluate. Where major cation and anion concentrations
were reported, we accepted only those sémples for which the charge balance (cations-anions/
cations+anions) in milliequivalents per liter was 10 percent or lower.

" In addition to new samples and data extracted from the literature, we evaluated the possibility
of measuring Ra activity in samples previously collected and stored under known conditions. We
identified a suite of several hundred produced water samples that had been collected and analyzed for
major, minor, and trace solutes as well as isotopic composition of oxygen, hydrogen, carbon, and
strontium in conjunction with other research at The University of Texas at Austin’s Bureau of Economic
Geology and Department of Geological Sciences. These produced water samples are a significant
resource for the NORM study because they were collected from a wide variety of geographic areas and
geologic formations, they have already been analyzed for a large number of chemical and isotopic
constituents, and they represent fields and reservoirs that have since been shut in. Tﬁe field name,
formation, depth of production, and storage history of these samples are well documented. It if could
be shown that relevant parameters of brine composition have not changed since sample collection we

could determine Ra activities in archived waters and thus greatly extend the data base. The high
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salinity of most formation waters and the fact that samples were filtered and aciditied upon collection
_should preverrt the loss of Ra frorn stored samples caused by sorption onto the container.
" Appendix 1 contains the chemical and radiometric data compiled for this study from basins
: throuéhotrt Texas and adjacent areas in New Mexico and the Loulsiana Gulf Coast (fig. 4). The

following sections describe data quality for samples from each region.

Central Basin Platform, West Texas

For this study, twelve produced water samples were collected from oll and gas wells from

Martin field, Andrews County, Texas. Wells in Martin field produce from stratigraphic intervals ranging

from Ordovician to Permian. leestone, dolomite, sandstone, and chert lithologies are present. -

Chemical analyses were performed at the Bmeéu'c}r tEconomic Geology MSL. 25Ra and 228Ra

analyses were performed on seven selected samples by Core Laboratories of Casper, Wyoming,

- according to methods described by Demorest and Wallace (1992) and established at Core |
Laboratories as Standard Operating Procedures CA-GLR-06.0 and CA-GLR-07.0. These procedures.
were designed specifically for saline produced waters and involve chernical separation of Ra followed

by counting 22“Fta by alpha sclnttllatron and countlng beta emtssron of 223Ra decay products (Demorest
and Wallace, 1992) Analytlcal ermors tor thls set ol samples are approxrmately 20 pCr/L for 225Ra and
mRa Detechon lmts are approxlmately 7 pCi/L for 22‘3Ra and 30 pCr/L tormRa EE

- Edwards éroup;,'somhaemmr Texas

Water samples trom the Edwards Group (Lower Cretaceous carbonate strata) were toaned to )

oy Lus by Dr Lynton Land Untversuty ot Texas at Austln Departmerrt of Geologtcal Sciences The sample :

o suite Was collected tn 1990 as part of a jolnt . S Geological Survey-Universrty of Texas lnvestngatron o f

- 5 of the salme pomon cf the Edwards aqurter Alt samples had been tlltered at the time of collect:on ,

e through 0 45 um membrane flters and both acldmed and untreated ahquots were preserved Repeat '

chemical analyses performed at MSL in 1994 duphcated the major and minor ion concentratrons
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determined at the Department of Geological Sciences in 1990 to within the limits of analytical
uncertainty. Because Ba and Ra have similar geochemical charactéristics and because repeat analyses
of Ba concentrations in the acidified aliquots were in good agreement with values origina]ly measdred
we considered these samples to retain representative Ra concentrations. Sixteen samples covering é
depth range of 165 to 3,374 m and a salinity range of 1,800 to 227,600 mg/L total dissolved solids
(TDS) were analyzed for 26Ra by Core Laboratories. Because only about 0.002 half-lives of 226Ra had
passed since the time of sample collection, we did not adjust 226Ra activities for decay in storage. 222Ra

data were corrected to activities at the time samples were collected.

Delaware Basin, southeastern New Mexico

Herczeg and others (1988) published Ra data for saline ground waters, lakes, and springs in
the Delaware Basin, southeastern New Mexico, adjabent to Andrews County, Texas. Thirteen samples
were collected from wells at the Waste Isolation Pilot Project (WIPP) site, oil or gas wells, or saline
springs and were judged to be similar to produced water from oil and gas wells. Producing lithologies
are anhydrite, halite, carbonate, dolomitic sandstone, cherty limestone, and shaly limestone. We could
not evaluate the charge balance of these samples because Herczeg and others (1588) published onty
partial chemical analyses. However, we have included the reported chemical concentrations and Ra
activities in our data base because they augment the sample coverage of a variety of lithologies near an

important oil- and gas-producing part of the state.

Texas Panhandle

Radioisotopes in formation water from the Texas Panhandle were previously investigated for
two different purposes. Investigations during the 1950°s and 1960’s focused on the origin of helium in
the Panhandie gas field, located along the Amarillo-Wichita Uplift. Studies during the 1980’s
- measured U, Ra, and Rn radioisotope activities to interpret the suitability of bedded salt formations for

high-level nuclear waste isolation. Related investigations elucidated the origin, age, and movement of
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-formation water in the Texas Panhandle.lThe'se various studies provide a large data base of water
chemistry, Ra activity, and host rock composttion.

" Pierce and others (1964) published 75 tormatiOn water analyses, including 225Ra
cOncentrations Of these, 70 had aoceptable'cha'rge"rbalancesand were included in the data base.
Producing lormations were not identihed however, it is noted that “The highly saline brines of the-
"Panhandle i‘ eld are most likely derived irom the evapontes of Leonard age, which overiie the oil and
gas reservoir rocks.” Leonard age strata ln the Texas Panhandle include the Wichita Group (anhydnte,
dolomite, and shale) and the lower Clear Fork (siltstone and shale interlamrnated with dolomrte and
| anhydnte) Pierce and others (1964) tound that both Ra and Ca concentrations are hrghest in
tormation waters that have high chlonde to sultate ratlos and high salinities. These relations were
interpreted as reflecting the similar geochemical behavior of Ra and Ca and the etiects of lon :
exchange Pierce and others (1964) also conclude that Ra concentrations are not directly controlled
by the U content of encasrng strata Disequilxbrium ages, the time since isotopes were in equilibrium
wrth each other, ot tourto five days were calculated on the basis ot activity ratios for 226Fta and 2°Ra (a

- decay product ln the actmium senes) and tor 228Ra and 224Ra These short ages suggest that Ra
S isotopes were denved trom parent nuclei in the immediate vicinity ot the weil bore

7 Langmuir and Melchior (1 985). Dutton and Orr (1986) Fisher and Kreitler (1987), and Bein
| and Dutton (1 993) investigated the composrhon and movement ot water In strata ranging irom pre- L

- ,Pennsylvanian to Permian ln the Texas Panhandle as part ol an integrated geologic, geochemical and S

3 nvestigation to evaluate the surtabilrty of bedded evaporite strata tor a high-level nuclear

o Vﬁﬂ':: :'waste repository Radroisotope data lor tour deep-basln sarnples were oollected as part oi this work

e '(Langmulr and Melchior. 1985) Because of the extensnve data base. the variety ol lithologies and -

"'7tormations prevrously sampled and the large collection oi tormation water samples archived at MSL

= we evaiuated the chemical stabllity ol selected sampies during storage Repeated analyses ot major

E ifiications and anions as weli as Ba indicated that original oomposrticns were preserveci in actdmed t”eld- o
: ;t" ltered sampies ln one case we were able to compare the 226Fia actrvrty ot a sample coilected and

: analyzed in '1985 by Langmuir and Melchior (1985) with 226Rg measured in 1994 by Core Laboratones.
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Good agreement between the original and recent values indicated that 226Ra activities measured as
part of this study are representative of formation conditions. Therefore, 25 formation water samples
collected earlier (Fisher and Kreitler, 1987; Bein and Dutton, 1993) were analyzed for 226Ra and these
results were combined with the data of Langmuir and Melchior (1985) to complement the Texas

Panhandle data base.

Texas Gulf Coast

Formation water samples from wells along the Texés and Louisiana Gulf Coast were analyzed for
Ra isotope activity as part of geothermal energy tests and as part of a Railroad Commission of Texas NORM
investigation. Kraemer and Reid (1984) reported 222Ra and 228Ra activities in wells drilled for U.S.
Department of Energy geothermal energy tests. Tested intervals were in the Tertiary Frio and Cretaceous
Tuscaloosa sandstones at depths ranging from 2,984 to 6,238 m. Chemical data were not presented in
Kraemer and Reid (1984) but are available elsewhere (Kharaka and others, 1977; Kharaka, 1878a, b;
Kraemer and Kharaka, 1986; Kraemer, 19935. Kraemer and Reid (1984) reported that Ra activity cormrelates
better with total salinity than with any other parameter. A study by the Railroad Commission of Texas
(Taylor, 1993) presented 226Ra values for offshore oil and gas wells without full chemical analyses. Plotted
data show that Ra levels in produced waters from offshore wells in the Gulf of Mexico are higher in
Oligocene Frio reservoirs than in overlying Miocene reservoirs. In waters from both Frio and Miocene
formations, Ra levels increase with increasing salinity. These data suggest that Ra may be more readily
mobilized from deeper, hotter formations and that high salinity tends to prevent Ra immobilization by |

processes such as ion exchange or sorption.

Relations between radium activity, location, and water chemistry

For analytical reasons, 226Ra is more commonly determined than 228Ra. Even though the two
Ra isotopes are members of different decay series, most studies find a close correlation. Our data set

(Appendix 1) contains 153 measurements of water chemistry and 226Ra activity; 20 of these samples
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were also analyzed for 228Ra, The oorrelation between 225Ra and 228Ra (fig. 8) is excellent (r2=0.96;
| slope of regression line = 1.03); theretore, the tollowlng discussions based on 226R3 data can be
| extrapolated to 228Ra activities. ; _

226Ra actrvttles in formation waters (Appendlx 1) range from 0.1 to 5,150 pCi/L 95 percent of
the values fall between 2.0 and 2,290 pCllL Fourteen waters (9 percent of samples) have values
” greater than 1,000 pCilL, and 17 samples (11 percent of samples) have values between 500 and
1,000 pCUL. There Is little apparent geographic control on 226Ra activity values. Formation water
samples that have more than 1 ,000 pCi/t. 226Fla are found inthe Central Basrn Platform (2 samples),
| ~ Delaware Basin (1 sample) the Gutt Coast (1 sample), and the Texas Panhandie (10 samples), and
values greater than 500 pCl/L occur in each of the sample groups (Appendix 1).

Mean values of 226Ra actrvtty range trom 140 pCVL in water from the Edwards Group to
958 pCiL in water trom the Central Basm Plattorm (table 5) The Student s t-Test was used to
determine whether drtterences ln mean Fla achvrtles vaned slgnmcantly among the sample groups.
Results suggest that 226R, actlvity ln ton'natron water from wells inthe Central Basin Platform is
3 ,slgnrflcantly (95 percent oontrdence level or hlgher) greater than in water trom the other basrns

' sarrpled and that mRa actnvlty ln water ot the Edwards Group ts slgmt”mmly lower than in water from

:the Texas Panhandle (table 5) However the high mean 226Fla value tor water trom the Central Basin

o Platton'n reflects the tact that two samples have 22‘5l7ta actlvures greater than 2 000 pCl/L whereas the

E other trve samples are all less than 800 pCilL lt the two exceptlonally hrgh values are om:tted the

rnean value tor Central Basln Platform waters ls 431 pCVL and thls mean value is not slgnlﬁcanﬂy

o drtterent trom mean values tor 22“Ra ln the other baslns (table 5)

Prevlous studres reported a general oorrelatron between Ra actrvrty and salmrty in torrnatlon

E j{water. no other oorrelatrons between Ra and water chemlstry. productlon depth or temperature were '

- samples trom Gult Coast reservolrs in Texas and Loulslana A plot of log 22‘S'Ra aotrvlty versus log TDS

' : tor water lmm geopressured-geothennal wells yielded a oorrelatlon ooettrclent (r?) of 0 81 whereas a

'_ slmtlar plol that included data from oommerclal oll and gas wells ylelded an r2 value of O 52 (Kraemer and
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Figure 8. Plot of 226Ra activity versus 228Ra activity. Excellent correlation
between the two radioisotopes indicates that activity of the less commonly
measured 228Ra isotope can be predicted from the activity of 226Ra.
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Table 5. Results of statistical analysis of 226Ra activity in formatlon water samples showing mean values
and results of Student's t-Test to evaluate significance of differences between mean values. T-Test values
less than 0.0500 indicate that mean values are different at the 95 percent conﬂdence level or greater.

Mean pCVL Delaware Basin  Edwards Group Gulf Coast Panhandle

 Certral Basin Platform (n<7) 958 0.0050 00008 0.0017  0.0123

Central Basin Platform (n=5) 431 0.3014 0.0727 0.3409 - 0.6402
Delaware Basin (n=11) 284 0.2956 0.6036 0.5210
Edwards Group (n=16) 140 0.6209 0.0273
Gulf Coast (n=20) ' 296 0.1804
Panhandle (n=99) . 3870 ' ~ :

n = number of samples
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Reid, 1984); Data plots of Taylor (1993) show the same general trend for produced waters from
offshore Gulf Coast oil and gas wells that produce from the same formations as the wells ,éampled by
Kraemer and Reid (1984). Pierce and others (1964) reported that Texas Panhandle waters that have
high Ra activities also have high Cl concentrations, although many waters with high chiorinity have low
Ra contents. The correlation coefficient r2 for log 226Ra and log Cl for data reported by Pierce and
others (1964) is 0.56. |

We cannot explore statewide éorrelations between Ra and TDS because not all samples
included in our data base were analyzed for the full suite of major and minor ions. Howe;/er. for samples
with complete analyses, Cl correlates Weﬂ with TDS (r2=0.995) (fig. 9). Thus correlations that are
significant with TDS should also be significant with CI. Figure 10 shows the relation betvyeen 226Ra
activity and Cl for all samples in Appendix 1; table 6 lists correlation coefficients relating log 22°Ra
activity and log Cl content. Clearly the relation between 226Ra and ClI ihat holds for Gulf Coast
sandstones is not universal. Sample sets with the highest correlation coefficients are those in which all
waters were derived from similar lithologies, for example, water samples from Gulf Coast sandstones
(r2=0.71) and those from Edwards Group carbonates (r2=0.63). Data sets that contain different types of
water samples (Delaware Basin) or waters hosted by different lithologies (Central Basin Platform) have
only poor correlations between 226Ra and Cl (table 6). Figure 10 does illustrate that low-salinity waters
do not support high Ra activities. 226Ra activities greater than 200 pCi/L are found only in waters that
have more than about 20,000 mg/L Cl (36,000 mg/L TDS).

Statistical correlations between radioactivity and other dissolved constituents were
determined to explore hydrochemical controls on 225Ra activity in formation water (table 6).
Correlations were considered geologically significant only if they accounted for more than sd percent
of the variation in Ra activity, that is, only if 2 was greater than 0.5. Correlations were sdught between
log Ra activity and the log of major ion concentrations because Ra activity and ionic concentrations fit a
log-normal distribution more closely than a normal distribution. Results (table 6) show that there is no
strong correlation between depth, temperature, or major ion concentrations for all formation waters

examined, formation waters from the Delaware Basin, or formation waters from the Texas Panhandle.
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Figure 9. Plot of total dissolved solids (TDS) versus chloride (Cl) concentrations

_for produced waters that have been analyzed for 26Ra or 228Ra activity. Excellent

. correlation indicates that relations between 226Ra or 228Ra activity and TDS
/should also hold for relatnons between 225Ra or 228Ra actwny and CI ,
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Figure 10. Plot of chloride (log Cl) concentration versus 226Ra activity (log 226Ra)
for produced waters. Waters having high Ra activity also have high chlorinity.
However, the direct correlation between chlorinity or salinity and Ra activity
observed by Kraemer and Reid (1984) for Gulf Coast geothermal wells is not
generally observed.
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Table 6 Corre!ation coefficients (r2) showing relations between radium activity and other hydrochemical parameters.
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We attribute this lack of comrelation to the diverse reservoir lithologies from which water is produced.
Correlations between Ra activity and water chemistry are best for waters from the Edwards Group and
the Gulf Coast (table 6). We interpreted this relation to indicate that general water chemistry can be a
good predictor of Ra activity if a set of water samples represents similar reservoir lithologies or a group
of similar lithologies.

Relations between Ra activity and formation water type were also investigated by calculating
correlations between 226Ra and those parameters used by Mortoh and Land (1987) and Bein and
Dutton (1993) to identify the different water types. The results generally show that correlations are
better with salihity or chiorinity than with the parameters that define water types. The available data do

not suggest that chemically distinct formation water types have systematically different Ra activities.

Geochemical Controls on NORM in Scale

Natural radioactivity of the equipment scale that ultimately accumulates in production and
processing equipment is complexly dependent on several variables. One is the capacity of the
formation water to precipitate Ra-containing scale when water, oil, and gas are produced. A second is
the Ra activity of the formation water or, more precisely, the activity ratio of Ra to major cations for which
Ra can substitute in scale minerals. The third major variable is the way in which Ra is included in scale
minerals.

Several lines of evidence point to barite as the major scale component that can preferentially
incorporate Ra. Because nearly all formation waters we tested are near or at saturation with barite under
reservoir conditions and because barite solubility decreases with decreasing temperature below about
125°C, barite scale will form as most waters are produced. The amount of barite scale that can form
depehds both on the temperature difference between reservoir and surface and on the proportions of
Ba and SO4 in solution. Barite precipitation removes Ba and SO4 in equal molal amounts; thus, a water
can be highly oversaturated with barite at surface conditions but deposit little material because scale
precipitation is limited by the amount of the least abundant ion. Ra activity and the Ra/Ba ratio in

formation water are highly variable in reservoirs throughout the state. Furthermore, although high Ra
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activity is generally assoclated with high salinity, there is no systernatic relation between Ra/Ba ratio and
total salinity. Thus, Ra activity alone mnnot be used to predict NORM activﬁy in scale.
| 7 lncorporation of Ra in scale minerals can be estimated on the basis of available thermodynamic
data. However. much more iniormation regarding NORM scale composition is heeded before we can
‘evaluate how accurately such estrmations reflect actual conditions in oil and gas fields. Our approach to
estimating the amount of NORM sca_le in Texas oil and gas operations was as follows. First, we
assumed that barite is the mineral that hosts Ra and that Ra coprecipitation in barite follows the
distribution coefficient (D) equation of Langmuir and Melchior (1985) and VLangmuir and Riese (1985)
between 0° and 100°C:
| ~log D = (428. 2m-1.181,
where T is temperature in degrees Kelvin and Disas deﬁned prevrously Note that D increasesas T
decreases; lower temperatures of barite preciprtation favor greater substitution of Ra for Ba. Therefore
barite that precipitate’s in surface equlpment is predicted to be more radioactive than barite that
precipitates in the well bore near the producing’ interval We calculated vaers of D tor reservoir
temperature and surtace temperature (25°C) We also considered the case where precipitation is so
rapid that there isno discrrmination between Ra and Ba ln the crystal iattlce and therefore D_1 2 We
used the three values for D, chemical analyses ot tormation waters reported or measured 225Ra e
activity. reservoir temperature. and the amount ot barrte scale that would torrn dunng production
. (prevrously calculated usmg SOLMlNEQ ee) o calculate the 226Ra actrvrty of the bante scale that would. . 7'
: E - form trom 100 bbl ot produced water This grves an estlmate ot the total radxoactivrty per unrt ot : 7
i :fproduced water (3) We wlculated the 22‘5t=ia per gram ot barite scale This glves an estimate ot the 7 o

et radioactmty per unit of scale matenal or the ‘intensity"of the NORM actrvity We used the mean values '

N of Ra activity ror the Central Basin Piatlorm Edwards Group Guf Coast and Texas Panhandle and

:pertormed the calculations tor water samples lor WhICh the concentratrons of Ba and 804 were known .

e and reservoir temperature was known or could be estimated trom reservoir depth Results show the

= = combined eﬁects ot statewrde d"rfferences in tormation water cornposinon and Fia actlvrty reservoir -

N temperature, and polentral to precrprtate bante dunng production These values are upper limits to the
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amount and radioactivity of scale expected because (1) the scale may be distributed throughout the
various équipment components, (2) other scale minerals can also precipitate and éssen_lially dilute the
radioactivity caused by Ra in barite, (3) actual scale will likely be less dense that the barite minerals used
to obtain the thermodynamic data, and (4) the distribution coefficient (D) may be lower in saline
formation waters.

Table 7 presents the results of six calculations. The first three give mean values for the total
radioactivity due to 225Ra in the barite scale predicted to precipitate from 100 bbl of produced water
when {1) Ra/Ba ratio in barite reflects reservoir temperature, (é) Ra/Ba ratio in barite reflects surface
temperaturé, and (3) Ra/Ba ratio in barite reflects formation water composition. Columns 4 through 6
give mean values for the radioactivity per gram of barite scale uhder the same assumptions. Formation
water from wells in the Central Basin Platform produces the greatest total amount of radioactivity,
whereas water from wells in the Edwards Group produces the most highly radioactive scale (table 7). |
Waters from Gulf Coast wells produce the least amount of total radioactivity and the least radioactive
scale.

We used the Student's t-Test to evaluate whether the differences between basins are
statistically significant. Results (table 7) suggest that all differences between basins are significant at
the 95 percent confidence level, with the exceptions that total radioactivity in scale from Edwards
waters is indistinguishable from total radioactivity in scale from Gulf Coast wells and scale from Central

Basin Platform and Edwards waters has the same activity (pCi/g).
SUMMARY

Natural radioactivity is commonly produced from oil, gas, and geothermal reservoirs. In some
cases the fiuids themselves, or the scale that forms from produced water, may be sufficiently
radioactive to cause safety, environmental, or regulatory concerns as well as increased costs for special
handling and disposal practices. A national survey of radioactivity in oil-producing equipment and gas-
processing facilities (Otto, 1989) showed that naturally occurring radioactive materials (NORM) in Texas

oil and natural gas facilities are as high as activities elsewhere in the United States and the world.
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| This study investigated natural controls on the amount of radioactivity in sedimentary basins
and produced waters and the accumulation of natural radioactivity in oil-producing and gas-processing
facilities. We focused on the isotopes 226Ra and 228Ra and the scale mineral barite because these are
the most commonly reported sources and forms of NORM in produced water and production
equipment, respectively. The goal was to identify screening criteria that could be used by plant
operators and health and safety regulators to anticipate special needs in areas where NORM levels are
likely to be greater than normal. Although samples and data were collected from Texas and adjacent
areas in New Mexico and the Louisiana Gulf Coast, results and conclusions should generally be
applicable because the level, type, and sources of: NbRM activity in Texas reservoirs are similar to
those reported at other oil and gas operations in the United States and throughout the world.

‘ " 'Data obtained by measuring radioactivity in various types of oil- and gas-field equipment and
aggregating values by county revealed elevated NORM activity levels in oil and gas facilities in north,
north-central, east, south-central, and Gulf Coast Texas (Otto, 1989). The highest activities were found
along the south Texas Gulf Coast. Results cannot be extrapolated to unsurveyed areas because
sample sites were neither randomly selected nor uniformly distributed. However, the results do show
that (1) not every major oil or gas field has associated high NORM levels, and (2) no major hydrocarbon
producing basin in Texas is exempt from high levels of natural radioactivity.

A survey of the U and Th content of sedimentary rocks and the minerals typically encountered
in sedimentary basins shows no order-of-magnitude differences in- ooncentrations of Ra-producing
elements between siliciclastic and chemical sedimentary rocks. Sandstones, common shales,
carbonate rocks, and the individual minerals that compose these strata have meaﬁ U and Th contents
in the 1- to 10-ppm range. In contrast, black and organic shales, U- and Th-rich accessory minerals, and
carbonaceous accumulations can have U and Th concentrations in the 1,000- to 70,000-ppm range.
The combination of slow natural transport velocities relative to Ra isotope half-lives and the relatively
short pmduction times of most reservoirs makes long-distance Ra transport to well bore highly unlikely.
Burial diagenesis can either promote or retard alpha-recoil release of Ra from parent U- and Th-

containing solids. Massive dissolution and reprecipitation or recrystallization can redistribute U and Th
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,;value.

from grain interiors to new phases or surlaoe coatings on other grains where alpha-recoil products have
. greater access to reservoir fluids. In contrast pore-filling and grain-ooatmg cements can form a barrier
between alpha-reooil products and the fiuid phase. |

To investlgate geologic and hydrochemical controls on NORM activity we assembled a data
b&e of 1563 torrnatron water samples for which chemical and Ra isotopic analyses were available. The
data included new samples and analyses,' results from publications, and new analyses of previously
collected forrnation'waters.rThe samples were obtained from reservoirs in the Texas Panhandle
(Dalhar’t,‘ Anadarko. Palo Duro. and Hardeman Basins and the Amarillo Uplift), the Edwards Group
(south-central Texas), the Central Basin Platform (West Texas), the Texas and Louisiana Gulf Coast,
~ and the Delaware Basrn (southeastem l\lew Mexioo). Samples in'the data base represent widely
diverse conditions of salinity; Ra activity; rese'rvoir depth, temperamre. and lithology; and geographic
location. Mean 225Ra activity ranged from 958 pCiL in the Central Basin Platiorm to 140 pCIL for the
Edwards Group. On the basis of the available s;amples',' tormation waters can be divided into three
groups. Those from the Central Basin Platiorm are expected to have generally high mean 226Ra activity
(greater than 400 pCiL), those from the Texas Panhandle, Gulf Coast, and Delaware Basin are -
expected to have intermediate mean 225«ﬁa actiyity (206 to '4oo‘pcm, ‘and those from the Edwards
Group are expected to have low mean 225Ra aotivity (less than 200 pCl/L) Statrstlcal analysis however,
reveals the variabll‘ty of 225Ra actlvities and the drfficulty of obtaining sufticient sarnples tor coniident

o prediclions Choosrng fandom data subsets trom the smaller sample groups greatly affects the mean S

Correiatlons between 225Ra actnvrty and other water oomposition parameters shows that

- 7 ‘relations prewously reported for samples trom Gulf Coast reservoirs do not hold for any other group ot :

S samples nor torthe combmed set of analyses We oonclude that parameters SU"h as "°St '°°k o

' _:llthology and diagenetio hlstory are as important as water chernistry in suppomng high aqueous 226l=ta .

k 7 ,actmties One generallzation that can be made is that "’25Ra aolrvmes greater than about 200 pCr/L

T "requrre chlonnmes greater than 10 000 mg/L; hrgher 225Ra activmes cannot be supported by less e

salme waters. .
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To invéstigate statewide variations in the capacity of formation water to precipitate NORM
scale, we assembled a data base that consists of several hundred formation water énalyses. Published
reports, observations, and thermodynamic relations suggest that barite is the most common NORM
scale. We us_ed the geochemical modeling program SOLMINEQ.88 (Kharaké and others, 1988) to
predict that amount of barite that could precipitate from formation waters of the Texas Panhandle, Gulf
Coast, Edwards Group, Central Basin Platform, and Delaware Basin. We then used an experimentally
derived distribution coefficient which describes how Ra will substitute for Ba in barite to estimate the
radioactivity of barite scale in the various basins. These results combine both the mean 226Ra activity of
each basin with the barite-forming capacity of formation water from each basin. Although the absolute
values of 226Ra activity in scale are subject to the efiects of errors in water chemistry analyses, reservoir
temperatures‘, lack of pressure values, and uncertainty in the thermodynamic data, the results are
useful for ranking the relative NORM-forming potential of produced water from different geographic
and geologic settings.

Results are presented two ways. We first calculated the radioactivity of scale that could
precipitate from each 100 bbl of produced water. This value reflects the mean Ra/Ba ratio in the water,
the amount of barite that can form from 100 bbl of water, and the reservoir temperature. These resuits
predict high scale radioactivities in the Central Basin Platform, intermediate activities in the Texas
Panhandle, and low activities in the Edwards Group and Gulf Coast reservoirs. We also calculated that
amount of radioactivity per gram of scale. This value reflects the mean Ra/Ba ratio in the water and
reservoir temperature but not the total amount of barite that can precipitate. These results predict
significant differences between the four formation water groups with scale radioactivities decreasing in
the order Edwards Group > Central Basin Platform > Texas Panhandie > Gulf Coast.

information for this study was gathered from all available sources. The resulting data sets
included complete chemical analyses of several hundred formation waters from basins throughout the
state and 153 formation water analyses that included 22°Ra activity. in addition, we obtained chemical,
mineralogical, and radiological analyses of 20 scale samples. Although this data base is large, it

inadequately represehts the number of geographic, geologic, geochemical, and hydrologic variables -
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in Texas oil and gas fields that can affect NORM distributions in productlon and processing equipment.
Chemical, mineralogical, and radiological characterization of NORM scale in particular is sparse. A larger
data base of well-characterized water and scale samples might reveal controls on NORM distributions

that could not be resolved using currently available data.

CONCLUSIONS ’

This rnvesttgatron has found that NORM |evels in produced ﬂurds and equrpment scale are
controlled pnmanly by local geologrc variables that determrne the abundance of U and Th w:thln afew
hundred meters of the well bore These locally hrgh concentratlons of Ra parent |sotopes can
generally be antncnpated on the basus of regronal and local geologrc mformatlon Other factors that
lnﬂuence NORM levels in oil- and gas—held operatlons are related to the ongmal reservorr rock
dlagenetlc modrhcatlons tormatlon water chemrstry, and productlon and dlsposal practrces Although
we find no rehabte state-wnde quantttatrve predrctors ot NORM Ievels Iocal (reservorr- or lleld-scale) |

7 predrctors do exist and can help operators and regulators anhcrpate specral procedures requrred tor
the safe handlmg and dlsposal ot natural rad:oactwrty assocuated wrth hydrocarbon or geothermal |

: produchon

Geographic and Geologlc Assot:iatlo'ns '

'me natlonal survey sponsored by APl shows general areas and countles where NORM levels in

,orl-producing and gas-processmg equrpment are above medlan values These statrstlcal data |dent|fy the

o South Texas Gulf Coast as parhcularly prone to hrgh NORM actxvmes Wlthout mformahon ooncemmg the '

e . ;reservorr strata and Iength ottlme these tacmtres were in operatlon rt is |mposs“ble to deten'mne why thrs is

. f}'an area ot hlgh radnoactlvtty Iti is hrghly llkely that the NORM levels in the South Texas Gult Coast reﬂect the :, '
- hxgher abundance ot volcamc rock lragments carrled to the Gulf of Mexrco by the R|o Grande ‘

1 Transport drstances are lrmrted by the geologrcatly short half-lrves ot 228Ra and 223Ra ooupled wnh 7
7 the slow natural tlurd velocmes and the relatlvely short productron times ot most reservoirs. Therefore
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long-distance transport of NORM sources is much less likely than local derivation of the radioactivity.
Typical reservoir (sandstones, limestones, and dolostones) and associated lithologies (siltstones,
mudstones, and shales) have U and Th concentrations in the 1- to 10-ppm range. Release of Ra isotopes
trom these rocks to produced fluids will be favored by small grain size (large ratio of surface area to grain
volume), high and well-connected porosity, and water-filled pore spaces.

Much more important are the volumetrically small accumulations of U- and Th-rich strata such as
black, organic- and metal-rich shales, lag accumulations of heavy and accessory minerals, and
carbonaceo&.;s material derived from hydrocarbdn deposits. The occurrence of these accumulations in a
play, fieid, of reservoir setting can be anticipated from basic geologic informaﬁon. Black, organic- and
metal-rich shales form from déposition in reducing conditions that develop in deép waters when circulation
is restricted. These conditions commonly occur during times of répid sea-level rise and mark the bases of
transgressive sequences. Concentrations of heévy or accessory minerals typically accumulate where
transport energy is sufficiently high that less dense grains remain in transport. Accumulations of these
minerals are therefore anticipated at the bases of fluvial or distributary channels or in heavily wave- or
current-modified beach or shoreface deposits and in sandstones derived from igneous and metafnorphic
source rocks. Carbonaceous matter such as the Texas Panhandle asphaltite accumulations might be

expected to occur near the margins of hydrocarbon deposits.

Diagenetic Associations

Diagenesis of reservoir rocks can either promote or reduce Ra mobility. Pore-filling‘ or grain-
| coating cements can shield the U- and Th- béaring grains from pore water, thus not‘ pefmitting alpha—reooil
products to escape the solid material of the reservoir. Conversely, large-scale remobilization of .
sedimentary materials through feldspar and clay dissolution-reprecipitation readbns of recrjstallization of
carbonate strata can release trace U and Th from the rock matrix. Because U and Th form highly insoluble
phases under reservoir conditions, this remobilization effectively moves the Ra parent isotopes to |

authigenic phases or grain coatings where alpha-recoil products have a much greater opportunity to
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- escape to the fluld phase. Which of these diagenetic effects will predominate in a reservoir cannot be

‘ pretﬁcted statewide but can be readily established by local, tield-specitic'investigations.'

Water Chemistry Associations

Although no statewrde pred’ ctrve assocrahons were iound between Ra activity and other water
chemical parameters good correlatrons do exist between Ra actrvlty and totat salinity in Gulf Coast
geothermal reservoirs. In restncted geographtc areas where producmg reservoirs have similar lithology
and buria history, a semipredictive relation was found between Ra activity and total salinity (Kraemer and
Reid, 1 984) Simitar relations probabiy"e)dst wtthin fields but could not be established from our data set.
The Texas data base does lndicate that Raactiyttiesfgreater than about 200 pCilL require chiorinities -
greater than 20,000 mg/l. Apparently Ra can successtully compete wrth more abundant cations for ion

exchange or sorptron sites in less salme waters

Equipment Scale Associations o
| Ra substrtuhon for Ba inbarite lsthe mam mechanism by which radioactive Ra isotopes are
removed trom water and ooncentrated in equlpment scaie Because most Texas formation waters are at or
,4 near bante saturatron under reservoir condmons the amount oi barite scale that can torm during
Sy production depends on the change in solubilrty between reservorr and suriace oondltrons The R
; | radioactrvity of that soale depends on how much Ra substrtutes ior Ba in the mmeral '

Barite solubilrty depends on temperature. pressure and iomc strength of the solutron Under ~ _‘

typml reservorr condrtrons however, barite solubrhtyls at a maxrmum at temperatures ot about 1zs°c

T ~Waters near this temperature are mpable of preciprtatmg more bante scale than hotter or oolder waters o

i The amount ot bante that actually prectpitates is limrted by the less abundant ion Therefore tor any degree /

fof oversaturation at surtace condrtrons waters that have nearly equal molar ooncentrations ot Ba and SO4 :
e wrll deposrt the greatest amount oi mmeral scale Water analyses ln the Texas data base generally are

' abundant in elther Ba or 804 and depleted in the complementary ion For this reason, barite precrprlation
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can be significantly increased if waters are mixed either during production or waste disposal. Ra
substitution for Ba in barite depends on the solution Ra/Ba ratio and temperature of precipitation. High

Ra/Ba ratios and low precipitation temperatures favor Ra concentration in barite scale.
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