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1.0 INTRODUCTION

The Uranium Mill Tailings Radiation Control Act of 1978 requires the clean-
up of residual radioactive materials from specified inactive uranium-processing
sites throughout the United States. Cleanup standards issued by the Environmen-
tal Protection Agency (EPA) 40 CFR 192 set limits for gamma radiation, radon ‘
progeny, and ?26Ra concentrations at these sites and on nearby offsite proper-
ties. The objective of these standards is to reduce existing and potential
health risks to man from radon-decay products and gamma radiation. The Act
requires that residual radioactive material, which has been used as backfil)
material in and around dwellings and in construction material, be removed and
that further dispersion of tailings from inactive processing sites by flood and
unautho :-ed activities of man be prevented.

kadium-226 is a radionuclide of primary interest because approximately 95%
remains behind in the tailings material after processing uranium ore, and be-
cause it decays to form 222Rn (radon), a noble gas that is capable of diffusing
into dwellings where it decays to form several radioactive daughters (Fig-
ure 1.1) (Sears et al. 1975). A srries of gamma rays and alpha particles are
emitted during this process. The radiation dose to the lung produced by the
emission of alpha particles from radon daughters is considered the major radic-
logical hazard presented by mill tailings. Therefore, tailings material con-
taining ?25Ra must be located and removed to eliminate or reduce the radiation
exposure of residents., A method is needed for estimating the extent of subsur-
face 226Ra contamination that will be rapid, reliable, and economical.

The purpose of this report is to outline procedures for determining subsur-
face ?26Ra concentrations in remedial action programs. The data obtained will be
used to 1) determine the thickness and depth of any well-defined layer(s) of
tailings material, and 2) determine whether the top 15-cm surface layer exceeds
5 pCi/g of “2fRa (plus background) or whether any subsequent 15-cm layer exceeds
15 pCi/g of 228Ra (plus background) in the soil. Core sample and drill cutting
analysis will be compared with borehole logging. Two types of downwell detec-
tors will be discussed: IG and Nal(T1)-scintillation. This does not preclude
the use of other types of scintillation or solid-state detectors. However, use
of Tithium-drifted germanium [Ge(Li)] detectors is not recommended because they
require uninterrupted cooling with liquid nitrogen. Active systems (neutron
probes, etc.) can be used for remedial action programs, but are not recommended
because extra safety requirements are needed to operate these systems, their
availability 1s limited, and their capital costs are high.

This reporl assumes that the audience has practical experience with gamma -
ray measurement tools, so many minor details are omitted. However, information
sources are referenced to help those individuals needing further explanation.
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3.0 COMPARISON OF BOREHOLE LOGGING TO SOIL CORE/DRILL CUTTING ANALYSES

Borehole logging and soil core/drill cutting analyses are the major methods
used to determine subsurface 226Ra concentrations for remedial action programs.
Uranium exploration activities have shown that borehole logging has many advan-
tages over soil core and drill cutting analyses. Among these are the following:
1) the high cost of coring usually can be reduced significantly by using noncore
drilling procedures, 2) borehole logging results are independent of core recov-
ery, 3) the volume of sample investigated with the downhole detector is gener-
ally larger and statistically more reliabie than core or drill cutting samples
retrieved for analysis, 4) borehole logging provides better depth resolution,
and 5) delays and cost of sampling and radiometric analyses are reduced or elim-
inated (Dodd and Eschliman 1972; Brodzinski and Hensley 1982).

To evaluate and compare the performance of borehole logging to core-sample
analysis at a remedial action site, a tailings pile was core drilled using an
auger. The borehole was drilled to a depth of 30 ft, which was sufficient to
penetrate the natural subsoil. Five soil core samples were recovered represent-
ing discrete segments of the borehole from 5.5 to 22.5 ft in depth. The five
core samples representing 6- to 30-in.-long segments of the borehole were each
represented by only 3- to 5-in.-long core samples. This typical example of core
recovery demonstrates that the sample recovered poorly represents the soil
column. These five samples were counted to determine their 226Ra content.

These results were compared to those from borehole logging with an IG downhole
detector calibrated for the same diameter borehole and logging conditions (Fig-
ure 3.1). The results clearly demonstrated poor correlation between the core
samples and the IG detector results for 226Ra concentrations at depths less than
17 ft. The 226Ra values for the core sample ranged from 300% lower to 40%
higher than the values determined by borehole logging in the region of elevated
226Ra concentrations. Good correlation was observed in the subsoil samples (17
to 22.5 ft), apparently because of the homogeneity of that layer compared to the
tailings pile. Because a complete core of the borehole was impossible to obtain
and it was uncertain as to which segment of the borehole each core represented,
the borehole logging data were much more representative of the soil column being
investigated. In light of these results and the consensus of information avail-
able from uranium exploration, a downhole detector should be used to estimate
the concentrations of “26Ra in subsurface soil at remedial action sites.
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4.0 WELL LOGGING

This section covers a number of topics beginning with the basic assumptions
necessary to estimate subsurface 225Ra concentrations in the soil, followed by
site assessment, site documentation, detectors, calibration, recommended logging
procedures, and spatial-deconvolution techniques. When an anomaly has been To-
cated at a site, it is very important tc determine whether the anomaly is caused
by tailings material, unprocessed uranium ore, or natural deposits of materials
containing elevated levels of uranium and its daughters before remedial actions
are begun. Tentative identification can be made by visually examining a sample
of the anomalous material. However, final verification that the material is
depleted in uranium (i.e., tailings) requires the use of a high-resolution
solid-state detector. The 226Ra and 238U activities can be compared to distin-
guish between mill tailings (in which the 2380 activity will be less than about
10% of the 226Ra activityg and uranium ore or natural deposits (in which the
226R3 and 238 activity should be comparable). [f the presence of tailings
material above the EPA standard is verified, then remedial action will be
required. Radium-226 to 238U activity ratios between 1 and 10 are most likely
caused by tailings that have been diluted by natural or ore materials. To
determine the concentration of uranium in a sam lﬁ. one would use the 1001-keV
photopeak emitted by its short-lived daughter 23%"Pa. The concentration of
226R3 would be determined using the 186-keV photopeak. In this calculation, it
is important to propagate the counting errors to determine whether the ?2%Ra to
uranium act‘vity ratios are statistically different., When using the 186-keV
eak to determine 226Ra concentration, interference from the 185-kev peak of
235) must be removed. If a significant concentration of 235U is measured (using
the 143-keV photopeak), a correction factor may be calculated for the 186-keV
photopeak by using the branching ratios and efficiency factors for the 185-keV
and 143-keV photons of 235U,

4.1 ASSUMPTIONS AND LIMITATIONS

When well logging is carried out, a number of assumptions are necessary
for data reduction. They are as follows: 1) the tailings material is distrib-
uted in an infinite plane perpendicular to the borehole, 2) the ??%Ra concentra-
tion is homogeneous throughout the tailings layer, 3) the response of the detec-
tor to the tailings is proportional to the concentration of the radionuclide
present, and 4) the moisture content of the soil remains constant throughout the
soil column being investigated.

Most often the Nal(T1) detectors will be used in remedial action pro?rams.
These detec’ors have poor resolution. Therefore, when there is a possibility
that radionuclides other than primordial radionuclides (i.e., K, Th, and U) are
present on the site, IG detectors should be used. Germanium detectors will
provide the added resolution necessary to determine the presence of other radio-
nuclide species in addition to uranium and radium,



4.2 SITE ASSESSMENT

In a remedial action program, a number of reasons dictate the use of bore-
hole logging. On the mill site, borehole logging is necessary to determine the
depth and locations of tailings material, This information is used to estimate
the quantities present, and if relocation is necessary, the approximate volumes
of material requiring relocation. On a town site, borehole logging is required
if a dwelling fails to meet the radon working-level standard, or if high gamma-
exposure rates or “26Ra concentrations are detected in or around the dwel ing or
adjoining property. When an anomaly is located, borehole logging should be used
to estimate the extent of contamination.

4.2 SITE DOCUMENTATION

When a dwelling or property in a remedial action program requires well log-
ging, a number of facts must be recorded in the field notebook. This informa-
tion must be concise and under the control of the borehole logger because it may
be required later to help resolve legal questions. Important information that

should be collected includes:
® the name, identification number, or location of the property
® the name of the property owner, or if rented, the name of the renter

® a consent form to enter property
® the surface gamma readings at locations where boreholes will be drilled

® the location of boreholes from well-defined reference points (e.g., a
corner of the house and the direction and distance from that corner)

the borehole-logger's name

® when the hole was drilled

® the diameter of the hole

® depth of the hole

whether water was present

whether the hole was cased

when the hole was logged

what detector was used (serial number)

the data-tape number if the data were stored on tape

the starting and end points of the data tape recording for each log and a
record of one particular channel as a reference marker in the field
notebook
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Figure 4.2. Concentrations of 228Ra and 2!“*Bi in a Borehole Determined with a

Downhole 1G Detector. (One-sigma standard deviation for 22f«a con-
centrations ranged from 6.8% to 3.4% and 31.2% to 20.9% for O to 16
ft and 17 to 24 ft segments, respectively. One-sigma standard
deviations for 21“*Bi concentrations were less than 13% from 0 to 16
ft and ranged from 100% to 9.3% at depths greater than 16 ft.)




field study in Edgemont, it appears that an IG detector requires considerably
more time to log a borehole than an Nal(T1) detector system. However, an IG
detector can be used in conjunction with an Nal(T1) detector. The hole initial-
l{ can be logged with the Nal(T1) detector to locate elevated concentrations of
226Ra and then the 1G detector can be used to determine the nature of the
anomaly and the deviation from secular equilibriun for 228Ra and 21%Bi in the

borehole.,

In addition to the two aforementioned detectors, lithium-drifted germanium,
cesium-iodide, and bismuth-germanate detectors could also be used in remedial
action programs. However, Ge(Li) detectors are less useful than IG detectors
for measuring uranium daughters because Ge(Li) detectors have a somewhat larger
Compton background at the lower end of the gamma-ray spectrum, and because they
require continuous cooling with liquid nitrogen. Intrinsic germanium detectors
require liquid-nitrogen cooling only during operation. Cesium-iodide and bis-
muth-germanate detectors are composed of elements having higher atomic numbers
than Nal(T1) detectors and, therefore, offer improved counting efficiencies of
47% and 310% respectively over Nal(T1) detectors of comparable size (Wilson and
Stromswold 1981). However, any advantages cesium-iodide and bismuth-germanate
detectors have over Nal(T1) detectors do not offset their higher costs (for
remedial action program applications).

4.5 CALIBRATION

kegardless of whether Nal(T1) or IG detectors are used, the most important
criterion for good data collection is proper calibration of the detector and
associated equipment. Without this, all data collected will be of questionable
quality. The equipment should be calibrated under the same conditions as the
actual borehole logging. These conditions include borehole diameter, casing
material, physical parameters in the borehole (i.e., is water present?), and the
placement of the detector in the borehole. If corrections are made for all
field conditions that affect the detector, reliable data can be collected for

analysis.

Re~edial action programs have access to a complete calibration facility at
Grand Junction, Colorado, operated by Bendix Field Engineering Corporation for
DOE. In addition to this facility, six other DOE calibration sites are located
regionally (Figure 4.3). These sites are located in Casper, Wyoming; George
West, Texas; Grants, New Mexico; Morgantown, West Virginia; Reno, Nevada; and
Spokane, Washington. The facilities at Grand Junction are by far the most

extensive.

The Grand Junction facility has various fixed-calibration models with
several borehole sizes and casing materials placed in cement with mixtures of
sand (blank) or spited with various concentrations of poutassium, uranium, and
thorium. The borehole models are grouped according to intended use: gross-
count gamma-ray calibration model, spectral gamma-ray calibration model, and
departure models used in determinin? water correction factors. The KUT model is
used to calibrate either the scintillator types or the IG spectral gamma-ray
probes. The KW model can be used to calibrate the effects of several hole diam-
eters, casing materials, and borehole water content on Nal(T1) or IG detectors,
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of the first 30 cm of soi! for laboratory analysis or gamma-ray spectroscopy.
The detector can then be used to determine ““®Ra concerntrations for the next
15-cm layer (45 cm from the surface) using logging techniques. At that point
the detector is viewing a volume of soil at depths similar to those of the
calibration boreholes.

The availability of seven DOE sites to calibrate instruments for remedial
action programs should not preclude the construction of special-purpose calibra-
tion facilities in other locations. The radioisotope concentration at such a
special-purpose facility must be statistically proven hcmogeneous and be trace-
able to the Grand Junction site or one of the other six calibration sites. This
arrangement could save considerable time and effort in recalibrating detectors
used on remedial action programs. One specific example is the Natural Activi-
ties Calibration Facility at the Hanford site near Richlard, Washington. This
particular site is located in a pristine area that has never been tilled or dis-
turbed by activities of man. The surface vegetation and soils have been exhaus-
tively sampled using a statistically acceptable geometric pattern. Samples were
carefully analyzed in the laboratory for all measurable radioactivity, and that
analysis confirmed the presence of primordial “Ok, Z38U, 232Th, their related
progenies, and a trace of 137Cs from fallout. The site characterization showed
these primordial and fallout radionuclides in the soil to be homogeneous within
+8.3%. During site characterization studies, a 6-in. schedule-4C-steel casing
was inserted in a borehole drilled near the center of the Natural Activities
Calibration Facility using vacuum coring. The core material was collected in
6-in. segments, These samples also were analyzed in the laboratory, and the
concentrations of primordial radionuclides were consistent to within +5.7%. The
measured concentrations of radionuclides were used to generate an empirical
curve of efficiency as a function of photon energy for this well-logging system
(Figure 4.5) (Brodzinski and Hensley 1983). This facility was also used to
determine the efficiency curve in a 4-in. uncased well for the downhole IG
detector (mentioned previously) used at the Grand Junction facility. The <“®Ra
concentrations determined by this detector for the KUT boreholes at Grand
Junction calibration facilities were in excellent agreement with the documented
values (discussed in Section 4.4 of this report). We concluded that such &
facility is well-suited for the calibration of detectors used in remedial action

programs .

4,5.1 Efficiency Determination

The purpose of calibrating a detector in a borehole calibration model is to
determine the efficiency (K-factor), the water and casing correction factors (Fw
and Fc, respectively), and the deconvolution parameter (alpha) of the downhole
detector. These parameters are further discussed in George and Price (1982) for
total-count logging and Wilson and Stromswold (1981) for Nal(T1) spectral
gamma-ray logging. The efficiency factor is used to convert counts per unit
time, for a particular radionuclide, into concentration units (e.g., pCi/g).

The efficiency factor is characteristic of the detector being calibrated and is
unique to that detector only. The efficiency factor and the deconvolution
parameter (alpha) can be determined at any one of the seven DOE calibration
sites. However, Grand Junction is the only DOE calibration facility where
water- and case-correction factors can be determined. The efficiency factor

16
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be to use an Nal(T1l) detector to log the hole, but then use an IG detector t¢
make a second count wherever a gamma anomaly is located. The data collected
with the IG will determine whether the ‘s':\)ﬂ'ld\w] 1S caused by ’u‘.’.ir:gs material.

A more in-depth description of techriques used f¢ ' total-count gamma-ray
logging can be found ir George and Price (1982). Mor. information on spectral
jamma-ray logging can be found in Wilson and Stromswold (1981).
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