



































Protactinium~234, a close daughter isotope of U-238 achieves
equilibrium with U-238 in less than 3 months. It emits a weak,
but detectable, gamma ray of 1001 keV energy (1l7). The present
project investigated the practicality of using the Pa-234 gamma
ray as a direct indicator of U-238 despite previous pessimistic
interpretations (2,4,35).

In-situ neutron activation analysis (NAA) by gamma ray
spectroscopy has, for applicable elements, the potential of
solving niany ot the problems assoclated with
drilling-and-assaying. NAA has the following advantages:

1) the depth of the analyzed sample is accurately known

2) the sample volume is relatively large (it depends
on the composition of the formation and the gamma ray
emissions energies),

3) samples cannot be lost,
4) there is a small chance of human error, and
5) analyses are virtually immediate

Furthermore, total cost per assay can be less than cost of
traditional methods, particularly corehole assays. On the
other hand, in NAA there is a necessary tradeoff between costs
and accuracy, which 1is element-dependent., Tool development
costs and capital equipment costs can be relatively high. Some
NAA techniques nake wuse of highly radioactive sources, which
typically require specialized equipment and handling, and which
must be licensed.

If a logging technique capable of delivering accurate and
reliable downhole elemental analysis were available, it could
have significant value to the minerals and energy industry.
Ure bodies could be located and mapped more precisely than with
drilling-and-assaying methods. Site evaluation costs could be
reduced, or more information c¢ould be obtained for the same
outlay of money. In addition, there are potential benefits in
conservation and 1in reduction of environmental disruption, if
orebodies can be mapped and mined with improved precision.

In order to place our tocus on in-situ, high-resolution
NAA in Dbetter perspective we note that there are other
techniques available for instrumental in-situ assays. These
include, but are not limited to, x-ray fluorescence, x-ray
diffraction, photoluminescence, and infrared spectroscopy. One
report has stated that, "The technology assessment and
cost-benefit analysis shows neutron activation analysis in its
various forms to have the highest priority for research and
development as a borehole logging technique....0f the twelve
industries considered in the study, those where the need for
advanced borehole logging technology is greatest are wuranium,
copper, gold, and iron." (13)
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In summary, it was felt that the field tests produced
valuable preliminary data, indicated some of the potentialities
and limitations of the method, and pointed up specific areas of
investigation that could benefit from further work.,
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Iron: Reston, Virginia, and Dover, New Jersey

Objectives

The main objectives of the iron tests was to field test the
equipment for the first time with the Cf-252 neutron source.
Iron ore provided a good wmaterial for this purpose. We
expected the characteristic signal from iron in iron ore to be
readily and unmistakably seen because 1) commercially important
iron ore grades were high in 1iron content, 2) the neutron
capture cross section (probability of neutron interaction) was
relatively high, and 3) the resulting prompt gamma ray spectrum
of iron exhibited a readily discernable doublet structure. We
felt that 1iron ore would be an excellent test material upon
which to examine various experimental parameters, such as the
effect of source-to-detector spacing on signal intensity,
background intensity, and sample volume.

Background

The reaction of interest is that of thermal neutron capture by
Fe-56 written symbolically as:

(Fe28) + n—>(Fe> /) + v

Natural iron is 91.8% Fe-56. The Fe-56 1isotope has a
thermal neutron capture cross section of 2.6 barns. The newly
formed ¥e-57 promptly emits gamma rays. About 22% of the
captures result in gamma ray emissions at 7.646 lieV and about
27% at 7.632 MeV (17). The resulting spectrum from each of
these gamma rays contains, in addition to the full-energy peak,
single- and double-escape peaks. The last two represent
irretrievable loss of one and two 0.511-MeV annihilation
photons, respectively, emitted following the pair production
interaction within the detector. There is also a
Compton~scattering continuum, representing inelastic photon
collisions with electrons 1in the detector. A portion of a
spectrum highlighting the full-energy and escape peaks of the
Fe-56 doublets is shown in Figure 20,

Calibration Test Pits, Reston, Virginia

This portion of the investigation was carried out in close
cooperation with Frank Senftle and his group at the U.S.
Geological Survey at their test pits in Reston, Virginia. The
purpose was to test the effects of the source-to-detector
spacing and to calibrate the sonde in preparation for the field

tests,

Test holes were constructed in the following way. Into an
existing 89cm (35 inch) diameter pit were stacked, by means of
an overhead crane, five cylindrical iron ore standards one on
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As noted above, if there is a condition of disequilibrium,
then the measurement of the emissions of a decay product will
not accurately indicate the concentration of the parent
uranium. Because of the physics of the decay chain, the
traditional natural gamma measurement used in uranium
exploration 1is predominately a measure of the gamma rays
associated with Bismuth-214.

In a geological context, only three of the daughter
products of Uranium-238 can be certain to exist in a state of
equilibrium with the parent isotope: Thorium-234, Uranium-234,
and Protactinium-234, Of these, only Pa-234 has a usable gamma
ray for logging purposes. The use of the 1001-keV photon from
Pa-234 for tracking uranium has been discussed by Tanner et al
(35) and Brodzinski and Wogman (2). Statistically, the
1001 -keV gamma ray 1is produced in only 0.59 percent of the
uranium decays, which means that counting rates are low for
this gamma ray. On the other hand, it has the advantage that
its photon energy is great enough so that a relatively large
volume of the borehole surround near the detector sampled.
Gamma rays of 1001 keV can penetrate the formation as much as

20cm (8 in.).

Field Tests

Thirty 25cm (10 in.) diameter boreholes in a shallow sand
uranium deposit were drilled, cored, and cased. The water
table was such that all of the holes were water-filled to
within a few feet of the surface. The sonde was used without
significant interruption over a five week period at the site,
Spectra were collected at 30cm (one-foot) intervals in all the
regions for which core analyses were available. Additional
regions of the boreholes were selectively logged in stepped
fashion at various footage intervals. Some continuous logging
was also attempted.

Concurrent with these tests was a series of field tests,
cosponsored by Conoco, the Bureau of Mines, and Department of
Energy for comparing the various procedures for direct borehole
assay of uranium (35). These included natural-gamma
high-resolution spectroscopy, delayed-fission-neutron (DEN)
counting, and prompt-fission-neutron (PFN) counting. Although
the PGT high-resolution sonde was still in its initial testing
stage, 1t gave results that compared favorably with the other
methods.

The results from the Kennedy field tests showed that the
borehole sonde's logs and the core assays correlated very well,
even in those holes that exhibited poor correlation between
gross gamma measurements in the borehole and core
analysis-where disequilibrium was suspected. Occasionally,
slight discrepancies of one or two feet of depth between the
borehole sonde and core sample assignment were noted, Such
discrepancies were not unexpected, given the inaccuracies in
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boreholes are not likely to be close-fitting, and are usually
full of water. The response of the sonde was expected to be
sensitive to the borehole diameter because the hydrogen in
water strongly affects the neutron flux, effectively reducing
the sample size. However, the magnitude of this effect in coal
had not been empirically determined.

Field Tests

The borehole, located in the Pittsburgh seam, Green
County, Pennsylvania, had a diameter of 25.4cm (10 in). The
detector section of the probe had dimensions 5.1cm (2 in)
diameter by 122cm (48 in) long, exclusive of neutron source and
spacers.,

A short phenolic plastic section containing a 6.35 cm lead
shadow shield was fastened to the bottom of the sonde.
Phenolic and/or nylon spacers were screwed into the bottom of
this section to change the source-to-detector distance. The
source section, which held an additional 10.6 c¢m lead shadow
shield directly above the Cf-252 source, was placed below the
spacer located farthest from the detector. Four sources of
different sizes (0.23, 2.7, 25 and 96 ug Cf-252) were used in
the experiments; the source-to-detector distances used are
shown in Table 5.

Table 5
The source-to-dectector distances used with different 252-Cf
sources.
Source~to~-Detector Length of Pb

Source Size (Ug) Distance (cm) Shadow Shield (cm)

0.23 19.9 6.35

2.7 50.2 16.95

25 73.8% 16.95

25 61.0% 16.95

96 74.3 16.95

* Used for borehole log only.
**Used for spectral analysis in the coal seam.

On the day before the experiments were performed, the hole
was bored to a depth of about 9m below the main bench of the
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The gradual improvement of the results with larger sources
is understandable in an oversize borehole if one keeps in mind
that the source-to-detector distance must be increased as the
source size increases. In all the spectra, the total counting
rate was approximately the same, and the contribution of
borehole water (primarily hydrogen) to the total count was
greater for the smaller source sizes, The effect of the
relatively large amount of water 1in the oversize borehole
decreases for larger source-to-detector distances (larger
sources) ; so better analyses were obtained with the larger
sources, However, even for large sources, the deleterious
effect of water on the signal-to-background ratios was

significant.
Conclusions

Borehole logging of a coal seam by means of germanium
gamma-ray spectrometer and a Cf-252 source can provide the
following information.

1. Identification, depth and width ot the coal seam,
These are obtained from logs of the 1779-keV aluminum
gamma~-ray counts and the 1461-keV potassium-40 counts,

2. Quantification of the significant elements in
coal ash including sulfur, aluminum, silicon and
iron, but excluding oxygen.

3. Determination of the ash content.

4, Determination of the carbon and hydrogen content
of coal and consequently, the BTU content.

Trace quantities of impurity metals in coal could not be
directly determined within practical measurement times.

The data suggest that pyrite probably can be determined at
the level of a few percent or more, 1if care is taken to
minimize the amount of structural iron in the probe near the
detector, Water present in an oversize borehole worsens
accuracy compared to a close-fitting borehole and affects the
optimum source strength and source-to-detector distance. These
last parameters vary with the borehole diameter.

If the direct determination of oxygen were of special
importance, along with the determination of other elements, it
would be necessary to employ an accelerator to generate
14.4-MeV neutrons, which can directly stimulate gamma-ray
emission from oxygen. They do so by inelastic scattering,
producing 6.13 MeV gamma rays.
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