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Advances in radiological survey capabilities for large sites are discussed.

Radiological Site Characterizations:
Gamma Surveys, Gamma/226Ra
Correlations, and Related Spatial
Analysis Techniques
Randy Whicker,* Paul Cartier,† Jim Cain,‡ Ken Milmine,§ and Michael Griffin§
Abstract: Radiological surveys of a ura-
nium mill site in Colorado and several pro-
posed uranium recovery sites in Wyoming
were conducted in 2006 and 2007. Advance-
ments in Global Positioning System (GPS)-
based gamma scanning systems combined
with gamma/226Ra correlations and Geo-
graphic Information Systems (GIS)-based
spatial analysis techniques produced compre-
hensive and detailed characterizations of the
spatial distributions of gamma exposure rates
and 226Ra concentrations in surface soils
across extensive study areas. Aside from lim-
itations on gamma-based estimates of soil
226Ra related to soil heterogeneity or gamma
shine effects, soil sampling results to date
show good general agreement between esti-
mated and measured values. Spatial charac-
terization aspects of the survey approach are
clearly more effective than conventional grid
sampling methods, particularly for such large
sites. Example project applications, data col-
lection and analysis methods, challenges en-
countered, and resulting mapped estimates of
various aspects of these radiological parameters
are presented. Health Phys. 95(Supplement 5):
S180–S189; 2008

Key words: operational topics; surveys;
226Ra; soil

INTRODUCTION
Remediation of uranium min-

ing/milling sites or other sites
where naturally occurring radio-
active materials are present usu-
ally requires characterizations of
gamma exposure rates and 226Ra
concentrations in soil. Establish-
ing pre-operational (background)
and post-operational conditions
for these radiological parameters
is important for assessment of ar-
eas requiring remediation. Past
approaches include taking dis-
crete gamma measurements and
soil samples across a systematic
grid pattern. A grid sampling ap-
proach is indicated by the U.S.
Nuclear Regulatory Commission
(U.S. NRC) in Regulatory Guide
4.14 for uranium mills (U.S. NRC
1980), with 40 soil samples col-
lected along a radial grid and 80
individual discrete gamma mea-
surements collected along a sim-
ilar pattern.

More recent radiological survey
guidelines found in MARSSIM, the
Multi-Agency Radiation Survey
and Site Investigation Manual

(U.S. NRC 2000), also indicate grid-
based designs for soil sampling and
direct measurement of radionu-
clides in soil, but the number of
soil samples needed varies accord-
ing to statistical requirements and
continuous gamma scanning
(rather than discrete gamma mea-
surements) is used to augment the
soil sampling.

At some sites, natural back-
ground soil 226Ra concentrations
are quite variable and may exceed
levels commonly used as cleanup
criteria. If such areas are not iden-
tified prior to site operations,
they can be misidentified during
decommissioning as contami-
nated areas in need of remedia-
tion. Improvement in radiologi-
cal characterization methods for
background and potentially im-
pacted areas can help improve as-
sessment of areas in need of reme-
diation and verification of the
effectiveness of that remediation.

Since the above mentioned
agency guidance documents were
published, advanced Global Posi-
tioning System (GPS)-based
gamma scanning systems with
automated electronic data collec-
tion have been developed and
used in the field (Meyer et al.
2005a and b; Johnson et al.
2006). These systems can record
up to 3,600 individual gamma
readings and corresponding GPS
measurements per hour, providing
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a detailed record of gamma expo-
sure rate conditions across
scanned areas. Multiple scanning
systems mounted on vehicles can
quickly survey large areas and
provide a high spatial density of
measurements. This gamma sur-
vey technology represents a sub-
stantial increase in the amount of
radiological information that can
be efficiently collected relative to
technology available when earlier
agency guidance documents were
published.

Gamma surveys of a uranium
mill site in Colorado and several
proposed in-situ recovery (ISR)
uranium project areas in Wyo-
ming were conducted in 2006
and 2007 using multiple GPS-
based gamma scanning systems
mounted on off highway vehicles
(OHVs). In conjunction with
these surveys, correlations be-
tween gamma readings and 226Ra
concentrations in surface soils
(0 –15 cm) were established.
These correlations enabled spatial
and statistical information about
soil 226Ra concentrations to be ex-
tracted from the gamma survey
data to help meet various project
characterization objectives. Geo-
graphical Information Systems
(GIS) software was used for statisti-
cal conversion of large survey data
sets, interpolation with kriging
methods, field sampling support,
special investigation/analysis
needs, and for data presentation
purposes.

The objectives of surveys at the
uranium mill site were to develop
various probability-based esti-
mates of the areal extent of sur-
face soils having 226Ra concentra-
tions in excess of pre-specified
cleanup criteria. At the proposed
ISR uranium project areas, the objec-
tive was to establish pre-operational
baseline gamma exposure rates and
soil 226Ra concentrations for licens-
ing/permitting applications. These
project objectives each have impli-
cations with respect to eventual site
decommissioning and termination
of radioactive source materials li-

censes. Continued improvement in
methods to characterize gamma ex-
posure rates and soil 226Ra concen-
trations at such sites can benefit all
stakeholders.

MATERIALS AND
METHODS
Gamma surveys

Various automated, GPS-based
scanning system configurations
have been developed for different
site conditions. For projects dis-
cussed in this paper, two Yamaha
Rhino (Yamaha Motor Corp.,
6555 Katella Avenue, Cypress, CA
90630) OHV-mounted systems
were used (Fig. 1). Given the large
size of these sites, along with oc-
casional rugged terrain, tall vege-
tation and other obstacles, Rhino
OHVs were well suited for these
projects. Backpack scanning sys-
tems were also used in a few small
areas inaccessible to OHVs.

These OHVs are equipped with
adjustable outriggers designed to
mount three 5 � 5 cm sodium
iodide (NaI) scintillation gamma
detectors (Ludlum Model 44-10;
Ludlum Measurements, Inc., 501
Oak Street, Sweetwater, TX 79556)
and paired GPS receivers. The
gamma detectors are coupled to
Ludlum Model 2350 rate meters
housed in a container in the cargo
bed. Simultaneous GPS and
gamma exposure rate data are re-
corded every 1–2 s using an on-
board PC with special data acquisi-
tion software (comReader; Tetra
Tech, 3801 Automation Way, Fort
Collins, CO 80525).

System configuration involves
about 2.5 m spacing between de-
tectors (measured perpendicular
to direction of travel), with each
detector positioned at either 1 or
1.4 m above the ground surface.
For many of these projects a de-
tector height of 1.4 m was the
lowest practical height for the
system under site conditions
given the need for adequate clear-
ance of frequently encountered
obstacles such as tall vegetation,
ravine crossings, and other fea-
tures. As discussed later in this
paper, experimental measure-
ments were performed as needed
to model approximate equivalent
readings as measured by a high-
pressure ionization chamber
(HPIC) at 1 m above the ground
surface (Fig. 1).

Based on qualitative field ob-
servations of detector response
under similar measurement ge-
ometries, the scanning track
width representing each vehicle’s
lateral range of general scanning
sensitivity to elevated planar
(non-point) source areas is esti-
mated to be about 8 m across,
perpendicular to the direction of
travel. Vehicle scanning speeds
range between 3 and 16 km h�1

depending on the roughness of
the terrain, with a typical average
speed of 6–10 km h�1.

Data are downloaded daily into
a project database and results are
viewed each night with special
field mapping software (Gamma
Data Map Viewer; Tetra Tech, 3801
Automation Way, Fort Collins, CO

Figure 1. Three-detector OHV-mounted scanning systems (left) and static HPIC cross-
calibration measurements (right).
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80525). This allows scan cover-
age assessment and planning on
a daily basis and helps to iden-
tify any problems with systems
performance.

For routine scanning across
large areas, a target distance of
100 m between vehicles is esti-
mated to achieve about 14%
ground scanning coverage. For
areas of particular interest,
higher-density target coverages
can range from 25–100% but typ-
ically involve a vehicle spacing of
20 –30 m (35– 45% coverage).
Practical considerations such as
safety, terrain, and natural ob-
structions often dictate actual
distances maintained between
survey vehicles.

HPIC/NaI cross-calibration

Gamma exposure rates mea-
sured by NaI detectors are only
relative measurements as re-
sponse characteristics of NaI de-
tectors are energy dependent.
True gamma exposure rates are
best measured with a less energy
dependent system such as the
HPIC. Depending on the radio-
logical characteristics of a given
site, NaI detectors can have mea-
surement values significantly dif-
ferent from corresponding HPIC
measurement values. NaI detec-
tors are typically calibrated
against a 137Cs source. At photon
emission energies near that of
137Cs (662 keV), relative detector
response is close to 100% (Lud-
lum 2006). Under field scanning
conditions at uranium recovery
sites, a preponderance of lower
photon energies can be present
due to primary and secondary
scattered photons from naturally
occurring terrestrial radionu-
clides. At these lower photon en-
ergies, response of NaI detectors
relative to 137Cs is significantly
greater than 100% and NaI detec-
tors will overestimate true expo-
sure rates. In some locations, ter-
restrial concentrations of gamma
emitting radionuclides can be
very low and higher-energy cos-

mic sources can dominate detec-
tor response resulting in underes-
timates of true exposure rates.

NaI systems are useful because
they can quickly and effectively
demonstrate relative differences be-
tween pre- and post-remediation
gamma exposure rate conditions.
Unless the same equipment and
scanning geometry are used for
both surveys, however, it is nec-
essary to normalize the data to a
common basis of comparison.
This is the purpose of performing
HPIC/NaI cross-calibration mea-
surements. Cross-calibration en-
sures that the results of future
gamma scans, which may use dif-
ferent detectors, detector types, or
measurement geometries, can be
meaningfully compared against
the results of pre-operational
gamma surveys. HPIC/NaI cross-
calibrations are also necessary in
cases where external dose assess-
ments are part of survey objectives.

To perform HPIC/NaI cross-
calibrations, static measurements
are taken at various discrete loca-
tions covering a range of expo-
sure rates representative of the
site. At each measurement loca-
tion, 10–20 individual readings
from the HPIC and each OHV-
mounted NaI detector are sepa-
rately collected and averaged. A
picture of this process is shown in
Fig. 1 (right). The resulting paired
HPIC/NaI data are analyzed by
linear regression to enable con-
version of NaI-based gamma sur-
vey data to approximate 1 m
HPIC equivalents.

Gamma/226Ra correlations

Depending on the nature and
strength of the relationship be-
tween gamma exposure rates and
soil 226Ra concentrations at a
given site, statistical correlations
can be used to estimate approxi-
mate soil 226Ra concentrations
across the entire site based on
gamma survey results.

Following methods described
in Johnson et al. (2006), correla-
tion soil sampling is conducted as

composite sampling over 10 �
10 m plots. Correlation plot loca-
tions are selected to be represen-
tative of the range of exposure
rates found at the site, with addi-
tional efforts made to select plots
having relatively homogeneous
gamma readings in the general
area. Gamma survey maps are
used to help determine appropri-
ate locations. Within each plot,
10 soil sub-samples are collected
to a depth of 15 cm then compos-
ited into a single sample to give
an average 226Ra concentration
over each 100 m2 plot. Samples
are sent to a qualified laboratory
for 226Ra analysis.

Each 100 m2 soil sampling plot
is also scanned using the same
OHV-mounted systems and de-
tector configuration used to scan
the entire study area. The average
NaI gamma reading over each
plot is paired with the corre-
sponding average 226Ra concen-
tration for statistical regression
analysis.

RESULTS AND
DISCUSSION
General observations

Radiological survey study areas
at individual sites ranged from
75–4,358 hectares (185–10,770
acres). Scanning rates ranged
from about 12 to 135 acres h�1

depending on terrain and ground
scanning coverage attained. In
general, instrument quality con-
trol (QC) charts and field QC
charts for scan systems demon-
strated acceptable performance.
In cases of unacceptable system
performance, affected data were
eliminated from the project data-
base and the system was not used
again until the issue was resolved.

Although some cases of unex-
pected and problematic results
were observed during the course
of these projects, supplementary
field investigations and/or addi-
tional data analyses revealed possi-
ble explanations and provided a ba-
sis for appropriate ways to address
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related issues. Final 226Ra estimates
based on gamma survey data
have thus far generally agreed
well with confirmatory soil sam-
pling results.

Uranium mill site surveys

Survey activities at the ura-
nium mill site included two sep-
arate projects. The first involved a
75-hectare portion of the site
scheduled for remedial action.
The survey objective was to esti-
mate the extent of areas with
greater than 80% statistical prob-
ability of having surface soil 226Ra
concentrations in excess of the re-
spective cleanup criterion of 6 pCi
g�1 (222 Bq kg�1). Gamma scan
results are shown in Fig. 2 (top).

A GIS-based spatial analysis
program was used to krig the
gamma survey data in order to
provide continuous estimates of
gamma exposure rate readings
across the study area and better
illustrate spatial distributions
(Fig. 2, bottom). Kriging is a
geostatistical interpolation proce-
dure commonly used in various
earth sciences.

Correlation plot measurements
across the study area initially
demonstrated a statistically weak
linear relationship between
gamma reading and 226Ra soil
concentration. Horizontal and
vertical heterogeneity in soil
226Ra concentrations and/or scat-
tered photons reaching the
gamma detectors from underly-
ing subsurface sources or areas
adjacent to the correlation plots
(i.e., gamma “shine”) may have
been contributing factors to this
result as the outliers all had un-
usually low concentration results
relative to gamma readings.

To investigate potential rea-
sons for weak initial correlation
results, correlation plots were re-
scanned using a shielded (colli-
mated) gamma detector. Shielded
measurements improved the cor-
relation and revealed evidence
that 4 of the 14 correlation plots
may have been significantly af-

fected by gamma shine from ad-
jacent areas and/or subsurface
sources. When data from these
potentially “shine impacted”
plots were removed, the statisti-
cal strength of the unshielded
correlation improved (Fig. 3)
with an R-squared value nearly as
high as the corresponding
shielded correlation.

One-tailed upper and lower
80% prediction limits for the cor-
relation were separately calcu-

lated and plotted along with the
regression line (Fig. 3). Gamma
values corresponding to the
cleanup criterion for soil 226Ra
concentration (6 pCi g�1) at these
prediction limits were used to
create a soil 226Ra probability map
as shown in Fig. 4. This spatial
information is being used to help
with remedial action planning.
The small circular omitted portion
of the study area represents a lined
pond that could not be surveyed.

Figure 2. Gamma scan (top) and kriged mapping results (bottom) for the remedial action
study area at the uranium mill site.

The Radiation Safety Journal Vol. 95, suppl 5 November 2008

Operational Radiation Safety S183



The second project at the ura-
nium mill site involved a much
larger portion of the site beyond
the smaller remedial action study
area. The objective for this
project was also to estimate the
areal extent of soil 226Ra concen-
trations exceeding the 6 pCi g�1

cleanup criterion, but in this case
the information was used to de-
termine a conservative estimate
of the volume of surface soils that
could potentially require remedia-
tion upon site decommissioning.
This volume estimate will be used
to update remedial surety bonding
and thus a more conservative 95%
statistical probability for the esti-
mate was needed.

As with the remedial action
survey project, initial results of
the gamma/226Ra correlation de-
veloped for the volume study
area were relatively weak. Again,
however, comparisons between
shielded and unshielded gamma
data for correlation plots revealed
a few locations where gamma
shine may have contributed to
this result. When those data were
omitted from the analysis the sta-
tistical strength of the regression
improved (Fig. 5).

The UPL line in Fig. 5 indicates
that for this study area a gamma
reading of about 23 �R h�1 has a
95% statistical probability of com-
pliance with the 6 pCi g�1 criterion
for soil 226Ra. An approximate
boundary corresponding to 23 �R
h�1 was drawn on the kriged
gamma survey map and confirma-
tory soil samples were collected
just outside this line to verify the
reliability of the estimate. Kriged
survey results with overlays of the
95% UPL line and confirmatory
sampling results are shown in Fig.
6. Areas outside the 95% UPL line
above 23 �R h�1 were not included
in the volume estimate because
they are included in remediation
plans. Note that the actual regres-
sion line in Fig. 5 (rather than the
UPL line) predicts that on average,
areas with gamma readings of 23

�R h�1 will have corresponding
226Ra soil concentrations of about
3.2 pCi g�1. This prediction agrees
well with the confirmatory sam-
pling results (Fig. 6).

Limitations on spatial and
probabilistic estimates regarding
soil 226Ra concentrations for the
uranium mill site study areas in-
clude uncertainty due to a lim-
ited number of correlation plots,
analytical uncertainty in the
measured correlation plot data,
and significant potential for esti-
mation error in areas where con-
siderable gamma shine effects or
soil 226Ra heterogeneity exist. For
areas significantly influenced by
these latter conditions, character-
ization using conventional grid
soil sampling approaches would
likely prove more effective pro-
vided sufficient sampling density
were used. The data suggest, how-
ever, that such areas represent a
small fraction of overall study ar-
eas and that the correlation
method was an effective overall
approach.

An important lesson learned
from all project examples pre-
sented in this paper is that corre-
lation plot selection criteria are
very important. Careful evalua-

tion and planning must be exer-
cised when selecting correlation
plot locations to ensure that the
data are representative of the
range of gamma values found at
the site, and that gamma read-
ings in the general vicinity of
each plot are as homogeneous as
possible. This can be difficult to
achieve for locations selected to
represent higher readings as these
areas tend to be small with a
higher degree of small scale spa-
tial variability. It is also desirable
to try and avoid choosing loca-
tions with nearby regions of sig-
nificantly higher readings to help
avoid shine issues. A related prob-
lem that is more difficult to ad-
dress is that it is seldom possible
to predict areas that may be af-
fected by shine from shallowly
buried subsurface materials.

Proposed ISR uranium project area
surveys

Because survey objectives at
the various proposed ISR ura-
nium project areas in Wyoming
were focused on pre-operational
baseline characterizations, NaI-
based scan data were normalized
to 1 m HPIC readings to approx-
imate true gamma exposure rates
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and provide a common basis of
comparison for post-operational
surveys. Typically, HPIC/NaI
cross-calibration curves demon-
strated highly significant linear
relationships (Fig. 7, left). As il-
lustrated at right in Fig. 7, the
numerical difference between
NaI readings and HPIC readings
was proportional to the magni-
tude of exposure rate being mea-
sured (HPIC readings were mod-

eled based on the regression
equation shown at left in Fig. 7,
and using a range of hypothetical
NaI readings as the independent
variable).

An example map of kriged
HPIC equivalent gamma expo-
sure rate survey data for a pro-
posed ISR site in Wyoming is
shown in Fig. 8. The use of kriged
survey data overlays on aerial
photos can be an effective way of

illustrating distributional pat-
terns of gamma exposure rates or
soil 226Ra concentrations in rela-
tion to certain geomorphic fea-
tures. Note that the lowest
gamma exposure rates at the site
shown in Fig. 8 tend to coincide
with drainage channel basins. Ar-
eas of higher gamma readings
tend to coincide with areas of
higher topographical relief such
as ridges or hill tops.

For these proposed ISR sites,
cases of apparent spatial relation-
ships between geomorphic fea-
tures and baseline gamma expo-
sure rates are likely related to
erosional and depositional pro-
cesses that may expose elevated
deposits of terrestrial radionu-
clide concentrations at the sur-
face, bury such deposits, or grad-
ually transport elevated materials
off site. Sometimes, transitions
between areas of consistently
higher and lower gamma expo-
sure rates are relatively abrupt.
Such transitions can occasionally
be associated with visible features
like changes in slope, rock type,
and soil color or texture (Fig. 9).
In other cases, there are no obvi-
ous features associated with areas
of higher or lower readings or
with transition zones.

With respect to gamma-based
estimates of baseline 226Ra concen-
trations in surface soils at proposed
ISR sites, conservative estimation
using statistical prediction limits
on correlations was not relevant.
Instead, actual regression equa-
tions from correlation plot data
were used to provide the average
or “best” statistical estimates of
soil 226Ra concentrations based
on the gamma survey data.

Relative to the Colorado mill site
surveys, correlation plot measure-
ments for proposed ISR sites in
Wyoming tended to demonstrate
stronger statistical relationships
between gamma readings and soil
226Ra soil concentrations. In general,
fewer cases of unusually low 226Ra
concentrations in areas of high
gamma readings were observed.

Figure 4. Soil 226Ra probability map for the remedial action study area at the uranium mill
site.
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Again, such cases are likely re-
lated to gamma shine from adja-
cent areas and/or subsurface
sources and those data were not
used for the correlations.

Another notable feature of cor-
relation results for the Wyoming
ISR sites was that the data some-
times demonstrated nonlinear
characteristics (Fig. 10). This
raised the possibility that use of
nonlinear “best fit” models in
such cases could reduce potential
prediction error for soil 226Ra esti-
mates based on gamma survey
data.

Reasons for apparent nonlin-
earity observed in correlation
data from some sites appear to be

related to a kind of threshold ef-
fect in the relationship between
detector response and the ratio of
terrestrial to cosmic sources of
gamma radiation. Cosmic sources
can dominate detector response
until terrestrial sources become
concentrated enough to have sig-
nificant correlative impact on
readings. This idea is consistent
with a comparison of observed
correlation data between various
sites.

Sites with higher minimum
measured soil 226Ra concentra-
tions (e.g., 4–5 pCi g�1) tended to
exhibit linear correlation charac-
teristics. Sites with lower mini-
mum measured soil 226Ra concen-

trations (e.g., 1 pCi g�1) tended to
exhibit nonlinear correlation
characteristics, with relatively lit-
tle change in 226Ra concentration
over the lower range of measured
gamma values until a kind of
threshold is reached and 226Ra be-
gins to increase with increasing
gamma readings.

Reasons for this threshold ef-
fect are likely partially related to
those mentioned in the earlier
discussion of differences between
NaI detector and HPIC readings.
At a given site, cosmic sources are
relatively constant and variations
in NaI readings are due to varia-
tions in terrestrial radionuclide
concentrations. When terrestrial
226Ra sources begin to exceed
about 1 pCi g�1 at these sites, a
greater percentage of lower en-
ergy photons interact with the
NaI detectors and relative re-
sponse appears to cross a thresh-
old between underprediction and
overprediction of true exposure
rates. As gamma readings in-
crease above this threshold, a
more linear correlative relation-
ship between 226Ra and gamma
readings becomes apparent.

Despite the potential explana-
tions above for an apparent
threshold effect, both linear and
nonlinear models were used to
convert gamma survey data to
estimates of 226Ra concentrations
in surface soils. Both data sets
were kriged and mapped to help
assess which model at each site is
best supported by subsequent ra-
dial grid soil sampling results
(U.S. NRC Regulatory Guide 4.14
soil sampling protocols are also
being implemented as part of
baseline studies at these sites).
This type of confirmation sam-
pling can also help to assess the
representativeness of correlation
plot sampling locations.

Spatial differences in the distri-
butions of estimated soil 226Ra
concentrations based on linear
and nonlinear models for a pro-
posed ISR site are shown in Fig.
11. In terms of remedial issues, the

Figure 6. Gamma survey results for the volume study area showing approximate regions
with gamma readings above and below 23 �R h�1, the gamma value with a 95% statistical
probability of compliance with the 226Ra cleanup criterion. Confirmatory soil sampling
locations and annotated 226Ra results (pCi g�1, in parentheses) are also shown.
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implications of which predictive
model is used are quite apparent
at this particular site. Regardless
of what model is ultimately used,
it is unlikely that areas with ele-
vated radiological baseline condi-
tions would be adequately char-
acterized based solely on grid
sampling as indicated by currently
applicable regulatory guidelines.
These elevated areas are generally
downwind of the proposed plant
location and often fall just out-
side of respective radial grid sam-
pling locations as indicated in
Regulatory Guide 4.14. This ob-
servation highlights a key advan-
tage of using GPS-based, high-
density gamma scanning and
correlation techniques to charac-
terize entire sites.

Available data to date have en-
abled one proposed ISR site to be
evaluated with respect to which
type of predictive model is most
strongly supported by confirma-
tory soil sampling results. Overall,
a nonlinear model predicted soil
226Ra concentrations at this site
more accurately than a linear
model. Nonlinear modeling esti-
mates and actual soil sampling re-
sults are shown in Fig. 12. Optimal
spatial detail at individual sam-
pling locations is not resolved in
this figure but locally enlarged
views of the data indicate that

Figure 8. Kriged 1 m HPIC equivalent gamma survey map of a proposed 1,618 hectare
(4,000 acre) ISR uranium project area in Wyoming.

Figure 9. Visible, geomorphic boundary delineating abrupt transition in gamma expo-
sure rates.
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Figure 10. Comparison of linear (left) and nonlinear (right) models fitted to combined gamma/226Ra correlation plot data from two nearby
ISR sites in Wyoming.
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differences between modeled and
measured values are generally less
than �1 pCi g�1, not greatly differ-
ent from analytical uncertainties
reported by the laboratory (which
ranged up to �0.6 pCi g�1). As
mentioned, however, not all
sites demonstrate nonlinear
correlation characteristics and
correlation data need to be ade-
quately representative to have

the best chance of choosing the
appropriate model.

Finally, caution must be exer-
cised with respect to extrapolat-
ing predictive models beyond the
range of measured correlation
data. In these studies, prediction
data outside this range were
sometimes artificially truncated
to avoid such extrapolation, de-
pending on the nature of the cor-

relation and respective potential
to significantly impact kriging re-
sults. In all cases, the validity of
gamma-based estimates of 226Ra
are limited to the range of mea-
sured correlation data and be-
yond that range only general
qualitative statements such as
“less than” or “greater than” are
justified. Furthermore, limita-
tions mentioned earlier for ura-
nium mill site estimates also ap-
ply to estimates developed for the
proposed ISR uranium project
area studies.

CONCLUSION
Although gamma/226Ra correla-

tion techniques are not new, the
GPS-based scanning systems used
for these projects involve more
recent technology that can
quickly and efficiently collect
large amounts of information
about the spatial distribution of
terrestrial sources of gamma radi-
ation across extensive areas.
Mapped data presentations and
confirmatory soil sampling re-
sults suggest that high-density
gamma scanning combined with
correlation techniques was an ef-
fective overall survey approach
for these projects and represents
general improvement in charac-
terization capabilities for large
sites.

Figure 11. Comparison of continuously estimated soil 226Ra concentrations based on linear (left) and nonlinear (right) models fitted to
gamma/226Ra correlation plot data for a proposed ISR site in Wyoming.

Figure 12. Comparison of continuous estimates of soil 226Ra concentrations predicted
with a nonlinear model vs. actual soil sampling results at a proposed ISR site in Wyoming.
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Limitations on correlation-
based 226Ra estimates include
potential prediction error in areas
with significant heterogeneity in
soil 226Ra concentrations, gamma
shine effects, or areas beyond the
range of measured correlation
data. Poor correlation results can
result from insufficient sample
size, inadequate representative-
ness of correlation plot locations,
soil 226Ra heterogeneity, or
gamma shine. Nonlinearity in
correlation characteristics can re-
sult at sites where pervasively low
226Ra concentrations are reflected
in the measured correlation data,
possibly due to a threshold effect
between detector response and
the ratio of terrestrial to cosmic
gamma sources.

Integrating a full range of GIS
spatial analysis capabilities into
this radiological survey approach

allows various and sometimes
subtle types of information con-
tained in the survey data to be
successfully identified, inter-
preted, and assessed with respect
to project objectives. Kriging re-
sults displayed on topographical
contour maps or aerial photos
can provide detailed and highly in-
formative characterizations of vari-
ous radiological parameters across
entire sites. This information can
have important implications with
respect to site decommissioning and
license termination.
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