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EXECUTIVE SUMMARY

The characterization of environmental radiation in a
given locality is an important consideration in both siting
and decommissioning nuclear facilities, the assessment of
consequences of current operations and past releases from
nuclear facilities or activities, and in understanding the
relative risk that environmental radiation poses to public
health and the environment. The primary objective of this
study was to characterize the relative contributions of
natural and man-made radioactivity at a variety of locations
near Albuquerque, New Mexico. The gquantitation methods
employed were all based on gamma-radiation detection,
including: soil sampling with gamma-ray spectroscopy,
environmental thermoluminescent dosimeters, and the use of a
high pressure ionization chamber. These methods have the

advantage of relative ease of use with minimal laboratory
preparation.

Typical numerical values and ranges for radionuclides in
soil and in situ exposure rate measurements were evaluated.
Geometric and harmonic means for the measurement parameters
over the entire study area follow' 22 Ra, 1.15 and 1. 12 pCi/g;
2l4pj, 1.19 and 1. 16 pci/g; 235U, 0.06 pCi/g (Poth) ; 238y, 1.80
and 1.65 pCi/g; 2331y, 1.40 and 1.37 pCi/g; 49K, 15.5 and 15.3
pCi/g; Cs, 0.18 and 0.14 pCi/g; TLD Rates, 11.4 uRéh
(both 3 and HPIC rates, 13.0 uR/h (both% The values for
and 2°2Th series nuclides, as well as Cs and exposure rates
were higher on the slopes of the Sandia and Manzano Mountains
and Central Highlands than in the Albuguerque Basin. 4K
maxima were associated with the western foothills and bajadas
associated with mountaln front outwash from igneous rocks.
Higher values for 238y and 232Th series nuclides are associated

with source rock type and elevated 1!37Cs correlated with .
meteorologic patterns.

Results for soil activities and exposure rate
measurements compared favorably with various 1literature
sources including the results of surveillance and
characterization efforts related to nuclear facilities
currently operating or planned in New Mexico.
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1. INTRODUCTION

The characterization of environmental radiation has
developed as an integral operational Health Physics task,
accompanying the explosive development of defense and
commercial nuclear capabilities in the United States since the
late 1940’s. Such characterization is an important
consideration in the siting and decommissioning of nuclear
facilities, the assessment of consequences of current
operations and past releases from nuclear facilities, and in
understanding the relative risk that environmental radiation
may pose to public health and the environment. Increasing
public health concern has been placed on the process of
remediating facilities and land areas that were purposefully
or incidentally contaminated by radioactive materials as a
consequence of civilian and military nuclear activities.
Among the most difficult and potentially controversial
features of that process is the establishment of enforceable

cleanup standards and their relationship to background
radiation levels (1,2,3).

The United States has emerged as a leader within the
global nuclear community in the areas of dismantling,
decontamination, and remediation of nuclear facilities in the
private and public sectors, as well as evaluation and de51gn
of nuclear waste repositories. This has been conditioned in
part by the waning of the commercial nuclear power industry,
the aging of power reactors with respect to their design
lives, and the industry’s increasingly pressing need for
transient and permanent nuclear waste storage capacity.
Moreover, with the cessation of the Cold War, the Nation’s
weapons complex has accelerated the processes of
decommissioning portions of its weapons—based facilities and
seeking non-defense industrial missions for its remalnlng
nuclear assets. Increased activity is also occurring in the
processes of assessing andumltlgatlng”uncontrolled.radloactlve
waste sites and contaminated lands from past activities in the
weapons complex. All of these processes can have the effect
of increasing the environmental radiation source term. The
extent to which those radiation levels may increase and result
in impacts on public health and the environment must be
evaluated by comparison to some baseline, reflecting both
natural and anthropogenic radiation contributions.

1.1 Radiation Sources in the Vicinity of Albuguerque, NM

Government owned facilities throughout New Mexico have
figured prominently in the development of the nation’s nuclear
defense capabilities since the beginning of the "nuclear age".
Elements of all the processes described above are occurring



simultaneously at Department of Energy (DOE) and Department of
Defense (DOD) facilities on Kirtland Air Force Base (KAFB)
near Albugquerque, New Mexico. To be sure, the United States
Government does not own the only operating Albugquerque area
facilities that manage radioactive materials and wastes. The
largest Nuclear Regulatory Commission (NRC) licensee in New
Mexico is also located in the Albuquerque area: the University
of New Mexico including its extensive medical facilities.
There are numerous other small NRC 1licensees in the
Albugquergque area such as nuclear medicine facilities, medical
and industrial radiographic operations, and other
miscellaneous source owners. A preliminary inventory of NRC
licensees that are potential radioactive dischargers within
the immediate Albuquerque vicinity, as well as in surrounding
areas that may exert local impacts, has been documented (4).
NRC regulated facilities in Albuquergue and throughout New
Mexico are licensed through the New Mexico Environment
Department under its Radiation Protection Regulations (5).
While their contribution to the radiation environment can not
be ignored wholesale, that aggregate contribution is expected
to be relatively small compared to the various government
facilities established at Kirtland Air Force Base. These
include reactors, accelerators, irradiators, facilities for
destructive testing of nuclear materials and devices, long-
term mixed and radioactive waste storage, spent nuclear fuel
storage, and approximately seventy uncontrolled radioactive
waste or land contamination areas (6,7,8,9,10).

The reconsolidation of the U.S. nuclear weapons complex
and search for new missions for old facilities is expected to
significantly augment the number of Albuguerque area DOE
nuclear facilities and their resultant effluent and waste
streams. Two impending initiatives are the relocation of
neutron generator manufacturing facilities from Pinellas, FL,
to Sandia National Laboratories in Albuquerqgue, NM, and the
retrofitting of the Sandia Annular Core Research Reactor and
Hot Cell Facilities to accommodate the industrial-scale
manufacture of the medical imaging isotope, 2°Mo(°°™rc) (11).
As New Mexico’s most populous and fastest growing area, the
pressure to open dwindling public land and water resources
near Albugquerque for development 1is expected to create
mounting pressure on one of the largest aggregate land holders
in the area, Kirtland Air Force Base including its various
tenants, to further decommission facilities and remediate

radioactive contamination in the environment from past defense
activities.

Additional attention has. been drawn to environmental
radiation sources in the Albuquerque area as a result of
several studies showing naturally occurring radon (222Rn)
concentrations in residential air and ground water which are



elevated with respect to current guidelines and proposed
regulations (12,13,14,15). Ground water provides the sole
public drinking water supply for Albuquerque.

1.2 8tudy Design and Experimental Approach

The ultimate study goal was to improve the general
understanding of the geographic distribution of environmental
radiation and radioactivity in the study area. It is
fervently hoped that the results of this study are of
practical value for a number of potential end-users. The
results were intended to have particular value for entities
overseeing the operations and impacts of nuclear facilities in
the region, including the New Mexico Environment Department
(NMED) . An incidental value is the demonstration of the
capabilities developed at the University of New Mexico’s
Environmental Radiation Measurement Laboratory (ERML) to

characterize radioactivity and radiation in or arising from
environmental media.

This study represents an exploration of radiocactivity and
radiation characteristics of the environment in the vicinity
of Albuquerque, New Mexico. The term exploration is used
advisedly. The study incorporated populations of sampling and
monitoring locations that were as extensive as practicable for
its duration, but could not be said to have originated from a
statistically designed sampling or monitoring program, as
defined in the most strict sense (16). Such programs are
designed for specific objectives that include characterization
of small-scale hazardous waste sites for remedial action. The
objective of our study was much broader: to search for
discernible trends in distributions of environmental radiation
and radioactivity. The author took the best advantage of
opportunities to 1locate sampling and monitoring points
incidental to oversight activities involving radiological
surveillance and assessment programs at Sandia National
Laboratories (SNL) and the Inhalation Toxicology Research
Institute (ITRI). 1In that sense, the design of sampling and
monitoring may be said to have been judgmental in character.
This approach also allowed for comparisons to existing
facility monitoring programs and their data sets. To our
knowledge, an extensive geographic characterization study that
includes the objective of determining a baseline for potential
radioactive contamination has been performed only once in New
Mexico by an organization external to an agency of the U. S.
Government. That study was the New Mexico Environmental
Improvement Division’s (now New Mexico Environment Department)
Statewide WIPP Transportation Corridor (Roadside) Study (17).
The radiochemical soil analysis data from that study were
statistically reduced as an ancillary feature of this study.



Quantitative positioning data were not readily available for
the Roadside study, so the radiochemical results are treated
as statewide summaries.

The instrumental techniques wused to characterize
radiation and radioactivity in this study were all based on
gamma-ray measurement. Thus, they enjoy all the advantages
and suffer from all the 1limitations inherent to gamma-ray
detection methods. The prlmary limitation concerns finding
suitable gamma-emlttlng primary or daughter nuclides with
energies and yields amenable to clear detection and analysis.
Advantages of the methods include rapid detection, relative
ease of use, and limited laboratory preparation of samples.
The techniques employed included the use of high sensitivity
thermolumlnescent.d051meters;deployed in the environment, soil
sampling and analyses by laboratory gamma—spectroscopy, and
the use of a portable high pressure ionization chamber as an
environmental survey instrument. The study was augmented by
use of a global positioning instrument and other geographical
information sources, as well as research into environmental
characteristics that might influence local distributions.

1.3 Regional Setting

To create an environmental perspectlve in which to
interpret the results of this study, it is necessary to define
geographic limits for the region and illustrate pertlnent
regional characteristics. The study region is illustrated in
Flgure 1, which also identifies soil sampling locations and
gives the approximate study region boundaries in degrees
latitude and 1ong1tude. As may be seen, much of the study
effort was focused in and around KAFB. The region which
includes and surrounds the Albuquerque Metropolitan Area is
located in north-central New Mexico. While largely
concentrated in Bernalillo County, the study region overlaps
into Sandoval County in the north, Santa Fe County in the
east, and Valencia County in the south.

1.3.1 Geologic Betting

The study region is located within the Albuquerque-Belen
Basin, a gross tectonic subsidence feature of the Rio Grande
Rift. The latter has also been described as the Rio Grande
Trough. The Rio Grande Rift comprises a string of such
structural basins bordered by series of en echelon fault
blocks, extending from central Colorado to northern Mexico in
the northern extreme of the Basin and Range Province of North
America (18). While included in the province, the Rift is
structurally distinguishable as a failed rift arm.
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The Albuquerque-Belen Basin encompasses about 2100
square miles in north-central New Mexico. The basin may be
further divided into two distinct geohydrologic regions,
termed northern and southern half-grabens (19,20,21).
Sediments accumulated on the graben floor vary in depth from
less than a few feet near the mountain escarpments to as much
as 21,000’ at basin center, below the Rio Grande. The
subsurface geology, geochemistry and hydrology of the basin
have been the wellspring of continuing energetic scientific
investigations and are discussed in greater detail in a
variety of sources (19,20,21,22,23). Much of this activity
has been fueled by the dwindling availability of ground water
resources that provide the sole source of potable water in an
area experiencing accelerated urban development and population
growth. Geology and geomorphology vary widely within the
basin, and structural complexity increases with approach
toward the eastern basin margin, including extensive faulting.
Probable Holocene movement has been documented on several
basin faults, a condition sufficient to meet NRC capable fault
criteria (18,24,25,26). The Albuquerque Basin is seismically
active, with relatively frequent earthquakes of low magnitude
(27,28,29). The basin may be prone to significant vertical
and horizontal ground accelerations of 0.32 g and 0.48 g,
respectively (30). Vertical displacement of buried sediments

can contribute additional detritus to local soil development
(31,32).

The study region may be further divided into distinct
physiographic subunits for convenience, as follows.
Proceeding from west to east, the study region includes the
Albugquerque West Mesa area on the sprawling Llano de
Albuquerque, underlain by basalt over a significant area, the
west river terraces, the inner Rio Grande valley floodplain,
the east river terrace and the East Mesa areas which are
dissected by east-west trending arroyos, and the steep
escarpments of the Sandia and Manzano Mountain Ranges, which
rise to create the .eastern boundary of the basin and are
dissected primarily by east-west trending canyons. The
eastern extreme of the study region terminates in the Central
Highlands, beyond the crestlines of the mountain ranges and
outside the boundary of the basin. The majority of the study
area is located on the sloping piedmont plain of coalescing
alluvial fans (bajadas) and river terraces in the northern
half-graben, sweeping westward from the Manzano and Sandia
Mountains at elevations between 5000 and 6500 feet above mean
sea level (5000’-6500’ MSL). Significant elevation changes
over the region are roughly indicated in Figure 1 by hatched
lines on 1500’ intervals. A greater level of physiographic
detail has not been included in these figures for the sake of
simplicity and ease of interpretation. The reader may find
greater detail in numerous excellent regional references used



references used in the study for interpretation and

construction of simplified maps, including Figure 1
(33'.0.45) L]

A variety of soil types may be found across the study
region, reflecting the various processes of sedimentation and
soil development. Soil types may be divided into four
generally'con51stent.categorles:related.to local geomorphology
and physiographic regions as described in their areas of
occurrence (18,19,22,45,46). These include:

1.) Soils of alluvial and colluvial origin that form nearest
to their source rocks, representing the least degree of
geochemlcal and physical weathering (youngest soils),
occurrlng in areas of steep uplift on the eastern escarpments
and incised canyons, northern extreme of the Sandias, and in
the eastern Central highlands;

2.) Piedmont-slope alluvium, ranging from fine grained sandy
loams to coarser-grained sands, found on the east and west
mesas of the region including younger alluvial fan deposits as

well as relatively thin mantling of sediments over pediments
and basalt flows;

3.) Valley-border alluvium, derived from local outwash,
stream-borne sediments and eolian deposition in the inner Rio
Grande valleys, including locally extensive incised river

terrace and arroyo deposits found in the east and west terrace
areas;

4.) River alluvium dep051ts of the Rio Grande channel and
floodplalns varying widely in terms of source rock origin and
in grain size including clays, silts, sands and gravels.

The geological ages of these surficial deposits range from
Holocene to middle Pleistocene epochs. A variety of source
rocks have contributed the original mineral constituents of
the soils (47,48). From the east side of the escarpment
proceeding west are the coalescing alluvial fan deposits
(bajada) deposits derived from the outcropping rocks of the
Sandia and Manzano (Manzanlta) Ranges. Source rocks providing
the bulk of material in the basin include the Precambrian acid
intrusive and extrusive rocks and their altered forms: Granite
of the Sandia Mountains, biotite granite, granite gneiss, and
meta-rhyolites, as well as Precambrian metamorphic rocks:
amphibolite, schist, quartzite, and greenstone, and
contribution from Pennsylvanlan rocks including the Madera
Limestone and cherts, siltstones and sandstone conglomerates
of the Sandia Formation. Grain size generally decreases with
1ncrea51ng distance from the mountain fronts, reflecting the
higher degree of mechanical decomposition and weathering of



the original mineral constituents. Components of these
deposits include gravels, quartz and potassium feldspar sands,
and micaceous silt fines. At the mouth of Tijeras Canyon,
dividing the Sandia and Manzano Ranges, are outcrops of red
Permian Abo Sandstone and the heterogeneous Madera Limestone
which contribute to local sediments, as well as those carried
during flow events through Tijeras Arroyo to the west. To the
north of the Sandias, Mesozoic rocks are heavily eroded into
a system of deep canyons. These include Jurassic age Morrison
Formation sediments and range lithologically from shale to
sandstone. The tipped fault block mountain ranges are largely
capped by the east dipping Madera Limestone, which is expected
to contribute a majority of detrital material to the soils of
Central Highlands, Las Huertas Canyon and Sandia Peak
locations within our study region. The Madera Limestone as a
group may also contain interbedded micaceous or feldspathic
shales, sandstone, and occasionally arkosic conglomerates.
Outcrops of decomposing Precambrian granites were also
encountered on the approach to the peak via Las Huertas
Canyon. Reworked sedimentary materials of varying origins are
found on the west mesa as stream, terrace, and eolian
deposits. Floodplain deposits.reflect the local source rock
composition of the eastern bajadas, but also contain sediments
reflecting volcanic and metamorphic rock derived debris,
originating upriver in the northern highlands.

The most prominent surface hydrologic feature of the
Albuquerque-Belen basin is the Rio Grande River. A number of
arroyos contribute flow and sediments to the Rio Grande within
the basin. The largest tributary to the Rio Grande in the
study region is Tijeras Arroyo, which accepts storm water run-
off from most of the surface drainage features on KAFB.
Discharge from Tijeras Arroyo to the Rio Grande occurs via the
Albuquerque Municipal Arroyo Flood Control Authority (AMAFCA)
Channel System. Notable surface drainage features also occur
separately on the southern portion of KAFB which are presumed
to discharge to playa lakes on the University of New Mexico
land grant to the west of KAFB (49). KAFB facilities that may
influence flow in these features include the SNL Coyote Test
Field, SNL Technical Areas Three and Five (TA III, TA V) and
various SNL Environmental Restoration and U.S. Air Force
Installation Restoration sites. Flow in all area drainage
features, including the reach of Tijeras Arroyo that traverses
KAFB, is ephemeral, dependent on rainfall events and facility
discharges. Perennial flow in Tijeras Creek ordinarily
disappears by infiltration into arroyo bed sediments at
varying distances to the northeast of KAFB. There is some
small contribution of ground water to surface flow from
springs and seeps on the margins of the Arroyo del Coyote
which is tributary to Tijeras Arroyo. Isolated surface
drainage features also occur at the southern extreme of KAFB,



discharging any surface flow from ITRI facilities and southern
SNL Environmental Restoration sites southward to 1Isleta
Pueblo. SNL and ITRI facilities may also indirectly influence
surface water quantity and quality in the Rio Grande through

discharge of liquid wastes to the City of Albuquerque Publicly
owned Treatment Works (POTW).

1.3.2 Climate

Climatologically, the Albuquerque Basin is variably
xeric. Average annual rainfall increases with elevation (from
west to east) from less than ten inches to more than sixteen
inches annually (50). Sandia Peak receives on the order of
twenty to thirty inches per year. The majority of atmospheric
moisture arrives in the Rio Grande Trough, including the
Albugquerque Basin, from the Gulf of Mexico as summer monsoons.
Greater than fifty percent (50%) of annual precipitation
occurs as rainfall from July to September, when storm fronts
bearing Gulf moisture from the east move inland. Winter
precipitation may also approach the basin from the east as
storm gyres arrive from the  south bearing moisture from
sources including the Gulf of California and Pacific Ocean. As
a consequence, wet deposition rates of atmospherically
dispersed materials should increase from west to east in the
basin, and with increasing altitude due to orographic effects
(51). Radioactive materials dispersed in the upper
atmosphere, such as fallout from past above-ground weapons
testing, may therefore be preferentially deposited on the
eastern slopes of the Manzano and Sandia Mountain Ranges,
resulting in lesser deposition in the basin that lies beyond
the mountain rain shadow. Additional microclimatic factors
which are influenced by the north-south trending mountain
ranges include warmer conditions on the west flanks as
compared to east flanks due to insolation occurring later in
the day. As an influence on soil development, higher runoff
on the west flanks is associated with thinner soils.

Other annual trends in basin meteorologic conditions were
evaluated for the recent past twelve years. Gradual
springtime warming is reported from the National Weather
Service (NWS) monitoring station at the Albuquerque
International Airport, with freezing days that may extend into
late April (52). This, and the later occurrence of maximal
rain conditions, limits the beginning of the growing season
for non-—lrrlgated native vegetation, moving peak growth
conditions and primary production ylelds to late summer or
early fall. Average diurnal shifts in temperature of 12° C to
15° ¢ have been consistently reported, varying from nighttime
thermal inversions to daytime temperature highs. The fairly
wide temperature shifts coupled with canyon topography may



power diurnal shifts in wind direction as great as 180° in
some parts of the study region, due to phenomena that are
sometimes termed the chimney effect or wind drainage. This
and other topographically influenced behavior is likely to
limit the general utility of Albuquerque Airport NWS data for
predicting the direction of wind driven atmospheric dispersion
of effluents from all potential DOE, DOD, and NRC discharge
sources or contamination sites in the region.

1.3.3 Habitat and Vegetative Cover

The observation of biotic habitats and vegetative
patterns provides cues that were useful in characterizing
trends in physical processes in the environment. In
particular, the greater rainfall to the east of the basin and
with increasing altitude was also reflected by the change in
biotic communities in the study region. Vegetation also
contributes to soil development and characteristics to a
significant extent. Community designations used hereafter are
consistent with those of Brown and Lowe (53), as best
interpreted from the author’s field observations. The
piedmont /bajada region is dominated by a mixture of the Plains
and Great Basin Grassland (P&GBGrl) and Great Basin Conifer
Woodland (PJWdl) communities to an elevation of about 75007
MSL. The grassland community components of the piedmont-
bajadas, mesas and terraces consist largely of short grass
plains of grama, wheatgrass, three-awn, muhly, galleta and
buffalo grass, while the woodland community components consist
of pifion and juniper trees interspersed with grasses as above
and various forbs and shrubs including sage, saltbrush,
winterfat, and rabbitbrush, more often associated with the
Great Basin Desert Scrub (GBDScr) community. Other plants
occur that are more associated with the Semidesert Grassland
(SDGrl) community including various cacti, dropseed and burro
grass. Extensive local replacement by snakeweed, soaptree
yucca, cholla, and Russian thistle attest to various rangeland
disturbances, including the historical use of the range for
grazing livestock. With increasing elevation into the Manzano
and Sandia Ranges, these communities grade into the Rocky
Mountain Montane Conifer Forest (RMMCF) characterized by
ponderosa pine, Gambel oak, and New Mexico locust, as well as
aspen in fire replacement areas. This community is also
interspersed with perennial bunchgrasses, tufted hairgrasses,
and forbs including sedges, cinquefoil, yarrow, vetch, and
dandelion. This assemblage separately characterizes the
Subalpine Grassland (SAGrl) community. At the highest
elevations, primarily on the . eastern slope approaches to
Sandia Peak and Manzano Peak, the woodland communities grade
into the Rocky Mountain Subalpine Conifer Forest (RMSCF),
containing Englemann and blue spruces, corkbark fir and aspen
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in fire replacement stands. Shallow ground water
subirrigation in canyons and the Rio Grande Valley enhances
the development of riparian woodland or bosgque conditions.
These woodlands represent distinct sub-communities within the
larger community framework. Much of the original riparian
habitat in the study area has been converted to agriculture
and urban development; human exploitation of the valley
including urban pueblo culture predates the continuous
occupation by European settlers by many hundreds of years.
Remaining bosque is notable for extensive stands of native
cottonwood, desert willow, and mesquite, as well as exotic
replacement species such as tamarisk and russian olive.
Bernalillo County is home to at least 14 species of rare or
sensitive plant species, many of which may be preserved in the

lesser impacted areas of KAFB, Isleta Pueblo, and adjoining
USFS holdings (54,55).

1.3.4 Population and Land Use

The largest population center in the study area is
Albuguergque, NM. The 1990 census for the Albuqgquerque
metropolitan area accounts for a population of approximately
502,100 persons, with a total Albuquergue Basin population of
approximately 563,600 persons (56). Approximately 570,000
people are estimated to reside within the study region that
extends eastward from the basin to the central highlands.
Land use in portions of the study area within and in the
immediate surroundings of Albuquerque is dominated by urban
patterns of residential, commercial, and industrial
development. However, a significant portion of the remaining
basin is dedicated to open range grazing of beef cattle, milk
production from dairy cattle primarily in feedlots, open range
grazing of sheep and goats, and food- and feed-crop
production. A 1988 agricultural census indicated that there
were approximately 32,000 head of beef cattle and 7,300 head
of dairy cattle within-an 80 km radius of nuclear facilities
on KAFB (57,58). Pastoral agriculture continues to be an
important environmental dosimetric pathway consideration in
the study area. The KAFB subregion of the study comprises
about 53,000 acres in south-central Bernalillo County
including 20,450 acres that have been withdrawn from the
United States Forest Service (USFS). Intense development of
the northern portion of KAFB grades rapidly to the south into
sparser distribution of facilities with larger intervening
undeveloped buffer areas. The bulk of operating nuclear
facilities are located in the more southerly areas of KAFB.
Contamination areas are more widely distributed, largely found
in the eastern KAFB and USFS withdrawn areas, and throughout
the central and southern portions of the base (6,7,8,9,10).
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2. PROCEDURES

In this section we discuss the methods, materials, tools,
and instrumentation used in the field and laboratory, the
expected sources of potential variability introduced into the
various methodologies, as well as the techniques used to
reduce analytical data and assure the validity of results
through maintaining the quality of all stages of the effort.

2.1 B8ite Location Data

The locations of soil samples, thermoluminescent
dosimeters, and pressurized ion chamber measurements were
fixed in the field using a NAV PRO MARK V Global Positioning
System (GPS) carrier phase code receiver from Magellan
Systems, San Dimas, CA. The GPS is a system of satellites
maintained by the United States Air Force to provide
navigational data for the Department of Defense. The GPS
receiver was first initialized at the author’s residence near

Albugquerque. Altitude data within one meter is required to
be input during initialization of the receiver for accurate
and precise Thorizontal positioning, thus a second

initialization was performed at the well-defined benchmark of
the highest nearby elevation, Sandia Peak at 10678 feet above
mean sea level (10678’ MSL). The location also provided a
relatively unlimited field of view and low relative horizons.
Location data were obtained as degrees latitude and longitude
with a horizontal accuracy of 12 meters in autonomous
operation, improved to 5 meters using field differential.
Altitude was also obtained from the GPS as orthometric height
(feet above mean sea level). All values were compared for
accuracy to their approximate locations and altitudes on
United States Geological Survey Topographic Maps for the
region of study (33,...44). GPS derived altitude data as
height above geoidal suffered from the greatest variability.
The combined data sources were used to generate all of the
geographic figures in this study.

2.2 B8oil Sampling and Analysis

Soil sampling provides the most direct means of
determining concentrations and distributions of radionuclides
in the environs of nuclear facilities. It is not, however,
the most sensitive technique for measuring small incremental
changes in environmental radioactivity that might result from
routine operational releases under controlled conditions from
nuclear facilities. Nonetheless, the importance of soil
sampling as a primary monitoring tool - can not be
underestimated. Soil acts as an integrator and reservoir of
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relatively long-lived radionuclides that may be remobilized
through a variety of environmental processes and pose new
threats to human health and spread of environmental
contamination. The general rationale for soil sampling site
selection has been discussed above to some extent. The choice
of sampling locations was made as a subset of locations
sampled routinely or as part of special studies by Albuquerque
area DOE facilities’ monitoring programs. Concentrated
sampling was made in the vicinity of two general areas that
represent the highest radiation ground-shine components of all
KAFB area facilities as determined by remote sensing,
surrounding SNL Technical Areas III/V and ITRI (59). The soil
sampling program was further supplemented by locations chosen
to provide more extensive geographic coverage as well as
altitude correlation. The soil sampling locations are
included in the map titled Figure 1.

2.2.1 8sampling Protocol

The soil sampling and sample management protocol were
designed to conform to United States Environmental Protection
Agency (EPA) and Nuclear Regulatory Commission (NRC)
guidelines and recommendations (60,61,62,63,64). Sampling was
performed at 38 locations to reflect the upper surface of the
soil to a depth of 5 cm, which is expected to be the most
sensitive indicator of radioactive contamination. The near
surface layer of soil is also that which is most dynamic in
terms of transformation by biogeochemical and physico-chemical
weathering processes. Several European studies performed in
the aftermath of the Chernobyl disaster have demonstrated the
tendency for recently deposited fallout nuclides, notably
13705, "to remain most concentrated in the wupper few
centimeters of both soil and submerged lacustrine sediments
(65,66,67,68). Experience with the disposal of 1liquid
radioactive waste to earthen sumps also shows a tendency
toward retention of 137Cs in the shallowest depths of exposed
soils (69). Studies of deposition of fission products from
historical fallout onto soils in Chile and the western United
States, including New Mexico, have shown overwhelmingly that
37ce remains concentrated in the shallower soil levels when
not subjected to burial by additional sediments (70,71).
There is additional evidence that naturally occurring
radionuclides such as uranium and thorium may be relatively
concentrated in near-surface soil layers, largely due to
interactions with soil organic matter (72). Other studies in
New Mexico indicate that the concentrations of natural
radionuclides do not appear to vary greatly with moderate
depth from the surface where the soils are largely depleted in
or7ganic matter (73,74). Those studies also indicated that
137cs deposited on sedimentary surfaces from atmospheric
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fallout tends to remain associated with the original surface

layers, even after burial by successive sediment deposition
events.

To obtain samples representing the surface, soils were
obtained using a sod cutter constructed from a welded
stainless steel pipe flange with an effective sampling depth
and radius of 5 cm. The cutting edge of the flange had been
machined into a bevel to facilitate soil penetration. The
sod cutter was pressed into the ground sequentially at four
sublocations chosen within a meter radius of a central point
at each established sampling location to circumscribe four
subsample volumes. The four subsamples represented a total
pre-disturbance soil volume of 1570 cm?3, encompassing a
horizontal surface area of 3.14x1072 m2. For very loose sandy
soils, as were found at most locations within the boundaries
of the Albuquerque Basin, the contents of each subsample were
removed by scooping out the circumscribed soil volume with a
stainless steel trowel, holding the sod cutter in place. For
cohesive soils, as were found at most locations east of the
basin boundary, the soil plugs were 1loosened from the
surrounding and underlying soil by first gently rotating the
sod cutter in place, and pulling out an intact soil plug.

The four samples from each location were composited into
a fresh, gallon-size plastic "zip-lock" bag, sealed with clean
duct tape and were labelled directly onto the bag with an
indelible marking pen using a ten digit sample identification
number. The protocol for numerical identification was, in
order of inscription, the last two digits of the year, the two
digit month, two digit day followed by the four digit hour and
minute of sampling from the twenty-four hour clock. The
identity of the sample, site name, description of the soil
type, environmental conditions, survey instrument readings,
and any positioning data were entered into a bound logbook to
constitute a permanent record. Some positioning and radiation
survey data were obtained at dates subsequent to the sampling.

Physical characterization of soil samples in the field
was limited to visual examination of general soil properties,
such as predominant grain size and correlation with geologic~
geomorphic settings for inference of potential source rocks.
More exact petrographic analysis was considered to be outside
the scope of the current study. The secured and labelled
sample container was placed into a second fresh plastic bag
and sealed as before. The bag was placed inside a clean
pPlastic cooler for transport to the next sampling site and
eventually to the laboratory for analysis. A custody form was

drafted to track each batch of soil samples from field through
analysis. :
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Control of potential sample cross contamination was
managed by several means. Manipulation of sampling eguipment
and materials was performed using latex surgical gloves. The
sample bagging procedure also provided a barrier to sample
cross contamination.. Decontamination of the sampling
equipment, sod cutter and trowel, was performed between
sampling sites by wiping off soiled surfaces with a clean
paper towel, followed by spraying with a mild solution of
Liquinox® detergent in distilled-deionized water and gentle
scrubbing. This was followed by rinsing with distilled-
deionized water and air drying.

A necessary quality assurance measure was the
establishment of a sample duplication frequency to evaluate
the field efforts. The fraction of any total monitoring
effort allocated to quality assurance depends on various
factors including the scope of the effort, natural variability
and distribution of analytes of concern, available knowledge
regarding sampling and analytical procedures, and the
relationship between practical detection levels and any risk-
based action levels (63,64). The question of natural
variability and distribution in the region of interest was a
central question in our exploratory effort. Environmental
characteristics and processes that introduce variability to
the radionuclide concentrations in soil include the source
rock from which the sediments are derived, the degree of
weathering of mineral components, the erosional and
depositional environment or geologic setting, solution and
evaporation processes governed by occurrence of water, soil
development including the incorporation of organic components,
and variability in patterns of introduction of foreign
radionuclides, such as temporal and spatial variability in
deposition from atmospheric fallout. The ultimate quality
assurance objective centers on creating a design that achieves
a desired level of data quality while best utilizing available
resources. The quality assurance requirements for an
exploratory study need not be as stringent as those imposed
for strict site definition. There is abundant experience to
demonstrate that 5% field duplication of samples will, in
general, provide adequate gquality control for determining
variance between samples representing the same approximate
site; expectations of improving precision to less than about
+ 20% for environmental samples is, in all 1likelihood,
unrealistic (63). Thus, 5% was the frequency of field
sampling duplication that was applied in this study. A
summary of soil samples including field and laboratory
duplicates is presented with positioning data and

characteristics of the soil and geologic settings in Tables 1
and 2.
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2.2.2 Laboratory Analysis

Procedures for the preparation and analysis of soils were
designed to conform with NCRP, EPA, NRC and DOE(EML)
guidelines and recommendations (75,...79). Sufficient
guantities of soil from each sample were transferred from
their original sample container into tared, quart aluminum
cans during the initial phase of analysis, and into tared,
liter polyethylene Marinelli beakers during the latter phase.
The cans and beakers were provided precleaned by the
manufacturers and had not been used previously in ERML. The
cans or beakers containing the soil samples were weighed and

placed into a convection oven to dry for at least 24 hours at
96-980 C.

After drying, the samples were immediately removed to be
weighed. Capping and sealing of aluminum can samples were
performed thereafter by tapping the can lids into place with
a mallet and placing a bead of latex sealant around the
junction. Marinelli beaker samples were sealed by placement
of the tight fitting lid onto the beaker, and wrapping several
revolutions of vinyl tape around the junction. This was done
in order to seal the beakers adequately to minimize radon
escape, while leaving the beakers in a condition so that they
might be easily reused. The latter was not generally possible

for aluminum cans which become deformed in the process of
sealing and reopening.

The sealed samples were held for ingrowth of 222Rn and
220pn and their daughters for a period of no less than twenty
days from sampling. Contrary to conventional wisdom, such
long hold-up times may not be strictly necessary. It has been
shown that countlng of a soil sample 2 to 6 hours after sample
sealing and again up to 8 days thereafter will not result in
significant count differences (80). Apparently, the soil
disturbance involved in sampling and mild handling does not
significantly perturb radon daughter equlllbrla in soil
samples. Radon and its daughters appear to remain trapped in
the fine structure of the soil matrix, although they may be

released by more aggressive treatment such as acid digestion
or muffling.

Gamma~spectral analysis of soil samples was performed at
ERML u51ng a 25% efficient P-type coaxial high purity
germanium (HPGe) detector with 120 cm? of active area, 1.9 keV
resolution at 1.33 MeV, and a 48:1 peak-to-Compton ratio. The
detector’s upper surface is covered by a 0.020" thick
beryllium window with a transmission coefficient of
approximately 95% at 5.9 keV. The Model GMX-25190-P detector
was obtained from EG&G ORTEC Instrumentation, Oak Ridge, TN.
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Peak analysis was performed |using the ORTEC
MAESTRO/OMNIGAM software package. A typical spectrum of
dominant soil nuclide gamma peaks appeared as shown in Figure
2 (81). The influence of natural uranium constituents in the

soils was simulated by the spectrum of depleted uranium
contaminated soil in Figure 3 (81).

Performance checks for system quality assurance included
periodic energy and efficiency calibrations to fixed geometry
gamma standards and background counts. Short duration
backgrounds and two-point energy calibrations of the detection
system were performed at the beginning of each sample count or
agprcximately daily. Energy calibration was achieved using a
22Na button check source of approximately 1 uCi, placed on top
of the can or beaker containing a soil sample. The geometric
effect of this procedure appeared to improve the agreement
between source and sample calibrations. Energy calibrations
remained fairly 1linear over the entire energy range of
interest at about 2 channels per keV. Background counts were
performed using surrogate samples containing ordinary Hawaiian
cane sugar in quantities equivalent to that of a typical
sample. In this way, the influence of sample shielding on the
penetration of gamma background in the counting environment
could be taken into effect. The surrogate backgrounds
generally yielded lower background count rates than those
using an empty chamber. Longer background counts, of two to
four days in duration, were performed on an average frequency
of once every five weeks to provide robust data for background
correction and detection level determination. Efficiency
calibrations (counts per gamma) were performed on a frequency
of once every three to four weeks. The calibrations were
performed using a multinuclide standard source obtained from
Isotope Products Laboratories, Burbank, CA. The efficiency
standard was provided as a liter volume Marinelli beaker
containing 1608.6 g of clean 50-70 mesh sand, into which nine
gamma-emitting radionuclides were uniformly dispersed. A
certificate of calibration for the source and its implicit
National 1Institute of Standards and Testing (NIST)
traceability is maintained at ERML. Twelve separate energy
peaks were produced by the standard, ranging from 0.088 MeV
(88 keV) to 1.836 MeV (1836 keV).

Efficiency calibrations performed over three months were
grouped and analyzed, as summarized in Figures 4 and 5. The
analyses include representation of the data as a power
function fit and as a least squares fit with stepwise linear
regression. The stepwise 1least squares representation
accounted for 97.8% of variance at a correlation of 98.9%,
while the power function accounted for 94.4% of variance at
97.2% correlation. Efficiency as a function of energy showed
very little variation over the counting period. A number of
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Typical Soil Spectrum, Major Constituents
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Figure 3: Uranium Constituent Spectrum
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sample counts were performed in aluminum can geometry prior to
obtaining this calibration source. The germanium detector used
is very sensitive to differences in source geometries, as is
typical of small detectors. Three soil samples counted in
aluminum cans were transferred to Marinelli beakers, and
recounted to generate a calibration conversion. The count
rates of seventeen of the strongest peaks ranging from 187 keV
to 2617 keV from each sample were compared between the two
geometries to generate peak-by-peak ratios. A final ratio of
aluminum can to Marinelli counts of 0.41 * 0.09 was found,
which exhibited no discernible energy dependence over the
energy range examined. This ratio was used to convert all
aluminum can results to Marinelli geometry calibration
equivalence. The comparison is depicted in Figures 6 and 7.

Prepared samples were placed into the sample chamber over
the detector, and the low-background, graded lead and copper
shield was closed around the chamber. Counting was initiated
using an IBM-compatible personal computer loaded with a
multichannel analyzer card and the supporting ORTEC spectral
analysis software. The operating voltage for the detector
system was maintained at 2500 V. Count times often met or
exceeded the operational recommendation of 60,000 seconds
(69), but the test of counting time adequacy was whether
sufficient counts were obtained in all regions of interest to
yield good statistical characteristics. That count value was
taken equal to or greater than about 1000, yielding a
theoretical Poisson coefficient of variance of < 3%. Count
durations as live time are included in Tables 1 and 2 for each
sample. The spectra were examined for all detectable peaks
and compared to forty seven routine peak energies derived from
the natural radioisotope chain spectra. The routine peak
energies are listed with their identities, yields and typical
counting efficiencies in Table 3. Nuclide data were compiled
from a number of sources (82,...87). Count data were reduced
to soil activity concentrations using a computational
spreadsheet devised by the author. This included conversion
using the available nuclide data and calibration efficiencies,

current background subtraction, and calculations of lower
levels of detection.

Lower levels of detection were calculated for each energy
peak with an appropriate background component in each analysis
by the method of Currie (87), i.e.:

LLD = 0.11 BEA + 0.5[(3.29) og Y% /(YEVT)]

where: LLD is the lower level of detection,
BEA is the blank equivalent activity in pCi/g,

Og is the Poisson expected deviation found as the
square root of blank counts,
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Y is the gamma yield at the given energy per
disintegration, analogous to chemical yield,

E is the counting efficiency in
counts/disintegration,

\'4 is the sample mass in grams,

T is the effective counting time, given as the

measurement time at, for long half-lived components and their
daughters in equilibrium (At < 1), and,

n is given as 1 + (At/AtB)gA,
where: sty 1is the background count time, and,
ga is a factor that accounts for changes in the
calibration factor, given the value of unity in our case.

The correction for the aluminum can counting geometry was
applied a priori to the input data for the LLD. Only 24 to 36
of the total scanned regions yielded sufficient background
counts in well defined peaks to calculate a lower level of
detection (LLD) for the sample analysis. Of these, a smaller
number of unique or high yield energy peaks were used for
final activity quantitation. Reported non-detectable (ND)
values arose only when neither manual or software-based
methods could clearly discern the presence of a peak in a
given region of interest. An additional statistical test of
detection was based on a magnitude of counting uncertainty,
Oc., such that 20, 2> total net counts in the region was
interpreted as undetected. Statistically undetected peak
counts (designated ND), where the presence of a peak could be
demonstrated however poorly fitted, were used as the best
estimates for purposes of summations and averaging.

The GMX series detectors have an extended low energy
efficiency range that verges very closely to zero energy as
approached from the right before falling abruptly to a
minimum. As a practical matter, the low energy ranges of all
sample spectra and background spectra were heavily populated
with characteristic U, ' Th, Pb, Bi, and Ra x-rays, as well as
higher energy peak 1nterferences, superimposed on a sizeable
bremsstrahlung and Compton scattering continuum, rendering any
attempts to resolve and quantify low energy peaks from the
sample problematic. One presumed non-x-ray energy peak wvas
consistently seen at about 120-125 keV. Primary peaks in the
ERML counting env1ronment that might account for thls include

34y at 120.9 and 227ac at 122. 4, a daughter of 235y, Reactor
fuel which has been enriched in 235U also tends to be become
enriched in another 1light uranium isotope: 234y, The
likelihood of appreciable quantities of 227pc building up in
chemlcally purified uranium fuel is somewhat less plausible;
its immediate predecessor, 23 Th. has a 32,500 year half-life.
Both uranium species are naturally occurring, and are present
in building and shielding materials surrounding the counting
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environment. Predominant source materials, based on activity,
in ERML include 13’Cs and ®%Co. The observed value falls
significantly far from the expected values for double or
single escape peaks from either of these sources, and the
potential influence of the sources has not been demonstrated
on the basis of regular detection of primary peaks. The
precise origin of this peak remains a point of conjecture,
but its deleterious effect, along with the accompanying x-ray

noise, on low energy peak resolutlon and quantitation remains
the same.

Nuclide quantitation peaks for final reporting were
chosen after exhaustive review of the available peaks in the
useable count window, designated to range from about 0.15 to
2.8 MeV. For each sample count, all detected daughter peaks
in the 226Ra and 232Th series were averaged using gamma-yleld
welghtlng and compared to the results of countlng in the peak
reglons of highest yield for each series: 214pj “at 609 3 keVv
and 212pp at 238.6 keV, respectively. While the 212pb peak
has minor competition from two other nearby peaks, 224pa at
241 kev and 2l4pp at 241.9 keV, there appeared to be
sufficient distance between the centr01ds of the multiplet
peaks that the MAESTRO/OMNIGAM analysis was capable of
discriminating their influence through the process of setting
background subtraction regions. Thus the 238 6 keV peak
derived activities agreed favorably, thou sometimes
conservatively, to values obtained for other 237Th daughters.
The 212pp peak at 238.6 keV was ultimately chosen for
quantitation and reporting to optimize statistical detection
based on the peak's high relative gamma yield and counting
efficiency. 235y and ?2%Ra were quantified using fixed
fractions of the counts for the 186 keV peak. Based on
average values for relative natural abundances of uranium
isotopes, gamma yields of the two radlonuclldes and assuming
the equilibrium relatlonshlp for 238y and 22%Ra, it can be
shown that ap;prox::.mately 60% of the peak counts can be
attributed to “2%Rra, and 40% can be attributed to 23 U. This
was tested by comparison of activities derived from <26Ra and

Bi peak counts, deriving a counting case-by-case ratio, and
testing the entire population for a normal statistical
dlstrlbutlon. A soil activity concentration ratio for

25Ra:2?14Bj of 0.96 *+ 0.08 was found to hold over the entire
data set of forty two total soil counts. The graphical
results of that comparison can be seen in Figures 8 and 9.
137¢cg, 238y ag 234mp;. and 40K were guanitified using full-
energy gamma peaks at 661.7 keV, 1001 keV, and 1462 keV,
respectively. There is some disagreement in the literature
between the abundance values for the 234Mpa peak, ranging over
a factor of two (89). An intermediate wvalue of 0.008
gammas/disintegration was used for our analyses.
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The method employed to evaluate individual counting and
general analytical uncertainties remains to be discussed. The
MAESTRO/OMNIGAM gamma peak analysis method is based on a
Gaussian fit to the detected peak, and fitting of a baseline
to subtract out the Compton continuum. Excellent discussions
of the complexities of pulse-height distribution analysis in
HPGe and Ge(Li) spectra, including the Gaussian fitting
approach, may be found in a number of sources (90,91,92).
Using the Gaussian approach, the software generates fitted
gross and net count areas within a spectral region of
interest, and a standard deviation for the net portion of the
fitted peak. This standard deviation was reported in the
study in lieu of the theoretical Poisson standard deviation
since the fitted deviation was deemed to be more
representative of the uncertainty in peak fitting analysis.
Total error for the peak count was reported as the deviations
for sample and background counts added in gquadrature.
Analytical duplicates, separate from field duplicates, were
also performed at a frequency of 5% to evaluate analytical
uncertainties. Additional performance checks included
interlaboratory comparison and EPA performance evaluation
unknowns as external laboratory evaluation standards (ELESs).
The ELESs were provided and analyzed as dispersed in water, a
dissimilar medium, so comparison to soil analysis was not

exact. Results for the analytical effort are included in
Tables 4,5,6 and 7.

2.3 In situ Environmental Exposure Rate Measurements

- The methods used for quantitation of environmental
radiation included a long-term study using thermoluminescent
dosimeters deployed at various locations in the vicinity of
Albugquergque, NM, and short-term deployment of a high pressure
ion chamber (HPIC) at a greater number of field locations.
Anticipated sources of environmental variability are common to
both methods, and are discussed collectively following field
and laboratory procedural development.

2.3.1 Thermoluminescent Dosimeters

With one exception, all thermoluminescent dosimeters
(TLDs) were deployed at environmental locations that are also
monitored by SNL or ITRI. The total distribution of TLDs
encompassed a more extensive area than soil sampling in the
study region, as may be seen in Figure 10. The study employed
Panasonic 814 Environmental TLD badges and the Panasonic UD-
716A Automated TLD Reader from Matushita Industrial Equipment
Co., Ltd., Osaka, Japan. Each TLD badge contained three
elements of the high sensitivity thermoluminescent phosphor,
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thulium activated calcium sulfate: CaSO, (Tm) , filtered by 1000
mg/cm2 of lead and plastic. The phosphor is intended for use
in gamma dosimetry only. The phosphor is dispersed as a
powder in teflon and encased in polyimide on a plastic
substrate which is inserted into a plastic badge for

deployment. The outer badge contains the additional filtering
material.

The TLD card within the badge is mechanically removed and
replaced by the automated TLD reader. The prepared TLD
phosphor is well protected from humidity and other moisture,
contamination, visible or UV 1light stimulation, and the
effects of oxygen on phosphor response during radiant thermal
read-out. All of these factors may contribute spurious TLD
signals and concomitant loss of latent dose information.
Details of the preparation, sensitivity and relative field
hardiness of the CaSO,(Tm) TLD phosphor may be found in
extensive discussions elsewhere (93,94,95). A fourth element
intended for mixed-field beta-gamma dose measurement, composed
of LiB,04 (Cu) filtered by 14 mg/cm2 of plastic, was also
included in each TLD badge, but its readings were not used in
our study. The greater sensitivity of the CaSO4(Tm) elements
(about thirty times) and straightforward analysis of the
unmixed gamma field for monitoring and calibration purposes
delimited our scope of interest.

The TLD monitoring program procedures were designed and
performed to conform with the guidelines and recommendations
of the American National Standards Institute (ANSI), National
Bureau of Standards (now NIST), EPA, NRC, DOE, and the
manufacturer’s instructions (96,...101). TLDs were deployed
at each location in the field, mounted at one meter from
ground surface on a post. The posts were constructed from ten
foot lengths of thin-walled, 3/4" diameter polyvinyl chloride
(PVC) plastic sprlnkler tubes obtained from a local building
supplier, cut in half and 1nserted into the ground to a depth
of approximately two feet in a small-diameter hole made using
a San Angelo digging bar. This method was chosen for several
reasons. The tubes were relatively inexpensive, straight,
flexible, easily installed in a durable but non-permanent
fashion, and contained no ferrous materials that might

contribute small exposures from ubigquitous 60co contamination
in steels.

Ferrous materials in the deployment configuration were
generally minimized. These included short lengths of garden
twist-tie (thin wires imbedded in plastic to prevent
corrosion) used to affix the TLDs to the outside of the tube,
threaded through holes drilled in each tube, and the springs
which are included in the polyethylene TLD holder provided by
Panasonic. It was assumed that the few milligrams of steel in
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the wires and springs would have negligible relative effect on
the measured TLD exposures. PVC plastic and polyethylene are
low average atomic number (low-2Z) materials that were not
expected to significantly shield or contribute gamma exposure.

Two TLDs were installed on each tube, facing the same
direction, with their collective midpoint at one meter. Thus,
each location had a subpopulation of six CaSO,;(Tm) TLD
elements from which a measurement mean and uncertainty could
be derived. TLD field deployment and exchanges were performed
every approximate ninety days, from Second Quarter, 1993 to
Second Quarter, 1994. Field exchanges were accompanied by at
least two TLDs designated as deployment controls. The
deployment controls were annealed at the same time as the
environmental TLDs and laboratory controls. After annealing,
the TLDs were allowed to rest for about twenty four hours
prior to field deployment to reduce the spurious effects of
residual delayed thermoluminescence. After accompanying the
TLD field deployment, the deployment controls were returned to

a shielding cell that was constructed from low-activity lead
bricks at ERML.

ERML is located within the lowest average exposure rate
portion of a highly shielded facility, the UNM Nuclear
Engineering Laboratory. sources of radiation which might
influence stored TLD controls include UNM’s 5 W maximum
reactor including any fuel source or neutron capture gamma-=
rays, influx of cosmic rays, the 60co irradiator source
referred to above, various source materials stored in the
source vault, and natural materials used in building structure
and shielding. The lead TLD shielding cell wall thickness
exceeded the ANSI recommendation of 5 cm by a factor of at
least two, except for an aperture provided for placement and
removal of TLDs. The aperture, which measured approximately
8 cm by 8 cm in area, was covered with only 5 cm thickness of
lead for ease of removal. TLDs were placed in the cell’s
inner compartment at the greatest possible distance from the
covered aperture. Laboratory controls were placed in the cell
directly after annealing, where they remained for the duration
of the quarter. Field deployed TLDs were routinely retrieved
and read at the end of each quarter along with deployment and
laboratory controls. Glow curves and raw data were obtained
for the three CaSO,(Tm) elements of each TLD. The raw data
were then converted to equivalent eXxposure rates using
exposure calibrations and fading corrections, discussed below.

A group of 50 TLDs were annealed at the mid-point of the
deployment quarter to be irradiated for calibration. Ten TLDs
were designated travel controls to be given no direct
irradiation, and eight TLDs each were irradiated to calculated
exposure rates ranging from 5 to 40 mR, with travel controls
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treated as zeros. Calibration was performed at the SNL Gamma
and Neutron Irradiation Range. Documentation of the operating
procedures and a full description of the facilities may be
found elsewhere (102,103). Irradiation was performed using a

37cs disk source with an initial activity of 14 Ci on June
24, 1983. The source rests on a moveable platform in a
concrete well 9" in radius and 35’ in total depth. The source
is moved automatically within the well to a desired depth to
deliver the required exposure over a specified time. TLDs
were placed on a wheeled platform which was moved horizontally
over the irradiation well at a fixed height using a manually
operated chain drive. The TLDs remained in place for the
duration of the specified exposure, and were wheeled back
manually upon the human operator’s recognition of the audible
alarm of an external timing device. Exact exposure times may
vary based on the operator’s response time with an estimated.
The vertical location of the source is calculated by computer
based on source strength, source-to-target distance in air,

and transmission through a steel plate at the apex of the
well.

Like most high sensitivity phosphors, CasS0,(Tm) is
notoriously energy dependent in its response. Thus, the use
of a 137cs source for irradiation may not be optimal; a 22%Ra
source might be preferred for environmental measurements,
particularlg the ground-shlne component of exposure. Gamma-
rays of the 5Ra series, along with those of the 232mh series
and 40 K, contribute from 50% to 70% of the total environmental
exposure rate (1,78,104). Response as sensitivity in
Caso4(Tm) for exposure to the approximate 200 keV energy of
226Ra is greater, on the order of 5% than response to
exposure at the 662 keV energy for 137cs (101). However, as
shielded with lead, the manufacturer reports an actual
decrease in response per exposure at 250 keV relative to

Cs, on the order of 5-10%. The actual average energy for
the natural soil gamma spectrum will vary as a function of
primary radionuclide concentrations and the degree of daughter
retention in the soils, as well as the concentration of radon
daughters in the atmosphere surrounding the detector. A
typical in situ gamma spectrum was depicted in Flgure 2. The
results of five TLD calibrations against 137cs over the
lifetime of the project were grouped for analysis, and are
summarized in Figure 11. The high pressure ionization chamber
measurements and average field TLD measurements were paired
for 1linear regression analysis to compare their relative
responses, as depicted in Figure 12.

Additional performance indicators requiring evaluation
included TLD fading and angular or directional dependence.
TLD fading was evaluated in two ways: as laboratory controlled
fading of calibration exposures, and as environmental fading
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Panasonic CaS0O4 (Tm) Thermoluminescent Dosimeter
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using successively longer field deployments in the same
period. Laboratory controlled fading was estimated by
irradiating a calibration set of TLDs, as described above,
dividing the set into two groups: one group to be read
immediately and another to be stored at a relatively 1low
background location for reading at the end of the deployment
cycle, 45 days later. By comparing slopes of zero corrected
best fit regression lines for TLD response versus exposure, it
was estimated that fading of about 4% occurs in the first 1.5
months under controlled storage conditions.

A second experiment to address fading under environmental
conditions was devised in the first deployment cycle, Second
Quarter, 1993. Historically, the second quarter of the year
is the period of maximal daily insolation for Albugquerque
conditions of latitude and meteorology with an average of

about 680 langleys (50). A subset of eleven locations was
chosen for multiple exposure cycles lasting one month, two
months and three months, within the cycle. An aspect of

complexity introduced in evaluating environmental fading by
this method is the range of exposure rate variability over a
cycle, to the extent that it may be resolved by the
neasurement technique. 1In an effort to minimize the effects
due to that range of variation, one month exposures were
followed in sequence by two month exposures. The exposure
rates normalized to uR/h for full and sub-cycles were then
analyzed. The results of the analysis are included in Table
8. The bulk of fading appeared to occur within the first two
months. From the analysis, it was inferred that an average
6.5% total fading occurs in field deployed TLDs. This value
was introduced thereafter as a correction factor for the
reported quarterly TLD results.

Directional dependence of TLDs was assessed in the
environment over a deployment period of 77 days during Second
Quarter, 1994. This was expected to allow sufficient time for
environmental fading to equilibrate. A population of 40 TLDs
was deployed at an open ground location on Kirtland Air Force
Base, distant from any structures or artificial radiation
producing facilities. Four TLDs each were installed on each
of ten posts in the cardinal compass directions: north, south
east and west. The north TLD was installed on each post by
first comparing magnetic north on a compass with "solar"
north. The latter was found by aligning a plumb shadow,
assured by using a spirit level, that fell from a slender
digging bar at precisely mid-day with each post. The
analytical conclusions are discussed later under Results.

The dearth of prescribed element correction factors

(ECFs) for a reference set of TLDs introduced an element of
uncertainty during the instrumental phase (reading) of the TLD
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effort. The manufacturer asserted a maximum error in
measurement reproducibility without ECFs of about 15% (101).
We attempted to compensate for this effect by the deployment
of multiple TLDs at each location for mean and error
estimation, and averaging TLD responses over the five
deployment cycles for purposes of method comparison. The
tolerance for error allowed in the ANSI standard for
environmental deployment is 30% at the 95% confidence limit,
and the tolerance for laboratory error at a total exposure
equivalent to 10 wR/h over the field cycle (about 22 mR total
exposure) is 10% at the 95% confidence limit. The generation
of ECFs requiring exposure of reference TLDs in a well-defined
and uniform field is part of an ongoing project at UNN,
separate from this effort. It should be noted, however, that
wrank correction factors", or RCFs, for elements within the
TLD card are encrypted into the bar code on the TLD by the
manufacturer to correct for response when read by the UD-716A
reader. RCFs are established by a similar but more general
one-time calibrated exposure of at least one TLD element to
137cg, The performance of field deployed TLDs relative to the
ANSI recommendations is discussed under the Results section.

2.3.2 High Pressure Ion Chamber Measurements

The majority of sites monitored by soil sampling and TLDs
were also surveyed using a high pressure ionization chamber
(HPIC), as seen in Figure 13. Procedures for application of
the HPIC were devised to conform with NCRP, ICRU, AEC, and
NRC (draft) guidelines and reconmendations, as well as the

manufacturer’s instructions for use and electronic performance
verification (104,...109).

The instrument employed was a Reuter-Stokes RS-112 HPIC,
consisting of an 8 liter sphere composed of 304 stainless
steel with a wall thickness of 0.120", containing 25
atmospheres of high purity argon gas. Of two resistors
installed within the RS-112 electrometer circuit to convert
charge collection to a digital exposure rate measurement, only
the low range (0-500 pR/h) R903 resistor was utilized under
environmental conditions. The 20 mV per pR/h sensitivity of
the R903 resistor was verified through the shadow shield
exposure technique, as specified by the manufacturer, at ERML
using an approximately 1.3 mCi 22°Ra source supplied by the
UNM Physics Department (109). Primary electronic calibration
of the instrument against a reference standard may be
performed periodically by the manufacturer, but was outside
the expertise as well as the authority of the author. A
performance cross-check against Colorado State University’s
HPIC was performed at ERML, showing agreement at ambient
exposure levels within 1.0%.
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The high-Z materials in the walls of the HPIC impart an
appreciable energy dependence to the instrument. The HPIC is
on the order of 5% more sensitive at the energy for 22%Ra,
about 200 keV, than at the energy of the primary calibration
standard: 137cs at 662 keV (109). Since the difference in
response was relatively slight, the uncorrected measurements
were reported. This convention was also intended to maintain
a consistent comparison with the TLD measurements, which were
also calibrated to 137cs exposure.

To obtain additional horizontal and altitude associated
data, HPIC measurements were performed at eight additional
locations not associated with soil sampling or TLD
deployments. The HPIC was deployed at one meter from ground
surface at each monitored location. The HPIC’s field of
influence from terrestrial materials has been estimated to
have a horizontal radius of about 60 feet in typical field
deployment (59). The HPIC was operated for no less than 5
minutes and no more than two days at any given location. The
measurements of highest frequency were performed for durations
of 15 to 30 minutes. Continuous operation of the HPIC over a
TLD field cycle was not practical at any of the TLD deployment
or soil sampling sites. HPIC measurements were replicated
periodically at six sites over five months, and one location
was monitored continuously with collection of fifteen minute
data averages for two days. HPIC replicate coefficients of
variation ranged from 1% to 5%, and the continuous fifteen
minute measurements varied by 0.8%. The raw replicate
deviation values ranged from 0.1 to 0.7 uR/h.

2.3.3 Sources of Environmental Variability

Expected sources of temporal variability for the in situ
gamma-ray exposure measurements arising from natural processes
included variations in radon immersion concentrations and
variations in the cosmic-ray intensities. Natural sources of
spatial variability within a fixed time frame included the
radioactive constituents of the underlying substrate, local
diffusion of radon, and altitude controlled variability in
cosmic-ray intensity. Both temporal and spatial exposure
variation in exposure measurements may have in addition been
influenced by effluents or emanations from nuclear facilities
or events. Spatial and temporal effects were examined in the
current study, and are discussed later under Results.

Outdoor radon concentrations may vary both diurnally and
seasonally, controlled primarily by conditions that minimize
vertical mixing of the surface air layer with the upper
atmosphere such as nighttime thermal inversions and thermal
inversions associated with high pressure-clear night sky
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conditions (110). Wide diurnal temperature inversions in the
study area were discussed previously under "Climate".
Prolonged thermal inversions occur periodically throughout the
winter months in Albuquerque, visibly apparent as a bounding
layer of air pollutants (50). Environmental conditions that
may also affect radon evolution from soil include soil
moisture and vegetative cover (111,112). Seasonal soil drying
results in a decreased barrier to diffusion through the loss
of water from intergranular spaces. Vegetative cover may
affect soil gas transport through the combined action of soil
drying and the increased soil porosity resulting from root
growth and decay. The major source of moisture available to
soils in the Albuquerque area is rainfall. While rains may
occur at any time of year, over half of Albuquerque area
rainfall normally occurs between late July to early September,
and sustained windy periods usually occur in March and April
(50,51,52). Soil drying in the Albugquerque area would be
expected to increase during the low humidity periods of late
winter and spring. During these periods, soils are impacted by
increasing air temperatures, wind driven evaporation, and
evapotranspiration accompanying increased plant growth
(51,53,113,..116). Radon’s seasonal contribution to in situ
gamma-ray measurement may thus be anticipated to increase
during the periods of prolonged thermal inversion in winter

and during the spring and summer warming periods preceding the
monsoon rains.

Seismic activity may also enhance radon emanation
through the disturbance of terrestrial materials (117).
Seismic activity in the basin has been discussed above. Its
contribution to radon emanation and the resultant effects on
exposure rate measurement are no more cyclically predictable
than the occurrence of earthquakes.

Cosmic-ray intensity introduces an element of temporal
exposure rate variability that may be predicted from periodic
trends. The predominant components of cosmic radiation in the
lower terrestrial atmosphere are muons, electrons, and muon-
mediated ionized air molecules. Neutrons make up a lesser
fraction. The secondary cosmic-ray particles may produce
gamma-rays affecting ground-based detection through
interaction with atmospheric and terrestrial materials, and
particle decay via electromagnetic cascades (78). Energy
deposition in terrestrial materials from the muon component
averages about 8 keV/cm (104). The primary cosmic gamma-ray
component has little terrestrial effect: less than 10% reach
even the highest montane altitudes (118). The indirect
contribution of cosmic-rays to total free-air exposure in
Second Quarter 1993 ranged from about 6.0 to 6.5 uR/h for the
piedmont and terrace altitudes (5300’ to 6000’ MSL) in the
basin (59). The cosmic-ray contribution to exposure rate
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measured at the altitude of Sandia Peak may be expected to be
double the basin value (107).

It has been consistently demonstrated that an inverse
relationship exists between cosmic ray intensity as measured
by ground-based neutron and muon detection, and solar surface
activity as measured by sunspot numbers (119). The cosmic-
ray modulating effects correlated with sunspot activity occur
cyclically, displaying a quasi-periodicity of 11 years.
Superimposed on the li-year cycle is a 22 year cycle of
variation due to changes in the solar magnetic cycle that also
results in modulation of cosmlc-rays incident on the surface
of the earth (120,121). It is believed that the physical
causes for the cyclical phenomena lie in the electrodynamic
alteration of the heliosphere, and the associated effects on
the behavior of the solar winds in modulating primary cosmic-
ray particles. Cosmic-ray muon intensity measured on earth,
correlated with high gamma-ray background, recovers completely
near each solar activity minimum, while neutron maxima appear
to recover more slowly. Sunspot numbers in the current solar
activity cycle, SAC 22, displayed maxima beginning in July
1989 and August 1990, with the lowest monthly mean neutron
monitor counting rates in the historic record obtained in June
1991. Based on recent National Oceanic and Atmospheric
Administration (NOAA) solar radio flux and sunspot number
data, overall solar activity was near the approximate mid-
point of decline for SAC 22 by the beglnnlng of 2nd quarter
1993 when the TLD program commenced, i.e., the approximate
mid-point of recovery for muon intensity (122). By Second
Quarter, 1994, it is expected that solar modulation of cosmic
ray 1nten51ty would also be moderate. It is anticipated that
cosmic-ray intensity would recover well before the predlcted
1997 sunspot number minimum. Given the previous
considerations, the net effect of cosmic-ray activity on
environmentally deployed TLDs should have been a slight
increase over the study duration.

Without regard to the individual sources of variability,
it is doubtful whether annual changes of less than about 11
mR, or hourly changes of less than 2 uR/h, are statlstlcally
51gn1flcant, those values have been suggested as minima for
all measurements due to natural variability (123).
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3. RESULTS8 AND DATA TREATMENT

Upon completion of laboratory analytical operations, data
reduction, and qualification, summaries were tabulated of the
rav results derived from each of the techniques in the
multimedia effort. The various summaries are discussed in the
context of their techniques below. In addition, the
populations of analytical data for each of the various
techniques and parameters were entered with geographic data to
create three-dimensional surface projections and contour plots
to facilitate the inference of regional trends. Since there
was insufficient information to support the use of krigging or
other geostatistical biasing techniques, a least squares
fitting algorithm was used to produce the projections and

contours in all cases. An unfortunate but unavoidable
consequence of this was the inference of specific regional
trends where a dearth of data exists. These regions are

readily apparent in the contour plots, and 1literal
interpretation of the steepness of the depicted contours
should not be impled. The analytical data were further
treated statistically to evaluate the behavior of the sampled
populations. Data analysis and treatment were performed to
conform to EPA recommendations (64).

3.1 8oil Ssampling and Analysis Results:

Raw results for 226Ra, 235y, 232pn, and 24Bi in soils are
given in Tables 4 and 5. Results are given in Tables 6 and 7
for 137cs 238y, and 4%k in soils, along with the HPIC readings
and estimated ground-shine exposure components arising from
the major nuclides in uR/h. The ground-shine component of
exposure was estimated by a method described in NCRP 94, using
fixed conversion values multiplied by the activity
concentration values for the uranium and thorium series
nuclides and %%k (104) . The uranium series soil activity
values required for multiplication were actually taken from
the 22®Ra series. This was done since the vast majority of
gamma-rays in the uranium series derive from radium and its
daughters, and there appeared to be disequilibrium between U
and Ra activity concentrations in virtually all of the soil
samples analyzed. The ground-shine estimates expressed as
fractions of the HPIC measurements agreed well with the
approximate range of 50% to 70% of total free-air exposure
given in the 1literature (1,78,104). The highest relative
ground-shine exposure fractions were associated with areas of
highest radium series soil activities. The geographic and
statistical trends for each soil activity parameter are given
below. Following the technique specific observations are
statistical summaries for all analyzed measurement parameters.
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3.1.1 226pa and 214pi in soils

The geographic distribution for 226Ra soil activity
concentrations found as 60% of the 186 keV peak reglon counts
is depicted as a three-dimensional projected surface in Figure
14, and as iso-concentration contours in F:Lgure 15. It was
apparent from these figures that a dramatic increase in 226Ra
in soils occurs with approach to the easternmost sampling
po:.nts. This trend is also visible in the complementary
Figures 16 and 17 for 214 Bi, although the concentratlon values
are somewhat greater overall than those for 226ra. This may
be an artifact of the fixed average fractions used to
differentiate between 22°Ra and 235U counts under the same peak
area, suggesting a slight underestimation resulted from
applying the radium fraction convention. In any event, the
results of the spatial presentat:.on suggest that there are
dlstlngulshable regional trends in the distribution of radium
series nuclides. Several values in the eastern portion of the
study region, east of the dividing Sandia and Manzano Mountain
Ranges, were sufficiently high to suggest that they derived
from separate p 2;_Z)ulatlons. Soil activity concentrations of
nuclides in the ?2®Ra subseries ranged from approximately 0.8
to 1.4 in the inner basin, while values lying outside the
basin ranged from about 1.3 to 2.7 pCi/g.

To examine the statistical characteristics of the two
related data sets, box-and-whisker diagrams, normal and log-
normal probability plots, and population distribution fittings
were evaluated. Among these techniques, probability plotting
has been strongly recommended to test the homogeneity of
sample populations (64). The results of applying these
analyses suggested that the easternmost data points mlght
indeed derive from a population distinct from the remalnlng
data. To further evaluate this, a standard outlier test using
one-sided critical T, values was performed for the entire
data set at the 5% rlsk of false rejection level for both raw
and log~-transformed data (124,125). Only one value from each
of the log~transformed data sets was trimmed by this method.
Those values derived from the same exceptionally high activity
1ocatlon, as measured by both gamma-spectroscopy and inferred
by in situ HPIC measurement. Since many natural processes can
be shown to be best described with lognormal distributions,
this model was assumed and tested, and appeared to generate
the best distribution for the remaining data (16). The
relative fit of the data to normal and lognormal distributions
was evaluated in several ways. First, the spread of data was
inspected using box-and-whisker d:\.agrams for the trimmed and
untrimmed normal and log-transformed data, as depicted in
Figures 18 and 19. Slight skew of outlier trimmed data to
the right is reduced by log-transformation. Skew and kurtosis
were evaluated by estimating the third and fourth moments
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Spatial Distribution of Ra-226 Soil Activity Concentrations
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Spatial Distribution of Ra-226 Soil Activity Concentrations
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Box & Whisker Plot Based on Quartiles
for Trimmed U-238 Series Nuclides

3.4

2.8

2.2

16

0.4

1.8

1.4

0.6

0.2

-0.6

U238 RA226 Bi214

Figure 19

Box & Whisker Plot Based on Quartiles of
Trimmed Log-Transforms for U-238 Series Nuclides

LNU238 LNRA226 LNBI214
42

_1_— Min-Max
[ 25%-75%
o Median value

_T— Min-Max
] 25%-75%
o Median value



about the population mean: y,; and y, (126). Kurtosis, a
measure of the heaviness of data in the tails of an assumed
distribution, was of minimal utility since the data sets were
relatively sparse. The resultant effects of trimming and
transformation on data distribution were further tested via
the Shapiro-Wilkinson W parameter, Chi-square, Lilliefors’
test, and the Kolgorov-Smirnov single-sample test. Normal
probability plots and normal histograms representing the data
as optimized by trimming and log-transformation for 226Ra can
be seen in Figure 20 and 21, and for 24Bi in Figures 22 and

23. These figures also indicate the results for various
statistical tests.

Since log-transformation of data may mask subtle trends,
it was deemed prudent to inspect the distributions of raw,
untransformed values as well. Figures 24 and 25 represent the
distribution of trimmed untransformed data for the two
nuclides, respectively. Numerical analysis of the plots
indicated multiple modes, and the appearance of the plots
suggested a vestige of at least one other sample population
distributed around an elevated relative mean. The arithmetic
means of the initial raw population data of 1.20 % 0.32 pCi/g
for 22°Ra and 1.25 * 0.34 pCi/g for 214Bi were refined to
respective geometric means of 1.12 * 0.26 pCi/g and 1.19
0.26 pCi/g. These values are expected to best reflect the
majority of 1ocatlons within the study region. The relative
successes of 6Ra and 214pji counting were examined by
generating a normal probability distribution for the ratio of
soil activity concentrations, as shown previously in Figures
8 and 9. The relatively good fit to a normal distribution
encourages the use of the 186 keV count fractioning technique,
suggesting that the ratio varies around a mean value by random
effects without internal bias. 226Ra counts at 186 keV
yielded soil act1v1ty concentrations of about 96% compared to
those yielded by 14Bi counts at 609 kevV. This average value
was not altered by data trimming, although trimmed data are

represented in the figures and yielded slightly higher sample
deviations than untrimmed data.

3.1.2 235y in Boils

The analytical process described above was also azgglled
to evaluate spatial and statistical distributions of U in
soil. 35y soil activity concentrations were found from
gamma-spectral analysis as 40% of 186 keV counts. Based on
our previous observations, the 235U activities were expected
to be slightly over-estimated, on the order of 6%. Since the
data had already been used to calculate 22%Ra soil activity
concentrations, they had effectively lost a degree of freedom,
so the soil activity estimates were truncated to the number of
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Figure 24

Distribution of Trimmed Ra-226 Soil Activity Concentrations
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decimal places reported for 226Ra. Because the 235U soil
activity estimates were necessarily derivative, it was
anticipated that their distribution would closely mimic the
trends observed for %26Ra. This is apparent to some extent in
the surface and contour maps in Figures 26 and 27. Inner
basin values for 23%U soil activity concentrations ranged from
less than 0.05 to more than 0.06 pCi/g, while values beyond
the escarpment ranged from about 0.07 to 0.12 pCi/g.

The significant-figure truncation convention appeared to
have the effect of producing a more markedly right-skewed (or
positively skewed) data distribution, as may be observed in
Figure 28. Log-transformation reduced the degree of right
data skew to a lesser degree than was observed for 226Ra and
2l4pj, as may be seen in Figure 29. Use of critical T, values
to determine outliers in the log-transformed data set resulted
in rejection of one data point at the 5% risk level, also
associated with the anomalously high activity and exposure
rate location discussed previously. That data point is
readily apparent in the lognormal probability plot depicted in
Figure 30 as the point of greatest magnitude and distance from
the fitted normal 1line. The distribution of trimmed raw
values are depicted in Figure 31, which did not replicate the
bimodal appearance of the 226Ra plot, and exhibits the strong

positive (right) data skew characteristic of a lognormal
distribution.

3.1.3 238g in soils

Counting data for 238y, as mentioned above, was found by
counting in the low gamma-abundance region centered at 1001
keV. This produced the fewest recognizable peaks in the
spectra analyzed. Fitting of the available peaks was
performed by developing regions about the 1001 keV line that
yielded resolutions on the order of 2 keV through iteration of
software recognition and operator manipulation. The high
detection uncertainty is reflected in the higher overall LLDs
found for this peak, recorded in Tables 6 and 7. Non-detected
results were found in ten of thirty eight sample cases, mainly
in the aluminum can geometry counts. The values for these
non-detected peaks were estimated for distribution analysis by
using the LLD. This is one of several defensible methods that
may be used for population estimation that prevents left-
censoring of the data (16,64,127). The 1limitation on
reporting of sample population means is that the actual sample
population values are less than those found by this technique.
The sample means are, in turn, estimates of "true" but
unattainable universal population values. This level of
qualification_(i.e., less than) is implicit in all further
reporting of 238y data in this study.
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Soil Activity Concentrations (pCi/g)
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The spatial distribution of 238y in the study area soils
is depicted as a surface and as contours in Figures 32 and 33,
respectively. The effect of flattenlng the data distribution
exercised by the 1ncorporated LLDs is Eparent but the trends
previously observed for 238y geries ( Ra subseries) nuclides
were preserved, as would be predicted. Higher values were
generally found in the Central Highlands and Sandia Range
north slope and peak areas, outside the basin boundaries.
Those values ranged from about 2.3 to 3.3 pCi/l. By contrast,
the basin values range from about 0.9 to 1.9 pCi/l. On the
whole 238y values were greater than comparable values for
26ra subseries daughters, suggesting the influence of
geochemical factors leading to decay disequilibrium in the
soil samples. The average U:Ra ratio was 1.65 * 0.62 for the
trimmed data set. The ratio data evinced a reasonably close
fit to a normal distribution with a small degree of positive
skew, as is shown in Figures 34 and 35.

The sequential process of evaluating the sample
population through outlier discrimination and log=-
transformation also resulted in improvement of statistical
distribution characteristics. A critical T, test yielded
one outlying value at the evaluated 5% risk level. This value
was not associated with the otherwise high activity and
exposure rate location in the Central Highlands, but was
nearest a SNL environmental restoration site contaminated with
depleted uranium. The same data value also showed an
unusually high U:Ra ratio by comparison to the critical T,.
As was aB?arent in Figures 18 and 19, right skew for the
trimmed 438y data set suggests a lognormal distribution. A
normal probability plot and histogram of the log-transformed
data may be seen in Figures 36 and 37. This may be compared
to distributions of the untransformed data in Figures 38 and
39. Mutlimodality of the distribution is suggested in the
latter figures, but was not readily apparent in the numerical
analysis. Comparing the Shapiro-Wilkinson W statistic
evaluated for the raw data distribution in Figure 38 and log-
transformed data distribution in Figure 37 suggests that log-

transformation improved the apparent statistical behavior of
the data set.

3.1.4 232qh in Boils

The spatial dlstrlbutlon of 232Th in soils, as measured
by the daughter 212py, suggested a smoother increase with
westward approach to the eastern slopes of the Manzano
Mountains in the western extreme of the Central Highlands.
This may be seen in Figures 40 and 41. Unlike the uranium
isotopes and radium subseries nuclides, a separate
concentration high is not evident in the northeast contours of
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Figure 32

Spatial Distribution of U-238 Soil Activity Concentrations
in the Vicinity of Albuquerque, NM
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Spatial Distribution of U-238 Soil Activity Concentrations
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Spatial Distribution of Th-232 Soil Activity Concentrations
in the Vicinity of Albuquerque, NM

Figure 41

Spatial Distribution of Th-232 Soil Activity Concentrations
in the Vicinity of Albuquerque, NM
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the region that includes Sandia Peak and north slope of the
Sandia Range. Those values fall within the inner basin range
of about 1.0 to 1.5 pCi/g. Concentration wvalues in the
western Manzano slope canyons and eastern slope ranged from
less than 1.7 to over 2.2 pCi/g. Positive skew is again
apparent in the bow-and-whisker diagrams, relieved by log-
transformation of the data (Figures 42 and 43). Testing did
not identify any outlying point up to the highest risk level,
10%, investigated. However, as seen in Figure 44, log-
transformed data demonstrated greater oscillation around a
fitted normal line than was apparent for any previously
examined nuclide. This scatter, combined with the appearance
of the lognormally fitted histogram of untransformed data in
Figure 45 again suggested that at least two separate soil
population distributions may have been sampled in the study,
one centered around a mean of about 1.4 pCi/g, and another
whose mean equaled or exceeded about 2.3 pCi/g. The higher
values are largely limited to the Central Highlands.

3.1.5 40g in Boils

The spatial distribution of 4%k soil activity
concentrations was very dissimilar to the regional patterns
previously illustrated. The highest values were observed in
soils of the mid-longitudes of the study area, as seen in
Figures 46 and 47. This region is that part of the piedmont-
fan slope nearest the mountain escarpments to the west, and
the region lying at the northern foot of the Sandias. Values
in this region ranged from about 14.3 to 17.6 pCi/g. Values
in the Central Highlands portion of the region range from
about 13.2 to 15.4 pCi/g, while values in the bulk of the
valley and west mesa regions range from 9.9 to 13.2 pCi/g.

The statistical distribution, as apparent in the box-and
whisker diagrams (Figures 48 and 49) and probability plots
(Figures 50 and 51), suggests little deviation from normalcy.
Distributions modelled as normal and lognormal fittings also
suggest multimodalities (Figures 52 and 53), although this was
not readily apparent in numerical analysis. Based on
appearances of the histograms, at 1least two distinct
populations may have been sampled, one centered at a mean of
about 14 pCi/g, and another whose mean falls nearer 19 pCi/g.
However, tests of outliers yielded no extrema that could be

trimmed from the data set at the highest (10%) risk level
evaluated.
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Figure 44

Normal Probability Piot for the Distribution of
Log-Transformed Th-232 Soil Activity Concentrations

in the Vicinity of Albuquerque, NM
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Spatial Distribution of K-40 Soil Activity Concentrations
in the Vicinity of Albuquerque, NM
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Spatial Distribution of K-40 Soil Activity Concentrations
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Soil Activity Concentration
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Figure 50

Normal Probability Plot for the Distribution of
K-40 Soil Activity Concentrations in the
Vicinity of Albuquerque, NM
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Figure 52
Distribution of K-40 Soil Activity Concentrations
Shapiro-Wilk W=.94444, p<.0795

K-S d=.12147, p> .20; Lilliefors p<.20
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3.1.6 1370 in Boils

Special attention was devoted in the study to the
descrlptlon and evaluation of environmentally distributed
’cs. That nuclide represented the only specific indicator
of anthropogenic radiation impacts evaluated in the study.
The spatial distribution of 137Cs so0il activity concentrations
displayed rgg}onal patterns distinct from all of the preceding
cases. The I37Cs patterns suggested the influence of altitude
control, as may be inferred from Figures 54 and 55. The
regional study maximum was found at the sampling point of
maximum elevation, Sandia Peak and most higher concentration
values were also associated w1th.hlgher elevations, largely in
the eastern portlon of the study region. To investigate the
apparent trend, 137cs soil act1v1ty concentrations was plotted
as a function of altitude in Figure 56. The plot displayed a
1ncrea51ng relationship within the scatter, analyzed by
piecewise linear regression with quasi-newtonian parametric
estimation using a least squares loss function. That analysis
yielded a correlation coefficient of 93.7% and accounted for
87.7% of the variance in concentration values based on the
effects of altitude alone.

An environmental parameter related to space and altitude
was also estimated in the study: soil moisture calculated as
weight (mass) fraction of the soil. Analysis of 137cs soil
activity concentrations as a function of soil moisture was
performed as above and depicted in Figure 57. The generally
increasing relationship suggested by the graph and subsequent
analysis was not as close as that using altitude. That
analysis yielded a correlation coefficient of 91.0% and
accounted for 82.8% of variance. It thus appeared that
altitude and environmental conditions leading to higher soil
moisture both exerted some degree of control over the reglonal
distributions of the anthropogenic radionuclide in soil.
Direct graphical inference between the two soil activity
concentration values plotted at the approximate latitude of
35.20 N controlled the appearance of the distribution in
Figure 55 in a way that is probably artificial. Independent
soil data for a location in northern Albuquerque that falls
within this portion of the region indicated that 37cs soil
concentrations on the order of < 0.2 pCi/g have been found
consistently over time (128,129,130). This suggests that the
iso-concentration contours descending along the Sandia

escarpment may indeed be much steeper, possibly reflecting the
steep descent in altitude.

The internal distribution of the data also demonstrates
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