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ABSTRACT 

An aerial radiological survey, which was conducted from March 1 to 13, 1995, covered a 51-square-mile 
(132-square-kilometer) area centered on the Davis-Monthan Air Force Base (DMAFB) in Tucson, Arizona. The 
results of the survey are reported as contours of bismuth-214 (214Bi) soil concentrations, which are characteristic 
of natural uranium and its progeny, and as contours of the total terrestrial exposure rates extrapolated to one meter 
above ground level. All data were scaled and overlaid on an aerial photograph of the DMAFB area. The terrestrial 
exposure rates varied from 9 to 20 microroentgens per hour at one meter above the ground. Elevated levels of 
terrestrial radiation due to increased concentrations of 2 1 4 Bi (natural uranium) were observed overthe Southern 
Pacific railroad yard and along portions of the railroad track bed areas residing both within and outside the base 
boundaries. No man-made, gamma ray-emitting radioactive material was observed by the aerial survey. 

High-purity germanium spectrometer and pressurized ionization chamber measurements at eight locations within 
the base boundaries were used to verify the integrity of the aerial results. The results of the aerial and ground-
based measurements were found to be in agreement. However, the ground-based measurements were able to 
detect minute quantities of cesium-137 (1 3 7Cs) at six of the eight locations examined. The presence of 1 3 7 Cs is 
a remnant of fallout from foreign and domestic atmospheric nuclear weapons testing that occurred in the 1950s 
and early 1960s. Cesium-137 concentrations varied from 0.1 to 0.3 picocuries per gram, which is below the mini
mum detectable activity of the aerial system. 
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1.0 INTRODUCTION 

An aerial radiological survey of the Davis-Monthan Air 
Force Base (DMAFB) in Tucson, Arizona, was con
ducted from March 1 to 13,1995, at the request of the 
United States Department of Defense (DoD). The sur
vey, covering a 51-square-mile (132-square-kilome-
ter) area centered on the DMAFB, was conducted by 
the United States Department of Energy's (DOE) 
Remote Sensing Laboratory (RSL), which is main
tained and operated for DOE by EG&G Energy Mea
surements, Inc. (EG&G/EM) in Las Vegas, Nevada. 

The purpose of the survey was to measure and map 
the natural and man-made gamma radiation emanat
ing from the area within and surrounding the base 
boundaries. This survey was the first of its type at 
DMAFB and was conducted as a routine part of, and 
in conjunction with, an on-going DoD base restoration 
and waste management study that was started in 
September 1994.1 

High-purity germanium (HPGe) spectrometer and 
pressurized ionization chamber measurements, col
lected at a height of one meter above the ground level 
(AGL) at eight locations within the base boundaries, 
were used to verify the integrity of the aerial radiolog
ical and exposure rate results. 

2.0 SITE DESCRIPTION 

DMAFB, a key installation of the Air Combat Com
mand, is located adjacent to and south of Tucson, Ari
zona. The base encompasses a fenced area of 
approximately 10,000 acres with an average eleva
tion of 2,700 feet (823 meters) above sea level. The 
base supports primarily activities from the 305th and 
355th Wing Commands. Aircraft routinely flown from 
the base include the A-10, the OA-10, and the 
EC-103H. 

The base is also the home of the Aerospace Mainte
nance and Regeneration Center (AMARC), which is 
an agency under the Air Force Material Command. 
AMARC is a major industrial center that provides for 
the storage, regeneration, reclamation, and disposal 
of aircraft and aerospace items that are no longer 
needed by the DoD. AMARC encompasses an area 
of 2,600 acres and has more than 4,700 aircraft in 
storage.2 

Past operations at the DMAFB have involved the 
transport, storage, and use of nuclear materials, air
craft decontamination, and the removal and disposal 

of aircraft radioactive instrumentation and compo
nents (instrument gauges with radium-painted dials, 
depleted uranium counterweights, etc).1 

The area surrounding the DMAFB is primarily com
prised of the population and industrial centers of 
southern Tucson. Also, the Tucson International Air
port resides approximately 5 miles (8 km) to the south
west. The survey area included a coal-buming electric 
power generation plant, the Southern Pacific railroad 
yard, and some forest and farm land. 

3.0 SURVEY PLAN 

3.1 Aerial Survey 

The aerial survey was conducted to collect gamma 
radiation data over a 51-mi2 (132-km2) area encom
passing the DMAFB and surrounding area. The 
boundary was initially selected to enclose the entire 
base with a 0.5-1.0-mi (0.8-1.6-km) area overlap. In 
addition, the boundary was extended in the northwest 
to include the Southern Pacific railroad yard and the 
Detention Basin. 

The area was surveyed by flying at a constant ground 
speed of 70 knots (36 meters per second), at a nomi
nal altitude of 150 feet (46 meters) above ground level 
along a set of parallel flight lines spaced 250 feet (76 
meters) apart, which total 1,070 flight line miles (1,720 
kilometers). To minimize interference with DMAFB air 
traffic, the flight lines were oriented parallel to the 
DMAFB active runway and were flown in either a 
southeasterly or northwesterly direction, Figure 1. All 
data were scaled to overlay an aerial photograph 
(dated March 1995) of the DMAFB area. In order to 
assure data integrity and to monitor/correct for varia
tions in the detector's background radiation due to air
craft, radon, and cosmic rays, measurements were 
made over afixed test line before and after each flight. 
The fixed test line (TL) was located along a dirt road 
that was approximately 1,000 feet (305 m) to the 
south and parallel with the DMAFB active runway. For 
the survey parameters cited, the minimum detectable 
activities (MDAs) for the isotopes of interest are 
shown in Table 1. The isotopes of interest are: 1) bis-
muth-214 (2 1 4Bi), which is characteristic of natural 
uranium and its progeny; 2) cesium-137 (1 3 7Cs), 
which is representative of the worldwide fallout attrib-' 
uted to the various atmospheric nuclear weapons test
ing programs; and 3) protactinium-234m (^"Pa), 
which is characteristic of depleted uranium (DU) and 
is associated with the composition of aircraft counter
weight components. 
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3.2 Ground-Based Measurements 

During the DMAFB survey, a set of corroborative 
ground-based measurements were performed at 
eight locations within the base boundaries. These 
measurements were used to verify the integrity of the 
aerial data and to detail the radionuclide content of the 
natural background radiation on the base. The loca
tions selected were not near any obvious radiation 
anomalies and were areas readily accessible to the 
general onsite personnel. Each set of ground-based 
measurements consisted of a total gamma energy 
spectral (in situ) measurement and a total terrestrial 
gamma exposure rate measurement, both of which 
were collected at a height of one meter above the 
ground. For the in situ measurements, each was 
made for a live-time collection interval of 900 seconds 
(15 minutes). As a quality control check and to moni
tor/correct for variations in the detector's background 
radiation, measurements were made atafixed control 
point priorto and after each day's measurements. The 
fixed control point (CP) was located on DMAFB in a 
grass field directly behind the Building 1750 parking 
lot. Forthe isotopes of interest, the MDAsforiheinsitu 
measurements are shown in Table 1. 

4.0 SURVEY EQUIPMENT 

4.1 Aerial Survey 

The survey was conducted using RSL's Aerial Mea
suring System (AMS), which consists of a Messer-
schmitt-Bolkow-Biohm (MBB) BO-105 helicopter, a 
Radiation and Environmental Data Acquisition and 
Recorder Version IV (REDARIV) system, and a Real
time Differential Global Positioning System (RDGPS), 
Figure 2. 

Table 1 . DMAFB Survey Minimum Detectable Activities 

Isotope 
Photopeak 

(keV) 

Aerial Survey3 In Situ Measurements'3 

Isotope 
Photopeak 

(keV) u.Ci/m2 pCi/g u-Ci/m2 pCi/g 

214B j 

137CS 

234mp a 

1,765 

662 

1,001 

0.25 

0.05 

10.0 

1.2 

0.3 

53.5 

0.04 

0.02 

1.2 

0.17 

0.10 

6.7 
a Derived for ground speed of 36 m/s, nominal altitude of 46 m, and line spacing of 76 m. 
b Derived for soil sample depth (z) of 3 cm and inverse relaxation depth (a) of 0.1 cm - 1 , except for 2 1 4 Bi 
where a equals 1 .OE-06 cm - 1 . 

FIGURE 2. MBB BO-105 HELICOPTER WITH DETECTOR PODS 

The helicopter was equipped with two large detector 
pods that were mounted on the side of the helicopter's 
landing skids. Each pod contained four 4- x 4-.x 
16-inch and one 2- x 4- x 4-inch thallium-activated 
sodium-iodide, Nal(T/), gamma ray detectors. Nor
mally, the detector pods are equipped with the 2- x 
4- x 16-inch logs. However, the desire to accurately 
measure the 1,764-keV gamma rays from 2 1 4 Bi 
necessitated the use of the thicker detector. The pre
amplifier signal from each detector was calibrated 
using sodium-22 (^Na) and americium-241 (241Am) 
gamma check sources. Normalized outputs from 
each detector were combined in an eight-way sum
ming amplifier and the signal was adjusted in the aiia-
log-to-digital converter so that the calibration photo-
peaks appeared in preselected channels in the 
REDAR IV multichannel analyzer. 

4.1.1 REDAR IV System 

Data acquisition was performed using the REDAR IV 
system, a multimicroprocessor, portable data acquisi
tion and real-time analysis system designed for use in 
aircraft. The REDAR IV collects 1,024 channels (4 
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keV/channel) of gamma energy spectral data once 
every second and then records the spectral data, the 
aircraft altimeter and positioning data, and the envi
ronmental variables such as ambient temperature 
and barometric pressure to magnetic tape cartridges 
once every four seconds. The REDAR IV is also 
equipped with multichannel analyzer and CRT display 
capabilities for in-flight monitoring of the gamma 
energy spectral data as well as other flight parame
ters. The detector and electronic system are 
described in detail in a separate publication.3 

4.1.2 Helicopter Positioning 

The helicopter's position was established by using 
two systems: the RDGPS and a radar altimeter. The 
RDGPS is a navigation system providing continuous 
position information accurate to ±16 feet (5 meters) 
using a constellation of 24 satellites. The radar altime
ter determines the helicopter's altitude by measuring 
the round-trip propagation time of a signal reflected off 
the ground. 

4.1.3 Data Processing 

At the end of each flight, the aerial data were down
loaded for processing from the magnetic tape car
tridges into the Radiation and Environmental Data 
Analysis Computer (REDAC) system. The REDAC 
was housed in a modified Airstream mobile home 
which was parked atthe 305th Rescue Squadron han
gar, DMAFB Building 1750. The REDAC system uti
lizes: (1) a computer with 8-megabytes of memoryfor 
data manipulation, (2) two gigabytes of hard disk 
space for mass storage of data, (3) two 1 /4-inch digital 
magnetic tape cartridge drives for reading the REDAR 
data tapes, (4) one Exabyte tape drive for data trans
fer and archiving, (5) a 36-inch-wide graphics plotter 
for data contouring, and (6) two video graphics display 
stations. The system uses an extensive library of soft
ware which provides onsite preliminary analysis of the 
aerial data on a flight-by-flight basis and monitors pre-
and post-flight quality assurance checks. A similar 
REDAC system was used to complete the data analy
sis process at RSL in Las Vegas, Nevada. 

4.2 Ground-Based Measurements 

The ground-based measurements were conducted 
using a Reuter-Stokes pressurized ionization cham
ber and RSL's in situ gamma acquisition and analysis 

system, which consists of an ORTEC high-purity ger
manium (HPGe), N-type, coaxial detector; a David
son multichannel, pulse-height analyzer (MCA); a 
one-meter-high tripod; and an external 12V Gel-cell 
battery pack. Both sets of measurements were 
acquired at a height of one meter AGL Postproces
sing of the gamma energy spectral data was per
formed on a portable GRID laptop computer. 

4.2.1 HPGe N-type Coaxial Detector 

One ORTEC HPGe, N-type, coaxial detector was 
used to collect the gamma energy spectral data. The 
detector was mounted on a tripod with the face of the 
detectorsuspended one meterabovethe ground. Fig
ure 3 shows a typical setup for the field measure
ments. 

The detector was equipped with an ultra-thin (0.8 mm) 
beryllium endcap window and a 1.2-liter liquid nitro
gen dewar. The detector element was 72 mm in diam
eter with a length of 85 mm. Prior to leaving RSL, the 
detector was calibrated" for efficiency and angular 
response. Figures 4 and 5 show the calibration 

FIGURE3. IN SITU MEASUREMENT SYSTEM 
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results. Individual soil concentration conversion fac
tors were developed using these calibration data. 

4.2.2 Data Acquisition and Processing 

The output signal from the HPGe detector was fed via 
coaxial cable to a battery-operated, 4,096-channel, 
portable analyzer (MCA). The system was setto afull-
scale energy of 3,000 keV. An energy calibration 
check was made each morning during the initial equip
ment setup while at the fixed base, as well as prior to 
starting the measurements in the field. 

The MCA has the capability to acquire, display, and 
perform preliminary data analysis on the acquired 
gamma energy spectra. The acquired spectral data 
were stored on mini data cassettes for later retrieval. 
Also, the MCA has the ability to transfer the data digi
tally via an EIA RS-232C serial port to a GRID laptop 
computer, where the postprocessing of the data was 
performed. 

The positions of the in situ measurement locations 
were established using an autonomous Global Posi
tioning System hand-held monitor. The monitor pro
vided position information to an accuracy of 
±100-500 ft (30-150 m), dependent upon the military 
selective availability at the time of the measurement. 

5.0 ANALYSIS PROCEDURES 

5.1 Aerial Data Analysis 

The aerial radiation data generally consist of contribu
tions from naturally-occurring radionuclides, man-
made radionuclides, airborne radon, cosmic rays, and 
aircraft-induced electronic noise. For this survey, the 
major emphasis was placed on mapping the gamma 
radiation environment of the DMAFB and surrounding 
area. Isopleth maps were produced by processing the 
aerial data using the extraction methods discussed in 
this section. More detailed information can be found 
in a separate publication.3 

5 



1.5 T 

w 1.4 — 

a) 
CO e o 
D.0) 
o> dJ 
<U <B ., _ 
DC & 1.3 i; <" 2T3 

"Si co 
Q CD 

•sa 
S3 
ccoc 

I. 
c 1.1 

1 .0 -::• 

0.0 10.0 20.0 30.0 40.0 50.0 
Angle (degrees) 

60.0 70.0 80.0 90.0 

60keV 345 keV 662 keV 1408 keV 

RGURE 5. HPGe DETECTOR ANGULAR RESPONSE CURVE 

5.1.1 Terrestrial Exposure Rate ^ 

The terrestrial exposure rate or gross count (GC) 
method is based on the integral count rate in the 
gamma energy spectral range between 38 and 3,026 
keV: 

3026 

CRQC = 

Ym-NTB 
£=38 

(D 

NTB = nonterrestrial background count rate in 
counts per second (cps) produced by the 
effects of airborne radon, cosmic rays, and 
the aircraft-induced electronic noise 

The gross count, measured in cps at survey altitude, 
was converted to an exposure rate in microroentgens 
per hour (nR/h) at a height of one meter above the 
ground by application of a conversion factor deter
mined from documented calibration test lines in Cal
vert County, Maryland, and Lake Mohave, Nevada.4 

The conversion equation used is: 

where 
CRGC = total terrestrial count rate or gross count, 

counts per second (cps) 

S(E) = energy spectrum containing the number of 
gamma rays collected at the given energy £ 
per second 

E = the photon energy, keV 

ER = ^£e(A-46)Mair 

1114 
(2) 

where 
ER = exposure rate extrapolated to one meter 

AGL, |iR/h 
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A = survey altitude, meters 

fiair ~ gamma ray air attenuation coefficient, m _ 1 

The air attenuation coefficient, fiajr, deduced empiri
cally from the altitude profile data over the survey's 
test line, was 0.00576 rrr 1. The derived conversion 
factor was 1,114 cps per {xR/h for a survey altitude of 
46 m AGL. The applicability of the conversion equa
tion assumes a uniformly distributed radiation source 
covering an area which is large when compared to the 
field of view of the detection system (a circle with a 
diameter roughly twice the altitude of the aircraft) and 
has a gamma energy distribution similar to that of the 
natural background radiation of the Lake Mohave cal
ibration test line. 

5.1.2 Man-Made Gross Count 

The aerial data were also used to determine the loca
tion of nonnaturally-occurring gamma sources, i.e., 
man-made radionuclides. The man-made gross 
count (MMGC) is the portion of the gross count which 
is directly attributed to the gamma rays from the man-
made radionuclides. In general, evidence of man-
made radionuclides can be found from increases in 
the gross count. However, slight variations in the 
gross count are generally not considered adequate 
proof to suspect the presence of a man-made anom
aly since these variations can result naturally from 
geological fluctuations or changes in the ground cover 
(Le., rivers, vegetation, buildings, etc.). 

In order to increase the sensitivity of the AMS to detect 
man-made anomalies, a man-made gross count algo
rithm has been developed that uses differential spec
tral energy extraction techniques to denote changes 
in the gamma energy spectral shapes. This algorithm 
takes advantage of the fact that while background 
radiation levels often vary by a factor of two or more 
within a survey area, background spectral shapes 
remain essentially constant. More specifically, the 
ratio of natural components in any two sections (win
dows) of the energy spectrum will remain nearly 
constant. 

Although this procedure can be applied to any region 
of the gamma energy spectrum, the most common 
practice is to place all counts below 1,394 keV into the 
man-made window (low energy sum), where most of 
the long-lived, man-made radionuclides emit radi
ation, and to place all counts above 1,394 keV into the 
natural window (high energy sum), where mostly the 
naturally-occurring radionuclides emit radiation. The 

MMGC rate can be expressed analytically in terms of 
the integrated count rates in specific gamma energy 
spectral windows (keV) as 

1394 3026 

MMGC= ]Ts (£) - i : m m - Y, 5 ( £ ) ( 3 ) 

£=38 £=1394 

where Kmm is defined over an area that only contains 
gamma radiation from naturally-occurring radio
nuclides as 

1394 • 

£=1394 

This MMGC algorithm has been found to be sensitive 
to low levels of man-made radiation even in the pres
ence of large variations in the natural background. 
Once a region of man-made radioactivity has been 
identified, a detailed analysis of the gamma energy 
spectrum is conducted to ascertain which radio
nuclides are present. 

Note that the natural background isotope 2 1 4 Bi has 
prominent energy photopeaks at 609 and 1,120 keV. 
Thus, in areas exhibiting excess concentrations of 
natural 2 1 4 Bi , the overall contribution of the count 
rates of these two photopeaks in the MMGC source 
energy window (38-1,394 keV) would be significant, 
and a "false positive" anomaly may be depicted over 
those areas on the MMGC contour map. 

5.1.3 Bismuth-214 Count Rate Extraction 
The determination of the contribution to the gross 
count of an individual isotope requires an algorithm 
that can identify a specific photopeak's count rate. 
The simplest of these algorithms is the two-window 
strip. The two-window stripping method assumes that 
the photopeak count rate from a specific isotope can 
be determined from the sum of the counts in the iso
tope's gamma energy source window minus a scaled 
background contribution. For the isotope 2 1 4 Bi , which 
is a progeny of the natural uranium decay chain, the 
primary photopeak of interest is at 1,765 keV. Follow
ing the same procedure as outlined in the MMGC sec
tion, the 2 1 4 Bi count rate is given by 
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5.2 Corroborative HPGe Data Analysis 

Initial processing of the HPGe gamma energy spec
tral data was performed at the DMAFB. Final proces
sing was performed aftertheteam had returned to Las 
Vegas, Nevada. 

In order to maximize sensitivity, each spectrum was 
individually examined for potential photopeaks from 
man-made radionuclides. A photopeak window was 
established for each photopeak of interest. Back
ground windows on either side of the photopeak were 
used to perform a straight line background subtrac
tion. The net result was then compared to the three-
sigma value due to the counting statistics in the photo
peak and background windows to determine if a peak 
was present. Although this type of processing is 
slower than using an automated peak search routine, 
the method provides more reliability in identifying and 
properly extracting .the net photopeak count rate for 
weak sources. 

Prior to extracting the peak net counts, a three-point, 
area-preserving, binomial-smoothing algorithm was 
applied to the spectral data to improve their reliability. 
The extracted peak net counts were then corrected for 
system dead time using a nonparalysable counter 
dead time correction factor and the reported errors, 
due to a system dead time correction and a one-sigma 
counting statistics error, were derived. A more 
detailed explanation of the factors contributing to the 
derived dead time and standard errors can be found 
in separate publications.6-7 

The net results are reported as soil concentration in 
pCi/g by application of the conversion factors that are 
listed in Table 2, which were also derived from the 
works of Beck, et al.5 

Table 2. DMAFB Survey Conversion Factors 

Isotope 
Photopeak 

(keV) 

Aerial Survey3 In Situ Measurements'5 

Isotope 
Photopeak 

(keV) u,Ci/m2/cps pCi/g/cps u.Ci/m2/cps pCi/g/cps 

214 B j 

1 3 7 CS 

234m p a 

1,765 

662 

1,001 

8.45E-03 

1.06E-03 

1.67E-01 

3.91 E-02 

6.72E-03 

8.91 E-01 

0.452 

0.061 

7.0 

1.886 

0.349 

40.0 
a Derived for ground speed of 36 m/s, nominal altitude of 46 m, and line spacing of 76 m. 
b Derived for soil sample depth (z) of 3 cm and inverse relaxation depth (a) of 0.1 cm - 1 , except for 2 1 4 Bi where a equals 
1.0E-06crrr1. 

1872 2772 

CRBi= X sW~KBi' X 5 ( £ ) ( 5 ) 

£=1596 £=2376 

The constant, .K&-, is determined over an area that 
contains only gamma radiation from naturally-
occurring radionuclides and does not contain any 
excess 2 1 4 Bi . It is defined as 

1872 

2 s& 
£=2376 

Except for the choice of the source and background 
energy window limits, CRBI is identical in form to 
MMGC, as defined in Equation 3. The background 
energy limits, 2,376 to 2,772 keV, are chosen in an 
energy region that contains only naturally-occurring 
background radiation, namely thallium-208 ( 2 0 8TI), 
which is a progeny of the thorium decay chain. 

The extracted 2 1 4 Bi count rates, measured in cps at 
survey altitude, were converted to soil concentrations 
in picocuries per gram (pCi/g) by application of a con
version factor, Table 2, which was derived from a 
radioactive transport matrix model developed by 
Beck, et al.5 This method mathematically models the 
gamma ray flux through a detector located at some 
distance above a source distribution. A brief synopsis 
of this model will be discussed later. 
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Table 3. Comparison of Aerial and Ground-Based Measurements 

Site 

Exposure Rates (u.R/h at 1 meter AGL) a 

Site Ion Chamber Inferred In Situb Inferred Aerial b 

1 13.6 (0.3) 12.6(1.0) 14.4 (0.3) 

2 12.5 (0.6) 12.2(0.9) 13.8 (0.2) 

3 12.8 (0.8) 12.0 (0.9) 13.6 (0.4) 

4 12.5 (0.4) 12.3 (0.9) 14.5 (0.1) 

5 13.3 (0.6) 12.6 (0.9) 14.3 (0.2) 

6 13.6 (0.2) 12.6(1.0) 14.8 (0.1) 

7 • 12.2 (0.2) 12.3 (0.9) 14.7(0.1) 

CP 12.9 (0.8) 12.3 (0.9) 13.5 (0.4) 
a Measurement uncertainty (error) is enclosed in parenthesis and represents statistics only. 
b Includes an estimated cosmic ray contribution of 4.4 nR/h. 

Reported in Table 3 are the inferred in situ exposure 
rates in u.R/h at one meter above the ground which 
were computed from the primary isotopic soil con
centrations in accordance with the works of Beck, et 
al.5 The inferred in situ exposure rates were derived 
using the expression 

ER = Cone ' 0 ' (0.0011655 • Energy - 0.040) (7) 

where 
ER = exposure rate at one meter AGL, u,R/h 

Cone = isotopic soil concentration given, pCi/g 
ft = decay fraction or branching ratio, 

y/disintegrations 
Energy = gamma energy, keV 

This expression provides an estimate of the external 
exposure rate for measured gamma ray energies and 
is valid for uniformly distributed monoenergetic 
gamma sources in the soil with energies greater than 
100 keV. The approximation assumes an error of 8%. 

5.3 Conversion Factors 

Conversion factors have been calculated which relate 
the measurement photopeak count rate data to the 

radionuclide activity in the soil. The values are deter
mined by combining a laboratory measurement of the 
detector efficiency to a given gamma ray energy with 
atheoretical calculation of the gamma rayfiux arriving 
at the detector as a function of source distribution in 
the soil. 

The unscattered gamma ray flux, <p, from a point 
source with activity, S0, at a distance, r, from the 
source is given by 

where ̂  is the gamma ray mean free path in air. This 
can also be written as 

6 = J>°-e-Wp)n9ar (g) 
4nr2 

where 
(n/p)a = a i r mass attenuation coefficient, cm2/g 

pa = air density, g/cm3 

This expression can be expanded to the more general 
case of a source distributed within the soil. In this 
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case, the unscattered flux of gamma rays of energy, 
E, at a height, h, above a smooth air-ground interface 
due to an emitter distributed in the soil is given by 

<t> 
— 0 0 * CO 

4jtr2 

Jo Jo 
e[-WP)aPara)e[-(fi/p)sPs rfyjndxdz 

(10) 

where 

Sy = activity per unit volume, 
(Y/sec)/cm3 

r = ra +rs, cm 

(|x/p)a, (\i/p)s = air and soil mass attenuation 
coefficients, cm2/g 

pa, Ry = air and soil density, g/cm3 

This expression assumes a source distribution which 
varies only with depth. A uniform distribution in the 
horizonal plane is assumed, which leads to results 
expressed in terms of an averaged value overthe field 
of view of the detector. 

The detector response to a given flux, <p, of gamma 
rays of energy, E, incident at an angle, 6, can be given 
in terms of an effective detector area, A, defined by 

R(6) = ratio of the detector response at an angle, 8, 
to that at 0 = 0° 

Combining Equations 11 and 12 with Equation 10 
leads to an expression which relates the measured 
photopeak count rate to source activity in the soil. This 
is given by 

•IT 
Jo Jo 

* - 1 i ^ * 

el-(tl/Phpara]e[-Wp)s Ps rs]2jixdxdz (13) 

In order to evaluate Equation 13, it is necessary to 
make some assumptions on the source distribution 
depth. Three primary types of source distributions are 
normally encountered in environmental measure
ments. Naturally-occurring background radiation is 
usually represented by a uniform volume distribution. 
Relatively fresh fallout activity is normally represented 
by a uniform surface distribution. Fallout activity which 
has aged into the soil over a period of time is most 
often represented by an exponential distribution of the 
form 

oo. -az 

" * 
(11) 

where Np is the net photopeak count rate, normally 
given in units of counts per second. The effective 
area, in general, varies as afunction of the gamma ray 
angle of incidence and is usually written as 

A = AoR(0) (12) 

where 

AQ = detector photopeak count rate for a unit flux 
incident perpendicular to the detector face, 
(cps)/[Y/(cm2-sec)] 

Sv = S°e (14) 

where 

S° = activity per unit volume at the surface, 
(y/sec)/cm3 

a = reciprocal of the relaxation depth, c m - 1 

z = source distribution depth in the soil, cm 

This implies that the representative volume of soil at 
a depth of 1/a is assumed to contain approximately 
63% of the source's total activity. At a relaxation depth 
of 2/a and 3/a, respectively, the representative vol
ume of soil is assumed to contain approximately 86% 
and 95% of the total activity. 

For this exponential soil depth distribution, Equation 
13 becomes 
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isp 2 

r»/2 

Jo 

I 

J?(e)tan(0)e[-WP)°P°ftsec(e)] 
a + (fi/p)spssec(6) 

(15) 

In the above model, the values for a and z, which are 
normally measured in the field, are usually poorly 
known and are highly dependent upon the actual soil 
conditions and isotopes present. Also, artificial soil 
disturbance (farming, construction, etc.) will affectthe 
value of these parameters. 

This expression relates the measured photopeak 
count rate, Np, to the activity per unit volume at the 
surface. The detector parameters, A0 and R(6), are 
normally obtained empirically for a given system using 
standard calibration sources. Mass attenuation coeffi
cients for air and typical soils can be found in standard 
reference tables. An average soil density of 1.5 g/cm3 

and air density of 0.001205 g/cm2 at 20°C are nor
mally assumed unless actual measured values are 
available. The detector height, h, can be measured in 
most cases. 

In general, it is more useful to relate the photopeak net 
count rate data to an average concentration within a 
given depth rather than a surface concentration as 
given in Equation 15. The average concentration in 
the topz cm of soil, Sv(z), for a source distributed expo
nentially with depth is given by 

5v(z) = -if* 
Jo 

e-^dz = %(1 - e-"2) (16) 

Another result often required is the total activity per 
unit area. This is given by 

SA = K* s° 
-azdz = -£• a (17) 

The conversion factors derived for all three source 
distribution types relate a measured photopeak net 
count rate, expressed in units of counts per second 
(cps), to source activity expressed in units of gamma 
rays per second (y/sec) per unit area or unit volume. 
For a specific isotope, the source activity is normally 
changed to units of curies or becquerels. The average 
activity per unit volume can also be converted to aver
age activity per unit mass by dividing by the soil 
density. 

6.0 RESULTS 

6.1 Terrestrial Gamma Exposure Rate 
Contour 

The terrestrial gamma exposure rates inferred from 
the aerial data are shown in the form of a contour map 
superimposed on the 1995 aerial photograph of the 
survey area in Figure 6. The levels shown include an 
estimated cosmic ray contribution of 4.4 |xR/h at one 
meter above the ground. 

Over most of the survey area, the inferred exposure 
rates represent normal fluctuations in the natural 
background radiation and range from approximately 
9 to 17 jiR/h. On the base, these levels typically 
ranged from 11 to 15 nR/h over the populated and 
flight line areas, and 13 to 17 nR/h over the AMARC. 
Outside of the base boundaries, the levels typically 
ranged from less than 9 to 11 jiR/h over the Detention 
Basin and Lakeside Park areas, 11 to 15 jiR/h overthe 
city's residential and industrial areas, and 9 to 17 nR/h 
overthe unpopulated/farm areas. The detected expo
sure rates are well within the range of 1 to 20 nR/h 
found throughout the contiguous United States, 
Hawaii, and Alaska.8 A gamma energy spectrum of 
the natural background radiation in the survey area is 
shown in Figure 7. 

Exposure rate levels ranging from 13 to 20 nR/h were 
detected overthe Southern Pacific railroad yard and 
15 to 17 nR/h over portions of the railroad line track 
bed areas residing in the survey area. Examination of 
the gamma energy spectra and the excess 2 1 4 Bi con
tour map revealed the presence of enhanced natural 
background radiation, primarily excess 2 1 4 Bi (natural 
uranium and its progeny). A gamma energy spectrum 
of the excess 2 1 4 Bi activity overthe Southern Pacific 
railroad yard is shown in Figure 8. 

6.2 Detected Anomalies 

The abundance of 2 1 4 Bi in the environment can be 
separated into two categories: 1) where the ratio of 
2 1 4 Bi to thorium and its progeny is typical of the natural, 
background isotope mix, and 2) where this ratio is in 
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excess of the expected ratio mix. Generally, such a 
deviation from the norm would be indicative of an 
increase in the abundance o f 2 1 4 Bi . An increase in this 
abundance may be natural as with certain geological 
features or it may be elevated by human introduction 
or technological enhancement of the natural 2 1 4 B i or 
uranium. The 2 1 4 B i algorithm, Equation 5, was used 
to search the aerial data for locations of 2 1 4 B i activity 
in excess of the expected natural isotopic ratios. The 
resulting isoradiation contour map is shown in Figure 
9. The principal regions of interest are along the 
Southern Pacific railroad lines, residing both inside 
and outside the base, and the railroad yard. The 
enhanced levels of the natural 2 1 4 B i activity ranged 
from 1.2 to 2.7 pCi/g along the base rail line, 1.2 to 5.5 
pCi/g along the primary rail line outside the base, and 
1.2 to 9.8 pCi/g over the railroad yard. The minimum 
detectable activity of the aerial system was 1.2 pCi/g. 

The MMGC algorithm, Equation 3, was used to 
search the aerial data for man-made emitters. No 
man-made anomalies, which include 1 3 7 C s and 
2 3 4 m P a , were detected by the aerial system. However, 
as discussed in Section 5.1.2, the only activity shown 
on the MMGC contour count rate plot resulted from 
the "false-positive" anomalies generated by the 
higher-than-normal concentrations of natural 2 1 4 B i . 
The locations of those anomalies are depicted in Fig
ure 9. Hence, the MMGC contour map is not pres
ented. 

6.3 Ground-Based Measurements 
Ground-based exposure rate and in situ HPGe 
spectrometer measurements were collected at a 

height of one meterabove ground at eight locations on 
the DMAFB during the aerial survey (see Figure 9). 

The results of the in situ measurements, Table 4, are 
reported as HPGe-estimated soil concentrations in 
pCi/g and are representative of the source activity 
averaged overthe top 3 cm of soil. A relaxation depth 
(1/a) of 10 cm was used for 1 3 7 C s . For the naturally-
occurring background radionuclides (uranium, tho
rium, and potassium), a uniform volume distribution 
was assumed. The relaxation depths cited were used 
in the derivation of the isotopic conversion factors and 
are representative values based on soil profile data 
collected at various sites throughout the United 
States. 

Minute concentrations of 1 3 7 C s were detected at six 
of the eight locations and ranged between 0.1 and 0.3 
pCi/g. These values were below the minimum detect
able activity of the aerial system and were consistent 
with those values expected from the worldwide resid
ual fallout associated with the atmospheric nuclear 
weapons tests that had occurred in the 1950s and 
early 1960s. No 2 3 4mp a w a s detected at any of the in 
situ measurement locations. An HPGe gamma energy 
spectrum of one of these locations is shown in Figure 
10. 

The inferred in situ exposure rates, Table 3 (Section 
5.2), were computed from the primary isotopic con
centrations in the soil in accordance with the works of 
Beck, et al.5 The inferred aerial and in situ exposure 
rates include an estimated cosmic ray contribution of 
4.4 |iR/h. 
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Table 4. In Situ Measurements Soil Concentration Results a' b> c> d 

Site 

GPS Coordinates 

238(J 

(pCi/g) 

2 3 2 T h 
(pCi/g) 

1 3 7 C s 

(PCi/g) 

4 0 K 

(pCi/g) Site 
Latitude 

(N) 
Longitude 

(W) 
238(J 

(pCi/g) 

2 3 2 T h 
(pCi/g) 

1 3 7 C s 

(PCi/g) 

4 0 K 

(pCi/g) 

1 

2 

3 

4 

5 

6 

7 

CP 

32° 11'16.8" 

32° 10'05.0" 

32° 11'03.8" 

32° 08'37.4" 

32° 10'16.9" 

32° 08' 03.2" 

32° 07' 34.8" 

32° 11'10.5" 

110° 54'21.8" 

110° 53'32.9" 

110° 52'36.5" 

110° 51'47.4" 

110° 50'51.4" 

110° 49'05.6" 

110° 47'55.0" 

110° 53'01.1" 

0.7(0.1) 

0.8 (0.1) 

0.7 (0.1) 

0.7 (0.1) 

0.8 (0.1) 

0.6 (0.1) 

0.6 (0.1) 

0.7 (0.1) 

1.0(0.1) 

1.0(0.1) 

1.2(0.1) 

0.9 (0.1) 

1.0(0.1) 

1.1 (0.1) 

1.0(0.1) 

1.1 (0.1) 

0.24 (0.03) 

MDA 

MDA 

0.28 (0:03) 

0.15 (0.04) 

0.15 (0.04) 

0.27 (0.03) 

0.11 (0.02) 

26.8 (0.3) 

24.8(0.3) 

23.1 (0.3) 

25.8 (0.3) 

26.2 (0.4) 

25.2 (0.4) 

25.2 (0.3) 

27.0 (0.3) 

a Measurement uncertainty (error) is enclosed in parentheses and represents one sigma counting error plus errors associated with 
system dead time and soil concentration conversion factor derivation. 

bData acquired using a live-time counting interval of 900 seconds. 
c Minimum Detectable Activity (MDA): 1 3 7Cs=0.10 pCi/g. 2 3 8 U = 0.2 pCi/g. Z32Th=0.2 pCi/g. 4 0 K= 0.9 pCi/g. 234mPa w a s n o t detected 
(MDA = 6.7pCi/g). 

d A uniform volume distribution was assumed for 2 3 8 U , 2 3 2 Th, and 4 0 K. An exponential distribution with a equal to 0.1 cm - 1 was assumed 
for 1 3 7Cs. 
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At all locations, the inferred aerial-estimated exposure 
rates are in good agreement with both the ion cham
ber and the inferred in .s/ta-estimated data. Any small 
disagreements between the aerial and ground data 
can be attributed to the following differences: 

1. The aerial data are not taken at exactly the same 
place as the ground data. This could result in a 
comparison between two geographically differ
ent areas. 

2. Differences arise between the fields of view of 
the detector systems. Each aerial data point 
covers an area several thousand times larger 
than data from a measurement made at one 
meter above the ground. Hence, the aerial sys
tem may detect radiation sources not seen by 
the in situ system. Conversely, the aerial system 
may see a large region of low activity with one 
small "hot" area, whereas the in situ system may 
be situated on the "hot" area. 

7.0 CONCLUSION 

An aerial radiological survey of the Davis-Monthan Air 
Force Base and surrounding area was conducted 
from March 1 to 13,1995. The aerial survey was flown 
at an altitude of 150 feet (46 meters) AGL No detect
able man-made radionuclides were observed. How
ever, elevated levels of natural uranium activity, 2 1 4 Bi , 
were detected over the Southern Pacific railroad yard 
and along the railroad track bed areas residing inside 
and outside the base boundaries. The typical external 
exposure levels emanating from within the survey 
area ranged from 9 to 20 p,R/h at one meter AGL, 
which is well within the range found throughout the 
contiguous United States, Hawaii, and Alaska. 

The presence of 1 3 7 Cs was detected on the base 
using the in situ measuring system. The quantities 
detected ranged from 0.1 to 0.3 pCi/g, which is well 
within the range expected from the worldwide residual 
fallout associated with the early atmospheric nuclear 
weapons tests. 
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APPENDIX A 

Survey Site: 

Survey Coverage: 

Survey Dates: 

Survey Altitude: 

Average Ground Speed: 

Line Spacing: 

Number of Survey Lines 

Navigation System: 

Line Direction: 

Detector Configuration: 

Acquisition System: 

Aircraft: 

Project Scientist: 

Data Analyst: 

Aerial Data Processing: 

1. Total Terrestrial Exposure Rate (Gross Count) 
Energy Window: 38-3,026 keV 
Conversion Factor: 1,114 cps per nR/h 
Cosmic Ray Contribution: 4.4 [iR/h 
Air Attenuation Coefficient: 0.001757 ft"1 (0.00576 nr 1 ) 

2. Man-Made Gross Count Rate (MMGC) 
Source Energy Window: 38-1,394 keV 
Background Energy Window: 1,394-3,026 keV 

3. Bismuth-214 Count Rate (?14B\, characteristic of natural uranium and its progeny) 
Source Energy Window: 1,596-1,872 keV 
Background Energy Window: 2,376-2,772 keV 
Conversion Factor: 25.6 cps per pCi/g 

Uniform Distribution (a): 1.0E-06 cm - 1 

Soil Sample Depth (z): 3.0 cm 

SURVEY PARAMETERS 

Davis-Monthan Air Force Base 
Tucson, Arizona 

51 mi 2 (132 km2) 

March 1 to 13,1995 

150 ft (46 m) 

70 knots (36 m/s) 

250 ft (76 m) 

146 

Real-Time Differential Global Positioning System 

Southeast-Northwest 

Eight 4- x 4- x 16-in Nal (TV) detectors 
Two 2- x 4- x 4-in Nal (TV) detectors 

REDARIV 

MBB BO-105 Helicopter: Tail #N70EG 

D. Colton 

W. Vincuilla 
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APPENDIX B 

IN SITU MEASUREMENT PARAMETERS 

Survey Dates: March 8 to 10,1995 

Number of Locations: 8 

Detector System: ORTEC HPGe N-type coaxial detector (S/N 34-TN20879) 

Acquisition System: Davidson MCA Analyzer (S/N 5856) 

Exposure Rate Monitor: Reuter-Stokes Pressurized Ion Chamber 

In Situ Data Processing: 

1. Cesium-137 Count Rate 
Source Energy Window: 653-671 keV 
Conversion Factor: 2.9 cps per pCi/g 
Exponential Distribution (a): 0.1 cm - 1 

Soil Sample Depth (z): 3 cm 

2. Naturally-Occurring Isotope Count Rate 
Conversion Factors: 

Uniform Distribution (a): 1 .OE-06 cm - 1 

Soil Sample Depth (z): 3 cm 

Isotope 
Source Energy 

Window Conversion Factor 
Decay 
Chain 

Potassium-40 1,450-1,470 keV 0.38 cps per pCi/g 40 K 

Bismuth-214 1,757-1,773 keV 0.53 cps per pCi/g 238JJ 

Actinium-228 889- 920 keV 1.10 cps per pCi/g 232m 
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