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CALCULATIONOF TERRESTRIALGAMMA-RAYFIELDS
IN AIRBORNE RADIOMETRICSURVEYS

by

Michael L. Evans

ABSTRACT

Terrestrial gamma-ray fields have been calculated
for points in air above semi-infiniterock formations
containing known concentrations of the naturally
occurring radionuclides 40K, 2351j,238u, 232~, and
their daughter products. Energy-and angle-dependent
gamma-ray fluxes were computed using a discrete ordi-
nates transport code. The density and composition of
the rock medium as well as the air density and survey
height were varied to determine their effect on the
observed gamma-ray flux spectrum. Variations in for-
mation porosity or water saturation cause little spec-
tral shape perturbationabove 200 keV and result chief-
ly in a scalar change that is related to the mass-
density-weighted average ~ of the rock formation.
Corrections to the flux spectra for variations in air
density and surface elevation can be made by simple
scaling with density/altitude. However, the spectral
shape of the observed gamma-ray flux depends strongly
on the survey height above the rock/air interface, so
that spectral stripping parameters must be determined
as functionsof survey height.

.



1. INTRODUCTION

Airborne and surface radiometric surveys are important elements in the

determinationof the potential uranium resourcesof most geographicalregions.

Data obtained from these surveys are used to identify promising areas for ex-

ploratory drilling and subsurface logging. However, corrections to the data

for variationsin formationcharacteristics,altitude, and air density are not

quantitativelyunderstood. This situationhas caused difficultiesin the quan-

titative interpretationof gamma-ray spectral data. These calculations help

establish the dependence of natural gamma-ray spectra on pertinent logging

parameters and thereby provide a calculationalbasis for proper interpretation

of the data.

Gamma-ray spectral surveys have become an importanttool in uranium pros-
40K

pecting. Gamma rays from the naturallyoccurring radionuclides , 232Th,
238U 235

$ U, and their daughter products give rise to a terrestrial radiation

field that is quantified in field surveys by pulse-heightspectra observed in

scintillationdetectors. In the potassium, uranium, and thorium (KUT) spec-

tral method, windows are placed on the pulse-height spectrum, centered at the

energies 1.461, 1.765, and 2.615 MeV, which include gamma rays characteristic

of potassium, uranium, and thorium, respectively. The count rate observed in

the windows is related to the concentrationof these elements in the underlying

rock formation. Downscattering of the higher energy gamma rays (primarily

within the scintillatorcrystal) results in crosstalk among the channels that

must be removed by spectral strippingmethods if window count rates are to be

proportional to the correspondingelemental concentrationsin the formation.

However, the stripping parameters used to unfold the pulse-height spectrum

are dependent on many of the logging parameters, such as the density and com-

position of the formation,the presence or absence of overburden and/or vege-

tation cover, the air density and altitude at which the survey was taken, and

the features of the ground/airinterface.

In this study, energy and angular gamma-rayfluxes were computed at points

in air above a rock formation having known abundances of potassium, uranium,

and thorium. The density and compositionof the rock medium as well as the air

density and survey heightwere varied to determinetheir effect on the observed

gamma-ray flux. Later computationalstudies could use these fluxes to deter-

mine the effect of variations in these and other logging parameterson the

2



pulse-heightspectra (and consequently,the stripping parameters) observed in

scintillationcrystals of various sizes and shapes.l

II. MODEL DESCRIPTION

A. Geometry

The computationalmodel used to simulate the emission and transport of

terrestrialgamma radiation is shown schematicallyin Fig. 1. A plane inter-

face separates two homogeneous,semi-infinitemedia. The rock or soil medium

contains natural gamma-ray emitters uniformly distributedthroughout the medi-

um. The air medium is

altitude above the rock

port code ONETRAN2 was

each spatialmesh point

axis (Z-axis in Fig. 1)

medium was made to look

a reflective boundary.

source free and its density is assumed constant with

surface.

used to

used in

that is

The one-dimensionaldiscrete ordinatestrans-

compute angle- and energy-dependentfluxes at

the model. These points lie along an altitude

normal to the rock surface (Z = O). The rock

infinitelydeep by using a 90-cm-thick rock layer and

This configurationwas deemed an adequate representa-

tion of an infinitelythick source region, because most of the radiation field

observed at any altitude originatesin the top 30 cm of the source-bearingrock

medium.

The air medium was chosen to be 1.2802 x 105 cm (4200 ft) thick so that

backscatteringof gamma rays from air at the higher altitudeswould be properly

simulatedfor the highest altitude of interest in the calculation, that is, at
3.048 x 104 cm (1000 ft). The air medium was terminatedby a vacuum boundary

condition for the same reason. That is, use of an alternativeboundary condi-

tion (such as a reflectiveboundary)would, in general, be equivalent to plac-

ing a source at high altitudes, resulting in erroneous angular flux distribu-

tions at all altitudesconsidered in the calculation. The model geometry cho-

sen ensured that the flux calculated for the altitudes of interest would ac-

curately reflect the true flux distribution.

B. Rock and Air Composition

Terrestrial gamma-ray fields have been computed for sandstone formations
3,4only, because earlier results from an infinitemedium calculation indicated

that the changes in gamma-ray flux between shale and sandstone formationswere

small. The average elemental concentrationsof dry, nonporous sandstone are

3
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Fig 1. Model geometry
trial gamma-rayfields.

I REFLECTIVE BOUNDARY

-z

used for the calculation of terres-

given in Table I. This compositioncontains the eight most abundant constitu-

ents usually found in sandstones. Elements individuallycomposing more than
0.4 wt% of the sandstone density (2.6263 g/cm3) have been included. It will
become apparent later that the omission of trace elements from the formation

is not significant.

The presence of fluid in the rock formation is quantified by both rock

porosity and the extent that the fluid saturates the pore spaces. When the

effects of porosity and saturation are included, the bulk density PB is
related to the dry, nonporousrock density PR as follows:

.

pB = P~ (1 - P) +Psf3L , (1)

where

4
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TABLE I

SANDSTONEELEMENTALConcentrations

Mass Density Weight Fraction
Element (g/cm3) (%)

c

o

Mg

Al

Si

K

Ca

Fe

0.03661

1.37001

0.01880

0.06700

0.97399

0.02920

0.10450

0.02621

1.394

52.164

0.716

2.551

37.086

1.112

3.979

0.998

Atom Fraction
(%)

2.337

65.648

0.593

1.904

26.587

0.573

1.999

0.360

aFormation bulk density = 2.6263 g/cm3;
atom density = 0.07855 atoms/cm3.

PB = bulk density of the formation,

porosity = 0.0; saturation= 0.0;

PR = dry, nonporous rock density of the formation,

P = porosity,as a volume fraction,

PL = formation fluid density (1.00 g/cms for pure water), and

S = liquid saturationof the pore spaces, as a volume fraction.

The formation fluid was taken to be pure water, and the value of pR used

in the calculations did not include trace quantities of uranium or thorium

present in the rock formation.

Gamma-ray spectral calculations were performed for the combinations of

source porosity and saturation listed in Table II. All calculations except

Case 10 assumed an air density correspondingto a sea-level rock/air interface
-3 9,CM3 at 150c and 760 mm mercurY).(that is, pair = 1.205 x 10 However, Case

5



10 was performed assuming a rock/air interface having an altitude of 8000 ft
-4

above sea level (that is, Pair = 8.95 x 10 g/cm3 at -O=8°C and 564 mmmer-

cury).
The air medium used in the calculationswas assumed to be constant in den-

sity for all points above the formation surface. The air was composed of 76.8

wt% nitrogen and 23.2 wt% oxygen. Minor constituentsnormally found in air

were not included because of the very small effect their inclusion would have

on the computed gamma-rayfluxes.

TABLE II

INDEX TO THE PARAMETERSOF THE TERRESTRIAL
GAMMA-RAYCALCULATIONS

Garrna-Ray
Case Source

1

2

3

4

5

6

7

8

9

10

11

12

K

K

K

u

u

u

Th

Th

Th

Th

Th

Th

Porosity

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.3

0.1

0.2

aThe air density
for Case 10 was taken to

altitude of 2.4384 x 105 cm (8000 ft) above

g/cm3 at O-8°C and 564 mm mercury).

Bulk Density
Saturation (g/cm3)

6

0.0 1.8384

0.5 1.9884

1.0 2.1384

0.0 1.8384

0.5 1.9884

1.0 2.1384

0.O 1.8384

0.5 1.9884

1.0 2.1384

0.5 1.9884a

0.5 2.4137

0.5 2.2011

be that corresponding to an
-4

sea level (Pair = 8.95 x 10

.

.
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c. Gamma-RavSource SDectra

Separate calculationswere performed for the gamma-ray spectra from the

naturally occurring radioactive isotopes 40K 235U 238U
3 Y 9 and 232Th.

The gamma-rayenergies and intensitiesfor the uranium and thorium decay series

and the decay of 40K are listed in Tables III through V and presentedgraphi-

cally in Fig. 2. The source spectra were compiled from recently obtained nu-

clear decay data.5-7 The absolute intensities have been normalized to 100

disintegrationsof the parent nucleus assuming secular equilibrium of the ura-

nium and thorium decay series. The absolute intensities of the 235U decay

series were normalizedto 100 disintegrations of 238U by assuming an isotopic
ratio 235u/238u= o 007253. . The gamma-raylines have been ordered according to

decreasingenergy.

Because the uranium and thorium series contain many gamma-ray lines, the

source spectra have been limited to those lines with intensitiesgreater than

or equal to 0.1 gamma rays/100 disintegrationsof the parent nucleus. This

arbitrary cutoff has little effect on the accuracy of computed pulse-height

distributions because relatively large windows containing many source lines

are used in KUT spectral logging.

The energy-dependentgamma-ray fluxes were computed for 261 energy bins

having 10-keV width and spanning the range 10 keV-2.62 MeV to include the most

energetic source gamma ray of interest--the 2.6145-MeV line from 208Tl in

the thorium series. Because the energy resolution of the calculations is 10

keV, instances occur in which more than one line lies within the same energy

group and is unresolvableby the computer code. In these cases (indicatedby

brackets in Tables IV and V), the intensity of the energy group is taken to be

the sum of the individualgamma-ray line intensities.

The calculated gamma-ray spectral fluxes can be assigned absolute values

given the dry weight bulk density of the formation and the specific activity
40Kof each parent nuclide (that is, , 238U, and 232Th). The specific

activitiesof these nuclides are taken to be

potassium 2.650 x 105 dis/s/g 40K ,
238Uuranium 1.244 x 104dis/s/g ,

and

thorium 4.058 x 103 dis/s/g 232Th .

7



I

Energy
(keV)

1460.8

511.0

Energya
(keV)

2447.8

2293.4

2204.2

2118.6

1896.3

1873.2

1847.4

1838.4

1764.5

1729.6

1684.0

1661.3

1599.3

1594.71
1583.2

1543.3

1538.5

1509.2

TABLE III

GAMMA-RAYSOURCE SPECTRUM
FOR POTASSIUM

Intensity
(GammaRays/100dis 40K)

10.67

0.002

TABLE IV

GAMMA-RAYSOURCE SPECTRUM
FOR URANIUM

Intensity
(GanmaRays/100 dis 238U)

1.54

0.32

4.99

1.19

0.18

0.23

2.10

0.38

15.80

2.98

0.24

1.15

0.33

0.27

0.72

0.35

0.41

2.19

Excited
Nucleus

40Ar
4oAr

Excited
Nucleus

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0
214P0

2’4P0

2’4P0

2’4P0

aBrackets indicateenergieswhose intensitieswere
summed before input into ONETRAN.

8
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IAtJLL 1V
(cent)

.

Energy
(keV)

11408.0

1401.5

1385.3

1377.7

1303.8

1281.0

1238.1

1207.7

1155.2

1133.7

1120.3

1070.0

1052.0

1001.2

964.1

934.1

904.3

839.21831.8

821.2

806.2

786.11786.0

1768.4

766.6

752.8

719.9

703.1

665.5

GAMMA-RAYSOURCE SPECTRUM
FOR URANIUM

Intensity
(GammaRays/100 dis 238u)

2.48

1.39

0.78

4.05

0.12

1.47

5.95

0.46

1.69

0.26

15.04

0.29

0.32

0.59

0.38

3.19

0.11

0.59

0.16

0.15

1.23

0.31

0.86

4.91

0.21

0.13

0.40

0.47

1.56

Excited
Nucleus

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

234mPa

2’4P0

2’4P0

2’4P0
214Bi

211Bi

2’4P0

2’4P0

2’4P0
214Bi

214P0

234mpa

214P0

2’4P0
214P0

214P0

9



T AIII

GAMMA-RAYSOURCE SPECTRUM
FOR POTASSIUM

Energy
(keV)

1460.8

511.0

Energya
(keV)

2447.8

2293.4

2204.2

2118.6

1896.3

1873.2

1847.4

1838.4

1764.5

1729.6

1684.0

1661.3

1599.3

1594.71
1583.2

1543.3

1538.5

1509.2

Intensity
(GammaRays/100dis 40K)

10.67

0.002

TABLE IV

GAMMA-RAYSOURCE SPECTRUM
FOR URANIUM

Intensity
(GanmaRays/100 dis 238u)

1.54

0.32

4.99

1.19

0.18

0.23

2.10

0.38

15.80

2.98

0.24

1.15

0.33

0.27

0.72

0.35

0.41

2.19

Excited
Nucleus

4oAr

4oAr

Excited
Nucleus

.

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

2’4P0

.

aBrackets indicateenergieswhose intensitiesW

summed before input into ONETRAN.

8



TABLE IV
(ccmt)

Energy
(keV)

241.9

236.0

234.61
205.3

186.2

185.71163.4
154.3

144.3

143.81
112.8

92.8

92.41

GAMMA-RAYSOURCE SPECTRUM
FOR URANIUM

Intensity
(GammaRays/100 dis 2381j)

7.60

0.50

0.16

0.21

3.30

2.49

0.21

0.26

0.15

0.48

0.24

2.67

2.70

78.9-86.0

84.2

80.0 1

67.7

63.31
53.3

53.2

50.21
49.6

46.51
27.3

25.61

10.8-11.7

23.8

0.30

0.37

0.37

3.80

0.12

2.20

0.33

0.32 “

4.05

0.32

0.60

26.1

Excited
Nucleus

214Bi

223Ra

223Ra

231Th
222Rn

231Th

231Th
219Rn

219Rn

231Th

234Pa

234Pa

234Pa

X rays

231Pa
223Ra

226Ra

234Pa

230Th
214Bi

223Ra

234Th

210Bi

227Ac

213Pa

X rays



Energya
(keV)

2614.5

1887.4

1806.0

1685.9

1666.4

1638.0

1630.41
1624.7

1620.61
1587.9

1580.21
1556.9

1512.8

1501.5

1495.8

1459.2

1287.5

1247.1

1153.6

1110.6

1095.7

1094.01
1078.8

1065.1

1033.1

988.1

968.9

964.61
958.5

952.11

TABLE V

GAMMA-RAYSOURCE SPECTRUM
FOR THORIUM

Intensity
(GammaRays/100 dis 232Th)

35.93

0.11

0.12

0.10

0.21

0.54

1.95

0.32

1.55

3.71

0.71

0.20

0.32

0.58

1.05

1.04

0.12

0.57

0.16

0.35

0.13

0.14

0.54

0.15

0.23

0.19

17.46 ~

5.45

0.32

0.18

12

aBrackets indicate energies whose
were summed before input into ONETRAN.

Excited
Nucleus

208Pb

228Th

2’2P0

228Th

228Th

228Th

228Th

228Th

2’2P0

228Th

228Th

228Th

2’2P0

228Th

228Th

228Th

228Th

228Th

228Th

228Th

228Th

208Pb

2’2P0

228Th

228Th

228Th

228Th

228Th

228Th
212P0

intensities

.

.



lA13LLV
(cent)

Energy
(keV)

948.0

944.11
911.1

904.2

893.4

860.4

840.2

835.6

830.41
794.8

J

785.5-

782.0

772.1

763.1

755.2

727.2

727.01
1707.3

701.5

674.6

651.3

583.2

583.11
572.1

“ 570.71
562.3

546.3

523.0

510.7

GAMMA-RAYSOURCE SPECTRUM
FORTHORIUM

Intensity
(GammaRays/100 dis 232Th)

0.12

0.11

29.00

0.87

0.37

4.42

0.99

1.82

0.62

4.84

1.12

0.55

1.62

0.65

1.10

6.65

0.80

0.16

0.20

0.10

0.10

0.15

130.90

0.16

0.19

0.99

0.22

0.12

8.26

Excited
Nucleus

228Th

228Th

228Th

228Th

2’2P0

208Pb

228Th

228Th

228Th

228Th

2’2P0

228Th

228Th

208Pb

228Th

2’2P0

228Th

228Th

228Th

228Th

228Th

228Th

208Pb

‘28Th

228Th

228Th

228Th

228Th

208Pb

13



TABLE V
(cent)

GAMMA-RAYSOURCE SPECTRUM
FOR THORIUM

14

Energy
(keV)

509.6

503.71
478.2

463.0

452.8

440.3

409.4

340.9

338.4

332.4 1

328.0

321.7 1

300.1

288.1

279.0

277.4

270.31
252.6

241.0

238.6

233.41
216.0

209.4

204.11
199.5

191.51
184.6

154.2

145.9

Intensity
(GammaRays/100 dis

Excited
232Th) Nucleus

0.49

0.22

0.24

4.64

0.36

0.15

2.23

0.42

12.01

0.47

3.50

0.25

3.41

0.34

0.23

2.48

3.77

0.29

3.90

44.91

0.11

0.24

4.55

0.17

0.35

0.12

0.10

0.99

0.22

228Th

228Th

228Th

228Th

208Th

228Th

228Th

228Th

228Th

228Th

228Th and 208Tl

228Th
212Bi

208Tl

228Th

208Pb

228Th

208Pb
220Rn

212Bi

208Pb

224Ra

228Th

228Th

228Th

228Th

228Th

228Th

228Th

.



Energy
(keV)

131.6

129.1

115.2

99.5

95.61
85.8

84.4 1

78.9

76.71
59.0

57.81
39.9

TABLE V
(cent)

GAMMA-RAYSOURCE SPECTRUM
FOR THORIUM

Intensity
(GammaRays/100 dis 232Th)

0.13

2.93

0.60

1.36

6.3

44.0

1.22

34.0

2.3

0.15

0.53

1.10

11.7-13.01 40.4

10.3-10.8 2.2

Excited
Nucleus

224Ra

228Th
212Bi

228Th

x ray

x ray
224Ra

x ray

x ray
228Ra

228Th

208Tl

x rays

x rays

The spectral flux intensity attributable to a parent nuclide dry weight con-

centration of 1 ppm can be computed by multiplying the calculated flux value

by a normalizationfactor F given by

F= -6pRp Asx 10 ~

where As is the specific activity of the source (listedabove for potassium,
uranium, and thorium) and PR and P are previouslydefined in Eq. (l). Alterna-

tively, this activitycorrespondsto 32.26, 0.08039, and 0.2464mg/cm3 of po-
tassium, uranium, and thorium, respectively,in the formation.
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III. CALCULATIONOF ANGULAR AND SCALAR FLUXES

A. Groundshineand Skyshine Flux Components

The one-dimensionaldiscrete ordinates transport code ONETRAN was used to

solve the Boltzmann equation for the two media of Fig. 1. Because the model

assumes that the rock and air media are infinite in the x- and y-directions,

the spectral radiation field will depend only on the coordinate z and the

polar angle 0 between the flux direction vector Q and the Z-axis. That

is, the angular flux Y(z,e,E) will be constant in any horizontalplane and will

be symmetricabout any line normal to the rock/air interface. Thus, ~will be
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independentof x, y, and+, which is the azimuthalangle of the flux direction

vectorZ.

Angular fluxes$(z,e,E) were computed for 29 spatialmesh points (z) over

the range 90 cm to 1.2802 x 105 cm (4200ft), although the altitudesof inter-

est for airborne and surface surveys are fewer in number and are listed in

Table VI. At each of the spatial mesh points, the angular flux was calculated

for each of the 12 polar angles (6) listed in Table VII. In addition, the

flux was computed for 261 energy bins having 10-keV width and spanning the

range 10 keV-2.62 MeV.

TABLE VI

ALTITUDESFOR FLUX
SPECTRA COMPUTATIONS

Altitude

(cm) (ft)

o

30.48

182.88

1524

3048

6096

12192

18288

24384

30480

0

1

6

50

100

200

400

600

800

1000

TABLE VII

POLAR ANGLES FOR ANGULAR
FLUX COMPUTATIONS

8 (deg)

165.1

146.2

128.3

108.0

99.8

91.9

88.1

80.2

67.6

51.7

33.8

14.9

Cos e

-0.96623

-0.83060

-0.61931

-0.38069

-0.16940

-0.03377

0.03377

0.16940

0.38069

0.61931

0.83060

0.96623

A fifth-order (P5) half-range Legendre expansion was used in ONETRAN to

integrate the angular fluxes in solving the Boltzmann transport equation.

This scheme is identical with the double-P, method used earlier8 for two

media problems, except that the scatteringcross sections were approximatedby

a fifth- instead of a first-order Legendre expansion, resulting in more accu-

rate angular flux values. The half-range expansion method divides the angular
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flux into two components: the groundshineflux (O° S6S 900), which isdi -

rected away from the rock formation,and the skyshineflux (90°se 51800),

which is directed toward the rock formation. Separate integrationover these

two subintervalsresults in more accurate fluxes for media having vastly dif-

ferent densities. Numerical integration was performed using a 12th-order

(S12) Legendre polynomial,
The adequacy of the

radiometric surveys was

studies to determine the

choice of boundary

and cross-section

studies indicated

gent flux values.

the zeros of which are listed in Table VII.

ONETRAN model in simulating airborne and surface

thoroughly investigated by performing parametric

sensitivity of the computed angular fluxes to the

conditions,spat

expansion order

that the ONETRAN

The accuracy of

al mesh spacing, angular quadratureorder,

to mention the most important. These

model described above would yield conver-

those values was independentlyverified by

comparison with values computed using the Monte Carlo photon transport code

MCG.Y The MCG studies showed that the groundshine angular fluxes computed

by ONETRAN were accurate to within ‘vi% (neglecting errors in the photon

cross sections). This result is not surprising,because the groundshinefluxes

consist chiefly of uncollided flux from the rock medium, so that the trunca-

tion of the cross-sectionexpansion has little effect on the angular flux. In

fact, theuncollided flux can be computed analyticallyfor this simple geometry

without resorting to transport methods. However, in general, the scattered

radiation field is very complex even for this idealizedgeometry because gamma

rays emitted by sources in the rock formationmay suffer multiple scattering

in the rock and air.

The absence of sources in the air medium implies that the skyshineangular

fluxes consist entirely of scattered radiation. It is not surprisingthat the

skyshine flux is fairly accurate (M%) at low gamma-ray energies, where the

flux distribution is fairly isotropicandthe scattering is adequately des-

cribed by a low-order expansion of the cross sections. However, as the energy

increases, the accuracy of the fluxes worsens as the low-order cross-section

expansionbecomes insufficientto describe accuratelythe extreme forward scat-

tering dependenceof the Compton cross section at higher energies (that is, 1-3

MeV).

Inaccuraciesin the skyshinefluxes at high energies are of little concern

if one considers the contributionof the skyshine flux to the total flux ob-

served at a given altitude. The groundshine,skyshine, and total (groundshine
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plus skyshine)fluxes at a point 0.3 m (1 ft) above the rock/air interface are

shown in Figs. 3-5 for potassium, uranium, and thorium sources uniformly dis-

tributed in the rock medium with dry weight concentrationsof 16.48%, 4.373

ppm, and 13.4 ppm, respectively. The spectra of groundshineflux are charac-

terized by peaks of unscatteredgamma rays from the source, whereas the sky-

shine flux consists of a continuum of scattered gamma rays except for the an-

nihilationpeak at 0.511 MeV caused by pair production events in the air. For

thorium spectra, the skyshine flux is ‘Q.1% of the total flux at 2.614 MeV,
‘1.004%at 1.588 MeV, and %1.2% at 0.583 MeVO Thus, for energies greater

than about 1.5 MeV where the skyshine fluxes become relatively inaccurate,

their contributionto the total flux is negligible.

B. Dependenceof the Angular Flux on Energy and Height

The energy dependenceof the angular flux ~(z,9,E) is shown in Figs. 6-8

at survey heights of 0.3 m (1 ft) and 122.9 m (400 ft). The flux is due to a

13.4-ppm thorium source uniformly distributed in the rock formation. As one

might expect, the angular flux becomes more isotropic with decreasing energy

at both heights. At the highest energy (2.61-2.62MeV), the angular flux con-

sists only of groundshine (mostly unscattered) gamma rays. However, as the

energy decreases, gamma rays from the rock formation can downscatter from

higher energies with large scattering angles producing the skyshine component

and making the angular flux more isotropic. At 0.45-0.46 MeV, the skyshine

contributionbecomes a nonnegligiblecomponent of the total flux and is clearly

discernible in Fig. 7. At low energies (90-100 keV), the skyshine component

can become a significantcontributionto the observed flux.

The variation of the angular fluxes at different survey heights is also

evident from the figures. At any given energy, the angular flux becomes more

forward peaked with increasingsurvey height. Greater heights favor gamma rays

originating from sources directly beneath the observation point as compared

with those starting some distance away. Gamma rays from these distant sources

contribute little to the total flux because of increased absorption and de-

creased solid angle. Annular “circles of investigationIllocan be defined on

the interfacebeneath the observationpoint, each contributinga specific por-

tion of the angular distribution. The influence of these circles of investi-

gation on the dependence of the spectral flux on survey height will be dis-

cussed later (Sec. IV.B).
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ppm.
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slight droop in the flux ratio above~2 MeV that is barely discernible in the

figure but is readily apparent in a listing of the flux ratio values.

The Compton cross section accounts for more than 98% of the total cross

section between ‘L200keV and 2 MeV, giving rise to the flat region of the

flux ratio curves. It can be shown11 that, for a homogeneousinfinitemedium

containing a uniformly distributed source, the uncollided total flux Vu at

any point in the medium is given by 4U = Q/cJ, where Q is the source con-

centration and o is the macroscopic total cross section for the medium at

the source energy. However, this relationship is true only for the highest

energy source line in the spectrum. At lower energies,the total flux consists

of scattered radiation and lower energy source lines. For these energies, the

relationship is approximately valid, as the scattered component of the flux

can be thought of as originatingfrom secondarysources within the medium.

It also can be demonstrated that the radiation field above a homogene-

ous semi-infinitemedium containing uniformly distributed sources is directly

proportional to the source concentration and inversely proportional to the

total cross section: $ m Q/o. In the energy region dominated by Compton

scattering (that is, 200 keV-3 MeV), the total flux is approximatelyinversely
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proportional to the macroscopic

medium: $~Q/oc. But

a = x p’ z
c ii ‘

Compton cross section CJc for the rock

. thwhere Zi is the atomic number of the 1 element of the formation, and the
.thatomic density pi of the 1 element can be written

.thwhere Av is Avogadro’snumber, p. is the mass density of the 1
~h

element,and

Ai is the atomic mass of the i element. Thus, the Compton cross section is

proportionalto

UcCCZp (Z./A.) =n ,
i ill

where the summation is simply the mass-density-weightedvalue of ~ for the

formation. Then we have

so that the ratio of total flux for differing formations is inversely propor-

tional to the ratio of~ for the formations.

This relationshipis demonstratedin Table VIII, where ONETRAN total flux

ratios are compared with inverse Z/A and inverse o. The first comparison is
between cases having identical porosity (P = 0.3) but different water satura-

tion: the formation of Case 7 is completely dry (S = 0.0), whereas that of
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TABLEVIII

RATIOSOF FORMATIONPARAMETERS

Inversea Inverseb ONETRAN
FormationsCompared m u Total Flux

(P = 0.3,s = 1.o)/(P = 0.3,s = 0.0) 0.8462 0.8462 0.8472

(p = 0.1 ,s = o.5)/(P =0 .3, s = 005) 0.8289 0.8292 0.8281

aMass.density-weightedm.
bTotal macroscopic~ros~ section at 1.O MeVo

Case 9 is fully saturated (S = 1.0). The energy dependence of the total flux

ratio (Case 9/Case 7) is shown in Fig. 9. Both the inverse value of ~ and

the inverse a accurately predict the flux ratio in the Compton region (200
keV-3 MeV), especiallywhen one considers that the ONETRAN flux values are com-

puted to a precisionof 0.1%.

The second comparison in Table VIII is between cases having the same sat-

uration (S = 0.5) but different porosities (P = 0.1 and P = 0.3). The energy

dependence of the total flux ratio (Case n/Case 8) is shown in Fig. 10.

Again, both the inverse formation~ and u accurately predict the flux ratio

in the flat Compton region of the curve. The apparent “structure”in the total

flux ratios is real and is associated with the thorium source lines and the

relative amount of flux downscatteredinto a given bin from higher energy bins

and the flux scatteredfrom the bin to lower energies or absorbed.12

B. Dependenceof the Total Flux on the Density/Altitudeof the Air

The variationof total flux spectra with survey height is demonstratedin

Fig. 12, wherein the total flux at 121.9 m (400 ft) is comparedwith that at

0.3 m (1 ft) as a function of gamma-ray energy. The formation porosity, satu-

ration, density,composition,etc., are held constant, and a thorium dry weight
concentrationof 13.4 ppm is assumed (Case 8). The chief effect of increasing
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Fig. 12. Ratio of gamma-ray total flux at a survey height of
121.9 m (400 ft) to that at 0.3 m (1 ft). All other parameters
were held constant includingthe thorium source strength.

survey height is that of increasing spectral attenuation. However, the atten-

uation is not uniform and depends on the energy and the presence of lines in

the source spectrum. A monoenergetic source would yield a flux ratio curve

that would be relatively flat in the Compton region (200 keV-2 MeV) and would

exhibit a sharp falloff in the photoelectricregion (w200keV) because of the

increased photoelectric

These general features

well. The flat region

flux in that region at

absorption at 121.9 m as compared with that at 0.3 m.

are apparent in the flux ratio curve of Fig. 12 as

between about 2 and 2.6 MeV indicatesthat ‘IJ44%of the

0.3 m is downscatteredto lower energies at 121.9 m.

The increased photoelectricabsorption at the higher survey height results in

the flux ratio tending lower at the lower energies. However, structureappears

in the ratio as discrete dips superimposedon a step function that increases

in magnitude with increasing energy. This structure is real and results from

differing amounts of flux being downscatteredinto and out of each energy bin

because of the interplay between the presence of discrete lines in the source

spectrum and the various gamma-ray interactionmechanisms. The same effect is
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apparent in Figs. 9 and 10 but is much reduced because the difference in

sorption for these comparisons is much smaller than that owing to the

medium between 0.3 and 121.9 m for Fig. 12.

The dependenceof the total flux spectrum on the density/altitudeof

ab-

air

the

air medium has also been investigated. The flux ratio between cases having

the same density/altitudeproduct but different values of altitude and air

density is shown in Fig. 13. The formation parameters (porosity, saturation,

density, etc.) were held constant, and the total flux at 1.811 x 104cm

(594.2ft) in air having a constant (sea level) density P = 1.205 x 10-3 g/cm3

was compared with the total flux at 2.438 x 104 cm (800 ft) in air having a

constant density correspondingto an altitude of 8000 ft (p = 8.95 x 10-4

g/cm3).

The total flux ratio of Fig. 13 demonstrates that spectra obtained at

identicalvalues of density/altitudegenerallyhave different spectral shapes.

If the total flux depended only on Compton scattering, the total flux ratio

would be

on three

apparent

the flat

the flux

a constant unity value for all energies. However, the flux depends

photon interactions,not just one, resulting in the structure that is

in the figures. Also apparent in Fig. 13 is the nonunity level of

Compton region of the ratio curve. This discrepancy indicates that

at a given value of density/altitudemay depend on factors other than

those related to photon absorption. Close examinationof the curves of Fig. 14

sheds light on this dependence.

The curves of Fig. 14 demonstrate the attenuation of the total flux with

survey height for two energy bins of the thorium spectrumof Case 2. The upper

curve is typical of energy bins containing only unscattered flux, whereas the

lower curve shows the dependence of bins containing only scattered flux (no

source lines). Simple exponential attenuation would result in a perfectly

linear dependence on a semilogarithmicplot. The lower curve appears to be

nearly linear,but the upper curve is nonlinear especially for survey heights

below about 100 m.

The same effect causes both the nonlinearityobserved for the unscattered

flux and the variation of the angular flux with survey height observed pre-

viously (Sec. 111.B). The unscattered flux at a given height comprises infi-

nitely many components, each component representing the contribution to the

total flux from the “circles of investigation” surrounding the observation

point. As the survey height changes, the relative contribution from each
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circle varies, resulting in the nonexponentialattenuation of the total flux

with height.

The nearly perfect exponential dependence of the scattered flux with

height can be qualitativelyunderstoodin terms of the circles of investigation

as well. Photons emitted from a given circle can scatter one or more times and

pass through the observation point at angles of incidence that are character-

istic of photons emitted from neighboringcircles and passing through the ob-

servation point unscattered. Contributions of the circles of investigation

mix; hence, a more nearly isotropic angular dependence of the scattered flux

results. Thus, as the survey height increases,the primary effect observed for

the scattered flux is that resulting from increasing exponential attenuation.

Geometricaleffects play a greatly diminished role in the variation of total

flux with survey height.

The flux in energy bins containing both scattered and unscattered

contributionsdisplays a dependencewith survey height that varies, of course,

with the relative strength of the two contributing fluxes. This mixing of

scattered and unscattered fluxes greatly complicates spectral-log

interpretation. Thus, a simple density/altitudecorrection cannot be applied

to a spectrallog to eliminate all the differencesin altitude and air density

between the field log and calibrated log. Spectral shape differences would

persist, especially below %1 MeV (for the thorium spectrum). However, this

correction would
(%1.2-2.8MeV) and

applications.

v. CONCLUSIONS

These results

total flux spectra

ing medium.

be in error by only 1% in the KUT energy region

might prove adequate for most spectral KUT aerial logging

lead to the following conclusions regarding the effects on

observed at a fixed height above a semi-infinitesource-bear-

(1) Variations in formation porosity or saturation (and implicitly in
formationeffective Z and density) cause little spectral shape change

above about 200 keV.

(2) Formation effective Z might be determined from spectral shape varia-

tions below 200 keV.
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(3) If the formation effective~can be determined independently,the

spectral log can be corrected easily to yield quantitative informa-

tion on source concentration (assuming secular equilibrium in the

uranium and thorium decay series).
.

Similar conclusionshave been drawn previouslyconcerningthe total flux spec-

tra observed in infinitemedia containinguniformlydistributedsources.3,4

In addition, the following conclusionscan be drawn concerning the varia-

tion of total flux spectra as a function of height above the rock/air inter-

face and the density/altitudeof the air medium for fixed formation parameters

(porosity,saturation,density, etc.).

(1) The spectral shape of the total flux depends strongly on the height
above the formation surface. This fact in turn implies that the KUT

stripping parameterswill be sensitive to small variations in survey

height and must be determinedas a functionof survey height.

(2) Correctionsto the total flux spectra for changes in the density of

the air and the elevation of the formation surface can be made by

simple scaling with density/altitude. This correction would not re-

move all spectral shape differences,especially those below ~1 MeV.

However, as a practicalmatter, the density/altitudecorrection would

be in error by only ‘vI%for the KUT energy region and should prove

adequate for most spectralKUT aerial logging applications.
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