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NATURALLY OCCURRING RADIOELEMENTS AND TERRESTRIAL 
GAMMA-RAY EXPOSURE RATES 

An Assessment Based on Recent Geochemical Data 

H A. Wollenberg and A. R Smith 
Earth Sciences Division 

Lawrence Berkeley Laboratory 

ABSTRACT 

A survey of the geochemical literature and unpublished data 

has resulted in the cataloging and characterization of the 

concentrations of the naturally-occurring radioelements, U, Th. 

and K and their associated rock types. The purpose of this work 

is to aid in the planning and interpretation of airborne gamma-

radiation environmental surveys of proposed and operating nuclear 

power reactors and other nuclear energy related sites. A data 

base of over 2500 entries has been assembled, and formulas 

relating gamma-ray exposure rates to radioelement concentrations 

have been applied to these data. The resulting tabulation and 

histograms illustrate the broad range of radioactivities 

encompassed by the various rock types. 

The gamma-ray exposure rates of igneous rocks generally vary 

with their silica contents. and, with the exception of shale, 

sedimentary rocks have lower KIU and KITh ratios than most 

igneous rocks. By considering together radioelement ratios, 

relative abundances, and total gamma radioactivities, the general 

lithology of overflown terranes may be di~tinguished by airborne 

multi-spectral gamma surveys. 
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In the course of this investigation an appreciable differ

ence was noted between the overall mean terrestrial gamma-ray 

exposure rate calculated from rock radioelement concentrations 

(~8 ~Rh-1) and the mean exposure rate from field measurements 

over soil (5.1 ~Rh-1). This difference may be explained by 

effects of the differences in density of rock and soil, the 

moisture content of soil, and the apparent depletion of U in 

unsaturated near-surface material. 



(Suggested running title: Natural Radioelements and 

Gamma Exposure Rates) 

INTRODUCTION 

An assessment of the effects of man upon the natural gamma 

radiation environment requires a good understanding of the 

distribution and abundances of the naturally - occurring 

radioelements uranium and thorium. their decay products and 

potassium-40 in rock and soil. 

Appreciable data exist, primarily in the geochemical 

literature describing the distribution and abundance of these 

elements. A survey of the literature, principally that in 

English, and compilation of unpublished geochemical data have 

resulted in the cataloging and characterization of natural 

radioelements and their associated rock types. A data base has 

been assembled, incorporating radioelement information classified 

according to rock type. Formulas relating gamma ray exposure 

rates to radioelement contents have been applied to these data. 

The resulting correlations are then expressed as radioelement 

ratios. as well as histograms of radioelement content and of 

calculated terrestrial gamma - ray exposure rates. 

The primary impetus for this work is to help in the planning 

and interpretation of airborne multi- spectral gamma radiation 

surveys to assess the radiation environment in the vicinity of 

planned and operating nuclear power reactors and other ,nuc~2ar -

energy - related sites. These surveys are conducted by the 

Aerial Measurements Operations of EG&G/EM for the U S. Nuclear 
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Regulatory Commission and the U.S. Department of Energy. In 

this respect, the work reported here was supported by EG&G/EM 

through a memorandum of understanding with the Lawrence Berkeley 

. Laboratory. 

This investigation deals almost exclusively with bedrock 

materials, because of the nature of the geochemical literature 

which emphasizes element contents of rock terranes. In many 

cases, these data are applicable to radioelement contents of 

soils, especially those derived directly from weathering of 

bedrock in-place. These residual soils generally reflect the 

composition of their parent rock. However. soils formed from 

the transport of rock debris may. depending on the distance of 

transport, be of an entirely different character than the rock 

which they overlie. Examples are glacial debris. alluvial fan 

deposits. fluvial, and shoreline sediments. Therefore. inter

pretation of airborne gamma surveys requires a knowledge of the 

geologic setting of the surficial material that includes its 

origin. mode of transport (by water, wind, or glacie.r) and its 

weathering. In addition, the particle size of a soil may 

influence its radioelement concentration (Jasinska and others, 

1980). 

In this paper, following the introduction, the general 

distribution of radioelements in the earth's crust is reviewed. 

the radioelement data base and the results of the compilations 

are described, and their applicabilities and limitations are 

discussed. 
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THE GENERAL DISTRIBUTION OF RADIOELEMENTS AND RADIOACTIVITY 

The principal terrestrial sources of gamma radiation are 

the radioelements U (uranium - 238), Th (thorium - 232), their 

decay products, and K (potassium - 40). A minor component, 

presently less than 5%, is from fission-product fallout from 

nuclear bomb tests in the atmosphere that occurred primarily 

in the 1950s and early 1960s. At sites of given altitude and 

geomagnetic latitude, the varying gamma-ray field from the 

natural radioelements in rock and soil is superimposed on a 

nearly constant gamma field from cosmic radiation. The 

cosmic-ray induced gamma field generally contributes 1/4 to 

1/3 of the total; the rest is from the terrestrial radio

elements. Therefore, major spatial variations in natural 

gamma radioactivity are caused by variations in the abundance 

and distribution of u, Th, and K. 

To furnish the reader an idea of the breadth of variation 

in natural radioelement contents, average abundances of U, Th, 

and K in some representative rock types are listed in Table 1. 

Of the igneous rocks, radioelement contents are listed for the 

intrusives; values are comparable for their extrusive (predomi

nantly volcanic) counterparts. Within the igneous rocks there 

is a general variation of radioelements with acidity, from 

ultrabasics, through intermediate, to silicic rocks. 

The radioelement concentrations of sedimentary rocks 

generally reflect the compositions of the source rocks from 

\ 
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which they were derived. However, there is a strong contrast 

between the broad classes of sedimentary rocks, as indicated 

in Table 1. Siliceous clastic rocks, comprising the sandstones, 

conglomerates clays and shales are of relatively high radio 

activity compared with the carbonate rocks limestone and 

dolomite. 

The radioactivity of unmineralized metamorphic rocks may 

also reflect their origin. The relatively high radioactivity of 

felsic igneous rocks and siliceous clastic sedimentary rocks is 

generally retained in their metamorphosed manifestations. while 

metamorphic rocks derived from basic to ultrabasic igneous rocks 

or carbonate sedimentary rocks are of generally low radio

activity. However. as indicated in Table 1. the radioactivity 

of metamorphic rocks also generally varies inversely with their 

grade of metamorphism. being lowest in the highest grade, the 

granulite facies. and highest in the lower - grade amphibolite 

facies (Heier and Adams, 1965). This is substantiated by more 

recent work on uranium in metamorphic rocks by Dostal and Capedri 

(1978). The variation of U and Th with the age of Precambrian 

meta sedimentary rocks was pointed out by McLennon and Taylor 

(1980), with significantly higher concentrations of these 

elements occurring in Proterozoic rocks than in Archean rocks. 

The relative abundances of the radioelements are illustrated 

on a ternary diagram (Fig. 1). within which there are charac

teristic fields for broad categories of rock types (Wollenberg 

and Smith, 1968. 1970: Wollenberg and others 1967). Most acidic 

( 
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Table 1 
Mean Values of Radioelement Contents of Typical Crustal Rocks 

U Th K 
Description (ppm) (ppm) ( % ) Reference 

Igneous Rocks 

Acidic 6 20 3.2 

Intermediate 3 11 2.1 Wollenberg and Smith 
1968 

Basic 1.5 4 1.4 

Metamorphic Rocks 

Granulite Facies 0.6 2.5 2.5 

High Amphibolite 1.2 9.4 2.0 Heier and Adams, 1965 
Facies 

Epidote Amphibolite 3.5 26 5 3.4 
to Low Amphibolite 
Facies 

Glaucophane Schist 0.5 1.4 0.5 Wollenberg and others 
and Eclogite 1967 

Sedimentary Rocks 

Siliceous Clastics 2.2 7.0 1.5 Wollenberg and Smith, 
1969 

Carbonates 0.7 1.0 0.2. 
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and intermediate igneous rocks fall into sector A, dominated by 

Th as do most siliceous clastic sedimentary rocks. Ultrabasic 

to basic igneous rocks occupy a field which parallels the K Th 

edge of the triangle, and ranges from sector C, where K pre-

dominates, for the ultrabasics to sector A for the basic to 

intermediate rocks. The carbonate sedimentary rocks occupy a 

region parallel to the U-Th edge, ranging from the uranium-

dominated sector B for the pure carbonates to sector A for 

carbonates more contaminated by siliceous material. Super-

imposed on these usual fields are rocks wherein one of the 

radioelements is concentrated: feldspar-rich pegmatites where 

K strongly predominates, and monazite- and thorite-rich veins, 

monazite-rich sandstones, and some peralkaline igneous rocks 

where Th strongly predominates and, finally, igneous and 

sedimentary rocks where U strongly predominates-

Also superimposed on these natural abundance patterns are 

the relative radioactivities of the natural radioelements, 

(including the radioactivities of the daughter products of U 

and Th) normalized on the basis of counts per minute (in the 

gamma-ray energy region above ~ 0.1 MeV) per gram of element: 

K:Th:U = 1 : 3.3 x 10 3 : 8.05 x 10 3. Therefore, in a "normal" 

siliceous rock where relative abundances of K-Th:U may be 

-4 -4 1 : 5 x 10 : 1.5 x 10 . the contributions of U and Th to the 

rock's ~otal gamma radioactivity may be respectively 1.2 and 

1.6 that of K. 
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THE DATA BASE 

This section includes a brief description of the rock 

classification system used to segregate the data, and 

descriptions of rock "types and the literature sources that 

provided the data. 

The Classification System 

For our purposes the igneous rocks are classified according 

to a system developed by Williams and others (1954), based essen~ 

tially on ranges in whole-rock silica content and the abundances 

of alkali and calcic feldspar. 

The sedimentary rocks are divided into two main classes: 

detrital sedimentary rock, which includes sandstone, conglo

merate, shale, ahd clay; and chemical sedimentary rock which 

includes limestone and dolomite (the carbonates), gypsum, and

evaporites. Because of the abundance of data, these groups were 

subdivided, in that clay, shale, sandstone and conglomerate, and 

the carbonates were treated as separate data sets. 

Primarily because of the scarcity of radioelement data on 

metamorphic rock in the literature, only two broad classes of 

metamorphic rock were ~onsidered: those derived from igneous 

rocks (metaigneous) and those derived from sedimentary rocks 

(the metasediments). 
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Igneous Rocks 

The categorization of the igneous rocks for this study is 

shown in Table 2. The categories were chosen to fit the 

availability of data and yet to remain as consistent as possible 

with the aforementioned classification of the igneous rocks. 

A large portion of the data base for acin and intermediate 

intrusive rocks was obtainen from Marjaniemi and Basler's (1972) 

investigation of plutonic rocks of the western United States. 

Significant supplementary information was provided by papers by 

Larsen and Gottfried (1960 a) Gottfried and others (1962b), 

Phair and Gottfried (1964). Rogers (1964), Lyons (1964), Malan 

and Sterling (1970), t'1ollenberg and Smith (1964. 1968) and 

Wollenberg and others (1981). 

Radioelement data for basic igneous rocks were dp.rived from 

early papers by Evans and Goodman (1941). Keevil (1944), and more 

recent papers and reports by Picciotto (1951). Turovskii (1957), 

Smyslov (1959), Abramovich (1959), Larsen and Gottfried (1960 b), 

Heier et ale (1964), Heier and Rogers (1963), Malan and Sterling 

(1970), Gonshavkova and others (1972), and unpublished data by 

Wollenberg and colleagues at the Lawrence Berkeley Laboratory 

( LBL ) . 

The much scarcer radioelement information on the ultrabasic 

rocks is primarily from papers by Gonshavkova and others (1972) 

and unpublished analyses Jf California ultrabasics at LBL, 

supplemented by papers by Tilton et ale (1956), Vinogradov 
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TABLE 2 

CATEGORIES. IGNEOUS ROCKS 

ACID INTRUSIVE 

Granodiorite. 

Aplite. Pegmatite Granite Adamellite, 

ACID EXTRUSIVE: Rhyolite Dacite, Latite. 

INTERMEDIATE INTRUSIVE: Quartz Diorite Tonalite, Diorite. 

INTERMEDIATE EXTRUSIVE: Andesite. 

BASIC INTRUSIVE: Gabbro Anorthosite. some Pyroxenite. 

BASIC EXTRUSIVE: Basalt. Spilite. 

ULTRABASIC: Peridotite Dunite, Serpentinite. some Pyroxenite. 

ALKALI-FELDSPATHOIDAL INTRUSIVE 

Monzonite. Alkali Gabbro. 

Syenite Nepheline-Syenite, 

ALKALI-FELDSPATHOIDAL INTERMEDIATE EXTRUSIVE 

Trachyte Phonolite. 

Keratophyre. 

ALKALI~FELDSPATHOIDAL BASIC EXTRUSIVE 

and Melilite Basalts. 

Nephelinite Leucitite 
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(1961), Heier and Rogers (1963), Wollenberg and Smith (1964 b), 

and Morgan and Heier (1966). 

Radioelement contents of acid extrusive rocks are well 

represented in the recent literature, with contributions by 

Bowman and others (1972), Wollenberg and others (1977). Smith 

and Johnson (1981). Crecraft and others (1981), Bacon and others 

(1981) Mahood (1981), Cioni and others (1983). Deruelle (1982). 

and Mahood and Hildreth (1983). These data are supplemented by 

unpublished analyses of Peruvian extrusive rocks, collected by D. 

C. Noble and H. A. Wollenberg. 

A data base of somewhat smaller size exists for the 

intermediate extrusive rocks, comprised of entries from papers 

primarily by Gottfried and others (1962a), White (1979). and 

Wollenberg and others (1979), and unpublished data at LBL on 

Oligocene andesites from the Basin and Range and Colorado Plateau 

provinces, and andesites from the Aleutian Archipelago. 

The information on radioelement concentrations of basic 

extrusive rocks (predominantly basalt) was supplied by the work 

of Gottfried and others (1962a), supplemented by more recent 

papers by Heier and Rogers (1963), Wollenberg and Smith (1964b), 

Cioni and others (1983), and by the compilation on the Columbia 

River Basalt reported by Long and Landon (1981). 

The data base on alkali fe1dspathoida1 intermediate intru

sive rocks draws heavily on the papers bv Labhart and Rybach 

(1971), who described radioe1ements in the syenite of the Aar 

Massif, and Sass and others (1972) and Lovborg and others (1971), 

.' 
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who reported on the pera1ka1ine rocks of South Greenland. These 

data are supplemented by entries from the compilation by Murphy 

and others (1978) on radioe1ements in alkaline rocks in North 

America and Brazil. Peralkaline extrusive rocks are represented 

primarily by the data of Locardi and Mittempergher (1967), while 

data on alkalic basic igneous rocks are derived primarily from a 

paper by Gonshakova and others (1972). 

Sedimentary Rocks 

For the purposes of this study. primarily because their 

data bases are well defined, clay and shale were segregated 

into separate categories from the sandstone and conglomerate 

that comprise the detrital sedimentary rocks. Radioelement 

information on clay was provided by papers by Wollenberg and 

Smith (1966). Wollenberg and Dodge (1973), and Jupiter and 

Wollenberg (1974). A significant contributor to the data on 

shale is a report by Leventhal and others (1981). describing 

radioelement contents of Devonian shales of the Appalachian 

Basin. Other sources of information on shale are the report 

by Pliler and Adams (1962) on radioelement contents of the 

Mancos shale, and the paper by Adams and Weaver (1958) on 

Th/U ratios as indicators of sedimentary processes. Data on 

sandstone and conglomerate are derived primarily from papers 

by Murray and Adams (1958) and from those by Woll~.lberg and 

others (19"7) and Wollenberg and Dodge (1973) that cover 
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radioelement contents of greywacke of the Franciscan Formation 

and the Ione sandstone of northern and central California, 

respectively. 

Radioelement concentration data on limestone and dolomite 

are primarily from Adams and Weaver (1958), supplemented by 

papers by Baranov and others (1956) and Wollenberg and Smith 

(1966 and 1970). With few exceptions, data on the- non-carbonate 

chemical sediments. represented predominantly by bentonite, 

bauxite and gypsum. are derived from the aforementioned papers 

by Adams and Weaver, (1958) and Baranov and others (1956). 

Metamorphic Rocks 

The data on metaigneous rocks include primarily those from 

rocks of moderate to high - grade metamorphism gneiss and 

orthogneiss, provided by the extensive compilation of Malan and 

Sterling (1970). Other entries are from the paper by Wollenberg 

and Smith (1970) that includes metavolcanic rocks of the Sierra. 

Nevada, ~Vhite, and Inyo mountains, California. 

The extensive data base on metasedimentary rocks. that 

includes the metamorphic grades: slate, phyllite, and schist, 

also draws heavily from the report by Malan and Sterling (1970), 

supplemented by a report by Bunker and others (1973) and by data 

on metamorphosed sedimentary rocks of the Franciscan Formation 

(Wollenberg and others (1967) and prebatholithic rocks of ~he 

Sierra Nevada (Wollenberg and Smith. 1970). 
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THE COMPILATIONS 

The U, Th, and K concentrations compiled from the geo

chemical literature were classified according to rock type, 

based on descriptions in the accompanying articles. The data 

base presently consists of 2522 entries for U. 2510 for Th. and 

2079 for K. The computer program DOSECAL then converted these 

data to gamma-ray exposure rates (at a height of 1 m above ground 

surface) using the equations of Beck and de Planque (1968): 

= 0.654 x the U concentration in ppm, 

= 0.307 x the Th concentration in ppm. and 

= 1.65 x the K concentration in %. 

The gamma ray exposure rates were summed by DOSECAL, 

yielding total gamma exposure rates for each sample entry 

into the data base. The data base is tabulated with entries 

for radioelement data, individual exposure rate for each 

radioelement. and the total exposure rate and heat produc

tion for the combined radioelements of each sample entry. 

Rock classification, location, and rock type information 

are also tabulated as are the method of analysis and a 

literature citation. The data base was then used by DOSECAL 

to construct histograms of the frequency distributions of 

radioelement concentrations and exposure rates within the 

specific rock categories. Arithmetic means and their 
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standard deviations of sample populations were also 

calculated and were displayed on the computer-generated 

histograms. 

The data are summarized by rock class in Table 3. Arith

metic means and ranges in concentration are listed in Table 

3a. Table 3b lists means and ranges of the contributions of the 

radioelements to the total terrestrial gamma-ray exposure rates. 

In some cases there are different numbers of entries for each 

radioelement, reflecting the unevenness in the geochemical 

literature. where concentrations of only one or two of the 

radioelements are sometimes reported. For example. there are 

very little data on K in the carbonate rocks, relative to the 

information on U and Th. In this respect, only entries where 

the three radioelements were reported were used "to calculate 

total gamma-ray exposure rate. The mean values of total 

gamma-ray exposure rates from Table 3b and their standard 

deviations are illustrated in Fig. 2 and 4. Histograms of 

total gamma-ray exposure rates for most of the rock classes 

comprise figures Al through Al5 of the Appendix. 

DISCUSSION 

Distributions and Abundances 

Inspection of Table 3 indicates the broad ranges of radio

element concentrations in each rock category and Fig. 2 and 4 

illustrate the range of mean values of exposure rates and their 

large standard deviations. The general variation of radio-



ROCK ClASS MEAN 

Acid Extrusives (AE) 5.7 
~cid Intrusives (AI) 6.3 
Intermediate 
Extrusives (IE) 2.1 

Intermediate 
Intrusives {I I} 3.2 

Basic Extrusives {BE) 0.9 
Basic Intrusives (BI) 0.8 
Ult r aba sic (UB) 0.3 
Alkali Feldspath-
oidal Intermed-
iate Extrusives(AFE) 29.7 

Alkali Feldspath-
oida 1 Intermed-
iate Intrusives (AFI) 55.8 

Alkalic Basic 
Extrusives (ABE) 2.3 

Alkalic Basic 
Intrusives (ASI) 2.3 

Chemical Sedimen-
tary Rocks· (CS) 3.6 

Carbonates (CAR) 2.0 
Detrital Sedimen-
tar y Rocks·· (OS) 4.8 

Clay (eL) 4.0 
Shale (SH) 5.9 
Sandstone and 
Conglomerate (SS) 4.1 

Metamorphosed 
Igneous Rocks (MIJ 4.0 

Metamorphosed 
Sed i menta ry 
Rocks (~ ___ 3.0 -_._-- -------

• Includes carbonates 
•• Includes clay, shale, ss and congl. 

Table 3a. Radioelement Concentrations 

U (ppm) 

RANGE 

0.8-23 
0.1-30.0 

0.2-5.2 

0.1-23 
0.03-3.3 
0.01-5.7 
0-1.6 

1.9-62 

0.3-720 

0.5-12 

0.4-5.4 

0.03-27 
0.03-18 

0.1-80 
1.1-16 
0.9-80 

0.1-62 

0.1-148 

0.1-53 

n 

131 
569 

71 

271 
77 
119 
31 

138 

75 

27 

8 

243 
141 

412 
40 
174 

198 

138 

207 
'----_.- -

MEAN 

22.4 
27.3 

6.7 

12.2 
2.5 
2.3. 
1.4 

134 

133 

8.9 

8.4 

14.9 
1.8 

12.4 
8.6 
16.3 

9.7 

14.8 

12.0 

Th (ppm) 

RANGE 

1.1-116 
0.1-253 

0.4-28 

0.4-106 
0.05-8.8 
0.03-15 
0-7.5 

9.5-265 

0.4-880 

2.1-60 

2.8-20 

0.03-132 
0-11 . 
0.2-362 
1.9-55 
5.3-39 

0.7-227 

0.1-104 

0.1-91 

" .. 

n MEAN 

131 3.7 
573 3.5 

71 2.0 

273 2.1 
77 0.7 
110 0.8 
30 0.3 

139 6.5 

75 4.2 

27 2.2 

8 1.8 

239 0.6 
131 0.3 

411 2.1 
40 0.6 
174 3.5 

198 1.2 

138 2.5 

208 2.1 

K (%) 

RANGE 

1.0-6.2 
0.1-7.6 

0.1-4.2 

0.1-6.2 
0.06-2.4 
0.01-2.7 
0-0.8 

2.0-9.0 

1.0-9.9 

0.2-6.9 

0.3-4.8 

0.02-8.4 
0.01-3.5 

0.01-9.7 
0.1-2.6 
0.9-8.5 

0.1-8.5 

0.1-6.1 

0.4-50 

n 

124 
573 

57 

273 
77 
129 
28 

36 

61 

27 

8 

42 
35 

298 
29 
126 

143 

138 

207 

I 
I-' 
U1 
I 
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.. _--- --._- . .... ...... -

Acid £xtrusives 3.8 O.S-lS 
Acid Intrusives 5.1 0.1-20 
Intermediate 
[xtruaives 1.' 0.2-4.4 

I nt ermediat e 
Intrusives 2.1 0.OS-1S 

Basic [xtrusives 0.6 0.02-2.2 
BaS1C Intruslves O.S 0.01-3.1 
Ultrabasic 0.2 0-1.1 
AllkaTi reTdspath-
oidal Intermed-
iate Ext rusives 19.4 1.2-40 

Alkali reldspath-
oidal Intermed-
iate Intrusives 36.5 0.2-470 

Alkalic Basic 
[xtrusives l.S 0.3-7.9 

Alkslic Basic 
Intrusives l.S 0.3-3.S 

Chemical Sedimen-
tary Rocks· 2.4 0.02-18 

Carbonates 1.3 0.02-12 
Det rital Sedimen-

tary Rocks·· 3.1 0.OS-S2 
ITay 2.6 0.B-l0 
Shale 3.9 0.6-S2 
Sandstone and 

Conglomerate 2.7 0.07-41 
Metamorphosed 

Igneous Rocks 2.6 0.1-97 
Metamorphosed 

Sedimentary 
Rocks 2.0 0.05-35 

~ ---

• Includes carbonates 
•• Includes clay, shale, as and congl. 

,. 

Table 3b. l-RAY EXPOSURE RAnS (\lRMO~) 

Th 

.. ._ ..... ...... ~~ .. ....... , .. 

131 7.0 0.3-36 131 6,1 
569 8.4 0.03-78 ')" ').~ 

11 2.0 0.1-8.1 71 3.1 

271 '.1 0.1-32 273 3.5 
17 0.9 0.02-2.7 17 1.15 
119 0.7 0.01-4.6 110 1.3 
31 0.4 0-2.3 30 0.4 

138 41.1 2.9-81 139 10.7 

75 40.7 0.1-491 7S 6.9 

27 2.7 0.6-18 27 3.7 

8 2.6 0.9-6.0 8 3.0 

243 4.6 0.01-4'0 239 0.9 
141 0.6 0-3.3 131 O.S 

412 3.8 0.1-111 411 3.S 
40 2.7 0.6-17 40 1.0 
174 S.O 1.6-12 174 5.7 
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activity within the' igneous rocks is illustrated in Fig. 3, where 

mean values are highest in the acid igneous rocks and range lower 

through rock types of increasing Fe and Mg and decreasing Si02 

concentrations. As illustrated in Figure 3, the systematic 

increase of radioactivity with Si0 2 is evident for the series: 

ultrabasic +basic+intermediate +acidic (silicic) rocks. Anoma

lous in this variation are the alkali feldspathoidal intermediate 

rocks (also termed peralkaline rocks)· nepheline syenites that 

often contain relatively high concentrations of U, Th, and K, but 

are low in Si0 2 . Alkali feldspathoidal basic igneous rocks, 

predominantly nepheline basalts, are also somewhat anomalous in 

this respect. These alkaline rocks comprise probably not more 

than one percent of all igneous rocks (Barker, 1974). 

Fig. 4 illustrates the range of exposure rates in the sedi

mentary and metamorphic rocks. Within the sedimentary rocks, 

shale has the highest mean radioactivity, and progressively 

lower radioactivities occur in sandstone and conglomerate, clay, 

the chemical sediments, and carbonate rocks. 

How well the metamorphic rocks represent their combined 

igneous and sedimentary predecessors can be examined by comparing 

their radioelement concentrations and radioactivities (Table 4). 

The mean value of the radioactivity of the metaigneous rocks and 

its large standard deviation are consistent with the range of 

radioactivitie'; of the igneous rocks (excluding the relatively 

rare high-radioactivity alkali feldspathoidal rocks), shown in 
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Table 4, Comparison of Radioelement Concentrations and 
Radioactivities of Metamorphic Rocks and their 

Igneous and Sedimentary Predecessors 

Description 

Combined mean. 
carbonates. clay, 
shale-, sandstone 

Metasedimentary 
Rocks 

Combined mean, 
all Igneous Rocks 

Combined mean, Ig. 
Rocks, without 
alkali fe1dspathic 
rocks 

Metaigneous Rocks 

u 
(ppm) 

4+1.6 

3.0+4.1 

10. 0±3.1 

2. 7±1 . 6 

4.0±3.5 

Th 
(ppm) 

9.1+3.0 

12.0±10.5 

32.6+51 

10.2+3.2 

14.8±15.7 

K 
( % ) 

1.4+1.2 

2.2±1.1 

2.5+1.6 

1.9+1.4 

2.5+1.3 

ExposurI Rate 
(].lRh - ) 

7.6+5 

9.1+6 

16.9±4.1 

8.0±2.8 

11.3±12 
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Fig. 2. and mean U, Th, and K concentrations of the metamor

phosed and non-metamorphosed igneous rocks are consistent within 

the broad standard deviations of these groups. The mean radio

activity and radioelement concentrations of the metasedimentary 

rocks are consistent with the combined mean of the sedimentary 

groups. Therefore. allowing for the aforementioned variation of 

radioelements with metamorphic grade (Heier and Adams, 1965; 

Dostal and Capedri, 1978) and age (McLennan and Taylor, 1980), 

the radioactivity of the metamorphic rocks reflects fairly well 

the radioactivity of their igneous and sedimentary predecessors. 

Examination of histograms of the distribution of radio

activity (Fig. A-I - A-IS) indicates that the radioelements 

are log-normally distributed in most of the rock types. Clear 

log-normal distributions occur in the rock types where the data 

bases have a large number of entries: intrusive igneous rocks, 

detrital sedimentary rocks, and the metamorphics. Log-normal 

distributions are also suggested in most of the other rock types, 

with the exception of the intermediate extrusives, where a 

bimodal distribution is suggested in the predominantly andesitic 

rocks, and the alkali feldspathoidal intermediate extrusives and 

carbonates where gamma-ray exposure rate data are relatively 

scarce. However, the strong log-normality of the U and Th data 

for the carbonates (Fig. A-12a and b) indicates that the 

distribution of their exposure rates wou~d also be log-normal. 
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Exposure Rates at the Continental Surface 

Knowing the mean terrestrial gamma-ray exposure rates 

associated with the v~rious rock types, one can estimate the 

overall mean exposure rate generated by rocks at the continental 

surface. This was done by multiplying the proportion of the 

continental surface occupied by each rock type by the rock 

type's exposure rate, and then summing the resulting products. 

This calculation is illustrated in Table 5, where the exposure 

rates from Table 3b were multiplied by percentages of continental 

surface taken from Ronov and Yaroshevskiy (1967). The resulting 

-1 
weighted overall terrestrial exposure rate is 8 ~Rh . 

It is informative to compare this calculated result with 

compilations of measured terrestrial exposure rates. A number 

of· compilations were reported at the Second International 

Symposium on the Natural Radiation Environment (Adams and others 

1972), and are summarized in Table 6. (More recent data from 

Canadian airborne surveys (Grasty and others 1983) are also 

listen). The mean values for the U.S.A., India and Canada are 

consinerably lower than the 8 ~Rh-l calculated here, while those. 

for Italy and northern Taiwan are more similar. 

To explain the difference between the mean values of 

measurements and the calculated mean based on percentage of 

rock types we should consider the nature of the measurements 

and the effects of soil moisture and density. I~ one of the 

U.S. surveys, where the terrestrial component (including the 
-1 . 

fallout contribution) averaged 5.5 ~Rh , Lindeken and others 
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% of area of continental 
crust* occupied by: 

Granite 3 

Granodiorite-diorite 4 

Alkalic igneous rock 0.1 

Ultramafic rock 0.1 

Gabbro 0.7 

Rhyolite 1 

Andesite 4 

Basalt 6 

Sandstone and 
conglomerate 16 

Carbonates and 
evaporities 18 

Shale and clay 38 

Gneiss 7 

Schist 2 

Marble 0.3 

2:100.1 

weighted 

*from Ronov and Yaroshevskiy 
**from Table 3b. 

Table 5 

Terrestrial 
Y-ray exposure 

rate(]JRh- 1 )** 

18 

9 

32 

1.1 

3 

16 

7 

3 

8 

2 

10 

11 

9 

2 

mean = product/lOa 

(1967) 

Product 

54 

36 

3.2 

0.1 

2.1 

16 

28 

18 

128 

36 

380 

77 

18 

0.6 

L:= 797 

:; 8]JRh 
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Table 6 

Mean Values of the Terrestrial Component of the 
Gamma-Ray Exposure Rate 

Location Mean Exposure 
Rate (lJRh -1) 

Method Reference 

Northern -Taiwan 8.3 Gamma spectrometry \'1eng and 
of soil samples others (1972) 

Italy 7.6 Ion chamber Cardinale and 
others (1972) 

U.S.A. 5.5 Thermoluminescence Lindeken and 
dosimeters others (1972 ) 

U.S.A. 5.0 Airborne radio- Oakley and 
metric surveys Moeller (1972) 

India 4.8 Gamma spectrometry Mishra 
of soil samples (1972) 

Canada 4.4 Airborne radio- Grasty and 
metric surveys others (1983) 
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(1972) distributed thermoluminescence dosimeters (TLD) to 

weather stations at airports. In most cases the TLDs were 

placed in instrument shelters erected over grass-covered soil 

surfaces where one expects there was considerable soil moisture. 

(Variations in soil moisture cause variations in the terrestrial 

exposure rate. For uniformly distributed radioelement sources, 

an increase in density of the soil-water medium results in an 

accompanying decrease in the exposure rate (Beck and de Planque, 

1968, Kirkegaard and Lovborg, 1980». However. the airborne 

gamma-ray surveys compiled by Oakley and Moeller (1972), where 

-1 
the terrestrial component (including fallout) averaged 5.0 ~Rh , 

were over areas in both wet and arid regions where soil moisture 

conditions range from nearly dry to completely saturated. To 

substantiate these earlier aeroradiometric data, more recent 

reports of aerial surveys by EG&G's Aerial Measurements 

Operations of 42 reactor sites in the U.S. were examined and 

their terrestrial gamma-ray exposure rates summarized. This 

-1 
summary determined an overall mean of 5.1 ~Rh , consistent with 

the data of Oakley and Moeller (1972). Soil moisture data were 

available for 19 of the Reactor sites; moisture contents ranged 

from 2 to 40% with a mean of 17%. The effects of soil moisture 

are therefore not large enough to completely rationalize the 

difference between the calculated and measured exposure rates. 

This difference is primarily accounted for by the differences 

in density of soil and rock. The densities of rock types 

covered in this assessment are in the range of 2.4 to 2.8 g/cm3 , 
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while the range of soils is at least 1.2 to 2.0 g/cm3 . There

fore, for materials of equal radioelement concentration, there 

are more gamma-radiation sources per unit area of rock surface 

than there are per unit area of soil surface. -However~ this 

effect is partly compensated for by the greater thickness of 

lower density soil that contributes to the effective radio

activity of a unit area of the earth's surface, compared to 

the thickness that contributes to the radioactivity of a 

higher-density rock surface. 

Another factor that should be considered to help explain the 

difference between measured soil and calculated rock gamma-ray 

exposure rates is the mobility of uranium in the soil zone. 

Oxidizing conditions in unsaturated soil may favor the removal of 

U by infiltrating meteoric water near the surface and its 

deposition in more reducing environments. Near-surface residual 

soils may then have lower U concentrations than their unweathered 

bedrock parents. This apparent depletion of U, together with the 

effects of soil density and moisture, then combine to cause the 

appreciable difference between the overall terrestrial exposure 

rate calculated from the radioelement concentrations of bedrock 

and the mean of exposure rates measured over areas predominantly 

covered by soil. 

Interrelationships Between Radioelements 

Because of the capability of airborne gamma spectral systems 

to quantify the presence of U, Th, and K, it may be possible to 
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identify from aerial surveys broad categories of rock types by 

their characteristic radioactivities and the ratios of their 

radioelement contents. Figure 5, the plot of the K/U and KITh 

ratios of mean values for the various rock categories, shows 

that with the exception of the carbonate and acid intrusive 

rocks, all mean values fall between Th/U ratios of 2 and 5.5. 

The sedimentary rocks group much nearer the origin (K is less 

dominant than U and Th) than all but one of the igneous rock 

types (the alkali-feldspathoidal intrusives). Within the 

igneous rocks, the basic and ultrabasic rocks are generally 

separated from the more acidic rocks. However, there is a 

significant separation between the intermediate extrusives 

(predominantly andesite) and their intrusive counterparts, 

(predominantly granodiorite). 

The separation between igneous and sedimentary rocks, 

together with differences with these broad groupings are 

clearer when element ratios are plotted against gamma-ray 

exposure rate (Fig. 6 and 7). These figures show that Th 

and U predominate in the high-radioactivity igneous rock 

types, while K is more predominant in the basic igneous 

-4 -4 rocks. In the igneous rocks, K x 10 ITh and K x 10 /U 

are lowest in the most radioactive rocks, the alkali 

feldspathoidal intermediates, and increase to highest 

values in the basic rocks. This suggests that, though the 

radioelements all decrease markedly from acidic to basic 

rocks in the igneous series, there is a sharper decrease 
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in the abundance of U and Th - rich accessory minerals than 

in the abundance of K - carrying feldspar minerals as the 

series progresses from high to low radioactivity rocks. 

The opposite trend holds for the sedimentary rocks, where K 

is more predominant in the higher- radioactivity shales, and Th 

and U in the clays and chemical sedimentary rocks. Exceptions 

to these trends in the igneous and sedimentary rocks are the low

radioactivity carbonate and ultramafic rocks, especially 

exemplified by the strong predominance of U in the carbonates. 

These comparisons of ratios can be used to distinguish 

between terranes of comparable radioactivity. For example, 

low-radioactivity terranes with relatively high K/U would most 

likely be underlain by basic to ultrabasic igneous rocks, while 

low radioactivity terranes where U predominates would most 

likely be of limestone or dolomiteo Similarly, terranes of 

detrital sedimentary rocks would generally have Kless 

predominant over Th and U than terranes of comparable 

radioactivity in the igneous rocks. 

Another way of illustrating radioelement relationships is 

the triangular diagram (Fig. 1 and 8) relating the relative 

abundance or contribution of each radioelement. Fig. 8 shows 

the relative contributions of each radioelement to the mean total 

gamma-ray exposure rates of the rock types. Here again we see 

that, with the p~ception of the alkali feldspathoidal inter

mediate rocks, there is a separation between the sedimentary 

and igneous rocks. The field of mean values of the sedimentary 
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rocks suggests that U generally contributes more than 25% of the 

total gamma exposure rate, and in the carbonates U may contribute 

more than 50%. This propensity of U to associate with the 
+6 

sedimentary rocks may be due to the element's mobility as U 

in oxidizing environments, such as occur in shallow groundwater 

regimes in igneous terranes that may serve as source regions. 

U may then be deposited in reducing environments afforded by 

organic material and/or sulfide minerals in sedimentary rocks. 

K and Th, predominant in feldspar and accessory minerals, 

respectively, in igneous and sedimentary rocks, are much less 

mobile than U. Therefore, there is little difference between 

the relative contributions of K and Th to the total gamma 

exposure rates of sedimentary and igneous rocks. 

The "efficacy of the triangular diagram for displaying 

radioelement relationships is illustrated in Fig. 9, where 

median values of equivalent U, equivalent Th, and K in 

quadrangles from airborne gamma surveys (in conjunction with 

the National Uranium Resource Evaluation program) of Quater-

nary alluvium in Alaska are presented (data from Saunders and 

Potts, 1978, Table V-5). In this example, each point repre-

sents a combination of the median values for one map quadrangle; 

the diagram is truncated at the Th = 0.35 line. The data 

encompass the alluvia of four geologic provinces, and are thus 

considered to represent an integ'ation of material from bedrock 

terranes. Though they plot relatively close together in the K 

"corner" of the triangle, the four provinces are clearly 
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distinguished by their radioelement relationships. Uranium 

appears to be somewhat more predominant over the other 

radioelements in the Bethel province than in the other three 

provinces, ~ven though a tabulation of the aeroradiometric data 

shows that the alluvium of the Bethel province has lower absolute 

abundances of U. From these relationships and the aforementioned 

associations of radioelements with specific rock types, one can 

speculate that bedrock of the Bethel province contains more 

carbonate rock than does bedrock of the Yukon, or Holy Cross

Taylor Mountains provinces. An examination of the Geologic Map 

of Alaska (Beikman, 1980) suggests that the broad categories of 

rocks that contain carbonates are present in some of the drainage 

areas that provide material to the alluvium of the Bethel 

provinc~. However, a more detailed examination of the geologic 

maps of individual quadrangles, comparing outcrop areas of the 

specific rock types, would have to be done to substantiate this 

speculation. 

CONCLUSIONS 

This compilation of natural radioelement concentrations of 

the various rock types has shown that: 

1) The radioactivity (expressed as the gamma-ray exposure rate) 

and radiogenic heat production of the igneous rocks generally 

vary with the silica content of the rocks. Excer~ions are the 

high-radioactivity alkali feldspathoidal rocks which are 

generally low in Si02 but high in Na and K. 
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2) With the exception of shale, sedimentary rocks generally 

have low K/U and KITh ratios, compared to most igneous rocks. 

3) The radioelement contents of metasedimentary and metaigneous 

rocks represent well the radioelement contents of their unmeta

morphosed precursors. 

4) The appreciable difference between the overall mean 

terrestrial gamma-ray exposure rate calculated from rock 

radioelement contents and the mean exposure rate from 

measurements over soil may be explained by effects of the 

differences in density of soil and rock, the moisture content 

of soil and the apparent depletion of U in unsaturated, near

surface soil. 

5) One may differentiate between low-radioactivity terranes 

(carbonates, ultrabaslcs, and basic igneous rocks) by their R/U 

and KITh ratios. High-radioactivity terranes (acid-igneous and 

alkali feldspathoidal rocks) may also be differentiated by their 

K/U and KITh ratios. 

6) Airborne gamma spectrometric surveys may be able to 

distinguish the general lithological character of overflcin 

terranes by combining radioelement ratios and concentrations with 

relative total gamma radioactivity. 
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It is recommended that the data base be expanded, especially 

in the rock types where data are scarce: the ultrabasic and 

alkalic basic rocks, clay, and carbonate rocks where data on K 

are available. Conclusion #5 would be better tested and the 

radioelement ratio - rock type relationships more closely 

evaluated and refined by application of the large data base 

developed by the National Uranium Resource Evaluation project. 
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APPENDIX 

Histograms and comments on the Individual Rock Categories 

The distribution of radioactivity, expressed as total 

gamma-ray exposure rate, is indicated on the histograms. 

Fig. A-I through A-IS. The following comments apply to the 

individual histograms. 

Acid Extrusives 

The highest radioactivity entries, >30~Rh-1 shown on the 

histogram in Figure A-I. represent samples of welded to partly 

welded ash-flow tuff of the Fish Creek Mountains, central Nevada 

(Wollenberg and others 1977). With the exception of these and 

the relatively low-radioactivity entries (~S~Rh-1). the popula

tion groups fairly coherently about the mean value of 16.2 ~Rh-1. 

Acid Intrusives 

A well-defined log-normal distribution of radioactivity 

is evident on the histogram in Fig. A-2. The highest values 

represent entries of Precambrian granite and quartz monzonite 

from the southwestern U S. (Malan 1972). 

Intermediate Extrusives 

The bimodal nature of the distribution of radioactivities in 

the histogram. Fig. A-3, r~sults from two distinctive popula

tions. The lower-radioactivity population is predominantly 

hornblende andesite of the Cascade Range (White. 1979: Wollenberg 
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and others 1979), while the higher-radioactivity group, centered 

on "" 1 0 lJRh-1 , represents predominantly 01 igocene andesi te of the 

Basin and Range geomorphic province (unpublished data, Lawrence 

Berkeley Laboratory). 

Intermediate Intrusives 

As with the acid intrusives, a well-defined log-normal 

distribution of raaioactivities is shown in the histogram, Fig. 

A-4. The few high values (>30 lJRh- 1 ) represent Precambrian 

granitic rocks from Colorado ana Wyoming (Morgan and others 

1966: Malan and Sterling, 1970: Marjaniemi and Basler, 1972). 

Basic Extrusives 

The histogram shown in Fig. A-S suggests a log-normal 

distribution of radioactivities in the basaltic rocks. The 

highest value, ""9 lJRh- 1 , represents an entry for basalt from 

southwestern Texas (Gottfried and others 1962a). 

Basic Intrusives 

The histogram for these predominantly gabbroic rocks (Fig. 

A-6) indicates a log-normal distribution of raaioactivities. The 

highest values, "" 16 lJRh- 1 , represent thorium--rich norite from 

Ontario (Keevil, 1944). 
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Ultrabasics 

The rather meagre population whose distribution is indicated 

in the histogram, Fig. A-7, is comprised predominantly of 

peridoti te and pyroxeni te. The highest value (>4 1J Rh -1 ) 

represents olivinite from the Eastern European Platform U.S.S.R. 

(Gonshakova and others 1972). 

Alkali Feldspathoidal Intermediate Intrusiv~s 

A broad range of relatively high ~adioactivities in these 

rocks is indicated by the histogram in Fig. A-8. The predominant 

rock type in the data set, including the highest radioactivity 

values, is trachyte from the alkalic volcanic province of central 

Italy (Locardi and Mittempergher, 1967). 

Alkali Feldspathoidal Intermediate Intrusives 

The population shown in the histogram in Fig. A-9 is made 

up predominantly of syenite and nepheline syenite. The highest-

radioactivity entries are lujavrite (a rare-earth thorium-rich 
~ 

nepheline syenite) from the Ilimaussaq intrusion, southwest 

Greenland (Sass and others 1972). 

Alkalic Basic Intrusives 

Since there are only eight entries for this category. no 

histogram was drawn. The rocks are predominantly alkalic gabbro 

with the highest radioactivity entry being teschenite from 

Virginia (Gottfried, and others 1962b). 
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Alkalic Basic Extrusives 

The rocks represented in the histogram in Fig. A-lO are 

predominantly alkalic basalt and limburgite of the Ukranian 

Shield, whose radioelement concentrations were reported by 

Gonshakova and others (1972). A prominent exception is 

relatively high-radioactivity tephrite (36.6 ~Rh-1) from the 

Latera region, Italy, reported by Locardi and Mittempergher 

(1967). 

Chemical Sedimentary Rocks (Including Carbonates) 

Because of the scarcity of K-concentration data for these 

rocks, relatively few entries could be used to calculate total 

gamma-ray exposure rates. However. the histograms in Fig. A-II 

and A-12 illustrate the broad range of radioactivities encom-
, 

passed by the chemical sediments, in contrast to the much 

smaller range of the carbonates (which make up a substantial 

portion of the chemical sediments' data base). Distributions 

of the U and Th doncentrations of both of these categories are 

strongly log-normal (illustrated Fig. A lla, A l2a and A 12b) 

indicating that the distributions of their total gamma-ray 

exposure rates would follow suit. The highest radioactivity 

values of the chemical sediments, 35 to >45 ~Rh-1 , are repre-

sentative of bauxite (Adams and Weaver, 1958), while those of 
-1 

the carbonate rocks. ~6 to 6.5 ~Rh , represent the Austin Chalk. 

Texas (Adams and Weaver, 1958) and an Arizona limestone (Malan 

and Sterling, 1969). 
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Detrital Sedimentary Rocks 

As shown in the histogram, Fig. A-13, the distribution of 

radioactivity is fairly tightly confined. <15 ~Rh-l. with the 

exception of a few high values representative of a California 

Eocene sandstone (Wollenberg and Dodge. 1973) and U and Th-rich 

sandstone from Utah (Murray and Adams, 1958). Other relatively 

high (>lS ~Rh-l) radioactivity entries represent Devonian shale 

from the eastern U.S. (Leventhal et al., 1981). 

Metamorphosed Igneous Rocks 

The rocks represented on the histogram. Fig. A-14 are 

predominantly gneiss and orthogneiss. The high values (>30 

~Rh-l) are for U- and Th rich Precambrian gne~ss of the Front 

Range, Colorado, the McCullough Range, Nevada, and the Whetstone 

Range, Arizona (Malan and Sterling, 1970). 

Metamorphosed Sedimentary Rocks 

This category is made up primarily of slate, phyllite, 

schist and quartzite: predominantly of lower metamorphic grade 

than the metaigneous rocks. The highest values (>25 ~Rh-l) shown 

in the histogram. Fig. A-IS, are in Precambrian paragneiss. 

schist and quartzite of Arizona and California (Malan and 

Sterling 1970). 
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Figure Captions 

1. Relative abundances of radioelements in different rock types, 

XBL 762-2189. 

2e Gamma-ray exposure rates of igneous rocks; error bars express 

standard deviations of the means. XBL 846-9023. 

3. Variation of gamma-ray exposure rate with silica content of 

the igneous rocks. A = Acidic rocks, B = Basic rocks, I = 

Intermediate rocks, UB = Ultrabasic rocks, AFI = Alkali -

feldspathoidal intermediate rocks, AFB = Alkali feldspathoi

dal basic rocks. XBL 846-9018 

40 Gamma-ray exposure rates of sedimentary and metamorphic 

rocks; error bars express standard deviations of the means. 

XBL 846-9022. 

50 Mean values of KIU and KITh of the various rock types 

(symbols correspond to those in Table 3). XBL 846-9021. 

6. K/U and gamma-ray exposure rate (symbols correspond to those 

in Table 3), XBL 846-9020. 

7. KITh and gamma-ray exposure rate (symbols correspond to tho'p. 

in Table 3). XBL 846-9019. 
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8. The relative contributions of U, Th and K to terrestrial 

gamma-ray exposure rates (symbols correspond to those in 

Table 3), XBL 846-9024. 

9. Relative U, Th and K abundances in alluvium of the Yukon (Y), 

Holy Cross (HC), Taylor Mountains (T) and Bethel (B) geologic 

provinces, Alaska. XBL 846-9025 
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Figure 

A-I Frequency distribution· total gamma-ray exposure rate. 

acid extrusive rocks XBL 784 

A-2. 

A-3. 

A-4. 

A-S. 

A-6. 

A~. 

A-8 

A-9. 

Frequency distribution. total gamma-ray exposure rate 

acid intrusive rocks. XBL 784 1827A. 

Frequency distribution, total gamma-ray exposure rate 

intermediate extrusive rocks, XBL 846 9013. 

Frequency distribution, total gamma-ray exposure rate, 

intermediate intrusive rocks, XBL 784 183SA. 

Frequency distribution. total gamma-ray exposure rate, 

basic extrusive rocks, XBL 784 1828A. 

Frequency distribution. total gamma-ray exposure rate, 

basic intrusive rocks. XBL 784 1836A. 

Frequency distribution, total gamma ray exposure rate. 

ultrabasic rocks. XBL 784 1829A. 

Frequency distribution. total gamma-ray exposure rate. 

alkali felospathoidal intermediate extrusive rocks. XBL 

784 1833A. 

Frequency distribution, total gamma-ray exposure rate, 

alkali feldspatoidal intermediate intrusive rocks. 

XBL 784 1834A. 

A-IO.Frequency distribution, total gamma ray exposure rate. 

alkali basic extrusive rocks, XBL l824A. 

A-II. Frequency distribution. total gamma ray exposure rate. 

chemical sedimentary rocks. XBL 784 1831A. 
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A-lla. Frequency distribution. uranium content, chemical 

sedimentary rocks. XBL 846-8821. 

A-12. Frequency distribution, total gamma-ray exposure rate, 

carbonate rocks. XBL 784 l832A. 

A-12a. Frequency distribution, uranium content, carbonate rocks, 

XBL 846-8820. 

A-12b. Frequency distribution, thorium content, carbonate rock$, 
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