Downloaded from orbit.dtu.dk on: Dec 20, 2017

Technical University of Denmark

=
—
—

i

A compilation of X-ray interaction data for X-ray fluorescence analysis of geological
samples

Gwozdz, R.; Kunzendorf, Helmar; Rose-Hansen, J.

Publication date:
1973

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Gwozdz, R., Kunzendorf, H., & Rose-Hansen, J. (1973). A compilation of X-ray interaction data for X-ray
fluorescence analysis of geological samples. (Denmark. Forskningscenter Risoe. Risoe-R; No. 297).

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://orbit.dtu.dk/en/publications/a-compilation-of-xray-interaction-data-for-xray-fluorescence-analysis-of-geological-samples(14379b02-88b8-4259-8918-3b9d1cb43272).html

Riss Report No. 297

- Danish Atomic Energy Commission

- Research Establishment Riso

A Compilaton of X-Ray
f;(]nteraction Data
or X-Ray Fluorescence

Analysis of Geological Samples

by R.Gwozdz, H. Kunzendorf and J. Rose-Hansen

- December 1973

Sales distribusors: Jul. Gjellerup, 87, Selvgads, DK-1307 Copsabagsa K, Denmark
Available on exchange from: Library, Danish Atomic Energy Commission, Riss, DK-4000 Roskilds, Denmark




UDC 550.4 : 543.426



December 1973 Ris¢ Report No. 297

A Compilation of
X-Ray Interaction Data for X-Ray Fluorescence
Analysis of Geological Samples

by

R. Gwozdz*, H. Kunzendorf and J. Rose-Hanse¢n®

Danish Atomic Energy Commission
Research Establishment Rise¢
Electronics Department

Abstract

X-ray interaction data useful in X-ray fluorescence analysis of geo-
logical samples were compiled on a Univac 1110 computer by means of a
FortranIV program. Based onfit coefficients the tabulations include values
for the photoelectric absorption coefficient, the coherent and incoherent
scattering coefficients, the ratio of the toial scattering coefficient to the
total X-ray attenuation coefficient, the ratio of the coherent to the inco-
herent scattering coefficient, and the half-range of characteristic Ka X-
rays for 14 oxides, international geochemical reference samples, selected
minerals, and selected fluxing agents, A graphical representation of some
of these data is also included. For the geological samples are also tabu-
lated X-ray interaction data for the radiation of 9 radioisotopes commonly
used in energy-dispersive X-ray fluorescence analysis.
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1. Introduction

Accurate and easily accessible X-ray attenuation coefficients are great-
- needed for X-ray intensity corrections in X-ray fluorescence analysis.

is not within the scope of this paper to discuss these correction methods
detaxl because a great variety of papers describing physical phenomena
itolved with the production and measurement of secondary X-rays (e. g.

m Hamos 1945, Klug et al. 1948, Sherman 1958) and papers presenting
sray intensity correction methods can be found in the literature. In short,
évever, correction methods are based on three assumptions:

The investigated sample is infinitely thick for the primary radiation
(source).

Attenuation of primary radiation and generated characteristic X-rays
_ is exclusively determined by the photoelectric effect, i. e. scattering

contributions are negligible.

The analysed sample is homogeneous.
'With these considerations, X-ray intensity corrections given in the
rature are more or less based on the simple formula for the intensity

Sﬂcondary X-rays

gm fractions of all other elements in the sample not to be analysed for,
is the characteristic X-ray intensity of element N, K is a constant
ding on instrumental conditions, the primary X-ray intencity and the
,; ent under investigation, and aZ(N) is an X-ray absorption parameter,
Hied by Beattie and Brissey (1954), characterizing the influence of the
gem with atomic number Z upon ls(N)’ aZ(N) is exclusively a function
@ie total X-ray attenuation coefficients for both the primary and the

d radiation and of the geometry of the analytical system. 1If the en-
nent effect is negligible, this parameter can be expressed as

p i)+ G- us(i)
z(N) = m 2 o 0 “'m ’ (2)

P




where o (i) and (i) are the total X-ray attenuation coefficients for the

primary and the neou:hry radiation of element i respectively, » (m and
.'m the respective values of element N, and G = sin @ [sinp 'hlre 0 is
the angle between sample and incident primary radiation and ¢ the emerging
angle of the secondary radistion. Intruducing

N-1
ap(N) - wiM) = ) a(N) - wli), 3)

i=1

where M is an index ascribed to the matrix, (1) can be rewritten in the
form of

N
L E a;%ﬂ)fﬂ ~w{N)) * “)

which is the one commonly used in X-ray fluorescence analysis. The

equation is difficult to solve because only IB(N) is determined experimentally.
' Without going into a detailed discussion of various methods applied to solve
o (ql); four cases of approximate problem solutions can be mentioned:

- 1) Methods involving external standards,

~2) Methods in which chemical compounds in known quantities are added
to, mixed with, or diluted in the sample,

'3) Mathematical methods for solving of (1), and

4) Use of scattered radiation.

The methods of external standards are widely used in X-ray fluor-

escence analysis, These methods assume that the X-ray attenuation param-
etérs of the standards are equal to aM(N). ‘In this case by measurement of
the X-ray intensities of both the standards and the sample under identical
physical conditions, (4) can be solved graphically or algebraically.
In addition-mixing-dilution methods measurement of both the sample

and one or two samples where the original sample composition is changed
by addition, mixing or dilution of known chemical compounds, is carried
out, It is then possible to eliminate two unknowns in (4) and determine
w(N) (e. g. Sherman 1958, Tertian 1968, Gwozdz 1974).

' Methods employing mathematical corrections make use of theoretical
or experimental evaluation of the ai(N) incorporated in aM(N) according
to (3). After transformations in (4) a system of linear equations can be
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established and a solution vector in the form of unkiown concentrations in
the sample can be computed (Beattie and Brissey 1954, Lucas-Tooth ard
Pyne 1964, Holland and Brindie 1966, Kodama et al. 1967).

Additional information for solving of (4) is obtained by analysing the
scattered radiation also recorded by an X-ray fluorescence apparatus. The
ratio of fluorescent to scattered or of incoherently to cokerently scattered
X-rays gives informaticn about the matrix of the sample (Andermann and
Kemp 1958, Reynolds 1963, Champion et al. 1966, Kunzendorf 1977).

Tabulations of X-ray attenuation coefficients exist for most elements
of the Periodic Table (Victoreen 1949, Leroux 1362, Heinrich 1966, Theisen
and Vollath 1967, Champicn et al. 1968, Mc Master et al. 1969). Outside
the absorption edges agreement of the published values is normally within
¥ 5%, but worse inside the L-, M- and N-absorption edges. Table 1
illustrates this with comparison of data given by Heinrich (1 966), Theisen
and Vollath (1967), and McMaster et al. (1969) for forty elements. The
following definitions were used in this table:

42 »z THorH " "z, McM
DEV1 = z — x 100/40,
7=3 $Z, McM
2
-B
DEVz:Z | f2, THor H ™ "z, McM | 4 100/40
Z=3 .Z, McM

where "Z, TH or H are the given total attenuation coefficients for the
characteristic average ke X-ray energy of element Z presented by Theisen
and Vollath, and Heinrich respectively, and "Z, McM is the value presented
in this report. Under the heading Maximum Deviations four extreme DEV 2
values are given for each characteristic Ko X-ray energy.

In some of the published tabulations X-ray attenuation coefficients are
given up to 15.7 keV, the Ka X-ray energy of Mo Ka X-rays partly for
experimental reasons. Since the introduction of energy-dispersive X-ray
fluorescence (EDX-) analysis incornorating semiconductor detectors, the
high-energy region of X-rays has become of more interest. Sufficient
excitation of Ka X-rays of heavy elemerts is achieved in this case by both
low-power X-ray tubes and radioisotopic sources,

The first compilation of total attenuation, coherent scattering, and
incoherent scattering cross sections has been given for a variety of X-ray
energies for all elements of the Periodic Table by McMaster et al. (1 969).

These data are also stored on magnetic tape in barns/atom and include



Table 1 a

Comparison between total X-ray attenuation coefficients
given by Heinrich (1966) and in this report

HEINRICH/MC MASTER

K=-ALFA KEV DEVY DEV2 MAXIMAL DEVIATIONS

=8
.
s

NA 1.041 13.9 KR M7 BR 3h.s SE 92.2 AS 31.5

NG 1.254 4,9 12,4 BR 28,8 SE 27.1 AS 26.8 KR 26,3
AL 1,487 2.9 10,5 BR 23,8 C  =23.5 N =22.4 RM® 20,9
9 | 1.740 1.4 9.4 cC -22.8 N -22,4 KR 19,6 SE 17.9
P 2.013 0.6 8,4 N =21.9 C -21.8 SR 19.3 KR 16.9
[ 2,307 0.4 T7+9 N -20,9 c -20,3 SR 16.7 RB 14.4
cL 2.622 0.3 T3 N «19,.6 C -18,5 NB 19.7 F -1} 2
AR 2.957 0.2 6.8 N -18,0 ¢ =16.5 F =12,8 CL 1,7
X 3.3 =0.1 6.3 N -16.3 ¢ =14,2 F <=12.1 KNE =11.1
CA 3.690 0,0 5.7 N  =%4,3 LI 13.3 ¢ =-12.0 F =11.1
sC 4,089 0.2 5. LI 16.4 N =-12,2 MG =10,%5 KA =10.0
T1 4,509 0.4 4,9 LI 18,5 BE 11,5 MG -~10.4 N -10,3
CR 5.412 1.0 4,8 LI 20,7 BE 15.7 S = 9.5 MG = 9.1
MN 5.895 1.1 4,4 BE 17.8 LI 11.9 B 11.8 SI = 9.
FE 6.400 1.b4 4,4 BE 19.5 B 1h .1 LI 1.4 1) 10.1
CO 6.925 108 l‘cl‘ BE 21‘.5 B 15-8 0 12‘3 5] - 7.8
N1 7.472 2.1 4,5 BE 22.0 B 16.0 0 1.2 L1 9.5
cu 8.041 2.4 4.4 BE 19.4 0 16,8 B 16.5 c 8.8
ZN 8,631 2.6 4.5 B 20.5 BE 19.8 o 18.2 c 1.5
GA 9.243 2.5 4,9 o 20,7 B 18,6 LI ~16.9 BE 13.8
GE 9.876 3.3 5.0 0 22.1 B 17.4 BE 16.5% c 13.9
AS 10.532 3.2 5.9 LI =32.3 0 23,6 B 19.6 BE 15.2
BR 11,909 3.9 6.0 (4] 27.8 LI =21.3 F 13.8 N 13.8
KR 12,632 2.8 7.5 LI  =~58.2 0 27.2 BE ~-18.1 13.6
RB 13.375 3.8 7.8 LI -56,0 0 29,2 F 17.0 SE 16,0
SR 14,149 3.1 B.3 LI -53.9 BE -~3.9 0 27 F 17.2
Y 14,933 3.6 8.7 LI =52.1 BE ~29,9 n 25.2 F 17.1
ZR 15.707 b4 B.6 LI =50.5 BE 25,2 0 25.1 NB 7.7
MO 17.544 3.6 10.2 BE -58.3 LI =L7.7 0 21.0 F 19.0
Table 1 b

> Comparison between total X-ray attenuation coefficients
‘ given by Theisen and Vollath (1967) and in this report

THEISEN/MC  MASTER

KEV DEV1  DEV2 MAXIMAL DEVIATIONS

1.041 8.2 9.4 2IN 75.5 NE 271 F 23.1 L1 29,7
1,254 b, 5,9 LI 19,6 NE 17.B  NA 1%,2 F 13.8
+ 487 2.9 5.5 L1 20,1 SE 12,9 MG 12,2 C  «11,3
1,740 1.9 5.3 LI 21,7 c =-11,8 XR 1.4 N =11,)
2,013 -0.3 6,9 RB -30.7 SR -28,9 L1 24,1 N 11,9
2.307 <0.5 6., zZR <32.% Y -3, 1.1 27.1 ) 4 14,3
2,622 0.1 5.2 NB 30,8 LI 30,2 BE 13,1 N -11,6
2,957 1.3 h,8 11 33.3 BB 16,2 CL 1,6 N «10.9
3.313 1.4 4,9 LI 36,5 BE 19,4 AR 13.7 N -9,
3.690 1.3 4,9 LI 39.3 BE 22,6 AR 10.3 N -~ 8,7
4,089 1,1 h,8 11X 51,5 BB 25,8 )] 9.5 MG -~ B,S
:.509 1.3 4,9 LI k2,7 BE 28,8 B 12,0 S -~ 8,%
+950 1.5 5.0 LI 43.5 BE 31,3 )] %,5 8I - 8,8
5,412 1.6 5.1 LI k2,4 BE 33.% )] 6.7 S1 .~ 8,8
5.895 1,9 5,1 LI 40,4 BE 35,3 B 18.9 SI - 8.6
2.&00 1.9 b9 BE 36,2 LY 36,1 B 20,6 SI s:z
.325 2,1 b,8 BE 36,3 LI 31.7 B 22,4 81 « 7.6
7. Zz i.h L,7 BE 35.0 LI 25.9 B 23.5 c 8.8
g.g 1 2,6 b,5 BE 33.7 B 24,0 L1 19.5 c 10,0
61 2,5 h,s 30,6 B 23,9 c 10,9 LI 10.3
9.§h2 2.8 b,2 BE 26,6 B 23,5 c 1.7 MA 8.h
oz ,2+87 3.0 44 BE 23,2 B 22.5 ¢ 11.7 NA 0.9
As 10332 3.3 4.8 B 20,6 BE 17,0 LI 150 GA 12,0
- ‘:.933 ;.g g.g Eg -gg.g LI =22,9 )] 18,9 NA 13,6
[] . . - . NA 15.2 B 1“-3 As 12 1

KR 12,632 bh,o $.6 LI 24,7 Na 16,8 B .
KB 13,375 2.9 6.7 LI k2.8 NA 184 sp e AS - 10.7
SR 14,143 4,0 T LY  =49,3 NaA 19' r o W 2
Y 141933 3.9 B.b L1 -56.0 BE 239 e o304 SE .5
ZR 15,707 3.9 9.1 LI 60,4 BE -28:3 :: f;:; :g ;3'3
NB 16,586 4,0 10,1 L1 64,3 BE -36.6 NA  23.1 MG  15.3
MO 17.BG 3,9 11,0 LT -68.6 BE -h1.6 NA  2h.z2 B -18.3
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values for the energies just before and just after the K absorption edge.
For other X-ray energies than those compiled linear interpolation between
the given values is recommended by the authors. In X-ray fluorescence
analysis of geological samples total X-ray attenuation coefficients in cmzlg
for the characteristic X-rays of all elements of the Periodic Table, in
particular geological compounds (e.g. rocks), are required rather than
cross sections in the form mentioned before.

We calculated X-ray attenuation data in the form especially suitable for
the user in the field of geoscience. In this report we present therefore
photoelectric absorption, coherent scattering, and incoherent scattering
coefficients for X-rays based on the work of Mc Master et al. (1969) in the
formh of tables for:

1) 14 oxides,
2) international geochemical reference samples,
3) 9 selected minerals and 3 selected fluxing agents,

for the characteristic K X-rays of the elements Na through U. These data
are given in cmzlg. The tables include also the ratios of total scattering
(incoherent + coherent scattering) to total attenuation, the half-range of
characteristic X-rays in the sample materials, and the ratio of coherent
to incoherent scattering. For the US Geological Survey standard rocks,
HzO, SiOz, LizB.iO.,, Na2 B407, and Norrish flux these data are also given
in the form of plots. Under a special heading we tabulated X-ray interaction
data for the radiation emitted by 9 radioisotopes which are primarily applied
in EDX-analysis.

To compute all the data a Fortran IV program was used together with a
Univac 1110 computer, With the computer program used the same kind of
data for any other geological sample may be calculated,

2. Method of ComPilation and Tabulation

In the following tables with the compiled X-ray interaction data the
succession of the data is;

1) the element symbol,

2) the average Ka X-ray energy (K-ALFA(1+2)) for the elements Na
through Sn or the Ka; X-ray energy (K-ALFA(1)) for the elements Sb
through U,

3) the photoelectric absorption coefficient,
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4) the coherent scattering coefficient,

5) the incoherent scattering coefficient,

6) the half—ranée of X-rays of given energy in the sample,

7) the ratio of the total scattering to total X-ray attenuation, and

8) the ratio of the coherent scattering to the incoherent scattering
coefficient.

The most prominent contribution to the attenuation of X-rays in the
low-energy range comes from the photoelectric effect. The photoelectric
absorption coefficients J°(Z) for elements with atomic number Z were
compiled by means of the expression

3 s
F@) = ewl) Ap @mEy - mc [, )

1=1

where AF .(Z) is the fit coefficient for element Z given by McMaster et al.
{1969), E the energy of the characteristic X-rays m keV, C a constant for
the conversion of data given in barns/atom into cm /g, and ry are the

" -absorption-edge jump-values,

Similar to expression (1) the coherent scattering coefficient . oh(Z) is

calculated from
1

°coh(z) = expgz Acoh 1(Z)(lnE) - In C} R (6)
i=0

while the incoherent scattering X-ray mass absorption coefficient is cal-

culated using the formula

0 conl?) = exp§2 Ajincon, §¢Z)(In E) - 1n c} . ()
i=0

The total X-ray attenuation coefficient p (2) is not tabulated, but may
be calculated from '

WZ) =T(Z) + o, (2) + o, (Z). (8)

The half-range is calculated using the following expression

R'/Z (mg/cmz) = ﬁ—‘(’é)-]—? . (9)
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From these values an approximation for the thickness of an infinitely
thick sample can be obtained by the simple formula

2
R, ([mg/cm®) B 7. Rz sin®, (10)
where @ is the angle under which the radiation penetrates the sample.

The ratio of the scattering to the total X-ray attenuation coefficient
was calculated using the formula

9con{?) * %incon'?)

R' = ﬂz) x 100 (%), (11)
whereas the ratio of coherent to incoherent scattering was calculated from
o n{Z)
coh
R, = -1 (12)
2 %incoh

The X-ray energy values used were taken from Bearden and Burr (1967),
whereas energy data on radicisotopes used in our tabulations are based on
the work of Lederer et al. (1967).

X-Ray Interaction Data of Selected Oxides

X-ray interaction data for 14 oxides are given in the following. The
tabulations include data on the major oxides SiO,, Al,O4, Fe,0,, FeO,
MgO, CaO, Nazo, KZO, H,0, TiO,, ons, and MnO, which are the most
commonly reported components in quantitative analysis of geological
samples. Data are given for the average Ko X-ray energies for the elements
Na through Sn and for the characteristic Ko, X-ray energies for the elements
Sb through U. For !'3102 and H,0 a plot of interaction data vs. X-ray
energy is also given. In addition to data for the major oxides X-ray inter-
action data for Z.rO2 and Cr203 are given for the same X-ray energies.
Table 2 is a guide to the tabulations of X-ray interaction data of oxides.
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Table 2

Guidance table for X-ray interaction data of selected oxides

Oxide X-ray interaction data Plot on page
on page

sgo: 20 59
AL 0, 20 i
!‘ez% 2 -
FeO 21 -
MgO 22 -
Ca0 22 -
mzo 23 -
K’O 23 -
uzo 24 -
“02 24 -
ons 25. -
MnO 25 -
zro, 26 -
Cr,0, 26 -

‘S-Ral Interaction Data of International Geochemical Reference Samples

Chemical analyses of international geochemical reference rock and
@'g’mineral samples have been compiled by Flanagan (1972). The contents of
the major oxides in these rocks are given in table 3. The tabulations of
X-ray interzction data for these samples are based on these analyses. They
include data for 8 US Geological Survey (USGS) rock standards and 11 other
intemationally'known standards for the average Ka X-ray energies for the
elements Na through Sn ani for the characteristic Ko, X-ray energies of
elements Sb through U. X-ray irteraction data for the remaining 10 rock
standards, also reported by Flanagan (1 972), can be evaluated from the
given data according to the guidance table, table 4. X-ray interaction data
in the form of plots are given for the USGS samples.

X-Ray Interaction Data for Selected Minerals and Selected Fluxing Agents

X-ray interaction data for selected minerals and selected fluxing agents
for the same X-ray energies as for rocks and oxides are given in the fol-
lowing, The guiding data can be found in table 5.



Rock type

Andesite
Basalt

Biotite
Diabase
Diorite
Dunite

Greanite

Granodiorite

Limestone
Lujavrite
Norite
Peridotite
Pyroxenite
Shale
Slate
Syenite

Table 3

Chemical analyses of international geochemical reference samples

USGS-AGV =1
USGS-BCR=1
CRPG-BR
GSJ=JP=1
ZGI-BM
CRFG-Mica-Fe
USGS-W~1
ANRY-DR-N
USGS-DTS~1
NIM=-D
USGS-G~2
CRPG-GR
UsSGS-G-1
CRPG-GA
CRPG-GH
NIN-G

ZGI -GN
USGS-GSP-1
GSJ=JG=1
2GI-KR
NIM=L
NIM=N
USGS-PCC=1
NIM-P
2GI-TS
2GI-TH
NIN-S
S§8C~SY=-1

8102

59.00
54,350
38.20
52,09
49.60
34,40
52,64
52,63
40.50
38.86
69.11
65.90
72.64
69.90
75.80
75.59
73.55
67.38
72.24
8.61
52.52
52.43
41,90
50.88
62,80
60,30
63.72
59.5

used in the tabulations of Flanagan (1972)

A1203

17.2%
13.61
10.20
14.53
16.20
19.40
15,00
17,42
0.24
0.44
15.40
14,75
14,04
14,50
12,50
12,08
13.50
15.25
w21
2.,
13.93
16.64
0.74
4,38
16,03
20,55
17.33
9.6

Pon

h,51
3.68
5.58
2.3
1.60
bous
1.40
3.89
1.2
1.30
1,08
1.6%
0.87
1.36
0.h1
0,72
0.7%
177
0.36
0.55
8.76
1.08
2.8%
2.58
6.50
0,91
1.9
2,18

3

FeO MgO Ca0

2,03
8.80
6.57
6.06
T.28

19,17
8.72
5.42
7.23

1%,27
1,45
2,16
0.90
1,32
0,84
1.29
1.%4
2.
1.66
0.3
1,12
7.24
5.24
9.20
0,72
S.43
0.29
5,45

1,53
3.46
13,28
7.70
1.“6
4,60
6.62
4,%0
49,80
43,30
0.76
2,40
0.78
0.95
0.03
0.10
0.38
0.96
0.73
0.72
0.36
7.4)
43,18
23.19
1079
1.94
o.48
b.2

4.90
6.92
13.80
9,21
6,44
Q.45
10,96
7.08
0,15
o.M
1.94
2,50
1.39
2,45
0.69
0.80
1.02
2,02
2,18
47.76
3.3
11,55
0,951
2,68
0.16
0,30
0.7T0
10.2

Na20

b .26
3.27
3.05
2,79
4,64
0.3
2.15%
3.00
0.007
0.10
4,07
3.80
3.32
3.55
3.85
3.32
3.76
2.80
3.39
0.11
8.27
2.44
0.006
0.37
0.10
1.3%
0.43
3.3

K20

2.89
1.70
1.40
1,42
0,20
8.80

" 0,64

1.70
0.0012
0.04
b,51
4,50
5.48
4,03
4,76
k.98
b7
533
3.96
0,41
5.54
0,26
0.004
0.10
L.87
3.85

13,04
2,67

0.97
1.57
2,80
1.98
3.62
3,10
0.69
2,32
0.%2
0.4

0.66
0.80
o.40
0,96
0,50
0.6

0,35
0.69
0.62
1,00
2,4

0.4

5.20
0.3

h,06
3.82
0.3

0.69

T40,

1,04
2,20
2,60
1.54
1,14
2,55
1.07
1,11
0,013
0,04
0,50
0.65
0.26
0,)8
0,08
0,09
0.21
0.66
0,26
0.13
0.51
0.19
0,015
0.20
0.7
0.9}
0.0%
CG.49

P2°5

0.49
0,36
1.04
0,26
0,11
0.45
0.14
0.27
0,002
0.03
0,14
0.28
0,09
0.12
0,01
0.02
0,06
0.28
0.10
0,12
0,07
0,04
0,002
0.04
0.28
0.10
0,13
C.22

O 0097
0.18
0.20
0.16
0.15
0.3%
0.17
0.21
0,11
0.20
0.0
0.06
0.03
0.09
0,08
0.02

0,04

0,042
0,06
0.09
0.71
0,17
0,12
0,21
0.04
0.05
0.0t
o.4o0

0.06
0.0)
0.86
0.19
1.3
0.20
0,06
0,1)
0.08
0.4
0.08
0.26
0.07
0,11
O.1h
0.10
0.28
0,15
.09
37.60
0.2
0.1
0,12
0.1
0,04
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100,47
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99.86
100,00
100,81
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99,60
99,51
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Table 4

geochemical reference samples
Rock type Standard X-ray interaction Plot on page Within 5%
data on page similar to
Andesite USGS-AGV-? 23 -]
Basalt USGS-BCR-1 27 54
CRPG-BR 30 -
GSJ-JB-1 USGS-W-1}
ZGl-BM 31 -
Bauxite ANRT-BX-N 3 -
Disbase USGS-W-1 20 55
Diorite ANRT-DR-N 32 -
Disthene ANRT-DT-N 32 . -
Duanite USGS-DTS-! 28 €5
NIM-D 33 -
Gruenite USGS-G-1 USGS-G-2
USGS-G-2 29 56
CREPFG-GA USGS-G-2
CRPG-GH USGS-G-2
CRPG-GR 33 -
NIM-G USGS-G-2
ZGl-GM USGS-G-2
Granodiorite USGS-GSP-1 29 56
GSJ-JG-} USGS-G-2
Limestone ZGl-KH 34 -
Lujsvrite NIM-L ZGl-BM
Norite NIM-N USGS-W-1
Peridotite USGS-PCC-1 30 57
Pyroxenite NUM-P k2 - .
Shale ZGl-TS ZGl-TB
Slate 2G1-TB 35 -
Syenite NIM-S 35 -

36
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Table §

Guidance table for X-ray interaction data of selected minerals
and selected fluxing agents

Mineral or fluxing Chemical formula X-ray interaction Plot on page

agent used data on page

Anhydrite CaSO, 38 -
Barite BaSO, 36 -
Biotite * CRPG Mica-Fe 37 -
Chalcocite Cu,S 38 -
Calcite CaCOy 37 -
Galena PbS 40 -
Magnesite MgCO, 39 -
Sphalerite ZnS 40 -
Troilite FeS 39 -
Lithium

tetraborate u234o7 4 58
Norrish flux ** 42 57
Sodium 1 58
tetraborate NazB‘O.,

* after Flanagan (1972)
*® after Norrish and Chappell (1967)

X-Ray Interaction Data for Selected Radioisotopes

In EDX-systems both X-ray tube excitation and excitation by means of
radioisntopes are used. Frequently used radioisotopic sources include
encapsulated radioisotopes and radioisotope-target configurations., For
X-ray interaction data for radioisotope-target sources the tabulations given
under the headings oxides, international geochemical reference samples,
and minerals may be used. For example, for the radioisotope-target con-
241 Am/Mo interaction data for Mo are valid. In our tabulations
X-ray interaction data for the radioisotopes 551:'9, 238Pu, 'OQCd, 24lAm,
'251, 2 oPb, '30Tm, '53Gd, and 57Co are presented, Some pertinent
data on these radioisotopes are given in table 6, Contrary to the previous
tabulations for oxides, rocks, minerals, and fluxing agent: i 2 first column
of our tablee contains the kind of the radiation emitted (e.g. Np L X-rays)
and the second column the energy used under the heading of each radioisotope.
A guide to the tabulated X-ray interaction data of radioisotopic sources for
selected oxides, rocks, minerals, and fluxing agents is given in table 7.

figuration
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Table 6

Half-life, source strength used, and range of application
of selected radicisotopes

Radioisotope Half- life l\ecomm,ndod source Range of appli-

(years) . cation for K X-ray
{mCi) excitation

i 2.7 )s P-Cr
38py 86 3% K-As
19%cq .3 )3 Rb- Mo
24! A ase 30 Rb - Tm
57

Co .74 )3 Hf- Pb, U, Th
125, 16 25 Rb - Sn
N 0p,, 22 19 Rb - Gd
1107 .35 )3 Rb - Dy
153G4 .66 10 H{-Pb, U, Th

® sstimates for small-area semiconductor detectors

Table 7

Guidance table fur X-ray interaction data of selected vxides,
geochemical reference samples, selected minerals,
and selected fluxing agents of selected radivisotopes

Gevlogical sample X-ray interact,
data on page
Si0,, Al,0,, Fe,0,, FeO 43
MgO, CaO, Na,O, K,0 44
H,0, TiO,, P,0,, MnO 45
USGS-AGV-1, USGS-BCR-1, USGS-W-1, USGS-DTS-! 46
USGS-G-2, USGS-GSP-1, USGS-PCC-1, CRPG-GR 47
ANRT-DRN, ZGI-BM, SSC-SY-I, NIM-S 48
ZGl1-TB, ANRT-DT-N, NIM-D, NIM-P 49
CRPG-Mica-Fe, CRPG-BR, ZGI-KH, ANRT-BX-N 50
MgCO,, CaCO,, CaS0,, Cr,0, 5
FeS8, Cu,S, ZnS, BaSO, 52
Zr0,, FbS, Li,8,0,, Na,B,0, 53

Norrish flus 42
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WX 13,708 11.3% 329 N 58,060 3.88% 2.0 LY 13,708 18.87 301 -131 [T 3.203 2.7%8
W-ALR  13.9%s 10.92 <323 132 .0.0% 3,99 2.3 WLt 13,908 i%.30 385 132 “w.5 .00 2087
WX 16,000 6. 220 299 o188  104.8 3.0 1.77a LK 1o.008 8.220 27 <188 .27 .. T80 1.952
W=y 17,790 3,309 -3 Ji82  121.9 6.568 1.02e L 17,790 7.833 258 102 23.20 s.m8 1.7
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COBALY - 57 T -9
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iz 17.7%9 8,091 %2 182 .83 5.9%2 1.7 Wil 17,750 ..0s 220 +183 133,60 7.143 1,908
=Lz 20.70% .172 <200 188  133,3 7.790 1.352 w=Lx  20.785 2.90¢ 179 100 20%.1 2.0 1.800
S 59,9 +1657 <036 155 183, $3.93 2208 ow 39,3 <1151 <032 156 2790, . +20%
CADRIUN - 109 CADMIUN - 109
AD-NR  21.990 3.521 2108 150 179.8 8,636 1.229 APeRE 21,99 20913 385 158 00,0 11.12 1.090
AD-HR 22,163 3,030 182 190  109.0 8.7% 31.213 A0-AR  32.303 2.0598 #3803 190  2%.2 11.38 $.000
A=RR 30,982 2,405 152 «193  298.7 .08 9935 AR Ju.9n2 1.713 138 ST I ¥ 3 18,88 =887
A-uR x;.-so 2.200 »je? 155 2710.6 1,73 . A-ER 25,038 1.087 ~132 198  Je6.1 15.08 <0009
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». e 9973 831 .13 SN3S. “.73 Y e .58 PII01 032 136 N9 o2.03 2000
ob. e +»01% -5 1985. o7.08 +«3009 29.999 1021 <030 «I% 2007. ™. « 1984
| +03 +088 " L1980 34 8307 +3300 [ -9373 «017 +100 NP7, 8.9 N1 g
CADIL NN -~ 139 AADR, RIS > 133
. 308 -8 «1%% 300S. -2 +000d . +6230 «013 «j%  3032. [ 21 4 « v
103, «nrn -1 «158 slal. Ph9 K ) 383 -0198 «012 o102 3993, B8.6) -« 0009
cCalm Y -~ 57 cobMY ~ 3
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[ I 77.09 N ) 009 5.000 1.166 9.3M WKN 5,890 72.83 807 089 Q839  1.220  9.081
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omma aY.7 0089 7 <187 3329, 78.82 1183 Shewa 87.7 »0023 .018 A8 33N, T9.083 «1107
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PE~RR 27.87) t.62¢ 123 +19%  343.0 18,68 -8082 TE-xx 27,873 1.5% 122 1%  382.% 15,33 <7820
TE-RR  30.9% 1.12% +103 +157  580.1 18,77 - 0392 TE-xX 30.9% 1.060 +101 158 82%.6 19.%8 6378
TE-uR  32.700 1.050 «100 +137  530.1 19.08 0388 TE-xX 31.700 984 .097 158 55A.S 20,088 6180
LEAD - 210 LEAD - 210
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=i 8.9 1509 -033 195 212s, 57,83 «2107 YB~RX  60.959 1307 032 «155 2181, 8A.86 +2000
[~ W W 0513 N T ) <88 N9, 7e.3% <1229 S Ba, «0083 ,018 188 323, 77.83 «1190
SADOLINIUN - 153 GADOL INIUN - 1%
Shonr 97, 0329 1Y ST " N a2, 72 0% S 97, -0310 ~013 o188 3476, 83,57 0933
Gl 103, 0273 -812 sz 3918, 8.0 .087) Sha 183, «02%7 ,012 o182 3851, 85.70 0088
COBALY -~ 57 COBAMTY = A7
MmN  18.30 11.08 «32e 130 98.26 .00 2.823 Gama 18,36 10.79 .316 135 B1.68 8,002 2.3
Glseh 121.97 8182 <009 «136 8292, 29,.% »0858 SAMA 121.97 +0153 .009 #137 s3is, 0,00 +0637
SMew 136.3 8118 007 132 a%en, 92.38 056 GAMmA 136.3 »0109 .007 «133  spow, 92.77 +0529
SYENITE $SC-SY-1 SYENITE NineS
SELECTED RADIOLSOYOPLS SELECTED RADIOISOTOPES
[ 1) P TO COMER  JntoM AR=1/2 SC/VOT COWINC REV PHOTO COMER  INCOM W=1/2 SC/TOT COWINC
moN - 35 1R0N - 35
WeRE  3.888 111.0 916 -082 o188 0912 11.18 -zt 5,888  118.8 879 .083 5,785 +»8028 10.%
WA 5.09 118.6 »9193 N *.220 e 11.1% W-aX  S5.0%  118.2 877 +083 5.818 «50%8 10.%2
-l 0.9 ,10 +033 -088 8,185 1,082 9.0080 KT 6,890 90.31 . +089 7.600 9730 8.907
MUTONIUN - 238 ALUTONIUN - 238
YLE 13.00 10,83 »357 2129 7,71 3.308 2.7%% LT 13,089 11. 39 300 133 58,81 .97 2,992
Ut 13.01% 13.91 383 »130 99,93 3,03  2.69% UsLt 13.e15 1-.9% +335 o132 60,67 .00 2,53
YLE 16000 7.8 272 +1%9 ”,97 5,029 1.%0 U-LE  10.828 6,199 .259 o180  105.0 6,052 t.083
vl 17.220 €731 25 180 97.27 9,559 1.810 U=tk 17,220 S. 309 282 de2 12048 8005 1,702
UK 28,167 8,187 »202 i85 192.8 7.005 1.38% U-LY  20.167 3,308 193 «188  190.1 9.351  1.301
AMERICIUN ~ 281 MERICIUN - 281
W x 313.768 13.09 390 131 51,00 3.510  2.887 NPl 13,780 10.061 +330 132 2,58 2,178 2,801
W=gx 33.9%% 12.59 +380 331 53,05 3.605 2.%8 NP=LX  13.9% 10.19 328 133 63,07 8,292  2.435
=Lt 10,008 Te195 202 +180 9,23 3.291  1.879 NP-LX 16,800 3.7%8 «250 A8t 112.8 8376 1,767
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r9=xs 60,949 .1 «033 »156 28. 57,34 2130 TO-%A 60.939 +31029 31 135 2398, o, %8 «2007
SAmA . <0513 +818 o587 0. 76.30 1205 [ #0372 1037 2188 3849, 1,65 +1170
GADOL INIUN - 193 SADOLINIUM ~ 19)
A 97, +0329 +018 «183 3682, 682,67 «0978 oMea 97, 0237 033 ke 3825, 86,92 0919
QAMma 103, +0273 +012 +181 3831, 88,90 +088% SAMMA 103, +019¢ 012 382 3900, 8470 N8
CoBALT - 57 CoBALY ~ 57
SANMA 18,30 1150 #317 +133 57,72 3.82%  2.%02 Mo 18,30 9.328 M2 o136 70.91 5,363  2.316
A 121.97 +0162 2009 «138 w307, 89,91 «06hn SMMA 121,97 «0118 0n9 137 aegu, 92,81 0026
SMmA 130,.) 011% 0n7 «132 #8601, 92,33 « 0953 GAMMA 136.3 »0082 007 #2133 wbbU. [ T 0939
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gy »oTo CoOiR IaCoM  a-ts2  SL/TOT COW NG [ ] ~eore Caiin  Imow N-1/2 SK/TOV Cowing
NG - 95 a0 -
Wemsx  h.8nh 92.62 -053 <80 7.508 1.801 10.19 meux  S.000 ST. e 538 K .07 1.620 w.297
mear 5.8 ®.12 883 ~oo T80 1,008 1 [ LB W 57.e% <33 «0%8 11,9 1.02% %.2%
Weeul  6.090 69,9% 2.3 - 0ne . TRA  1.220 mral 6090 .08 KT -Ba¥ 1573 1.200 7.08)
PLUTONIUM - 233 LuTontun -~ 238
U=t 13,039 1138 330 » 132 58.99 3.906 2.0 U-iE 23099 S.207 207 4% 1275.9 S.ee%  2.27)
U=t 13.815 16.93 RN -133 ©8.03 w911 2.we3 v-LE  13.845 S 00e 203 091 130.0 .51 2.27)
U=t 16,828 0.238 o251 <181 19%.% 5.918 1.7 VLR 18.400 2.00% 357 007 22e.2 8301 1.8
U=t 17,220 S.els 239 183 1196 8.57%  1.0n0 s 17.22 2.0 oIN7 R R s ] .47 (.00
ULR  20.107 3.5 187 <189 1878 9.99%  1.2%% =Lt 20.187 1.087 317 102  *ha.® 12.08 1.103
: ANERICIUR = 26} AMERICTUR - 2ot
NP-LR 13,700 10.59 <320 -133 o272 e 2.3 AR 1378 L 9% 200 0N IS 3,687 2.18n
MR- 13.9%% 10,18 .31 S 63.17 . 233 2.3 AR 13,9 »,851 <197 092 1%a.3 .08 2.19
NP-LE  30.000 5. 790 292 182  112.2 .22 1,793 PR 10000 2.002 ~192 .00 Ie2.e 8.7  1.9%
NP R 17,750 s, 90 225 100 138.% .93 1.9 s 17.7% 2.211 KLY e 2.7 .70  1.817
Wiz 20.78% 3.000 a7 150  20s.5 .00  1.192 o 20.79% 1.3% 102 103  esj.y 13.09 1.00%
ma 59,5 Ja1m 032 S15% 220, *1.58 2025 oA .9 a9l +62e -1a7 2.3 L]
cagmive ~ 109 Capmpum - 309
AG-NR 21,990 2.5% 753 151 23%.4 10.91 1.006 ageux  21.9v0 119 -183% <100 %18.2 1%.01 K
AG-MX  22.163 2.51% <162 152 2089 11.09 1.009 an 22,183 1.100 182 -10e  %27.8 1%.00 720
A-uR 26,902 1.7%1 -13% 2195 3399 1e.21 «0Tnl ag-uR  Jv. 902 ~Tes7 -0 106 T, 1.7 TS
M-xE 25,056 1.688 33 155  35%.9 18,02 Bean guE  T3.0% 7182 N -] .ta7 el 0.0 ST
. GAsma 87,7 <038 RITY 187  3%ge, 82.% -10% GMmma 87.7 <O1sa .010 181 3918, ”.% L0
J100INE ~ 125 100I%E - 125
TE-%X2 27,202 1.3s0 -118 «156  829.0 17.00 -T36T TE-nn 27.2¢2 5832 o 98 e} 3. LA87%
TE=KK 27,473 1.380 118 157 wag.S 17.9 . Teal fE-ux  27.873 - 3052 .073 L1080  w29.3 .21 TS5
TE-RR 30,99 +0953 0% 158 602.0 22.12 6070 TE=u1  39.9%% - 3004 - 080 109 J2e7. 30.82 .50
TE-RX  31.700 «8353 093 -19% 83,1 25.12 KT TN TE-ux  31.700 <3801 <008 -16% 131e, .68 SS2
LEAD + 218 LEAD - 218
[/ TR Y «2usgp -088 159 15, S, 79 +«3810 GMEM 87, ~1038 -03¢ «109 2001, L2 8 2T
AR U - 179
8=  S1.320 «105% -083 158 1801, 51.72 2595 o-RE 3.3 e3.10 239
YORX 52,360 «3Tn8 +0%0 158 1882. 33.07 «29518 o-ul  32.300 [ S0
THRX 59.352 -1100 «032 190 2248, al.82 2038 Y-AR W.052 72.8% 13 s
YO-RX 60.9%9 3088 «030 150 29%, 83.18 108 vo-an 60,99 7309 Av?
[T ) N .0398 .017 108 3%, 0.5 1138 [ I N .22 «1033
SADOL INJUR ~ 353
Masa 97, +02%% 013 16e 3798, a8.00 -ohn2 cmom 97, .00 N,
Gaama 103, 211 011 «1%2 W), 7.M «0807 GMA 18, ~0087 007 090 o0?v. <. LTS
-~ COBMY - 37 copaLy ~ 57
CANMA 18,30 9,333 302 .13 0.9 .73 2.2% ShmA 18,36 [T . ] 108 993  152.9 ..270 2.0
S 121,97 «032% .008 <137 es0). Q.00 <000 CAmnS 121.97 0053 008 0%  snde, "».0m .09
CAMNA 130.3 N 007 <133 se73. 3.9 <090 e 136.3 +«803 808 092 N7y, ».33 el
OUNITE=CHRYSOTILE NIM=0 PYROEEN] TE nin-&
SELECTED RADIOISOTOPES SELECTED RA0101SOTOPES
nEV 010 COMER  InCOM  W=1/2 SC/TOT  CowiInC agv ~oTo O  Imow A-172 SC/TOT CowWINC
-~
IRON - 55 TRON - 55
WeKN 5,080 . 932 +o83 0.619 1.700 11.% Wi 5.0A8 n.91 801 .07 0.071  1.317 11.1%
WRR 5,099 78.% «930 -003 B.008 1.20% 11.82 il 5.0 o, 0% B lad 079 6.31%  1.122 11.30
=KX .09 99,65 «887 «087 11,03 1.302 9,715 Lo DI L 3.9 803 -"8s 10.00 1.385 9.8
PLUTONIUR = 238 MUTONiUN -~ ;58
ULt 13.099 18,99 «363 «129 (1393 3.7 2.822 v 15,98 33 123 a9.61 3.9 2.79
U=t 33.615 18,03 s 129 [T 3.29% 2.7¢1 [T ¥ § 12.99 337 320 S1.08 3.038 Z.07Y
U=LX 36,828 8.3 277 138 .17 8,732 2.00n [T ] T.081 201 13 08,00 5:.813 1,97
U=tk 17.220 1.2 «2%9 199 9,51 S.20% 1.0% =L .50 20w «13  100.6 5,58 1.,7%
U=LX 20,167 [ Y] «200 308 183,86 7,100  1.817 Ll 20.0e7 8,099 o19% «iny  197.7 7.63% 1,375
MERICIUR = 2%) MERICIUN - 21
NP=LX  :3.700 18,00 352 130 a7.00 3.327 2.7 WLk 13.708 12,00 332 120 33.08 3,509 2.e01
NP=LX  1).9%% 13.00 386 «130 9,79 3.815  2.8% [ oY BN 12,12 300 »127 ™l 3008 2,572
NP=LX  16.080 7.753 267 199 [ ) LY 1.8 =L 10008 6.9} 292 «135 "™ 9.272 1.807
NP-LE 37,730 ®.037 208 .181 W.05 5.9% 1.79 e 37.730 5,993 2% 137  109.7 5.670 1.700
N-LX 20,785 0,150 *197 2180 15,2 T.805  1.386 Ly 20.785 3. 707 108 102 171.7 .15 1.9
A ¥9,5 <1006 «035 #2158 1987, 83.2¢ 2208 A 9.5 “let® +033 109 2108, ¥ 38 2207
CADMIUN - 109 Capmiue - 109
AG-RX 21,990 3.50% «101 +J88 180,7 8,580% 1.223 Muk 21,999 %1789 178 Jinn  201.2 9.183 1.187
AS=KR 22.163 3,028 379 188  1MN8,? 8.729 1.207 AN 22,183 3.0%% 109 <188 205.7 9,293 1.372
A=KR 20,982 2.9 «190 151 2%.6 11.10 ~90n) A=RE  Fv.902 2,137 -181 187 28%.8 11.08 95
AG=RE 29,05 2.2% 185 192 271,95 11.63 9508 A=in  29.4% 2.008 137 Jlen  382.2 12,59 208
A 87.7 «0%02 017 %  3ne, 70.%1 3370 A 7.7 Ouel .016 BRI = 78.12 1188
100INE -~ 125 J0DINE -~ 125
TE-ux 27.202 1.008 N 153  32%.% 15,33 8530 TE~RX 27.202 [ ] «123 189  38d.) 18.23 .
TE-RX 27.07) 1.799 139 153 3%, 313.83 +A387 TE-R% 27.873 1,992 321 109 372.0 18,31 A%
TE=RX 30.99% 1.290 308 195 1.0 17.81 6830 Ti-un 30.%% 1.102 «100 151 S12.0 18.95 . 0N]
TE~#R  33.700 1,15 uﬂ.’lu’ 156 89,6 10.22 +«OAB1 fE~ux 31.7%0 1.028 u..,m'“ 191 583,72 19,86 M3
- 218 -
GAmmMA a7, Y +053 «157 1298, 37.78 «J A a7, «30%3 «0% <152 1304, 39.00 530
PRAI » 370 A fum = 379
YBexX 51.32¢ <2031 005 «150 1093, 83,30 271 =t  51.320 232 03 191 1883, 99,51 «20N
o~xa 52,300 <2078 088 150 19, .00 2015 =gt 952.30 2389 1! <151 1088, 5,03 ¥ 14 )
TH-RN  59.532 1070 - .09% 158 1939, 53,03 2277 =Kt 59,952 1081 033 109 2099, 95.22 2216
TB-XY 80,959 <1585 «030 158 202, 50.02 2377 st 0. 9% 1503 «052 «189 2186, 57,00 2110
SANMA BN, <0373 «019 o107 3108, ™33 <1268 A BN, V500 «030 «182 3293, T7e.03 1295
. SADOL JNILM « 13) SADOLInIum -~ 153
SAmA 97, 0308 01 o103 355, o1.08 <0993 s 97, <0323 -3 139 3700, 82,78 %9
SAwa 105, 0300 2013 302 3790, 83.0¢ +~0%0n St 103, 0209 012 «137 39w, 88,73 0877
[ T 97 cosm.T - 57
SAMMA 10,30 2.3 333 o152 .02 3.8019 2,522 A 8.3 11.12 «3t6 428 9.93 3,823 2.907
" GAMMA 123.97 0162 +009 130 8230, 8n.8n 087A N 121.97 0100 809 2132 endt. 9.7 .
GAMMA 330.) «0330 +007 #3132 8530, 91.91 0903 Shomid 130,35 <0118 007 120 o0, 92,22 A8
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-y nere OBt Pt -4/ SC/TET (O INC [ {] mave COER Ptow w-1/2  SC/TEt Cwint
R - W o - M
WeRE At 182.2 1.0%2 0% .77 .08 3.8} WwekE  3.08 103 K, ] N 3.90% «DN04 11.00
- 3.0  101.6 1.7 o™ S.TR2 2. 097 (3.3 Wean  %.0% 115.7 K ) 082 .93 «0991 11.03
We-az  b.vm ”.. s .een 8026 1.32¢ 11.3? WL  6.0% 8.3 082 «008 7.8 1.088 10.0
n - 2% MLuteuUR - 238
> 1%am n.r KN Yy 3.0e 2.018 3% it 13.0 16.88 «379 120 ».» 2.908 2.0
[ o S Y WYY 2.9 08 135 2.1 2078 d.2e0 =LY 13013 16.22 373 1358 ag.ar 3.000 2.0%
AR W.ale [* ] -7 B3 3 .72 3.9%7 2.3% VL 16009 9.5 200 138 b, 124 .33 2003
[ LY -] 10.08 B - (T8 3% 2.1% u=Ll 172 .15 aMn +189 0.9 797 1,993
WE  J0.%7 -0 237 KT 7.9 $.3%1  1.87% U-LR 26107 S.097 216 % 126.9 .428 1,079
NEaitihve - 1
s 13700 2.2 03 12e 33.37 2.920 y.202 W 13. 70 173 82,09 3007  2.02%
LR 130w 19,00 - 120 L 2.993% Man W 1. 15.13 a3 3108 2.%2
AR .00 1.3 <308 138 sa.m .Y 2.2M7 -t 16.008 s.Toe ”5.% .35 2007
- 7.7 . Te? . 3 L B W TS 8,101 2.003 - 17.7% 7.093 ;.27 S.10%
- 20.70 s ile 227 JiN2 1087 S.e7 1.9 wx 0.7 ..0%8 138.3 .00
s 9.3 -1 oty 198 1%, 3.13 2703 cama  99.% 1073 »037 -19 1832, 800
- 100 cCagmpys - 109
arur 21.9% 183 «20% 108 12%.2 8302 3.%% SRy 21.9% 3.93) 1% 1% 102.2 7.99% 1.7
ab-as  22.303 .00 200 ST T Y - %) G.b0n 1,83 abean  22.303 3.2 +«188 189  1858.0 8.083  1.2e1
A-NE o . W2 3.%00 72 JINT?  1Ta.e .23 1172 AG-nE . .W2 2.0%2 «157 152 231.0 10.27 1.833
ag-an  23.%% 3. 67 JA87  18e. 0.583 1.1¥ ag-ax  25.0% 2.9 192 2193 2ee.8 19,72 «9902
Giea  O7.7 «0Psy 20 182 Z98e. .00 1808 Glaleg  O7.7 0905 «018 «ig 3183, ™, 37 1238
teoIE -~ 133 toomE - 123
W=t 2V.202 2.8 193 ~18%  227.4 .08 1.01) TE-4R 27.202 2.070 137 153  293.3 12.29 «ed
W-ns Fi.eM 2.843 180 ST 1 W) 10,00 =3 TE-an 27.47) 2.000 193 1%  30%.6 12.9% TS
-un 30.%% 3.000 123 391 3AMe.2 12.87 8127 ez M.9% 1.9% o381 15 S17.0 16,00 «T1%
w-as N.’0 .72 118 %1 Jee.8 13.08 - TA2e TE-ny 31.70 1.29% 107 1% sed.8 16.83 «68%8
Ea0 -~ 210 LEaD - 210
e 7, K31 N N N1 192 W50 29,1 -8029 GMoten a7, -3068 N 157 11%. 3.3 o352
nanlyn - (78 AR TN - 179
w-at  51.30 « % 053 152 1193, .03 - 30" m-an 31.30e 2997 ol -150 1308, 0,7 «3053
V-RE  32.340 3729 0932 157 120e, ».r0 335 -ax  32.380 2780 N «156 j%as, 2,07 « 292
TEE 9,32 . X3 oy 138 158, 2,97 -2 B-nE .02 1007 037 13  102e. 59.38 2309
an . 23 439 <150 1Al (S8 29 AR 0. 1738 ) -15 1910, 52.09 220
[N -ohee 92 <163 27, 5,51 1312 sasw . -00A8 020 187  29%9. .09 «1331
- 1% SADOLIeIum - 133
e 97, -850 07 «1s8 3Iu8. 3.0 -1107 sha 97, 3y 013 183 7S, 79.23 +10AS
Gama 103, «Ohen -01% 138 »ae, Yeo.o? «1073 S 103, «o3 «033 181  3eaS. . 7o ~0n
Copm.¥ -~ 37 Y - 57
i 1o, 38 15.02 «383 120 37.e1 2.783  2.07% shsn 18,30 13.80% « 0 A3 8,21 3.330 2.000
Gk 321.97 ~627 011 139 «gn0. 83.01 3} Ghsmna 121.97 5203 +810 138 afvs, ar.05 T
e 13,3 8197 009 -129 as02. V.00 087t S 136.3 Ity 008 <132 w8, .95 +o%%e
LDWSTENE 263~ SAUZLITE AnnteBye
LD APBOISoveres SELECTED RADIQISOVOPES
wiv hate OBER PRON 0=3/2 SL/TEY COVIRC ["1] ove COER  Jcen Re3s2  SC/TOV COw
e - 98 oN - 93
MAE  3.000 3M1.3 K 1) .. .20 +S138 10.00 wers  5.008 ™, 87 K3 808 0.9%3 1,358 11.99
wWesE 3.0 10.5 "1 -0 .37 <0473 16.97 WeRs 5,00 ™. 952 008 .99 1.3 1.
MrRE 6.0 123%.% -89 -9 S.573 TRl 9.000 Wery  a.0% 27.58 508 -0%0 15.05  1.038 9.
- 23 MLUTONIU™ -238
E L N W 199 -8 Y -3.08 2.973 2.0M3 Ll 13,839 1. -3e 3787 2.7 2.0
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w13, Ted 1. s 13 o, 9% 3,317  2.9a2 weLs  13.7% 1683 -302 133 0. 2.002 2.739
W-LE 13,9 18,99 «33% I3 .M 3202 2.% Wolx  13.9% 18-03 3 i3 2.00 2.9%7 2,099
WLE 18,000 S.220 202 12 0.5 .708 1.010 Weta  th.ing 9.200 275 182
WALE 17.798 7.009 %3 100 3.0 3.2 1.047 Wiz 17,79 7.7 7% BT
WLE 29,785 5. 383 193 «138 198,00 7.89%  1.27M Well 20.7M %.911 203 «1%0
[ 3 %) 119 +»038 «137 1088, 92.02 2000 GABR  99.% . 038 1%
calwium - 109 CAOmIUn - 109
Mux  21.9% 3.0 177 153  171.9 0.207  1.157 AG=RX  21.990 s.2n0 107 -151
AuE  22.309 3.013 373 198 179,0 .33 1,182 AGemy  22.103 u. 163 1A %2
AB-RE  Pu. 98 2.589 oo 158 gwe,7 10.09 «9387 AGenx  J0.9%2 2.%91% -19% -1%8
ag-an 5.5 2.377 102 357  1%.0 11.16 9952 AR %.0% 2.782 -150 «1%8
e 97,7 0333 "7 -188 Jev, 3.91 «1197 oM  87.7 0827 018 ey
one - 123 O . 125
W-ax 27.302 1.9 120 158  310.0 12,08 N e fE-xn 27.202 2.207 B 1%
Henn V.87 3.008 1828 »1580 319, 13.09 -T9en fE-ny 27,073 2.181 .133 «157
Fi-uN 39,99 1,300 108 300 %19 16.7T9 +0508 Menn  30.990 1.0 -310 <158
a8 .70 1.229 300 160  %08.% 17.% «okeS FEexn 31,700 ten1? «ion «159
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Wit 33.613 5. 548 B -9 1580.0 e.\02 1.903
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1.20% 126 158 2.7 17.89 A229
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wLr 17,220 28,77 ~San 13?7 23.% 2.1%2
UslXx 20,187 18.2% .38 .12) 3.8 2.97
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TE«MN 27.8473 T.300 276 -132 9.12 5.2%3
TE-xX 30.99n “.1e% -229 -15% 12%.8 6.0
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AGeNR  22.18)3 L N1} 1.209 +10A 17.5 382 11.7®
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AG=NK  7Y%.0% .33 1.0%3% 11 20 .2 S.wd
GANS 2.7 00 o152 20 Sen.0 25,38 1-271
10DINE - 12%
fE-xn  27.202 22.08 K3 -13) 29.9¢ a8 AY19
fEema  27.x73 21 .00 K 1] 313 30.77  w.72) 8.30%
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Fig. 1. X-ray interaction data for andesite (USGS-AGV-1) and basalt
{(USGS~-BCR-1) plotted ve. X-ray energy. Curve | is the photoelectric
sbsorption coefficient 77, 2 the coherent scattering coefficient ¢ con ¥ the
incoherent scattering coefficient ®incoly ¢ the half-range R, 2° 5 the ratio
of scattering to total attenuation coefficient, and § the ratio ol coherent to
incoherent scattering. The dimensions of the ordinates of the different
plots are given on the left-hand side of the figure.
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Fig. 3. X-ray interaction data for granite (USGS-G-2) and granodiorite
(USGS-GSP-1) plotted vs. X-ray energy. For explanations of numbers
and dimensions see fig. 1,




- 57 -

T N e

0014

05

*i *By o0

RUOTSUSWTD PUE SJI8QUINY JO suoTIoUSMRS J04 “ABssus Aei-X 'sA pepyord wny
YSTIION put (-DDd-SDOBN) nopried 10} wiep uonovasiut Lva-x *» "Na

A3 ADYy3INS

4 0t

o

V%

XNd HE 1 HAON

LWE

A3 ADN3INI
00t 08 " 4 ot 13 4
) 4 . 4 4 2 1 2 1 X
1 0t
S 9 :
.. 1] )
L] \ |
1-334-598Nn ko
3111001434 $

OIIVE =°9 % ="S WO™NO/ON ~°% O/WI™NJ - 'S O/WI™J -°C /OO~ "4



- 58 -

‘1 *B1 508 SUOTSUSWITD PUT SISGWINU JO suopeUNIdxe Jug “ABasus Kea-Y
‘sa poniord LoPglen pus toPalry 105 wiep vonseasywy Lea-x g Ma

A3X A QN 3INI A ADd3N3

001 0s (174 ] S 4 001 0s 02 ot S

ot [/}
1. 01 .k D

1 .IJ!» |
/~ ._, | / 31
‘ .. o— ‘ l °~

9
3,01 ol
h
.._ °— lﬁoﬁ
LNMBvyLIL WNI00S v LvEOBvEL3L WNIKLEN

OILYS -'9 %e-'S WOWO/DW -°% O/WI™WD 'S /MDD -°Z O/MOWD -°|



-~ 59 -

001

0s

*| *By; sas suorsUSWIP PUR RIMGIUINU JO suoneueides xo04 LBiasue

Kez-x °sA pajjold 1ajwm pue nOaw 10} wyep uondeaajur Lea-x °9 ‘Ma

A3X A DJ83N3
(174

ol

. 1

¥

"y

Y3LVA

"y

-

ot

19

1]}

01

01

001

AX AO¥3N3
0s oz 0l S 4

Y

v ¥

-
-

A\

‘&

301%X010 NOJINIS

-

29"

o

ot

01

.01

OliVYE -'9 Ye-'S NWI®ND/OM =% O/WPPN] °'S O/WPWI - OI/WI*W) - '}



