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Abstract - This review deals with applications of activation analysis to geological
samples : , minerals and rocks . The various activation sources suitable for
tb.is purpose are discussed. Applications using isotopic neutron sources are re-
viewed in some detail , those using neutron generators are discussed on a rrore gene-
ral basis . Present trends in instrumental neutron-activation techniques are brief-
ly indicated, in particular Ge (Li) garrrna-ray spectranetry, coincidence counting,
delayed neutron counting , proirt garrina counting ars observation of nuclear tracks.
The application of photon and charged particle activation to geological sarrles is
also considered.

INTRODUCTION

It is the task of the geochemist to determine the abundance and the distribution of the che-
mical eleirents in the earth and in earth-related materials , inclixling meeorL, tektites
and lunar rocks and soil . For convenience the chenical elenth have been grouped into ma-
jor (> 1%), minor (0.01 - 0.1 %) and trace elements (< 0.01 % or < 100 prn). In the case of
extrerrely lci concentrations, such as for iridium in many terrestrial silicate rocks
(O.OX ppb) it is perhaps appropriate to talk about ultra trace elements (Ref. 1).

Activation analysis has predominantly had its use as an ultrasensitive method of trace ana-
lysis. The nore recently developed instrumental neutron activation analysis (INAA) using semi-
conductor detectors and on- or off-line computers has made activation analysis a promising
tool not only for chemists and specialized geochenists, but also for geologists in general.
It is a fact that emission spectrography, X-ray fluorescence, atomic absorption and even mass
spectrctretry have gained greater acceptance and are rtore carton in geology and geochemistry
departhents and mining institutes than activation analysis is. An increased emphasis on acti-
vation analysis as a tool in geochemistry in the years to cane is, however, to be expected
(Ref. 2).

Indeed, in reviewing the results obtained by various groups, selected by NASA, on the pci-
dered, reasonably haregeneous lunar fines from Apollo 11 (Ref. 3), Srnales (4) pointed out
that activation analysis was clearly the rrost frjuent1y used analytical method, rot only for
trace elerrents, but even for major elements.

Sorre recent conferences have revealed a tendency to use activation analysis for determining
major elements, indeed, and to place erhasis rrore on precision and accuracy than on ultimate
sensitivity. Fast, automated "non-destructive" analyses are possible in a number of cases
with a nodest isotopic neutron source (Ref. 5), which is very attractive for a variety of
routine applications.

The literature on activation analysis applied to geological materials is already quite iirres-
sive (Ref. 6). It can be studied on the basis of the application (e.g. terrestrial, meteori-
tic and lunar studies), or on the basis of the concentration range of the eletent determined
(major, minor, trace), for instance. We consider it sore convenient to discuss the analytical
possibilities of various activation sources : isotopic neutron sources, neutron generators,
and nuclear reactors. Brernsstrahlung and charged particle sources will also briefly be con-
sidered. It is hoped that the general applicability of activation analysis will be realized
through the discussion of a few specific applications and the presentation of sate syroptic
tables.

THE CHOICE OF A NEUTDN SOUIE

The choice of a neutron source depends on the problem to be solved. It is obvious that a
research reactor or even a high-flux reactor is recarnended then a very high sensitivity is
r&juired or desirable, e.g. for determining p .p .b. concentrations of rhenium in minerals or
flue dusts. If oxygen must be determined, a 14 MeV neutron generator is nost suitable be-
cause of the high threshold energy ( 9 MeV) of the nost useful nuclear reaction 160(n,p) 16N.
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An unncderated isotopic neutron source (e.g . 241jjp/p) is perhaps the best choiç for deter-
mining the fluorine content of fluorine ores and concentrates via the reaction ''F(n, 6N

(thresIold energy 2 MeV) , without interference fran the 16o (n,p) 16N reaction. For the
precise instruinta1 determination of manganese in pyrolusite , via the sensitive reac-
tion 55Mn(n,y) a relatively rrcdest isotopic source of ncderated neutrons is ideally
suited . Nuclear eato, accelerators and isotopic neutron sources are so different in neu—
tron production and neutron energy, that only for sate applications they can be considered
carrpetitors.

Other criteria to be considered ar, of course , cost of the neutron source , possibility for

transportation, dimension of source plus shielding, the necessity of having highly special-
ized personnel, etc . In nobile installations , for geophysical prospection, radioisotope
sources with yields of less than 108n/s , with or without noderator , have nostly been used,
rrainly in the U.S .S .R. (Ref . 7) . The neutr9n flux in the irradiation zone with the above
source strength is usually rot sore than 1On.cr2 , depending upon the design . Experi-
merits in the U.S .A. ar in the U .S .S .R. have sbcin that deuteron accelerators , (putiped and
sealed tube) , producing 14 MeV, 3 MeV or iroderated neutrons are also transportable (Ref . 7-14)

In stationary conditions , heavier shielding is only a cost, it a transportation problem,
hence

.
sore pciierful neutron sources can be used than in field conditions (i .e . isotopic neu-

tron sources of greater strength; laboratory neutron generators and so-called neutron multi-
pliers).
Reactor neutron activation analysis ,cbarged particle and garrrna activation analysis (Brems-

strahlung of varying energy, 3-40 MeV, obtained frem electrostatic, linear wave-guide and
cyclic electron accelerators : betatron arid synchrotons) is practically restricted to sta-
tionary applications . The main trends of the use of various neutron and Brernsstrahlung sour-
ces for the study of rocks arid ores have been described by Savosin etal. (15).

APPLICATIONS USThX3 IScYIOPIC NEUON SOURCES ?ND NEUTRON MULTIPLIERS.

The use of isotopic neutron sources and neutron multipliers in ore and rock analysis has been
discussed in sane detail by Gijbels (16). One can use the original neutron spectrum with
neutron energies up to 4 MeV, or thermalized neutrons, or a ccrrination of both. The fast
neutrons have frequently been used for determining fluorine by the 19 (n,ct) 16N reaction; the
therrnalized neutrons have often been used for determining manganese, copper and tungsten by
(n,y) reactions; silicon and aluminium can be determined by irradiating the same subse-0

quently with fast and rrcderated neutrons, the relevant nuclear reactions being Si (n,p) 2°Al
arid 27Al(n,y)28A1.

Russian orkers have nostly used 210Po/Be and sourqçs, up to io Curie. For Western
countries, a number of papers deal with the application of AirVBe (typically 5 curie) and
2529 ,(typically 100 jig) in neutron activation analysis of geological materials. 228Th/Be
and 2°Ra/Be have not been utilized so often, because of their high garrrna dose rate; the saxte
is true for 124Sb/Re.1 A source that is quite promising both in investment and replenishment
costs is 227Ac/Be (T = 21.8 y).
Table 1 lists a nurrer of typical fast, instrumental major elarent determinations in geologi-
cal material by isotopic neutron source activation analysis. In addition, the A.E .C .L.
(Canada) has investigated the feasibility of determining a nurft)er of econcrnically interesting
elements in various minerals, using a 6000 Curie 124Sb/Re source (Ref. 17) Al in bauxite,
Ag in friebergite, As in skutterudite, Au in auriferous quartz, Ba in barite, Ca in limestone,
Co in skuttertx3.ite arid in Cu-Ni ore, Cr in chromite, Cu in chalcopyrite, in Cu-Ni ore, in
Cu-Zn-Pb ore and in malachite, Dy in apatite, F in fluorite, In in sphalerite, M in dolomite
and in brucite, Mn in manganese ore, Mo in nolybdenite, Ni in pentlandite, rare earths and Th
in rronazite, Sb in stibnite, Se in Cu-Zn ore, Sn in cassiterite, Ti in ilmenite, W in
x)lframite, U in uranitite and carrotite V in carnotite, Zn in sphalerite and Zr in zircon.
This nobile system is built around an l24/p source and allows thermal fluxes of lO8n .cm2
51• The whole can be placed on a 12-rn long trailer.

Isotopic neutron source activation can also be applied to corrrton rocks. Janghorbani et al.
(18), for instance, used a 1.25 mg 252Cf source for determining Mn, Al, Na and Ti in lunar
rocks. The induced activities were, however, rather low in the 0.5 to 1 g samples available.

Usually the method is optimized for determining one single element of (economic) interest,
although saretirres rrore elements are sought for, e .g. Al, Cr and Si in chrane ores. Coun-
tings are usually performedwith NaI (Tl) detectors coupled to single-channel analyzers. In

special cases, such as the prcrtpt ganrna counting fran nickel ores (Ref. 19), or the rhenium
assay in irelybdenite concentrates (Ref. 20), Ge (Li) detectors have been preferred.
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TABLE 1. Neutron activation analysis of ores using isotopic neutron sources.

alurnino—silicates, sedi-
mentary rocks, marine se-
diments, aluminium ores
and dressing products

copper ores

copper-bearing drill core 44-46
and other copper-bearing
products

porphyry copper deposits 47

phosphorite ore 48

gold ore 49

multimetallic ores and con- 50,51

centrates, sphalerite

iron ores, concentrates and 38,52,53

filings

manganese ores (pyrolusite) 54-61
sedimentary rocks and soils,

lfraniite, hibnerite-bea-
ring rock, multimetallic
ores, ferrcanganese, ma-
rine sediments
low-grade nickel ore 19,47
(> 0,1 %), nickel lateri-
tes

irolybdenite concentrates
silver ore
phesphorite ore

woiframite, hibnerite-
bearing rock, tungsten con-
centrates, mixtures of
scheelite + fluorite, hib-

nerite, ferberite, Mo-con-
taining scheelite ores and
corcentrates

Elencnt de-
termined

Activation Half-life
reaction

Type of ore analyzed Ref.

A. Urifroderated neutrons.
.Aluminium 27 27

Al (n,p) Mg 9.46 m chrare ores and concen-
trates

26-28

.Chranium
52 51
Cr(n,p) v 3.75 m chrane ores, concentrates

and tailings
26-28

.Fluorine 19 16
F (n, n) N 7.14 s

.fluorite ores and concen- 29—37

Iron 56Fe (n ,n' y) inelastic neu-
tron scattering

56Fe (n,p) 56Mo 155 m

trates, apatite

iron ores, concentrates

and filings, manganese ores
taconite ore

38

39
**Silicon 28. 28

Si (n,p) Al 2.24 m chrane ores, concentrates

and tailings, pyrite, py-
rite smelter slag, nickel

26-28,39

*
Uranium 238 239

U (n,y) U 23.5 m

smelter slag, taconite ore
. -uranium ore (uilibrated

and not)
40,41

B. Moderated neutrons.

42,43,61

42

**
Aluminium 27Al (n,y) 28Al 2.24 m

Copper
65 66
Cu(n,y) Cu 5 • 1 m

63Cu(
64

n,y) Cu 12.8 h

Dysprosium

Cu(n,y)
164 165

Dy(n,y) Dy

prorrt y
139 m

Gold 197
Au(n,y) prart y

Indium 115 11
In(n,y) In 53.7 m

Iron 56Fe (n,y) pranpt y

Manganese 55Mn(n,y)56Mn 155 m

Nickel Ni (n,y) pranpt y

Rhenium 187
Re(n,y)188Re 16.8 h

Silver
107 108

Ag(n,y) Ag
109 110

Ag(n,y) Ag

145 s

24.4 s

Tungsten
186 187W(n,y) W 23.9 h

20,62

48

60,63—65
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titaniizn-inagnetite ores, 50,61
linonite, marine sediments

C. Combination of fast and rroderated neutrons

Aluminflini 27Al(n)28 2.24 m bauxite, nepheline, clay, 50,58,66-70
and
Silicon

28
Si(n,p)

28
Al 2.24 m

kaolin,
manganesian rocks

*
nunimtzn of rrcderator used; activation essentially with epithermal neutrons

see also Table 1, C.

Sample sizes are usually rather large, at least 10 grams, scinetimes a few hundreds of grains,
or even kilogram arrounts. This requires careful standardization, e.g. study of thermal neu-
tron attenuation (especially in Mn, Cu and W ores) and gamma attenuation, if reliable results
are to obtained. It has been shown that a reproducibility of ± 0.5 % relative can be ob-
tained for the Mn assay in pyrolusite; the results are of the same quality as titration met-
hods (pyrophosphate or bismuthate method), with the advantage of not requiring the dissolu-
tion of the sample (Ref. 54).

For details on the determination of other elements, the original literature should be con-
sulted, or a recent review article (Ref. 16). We finally note that a number of carmercial
systems are offered by American, French, Finnish, Russian and Hungarian cctranies or orga-
nizations (Ref. 21-25).

APPLICATIONS USING A NER0N GENERAWR

The voluminous literature on 14 MeV neutron activation analysis (irore than 800 references)
has been abstracted in a recent annotated bibliography (Ref. 71). The state of the art of
this technique is well described in a recent nonograph (Ref. 72). About 120 papers deal with
the analysis of geological samples, and it weuld be impractical to discuss even a part of
them here, for sore details and references, see (Ref. 16).

TABLE 2. - Neutron activation analysis of geological samples with the aid of a neutron gene-
rater.

Material analyzed (*) Elements determined (**)

£Zpatite, phosphorite, phosphate rock
Bauxite
Coal, coal ash
Copper ore, concentrates and tailings
Copper-nickel ores, Cu-Ni-Te mixtures
Copper-zinc flotation products
Flnorite, fluorspar
Gold-bearing ores and solutions
Iron ores, minerals and slags
Manganese ore Mn
Mica F
Nepheline
Poletallic ores
Rare earth element ores, gadolinite, nonazite
Rare earth elerrent concentrates
Taconite and concentrates
Tar sand
Zirconium concentrates Hf
Rocks (igneous, sedimentary, metartorphic), rock-forming mine- 0, Si, Al, Fe, Mg
rals, soils, meteorites and lunar rocks and soils
* Including ore concentrates and other materials of industrial interest
** References to the original literature can be found in Ref. 71 and 16.

Vanadium 5]_ 5v (n,y) 3.75 m

P, Al, Si, F, Fe, Sr
Al, Si, Fe, 0
0, Al,. Si, C, Fe
Cu, Si, Al, 0, Fe, Mn, P
Se
Cu, Zn, Fe, Si
P, Si, Ba
Au
Fe, Si, Al, 0, Mg

Al, Si, Fe
Pb, Cu, Zn
Ce, Pr, Y

Ce, Pr, 1, Sm, Th, Er
Si, Fe, Al, 0
Al, Si



Activation analysis of ores and minerals 1559

Table 2 gives a survey of the elements that have been determined so far in ores and minerals
using 14 MeV neutron activation; nost applications deal with the determination of silicon,
oxygen, aluminium, fluorine, iron, copper and phosphorus. In the bibliography referred to
above one finds, for igneous, sedimentary and rretanorphic rocks, rockfonning minerals, sedi-
ments and soils, 53 papers on the determination of silicon, 37 on oxygen, 34 on aluminium,
16 on iron, 15 on magnesium, and a fow on the determination of fluorine, potassium, silver,
sodium, zinc and gold.

The nost froguently errloyed nuclear reactions in 14 V neutron activation analysis of ores,
minerals and rocks are shown in Table 3.

TABLE 3. - Nuclear reactions nost froguently employed in 14 V neutron activation analysis
of ores, minerals and rocks.

Element Nuclear reaction Thresho
energy

ld
(MeV)

Isotopic cross
section 2(10-27 em )

Half-life

produced

Main gaxma-ray
transition ener-
gies (MeV)

Oxygen 160(n,p)16N 10.3 40 7.12 s 6.130; 7.112
Fluorine F(n,p)1

19F(n,2n6 F
F(n,cz) N

4.2
11.0
1.6

15
60
57

29.1 s
109.7 m

7.12 s
0.197; 13560.511 (
6.130; 7.112

Magnesium 24Mg(n,p)24Na 4.9 200 15.0 h 1.368;2.754
Aluminium Al(n,p)q

Al(n,n) Na
1.9
3.3

80
120

9.46 m
15.0 h

0.844; 1.015
1.368;2.754

Silicon 28Si(n,p)28A1 4.0 250 2.24 m 1.779

Phosphorus P(n,a)2lP(n,2n) P
2.0

12.8
140
10

2.24 m
2.5 m

1.779 +
0.511 (6 );2.24

Iron 56Fe(n,p)56Mn 3.0 115 155 m O.847;1.811;2.113

Copper 63Cu(n,2n)62Cu 10.7 500 9.9 m 0.511 (6k)

Zinc 64Zn(n,2n)63Zn 12.0 100 28.1 m 0.511 (6k)

Analysis of cainon rocks.

Fourteen-MeV neutron activation analysis is probably the nost suitable analytical technique
available for oxygen determination. The measurement of 16N can easily be performed in the
presence of many other radionudides because of its rd garrirta-rays . Interferi reactions
occur practically only in the presence of fluorine, F (n,n) 16N, boron, 11B(n,p) Be (T -—=
13.6 s, high energy beta and gairtna radiation), and perhaps uranium (fission products having
a wide range of beta and garrira energies).

For silicon determinations the method is also extremely useful, and excellent results, com-

parable with gravinetry, can be obtained within a few minutes, by counting the 1.779 MeV
garrrna-rays of 2.24 in '8Al. Nuclear interference arises from the presence of phosphorus
due to the 31P (n,n) Al rction; is will only be important in phosphate rocks, and the
like. Interference from "Al (n,y) Al is usually negligible when irradiating with unnodera-
ted 14 V neutrons. A cçrron garrrna-spectrcrnetric problem is the presence of Mn activity

produced by the 56Fe (n,p) '°Mn reaction, because its 1.811 MeV gairrna-ray cannot be resolved
from that at 1.779 MeV when using a Nal (Tl) detector. A correction is, however, possible
by simultaneously measuring another 5Mn ganina-ray, e.g. at 0.847 or 2.113 V; he 2.56 h
°Mn contribution can also be established by a second counting, after decay of 2 Al (after
ca. 20 minutes). A correction can also be calculated if the iron content is known fran an
independent analysis. When a Ge (Li) is being used, the tx peaks at 1.779 and 1.811 MeV
are resolved.

Aluminium and iron can also be determined, via 27 and 56, respectively. The 0.844 and
0.847 MeV photopeaks are, of course, rot resolved and present a ganina spectraretric inter-
ference; the radionuclides have27however, very different half-lives, allowing the problem to
be solved. Alternatively, the Mg activity can be measured using the (less intense) 1.015
MeV photopeak. For magnesium the method is less suited (usually low Mg content and inter-
ference from aluminium!) ixcept for ultrabasic rocks.
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Fourteen-MeV neutron activation analysis of rocks and nteorites bas been reviewed by rgan
and Ebrrann (73) and is also discussed by Gijbels (16) . In nost of the pub1ishe papers the
concern has been mainly analytical . The techniques are row at a point where the precision
and accuracy are satisfactory, especially for oxygen ar silicon in oc, arx these netl-rxls
should be thoughtfully applied to actual problns . The direct determination of oxygen nay in-
deed be useful in studying various kinds of metarrorphism, for instance, or simply as a check
of the classical rock analysis . The strange situation exists where there are probably as
many good oxygen analyses available for lunar rocks ar1 meteorites as for terrestrial rocks.

Analysis of ores and minerals.
The basic ideas urxerlying the 14 !V neutron activation analysis of ores and minerals can
be sumarized as follows
(a) Aluminium, silicon and iron.
The determination of these elennts in various ores ar minerals , such as bauxites , nephe-
lines, nd iron ores poses basilly the saxte probln as for coirrron rocks. Again the reac-
tions 2 Al (n,p) 27w, 28Si (n,p) ozta and 56Fe(n,p)n are usually employed . The ganina spec-
trcxaetric interferences 28Al-Mn and 27Mg_5bMfl can be solved as discussed above . Ivanov et
.L. (66) have analyzed bauxites and nephelines ai concluded that activation with a suffi-

ciently intense isotopic neutron source is recoirrended because of its simplicity, if only Al
and Si are to be determined . If the iron content was also wanted , these authors uses a neu-
tron generator.
(b) Phosphorus.
T-on (74) has determined phohorus in phosphate rocks (4-13 %P) via the reaction 31P (n,a)
2°Al The interference from Al (n,)28Al appeared to be negligible, whereas the nuclear
interference from silicon, 28Si(n,p) Al was avoided by treating the sanple first with H'
(SiF4*) and HC104 (HF').

Several papers appeared in the Russian literature dealing with the determination of phospho-
rus in apatite, phosphorite and phosphoric raw material, all utilizing mobile neutron acti-
vation equirrent (Ref. 9-12). There is a tendency of using large sanple sizes : up to 50 kg.
The reaction 31P (n, 2n) 30p was used (Ref. 10) and the annihiliation radiation counted
with a coincidence array. Correction for pair production by bard ganina emitters (in par-
ticular fran 28Al : 1.779 MeV) was required. Since apatite contains fllx)rine, interference
from the reaction 19F (n, 2n) 18F can be expected; the positron emitter 18F has, however, a much
longer half-life (109.7 mm against 2.5 mm for 30P)so that a 9orrection can easily be ap-
plied. Interference from other emitters is possible, e.g. 4Fe (n, 2n) 53Fe (T—= 8.5 mm).
Kasatchin i. (10) reported an accuracy of ± 3 to 5 % relative for P205 contents of 15 %
and a sensitivity of ca. 0.5 % P205 when using a sealed neutron tube with a yield of 1 to
3 x 108n.s1.

(c) Fluorine.
The use of a 14 MeV neutron generator permits the production of both 19 and 18F for the de-
termination of fluorine, and has been applied to fluorspar ores, apatite and mica. Knight
.t..al. (75), Bartoek et al. (76) and Weber and Guillaurre (77) used 29 •1 s 19, Jeffery and
Baps (78), Nargolwalla et al. (79), Strain et al. (80) and Botvina et al. (81) used 109.7
m1 F. Dibbs and Mc Mahon (82) measured both isotopes.

A disadvantage of 19 is its low-energy ganina radiation (mainly 0.197 MeV) which gives rise
to ganrna absorption in large sanles. The high background fran Ccinpton scattering rsens
the counting statistics, and he presence of a backscatter peak can give rise to positive
errors. The use of 109.7 m 1 F invariably requires longer analysis times, and since this
radionudide is a emitter it lacks specificity.

19 16The reaction F (n, n) N canrot reily be used with a 14 MeV neuron generator, since the
high energy neutrons also produce N from the reaction 16o (n,p)1 N; this is not the case
with urirnoderated isotopic source neutrons (Ref. 83).
(d) Copper, zinc.

62 . . 63 62 . 62In all cases 9.9 nun Cu is counted, formed by the sensitive Cu(n, 2n) Cu reaction; Cu
is a positron emitter, allowing one to count the annibiliation ganina rays with a coincidence
array (Ref. 84, 85, 10). This results in a more favorable signal-to-background ratio and
is especially useful for low copper contents (< 1 %). Soviet sorkers have eirloyed a por-
table neutron generator (sealed neutron tube, 1 to 3 x 108n.s1) for the determination of
copper in ores under field conditions (Ref. 9-11), e.g. at the Icounradskij deposits in
Kazakhstan, and reported a sensitivity of 0.01 to 0.05 % Cu.

Gorski (84) have determined copper in lower Silesian deposits (0.01 to 12 % Cu) with
a coefficient of variation of ca. 2 %. Interfering radionuclides formed from K, Zn, Ag, Mo
and Sb, gave an apparent copper content of ca. 0.05 %.
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Pradzynski (86) examined fast neutron and pIthnuc1ear activation with a betatron f9r the
analysis of coçer in ores, tailings and nctrte, via the reactions 63Cu (n, 2n) °Cu and
63( ,n) 62w, respectively . Satisfactory results were obtained with both iretlxxls, although
photon activation was preferred because of the saaeihat better precision and because of the
possibility of changing the photon energy, allowing to exclude soir interfering reactions.

t'frnen zinc is resent, interference fran the reaction 64Zn (n, 2n) 63Zn occurs with 14 V neu-
trons ,since 6Zn I s also a positron dtter . Correction , however, possible because of
its longer half—life (28 .1 m) . In fact, both elenents can be determined in this y.
Navalikhin (87) determined dcin to 0.08 % copper and zinc in polyiretallic ores by
0.511 - 0.511 MeV coincidence counting after t cooling periods : ca . 8 mm and ca . 35 mm.

APPLICTEONS USI RE7CIOR NEUTRONS.

Reactor neutron activation via (n, y) reactions is particularly suitable for trace analysis,
or when dealing with small samples, snch as lunar specirrens and ireteorites . Thace eltent
analysis may be of interest for stixlying origin, genesis and paragenesis of mmnals, and
other geochnical problens . Data for trace elients such as uranium, gold, rhenium, sele-
nium, tantalum, lanthanides, etc . itay, hcever, also be of technological interest . There
exists an irrpressive literature on reactor neutron activation analysis of geological sanles,
saTe 400 papers according to Lutz . (6).

Radiochemical neutron activation analysis.
Earlier vrk was mainly by radiochernical separation of the elements of interest. Procedures
for many elnts can be found in the literature, and reference is made to bibliographic
surveys such as those fran De Soete et al. (88) and Lutz etal. (6) , and systematic treat-
ments such as t1ose fran Bowen and GiJ±ons (89) , the ORNL "Master Manual" , or the series
"Padiochemistry of the Elerrents" . Even today, many elrents can only be determined after
radiocI-inical separation, if they are present in too lcr entins, or if their spectra
are masked by dcmiinant activities frcn other species . Padiochemical neutron activation ana-
lysis (RN7A) can go dcMn very far without preconcentrations. It s1ould be erphasized that
blank problems are virtually ron-existent, contrary to other analytical techniques.

R.N.A.A. can lead to quite accurate results if the analyst is aware of the underlying prin-
ciples and limitations of the technique. To give an idea of the sensitivity which can be ob-
tained, we cite the determination of iridium in U.S.G.S. standard silicate rocks,at concen-
trations dn to 0.005 parts per billion (Ref. 90,91).

InstrunEntal neutron activation analysis (INAA).

There is a definite tendency in recent years to use purely instrumental techniques, especial-
ly gairina-ray spectraretry of the irradiated sanple, witlout chemical separation, or with
siTrple group separations only.
(a) Scintillation gairrna-ray spectrcrtetry.
Analytical applications of direct scintillation garrrna-ray spectranetryare very limited
owing to the inferior resolution of Nal (Tl) detectors. In sate cases, however, the spectra
are sufficiently siirple to use this technique , e.g.for determining Sc and Cr in pyrope, Ta
in rutile and co]xrnbite, Na, Sc and Co in rocks, Hf in zircon, Ag and Sb in galena, V in

magnetite, Sc and Ta in greisen, etc.
(b) Hih-resolution ganrna-ray spectrometr.
Since the advent of high-resolution Ge (Li)detectors, irore coirplex spectra can be tackled.
Lamb etal. (92) determined Mn, In, Ga, Zn, As, Sb, Cu, Na, Fe and Au in a sulfide ore.
Cobb (93) determined the abundance of Mn, Sc, Th and seven lanthanides (La, Ce, Sm, Eu, Dy,
Yb, and Lu) in granites, basalts, lirrestone and one garnet sarrple.

For full details on the activation procedures, the detection systems, treatment of the data,
ganmna-ray energies of interest, and interferences in the instrumental neutron activation ana-
lysis of silicate rocks, reference is made to the conprehensive paper of Gordon etal. (94).
Abundances were determined in six U.S.G.S. standard rocks, a subalkaline basalt and a rhy-
olite for 23 elements : Na, K, Rb, Cs, Ba, La, Ce, Sm, Eu, Th, ¶fln, Yb, Lu, Th, Zr, Hf, Ta,
Mn, Co, Fe, Sc, Cr and Sb. Sate relevant data are sumarized by Gijbels (95).

The method can also be extended to short-lived radionuclides. A few minutes after irradia-
tion the following activities an be obsFved in silicates 28Al, 56Mn, Mg, 24Na, l6SrJy
and 2V, and saretimes l39mBa, o nd 1Tj. The 27Mg 844 KeV photopeak contains such a
large contribution fran the 2.58 iir Mn 847 KeV peak that it is necessary to use the 1014 KeV
peak instead. In practice, however, Mg determinations are restricted to ultramafic rocks and
stony meteorites, which contain more than 10 % of1 Mg (Ref. 96). Garrina-ray spectrometry of
short-lived species poses several problems, such as a decreasing fractional dead-time during
the measurement, and also changes in the average dead-time per pulse. In addition, pulse
pile-up problems may arise. These topics are discussed by Hertogen and Adams (97).
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Similar methods have been developed and/or applied to terrestrial, meteoritic and lunar sairp'-
les by others, as appears fran a recent review (Ref. 95).

The precision and accuracy of I can be greatly enhanced by using a planar Ge (Li)or Ge de-
tector, which exhibits an fliprov resolution as cctnpared to "conventional" coaxial detec-
tors . These so-called "low energy photon detectors" (LEPD) are especially useful for mea-
suring lr-energy photons , I .e . galtlTa and X-rays : this is of special interest for deter-
mining the rare earth nents, U and Th, as slxwn by Hertogen and Gijbels (98) . Mantel
and Amiel (99) applied X-ray spectraretry with a Si (Li)detector for the determination of
the lanthanides in neutron-activated samples of xenotirre and ironazite . By ccnbining short—
ar long-lived radionuclides , ar counting with both a coaxial and a planar Ge (Li) detector,
the folliirig elaients can be determined in basaltic rocks : Na , Mg, Al , K, Ca, Sc, Ti, V,
Cr, Mn, Fe, Co, Pb, Sb , Cs , Ba, La, Ce , Nd, n, Eu, Gd, Th, Dy, Ho, ¶Lh, Yb, Lu, Hf, Ta, Th
and U. In nore acid rocks ,an additiora1 nuither of e1nents can be deterrnin, such as Zn,
Sr and Zr, but in ultrabasic rocks the situation is less favorable. In addition to the
above elnents , one can also detennine silicon via the reaction 29Si (n,p) 29A1 if the neutron

flux is not too well thrinalized. Phosphorus can be determined in silicate rocks by -coun-
ting, using a 210 rrq/crn Al absorber (100, 101).

INA is obviously also applicable to ores and concentrates . De Lange (102) deter-
rnin1 Au and U in Witwatersrar ores, Turkstra (103) determined Pd, Ir, Pt and Au in

ores, rratte and lead assay beads , whereas Schroeder . (104) determined Ag in minerals
arid ores . Steinnes and Mukherjec (105) analyzed sauples of pyritic lead-zinc ore for Sc,
Cr, Co, Zn, As , Se, Ag , Sb, , Au ar1 Th using theriral neutron activation; activation with

epithermal neutrons (see further) irrçroved conditions for the determination of As , Sb, Se,
Ag, Au and Th. Moncinineralic sulphide fractions (pyrite, jrrhotite, arsenopyrite, arid
galena) fran kimberlites arid other rocks were analyzed for Fe, Co, Sb, Se, Ag, Zn and Cr by

Leipunskaya and Savosin (106) . Generally the analytical possibilities of INAA with a Ge (Li)
detector are determined by the cczrosition of the sarrple, i .e . 1 the major e1tents (e.g.
Fe) , but also by the mirr or trace elenients , such as Mn, Na , La, Sc , Co , Cs , Eu, Ta
thich may give rise to dcrninant peaks and corresponding Canpton continuurns in the gairrra-ray
spectrum of the activated sanle. A systTiatic survey for a number of ores and minerals
was conducted by Vobeck' (107). They found that a number of elaients (net including
those giving rise to short-lived radioisotopes) can easily be determined by INP of minerals,
such as, Na, K, Sr, Mn, Ba, La, an, Eu, Dy arid Au in dianond, Ag and Sb in galena, Zn, Ag and
Sb in sphalerite, Fe, Co, Zn, Se and Ag in chalcopyrite, Co, Zn and Se in pyrite, Sc, Cr,
Se, Cs, Hf, Ta, W and Re in nolybdenite, La, Ce, Nd, an, Eu, Th, Yb arid Lu in fluorite, Sc,

Co, Cs, Ce, Eu, Th, Yb and Hf in limestone, Sc, Fe, Ce, Eu arid Yb in magnesite, Sc, La, Ce,

Nd, an, Eu, Th, Yb, Lu, Th arid U in ironazite, Cr, Sr, La, Ce, Nd, an, Eu, Th, Yb, Lu, and
Th in apatite, Sc, Cr, Fe and Co in garnet (pyrope), Sc, Fe, Ce, Tb, Yb, Ta and Th in tour-

maline, Sc, La, Ce, Nd, an, Eu, Tb, Yb, Lu and Th in orthite, Sc, Fe, Zn, Rb, Sb, Ca, Ta
and Th in cinvaldite, Sc, Cr, Fe, Co in serpentine, Sc, Ta and Th in lframite arid cassi-
terite, Sc, Cr, Fe, Co, Cs, Ce, Eu, Hf, Ta and Th in coal and brewn coal. A number of ele-
nents could also be instrumentally determined in separated rock-forming minerals : Na, Mg,
Al, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ba, La, Ce, Nd, an, Eu, Tb, Dy, Ho, Thi, Yb, Lu, Hf, Th
in feldspars (108,109), Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Zr, (Ba), La, (Ce),
an, Eu, (Tb), Dy, Ho, (Th), Yb, Lu, Hf, (Ta), W, (Au), in (cliro—)pyroxene (109), etc.
(c) Coincidence countirj.

Instead of Ge (Li) gairrna-ray spectranetry, other counting techniques can,of course, be used,
especially if the analysis is aimed at a particular elrent. Iridium can, for instance, be
determined in various materials on a purely instrumental basis by using triple gairrna coinci-
dence counting of 1921r. For slags fran copper-lead production, the sensitivity is 20 ppb
(2 x icr6 %), for silicate rocks ca. 1 ppb, and for plagioclase feldspars even less (Ref.
90, 91, 110). Applications of coincidence counting to geological samples have been reviewed
by Ehmann jjJ. (111), with special emphasis on meteoritic studies.

Group separations.

The applicability of NAA can be substantially improvedby introducing sane rather simple
group separations, follewed by Ge (Li) ganrna-ray spectranetry. Several approaches for geolo-
gical samples appear in the literature, such as the group separation systn of Morrison
al. (112), where the sample is dissolved in H2S04 arid HF, the volatiles are trapped in con-
centrated NaOH and the residue dissolved in 8N.HC1. Na and Ta are absorbed on hydrated an-
tinony pentoxide (HAP) and the effluent of the HAP column is passed through a Dewex 1 x 8
column. The effluent arid wash (8N HC1) are extracted with TBP : Sc, Zr, Hf arid Pa appear
in the organic phase, whereas the aqueous phase contains the rare earths, Cr, Ca, Ba, Sr, K,
Rb and Cs. The anion exchange coliim-i is eluted with 0.5 N }tl. The eluate contains Fe,
Co, Cu, Ni, Ga, W, Mo and Np. Zn, Cd, Sb, Re, In, Hg arid Au are counted on the resin. This
method was applied to lunar rocks, soils and fines.
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Activation analysis of ores and minerals 1565

A method for the continuous on-stream determination of trace concentrations of uranium and
thorium in flcwing streams was developed by A1Sbahristani and Jervis (139) ; a 14 MeV neu-
tron generator was used for irradiation, and the delayed neutron technique utilized to
count the induced neutron activity. At optimal codins, uranium and thorium concentra-
tions could be detrrnined down to 20 and 100 pprt, respectively. Interference of the neutron
mttting nuclide J reduced by optimizin the decay tirre.
Nuclear track counting.
Sane eleirents, such as uranium, thorium (Ref . 140-144) ar1 boron (Ref. 141) can be deter-
mined by nuclear track counting. The sample (a pelletized pcider) is pressed against a
dielectric detector in the form of foil and irradiated in a nuclear reactor . The boron
analysis is based upon the 113(n,a) Li reaction, where the recoiling alpba.partic1es pene-
trate into the foil (cellulose acetate butyrate "Triafol BN") ; for uranium aid thorium, poly-
carbonate foils Iexan, "Makrofol") , polyethylene terephtalate foils ("Lavsan") or mica
detectors are corrrronly used to catch the recoiling fission fragments . The radiation damage
produced by fission fragrrents or alpha particles can afteiwards be observed by etching the
foil with a suitable reagent. The nuclear tracks have a characteristic form and can be coun-
ted under a microscope. Manual optical microscopy is still rrost widely used as a rretbod for
data acquisition, as appears frctt a 1972 survey on track registration (Ref . 145) . The coun-
ting can, hciever , also be perforTred with autanatic scanning , for tanc, or faci-
litated by projecting the picture onto a screen, or by counting the tracks on a photanicro-
graph, etc . It is obvious that starx3ardization can be carried out by simultancously irra-
diating a sanle with a kncin U, Th or B content. The state of the art of this technique can
be found in a recent nonograph (Ref. 146).

A surprisingly siitle and inexpensive technique for countir tracks in very thin foils
(thickness less than the range of the fission fraents or alpha-particles) has been deve-
loped by Cross and Taruiasino (147) and is kncn as "spark countingt' ; see also Johnson eta.

(148) and Agard (149) for instance.

The determination of uranium by the fission track method is superior to starxard neutron ac-

tivation analysis in all cases where it is desirable to obtain information on the spatial
distribution of the uranium content. In that case, the sarrple should of course not be pow-

dered. The method allows the determination of uranium contents down to the i0 ppb range
over areas less than i6 2, and is therefore suitable for determining very smallquanti-
ties of uranium, e.g. in mineralogical sarrples. Flerov and Berzina (150) give a systEratic
discussion on the determination of the spatial distribution, and local and total concentra-

tions of uranium, thorium, boron and lithium in minerals and rocks, based on the recording
of either the spontaneous disintegration products of uranium or the products of (n,f) and

(n,ct) reactions of uranium, thorium, boron and lithium. Results are given for uranium in

zircon, titanite, apatite, obsidian, cassiterite, basalt, arxlesitic basalt, pyropic perido-

tite, pyropic-spinelic pyroxenite, enderbite, serpentinized harzburgite, apodunitic serpen-
tine, phlo9opite and muscovite; for thorium in zircon, pyrochiore, zirtolite and granitoids;
for boron in shale, syenite, skarn, epidosite, quartzitic diorite, diorite, porphyry, gneiss,

spessartite and ainphibolite; and for lithium in mica.

The nuclear track technique is used in such diversified areas as geological studies, cosmic
ray studies, dating studies, studies of meteorites and lunar specimens, studies of the solar
system origin, solar flare studies, geochemistry of the heavy elements, search for super-
heavy elements, to mention just a few in the context of this paper (Ref. 145).

Fission-track dating of irrpact glasses, obsidian, tektites, apatites, zircons, etc. may well
carplerrent other dating methods; it is based on observing the fossil tracks fran spontaneous
fission of 238U in the specimen itself, after etching with a suitable reagent (Ref. 151). If
a similar sarrple is irradiated with thermal neutrons, af annealing of the fossil tracks by
heating, "fresh" tracks fran neutron induced fission of U can be observed after etching.
The "fission-track age'can be calculated fran the eguation

P5 cI
SF

where P5 and : number of spontaneous and induced tracks, resectivel per unit area;

I : ratio of the natural isotopic abundances of 2iSTJ to 2i0U = 0.0072/0.9927);
cross section for the reacti2n 235U (n,f) (= 577 x 1024an ); 7 -1partial decay constant of 23°U for spontaneous fission ( = 8.42 x 10 yr

n : neutron dose (n .ar2);

This method of age determination assumes that the latent fossil tracks are conserved over
the geological times. Evidence for a carplex thermal history of the saxrple can be found by
canparing the parameters of spontaneous and induced (fresh!) tracks (track length and/or pit
diameter). If the sample has been reheated in geological times, both the mean track diameter
and the track density P5 will be lowered, and t must be corrected (Ref. 152). The study of
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the thermal history of geological sarrples is quite a uri.iq aspect of t1- fission track rret-
hod.
Note : Although for xtrst induced nuclear track work reactor irradiations have been used,
there are instances where isotopic neutron sources can be use, e .g . for determining the
235j content in enriched uranium samples (Ref . 153).

Sptrosoopy of garrina-radiation fran the inelastic scattering of fast neutrons.
Abnd et al. (154) describe a tebniqu, where a san1e (2 to 20 gram) is irradiated with a
reactxr fast neutron beam from which gaxrtta rays and thennal neutrons are filtered out by
9 an of lead, 1 an of boron carbide and 0 .5 an of cadmiun. Spectroscopy (with a GeLi detec-
tor) of ganra radiation fran the (n,n' y) reaction is used to determine the concentration of
Si, Ca, Mg, Fe, Al, Na, Ti, 0, and C in soils, for instance.

christell and L junggren (38) have shcwn that iron can be detenoined in iron ore; etc
observing the 0.84 MeV ganrta rays produced by fast neutron inelastic scattering upon Fe.
çQnting was performed on a 1 .78 liter sairple during neutron irradiation with a 0.5 Ci
2''Pu/Be source . A 2lOp0/p source was unsuitable due to the 0.8 V gamna radiation fran
21OLo

Fookes etal. (155) describe the determination of tho concentration of iron in high grade
iron ores arYLI lead in lead concentrates using Ccspton scatter of 60 ReV garrsa-rays from
241 (100 m Ci) . Iron in high grade iron ores (ca. 90 % by weight Fe703) was determined
with an absolute rrm error of ± 0. 13 % by weight iron for finely grour and dried sairples
and 0.9 % by weight iron for coarse drill chippings from blast holes. Lead in lead con-
centrates (ca . 75 % by ight Pb) was determined to 0 .56 % by weight lead.

ALYSIS USING HIGH ENERGY PRTIGLE BcV!ERt*ENT.

charged particles, such as protons , ranging in energy from 0.8 to 4 .0 MeV can be used to in-
duce resonant nuclear reactions , Coulomb excitation (garrüia rays) and X-ray eadssion in both
thick (pellets) and thin (solution nebulized onto 'Fonnvar"fi1m) targets . The nuclear
tions are either inelastic proton scattering with subsequent garrrnaray emission (p,p 'For
proton absorption follcwed by emission of an alpha-particle and/or decay to the ground state
(p,cty) , (p,y) ; at the resonance energies the reactions are selective in the sense that only

one reaction is prevalent. For quantitative analysis, the catparator method must be used.
The excitation of a nucleus by the interaction of its Coulomb field with that of the baribar-
ding nucleus is a purely electrcznagnetic process. The cross section for Coulomb excitation
depends on several parameters including the energy, spin and parity of the excited nuclear
state being populated relative to the ground state, the energy of the Ixiribarding particle,
and the strength of the Coulomb interaction. However, even under the must favorable circuit-
stances, the cross sections for Coulomb excitation are low, resulting in a lack of sensitivi-
ty.
The main advantage of using heavy charged particles (protons) for X-ray excitation is that
the background can be quite lowwhile the cross section for X-ray poduction romains high.
For quantitative analysis, the carparator technique can be used, or an internal standard.

For solid materials such as rocks, the best sensitivity is obtained by forming a pellet using
10 % graphite. These sasples can withstand larger beam currents than thin films, although
the thick target makes it necessary to correct for the loss in energy of the bombarding par-
ticle as it passes throngh the saxrple; the stopping powers do nct vary appreciably between
different types of silicate rocks, for instance, indicating that by using a standardized rock
pcder for ccrrparison, a]irost any type of rock can be analyzed without additional correction
for the snall differences in stopping power. In order to show the potential of a combination
of the three techniques, several USGS standard rocks were analyzed by Clark et al. (156),
using a 5. 5-MeV Van de Graaff accelerator, with beam currents up to 2 pA. GrEe G-2 was
used as the standard and concentrations calculated by carparison. Results were obtained in
basalt BCR-1 for Li, F, Na, Mg, Al, Si, P, S and Cl (proton resonance method), K, Ca, Ti, V,
Cr, Mn, Fe, Cu, Zn, Ga, As, Rb, Sr, Y, Zr, Nb, Ag, Sb and Ba (proton induced X-ray excitation);
Coulcrnb excitation yielded results for the elanents Ti, V, Mn, Fe and Zn, only.

Charged particles can also be utilized for the production of neutrons, and activation analy-
sis perforzr in the neutron flux so obtained. As an exarrple we mention the analysis of less
than 109g of the isotope 204Pb in lunar sairples by an (n, 2n) activation using high-energy
(>8.8 MeV) neutrons produced by baribardment of a specially designed beryllium sairple holder
with deuterons in a cyclotron (Ref. 157). Radiocheaical separations and X-y coincidence
counting techniques were necessary to achieve the riired sensitivity. Although the flux
of neutrons of sufficient energy fran the cyclotron procedure is sanewhat lower than can be
obtained in the best reactor irradiations, the high radioactivity due to other elanents pro-
duced by the (n,y) reactions in the reactor is eliminated. Radiocheaical procedures for
the analysis of Bi, Tl and Zn in the same samples are also described (Ref. 157).



Activation analysis of ores and minerals 1567

P}YION ACTIVATION ANALYSIS.

The photon induced nuclear reactions are thrsho1d reactions : the threshold energies of
the nost frequently utilized (y,n) and (y,p) reactions are in the 8—20 MeV range, arid the
cross sections are typically between 0 .01 and 1 barn. In order to apply photon induced
reactions in activation ana, one needs pIcton fluxes of high energy and high intensi-
ty . These photon fluxes are obtained as Brernsstrahlung fran electron accelerators , with
electron energies of 20 to 50 MeV. Linear accelerators (average beam current fran 5 to
200 iA) , betatrons (< 1 iA) and rnicrotrons (5-40 A) are being used . Due to its corrilexity,
a "linac" will only be utilized in cases where the accelerator also seives other p.irposes
(nuclear physics research) . The beam current of betatrons is often too li for sensitive
analyses although good results were obtained for photon activation analysis of copper ores
and concentrates (Ref . 158 ,159) . The microtron (Ref . 160,161) might be a good carpromise
fran the point of view of beam current and corrlexity.

The possibilities, limitations ard quantitative aspects of photon activation analysis have
been discussed in various review articles (Ref. 162-167) . A rrilation of photonuclear
reaction products ar associated ganura energies has been prepared by Tans (168) , airong others.
A preferred application is the deternination of the light elnents C , N and 0 in the rrost
diversified materials, also in rocks and ores with detection limits between 100 and 10 g
(Ref. 7 ai 169).

The applicability of instrumental photon analysis to silicate rocks has been derronstrated
by Kato . (l7O-l72) . Rock sarrples and multieleiient staxx1ards were irradiated siimil-
tanusly in Brernsstrahlung of 30 MeV, and the induced radioactivities frat (y ,n) and
(Y ,p) reactions were rreasured with a GeLi detector . Results were obtained for ma, minor
and trace elements : Na, Mg, Ca, Ti, Fe, Mn, Co, Ni, Rb, Sr, Y, Zr, Nb, Ba arx Ce in basic,
intextrediate and acid rocks; in the case of peridotite and dixiite rocks, Mg, Ca, Ti, Fe,
Cr, Mn, Co and Ni could be determined, with an average beam current of 70 A in a linear
accelerator. Das etal. (173) determined Mg, Ca, Ti, Mn, Sr, Zr arid Nb in acidic rocks,
and Mg, Cr, Ni and Mn in ultrarnafic rocks. The incorporation of photon activation ana-
lysis of rocks in cxrnbined irradiation scherres will be discussed later.

The main trends in using Brernsstrahlung sources for the study of rocks and ores have been
discussed by Savosin (15). Sulin (174) utilizes a systerri allciing the activation of
a sample with photons from a betatron or a microtron and photoneutrons obtained with a
suitable convector, either separately or sflnultaneously. In this way he could determine a
nurrber of elerrents in porphyrite, using a Nal (Tl) detector for rreasuring the activation pro-
ducts of (y ,n), (y ,y') and (n,y) reactions : Cu, Zn, Ba, Mn, Al, arid F (contents 0.01; 0.01;
0.1; 0.2; ca. 5 arid 0.1 wt % respectively). A polymetallic mineral (sulfide bearing dolo-
mitic linestone) was analyzed for Cu, Zn, Pb, Ba, F, Mn, Sr arid Al (contents 0.012; 0.84;
2.2; 1.6; 0.09; 1.5; 0.5 and 0.82 wt % respectively). This procedure was also used for the
determination of Na, Mg, Ca, Ti, Mn, Fe, Zr and Nb in alcaline minerals, by measuring the
radioactivities induced by (y ,n), (y ,p) arid (n,y) reactions • W-Mo bearing minerals (garnet
pyroxene) were analyzed for Mo, W, Cu and Mn ,content 0 .0, 0.58, 401 and wt % regec_
tively) via the reactions 100Mo (y ,n) 18°W(n,y) 1°7W, Cu (y ,n) Cu and 5Mn (y ,n) Mn.

A polymetallic oxide was analyzed for Si02, A:L203, CaO, MgO, Ti02, Pb, Zn, Cu, Ba, As, Sb,
Cd and Au using a Ge Li detector for measuring the induced radioactivities, at concentra-
tions of 86.4; 4.3; 0.6; 0.28; 0.1; 0.17; 0.51; 0.02; 1.5; 0.08; 0.03; 0.05 and 0.00016
wt % respectively. In rrost cases large sample sizes were taken, about 100 grains. The sen-
sitivity of the method was reported to be sufficient in order to resolve problems connectec3
with the prospection and the geochemical study of the ores.

The rapid determination of gold in mipral raw erials at concentration. levels of 1 p.p.m.can be carried out via the reaction 1'Au (y,y') '
Au, (Ref. 175) using 100—g samples

(beam current 700 iA, upper limit of Brenisstrahlung photon energy 8 MeV). For lower concen-
trations, activation with thermal neutrons from a nuclear reactor was proposed by these
authors.

In some cases, isotopic ganra sources can be used to photoexcite a nucleus by .(, y') reac-
tion. As an example we cite the determination of erbium via the 16 (y,v)16"r reaction,using a 200 Ci source of 24Na (Ref. 176). This source was prepared by irradiatinq high-pu-
rity NaOFI for 75 hrs in a nuclear reactor at rrore than 4 x i013 thermal n.crrir2 .s. The li-
mit of detection for erbium was 1 pg Er; using samples of 10 gram, the sensitivity provedto be satisfactory for the routine analysis of this element in rock samples; the half-life
of 167n is 2.5 seconds.
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CcMBINATION OF VARIOUS TECHNIQUES.

In connection with meteoritic and especially lunar specimen ud, a tendency has deve-
loped for ccxnbining various instriittental techniques (14 MeV neutron activation, photon
activation, short and long thermal and/or epitherrnal neutron activation, followed by direct
Ge (Li) counting or other instrunntal irasurenents, such as delayed neutron counting),
and/or radiochanical techniques.

The analytical scherre proposed by Brunfelt and Steinnes (177, 178) is based on seven dif-
ferent irradiations , involving five independent portions of the saxtple. Four of these
runs are based on purely instrumental werk, the rernainin three irradiations are followed
by radiochernical separations. Most radioactivity measurements are carried out by Ge (Li)
garrrna-ray spectraetry.

Schmitt (179) used the following irradiation scherre : 14 MnV neutron activation (0,
Si), thermal neutron activation, followed by Ge (Li) spectraretry (Al, Na, Mn, K, Cr, Fe, Co,
Ba, Sc, Cu) and 23 MeV othn activation (Ca, Ti, Ni). The method has subsequently been
extended (RN1A) and applied to lunar sanples.

Goles jl. (180) made use of essentially the sane scheme for lunar rocks but determined,
in addition, La, Ce, Sin, Eu, Tb, Ho, Yb, Lu, Zr, Hf and Ta by INAA. Uranium was determined
by delayed neutron counting. The latter technique was also errloyed by Panda et al. (181);
these authors determined Ti, Fe, Sr, Y and Zr in lunar rocks by non-dispersive X-ray fluor-
escence.

Kharkar and Threkian (182) combined INA (Na, Mn, Dy, Sm, Lu, La, Yb, Ce, Eu, Tb, Sc, Hf, Cr
Co, Fe, Ti, Ta) with fission track counting and again for lunar rocks. Smales etal.
(183) determined Na, Sc, Cr, Mn, Sm, Eu, Dy, Yb, Al, La, Tb, Ho, Lu and Hf by INN, Co,
Cu, Zn, Rb, Ag, Cs and Ba by P%NZ1A and F, Sr, Fe, Ca and Ti by photon activation. Isotope
dilution (K, Rb, Sr, Cs, Ba, Nd, Sm, Eu), emission spectrography (Ni, V, Cu, Zr, Y) and
X-ray fluorescence (Si, Al, Fe, Mg, Ca, Ti) catleted the analysis.

2L 2 26 53 59. 60Information on cosmic-ray produced a, Na, Al, Mn, Ni, Co, (fran Na, Mg, Al, Si,
Cr, Fe, Co, Ni and Mn "targets") was obtained by 14 MeV, thermal and fast reactor neutron
irradiation (184).

Wánke etal. (185) made use of the following scherre
14 MeV neutron activation (0, Si); 14 MeV neutron activation analysis of Fe, Al and Mg wth
a large volume Ge (Li) detector ; reactor neutron activation (6 hrs at 7 x 1011 .s)
for the determination of Na, K, Sc, Ti, Cr, Mn, Fe, Co, La, Ce, Nd, Sm, Tb, Yb, Lu, Hf and
Ta by Ge (Li) spectrcrntiy, and a similar irradiation followed by radiochemical separations
for determining Ni (5°Co), Cu, Ga, Ge, Rb, Sr, Pd, In, Cs, Ba, Pr, Gd, Dy, Ho, Er, Ir, Au, W,
Th(233Pa) and U (135Xe).

Filby (186-187) determined Al, Mn, Na, V, Ti, and Ca by INAA via short-lived radio-
isotopes, and Sb, Co, Zn, Sc, Cr, Eu, Th, U, Ba, Ta and Fe via long-lived species. The high
24Na activity, which in nest irradiated silicate rocks and meteorites masks several (n,)
activation productsA9f interestwas ninad by adsorptin on hydrated antirrony pento-
xide; this allowed K, 72Ga, 6Zn, 'La, Cu, 8Sr, 13'Ba 152'Eu to be measured
shortly after a 2-hr activation at a thermal flux of 8 x 1012n.cnr2.s -1•
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