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. Abstract

. I : o _ I

The Mississippian Exshaw Formation of Alberta consists
L : | e _ | 2

largely of black, and in places calcareous, radloact1ve

. shales. Forty- two core samples of the format1on have been

analyzed for some forty elemehts to quantlfy the naturally
occurrlng radlosotOpes U, Th, and Kvand to study the
| geochemlstry of these uranlferous black shales. f
| Uranlum concentratlons up to 92-. 2 ppm (twenty f1ve - 'Jb/,ié
t1mes the average shale value) are largely respon51ble for .
‘the anomalous rad1oact1v1ty, though 1n places potass1um4‘5
'concentratlons up to three t1mes the average black shale
concentratfon are also a major contrlbutor. The medlan
éxshaw Shale thorlum‘concentratlon of 9-2 a .9 ppm 1s 1n
'agreement w1th the relat1vely constant average shale Th
H'values.. | | |
'] Uranium:}s found to.he correlated with organic:carbon, -
h :suggesting that following transportation as a soluble (most'
_Llikely‘carbonate) complexfthe uranlum'was precipitated and

' 3
adsorbed by the carbon in.a xeduc1ng env1ronment

Id

Thorlum shows strong correlatlons w1th most of the o :wﬁé

ghydrolysate elements suggestlng that the element is bound

imalnly to clays. - . | |

A ‘\.Compared_toPaverage‘shalesﬂthe'medlan Exshav‘shale}is

"»enriched ln.U V14Zn; Sb, Pb Ni, Mo, Cu and As wh1le Cr, j"
'Ga} Mn and the rare earth elements are depleted " The Exshawvf

. Shale rare earth element patterns ‘are very s1m11ar to those ?ffh
’,of the North Amerlcan Shale Comp051te and the post Archaeanw

LS
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/Austral1an Shaleaexcept for the presence of a negatlve

cerium anomaly Thls anomaly is thought to be due to

o\

"-the-analys1

dllutlon of the black shales by calcareous mater1a1 and a -

's1l1ceous blogenetlc component o,

A number of 1nstrumental methbds, including )

-

-.1nstrumental and ep1thermal neutron act1vat10n analys1s,

delayed neutron counting, f1551on track analy51s, X- ray
’fluoreScence and gamma ray: spectrometry, ut1llzed for

'uranlum thorlum and pota551um analys1s are compared The R

relatlve merlts and drawbacks of each technlque are.

.‘presented 1n an- attempt to ald the potentlal researcher 1n

':dec1d1ng wh1ch method is most su1table for hlS needs.hA'

”varlatlon of the 'tradltlonal' method of uranlum; thorlum
vand pota551um analys1s v1a natural gamma ray spectrometry is

presented and shown to requlre less sample’ and to be more

“rapld ‘than convent1onal gamma ray spectrometry, but w1th

_comparable accuracy and prec1s1on belng obtalned
The accuracy, prec151on and multlelement nature of

instrumentgl neutron actlvatlon analy51s is exemp11f1ed by

of a number of the more tradltlonal USGS rock

7“standards together with three of'the"lew' standards, SCo-1

SGR 1 and MAG 1 (two shales and a marlne mud respectlvely)

The\results for these new standards are presented.
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e o ‘.
1. Introduction °

Since the j890's it.has been recognized that marine black
" shales often contain anomalous concent.;tions of uranium
\  (Bell, 1978). In Alberta a ‘number of horizons are S

.\\anomalously“radloact1ye and are used by the 0il and gas .

iﬁdustry as'marker,hor1zons when lo§g1ng and correlating
wells, Examples of such units ‘within Alberta includehthe
Exshaw Formation and the Nordegg shale of the Fernie Group.
| Until‘recently'however, few data existed\on,the/uranium or
potassium contents of the'Exshaw Shale (Campbell} 1980;
”Havard,1967) and to date, no data have'been’published on the
'thorlum contents of the shale o
The initial object1ve of this the51s was therefore to
X quantlfy, and if poss1ble explaln, the uran1um4 thorlum and>
pota551um contents of the anomalously rad10act1ve pe11tes of
the Bxshaw Formatlon of Alberta As thlS in oart requ1red
.the sett1ng up, and in certa1n 1nstances development, of a“
variety.of methods for_the analysis of U, Th»andiK Lfor
example natural;gamma-ray spectrometry, delayed neutron
:mcount1ng and fission track analy51s) 1tvbecame apparent that
;, a descr1ptlon and comparlson of the varlous technlques.
:utlllzed would be both a useful and valuable contrlbutlon
Forty two core samples of Exshaw shale, taken from_19
'wells, were analyzed largely by 1nstrumental neutron-
; actlvatlon analys1s (INAA) and x ray fluorescence (XRF) for
some thirty- five elements in total The locatlons of those

'_wells sampled. are glven 1n Appendlx 2. Samples were selected

s
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‘from core areas of maximum and minimum total radioactivity

using an,Uréec minispec with. a small NaI(Tl) crystal.
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Part I

Analytical Methods.



“2.’Neutron‘ACtivationuAnalysis‘f~'

2.1 Introduction : c S Lo -

The pr1nc1p1es of neutron actlvatlon analy51s (NAA)

ey

‘ﬁere,flrst developed by Von-Hevesy and Levi(1936). However,

it'was not until the developmentfof.the-nuclearrreactor that
the technlque could be used 1n a routlne manner; Over the
last four decades the 1ncreased ava11ab111ty of.

“research type nuclear reactors, together w1th the

'yfdevelopment of semlconductor detectors and ‘the complementary

«SOlld state electronzcs capable of collectlng and reduc1ng
complex spectra have made NAA an* extremely attractlve"
“method. At present the sen51t1v1ty, prec151on, generally
fnon destructlve and mult1 element nature of NAA makes 1t a,f

competltlve means of analys1s when access to a nuclear

'> reactor is avallable.,A br1ef 1ntroduct10n on’ ‘the theory of

‘NAA w1ll be g1ven S0 that the reader m1ght apprec1ate some
.of the later dlscuss1ons. For a more complete coverage of ;d
the technlque and 1ts appllcat1ons see Rakov1c (1970)
Kruger (1971) De Soete et al §1972) Muecke et al. (1980)

'and Am1el et al. (1981)

‘.2 2 The theoret1cal background

Unllke many techn1ques commonly used in the earth
sc1enc s, NAA is based upon modlflcatlon of the nucleus, not'
the’ oﬂb1t1ng electrons of the atom. Nucle1 of stable | |

.isotopes are 1rrad1ated w1th neutrons wh1ch via neutron




. ' e e S .
-Capture, produce‘radlolsotopes;_These'rad101sotopes then -

decay accordlng to a well def1ned t1me constant (bermed the

U

. half llfe; T1/2) - The decay of many such radionuclldes 1s

. - !

accompanled by the emlss1on of gamma- rays characterlstlc of

]

" the radlonucllde. Detectlon and count1ng these gqmma photons

.affords a means’ of elemental analys1s, the energy of the
gamma peaks belng used to 1dent1fy the rad101§ptope. The

photopeak 1nten51ty is related to. the element mass by the

L

. actlvatlon ana1y51s equat1on-- - .
| m.N.6.6.¢.I.e : - : R
A= ~ - (1-e-Ati).e"Atd.(1-e"Atc)

where:

-

.photopeak area = . o,
‘mass of "‘element - s
"Avogadros number - : ~
fractional isotopic abundance of 1sotope
molecular mass .of target element

decay constant (0.693/T1/2) .

effective cross section

neutron flux (ncm-? s-') |

fractional detector eff1c1ency
“fractional. gamma yleld

3

eeimeags
HMne 0> DB

“ti Jlrradlatlon time in seconds
- td = .decay time in seconds
_tc. = count time in seconds

dlawlthln a reactor there is a spectrum of neutron
henergles. They range from the hlghly energetlc fission or
fast neutrons produced by the flss1on process, thr0ugh
‘5.resonance or: ep1thermal neutrons (also called 1ntermed1ate ~u
'7_neutrons) which are in the LTocess of' slowlng down' duetto"

eiasticpcollls1ons with the rzactor moderator; down to the

lowest energy thermal neutrons. It is the thermal neutrons

X

. 'which are largely responsible for the (n,y) reactions. Fast

‘neutrons, due to their greater energy, may induce reactions:



which result in the em1551on of a charged particle (such as
a proton or a-— partlcle) or another neutron from the exc1ted
nucleus. The (n p) and .(n,a) type reactions are known as

tPansmutatlons as the atom1c number of ‘the product nucleus

dlffers from 1ts stable parent. Although analytlcally useful”

'~;neutron £ Tux: (De Soete et al. p.70- 72, 1972). _' ._-"f !

H1n a number of 1nstances, such react1ons are often the
tsource of 1nterferences (see page 28)
" The neutron flux g, is the product of the neutron
| Vden51ty (n.cm-?) and the1r average veloc1ty (cm. S") hence
giving 1t the unlts\h cm'2 s~ ', Due to the d1fferent average
veloc1t1es and den51t1es of the thermal' eplthermal and_fast o
‘neutrons there is a partlcular‘thermal epithermal'and fast -
neutron flux for any partlcular reactor’ operatlng level and -
_ p051tlon relat1ve to the core (the source of the. fast
.?neutrons) Flux monltors of Au, Mn and Ni for example; may _L
‘be used to measure the varlous components of the total
The probab111ty of~a particular nuclear-reactlon"
occurrlng is known as the Peactlon cross-section, and 1s‘v‘
"g1ven the symbol ® . ThlS is an energy dependent functlon

B

.,and is measured in: barns (1 barn = 10"‘ cm? ) Pract1cally

all fast neutron react1ons have very small cross sect1ons in

'ffthe order of m1111barns (mb) whlle the majorlty of thermal

(n,y) reactions range from near unity to several thousand
'Vbarns. The effectlve or reactor Zross sect1on for many (n
v). reactlons 1ncludes a component due to the resonance orv”
ep1thermal neutron fluxr Thlsveffectivevcross-sectlon, for



. . . . .
i . L~y

any Particular'(n,;} reaction, is given by:- .
: AT - | gepi

6 effective = 8, +'1 res.
R gth

. Where Ires =‘I° + 0 45 6.

The resonance 1ntegral I, and thermal neutron'

'cross sectlon 6,, are ava1lable 1n tables (e.q. Lederer et
“al.’ 1978 Gryntakls and K1m 1976, 1978) while the eplthermalA
to thermal neutron ratio is’ dependant upon the 1nd1v1dual |
‘freactor and 1rrad1at10n‘pos1t1on‘and, as noted earller 'may f
befmeasured‘via,fluximonitdrs.; - .__'”‘ N o
dlhe activity of'a radioisotope following a ti second
‘irradiation is governed inipart by the lsotopes half—life P
and is glven by the growth factor 1 e Ati. The decay factor
‘~e Atd is a measure of‘how much of the 1n1t1al act1v1ty ”

'\\ .

'.remalns after a decay t1me td, If after this t1me the sample-‘
' \

‘1s counted for a perlod tc, the fract1on of. the 1ntegrated
.area under the decLy curve. is g1ven by i-e Atc/A (assUmlng,
-all emissions are detected) | )

| The number of gamma photons ematted per dlslntegratlon
'f{of a part1cular nuclear spec1es is known as-its fractional

vY1eld or 7 branchlng ratlo and is glven the symbol I.

.The" area ofAthe photopeak however depends upon the-
:fract1onal efﬁ1c1ency of the detector, Th1s is controlled
by the sample geometry (1 e. the sol1d angle subtended by |
.the detector) and the energy of the em1tted rad1at10n and

f1nally upon the 1ntr1n51c eff1c1ency of the. detector

1tself Eff1c1ency curves for the various countlng



geometries are usually found empirically_from the'analysis
of mixed radionuclide reference sources (e.g. '®?Eu, ''Y,

c°Co and 12‘5Sb) Hof"kno‘wn aCtiOitY. : K ' ‘ /0

2.3 SLOWPOKE'II Nuclear Reactor = . .

‘2 3.1 Introduct1on
A supply of neutrons is essentlal for delayed neutron.

-countlng, fission track and neutron act1vat10n analy51s.
Invarlably, a nuclear reactor ‘is. ‘used to generate the high
neutron flux necessary for practlcal analyses.-
| As all three ‘of the above methods of analysis . were
.‘carrled out using the SLOWPOKE 11 nuclear reactor at the AR

Unlver51ty of Alberta, it 1s felt pert1nent to 1nclude 1n
this thesis a descr1pt1on of the SLOWPOKE and some of itsi
more. 1mportant features. Most: of the followlng 1nformat10n
'_1s synthe51sed from Kay et al (1973lﬁand the Atomlc Energy

- of Canada L1m1ted (AECL) l1terature. The reader 1s refered

to these publlcatlons for add1t11onal 1nformat10n.

5, T -
[ . i [
r/’ : :

2.3.2 Fundamentals of‘the'SLOWPOKE I1 Nuélear Reactor

The reactor was developed by AECL at the beglnn1ng of
the 1970 s to be used at- un1ver51t1es and hosp1tabs for o
'f1sotope product1on and ‘neutron actlvatlon analys1s w1th a.
.mrnlmum of superv1sron The word SLOWPOKE is an.acronym_for
Safe LOW POwer Kr1t1cal Exper1ment A maximum thernal'ﬁ

neutron ﬁlux of 1 x 10"n cm"s" is attalnable,»wh1ch is .



~

greater‘than can.befsupplied-by most'neutron generators or
sources (for example 5”Cf)‘ but at far less cost_and
superv151on than conventlonal reactors.

| SLOWPOhE 1s a small pool- type reactor (see figure’ 2 ).

" with a cr1t1cal mass of enrlched (to. 93%) 2“U-of

approx1mately 0. 85 kg. The small cr1t1cal mass 1is the result
'of the berylllum annulus, bottom plate and upper shims whlch
surround the fuel.caoe (see flgure 2,2). Due to 1ts low
atomic mass, Be reflécts a certaln percentage of neutrons
bach into the reactor core where, once'thermallzed they may
'part1c1pate further in the f1551on of 2“‘Uv
The 1nsertlon or removal of a central cadmlum control

rod is used to control the fission process. Thls is due to
the very large thermal neutron capture cross sect1on of
193¢ (ca. 20,000 barn). . ‘ | B

' ’In addltlon to actlng as a coolant and moderator
'normal (1 e: l1ght) water is. one of the prlmary safety f;
features of the reactor. Due to a loss 1n dens1ty as the
water temperature r1ses its ab111ty to moderate the f1551on
- neutrons decreases. The water is sa1d to have a"negat1ve4h
temperature coeff1c1ent of.react1v1ty . Consequgntly, fewer?;'
f1551on neutrons are thermallzed and the cha1n reactlon ’
;slows_and may_reach the»polnt were,lt-ls_no longer ]
| “jself4sustaining and becomes sub?crltical as the flssion:of"
"l3U'occur5'dominantly'wlthhtherma}~neutrons;‘Consequently;
Qiﬁithere was a_malfunction,in'the-watér.coolingrsystem.the

_reactor power level would fall to where the amount:of.heatf
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‘ be1ng generated by the f1551on process equalled that'belng

'_lost to the pool 5urround1ngs.

2.3, 3'Irrhdiation facilities

“The Unlver51ty Qﬁ_Alberta“SLOWPOKE”reactor_has frne____;e__

1nner lrradlatlon sites (w1th1n the Be annulus) and .one

\ . NG
'outer 1rrad1at10n 51te (outs1de the Be annulus) see’ flgure
2.2 Samples are transfered rqpldly'(ca, 1 5 5 one way)
3 R
_ o .
N . e rCO : ¢ .
' *Tﬂ? tv!” 1~' ., e
B\l o : vy
! | § t
- '
i |

- Figure 2;2;SPOWROKEfreactoerri@icalaassémbly and core .

’to and from the 51tes pneumatlcally via’ a"rabb1t' system.,,

rThe 1nner 51te v1als are 7 cm’\1n volume and may accomodate
Y, .
two smaller 1 5 cm’ v1als whlle the large outer s1te v1als o

”\“.["fn; | ;",..?3fgl
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have a capacity of 25~cm°.

The UfAi alloy fuelirods are arranged so as to produce’
an equal, homogeneous neutron flux at each of the fiee‘inner
sites. RYan‘ég gl..(1978) carried out a number of flux 'é

;measurements on the Dalhousie SLOWPOKE'reactor. From

measurements on three inner . 51tes the neutron flux was found
'to dlffer by < 2% (two 51gma) Further measurements showed

hthat the flux. homogenelty varled <1% cm"_vertlcally in. both

o

‘the inner and~outer 51tes.-Rad1al homogeneltthas found to“

- vary <1% cm“'1n the 1nner site but var1ed by 5% cm" in. the -

fl,outer 51te..From thelr research they ‘concluded that the

-»neutron_flux'—

"..is stable,’ homogeneous and reproduc1ble'
from day to day over a period of months.
Ryan et al: p.87, (1978) '

K;Slmlllar stablllty was found by Bergerloux et al. (1979).
- :

' Thls 1s extremely 1mportant as. 1t makes the 51multaneous

1rrad1at10n of flux monltors and/or standards w1th samples
] -

’.unnecessary.

, At the Unlver51ty of. Alberta SLOWPOKE reactor the S
‘thermal to eplthermal neutron rat1o was measured via Au and
Mn flux monltors (De Soete p 70 1972) and found to be 16.9
'+ 0. 8 for the 1nner s1tes. The thermalhto fast neutron ratiO'
-'for the'lnner s;tes 1s'4.58‘t3O}Z?x(Ryan?gthglt, 1978;
t"zikBGsky and-Galinierft1981) :As isvshown Iater the. ,;
h‘eplthermal and fast neutron components may be used

fadvantageously for the analy51s of ‘certain elements.

-



2:4 Instrumental Neutron-Activation Analysis of Samples
Two irradiation schemes- were developed to}maximize the ..
number of elements determined together with a reasonable

3]

sample throughput They 1ncluded'—'
s _ : o
. a) ¢4 m1nute 1rrad1atlon at 2. 5 X 10"n cm~?* s L

b) .2 hour 1rrad1at10n at 1 0 x 107 n cm™? 5!
Countlng was carried out w1th an Ortec 80 cm? act1ve
‘volume Win's’ coax1al Ge(L1) detector,'coupled to a Nuclear

[

Data (ND) on multlchannel analyzer with an Ortec 572
‘:ampllfer and- ND 575 ADC The deteotor spec1f1cat1ons dnclude
a relatlve efflclency of 18. 5% and a. measured FWHM of 2.1

keVv and peak to Compton ratlo of. 53-1 for the 1332 keV hfpg‘\_fp

photopeak of ‘°Co. Slgnals were a551gned to one of 4096 .p§v~
'channels and the spectra collected stored on floppy dlscs"“
fog»later{analy51s., B | » |
N |
2. 4.1 Short Irrad1at1on (4 m1nute) |
A number of elements,‘lncludlng Al Mn; Mg,sTl;and'V”.
onl: produce short llved radlolsotopes upoh 1rrad1at10n w1th/r'
thermal neutrons. For thelr measurement the samples must bej-b

»counted soon after 1rrad1at10n ‘before the act1v1ty from
’these short llved 1sotopes decays away Table 2 1 glves the:'

relevant nuclear data for the short llved rad10nucl1des dw;

routlnely determlned in thlS study V _ | - E

- Samples and standards (both llqu1d and reference

mater1als) were 1rrad1ated at . 2 5 X 10" n cm"'s“ for fourf3

m1nutes 1n 51te 1 of the SLOWPOKE reactor Each‘sample.was.-f



ysis:

o

iTable 2.1 Nuclear data for.short—lived'radionqclide'anal

N
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counted twice, initially after a twelve minute decay period

for43OOs live time at 10 cm geometry and then for 600s live

“‘Jtime at 1 cm geometry following a thirty minute decay

period. This scheme allows for some 12-13 samples to be -

]

analyzed every. four hours.

Although the major1ty -of  the elements in table 2 1 may
be determlned 1n both countlng 1ntervals the flrst count
produces,more preclse results‘for,A_,}Tl and V on account of
their,shOrter half-liyes-comparedzto the-longerflived"'. |
isotopes. After the. thirty minute decay period thelz’nl
‘act1v1ty and 1ts assoc1ated Compton- continuum has decayed to-
approx1mately 1/10000 of Jits 1n1t1al value. ThlS results 1nv
an 1ncrea5e in the signal- to background ratio for thegvh .
longer- llved 1sotopes whlch together with the longer |
:countlng tlme, lowers the detectlon 11m1t and\lncreases the
'prec151on w1th whlch they may be determlned Flgures 2.3 and
‘2 4 show sample spectra abtalned followlng the two decay.
perlods for example w1th a number of photopeaks 1dent1f1ed

Analy51s was carrled out v1a an adﬁptatlon of - the |
1comparator method of INAA (also called the 'semi- absolute 4
"method by Berger1oux et al 1979) Conventlonally the method'
involves the 51multaneous 1rrad1atlon of a known mass of - a
ypart1cular element w1th .a sample contalnlng an. unknown mass, N
of the same element. If the countlng’gegmetrles and ‘
':1rrad1atlon decay count h1stor1es are. 1dent1cal for both the,ff

sample andrstandard then the act1v1t1es of the 1sot0pe of

'1nterest 1n the standard and sample are d1rectly
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-proportional to the.respective_masses'of‘thegelemehts; An

unknown mass may therefore be determined by‘ratioing'the;uvﬂ

act1v1t1es and multlplylng by the known mass in the

«‘

standard. -As mentloned earller ‘when dlscu551ng the sallent

' features of the SLOWPOKE reactor, one of 1ts assets is the -

stab111ty and reproduc1b111ty of the neutron flux over long
jperlods of t1me Tm1s makes the 51multaneous or regular
.1rrad1at10n of standardsumlth» or followzng samples,
unnecessary (Bergerloux et al 1979>; !
Slngle element lqu1d standards coyer1ng a. w1de range
of concentratlons were prepared from a varlety ‘of atomlc_
\;-absorptlon standards (Aldrlch Alpha and Spex) for |
K comparlson._They were heat sealed 1n «5 ml polyethelene
‘v1als and analyzed UtlllZlng the prev1ously descrlbed
-.scheme From these runs the spec1f1c act1v1t1es
(counts/mlcrogram for each nucllde) were determ1ned for the
.two countlng perlods. To reduce the uncertalnty 1n the
‘spec1f1c act1v1ty determlnatlons, the llqu1d standards were_.
ire analyzed a. number of t1mes folloylng su1table decay
Aperlods. ThlS ultlmately reduces the error when determ1n1ng, .

the elemental concentrat1ons of the unknown samples (taklng

‘1nto con51deratlon countlng statlstlcs of the 1nd1v1dual

;"rpeaks) The spec1f1c act1v1t1es and mean detectlon 11m1ts

for each element determlned in. the study samples are llsted”f»

’_1n table 2 2



- Table 2.2 Specific activitiés and meaﬁ
. N . . . N . . = ,/ . )
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detection limits for

2 from the 4:30:10 min scheme at
Ok Assummlng no_”Al(n p)”Mg 1nterference

2.4%10%

R L

short igfadiaﬁioq-
, Net photopeak act1v1ty* : ’Defection Limitt
Element (cts/ug) (19“100mg shale)
Na 65.24 & 0.6° 37 % 27
a1l 2.654 £ 1.0° 310 + 180,
- ca 0.367 + 1.1 1900 £ 1400
K 1.56 £ 0.5 1550 + 1100
| Mg 'QL761“5_2.1W  1306,¢'800**
i -1.88 1 2.5 R 900 £ 540
Mn 5782 0.2 0.44' % 0,30
v 15844 *.1.0" 10@5’:“i.0'
U 17276 + 0.2 ,d;4liio$3
sy 42.5 £ 0.4 90 £ 57
'~¢1f‘ 2.26 = 3L03' 50 + 30
co 1516, 0.4 4t 1
o Ba '103;1 ¢'0.2é ' 45 + 27
cs 515;4': 0;53.51 T4
Cpy 30172 % 0.2% f&,z :vo;j“j \
sm 5980 % 0.2° 1.0 £ 0.6
‘Eu‘ | l;é394f:VzQ9{a-”" | 0.2 £ 0.1 o
":iﬁ_‘ "»;4{46954_#[0.1f; '4 6x10" £_3 0x1o-144.f
'si¥r '0}0084 £ 3.0% 1. 2x10s ”

+ coefficient of variation 1n X S '
t+ - meéan detection limit in ppm calculated from 40

shale samples (+ 1 std. deviation)
5 m1n scheme at 10 cm geometry

v from the 4:12:

1 ¢cm geometry
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Dead time and Pulse Pile-up Effects

f

Highly active samples (due largely to ’°A1> $¢Mn and

24Na for example) can introduce 51gn§f1cant error when

/\
determlnlng element concentratlons due to dead t1me and

(pulse p11e up (also called random summing') effects. As

unknown samples and standards rarely,,1f ever, have the same-
fa$t1v1t1es, cogrectlbns must be appl1ed Consequently,
dead time correctlod (after TakeUChl et alv 1980) for
[' short- -lived rad101sotopes 1n the. presence of a hlgh longer,
lived background (e. g 24Na and 5‘Mn) was applled to each
peak and .a correctlon factor for random summlng effects was
calculated and appl1ed follow1ng the procedure of- Wyttenbach
(1971). | | |
- Data reductlon
IAll analyses were‘carrled out off l1ne, in batch mode
u51ng the peak search programme PREP10 (Apps, 1978) The

‘programme calculates amongest other data the energy, netl,"

area, backgrOUnd counts s"- FWHM and % uncerta1nty 1n the

'f:net area determlnatlon of each peak The user may select a

;var1ety of parameters 1nclud1ng the minimum size a peakY"
hmust be before be1ng processed the Gau551an sen51t1v1ty |
.(1 e. how much a peak may deviate from an 1deal Gausslan
shape before analy51s for mult1plet or overlapplng peaks is
'1n1t1ated) and f1nally the number of 1teratlons or. peak fltt
‘;[attempts that are app11ed to multlplets (see also ND660

’Operator '8 Instruct1on manual) Recently, the programme was

‘made avallable on the Un1vers1ty of Alberta computer (an

’



| 5 ; . . . ? \ |
AMDAHL 470V/6). In the future ‘this w1ll 9reatly reduce |
: g ‘ ‘

analysis tine. _
A programme was written by the author in FORTRAN IV
Wthh g1ven the sample mass, live'and clock times, together

with the 1dent1ty, area and uncertalnty assoc1ated w1th each"

peak (taken from the PREP10 output) corrects for dead-time /
and pulselpile—up.losses'and calcUlates.the'corredtedx
fcounts mass, concentratlon and 1 51gma standard dev1at10n
for each element meaSured Where necessary the programme J.
‘also converts ‘major element concentratlons ‘to ox1des Where'
a partlcular radlonucllde decays w1th the emission of two or
‘more quantmflable gamma—rays.(for example "Naﬂ *¢*Mn and:
"Cl) the addltlonal\photopeaks have on occas1on been used
when calculatlng the element concentratlon. As each peak has
1ts own assoclated uncertalnty the best estlmate of the mean
fvalue of the element and’ 1ts assoc1ated uncertalnty, was’
'found by tak1ng the welghted“mean of the—ind1v1dual peak
determlnatlons. The reported mean- values, determlned from

repllcate analyses of USGS standard rocks, were. calculated

.in the same manner. . ‘“.-I‘ SR T

-

2 4.2 Long Irrad1atlon (2 hour)
| Certa1n elements 1nc1ud1ng As, Cr, Au, La,. Fe and lb
only produce long,llved (T1/2 > 1day) radlolsotopes when'
"1rrad1ated-w1th thermal neutrons. Other elemgnts, such aS'

Ce, Sc,; Sb and Th, produce both long— and short llved

nuclldes when 1rrad1ated Invar1ab1y however, these- elements



‘standards and the 100 mg samples used in the short’

. irradiation were re-irradiated for 2'hours.in‘one of the

A L e

’ .

are determined via'their long—lived products,for convenience

and 1ncreased sens1t1v1ty or prec151on.

To determlne a number of the longer-Liwved 1sotopes

©
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'1rrad1at1on v1al

five 1nner SLOWPOKE 51tes at a flux of 1.x 10'*n cm-? s™'.

_They were counted flve times over the 21 days followlng 5

1rrad1at10n in order to. maxlmlze the number of elements
determ1ned w1th opt1m1um prec151on. The decay'tlmes,“
counting cond1t10ns and elements determlned in each countlng
1nterval,are given in table 2;3 The table shows that the
concentrations'bf a number'of elements are repeatedly:
determ1ned via the same 1sobope. To reducé analy51s t1me it
would be p0551ble to replace the flrst three countlng |
1ntervals w1th a s1ngle one hour count after two days or(
just abandon the second day count altogether.‘Increased |
prec1s1on is however obtalned by tak1ng the we1ghted mean of
these 1ndependant analyses. '

.
‘Sample throughput 1s 11m1ted by the 10 hour sample -

-count approx1mately 3 weeks after 1rrad1at10n Therefore,.so'
.as not to monopollze ‘the ND° 660 spectrometry system this 10 -
r:hour count was usually carrled out ovggnlght and only four‘
.'samples were 1rrad1ated per: week U51ng approx1mately 0 75

:ml vials (cut -in- half 1.5 ml v1als) 4 samples,‘each 100 mg

- mass, may easmly be packed 1nto one medlum sized (7 ml)

Al
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Table 2.3 Elements determlned and- counthng scheme employed

b following 2 hour irradiation. - <
Decay ""Counting Countlng‘, . Elements
interwval goemetry* time . Determined
1 d. 10 cm. 20 min ‘Na,K)LaLEu,Sm,As,Ga}Sb,U(Np):'
: o { : - .
. | ,
24— 1=3 cm. 1—hr ‘Na KyLa,Eu,Sm, As,Ga~Sb U(Np)—
3d. ° 1-3cm. 1L hr  Na,K,La,Sm,U(Np),As, sb,Sc.
6d. 1 cm. 1- hr ‘t‘bc Fe Co;La,Ce,Sm,Lu,Hf,
o , , ' d(Np) Th(Pa) -
c gld. 1 cm. 10 hr. Sc, Rb Sr Sb Ba,Cs, Ce Cr HE,
< ) P BT N;(Co) Fe Co Se Tb Yb Lu,'

Ta, Th(Pa) Fe(Mn) + Nd

* initial 1 day count outside Pb cave, all other counts in
10 cm Pb cave to reduce background ‘ :

Datavreducxionfp’

As with the short-lived INAA, Spectra Qere stored onf“'
: _ b

f loppy discs for'off-line analysis' All. spectra were reduced
u51ng the batch programme NAARUN (Apps and AppS, - 1981) |
programme is an exten51on of PREP10 (Apps, 1978) and 1s"
fully 1nteract1ve. In addltlon to the peak search output of
PREP1O NAARUN 1dent1f1es the 1sotopes p0551bly respon51b1e
for the emlsslons. G1ven the sample mass, countlng tlme,'

f p}us the dates_and.tlmes the sampleshwere_remoyed,fromfthe”
reactor‘andacouﬁfing began, it calqulates'the maSs,(iﬁfugf
and_concentratron'(in'ppm)'of each element identitied. At
présent the datahreduction;is donefoff;iine on.the} o

mini—computer based.ND'GGb system.

)



It cannot be over- empha51sed how 1mportant ‘the
: / ‘
: development of thlS programme has been 1n maklng long llved

1INAA at the SLOWPOKE reactor fac111ty routlne in. nature.

051ng the programme analys;s of a s1ngle spectrum takes

'approx1mately 10 mlnutes. Where a. 51m1lar analy51s attempted’ﬁ

manually u51ng the PREP10 output and pocket calculator 1t
would regulre a m1n1mum gf 5 or 6 hours. Once on the '
Unlversrty,computer,\analy51s t1me w1ll be cut to.a fractlonf

- of the present ten minutes.

2. 5 InterferenceS' °

‘Like’ most other méthods of elemental analys1s neutronff s

'actlvatlon analy51s may suffer 1nterferences whlch rf not_ ”
xconSJdered can result in s1gn1f1cant error.:Such |
.; 1nterferences fall 1nto one. of two catergor1es,yname1y°
”*1_1) spectral and RN » E
>2) nuclear.3j~ | . |
b,gTable 2, 4 llStS examples of both 1nterference types Wthh
‘may occur when analy21ng geolog1cal materlals v1a |

7-dshort 11ved radlonucl1des.

2.5.1 Spectral Interferences o ::3':1”L"1"‘fr‘ ‘ 3‘h}~ﬂu:

As the name suggests, spectral 1nterferences result o

: when two or" more photopeaks (produced by dlfferent nucl1des)d}-

11e w1th1n the resolv1ng power of a =pectrometry system.»;v

.Generally, w1th Gau551an curve f1tt1ng applled to spectra,f'

'tthe Wm‘5 Ge(L1) detector and 1ts assoc1ated electronlcs can:r:"
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" ‘Table 2}4_Pdtential nuclear and spectral interferences

' Potent1al Nuclear

Interference

-

e

Potentxal spectral
Interference

Al

?'slcn,p)l'Al“'

o
N

o 43%Ba- -

o rssgme

“°‘P’(n a)"Al o

2 QNa

g ?‘Mg(n p)"Na o
{‘_”Al(n a)"Ne'

- ——

L ‘Mn

'55Fe(n’p)56Mn .,
w32Coln,a) % *Mn

.843.8

kev

Mg 9.46m

134Cs

- —— —— —————

127.2

keV

Lo e 14;3q_f.

Cipy

T 90

P

{”mg'EujQGm”

o’

'."§2EU"

C e o o - ———

. 846.6
843.8

kev.
keVm_-

CsiMp 154.6m

Mg 9.6m

o ,.2‘7.M9 ‘

‘1’Al(n p)?iMg

1?°Sl(n a)vag-,

846.6

keV“

keV

L3¢Mn 154, 6m,v

"dtmy Bu'9.3h

”Cr(n;p)*ﬁv_:
"‘Mn(n“a)sﬁv_;

Y

?‘U (n f)'

-

5'Gd(n a)'ussmji.b‘

- .103,2
106,17

';f5=Sm 46. 7h
' 22’Np 2.354

.5 'Ti

.;slv (n plslTl :
”L“Cr(n a)"Tl'

320,22

"‘Nd 12.4@'-3'

~".-za"qU o

7 keV

4P5-Kq"xfrays fjff.'"‘

: . [3 OmCo )

P

keV
keV

e Ty 15.84m.

"3°Gd 18.56h
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_satisfactorily resolve two gamma peaks whose'centroids-are

’12215 kev apart.' Such is the case with the *’Mg\and. S¢Mn

photopeaks at 843.8 and 846 6 keV respectlvely following the‘

12 minute decay perlod of ‘the short 1rrad1at10n scheme.

'Follow1ng the 30 mlnute decay period however, broadenlng of .

the 846.6 keV Mn photopeak (due to the increased photopeak

r~lgarea resultlng from the longer countlng per1od and 1ncreased

counting eff1c1ency)’makes the determ1natfoﬁ”6f'Mg from the
3843'8 keleeak'difficultt In SoCh instances,_or where morell
iﬁthan two peaks are 1nvolved \or two peaks'are too.closeito
lbe sat15factor1ly resolved the . analyst may use - another
-gamma em1ss1on for analys1s le avallable, of suff1c1ent
1nten51ty and free from 1nterferences) -In the above Mn and
i Mg example the analyst may useﬁthe 1014. 4 keV (28 5%
'1nten51ty) and 1811 2 keV (27% 1nten51ty) gamma peaks of
'{"’Mg and "Mn respect1vely for ana y51Sq‘ln}hi ’
R Where the nucllde being inte?}ered w1th decays wlth
: only a 51ngle gamma ray (e g."‘Cr and ’ZV) or w1th only ‘one
v'em1551on of suff1c1ent 1nten51ty “for quantlflcatlon (e 9.
'~"’Ba or'f’K) tw0'opt1ons are open to the analyst. Flrstly,

Vllf the 1nterfer1ng nucllde decays w1th the em1551on of two

:,or more'gamma-rays'the rat1o of the area of the 1nterfer1ng--

' nfphotopeak w1th the area’ of an 1nterference free monltorsiﬁ,‘_;:

K peak may be determ1ned by 1rrad1at1ng and countlng a

standard of the 1nterfer1ng element and a correctlon factor

*“Thls is 1n part a functlon of the photopeak energy as, e%h.'
_n'1ncreas1n€;energy th% FWHM also 1ncreases and resolutlon
- -deteriorates. - N _

~

at}

.' ‘.'\l



27

calculated Regardless of the 1rrad1at1on 'decay and-count‘ o
hlstory-of this standard the ratio of the photopeak areas
villVbe constant Consequently, the c0unts to be str1pped

from the. ’photopeak’ of the unresolved peaks may be

'calculated by mult1ply1ng the area of the interference- free
mogltor peak by the‘emplrlcally»determlned correctlon-‘
factor'dAlternatively, if the lnterfering isotope'has a.
half- llfe which 1s 51gn1f1cantly shorter than that of the.
Anucllde of 1nterest the analyst may, by extend1ng the -
cool1ng perlod reduce the 1nterference to’ 1ns1gn1f1cance
while still reta1n1ng a satlsfactory level of prec151on when
determ1n1ng ‘the longer 11ved nucllde. Analy51s of therrare
_earth elements (REE) may be used to exempllfy th1s latter o
: ,p01nt Due to the extremely 51m11ar geochemistrles of the'ﬁ;r.
REE 1n pract1cally all cases the presence of one 'REE 1mp11es"7
the presence of the other members of the group. Thus,'theV fni
idetermlnatlon of Lu soon afterflrradlatlon via: the 113 0- keV
Gf’?cphotopeak of f’um Lu (T1/2—155d) is 1nterfered w1th by the |
A113 5 kevéﬁhptopeak of. 175Yb (T1/2 4, 21d) Follow1ng a decay;f‘#

"a

;perlod of 30 days however the act1v1ty of ‘75Yb w1ll have

~1~'

"decayed to <1% of ltS 1n1t1al act1v1ty whllé "m Lu w1ll be7'
,}at &7 5% of 1ts 1n1t1al act1v1ty Slmllarly, 1f the
'1nterfer1ng nucl1de has a half—11fe much greater than that T
' of- an element of 1nterest the 1nterference may be J'.'vf_;;;“

calcalated and corrected for by count1ng the sample tw1ce.v

Fromoan 1n1t1al measurement the unresolved peak area may be

:j measured%whlle from a- second analy51s (some t1me later when

o
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the isotope of 1nterest has decayed away to 1h51gn1f1cance)
the 1nterference from the long llved 1sotope may be measured
.and when corrected for ‘decay, the 1nterference may be

strlpped from the photopeak measured earller glv1ng the net

~

_peak area due to the short Iived SSOtope.
Less obv1ous spectral 1nterferences may alsb result

For. example,'where a gamma em1551on 1s greater than 1022

, o
keVl 51ngle— and double escape peaks may be the source pf

tlnterferences. Once agaln however,‘the maln photopeak may be -
'used to monltor the effect 1f correctlons are necessary.wh
The c01nc1dent countlng of two photons (gammas and/or
x rays) at: hlgh countrates, or that decay in cascade, w1ll'
.'result in a p11e up or c01nc1dence peak that may be an
‘1nterference In the case of the 51ngle photopeak at 320 0
keVv of "Cr,‘summlng of the two. "7m Lu photopeaks at 208.4
.and 113, 0 key would produce an unresolved peak at 321, 4 keV
Such peaks are d1ff1cult to 1dent1fy and correct for as’ the.

-severlty of the 1nterference 1s largely relited to the

- [

sample act1v1ty, matrlx comp051t10n and varlous radlolsotope

<2

_decay schemes. The effect 1s therefore best av01ded by

'keeplng the spectrometer busy tlme <10% by varylng the

~

1rrad1atlon decay hlstorles and/or countlng geometry

‘-2 5 2 Nuclear Interferences

. Such 1nterferences result when the radlonucllde under
: investlgatlon 1s produced v1a a reactlon other than that

'under con51deratlon. INAA using thermal neutrons largely



;":
utlllzes (n y) reactlons. Consequently (njp) andf(n[a)
reactlons are potentlal 1nterferencesr

As a reactor flux is rarely completely thermal1zed

¢
neutron activation by fast neutrons followed by . the emission

_of a proton or alpha partlcle 1s 1n certa1n 1nstances a
favoured form of decay As noted earller when dlscu551ng the
tSLOWPOKE reactor a fast flux of approx1mately 2. 2 x 10"n"
cm‘z s",'may be obta1ned at full power ThlS is. utlllzed
favourably in some 1nstancesz however, in other cases

/

correctlons‘need.to be made.

'zikov$kyvand’Galiﬁiern‘19&1) calculated'interferenced_“”
A“Lfactors (IF) for some250“(n p) and loof(n'“) feactions-forA

the flux condltlons occurrlng in a SLOWPOKE II reactor.tThe ;

'1nterference factor (IF) ‘may. be- deflned as the mass (in ug
hafor example) of ‘an element wh1ch via an (n p) or (n,a) /:
lreactlon, produces a spec1f1c act1v1ty equal to that 3‘
4[produced by an- (n,y) reactlon of 1 ug: of the element of

: 1nterest A selectlon of transmutatlonal reactlons and the1r

,gIF values of part1cular 1nterest to the geologlst are glven

-~ in table 2 5 From these values 1t may be calculated that

'51000 ug of Al would produce, via the reactlon"’Al(n p)”Mg

the equ1valent ”Mq act1v1ty produced by the 1rrad1atlon of o

;185 ug of Mg v1a bhe reactlon z‘Mg(n y)”Mg 3 From the

1rrad1atlon of Al. standards of varlous concentratlons wheni

h,determlnlng the spec1f1c act1v1ty for Al 1t was found that'

'21n the determlnatlon of Ni via the reactlon"‘Nl(n p)s‘Co
'and Fe' via **Fe(n,p)®*Mn for éxample. . .\ - : .
1000ug Al/5 4.2 185ug Mg\(equ1valent)
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Table 2. 5 Examples of 1nterfer1ng transmutatlons.

Reactlon o : . IF (ppm)
. 288i (n,p) 2°Al - . 690
fszg '(n,.p) 2 4Na . . o 980
s¢fe (n,p) **Mn L 1 x 10°%
27A1 (n,p) *"Mg - T TR AT
s:cr (n,p) 2V . 4,2 x 10*
's'y  (n,p) *'Ti . . 71
 21p (n,a) ?°Al , 1600
27121 {(n,a) **Na . - -~ 1200
5'Co (n,a) *‘Mn ©3.2.x 10°
3°Gi (n,e¢) *'Mg . - . . 6000 .. .
ssMn’ (n,e) 2V - . 1.8'x 10% -
sesecr (m,a)-*'TL - 0 r2.7 x 10¢
"188Gd (n,a)1555m _ .0 .4.9.x .10¢

'(taken from zikovsky and‘Galiniep{/1981);

"jfot thef12:minute3decay period at IO‘Cmegedmetfy;_,“

-""Mg”ets-at 845.8‘kev éhdtopeak_”dne_" e
g — S 0.15,:-7.2%.(N=7) (1)
- ug- Al s 'ﬁ_ : Lo

~and for the 30 m1nute decay perlod at 1 cm geometry

”Mg cts ‘at 843 8 keV photopeak

— =f0g7ia£{of§%1(N=5)"V(Z)I‘

fwhlle the spec1f1c act1v1t1es for: the Mg (n,y) react1on

oot

follow1ng the short 1rrad1at10n scheme are-"‘wf R

'0=761»cts*/»ﬁg:Mg t‘2;1%i(Na5) at 10 cms;geometry»mfvlil

4] 04 ¢ts A ug Mg t.0r8% (N=5)-at 1hcm~geometfyf.”:e (4)Vv*::"

'Thus from equatlons (1) and (3) 1000ug Al would glve the Rt

aequ1valent 2 7Mg act1v1ty of 210+28ug (7 5% \Mg, whlle

.‘equatlons (2) and (4) g1ve the. equlvalent of 176+4ug (2 3%),m 3

Mg The welghted mean of these two results glves 181+4ug Mg

The agreement between the theoret1cal and emp1r1cal results-'

-1s not qu1te as excellent as. 1t flrst appears. Z1kovsky and
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Gallnler (1981) used a ﬁth/ofast ratlo of 5 in the1r

calculatlons In reallty a value of 4 6 is more accurate
This would change the IF“for the ?’Al(n p)"Mg reactlon from .

5 4 to 5 0 thus 1000ug Al would glve a theoretlcal value of

-*approx1mat1on of the potentlal 1nterferences

200 ug Mg However :con51der1ng the theoret1cal nature of
.ZlkOVSky and Galln1er s method the agreement between the'

"'-ltwo results 1s Stlll very good and may be used as a flrst

So that the geologlst mlght more fully apprec1ate the
{

’tposs1ble extent of such 1nterferences thls -author calculated‘

'f,i;the 1nterfer1ng effects of 1% of each of the ten major

PR

.wcontent of such rock types; Conversely, the 40 5% SlO,_

’ﬂﬁox1des routlnely determ1ned -in geologlcal mater1als from thewi'?t
UrfIF values of Zlkovsky and Gallnler From the results shown |
1n table 2 6 one may conclude that the majorlty of the
Ttransmutatlons may be 1gnored unless rock types of extremeu
i_comp051t1on are be1ng analyzed The 65 70% S1Oz content of
‘lan average gran1t01d would produce the equ1va1ent of c. 525 no

:vppm Al (0 1% AL, O ) wh1ch constltutes <1% of the typ1ca1

'content of the USGS rock standard DTS 1 (dunlte) would
ﬁproduce the equ1valent of . c 320 ppm Al(O 06% Al; O ) wh1ch
BI'represents 25% of the recommended Al O, content of the rock s
(0, 24% Al O ) The Mg content of such ultramaf1c rock types~
| may also result in s1gn1f1cant errors when determlnlng Na.
“Stlll u51ng DTS 1 as the example the recommended MgO contentl‘

'V'of 49 8% would produce the equ1valent of c. 300 ppm Na 0 04%"

“fﬁ all recommended values taken from Flanagan(1976$
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Table 2 6- Calculatlons of ‘the 1nterference e?fects of -
1% of each of the major rock formlng ox1des

Ut oxide ' (n,p) . (n,a)"

1810, - S 7.8 ppm Al 0.9 ppm-Mg
Al,0, L 980 ppm Mg © 4,4 ppm Na
TiO," 7 0.07 ppm S¢ . T =m===
Fe,0; 3 ' 0.04 ppm Mn. - . <0.2 ppm Cr -
Mgo . - 6.15 ppm Na 1.8.ppm Ne .

- Ca0 S 33 ppm K. - mmmms
. Na,0 . ===~ . . 57 ppm F -
K.O . 0.24 ppm Ar © 0 .1.2 ppm.Cl

MnoO - . 64.5 ppm Cr- . - 0.04 ppm V -,

: pgos._ . g . :4700 ppm Si ~ - 0,35 ppm Al -

Na O) wthh is almost 600% greater than the.recommended

.. value of 0. 007% Nazo The MnO content og most rock types 1s
:<1%, therefore the V. 1nterference 1s generally negllglble,

‘hpthls is not always the case. w1th regards to.. the An, p) o

Vhdreactlon. In the USGS standard w1 (dlabase) the recommended.

MnhO content of 0. 17% would produce the approx1mate |

‘equ1valent of 11 ppm Cr Whlch represents almost 10% of the

recommended 114 ppm. - The 1mportance of E’e Sl productlon v1a5,r

;"P(n p)"sl 1s, 1n reallty,‘lrrelevant as the Sl content of‘ R

L samples'when measured 1s determlned yla,the reactlon .'""

»//

‘ 'fz’sl(n p)”Al at SLOWPOKE

Where necessary correctlons for these transmutatlonS"'

/

‘:;may be made by mon1tor1ng the (n,y) photopeaks of the parenth-'”

7nuc11des respon51ble.§ It 1s extremely 1mportant to note "

/

'however' that 1f the analyst runs a standard of a- partlcular;'p'

T

element to determlne the extent of its transmutatlon

.___—___._...___..—-—.—.——

5 see for example Kerr and Spyrou(1977) where the 1368 4 keV

- photopeak of **Na is ‘used to monitor and correct for the

- 23Na(n,a)2°F 1nberference to. 2°F produced via the reactlon
. 1,F‘(n ,Y)J.OF. . L . : . ) ] . . . - .



— . 33
1nterferences the correctlons obtalned may only be used for
‘the partlcular decay and count hlstorles that the s

‘correct1on51were determ1ned for.* Th1s 1s because the

half l1ves of . the parent and the nucllde of 1nterest are

‘rarely 1f ever 1dent1cal ~and the ratio of the monltor and
peak of 1nterest would be cont1nually changlng w1th t1me (as

‘would be the correct1on factor)

v2 5. 3 (n f) 1nterferencesf‘

‘E The f1551on products of ”‘U (upon wh1ch uranium

¢

analy51s by delayed neutron°count1ng and f1551on track

analyszs are based) are also a potentlal prxmary

v

1nterference source. The f1551on of 230 may be wr1tten as-ff

f",,U + in —> zj‘U — X + Y+ f n o+ Q

'Q‘='the energy released per ‘reaction (c. 200 MeV)

- f '= the number of neutrons ‘produced (c. 2. 5/react1on)
"X = fission product nuclei v .
Y = f1551on product nuc1e1. ‘

}"The two most probable masses of the f1551on nucle1 are. 95
land 139, about the maxlma of the b1mocally dlstr1buted |
;jf1551on yleld curve (flgure 2 5) Followlng the method
outl1ned in De Soete etral p 481 (1972) correctlon factorS'
for the f1ss1on of ”’U in’ natural uranlum were calculated.lf‘

'Those that were. s1gn1f1cant when analyzlng geologlcal

o mater1als are llsted in table 2 7 The f1551on y1elds,'

"*lthermal and resonance cross sectlons, and rema1n1ng nuclear

____.__—_—____’_—_—_

‘.unless the activities of both sample and standard arev“"d
i_calculated to some reference time. . .. . : E

a 1
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FISSION YIELD (%).
e
N

80 100 120 - 140.
. MASS NUMBER .
~_ (source: Katcoff, 1960)

Figure 2.5 Fission yiel
R o o £ ,
neutrons

”mP‘

d-;urvé of ***U induced by thermal
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Adata were taken fron Katcoff(1960), Gryntakis and Kim(1976,
‘1978) and Lederer et al. (1974) | - L : |
Most severely affected are- the determinations of Zr, Mo

‘and Ba via the rad101sotopes 257r, ”Mo and '°‘Ba. 'In

addltlon, the llght REE are also affected ThlS 1nterference
may - be very 1mportant as. it is the relative abundances of

i the REE that 1s of part1cular 1nterest to. the geologlst
Consequently, care must be exerc1sed when analy21ng for the
;REE by NAA in- the presence of uranlum.’ If a uran1um
standard 1s prepared and analyzed to measure the f1551on1
1nterferences emplrlcally 1t is obv1ously very 1mportant to
insure that the standard is- of natural (or at ‘least known)
1sotop1c abundance.'Emp1r1cal and theoretlcal (n f) ‘
'1nterﬁerences were determlned in thlS work Thelr

& effect1vness was tested whan analy21ng the Canadlan
Radioactive Reference Ore pL—1 (U = 41 l-Z»ppm)kand the
c0rrected results obtained“for'this standard'were‘f0und’to

\,

" be 1n good agreement wath tho%e found by Jagam and Muecke
2 B

?‘(to be pub11shed pers. comm, G Muecke,_1982)
”ﬂConsequently, vere necessary; these correctlons have been
applled to the samples of thls study Whlle thlS the51s was.
31n the latter stages of be1ng produced a paper addre551ng
.,the problem of 2”U (n £) 1nterferences to REE analyses was"
'publlshed by Kennedy and Fowler (1983) Their flndlngs are -
1very 51m1lar to those measured and reported by"* thls author
in table 2. 7 o |

100 ppm U in a sample would grve the equ1valent R
concentratlon of approx1mately 26 ppm Nd and 24 ppm Ce.
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Table 2. 7 F1551on 1nterferences due to the irradiation -
. : of natural uranium .
A S : : A

”Isotope. Fission Yle}d(%)_ ~1ug U equiéalent(ug)“
'3'Ba . 6.55. . .. 0.62'Ba "
*37r 6.2 3 - 6.15 Ir
»'Mo , 6.06— ——0+78-Mo
t4°la . A N ———% . - 0.02 La
verce S 6.0 3 0.24 Ce
'*7'Nd o 2.7 - ‘ S 0.26 Nd

% produced durlng the decay of the fission product
'4°Ba via- the reaction '*°Ba—>f —>"'*°La (T1/2 12.8d),
interference for decay.time = 4 days. t

2.5, 4 Other Interferences

Secondary react1ons 1nduced by prompt gammas or: charged
' part1cles emltted from ‘the compound nucleus were con51dered '
but- were concluded to have negllolble effect(when analy21ng
| ‘typlcal’ geologlcal samples at the SLOWPOKE reactor. -
| Slmllarly, .second order reactlons‘ need not be -
hcon51dered here -as they usually only present a problem when
7analy21ng for a partlcular trace element in a near o
“‘monoelemental sample that 11es next to the trace element in
o the perlodlc table (see Kubota, 1977) _— | |
| Z.SXIhstrumentalvneutronvadtltatlonbanalysis resu&ts'
2.6.l'Uranium,5thorium and:potassium,_
Uran1um ana1y51s Vf‘ o
Invarlably uranium has been determlned via one or more
of the gamma4§m1551ons of ”’Np as it decays to ”’Pu (see f

e e, e ——— o

*when the product of an (n,y) or transmutatlon reactlon is

- . itself further .activated. eg. ’°Sl(n,y)°'51—7—>ﬁ-——>"P(n,y)

" ??P resulting in a gain in. P or "‘Ta (n,y)'*?Ta (n,y)**?Ta
for a loss of an 1sotope. o : .

Y
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jMorgan and Lovering, 1963; Schock 1977- Baedecker et al
1977; and Hart et al '1980) However, when ZJ’U decays to .
23 Np it em1ts a 74 5 keV gamma photon of suff1c1ent |

intensity to be used in quant1f1ng the uranlum content of

.'many geological samples (see for example Vukotlc, 1931)f
“In this work uranium‘was'determined‘from both the:
short- and.longjlived ch,{) radloproductslof 2300, |
fhe detectionvlimlt,(Currie,,1968).forhuraniUm‘varied
with;the sample background when.USing'the 74157kev emission;'
. of **°U. However, based on some forty shale samples, the“
mean detectlon 11m1t for a 100 mg sample was 0.4 0.3'ppm ﬁ‘g
(at the 90% confidence level) | o B
Follow1ng the two hour 1rrad1at10n at a flux of 1 x
0" n cm?* s”' the detectlon 11m1t for uranlum, determlned
lsolely from the 106 1 kev: em1551on of ”’Np was found to .
'fall from 2.3 £ 0 7 ppm U followlng a decay perlod of ‘
approxlmately 24 hours to' 1. 0+ 0.3 ppm U after 2. days, down'
to 0.3 + 0.2 ppm U after a decay period’ of 6 days. ThlS .
reductlon is 1arge1y due to. ‘the 51multaneous, but more rap1d
.decay of -**Na and 1ts assoc1ated Compton contlnluum. One
major problem assoc1ated w1th the use of the 106 1 keV gamma
‘em1551on ‘is that it may suffer 1nterference from the 103 2
keV photopeak of ‘5°Sm (T1/2 94d) even when a Ge(Ll)
i.detector and countlng system of superlor resolutlon is used
(see Kuleff and Koslodfnov,‘1981) and Gau551an spectral
fitting isiappliedif . |

"Use of a low energy photon spectrometer (LEPS)'detector, L
with superior resolut1on ‘to that of a Ge(Li) detector avoids

I
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Slm1larly, the same 1nterference to the 103 7 keV peak (K
‘_x—rays‘of z“Pu) makes thlS peak of. 11tt1e use for analy51s-
unless‘corrections-are made. The 209 7 and 117 7 keV »

photopeaks of ’“’Np are 1nterfered with by "’Lu (T1/2 155h"

d) and “’Yb (T1/2 _ 30 6d) respectlvely “Of the 277 5 and.
228.2 keV photopeaks of ”’Np the 277. 5 keV em1551on is tovff
be prefered as the 228 2 keV 11ne suffers an. 1nterference

‘from the 229 3 keV photopeak of“"Ta (T1/2 5'115d) whlch

'tibecomes 1ncrea51ngly 51gn1f1cant the 1onger the decay

)

"fperlod In addltlon the 235U f1551on product ‘J’Te (flSSlonyu"'

”yleld 4. 7%) WIth a half llfe of 78.0. hours also emlts a
gamma photon at 228 2 keV (6. Muecke, pers comm. 1982)
‘;Spectral 1nterferences to the 277 5 keV photopeak were foundfh
'fto be negllglble and the results obtalned from it more
'yaccurate than those obtalned from the other em1551ons.u
Unfortunately however due to the comblnatlon of decreaslng‘

7
jdetector eff1c1ency w1th 1ncrea51ng energy, and the lower(

~1ntens1ty of thlS em1551on, the uncertalnty assoc1ated w1th i;'f’

fthls 11ne is greater than that of the 106 1 or. 228 2 keV

’ femlssxons. Under the present 1rrad1at10n decay count scheme,gﬁf“"‘

and u51ng only the 277 5 keV emlss1on, a concentratlon of 4

fppm U. 1n a’ 100 mg sample may be determlned w1th a prec1s1on -
\

‘of +10 % or better (51ngle analy51s) follow1ng a. decay

E perlod of 6 days. Conversely,’the 74 7 keV photopeak of"i?Utvfhr

'may be'regarded as 1nterference free unless samples

-_’(cont d) this 1nterference but these detectors are - generally:lf
not as efficient as the coaxial Ge(Li) detector and hence oy
: longer countlng trmes are requ;red for: a precise. analysis.
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tcontalnlng an apprec1ab1e amount of lead are to be analyzed

Upon exc1tat10n by more. energet1c gamma—-and/or x rays,‘lead'

o may em1t secondary fluorescent Ka X rays w1th an energy of

]174 97 keV whlch cannot be resolved from the 74 7 keV gamma

"'uanalys1s via- the short 11ved 2“Th was found to be qu1te

'°?photon5'of 2J’U Such samples were not found in thlS study. EE
. Thorium analysis

'7Unfortunately, unllke,’°’U the sen51t1v1ty for Th -

Vy'poor (c. 360 cts/ug Th vs. 17600 cts/ug u) For the shales

.wanalyged thls resulted 1n a mean detectlon 11m1t of 16 ppmw//’;,;

. Th and a quantlflcatlon 11m1t of 50 ppm Th (Curr1e,41968) V-;;;
‘ ":/tf

.Consequently, although the 86 2 keV photopeak (2 7 %

‘ 1nten51ty) of.ZJJTh was pOSltlvelY 1dent1f1ed 1n a number Of

r-cdlnstances 1t could rarely be used for prec1se or routlne Th

oo

‘ :
-ranaly51s 1n thlS study :

Follow1ng theﬂtwo hour 1rrad1atlon and u51ng only the

~7f311 9 keV gamma emlsslon of "‘Pa the mean detectlon 11m1t

rfor thorlum was calculated to be O 3 0 1 ppm follow1ng a

"-ﬁfdecay perlod of approx1mately 21 days._Based solely on

h:countlng statlstlcs,»10 ppm Th 1n a 100 mg sample may be

. i
'jdetermlmed w1th an uncertalnty of 1% or better (1 51gma

."V‘standard dev1at10n) As 1s shown later accurate and

1

‘;igsufflcrently prec1se results may be obtalned follow1ng a;i[y.

'_;decay perlod of 6 days.

~uP6faSSium,AnalYSis-fg;fyf__.j"‘

e L . EE B ST o e e
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Pota551um was determlned vxa its. most 1ntense gamma
em1551on at 1524 keV (18% 1nten51ty) The em1551on-1s';
1nterference free and because of the half llfe of "K

(12. 2h) the same 1sotope is used follow1ng both the. short

i
i

il

and long 1rrad1atlons. Follow1ng the short 1rrad1at10n'and a
decay perlod of thlrtylmlnutes the mean detectlon llmlt fort
pota551um (based on 42 shale samples) was calculated to be -
0. 155% 0.110% (0.186% % 0.132% K;0) dn a 100mg samplé (90
% confldence level) After the two hour 1rrad1at10n th mostt

s

preclse and accurate results were obtalned followlng a(decay,.

Accuracy of the U Th and K analyses -‘;3ﬂh >h [J';*

To assess the accuracy of the U " Th- and K amalyses by

perlod of 3 days._f:g;"flf” B

"j both the short and long 1rrad1atlon schemes,rfour 100. mg

| allquots of. the Canadlan Rad10act1Ve Reference Ore DL*% (U '

-41 +2ppm, Th = 83+5ppm and K ; 2 50%) were prepared and |

& analyzed 1n accordance w1th the prev1ously descrlbed

procedures. The welghted means,eone S1gma standard -‘Ql.fﬂ
'l

dev1atlons,,number of determ1nattons and scatter of reSults.
o .«‘-‘ o

bta1ned follow1ng the four m1nute 1rrad1at1on are as

T .”7;¢&-= 40. 8+0 1‘ppm (N= 4) sggtgér;eyggxs;f.: tﬁt;df».g;
CTh = 79 221.9 ppm,(N 4) séAteéf=a»05%7‘ A
K= 2. 48+0 07 % (N 4) scatter 2 50%

Clearly the agreement between the recommended values and the B

results of thlS work are excellent The scatter of the

uran1um and thorlum results suggests however, that there may

-
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{ .

“be some sample 1nhomogene1ty and/or that varlatlons 1nﬁthe_;

countlng geometry have produced the scatter and may ;
therefore 1ntroduce a. 51gn1ficant source of random error.w'
\

] To further assess the four mlnute 1rrad1atlon scheme

for botH accuracy and prec151on thé_USGS rock standards
GSP 1 " AGV-1, BCR 1 and w—1 were analyzed ‘the results are
g1ven 1n table 2 8 As thorlum was only quantlfled in GSP 1

values are not reported As w1th DL 15 the agreement between_'

\ .

the necommended and measured concentratlons are excellent
‘ B RN
Follow1ng the two hour 1rrad1at1on of DL—1 and ~

ut111z1ng only the 277 9 311 9 and 1524 keV photopeaks of

“--’1’Np 2“Pa and “’K respectlvely, the 1nd1v1dual results
and welghted means of- two: sepa;ate analyses of DL T are

reported ¥n table 2 9 As can be seen the mos% accurate and

.- A.

prec1se results for pota551um were obtalned follow1ng a-

i

“:“}decay perlod of three days Both the six. day and ca.?'
] (!»

L
twenty one day determ1nat1ons of thor1um are in excellent

. 3
-gagreement w1th the recommended concentratlon. The uran1um

results obtalned from the two 100 mg allquots gave
§1gn1f1cantly dlfferent results w1th‘a mean of 38 0+0 2 ppm v'
(N 6) scatter 6 58% As w1th the short 1rrad1at1on results o
h‘t the . scatter of the results from the long 1rrad1atlon may be':g'
k due to sample 1nhomogene1ty and/or sllght varlatlons in- |
37count1ng geometry F1551on track analys1s of an’ allquot of
DL-1 would show whether 1nhomogene1ty was a serlous problem;;
Flnally, the standards GSP—H AGV—1 “BCR- 1 and W—1 were‘

. o | |
-also analyzed 1n keeplng w1th tHe long 1rrad1atlon scheme tof-‘
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" 'V:.,Ta,‘ble‘ 2.8 . Uranium and potassium results for 'se‘l‘ect'ed ‘USGS -

'kfstandards following.shbrt'ir:adiation

~ URANI(M (ppm) { POTASSIUM OXILE (%) T
This work. = Recommended ' |  This work - Recommended LT
S ‘ 1.96 ) (a) | ' o

GSP-1 | 2.61 .07 (n=3) ) 5.50 + .07 (n=3) 5.53 (a)
. ) o 2.56 £ .13 () | . ;
S SRR “1.88 (@ | . N
AGV-1 | 1.98 + .14 (n=2) o] 2.91 £.10 (n=2)  2.89 (a)
R ST 2.05 + .08 (b) o _
T I AR 1.74  (a)
1} BCR-1 | 1.69 % .24 (n=1) :

1.68'% .16 (n=1) ° 1.70 (a)
1.81 £ .09 () | SRR

Wl | 0.55 % .14 (n=2)  0.58 . (a) | 0.54 % .08 (n=3) 0.64 (ar | " o

| (a) Flanagan (1976) -
- (b) Millard (1976)

 Table 2.9 Uranium, thoriudfand potassiQm results for DL-1
'“:fbllbwing afﬂ.pour,irradiation_ahd various decay times’
P , » T=a“.f‘9.‘ t:;.';“f L"{W o B e

7~ 1bay’ 3Day 6Dy - - c. 21 Day- WeJ.ghtednean e R

v 430t L5 294403 . 36602 |  ——— . 38.0%0.2 ppm.
CuTh. L. L me—m=t . mm=—= ' 84,2 50,5 . .85.4 0.5  84.7 £0.6 ppm. -
UK0 2,43 £0.04 2,47 £0.02 2.69°:0.20° . - —— ©2.46 £ 0.11 %
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’

‘evaluate the accuracy and prec151on of the U Th and K
determlnatlons. The results, and a selectlon of recommended
values, are g1ven ln table 2.10. Once agaln'the agreement‘f

5

" between the two 1s 1n general excellent. The uranlum.'

.'u reductlon method descr1bed the, USGS rock standards

determlnatlons are qu1te accurate though rather 1mprec1se as

a- consequence of the low’ levels be1ng analyzed.

2 6 2 INAA of other elements
Results of 4 mznute 1rrad1atlon of. standard rockS'

Ut111z1ng the short 1rrad1at10n scheme and data_-

)

\

GSP 1(granod1or1te) AGV 1(ande51te)‘ W 1(d1abase)
BCR-1(basalt) pCC- 1(per1dot1te), DTS 1(dun1te) scO—1(coay

' shale) SGR 1(Green Rlver shale) and MAG 1(mar1ne mud) were‘

. ' analyzed The results obtalned for GSP—1 DTS 1 SCo—1

SGR 1 and MAG—1 are glven in tables 2. 11 to 2, 15 together

w1th recommended and other 11terature values. As can. be

7

. i '
seen, the method is accurate and for most elements, prec1se

'From the varlety of geologlcal materlals analyzed the methodﬁ
1s appl1cable over a w1de compostlonal range.-:tsV’
appl1cat1on to the analys1s of ultramaflc rocks 1s‘however f'

llmlted due to the extremely low - levels of many elements in ;fl

such rocks.

, Analyses of the new USGS rock standards SCo 1, SGR 1
51 and MAG 1. :;?w that acceptable results may be obtalned for

'arglllaceg
Nt
data base on-. these materlals (compared to the{~ tradltlonal'

*—-.

LN .

materlals and in add1t1on,'adds to the llmlted-f,
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,Table 2,10 Uranium, thorium and pptassiumiresults for

selecfedAUSGSjsfandards'following iong irradiation
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_Al,0,
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‘Table 2.11 Short INAA results for USGS Cody Shale (SCo-1)

- Literature :
valuest o

S

1371

0:12.

+

'13 80+0 13 6'

R I

K0

. Dy,vj o
o Eu
‘:Ihl

. Mn;

L T

MgO

. Cao

Naéo3

CTid,

Ba

cl_;

Co .~

s

e’Smﬂf ;

1 fo?;L1‘

©0.92°% 0.04
 2.78
- 0.5¢
seg

i8.8
. 8.3.x

1,13
005 ¢

ijxﬁp.';;"if;

380
199
. 3.36
132

2.59

I+

0.16

2.63 % 0.10

T

;0;12}

.

1+

0;04-
5

TS
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+

+
o, v

H
\5g
o

3047 £0.04. 4

T
o e e
O o

'5.11°% 0.18,

THO W
o

H
,w_._

e398+5= 3817

19 -
.0.07.:° o

12.3210. os' 2:6050.02*,2.6"
1Qé 56£0.017,2. 637 . o
_'Oﬂ78:0.05' 0.9180.008*, 6.9 0. 857’1 {5f
f2.65¢0}04',2.67510;017=,2;z- 1. 795{f‘»
}.0,6110.01f;0,64‘.04544’ R

3

j622+ 9'2474£é2= 560°, 544’ 598?
:&9 66+0 36’i’ > G
‘G‘e 82+O 687,8. 85‘ |

5. 21+o 13"3 794 3 507, 4[7?""

1 24:0 06’ 1 02+o 02‘ | d6=,j.03?

15.1340%14¢,5.40°, 5,074 e
.153¢s=<193+%r,<2ooﬁ;475-.;
j3 1540097, 2,49+

. 3
w L

——y " N e .
'j(Major~oxidesvinQWeight'percent, trace elements in . ppm.)

Jt.References

Fabbi and Espos’ (1976)
Katz and Grossman (1976) "'McLennan and Taylor (1980)
Potts et al. (1981)
Chattopadhyay and Katz (1978)

3 Thomas et al (1976) NI

* Kos1ew1cz et al. (1974)

(references cont1nued on table 2 11)

-
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1

Table 2. 12 Short INAA results for USGS Green Rlver Shale

.,“”.', L L (SGR 1)

Element ‘ Thls work : Litekathe
/Oxide - (& 1 std.dev.) - values

HT’MgOP .:'4;05

 Al,0; 6.60 % 0.06 . 7.24%0.26',6.5°

 '+

.

0.14°  4.50:0.35',4,32£0.027,4,5¢
0.16  8.37£0.10" |

=+

Cad . . . 8.62

NazO .~ 3.19 % 0.08  2.66%0.06',3.03£0.01%,3.0""

T

“x_+'

<Ka0 . 1.667%.0. os}«*7f71+o“ds' so+o 01’,1.6'3i

I+

| Tio, | 0:40 £70.03  0.36:0. 01,90, 26*

i+

:,Baf' “g - 308' 712{.jg;328+8' 225+120= 278"-f7-

.

SC1T L U39 27 gaxar
etﬁi‘ Ce.a 100 ol 320. 52,12.0° |
o L SRR

S Cs Lo 4.7 1.6 4. s1+o 3s= 5. 16‘”-]

i3, I+

i+

Dy. . 1.84 % 0.05 1 77° ,2.0%

Bu- . 0.52 0.04 - 0. 52+o 07°,0. 50*'0;509_,.74

L

B SO L R
251212, 232" |

+

0.20 2.66%¢,3.0%

LI

se 'ﬁ';;{'397;¢r245f‘ »445+6- 332¢1o'rlt

U 5.66 £ 0.09 - 5.600.17° ,4.85%

rfiVn"’ftﬂi.*13055,3523‘45134+3'>v-“ e
Vool 130,23 :

(Major oxldes 1n welght percent trace elements 1n ppm ) _Vt 

'%”contd “from table 2 o ‘Abbey. (1980)

- ? Millard-(1976). : - '% Brunfelt and. Steinnes (1978)
. '! Flanagan (1976) Lot Baedecker et al (1977)
Qv]_{’ Brenner and Harel (1976) ' o , _
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Table 2:13 Short INAA results for USGS marine mud (MAG-1) =

Element Thls work - . Literature .  ,"'" ',auj
7. /0xide - (+ 1 std.dev.) ©values R

'o.jz.’]16 77£0.24", 16.4°

+

. Al 2.0:3‘ 16. 35

=
Q.
o
w
p=
1+

017 3. oo+o 037,2. 8320, 01'-3;0-

0.28  1.42%0.03", .35

O
m -
N
>
I+

,1i.-_3,43:o.o4' 3.792£0.026%,3.8"
201 =

0.12 ;3;57£o;dz?,3.528¢0,Q11?,3jqr'

-+
o -

CK;0 7 3.36

-+

LT

0.05 0.75:0.01',0,73"

“Ba’ . 's51 ”51318i”3i1i781,453ﬂ

i+ I+
& W

el
W

S €1 301378 004, 3.12720. 057t T

I+
o
L
o

co  21.3 - 18.80. . 20. 6

.11 Cs  J}ae.:_i.9  .;9‘49‘.

I+

B 1432 ifO;io,['1 64+0 06” 47" 43=J

-Mh”il«,,~5”74sj£’23*;¢_“713+72 775+

Cosmo U 7.31 % 0.49 7,96 7;2z’f‘f
Csr T fiog*;‘so”"gﬁ:1s7+j' REE L
LU 2227270417 2.8240.177,2. 38‘Ta

]fv;“j‘~;fﬁ,,i4z§f=4;;e'i,14z:21j3. o

v(Major oxides and- c1 1n welght percent
“trace- elements 1n ppm ) -

[<E -



Table 2.}4}Shprt;INAA‘re5ult5-for'USGS‘Dunite (DTS~1)
Element = This work . . | Literature
/Oxide (t 1 std.dev.) = = values

© Al;0, . 0.29 % 0,02 - 0.25%
‘Mgo 48,5+ 0.9 - . '49.8*

ca0 - . - n.d. . 0,180

© Na,0  n.d. ,g'f"fzo/g}/f', -
KO omdl v ok

Ca , RIDTRIE
{cqi»,  o 150 +,3.' , ”ev"f.;.122=i140f‘3.
cs o 7 g.f”c‘_n d. ff].;-'_‘;f~o 006""f';,‘ ;fvﬁf'-"“v‘
Dy '.   H;5' ln;d;f',f',7?'vee"f-;-i' I

. nad. e“q'flff(e[o 0025",:f' L
. Mn} 3_eJ:;;923;i*25_; ]_.e,'ﬁg4929.,:‘>;_:_ :f;if %

SSme o imade R meee

W 9.9k 1.2 S LR

(Major oxides. in’ welght percent, trace elements 1n ppm )
-t corrected for "Sl(n p)"Al 1nterference. -



Table 2.15 Short INAA results for USGS Granodiorite

‘Element

This

work

W B .
Literature
values

|

(GSP-

49"

1)

- ¥

- /Oxide .- (£ 1 std.dev.) -

<7
LI

Al;0;, | 15.26

.CaO;

Na;O

k.0

Tio, -

~ Ba~

cl

Ca

Cs:
Eu.
 ‘16 

Mn

'v;»,Sm. o

LU

v

0.91 2

5,60

. 2 .57( : :

n

e
26.1
. de5

‘e

ST 2061

Cs1.T

-

H

T

J

e +
o - SO

| . .
- -
O a

I+ +
o o
; B
oy
= =

t 11

+ 0.2

"

24

0.07 -
 2;9f-~‘>1

3

©0.96""
L2002

"'ﬂé.SQﬁf

5,53

0.66""

1300°,

25210

,0.97¢.

,2.81%

,5.51°

11901
. 3001(;3T]|4 ‘

. '5"4:01_1 R

R 331 ‘,, A
27,1000

15.25'',15.28*

,2.03%

6.417,7.8%,6.4"

2.80%0.07%,2.4

£ 280%, 11931 ¢ ;233"

Cw

100009670

¥

B S P
2.5620.09%,2.1%,1.96"" . .

52,910

5.: '(M£jbr-6;id§s'in'

T .

weight percent, trace elements in

ppm.)
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The four mlnute 1rrad1at10n results obtalned for the

”Exshaw Shale samples are tabulated in Appendlx K together

.with the results of the long 1rrad1atlon scheme.

Results of” 2 hour 1rrad1at1on of standards rocks

Follow1ng the 23hour irradiation at full power, element
. B : A\ .

‘concentrations were determined via a variant ‘of the

’absolute method' of act1vat10n ana1y51s. ThlS method

normally requ1res the determlnatlon of the neutron flux and

[

“1ts d1str1but1on via a flux monltof(s) 1rrad1ated

51multaneously w1th samples. Thls,'as is apparent from the:

earller dlscu551ons on the SLOWPOKE II reactor, is
)

unnecessary as 1t has b%en shown by various workers that the

neutron. flux of the SLOWPOKE reactor is both stable and

-;reproduc1ble over extended per1ods of t1me W1th the

',cases prec1se, the method is often 1naccurate due to X-b

knowledge of the neutron flux, the mass (agd hen%EI-jﬂtw

"concentratlon) of ‘an unknown element may be determ1ned from ‘

the actlvatlon analy51s equat1on (page 5).WAlthough in most'

\

uncertalntles in the nuclear and 1sotop1c data (e g

R

'v halfrllfe, cross sectlon‘etc.) Analy51s of the USGS rock '

'f-to be the case for a number of elements. Consequently,'1n a

.\\

manner 51m111ar to. that employed by Potts ét al. (1981)

correctlon factors, based on the average dlscrepancy between

-

’(the ‘found' and recommended Values for the standards, were

’

R

icalculated To test the method w1th correctlons,,samples1of -

,s\tandards GSP-1, AGV 1, iacn—1 Pcc 1 and DTS 1 showed thls
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the old USGS rock standard‘w-1, and ‘two of the‘new'standards'

SCo-1 and SGR41F were analyzed."® The results obtained are

reported in tables 2.16 to"2 18 and as with~the other

'standards, recommended and publlshed values are g1ven for“

comparlson. In practlcally every case there 1is very good

agreement between thelresultsvof.thls work and those of e
. \ )

 other workers.

'fdsing:these tors Eherefore7 the Exshaw
hg~irradiation- were
8 tabu ted in Appendlx

together.xlth the shoy f_jt_blatlon results.
2.7 EPITHERMAL NAA

2.7.1. Introduct1on”

As mentloned 1n an earller sectlon,,the effectlve or

X,

reactor cross sectlon for any partlcular (n,y) reactlon 1s,

. made up of two components. These be1ng the thermal neutron

\

o cross sectlon S, and the resonance 1ntegral I° (see page 7)
W1th 1ncrea51ng neutron energy the majorlty of ?n,y)

reactlons follow the so- called '1/V law' that'ls, the =

3,

thermal cross sect1on 1s 1nverse1y proport10nal to the
VelOClty (and therefore energy) of the 1nc1dent neutrons
Examples of such reactlons 1nc1ude.”Al(n y)"Al '
v”Na(n,y)"Na and "Mn(n,y)"Mn. Certaln 1sotopes however,j

.w1th large I./E}rat1os, are. preferentlally actlvated by thef

——-—__—.-..._————__..

'°These samples were not 1ncluded when calculatlng the"

correctlon factors. SRR L . .
_ - P R R v.vw'

O
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Table 2.16 Results follow1ng 2 hour 1rrad1at10n of USGS Cody“w["

o " Shale (SCo 1)

: eElement Th1s work T thetaﬁuteT
./Oxide .. (+ ' std.dev.) ... values'

Fes0; - 5,32 % 0.24 _lsﬁzixa;aiu,.J_ﬂs 3q:2

Naz0  %0.923 £0.016 0.78£0.05',0,918£0.0087, 0.9%,0.857"
“Ki0 . 2:53 30,07 ",2.ss+o‘04"2.575¢o,017=,zg7',1(7957ﬁ
As . 1371 0.6 10.822.6" .

jxﬁﬁ T . .ﬁ‘» ‘ ‘  .
'46:-‘ev622¢19‘ 474*82J 593‘?

‘g‘ 4 “:-\L A

Ba - U572

L 2

o 9L66:0.19’-11 7'=

H+
.y

co 6.7 % o
'1f75'344’4= 65.248. ,,,f”,.

I+
[$)

‘“Cr. _T. 275.5;
6. 82+0 66"7.5643-3 ﬂr}fx

H
‘o
N

Cs ' 6.62.
13,9:2.5?J -

1+
-
IS

+
’c:S“
o

CHE o 3.9 . 4.3840. 29=?4”27"1§.e'e
122:71,68. 9+15 93,11312.

W \

ﬁo;st'fz 4o+0 225 20 51'z 'ff?e_ f”"‘J

H-
o

Rb * .f;ie'111
sb’ T 2,59,

ST

|+
*

: ?5¢-riv':”'T2[3 ~ ;j19 3i2 11 11 4+0 4, th: oo

0.07 0. 5610 033,0. 981

"o

Ta  ,0'98

H”‘

;JfTTﬁf-_ N 75 0,137 10, 5+o 4=,9 5210. 95’ 9 64":

'.H"-

v 2. 72 +40.17. " 3,15%0., 09° /2,49

H‘

vogs;f‘g29.7‘ 30. 3= 29.2¢ 5_];§ f g

¢

‘n_Lag fj:A;f29 7
0.6 *62 144,77 63 44,6013, 64‘5*5'-?7

ce 5.5

H

H

CEBu o Y1016 “OTOSeeiJ 24:0 06N 1 03‘”‘,16 1 24'2; i

CTh . 0.69 % 0.06 0. 78+0.02%,0. 64+ 0'"75s 0.730%

o

.H

o.zb'efz_zs 2. 43s 2. 33 ,2. 86'2’
CLu . oi32 o.033e”6534 0. 35 0. 37‘ S

P NI IR S .,,_,,;_-- o

'm””

T references as in tableﬁb 10 to 2. 14

R T A

R : o [ -(

(Major ox1des in welght petcent trace elements in, ppm ) . fﬁ*fﬁ
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Table 2 17 Results follow1ng 2 hour 1rrad1abqon of USGS -ff

Green R1ver Shale (SGR 1)

- Element . This. work:

std dev')

't' r
therature
%‘»values

. Fe 20‘3
':.Nazo .~ 3.08 ¢!

’“ﬁfx o "'; 1.75 +

"fAs;j‘ ,;:e7o;7f:;1L1Q_~

i";_3'_:3»‘-'.__";"f ]"363¢.&'373';-‘

R

"TF;Cffl‘;qef734ﬁ6}i_

”AfCée'{?'ff74.Qﬁf£fp}ﬁ2}

RYESE

CLUUHEL 1t

Voo

R T

-3

[+)]

O (.ﬂ w

.

lb U'I (o)

Q0. lP- (oo}

+ H- H+ -+ +
.
w

-3
o
m
R
L O
H

.e.
0\
Ch
gre

LU e -

“Laﬂ_"_‘ “18. 4.¢_016,

'7ae§¢éi?:r;f;-3zef:¢:
CB L esex 0.0
. o
i

"*»;Lu,,4~f,eio;¢a_tvbf“;

n;3;32ex“o;m5;

~Ga o ndCe

‘"T;QI37~

.f‘QJOS_

0”44»‘ |

o.os.-

"}92 66 5+9

o, 10?:;
6+ 0. 291 »

e

i

2. 6610 06':

'10 3+o 55 12,

34,3610 23=

‘, _.-\. - 'v . ) ‘\‘ . O
.S:so’
i 20 5,20, 55

3. 2o+o 067,3.2¢,3.200

oo BEEGEE

71+0 05' ‘zf;e;f?ftiE? ;§f*{;J;§t;
74, 5+o 9" |  k ”‘_"4[ff  v“”
278453234?1“5jﬁg;ﬁ S

328+8‘ 225+120J

| T
812 12 Os -:._;‘; s

32, 5+3 2= ‘}~j ¢'r;§ C

Lt .

4 61+O 36’,5 32";5,

‘‘‘‘‘

1. 3e'= 43"T.'f1€_

82”, SR e :
. : LA .

Cal ot

1 31+o 26°.

3 05+0 36°, 3 OO"'

4 78+0 19= 5.027% ;Lg,“;f-”»w“,_ﬁh

7 6611 68’ 4 91"

vt

g, 55' 5. 60".6 ‘;j;';'~j}5g3\¥&[’f
!‘,

31 252, 2'438 35 61, 4L.s'=¢l

o sz:o o7= 0 50‘ o 50 o 52'=‘

N\

0. 33' 0. 33, 0. 34:0 14"0.35f*'§'
o 97‘ 0. 98’ |

(.

(Majo: ox1des in we1ght percent
vy T references as in tables 2 10 to 2 14 o

- . v,
R u .
Coa .

trace elements an ppm )

T
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Table 2.18 Results follow1ng 2 hour 1rrad1at1on o USGSF:j’ 
| D1abase (w1) T

efi‘ElemenﬁU' Thls work . L1teratbre
. /Oxide (+ 1 std dev.) Valﬁeﬁ'

‘~Fé,égfe»- 1167 0.32 . 11.11¢, 0. 66-”"
Na2® 2157 % 05037 2. 15'\ |

K0 4 0.61 -o;de-;< 0. 64' j;'.rw,r‘
| d%.f«f”fff-{'%n.dku~:f§7 1, s*, 2 22'°f |
VrBa 130 ¢7giff‘,f150- 18710, 146" "

Lo T a6 0.2 1 4r, o+o 3='4s 0", 4g, 5'°;' S
:j102+3= 1101*’115'°. B

H

e s

Ses .08

“*-o s3+o 4s= 0. 91*° 0. 97"i

¥
oo

'.‘Ga ) 23'-7 R / 18 41 o 16' .

CUUHET e .93 w0893 ’g{lz 24+o 31= z so"~' 5'°>_f;"“

©LSb it 1,00 % 0.130 % 1 10+o 33,1, 051 7,0. 91'°, 1.0%e

Cise Taela

tw

"e_Taz“px'j ldLSLJf""'“'~fo sa" 0. 42'° o 5

I T 2;393k

I+

o

o
m

u o 78¥*Z ;’o 59";7jq:'

CLal 4;rf’1o o:vfiu" '”131o'° 9.8*

H
N

Lce220s05 23,2200, 230

,-4‘.

~'x;{jzﬁé‘f(ff;;ilt4jij6106f-ffﬁ1 18+0 08’ 1 08" 1.200,1, 1- 5

. t.
‘o

- R - llfﬁfo 92+o.n3= o.6§f,01587x 0 62
._,e.Lﬁ'fkj;ffrpL43ft;Q,o3j"“,;o 35","'*_>f3?, L

LR |

Major oxldes in- we:ght percent trace elements in. p
Co references as - 1n tables 2 10 to 2,14 - .151

V6.0 35.4 430. 06"33 9, 33, 3te,350 oo



hlgher energy neutrons 1n the eplthermal or resonance
neutron range.-By ’fllterlng out' the thermal neutrons, s6
ﬁhat onIy the eplthermal and fast neutrons may actlvate the «~ °

»
‘. . Coa e .. R

‘sample, one’ may preferentlally enhance the el - , - N

51gnal to background ratlo of those 1sotopes that have lawge

'y

resonance 1ntegrals over those thch Tollow the 1/V law.

Sy

‘lé Thns method or technlque is. known eplthermal neutrbn

‘. Be

.

. actlvatlon analy51s (ENAA)ﬂFnd may be used advantageously in

1

o certa1n 1nstances as vt-— L Cn ,«’ o e

ORI . : ! L - C -

“) lowers the detectlon l1m1ts for those elements whlch

have 1sotopes w1th major‘reSOnance peaks (e g. U and Th . see - x
2, 2 S -
S Gladney et al (1978) and certaln REE Bcedecker et al

Zi@n (1977)) by reduc1ng the background due to. the Efjor Compton

Y
AoV

S . : e
I produc1ng 1sotopes e. gf{‘Al "Na ®fMn .and *¢Sc- (c0mmon aﬁ

.

Vconst1tuents of many geolog1cal materlals) .

.- v
. P . . o e

hz);vreduces the sample act1v1ty whlch l‘;-‘#ﬂ; . ‘%if:'. )

7@jﬁj:*71'7 s a)- makes post 1rrad1at1on handllng safer
A . e

':;ggtrlv S b) . results in shorter decay t1mes”be1ng necessary

}follow1ng Lﬁfadlatlon. E ‘,,.- o ‘;ﬁa>_1 _j», e, e

¢

ﬁ:rﬁgaf sampleyto be takex‘fs

"ﬁ*ff L
and thus lowers the detec‘ronr__ SN

- : RN .

,Aﬁww
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. , . - . - . . 7]

ﬁefg."’Mo,_"’Ba‘and.sone of the. REE.

2 7. 2 Prev1ous work C o - ;
',.f» Due to thelr very large thermal neutron absorptlon L

[

]

7 év "3Cd~vhavs“,ﬁ?1 E)-G2 -1

)

j;a_. has been recently been a number of publlcat1ons regardlng

'tgfr of, workers in Eﬁk@ (see Stelnnes (1970) Bem and Ryan

\, B

o '.‘ ’,»x

‘\’}l_i)f Ehmann et a%ﬂ, 1§80L¢and‘€tuart and Rg (1981))
] ‘»,‘»», s P

s The cross cross;%ectloQS/égr “’Cd and ‘°B plotted agalnst

-

}M neutroqrenergy7:

T‘n flgure 2. 6 At approx1mately 0. 2
< e ”

.
_‘ Y

\/"“’v -
Above»thls it 3
J..!"q‘g-'wﬂ\g/ i
eV Thls abrupt change 1s known as Eh

’)/W%oron-10 on the other hand rlgldly follows the 1/V 1aw. ‘At
flrst 51ght cadmlum appears an. 1deal thermal neutron fllter :

"f' ’

for ENAA Unfortunately however the metal'ls-tox1c, thus

“

-'(1

fabplcat1on of~sh1elds must be carr1ed out w1th care. In- 9% f

Lo S
addltlon, upon 1rrad1atlon Ca produces a number of
l " »

;radlolsotopes.'One of the radloproductSO "’Cd (T1/2 53 5

hrs) has a hlgh spec1f1c act1v1ty wh1ch makes hand11ng of a
R "‘ . ' .,54; B r1’
' sh1eld soon after a long 1rrad1ation unde51rable. J;;vuifﬁﬁf

‘ '.”13’
“B(n a) L1 4.

produc1ng stable nuclel (see under DNC) resultlng 1n a .
% .

m1n1mum of shleld produceﬁkradloact1v1ty In addltlon, by

v\' - >

: vary1ng the B C. wall thlckness oneﬂcanucontrol the‘%eutronf 

o -
BN *v,

energy cut off as ‘°B follows the 1/V law. As ‘a result there

Al

I

ENAA ut1l921ng boron as a?thermal neutron fllter (e g .Bem..

o

oy g &@ ek I

.7""- I

a . . < . . o . . e o ) . e

4 . a

&
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and’ Ryan (1980) 'and Stuart and Ryan (1981)), Noneuof theSe
‘workers apply ENAA to the analy51s of geolog1cal samples

rhowever. In both these works, shlelds were, fabr1cated by

W

;em1x1ng B, C w1th paraff1n wax for both the outer and inner

-

sites of a SLOWPOKE reactor respectlvely

2.7. 3 Exper1mentat1on ‘and’ results .
- K u

Follow1ng the: work of Bem and Ryan(1981) B C sh1elds'i“ﬂ**”f

v

were made for the outer site of the Un1ver51ty of Alberta

<.

)‘_,

o P
TSLOWPOKE reactor The 4 mm th1ck walls of the B C saturated

- paraff1n wax shlelds have a cut off energy of about 10: eV
) N

(R0551tto et al 1972 Stuart and Ryan 1981) To access the ;'4?1

o S S
"effectlvness of the sh1elds a 277 4 mg- aliquot,oﬂ;the USG§~

tstandard AGV- 1 was 1rrad1ated behlnd a shfeld‘for_db'minutes~7

" at max1mum flux (5.0 x 10t cm* ' ")-rﬁ’the‘outervsége..'

~

Follow1ng a decay perlod of 20 m1nutes the sample was «

counted for 600: seconds llvetlme at 1 cm geometry on the Win -

f'*’ Ge(Ll) detector. Flgure 2 7 shows a segment of . the o

B

obtalned spectrum w1th—the ma}or peaks 1dent1f1ed For ,g_f"hf

_ comparlson, a plot of a spectrum obtalned from the

#E

lunshlelded 1rrad1at1on of an 88. 0 mg al1quot of ; AGV~1 is

3shown 1n flgure 2. 8 ThlS sample was 1rrad1ated for»4 :

v'm1nutes at\2 5 2 10"n cm"‘S"‘ in 51te 1 of the reactor.

’;Followlng 1rrad1at10n, eﬁcept for a sllghtly longer decay
_ 5 _

‘ltlme for the INAA work (30 m1nutes vs.20° m1nutes) the'

geometry, detector, and countlng perlods utlllzed were o

:1dent1cal to those employed 1n the ENAA of the larger

s‘-

7
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h/:glmpleﬁ Table.2 19 llStS the area, background and % error. of

.\

a number of 1dent1f1ed peaks taken from the peak search Q

output of each ana1y51s. From the tabulat1on it can be seen

‘*that the ENAA shows a clear advantage over INAA in, the

f RS

“'are lowered by a factor of approx1mately 4 In addltlon to )

A;T‘,reduced

anal sis of U ST and S1 (v1a 2’Al) There 15 also a
N \‘\ ‘ ..

‘;;decrease in. the uncertalnty of the photopeak areav»,

,}!

’determ1natlon of Co and Sm, due to the reduct1on of the
',backgrounﬁ component Note that the photopeaks of”‘Na are'”J

‘freduced bx a factor of approxlmately 6, wh1le 5‘Mn and "Arlffﬁ

;,“ on

gthe beﬁeflts of 1ndreased sen51t1v1ty for some elements due

'J

'af,to background reduct1on correctlons fqr‘pulse plle up and\d

i ol A

'fﬂw dead t1me effects, w1th the1$§§§soc1ateg“uncertalnﬁﬁes, arefh'”

----- ’ R , o u«

L v o { _
For example, follow1ng ENAA the sample gave a

,“

'fspectgpmeter busy t1me of 6:15 % as opposed to the. 21 76 %'

":_busy of the INAA 1rrad1at10n of the 88 0 mg sample.

It should be noted that there 1s an 1ncrease 1n the
\

'”vareas of tbe 843 and 1014 keV photopeaks of 27Mg even though

T'the “Mg (n yD 27Mg reactlon follows the '1/V 1aw - ThlS ls

__n”Al(n p)”Mg.

. megligible., . .o SRR

PR

f the result of the larger sample mass, whlch due to the

J ;}1‘\

7;'increased amount of Al leads to an 1ncrease 1n the_;ujg ””,

f4fproduct10n of 27Mg v1a the transmutatlon reactlon

A . Lo - . 2
e . B . . - K . . LESE) [N
’1 R : B S e e

g =

- a0 R4 .
CTaa S . o N

[ —— o —— o — . — — t——— -, ) ; S . -

L U51ng the 'IF factors dlscussed earller the product1on

of \?"Mg via the reaction 3°Sl(n a)”Mg may ‘be con51dered

i
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- Table .2'.319..,C<$mpa‘r,ison of “instrumental. 305, epit_hefmal_ NAA ‘of

S

AGV-1 . e

_INAA.of AGV-1,  ENAA.of AGV-1

Isotope  kev |  Area__ Background _S$Error ~Area.__Background—SError—|——

mn T 60"‘(& s 1414 25271 . 161 143 1u3 15
' P75 | c2s03 T amsie 98 | s007 sses 2.
e oy 95| lmasa s 4SS 35 | 632 10061 - 22.8

4" %104 | 2832 . 0885 - 8.8 | 2664 . 15433 - 6.9
] BTl 122 | 3s9a . gsoxs 6.8 | . 685 . 9931

.' n

20.9
. . Ba 166 | 9719 © .32184.  .2.8 | 1692 33 - 5<:> e,

.7-"‘vf L"' . . an . o . . j .
e B MMy Boagg | a7 0 ‘21604 .+ 10.8 1953 . 7088 - 6%

, g 1014 | 2380 Laveo. s | 1233 - 775 TR WS
Do B 193 163 ' 5506 64,9 | 1m0 . 1881 4.0

e s Mar v wsd L sae L 1719 L 1723 7 845 3.4
2 1368 264382 . 12090 . 0.3 2970 . 2239 07
Tl MR w24 aees ws o oae | sa Lo 1240

Lo “wn 1811|1947 Y j0686 . 06 | 10452 S ez na
Dol e camm | rsesa 7 11 258" 1496 32

e S8 onag [ a9am 73200 Lo © 4753 1555 .19
D e 2263 | wmr Tlomo - L3 | ises . 163 . 3.7
e 2154 781092 . 3653 0.4 Sl a7 s 1.0

4%ca 308 [ sas 1, 6. S oA e 1S

T
i .
G g .




The readers attentlon 1s drawn to the 1ncreased s1ze of
‘\

the 1Al photopeak (produced via the reactlon ”Sl(n p)”Al)

fwfollow1ng ENAA The analy51s of Sl in geolog1cal samples via

VthlS method’ has, suprlslngly enough (cons1der1ng the,

63

e

<R

hlmportance of thlS element to the geologlst) rec1eved llttle

”Al or because S1O,'1s routlnely determlned by XRF ThlS

-_author knows of only one example 1n the l1terature where Sl

has been determ1ned in a - geologlcal 11ke matr1x (pot,f"

;shards) u51ng the 1sotope "Al (Hancock 1982) AT ,_rd

There are- however dlsadvantages assoc1ated w1th the use

a,of the outer 51te for ENAA Belng further from the core than

& . t

f ;the 1nner 51tes the ep1thermal component of the flux 1s'

reduced the oth/wepl belng 58. .5. A shleld the sazev -

whlle carrylng aut ENAA in- the outer 51te (unless flux‘

:descr1bed contalns some 8g of B C wh1ch due to the: large:

NI

iﬁct1v1ty of '°B, probably"draws the neutron flux, thus

renderlng the 1nner 51tes of llttle use for conventlonal NAA

‘,mon1tors are s1muﬂtaneously 1rrad1ated) '? At max1mum only

two or three geologlcal samples, each JOOemg or so in mass,

qit

may be 51multaneously 1rrad1ated’w1th1n the sh1elded central

o

"ecav1ty (unless pellet1zed) thus maklng analy51s of

lon§ 11ved 1sotopes relatlvely expen51ve..'

Stuart and Ryan (1981) used an 1nner SLOWPOKE sxte and

"~sh1eld thus utlllzlng the greater ep1thermal flux component

1}’To date measurement of inner site flux varlatlons durlng

'the 1rrad1atlon of a boron shleld have not been made to.*

u.'verlfy this hypothe91s.p

.¢‘

- .
“

S v : . - ) -

attention. ThlS may be due to the short llved nature of e
‘ q . : . .
v

0

-
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'(¢th/¢epi = 16. 9+0'8) Their shields would also’have“rather/

. a h1gh reacd1v1ty as they contaln some Sg B C The1r maln

-~ . »

‘drawback is however that samples must be placed 1n a

3 a

Centra% cavxty some 6-mm d1ameter and 45 mm long wh1ch

r

v
”or two samples to’ be 1rrad1ated 51multaneously and when

requ1res some del1cate sample preparatlon, permlts only one
c&

count1ng, presents geometry problems.

'In ‘an attempt to determ1ne both uran1um and thor1um by

‘fdelayed neutron countlng Rosenberg (1981) 1rrad1ated samples.'

mlxed w1thvand@w1thout By C powder From thlS paper came the-'

51dea of m1x1ng B4C. w1th samples for ENAA B a,g_f &

Tt was 1mpontant to determlne the effect1veness of the

" B,C 1n reduc1ng the thermal neutron component and ‘to. find

emp1r1cally the opt1mum B C to- sample ratlo To thls_end;ZS

oy

‘*};mg 1ncrements of B4C from 0 to 150 ‘mg were throughly mlxed B

} w1th 150 mg allquots of a well homogenlzed coal The samples

.‘)

'were were then analyzed 1n accordance w1th the short INAA«\~

1rad1at1on scheme. F1gure 2 9 shows the effect on the , 11

act1v1ty of a number of . lsotopes w1th the 1ncrea51ng B C L

oL

content. The . data are plotted as a percentage df\the‘

.ﬁfact1v1ty of the respectlve 1sotopes 1n the untreated coal

J_agalnst the mass of B, C added The error bars shown take

:flnto account the uncertalntles 1n the determ1nat10n of the

"photopeak areas 1n botH the untreated and treated coals.‘u3sw o

& 1

'"Clearly 1t can be- seen that w1th 1ncrea51ng boron content

eufwh;ch followﬂthew

'the act1v1ty oi t

'major Compton produc1ng rad1onuclldes,

aw’ are supressed far more than ZJ’U
| S gg B
Cee Togme



% of initial activity. .

o (|n mg)

L s LR o co 2 i

]

.' .125-.'- '4 -'50".'.- 7 100 125 150:,"7 |
Muss of 84C added fo 150mg coul




There seems 11ttle to be galned by 1ncreas1ng the B C to

"_envolved runnlng 100 mg of shale, 100 mg shale + 30 mg BuC

”hand 150 mg shale +:30 mg B C. When analyzed it was: found A

oy e

.sample ratlo above 1 3 (by welght) Further-exper1mentat1on:"-

e coals, statlstlcal error or. that the effect1vness of the B c .

4Although thlS may be attrlbuted to 1ncomplete m1x1ng 1n the

-that thevreductlon 1n”‘Na and 5‘Mn act1v1ty was greater

/‘

~1s related to. 1ts den51ty or pack1ng w1th1n the sample

. "rather than welght 1 may 1n part be due to th= large
- e

Jn‘percentage of organlc carbon maklng up the coal" whlch

m1ght' to a certa1n extent thermallze the eplthermal

'”_neutrons« A 51m11ar effect due to the moderat1ng effect of

'hydrogen 1n water ‘was. found by Reynolds and Mulllns (1963)

'tW1th 1ncrea51ng B C (and hence C) content thls mlght also be &"

f(100 200 mg each) may be szmultaneously 1rrad1ated 1n one of e

a problem._ff'a" 7gqfv'
4 . . ,
A d1e was*made to pelletlze mlxed sample and .Ba C

Vl‘produc1ng dlSCS 10 ‘mm 1n d1ameter and approx1mately 1 mm 1n

:the 1nner SLOWPOKE 51tes w1th only about 600 700 mg Bn

(Whlch 1s much less than used by Stuart and Ryan 1b1d)

7.‘»'v

jTadd1tlon,lflux monltors of drled Au and Mn solut1ons, on

(~\

-sealed fllter papers,'may be placed between samples thus;y.

‘*aallow1ng the flux magnltude and d15tr1butlon to\be well

A

ymonltored Unfortunately, t1me dld not permlt further

,evaluatlon of the method ﬂ‘f'b 'i&:’iii;?’

o .- . e e . oY S, ta ‘ . PR

e "'a;ar_j Y SR

o than in the coal samples at a ‘similar boron to sample ratlo. y ;

v

thkckness for 1rrad1at10n..In thlS way up to 20 24 samples hv‘”



The extremely well def1ned geometry of the pellets,‘

7would reduce errors resultlng from non reproduc1ble countlng
"cond1t1ons.‘Thls effect ‘is, part1cularly 1mportant when us1ng

",

- the LEPS detector where small varlatlons 1n countlng

o

‘igeometry are the dlfference between accurate and‘
reproduc1ble results and unrellable data. For a fuller
vapprec1at10n of the 1mportance of thlS effect the reader 1s lPVu

‘Arefered to the paper by Hoede and Das (1981) s |

Unfortunatelyyadue to the pauc1ty of t1me, the_;‘"

‘-fprellmlnarytwork could not be followed uﬁﬁ&nd consequentl& a
:al'number of questlons Stlll remaln unanswered these 1nclude'—“h"'
| '11) is it m1x1ng by welght or by volume that |

¥2;;_?controls the effectlvness of the B C 7"

A

:f'd2) once pelletlzed w111 the 1ncreased pack1ng of
r;the B, C Tegult 1n a more effectlve thermal neutron.'

f§h>~ahsorber7": L.A | .‘ | o . S

H:3) what are the advantag; factors for the longer'”f'

’;‘_llved rad101sotopes (partlcularly the rare earth

'ﬂelements)7: :{'
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- 3. Fission Track Analysis -~ . . = .. - ' &

3Qﬂ Introduct1on -;,f* S ,_.‘ f;” ; j~ . L er co

N .

Quantltatlve uranlum measurements by f1551on track
f.

"9

ipprev1ously by a number of workers 1nc1ud1ng Prlce and Walker@"'
"(1953), Flelscher‘&nd Prlce (1964) and Flsher (1970)

"method has a number of attractlve features 1nclud1ng 1ts‘ 5

,found 1n Flsher (b975)

f3 2 Theoret1cal pr1nc1ples

'hza domlnaat%y thermal flux. Thls 1s due to the large thevmal

‘”f1551on crqss sectlons of 23'U and ”zTh (lass th,
d%;O .2 mb respect1vely, Lederer et al (1978))
n When'z’sU f1551ons, two hxghly energetlc nuc1e1 ‘are

Aproduced w1th masses b1modally d1str1buted ab°Ut€§ 95§and o

"ana1y51s (FTA) have been reported and “the method dlscussed

A3

'sen51t1v1ty, low cost and the varlety of samples that may be.

A

”danalyzed FuLl apprec1atlon of thlS latter p01nt can. be

/ L . E e, | . '
ht3
]a'w s o

.Qu

When a sample 15 1rrad1ated 1n aﬂhuclear reactor,‘the

J[mlxed neutron flux may Jnduce (n f) reactlons (f1551on) 1n

Fae .r.;;yg'

'J,any heavy (2290) nucle1 present There are hpwever onlﬁ Lﬁjﬁ

A e e

'5three major naturally occurring flss1onable 1sotopes, f“'U

z”U and 2“Th Of the three,~only ”’U underqoes ff gion in

K

) c -—qw i

N

.

139 (see flgure 2 5) Iin addltlon to these two 1arge.

— 7

"fragments, on avérage, two to three prompt' neutrons are 4M;—»e-d

also emltted The f1551on fragments produced reco11 ‘in
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n- ) . c&s P .‘ . . P f’ P s T L - s N

.. ;r ; D . E . -\ . Lyt N .
e . - . . . B

*f~ momentum. The fragmeﬁTs may be recorded by plac1ng a~g

,su1table detector 1n 1nt1mate contact (dﬁe t% the shbrt

‘x'.f'—l 'o“ ‘\.

B range of the fission: products) w1th the sample.prlor to
f;.» 1r§ad1ation. The flsabpn fragments create damage tralls on._.
@? ?itrack; of atomie proéortlons an the detector.,After L, movalfﬁj
gfrom the reactorjan@ upon etchlng w1th a"su1table rf: .ﬁff. '
féf?y'the traoks or dlslocatlons are enhanced to the p01nt where
A tg;y ma& be ghamlned w1th an ordlnary optlcal mlcroscope.;ﬁr,
h‘;igd3 3 Sample Preparat1on and Analys1s.:?} | ;‘ S ui.;ﬁh‘ ’
- SRR

FISSlon track SbUdles of - Porthed thlnasect ons aﬁf'

c;f'fj(xleeman and Loverlng, 1967 Ham}iton,ﬂE?GS and Qhke etagL

.'r.

7d'i' ?§80) have shown tha%}uranlum 1s 1nvar1ab1y hete;bgeneo;
?71 \dlstrlbuted ?%roﬁghout many rodk form1ng phases. Whlle thl

1s usefu& for mapplng the spat»atﬁdzstr;buttbn of uranlum,

,;samples must flrst be" homogeni; g;qu whole rock ‘

:iqqutltatlve analysus.*Rpllowzgg the work“of ﬁ;sher (1970)

’ and,lehlmura (1970) the . samples of @hls study wer% flrstgpz

;i f 'crushed toupass through a -120 mesh s1eve and then thrd:ghly
;;:fimixed ?ﬁd’iif {; ; li:v‘;g.. . ,_f“”;lfz';f , ﬁf\fff“]~fj;”;;
‘ﬂi%flnf,; SampIe allquots 10 20 mg each wrth nxms and’backlng of

'“cellulose powder 'were pressed at approx1mately 1000 kg cm‘z '_

qo

;““Kc 14000 lbs;ln‘z) 1ntb d15cs 25 mmiln d;ameter,gnd about
' : ST R ,‘

P B v

mm th1ck Each sample had an expos'_‘ urface area of jﬂTLQWHM;

ﬁ;approx1mately 50 mm’.,wlth care, to av01d contamlnatlon 1t Q&
- “ O"'“{- S

4; i“ls pOSSlble to pelletlze three pr four samples on the face

» B K _:'_. - Tl '_.

., ,, L R T U ST,
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R S SE . : N - #10

E’-‘l o C R e ‘ o T oY e » ",‘ N o ' 3
. ) ) b ] ,\; ' . N “9 )‘, . o . | P
';’;‘. of a d1sc. e T -|‘. - , T -
Lexan plast1c d1scs werte placed 1n contact w1th the*— -
: L &q ! . o ' - ‘
Ve T samples aﬁc} hela flrmly in place w1th scotch tape. NBL— g
. ';r@ m\atenalﬁs Were 51m11arly pre,pared to-
. g, ,.,,_p.
o ,_.cs stacked 1n polyethelene capsules
’ . ‘ ‘ - "
: @A e w1th an 1n21de d1ameter of 29 mm.. . B
& F0 0 : T
U i :
E . All 1rg§d¢%ons were carr;.ed out at the Unlver51ty of
Alberta usmg th SLOWPOKE II reactor aThe large outer 51te
. of the reactor, wlth a max,,;,mum théﬁmal
N Y L « 5
o 10" n crmr cs"‘ was used;,_ 3

“‘“ .4; er three or four days to allow »the'”&actlva,tf“téx@ca L
. ‘g :
to acteptable »handllng levels._ Upon sepa,ratlon“*the‘“@;.

'1-.“ e ' ‘%‘A ! G 5:- <A

. ‘9 ,

d§sars were washed 1n water and then etchmd ~1n a 6 2? ngaOH

AF PRSP o
9)720) 'I‘he solutlon \

., . N @
.solutlon at 50 c for 20 m1nutes (Flsher

was#hpeld at ‘a constant, temperature by,;

".c&ontrol&e%dry%bath Th1_,§ was found 5’@ por: )
..'etchm%results in damag,e t/ thh polyca/bonate plast1 whlcy

i

-makes track récognltlon dfflc 1t Once etched the detectors"f

"','were waéhed in’ d1st1lled water and let drw L ’ A

T3 e L.
' Vil

S 'I‘he ~%‘ack densxtles of the samples ﬂ'ere calcu&&é’g
: \ w o
,usmg an ord1nary optlcal mlcroscope 1n tranmltted 11ght at}

.w}

l"._;SQAOX magn1f1cat1on (40x objectlve, 12. 5}& ocular) gogether

R E .”‘: - ‘-'.‘ . .'. ‘%h k_- '. .‘, L
s : The we1ght fract1on of urarnlum\C in: a Sample 1s glven‘ 3
s Forms o

@

L
&
-



RERE ‘would make»absoldte uranlumrana1y51§%by ETA exagehelyo

T “ ~ T
l{ // ~ a L ) ’- :,
» el S C. s Y
v ".4:‘; - :v’gi ) '_ . . ""f.' - i
©' / Where:, , - " - :
. m@ﬁ f = geometry factor’(c 1 for f1551on tracks)
- "M = moleculat pelght'of uranaum (238 98)
.. .4 = track:density observed , -
. : ® = isotopic abundanceof, ?°*U (0 72%) ST
R , . ¢°= thermal flux ~ ZW_.,4._; 3 T e
1 R ha1rradﬁhtlon“&ume ’:" R .
'  .,..- 6 = fission cross, sévtlon Q; 2“U (577b) : .
o N e.Avogaézps Numbet ,,ﬁﬁwva ST T e e
x .. % R = range 9{_?1551on fragments 'v'( a. Lol
: S ;pu=“den51ty 5} materia’l: cer@fvnﬁ’ )
B T ‘e's'efflcrencx of . detectbb'f%u‘jgg terlng tragks
f:.p ! £§ ’i we1§ht fract;gn of u,' z‘.” Ry
: (Prlce and Walker i 19%*3- Fieischef “dmi fr a} 1964)
'-' . " \ Q w‘ ~

“};f Determ1n1 @all ofDE%e components dn the ab@We equat&on

e - "ﬂ- ; u = .‘

wtedlousf Thls 1§ C1rcumvented183 applylnggggcomparator  §234_¢
tEChnlque Simllap'ln mg%& waYs fo that used 1n ?ﬂXA ThlS s
' Q%‘“‘ .".ﬁ‘-‘ __,‘ 4

o
— Ly

iﬂ ach1eved by ratlolng the track deasltaes of ﬁ%knowns w1th SR

“r

'9‘-

6 ‘\\'-

bhose of standardsﬁirradf%ted and etched 't the same t1me as -

“@Qﬂ' fe'cancelllng of vf‘f

f:\ ';o Be determlned S
_ Wl T e T e T R o g
v e () s e - x\C(std) ‘ppm U’ S

S alsta) I(sua)w, i o

P L Rk ) . A .

P

s Ca T e T L o
v L(u) = concentrdtion-of uranium in unknown' B
R -C(std)= concentration, of uranium in standard
‘ ~d (u) "= track density of.unknown . ;‘g SR L
~d(std)="track density of standard. - . IREE T,

“I.7(u), ..Isot0p1c ‘abundance of 2°%U in unknown' e
I(std) u1sotop1c abundance of ”‘U in standard"'

If we - assume a constant 1sotop1c ratlo for ”'U/’*’U he

- _f.‘ 



uranlum content of the uninown is g1ven by v o
St s & oA e
. %‘3\ ; . C(U) = "-——"'—'—X C.(Std,) y o __‘“' e
' “i . o d(std) ‘ . -.. - .‘u.L' ’ \')
'The traék “en51t1es were éalcﬁlaJ ?ff'countlng tenék ~$

randomly selected equal ateas and taklng the1r mean value.x.“

."t)

The standard error of the means of. the knOwn and unknown
_____samples¢were calculated and the total error or uncertalnty'
A f"

“4[ im the uranlum be1ng the square of the sum of sguares of
- ) _ ‘

AT SRR s ‘ - .
. these two errors.wt ,Q.f‘ ' < v
¢ - W - KEY y;..,'.‘“ . ; ' ‘;‘1‘ e o

r?ﬂ"dfi The total uncertalnty 1s largely contrplled by the

= i ‘ - EE
‘grknown and unknogn standard devaatlons wd%chlln turn reflect4

_"".; .

Consequently, assumlng a stat1st1cally sugnlflcagt number of

» - S
; &Jectlve means..‘ O

3

:g LB B T . 2 l ‘,;
; tracks produqed (wh1ch 1s proportlonal to the 1ntegr3ted d§a=-
| neutron Blux) and counted hejprec151on of the method ;s B e

1arge1y @dﬁzrolled by how well homogenlzed the samples areh
] L . ﬁﬁ" Lo
where results wlth a- prec151on con51stently‘§35 4 are

requ1red standard'glasses.are‘avallable for comparlsbn

- - R

(supplled by the U. S. Natlonal Bureau Gf Standards in f0ur

e concentratlons : 451'ppm,;37f4 ppm,'O.BZ"ppmjand 0-072.ppm rﬁfp

T DR A
ﬂ*] U) 4 }“,'.T- i e . * ot :
“ ‘. 1 . . f | S0 . , e ‘~ )
' T v - oo O : )
Ry o - N - 2 | B ,)l.‘ 1\. “ 4
. -, f ' ) - . ) .L ; . ‘5 '
: s There is however some - doubt regardlng the homogenelty of e
' the. uranium distribution 1n the 0. 072 ppm U standard SR
(Flsher 1975 p 295) o - o S

.'"‘0 .

»:1 .- e 2



% R

3 4 Results~ . .‘\,.‘ 4, o
Twenty Exshaw Shale samples were prepared and analyzed

v

by FTA. As can be seen fpom a momparlson of the results of

the var1ous methods of uranlUm analy51s g1ven in table 7 1_:

FTA is suff1c1ently accurate for the rout1ne analy51s of

ToGs

uranlum in geologlcal materaals. The method does not suffer

any majgr m!u;r‘n( pffpt‘ts and_.f-s%ry-—seniu.twe_ﬁ-'llhe—pewlts

o

,3‘woulg avo1d~th1$ problem. - oL Ty

© i
R d

n

are howevega?rather 1mprec1se. Thls 1s largely 8. consequénce

@ ‘
f heterogene1t1es found 1n\the NBL 81A (20 ppm, Uy ;' S

comparator standand used as exempllfled by f1551on track
i
stars in the detectors. Slmllar stars were observed 1n

~‘ ._ 2 »,%T ‘i
'-’(1‘ ﬁngberage uranlum concedtﬂaffons._Use of the NBS glasses

" & ; ﬁ w : . i -' .:4‘:&’““.‘; o v,

S ‘.:v

s RO A:A K5
*“3_Theoret;callg> 1f the materlal ed t% reglster the .-

er

T . 4 - k’ -

flsslon tracks has an extremely 1ow U concentratlon then DNC

- . -.,; . : (.

‘is one of the most sens1t1ve metods avallable for uranlum

analys1s. The method requ1res ver@311ttle sample and\Tay be,ff

over 5 to 6. orders of magnltude of uran1um 40

. g, 2 . _ ; ;.
S T T S PR T S
K

\ ‘Al
concentrat1on. _;;- __0-_ ) STt e R p,
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4, Delayed Neutron Count1ng

. . Cote o
: Loy “ L
el

4.1 Introﬂuct1on - ; ';;."f“f,

Approx1mately 110‘sam%éfs (1nclud1ng replacates) wene N

’ ‘,.. )
i i w,
Y idd

W
P “ n:

W
.

analyzed for uranium by delayed neutron countlng (DNC) - at

McMaster Nuclear Reactor (MNR) and later at the SLOWPOKE

reactor. Only a short rev1ew of the pr1nc1ples w1ll‘b%,g19en

fhere and the reader 1s referred to Amlel (1962) Gale (1967lt“

rr‘_." : ?, ~' u\' ” v" v ‘ \l :

and Boulanger et al (1975) for s more- qpmplete d1scu551on_ 4y

S ‘o A33"J‘:‘) Cag v o 5: e

of the‘the"f.y and )ia{vctlce of ‘DNC fﬁ?; | g el ‘
ln‘f:i. . W . ;'4 o : A .8 . ,:— . K .
P . . ﬂ" P 'ij“"‘:“v . Py . 3 .- _,~¢ IR

4.2 Theory - o l*/' & _t.”,,;;;,v,‘yg. ”“gi‘v];g,

.;v_-é .&As noted whén d;scu g _the 'pr\ﬁflplesabehmd f15510n o

‘ trackJanaly51s, it wagﬂpOf”

'ed out thatzﬁésslon of ?35U'ls .

@ i _.,’g gt
J'selectlvely 1nduced by,ﬁh@rmal neutrogs’when.a sample 1s o

o

pae '1rrad1ated in a nuclear reactor. The f15$1on fragments

produced are unstable and decay w1th relah1vely short

'lhalf 11ves (max1mum.of approx1mately 55 s) WIth the em1551on'

. of B partlcles. In some of. these decays (1 58{ Keepln,gtr tftf

S al. (1957)) thlS is" followed by%the 1mmed1ate em1551on of 8 ly
.f‘delayed' neutronr These delayed neutrons, unllke xhe oromptL»
;.neutrons emttted dfr;ng the f1551on'eventp1cont1nue to- be

| emftted aftér

: 5 \/ -

e produced is p:oportlonal t0'the amount of ’350 present‘and
'__ when coun@éﬁqcan-prqv1de a rapld h§$ﬁ905t precrse, ;;=ff‘/£j

accurata:and'extremely sensltlve means of\u;anlum analySLS.-.j

: "_ . '

_ There are ho;?ber gome l1ght radlonuclldes, produoed by fast

«\e‘,‘i e .' ““ﬂ' RN ¥ A : : R °
> L. B . - L . Yoo
: B e T 7 S

T dlatlon.\The number of delayed néhtronSr:_

N
.

™ I ST
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a , [neutron reactlons whlch also decay with the emission of

Ty

- delayed neutrons, Of these ’L1 (T1/§~0 17 s)(and "N

L(T1/2 4. 17 s) prod0ced 1n the react1ons ] e(n p) L1 and

. :‘f" o - vq« w
SRR ’O(n pc) 1 "N are thé' most impor.tant The pOSSlble
\_.‘ “‘,A 1‘. T fa '." vl )
a: 1nterference due to these two 1sotopes is drscussed later.'
e s
i As 1t 1s actuaIlyo’PsU%thabf1§‘determ1ned via DNC, for
o ¥ : ST £ g

quantaﬁrt1Ve total uran1um analyses,vlt must %§ assumed that

-% the ”'U/’JsU 1sotop1c ratlo 15vconstanu Fortgpately, when
% 5 ‘ﬂ % % o v, P e
‘ bles thzs 1svne35dy alggys the*

:; : e e : LR kvaar
'1b1d calchlatmd thatchere 1s¢llttle to .be.
’ !', . rq:'.'.p"; t’ ‘ Q J m Aé“i ' '!.“ T "" .‘ v, 4".' 5“’ ':‘ ')A. \:.
%ting?a?samg&e £0¥F more .than one,mlnute. Theﬁ
: o e ap ;?’- T "~._:$'__.‘ g ”5{‘ 0 T ey "y L
so s for;thls are fwofolﬁ‘ Fir@tly, due‘td t
. - ) - V‘..’Q;’; e

i .
R LT

o : T 'ﬂ:, ‘
, (largeiywdue to'“Alw T(/T” 2 24 m1n) may 1nté?fére when
:%%>Ja coﬁntlng and also presents a. potentlal radlatlon hazard
L PR "J‘k c ”: R

A countlngtperlod 51m11ar 1q§length to the 1rrad1at1on
t1me 1s recommended as 1t allows the majorlty of the delayed

u

' \ - ' .
neutron em1551ons to occur and be detected Countlng for ‘

[ ~.

;fshorter pef%ods bf t1me (as compared to the 1rraddatlon

T

':f{} time) 1nareases the sample throughput but reduces the "f‘[.z'

-

sen51t1v1ty of the method Too long ‘a countlng tlme on’ the

lother hand reduces the prec151on hy 1ncrea51ng the.
o ’;ﬂ, __n'_‘ \_. A .
';Vc‘ﬁ There 1s only one - ‘well documented varlatlon from thlS

g Te situation, at- Oklo in’ Gapon where 223U 'is depleted due-to .. -
= 1ts natural f1551on (see Bouz1gues et al., 1975) '
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background contrlbutlon w1thout 1ncreas1ng the net s1gna1 ,; %ﬁ
, A I , N
51gn1f1cantly T ‘h

- The delay or. 'decay tlme chosen must necessarlly be at .

. ¥
V20

4ffleast that taken for.the transfer of the sample from the.
o ,:. 7.

reactor to the. countlng facnl;ty (generall <3 second) ‘fip_l

'_Theoret1cally 1t should be kept as short as poss1ble to "

) .

,max1mlze the sen51t1v1ty Im practlce however, for.’ a number

“»4

of reasons, delays of between?ﬂ@ and 20 seconds aré\commonly,,
- u& S

- !'n; ' ";

5%mployed A 20 seCond delay allows the complete deCay of ’Llf

",_”and a reductlon of the \N 1nterference mentloned prev1ouslyy*-

‘hlto 3. 6 % of 1ts 1n1t1a,' alue (a 10 Second delay reduces ’jf_'d

--..varlat1ons in the dg , jVL‘f%ﬁﬁome more 51gn1f1cant the.g

re -

o ,sen51t1v1ty of the method but does allow for\iQ hourly

-

T

hthlS to 19W0 % of the or‘:_A 1 value) Furthermore,-small“

':1rrad1atlon at the same flux.__- _'Mgf"’

.,more dlfflcult than that of charged part1cles such as

CES

s’-.

-)‘. .-2

AthN%xan 1rrad1at1on delay count scheme of 105 105:403 :

/'v' ’

thermal flux of 3 xl 0‘2 n cm.'z S"‘was employed

(wrltten comm E Hoffman) ThlS does not max1mlze the

‘throughput of some 100 samples (thef)f?me concern of a 1?

the act1v1ty that would be produced by & one m1nute 2;7 ?Vf; 2

.. v

o,

> Because neufrons have no charge, thelr detectlon lS
ﬁu‘_. - vy o

electrons 23 alpha partlcles. They must therefore generally

be detected 1nd1rectly The most popular detectors for ff_;(

v
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v,

2

S. 'The neutrons 1nteract w1th thefenrfched“°B~to

. . 4 A S
produce .lpha partlcles and ’L1 nucle1 via the reaction
Y , - A N
'°B(nLaY’L”‘(thermal cross section of 3840 barns) Belng A

p051t1vely cxfrged;-alpha partlcles ng readlly detected

.when a hlgh vortage is applled‘across\the detector. Due to

'{-Y' E

.'ge thermalwcross sectlon of the above g

reactlonziand sma 1 fast neutron cross sectloh) maxlmum

only occurs when the hlgher energy

"

o been slowed down to thermal energles

thlS 1s accompllshed plac1j§ the 1rrad1ated sample 1n the .

centre of an array of 3 tubes (8 at MNR) set 1n paraffln.

latter materlals, belnggrlch 1n_

layed neutrons byyel%§t1c ;],‘:¢,~

scatt”ring, thus 1ncreas1_, the1r chance of detect1on.f_‘

.

17,' Oh account of the lar-? reactlon cross sectlon and
R -

2 avalllbllrty of enr1ched b0'

. ,,Q}, .' ~ (.-».

n; the BFG detectors are
comparatlvely speaklng, hlgh.

‘L
effrclent and well su1ted for

thlS appllcatlon. The.voltage1:ulsesa$Enerated durlng the

i

‘petectlon of the neutrgps are. pagsed through a pre ampllfler

s an

Ymp 1fter to a 51hg1e channel aqalyzer {SCA) where they e
'areL ccumulated The gross cou;ts at the end of the count:
"1nterval may be read d1rectly or1output to a‘ lThe prlnt%\.y ;u,
’Once the system 1s*ca11brated agaznst-a number of.uranlum
standards of vary;ng,concenratat;ons (oﬁ kn°wn‘%§°£¢p;;:]g,
Iabundazce) sampies_madee'runVonfafrog}inejbasis;;f;.hr“n:‘}V
e g S P : o _

e \
PO
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‘tem was bu1lt at

rs1ty of Alberta SLOWPOKE fac1laty for uranlum -

Sy

N -‘analysas.

The SLOWPOKE count1ng system con51sts of 6 BF3 tubes (5

“.cm in dlameter 30 cms act1ve Lenqth) arranged 1n a c1rcular

array 25 cms 1n d1ameter -and embeddedaln paraffln wax.‘A'

E)

leaQi yllnder (8 cms d1ameter, .25 cms long) was placed.»

coax1a11y in the m1ddle of the BF3 tube array to attenuate e

TR
[ :

the gamma photons due predomlnantly to. the short llved
radlolsotope "Al (T1/2 2 24 mrn) The whole countlng;sysgem‘u

*was surrounded by~a further 3 cms of borated paraffln wax 1n_,
cbmponent,x».-‘~_~

.

‘at a commen - hlgh voltage ofjﬁz é§ sqpplled by al¥ennelec ¢~&w

i

A

TC951 HV ower supply. Slgnals wege passed thfough aw TC175‘?

preamplﬁ er to a. Tennelec TC216 llnear ampl1fer and SCA and

o A
. on to a’ R£534 counter and tlmerrﬁRaw data were prlnted out
on a. de.w 1ter v1a a. Tennelec TC588 bUffer pr1ntout'_
:ﬂl ' - . :».f-.‘ :. o v E ;“ ‘t— _:' .
~control 1°t_ei.fa°?'. PR ?“@‘%‘
er/tlmer '\las f‘-

1ﬁf nh dlscr1m1natqr bfas on. the coun
‘ 5

K[g

S kM : 4
frlﬁlprodu ed: by thew?nteg%ptlon of gamma rays and the detéctor

m.l .."

’htube were ellmlnated‘w1th only a sma}l feductlon 1n the

Hneut on*detector eff1c1ency e 1.; ) .; SR,
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4. 3 "DNC Ai‘g‘ults G T

3;‘. o Prellmlnary measureméntsl u51ng an 1rrad1atlon -"dééalh

ﬁ :icount scheme. of 20:10:20 s,;ataa ilux of 1 X TO"n cm'2

i . s“ gave a sen51t1v1ty of 50. .1.cts Ug" natural uranlum.“

_: Decls1on and detectlon llmltS (Currle 1968) for Ufahlum are

2, -Socind 120 ppb reSpectlvely in.a 59 samp»l,e."'i:’”'7 'fdl{'“l

' ,-}.M*t Analy51s of a liqu1d atomlc absorptlon thorlum standard @

’ )

e ‘ ’ ntlcal condltlons gave a sen51t1v1ty for thor1um of
~0 63+0 03 cts ug", that is,. ? 25% 0 bG%“thatUof uranlum.‘;'
_~Commerc1al Prpducts (see Boulange *Ewgyﬁlilai‘f ,'”L '

» ’v’ 3;} ﬁ - — @‘.”-“”",.. 3\ ‘ ‘
used ‘a . SLOWPOKE readtor (but fferentqlrra §:

;Jlxgand count tlmes) ;';.hllﬁf ;;”fTb;?L.'ﬁ?fi*u”v, t

if:;ff;. Using the Canadlan Radloactlve Reference Standard BL 1
; | 4!‘ - .0

L ?‘(U 220+10 ppmﬁ Th 15+1 ppm)-as the callbratxoa standard *bhe: -

“il;iaccuracy of the method was assessed by analyz1ng a
Sy ] T
,reference standards,_the results of wh1ch af@ g1ven 1n table
_‘ ‘4f1 : & Pl . :
g :, ‘- . t . _.' . "»' A o ‘,.‘ Ll . oo ] . " L N .
,fTable‘4;1'DNCfuraniumbresults using;the SLOWPOKE reattor .
bﬂ Sample “hTh/ﬁ . U(ppm) " .Corrected . - B Recgmmended .
s ID " Ratio T (+1 s1gma)T - (ppm)* . value o -
: - " ] | . , SR
o USGS Wi 300 o 'e1+o os o " 0.59%0405 % ¢ 0.58 -
¥ eoDL-1 2,00 .0%1. 39, 9+1"2 a2
. DL-1“;,:=2.0 41 0%1. 2 "lf’.39 Q1.1 e 412
", NBS 1632a. 2.4 ‘10 9+0:4 7. 10.6%0. 4 o 10.2+0.
'-NBS 1633a 3.5 1 54+0 12 J.4§£0.12‘1 SRR I 28+0 12

T results of a’ 51ngle analy51s of each standard v
¥ corrfctlng for the known Th*content of. the sample.

T x




B X4
L

LA

PR . _ RS . :
As can be seEn, even'Withoutﬁcorreotion.fothhe’thdriUm
content of each sample, the uranium results are quited"
accurate. Follow1ng correct1on, all results, except NBS

1632a, lie w1th1n one. standard dev1at10n of the recommended

uranium. values- ‘ A 25 S

‘The thorlum 1nterference need only ‘be con51dered

o smgnlflcant when analy21ng samples in wh1ch the Tn/U ratlo

PN

‘is greater than about 5 For such samples, determ1nat1on of

the thorlum content ‘and hence.the 1ntérference to uranlum,

should be made. One p0551b1e method is to re 1tra§1ate each

.

sample 1n a predomlnantly fast neutron fl@h (see Amlel 1b1d

z

and Gale 1b1d ) Th1s effect may bexﬁeenégn f1?ure 4 Luwhere
[ad . .,..

the uran19m resuAts obtaxned by delayed neutron bountrng at

McMaster Nuclear Reactor are prtted aga1nst tbpse obta}ned

>

“at the SLOWPOKE reactor. 'In general the values obtalried et

) SLOWPOKE are con51stently hlgheg“than those from MNR due to A

the greater ¢th/¢fast at SLOWPOKE (apprpx1matgqy 4. 6) <

compared to the ratlo at MNR (14 6" pers. commq ‘E: Hoffman)

L \.a\ .

Mlllard and KEaton (1982) th%oughly 1nvest1gated*the &
s g
factors affectlng the*error in” the DNC technlque for U and ‘

s Al ,r‘ .

Th analyses and concluded that countlng statlstlcs are the -

e —

majos source of uncertalnty Consequently, under thevpresent

' T hv.'_v

.”scheme ‘a concentrat}on of 0 4 ppm uranlum in a Sg sample may

2

k be determlned w1th a: prec151on df better than +10% (one

. ‘
el

* 519ma> i , S , : -
S , Repllcate”aﬂ%lyses of f1Ve allquots of the same sampleilj

A

‘=vanalyzed u51ng the SLOWPOKE DNC system gaue a mean value of" e

v
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" Figure 4.1 Comparison 'of ‘SLOWPOKE.and McMasgfer reactors DNC

e s Uluranium results o {RR w0
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. A%

y together w1ﬁh the total egror of‘the analysis (based on £
9 R ey
ﬁwbackground removal countlng statlstlcs and d1V1saon by thé .
Lot e T e VI SR TN s
Ry standamd sen51t1v1gi) f: _»; J bﬁyff qty;'i;»gfﬂgx~wfjrf o
R v R T R -..:Jsga.e AR
) For an, excel nt coverage of the potentlal ‘ff»»p s
ylﬁﬁﬂlnte ferences to-&he analy51s of uranlum by DNC the readeri;ff
Rt o
. 2 f'nﬂt1m1ng o"ether
" ey SRR -
w:f1351on due to ’“’Pu or z’“U 1n normal geologlcal,samples o
‘ ' . P n.? oo D
» -3 _\'b ‘. . 7, .‘.,
. xiunllkely The typlcal concen%;atlons of B and Cd 1n ‘.g/ P
o '-7_.‘ R S e g ,g, '.~='."'-4-' B :
“ ~_geologlcal samples was found to have a ﬁegllg“b-' B
i g b
u,the neutronafluxghAbsorptlon of thermal neutnbns was only L

.ff_5n JFORTRAN I

28 O3+O 32 ppm U 1 15% (N 5 scatter 1% 56 %) The same 3”

4

g2

q,u
f1ve samples analyzed at MNR gave a mean value of 27 01+0 15,-

J - « Q. >

ppm U 0. 55% (N 5, scatter ; 10%) Clearly then, as a

-

msthod of uran1um analy51s, DNC is extremely reproduc1ble in

nature.

P A \ C e

Wlth the present 1rrad1atlon decay count scheme 1t 1Sh‘
g

'z

Unlver51ty of K& ﬂmf SLOWPOKE reactor allows fog some 24Q\$

PR

Samples to be a%%§v2ed per_ day ff ‘3,f;[i:c _H$1 R
i Ll S
«programme was wf1tten by the author wh1ch

a

glven the sample 1dent1ty, mass anﬁ ‘raw countSvfor eachm

+

sample and calgylates the mass and concentratlgn of‘urgnlum '

o

KN % e

o .o - E , RS
'

P . B . R N [ N . i Py o
LR T B ‘ : R e L o e

o aoperat1ng constra1nt of 4 hours‘at maximum flux at the ;5 Jﬁwz

p0551b1e to analyze some 60 samples per : hour wh1ch dwlth the‘“

‘J
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ppm and the%jporrectlons were necessary

= 83

found to be’ a problem when the rare earth elements Sm and .Gd

were presen},at concentratlons levels of the order of 1000

P —,_‘—‘:'4—4 ———— -!

O T R ) 0 O T o S



A " - .. . 5. Gamma-ray Spectrometry.

N
I

5.1 Introduction . ‘ S ' . ' |
B N ’ . . -

Tfadftlonally when‘analy21ng'rocks, sedlmentS'andﬂsor}s)
for uranium and thorium by gamma spectrometry, only the |
hlgher energy gamma emissions of the daughter products$ are
lusually ut111zed as. they are more 1nterference‘free

Typlcally uran1um has been quantlfzed 1nd1rectly u51ng the

!

1. 76 MeV gamma ray of z“B1, and thorlum 1nd1rect1y via the

2.62 MeV gamma em1551on of 2“Tl (see f1gure 5.1 for: the-.

138y, 2“Th and 233y decay chalns) The reasons for thlS are

.t

essentlally three fold. First of all - ?2%0 and ***Th
themselves~decay by a-emission with 1nsfgnificant'gammar"“
product;on»/i Secondly, few of their immediate daughters'
!

which do decay by gamma em1551on em1t suff1c1ently intense

gamma,radlatlon for quantlflcatlon. Flnally, durlng

>

exploratlon for hzdden m1nerallzatlon only the hlgher energy

gamma emissions may be used as the lower energy photons are

totally absorbed by a thin 5011 cover. Even 1f thlS

“absorptlon dldxnot occur, the -low energy spectrum would rlde'

on a 51gn1f1cant low energy background which would decrease
"the sen51t1v1ty of the method apprec1ab1y DN

Consequently, when determining U. ‘and Th' v1a the1r
daughter products the assumption 1sausua11y made that the
1 2”’U does decay directly emitting a low en rgy gamma
photon at 0.18 MeV which has been used %o.qua tlfy U in the
laboratory (Bunker and Bush, 1966). The method is limited to
samples with a Th/U ratio <10 Above this the interference
due to *?*Ac (a *’*Th daughter product) is too great for
accurate U determination, .

\

-
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parent radionuclides are in secular equilibrium with‘their
daughters. In secular equlibrium the number of atoms of each

daughter be1ng produced 1s equal to the number of atoms of

the same daughter decaying. This requ1re5‘that the system
.remain closed to gains and/or losses of rad101sotopes of the
decay chain under con51derat10n When such conditions are
hnot met disequ111br1um results.vSome eight‘or nine

vhalf llves of ‘the offending' radioisotope are then
"necessary for equilibrium to be regained | '

Due to the relatively short half lives of the decay
products in the ?°2Th decay chain, d1sequ111br1um in this
vchainfis'rarely a problem.“ However, many of'the daughter
products in the ?°*U decayvchain_aregsufficiently long-lived
andhcgemically_distinct that selective mobilization, by.
leaching‘for example, can result in loss of_equilibrium that
#is.not rapidly regained (see Levinson'and Coetyee, 1978.,

_ Szoghy and Kish, 1§78 and Rosholt( 1959) : »

Only dlsequ111br1um due to the dlfoSIOn of ”’Rn (part
of the ?°**U decay ‘chain) is oflimmediate_concern in the
laboratory (see.under("Sample Preparation"). A comparison,of_,
‘ ,the uranium results obtained by gamma spectrometry with t: .

_those from INAA or DNC (where uranium is determined

- directly) w1ll 1dent1fy samples in which disequ111br1um is a

<

_problem.a

__________________ /‘

1¢ 228R3 has the longest half-life of the daughter products
in the ?22Th decay scheme (T1/2 = 6.7 yr). Hence, >99%
equilibrium is attained after 46 years (approximately 'seven
'half lives). : .
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o .

Pota551um may be determ1ned via its monoenergetzc gamma
'em1551on at l 46 MeV due to the decay.-of *°K following

electron capture. As potaSS1um is determined d1rectly by

ggamma spectrometry disequilibrium is not a problem.'

5.2 Sample Preparation 4

Samples to be analyzed were washed.briefly'with tap:

' water to remove any traces of . drilling mud. Then, after

"drying, they were crushed in 'a tungsten- carblde swing m111

to approx1mately =120 mesh They were then vacuum dried for

A

24 hours and welghed into tared plastlc vials (5.4 cm long‘

S

| w1th an inside d1ameter of 1. 4 cm) to a he1ght of 4 cm. Th1s‘

- was found to be 1mportant for two reasons. Flrstly, a
non- reproduclble countlng geometry will result 1n P
non-reproducible results. Secondly,‘and hav1ng the same '_
effect, the eff1c1ency of the - NaI(Tl) well detector utlllzed
‘was found to decrease rap1dly towards the top of the well as’

3

" the near 4ﬂ‘geometry was lost.~To avo1d la'er settllng the

" vials were tapped to the above helght ur1ng pack1ng The

mass of crushed rock was measured to the nearest mllllgram
" and recorded o |
| The plastlc vials were then hermetlcally se%éfd and
i;left for some thhrty days before be1ng counted This- is
ﬁ necessary as 1t allows the 23'y decay cha1n to regalnt'
»_secular equilibrium'asghwégh crushed the. gaseousv”’Rn
.‘daughter is lost{ Consequently» "‘Bl Wthh occurs even
later in the decay chaln (see flgure 5.1) may- only be used

. ‘al
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to quantlfy the uranium once’ equxllbrlum has been rega1ned
. In this work a m1n1mum of seven half llves of ”’Rn (T1/2\—

3 825 -days+ were allowed for the. gas and 1ts daughter‘

"products to build up and rega1n >99% equ111br1um However,

Ritchie and McHenry (1973) found from,the1r work " onﬂuranlum

analy51s by gamma spectrometry thatf

[

"measured gamma ray equ111br1um was achleved

in 10-15 days." (thchleland McHenry.p 577, -

1973) § R g ,"
Radon 220 (T1/Z 55.3 secs) occurs 1n the ”’Th decay

-cha1n \however due to its short half l1fe, equ111br1um 1s

regalned approx1mately elght m1nutes after seallng

-

V@ . B

'5 3 The .Counting System.
Samples were counted u51ng a 3" x-3" well type. B1¢ron'

NaI(Tl) crystal detector with a measured resolution of 7 65%

(S

at the "’Cs 0. 662 MeV photopeak“ The crystal was mounted on .

a photomultlpller tube wh1ch was in'turn connected to an

Ortec. 276 photomultiplier base and preamp11f1er. A lead

: )
castle some ‘10 cm 1n th;“g_e - oused_the detector system.
"The 1 kV detector b1as was supplled by an Ortec 456 h1gh |

;voltage power supply The preamp signals were fed to a

)

-Canberra Ser1es 80 mult1channel analyzer (MCA) where they
g

‘were ampllfled and - ass1gned ‘to one of 1024 channels.iSpectra

thus obtalned were stored on floppy discs u51ng a Canberrao

'Model 8660 Series 80 Floppy Disc System for later numer1cal

-

"analysis.

[

gk

L



3
!

Any drift in the system was monitored using an Ortec
' | ¢
419 precision pulse generator.

?lQ.Analysis - T *

:As noted.earlier U and Th_have generally been
“determined vila the high'energy gamma emissions of ?'4Bi and
‘1esT1 (Adams et al. 1956). Although convenient for freld

- analysis this method:has_two main drawbacks for routinav
laboratcry nork;'These:are: - | |

a) large samples and

b) long countlng tlmes
are necessary when measuring low levels of U and Th (0 50
ppm) Flgures 5 2 and 5.3 show. - typlcal spectra of uranlum
gand thor1um standards over the _range of 0 to 3 MeV. From
xthem 1t can be seen thaf the low energy reglons of“the

spectra (0 to 0.5 MeV) contain the greatest amount of

-

S

"potentlal 1nformatlon. Th1s 1s due in part to the greater

\
1nten51ty of the low energy peaks, tsgether w1th the

increased-efficiency of the detector at about 0.1'Mev. Both
factors result in an increased_countrate and better counting

cv

statistics.
- After a series of preliminary studles at the\

'concentratlons of uran1um expected in the samples of this
study (Efloo ppm)_ltdnas decldedvthat 'conventional' gamma

etrY\wsulg\ngt‘be sufficiently sens@tive or rapid

for the routine analysis of .a large number of samples. It

. spectro

‘was therefore decided to investigate the lower part of the.

\
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- spectrum, - , ‘ N
In an attempt to ut1llze the mass of 1nformat10n-{

gl"

\X VI‘,{J,\ _)J

contalned in the lower energy part of the spectﬁﬂm (see

Hurley, 1954 1956 ‘Bunker and’ Bush 249'5 'éﬁai
Leighton, 1981) the method of: Culbertvanf ‘as-

al* b

adopted for U and Th measuremeht.:?%llowi' ‘hgar work the

g o v

amp11f1er gain was adjusted so,th;§gqnly théq§0wer energy
-

part of the gamma . spectrum (0-400 keV) " was ass1gned to.the

§

‘1024 channels of the MCA Two wlndows, or regions of
1nterest (53-112 kev and 208- 269 keV) were set up to
.encpmpass the 80 keV-photqpeak of "‘Ph and 235 keVv
Phgtopeak of 2"?Pb (daughters of 2f;.IJ.and 23 2ph
vvrespectively); Figure 5.4 shoﬁs spectra of the uranium and
thorium standardS'superfmposed, with the photopeaks and
. windowsjidentified,lAs can be_seen,vnelther window is
'interferenceTfree and consequently'strlpplng coeff1c1ents,or
‘ratics"must be determgned;~Knouing the mass and U anleh )

concentrations of twd‘standards, the strlpplng coeff1c1ents

N )

for U and Th were calculated after repeatedly countlng the"
P ‘ » o
‘background and standards. For tne egu1pment and operatlng

conditionsemployed, the coeff1c1ents were calculated to

be:- ‘ _
. S ‘ .
S1U = 4.447 x 10" %cts s 'g - 'ppm~'U
S2U = 1.396 x 10-°*cts s~ 'g-'ppm~'U
SIT = 1,604 x 10-°cts s™'g~‘'‘ppm~'Th
- S2T =

1.631 x 10-°cts s~ 'g~'ppm~'Th

'’ While discussing low energy gamma spectrometry y:ray
energies will .be given in k1lo electron volts (keVv) for
ease. - . : : :
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Once the background counts. have been subtracted the

“uranlum and xhorlum concentrations of the sample may be ™ .

calculated from the following equations:-

(N,.S2T - N,.S1T)

9] (ppm)

m (S1U.S2T - S2U.S1T) -
S (N1-S<2U -.N;.S10)
Th- (ppm) = — - . .
. ‘ m (S2U.S1T - S1U.S2T) - . . R
where:-
N, = net counts per second in window I
N, = net counts per second in window 2 .
m = mass of sample. in grams
SnX = stripping coeff1c1ent for element X in window n

' Followlng’thls method, the detection limits (Currie,
11968) in abthorium-“and uranium-free matrix are 0}63'ppm'ﬁl, “
'7and 1 57 ppm - Th respectlvely, for an 8—9'gram°sampie,counteda
- for 10 000 seconds. - 1«'.i SR - i |
| Such short countlng t1mes, together with the! above
dsen51t1v1ty, are a great 1mprovement on conventlonal
gamma—spectrometry In order to 1ncrease the sen51t1v1ty
further' elther the sample 51ze must be 1ncreased and/or the -
background decreased Much of the background 1n w1ndow i is
due,. to: 75 keV fluorescent Pb Ka X-rays produced by the .
Lnteractlon of.cosmlc rad;atlon and h1gh energy background
gamma-rays with the iead shieid -In an atteﬁpt‘to reduce
'thishcomponent a copper shleld (1. 25 mm thlck) nas madedto_g
.*_surround the detector to absorb the Pb Ka X- rays. A |

Jbackground reductlon of approx1mately 33% was found 1n- :

wlndow T when the shleld was used Wlth ‘a.thicker copper
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* shield this reduction could be further increased. «> : g

One major problem associated with thi's ‘method is the

contribution to windows 1 and 2 by bremsstnalung'x:rays,.
These X-rays result from the kinetic energy_ldssiduring

interaction of energetic B'—particles'(produced during the
decay of ‘°K) with the sample matrix To examlne the extent ‘.5~

“te

of thlS 1nterference, a 6g sample of reagent grade KCl was
1prepared and run in accordance with the aboVe method From

th1s it was calculated that 1% K (1. 205% K 0)- in an Bg

sample results in an apparent uranlum and thorlum ”{i '

concentratlon of 0.75 ppm and 0 34 ppm respectlvely

P S
'Typ1cally shales contaln between 0 and 4% K O therefore

’.'V

uncorrected U and Th determlnatlons could be hlgh by "as much
T " 51..£>"
as 3 ppm U and 1 5 ppm Th. This does not represent a SRR

Ve

51gn1f1cant error when measurlng U and Th levels ?50 ppm.»ﬁ

However, it should nmot be 1gnored when mea3ur1ng lower_;gf“

levels, partlcularly in the 1-10 ppm range._lfl°’;}’ . P

As the samples of ‘the study could 1:2 1n thlS range, it ]

¢ 'v'

was clear that a method to\torrect for the pota551um conteht iy

needed to be developed. Culbert and Leﬂghton (1b1d 7 suggest ‘§
»that the 1nduced fluorescent photopeak of 1od1ne (29 8 ReV) o
. \r' . M ,/

‘in the ‘Nal crystal could be used to mon1tor the potass1um~ L
_1nterference. However, thlS procedure was found 1nadequate g fjﬁg

by the present author.,For the purpose of th1s study, 1t=wa€ .

e

,_dec1ded that the low ‘energy gamma spectrometry method be

G"A

mod1f1ed to 1nclude the ana1y51s of K and hence correct for'

the interference. Alternatlvely, the pota551um content of

\, . B -y N
\ Lo ‘ . Yl . . ) '



the sample may be determ1ned by an 1ndependent method such

'-'as X-ray fluorescence spectrometry and’ a correct1on made in

conJunctlon w1th‘the above empirical measurements.
g In order to measure the potassium content <the gain.of
"the ampllfer was altered so that the range 0 to 1600 keV was

ass1gned to the 1024 channels of the MCA A third. w1ndow

(see flgures 5. 5 5 6 and 5. 7) was:.set up to encompass the
'1460;kev photopeak of»f°K in addltron to the-U and_thn
4,;wlndousﬂdiscussed‘above. Eftended counts (iOO 000 seconds)
w1th an. empty vial. placed in- the detector well were, 'ﬂ
.repeatedly taken so as to reduce the error in. the o I
determ1natlon of the background component of the w1ndows. As
in the case of the low energy gamma spectrometry, str1pp1ng_
'coeff1c1ents and equatlons for calculatlng the U, Th and. K
contents of samples had to be determlned Repeated ‘
’measurements ‘on, a . ser1es of U, Th and K standards were:

dpreformed Analys1s of these measurements y1elded the

follow1ng str1pp1ng coeff1c1ents--

'ppm- 'U

S]U'= .170 x lO”cts s 'g
. S2U = 1,397 x 10-°cts ‘s 'g 'ppm~'U
© S3U = 3.641.x 10~ ?cts s~ 'g 'ppm~"'
'SIT =" 1,454 x 10-°cts s 'g~'ppm” 'Th
S2T =.1.655 x 10-°cts s~ 'g 'ppm~'Th .
~ S3T = 8.447 x 10-%cts s 'g 'ppm~'Th - -
©°S1K =-2.927 x 10-*cts s~'g"'% K-' .
" S2K = 1,220 x 10-*cts s~ 'g~'% K-
S3K = X 10-*cts s"g'f% R0

3.328

The U Th and K.content - of samples may pe determlned from
the equatlons on page 97 : | T "5 -
Where three pure  standards are not avallable the -

‘strlpplng coeff1c1ents may be calculated from three m1xed

A
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samples/standards ofIWell knonn U,'Th and.K content}
To.Simplify'the numerical analysis of the‘results, an

1nteract1ve FORTRAN Iv programme was wr1tten by the the

author. G1ven the countlng t1me,-1ntegrated counts in 'i”h,

w1ndows 1, 2 and 3, plus the sample mass, theaprogramme

-——-~—calculates-the“U—"Th_and K concentratlons, errors, ratlos,

A etc. for each sample.

S L

Bass

Vr5,5‘Resu1ts_ h_ "; . - r>'h | “‘r‘-}— 'gé

| To examine the accuracy and prec151on of the low energy
gamma spectroscopy method for uranlum and thorlum analyses,"
the reference standards BL- 1 DL 1 and NBS 1633a (coal
fly ash) ‘were prepared and analyzed a number of tlmes over a
three month perlod The recommended and measured uranlum and
thorlum values are glyen 1n table 5 1. - |

Uranlum determlnatlons for the radloactlve reference'

standard ‘BL- 1 are in each case well w1th1n the recommended
11m1ts. For the same’ sample however, the accuracy of the |
thorlum determ1nat1ons varles and in all cases the one 51gma
uncertalnty >50% (usually much greater) The large
uncertalnty is- d_e to the unfavourable Th/U ratlo (0 07) of
the standard Th'vmethod is most prec1se for both thorlum:

and uranium det rmlnatlons when the Th/U ratio 11es between

0 5 and 2 5 (th s be1ng well exemp11f1ed by- the’ analyses of

DL 1)

When coun ed for 10 000 secondsp-uranlum and thorlum

concentratlon down to 1 and 3 ppm respectlvely may be
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'Table 5 1 Uran1um and thor1um reSults of low eneggy

K

I

Canadian

gamma spectrometry | l, o

- do

v o P v
a< " . .

.

Radioactive Refe_;ence Ore BL~1

-

u;aniun'-‘(ppth) . ) 'Ihori;m (ppm)l T count {s)

b)

c)

a)

a)

b)

" (all valu:

233 %
226 4
224 4

220 %

Canadz.an

6 , © 6.4 £3.6 - 10,000
7 7,2~4'8'o - 1000
8 T 123:10.1 600 "

10 "-ﬁ' 15.4 1.

Radloactlve Reference Ore DI~1-

Ummnm ng | Bnﬁmm(MMY T}bui'wr"

38.9 %
- 40.6 %

41 4

1.8 . 82.8%20 10,000 -

1.9 . B0.6 2.2 7200

+
wn

2 . 83:

NBS Flyash 1633a.

B

13.9

L+

I+

12,4

i+

10.2

; .

0.6 . - 24.0£0.7 36,000

0.7 . 24.0%1.0 . 10,000

0.1 " 24.7 + 0.3

plus or minus one standard deviation)
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an

determined with a precision better than *10% in.a thorium-
and uranium-free matrix respectivelyf
The variable-counting times necessary for analyses show

that accurate and precise results may be obtained with short

~te.g. 10 minute) counting intervals when the uranium and/or

thorium concentratlons are suff1c1ently high (>100ppm)

Consequently, as noted by Culbert and Le1ghton 1b1d the

'procedure may be used to rap1dly screen Samples in an .

exploratlon programme.

‘The thorlum results obtained for NBS 1633a are in, good

’fagreement w1th ‘the. recommended values, whlle the uranium

‘_values are 1n each case hlgh Th1s is thought to be due to

the pota551um content of the sample. It was calculated that. .

‘w1th the recommended 1 88% K of NBS 1633a wlth the sample o

‘:mass used (7 8229) would produce the equ1va1ent uranium

.concentratlon of 1.5 % 0 1ppm When corrected for th1s ‘ :}-v,‘

'531nterference,'one of the two uranium analyses falls w1th1n B

the recommended_11m1ts. The reason the other result is some

oo EO T . .
10% high is unclear"but\1t may ‘be due to~temporal

background var1at1ons. Both the\uranlum and thorlum results

.obtalned for the Canadlan Rad1oact1ve Reference Ore DLr1 are

l(,

1n excellent agreement with the recommended'values, before

-and after removal of pota551um equlvalent uranlum.-

- Comparlson of the. uran1um results datermlned via the

~LEGS and DNC (MNR) - methods (see chapter VII) show. the'
| -agreement to be excellent. Th1s agreement is also .shown

graphrcally 1n flgure 7. 5 From. thlS flgure it can also be
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seen that in many instances, at uranium levels, below 40pom,ﬁ$f”
the results obtained by gamma-spectrometry are slightly

greater than those values obtained from. the DNC method This
1s largely due to the potass1um 1nterference to the uranium

window. To assess the accuracy and precision of‘the low

',_correct1on factor 0.95 # 3. 41% has been applled to the_

energy gamma-spe%trometry with pofassium being quantified‘ln
‘addition'to uranium and thorium NBS 1633a was analysed, the
,results of wh1ch are g1ven in table 5.2. Although thet
uranium results are in each case w1th1n the limits of the
recommended value, they are cons1stently high by a factor»
1,053 + 3.41% (Na{), scatter = 2.33%. Using;the inverse of
'this value as a correction factor and applying it to the
uranium analyses,"a ’corrected‘_wéiéhted-meanvof 10.20 +

}0 39ppm U (N=4), scatter = 2 34% results. Thus the

‘furanlum results determlned via the 3 w1ndow Nal method
Slmllarly,,from the same four analyses the thorlum
results were found to be cons1stently in. error by a factor

of 1.08 + 1.83%, The inverse value, 0.93 . 1.83 (N=4)

S

scatter%f 2. 83% was used to correct' ‘the results. It 15.'
difficult to assess the\accuracy of the thorlum results as'
'the 'real’ thorlum contents of the Exshaw Shale samples are-
‘uncertaln. B ~\gr f}k'

: Ana1y51s of the pota551um results of NBS 1633a show thev
values obtalned in th1s work to be greater than the |
vrecommended value by a factor 1.063. U51ng these results the .

- (.‘

vcorrectlon ﬁactor»0.941 + 4, 10% (N= 4) scatter = 9.77% was

LN
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Table 5.2 Low energy 'gaxi;ma-speé:trometry for the analysis of
’ urénium', thorium and potassium in NBS Flyash 1633a

~
o

. A. ) b- ' " C. T e
u 10.6 £+ 0.8 10.8 +0.7  11.1 £ 0.7 .

Th 27.7-$-1.0-——27:1-4-0.9—26.7+-0<B———

K,0  2.68 £0.19  2.19 £ 0.17 2.53 £ 0.18

Fecommended values. ~ Corrected results.
U 10.2 £ 0.1 " 10204 ppm.
Th 24.7 £ 0.3 . 24.74+0.5 ppm.

K0 2.26 £0.07 . 2.25%0.14 %
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calculated.and applied to the Nal values. Once applied the
agreement between the results of the Nal and XRF methods'are
k generally‘within the calculated limits (see table 7.1 )VA

\ P .
'In summary. therefore, both gamma spectrometry methods

__provide._ a_relatlyely cheap (asmneather_a nuclear reactoprm;w_~e;
sem1conductor~detector nor sophlstlcated data reductlon |
system 1s necessary) and rapld means of uranium and‘thorlum
analy51s.‘The LEGS method is- both accurate and prec1se for. “?
both elements at normal Th/U ratlos, and may. be used for
¥rap1d screen1ng of samples and more prec1se analySes The
three w1ndow gamma spectrometry method offers the advantage
-of- be1ng able to analyze s1multaneously for all three of the.
'major heat produc1ng elements at little or no extra expense
The prec151on or uncerta1nty in such measurements is largely
..controlled by the countlng\tlme and relatlve concentrat1ons
of uranlum, thor1um and pota551um of each sample. Two'
sources of random or unsystemat1c error ‘may manlfest
themselves when ana1y21ng for uranlum by e1ther method '
Flrstly, a dlsequ111br1um break 1n the za'U decay cha1n.at '
| or above ”‘Ra w1ll g1ve spurlous results. ThlS would o
i become apparent 1f the sample was re- analyzed by INAA or DNC }i
where uranlum 1s measured dlrectly Secondly, 1f the samples -
to be analyzed have a hlgh average atom1c number (e g | -
t, m1nerallzed or . panned heavy concentrate samples) attenuatlon
and/or self absorptlon of the low energy'radlatlon of w1ndou
1 (IJ‘Th 2“Pb plus Bi' ¢énversion X rays) w111 occurr

Self absorptlon would be readlly apparent from the hlgh



count rates observed. and the higher energy,‘more_

cqnvenfional gamma-spédtrometry-method'may.be‘uséa, Sample -
denSify, and ﬁehéé hass;_(as vials arefpacked'té the same ~
‘heightlés cloéely”qé'possible)‘may béiused to.idéntify;those

—~f-samples¥{ﬁ—whichfméff%xwabééppgion”mayfbe—éfpppbiém_and“M“——*f%%“

‘fthose‘sémplgg_analy2éd5by an alternative method..



6{.X~Ray‘Fluorescence'

6.1 Introduct1on
All x ray fluorescence (XRF) analyses were carr1ed out.”
‘—————commerc1ally*at ~—the— Unrvers1ty‘of Nottlngham”“England u51ng
a fully automaqed Phlllps PW 1400 wavelength dispersive _"
'spectrometer and rhodium- tube. A full descr1pt1on of the
-methodology'and corréttions empl0yed may be:found in Leake"

t al. (1969) and Harvey and Atkln (1982)

<!

For accurate major ox1de determlnatlons sample al1quots‘
‘ of 1—Zg were. fused to make glass beads. The trace element
”ﬁ'concentratlons (and in some 1nstances the 'Si and K contents)
of the samples were determ1ned wvia. pressed pellets.
'{Approx1mately 7g of < 200 um of homogen1zed materlal was.

~.requrred to produceha d;sc of ' rnflnlte,:thlckness, needed_

for:the'short Rh_wavelengthsiy

6. 2 Analyses '
F1ve samples (of var1ous U content) were analyzed for

ilthe major oxldes to i- o o

:,ﬂrh y'v" class1fy the sedlmentary pelites

dlét .-"h;-see 1f there wds any obv1ous correlatron between |

| ‘.;*U} and ‘Th, and any ‘of the ma]br ox1des. “

-53;jtdf.;- compare the results w1th those of INAA.,

_cThe same’ f1ve samples, plus another 35¥were analyzed for the
Vtyftrace elements Cu, Pb in, Th and U (and.fn addltlon the 35

h?samples were also analyzed for SlOz and K O) ‘The U, Th and

108
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' K‘contents were‘determined for direct comparison with the
other techniques employed while Cu, Pb and Zn were
determlned because they are d1ff1cult to analyze for via

INAA(at trace levels.
. -

-The reported approximate 2 sigma detection limits for
the XRF analy51s, based on a varlety of rock types for a

number of trase elements is given in- table 6 1 (wrltten

T

,f/;cﬁmmunlcatlon B. Atk1n) It can be seen that the detection

_11m1ts for U and Th by XRF are not as low as those of DNC,
INAA or FTA However, Galson et al (1982) have been able to
lower the 2 51gma detectlon limits to 0.2 ppm U, 1.0 ppm Th

1 0. 001 % K with better prec1s1on than prev1ously

obtalned but st1ll using a- 51ngle pressed pellet. These
results are obtalned u51ng analytlcal counting times of

'748005, 480s and 72s for U, Th and K respectlvely Increasing“%
‘the cgpntlng t1mes by a factor N wouldylower these detection

< limit by the square root of N,



.

Table 6.1 Detectlon limits for X Ray fluo:escense

Element Iower limit of detection -

7 1.0 ppm,
1.1 ppm.
8.3 pom. -

110

—1.0-ppm.

7 0 pom,
2 5 pom., |
_2.8 pom.
0.8 ppm.
0.9 pm.
1.2 ppom..
. LSppm.
T, 0.7 pem,
”"iﬁ-'  8.’0 pom:
"' 1.4 ppm.
2.0 PP,
0.9 ppm.
[T
. LA o
19 ppm. o
&’ 1.6 ppm..
3.0 ppm—
3.1 ppm -

-ﬁﬁf<?ﬁ92&“?8%559988i83%

exrzltat:l.on)

e (wntten commmcat:.m B. Atkm 1982)

' (* Cr X-ra_y tlbe all other elements Rh X—ray
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7,'Evaluatlon of thevvarious methods for uranium analysis
Which'offthe‘various methods for uranium'analysis
‘employed in th1s study is the 'best" Such a quest1on does
not have a stralghtforward answér as the term 'best'.isu

amblgUOUS. Does 1t mean the most prec1se, ‘most sen51t1ve,

cheapest qu1ckest or 51mp1est medhod to name a few

,p0551ble 1nterpretat1ons7 Clearly, he"best‘ method depends-
upon the requlrements of the analysis. and the ava1lab111ty -
of the var1ous technlques“ . X

l For example,'ln the case of -a geochemlcal explorat1on
programme for uran1um, where there are many thousands of
samples to be analyzed solely for uranlum, then the ea51ly
automated delayed neutron countlng method should be employed”
on account of 1ts speed sen51t1v1ty, lack of 1nterferences
and low - cost. However, as 1s apparent from the earller~
lescu551on on’ the technlque,‘access to a nuclea; reactor is

‘essentlal If only very small samples (529 mg) are ava1lable»

for analys1s",and/or the uran1dm content of the sample 1s'

bh"wexp. red to be very low (say <500 ppb) for example 1“-

_‘ultramaflc or thole11t1c rocks, then the extremely sen51t1ve:‘
f1551on track method should be used (Flsher,’1970 1975)
3Once aga1n however, e reactor 1s necessary to bombard the‘f

. _ N
samples. )

For samples where more than U and p0551bly Th- are to bed'L

'determ1ned DNC and FTA w1ll not be able - to sat1sfy all the 1p.

e requ1rements. For example, when determlnLng the‘

¢

. f’ for example lunar or meteor1t1c materlal

..

AR



concentratlons of the major heat produc1ng elements U, Th

and K in rocks, K would have. to analyzed by an alternat1ve

I '\

method. For these three elements, the 1ncreased_speed with
which they may now be determ1ned using‘a.sodium4iodide

detector'and'the lower energy part4of the‘spectrum makes

i .

__y-spectrometry an attractive ‘alternative to the expenS1ve

(approxlmately $60 CDN/sample 1982 prlces) XRF method of

Galson et gl. (1982);4The_former method suffers from the -

.disadvantage that disequlibrium‘in thepuranium chain may

lead to spurious results,-while XRF has the»advantage that

'many others;elements may be«detefmined’from‘the'samé pressed
s.pellet w1th some extra analy51s t1me. If uranlum is
~1determ1ned by DNC or INAA in, conjunctlon w1th natural

'y*spectrometry, thlS may g1ve useful information™ regardlng

o ‘\
_.the state of dlsequ1l1br1um in the *2*U decay cha1n and\\

’f_hence the levels of the 1ntermed1ate daughter products may

be calculated Wlth conventlonal' XRF however the accuracy~

s B oY

and prec151on of uranlum and thorlum apalyses are. poor (see

- f1gures 7. 1 and 7 6).

INAA, as has been shown is‘a multielemental technique

and extremely sen51t1ve for a large number of elements. Once

'agaln access to a reactor and gamma ray spectrometry system,rf-

is necessary“ For opt1mum Th sen51t1v1ty, decay perlods of
two weeks or s0° are requ1red mak1ng the method more - 'f'h ;“
expen51ve than say DNC Because such small samples are
generally used for INAA care must be exerc1sed 1n sample o

preparat1on to av01d sample 1nhomogene1ty



1l3‘
When‘comparing various analytlcal techniques for
determ1n1ng U, Th and K in gran1t1c rocks Stuckless et al.
(1977) concluded that Y- spectrometry was adequate for the
: concentrations normally_present 1n‘such‘rock types, but as
disequllbrium'inithe 2"'U‘c.‘lecay chain was occasionally a

problem, they suggest that themmethod be comblned w1th DNC -

. |
for uranium analy51s Hart et al (1980) found when

'compar1ng INAA XRF and mass spectrometry 1sotope d11ut1on
(MSID) for U and Th analys1s ‘that at concentrat1ons above 10
ppm U and Th, INAA and XRF are alternatlves to the expen51ve

'gand t1me comsummlng MSID technlque. As a. wide var1ety of

geologlcal samples w111 have lower concentrat1ons tHan 10;\

dppm U they state that INAA is to be preferred over the less ;
prec1se XRF s h . : |

o The uran1um resultsvof the varlous techn1ques employedd

“in thls work are l1sted 1n table 7.1 and are shown

'!jgraph1cally in f1gures 7. 1 to 7. 5 Of the methods utlllzedr'

/

‘pXRF and FTA are the least prec1se"r The agreement between
the INAA short— and long 1rrad1at10ns, and the.': '
'gamma spectrometry and DNC results 1s most sat1sfactory o
T'Flgures 7.6 and 7. 7 show the comparlson of thor1um analys1s.
j.by Low energy gamma spectrometry and XRE w1th INAA ‘;1'7'
'determrn/tlon of thorlum.b-w 7? | y; | IR

| The ch01ce of wh1ch method to use for uranlum analy51s'
Ttherefore depends ultlmately upon the user requ1rements and"
it is hoped therefore that- thlS part of the the51s on |

19 in the case of FTA the 1mprec1s1on is largely due to
hetrogeneltles 1n the comparator standards.ikﬁ. :

AN
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Table 7. 1 Results of various methods of uranlum analy51s

applled to Exshaw shale samples

Nal (3)® FTA,

Sample 1D. DNC. 4 min INAA. 2 hr INAA. Nal(2)" XRF,
TEx.  27.0 3 0.3 29,6 40,2 25.2$0.4 26,8 +1.0 254411 20,0429 M
T2 Exe (45340413 5.0 40,2 5.1 41,27 N6.84+ 0.4 3.694037  5.0+0.6 -3
"3 Exe 1138024 0.,4 42,0 +0.2. 38,2404 361 41.2 3.3+ 1.6 n.a. 49
TEX 2400087003 240774 0.2 2501 % 0.4 23.4 + 0.9 23,9 # 1,0, 23.8 + 2.5 - 28
5Ex. 55,3 40,5 60.6+ 0.3 54,0 30,6 52,2+ 1.8 48.3 + 2.2 " onea. 54

6 Ex. 30,64 0.4, 314402 31.9 $0.5 -31.241.2 30,64+ L3 n.a.  n.a,
TEx. 15,84 0.3 17,3402 15.640.9 157 +0.6 143406  15.8+1.7 17
BExe 181 #0.3 19,14 0.2 18,8306 17.7+0.8 17,7409 17.8+ 1.9 18
9 Exe 64194015 6.9 0.2 .5.48 +0.52 7.5+ 0.4 ‘3764029 6.9+ 0.8 11
10°Ex, 129 $:0.3 129 #0.1 12.8 4 0.3 13.2 40,6 12,4 4 0.6 n.a. 13
NMEx 11,9402 10820, 11,0 £04 < 12,7 0.6 12.6 + 0.7 n.a, 12
12Ex; 4031 £,0.13 2,8 4 0.1 4,03 4 0.45 5.4+ 0.4 3.23 4030 4.4+ 0.6 n.a.

13 Exs 15.6 % 0.3 o4 14,8 £0.1 144403 16,7 + .0 f.o. ©ona. 1T
14Exe  31.7.3 0.4 - 2801 40.2 32,8 40.5 3314 1.2 32,0 414, 305430 nea.

18 Ex. 10454 0.3 8.7 % 0.1 8.2340.21 11,8 30,6 10,1405 10,5 % 1.1 nes.

¢ 16 Exe . 13,3 40,2 - 11.3$0.2 12,2405 1434 0.6 13,54 0.7 . - n.a. £}

17 Exe (9.69 # 0.21 77,4 4 0.1 7.49 $ 0.28.. 10,4 # 0.5 ‘8,31 * 047 9.9+ 1.1 10

18 Ex. 1534 0.2 0 13.940.2 1424 0.5 15,1 % 0.6 14.7 % 0.8 n.a.  n.e.

19 Exit 1643 # 0.3, 18.9 $:0.2 - 17.4 4 0.6  18.5 + 0.8 16,0 + 0.8 n.a. n.a.

© 20 Exe: 3,40 #0117 - 2.5 4 0.1 3,20 4 0.29 3.9 # 0.3 2,85 ¢+ 0,26 . 3.5 + 0.5 -
20 Exc. 5.72. 40,15 5.7.4# 0.1 4,41 £ 0.36 8.9 + 0.4  5.30 + 0,45 6.1 + 0.7 n.a.

22 Ex, . 20,6 # 0,3 23.3 £.0.2. 22.0 4 1.2 . 20,5 + 0.8 20.0'+ 0.9 n.a. n.a.

23 Exe 42754 0.13° 4.6 + 0.1 4,92 + 0.53 6.0 + 0.4° LN Jna. 6

24 Exe 41,04 0.4 39,6 4 0.2 40.6 % 0.5 . 41.9 +1.5 AL 4 1,7 40.0 +.4.0  n.a.

25 Exo 4.53 4 0,13 344 0.1 3,54 $0.25 5.4 % 0.3 4.24. 40,24 45406 6

. 26 Bxa - 91.4 ¢ 0.7 954'%0.2 91.1.40.6 -90.3+ 3.2 89.94 3.7 844 +83I T
27 Exy V343 £ 04 30,44 0.2 294+ 0.6 4.8+ 1.3 336+ 1.5 - na.. . na.

© 20 Exe . 1408 £ 0,27 1414 0017 13,3 4 0.5 16,5 £0.7 1427 + 0.7 n.a, nea, -

29 Exe 572 47005, 6.1, 80,27 481 # 044 - 174047 4624039 6.1 407 -4
230 Exc 12405 403 20,4001 2.2 +0.5 23,1 40,90 231 # 1.0 noa. 23
S Exe 25,0 40,3 211 0.2 25.2 4055 . 26.5 % 1.0 25.3 + 1.1 nea. n.a.
(32 Exe 20,5403 1705 $.0.2 22,5 %.0.5 23,3 % 1.1 ", 20,7 %22 24

33 Ex. 5,54 £0.14  5.8.%0.2. 4.9340.14 6.7+ 0.3 5.83+031 5.8+0.7  n.a.

34 Ex.  92.2 40,8 - 99.3+0.2 87.7+0.6 . 94.6 + 3.2 92.4 + 3.9 Sn.a. 100
BRI 35 Exs . 9.3240.20° 8.2 40,2 0.5+ 0.7 106 #0.5% 9.39 + 0,49 9.5 +'1.0- 9
-~ 36 Exe 15,2 #0:2 0 17.1 $°0.2 12,4 4 0.4 - 17,0-4 0.8° 16,3+ 0.8 . n.s.. 16
37 Exe, 174 # 0.3 1703 40,2 18.140.50 17.2 30,8 15.9+0.8 - nae. 19

38 Ex. 218 40.3 184 +0.2 202+ 1.4 . ' ma. 210 % 1.2 “n,e. . nea,
39°EXe  5.55% 0415 4.3 5 0.1 75,13 % 0.44 6.7 % 0.4 .5.06 + 0,40 n.a. 4

40 Exo .0 12,24 0.2 13,8 40,2 12.74°004 13,8 $:0.6 . 12.2 + 0.6 . LN n.a,

: AUEx. . 37.840.4  40.2 £0.3 38:5%0.6 343+ 1.2 3527 1.5 n.a. neas

42 Ex. . 9.8230.19 . B.14 0.1 - 9.70.20.23 9.9 % 0ud. 8.54 % 0.38 - 9.8+ 1.1 10

)

~{2)" ga-na-spccfro-ofrylvlfh no pofasslu- corr-c?lon: .
(5)' ga-a-spocfro-.fry with potassium measurement and corrocflon

no? nnalyzod
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instrumental énalytical-metﬁods of uranium, thorium and

potassium analysis will be of use to.the prospective
\ S =0 s
ana[yst.

. : 3

v . - B
.- : . . -
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PART 11
_Ge'ochemist:y of the Exshaw Shale. !



"8 The‘Exshaw Shale

-The Exshaw Formation although or1g1nally thought to have.'f
been Devonlan in age (Warren, 1937) was dated by Folxnsbee

and_Baadsgaard (1958) at 267 i‘13‘My., making it
'Mississippian'(Lower Carboniferousl infage. :

2

The Formatlonlls marlne in nature and con51sts

essen¢1ally of two un1ts in Alberta = an upper 51lty
“jllmestone and a lower black shale (Havard 1b1d) overly1ng

the Wabamum Format1on on the pla1ns and the Palllser

P

N"Formatlon in the Rocky Mountalns and Foothllls. On a

¥

'”‘reglonal scale, the Exshaw Format1on is an exten51on of a_

: contlnent w1de Devonlan-— Mlss1551pp1an black shale _sequence "

';‘and as: early as 1948 was . correlated w1th the uranlferous
hChattanooga Shale of the M1551551pp1 Valley and o
.hM1d Contlnent reg1ons of the United States (Fox, 1948)
Ettensohn and Barron (1981) proposed a. dep051t1onal.

model to explaln the extent and cond1tlons respon51ble for

ﬁth1s contlnent w1de black shale sequence,-They‘suggestjthat‘f

Aj:the Acadlgh Mountalnsp produced by'continent—continent

-coll}51on,,formed a north south trend1ng barr1er .across. the'

.|,,.

N

,equator gg the east 51de of the Qld Red Sandstone‘Cont1nent._ﬂp;

: a‘k o
~Th15 mountarn range acted as ‘a barr1er to mohsture laden

Jf trade w1nds, produc1ng ra1n shadow cond1t10ns west of the

"7.mounta1ns were two eplcont1nental seas, separated o

1nterm1ttently by the Trans Contlnental Arch were ldcated.‘ |

-

;As a resulu of belng 1n thlS ralnshadow area, the reducedv

»

weclastlc 1nflux ‘and restr1cted c1rculatlon w1th1n the ba51n,f

‘.124.,
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~

led to the deposition of black, euxinic, organic-rich muds.

"8;1~Mineralogy‘
In hand'specimenvthe'shales are fine4grained 'fissile

nuand vary in colour from black to dark grey, dependlng uponv

thelr organlc and carbonate content Examination of a number

fof back packedﬁ»randomly or}entated bulk samples was carrled

T"’-"-"out by X-ray d1ffract1on (XRD)nanaly51s to determlne sample

“Gﬂcomparlson of peak 1nten51t1es between samples 1o} that

m1neralogy and to see if there'was any obv1ous‘m1neralog1cal *
fcontrol on the U Th and K- contents of the samples. To: thlS
“end a Ph111ps w1de angle gonlometer d1ffractometer and str1p
vchart recorder were used Samples were selected from the1r
"U Th and K contents and run. over a 26 range of 2= 60° atllg

'constant-lnstrument sett1ngs.,Th1s allows the dlrect o -

nhfrelat1ve concentratlons of the dlfferent m1neral phases may
‘dbe obtalned Cu Ka radlatlon was used for all the 2 60°‘
fruns._However, due to a- varlable p1ke at the lower 26
"angles 1n these runs, the majorlty of the samples were
re run over 2- 20° 26 on a second Ph111ps system us1ng Co Ka
radlatlon.paf' : . ' B
_}f' The'-db—spac1ng for- each major reflectlon was: |
.f"calculated and from them the m1nerals 1dent1f1ed.'rf
a}Reflectlons due to quartz calc1te and dolomlte dom1nated
,Vthe traces, although those of orthoclase and muscov1te were
'also present 1n some samples. Although not . eas1ly 1dent1f1ed

a‘(as no clay seperate was taken for. analy51s) 1ll1te was “}’f

.
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found to be the domlnant clay m1neral group present in the‘
’samples studled ThlS 1s in agreement w1th Havard ibid who
carrled out more exten51ve XRD analyses on- Exshaw Shale
"samples from 50uthern Alberta, and various other workers who

‘found 1ll1te to be ‘the domlnant clay group present in.

‘Palae0201c black shales (e g. Bloxam, 1964; Leventhal and

‘Hosterman 1982).

: \ ' . ' 4
No obv1ous m1neraloglcal control was seen for U and Th.

~However, as’ m1ght be expected K enrlchment seems to be

E

related to the orthoclase and 1lllte or muscov1te content of'

',4the shales.

The relat1ve amounts of dolom1te/ca1c1te versus 1111te'
'_may p0551bly -be used as a- broad gu1de for dlfferentlatlng
the Exshaw Formatlon into 1ts two d1v151ons- the. upper 51lty'

'llmestone or dolom1te and the lower black shale un1t.

u8 2 Geochem1stry ‘
Ahrens (1954) noted that 1n most 1nstances the major
m1nor and trace elements of samples taken from the same

o populat1on dlsplayed a log normal dlstrlbutlon Hlstogramshf‘

o of the results of thlS work were found to e1ther follow a

';log normal d1str1butlon or to closely approach 1t w1th1n the*-i"

’711m1ts of the number of samples analyzed ThlS is 1mportantgf‘f

as many parametr1c stat1st1ca1 tests commonly employed (e g. -

*correlat1on coeff1c1ents, cluster analy51s etc ) assume a
(‘H

h4normal d1str1but10n._Consequently, before any statlstlcal

1

' Y
analys1s of the data could be attempted u51ng these. tests,

"

R 4
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’ ‘l
log transformat1on of the data had to be completed Thls,
and subsquent statlstlcal analy51s of the data on the Exshaw'

Shale, was carr1ed out us1ng the Mlchlgan Interactive Data

Analy51s System - MIDAS (Fox and Gu1re, 1976) run on the

In an’ attempt to determlne and aid in expla1n1ng the

'relat1onsh1ps between‘the var;ous‘elements analyzed Pearson

product-moment correlation coefficients were détermined for-

aail‘pairslof variables Th1s coeff1c1ent is a measure of the

strength of the 11near relatlonshlp between any two

A

.ﬂvarlables in’ queston, that is, how well the var1at10n 1n one-

1e1ement can be explalned by that of another..

c .

" The samples vere flrst arb1tar11y d1v1ded into . 'black"

.eand calcareous 'shales based on the1r CaO content.,Those .

'“’samples w1th more than 5, 0% CaO belng cla551f1ed as

calcareous . ThlS was'carrled outlso that any subtle

: correlatlons would not cancell each other.

~

‘The medlan values for each element3determinediin'the‘
course of thlS study are llsted 1n:table 8 1 together w1th
‘average 'shale values from Turek1an and Wedepohl (1960) and
metal r1ch black shales taken from V1ne and Tourlelot

8.2.1 Hajor elementsu;i

S111con.

The med1an 51l1ca content for all the Exshaw samples 1s

"f48 5% 5102 wh1le the calcareous and black shales g1ve 36 9%
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Table 8.1 Comparlson of average shale values w1th those of

‘the: Exshaw Shale determlned 1n th1s study

'Element Average Black Calcareous Average*’  Average't
7 Pxshaw Shale . Shale. . Shale  Shale  black shale

hosio, 48.5 - 58.6.  39.6 - 58.1 T

Ao, . 7.20° . 9.65 . - 545 . 15.1° . 132
Fe,0y L 3.88 .. 446 U343 6750 .2.86-
Mo . L2 0.8¢ L1 249 - 1.6
‘cad . 4,92 . 1.6 . - 13.0.° . 3.09 - 210
N0 © . 0.30 . 0.3, 025 7129 O 0.94
KO 2670 332 216 U320 24l
tio, 0.3 . 0.42° 0.3 077 0.33
w0 278 63 13—
4 25 . 385 .. 299, 580 . 300
470 0 0 s6s 7394 o180 1 ——
©.206 241 179 0 19 010
©55.3 - 660 - 47.0 . 90 - 100
. 4.08. - .5.33 316 . 5. . -—
S92 v g2 v B2 45 Lm0
2.3 1720 9.11 19 oe200 e T
203 290 U1 28 e
©o27.6 0 206 3.0 ¢ 206 B )
L1077 123 00 92 T Y oes T 500
S 0 30 220 20020
S 7 T 1 B 3 B L1
(3.56 .. C4.36 2,93 L5 e
9. 1009 . 74 - 13 o 020 -
S22 e 187 303 . 300 - - 200
0.65° T, 0.76 v 0.55 0 0.8 —_
9.2  .71007 . . 8.2 12 0 e
16159 115273 L e
227 ., 267~ 191 .. 130 .. 150
' 102 1,'2 _'_1oa j_"."5j95"if" '1 95 ;' 30

T

é

LS

Y<CBPRRPIYEFELLORONE Y

e Axerage shale values ficnx!tu¥11 (1966) after Tu:eklan and Wedepohl (1961)
St A\erage bladc shale values form Vvine and 'IburLelot (1970) :

s d
e

e . . B NN

(Hajor e]enmts :Ln wexght percent, tracs “elements in parts per mzlllon, ppm. ) -
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and 58 6% respectlvely The ‘black shales show a strong

negatlve correlat1on w1th Al(r—-O 86) and Ti (r=-0 86) wh1ch =

is contrary to Havard s f1nd1ngs. He notes however, that '

- much of" the silica present was b1ogenet1cally prec1p1tated

“““—aS“sponge—splcules‘“Therefore7“1t_would be—surprlslng to
find that S1 would covary with' Al and T1 except by Chance,
Jhen much of the s111ca present has a completely dlfferentlv
or1g1n to that of the clay( The: 5111ca content of the

' calcareous shales shows a strong negatlve correlatlon w1th :

Ca (r——O 82) which as expected shows that cond1t1ons

conduc1ve to- llmestone format1on are Very dlfferent to thosev_i'

: su1table for black shale formatlon.b ®

'Iron.i'
All the samples gave a’ medlan Fe203 content of 3. 88%, whlle'ﬁ7

' the black shales glve 4. 46% The Exshaw black shale value 1s

greater ‘than. the average black shale concentrat1on llsted by RIS

V1ne and Tourlelot (1970) Except’ for a moderate correlatlon
w1th As (r= 0 75) for all the samples (O 76 for the black
.wr'shales) 1ron was not found to covary 51gn1f1cantly>w1th any

other element. Iron pyrltes,,macroscoplcally present in many

/

.of the samples (partlcularly the black shales) obv1ously

: '/

:accounts for. much of the 1ron present. Arsen;c, wh1ch is

e

:concentrated at- more than tw1ce the average shale value 1n~>
the black shales, 1s presumably/lncorporated largely w1th1n
T
the pyr1te structure. The/med1an Fe values obtalned are'

greater than those reported by Havard ThlS may in part be

explalned by the fact that a number of hlS samples were - from _>>~e'



surface exposures and conseguently.lt may have been .
dlfflcult to obtain fresh, unweathered samples. - j:_/‘
- Alum1n1um. o | o »

Good agreement is found between ‘the medlan Al 03 values of

this work and that determlned by . Havard For all the samples
Al shows strong pos1t1ve correlatlons with Rb {r=0. 90, 0598'
| for the black shales alone) Ga_(r—0.86),_Ti:(r-0.82),_Scp-
h*(r=0.81),;K (r=0.79), cr (r=0;7d)f‘Th (r=0.775-and Ta
11(r=0:76) (see_figures 8.1-ahd‘8}2)wand‘tola lesser ektent
.w1th HEf, As,_Ce, Cs and V. The majorlty ‘of these are |
hydrolysate elements (see f1gure 8.3) and are. e1ther
structurally comblned within the clay mlnerals and/or are
-adsorbed by them. The correlatlons w1th the soluble catlons.gf
f ‘Rb, K and Cs, suggests that much of the Al also occurs
'w1th1n pota551um feldspars, both detr1ta1 and auth1gen1c 1n
or;gln The " poor correlatlon between Al and ‘the REE
suggests, together w1th other 1nformat10n glven later, that
the REE s are assoc1ated w1th the clay mlnerals and that the‘
low REE content of feldspars serves tov'd1lute the :' :
correlatlon w1th the clays. The negatlve correlat1on betweenf'

Al and Ca (r-—O 63) 1n the calcareous shales supports the ;

51l1ca calc1um carbonate conclus1on that llmestone and blackl Lo

shale formatlon are 1ncompatab1e.

R : Ca1c1um and Magne51um | o 4 o
vThe medlan values of CaO and MgO dlffer markedly from the B
black to calcareous shales, namely 1 69% to 13 04% CaO,,and

'_0.84%,to 1571%~MgQ respectlvely As shown from some of the

i
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-,

XRD analyses a number of samples contaln calc1te or dolomlte'

and clearly these are. the major 51tes for the two elements
s

There 1s pract1cally a random relatlonshlp between Ca and Mg

1n the calcareous shales.Jn agreement—w1th~the gener "' fgﬁ'

observatlon that calc1te and dolom1te do not often occur'
together | | | ‘ | B

' | potassium'
The medlan K, O content varles from 3. 32% for the. black
shales, wh1ch 1s close to the 3. 24% of the average shale
and in good agreement w1th Havard S 3 29% for all hlS‘
samples, to 2 16% K. O for the calcareous shales The
strongest correlatlon observed is with Rb (r 0. 79 for all
'ggmples, see flgure 8. 4) wh1ch is: not unexpected on account
| of the1r 51m11ar 1on1c rad11 and 1dent1cal charge. From the
correlatlons with many of the - other hydrolysates and soluble

fcat1ons pota551um ‘like. alumlnlum, 1s thought -to be located
"hln both the: clay m1nerals (domlnantly 1111te) and 1n"g'
:Adetr1tal and auth1gen1c pota551um feldspars.
| " Sodium, | " :
for partlcular note is the very low concentratlon of Nazo N
_(O 32% for all samples) compared to the average shale value;‘
of 1. 30% Sllghtly more than four t1mes lower than the‘ |
.faverage shale thlS empha51ses the domlnance of\1111te as the
.‘major clay grbup present (as opposed to the more sod1c |
ﬁ'smectltes) and. pota551c detrltal and authlgenlc feldspars,

[fThe l1ttle sodlum that 1s present probably does occur w1th'

v*the clay m1nerals.,'

o o
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T1tan1um I

S

The medlan TlOz value for all the samples 1s O 36% Although‘

‘in excellent agreement w1th Havard s average value of 0. 35%,»

—~“—1t—1s much~lower ----- than‘the‘average shale value of 0 76%. Ihe
t'strong correlat1on w1th Al and K, two of the major clay.l
e.formlng‘elements,4together with the hydrolysate elements Sc,'
‘-Cr, Ga; fh bTa‘andan:show'tltanlum to be largely assoc1ated |

w1th the clay fractlon and*hot, as. 1s often the case, only |
w1th detrltal re51states suchvas 1lmen1te and sphene. lest

(1962) noted from studylng the geochem1stry of modern

.
o~

f\(?)sedlments 1n the Gulf of Parla that the Ale3/T102 ratlo df—“;’lljh
| the sedlments was falrly constant ahd that it was unllkely - :;ﬁf
'that much T1 vas prec1p1tated out'of solutlon..He suggested ' .
'that it was more llkely that the T1 was assoc1ated wlth the
iclay‘fractlon durlng weatherlng and transportatlon. As the. i
Exshaw shale sedlmentatlon rate 1s thought to be have bggn :
”1h_very low and there 1s a lack of coarse clastlc mater1al “
::present the low Ti content may therefore be a. consequencev

A X
RV .

uf Vof the anCLty of detrltal mater1al

"’8 2 2 Rare Earth Element Geochemxstry
; As noted earl1erf 1n the process of analy21ng samples;itvh“
ii_hf r uranlum, thorlum and pota551um by INAA a number of. other frrfb
--elements may be determlned 51multaneously Dependlng upon i
the rock type and matr1x, seven to n1ne of the fourteen rare
s

.’ earth elements (REE) may routlnely be quantlfled by the

N v;procedure descrlbed Due to the1r 51m11ar ionic rad11 and



o o p SO
_ : |
preferred trlvalent ox1dat10n state the REE generally behave

\

‘coherently?°, and consequently they have been the ba51s of

nmany geochemlcal studles. Trad1tlonally, they have-been .

;"———ut1lrzed in— hardrock—researchr—though—over—the past—two
N decades their appl1catlon to. sedlmentary problems haé’been
‘on the 1ncrease., N "» . o . fj Jf_ o ‘7,-h”“‘Q
B | Overv1ew ‘0f REE in sedxmentary rocks‘l” | »A |
'From the early work of Haskln and Gehl(1962) Haskln and
.,Frey(1966) Hask1 et al. (1966) ~and Ronov et= lg" |
: fH(1967 1974) a. number of features became apparent reoard1ng
bAthe REE contents and patterns of- sed1mentary rolks. Of‘lirit if
‘partlcular note was the s1m1lar1ty of REE patterns (when - |
;normallzed to chondrlte REE values) betWeen shales of
»varlous ages and~locat10ns (albelt that the relatlve:':
'abundances drffered) ThlS helped compound the 1dea that fr

»,durlng shale format1on exposed upper crustal materlal ‘was

“_both represent1vely sampled and m1xed in an eff1c1ent
'_‘manner. *»1 e LT .'_,:V '} f.*fr”_*é-”
| , . _ ] AT

I“ add1t1°n 1t WaS fOUﬂd that the total REE contents in.
| ClaYS > sands > carbonates, and that the REE aré generallY RN

7,%adsorbed by clay m1nerals and transferred almost

~,

“fquantltatlvely 1nto clastlc sedlments. Relat1ve 1to

“r

L 7€hondr1tes, sedlments are enrlched 1n all the REE w1th an '

vf1ncrea51ng enrlchment of the llght REE (La Sm)r:‘

"z

Due to the s1m11ar REE patterns of sedlmentary rocks

R nHaskln and Frey (1966) publlshed the results of the analy51s

ﬂ’°Eu and Ce are exceptlons, Eu®* may be-. reduced to the fﬁ;f;. -
~state .and Ce®* ox1dlzed to the ff,state. o ﬁ»- I




of a comp051te of forty shale samples, called the North

. Amerlcan Shale Compos1te”(NASC) w1th wh1ch most sed1ments

and sed1mentary rocks have been compared (see for example

Haskln et al (1966) and Dypv1k and Brunfelt (197&,1979))

As REE contents and patterns of clast1c sedlments were

thought to reflect the parent mater1a1 of the sedlment

" ﬂt

Ronov et al (]967)~suggestedrthat there may.be.a“major~

i

change‘1n'the'patterns’and absolute abundance of the REE at.
the Archaean Protoeroz1c boundary, when major addltlons of |
fe151c mater1al to a predomlnantly maflc cont1nental crust

'were thought to have occurred The1r few analyses seemed tO'u
support thlS 1dea. Work by Nance and Taylor (1976) ‘and -
McLennan et al (1980) showed conclu51vely that ‘such a

pattern change does 1nfact occur. Analys1s of essentlally

)q unaltered Archaean (world w1de dlstrlbutlon) and

~

post Archaean sedlmentary rocks (from Australla) showed the

B

forger to have no negat1ve Eu anomaly when chondrlte

normallzed compared to the post Archaeap Australlan

v

» »sed1mentary rock (PAAS) and the NASC ~In addltlon analys1s h'bn

abundance of the REE’ w1th t1me (flgure 8 5)

of the var1ous ShaleS’Of dlfferent ages. that made up the

i PAAS showed there to be an- 1ncrease 1n the absolute

RN

Ml
’
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';n Results of this work
The results for each Exshaw Shale sample analyzed are.

glven in Appendlx 1. The medlan and extreme values,'\

‘uknormallzed to chondr1t1c values (Nakamura 1974) are plotted

1n flgure 8. 7 together w1th the North Amerlcan Shale

oComp051te, Post Archaean Australlan Shale and the Alun Shale
h‘of Norway (Dypv1k and Brunfelt 1976) The Alun Shale 1s
‘.lower Palaeozo1c in age, sl1ghtly uranlferous -
W(Bj¢rlykke 1974) is’ thought to. have been dep051ted 1n a,x

'shallow ep1cont1nental sea and the samples analyzed

represent typlcal black shales h1gh in N
“organic carbon and ‘sulphides, deposited under .-
extremely: slow ‘sedimentation rates, about o

7y :fy'h:. 1mm/1000 years." Dypv:k and Brunfelt (1976)

p 372,

'7VClearly then the cond1t10ns under wh1ch both the Alun and

R

Exshaw Shales formed were very 51m11ar and~thls_may allow

2

‘fqu1te 51m11ar even to the extent that they both have

ithe medlan values have been normallzed to the PAAS and the‘

-hanalogles to be drawn between them In addition=to the :~'

condltlons under wh1ch they formed the1r REE patterns are:

L

negat1ve Ce anomal1es (see flgure 8. 7)

To compare the mean Exshaw results w1th other shales‘

'@results plotted in flgure 8 8 From thls dlagram 1t can be.f‘

,'seen that the total REE of the Exshaw Shales are less than

\ K

those of both the PAAS and NASC Th1s 1s in part due to the'.h
"]fgolder age of the Exshaw Frm.,compared to many of the samples
‘i_mak1ng Up the PAAS (see flgure 8 5) but more . 1mportantly it

-‘15 thought to be due to d11ut1on of - the shales by carbonates

A
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(see flgure 8. 6) and p0551b1y by blogenetlc 5111ca (see
later) both of wh1ch are known to be depleted in the REE
relat1ve to clays (Nance . and Taylor. (1976) and P1per .
(1974)) A 51m1lar effect was observed in some of the
—_——*samples from the Oslo“eplcont1nenta1—sequence, where—it was——;———w-
| suggested that depletlon in the total REE contents of two -
.fzsamples, 56 and 57 was* | ‘:v, : |
N probably the result of- d11ut10n by relat1vely o
large amounts of calcite in 56 and quartz in- .~
- 57. - p- 373 Dypv1k and Brunfelt (1976) |
t The smaller Exshaw Eu anomaly suggests that there 1s less
feldspar 1n the Exshaw than 1n the PAAS as feldspar "
adfconcentrates Eu durlng magmatlc processes.‘From the PAAS
norma11zed‘plot Sm and the heavy REE (HREE) Dy, Tb Yb and
Lu are qU11e smooth (although depleted relat1ve to the PAAS 'h.
by 10 = 20%) whlle the llght REE (LREE) La and Ce are . |
51gn1f1cantly depleted relatlve to the PAAS Of partlcular
note is the negatlve Ce anomaly._f s ' | e
| What is the cause of ‘this negatlve anomaly.1n the '}:f‘f;v;?
Exshaw Shale7 Ronov et al (1967) noted that Ce’*'may be. B
ox1d1zed to the Ce“rln zones of weather1ng and
t}‘ sed1mentat1on, and that 1n thlS ox1d1zed state 1ts behav1ouri
is more 51m11ar to the HREE than the LREE In add1t1on, of. v
vall the REE only Ce may be ox1dlzed 1n seawater to the |

'?\“'e.ﬁ;‘v, "hlghly 1nsoluble quadr1valent state (Plper ffb
: ' 1974 p. 286) R v . -

S P1per (1974)7found that Ce was’ s1gn1f1cant1y depleted 1n
| _seawater as well as in foram;nlfera (after Splrn, 1965) and

d1atoms, these organlsms 1nher1t1ng the1r REE patterns from'.7’“



:seawater. Nance and Taylor (1976) analyzed and plotted the.-

".REE pattern of a Carbonlferous llmestone whlch dlsplayed a

negatlve Ce anomaly and Ce/La ratlo of 1. 68 (cf. NASC and'

f
PAAS ratios of '2.28 and\2 10° respect1vely) They d1d not -

E L R 7YY

A

however find a Ce anomaly in the PAAS and éxplained. 1t as .

follows.'

) "The absence of cerium anomalles observed in
~this study 1nd1cates that equilibrium durlng
“-depos1t1on with seawater, which has a i
pronounced negative cerium anomally, does not -
,take place (Nance and Taylor 1976 p. 1543)”;.1
. I
: A number of factors appear therefore to have contr1buted to

.\

 the negatlve Ce anomaly of the Exshaw Shale. Dllutlon of the:

.black shale component by the calcareous shales appears 1n

‘ part to have been respon51ble, as 1s shown by the chondr1tep*

hnormallzed plots of the two shale components 1n f1gure 8 7

.The extremely slow sedlmentatlon rate of the Exshaw Shale

'would also have offered greater opportunlty for equ111br1um:'

-:_yto have been approached 1f not galned between sedﬂment and‘ '

-seawater,.than would more rap1d dep051tlon. ThlS 1dea 1s‘4'“

supported by the extreme 51m11ar1ty of the REE contents of -

kbthe Exshaw black shales and the sedlmentary rocks from the

inslo reglon of Norway (Dypv1k and Brunfelt 1976) F1nally,'

"as mentloned earller, much of the 5111ca present 1n thev e

"fExshaw Shale is’ of a b1ogenet1c orlgln (Havard 1967)

ﬁPresumably the 5111ca of sponge splcules prec1pated from

seawater would also have a negatlve Ce anomaly 51m11ar to

'that found for d1atoms (alsor51L1ceous) and foram1n1fera.,

__.—_.——__.______....._— hadl

2 anomally spelt as reported in’ publlcatlon

~

R The author knows of ‘no REE analyses of: sponge Sprcules to_'

fa 'y
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Towards the’ end of thlS study the publlcatlon by Tl1g and

‘Stelnberg (1982) regardlng recent sedlments of the fndlan

Ocean added weight to this 1dea. One of thelr f1nd1ngs was"f5

"The. negat1ve Ce anomaly\of ‘the coadsest

fraction is _associated with the_biogenic

| components (foraminifera, diatoms) which ‘
.‘inheret their REE distribution from seawater.‘
(T11g and Stelnberg (1982) p.331) '

Howey%r,;lt,;s.not poss;ble to explaln the observed anomaly

'soley“by dilution of an"averagef shale;:s:y/theNASC or

ZPAAS by sponge splcules. It is therefore oncluded~that*the”"'

"anomaly 1s “the comblned result of dllutlon by carbonatesfand

! A\

' the contr1but10n\Q£\3jogenet1c fractions. = ,.'- "%J’,J?

REE and other element correlat1ons

As one would expect all the REE are strongly

. .
correlated w1th each other. For example‘the correlatlon

;between La and Ce is: 0. 96 between Dy and Sm - 0 98 and

‘f_of the rema1n1ng strong REE correlatlons are w1th

between Tb and Sm 0 93 (see flgures 8. 9 8 Oi 8;11)t Most’

hhydrosylate elements, in partlcul”r Hf Ta, Ga and Th wh1ch

e’ BE@ are largely hyf”

agrees w1th the hypothe51s that o

’ assoc1ated w1th the clay m1nerals. The correlatlon between;

‘ lvTh and the REE (in partlcular La) 1s of partlcular 1nterest

and is the subject of a publ1cat10n by McLennan and Taylor

(1980) They note that the La/Th ratlo of maflc 1gneous

:rocks is greater than that of fe151c 1gneous rocks. '

‘__Stat1st1cally they were able to show that the La/Th ratlo

-f”(cont d)support thls 1dea.-‘h'g. o o ﬁ_;’? - [;/ ff;d

\
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for the Australlan Archaean Shale (AAS) 1s greater than that’-v
of the PAAS and suggest that thlS is add1t1onal ev1dence for‘
a more maflc upper crust 1n Archaean t1mes‘than at present .
Some 75%lof the PAAS. analyses l1e_between_themLa/Th;rat1olo£___l_l_
2 and 4. Results of thls work show greater var1ab111ty,v. ' |
wh1ch poss1bly suggests that dur1ng Palaeozo1c t1mes the
exposed Canadian: Sh1eld was qu1te varlable in comp051tlon

"Of 1nterest are. the average La, Th U, Rb and K;b .f fd» gh
values for the Archaean and post Archaean crust calculated o
‘by McLennan and Taylor (1980) These values, together-thh
the medlan values for ‘all the Exshaw Shale samples and the

h:black shale samples are llsted 1n table 8 2 Except for the

anomalous uran1um values, the agreement between ths black b

: .Exshaw Shale samples and both the PAAS and the average

'_values for the Canad1an Shleld (Shaw et’al 1967 1976) are"
‘excellent ThlS agreement suggests that black shales may be~b5'
"[used to est1mate the average comp051t1on of the source area.g'

,'.On a reg1onal scale they may p0551bly therefore, be used to ,f

Tevaluate the average comp051tlon of the contlnental crust

N

‘vAs suggested by McLennan and Taylor (1980 1980b) 1t would 1:ﬂ
g

- then be p0551ble to demonstrate whether the comp051tlon of

,..4\—

"the contlnental crust has been changlng w1th tlme. Once
;agaln d11ut1on of the shales by the carbonate component may

';account for the lower medlan Exshaw Shale values.z

\.
"o
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Table 8. 2 Comparlson of some elemental concentratlons in the

\

post Archaean upper contlnental crust. w1th the Exshaw Shale ‘

w

.

afem) [ 30 30 32 27,9 29.7

™ (ppm) | 11.1 105 10.3 9.2 - 10.7

U @Em | 2.9 2,5 245 15.6 ° 15.9 .

R () [ 15 10 ‘00 7101

RO(® | 35 3;30'_3 n o 267 s 32

(after Mclennan and 'I‘aylor,1980)

C a." .'Jhe post-Archean upper cmtmental crust (McIennan et al.,1980)

b‘. The post—Archea.n upper cont:.nental crust (’.[aylor and Mcterman, 1980)_ o

_‘ c 'Jhe average e.xposed Chnadlan Sl'u.eld (Shaw et al ; 1967, 1976)
“ 'd)_ "Ihe n‘edl.an of+all. Exshaw Shale samples ana.lyzed (this study)
ey '.'Ihe nedJan of all black Exshaw Shaleasanples analyzed l(th.ls study)

.



8. 2 3 Uran1um and Thor1um geochem1sty Lo AN

Uran1um o o '§

Maxlmum and m1n1mum b values forgthe Exshaw Shale samples

range from 92“2—ppm to*3*4 ppm““wath“a medlan value_of“15 G;f—ff-—
2 2 ppm ThlS value 1s 1n agreement w1th the 13 + 8 ppm
; mean and standard dev1at10n reported by Campbell (l980) for.
the Exshaw Shabe from a frequency vs. log uranlum plot. Theh
‘v15 6 ppm 1s a factor of four greater than the. average |
shale value of 3. 7 i 0. 5 ppm (Adams and Weaver,,1958) and‘aw‘
factor of f1ve greater than the average post Archaean shale"
at -3, 1 + 0 .2 ppm (McLennan and Taylor, 19§%b) The level is.
however legs than the Chattanooga Shale medlan uran1um value =

4.
of 20 ppmq Dandls, 1962) In a. g1ven core large var1at1ons

an

’1n the uranlum concentratlons were foundﬂ for example, one

;ore showed a m1n1mum and max1mum concentratlon df 12 9 and-

91 4 ppm>U Var1at10ns,'51m1lar 1n magn1tude to thlS have

i bse;ved in~ Devonlan black shale cores by Leventhal
' EXNEI o . R BETE T R

5

(1978)
H_ The‘medlan values for the black and calcareous shales
at 15 9 and 15 2 ppm U respectlvely show that there appears:d
toqhave been no obv1ous m1neralog1cal control 1n e1ther ‘

TR

f ’group wh1ch controlled the enr1chment

m

.

3,

1;{1973

o

A number of workers (Bloxam,;1964 M t
’ 1

~|

(J .

“h‘ Keleperts1s, 1981 Leventhal 1978* d Leventhal and
Hosterman; 1982) found there to be a strong conreletlon«'anﬁ
between uranlum and the organlc carbon contentf@f black and

.fcalcareous shales.-Thls suggests that uranlum"
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'prec;pltated out of solutlon by the reductlon of the soluble

n.ﬂ

o

“,1U‘“k10n to the 1nsoluble U“'lon wh1ch was then elther
7adsorbed by, or complexed w1thm-the organlc material
opresent The tabulated U Th K 0 and organlc C correlatlon;

coetfic1entsvfor;the Exshaw Shale samples are glven ‘in tablen

.8.3. Uranium is-most strongly correlated with organzé T
: . e

. carbon, particularly 1n the bteck shales. Thls suggests that

. s

~ ffuranium‘wasfsubplied 1n solut1on (as it has only weakv

correlatlons w1th mos&«of the rema1n1ng thlrty or so

”elements determlned) from a. low ly1ng source area and - o
‘glprec1p1tated out of solut1on in a reduclng env1ronment undera* o
ﬁ. L - 1 PE

: T R o
'condltlons su1table fo: the preservatlon of organlc matter - '“J)//

LI »

erand was able to atta1n the concentratlons found due to the

"l
¥

'mvery low sed1mentatlon rate. gf: . “-*@$ : ‘;“
o ;l,_ . P . J"ﬁ"‘ -.‘ IS
The only other element wh1ch uranium is found anL' o o
a \( , BN . y

correlate 51gn1f1cant1y w1th 1s n1cke1 (0 70) ThlS f1nd1ng

as in partxal agreement w1th the sympathetlc varlatlon of U

w1th yf and Zn observeﬁ;:? the Exshaw Shale by Campbell “
' ‘9 o s

Y : B LRI

y-e;f,

s

0’
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'Table 8 3 Correlatlon coeff1c1ents for U Th xzo and

v

4organ1c C for the Exshaw Shale

o o034 o072 -?—l L T

'Co;jg:>,‘076 ‘~'-Q,‘.2"6':=-. —o».11 S e AT

R o . . oL AR} S .

)
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X

‘average value of 14.6 £ 1.2 ppm (2'sigma) (McLennan and'
Taylor, 1980b) . The medlan black Exshaw Shale concentratlon
~ of 10.7 * 2. (N=19) 1s however in better agreement w1th the

, average shale values. The Lespectlve calcareous and black %'?'
- f.{:‘*

7‘&

"shale medlan thorxum values of 8.2 % 1. 3 ppm (N 23) and- Jﬂ*li -
+ 2.1 ppm (N 19) show thert L0 ‘be 11ttle or no 51gn1f1cq§ﬁ% '%?;k
- dlfference between the Exshaw calcareous and black shale
(thor1um concentratlons Kelepert51s (1981) found the average
: Th content of 1ntercalated CatbOnlferous calcareous and

'black shales in Anglesey, North Wales to be 16 + 2 ppm (N 5)

and. 1. 5 + 1] 3 ppm (N 4)respect1vely 23, However, due to the

BN

ffew samples analyzed l1ttle 51gn1f1cance may be attached bo y;ar
his f1nd1ngs. .‘%ﬁ L . :“ . ftfl A ‘:‘“ﬁfgﬁggﬁV

. Q . ) . - . ' - " " P ; X = .

» A From “the " earl1er dlsscu551ons regard1ng LREE Th D ey
» \ ’ fu "A - :
\\relatlonshlps and the correlatlon coeff1c1ents between Th Ft

and K O shown 1n table 8. 3 1t 1s apparent that much -1f not
all of the Th 1n the Exshaw Shale samples is assoc1atedf

(adsorbed) w1th the clay m1nerals Theﬁgirong correlat1ons i, u
s ‘}‘” :

"wlth AL (o 79) Hf (0. 90) and Ga (o 82) suppqrts*thlg
hypothe51s._Bloxam (1964) found that Th andhﬁ exh1b1ted ‘some

e

degree of-covarlance and suggested, as dld Plller and Adams

(1962) and Keleperts1s (1981) that Th was most l1kely

»%t
assoc1ated W1th the clay fractlon (usually 1111te) of the -5

shales they studled

v

’ - : Lot . ) .
L PN . . - . . R .
. N : - N L N . : . . N N - N
, A : - . . . oo
. . s Poe oo [ . . -

. ., Cet e RS . L N B .
L . - . . e >
. - -

] |
e - ————— —— fep e

"”KélepertSLS (1981) actually reports 19 and 12" ppm Th :
‘respectively.for the calcareous and black shales but falled
to %og transform; hlS -data before analy51s.”;“ « -

o r;_w;
. ﬁ}ﬁ - ‘. ',. .
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- As Th 1s extremely 1nsoluble in near- neutral waters'
(Keleperts1s, 1981) the sl1ghtly lower than average Th .
fcontent of the Exshaw samples agrees w1th the hypothe51s 7

’that durlng dep051tlon of . the sedlments, detr1tal 1nflux was:

low as the Th was most llkely_lncorporated in_ detrltal

"clays.

8. 2 4 Geochem1stry of rema1n1ng elements ?;”"

s Alkall metals and Alkal1ne Earths.

- Al (o 92)

"Al.that Cs, Rb. and Ba are largely assocxated w1th the clay

Ga (0.90) Ba, K Sc and Cr._Barlum is also foﬂdd

3 ;f

to correlate strongly w1th these elements. Thlg suggesfs }fﬁi

"mlnerals. Strontlum however, is clearly assoc1ated w1th the 5

'5.calcareous shales. ThlS assoc1at10n was also nggéd by Havard
"1b1d and more generally in shales by Vine and Téﬁﬁfelot'ﬁ =
".(1970) ‘ | | o

The Base Metals - Cu, N1, Pb In and C0":~

The transxtlonal metals and Pb are all enrlched 1n the

'bExshaw black shales compared to the average shale values of"
' Turek1an and Wedepoh1(1961). W1th the exceptlon of Pb f;.d_fyﬁ“

*“519n1f1cant correlatlons are observed between these metals

"1fand any other element.AWhen enr1ched these metals are often

, 0

A-_;found to be strongly correlated w1theorganic carbon,'w1th

wh1ch they often form organngetall1c complexes (Ebventhal
! t

'and Hosterman 1982) Lead 1s correlated w1th the LREE Th

-

R
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*and many cfithe other”hYdrosflate:elehents:5uggesting thati
51t is assoc1ated w1th the clays. The correlatlon with' Th

(0 64) agrees w1th1the flndlngs of Welss and Amstutz (1966)

who noted that Pb’* could 1nterchange w1th Th‘* in. clays.j“;ff"
fun——The1r exper1mental~stud1eswshowed—that—between—2~- 6- welght——_fsz—

percent Pb may be contalned w1th1n the 1lllte structure.“~



9. Conclusions -

9 1 Methodolbgy

ot

Oﬁ the . Varlou§ methods of uranlum analys1s used the

i N 's..,.

delayed neutron countlng method is “to” bE“favoured rf only d
:,uranlum 1s to be quantlfled and suff1c1ent sample is

: avallable. Where only small quantltles of sample are _;,

¢ . R

B avallable, f15510n track analy51s or INAA are sen51t1ve

alternatlves to. DNC

When DNC is used ;n conjunctlon‘w1th the gamma ray ~
spectrometry of naturally occurr1ng radlolsotopes cases of : e
5% dlsequllbr1um 'or. greater can be 1dent1f1ed Where, in;_fff“ ‘o

4add1t10n to uran1um mult1element 1nformat1on 1s requlred

o INAA is to be prefered Conventlonal XRF analy51s for the.f

,

quantlflcatlon of U and Th althoug% reasonably‘accurate‘ e
. - Vo
lacks prec151on at typlcal rock coq& ntratlons.ﬁypi“ S f»
- o -*‘,g‘:'} “‘7_. e
From the analyses of the great varlety of rock types j'

' }1analyzed (standards;and samples) INAA has shown to be an

3;'accurate, and in most 1nstances prec1se,_méthod for use 1n =

A, ) N

the earth sc1ences. ujdxu_r

9.2 Geochemlstry S AR LR B U S B N A

°

The anomalous rad10act1v1ty of the Exshaw Shale 1s‘f

, largely due to uranlum enrlchment (up to 92 ppm) though

:f:the Exshay;Shale samples.ls-less than,the,uaverage

Lo

RN

B ,p;~‘{:g.;:“th s s
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* value.-
o Uranlum appears to have been transported 1n soluﬁﬂon,
.and upon reductlon to ‘the 1nsoluble tetravalent state, was

e1ther adsorbed or’ complexed w1th the organ1c matter

present. In most 1nstances the concentrat1ons of elements
from’ the axshaw Shale agree well w1th the values from."”',t%

-elTureklan and Wedepohl (1961) | ;jif,\“tc“l | ‘4 R

F

- Exshaw Shale rare earth element patterns show a,ff";

"f‘n, S

- negatlve Ce anomaly in many of the. samples analyzed the‘m

'“1§omaly be1ng the result of d11ut10n of the black shalev

'-;of the black Exshaw Sh

-vcomponent by calcareous matter and by blogenet1c 5111ca.“
3

Agneement betWeen thehmedran elemental concentratlon7 R

g -~’m@,° Tl . ke

,;”~and he‘average vaIUes of the

.-‘, ° '., Lf

;’Canadlan shleld (Shaw et al., 1967 '1976) suggests that {
. I

'fdur1ng black shale formatlon var1ae1ons 1n the source area_
. M \ N

:1.§eochemlstry are throughly mlxed Consequently, medlan

"f;ﬂvalues, determ1ned from many shale samples, or from a,

”,‘ucomp051te shale sample, may be used to est1mate the average' o

\', e

T compos1tlon bf the exposed source area, and 1f over ‘a larged"ﬁ

- %contlnental crust _,Vufrdjﬂgw_pr-uﬂj **'_{.X'_L“f .

t

. *;enough“area, the average compos1t1on of" the exposed vﬂ

W@ GETET T T
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\Nazo '0.152 + 0.003 0.197 + 0. 004 0.517 + 0.010
Kp0.. 1.63 + 0.11 8.60 + 0.83- 2.30 + 0.28 -
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Sample No. " 28 Ex. 29 Ex. 30 Ex.
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Ca0 ‘ 9.33 + 9.10 1.26 + 0.12 2,06 + 0.11
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oo 325 + 20 2040 + 70 . 955 + 37

Co 27.2 + 0.5 21.3 + 0.2 22.4 + 0.3
cr 61.6 + 4.4 96.4 + 1.5 34.4 + 1.0
Cs 7.97 + 0.59 8.67 + 0.19° 2.53 + 0.12
Cu ©ONA 47 131
Ga . 19.0 + 0.9 - 23.3 + 1.9 9.9 + 0.9

- Hf 2.9 + 0.4 2.4 + 0.1 1.0 + 0.1
Mn 268 + 5 © 157 + 3 63.8 + 2.0
Mo 26 + 2 16 + 2 110 + 2
Ni NA 106 - 82
Pb . NA 25 21
Rb - 1507+ 13 151 + 4 50 + 3
Sb 2.54 + 0.06 5.64 + 0.08 565 + 0.11
Sc 11.3 + 0.1 16.8 + 0.2 4.92 + 0.16
Sr 535 + 57 85 + 29 . 56 + 20
Ta - COND 0.81 + 0.08 0.31 + 0.04
Th 10.2 + 0.9 12.3 + 0.6 '5.05 + 0.93
U 14.8 + 0.2 5.72 + 0.15 24.5 + 0.3 -
v 185 + 5 499 + 9 138 .+ 4
In NA 143 " 15
La 23.8 + 1.4 29.7 + 133 12.9 + 0.5

- Ce 41.1 + 1.5 55.5 + 0.5 23.4 + 0.4

. Sm 2.06 + 0.14 5.58 + 0.35 2.33 + 0.25
Eu -~ 0.48 + 0.04 1:29 + 0.08 0.42 + 0.05
b ND 0.20 + 0,05 ND
Dy 1.53 + 0.04 4,05 + 0.10 1.66 + 0.06
Yb 1.54 + 0.17 2.37 + 0.22 "~ ND
Lu 0.65 + 0.02 0.37 + 0,03

0.33 + 0.02
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Sample No. 31 Ex. 32 Ex. 33 Ex.
$10, NA 37.82 NA
R1,04 4,30 + 0.14 20.4 + 0.2 4.05 + 0,07
Fey03 6.76 + 0.19 6.49 + 0.24 159+ 0.13

© Mg0 1.03 + 0,11 0136 + 0.28 \1 86 + 0.11

- Ca0 12.7 + 0.3 31@4 *0.13 27.9 +0,5
Na,0 0.423 + 0.008 0.344 + 0.006 0.115 + 0,003
K0 11,56 + 0.21 3.7 #0,19 ¢« 1.68 % 0.12
T10, 0.25 + 0.04 - 1.06 :o‘;ps © 0.19 + 0.04
C org. NA NA \ 4.4
As & 29.8 + 0.4 87.1 + 0.7 8.03 + 0.25
Ba 348 ¥ 37 2213 22! 653 + 47
Cl - 628 + 30 469 + 22 \ 180 + 4
Co 1.8 % 0.1 16.7 + 0.2! 28.2 + 0.2
cr - 36.0 + 1.2 82,0 % 1.6 | 33.6 + 1.0
Cs 1,92 + 0.13 5.43 + 0.18) 5.32 + 0.11
Cu NA a9 NA
Ga - 3.5 + 1.5 28.1 # 1.1 | 3.7 £+ 0.5
Hf 2.3 + 0.1 8.7 +0.2 |- 0.9 + 0.1

© Mn 277 + 4 8l.4 + 2.2 | 248 + 4
Mo 50 + 2 23 + 1 | 8 +1
Ni- NA- 51 NA
Pb . NA . 81 -~ NA

"Rb. 42 +4 88 + 4 48 + 3
Sb 3.47 + 0,07 2.52 + 0.07 2.38 + 0,05
Sc 5.85 +0.10 16.1 + 0.2 5,08 + 0.09
Sr 276 + 33 . 48 + 24 526 + 40
Ta 0.47 + 0.06 2.41 + 0.10 0.36 + 0.06

~ Th 11.0 + 1.1 ° 33:7 +.1.4 4.10 + 0.44

v 25.0 '+ 0.3 21.5 + 0.3 5.54 + 0.14’

v 219 + 5 104 + 5 207 + 5
Zn " NA 17 NA .
La 50.2 + 0.4 80.6 + 3.2 - 16.1 + 0.8
Ce -'73.8 + 0.6 154 + 1 22,3 4 0.5
Sm 8.88 + 0.36 14.7 + 0.3 4,57 + 0.30

Eu 2.24 + 0.09 2.53 + 0.80 .0.54 + 0,06

“Tb 1.65 + 0,07, 2.31 + 0.08 " ND.

- Dy 7.15 + 0.13 8.88 + 0.15 2.15 + 0,07
Yb 2.33 + 0,21 4.25 + 0.31 1.24 +0.13
Lu 10.38 + 0.03 0.43 + 0.03 0.13 + 0,02

e



Sample No.

34 Ex.
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.36, Ex. .

35 Ex.

510, £ 48.44 39.02 . 57.74
AT,05 12.8 0.1 826+ 012 9:87-+ 0315—
Fey0q 10.5 + 0.2 2.81 + 0.18 2.38 +.0.17
MgO 1.21 + 0.19 1.80 + 0.16" ND

© a0 1.33 + 0.11 17.1 + 0.4 5.59 + 0.18

~ NayD 0.166 + 0.004. 0.166 + 0.004 © 0.556 + 0,010
Ko0 17.02 +0.77 2.63 +0.18 2.75 + 0.22
Ti0, " 0.63 + 0.05 0.39 + 0.05 0.52 + 0.06
C org. 12.8 3.6 4.1
As 74.1 + 0.6 9.22 + 0.28 18.7 + 0.4
Ba 419 + 27 209 + 33 283 + 33
l 354 + 18 238 + 23 400 + 23
Co 38.0 + 0.3 17.7 + 0.2 21.5 + 0.2
cr 77.8 +-1.3 46.9 + 1.3 . 72.0 + 1.3
Cs 7.09 + 0.18 5.23 + 0.16 4.71 + 0.15
Cu 143 " 43 69
Ga 46.1 + 1.4 12,6 + 0.4 12.6 + 1.4
Hf 3.3 + 0.1 1.4 + 0.1 3.5 + 0.1
Mn 103 + 2 428 + 6 175 + 3 A
Mo 167 + 9 18 + 1 45 + 2

Ni 391 69 105

Pb 49 19 22
RD 186 + 6 91 +4 - 95 4+ 4
Sb 9.69 + 0.10 1.14 + 0.04 5.75 + 0.08
Sc 12.0 + 0.2 9,18 + 0,11 9.94 + 0.12
Sr 476 + 30 533 + 41 93 + 25
Ta 0.88 + 0.03, 0.78 + 0.06 0.87 + 0.07
Th 16.0 + 2.1 7.86 + 0.72 13.1 + 0.9
U 92.2 + 0.8 9.32 + 0.20 15.2 + 0.2
] 523 + 9 95 + 5 450 + 10° ¢
In - 216 .46 208
La 55.1 + 0.3 17.4 + 0.6 21.3 + 0.5
Ce 83.9 + 0.8 34,1 + 0.6 36.8 + 0.4
sm 13.8 + 0.5 3.21 + 0.36 - '5.40 + 0,30
Eu ' 2.93 +.0.09 0.78 + 0.07 . 1.07 +70.07
b 1.70 + 0,08 . . ND ND
Dy 9.80 + 0.14 2.20 + 0.09 3.60 + 0.08
Yb 3.49 + 0,27 1,76 + 0.17 1.93 + 0.19
Lu N 0.19 #+ 0.0 0.27- + 0.02

N
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38 Ex.

~ Sample No. 37 Ex. 39 Ex.
510, 52.90 NA 59.42
Al,05 15.1 + 0.2 20,77 % 0.2 % - 13,07 0.1
Fey03 ° 5.42 + 0.22 7.17 +0.24 .5.90 + 0.23
Mg0 1.51 + 0.23 10.75 + 0.29 0.76 + 0.20
Ca0 0.62 + 0.09 3.27 + 0,13 ~ 0.48 + 0.09
Nay0 0.731 + 0.013 0.322 + 0.007 0.389 + 0.008
K0 . 3.16 + 0.24 4,47 + 0.36 4,18 + 0.25
710, 0.56 + 0.06 1.07 + 0.06 0.67 + 0.06
C org. 5.7 NA 1.3
As 40.1 + 0.5 86.7 + 0.8 35.4 + 0.7,
Ba 799 *+ 58 185 + 32 361 + 45
c 760 + 33 473 + 22 477 + 23
Co 33,2 + 0.3 . 16.7 + 0.2 32.7 + 0.2
cr C111 % 2 - 77.5+ 1.5 102+2 ~°
Cs 8.56 + 0.19 5.19 + 0.18 12.1 + 0.2
Cu - 58 | NA 53 -
Ga 26.4 + 1.4 27,1 + 1.0 23.9 + 1.0
Wuf 3.6 + 0.1 9.5 + 0.2: 4.2 +.0.1
Mn 96.6 + 2.6 - 75.4 + 2.1 122 + 3
Mo .65+ 2 o2+ 11 +1
Ni 254 NA 107
Pb 27 CNA 77
RD 162 + 5 81 + 4 178 +5
Sb 10.4 + 0.2 2.67 + 0 6.97 + 0.13
Sc 15.4 + 0.2 —15.4 + 0. 17.7 + 0.2
Sr 183 + 26 107 + 2 112 + 24
Ta 0.82 + 0.09 2.24 + 0,09 1.05 + 0.13
Th 13.4 + 1.0 32,3 + 1.4 . 14,8 + 0.7
u 17.4 + 0.3 21.8 + 0.3 5.55 + 0:15
SV 963 + 13 109 +5 429 + 7 |
In - 388 NA . 269
La . - 28.8 + 0.7 " 65.2 + 3.6° 34.9 £°0.3°
Ce’ ! 53.5 + 0.9 129 + 1 63,6+ 0.6 -
Sm 4,23 + 0.30 . 143+ 0.4 1 4,38'+0.29
Eu 0.78 + 0.70 2,53 + 0.09 0.98 '+ 0.70 .
b ND . 2.03 +0.08 COUND
Dy 2.85 + 0.08 9.05 + 0.14 3,45 + 0.08
Yb 1.98 + 0.21. 3,49 + 0.28° 2.51 + 0.25
 Lu 0.32 +0.03 . -0.44 + 0.03 0.41 % 0,03 |
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Sample No. 40 Ex. . 41 Ex. 42 Ex.
si0, " NA NA 24.24
AT,03 9:20-+-05 09———4 95-+-0z 08———1 38-+0.04—
Fe, 03 3.82.+ 0.19 - 18.3 + 0.3 5.82 + 0. 18
Mg0 . _204+o1‘7" 1060 + 0.11 N
‘Ca0 133+03 114.8 +.0.3 293+05-
Na,0 0.170 + 0.004 0,342 + 0.006 0.121 + 0.003
kg0 3.394-0.24 1.82 +0.26 0. 14 + 0.06
“ 710, 0,29 + 0,03 0.29-+ 0.04 - N
- € org. T35 8.8 8.0
As 16.5° +0.3 . '74.3 +.0.6 . 7.66 + 0,25
~ Ba 333 + 37 336+ 40 61 +14
-0 271 +-21" . 612 .28 . 284422
o 15.57+70.1 14,4 + 0.1 34,1 +0.3.
. cn 54.4 +.1.4 © 36.6 + 1.3 ©15.0 + 0.9
Cs ' 7.50 + 0,12 1.58 + 0.15 .0.86 +0.10
Cu. ~NA ’ NA ' B2
Ga 14.9 + 0.8 10.9 + 1.0 - 4.5 + 0.3
-Hf 1.9 + 0.1 2.6 + 0.1 0.3 + 0.1
Mn - 410 + 6 222 +3. - 562 + 6
Mo 60 + 2 40 + 2 23 + 1
Ni NA NA 65
Pb NA - NA 15
" Rb. 125 + 4 47 + 9 15 +3
Sb 2,23 #.0.05 9.10 + 0.10 2.22 + 0.05-
S¢TT T 1'1.0‘11)':1"———* 6.90 # 0,12 - 2.86 + 0.07
Sr 387 + 39 291 + 31 179 + 36 -
Ta 0.49 + 0.10 0.33 + 0.07 ND
Th 9.39 + 0.92 14.4 % 0.8 2,95 + 0,54
U 12.2 + 0.2 37.8 + 0.4 9.82 + 0,20
v ND ND - C 170+ 4.
In . NA - - ~NA C B9yt !
La 22.1 + 0.8 70.1 + 0.5. | 8.2 +0:2
Ce 139.7:+0.4 92 4+ 1. 13.3 + 0.3
sm - 4,30 + 0.35 16.7 * 0.5 $2.43 '+0.25
Eu ©0.83 + 0.08: | 4,07 40,14 0.35 + 0.07 .
Tb 10.25 + 0,06 +2.31. 4+ 0.08 ~ND
. Dy 3.10 # 0.07 ° 12,24 0,27 © 1.17.#:0.08
Yb 1.86 + 0.18 13,99 + 0.30° ©1.23 +°0.14
CLu. 0,27 + 0.02 0.45 + 0,03 . © 0.14 % 0.02
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| Sahple ID.

*'Well location.

a

1 E#, 10 Ex and

)

Ex

3/Ex and 7 Ex

4

6

21

c22
28

31

39"

Ex and 33 Ex

Ex, 11 Ex~and

?#,'24 Ex and

26 ExX .

44 Ex

34 Ex

Ex and 27 Ex®

'Exﬂand317 EX

Ex, 23 Ex and

Ex, 16 Ex, 20

~

Ex and 4Q‘E§_5"

Ex;and 37 Ex

5

Ex o -

-

Ex

Ex, 29 EX, 30 Ex and 42 Ex

Ex o '
_Ex'ﬂ

EX

| C T

35 Ex

Ex and 36 Ex’

Ex, 25 Ex, 32 Ex and 38 EX

S

e

v

”f.vfofj
afsf?
s s
10 -

13 -

- 29

28

11

- 6
o
16,
36
23
_28
10-
10

36
18

20

18
36

.]2

18 -

L

- 48 - 6W5
-84 - 7W6 .

- 52 -11W5

=78 -22W5

\]

~ 52 -11W5

-°79.-22W5."

110 - 6W6

b

51 - W5’

-A72_-TOW6 :

--83 - TWE

Lse - aws
- 50 - 2W5
-110 - 7W6
- 44 4é5w4y

-~

T 46 -26W4
- B0 -23W5-
- 51. - 1W6

- 79 -23W5

107 - 6W6



